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Abstract: Many plant gums, such as gum arabic, contain
hydroxyproline-rich glycoproteins (HRGPs), which are also
abundant components of the plant cell extracellular
matrix. Here we expressed in transgenic BY2 Nicotiana
tabacum (tobacco) cells, a synthetic gene encoding a novel
HRGP-based gum, designated gum arabic-8 or (GA)8. (GA)8
encoded eight repeats of the consensus polypeptide
sequence of gum arabic glycoprotein (GAGP): Gly-Pro-
His-Ser-Pro-Pro-Pro-Pro-Leu-Ser-Pro-Ser-Pro-Thr-Pro-Thr-
Pro-Pro-Leu, in which most of the Pro residues were
posttranslationally modified to hydroxyproline (Hyp). (GA)8
was expressed as a green fluorescent protein (GFP) fusion
protein targeted to the culture medium, (GA)8GFP. The cul-
ture of the transgenic cells in a 5-L bioreactor showed that
the production of (GA)8GFP was cell growth-associated.
The extracellular yield of (GA)8GFP was 116.8 mg/L after
14 days of culture and accounted for 87% of the total fu-
sion protein expressed. (GA)8GFP was purified from the
culture medium by a combination of hydrophobic inter-
action, gel permeation, and reversed phase chromatogra-
phy. Biochemical characterization indicated that the amino
acid composition of the (GA)8 module, after removal of GFP
by proteolysis, was virtually identical to that of predicted
by the GAGP consensus sequence and that carbohydrate,
which occurred as arabinogalactan polysaccharides and
small oligoarabinosides O-linked through the Hyp residues,
accounted for 84% of the molecules’ dry weight. Func-
tional assays showed that (GA)8 exhibited low viscosity in
aqueous solution similar to native GAGP. However, neither
GFP alone nor the (GA)8 module could emulsify orange oil.
However, the fusion protein (GA)8GFP possessed 1.28-
fold better emulsification properties than native GAGP.
This work demonstrates the feasibility and potential of a
synthetic gene approach to the de novo design of novel
glycoprotein-based gums and emulsifiers. B 2005 Wiley
Periodicals, Inc.
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INTRODUCTION

Plant cells are increasingly attractive for the low-cost

production of recombinant proteins and other biological

products in large quantities and with few health risks to

the human consumer (Doran, 2000; Fischer et al., 1999;

Giddings et al., 2000). Advances in plant genetic engi-

neering are creating new opportunities to use plants for

the production of a range of novel polymers currently pro-

duced from petroleum or animal sources (Moire et al., 2003;

Poirier, 1999). Examples include the biodegradable plastic

polyhydroxyalkanoates (Matsumoto and Doi, 2003; Poirier

et al., 1995) and protein-based biopolymers encoded by

natural or synthetic genes such as spider silk (Scheller

et al., 2001). Another important group of biopolymers ame-

nable to genetic engineering and hyperproduction in plants

is the plant gums, which are hydrocolloids often containing

hydroxyproline (Hyp)-rich glycoproteins (HRGPs).

HRGPs are highly repetitive, structural glycoproteins

unique to green algae and plants, where they contrib-

ute to cell wall networks and the plasma membrane cell

wall interface (Lamport and Northcote, 1960; Serpe and

Nothnagel, 1999). They are highly glycosylated mainly

through the Hyp residues, with carbohydrate accounting

for as much as 95% of the dry weight of the molecule.

Indeed, the polypeptide backbone acts mainly as a tem-

plate directing the orderly arrangement of glycan side-

chains: acidic arabinogalactan polysaccharides are added

to clustered noncontiguous Hyp residues, while blocks

of contiguous Hyp are arabinosylated with linear chains of

L-arabinose generally up to four residues long (Kieliszewski

and Lamport, 1994; Shpak et al., 1999, 2001).

Not only are HRGPs crucial for normal plant develop-

ment, but some members of the HRGP family have prac-

tical applications. For hundreds of years, HRGP containing

hydrocolloids such as gums arabic, ghatti, tragacanth, and

karaya have been widely used as emulsifiers, encapsulators,
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and excipients in foods and pharmaceuticals (Garti and

Reichman, 1993). Gum arabic, in particular, the exudate

of Acacia senegal possesses desirable emulsifying prop-

erties and is the least viscous and the most soluble of

the plant gums. These features and the fact that it is gen-

erally recognized as safe (GRAS) have led to its ex-

tensive use. However, in recent years an increasing

demand for gum arabic has outpaced its uncertain sup-

ply; thus, reliable, alternative sources of consistent quality

are sought.

Naturally occurring gum arabic is heterogeneous and

polydisperse, with HRGP, the emulsifying component,

comprising only f10% of the total gum (Islam et al., 1997;

Ray et al., 1995; Qi et al., 1991). This HRGP component,

designated gum arabic glycoprotein (GAGP), is an arabi-

nogalactan-protein (AGP), a type of HRGP containing arab-

inogalactan polysaccharides attached to Hyp residues.

Although native GAGP has been isolated and well charac-

terized (Goodrum et al., 2000; Qi et al., 1991), the mech-

anism by which GAGP emulsifies is unknown and its gene

remains uncloned.

