Plant Physiology, December 1999, Vol. 121, pp. 1081-1091, www.plantphysiol.org © 1999 American Society of Plant Physiologists

Characterization and Expression of Four Proline-Rich Cell
Wall Protein Genes in Arabidopsis Encoding Two Distinct
Subsets of Multiple Domain Proteins’

Thomas J. Fowler?, Christine Bernhardt, and Mary L. Tierney*

Department of Botany and Agricultural Biochemistry, University of Vermont, Burlington, Vermont 05405

We have characterized the molecular organization and expres-
sion of four proline-rich protein genes from Arabidopsis (AtPRPs).
These genes predict two classes of cell wall proteins based on DNA
sequence identity, repetitive motifs, and domain organization.
AtPRP1 and AtPRP3 encode proteins containing an N-terminal PRP-
like domain followed by a C-terminal domain that is biased toward
P, T, Y, and K. AtPRP2 and AtPRP4 represent a second, novel group
of PRP genes that encode two-domain proteins containing a non-
repetitive N-terminal domain followed by a PRP-like region rich in
P, V, K, and C. Northern hybridization analysis indicated that
AtPRP1 and AtPRP3 are exclusively expressed in roots, while tran-
scripts encoding AtPRP2 and AtPRP4 were most abundant in aerial
organs of the plant. Histochemical analyses of promoter/p-
glucuronidase fusions localized AtPRP3 expression to regions of the
root containing root hairs. AtPRP2 and AtPRP4 expression was
detected in expanding leaves, stems, flowers, and siliques. In addi-
tion, AtPRP4 expression was detected in stipules and during the
early stages of lateral root formation. These studies support a model
for involvement of PRPs in specifying cell-type-specific wall struc-
tures, and provide the basis for a genetic approach to dissect the
function of PRPs during growth and development.

Plant cell walls are dynamic and complex structures that
contribute to functional differences between cell types dur-
ing plant growth and development. Pro-rich proteins
(PRPs) represent one of five families of structural cell wall
proteins that have been identified in higher plants (for
review, see Carpita and Gibeaut, 1993; Showalter, 1993;
Cassab, 1998). PRPs were first identified as proteins that
accumulate in the cell wall in response to physical damage
(Chen and Varner, 1985; Tierney et al., 1988) and have
subsequently been shown to be temporally regulated dur-
ing plant development. PRP gene expression is associated
with early stages of legume root nodule formation (Frans-
sen et al., 1987; van de Wiel et al., 1990; Wilson et al., 1994),
soybean seedling, leaf, stem, and seed coat development
(Hong et al., 1989; Kleis-San Francisco and Tierney, 1990;

! This research was supported by a supplement to the National
Science Foundation (grant no. IBN-9219712) and by the U.S. De-
partment of Agriculture (grant no. NRICGP-95-02982). C.B. was
supported by experiment station grant no. 0171655.

2 Present address: Microbiology and Molecular Genetics Depart-
ment, University of Vermont, Burlington, VT 05405.

* Corresponding author; e-mail mtierney@zoo.uvm.edu; fax
802-656-0440.

1081

Lindstrom and Vodkin, 1991; Ye et al., 1991), bean seedling
growth (Sheng et al., 1991), and with early stages of tomato
fruit development (Santino et al., 1997). The spatial pattern
of PRP expression is also tightly regulated, as shown by in
situ hybridization and reporter gene expression analysis
(Wyatt et al., 1992; Suzuki et al., 1993). For example, the
soybean SbPRP1 and SbPRP2 transcripts have been local-
ized to sclereids, the inner integument of the seed coat and
the epidermal, cortical, and endodermoidal cells of young
seedlings.

Protein localization studies suggest that PRPs may func-
tion both in determining cell-type-specific wall structure
during plant development and by contributing to defense
reactions against physical damage and pathogen infection.
Immunohistochemical analyses using antibodies raised
against SbPRP2 localized PRP accumulation in soybean to
protoxylem cells within the root and xylem and phloem
fibers within the stem, indicating that these proteins are
critical for maintaining structural integrity of mature tis-
sues (Ye et al., 1991). PRPs may play a similar role during
seed development, since seed coat integrity appears to be
altered in soybean lines that fail to accumulated these
proteins within their cell walls (Nicholas et al., 1993). PRPs
are rapidly insolubilized within the cell wall in response to
physical damage, treatment with fungal elicitors, and
pathogen infection (Kleis-San Francisco and Tierney, 1990;
Bradley et al.,, 1992; Brisson et al., 1994), indicating an
active role in plant defense reactions. While the mechanism
for PRP insolubilization is not known, there is evidence
that this process involves the formation of intermolecular
isodityrosine or di-isodityrosine residues through an oxi-
dative coupling reaction (Cooper and Varner, 1984; Fry,
1982; Bradley et al., 1992; Waffenschmidt et al., 1993; Brady
et al., 1996).

DNA sequence analysis of PRP genomic and cDNA
clones indicates that these proteins can be placed into more
than one class based on their primary structure. The first of
these classes is characterized by PRP genes isolated from
carrot and soybean, which encode tandem copies of the
pentapeptide PPVX(K/T), where X is often Y, H, or E
(Chen and Varner, 1985; Hong et al., 1987, 1990). SbPRP1
and SbPRP2, two members of this class, have been purified
from soybean (Averyhart-Fullard et al., 1988; Kleis-San
Francisco and Tierney, 1990; Lindstrom and Vodkin, 1991).
Neither of these proteins appears to be highly glycosylated
(Datta et al., 1989), and N-terminal sequence analysis has
shown that the repetitive unit for both mature proteins is
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ProHypVal(Tyr/Glu)Lys. In contrast, a second group of
PRP c¢DNAs predicts two-domain proteins containing a
Pro-rich N-terminal domain and a C-terminal domain that
lacks Pro-rich or repetitive sequences. This group of PRP
genes includes PvPRPI1 in bean (Sheng et al.,, 1991) and
TPRP-F1 in tomato (Salts et al., 1991; Santino et al., 1997).

We present the molecular organization and expression
patterns of four PRP genes from Arabidopsis. These genes
encode two unique classes of PRPs based on DNA se-
quence identity, repetitive motifs, and domain organiza-
tion. Northern hybridization and promoter/reporter gene
analysis indicate that each of these AtPRP genes has a
unique temporal and spatial pattern of expression, suggest-
ing potential functions for these proteins in determining
specific extracellular matrix structures throughout plant
development.

MATERIALS AND METHODS
Plant Material and Growth Conditions

For RNA isolation, Arabidopsis ecotype Columbia plants
were grown in Promix:vermiculite:perlite (3:1:1) at 19°C
using an 8-h light/16-h dark photoperiod, followed by a
12-h light/12-h dark regime to induce flowering. Leaf,
stem, and floral tissues were harvested, frozen in liquid
nitrogen, and stored at —80°C. Root tissue used for RNA
isolation was obtained from plants grown in liquid culture
(IX Murashige and Skoog salts, 1X Gamborg’s B5 vita-
mins, 1% [w/v] Suc, and 10 mm 2-(N-morpholino)-
ethanesulfonic acid [MES], pH 6.0) for 10 d under contin-
uous light, frozen in liquid nitrogen, and stored at —80°C.
Tissue from transgenic Arabidopsis lines expressing
AtPRP/ B-glucuronidase (GUS) constructs was obtained for
histochemical analysis by growing plants in Magenta boxes
on either Murashige and Skoog medium with 1% (w/v)
Suc (for vegetative tissues) or in Promix:vermiculite:perlite
(3:1:1) (for reproductive tissues) under a light/dark regime
as described above.

