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Introduction

Caffeine (1,3,7-trimethylxanthine) is a purine 
alkaloid present in high concentration in tea and 
coffee. Extensive metabolic studies with purine al-
kaloids have elucidated the caffeine biosynthetic 
pathway in some detail in tea and coffee. Caffeine 
is synthesized from xanthosine via a pathway that 
has three S-adenosyl-L-methionine (SAM)-de-
pendent methylation steps (Fig. 1). Three methyl-
ations of the purine base occur in order of 7-N, 
3-N and 1-N (Suzuki et al., 1992; Ashihara et al., 
1997; Kato et al., 1996). In addition, 7-methylxan-
thine is converted to paraxanthine by 1-N meth-
ylation and paraxanthine is converted to caffeine 
by 3-N methylation by a minor pathway operat-
ing tea leaves (Kato et al., 1999). We identifi ed 
and characterized the genes encoding enzymes 
for these three methylation steps of caffeine bio-
synthesis (Mizuno et al., 2001, 2003a, b; Kato and 
Mizuno, 2004). Although these genes, named cof-
fee 7-methylxanthosine synthase (CmXRS1), cof-
fee theobromine synthase (CTS1 and CTS2), and 

coffee caffeine synthase (CCS1), are highly ho-
mologous to each other (80 – 85% identities), the 
substrate specifi cities of these gene products are 
strictly divided. Caffeine biosynthesis is presumed 
to begin with CmXRS1 converting xanthosine to 
7-methylxanthosine. CmXRS1 is 7-methylxantho-
sine synthase which can catalyze only the fi rst 
methylation step (Mizuno et al., 2003b). CTS1 and 
CTS2 are theobromine synthases which catalyze 
only the second methylation step. The substrate 
of theobromine synthase in vivo is assumed to 
be only 7-methylxanthine. CCS1, like tea TCS1 
(Kato et al., 2000), is caffeine synthase which can 
catalyze the second and third methylation steps 
(Mizuno et al., 2003a). 7-Methylxanthosine syn-
thase shows the most critical substrate specifi city 
of the three types of N-methyltransferases. Theo-
bromine synthase is 3-N-methyltransferase and so 
7-methylxanthine is the best substrate (Mizuno et 

al., 2001). However, minor activity against 3-N 
methylation of paraxanthine is present in theo-
bromine synthase. On the other hand, paraxan-
thine is the best methyl acceptor for caffeine 
synthase. The order of activity of the purine base 
with caffeine synthase is N-3 > N-1 >> N-7. How-
ever, the relative activity of theobromine in CCS 
is higher than that in TCS (Mizuno et al., 2003a; 
Uefuji et al., 2003).
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The substrate specifi city in theobromine syn-
thase and caffeine synthase is dependent on a 
single amino acid in Camellia plants (Yoneyama 
et al., 2005). 7-Methylxanthosine synthase has 
not been identifi ed in Camellia plants; therefore, 
there is no evidence that 7-N methylation of the 
purine base depends on a single amino acid as 
is the case in Camellia. It is quite likely that the 
specifi c sequence of 7-methylxanthosine synthase 
contributes to the selection of 7-methylxantho-
sine since there is an extra sequence close to 
the carboxylterminal region only in CmXRS1. 
Moreover, xanthosine, which is the only substrate 
for 7-methylxanthosine synthase, is a nucleoside. 
7-Methylxanthosine synthase cannot convert free 
xanthine to 7-methylxanthine. It seems probable 
that 7-N methylation is due to the three-dimen-
sional structure of the substrate and 7-N methyla-
tion is distinct from 3-N/1-N methylations.

Recently, the three-dimentional structure of 
Clarkia breweri salicylic acid carboxyl methyl-
transferase (CbSAMT) that belongs to the mo-
tif B’ methyltransferase family was elucidated by 
Zubieta et al. (2003). The sequence of caffeine 
synthase shares approx. 40% amino acid ho-
mology with CbSAMT, and the sequence of the 
SAM-binding region that composes the active 
site is highly conserved among these enzymes. 
The structure of the salicylic acid binding site of 

CbSAMT that corresponds to the 7-methylxan-
thine or paraxanthine binding site of caffeine syn-
thase has also been identifi ed in Camellia plants 
(Yoneyama et al., 2005). The aim of the present 
study was to prove the origin of the substrate 
specifi city in 7-methylxanthosine synthase in cof-
fee and to discuss the variation in N-methyltrans-
ferases involved in caffeine biosynthesis.

