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ase provides evidence of the
increased caffeine content during the piling
process of pu'erh tea†

Si-an Pan, ‡ Ying Sun,‡ Mengmeng Li, Wei-Wei Deng *
and Zheng-Zhu Zhang *

Wet piling is a key process for producing pu'erh tea because various components change under the action

of microorganisms. Among these components, caffeine content is increased. Evidence has indicated

a salvage pathway for caffeine biosynthesis in microbes, in which xanthine is methylated in the order of

N-3 / N-1 / N-7. In addition, guanine can be used to synthesize xanthine through guanine deaminase

(EC: 3.5.4.3). In this study, we investigated the variation in caffeine content during piling fermentation

with supplementary guanine, 15N-labeled guanine and xanthine. We cloned the guanine deaminase gene

(GUD1) from Saccharomyces cerevisiae (one dominant strain in piling fermentation). The results revealed

that [15N]xanthine could be synthesized from [15N]guanine, and [15N]caffeine was also detected during

piling with supplementary [15N]xanthine. Furthermore, ScGUD1 could catalyze the conversion of guanine

to xanthine, which is likely to be methylated for caffeine synthesis under microorganism action. The

obtained results revealed the mechanism underlying the increased caffeine content during piling of

pu'erh tea.
1. Introduction

Currently, pu'erh teas are highly popular in China because of
their attractive avor and health promoting functions. The
processing of pu'erh tea differs considerably from that of other
teas such as green tea, black tea, white tea, yellow tea, and
oolong tea. Pu'erh tea is post-fermented by bacterial and fungal
fermentation in a warm and humid environment under
controlled conditions; this process is called piling or wet piling.
During the piling process, many compounds are varied to ulti-
mately result in the specic smell and taste of pu'erh tea.1 Many
microorganisms are propagated in large quantities during
piling. Taxonomic analysis of the microbial community in pile
fermentation of pu'erh tea revealed three dominant bacterial
phyla and one dominant eukaryotic phylum, namely Ascomy-
cota. Further taxonomic analysis of Eukaryota showed that
Saccharomycetes is the most abundant class and Yarrowia,
Saccharomyces, and Aspergillus are the three most abundant
genera.2 A previous study supported the occurrence of fungal
diversity during piling for pu'erh tea; Aspergillus niger,
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Saccharomyces cerevisiae, and Penicillium glabrum were found to
be the dominant strains.3

Microbes can alter the content of many tea components
through their respiratory and metabolic effects.4 One report
showed that polyphenol content decreased signicantly during
the pile up process.5 In addition, amino acid content decreases
dramatically during the piling process.6 However, caffeine
content increases during pile fermentation because of not only
its own stable properties but also microbial metabolism.7,8

Caffeine content in different teas varies because of the
different processing methods and because differing fresh leaves
used.9 In nonfermented or lightly fermented tea, caffeine content
remains fairly stable, whereas that in pu'erh tea increases
substantially.10,11 The primary pathway of caffeine synthesis in tea
plants involves one nucleoside hydrolysis reaction and three
methylation reactions; rst, xanthosine is methylated to 7-
methylxanthosine, hydrolyzed to 7-methylxanthine, and then
further methylated to theobromine and caffeine.12,13 However,
some previous studies have posited that a salvage pathway for
caffeine biosynthesis is likely present in microbes, with the
methylation order of N-3 / N-1 / N-7,5 which is distinctive
from caffeine biosynthesis in plants. This pathway was subse-
quently conrmed in Escherichia coli (E. coli).14 Massive accu-
mulation of xanthine provides sufficient substrate for a salvage
caffeine biosynthetic pathway. In addition, guanine—one of the
basic nucleotides present in both DNA and RNA—can be used to
synthesize xanthine through guanine deaminase.
This journal is © The Royal Society of Chemistry 2019

http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra05655f&domain=pdf&date_stamp=2019-11-06
http://orcid.org/0000-0001-7495-4796
http://orcid.org/0000-0003-0732-7076
http://orcid.org/0000-0003-1564-1428
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra05655f
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009062