The GAGP polypeptide backbone is comprised mainly

of hydrophilic amino acids in variations of a repetitive 19-

residue consensus sequence: Gly-Pro-His-Ser-Hyp-Hyp-

Hyp-Hyp-Leu-Ser-Hyp-Ser-Hyp-Thr-Hyp-Thr-Hyp-Hyp-

Leu (Goodrum et al., 2000). Thus, we proposed that the

arabinogalactan polysaccharide components rather than the

polypeptide of GAGP conferred the emulsifying properties

of GAGP, as the glycans possessed hydrophobic features

such as terminal rhamnose residues and a h-1-3 galactan

backbone (Goodrum et al., 2000). We also hypothesized that

a synthetic gene approach might allow us to produce func-

tional GAGP analogs in tobacco, given the similarities be-

tween the glycans present in GAGP and transgenic tobacco

AGPs (Goodrum et al., 2000; Tan et al., 2003). To test this

hypothesis we constructed a GAGP analog, gum arabic-8,

(GA)8, that contained a signal sequence and eight repeats

of the consensus GAGP motif and expressed it in tobacco

BY2 cells as a green fluorescent protein (GFP) fusion pro-

tein, designated (GA)8GFP. Transgenic cells propagated in

a 5-L stirred tank reactor demonstrated cell growth kinetics

typical for suspension-cultured plant cells, with a gum yield

in the medium of 116.8 mg/L. Purified (GA)8, characterized

after removal of the GFP domain, was hydroxylated and

glycosylated similar to naturally occurring GAGP, although

it contained more arabinogalactan polysaccharides. How-

ever, contrary to our predictions (GA)8 was a poor emul-

sifier, as was the lone GFP domain. In contrast, (GA)8GFP

surpassed GAGP in emulsifying ability and the stability of

the emulsions produced.

MATERIALS AND METHODS

Synthetic Gene and Plasmid Construction

A synthetic gene, designated (GA)2, encoding two variations

of the GAGP consensus sequence, specifically the amino

acid sequence Gly-Pro-His-Ser-Pro-Pro-Pro-Pro-Leu-Ser-

Pro-Ser-Pro-Thr-Pro-Thr-Pro-Pro-Leu-Gly-Pro-His-Ser-

Pro-Pro-Pro-Thr-Leu-Ser-Pro-Ser-Pro-Thr-Pro-Thr-Pro-

Pro-Pro, was synthesized by primer extension of two

mutually priming oligonucleotides (Integrated DNA Tech-

nologies, Coralville, IA): 5V-TAAAAGCTTGCCGGCCCT-

CATAGCCCACCTCCACCATTATCACCATCACCTAC-

TCCAACTCCTCCTTTGGGACCACACAGTCCA-3V, and

5V-AATAGAATTCACCATGGTCCGCCCGGGGGGTGG-

TGTTGGGGTTGGTGAAGGGGAAAGTGTAGGGGG-

TGGACTGTGTGGTCCCAA-3V. The complementary re-

gions of the two oligonucleotides are underlined. The

oligonucleotides were designed using the codon bias for

known HRGPs from the Solanaceae (Murray et al., 1989).

Figure 1. The DNA sequence of (GA)8GFP. The (GA)8 (in bold) was inserted between the encoded signal sequence (underlined) and GFP to give the

synthetic gene (GA)8GFP. The restriction sites are in italics. The arginine, or ‘‘R’’ residue (boxed), for tryptic cleavage to remove GFP from the fusion

protein was encoded by the CGG codon sandwiched between the XmaI and NcoI restriction sites.
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(GA)2 was subcloned into pUC18 as a HindIII/EcoRI

restriction fragment to generate the plasmid pUC-(GA)2.

The construction of four GAGP consensus repeats, a gene

designated (GA)4, involved exploiting compatible but non-

regenerable restriction sites (XmaI and BsrFI ) in pUC-

(GA)2 to double number of consensus repeats as described

earlier (Lewis et al., 1996; Shpak, 2001). The process was

repeated to build a synthetic gene having eight GAGP

consensus repeats, designated (GA)8 (Fig. 1).

Synthetic gene (GA)8 was subcloned into pUC-SStob-

GFP (Shpak et al., 1999) as a BsrFI/NcoI fragment be-

tween SStob, which encodes the extensin signal sequence

(SStob) from tobacco (De Loose et al., 1991), and the gene

encoding the enhanced green fluorescent protein (GFP)

(ClonTech, Palo Alto, CA) to generate the plasmid des-

ignated pUC-SStob-(GA)8-GFP. A tryptic cleavage site was

introduced between encoded (GA)8 and GFP (Fig. 1) to

enable us to remove GFP from the fusion protein. The

SStob-(GA)8-GFP gene was then subcloned as a BamHI/

SacI fragment into the plant transformation vector pBI121

(ClonTech) in place of the h-glucuronidase gene, gener-

ating the plasmid pBI-SStob-(GA)8-GFP. Expression of SStob-

(GA)8-GFP was under the control of the 35S cauliflower

mosaic virus (CaMV) promoter. DNA sequencing of SStob-

(GA)8-GFP was performed at the Guelph Molecular Super-

center (University of Guelph, Ontario, Canada).

Tobacco Cell Transformation and Cell Line Selection

Plasmid pBI-SStob-(GA)8-GFP was transferred into Agro-

bacterium tumefaciens strain LBA4404 by the freeze-thaw

method (Holsters et al., 1978) and suspension-cultured

tobacco cells (Nicotiana tabacum, BY2) were subse-

quently transformed with the Agrobacterium as described

by An (1985). Transformed tobacco cells were selected

on solid Schenk & Hildebrandt (SH) medium (Schenk and

Hildebrandt, 1972) containing 30 g/L sucrose, 0.4 mg/L

2,4-dichlorophenoxyacetic acid (2,4-D), 200 mg/L kana-

mycin (Sigma, St. Louis, MO) and 400 mg/L timentin

(SmithKline Beecham, Pittsburgh, PA).

