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Arabidopsis thaliana GAMT1 and GAMT2 encode enzymes that catalyze formation of the methyl esters of gibberellins (GAs).
Ectopic expression of GAMT1 or GAMT2 in Arabidopsis, tobacco (Nicotiana tabacum), and petunia (Petunia hybrida)
resulted in plants with GA deficiency and typical GA deficiency phenotypes, such as dwarfism and reduced fertility. GAMT1
and GAMT2 are both expressed mainly in whole siliques (including seeds), with peak transcript levels from the middle until
the end of silique development. Within whole siliques, GAMT2 was previously shown to be expressed mostly in developing
seeds, and we show here that GAMT1 expression is also localized mostly to seed, suggesting a role in seed development.
Siliques of null single GAMT1 and GAMT2 mutants accumulated high levels of various GAs, with particularly high levels of
GA; in the double mutant. Methylated GAs were not detected in wild-type siliques, suggesting that methylation of GAs by
GAMT1 and GAMT2 serves to deactivate GAs and initiate their degradation as the seeds mature. Seeds of homozygous
GAMT1 and GAMT2 null mutants showed reduced inhibition of germination, compared with the wild type, when placed on
plates containing the GA biosynthesis inhibitor ancymidol, with the double mutant showing the least inhibition. These

results suggest that the mature mutant seeds contained higher levels of active GAs than wild-type seeds.

INTRODUCTION

Gibberellins (GAs) form a large group of tetracyclic diterpenoid
carboxylic acids, certain members of which function as natural
regulators of a variety of growth and development processes in
plants, such as germination, leaf expansion, stem elongation,
bolting, flower induction, flower development, seed set, and fruit
development (Davies, 1995). To date, >135 structurally distinct
GAs have been identified from natural sources (http://www.
plant-hormones.info/gibberellins.htm), most of which are not
active in plants and may represent intermediates in the biosyn-
thesis or degradation of bioactive GAs (Hedden and Phillips,
2000; Yamaguchi and Kamiya, 2000). In general, concentrations
of active GAs in plants are highest in areas of rapidly elongating
cells, such as stems, shoots, and developing seeds.
GA-deficient plants are extremely dwarfed in size and are often
sterile or exhibit high rates of seed abortion, while plants that
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synthesize excess amounts of GAs are taller, with long, light-
green leaves and decreased seed dormancy compared with
wild-type seeds (Jacobsen and Olszewski, 1993; Huang et al.,
1998). In Arabidopsis thaliana, the main bioactive GAs, GA4 and
GA; (Figure 1), have been shown to be involved in important
aspects of plant development. Mutants with mildly reduced
levels of GA4 and GA; showed a semidwarf growth habit (Talon
etal., 1990; Schomburg et al., 2003). GA; and GA in Arabidopsis
have been previously detected in seedlings, shoots, developing
seeds, germinating seeds, and mature seeds.

The roles of GAs in developing and mature seeds are partic-
ularly intriguing. For example, it has been reported that during
early seed development in many plant species, GA biosynthesis
increases until the seeds mature, at which point the levels of
active GAs begin to decrease in concert with the onset of
dormancy (Kim et al., 2005; Swain et al., 1995). De novo biosyn-
thesis of GAs is required during imbibition in some plant species,
as was concluded from the observation that the presence of
inhibitors of GA biosynthesis, such as paclobutrazol and tetcy-
clacis, prevented germination (Karssen et al., 1989; Schomburg
et al., 2003). It is not clear whether active GAs synthesized during
embryogenesis are degraded when the seed mature or whether
they are stored for later use, and if so, what the storage form is
and how they are converted back to active GAs.
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Figure 1. The GA Biosynthetic Pathway.

The pathway for biosynthesis of some active GAs, and their catabolic
fates, are shown. GAss, GAsq, GAsg, and GAg are catabolic products of
GA degradation. The basic structure of ent-gibberellane with the num-
bering system of the carbons is shown at the top. GGPP, geranylgeranyl
diphosphate; CPP, ent-copalyl diphosphate.

Deactivation mechanisms are necessary for effective regula-
tion of bioactive hormone levels. So far, GA 2B-hydroxylation
catalyzed by GA 2-oxidase has been the best-characterized GA
deactivation reaction, which includes the conversions of GA, and
GA; to GA34 and GAg, respectively (Figure 1). GA 2-oxidases
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belong to the 2-oxoglutarate-dependent dioxygenase family
(Thomas et al., 1999; Schomburg et al., 2003). Recently, another
deactivation mechanism, involving epoxidation of the 16,17-
double bond of GAs by a cytochrome P450 monooxygenase, has
been found in rice (Oryza sativa) internodes (Zhu et al., 2006).
Deactivation may also result from GA conjugation, which involves
the formation of glucosyl ethers and esters (Schneider et al., 1992),
although genes encoding these enzymes have not been identified
yet.

Here, we report that two members of the SABATH methyl-
transferase gene family in the Arabidopsis genome, GAMT1 and
GAMT2, encode enzymes that use S-adenosine-L-methionine
(SAM) as a methyl donor to methylate the carboxyl group of GAs,
resulting in the methyl esters of GAs (MeGAs). Both genes are
expressed most highly in the siliques during seed development.
Siliques of GAMT1 and GAMT2 mutants show an increase in
concentrations of GAs, and mature seeds of mutants appear to
have higher concentrations of active GAs. Thus, methylation of
GAs may constitute an additional mechanism for modulating
cellular GA concentrations in addition to the oxidative pathways
previously described (Thomas et al., 1999; Schomburg et al.,
2003; Zhu et al., 2006).

RESULTS

Two Members of the Arabidopsis SABATH Family
Methylate GAs

As part of a project aimed at identifying the substrates of each
of the 24 carboxyl methyltransferases encoded by the SABATH
gene family in Arabidopsis (Chen et al., 2003; D’Auria et al.,
2003), we expressed full-length cDNAs of genes At4g26420 and
At5g56300 in Escherichia coli, purified the proteins, and tested
their activity with radioactive '*C-SAM and a battery of potential
substrates, using the methodology and array of substrates
previously developed (Yang et al., 2006). Since the proteins
belonging to these methyltransferases can methylate a depro-
tonated oxygen that is part of a carboxyl group, but cannot
methylate the protonated oxygen on a hydroxyl group (Zubieta
et al., 2003), the tested substrates included plant compounds
with one or more carboxyl groups (Yang et al., 2006). In these
high-throughput assays, GAMT1 (encoded by At4g26420) and
GAMT2 (encoded by At5g56300) showed activity with GAs, the
one GA included in the high-throughput assay. No activity was
observed with any other substrates included in this test.

Based on these initial results, we tested additional GAs, in-
cluding four that are hydroxylated at position 13 (GA1, GA3z, GA1g,
and GAyp) and five that are not hydroxylated at this position (GAy,
GAg, GA12, GAs4, and GAs4) (Figure 1). These GAs have been
previously detected in Arabidopsis (Talon et al., 1990; Huang
et al., 1998; Eriksson et al., 2006). GAMT1 showed highest ac-
tIVIty with GAg and GAgo, followed by GA3, GA4, GA34, GA51, and
GA; (Table 1). GAMT2 methylated GA, with the highest ef-
ﬁCienCy, followed by GA34, GAg, GA3, GA1, GA51, and GAgo.
GAMT1 was able to methylate GA1g and GA12, which do not
contain a y-lactone, albeit at a low rate, while GAMT2 did not act
on these two GAs. Neither GAMT1 nor GAMT2 methylated ad-
ditionally tested compounds with structural relatedness to GAs,
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Table 1. Relative Activity of GAMT1 and GAMT2 with Several GAs

Relative Activity (%)

Substrate GAMT1 GAMT2
GA; 25 30
GA3 80 45
GA,4 69 100
GAo 100 60
GA1 2 9 0
GAqg 19 0
GAzo 95 15
GAas 46 80
GAs5q 32 16

such as the diterpenes abietic acid and ent-kaurenoic acid.
Products from the enzyme assays were verified to be methylated
by comparing the retention time of the MeGA products with
authentic standards on thin layer chromatography (TLC) and by
gas chromatography-mass spectrometry after derivatization
(see Supplemental Figure 1 online).

