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Cytokinesis partitions the cell by a cleavage furrow in animals but
by a new cross wall in plants. How this new wall assembles at the
molecular level and connects with the mother cell wall remains
unclear. A lethal Arabidopsis embryogenesis mutant designated
root-, shoot-, hypocotyl-defective (rsh) provides some clues: RSH
encodes extensin AtEXT3, a structural glycoprotein located in the
nascent cross wall or ““cell plate” and also in mature cell walls. Here
we report that electron micrographs of rsh mutant cells lacking RSH
extensin correspond to a wall phenotype typified by incomplete
cross wall assembly. Biochemical characterization of the purified
RSH glycoprotein isolated from wild-type Arabidopsis cell cultures
confirmed its identity as AtEXT3: a (hydroxy)proline-rich glyco-
protein comprising 11 identical amphiphilic peptide repeats with a
28-residue periodicity: SOOOOKKHYVYKSOOOOVKHYSOOOVYH
(O = Hyp), each repeat containing a hydrophobic isodityrosine
cross-link motif (YVY, underlined). Atomic force microscopy of RSH
glycoprotein imaged its propensity for self-assembly into a den-
dritic scaffold. Extensin peroxidase catalyzed in vitro formation of
insoluble RSH gels with concomitant tyrosine cross-linking, hence
this likelihood in muro. We conclude that self-assembling amphi-
philes of lysine-rich RSH extensin form positively charged scaffolds
in the cell plate. These react with negatively charged pectin to
create an extensin pectate coacervate that may template further
orderly deposition of the new cross wall at cytokinesis.
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lant cells are hydraulic machines. They generate a hydrostatic
pressure that drives cell expansion, rate-limited by a thin
“primary” cell wall. This extracellular matrix has dynamic prop-
erties and structural integrity, hence an organelle with its own
unique proteome. Mechanically it is an elastomer—plastomer
composite comprising three interpenetrating networks, two of
structural polysaccharides and one of structural glycoproteins
(1). Each network is internally cross-linked: cellulose microfi-
brils by xyloglucans, pectins by calcium salt bridges and apiosyl
borate esters, and structural (hydroxy)proline-rich glycoproteins
(HRGPs), notably the extensins, by tyrosine derivatives (2, 3).
The integrity of an extracellular matrix depends crucially on
correct self-assembly of its individual components. Mutants with
defective glycosaminoglycan proteoglycans and hydroxyproline
(Hyp)-rich collagens are often lethal in animals (4). Likewise,
defects in the cell wall or extracellular matrix of green plants (5)
and related algae (6) also involve Hyp-rich proteins (7), the
extensins (8). These are highly periodic amphiphilic glycopro-
teins defined by their conserved hydrophilic and hydrophobic
regions—short rigid blocks of contiguous O-glycosylated Hyp
residues (9), typically hydrophilic Ser-(Hyp)s motifs. In plants
these are interspersed with hydrophobic motifs. Typically these
are (i) YXY motifs shown in vitro to form isodityrosine (YXY)
(Idt) and to be involved in intermolecular cross-linking via di-Idt
formation (3, 10) and (if) putative intermolecular VYK cross-
linking motifs (11). Extensins are secreted as ~80- to 100-nm
rod-like monomers (12) with limited flexibility in an extended
polyproline II (three residues per turn) helical conformation
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further stabilized by their glycomodules. Extensin peroxidase
catalyzes polymerization of extensin monomers (11) via di-Idt
and pulcherosine (a tetramer and trimer of tyrosine, respec-
tively) to yield cross-linked networks in vitro and in muro (13, 14).

