POLYSACCHARIDES EXTRACTED WITH SDS FROM WHEAT SEEDLING ROOTS

%™

e “‘ \.& ¢

by

(o
{""'r

Peter C, Chase

Be Sey Lehigh Univeréity,_1967

A MASTER'S THESIS

 submitted in partial fulfillment of the

'requirements for the degree

MASTER OF SCIENCE
Graduate Biochemistry Group

KANSAS STATE UNIVERSITY
Manhattan, Kansas 66506

1974
Approved by:

Major Professor: Philip Nordin
Department of Biochemistry




LD
2Ll T

T+

1974
ol
¢

TABLE OF CONTENTS

Docttin ent

LISTOFFIGU}?ES'..ll...l.....‘l..“‘

LISTOFTABI-IES..O..................

mTRODUCTImO..l...........'......

LI‘I’ERATUP\:ESURVEY......I..I.ll......

I. Golgi Bodies and Cell Wall Synthesis o« o o o »

II. Properties of the Cell Wall Materials ¢ ¢ o o »

A.

Microfibrils and Their Organization « ¢ « «

*

B. Matrix Structure_ * ® ® 8 8 8 6 8 B 8 B G & B S 8 0

Ce

Interaction Between the Matrix and the Microfibrils

IJI. Extensin o+ o ¢ s ¢ ¢ » 0 2 6 ¢ 0 o ¢ ¢ 86 0 6 86 8 8 o &

Ao

B.
Ce
D.

Tis Structure « « o« ¢ ¢ o s ¢ o« ¢ ¢ o ¢ o ¢
ITts Function o« ¢ o ¢ o ¢ ¢ o s 6 ¢ s ¢ ¢ o
Its Synthesis « « ¢ o s s ¢ ¢ ¢ 6 ¢ ¢ s ¢ »
Extraction Procedures « « « ¢« o ¢ o ¢ » & &

IV. Polysaccharides of the MatriX « o« o« o ¢ ¢ o ¢ o

Ao
B.
Ce
Ds

Classification . « ® & & & 6 @ ® 0 8 » 8 @
Typical Matrix Polysaccharides of Gramineae
The Matrix Polysaccharides of Wheat « o «

L

Monosaccharide Analysis of the Polysaccharides of Wheat
Seedling ROOLS o ¢ o ¢ ¢ 2 ¢ o o o 0 s ¢ s ¢ o o

MATERIALSANDMETHODS ¢ & & ¢ & @& & ° & & & 0 & & v 9 B

MA‘I’ERIAIJS.....I'....OQ....'O..

I, Wheat ¢« « ¢ ¢« ¢ ¢ s s s o ¢ o s 6 8 0 8 8 o ¢

II. Pronase ¢ « o« o # s ¢ s ¢ ¢ ¢ ¢ ¢ o o ¢ ¢ ¢ ¢ o

 IIT. SDS=Phosphate BUTTET o o o o o o o o o o o o o

Ve TILC Plates ¢ o s o o « s s 0 s ¢ o 0 0 8 0 0 e

Ve Origin of the Golgi-~Derived Material . « « &

ii

L ]

* & @

-~ o~ O N

<
11

12
16
20
21

23

23
2l
28

32
32
32
32
32
32
32



Page

METHODS & o & ¢ % % & % & ¥ % € & &5 & ¢ 86 5 & €« 6 @ % v ¢ % 4 206

T, Wheat S5¢edlingS o o o« o« o o » o s s o ¢ ¢ o 0 o 0 ¢ s ¢+ ¢ 36
II, Homogenization « e » e s e s e s s e s e eeeenes 36
III, Dialysis and Lyophilization o« o« o o ¢ o ¢ o o o 0 ¢ o o s ¢ o 36
IV, Molecular Sieve Fractionation o+ « o o o ¢ ¢ ¢ ¢ ¢ ¢ ¢ s ¢ o o 37
V. Anion Exchange Fractionation « o ¢ o o s s ¢ s ¢ ¢ o ¢ 6 o o & 37
VI, Cation Exchange Fractionation o« ¢ o ¢« o« ¢ ¢ ¢ o o 2 ¢ o ¢ o » 38
VII., Carbohydrate AnalysiS o« « « o ¢« ¢ s o s ¢ ¢ o s ¢ ¢ ¢ v o ¢ & 38
VIII. Protein Analysis of Fractions o o« « « o ¢ ¢ o o« s ¢ ¢ ¢ s & & 38
IXe Scintillation Counting o o o o ¢ ¢ ¢ s ¢ 4 ¢ ¢ s ¢ 6 0 ¢ ¢ o ¢« 39
Xe Activity of Pronase o« o ¢ « « o ¢ ¢ ¢ ¢ o ¢ ¢ ¢ ¢ 0 ¢ 060 0 39
XTe HydrolysiS o « o ¢ o ¢ o ¢ ¢ o 6 o s ¢ s ¢ s ¢« o 0 s ¢ 2 0 o & 39
XII. Thin Layer Chromatography (TIC) + ¢ ¢ ¢ ¢ » s ¢« o s » o o s s 4O
XIII, Paper Chromatography ¢ ¢ ¢ o ¢ ¢ s ¢ o ¢ ¢ ¢ ¢ ¢ 06 6 8 ¢ ¢ o ¢ 41
RESULTS o o ¢ ¢ ¢ o ¢ o o ¢ ¢ 6 s 06 s ¢ ¢ ¢ 6 200 8 ¢ 6000080000 43
I, Sepharose Fractionation o« o « ¢« o ¢ o ¢ 6 ¢ ¢ ¢ o« ¢ ¢ ¢ s oo I3
II. DEAE Sephadex Fractionation o+ o« ¢ o o o o o o ¢ o 0 o ¢ o o & U6
III. Fractionation of the Golgi-Derived Material on DEAE Sephadex o 55
IV, Effect of Pronase on FractionsS « o« « ¢ ¢ ¢ o o o o ¢ e o ¢ o o 58
V. Partial Purification of the Major Carbohydrate Components o+ . 66

VI. Quantitation of Monosaccharides in Purified Peaks 1 and 3 and

Peak3'......-........,............ 67

VII, Amino Acid Content « o » o o ¢ ¢ ¢ ¢ s o o ¢ o ¢ s ¢ o s ¢ s & 70
DISCUSSION @« o« @ ¢ ¢ ¢ s s s ¢ ¢ ¢ ¢ 06 06 0 0 0 ¢ R I I I BN N R i
BIBLIOGRAPHY o o ¢ o o o o o ¢ « ¢ 6 « 6 6 o ¢ a s s o ¢ s o s s o o ¢ & B0
ACKNOWLEDGMENTS o o o o o ¢ o o o o o o » ; e s s e e s senen s BB

iii



Figure
Figure
Figure
Figure
 Figure
Figure
Figure
Figure
Figure
Figure
Figure

Figure

Figure

Figure

Figure

Figure

1.
24
3.
Lo
e
6.
Te
8
Fe
10,

11,

12,

13.
14.

15

16,

LIST OF FIGURES

Configurations of Xylan Hydrate and Cellulose .+ « »
Unit Cell of Xylan Hydrate « ¢« o o ¢ ¢« o ¢« ¢ o ¢ o o
Structure of a Glycopeptide from Extensin . « « o »
Model of Sycamore Cell Wall Structure o« « « o o ¢ «
A Typical Xylan of Gramineae « « « « ¢ o« s o o & o o
Fractionation of Golgi-Derived Material on Sepharose
Fractionétion of Whole=Cell Extract on Sepharose 6B
Extraction and Fractionation Scheme o o« o« o o o o o
DEAE Sephadex Fractionation of Peaks II and IIIl ..

Expanded Scale of Elution Profile Shown in Fige 9 &

' DEAE Sephadex Fractionation of Peaks II and IIT

from a Second Sample of Seedlings « o o« o o o o o o

DEAE Sephadex Fractionation of the Golgi-Derived
Material « ¢« ¢« o o ¢ o ¢ 6 o 5 s o s 0 0 0 38 3 ¢ ¢ o

Expanded Scale of Elution Profile Shown in Fig. 12

Control Sample for the Determination of the Effects
Of PIONasSe ¢ « o« ¢ o s 6 ¢ ¢ s 6 5 ¢ s 0 ¢ ¢ o o ¢ &

The Effects of Pronase on the DEAE Sephadex Elution
Profile of the Whole=Cell Extract o« ¢ ¢ o s ¢ ¢ ¢ o

Separation of Peaks 1 and 2 on DEAE Sephadex « o »

iv

Page

15
18

25
33

L7

50

52

56
59

62

6L,



Table
Table

Table

Table
Table
Table
Table
Table
Table
Table

Table

Table

I.
IT.

IIT.

Ve

VI,

VII.

Vill.

Xe

XT,

XIT.

LIST OF TABLES

Composition of the Precursor of Extensin o « « o
Classification of Matrix Polysaccharides ¢« « « o »

Substituent Groups Sometimes Found in Xylans of
Gramineze o o o o ¢ 5 « s s s & ¢ 5 ¢ o 5 s ¢ s »

The (1—l):(1-=3) Natios of Glucans of Gramineze .
Composition of heat and Corn Root Polysaccharides
R Values of Amino Acids « « o « e s ¢ 8 o o
Composition of the Sepharose Peaks o« « ¢ s o o o o
Composition of DEAE Sephadex PeaksS « o o « o s o &

Protocol for Pronase Experimente ¢ o« « o o o o o o

HMonosaccharides of Purified Peaks 1 and 3 and Peak
(mol ratio). ¢ ® 8 5 8 s " e B v B B e 8 e e e e

Carbohydrate and Protein Content of Purified Peaks

31‘

-

1 and
and.Peak 3‘ ® & & 6 © & 8 & 8 8 8 0 @ O & ° P B 4 B e @

Amino Acid Composition of PEaKk 7 « o ¢ o ¢ ¢ o o o o o o

Page
13

24

25
27
30
42
43
54

61

70

70

72



INTRODUCTION

Electron microscope autoradiography of primary wheat root caps which were
treated with a pulse of Uulhc-glucose has shown that a radiocactive substance
is produced in the Golgi bodies. The radiocactivity was observed to be trans—
ferred'subsequently to the Golgi-derived vesicles and finally to the cell
wall and the root cap slime (3). The electron microscope and histochemical
evidence indicate that this material, a precursor of extracellular substances,
is polysaccharide in nature.

Actual chemical proof of the presence of polysaccharides in Golgi body
preparations has been provided by workers in this laboratory and by Bowles
and Northcote (5). Much of this work has concentrated on materials reseme
bling hemicellulose; that is, they are not soluble in lipid solvents or in
water but they are soluble in KOH. Since polyéaccharides are often seriously
degraded by treatment with KOH it is possible that milder solubilization pro-
cedures would provide a more useful polysaccharide extract.

A preliminary study showed that radioactively labeled, high molecular
weight carbohydrates could be isolated from Golgi body preparations after
solubilization by detergent. This investigation seeks to determine the prace
ticality of isclating this material on a larger scale using the detergent

‘extract of whole roots. A second objective is to make a preliminary investi-
gation into the types of polysaccharides being synthesized in growing wheat

seedling roots,



LITERATURE SURVEY

Reviewed here is the body of literature which deals with the synthesis
and structure of the cell wall components and precursors., The components
with which this thesis is concerned may be classified as cellulosic micro=-
fibrils, matrix polysaccharides and the glycoprotein called extensin. Another
component present in secondary cell walls is lignin but since it is not present
in the primary cell walls dealt with here, discussion of this substance is

omitted,

I. Golgi Bodies and Cell Wall Synthesis

In searching for the particular structures within the cells which are
responsible for the production of the cell wall, one should probably focus
attention primarily on the Golgi bodies. Golgi bodies have been implicated
in the synthesis and secretion of polysaccharides and in the preparation of
proteins for secretion., Electron microscope autoradiography has provided
convinecing evidence to this effect in the pancreatic production of zymogen (1),
the production of mucopolysaccharide by intestinal goblet cells (2), and the
production of root slime by the outer cells of wheat root caps (3). These
studies were performed by introducing labeled metabolites into the tissues
and examining the distribution of the radioactivity at various time intervals
after the pulse, Further confirmation was provided by isolating the various
subcellular particulate fractions in the centrifuge and examining the loca-
tion of the radioactivity (4,5). There have been many.other reports of
Golgi involvement in secretion from a wide variety of tissues, but since they
have been recently reviewed in several places (6~10) there is little point
in.listing them all here.