Enzymatic Properties of GAMT1 and GAMT2

The steady state kinetic parameters of each of the proteins were
determined (Table 2). The K,, values of both enzymes with
several GAs were in the range of 1.9 to 15.8 M. GAMT1 had the
lowest K, value, 5.4 uM, with GA4, and GAMT2 had the lowest
K value, 1.9 uM, with GAg. The K,,, values for these enzymes
with SAM in combination with various GAs were in the range of
30 to 50 wM. All these K, values and the observed K., values
(Table 2) are similar to those obtained for other SABATH methyl-
transferases with their in vivo substrates (Ross et al., 1999;
Zubieta et al., 2003). The pH optimum of GAMT2 was determined
to be 8.0, whereas the pH optimum for GAMT1 was 7.5. The
cations K+ and NH,* in concentration of 5 mM were found to
increase the activity of GAMT1 by threefold and fourfold, respec-
tively, while Zn2+, Cu2*, Fe2*, and Fe3* at this concentration in-
hibited >90% GAMT1 activity. GAMT2 activity was not enhanced
nor inhibited by K+, NH4+, Na*, Ca2+, Fe?2+, Mg2+t, and Mn2+ but
was inhibited similarly to GAMT1 by Fe®+, Zn?+, and Cu?*.

Protein Sequences of GAMT1 and GAMT2

GAMT1 and GAMT2 are part of the SABATH methyltransferase
family with 24 members in Arabidopsis (Chen et al., 2003; D’Auria
etal., 2003). GAMT1 encodes a protein of 376 amino acids, with a
calculated molecular mass of 41.5 kD, and GAMT2 encodes a
protein of 388 amino acids, with a calculated molecular mass
of 43.3 kD. The Arabidopsis enzyme with the most similar se-
quence to GAMT1 within this family is GAMT2, and vice versa. An
alignment of the sequences indicates that they are 58% identical
(Figure 2). The next most similar Arabidopsis protein, with 34%
identity to both GAMT1 and GAMT2, is IAMT1, an enzyme that is
capable of methylating auxin (indole-3-acetic acid [IAA]) to pro-
duce methyl IAA (Zubieta et al., 2003; Qin et al., 2005). It should
be noted that the current annotation of GAMT1 (At4g26420) on
The Arabidopsis Information Resouce (TAIR) website (http://

www.arabidopsis.org/) shows a third intron occurring toward the
end of the third exon shown in Figure 3A, then a fourth exon, a
fourth intron, and a fifth exon. Such a gene would encode a
protein of 620 amino acids, with a calculated molecular mass of
68.2 kD. There are multiple lines of evidence indicating that this
annotation is erroneous. First, all the full-length clones that we
have isolated, as well as the full-length clones shown on the TAIR
website, support the three-exon, two-intron structure shown
in Figure 3A, encoding the protein whose sequence is shown in
Figure 2 (this is the protein whose biochemical characterization is
presented here). Furthermore, all SABATH methyltransferases,
including the GAMT1 protein encoded by the three-exon, two-
intron gene shown in Figure 3A, are ~350 to 400 amino acids
long. Finally, the GAMT1 protein in the plant, as detected by
antibodies specific to GAMT1, migrates on SDS-PAGE gel as an
~40-kD protein (Figure 3C), a mass consistent with the calcu-
lated molecular mass (41.5 kD) of the GAMT1 protein encoded by
the gene whose structure is shown in Figure 3A but inconsistent
with the present annotation in TAIR. The updated annotation of
At4g26420 will be available from TAIR and the National Center
for Biotechnology Information (NCBI) following the next genome
release (TAIR7) scheduled for January, 2007.

Overexpression of Arabidopsis GAMT1 and GAMT2in
Arabidopsis, Tobacco, and Petunia Plants Results
in Dwarf Phenotypes

We obtained Arabidopsis plants that expressed GAMT1 and
GAMT2 under the control of the 35S cauliflower mosaic virus
promoter. We also obtained an Arabidopsis line in which an en-
hancer tag was inserted upstream of the GAMT1 gene (Weigel
et al., 2000; Yu et al., 2004). The majority of independently ob-
tained transgenic Arabidopsis lines (>10) expressing GAMT1
either under the control of the 35S promoter or the enhancer tag
(verified by RT-PCR and RNA gel blot analysis; data not shown)
exhibited a similar phenotype that included small, dark-green
rosette leaves (Figure 4A) that grew exceedingly slow, and they
developed into dwarfed, bushy plants (Figure 4B). Some never
bloomed, and those that did bloom started doing so after 3
months (whereas wild-type plants under these conditions began
blooming in 6 weeks). Their flowers were small and mostly sterile.
Spraying plants with GA, recovered some fertility and caused
partial amelioration of the dwarf phenotype of the whole plant.
Spraying with MeGA, did not ameliorate the dwarf phenotype.
A similar phenotype was observed in transgenic tobacco
(Nicotiana tabacum) and petunia (Petunia hybrida) plants express-
ing GAMTT1 under the control of the 35S promoter (Figure 5). The

Table 2. Kinetic Parameters of GAMT1 and GAMT2

Km (“‘M) Kcat (371) Kcat/Km (nM71 371)
GAMT1
GA, 5.4 1.0 X 102 1.8
GAg 15.8 2.6 X 102 1.6
GAMT2
GA4 5.9 1.5 x 10-3 0.2
GAg 1.9 1.8 X 103 0.9
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Figure 2. Alignment of the Protein Sequences of Arabidopsis GAMT1,
GAMT2, and IAMT1.

Residues at a given position that are identical in at least two of the three
proteins are shown in white letters on black background. IAMT1 is encoded
by gene At5g55250. The sequences of the proteins and the genes encoding
them can be accessed at http://www.biology.lsa.umich.edu/research/labs/
pichersky/2010%20NSF/database/database1.htm.

transgenic tobacco plants were slow growers and had small
flowers with reduced seed set. The petunia plants bloomed only
under long-day conditions, and the flowers were small and sterile.

Expression of GAMT2 in transgenic Arabidopsis plants under
the control of the 35S promoter did not produce a dwarf pheno-
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type at the early stage of plant development when grown on
Murashige and Skoog (MS) medium, and seedlings were indis-
tinguishable from wild-type seedlings. However, after transfer to
soil on the third week after germination, the majority of trans-
genic plants (>10 independent lines) showed a different growth
pattern from the wild type, growing slowly and exhibiting a higher
number of branches compared with wild-type plants, giving
them a semidwarf, bushy look (Figure 4C). While some of these
plants had reduced fertility, the majority had normal seed set.
The differences in the phenotypes of GAMT2-overexpressing
lines and GAMT1-overexpresing lines persisted under different
light regimes.

GAMT1- and GAMT2-Overexpressing Lines Are
Deficient in GAs

To verify whether overexpression of GAMT genes caused GA
deficiency in Arabidopsis plants, we measured endogenous
levels of precursor and bioactive GAs in aerial parts of GAMT1-
and GAMT2-overexpressing plants just after the start of flower-
ing. As shown in Table 3, the levels of GA4, the major bioactive
form at this stage in Arabidopsis, were much lower in plants
overexpressing GAMT1 (<10%) than those in wild-type plants. In
addition, all precursor GAs that we measured were less abun-
dant in GAMT1 overexpression lines than in wild-type controls.
Plants overexpressing GAMT2 contained lower levels of bioac-
tive GA4 than did wild-type plants, but in general, the depletions
of endogenous GAs in GAMT2-overexpressing lines was not as
severe as those in GAMTT1-overexpressing lines, and some GAs
showed no difference in levels with control or even higher levels
(e.g., GA45). These results are consistent with the interpretation
that the dwarfed and semidwarfed phenotypes of plants over-
expressing GAMT1 and GAMT2, respectively, are attributable
to reductions in bioactive GA levels.

GAMT1 and GAMT2 Are Expressed in Developing
Seeds in Arabidopsis

The results described above indicated that Arabidopsis pos-
sesses enzymes capable of methylating GAs. To determine the
role of these enzymes in the plant, we next examined the ex-
pression profile of the two genes encoding these enzymes.
Quantitative RT-PCR (gRT-PCR) was performed on RNA isolated
from cauline and rosette leaves, stem, flowers, roots, siliques
(including seeds), germinating seeds, and 2-week-old seedlings.
Little expression of either of these two genes was observed in
tissues other than siliques (Figure 6), with the exception of weak
but detectable expression in germinating seeds. Examination of
the levels of GAMT1 and GAMT2 transcripts from siliques at
different stages of development (Bowman, 1994) showed that
expression of both genes began at early stages of silique devel-
opment, peaked in the second half of this process, and then
began to decrease after the start of desiccation (Figure 6). Germi-
nating seeds contained detectable levels of GAMT1 and GAMT2
transcripts, but they were much lower than the maximum levels
in developing siliques.