The Arabidopsis genome encodes 20 closely homologous ex-
tensin polypeptides [supporting information (SI) Table 4] with
distinct patterns of expression at the organ/tissue level (15).
However, lethal knockout of a single extensin gene yielded a
root-, shoot-, hypocotyl-defective (rsh) seedling (5) where wild-
type RSH corresponded to AtEXT3 (Fig. 1) and localized by
ImmunoGold labeling to the cell plate and mother wall junctions
(5). Here we further identified this lesion at the electron
microscope level as defective cell wall assembly that could be
ascribed to the absence of AtEXT3. As an extended amphiphilic
cell wall protein with Idt motifs, AtEXT3 has evident potential
for self-recognition, cross-linking, and scaffold formation, hence
the imperative to isolate, purify, and characterize the glycopro-
tein itself. Thus, subsequent biochemical analysis of AtEXT3 and
imaging by atomic force microscopy (AFM) presented here
confirmed its propensity for self-recognition and further poly-
merization. We propose that a positively charged extensin
scaffold reacts with acidic pectin to form extensin pectate, which
further templates orderly assembly of a nascent cell wall. This
work forces us to change the focus on extensin, from its role
exclusively in the cessation of growth (16, 17) to an essential role
in the initiation of growth.

Results

The rsh Mutant Has Defective Cell Walls. At the electron microscope
level, the plane of cell division in the embryo and abortive
seedling was aberrant resulting in abnormally shaped cells with
incomplete walls (Fig. 2), i.e., “floating walls,” which were
unconnected to side walls, “hanging walls,” which were con-
nected at one end only, and “wall stubs,” which were short wall
protrusions jutting from the mother cell wall. The newly forming
cross wall frequently remained incomplete in the homozygous
rsh mutant, apparently unable to connect or remain connected
with the mother cell wall at cytokinesis and unable to produce
normal walls in nondividing root cells.

Purification of RSH and Its Identification as AtEXT3. Although ex-
tensins are generally firmly bound as an insoluble wall network,
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sp> MGSPMASLVATLLVLTISLTFVSQSTA*
NYFYSSPPPPVKHYTPPVKHYSPPPVYH
SPPPPKKHYEYKSPPPPVKHYSPPPVYH
RSH repeat> [ SPPPPKKHYVYKSPPPPVKHYSPPPVYH],,
SPPPPKEKYVYKSPPPPPVHHYSPPHHP
YLYKSPPPPYHY

Fig. 1. Wild-type, nonhydroxylated AtEXT3 (pre-RSH) deduced from ge-
nome sequence. The signal peptide (sp) cleavage site is marked by an asterisk,
and the major RSH repeat module (28 aa) is in parentheses. RSH has 60 Tyr
residues and 16 YXY (Idt) motifs (underlined).

small amounts of soluble monomeric precursors are, to various
degrees, salt-elutable. Thus, high salt rapidly desorbed weakly
bound HRGPs from the walls of intact Arabidopsis cell cultures.
The major soluble component was consistent with the presence
of lysine-rich positively charged extensin monomers. These basic
macromolecules interact via ion pairs or salt bridges with pectic
carboxylate groups (18), thus forming extensin pectate. Sizing by
Superose-6 gel filtration (Fig. 34) and further purification by
cation-exchange chromatography yielded a single fraction iden-
tified as a monomeric extensin by its size, amino acid, and sugar
composition. Subsequent alkaline hydrolysis yielded small Hyp-
arabinooligosaccharides (Table 1) characteristic of extensins
(19) and consistent with the predictions of the Hyp contiguity
hypothesis (20, 21). Deglycosylation of the mature glycoprotein
in anhydrous hydrogen fluoride followed by sequencing gave the
first 19 residues of the N terminus: NYFYSSOOOOVKHY-
TOOVK (O = Hyp). This positively identified the glycoprotein
as AtEXT3, a HRGP with strict periodicity of 11 identical
28-residue peptide repeats, each with a YVY Idt cross-linking
motif. Tryptic degradation yielded two major peptide sequences