Material and Methods

Materials

Oligonucleotide primers for PCR mutagenesis 
were purchased from Sigma-Aldrich (www.geno-
sys.jp). We used Taq-polymerase ExTaq (TaKaRa 
Bio Inc., Otsu, Japan). [Methyl-14C]SAM (2.00 
GBq/mmol) was purchased from GE Healthcare 
Bio-Science Corp. (Piscataway, NJ, USA). All oth-
er reagents were of the highest purity available.

Construction of expression plasmids

Plasmids for expressing CmXRS1, CCS1 and 
these mutants in Escherichia coli were con-
structed in the pET23d vector (Merck, Darm-
stadt, Ger many) (Mizuno et al., 2001, 2003a, b). 
As the pET23d vector carries an optimal C-ter-
minal His-Tag sequence, the 3’-termination sites 
of CmXRS1- and CCS1-cDNA were replaced by 
an XhoI restriction site using polymerase chain 

Fig. 1. Pathways for the biosynthesis of caffeine. Numbers (I, II and III) in (B) correspond to the reactions I, II 
and III in (A). TCS1 and CCS1 have broad substrate specifi cities and catalyze the conversion of 7-methylxanthine 
to caffeine via theobromine [reactions II and III in (A)].
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reaction (PCR)-directed mutagenesis, and the 
expression plasmids for CmXRS1 and CCS1 car-
rying the C-terminal His-Tag (named pET23d-
CmXRS1 and pET23d-CCS1, respectively) were 
constructed.

