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The plant SABATH protein family encompasses a group of related small-molecule methyltransferases (MTs) that catalyze the
S-adenosyl-L-methionine-dependent methylation of natural chemicals encompassing widely divergent structures. Indole-3-
acetic acid (IAA) methyltransferase (IAMT) is a member of the SABATH family that modulates IAA homeostasis in plant tissues
through methylation of IAA’s free carboxyl group. The crystal structure of Arabidopsis (Arabidopsis thaliana) IAMT (AtIAMT1)
was determined and refined to 2.75 A resolution. The overall tertiary and quaternary structures closely resemble the two-domain
bilobed monomer and the dimeric arrangement, respectively, previously observed for the related salicylic acid carboxyl
methyltransferase from Clarkia breweri (CbSAMT). To further our understanding of the biological function and evolution of
SABATHS, especially of IAMT, we analyzed the SABATH gene family in the rice (Oryza sativa) genome. Forty-one OsSABATH
genes were identified. Expression analysis showed that more than one-half of the OsSABATH genes were transcribed in one or
multiple organs. The OsSABATH gene most similar to AHIAMT1 is OsSABATH4. Escherichia coli-expressed OsSABATH4 protein
displayed the highest level of catalytic activity toward IAA and was therefore named OsIAMT1. OsIAMT1 exhibited kinetic
properties similar to AtIAMT1 and poplar IAMT (PtIAMT1). Structural modeling of OsIAMT1 and PtIAMT1 using the
experimentally determined structure of AtIAMT1 reported here as a template revealed conserved structural features of IAMTs
within the active-site cavity that are divergent from functionally distinct members of the SABATH family, such as CbSAMT.
Phylogenetic analysis revealed that IAMTs from Arabidopsis, rice, and poplar (Populus spp.) form a monophyletic group. Thus,
structural, biochemical, and phylogenetic evidence supports the hypothesis that IAMT is an evolutionarily ancient member of the
SABATH family likely to play a critical role in IAA homeostasis across a wide range of plants.

A group of structurally and phylogenetically related
methyltransferases (MTs), called the SABATH family,
was recently identified in plants (D’Auria et al., 2003).
Biochemically characterized members of the SABATH
family methylate the nitrogen atom or carboxyl groups
found in a variety of plant small molecules. Salicylic
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acid (SA) MT (SAMT), the first characterized member
of the family, catalyzes the formation of methyl salic-
ylate (MeSA) from salicylic acid (SA) and S-adenosyl-
L-Met (SAM; Ross et al., 1999; Negre et al., 2002). Benzoic
acid (BA) MT (BAMT) uses BA to produce methyl
benzoate (MeBA; Murfitt et al., 2000). Some SABATH
proteins possess dual functionality exhibiting both
SAMT and BAMT activity and are therefore called
BSMTs (Chen et al., 2003; Pott et al., 2004). Both MeSA
and MeBA are components of the floral scents of some
plants and are also produced by vegetative parts of
plants in response to environmental challenge (Chen
et al., 2003).

Jasmonic acid (JA) MT (JMT) accepts jasmonate as a
substrate to produce methyl jasmonate. In Arabidopsis
(Arabidopsis thaliana), the [MT gene is involved in plant
defense (Seo et al., 2001). Farnesoic acid (FA) MT
(FAMT) converts FA to methyl farnesoate. Arabidopsis
FAMT (AtFAMT) was identified using high-throughput
biochemical assays (Yang et al., 2006). Gene expression
analysis suggests that the AtFAMT gene, like other
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members of the SABATH gene family, has an as-yet
unidentified role in plant defense (Yang et al., 2006).
Indole-3-acetic acid (IAA) MT (IAMT) catalyzes the
methylation of the free carboxyl end of the plant hor-
mone IAA. JAMT has been characterized in Arabidop-
sis (Zubieta et al., 2003) and poplar (Populus spp.; Zhao
et al., 2007). Genetic analysis suggests the Arabidopsis
IAMT (AtIAMT1) gene plays a role in leaf develop-
ment (Qin et al., 2005). More recently, gibberellic acid
(GA) methyltransferases (GAMTs) were shown to
specifically methylate several types of GAs (Varbanova
et al., 2007).

In addition to carboxyl MTs, the SABATH family
includes a number of nitrogen-directed MTs involved
in caffeine biosynthesis (Ogawa et al., 2001). Caffeine
(1,3,7-trimethylxanthine) is an alkaloid secondary me-
tabolite produced by certain plant species, with coffee
(Coffea arabica) and tea (Camellia sinica) being the best
known. Caffeine is synthesized from xanthosine after
three nitrogen-directed methylation steps, catalyzed
by xanthosine MT (XMT), 7-methylxanthine MT (theo-
bromine synthase), and 3,7-methylxanthine MT (caf-
feine synthase), respectively (Ashihara et al., 1996). A
number of genes encoding these enzymes have been
isolated from coffee (Ogawa et al., 2001; Mizuno et al.,
2003) and tea plants (Kato et al., 2000; Yoneyama et al.,
2006). Sequence analysis showed that all of these genes
belong to the SABATH family (Yoneyama et al., 2006).

