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ABSTRACT

Intact cell elution of suspension cultures derived from Douglas
fir, Pseudotsuga menziesii (Mirbel) Franco, yielded two extensin
monomers, the first hydroxyproline-rich glycoproteins (HRGPs) to
be isolated from a gymnosperm. These HRGPs resolved on Su-
perose-6 gel filtration. The smaller monomer was compositionally
similar to angiosperm extensins like tomato P1. The larger mon-
omer had a simple composition reminiscent of repetitive proline-
rich proteins (RPRPs) from soybean cell walls and contained
proline, hydroxyproline, and sugar; hence designated a proline-
hydroxyproline-rich glycoprotein (PHRGP). The simple composi-
tion of the PHRGP implied a periodic structure which was con-
firmed by the simple chymotryptic map and 45-residue partial
sequence of the major proline-hydroxyproline-rich glycoprotein
chymotryptide 5: Lys-Pro-Hyp-Val-Hyp-Val-lle-Pro-Pro-Hyp-Val-
Val-Lys-Pro-Hyp-Hyp-Val-Tyr-Lys-Pro-Hyp-Val-Hyp-Val-ule-Pro-
Pro-Hyp-Val-Val-Lys-Pro-Hyp-Hyp-Val-Tyr-Lys-lle-Pro-Pro(Hyp)-
Val-lle-Lys-Pro. Proline-hydroxyproline-rich glycoprotein chymo-
tryptide 5 contained an 18-residue tandem repeat devoid of
tetra(hydroxy)-proline or serine; it also contained two instances
of the five-residue motif Hyp-Hyp-Val-Tyr-Lys and five of the
general Pro-Pro-X-X-Lys motif, thereby establishing its homology
with typical angiosperm RPRPs and extensins from tomato, pe-
tunia, carrot, tobacco, sugar beet, and Phaseolus. Unlike the
nonglycosylated soybean RPRP, the highly purified Douglas fir
PHRGP was lightly glycosylated, confirmed by a quantitative
hydroxyproline glycoside profile, indicating that extensins can
range from highly glycosylated hydroxyproline to little or no
glycosylated hydroxyproline. Comparison of extensin sequence
data strongly indicates that a major determinant of hydroxyproline
glycosylation specificity is hydroxyproline contiguity: extensins
with tetrahydroxyproline blocks are very highly arabinosylated
(>90% hydroxyproline glycosylated), tri- and dihydroxyproline
are less so, and single hydroxyproline residues perhaps not at
all. Despite high yields of extensins eluted from intact cells, the
Douglas fir cell wall itself was hydroxyproline poor yet remarkably
rich in protein (>20%), again emphasizing the existence of other
structural cell wall proteins that are neither HRGPs nor glycine-
rich proteins.
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91 ER2-002 1.
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Recently, we (21) suggested that the new classes ofHRGPs3,
RPRPs, and proline-rich nodulins are demonstrably homol-
ogous with extensin and are, therefore members of the same
protein family. This connection was initially obscured by
highly variable sequences and by the fact that the first extensin
sequences contained the "diagnostic" motif Ser-Hyp-Hyp-
Hyp-Hyp which was absent from RPRPs and nodulins (2, 5,
6, 12, 13, 19). In contrast, the repetitive motif Pro-Pro-Val-
Tyr-Lys (and its relatives) is common to many extensins (6,
21, 26, 28), RPRPs (2, 5, 7, 8, 13, 22, 23), and nodulins
(12, 25, 32).
Although a mixture of both conserved and variable do-

mains characterizes the extensin HRGP family, polysaccha-
ride wall components are more highly conserved (29, 30).
Thus, it seems of profound interest to ask why one structural
component of the primary wall should be intrinsically more
variable than the others yet still retain highly conserved
motifs.

