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Design of hydroxyproline (Hyp)-rich glycoproteins (HRGPs) offers
an approach for the structural and functional analysis of these wall
components, which are broadly implicated in plant growth and
development. HRGPs consist of multiple small repetitive ‘‘glyco-
modules’’ extensively O-glycosylated through the Hyp residues.
The patterns of Hyp-O-glycosylation are putatively coded by the
primary sequence as described by the Hyp contiguity hypothesis,
which predicts contiguous Hyp residues to be attachment sites of
small arabinooligosaccharides (1–5 Ara residuesyHyp); while clus-
tered, noncontiguous Hyp residues are sites of arabinogalactan
polysaccharide attachment. As a test, we designed two simple
HRGPs as fusion proteins with green fluorescent protein. The first
was a repetitive Ser-Hyp motif that encoded only clustered non-
contiguous Hyp residues, predicted polysaccharide addition sites.
The resulting glycoprotein had arabinogalactan polysaccharide
O-linked to all Hyp residues. The second construct, based on the
consensus sequence of a gum arabic HRGP, contained both arabi-
nogalactan and arabinooligosaccharide addition sites and, as pre-
dicted, gave a product that contained both saccharide types. These
results identify an O-glycosylation code of plants.

From green algae to flowering plants, hydroxyproline (Hyp)-
O-glycosylation uniquely characterizes an ancient and diverse

group of structural glycoproteins associated with the cell wall (1).
These Hyp-rich glycoproteins (HRGPs) are broadly implicated
in all aspects of growth and development, including fertilization
(2, 3), differentiation and tissue organization (4), control of cell
expansion growth (5), and responses to stress and pathogenesis
(6). However, our level of understanding their role is largely
superficial and conjectural. The problem remains to be ex-
plained as to why plants need so many HRGPs, what physio-
logical roles they fulfill, and precisely how they fulfill them at the
molecular level (7).

HRGPs are generally extended, repetitive glycoproteins (8).
The repeats are usually small, '5- to 16-residue motifs that are
frequently highly glycosylated. Most HRGPs consist of more
than one type of repetitive motif. Thus, peptide sequence
periodicity and glycosylation distinguish the three major HRGP
families: arabinogalactan proteins (AGPs), extensins, and pro-
line-rich proteins (PRPs). AGPs [.90% (wtywt) sugar] have
repetitive variants of (Xaa-Hyp)n motifs (7) with O-linked
arabinogalactan polysaccharides involving an O-galactosyl-Hyp
glycosidic bond (9, 10). Extensins ['50% (wtywt) sugar] have a
diagnostic Ser-Hyp4 repeat that contains short oligosaccharides
of arabinose (Hyp arabinosides) involving an O-L-arabinosyl-
Hyp linkage (1, 11). Finally, the lightly arabinosylated PRPs
[2–27% (wtywt) sugar; ref. 12] are the most highly periodic,
consisting largely of pentapeptide repeats, typically variants of
Pro-Hyp-Val-Tyr-Lys (13, 14).

Because repetitive HRGP glycopeptide motifs are evolution-
arily conserved, we consider them small functional units and
refer to them as ‘‘glycomodules.’’ HRGP glycosylation is signif-
icant, because it defines the interactive molecular surface and
hence should determine HRGP function as it does for other
extensively glycosylated glycoproteins (15). If the molecular
properties of these glycomodules depend on their glycosyl

