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Guarana seeds have the highest caffeine concentration among plants accumulating purine alkaloids, but
in contrast with coffee and tea, practically nothing is known about caffeine metabolism in this Amazo-
nian plant. In this study, the levels of purine alkaloids in tissues of five guarana cultivars were deter-
mined. Theobromine was the main alkaloid that accumulated in leaves, stems, inflorescences and
pericarps of fruit, while caffeine accumulated in the seeds and reached levels from 3.3% to 5.8%. In all tis-
sues analysed, the alkaloid concentration, whether theobromine or caffeine, was higher in young/imma-
ture tissues, then decreasing with plant development/maturation. Caffeine synthase activity was highest
in seeds of immature fruit. A nucleotide sequence (PcCS) was assembled with sequences retrieved from
the EST database REALGENE using sequences of caffeine synthase from coffee and tea, whose expression
was also highest in seeds from immature fruit. The PcCS has 1083 bp and the protein sequence has greater
similarity and identity with the caffeine synthase from cocoa (BTS1) and tea (TCS1). A recombinant PcCS
allowed functional characterization of the enzyme as a bifunctional CS, able to catalyse the methylation
of 7-methylxanthine to theobromine (3,7-dimethylxanthine), and theobromine to caffeine (1,3,7-trim-
ethylxanthine), respectively. Among several substrates tested, PcCS showed higher affinity for theobro-
mine, differing from all other caffeine synthases described so far, which have higher affinity for
paraxanthine. When compared to previous knowledge on the protein structure of coffee caffeine syn-
thase, the unique substrate affinity of PcCS is probably explained by the amino acid residues found in
the active site of the predicted protein.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

2.5% to 6.5% caffeine at dry weight (Oliveira, 2010; Spoladore
et al., 1987). Theobromine (3,7-dimethylxanthine) (2) and theoph-

Guarana is the name given to Paullinia cupana var. sorbilis
Kunth, a native species to the Maués region in the Brazilian Ama-
zon. The variety sorbilis is known as the Brazilian guarana, while
Paullinia cupana var. typica is the Venezuelan guarana (Schimpl
et al., 2013). Except for Paullinia pinnata L., which is also present
in tropical Africa, all other species of the genus are restricted to
tropical and subtropical America (Missouri Botanical Garden,
2012). In this study, guarana will designate P. cupana var. sorbilis,
which is the only commercially exploited species and has been
studied most intensively.

Guarana has the highest caffeine (1,3,7-trimethylxanthine) (1)
concentration reported in plants and its seeds may contain from
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ylline (1,3-dimethylxanthine) (3) are present in smaller quantities
(see structures 1, 2 and 3 in Fig. 1). Indians and natives of the Ama-
zon have consumed guarana for centuries as an aqueous beverage
made from the powder obtained from roasted seeds, whose best
known physiological effect is improved alertness because of caf-
feine (Henman, 1986; Schimpl et al., 2013; Schmidt, 1941).

Caffeine (1) has been reported in 13 plant orders, mostly
eu-dicotyledonous plants. With minor variations, the main route
of its synthesis is highly conserved in the plants studied so far,
mainly coffee (Coffea arabica) and tea (Camellia sinensis)
(Ashihara et al., 2008; Ashihara and Suzuki, 2004; Mazzafera,
2004).

Caffeine (1) biosynthesis has three methylation steps and xan-
thosine is the first compound to be methylated. It has been sug-
gested that there are four possible routes in the origin of
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Fig. 1. Main metabolic pathway for the biosynthesis and biodegradation of caffeine. SAM = S-adenosyl-.-methionine, SAH = S-adenosyl-.-homo-cysteine. I = 7-methylxan-
thosine synthase (xanthosine methyltransferase), II = nucleosidase, Il = theobromine synthase or caffeine synthase, IV = caffeine synthase.

xanthosine (4) (Ashihara, 2006; Ashihara et al., 2008). In coffee and
tea, the caffeine biosynthesis pathway is: xanthosine (4) — 7-
methylxanthosine (5) — 7-methylxanthine (6) — theobromine
(3,7-dimethylxanthine) (2) — caffeine (1,3,7-trimethlxanthine)
(1) (Fig. 1) (Ashihara et al., 2008; Mizuno et al., 2003a; Uefuji
et al., 2003). S-adenosyl-L.-methionine (SAM) is the methyl donor
in caffeine (1) biosynthesis (Suzuki, 1972). The genes coding for
the N-methyltransferase enzymes catalysing the three methyla-
tions have been studied mainly in coffee, and to a lesser extent
in tea (Ashihara et al., 2008, 2011; Kato and Mizuno, 2004).

So far studies on guarana have mostly been restricted to charac-
terization of caffeine (1) and other purine alkaloid concentration in
the seeds. Recently, with the aim of increasing genetic knowledge
of this plant, an EST database was made from guarana fruit at three
different stages of maturation [Rede Amazonia Legal de Pesquisas
Gendmicas - Realgene (Angelo et al., 2008)]. Recently, Figueiredo
et al. (2011) analysed the 15,490 ESTs of the Realgene database
and, among 4697 full-length clones identified, 84 clones were
identified as N-methyltransferases and 18 were sequenced for con-
firmation of their identity. Phylogenetic analyses were carried out
for three clones (with only 0.017% dissimilarity), which were close
to a postulated caffeine synthase of Theobroma cacao (BTS1/BCS1).
However, the recombinant protein from the cocoa sequence and
other sequences resembling caffeine synthase only had 3-N-meth-
yltransferase activity, i.e., theobromine synthase activity
(Yoneyama et al., 2006).

In this study, the purine alkaloid concentration in different tis-
sues of five guarana cultivars grown in Brazil was analyzed and, in
one of them, caffeine synthase activity was assayed. Using the
Realgene database, a nucleotide sequence displaying was assem-

bled high similarity to caffeine synthase from cocoa, and the
recombinant protein proved to be a bifunctional caffeine synthase,
being able to methylate 7-methylxanthine (8) and theobromine
(2). In contrast with all caffeine synthases studied so far, which
have paraxanthine (8) as the best substrate, P. cupana caffeine syn-
thase (PcCS) has theobromine as the best substrate and no activity
against paraxanthine. PcCS had higher expression in immature
seeds compared to other guarana tissues.

2. Results
2.1. Methylxanthines concentration

Theobromine (2) was the main alkaloid found in leaves, fol-
lowed by theophylline (3), and higher concentrations of both alka-
loids were found in young leaves. Caffeine (1) was detected only in
intermediate and mature leaves. Theobromine (2) concentration
ranged from 3.47% to 4.18% (Fig. 2).

Similar to leaves, apical and basal portions of stems had theo-
bromine (2) as the predominant alkaloid, followed by theophylline
(3). Caffeine (1) was detected only in the basal portion. Among the
tissues analysed, stems were those containing the lowest methyl-
xanthine (8) concentrations (Fig. 3).

Theobromine (2) was also the most abundant alkaloid in the
inflorescences of all cultivars and, for most of them, the theophyl-
line (3) concentration was higher than caffeine (1) (Fig. 4).