Therefore, we are attempting to define functional domains
ofthe extensins, first by identifying the most highly conserved
motifs, followed by correlation of those domains and their
variants with biological function; hence, our current attempts
to isolate extensin monomers from plants more "primitive"
than the advanced angiosperms whose extensins have been
studied almost exclusively.
So far, we have isolated extensin monomers from cell

cultures of several gymnosperms: the primitive Gingko and
Cycas, the advanced Gnetum, and the typical gymnosperni
Douglas fir (Pseudotsuga) described here. Our culture line
derived recently (June 1989) from the crown of 4-week-old
Douglas fir seedlings yielded a finely divided, somewhat
clumpy, culture with no evidence of secondary thickening.
Intact cell elution of rapidly growing cells yielded two exten-
sin-like monomers resolved by Superose-6 gel filtration. The
smaller monomer was compositionally similar to typical an-
giosperm tomato glycosylated extensin type 1 (26-28) and
remains to be characterized further. As the larger monomer
was notably deficient in serine with a simple composition
reminiscent of RPRPs (8, 23), we characterized it by peptide

3Abbreviations: HRGP, hydroxyproline-rich glycoprotein; ngh,
nonglycosylated hydroxyproline; PC5, PHRGP chymotryptide 5;
PHRGP, proline-hydroxyproline-rich glycoprotein; RPRP, repetitive
proline-rich protein; THRGP, threonine-hydroxyproline-rich glyco-
protein; dH2M, distilled water; AU, absorbance units; mAU, milli-
absorbance units.
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mapping, sugar analysis, and a quantitative hydroxyproline
glycosylation profile.
The simple chymotryptic peptide map implied a periodic

structure, confirmed by a 45-residue partial sequence of the
major chymotryptide which contained an 18-residue tandem
repeat devoid of tetra(hydroxy)proline or serine. The major
peptide also contained two instances of the five-residue motif
Hyp-Hyp-Val-Tyr-Lys and five instances of the general Pro-
Pro-X-X-Lys motif, thereby establishing its homology with
typical angiosperm RPRPs (2, 5, 7, 8, 12, 13, 22, 25, 31, 32)
and extensins from tomato (27, 28), petunia (26), carrot (6,
31), tobacco (M. Kieliszewski, unpublished sequence), and
sugar beet (21). Sugar analysis showed small, but significant,
amounts of arabinose, suggesting that Douglas fir extensin
was lightly glycosylated, which was confirmed by alkaline
hydrolysis and positive identification of hydroxyproline ara-
binosides. This is the first isolation ofa gymnosperm extensin
and the first indication that some RPRPs are glycosylated.

MATERIALS AND METHODS

Douglas Fir Suspension Cultures

Seeds of Douglas fir, Pseudotsuga menziesii (Mirbel)
Franco (Lincoln National Forest) were obtained from F.W.
Schumacher Co., Inc., Sandwich, MA, and sown on a ver-
miculite/perlite mixture (1:1). After 4 weeks, hypocotyl and
crown segments were excised and surface sterilized by dipping
in 95% ethanol, followed by 5 min in 25% Clorox bleach,
and then rinsing with sterile dH20. Callus grew on solid
medium (pH 5.6) containing one-half concentration Mura-
shige-Skoog salts, 25 g/L sucrose, 5 x 106 M 2,4-D, 2.5 x
10-6 M benzyladenine, 10-6 M L-glutamine, and 2.5 g/L Gelrite
(Kelco). The suspension-cultured cells were maintained on
medium (pH 5.6) containing one-half strength Murashige-
Skoog salts, lo0- M 2,4-D, 20 g/L glucose, 10-6 M L-glutamine,
shaken on a rotary shaker at 22°C, and subcultured every 7
to 9 d.

Gel Filtration Chromatography on Superose-6

Crude PHRGP (10-30 mg) was dissolved in 2 mL 200 mM
sodium phosphate buffer (pH 7) and 0.02% sodium azide and
injected onto a Pharmacia preparative Superose-6 fast protein
liquid chromatography gel filtration column, which eluted at
a flow rate of 60 mL/h. The eluant was then collected and
dialyzed against dH20, and peaks P1, P2, and P3 were freeze
dried (Fig. 2).