The continued identification and biochemical char-
acterization of SABATH proteins will greatly benefit
from the identification of the structural features re-
sponsible for substrate recognition that must have
undergone evolutionary variation to refine their selec-
tivity toward specific small molecules critical to plant
development and survival in a variety of ecological
niches. To date, the three-dimensional crystal structure
of three SABATH proteins has been determined, in-
cluding Clarkia breweri SAMT (Zubieta et al., 2003),
coffee XMT, and 3,7-methylxanthine MT (McCarthy
and McCarthy, 2007). In addition, the three-dimensional
structure of the active site of CbSAMT served as a
useful template for constructing homology models of
the active sites of other SAMTs (Pott et al., 2004) as well
as the active sites of functionally distinct members of
the SABATH family, including IAMT (Zubieta et al.,
2003; Qin et al., 2005) and FAMT (Yang et al., 2006).
These analyses provided useful insights into the struc-
tural basis for natural variations of substrate specific-
ity among SABATH proteins. Nonetheless, to more
accurately identify the structural determinants respon-
sible for substrate specificity among SABATH proteins,
an experimentally determined three-dimensional struc-
ture for each member of the SABATH family is necessary,
particularly when subtle structural rearrangements or
insertions and deletions occur within the core primary
sequence of the growing family of SABATH enzymes.
This task is particularly daunting because a large num-
ber of SABATH sequences have been found in many
plant genomes through genomic and EST sequencing
projects (D’Auria et al. 2003; F. Chen, unpublished
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data). Comparative genomic analysis of SABATH genes
in these plant species, in particular, identification of
orthologous genes and determination of the substrate
specificity of the enzymes they encode, will also aid in
providing useful insight into the evolution of SABATH
proteins within and among plant species and the
physiological relevance of small-molecule methylation
reactions in plant growth and development.

Here, we report the determination of the three-
dimensional structure of Arabidopsis IAMT, the bio-
chemical analysis of IAMT from rice (Oryza sativa), as
well as the phylogenetic analysis of the entire SABATH
family from rice and Arabidopsis. The three-dimensional
structure of Arabidopsis IAMT was further used to
model the active site of rice IAMT, as well as of poplar
IAMT, whose biochemical activity has recently been
demonstrated (Zhao et al., 2007).

RESULTS
Three-Dimensional Architecture of AtIAMT1

The overall structure of AtIAMT1 (Fig. 1) is similar
to CbSAMT (Zubieta et al., 2003; Fig. 2), with a root-
mean-square distance (rmsd) for aligned a-carbons of
2.0 A (rmsd calculated after structural alignment using
the DALI server; www.ebi.ac.uk/dali). The monomer
fold comprises two clearly delineated domains, a
C-terminal catalytic domain involved in SAM/S-adenosyl-
L-homo-Cys (SAH) and substrate binding, comprising
residues 149 to 374 (a-helices a4-all; 3, helix n1;
B-strands B4-37; Fig. 3), and an N-terminal capping
domain spanning residues 1 to 148 (a-helices al-a3;
B-strands B1-B3; Figs. 3 and 4) involved in dimer for-
mation, a portion of which extends over the carboxyl-
bearing substrate (Zubieta et al., 2003) to orient the
methyl acceptor near SAM. The SAM-binding C-terminal
domain possesses the commonly observed a/B-fold of
a large superfamily of SAM-dependent MTs that di-
verge in the number and size of accessory domains (Fig. 1).

The quaternary structure of AtIAMT1 (one homo-
dimer observed per asymmetric unit; Fig. 1) again is
shared with CbSAMT (Zubieta et al., 2003). The sur-
face area buried in the dimerization interface is about
1,025 A%, which represents only 6.3% of the total sur-
face area of each monomer. As in CbSAMT, and unlike
most of the plant small-molecule O-MTs structurally
characterized to date (Zubieta et al., 2001, 2002), the
dyad-related monomer of IAMT does not contribute to
the active site of its partner molecule (Fig. 1).

The first 49 residues of AtIAMT1 in this particular
set of crystal structures form a mobile loop. In fact,
recognizable electron density attributable to residues
1 to 24 is noticeably absent from the refined AtIAMT1
crystal structure, which also lacks a bound IAA sub-
strate. The mobile active-site capping loop in CbSAMT
equivalent to residues 1 to 24 in AtIAMT1 closes the
active site, forming a series of interatomic interactions
with the carboxyl group of the bound salicylate sub-
strate (Zubieta et al., 2003).
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Active-Site Topology of AtIAMT1

As expected from sequence alignments, the residues
of AtIAMT1 likely to interact with the carboxyl moiety
of the IAA substrate are strictly conserved with respect
to CbSAMT. These residues include Lys-10, GIn-25 (not
observed in electron density and located on the mobile
N-terminal active-site capping loop), and Trp-162
(Trp-151 in CbSAMT). The majority of the carboxyl-
bearing substrate-binding pocket in AtIAMT1 is no-
ticeably hydrophobic and rich in aromatic residues as
previously seen in CbSAMT (Fig. 4). Residues include
Phe-158 (Tyr-147 in CbSAMT), Leu-226 (Leu-210 in
CbSAMT), Leu-242 (Ile-225 in CbSAMT), Phe-243
(Trp-226 in CbSAMT), Val-326 (Val-311 in CbSAMT),
and Phe-364 (Phe-347 in CbSAMT).

Identification of the SABATH Gene Family in Rice

To identify the complete SABATH gene family from
the fully sequenced rice genome (International Rice
Genome Sequencing Project, 2005), the protein se-
quence of CbSAMT was initially used to search the
genome sequence database of rice using the BLASTP
algorithm (Altschul et al., 1990). The new SABATH-
like sequences detected were in turn used reiteratively
to search the same sequence database. Through this it-
erative sequence search, 41 sequences encoding pro-
teins bearing significant similarity to known SABATH
proteins were identified in the rice genome (Supple-
mental Table S1). It should be noted that, among the 41
OsSABATH sequences, 15 of them appear to encode
proteins shorter than 300 amino acid residues. Some of
the shorter proteins may be due to inaccurate annota-
tion (Rouze et al., 1999) and some of them may rep-
resent pseudogenes. Some of the genes annotated to
encode proteins over 350 amino acid residues in length
may also be pseudogenes, as shown in Supplemental
Figure S1. Additional efforts to characterize these genes
will clarify whether individual OsSABATH sequences
code for intact genes or pseudogenes.