Fig. 2.  Electron micrographs showing defective cell walls in the rsh/rsh
mutant. (A, C, and E) Images of heart-stage embryo sections. (B, D, and F)
Images of 3-day-old root transverse sections. The mutant (C-F) compared with
the wild type (A and B) has incomplete cell walls. fw, floating walls; hw,
hanging walls; ws, wall stubs. [Scale bars: 10 um (A, C, and E) and 4 um
(B, D, and F).]
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Fig.3. Cross-linking of purified RSH with extensin peroxidase produces di-ldt
and pulcherosine. (A) Time 0 control. (B) Five-minute reaction. By 5 min most
RSH monomers and oligomers were converted to the large-molecular-weight
polymer that voided the column. One nanogram of enzyme was used in each
reaction. (C) Acid hydrolysate of RSH monomers separated on a hydroxyethy-
laspartamide column in size-exclusion mode. (D) Acid hydrolysate of cross-
linked RSH. Note that di-Idt appears not to resolve completely from the
pulcherosine peak.

[SOOOOVK and HYSOOOVY... ] predicted from the 28-
residue repeat motif, SPPPPKKHYVYKSPPPPVKHYSPP-
PVYH, confirming the identity of the isolated glycoprotein as
AtEXT3 and identical to RSH (5).

RSH Forms Tyrosine Cross-Links in Vitro. Extensin peroxidase cat-
alyzed cross-linking of purified extensin monomers (Fig. 34) in
vitro judging from rapid multimer formation assayed by gel
filtration (Fig. 3B). Increased reaction times beyond 5 min
formed a gel that remained insoluble even after deglycosylation;
on acid hydrolysis this multimer yielded Idt and pulcherosine as
major products with only a trace of di-Idt (Fig. 3D and Table 2).
A perfect parallel alignment (Fig. 44) of RSH Idt motifs would
yield intermolecular di-Idt cross-links exclusively like the cross-
linking extensin analog (YK)»o described previously (14). How-
ever, 28-residue RSH repeats offset by 12 residues align all RSH
tyrosine residues as potential pulcherosine cross-link motifs (Idt
with a biphenyl link to lone Y residues of the HYS motif). Thus,
pulcherosine in cross-linked RSH indicates a staggered align-
ment of RSH monomers (Fig. 4B). The absence of pulcherosine
from cross-linked (YK)zy (14) simply reflects the absence of
pulcherosine cross-link motifs from (YK). Unlike (YK)z a
staggered lateral alignment of RSH would allow growth of the
polymer scaffold in two dimensions both by linear and lateral
addition of monomers as indicated by the following AFM data.

A RSH Network Imaged by AFM. Raster scanning of the surface of
samples with an extremely sharp nanoprobe (tip radius < 5 nm)
via AFM (22) visualized purified RSH molecules as dendritic

Table 1. Hyp glycoside profile of RSH glycoprotein

Hyp glycoside* Mol% of total Hyp

Hyp-Arag 33
Hyp-Aras 31
Hyp-Ara, 10
Hyp-Ara 9
Nonglycosylated Hyp 17

*All Hyp glycosides are arabinooligosaccharides (see Materials and Methods).
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Table 2. RSH cross-linked in vitro by extensin peroxidase

Nanomoles of each
amino acid in ~50 g

Number of Tyr residues involved as Idt,

Expressed as Expressed as % pulcherosine, or di-ldt in a single RSH

Amino acid of cross-linked RSH* nanomoles of Tyr of total Tyr molecule containing 60 Tyr residues
di-Idt 0.67 2.68 9.8 5.9

Pulcherosine 3.06 9.18 33.7 20.27

Idt 4.65 9.30 34.2 20.5

Tyr 6.00 6.00 22.1 13.3

Totals 14.38 27.20 99.8 59.9

*Approximately 50 pg of cross-linked RSH was hydrolyzed. Data are from Fig. 3D. The non-cross-linked control (Fig. 3C) contained 10.2 nM Tyr, 2.9 nM Idt, and
1.3 nM pulcherosine but no di-Idt. Small amounts of pulcherosine slowly appeared over time in batches of RSH stored frozen.

