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Adenosine (Ado) kinase (ADK; ATP:Ado 5’ phosphotransferase, EC 2.7.1.20) catalyzes the salvage synthesis of adenine
monophosphate from Ado and ATP. In Arabidopsis, ADK is encoded by two cDNAs that share 89% nucleotide identity and
are constitutively, yet differentially, expressed in leaves, stems, roots, and flowers. To investigate the role of ADK in plant
metabolism, lines deficient in this enzyme activity have been created by sense and antisense expression of the ADK1 cDNA.
The levels of ADK activity in these lines range from 7% to 70% of the activity found in wild-type Arabidopsis. Transgenic
plants with 50% or more of the wild-type activity have a normal morphology. In contrast, plants with less than 10% ADK
activity are small with rounded, wavy leaves and a compact, bushy appearance. Because of the lack of elongation of the
primary shoot, the siliques extend in a cluster from the rosette. Fertility is decreased because the stamen filaments do not
elongate normally; hypocotyl and root elongation are reduced also. The hydrolysis of S-adenosyl-L-homo-cysteine (SAH)
produced from S-adenosyl-L-methionine (SAM)-dependent methylation reactions is a key source of Ado in plants. The lack
of Ado salvage in the ADK-deficient lines leads to an increase in the SAH level and results in the inhibition of SAM-
dependent transmethylation. There is a direct correlation between ADK activity and the level of methylesterified pectin in
seed mucilage, as monitored by staining with ruthenium red, immunofluorescence labeling, or direct assay. These results
indicate that Ado must be steadily removed by ADK to prevent feedback inhibition of SAH hydrolase and maintain SAM

utilization and recycling.

The adenine (Ade) salvage pathway recycles Ade
and adenosine (Ado) to AMP and thereby contrib-
utes to the maintenance of cellular energy charge and
to the synthesis of a variety of biomolecules includ-
ing nucleotide cofactors and nucleic acids. In addi-
tion, the salvage cycle enzymes fulfill two additional
roles in plant metabolism. First, they decrease the
intracellular levels of Ade and Ado that may other-
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wise affect the activity of other enzymes. In vitro,
enzyme activities associated with methyl recycling
and polyamine biosynthesis are sensitive to inhibition
by Ade or Ado, suggesting that salvage of these pu-
rines may be important to the maintenance of flux
through the transmethylation and polyamine path-
ways (Poulton and Butt, 1975; Guranowski et al., 1981;
Miyazaki and Yang, 1987). Second, plant Ade and Ado
salvage enzymes interconvert cytokinin (CK) bases,
ribosides, and ribotides in vitro (Burch and Stuchbury,
1987; Moffatt et al., 1991, Mok and Martin, 1994) and
may do so in vivo as well. CK interconversion is
thought to be a key mechanism for regulating the level
of active CK (McGaw and Burch, 1995).

There are two principal routes for the recycling of
Ado: direct phosphorylation by Ado kinase (ADK) or
hydrolysis to Ade by Ado nucleosidase followed by
conversion to AMP, by Ade phosphoribosyltrans-
ferase (APT). An initial examination of ADK activity
in Arabidopsis revealed that its genome encodes two
ADK isoforms that are 92% identical at the amino
acid level (Moffatt et al., 2000). These ADK genes
appear to be constitutively expressed with the high-
est transcript levels found in flowers and roots. Both
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enzymes are similar in their ability to utilize Ado or
CK ribosides as substrates although based on in vitro
estimates of their K s, both enzymes prefer Ado (K,s
for Ado of 0.3-0.5 um versus 3-5 um for N° (isopen-
tenyl) Ado; Moffatt et al., 2000). The low K, s of the
Arabidopsis ADKs for Ado suggest that the intracel-
lular Ado concentration in Arabidopsis cells may be
maintained at low concentrations, consistent with
those found in other plants (1-50 um; Wagner and
Backer, 1992).

To further assess the physiological significance of
Ado salvage in plants, we have generated a set of
Arabidopsis plants deficient in ADK activity. Direct
selection schemes involving Ado analogs that be-
come toxic only after their conversion to nucleotides
by ADK have been used to isolate ADK mutants in
other organisms such as Neurospora crassa, Toxoplasma
gondii, and yeast (Saccharomyces cerevisiae; Magill et
al., 1982; Iltzsch et al., 1995; Iwashima et al., 1995).
However, we were unable to isolate Arabidopsis
ADK-deficient mutants using these Ado analogs. In-
stead, transgenic approaches employing sense and
antisense expression of an ADK cDNA led to the
recovery of several ADK-deficient lines. To our
knowledge, these are the first ADK-deficient multi-
cellular organisms to be described. Their phenotype
suggests that ADK plays a major role in Ado salvage
in plants and that reduced ADK activity leads to
inhibition of S-adenosyl-L-homo-Cys (SAH) hydro-
lase, accumulation of SAH, and limits S-adenosyl-L-
Met (SAM) utilization and regeneration.

