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Evolutionary mechanisms of substrate specificities of enzyme
families remain poorly understood. Plant SABATH methyl-
transferases catalyze methylation of the carboxyl group of
various low molecular weight metabolites. Investigation of
the functional diversification of the SABATH family in plants
could shed light on the evolution of substrate specificities in
this enzyme family. Previous studies identified 28 SABATH
genes from the Populus trichocarpa genome. In this study,
we re-annotated the Populus SABATH gene family, and per-
formed molecular evolution, gene expression and biochemical
analyses of this large gene family. Twenty-eight Populus
SABATH genes were divided into three classes with distinct
divergences in their gene structure, expression responses to
abiotic stressors and enzymatic properties of encoded pro-
teins. Populus class | SABATH proteins converted IAA to
methyl-1AA, class Il SABATH proteins converted benzoic
acid (BA) and salicylic acid (SA) to methyl-BA and methyl-
SA, while class 1l SABATH proteins converted farnesoic acid
(FA) to methyl-FA. For Populus class Il SABATH proteins, both
forward and reverse mutagenesis studies showed that a single
amino acid switch between PtSABATH4 and PtSABATH24 re-
sulted in substrate switch. Our findings provide new insights
into the evolution of substrate specificities of enzyme families.

Keywords: Enzyme activity e Enzyme family e Expression
divergence e Molecular evolution e Populus trichocarpa e
Substrate switch.

Abbreviations: BA, benzoic acid; CA, coumalic acid; FA, far-
nesoic acid; JH lll, juvenile hormone Il MBP, maltose-binding
protein; MeBA, methyl benzoate; MeFA, methyl farnesoate;
MelAA, methyl-IAA; MeJA, methyl jasmonate; MeSA, methyl
salicylate; ML, maximum likelihood; MT, methyltransferase; NA,
nicotinic acid; SA, salicylic acid; SAM, S-adenosyl-I-methionine;
VA, vanillic acid.

Introduction l

Understanding evolution at the molecular level is a central aim in
modern biology because the ultimate source of biological diver-
sity can be found in the functional diversity of macromolecules
(Camps et al. 2007). Enzymatic proteins as macromolecules are

essential components of every biological system. As biological
catalysts, enzymes play a major role in metabolic pathways by
lowering the activation energy necessary for chemical reactions
to occur. An enzyme family is defined as a group of enzymes with
similar amino acid sequences and protein folds encoded by a
group of genes that are created by gene duplication (Lan et al.
2013). Many studies have shown that different members of an
enzyme family have distinct substrate specificities or catalytic
activities (Barkman et al. 2007, Dixon et al. 2009, Falara et al.
2011, Liu et al. 2013). However, the molecular mechanism of this
functional divergence within enzyme families remains poorly
understood.

Plants can produce many small-molecule metabolites, such as
IAA, salicylic acid (SA) and benzoic acid (BA). These small mol-
ecules are involved in many essential biological processes, includ-
ing plant development and environmental responses (Rivas-San
Vicente and Plasencia 2011, Sauer et al. 2013). These small-mol-
ecule compounds can be modified by S-adenosyl-I-methionine
(SAM)-dependent methylation. For example, methyltransferases
(MTs) can convert IAA, SA and BA into methyl-IAA (MelAA),
methyl salicylate (MeSA), and methyl benzoate (MeBA) (Chen et
al. 2003, Zhao et al. 2009). Methylation of these small molecules
might regulate the concentrations of their free acids in plant
tissues. In addition, the methylated products may have biological
functions different from that of their precursors. In plants, SAM-
dependent methylation of small-molecule metabolites is
catalyzed by SABATH MTs, which are named after the first
three functionally characterized members, salicylic acid methyl-
transferase (SAMT), benzoic acid methyltransferase (BAMT) and
theobromine synthase (D’Auria et al. 2003). Plant SABATH MTs
are multifunctional proteins encoded by a large gene family. The
Arabidopsis thaliana and rice (Oryza sativa) genomes contain 24
and 41 members, respectively (D’Auria et al. 2003, Zhao et al.
2008). Some SABATH proteins can also catalyze nitrogen methy-
lation, and are involved in caffeine biosynthesis (Ogawa et al.
2001). Recently, a study of moss SABATH proteins found that
PpSABATH1 did not show any activity towards carboxylic acids
or nitrogen-containing compounds, but had MT activity to-
wards a number of thiols (Zhao et al. 2012). Because SABATH
proteins have a wide substrate spectrum, this family is an ideal
model to investigate the molecular mechanisms of functional
divergence within an enzyme family.
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To date, genome-wide analyses of the SABATH gene family
have mainly focused on herbaceous annual plants, such as
Arabidopsis and rice. The expansion and functional divergence
of this large gene family in other land plants have not been well
investigated. Populus is the most important tree model system
in plant genomics. The relatively close phylogenetic relation-
ship between Populus and Arabidopsis facilitates our investiga-
tion of gene family evolution in eudicots (Jansson and Douglas
2007). In addition, genome sequences of many land plants are
currently available, including the bryophyte Physcomitrella
patens (Rensing et al. 2008) and the lycophyte Selaginella
moellendorffii (Banks et al. 2011). A systematic analysis of
SABATH genes in bryophytes, lycophytes, gymnosperms and
angiosperms will improve our understanding of the evolution-
ary history of this large gene family in land plants.

