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Convergent evolution is a process that has occurred throughout the
tree of life, but the historical genetic and biochemical context
promoting the repeated independent origins of a trait is rarely
understood. The well-known stimulant caffeine, and its xanthine
alkaloid precursors, has evolved multiple times in flowering plant
history for various roles in plant defense and pollination. We have
shown that convergent caffeine production, surprisingly, has
evolved by two previously unknown biochemical pathways in
chocolate, citrus, and guaraná plants using either caffeine synthase-
or xanthinemethyltransferase-like enzymes. However, the pathway
and enzyme lineage used by any given plant species is not predict-
able from phylogenetic relatedness alone. Ancestral sequence res-
urrection reveals that this convergence was facilitated by co-option
of genes maintained over 100 million y for alternative biochemical
roles. The ancient enzymes of the Citrus lineage were exapted for
reactions currently used for various steps of caffeine biosynthesis
and required very few mutations to acquire modern-day enzymatic
characteristics, allowing for the evolution of a complete pathway.
Future studies aimed at manipulating caffeine content of plants will
require the use of different approaches given the metabolic and
genetic diversity revealed by this study.
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Convergent evolution has resulted in the independent origins of
many traits dispersed throughout the tree of life. Whereas some

convergent traits are known to be generated via similar develop-
mental or biochemical pathways, others arise from different paths
(1–5). Likewise, similar (orthologous) or different (paralogous or
even unrelated) genes may encode for the regulatory or structural
proteins composing the components of pathways that build conver-
gent traits (6–10). One of the most prominent examples of conver-
gence in plants is that of caffeine biosynthesis, which appears to have
evolved at least five times during flowering plant history (11). The
phylogenetic distribution of caffeine, or xanthine alkaloids more
generally, is highly sporadic and usually restricted to only a few
species within a given genus (12, 13). Caffeine accumulates in various
tissues, where it may deter herbivory (14, 15) or enhance pollinator
memory (16). Numerous studies over the past 30 y have indicated
that although several possible routes exist, the same canonical
pathway to caffeine biosynthesis has evolved independently in Coffea
(coffee) and Camellia (tea) involving three methylation reactions to
sequentially convert xanthosine to 7-methylxanthine to theobromine
to caffeine (Fig. 1) (17, 18). In Coffea, three xanthine methyl-
transferase (XMT)-type enzymes from the SABATH (salicylic acid,
benzoic acid, theobromine methyltransferase) family (19) are used to
catalyze the methylation steps of the pathway, whereas Camellia uses
a paralogous, convergently evolved caffeine synthase (CS)-type en-
zyme (20–22) (Fig. 1). Because most SABATH enzymes catalyze the
methylation of oxygen atoms of a wide diversity of carboxylic acids
such as anthranilic, benzoic, gibberellic, jasmonic, loganic, salicylic,
and indole-3-acetic acid for floral scent, defense, and hormone
modulation (23–25), methylation of xanthine alkaloid nitrogen atoms
by XMT and CS is likely a recently evolved activity.
Although convergence has been documented at multiple hier-