Isolation of AtPRP Genomic and cDNA Clones

AtPRP genomic clones were isolated from a genomic
library (Landsberg) constructed in A-fix (Voytas and Aus-
ubel, 1988) using carrot (pDC16; Chen and Varner, 1985)
and soybean (SbPRP1; Hong et al., 1987 and SbPRP2; Datta
and Marcus, 1990) PRP genes as probes. Nitrocellulose
membrane filter lifts of bacteriophage A plaques (Sambrook
et al., 1989) were hybridized with the heterologous probes
at 55°C in 6 X SSC, 5X Denhardt’s, 0.5% (w/v) SDS, and 100
pg mL~! denatured salmon-sperm DNA, washed at 55°C
in 2X SSC, 0.5% (w/v) SDS, and exposed to XAR-5 x-ray
film (Kodak, Rochester, NJ) with intensifying screens at
—80°C. Hybridizing plaques were purified and the AtPRP
sequences were subcloned into plasmid vectors for DNA
sequencing. AtPRP subclones were digested with Exonu-
clease III using an Erase-a-Base kit (Promega, Madison, WI)
and the series of nested deletions were sequenced using
either Sequenase (United States Biochemical, Cleveland) or
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Taq DNA polymerase and a dsDNA cycle sequencing kit
(BRL, Gaithersburg, MD).

AtPRP cDNA clones were isolated from a APRL2 library
(Newman et al., 1994) screened with AtPRP probes pH/R2
(Fig. 4, bp 717-1,455) and pH/Sau3A (Fig. 2, bp 190-865).

Genomic Southern Hybridization

Total DNA was isolated from leaves of 6-week-old plants
using a miniprep method (Junghans and Metzlaff, 1990)
scaled to accommodate 0.5-g samples. The DNA was di-
gested with EcoRI, size-fractionated by electrophoresis
through 0.7% (w/v) agarose gels, and transferred to nitro-
cellulose membranes using 20X SSC (Sambrook et al.,
1989). The membranes were incubated at 80°C under vac-
uum for 1.5 h and hybridized at 55°C with both an AtPRP1
(pH/Sau3A; bp 190-865 in Fig. 2) and an AtPRP2 (pH/R2;
bp 717-1,455 in Fig. 4) coding-region probe in 5.5X SCP,
0.925% (w/v) sodium N-lauroylsarcosine, 10% (w/v) dex-
tran sulfate (Pharmacia, Uppsala), 1 mg mL ™' heparin, and
100 pg mL ™' sheared, denatured fish-sperm DNA. The
filters were washed for 15 min at room temperature in 2X
SSC, 0.5% (w/v) SDS, followed by a wash in 2X SSC, 0.2%
(w/v) SDS at 42°C for 15 min, and exposed to x-ray film at
—80°C with two intensifying screens.

AtPRP RNA Analysis

RNA was extracted from various tissues using a Tris-
HC1/SDS/phenol extraction method as described previ-
ously (DeVries et al., 1988). Poly(A*) RNA was isolated
from total RNA preparations using the PolyATtract kit
(Promega), according to the manufacturer’s protocol.
Poly(A™) RNA (1.5 pg/lane) was size-fractionated by elec-
trophoresis in 1.4% (w/v) agarose gels containing 1X 3-(N-
morpholino)-propanesulfonic acid (MOPS) buffer (Sam-
brook et al., 1989) and 0.44 M formaldehyde. The RNAs
were capillary blotted to nitrocellulose membranes with
20X SSC, and the membranes were incubated at 80°C
under vacuum for 2 h. RNA blots were hybridized indi-
vidually at 42°C overnight with **P-labeled gene-specific
probes in 5X SSC, 5X Denhardt’s, 0.5% (w/v) SDS, and 100
mg mL™~' single-stranded DNA. The individual probes
used corresponded to: AtPRP1, bp 1,475-1,665 (Fig. 2);
AtPRP2, bp 176-371 (Fig. 4); AtPRP3, bp 1,265-1,455 (Fig.
3); AtPRP4, bp 1,609-1,867 (Fig. 5). The formamide concen-
trations were adjusted for each probe to ensure gene-
specific conditions: AtPRP1 and AtPRP3, 40% (w/v) form-
amide; AtPRP2, 50% (w/v) formamide; AtPRP4, 43%
(w/v) formamide. Each of the filters was washed at high
stringency using the following conditions: AtPRP1 and
AtPRP3, 30 min at 65°C in 2X SSC, 0.5% SDS (w/v) fol-
lowed by 30 min at 65°C in 1X SSC, 0.25% (w/v) SDS;
AtPRP2, 30 min at 65°C in 1X SSC, 0.25% SDS (w/v)
followed by 30 min at 65°C in 0.3X SSC, 0.2% (w/v) SDS;
AtPRP4, 30 min at 65°C in 2X SSC, 0.5% SDS (w/v) fol-
lowed by 30 min at 65°C in 0.7X SSC, 0. 5% (w/v) SDS.
Filters were then exposed to x-ray film at —80°C with two
intensifying screens.
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Intron Mapping

Intron positions within the AtPRP2 and AtPRP4 genomic
clones were determined by reverse transcriptase (RT)-PCR
(Kawasaki et al., 1988). First-strand cDNA was synthesized
using AMV RT (Boehringer Mannheim, Basel) and 50 pg of
total RNA isolated from flower tissue. For the RT-PCR
reactions, a common first-strand oligonucleotide primer (5’
GATA(A/G)AAACACGATCTTGG 3') was used with both
AtPRP2 and AtPRP4 transcripts. This primer has a single
degeneracy that allows it to prime both transcripts at a
conserved site 3’ of the splice junctions (AtPRP2 [Fig. 4], bp
785-804; AtPRP4 [Fig. 5], bp 640-659). Second-strand DNA
synthesis was performed using oligonucleotide primers
that allowed specific amplification of either AtPRP2 or
AtPRP4 sequences. Reaction conditions used for the RT-
PCR were 10 mm Tris-HCI, pH 9.0; 2.5 mm MgCl,; 50 mm
KCI; 200 um each of dATP, dCTP, dGTP, and dTTP; 0.1%
(v/v) Triton-X; 6.6% of the flower cDNA (2 uL of 30 uL);
0.5 um gene-specific oligonucleotide primer (AtPRP2; Fig.
4, bp 188-207); (AtPRP4: Fig. 5, bp 179-198); 1.0 um degen-
erate primer (see above); and 2.5 units of Tag DNA poly-
merase. Reactions were heated to 95°C for 5 min, followed
by 50 cycles of 94°C for 30 s, 45°C for 60 s, 72°C for 60 s in
a thermal cycler (Perkin-Elmer, Foster City, CA). The PCR
fragments generated in this manner were gel-purified and
ligated into pT7Blue(R) (Novagen, Madison, WI) for
sequencing.

Intron positions within the AtPRP1 and AtPRP3 genomic
clones were determined by comparison of the genomic
sequences to the sequences of corresponding partial or
full-length cDNAs isolated from the APRL2 library.

Predicted Signal Peptide Cleavage Sites

Cleavage sites for the signal peptide were predicted us-
ing the matrix method as described by von Heijne (1986).

Construction of AtPRP Promoter/GUS Lines

5’-Flanking sequences for AtPRP2 (2.5 kb), AtPRP3 (1.5
kb), and AtPRP4 (1.4 kb) were fused to the bacterial
uid gene encoding GUS (vector pBI101; Jefferson et al.,
1987) and transformed into Arabidopsis ecotype Columbia
(AtPRP2 and AtPRP3) or Landsberg erecta (AtPRP4), re-
spectively, using an in planta transformation method
(Bechtold et al., 1993). Kanamycin-resistant lines were
identified, allowed to set seed, and T, transgenic plants
were grown and analyzed for GUS expression.