TA 12-residue offset (Fig. 4B) with 100% cross-link formation involves all 60 Tyr residues as potential pulcherosine cross-links. The data here showed that
approximately one-third were converted to covalent pulcherosine cross-links.

structures showing both end-on and lateral adhesion with sites
along the main chain (Fig. 54). AFM molecular height and
length measurements (Fig. 5 4 and B) of the extended RSH
polypeptide showed that the RSH molecules form lateral adhe-
sions of staggered overlapping monomers up to six molecules
deep consistent with a role for RSH as an extensin network in
muro. Control molecules for AFM included BSA, polyhy-
droxyproline (Sigma), and the extensin analog (YK),o contain-
ing 20 tandem repeats of the arabinosylated sequence
SO4SOSO4YYYK in a polyproline II conformation. None of the
AFM controls gave dendritic patterns. Significantly, (YK),o, the
control most closely related to AtEXT3 (Fig. 5C), contains 20
tandem repeats of the hexadecapeptide repeat
SOOOO0SOSOO00YYYK with a YYY Idt motif but lacks
pulcherosine cross-link motifs.

RSH Mutant Rescue Requires an Unobstructed C Terminus. This
experiment was designed to test the functionality of RSH when
fused to GFP. RSH constructs with their C terminus (but not
their N terminus) fused to GFP did not rescue the rsh/rsh mutant,
and furthermore it impeded the function of native RSH in
wild-type plants (Table 3). This suggests a special role for the C
terminus in scaffold formation (see Discussion).

Discussion

The plant cell wall is a complex and diverse morphogenetic fabric
assembled outside the plasma membrane from secreted macro-
molecular precursors. Currently the rules that govern their
self-assembly at the molecular level are unknown. An approach
using mutagenesis to disrupt function led to the identification of
the recessive embryogenic rsh mutant associated with the knock-
out of AtEXT3. The mutant had to be propagated as a hetero-
zygote because the mutation is homozygous lethal. Earlier we
traced its defective morphology at the light microscope level to
an aberrant initial division of the rsh/rsh zygote into a large apical
cell and smaller basal cell rather than the small apical cell and
larger basal cell of the wild type (5). At the electron microscope
level we observed defective wall assembly (Fig. 2). Because this

SOOOOKK! [IKSOOOOVKHYSOOOVYHSOOOOKKH]

corresponded to a knockout of the AtEXT3 gene, we inferred
absence of AtEXTS3, i.e., the RSH glycoprotein. We isolated
RSH from the wild type and characterized it biochemically, thus
identifying it as AtEXT3. Because the cell plate of the wild type
contains RSH (5) and the mutant lacks RSH we conclude that
defective wall assembly is a direct consequence of RSH absence.
RSH is therefore an essential cell wall component entirely
consistent with the original conclusion that “[p]rotein containing
hydroxyproline is an integral part of the cell wall of actively
growing cells” (7). Here we relate the molecular structure of
RSH to its self-assembly as a putative molecular scaffold that
may template cell plate components in the new cross wall and
enable its fusion with the mother cell wall.

Golgi-derived vesicles transport precursors of the cell plate.
These vesicles fuse to form a membrane-bound nascent wall that
grows outwards from within the cell (23-25). Cell plate compo-
nents include cellulose (26), xyloglucans, high levels of non-
esterified polygalacturonic acid (27), arabinogalactan (28), cal-
lose (28), arabinofuranose residues typical of extensin (28), and
RSH, inferred from expression of RSH-GFP fusions (5); they
were all identified by immunocytology. Significantly, two Idt-rich
extensins in Catharanthus showed cell cycle-regulated expres-
sion, also suggesting that extensins provide material for cell plate
formation (29). Thus, HRGP synthesis occurs at an early stage
of wall assembly (30). The challenge is to describe how the
components of the disk-shaped cell plate undergo orderly self-
assembly as it approaches and connects with the mother cell wall.
Deposition of callose precedes that of cellulose, which is syn-
thesized during maturation of the cell plate (26) in the final stage
of cytokinesis; thus, callose may help in the formation and
mechanical stabilization of the growing cell plate (26). Organi-
zational or temporal data for other cell plate components are
largely unknown.