Polysulfoethyl Aspartamide SCX Ion Exchange
Chromatography

Superose P1 (1-7 mg) was dissolved in Poly A start buffer
(10 mm NaH2PO4/phosphoric acid, 10% MeCN, pH 3), ap-
plied to a semipreparative Polysulfoethyl Aspartamide col-
umn (9.4 x 200 mm) (PolyLC Inc., Columbia, MD) equili-
brated with Poly A start buffer, and eluted with a buffered 0
to 1 M NaCl gradient at a flow rate of 1.5 mL/min, monitoring
at A220 and A280.

SDS Gel Electrophoresis

PHRGP (7 ,ug) was loaded in 20 uL sample buffer (0.01 M
Trizma base, 1% SDS, 0.001 M EDTA, 5% ,B-mercaptoetha-
nol) and separated onto a 12% polyacrylamide gel. The gels
were run in Tris-Gly buffer (0.025 M Trizma base, 0.192 M
glycine, 0.1% SDS). Protein was stained with 0.2% Coomassie
Brilliant Blue R-250 in water:ethanol:acetic acid (25:25:10,
v/v).

Sugar Analysis

Sugars were analyzed as their alditol acetates by GC using
a 6-foot x 2-mm i.d. PEG succinate 224 column programmed

7-Day Douglas Fir Cells

Cell Wall Preparation

Douglas fir cell walls were prepared by suspending the cells
in dH20, cooling in an ice bath, and sonicating the cells 10
min, followed by washing with 100 mm AlC13, then alternating
dH20 washes, and pelleting the walls by bench-top centrifu-
gation until the walls were free of cell debris, judged by
microscopic examination.

Preparation of Crude HRGP by Intact Cell Elution

Batches of crude Douglas fir HRGP were prepared from 6-
or 7-d cultures harvested on a 1-L coarsely sintered funnel,
followed by a water wash and then gentle agitation of the cell
pad in 500 mL of 50 mm AlCI3 for 3 min before final suction.
The eluate was reduced in volume to 100 mL by lyophilization
before adding TCA (final concentration, 10%, w/v, 18 h,
4°C). Centrifugation (1 3,000g, 45 min, SS-34 rotor) yielded a
hydroxyproline-rich supernatant which was dialyzed 36 h at
4C and then freeze dried. We designated this TCA-soluble
fraction "crude PHRGP" and purified it as described below
(Fig. 1).

AIC13 elution
TCA ppt.

v

Crude PHRGP

gel filtration

v v

P1 P2 P3

cation exchanger

v

PHRGP
Figure 1. PHRGP purification flow chart. ppt., Precipitate.
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Figure 2. Gel filtration on Superose-6 of the Douglas fir crude
PHRGP. Peak (P1) contained the PHRGP, peak 2 (P2) contained an
HRGP whose amino acid composition resembled tomato glycosylated
type 1 extensins from the advanced herbaceous dicots (27), and
peak 3 was hydroxyproline poor.

from 130 to 180° at 4°C/min for neutral sugars. Data capture
was by a Compaq 386 with Nelson Turbochrom II software.

Hydroxyproline Arabinoside Profile

Hydroxyproline arabinosides were determined after alka-
line hydrolysis (0.44 N Ba(OH)2, 18 h, 105°C) of PHRGP or

Douglas fir cell walls and careful neutralization with concen-

trated H2SO4. The supernatant fraction was then centrifuged
and freeze dried. The lyophilate was redissolved in dH20, and
0.5 mL containing 100 to 200 Ag hydroxyproline was applied
to a 75- x 0.6-cm column (H+ form) of Technicon Chromo-
beads C washed with water and eluted with a 0 to 0.5 N HCl
gradient. The postcolumn hydroxyproline assay reaction was

monitored at A56o.

Hydroxyproline Assay

The hydroxyproline content was determined after hydrol-
ysis (6 N HCI, 1 10°C, 18 h) of cell wall and PHRGP prepa-
rations as described earlier, involving alkaline hypobromite
oxidation and subsequent coupling with acidic Ehrlich's re-

agent and monitoring at A560.

Amino Acid Analysis

Amino acid compositions were determined with a Pickering
cation exchange column (3-mm i.d. x 150 mm) eluted by
Pickering buffers A, B, and C. Postcolumn fluorometric de-
tection involved NaOCl oxidation and orthophthalaldehyde
coupling which allowed hydroxyproline and proline detection.
Data capture was by a Compaq 386 with Nelson Turbochrom
II software.