In the pericarp, theobromine (2) was also the predominant alka-
loid but, in this tissue, caffeine (1) was more abundant than the-
ophylline (3) (Fig. 5). In general, the alkaloid concentration
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Fig. 2. Levels of theobromine (2) (Tb), caffeine (1) (Cf) and theophylline (3) (Tp) in leaves at three developmental stages of five guarana cultivars. Bars indicate standard

deviation of three replicates.
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Fig. 3. Levels of theobromine (2) (Tb), caffeine (1) (Cf) and theophylline (3) (Tp) in apical and basal stems of five cultivars of guarana. Bars indicate standard deviation of three

replicates.

decreased in the pericarp with fruit maturation (Fig. 5). The caf-
feine (1) concentration was higher than theobromine (2) only in
seeds, and the values ranged from 3.3% to 5.8% (Fig. 5). As in leaves
and stems, caffeine concentration was higher in young tissues
(immature seeds). Theophylline (2) concentrations in the pericarp
and seeds were less than 0.04% (Fig. 5).

2.2. Multiple alignment and phylogenetic analysis

The translated amino acid sequence obtained from the PcCS
nucleotide sequence showed high similarity with three sequences
previously assembled from the Realgene EST database (Figueiredo
et al,, 2011), whose expression or functionality was not tested
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Fig. 4. Levels of theobromine (2) (Tb), caffeine (1) (Cf) and theophylline (3) (Tp) in
inflorescences of cultivars of guarana. Bars indicate standard deviation of three
replicates.

(Supplementary Fig. S1). PcCS was also very similar to other N-
methyltransferases of caffeine-accumulating plants and presents
the highly conserved domains A, B/, C (specific for binding of S-
adenosylmethionine) and YFFF (Fig. 6). Phylogenetic analysis
showed two very distinct clades (Fig. 7). The guarana caffeine
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synthase amino acid sequence was phylogenetically grouped in a
clade with sequences of caffeine synthase of theobromine-accu-
mulating species: C. sinensis (TCS1: AB031280), C. irrawadiensis
(ICS1: AB056108), C. ptilophylla (PCS1: AB207817) and T. cacao
(BTS1, AB096699) (Fig. 7). The other clade grouped sequences of
caffeine synthase, as well as theobromine synthase and 7-methyl-
xanthine synthase from coffee species (C. arabica and C. canephora).

2.3. Gene expression of PcCS in guarana fruit

PcCS is expressed in all tissues of the BRS-Amazonas cultivar
(Fig. 8). Roots and old leaves showed the lowest transcript levels
among the vegetative tissues. The highest expression in fruit tis-
sues was observed in seeds, but in both seeds and pericarps, the
expression level decrease with maturation. PcCS expression in
seeds from green fruit was 7-20 times higher than in the other tis-
sue and stages. The results obtained from RT-qPCR were confirmed
by in situ hybridization analysis, as PcCS was expressed in the cot-
yledon of seeds of immature and intermediate stages of fruit mat-
uration (Fig. 9A and B, see arrows) but not in mature fruits
(Fig. 9D). The probe signal intensity in seed tissues was low prob-
ably because of the presence of many starch granules and other
interfering substances. No positive probe signal was observed in
other parts of the fruit (seed coat, aril and pericarp - not shown).
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Fig. 5. Levels of theobromine (2) (Tb), caffeine (1) (Cf) and theophylline (3) (Tp) in seeds and pericarp of fruit at different stages of maturation of five guarana cultivars. Bars

indicate standard deviation of three replicates.

Please cite this article in press as: Schimpl, F.C., et al. Molecular and biochemical characterization of caffeine synthase and purine alkaloid concentration in
guarana fruit. Phytochemistry (2014), http://dx.doi.org/10.1016/j.phytochem.2014.04.018



http://dx.doi.org/10.1016/j.phytochem.2014.04.018

F.C. Schimpl et al. / Phytochemistry xxx (2014) XXx—xXx 5

ol o2
CcDXMT1 2000 NO000000000Q0Q0Q00Q0Q
1 10 20 30 50

r CcDXMT1 HERYGEE [CFE TRV C NLPNINKC[FK

*PcCS fo M NjN G 3] N|[V|T|A T|K|S| A E[SPPFEHL[LN]
cs CaDXMT1 HINGle L [L|F[L T[R[V] c NLPNINKC|T K
cecs1 HISNGle ||| TRV C NLPNINKC[FK

L TCS1 FISYR[EE AQNS S F T|Q[Q[V|a siM[a| A .RDFH.LQAILN

[ BTS1 PN K[ED VKT SGY T|QKVIA AT A RINSCSYQV|LN|
CcTS2 HycEE AKNSSYN|.|LAL ARV c NLPNINNC|TK

TS CaMXMT1 HIBNEfel AKNASYN.|LAL AK[V c N[LPNINKC|T K
CaMXMT2 HISNElE R AKNASYN.|LALAKWV C NLPNINKC|TK
L PCs1 FIYR[E R AQNSAF T|QKV|A SM[A| A KDFHLLQAILT
[ caxmTl RISNG[eI R AKNSAYNQ[LVIL AK[V C N[LPNINKC|TK
XMT | coxmrl M Nfel G I olLVIL AK[V] c INLPNINKC|IK
2
CcDXMT1 0000000000000 0 Motif B’ 0L00000000000000000
79 8(? 99 119 12(?

— CCDXMT1 F[STVRD[TVQS IDKVIGOEKKNELER|P[T T[0T F Ik F oRBIENS VERS L P SFYRINLEKENGRK I 1]
*PcCS N|T I MP|T[VVQTVVNKC]R] . . HK I|P|E F[6]F v iSEsRA P S|EsddNT 1 [ ACGHMINGFV|G|[SGGE . . EF vl
CaDXMT1 L|L TVR[D|T VO S T|D[K V|GIOK KN E L|E R[P|T T[] T Filgssf F OREs¥abyS VigdSMP SFY[RKLEKENGC T

cs cecs1 FISTVR[D|TVQS IDK V|GIOI{K KN E LIE R[P|T T[] T Filssi F QiSgsdabNs ViBATLMP SF YRINLEKENGR I
TCS1 F|AV T S|T|T KRMME[KK|C|R . ClOTILIE L{e}v v BNIsRA F GINEsRINT 1 jJBACGHS SEV[I|GN . . . . KC Y
 BTS1 FITVMS|T|V T EST|RDK|C|S . WQMP|E T[eYF v iR A v GISEFINIT 1 JWAGHS . . V[T|oD . . . . KY| 2|
cTSs2 LIL TVR[D|T VQ S I|DK V|G E KN E LIE R[P|T T[§T FilssiAF OiNgsabNS VIBATLMP SFYRKLEKENGR I
TS CaMXMT1 L{L TVR[D|T VQ S I|D[K V|GIOJE K N E L|E R[P|T T[Y1 Fjlgshfl = QiSgslabNlS VIFALMP SF YRKLEKENGR 1
CaMXMT2 LIL TVR[D|T VQ S T|DK VGO E KN E LE R[P|T T[T FiMssif F OiSgsdabMs ViBATLMP SF YRKLEKENGR I
PCS1 FIAV T S|T|T KRMME[KK|C|R .. ClOTLIE LYV v iBSsRA r GINERINT I }BAGH S SOV[VIGN . . . . KC Y
F CaXMT1 LIL TVR[D|T VQ S T|DK V|GIOIK K N E LE R[P|T T[T Fil§sifr PiSgsdabNls ViBATLMP SF YRKLEKENGR 1
XMT | ccxMT1 LIL TVR[D[I VO S IDKV|GIOIK KNE LIER[P|T T[Y1 Filiger Piigeadyfs VIRATMP SFYRKLEKENGRK I 1]
B4
CCDXMT1 i Motif C ——
169 179 199

r CcDXMT1 G ANMEXERY SEEEE & S VEF L 0EJcFiC[T] GLVTELETS . TFSEEEA SRP P K

*PcCS MG jXeXRalt Gl 8T, N T Tz T V YIN{S|V| LRDER[ENP . FR{IERIT S|P SG K
cs CaDXMT1 G AMpXerepalv Gl8 Ml & S M I HE|Cp{C|L| GILVTELET|S . SrRPP K
ccs1i [eJNYiP G S FR4SIR L F P |oRokshYi 11 jghiisi S (e v [¢lil GlLVTELETS . bl v 5] s KENsllel== K

