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The aromatic amino acid Phe is required for protein synthesis and serves as the precursor of abundant phenylpropanoid plant
natural products. While Phe is synthesized from prephenate exclusively via a phenylpyruvate intermediate in model microbes,
the alternative pathway via arogenate is predominant in plant Phe biosynthesis. However, the molecular and biochemical
evolution of the plant arogenate pathway is currently unknown. Here, we conducted phylogenetically informed biochemical
characterization of prephenate aminotransferases (PPA-ATs) that belong to class-Ib aspartate aminotransferases (AspAT Ibs)
and catalyze the first committed step of the arogenate pathway in plants. Plant PPA-ATs and succeeding arogenate
dehydratases (ADTs) were found to be most closely related to homologs from Chlorobi/Bacteroidetes bacteria. The
Chlorobium tepidum PPA-AT and ADT homologs indeed efficiently converted prephenate and arogenate into arogenate and
Phe, respectively. A subset of AspAT Ib enzymes exhibiting PPA-AT activity was further identified from both Plantae and
prokaryotes and, together with site-directed mutagenesis, showed that Thr-84 and Lys-169 play key roles in specific
recognition of dicarboxylic keto (prephenate) and amino (aspartate) acid substrates. The results suggest that, along with ADT,
a gene encoding prephenate-specific PPA-AT was transferred from a Chlorobi/Bacteroidetes ancestor to a eukaryotic
ancestor of Plantae, allowing efficient Phe and phenylpropanoid production via arogenate in plants today.

INTRODUCTION

Phe and Tyr are aromatic amino acids required for protein bio-
synthesis in all organisms and are produced by bacteria, fungi,
and plants, but not in animals. These amino acids are essential
nutrients in the animal diets, and their biosynthetic pathways are
prime targets of antimicrobial drugs and plant herbicides (e.g.,
glyphosate) (Schönbrunn et al., 2001; Reichau et al., 2011). Phe
and Tyr also serve as precursors of various aromatic natural
products such as pigments, antibiotics, and alkaloids (Bentley,
1990; Maeda and Dudareva, 2012). In vascular plants, up to
30% of photosynthetically fixed carbon is directed toward Phe
biosynthesis for the production of abundant phenylpropanoid
compounds such as lignin (Weiss, 1986; Razal et al., 1996).
However, it is currently unknown how Phe and Try biosynthetic
pathways have evolved to support the production of diverse and
abundant aromatic natural products in plants.

Phe and Tyr are synthesized from chorismate, the final pro-
duct of the shikimate pathway, which is converted to prephenate
by chorismate mutase (CM; Figure 1). In model microbes (e.g.,

Escherichia coli and Saccharomyces cerevisiae), prephenate is first
converted by prephenate dehydratase (PDT) and prephenate de-
hydrogenase (PDH) to phenylpyruvate or 4-hydroxyphenylpyruvate,
which are then transaminated to Phe and Tyr, respectively (the
phenylpyruvate and 4-hydroxyphenylpyruvate pathways; Figure
1; Bentley, 1990). In E. coli, these final transamination steps
in both Phe and Tyr biosynthesis are catalyzed by any of three
distinct aminotransferases, tyrosine aminotransferase, aspartate
aminotransferase, and branched-chain aminotransferase (Gelfand
and Steinberg, 1977). By contrast, plants and some other microbes
have evolved an alternative pathway to synthesize Phe and/or
Tyr via the arogenate intermediate (Stenmark et al., 1974; Fazel
et al., 1980; Jung et al., 1986). In this arogenate pathway, pre-
phenate is first transaminated by prephenate aminotransferase
(PPA-AT) to arogenate, which is then converted to Phe and Tyr by
arogenate dehydratase (ADT) and arogenate dehydrogenase
(ADH), respectively (Figure 1; Herrmann and Weaver, 1999; Tzin
and Galili, 2010; Maeda and Dudareva, 2012).
ADH activity and ADH genes have been reported in plants as

well as some bacteria (Stenmark et al., 1974; Fazel et al., 1980;
Connelly and Conn, 1986; Rippert and Matringe, 2002; Legrand
et al., 2006), suggesting that the arogenate pathway for Tyr
biosynthesis is distributed among different kingdoms. Similarly,
ADT activity responsible for the final step of the arogenate path-
way for Phe biosynthesis has been detected in many plant tissues
and some bacteria (Jung et al., 1986; Fischer and Jensen, 1987).
The corresponding ADT genes from plants have been identified
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based on genetic screening (Yamada et al., 2008; Huang et al.,
2010) or similarity to microbial PDTs (Cho et al., 2007; Maeda
et al., 2010). Biochemical characterization of recombinant plant
ADT enzymes showed that they have substrate preference to-
ward arogenate over prephenate (Cho et al., 2007; Yamada et al.,
2008; Maeda et al., 2010). Genetic analysis of plant ADTs further
demonstrated that Phe is predominantly synthesized via the ar-
ogenate in plants (Maeda et al., 2010; Corea et al., 2012a, 2012b).
However, phylogenetic analyses showed that the arogenate and
prephenate specificity of ADH/PDH and ADT/PDT do not map
tidily onto a single clade of the gene tree, suggesting that their
substrate specificity has been gained and/or lost multiple times in
the gene family’s evolution (Jensen, 1985; Song et al., 2005).
Thus, the presence of sequences similar to known ADT or ADH
does not necessarily infer the presence of the arogenate pathway.

PPA-AT catalyzes the first committed step of the arogenate
pathway, the conversion of prephenate to arogenate (Figure 1).
PPA-AT activities have been detected in plants and some mi-
crobes (Stenmark et al., 1974; Fazel and Jensen, 1979; Bonner
and Jensen, 1985; Siehl et al., 1986; Abou-Zeid et al., 1995). Three
types of aminotransferases, including class-Ib aspartate ami-
notransferases (AspAT Ibs), branched-chain aminotransferases
(BCATs), and N-succinyl-diaminopimelate aminotransferases
(S-DAPAT), were recently shown to have PPA-AT activity in
different microbes (Graindorge et al., 2014). Several lines of
evidence support that AspAT Ib-type PPA-AT is the major
enzyme responsible for PPA-AT activity in plants. (1) PPA-AT
activity detected in various plant tissues was associated with
Asp-AT activity during purification (Bonner and Jensen, 1985;
Siehl et al., 1986). (2) PPA-AT activity from Arabidopsis thaliana
culture cells was purified to a single peak corresponding to
AspAT Ib, encoded by At2g22250 (Graindorge et al., 2010). (3)
Plant AspAT Ib genes are strongly coexpressed with shikimate,

Phe, and phenylpropanoid pathway genes (Dal Cin et al., 2011;
Maeda et al., 2011), which is not the case for plant homologs of
microbial BCAT- and S-DAPAT-type PPA-ATs (Supplemental
Data Set 1). (4) Genetic suppression of PPA-AT in petunia (Pe-
tunia hybrida) flowers eliminated the majority of PPA-AT activity
(Maeda et al., 2011). (5) Finally, plant PPA-AT activity and the
recombinant plant PPA-AT enzymes share unique substrate
preference, specifically using acidic amino donors (i.e., aspar-
tate and glutamate) and prephenate keto acceptor, but not
phenylpyruvate or 4-hydroxyphenylpyruvate, the other aromatic
keto acid substrates within the Phe and Tyr biosynthetic path-
ways (Bonner and Jensen, 1985; Siehl et al., 1986; Graindorge
et al., 2010; Maeda et al., 2011).
Unlike the major effect of ADT suppression on the levels of