substituents precisely arranged along an extended Hyp-rich
polypeptide template, then an O-glycosylation code is likely. The
Hyp contiguity hypothesis (8, 16, 17) correlates Hyp arabinosy-
lation with blocks of contiguous Hyp residues and predicts that
Hyp galactosylation occurs on clustered noncontiguous Hyp
residues (8, 16). For example, contiguous Hyp4 blocks of the
Ser-Hyp4 glycomodules are extensively glycosylated with short
chains comprised entirely of L-arabinose (1, 12). Similarly,
dipeptidyl Hyp is the major arabinosylation site of a PRP in
which noncontiguous Hyp was only rarely monoarabinosylated
(17). On the other hand, we predict that Hyp galactosylation of
clustered noncontiguous Hyp residues, such as the Xaa-Hyp-
Xaa-Hyp repeats of AGPs, results in the addition of a galactan
core with side chains of arabinose and other sugars to form
characteristic Hyp-arabinogalactan polysaccharides. Hitherto,
these sites of arabinogalactan polysaccharide attachment were
poorly defined. AGPs resist proteases, and degradation by
partial alkaline hydrolysis yields arabinogalactan glycopeptides
that are difficult to purify. Therefore, as an approach to HRGP
glycosylation site mapping and as a test of the code that directs
Hyp-arabinogalactan polysaccharide addition, we designed a set
of two synthetic genes that encode putative AGP glycomodules.
Herein, we report that, when expressed and targeted for secre-
tion, these modules behaved as simple endogenous substrates for
HRGP glycosyl transferases. The construct expressing noncon-
tiguous Hyp showed exclusive polysaccharide addition, whereas
another construct containing noncontiguous Hyp and additional
contiguous Hyp showed both polysaccharide and arabinooligo-
saccharide addition consistent with the predictions of the Hyp
contiguity hypothesis.

Materials and Methods
Synthetic Gene and Plasmid Construction. The signal sequence (Fig.
1) was modeled after an extensin signal sequence from Nicotiana
plumbaginifolia (18); mutually priming oligonucleotides were
extended by T7 DNA polymerase, and the duplex was placed in
pUC18 as a BamHI–SstI fragment. Construction of a given
synthetic gene involved the polymerization of three sets of
partially overlapping, complementary oligonucleotide pairs as
described (ref. 19; Fig. 1). The following subclonings were
required to create DNA fragmentsyrestriction sites, which al-
lowed facile transfer of the signal sequence-synthetic gene-
enhanced green fluorescent protein (EGFP) unit to the plant
transformation vector pBI121 (ref. 20; CLONTECH); we placed
the synthetic genes in pBluescript II SK(1) (Stratagene) as
BamHI–EcoRI fragments and then subcloned the genes into
pEGFP (CLONTECH) as BamHI–AgeI fragments preceding
the EGFP gene (21, 22). The synthetic gene–EGFP fragments
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were then subcloned into pBluescript II KS(1) (Stratagene) as
XmaI–NotI fragments, removed as XmaI–SstI fragments, and
subcloned into pUC18 behind the signal sequence. DNA se-
quences were confirmed by sequence analysis before insertion
into pBI121 as BamHI–SstI fragments, replacing the b-glucu-
ronidase reporter gene. All constructs were under the control of
the 35S caulif lower mosaic virus promoter. The oligonucleotides
were synthesized by Life Technologies (Grand Island, NY). An
Ala for ProyHyp substitution at residue 8 of the GAGP internal
repeat module (Ser-Pro-Ser-Pro-Thr-Pro-Thr-Pro-Pro-Pro-Gly-
Pro-His-Ser-Pro-Pro-Pro-Thr-Leu) was inadvertently intro-
duced during synthesis by a G-for-C base substitution in the
sense strand.

Tobacco Cell Transformation and Selection of Cell Lines. Suspension
cultured tobacco cells (Nicotiana tabacum, BY2) were trans-
formed (23) with Agrobacterium tumifaciens strain LBA4404
containing the pBI121-derived plant transformation vector.
Transformed cell lines were selected on solid Murashige–Skoog
medium (Sigma, no. 5524) containing 100 mgyml kanamycin.
Timentin was initially included at 400 mgyml to kill Agrobacte-
rium. Cells were later grown in 1-liter f lasks containing 500 ml
of Shenck–Hildebrand medium (Sigma, no. 6765) and 100 mgyml
kanamycin, rotated at 100 rpm on an Innova 2000 New Bruns-
wick Scientific gyrotary shaker.