One might expect, then, that Golgi bodies, the secretory machinery of



the cell, should have a role in the secretién of cell wall polysaccharides,

The actual evidence for such a role is as follows:
1. Golgil bodies have been fouﬁd in close proximity to cell walls in
tissues where active cell wall synthesis is taking place, e.g., in tips
of root hairs (11), in pollen tubes (12), in fern rhizoids (13), in
secondary thickening of xylem (14,15) and in cell plate formation (16,17).
2, 1In some cases rapidly developing cell walls are accompanied by hyper-
trophied Colgi bodies, i.e., swollen for increased production (12,15,16),
This is a condition which has also been found in many other rapidly
secreting tissues, both animal and plant (1=3,6).
3. Staining reactions indicate a similarity between the cell wall mater-
ial and the contents of wvesicles in the region of the plasmalemma
(13,16~18), These vesicles are probably derived from the Golgi bodies
for the purpose of transporting the Golgi produced material to the cell
wall. O'Brien points out that most of the fixation and staining tech-
niques used are not chemically specific, and similarity in the staining
reaction should not be regarded as proof of identity but as concurring
evidence only (19). -
L4« Polysaccharides which have monosaccharide compositions similar to
that of the cell wall matrix have been isolated from the Golgi body
particulate fraction (5,20,21),
5. Enzymes have been isclated from particuléte preparations of plant
cells which are required for the synthesis of polysaccharides. For
.example, an enzyme has been found in corn cob Golgi which is capable of
transferring a methyl group from 5-adenosyl-L-methionine to the glu-

curonic acid group of certain xylans (22),



The Golgl body is composed of a stack of discs called cisternae, Each
cisterna is highly fenestrated in the outer regions to the extent that the
peripheral portions may be characterized as a network of tubules. The cis=
ternae are believed to be formed on one face of the apparatus (dictyosome)
and dissipated on the other face, In actively synthesizing dictyosomes the
tubules in the outer region of the cisternae contain swellings which are
believed to bleb off to form the vesicles which are often observed in the
vicinity, The mature face of the dictyosome is usually smaller in diameter,
probably because it has lost material due to blebing (7,23)s An array of
intercisternal fibrous elements has been found to lie between the central
portions of adjacent cisternae (24)., They appear to be inveolved with binding
the cisternae together,

With the growing number of electron micrographs of Golgi bodies and
other organelles, a general theory of intracellular transport has begun to
evolve, This theory in its current form is presented by Northcote in his
review, "The Golgl Apparatus" (é), The following is a brief synopsis. Pro=-
teins created by the ribosomes on the surface of the rough endoplasmic retie
culum are discharged from the ribosome into the lumen or, if lipophylic, into
‘the membrane itself, They are thus transported to the smooth endoplasmic
reticulum which is then blebed off into small vesicles. In some cases there
may be large amounts of protein destined for excretion such as zymogen in
pancreas or mucopolysaccharide in goblet cells; hbwever, a very important
portion of the proteins are enzymes aﬁd structural proteins to be used in the
functioning and transformation of the membrane system. The small vesicles
are transported to the forming face of the dictyosomes where they are incor-

porateds The Golgi apparatus concentrates the product and performs certain



chemical operations on it. The membrane is transformed so that it resembles
the plasmalemma in staining properties. Large vesicles are blebed off from
the periphery of the stack and from the matufe face, These vesicles may
perform further modification and concentration of the product as they trans—
port it to the plasmalemma, At the surface of the cell the contents of the
vesicles are discharged by reverse pinocytosis, the membrane becoming a new
addition to the plasmalemma, In the Golgl apparatus and possibly at other
points along the route mono= or oligosaccharides may be bound to form glyco-
protein or used for the synthesis of polysacchafide.

The whole transport process is excellently demonstrated in goblet

cells (25) where a single large dictyosome extends across the entire breadth
of the cell as a cup shaped organ. The endoplasmic reticulum is extensive
and very closely juxtaposed to the forming face, The small interval between
is seen to be filled with small, lightly stained vesicles, Such a confined
space precludes any possibility of the vesicles traveling anywhere except

to the opposing membrane surface, The overall direction of transport has
been well established in this tissue by autoradiography (2).

The synthetic role of the membrane system is emphasized by Northcote (6)

who concludes:

"esesince synthetic activities also occur within the [membrane] system
it is comparable more to the production line of an industrial process
rather than a pipeline through which preformed material is passed."

Although some have proposed that cellulose as well as matrix poly=-

saccharides may be synthesized in Golgi bodies, this does not now seem likely.
It is too difficult to explain how cellulose molecuies could become oriented
into the microfibrils and how the microfibrils could become oriented in the
walle Tt is currently pelieved that clusters of enzymes in the plasmalemma

give rise to whole microfibrils (26),



IT.

Properties of the Cell Wall Materials

A. Microfibrils and Their Organization

The cell wall can usually be divided into three distinct zones:
the middle lamella, the primary cell wall and the secondary cell wall,
Tﬁe primary cell wall consists of a gel~like matrix of polysaccharides
strengthened with widely spaced cellulose microfibrils (27). While
microfibrillar arrangements vary widely from tissue to tissue, they
have been classified into six groups by Roelofsen (27).

In the wheat root tissues used in this study the predominant growth
type corresponds to Roelofsen's class D, "Tissue Cells with Predominant
Growth in Length", In these cells the microfibril orientation is
initially circumferential., The cells of the meristem at first grow
both in length and girth but later only in length, The growth along
the length is quite extreme and it is seen by lhc uptake and by examina-
tion of pit field spacings to be evenly distributed along the entire
cell (28). As the cell elongateslthe older microfibrils are drawn
first into a "multinet" pattern and eventually into an axial orienta-
tion (27). Newly formed microfibrils, however, continue to be laid
down in a circumferential direction on the inside surface of the cell:
wall where they are utilized to resist the radial component of the
turgor pressure. A cross section of the wall, therefore, shows a con~
tinuous gradation from circumferential to axial alignment (27).

Meristematic cell walls Join together to form compartments
roughly hexagonal in cross section, The turgor of the cell, however,
tends to force the cavity to become circular by squeezing material from

the sides into the corners to form thickenings or "ribs" (27). The



microfibrils in these ribs tend to be aligned axially, These and other
thickenings of the primary cell wall should not be confused with second-
ary thickenings which are formed only after growth has ceased,

The secondary cell wall consists of very closely spaced microfibrils
packed together to form a thick rigid capsule, In woody tissue the long
narrow xylem cells receive most of the secondary thickening forming
tracheids or wood fibers. The microfibrils are deposited in three
distinct layers each oriented in a different direction to increase
strength (29,19).

The microfibril itself is a compact bundle of cellulose molecules
with an elliptical cross section measuring about 200 £ by 75 & (27,30).
They are mostly crystalline in nature but they also contain about one
third "paracrystalline'" material (same as amorphous except that mole-
cules remain roughly parallel), The paracryétalline region occurs
mostly in bands every 300=600 R along the strand (27). In addition
the entire surface is covered with an amorphous hair-like layer composed
of stray cellulose molecules and matrix glycans which have been bonded
to the microfibril surface (27,30). Some authors feel that microfibrils

must actually be composed of four or more smaller elementary fibrils (31).

B, Matrix Structure

The matrix of the cell wall is primarily a gelatinous mixture of
various neutral and acidic glycans in water, In 6rder to understand the
structural roles of these polysaccharides it is necessary to examine
their physical properties and the underlying chemical microstructures
which cause those properties, Because the properties of a polysaccharide

are greatly influenced by its ability or inability to crystallize, the



crystallization phenomenon will be dwelt upon in considerable detail,
Discussion of specific chemical structures of ﬁhese polysaccharides is
reserved for a later section..

The propensity of a polysaccharide to crystallize involves two fac=
tors.s The first is the stability of the crystal formed (32). Thus cellu-
lose, which is able to form into a compact lattice with all three hy-
droxyls linked by hydrogen bonding, creates a crystal of superior sta-
bility. The second factor and probably the more important is the preven-
tion of crystal formation by the insertion of hetero sugars in the backe
bone or by the attachment of side chains, If crystallization is thus
stereochemically prevented, the material will have to remain in viscous
solution even though crystallization would be energetically more stable,
For this reason also, it's no surprise that cellulose, a long unbranched
homoglycan should be so easily crystallized,

Although crystallization is much less common among matrix poly=
saccharides it does sometimes occur. Homoxylans, for instance, can be
easily crystallized (33=35). The crystal structure contains chains with
a helical twist requiring three residues for each fﬁll turn (33) whereas
cellulose requires only two residues (Fige. 1)s Because of this twist
Xylan carmot hydrogen bond its number three carbon hydroxyl within the
chain as easily as cellulose (33). Also, since it is only a five carbon
sugar it has only two hydroxyls available for hydrogen bonding rather
than three. The crystal structure is looser than that of cellulose
giving it room to accommodate a row of water molecules which helps to
stabilize it (Fige. 2)s« This space can also be used to aceommodate a
very limited number of side chain groups (35,32), 0£her homoglycans

which have been found to be capable of crystal formation are mannans (36)
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and polyuronides (37).

If a polysaccharide does not have the unbranched’homoglycan configura—
tion required for extensive crystallization, it is still possible that
the substance can form a limited type of crystel referred to as a crys-—
‘tallite (37). A crystallite is formed whenever two or more parallel
chains link together in a regular lattice. Side .chains must be oriented
outward away from the center of the crystallite, Obviously, the size
to which a crystallite can grow is limited by the number, size, and degree
of branching of the side chains.

The macroscopic behavior of a polysaccharide is heavily dependent on
the degree to which it is able to crystallize, A highly branched poly-
saccharide tends to act like a sponge holding large volumes of water in
a viscous or slimy solution, On the other hand, a polysaccharide which
is able to crosselink by forming crystallites will lose some of its capa-
city to act as a solute and will instead adopt the semierigid framework
of a gel (37,38) or, if crystallization is more extensive, a precipitate
will be formed.

These concepts can be readily applied to the pblyuronides and other
glycans of the primary cell walle Since polyuronides contain some rhame
nose in the backbone and numerous side chains which serve to restrict ﬁhe
degree of crystallization one would e;pect the matrix to contain micro
erystallites, That this is indeed true was shown in the case of intact
celery petioles by x~ray diffraction (39).. Rees (37) theorizes that the
non=covalent bonds of crystallite gels are the-primarw'source of the

strength of the matrix., An alternative theory will be mentioned later,
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C. Interaction Between the Matrix and the Microfibrils

Related to the ability of certain glycans to b;nd together in crys—
tallites is their ability to bind to the surface of the cellulose micro—
fibrils, Some xylans and glucomannans, for example, have been shown to
be adsorbed on the surfaces of microfibrils in vitro as a result of hydro-
gen bonding or van der Waals forces (140)s In the adsorbed state these
polysaccharides must be oriented with their side chains directed outward
away from the sﬁrface'of the microfibril thus preventing the adsorption
of any further layers of polysaccharide (41). The ends of the adsorbed
glycans as well as their side chains are dispersed in the matrix creating
a moderately firm bond between the matrix and the microfibril (27).