Phe and Phe-derived compounds (Maeda et al., 2010, Corea
et al., 2012a, 2012b), PPA-AT suppression led to a minor re-
duction in Phe levels (Maeda et al., 2011; de la Torre et al.,
2014). However, this was due to compensatory operation of Phe
biosynthesis via alternative phenylpyruvate pathway mediated
by a separate phenylpyruvate aminotransferase (Yoo et al.,
2013), which is homologous to tyrosine aminotransferase and
has a broad substrate specificity (Gelfand and Steinberg, 1977;
Gonda et al., 2010; Lee and Facchini, 2011; Riewe et al., 2012).
Thus, besides having a role in plastidic aspartate metabolism
owing to its Asp-AT activity (de la Torre et al., 2014), the iden-
tified plant PPA-ATs are indeed involved in Phe biosynthesis
(Maeda et al., 2011; Yoo et al., 2013; de la Torre et al., 2014).
The strict substrate specificity of plant PPA-ATs toward pre-
phenate among the three aromatic keto acid substrates in Phe
and Tyr biosynthesis (Graindorge et al., 2010; Maeda et al.,
2011) also suggest that plant PPA-AT directs carbon flow spe-
cifically from prephenate toward arogenate and hence serves as
an ideal marker to investigate the molecular and biochemical
evolution of the plant arogenate pathway.
In this study, we conducted “phylobiochemical” characterization

of homologs of plant PPA-ATs from a broad range of organisms.
By combining intensive phylogenetic analysis with functional protein
association analysis, recombinant enzyme kinetics, and site-
directed mutagenesis, we found that plant PPA-ATs are phyloge-
netically and biochemically closely related to homologs from
Chlorobi/Bacteroidetes. Our analysis further identified a subset of
AspAT Ib enzymes having PPA-AT activity from a broad range of
microbes, which enabled determination of two amino acid residues
crucial for the substrate specificity of plant PPA-AT enzymes.

RESULTS

Plantae and Chlorobi/Bacteroidetes Share Common
Ancestors of PPA-AT and ADT

Maximum likelihood (ML) phylogenetic analyses were performed
to identify which extant homologs in the Tree of Life are most
closely associated with plant enzymes involved in Phe and Tyr
biosynthesis. Homologs of PPA-AT and ADT (Figure 2) as well
as ADH and CM (Supplemental Figure 1) were not identified in
Metazoa by BLASTP (Supplemental Data Set 2), consistent with
the absence of aromatic amino acid biosynthesis in animals.

Figure 1. Different Pathways for Phe and Tyr Biosynthesis.

Phe and Tyr can each be synthesized from prephenate via two alternative
routes, the arogenate pathway and/or the phenylpyruvate/4-hydroxy-
phenylpyruvate pathways. ADH (EC 1.3.1.79); ADT (EC 4.2.1.91); CM
(EC 5.4.99.5); HPP-AT, 4-hydroxyphenylpyruvate aminotransferase;
PDH (EC 1.3.1.12); PDT (EC 4.2.1.51); PPA-AT (EC 2.6.1.79); PPY-AT,
phenylpyruvate aminotransferase.
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Figure 2. ML Phylogenetic Analyses of PPA-AT and ADT.

Node labels are nonparametric bootstrap percentage values. Colored bars and labels over phylograms indicate monophyletic groups. Trees for PPA-AT
(A) and ADT (B) are arbitrarily rooted on the plant homolog used in the similarity searches.
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Besides photosynthetic protists (i.e., diatoms), the closest rela-
tives of plant CMs were found in fungi (Supplemental Figure 1
and Supplemental Data Set 2), suggesting that plant CMs have
eukaryotic origin. The inferred unrooted tree of ADH showed that
the relationship of the plant/diatom clade to prokaryotic homo-
logs was not well enough sampled and resolved to suggest a
particular origin (Supplemental Figure 1).

The PPA-AT and ADT phylogenetic analyses showed unex-
pected phylogenetic distributions: the closest homologs to both
plant PPA-ATs and ADTs were found in the bacterial phyla Bac-
teroidetes and Chlorobi (Figure 2; Supplemental Data Set 2). This
is not likely to be an artifact caused by long-branch attraction
since branch length heterogeneity was minimal (Supplemental
Figure 2). Multiple ADT isoforms found in land plants (e.g., six
Arabidopsis ADTs; Cho et al., 2007) were all within the mono-
phyletic plant clade (Figure 2B) in agreement with their recent
duplications of a single common ancestor. The alternative hy-
potheses that these plant PPA-AT and ADT genes were acquired
via mitochondrial or plastid endosymbiosis were tested by con-
straining plant homologs to the cluster with a-proteobacteria or
cyanobacteria homologs and evaluating them using an approxi-
mately unbiased (AU) test (a = 0.05). The data were significantly
better explained by the unconstrained tree than by any of the
trees constrained to a-proteobacteria or cyanobacteria homologs
(Supplemental Table 1 and Supplemental Figure 3). Together, the
phylogenetic affinity of PPA-AT and ADT homologs in Plantae and
the Bacteroidetes/Chlorobi bacteria suggest that they shared
close common ancestors.

A Chlorobium tepidum PPA-AT Homolog Can Efficiently
Convert Prephenate to Arogenate

To examine if the phylogenetically close PPA-AT homolog of
Chlorobi bacteria indeed has PPA-AT catalytic activity, the cor-
responding gene of green-sulfur bacterium Chlorobium tepidum
was cloned and expressed in E. coli, and the recombinant pro-
tein was purified (Supplemental Figure 4) for biochemical char-
acterization. The C. tepidum enzyme converted prephenate into
arogenate when incubated with prephenate in the presence of
pyridoxal 59-phosphate (PLP) cofactor and aspartate amino
donor (Figure 3A). No arogenate production was observed in the
absence of prephenate, aspartate, or the enzyme (Figure 3A).
Similar to plant PPA-ATs (Graindorge et al., 2010; Maeda et al.,
2011), the C. tepidum enzyme displayed Asp-AT activity (con-
version of a-ketoglutarate into glutamate using aspartate amino
donor) and was unable to convert other aromatic keto acid sub-
strates, phenylpyruvate and 4-hydroxyphenylpyruvate, into Phe
and Tyr, respectively (PPY-AT and HPP-AT activity; Figure 3B).
These results show that the C. tepidum homolog has PPA-AT
activity and specifically recognizes prephenate among aromatic
keto acid substrates involved in Phe and Tyr biosynthesis.

To compare the biochemical properties of the C. tepidum PPA-
AT homolog with those of plant PPA-ATs, kinetic analysis was
conducted for PPA-AT and Asp-AT activities of the C. tepidum
enzymes. Apparent Km toward prephenate and a-ketoglutarate
were 464 and 949 mM, respectively, in PPA-AT and AspAT
assays using aspartate amino donor (Table 1), which are com-
parable to those of Arabidopsis PPA-AT (355 and 691 mM,

respectively; Maeda et al., 2011). A similar Km (346 mM) was
also observed for prephenate when glutamate was used as an
amino donor, consistent with prior reports (Graindorge et al.,
2010; Maeda et al., 2011). The turnover rates (kcat) of PPA-AT
and Asp-AT activity were also comparable between C. tepidum
(12 to 17 s21) and Arabidopsis (5 to 17 s21) enzymes (Table 1;
Maeda et al., 2011).
The purified recombinant PPA-AT homolog of cyanobacte-

rium Synechocystis sp PCC6803, which was more distantly
related to Arabidopsis PPA-AT enzyme than C. tepidum PPA-
AT homologs (Figure 2A), was also generated (Supplemental
Figure 4), biochemically characterized, and compared with the
C. tepidum and Arabidopsis enzymes. The Synechocystis en-
zyme also displayed strong Asp-AT activity (Km of 486 mM, kcat
of 54.2 s21; Table 1) similar to the C. tepidum and Arabidopsis
enzymes. Although the same Synechocystis enzyme was re-
ported to be devoid of PPA-AT activity in a previous study
based on a coupled spectrophotometric assay (Graindorge
et al., 2014), we detected some PPA-AT activity through direct
detection of the arogenate product by HPLC; however, its Km

(2.5 mM) and kcat (1 s21) with prephenate were much higher and
lower, respectively, than those of C. tepidum and Arabidopsis
enzymes (Table 1). Taken together, these results show that,
while all three enzymes exhibit comparable Asp-AT activity, the
PPA-AT activity of the C. tepidum enzyme is more similar to
that of Arabidopsis PPA-AT than that of the Synechocystis
enzyme.

