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The biological activity of reducing-end-modified oligogalactu-
ronides was quantified in four tobacco (Nicotiana tabacum) tissue
culture bioassays. The derivatives used were oligogalacturonides
with the C-1 of their reducing end (a) covalently linked to a biotin
hydrazide, (b) covalently linked to tyramine, (c) chemically reduced
to a primary alcohol, or (d) enzymatically oxidized to a carboxylic
acid. These derivatives were tested for their ability to (a) alter
morphogenesis of N. tabacum cv Samsun thin cell-layer explants,
(b) elicit extracellular alkalinization by suspension-cultured cv Sam-
sun cells, (c) elicit extracellular alkalinization by suspension-
cultured N. tabacum cv Xanthi cells, and (d) elicit H,O, accumu-
lation in the cv Xanthi cells. In all four bioassays, each of the
derivatives had reduced biological activity compared with the cor-
responding underivatized oligogalacturonides, demonstrating that
the reducing end is a key element for the recognition of oligogalac-
turonides in these systems. However, the degree of reduction in
biological activity depends on the tissue culture system used and on
the nature of the specific reducing-end modification. These results
suggest that oligogalacturonides are perceived differently in each
tissue culture system.

Carbohydrates that act as signal molecules in plants
(oligosaccharins) have been isolated from plant and fungal
cell wall polysaccharides, from the cell walls of bacterial
symbionts of plants, and from fungal glycopeptides (for
review, see Ryan and Farmer, 1991; Darvill et al., 1992; Coté
and Hahn, 1994). We are interested in determining the
mechanism by which one type of the plant cell wall-
derived oligosaccharins, the oligogalacturonides, elicit bio-
logical responses in plants.

The biological effects elicited in plants by oligosaccharins
are diverse (for review, see Ryan and Farmer, 1991; Darvill
et al., 1992; Coté and Hahn, 1994) but can generally be
placed in two groups: delayed responses and rapid re-
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sponses. Delayed responses are usually observed hours or
days after oligosaccharin treatment and are often directly
involved in adaptation to environmental conditions,
whereas rapid responses generally occur at the plant cell
surface and are observed within minutes after addition of
oligosaccharins. The delayed responses elicited by oligoga-
lacturonides can be broadly divided into those in which
defense responses are induced and those in which growth
and development are modified. The defense-related re-
sponses, depending on the plant species, include phyto-
alexin accumulation (Hahn et al., 1981), lignification of cell
walls (Robertsen, 1986), and proteinase inhibitor accumu-
lation (Bishop et al., 1984). The responses involving growth
and development include induction of ethylene in tomato
fruit (Brecht and Huber, 1988), inhibition of auxin-induced
pea stem elongation (Branca et al., 1988), and regulation of
tobacco (Nicotiana tabacum) TCL explant morphogenesis
(Eberhard et al., 1989). The rapid responses induced by
oligogalacturonides include enhanced protein phosphory-
lation in tomato and potato membranes (Farmer et al.,
1989), transmembrane ion flux accompanied by membrane
depolarization in tobacco suspension cells (Mathieu et al.,
1991) and carrot protoplasts (Messiaen et al., 1993), and
H,0, accumulation in suspension-cultured soybean cells
(Apostol et al., 1989).

Rapid responses elicited by oligosaccharins may act as
signal transduction events in the initiation of the delayed
responses; however, this has not been directly demon-
strated. Isolation and characterization of oligosaccharin re-
ceptors would facilitate the identification of the oligo-
saccharin-induced signal-transduction events. High-
affinity binding sites for three oligosaccharins, the oligo-$-
glucosides, the oligochitins, and a yeast N-glycan, have

Abbreviations: DP, degree of polymerization; ECs,, oligogalac-
turonide concentration that includes a half-maximal response; G5,
dodecagalacturonide; G,s, tridecagalacturonide; G,5-B, biotiny-
lated tridecagalacturonide; G;5-O, oxidized tridecagalacturonide
(dodecagalacturonide-p-galactaric acid); G5-R, reduced tridecaga-
lacturonide (dodecagalacturonide-L-galactonic acid); G5-T, ty-
raminated tridecagalacturonide; HPAEC-PAD, high performance
anion-exchange chromatography with pulsed amperometric detec-
tion; PCV, packed cell volume; R, change in free proton concen-
tration; R, change in free proton concentration elicited by a
saturating concentration of G, or G,3; TCL, thin cell layer.
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been identified using biologically active, radiolabeled de-
rivatives (Cosio et al., 1990; Cheong and Hahn, 1991; Basse
et al., 1993; Shibuya et al., 1993; Baureithel et al., 1994). The
specificity of these binding sites has been characterized by
measuring the ability of structural analogs having a range
of biological activities to displace labeled derivatives in
competitive binding studies. A direct correlation between
the competitive binding ability of the analogs and their
biological activity has been observed for each binding site,
providing evidence that the sites identified are physiolog-
ical receptors of the oligosaccharins. Characterizing the
specificity of binding proteins in this manner requires ho-
mogeneous oligosaccharins, labeled oligosaccharin deriva-
tives, and oligosaccharin analogs.

