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Extensins are hydroxyproline-rich glycoproteins found in
many plant cell walls as a major protein component. The pep-
tide Ser-Hyp-Hyp-Hyp-Hyp is abundant in the extensins.
Using extensin cDNA clones as probes, we isolated six dif-
ferent clones from carrot genomic libraries. One of the
genomic clones, pDC5A1, was characterized and found to
contain an open reading frame encoding extensin and a single
intron in the 3'-non-coding region. The derived amino acid
sequence contains a signal peptide sequence and 25 Ser-Pro-
Pro-Pro-Pro repetitive sequences. Two extensin transcripts
were found corresponding to pDC5A1 with different 5' start
sites. These transcripts increase in abundance after wound-
ing. This is consistent with the reported extensin accumulation
in the cell wall upon wounding.
Key words: hydroxyproline-rich wall protein/wounding

The determination of the amino acid sequence of extensin is
difficult because of the presence of many post-translational modi-
fications and repetitive amino acid sequences, especially of imino
acids. However, partial amino acid sequences of proteolytic
fragments of cell wall-bound tomato extensins have been reported
(Lamport, 1977). The most significant finding from this work
has been the identification of several peptides containing the
pentapeptide Ser-Hyp-Hyp-Hyp-Hyp, and an intra-molecular
linkage involving isodityrosine (IDT) which has the sequence 1/2
IDT-Lys-1/2 IDT-Lys (Lamport, 1977; Epstein and Lamport,
1984).
Two extensin cDNA clones (Chen and Varner, 1985), isolated

from a cDNA library constructed from wounded carrot root
mRNA, were used as probes to isolate extensin genomic clones.
Here we describe (i) the isolation of six extensin genomic clones
from carrot, (ii) the characterization of one of the genomic clones,
pDC5A1 and (iii) the expression of pDC5A1 in wounded tissue.
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Introduction
At least three classes of hydroxyproline-rich glycoproteins exist
in higher plants (McNeil et al., 1984). These are (i) the exten-
sins, (ii) the arabinogalactans and (iii) the solanaceae lectins. The
extensins were discovered, named, and partially characterized
by Lamport. Extensins are found most abundantly in the cell walls
of dicotyledonous plants (Lamport, 1965). Extensins are synthe-
sized on the endoplasmic reticulum, glycosylated in the Golgi
apparatus, and secreted to the cell walls (Chrispeels and Sadava,
1974). After the protein is secreted into the cell wall space it
becomes increasingly insolubilized (Cooper and Vamer, 1983).
Such insolubilization appears to be due, at least in part, to the
formation of isodityrosine residues (IDT, two tyrosine residues
covalently cross-linked by a diphenyl ether linkage) (Fry, 1982).
Extensins are assumed to play a role in the structure of plant
cell walls and may therefore be important in controlling growth.
Extensin accumulates in plant cell walls upon wounding (Chris-
peels et al., 1974) and pathogen attack (Esquerre-Tugaye and
Lamport, 1979), indicating that it is involved in defence.
The soluble form of extensin produced in wounded carrot root

tissue has a mol. wt. of - 86 000 daltons and consists of one-
third protein and two-thirds carbohydrate (Stuart and Vamer,
1980). The estimated mol. wt. of the polypeptide is 30 000
daltons. Six amino acids (hydroxyproline, serine, histidine,
lysine, tyrosine and valine) comprise 95% of the polypeptide
backbone (Stuart and Varner, 1980). The carbohydrate moiety
is composed largely of arabinose which is attached to hydroxy-
proline, and a small amount of galactose which is thought to be
attached to serine (Van Holst and Varner, 1984; Lamport et al.,
1972). The carbohydrates serve to stabilize the protein into a rigid
rod-like structure (Van Holst and Vamer, 1984).
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Fig. 1. Southern blot of carrot genomic DNA digested with restriction enzymes
EcoRI or Hindlll and hybridized to extensin cDNA clone pDC5. In lane A
and lane B, 5 jig carrot DNA was digested with EcoRI -and HindIl,
respectively; in lane C, 0.1 jg pDC5 plasmid DNA was digested with
HindlI. The insert of pDC5, which is 750 bp in size, was nick-translated
and used as a probe. After hybridization, the blot was washed at 55°C with
2 x SSC. Under these conditions 30% mismatch was allowed. Markers
indicate the length of DNA in kilobase pairs (kb).
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10 20 30 40 50 60 70
PDC5A1 INSERT R X GAATTCATTATTGACAGACTCAAAGTTAGATrAGAGTACTAAT1-rGCcTTTrATCTGATATAAAA

RXP X X X R EcoRI ~~~ ~~ ~ ~~~~~~8090 100 110 120 130 140
1 242 553 2059 -2600 -3300 -4000 CCCGTTACTAAATGAACTAATTAAGTGATACGCTAAGCATGCCCTATCCCCTATGTATCGATrTrTATAA