Growth and Maintenance of Suspension Cultures

Transformed tobacco cells were grown in liquid SH me-

dium containing kanamycin but lacking timentin. The pH

of the medium was adjusted to 5.8 before sterilization. The

stock cell cultures were maintained in 1,000-mL Erlen-

meyer flasks containing 400 mL medium. Flasks were

placed on a gyratory shaker at 100 rpm under continuous

illumination at 25jC. Subculture was carried out every

7 days with a 5% (v/v) inoculum density.

Bioreactor Culture

Determination of cell growth kinetics and recombinant gum

production was performed with transformed cells grown

in a 5-L Celligen Cell Culture System (New Brunswick

Scientific, Edison, NJ). The bioreactor was operated in the

stirred tank reactor (STR) mode with a marine impeller

having a 50 mm diameter. The agitation rate was main-

tained at 80 rpm. The culture temperature was maintained

at 25jC and the aeration rate was 0.1 vvm. Dissolved oxy-

gen was automatically controlled at 70% of air satura-

tion by manipulating the oxygen concentration in the gas

sparging stream. The pH of the medium was allowed to

vary during the batch culture and monitored continuously

using a pH electrode (Ingold, Bedford, MA). An 8-day-old

cell suspension was used as the ‘‘seed’’ for inoculation.

Ten-ml samples were withdrawn at 2-day intervals for the

determination of the fresh and dry weights of the cells, as

well as (GA)8GFP content, and the sugar concentration in

the medium.

Isolation of (GA)8GFP Fusion Glycoprotein
From Medium

The culture medium harvested after 12–14 days of cul-

ture was concentrated 10-fold by rotor-evaporation un-

der vacuum at 30jC. A 100–200-ml aliquot of medium

adjusted to 2 M sodium chloride was loaded onto a

hydrophobic-interaction column (HIC) (Phenyl-Sepharose

6 Fast Flow, 16 � 700 mm, Amersham Pharmacia Bio-

tech, Piscataway, NJ) equilibrated in 2 M sodium chlo-

ride, and eluted with a stepwise gradient of 2 M sodium

chloride, 1 M sodium chloride, and then distilled water.

The green fluorescent fraction containing (GA)8GFP eluted

in distilled water and was concentrated by freeze-drying

before fractionation on a semipreparative Superose-12 gel

permeation (GPC) column (16 � 700 mm, Amersham Phar-

macia Biotech) equilibrated in Superose buffer (200 mM

sodium phosphate buffer, pH 7, containing 0.005% sodium

azide). The visibly green fluorescent fraction collected

from the GPC column was further fractionated on a

Hamilton PRP-1 semipreparative reversed phase column

(10 Am, 7 � 305 mm, Hamilton, Reno, NV) equilibrated

with starting Buffer A (0.1% aqueous trifluoroacetic acid).

Proteins were eluted over 100 min with a 0–70% linear

gradient of Buffer B (0.1% trifluoroacetic acid containing

80% acetonitrile, v/v) at a flow rate of 1.0 ml/min.

Absorbance was measured at 220 nm.

Removal of GFP From the Fusion Glycoprotein by
Tryptic Digestion

Fifty mg of (GA)8GFP was heat-denatured in boiling water

for 2 min, cooled, then combined with an equal volume of

freshly prepared 2% (w/v) ammonium bicarbonate con-

taining 10 mM calcium chloride and 500 Ag trypsin. After

an overnight incubation at room temperature, (GA)8

lacking the GFP unit was purified by gel filtration and

reversed-phase chromatography on the Superose-12 and

PRP-1 columns, respectively.
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Assay of Culture Medium for (GA)8GFP by Gel
Permeation Chromatography on the Superose-12
Analytical Column

Cell culture medium (100 Al) was injected directly into

a Superose-12 analytical GPC column (10 �300 mm,

Amersham Pharmacia Biotech) equilibrated in Superose

buffer (see above) and eluted at a flow rate of 0.2 ml/min.

The eluate was monitored by a HP 1100 Series flow-

through fluorometer (Hewlett Packard, Corvallis, OR) at an

excitation wavelength of 488 nm and an emission wave-

length of 520 nm.

Sodium Dodecylsulfate-Polyacrylamide Gel
Electrophoresis (SDS-PAGE)

Samples (10 Ag) were mixed with an equal volume of 2�
reducing sample buffer and resolved on a 10% SDS-PAGE

gel (BioRad, Hercules, CA) as described by Laemmli (1970).

Hyp-Polysaccharide/Oligosaccharide Isolation
and Hyp glycoside profiles assay

Purified (GA)8 (f10 mg) was dissolved in 0.44 N sodium

hydroxide and hydrolyzed at 105jC for 18 h. The base

hydrolysate was chilled on ice, neutralized with 1 N

hydrochloric acid, then applied to a Superdex peptide HR

10/30 column (Amersham Pharmacia Biotech) equilibrated

in 20% acetonitrile, and eluted at a flow rate of 0.3 ml/min.