Mapping the physical locations of the 41 OsSABATH
genes revealed that these genes are scattered on seven
chromosomes that include chromosomes 1, 2, 4, 5, 6,
10, and 11 (Fig. 5). More than one-half of the OsSABATH
genes (22) are localized on chromosome 6. In contrast,
chromosomes 3, 5, and 10 each contain only one
SABATH gene. Twenty-two OsSABATH genes are lo-
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Figure 1. Ribbon diagram of the AHAMT1 dimer. A,
Front view. B, Top view. The two monomers are rep-
resented in magenta and cyan, respectively. SAH is
represented as yellow sticks. This figure was produced
with PyMOL (www.pymol.org).

calized in six clusters in which OsSABATH genes are
adjacent or separated by one unrelated gene. Cluster C6
contains eight OsSABATH genes (Fig. 5).

Expression Analysis of OsSABATH Genes

To obtain information on the biological processes in
which OsSABATHs may be involved, comprehensive
gene expression analyses using semiquantitative re-
verse transcription (RT)-PCR were performed for all
OsSABATH genes using gene-specific primers. PCR
employing rice genomic DNA as template was con-
ducted to confirm the effectiveness of the primers used
in RT-PCR. Gene expression analyses were performed
with leaves, roots, and stems from 1-month-old seed-
lings, panicles from 4-month-old flowering plants, and
germinating seeds.

In these experiments, results for different genes in
the same organ are directly comparable because an
identical aliquot of cDNA from the original RT reaction
was used in each PCR. To determine whether equal
amounts of cDNA were used in the reactions involving
different organs, we also performed RT-PCR with primers
designed to detect actin mRNA. After RT-PCR, amplified
fragments from mRNAs of 23 of the 41 OsSABATH
genes were obtained from at least one organ (Fig. 6).

Figure 2. Superposition of CbSAMT and AtIAMT1 (magenta). SAH and
IAA (from docking calculations) are represented as green and yellow
sticks, respectively. The mobile N-terminal active-site capping loop, the
N-terminal cap-like domain, and the C-terminal SAM/substrate-binding
domain of CbSAMT are colored red, orange, and cyan, respectively.
This figure was produced with PyMOL (www.pymol.org).
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Figure 3. Molecular surface view of the
active site of AHAMTT (A) and CbSAMT
(B). In B, residues 1 to 24, 307, and 311
are omitted. This figure was produced
with PyMOL (www.pymol.org).

Expression of 20 genes was detected in roots, 13 genes
in stems, 16 genes in leaves, 16 genes in panicles, and
10 genes in germinating seeds. Nine genes showed
expression in all tissues examined. In contrast, 16 genes
exhibited no expression in any of the tissues examined.

Identification of OsIAMT1 and Its
Biochemical Properties

The rice SABATH gene that is most similar to
AtIAMT1 is OsSABATH4. OsSABATH4 encodes a pro-
tein spanning 404 amino acid residues with a calculated
molecular mass of 43.8 kD. At the amino acid sequence
level, OsSABATH4 is 61% identical to AtIAMT1. To
determine whether this gene encodes rice IAMT, full-
length cDNA of OsSABATH4 was cloned and protein
expressed in Escherichia coli. The protein was purified
and tested with a group of potential substrates, includ-
ing IAA, indole-3-butyric acid (IBA), SA, JA, FA, and
GA. Dichlorophenoxyacetic acid (2,4-D), a synthetic
compound structurally highly similar to IAA, was also
tested as a substrate. OsSABATH4 displayed the high-
est level of catalytic activity with IAA, exhibiting spe-
cific activity of 504 = 31 pkat/mg protein. The enzyme
also displayed activity with IBA and 2,4-D, but only at
2% and 5% levels of the activity measured with IAA,
respectively (AtIAMT, tested for comparative purposes,
possessed 12% and 30% of the activity with IBA and
2,4-D compared with its activity measured using IAA
as a substrate, respectively). OsSABATH4 exhibited no
activity with SA, JA, FA, and GA used as substrates
(AtIAMT also had no activity with these substrates).
The substrate specificity of the protein encoded by
OsSABATH4Y is therefore very similar to AtIAMT. Be-
cause we have not yet analyzed all rice SABATH pro-
teins and cannot rule out the possibility that other
OsSABATHs also possess IAMT activity, we named
OsSABATH4 OsIAMT1.

To determine the chemical structure of the product of
OsIAMT1, the compound produced from the OsIAMT1
enzyme assay with IAA as a substrate was extracted
with hexane and analyzed using gas chromatography
(GC)-mass spectrometry (MS). As shown in Figure 7,
the product showed the same retention time and mass
fragmentation spectrum as the authentic methyl indole-
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3-acetate (MelAA) standard, confirming that OsIAMT1
catalyzes the formation of MelAA using SAM as a
methyl donor and TAA as a methyl acceptor.

To determine the pH optimum of the enzymatic
assays, OsIAMT1 was assayed with IAA at buffers
with differing pH values between pH 6.5 to pH 10.0.
The optimal pH was determined to be pH 7.5. At pH
6.5, the enzyme showed 20% of its maximal activity. At
pH 9.0, the activity was 30% of the maximum. As
observed for other SABATH proteins that have been
biochemically characterized, OsIAMT1 activity can be
affected by metal ions. K*, NH4+, and Na®* all stimu-
lated OsIAMT1 activity by more than 1.5-fold. Inclu-
sion of Ca** or Mg*" resulted in an approximately 15%
reduction in OsIAMT1 activity. In contrast, Mn?*,
Cu”", Fe**, Fe’*, and Zn*" all had a strong inhibitory
effect on OsIAMT1 activity, reducing OsIAMT1 activity
by more than 95%. Kinetic parameters for OsIAMT1
were also determined. Under steady-state conditions,
OsIAMT1 exhibited K, values 0of 17.9 = 1.2 umand 7.3 =
0.4 um for IAA and SAM, respectively, and a k_, of
0.025 = 0.0001 s ™.