We also performed immunoblot measurements of the levels of
GAMT1 protein in different Arabidopsis organs using polyclonal
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A GAMT1 (Atd4g26420)

ATGGAGTCGTCACGGAGCCTCGAGCACGTGCTCTCCATGCAAGGTGGCGA
GGATGACGCGAGCTACGTCAAAAACTGTTACGGT CGGCAGCTTTAG
CCTTGAGCARACCAATGCTGACGACAGCCATCAACTCCATAAAGCTCACC
GAAGGTTGCTCCTCTCACCTGAARATAGCCGATTTAGGTTGCGCAATCGE
AGACAACACGTTTTCCACGGTGGARACG GTTGAGGTGTTAGGGARGA
GARCCGAGCCGGAGATGGAGTTCGAGGTC
GATTTCAACGCGTTGTTTCGGTCGTT
AGCCGAAAGTACTTCGCGGCTGGCGTTC
TCCGAAAGGAGAGCTCCATGTCGTT
AATGGCTCTCTCAGgtataaatgtatcatce
attaattaattcaatatcttttgaatgaagtttactttataaacttgaag
gtgatgaacatttgactatataatttaatttgtatcggccaaaaaatgat
ttgaagattactagactagtaaaactaaacaaaaagttaaattatcgttt
cttctaatgttaatgaacaatatgtcaaaaaatttataaagttctattat
gatattcttcaaaaacatttttgttccatgaccgaaccaacttaatttat
ataactgattattgttttaatgtatatatatcttatgggtacagaaatgt
ttcaatttacgttttttgttttttaaatgtttcatttctttgtattggat
atgatagGTACCTGARAAAGTGATGGAGAAAGGATCGAAGTCAT GGAACA
gamtl-2 (SALK_088960)

»

Vv

deletion LB
AGAAAAAGAAGTCGTGGAGGCATAC
GTCGAGTTCTTGAAATGTCGCAAAGA

TGGATCAAGCTTGGCAAGATCTAGTAGATGAGgtata
atctcttgtaattacgtcatgatgttacatttatttatggaattgacaaa
acgtccctttttat. ttqqt ttgtaaaagGGTTTAATAGAAGAGGA
GAAGAGAG GTGTACTTTAGAACCACCGAAGAGA
GTGGTTTTAAGATAGAGAAAACGGAG
ATGGTAAGCAGGAAGAGTTGATGAA

TAACTATGCTCAAGCCGGTT
SGACCTAACTCATAAGCTC
CAGCTGCCGACAAAGAAATTCTCAACAA

gamtl -1 (SALK_047730)

LB
CTGTTTCTATCATATGATCGCTGTTTCAGCGGTTAGGGTTTAA

Figure 3. Analysis of T-DNA Insertional Mutants in GAMT1 and GAMT2.

B GAMTZ2 (At5g56300)

ATGGAGTCACCAAGCCTTCCGATGACGGCCARAGACTGGACCACCACCAG
TCTCCACCGTGTCTTC GCAA GGCGAAGATGACCTCAGCTACG
TCAACARATTCCGATAGCCAAGCTTTGGCTATAACCTTARGCARACCARTC

CTCATCTCTCCAATCCATCAAACTCTTCTCCGA
CAAAA”CAF[LAT[T[LL[TL[ CCACCGGCTCCAACACGTTTACTACCG
TGGTTGAGACGTTACAACGGCGATACACTGCCAGGTGCGET
TCGCCGGAGTTTGAGGCTTTCTTCTGTGATTTGCCTTCTAA
AACATGTTGTTCAAGTTGTTGGCTGAGAAACAGAAAGTTGACT
5GCGGCGTTGCTGGTTCGTTCTATGACCGG
AGAGGAA( \TTCATGTCGCTGTGAGCTTAAGTGCCTTGCA
TCTCAGgtctaatacactaatcacttttctataaattattttt
tgttactctttatttatttatttattcataatattcaccattcaaaataa
ttaacgacgtcaatttgacattataagatatatatgatatatgatttttt
ttagcattctactaatgttaaatcaacattttcttaaatatcataagatt
tttctatttttctatttaaggtaactaatatatttttttaagtgttagga
aatactatacgttacgactttaactataaatttgttaccttgattattge
aatgaagattaatgtccatcacccaaattaattaatcaacaaagacaatt
tgacaatataaaaaatataaaattttgtttactatatttcagtctcaaaa
caagaacctaaaatgtgtgcattgaaatatatatgcagATACCGGAGAAA
GTATTGGAGAAAGAATCAAGAACGTGGAACARAGGGARAACGTGGATAGA
A AAAGARAAGAAGTAGTAGAAGCATACGCAGAGCAATCAGACARAG
TGGATGATTTCATGAGCTGTAGGAAAGAAGAAAT GGTGAAAGGAGGA

gamt2-1 (SALK_143728)

CAAACTCCCAT

LB LB
G”Q””L””TCTCTTCQTCCLTCCCLCTLLTTCHGGCTCAA(THPTCAATT
GGACCAAGATACTCGAGCCAAACATCCTTTCACAACTACCATGGAAC

AGCTTGGCAAGATTTAATAGAAGAGgtaaatctactctacatatataca
aattacaaacacgtgtatctttcatgattatattacataaccgttcatga
tgttgtcatgtcactatatatcacaactaccatgaaattaagetttttce
tttttacttgtttttcactaaaacattacttttaacatttecatgtgtttt
ttatcacctatatttaaaagaggagaaaaattcttatcacaatccatatc
ttttaagaataaaaatcttcaaaagttttttgtcatttaatttteccataa

gamt2-2 (SALK 108505): insertion + rearrangement

LB ; LB

attagccaaactatttgtcactcaaacgttttatgttegtttggacaaaa
gGGTTTGATAGATGAAGAAACAAGAGACGGTTTCAATATTCCGGCGTACA
TGAGAAGT CCGGAGGAAGTGACGGCCGGARTTGACCGTTGTGGTGGTTTC
ARGATAGGGAAAATGGACTTCCTGAAAATAGTTGAATATTCAGATGAGAA
ACAAGAAGAGTGGAAGAAAGATCCGGTTTCATATGGACGAGCCAGGACCA

ATTTGGTTCAAGCTGCTATTCGTCCTATGGTTGATGCTTATCTTGGACCA
CATGAGCTCTTCAARAGATATGARRATCGTGTTTCTACARR

GAATTTCTCCATATAACTTGTTTTTATGGAGTCGTCGTGTTTTCCG
CCATCCGAGTTTAA

(A) The correct gene structure of GAMT1 (At4g26420) based on comparisons of full-length cDNAs with the genomic sequence. Exon sequences are
shown in red, and intron sequences are shown in blue. The position of the T-DNA insertions in gamt1-1 and gamt1-2 are shown based on sequencing of
the amplified border segments. In gamt1-2, a left border (LB) is present at both ends of the T-DNA insertion, and the genomic sequence in between has

been deleted.

(B) The gene structure of GAMT2 (At5g56300) based on the annotation in TAIR and the comparisons of full-length cDNAs with the genomic sequence. The
position of the T-DNA insertions in gamt2-1 and gamt2-2 are shown based on sequencing of the amplified border segments. In gamt2-2, the region
downstream from the insertion is rearranged so that the outlined part of the third exon is missing and a segment of intron 2 plus additional unknown segments
are present. The bold and underlined sequences indicate the position of the primers used in the RT-PCR experiment whose results are shown in (D).

(C) A protein gel blot using anti-GAMT1 antibodies with crude protein extracts from siliques of wild-type plants, gamt1-1, gamt1-2, and the double mutant
gamt1-2 gamt2-2. The GAMT1 protein, present in the wild-type plants but not in the mutants, migrates on SDS-PAGE gels as an ~40-kD protein.

