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ABSTRACT Extensins are hydroxyproline-rich glycopro-
teins associated with most dicotyledonous plant cell walls. To
isolate cDNA clones encoding extensin, we started by isolating
poly(A)+ RNA from carrot root tissue, and then translating the
RNA in vitro, in the presence of tritiated leucine or proline. A
33-kDa peptide was identified in the translation products as a
putative extensin precursor because: (i ) it is rich in proline and
poor in leucine, and (ii ) the message appears to be more
abundant when carrot tissue is wounded. From a cDNA library
constructed with poly(A)+ RNA from wounded carrots, one
cDNA clone (pDC5) was identified that specifically hybridized
to poly(A)+ RNA encoding this 33-kDa peptide. We isolated
three cDNA clones (pDC11, pDC12, and pDC16) from another
cDNA library using pDC5 as a probe. DNA sequence data,
RNA hybridization analysis, and hybrid released in vitro
translation indicate that the cDNA clone pDCll encodes
extensin and that cDNA clones pDC12 and pDC16 encode the
33-kDa peptide, which as yet has an unknown identity and
function. The assumption that the 33-kDa peptide was an
extensin precursor was invalid. RNA hybridization and DNA
sequence analysis indicate that pDC5 is a hybrid clone cor-
responding to two RNA species. RNA hybridization analysis
showed that RNA encoded by both clone types is accumulated
upon wounding.

Extensins are hydroxyproline-rich glycoproteins found main-
ly in the cell walls of dicotyledonous plants (1). These
glycoproteins are assumed to play a role in the structure of
plant cell walls and may therefore be important in controlling
growth, development, and disease resistance. Extensins
accumulate in plant cell walls upon wounding (2) and patho-
gen attack (3) and become insolubilized in cell walls with time
(4).
The soluble extensin produced in wounded carrot root

tissue has been well characterized both biologically and
chemically (5). Chrispeels and Sadava (6) showed that slicing
and aerating of carrot tissue enhances the synthesis and
secretion of this cell wall component. It has a molecular size
of -86 kDa and consists of one-third protein and two-thirds
carbohydrate; the estimated size ofthe polypeptide is 30 kDa.
Six amino acids (hydroxyproline, serine, histidine, tyrosine,
lysine, and valine) comprise 95% of the polypeptide back-
bone (5). The carbohydrate is composed largely of arabinose
and a small amount of galactose (7). The carrot extensin is
100% in the polyproline II helical conformation, as deter-
mined by circular dichroism spectra; while the deglycosyl-
ated molecule is only 50% in the polyproline II helix (7). It
appears that the oligosaccharides help in forming and stabiliz-
ing the helical structure. Cooper and Varner (4) have found
that isodityrosine (two tyrosine residues covalently cross-
linked by a diphenyl ether linkage) is formed in carrot cell

walls during the insolubilization of extensin. It has been
suggested that the soluble extensins are cross-linked by
intermolecular isodityrosine residues to form an insoluble
network in the plant cell wall (8), although such cross-links
have not yet been found.
The determination of the amino acid sequence of extensin

is difficult because of the presence ofmany post-translational
modifications and of repetitive amino acid sequences-
especially imino acids. However, partial amino acid se-
quences of proteolytic fragments of cell wall-bound tomato
extensins have been determined (9). The most significant
finding from this work has been the identification of the
pentapeptide Ser-Hyp-Hyp-Hyp-Hyp and an intramolecular
linkage involving isodityrosine, which has the sequence 1/2
isodityrosine-Lys-1/2 isodityrosine-Lys (10). The similarity
of amino acid composition of soluble extensin and the
presence of isodityrosine in the insoluble extensin of both
carrot and tomato led us to believe that carrot extensins may
contain a similar amino acid sequence to that of tomato
extensin.
Because the carrot extensins accumulate upon wounding,

we decided to construct acDNA library from wounded carrot
root mRNA and isolate the extensin cDNA clones. We herein
report the isolation of a cDNA clone that encodes the
carboxyl-terminal part of carrot extensin. We also report the
isolation of two cDNA clones that encode a proline-rich
33-kDa protein with unknown identity and function.