Molecular Modeling of Rice and Poplar IAMTs

Homology models of OsIAMT1 (Fig. 8B) and PtIAMT1
(data not shown) were built with modeler (Sali and
Blundell, 1993) based on the experimental AtIAMT1
structure reported here (PDB ID 3B5I). These models
show a high degree of similarity of the overall struc-
ture among AtIAMT1, OsIAMT1, and PtIAMT1 (Fig.
8), which is a predictable consequence of the protein
sequence similarity. Furthermore, these models also
exhibit the hydrophobic residues that form the sub-
strate-binding site previously observed in AtIAMT1
(Phe-158, Leu-226, Leu-242, Phe-243, Val-326, and Phe-
364 in the AtIAMT1 sequence; Fig. 4).

Phylogenetic Analysis of SABATHs

Arabidopsis was the first plant species in which the
complete SABATH gene family was identified (Chen
et al., 2003; D’Auria et al., 2003). To understand the
evolutionary relationships among SABATH proteins, a
phylogenetic tree containing the entire set of rice and
Arabidopsis SABATH proteins and selected SABATH

Plant Physiol. Vol. 146, 2008
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Figure 4. Structure-based sequence alignment of IAMTs and CbSAMT. Blue frames indicate conserved residues, white characters
in red boxes indicate strict identity, and red characters in white boxes indicate similarity. The secondary structure elements
indicated above the alignment are those of AttAMT1, whose structure has been experimentally determined and described here.
Residues indicated with *“ & below the alignment are SAM/SAH-binding residues. Residues indicated with “*"” are residues that
interact with the carboxyl moiety of IAA. Residues indicated with “/#” interact with the aromatic moiety of the substrate and are
important for substrate selectivity. CoSAMT, C. breweri SAMT (Ross et al., 1999); PUAMT1, poplar IAMT (Zhao et al., 2007);
OsIAMT1, rice IAMT (this study). This figure was prepared with ESPript (Gouet et al., 1999).

proteins from other plants was constructed (Fig. 9).
When only SABATHs from rice are considered, 41
OsSABATHSs group into three clades (I, II, and III).
Clade I contains 23 OsSABATHSs, subdivided into
two subclades. One subclade contains the majority of
the OsSABATH genes found on chromosome 6. The
other subclade contains all OsSABATH genes localized
on chromosome 11. When OsSABATH proteins and
AtSABATH proteins are analyzed together, five clades
emerge. Clade I appears to be rice specific. In contrast,
clades III and V contain only Arabidopsis SABATHSs.
Considering known Arabidopsis SABATH proteins,
AtFAMT resides in clade III and AtBSMT resides in
clade V. Clades II and IV contain SABATHSs from both
Arabidopsis and rice. Two AtSABATH proteins, in-
cluding AtJMT and 10 OsSABATHS, cluster in clade
II. Three AtSABATHs (AtIAMT1, AtGAMTI1, and
AtGAMT?2) and eight OsSABATHs localize in clade IV.

Plant Physiol. Vol. 146, 2008

Previously identified SABATH proteins from other
plants group in clades II, IV, and V (Fig. 9). CbSAMT
and SAMTs isolated from snapdragon (Antirrhinum
majus), Stephanotis floribunda, and Nicotiana suaveolens
sit in clade II. Snapdragon BAMT and coffee caffeine
synthase (CCS1) reside in clade V. Notably, AtIAMT1,
OsIAMT1, and PtIAMT1 form a monophyletic group,
which is closely related to putative SABATHSs identi-
fied from gymnosperm species (Fig. 9).

DISCUSSION

Structural Basis for Substrate Specialization of
SABATH Proteins

The previously determined CbSAMT structure was
obtained with SAH (demethylated SAM) and salicy-
late bound in the active site. The AtIAMT1 structure
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Figure 5. Chromosomal location of OsSABATH genes. Forty-one OsSABATH genes are localized on seven chromosomes (1, 2,
4,5,6,10, and 11). Twenty-two genes are situated in six clusters (C1-C6). In each cluster, neighboring genes are found either as
tandem repeats or separated by one gene that is not a SABATH family member.

obtained and described in this article has only SAH
and no visible IAA bound to its active site. The absence
of well-defined electron density for the N-terminal
active-site capping loop in the current structure of
AtIAMT1, whereas the same loop is well ordered in
the previously published CbSAMT structure, suggests
that this polypeptide segment acts as a dynamic lid to
lock down substrates and desolvate the carboxyl group
undergoing methylation. This hypothesis is supported
not only by the apparent mobility of the capping loop,
which allows substrate entry, but also by the absolute
conservation of the capping-loop residues interacting
with the substrate’s carboxyl moiety, including Lys-10
and GIn-25. Through hydrogen bonding interactions,
these residues ensure that water molecules solvating
the carboxyl group and reducing its reactivity are elim-
inated. This desolvation mechanism is a prerequisite
for enhancing the intrinsic reactivity of the negatively
charged carboxyl oxygen now abutting the electrophilic
methyl group of bound SAM. Moreover, 42% of the
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residues located on the mobile loop (1-24) are strictly
conserved among the four MTs shown in Figure 4.
Interestingly, standard sequence alignments and
homology-based models calculated from the previ-
ously published CbSAMT structure predict that Trp-
226 of CbSAMT is replaced by Gly-244 in AtIAMTI,
leading to an intuitively simple explanation for the
IAA specificity of IAMT1 (Zubieta et al., 2003). How-
ever, as a warning against over-reliance on homology
models even for proteins possessing a high degree of
sequence identity/similarity, it was observed in the
experimentally determined AtIAMT1 crystallographic
structure that loop o5 is shifted by one residue com-
pared to the sequence alignments, thus superimposing
Phe-243 of AtIAMT1 with Trp-226 of CbSAMT. This
significant readjustment of the actual structure relative
to the previously published homology model (Zubieta
et al., 2003) leaves little room in this portion of the
active site compared to CbSAMT. The more restricted
AtIAMT1 active site relative to the original homology