Histochemical GUS Staining

Histochemical staining of plant tissue for GUS activity
was performed as described by Jefferson et al. (1987). Sam-
ples were immediately placed in substrate solution (50 mm
sodium phosphate, pH 7.5, 15% [v/v] methanol, 2 mMm
5-bromo-4-chloro-3-indolyl-glucuronide, and 0.05% [v/Vv]
Tween 20), vacuum infiltrated for 2 min at 85 kPa, and
incubated at 37°C for 8 to 18 h. Removal of pigments was
achieved by several washes in 50% to 70% (v/v) ethanol.

Samples were analyzed under a stereomicroscope (model
2000, Zeiss, Jena, Germany) and pictures were taken on
Kodak 25 film.

RESULTS

Screening of an Arabidopsis (Landsberg erecta) genomic
library with carrot and soybean PRP probes (Chen and
Varner, 1985; Suzuki et al., 1993) resulted in the identifica-
tion of four distinct genomic clones encoding Pro-rich pro-
teins (AtPRPs). cDNA clones corresponding to each of
these genomic clones were isolated from a A-PRL2 library
(Newman et al., 1994) obtained through the Arabidopsis
Biological Resource Center (Ohio State University, Colum-
bus). DNA sequencing of genomic and representative
c¢DNA clones corresponding to these isolates indicated that
the PRP genes in Arabidopsis can be separated into two
classes (AtPRP1 and AtPRP3 versus AtPRP2 and AtPRP4)
based on DNA sequence homology, domain structure, and
predicted amino acid sequence.

Southern hybridization showed that AtPRP gene se-
quences within each class hybridized well with each other
and poorly with clones encoding other PRPs. For example,
at high stringency AtPRP1 hybridizes with AtPRP3 but not
with AtPRP2, AtPRP4, or PRP gene sequences from other
plant species (data not shown). Figure 1 illustrates the
pattern of restriction fragments that are detected when
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Figure 1. Genomic Southern analysis of AtPRP sequences. One mi-
crogram of Arabidopsis genomic DNA was digested with EcoRl and
analyzed by Southern hybridization using coding region probes for
AtPRP1 and AtPRP2. The relative positions of the molecular mass
markers are indicated. From top to bottom, the four restriction frag-
ments correspond to AtPRP3, AtPRP1, AtPRP4, and AtPRP2.
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coding region probes for AtPRP1 and AtPRP2 were used in
Southern hybridizations with EcoRI-digested genomic
DNA. These fragments were analyzed by DNA sequencing
and were shown to correspond to AtPRP3 (7 kb), AtPRP1
(3.8 kb), AtPRP4 (3.3 kb), and AtPRP2 (1.5 kb), indicating
that each of these genes is represented as single copy
within the Arabidopsis genome.

Structure of AtPRP1 and AtPRP3

The DNA sequence of the AtPRP1 and AtPRP3 genomic
and cDNA clones (Figs. 2 and 3) predicts Pro-rich proteins
containing a signal peptide followed by two domains and
having molecular masses of 36.5 and 34.4 kD, respectively.
The N-terminal domain of AtPRP1 consists of 13 imperfect

aagatgtcettttaatcgtgcataacactattacaatcccaaacatgactaa 51
atacattagtcacctttcaagaaaatattttctattttttttttttatcaa 102
aaattttaataccctaaacattttcttatatagecccatttgatgaaateg 153
ttttcctecatcccacttaggcacttttacaaacacacaaaaaaacaagaac 204
tagctaaaaggcaaaacactaaccacgegcteegeaATG GCT ATC ACA 252
M A I T 4
CGT GCC TCC TTT GCG ATT TGC ATC CTC CTC TCT TTG GCT 291
R A s F A I ¢ I L L 8 L A 17
ACC ATT GCT ACT GCT GAT TAT TAC GCT CCC TCA TCT CCT 330
T I A T Ap D Y Y A P s s P 30
CCG GTT TAC ACT TCA CCG GTT AAT AAA CCC ACG CTT CCA 369
P v Y T § P VvV N K P T L P 43
CCT CCG GTT TAC ACT CCA CCG GTT CAC AAA CCT ACC CTT 408
P VvV Y T P P V H K P T L 56
CCA CCT CCT GTT TAC ACT CCA CCT GTC CAC AAG CCT ACA 447
P P P v Y T P p v H K P T 69
CTC TCA CCT CCG GTT TAC ACT ARG CCA ACT CTA CCA CCT 486
L § Pp P V Y T K P T L P P 8
CCG GCT TAC ACT CCA CCG GTT TAC AAT AAG CCA ACG CTC 525
P A Y T 4 4 v Y N X P T L
CCA GCT CCT GTC TAC ACT CCG CCT GTT TAT AAG CCT ACA 564
P A P V Y T P P V Y K P T 108
CTC TCC CCT CCG GTT TAC ACT AAG CCA ACT CTC TTA CCT 603
L S 13 14 v Y T K P T L L P 121
CCG GTT TTIC AAG CCT ACA CTC TCT CCT CCA GTT TAC ACT 642
P v F K P T L S§ P P V Y T 134
AAG CCA ACT CTC TCA CCT ACG GTT TAC AAG CCA ACA CTC 681
K P T L S P T v Y K P T L 147
TCT CCT CCG GTT AAC AAT AAG CCA AGT CTC TCG CCT CCG 720
s P P v N N K P s L s
GTT TAC AAG CCA ACA CTC TCT CCT CCG GTT TAC ACT AAG 759
v Y K P T L S P 4 vV Y T K 173
CCA ACT CTC CCT CCT CCG GTC TAC AAA AAG TCT CCA ATC 798
P T L P P 14 v Y K K s P I 186
TAT TCT CCT CCA CCT CCA TTT GCA CCA AARA CCA ACC TAC 837
Y s p P P P F A P K P T Y 199
ACT CCA CCC ACC ARA CCA TAC GTC CCA GAG ATC ATT RAA 876
T 4 P T K 4 Y v P E I I K 212
GCC GTT GGA GGC ATC ATC TTA TGC AAA AAC GGC TAC GAA 915
A VvV 66 GG I I L ¢ K N G Y E 225
ACC TAC CCT ATT CAA Ggtataaaaaacataataatatacagacttc 961
T Y P I Q 230
atgatttaatatctttaattattacaacatttttggtttcataaccttgaa 1012
attcgaggtcgaggaccgtatactegggacaacgeggttaataatacaata 1063
tggcatggcctaaatcatecatectaaatggactaggaaataccggaaatt 1114
acgaatttactaattagaaaattggttgattaatttcatgtacgtag GA 1163
G 231
GCG AAA GCA AAG ATT GTG TGC TCG GAG AGG GGG TCA TAC 1202
A XK A K I v ¢ 8 E R G § Y 24
GAG AAG AGT AAG AAC GAG GTT GTC ATC TAC AGT GAT CCA 1241
E K s K N E v v I Y S D P 257
ACT GAC TTT AAG GGA TAC TTC CAC GTIG GTG TTA ACC CAC 1280
T D F K G Y F H VvV V L T H 27
ATC AAG AAC CTA TCT AAC TGC CGT GTC AAG CTC TAC ACA 1319
I K N L s N Cc R V K L Y T 283
TCT CCC GTC GAG ACT TGC AAG AAC CCA ACC AAT GTC AAC 1358
s P VvV E T €C X N P T N V N 29
ARG GGT CTC ACC GGA GTT CCC TIC TCG ATG TAC TCC GAC 1397
K G L T G A\ P F S M Y s D 309
AAG AAC TTG AAG CTC TTC AAC GTT GGT CCT TTC TAC TTC 1436
K N L K L F N V G P F Y F 322
ACC GCC GGT TCC AAG GCT GCT CCC GCC ACT CCC AGA TAC 1475
T A ¢ S K A A P A T P R Y 335
tgatcatcacattttgatttatgatgatgatcttgcatggecattatatatg 1526
actatatgaggtctetttaatcaatttattaactgattttttteccttgaa 1577
aatgttcttgtttgtttgttecaaattcatttgattegttgecattctatecr 1628
ttaatttataatasaattgtaagaggtatgtacatca 16635

