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Abstract. Hydroxyproline-rich glycoproteins (HRGPs)
are ubiquitous architectural components of the growing
plant cell wall, accounting for as much as 10—20% of the
dry weight. HRGPs are implicated in all aspects of plant
growth and development, including responses to stress.
The HRGP superfamily contains three major groups
which represent a continuum of peptide periodicity and
hydroxyproline-O-glycosylation. These groups range
from the highly periodic and lightly arabinosylated re-
petitive proline-rich proteins (PRPs), through the cross-
linked extensins which are periodic and highly arabi-
nosylated, to the arabinogalactan-proteins (AGPs) which
are the most highly glycosylated and least periodic. The

repetitive units are small, often only four- to six-residue-
glycosylated modules viewed hypothetically as func-
tional motifs, or glycomodules. The Hyp contiguity hy-
pothesis predicts that Hyp arabinosylation increases with
Hyp contiguity and that clustered noncontiguous Hyp
residues are sites of arabinogalactan polysaccharide addi-
tion in the AGPs and gums. Recent results involving gly-
cosylation site mapping of endogenous HRGPs and
HRGP design using synthetic genes have corroborated
the hypothesis. The uses of synthetic genes in HRGP gly-
cosylation site mapping and structural/functional analy-
sis are also discussed.
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Introduction

The plant primary cell wall is a supramolecular, self-as-
sembling, interactive network of structural polysaccha-
rides [1] and HRGPs [2—5]. Three major families com-
prise the HRGP superfamily: the PRPs, extensins, and
AGPs, and although repetitive signature peptide se-
quences distinguish the three families, they present a con-
tinuum of peptide sequence and glycosylation rather than
inflexible categories. HRGPs play many different roles in
plant growth and development; however, those roles are
largely undefined at a molecular level. Significantly,
plant HRGPs have no animal homologs for comparative
structural and functional analysis. As such, the rich and
uniquely ‘planty’ hydroxyproline O-glycosylation [6] of
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the HRGP polypeptide backbone must signify functions
peculiar to the plant kingdom.

HRGP repetitive modules generally consist of small, sim-
ple, four- to six-residue motifs often extensively O-gly-
cosylated by arabinooligosaccharides or arabinogalactan
polysaccharides attached to the hydroxyproline residues,
and sometimes to serine mainly as single galactosyl
residues [7]. The conservation and widespread occur-
rence of only a few HRGP glycomodules throughout the
evolutionary progression implies that they are small func-
tional units [2] whose roles depend on the identity and
precise arrangement of the pendent saccharide chains. In-
deed, for most HRGPs, carbohydrate essentially encapsu-
lates the peptide backbone, defines the interactive mole-
cular surface, and therefore is the major determinant of
function. Thus, HRGP functional analysis necessarily de-
volves into the rules and roles of glycosylation. We have
summarized these rules in the Hyp contiguity hypothesis,
which essentially predicts that protein sequence directs
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Hyp O-glycosylation [2] as it does for N-glycosylation in
other glycoproteins [8].

This review discusses the elucidation of Hyp glycosyla-
tion codes in the three major groups of HRGPs, with
special emphasis on those codes that direct polysaccha-
ride addition in AGPs and the closely related AGP gums.
What are the consequences of decrypting the HRGP gly-
cosylation code? First of all, it will it help us describe
and predict HRGP three-dimensional structure. Beyond
that, deciphering the code should eventually enable us to
relate site-specific HRGP glycosylation to essential
molecular functions such as crosslinking, self-associa-
tion, cell surface binding and wall self-assembly. Here
we discuss how the design of synthetic HRGP genes is
enabling us to crack HRGP O-glycosylation codes, de-
fine the precise three-dimensional structures and prop-
erties of HRGP glycomodules, and ultimately relate
those structures to specific functions in the plant extra-
cellular matrix.

HRGPs and the Hyp contiguity hypothesis

HRGP carbohydrate content covers a wide range — from
~1% to >95% by weight, involving either an initial ara-
binofuranosyl p-1,4-Hyp or galactopyranosyl p-1,4-
Hyp linkage. Each type of Hyp O-glycosylation, ara-
binosylation and arabinogalactan-polysaccharide addi-
tion has conserved unique architectural features
presumably of functional significance. Arabinosylation
involves the attachment of linear homooligosaccharides
ranging from one to four L-arabinofuranosyl residues [9]
(fig. 1). The much larger arabinogalactan heteropolysac-
charide substituents possess a ‘core’ -1,3 D-galactan
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Figure 1. Triarabinooligosaccharide O-linked to hydroxyproline in
a glycopeptide isolated from Douglas fir PHRGP. Hydroxyproline
arabinosides are attached to Hyp by a B-O-glycosidic bond and L-
arabinose residues 2 and 3 are f-1,2 linked [9].
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backbone [10, 11] periodically decorated with 1,6 addi-
tions — small side chains of D-galactose, L-arabinose and
often including other sugars such as L-rhamnose and
sugar acids such as D-glucuronic acid and its 4-O-methyl
derivative [12].

A correlation between protein sequence and Hyp ara-
binosylation (table 1) led us to propose that Hyp glycosy-
lation was not random but dependent on the arrangment
of Hyp residues as summarized by the Hyp contiguity
hypothesis [2, 13, 14]. This working hypothesis predicts
the Hyp residues most likely to be glycosylated and the
type of glycosylation based on the following experimen-
tal observations:

1) Hyp arabinosylation increases with increasing Hyp
contiguity. Thus Hyp tetraarabinosylation occurs pre-
dominantly on tetraHyp blocks, typically the Ser-Hyp,
motif that characterizes extensins (fig. 2 and table 1).