Fractions (0.6 ml) were collected, lyophilized, and assayed

for Hyp and sugar composition. For Hyp glycoside

profiling, the neutralized base hydrolysate was fractionated

on a C2 cation exchange column, as described earlier

(Shpak et al., 1999).

Colorimetric Hydroxyproline Assays

Sample Hyp content was assayed colorimetrically as de-

scribed by Kivirikko and Liesmaa (1959).

Biomass and Recombinant (GA)8GFP Quantification

Cultured cells were harvested by vacuum filtration on a

sintered funnel and washed three times with distilled water

before fresh weight determination. The cells were then dried

in an oven at 60jC for 2 days, then weighed to determine

dry weight. Biomass was expressed as grams of cell dry

weight per liter medium (g/L). (GA)8GFP was quantified

by assaying for GFP (Liu et al., 2001). Twenty-five-AL

samples adjusted to pH 8 were injected for measurement

of the fluorescence intensity. The fluorescence measure-

ments were performed in 200 mM phosphate buffer (pH 8)

using an HP 1100 Series flow-through fluorometer at an

excitation wavelength of 488 nm and an emission wave-

length of 520 nm. Purified, dried, and carefully weighed

(GA)8GFP was used as the calibration standard. Cul-

ture medium was used to determine the extracellular

(GA)8GFP content. For intracellular (GA)8GFP quantifica-

tion, 0.5 g fresh weight of cells was washed three times with

water, resuspended in 5 ml of phosphate buffer (50 mM,

pH 8) containing 200 mM sodium chloride, then packed

in ice and lysed by sonication for 10 min using a Sonic

Dismembrator (Fisher Scientific, Pittsburgh, PA) equipped

with a Microtip probe. After centrifugation of the lysate at

12,000g for 15 min, the supernatant was assayed for GFP

fluorescence as described above.

Amino Acid Composition and Sequence Analysis

The N-terminal sequence of (GA)8GFP was analyzed at the

Michigan State University Macromolecular Facility on a

477-A Applied Biosystems Gas Sequencer. The (GA)8

amino acid composition was determined by reversed-phase

HPLC on a Beckman Gold System (Beckman Instruments,

Palo Alto, CA) as described by Bergman et al. (1986).

Sugar Analysis

The total sugar content of the medium was assayed

colorimetrically by the anthrone method (Dische, 1962).

The neutral sugar composition of (GA)8GFP was analyzed

as alditol acetates (Bhatti et al., 1970) by gas chromatog-

raphy using a 6 foot � 2 mm polyethylene glyco succinate

224 column programmed from 130–180jC at 4jC/min.

Uronic acid content was assayed colorimetrically using the

m-hydroxybiphenyl method (Blumenkrantz and Asboe-

Hansen, 1973).

Functional Analysis

The emulsification properties of (GA)8, (GA)8GFP, and

GFP alone, including the emulsifying ability (EA) and

emulsifying stability (ES) of each, were measured accord-

ing to the method of Pearce and Kinsella (1978). Orange oil

(Sigma) was used as the oil phase. Viscosities were

measured at 25jC using a Zeitfuchs Cross-Arm viscometer

(Cannon Instrument, State College, PA). The viscometer

constant was 0.00965 cSt/s.

RESULTS

Isolation of Transformed Cell Cultures
and (GA)8GFP Production

Ten stable transformed cell lines were isolated, based on

the GFP fluorescence in the culture medium. (GA)8GFP

mainly occurred in the medium and remained intact judging

by GPC, which showed only a minor peak corresponding

to GFP (Fig. 2A,B) that was presumably cleaved from

the (GA)8GFP fusion protein. All the cell lines examined

produced products of identical size; however, yields

between the lines differed as much as 10-fold (Fig. 3).
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The highest-yielding cell line, designated G6, produced

125.4 mg/L of (GA)8GFP in medium and was chosen for

further characterization.

Bioreactor Culture

Culture of the G6 cells was scaled up to the 5-L bioreactor

and the kinetics of cell growth and (GA)8GFP production

and properties determined (Fig. 4). The transgenic cells

grew well in the 5L Celligen Cell Culture System, reaching

a maximum biomass of 13.8 g/L on day 12. No detrimental

effects from agitation were observed using the marine

impeller rate of 80 rpm. The growth kinetics followed a

typical plant cell growth pattern with a lag phase of 2 days,

an exponential growth phase between 2–10 days, followed

by a stationary phase after 10 days. The growth kinetic data

are summarized in Table I. The production of (GA)8GFP

was growth-associated: about 87% of it was secreted into

the medium after 10 days in culture. The maximum

(GA)8GFP yield obtained in the medium was 116.8 mg/L

on day 14, which was comparable to that obtained from

cells grown in shake flasks. The medium pH decreased

from 5.8 to 4.5 over the first 4 days, then increased slowly

up to 6.4 by stationary phase, which is typical for many

plant cell cultures (Stoner et al., 1997; Xu et al., 1998).

Sugar in the medium was almost completely consumed

Figure 3. The extracellular (GA)8GFP yields of 10 different tobacco

cell lines. Medium samples were assayed after 14 days of culture and the

(GA)8GFP yields calculated from the GFP fluorescence in the medium.

Figure 2. Superose-12 gel permeation chromatography of the culture

medium from the culture of transformed cells. A: Size fractionation of

medium from cells expressing (GA)8GFP showed a major fluorescent peak

eluting at 60 min and a minor peak at 90 min that corresponded to GFP,

presumably cleaved from the fusion protein after secretion into the me-

dium. B: The GFP standard eluted at 90 min on the Superose-12 column.