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
N

ov
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 4

/2
1/

20
26

 9
:4

7:
56

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
The mechanism of increased caffeine content during piling
in pu'erh tea has not been clearly illustrated until now. In this
study, we investigated the variation in caffeine content during
piling fermentation with supplementary guanine, 15N-labeled
guanine, and 15N-labeled xanthine. Furthermore, we cloned
the guanine deaminase gene GUD1 from S. cerevisiae15 and
constructed recombinant pMAL-ScGUD1, pRSF-ScGUD1, and
pZ8-ScGUD1 for enzyme activity determination. The obtained
results may reveal the mechanism underlying the increased
caffeine content during the piling process in pu'erh tea.
2. Materials and methods
2.1. Caffeine content variation during piling fermentation
with supplementary guanine

Crude green teas were purchased from a tea shop. For imitating
pu'erh tea, piling fermentation was conducted according to
a previously described method with a slight modication.16 To
promote microbial activity at the onset of piling, sterilized
distilled water was scattered on the leaves until their water
content reached 30–35%. Then, tea leaves were placed in an
incubator at constant temperature (60 �C) and constant
humidity (80%) to imitate the piling process for pu'erh tea
production. Before piling, multiple concentrations of exoge-
nous guanine (0–1 mg g�1) were added to tea samples. The tea
leaves were turned over every two days to ensure homogeneity in
the piling process. Moreover, none piled green tea were stored
at 4 �C and used as control; sterilized tea leaves were undergone
same conditions with the piled tea samples and also treated as
control. The imitated pu'erh tea samples with 10- and 20 day
piling were used for caffeine content determination.

Caffeine was extracted from the samples by using the
method described by Deng et al.17 with minor modications. In
brief, 1.00 g of the dried tea leaf sample was ground and
extracted in 200 mL boiling water at 100 �C for 20 min. Aer
centrifugation, the precipitate was re-extracted with 200 mL
boiling water. The supernatants were combined and then nally
metered to 500 mL. The samples were then ltered through
a 0.22 mm membrane and used for high-performance liquid
chromatography (HPLC) analysis.

The standards and sample extracts were analyzed using aWaters
HPLC system (Waters, Milford, MA, USA) through a reversed-phase
column (Waters; 100�A, 5 mm, 4.6 mm � 250 mm), and the detec-
tion method was described previously.14
2.2. Tracer experiment of [15N]guanine and [15N]xanthine

[15N]guanine (15N5, 98%, Cambridge Isotope Laboratories,
Woburn, MA, USA) and [15N]xanthine (15N2, 98%, Cambridge
Isotope Laboratories, Woburn, MA, USA) were added to the tea
samples at a ratio of 1 : 1000 (g g�1). Pile fermentation and sample
preparation were performed as described in Section 2.1. Ultra-
HPLC coupled with quadrupole time-of-ight mass spectrometry
(MS) was performed to identify [15N]guanine and [15N]xanthine,
and [15N]caffeine was analyzed using ultra-HPLC coupled with
triple quadrupole MS through a reversed-phase column (Waters;
1.7 mm, 2.1 mm � 100 mm) maintained at 35 �C. The detection
This journal is © The Royal Society of Chemistry 2019
wavelength was set at 274 nm. The samples were eluted at a ow
rate of 0.3 mL min�1, with an injection volume of 5 mL for the
ltrate. The mobile phase consisted of 0.2% (v/v) acetic acid (A) in
water and 100% methyl alcohol (B), and the gradient elution was
as follows: 0–2min, A: 94–94%; 2–3.5min, A: 94–92%; 3.5–4.5min;
A: 92–90%; 4.5–7.5min, A: 90–82%; 7.5–10.5min, A: 82–74%; 10.5–
13.5 min, A: 74–20%; 13.5–14.5 min, A: 20–20%; 14.5–16 min, A:
20–94%; 16–17 min, A: 94–94%.