2) Noncontiguous Hyp residues tend not to be arabinosy-
lated, or only occasionally arabinosylated, for example
the Lys-Pro-Hyp-Val-Hyp-Val and Ile-Pro-Pro-Hyp-Val
repeats of the Douglas fir PHRGP (proline and hydrox-
yproline-rich glycoprotein) [14] (fig. 3).

3) Arabinogalactan polysaccharide attachment sites in-
volve noncontiguous Hyp residues that are clustered to
a greater (e.g. X-Hyp-X-Hyp repeats, where commonly
X = Ser, Thr or Ala) or lesser extent (e.g. [X-Hyp-X,]
repeats, where n ~ 1-3) [2] (table 2).

HRGP families reflect these major differences in peptide
sequence and glycosylation as follows:

The repetitive proline-rich proteins (PRPs and some
nodulins) are the simplest HRGPs in terms of their signa-
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Figure 2. Proposed glycosylated structure of the Ser-Hyp-Hyp-
Hyp-Hyp motif from tomato P1 extensin. We degraded tomato P1
extensin with pronase, then isolated glycopeptides. Analysis by
Edman degradation and matrix-assisted laser-desorption ionization
time-of-flight mass spectrometry indicated this glycopeptide con-
tained 14—16 arabinose residues and 2 galactose residues; 15 ara-
binose residues attached to Hyp are represented here; however the
exact placement of the triarabinoside along the tetraHyp block is
unknown.

Ara-Ara-Ara -- 0

l
Lys-Pro-Hyp-Val-Hyp-Val-lle-Pro-Pro-Hyp-Val-Val-Lys-Pro-Hyp-Hyp-Val-Tyr

Figure 3. The major repetitive glycopeptide repeat of Douglas fir PHRGP. Glycosylation site mapping of PHRGP showed that the Hyp
residue at position 15 in this 18-residue repeat was always arabinosylated, mainly with a triarabinoside. The Hyp residue at position 5 is

monoarabinosylated 20 % of the time [14].
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Table 1. A correlation between Hyp contiguity and Hyp arabinosylation.

HRGP % NGH? % Hyp-Ara,  Contiguous Hyp block Reference
Hyp, Hyp; Hyp,
Soy PRP1 ~100 0 ~1 0 0 2,131
Fir PHRGP 73 ~0 +4b 0 ~0 13
Maize THRGP 48 6 +4+ 0 1 132,133
Maize HHRGP 34 15 ++ +++ + 134
Beet P1 32 4 +++ + 0 135
GAGP 12 8 +++ +++ + 79,112
Tomato P1 12 38 0 0 - 129
Potato lectin 8 47 + 0 +++ 136
Tomato P2 7 54 0 0 +++ 129

@ NGH, nonglycosylated Hyp.

b + indicates the presence of the sequence. For example, one (+) means the sequence occurs, but infrequently, whereas +++ denotes a ma-

jor repetitive motif.

Table 2. Clustered noncontiguous Hyp repeats in AGPs compared to noncontiguous Hyp in extensins and PRPs.

AGP Sequence Reference
Pcl? TAPAPGAAPTPSPPTAKSPTATPPTATPPSAVPVPSPSKTPTASPTPSPVTAPTPSA 122
Pc2s AEAEAPTPALP*VVAEAPELVPTPVPTPS 123
Na2? TTPPASPTPAPTPINEISFPPFSSLTPTPSPTPAPATAPTPFF 123
GAGP SOOOT/OLSOSOTOTOOO/LGPH 112
TTS? SPAPSPTKPPTYSPSKPPVKPPVKPPTKPPTYSPSKPPAKAPVKPPTPSPYP*APAPI 80, 124
PtX3H6? QSPSASPTKSPTTPAPTTTAAPTTT 125
LeAGP1? APTKP’KTPTPATAPASAPPTAVPVAPVTAPVTAPTTPVVAAPVSAPASS 126
Nal? QAPGASPAASPKASPVAPVAVASPPTAVVTPVSAPSQSPSTAASPSESPLA 127
PO2: ASAPATPATPATPATPSKPATPAAVS 128
Extensin Sequence Reference
P1 SOOOOTOVYKSOOOOVKPYHPTOVYKSOOOOTOVYKSOOOOVKPYHPTOVYK 129
Shpak and
Kieliszewski,
unpublished
P3 SOO00SOSOO00YYYKSOOOOSOSOO0O0YYYK 68, 130
PRP Sequence Reference
PHRGP KP*OVO*VIPPOVVKPOOVYKPOVOVIPPOVVKPOOVYKIPOOVIKP 13
SbPRP2 KPOVYKPOVEKPOVYKPOVEK 32,131

@ Sequences deduced from clones do not identify which Pro residues are modified to Hyp.
b Pro residues following L, I, Y and K are seldom or never hydroxylated.
¢ The putative code for AGP-polysaccharide addition is clustered XO repeats where X is probably not Val.

ture peptide motifs and glycosylation. They are charac-
terized by short repetitive pentameric or hexameric
blocks [15], variations of a Pro-Hyp-(Hyp)-X-Y Lys mo-
tif that generally contains no contiguous Hyp [2, 13, 16]
or only dipeptidyl Hyp [2, 13]. The PRPs, with relatively
few Hyp residues arabinosylated and no arabinogalactan
polysaccharide [2, 13, 14], exemplify the low end of the
glycosylation range, and carbohydrate plays a lesser role
in their function, if at all. The extreme examples are soy-
beans PRP1 and PRP2, which are essentially composed
of [Pro-Hyp-Val-Tyr-Lys], and [Pro-Hyp-Val-Glu-Lys-
Pro-Hyp-Val-Tyr-Lys], repeats [17, 18] and contain only

1-2% arabinose on a dry weight basis [2]. However,
PRPs containing dipeptidyl Hyp are more highly arabi-
nosylated, for example Douglas fir PHRGP [13] (table 1).
On this basis, we predict arabinosylation for putative
PRPs ENOD2 [19] and ENODI10 [20] and soybean
nodulin-75 [21] in keeping with the likelihood that they
contain contiguous Hyp residues.