The column eluates were assayed for fluorescence using a 488 nm exci-

tation wavelength, monitoring the emission at 520 nm.

Figure 4. Time course of cell growth and (GA)8GFP production of

the transgenic tobacco cell (G6) culture in a 5-L bioreactor. G6 cells

were assayed for biomass production (.); extracellular (GA)8GFP

content (D); intracellular (GA)8GFP content (o); sugar content in the

medium (n); and medium pH (5). Error bars represent the standard error

of three measurements.
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during the culture cycle. The average yield coefficient was

calculated to be Yx/s = 0.45.

Isolation of (GA)8GFP and (GA)8

The protein recoveries of (GA)8GFP after fractionation on

the HIC and GPC columns was 82% and 85%, respectively.

(GA)8GFP recoveries from the final fractionation step, the

PRP-1 reversed-phase column, was 74%. Both (GA)8GFP

and (GA)8 recovered after cleavage of (GA)8GFP with tryp-

sin and GPC on the Superose 12 column, produced single

symmetric peaks on the reversed phase column (Fig. 5).

From one liter of culture medium, we isolated 65.5 mg of

(GA)8GFP, or 32.0 mg of (GA)8 gum module.

Visualization of purified (GA)8GFP and (GA)8 after

SDS-PAGE (Fig. 6) showed fuzzy bands typical of HRGPs

which possess extensive glycan microheterogeneity and

also bind SDS poorly due to their glycosylation and biased

amino acid compositions. SDS-PAGE estimated the rela-

tive molecular mass range as 85–100 kDa for (GA)8 and

110–140 kDa for (GA)8GFP.

(GA)8 Amino Acid Composition and N-Terminal
Sequence Analyses

The amino composition of (GA)8 (Table II) closely

matched that predicted by the gene, except that most of

the Pro residues were posttranslationally modified to Hyp.

The N-terminal amino acid sequence of (GA)8, Gly-Pro-

His-Ser-Hyp-Hyp-Hyp-Hyp-Leu-Ser-Hyp-Ser-Hyp-Thr-

Hyp-Thr-Hyp-Hyp-Leu-Gly-Pro-His. . ., was consistent

with the gene sequence and amino acid composition.

Glycosylation of (GA)8

Table III shows the monosaccharide composition of (GA)8,

which was consistent with the composition of native GAGP

and of other known AGPs that are rich in galactose (Gal)

and arabinose (Ara) with lesser amounts of uronic acids

(Ura) and rhamnose (Rha) (Goodrum et al., 2000; Qi et al.,

1991; Serpe and Nothnagel, 1999; Zhao et al., 2002). Sugar

accounted for 84% of the total dry weight of (GA)8, or 65%

Figure 5. Purification of the (GA)8GFP and (GA)8 by reversed-phase

chromatography. A: (GA)8GFP eluted at 75 min. B: Removal of the

relatively hydrophobic GFP domain from the fusion protein resulted in a

(GA)8 module that eluted much earlier from the column (40 min).

Table I. Summary of growth kinetics data and (GA)8GFP yield from cell

line G6.

X0 g/L Xmax g/L Yx/s A day�1 T1/2 day Ygum mg/L Ygum/x mg/g

1.5 13.8 0.45 0.38 2.6 134.2 9.7

X0: Inoculation concentration (g/L); Xmax: Maximum biomass (g/L);

Yx/s: Yield coefficient; A: Specific growth rate during exponential growth

phase (day�1); T1/2: Doubling time (day); Ygum: Total (GA)8GFP yield, in-

cluding intracellular and extracellular (GA)8GFP (mg/L); Ygum/x: Specific

(GA)8GFP yield (mg/g), total (GA)8GFP yield (mg/L)/maximum bio-

mass (g/L).

Figure 6. SDS-PAGE of the purified (GA)8GFP and (GA)8 module. The

glycoproteins were detected by silver staining. Lane 1: molecular weight

markers; lane 2: (GA)8; Lane 3: (GA)8GFP.
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of the (GA)8GFP fusion protein. However, the distribution

of Hyp in the different glycosides differed significantly,

with GAGP having more arabinosylated Hyp and less

polysaccharide addition to Hyp than (GA)8, as shown in

Table IV.

Superdex size fractionation of (GA)8 base hydrolysates

separated the resulting Hyp glycosides into two major size

categories (Fig. 7), a large molecular component that eluted

near the column void volume (peak 1) and a much smaller

component (peak 2). Sugar composition analyses of the

large molecular weight fraction indicated it contained Ara,

Gal, Rha, and Ura, while the smaller molecular weight

glycans contained only Ara (Table V). The molar ratio of

sugar/Hyp indicated that the large molecular weight poly-

saccharide component contained an average of 20 sugar

residues per Hyp and had the empirical formula: Gal10-

Ara4Ura4Rha2.

Calculation of Molecular Mass of (GA)8

Judging by the gene sequence and amino acid composition,

the molecular mass of the (GA)8 polypeptide was 15 kDa.

Sugar analyses indicated that sugar accounted for 84% of

the dry weight of the glycosylated (GA)8. Thus, we es-

timated the molecular mass of glycosylated (GA)8 to be

15 kDa/(100%-84%) or 94 kDa. The molecular mass of the

fusion protein (GA)8GFP was therefore 94kDa+27kDa

(GFP) or 121 kDa, estimations that were consistent with

those estimated by SDS-PAGE.