archical levels, fundamental questions remain unanswered about

the evolutionary gain of traits such as caffeine that are formed via
a multistep pathway. First, although convergently co-opted genes,
such as XMT or CS, may evolve to encode enzymes for the same
biosynthetic pathway, it is unknown what ancestral functions they
historically provided that allowed for their maintenance over mil-
lions of years of divergence. Second, it is unknown how multiple
protein components are evolutionarily assembled into an ordered,
functional pathway like that for caffeine biosynthesis. Under the
cumulative hypothesis (26), it is predicted that enzymes catalyzing
earlier reactions of a pathway must evolve first; otherwise, enzymes
that perform later reactions would have no substrates with which to
react. Subsequently, duplication of the gene encoding the first
enzyme would give rise to enzymes catalyzing later steps. This
hypothesis assumes that, initially, the intermediates in a pathway
are advantageous, because it is unlikely that multiple enzymatic
steps in a pathway could evolve simultaneously. Alternatively, the
retrograde hypothesis (27) states that enzymes catalyzing reactions
that occur at the end of a pathway evolved first. Gene duplication
of the sequence encoding the first-evolved enzyme would eventu-
ally result in new enzymes that perform the preceding pathway
steps. This hypothesis assumes that the intermediates of a given
pathway would be produced nonenzymatically and be available for
catalysis; as such, it may have less general explanatory application.
Finally, the patchwork hypothesis (28, 29) explains the origins of
novel pathways by the recruitment of enzymes from alternative
preexisting pathways. This hypothesis assumes that the older,
recruited enzymes were ancestrally promiscuous with respect to the
substrates catalyzed such that they were exapted for the activities
that they later become specialized for in the novel pathway. Unlike
the cumulative and retrograde hypotheses, there is no prediction
for the relative ages of enzymes performing each step of the novel
pathway under the patchwork hypothesis. The patchwork hypoth-
esis is compatible with the innovation, amplification, and duplication
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model of protein functional change (30) and those that have
emerged from protein engineering studies (31) in that promiscuous
enzyme activities are nearly universal properties of modern-day
enzymes and have been shown to serve as the basis for evolution of
specialized, novel enzyme activities.
Here we report on a comparative molecular and biochemical ap-

proach that dissects how caffeine convergence occurred at the level of
the genes involved and biochemical pathways catalyzed in the five
economically important plants Theobroma (chocolate), Paullinia
(guaraná), Citrus (orange), Camellia, and Coffea. We further use the
Citrus lineage to test hypotheses related to the mechanisms allowing
for the convergent evolution of caffeine by using paleomolecular bi-
ology coupled with experimental mutagenesis, thereby demonstrating
how multistep pathways may independently evolve.

Results and Discussion
Novel Biosynthetic Pathways for Caffeine in Modern-Day Plants. To
uncover the genes and pathways used by modern-day plants to
synthesize caffeine, bioinformatic and phylogenetic analyses were
used to reveal that both Theobroma cacao (Tc) (Malvales) and
Paullinia cupana (Pc) (Sapindales) express multiple CS-type se-
quences in their caffeinated leaves and/or fruits that are ortholo-
gous to those used by Camellia sinensis (Ericales) in leaves and
shoots (Fig. 2A and Figs. S1 and S2) (32, 33). However, contrary to
expectations from Camellia (Fig. 1), heterologous expression and
assays of the Theobroma and Paullinia CS enzymes indicate that
they catalyze a different pathway to synthesize xanthine alkaloids.
Specifically, both species possess one enzyme (CS1) that prefer-
entially methylates xanthine to produce 3-methylxanthine, as well
as a second enzyme (CS2) that preferentially methylates 3-meth-
ylxanthine to produce theobromine (Fig. 2 B and C). Surprisingly,
even though the four enzymes are part of the CS lineage, TcCS1 is
more closely related to TcCS2 rather than the enzymatically
similar PcCS1, which, in turn, is more closely related to PcCS2
(Fig. 2 B and C and Fig. S1). This pattern of relationships indicates