Extensins are known as highly insoluble cell wall glycoproteins
that form Idt cross-links in vitro. Electron microscopy images of
platinum-shaded molecules indicate that these rod-shaped mol-
ecules form both intramolecular and short oligo intermolecular
cross-links (31). AFM data in this article (Fig. 5) showed that

KSOOOOVKHYSOOOVYH

sooooxxmksoooovxnysooovmsooooxxnlksoooovxnysooovm

SOOOOKK! [KSOOOOVKHYSOOOVYHSOOOOKKH]
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S0000KKHENEKS0000VKHYS 000VEHSOO00KKH
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Fig. 4. Alignments of the RSH 28-aa repetitive motif. (A) Head-to-head parallel alignment gives di-Idt motifs exclusively. (B) Staggered alignment gives

pulcherosine motifs exclusively. This shows facile generation of pulcherosine cross-linking motifs. Offsetting the 28-residue canonical RSH motif by 12 residues
realigns the Ser-Hyps glycomodule of one chain with another (underlined), thus switching from potential di-Idt to pulcherosine cross-links. Hydrophilic residues
are shown in yellow, potential di-Idt and pulcherosine cross-links (hydrophobic) are in pink, and other hydrophobic residues are in gray. All motifs are presented
in the N terminus (head) to C terminus (tail) direction.
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Self-assembled RSH network imaged by AFM. (A) A solution of RSH monomer (9 png/ml water; see Fig. 3A) was dispersed on a highly ordered pyrolytic

graphite (HOPG) surface, and the molecular contours were imaged by AFM. The molecular height of the segments, which ranged from 0.6 nm to 5 nm, was
estimated by the colors corresponding to the nanometer ruler on the right. The white bars represent 127-nm lengths and correspond to the calculated length
of RSH, assuming a strict polyproline Il helical secondary structure (three residues per turn; pitch = 9.4 A; 404 aa). The segments of the dendritic structure, here
aligned with the 127-nm rods (circled), likely correspond to a relatively few overlapping RSH molecules aligned to produce rigid segments slightly longer than
the RSH molecule, in keeping with its proposed staggered alignment. (B) Exhaustive analysis of all rigid segments in A yielded the histogram. (C) AFM imaging
of (YK)20 (10 ng/ml water), an extensin analog produced through synthetic genes and expressed in BY-2 tobacco cells. (YK),o contains 20 tandem repeats of the
arabinosylated extensin sequence SO4S0S04YYYK, also in a polyproline Il helix. (Scale bars: 500 nm.)

solutions of RSH extensin monomers generated both rope-like
and dendritic structures via end-on adhesion and lateral
association, consistent with the well known properties of self-
assembling amphiphiles in general (32). Thus, RSH protonet-
works confirmed its scaffolding propensity. Unlike previously
published electron microscopy images, AFM images of RSH
showed that all of the available RSH molecules were incorpo-
rated into multimeric structures. The extensive dendritic struc-
tures observed by AFM could be a consequence of the different
technology used compared with that of electron microscopy.
Self-assembly of extensin networks has been discussed for many
years. Here we outline an assembly paradigm that can be tested
experimentally and used for designing novel self-assembling
supramolecular structures.

The Extensin HRGP Self-Assembly Paradigm

General rules outlined more than a decade ago (20) identified
HRGP putative functional sites involved in molecular alignment
for self-recognition and described how monomeric precursors
(18) of high periodicity (33) could form extensin networks
further stabilized by enzymic cross-linking (11). More recent

work identified the crucial role of tyrosine residues as intermo-
lecular cross-links, namely pulcherosine (13) and di-Idt (34), but
also as hydrophobic recognition sites; thus, specific tyrosine
residues of collagen telopeptides may initiate self-assembly of
collagen (35). This may account for the apparent requirement
for an unobstructed tyrosine-rich RSH C terminus consistent
with its end-on adhesion (Table 3 and Fig. 5). Indeed, a
C-terminal tyrosine residue is a notable feature in 18 of the 20
Arabidopsis extensins (SI Table 4).