EXPERIMENTAL PROCEDURES
Materials. Tap roots of carrot (Daucus carota) were

obtained from a local merchant and stored at 4°C until use.
One-millimeter-thick carrot slices were aseptically prepared
with a food processor and aerated in a water vapor-saturated
chamber at 25°C for 48 hr. Reverse transcriptase, isolated
from avian myeloblastosis virus, was purchased from Life
Sciences. Oligo(dT) (12- to 18-mer) and oligo(dT) cellulose
were obtained from Collaborative Research. Escherichia coli
DNA polymerase I, Klenow fragment, restriction enzymes,
T-4 DNA ligase, S1 nuclease, and HindIll linker were
obtained from either New England Biolabs, Bethesda Re-
search Laboratories, or Boehringer-Mannheim. Human pla-
cental ribonuclease inhibitor was from Promega Biotec (Mad-
ison, WI). Ribonucleoside-vanadyl complexes were pre-
pared as described (11). Nucleotides were obtained from P-L
Biochemicals. Other chemicals were obtained from Sigma.
Isotopes were from New England Nuclear and from
Amersham.
RNA Extraction and Purification. Two hundred grams of

carrot tissue was homogenized in 1 liter of boiling 0.2 M Na
borate, pH 9.0/50 mM EDTA/1% NaDodSO4/50 mM 2-
mercaptoethanol/10 mM ribonucleoside-vanadyl complexes
with a Brinkman polytron homogenizer. Solid KCl was
added to obtain a final concentration of 20 mM, and the
suspension was then held at 0°C for 10 min to precipitate
NaDodSO4. This solution was subsequently removed by
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centrifugation at 10,000 x g for 10 min, and solid LiCi was
added to the supernatant to 2 M. This solution was stored at
40C overnight. The precipitated RNA was collected by
centrifugation at 10,000 x g for 10 min. The pellet was
resuspended in distilled water and reprecipitated by adding
1/10th vol of 3 M sodium acetate and 2 vol of ethanol. RNA
has also been isolated by using the phenol and 100 mM
Tris HCl (pH 9.0) extraction procedure as described (12). The
poly(A)+ RNA was purified by using an oligo(dT) cellulose
column as described (13).

In Vitro Translation. Poly(A)+ RNA was translated by
using a wheat germ extract under the conditions described
(14) in the presence of[3H]leucine or [3H]proline. Translation
products were analyzed on 10% or 12.5% polyacrylamide gels
containing NaDodSO4 (15), followed by fluorography (16) of
the dried gel with Kodak XAR5 film at -70'C. Acetic
acid/urea/polyacrylamide gel electrophoresis was per-
formed as described (17).
cDNA Cloning and Analysis. Oligo(dT) (12- to 18-mer) was

used to prime the synthesis of complementary DNA from
poly(A)+ RNA that had been size fractionated by sucrose
gradient centrifugation (18). After removal of the RNA by
alkali treatment, DNA polymerase I was used to synthesize
the second strand by the self-priming mechanism (19). Double-
stranded cDNAs were trimmed with S1 nuclease, ligated to
HindIII linkers, and subsequently digested with HindIII
restriction enzyme. These cDNAs were ligated with HindIII-
digested pUC8 (20) and used to transform E. coli JM 83 (21).
Transformants were plated on 5-dibromo-4-chloro-
3-indolylgalactoside (XGal)/ampicillin plates and white colo-
nies were selected. Another cDNA library was constructed
as described by Gubler and Hoffman (22). Briefly, first-strand
cDNA is synthesized with poly(A)+ RNA from wounded
carrot and oligo(dT) (12- to 18-mer); second-strand cDNA is
synthesized with RNase H and DNA polymerase I; the
double-stranded cDNA was tailed with dGTP and cloned into
dCTP-tailed puc8 vector. For preliminary characterization,
plasmids were isolated from 1.5-ml overnight cultures by
rapid alkali denaturation isolation procedure (23). For large
scale preparations, plasmids were purified from 1-liter cul-
tures by centrifugation in a CsCl/ethidium bromide gradient.
Poly(A)+ RNA from aerated carrot slices was hybridized
with putative cloned cDNAs that were denatured and bound
to nitrocellulose disks and eluted for the hybrid-selection
translation as described (18). The hybrid-selected RNAs
were translated as described above. Colony hybridization
was done as described by Maniatis etal. (24).
RNA Hybridization Analysis. RNA was separated in 1%