Preparation of mutant enzymes

For the construction of the CCS1-deletion mu-
tant, pET23d-CCS1 was amplifi ed with CCS-N1/
CS1delR (for 5’ region) and CS1delF/CS1-CT 
(for 3’ region) as primers. The mutagenetic prim-
ers are shown in Table I. The PCR was conducted 
in a thermal cycler for 30 cycles (94 ºC for 60 s, 
55 ºC for 60 s, and 72 ºC for 90 s). To obtain the 
full length of the deletion mutant, we used CCS-
N1 and CS1-CT as primers and the 5’ region and 
the 3’ region, which were purifi ed by PAGE, as 
templates. The reaction program consisted of 30 
cycles of 94 ºC for 60 s, 55 ºC for 60 s, and 72 ºC 
for 120 s. The resulting fragment was introduced 
into pGEM-T easy vector (Promega Corp., Madi-
son, WI, USA). The subclone of the PCR product 
was digested with HindIII and XhoI, and then 
the HindIII/XhoI fragment was replaced into 
pET23d-CCS1 at the HindIII and XhoI sites. For 
construction of CmXRS1 mutants, site-directed 
mutagenesis of the specifi c amino acid was carried 
out using the PCR method (Mizuno et al., 2003b). 
External primers for fi ve CmXRS1 mutants, which 
had a single amino acid replacement, were CtCS-
N1 (5’ end) and CtCS-CT (3’ end), and pET23d-
CmXRS1 was used as a template. The muta-
genetic primers for each mutation were designed 
in complemental pairs as follows: CmXRS1-
P104Qf/CmXRS1-P104Qr (P104 to Q, named m1), 
CmXRS1-Q161Hf/CmXRS1-Q161Hr (Q161 to H, 
named m2), CmXRS1-L191Pf/CmXRS1-L191Pr 
(L191 to P, named m3), and CmXRS1-H219Rf/
CmXRS1-H219Rr (H219 to R, named m5). Except 
for CmXRS1-A23Sf (A23 to S, named m4), as the 
oligonucleotide contains the internal EcoRI site, 
we used the EcoRI site for reconstruction of the 
mutated plasmid. For example, for construction of 
the m1 mutant, the pairs of primers were as fol-
lows: CtCS-N1/CmXRS1-P104Qr and CmXRS1-
P104Qf/CtCS-CT for the 5’ region and the 3’ re-
gion of m1, respectively. To obtain the full length 
of the site-directed mutant, we used CtCS-N1 and 
CtCS-CT as primers and the 5’ region of m1 and 
the 3’ region, which were purifi ed by PAGE, as 
templates. PCR was conducted under the same Ta
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conditions as in the case of the CCS1-deletion 
mutant. The PCR product was purifi ed by PAGE 
and was subcloned into pGEM-T easy vector. 
Four other mutants were produced similarly. Site-
directed mutants m6 and m7, which had double 
amino acid replacement, were constructed from 
the m2 mutant as a template by PCR mutagenesis 
using primer pairs CtCS1-N1/CmXRS1-P104Qr 
and CmXRS1-P104Qf/CtCS-CT. Mutant m8 was 
constructed from mutant m1 as a template us-
ing primer pairs CtCS1-N1/CmXRS1-L191Pr 
and CmXRS1-L191Pf/CtCS-CT. Mutant m12 was 
constructed from mutant m6 as a template us-
ing primers like m8. The subclones of the PCR 
products were digested with NcoI and XhoI. The 
NcoI/XhoI fragment was introduced into pET23d 
at the NcoI and XhoI sites. For mutants m9, m10, 
m11, m13, m14 and m15, we used m1, m2, m3, m6, 
m8 and m12 as templates, respectively, with the 
same primer pairs CmXRS1-A23Sf/CmXRS1-
H219Rr (for 5’ region) and CmXRS1-H219f/
CtCS-CT (for 3’ region). To obtain the full length 
of the mutants, we used CmXRS1-A23Sf and 
CtCS-CT as primers and the fragments of the 5’ 
and 3’ region as templates. Because the primer 
CmXRS1-A23Sf has an EcoRI site, the subclones 
of the PCR products were digested with EcoRI 
and XhoI, and then the EcoRI/XhoI fragments 
were replaced into pET23d-CmXRS1 at the 
EcoRI and XhoI sites. The fi delity of the PCR re-
actions and the mutants were confi rmed by DNA 
sequencing.

Production of recombinant enzymes

These expression plasmids were introduced 
into E. coli BL21 (DE3). A single colony of the 
transformants was cultured at 37 ºC overnight in 
3 ml of Luria broth containing 0.2 mg/ml ampicil-
lin (LA) with vigorous shaking. A portion (2 ml) 
of the bacterial culture was added to 100 ml of 
fresh LA, and incubated at 37 ºC for 2 h with 
constant shaking (100 rpm/min). To produce the 
recombinant protein, 300 µl of isopropyl-β-D-thio-
galactopyranoside (fi nal concentration 0.3 mM) 
were added, and the cells were kept at 25 ºC for 
8 h. E. coli cells were harvested by centrifugation 
at 500 × g for 5 min, and then washed with 20 mM 
Tris-HCl (pH 7.5), 0.1 M NaCl, 1 mM EDTA, and 
2 mM 2-mercaptoethanol (named TES + ME). Be-
fore sonication, the cell paste was suspended in 

1 ml of TES + ME and frozen at –80 ºC. Then 
it was sonicated and subsequently centrifuged at 
10,000 × g for 10 min at 4 ºC. The supernatant was 
assayed for N-methyltransferase.