that the relative methylation preferences of these enzymes, al-
though similar, have convergently evolved in Theobroma and
Paullinia, likely after gene duplication independently occurred in
each lineage (Fig. 2 B and C and Fig. S1). No enzymes have been
previously reported to specialize in the methylation of xanthine or
3-methylxanthine, and the biochemical route to caffeine implied by
these enzyme activities (Fig. 2 B and C) has not been implicated as
the primary pathway in these or any other plants. However, there is
evidence for this pathway in Theobroma fruits and leaves from
metabolomic analyses and radiolabeled tracer studies that showed
3-methylxanthine as an intermediate formed during theobromine
accumulation when xanthine or various purine bases and nucleo-
sides are provided as substrates (34, 35). Analyses of fruit and leaf
extracts and isotope tracer studies also report the accumulation of
7-methylxanthine to a lesser extent (34, 35). Our liquid chroma-
tography-mass spectrometry (LC-MS) results indicate that this
metabolite can be formed by methylation of xanthine by TcCS2 as a
secondary activity (Fig. 2B and Fig. S3). Thus, in Theobroma, it is
possible that theobromine is produced via methylation of this in-
termediate by BTS (36) and/or TcCS1 (Fig. 2B), in addition to
3-methylxanthine by TcCS2 (Fig. 2B). It is not yet clear which enzyme
contributes to the low levels of caffeine accumulation in Theobroma,
but this is not surprising, because its biosynthesis is reported to be
very slow (35). In Paullinia, a third enzyme, PcCS, is reported to
convert theobromine to caffeine (37) (Fig. 2C). Theobromine is
reported from Paullinia tissues (37, 38), which is consistent with the
pathway shown in Fig. 2C, but no analyses have surveyed for the
presence of intermediates such as 3-methylxanthine or others. For
Camellia, bioinformatic and phylogenetic analyses show that TCS1
and TCS2 are expressed in leaves and recently duplicated (Fig. 2E
and Figs. S1 and S2C) (36). Although the biochemical role of TCS1
is clear (39), an associated activity for TCS2 has remained elu-
sive (36); however, we were able to demonstrate maximal methyl
transfer activity at N-7 of xanthosine (Fig. 2E), consistent with the
reported pathway (Fig. 1).
In contrast, bioinformatic and phylogenetic analyses revealed

that Citrus sinensis (Cis) (Sapindales) expresses two recently du-
plicated XMT-type enzymes in caffeinated flowers orthologous to
those found in Coffea arabica (Gentianales) tissues (Fig. 2A and
Figs. S1 and S4A). Surprisingly, assays of the Citrus XMT enzymes
imply yet another pathway, different from that catalyzed by Coffea
XMT enzymes (Fig. 1), which has led to the convergent evolution
of caffeine. Specifically, CisXMT1 not only methylates xanthine to
produce 1- and 3-methylxanthine; it also methylates both 1- and
3-methylxanthine to produce theophylline (Fig. 2D and Fig. S5). A
second enzyme, CisXMT2, preferentially methylates theophylline
to produce caffeine (Fig. 2D). LC-MS analyses of flower buds (Fig.
S6) and assays of crude enzyme extracts from Citrus x limon sta-
mens (40) are consistent with the pathway shown in Fig. 2D.
Furthermore, in Citrus, theophylline is a conspicuous metabolite in
developing flower buds that accumulates early and decreases in
concentration as caffeine levels increase (41), suggesting that it is
involved in the accumulation of caffeine. On the other hand,
theobromine, the long-assumed universal precursor to caffeine in
plants (11), is undetectable or present only at low levels in de-
veloping buds (41). These findings are particularly intriguing, given
that no enzymes have been previously reported to be specialized
for these methylation reactions to form theophylline or caffeine
and because theophylline is usually considered a degradation
product of caffeine (42, 43). We expected Citrus to use the same
gene family members and pathway as Paullinia because both are
members of Sapindales (Fig. 2A). However, we could neither de-
tect in vitro activity with xanthine alkaloid substrates by the single
Citrus CS-type enzyme (Fig. S1) nor is it represented by ESTs in
flowers (Fig. S4A), the principal site of caffeine accumulation (41).
For more than 30 y, published studies have indicated that

caffeine is produced via a single canonical pathway in plants (44,
45). Our results show that flowering plants have a much broader
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Fig. 1. Caffeine biosynthetic network has 12 potential paths. The only path
characterized from plants is shown by solid black arrows and involves sequential
methylation of xanthosine at N-7, 7-methylxanthine at N-3, and theobromine at
N-1 of the heterocyclic ring. Each methylation step is performed by a separate
xanthine alkaloid methyltransferase in Coffea. In contrast, Camellia employs the
distantly related caffeine synthase enzyme, TCS1, for both the second and third
methylation steps, whereas the enzyme that catalyzes the first reaction remains
uncharacterized. Other potential biochemical pathways to caffeine are shown
by dashed arrows, but enzymes specialized for those conversions are unknown.
Cleavage of ribose from 7-methylxanthosine is not shown, but may occur
concomitantly with N-7 methylation of xanthosine. CF, caffeine; PX, para-
xanthine; TB, theobromine; TP, theophylline; X, xanthine; 1X, 1-methylxan-
thine; 3X, 3-methylxanthine; 7X, 7-methylxanthine; XR, xanthosine.
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biochemical repertoire whereby at least three pathways lead to
caffeine biosynthesis catalyzed by enzymes that derive from one
of two methyltransferase lineages. These enzymes have substrate

