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Abstract In coffee and tea plants, caffeine is synthesized from
xanthosine via a pathway that has three methylation steps. We
identified and characterized the gene encoding the enzyme for
the first methylation step of caffeine biosynthesis. The full-
length cDNA of coffee tentative caffeine synthase 1, CtCSI,
previously isolated by the rapid amplification of cDNA ends
was translated with an Escherichia coli expression system and
the resultant recombinant protein was purified using Ni-NTA
column. The protein renamed CmXRS1 has 7-methylxanthine
synthase (xanthosine:S-adenosyl-L-methionine methyltransfer-
ase) activity. CmXRS1 was specific for xanthosine and xantho-
sine 5'-monophosphate (XMP) could not be used as a substrate.
The K, value for xanthosine was 73.7 uM. CmXRS]1 is homol-
ogous to coffee genes encoding enzymes for the second and third
methylation steps of caffeine biosynthesis.

© 2003 Federation of European Biochemical Societies. Pub-
lished by Elsevier Science B.V. All rights reserved.
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1. Introduction

We recently proposed the major biosynthetic pathways of
the purine alkaloids in leaves of coffee (Coffea arabica) and
tea (Camellia sinensis) [1-4], but the metabolic pathway of
purines, including caffeine, has not been elucidated in detail.
The available data indicate that a xanthosine — 7-methylxan-
thosine — 7-methylxanthine — theobromine — caffeine ~ path-
way is the major route to caffeine [3,4]. However, xanthosine
5’-monophosphate (XMP), rather than xanthosine, has also
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I The nucleotide sequence data reported here will appear in the
EMBL, GenBank and DDBJ Nucleotide Sequence Databases under
the accession number AB034699 (CmXRS1).

Abbreviations: CS, caffeine synthase; CtCS, coffee tentative caffeine
synthase; CTS, coffee theobromine synthase; mXRS, 7-methylxantho-
sine synthase; RACE, rapid amplification of ¢cDNA ends; SAM,
S-adenosyl-L-methionine; TCS, tea caffeine synthase; XMP, xantho-
sine 5’-monophosphate

been proposed as the methyl acceptor in coffee leaves [5,6]
(Fig. 1).

Since the caffeine biosynthetic pathway contains three
S-adenosylmethionine (SAM)-dependent methylation steps
and a nucleosidase step, N-methyltransferases are important
for caffeine synthesis (Fig. 1). Previously, we purified caffeine
synthases (CS) catalyzing the second and third methylation
steps [7], and cloned a gene encoding CS from young tea
leaves [8]. Several coffee tentative caffeine synthases (CtCS)
such as coffee theobromine synthase 1 (CTSI), CTS2 [9]
and CCSI [10] have been cloned. CTSI and CTS2 are homol-
ogous genes encoding theobromine synthases from young cof-
fee leaves [9]. Independently Ogawa et al. made a clone using
the sequence of our tea caffeine synthase (7CS), CaMXMT
[11]. In contrast to TCS1, which catalyzes two final methyla-
tion steps of caffeine biosynthesis, both from 7-methylxan-
thine to theobromine and from theobromine to caffeine,
CTSs only catalyze the second methylation step, that is, the
conversion from 7-methylxanthine to theobromine and do not
have 1-N-methylation activity (Fig. 1). Recently, we isolated a
gene encoding 1-N-methyltransferase from coffee, named cof-
fee caffeine synthase 1 (CCSI), as homologs to CTSI and
CTS2. CCS1, like TCSI, can catalyze the second and the third
methylation steps [10].