Digestion of Glycosylated PHRGP with Chymotrypsin

Glycosylated PHRGP (7 mg) was digested overnight with
chymotrypsin (Worthington) (2% sodium bicarbonate
[pH 8], 10 mm CaC12, substrate:enzyme ratio 100:1) and then
freeze dried.

Dearabinosylation of PHRGP
Chymotryptides with 0.1 N HCL

The chymotryptic peptides were dearabinosylated by heat-
ing in 0.1 N HC1 (pH 1) at 100°C for 1 h, the peptides were
freeze dried, and peptide mapping was done as described
below (Fig. 3).

HPLC Peptide Mapping

We obtained peptide maps of the deglycosylated chymo-
tryptic peptides via reverse phase HPLC on a Hamilton PRP-
1 column (4.1-mm i.d. x 150 mm) (Fig. 3) using programmed
gradient elution (0.5 mL/min) with the mobile phase solvents
A (0.1% TFA) and B (0.1% TFA in 80% [v/v] aqueous
acetonitrile). For resolution of peptides, the gradient began at
100% A and increased (0.5%/min) from 0 to 50% B in 100
min, as described previously (28). Absorbance was monitored
at 220 and 280 nm on a Hewlett-Packard photodiode array

spectrophotometer. After initial peptide fractionation, the
major peptide was rerun through PRP-1 to ensure purity
before peptide sequencing.

Automated Edman Degradation

Peptides were sequenced by the Michigan State University
Biochemistry Department Macromolecular Facility on a

477A Applied Biosystems, Inc., gas phase sequencer.

Glycosylated PHRGP

chymotrypsin

v

PHRGP Chymotryptic Glycopeptides

0.1 N HCI, 1 h, 1000 C

v

Dearabinosylated PHRGP Chymotryptides

Reverse Phase HPLC

v

PHRGP Chymotryptic Peptide Map

Figure 3. Flow chart for the preparation of PHRGP chymotryptides.
Glycosylated PHRGP was digested with chymotrypsin, and the pep-
tides were dearabinosylated in HCI and then fractionated on a Ham-
ilton PRP-1 reverse phase column.
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Figure 4. Cation exchange chromatography of PHRGP. Superose
P1 fractionated on a Polysulfoethyl Aspartamide column to yield a
pure PHRGP.

RESULTS

PHRGP Yield and Hydroxyproline Content

The cells yielded 430 to 588 gg (TCA soluble) crude
PHRGP/g cells fresh weight. The crude PHRGP contained
80 to 100 ,g hydroxyproline/mg dry weight compared with
only 3.4 ;ig hydroxyproline/mg dry weight in the cell wall
fraction.

Fractionation of the Crude PHRGP

Gel filtration yielded three major fractions, PI, P2, and P3,
with a hydroxyproline content of 20, 12.8, and 0.2% (w/w),

2

Douglas Fir-
proline-rich

HRGP
U's_l_,W

Table I. Amino Acid Compositions of Douglas Fir PHRGP, Douglas
Fir P2, a Soybean RPRP, and Tomato Extensin P1

Amino Douglas Fir Douglas Fir Soybean Tomato
Acid PHRGP P2 33-kD RPRPa Extensin p1b

mo/ %

Hyp 28.1 29.2 20.0 33.5
Asx 0.0 0.0 1.2 1.8
Thr 1.5 4.5 0.4 7.2
Ser 2.5 6.8 0.0 9.5
GIx 0.0 2.9 8.9 1.9
Pro 21.3 14.2 21.5 8.3
Gly 0.6 2.0 0.0 1.6
Ala 0.0 4.1 0.0 3.2
Val 17.3 6.5 17.3 5.0
lie 8.9 0.9 1.1 1.8
Leu 0.0 1.8 0.0 0.8
Tyr 4.9 4.6 11.5 6.3
Phe 0.0 0.7 0.0 1.3
Lys 11.0 14.9 17.3 10.5
His 1.2 6.0 0.0 7.1
Arg 1.9 0.6 0.0 1.2

a From Datta et al. (8). b From Smith et al. (27).

respectively (Fig. 2). Cation exchange chromatography of PI
on Polysulfoethyl Aspartamide yielded PHRGP as the single
major peak (Fig. 4) which migrated as a single band on SDS-
PAGE with an apparent molecular mass of 97.4 kD (Fig. 5).