The cell wall is quite analogous to modern high strength composite
materials such as fiber glass-resin, Indeed, the stress analysis
theories applicable to such materials have been sﬁccessfully applied to
cell wall structures (42). It has been found that when the appropriate
variables are measured and inserted into the formula for the tensile
strength of a composite, an accurate prediction of the breaking point

of wood fiber and other plant substances can be determined,

III, Extensin

I 1960 it was discovered that the hydroxyproline content of plant

tissue is almost entirely contained in the cell wall (43,44). Subsequently

it was found that the hydroxyproline is part of a glycoprotein which appeared
to have a central role in the structure and function of the cell wall. Lampért
called this material "extensin" and the name is now widely used. An accurate
picture of the structure and function of extensin is not yet in hand and much

of what has been discovered remains unconfirmed, It is, therefore, convenient
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to treat each significant discovery separately and evaluate the evidence,

A. TIts Structure
The most reliable quantitations of the various components of exten-
sin (45,46) are actually derived from its immediate precursor, a substance
_which appears to be identical to extensin in every way except that it is
not irreversibly bound to the cell wall matrix, Since this precursor
can be easily extracted from the cytoplasm or cell walls with non-
destructive reagents, it is a natural target for structural investiga-—
tions. The chief drawback to its use, however, is the low concentrations
of this material found in most tissues (45)s Also, since the amount of
the precursor present will only be significant during a period of rapid
synthesis of extensin, the experimental tissue must be carefully chosen,
From Table I it can be seen that both Chrispeels and Lamport report
large portions of hydroxyproline and serine in the hydrolyzates, Other
hydrophylic amino acids such as glycine, threonine, and aspartic acid
are also prominent, lSince hydroxyproline and proline account for 10
to 24 percent of the amino acid residues, it is quite probable that
regions exist where several such residues occur in succession, This has
been confirmed by Lamport (47-49) who has actually isolated tryptic pep-
tides from cell=wall bound extensin of tomato cell suspension cultures,

The following peptides have been sequenced (49):

Ser=Hyp=Hyp=Hyp=Hyp=Thr—Hyp=Hyp-~Val=Tyr-Lys
Ser-=Hyp-Hyp-Hyp-Hyp-Ser-Hyp-Lys
Ser=Hyp=-Hyp=Hyp=Hyp=Lys



Table I, Composition of the Precursor of Extensin

Component " Plant Source
Sycamore Tomato* Sphaercocarpos* Ginko* Carrot**
Maple* (Livervort)
Hyp 29 31 30 28 10,3
Pro 6 —— — 1 2,8
Asp 11 5 15 25 5«7
Thr ik 12 17 16 345
Ser 19 19 20 27 18,8
Glu 8 -6 10 20 8e8
Gly 9 9 10 14 12,0
Ala 20 26 27 28 67
Val 6 7 15 9 L2
% Cys 6 L ok 5 -
Met 0 1 3 2 o3
Tlu L 2 1 A 1.6
Leu 6 L 8 10 242
Tyr 3 o5 1 2 366
Phe 3 . o5 2 3 9
Lys i L 3 6 12,2
His 1 o5 1 2 5¢6
Arg 2 1 1 2 1.0
Gal e 750 et it 0
Ara et 540 ot s NIRRT
Total 95¢% LO%
carbohy= (estimated
drate , from
density)

Lamport (45); expressed as residues per molecule
¥ Brysk and Chrispeels (L6); expressed as mol %
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Although these results were originally published in abstract form only,
the sequencing of the second peptide listed above hés now been shown in
detail (49). The configuration of these hydroxyproline rich regions is
severely constrained and very likely resembles that of trans polyproline,
an extended left handed helix with three residues per turn (45). Rotation
is so hindered that the helix may be considered a rigid rod.

Good estimates of the molecular weight and the percent of carbohy-
drate are lacking, Chrispeels estimates the molecular weight at over
200,000 by gel chromatography and 50,000 by examination of its sedimenta=-
tion constant, Lamport estimates the molecular weight at 230,000. The
number of amino acid residues present in the peptide chain can be derived
from these measurements and others like them.

In searching for the covalent linkage between the protein portion
and the éarbohydrate, it was found that some 70% of the hydroxyproline
in tomato cell walls could be released as oligo=arabinosides upon alkaline

hydrolysis (47,50)s The following molar ratios were reported in a later

paper (51):

Hyp 10%

Hyp-Ara &
Hyp=Ara, 1%
Hyp--Ara3 28%
Hyp-Ara, 524,

The applicability of these findings to other plant species has been
thoroughly examined. Phylogenetic searches showed that hydroxyproline
is present in the cell walls of all land plants (52) and in most algae (53).

The red algae and Nitella, however, were prominent exceptions. Most fungi
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did not have hydroxyproline (45). The presence of oligo-arabinosides was
also investipgated in various phyla (51). Generally'hyp-arah groups were
found in large quantities in higher plants, whereas hyp-ara, was more
pfevalent among the lower plants, Lower plants also had more unglyco-

sylated hydroxyproline, One alga, Chlamydomonas reinhardtii, contained

several unusual hydroxyproline glycosides including sequences containing
glucose (54).

In addition to arabinose, galactose is also usually found associated
with extensin (45,55=57) or with various fragments of it (147,58,59).
Lamport (45) suggested that arabinogalactan, a known constituent of cell
walls is covalently attached to extensin, Since it is well known that
alkaline extraction can remove the arabinogalactan from cell walls, he
hypothesized that this link is for some reason base labile, He further
hypothesized that the linkage was located at the end of the hydroxyproline
tetra=arabinosides., Albersheim, however, suggested that the connection
to other polysaccharides was through serine glycosidic linkage (39) which
was already known to be base labile by a g elimination reaction, This
controversy was appafently settled by Lamport in his recent paper titled
"Galactosylserine in Extensin® (49). His proof that galactosylserine links
exist rests on the determination of the structure (shown in Figs 3) of one
of the glycopeptides obtained by tryptic digestion of acid=-stripped tomato
cell walls: '

Gal
NH;-Sgr—Hyp-Hyp-Hyp—Hyp-S?r-Hyp-Lys-Cog
Gal

Fige 3. Structure of a Glycopeptide from Extensin (49)
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The. acid stripping removed all oligo=arabinosides from the hydroxyproline
residues and presumably also cleaved a glycosidic bond between galactosyle
serine and the rest of the arabinogalactan although no proof is offered
for this,

Heath and Northcote (60) report a cyclic dipeptide isolated from the
cell walls of sycamore tissue—culture cells by hydrazinolysis, In addition
to two hydroxyproline residues it also contains about seven arabinose and
eleven galactose residues, It is thus implied that the oligo=arabinosides
have a number of galactosg residues attached to thems Heath and Northeote
contend that since hydrazinelysis only cleaves peptide links, the mere
fact that the dipeptide was extracted indicates that the oligo=arabinosides
are not linked covalently to other polysaccharides,

Bs Its Function

Although the "crystallite gel" theory mentioned earlier considerably
aids the understanding of some of the properties of the cell wall, Rees's
contention (37,38) that it is the sole source of the structural strength
of the cell wall matrix has certain drawbacks. Lamport has long argued
that non-covalent bonding is insufficient to account for the strength of
the matrix (45,52)e His theory, which might be called the "covalent gel®
theory, attributes to extensin a prominent role in the control of cell wall
elongation and hence in plant morphogenesis.

Considerable evidence has recently been presented in favor of the
covalent theory. Using sycamore cell suspension cultures, Albersheim's
- group (59) has found evidence conriiﬂ&ng the presence of a covalent 1i£k
between extensin and a B—(l-ﬁs)-galactan containing arabinose side chains
in the cell wall, In addition they have found evidence for several other
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covalent links involving virtually all of the polysaccharide types known
to be present in the sycamore cell wall matrix. They are as follows

(1&1 '59!61)3

1. reducing end of galacturonorhamnan——s non-reducing end of
B={ 13 )=galactan

2, reducing end of Pe{1-w);)=galactan—s 4 position of rhamnose
in galacturonorhamnan

3. reducing end of arabinane I, position of rhamnose in
galacturonorhaman

Le reducing end of xyloglucan-a non-reducing end of
B~ 1-p;)~galactan |

Their proposed structure of the cell wall (59) is shown in Fige L.
The second and third links listed above confirm the findings of Stoddart
and Northeote (62) who concluded that the arabinan and galactan become
bound to the galacturonorhamman after excretion from the cell. It thus
appears that Lamport's early tentative hypothesis (A45) is being borne
outs

f,sethe hydroxyproline-rich protein of lower and higher plants is

part of the cell wall protein=glycan network (or fextensin complex!')

analogous with the peptido=glycan network of bacterial cell walls."

One of the most inleresting properties of the primary cell wall is

its ability to deform as a slow flowing plastic to accommodate the growing
meristem cells, While the motive force for this expansion (the turgor
of the cell) is generally constant, the loosening of the cell wall to
allow the expansion is under direc£ cellular controls Thus it has been
observed that extension may be increased in oat and corn coleoptiles by
natupal stimuli such as light or gravity or by artificial stimuli such
as carbon dioxide (63), low pH (63), methyl ester of indole acetic

acid (64) and in some cases by indole acetic acid itself (64)s Since
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..... it — — cellulose elementary fibril
i aarer et B IR R 1 T
arabinan and 8- (1—»4)-
g 2 galactan
54 'g 2, uat_ &.!‘ g‘s&?&& piid a—extensin
' 13 - et tetra-arabinosides
L g g wd pownd y——xyloglucan

[

Bt s i e e

CEC T

hamnogalacturonan

B-(1l—»6)-arabinogalactan

Fig. 4. Model of Sycamore Cell Wall Structure (59).



19

the reaction requires a time lag of less than 1 minute it can't involve
de novo synthesis of mRNA or protein. Rather it is likely that the reac-
tion involves only components alreédy in existence such as particles in
the plasmalemma or enzymes, particularly glycosidases present in the cell
wall itself (65).

A convenient hypothesis which is gaining popularity is that the
plasmalemma contains a hydrogen pump which upon stimulation by auxin, etc.,
begins to pump protons into the matrix (65,66). The reduced pH then
causes the loosening reactions to occur, This makes it somewhat easier
to explain a number of observations about wall loosening, such as why
respiration inhibitors like KCN should cause loosening to cease almost
immediately (67) or why protein synthesis inhibitors cause it to stop
after 30 minutes (68),

Since a covalently crosslinked matrix would normally not he capable
of plastic=deformation, a mechaﬁism to explain such deformation is neces—
sary to complete the theory. Speculations abound., Lamport (A45) proposes
that the covalent link between extensin and the matrix polysaccharides is
attacked by an enzyme in the matrix gel. The link may be the base labile
galactosylserine link which was discussed earlier, Presumably the enzyme

‘would be able to make and break bonds in a sort of equilibrium process
without consuming energy. Rayle (66) proposes that the acid pH is directly
responsible for breaking certain labile covalent linkages such as arabino=
sides; however, as Albersheim points out, energy would then be required
to reform the links, an unpalatable complication (59), Albersheim pro-
poses that the polysaccharides which adhere to the cellulose microfibrils

(xyloglucan in sycamore) may be able to creep slowly along the surface of
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the microfibril in a sort of caterpillar fashion, but only under acid
conditions,

To attribute the role of expansion cdntrol to extensin does not appear
to be entirely consistent with physiological observations, In studying
indole acetic acid stimulation of pea epicotyls (69,70), it was found that
the induced growth could be prevented by the addition of benzimidazole or
Ethrel, The effect of these inhibitors is to cause a sharp increase in
extensin (hydroxyproline) synthesis, The effect of increased extensin,
however, can be counteracted by adding aa'-dipyridyl, an inhibitor of
proline hydroxylation. Thus it appears that at least one purpose of
extensin is to bring a halt to cell wall elongation at the proper time,

It has indeed been found that extensin synthesis is more prevalent in the
region where growth is ceasing than in the growing meristem (69). It is
not clear whether this contradicts Lamport's proposal or simply requires

a modification,.