(D) Results of RT-PCR using the oligonucleotide primers indicated in (B) and RNA extracted from siliques of wild-type plants and gamt2-1, gamt2-2, and
gamt1-2 gamt2-1. The predicted product of 853 nucleotides was obtained from wild-type plants but not from mutants.

antibodies specific against GAMT1 (these antibodies did not react
with GAMT2 protein extracted from the plant [Figure 3C] or with
GAMT2 protein produced in E. coli [data not shown]; raising
antibodies against GAMT2 was not successful). The results of
these immunoblots (Figure 7A) were consistent with the qRT-PCR

results, showing the presence of the protein in siliques only. A more
detailed examination of the levels of GAMT1 protein in developing
siliques at different stages of development showed that protein
levels closely correlated with GAMT1 transcript levels, peaking to-
ward the end of the developmental process of the silique (Figure 7B).
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Figure 4. Phenotypes of Arabidopsis Col-0 Overexpressing GAMT1 and GAMT2.

(A) A 4-week-old Arabidopsis wild-type plant (left) next to a same-age plant overexpressing GAMT1 due to enhancer tagging.
(B) A 3-month-old plant overexpressing GAMT1 due to enhancer tagging, showing the bushy, dwarf phenotype.
(C) A 2-month-old flowering Arabidopsis plant overexpressing GAMT2 under the control of the 35S promoter, showing the bushy, semidwarf phenotype

with very small flowers.
All plants are shown to roughly equal scale.

Plants expressing a -glucuronidase (GUS) reporter gene under
the control of the GAMT1 promoter (GAMT1-GUS) and stained for
GUS activity showed staining in the developing seeds and in the
anthers (Figures 8A to 8D). In later stages of seed development,
some GUS staining was also observed in the septum and in the
funiculus as well (Figure 8E). GUS staining of transgenic plants with
a GAMT2 promoter—-GUS fusion gene indicated expression in
the anthers but, in contrast with the gRT-PCR results, no staining
in the developing seeds (data not shown).

Siliques of Mutant Plants Have Higher Levels of GAs Than
Wild-Type Plants

We obtained Arabidopsis Columbia (Col) plants that contained
T-DNA insertions in GAMT1 and GAMT2 (Figure 3). gamt1-1 had
aninsertionin exon 3, and gamt1-2 had an insertion in exon 2 that
included a small deletion of the coding region (Figure 3A). Lines
homozygous for either gamt1-1 or gamt1-2 produced no GAMT1
protein (Figure 3C). gamt2-1 had an insertion in exon 2 (Figure

3B), and gamt2-2 had an insertion intron 2 that caused a partial
deletion and rearrangement of exon 3 (Figure 3B). Lines homo-
zygous for either mutation contained no functional transcript
(Figure 3D). In addition, we obtained the homozygous double
mutant line by crossing gamt1-2 and gamt2-2 mutants. None of
the single mutant or double mutant plants showed visible phe-
notypes, such as altered germination rate, growth habit, or seed
set, under normal growth conditions. These verified null mutants
(Figures 3C and 3D) grew normally and had no visible morpho-
logical differences with wild-type plants.

We measured the content of some GAs in the siliques of
homozygous gamt1-2, gamt2-2, and gamt1-2 X gamt2-2 plants
using siliques of developmental stages 5, 6, and 7, where GAMT1
and GAMT2 expression levels are close to or at their highest. The
levels of bioactive GA4 and GA; in siliques were significantly
higher in the gamt1 gamt2 double mutant than those in wild-type
plants, with the level of GA; especially elevated in the double
mutant (~10-fold) compared with that in the wild type (Figure 9).
GA, and GA, levels were slightly more abundant in gamt? and

Figure 5. Phenotypes of Petunia and Tobacco Plants Overexpressing GAMT1 under the Control of the 35S Promoter.

(A) Tobacco wild-type plant.

(B) A tobacco plant of the same age as in (A) expressing GAMT1 under the control of the 35S promoter.

(C) Petunia wild-type.

(D) A petunia plant of the same age as in (C) expressing GAMT1 under the control of the 35S promoter.
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Table 3. Endogenous GA Levels in Arabidopsis Plants Overexpressing GAMT1 or GAMT2

Wild-Type Control GAMT1-OE GAMT1-OE Wild-Type Control GAMT2-OE GAMT2-OE
for GAMT1-OE2 Line 13-52 Line 13-62 for GAMT2-OEb Line 12-3° Line 12-5
13-H GA12 15.4/13.2 0.7/4.1 4.3/11.2 21.5/14.0 16.9/10.2 10.7/15.0
GAs GA1s 1.5/3.2 0.2/1.3 0.4/1.2 4.41.7 10.8/7.8 11.8/10.6
GAz4 -/21.7 -/2.9 /2.9 24.6/16.9 14.6/10.8 10.7/15.2
GAg 0.4/ND 0.1/ND 0.1/ND ND/ND ND/ND ND/ND
GA, 0.8/2.3 0.1/0.1 ND/0.1 0.9/0.4 0.1/0.1 0.2/0.2
13-OH GAs3 2.4/2.4 0.6/0.4 0.1/0.3 2.8/1.6 1.4/1.1 0.6/1.0
GAs GA44 ND/ND ND/ND ND/ND ND/ND ND/ND ND/ND
GAqo -/16 -/3.6 /2.9 8.2/3.0 9.5/6.3 8.2/10.5
GAzg 0.4/0.4 0.1/ND 0.1/ND 0.1/ND 0.1/ND 0.1/0.1
GA, 0.2/0.5 ND/ND ND/ND ND/ND ND/ND ND/ND

GA measurements were performed twice using independently prepared plant materials. Values (ng/g dry weight) from both the first (left) and second
(right) measurements are shown. —, Detectable, but could not be quantified reliably due to comigration of impurities. ND, not detected or could not be

quantified reliably due to low abundance.

abThese two sets of plant materials were grown on different occasions. OE, overexpressing.

gamt2 single mutants than in wild-type plants as well (Figure 9).
The effects of gamt single and/or double mutations were ob-
served on the levels of the deactivated forms GAz, and GAg and
on some precursor GAs in the gamt1 plants. These results sup-
port the conclusion that GAs are endogenous substrates for
GAMT1 and GAMT2 in wild-type siliques.

Analysis of Endogenous MeGAs

To our knowledge, MeGAs have not been identified as endog-
enous compounds in angiosperms. Elevated GA levels in siliques
of gamt mutants suggested that MeGAs were produced by
GAMTSs and that they might accumulate in wild-type siliques. To
address this question, we analyzed endogenous MeGA;, MeGA,,
and MeGA, using isotope-labeled MeGAs as internal standards
by gas chromatography-selected ion monitoring (GC-SIM). We
chose these MeGAs to be analyzed because the levels of the
corresponding free GAs increased in the gamt1 gamt2 mutant
(Figure 9) and/or because they were preferred substrates of at
least one of the GAMTs in vitro (Table 1). Using the procedure
detailed in the Supplemental Methods online, we were able to
purify and detect all isotope-labeled MeGAs added to the ex-
tracts. However, none of the endogenous ones was detected in
wild-type and gamt1 gamt2 mutant (included as a control) si-
liques (see Supplemental Figure 2 online). We also analyzed these
MeGAs in plants overexpressing GAMT1 (lines 13-5 and 13-6;
Table 3) and wild-type plants (as a control) just after flowering.
Again, endogenous MeGAs were undetectable, while all internal
standards were detected.

GAMT1 and GAMT2 Mutants Display an Excess GA
Phenotype in the Seeds

The expression profiles of GAMT1 and GAMT2 suggest that
the enzymes they encode play a specific role during seed de-
velopment. To examine the effect of the methylation of GAs in
Arabidopsis seeds, the homozygous single and double mutant
seeds were placed on plates containing MS basal medium that

was supplemented with ancymidol, an inhibitor of GA biosyn-
thesis (Rademacher, 2000). Differences in germination rates were
observed between mutants and wild-type plants. Germination
(defined as the appearance of the radicle) of wild-type seeds
was not inhibited by 10 pM concentration of ancymidol but
was ~90% inhibited by the presence of 20 uM concentration of
ancymidol and completely inhibited at 30 wM (Figure 10). By
contrast, at 30 uM ancymidol, 25 to 60% of the single and the
double mutant seeds still germinated, with the double mutant
seeds showing the highest germination rate (Figure 10), and their
cotyledons were green, although they eventually stopped grow-
ing. Some germination of the single and double mutants was still
observed at 40 wM concentration of ancymidol in the medium.
Consistent with these results, germination of seeds from plants
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Figure 6. Detection of GAMT1 and GAMT2 Transcripts in Different
Arabidopsis Organs and Stages of Seed Development by gRT-PCR.