Caffeine biosynthesis in coffee is presumed to begin with a
7-N-methyltransferase converting xanthosine to 7-methylxan-
tosine or XMP to 7-methyl XMP. However, no gene(s) encod-
ing the enzyme for the first methylation step have been ob-
tained yet. Although Moisyadi et al. [12] reported cloning
of a cDNA encoding xanthosine 7-N-methyltransferase. The
c¢DNA sequence, which encodes a 371 amino acid protein, has
been shown to be similar to that for a lipase and recombi-
nants had no methyltransferase activity (Mizuno, unpublished
data). Here we examined whether or not the previously cloned
CtCS series contains the first N-methyltransferase. CtCS1 in
the CtCS series had activity of converting xanthosine to
7-methylxanthosine. This is the first report on the cloning of
the first N-methyltransferase of caffeine biosynthesis in coffee,
the first key enzyme for the biosynthesis of purine alkaloids
from primary purine metabolism. Furthermore, production of
transgenic coffee plants with suppressed expression of this
gene seems to be a more useful method for preparing decaf-
feinated coffee beans than previously reported genes such as
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Fig. 1. Pathways for the biosynthesis of caffeine. Abbreviations: GMP, guanosine 5’-monophosphate; XMP, xanthosine 5’-monophosphate;
IMP, inosine 5’-monophosphate; AMP, adenosine 5’-monophosphate; SAM, S-adenosyl-L-methionine; SAH, S-adenosyl-L-homocysteine. A
XMP — 7-methyl XMP — 7-methylxanthosine pathway has been proposed in coffee leaves [6,14]. CtCS1 and CTSs have accurate substrate speci-
ficity and are produced from xanthosine to 7-methylxantosine (reaction I) and from 7-methylxanthine to theobromine (reaction II), respectively.
CCS1 has broad substrate specificity and catalyzes the conversion of 7-methylxanthine to caffeine via theobromine (reactions II and III) [7]. No

mXRS gene has been identified from tea.

CCS]I. Coftee plants have an active system of degrading xan-
thosine to CO, and ammonia by the entire purine catabolic
pathway [3]. Thus xanthosine accumulated in the transgenic
plants may be easily removed.

2. Materials and methods

2.1. Materials

Coffee plants (C. arabica L.) were grown at 25-30°C in a green-
house with natural light at the Agricultural and Forest Research Cen-
ter, University of Tsukuba, Japan. Immature seeds and young leaves
were harvested and then stored at —80°C until use. [Methyl-'*C]SAM
(55 mCi/mmol) was purchased from Amersham Biosciences.

2.2. Cloning of CtCS ¢DNA

Total cellular RNAs were extracted from coffee tissues in a cetyl-
trimethylammonium bromide (CTAB) solution according to the meth-
od of Chang et al. [13] with exception for using 2-mercaptoethanol at
5%. A cDNA library was constructed from young coffee leaves.
cDNA was cloned by screening of the library and by rapid amplifi-
cation of cDNA ends (RACE) as described previously [9,10].

2.3. Construction of expression plasmids

Plasmids for expressing CtCS1 in Escherichia coli were constructed
in pET-32a and pET-23d vectors (Novagen) previously [9,10]. Re-
combinant CtCS1, CtCS3 and CtCS4 proteins from pET32a Trx fu-
sion expression vector were produced in E. coli BL21(DE3). Sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) and
subsequent Western blot analysis using an anti-CTS2 antibody
showed that these recombinant proteins were produced in soluble
protein fractions [10]. As the pET-23d vector carries an optional C-
terminal His-Tag sequence, the 3’-termination site of CtCSI cDNA
was replaced by a Xhol restriction site using polymerase chain reac-
tion (PCR)-directed mutagenesis and a new expression plasmid for
CtCSl1 carrying the C-terminal His-Tag (named CrCS/:His) was con-
structed. The primer carrying the Xhol restriction site (bold-faced
type) was CS-CT1: 5'-GCTCGAGCACGTCTGACTTCTCTGG-3'.
The primer, named N1, containing initiation condon was also used
[10]. The pair of primers was N1/CS-CT1 for CtCSI. The reaction
program consisted of 30 cycles at 94°C for 60 s, 55°C for 60 s, and

72°C for 90 s. The PCR product was subcloned into pGEM-T Easy
vector (Promega). The subclone of the PCR product for CmXRSI was
digested with Ncol and Xhol. The Ncol/Xhol fragment DNA was
introduced into the pET-23d vector at the Ncol and Xhol sites. The
resulting expression plasmids were introduced into the expression host
E. coli BL21(DE3).