Ce Its Synthesis

Although a complete picture of extensin synthesis is not yet available,
considerable information has been gathered., The cytoplasmic precursor of
extensin has been found by means of radicactive tracers to be concentrated
in preparations of membranous organelles (71,72). It is probably safe to
conclude that extensin is secreted through a membrane bound transport sys-
tem just as polysaccharides of the cell wall, The protein portion is
synthesized on the ribosomes and released into the lumen of the rough endo-
plasmic reticulum, It passes to the smooth endoplasmic reticulum and is

14

then transported to the plasmalemma. There is some evidence from ~C pro-

line autoradiography (73) and electron microscopy of organelle preparations (72)
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to indicate that it is not routed through the Golgl apparatus but is
secreted directly by smooth membraned organelles, Tﬁis conclusion,
however, may not be generally applicable to all tissues.

Hydroxyproline cannot be incorporated directly into proteins because
the-genetic code has no codon for it. It is, therefore, necessary for
the cell to convert proline to hydroxyproline after incorporation into
the peptide. An enzyme capable of doing this has been characterized and
partially purifiéd (74)s It requires Oy Fe++, ascorbic acid and an 1 keto
acide It does not react with free proline buit it does react rather non-
specifically with peptidyl proline including protocollagen, The reaction
can be conveniently inhibited by aa'-dipyridyl, a chelating agent for
rett (75). Abcording to information contained in Table I, between 83 and
97 percent of all the proline is hydroxylated,

Kinetic studies have verified the sequence of events leading to
extensin secretion. A four minute lag occurs between the incorporation
of proline into the peptide and the, appearance of radiocactivity in hydroxy-
proline (76). This indicates that hydroxylation occurs after the release
of the peptide from the ribosomes The lack of hydroxyproline in the nascent
peptides attached to the ribosomes confirms the conclusion (76). A further
delay of L minutes occurs before glycosylation begins (76). UncouPling'
of oxidative phosphorylation causes a depletion of ATP which causes a
halt to secretion of extensin, This indicates that energy is required
for the secretion of extensin, The effect of the inhibitor is too quick

to be accounted for by the inhibition of protein synthesis (77).

De Extraction Procedures

. The chief obstacle to the extraction of extensin from cell walls is
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the polysaccharides which anchor it to the matrix, The solution is
either to find a hydrolytic catalyst that is specific for one of the links
in the polysaccharide or to use the unbound precursor instead,

It appears that NaOH extraction as used for preparation of hemicellu-
lose would be sufficiently basic to cause the cleavage of the serine gly-
cosidic link (49). This may explain why the arabinogalactan appears in
the hemicellulose fraction, This treatment does not, however, remove the
extensin from the cell wall, Lamport (50) found that more severe alkaline
conditions resulted in destruction of the protein chain leaving the result-
ing peptides still attached to oligosaccharides by glycosidic links. Weak
acid hydrolysis can be used to remove the arabinose oligosaccharide side
chains with little damage to the protein (55), but stronger conditions
cause generally non-selective degradation.

The use of proteases to remove fragments from the cell wall for
characterization has been investigated (55,58). None were effective,
however, unless the arabinose oligosaccharides were first stripped with
weak acid (55). Some glycosidases were effective but the enzyme prep-
arations available were impure, resulting in cleavage of peptide bonds
as well,

While extensin is relatively difficult to extract intact, its imme-
diate precursor is readily obtained either from cell walls or from the
cytoplasm, The most commonly used method is extraction with cold TCA
solutions (46,70445456457)s In one case workers report that as much as
30% of the cell wall hydroxyproline can be extracted (56). Material which
can be extracted in this way is probably bound ionicly rather than cova-
lently to the cell wall., It appears to be identical in every way to its

cytoplasmic equivalent (L46). In some cases it can be extracted with
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salt solutions (46) but not in others (57), The greatest advantapge of

TCA 'is that most proteins remain insoluble and only £he glycoproteins are
dissolved, For this reason even salt extracted fractions are usually puri-
fied by treatment with TCA (46). Cytoplasmic material is theoretically

extractable with water but salt solution or TCA is usually preferred,

Polysaccharides of the Matrix

An understanding of the structure and composition of the various poly-

saccharides of the cell wall matrix will be useful later on for comparison

with experimental results. In order to facilitate this end, special emphasis

is given to wheat and other gramineae,

A, Classification

The matrix polysaccharides of plant cell walls are traditionally
separated into two fractions on the basis of their extractability., Hemi-
celluloses are those substances which cannot be extracted from plant tis=
sue with water (or sometimes ammonium oxalate solution) even after deligni-
fication and lipid removal but can be extracted with alkali, Pectins, or
more correctly “pectic substances" (78), on the other hand are extractable
with neutral solvents., This distinction, however, is somewhat dependent
on the extraction conditions, the age of the tissue, the type of tissue,
etc.l A glycan which appears normally in the hemicellulose fraction may
at times be partially included in the'pectic fraction (45).

Because of these difficulties, some authors have redefined the above
terms according to the chemical nature of the glycans involved (29,79).

Sufficient knowledge of the structure of these materials is now available

to warrant grouping them according to their backbone structure, The



matrix polysaccharides can thus be grouped as in Table II (31;). Within
each group there is a variety of subgroups characterized by different
sets of side chains. The number and type .of such side chains is often
dependent on the species, tissue type, age, growth conditions, etc., of
the source., The terms "hemicellulose" and "pectin" refer primarily to
the cell wall polysaccharides of land plants (29). Although they are

sometimes used to refer to polysaccharides derived from other plant
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materials, such usage tends to add confusion to an already somewhat vague

classification,

Table II, Classification of Matrix Polysaccharides

Extractability

Group Backbone , Group*
Xylans B={ 13-, )=D=xylose Hemicellulose
Glucans 13 g( 1=»/, )=D=glucose n

L)y )=D=glucose (dis— "

tinct from cellulose)
Glucomannans Pe{ 1=l )=D=glucose and "

Bl 1epoly)=Dwmannose -
Galactans 13 J=D=galactose Pectic substances

Pl 1=2/, )=D=galactose n

Arabinans a{ 1=3=5 )=L=arabinofuranose "

Rhammogalace

turonans  ge{ 1=l )=D=galacturonic "
acid and (1-sR)=L-rhamnose

* By definitionj even though they may vary in actual
extractabll:l.ty.

Be Typical Matrix Polysaccharides of Gramineae

The cell wall matrix of mature gramineae contains chiefly xylans and

glucans plus a small amount of those materials classified in Table II as

pectic substances. Although a wide range of DP (degree of polymerization)
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values have been reported for these materials, most estimates range

between 50 and 200 (29).

The xylans consist of a backbone of ge{1l-k)=D=xylan to which is

usually attached a number of Learabino~furanosyl residues and D=glucurc-—

nosyl residues as in Fig. 5. Other substituent groups afe also sometimes

found in xylans of gramineae (80), A list of substituent groups is

shown in Table IIT.

B={1-»L)
Doy L cmpuDan 7] ool ] somtp e 7] DX 71

] 3 2
|1 1
L-Araf a~D=GpA
(or L=O=Me=a=D=GpA)

Figs 5« A Typical Xylan of Gramineae

Table III. Substituent Groups Sometimes Found in Xylans of Gramineae

1,
2e
3.
Le
5
6.
Te
8.

L-Araf={1-»3)=-

Q=D=GpA={ 132 )~

}ymOml =D =GpA={ 132 )=

D=Galp={ 1=pl} ) =D=Xylp={ 132 )LmArafe{ 13 )=
D=Xylp={ 132 )=L-Araf={ 13 }=

Galp=( 1-#5)~L=Arafe{1-m3)=

DeGpA={ 1L, ) =DeXy 1 p=e{ 1=pmli ) =Dl poe( 132 ) =
a=D-Xylp=(1-33)=L-Araf={1-»3)-

A fairly large number of studies are available to support the

above generalizations and some of the more outstanding ones should be

reviewed, The xylan of Cocksfoot grass was found to contain groups
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1 and 3 above., In addition, D-xylopyranose was found to be bound to the
backbone by a (1-»3) link (81). Perennial ryegrass roots contain a xylan
with groups 1, 3 and 4 (82), This is somewhat more complex than the
xylan from the leaves which contains only groups 1 and 3 (83). A xylan
from corn hulls containing groups 1, 2 and }4 was exceptional in thaﬁ the
D-galactose residue was replaced by Legalactose (84). Spear grass xylan
contains groups 1 and 3 (85)s. The xylan of bamboo is one of the very few
with no arabinose. Its only side chain.is glucuronic acid attached to
the 2 position (86), Esparto grass contains the only known homoxylan (&7).
The xylan from barley contains groups 1, 3 and 4 (88), Two xylans have
been isolated from oats. One contains groups 1 and 3 (89) and the other
contains 1, 2y 3y 4y 5y 6 and 7 (90)s A good many other studies prior
to 1959 (¥eviewed by Aspinal) (91) are in accord with this view of the
xylans of gramineae, |

The xylans of the endosperm of cereals appear to be related to the
xylans of the rest of the plant although they are usually referred to not
as hemicelluloses but as "cereal gums" or more properly as "seed muciw
lages" (79)e They differ, however, in that there are no glucuronic acid
residues present and the arabinose residues are attached to the 2 position
of xylose as well as to the 3 position. In some cases arabinose is
attached to both the 3 and 2 position of the same xylose (91,92).

The glucans of the cell walls of gramineae are a relatively new
discovery., Wada and Ray in 1963 reported isolating a glucan from among
the constituents of the cell walls of oat coleoptiles (93). The structure
. of an ocat leaf glucan separated from the hemicellulose fraction by repeated

ethanol precipitation was subsequently found to resemble lichenan, a
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linear p={ 1=33)}( 1~/ )=D=glucan, When pure, it is insoluble in water or
weak base, Hydrolyzates contain only D-glucose. It comprises 3,3% of
the total hemicellulose of oat leaves (914;-96). Further studies showed
that this glucan was also present in the stems and roots (97) and in the
stems of mature barley, rye and wheat (98,88) and corn (99)s The ratios
of (1-»4) to (1-3) links are given in Table IV. The values were observed
to increase with maturity (97). The search for cell wall enzymes has

led to the discovery of a B={1l=s3){1lem})=D=glucan which can be autolyti-
cally solubilized from corn coleoptiles by indigenous enzymes (96). One
worker reports evidence for a dextranelike pg={1l-pb)=D=glucan in ocat cole=

optiles which can also be autolytically solubilized (100),

Table TV, The (1-»4):(1-»3) Ratios of Glucans of Gramineae

Tissue Age l (1-pl):(1-2=3) Ref
Oat leaf 2% months 1.65 (94)
Oat leaf (1lab grown) 10 days 3.85 (97)
Qat root (lab grown) 10 days 2,38 (97)
Oat coleoptile (lab grown) 10 days 3423 (97)
Barley stem _ mature L0 (98)
Rye stem mature 2405 (98)
Wheat stem mature 1.78 (98)
Corn stem mature 2,0 (99)

Glucans also have their counterparts in the endosperm. The
structure of oat flour p-glucan was shown to be identical to that of
‘lichenan. The (1-»4):(1-33) ratio was between 2 and 3 (101), Two
. distinet varieties of p-glucan have been found in barley seed having a

(14):(1-3) ratio of about 2, They differ in molecular weight by a



factor of several fold, The heavier one is linear while the lighter is
slightly branched (102),

The remaining three types of polysaccharides, arabinan, galactan and
rhamnogalacturonan are members of the pectic fraction, 'Iﬁ gramineae they
have not been isolated and studied, probably because they are present in
only minute quantities in the mature tissues which are of economic impor-
tance, While some evidence for the presence of all three in ocat coleop=-
tiles has been presented (103), structural studies are lacking., In order
to gain an idea of what these substances may be like, it is profitable to
review the general structures obtained from other angiosperms,

Arabinans such as those found in mustard seed and sugar beet consist of
a linear backbone of q={l=s5)=L-arabinofuranose with single a-L-arabinofura-
nosyl={1-»3) -side groups at frequent intervals, This structure must be
considered tentative (79). |

Galactans such as those found in soybean cotyledons are composed of a
B~{ 1=, )=D=galactose backbone with L-arabinofurancsyl={l-p5)=l=arabinoe=
furanosyl={ 1-»3) side chains (79).

