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ABSTRACT

The extension component of primary cell walls has generally been
considered to be an intrinsily insoluble cell wall glycoprotein. Recent
data have established that cell wail extensin is in fact secreted in a soluble
monomeric form which slowly becomes insolubilized in the cell wail
probably through the oxidative formation of Isodityrosine cross-liks.
We now show that isolated cell walls from aerated root slices of Dawc
carota have the capacity to insolubllize extensin through the formation
of isodityrosine. This in vitro cross-linking is specific for the extension
glycoproten, as other wall proteins are not cross-linked by the isolated
wall system. Although extensin can be cross-linked in solution by per-
oxidase and H202, dityrosine and not isodityrosine is the phenolic cross-
link formed. Wall-catalyzed cross-linking of soluble extension is inhibited
by L-ascorbate, and both the initial rate and total extent of cross4iking
are inhibited by acidic pH in the physiological range (pH 4 to 6). We
suggest several mechanisms by which add might inhibit cross-nkn
and propose that cytoplasmic factors ascorbatee and/or hydrogen ions)
may regulate the solubility of extensin in vivo.

Cell walls of dicotyledonous plants contain an insoluble gly-
coprotein component which is distinguished by its content of 4-
hydroxyproline and has been given the name extensin (for re-
view, see 7, 19). Despite suggestions that this integral wall poly-
mer is important in growth control (4, 17, 25), disease resistance
(10), and morphogenesis (1), the role of extensin in cell wall
structure and function remains speculative and thus controversial
(12, 19).
The biochemical characterization of extensin has proved es-

pecially difficult. For two decades it was generally believed that
wall extensin is an intrinsically insoluble HRGP3 which could
only be solubilized by proteolysis (17, 18). Recently, we have
shown, using aerated carrot root slices, that insoluble wall exten-
sin is secreted into the cell wall as a soluble monomeric HRGP
(5) which has been well characterized (28, 29). This soluble
extensin4 has a polycationic rod-like structure resembling bacte-
rial agglutinins isolated from potato (20) and tobacco (21). The
purified glycoprotein differs significantly from the other classes

' Supported by the National Science Foundation (PCM 8104516) and
by a research contract from the Monsanto Company.
2Present address: ARCO Plant Cell Research Institute, 6560 Trinity

Ct., Dublin, CA 94568.
3 Abbreviations: HRGP, hydroxyproline; IDT, isodityrosine.
4We use the term soluble extensin because the term extensin precursor

(27) contains the implicit assumption that these soluble HRGPs are
always destined to become completely cross-linked in the cell wall by all
cell types at all stages of development (unproven), and because a strict
precursor-product relationship is impossible to test in many biological
systems.

Washington University, St. Louis, Missouri 63130

of soluble HRGPs (arabinogalactan proteins and Solanacae lec-
tins). Extensin monomers are slowly insolubilized in the wall to
form insoluble wall extensin (5, 27). This insolubilization is
inhibited in vivo by free radical scavengers and antioxidants
(especially ascorbic acid), and is accompanied by the derivatiza-
tion of tyrosine to IDT (5), a diphenyl ether-linked bityrosine
recently characterized from plant cell wall hydrolysates and
proposed to be responsible for covalently cross-linking extensin
in the wall (5, 13).
Understanding the manner in which extensin rods are assem-

bled into insoluble wall extensin should provide new insight into
the molelcular organization of plant cell walls. Because of the
complexities associated with biochemical studies using in vivo
systems, we have developed an in vitro system to study extensin
cross-linking. Here we report the results of our studies.

MATERIALS AND METHODS

Tissue Preparation. Large tap roots of Daucus carota were
obtained from local merchants and stored at4C until use. Sterile
discs (7 mm diameter by 1.5 mm thick) were washed extensively
with sterile H20 and aerated at 25C (less than 5 g tissue/50 ml/
500 ml flask shaken at 120 cycles/min) for at least 30 h to induce
synthesis of the wall HRGP (3). Aerated discs (2 discs/ml) were
labeled in K-phosphate (50 mm, pH 6) with either [2,3,4,5-3H]
proline (110 Ci/mmol) or with [3,4-'4C]tyrosine (480 mCi/
mmol) obtained from New England Nuclear.

Cell Wall Isolation and HRGP Extraction and Analysis. A cell
wall fraction was prepared as follows: discs were chilled to 4C
and homogenized in 50 mm K-phosphate (pH 6), 1 mm proline,
1 mM DTT, and 0.1 mM phenylmethylsulfonyffluoride (Sigma)
using a Ten-Broek homogenizer. Homogenates were centrifuged
at l,OOOg for 3 min, and the resulting cell wall pellet was washed
rapidly and extensively with homogenization buffer at 4°C (about
500 ml/g fresh weight in a 25-min period). Labeled proteins were
extracted from cell walls with 0.6 M NH4HCO3 and analyzed by
isopycnic density gradient centrifugation in CsCl as previously
described (6).