agarose gels containing formaldehyde (25) and then trans.
ferred to nitrocellulose paper (26). For probes, cDNA inserts
were isolated by agarose gel electrophoresis, electroeluted,
and nick-translated with 32P-labeled nucleotides (24). Hy-
bridization of bound RNA was carried out in 40%
formamide/3.6x NaClICit (lx NaCl/Cit = 0.15 M NaCII
0.015 M Na citrate, pH 7.0)/0.2% NaDodSO4/20 mM Tris'
HC1/5 mM EDTA/3x Denhardt's solution (lx Denhardt's
solution = 0.02% bovine serum albumin/0.02% Ficoll
400/0.02% polyvinylpyrrolidone) at 42°C for 24 hr and
washed with 2x NaCl/Cit/0.2% NaDodSO4 until the back-
ground was acceptable,
DNA Sequencing. The pDC5 cDNA insert was recloned

into the HindIII site of the replicative form of mp8 (20), a
derivative of the single-stranded phage M13. The single-
stranded recombinant phage DNA was used as a template
with a universal M13 sequencing primer from New England
Biolabs for dideoxy sequencing according to the method of
Sanger (27). The inserts of pDC11 and pDC12 were se-
quenced by the Maxam and Gilbert method (28). The DNA
sequence data were stored and analyzed with programs
written by W. M. Barnes on a VAX/VMS computer.

RESULTS
To identify mRNA-encoded extensin, we isolated poly(A)+
RNA from unwounded and wounded carrot tissue. Poly(A)+
RNA was translated with a wheat germ extract in the
presence of [3H]leucine or [3H]proline. The translation prod-
ucts separated in NaDodSO4/polyacrylamide gels showed a
polypeptide band of -33 kDa rich in proline and poor in
leucine (Fig. 1). This polypeptide is present in a much lower
quantity in samples from fresh carrot tissue when compared
to that from aerated tissue. Extensin as isolated and charac-
terized by Stuart and Varner (5) is (i) rich in proline and poor
in leucine, (ii) a protein component of =30 kDa, and (iii)
synthesized actively during wounding. We therefore sus-
pected that this 33-kDa cell-free translation product was the
precursor of extensin.
We constructed a cDNA library from size-fractionated

RNA that is enriched with the poly(A)+ RNA encoding this
33-kDapeptide. The cDNA synthesized with oligo(dT) (12- to
18-mer) and size-fractionated RNA was cloned into the
HindIII site of pUC8 grown in E. coli JM83. To identify the
cDNA clones encoding this 33-kDa peptide, we did in vitro
translation of the RNA that was hybrid-selected with cDNA
clones. One cDNA clone (pDC5) was isolated that specifi-
cally hybridized to the poly(A)+ RNA encoding the 33-kDa
peptide (Fig. 2). The melting temperature (tm) of the
cDNA RNA hybrids was =90'C under the conditions of these
experiments (data not shown).
The cloned cDNA insert from pDC5 was sequenced by the