Determination of enzyme activity

Sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) and subsequent 
Western blot analysis using an anti-CTS2 anti-
body showed that the recombinant proteins were 
produced in soluble protein fractions (Mizuno et 
al., 2003a). The concentration of the recombinant 
enzyme was determined by Western blot-based 
densitometric analysis using ImageJ software 
(http://rsb.info.nih.gov/ij/). The enzymatic activ-
ity of caffeine synthase was determined using 
[methyl-14C]SAM as described previously with a 
slight modifi cation (Kato et al., 1999). The fi nal 
concentration of the substrate (purine derivatives) 
was 1 mM when mutated enzymes were used. Thin 
layer chromatography (TLC) was carried out as 
described previously (Kato et al., 1996; Zheng and 
Ashihara, 2004), except that we used n-butanol/
acetic acid/water (4:1:2, v/v/v) as the developing 
solvent. The 7-N methylation activity of CmXRS1 
and its mutants was determined by high perform-
ance liquid chromatography (HPLC). A reaction 
mixture (100 µl), containing 100 mM Tris-HCl (pH 
7.5), 0.2 mM MgCl2, 0.2 mM SAM, 3 mM xantho-
sine and 50 ~ 90 ng/µl recombinant enzymes, was 
incubated at 27 ºC for 1 h and diluted with 900 µl 
of water. 20 µl of the diluted reaction mixture was 
applied to HPLC using an Inertsil® ODS-3 col-
umn (Ø4.6 × 150 mm, GL Sciences, Tokyo Japan) 
with a fl ow rate of 1 ml/min of methanol/acetic 
acid/water (20:5:75, v/v/v), and then monitored for 
absorbance at 272 nm.

Analytical procedure

Protein concentrations were measured by the 
method of Bradford (1976). Nucleotide sequenc-
ing was carried out using an ABI PRISM 3100 
(Life Technologies, Carlsbad, CA, USA) genetic 
analyzer and was conducted at the Life Research 
Support Center of Akita Prefectural University. 
Nucleotide and protein sequences were analyzed 
by computer using GENETYX software (Gene-
tyx Co., Tokyo, Japan).
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Results

Characterization of substrate preference of CCS1-
deletion mutant

The amino acid sequences of CmXRS1, CTS1, 
and CCS1 had high homology (80 – 85% identi-
ties) with each other (Fig. 2A). Thus, as these sub-
strate specifi cities are strictly divided when these 
genes are highly homologous, it was speculated 
that the different regions of the amino acid resi-
dues of each enzyme correlate with the substrate 
specifi cities. As shown in Fig. 2A, when the car-
boxylterminal region of CmXRS1 was compared 
with those of CCS1 and CTS1, the specifi c region 
was present in CCS1 and CTS1, and this region 

was deleted in CmXRS1. We prepared a mutant 
with deletion in the region that corresponded 
to the 13-amino acid residues of CCS1 and ana-
lyzed whether the deletion mutant, named CCS1-
delC13, has the same 7-N methylation activity as 
CmXRS1 or not. As shown in Table II, the relative 
activities estimated by using [methyl-14C]SAM 
were indicated as the percentage of the activity 
with 7-methylxanthine. The deletion mutant had 
no 7-N methylation activity against xanthosine. 
The enzyme of the deletion mutant may have 
higher affi nity to paraxanthine (3-N methylation) 
and theobromine (1-N methylation) than the 
wild-type enzyme, since it showed higher activity 
with these substrates than the wild-type enzyme. 

Fig. 2. Sequence alignment of caffeine synthetic enzymes from coffee and constructs generated by site-directed mu-
tagenesis. (A) Sequence alignment of the amino acid sequences of caffeine synthetic enzymes from coffee. Shaded 
boxes represent conserved amino acid residues, and dashes represent gaps that have been optimal aligned. Boxes 
A, B’ and C indicate SAM-binding regions. The CCS-CTS extended region is indicated by the large open box. 
The residues introduced by point mutation are shown by open boxes numbered from 1 to 5. (B) Relations among 
enzyme, activity and the amino acid residues. (C) Combination of point mutation and constructed mutants.
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Presumably the presence of this region has great 
infl uence on 3-N and 1-N methylation activity.