L Tcs1 MGViXeRPalH ChEMabaR N S LT, vV HESFY S|V GIL T SRE[EL|A . TMIERIT S|PPV E

[ BTS1 MG )XeXalH G0 N S ML T HE{SFGV] .MTsEGL|S slppa E
cTS2 [SFAUiP G s FgelR L F p o8kl 1 ksl S [of v Sig GILV T ELET|S . TMSERdA SRP P K

TS CaMXMT1 S AMjXekpaly ClEMbAr 7 S M F T, HEJCpq S|V GILVIELETG. TMSERJCCRP P K
CaMXMT2 S AMpXekpalv GiSMabalr i S M L HECRFY S|V GILV I ELETG. 1MsERdA SRP P K
L Pcs1 MGVhXeXPadH ChEMapadR N S LTV HESE S|V GIL T SRE[E]L|A . TMIERIT S|PPV E
XMT [ caxMTl  GAMjXeERaY SiEMEAR 1 S M T, HEJCp4C|T) GLVTELET|S . ThsERd~ SR P K
L CexMT1  GAMiXeRRaY Si8Mdr £ S Vs T HE|CP{C|L) GLVTELETG. ThSERSA SR P 1i$
BS o6
CcDXMT1 Q000000000 0 O ——————— 0000000000000 0O0
229 239 249 25(.)

[ CcDXMT1 I SR[ER| FICKED..... [ElF DHPNSMD[L SHN|D[L V T E[gH V]

*PcCS V SN[eR| LHGR|ILSQDFSC|EKELQLPWL(T AR SIR|L V S Kfe]L |
cs CaDXMT1 T SR[ER WICKED. .... E|FENPNS I D|L sEND|L Vv T EfeH V|
cecs1 I SRR FICKED..... E|F DHPNSMD|L SpNDILV T EfgH N

L TCS1 v PN[elC LRGRQCSDPS.DMQSCFTWEL ARAIEL VS Ofe Y
BTS1 v P D[EJR| THGRKSADPT.|[TRESCYTWEV A s|ylo Vv s oL |
cTSs2 F SR[ER| CICKVD..... ElYDEPNPLD[L ApN|DIL TV E[e]H F

TS CaMXMT1 F SR[ER| CICKVD..... E|FDEPNPLD|L ARN(D|L T V Efe]1 ia
CaMXMT2 F SR[ER CICKVD..... ElYDEPNPLD|L ApNDL TV E[eH] i

L pcs1 V PN[elC LHGRQSSDPS.|[EMESCFTWEL ARA[E(L V S OfeL Y

xMT | CaxXMTl F S H[e|R CICKIGV..... ELDARNATID|L ARN(D|L vV Efe]H |

L ccxmMTl F S H[ER| CICKGV..... ELDARNATIDL ARNDLVV E[e]H v)
CcDXMT1 B6 LO0000000000000000000000

290 300 310 320

r CcDXMT1 A RINMEEEEEFE ILYLETFNAPYDRAGFS[TDDDYQGRSHSPVSCDEHRRARHV YE[PTL

*PcCS T ELNMECEEEYAVELMETFT. IRTGAR.NEG . o v v v v v v v v n s T[WSDARIGF TITM T
cs CaDXMT1 A ClIEEEEEFEILY|LETFKVPYDAGFS|IDDDYQGRSHS PVSCD|EHARARHY PP TV
cecs1 AlF RINMEEEEEFETLY|LETFYAPYDAGFS|TDDDYQGRSHSPVSCDEHARARHY MEERSS

L TCcs1 F DITMYERD[EFF T I|DH|TEGFDLDSVEMQ .[END . « « v v v v v v e .. KWVIRGEKF TiEPIT
BTS1 I DILYNKEEEFLTEFVD. . . . . TIEVE.LEG. « « v v v v v v e e IW|T|G P|EN G| ThIPM T
cTSs2 T CIMEEEEEFEILYLETFKAHYDAGFS|IDDDYPVRSHFQVYGDEH|TKAEYV MEERRS

TS CaMXMT1 T ClIMEEECRCEI|LY|[LETFKAHYDAAFS|IDDDYPVRSH. . . ... E|Q|T|K A[E[Y V viAP T T,
CaMXMT2 T CIMEEEEEFEILYLETFKAHYDAGFS|IDDDYPVRSHFQVYGD|EH|TKAEYV MEERSS
L PCs1 W D|T\ERD[ESF T I|DHLEGFELDSL|EMQ .|ED ... .KWNVRGDKF TP T T
XMT [ caxmTi T ClIMEEEEEFE ILY|LETFKVLYDAGF S|T D ... L EHTRAEYV vidr 11,
L CexmMTl I CIMEEEEEFEILYLETFKVLYDAGFSIDD . « v v v v v v e e . EH[IKAEYV MEEIS
ol0 7
CeDXMT1 3 350 360 370 380

- CCDXMT1 2 ATLPDL|SHRIAKNRAAKVLR[SGKGFYD. .[SVIIS PEKADM
*PcCS S OTILDELYDEIQDLPLODFATQC. . . . .. SFVVCMKRN. . . ...

cs CaDXMT1 2| ATLPDLISHRIAKNAAKVLR|SGKGFYD. .[SVIIS PEKADM
ccsi Al ATLPDI|SHRTIAKNAAKVLR[SGKGFYD. .|[SVITS PEKADM

L Tcs1 S ETMDKLYDKFTHIVVSDLEAKLPKTT. .[STILV DG. ...

[ BTS1 S EVMDK|L[YDK VKD I|JLVEDCK|QEKQSTRGV|SIVLE ESHLS.
cTS2 Al ATMPD|LFHRLAKHAAKVLHLGKGCYN. .NLTTS PEKSDM

TS CaMXMT1 2| ATMPDLIFHRLAKHAAKVLHMGKGCYN. .NLIIS PEKSDV
CaMXMT2 A ATMPD|I|FHRLAKHAAKVLHLGKGCYN. .[NLTTS PEKSDV

L Pcs1 S ETMDKLYDKFTHILVSDLEAELPKTT. .[STILV VG. ...