Douglas fir PHRGP was chosen as a first test of the gly-
cosylation patterns predicted from the Hyp contiguity hy-
pothesis because as a PRP it was simple, only lightly ara-
binosylated, and contained both contiguous and noncon-
tiguous Hyp residues. Glycosylation site mapping of
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PHRGP demonstrated that noncontiguous Hyp in the se-
quence Ile-Pro-Pro-Hyp was never arabinosylated. Like-
wise, the Hyp residues in the sequence Lys-Pro-Hyp-Val-
Hyp were not glycosylated or only rarely was Hyp residue
5 monoarabinosylated. In contrast, the peptide isomer
Lys-Pro-Hyp-Hyp-Val was consistently arabinosylated,
mainly with triarabinosides (fig. 3). Thus, a change from
noncontiguous Hyp to contiguous Hyp in the two peptide
structural isomers, Lys-Pro-Hyp-Val-Hyp and Lys-Pro-
Hyp-Hyp-Val, dramatically influenced Hyp arabinosyla-
tion [14].

PHRGP does contain clustered, noncontiguous Hyp (un-
derlined) in the repetitive module Lys-Pro-Hyp-Val-Hyp
(also see fig. 3); however, it is not a substrate for poly-
saccharide addition. This suggests: (i) that the X in X-
Hyp-X-Hyp repeats influences glycosylation, or (ii) that
polypeptide rigidity or a polyproline II conformation in
addition to sequence may also play a role in directing Hyp
arabinosylation. The rigid polyproline II conformation
typical of the highly arabinosylated extensins in particu-
lar is nucleated by contiguous Hyp/Pro residues (i.e. se-
condary amino acids which reduce the flexibility of the
polypeptide backbone), whereas an HRGP containing
only Ser-Hyp-Ser-Hyp repeats and arabinogalactan poly-
saccharide attached to Hyp has a random coil conforma-
tion [22]. However, the series of synthetic genes encoding
repetitive (Ser-Pro), (Ser-Pro,), (Ser-Pro,) and (Ser-Pro,)
produced glycoproteins in which Hyp glycosylation was
clearly dependent on protein sequence rather than
polypeptide conformation [22].

The disappearance of soluble PRPs in response to fungal
elicitors and wounding [22] has led to the general as-
sumption that PRPs in general are also oxidatively
crosslinked in nodule cell walls [16, 24—26], forming co-
valently crosslinked networks during normal develop-
ment or in response to pathogens [27—29]. Two additional
lines of evidence favor the idea of crosslinked PRPs:
First, PRPs such as soybean PRP1 and soybean PRP2
contain the Val-Tyr-Lys motif [17, 30] previously identi-
fied as a putative crosslink site in extensin [31]. Second,
peptide maps of the anhydrous hydrogen fluoride (HF)-
insoluble soybean culture cell wall residue yielded the
major PRP2 peptide Lys-Pro-Hyp-Val-Glu-Lys-Pro-
Hyp-Val-Tyr-Lys, which implies it is part of a covalently
crosslinked network involving protein-protein or protein-
phenolic crosslinks [J. Frueauf and M. Kieliszewski, un-
published data]. However, recent examination of the HF-
insoluble nodule wall residue of Medicago truncatula,
known to be rich in various PRPs, showed bound extensin
and other non-HRGP protein, but the only evidence of
wall-bound, insoluble, crosslinked PRP was indirect.
Hyp-glycoside profiles of Medicago nodule walls con-
tained a significant amount of nonglycosylated Hyp, sug-
gesting the presence of wall-bound PRPs. In contrast to
the Medicago nodule, enzymic degradation of the HF-

Multi-author Review Article 1389

insoluble root wall residue yielded the Val-Tyr-Lys-
containing PRP peptide, Lys-Ala-Hyp-Val-Glu-Lys-Pro-
Hyp-Val-Tyr [32]. Whereas this result argues for Val-Tyr-
Lys involvement in PRP wall insolubilization, the role of
PRP glycosylation, or lack of it, in biological function
can only be conjectured. However, we have hints from the
extensins that Hyp arabinosylation may play a role in wall
self-assembly and crosslinking.

The extensins are generally recognized by the Ser-Hyp,
motif, which nucleates extended polyproline II helices to
form extended flexuous rods [32, 33—36 ]. They contain
about 50% carbohydrate and therefore occupy an inter-
mediate position in the glycosylation continuum. Ex-
tensins contain monogalactosyl-serine and Hyp-arabi-
nooligosaccharides, but no Hyp-arabinogalactan polysac-
charide except for those which also share sequence
characteristics of AGPs [36, 37].

Extensins are the only HRGPs for which a specific func-
tion in cell wall architecture is defined: they participate in
crosslinked scaffolds analogous to collagen; however,
their molecular partners in the scaffolds have yet to be
completely defined. Lamport [38, 39] and Fry [40, 41]
have both presented evidence for extensin-extensin
crosslinked scaffolds; Mort [42] has provided evidence
for extensin-pectin crosslinked scaffolds; and the amino
acid composition of the tomato HF-insoluble wall residue
[43, 44], which is only about half protein by weight, ar-
gues for extensin crosslinks to a nonprotein, noncarbohy-
drate component. Probably all three types of crosslinked
scaffolds exist.