Populus trichocarpa was the first tree species with a
sequenced genome (Tuskan et al. 2006), which allowed the
investigation of large gene families, such as the SABATH MTs.
Previous studies identified 28 SABATH genes (PtSABATH1-
PtSABATH28) in the P. trichocarpa genome (Zhao et al. 2013).
PtSABATH1, also named PtIAMT1, can catalyze the formation
of MelAA using SAM as a methyl donor and IAA as a methyl
acceptor (Zhao et al. 2007). PtSABATH3 showed higher activity
towards jasmonic acid (JA) than BA (Zhao et al. 2013).
PtSABATH4 displayed the highest level of catalytic activity to-
wards SA and a relatively low level of activity towards BA (Zhao
et al. 2013). In this study, we re-annotated the Populus SABATH
MT gene family, and systematically examined the evolutionary
and biochemical characteristics of this family of enzymes.
Functional divergence was observed among Populus SABATH
genes by examining multiple characteristics, such as gene ex-
pression patterns and biochemical characteristics. Previous stu-
dies have shown that a single amino acid can play a critical role
in substrate variation (Barkman et al. 2007, Huang et al. 2012).
Thus, we performed site-directed mutagenesis of the Populus
SABATH proteins in this study, which revealed that a single
amino acid change contributed to substrate switch.

Results

Identification of the SABATH gene family in the
Populus genome

Previous studies identified 28 SABATH genes in the P. trichocarpa
genome (Zhao et al. 2013). In this study, re-identification
and manual re-annotation were performed to confirm the
SABATH genes of P. trichocarpa further. We found that
Potri.017G122900 contained two complete SABATH genes.
The proteins encoded by these two genes showed 88% se-
quence identity. We also obtained full-length coding sequences
of both genes by reverse transcription—PCR (RT-PCR). Thus, in
this study, Potri.017G122900 was re-annotated as two distinct
SABATH genes (PtSABATH18 and 19; Supplementary Table S1).
We also found that Potri.010G104700 only contained a partial
SABATH fragment, and thus was considered to be a partial
pseudogene and was not included in the subsequent phylogen-
etic and gene expression analyses. In addition, this study

considered three SABATH genes (Potri.017G121600,
Potri.019G022200 and Potri.019G022600) to be full-length
pseudogenes based on the presence of frameshifts disrupting
the coding region or premature stop codons, resulting in a
truncated protein. After removing the stop codons or revising
the frameshifts by deletion of one nucleotide, these sequences
were included in the phylogenetic and gene expression ana-
lyses. Altogether, this study identified 28 full-length SABATH
genes in the Populus genome. The names, GenBank accession
numbers and protein sequences of the 28 full-length SABATH
genes are listed in Supplementary Table S1.

Chromosomal distribution of the Populus SABATH
gene family

We examined the chromosomal distribution of the SABATH
gene family in the Populus genome. The physical locations of 25
of the 28 full-length SABATH genes were assigned to 10 of
the 19 Populus chromosomes (Fig. 1), while the other three
were assigned to two as yet unattributed scaffold fragments
(Supplementary Table S1). The SABATH genes were unevenly
distributed on the 10 Populus chromosomes. Chromosomes 1,
10, 14 and 15 each harbored only one SABATH gene. Relatively
high densities of SABATH genes were discovered on chromo-
somes 17 and 19, each of which harbored six SABATH genes. In
this study, if three or more SABATH genes were clustered to-
gether, they were considered a SABATH gene cluster. Based on
this criterion, two gene clusters containing 11 SABATH genes
were observed on chromosomes 17 and 19 (Fig. 1). Based on
the phylogenetic tree and the positions of these 11 SABATH
genes, we reconstructed the expansion history of the two clus-
ters. The most parsimonious scenario for gene duplication and
rearrangement was predicted (Fig. 2). For cluster |, five SABATH
genes were created by four rounds of tandem duplication and
one rearrangement event. In cluster Il, six SABATH genes were
created by three rounds of tandem duplication and one
rearrangement event.

Sequence and structural characteristics of the
Populus SABATH gene family

We reconstructed a maximum likelihood (ML) tree of the 28
Populus SABATH genes using two SABATH genes from
Aspergillus clavatus and Coccomyxa subellipsoidea as outgroups.
The phylogenetic tree showed that Populus SABATH genes
were divided into three distinct clades (red, green and blue in
Fig. 3A). In this study, the SABATH genes in the red, green and
blue clades were considered class I, Il and Il SABATH genes,
respectively. Class |, Il and Ill contained one, 10 and 17 mem-
bers, respectively. Conserved gene structures were found within
each class among the 27 class Il and Ill Populus SABATH genes
(Fig. 3C). All class Il SABATH genes had a three-exon/two-
intron structure. The class | and Il SABATH genes contained a
four-exon/three-intron structure. This class-specific gene struc-
ture supports the subfamily designations among the 28 full-
length Populus SABATH genes.

Pairwise comparisons of the 28 full-length SABATH protein
sequences revealed some notable features (Fig. 4). Ten class Il
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Fig. 1 Genomic localization of Populus SABATH genes. Schematic view of chromosome reorganization by the most recent whole-genome
duplication in Populus (adapted from Tuskan et al. 2006). Regions that are assumed to correspond to homologous genome blocks are shaded

gray and connected by lines.
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Fig. 2 Hypothetical evolutionary histories of the Populus SABATH genes in clusters | and II. The phylogenetic tree corresponds to the tree shown
in Fig.3A. Numbers at each node in the phylogenetic tree are bootstrap values. The letters T and R within a circle indicate putative tandem
duplication and rearrangement, respectively. Full-length pseudogenes are indicated with asterisks.

SABATH proteins showed 35.2-96.1% pairwise sequence iden-
tities. Seventeen class Il SABATH proteins had 39.0-100%
pairwise sequence identities. The protein sequences in these
two SABATH classes were significantly different (independent
sample t-test, P < 0.001) and only had 30.4-35.6% pairwise se-
quence identities. Populus SABATH class | contained only one
gene. The sequence identities between class | and Il and class |
and Il SABATH proteins were <32.7% and <33.5%, respect-
ively. An independent sample t-test showed that the protein
sequence identities within each class were higher than that
between classes (P < 0.001). Sequence comparison further

supports the class designations of the 28 full-length Populus
SABATH genes.