C. tepidum ADT Homolog Converts Arogenate into Phe

The C. tepidum homolog of plant ADTs was previously reported
as PDT, although only weak PDT activity was detected (Tan
et al., 2008). To test if the C. tepidum ADT homolog is capable of
converting arogenate into Phe, the corresponding gene was
cloned and its purified recombinant enzyme (Supplemental
Figure 4) was subjected to ADT and PDT assays. Since E. coli
crude extract contains endogenous PDT activity derived from
a bifunctional CM-PDT enzyme (Davidson et al., 1972; Zhang
et al., 1998), CM activity was analyzed in the purified fraction
to ensure the absence of E. coli CM-PDT contamination. Con-
sistent with the prior report (Tan et al., 2008), PDT activity was
detectable only at high enzyme concentrations and prolonged
reaction times (Supplemental Figure 5). When incubated with
arogenate substrate, however, the C. tepidum ADT homolog
was able to produce Phe efficiently (Supplemental Figure 5).
Kinetic analysis of the C. tepidum enzyme revealed that the

apparent Km toward arogenate and prephenate were 1544 and
827 mM, respectively (Table 2). Moreover, kcat with arogenate
was 20-fold higher than that with prephenate substrate (5.4 and
0.27 s21, respectively; Table 2). These parameters were within
the range of previously reported Arabidopsis ADTs that use both
arogenate and, to a lesser extent, prephenate substrates (ADT1,
ADT2, and ADT6, Km and kcat with arogenate ranging from 0.8 to
3 mM and 3.2 to 6.1 s21, respectively; Cho et al., 2007). The
10-fold higher catalytic efficiency of the C. tepidum enzyme for
arogenate than prephenate (Table 2) suggests that, similar to the
Arabidopsis ADTs, the C. tepidum ADT homolog exhibits stronger
ADT activity than PDT activity.
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Identification of Enzymes Homologous to Plant PPA-ATs
and Having PPA-AT Activity

Above results showed that a distantly related sequence (i.e., from
Synechocystis) to plant PPA-ATs still exhibits PPA-AT activity,
though much weaker than the C. tepidum PPA-AT homolog
(Table 1). Thus, we further examined the phylogenetic distribu-
tion of homologs of plant PPA-ATs that actually exhibit PPA-AT
activity. A deeper ML phylogenetic analysis oriented around the
transitive nature of molecular evolution (Pearson and Lipman,
1988) was performed (Supplemental Figure 6) and used as a
framework to identify the transition between prephenate utilizing
and non-utilizing aminotransferases. To construct a manageable-
sized tree that included homologs from deep taxonomic line-
ages, one out of every 13 sequences was arbitrarily selected
(see Methods). Thus, it is important to note that the absence of
a sequence in a given organism does not necessarily infer the
absence of a homolog of plant PPA-ATs.

For an initial prediction of a set of aminotransferases that are
likely involved in Phe and Tyr biosynthesis, a functional protein

association analysis was conducted for representative PPA-AT
homologs (Supplemental Figure 6) using STRING (Supplemental
Table 2; Franceschini et al., 2013; http://string-db.org), which
integrates various database information (e.g., co-occurrence in
genome, coexpression data, and physical protein-protein in-
teraction). The PPA-AT homologs of Rhodothermus marinus
(ZP_04423142.1), C. tepidum, Thermus thermophilus, Synechocystis
sp PCC6803, and Dickeya dadantii, located within a monophyletic
clade containing Plantae, bacteria, and archaea (Supplemental
Figure 6), showed some functional associations with enzymes
catalyzing the proceeding and/or subsequent steps of the PPA-AT
reaction, PDT/ADT, PDH/ADH, and CM (Supplemental Table 2).
By contrast, more distantly related homologs, such as the Alicy-
clobacillus acidocaldarius sequence and the second most similar
R. marinus sequence (YP_003290582.1) to Arabidopsis PPA-AT,
did not display such functional association (Supplemental Table 2).
These results suggest that AspAT Ib enzymes having PPA-AT
activity may be present within a clade containing the D. dadantii
sequence and other homologs more closely related to plant
PPA-ATs (Supplemental Figure 6).

Figure 3. PPA-AT, AspAT, PPY-AT, and HPP-AT Activity Assays Using C. tepidum PPA-AT Homolog.

(A) Arogenate (Agn) was produced after 15 min incubation of the recombinant C. tepidum enzyme (20 mg/mL) with 1 mM prephenate substrate, 5 mM
aspartate (Asp) amino donor, and 200 mM PLP cofactor at 37°C (solid line). The reactions lacking prephenate, Asp, or the enzyme did not produce Agn
(dotted lines).
(B) The C. tepidum enzyme converted a-ketoglutarate into glutamate (Asp-AT activity) but did not use phenylpyruvate (PPY-AT activity) and
4-hydroxyphenylpyruvate (HPP-AT activity).
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To experimentally test this prediction, the representative PPA-
AT homologs around the predicted boundary (Supplemental
Figure 6) were cloned and the corresponding recombinant en-
zymes were purified (Supplemental Figure 4) and biochemically
characterized. Besides PPA-AT homologs from Arabidopsis,
C. tepidum, and Synechocystis (Figure 3, Table 1; Maeda
et al., 2011), enzymes from Antirrhinum majus (vascular plant),
T. thermophilus (Deinococcus-Thermus bacterium), D. dadantii
Ech703 (g-proteobacterium), Streptomyces bingchenggensis
(actinobacterium), and A. acidocaldarius (Firmicutes bacterium)
were analyzed. PPA-AT activity was detected in the enzymes
of A. majus, T. thermophilus, Synechocystis sp PCC6803, and
D. dadantii (Figure 4A). The specific activities of these enzymes
declined as their similarity to plant PPA-ATs decreased (Figure
4; Supplemental Table 3). The S. bingchenggensis enzyme
showed minor PPA-AT activity only when high concentrations
of enzyme were used, while no PPA-AT activity was detected in
the A. acidocaldarius enzyme analyzed (Figure 4; Supplemental
Table 3). Although the result does not necessarily infer that S.
bingchenggensis and A. acidocaldarius do not possess AspAT
Ib enzymes having PPA-AT activity (as noted above), it in-
dicates that the particular S. bingchenggensis and A. acid-
ocaldarius enzymes, which were located near the predicted
boundary and thus characterized in this study (Supplemental
Figure 6), lack significant PPA-AT activity. These biochemical
analyses suggest that the enzymes exhibiting PPA-AT activity
are present within a clade containing the D. dadantii sequence
and more closely related homologs to plant PPA-ATs, whereas

ones in outside groups (e.g., the A. acidocaldarius sequence)
do not exhibit detectable PPA-AT activity.
To test the substrate specificity of these PPA-AT homologs,

other aromatic keto acid substrates, such as phenylpyruvate and
4-hydroxyphenylpyruvate, were used in aminotransferase assays.
Similar to the C. tepidum enzyme (Figure 3, Table 1) and previously
characterized plant enzymes (Graindorge et al., 2010; Maeda et al.,
2011), both plant enzymes from Arabidopsis and A. majus as well
as T. thermophilus, Synechocystis, and D. dadantii enzymes were
unable to use phenylpyruvate and 4-hydroxyphenylpyruvate, with
an exception of minor phenylpyruvate aminotransferase activity
detected in the T. thermophilus enzyme (Figure 4B; Supplemental
Table 3). By contrast, the S. bingchenggensis and A. acidocaldarius
enzymes, with very low to no PPA-AT activity, were able to con-
vert phenylpyruvate and 4-hydroxyphenylpyruvate into Phe and
Tyr, respectively (Figure 4B; Supplemental Table 3). Thus, the
characterized aminotransferases with PPA-AT activity use ex-
clusively prephenate out of three aromatic keto acids substrates
within the Phe and Tyr pathways.