Figure 2. DNA and predicted amino acid sequence of AtPRP1. The
ORF for AtPRP1 and the predicted amino acid sequence are pre-
sented in uppercase, while upstream, downstream, and intron
genomic sequences are presented in lowercase. The predicted cleav-
age site for the signal peptide is indicated with an arrowhead. A
potential TATA box and polyadenylation signal are underlined.
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attacacttaggtatgagaatctcaaacatacatgattatcatcaattact 51
cacttttaagataacgtttctttatttcatattcaaattttiaatacccca 102
aacattttcttataaagtcccatttggtgaaatcgttttoctcatcacaat 153
ttaaataca aaacg agctta atacaagce 204
aagcgcteagealATs GOG ATC ACA CGC TCC TCC TIG GCC ATT 246

M A I T R § § L A I 10
TGC CTC ATC CTC TCT TTG GTT ACC ATA ACC ACC GCC GAT 285

C L I L s L v T I T T Ay D 23
TAC TAC TCT CCC TCA TCT CCT CCG GTT TAC AAA TCA CCG 324
¥y ¥ g P S s P P vV Y K § P 36
GAA CAC AMA CCC ACG CTC CCG TCT CCG GTT TAC ACT CCA 363
E H E..B..T L P 5 P VvV Y T 4 439
CCC GTT TAC AAG CCT ACC CTC TCA CCT CCA GTC TAC ACT 402
PV Y K P T L s P P VY Y T 62
AMG CCA ACT ATC CCA CCT CCG GTT TAC ACC CCA CCG GTT 441
K P T 1 P P P V ¥ T P P VW 75
TAC AAG CAT ACA CCC TCA CCT CCG GTT TAC ACT ARG CCA 480
Y K H T P s 3 - ¥ T K P 8g
ACT ATC CCA CCC CCA GTG TAC ACT CCA CCG GTT TAC ARG 519
T 1 P P P VvV Y T P P V Y K 101
CCA ACT CTC TCA CCT CCG GTT TAC ACT AAA CCA ACT ATC 558
P T L S P PN ¥ T E P T I 114
CCA CCT CCC GTT TAC ACC CCA CCG GTT TAC AAG CCA ACT 557
3 P P VvV ¥ T F PV X K P T 127

(=]
8
g
=1
-
a
A
=]

ARG CCA ACC ATC CCA CCT CCG GTT TAC 636
P D Y T K P T I 34 E P V Y 140

ACT CCA CCG GTT TAC AAG CCT ACT CCC TCT CCC CCG GTC €75
T P P VvV ¥ K P. T F s P PV 153
TAC AAA AAG TCT CCA AGC TAT TOG TCT CCT CCT CCT CCA 714
Y K K 8§ P S5 Y s § P F 4 14 166
TAC GTA CCA AAR CCA ACC TAC ACT CCA ACC ACC AAG CCA 753
G S, P K BT ¥ o B ol D SR P 179
TAC GTG CCA GAG ATT CTT AAG GCC GTT GAT GGC ATC ATT 792
Y v P E 1 L K A V D G I I 192
CTA TGC AAA AAC GGC TAC GAA ACC TARC CCT ATT CTA G g 830

L (o4 K N G Y E T ¥ P I L 204
tatatatacatacttaactaagocctccctgattaaataaatttattataac 881
aacagcattgctaatttctaaaaccttecgtttattaaattecatgeag GA 931

G

GCA AAG ATA CAA ATT GTG TGT TCC GAC CCA GCA TCA TAC $70
A K I Q 1 v c 5 D P A s X 218
GGT AAMR AGC AAC ACC GAG GTT GTG ATC TAC AGT AAT CCA 1009
G K 5 N T E vV V I Y 5 N i 231
ACC GAC TCT ARG GGA TAC TTC CAC GTG TCG TTG ACC AGT 1048
T D s K © Y F H V s L T s
ATC AAG GAT CTA GCT TAC TGT CGT GTC ARG CTC TAC TTA 1087
I K )] L A Y C R V K L Y L 257
TCT CCG GTC GAG ACT TGC AAG AAC CCG ACC AAT GTT AAC 1126
s P V E g e K N P T N V N 270
AAMG GGT CTC ACA GGA GTT CCC TTG GOG TTG TAC GGA TAC 1165
K 6 L T ¢ v P L A L Y G Y 283
CGT TTC TAC CCG GAC ARG AAC TTG GAG CTC TTT AGC GTC 1204
R F Y 13 D K ) L E L F s v 286
GGA CCT TTC TAC TAC ACT GGT CCC AAG GCT GCC CCC GCT 1243
G P F Y ¥ T 6 P K A A P A 309
ACT CCC ARA TAC tgatcgtgatgatcatattatgatgatgatgatta 1290
T P E ¥ 313
tgattttgecatgoattatataagaggtcactttaatcaatttattatttgg 1341
aatttttcccttgaaaatgttcttttgbttgtttgttoogatttcatttga 1392
ttctaatgoaatctatccttttggttatgottiteatttecatataataaat 1443
tgeaagagtataatctttgtttggtttatgegacttc 1480

Figure 3. DNA and predicted amino acid sequence of AtPRP3. The
OREF for AtPRP3 and the predicted amino acid sequence is presented
in uppercase, while upstream, downstream, and intron genomic
sequences are presented in lowercase. The predicted cleavage site

for the signal peptide is indicated with an arrowhead. A potential
TATA box and polyadenylation signal are underlined.

copies of the amino acid repeat KPTLSPPVYT. This deca-
peptide motif, which contains the pentapeptide motif
PPVX(K/T) that is characteristic of other PRPs, is found
five times within the N-terminal domain of AtPRP3 as part
of a longer repeat unit, KPTIPPPVYTPPVYKPTLSPPVYT.
The C-terminal domain of both of these proteins, while rich
in P, Y, and K, is unique in sequence. While the amino acid
sequence of AtPRP1 and AtPRP3 is highly conserved (76%
amino acid identity overall), the C-terminal domain of
these proteins was found to exhibit the greatest sequence
identity (Table I).

Comparison of cDNA and genomic clones showed that
AtPRP1 and AtPRP3 each contain an intron within their
second domain. In each case, the consensus GT/AC intron
splice donor and acceptor sites are present at the intron/
exon border. The relatedness of these two genes is empha-
sized by the conserved position of the intron that interrupts
a Gly codon within the second domain of the open reading
frame (ORF) (Figs. 2 and 3).
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Table I. Comparison of the AtPRP protein sequences

For each of the AtPRP proteins, the predicted signal sequences are underlined, the N-terminal domain is represented by uppercase letters, and
the C-terminal domain is represented by lowercase letters. Dashes represent introduced sequence gaps, and dots indicate the identity of the
amino acid sequence between the predicted PRPs.