XMT [ caxMTl A ATIIPDIFHRFAKHAAKVLPLGKGFYN. .NLIIS PEKSDV
L CcxMT1 2 AT IPDIFHRFAKHAAKVLPLGKGFYN. .NLTIS PEKSDM

Fig. 6. Alignment of PcCS translated amino acid sequence with N-methyltransferase sequences from other species and secondary structures moulded from C. canephora
CcDXMTT1 (caffeine synthase). The core SAM binding domain is indicated in green and the folding helical domain is indicated in orange. The SAM binding motifs (A, B’ and C)
and YFFF conserved region are shown by black boxes. Access Numbers: CcDXMT: DQ422955; CaDXMT1: AB084125; CCS1: AB086414; TCS1: AB031280; BTS1: AB096699;
CTS2: AB054841; CaMXMT1: AB048794; CaMXMT2: AB084126; PCS1, AB207817; CaXMT1: AB048793; CcXMT1: DQ422954. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Please cite this article in press as: Schimpl, F.C., et al. Molecular and biochemical characterization of caffeine synthase and purine alkaloid concentration in
guarana fruit. Phytochemistry (2014), http://dx.doi.org/10.1016/j.phytochem.2014.04.018



http://dx.doi.org/10.1016/j.phytochem.2014.04.018

6 F.C. Schimpl et al./ Phytochemistry xxx (2014) XXx—xXx

PcCS
Cs

100

100

96 PCS1 TS

TCS1 .

76
BTS1 _
[ CcXmT1 7
10 7XMT
CaXMT1 |
97
CTS2 7]

99

76 CaMXMT1 _|

100 CcDXMT1

CCs1 CS

CaDXMT1 |

Fig. 7. Phylogenetic tree of N-methyltransferase amino acid sequences. Coffea arabica (CaXMT1: AB048793, CTS2: AB054841, CaMXMT1: AB084794, CAMXMT2: AB084126,
CaDXMT1: AB084125, CCS1: AB086414), Coffea canephora (CcXMT1: DQ422954, CcDXMT: DQ422955), Camellia sinensis (TCS1: AB031280), Camellia irrawadiensis (ICS1:
AB056108), Camellia ptilophylla (PCS1: AB207819) and Theobroma cacao (BTS1: AB096699). Functional activities are indicated as 7MXS: 7-methylxanthine synthase, TS:

theobromine synthase, CS: caffeine synthase.
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Fig. 8. PcCS expression in vegetative and fruit tissues of the cultivar BRS-Amazonas. Bars indicate standard deviation of three replicates.

2.4. Recombinant caffeine synthase

PcCS was expressed in Escherichia coli BL21-pRil (Supplemen-
tary Fig. S2) and although most of the recombinant protein was
retained in the pellet, the soluble fraction purified by affinity chro-
matography in Ni-NTA agarose yielded a reasonably pure protein
fraction (lane 5, Supplementary Fig. S2). Studies on this purified
fraction showed a K, =328 uM and Vi, = 20.7 nmol min~! for 7-
methylxanthine (6) and a Ky, = 277 uM and V., = 10.0 nmol min !
for theobromine (2). The recombinant PcCS was able to catalyse
the methylations of 7-methylxanthine (6) to theobromine (2) and
of theobromine (2) to caffeine (1) (Table 1). The protein has a the-
oretical molecular mass of 40.1 kDa and theoretical pl of 5.14

(http://ca.expasy.org/).
2.5. Caffeine synthase activity

Caffeine synthase activity was determined in protein extracts
from guarana seeds at three stages of maturation. Activity was
higher in seeds of fruit at the green stage using theobromine as a
substrate: green stage=20.9+2.4 fkat; intermediate
stage = 6.6 + 1.0 fkat; mature stage =3.8 £ 0.9 fkat. Caffeine syn-

thase of seeds has K, =258 UM and Viy.x = 0.5 nmol min~".

3. Discussion
3.1. Caffeine distribution in guarana tissues

In general, caffeine (1) is the main alkaloid in plants containing
purine alkaloids and its biosynthesis is highest in young tissues
(Ashihara et al., 2011). Other plants accumulating purine alkaloids,
such as the tea species C. irrawadiensis (Nagata and Sakai, 1985)
and C. ptilophylla (Ye et al., 1997), have theobromine (2) as the
main alkaloid in young leaves. Theobromine (2) is also the predom-
inant alkaloid in seeds of T. cacao (Senanayake and Wijesekera,
1971). In coffee seeds and leaves, caffeine (1) is the main alkaloid
(Ashihara et al., 2011; Ashihara et al.,, 2008; Mazzafera, 2004;
Mazzafera and Carvalho, 1991; Mazzafera et al., 1991).

In this study, analysis of five guarana cultivars showed that the
levels of caffeine (1), theobromine (2) and theophylline (3) in gua-
rana varied significantly among tissues and at different develop-
mental stages. In all cultivars, theobromine (2) was the most
abundant alkaloid in vegetative tissues (leaves and stems), flowers
and pericarp, followed by theophylline (3), while caffeine (1) was
predominant only in seeds. In general, the concentrations of all
alkaloids were higher in young tissues, decreasing with tissue
maturity/aging.
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Fig. 9. In situ hybridization of PcCS in longitudinal sections of guarana fruit using an antisense probe. Arrows indicate the purple coloration resulting from detection of gene
transcripts. A: Cotyledon of immature seed; B: Cotyledon of seed at intermediate maturation stage; C: Control with sense probe (cotyledon of immature seed); D: Cotyledon

of mature seed. Bars = 50 pm.

Table 1

Specificity of recombinant PcCS and other N-methyltransferases to different substrates.

Recombinant enzyme Substrate/methylation position References

1-mX/3N 3-mX/1N 7-mX/3N pX/3N Tp/7N Tb/IN
Theobromine synthase Relative activity (%)
CaMXMT1 ND ND 100 5.0 ND ND Uefuji et al. (2003)
CaMXMT2 ND ND 100 5.3 ND ND Uefuji et al. (2003)
CTS1 ND ND 100 14 ND ND Mizuno et al. (2003b)
BTS1 ND ND 100 ND ND ND Yoneyama et al. (2006)
ICS1 ND ND 100 ND ND ND Yoneyama et al. (2006)
PCS1 ND ND 100 11 ND ND Yoneyama et al. (2006)
Caffeine synthase
CCS1 0.53 0.82 24 100 ND 25 Mizuno et al. (2003b)
CaDXMT1 ND ND 1.0 100 ND 3.8 Uefuji et al. (2003)
TCS1 52 0.4 435 100 0.0 7.8 Kato et al. (2000)
PcCS ND ND 53 ND ND 100
Product Tp Tp Tb Ccf cf cf

Relative activity presented as percentage of the highest activity (100%), indicated in bold print. ND = not detected; 1-mX = 1-methylxanthine (9); 3-mX = 3-methylxanthine
(8); 7-mX = 7-methylxanthine (6); pX = paraxanthine; Tp = theophylline (3); Tb = theobromine (2); Cf = caffeine (1). The activity of the recombinant PcCS using theobromine
(2) as a substrate was 9 fkat mg~' protein. The values represent mean values of three replicates. Enzymes of Coffea arabica = CTS1, CCS1, CaDXMT1; Camellia sinensis = TCS1;

Camellia irrawadiensis = ICS1; Camellia ptilophylla = PCS1; Theobroma cacao = BTS1.