While cell suspension cultures express extensins constitu-
tively, most extensins are expressed in a temporal and tis-
sue-specific manner in planta. Specific extensins are cor-
related with various aspects of wall architecture such as in-
creased tensile strength of the mechanically stressed wall
[45—47], cessation of cell extension, cell wall rigidifica-
tion [48—51], regeneration of protoplast cell walls [52], lat-
eral root initiation [53, 54], root hair growth [55, 56], phyl-
lotaxy [57], and responses to symbionts and pathogens [16,
24-29, 59]. Not surprisingly, the expression of both PRPs
[60—67] and extensins are under quite complex control; for
example the extA gene of Brassica napus is regulated by
four sets of positive and negatively acting cis regions which
control wound inducibility, activation in response to tensile
stress, and quantitative expression [47].

The Hyp residues in extensins (~40 mole%) occur
mainly as tetra-Hyp blocks in the highly conserved [2]
repetitive Ser-Hyp, peptide motif [7, 9, 68] (table 1).
Judging from Lamport’s early work with cell wall gly-
copeptides [68, 69], Mort’s work with extensins from
cotton [42] and Hyp-glycoside profiles of various ex-
tensins, the repetitive Ser-Hyp, motifs are extensively
arabinosylated with tri- and tetraarabinosides to form
glycomodules. We recently confirmed this by mass spec-
trometry of isolated tomato P1 glycopeptides (fig. 2) [M.
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Kieliszewski and R. Orlando, unpublished data]. One
likely function of the arabinooligosaccharides is to stabi-
lize via H-bonding the polypeptide backbone [34, 39,
70] in the extended three-residue per turn polyproline-II
helix. Several lines of evidence [4, 7, 31, 39, 71-73] led
us to propose a unique role for Ser-Hyp, glycomodules
in extensin-extensin self-recognition [2, 31, 74] resulting
in molecular alignment for subsequent crosslinking.

1) Sigmoidal crosslinking kinetics of extensin in vitro
suggest cooperative assembly of extensins as a prerequi-
site for subsequent crosslinking by extensin peroxidase.
2) Crosslinking rates of extensin pronase fragments de-
crease with fragment size [D. Lamport and M.
Kieliszewski, unpublished data].

3) Dearabinosylated extensin monomers do not crosslink
in vitro; however, arabinose per se is not involved in the
crosslink.

4) HRGP monomers that lack Ser-Hyp, modules do not
crosslink in vitro.

5) Extensin oligomers are always present in preparations
of Ser-Hyp,-containing crosslinking extensins.

6) Reversible noncovalent association of extensin mono-
mers occurs in vitro.

7) Potato lectin, which contains Ser-Hyp, modules but
apparently no Val-Tyr-Lys motif, exists as a noncova-
lently associated dimer. We suggest the association is
mediated by its highly arabinosylated Ser-Hyp,-rich
HRGP module.

8) Extensin peroxidase does not crosslink the essentially
nonarabinosylated Val-Tyr-Lys containing soybean PRP1
and PRP2 in vitro. Thus, PRP crosslinking involves a
mechanism independent of Ser-Hyp, alignment.

We suggest that the Ser-Hyp, glycomodule helps align
extensins for subsequent crosslinking. The resulting jux-
taposition of the putative peptide crosslinking modules
Thr-Hyp-Val-Tyr-Lys and Tyr-Tyr-Tyr-Lys may enable
extensin peroxidase to zip up the insoluble extensin net-
work scaffolds that help build Hyp-rich walls.

AGPs contain up to 95% carbohydrate and exemplify the
high end of the glycosylation range. AGPs in the strict
sense comprise a homologous group of HRGPs termed
classical arabinogalactan proteins [75]. These have f1,3-
linked arabinogalactan polysaccharides attached O-glyco-
sidically to certain Hyp residues [11, 76] and arabi-
nooligosaccharides often attached to others [2, 76]. In the
broad sense AGPs include glycoproteins that are Hyp poor
[77, 78] and HRGPs that also possess extensin peptide
motifs, e.g. the histidine-rich HRGP of Maize and the
gum arabic glycoprotein of Acacia senegal [36, 79]. Asa
further complication, many AGPs exist as chimeras of
AGP and non-AGP polypeptides [80, 81], including AGP-
extensin chimeras [60]'. AGPs are highly soluble, yet for
many years there has been clear evidence that the plasma
membrane binds some AGPs [85—89] confirmed by the
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recent demonstration of AGP-GPI-anchor involvement
[90-92]. Thus AGPs undoubtedly play a role at the
plasma membrane-wall interface [85, 87], perhaps in
guiding wall self-assembly and organization [93, 94] or as
linker proteins between the cell wall and plasma mem-
brane [95-98]. However, unlike the extensins, AGPs are
not crosslinked into the wall [11, 97, 100], although limi-
ted crosslinking to the dimer level may occur [101]. AGPs
also play a role in pollination, pollen tube growth [83, 102,
103] and plant defense responses such as gummosis.

We approach the functional significance of AGP glycosy-
lation by considering the AGP polypeptide backbone as a
template that directs side-chain assembly of oligo- and
polysaccharides to select regions along the backbone. This
raises the question, What determines the relative place-
ment of Hyp-polysaccharide substituents and smaller ara-
binooligosaccharides on the polypeptide template?