AtPRP1 MAITRASFAICILLSLATIATADYYAPSSPPVYTSPVNKPTLPPPVYTPPVHKPTLPPPVYTPPVHKPTLSPPVYT
AtPRP3 ... S.L..LL.V.T...S... K..EH.....S....... YiSoii—m

AtPRP1 KPTLPPPAYTPPVYNKPTLPAPVYT——PPVY———KPTLSPPVYTKPTLLPPVFKPTL
AtPRP3 PPVYKHTPSPPVYT....... V.....K=..SP...KPTIP...TPPVY..PD—....——m——

AtPRP1 SPPVYTKPTLSPTVYKPTLSPPVNNKPSLSPPVYKPTLSPPVYTKPTLPPPVYKKSPIY-SPPPPfapkptytppt
AtPRP3 Pim—m—pP P — S.S....YV....... t.

AtPRP1 kpyvpeiikavggiilckngyetypiggakakivcsergsyeksknevviysdptdfkgyfhvvithiknlsncrv

AtPRP3 l..ig....dpa..g..nt......n...s......S..S....ay...

AtPRP1 klytspvetcknptnvnkgltgvpfsmy: sdknlklfnvgpfyftagskaapatpry

AtPRP3 sl lal.gyrfyp....e..s....y.—.p......k

AtPRP2 MRILPKSGGGALCLLFVFALCSVAHSLSRDVKVVGDVEVIGYSEISKIKIPNAFSGLRVTIECKAADSKGHFVT
AtPRP4 .. EPR.SVP..LLV— LLATLSLAR.—..V.A—. . Tooo.. D..V-N-......

ATPRP2 RGSGEVEETGKFHLNIPHDIVGDDGTLKEACYAHLQSAFGNPCPAHDGLEASKIVFLSKSGANHVLGLKQSLKF
ATPRP4 K..NIDDK...G........S.N.A..E..Q.H.AT........ ST DK.I.....N...

ATPRP2 SPEVCISKF WHMPK fplppplnlppltfpkikkpcppiyippvvip—vpiykpp

ATPRP4 ..L.V...F.....LPPFKGFDHP....... e f—m.... k.s...ev.pp..v.e..pkkeippp

AtPRP2 ——————————vpiykpp—VvV- ipkkpcppkih

AtPRP4 vpvydpppkkevppp..v....pk.elppp......... ppkiehpppvpvykpppkiehpppvpvykpppkie

AtPRP2 kkpcppkvahkpiyk ppk:

AtPRP4 hpppvpvhkpp....... —————kvdpppvpvhkpptkkpcppkkvdpppvpvhkpppkivipppkiehppp

AtPRP2 —piykppvpiykppvvipkktfpplhkpiykh pvpiykpifkppvvvipkkpc

AtPRP4 V.V.... . iehp...ippivkkpcpp....... ———e pppvpvykppvv

AtPRP2 pplpkfphfppkyiphpkfgkwppfpshp

AtPRP4 vipkkpcpplpql....... pl....h......... l.p..

Structure of AtPRP2 and AtPRP4

AtPRP2 and AtPRP4 constitute a second, novel class of
PRPs in Arabidopsis. The genomic clones encoding these
PRPs predict proteins with molecular masses of 32.6 and 46
kD, respectively. Their primary structure consists of a sig-
nal peptide followed by a unique, non-repetitive domain
and ending with a basic domain containing Pro-rich re-
peats (Figs. 4 and 5). Like AtPRP1 and AtPRP3, the non-
PRP-like domain of these proteins shares the highest de-
gree of amino acid identity (Table I). Within the C-terminal
domains of AtPRP2 and AtPRP4, the PRP consensus motif
PPVX(K/T) is present only degenerately as PPV and P(V/
I)YK. Instead, AtPRP2 contains nine copies of the amino
acid motif PIYKPPV (Fig. 4), while AtPRP4 contains eight
imperfect copies of the sequence PPPKIEHPPPVPVYK
(Fig. 5). In addition, AtPRP2 and AtPRP4 contain four and
six copies, respectively, of the Cys-containing motif
KKPCPP (Figs. 4 and 5).

RT-PCR was used to identify the position of a single
intron within AtPRP2 and AtPRP4. The intron was present

at a conserved position within the non-Pro-rich domain of
these proteins and was flanked by consensus GT/AC in-
tron donor and acceptor sites (Figs. 4 and 5).

AtPRP Gene Expression Is Developmentally Regulated

Previous analysis of structural cell wall proteins has
shown that individual gene family members often exhibit
distinct patterns of expression during plant development.
As an initial step in characterizing AtPRP expression dur-
ing plant growth, poly(A™) mRNA isolated from expand-
ing and mature rosette leaves, cauline leaves, inflorescence
stalks, flowers, and root tissue of Arabidopsis was ana-
lyzed using northern hybridization (Fig. 6A). AtPRP1 and
AtPRP3 transcripts were detected exclusively in root
mRNA preparations. In contrast, both AtPRP2 and AtPRP4
transcripts accumulated in rosette and cauline leaves,
stems, and floral tissue. A low amount of AtPRP4 tran-
script could also be detected in root mRNA preparations.
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tatttaggttctecatettegtggcaatggtaccaccaagtatttgaatag 50
taacttttacaaacaaacacactaaattaattaattcatgaattgataaaa 101
taatagccetaacgaacchataaatatacacgagaggcgatctcatcagta 152
gaatcatatcttctitetectectactagttacatatcttcaacaaagtgaa 203
tctcATG AGG ATA TTA CCG AAA AGC GGA GGA GGT GCT CTT 243

M R I L P K § G G G A L
TGC CTC CTC TTT GTG TTT GCT CTT TGT TCG GTG GCT CAT 282

c L L F vV F A C s VvV A H 25
TCC CTT AGC CGT GAC GTC AAG GTT GTT GGC GAT GTC GAA 321

SA L S R D v K Vv Vv ¢ D v E 38
GTC ATT GGC TAC TCA GAA ATC AGC AAA ATC AAG ATC CCC 360

v I G Y s E I s K I K I P 51
AAT GCA TTC TCA G gtctagtatatcaatatatgctttataatctta 406

N A F s 55
tcaacggtgatcacgtcecatatatatatgcatgttgtactaatgectacggt 457
cgataaatgtcccttctataggtctatataatttgattgattatgecatata 508
taaagacactcttctegtaacttaatataattgaattitetttegttgecaa 559
cgttegtttgaaatag GA CTT CGA GTT ACG ATA GAA TGC AAG 601