Theobromine (2) was also detected as the main alkaloid in P.
cupana leaves by Weckerle et al. (2003), being higher in young
leaves (1.3%) than mature ones (0.03%). On the other hand, in P.
Yoco, the caffeine (1) concentration in the basal portion of stems
(0.45%) is about five times higher than in the apical portion, while
theobromine (2) ranged from 0.048% (apical portion) to 0.006/
0.009% (basal portion) (Weckerle et al., 2003). Theobromine (2)
was the only alkaloid detected in P. Pachycarpa, but at very low lev-
els (adult leaves - 0.025%; apical stem - 0.006%, basal stem -
0.001/0.018%) (Weckerle et al., 2003). We have no knowledge of
any report on N-methylxanthine concentration in guarana flowers.
Coffee (Raju and Gopal, 1979) and tea (Fujimori and Ashihara,
1993) flowers have high levels of caffeine (1). Curiously, Citrus
flowers have caffeine (1), but only in parts of the male organs,
and theophylline (3) also accumulates in minor proportions
(Kretschmar and Baumann, 1999).

Similar to flowers and vegetative tissues of guarana, the fruit
pericarp also had theobromine (2) as the main alkaloid, but
depending on the cultivar and the fruit developmental stage, caf-
feine (1) was present in comparable quantities. Caffeine (1) was
also the main alkaloid in seeds, and at levels much higher than
those found for theobromine (2) in any other guarana tissue. Sev-
eral reports have described caffeine concentration in guarana seeds
ranging from 2.5% to 6% in the seed and from zero to 1% in the peri-
carp (Baumann et al.,, 1995; Maravalhas, 1965; Oliveira, 2010;
Pires, 1949; Spoladore et al., 1987). It has been suggested that
the prevalence of caffeine (1) in guarana seeds is a defense strategy
against predators (Mithofer and Boland, 2012; Weckerle et al.,
2003). Baumann et al. (1995) suggested that caffeine (1) helps gua-
rana seed dispersion by birds. Some birds swallow the fruit with-
out breaking the seed, which passes through the digestive tract
intact without releasing caffeine (1), thus avoiding intoxication.
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However, the aril, which is free of caffeine (1) and rich in sugars, is
digested.

Caffeine (1) can be degraded via theophylline (3) and theobro-
mine (2) (Fig. 1). Usually theophylline (1) is the main route occur-
ring with high efficiency, which explains its low concentration, for
example, in coffee tissues (Mazzafera, 2004; Suzuki and Waller,
1984a,b). Theobromine (2) is a precursor and a product of degrada-
tion of caffeine (1) in most of the species where the metabolism of
this alkaloid was studied (Ashihara et al., 2008; Ashihara and
Suzuki, 2004; Suzuki and Waller, 1984a,b). A transient accumula-
tion of theobromine (2) in young tissues of plants accumulating
caffeine (1) has been related to a high biosynthesis rate of the latter
alkaloid (Ashihara et al., 2008; Ashihara and Suzuki, 2004). How-
ever, transient accumulation of theobromine (2) in C. dewevrei
seems to be related to a more significant participation of the theo-
bromine (2) degradation route (Mazzafera et al., 1994a).

The significant accumulation of theobromine (2) in the vegeta-
tive tissues and flowers of guarana might be a consequence of low
conversion to caffeine (1), as observed in coffee mutants almost
free of caffeine (1) (Silvarolla et al., 2004). Support for this is the
very low expression of PcCS in vegetative tissues of guarana
(Fig. 8). However, based on previous knowledge of other plants,
this is not consistent with the amount of theophylline found in
these tissues, which was higher than caffeine (1). Unless guarana
presents a unique metabolism, in the plants studied so far, most
of the theophylline (3) was found as a product of degradation of
caffeine (Mazzafera, 2004), although the pathway xanthine
(7) — 3-methylxanthine (8) — theophylline (3) was found as an
alternative in tea seedlings (Deng and Ashihara, 2010). It may be
speculated that, coupled with low biosynthesis from theobromine
(2), caffeine (1) is low in these guarana tissues due to a higher deg-
radation rate, but theophylline (3) degradation might be slower
than in other plants investigated up to now for caffeine metabo-
lism. Only studies using labelled substrates may explain the meth-
ylxanthine concentrations and their metabolism in guarana
tissues, which was outside the scope of this study.

3.2. Caffeine synthase activity and expression in guarana

Biosynthesis of caffeine (1) in plants is mediated by the activity
of three N-methyltransferases responsible for the methylation of
xanthosine (4), 7-methylxanthine (6) and theobromine (2) (3,7-
dimethylxanthine). Genes coding for these enzymes have been
characterized in some caffeine (1)-containing plants, but they were
particularly well characterized in coffee (for a review see Ashihara
et al. (2011) and Kato and Mizuno (2004)). Three genes are known
to code for 3,7-methylxanthine methyltransferase (caffeine syn-
thase — EC 2.1.1.160; CaDXMT1 - AB084125; CCS1 - AB086414;
CtCS7 - AB086415). Regarding CtCS7, it is a tentative caffeine syn-
thase because the heterologous protein has very low activity and
only against paraxanthine (1,7-dimethylxanthine) but not theo-
bromine (2). CaDXMT1 and CCS1 caffeine synthases seem to have
unique characteristics as they differ in regard to their affinity for
theobromine (2) (1200 uM and 157 pM, respectively), and their
expression profile, CaDXMT1, is expressed exclusively in immature
fruits while CCS1 is expressed in all tissues containing caffeine
(Ashihara et al., 2011; Kato and Mizuno, 2004). Curiously, both
enzymes have higher affinity for paraxanthine, a methylxanthine
found in minute amounts in a coffee cell suspension (Baumann
and Frischknecht, 1988; Sartor and Mazzafera, 2000) or in tea
leaves (Kato et al., 1996). However, a key difference between these
two enzymes is the fact that CaDXMT1 has low activity against 7-
methylxanthine (6) and theobromine (2) (1 and 4%, respectively,
considering 100% activity for paraxanthine) while CCS1 has much
higher and comparable activities (16-24% for 7-methylxanthine
(6) and 23-25% for theobromine (2)). CCS1 has been suggested to

be an enzyme with dual functionality, similar to TCS1 of tea
(Kato and Mizuno, 2004).

N-Methyltransferases of methylxanthine-containing plants
have greater similarity to each other within the same genus than
among different species (Ashihara et al., 2008; Figueiredo et al.,
2011; Yoneyama et al., 2006). Thus, theobromine (2) and caffeine
(1) synthases from Coffea arabica have more than 80% identity,
while tea and coffee caffeine synthases have only 34% identity.
The identity of the translated guarana PcCS was greater with theo-
bromine synthases (from 44% to 48%) than with caffeine synthases
(less than 35%) identified in other plants (Fig. 7). The contigs
assembled here using the EST sequences of the Realgene EST data-
base had 1083 bp and were similar to other assemblings carried
out with sequences retrieved from the same database [Supplemen-
tary Fig. S1, Figueiredo et al., 2011]. However, as these sequences
were not assessed for expression or their heterologous proteins
were not produced and assayed for activity, it is not possible to
affirm they were caffeine synthases.