The Hyp contiguity hypothesis predicts that Hyp glyco-
sylation involves a sequence-dependent code [104—106].
Here we describe two experimental approaches to crack-
ing the code. The first identifies glycosylation sites in
known HRGPs. The second involves the de novo design
of new AGPs and their expression in transgenic plant tis-
sue. This second approach allows a direct test of putative
glycosylation codes as well as testing for the phenotypic
effects that might be conferred by a ‘rogue’ AGP.

HRGP glycosylation site characterization

Glycosylation site mapping of known HRGPs via
chemical/enzymic degradation

This involves enzymic or chemical degradation of intact
glycoproteins to yield diagnostic glycopeptides of only a
few amino acid residues where the Hyp residues are
either contiguous or noncontiguous, but preferably not
both in the same isolated peptide. This approach deter-
mines the structure of putative arabinooligosaccharide/
polysaccharide attachment sequons in complex naturally
occurring glycoproteins. For example, tomato extensin
P1 contains the Ser-Hyp, glycomodule, which alternates
with putative peptide crosslinking modules (underlined):

Ser-Hyp-Hyp-Hyp-Hyp-Thr-Hyp-Val-Tyr-Lys and
Ser-Hyp-Hyp-Hyp-Hyp-Val-Lys-Pro-Tyr-His-Pro-Thr-

Hyp-Val-Tyr-Lys

! The umbrella term proteoglycan has sometimes been used to de-
scribe plant AGPs. However, IUPAC (International Union of Pure
and Applied Chemistry) defines proteoglycans [82] as possessing
glycosaminoglycans, i.e. oligosaccharides based on repetitive di-
saccharides of amino sugars and uronic acids. Furthermore, [UPAC
proteoglycans are usually sulfated [83], consisting of about 30
members with a homologous protein core [84] that lacks hydroxy-
proline.
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However, difficulties lie in generating and then separat-
ing modules containing contiguous Hyp from those that
contain only noncontigous Hyp. Both chemical and en-
zymic degradation approaches are greedy procedures;
(glyco)peptide yields diminish rapidly with each subse-
quent fractionation and therefore make this approach la-
bor intensive.

Glycosylation site mapping of tomato extensins and
Douglas fir PHRGP corroborated predictions of the Hyp
contiguity hypothesis regarding arabinosylation but said
little about codes which direct polysaccharide addition to
AGPs and the related gums, except that contiguous Hyp
residues are unlikely to be arabinogalactan polysaccha-
ride addition sites. Therefore, we chose gum arabic gly-
coprotein (GAGP) as the AGP most readily available in
quantity and the best characterized for further glycosyla-
tion site mapping of polysaccharide addition sites.
GAGP is an extended (~ 150 nm) ‘ropelike’ or ‘wormlike’
macromolecular component [79] of gum arabic secreted
by Acacia senegal during gummosis. This wound re-
sponse results in a plastic sealant that plugs cracks in the
bark. GAGP has remarkable emulsifying and flavor sta-
bilizing properties [107] which account for the wide in-
dustrial use of gum arabic, especially by the food and soft
drink industries [108—111]. These properties in part de-
pend on a structure that hypothetically includes extensin
and AGP glycomodules in a 19-residue consensus se-
quence [105, 112]:

Ser-Hyp-Hyp-Hyp-Hyp/Thr/Ser-Leu-Ser-Hyp-Ser-
Hyp-Thr-Hyp-Thr-Hyp-Hyp-Hyp/Leu-Gly-Pro-His.

Noncontiguous Hyp repeats (bolded and underlined) are
characteristic of the classical AGPs, whereas the Ser-
Hyp, motif is characteristic of extensins. Indeed, the Hyp-
glycoside profile of GAGP shows a ratio of Hyp-arabino-
sides to Hyp-polysaccharide consistent with a highly ara-
binosylated Ser-Hyp, (extensin) glycomodule and an
(AGP) polysaccharide glycomodule (bolded and under-
lined). Thus, GAGP presents an opportunity to confirm
the relative positions of arabinooligosaccharides and ara-
binogalactan polysaccharides in the same molecule; the
consensus sequence is therefore an acid test of the Hyp
contiguity hypothesis predicting arabinose on contiguous
Hyp and polysaccharide on noncontigous Hyp residues.

The consensus sequence based on the smallest repetitive
subunit of 19 residues detailed here, is twice the size of
the earlier 10-residue model that contained one attached
polysaccharide [79]. Our current model contains three
potential polysaccharide addition sites in each 19-residue
repetitive subunit. This is consistent with the published
Hyp-glycoside profiles that indicate two Hyp-linked
polysaccharides for each 19-residue subunit. Our goal of
identifying the precise polysaccharide attachment sites
involved degradation of GAGP to yield large glycopep-
tides composed of short peptides (ideally ~3—5 amino
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acid residues) that behaved as large glycopeptides on gel
filtration due to the attached polysaccharide. The short
peptide sequences obtained from large glycopeptides
would therefore be diagnostic for polysaccharide attach-
ment sites in the consensus sequence.