Relative levels of GAMT1 and GAMT2 transcripts (compared with levels
of transcripts of the control, the ubi10 gene) are presented as mean
values = SD, calculated from three sets of independent experiments.
Silique samples are as follows: 1, flower buds and stage 1 siliques; 2,
stages 2 and 3; 3, stages 4 and 5; 4, stages 6, 7, and 8; 5, stages 9 and
10. The 10 stages of the siliques were defined according to Bowman
(1994), and they span the development process from the smallest silique
(stage 1) to fully mature and dry siliques (stage 10). SD, 2-week-old
seedlings; RL, rosette leaf; CL, cauline leaf; RT, root; ST, stem; GS, ger-
minating seeds.
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Figure 7. Levels of GAMT1 Protein in Different Tissues and Develop-
mental Stages of Arabidopsis Plants.
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(A) Immunoblot analysis of the distribution of GAMT1 protein in different
plant organs using anti-GAMT1 antibodies. CL, cauline leaf; RL, rosette
leaf; FL, flower; ST, stem; SD, 2-week-old seedlings; S, siliques (stages
6, 7, and 8); RT, root.

(B) Immunoblot analysis of GAMT1 in different stages of silique devel-
opment and in germinating seeds. Lanes 1 to 5 are samples from siliques
of same stages denoted by samples 1 to 5 in Figure 6. GS, germinating
seeds.

overexpressing GAMT1and GAMT2 with the 35S promoter was
85% inhibited by 10 uM ancimydol, and germination of seeds
from plants expressing GAMT1 via an enhancer tag was inhibited
50% (Figure 10).

DISCUSSION

Arabidopsis At4g26420 and At5956300 Encode GA
Methyltransferases That Are Expressed
Predominantly in Siliques

GAMT1 and GAMT2, which we have shown here to methylate the
carboxyl group of various GAs to form the corresponding MeGA
esters, belong to the plant SABATH family of methyltransferases.
This family also includes enzymes that methylate the carboxyl
group of other growth substances, such as salicylic acid (SA),
jasmonic acid (JA), and auxin (IAA), to form the respective methyl
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esters MeSA, MeJA, and MelAA (Ross et al., 1999; Seo et al.,
2001; Zubieta et al., 2003). The Arabidopsis genome has 24
genes belonging to this family (Chen et al., 2003; D’Auria et al.,
2003), and among the proteins encoded by these 24 genes,
GAMT1 and GAMT?2 are the most similar proteins to each other.
The level of divergence between GAMT1 and GAMT2 proteins
(58% identity) indicates that the duplication that gave rise to
the genes encoding them (At4g26420 and At5g56300) is not very
recent.

We show here that GAMT1 and GAMT2 both are expressed
primarily in developing siliques, with peak transcript levels to-
ward the end of this process. Our gRT-PCR results concerning
the expression of GAMT2 are consistent with data obtained from
microarray experiments and available online (Zimmermann et al.,
2004; https://www.genevestigator.ethz.ch; Schmid et al., 2005;
http://www.weigelworld.org/resources/microarray/AtGenExpress/).
Because of the mistake in the annotation of GAMTT1 in TAIR, and
the fact that based on this erroneous annotation all 11 oligonu-
cleotides chosen by Affimatrix to represent GAMT1 on the ATH1
microarray are derived from sequences downstream of GAMT1
that are not part of the GAMT1 gene, there is no relevant infor-
mation on the expression of GAMT1 on these websites. None-
theless, our gRT-PCR measurements of GAMT1 transcripts showed
that this gene has a very similar pattern of expression to GAMT2
throughout the developmental process of the siliques, with little
expression seen elsewhere. Measurements of GAMT1 protein
levels by protein blotting experiments with GAMT1-specific anti-
bodies were consistent with the gRT-PCR results.

Staining of siliques of transgenic plants expressing GUS under
the control of the GAMT1 promoter indicated expression mostly
in the developing seeds. We did not observe any GUS staining in
the developing seeds of the transgenic plants carrying the
GAMT2 promoter—-GUS fusion gene, but this might have been
the result of an incomplete promoter segment being used, as
data provided on both https://www.genevestigator.ethz.ch and
http://www.weigelworld.org/resources/microarray/AtGenExpress/

Figure 8. Staining for GUS Activity with Plants Transgenic for the GAMT1 Promoter-GUS Transgene.

(A) Inflorescence with flowers and siliques at different stages of development.

(B) A young silique showing staining in the developing seeds.

(C) Cross section of a developing seed.

(D) Maturing seeds.

(E) A mature silique showing staining in the septum and funiculus.
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Figure 9. GA Levels in Developing Siliques of gamt Single and Double Mutants.

Shown are endogenous levels of GAs in developing siliques of the wild type, gamt1-1 and gamt2-2 single mutants, and the gamt1-2 gamt2-2 double
mutant plants. Results of respective GAs are displayed according to their order in the biosynthesis pathway (see Figure 1). Results of GA,4 are also
indicated in the inset with a different y axis scale to clarify the differences among the genotypes. Note that the y axis scale for precursor GAs (GA12,
GA1s, GA24, GAg, GAs3, GA44, GA1g, and GAyp) is different from that for bioactive (GA; and GA,) and deactivated (GAz4 and GAg) forms. GA
measurements were conducted three times using independently prepared plant extracts. Means with Se (which are displayed only when they are >0.2)
from triplicates are shown. Asterisks indicate that these GAs could be measured reliably only once due to comigration of impurities on the liquid

chromatograph. d.w., dry weight.

indicate expression specifically in seeds, in addition to expres-
sion in whole siliques.

Inin vitro assays, GAMT1 and GAMT2 methylated the carboxyl
group (position 7) of a variety of GAs to produce the correspond-
ing methyl esters. While we did not test all possible GAs, the
results obtained with the substrates we used indicated that both
enzymes have a broad specificity, although GAMT1 appears to
have somewhat broader specificity (Table 1). Transgenic Arabi-
dopsis plants overexpressing either GAMT1 or GAMT2 show
depletion in various GAs (Table 3), as would be expected if GAs
were the substrates of these enzymes. While the specific level of

% Germination
(4]
o
:

Mutant lines

depletion of each GA depends on a complex set of parameters,
including the internal concentrations of each GA, the internal
concentration of the methyltransferase, the K, values of each
enzyme for each substrate, and the flux of the biosynthetic and
catabolic pathways that interconvert all these GAs, some corre-
lations between depletion levels and preference of the enzymes
for specific substrates could be discerned. For example, GAMT1
appears to have a higher activity with GA,o than GAMT2 does,
and the depletion of GAyg in the GAMT1-overexpressing lines is
more noticeable than in GAMT2-overexpressing lines. However,
this correlation is not perfect and with our present limited
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Figure 10. Inhibition of Seed Germination by Ancymidol.

Seeds were germinated on MS plates containing the indicated concentration of ancymidol. GAMT1-1 is the enhancer-tagged line overexpressing
GAMT1, GAMT1-2 is the GAMT1-overexpressing line 13-5 (Table 1), and GAMT2-1 and GAMT2-2 are two independent GAMT2-overexpressing lines
12-3 and 12-5, respectively. Values are means = sD calculated from three sets of independent experiments.



knowledge may be too difficult to predict. In addition, several
genes encoding enzymes in the late stage of GA biosynthesis
have been shown to be under negative feedback regulation via
bioactive GAs. Therefore, the observed decrease in the levels of
some precursor GAs in GAMT-overexpressing plants might be
due to increased GA 20-oxidase activity as a consequence of re-
duced GA, levels. So, while the clear phenotypic differences be-
tween Arabidopsis plants overexpressing GAMT1 and GAMT2,
which are correlated with less severe reduction in active and non-
active GAs in GAMT2 overexpressors compared with GAMT1
overexpressors, are most likely due to the differences in enzy-
matic activities of the two enzymes with various GAs, the direct
causes of these differences are difficult to identify at this point.