Changes in the substrate preference of CmXRS1 
by site-directed mutagenesis

Since Zubieta et al. (2003) reported the 3.0-Å 
crystal structure of CbSAMT which belongs to 
motif B’ methyltransferase in the complex with 
the substrate salicylic acid, and the demethylated 
product S-adenosylhomocysteine (SAH) revealed 
a protein structure that possesses a helical ac-
tive site capping domain, we referred to the in-
formation and produced CmXRS1 site-directed 
mutants by replacement of fi ve amino acid resi-
dues (Fig. 2B). We produced 15 types of mutants 
(m1 – m15) combined with fi ve site-directed muta-
tions (Fig. 2C). Fig. 3 shows the specifi c activities 
 detected by incubation of the recombinant enzymes 
from 8 mutants of CmXRS1 with para xanthine or 

7-methylxanthine in the presence of [meth yl-14C]
SAM as a methyl donor. Conse quently, it is ap-
parent that the mutants of CmXRS1, that have 
3-N methylation activity and produce caffeine 
from paraxanthine as a substrate, need to have 
replacement of the glutamine residue by histidine 
at position 161 in the CmXRS1 sequence (Q161H 
mutation). 3-N Methylation activity was not de-
tected in mutants of m1 (P104Q), m3 (L191P), 
m4 (A23S), and m5 (H219R). Neither the double 
nor triple mutants that did not have replacement 
of Q161H, i.e. m7 (P104Q + L191P), m9 (A23S 
+ P104Q + H219R) and m11 (A23S + L191P + 
H219R) mutants, exhibited 3-N methylation ac-
tivity. On the other hand, the double and triple 
mutants containing Q161H mutation had higher 
activities than the single Q161H mutant. Espe-
cially, m6 (P104Q + Q161H) and m8 (Q161H + 
L191P) mutants had, respectively, 5- and 3.4-fold 
activity as compared to the m2 (Q161H) mutant 
(Fig. 3). The triple mutant m12 (P104Q + Q161H 
+ L191P), which resembled m6 and m8 combined, 
showed the same level of 3-N methylation activ-
ity as the m6 mutant, while m10 (A23S + Q161H 
+ H219R) had only the same level of activity as 
the m2 mutant. The activities of the quadruplex-
replaced mutants m13 (A23S + P104Q + Q161H 
+ H219R) and m14 (A23S + Q161H + L191P 
+ H219R) were less than those of either m6 
(double mutant) or m12 (triple mutant). How-
ever, m15 (A23S + P104Q + Q161H + L191P + 
H219R) with fi ve residues replaced had the high-
est activity among all mutants; approx. 6.6-fold 
the activity of the m2 mutant (Fig. 3). The activi-
ties of the mutants using 7-methylxanthine as a 
substrate were lower than those of the mutants 
using paraxanthine as a substrate, but the profi le 
of the specifi c activity against paraxanthine from 
8 mutants was consistent with the profi le of that 
against 7-methylxanthine (Fig. 3). No 1-N meth-
ylation activity could be detected when theobro-
mine was used as a substrate. The obtained results 
suggest that the additional activity introduced by 
the mutagenesis is not 1-N methylation but 3-N 
methylation activity. To confi rm that 7-N methyl-

Fig. 3. Activities of CmXRS1 point mutants. As eight 
CmXRS1 mutants among fi fteen mutants have 3-N or 
1-N methylation activity, we analyzed the activities pre-
cisely and compared these specifi c activities. Although 
mutant m15 which introduced fi ve-points mutations 
had the highest 3-N or 1-N methylation activity using 
para xanthine or 7-methylxanthine as substrates, the val-
ues of the specifi c activities were approx. 1/700 that of 
CCS1. Since the activity using theobromine as a sub-
strate was not detected, it seems that mutant m15 has 
mainly 3-N methylation activity.

Px 7mX

Relative activitya

(7mX = 100%)
Substrate/methylation positionb

7mX/3N Px/3N Tb/1N XR/7N

CCS1 100  416 102 -
CCS1-deletion mutant 100 1458 267 -

Table II. Activities of CCS1-deletion mu-
tant.
a The relative activity is indicated as the 

percentage of the activity with 7mX.
b 7mX, 7-methylxanthine; Px, paraxan-

thine; Tb, theobromine; XR, xanthosine.
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ation activity was maintained, the activities of the 
mutants that had 3-N methylation activity, using 
xanthosine as a substrate, were determined by 
HPLC (Fig. 4). Mutant enzymes had over 80% of 
7-N methylation activity compared with the wild-
type CmXRS1, except for mutant m13. Although 
the 3-N methylation activity was obtained in in-
dividual mutants, the 7-N methylation activity of 
the mutants remained.