affinities (as measured by KM) comparable to XMT and CS in
Coffea and Camellia, respectively, as well as those of other
SABATH family members, which are in the 10–1,000 μM range

A B

C

D

E

F

Fig. 2. Caffeine has convergently evolved in five flowering plant species using different combinations of genes and pathways. (A) Phylogenetic relationships
among orders of Rosids and Asterids show multiple origins of caffeine biosynthesis. Lime-green lineages trace the ancient CS lineage of enzymes that has
been independently recruited for use in caffeine-accumulating tissues in Theobroma, Paullinia, and Camellia. Turquoise lineages trace the ancient XMT
lineage that was independently recruited in Citrus and Coffea. (B and C) Theobroma and Paullinia have converged upon similar biosynthetic pathways
catalyzed by CS-type enzymes. (D) Citrus has evolved a different pathway catalyzed by XMT-type enzymes, despite its close relationship to Paullinia. (E and F)
Camellia and Coffea catalyze the same pathway using different enzymes. Proposed biochemical pathways are based on relative enzyme activities shown by
corresponding bar charts that indicate mean relative activities (from 0 to 1) with eight xanthine alkaloid substrates. CisXMT1 and TCS1 catalyze more than
one reaction in the proposed pathways. XMT and CS have recently and independently duplicated in each of the five lineages (see Fig. S1 for a detailed gene
tree). #Data taken from the literature; *substrate not assayed.
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(21, 23, 46, 47) (Table S1). Additionally, although xanthine al-
kaloids may not be homogeneously distributed at the subcellular
and tissue level (48), reported concentrations of the relevant
intermediates in Theobroma, Paullinia, and Citrus may be con-
servatively estimated to be in the 10–1,000 μM range (34, 38, 41),
which are comparable to the KM values we obtained (Table S1).
Although it is apparent that three analogous pathways for caf-
feine biosynthesis have evolved in flowering plants, it is unclear
what historical genetic and biochemical conditions facilitated
this convergence.

Historical Maintenance of Ancestral XMT Enzymes Allowed for
Convergence. In the case of convergent caffeine production in Cit-
rus and Coffea, XMT needed to be maintained for more than
100My from their common ancestor (49) to then independently give
rise to xanthine alkaloid-methylating enzymes, because it is unlikely
that their progenitor was producing caffeine given that they currently
use completely different biosynthetic pathways (Fig. 2 D and F). To
understand how this long-term maintenance occurred, we resur-
rected ancestral enzymes (50) for the XMT lineage at nodes A–C
(Fig. 3 and Fig. S1). Surprisingly, both the putative ca. 100-My-old
Rosid-Asterid ancestral enzyme, RAAncXMT (node A), as well as
its descendant, CisAncXMT1 (node B), exhibit high relative activity
with benzoic acid and salicylic acid (to form methyl benzoate and
methyl salicylate, respectively) but very little with xanthine alkaloids
(Fig. 3). Ancestral O-methylation of benzoic acid is maintained in a
modern-day XMT from Mangifera, which is a relative of Citrus in
Sapindales but is not known to synthesize xanthine alkaloids (Fig. 3
and Fig. S1). On the other hand, ancestral activities with benzoic and
salicylic acid were completely lost in the modern-day descendant
enzymes of Citrus, CisXMT1 and CisXMT2, and they now appear
specialized for only N-methylation of xanthine alkaloids (Fig. 3).
These specialized modern-day enzymes were most recently derived
from CisAncXMT2 (node C), which exhibits both O- and N-meth-
ylation activities and seems to be a transitional enzyme associated
with the gain of xanthine alkaloid production (Fig. 3). Although
CisAncXMT2 appears to have low levels of activity with benzoic and