An even stronger indication that GAs are the endogenous sub-
strates of GAMT1 and GAMT2 is the observation that in gamt1,
gamt2, and gamt1 gamt2 mutant lines, the levels of several GAs
in the siliques, and in particular the levels of the active GA; and
GA,, are higher than in the siliques of wild-type plants. Here, too,
a general but imperfect correlation is seen between increases in
levels of individual GAs and the relative activity levels of GAMT1
and GAMT2 with these compounds. For example, GAMT1 has
strong in vitro activity with GA,g, and gamt? shows increased
levels of GAy in silgiues, while GAMT2 has weak activity with
GAy in vitro, and the gamt2 mutant shows little or no differences
in GAxq levels in siliques. In some cases, when both enzymes
appear to have similar activity with a given GA, for example GA;,
the level of this GA increases only a little in either gamt1 or gamt2,
while the level of this GA is much increased in the gamt1 gamt2
double mutant.

Curaba et al. (2004) reported that the level of GA; was similar to
that of GA4 in the developing Arabidopsis seeds, unlike in other
Arabidopsis tissues that were found to contain higher levels of
GA, than those of GA4, including vegetative organs, flowers, and
germinating seeds (Talon et al., 1990; Huang et al., 1998; Ogawa
et al., 2003; Schomburg et al., 2003; Fei et al., 2004). Our results
here show that GA; was more abundant than GA, in developing
siliques (including seeds) of wild-type plants (Figure 9). Interest-
ingly, the level of GA, was drastically elevated, whereas that of
GA, increased only slightly in siliques of gamt1 gamt2 mutant plants
compared with wild-type siliques (Figure 9). These differences in the
levels of GA, and GA; among the genotypes cannot be readily
explained by the substrate specificity of GAMTs because their
recognition of the 13-hydroxyl group does not appear to be strict in
vitro (Table 1). These results suggest an unknown mechanism that
allows accumulation of GA; specifically in developing siliques and/
or seeds; possibly, GA 13-oxidase (for which the gene has not yet
been identified) and GA catabolic enzymes that strictly distinguish
the 13-hydroxyl group (such as GA 16,17-epoxidase of rice; Zhu
et al., 2006) might be involved in this mechanism.

We chose to measure GAs in siliques at the developmental
stage in which GAMT1 and GAMT2 show peak expression to
maximize differences between wild-type and mutant plants. We
therefore do not know the exact concentrations of GAs in the
mature seeds. However, the observation that the germination
of gamt1 and gamt2 mutant seeds is inhibited less by the GA
biosynthesis inhibitor ancymidol (a pyrimidine that acts as an
inhibitor of monoxygenases catalyzing the oxidative step from
ent-kaurene to ent-kaurenoic acid; Rademacher, 2000) (Figure
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10) suggests that the mature seeds of the mutants also contain
higher levels of active GAs than in the wild-type seeds and are
thus capable of initiating germination without de novo GA bio-
synthesis. Alternatively, weak but detectable expression of GAMT1
and GAMT2 genes in germinating seeds revealed by qRT-PCR
(Figure 6) suggests that these methyltransferases might be involved
in GA deactivation in imbibed seeds as well. If this was the case,
the observed differences in germination rates among the geno-
types in the presence of ancymidol (Figure 10) might be due to the
effect of gamt mutations on GA levels after the start of imbibition.

Putative Role of GA Methylation in Seed Development
and Germination

It is generally known that GAs are synthesized during seed
development and during germination (Ogawa et al., 2003), but
little is known about the distribution and specific roles of GAs in
Arabidopsis developing siliques and seeds (Curaba et al., 2004;
Kim et al., 2005). In pea (Pisum sativum), an active GA, GA1, is
found in high levels in the seeds (4 to 7 d after anthesis) and at
lower levels in the pod (MacKenzie-Hose et al., 1998). It has also
been reported that exchange of hormones in the fruit between
the pod and the seeds is necessary for proper seed development
in P. sativum and that lack of sufficient levels of GAs in either
the pod or in the embryo leads to seed abortion (Eeuwens and
Schwabe, 1975; MacKenzie-Hose et al., 1998).

Although most enzymes of the GA biosynthetic pathway and
the enzymes for the catabolic pathway have been identified
(Hedden and Kamiya, 1997; Olszewski et al., 2002), roles of many
of these enzymes in plant development remain to be fully char-
acterized. In particular, while several homologous 23-oxidases
that can deactivate GAs have been identified in Arabidopsis
(Thomas et al., 1999; Schomburg et al., 2003; Wang et al., 2004)
and some of these show expression in developing seeds, a
physiological role in GA deactivation in the seeds for these oxi-
dases has not yet been fully established. In pea, the importance
of GA deactivation has been shown by the phenotypic and bio-
chemical studies of the slender (s/in) mutant, which lacks a GA
2-oxidase that is involved in the conversion of GA,g to GAxg dur-
ing seed development (Lester et al., 1999; Martin et al., 1999). In
the s/in mutant, GA,g accumulates to a high level in mature seeds
and then is converted to GA; upon germination, resulting in a GA
overproduction phenotype during seedling growth.

Methyl esters of GAs have been shown to be inactive in several
angiospermous species (Weiss et al., 1995; Cowling et al., 1998),
and MeGA, did not bind significantly to the soluble receptor GID1
from rice (Ueguchi-Tanaka et al., 2005) and its Arabidopsis ho-
mologs (Nakajima et al., 2006), although some methylated GAs,
such as MeGAgy and MeGA;3, appear to serve as bioactive
molecules in ferns during the formation of antheridium (Yamauchi
et al., 1996). The observation that transgenic Arabidopsis plants
overexpressing GAMT1 or GAMT2 have lower levels of GAs,
show varying levels of dwarfism, delayed flowering, and sterility
and that these phenotypes can be partially reversed by the
external application of GAs suggest that MeGAs are indeed in-
active in Arabidopsis as well. We also directly tested the activity
of MeGA, by applying it to the GAMT1-overexpressing lines and
saw no amelioration in the dwarf phenotype.
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Thus, methylation of GAs might be part of the mechanism
affecting the levels of active GAs in developing siliques and/or
seeds. It is possible that methylation of GAs is a step in the
irreversible deactivation of GAs, perhaps tagging it for further
catabolism by epoxidation, oxidation, or glycosylation, reactions
known to occur in other parts of the plant or other plant species
(Christmann and Doumas, 1998; Thomas et al., 1999; Zhu et al.,
2006). Methylated GAs have a more hydrophobic character, and
methylation thus may be necessary in part to allow the modified
GAs to diffuse through membranes to reach their site of degrada-
tion. The lack of detection of MeGAs in both wild-type siliques and
in leaves of plants overexpressing GAMT1 also suggests that
MeGAs are quickly converted to unknown metabolites, although a
more extensive analysis of possible metabolites of the methyla-
tion reaction is required before a firm conclusion about the fate of
MeGAs can be reached. The expression of GAMT1 and GAMT2 in
the siliques peaks at the later stages of silique development, when
the embryos in the siliques are nearing the end of their fast cell
division and elongation, a process that is controlled by GAs, further
suggesting a role for GAMT1 and GAMT2 in inactivation of GAs.

With some plant signaling molecules, methylation is known
to be a reversible process. For example, an esterase that con-
verts MeJA back to JA has been reported from tomato (Solanum
lycopersicum) (Stuhlfelder et al., 2004) and potato (Solanum
tuberosum) (accession number AY684102), and arelated enzyme
that hydrolyzes MeSA to SA has been reported from tobacco
(Forouhar et al., 2005). Interestingly, the GA receptor recently
reported from rice (Ueguchi-Tanaka et al., 2005) is a member of
the same o/B-hydrolase superfamily to which the MeSA and
MeJA esterases belong (Marshall et al., 2003), although it was
reported that the angiosperm GAreceptoris unlikely to be anactive
esterase. While it is possible that methylation of GAs, like GA
glycosylation (Schneider et al., 1992), is in some cases areversible
process in plants, the results of the ancymidol inhibition experi-
ments indicated that the wild-type Arabidopsis seeds were unable
to recover the GAs that had been lost due to the activities of
GAMT1 and GAMT2. Thus, the overall data we obtained in this
study tentatively suggest that the function of methylating GAs in
the developing seeds isin the irreversible inactivation of GAs. Since
both GAMT1 and GAMT2 are expressed mainly in the developing
siliques (including seeds), the enzymes they encode have partially
overlapping substrate specificities, and double mutants show
an additive effect of GAMT1 and GAMT2 expression on levels of
some GAs, it can be concluded that the two genes have partially
overlapping functions in silique and seed development. However,
the specific physiological role of GA methylation in siliques, seeds,
or in other parts of the plant remains to be determined.