Plant Physiol. Vol. 146, 2008
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Figure 6. Expression analysis of rice SABATH genes. Total RNA was extracted from leaves, stems, and roots of 2-week-old
seedlings, panicles from 4-month-old plants, and germinating seeds, and used for RT-PCR. Numbers 1 to 41 on the top of the
figure denote OsSABATH 1 to OsSABATH41. Expression of an actin gene (A) was used as an internal control. PCR using rice

genomic DNA as template was also performed.

model based on CbSAMT suggests that, in AtIAMT1,
the IAA substrate will assume quite a different con-
formation to avoid a clash of the indole ring of IAA
with Phe-243.

To build a model of IAA bound to AtIAMT1 that
takes into account the differences between the IAMT
and SAMT active sites noted here, in silico docking
techniques were used. The first attempts to computa-
tionally calculate a binding orientation for IAA with-
out spatial restraints failed. This lack of initial success
is likely due to the absence of the critical N-terminal
active-site capping loop responsible for highly specific
interactions with the carboxyl moiety of bound sub-

A

3

strates. A second computational attempt was under-
taken, this time using hard constraints to ensure that
one oxygen of the carboxyl group is located within the
appropriate distance for methyl transfer from SAM,
and within a sphere of 1 A diameter centered on the
equivalent position in CbSAMT complexed with salic-
ylate. The resulting docking model with favorable
docking scores show that the indole ring of IAA points
away from Phe-243 and forms energetically favorable
van der Waals and aromatic-aromatic interactions
with Phe-158 and Phe-364 (Figs. 3A and 8).

Based on these computational results, Phe-158, Pro-
303, and Ser-322 appear to be primarily responsible for

Figure 7. GC-MS analysis of the prod-
uct of the enzyme assay catalyzed by
recombinant OstlAMT1 protein with
IAA as the substrate. A, GC chromatogram
of the hexane extract of an OsIAMT1
enzyme assay with IAA and the mass
fragmentation spectrum of the methyl-
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ated product. B, GC chromatogram of a
MelAA authentic standard and its mass
fragmentation spectrum.
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Figure 8. A, Comparison of AtIAMT (magenta) and CbSAMT (orange)
active sites. B, Comparison of the active sites of AHAMT1 (magenta) and
a homology model of OsIAMT1 (wheat). The latter was calculated with
a modeler (Sali and Blundell, 1993) based on the experimentally
determined AtIAMTT structure (magenta). Secondary structures are
represented as ribbons and most of the active-site residues involved in
substrate recognition are represented as filled and color-coded bonds.
SAH is represented as green sticks, IAA as yellow sticks, and SAH as
orange sticks. This figure was produced with PyMOL (http://www.pymol.
org).

the IAA specificity of AtIAMT1, with Ser-322 possibly
involved in forming a specific hydrogen bond with the
indole ring nitrogen of IAA (upon rotation with re-
spect to the Ca-CgB bond; Oy atom of Ser-322 resides as
close as 2.9 A from the indole nitrogen atom). Indeed,
all three residues contribute to the IAA-binding pocket
and, based on structure-based sequence alignments,
are conserved residues in the three IAMTs listed and
are consistently different in SAMTs (Figs. 3 and 4).

Biological Roles of IAMTs

IAA is the most abundant and active endogenous
auxin in higher plants (Leyser, 2002). It modulates
diverse aspects of plant growth and development, in-
cluding embryogenesis, lateral and adventitious root
formation, and induction of vascular differentiation
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(Teale et al., 2006). Methylation of IAA is likely to have
multiple biological consequences. OsIAMT1, AtHAMT1,
and PtHIAMTTI all exhibited expression in multiple tis-
sues (Fig. 6; Qin et al., 2005; Zhao et al., 2007), suggesting
that IAMT is involved in a variety of biological pro-
cesses. AtIAMT1 was shown to play a role in leaf devel-
opment (Qin et al., 2005). AHIAMT1 exhibited ubiquitous
expression in young leaves and edge-specific expres-
sion in old leaves. Down-regulating AtIAMT1 expres-
sion leads to dramatic epinastic leaf phenotypes (Qin
et al., 2005). Poplar IAMT1 also showed higher expres-
sion in young leaves than old leaves (Zhao et al., 2007).
Additionally, PtHAMTT1 also displayed high expression
levels in stems. Because IAA is involved in secondary
wood development (Moyle et al., 2002), it was hypoth-
esized that PtIAMT1 may serve a critical role in xylem
formation in perennial woody species (Zhao et al.,
2007).

OsIAMTT1 also exhibited expression in multiple tis-
sues. OsIAMT1 showed high levels of expression in roots
and panicles (Fig. 6). In rice, IAA plays critical roles in
root development, including elongation of the primary
roots, initiation and elongation of lateral roots, forma-
tion of adventitious roots, and root gravitropism (Chhun
etal., 2003). Although the mode of action in these cases
is not well understood, the concentration of IAA ap-
pears to be important in regulating IAA activity in rice
roots (Wang et al., 2003). The presence of OsIAMT1
transcripts in rice roots suggests that OsIAMT1 is
involved in root development by regulating the ho-
meostasis of IAA in the tissue. IAA also appears to
play a role in rice grain development. During grain fill-
ing, dramatic reduction in the levels of IAA in panicles
has been observed (Yang et al., 2000). The high level of
OsIAMTT1 transcripts in rice panicles (Fig. 6) implies
that OsIAMTT1 is involved in the reduced level of IAA
found there. Expression of IAMTs in leaves of different
plant species suggests that their function in leaf de-
velopment may be evolutionarily conserved. Their diver-
gent expression patterns in certain tissues, for instance,
high expression levels in poplar stems and very low
expression levels in rice stems, imply that JAMTs may
also have acquired lineage-specific roles in different
plant species.