Earlier proposed features of self-assembling amphiphiles (32)
together with the data presented here allow us to propose more
specific rules for the initial self-assembly of rod-like AtEXT3
amphiphiles into a positively charged scaffold that templates the
in muro deposition of pectin. These rules apply to AtEXT3 and
are supported by all of the available data, and they may apply to
other extensins, given their highly homologous sequences within
(SI Table 4) and between species; these rules involve hydropho-
bic association, peptide periodicity, covalent cross-link forma-
tion, and electrostatic recognition summarized as follows.

1. A liquid-liquid interface favors self-assembly of highly or-
dered amphiphilic arrays as flat sheets but not in free solution
(32, 36).

Table 3. Phenotypes of wild type (RSH/RSH), heterozygotes (RSH/rsh), homozygotes (rsh/rsh),

and their transformants

Transgene used to rescue mutant Wild-type RSH/RSH RSHIrsh rshirsh

No transgene Wild type Wild type Embryo lethal
RSH Wild type Wild type Wild type
RSH::EGFP (C-terminal) Range* Range* Embryo lethal
EGFP::RSH (N-terminal) Wild type Wild type Wild type

*In 30 independent transformants of each, phenotypes ranged from wild type to severely defective embryo
mutants; this could be a consequence of competition between monomers of RSH and C-terminal fusions of RSH
in polymer formation. Note that all of the N-terminal RSH fusions rescued the mutant.

Cannon et al.
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2. Alternating hydrophilic and hydrophobic modules of amphiphi-
lic polypeptides induce like-with-like self-recognition (37).

3. Strict periodicity aligns extensin monomers (Fig. 4).

4. Hydrophobic interaction of four tyrosine residues at the RSH
C terminus YLYKSPPPPYHY may initiate end-on adhesion
(Fig. 5).

5. Intermolecular covalent tyrosine cross-links stabilize extensin
networks (Fig. 3).

6. Pulcherosine cross-links favor a staggered alignment of RSH
monomers (Figs. 3 and 4).

7. Staggered alignment permits two-dimensional growth of a
RSH network.

8. The acid-base reaction between pectin and extensin (18, 38)
forms extensin pectate.

9. Positively charged extensin scaffolds (Fig. 5) may template
orderly deposition of a pectic matrix that is highly organized
(39) compared with the disordered pectic gels of jam (27).

Finally, we anticipate that these superabundant, essential
HRGPs will not only yield deeper insights into self-assembly
processes that underpin plant growth and development but also
provide utilitarian benefits based on their future exploitation for
nanotechnology (32).

Materials and Methods

Transmission Electron Microscopy. Immature siliques and 3-day-old seedling
root pieces were fixed for 2 h in primary fixative (0.1 M pipes buffer, pH
7.2/4.0% paraformaldehyde/2.5% glutaraldehyde) followed by 2 h in second-
ary fixative (0.1 M pipes buffer, pH 7.2/1% osmium tetroxide). Samples were
washed for 15 min sequentially in 0.1 M pipes buffer (pH 7.2) three times and
water twice, followed by dehydration, all at 4°C. After staining [2% uranyl
acetate in 0.05 M malate (pH 6.0)] for 2 h, samples were infiltrated with resin
(LR White, Medium Grade; London Resin) for 15 h and embedded under
long-wave UV light and a stream of nitrogen for a further 15 h, all at 4°C.
Sections (80 nm) transferred to formvar-coated nickel grids were examined
with a JOEL 100S transmission electron microscope at 80-kV acceleration.