Identification of Highly Conserved Amino Acid Residues
Involved in the Substrate Specificity of Arabidopsis
PPA-AT Enzyme

Using the defined set of aminotransferase sequences having
PPA-AT activity, we then searched for amino acid residues
potentially responsible for PPA-AT activity by comparing the
peptide sequences of enzymes with PPA-AT activity and closely
related, but prephenate non-utilizing aminotransferases (e.g.,
the A. acidocaldarius enzyme). The sequence alignment showed
that two amino acid residues, Thr-84 and Lys-169, were con-
served among all sequences within the boundary exhibiting
PPA-AT activity but were absent in outgroup sequences (Figure 5;
Supplemental Data Set 3), including the A. acidocaldarius enzyme,
which was devoid of PPA-AT activity (Figure 4; Supplemental
Table 3).
Amino acid residues corresponding to Thr-84 and Lys-169

were previously shown to be located in the substrate binding
pocket playing key roles in dicarboxylic acid amino donor (i.e.,
aspartate and glutamate) specificity of the T. thermophilus PPA-
AT homolog (Nobe et al., 1998; Nakai et al., 1999; Ura et al.,
2001), which was previously reported as an AspAT Ib enzyme
(Okamoto et al., 1996). However, prephenate, also a dicarboxylic
acid substrate for PPA-AT activity (Figure 6), had not been
tested as a keto acceptor. To examine the role of the Thr-84 and
Lys-169 residues in plant PPA-ATs, mutant versions of Arabi-
dopsis PPA-AT with substitution of Thr-84 or/and Lys-169 by
valine and serine, respectively, were generated by site-directed
mutagenesis (Supplemental Figure 4). The purified recombinant
enzymes of both T84V and K169S single mutants still exhibited
significant PPA-AT and Asp-AT activity (with aspartate amino
donor) but their specific activities were greatly reduced com-
pared with the wild type (blue bars in Figures 6A and 6B;
Supplemental Table 4). The double T84VK169S mutant com-
pletely lost PPA-AT activity (Figure 6A; Supplemental Table 4),
although it still maintained protein stability, shown by similar
thermo-denaturation responses to the wild-type enzyme
(Supplemental Figure 7). Kinetic analysis of PPA-AT activity of

Table 2. Kinetic Analysis of PDT and ADT Activity of the C. tepidum
ADT Homolog

Substrate kcat (s
21) Km (mM) kcat/Km (mM21 s21)

Arogenate 5.4 6 0.2 1544 6 122 3.5 6 0.2
Prephenate 0.27 6 0.04 827 6 87 0.32 6 0.02

Kinetic parameters were obtained for arogenate (ADT activity) and
prephenate (PDT activity) in 5- and 30-min reactions using 2 and 37.2
mg/mL recombinant enzyme, respectively. Data are means 6 SE (n = 3
independent experiments).

Table 1. Kinetic Analysis of C. tepidum and Synechocystis sp
PCC6803 PPA-AT Homologs

Substrate kcat (s
21) Km (mM) kcat/Km (mM21 s21)

C. tepidum PPA-AT homolog
Prephenate 12.3 6 0.2 464 6 39 26.8 6 2.5
a-Ketoglutarate 17.2 6 1.9 949 6 102 18.9 6 3.9

Synechocystis sp PCC6803 PPA-AT homolog
Prephenate 1.1 6 0.1 2539 6 254 0.44 6 0.02
a-Ketoglutarate 54.2 6 3.7 486 6 33 111.7 6 5.7

Kinetic parameters were obtained for prephenate and a-ketoglutarate in
5-min reactions using 0.5 and 2 mg/mL recombinant enzymes, re-
spectively, for C. tepidum PPA-AT homolog and 8 and 0.5 mg/mL for
Synechocystis homolog. Data are means 6 SE (n = 3 independent
experiments). 20 mM aspartate and 200 mM PLP were used as an amino
donor and a cofactor, respectively.
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these mutant and wild-type enzymes revealed that both T84V
and K169S single mutants had significantly reduced apparent
Km value toward prephenate (Table 3). As the turnover rates (kcat)
were also reduced by each mutation, the catalytic efficiencies
(kcat/Km) of both single mutants were 10-fold lower than that of
the wild type (Table 3).

The other aromatic keto acid substrate, 4-hydroxyphenylpyr-
uvate, has a similar structure as prephenate but is not a dicarboxylic
acid (Figure 6). Interestingly, when 4-hydroxyphenylpyruvate was
used as a keto acceptor (still with aspartate amino donor), all
three mutants including the double mutant, but not the wild type,
started to show HPP-AT activity, albeit with much lower activity
than their PPA-AT and Asp-AT activities (blue bars in Figure 6C).
In addition to aspartate, alanine and tryptophan (nondicarboxylic
and, thus, neutral amino acids) were also used to analyze PPA-
AT, Asp-AT, and HPP-AT activities (red and green bars in Figure 6).

PPA-AT and Asp-AT activity were very low to below detection
even with alanine or tryptophan in both the wild type and all three
mutants (Figures 6A and 6B; Supplemental Table 4). By contrast,
strong HPP-AT activity was observed in the T84VK169S double
mutant when alanine or tryptophan was used as an amino donor
together with 4-hydroxyphenylpyruvate keto acceptor (Figure 6C).
Thus, dicarboxylic acid substrates of both amino donor (aspartate)
and keto acceptor (prephenate or a-ketoglutarate) need to
be replaced with neutral ones (alanine or tryptophan, and
4-hydroxyphenylpyruvate) for the T84VK169S mutant of Arabi-
dopsis PPA-AT to function efficiently.
Further kinetic analysis showed that the catalytic efficiency of

HPP-AT activity of the T84VK169S mutant was in a similar range
as that of the PPA-AT activity of the wild-type enzyme (17.2
versus 69 mM21 s21; Table 3). Moreover, the apparent Km of
the T84VK169S mutant toward 4-hydroxyphenylpyruvate (with

Figure 4. Aminotransferase Activity of PPA-AT Homologs from Different Organisms.

(A) Significant arogenate production was observed in PPA-AT reactions containing (1) Arabidopsis, (2) A. majus, (3) C. tepidum, (4) T. thermophilus, (5)
Synechocystis sp PCC6803, or (6) D. dadantii enzymes, but not with (7) S. bingchenggensis, (8) A. acidocaldarius, or (0) no enzyme control, after
incubation with 1 mM prephenate, 5 mM L-aspartate, and 200 mM PLP for 35 min at 37°C.
(B) The activity of PPA-AT, Asp-AT, PPY-AT, and HPP-AT for individual enzymes was measured after incubation with 1 mM keto acid substrate, 5 mM
L-aspartate, and 200 mM PLP for 15 min at 37°C. N.D., below detection limit. Data are means 6 SE (n $ 3).
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tryptophan) was almost identical to that of the wild type toward
prephenate (with aspartate, 288 versus 312 mM; Table 3), in-
dicating that the two mutations at Thr-84 and Lys-169 switched
the substrate specificity of Arabidopsis PPA-AT from dicarboxylic
acids to nondicarboxylic acids.