G L R v T I E C K 64
GCG GCC GAT TCA ARA GGC CAT TTT GTT ACG AGG GGA AGC 640

A A D S K G H F VvV T R G S 77
GGA GAA GTG GAA GAA ACA GGA AAG TTT CAT CTG AAT ATT 679

G E v E E T G K F H L N I 90
CCT CAT GAC ATT GTC GGT GAC GAC GGA ACT CTA AAA GAA 718

P H D I Vv G D D G T L E
GCT TGT TAT GCT CAT CTT CAR AGT GCC TTC GGC AAC CCT 757

A Cc Y A H L Q s A F G
TGT CCG GCC CAC GAT GGC CTT GAG GCC TCC AAG ATC GTGC 796

[ P A H D G L E A s X I v 128
TTT CTA TCG AAA TCC GGC GCA AAC CAC GTT TTG GGT CTC 835

F L s K s G A N H V L G L 142
AAA CAA AGT CTT AAA TIC TCA CCG GAA GTT TGC ATC TCA 874

K 0 S L K F S P E V C
AAG TTT TGG CAC ATG CCT RAAG TTC CCT TTIA CCT CCT CCG 913

K F W H M P K F P L P P P 168
CTT AAT CTC CCA CCG TTA ACG TTT CCT AAG ATC AAG AAG 952

L N L 14 P L T F P K I K K 181
CCT TGT CCC CCA ATT TAC ATA CCA CCG GTG GTG ATC CCT 991

P C P |3 I Y I P P Vv v I P 194
ARG AAG CCG TGT CCA CCA ARG GTT GCA CAT AAA CCC ATC 1030

K K 4 [ P P X v A H K P I 207
TAC ARG CCG CCG GTT CCC ATC TAC AAG CCT CCA GTG CCT 1069

Y K P PV P I Y K P PV P 220
ATC TAC AAG CCA CCA GTG GTT ATC CCC ARAG ARA CCG TGT 1108

I Y K P P v v I P K K P C 233
CCA CCA ARG ATA CAC AAG CCC ATC TAC ARG CCA CCC GTG 1147

P 14 K I H KX P I Y K P PV 246
CCT ATC TAC AAG CCT CCA GTG GTG ATC CCA AAG AAG ACA 1186

P I Y X P 4 v v I 14 K K T 259
TIT CCT CCA CTT CAC AAG CCG ATC TAC AAG CAC CCG GTT 1225

¥ P P L H K P 1 Y K H 14 v 272
CCT ATC TAC AARA CCA ATC TTC AAG CCG CCA GTG GTG GTG 1264

P I Y K P I F K P P Vv Vv Vv 285
ATT CCA AAG AAA CCA TGT CCA CCA CTT CCC AAG TTT CCA 1303

I P K K P C P P L P K F P 298
CAC TTC CCA CCT AAA TAC ATT CCA CAC CCT AAG TTC GGA 1342

H F P P K Y I P H P X F G 311
AMA TGG CCT CCT TTC CCT TCT CAT CCT tgataaagatgcaaa 1384

K W P 4 F P s H P 320
atcctetgtetttettaatttaagaaaagtgategagtgatgeccacaaaag 1435
aatgttgectttgttgaattctacgtagatgtttcatgtttatgtategtaa 1486
attccagccaatcatatttgtaattttttaccgttaaataaatetgtaate 1537
teghttetgit 1548

Figure 4. DNA and predicted amino acid sequence of AtPRP2. The
ORF for AtPRP2 and the predicted amino acid sequence are pre-
sented in uppercase, while upstream, downstream, and intron
genomic sequences are presented in lowercase. The predicted cleav-
age site for the signal peptide is indicated with an arrowhead. A
potential TATA box and polyadenylation signal are underlined.

Control hybridizations were used to demonstrate the
gene-specific nature of the probes under these hybridiza-
tion conditions (Fig. 6B). Since AtPRP2 and AtPRP4 encode
transcripts of different sizes, we analyzed the same mRNA
preparation used in Figure 6A for cross-reactivity. In con-
trast, AtPRP1 and AtPRP3 encode transcripts that cannot
be distinguished by size. Therefore, we compared the
cross-reactivity of each probe using in vitro-transcribed
sense RNAs for each gene. In all cases, the probes were
found to hybridize specifically to a single transcript.

Since developmentally regulated changes in cell wall
structure may be critical for normal growth and differenti-
ation processes, we characterized the temporal and spatial
expression patterns of the AtPRP genes using promoter/
reporter gene constructs in transgenic plants. 5'-Flanking
sequences for AtPRP2, AtPRP3, and AtPRP4 were fused to
the bacterial uid gene encoding GUS and these constructs
were transformed into Arabidopsis using vacuum infiltra-
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tion (Bechtold et al., 1993). A minimum of four indepen-
dent T2 transgenic lines for each of the AtPRP promoter/
GUS constructs were analyzed for their patterns of GUS
expression.

AtPRP3/GUS expression was exclusively detected in
roots during plant development, which is consistent with
data obtained using northern hybridization. Shortly after

taattattaagatcaatcttacttcagaaaaatctttgataagaccatt 49
atataaacgagaagaagtctcgctataatcatatcatcaccttetecacta 100
atactctatagtttgtttttgttettctiataatctttatattttcagcaa 151
acgaaagggaagtgtgtcagaaatctcagagggtgagaatceccaATG AGG 201

M R 2
ATC TTA CCC GAA CCT CGA GGT TCG GTT CCG TGC CTT CTC 240
1 L P E P R G s Vv (o L L 15
CTT CTT GTG TCG GTT CTC TTA TCA GCG ACT CTC TCA CIC 279
L L Vv § Vv L L S A T L s L 28
GCT CGT GTC GTC GAA GTT GTC GGT TAC GCC GAG AGC AAG 318
Ap R v vV E VvV VvV G Y A E s K 41
ATC AAA ACC CCC CAT GCA TTIT TCA G gtatctcataacttaca 360
I K T P H A F s 49
ttaatatcttatgtactatatagtttatttitttgtgaatatatatttgat 411
caatgtgtgatattatttgttatagGA CTT CGA GTG ACG ATC GAC 456
G L R Vv T I 0 56
TGT AAG GTG AAT AAA GGC CAT TTT GTT ACA AAA GGT TCC 495
C K Vv N K G H F V T X G s
GGA AAC ATT GAC GAC AAA GGA AAG TIT GGT CTT AAT ATT 536
G N I D D K G K F G L N I 82
CCT CAT GAC ATT GTC TCC GAC ARC GGA GCG TTA AAG GAG 573
P H D I v s D N G A L X E S5
GAG TGT TAC GCT CAG CTT CAC AGC GCG GCG GGA ACA CCT 612
E [ Y A Q L H S A A G T P 108
TGT CCG GCT CAC GAC GGC CTT GAG TCC ACC AAG ATC GTG 651
C P A H D G L E S T K I v 121
TTT TTA TCC AAA TCC GGG GAT AAA CAC ATT TIG GGC CTA 690
S D K H I L G
AAA CAA AAT CTG AAA TTT TCA CCG GAG ATT TGC GTT TCC 729
K Q N L K F s P E I C v 8 147
AAMA TTC TIC TGG CCT ATG CCT ARG TIG CCT CCT TTT AAG 768
K F F W P M P K L P P F K 160
GGC TTT GAT CAT CCT TIC CCT TTA CCT CCA CCT TTG GAA 807
G F D H 4 F P L P E
CTT CCA CCG TTT CTC AAG AAG CCA TGT CCA CCT AAA TAC 846
L P P F L K K P c P P X Y 186
AGT CCT CCT GTIG GAG GTIT CCA CCC CCG GTA CCA GTT TAC 885
P 14 v E v 4 P P v P v Y 199
GAG CCG CCG CCA AAG AAA GAG ATT CCC CCT CCG GTT CCG 924
E P P P K K E 1 P P P Vv P
GTT TAC GAT CCA CCG CCT AAG AAA GAG GTT CCA CCA CCT 963
Y P P K K B v P
GTC CCA GTT TAC AAG CCA CCA CCA AAG GTT GAG CTT CCA 1002