2.3. Cloning of ScGUD1 and construction of recombinant of
pMAL-ScGUD1 in E. coli

The previous report showed guanine deaminase catalyzed the
conversion of guanine to xanthine in wild-type Saccharomyces
cerevisiae,18 and GUD1 (YDL238c) encoded guanine deami-
nase.15 The sequence of ScGUD1 (GUD1 from S. cerevisiae) was
acquired from GenBank (accession no. NM_001180298).
General DNA manipulation in S. cerevisiae was performed
using standard methods.19 Polymerase chain reaction (PCR)-
specic primers with the BamHI restriction enzyme site�
GUD1-F : 50-CGCGATATCGTCGACGGATCCATGACAAAAAG

TGATTTATTATTTGA-30; GUD1-R : 50-ACCTGCAGGGAATTC

GGATCCCTAAATCTGGTAGACTTGCTGGCC-30
�
used for clon-

ing were designed by CE Design V1.04 aer bioinformatics
analysis; the primers were then synthesized by General Bio-
systems, Inc. (Anhui, China).

To obtain the recombinant pMAL-ScGUD1, we puried this
amplied open reading frame (ORF) of ScGUD1, using the
AxyPrep DNA Gel Extraction Kit (Axygen, USA). Later, ScGUD1
was linked with pMAL-c5X vector. And the recombinant
expression plasmid was constructed and transformed into the
expression host bacteria E. coli (BL21) (TransGen Biotech) since
the ligated cloned fragment had been conrmed.

2.4. In vitro and in vivo enzyme assay of pMAL-ScGUD1 in E.
coli

For comparison, the pMAL-c5X vector served as a control. The cells
of transformants were cultured overnight at 37 �C in lysogeny
broth media which contained ampicillin (100 mg mL�1). The cells
were further cultured at 37 �C to an OD600 of 0.6–0.8; subsequently,
in order to induce the expression of recombinant protein, 1.0 M
isopropyl b-D-1-thiogalactopyranoside (IPTG) was added (nal
concentration, 1.0mM). The samples without IPTG induction were
treated as controls. The cells were incubated overnight at 16 �C for
20 h. Bacterial cells were harvested through centrifugation at 3381
� g for 10 min at 4 �C and resuspended in 1� phosphate-buffered
saline (PBS; pH 7.4–7.6). Subsequently, the strains were disrupted
on ice through ultrasonication, and then the supernatant and
precipitate were collected and boiled for 8 min for sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis; the
cells without induction were used as controls. Moreover, the cells
with or without induction were resuspended in PBS (pH 7.0) and
boiled for 8 min to obtain total crude proteins.

Supernatants from the induced cells were performed to
measure the activity of recombinant pMAL-ScGUD1 aer purica-
tion on a maltose-binding protein (MBP) column. The mixture for
RSC Adv., 2019, 9, 36136–36143 | 36137
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the enzyme activity reaction was prepared using the following
components: 10mMMgCL2; 3.3mMguanine solution; and 200 mL
puried protein. The mixture was adjusted to a nal volume of 5.0
mL. The reaction was incubated at 37 �C for 0, 5, 10, 30, and
60 min before enzymatic product determination using HPLC.

For in vivo enzymatic activity determination, strains were
cultured at 37 �C with shaking at 200 rpm for 120 h to determine
the in vivo activities of the ScGUD1 with supplementary guanine
(10 mM). The samples of the cultures were centrifuged at 13 680�
g for 10 min, and culture supernatants were analyzed through
HPLC, as described previously.14
2.5. Recombinant pRSF-ScGUD1 in E. coli and its enzyme
assay

PCR-specic primers with BamHI and PstI restriction enzyme
sites
�
GBP-F :

5
0
-ATGGGATCCATGACAAAAAGTGATTTATTATTTG-3

0
;

GBP-R :

