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ABSTRACT

A UDP-glucose:salicylic acid 3-O-glucosyltransferase (EC
2.4.1.35) (GTase) from oat (Avena sativa L. cv Dal) root extracts
was assayed in vitro using [“*Clsalicylic acid (SA) and an ion
exchange column to separate SA from 8-glucosylsalicylic acid. The
GTase, present at a very low constitutive level, was inducible to 23
times the constitutive level. When excised roots were exposed to
SA at pH 6.5, the specific activity of the enzyme increased within
1.5 h, peaked after 8 to 10 h, and then declined. The increase in
specific activity depended on the concentration of SA in the induc-
tion medium. Among 16 phenolics and phenolic derivatives tested,
GTase induction showed high specificity toward SA and acetylsal-
icylic acid. Specific activity of the enzyme was induced to higher
levels in roots from 7-d-old seedlings than roots from younger
plants. GTase activity was less inducible in basal compared with
median or apical root sections. Induction of GTase activity was a
result of de novo RNA and protein synthesis. Candidate peptides
for the GTase were identified by comparison of two-dimensional
electrophoresis gels of proteins labeled with [**S]methionine during
incubation of roots in the presence or the absence of SA and a gel
of a partially purified GTase preparation.

Recently, SA* was identified as a regulator in the flowering
of thermogenic Arum lilies (24) and also as a signal molecule
in the activation of resistance responses of plants to patho-
gens (20, 21). These findings stress the need to understand
the processes that regulate SA accumulation. Reports of the
formation of SA-glucosides in a number of plants (3, 7, 17)
suggest that SA conjugation could play an important role in
determining the size of the free SA pool.

Ion uptake by cereal roots is inhibited by exogenous appli-
cations of SA (9, 10, 12). Oat roots can recover from this
inhibition. It has been suggested that this recovery is due to
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the induction of the activity of a GTase (2). The GTase
catalyzes the formation of GSA, a compound less inhibitory
to CI~ absorption than SA (2). The GTase has been partially
purified from oat roots, and some of its properties have been
described (2, 29). The protein is soluble, has a native M, of
approximately 50,000, has an isoelectric point of approxi-
mately 5, and shows high specificity toward UDP-glucose
and SA (29). In this paper, we report our initial studies
concerning the induction of GTase activity in oat (Avena
sativa L.) roots.

MATERIALS AND METHODS
Plant Material and Chemicals

Oat (Avena sativa L. cv Dal) seeds were germinated on
cheesecloth stretched over a 4-L beaker containing 3 L of
continuously aerated 10 mm CaSO, in the dark at room
temperature. [7-"*C]SA (1.96 GBq mmol™") and [**S]methio-
nine (>40.7 TBq mmol ") were purchased from New England
Nuclear and Amersham, respectively.

Induction of GTase

Roots from 5-d-old seedlings were excised, rinsed with
distilled H;O, and incubated in 30 mL g™' of roots of induc-
tion buffer (0.5 mm KCl, 0.25 mm CaSQ,, 0.5 mM SA, 25 mM
Mes/Tris [pH 6.5]) at 25°C for the specific times indicated in
“Results.” SA was added in DMSO to a final DMSO concen-
tration of 0.05% (v/v). SA uptake from the induction solution
was measured by a spectrophotometric procedure adopted
from Brodie et al. (5). Induction solution (1 mL) was mixed
with 1.2 mL of 25 mm Fey(SO,); in 0.1 M glycine/HCl (pH
2.0). The resulting colored SA-iron complex was measured
spectrophotometrically at 530 nm. Induction was stopped by
decanting the induction solution, washing the roots in cold
water for 2 min, blotting them dry, and freezing them with
liquid N,. Roots were stored at —80°C for not more than 6 d
before GTase extraction. Extractable GTase activity was not
affected by storage of roots for several months at this
temperature.

Distribution of GTase in Root and Shoot Sections

Roots (12 cm long) from 5-d-old seedlings were divided
into three equal lengths. These sections and the 3-cm-long
shoot from the seedlings were exposed to 0.5 mm SA for 12
h before GTase extraction.
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Inhibition of RNA and Protein Synthesis

Roots were preincubated for 1 h in induction buffer con-
taining 50 pg mL™" of actinomycin D, chloramphenicol, cy-
cloheximide, or puromycin. After 1 h, 0.5 mM SA was added,
and induction was continued for an additional 12 h before
extraction of GTase. The control lacked inhibitor but con-
tained SA.