P
CCG CCT ATT CCT AAG AAG CCT TGT CCA CCT AAA CCG CCG 1041
P 13

14

AAG ATA GAG CAC CCA CCT CCG GTT CCG GTT TAC AAG CCC 1080
E H P P v P v Y K P 264
CCG CCA AAG ATA GAG CAC CCA CCT CCG GTT CCG GTT TAC 1119
P P K I E H P P P Vv P Vv Y 277
ARG CCC CCG CCA AAG ATA GAG CAC CCA CCT CCC GTT CCG 1158
p K I E H P P P v P 290
GTA CAC AAG CCA CCG AAG AAG CCA TGT CCG CCT ARG AAA 1197
Vv H K P P XK K P C P P K K 303
GTT GAT CCA CCG CCG GTG CCA GTC CAC AAA CCA CCA ACG 1236

v o] P P P \2 P v H K P P
AAG BMAG CCT TGT CCG CCT AAG AAA GTT GAT CCA CCG CCG 1275
K K P C p P K X V D P P P 329
GTT CCA GTC CAC AAG CCG CCG CCA AAG ATA GTC ATT CCA 1314
v P v H K 4 P P K I v I )4 342
CCG CCG AAG ATA GAG CAC CCA CCT CCA GTA CCG GTT TAC 1353
P I v P Vv Y 355
AAG CCG CCG CCG AAG ATA GAG CAT CCA CCA ATC TAC ATA 1392
K P P P K I E H 13 P I Y I 368
CCA CCA ATT GIG AAG AAG CCG TGT CCT CCG CCG GTA CCA 1431

P P I v X X P C P P P v
ATA TAC AAA CCA CCG GTT GTG ATC CCC AAG AAG CCA TGC 1470
1 Y K P P Vv v I P K K P C 394
CCT CCG CCG GTA CCA GTA TAC AAA CCA CCG GTA GTG GTIG 1509
P P 14 v P v Y K P P Vv v v 407
ATT CCA AAG AAG CCA TGT CCG CCA CTT CCA CAG CTT CCA 1548
I P K K P C P P L P Q L 4 420
CCA CTT CCA AAG TTT CCA CCT CTT CCT CCT AAA TAC ATT 1587
P L P K F P P L P P K Y 1 433
CAC CAC CCC AAG TTC GGG AAA TGG CCT CCG TIG CCT CCA 1626
H H P X F G K W P P L P P 446
CAC CCT tgagaaacattaaatacgtatatatatagatatacgtatactc 1675

H P

atgtataatcaacgtgttaccttttttaaaatattttatctttgeatatgt 1726

tttatattttgtttcatttgttggettitgagttgtctatgtgtagactgtt 1777

tgtttatattcecgeaatettecaacaataatatggtaatgatacgtttct 1828

cttttatca 1837
Figure 5. DNA and predicted amino acid sequence of AtPRP4. The
OREF for AtPRP4 and the predicted amino acid sequence is presented
in uppercase while upstream, downstream, and intron genomic se-
quences are presented in lowercase. The predicted cleavage site for
the signal peptide is indicated with an arrowhead. A potential TATA
box and polyadenylation signal are underlined.
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Figure 6. AtPRP expression analyzed by northern hybridization. A, Poly(A™) RNA (1.5 pg) isolated from the following organs
of soil-grown plants was loaded onto each lane: 1, expanding rosette leaves; 2, mature rosette leaves; 3, roots (obtained from
plants grown in liquid culture); 4, stems; 5, cauline leaves; and 6, flowers. Equal loading was confirmed by ethidium bromide
staining. B, The specificity of the probes was analyzed using northern hybridization. The left two panels illustrate the
difference in transcript size that was observed using the AtPRP2 and AtPRP4 probes to analyze northern blots of mRNA from
expanding rosette leaves. In the right two panels, parallel northern blots containing in vitro-synthesized sense AtPRP1 and
AtPRP3 transcripts (which are of the same predicted size) were hybridized with gene-specific probes for either AtPRP1 or

AtPRP3.

germination, expression was found in root epidermis and
root hairs localized around the transition zone marking the
root/shoot junction. With further growth of the root, GUS
expression could be detected in root epidermis and root
hairs along the length of the root and was the most intense
in the root zone forming new hairs (Fig. 7a). No AtPRP3/
GUS expression was observed in the root tip. In older
seedlings, AtPRP3 expression continued to be restricted to
the regions of the main root active in root hair develop-
ment, and this pattern of expression was reiterated in
lateral roots (Fig. 7b).

Several aspects of AtPRP2 and AtPRP4 gene expression
were found to be similar during plant development. In
young seedlings, AtPRP4/GUS expression was detected in
the hypocotyl, cotyledons (Fig. 7, ¢ and d), and rosette
leaves. Staining was most intense in expanding leaves and
gradually disappeared with age (Fig. 7, e and m). After
transition to the reproductive phase of growth, AtPRP4
was found to be expressed in stems, cauline leaves, and
sepals (Fig. 7, h and n). Similar patterns of expression were
observed for AtPRP2/GUS in these tissues (data not
shown). The timing of AtPRP2 and AtPRP4 expression
during anther development was temporally controlled,
with AtPRP2/GUS transcription associated with anthers of
closed flowers (Fig. 70), while AtPRP4 expression was only
detected in anthers of open flowers (Fig. 7i). Later in de-
velopment, both genes were found to be expressed in pedi-
cels of developing siliques, nectaries, and along the length
of maturing siliques (Fig. 7, j-1).

AtPRP4/GUS was found to be uniquely expressed in
stipules of both rosette and cauline leaves (Fig. 7, e and h),
the stigma surface of opening flowers (Fig. 7i), emerging
lateral roots, and in spaced intervals along the root that may
represent initials for lateral root development (Fig. 7g).

DISCUSSION

We have isolated and characterized genomic and cDNA
clones encoding four Pro-rich cell wall proteins from Ara-
bidopsis. The expression of each of these genes is tempo-
rally and spatially regulated during plant development
and targets cell types and organs where they may function
to determine cell wall structure. In addition, AtPRP2 and
AtPRP4 represent novel members of this gene family of
extracellular matrix proteins.

Structure of the AtPRPs

The overall structure of AtPRP1 and AtPRP3 consists of
a signal sequence, an N-terminal PRP-like domain, and a
highly charged, non-repetitive C terminus. This structural
organization is similar to that predicted for a number of
other cell wall proteins, including an extensin-like protein
(ISG) from Volvox (Ertl et al., 1992), several AGP-like pro-
teins (TTS) from tobacco (Cheung et al., 1995), and three
PRP-like proteins from bean, tomato, and tobacco (Salts et
al., 1991; Sheng et al., 1991; Chen et al., 1993; Santino et al.,
1997). In both the Volvox and tobacco systems, the interac-
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Figure 7. Histochemical localization of AtPRP expression using AtPRP promoter/GUS analysis. a and b, AtPRP3/GUS. a,
2-d-old seedling; b, 8-d-old seedling. c to |, AtPRP4/GUS. ¢, 1-d-old seedling; d, 2-d-old seedling; e, 23-d-old seedling; f,
detail stipules; g, detail roots; h, immature inflorescence; i, flower cluster; j, young silique; k, detail nectaries; |, maturing
silique. m to o, AtPRP2/GUS. m, 23-d-old seedling; n, immature inflorescence; o, flower cluster.

tion of these proteins with other components within the and other matrix components resulted in the inability of
extracellular matrix was found to be critical for proper cells to complete gamete formation, while inhibition of TTS
development. Disruption of the interaction between ISG expression using antisense or sense co-suppression trans-
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genic lines resulted in a reduced rate of pollen tube growth
(Cheung et al., 1995). These studies support the potential
importance of matrix interactions between AtPRP1/
AtPRP3 and other components within the cell wall, and
indicate that such interactions may be critical for root or
root hair development in Arabidopsis.