Composition of Purified PHRGP and Superose-P2

Six amino acids Hyp, Pro, Val, Ile, Tyr, and Lys accounted

kD for 91 mol% of the PHRGP polypeptide. Although Superosepeak 2 was also rich in hydroxyproline and proline, it was
- 200 notably richer in seine and histidine but contained less valine

and isoleucine (Table I). Neutral sugar analysis accounted for
- 97.4 18% (w/w) of the PHRGP as arabinose with 3% (w/w)

galactose. The arabinose to hydroxyproline ratio was 1.3:1,
- 68 indicating a relatively lightly glycosylated polypeptide back-

bone, which the hydroxyproline arabinoside profile con-
- 43 firmed: 73% of the hydroxyproline was nonglycosylated, with

Hyp-Aral and Hyp-Ara3 as the major glycosylated species,
whereas Hyp-Ara4 was virtually absent (Table II).

_.3it - 29

A--- 18.4

_-14.3

Figure 5. SDS-PAGE of the PHRGP. Lane 1, 7 ,ug PHRGP; lane 2,
3 Ag molecular mass standards. Standards: myosin (H chain), 200
kD; phosphorylase b, 97.4 kD; BSA, 68 kD; ovalbumin, 43 kD;
carbonic anhydrase, 29 kD; fi-lactoglobulin, 18.4 kD; lysozyme,
14.3 kD.

PHRGP Chymotryptic Peptide Map

HPLC fractionation of the chymotryptic digest after de-
arabinosylation of the digest in 0.1 N HCO gave a peptide map
consisting of five major peptides (Fig. 6). We collected peptide
PC5 for amino acid analysis and sequencing.

Amino Acid Composition and Edman Degradation of PC5

The amino acid composition of PC5 corroborated the
partial sequence and also indicated that the complete peptide
contained 49 residues (Table III). Automated Edman degra-
dation of PC5 gave a 45-residue partial sequence in which an
18-residue identical repeat made up the first 36 amino acids,
and the pentameric motif (Pro/Hyp)-Hyp-Val-X-Lys oc-
curred five times (Fig. 7).

PHRGPmrc
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Table II. Hydroxyproline Arabinoside Profiles of Extensins from Douglas Fir, Sugar Beet', Maizeb, and
Tomatoc, and the Douglas Fir Cell Wall

Douglas Fir Sugar Maize TomatoHyp-Ara, Be l TRPPPHRGP Wall BetP1 THRGP P1

% of total Hyp
Hyp 73 10 32 48 12
Hyp-Ara 11 6 31 15 9
Hyp-Ara2 5 6 17 6 8
Hyp-Ara3 11 45 16 25 33
Hyp-Ara4 0 20 4 6 38

a From Li et al. (21). b From Kieliszewski and Lamport (17). c From Smith et al. (25).

Amino Acid Composition and Hydroxyproline Arabinoside
Profile of the Douglas Fir Cell Wall

Amino acid analyses showed the Douglas fir wall was >20%
(w/w) protein. Furthermore, the wall was hydroxyproline
poor but rich in Asx, Glx, Ala, Gly, and Leu (Table IV). In
direct contrast to the PHRGP, the fir cell wall hydroxyproline
residues were mostly glycosylated, with appreciable amounts
of Hyp-Ara4 as the predominant species (Table II).