Functional Analysis of the Recombinant Gum

(GA)8 exhibited lower viscosity than native GAGP (Fig. 8)

and inferior emulsification properties (Fig. 9), its emulsi-

fying ability being only 1/10 of that of native GAGP and

the emulsions formed by (GA)8 separated immediately into

two phases at room temperature. In contrast, the fusion

glycoprotein (GA)8GFP was 1.28 times more effective than

native GAGP and the emulsion was as stable.

DISCUSSION

Genetic engineering offers a facile route to the production

of novel protein-based biopolymers that cannot be made

through chemical synthesis (Scheller et al., 2001; Moire

et al., 2003). Here we have extended the ‘‘genetic’’ ap-

proach to include the use of synthetic genes to engineer

O-linked glycoproteins of controlled structure, including

the glycan substituents. We chose to make an analog of

gum arabic glycoprotein (GAGP) because GAGP is a

highly repetitive HRGP and is therefore well suited to

glycoprotein engineering using a synthetic gene approach.

Furthermore, native GAGP from Acacia senegal possesses

desirable properties that can be easily measured for com-

parison to GAGP analogs produced in tobacco cells.

Tobacco cells were chosen to host the GAGP analog,

(GA)8GFP, because tobacco cells are readily transformed

and possess the posttranslational machinery to make

HRGPs that are hydroxylated and glycosylated like native

Table III. Sugar analysis of (GA)8 and native GAGP.a

Sample

Molecular

mass (kDa)

Sugar composition (mole %)
Sugar content

(% dry weight)Ara Gal Rha Ura

(GA)8 94 53.2 F 2.1 25.3 F 1.1 13.2 F 1.4 9 F 0.5 84.0 F 0.6

GAGPb 1500 36 46 10 9 >80

aAra: arabinose; Gal: galactose; Rha: rhamnose; Ura: Uronic acids.
bRefer to Qi et al. (1991).

Table II. Amino acid composition (mol%) analysis of (GA)8 and GAGP.

Amino acid

(GA)8

GAGPbMeasured Predicteda

Hyp 44.1 40.0

Pro 7.5
g

51.3 8.0

Thr 12.4 12.8 10.2

Ser 16.7 16.0 2.2

Gly 5.1 5.8 4.5

His 5.3 5.1 6.6

Ala 0.5 0.6 1.2

Leu 8.1 7.7 6.4

Phe 0.0 0.0 0.5

Arg 0.5 0.6 0.0

Ile 0.0 0.0 0.2

aAmino acid composition was calculated from the (GA)8 DNA sequence.
bData from Goodrum et al. (2000).

Table IV. Hyp-glycoside profiles of (GA)8 and native GAGP.

Hyp-glycoside

Percentage of total Hyp

(GA)8 GAGPa

Hyp-polysaccharide 43 25

Hyp-Ara4
b 0 5

Hyp-Ara3 21 31

Hyp-Ara2 21 17

Hyp-Ara1 8 10

Non-glycosylated Hyp 7 12

aQi et al. (1991).
bHyp-Ara1–4: Hyp-arabinosylation with 1–4 arabinose residues.
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GAGP. Indeed, the legumes, which include A. senegal, and

the Solanaceae share the same Hyp-O-glycosylation code

and Hyp-glycan structures judging from recent work char-

acterizing ‘‘designer’’ HRGPs from transgenic tobacco (Tan

et al., 2003; Shpak et al., 1999, 2001).

Beginning with the 19-residue repetitive consensus motif

of GAGP (Goodrum et al., 2000), we designed the synthetic

gene, (GA)2 that encoded two naturally occurring variations

(variant amino acids are underlined) of the GAGP con-

sensus sequence above, specifically Gly-Pro-His-Ser-Pro-

Pro-Pro-Pro-Leu-Ser-Pro-Ser-Pro-Thr-Pro-Thr-Pro-Pro-

Leu-Gly-Pro-His-Ser-Pro-Pro-Pro-Thr-Leu-Ser-Pro-Ser-

Pro-Thr-Pro-Thr-Pro-Pro-Pro. Genes encoding four GAGP

repeats, (GA)4 and then eight repeats (GA)8 were con-

structed from (GA)2 using an approach described earlier

involving complementary, nonregenerable restrictions sites

(Lewis et al., 1996; Shpak, 2001). Although native GAGP

is a large AGP, containing at least 20 highly glycosylated

consensus repeats, we characterized a much smaller GAGP

analog here, as earlier work with GAGP analogs showed

tobacco cells gave increasingly lower yields as the number

of consensus repeats increased from 8 to 20 and 36 repeats

(Shpak, 2001), with 8 being optimum. (GA)8 was expressed

as a GFP fusion protein to facilitate selection of highly

expressing tobacco cell lines through visualization of

GFP fluorescence in the medium (Fig. 2). GFP also en-

hanced (GA)8 hydrophobicity, enabling purification of the

glycoprotein, as individual AGPs are notoriously difficult

to purify due to similarities in amino acid sequence and

glycosylation (Shpak et al., 1999; Zhao et al., 2002).

(GA)8GFP was readily targeted to the ER/Golgi membrane

system (Ituriaga et al., 1989) and out to the culture medium

by the tobacco extensin signal sequence (Shpak et al., 1999),

where more than 80% of the total expressed gum occurred.