The rhamnogalacturonans have a backbone of Ge{1leel)=D=galactow
pyranuronic acid interspersed with a small portion of (1-p2)=L-rhanmo-
pyranose residues, In a few instances the rhamnose residues are absent,
making the molecule a simple galacturonan, Most rhamnogalacturonans also
have a number of complicating side chains which will noﬁ be reviewed here,

They have, however, been thoroughly covered in an article by Rees (37).

C. The Matrix Polysaccharides of Wheat
| The xylans of wheat straw were investigated by a number of groups
during the '50's. For the most part the investigators agree that the

structure is that of a typical p={1-p))=D=xylan such as that shown in Fig. 5.
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They are less than unanimous, however, on several details (91,92).
D'Appolonia et al., attribute this disagreement to differences in extrac—
tion procedure (92). The xylans from the leaves were similar and had no
unusual features, The DP was about 34 (104)s The xylans from wheat bran
were unusual in several respects, Some of the xylose residues bore an
arabinofuranosyl group on both position 1 and 2. To this extent it
resembled the xylans of endosperm tissue, There was also evidence for
more complex side chains linked to the backbone by means of a 3eOwl-
arabinofuranosyl residue. The arabinose content was exceptionally high,
The DP was about 300 (105). |

The glucans from mature wheat stem are typical ge{1-»3)(1-=l)=D-
glucans (98)s A cell free extract from the roots of 24 to 4O hr old
seedlings has been shown to be able to synthesize an(l-ps)(l-b&J-Dgglucan

from UDP=-glucose (106).

De Monosaccharide Analysis of the Polysaccharides of Wheat Seedling Roots

Aside from the above study (106) there has been little research
performed on isolated and purified polysaccharides of wheat roots. How=
ever, because of the importance of such tissue to this study, it is
pertinent to discuss here the monosaccharides which have been obtained
upon hydrolysis of wheat seedling root fractions, Although three of the
cited references deal with corn, they are included here because of their
obvious implications for wheat tissues,

Wheat séedling roots about 1 cm long were divided by Northecote and
Pickett-Heaps into a *'tip" section and a meristematic section. The non-

cellulosic polysaccharides were extracted with KOH.and hydrolyzed, The
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results are shown in Table V (3).

The root caps of corn, wheat and other gramine;; are known to pro=-
duce a slime which coats the growing root. The polysaccharide contents
of this material must be considered along with the cell wall material
when evaluating the composition of root extracts., The slime of corn
seedling roots has been collected and hydrolyzed. These results are
also presented in Table V (107). Harris and Northcote (108) indicate

that the identificatioh of ribose in this work and xylose in the work of

Table V. Composition of Wheat and Corn Root Polysaccharides

Wheat Root Corn Root
Wheat Root Tip (3) Meristem (3) Cap Slime (107)

Galactose 15,1 13,0 - 35
Glucose h2e5 32.0 ' 37
Arabinose 25,5 27.0 —
Xylose 17.5% 28,0% 5
Mannose Trace . Trace —
Ribose s — 11%
Galacturonic acid s ' s ‘ 12

* Includes fucose because of similarity of Rf values,

Northcote and Pickette-Heaps (3) were probably incorrect. They have
identified a large percentage of fucoép which because of a similarity in Rf
values was previously mistaken for ribose and xylose respectively.
According to them, the analysis is compatibie with the idea that a
galacturonan and a galactan are synthesized in the root cap slime., The

fucose and glucose could be associated with the galacturonan in a structure
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resembling a vegetable gume It should also be mentioned here that
Roberts (109) has confirmed the presence of mannose in the sliﬁe and has

shown that at least some of the galactose is L-galactose,
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MATERIALS AND METHODS

MATERIALS

I. VWheat seeds: Untreated wheat Triticum vulgare, variety Shawnee, was

supplied by the Kansas State University Agronomy Farm,

II, Pronase: Calbiochem, San Diego, California, B grade, 45,000 PUK/gr.,

lot 200,191

IIT. SDS~Phosphate Buffer: 10 mM sodium dodecyl sulfate (SDS) in

0s1 M sodium phosphate buffer, pH 7.6.
IV. TLC Plates: Brinkmann Pre~Coated Silica Gel G thin layer plates, E. Merk.

V. Origin of the Golgi-Derived Material: This material was available from
a preliminary experiment done in this laboratory by Moore and Nordin (110).
Wheat seedlings were grown in the usual manner and the roots were exposed to

otk

C=glucose, They were harvested and homogenized and a crude Golgi body
fraction was separated by a series of centrifugations according to the method
of Jilka, Brown and Nordin (21), The washed crude Golgi were homogenized

in SDS=phosphate buffer and centrifuged. The supernatant was placed on a
Sepharose 6B column which had been equilibrated with SDS~-phosphate buffer,
Besides the material which was eluted at Vo and vglucose’ a single major
peak was eluted at Ve/VO = 1.95. While treatment with pronase was successful
in eliminating certain small side peaks, it appeared to have no effect on

the major peak (Fig. 6). The sample resulting from this experiment was

then stored in coﬁnting vials under toluene based fluor,
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Fig. 6

Fractionation of Golgi-Derived Material
on Sepharose 6B (110)

A crude Golgi preparation from wheat seedling roots which had been ex-
posed to U=thC—glucose was homogenized in SDS—phosphate buffer (10 m4
sodium dodecyl sulfate in 0,1 M sodium phosphate buffer, pH 7.6) and di-
gested with pronase, It was then eluted through a Sepharose 6B column
(85 ecm x 1,4 cm) with SDS-phosphate buffer. The void volume peak, V _,
is not shown, The small peak to the right corresponds to the glucosg

elution volume. The large peak has a V_/V of 1,95, The fractions re-
covered for further study are indicated® ©
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The discs and vials were rinsed with fresh toluene to remove the fluor
and drieds They were then extracted in SDS-—phosphate buffer for a total
recovery of 6500 cpm or about 860 of the total estimated to be present in

the sample.

35
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METHODS

I, Wheat Seedlings

Wheat seedlings were prepared according to the methﬁd of Brown (9). The
seeds were soaked for three hours in distilled water and placed between two
layers of wire screen, After 60 hours the primary roots growing down through
the lower screen in response to gravity could be harvested by scraping them
off with a razor blade., Each tray of growing wheat seedlings was covered with
aluminum foil to prevent drying and to insure dark growing conditions. A
total of 725 g of wheat was normally used to fiil six trays. This produced a
yield of «56 g of lyophilized extract after homogenization, centrifugation,
and dialysis.

II. Homogenization -

The wheat roots were cut into short lengths and homogenized in a Sorvall
 Onmni-mixer cooled in an ice bath at maximum speed for 60 seconds, using about
60 ml of SDS-phosphate buffer, The homogenate was strained through cheese
cloth, rinsed twice with about 10 ml of buffer and centrifuged at 10,000 rpm
for 30 min, Since SDS precipitates from the buffer in the cold, the straine
ing and centrifugation were performed at room temperature relying on the

detergent effect of the SDS to prevent bacterial and enzymatic degradation.

111, Dialysis and Lyophilization

Material to be dialyzed was placed in dialysis tubing two inches in
circumference and dialyzed 36 hours or‘more during which time the bath was
changed 3 times, Each rinse was in a bath of distilled water about LO times
the volume of the sample. Normally the procedure was performed at room

temperature using_CHCl3 in the bath as a preservative, The dialyzed material
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was lyophilized on a Vir-Tis Freeze Mobile lyophilizer., The product contained

L1% protein as measured by the micro Kjeldahl technique (111),

IV, Molecular Sieve Fractionation

A colum of Sepharose 6B (85 cm x 1.4 cm) was prepared and equilibrated
in SDSephosphate buffer, The sample was dissolved in 3 ml or less of elution
buffer, An LKB Ultrorac type 7000 fraction collector was used to collect
150 1 ml fractions over a period of about 15 hours. In some cases an LKB
Uvigord Type 4701A ultraviolet monitor with a 3 mm diameter tubular cell was
used to monitor the effluent at 254 nm, The percent transmittance of the UV
monitor was recorded on log paper thereby converting the data to absorbance
values, When log paper was not available the transmittance data were converted
to absorbance mathematically. No attempt was made to convert monitor readings

to mgs of protein,

V. Anion Exchange Fractionation

Dry beads of DEAE Sephadex A-25 (8 g) were soaked in 2 M K2HPOI+ for two
days to convert them to the phosphate form. They were then equilibrated with
the sodium phosphate elution buffer apd packed into a colum 1.2 cm by about
L6 em, Since the buffer varied in concentration and pH, these details are given
in each experiment. A new column was prepared for each run using fresh beads.

The colum was set up in a cold room at 14°C with the effluent passing
first through the ultraviolet monitor and then into the fraction collector
where 1 ml fractions were collected, The samples applied were no larger than
2 ml and were adjusted to the conditions of the elution buffer by adding 3 ml
of buffer and evaporating the mixture to 3 ml. The flow rate was about

5 drops/min. All salt gradients used to elute the column were linear.
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VI, Cation Exchange Fractionation

Dry beads of CM Sephadex C-25 (8 g) were soaked in the elution buffer
for 2 days and then eluted with several liters of buffér wuntil the pH reached
equilibrium, They were then packed into a colum 1.2 cm by about 50 cm,

The operation of the colum was the same as that of the DEAE Sephadex
colum. The elution buffer was 0.2 M NaAcy pH 5.2 preserved with pHix Buffer
Preservative as directed on the container, This amounts to about 1 mg/l of

pentachlorophenol. All salt gradients used to elute the colum were linear.

VII. Carbohydrate Analysis

The phenol sulfuric acid assay (112) with a xylose standard was used
to determine carbohydrate concentration. Since the response of the sugars
was significantly below normal when SDS-phosphate buffer was used, a second
standard curve ﬁas prepared for use with such buffer solutions,

The presence of NaCl in some of the fractions also created a problem.
The rapid introduction of Hgsoh into such a sample caused a somewhat violent
evolution of gas. Tests showed that up to a concentration of 0,4 M NaCl the
assay was quite reliable but above this concentration the readings became

progressively lowered and unreliable,

VIII, Protein Analysis of Fractions

Protein content of eluted fractions was estimated from the absorbance at
| 280 nm in a Beckman spectrophotometer, An unidentified absorbance maximum
at about 210 nm was also present contributing a large absorbance at 280 nm,
To determine the absorbance contributed by protein, a base line for the 280 nm
peak was estimated by interpolating the slope of the unidentified peak and
subtracted from the total absorbance at 280 nme This operation was indivi-
dually performed on the UV spectrum of each fraction. Since many proteins

“have an absorbance of about 1,0 when in a solution of 1 mg/ml and viewed
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through a 1 em cuvette (113), this value was used to estimate the concentration
of protein in the fraction, Because of the various assumpltions made, the

resulting values are very approximate but are adequate for comparing samples,

IX. Scintillation Counting
Counting vials were filled with 5 ml of a fluor containing 0,5%
2,5=diphenyloxazole (PPO) in toluene, The background was counted on a Beckman
152008 Miqrd seintitlation comber for § minutes per vial using & ‘it window,
Sample fractions of 1 ml each were transferred from the test tubes in
which they were collected to counting vials where they were frozen and lyo-
philized in a vacuum desiccator, The lyophilized material was redissolved
in 0.2 ml of distilled water and a glass fiber dise was introduced to absofb
the solution. The discs and the vials containing them were dried under a
heat lamp. The vials were filled with 5 ml of seintillation cocktail and
counted for 20 minutes each under the same conditions as the background, The

background count was subtracted individually for each sample,

Xe Activity of Pronase

In order to verify the activity of the pronase, 0.5 mg of denatured
bovine serum albumin in 2 ml of potassium phosphate buffer, .001 M, pH 8
containing ,02% NeN, were incubated with 1 mg of pronase at 37°C for 100 hours,
Aliquots of 10 pl were removed at various times from 72 sec to 100 hours and.
spotted on a thin layer plate, The plate was not eluted with solvent but was
sprayed immediately with ninhydrin (reference 11l, page 178), The amount of
material responding to ninhydrin increased for about 40 hours after which no ‘

further increase was observed,

XI. Hydrolysis

For the purpose of monosaccharide analysis carbohydrates were hydrolyzed
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in 1,0 § HCL for 1 hour at 10000. The hydrolysis mixture containing about

10 pyz of carbohydrate in 0.2 ml of acid was placed in a test tube fitted with
a "cold finger" condenser and immersed in a boiling water bath, The hydroly-
zate was aspirated to drymess and then desiccated in a vacuum over KOH pellets
for a day to remove HCl. The residue was dissolved in 40 ul of 70% EtOH and
spotted,

The samples for the paper chromatography experiment were hydrolyzed
in C,3 I H2SOLL and neutralized with solid Ca003. They were lyophilized and
redissolved in 0,4 ml of 70% EtOH in a Superelco heavy glass vial, The solid
material was pelletized in the tip by centrifuging at 1000 rpm for 15 min.