HOMOLOGOUS SEQUENCE OF PDC5 1550 -v 2120 TTCATTTTTTTTTATTTCACCTAAT^w^^^TTTT^ssTT^w^A150160 170 180 190 200 210
HOMOLOGOUSSEQUENCEOF~~~~~~~~~~~~DC5 ~ ~ ~ TTGATTTTrrTTTTATTTGACGTAATAGAAATTTTAGGTTAGAACTAAAAAGGTCAATACGAATAAACAAA

LONG TRANSCRIPT 435 7z2120
SHORT TRANSCRIPT 719 8X2120

INTRON 1689-1873
CODING REGION 750 1667
SUBCLONES: VECTORS: INSERTS:
PDC5A1 PUC8 R R
485AlXP MWB2348 P X

485AlXPD45 MWB2348 P-902
485AlXPD10 MWB2348 P- 1080
485AlXPD18 MWB2348 P - 1176
485AlXPD22 MWB2348 P 1355
8+5AlXPD2 PEMBL8+ P 1466
485AlXPD8 MWB2348 P 1613
8+5AlXPD1 PEMBL8+ P 1838
P195A1X4 MP19 X-X
8+5A1PRL PEMBL8+ R P
9+5AlRPL PEMBL9+ R P
r.a.A1DU .FM0I . P R

220 230 240 250 260 270 280
ACTAGAAAAGGGAAAATAATTATTAATTTTTTCTAGAATCGTATGTTAAAAATCTCCACACACTTCATGT

XbaI
290 300 310 320 330 340 350

GTTATATATCGTGTGTGTGAATGCAGTAGCAAAACATTACTAGATAGTTCAATTAGCTTGCAGGCCACTG

360 370 380 390 400 410 420
AAAAAAAAACACAATTAGAAACACCGACTCTGAAAAGTAAAAATTATACAATGAAAATACGACAAGTCAT

430 440 450 460 470 480 490
TTGACATTTCAAACGAATGATGTTAATATCATGATCCAAATTCTCATTCTTTTTTCTTTCTTTCr GA

*long transcript start
---18 bp repeat-->

500 510 520 530 540 550 560
CAGAGATCCAAATTCTCATTCTGATAATACATGTTTAGATATAGTTGTTGACTTGTTGGCCTCTGCAGAG

---18 bp repeat--> PstI
570 580 590 600 610 620 630

GGAAAAAAGAAAGAAAAAAAAATAAAGAAAGAGAGTTGTTGGCTTCTTCAAATATTTATATATATrTAAG

640 650 660 670 680 690 700
TAACATTTTGTACCGATTATTGAAATCATCTGTCACGGTGAGTAGATCACCAAGGCTATAAATAGAGGGC

710 720 730 740 750 760 770
CAGTTTTAGTTGAAAGCATAACACAACAAGCCTTTTGGTTGTAGTAAACATCGGAAGAATTGCTAGAGCC

*short transcript start MetGlyArgIleAlaArgGly

780 790 800 810 820 830 840
TCAAAAATGAGTTCTCTCATTGTGTCTTTGCTTGTAGTATTGGTGTCACTCAATTTGGCTTCCGAAACCA
SerLysMetSerSerLeuIleValSerLeuLeuValValLeuValSerLeuAsnLeuAlaSerGluThrT
-------------------------signal peptide-------------------------------

850 860 870 880 890 900 910
CAGCTAAATACACTTACTCCTCTCCACCACCTCCCGAGCATTCTCCTCCACCGCCGGAGCATTCTCCTCC
hrAlaLysTyrThrTyrSerSerProProProProGluHisSerProProProProoluHisSerProPr

920 930 940 950 960 970 980
TCCGCCTTACCACTACGAATCCCCGCCCCCGCCTAAACATTCTCCACCACCACCTACACCGGTTTACAAG
oProProTyrHisTyrGluSerProProProProLysHisSerProProProProThrProValTyrLys

uJnomir i rLIvuDLO-r 990 1000 1010 1020 1030 1040 1050
9+5A1RPH_PEMBL9+ P TACAAGTCTCCACCGCCTCCTATGCATTCTCCTCCACCGCCTTATCATTTTCGATCTCCACCTCCACCAA
RER TyrLysSerProProProProMetHisSerProProProProTyrHisPheGluSerProProProProL

1060 1070 1080 1090 1100 1110 1120
AACATTCTCCACCACCACCAACGCCGGTTTACAAGTACAAATCTCCACCACCACCTAAACArTccTCTCGFig. 2. Restriction map of pDC5A1 insert, containing a carrot extensin ysHisSerProProProProThrProValTyrLysTyrLysSerProProProProLysHisSerProA1

gene. Restriction endonucleases are abbreviated as follows: R: EcoRI, P:
PstI and X: XbaI. Relative positions of the long and short transcripts of ACCAG0TCATCATTATAAATACAAGTCTCCACCACCACCAACACC0GTTTATAAGTATAAATCTCCACCA
pDC5Al, and homologous region of cDNA clone pDC5 to pDC5A1 are aProValHisHisTyrLysTyrLysSerProProProProThrProValTyrLysTyrLysSerProPro
indicated. Subclones are diagrammed showing the region of pDC5A1 insert 1200 1210 1220 1230 1240 1250 1260