method of Sanger (27). The insert contains 730 nucleotides
excluding the 3' poly(A)+ sequence. In RNA blot hybridiza-
tion analysis, the pDC5 cDNA insert hybridizes strongly with
two poly(A)+ RNA species (1300 and 1500 nucleotides)
present in aerated carrot tissue (Fig. 3), but not in fresh carrot
tissue (data not shown). To isolate cDNA clones that repre-
sent both RNA species seen in the RNA blot analysis, we
constructed another cDNA library by the G-C tailing method.
Many cDNA clones with homology to pDC5 were isolated
from this cDNA library. Three cDNA clones-pDC11,
pDC12, and pDC16-were further characterized. The RNA
hybridization analysis (Fig. 3) indicated that pDC11 hybrid-
ized to an RNA of 1500 nucleotides and pDC12 hybridized to
an RNA of 1300 nucleotides.
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FIG. 1. Autoradiogram of in vitro translation products separated
by a NaDodSO4/polyacrylamide gel containing 10%6 acrylamide.
One microgram of poly(A)I RNA was translated invitro with1,uCi
of [3H]proline (lanes A-E and K) or [3H]leucine (lanes F-J and L).
RNA isolated from unwounded carrot was used in lanes A and F.
RNA from three different preparations of wounded carrot was used
in lanes B-D, G-I, K, and L. RNA used in lanes E and J was size
fractionated to enrich for RNA encoding a 33-kDa protein. The film
was underexposed to demonstrate the 33-kDa proline-rich protein
band in the gel.
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sequence ofpDC11 has 386 nucleotides identical to the 3' part
of pDC5 sequence (345-730), except for 13 nucleotides at the
5' ends. This sequence encodes a single open reading frame
containing 43 amino acids (Fig. 4). The predicted amino acid
sequence includes four Ser-Pro-Pro-Pro-Pro repeats, one
Tyr-Lys-Tyr-Lys, and one Thr-Pro-Val. These sequences
indicate that pDC11 is an extensin cDNA clone (see Discus-
sion).
We made an attempt to identify the translation product that

corresponds to the extensin clone pDC11. While a NaDod-
S04/polyacryamide gel system failed to resolve any putative
extensin protein, an acetic acid/urea gel system did resolve
several protein bands (Fig. 5). The presence of several bands
in acetic acid/urea gel system may reflect minor heterogene-
ity of extensins or cross-hybridization with other mRNAs in
the hybrid selection.
Upon compiling the sequences from pDC5, pDC12, and

pDC16, we found that the sequences ofpDC5 and pDC12 are
identical from nucleotide 281 to 340. Also, it was found that,
except for a few single base changes (Fig. 6), pDC16 overlaps
the sequence formed by the combination ofpDC5 and pDC12
from nucleotide 130 to 622. Therefore, we conclude that
pDC5, pDC12, and pDC16 represent a single continuous

FIG. 2. RNA hybrid-selected by cDNA clones was translated in
vitro with [3H]proline. The translation products were separated by a
NaDodSO4/polyacrylamide gel containing 12.5% acrylamide. RNA
used in lanes A, B, C, and D was selected by pDC5, pDC12, pDC16,
and pDC11, respectively. Poly(A)+ RNA isolated from wounded
carrot was used for the hybrid selection experiment. Two micro-
grams of poly(A)+ RNA isolated from wounded carrot was used in
lane E. Lane F has labeled protein molecular size markers.

The insert DNA of pDC11, pDC12, and pDC16 was
sequenced by the Maxam and Gilbert method (28). The DNA

A B C

25S -
0

18S -

IN

10 20 30 40 50 60
GCCATTTTAGGAGTTGCGATTTTCGCAGCTCCATCCCTAGCCGATTTTCATTCTCACCCG
AlaIleLeuGlyValAlaIlePheAlaAlaProSerLeuAlaAspPheHisSerHisPro

70 80 90 100 110 120
CCAATTCACAAGCCTCCCGTTTATACACCACCCGTTCACAAACCACCAATTCACAAGCCT
ProIleHisLysProProValTyrThrProProValHisLysProProIleHisLysPro

130 140 150 160 170 180
CCCGTTTATACACCACCCGTTCACAAGCCACCAGTTTATACACCACCCGTTCACAAACCA
ProValTyrThrProProValHisLysProProValTyrThrProProValHisLysPro

190 200 210 220 230 240
CCTTCCGAATATAAACCTCCGGTGGAAGCAACCAACTCCGTGACTGAAGATCATTACCCT
ProSerGluTyrLysProProValGluAlaThrAsnSerValThrGluAspHisTyrPro

250 260 270 280 290 300
ATTCACAAGCCACCAGTGTACAAACCACCTGTTCAGAAGCCAGCACCAGAGCACAAACCA
IleHisLysProProValTyrLysProProValGlnLysProAlaProGluHisLysPro

310 320 330 340 350 360
CCCGTTCACAAGCCACCAATTCACAAACCACCGGTTCACACACTAGTTTACAAGTACAAG
ProValHisLysProProIleHisLysProProValHisThrLeuValTyrLysTyrLys

pDC11 CACCACCAACACC...
..ProProThrPro...