Although proteolysis of recombinant proteins is often a

significant problem in transgenic plant cell culture

(Kusnadi et al., 1997), there was little degradation of

(GA)8GFP judging by size fractionation of the culture

medium, which gave one major, symmetrical fluorescent

peak corresponding to (GA)8GFP and only a very minor

peak corresponding to the GFP cleavage product (Fig. 2).

The N-terminal sequence also corroborated the integrity of

the polypeptide backbone. Undoubtedly the extensive

glycosylation (Jentoft, 1990; Hart, 1992; Dealwis and Wall,

2004) and abundance of secondary amino acids protected

the (GA)8 polypeptide from proteolysis, while GFP is also

Table V. Sugar composition of Hyp-polysaccharide and Hyp-oligosaccharide isolated from the

base hydrolysis of (GA)8 and native GAGP.

Sugar residue

(GA)8 (mol%) GAGPa (mol%)

Polysaccharide Oligosaccharide Polysaccharide Oligosaccharide

Ara 35 100 38 100

Gal 41 0 34 0

Rha 12 0 13 0

Ura 12 0 15 0

Sugar/Hyp 20.1 2.1 23.4 2.3

aRefer to Qi et al. (1991).

Figure 7. Size fractionation of the (GA)8 base hydrolysate on the

Superdex peptide column. Each fraction was assayed for Hyp. The two

major peaks correspond to the large molecular weight Hyp-arabinoga-

lactan polysaccharides (peak 1) and the smaller Hyp-oligoarabinosides

(peak 2), respectively.

Figure 8. The viscosity of (GA)8 and GAGP solutions measured at

varying concentrations. (o) GAGP solution; (.) (GA)8 solution. Error

bars represent the standard error of three measurements.
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known to be fairly resistant (Ward, 1981). The susceptible

Arg residue engineered between the HRGP and GFP

domains of the fusion protein probably gave rise to the

small amount of GFP in the culture medium of transformed

cells (Fig. 2A). Stability is a feature of HRGPs in general,

presumably as part and parcel of the structural role they

play in the rugged extracellular environment (Showalter,

2001), and is a feature that might prove useful in the pro-

duction of recombinant glycoproteins.

The high-yield G6 cell line grew well in the 5-L bio-

reactor, with a specific growth rate of 0.38 day�1, which

was comparable to rates reported for other plant cell cultures

(Stoner et al., 1997; Xu et al., 1998). Suspension cultured

plant cells are fragile in comparison to microorganisms,

as plant cells are large and often damaged during culture in

a bioreactor (Takeda et al., 1994). However, judging by

staining with Evan’s blue, the cell viability observed here

remained high until the culture reached the stationary phase,

after which lysis occurred (data not shown). We observed

no detrimental agitation effects from a marine impeller

rate of 80 rpm. Furthermore, the cells produced 116.8 mg/L

of (GA)8GFP, or 40.9 mg/L of the (GA)8GFP polypeptide

backbone (35% of the dry weight of (GA)8GFP), a 2–5-fold

yield increase over other reports of recombinant protein

production in plant cell cultures with a constitutive 35S

CaMV promoter, such as 5–10 mg/L of Guy’s 13 mouse

IgG1 antibody (Sharp and Doran, 2001a), 12 mg/L of GFP

(Su et al., 2004), and 20–22 mg/L of vaccine hepatitis B

surface antigen (Smith et al., 2002). We expect (GA)8GFP

production could be considerably enhanced by optimizing

the culture conditions and operational parameters, or by

employing ‘‘super’’ promoters for boosting gene expression

(Choi et al., 2003; Kusnadi et al., 1997; Sharp and Doran,

2001b; Shin et al., 2003).

Biochemical characterization of purified (GA)8GFP and

native GAGP allowed us to compare the prolyl hydroxylase

specificities, Hyp-glycosylation codes, and glycan struc-

tures of tobacco to those of Acacia. Like native GAGP,

which contains 90% sugar on a dry weight basis (Qi et al.,

1991), (GA)8 was heavily O-glycosylated (84% dry weight)

and both contained Ara and Gal as major components, with

lesser amounts of Ura and Rha, although (GA)8 contained

more Ara and less Gal (Table III). The amount of Hyp and

the type of glycans attached to the Hyp residues were also

similar in GAGP and (GA)8GFP (Tables II, III, V); how-

ever, the distribution of Hyp in the different glycosides

differed significantly, with GAGP having more arabinosy-

lated Hyp and less polysaccharide addition to Hyp than

(GA)8 (Table IV). This is likely due to differences in the

prolyl hydroxylase specificities between tobacco and

Acacia, which in turn would influence the Hyp-glycosyla-

tion profiles as follows.