CCACCAAAGCATTCTCCTGCACCAGAACATCACTATAAGTACAAGTCTCCACCACCACCTAAGCATrTTCthey contain along with the vector which was used in the construct. ProProLy3HisSerProAlaProGluHisHi3TyrLysTyrLysSerProProProPratysHisPheP
1270 1280 1290 1300 1310 1320 1330

CTGCACCAGAACATCACTATAAGTACAAGTACAAGTCTCCACCACCACCAACACCGGTCTACAAGTATAA
Results roAlaProCluHisHisTyrLysTyrLysTyrLysSerProProProProThrProValTyrLysTyrLy

1340 1350 1360 1370 1380 1390 1400Genomic clones of the extensin genes ATCTCCACCACCTCCAACACCGGTCTACAAGTACAAGTCTCCACCACCACCCAAGCATTCTCCCCCACCAsSerProProProProThrProValTyrLysTyrLysSerProProProProLysHisSerProAlaPro
We used extensin cDNA clone pDC5 (Chen and Varner, 1985) 1410 1420 1430 1440 1450 1460 1470
to identify homologous sequences in carrot genornic DNA. GTACACCATTACAAGTACAAGTCTCCACCACCACCAACTCCAGTTTATAAAT =CACCACCACCCGAAC
Several fragments from carrot genomic DNA digested with the 1480 1490 1500 1510 1520 1530 1540
restriction enzyme EcoRI or HindIII hybridized to the pDC5 isSerProProProPrProValTyr rLyssSerProProProProMtHisSerProProPr
probe (Figure 1). Of these, the most intense hybridization oc- 1550 1560 1570 1580 1590 1600 1610
curred with a 4-kb fragment from the EcoRI-digested DNA. ACCAACACCAGTTTACAAGTACGCACCTCCCCCcAGrACTCT
Because this fragment showed the strongest homology to the 1620 1630 1640 1650 1660 1670 1680
pDC5 probe, it was likely that it contained a large proportion COACCACCACCCAAACATCACTACTCCTATACGTCACCTCCTCCTCCTCACCACTACTAATAAAAACTCT
of the cDNA sequence. Therefore, we cloned size-fractionated 1690 1700 1710 1720 1730 1740 1750
4-kb EcoRI fragments into lambda charon 4A. A 4-kb EcoRI CCCTAAAGGTACGTGTTAATCTTAATGCATGGGTCATGAAAATGTATAATGAACTAAAATTAAAGTTAAC
insert in one of the genomic clones hybridized to the extensin 1760 1770 1780 1790 1800 1810 1820

ATCTAATAATATCTATACCTATTTAACGTAAGACATTTTATGTCTTTATAGAATCrMTTTCCAAAAA
cDNA probe and was subcloned into pUC8 (Vieira and Messing, ---------------------- intron sequence -------------------------1830 1840 1850 1860 1870 1880 1890
1982) as pDC5A 1. The restriction map and serial subclones of TGTAACTATATAAATTGGAATGGCCATTTACTAAAGTTCATATACATTTCCACCACACTGATGGAGCCCA
the pDC5Al insert are shown in Figure 2. 1900 1910 1920 1930 1940 1950 1960ACTTAAGAAGATGAAGTAAAATAATCGCTTGCACGATGATTTCGTTTTTATAAATATGI-GATCGAAWe also constructed a more representative genomic library with
lambda vector EMBL 3 (Frischauf et al., 1983). Partially digested TATGATATTTTTGTTGTATTCTAGTATGGGTCATTTGCTTTTTGCrGAATGAATAACATTTACATAT
Sau3Al DNA fragments were cloned in lambda EMBL 3. Five 2040 2050 2060 2070 2080 2090 2100

GCATGTAGCATCGGGGAACCTCTTGACCTCTAGAAATAGAGGMGTTATTCTCCCATTAAAGCAATTATof the genomic clones were found to contain sequences hom- Xba2
ologous to the extensin cDNA probe by plaque hybridization. ATGAATAGTATTTCTGrATGAATTAATGCCATTACTAGCTAGTAGTArrATTTGTGAGGTCTGCGAGG