The translated amino acid sequence was aligned with theobro-
mine and caffeine (1) synthases from other species and typical A,
B’, and C motifs and the YFFF region of methyltransferases related
to caffeine metabolism were found (Kato and Mizuno, 2004). A, B
and C motifs are characteristics of SAM-dependent O-methyltrans-
ferases (Joshi and Chiang, 1998). The B’ motif and the YFFF region
are specific features of the methyltransferase family, including caf-
feine synthase (Kato and Mizuno, 2004). Salicylic acid carboxyl
methyltransferase, benzoic acid carboxyl methyltransferase and
jasmonic acid carboxyl methyltransferase are other members of
this family (Ishida et al., 2009; Mizuno et al., 2003a,b; Yoneyama
et al., 2006). In addition to the presence of these motifs in the PcCS,
phylogenetic analysis showed that PcCS has higher identity with
methyltransferase sequences from theobromine-accumulating
species such as tea and cacao (Fig. 7), although these sequences
may code for theobromine (BTS1, ICS1, PCS1 - Yoneyama et al.
2006) or caffeine synthases (TCS1 - Kato et al., 2000 and
Yoneyama et al., 2006).

Consistent with the data of methylxanthines concentration in
seeds (Fig. 5), the expression of PcCS was significantly higher in
seeds of immature fruit (Figs. 8 and 9). Complementing this infor-
mation, attempts to determine caffeine synthase activity were suc-
cessful only using seed protein extracts from immature fruit (data
not shown). In order to prove that the PcCS was a caffeine synthase,
a heterologous protein was produced and activity was tested
against several substrates, including paraxanthine. In contrast with
all other caffeine synthases characterized until now, recombinant
PcCS showed theobromine (2) as the best substrate (caffeine syn-
thase activity), followed by 7-methylxanthine (6) (theobromine
synthase activity) (Table 1). No activity was found against any
other substrate tested, including paraxanthine, the best substrate
identified for other caffeine synthases (Ashihara et al., 2008; Kato
and Mizuno, 2004). Theobromine synthase activity of PcCS was
approximately 50% of the caffeine synthase activity.

Small changes in the amino acid sequence may partially explain
the affinity of PcCS for theobromine instead of paraxanthine. The
translated PcCS was aligned with other methyltransferase
sequences and the secondary structure of the caffeine synthase
de C. canephora CcDXMT1 can be used as reference for comparison
(Fig. 6). McCarthy and McCarthy (2007) studied the crystallo-
graphic structure of caffeine synthase (DXMT) from Coffea canepho-
ra and, based on the characteristics of the 15 amino acid residues
within 5 A of the theobromine binding site, they suggested that
only three have crucial significance for discriminating the sub-
strate specificity of each enzyme, residues 27, 237 and 266. The
residues identified in theobromine synthase are Ala27, Pro237
and Phe266 and, in caffeine synthase, they are Phe27, Ser237 and
[le266. It is not clearly understood in which way positions 27
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and 237 influence substrate discrimination, while a Phe residue at
position 266 would prevent theobromine binding and, therefore,
theobromine synthase activity. However, while the 266 residue
substitution may be important in coffee, it probably is not in tea
since a Ser is the amino acid present in both theobromine
(Yoneyama et al., 2006) and caffeine synthase (Kato et al., 2000).
In PcCS, the amino acids in these positions are Thr28, Pro238 and
Tyr267.

Yoneyama et al. (2006) made site-directed mutagenesis in PCS1
changing the His221 to Arg221 and observed that the recombinant
protein, while still keeping 7-methylxanthine (6) (theobromine
synthase activity) as the best substrate, showed a fivefold increase
of activity against paraxanthine (caffeine synthase activity).
Although the result is not conclusive, they suggested that the
His221 position plays an important role in defining substrate spec-
ificity but other amino acid residues might be involved in substrate
recognition.

PcCS is particularly different from the other caffeine synthases
at the active site, especially in the positions Leu236, Pro237 and
Trp238, although it is not possible to conclude how important
these changes are with the little knowledge there is on the protein
structure of caffeine synthases. In these positions, the caffeine syn-
thase (DXMT) from coffee has Asp236, Ser237 and Met238 (C. arab-
ica - CaDXMT) or Ile238 (C. canephora - CcDXMT). Thus, if the
residue at position 238 is not the same for these coffee species,
the residues 236 and 237 might be determinant to define the affin-
ity of PcCS for theobromine instead of paraxanthine. McCarthy and
McCarthy (2007) observed that Ser237 in caffeine synthase
(DMXT) is mutated to a Pro in theobromine synthase (MXMT), sim-
ilar to PcCS. This reinforces the indication that it is not possible to
draw solid conclusions based on the protein sequences from differ-
ent species, as well as that more than one amino acid residue
defines substrate specificity. Only crystallography structural stud-
ies of PcCS and site-directed mutagenesis may explain the unique
specificity of PcCS for theobromine but not for paraxanthine.

4. Concluding remarks

Guarana is distinguished from other caffeine-accumulating
plants because of high caffeine (1) concentration in its seeds
whereas, in other parts of the plant, theobromine (2) is the major
purine alkaloid. This indicates that guarana presents peculiar char-
acteristics regarding the control of caffeine (1) biosynthesis in dif-
ferent organs. Like coffee, it seems that the genes coding for
methyltransferases of caffeine (1) biosynthesis in guarana form a
large family. In a search in the guarana EST database, several
incomplete methyltransferases sequences with small differences
regarding their similarity were found, thereby supporting this con-
clusion. The affinity of the PcCS isolated in this study, and compar-
ison of its amino acid sequence with other caffeine synthases
already reported in the literature, show that an understanding
what residues in the active site of the enzyme define the best sub-
strate is still not obtained.

5. Experimental
5.1. Plant material

Guarana plant tissue was collected on the farm Agropecudria
Jayoro Ltda, Presidente Figueiredo, Amazonas, Brazil. Fruit (imma-
ture, intermediate and mature immediately separated into seeds
and pericarps), leaves (young, intermediate and mature), inflores-
cences (containing floral buds and open flowers, but with no fruit),
apical stems (a 20-cm portion from the apex) and basal stems (a
20-cm portion from the base) were collected from adult plants of

the cultivars BRS-Amazonas, BRS-Maués, BRS-Luzéia, BRS-CG372,
BRS-CG611. Samples were taken from three different plants and
immediately after collection they were frozen in dry ice and then,
in the laboratory, in a freezer kept at —80 °C. Part of the material
was dried at 50 °C for methylxanthines determination.

5.2. Methylxanthine quantification

The material dried at 50 °C was ground to a powder in a mortar
with a pestle, and 100 mg was extracted with MeOH-H,0 (80:20 v/
v) in a water-bath at 50 °C for 2 h, with occasional stirring. After
cooling on the bench, the samples were centrifuged at 15,000g
for 20 min, and diluted in distilled H,O at a ratio of 1:10 (v/v;
seeds) or 1:2 (v/v; other tissues). Caffeine (1), theobromine (2)
and theophylline (3) were quantified by high performance liquid
chromatography (HPLC Shimadzu System) using a photodiode
array detector operating at 272 nm. A C18 reversed-phase column
(25 cm x 4.6 mm x 5 um; Supelco™) was used to separate the
alkaloids using aqueous 0.5% AcOH in H,0 (A) and MeOH (B) as
mobile phases, at a flow rate of 1.2 mL min~'. The gradient used
was: 0 min 10% B, 18 min 45% B, 19 min 100% B and 20-30 min
10% B. Standard curves for methylxanthine calculation were
obtained from known amounts of pure caffeine (1), theobromine
(2) and theophylline (3) (Sigma).