5
0
-CTACTGCAGTAAATCTGGTAGACTTGCTGGCC-3

0�
employed for cloning were designed by CE Design V1.04.
The puried PCR product was ligated into the pRSF-Duet-
1 vector (BioVector NTCC Inc., Beijing, China). The
plasmid containing recombinant pRSF-ScGUD1 was
introduced into E. coli (BL21) for enzyme activity deter-
mination. The enzyme activity reaction was conducted as
described above, and the HPLC determination was
described previously.14
Fig. 1 Variation in caffeine content during piling fermentation with
multiple concentrations of exogenous guanine. The significances of
differences were compared between the groups of fermentation time
on different guanine concentrations (*p < 0.05). Data represent the
mean � standard deviation of three independent experiments.
2.6. Recombinant pZ8-ScGUD1 in E. coli and its enzyme assay

Specic primers with PstI and SalI restriction enzyme sites�
GUPS-F :

50-ATACTGCAGATGACAAAAAGTGATTTATTATTTG-30;

GUPS-R :

50-GACGTCGACCTAAATCTGGTAGACTTGCTGGCCG-30
�

employed for cloning were designed by CE Design V1.04. The
puried PCR product was ligated into the pZ8-1 vector (provided by
Dr Oliver Yu at Wuxi NewWay Biotechnology, China). The plasmid
containing recombinant pZ8-ScGUD1 was transformed into E. coli
trans-T1 and then to Corynebacterium glutamicum ATCC 13032
through electroporation. The enzyme activity reaction was con-
ducted as described above, and the HPLC determination was
described previously.14
36138 | RSC Adv., 2019, 9, 36136–36143
2.7. Statistical analysis

Data represent the mean � standard deviations of three inde-
pendent experiments. The signicance differences between
different groups were measured by two-way ANOVA post hoc
Bonferroni test and one-way ANOVA post hoc Bonferroni test, as
appropriate. All statistical analyses were considered statistically
signicant, which p values of <0.05.
3. Results and discussion
3.1. Caffeine content variation during piling fermentation
with exogenous guanine

Green teas were used to pile pu'erh tea under specied conditions
in an incubator. During piling, caffeine content increased in the
imitated pu'erh tea samples (Fig. 1). In the sterilized tea leaves
undergone same conditions with the piled tea samples, caffeine
content was almost consistent aer 20 days of piling. A higher
concentration of guanine yielded higher caffeine content in the
piled tea samples. In the control sample without supplementary
guanine, caffeine content slightly increased aer 10 days of piling
(from 2.55% � 0.03% to 2.57% � 0.04%) but did not continue to
increase until 20 days of piling (2.57%� 0.08%). Aer piling for 20
days, caffeine content increased in the guanine-supplied samples
(0.01–1 mg g�1) higher than without guanine supplement; the
highest caffeine content (2.65% � 0.03%) was observed in the
1 mg g�1 guanine-supplied sample; 2.63% � 0.03% and 2.58% �
0.02% caffeine were found in the 0.1 mg g�1 and 0.01 mg g�1

guanine-supplied samples, respectively. The caffeine content
showed signicant correlation to the fermentation time (p ¼
0.007); caffeine content did not differ signicantly at different
guanine concentrations (p ¼ 0.428) (P < 0.05).

In a previous study, aer fermentation by microorganisms
(piling), the level of caffeine in ripened pu'erh tea was elevated
compared with that in aged pu'erh tea.8 Ripened pu'erh tea is
articially fermented for 6 months to 1 year by microorganisms
from raw pu'erh, whereas aged pu'erh tea is pressed into cake
from raw pu'erh and stored in natural conditions. Our investi-
gation revealed that caffeine content increased during the
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Mass spectra of [15N]xanthine in samples of imitated pu'erh tea for piling with exogenous [15N]guanine. (A) LC-MS chromatograms of
purine standards and piling fermented tea samples; (B) identification of [15N]guanine (m/z: 157.0422) and [15N]xanthine (m/z: 157.0279) in
imitated pu'erh tea samples. G, guanine; X, xanthine; 1-MX, 1-methylxanthine; 3-MX, 3-methylxanthine; 7-MX, 7-methylxanthine; Tb, theo-
bromine; Tp, theophylline; Cf, caffeine.
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View Article Online
piling process for ripened pu'erh tea, especially in the samples
with supplementary guanine. This nding indicated that
caffeine may be synthesized from guanine under microor-
ganism action during the process of pile fermentation for
Fig. 3 Mass spectra of [15N]caffeine in samples of imitated pu'erh tea sa
grams of purine standards and piling fermented tea samples; (B) MS-MS s
(m/z: 197.1000). G, guanine; X, xanthine; 1-MX, 1-methylxanthine; 3-M
theophylline; Cf, caffeine.