The experimental approach involved initial pH 1 treatment
of intact GAGP to remove arabinosides attached to Hyp
[39]. This left the bulk of the Hyp-polysaccharide intact,
ensuring that any large glycopeptides having only 5—10
amino acid residues must contain polysaccharide sub-
stituents. Thus, pH 1-treated GAGP followed by mild par-
tial alkaline hydrolysis and size fractionation on Superdex
yielded a major retarded peak containing large glycopep-
tides with a Hyp-polysaccharide to nonglycosylated Hyp
ratio of 2:3. Cleavage of the polysaccharide (via anhy-
drous HF) and subsequent reverse-phase chromatography
yielded the following small peptides from the large gly-
copeptide fraction: a major peptide Hyp-Thr-Hyp-Thr-
Hyp-Hyp-Hyp-Gly and minor peptides: Thr-Hyp-Thr-
Hyp-Gly and Ser-Hyp-Thr-Hyp-Thr-Hyp-Hyp-Hyp-Gly.
Significantly, another Superdex peak containing much
larger glycopeptides yielded the sequence Hyp-Ser-Hyp-
Thr-Hyp-Thr-Hyp-Hyp-Hyp-Gly, indicating that the sim-
ple addition of Hyp-Ser to the sequence Hyp-Thr-Hyp-
Thr-Hyp-Hyp-Hyp-Gly probably resulted in another
polysaccharide addition site [L. Goodrum and M.
Kieliszewski, unpublished data]. Overall, these results
suggested that noncontiguous Hyp residues are sites of
polysaccharide attachment in GAGP; however, the pres-
ence of contiguous Hyp with the noncontiguous Hyp im-
parted ambiguity. We have resolved this by a new approach
to glycosylation site mapping using synthetic genes.

Glycosylation site mapping via synthetic genes

The results described above encouraged us to assess the
predictive value of the Hyp contiguity hypothesis and re-
fine it further by designing simple genes to generate en-
dogenous test substrates for the glycosyl transferases in-
volved in HRGP glycosylation [22, 106]. We designed a
set of substrates, repetitive (Ser-Pro),, (Ser-Pro,),, (Ser-
Pros),, and (Ser-Pro,), to test the prediction that when
targeted through the ER (endoplasmic reticulum)/Golgi,
the gene products would be posttranslationally hydroxy-
lated and glycosylated with arabinogalactan polysaccha-
ride or arabinooligosaccharides, depending on the
arrangement of Hyp residues. We also designed another
repetitive substrate, (GAGP,ensus) no Dased on the GAGP
consensus sequence. This contained both noncontiguous
and contiguous Hyp repeats and tested the predicted ad-
dition of both polysaccharide and arabinooligosaccha-
ride. The experiments involved the following stages: (i)
synthetic gene and plasmid construction and culture
transformation, (ii) purification of secreted HRGP fusion
proteins, (iii) structural analysis of new HRGPs.
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Synthetic gene and plasmid construction

This approach applies methods used to express in
Escherichia coli, repetitive proteins normally made by
animal cells, such as mussel byssus threads [113], spider
web silk [114], elastin [115] and collagen [116]. Here we
applied these methods to the design and production of
new HRGP glycoproteins in plant cells.

HRGPs are made up of small repetitive modules and
therefore are well suited for genetic engineering using
synthetic genes. Briefly, we designed overlapping syn-
thetic oligonucleotide pairs encoding a predicted HRGP
glycomodule [22, 106]. For example, the simple repeat-
ing dipeptide (SO),, (where S = Ser and O = Hyp) is pre-
dicted by the Hyp contiguity hypothesis to direct attach-
ment of arabinogalactan polysaccharide to Hyp. It was
encoded by the internal repeat oligonucleotide pair:

TCA CCCTCA CCATCT CCT TCG CCATCA CCC
GGT AGA GGA AGC GGT AGT GGG
AGT GGG AGT

s P S P S P S P S P

Head-to-tail polymerization of these internal repeat pairs
via their complementary sticky ends resulted in a gene
ladder (fig. 4) with genes ranging in size from 1 repeat to
greater than 30. Each end of the gene was capped with
synthetic oligonucleotide sets, designated 5” or 3’ linkers,
having a ‘sticky’ end that enabled the 5’ linker set to
anneal to the 5" end of the gene and the 3’ linker set to an-
neal to the 3" end of the gene. Both sets of linkers
contained unique restriction sites for insertion into
plasmid vectors [106].

Our plant transformation vector was pBI121 based, but
encoded a tobacco extensin synthetic signal sequence
[106] and the enhanced green fluorescent protein (EGFP;
Clontech) in place of the GUS reporter gene. The syn-
thetic genes were sandwiched between the signal se-
quence and EGFP gene (figs. 5 and 6). After transforma-
tion, BY2 tobacco lines were selected for kanamycin re-
sistance and green fluorescence [22, 106, 117] (fig. 7).

Purification of the gene products

Secretion of the synthetic gene products into the culture
medium allowed rapid collection of the crude products
free of intracellular contaminants. The genes were de-
signed without polyHis modules or other such ‘purifica-
tion’ tags to avoid influencing the structure or function of
the gene product by introducing metal binding or poten-
tial crosslinking sites. Immunoaffinity purification via
anti-EGFP antibodies was an alternative, but is expen-
sive and inefficient considering the product yields re-
quired for extensive biochemical and biophysical charac-
terization. A straightforward chromatographic approach
using gel filtration, hydrophobic interaction, or ion ex-
change and reverse-phase matrices combined with sensi-
tive in-line fluorometric detection allowed large-scale

Synthetic genes

1 2 3 4 5

Figure 4. Synthetic gene ladder encoding Ser-Pro repeats. Com-
plementary, nonpalindromic overlapping ends of the internal repeat
oligonucleotides allowed an orderly head-to-tail polymerization to
yield genes ranging in size from 1 internal repeat to >30 (Lane 4,
labeled SP). Lane 1 contains the 5’-linker set and lanes 2 and 5 con-
tain the internal repeat cassettes capped with either the 5” linkers
(lane 2) or the 3’ linkers (lane 5). Initial gene cassette design in-
volved internal repeat oligonucleotides. Lane 3 contains 100—
1500-bp markers.