2.4. Production of recombinant enzymes in E. coli and assay for
enzyme activity

A single colony of the transformants was cultured at 37°C over-
night in 3 ml of Luria broth containing 0.2 mg/ml ampicillin (LA)
with constant shaking. A portion (1 ml) of the bacterial culture was
added to 50 ml of fresh LA, and incubated at 37°C for 2 h with
shaking. Production of the recombinant proteins was induced by add-
ing 150 pl of 0.1 M isopropyl-B-p-thio-galactopyranoside (final con-
centration is 0.3 mM), and cells were kept at 25°C for 8 h. E. coli cells
were harvested by centrifugation at 500X g for 5 min, and then
washed with 20 mM phosphate buffer, pH 7.0, containing 0.1 M
NaCl (PBS). This cell paste was suspended in a 1 ml of PBS, frozen
at —80°C, sonicated to disrupt cells and then centrifuged at 10000 X g
for 10 min at 4°C. The supernatant was applied to a Ni-NTA column
(1 ml) equilibrated previously with PBS containing 10 mM imidazole.
After washing with PBS, proteins were eluted by PBS containing 200
mM imidazole. The fractions were used in the enzyme assay for caf-
feine metabolism. Enzymatic activity of mXRS and CS was deter-
mined as described previously [7]. The K, value was derived from
Lineweaver—Burk plots analyzed with a Macintosh G3 computer us-
ing ‘Enzyme Kinetics’ software (Trinity Software, Campton, NH,
USA). Thin layer chromatography (TLC) was performed as described
[6,14] except that we used n-butanol/acetic acid/water (4:1:1, v/v/v) as
the solvent.

2.5. Analysis of gene expression by semi-quantitative reverse
transcription (RT)-PCR

For semi-quantitative RT-PCR, total RNAs extracted from devel-
oping endosperms, flower buds and young leaves of coffee were
treated with RNase-free DNase 1 (TaKaRa). DNA-free total RNA
(382 ng) from each tissue was used for first strand cDNA synthesis in
20 pl reaction volume containing 2.5 units of AMV reverse transcrip-
tase XL (TaKaRa) and 1 uM of oligo-dT 3SAP. The PCR reaction
mixture (20 ul) contained 0.1 ul of RT reaction mixture, 2.5 units of
Gene Taq (Nippon Gene), 2.5 mM MgCl,, 2 mM each of deoxyribo-
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Fig. 2. SDS-PAGE of recombinant CmXRS! (equal CtCS1) proteins and visualized reaction products derived from recombinant CmXRSI.
Soluble protein fractions from E. coli cells and its proteins purified by Ni-NTA column were subjected to SDS-PAGE. They were transformed
by expression plasmids, derived from pET32a (A: Trx-CmXRSI1) or pET23d (B: CmXRS1:His), for CmXRS1. In B, ‘crude (CmXRS1)’ indi-
cates crude extract from a previous construct (His-Tag less) using pET23d. Gels were stained with Coomassie brilliant blue R-250. C: The
autoradiograph of a TLC separation of the reaction products derived from recombinant proteins of purified CmXRS1:His. Products of the re-
action mixture were subjected to TLC on a cellulose plate using a solvent system of n-butanol/acetic acid/water (4:1:1, v/v/v). Autoradiography
was conducted using an Image-Analyzer system (FLA-2000 Fuji-film Co.). XMP and XR indicated substrates. Control, no substrate; XR, xan-

thosine; 7mXR, 7-methylxanthosine.

nucleotide triphosphate and 0.5 uM of gene-specific primers. The
gene-specific primers for CtCSI used were 5'-GAATTAGACGCC-
CGGAATG-3" and 5'-CTGCTGAAGGTATATAGAC-3'. A set of
specific primers (5'-GCTTTCAACACCTTCTTCAG-3' and 5'-GCT-
GCTCAGGGTGGAAGAG-3') for the a-tubulin (accession number
AF363630) was used for control reaction. For PCR, we used a PTC-
200 thermal cycler (MJ Research) programmed at 94°C for 1 min,
57°C for 30 s, and 72°C for 1 min. The amplification was done for 18—
30 cycles and reaction tubes were removed every two cycles. The
amplicons corresponding to CtCSI and o-tubulin were 122 and 133
bp in length, respectively. The amplification showed a linear curve.
The reaction product was visualized by ultraviolet (UV) light on 5%
polyacrylamide gels stained with ethidium bromide. The intensity of
fluorescence was quantitated with a Macintosh computer using ‘NIH
image’ software (http://rsb.info.nih.gov/nih-image/).