This journal is © The Royal Society of Chemistry 2019
ripened pu'erh tea because the endogenous enzymes in tea
leaves had already been deactivated by the traditional process
referred to as “kill green” in raw pu'erh tea processing (or green
tea processing).
mples for piling with exogenous [15N]xanthine. (A) LC-MS chromato-
pectra identification of [15N]xanthine (m/z: 155.2000) and [15N]caffeine
X, 3-methylxanthine; 7-MX, 7-methylxanthine; Tb, theobromine; Tp,

RSC Adv., 2019, 9, 36136–36143 | 36139
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Fig. 4 Possible caffeine biosynthetic pathways in tea plants (shown as green arrows) and in the piling process of pu'erh tea undermicroorganism
action (blue arrows).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
N

ov
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 4

/2
1/

20
26

 9
:4

7:
56

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
3.2. [15N]xanthine and [15N]caffeine were detected in tea
samples supplied with [15N]guanine and [15N]xanthine during
piling

Each of [15N]guanine and [15N]xanthine was separately added to
the tea samples (1 : 1000, g g�1) for piling fermentation (20 days).
Aer sample preparation, [15N]xanthine (m/z, 153 + 4) was detected
through LC-MS-MS (Fig. 2), as was [15N]caffeine (m/z, 195 + 2)
(Fig. 3). This nding showed that the possible pathway of guanine
/ xanthine /// caffeine occurred during pile fermentation
by microorganisms for ripened pu'erh tea. We have reported
“guanine-to-caffeine” conversion in E. coli.14 Moreover, some
previous studies have revealed that a salvage pathway for caffeine
biosynthesis is likely present in microbes, with the methylation
36140 | RSC Adv., 2019, 9, 36136–36143
order of N-3 / N-1 / N-7.7 The obtained results suggested that
guanine—a basic nucleotide present in both DNA and RNA—can
be used to synthesize xanthine, and xanthine can be used for
further caffeine biosynthesis during the piling process for pu'erh
tea (Fig. 4).