DISCUSSION

A broad range of organisms, with the exception of animals,
possess the aromatic amino acid pathways and thus synthesize

Phe, Tyr, and Trp. A prior molecular evolution study revealed
that plant enzymes involved in the shikimate pathway were ac-
quired from multiple prokaryotes including cyanobacteria and
other eubacteria (Richards et al., 2006). In this study, we in-
vestigated the molecular evolution of enzymes involved in plant
Phe and Tyr biosynthesis, whose pathway structures are highly
diverse among different organisms having the alternative ar-
ogenate and/or phenylpyruvate/4-hydroxyphenylpyruvate path-
ways (Bentley, 1990; Herrmann and Weaver, 1999; Tzin and
Galili, 2010; Maeda and Dudareva, 2012).

Figure 5. Identification of Thr-84 and Lys-169 as Highly Conserved among AspAT Ib Enzymes Having PPA-AT Activity.

Primary peptide sequence alignment of prephenate utilizing and not utilizing PPA-AT homologs (above and below the dotted line) revealed Thr-84 and Lys-
169 are highly conserved only among AspAT Ib enzymes exhibiting PPA-AT activity. Phylogenetic relationships of individual enzymes are shown in
Supplemental Figure 6, except for PPA-AT homologs of Petunia hybrida (HM635905.1), Salinibacter ruber (YP_445071.1), and Ostreococcus lucimarinus
(XP_001421566.1; Figure 2). Alignments were performed by ClustalW with default settings and shaded using the BoxShade Version 3.21 software program.

Figure 6. Amino Donor and Keto Acceptor Preference of Arabidopsis PPA-AT Wild Type and Mutants.

PPA-AT (A), Asp-AT (B), and HPP-AT (C) activities were analyzed in the wild type, T84V and K169S single, and T84VK169S double mutants using
L-aspartate (Asp), L-alanine (Ala), or L-tryptophan (Trp) as an amino donor. The structures of respective keto acid substrates, prephenate (A),
a-ketoglutarate (B), and 4-hydroxyphenylpyruvate (C), are shown in each panel. The reaction mixtures containing 3 mM keto acid substrate, 20 mM
amino donor, 200 mM PLP, and 0.5 to 20 mg/mL purified recombinant enzyme were incubated at 37°C for 10 min. Data are means of three independent
experiments, and individual standard errors are shown in Supplemental Table 4. Open squares: activity was not detectable (Supplemental Table 4).
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Evolutionary History of Plant Phe Biosynthesis

The phylogenetic distribution of CMs, which catalyze the initial
step of all Phe and Tyr biosynthetic pathways (Figure 1), sug-
gests that plants retained a CM enzyme derived from their
nuclear, eukaryotic history (Supplemental Figure 1). By contrast,
plant PPA-ATs and ADTs, but not ADHs, showed close phy-
logenetic affinity with homologs in the Bacteroidetes (nonpho-
toautotrophic) and the Chlorobi (photolithotrophic; Figure 2),
which are well-documented closely aligned bacterial phyla
(Gupta, 2004). A prior study suggested that plant PPA-ATs (re-
ported as prokaryotic-type aspartate aminotransferases that
belong to AspAT Ib type) are closely related to cyanobacterial
enzymes and may have an endosymbiotic origin (de la Torre
et al., 2006). However, in this study, cyanobacterial homologs
were more distantly related to plant PPA-ATs and ADTs than
were Chlorobi/Bacteroidetes homologs (Figure 2). Hypotheses
of PPA-AT and ADT lateral gene transfer (LGT) associated with
the endosymbiotic origins of the mitochondria or chloroplast
were not supported by the AU test (Supplemental Table 1). In
addition, detailed biochemical characterizations of C. tepidum
(Chlorobi) and Synechocystis (cyanobacterium) PPA-AT homo-
logs showed that the C. tepidum homolog exhibits biochemical
properties more similar to plant PPA-ATs (e.g., strong PPA-AT
activity; Graindorge et al., 2010; Maeda et al., 2011) than does
the Synechocystis counterpart (Table 1). The weak to no PPA-
AT activity detected in the Synechocystis AspAT Ib enzyme
(Table 1; Graindorge et al., 2014) is consistent with the presence
of BCAT-type enzymes having strong PPA-AT activity with
broad substrate specificity in cyanobacteria (Stenmark et al.,
1974; Jensen and Stenmark, 1975; Graindorge et al., 2014).
Also, the ADT homolog of C. tepidum, previously reported as
PDT (Tan et al., 2008), showed 10-fold higher catalytic efficiency
for ADT than PDT activity (Table 2), whereas cyanobacteria
such as Synechocystis process a bifunctional CM-PDT enzyme
(Kaneko et al., 1996) and lack ADT activity (Stenmark et al.,

1974; Hall et al., 1982). These phylogenetic and biochemical
results together suggest that both PPA-AT and ADT, and thus
the arogenate Phe pathway, were acquired by a eukaryotic
ancestor of plants from a bacterial lineage that gave rise to sister
phyla Chlorobi and Bacteroidetes.
A remaining question is whether the gene transfer of PPA-AT

and ADT occurred directly or indirectly from an ancestor of Chlorobi/
Bacteroidetes bacteria to a Plantae ancestor. The simplest hy-
pothesis is that LGT occurred directly from Chlorobi/Bacteroidetes
to Plantae ancestors. Although less likely, an alternative hy-
pothesis is that LGT occurred from Chlorobi/Bacteroidetes
to a specific lineage of cyanobacterial ancestors that is most
closely related to the plastid ancestor but became extinct or
has not been discovered. This possibility was previously proposed
by Gross et al. (2008) when the gene cluster of menaquinone/
phylloquinone biosynthetic enzymes showed close phylogenetic
relationship between Plantae and Chlorobi/g-Proteobacteria. How-
ever, the discovery of extant cyanobacteria that contain Chlorobi/
g-Proteobacteria-like menaquinone/phylloquinone enzymes and/or
Chlorobi/Bacteroidetes-like PPA-AT and ADT is required to sup-
port the latter hypothesis.
Sequences homologous to both plant PPA-ATs and ADTs

were found in all analyzed photosynthetic eukaryotes, including
autotrophic diatoms (e.g., Thalassiosira pseudonana) whose
plastids are derived from red algae (Oudot-Le Secq et al., 2007).
These results suggest that the PPA-AT and ADT genes derived
from Chlorobi/Bacteroidetes were acquired by a common an-
cestor of Plantae (including land plants and red and green algae)
and have been maintained in all Plantae lineages. In the case of
ADTs, the acquired ancestral gene was further duplicated mul-
tiple times within land plants (as all algae have a single ADT
gene; Tohge et al., 2013), and some isoforms became very spe-
cific to arogenate over prephenate substrate (e.g., Arabidopsis
ADT3, 4, and 5 [Cho et al., 2007] and petunia ADT1 [Maeda et al.,
2010]). One exception is the lack of a PPA-AT gene in red algae
(e.g., Cyanidioschyzon merolae; Matsuzaki et al., 2004) and glau-
cophytes (i.e., Cyanophora paradoxa; Price et al., 2012), which may
be due to the recent loss of PPA-AT (at least AspAT Ib type) in the
sequenced red alga lineages that might have co-opted another
aminotransferase(s) for Phe and Tyr biosynthesis.