SABATH gene family in land plants

To understand further the evolutionary history of this large
gene family in land plants, this study identified 65 SABATH
genes from five other land plant species, which represent the
four major land plant lineages (bryophytes, lycophytes, gymno-
sperms and angiosperms) (Supplementary Table S2). We recon-
structed the phylogenetic relationships among 93 SABATH
genes from six land plant species using Aspergillus and
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Fig. 3 Phylogenetic tree of Populus SABATH genes (A), their expression patterns (B) and gene structures (C). Numbers at each node in the
phylogenetic tree are bootstrap values, and only values >50% are shown. Class |, Il and Ill SABATH genes are shaded red, green and blue,
respectively. In (B), the gray box indicates positive detection of gene expression in the corresponding tissues under normal growth conditions
(NC) and the following stress treatments: SA at 2 h (S1), SA at 24 h (S2), alamethicin (AL), methyl jasmonate (JA), wounding at 2h (W1) and
wounding at 24 h (W2). In (C), exons and introns are shown as blue boxes and lines, respectively.
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Fig. 4 Pairwise sequence identity of Populus SABATH proteins. bb and
cc represent pairwise sequence identities within Populus class Il and I1I
SABATH proteins, respectively. ab, ac and bc represent pairwise se-
quence identities between Populus class | and Il, class | and Ill, and
class Il and Il SABATH proteins, respectively.

ac

Coccomyxa SABATH genes as outgroups. Although the phylo-
genetic tree did not provide clear phylogenetic relationships of
the SABATH genes of land plants, we observed that Populus
SABATH genes fell into three distinct clades (clades |, Il and Il in
Fig. 5A). The three clades contained 81.7% of SABATH genes
from these six land plant species. Both clades | and Il contained
gymnosperm and angiosperm SABATH genes, while clade llI
only contained angiosperm SABATH genes. One Populus class
| SABATH gene (PtSABATH1) was grouped into clade |
(Fig. 5B), 10 Populus class Il SABATH genes were grouped
into clade Il (Fig. 5C) and 17 Populus class Ill SABATH genes
were grouped into clade lll (Fig. 5D).

Difference in selective pressure between Populus
class Il and 1ll SABATH members

Populus SABATH class Il and Il contained 10 and 17 members,
respectively. We investigated if there was a significant change in
the selective pressure between the SABATH classes using
Phylogenetic Analysis by Maximum Likelihood (PAML) soft-
ware. Two assumptions were tested: a one-ratio model that
assumed the same o (= d\/ds) ratio for two SABATH classes,
and a two-ratio model that assumed the two SABATH classes
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Fig. 5 Phylogenetic tree of 93 SABATH genes from six land plant species (A) and detailed phylogenetic relationships of SABATH genes in clade |
(B), clade 1l (C) and clade Il (D). Numbers at each node in the phylogenetic tree are bootstrap values, and only values >50% are shown.
Aspergillus clavatus and Coccomyxa subellipsoidea SABATH genes were used as outgroups. Populus SABATH genes in clade |, Il and Il are colored

red, green and blue, respectively.

had different o ratios (Table 1; Supplementary Fig. S1). The log-
likelihood values under the one-ratio and two-ratio models
were log.L = —17,462.4804 and —17,450.6965, respectively. The
likelihood ratio test (LRT) showed that the two-ratio model
rejected the one-ratio model, indicating that the selective pres-
sure differed significantly between the two classes (P < 0.001).
Under the two-ratio model, the ® values for class Il and IlI
were 0.2047 and 0.3211, respectively, indicating that the
Populus class [l SABATH genes were under more relaxed selec-
tion constraints.

Expression patterns of Populus SABATH genes
under normal growth conditions and abiotic
stress

We investigated the expression patterns of Populus SABATH
genes by RT—-PCR. Tissues under normal growth conditions and
in response to abiotic stress treatments [SA, alamethicin,
methyl jasmonate (MeJA) and wounding treatments] were
examined (Fig. 3B). Among the 28 Populus SABATH genes,
eight genes (PtSABATH4, 5, 14, 15, 20, 25, 26 and 27) were ex-
pressed in all tissues under all growth conditions, while three
genes (PtSABATH22, 23 and 28) were not expressed in any
tissue or in response to any treatment applied in this study.
Seventeen genes were selectively expressed in a specific tissue
and/or in response to a specific treatment. The pseudogenes

PtSABATH14 and 25 were expressed in all tissues examined,
indicating that the regulation of these two pseudogenes is
still functional.

Populus contained one class | SABATH gene (PtSABATHT1).
This gene was expressed in the root, shoot, leaf and bud tissues,
but not expressed in the Populus flower. Class Il contained 10
Populus SABATH genes; five (PtSABATH21, 22, 23, 24 and 25)
were arranged in a tandem (cluster 1) on chromosome 19. In
this cluster, PtSABATH25 was expressed in all tissues under all
growth conditions, PtSABATH22 and 23 were not expressed in
any tissues examined, and PtSABATH21 and 24 were expressed
in shoot and bud tissues. Expression data indicated that mem-
bers in this cluster exhibited functional divergence.