5.3. Analysis of EST database, primer design and PcCS sequencing

The EST database Realgene (Angelo et al., 2008) was used for
searching caffeine synthase sequences using the tool BLASTx
(Altschul et al., 1990). Caffeine synthase sequences of Coffea arabica
(CaDXMT1, AB084125; CCS1, AB086414), Coffea canephora
(CcDXMT, DQ422955) and Camellia sinensis (TCS1, AB031280) were
used as bait. Among the retrieved sequences, the longest ones with
e-values lower than e >° were selected and used to assemble a
contig of 1369 bp (CDS = 1083 bp) using the ClustalW tool in the
software BioEdit (Thompson et al., 1994). Total RNA was extracted
(Rezaian and Krake, 1987) from immature seeds, treated with
DNase (Turbo DNA-free, Ambion, Inc.) and the first cDNA strand
was synthesized (SuperScript Ill First-Strand, Invitrogen) and used
in RT-PCR reactions. Primers at the 5UTR and 3'UTR regions and
also ones internal to the CDS were designed for amplification
(see Fig. 10 for primer sets). The two fragments amplified were
separated in 1% agarose gel, purified from the gel (GeneJET™ Gel
Extraction Kit, Fermentas) and inserted in the cloning vector
PGEM-T Easy Vector System (Promega), which was used to trans-
form the thermo-competent E. coli DH5a strain (Novagen). Positive
colonies were miniprepped (PureLink Quick Plasmid Miniprep Kit,
Invitrogen), and the plasmid insert was sequenced using the flank-
ing vector primers (T7 and SP6) and the internal primers already
mentioned. The sequencing reactions were performed using the
BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems)
and an ABI PRISM 377 sequencer (Applied Biosystems). The
sequence obtained will hereinafter be referred to as Paullinia
cupana caffeine synthase (PcCS - GenBank accession number
BK008796).

5.4. PcCS expression analysis

Total RNA was extracted from different guarana tissues
(Rezaian and Krake, 1987) and first strand cDNA was obtained as
described above. Expression of PcCS was performed by quantitative
RT-PCR (qRT-PCR). The reactions (processed in technical tripli-
cates) were prepared with the QuantiFast SYBR Green PCR Kit (Qia-
gen) and run in an iCycler iQ5 Multicolour Real-Time PCR
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— Sequencing primer pair 1 —> Expression primer —> Sequencing primer pair 2

CGTCCGGAGAAATCAAANGATTTCAATATAATGGATATGAAAGATGTGCTTTATATAAACACAGGAGAAGGAGAAAGCAGCTACTTGC

TCAATTCTAAATTCACGAACGTAACAGCAATCAAATCAATCCCAACCCTAAAGAGGGCAATTGAATCACTCTTCAAGGAAGAATCACCA

—> Real time primer

CCATTTGAACACCTCCTAAATGTGGOAGATTTGGGGTGTGCTTCAGIECTCAACTTCAAATACCATAATGCCAACCGTAGTCCAAACAG

TGGTCAACAAATGCAGAGAATTGAATCACAAAATCCCAGAGTTTCAATTCTACTTGAATGATCTACCATCTAATGACTTCAACACACTCT

<+—— Real time primer <+—— Sequencing primer pair 1

CAAGGGATTGAATGG GITGGGTAGTGGTGGTGAAGAATTTGAAAATACTTCATGTICTTGTGATGGGTGCTCCTIGGTTC CAT

GGGAGGCTCTTTCCTTTGAATACAATTCATCTTGTTTACTCTAATTATTCTGTTCATTGGCTCTCCAAGGTACCGGATCTTAGAGATGAA

AAAGGTAATCCAATAAACAAAGGAACATTTTACATATCGAAAACAAGTCCTAGTGGTGTAAGAGAAGCGTACCTTGCTCAATTTCAAAA

AGACTTCACATTGTTTCTAAAGTCACGTGCTGAGGAGATGGTGTCCAATGGTCGAGTTGTGTTGGTTCTCCATGGAAGACTCTCTCA

AGATTTCTCCTGCGAAAAAGAACTTCAATTACCTTGGTTAATTCTCTCCCAAGCCATATCTCGCTTGGTTTCCAAGGGATTGATAGATG

AAGAGAAATTGGATTCATTTGAGGTACCATACTACACACCATCAGTGCAAGAAGTGAAAGAATTAGTAGAGGGAGAGGGATCGTATGC

GGTGGAGCTCATGGAAACATTTACAATCAGGATCGGAGCCCGAAATGAGGGCATCTGGAGTGATGCCCGAGGGTTTGGGAACAATC

TCAGATCAATCACAGAGACAATGATTTCACACCACTTTGGACCTCAAATTCTTGATGAATTGTATGATGAGATTCAAGATCTGCCTCTAC

4+——  Expression primer

AAGA GCTACTCAATGTAGCTITGTTGTTGGTTTGAAGAGAAATTAAACAAGCAAAGGGCCTACTGCTTGGTTGTATGCTTTGTTT

4+—— Sequencing primer pair 2

GATATCAG'I'I'I'ACATI'AAAATAAATAAATAAATAAATGAGAATAAGGG"'GTAGCAAA'I'I'GGTCTATCCCII'I'ACCAGGCCTCGAAGTCCTGA

GTTCGATTCTCATTAGGGGGTTGGGGGATGTGTGTTGTAAGGGGGCCAATAGTGCCAATTGTCGGAAAAAATAAAAAAATAAATAAAG

CTAGAAGGTTATATTCAAAAAAAACACACAAAAAAA

Fig. 10. Contig assembled from guarana EST sequences. Coding region (1083 bp) is underlined from methionine codon (ATG) to the stop codon (TAA). The primers used for
cloning and sequencing which generated two fragments by amplification are identified as “Sequencing primers pair” 1 and 2; the primers used in RT-qPCR analyses are
identified as “Real time primer”; and the primers used for cloning PcCS for heterologous expression in pET28a are identified as “Expression primer”, to which was added the

restriction sites for the BamHI (forward) and Sall (reverse) restriction site sequences.

Detection System (Bio-Rad) under the following conditions: 95 °C
for 3 min, followed by 40 cycles at 95 °C for 10s and 60 °C for
30 s. The primers used are shown in Fig. 10 and the 274" method
(Livak and Schmittgen, 2001) was used for the quantification of rel-
ative expression. Four reference genes were used (Schimpl, 2013):
actin (ACT, forward: 5'-ACCATCACCAGAATCCAACACAATACC-3,
reverse: 5'-ACCATCACCAGAATCCAACACAATACC-3'), ubiquitin 11
(UQT, forward: 5'-TAAGGAAGGCATTCCACCTG-3’, reverse: 5'-TAATCC
GCTCAATGGT GTCA-3’), Alcohol dehydrogenase (ADH, forward:
5-GTTGCAGCAT CAGGTCAAGA-3/, reverse: 5'-ACGTCCATTTTCAGC
ACACA-3’), and 40S ribosomal protein S24-1 (S24, forward:
5'-TCATCCTGGAAGGCCTAATG-3/, reverse: 5-CAACCTTGGTGTCAA
GTCCA-3'). PcCS expression was also analysed by in situ hybridiza-
tion. A probe was produced using the 173 bp fragment amplified
with the qRT-PCR primers. All subsequent steps for probe prepara-
tion followed the protocol of Aratjo et al. (2012). Immature, inter-
mediate and mature fruits were analysed, and the images were
captured with an Olympus DP71 video camera connected to an
Olympus BX 51 microscope.