Phylogenetic Distribution of PPA-AT Enzymes

E. coli and yeast, two extensively studied model microbes, use
exclusively the phenylpyruvate/4-hydroxyphenylpyruvate path-
ways for Phe/Tyr biosynthesis and do not have PPA-AT genes
and activity (Gelfand and Steinberg, 1977; Urrestarazu et al.,
1998). However, our analysis and the most recent study (Graindorge
et al., 2014) revealed that aminotransferases having PPA-AT
activity are present not only in plants but also in a broader range
of microbes. Plant PPA-ATs belong to the AspAT Ib class
(Graindorge et al., 2010; Dal Cin et al., 2011; Maeda et al., 2011),
which falls within subfamily Ig (Mehta et al., 1993; Jensen and
Gu, 1996) and is distantly related to class-Ia AspATs (subfamily
Ia) commonly present in all organisms (Alfano and Kahn, 1993;
Okamoto et al., 1996; Nobe et al., 1998). In addition to plants,
AspAT Ib-type enzymes having strong PPA-AT activity were
found in Chlorobi bacteria (C. tepidum; Figure 3, Table 1) and

Table 3. Kinetic Analysis of Arabidopsis PPA-AT Wild Type and
Mutants

Enzymes kcat (s
21) Km (mM) kcat/Km (mM21 s21)

Prephenate (Asp amino donor)
Wild type 21.3 6 1.0 312 6 30 69.0 6 4.2
T84V 4.5 6 1.2** 676 6 96* 6.5 6 0.9**
K169S 5.5 6 1.5** 791 6 97* 6.7 6 1.1**
T84VK169S N.D. N.D. N.D.
4-Hydroxyphenylpyruvate (Trp amino donor)
T84VK169S 5.0 6 0.3 288 6 15 17.2 6 0.7

Kinetic parameters were obtained for prephenate using aspartate amino
donor (20 mM) in 10-min reactions using 0.5 and 2 mg/mL recombinant
enzymes for wild type and mutants of Arabidopsis PPA-AT enzymes,
respectively. For the T84VK169S double mutant, PPA-AT activity was
not detectable (N.D.); instead, kinetic parameters were obtained for
4-hydroxyphenylpyruvate using Trp amino donor (20 mM) in 3-min
reactions using 4 mg/mL recombinant enzyme. PLP (200 mM) was
used as a cofactor. Data are means 6 SE (n $ 3). Significant difference
from the corresponding wild type value is indicated (*P < 0.05, **P < 0.01,
Student’s t test).
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a-proteobacteria (Rhizobium meliloti and Rhodobacter sphaer-
oides; Graindorge et al., 2014). The most extensively studied
AspAT Ib enzyme from T. thermophilus (Nobe et al., 1998; Nakai
et al., 1999; Ura et al., 2001) also showed a comparable level of
PPA-AT activity to plant and C. tepidum enzymes (Figure 4;
Supplemental Table 3). Similar to PPA-AT activity detected in
plant tissues (Bonner and Jensen, 1985; Siehl et al., 1986), the
purified recombinant enzymes of these AspAT Ibs specifically
used aspartate and glutamate amino donors and, besides
a-ketoglutarate and oxaloacetate (for Asp-AT activity), efficiently
used prephenate keto acceptor, but not phenylpyruvate or
4-hydroxyphenylpyruvate (Figures 3B and 4B; Graindorge et al.,
2010; Maeda et al., 2011; Graindorge et al., 2014). AspAT Ib
enzymes from other bacteria, such as Synechocystis (Table 1),
D. dadantii (Figure 4), and Nitrosomonas europaea (b-proteo-
bacteria; Graindorge et al., 2014), also showed PPA-AT activity
but at much lower rates, which appears to be due to the pres-
ence of additional enzyme(s) efficiently catalyzing the PPA-AT
reaction (e.g., BCAT and S-DAPAT types in Synechocystis and
N. europaea, respectively; Graindorge et al., 2014) and/or the
operation of an alternative pathway(s) for Phe and/or Tyr
biosynthesis. Although further genetic analyses are required
to determine relative contributions of alternative pathways
and/or different types of PPA-AT enzymes to overall Phe and
Tyr biosynthesis, these results suggest that the arogenate
pathway is distributed in Plantae as well as in a wide range of
prokaryotes.

Role of Thr-84 and Lys-169 in the Substrate Specificity of
Plant PPA-AT Enzyme

Aminotransferases catalyze a PLP-dependent transamination
reaction between an a-amino acid donor and an a-keto acid
amino acceptor via the “ping-pong bi-bi” mechanism (Kirsch
et al., 1984; Toney, 2014). The AspAT Ib enzymes were previously
shown to preferentially use dicarboxylic acid amino donors (i.e.,
aspartate and glutamate), in contrast to class Ia AspATs that use
both acidic and neutral amino donors (Kuramitsu et al., 1990;
Nakai et al., 1999). Structural analyses of AspAT Ib enzymes from
T. thermophilus and plants identified several amino acid residues
responsible for their Asp-AT activity (Nobe et al., 1998; Nakai
et al., 1999; Ura et al., 2001; de la Torre et al., 2009). Lys-109 of
the T. thermophilus enzyme, which corresponds to Lys-169 of
Arabidopsis PPA-AT (Figure 5), was shown to be critical for
specific recognition of dicarboxylic acids by forming salt bridges
with their distal carboxyl group (Nobe et al., 1998; Nakai et al.,
1999). However, prephenate was not used as a keto acid sub-
strate, as the involvement of AspAT Ib enzymes in catalysis of
PPA-AT reaction was shown only recently (Graindorge et al.,
2010; Maeda et al., 2011; Graindorge et al., 2014).

In this study, biochemical characterizations of various homo-
logs of plant PPA-ATs guided by phylogenetic analysis defined
a subset of AspAT Ib enzymes having PPA-AT activity, which
further allowed us to identify Thr-84 and Lys-169 being potentially
important residues for their PPA-AT activity. In the T. thermo-
philus AspAT Ib enzyme, the single K109S mutation almost
completely abolished Asp-AT activity (<104-fold lower activity
than the wild type), indicating that Lys-109 is a major determinant

of the dicarboxylic acid substrate specificity of the T. thermo-
philus AspAT Ib enzyme (Nobe et al., 1998). Although the Thr-17
residues in the T. thermophilus enzyme, which corresponds to
Thr-84 of Arabidopsis PPA-AT, also interacts with the distal
carboxyl group of a dicarboxylic substrate (Nakai et al., 1999),
addition of T17V together with other mutations in the T. ther-
mophilus K109S mutant did not further reduce the acidic sub-
strate specificity (Ura et al., 2001). On the contrary, the K169S
mutant of Arabidopsis PPA-AT still maintained significant Asp-AT
and PPA-AT activity and lost these activities completely only
when it was combined with the T84V mutation (Figures 6A and
6B, Table 3). These results suggest that, in Arabidopsis PPA-AT,
Lys-169 and Thr-84 have additive roles in recognition of di-
carboxylic substrates (e.g., prephenate, a-ketoglutarate, and as-
partate) for both PPA-AT and Asp-AT activity.
Along with the loss of acidic amino donor specificity, the in-

troduction of K109S mutation in the T. thermophilus AspAT Ib
enzyme alone or together with T17V and other mutations in-
creased Asp-AT activity with neutral and hydrophobic amino
donors (Nobe et al., 1998; Ura et al., 2001). However, in Arabi-
dopsis PPA-AT, the T84V and K169S mutations, even in com-
bination, did not substantially increase Asp-AT and PPA-AT
activity with alanine or tryptophan (Figures 6A and 6B). Only
when neutral substrates were used for both keto acceptor
(4-hydroxyphenylpyruvate) together with amino donor (alanine
or tryptophan), the T84VK169S double mutants of Arabidopsis
PPA-AT showed strong aminotransferase activity (HPP-AT ac-
tivity; Figure 6C, Table 3), demonstrating that the simultaneous
mutation of Thr-84 and Lys-169 can shift the enzyme specificity
from dicarboxylic acid to neutral nondicarboxylic acid sub-
strates. Thus, our results indicate that both Thr-84 and Lys-169
residues of plant PPA-AT play crucial roles not only in acidic
amino donor specificity but also in specific recognition of di-
carboxylic keto acid substrates, including prephenate. This
study also demonstrates how the phylobiochemical character-
ization of enzymes from deep taxonomic lineages can be used
to determine key molecular changes that alter enzyme substrate
specificity.