Populus contained 17 class Ill SABATH genes. Substantial
variation in expression patterns was found among the class Ill
members (Fig. 3B). Among the class Il SABATHs, five
(PtSABATH14, 15, 20, 26 and 27) were expressed in all tissues
under all growth conditions. PtSABATH28 was not expressed in
any tissue examined in this study, and PtSABATH9 was only
expressed in the root following treatment with SA and MeA.
PtSABATH17 was not expressed in root tissues, but was ex-
pressed following SA, alamethicin, MeJA and wounding treat-
ments. Similar to the five class [l SABATH genes in cluster |, six
class Il genes in cluster Il showed marked divergence in
expression.
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Table 1 Results of the CODEML analyses of the selective pattern for SABATH genes

Tree Branch model Estimates of parameters InL x P
Tree in Supplementary Fig. S1 One ratio ®=0.2755 for class Il and Il SABATHs -17,462.4804
Two ratios ®, = 0.3211 for class Il SABATHs —17,450.6965 23.5677 <0.001
®y = 0.2047 for class Il SABATHs
Specific activities ( © mol/min per mg) to each substrates
Proteins
1AA BA JA SA WA FA NA CA trans-Cinnamic acid
#tSABATH1 66.51 =+ 0.32 nd n.d. n.d n.d 5.88 + 0.44 n.d. n.d. n.d
PtSABATHS n.d; n.d: 068 + 037 nd n.d 657 + 084 n.d. n.d. 086 £ 0.08
a8 PtSABATH4 nd. 134 4+ 048 060+ 001 2796 + 480 nd 295+ 1.01 nd. n.d. n.d
o) PtSABATH12 012 + 001 nd n.d. n.d. n.d. n.d. n.d. n.d. n.d.
€6 PtSABATH2 025 + 0.01 n.d 040 +£ 020 nd 0.11 £0.01 1.20 £ 0.01 n.d n.d. n.d
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PtSABATH24 048 + 0.01 56.97 £ 196 nd 656 £ 021 957 +048 737 0.07 211 £ 0.04 088 003 431 %007
57 PtSABATH21 164+ 0.10 026+ 009 053 +008 nd 044 +0.08 0.14 + 0.03 nd. n.d. 040 + 0.01
9L pisaBATHZE" - - - - - -
PtSABATHE nd n.d. n.d: n.d. n.d. 1483+ 010 nd. nd. n.d.
100 — prgABATH10 nd n.d n.d nd 013+ 001 085+013 nd. n.d. n.d
;mE PtSABATH11 n.d. n.d. n.d, n.d. 0.13 £ 001 065 = 0.13 n.d. n.d. n.d.
100 PISABATH13 nd n.d n.d n.d 011 £ 003 0.55.% 0.20 n.d n.d. nd
100 PtSABATH14* - = = = = ™ v S r
PtSABATH1S nd nd n.d. nd nd 0.35 + 017 nd n.d. nd
1L pisasatHis nd nd nd nd. 013£001 145021 nd. nd. nd.
PISABATH1E n.d 132+013 nd 065+ 006 1.12+024 10901 =325 nd n.d. 173 = 0.08
1 PISABATH17 152 £ 016 046+ 0089 024+ 005 025:+001 021+ 004 086+ 011 n.d. n.d. 0.92 + 0.14
i PtSABATH18 n.d. n.d nd n.d n.d 1.81 & 0.08 n.d. n.d. n.d
i PtSABATH? n.d. n.d. 105+ 0.16 nd n.d. n.d. n.d. nd. n.d.
PISABATHE n.d n.d n.d n.d. nd 0.55 + 0.01 n.d, nd. n.d
B5 PISABATHE nd. n.d. 0.60 £+ 007 nd n.d 3.99 4 044 nd, n.d. 0.10 £ 0.01
92 PtSABATH20 n.d nd. n.d n.d. nd 0.17 + 0.04 nd. n.d. nd
PtSABATH26 n.d n.d. 0:60 = 001 nd. n.d. n.d n.d. n.d, n.d,
PtSABATH2T nd n.d n.d nd n.d 0.13 4+ 0.10 n.d. n.d. n.d
PISABATH28 - = = = = = = 5 =
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Fig. 6 Phylogenetic tree and enzymatic activities of Populus SABATH proteins. Populus SABATH class |, Il and Ill members are shaded red, green
and blue, respectively. Full-length pseudogenes are indicated by asterisks. Values shown are means =+ SD, as calculated from three replicates. n.d.,

no activity detected. —, not detected.

Substrate specificities and activities of the Populus
SABATH proteins

This study investigated the catalytic characteristics of Populus
SABATH proteins, which may be related to their biological
functions. Among the 28 Populus SABATH genes, three
(PtSABATH14, 23 and 25) were pseudogenes and two
(PtSABATH22 and 28) were not expressed in any of the tissues
examined. Thus, these five genes were not selected for protein
expression and purification. As the proteins PtSABATH10 and 11
share an identical sequence, we selected only PtSABATH11 to
investigate its biochemical function. In total, 22 SABATH pro-
teins were selected to be expressed and purified. Ten recombin-
ant PtSABATH proteins with a 6 x His tag (PtSABATHT1, 3,5, 6, 7,

8, 15, 18, 20 and 27) were expressed as soluble proteins in
Escherichia coli. However, 12 other recombinant 6x His-tagged
PtSABATH proteins (PtSABATH2, 4,9, 11,12, 13,16, 17,19, 21, 24
and 26) were expressed as inclusion bodies. To increase their
solubility, these 12 PtSABATH proteins were fused to the mal-
tose-binding protein (MBP) tag and subsequently expressed as
soluble proteins in E. coli. Thus, the activity of 22 purified
SABATH proteins, including one, seven and 14 class |, Il and IlI
proteins, respectively, were examined in this study (Fig. 6). The
substrate specificities of the purified Populus SABATH proteins
were investigated with nine substrates: IAA, BA, JA, SA, vanillic
acid (VA), farnesoic acid (FA), nicotinic acid (NA) coumalic acid
(CA) and trans-cinnamic acid.
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Fig. 7 Gas chromatography—mass spectrometry analysis of the products catalyzed by PtSABATH1 (A), PtSABATH4 (B) and PtSABATH24 (C).
Insets show mass spectra of the assay products. Each experiment was repeated three times, and quantitative data were obtained by integration of
peaks and comparison with standards. Menthyl anthranilate was used as the internal standard (IS).