Restriction maps of these cloned DNAs and Southern blot hybrid- 21802190AoAyaA2200 atAoA2210 2220 2230 2240
ization to the pDC5A l insert probe indicated that these clones
are different from one another (data not shown). Fig. 3. DNA sequence of pDC5Al. The inserted DNA of pDC5A1 was

subcloned into M 13 phage vectors and sequenced according to methodsThe sequence of genomic clone pDCSAJ insert described by Barnes et al. (1983). Only the first 2230 bp of pDC5Al insert
We sequenced a 2.2-kb segment of the insert of pDC5Al, which (4 kb) was sequenced. The start sites of the two RNA transcripts, an 18-bp
has the homologous sequence to pDC5 (Figure 3). In this se- direct repeat, the intron splicing sites and the polyadenylation sites are
quence 399 nucleotides (at position 1537- 1688 and 1874-2120 indicated. Sequences similar to the CAAT box and TATA box and

polyadenylation signal sequences were underlined with **. The predictedin Figure 3) are identical to the insert of extensin cDNA clone amino acid sequence along with the putative signal peptide cleavage site is
pDC11, and 386 nucleotides (at position 1550- 1688 and 1874- also shown.
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Carrot extensin gene

Table I. Comparison of the amino acid composition (expressed as mol. %)
between purified tomato extensin P1 (Smith et al., 1984), carrot extensin
(Van Holst and Varner, 1984), and that derived from the DNA sequence of
the pDC5A1 insert.

Amino acid Predicted from Analysis of purified extensin
DNA sequence Carrot Tomato P1

Proline 42.3 45.7a 41.8a
Tyrosine 12.0 11.0 8.9
Lysine 11.7 6.7 10.1
Serine 10.9 14.2 9.5
Histidine 9.5 11.8 7.1
Valine 4.0 5.9 5.0
Threonine 3.6 1.2 7.2
Glutamate 2.6 0.4b I gb
Glutamine 0.0 - -
Alanine 1.4 0.4 2.0
Methionine 1.1 0.0 0.0
Phenylalanine 0.7 0.0 0.6
Tryptophan 0.0 1.2 -

Isoleucine 0.0 0.4 0.9
Aspartate 0.0 0.4c 1.8c
Asparagine 0.0 - -

Leucine 0.0 0.4 0.8
Glycine 0.0 0.4 1.6
Cysteine 0.0 0.0 0.0
Arginine 0.0 0.0 0.7

aAs the total amount of proline and hydroxyproline.
bAs the total amount of glutamate and glutamine.
CAs the total amount of aspartate and asparagine.
Because the first 32 amino acids in the derived extensin peptide sequence is
likely to be signal peptide, we did not include it in the amino acid
composition.

2120) are identical to the pDC5 insert. In addition, 185 nucleo-
tides are present in the genomic clone pDC5A1 at position 1689-
1873 but are not present in the cDNA clone pDC 11, and may
represent intron sequences. The sequence also indicates that
pDC5A1 is the genomic clone corresponding to the cDNA clone
pDC 1 1.

In the DNA sequence (Figure 3) there are three open reading
frames, two being on the same strand and one (270 amino acid
residues) on the complementary strand. However, the latter strand
is not transcribed (as described below). One open reading frame,
encoding 292 amino acid residues, does not contain an ATG at
the 5' end, and is therefore unlikely to be translated. The re-
maining open reading frame encodes a proline-rich polypeptide
(Figure 3) which contains 306 amino acids and has a mol. wt.
of 34 225 daltons. In the predicted amino acid sequence, Ser-
Pro-Pro-Pro-Pro, Tyr-Lys-Tyr-Lys and Thr-Pro-Val were found
as major repeat units. Due to analogous amino acid sequences
in purified extensin, we believe that the genomic clone pDC5A1
represents one of the genomic sequences encoding for extensin
in carrot. There are, however, some differences in the amino
acid composition between purified carrot extensin (Van Holst and
Varner, 1984) and the composition of extensin predicted from
the DNA sequence of pDC5A1 (Table I).
A putative signal peptide sequence of 32 amino acids at the

amino terminus of the predicted protein encoded by the genomic
clone pDC5A1 was identified (Figure 3) using the rules of Von
Heijne (1983). The analysis of hydrophobicity (Kyte and Doo-
little, 1982) of the amino acid sequence indicates that the whole
protein is hydrophilic except for the first 32 amino acids.
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Fig. 4. DNA hybridization analysis to determine the copy number of the
4-kb fragment, the extensin DNA sequence encoded by pDC5Al insert, in
carrot genome. 10 Ag of carrot DNA (lane E) along with 500, 250, 100
and 50 pg of pDC5A1 DNA (lanes A-D) were digested with EcoRI. The
size of pDC5A1 is -7000 bp. The nick-translated pDC5A1 insert DNA was
used as a probe. After hybridization the blot was washed at 68°C with
2 x SSC. Under these conditions 20% mismatch was allowed. Taking
carrot haploid genome size as 1.4 x 109 bp, a single copy equivalent of
pDC5Al DNA will be 50 pg.