With the ultimate goal of identifying and characterizing
oligogalacturonide receptors, we have quantified the
biological activities of discernibly homogeneous reducing-
end-derivatized oligogalacturonides in four tobacco tissue-
culture bioassays. The oligogalacturonide derivatives as-
sayed include Gi;5-T, G5-B, G;5-O, and G,5-R (Fig. 1).
Biotinylated and '*°I-labeled tyraminated oligogalactu-
ronides could be used to detect low-abundance oligo-
galacturonide-binding proteins. Unlabeled oligogalactu-
ronides, including reduced and oxidized oligogalac-
turonides, could be used to characterize the specificity of
oligogalacturonide-binding proteins.

A, Trldecagalacturumde

uooc uooc W
HO.

B. B:otmylated Trldecagalacturonide Gi3-B
oH )]\ <CH1)‘ N
e 7\:[ Yo
11 HO N
GalA GalA Galactonic Acid Biotin
C. Tyraminated Tridecagalacturonide G13_T
m\ﬁ @\/
11 HO
GalA Galactonic Acid Tyramine
D. Reduced Tndccagalacturomde G13-R
13 HO
GalA GalA Galactonic Acid
E. Oxidized Trldecagalacturomdc G13-0
-OH
OH ~COOH
11 HO
GalA Galactaric Acid

Figure 1. Structures of G, and the four reducing-end derivatives of
G5 used in this study.
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MATERIALS AND METHODS

Purified orange fruit uronic acid oxidase was a gift from
Russell Pressey (U.S. Department of Agriculture, Athens,
GA). All reagents were obtained from Sigma.

Preparation of Homogeneous Oligogalacturonides and
Their Reducing-End Derivatives

In this paper the term oligogalacturonide refers to native
or unmodified, as well as reducing-end-derivatized oli-
gogalacturonides, such as G,5-T, G;5-B, G;5-R, and G,5-O.
Oligogalacturonides, generated by partial endopolygalactur-
onase digestion of polygalacturonic acid, were purified to
homogeneity by a three-step protocol (Spiro et al., 1993)
consisting of size-selective precipitation with ethanol, fol-
lowed by Q-Sepharose anion-exchange chromatography,
and then semipreparative HPAEC-PAD. All oligogalactur-
onides used in this study were homogeneous and chemi-
cally stable at —20°C, as determined by analytical HPAEC-
PAD and by determination of their M, by electrospray MS.

Oligogalacturonides derivatized with tyramine or biotin-
x-hydrazide (6-[biotinoylamino] caproic acid hydrazide) at
C-1 of the reducing-end galacturonic acid were synthesized
and purified to homogeneity as described previously
(Spiro et al., 1996; Ridley et al., 1997).

G15-R was generated by treating the G5 (5 mgin 1 mL of
1 m NH,OH) for 16 h at 4°C with NaBH, (5 mg). The
reaction was terminated by the addition of 5 volumes of
10% acetic acid in methanol, which destroyed any remain-
ing NaBH,. This solution was kept for 2 h at —20°C and the
resulting precipitate was collected by centrifugation. The
supernatant was discarded. The pellet was washed twice
with methanol (5 mL) to remove residual salts. The final
pellet was dried under a stream of air at 25°C. The residue
was dissolved in water (0.5 mL) and stored at —20°C.

G,5-O was generated by treating G,5 (5 mg) in 10 mm
Tris-HCl, pH 8.5 (1 mL), with 3 units of uronic acid oxidase
(Pressey, 1993) for 23 h at 37°C. This solution was sterilized
by centrifugation through a 0.2-um nylon filter prior to
incubation.

Neither the chemical reduction nor the enzymatic oxida-
tion of G,; proceeded to completion; therefore, G,5-R and
G13-O were individually purified to homogeneity by semi-
preparative HPAEC-PAD (Spiro et al., 1993). Electrospray
MS analysis confirmed that the expected product had been
synthesized.

TCL Bioassay

Tobacco (Nicotiana tabacum cv Samsun) plants were
grown as described by Mohnen et al. (1990). The TCL
explant bioassay was performed as described by Eberhard
et al. (1989). Briefly, thin strips of tissue, approximately 1
mm wide and composed of 6 to 10 cell layers, were cut
from surface-sterilized tobacco floral branches. TCL ex-
plants, approximately 10 mm long, were cut from the tissue
strips. The explants were placed in individual wells of
12-well culture dishes (ICN) containing 2 mL of Linsmaier
and Skoog (1965) medium, pH 5.8, supplemented with 167
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mM Glc, 3 mm IAA, and 0.3 mm kinetin. The oligogalactu-
ronides to be assayed were sterilized by filtration through
0.2-um nylon membrane syringe filters (Nalgene, Roches-
ter, NY). The TCL explants were incubated at 24°C under
continuous, cool-white fluorescent light. The overall TCL
explant morphology and the number of flowers formed on
each TCL explant after 23 or 24 d of culture were deter-
mined by examination with a dissecting microscope.