2.6. Analytical procedures

Protein concentrations were measured by the method of Bradford
[15]. PAGE 0.1% SDS was carried out by the method of Laemmli [16].
Nucleotide sequencing was carried out by the dideoxy chain-termina-
tion method of Sanger et al. [17] using a Perkin Elmer genetic analyzer
(model 310) and an ABI Prism dye terminator cycle sequencing kit
(Perkin Elmer). Nucleotide and protein sequences were analyzed by
computer using GENETYX software (Software Development Co.,
Tokyo).

3. Results and discussion

3.1. Properties of recombinant enzyme

The full-length cDNAs of CtCSI, CtCS3 and CtCS4 were
previously isolated by the RACE method and screening of the
c¢DNA library [9,10]. CtCS1, CtCS3 and CtCS4 (accession
numbers AB034699, AB054842 and AB054843) have 1307,
1373 and 1402 nucleotides, and encode 372, 385 and 385 ami-
no acid residues, respectively. The expression plasmids for the
CtCS series cDNA were already constructed in pET-23d and
pET-32a (Novagen) vectors [9,10]. The CtCSI1, CtCS3 and
CtCS4 cDNAs were translated with an E. coli expression sys-
tem, to elucidate whether the proteins encoded by the cloned

cDNAs are able to catalyze the reaction for the caffeine bio-
synthetic pathway. Since the activities of the recombinant
proteins of CtCS1, CtCS3 and CtCS4 could not be detected
in previous experiments, we purified them. Then we re-eval-
uated the activities with the purified Trx-fused proteins. The
crude extracts of these E. coli were purified using an Ni-NTA
column (Fig. 2A), and the purified proteins were incubated
with a variety of xanthine substrates of caffeine in the pres-
ence of [methyl-'*C]SAM as a methyl donor. CtCS1 could
catalyze only the 7-N-methylation of the purine ring of xan-
thosine (Fig. 1). XMP did not show 7-N-methylation activity.
Although the recombinant CtCS3 and CtCS4 were produced
in the soluble extract from E. coli and purified, they showed
no activity for caffeine intermediates in this assay system.
Since CtCS1 catalyzes 7-N-methylation of the purine ring
to convert xanthosine to 7-methylxanthosine, this clone
(CtCS1) was renamed coffee 7-methylxanthosine synthase 1
(CmXRS1). As described previously, the K, value of CCS1
for 7-methylxanthine was different from that of the native
form (126 uM) or that of the Trx-fused form (75.1 uM)
[10]. The difference in the K, values may be due to the differ-
ent structure of these recombinant proteins [10]. Therefore, we
estimated the enzymatic properties of CmXRSI1 using the na-
tive form of recombinant protein from the pET23d system.

Table 1
Kinetic parameters of CmXRS1 for xanthine derivatives as sub-
strates®

Substrates Ky, (UM) Vimax (pkat/mg)  Viax/Kn (pkat/mg/uM)
XR 73.7 11.8 0.160

XMP nd nd nd

TmX nd nd nd

Tb nd nd nd

nd, not detected.
#Kinetic parameters were estimated by Lineweaver-Burk plot.
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However the activity was not detected from the crude extract
of the recombinant CmXRS]1, there was need to purify the
recombinant protein. As the recombinant protein from the
previous pET23d expression system for CmXRSI could not
be purified simply, we reconstructed a new expression plasmid
for CmXRS1 colocated with histidine-tag at the C-terminus
(named CmXRS1:His). SDS-PAGE showed that the recombi-
nant protein was produced in the soluble protein fraction and
was purified by passage through an Ni-NTA column (Fig.
2B).