370 380 390 400 410 420
TCTCCGCCACCACCAATGCACTCTCCCCCACCACCAGTTTACTCTCCACCACCACCCAAA
SerProProProProMetHisSerProProProProValTyrSerProProProProLys

430 440 450 460 470 480
CATCACTACTCCTATACGTCACCTCCTCCTCCTCACCACTACTAATAAAAACTCTCCCTA
HisHisTyrSerTyrThrSerProProProProHisHisTyr

490 500 510 520 530 540
AAGGACACTGATGGAGGCCAACTTAAGAAGATGAAGTAAAATAATGGCTTGCACGATGAT

550 560 570 580 590 600
TTTGGCGTTTTTATAAATATGTTGATCGAATATGATATTTTTGTTGTATTCTAGTATGGG

610 620 630 640 650 660
TCATTTGCTTTTTGTTTGCGAATGAATAACATTTACATATGCATGTAGCATCGGGGAACC

670 680 690 700 710 720
TCTTGACCTCTAGAAATAGAGGTTTGTTATTGTGGCATTAAAGCAATTATATGAATAAGT

730
ATTTCTGTTA

740 750 760 770 780

FIG. 3. RNA hybridization analysis of poly(A)+ RNA isolated
from wounded carrot hybridized to nick-translated probes. Five
micrograms of RNA was separated by a 1% agarose gel containing
formaldehyde, transferred to a nitrocellulose paper, and hybridized
to nick-translated insert DNA ofpDC11 (lane A), pDC5 (lane B), and
pDC12 (lane C).

FIG. 4. DNA sequence of pDC5 and pDC11. The insert DNA of
pDC5 was subcloned into M13 phage vector mp8 and sequenced
according to the Sanger method. The insert DNA of pDC11 was
sequenced by the Maxam-Gilbert method. pDC11 is identical to
pDC5 from position 345 to 730 but has 13 nucleotides preceding this
homology that are unique. The predicted amino acid sequence is also
shown.



Proc. NatL Acad. Sci USA 82 (1985)

A B C D E
_ pDC5 I 340

pDC12

pDCI6

282

85

(211 amino acids)

FIG. 5. RNA hybrid-selected by cDNA clones was translated in
vitro with [3H]proline. The translation products were separated by
acetic acid/urea/polyacrylamide gel containing 12.5% acrylamide.
RNA used in lanes B, C, and D was selected by pDC11, pDC12, and
pDC5, respectively. Two micrograms of poly(A)+ RNA isolated
from a wounded carrot was used in lane E. Lane A is a control
without exogenous RNA. Arrows indicate the most prominent
bands.

sequence of832 nucleotides. In this DNA sequence, there are
several repetitive nucleotide sequences with only minor
differences. The longest repeat unit is 54 nucleotides long.

This 832-nucleotide sequence has a single open reading
frame encoding 211 amino acids (Fig. 6). The predicted
peptide sequence contains 24 repetitive units ofX-Y-Pro-Pro.
The single nucleotide changes between pDC16, pDC5, and
pDC12 are always in the wobble position. The amino acid
codons CCA and CCT for proline were preferentially used.
To identify the peptide encoded by this cDNA sequence,

we did in vitro translation with RNA selected by hybridiza-
tion to pDC12 or pDC5. The translation products are the
same 33-kDa proline-rich and leucine-poor peptide when
separated by NaDodSO4/polyacrylamide gels (Fig. 2). This
indicates that pDC12, pDC16, and the 5' part of pDC5 are

encoding this 33-kDa protein. Because the size of the RNA
hybridized to pDC12 is -1300 nucleotides, and in the
predicted peptide sequence does not contain methionine, we
suggest that the peptide sequence represents only the car-

boxyl-terminal part of the protein. RNA hybridization, DNA
sequence analysis, and the in vitro translation of hybrid-
selected RNA indicate that the insert of pDC5 is a hybrid
cDNA resulting from a cloning artifact, most likely due to a
ligation step.

It has been demonstrated that extensins accumulate in
plant cell walls upon wounding (2). However, it is not known
what effect wounding has on the extensin RNA. We exam-
ined this by hybridization of RNA from unwounded or
wounded carrot root with the cDNA probes (Fig. 7). The
extensin RNA was detected by probing with pDC11, and the
33-kDa protein RNA was detected with pDC12. The results
indicated that both kinds of RNA accumulate upon wound-
ing.