Maintenance of Suspension-Cultured Tobacco Cells

Suspension-cultured N. tabacum cv Samsun cells, initi-
ated from pith parenchyma callus, were grown in Lins-
maier and Skoog (1965) medium, pH 6.0, supplemented
with 4.5 um 2,4-D and 3% Suc. The cells were cultured
under continuous light at 26°C on a rotary shaker at 110
rpm. The PCV obtained after centrifugation (1000g for 5
min) was used as a measure of growth. An aliquot of the
cell suspension giving an initial PCV of 2.7% was trans-
ferred to 100 mL of fresh medium every 7 d. The PCV after
7 d of culture was between 26 and 33%. The culture of the
N. tabacum cv Samsun cells and the alkalinization bioassays
using these cells were carried out at the Complex Carbo-
hydrate Research Center (Athens, GA).

Suspension-cultured N. tabacum cv Xanthi cells were
grown in Gamborg B-5 medium, pH 5.7, supplemented
with 1 um 2,4-D, 40 nMm kinetin, and 2% Suc. The cells were
grown under continuous light on a rotary shaker at 160
rpm and were subcultured every 7 d by transferring 10 mL
of the culture into 100 mL of fresh medium. The PCV after
7 d of culture was between 18 and 22%. The culture of the
N. tabacum cv Xanthi cells and the alkalinization and H,O,
accumulation bioassays using these cells were carried out
at the Centre National de la Recherche Scientifique labora-
tories (Gif-sur-Yvette, France).

Analysis of Oligogalacturonide-Induced Extracellular
Alkalinization by Suspension-Cultured Tobacco Cells

Aliquots of 7-d-old exponentially growing N. tabacum cv
Samsun suspension-cultured cells (4 mL) in 25-mL Erlen-
meyer flasks were equilibrated for 2 h on a rotary shaker
(110 rpm). The pH after this period was between 4.4 and
4.6. The pH of the oligogalacturonide solutions (50 uL in
water) was adjusted to that of the equilibrated cells. The
addition of oligogalacturonides to each successive flask
was staggered by 60 s so that pH measurements could be
made at fixed times after sample addition. The extracellular
pH was measured immediately upon addition of the oli-
gogalacturonides and subsequently at 14-min intervals
through at least 56 min using a Micro-Combination pH
electrode (Microelectrodes, Inc., Londonderry, NH) con-
nected to an Accumet 950 pH meter (Fisher Scientific).

The analysis of oligogalacturonide-induced extracellular
alkalinization by cv Xanthi cells was carried out in the
same manner as for the cv Samsun cells with the following
exceptions. Aliquots (3 mL) of the cell suspensions were
placed in 12-mL glass vials, adjusted to 1 mm Mes-Tris (pH
5.2), and equilibrated for 2 h, at which time the pH was
between 5.1 and 5.5. The pH was measured using a BRV4H

glass electrode (Heito, Paris, France) connected to a PSD 11
pH meter (Heito).

Analysis of Oligogalacturonide-Induced Oxidative Burst

The accumulation of H,O, in the growth medium of
suspension-cultured cv Xanthi cells was determined in the
same experiments as the measurement of extracellular al-
kalinization. Aliquots (10-40 uL) of the growth medium
were removed at intervals and added to a series of cuvettes
containing 8 uM scopoletin (7-OH-6-methoxycoumarin)
and 5 ug of horseradish peroxidase (P 6782, Sigma) in 2 mL
of 50 mM Mes-Tris, pH 5.2. The amount of H,O, present in
the culture medium was determined by the decrease in
fluorescence of scopoletin and compared with the effect of
a standard concentration series of H,O, on scopoletin flu-
orescence (Root et al., 1975). Fluorescence measurements
were made with a spectrofluorimeter (Photon Technology
International, South Brunswick, NJ) using an excitation
wavelength of 350 nm and an emission wavelength of
460 nm.

RESULTS

Reducing-End-Derivatized G,; at Submicromolar
Concentrations Alter the Morphogenesis of N. tabacum cv
Samsun TCL Explants

Oligogalacturonides induce flower formation, inhibit
root formation, and reproducibly alter the overall morphol-
ogy of tobacco TCL explants cultured on indolebutyric acid
and kinetin-containing medium (Eberhard et al., 1989;
Marfa et al., 1991; Bellincampi et al., 1993). Oligogalactu-
ronides of DP 12 to 14, which have approximately equal
activity, induce the alteration of TCL explant morphogen-
esis at submicromolar concentrations, whereas higher con-
centrations of shorter and longer oligomers are required to
induce an equivalent response. The mechanism by which
oligogalacturonides initiate these responses is unknown.