Isolation of (Ser-Hyp)32-EGFP, (GAGP)3-EGFP, Native GAGP, and En-
dogenous Tobacco AGPs. Culture medium was harvested 7–21 days
after subculture, concentrated 10-fold via rotoevaporation, then
injected onto a Superose-12 gel filtration column (Amersham
Pharmacia) equilibrated in 200 mM sodium phosphate buffer
(pH 7), and eluted at a flow rate of 1 mlymin. EGFP fluores-
cence was monitored by a Hewlett–Packard 1100 Series flow-
through fluorometer (488-nm excitation; 520-nm emission). We
calibrated the Superose-12 column with molecular mass stan-
dards (BSA, insulin, catalase, and sodium azide). Fluorescent
Superose-12 fractions were injected directly onto a Hamilton
PRP-1 reverse phase column, and gradient eluted at a flow rate
of 0.5 mlymin. Start buffer consisted of 0.1% trif luoroacetic acid
(aqueous), and elution buffer was 0.1% trif luoroacetic acidy80%
(volyvol) acetonitrile (aqueous). The sample was repeatedly
injected (0.5 mlymin) onto the column over 35 min and then
eluted with a gradient of elution buffer (0–70%y135 min).
Native GAGP was isolated from gum arabic nodules as described

by Qi et al. (10). Endogenous tobacco AGPs were isolated as
described (see Fig. 4).

Coprecipitation with Yariv Reagent. We coprecipitated (Ser-
Hyp)32-EGFP, (GAGP)3-EGFP, tobacco AGPs, and native
GAGP with the Yariv reagent as described (24).

Monosaccharide and Glycosyl Linkage Analysis. Monosaccharide
compositions and linkage analyses were determined at the
Complex Carbohydrate Research Center, University of Georgia,
as described (25, 26).

Hyp-Glycoside Profiles. Hyp-glycoside profiles were determined as
described by Lamport and Miller (11). We hydrolyzed 5.8–12.2
mg of (Ser-Hyp)32-EGFP or (GAGP)3-EGFP in 0.44 M NaOH
and neutralized the hydrolysate with 0.3 M HCl before injection
onto a C2 cation exchange column.

Anhydrous Hydrogen Fluoride Deglycosylation. We deglycosylated
4.5 mg each of (Ser-Hyp)32-EGFP and (GAGP)3-EGFP in
anhydrous hydrogen fluoride containing 10% (volyvol) dry
methanol for 1 h at 0°C, and then quenched the reactions in
double-distilled H2O (27).

Hyp Assay of Secreted EGFP. Secreted EGFP, the product of the
Sig-EGFP gene, was isolated by the Superose-12 fractionation.
We removed EGFP from the fusion glycoproteins by overnight
pronase digestion (1% ammonium bicarbonatey5 mM CaCl2;
27°C; 1:100 enzyme:substrate ratio), followed by isolation of
EGFP by gel permeation chromatography as described above.
After dialysis and freeze drying, we assayed Hyp on 0.5 mg of
EGFP as described (12).

Protein and DNA Sequence Analysis. Protein sequence analysis was
performed at the Michigan State University Macromolecular
Facility on a 477-A Applied Biosystems gas phase sequencer.
DNA sequencing was performed at the Guelph Molecular
Supercentre, University of Guelph, Ontario, Canada.

Results
Synthetic Gene and Plasmid Construction. We built three plasmids,
each encoding a tobacco signal sequence and EGFP. Two of the
plasmids also contained a synthetic gene encoding either six
(Ser-Pro) internal repeat units or three (GAGP) internal repeat

Fig. 1. Oligonucleotide sets used to build the synthetic genes. Internal repeat oligonucleotide sets encoding Ser-Pro repeats or the gum arabic glycoprotein
(GAGP) sequence were polymerized head-to-tail in the presence of the 59 linker set. After ligation, the 39 linker was added, and the genes were then restricted
with BamHI and EcoRI and inserted into pBluescript II SK(1). The signal sequence was built by primer extension of the overlapping oligonucleotides featured
here. The overlap is underlined.
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units (Fig. 1) sandwiched between the signal sequence and
EGFP.