CaMV 355
promoter

BamHI

Signal Sequence
Xmal

Synthetic Gene
NPT Il (Kan") _Agel

B —EGFP

Notl

Sacl

~
NOS-ter

Figure 5. Plasmid map of pBI121-Sig-EGFP, the pBI121-derived
vector encoding an extensin signal sequence and EGFP. The plas-
mid retained its 35S cauliflower mosaic virus promoter, but the
pBI121 GUS reporter gene was replaced with synthetic DNA en-
coding an extensin signal sequence [13] and the gene for EGFP
(Clontech). Synthetic gene cassettes were sandwiched between the
signal sequence and EGFP as Xmal/Agel fragments.
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A

GGATCCGCAATGGGAAAA ATGGCTTCTCTATTTGCCACAT TAGTGGTTTTAGTGTCACTTAGCTTAGCACAAACAACCCGGGCC 87
MG K M A § L _F A T _ F L V V L ¥V S L S L A Q T T R A 26

TCACCCTCACCATCTCCTTCGCCATCACCCTCACCCTCACCATCTCCTTCGCCATCACCCTCACCCTCACCATCTCCTTCGCCATCA 174
s PSS PSP S PSP SPSPSP SP SP S P S P S P S P S 55

CCCTCACCCTCACCATCTCCTTCGCCATCACCCTCACCCTCACCATCTCCTTCGCCATCACCCTCACCCTCACCATCTCCTTCGCCA 261
p P S PSPSP S PSP SPS PSP S P SP S P S P S P 84

TCACCCTCACCCTCACCGGTCGCCACC- egfp 288
s P S P S P V A T

B
4
GGATCCGCAATGGGAAAAATGGCTTCTCTATTTGCCACATTTITAGTGGTTTTAGTGTCACTTAGCTTAGCACAAACAACCCGGGAC 87
M 6 K M A S L F A T F L V V L V S L 8§ L A QT T R D 26

TCACCCTCACCAACTCCTACCGCACCACCTGGTCCACACTCTCCACCACCAACATTGTCACCCTCACCA ACTCCTACCGCACCACCT 174
S PSPTPTAPGPGPHSEP®PPTLSPSUPTPTAPTP 55

GGTCCACACTCACCACCACCAACATTGTCACCCTCACCAACTCCTACCGCACCACCTGGTCCACACTCACCACCACCATCATTGTCA 261
G P HS PP PTLSPSPT®PTA AP PGTPH SP PP SL S 84

CCCTCACCGGTCGCCACC- egfp 279
P 8 P V A T 90

Figure 6. Synthetic genes encoding Sig-(Ser-Pro);,-EGFP and Sig-(GAGP);-EGFP (4 and B, respectively). The signal sequences (des-
ignated Sig above) are underlined, and the predicted signal peptide cleavage sites are marked with arrows.

A B
60 A
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0+ T T T T T T T T I
6 B
D 4+
— .
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0+ T T T T T T T T d T
C
20
Figure 7. Fluorescence micrograph of tobacco callus cells trans- 15
formed with Sig-(GAGP) ;-EGFP. (4) The signal sequence directed 101
the gene products through the posttranslational machinery for Pro 5
hydroxylation and Hyp glycosylation, then out to the extracellular 0-

. . . . . .. T T T T T T
matrix. The medium is alight with EGFP, outlining nontransformed 20 4'0 6’0 8|O 160 120
cells, which appear as black ghosts. Panel B features control non- i )
transformed tobacco cells which show no autofluoresence. The Time (min)

microscope was a Molecular Dynamics Sarastro 2000 confocal
laser scanning microscope using a 488-nm laser wave length filter,
510-nm primary beam splitter and a 510-nm barrier filter.

Figure 8. Gel permeation chromatography of (Ser-Hyp);,-EGFP in
the unconcentrated culture medium of transformed tobacco cells
(4) compared with EGFP controls. Panel (B) is the profile of
medium from cells expressing EGFP (sans glycomodule) targeted
to the extracellular matrix ; panel (C) is 10 pg of EGFP from Clon-
. . . . tech. We collected spent medium and fractionated it on a Superose-
isolation of the expression products (fig. 8). Importantly |, gel permeation column (Pharmacia), monitoring for EGFP fluo-

for future structural work, especially experiments in- rescence (excitation = 488 nm, emission = 520 nm). Posttransla-
volving nuclear magnetic resonance (NMR) and glyco-  tional hydroxylation of Pro residues and glycosylation of Hyp

. P e p caused a dramatic increase in the molecular mass of (Ser-Hyp),-
protein crystallization, the purified product yields were EGFP, which eluted at ~53 min (4); the void volume eluted at ~45

high [> 27 mg/l medium for (SO);,-EGFP and ~8 mg/l  in EGFP targeted to the extracellular matrix (B) did not contain
medium for (GAGP);-EGFP]. any Hyp.
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Structural analysis of new AGPs

Analysis of the gene products of (Ser-Pro,), and (Ser-
Pro,), indicated that virtually all Pro residues in the
HRGP glycomodules were hydoxylated, and the resulting
Hyp residues were glycosylated exclusively with arabi-
nooligosaccharides. This was consistent with the Hyp
contiguity hypothesis, which predicted arabinosylation of
contiguous Hyp blocks.