Rescue of the rsh Mutant. The rsh mutant rescue experiments were done by
transforming heterozygous rsh plants (kanamycin-resistant) with the RSH
gene fused to GFP, either at the C-terminal coding region of RSH precisely or
at the N-terminal coding region of RSH at 5 aa downstream from the signal
peptide cleavage site to ensure that a mature GFP-RSH fusion was produced.
Green fluorescence in the cell wall in Tris buffer (pH 9.5) and its absence or
significant reduction in protoplasts from transformed tissue confirmed the
presence of the GFP fusion proteins in the wall. All of the constructs included
the entire native RSH regulatory sequences on 6.3 kb of DNA in the EcoRI to
Xhol sites of the binary vector SLJ75515 (conferring additional resistance to
glufosinate-ammonium for plant selection) (40). The hypervirulent Agrobac-
terium EHA105 strain (41) was used for plant transformation (42). After T, seed
collection, individual glufosinate-ammonium-resistant Ty plants were se-
lected [glufosinate-ammonium (Sigma 45520, 5 ug per ml)/MS salts (Sigma
M5524, 2.2 glliter)/3% sucrose/0.8% agar), transferred to soil, and self-

-
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fertilized to yield T, seed. Homozygous glufosinate-ammonium-resistant T,
and T3 generation seedlings were scored as rsh homozygous (rsh/rsh), het-
erozygous (RSH/rsh), or wild-type (RSH/RSH) transformants by germination on
plates (as above) in the presence of kanamycin (40 wg/ml). The rsh zygosity of
30 independent transformants for each plasmid construct was examined.
Homozygous rsh plants with a restored wild-type phenotype confirmed
complementation by the RSH transgene and its tagged fusions. RSH wild-type
plants homozygous for the RSH transgene and its tagged fusions were also
examined.

RSH Extensin Purification. After harvesting wild-type Arabidopsis cell cultures
by filtration (=7 days, 20% packed cell volume), the cell pad 200 mM AICl3
eluate was dialyzed, sized on Superose-6, and then purified via reverse-phase
chromatography on a Hamilton PRP-1 preparative column (14).

Amino Acid Analysis. After acid hydrolysis of peptides and proteins in 6 M HCl
at 105°C for 18 h and derivatization with phenylisothiocyanate, amino acids
were quantified as their phenylthiocarbamyl derivatives after gradient elu-
tion on a Cqg column as previously described (14).

Peptide Sequencing. Peptide sequencing was performed by the Michigan State
University Macromolecular Facility (East Lansing, MI).

Sugar Analysis. After sample hydrolysis for 1 h at 121°Cin 2 M trifluoroacetic
acid, sugars were quantified as their alditol acetates via gas-liquid chroma-
tography as previously described (14).

Hyp Glycoside Profiles. Hyp glycosides released by alkaline hydrolysis of RSH
were fractionated by cation-exchange chromatography on Chromobeads C
and quantified by continuous automated assay of Hyp in the column eluate as
previously described (14).

In Vitro Cross-Linking via Extensin Peroxidase. One nanogram of the extensin
peroxidase (pl 4.6) isolated from tomato was used in each mixture containing
60 g of RSH plus 100 mM H;0; in 300 ul of 50 mM Mcllvaine’s buffer, all as
previously described (11).

AFM Visualization. A total of 60 ul of aqueous protein solutions [9 ug/ml RSH
(monomeric fraction; see Fig. 3A), 10 ug/ml BSA, 10 ug/ml YK20, and 10 pg/ml
polyhydroxyproline (Sigma)] was deposited on graphite for 5 min; the water
was drawn off with filter paper, and the graphite surface was rinsed with 100
wl of water. The samples were dried under a stream of nitrogen gas. AFM
images were obtained by using an MFP 3D microscope (Asylum Research) in AC
mode under ambient conditions. Nanoprobes with a resonance frequency of
~75 KHz and a spring constant of ~3.5 N/m (NSC18; Mikromash) were used.
The quality factor of probe resonance was electronically enhanced, when
necessary, to ensure consistent imaging dynamics of the samples and their
graphite background (43).
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