Tobacco Cell Transformation and Selection of Cell Lines. After trans-
formation of tobacco cells with Agrobacterium harboring the
plant transformation plasmid pBI121 outfitted with Sig-
(GAGP)3-EGFP, Sig-(Ser-Pro)32-EGFP, or Sig-EGFP, selection
on solid medium and subsequent growth in liquid culture yielded
cells bathed in a green fluorescent medium (Fig. 2).

Isolation of (Ser-Hyp)32-EGFP and (GAGP)3-EGFP. We harvested the
culture medium and purified the gene products by gel perme-
ation and reverse-phase chromatography (Figs. 3 and 4). Six cell
lines examined [three each of (Ser-Hyp)32-EGFP and (GAGP)3-
EGFP] synthesized fluorescent glycoproteins of comparable
sizes, although product yields between lines differed by as much
as 10-fold. For product characterization, we chose high-yielding
lines (shown in Fig. 2), which typically produced 23 mgyliter
(Ser-Hyp)32-EGFP and 8 mgyliter (GAGP)3-EGFP after isola-
tion. Superose-12 fractionation of the two fusion glycoproteins
(Fig. 3) compared with molecular mass standards (not shown)
indicated mass ranges of '95–115 kDa for (Ser-Hyp)32-EGFP
and '70–100 kDa for (GAGP)3-EGFP.

Coprecipitation with Yariv Reagent. Both (Ser-Hyp)32-EGFP and
(GAGP)3-EGFP precipitated with Yariv reagent (Table 1).

Hyp Glycoside Profiles. Each Hyp residue in (Ser-Hyp)32-EGFP
contained an arabinogalactan-polysaccharide substituent;
(GAGP)3-EGFP Hyp residues contained arabinooligosaccha-
ride substituents in addition to arabinogalactan polysaccharides
(Table 2).

Monosaccharide and Glycosyl Linkage Analysis. Gal and Ara ac-
counted for the bulk of the saccharides in both fusion proteins,
with lesser amounts of Rha and GlcUA (Table 3); saccharide
accounted for 58% (dry weight) of (Ser-Hyp)32-EGFP and 48%
(dry weight) of (GAGP)3-EGFP. Methylation analyses indicated
that 3- and 3,6-linked galactose species accounted for 50 mol %
of the sugars in (Ser-Hyp)32-EGFP and 46 mol % of (GAGP)3-
EGFP; 2-linked arabinofuranose accounted for 1.6 and 3.1 mol
%, respectively; terminal arabinofuranose accounted for 20 and
21 mol %, respectively; 4-arabinopyranose or 5-arabinofuranose

accounted for 6 and 8%, respectively; all rhamnose was terminal;
all GlcUA was 4-linked.

Hyp Assay of Secreted EGFP. There was no Hyp in secreted EGFP
or in EGFP removed from the fusion glycoproteins by pronase.

Fig. 2. Fluorescence micrographs of tobacco callus cells transformed with Sig-(Ser-Pro)32-EGFP (A) or Sig-(GAGP)3-EGFP (B); (C) nontransformed tobacco callus
cells. The synthetic genes encoded a signal sequence to direct the products through the endoplasmic reticulum and Golgi, then out to the extracellular matrix
(51). Not shown are cells transformed with Sig-EGFP, which looked like those in A and B; however, the medium fluorescence was much less intense. The
fluorescence in these highly vacuolated, cultured cells surrounds the nuclei but is not inside of them, judging by optical sections (not shown). The microscope
was a Molecular Dynamics Sarastro 2000 confocal laser scanning microscope with a 488-nm laser wave length filter, a 510-nm primary beam splitter, and a 510-nm
barrier filter.