The supernatant was applied to the chromatogram,

Amino acid analysis required more severe conditions, A sample containing
protein was ﬁlaced into a soft glass ampoule in Q.4 ml of 6 N HCl and the
mixture was frozen in acetone and dry ice, After sealing the ampoule under
vacuun and incubating it at 110°C for 1 hour, the hydrolyzate was aspirated to
dryness. It was then desiccated in a vacuum over KOH pellets for three days
to remove HCl. The residue was dissolved in 40 yl of water and spotted on the

chromatogram.

XII, Thin Layer Chromatography (TLC)

Silica gel thin layer plates were spotted with 30 ug samples of hydro-
lyzed carbohydrates along with knowns. They were develdped in n~butanol -
acetone = 0,1 H sodium phosphate buffer, pH 5 (40:50:10) for two ascents,

The aniline diphenylamine spray (reference 114, page 856) was used to visuale
ize the spots, . |

For gquantitative measuremenfs, a method developed in this laboratory (115)

was used based or the triphenyl tetrazolium chloride (TTC) reagent and
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densitometry., The plate, spotted as before, was developed in n<butanol =
acetone (spectroanalyzed grade) = water (40:50:10) for two ascents. It was

dipped in a TTC solution of the following composition:

1lg TIC
50 ml dioxane
10 ml methanol or sufficient to dissolve the TTC

The plate was dried, exposed to ammonia fumes for é min, and then heated in
the oven at 80°C for 10 min, In order to insure a uniform exposure to heat
and ammonia, the plate was iﬁcubated in a specially constructed aluminum
chamber filled with ammonia fumes. After cooling, the plate was immediately
scanned on the Photovolt Densicord densitometer,

Amino acid chromatography was performed in two dihensions on silica gel
thin layer plates using about 140 ug of protein hydrolyzate per spot. The
first dimensianiwas developed in 964 LtOH = 31% NHAQH (70:30) for two ascents.
The second dimension was developed in 967% EtOH ~ water (70:30) for one ascent.
The plates were visualized by the ninhydrin spray reagent (reference ilh,

page 178)s The RHyp values for some of the amino acids are showm in Table VI.

XIIT, Paper Chromatography

Samples were spotted on the narrow side of a piece of Whatman 1-IMM
chromatography paper 28% em x 23 cm. The paper was stapled to form a
cylinder and eluted with n~butenol = ethanol = waﬁer (40:11:19), After three
ascents the chromatogram was dried gnd then developed with AgNO3 according
to the method of Trevelyan, Proctor, and Harrison (116) except that the
chromatogram was dipped in the NaOH solution rather than sprayed, and the

fixer was 5% sodium thiosulfate solution,



Table VI, R Values of Amino Acids,

yp

96% Ethanol = Water (70:30) 96% Ethanol - 317 Ammonia
(70:30)(2 ascents)

Typ Ty

Gly <80 1,00
Glu 1.08 1,11
Ser 79 1,04
Pro | «92 : 77
Hyp 1,00 1.00
Ale 1.00 1,08
Thr 1,00 1,21
Val 1.15 1.2
Asp | 97 95
Hydrophobic

amino acid Approx 1,30 ' ~ Approx 1.25
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RESULTS

I. Sepharose Fractionation

Before attempting to determine which of the components of a detergent
extract of wheat roots are identical to the components of the Golgi-derived
material, it is necessary to devise a suitable method of separating those
compﬁnents so that they can be identified. Since the elution profile of
the Golgi—derived materisl on Sepharose 6B was already known from a prelimi-
nary experiment, Sepharose chromatography was selected as the first step in
the fractionation of the crude extract.

Wheat roots were homogenized, centrifuged, dialyzed and concentrated.
A small portion of the extract was applied to the Sepharose 6B colum with
the results shown in Fig. 7. Of the four peaks the first corresponds to

vV, and the fourth to V The four peaks were hydrolyzed (0.3 N H,S0

glucose® L

at 100°C for 1 hr) and chromatographed on paper. The results are shown in

Table VII along with estimations for the total carbohydrate and protein,
Table VII, Composition of the Sepharose Peaks

Peak Carbohydrate Protein® Carbohydrate Gal Ara Xyl G

(as xylose) (mg) Protein
(mg)
I 1.13 3 ol ++ et + Ak
IT .58 3 «19 = b + 0
III «49 1.0 Y o o 4+
v oSk 1.4 oh ++ At +

¥ See "Methods" for calculation ' !

It can be seen that all the peaks contained both carbohydrate and protein,

When larger, preparative-sized samples were placed on Sepharose the



Figo 7

Fractionation of Whole=Cell Extract
on Sepharose 6B

The lyophilized extract from about 100 g of wheat seeds (dry weight) was
applied to a column of Sepharose 6B (85 cm x l.4 cm) and eluted with SDS-
phosphate buffer (10 mM sodium dodecyl sulfate in 0,1 M sodium phosphate
buffer, pH 7.6). Fractions of 1 ml were collected and assayed with the
phenol sulfuric test, Peak I corresponds to the void volume, V . Peak IV
corresponds to the glucose elution volume, The fractions poolea for fur-
ther use are indicated.
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peaks were somewhat broader and separation was, therefore, less distinct.

I1I. DEAE Sephadex Fractionation

A lyophilized extract was prepared as shown in Fig., 8., It was passed
through Sepharose 6B, and peaks II and III were pooled. This material was
dialyzed, concentrated, and applied to a column of DEAE Sephadex A-25 equili-
brated with .04 M sodium phosphate elution buffer, pH 7.2, The influent was

regulated as follows:

buffer ' 50 ml
gradiént (100 ml buffer to 100 ml 0.3 M NaCl in buffer) 200 ml

gradient (100 ml Q.3 M NaCl in buffer to 100 ml 2,0 M
NaCl in buffer) 200 ml

2.0 M NaCl in 0.1 M NaAc buffer, pH 4.8 50 ml

Since the accuracy of the phenol sulfuric acid assay is impaired in
samples with a high confent of NaCl, the effluent from the column was passed
| through a Biomed flow=through dialysis cell and then into the ultraviolet
monitor. The dialysis bath consisted of elution buffer diluted 1:1C. Tts
flow rate was about 20 times the flow rate of the effluent from the column.
The resulting three peaks are shown in Fig, 9 and Fig. 10.

Results from a second crop of seedlings are shown in Fig, 11, Five new
peaks were revealed on the ultraviolet monitor. In addition, peak 2 was
apparently shifted so as to form a shoulder on peak 1.

The procedure of the second run differed from that of the first in
several ways. The elution buffer was changed to 0.2 M, pH 7.4. The influent
was regulated as follows: |

buffer | . LO ml

gradient (100 ml buffer to 100 mt O.4 M NaCl in buffer) 200 ml
2,0 M NaCl in O.1 M NaAc buffer, pH 47 ‘ 50 ml
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Fig- 9

DEAE Sephadex Fractionation
of Peaks II and III

Peaks IT and III from the Sepharose fractionation of the lyophilized
extract were applied to a colum of DEAE Sephadex A=25 (L6 cm x 1.2 cm)
and eluted with ,04 M sodium phosphate buffer, pH 7.2 and a salt gradient
(as shown) for a total of 450 ml. A O.1 M NaAc buffer, pH 4.8 was then

applied. The effluent was passed through a flow=through dialysis cell
to remove NaCl,



|9PN 30 AilIDjOW

o 10 O 10
o o —

]

‘.

I\

* ®)
O
¢

\
\\
N
LY
\
\
Y
\\
hY
\
\\
\\\ -8
a (A8 )
\
\
N
AN
N
\
O
O
4V
O
o
o 10 o 0] o n o
N - = = Q
(3MNnNg |oudyd) O8Y V A TARY

49

Fraction Number (1 ml.)



.50

Fig. 10

Expanded Scale of Elution Profile
Shown in Fig. 9
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Fige. 11

DEAE Sephadex Fractionation of
Peaks II and III from a Second Sample of Seedlings

Peaks II and IIT from the Sepharose fractionatlon of a new sample of
lyophilized extract were applied to a fresh colum of DEAE Sephadex A-25
(46 cm x 1.2 cm) and eluted with 0.2 M sodium phosphate buffer, pH 7.l
and a salt gradient (as shown) for a total of 450 ml. A 0.1 M Naic buf-
fery pH L.8 was then applied, The effluent was passed through a flow-
through dialysis cell to remove NaCl., The fractions pooled for further
work are indicated.
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A quantity of material which normally precipitates from the homogenate during
dialysis was centrifuged out of the first sample and'discarded. In the second
sample and in all succeeding work, however, this material was retained. It was
re~suspended when the lyophilized sample was dissolved in SDS-phosphate buffer,
Some undissolved material was later filtered from the solution during DEAE
Sephadex chromatography forming a brownish precipitate on the top of the bed.
Material from each of the eight peaks was hydrolyzed (1.0 N HC1 at 100°C
for 1 hr) and analyzed for monosaccharide by TLC. The results are shown in
Table VIII along with estimations for the total carbohydrate. Monosaccharides
were identified both by their Rf values and by their characteristic colors,
A series of standards was also chromatographed along with the samples including
rhamose, galacturonic acid and glucurono lactone, While rhammose (a unique
green color) was found to be present to a small extent in all fractions,
galacturonic acid and glucurono lactone were not observed, Galacturonic
acid remains nearly at the origin in this solvent system and it is, therefore,

very difficult to detect galacturonic acid even when present, The chromatography
Table VIII. Composition of DEAE Sephadex Peaks

Peak Carbohydrate Gal G Ara Xyl + Rha

(azuziigﬁe) Fuc
1 394 ++ + ++ + +
2 1L (no data)
3 68- 6 +4 < +' : 0 o+
L 1he1 b + + 4
5 5419 A * * 4+
6 5498 (no data)
7 8428 e S * * +
8 Lell e ++ + o+ “+

*
Chromatogram obscured by a yellow colored
material
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of peak 3 was rapeatéd using 10 times as much sample. The results confirmed
the prior anélysis (particularly the presence of rhamnose) and also revealed
a tracé of glucuronolactone,

From Figs. 9‘and 11 it can be seen that peaks /, - 8 are probably protein
or perhaps glycoprotein in which the carbohydrate portion is small. Peak 3,
on the other hand, is a polysaccharide peak, Since peak 1 corresponds to VO,
it probably contains a mixture of proteins and neutral polysaccharides.