salicylic acid compared with that of 1-methylxanthine, the specific
activity with these substrates (0.6 and 2.3 pkat/mg, respectively) is
comparable to heterologously expressed, modern-day SAMT- and
BSMT-type enzymes (51). Today, modern-day Citrus possesses an
SAMT that is capable of methylating both benzoic and salicylic acid,
thereby compensating for the eventual loss of those activities from
ancestral XMT enzymes (Fig. S4B). Ancestral O-methylation of the
carboxyl moiety of benzoic and salicylic acid might have promoted
the evolution of N-methylation of xanthine alkaloids because of
common attributes of the active sites that would need to accom-
modate the largely planar rings of both classes of substrates. Indeed,
a paralogous SABATH methyltransferase specialized for methyl-
ation of the carboxyl group of nicotinic acid (which is also an
N-heterocyclic substrate) also recently arose from ancestral enzymes
that exhibited activities with benzoic and salicylic acid (46). Although
these data indicate that ancestral activity with benzoic and salicylic
acid in the XMT lineage allowed for subsequent co-option of the
descendant enzymes to form caffeine, how recruitment of the en-
zymes into a functional pathway occurred remains unknown.

Exaptation Facilitates Multistep Pathway Evolution in a Cumulative
Manner. To understand how convergent caffeine production
evolved via an entirely novel pathway in the Citrus lineage, we
mapped ancestral XMT pathway connections of the caffeine
biosynthetic network (Fig. 3, Insets, dot boxes). At nodes A and
B, ancestral enzymes exhibited very low activity with xanthine
alkaloids, such that quantities were too low to allow for product
identification by HPLC, making it unlikely that a complete
pathway existed at those times. Subsequently, the derived an-
cestral Citrus enzyme, CisAncXMT2 (node C), had activity with
numerous xanthine alkaloids; in particular, highest relative ac-
tivity with 1-methylxanthine resulted in paraxanthine formation,
and 3-methylxanthine was methylated to form theophylline (Fig.
S7 A and B). CisAncXMT2 could also convert theophylline to
caffeine, such that it would have performed two of the three steps
necessary to form caffeine from 3-methylxanthine (Fig. S7C).
However, this ancestral enzyme exhibits only a low level of activity
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and specificity with xanthine to form 1-methylxanthine (Fig. 3, Fig.
S8, and Table S1), which could have subsequently been converted
to paraxanthine by CisAncXMT2, but not caffeine (Fig. 3, node
C). Thus, if CisAncXMT2 was used for methylation of benzoic
and salicylic acid, then it appears to have been exapted for several
later reactions of the xanthine alkaloid biosynthetic network used
by modern-day Citrus, because a complete pathway to caffeine was
not likely catalyzed by this enzyme alone. Alternatively, it remains
formally possible that the ancestor of Citrus possessed a different,
now extinct, enzyme that could have converted xanthine to
3-methylxanthine, so that caffeine may have been produced by
CisAncXMT2, yet only modern-day XMT- and CS-type enzymes
(Fig. 2) are capable of that conversion, making it unclear why an
enzyme specialized for that reaction would subsequently be lost
given its importance today.
Next, to recapitulate the evolutionary steps required to generate