We determined the effect of derivatized and underiva-
tized oligogalacturonides on TCL explants cultured in tran-
sition medium containing 3 uM IAA and 0.3 um kinetin.
A transition medium containing IAA rather than indolebu-
tyric acid (Mohnen et al., 1990) was used, since the add-
ition of oligogalacturonides to TCL explants cultured on
IAA-containing transition medium causes a distinct
concentration-dependent change in the overall morphol-
ogy of the TCL explants. TCL explants, in the absence of
added oligogalacturonides or at low concentrations of bio-
active oligogalacturonides, grow more or less uniformly
over their entire length, resulting in rectangular explants.
In the presence of higher concentrations of bioactive oli-
gogalacturonides, the TCL explants were significantly in-
hibited in their growth and had limited tissue enlargement
only at one end, yielding mushroom-shaped explants
(Fig. 2). In the absence of oligogalacturonides, the rectan-
gular explants produced only roots, whereas they pro-
duced roots and occasionally flowers when exposed to
low concentrations of bioactive oligogalacturonides. The
mushroom-shaped explants that resulted from exposure to
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uM formed on TCL explants. The maximum of the average
number of flowers induced by G;, (1.5 um, 2.8 flowers/
0.0 explant) was nearly identical to the maximum of the aver-
0.026 age number of flowers induced by the three reducing-end
0.047 derivatives (2.6 um, 3.1 flowers/explant). However, as
shown in Figure 3 for G;,, the number of flowers induced
0.083 on TCL explants by a given oligogalacturonide concentra-
0.15 tion varied considerably, and thus the flowering data were
not useful for a quantitative comparison of the biological
0.26 activities of the various oligogalacturonides.
0.47 However, the oligogalacturonide concentration at which
0.83 the overall morphology of the TCL explants changes from
1.5 rectangular to mushroom-shaped (the morphogenetic
26 switch concentration) could be used to quantify the activ-
ities of the oligogalacturonides since it reproducibly fell
0.0 within a less-than 4-fold concentration range (Fig. 2). The
0.026 average morphogenetic switch concentration of G,, in 12
experiments was 0.058 * 0.033 um (Table I). Compared
0.047 with G, the morphogenesis switch concentration for
0.083 G,5-T was 2.5-fold higher; G,5-B was 3.4-fold higher, and
0.15 G,5-R was 6.3-fold higher. The difference between the ac-
tivity of G,, and each G,; derivative was statistically sig-
0.26 nificant (Wilcoxon’s Rank-Sum test, confidence level =
0.47 98.5%). There was no discernible difference in the activity
0.83 of G;, when assayed in the presence of excess free biotin or
free tyramine. These results indicate that derivatization of
1.5 & the reducing end of G,; results in a reduction in its ability
2.6 7 to alter TCL explant morphogenesis.
0.0 & We .compared the morph(.)genet%c §w1tch concentratlop
of various homogeneously sized biotinylated and underi-
0.026 vatized oligogalacturonides to determine whether re-
0.047 ") ducing-end derivatization alters the size requirement for
0.083 -
0.15 [« T
0.26 Gy _ .
0.47 = 5 6f .
=3 °
0.83 = L e o
1.5 = o 5T
= .
26 X § 4 [ ¢ ¢
Figure 2. The TCL explants from a representative tobacco morpho- 2 o © « °®
genesis bioassay comparing the activities of G;, (top), G,5-B (mid- 5 e . ¢
dle), and G;5-T (bottom). The explants were incubated in growth g 3r °
medium containing the indicated oligogalacturonide concentrations, IS :
with six replicate TCL explants per concentration. The arrows indi- 2 sl b4
cate the concentrations at which oligogalacturonides induce a dis- g i
tinct change in the overall morphology of the TCL explants (the g : H
morphogenetic switch concentrations). z1r °
: ° .
L
ol a ! e
higher concentrations of bioactive oligogalacturonides fre- 0 0.01 0.1 1 10

quently formed flowers but never roots.

The ability of each oligogalacturonide to alter TCL-
explant morphogenesis was tested at nine concentrations
and compared with a similar concentration series of Gj,.
Each oligogalacturonide was assayed in two independent
experiments using six replicate TCL explants at each con-
centration. G;,, Gy5-T, G;5-B, and G,5-R each induced a
concentration-dependent increase in the number of flowers

Dodecagalacturonide Concentration (uM)

Figure 3. Plot of the log of G,, concentration versus the average
number of flowers induced per TCL explant. The data from 12
experiments are shown, and each data point represents the average
number of flowers produced by the six replicate TCL explants used
for each treatment in a given experiment. In the absence of G;,, no
flowers were formed. The line represents the dose-response curve for
G, as determined by least-squares analysis using log concentration.
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Table I. Comparison of the ability of reducing-end-derivatized and underivatized
oligogalacturonides to alter TCL explant morphogenesis

The concentration of each oligogalacturonide that induces a distinct change in the overall TCL
explant morphology is reported as the morphogenetic switch concentration (as defined in the text). The
values given for each oligogalacturonide are the averages of two independent bioassays, with the
exception of the value for G,,, which is the average of 12 independent experiments (sD = 0.033 um).