DISCUSSION

The cell wall-bound hydroxyproline was first investigated in
the 1960s. However, the insolubility of the peptidyl
hydroxyproline, called extensin by Lamport, coupled with

10 20 30 40 50 60
GCCATTTTAGGAGTTGCGATTTTCGCAGCTCCATCCCTAGCCGATTTTCATTCTCACCCG
AlaIleLeuGlyValAlaIlePheAlaAlaProSerLeuAlaAspPheHisSerHisPro

70 80 90 100 110 120
CCAATTCACAAGCCTCCCGTTTATACACCACCCGTTCACAAACCACCAATTCACAAGCCT

A AA
ProIleHisLysProProValTyrThrProProValHisLysProProIleHisLysPro

Ile
130 140 150 160 170 180

CCCGTTTATACACCACCCGTTCACAAGCCACCAGTTTATACACCACCCGTTCACAAACCA
ProValTyrThrProProValHisLysProProValTyrThrProProValHisLysPro

190 200 210 220 230 240
CCTTCCGAATATAAACCTCCGGTGGAAGCAACCAACTCCGTGACTGAAGATCATTACCCT

G C

ProSerGluTyrLysProProValGluAlaThrAsnSerValThrGluAspHisTyrPro

250 260 270 280 290 300
ATTCACAAGCCACCAGTGTACAAACCACCTGTTCAGAAGCCAGCACCAGAGCACAAACCA
IleHisLysProProValTyrLysProProValGlnLysProAlaProGluHisLysPro

310 320 330 340 350 360
CCCGTTCACAAGCCACCAATTCACAAACCACCGGTTCACAACACTCCCTCCGTAACTGAT
ProValHisLysProProIleHisLysProProValHisAsnThrProSerValThrAsp

370 380 390 400 410 420
GATCATTACCCGGCCCATCCTATTCATAAACCACAACCGATTCACAGGCCACCGGTTCAC
AspHisTyrProAlaHisProIleHisLysProGlnProlleHisArgProProValHis

430 440 450 460 470 480
AAGCCACCAACAGAGCATAAACCTCCGGTTCACGAGCCAGCGACAGAGCACAAGCCGAGC
LysProProThrGluHisLysProProValHisGluProAlaThrGluHisLysProSer

490 500 510 520 530 540
CCAGTGTACCAACCACCGAAGACTGAGAAGCCTGTGCCAGAACATAAGCCACCACACTTG

C

ProValTyrGlnProProLysThrGluLysProValProGluHisLysProProHisLeu

550 560 570 580 590 600
CCACCAATCGTCGTGAGGCCACCGCCTACACATAAGCCTAATCCTCCATACGGTCACCAC

T A C

ProProIleValValArgProProProThrHisLysProAsnProProTyrGlyHisHis

610 620 630 640 650 660
CCTAGACACCCTCCAGTTGAGAATACCGGAAACTAAGACGTCATGTAGTGTAATTACAAT
ProArgHisProProValGluAsnThrGlyAsn

670 680 690 700 710 720
AAATAAGAACTGGTGAAAATAATAATGTTACGAGTGTATGTATCTATAAGCTCATTACCT

730 740 750 760 770 780
CTTATGTTTCGGCCAAAATAGGTTATGAGCAAGTAGTACTATATGCTGTAATAAATCAGT

790 800 810 820 830
GTATGAGTTATCCATGTATTACGCATTTACTGTTATATAGCAAAAGTTATAC

840

FIG. 6. A diagram of overlapping sequence ofpDC5, pDC12, and
pDC16 (Upper), and the compiled DNA sequence from pDC5 and
pDC12 along with the predicted amino acid sequence (Lower). The
insert DNAs of pDC12 and pDC16 were sequenced by the
Maxam-Gilbert method. Nine nucleotides of pDC16 are different
from the compiled DNA sequence as indicated. Only one of these
nucleotides (at position 94 of the compiled sequence) will change the
encoded amino acid sequence (from valine to isoleucine).