Fig. 3. Superose-12 gel permeation chromatography with fluorescence
detection of culture medium containing (Ser-Hyp)32-EGFP (A), (GAGP)3-EGFP
medium concentrated 4-fold (B), medium of EGFP targeted to the extracellu-
lar matrix concentrated 10-fold (C), or 10 mg of standard EGFP from CLONTECH
(D). Not shown is the fractionation of medium from nontransformed tobacco
cells, which gave no fluorescent peaks, consistent with the results presented
in Fig. 2C. LU, luminescence units.
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Anhydrous Hydrogen Fluoride Deglycosylation. After deglycosyla-
tion of 4.5 mg of each fusion glycoprotein, we recovered 1 mg of
deglycosylated (Ser-Hyp)32-EGFP (i.e., '23% weight recovery)
and 2.2 mg of deglycosylated (GAGP)3-EGFP (i.e., '50%
recovery).

Protein Sequence Analysis by Edman Degradation. Edman degrada-
tion (Fig. 5) confirmed the gene sequences and identified which
Pro residues had been hydroxylated to Hyp.

Discussion
The general (Xaa-Pro)n motif is widespread in AGPs (7), where
Pro is usually posttranslationally hydroxylated to form Hyp and
Xaa is usually Ala, Thr, or Ser. Thus, the simple putative
polysaccharide addition site (Xaa-Hyp)n is probably a major
glycomodule of AGPs, including gum glycoproteins (16). To test
that hypothesis, we chose the conserved (Ser-Hyp)n motif that
occurs both in green algae (Chlamydomonas, ref. 28; and in
higher plant AGPs, refs. 29 and 30). This noncontiguous Hyp
motif is of particular interest, because it also occurs together with
a contiguous Hyp motif in the consensus sequence of GAGP,
which contains both oligoarabinoside and polysaccharide addi-
tion sites (10, 16). We designed three synthetic genes to test these
ideas.

The first synthetic gene, dubbed Sig-(Ser-Pro)32-EGFP, en-
coded a signal sequence (Sig; ref. 18) at the N terminus followed
by (Ser-Pro)32 and then EGFP at the C terminus. The predicted
polysaccharide addition to noncontiguous Hyp should yield an
expression product containing Hyp polysaccharide exclusively.

The second synthetic gene, dubbed Sig-(GAGP)3-EGFP, en-
coded three repeats of a slightly modified 19-residue GAGP
consensus sequence (ref. 16; Figs. 1 and 5) and should yield an
expression product that contains Hyp arabinosides as well as Hyp
polysaccharide.

The third synthetic gene was a control construct, Sig-EGFP,
that encoded only the signal sequence and EGFP. The expres-
sion product was a control to test whether any Hyp glycosylation
could be attributed to EGFP modification.

Inclusion of the EGFP reporter protein facilitated the selec-
tion of transformed cells (Fig. 2) and subsequent detection of the
expression products during isolation (Fig. 1). EGFP fluores-
cence in the growth medium was also a visual demonstration of
Sig efficacy in directing secretion. The absence of any obvious
cell lysis in the cultures and excellent product yields of the
glycosylated expression products confirmed that the green flu-
orescence represented bona fide secretory products. Interest-

Fig. 4. PRP-1 reverse-phase fractionation of the Superose-12 peaks containing
(Ser-Hyp)32-EGFP (A), (GAGP)3-EGFP (B), and (glyco)proteins in the medium of
nontransformed tobacco cells (C). Endogenous tobacco AGPs eluted between 47
and 63 min; extensins eluted at '67 min. (C) Control medium collected from
nontransformed tobacco cells was first fractionated on Superose-12, and the
fractions eluting between 47 and 63 min were collected for further separation on
PRP-1 to determine whether any endogenous AGPsyHRGPs cochromatographed
with (Ser-Hyp)32-EGFP or with (GAGP)3-EGFP, which they did not.