RESULTS AND DISCUSSION
Isolation of ADK-Deficient Lines

Since the direct selection of ADK mutants using
Ado analogs was unsuccessful, we sought to induce
ADK deficiency using antisense and sense expression
of the ADK1 ¢cDNA from an enhanced 35S promoter.
Because of the high nucleotide identity of the two
ADK coding regions (89%), it was hoped that the
expression of both genes might be down-regulated
simultaneously by the introduction of either the
sense or antisense ADK1 transgene. Fifteen sense and
six antisense transformant lines were generated by
vacuum infiltration of wild-type (WT) Arabidopsis
with each construct. Of these, eight sense (SADK1-8)
and four antisense (aADK1-4) lines, each containing
a single transgene insert based on Southern hybrid-
ization and kanamycin segregation analysis (data not
shown), were retained for further analysis. Both sets
of plants had a similar phenotype, although most of
the antisense lines were extremely small, limiting our
molecular characterization of them.

ADK Levels in Transgenic Lines

A radiochemical assay of ADK activity in leaf tis-
sue of 4-week-old plants of each transgenic line
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showed that they contained lower ADK activity lev-
els than WT plants of the same chronological age.
However, at each generation about 10% to 15% of the
plants appeared morphologically normal and had
WT, or higher, ADK activity and protein levels (data
not shown). The basis for this consistent loss of gene
silencing, which was observed in both sense and
antisense lines, is unknown. Excluding these non-
silenced plants, the ADK activity in the lines ranged
from 7% to about 70% of WT with about 3% to 5%
variability between individuals of a specific line (Fig.
1). These activity levels and the loss of silencing in a
fraction of the population have been reproducibly
stable for at least six generations.

Immunoblot analysis of leaf extracts using an anti-
body which detects both Arabidopsis ADKs also
showed that the lines contained 13% to 97% less ADK
protein than WT (Fig. 1). Thus, the radiochemical
assay and immunoblots analysis clearly indicate that
the transgenic lines contain lower ADK activity and
protein, respectively. The values obtained by the en-
zyme assay have been used for all further descrip-
tions of these lines.

ADK Gene Expression

Northern analysis was carried out to determine
whether the steady-state level of ADK transcripts is
reduced by the expression of the ADKI transgene.
ADK transcript abundance in leaves and stems was
lower in the ADK sense silenced lines as compared
with the WT when the full-length ADKI cDNA was
used as the probe (Fig. 2A). Semiquantitative RT-PCR
analysis indicated that transcripts of both genes were
decreased to a similar extent in each line in agree-
ment with the RNA blot (Fig. 2B). Thus, overexpres-
sion of the ADKI ¢cDNA reduces, but does not elim-
inate, ADK transcripts leading to decreases in ADK
activity and protein levels.

Phenotype of ADK-Deficient Lines

Lines with greater than 50% residual ADK activity
appeared to have a normal vegetative morphology.
However, those with lower ADK activity had a very

A B C D E F G H
— e —

ADK activity (%) 100 70 57 37 24 16 9 7

Figure 1. ADK protein levels and activity in WT and ADK-silenced
lines. ADK protein in crude leaf extracts of WT and representative
lines were monitored by immunoblotting with an antibody raised
against recombinant ADK1 that detects both ADK isoforms. A, WT;
B, aADK10; C, aADK3-5; D, sADK8-1; E, sSADK7-2; F, sADK5-2; G,
sADK9-1; H, sADK4-2. The results of the radiochemical assay of
ADK activity in leaf extracts of the same plants expressed as a
percentage of WT activity (18.9 nmol mg™" protein min™") is shown
below each lane.
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leaves 29 shoots
A WT 4-2 8-1 WT 4-2 8-1
—

B WT 42 51 71 81 91

Figure 2. Analysis of ADK transcript abundance by RNA blotting and
reverse transcription (RT)-PCR. A, Total RNA from leaves and stems
of the indicated lines was probed with the full-length ADK7 cDNA.
The silenced lines contain reduced ADK transcript levels in leaves
and a less moderate decrease in the apparently normal secondary
shoots. B, RT-PCR analysis of cDNA prepared from RNA of the
indicates a reduction in ADKT and ADK2 transcript levels in the
sADK lines relative to the WT, consistent with the RNA blot results.
Transcripts of RNA helicase were amplified as an internal control.

distinct phenotype, the severity of which correlated
directly with the level of residual ADK in each line
(Fig. 3). Lines with less than 10% ADK activity were
small with rounded wavy leaves and a very short
primary shoot. The internodes on the primary shoot
were very close together (Fig. 4, A versus B) and their
flowers appeared to extend directly from the rosette.
The filaments on the stamens did not extend nor-
mally so that self-fertility was reduced even though
pollen production appeared normal (Fig. 4C). The
siliques that did form on these transgenic plants were
bumpy (Fig. 4D). Lines with intermediate ADK ac-
tivity (15%—25% residual activity) bolted normally
but later internodes did not elongate, further causing
the siliques to cluster together (Fig. 3). Often, more
elongated secondary shoots developed later on these
lines. Root growth was inhibited: All the ADK lines
tested had a short primary root with an increased
number of lateral roots of about the same length
(data not shown).