Characterization of the genomic clone pDCSAI
We determined the copy number of the 4-kb EcoRI fragment
in the carrot genome corresponding to the DNA insert of the
pDC5A1 by Southern blot hybridization. Taking the carrot
haploid genome- size as 1.4 x 109 bp (Bennett and Smith, 1976),
multiples of single copy equivalents of pDC5A1 were used to
determine the number of copies of this sequence in the carrot
genome by DNA blot hybridization (Figure 4). It was determined
that there is only a single copy of the 4-kb EcoRI fragment cor-
responding to DNA insert 'of pDC5A1 per haploid genome of
carrot.
To identify extensin transcripts in unwounded or wounded car-

rot root slices, we isolated total RNA and poly(A) + RNA from
both types of tissue. RNA samples were separated in 1% formal-
dehyde gels, blotted to nitrocellulose filters, and hybridized to
the DNA insert of pDC5A1 (Figures 5 and 8). An RNA of -

1500 nucleotides was the major species recognized by the probe
pDC5A1 in RNA from both samples. A longer exposure of the
autoradiograph revealed several larger transcripts as well. There
was a higher level of extensin RNA transcripts detected in wound-
ed carrot than in unwounded carrot (Figure 5). These Northern
blot hybridization results indicate that extensin transcripts ac-
cumulate upon wounding. This is consistent with the result that
hydroxyproline-rich glycoproteins accumulate in the cell wall
upon wounding (Chrispeels et al., 1974).

Analysis of the possible coding sequence from the DNA se-
quence data indicated that, in addition to the coding sequence
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Fig. 5. Upon wounding carrot extensin RNA is accumulated as shown by
hybridization of RNA isolated from unwounded (lanes A,C,E,G,I,K) and
from wounded carrot (lanes B,D,F,HJ,L) with probes of pDC5Al insert
DNA (lanes A-F) and 8+5A1PRL (lanes G-L). Lanes A, B, G and H
contain 20 /tg of total RNA; lanes C, D, I and J contain 20 /Ag of poly(A)-
RNA, and lanes E, F, K and L contain 4 jg of poly(A)+ RNA. The probe
of pDC5Al insert DNA was labeled by nick-translation and the probe of
8+5A1PRL was synthesized from single-stranded DNA with a sequencing
primer (GTAAAACGACGGCCAGT). The RNA hybridized to the probe
8+5A1PRL has the size of 1800 nucleotides which is the long transcript of
pDC5A1.

for extensin, there is another possible coding sequence on the
complementary strand. We determined whether both strands of
pDC5Al are transcribed by first producing strand-specific probes
generated from clones 8+5AIPRH or 9+5AlRPH using a
16-mer (CACAATTCCACACAAC) as primer. Single-stranded
[32P]DNA was hybridized to the total RNA from the wounded
tissue. Only the strand which coded for extensin was observed
to be transcribed upon Northern hybridization analysis (Figure 6).
We examined the gene structure of extensin encoded by pDC-

SAl using SI nuclease mapping. From the comparison of the
cDNA sequence to the genomic DNA sequence, it appeared
that there is an intron in the 3'-untranslated region. This was
confirmed by SI mapping using the DNA fragment (558 -2064)
of pDC5A1 and poly(A)+ RNA from wounded tissue. The probe
was synthesized from 485A1XP with the sequencing primer
(GTAAAACGACGGCCAGT from New England Biolabs) as de-
scribed in Materials and methods. A 191-bp fragment, which
is resistant to SI nuclease and corresponds to 1874-2064 of
pDC5A1 sequence, was identified (Figure 7); the other SI
nuclease-resistant fragment (558- 1688) which would contain
1131 nucleotides could not be resolved by this gel. We also used
SI mapping to identify the 5' end of extensin transcripts by using
DNA fragments (1-557 or 558-902) ofpDC5A1 (synthesized
with sequencing primers GTAAAACGACGGCCAGT from
8+5A1PRL and 485AlXPD45) and poly(A)+ RNA from
wounded carrot. Data obtained from these experiments indicate
that there are two transcripts with different 5' start sites at pos-

Fig. 6. Determination of which of the two strands of pDC5A1 is transcribed
by RNA hybridization analysis with strand-specific probe. Strand-specific
probes were synthesized from 8+5A1PRH (lane A) and 9+5AlRPH (ane
B) single-stranded DNA with a hybridization primer (CACAATTCCA-
CACAAC). 5 yg poly(A)+ RNA isolated from wounded carrot was loaded
in each sample.

itions 435 and 719 (Figure 7). This result was further confirmed
by using the DNA fragment (1-557) of pDCSA1 as a probe
(synthesized with a sequencing primer GTAAAACGACGGC-
CAGT from 8+5A1PRL) on Northern blots of total RNA and
poly(A) + RNA from wounded tissue. Only the long transcripts
(- 1800 nucleotides in size) were found to hybridize to this probe
(Figures 5 and 8). However, when the whole insert of genomic
clone pDCSA1 or the DNA fragment (553-4000) of pDCSA1
(synthesized from 9+5A1RPH with a sequencing primer GTA-
AAACGACGGCCAGT) were used as probes, we found both
the long (1800nucleotides) and short transcripts (1500 nucleo-
tides) (Figure 8). When the DNA sequence ofpDCSA1 was ana-
lyzed, an 18-bp direct repeat in the 5'-non-coding sequence
(453 -470 and 495 -512) was detected. This repeat would be
present in the 1800-nucleotide transcript but would not be in the
1500-nucleotide transcripts (Figure 3).