Table 1. Yariv assay of (Ser-Hyp)32-EGFP and (GAGP)3-EGFP

Sample weight,
mg

A at 420 nm

(Ser-Hyp)32-
EGFP

(GAGP)3-
EGFP

Standards

GAGP
Tobacco

AGP

20 0.16 0.27 0.51 0.16
50 0.45 0.56 1.22 0.38
100 1.00 1.21 2.69 0.85

Table 2. Hyp-glycoside profiles of (Ser-Hyp)32-EGFP
(GAGP)3-EGFP, and native GAGP

Hyp-glycoside

Percentage of total Hyp

(Ser-Hyp)32-
EGFP

(GAGP)3-
EGFP

Native GAGP
(ref. 10)

Hyp-polysaccharide 100 62 25
Hyp-Ara 0 4 10
Hyp-Ara2 0 12 17
Hyp-Ara3 0 7 31
Hyp-Ara4 0 4 5
Nonglycosylated Hyp 0 11 12
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ingly, EGFP without a glycomodule was secreted at very low
levels, perhaps because of lower solubility.

The following experiments characterized the purified fusion
proteins and showed that they are indeed new AGPs.

Coprecipitation with the b-galactosyl Yariv reagent. Both fusion
glycoproteins coprecipitated with the b-galactosyl Yariv reagent
(Table 1), a specific property of b-1,3-linked AGPs (7, 24).

Protein sequence analysis. N-terminal sequencing of both (Ser-
Hyp)32-EGFP and (GAGP)3-EGFP (Fig. 5) verified the syn-
thetic gene sequences and identified Hyp residues. Occasional
incomplete proline hydroxylation has been observed elsewhere
(12, 31) and may simply signify a prolyl hydroxylase with less than
100% fidelity.

Hyp-glycoside profiles. A Hyp-glycoside profile of (Ser-Hyp)32-
EGFP (Table 2) gave a single peak of Hyp corresponding to Hyp
polysaccharide. Significantly, peaks corresponding to Hyp ar-
abinosides and nonglycosylated Hyp were absent. This absence
indicates that all of the Hyp residues in the glycomodule were
linked to a polysaccharide.

In contrast, (GAGP)3-EGFP yielded peaks corresponding to
Hyp arabinosides, nonglycosylated Hyp, and Hyp polysaccha-
ride. However, (GAGP)3-EGFP (Figs. 1 and 5) was designed
with fewer contiguous Hyp residues than the consensus sequence
of native GAGP and yielded fewer Hyp arabinosides, consistent
with fewer contiguous Hyp arabinosylation sites (8, 12, 16, 17).
In addition, occasional incomplete hydroxylation of the middle
proline residue in the Pro-Pro-Pro block (Fig. 5B) converted a

region of contiguous Hyp (putative arabinosylation site) to
noncontiguous Hyp (polysaccharide addition sites). Control
EGFP targeted to the extracellular matrix contained no Hyp,
and hence no glycosylated Hyp, judging by manual Hyp assays.

Sugar analyses. Both fusion glycoproteins had sugar composi-
tions typical of AGPs (Table 3)—a galactose:arabinose molar
ratio of '2:1, with lesser amounts of glucuronic acid and
rhamnose. The predominantly 3- and 3,6-linked galactose and
terminal arabinofuranose determined by methylation analysis
was in keeping with a b-1,3-linked galactan backbone having side
chains of arabinose, glucuronic acid, and rhamnose (7). The very
low amount of 1,2-linked arabinose in (Ser-Hyp)32-EGFP agreed
with the absence of Hyp arabinosides; however, the presence of
1,2-linked arabinose in (GAGP)3-EGFP agreed with the pres-
ence of Hyp arabinosides in its Hyp glycoside profile, because
they are known to be largely 1,2-linked (32). Thus, (GAGP)3-
EGFP contained both types of Hyp glycosylation, consistent with
the presence of a polypeptide having contiguous and noncon-
tiguous Hyp as putative arabinosylation and polysaccharide
addition sites, respectively.