Ado and Transmethylation

The pleiotropic phenotype of these transgenic lines
is perhaps not surprising given the fact that ADK is
constitutively expressed (Moffatt et al., 2000) and
contributes to maintaining adenylate levels. How-
ever, APT has a similar expression pattern and also
aids in recycling adenylates, yet mutants with 1%
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residual APT activity have a normal vegetative mor-
phology (Moffatt and Somerville, 1988). Thus, we
hypothesized that the phenotype of the ADK-
deficient lines was due more to the lack of Ado
salvage in these plants rather than low adenylate
levels.

In addition to being released from the breakdown
of nucleic acids and various nucleotide cofactors,
Ado is a byproduct of SAM-dependent transmethyl-
ation reactions. For each methyl group transferred
from SAM to the methyl acceptor, one molecule of
SAH is produced (Fig. 5). The SAH is hydrolyzed to
Ado and Hcy by SAH hydrolase; Met and SAM are
regenerated from the Hcy, whereas the Ado is sal-
vaged to the adenylate nucleotide pool.

Ado salvage/catabolism are critical for removing
SAH because the reaction catalyzed by SAH hydro-
lase is reversible and its equilibrium lies strongly in
the direction of synthesis. This reaction is only drawn

Figure 3. Representative ADK-deficient lines recovered by gene si-
lencing described on the basis of ADK activity relative to WT. A,
Plants grown in soil on a 16-h day length for approximately 1 month
are shown. From left to right, WT; sADK2-2 (~64% ADK activity),
which appear morphologically normal; SADK8-1 (=~33% ADK activ-
ity), which have bushier rosettes, shortened primary shoots, but
normal secondary shoots; SADK5-1 (=16% ADK activity), which are
bushy but often make a few normal secondary shoots later than the
WT; and sADK7-4 (=7% ADK activity), which are smaller with a
dense rosette of wavy leaves. B, Three-week-old plant representative
of the 30% to 50% plants with some stem elongation ending in a
region of shortened internodes. C, SADK7-4 plant showing the dense
rosette of wavy leaves and short internodes on both the primary and
secondary shoots.
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Figure 4. Altered stem and stamen elongation in ADK-deficient
lines. A, WT plant with regular spacing of internodes. B, Region of
the primary shoot in sADK7-4 showing the lack of elongation. C,
Stamens on the most deficient lines do not elongate normally result-
ing in dehiscence of the anther below the stigma. D, Close-up view
of the cluster of bumpy siliques formed on the primary shoot of
SADK7-4 plants.

in the direction of SAH hydrolysis by the continued
metabolism of both products, Hcy and Ado (de la
Haba and Cantoni, 1959). Moreover, in vitro SAH
hydrolase activity from several organisms, including
some plants, is inhibited by Ado (Poulton and Butt,
1975; Duerre and Briske-Anderson, 1981; Poulton,
1981). A similar effect was observed for Arabidopsis
SAH hydrolase activity; SAH hydrolysis was re-
duced 25% by the presence of only 0.5 um Ado and
70% by 5 um Ado (Table I). If this inhibition also
occurs in vivo, it suggests that hydrolysis of SAH by
Arabidopsis SAH hydrolase is sensitive to Ado
levels.

Two other enzymes that could metabolize Ado,
Ado nucleosidase, and Ado deaminase are generally
low or undetectable in plants (Barankiewicz and
Paszkowski, 1980; Chen and Kristopeit, 1981; Burch
and Stuchbury, 1987; Wagner and Backer, 1992; Ed-
wards, 1996; Dancer et al., 1997). We have not been
able to detect Ado deaminase activity in leaf extracts
of Arabidopsis (less than 200 pmol min~' g~ ' fresh
weight; data not shown) and Auer (1999) found Ara-
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Table 1. Inhibition of in vitro SAH hydrolase activity by adenosine

SAH hydrolase activity (SAH — Ado and Hcy) was measured using
crude desalted extracts of Arabidopsis leaves in the presence and
absence of added Ado. The starting concentration of SAH in each
assay was 150 um. A representative set of assay results are shown.