Conclusions

In summary, based on the current results combined with a
previous hypothesis for the evolutionary development of Phe
and Tyr biosynthesis (Jensen and Pierson, 1975), we propose
a model of the evolution of the arogenate pathway for plant Phe
biosynthesis: A PPA-AT enzyme evolved from an AspAT Ib-type
aminotransferase, possibly having activities with neutral sub-
strates (e.g., HPP-AT activity observed in the A. acidocaldarius
enzyme [Figure 4B] and Arabidopsis PPA-AT double mutant
[Figure 6]), through acquisition of Thr-84 and Lys-169 and most
likely additional permissive mutations. This led to the cellular
accumulation of arogenate and the alteration of PDT/ADT sub-
strate preference from prephenate to arogenate. The eukaryotic
host of the plant ancestor, or the free-living cyanobacterium that
gave rise to the primary plastid, acquired both PPA-AT and ADT
from an ancestor of Chlorobi/Bacteroidetes bacteria. The in-
troduction of the PPA-AT and ADT enzymes allowed plants to
synthesize Phe predominantly via the arogenate pathway (Jung
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et al., 1986; Maeda et al., 2010; Yoo et al., 2013), which currently
supports the production of diverse and abundant phenylpro-
panoid natural products, including lignin (Corea et al., 2012b).

METHODS

Analysis of Molecular Evolution

For phylogenetic analyses shown in Figure 2 (Supplemental Data Set 4),
homologous PPA-AT- and ADT-like sequences were identified by
a protein BLASTP search of Arabidopsis thaliana PPA-AT (NP_565529.1)
and ADT1 (NP_172644.1), respectively, on the NCBI refseq database with
the BLOSUM45matrix. Approximately 200 to 250most similar sequences
(e-value cutoff of 1e240) were selected and aligned using MAFFT E-INS-i
(Katoh et al., 2002). A majority rule consensus 100 bootstrap neighbor-
joining phylogeny was initially generated using PAUP* 4.0b10 (http://
paup.csit.fsu.edu), and redundant sequences forming a same-species
polytomy at branch tips were pruned. The new data set was then aligned
using MAFFT FFT-NS-i (Katoh et al., 2002), and gaps with <2% of total
sequences were trimmed. A ProtTest 3.2.2 analysis (Darriba et al., 2011)
identified LG+I+G to be the optimal model. ML 1024 replicate non-
parametric bootstrap and 1024 replicate ML search GARLI 2.0 analyses
were performed (http://garli.googlecode.com). A majority rule consensus
tree was generated using the SumTrees 3.3.1 program of the DendroPy
3.12.0 package (Sukumaran and Holder, 2010). The best likelihood tree
was selected and bootstrap support values were mapped on nodes using
SumTrees.

Phylogenetic analysis of CM and ADH (Supplemental Figure 1 and
Supplemental Data Set 4) was conducted as described above for PPA-AT
and ADT (Figure 2) using Arabidopsis CM1 (NP_566846.1) and ADH1
(NP_198343.1) as queries in the BLASTP similarity searches (e-value cut
off of 1e220).

A deep phylogenetic analysis of PPA-AT (Supplemental Figure 9 and
Supplemental Data Set 4) was performed on more distantly related PPA-
AT-like sequences as determined as follows. Shared hits in reciprocal
similarity searches can indicate common ancestry between two query
sequences (Pearson, 1996). Therefore, four amino acid sequences repre-
senting various PPA-AT-like activities (Arabidopsis PPA-AT [NP_565529.1/
AT2G22250], Arabidopsis AGD2/DAT [AT4G33680], ArabidopsisCORI3/CL
[AT4G23600], and Homo sapiens kyurenine-oxoglutarate transaminase
[CAA57702]) were selected for Smith-Waterman similarity searches (Smith
and Waterman, 1981) using SSEARCH v35 (Pearson and Lipman, 1988).
Searches were performed on the NCBI nr database with an e-value cutoff
of 1e26. A total of 3913 sequences were in common between the four
searches, thereby establishing deep common ancestry. To reduce the data
set to a manageable size for ML analyses, these were pruned down to 301
sequences by sampling every 13th sequence. The resulting data set was
then edited so that the four query sequences and characterized sequences
(e.g., Chlorobium tepidum and Thermus thermophilus) were included. This
data set was aligned using MAFFT FFT-NS-i, and gaps were trimmed.
ProtTest 3.2.2 analysis identified LG+I+G as the best-fitting model.

AU Test of PPA-AT and ADT

For PPA-AT and ADT hypothesis testing (Supplemental Table 1 and
Supplemental Figure 3), two additional constrained 1024 replicate ML
searchGARLI analyses were also performed constraining plants with either
a-proteobacteria or cyanobacteria. The programCONSEL (Shimodaira and
Hasegawa, 2001) was used to perform the AU test (Shimodaira, 2002)
on comparisons between the best likelihood ML tree for each hypothesis.
Given the lower expectation value cutoff criterion used in the PPA-AT
SSEARCHs, there were several different orthologous aminotransferase
groups, sharing common ancient ancestry, present in the PPA-AT analyses.

Therefore, when assigning plant PPA-ATs constrained with either cyano-
bacterial or a-proteobacterial orthologs, only homologs from the previously
stated eubacterial phyla present in PPA-AT proximal basal clades (i.e.,
presumably matched-orthologous eubacterial enzymes) were selected for
the constraint ML analyses.

Functional Protein Association Analysis

Functionality of PPA-AT homologs were predicted using STRING (http://
string-db.org) (Franceschini et al., 2013). Amino acid sequences of in-
dividual PPA-AT homologs (Supplemental Data Set 2) were used as
queries to identify the top three proteins that are predicted to be func-
tionally associated with them based on, e.g., genome colocalization,
coexpression, and physical protein-protein interactions (Supplemental
Table 2; Franceschini et al., 2013). Only PPA-AT homologs that were
deposited in the STRING database were used.