METHODS

Plant Material and Growth Conditions

Wild-type Arabidopsis thaliana ecotype Col-0 was used in this study for all
experiments. Plants were grown in soil or on MS basal salt medium
containing 0.8 g/L agar with 12 h of light at 22°C and 12 h of dark at
18°C. cDNA clones and four SALK knockout mutant lines of GAMT1
(SALK_088960 and SALK_047730) and GAMT2 (SALK_109505 and
SALK_143728) with Col-0 background were obtained from the ABRC
(Alonso et al., 2003). Transgenic plants were obtained by Agrobacterium

tumefaciens—mediated floral dip transformation (Clough and Bent, 1998)
of wild-type plants (Col-0) with cDNA of GAMT1 or cDNA of GAMT2 in
sense orientation, driven by the cauliflower mosaic virus 35S promoter.
Promoter-GUS transgenic plants with Col-0 background were used for
histochemical analysis of GUS activity to monitor the expression pattern
under GAMT1- and GAMT2-specific promoters.

For the ancymidol treatment experiment, dry Arabidopsis seeds stored
for at least 1 month at room temperature were used. After sterilization,
50 to 100 seeds were placed on plates containing MS basal medium con-
taining various concentrations of ancymidol (Sigma-Aldrich). Plates were
placed at 4°C for 3 d and then transferred to a growth chamber at 22°C
and a light/dark regime of 14/10 h, respectively, for 2 weeks.

For the qRT-PCR experiments, germinating seeds were obtained by
placing seeds on soaked filter paper in the dark at 4°C for 3 d and then
transferring the plate to 22°C in constant light for 48 h. At this point, the
radicle began to protrude from the seeds and the material was harvested
for RNA extraction.

Screening of T-DNA Insertion Mutants

The T-DNA insertion sites in the GAMT1 and GAMT2 genes were verified
first by PCR (Siebert et al., 1995). For GAMT1, we used the genomic
primers GAMT1 forward (5'-GGGAAGAAGCTAGCCGTGATTGACG-3')
and GAMT1 reverse (5'-CCACCGAAGAGATTGCGGCGGCGATTG-3') to
characterize the insertion lines SALK_047730 (designated here as gamt1-1)
and SALK_088960 (designated as gamt7-2). For GAMT2, we used the
primers GAMT2 forward (5'-GCCGGAGTTTGAGGCTTTCTTCTGTG-3')
and GAMT2 reverse (5'-GTTTTCCGCCATCCGAGTTTAA-3’) to charac-
terize insertion lines SALK _143728 (designated here as gamt2-1) and
SALK_109505 (designated as gamt2-2). In these experiments, we also
used the T-DNA-specific primer LBB1 (5'-GCGTGGACCGCTTGCTG-
CAACT-3’). All PCR products were further verified by sequencing. Ho-
mozygous lines for the four mutants were confirmed by PCR with specific
primers and subsequent DNA gel blot analysis.

Plasmid Construction

cDNA of GAMT1 and GAMT2 (ABRC) were cloned into the GATEWAY
donor vector pDONR207 (Invitrogen). cDNA clones were transferred from
pDONR207 to a destination vector pCHF3 (gift from Jianming Li, Univer-
sity of Michigan) modified with a GATEWAY cassette (Invitrogen). For
expression of recombinant methyltransferases in Escherichia coli, cDNA
clones GAMT1 and GAMT2 were transferred to pET28A vector (Novagen,
EMD Biosciences), modified for GATEWAY.

RT-PCR and qRT-PCR Analyses

For RT-PCR analysis of the mutants, siliques half-way through maturation
were used for extraction of total RNA (Maes and Messens, 1992). First-
strand cDNA was synthesized by AMV reverse transcriptase (Promega)
with poly(T);g primer. PCR was performed with 1 uL of the first-strand cDNA
reaction. Specific forward and reverse primers for GAMT1 were 5'-GGG-
AAGAAGCTAGCCGTGATTGACG-3' and 5'-TACTACGCATGTTATGTA-
CATATA-3', respectively, and for GAMT2 5'-GCCGGAGTTTGAGGCTT-
TCTTCTGTG-3' and 5'-TTAAACTCGGATGGCGGAAAAC-3', respectively.

For qRT-PCR analysis, total RNA was isolated from different organs of
Arabidopsis and from siliques at different stages of development as de-
fined by Bowman (1994) using the RNA procedure described by Maes
and Messens (1992). The RNA was subjected to DNase treatment using
the DNA-free kit (Ambion), and first-strand cDNA was synthesized by
AMV reverse transcriptase with poly(T)18 primer in parallel with a neg-
ative control reaction in which no AMV reverse transcriptase was added.
All samples were brought to 100 p.L in volume, after which 1 pL was used
in a 20 L of gPCR reaction containing 20 mM Tris, pH 8.4, 50 mM KClI,
3 mM MgCl,, 5% DMSO, 250 uM deoxynucleotide triphosphate, 200 nM



primer, 0.5 units of Tag polymerase B (Promega), 1X CYBR-Green | dye
(Molecular Probes),and 10 nM fluorescein (Bio-Rad). GAMT1 and GAMT2
gene-specific primers were designed as follows: GAMT1 forward 5'-TGT-
TGTTTATGCTGATGGGTGGTC-3' and GAMTT reverse 5'-CGCAATCT-
CTTCGGTGGTTCTAA-3'; GAMT2 forward 5'-CGTCCTTCAGGCTCAA-
GTAGTC-3" and GAMT2 reverse 5'-CCCTATCTTGAAACCACCACAA-
CGGTC-3'. Amplification of the ubiquitin gene ubg10 (At4g05320) using
the forward primer 5'-AGGAGTCCACACTTCACTTGGTC-3" and the
reverse primer 5'-GGTGTCAGAGCTCTCTACCTCCA-3’ was used as
internal control. The gPCR was performed on an iCycler thermocycler
(Bio-Rad), with the following conditions: 95°C for 3 min, 50 cycles of 95°C
for 15s, 60°C for 30 s, and 72°C for 30 s, followed by a melting cycle of 55
to 95°C with an increasing gradient of 0.5°C, and a 10-s pause at each
temperature. All reactions were performed in duplicate. Data processing
was done by iCycler real-time detection system software (version 3.0).
cDNA of RNA from siliques at half-way through development was serially
diluted to generate the standard curve. Analyses of the melting curves
were performed to ensure amplification of one specific gene product. At
least three sets of independent experiments were performed to calculate
a mean value and standard deviation. The cycle threshold (Ct) values
generated by the iCycler software for each cDNA sample were used only
when they met the following parameters: significant difference in Ct
numbers between cDNA sample and the negative control was observed
and the melting curve of the PCR product generated by the melting cycles
was indicative of specific amplification.

Construction of Promoter-GUS Reporter Gene Fusion and
Histochemical Localization of GUS Activity

The upstream regions of GAMT1 and GAMT2 were amplified from ge-
nomic DNA of Arabidopsis, cloned into pTOPO-ENTR, and subsequently
transferred to pDW137 (Blazquez et al., 1997), modified for GATEWAY
cloning by LR clonase reaction (Invitrogene). For GAMT1, the forward
primer 5'-CACTTTGAAGAAGCGTGAGTGTAGGTAGTGC-3' and the re-
verse primer 5'-GTTGTAAATGTGTAAGAAAAGGTGTGAACG-3’ were used
to amplify a 1543-bp fragment upstream of the initiating ATG. For GAMT2,
the forward primer 5'-GGATGGATAAATAGAGACATCGATCTG-3' and
the reverse primer 5'-GCTCTGTCTCTTCTCTCTTATTGGAAGTTGTAG-3’
were used to amplify a 1300-bp fragment. Five independent transgenic
lines were obtained and tested for B-glucuronidase activity (Jefferson,
1987). Different plant organs were placed in staining solution containing
100 mM phosphate buffer, pH 7.0, 1 mM X-Gluc, 10 mM EDTA, 0.1%
Triton-X and incubated at 37°C overnight. Plant material was destained
with 70% ethanol. Cross-sectioning of GUS-stained siliques was per-
formed with the JB-4 Plus embedding kit (Polysciences) using a protocol
developed by Lee and Schiefelbein (2002).