Ado Concentration at

Start of the Assay SAH Hydrolase Activity Inhibition

M nmol min~" mL~" %
0 5.9 -

0.5 4.4 25.4

1.0 2.9 50.9

5.0 1.8 69.5

25 1.5 74.1

100 1.3 77.9

bidopsis Ado nucleosidase activity to be low as well.
Thus, Arabidopsis may rely primarily on ADK for
the recycling of Ado and the phenotype of the ADK-
deficient lines may be a reflection of Ado accumula-
tion causing an inhibition of SAH hydrolase activity
and an increase in SAH.

Quantification of SAM and SAH levels in leaves of
WT and several ADK-deficient lines indicated that
although SAM levels were only moderately reduced
(less than 2-fold), SAH levels were increased up to
40-fold relative to the WT (Table II) in the lines with
less than 20% ADK activity (sADK4-2, 5-1, and 7-4); a
line with higher residual ADK activity (sADK9-1;
35% ADK activity) has an SAH level about 14 times
higher than WT. The levels of SAM and SAH in WT

polyamines
TR P and PP; T
\\Vﬁ——» SAM  — —p ethylene
e
# ]\_M .
/ # transmethylation
( reactions
methionine SAH
4 SAH
FHy -ﬁ{\ hydrolase
n
5 /’I\‘- // \
Womei By e Hey " -» Adenosine — adenine

ADK 1

AMP

Figure 5. Key intermediates of methyl recycling via SAH. SAM is the
methyl donor for many transmethylation reactions including those
leading to the synthesis of pectin, lignin, phosphotidylcholine, and
methylated DNA. The SAH produced from these reactions is an
inhibitor of the transmethylases and is thus rapidly metabolized by
SAH hydrolase. The methyl moiety is recycled to Met, whereas the
adenosyl component is converted to AMP by ADK. The synthesis of
polyamines and ethylene also rely on a steady SAM supply. The
recycling of methylthioadenosine that is produced as a result of
ethylene and polyamine biosynthesis is not shown here but also
contributes to the methyl and adenylate pools.
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Table 1. Degree methylation of polygalacturonic acid of seed mu-
cilage

The level of methyl esterification of uronic acid residues recovered
from ammonium oxalate extracts of WT and ADK-deficient seed. The
degree methyl esterification represents the mean of three extractions
and the St.

Line Relative ADK Activity Degree Methyl Esterification
% of WT %
WT 100 176 = 1.8
sADK4-5 25 132 04
sADK9-3 10 10.3 = 0.1
sADK7-4 7 7.6 1.0

are in good agreement with those reported previ-
ously for other plants (for review, see Ranocha et al.,
2001). Thus, ADK deficiency in these plants has led to
increases in SAH. This is consistent with the effects of
ADK deficiency in mammalian cell cultures and
yeast: An increase in Ado results in an increase in the
level of SAH (Kredich and Martin, 1977; Duerre and
Briske-Anderson, 1981; Iwashima et al., 1995; Lecoq
et al., 2001).

All methyltransferases that use SAM as a methyl
donor are inhibited by SAH (de la Haba and Cantoni,
1959; Cantoni et al., 1979). In most cases, the affinity
of a methyltransferase for SAH is higher than for its
substrate SAM, leading to the proposal that it is the
ratio of SAM to SAH that regulates transmethylation
activity (Cantoni, 1977; Duerre and Briske-Anderson,
1981). For example, it has been proposed that caffeic
acid O-methyltransferase from spinach (Spinacia ol-
eracea) is regulated by the ratio of SAM to SAH in
vivo (Poulton and Butt, 1975). The sensitivity of a
specific transmethylase to changes in the ratio of
SAM to SAH depends upon several factors including
its relative affinity for SAM versus SAH, the cellular
abundance of the enzyme, and the subcellular com-
partmentation of the methyltransferase (Cantoni,
1977). Relatively few methyltransferases have been
characterized in sufficient detail to make meaningful
comparisons regarding their sensitivity to changes in
the SAH to SAM ratio, although it is typical for a
transmethylase to be sensitive to micromolar levels
of SAH in vitro (Poulton and Butt, 1975; Poulton,
1981; Edwards and Dixon, 1991, and refs. therein).
Given that the intracellular concentration of SAH is
low and of the same order of magnitude as SAM
(Poulton, 1981), a relatively small change in the
amount of SAH could affect the SAM to SAH ratio
sufficiently to reduce transmethylation activity. Re-
duction of transmethylation activity may affect not
only the synthesis of methylated products but also
the recycling of Met and subsequent synthesis of
SAM for polyamine and ethylene synthesis (Fig. 5).