Evolution of the SABATH Gene Family

Rice is the second plant species, after Arabidopsis,
in which the entire SABATH gene family has been
identified. The size of the OsSABATH family, 41 mem-
bers, is larger than that of the AtSABATH family, which
contains 24 members (D’Auria et al., 2003). In contrast
to AtSABATH genes, which are localized on all five chro-
mosomes, the 41 OsSABATH genes are localized on 7 of
the 12 chromosomes found in rice (Fig. 5). Notably,
about one-half of the OsSABATH genes are localized
in clusters in which OsSABATH genes are organized as
tandem repeats. This observation suggests that local
duplication of OsSABATH genes contributes substan-
tially to the large size of the OsSABATH family.

Plant Physiol. Vol. 146, 2008
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site.

The majority of OsSABATH genes were transcribed
under normal growing conditions (Fig. 6). Some of
these genes, such as OsSABATH?29, appear to have roles
in the general biology of rice plants because they are
expressed in all tissues examined. Other OsSABATH
genes, such as OsSABATH19, may have a tissue-specific
role because they are expressed only in some tissues.

Plant Physiol. Vol. 146, 2008

Expression analysis of OsSABATH genes in leaves,
roots, and stems presented here was done with tissues
from 1-month-old plants. It will be interesting to ex-
amine the developmental regulation of expression of
these genes in various tissues. Genes that showed no
expression in any of the tissues examined may be
expressed under stress conditions. In addition, some
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of the expressed genes may be up-regulated by stress
factors. Detailed expression analysis of OsSABATH
genes is still needed to understand the biological roles
of OsSABATH genes. Elucidating the biochemical
functions of OsSABATH proteins will also be critical
for understanding their biological roles. Identification
of the complete family of SABATH genes in rice pro-
vides unprecedented opportunities for cross-species
analysis of the SABATH gene family. Phylogenetic anal-
yses of all rice and Arabidopsis SABATHSs suggests
that the expansion of the SABATH families in rice and
Arabidopsis occurred after the split of the two lineages.
It will be interesting to test whether some rice and
Arabidopsis SABATHs catalyze divergent biochemical
reactions that contribute to the unique biology and
ecology of rice and Arabidopsis plants, respectively.
Among all OsSABATHs and AtSABATHs, OsIAMT1
is most related to AtIAMT1, implying that they are
likely orthologous genes. In contrast, whether the rice
genome encodes AtSABATH proteins with the same
catalytic activity as AtJMT, AtBSMT, and AtFAMT,
respectively, is difficult to predict from this phyloge-
netic analysis because each of them is more related to
other AtSABATHs than to any OsSABATHSs (Fig. 9).
Identification and characterization of SABATH genes
from related plant species will help determine whether
AtJMT, AtBSMT, and AtFAMT evolved after the diver-
gence of Arabidopsis and rice lineages. For example, a
recent study showed that OsSABATH3 has BSMT
activity in vitro (Koo et al., 2007). Phylogenetic place-
ment of OsSABATH3 in the rice-specific clade I,

AtBSMT in clade V, and other known SAMTs in clade
II (Fig. 9) suggests that SAMTs emerged several times
during the course of SABATH gene evolution. It is
interesting to note that caffeine biosynthetic pathways
seem to have evolved independently several times in
plants as well. This conclusion was drawn based on
the observation that the sequence identity between theo-
bromine synthase and caffeine synthase within the genus
of Camellia is very high, whereas the sequence identity
between the N-methyltransferases involved in caffeine
biosynthesis in Camellia and Theobroma is considerably
lower (Yoneyama et al., 2006).

As previously demonstrated, the emergence of novel
SABATH MT activity can occur rapidly and small
changes in primary protein sequences can lead, as for
other enzymes of specialized metabolism, to the func-
tional emergence of SABATH proteins with altered
substrate preferences (Zubieta et al., 2003; Pichersky
et al., 2006). This observation poses difficulty for the
functional assessment of SABATH proteins based only
on overall sequence similarity to a biochemically char-
acterized protein. Identification of conserved IAMTs
from rice, Arabidopsis, and poplar, however, implies
that the presence of IAMT predated the divergence of
the monocotyledonous and dicotyledonous lineages.
Therefore, IAMT is likely an ancient member of the
SABATH protein family from which other SABATH
MT activity, including JMT, SAMT, and FAMT, may
have emerged. This hypothesis will be tested with the
continued identification of JMT, SAMT, and FAMT in
rice and poplar, their biochemical characterization,

Table I. Crystallographic data and refinement statistics of AHAMT1

Values in parentheses are for the outer resolution shell.

Dataset apo Form
X-ray source NSLS
Space group p21
Cell parameters (A and °) a=673,b=129, ¢c=683,8=1123
Wavelength (A) 1.009321
Resolution (last shell) (/3\) 50-2.75 (2.82-2.75)
Total reflections (last shell) 60,638 (4,761)
Unique reflections (last shell) 20,426 (1,626)
Redundancy (last shell) 2.97 (2.93)
Completeness (last shell) (%) 72.4 (79.5)
Rsym" (last shell) (%) 9.4 (46.9)
I/o (last shell) 12.1 (2.72)
Reryst” (last shell) (%) 25.6 (30.2)
R (last shell) (%) 28.2 (35.7)
rmsd bonds (A) 0.012
rmsd angles (°) 1.45
Nonhydrogen protein atoms 5,278
Nonhydrogen ligand atoms 56
Water molecules 150
Average B factor (15\2) 50.8

Ramachandran plot¢

87.4/11.4/1.2/0

“Rym = 2|h — (D/Z1, where [ is the intensity of a reflection and (/) is the average intensity of that

sym
reflection.
calculation.
lowed regions of the Ramachandran plot.

b —
Rcryst - 2”Fobs| - ‘Fcach/2|Fobs|'

Five percent of the data was set aside for R
Percentage of residues in most-favored/additionally allowed/generously allowed/disal-

ree
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and structurally guided approaches for delineating
residues that dictate substrate specificity.