In contrast, the products of (Ser-Pro) ,-EGFP, (Ser-Pro;), -
EGFP and GAGP-EGFP contained arabinogalactan poly-
saccharide, identifying them as arabinogalactan proteins
[75, 97, 118]. The hydroxyproline glycoside profile of the
of (Ser-Pro),-EGFP glycoprotein indicated the exclusive
presence of Hyp-polysaccharide; Hyp-arabinooligosac-
charides and nonglycosylated Hyp were absent. On the
other hand, sequence analysis of (GAGP);-EGFP con-
firmed the predicted presence of both contiguous and non-
contiguous Hyp, while hydroxyproline glycoside profiles
of (GAGP);-EGFP showed Hyp polysaccharide, Hyp ara-
binosides and non-glycosylated Hyp consistent with the
predictions of the Hyp contiguity hypothesis and with the
known Hyp glycoside profile of native GAGP [79, 106].
The presence of arabinogalactan polysaccharide and ara-
binooligosaccharides in the (Ser-Pro,) ,-EGFP glycopro-
tein was a surprise, as we expected all the Pro residues to
be hydroxylated to form contiguous Hyp blocks. Con-
tiguous Hyp blocks are predicted arabinosylation sites.
However, amino acid composition and sequence analysis
indicated that (Ser-Pros), is incompletely hydroxylated
yielding mixed contiguous/noncontiguous Hyp and a cor-
responding mixture of Hyp-arabinosides and Hyp-poly-
saccharides.

Significantly, the secondary structure of the glycosylated
and deglycosylated modules as determined by circular
dichroism confirmed that Hyp glycosylation is indeed se-
quence driven rather than a result of protein conformation
[22].

General conclusions

Synthetic genes for HRGPs have both theoretical and
practical ramifications. As analogs of existing periodic
glycoproteins, ‘designer HRGPs’ are already helping de-
cipher glycosylation codes. The exclusive presence of
arabinogalactan-polysaccharide in (Ser-Hyp),-EGFP de-
monstrated that X-Hyp repeats are sites of polysaccharide
attachment, at least when X = Ser. The designer HRGPs
containing only contiguous Hyp residues, (Ser-Hyp,),-
EGFP and (Ser-Hyp,) ,-EGFP, demonstrated that contigu-
ous Hyp blocks do indeed code for Hyp arabinosylation.
(GAGP);-EGFP demonstrated that addition of contigu-
ous Hyp to an X-Hyp-X-Hyp-X-Hyp module resulted in
Hyp-arabinosylation as well as addition of polysaccha-

Synthetic genes

ride to Hyp. Other genes encoding Ala-Hyp or Thr-Hyp
repeats will test the possibility that Ala-Hyp and Thr-Hyp
repeats direct addition of polysaccharide to Hyp, whether
or not those polysaccharides differ structurally from
those placed on Ser-Hyp repeats, and help us assess the
influence of amino acid side chains on Hyp glycosyla-
tion. Genes encoding (X-Hyp-X,, where n is not Hyp) re-
peats will test the maximum spacing allowed between
Hyp residues before the enzymes which add galactose to
Hyp no longer recognize it as substrate (i.e. the enzymes
involved in Hyp-polysaccharide addition).

To what extent is the Hyp glycosylation code universal?
Does it extend throughout the plant kingdom? The results
here showing that tobacco adds both arabinogalactan and
oligoarabinosides to the GAGP consensus sequence sug-
gest that Leguminosae and Solanaceae share the same
Hyp glycosylation code. Length of the galactan backbone
and the details of its side-chain decoration might be se-
quence directed (consider Ser-Hyp or Thr-Hyp vs. Ala-
Hyp repeats) or on the other hand, species specific and a
function of the glycosyltransferase repertoire. Indeed,
these synthetic gene products, after HF-deglycosylation,
also provide simple substrates for defining the precise in
vitro specificity of putative glycoprotein glycosyltrans-
ferases deduced from genomic sequences.

Designer HRGP might also help relate site-specific gly-
cosylation (and hydroxylation) to essential molecular
functions that include control of molecular conformation
[i.e. as detected by circular dichroic and nuclear magnetic
resonance (NMR) spectra], intermolecular crosslinking
in vitro and in vivo, self-association in vitro, and cell wall
self-assembly [22, 106]. We view HRGPs as block
copolymers made up of a mixture of small functional
modules involved in various aspects of wall self-assem-
bly such as polysaccharide-binding modules, protein-
binding modules, crosslinking modules and so on [2].
The multiplicity of HRGPs sharing common functional
modules presents a special problem in defining general
HRGP function via gene knockout or antisense techno-
logy because of functional redundancy where one HRGP
may fill in for another. On the other hand, single repeti-
tive glycomodules may act as competitive inhibitors of
module binding and allow us to analyze HRGP function
one module at a time. For example, if the extensin Ser-
Hyp, module is required in recognition or self-recogni-
tion, a concurrently expressed repetitive Ser-Hyp, de-
signer module should compete for the same binding site
and inhibit the crosslinking or other function of all Ser-
Hyp,-containing extensins. Furthermore, the isolation of
these novel gene products should permit us to identify
their macromolecular interactions and reactions in vitro,
and hence help describe how specific HRGP modules
function in the extracellular matrix.

Finally, when was the Hyp glycosylation code first elabo-
rated? It may even predate the plant-animal divergence
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judging from the report of short Hyp-heterooligosaccha-
rides containing arabinose and galactose in the primitive
protist Chlamydomonas [119, 120].

At the utilitarian level, synthetic genes for HRGPs and
plant gums provide a unique avenue to the de novo design
of novel glycoprotein biopolymers of controlled structure
and properties for use as emulsifiers, stabilizers, adju-
vants, expanders and excipients in the food and pharma-
ceutical industries. The two novel structurally correct
HRGPs discussed here, an analog of gum arabic glyco-
protein and the novel (SO), AGP, were produced in high
yields and demonstrate the feasibility of this approach.
Given the intense interest in rational plant improvement
and the recent complaint that such improvement is cur-
rently limited by a shortage of cloned genes for important
traits [116], why not design your own?
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