AtPRP2 and AtPRP4 represent a second, newly de-
scribed subset of PRPs in higher plants. These genes en-
code proteins containing a signal sequence, an N-terminal
domain that is non-repetitive, and a PRP-like C-terminal
region. The predicted amino acid sequence of these two
proteins indicates that they are highly charged polypep-
tides. The PRP-like, repetitive motifs present within the
C-terminal domain are more degenerate than those ob-
served for AtPRP1 and AtPRP3 and are found to border a
Cys-rich motif (KKPCPP). While Cys-rich motifs have been
observed in other two-domain PRPs, they have previously
been found within the non-repetitive domain of these pro-
teins (Sheng et al., 1991; Chen et al., 1993; Wu et al., 1993).

Comparison of the nucleotide sequence of the four
AtPRP genes presented here indicates that these genes are
likely to have evolved from two gene duplication events.
This is supported by the conserved position of a single
intron within the unique domain of each of the AtPRP
genes and the high degree of amino acid and nucleotide
identity observed in the non-Pro-rich domains. Sequence
gaps between either AtPRP1 and AtPRP3 or AtPRP2 and
AtPRP4 are flanked by the repetitive motifs PPVX(K/T) or
PTL(P/S), suggesting a possible function for these se-
quences in recombination (Table I). In soybean, SbPRP1
and SbPRP2 variants differing in molecular mass and con-
taining multiple deletions or additions of the pentapeptide
PPVXK have been identified (Schmidt et al., 1994). This
type of variation suggests that recombination within se-
quences encoding the repetitive, Pro-rich motifs character-
istic of PRPs may provide a mechanism for generating new
structural cell wall proteins.

Possible Functions for AtPRPs in Determining
Cell Wall Structure

PRPs are thought to contribute to the cell wall structure
of specific cell types based both on their patterns of gene
expression during plant development and their ability to
associate with and become cross-linked to components
within the cell wall (for review, see Showalter, 1993). The
predicted pls of the AtPRPs range between 9.6 and 10,
suggesting that they may interact with the acidic pectin
network within the cell wall. In addition, the localization of
Cys-rich elements with the Pro-rich domain of AtPRP2 and
AtPRP4 may facilitate disulfide bond formation between
these PRPs themselves and/or other proteins within the
plant extracellular matrix. Further analysis of these novel
PRPs may provide clues about the relationship between
structural matrix protein function and cellular aspects of
growth and development.

Tyr and Lys are an abundant amino acids in both PRPs
and extensins (a second family of Hyp-rich structural cell
wall proteins) and have been implicated as the substrate
for the peroxidase-mediated insolubilization of PRPs in

soybean (Kleis-San Francisco and Tierney, 1990; Bradley et
al., 1992; Brisson et al., 1994) and in the cross-linking of
extensins within the cell wall of suspension-cultured cells
(Brady et al., 1996; Schnabelrauch et al., 1996). An extensin-
specific peroxidase has been identified in tomato cell sus-
pension cultures, and the substrate for this enzyme has
tentatively been identified as Val-Tyr-Lys. Interestingly,
two soybean PRPs containing this motif were not sub-
strates for this enzyme in vitro (Schnabelrauch et al., 1996).
Pectin/extensin cross-links have been identified in cotton
cell walls (Qi et al., 1995) and are thought to occur through
either a 3,6-linked galactan or a ferulated sugar/amino acid
cross-link (Keegstra et al., 1973; Brownleader and Dey,
1993). Thus, the insolubilization of the AtPRPs may involve
either protein/protein or protein/carbohydrate linkages
within the cell wall, and further investigation will be
needed to determine if and how the cross-linking of these
proteins within the wall contributes to the structure of the
extracellular matrix.

As more structural cell wall proteins are characterized, it
appears that extensins and PRPs may be considered mem-
bers of a superfamily of Pro/Hyp-rich cell wall proteins, as
has been suggested previously (Kieliszewski and Lamport,
1996). Several structural features of the AtPRP gene family
support this suggestion. Database analysis indicated that
AtPRP1 and AtPRP3 share 42% identity with a predicted
extensin-like protein in Nicotiana alata. In addition, AtPRP1
and AtPRP3 contain multiple Ser-Pro-Pro repeats through-
out their N-terminal domain and a single Ser-Pro, se-
quence, both of which are reminiscent of the Ser-Hyp,
repetitive motif characteristic of many extensin proteins.

The potential relationship between PRP and extensin
protein sequences is also apparent when a repetitive unit
within the AtPRP4 gene product (PPPKIEHPPPVPVYK) is
compared with a known peptide sequence found within a
sugar beet extensin (SOOVHEYPOOTOVYK), where O
represents Hyp. However, it will be necessary to gain a
better understanding of the sequences critical for extensin
and PRP function within the cell wall before we can inter-
pret whether this level of sequence conservation represents
the remnants of a common evolutionary history or simply
reflects conserved functional motifs required for the inter-
action of HRGPs and PRPs with other extracellular matrix
components.

Developmental Regulation of AtPRP Gene Expression

Each of the AtPRP genes was differentially expressed.
AtPRP1 and AtPRP3 transcripts were only detected in root
tissue. This was supported by histochemical promoter/
GUS analysis, which localized expression of AtPRP3 to the
regions of the root producing root hairs. GUS expression
was not observed in older parts of the root or in the root
tip, indicating that AtPRP3 may play an important role
during root hair formation. Two extensin genes with root-
hair-specific expression patterns have recently been iden-
tified in tomato and bean (Arsenijevic-Malisimovic et al.,
1997; Bucher et al., 1997), suggesting that at least two
families of structural proteins may dictate aspects of cell
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wall architecture necessary for the initiation and growth of
root hairs in different plant species.

Northern hybridization analysis of AtPRP2 and AtPRP4
gene expression indicated that transcripts for these cell wall
protein genes are most abundant in leaf, stem, and repro-
ductive tissue. Analysis of AtPRP2/GUS and AtPRP4/GUS
expression patterns supported these observations and
showed that both of these genes are highly expressed in the
hypcotyl and cotyledons of young seedlings, immature
rosette and cauline leaves, stems, sepals, anthers, siliques,
and in nectaries at the silique-pedicel junction. AtPRP4 was
also found to be expressed uniquely in the stipules and
stigma of opening flowers. Furthermore, AtPRP4 may play
an important role in establishing a cell wall matrix neces-
sary for the initiation and early stages of lateral root de-
velopment, as its expression was observed in spaced inter-
vals along the root and at junctions between laterals and
the main root. A similar pattern of expression has been
observed for a tobacco extensin gene (Keller and Lamb,
1989). However, these two genes differ in their expression
pattern, as AtPRP4 is strictly associated with the early steps
of lateral root initiation, while the tobacco extensin gene is
also associated with lateral tip growth. Analysis of the
regulation of AtPRP4 expression in association with the
hormonal regulation of lateral root development will pro-
vide additional insight into the possible relationship be-
tween AtPRP4 function and lateral root growth.

In summary, we have characterized the structure and
expression of four members of the PRP gene family in
Arabidopsis. These genes predict cell wall proteins that fall
into two classes based on domain structure, sequence iden-
tity, intron location, and patterns of gene expression during
plant development. In addition, two of these proteins
(AtPRP2 and AtPRP4) represent a newly described class of
structural cell wall proteins whose function may involve
novel interactions within the extracellular matrix and pos-
sibly with proteins within the cell membrane. Analysis of
the protein products of these genes using genetic and bio-
chemical approaches readily available in Arabidopsis will
provide an opportunity to dissect the mechanism(s) by
which PRPs interact with other cell wall polymers in dis-
tinct cell types during plant development and in response
to environmental stimuli.
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