By separating the methylated products by TLC, we found
that CmXRS1 only catalyzes the 7-N-methylation activity of
xanthosine to 7-methylxanthosine, and does not have 1-N- or
3-N-methylation activity (Fig. 2C). The kinetic parameters of
CmXRS1 are shown in Table 1. The specific activity of re-
combinant CmXRS1 was 10.6 pkat/mg proteins with xantho-
sine. The value was much higher than that (1.36 fkat/mg)
obtained for NMT activity in the purified enzyme preparation
from the liquid endosperm of C. arabica seed [18]. The Ki,
values of caffeine synthetic enzymes for xanthine derivatives
as substrates are summarized in Table 2. The K, value of
CmXRS1 for xanthosine was 73.7 uM. Although the K, val-
ue for xanthosine in the mXRS observed in the crude enzyme
preparation from tea leaves was 250 uM [20], the value of the
native enzyme from coffee plants is unclear. When the K,
values of CTS2 and CCSI1 for 7-methylxanthine (171 pM)
and theobromine (157 uM), respectively, are considered, the
value of CmXRS1 corresponds to the in vivo level. The ac-
tivity of CmXRS1 examined in 0.1 M sodium phosphate buff-
er (pH 6.0-7.0) or 0.1 M Tris—HCI buffer (pH 7.0-9.0) at 27°C
showed an optimum at pH 7.0, which is similar to that of the
corresponding native enzyme from tea leaves [20]. The activ-
ities of CTS2 and TCS1 showed an optimum at pH 8.0 and
8.5, respectively (unpublished data).

The present results suggest that at least two different
N-methyltransferases are utilized for caffeine biosynthesis in
coffee plants. CmXRS1 seems to be a key enzyme in the
caffeine biosynthetic pathway, because it is located at the
branching point for caffeine biosynthesis from the general
purine nucleoside and nucleotide metabolism. Two different
reactions on the initial methylation step of caffeine biosynthe-
sis have been proposed. Negishi et al. [20,21] found xantho-
sine 7-N-methyltransferase in tea and coffee leaves and pro-
posed a xanthosine pathway of caffeine biosynthesis, which
started by the methylation of xanthosine. This pathway has
been confirmed by other investigators [3]. By contrast, Bau-
mann and his co-workers proposed a new XMP pathway
starting by the methylation of XMP [6]. The present results

Table 2
K, values of caffeine synthetic enzymes for xanthine derivatives as
substrates®

Caffeine synthetic enzymes Substrates (UM) Reference
XR 7mX Tb
CmXRSI (recombinant; +His-Tag) 73.7 nd nd this study
CTSI (recombinant; native form) nd 873 nd [9,10]
CTS2 (recombinant; native form) nd 171 nd [9,10]
CCSI1 (recombinant; native form) nd 126 157 [10]
Young leaves (crude extract) - 385-390 - [19]
TCSI1 (recombinant; native form) nd 186 344 [8]

nd, not detected; —, not determined.
2K values were estimated by Lineweaver—Burk plot.
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Fig. 3. Expression of CmXRSI in coffee tissues. RT-PCR for
CmXRSI was performed with 18-30 cycles to determine the linear
range of PCR amplifications. Here, the results obtained with 26
cycles for all templates and genes are shown. The quality and con-
centration of total RNA from each tissue were estimated by ethid-
ium bromide staining. DE, developing endosperms; YL, young
leaves; FB, flower buds.

support the presence of the former pathway, although we
cannot exclude the possibility that unidentified CtCSs are re-
lated to the latter pathway, i.e. methylation of XMP.