MATERIALS AND METHODS
Plant Materials and Chemicals

Rice (Oryza sativa ssp. japonica ‘Nipponbare’) seeds were obtained from
Dale Bumpers National Rice Research Center at Arkansas. Dehulled seeds
were germinated on filter paper. After 4 d, seedlings were transferred to soil
and placed in a growth chamber. Plants were grown under 14-h-light/10-h-
dark photoperiods. Temperature fluctuated between 26°C (day) and 22°C
(night). Relative humidity was 80% and light intensity was 400 umol m~%s™".
Four-week-old seedlings, which were approximately 15 cm tall, were used to
collect leaves, stems, and roots for RNA extraction. Panicles were collected
from 4-month-old flowering plants. For the seed sample, rice seeds were
dehulled and then placed on wet filter paper in growth chambers (26°C). After
18 h, seeds were collected for RNA extraction. All chemicals were purchased
from Sigma-Aldrich unless otherwise noted.

Protein X-Ray Crystallography

Full-length cDNA of AtIAMT1 was cloned into the pHIS8 expression
vector (Jez et al., 2000). N-terminal His-8-tagged protein was expressed in
Escherichia coli BL21 (DE3) cells. Tagged AtIAMT1 was purified from sonicates
using a nickel nitrilotriacetic acid agarose column (Qiagen). The His tag was
removed using thrombin protease digestion and the cleaved protein was puri-
fied to >99% homogeneity by gel filtration chromatography on a Superdex-
5200 (Amersham Biosciences) FPLC column, equilibrated in 500 mm KCI,
25 mM HEPES-Na*, pH 7.5, 2 mm dithiothreitol. AtTAMT1-containing frac-
tions were combined and concentrated to 33 mg/mL. An in-house crystalli-
zation screen was used to find the initial crystallization conditions (7% [w/V]
PEG 8000, 0.25 M KSCN, 100 mm sodium succinate [pH 5.5], or 100 mm PIPES-
Na* [pH 6.5], and 14% [w/v] PEG 8000, 0.25 M KSCN, 100 mm PIPES-Na™ [pH
6.5], or 100 mm MOPSO-Na* [pH 7.0] in the presence of 1 mm SAH), yielding
0.5-mm X 0.1-mm X 0.05-mm crystals. This first crystallization screen was
followed by crystal size and growth optimization varying the concentrations
and constituents of the crystallization matrix. Larger, more ordered crystals
(0.5 mm X 0.1 mm X 0.1 mm) were obtained at 4°C using a protein concen-
tration of 33 mg/mL, with the following crystallization conditions: 7% (w/v)
PEG 20,000, 1 M urea, 0.3 M KNO,, 100 mm MOPSO-Na* (pH 7.0), and 3 mm
SAH. The cryoprotectant used prior to freezing crystals in liquid nitrogen
consisted of a final concentration of 17% (v/v) ethylene glycol added to the
mother liquor noted above for crystal growth. A 2.75 A resolution dataset was
collected at the National Synchrotron Light Source (NSLS). Data reduction
was performed with the XDS program (Kabsch, 1993). The space group was
P21 (a = 67.3 A; b =129 A; c = 68.3 A; B = 112.3°) with two molecules per
asymmetric unit (solvent content of 63%). The AtIAMT1 structure was
determined by molecular replacement using Molrep (Vagin and Teplyakov,
1997) and Clarkia breweri CobSAMT (PDB code: IM6E, 34% sequence identity)
as a template. A first structure solution, including 345 residues out of the 374
residues of AtIAMTI1, was built manually into the experimental electron
density maps displayed with Coot (Emsley and Cowtan, 2004) and refined
with CNS (Brunger et al., 1998) and Refmac5 (Murshudov et al., 1997; see
Table I for data reduction and refinement statistics). Clear electron density was
observed in the active site and interpreted as a SAH molecule. Despite several
attempts at soaking IAA into existing crystals or growing crystals in the
presence of IAA, no IAA was observed in the active site.

In Silico Docking Experiments

In silico docking experiments were carried out with the software package
Schrodinger (www.schrodinger.com) and, more specifically, with the subpro-
grams LigPrep (version 1.6; Schrodinger) for energy minimization, Glide
(version 3.5; Schrodinger) for docking, and Maestro for visualization. All
programs were run on a bi-Opteron 64b Linux computer. Each docking
experiment was carried out over an extended area, exceeding the volume of
the active site.
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Sequence Retrieval and Analysis

The protein sequence of CbSAMT (accession no. AF133053) was used
initially as a query sequence to search against the translated rice genome
database (http://www.tigr.org/tdb/e2k1/osal) using the BLASTP algorithm
(Altschul et al., 1990). Newly identified SABATH-like sequences were used
reiteratively to search the same sequence database. The cutoff e value was set
to e °. The chromosome locations of the rice SABATH genes were generated by
Map Viewer (http:/ /www.ncbi.nlm.nih.gov/mapview /static/MVstart.html).
Phylogenetic trees were produced using PAUP4.0 based on multiple sequence
alignments made with ClustalX (Thompson et al., 1997) and viewed using the
TreeView software (http://taxonomy.zoology.gla.ac.uk/rod/treeview.html).