To test whether SAM-dependent methylation is af-
fected by a reduction in ADK activity, we compared
the level of pectin methylation in the mucilage of
ADK-deficient and WT seed by staining with ruthe-
nium red (RR). This stain is thought to bind to Ca**
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ions associated with the free carboxyl groups of non-
esterified poly-GalUA (Luft, 1971; Hanke and North-
cote, 1975). Reduction of the charge density of the
carboxyl groups by esterification reduces the inten-
sity of pectin staining by RR (Sterling, 1970). The
mucilage of the Arabidopsis seed coat contains pectin
(Goto, 1985; Western et al., 2000), the principle con-
stituents of which are methylesterified and nonest-
erified poly-GalUAs, as well as Rha. When WT Ara-
bidopsis seeds were imbibed in water supplemented
with 0.1% (w/v) RR, a bright-pink halo was visible
by light microscopy (Fig. 6A). Seed from transgenic
lines with 7%, 50%, and 64% residual ADK activity
stained more intensely with the RR than did the WT
seed, with the seed of the 7% line staining the dark-
est. Estimation of the staining intensity from a digi-
tized version of Figure 6A indicated an inverse rela-
tionship between the amount of bound RR and the
residual ADK level (Fig. 6A). The RR staining of
these lines suggests that the pectin of the seed muci-
lage of the ADK-deficient lines is less esterified as
compared with that of WT seed.

Paired assays of uronic acid and methanol released
by saponification from WT and several ADK-
deficient lines also showed a direct correlation be-
tween ADK activity and methyl-esterification (Table
III). The most deficient line tested, sADK7-4, which
has about 7% residual ADK activity, had 56.9% less
methylesterification in its seed mucilage than WT.
Lines with slightly more ADK activity (10% and 25%
residual ADK activity; sADK9-3 and sADK4-5, re-
spectively) were less affected (41.7% and 25.4% less
uronic acid methylation than WT, respectively.)

The JIM5 and JIM7 antisera preferentially react
with low- and high-esterified pectin, respectively
(Knox et al., 1990). Willats et al. (2001) recently re-
ported the characterization of WT C24 seed mucilage
pectin polysaccharides using these antisera. Whereas
JIM5 binds to the mucilage pectin closest to the seed
coat, JIM7 binds to the outer edge of the mucilage
pectin, indicating that the level of esterification of
mucilage pectin varies within distinct regions of the
mucilage. We analyzed the seed of WT Columbia and
two ADK-deficient lines with these antisera. The
staining pattern of Columbia WT is similar to that
reported for C24: strong JIM5 staining near the seed
coat (Fig. 6B) and a halo of JIM7 staining on the outer
mucilage (Fig. 6E). Staining of sADK4-2 seed, which
has about 7% of the ADK activity of WT, shows
almost no reaction with JIM7 (Fig. 6G), but JIM5
binds a wider region of the mucilage than in WT (Fig.
6D). A transgenic line with moderate ADK activity
(SADK5-1; 15%) had a staining pattern intermediate
between WT and the most deficient line: a moderate
reaction with both JIM5 and JIM7 (Fig. 6, C and F).

Thus, the most plausible explanation for the pleio-
tropic phenotype of these transgenic lines is a defect
in methyl recycling and transmethylation activities
because of Ado inhibition of SAH hydrolase activity.

Plant Physiol. Vol. 128, 2002
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Figure 6. Pectin esterification in seed mucilage of WT and ADK-deficient lines. A, Increased RR staining was observed in
seed from plants of decreasing ADK activity. Nonesterified pectin moieties within the mucilage layer of Arabidopsis seed
bind RR. Seeds were imbibed in water for 30 min and stained in a solution of 0.01% (w/v) RR for 1.5 h and photographed
using a 10X objective. Bar = 160 um. From top to bottom, Representative staining pattern of seed from WT, sADK2-2
(~64% ADK activity), aADK3-5 (=50% ADK activity), and sSADK7-4 (=7% ADK activity). Average intensity of staining of
each seed stock estimated using NIH Image. From top to bottom: 27, 31, 77, and 123. B through G, Immunofluorescence
staining with JIM5 and JIM7 antisera. Seed were incubated with either JIM5 (upper row) or JIM7 (lower row). Decreasing ADK
activity is associated with decreased JIM7 staining and increased JIM5 staining. B and E, WT; C and F, sSADK 5-1 (=16% ADK
activity); D and G, sADK4-2 (=7% ADK activity). Bar = 160 um.

Decreased transmethylation could affect numerous
end products of this pathway, including phosphoti-
dylcholine and cell wall components as well as levels
of methylated protein and DNA. In addition to af-
fecting the synthesis of these end products directly,
lower methyltransferase activity results in less Hcy
production and ultimately lower Met available for
the synthesis of SAM. Because SAM is the precursor
for both polyamines and ethylene as well as the
methyl donor for almost all methyltransferases, ADK
deficiency has the potential to affect a large number
of cellular activities. Moreover, reduced Ado salvage

Table 1. Quantification of SAM and SAH in leaves of WT and
ADK-deficient lines

The SAM and SAH contents of leaf extracts were assayed as their
fluorescent isoindoles (Capdevila and Wagner, 1998). A representa-
tive set of data from one experiment is presented. Values are averages
(n = 3) = st and have been corrected for the 46% recovery of SAM
and SAH.