Populus SABATH class | only contained one member
(PtSABATHT1). The PtSABATH1 protein did not show any ac-
tivity towards substrates BA, JA, SA, VA, NA, CA or trans-cin-
namic acid. However, PtSABATH1 exhibited high enzymatic
activity (66.517 umol min~' mg~') towards IAA and weak ac-
tivity (8.98 umol min~' mg™") towards FA. Previous studies
have also shown that PtSABATH1 could catalyze formation of
MelAA using SAM as a methyl donor and IAA as a methyl
acceptor (Zhao et al. 2007). IAA is the most abundant endogen-
ous auxin, which is able to fulfill most of the actions of auxin
involved in plant development and environmental responses.
Among the 28 Populus SABATH proteins, PtSABATH?2, 3, 12, 17,
21 and 24 had very weak activities against IAA (<1.64 pmol
min~' mg~"). Only PtSABATH1 had high activity towards
IAA, and can convert IAA to MelAA (Fig. 7A), indicating that
PtSABATH1 might play an important role in auxin homeostasis.

Populus SABATH class Il contained 10 genes. Among these
10 genes, PtSABATH22 and 23 were not expressed in any of the

tissues examined, and PtSABATH25 was classified as a pseudo-
gene. The seven remaining genes were expressed as soluble
proteins in E. coli. Comparative analyses of substrate specifici-
ties and activities of the Populus class Il SABATH proteins re-
vealed some notable features (Fig. 6). PtSABATH4 exhibited
high enzymatic activity (27.96 umol min~' mg~') towards
the substrate SA and weak activity (<2.95 pmol min™' mg™")
towards BA, JA and FA. However, PtSABATH4 did not show
any activity towards 1AA, VA, NA, CA or trans-cinnamic acid
(Fig. 7B). Compared with other Populus SABATH proteins,
PtSABATH4 showed at least 4.3-fold higher enzymatic activity
towards the substrate SA. Previous studies also found that
PtSABATH4 displayed the highest level of catalytic activity to-
wards SA and a relatively low level of activity towards BA (Zhao
et al. 2013). We found that PtSABATH24 had a wide substrate
spectrum, exhibiting enzymatic activity towards eight of the
substrates tested (IAA, BA, SA, VA, FA, NA, CA and trans-cin-
namic acid), with the highest enzymatic activity (56.97 pmol
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min~' mg~') towards BA (Fig. 7C). Compared with other
Populus SABATH proteins, PtSABATH24 showed at least 42.5-
fold higher enzymatic activity towards BA.

Among Populus class Ill SABATH proteins, all proteins, with
the exception of PtSABATH7 and 26, showed enzymatic activity
towards the substrate FA. PtSABATH18 had the highest en-
zymatic activity (109.01 umol min~" mg™"') towards FA, and
showed at least 7.3-fold higher enzymatic activity towards FA
compared with the other Populus SABATH proteins.

Site-directed mutagenesis analysis of the Populus
SABATH proteins

The crystal structure of the Clarkia breweri SABATH protein
TMGE has been determined (Zubieta et al. 2003). The thioether
moieties of Met150 and Met308 of TM6E create a molecular
clamp that encompasses both faces of the benzyl ring of SA
(Fig. 8A) (Zubieta et al. 2003). Previous studies found that two
amino acid sites determined the substrate discrimination

(Barkman et al. 2007, Huang et al. 2012). To examine the func-
tions of the two amino acid sites in substrate discrimination, we
constructed the phylogenetic tree of the 28 Populus SABATH
proteins and TMGE. The phylogenetic tree showed that TM6E
and PtSABATH4 (Populus SABATH class IlI) were grouped
together (Supplementary Fig. S2). We modeled the three-
dimensional structure of PtSABATH4 based on the 1M6E
crystal structure using the SWISS-MODEL Workspace
(https://swissmodel.expasy.org/interactive). Similar to 1M6E,
Met156 and Met314 of PtSABATH4 also created a molecular
clamp that encompassed the benzyl ring of SA (Fig. 8A). A
previous study showed that TM6E exhibited high activity to-
wards SA (Zubieta et al. 2003). Similar to TMGE, PtSABATH4
also showed high activity towards SA. At the corresponding
Met150 site of TMGE, only TM6E and PtSABATH4 shared an
identical methionine residue, while the other Populus SABATH
class I members contained a histidine residue (alignment posi-
tion 170 in Fig. 8B). To investigate the functional characteristics
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of this methionine residue, two sets of mutants were generated
for biochemical assays. First, we mutated Met156 of
PtSABATH4 to the histidine residue present in other Populus
SABATH class Il members. This mutation resulted in a switch
from a preference for SA over BA in wild-type PtSABATH4 to a
preference for BA over SA in the M156H mutant (Fig. 8C;
Supplementary Table S3). Secondly, because PtSABATH24
exhibited the highest activity towards BA among Populus
SABATH class Il members, we mutated His157 of PtSABATH24
to a methionine residue. Interestingly, this mutation also resulted
in a switch from a preference for BA over SA in wild-type
PtSABATH24 to a preference for SA over BA in the H157M
mutant (Fig. 8C; Supplementary Table S3). Taken together,
the single amino acid changes (Met156 and His157) between
PtSABATH4 and 24 resulted in a substrate switch.

At the Met308 site of the TM6E protein, PtSABATH4 and
12 share an identical methionine residue, while the other
Populus SABATH class Il members contain a valine or isoleu-
cine residue (alignment position 339 in Fig. 8B). PCSABATH12
did not exhibit activity towards the substrates SA or BA.
Of the Populus SABATH class Il proteins, PtSABATH4
and 24 showed the highest activity towards SA and BA,
respectively. Thus, to investigate the functional characteris-
tics of this methionine residue, PtSABATH4 and 24 were se-
lected for site-directed mutagenesis analysis. We mutated
Met314 of PtSABATH4 to the valine residue present in
PtSABATH24, and mutated Val317 of PtSABATH24 to the
methionine residue present in PtSABATH4. Both mutations
resulted in decreased enzymatic activities towards the
substrates SA and BA (Supplementary Table S3). However,
these two mutations did not result in a substrate switch
(Fig. 8C).