Cross-Linking Reactions. Suspensions of cell wall material,
either labeled in vivo with [3H~proline or mixed with [VIC]
tyrosine-labeled soluble extensin, were buffered with 100 mM K-
phosphate (pH 6 or 7) or K-acetate (pH 4 or 5) and incubated
in a water bath at O'C or 25C. Ascorbate (Sigma) was added
from a freshly prepared 100 mm stock. For each time point in
the assays, three aliquots of the wall suspension were removed
and independently extracted with 0.5 M CaC12, and the extracts
were counted in a liquid scintillation spectrometer. Extensin was
cross-linked in solution by incubating ['4C]tyrosine-labeled
HRGP with 1 mg/ml horseradish peroxidase (type III, Sigma) in
50 mM (NH4)2CO3 (pH 9.0) at 25°C for 18 h (16). Reaction
substrate and products were analyzed by acidic-urea polyacryl-
amide gel electrophoresis as described (28).

Analysis of Tyrosine Derivatives Generated In Vitro. Labeled
material was hydrolyzed under N2 with constant boiling HCl
(Pierce) at 10C for 22 h in the presence of 10 mm phenol (less
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than 4 mg dry wall/ml HC1 [13]). Hydrolysates were dried in
vacuo, taken into a small volume of 30% ethanol, and spotted
onto Silica Gel G TLC plates (Analtech) along with authentic
tyrosine, dityrosine, and IDT standards. Dityrosine and IDT
were prepared by oxidation of tyrosine with H202/peroxidase
(16) and ferricyanide (15), respectively. Chromatograms were
developed in n-propanol:NH3(7:3) and the standards were visu-
alized with 1 N Folin-Ciocalteau reagent destained with NH3 as
described (15). Radioactive lanes were scraped into scintillation
vials and counted.

RESULTS AND DISCUSSION

Cross-Linkg of Extensin by Isolated Cell Walls. Salt-extract-
able extensin, pulse-labeled in vivo with [3H]proline, is insolubi-
lized by isolated cell walls incubated with neutral buffer at 25C
(Fig. 1). The rate, but not the extent, of insolubilization is
decreased when the walls are incubated at OC. The Qio for the
initial rate of cross-linking (calculated from Figs. 1 and 3) is
about 2.4, indicating that the cross-linking reaction could be
catalyzed by a cell wall enzyme. Analysis of the salt-soluble
proteins (on equilibrium density gradients) before and after an
in vitro incubation demonstrates that the insolubilization is
specific for soluble extensin (Fig. 2). This salt-extractable HRGP,
which bands with a buoyant density of 1.45 g/ml (6, 28), is
selectively lost from wall extracts, while other wall proteins, with
lower buoyant densities, remain soluble during this long (42 h)
experiment.

Isolated cell walls also insolublize exogenously supplied soluble
extensin with similar kinetics (not shown). Insolubilization of
[14Cltyrosine-labeled monomeric extensin is accompanied by the
formation of IDT cross-links in the same proportion as formed
in vivo (Table I). It is not known whether the IDTs formed in
vitro serve as intramolecular or intermolecular cross-links. (Nor
is it known what proportion of the IDT formed in vivo serve as
intra- and intermolecular cross-links.) Carrot extensin is also
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FIG. 1. Insolubilization of extensin in vitro. Labeled cell walls were

buffered with 100 mm K-phosphate (pH 7) and incubated at 25C (0) or
0C (0). Aliquots ofthe wall suspensions were extracted with 0.5 M CaCl2
at the indicated times and the extracts were counted.
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FwG. 2. Salt-extractable cell wall proteins before and after in vitro

incubation. Proteins were salt-extrce from [Ifflproline-labeled, cell
walls immediately after wall isolation (0) or following a 42-h incubation
( ) (25TC, pH 7), and analyzed on isopycnic CsGI density grdints.

Table I. Derivitization ofTyrosine during Extensin Cross-linking
Soluble ['4Cltyrosine-labeled extensin was incubated with isolated cell

walls at 25TC (pH 6) for 18 h, or with horseradish peroxidase and HA02
Cell wall hydrolysates (containing the insoluble extensin) were analyzed
by TLC on silica gel plates (I15).

'4C Recovered as
Preparation

Tyr IDT diTyr Unknown'

Soluble extensin 100 0 0 0
Cross-linked in vivo' 65 35 0 0
Cross-linked in vitro,
wall-catalyzed 60 30 0 10

Cross-linked in vitro,
peroxidase/H202 14 0 60 25
'Unknown which remained at the origin in this TLC solvent system.
bFrom Ref. 5.

cross-linked in solution (with horseradish peroxidase and H202)
into high mol wt polymers which do not enter 5% acidic-urea
polyacrylamide gels (not shown). In contrast to wall-catalyzed
extensin cross-linking, dityrosine and not IDT is the phenolic
cross-link formed by peroxidase oxidation. These results indicate
either that extensin monomers must be positioned correctly in
the wall by other wall components (acidic pectins) for IDT cross-
linking to occur, or that commercial peroxidase preparations
lack the specific isoperoxidase responsible for IDT formation
and extensin cross-linking. (It should be noted that peroxidase
and H202 can nonspecifically cross-link many proteins in solu-
tion [26].)