Plant Line SAM SAH Average Methyl Index

(SAM:SAH)
UM
WT 17.39 £ 0.75 0.34 £ 0.03 50.61 = 2.19
sADK4-2 16.81 = 0.35 12.85 = 0.77 1.31 = 0.02
sADK5-1 14.34 = 0.25 14.75 = 0.45 0.97 = 0.02
sADK7-4 11.19 £ 0.25 12.63 = 0.20 0.88 = 0.03
sADK9-1 9.46 = 0.87 4.14 £ 2.08 2.28 = 0.01

Plant Physiol. Vol. 128, 2002

from SAH would eventually decrease the adenylate
pools.

The numerous morphological changes and the de-
velopmental variability observed in the ADK-
deficient lines may reflect the methyl requirements of
different tissues: Those requiring higher rates of
transmethylation activity may be the most sensitive
to ADK deficiency. Immunofluroscence staining of
pectin seed mucilage of these lines as well as direct
assay of methyl-esterification of the uronic acid indi-
cates that methylation of pectin is sensitive to re-
duced Ado salvage. The correlation between the level
of ADK activity and increased JIM5 staining of less
esterified pectin indicates that ADK activity is limit-
ing pectin methylation in these lines. This suggests
that stresses or developmental processes that put an
increased demand on the methyl budget may neces-
sitate increased ADK activity to maintain SAH hy-
drolase activity. It is possible that similar changes in
pectin methylation may contribute to the reduction
in stem, root, and stamen elongation observed in
these lines, perhaps by cross-linking the pectin to a
greater extent.

Tobacco (Nicotiana tabacum) lines with reduced
methylation capacity because of antisense reduction
of SAH hydrolase expression have been described
(Tanaka et al., 1997). Although the mechanism caus-
ing the change in methylation activity is more direct
in these lines, several aspects of their phenotype
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resemble that of the Arabidopsis ADK-deficient lines
described here. Both sets of plants have wrinkled
leaves, dwarf statures, and shorter stamen filaments
resulting in reduced fertility. Lines with intermediate
levels of either ADK or SAH hydrolase expression
have normal vegetative morphology in both cases.
The level of DNA methylation in the tobacco SAH
hydrolase lines is decreased, an effect that is consis-
tent with an inhibition of DNA methyltransferase
activity by increased SAH. A similar analysis of DNA
methylation using methylation-sensitive restriction
endonuclease (Hpall) and its non-methylation-
sensitive isochizomer Mspl (for review, see Jeddeloh
and Richards, 1996) suggests that the genomic DNA
of sSADK5-1 and sADK 7-1 are also less methylated
than WT DNA (data not shown). More quantitative
studies using direct HPLC measurement of
5-methylcytosine (Matassi et al., 1992) and analysis of
the methylation of specific sequences (Cai et al., 1996)
will be necessary to clarify the extent of this decrease
and the types of sequences affected.

Although their primary shoots are severely
stunted, both sense and antisense lines formed sec-
ondary shoots that appeared to resemble the WT
shoots (Fig. 3A). Northern analysis indicates a mod-
erate increase in transcript levels in the “normal”
secondary shoots (Fig. 2A), whereas immunoblots of
the same organs showed almost normal levels of
ADK (Fig. 7A), suggesting that the silencing of ADK
has been eliminated later in development. This raises
the question as to whether there is insufficient trans-
methylation activity to maintain posttranscriptional
gene silencing, which relies on methylation of the
target and transgene (Finnegan et al., 1998). Al-
though plausible, this hypothesis does not explain
why normal secondary shoots are observed also in
the antisense lines despite the fact that antisense