Size of attached polysaccharide. Hyp glycoside profiles showed
the molar ratio of Hyp polysaccharides in each fusion glyco-
protein (Table 2). This ratio gives the number of (polysaccha-
ride)-Hyp residues in each glycoprotein molecule (e.g., Hyp
polysaccharide accounted for 100% of the Hyp glycosides in
(Ser-Hyp)32, i.e., 31–32 Hyp polysaccharides). Glycoprotein size
before and after deglycosylation gave an approximate size for the
attached polysaccharide. The size of each fusion protein before
and after deglycosylation was '95–115 kDa and 34 kDa, respec-
tively, for (Ser-Hyp)32-EGFP ('71-kDa carbohydrate), and
'70–100 kDa and 34 kDa, respectively, for (GAGP)3-EGFP
('51-kDa carbohydrate). Judging by the gene sequence (not
shown) and Fig. 5, (Ser-Hyp)32-EGFP contains '31–32 Hyp
residues, all noncontiguous. Thus, the average polysaccharide
size is 2.2–2.3 kDa (71 kDay31), which corresponds to 14–15
sugar residues (average sugar residue weight of 155 calculated
from the sugar composition in Table 3). This is consistent with
the empirical formula Gal6 Ara3 GlcUA2 Rha, based on com-
positional data in Table 3. Similarly, (GAGP)3-EGFP contains
'23–25 Hyp residues, of which 62% (Table 2) or '15 occur with
polysaccharide attached. Hence, the polysaccharide approxi-
mates 51 kDay15 5 3.4 kDa, corresponding to about 22 sugar
residues; this value is a modest overestimate, because it includes
arabinose from the Hyp arabinooligosaccharides.

The similarity of these fusion glycoproteins to native GAGP
(Table 3) suggests a model for the Hyp polysaccharide based on
the general arabinogalactan structure (33–35) of a galactan core,
with small side chains containing rhamnose, arabinose, and
glucuronic acid. Possibly larger arabinogalactan polysaccharides
can be built up by repeated addition (36) of small '12-residue
blocks represented by the empirical formula above.

Expression of the two repetitive glycomodules corroborates
the Hyp contiguity hypothesis and has the following implications.

The Hyp contiguity hypothesis postulates that a glycosylation
code based on contiguous versus noncontiguous Hyp motifs
directs the addition of arabinosides or arabinogalactan polysac-
charide, respectively. The repetitive Ser-Hyp motif directed the
exclusive addition of arabinogalactan polysaccharide to Hyp in
(Ser-Hyp)32-EGFP, whereas Hyp arabinosylation was correlated
with the presence of contiguous Hyp blocks in (GAGP)3-EGFP.
Thus, the O-Hyp glycosyltransferases of plants seem to resemble
the O-Ser and O-Thr glycosyltransferases of animals in their
multiplicity and ability to discriminate based on primary se-
quence and site clustering (37). Conformational requirements
may also account for the sequence specificity of animal O-
glycosyl transferases (38, 39). Possibly similar rules hold in
plants. Thus, we should not rule out the possibility that a
conformational switch determines the addition of arabinose or

Fig. 5. Polypeptide sequences of (Ser-Hyp)32-EGFP and (GAGP)3-EGFP before
and after deglycosylation. (A) N-terminal amino acid sequence of the glyco-
protein (Ser-Hyp)32-EGFP. We obtained partial sequence of both the glycop-
rotein (Upper) and its polypeptide after deglycosylation (Lower). X denotes
blank cycles that correspond to glycosylated Hyp; glycoamino acids tend to
produce blank cycles during Edman degradation, an exception being arabi-
nosyl Hyp (17). (B) Polypeptide sequence of glycosylated (GAGP)3-EGFP (Up-
per) and deglycosylated (GAGP)3-EGFP (Lower). Residues marked with an
asterisk denote low molar yields of Hyp and likely sites of arabinogalactan
polysaccharide attachment in glycosylated (GAGP)3-EGFP. For example, yields
were 480 pM Asp in the first cycle, 331 pM Ser in the second, 194 pM Hyp in the
third, and 508 pM Ser in the fourth.