Since no peaks were found above an ionic strength of about .45, the

flow-through dialysis cell was not used in further experiments,

ITI. Fractionation of the Golgi-Derived Material on DEAE Sephadex
In a similar mamner the Golgi-derived material available from previous

work done in this laboratory was fractionated on DEAE Sephadex A-25, In order
to identify the various peaks using either the phenol sulfuric test or the UV
monitor some material from the previous experiment was added to the sample,
The sample composition was as follows:

Peak 1 107 of total available from previous experiment

Peak 3 25% of total available from previous experiment

Peak 5 50% of total available from previous experiment

Radiocactive Golgi=derived material 5900 cpm
The sample was reduced to about 3 ml and placed on a colum of DEAE Sephadex.
The elution buffer was 0.2 M sodium phosphate, pH 7.4. The elution sequence

was as follows:

buffer ' 0 ml
gradient (100 ml buffer to 100 ml O.4 M NaCl in buffer) 200 ml
2,0 M NaCl in 0.1 M NaAc buffer, pH 4.7 50 ml

The results are shown in Fig. 12, The counts per minute (cpm) trace
represents only the Golgl-derived material whereas the phenol sulfuric trace

and the UV monitor trace represent only the added whble-cell—extracted
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Fig. 12

DEAE Sephadex Fractionation of
the Golgi-Derived Material

The radiocactive Golgi=derived material recovered from the experiment shown
in Fig. 6 was applied to a colum of DEAE Sephadex A=-25 (46 cm x 1,2 cm)
and eluted with 0.2 M sodium phosphate buffer, pH 7.4 and a salt gradient.
In order to locate the exact positions of the peaks previously obtained
from the whole=cell extract, some portions of peaks 1, 3 and 5 were mixed
with the sample, The elution sequence was as follows:

buffer LO ml
gradient (100 ml buffer to 100 ml O.4 NaCl in buffer) 200 ml
2,0 M NaCl in 0.1 M NaAc buffer, pH L.7 50 ml
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material, (The radioactive material is presumed to be comparatively small
in weight.) It was not intended that the entire elution profile of the
whole—cell extract be reproduceds The addition of peak 1, 3 and 5 material
was simply to act as a marker so that the radiocactive peaks could be identi-
fieds As it turned out, all of the peaks except peak 8 appeared in thé
phenol sulfuric or UV traces. This is presumably because the added material
contained some overlap from the adjacent peaks,

Activity was found in peaks 1, 2 and 7be There also appeared to be a
slight correlation between the cpm trace and the UV trace in the region of
peaks L, 5 and 6; however, this may not be significant. The data in this
region are presented on an expanded scale in Fig, 13, There was no apparent

activity in peak 3,

IV. Effect of Pronase on Fractions

Since the radioactive Golgi-derived material had been treated with pro-
nase it was possible that the distribution of its components on DEAE Sephadex
was altereds It was, therefore, necessary to establish vhat effect pronase
has on the whole~cell extract.

A new crop of wheat roots was homogenized and dialyzed as usual. To
this was added 0 ml of buffer (o027 Wall, in OOl M potassium phosphate
buffer, pH 8) and the sample was reduced to 80 ml on the rotary evaporator.
Half of the sample was treated with pronase and half sefved as control as
summarized in Table IX. A blank containing only the ﬁronase and the buffer
was also prepared. After 26 hours an additional quantity of pronase was
added, The 3 samples were incubated in a water bath at 3700 for 50 hours.
Aipreliminary study had shouwn th;t the pronase was sufficient to digest a

o5 mg sample of bovine serum albumin under these conditions, TEach sample
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Fig. 13

Expanded Scale of Elution Profile
Shown in Fig, 12

The correspondence between the radioactivity profile and the UV monitor
trace in the regions of peaks L,5,6,7a and 7b is shown in detail,
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dialyzed, lyophilized and dissolved in 6 ml of SDS-phosphate elution buffer,
Each was passed through the Sepharose 6B colum and assayed on the UV monitor
but not by the phenol sulfuric test, The fractions corresponding to peaks II

and III were pooled for each sample, dialyzed, and lyophilized., They were

Table I, Protocol for the Pronase Experiment

Sample Extract Buffer = Initial After
in Buffer  (ml) Pronase 26 hrs
(ml) in Buffer Pronase

(ml) (ml)

Pronase treated 40 — L0 1
(8 mg) (8 mg)

Control LO 40 — s

Blank o L0 L0 1
(8 mg) | (8 mg)

each dissolved in 2 ml of elution buffer and applied to a colum of DEAE
Sephadex., The elution sequence using 0,2 M sodium phosphate buffer,

pH 7.2, was as follows:

buffer | - bomL
0s2 M NaCl in buffer 80 ml
gradient (120 ml 0.2 M NaCl in buffer to 120 mL Ok M

NaCl in buffer) o 240 ml
2,0 M NaCl in O.1 M NaAc buffer, pH L.7 Lo ml

The resulting elution profiles are shown in Figs. 14 and 15, The results
of the blank are not shown since there was no response either in the UV or
the phenol sulfuric assay of any consequence. The pronase treated sample
shows an unusually high spike on the UV moniﬁor at fraction 203, It is not

clear what the meéning_of this peak is or whether the proteins which normally
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Fige 14

Control Sample for the Determination
of the Effects of Pronase

A sample of lyophilized extract was divided into two equal portions,

One portion was treated with pronase and the other, the control, was
treated similarly but without the pronase. After passing the samples
through Sepharose 6B, peaks II and III were applied to colums of DEAE
Sephadex A=25 (46 cm x 1,2 cm) and eluted with 0,2 M sodium phosphate
buffer, pH 7.2 and a salt gradient as shown. The elution profile of the
control portion shown here should be compared with that of the pronase
treated portion shown in Fig. 15.
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Figo 15

The Effects of Pronase on the DEAE Sephadex
Elution Profile of the Whole=Cell Extract

Compare the elution profile of the pronase treated sample shown here

with that of the control sample shown in Fige 1k
was the same as that given for Fige 1li.

The elution procedure
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are found in this region have been degraded, One might argue that this
material is possibly pronase or a degradation product of pronase. This is
not believed to be the case, howevér, because pronase is of lower molecular
weight than the Sepharose 6B fractions II and III being investigated and
is, therefore, eliminated, In any case, if this material were derived
from the pronase then a similar peak should have appeared in the blank.
Peaks 1 and 3 were collected and each was evaluated for carbohydrate
and protein, Peak 2 was included in peak 1 since it was not adequately
separated, The results of the control and the pronase treated samples

respectively are as follows:

Peak 1 Carbohydrate 1,93 mg and 2.25 mg
Peak 3 Carbohydrate 1436 mg and 1,12 mg
Peak 1 Protein 2,8 mg and .96 mg
Peak 3 Protein 1,9 mg and .86 mg

From these data it can be seen that protein was significantly but not en-
tirely degraded in these peaks, Carbohydrate, however, was not significantly
degraded. The experiment demonstrates that pronase treatment could not have
caused any major distortions of the carbohydrate portions of the radio-
active Golgi-derived material., Specifically, it doesn't account for the

absence of peak 3 (Fige 12).

Ve Partial Purification of the Major Carbohydrate Components

Peak 3 material was re-applied to DEAE Sephadex. The UV monitor and
phenol sulfuric test revealed that some extraneous carbohydrates and proteins
were eliminated, The purified sample, "purified peak 3" .was frozen and

stored for further use,



67

In an attempt to better separate peak 2 from peak 1 the appropriate
fractions were pooled and applied to a double length c;lumn (100 cm x 1,2 cm)
containing 16 g (dry) of DEAE Sephadex. The results are shown in Fig, 16.
Peaks 1 and 2 were nicely separated; however, both peaks were considerably
reduced in size, peak 2 severely so. A large portion of the missing pbly—
saccharide, perhaps all of it, was eluted at an ionic strength somewhat
higher than that of peak 3, It was designated peak 3', The explanation
for this unusual behavior is not immediately obvious.

Since peak 1 corresponds to Y, it is possible that it may contain some
cationic and isoelectric proteins. To investigate this possibility and to
further purify the material, the peak 1 from the previous experiment was
chromatographed on CM Sephadex at a reduced pH where most proteins should be
cationic. The elution sequence using 0.2 M NaAc buffer, pH 5.2, with

preservative (see "Methods") was as follows:

buffer 50 ml
gradient (50 ml buffer to 50 ml 0.8 M NaCl in buffer) 100 ml
NaCl in buffer (saturated) 50 ml

No peaks other than the VO peak were observed, Since the UV absorbance of .
the applied sample was very low, it was difficult to determine whether the
quantity of protein was reduced. The purified peak 1 material was desig=-

nated as "purified peak 1Y,

VI. Quantitation of Monosaccharides in Purified Peaks 1 and 3 and Peak 3!
Purified peaks 1 and 3 and peak 3' were dialyzed and 30 wg from each
were hydrolyzed. The samples were spotted on thin layer plates and chroma=

tographed. The monosaccharide spots were visualized with triphenyl
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Separation of Peaks 1 and 2 on
DEAE Sephadex

The material from the control portion (shown in Fig. 14) which corresponds
to peaks 1 and 2 was applied to a double length column of DEAE Sephadex
(100 em x 1.2 cm) and eluted with 0.2 M sodium phosphate buffer, pH 7.2
and a salt gradient as shown, A new peak was observed and labeled "peak

3'".
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tetrazolium chloride reagent and scanned on the densitometer, The results

are shown in Table X.

Table X. Monosaccharides of Purified Peaks 1 and 3 and Peak 3' (mol ratio)

Purified Purified Peak 3!
Peak 1 Peak 3
Xylose 13 0 o)
Arabinose 93 78 A7
Glucose ‘ : «10 0 02
Galactose 1,00 1,00 1.00

While no other sugars were detected in this experiment, this is not to
say that no other sugars are present. Galacturonic acid in particular is
suspected since it is not adequately detected by this method. The evidence
indicated that peak 3! was very similar to the purified peak 3 since both
contained only galactose and arabinose. It should be noted, however, that
the ratios of these two monosaccharides differed significantly between the

two peaks. Also, as shown in Table XI, there was much more protein in peak 3'.

Table XI., Carbohydrate and Protein Content of Purified Peaks 1 and 3 and

Peak 3'0
Carbohydrate Protein® Carbohydrate
ug,/ml wg,/ml Protein
Purified Peak 1 87 62 1.1
Purified Peak 3 570 C L0 1L
Peak 3°! 104 g0 1.3

* See Miethods" for calculation

VII. Amino Acid Content

The current interest in extensin in the literature suggested that it
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would be important to identify this glycoprotein in the wholewcell extract,
if possible, Since peak 7 from the Golgi-derived material showed an unusual
amount of radiocactivity indicating that it may be a glycoprotein, a search
for the telltale hydroxyproline was initiated.