the unusual amino acid composition have made their isolation
and characterization a difficult task. Lamport (9) isolated
several small repetitive peptides after acid and trypsin hy-
drolysis oftomato cell walls. All ofthe peptides characterized
contain the sequence Ser-Hyp-Hyp-Hyp-Hyp. Also,
isodityrosine residues present in the insoluble tomato
extensin were found in two of the fragments (10). One
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(2), and the RNA hybridization data (Fig. 3) show that
extensin mRNA also accumulates upon wounding. We sug-
gest that the increase in extensin synthesis is a part of the
wound response and is regulated at the level of transcription.
We do not know whether the 33-kDa proline-rich protein is
accumulated during wounding, but the RNA for this protein
is accumulated in response to wounding. The 33-kDa protein
may be involved in the response of wounding stress in
carrots. Because both extensin and the 33-kDa protein RNA
are accumulated during wounding, the mechanism for the
gene regulation of these two proteins should be interesting.
The DNA sequence of the 33-kDa protein cDNA showed

that there are several repetitive nucleotide sequences with
some single base changes at the wobble positions. We suggest
that intragenic duplications may have occurred during the
evolution of this gene.

FIG. 7. RNA hybridization analysis of RNA isolated from
wounded (lanes B and D) and unwounded (lanes A and C) carrot
hybridized to nick-translated probes. Twenty-five micrograms of
total RNA was separated by a 1% agarose gel, transferred to
nitrocellulose paper, and hybridized to nick-translated insert DNA of
pDC11 (lanes A and B) and pDC12 (lanes C and D). The film was

overexposed to demonstrate that only a trace of extensin mRNA is
present in unwounded carrot.

fragment has the sequence Ser-Hyp-Hyp-Hyp-Hyp-Val-1/2
isodityrosine-Lys-1/2 isodityrosine-Lys and the two tyrosine
residues in this fragment are linked to form an intramolecular
isodityrosine (10). Isodityrosine is also found in carrot (4) and
many other plant cell walls (8) and is believed to be charac-
teristic of extensins. Recently, Smith et al. (29) were able to
isolate soluble extensins from tomato tissue culture by eluting
the cells with salts. They identified two different extensins in
these eluates. The amino acid composition of tomato soluble
extensin P1 is similar to the soluble extensin isolated from
carrot (7). From these data, we believe that carrot and tomato
extensins contain similar peptide sequence.
From cDNA libraries constructed with poly(A)+ RNA of

wounded carrot, we have isolated several cDNA clones. The
cDNA clone pDC5 was identified by its specific hybrid
selection of an RNA encoding a 33-kDa protein that is rich in
proline and poor in leucine. However, our data indicate that
the insert ofpDC5 is a hybrid cDNA resulting from a cloning
artifact. The 5' part of pDC5 insert overlaps with the cDNA
clones pDC12 and pDC16 and encodes a 33-kDa protein.
Although only a partial peptide sequence can be derived from
the cDNA sequences for the 33-kDa protein, it is evident that
the amino acid sequence does not have the characteristic
amino acid sequence Ser-Pro-Pro-Pro-Pro, which was ex-
pected by analogy with the tomato extensin. Therefore,
clones pDC12 and pDC16, although they encode a proline-
rich protein of 33 kDa, probably do not encode extensin. It
will be interesting to further characterize this protein and
determine if any of the prolines are hydroxylated.
The 3' part of the hybrid clone pDC5 that overlaps with

pDC11 encodes a peptide containing Ser-Pro-Pro-Pro-Pro
repeats and Tyr-Lys-Tyr-Lys. Moreover, a carrot genomic
clone pDC5A1, which has a homologous sequence to pDC5
and pDC11, encodes the same peptide containing 25 Ser-Pro-
Pro-Pro-Pro sequences (unpublished observations). It also
has a sequence of Ser-Pro-Pro-Pro-Pro-Thr-Pro-Val-Tyr-
Lys, which was found in tomato extensin (9). Based on the
evidence presented here, we believe that a part ofpDC5 and of
pDC11 encodes the precursor for the extensin glycoprotein.