Earlier work demonstrated that blocks of tripeptidyl Pro

are completely hydroxylated in Acacia (Goodrum et al.,

2000) and therefore are Hyp-arabinosylation sites; however,

in tobacco blocks of tripeptidyl Pro are not completely

hydroxylated (Shpak et al., 1999, 2001). This incomplete

Pro hydroxylation of tripeptidyl Pro blocks gives rise to a

mixture of contiguous and noncontiguous Hyp residues

and thus a mixture of arabinosylated Hyp and polysaccha-

ride adducts on Hyp at these sites in tobacco. (GA)8 encoded

a polypeptide containing four blocks of tetrapeptidyl Pro,

four dipeptidyl Pro blocks, and eight instances of tripeptidyl

Pro. From the (GA)8 amino acid composition and known

prolyl hydroxylase specificities for tobacco, we calculated

that (GA)8 encoded 152 amino acids, 80 of them Pro. The

amino acid composition (Table II) indicated there are 11

Pro residues in (GA)8 (7.5 mole percent) and about 69 Hyp

residues. Eight Pro residues likely occur in the Gly-Pro-His

tripeptide that is not hydroxylated in (GA)8 or in native

GAGP, judging by amino acid sequence analysis (Goodrum

et al., 2000). Therefore, the remaining three Pro residues

occur somewhere in the eight tripeptidyl Pro/Hyp motifs of

(GA)8 and, judging from earlier work, will result in mixed

Hyp-glycosylation at those sites. We predict that 24 of the

69 Hyp residues in (GA)8 occur in Ser-Hyp4 and Hyp-Hyp2

blocks and are therefore arabinosylated or remain non-

glycosylated; 24 Hyp residues occur in Ser-Hyp-Ser-Hyp-

Thr-Hyp sequences and are arabinogalactosylated with

polysaccharide adducts; the remaining 21 Hyp residues

occur in the blocks of tripeptidyl Pro/Hyp and, judging by

earlier work (Shpak et al., 2001), should be arabinosylated

and arabinogalactosylated in a ratio of f2:1, respectively.

This predicts that (GA)8 contained 24 + 14, or 38 arabino-

galactosylated Hyp residues and 24 + 7, or 31 arabinosy-

lated and nonglycosylated Hyp residues, which is consistent

with the empirically determined profile shown in Table IV.

Functional assay of the expressed gum showed that the

viscosity of (GA)8 was lower than that of native GAGP,

presumably due to the smaller size of (GA)8 compared to

native GAGP, which was estimated to consist of at least

Figure 9. The emulsification properties of (GA)8, (GA)8GFP, GAGP,

and GFP. The emulsifying ability (EA) was determined from the turbidity

measured immediately after the emulsion had formed. The emulsion

stability (ES) was estimated by calculating the half-life of the turbidity.

White bars: EA; Shaded bars: ES. Error bars represent the standard error

of three measurements.
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400 amino acids (Qi et al., 1991). The low viscosity of

GAGP solutions at high gum concentration, a rare feature

for gums, may be due to its fairly rigid, highly repetitive

structure. Such regularity may enhance molecular packing

and self-assembly and give rise to the unusually low vis-

cosity of gum arabic (Goodrum et al., 2000).

We earlier speculated that the GAGP polysaccharide

components were responsible for the emulsifying properties

of GAGP, as the polypeptide backbone contains very few

hydrophobic amino acids, whereas the polysaccharides

contain hydrophobic features like terminal rhamnose resi-

dues and a h-1,3 galactan backbone (Goodrum et al., 2000).

Thus, we predicted that (GA)8 would mimic the emul-

sifying properties of GAGP. However, (GA)8 was a poor

emulsifier, discounting our suggestion that the hydro-

phobic glycans conferred emulsifying ability and the sug-

gestion that the polypeptide, as represented by the GAGP

consensus sequence, was sufficient to enable emulsifica-

tion (Dickinson et al., 1990). Likewise, GFP was also a

poor emulsifier, although it was considerably more hydro-

phobic than (GA)8. In contrast, the fusion glycoprotein,

(GA)8GFP, exhibited an even higher emulsifying ability

than native GAGP. This is consistent with other protein-

polysaccharide conjugates, which are often excellent emul-

sifiers (Khan et al., 1999; Nakamura and Kato, 2000; Shu

et al., 1998), presumably because the protein component

adsorbs to the oil droplet while the H-bond forming poly-

saccharides interact with aqueous phase and stabilize the

droplets through steric hindrance. In the case of (GA)8GFP,

however, we speculate that GFP probably interacted with

the oil phase while the (GA)8 glycoprotein domain in-

teracted with the aqueous phase. Furthermore, the relatively

low molecular mass of (GA)8GFP may allow it to dif-

fuse more quickly than GAGP to the oil–water interface

during homogenization, giving rise to its better emulsifi-

cation properties than GAGP.

The molecular specifics that confer emulsifying proper-

ties to GAGP remain a mystery, probably at least until

the complete amino acid sequence of the GAGP polypep-

tide is elucidated from a clone. The highly biased, simple

amino acid composition of GAGP reflects the composition

of the consensus sequence from which (GA)8 was derived

(Goodrum et al., 2000), arguing against the likelihood that

the GAGP polypeptide per se adsorbs to oil droplets.

However, as most AGPs are initially membrane-anchored

by a glycosylphosphatidyl inositol anchor (Youl et al.,

1998), it seems more feasible that lipid plays a role in

GAGP-based emulsions.

CONCLUSION

We used a synthetic gene approach to design and produce

in tobacco cells a novel recombinant plant gum, (GA)8, that

was hydroxylated and glycosylated very similar to native

GAGP and exhibited low viscosity in aqueous solution.

However, the recombinant gum did not emulsify orange oil

due to lack of hydrophobic moiety. This work has dem-

onstrated a unique avenue to the de novo design of

glycoprotein-based biopolymers of controlled structure and

with properties tailor-made for specific applications. More-

over, the growth of transgenic plant cells in bioreactors

facilitates the production of gum with controlled purity and

quality. Large-scale production of transgenic GAGP and

eventually of other valuable ‘‘designer gums’’ in the future

is foreseeable.
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