5.5. Sequence alignment, phylogenetic analysis and 2D protein
structure prediction

Translated amino acid sequences of coffee N-methyltransfer-
ases (C. arabica and C. canephora), tea (Camellia sinensis, C. ptilophy-
lla and C. irrawadiensis) and cocoa (Theobroma cacao) were aligned
with PcCS using the software ClustalW (Thompson et al., 1994).
The software MEGA 5 (Tamura et al., 2011) was used to construct
a phylogenetic tree using the neighbour-joining algorithm (Saitou
and Nei, 1987). Gap regions were excluded by manual adjustments
and bootstrap values were obtained after 10,000 repetitions. The
prediction of the PcCS 2D structure was obtained with the software

ESPript (Gouet et al., 1999) using the 2D structure of the caffeine
synthase from C. canephora (CcDMXT1, DQ422955; PDB ID: 2EF])
as reference (McCarthy and McCarthy, 2007).

5.6. Recombinant PcCS

cDNA from immature seeds was used in RT-PCR to amplify the
whole PcCS sequence (primer sets are shown in Fig. 10), which was
initially cloned into the pGEM-T Easy Vector System (Promega) and
then into the pET28a (Invitrogen) between the BamHI and Sall
sites, containing the recombinant 6X HiS-tag at the N terminus.
The quality of the insertion was verified by sequencing. The
PET28a-PcCS was expressed in the E. coli BL21 (pRil) electrocompe-
tent strain. The transformed cells were grown for 4 h in 50 mL of LB
medium until the ODggo = 0.6 and then induced with 1 mM isopro-
pyl-p-p-thiogalactoside at 37 °C, 200 rpm. The cells were collected
by centrifugation (5000g at 4 °C) and the bacterial pellet was solu-
bilized in affinity buffer (50 mM sodium phosphate, pH 7.3,
100 mM NaCl, 5% glycerol) and then lysed by sonication (20 cycles
of 3's, with intervals of 5s, at 20 kHz - Vibra-Cell, SONICS). The
presence of the recombinant PcCS in the total extract was verified
by 12% SDS-PAGE (Laemmli, 1970). To obtain the purified protein,
the starting medium was scaled up to 2 L culture and the bacterial
pellet obtained by centrifugation was solubilized in 40 mL of affin-
ity buffer and treated with lysozyme (80 ug mL™!) for 30 min and
then sonicated as indicated previously. The sonicated extract was
centrifuged (12,000g for 15 m at 4 °C) and 1 mL of Ni-NTA agarose
resin (Qiagen) previously equilibrated with affinity buffer was
added to the supernatant and this was stirred for 30 min. The
extract-resin mixture was packed into a plastic column (1.0 cm
diameter and 5.0 cm long) and the proteins were eluted by addi-
tion of solutions containing increasing concentrations of imidazole
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(20, 50, 100, 200 and 500 mM, 2 mL of each solution). All fractions
were collected and analysed by 12% SDS-PAGE.

5.7. Plant PcCS activity and recombinant PcCS kinetic study

Plant PcCS was partially purified from immature guarana seeds
of the cultivar BRS-Amazonas. The seeds were ground in a mortar
with a pestle and extracted (1 g) with 5 mL of phosphate buffer
(200 mM, pH 7.3, 4 °C, containing 5 mM EDTA, 10 mM 2-B-mercap-
toethanol, 0.5% ascorbic acid, 0.5% Triton X-100 and 4% polyvinyl-
polypyrrolidone). The supernatant obtained after centrifugation
(15 min at 30,000g, 4 °C) was saturated to 80% with (NH4)>SO4
and pelleted by centrifugation (15 min at 30,000g, 4 °C). The pellet
was solubilized in phosphate buffer and immediately desalted and
concentrated by ultrafiltration (Amicon Ultra-4 Centrifugal Filter
Devices, Millipore). Protein concentration was determined using
the ready-to-use reagent BioRad (Bradford, 1976).

The determination of PcCS activity was based on transfer of the
methyl group from methyl [3H]S-adenosylmethionine to the sub-
strate (Mazzafera et al., 1994b). Reactions were assembled in
1.5 mL Eppendorf tubes containing 4.07 kBq methyl [*H]SAM,
100 pg protein, 10 pL theobromine (2) (at six different final con-
centrations), completed to a final volume of 200 pL with 100 mM
Tris—-HCl buffer, pH 8.0. Reactions were incubated at 28 °C for
30 min and stopped by adding CHCls (1 mL), followed by vortexing
for 30s. After quick centrifugation in a benchtop centrifuge for
phase separation, the organic fraction was collected and trans-
ferred to scintillation vials, and then evaporated under the air
stream of a fume hood. Scintillation fluid was added (5 mL) and
the radioactivity incorporated in caffeine was determined in a scin-
tillation counter (Mazzafera et al., 1994b). A reaction without theo-
bromine (2) was used as a control. The kinetic parameters K, and
Vmax Were calculated by Lineweaver-Burk curve fitting (1/V x 1/
[SD.

To determine PcCS affinity for different substrates, recombinant
protein was obtained as described and dialysed against the phos-
phate buffer (25 mM, pH 7.3, 1mM EDTA and 1 mM DTT) for
24 h at 4 °C. The enzyme reaction was carried out as previously
described but unlabelled SAM was used instead of [methyl->H]-
SAM. The products formed were identified and quantified by UPLC
(Ultra Performance Liquid Chromatography) coupled to a mass
spectrometry triple quadrupole (Waters-Micromass, Manchester,
England) based on their retention times, m/z and MS/MS fragmen-
tation. Chromatographic separation was performed using a Waters
Acquity BEH C18 (2.1 mm x 50 mm 1.7 mM) column and an 8 min
gradient elution of 5% to 100% CH5CN (solvent B) in aqueous 0.1%
HCO-H (solvent A). The flow rate was 0.200 mL min~! and column
temperature was maintained at 30 °C. Electrospray ionization was
used in the positive mode under the following conditions: capillary
3.0kV, cone 50V, ion source temperature of 150 °C, desolvation
temperature of 300°C. The MS/MS spectra were obtained by
induced dissociation collision energy of 20 V. The reactions were
performed using 1-methylxanthine (9), 3-methylxanthine (8), 7-
methylxanthine (6), paraxanthine, theophylline (3) and theobro-
mine (2) at 600 uM final concentration. The kinetic parameters
Ky and V., were obtained using six different concentrations of
7-methylxanthine (6) and theobromine (2), and calculated by
Lineweaver-Burk curve fitting (1/V x 1/[S]).
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