3.3. Enzyme activity of recombinant BL21/pMAL-ScGUD1

Guanine can be used to synthesize xanthine through guanine
deaminase. The crystal structure of guanine deaminase in
Bacillus subtilis was reported previously.20 A 50.2 kDa protein
encoded guanine deaminase in E. coli; it had ability to catalyze
guanine to synthesize xanthine and had a Km (15 mM) with the
substrate of guanine.21
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Cloning of ScGUD1, construction of recombinant of pMAL-ScGUD1, and enzyme assay in E. coli. (A) Agarose gel electrophoresis of PCR-
amplified ScGUD1. M, DNA marker; (1) PCR product of ScGUD1. (B) SDS-PAGE electrophoresis of recombinant pMAL-ScGUD1. M, Protein
marker; (1) total crude protein from the induced cells was transformed using the pMAL-c5X vector alone; (2) suspension of total crude protein
from the induced cells using the pMAL-c5X vector by 16 �C; (3) suspension of total crude protein from the induced cells using the pMAL-c5X
vector by 30 �C; (4) total crude protein from the induced cells was transformed using the pMAL-ScGUD1; (5) suspension of total crude protein
from the induced cells using the pMAL-ScGUD1 by 16 �C; (6) suspension of total crude protein from the induced cells using the pMAL-ScGUD1 by
30 �C. (C) Purification of recombinant pMAL-ScGUD1. M, Protein marker; (1) purified MBP from suspension of total crude protein; (2) purified
pMAL-ScGUD1 from suspension of total crude protein. (D) Enzyme assay of recombinant of pMAL-ScGUD1 in vitro. The reactions of
recombinant pMAL-ScGUD1 and the control strain were measured through HPLC. (E) In vivo enzyme activity determination of the recombinant
pMAL-ScGUD1. The reactions of recombinant pMAL-ScGUD1 and the control strain were measured with and without exogenous guanine
through HPLC.
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We cloned the guanine deaminase gene GUD1 from S. cer-
evisiae (Fig. 5A) and constructed recombinant pMAL-ScGUD1 for
enzyme activity determination. Expression of the recombinant
pMAL-ScGUD1 in E. coli was induced through addition of IPTG
(1.0 mM) and incubation at two temperatures (16 �C and 30 �C).
The recombinant protein was detected in the supernatant with
a molecular weight of 90 kDa, which was evaluated through
SDS-PAGE analysis of bacterial lysates. The analysis revealed
that inducing the expression of recombinant pMAL-ScGUD1
resulted in production of a protein with a molecular weight of
approximately 50 kDa. The molecular weight of protein was
This journal is © The Royal Society of Chemistry 2019
consistent with that predicted by DNAStar soware (Fig. 5B).
Moreover, compared with induction for 8 h at 30 �C, more
soluble protein expression was observed aer induction for 20 h
at 16 �C (Fig. 5B). The supernatants from the cells were used to
examine the activity of recombinant pMAL-ScGUD1 aer puri-
cation on an MBP column (Fig. 5C). The puried protein was
used for further in vitro enzymatic assays. The reactions were
terminated and measured using HPLC. As shown in Fig. 5D,
xanthine was detected in a reaction catalyzed by recombinant
pMAL-ScGUD1 with guanine as the substrate but was not
detected in the control strain with pMAL only.
RSC Adv., 2019, 9, 36136–36143 | 36141
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For in vivo enzyme activity determination, strains were
cultured at 37 �C and 200 rpm for 120 h to determine the in vivo
activities of ScGUD1 with or without guanine supplementation.
Xanthine was detected in the strains with pMAL only and pMAL-
ScGUD1 (Fig. 5E), but the recombinant strain with pMAL-
ScGUD1 consumed guanine far more quickly and synthesized
xanthine to a far greater extent than did the control strains.
When exogenous guanine was added, 312 mg mL�1 of xanthine
was observed in the recombinant strain with pMAL-ScGUD1,
and 180 mg mL�1 xanthine was observed in the control strain.
However, when no guanine was added, 225 mg mL�1 of xanthine
was observed in the recombinant strain with pMAL-ScGUD1,
and 110 mg mL�1 of xanthine was observed in the control strain.
Both the in vitro and in vivo enzyme assays of pMAL-ScGUD1 in
E. coli demonstrated that ScGUD1 catalyzed the conversion of
guanine to xanthine.

3.4. Enzyme activity of BL21/pRSF-ScGUD1 recombinant strain

The plasmid containing recombinant pRSF-ScGUD1 was trans-
formed into E. coli (BL21) for further enzyme activity determi-
nation, and enzyme activity was measured in the control of
pRSF-Duet1. For enzyme activity determination, strains were
cultured at 37 �C and 200 rpm for 120 h to determine the in vivo
activities of the recombinant pRSF-ScGUD1 with or without
guanine (Fig. 6A). The concentrations of xanthine were 117 and
216 mg mL�1 in the BL21/pRSF-Duet1 control strain without or
with exogenous guanine, respectively. However, 233 and 429 mg
mL�1 of xanthine were found in the BL21/pRSF-ScGUD1
recombinant strain without or with exogenous guanine,
respectively. Moreover, the recombinant strain with pRSF-
ScGUD1 consumed guanine far more quickly than did the
control strain.