Morphogenetic Switch

Oligogalacturonide .
898 Concentration

Derivatized
Oligogalacturonide

Morphogenetic Switch
Concentration

M
Gie 0.26
Gys 0.15
Gy, 0.058
Gio 0.83
G 2.6

G, >2.6

M
Ge-B 0.65
G,-B 0.21
Gy T 0.15
G,5-R 0.37
Gio-B 1.7
Gy-B >2.6

activity. G;4-B and G;,-B were both reduced in activity
compared with their corresponding underivatized oligoga-
lacturonides, and the highest concentration of Gg-B tested
(2.6 um) did not induce an alteration in the overall explant
morphology (Table I). G,;-B was significantly more active
than longer or shorter biotinylated oligogalacturonides,
which is consistent with the size requirements found using
underivatized oligogalacturonides in this bioassay (Marfa
et al., 1991; Bellincampi et al., 1993).

All Four Derivatives of G,; Were More Than 30-Fold
Reduced in Their Ability to Induce Extracellular
Alkalinization by Suspension-Cultured cv Samsun Cells

Transient membrane depolarization accompanied by
rapid K™ ion efflux and extracellular alkalinization was
induced when suspension-cultured tobacco or carrot cells
were exposed to micromolar concentrations of oligogalac-
turonides having DPs of 10 to 15 (Mathieu et al., 1991;
Messiaen and Van Cutsem, 1994). These rapid responses
have been hypothesized to act as signaling events leading
to delayed responses, such as the alteration of TCL-explant
morphogenesis (Mathieu et al., 1991; Messiaen and Van
Cutsem, 1994). We have characterized the ability of various
sizes of reducing-end-derivatized and underivatized oli-
gogalacturonides to induce extracellular alkalinization in
cv Samsun suspension cultures, the same cultivar used for
the tobacco morphogenesis bioassay.

The ability of each oligogalacturonide to induce extracel-
lular alkalinization by cv Samsun cells was assayed using
seven concentrations of oligogalacturonides in at least two
independent experiments. A standard concentration series
of G,, (Fig. 4) was assayed in each experiment. Each bio-
active oligogalacturonide elicited a rapid, concentration-
dependent, and saturable extracellular alkalinization re-
sponse that exhibited three characteristic phases: a period
of rapid alkalinization beginning 30 s after oligogalactur-
onide addition, a plateau period during which the pH
remained near its maximum level, and a period of gradual
reacidification during which the pH of the medium re-
turned to approximately its original value.

The alkalinization response measured 14 min after oli-
gogalacturonide addition was used to compare the activi-

ties of the derivatized and underivatized oligogalactu-
ronides, since this time consistently fell within the period
of maximum alkalinization. The change in pH was con-
verted to the R to obtain a linear measure of the response.
Rax Was always found to be essentially the same between
replicates within the same experiment; however, R, ., var-
ied significantly between experiments. The alkalinization
response elicited by saturating concentrations of each bio-
active oligogalacturonide within an experiment was essen-
tially the same between replicates within the same experi-
ment; however, R, varied significantly between ex-
periments. To correct for variability of the responses be-
tween experiments, the response elicited by each sample
was expressed as the fraction of the R ., for that experi-
ment (R/R,..,)-

The R/R,,., values were used to generate dose-response
curves (Fig. 5) and the EC5, were determined from these
curves. G, and G,; were the most active of the compounds
tested (Fig. 5a) and the difference between their activities
was not statistically significant (paired ¢ test, level of con-
fidence = 95%); therefore, the data from G,, and G,; were
pooled to generate a single dose-response curve (ECs, =
0.068 um). G5 was approximately 5-fold less active
(EC50 = 0.36 um) and G, was 50-fold less active (EC5, = 3.4

o

Extracellular pH
[$2]

0 10 20 30 40 50 60 70 80 90
Time (min)
Figure 4. Representative time courses of the extracellular alkaliniza-

tion by suspension-cultured cv Samsun cells treated with the indi-
cated concentrations of G;, at time 0.
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Oligogalacturonide Concentration (uM)

Figure 5. Effect of the DP (a) and reducing-end derivatization (b) of
oligogalacturonides on their ability to induce extracellular alkalin-
ization by suspension-cultured cv Samsun cells. The data were plot-
ted as the alkalinization response of each sample divided by the
alkalinization response induced by a saturating concentration of G,
in that experiment (R/R.,,,). The R/R.,,, values for the various oli-
gogalacturonides are indicated as follows: G,,, A; G5, B, G5, ®;
Gy, ®; Gy5-T, O; Gy5-B, [J; G5-O, O; and Gy5-R, A. The data for
G, and G, ; are shown on both plots to aid in comparison. The lines
represent the linear portion of the dose-response curves as deter-
mined by least-squares analysis using log concentration. Separate
dose-response curves were generated using combined data from G,,
and G5 and combined data from the four reducing-end derivatives
of G5 (see text).

um). G; was inactive over the entire range of concentra-
tions tested (2-45 um). These results establish that the size
requirements for oligogalacturonides to elicit extracellular
alkalinization by cv Samsun cells are similar to that re-
quired for alteration of TCL-explant morphogenesis (Marfa
et al., 1991; Bellincampi et al., 1993).