complete caffeine biosynthetic pathway linkages, we performed
experimental mutagenesis of CisAncXMT2 (node C), which was
duplicated to give rise to the two modern-day enzymes of Citrus,
CisXMT1 and CisXMT2. In the lineage leading to CisXMT1, 17
amino acids were replaced and resulted in the evolution of in-
creased activity with xanthine as well as specialization with 1- and
3-methylxanthine (Fig. 3). We experimentally replaced Pro25 by
Ser in CisAncXMT2 (Fig. 3; lineage C′), because this site is pre-
dicted to be part of the active site of Coffea DXMT (52) and
differs in CisXMT1 and CisXMT2 (Fig. S9). This single mutation
resulted in the evolution of three important biochemical changes.
First, near-complete loss of ancestral activity with theophylline
as well as with benzoic and salicylic acid occurred such that
CisAncXMT2 P25S acquired a relative activity profile very
similar to modern-day CisXMT1 (Fig. 3). Second, CisAncXMT2
P25S exhibited a 2.5-fold increased catalytic efficiency with
xanthine compared with CisAncXMT2 (Table S1) to produce both
1- and 3-methylxanthine (Fig. 3 and Fig. S8). Third, activity of
CisAncXMT2 P25S changed such that 1-methylxanthine is meth-
ylated to form theophylline instead of paraxanthine (Fig. S10). The
importance of this single amino acid replacement is that a con-
nected biosynthetic network from xanthine to theophylline via both
1- and 3-methylxanthine would have rapidly evolved, in part, due
to exaptation of CisAncXMT2 (Fig. 3). The existence of exapted
ancestral enzymes such as CisAncXMT2 resolves one of the fun-
damental problems of the cumulative hypothesis because multiple
steps of a pathway could evolve simultaneously, thereby avoiding
the need to assume the existence of selectively advantageous in-
termediates. These results also point to a crucial role for ancestral
promiscuous activities postulated as part of the patchwork hypoth-
esis and protein engineering studies (31) and reported previously for
other SABATH enzymes (46).
Finally, although the immediate, postduplication daughter en-

zyme of lineage C′′ would have initially retained the ancestral ac-
tivities of it progenitor, CisAncXMT2, it eventually gave rise to the
modern-day descendant CisXMT2, which exhibits near-complete
specialization with theophylline (Fig. 3). A total of 16 amino acid
replacements occurred along this lineage, one of which was His150,
which was replaced by Asn (Fig. S9). This residue is likely part of
the active site and known to control substrate preference in other
SABATH enzymes (46). Experimental mutagenesis of His150 to
Asn in CisAncXMT2 (Fig. 3, node C′′) resulted in an enzyme that
is similar to modern-day CisXMT2. Specifically, H150N nearly
completely abolished methylation activity with every substrate ex-
cept theophylline and, to a lesser extent, 1-methylxanthine (Fig. 3).
Because methylation of theophylline results in the formation of
caffeine, the combined activities of CisAncXMT2 H150N and
CisAncXMT2 P25S would have allowed for a complete caffeine
biosynthetic pathway given xanthine as a starting substrate, much
like the two modern-day XMT enzymes in Citrus. Although mu-
tations other than H150N and P25S might have shifted ancestral
enzymes toward the modern-day specialized activities of CisXMT1

and CisXMT2, we show that only these two replacements need to
be implicated in specialization, because other mutations do not
recapitulate the inferred relative activity changes (Fig. S9C).

Conclusion
The results for the XMT lineage indicate that convergent evo-
lution of caffeine biosynthesis was possible partly because an-
cient lineages of enzymes were maintained over 100 My for
alternative biochemical functions. Furthermore, like the fortu-
itous roles of feathers for flight in birds (53) or ligand binding in
ancestral hormone receptors (54), it appears that exapted ac-
tivities of the ancestral XMT enzymes ultimately promoted their
co-option for caffeine biosynthesis. These exaptations became
biochemically relevant when, as predicted under the cumulative
hypothesis (26), the initial reactions of the caffeine pathway
evolved. The fact that very few substitutions to CisAncXMT2
were required to promote substrate preference switches suggests
relatively facile mutational basis for the evolution of caffeine
biosynthetic pathways. Therefore, it is likely that caffeine biosynthesis
would evolve in flowering plants again if the evolutionary tape of life
were to be replayed (55). What is more difficult to predict is which of
the 12 potential biochemical pathways any particular lineage will use,
which methyltransferase enzyme will be co-opted, or which amino
acids will be substituted to provide for particular substrate prefer-
ences due to the role of historical contingency associated with any
given evolutionary transition.