Extraction of GTase

All procedures were at 0 to 4°C. Induced roots (1 g) were
submerged under liquid N, and homogenized with a mortar
and pestle. The resulting powder was thawed in 1.5 mL of
buffer (25 mm Tris-Mes, 10% [v/v] glycerol, 20 mM 2-mer-
captoethanol, 1 uM leupeptin [pH 6.5]) containing 10% (w/w
of root) Dowex-1 and 1% (w/w of root) polyvinylpolypyr-
rolidone. The extract was centrifuged at 15,000g for 20 min,
and the resulting supernatant was assayed for GTase activity.

Partial Purification and Assay of GTase

GTase was partially purified from oat roots by pH fraction-
ation and anion exchange, gel filtration, and chromatofocus-
ing chromatography as detailed elsewhere (29). Assays of
GTase activity and separation of [*C]SA from the product
[“C]GSA by Polyamide 6 chromatography were performed
as described previously (29). One unit of GTase activity is
defined as the amount of enzyme required to catalyze the
synthesis of 1 pmol of GSA min™" under assay conditions.

In Vivo Protein Labeling

Roots (1.5 g) from 5-d-old seedlings were incubated with
50 ug mL™" of chloramphenicol in 45 mL of induction buffer
in the absence or the presence of 0.5 mm SA at 25°C. After
2 h, 44.4 MBq of [*S]methionine was added to the induction
buffer and the incubation continued for either 1 or 2.5 h.
Alternatively, roots were incubated in the absence or presence
of 0.5 mm SA for 1 h and then labeled with the addition of
18.5 MBq [**S]methionine for 12 h. After labeling, roots were
rinsed with ice-cold 1 mM unlabeled methionine in H,O for
2 min, blotted dry, frozen in liquid N, and stored at —80°C
until extracted for 2-D PAGE.

2-D PAGE

Roots were extracted as described above. Proteins in the
15,0008 supernatant were extracted for electrophoresis and
separated by 2-D PAGE as described previously (29). About
5 ug of total unlabeled protein or 5.6 kBq of **S-labeled
protein were loaded on prefocused, first-dimension, isoelec-
tric focusing tube gels. **S-labeled proteins were visualized
on silver-stained gels (11) by fluorography with Amplify
(Amersham) according to the manufacturer’s directions. The
gels were dried on Whatman 3 MM paper and exposed to
Kodak X-OMAT AR x-ray film at —80°C for 3 d.

Protein Determination

Protein was determined using Bio-Rad protein dye reagent
and BSA as the standard.

Uniformity of Data

Induction experiments were carried out with triplicate 1-g
root samples for each treatment. Triplicate GTase assays were
performed on each root sample. Experiments were repeated
at least twice with similar results. Results of representative
experiments are shown along with the sk for each mean.

RESULTS
Induction

GTase activity in the 15,0008 supernatant prepared from
oat root homogenates was constitutively present at about 0.1
mU g™' fresh weight of tissue. When roots were exposed to
a solution containing 0.5 mMm SA at pH 6.5, an increase in
GTase specific activity was detected after a lag of about 1.5
h (Fig. 1). The increase of GTase activity reached a maximum
rate (0.6 mU mg™' of protein h™") between 1.5 and 4 h of
exposure to SA. Enzyme activity reached a maximum 23-fold
induction compared to constitutive activity about 8 to 10 h
after application of SA and then declined slightly. Concur-
rently with GTase induction, the SA concentration in the
incubation medium decreased. GTase activity decayed with
a half-life of about 20 h after transfer of roots that had been
incubated in 0.5 mM SA for 18 h to buffer lacking SA and
could subsequently be reinduced in such roots upon reexpo-
sure to SA (data not shown).

Induction of GTase activity was not due to tissue injury
during root excision. Roots (10 cm long) cut into 0.5-cm
sections just before a 12-h incubation in the absence or
presence of 0.5 mM SA had 0.15 and 3.10 mU of GTase
activity mg™' of protein, respectively, whereas uncut roots
induced with SA had 4.32 mU mg™" of protein.

As the SA concentration in the induction buffer was in-
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Figure 1. Time course of induction of GTase activity and disap-
pearance of SA from induction medium. Excised roots were ex-
posed to 0.5 mm SA at pH 6.5 for 30 min to 24 h. SA concentration
in the induction buffer (O) and extracted protein assayed for GTase
activity (@) were determined. Results are means =+ sk.
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Figure 2. Dependence of GTase induction on SA concentration.
Roots were exposed to SA concentrations of 1 um to 3.14 mm in
induction buffer at pH 6.5 for 12 h. Results are means + k.
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creased, increasing levels of GTase activity were induced (Fig.
2). At least 10 um SA was required to elicit GTase induction.
The response saturated at SA concentrations >1 mm. Satu-
ration of the response may reflect the presence of a saturable
SA-perception mechanism and/or result from SA toxicity
(12).