Each of the reducing-end derivatives of G,; elicited a
concentration-dependent and saturable extracellular alka-
linization by cv Samsun cells with the same kinetics as G,
and G,; (Fig. 6, e.g. G,5-T), although they were all approx-
imately 30-fold less active (Fig. 5b). There was no statistical
difference (paired t test, level of confidence = 95%) be-
tween the activities of the four G,; derivatives in this
bioassay. When the data for all four derivatives were used
to generate a single dose-response curve, an ECs, of 2.2 um
was obtained, which was approximately 32-fold higher
than that of G;, and G,; (Fig. 5b). The reduction in the
bioactivity of the reducing-end-derivatized oligogalactur-
onides was at least 6 times greater in this bioassay than for
any of the G,; derivatives in the tobacco morphogenesis
bioassay. G;-B has an ECs, of 5 uM, and G,4-B did not
induce a measurable response at 2.4 uM, the highest con-

Plant Physiol. Vol. 116, 1998

centration tested. Thus, G,3-B is more active than the
shorter or longer biotinylated oligogalacturonides, which is
in accord with the size requirement for the underivatized
oligogalacturonides in this bioassay.

The Ability of the Reducing-End-Derivatized
Oligogalacturonides to Induce Extracellular Alkalinization
by cv Xanthi Cells Differs Depending on the Particular
Reducing-End Modification

The size requirement for oligogalacturonides to elicit
extracellular alkalinization by cv Samsun cells is similar to
that described for cv Xanthi cells (Mathieu et al., 1991).
However, the ECg, for G,, was approximately 15 times
higher for the cv Xanthi cells than for the cv Samsun
cells. Furthermore, with the cv Xanthi cells, the oli-
gogalacturonide-induced alkalinization and subsequent re-
acidification occurred at about half the rate attained with
cv Samsun cells. These differences in the alkalinization
response between the two bioassays may have been due to
differences in the cell culture conditions but were not at-
tributable to the bioassay conditions, since the differences
in sensitivity and kinetics remained when the two cell lines
were assayed using the same conditions (data not shown).

We measured the ability of G,5-R and G,5-T to elicit
extracellular alkalinization by suspension-cultured cv Xan-
thi cells to compare the structural requirements for activity
between the two alkalinization bioassays. Both G, deriva-
tives elicited a concentration-dependent alkalinization re-
sponse, with kinetics similar to those elicited by underiva-
tized G5 (Fig. 7, e.g. Gi3-T). G13-R induced a saturating
response, whereas G,5-T did not, even at the highest con-
centration tested (8.7 um). The same method used to de-
termine EC5s in the cv Samsun alkalinization bioassay was
used for this bioassay. G,5 was 1.6-fold more active than
G5-R and 8.7-fold more active than G,5-T, as determined
by comparison of their ECg, values (Table II). Both of these
differences are statistically significant (paired t test, level of
confidence = 99.5%). Thus, the bioactivities of the two G5
derivatives tested in the cv Xanthi alkalinization bioassay
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Figure 6. Representative time courses for extracellular alkalinization
by cv Samsun cells induced by the indicated concentrations of G,,
(closed symbols) or G;5-T (open symbols). More than a 30-fold
higher concentration of G;5-T, compared with G;,, is required to
induce an equivalent alkalinization response.
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Figure 7. Representative time courses of extracellular alkalinization
by cv Xanthi cells elicited by G,; and of G,5-T. All treatments were
at 8.7 um.

depend on the specific reducing-end modification, whereas
each of the G,5 derivatives have approximately equal ac-
tivity in the cv Samsun alkalinization bioassay.

The Structural Requirements of the Reducing-End-
Derivatized Oligogalacturonides for Induction of H,O,
Accumulation and for Induction of Extracellular
Alkalinization using cv Xanthi Cells Are

Approximately the Same

In the experiments with cv Xanthi described above, in
which we measured extracellular alkalinization, we also
measured the ability of G5 G;3-R, and G5-T to induce the
accumulation of extracellular H,0,. H,O, accumulation is
of interest since it is a rapid signaling event involved in the
initiation of defense responses (Tenhaken et al., 1995). G5
and G,;5-R induced a rapid, concentration-dependent, and
saturable accumulation of extracellular H,O, by cv Xanthi
cells. In contrast, G;5-T induced a weak response (Fig. 8);
only 20% of the maximum response induced by G,; was
induced at the highest concentration of G,;-T tested (8.7
uM). The kinetics of H,O, accumulation and extracellular
alkalinization were at first very similar. However, the H,O,
concentration returned to its original level in about half the
time required for the alkalinization response to return to
normal (compare Figs. 7 and 8). Approximately 1.5-fold

Table Il. Comparison of the abilities of G;;, G,s-R, and G,5-T to
elicit extracellular alkalinization and H,O, accumulation by
suspension-cultured cv Xanthi cells

Each of the oligogalacturonides was tested at five concentrations
and the data were used to calculate the ECs, values.