Discussion

The histidine residue located at position 160 of 
CCS1 corresponding to glutamine at position 161 
of CmXRS1 is suggested to be essential for 3-N 
methylation activity of caffeine synthase in cof-
fee. Moreover, it appears that the 3-N methyla-
tion activity of CmXRS1 in the H161Q mutant 
is enhanced by the additional mutation of P104Q 
and L191Q in CmXRS1. As shown by the activity 
of the m10 mutant, the mutations of A23S and 
H219R of CmXRS1 are not supplementary to the 
3-N methylation activity of mutant Q161H. As the 
m15 mutant which has all fi ve residues replaced 
had the highest 3-N methylation activity while the 
activities of m13 and m14 (quadruplex-replaced 
mutants) were lower than those of either m6 or 
m8 (double-replaced mutants), it is assumed that 
the replacement of A23S + H219R affected the 
3-N methylation activity of the CmXRS1 mu-
tant under the mutational condition of P104Q + 
Q161H + L191P. Although the sequence identity 
between CCS1 which can catalyze 3-N methyla-
tion and CmXRS1 which does not have any ac-

tivity is 80.8%, there is 82.1% sequence identity 
between the amino acid sequence of the m15 
mutant with fi ve amino acid residues of CmXRS1 
replaced and that of CCS1. The 3-N methylation 
activity is shown by an 1.3% increase of sequence 
homology. When paraxanthine was used as a sub-
strate, the specifi c activity of CCS1 was 33.1 pkat/
mg protein but that of m15 was just 0.045 pkat/mg 
protein. The degree of 3-N methylation activity in 
the m15 mutant was no more than approx. 1/700 
that of CCS1. As the most different region be-
tween CCS1 and CmXRS1 is a deletion sequence 
of the C-terminal 13-residue in CCS1, the dele-
tion mutant of CCS1 lacking the 13-residue could 
not catalyze 7-N methylation. Furthermore, since 
the deletion mutant retained 3-N methylation ac-
tivity in spite of lacking the 13-residue sequence, 
it is possible that 7-N methylation activity is cor-
related with several limited amino acid residues 
other than the 13-residue.

Amino acid residues related to substrate spe-
cifi cities were identifi ed by the three-dimension-
al structure of salicylic acid methyltransferase 
(SAMT) which belongs to motif B’ methyltrans-
ferases seen in caffeine synthases (Zubieta et al., 
2003). The amino acid residues that are bound to 
S-adenosyl-L-methionine (SAM) as a methyl do-
nor are conserved in caffeine synthases, and the 
corresponding amino acid residues of caffeine 
synthases are thought to be related to the bind-
ing with SAM (Fig. 5). Moreover, using salicylic 
acid as a methyl acceptor in salicylate-methyl 
transferase, we found that the amino acid resi-
dues act in the binding with salicylic acid (Fig. 5). 
It is assumed that the corresponding amino acid 
residues of caffeine synthases, correlated to the 
binding with salicylic acid in SAMT, act as bind-
ing sites for xanthine derivatives as a methyl ac-
ceptor. Since the histidine residue located at posi-
tion 160 (H160) of CCS1, which corresponds to 
glutamine at position 161 (Q161) of CmXRS1, is 
essential for 3-N methylation activity of caffeine 
synthase, the salicylic acid binding site in the 
SAMT sequence, seemingly the region, forms a 
binding site for xanthine derivatives of caffeine 
synthases. The obtained 3-N methylation activity 
against paraxanthine was higher than that against 
7-methylxanthine, suggesting that H160 of CCS1 
was essential for the broad 3-N methylation ac-
tivity as caffeine synthase. However, CTS1 and 
CTS2 also have a histidine residue which corre-
sponds to Q161 of CmXRS1; their 3-N methyla-