A number of phenolics and other substances (0.5 mm, 12
h exposure) were tested as potential inducers of the GTase.
GTase induction showed high specificity toward SA (Table
I). m- or p-Hydroxylated benzoic acid resulted in significantly
lower induction than SA (o-hydroxybenzoic acid). Acetylsal-
icylic acid had similar activity as SA. No obvious structural
requirements for inducing ability could be determined. Ex-
tractable GTase activity did not correlate with the octanol/
water partition coefficients of the compounds.

The level of inducible GTase activity depended on the age
of the seedling when roots from plants that ranged from 3 to
7 d old were compared. Both the level and the specific activity
of inducible GTase increased even though the protein con-
centration decreased with age (Fig. 3).

The distribution of inducible GTase varied along roots. The
specific activity of the enzyme was lowest in basal compared
with median or apical root sections (Fig. 4). In excised shoots,
GTase was induced to a lower specific activity than in root
tip or median root sections (Fig. 4).

The increase in GTase activity upon exposure to SA was

Table 1. Effect of Various Benzoic Acid Derivatives and Other Phenolic Compounds on GTase Induction
Roots from 5-d-old seedlings were exposed to induction buffer containing 0.5 mm test compound for 12 h.

Ry
R R,
RS Ry
Substituents Rq
Inducer SA-Induced
R, Rs R. Rs Re GTase Activity®
%
Acetylsalicylic acid COOH OCOCH; 101
o-Hydroxybenzoic acid (SA) COOH OH 100
Benzoic acid COOH 45
Methylsalicylate COOCH; OH 29
p-Coumaric acid CH=CHCOOH OH 23
trans-Cinnamic acid CH=CHCOOH 22
Saligenin CH,OH OH 21
Vanillin CHO OCH; OH 19
2,6-Dihydroxybenzoic acid COOH OH OH 18
o-Coumaric acid CH=CHCOOH OH 12
Ferulic acid CH=CHCOOH OCH; OH OH 1
p-Hydroxybenzoic acid COOH OH 10
Thiosalicylic acid COOH SH 10
Gentisic acid COOH OH OH 7
m-Hydroxybenzoic acid COOH OH 6
p-Nitrophenol OH NO, 0
Control (15 ulL of DMSO/30 mL) 6

* SA-induced GTase activity = 4.22 mU mg™" protein.
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Figure 3. Effect of seedling age on protein level and GTase induc-
tion. Roots were exposed to 0.5 mm SA for 12 h. Results are means
+ SE.

the result of de novo synthesis of the enzyme. GTase induc-
tion was reduced by 81% by the RNA synthesis inhibitor
actinomycin D. The protein synthesis inhibitors cyclohexi-
mide and puromycin inhibited GTase induction by 96 and
35%, respectively. Chloramphenicol, an inhibitor of protein
synthesis on 70S ribosomes, resulted in only 20% reduction
of GTase activity. These data indicate that induction of GTase
is the result of RNA and protein synthesis and not due to
GTase activation or induction of contaminating microbial
enzymes.

In Vivo Labeling of GTase

Because the increase in oat root GTase activity is the result
of de novo synthesis, we used [**S]methionine in the induc-
tion medium and 2-D PAGE to help us identify the peptide
representing the enzyme. Roots were **S-labeled for 2.5 h in
the absence (control) and presence of SA during the period
when root GTase activity increases at the maximum rate.
Total **S incorporated into protein was essentially the same
with or without SA, 22.2 and 29.6 MBq mg™" of protein,
respectively. Because the GTase is negatively charged at
neutral pH, as determined by its retention on DEAE-Sephacel
at pH 7 (28), the enzyme should be present on 2-D gels
containing proteins that are separated using a pH 7.1 to 4.3
gradient in the first dimension. A number of peptides were
labeled more intensely in SA-induced tissue than in the
untreated control (Fig. 5, A and B). The proteins marked as
different in Figure 5, A and B, also showed the same relative
pattern in extracts of tissue [**S]methionine labeled with or
without SA for 1 or 12 h (data not shown). Three peptides
with M; 54,500, 54,000, and 48,000 (Nos. 1, 2, and 3, respec-
tively, in Fig. 5) were consistently present in SA-treated roots
but were undetectable on fluorograms of control roots. A
fourth, M; 25,500 peptide (No. 4 in Fig. 5), was less intensely
labeled in control than in SA-induced tissue. These four

peptides were also present on silver-stained 2-D gels of a
GTase preparation that had been purified 178-fold by pH
fractionation, ion exchange, gel filtration, and chromatofo-
cusing chromatography (28) (Fig. 5C). The M; of the native
GTase on gel filtration columns is like that of many other
plant glucosyltransferases, approximately 50,000 (29).
Whereas some glucosyltransferases are monomeric (1, 25),
others consist of a dimer of peptide subunits (13, 15, 16).
Thus, peptides Nos. 1 to 4 are all likely GTase candidates.