Discussion

Plant SABATH MTs are a multifunctional protein family
involved in a broad range of biological processes that play crit-
ical roles throughout the life of the plant (Chen et al. 2003, Koo
etal. 2007, Liu et al. 2011, Zhao et al. 2012). The Populus genome
contains 28 SABATH genes. Tandem duplication was the major
factor responsible for the rapid expansion of SABATH genes in
Populus. In this study, we observed two SABATH gene clusters,
cluster | and Il. Cluster | contained five PtSABATH genes
(PtSABATH21- PtSABATH25). PtSABATH23 and 25 were
pseudogenes, and PtSABATH22 was not expressed in any of
the examined tissues, suggesting that the function of these
three genes may have been lost. PtSABATH24 had a wide sub-
strate spectrum, and showed enzymatic activities towards eight
of the substrates tested (IAA, BA, SA, VA, FA, NA, CA and
trans-cinnamic acid). PtSABATH21 exhibited enzymatic
activities towards six substrates (IAA, BA, JA, VA, FA and
trans-cinnamic acid). These two proteins showed a partially
overlapping substrate spectrum. Although both PtSABATH24
and PtSABATH21 showed enzymatic activity towards BA,
PtSABATH24 had 219-fold higher enzymatic activity than
PtSABATH21. These data indicated that functional divergences
occurred among these five genes in cluster I. The functional

divergence pattern of this gene cluster was also observed in the
PtSABATH genes of cluster II.

In this study, Populus SABATH genes were divided into three
distinct classes (Fig. 3). The protein sequence identities within
each class were significantly higher than those between classes
(Fig. 4). The class Il SABATH genes had a two-intron/three-
exon structure, while the class | and Il SABATH genes contained
a three-intron/four-exon structure (Fig. 3C). In addition, we
found that Populus SABATH class | protein had specific activ-
ities towards IAA and class Il proteins towards BA and SA, while
class IIl proteins exhibited activity towards FA (Fig. 6). Thus,
phylogenetic analysis, gene structures and biochemical charac-
teristics of SABATHSs supported three class designations.
Although we did not obtain a clear phylogenetic relationship
of the SABATH genes of land plants, we found that land plant
SABATHSs contained three distinct clades (clades I, Il and Il in
Fig. 5A). Populus class | SABATH members fell into clade |, class
Il into clade I, and class Il into clade Ill (Fig. 5B—D). The phylo-
genetic tree of land plant SABATH genes also supported three
class designations of Populus SABATH genes.

SA is a key signaling molecule that mediates plant defense
against a variety of pathogens in a number of plant species. SA
can be methylated to form the volatile ester MeSA by salicylic
acid carboxyl methyltransferase, a member of the SABATH MT
family (Zubieta et al. 2003). MeSA is normally absent in plants
but is dramatically induced upon pathogen infection (Seskar et
al. 1998). MeSA is an important long-distance signal in systemic
acquired resistance in tobacco and Arabidopsis (Park et al. 2007,
Vlot et al. 2008). One Arabidopsis SABATH gene (At3g11480)
can convert SA to MeSA (Chen et al. 2003). Expression of this
gene correlated with induced MeSA emission in response to a
variety of treatments, including moth herbivory and alamethi-
cin treatment (Chen et al. 2003). Among the 28 Populus
SABATH proteins, PtSABATH4, 17, 18 and 24 showed enzym-
atic activities towards SA. Compared with PtSABATH17, 18 and
24, PtSABATH4 showed at least 4.3-fold higher enzymatic ac-
tivity towards SA, indicating that probably only PtSABATH4
exhibited salicylic acid carboxyl methyltransferase activity.

Among the 28 Populus SABATH proteins, the class Il
proteins PtSABATH4 and 24 showed the highest enzymatic activ-
ities towards the substrates SA and BA, respectively. The replace-
ment of Met156 with a histidine residue in PtSABATH4 resulted
in a switch in preference for SA over BA in the wild type to a
preference for BA over SA in the M156H mutant. In contrast, the
replacement of His157 in PtSABATH24 with a methionine residue
resulted in an opposite switch from preference for BA over SA in
the wild type to a preference for BA over SA in the H156M
mutant. Our results indicated that a single amino acid switch
in PtSABATH4 and 24 resulted in a substrate switch. Similar re-
sults were also observed in the Datura wrightii, Hoya carnosa and
Nicotiana suaveolens SABATH families (Barkman et al. 2007,
Huang et al. 2012). The kinetic analysis of H. carnosa and
N. suaveolens SABATH proteins indicated that these substrate
switches were a result of a change in the catalytic efficiency for
the two competing substrates, SA and BA (Huang et al. 2012). The
change, which improved the preference for one substrate, came
at the expense of a reduced relative preference for the other.
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Methyl farnesoate (MeFA), an analog of the insect juvenile
hormone Ill (JH 111), is believed to play important roles in enhan-
cing reproductive maturation, maintaining juvenile morph-
ology and influencing male sex determination in crustaceans
(Duan et al. 2014). MeFA and JH Il have been isolated from the
plants Cyperus iria and Cananga latifolia (Toong et al. 1988,
Yang et al. 2013). It has been suggested that the high content
of JH Ill plays a role in plant defense against insects through its
ability to interfere with insect development (Yang et al. 2013,
Yang et al. 2006). SABATH proteins can convert FA to MeFA.
The Arabidopsis SABATH protein At3g44860 showed high cata-
lytic specificity towards FA (Yang et al. 2006). The mRNA levels
of At3g44860 increase in response to the exogenous addition of
several compounds previously shown to induce plant defense
responses at the transcriptional level (Yang et al. 2006). In this
study, we found that At3g44860 was grouped into clade Il in
the phylogenetic tree of land plant SABATH genes (Fig. 5D).
Among the 28 Populus SABATH genes, all of the 17 members of
class Il were grouped into this clade (clade Il in Fig. 5C).
Compared with Populus SABATH class | and Il class Ill proteins
showed high activity towards FA. For example, PtSABATH18
had the highest enzymatic activity (109.01 umol min~' mg™")
towards the substrate FA. In particular, six Populus SABATH
class lll proteins (PtSABATHS, 8, 15, 19, 20 and 27) only showed
specific enzymatic activity towards FA. Interestingly, molecular
evolution analyses found that, compared with class Il, Populus
SABATH class Il genes were under more relaxed selection con-
straints, indicating that Populus SABATH class Il members
might evolve new functions more freely. These data indicated
that Populus SABATH class Il members, even the members of
clade Il in Fig. 5, might have a specific function towards FA, and
may play important roles in defense against insect herbivory.