Extensin is accumulated in plant cell walls upon wounding

We thank Steve Janovec for his excellent editorial assistance. This
work was supported by National Science Foundation Grant
PCM8104516, Department of Energy Grant F602-84ER13255, and an

unrestricted grant from the Monsanto Company to J.E.V.

1. Lamport, D. T. A. & Catt, J. W. (1981) in Plant Carbohydrates II:
Encyclopedia of Plant Physiology, New Series 13B, eds. Tanner,
W. A. & Loewus, F. A. (Springer, Berlin), pp. 133-165.

2. Chrispeels, M. J., Sadava, D. & Cho, Y. P. (1974) J. Exp. Bot. 25,
1157-1166.

3. Esquerre-Tugaye, M. T. & Lamport, D. T. A. (1979) Plant Phys-
iol. 64, 314-319.

4. Cooper, J. B. & Varner, J. E. (1983) Biochem. Biophys. Res.
Commun. 112, 161-167.

5. Stuart, D. A. & Varner, J. E. (1980) Plant Physiol. 66, 787-792.
6. Chrispeels, M. J. & Sadava, D. (1974) in Macromolecules Regulat-

ing Growth and Development, eds. Hay, E. D., King, T. J. &
Papaconstantinou, J. (Academic, New York), pp. 131-152.

7. Van Holst, G. J. & Varner, J. E. (1984) Plant Physiol. 74, 247-251.
8. Fry, S. C. (1982) Biochem. J. 204, 449-455.
9. Lamport, D. T. A. (1977) in Recent Advances in Phytochemistry,

eds. Loewus, F. A. & Runeckles, B. C. (Plenum, New York), Vol.
2, pp. 79-115.

10. Epstein, L. & Lamport, D. T. A. (1984) Phytochemistry 23,
1241-1246.

11. Berger, S. L. & Birkenmeier, C. S. (1979) Biochemistry 18,
5143-5149.

12. Haffner, M. H., Chin, M. B. & Lane, B. G. (1978) Can. J.
Biochem. 56, 729-733.

13. Aviv, H. & Leder, P. (1972) Proc. Natl. Acad. Sci. USA 69,
1408-1412.

14. Roberts, B. E. & Paterson, B. M. (1973) Proc. Natl. Acad. Sci.
USA 70, 2330-2334.

15. Laemmli, U. K. (1970) Nature (London) 227, 680-685.
16. Jen, G. & Thach, R. E. (1982) J. Virol. 43, 250-261.
17. Spiker, S. (1980) Anal. Biochem. 108, 263-265.
18. Parnes, J. R., Velan, B., Felsenfeld, A., Ramanathan, L., Ferrini,

U., Appella, E. & Sidman, J. G. (1981) Proc. Natl. Acad. Sci. USA
78, 2253-2257.

19. Wickens, M. P., Buell, G. N. & Schimke, R. T. (1978) J. Biol.
Chem. 253, 2483-2495.

20. Vieira, J. & Messing, J. (1982) Gene 19, 259-268.
21. Enea, V., Vovis, G. F. & Zinder, N. D. (1975) J. Mol. Biol. 96,

495-509.
22. Gubler, U. & Hoffman, B. J. (1983) Gene 25, 263-269.
23. Ish-Horowicz, D. & Burke, J. F. (1981) Nucleic Acids Res. 9,

2989-2998.
24. Maniatis, T., Fritsch, E. F. & Sambrook, J. (1982) Molecular

Cloning: A Laboratory Manual (Cold Spring Harbor Laboratory,
Cold Spring Harbor, NY).

25. Lehrach, H., Diamond, D., Wozney, J. M. & Boedtker, H. (1977)
Biochemistry 16, 4743-4751.

26. Thomas, P. S. (1980) Proc. Natl. Acad. Sci. USA 77, 5201-5205.
27. Sanger, F., Nicklen, S. & Coulson, A. R. (1977) Proc. Natl. Acad.

Sci. USA 74, 5463-5467.
28. Maxam, A. M. & Gilbert, W. (1977) Proc. Natl. Acad. Sci. USA

74, 560-564.
29. Smith, J. J., Muldoon, E. P. & Lamport, D. T. A. (1984)

Phytochemistry 23, 1233-1239

A B C D

25S -

18S -

Botany: Chen and Varner