Colorimetric assays are available for hydroxyproline; however, it was
felt that this method did not offer sufficient verification in the event of
negative results, A two dimensional chromatography procedure, therefore,
seemed to offer better pfomise. Although the solvent systems selected (see
"Methods") were inadequate for separating the hydrophobic amino acids, they
vere excellent for the hydrophilic ones. Moreover, they were quick and easy
to handle, A test run using the following sample showed that the procedure

was adequate:

- 200 ug bovine serum albumin
20 ug proline
L oug hydrﬁxyproline

Peak 7 material was dialyzed and a 120 ,g sample and a 15 pg sample were
hydrolyzed. After drying they were redissolved and spotted at the origins
of two thin layer plates. At the extremities of the x and y axes a series
of standard spots were placed in order to insure identification of the
unknowns, The plates were developed and then visualized with ninhydrin,

The results are shown in Table XII, Although most of the expected
amino acids were found, including a significant amount of proline, there
was not even a trace of hydroxyproline. Since the ninhydrin spray reagent
gives a characteristic yellow spot which is easily distinguishable from most
' other amino acid spots, the identification of hydroxyproline would have been



unguestionable had it been present, It must, therefore, be concluded that

peak 7 does not contain extensin,

Gly
Glu

Val
Asp
Pro

Table XII,
- bt
- bt
- e
- ot
- At
- -+

Amino Acid Composition of Peak 7

Lys = ++
Arg - +H+
Thr = +

Ser - none (or less than .05 ug)
Hyp = none (or less than .10 ug)
Hydrophobic - ettt
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DISCUSSION

It appears that the detergent extract of whole cells can be used effec-
tively as a source of membranous organelle polysaccharides and glycoproteins
for future metabolic and structural studies, It was shown in Figs. 6, 7
and 12 that all radiocactive Golgi=-derived fractions obtained on Sepharose
and DEAE Sephadex correspond to peaks obtained by the extraction of whole
cells, Thus, within the limits of the chromatographic fractions obtained
here, the whole cell extract is shown to contain all polysaccharides and gly=-
coproteins contained in the membranous organelles, It should be noted that
the crude Golgi extract which.was used here actually contains a variety of
other membranous organelles in addition to the Golgi bodies. Use of the
general term, membranous organelles, is therefore more precise,

However, in order for the whole cell extract to be useful as a source
of membranous organelle polysaccharides and glycoproteins, that portion of
the extract originating from other sources must be identified and separated.
In these experiments it was shown that, in so far as the fractions obtained
here are concerned, the Golgi-derived material contains all polysaccharides
and glycoproteins contained in the whole cell extract except for peak 3.

It remains likely, however, that there are some non-Golgi substances
present in the whole cell extract that are undetectable in the elution pro-
files obtained here either because they are very low in concentration or
because they are eluted coincidentally with other peaks. Consideration of
the macromolecules likely to be present in the centrifuged and dialyzed
extract shows that the non-Golgi components should not detract from its
usefulness, These macromoleculés may be classed as follows:

as Golgi-derived polysaccharides destined for the matrix and their
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Precursors,

b, Golgi-derived glycoproteins including the precursor of extensin.

ce All other cellular proteins,

de All cellular nucleic acids,

e, Extracellular root cap slime,

f. Possibly some of the extracellular pectic substances,

The substances of interest for the study of the Golgi apparatus are of
course a and b above, While many of the unwanted substances may be elimi=-
nated during Sepharose fractionation others undoubtedly remain and, there-—
fore, must be dealt with,

The proteins (now known to comprise 41% of the extract) are probably
the largest class of undesired substances present. 1In future work these
should probébly be separated from the polysaccharides by precipitating them
with cold TCA solution or by some other suitable means,

In this study no attempt was made to identify nucleic acids and none
were observed, If, however, they should become a problem in future work,
they could be eliminated enzymatically and the products dialyzed,

The root cap slime was not positively identified in any of the frac=—
tions isolated here; however, its presence in the extract is very likely.
According to Harris and Northcote (108) there is a substantial fucose COMm
ponent in the root cap slime of corn which is not found elsewhere in the root.
If this is also true of wheat root cap slime, then the identification of the
slime should be quite easy. No fucose has been found in any of the chroma-
tograms produced here. Although fucose runs very close to xylose in the .
solvent system used, its characteristic green color with aniline diphenyl-

amine spray reagent should readily distinguish it from xylose which is navy
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blue.

It is possible that a small portion of the extracellular pectic sub-
stances could dissolve in the detefgent homdgenization medium. There appears
to be no positive way to determine from these experiments the degree to
which these substances are present in the extract since they are probably
identical or very similar to their counterparts in the Golgl apparatus,
Workers have found, however, that the pectic substances of the cell wall
require heating or ammonium oxalate to break up the gel structure, Thus
it is not likely that a great deal of pectic substance could be loosened
from the cell wall by a detergent solution.

A second objective in this work was to fractionate the major poly-—
saccharide components being synthesized by‘growing wheat seedling roots
and to perform preliminary characterizations of the fractions with a view
toward identifying the polysaccharide types to which they belong. The
following types.of matrix polysaccharides are considered to be possible
components of wheat seedling roots either because they are known to exist
in other wheat tissues or because they are known to be components of the
pectic substances of nearly all primary cell walls of aﬁgiosPerms:

ae B~{1-»3)(1=»4)=D~glucan (98),

b. Xylans containing arabinose and glucuronic acid (104),

ce Arabinans (79),

de p~{1-p)-D=galactan with arabinose side chains (arabinogalactan)(79),

e, Rhamnogalacturonans with a variety of p0551b1e side chain mono-
saccharides (37).

By matching these polysaccharide classes to the monosaccharides in the

hydrolyzates of the peak obtained, tentative identifications may be assigned,
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The retention of various fractions on DEAE Sephadex is an additional
aid in understanding their composition, Since the cafboxyl groups of uronic
acids are the only charged groups likely to be present and since they are
all roughly equal to each other in binding strength, the degree of retention
may be used as an indicator of the prevalence of charged carboxyls.

Since peak 1 (Vo) contains a large quantity of galactose and arabinose
it probably is mostly composed of neutral arabinogalactan and arabinan,
Traces of glucan and xylan may account for the glucose and xylose observed
in Table X, Alternatively, a highly methylated and, ﬁherefore, neutral
rhamnogalacturconan may contribute these substances, This would account for
the traces of rhamnose observed in peak 1 in Table VIII,

Peak 3, according to the experiment shown in Table X, has a composition
typical of arabinogalactans; however, its acidic nature belies this simple
interpretation, Arabinogalactans are usually described as neutral poly-
saccharides in the literature (34). Perhaps the arabinogalactan in this
fraction is actually covalently linked to a rhammogalacturonan, Such come
plexes have been reported by a number of authors. Stoddart and Northcote (62)
have observed neutral arabinogalactans in the culture medium of sycamore
cells which, over a period of several hours, became bound to an acidic,

- partially methylated galacturcnan (rhamnogalacturonan) to form a less acidic
"pectinic acid" complex. Talmadge, Keegstra, Bauer and Albersheim (61)

have shown that the reducing end of a gaiactan is linked to the J position
of rhamnose in the galacturonan. While galacturonic acid was not observe&
in peak 3 material because the hydrolysis conditions were insufficient to
release it, rhammose was observed as shown in Table VII,

If peak 3 is in fact a pectinic acid complex such as Stoddart and
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Northcote describe, then the final reaction leading to its production would
be expected to occur in the cell wall after excretion from the cell, This
explains the absence of peak 3 in the Golgi-derived material. In order to
make this hypothesis acceptable, however, the metabolic precursors of the
complex, i.e.g arabinogalactan and rhamnogalacturonan should be locatéd.
Peak 1 has already been shown to contain the monosaccharides characteristic
of an arabinogalactan providing a ready source for this precursor. The
acidic, partially methylated rhamnogalacturonan on the other hand would be
expected to form a peak to the right of peak 3 in Fig, 12. A probable
reason for the absence of such a peak is that its molecular weight is so low
that it is located in Sepharose fraction IV instead of fractions IT and III,

From the foregoing discussion of its probablé polysaccharide content
it is clear‘that the monosaccharides found are typical of pectic substances
as opposed to hemicelluloses. Thus, the fractions obtained appear to be
parts of a pectic complex similar to the structure proposed by Keegstra et al.
(59)(see Fige 3). The presence of pronase resistant protein (Fig, 15) may
indicate that a glycoprotein is present in peaks 1 and 3. Conceivably this
material may also be covalently linked to the pectic complex in a structure
similar to that of fraction "PR=2" reported by Keegstra et al, (59). One
research project for the immediate future should be to determine the quantiﬁy
of galacturonic acid present in each peake. This would provide confirmation
of the presence of the rhammogalacturonans tentatively identified here,

In the attempted purification of peaks 1 and 2, the unexpected transfer
of a large portion of peak 1 material to the vicinity of peak 3 is a pheno-
ménon requiring further explanation, The reaction could have been caused
by a variety of factors since the sample was stored for about two weeks in

a refrigerator in unbuffered solution. But regardless of what caused the
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change, the phenomenon indicates that both peak 1 and peak 2 can he altered
to a more acidic state., Because of this instability it is recommended that
in a1l future work, these materials be stored in the lyophilized state,
Possible reactions which may have caused the increase in charged carboxyl
groups include air oxidation or demethylation of uronic acids, Both reace
tions are known to be mediated by alkaline conditions. Demethylation may
also have been effected by an SDS resistant enzyme known to be present in
many tissues (117)e

For extracting the cytoplasmic precursors'of matrix polysaccharides
and glycoproteins the most promising extraction medium of the several choices
available appears to be SDS, Water or buffer should be capable of extracting
all unbound polysaccharides provided the tissue is ground with sufficient
vigor., However, there is also likely to be a number of protein and lipid
bound polysaccharides present which would remain insoluble., Protein dena-
turants such as.B M urea and non-ionic detergents such as Triton X100 are
rejected simply on the grounds that they are not as effective as SDS in
dispersing protein and lipid structures and because they may in some cases
result in the precipitation of proteins, |

During tﬂe course of this work it became of interest to determine
whether any of the protein present in the peaks obtained belonged to the
precursor of the cell wall glycoprotein extensin. Although etiolated and
actively elongating tissue were not fqund to be rich in hydroxyproline (69),
this may not necessarily be reflected in the contents of the cytoplasm., It
is quite possible that the isolation procedure used'may have concentrated a
fairly large amount of the precursor in the fractions observed. The peak

of highest protein concentration, however, did not contain hydroxyproline.



The tracing.of 1he proline uptake as described by Chrispeels (46,71) in

carrots could be a valuable aid in future research with wheat roots.
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ABSTRACT

Soluble polysaccharides from wheat seedling roots were extracted with
phosphate buffer, pH 7.6, containing 0,01 mM sodium dodecyl sulfate (SDS).

The extract was dialyzed and fractionated on Sepharose 6B into four fractions.
Fractions II and III were pooled and separated on DEAE Sephadex revealing

3 polysaccharide peaks and five protein peaks, This procedure was also used
to separate a sample of 1AC labeled polysaccharides obtained from a crude
Golgi body preparation, With thegexception of peak 3, missing in the Golgi=-
derived material, there was a high degree of correlation between the two
elution profiles indicating that the whole-cell-extracted polysaccharides
were, for the most part, derived from the membranous organelles,

Comparison of the DEAE Sephadex elution profile of a sample which was
treated with pronase with that of an untreated sample revealed that pronase
had no major effect on the polysaccharides although the proteins were partially
degraded.

After hydrolysis, monosaccharides from peaks 1 and 3 were chromatographed
on silica gel thin layer plates, Both peaks were found to contain galactose,
glucose, arabinose, xylése, and rhamnose., Peak 3 alsoc contained a trace of
glucuronclactone, Molar ratios estimated by densitometric scanning of plates
visualized by triphenyl tetrazolium chloride weré: peak 1, galactose 1,00,
arabinose .93, xylose .13, glucose .10 and peak 3, galactose 1,00, arabinose
+78. The composition of peak 1 suggested that it contains a neutral arabino-
galactan and a neutral rhamnogalacturonan. The composition of peak 3 suggested
an acidic rhammogalacturonan complex containing covalently bound arabino=- .
galactan,

When a'sample of peaks 1 and 2 which had been stored in the refrigerator



in buffered solution for about two weeks was chromatographed on DEAE Sephadex, it
was found to be unstable under these storage conditionses A large portion of
peak 1 and nearly all of peak 2 were converted to a more acidic substance,
peak 3%

One prominent pfotein containing peak, number 7, was found by means of
two dimensional chromatography of the hydrolyzate to contain no hydroxy-
proline although proline and other amino acids were shown to be present, Thus
the possibility that this protein might be a precursor of the cell wall pro-

tein, extensin, is precluded.