IAA, the primary auxin in plants, is involved in many im-
portant physiological processes, including cell enlargement and
division, tissue differentiation, and responses to light and grav-
ity (Leveau and Lindow 2005). Free IAA, which makes up ap-
proximately 1% of IAA derivatives, accounts for IAA activity,
whereas most IAA molecules exist as |AA-ester or IAA-amide
conjugates for storage or degradation (Ljung et al. 2002).
A previous study showed that IAA could be converted
into non-polar MelAA by |AA-methyltransferase-1 (IAMT1,
At5g55250) in Arabidopsis. Overexpression of IAMT1 in
Arabidopsis resulted in decreased IAA responsiveness and agra-
vitropic growth, whereas IAMT1 RNA interference transgenic
plants showed leaf epinasty, decreased stature and decreased
fertility (Qin et al. 2005). The Arabidopsis IAMT1 (At5g55250)
gene was grouped into clade | in the phylogenetic tree of land
plant SABATH genes (Fig. 5B). Among the 28 Populus SABATH
genes, only PtSABATH1, which belonged to Populus SABATH
class I, was grouped into clade I. Compared with other Populus
SABATH proteins (PtSABATH2, 3, 12, 17, 21 and 24 had very
weak activities towards IAA), PtSABATH1 showed at least 40.5-
fold higher activity towards IAA. We identified eight SABATH
genes from the Picea glauca genome. Among the eight P. glauca
SABATH genes, only PgSABATH1 was grouped into clade | in
the phylogenetic tree of land plants (Fig. 5B). A previous study
showed that PgSABATH1 had a high level of catalytic activity

towards IAA (Zhao et al. 2009). Among 23 rice SABATH genes,
six (OsSABATHS4, 5, 6, 7, 18 and 19) were grouped into clade | in
the phylogenetic tree of land plants (Fig. 5B). OsSABATH4
displayed the highest level of catalytic activity towards IAA
(Zhao et al. 2008). These data indicated that the SABATH
genes in clade | had a specific function to convert IAA to
MelAA, and might play an important role in auxin homeostasis.

Gene duplication is considered a key process that generated
the raw material for evolutionary innovation, although the
mechanism of duplicate gene retention is still not well under-
stood. This study re-annotated the members of the Populus
SABATH MT gene family, and systematically examined
their evolutionary and biochemical characteristics. Populus
SABATH genes showed divergence in gene structure, gene ex-
pression patterns and biochemical characteristics. Additionally,
site-directed mutagenesis revealed that a single amino acid
change resulted in a substrate switch. Our findings provide
new insights into the retention and subsequent functional di-
vergence of duplicated genes.

Materials and Methods
Identification of SABATH genes

Previous studies identified 28 SABATH genes from the P. trichocarpa genome
(Zhao et al. 2013). The re-identification of Populus SABATH genes was per-
formed by TBLASTN searches of the P. trichocarpa genome database version 3.0
(http://phytozome.jgi.doe.gov/pz/portal.html) using 41 full-length rice
SABATH proteins (Zhao et al. 2008) with default algorithm parameters. The
candidate sequences were confirmed by protein structure analysis using a
National Center for Biotechnology Information (NCBI) conserved domain
search (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). All candidate
proteins have the Methyltransf_7 domain. To verify the sequence and gene
structure, Populus SABATH genes were amplified from Populus cDNA, cloned
into the pEASY-T3 vector (TransGen) and sequenced in both directions.

Phylogenetic analysis

The full-length SABATH protein sequences were aligned using MUSCLE soft-
ware (http://www.drive5.com/muscle/) and further adjusted manually using
BioEdit software (Hall 1999). The phylogenetic trees were reconstructed
using an ML procedure in PhyML software with the Jones, Taylor and
Thornton amino acid substitution model (Guindon and Gascuel 2003). One
hundred bootstrap replicates were performed in each analysis to obtain the
confidence support. Aspergillus clavatus SABATH (AcSABATH1, GenBank ac-
cession No. XP_001270502) and C. subellipsoidea SABATH (CsSABATHT,
GenBank accession No. XP_005646815) were used as outgroups. To evaluate
divergence of selective pressure between different classes of SABATH genes, the
branch models of CODEML in PAML software (Yang 2007) were used to esti-
mate ® (= dy/ds) under two assumptions: one-ratio model and two-ratio
model. To verify which of the models best fit the data, LRTs were applied by
comparing twice the difference in log-likelihood values between pairs of the
models using a x” distribution, with the degrees of freedom equal to the dif-
ferences in the number of parameters between the models.