Expression of GAMT1 and GAMT2 in E. coli and Protein Purification

Purification of GAMT1 and GAMT2 was performed by nickel-nitrilotriacetic
acid agarose purchased from Qiagen. The expression and the purification
procedure were performed by a modified procedure as described by
Zubieta et al. (2003), but the elution step was the final step. The N-terminal
His-tag was not cleaved for the subsequent methyltransferase assay.
Purified protein of GAMT1 was used for production of rabbit polyclonal
antibodies (Cocalico Biologicals).

Immunoblotting

Crude extracts were prepared from different stages of silique develop-
ment or different parts from Arabidopsis. Immunodetection was performed
using rabbit anti-GAMT1 polyclonal antibodies (1:2000 dilution). Goat anti-
rabbit IgG horseradish peroxidase conjugate (1:20,000 dilution) was used
as a secondary antibody. Subsequent chemiluminescence was detected

Gibberellin Methyltransferases 43

and exposed on Kodak BioMax XAR film using the Western Lightning
Chemiluminiscence Reagent Plus kit (Perkin-Elmer Life Sciences).

Methyltransferase Enzyme Assay

The enzyme assay contained 1 pL of purified enzyme (~0.5 pmol), 10 p.L
of assay buffer (250 mM Bis-Tris-propane-HCI, pH 8.0, and 25 mM KCI),
1 wL of various GA substrates (prepared as a 50 mM solution in ethanol),
0.5 pL of “C-SAM (58 mCi/mmol; Perkin-Elmer), and water to a final
volume of 50 pL. For a negative control, a boiled enzyme was used. The
samples were incubated at 30°C for 30 min (over which period the
reactions were linear), followed by extraction with 150 pL of ethyl acetate.
The tubes were vortexed and briefly centrifuged, and 50 pL of the ethyl
acetate phase were transferred to a scintillation vial containing 2 mL of
scintillation fluid (Econo-Safe Research Products International) and
counted in a scintillation counter (LS-6500 model; Beckman Coulter).
For product verification, the same assay was scaled up to 500 pL using
nonradioactive SAM for gas chromatography-mass spectrometry anal-
ysis or radioactive SAM for radioactive TLC. The nonradioactive products
were twice extracted with 0.5 mL of ethyl acetate, dried under N, flow,
and sylilated with 45 pL of pyridine and 60 pL of BSTFA (Sigma-Aldrich)
for 30 min at 80°C and analyzed via the Shimadzu 5000 gas chromato-
graph—-mass spectrometer. Separation was performed on an Altech EC-5
column (30 m X 0.32 mm X 1 um). Helium was the carrier gas (flow rate of
2 mL min—"), a splitless injection (3 wL) was used, and a temperature gra-
dient of 4.5°C min—" from 70°C (5-min hold) to 310°C was applied. The identi-
ties of methylated and sylilated GAs were determined by comparison of
retention time and mass spectra to authentic sylilated standards.

Radioactive TLC was performed for all GAs described in the biochem-
ical experiments as putative substrates for GAMT1 and GAMT2. A devel-
oping solution of chloroform and methanol in aratio of 9:1 v/v was used as
described by Roberts et al. (1999). The retention time of obtained radio-
active products was compared with nonradioactive standards (prepared
by L. Mander) or methylated GA standards with (trimethylsilyl)diazometh-
ane (Sigma-Aldrich). For visualization of the nonradioactive GAs and their
methylesters, the TLC plate was sprayed with sulfuric acid:ethanol (1:20 [v/v])
and then heated at 110°C for 10 min (Roberts et al., 1999).

Characterization of GAMT Kinetic Parameters

In all enzyme activity measurements, appropriate enzyme concentrations
and incubation times were chosen so that the reaction velocity was linear
during the incubation time period, and at least three replicates were
performed. To determine the K, value for each substrate (GA and SAM),
one substrate concentration was fixed at a saturated level (1 mM), and the
concentration of the other substrate to be measured was varied. Nine
different concentrations were used. Lineweaver-Burk plots were per-
formed to obtain the K, and K, values.

To measure the pH optimum for GAMT activity, the reactions were
performed in 50 mM Bis-Tris-propane-HCI buffer ranging from pH 6.0 to
9.5. Temperature stability of GAMT1 and GAMT2 was determined by
incubating the enzymes at temperatures ranging from 4 to 65°C for 30 min
and then chilling the samples on ice, followed by enzyme assays at 28°C.

Enzyme assays were performed with the following cations present in
the assay buffer at the final concentration of 1 to 10 mM: Ca?+, Cu?+, Fe?+,
Fe3+, K2+, Mg2+, Mn2+, Na*+, NH,*, and Zn2+,

GA and MeGA Measurements

Seeds from Arabidopsis Col-0 of the wild type, gamt1, gamt2, and gamt1
gamt2 mutants, and overexpressing lines were sown in a Petri dish with
MS medium supplemented with 10% sugar. After 2 weeks at 23°C, the
seedlings were transplanted to soil and the plants were grown in a growth
chamber at 23°C. For GA measurements for plants overexpressing
GAMT1 and GAMT2, the aerial parts of plants that have just begun to
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flower were collected. For GA measurements of siliques, siliques of devel-
opmental stages 5, 6, and 7 were collected.

Quantitative analysis of GAs for the first set of GAMT1-overexpressing
lines and their wild-type control (Table 3) was performed by GC-SIM
using 2H-labeled GAs as internal standards as described previously
(Gawronska et al., 1995). Briefly, an ethylacetate-soluble fraction con-
taining GAs was subjected to HPLC purification using a reverse-phase
column (Capcell Pak C18 SG120; Shiseido Fine Chemicals). When nec-
essary, GA-containing fractions were then purified through another round
of HPLC using an ion exchange column (Senshu Pak N[CHg],, 1151-N;
Senshu Scientific). The purified fractions were subjected to GC-SIM anal-
ysis using a mass spectrometer (Automass Sun; JEOL) equipped with a
gas chromatograph (6890N; Agilent Technologies) and a capillary column
(DB-1; Agilent Technologies) after derivatization.

GA measurements for other samples (Table 3, Figure 9) were con-
ducted by liquid chromatography-selected reaction monitoring using
2H-labeled GAs as internal standards. We used a liquid chromatography
tandem mass spectrometry system consisting of a quadrupole/time-of-
flight tandem mass spectrometer (Q-Tof Premier; Waters) and an Acquity
Ultra Performance liquid chromatograph (Waters) equipped with a re-
verse-phase column (Acquity UPLC BEH-C18; Waters). Approximately
200 mg (dry weight) of lyophilized plant materials were used for each
measurement. Details about the purification procedures and LC-MS/MS
analysis conditions are described in Supplemental Methods and Sup-
plemental Table 1 online.

Endogenous MeGAs were analyzed using 2H-labeled MeGAs as inter-
nal standards by GC-SIM after derivatized to TMSi ester. Purification
procedures of MeGAs from plant extracts are described in detail in the
Supplemental Methods online.

Accession Numbers

The Arabidopsis Genome Initiative locus identifiers for genes mentioned
in this article are as follows: GAMT1 (At4g26420), GAMT2 (At5g56300),
and IAMT1 (At5g55250). The updated annotation of At4g26420 will be
available from TAIR and NCBI following the next genome release (TAIR7)
scheduled for January, 2007.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure 1. Gas Chromatography-Mass Spectrometry
of Authentic MeGA,o and the Product of the Methylation Reaction
Catalyzed by GAMT1 and Using GAyq as the Substrate.

Supplemental Figure 2. Analysis of MeGAs in Wild-Type Siliques by
GC-Selected lon Monitoring Using [2H;]MeGAs as Internal Standards.

Supplemental Figure 3. Quantification of GAs by Selected Reaction
Monitoring Using LC-MS/MS.

Supplemental Table 1. Parameters for GA Measurements by LC-MS/
MS Analysis.

Supplemental Methods.
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