A leaves 20 shoots
WT 4-2  8-2 4-2 8-2 WT
_— e e —
B 9-3 4-2 5-1 WT

LD SD LD SD LDSD LD sSD
-— — e —

Figure 7. Developmental and day length-induced changes in ADK
protein levels in ADK-silenced lines. A, ADK protein levels in crude
extracts of leaves and normal-looking secondary shoots of the indi-
cated sADK lines and WT were monitored by immunoblotting. ADK
protein levels are increased in secondary shoots versus leaves in the
WT and transgenic lines. B, Extracts of leaves of WT and the indi-
cated sADK lines grown in 16-h (LD) or 8-h (SD) photoperiods were
analyzed by immunoblotting. The plants grown in short days have
higher ADK protein levels in all cases.
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silencing does not rely on transgene methylation
(Finnegan et al., 1998). Perhaps neither sense nor
antisense silencing is able to accommodate the in-
creased ADK transcript levels in stems (Fig. 2A). This
is consistent with the observed apparent loss in gene
silencing in sADK lines grown under a short photo-
period, a condition that requires an increased methyl
demand for lignin accumulation (Fig. 7B; Weretilnyk
et al., 2000). The apparently normal plants that arise
each generation from these homozygous lines may be
because of a competition for methyl groups early
during development such that silencing does not get
established. A developmental and tissue-specific
analysis of the levels of key end products of the
transmethylation pathway including phosphatidyl-
choline, pectin, and DNA, as well as other com-
pounds that require SAM such as polyamines and
ethylene, should provide greater insight into how the
methyl budget is prioritized in plants under condi-
tions of a methyl deficit.

MATERIALS AND METHODS
Seed Material and Germination

Arabidopsis ecotype Columbia WT seeds were either
plated directly onto soil or on sterile Murashige and Skoog
media (Murashige and Skoog, 1962) as described by Zhang
et al. (2002). Plants were grown with 16 h light at 120 uwmol

m~ > s~ ' photosynthetically active radiation.

Nucleic Acid Isolation and Analysis

DNA was extracted from leaves following the procedure
of Dellaporta et al. (1983). Restriction digests were sepa-
rated by electrophoresis through 1.0% (w/v) agarose gels
and transferred to nitrocellulose for Southern analysis of
transgene copy number. Blots were hybridized with **P-
labeled ADK1 cDNA probes, prepared by random priming,
in 5X SSC buffer supplemented with 50% (v/v) formamide
at 42°C as previously described (Moffatt et al., 2000). RNA
was extracted using Triazol (Roche Biochemicals, Laval,
QC) following the manufacturer’s instructions. Northern
analysis was performed on RNAs that had been separated
by electrophoresis through formaldehyde gels and trans-
ferred to Hybond N membranes (Amersham-Pharmacia,
Uppsala). Gene-specific probes were recovered from the
3'-untranslated regions of each cDNA (nucleotides 1,054—
1,233 of ADK1 ¢cDNA; AF180894) and nucleotides 1,041
through 1,198 of ADK2 cDNA (AF180895) by PCR using
primers described by Moffatt et al. (2000) and cloned into
Bluescript KS (Stratagene, La Jolla, CA). The same primers
were used for RT-PCR analysis of cDNA obtained from 2
ug of total leaf RNA (MBI Fermentas, Burlington, ON). The
reaction products were quantified after 25 cycles, in the
linear range of the reaction. The RNA helicase gene (RH4)
was used as an internal control (Aubourg et al., 1999).
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The full-length ADK1 c¢DNA contained in the EST
R30128 was linearized at the 5" end of the predicted coding
region with Smal and ligated to Xbal linkers [d(pT-
GCTCTAGAGCA); New England Biolabs, Mississauga,
ON]. Subsequent digestion with Xbal produced a 1,086-bp
fragment flanked by Xbal ends that was cloned into the
T-DNA vector pKYLX71 (Schardl et al., 1987) in either the
sense (pYS2) or antisense (pYS3) orientation relative to the
enhanced 355 promoter. After transformation into the
Agrobacterium tumefaciens strain C58 pGV3101, each con-
struct was introduced into Arabidopsis by vacuum infiltra-
tion (Bechtold et al., 1993). Transformed plants were iden-
tified by spreading sterilized seed from the infiltrated
plants on Murashige and Skoog media supplemented with
50 wg mL ™' kanamycin (Sigma, St. Louis). Both the mor-
phological and metabolic phenotype of the individual lines
have remained stable through eight generations. Molecular
comparisons were done on 4-week-old T4-T6 generation
plants.

Assay of ADK Activity and Protein

ADK activity in crude leaf extracts was monitored by a
radiochemical assay as described (Moffatt et al., 2000). The
assay measures the conversion of radioactive Ado ([2,8-
SH]Ado, 20 Ci mmol '; ICN, Costa Mesa, CA) to AMP in
the presence of ATP and MgClL,. In brief, leaf tissue was
homogenized in 50 mm HEPES [4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid], pH 7.4, buffer (Weretilnyk
et al., 2000) and desalted through Sephadex G25 (medium
grade, Amersham-Pharmacia) to remove low-molecular-
weight molecules. Normally, 0.1 to 0.3 ug of protein was
used in each 5-min incubation, during which time the assay
remains linear. AMP was precipitated with lanthanum chlo-
ride (Sigma), collected by filtration, and quantified by liquid
scintillation counting (LS 1701, Beckman, Fullerton, CA).

ADK protein was detected by immunoblotting using an
affinity-purified antibody raised against recombinant
ADK1 (Moffatt et al., 2000). Bound primary antibody was
detected using a secondary antibody conjugated to alkaline
phosphatase (Sigma), reacted with a fluorescent substrate
(ECF; Amersham-Pharmacia), and quantified using a
Storm 860 phosphorimager (Molecular Dynamics, Sunny-
vale, CA).