Discussion
The cell walls of higher plants are made up of large and com-
plex macromolecules, mainly polysaccharides. Extensin, which
comprises 5-10% of the cell wall, is the major protein compon-
ent of the cell wall. There is evidence that the level of extensin
is developmentally regulated (reviewed in Varner and Cooper,
1983) and wounding leads to a dramatic increase in the rate of
synthesis of extensin (Chrispeels and Sadava, 1974).
We have taken a molecular approach towards analyzing the

structure and wound-related expression of extensin. We have iso-
lated and characterized a genomic clone pDCSA1 from a carrot
genomic DNA library, which contains a 4-kb EcoRI insert and
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Fig. 8. To demonstrate that there are two transcripts from pDC5A1, 5 ig

poly(A)+ RNA isolated from wounded carrot was hybridized to the
following probes: pDC5Al insert (ane A), 9+5AlRPH (lane B) and
8+5A1PRL (ane C). Probes of 9+5AIRPH and 8+5A1PRL are

synthesized from single-stranded DNA with a sequencing primer
(GTAAAACGACGGCCAGT) and pDC5A1 insert DNA is labeled by nick-
translation. The two transcripts are 1500 and 1800 nucleotides in size,
respectively. Other larger transcripts hybridized to the pDC5Al insert probe
may represent RNA transcribed from other genes which have sequences

homologous to extensin gene.

Fig. 7. SI mapping of extensin RNA transcripts. In panel a, DNA
fragments synthesized from single-stranded DNA of 485AlXP (sample 1)
and 485AlXPD45 (sample 2) with a sequencing primer (GTAAAACG-
ACGGCCAGT) were annealed with 10 lAg poly(A)+ RNA isolated from
wounded carrot and then treated with SI nuclease. The SI nuclease-resistant
fragments (indicated by arrows) were separated by a sequencing gel along
with the sequence ladder of 485A1XP as a size marker. The sizes of
resistant fragments are 191 and 184 nucleotides, respectively. The label of
+ or - represents with or without SI nuclease treatment. In panel b,
DNA fragments synthesized from single-stranded DNA of 8+5A1PRL with
a sequencing primer (GTAAAACGACGGCCAGT) were used for the S1
mapping. The sequence ladder of 8+5AlPRL was used as a size marker.
The SI nuclease-resistant fragment is 123 nucleotides in size.

hybridized to a previously described cloned extensin cDNA (Chen
and Varner, 1985). Part of the DNA insert from genomic clone
pDC5A1 was sequenced. The clone pDC5A1 is thought to rep-

resent an actively transcribed gene in carrot root tissue based
on the following evidence: (i) the sequence of the cDNA clones
pDC5 and pDC1 1 are contained within the sequence of the gen-
omic clone pDC5Al; (ii) the Si mapping experiments showed
that poly(A)+ transcripts corresponding to this gene were pro-
tected by the pDC5Al genomic DNA. The DNA sequence of
pDC5A1 contains an open reading frame encoding a proline-rich
polypeptide. We found a signal peptide-like sequence in this
predicted amino acid sequence. Because the amino acid sequence
of carrot extensin is unknown, the cleavage site can only be pre-
dicted based on the rules of Von Heijne (1983). We expected
to find such a signal sequence in extensin, because newly formed
extensins must be transported through the cell membrane in order
to reach the cell wall.

Ser-Pro-Pro-Pro-Pro, Thr-Pro-Val and Tyr-Lys-Tyr-Lys are
the major repetitive units in the amino acid sequence derived from
the sequence of pDC5A1. Lamport reported that Ser-Hyp-Hyp-
Hyp-Hyp, Thr-Hyp-Val and 1/2 IDT-Lys-1/2 IDT-Lys exist in
the tomato cell wall protein as repetitive units (Lamport, 1977;
Epstein-and Lamport, 1984). Both hydroxyproline and isodityro-
sine (IDT) are formed by a post-translational modification of pep-
tide residues (Chrispeels, 1970; Cooper and Varner, 1983).
Therefore, Ser-Pro-Pro-Pro-Pro, Thr-Pro-Val and Tyr-Lys-Tyr-
Lys would be the repetitive sequences found in the extensin
precursor. The similarity between the extensin peptide sequences
of tomato and the predicted amino acid sequences from carrot
genomic clone pDC5AI, indicate that pDC5A1 represents one
of the genomic sequences encoding extensin in carrot. The simi-
larities also indicate that the peptide sequences of extensins may
be conserved in other plants. There are differences in the amino
acid composition between purified carrot extensin and the com-
position of extensin predicted from the DNA sequence (Table
I). The differences may be due to deviations in the amino acid
composition analysis, minor impurities or a population of ex-