Expression of SABATH genes under normal
conditions and abiotic stress

The cuttings and flowers of approximately 15-year-old P. trichocarpa trees were
collected from the garden of Umed University in Sweden. To investigate the
expression patterns of the Populus SABATH genes under normal and abiotic
stress conditions, the seedlings of P. trichocarpa were raised from the cuttings,
and cultivated in potting soil for 2 months before treatment. For physical injury
treatment, a sterile razor blade was used to produce three lateral incisions on
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each side of the leaf midvein, and then the samples were collected at 2 and 24 h
after wounding. For SA treatment, 5 mM SA solution was irrigated and sprayed.
Samples (root, shoot, leaf and bud) were separately collected at 2 and 24 h after
initiation of the treatment. For MeJA treatment, 1 il of MeJA was dissolved in
200 pl of ethanol and a cotton tip was applied with the mixed MeJA solution.
Subsequently, the poplar seedlings and cotton tip were placed in a 5 liter glass
jar. Samples were collected 4 h after initiation of the treatment. For alamethicin
treatment, the seedlings were irrigated and sprayed with 5 pig ml™" alamethicin
solution and placed in a glass beaker sealed with Saran wrap. Samples were
collected 2 h after treatment. Three replicates were performed for each treat-
ment. Total RNA was isolated using an RNAprep Pure Plant Kit (Tiangen) and
reverse transcribed into ¢cDNA using an RNA PCR Kit (AMV) version 3.0
(TAKARA BIO INC.). The Populus actin gene (GenBank accession No.
XM_002316253.1) was used as an internal control. Specific primers were de-
signed for PCR analysis (Supplementary Table S4) based on the multiple se-
quence alignment of Populus SABATH genes. PCR conditions were optimized to
consist of an initial denaturation of 3 min at 94 °C, followed by 35 cycles of 30 s
at 94 °C, 40s at 65 °Cand 1 min at 72 °C, and a final extension of 3 min at 72 °C.
The PCR products from each sample were analyzed with 1% agarose gel elec-
trophoresis and validated by DNA sequencing.

Expression and purification of recombinant
Populus SABATH proteins

To investigate the enzymatic functions of Populus SABATH proteins, 22 pro-
teins were selected for expression and purification. Ten Populus SABATH genes
(PtSABATHT, 3,5,6,7,8, 15, 18, 20 and 27) were subcloned into modified ApET-
30a expression vectors (Yang et al. 2009) to obtain an N-terminal 6 x His tag.
The remaining 12 genes (PtSABATH2, 4, 9, 11, 12, 13, 16, 17, 19, 21, 24 and 26)
were subcloned into pMAL-c5X expression vectors to obtain an MBP tag en-
gineered for tighter binding to amylose. Site-directed mutagenesis of
PtSABATH4 and 24 was performed as described previously (Zeng and Wang
2005). Using the plasmids of target genes as templates, the mutants were
subcloned into the pMAL-c5X expression vectors. The primers used to con-
struct the wild-type and mutant SABATH expression vectors are listed in
Supplementary Table S5. The resultant plasmids were transformed into E. coli
BL21 (DE3) and verified by sequencing. Escherichia coli BL21 (DE3) cells harbor-
ing plasmids with PtSABATH genes were cultured overnight, diluted 1:100 and
grown until the optical density (Agyo) reached 0.5. A final concentration of
0.1mM isopropyl-B-d-thiogalactopyranoside was added to induce synthesis
of the SABATH proteins. Then, 10 h after induction, cells were harvested by
centrifugation (10,000 x g, 3 min, 4 °C), resuspended in binding buffer (20 mM
sodium phosphate, 0.5 M NaCl and 20 mM imidazole, pH 7.4) for proteins with
an N-terminal 6 x His tag or column buffer (20 mM Tris—HCl, pH 7.4, 200 mM
KCl and 1mM EDTA) for proteins with an MBP tag, and disrupted by cold
sonication. In each case, the homogenate was then subjected to centrifugation
(10,000 x g, 10 min, 4 °C). The resulting particulate material and a small portion
of the supernatant were analyzed by SDS-PAGE. The supernatant containing
the target proteins was loaded onto a nickel-Sepharose high performance
column (GE Healthcare Life Sciences) or an amylose resin column (New
England Biolabs) pre-equilibrated with binding or column buffer, respectively.
The SABATH proteins bound to the nickel-Sepharose high performance
column were eluted with a nickel-Sepharose elution buffer (20 mM sodium
phosphate, 0.5M sodium chloride and 500 mM imidazole, pH 7.4) and the
SABATH proteins bound to the amylose resin column were eluted with an
amylose resin elution buffer (20 mM Tris—HCl, pH 7.4, 200mM KCl, 1TmM
EDTA and 10 mM maltose). The buffers of the eluted recombinant proteins
were replaced with the reaction buffer (50 mM Tris—=HCl, pH 7.4 and 100 mM
KCl) using a PD-10 column (Amersham Pharmacia Biotech).

Enzymatic assays of SABATH proteins

To determine the SAM-dependent MT activity towards nine carboxyl-contain-
ing substrates, 920 pl of reaction buffer, 20 pl of substrate (50 mM, dissolved in
ethanol), 20 pl of SAM (50 mM, dissolved in ethanol and sulfuric acid) and 40 pl
of purified protein (2.5-13 M) were mixed and incubated for 30 min at 25°C.
The reaction was stopped by extraction with 1 ml of ethyl acetate or hexane,
and an additional 5 pg of methyl-2-aminobenzoate was added as an internal
standard. The upper layer was collected and concentrated under nitrogen gas,

analyzed, and quantified with an Agilent 7890A gas chromatography (GC)-
mass spectrometry system (Agilent). A DB-17ms column was used with helium
as the carrier gas at a flow rate of 1.2 ml min~". The GC program was as follows:
50°C for 2 min, ramp to 300°C at 70°C min~", followed by a 4 min hold at
300 °C. Eluted compounds were determined by comparison of GC retention
time and mass fragmentation patterns with those of authentic standards. For
MT activity analyses, peaks were quantified by area integration in conjunction
with a standard curve. Assays were performed in triplicate for each substrate.
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Supplementary data are available at PCP online.
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