Recombinant Enzyme Expression and Purification

PPA-AT and ADT homologs were first PCR amplified using primers de-
scribed in Supplemental Table 5 and the following templates: cDNA for
Antirrhinum majus homolog (KF726139); genomic DNAs for C. tepidum
PPA-AT (NP_661859.1) and ADT (NP_662549.1) homologs, Dickeya
dadantii Ech703 (YP_002987080.1), and Alicyclobacillus acidocaldarius
(ZP_03494134.1) homologs; cells for Synechocystis sp PCC6803 ho-
molog (NP_442191.1, by colony PCR); plasmids containing the target
genes for T. thermophilus (YP_143312.1) and Streptomyces bingcheng-
gensis (ADI11720.1) homologs were obtained from RIKEN BRC Japan
Collection of Microorganisms and GENEWIZ, respectively. For A. majus,
C. tepidum, and T. thermophilus, Platinum Pfx DNA polymerase (In-
vitrogen) was used for PCR amplification. For A. majus, the DNA fragment
encoding the mature protein of PPA-AT (lacking the first 66 amino acids
predicted to be a plastid transit peptide by ChloroP) was subcloned into
the pET28a vector at NdeI and BamHI sites. The PCR fragments of the
C. tepidum and T. thermophilus genes were first cloned into the pENTR/
DTOPO vector and then transferred to pDEST17 using LR clonase (In-
vitrogen). For the remaining PPA-AT homologs (i.e., Synechocystis sp
PCC6803, D. dadantii Ech703, S. bingchenggensis, and Alicyclobacillus
acidocaldarius), Phusion DNA Polymerase (Fermentas) was used to amplify
DNA fragments, which were inserted into pET28a (Novagen) linearized by
NdeI and EcoRI enzymes using the InFusion Cloning protocol (Clontech).
Restriction digestion and sequencing confirmed that no errors were
introduced during PCR amplification and cloning.

For recombinant protein expression, the cloned plasmids were first
transformed into Rosetta-2 Escherichia coli. The E. coli cultures grown
overnight at 18°C after isopropyl b-D-1-thiogalactopyranoside (400 mM)
induction were harvested, resuspended in the lysis buffer (50 mM sodium
phosphate, pH 8.0, 0.1 mM PLP, 1 mM DTT, 1 mM EDTA, 1 mM PMSF,
and 10% glycerol), and sonicated. The supernatant of the cell lysate was
then desalted byG-50-80 gel filtration resin (Sigma-Aldrich) and applied to
a column containing Ni-NTN resin (5 PRIME) equilibrated with the binding/
wash buffer (50mMsodium phosphate, pH 8.0, 300mMNaCl, and 10mM
imidazole). After washing the column with 15 mL binding/wash buffer, the
recombinant proteins were eluted with the elution buffer (50 mM sodium
phosphate, pH 8.0, 300 mM NaCl, and 500 mM imidazole), desalted, and
eluted with the reaction buffer (50 mM sodium phosphate, pH 8.0, 0.1 mM
PLP, and 10% glycerol). For the purification of C. tepidum ADT homolog,
an additional wash was performed with 5 mL 40 mM imidazole buffer (in
50 mM sodium phosphate, pH 8.0, and 300 mM NaCl), and the purified
enzyme was desalted into 50 mM sodium phosphate (pH 8.0), 1 mM
EDTA, and 10% glycerol. The expression and the purity of recombinant
enzymes were confirmed by SDS-PAGE stained with Coomassie Brilliant
Blue R 250 (Supplemental Figure 4).
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Enzyme Assays

The aminotransferase reactions were conducted in mixtures containing
50 mM sodium phosphate (pH 8.0) and 200 mM PLP together with an
amino donor and a keto acid acceptor (Maeda et al., 2011). The ADT
reactions were performed in 20 mM Tris-HCl (pH 8.0) and 1 mM EDTA
together with arogenate (Maeda et al., 2010). The reactions were initiated
by adding the enzymes. After incubation at 37°C for the time periods
indicated in each figure or table legend, the reactions were stopped by
adding methanol (v/v 66%), with the exception for PPA-AT assays using
glutamate donor, which was stopped by 0.5 N HCl, further incubated at
37°C to convert arogenate into Phe, and neutralized with 0.5 N NaOH. The
reaction products, arogenate, aspartate, glutamate, Tyr, and Phe, were
quantified by HPLC (Agilent 1260 equipped with an Eclipse Plus XDB-C18
column) as o-phthaldialdehyde derivatives (Maeda et al., 2010). Ar-
ogenate, aspartate, and glutamate were separated at a flow rate of
0.5 mL/min with a 10-min linear gradient of 10 to 30% methanol in
0.1% (v/v) ammonium acetate (pH 6.8), whereas 0.8 mL/min with a 30-
min linear gradient of 20 to 45% methanol was used for Tyr. Phe was
separated at 0.5 mL/min with a 30-min linear gradient of 10 to 70%
methanol in 20 mM sodium phosphate buffer (pH 6.8). The PDT and CM
activities were measured as described previously (Maeda et al., 2010) by
spectrophotometrically analyzing phenylpyruvate production in alkaline
conditions (Cotton and Gibson, 1965). The quantifications were based
on standard curves generated by respective authentic standards. Ki-
netic analyses were conducted by hyperbolic regression analysis using
HYPER.EXE (version 1.01). All enzyme assays, with the exceptions of
qualitative analyses presented in Figures 3 and 4 that aimed to detect
any detectable enzyme activity, were performed at an appropriate en-
zyme concentration and reaction time, so that reaction velocity was
proportional to enzyme concentration and linear during the incubation
time period.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under the following accession
numbers: Arabidopsis PPA-AT (At2g22250/NP_565529.1), PPA-AT ho-
mologs of A. majus (KF726139),C. tepidum (NP_661859.1), Synechocystis
sp PCC6803 (NP_442191.1), T. thermophilus (YP_143312.1), D. dadantii
Ech703 (YP_002987080.1), S. bingchenggensis (ADI11720.1), A. acid-
ocaldarius (ZP_03494134.1), andC. tepidum ADT homolog (NP_662549.1).
Accession numbers of sequences that were used only in phylogenetic
analyses are listed in Supplemental Data Set 2.

Supplemental Data

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

Supplemental Figure 1. ML Phylogenetic Nonparametric Bootstrap
Consensus Analyses of CM and ADH.

Supplemental Figure 2. PPA-AT Optimal ML Search Trees Showing
Estimated Branch Lengths.

Supplemental Figure 3. PPA-AT and ADT Optimal ML Search Trees
Used for the Approximately Unbiased Test Shown in Supplemental
Table 1.

Supplemental Figure 4. SDS-PAGE of Purified Recombinant Enzymes.

Supplemental Figure 5. Time-Dependent ADT and PDT Activity of
C. tepidum ADT Homolog.

Supplemental Figure 6. Prediction of the Transition between Func-
tional and Nonfunctional PPA-ATs Using a Deep ML Phylogenetic Tree.

Supplemental Figure 7. Representative Thermo-Denaturation Responses
of Wild Type and Mutants of Arabidopsis PPA-AT (AtPPA-AT) Enzymes.

Supplemental Table 1. Approximately Unbiased Test of ADT and
PPA-AT Phylogenies.

Supplemental Table 2. Functional Protein Association Prediction of
PPA-AT Homologs.

Supplemental Table 3. Aminotransferase Activities of PPA-AT Ho-
mologs with Different Keto Acid Acceptors.

Supplemental Table 4. PPA-AT, Asp-AT, and HPP-AT Activities of
Arabidopsis PPA-AT Wild Type and Mutants with Different Amino Donors.

Supplemental Table 5. Primer Sequences Used for Cloning of PPA-
AT Homologs.

Supplemental Data Set 1. Coexpression Analysis of Plant Homologs
of AspAT Ib, BCAT, and S-DAPAT Type PPA-ATs.

Supplemental Data Set 2. Taxon Mapping of PPA-AT, ADT, CM, and
ADH Phylogenetic Trees.

Supplemental Data Set 3.Multiple Sequence Alignment of Functional
and Nonfunctional PPA-ATs.

Supplemental Data Set 4. Sequence Alignments Corresponding to
All Phylogenetic Analyses Presented in the Study.
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