EC50
Compound
Extracellular alkalinization H,0O, accumulation
toCTR M
Gy 1.0 1.4
G,5-R 1.6 1.9
Gy5-T 8.7¢ >8.7

2 The EC;, is determined based on the maximum response ob-
tained with G, ;.

1.4

Hydrogen Peroxide (umoles/g. fr. wt.)

Time (min)

Figure 8. Representative time courses of H,0, accumulation in the
growth medium of cv Xanthi cells elicited by the addition of G,5 and
G,5-T. These measurements were carried out simultaneously using
the same suspension cells as used for the measurement of extracel-
lular alkalinization (Fig. 7). All treatments were at 8.7 um.

higher concentrations were required for half-maximum in-
duction of H,0O, accumulation than for half-maximum in-
duction of extracellular alkalinization in the cv Xanthi
suspension-cultured system. The H,O, induction activity
of both derivatives, relative to G,;, was similar to their
activity in the extracellular alkalinization bioassays (Table
1I). G,5 was 1.3-fold more active than G,;-R and in excess of
6-fold more active than G,5-T in the H,O, induction assay.
These results indicate that, in the cv Xanthi tissue culture
system, the structural requirements for activity of the
reducing-end-derivatized oligogalacturonides are essen-
tially the same for induction of H,O, accumulation and
extracellular alkalinization.

DISCUSSION

Derivatization or modification of the reducing end of
oligogalacturonides significantly reduced their biological
activity in all four tobacco tissue culture bioassays studied.
However, the degree of reduction in activity depends on
the specific modification as well as the tissue-culture sys-
tem used. Each of the three tissue-culture systems we
investigated exhibits a unique capacity to respond to the
different reducing-end-derivatized oligogalacturonides,
suggesting that there is diversity in the way oligogalactur-
onides are perceived by these systems. For example, the
biological activities of the reducing-end derivatives of G5
relative to the activities of the corresponding underivatized
oligogalacturonides (relative activities) of each derivative
tested in the cv Samsun tobacco morphogenesis bioassay
(G15-T, 38%; G;5-B, 29%; G5-R, 16%) are different from
their relative activities in the cv Samsun extracellular alka-
linization bioassay, where all four derivatives have approx-
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imately the same relative activity (3%). On the other hand,
the relative activities of the derivatives tested in the cv
Xanthi extracellular alkalinization bioassay (G3-R, 63%;
G5-T, 12%) are similar to their relative activities in the cv
Xanthi H,O, accumulation bioassay (Gi3-R, 75%; Gy5-T,
<17%). The similarity of the results with these two bioas-
says suggests that oligogalacturonide induction of extra-
cellular alkalinization and H,O, accumulation use signal-
transduction pathways with common elements.

It is clear from our results that the reducing-end C-1 of
the oligogalacturonides is a key recognition element in the
bioassays tested. In a previous study, the reducing-end C-1
of di- and trigalacturonides was shown to be required for
induction of proteinase inhibitors in tomato plants (Mo-
loshok et al., 1992). Induction of tomato proteinase inhibi-
tors likely involves a different receptor than the responses
we have investigated here, since the proteinase inhibitors
are induced by oligogalacturonides as small as DP 2 (Bish-
op et al., 1984). Derivatization of the reducing end of glu-
can or chitin oligosaccharins does not affect their biological
activity regardless of the modification used (Sharp et al.,
1984a, 1984b; Cheong et al., 1991; Shibuya et al., 1993;
Baureithel et al., 1994). However, the nature of the modi-
fication of the reducing end of a chitosan-derived octasac-
charide does effect its ability to induce phytoalexin accu-
mulation in pea; the methyl glycoside derivative retains
full activity and the methoxyphenyl glycoside derivative is
inactive (Hadwiger et al., 1994). We have shown that the
specific reducing-end modification differentially reduces
the biological activity of oligogalacturonide derivatives in
the tobacco morphogenesis bioassay and in both of the cv
Xanthi suspension-culture bioassays, whereas the specific
modification reduces the activity of the derivatives to an
equal extent in the cv Samsun extracellular alkalinization
bioassay.

The nonreducing end of oligogalacturonides can also
play a role in the recognition of biologically active oligoga-
lacturonides by plant cells. Pectate-lyase-catalyzed intro-
duction of a 4,5-unsaturated bond in the nonreducing ter-
minal residue of oligogalacturonides and lowered the most
active size from DP 12 to 10 (Davis et al., 1986).

Radiolabeled reducing-end derivatives of an elicitor-
active hepta-B-glucoside from Phytophthora sojae and of
elicitor-active chitin-derived oligosaccharides have been
used to identify high-affinity, specific binding sites in plant
membrane fractions (Cosio et al., 1990; Cheong and Hahn,
1991; Shibuya et al., 1993; Baureithel et al., 1994). Each of
these derivatives elicits biological responses (ECs, of = 10
nM) that are indistinguishable from those elicited by their
corresponding underivatized oligosaccharins, indicating
that these derivatives bind to their physiological receptors
with high affinity. Furthermore, the EC5, of these deriva-
tives and a series of elicitor analogs are closely correlated
with the concentration of each compound required for
half-maximum binding to membrane proteins in vitro, sug-
gesting that the binding proteins identified are the physi-
ological receptors (Cheong et al., 1991).