Fig. 4. 7-N Methylation activities of CmXRS1 mutants. 
Reactants treated with CmXRS1 mutants with xantho-
sine as a substrate were analyzed by HPLC. Relative 
activities of CmXRS1 mutants are indicated as the per-
centage of the produced 7-methylxanthine content with 
wild-type CmXRS1.
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tion activity against paraxanthine was low. There-
fore, one possibility is that the specifi c amino acid 
residue(s) which interfere with the 3-N methyla-
tion activity against paraxanthine are present in 
CTS1 and CTS2. Another possibility is that the 
specifi c amino acid residue(s) contribute to the 
enhancement of 3-N methylation activity against 
only 7-methylxanthine in CTS1 and CTS2. It was 
proposed that H160 of CCS1 is located in the vi-
cinity of the substrate-recognizing site that was 
estimated by the three-dimensional structure of 
caffeine synthase (McCarthy and McCarthy, 2007). 
Although the crystal structure suggests that H160 
of CCS1, corresponding to Q161 of CmXRS1, is 
an important amino acid residue for the binding 
of methyl donor, the hypothesis was confi rmed by 
this study.

In the tea plant, an enzyme possessing 7-N 
methylation activity corresponding to coffee 
CmXRS1 has not been identifi ed. The amino 
acid sequence of theobromine synthase (named 
PCS1) from cocoa tea (Camellia ptilophylla) that 
accumulates theobromine but not caffeine is 
more than 90% identical to that of caffeine syn-

thase (named TCS1) from tea the plant (Camellia 
sinen sis) (Yoneyama et al., 2005). However, theo-
bromine synthase from C. ptilophylla showed low 
homology with that from Theobroma cacao. R221 
of TCS1, corresponding to L210 which is related 
to the binding of salicylic acid in SAMT, did not 
show caffeine synthase activity (1-N methylation 
activity) by the replacement of one histidine resi-
due in PCS1 (Yoneyama et al., 2005). Caffeine 
synthase (1-N and 3-N methylation) and theo-
bromine synthase (only 3-N methylation) from 
coffee have arginine residues while CmXRS1 
(only 7-N methylation) has a histidine residue. 
The CmXRS1 mutant in which the histidine resi-
due H219 was replaced with an arginine residue 
(m5 mutant) did not exhibit 3-N methylation ac-
tivity. Consequently, the difference between caf-
feine synthase activity and theobromine synthase 
activity in coffee may be determined by another 
amino acid residue found in tea.

Judging from these results and by comparing 
the amino acid sequences among caffeine syn-
thetic enzymes, we propose that the candidate 
amino acid residues correlated with the expres-

Fig. 5. Comparison of amino acid sequences among motif B’ N-methyltransferases. Residues indicated by white let-
ters on closed boxes are SAM/SAH-binding residues in SAMT. The large boxes A, B’ and C indicate SAM-binding 
regions. Residues highlighted by shaded boxes are salicylate-binding residues in SAMT, nominated substrates bind-
ing sites in other members of the motif B’ methyltransferase family, and additional active site residues of SAMT. 
The shaded boxes represent conserved amino acid residues, and dashes represent gaps that have been optimal 
aligned. The asterisk indicates the 160-histidine residue of the CCS1 sequence. The methionine residue is located 
at position 150 in CbSAMT. CbSAMT is Clarkia SAMT (Ross et al., 1999), AtJAMT is Arabidopsis JAMT (Seo 
et al., 2001). CCS1 and CmXRS1 are N-methyltransferases in the coffee caffeine synthase family (Mizuno et al., 
2003a, b). TCS1 is tea TCS1 (Kato et al., 2000). This fi gure is redrawn from Zubieta et al. (2003).
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sion of 1-N or 3-N methylation activity are D230 
and F232 in the CCS1 sequence (corresponding 
to V231 and L233 of CmXRS1). Furthermore, 
there is a possibility that V328, S331 and R362 in 
the CCS1 sequence (corresponding to S316, A318 
and P349 of CmXRS1) located near the addition-
al active site proposed by Zubieta et al. (2003) 

are related to substrate specifi cities (Fig. 5). These 
nominated residues may be useful targets for mu-
tational analysis in future experiments.
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