Materials and Methods
Heterologous Expression and Purification of Enzymes. Gene sequences for The-
obroma and Paullinia were synthesized with codon use optimized for gene
expression in Escherichia coli (GenScript). Gene sequences for Citrus and Ca-
mellia were cloned from fresh flowers or leaves, respectively, using primers
designed from the EST and genomic sequences. cDNA was generated using
the SuperScript II/Platinum Taq One-Step RT-PCR Kit (Invitrogen). Protein
overexpression used either pET-15b (Novagen) or Expresso T7 SUMO (Lucigen)
expression vectors, and induction of His6–protein was achieved in 50-mL BL-21
(DE3) cell cultures with the addition of 1 mM isopropyl β-D-1-thiogalactopyr-
anoside at 23 °C for 6 h. Purification of the His6-tagged protein was achieved
by TALON spin columns (Clontech) according to the manufacturer’s instruc-
tions. To determine protein concentration, a standard Bradford assay was
used. Recombinant protein purity was evaluated by SDS/PAGE.

Enzyme Assays. All enzymes were tested for activity with the eight xanthine
alkaloid substrates shown in Fig. 1. In addition, all enzymes were tested with
benzoic and salicylic acid, but we only report results for XMT enzymes, as shown
in Fig. 3, because CS enzymes do not show activity with those substrates. Xan-
thine alkaloid substrates were dissolved in 0.5 M NaOH, whereas benzoic and
salicylic acid were in ethanol. Radiochemical assays were performed in 50-μL
reactions with 0.01 μCi (0.5 μL) 14C-labeled SAM, 100 μM methyl acceptor sub-
strate, and 10–20 μL purified protein in 50mMTris·HCl buffer at 24 °C for 20min.
Negative controls were composed of the same reagents except that the methyl
acceptor substrate was omitted and the corresponding solvent was added instead.
Methylated products were extracted in ethyl acetate and quantified using a liquid
scintillation counter. Raw disintegrations per min obtained from the scintillation
counter were corrected using empirically determined extraction efficiencies of
products in ethyl acetate. The highest enzyme activity reached with a specific
substrate was set to 1.0, and relative activities with the remaining substrates were
calculated. Each assay was run at least twice so that mean plus SD, could be cal-
culated. All assays shown were performed on purified protein unless activity was
abolished after purification. In such cases (only CisXMT2 and TCS2), we present
total protein data. The specific activity for TCS2with xanthosinewas 0.025 pkat/mg,
and the specific activity for CisXMT2 with theophylline was 0.12 pkat/mg.

Ancestral Sequence Resurrection and Mutagenesis. CODEML (56) was used to
estimate ancestral sequences for the XMT lineage of enzymes of the SABATH
family assuming the Jones, Taylor, Thornton (JTT) + gamma model of amino
acid substitution. Regions with alignment gaps were analyzed with parsimony
to determine ancestral residue numbers. The estimated sequences were sub-
sequently synthesized by GenScript with codons chosen for optimal protein ex-
pression in E. coli. Alternative ancestral alleles were generated by site-directed
mutagenesis using the QuikChange Site-Directed Mutagenesis Kit (Stratagene) to
change amino acids that differed among analyses using different subsets of
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sequences, trees, and models of substitution. Although posterior proba-
bilities were high for most sites of most alleles (see average site-specific
posterior probabilities in Fig. 3), different analyses did result in different
estimated ancestral alleles in some cases. Therefore, at least two ancestral
enzymes were characterized for each node A–C in Fig. 3, and an alignment
showing each resurrected allele is provided in Fig. S9A. Amino acid sites
differing between alternate alleles are shown in Fig. S9B, with posterior
probabilities listed for each amino acid that was mutated. The positions of
mutations are shown in the alignment of Fig. S9A. Because assays at each
node were represented by at least two alleles, mean and SE were calcu-
lated for relative activity with each substrate assayed.

Detailed procedures for bioinformatic, phylogenetic, enzyme kinetics, HPLC,
and LC-MS/MS analyses are provided in SI Materials and Methods. See Table S2
for MS/MS parameters and LC retention time for target xanthine alkaloids.
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