Table 3. Glycosyl compositions of (Ser-Hyp)32-EGFP,
(GAGP)3-EGFP, native GAGP, and crude gum arabic

Glycosyl
residue

Mol percent

(Ser-Hyp)32-
EGFP

(GAGP)3-
EGFP*

Native GAGP
(ref. 10)

Crude gum arabic
(ref. 32)

Ara 28 23 36 28
Gal 45 49 46 37
Rha 8 8 10 13
Xyl 0 2 0 0
GlcUA 19 16 9 17
Mann 1 1 0 0

*Values are corrected for a small amount of glucose contamination.
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galactose to Hyp residues, because the polyproline II helix of
contiguous Pro (or Hyp) residues may not propagate through
regions of noncontiguity (40). However, in a PRP from Douglas
fir, the sequence Ile-Pro-Pro-Hyp-Val was never arabinosylated,
whereas the sequence Lys-Pro-Hyp-Hyp-Val was consistently
arabinosylated, arguing for primary sequence rather than con-
formation as a determinant of Hyp arabinosylation (17). The
ability to generate specific substrates for O-Hyp arabinosyltrans-
ferases and galactosyltransferases, as demonstrated here, should
facilitate their isolation, their unambiguous identification, and
the determination of their substrate preferences.

Transfer of an Acacia GAGP analog to Nicotiana gave a
product containing both oligoarabinoside and arabinogalactan
polysaccharide resembling the product of native GAGP. There-
fore, the Hyp glycosylation code seems to be shared by Legu-
minosae and Solanaceae, two widely separated dicotyledonous
families. Indeed, a Hyp oligosaccharide containing both arabi-
nose and galactose was first reported for the green alga Chlamy-
domonas (41). Thus, the Hyp glycosylation code, together with
conserved glycosyltransferases (42), may be global. A global
code could help to identify potential sites of oligoarabinoside
and polysaccharide addition in HRGPs inferred from their
genomic sequences. Furthermore, it would permit the transfer of
useful products, like exudate gum glycoproteins (43) such as
GAGP from thorny desert scrub like Acacia, to more amenable
crop plants.

Several strategies identify protein modules as functional units
by mapping the regions involved (44, 45). We can now recognize
two HRGP glycomodules, the arabinosylated Ser-Hyp4 (46), and

the (Xaa-Hyp)n arabinogalactan polysaccharide glycomodule
identified here. Fluorescently tagged, unimodular (or bimodu-
lar) HRGP analogs enable further functional analysis of HRGPs,
because they allow sensitive fluorimetric assays of single module
properties such as binding and cross-linking both in muro and in
vitro. As possible endogenous competitive inhibitors of normal
HRGP interactions, these glycomodules may show how HRGP
scaffolds interact with other matrix components during wall
self-assembly, for example in pollen tubes (47), protoplasts (48),
and Chlamydomonas (49, 50).

Finally, a simple Hyp-glycosylation code facilitates the design
of HRGPs and their manipulation module-by-module to en-
hance desirable properties. Thus, design of glycoproteins may
have utilitarian value. A wide range of products is possible, such
as exudate gum analogs and other useful hydrocolloids, including
HRGP-enzyme hybrids stabilized as an insoluble cross-linked
AGP-gel matrix. These environmentally benign products pro-
duced in plant factories may find application in the agricultural,
food, pharmaceutical, and nanotechnology industries.
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