3.2. Expression of CmXRS1

Expression of CtCSs has been demonstrated in young cof-
fee leaves, flower buds and developing fruits by Northern blot
analysis of total RNAs from those caffeine-containing tissues
[10]. The CtCS cDNAs (CmXRSI, CtCS3, CtCS4, CtCS7,
CTS1, CTS2 and CCSI) cannot be distinguished, because
they are over 80% identical to each other at the nucleotide
level. As the amount of transcripts from these genes cannot be
detected by Northern blot analysis, the expression of
CmXRS1 was evaluated by semi-quantitative RT-PCR (Fig.
3) designed for specific amplification and detection of these
transcripts. Although the transcripts of CmXRSI were de-
tected in all organs used in this experiment (developing endo-
sperm, young leaf, and flower bud), the gene expression was
the strongest in the developing endosperm. We also examined
the expression patterns by RT-PCR for the transcripts of
CTS2 and CCSI [10]. CTS2 and CCSI were expressed in
all organs and the amount of transcripts was the highest in
the developing endosperm like that of CmXRSI. Although
CTS2 was expressed strongly in flower buds, the expression
of CmXRS1 and CCSI was not so strong. Moreover a smaller
amount of CTS2 transcripts was detected in young leaves
than those of CmXRSI and CCSI. Although the expression
patterns of CmXRSI and CCSI were synchronized, that of
CTS2 was not. These findings may indicate that different caf-
feine synthetic pathways are involved in the differential ex-
pression of CmXRS1 and CTS2 in the young leaves and endo-
sperms of the coffee plant.
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Fig. 4. A phylogenetic tree analysis of coffee CtCS series. The tree
for coffee CtCS series was constructed by the neighbor-joining pro-
gram with GENETYX (Software Development Co., Tokyo, Japan).
Substrates of the enzymes are indicated in parentheses. Abbrevia-
tions of substrates are as follows: XR, xanthosine; 7mX, 7-methyl-
xanthine; Tb, theobromine. Sources of the sequences are as follows:
CmXRS1, AB034699; CCSI, AB086414; CtCS7, AB086415; CTSI,
AB034700; CTS2, AB057412; CtCS3, AB054842; CiCS4,
AB054843.

3.3. Comparison of the sequences of CmXRSI and other
N-methyltransferases

CmXRS1 has only the activity of 7-N-methylation of xan-
thosine. All proteins catalyzing N-methylation in the caffeine
synthesis pathway from coffee, including the products of
CmXRS1 and other CtCSs, are highly homologous (> 80%)
with each other, but only CmXRSI has this activity. On the
contrary, TCS1 also has this enzymatic activity although
TCS1 has only an overall 40% homology to CCS1. These
proteins including TCS1 share four highly conserved regions,
motif A, motif B/, motif C and YFFF region [10] with slight
deviations. These regions may have important roles both in
the common N-methylating catalytic reaction and in discrim-
inating the positions of N-methylation of the purine ring.
Motif A is speculated to be a SAM-binding site [22,23] which
commonly plays an important role in these proteins. When
the amino acid sequence of CmXRS1 was compared with
those of the other CtCS series, CmXRS1 lacked the 13-residue
sequence at the C-terminal region [10]. The molecular size of
the substrate of CmXRS]1, xanthosine, in which xanthine is
combined with ribose, obviously differs from those of 7-meth-
ylxanthine and theobromine which are the substrates of CTS
and CCS, respectively. The site for a 13-residue sequence,
lacking from CmXRSI, probably locates the substrate-bind-
ing region closely, and forms a space for binding the ribose of
xanthosine as a substrate. However, since such specificity was
not found in TCSI, it is suggested that the caffeine synthetic
pathway evolved in parallel in tea and coffee. In order to
obtain evidence for the parallel evolution of caffeine synthetic
pathways, we are performing experiments to isolate and com-
pare the genes derived from other caffeine-containing plants,
i.e. Theobroma cacao (cocoa) and Ilex paraguayensis (mate). A
phylogenetic tree of coffee CtCS series was created, aligning
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the enzymes by the substrate specificities (Fig. 4). CtCS3 and
CtCS4, the activities of which are unknown, formed a branch
separated from the other CtCSs (Fig. 4). CtCS3 and CtCS4
may have caffeine activity and/or its derived metabolic activity
previously unknown.

CmXRSI1, which is the key enzyme catalyzing the first step
in the methylation of caffeine biosynthesis, is considered to be
useful for production of naturally caffeine-free coffee. Inter-
estingly, the substrate and product specificities of CtCS series
are different, though the genes are highly homologous
(> 80%) with each other. We will investigate this matter using
site-directed mutagenesis and chimeric enzymes.
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