DISCUSSION

Salt eluates of suspension-cultured Douglas fir contained
two putative HRGP extensin monomers judging from their
chromatographic properties and chemical composition, in-
cluding significant hydroxyproline arabinosylation of at least
one of the monomers. The smaller monomer resembled the
composition of a typical type 1 angiosperm extensin mon-
omer (e.g. tomato P1) (Table I) and remains for future study.
Because the larger monomer (97 kD via SDS-PAGE) (Figs. 2
and 5) was rich in both proline and hydroxyproline (Table I)
and was also glycosylated (Table II), we designated it a
PHRGP. The PHRGP was notably poor in serine, yet rich in
valine and lysine, suggesting an affinity with the repetitive
proline-rich cell wall proteins isolated from cultured soybean,
which lack the Ser-Hyp4 block characteristic of the first stud-
ied dicot extensins (2, 8, 12-14, 22).
A PHRGP chymotryptic peptide map obtained from an

500
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Figure 6. HPLC peptide map of the Douglas fir PHRGP. PC5 was
collected for sequencing.

apparently incomplete digest of the glycosylated PHRGP
(presumably due to steric hindrance by the arabinosides) gave
PC5 which was the most easily purified of the major peptides
and whose 45-residue (partial) sequence included an 18-
residue tandem repeat: (Lys-Pro-Hyp-Val-Hyp-Val-Ile-Pro-
Pro-Hyp-Val-Val-Lys-Pro-Hyp-Hyp-Val-Tyr-Lys)2 (Figs. 6
and 7). This 45-residue sequence also contained two instances
of the five-residue motif Hyp-Hyp-Val-Tyr-Lys and five in-
stances of the general repetitive pentameric motifs: X-Pro-
Val-Tyr-Lys, Pro-Pro-Val-X-Lys, Pro-Pro-X-Tyr-Lys (where
proline is often hydroxylated). The Douglas fir PHRGP is,
therefore, homologous with typical angiosperm RPRPs (2, 7,
8, 13) and extensins from tomato (28), carrot (6), petunia
(26), sugar beet (21), and tobacco (26) (M. Kieliszewski,
unpublished sequence). Thus, extensins, which we define by
sequence homology (9), encompass proteins that contain
proline/hydroxyproline residues ranging from highly contig-
uous (i.e. dicot extensins that contain the Ser-(Pro)Hyp4-5
motif; refs. 6, 11, 15, and 28) to highly dispersed as in:

1. Nodulins and Douglas fir PHRGP: e.g. a (Pro)-Pro-Pro-
His-Glu-Lys motif as in Nodulin-75 and ENOD2 (12, 32);
Pro-Hyp-Hyp-Val-Tyr-Lys and Pro-Pro-Hyp-Val-Val-Lys in
the PHRGP (Fig. 7);

2. RPRPs, typically a Pro-Hyp(Pro)-Val-Tyr/Glu-Lys motif
(2, 13, 22);

3. "Split-block" extensin from sugar beet, consisting of two
motifs, the split block itself, Ser-Hyp-Hyp-[Val-His-Glu-Tyr]
-Hyp-Hyp, and its associated Thr-Hyp-Val-Tyr-Lys motif
(note a single-base change converts this motif to the RPRP
motif) (21); and

4. Graminaceous monocot THRGP extensin: Thr-Hyp-Ser-

Table Ill. Amino Acid Molar Ratios of the Major Chymotryptic
Peptide Sequenced from Douglas Fir PHRGP

Composition by Composition of
Amino Acid Analysis Partial Sequence

Amino acid
Hyp 17.1 12
Pro 12.6 10
Val 6.6 11
Lys 5.7 6
lIe 3.6 4
Tyr 3.0 2

Residues 48.6 45

PCS

vi- . . I
nI
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Lys-Pro-Hyp-Val-Hyp-Val-Ile-Pro-Pro-Hyp-Val-Val-Lys-Pro-Hyp-Hyp-Val-Tyr-

Lys-Pro-Hyp-Val-Hyp-Val-Ile-Pro-Pro-Hyp-Val-Val-Lys-Pro-Hyp-Hyp-Val-Tyr-

Lys-Ile-Pro-Hyp-Hyp-Val-Ile-Lys-Pro
Figure 7. A partial amino acid sequence of PHRGP PC5.

Hyp-Lys-Pro-Hyp-Thr-Pro-Lys-Pro-Thr-Hyp-Hyp-Thr-Tyr
(17, 18).