Gene Expression Analysis via RT-PCR

Semiquantitative RT-PCR expression analysis of rice SABATH genes was
performed as previously described (Chen et al., 2003). Primer sequences are
shown in Supplemental Table S2. Total RNA was isolated with TRIzol
(Invitrogen). One microgram of total RNA was synthesized into first-strand
c¢DNA in a 20-uL reaction volume using the iScript cDNA synthesis kit (Bio-
Rad Laboratories). One microliter of the resulting cDNA mixture was used for
each PCR using the following conditions: initial denaturation at 95°C for
2 min, followed by 30 cycles at 95°C for 45 s, 54°C for 45 s, and 72°C for 60 s,
and then followed by a final extension step at 72°C for 10 min.

Purification of Recombinant OsIAMT1

OsIAMT1 full-length cDNA was amplified from rice root tissues by RT-PCR
using the forward primer 5'-CACCATGGCTCCTAAAGGTGACAATGTTG-3’
and the reverse primer 5-CTACTACTATGCGGATGCTGCTATAC-3'. The
resulting PCR product was cloned into the pET100/D-TOPO vector (Invitrogen).
The construct was transformed into E. coli strain BL21 Codon Plus (Invitrogen).
Protein expression was induced by isopropylthio-B-galactoside for 18 h at
room temperature. His-tagged OsIAMT1 protein was purified from E. coli cell
lysate using nickel nitrilotriacetic acid agarose following the manufacturer’s
instructions (Invitrogen). Protein purity was verified by SDS-PAGE and pro-
tein concentrations were determined using the Bradford assay.

Radiochemical MT Activity Assay

Radiochemical MT assays were performed in a 50-uL volume containing
50 mm Tris-HCI, pH 7.5, 1 mm substrate (IAA, 2,4-D, SA, JA, FA, or GA), 0.4 uLL
of *C-SAM (Perkin-Elmer), and 0.3 pg of purified OsIAMT1. The assay was
initiated with the addition of SAM and maintained at 25°C for 30 min. The
reaction was stopped by the addition of 150 uL of ethyl acetate, vortexed, and
phase separated using 1-min centrifugation at 14,000¢. The upper organic
phase was counted using a liquid scintillation counter (Beckman-Coulter).
The amount of radioactivity extracted into the organic phase correlated to the
amount of methyl ester formed by the recombinant enzyme and “C-SAM.
Three independent assays were performed for each compound. In addition to
its use in determination of substrate specificity of OsIAMT1, the radioactive
MT assay was also used to determine kinetic parameters, pH optimum, and
effector effects of OSIAMT1.

Determination of Kinetic Parameters of OsIAMT1

In all kinetic analyses, the appropriate enzyme concentrations of OsIAMT1
and incubation times were chosen so that the reaction velocity was linear
during the reaction time period examined. To determine the K, values for JAA
and SAM, one substrate concentration was fixed at a saturating level and the
concentration of the other substrate was varied. K, values and maximal
velocity values were obtained as previously described (Chen et al., 2003). Final
values were an average of three independent measurements after nonlinear
regression analyses using the Michaelis-Menten equation.

pH Optimum for OsIAMT1 Activity

OsIAMT1 activity was determined in a 50 mm Bis-Tris propane buffer for
the pH range 6.5 to 10 using the standard IAMT assay described above. The
resultant kinetic constants used for determination of the pH optimum were an
average of three independent assays.
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Effectors

To examine effects of metal ions on OsIAMT1 activity, standard IAMT
assays were performed in the independent presence of each of the following
salts at 5 mM™ final concentration: KCl, CaCl,, NH,Cl, NaCl, MgCl,, MnCl,,
CuCl,, FeCl,, and ZnCl,. Results presented were an average of three inde-
pendent assays.

Product Identification

A reaction containing 150 ug of purified OsIAMT1, 1 mm IAA, and 600 um
SAM was incubated in a 1-mL reaction volume containing 50 mm Tris-HCI, pH
7.5, for 4 h at 25°C. The product was extracted with 1.5 mL of hexane, the
hexane layer concentrated under N, gas, and the resultant organic concentrate
analyzed on a Shimadzu GC (GC-17A)-MS (QP 5050A) system. A DB-5
column (30 m X 0.25i.d. X 0.25 um) was used with helium as carrier gas at a
flow rate of 1 mL/min. As a control, a similar reaction was performed, except
that OsIAMT1 protein was denatured by boiling at 100°C for 10 min before
addition to the assay. A MeIAA authentic standard was dissolved in ethanol,
and a volume containing 1 ug of MeIAA was injected into the GC-MS in a split
(1/30) mode. The GC program was as follows: 2 min at 80°C, ramp to 300°C at
8°C/min, followed by a 5-min hold at 300°C. The compound was identified by
comparison of GC retention times and mass spectra with those of the au-
thentic standard.

Homology-Based Structure Modeling

Based on the structure of AtIAMT1, homology models of OSIAMT1 and
PtIAMT1 were calculated. First, a sequence alignment with AtIAMT1 was
performed with BLAST (http:/ /www.ncbi.nih.gov/BLAST) using the Blosum62
matrix. Then the homology model was calculated with the program modeler
(Sali and Blundell, 1993) by generating a first model (three-dimensional
alignment on template) and running 200 cycles of molecular dynamics-based
simulated annealing. The OsIAMT1-IAA complex and PtIAMT1-IAA com-
plex were then built by hand, based on the position of IAA in AtIAMT], as
calculated by in silico docking.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession number EU375746.

Supplemental Data

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

Supplemental Figure S1. Sequence of full-length cDNA of OsSABATH33
and its premature translation termination.

Supplemental Table S1. Rice SABATH genes.

Supplemental Table S2. Primers for RT-PCR gene expression analysis.
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