Potential Control of Ex Solubility. Insolubilization of
extensin in vivo is inhibited by a number of free radical scaven-
gers/antioxidants% the most effective of which is L-ascorbate (5).
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FIG. 3. Effect of L-ascorbate on in vitro cross-linking. Labeled cell

walls were buffered with 100 mm K-phosphate (pH 7) and incubated at
25'C alone (x) or with ascorbate at 1 mm (0) or 2 mM (0), and assayed
as in Figure 1.

Wall-catalyzed cross-linking is also inhibited by ascorbic acid
indicating that this in vitro cross-linking reaction occurs by an
oxidativemechanism (Fig. 3). A lower concentration ofascorbate
inhibits cross-linking completely for a short time and then ap-
pears to be oxidized by the cell wall system, indicating that
isolated cell walls maintain an oxidation potential. Ascorbate is
normally synthesized by plant cells, and a wall-bound ascorbate
oxidase has been reported with a possible role in cell growth
control (17, 22, 23). It is attractive to speculate that a cell wall-
bound peroxidase-ascorbate oxidase system controls the redox
potential of the wall and thus the rate of free radical phenolic
cross-linking of wall polymers. The wall-bound malate dehy-
drogenase which has been reported (19) might also be involved
in this enzyme system. Phenolic cross-linking of monomeric
extensin rods would serve to 'harden' the cell wall with a hydro-
philic polymer, thus decreasing wall extensibility without limiting
the availability of apoplastic water.

Extensin cross-linking in vitro is highly dependent on the pH
of the cell wall suspension. Surprisingly, both the initial rate and
the total extent of cross-linking are inhibited by acid within the
physiological range ofpH 7 to pH 4 (Fig. 4). Thus, the solubility
of extensin could be regulated by auxin-induced hydrogen ion
secretion (24). A decreased wall hardening induced by acid is
operationally equivalent to an increased wall loosening in a
dynamic growth process. It is interesting that the data used to
support the acid-induced 'release' of wall polysaccharides from
isolated cell walls (2) can also be interpreted as acid-inhibition
of wall-catalyzed polysaccharide insolubilization, perhaps
through the formation of diferulic acid cross-links (14).
We can suggest two mechanisms by which wall pH might

regulate extensin solubility. First, wall pH could control the
enzyme activity catalyzing extensin cross-linking. Control of cell
wall enzyme activity by wall pH has been proposed for wall-
bound acid phosphatase (8) and for xyloglucan turnover (2), and
some peroxidases have sharp pH optima in the physiological pH
range (11). Second, wall pH should affect the structure ofsoluble
extensin directly. Purified carrot extensin contains 11 mol%
histidine (28) which could be titrated by proton secretion in vivo.
The consequences of histidyl protonation would be 2-fold. His-
tidine occurs repeatedly preceding tyrosine residues in extensin

Time (h)
FIG. 4. Effect ofpH on in vitro cross-linking. Labeled cell walls were

incubated at 25C with 100 mM K-phosphate (pH 6 and 7) or K-acetate
(pH 4 and 5), and assayed as in Figure 1.

peptide sequences deduced by cDNA sequencing (J. A. Chen,
unpublished). Thus, acid could change the local environment of
the tyrosine side chains, altering the affinity of the peroxidase
cross-linking catalyst or changing the stability of tyrosyl-free
radical intermediates. Histidine protonation should also increase
the affinity of polycationic extensin rods for polyanionic pectins,
and protein-pectin interactions might regulate the availability of
tyrosine residues for oxidation, as well as the mobility of the
extensin rods within the wall and thus the rate at which inter-
molecular IDT cross-links are formed.

In summary, our in vitro experiments demonstrate that plant
cell walls contain all of the machinery necessary to cross-link
soluble monomeric extensin through the formation of IDT. The
soluble half-life of extensin in vitro is about 1 h, compared to
about 12 h in vivo (5), indicating that cytoplasmic factors might
exert negative control over extracellular extensin cross-linking;
and ascorbic acid and/or hydrogen ions might mediate such
cytoplasmic control. Finally, this in vitro system should be useful
for studying the molecular mechanism of extensin cross-linking,
and for finding inhibitors of extensin cross-linking which could
be used to understand the physiological and developmental
significance of cross-linked extensin and which might be active
as exogenous plant growth regulators.
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