We have characterized the bioactivities of G;5-T and
G,53-B to assess their usefulness for the identification of
oligogalacturonide receptors in the tobacco tissue-culture

Plant Physiol. Vol. 116, 1998

system. The G,; derivatives elicit responses that are qual-
itatively similar to those elicited by the underivatized oli-
gogalacturonides, suggesting that in each system the deri-
vatized oligogalacturonides bind to the physiologically
relevant oligogalacturonide receptor. However, the EC5, of
the labeled G,; derivatives are higher than those of the
underivatized oligogalacturonides, suggesting that the de-
rivatives have lower affinity for the receptors.

Suspension-cultured cells have been useful for identify-
ing oligosaccharin-binding proteins because oligosaccha-
rins elicit rapid, easily measured responses in suspension-
cultured cells, and suspension-cultured cells provide a
large amount of homogeneous tissue for the isolation of
membranes (Cosio et al., 1990; Shibuya et al., 1993; Baurei-
thel et al., 1994). However, the ECgys for the labeled G,
derivatives in our suspension-culture bioassays are 200- to
900-fold higher than the EC5, of the labeled oligosaccharin
derivatives that have been used to identify binding pro-
teins in other systems (Cosio et al., 1990; Cheong and Hahn,
1991; Shibuya et al., 1993; Baureithel et al., 1994). The high
concentrations of G,5-T and G,5-B that would be required
to identify binding sites in the suspension-culture systems
could result in a high degree of nonspecific binding, which
could be compounded by the polyanionic nature of the
oligogalacturonides. This is likely to make it difficult to
detect the low-abundance, specific, saturable binding that
is characteristic of a receptor protein.

The labeled G,; derivatives have much lower ECs, in the
tobacco morphogenesis bioassay (150-200 nm) than in the
suspension culture bioassays (1.9 to >8.7 um). The oligoga-
lacturonide concentrations required in the tobacco mor-
phogenesis bioassay are approximately 10-fold higher than
the ECj,, of the labeled oligosaccharin derivatives that have
been successfully used to identify binding proteins (Cosio
et al., 1990; Cheong and Hahn, 1991; Shibuya et al., 1993;
Baureithel et al., 1994). Thus, the labeled G,; derivatives
could be used to identify oligogalacturonide-binding pro-
teins in membranes from TCL explants, although it would
be challenging to obtain sufficient tissue from such small
explants (approximately 10 mg each). The labeled deriva-
tives could also be used to identify clones encoding
oligogalacturonide-binding proteins from a cDNA expres-
sion library constructed with TCL-explant mRNA. Such an
approach has been used to identify membrane-bound re-
ceptors (Marullo et al., 1989; Nakayama et al., 1992).

The differences in the way the three tissue culture sys-
tems respond to the reducing-end-derivatized oligogalac-
turonides could be due to different receptors. It is also
possible that the reducing-end-derivatized oligogalactur-
onides are differentially degraded or sequestered in the
different tissue culture systems. We have not directly
tested this possibility; however, we have found that
suspension-cultured tobacco cells are able to rapidly se-
quester a portion of reducing-end-reduced oligogalactur-
onides and to cleave the remaining reducing-end-labeled
oligogalacturonide (Y. Mathieu, J. Guern, M.D. Spiro, M. A.
O’Neill, K. Kates, A.G. Darvill and P. Albersheim, unpub-
lished data). Alternatively, differences in pH, ionic
strength, or ionic composition of the media used in the
tissue-culture systems may affect the binding of oligoga-
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lacturonides to their receptors either directly or indirectly
by altering the conformation of the oligogalacturonides.

Oligogalacturonides of DP = 10 have been hypothesized
to form a multimeric “egg-box” conformation through co-
operative intermolecular binding of Ca?" ions (Kohn, 1975,
1987; Powell et al., 1982). Monoclonal antibodies have been
identified that are believed to recognize this Ca®*-
requiring egg-box conformation. These antibodies can bind
to oligogalacturonides of DP = 9 only in the presence of
millimolar Ca®** (Liners et al., 1992). It is possible that
oligogalacturonide receptors may specifically recognize the
egg-box conformation in a manner similar to these antibod-
ies. Indirect evidence has been presented that the lower
limit of the size requirement for oligogalacturonides to
elicit most responses is due to the inability of oligomers
shorter than DP 9 to form the egg box. For example, induc-
tion of ion flux in carrot and tobacco cells and phytoalexin
accumulation in carrot cells requires a minimum DP of 9 or
10 and the presence of millimolar Ca?* (Mathieu et al,,
1991; Messiaen et al., 1993; Messiaen and Van Cutsem,
1994). It is possible that the reduction in biological activity
of reducing-end-derivatized oligogalacturonides reported
in this paper is due to a shift in the equilibrium of the
oligogalacturonides away from a physiologically active
conformation, such as the egg box.
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