tensins in the preparation of extensin from carrot. Two different
extensin proteins have been isolated from tomato cell walls (Smith
et al., 1984). Peptide mapping with cyanogen bromide or pro-
teases and sequence of peptides of the carrot extensin would
distinguish among these possibilities.
Most of the proline residues in carrot extensin are hydroxyl-

ated. The distance from the hydroxyl group of serine, of threon-
ine, or of hydroxyproline to the #4 carbon of the adjacent proline
in the peptide chain is similar as estimated from molecular models
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of these peptides. We propose that the hydroxyl group of the
amino acids, Ser, Thr and Hyp, immediately in front of proline
residues is the signal for hydroxylation by a specific hydroxyla-
tion enzyme. This proposal predicts that the first proline
residue in the Ser-Pro-Pro-Pro-Pro repeat will be hydroxylated,
and the second only after the first, and so on. The Ser-Hyp-
Hyp-Hyp-Hyp repeats produced after proline hydroxylation
would be expected to have a polyproline II helical structure ac-
cording to c.d. spectra and be the backbone for the extensin
molecule which when visualized by electron microscopy is an
extended rod (Van Holst and Varner, 1984).

In many genes there are codon usage biases (Lycett et al., 1983)
and this is the case in the carrot extensin gene. The codons CCA
(73 times) or CCT (22 times) are usually used for proline and
TCT (25 times out of 30) is used predominantly for serine.
Because of these codon usage biases it is possible that there is
a translational control of extensin gene expression which depends
upon the availability of specific charged tRNAs.
RNA from either unwounded or wounded carrots hybridized

to the pDC5A1 probe. Both 1500- and 1800-nucleotide transcripts
were found in RNA isolated from wounded and actively grow-
ing unwounded carrot. With a longer exposure we detected
several large mol. wt. transcripts homologous to pDC5Al. We
do not know whether these transcripts are transcribed from the
gene corresponding to pDC5Al or from the related genes.
However, only a low level of 1500-nucleotide transcript and an
even lower level of the 1800-nucleotide transcript were present
in RNA isolated from unwounded carrot which had been stored
for prolonged periods of time at 4°C. The mRNA levels of the
extensin increased remarkably with wounding (100-fold differ-
ence) in carrots that had been stored at 4°C (Figure 5). However,
the increase in the extensin RNA of wounded carrots which are
active in growth is only several fold (data not shown). During
wounding extensin transcripts accumulate in the cytoplasm and
extensin accumulates in the cell wall (Chrispeels et al., 1974).
It also has been observed that extensins accumulate in cell walls
following ethylene treatment (Toppan et al., 1982) and fungal
infection (Esquerre-Tugaye et al., 1979). However it is not under-
stood what primary signal activates the expression of extensin
genes.

In the 5'-flanking sequence of pDC5A1 we found sequences
similar to the TATA boxes reported in other eukaryotic genes
(Efstratiadis et al., 1980) at positions - 35 nucleotides upstream
of either long (1800 nucleotides) or short (1500 nucleotides)
transcripts. Sequences similar to the CAAAT were also observ-
ed upstream of the TATA box, with -40-50 nucleotides
separating the two sequences (Figure 3). We do not know whether
there are two promoters or if there is a processing of transcripts,
which is responsible for these two transcripts. An 18-bp direct
repeat is present in the 5'-non-coding region of the longer tran-
script but not in the short transcript. The significance of this direct
repeat is unclear, but the repeat may be relevant to the existence
of two transcripts from this extensin gene. Further experiments
(e.g., in vitro transcription, mutation analysis) are required to
establish the sequences required for the transcriptional control.
A single intron in the extensin gene exists in the 3'-non-coding
region. Sequences conserved at the splicing junctions of other
systems, (exon)/GT.....AG/(exon) (Lemer et al., 1980), also
occur in the junctions of this gene. In mouse major urinary pro-
tein genes, one of the introns is in the 3'-non-coding-region (Clark
et al., 1984). The rarity of introns in the 3'-non-coding-region
has been suggested to play some, as yet unknown, role in gene
expression (Clark et al., 1984). The 3'-flanking sequence of the
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pDC5A1 genomic sequence contains the putative polyadenylation
signal, AATAAG (Hu et al., 1982).
The fact that extensins and collagens are hydroxyproline-

containing glycoproteins, and occur in extracellular matrices, has
led to the suggestion that they may have common evolutionary
precursors (Aaronson, 1970). Comparisons of the DNA and
amino acid sequences between carrot extensin and collagens
(Vogeli et al., 1981) do not support this hypothesis. Agglutinin
(Cooper et al., 1983) and cell wall proteins (Roberts, 1979) of
Chlamydomonas are hydroxyproline-containing extracellular
glycoproteins, which may have domains rich in hydroxyproline
with extended structures similar to extensin and other domains
for specialized biological function. As more data are generated
on the structure of extracellular matrix proteins in eukaryotes,
we anticipate more interesting clues to their biological and evo-
lutionary relationships.