DISCUSSION

Metabolic detoxication of xenobiotics by inducible P-450
monoxygenases or glutathione-S-transferases has been the
subject of a number of reviews (18, 23). In this paper, we
report an inducible glucosyltransferase that helps protect
plants from SA toxicity. The action of the GTase may not
only be important in the detoxication of exogenously applied
SA but may regulate endogenous SA levels at which transient
increases in SA concentration are reported to control phys-
iological processes (20, 21, 24). It is noteworthy that oat roots
that have not been treated with SA contain 500 ng of SA per
g fresh weight (N. Yalpani, unpublished data) and also low
constitutive levels of GTase activity (Fig. 1).

The GTase is rapidly induced by its substrate SA (Fig. 1).
This effect of SA on protein synthesis is more rapid than the
induction of a similar GTase in suspension-cultured Mallotus
japonicus cells (26) or SA stimulation of the synthesis of
certain pathogenesis-related proteins that may be associated
with disease resistance in tobacco and tomato (27, 28).

The level of SA-inducible GTase varies with the region and
the age of root tissue (Figs. 3 and 4). Our data may reflect
differences in the total rate of metabolic activity and protein
synthesis among actively growing, younger cells and fully
differentiated tissue. It is also possible that tissue sensitivity
to exogenously applied SA varies.

The exact mechanism of the induction process is unknown.
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Figure 4. Distribution of inducible GTase in root and shoot sections
after exposure to 0.5 mm SA for 12 h. Results are means + sE.
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Figure 5. 2-D PAGE analysis of root proteins labeled with [*5S]-
methionine in the absence or the presence of SA; comparison with
partially purified GTase. Fluorogram of root proteins labeled with
[*S]methionine for 2.5 h after a 2-h preincubation in the absence
(A) or presence (B) of SA. Arrows denote peptides that were
consistently labeled more intensely in samples of SA-induced roots
than control roots. The numbered arrows denote candidate pep-
tides for the GTase that are also present in a silver-stained, partially
purified GTase preparation (C). Ordinate, M, in thousands.

Whereas our experiments with protein and RNA synthesis
inhibitors suggest nuclear-encoded, cytoplasmic de novo syn-
thesis of the GTase as a result of SA exposure, it is not
possible to distinguish between a direct induction of the
GTase gene by SA or activation of the gene by processes or
events set in motion by SA.

The mechanism of GTase induction by SA seems to differ

Plant Physiol. Vol. 100, 1992

from that of inhibition of ion uptake. Based on the relation
between the structure of a series of benzoic acid derivatives
and their activity, inhibition of ion uptake in barley roots is
thought to result from integration of SA into membranes and
is observable within 1 min (10, 12). Comparison between
chemical structure of candidate inducers and extractable
GTase activity reveals a high specificity of the induction
mechanism toward SA and acetylsalicylic acid (Table I). The
inducing ability of test compounds does not correlate with
their octanol/water partition coefficients, suggesting that in-
duction of GTase synthesis is not simply a result of SA
disturbing the integrity of cellular membranes. However, this
analysis is complicated by the effects of uptake and metabo-
lism. For example, SA may be formed from deacetylation of
acetylsalicylic acid, B-oxidation of o-coumaric acid, or o-
hydroxylation of benzoic acid (6, 22). It is also possible that
the different phenolics induce distinct glucosyltransferases
with broad substrate specificities that happen to include SA.

Our in vivo labeling experiments (Fig. 5) indicate that SA
affects the synthesis or turnover of several proteins. This is
consistent with the reported SA stimulation of the de novo
synthesis of a number of proteins associated with defense
responses of plants to pathogen attack, including $-1,3-glu-
canases and chitinases (see ref. 4 for review). SA has also
been shown to induce synthesis of alternative oxidase of the
cyanide-insensitive respiration pathway (8), affect the activity
of nitrate reductase in maize seedlings (14), and inhibit eth-
ylene-forming enzyme (19).

Using **S labeling and 2-D PAGE, we have tentatively
identified four candidate peptides that could represent the
GTase (Fig. 5). To confirm the identity of this protein we will
attempt to use more highly purified GTase preparations.
Identification of the GTase will be one step in the study of
the signal-response path leading to the induction of this
enzyme.
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