Assay of SAH Hydrolase and Ado Deaminase

SAH hydrolase activity was measured spectrophoto-
metrically in the hydrolytic direction (Wolfson et al., 1986).
Each reaction was conducted at 25°C with 50 mm HEPES-
KOH, pH 7.5, 1 mm EDTA, 150 um SAH, and 100 um
5,5-dithio-bis(2-nitrobenzoic acid). Ado was included at
concentrations of 0, 0.5, 1.0, 5, 25, or 100 uMm. The reaction
produces a chromophoric thiolate and a corresponding
increase in A,,,. Calculations were made using a molar
extinction coefficient of 13,600 M~ ' cm ™! and controls con-
taining no SAH.
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Two assays were used to investigate the presence of Ado
deaminase based on its production of inosine from Ado. In
the first assay, desalted leaf extracts were incubated
with [2,8-°H]Ado at 0.28 uM (a tracer dose; 0.5 uCi) or 1
mM (a physiological dose; 0.5 uCi); 50 mm HEPES-KOH,
pH 7.5; and 2 mm dithiothreitol at 30°C for 0 (control) or 60
min and the reaction was terminated by boiling. Five
microliters of each 50-uL stopped reaction was applied
to a fluorescein-containing Silica Gel G 0.25-mm plate
(Machery-Nagel, Diiren, Germany) and developed in n-
butanol:acetic acid:water (12:3:5 [v/v]). Inosine, located as
a nonfluorescent spot on the plate, was scraped into a
scintillation vial and its radioactive content determined
(Guranowski and Jakubowski, 1987). A check for Ado
deaminase was done by carrying out the ADK assay in the
absence and presence of the Ado deaminase inhibitor de-
oxycoformycin (Nipent, SuperGen, Dublin, CA). No signif-
icant difference was found in the ADK activity under these
two conditions following multiple trials, as determined by
a Student’s ¢t test.

RR Staining of Seed Coat

Seeds were imbibed in warm water at room temperature
with continuous shaking for 30 min. The seeds were then
stained with 0.01% (w/v) RR (Sigma), prepared in sterile
water at room temperature, for 1.5 h. After two washes
with water, seeds were photographed with the 10X or 5%
objective of an Axiophot microscope (1/30-s exposure time;
Carl Zeiss, North York, ON).

Assay of Pectin Methylation in Seed Mucilage

Seed (100 mg) was stirred gently in 1.5 mL of 0.5% (w/v)
ammonium oxalate (Sigma) at 80°C for 1 h. After centrifu-
gation (13,000g, 20 min) the supernatant was poured into 5
volumes of ethanol and centrifuged again (2,300g, 20 min).
The pellet was dissolved in a minimal amount of water
(about 5 mL), placed in dialysis tubing (10,000 molecular
weight cutoff), and dialyzed against running tap water for
20 h and running distilled water for another 20 h, after
which it was lyophilized. Two colorimetric assays for sa-
ponifiable methanol and GalUA were used to determine
the degree of methyl esterification (Filisetti-Cozzi and Car-
pita, 1991; Kim and Carpita, 1992) with the minor modifi-
cations that sodium tetraborate was not added to the
H,SO, and 10 uL of carbazole (Sigma) in ethanol (1 mg
mL™ ') was used for color development in place of
m-hydroxydiphenyl. Both assays were scaled down by a
factor of 10 to preserve plant material. Results were quan-
tified based on standard curves generated using methanol
and poly-GalUA (Sigma).

Immunostaining of Low- and High-Methylesterfied
Pectin with JIM5 and JIM?7

Approximately 10 mg of seed from WT and ADK-
deficient lines was imbibed in 20 mm HEPES, pH 7.0, for
24 h at room temperature with gentle shaking, then incu-
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bated with either JIM5, which reacts preferentially with
low methylesterified pectin, or JIM7, which recognizes
high methylesterified pectin (Knox et al., 1990). This incu-
bation was done in 300 uL of buffer at room temperature
for 12 h; bound antibodies were detected using FITC (Sig-
ma) as described by Willats et al. (2001).

Quantitation of SAM and SAH

Leaf tissue was frozen in liquid nitrogen, ground to a
powder, and resuspended in 20% (w/v) trichloroacetic
acid (1 pL trichloroacetic acid mg fresh weight™'). Aftera
low-speed centrifugation to remove debris, SAM and SAH
were measured as their fluorescent isoindoles as described
by Capdevila and Wagner (1998). Recovery of SAM and
SAH was estimated to be between 47% and 56% from
samples spiked with 25 to 100 pmol SAM and SAH
(Sigma).
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