Significantly, Lys-Pro is never hydroxylated in any known
extensin peptide, including the PHRGP described here.
Therefore, we predict that nodulins and RPRPs also follow
this rule; hence, the recent suggestion ofLys-Hyp in a nodulin
(25) seems unlikely.
The PHRGP was only lightly arabinosylated (73% ngh),

mainly as Hyp-Ara3, whereas Hyp-Ara4, whose abundance is
characteristic ofsome dicot extensins (10, 20, 24, 27, 33), was
virtually absent. Significant glycosylation of the PHRGP
raises the possibility that both the RPRPs and soybean no-

dulins may also be glycosylated except that the very low
arabinose content (1.6% dry weight) of soybean RPRPs (8)
(>98% ngh; M. Kieliszewski, unpublished data) virtually ex-

cludes significant hydroxyproline glycosylation. This excep-
tionally high ngh in RPRPs points to a possible correlation
between hydroxyproline arabinosylation and polypeptide se-

quence: highly contiguous hydroxyproline residues are highly
glycosylated in extensins from tomato (9% ngh) (27), carrot
(3% ngh) (33), and inferred from melon (6% ngh in the wall

itself4) (24). However, interspersed hydroxyproline residues
seem to be glycosylated less and, in the most dispersed
(RPRPs), virtually not at all. For example, the lightly glyco-
sylated maize THRGP (approximately 50% ngh) contains
frequent dipeptidyl hydroxyproline (17, 18), whereas the split-
block sugar beet extensin, with di- and tripeptidyl hydroxy-
proline (21), is more highly glycosylated (32% ngh) than the
THRGP. On the other hand, the nonglycosylated soybean
RPRPs (20 mol% hydroxyproline) probably lack contiguous
hydroxyproline5 (22) and are not glycosylated (8); yet, the
very similar Douglas fir PHRGP (28 mol% hydroxyproline)
is lightly glycosylated (73% ngh). This apparent contradiction
is actually quite consistent with the peptide sequence data
which show some dipeptidyl hydroxyproline in the PHRGP

4 Inferred from the sequence of the major peptide isolated from
melon cell walls ( 11) and hydroxyproline arabinoside profiles of both
melon wall (10, 24) and melon HRGPs (24).

5 Thus far, only one peptide sequence (an N-terminus) has been
determined for an RPRP: XXX-Tyr-Glu-Lys-Pro-Hyp-Ile-Tyr-Lys-
Pro-Hyp-Val-Tyr-Thr- (22), which corresponds to the N-terminus of
a soybean RPRP clone first isolated by Hong et al. (13).

Table IV. Amino Acid Compositions of Cell Walls From Tomatoa, Sugar Beetb, Maizec, Rice, Asparagusc, and Douglas Fir
Amino Tomato Sugar Beet Maize Maize Rice Asparagus Douglas Fir
Acid Culture Culture Culture Coleoptile Meristem Culture Culture

Hyp 28.5 0.4 1.1 2.6 0.6 2.1 0.8
Asx 4.0 12.0 10.4 8.9 11.9 8.7 9.4
Thr 4.6 5.1 5.1 5.2 4.8 4.9 5.3
Ser 14.2 7.3 6.9 7.4 6.8 7.0 7.5
Glx 2.8 12.0 9.3 10.2 11.3 10.1 11.8
Pro 3.9 5.1 3.7 5.0 7.6 5.8 5.4
Gly 3.3 9.5 10.7 10.5 11.5 13.2 9.5
Ala 3.2 8.7 10.6 11.6 14.2 10.4 9.0
Val 7.0 6.5 6.4 6.8 5.6 5.0 6.7
Cys n.d.d n.d. n.d. n.d. n.d. n.d. n.d.
Met 0.8 1.6 1.7 0.4 1.0 0.8 0.7
lie 1.8 4.8 4.2 4.4 3.0 4.1 5.0
Leu 2.5 9.7 10.3 10.2 8.4 7.6 10.6
Tyr 6.3 1.3 1.9 1.0 0.4 1.7 1.9
Phe 1.3 3.8 4.0 3.2 3.3 3.2 3.5
Lys 10.5 7.1 6.2 6.1 6.8 7.0 6.6
His 2.7 2.2 2.1 2.3 1.6 2.9 1.6
Arg 1.2 3.3 4.7 4.3 1.3 4.9 4.6