A comparison of BL21/pRSF-ScGUD1 and BL21/pMAL-
ScGUD1 revealed that xanthine formation had increased by
37.5% aer 120 h incubation with the same amount of
Fig. 6 In vivo activity determination of recombinant pRSF-ScGUD1 (A) an

36142 | RSC Adv., 2019, 9, 36136–36143
additional substrate and by 23.9% without supplementary
guanine. We knew that the pMAL vector contains the lac
promoter, and that the pRSF vector contains the T7
promoter. The increased enzyme activities of the recombi-
nant proteins were likely related to differences in promoter
efficiency between T7 and Lac. The T7 promoter is a strong
promoter that cannot be recognized by E. coli RNA poly-
merase but can only be specically recognized by T7 RNA
polymerase.22 The starting strain E. coli BL21 (DE3) contains
the specically added T7 polymerase gene; thus, some
exogenous genes are more suitable for controlling the T7
expression system. In addition, the PRSF-Duet1 vector used
in this study contains two independent T7 promoters and
thus is more conducive for studying multiple gene tandem
expressions at a later stage.

3.5. Enzyme activity of C. glu/pZ8-ScGUD1 recombinant
strain

Corynebacterium glutamicum is a rod-shaped Gram-positive
nonpathogenic L-glutamic acid-producing strain that was orig-
inally found in soil by Japanese scientists.23 In this study, the
plasmid with recombinant pZ8-ScGUD1was transformed into C.
glutamicum for further enzyme activity determination, and
enzyme activity was also examined in the control pZ8-1 strain.
Strains were cultured at 30 �C and 200 rpm for 120 h to deter-
mine the in vivo activities of the recombinant pZ8-ScGUD1 with
or without guanine (Fig. 6B). For the C. glu/pZ8-1 control strain,
135 and 237 mg mL�1 of xanthine were detected without and
with exogenous guanine supplementation, respectively.
However, the concentrations of xanthine were 168 and 291 mg
mL�1 in the C. glu/pZ8-ScGUD1 recombinant strain without or
with exogenous guanine, respectively.

Based on the results, the highest efficiency of xanthine
synthesis was observed in the BL21/pRSF-ScGUD1 recombi-
nant strain compared with the BL21/pMAL-ScGUD1 and C.
d pZ8-ScGUD1 (B) with or without exogenous guanine through HPLC.

This journal is © The Royal Society of Chemistry 2019
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glu/pZ8-ScGUD1 strains. The rate of xanthine accumulation
in the C. glu/pZ8-ScGUD1 recombinant strain was lower than
that in the BL21/pMAL-ScGUD1 and BL21/pRSF-ScGUD1
strains, likely because the efficiency of the expression system
in C. glutamicum was lower than that of the E. coli expression
system.
4. Conclusion

In this study, we investigated the variation in caffeine content
during piling fermentation with exogenous guanine. We
conrmed that caffeine content increased during piling
fermentation. The stable isotope of [15N]guanine was added to
crude green teas before piling, and [15N]xanthine was detected.
In addition, [15N]caffeine was observed in the imitated pu'erh
tea samples during piling fermentation with supplementary
[15N]xanthine under microorganism action. Guanine can be
used to synthesize xanthine through guanine deaminase.
Subsequently, we cloned the guanine deaminase gene GUD1
from S. cerevisiae and constructed the recombinants pMAL-
ScGUD1, pRSF-ScGUD1, and pZ8-ScGUD1 to investigate ScGUD1
activity. The highest efficiency of xanthine synthesis was
observed in the recombinant strain with BL21/pRSF-ScGUD1
compared with the BL21/pMAL-ScGUD1 and C. glu/pZ8-ScGUD1
strains. The obtained results revealed the mechanism under-
lying the increased caffeine content during the piling process in
pu'erh tea.
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