Materials and methods
Carrots were either purchased from local grocery stores and stored at 4°C until
use or were grown in the greenhouse. For wounded tissue, carrots were sliced
to 1 mm in thickness and incubated in a moist chamber at 25°C for 48 h. En-
zymes used in nucleic acid manipulations were purchased from New England
Biolabs and Bethesda Research Labs and were used as recommended by the sup-
pliers. Nitrocellulose paper was from Schleicher and Schuell. [c-32P]dATP (>400
Ci/mmol) was from Amersham and other nucleotides were from P.L. Biochemi-
cals. The X-ray film used was XAR-5 from Kodak. Sequencing primers and
hybridization primers were from New England Biolabs.
Construction of genomic DNA libraries
Carrot DNA was isolated from carrot root by lysing nuclei and purifying the
DNA through a CsCl-ethidium bromide gradient as described (Rivin etal., 1982).
Carrot DNA was completely digested with the restriction enzyme EcoRI and frac-
tionated through a sucrose gradient (Maniatis et al., 1982). DNA in fractions
containing 4-kb EcoRI fragments was pooled and cloned into bacteriophage lambda
charon 4A vector (Blattner et al., 1977) with Escherichia coli K802 as a host.
Another carrot genomic library was constructed using the lambda vector EMBL
3 (Frischauf et al., 1983). Genomic DNA partially digested with Sau3Al was
size fractionated. DNA fragments of - 17 kb were cloned into lambda EMBL
3 with E. coli Q364 as a host. Plaque hybridization was according to the methods
of Benton and Davis as described by Maniatis et al. (1982).
DNA sequencing and Southern hybridization
The insert DNA of recombinant lambda phages was subcloned into plasmid vec-
tors pUC8 (Vieira and Messing, 1982), pEMBL8+, or pEMBL9+ (Dente et
al., 1983) or M13 phage vectors mpl9 (Norrande et al., 1983) or mWB2348
(Barnes et al., 1983) with E. coli strains JM 83 and JM 103 as hosts (Vieira
and Messing, 1982). For sequencing, serial deletions were made in the subcloned
inserts and sequenced by the Sanger method as described by Barnes et al. (1983).
DNA sequences were analyzed with computer programs written by W.M.Barnes.
Restriction enzyme-digested DNA was separated in agarose gels containing
135 mM Tris-HCl, 45 mM boric acid, and 1 mM EDTA. DNA transfers to nitro-
cellulose filters were performed as described by Southern (1975).
RNA isolation and Northern blotting
RNA was isolated from unwounded and wounded carrot tissue as described (Haff-
ner et al., 1978). An oligo-(dT)-cellulose affinity column was used to isolate
poly(A)+ RNA (Aviv and Leder, 1972). RNA was separated in 1% agarose gels
containing formaldehyde and transferred to nitrocellulose paper (Lehrach et al.,
1977; Thomas, 1980).
DNA probes and hybridization
Insert DNA was separated by agarose gel electrophoresis, electro-eluted, and nick-
translated with 32P-labeled nucleotides (Maniatis et al., 1982). For strand-specific
probes, single-stranded DNA was isolated from M13 phage or from defective
M13 phages (in the case of subclones in pEMBL8+ or pEMBL9+). Single-
stranded DNA was annealed to a sequencing primer (GTAAAACGACGGC-
CAGT) or a hybridization primer (CACAATTCCACACAAC) and extended from
the primer by the large fragment of E. coli DNA polymerase I with 32P-labeled
nucleotides as described by Hu and Messing (1982). Hybridizations were per-
formed under the following conditions: nitrocellulose blots were pre-hybridized
for 2 h at 42°C in a hybridization solution containing 40% formamide, 3.6 x
SSC (1 x SSC is 0.15 M NaCl/0.015 M Na citrate, pH 7.0), 3 x Denhardt's
mnixture (1 x is 0.02% each of bovine serum albumin, Ficoll 400 and polyvinyl-
pyrrolidone), 20 mM Tris-HCI pH 7.9, 5 mM EDTA, 0.2% SDS and 50 tIg/ml
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sheared and denatured calf thymus DNA. Then the blots were incubated with
labeled DNA in a fresh hybridization buffer at 42°C or 37°C for 24 h. Blots
were rinsed once with hybridization buffer, then washed at 650C with 2 x SSC
containing 0.2% SDS three times for 30 min each and finally washed with 2 x
SSC at 650C.
SI nuclease mapping
SI nuclease mapping ofRNA transcripts was done as described (Maniatis et al.,
1982) with 10 ,g of poly(A)+ RNA, single-stranded DNA probe and 1000 units
of S1 nuclease at 370C for 30 min. DNA sequencing gels were used to size the
SI nuclease-resistant fragments.
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