a From Smith et a/. (27). b From Li et aL. (21). c From Benbow (3). d n.d., Not determined.
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(Fig. 7). On this basis, we predict that at least some of the
nodulins, such as ENOD2 and nodulin-75 (12, 32) which are
likely to contain contiguous hydroxyproline (cDNA clones
show frequent blocks of three contiguous proline residues)
will also be lightly glycosylated. Thus, a correlation between
hydroxyproline contiguity and glycosylation may help predict
the predominant extensin type in a given tissue or species.
For example, a survey of hydroxyproline arabinosides in the
plant kingdom (20) now implies that the Ser-Hyp-Hyp-Hyp-
Hyp (contiguous) motif is generally characteristic of the most
abundant dicot extensins (3-13% ngh), whereas the more
interspersed extensins may be more abundant in monocots
and lower plants. The intriguing exception is the primitive
gymnosperm Gingko, in which 13% ngh in the wall implies a
predominance of highly contiguous hydroxyproline (20).

Interestingly, the PHRGP hydroxyproline-arabinoside pro-
file was quite different from that of the Douglas fir wall
(approximately 10% ngh), so the PHRGP itself (and RPRPs
and hydroxyproline/proline-rich nodulins?) can only account
for a small proportion, ifany, ofthe covalently bound HRGPs
in the wall and may perhaps remain as a non-cross-linked
monomer, contrary to the prevailing notion that they are
covalently built into the wall (8).

Despite the yield of Douglas fir elutable extensins, the wall
itself is surprisingly hydroxyproline poor and, as previously
noted by Burke et al. (4), is unusually rich in non-HRGP
protein. This protein (or proteins?) has hitherto remained
unrecognized as a major wall component; based purely on
compositional analyses, it is widespread, occurring in other
species ranging from herbaceous dicots, such as sugar beet
(21), to the nongraminaceous monocot asparagus (3) and the
graminaceous monocots rice and maize (Table III).

It is tempting to speculate about the origin or interconver-
sion of extensin types. For example, as discussed earlier (21)
it is easy to see how the split-block extensin of sugar beet
either arose from (or gave rise to!) the canonical dicot type I
motif, Ser-Hyp-Hyp-Hyp-Hyp-Thr-Hyp-Val-Tyr-Lys (28),
simply by shifting the insertion/deletion sequence from the
end of a tetrahydroxyproline block to its middle. Whether
one should also view other extensins such as nodulins and
RPRPs as split-block types is currently a moot point. One
might argue that their insertion/deletion sequences are rep-
resented by His-Glu-Lys-Pro (nodulin) (32) and Val-Tyr/Glu-
Lys-Pro (RPRP) (13) sandwiched between two Hyp-Hyp or
Pro-Hyp dipeptides. That view may be correct if extensin
evolution has really involved the apparent rampant shuffling
of structural motifs by insertion, deletion, and transposition.
On the other hand, the notable lack of serine in RPRPs and
nodulins would appear to preclude the argument, were it not
for the presence of a few serine residues in the PHRGP (see
Table I) and in the recently described nodulins from pea
(25, 32).

Finally, we must consider the possible origin of extensin by
homoplasy, i.e. through convergent evolution of generally
proline-rich proteins. However, this seems quite unlikely be-
cause glycosylated hydroxyproline-rich extensin-like mole-
cules occur as major wall components in primitive protists
such as Chlamydomonas (34) which predate the metaphytes.
On the other hand, the major metazoan matrix glycoprotein,
collagen, which can be regarded as the animal analog of

extensin, is absent from protists, appearing first only in the
lower metazoa, sponges (1). Interestingly, although collagens
contain hydroxyproline (invariably nonglycosylated), they are
essentially glycine-rich (33 mol%) proteins. Thus, it is not
entirely inconceivable that collagen evolved from translation
products of the G-rich noncoding strand of extensin as sug-
gested by Keller and Lamb (16).
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