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Engineering a novel biosynthetic pathway in
Escherichia coli for the production of caffeine
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Caffeine (Cf, 1,3,7-trimethylxanthine), a major secondary metabolite of many higher plants, is widely used in
popular non-alcoholic beverages, and in the pharmaceutical and health industries. Currently, this valuable
chemical is mainly manufactured by chemical synthesis. In this study, we developed a novel approach for de
novo caffeine production in metabolically engineered Escherichia coli. Xanthine-to-caffeine conversion
was first achieved by the expression of a plant-derived gene encoding tea caffeine synthase (TCS1).
Caffeine accumulation was then increased using two metabolic strategies: higher-level expression of the
target enzymes, and enhancement of xanthine and S-adenosyl-L-methionine biosynthesis. The final
strain (BL21/pRSF-eCS1-SAM2-vgb-eGUD1) produced up to 21.46 + 1.03 mg L™ caffeine from 20 g L™*
of glucose in shake flask culture, yielding caffeine up to 2.96 mg g~ glucose, which represents the
highest titer of caffeine produced by fermentation reported to date. This novel microbial conversion also
represents an innovative approach to produce value-added methylxanthine chemicals from cheap

rsc.li/rsc-advances carbon sources.

Introduction

As one of the most popular purine alkaloids, caffeine (1,3,7-
trimethylxanthine) represents a characteristic secondary
metabolite derived from purine nucleotides in many higher
plants. Previous studies have shown that caffeine plays an
important role in chemical defense and allelopathy during
plant growth."* In addition to these physiological functions,
caffeine has many valuable pharmacological effects. Caffeine
has a desirable stimulatory effect on the central nervous system.
A moderate amount of caffeine intake is beneficial for human
health, as strong evidence reveals that caffeine is associated
with a reduced risk of many diseases such as Parkinson's
disease, Alzheimer's disease, type 2 diabetes, depression, and
cancer of the liver and endometrium.*

Caffeine is currently the most routinely ingested bioactive
compound, and exists in a variety of caffeine-containing
beverages include tea, coffee, soft drinks, and energy drinks,
as well as in caffeinated food products. However, despite the
growing demand for healthy green caffeine production, this
valuable chemical is mainly manufactured by chemical
synthesis, which is associated with environmental pollution.®
Industrial and natural green production of caffeine is still
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dependent on whole plant extraction, which is limited by the
limited low caffeine in plants and the long growing cycle.”® In
recent years, with the rapid development of genetic engineering
and metabolic engineering, microbial platforms have shown
increasing potential to produce plant-derived metabolites on an
industrial scale. Compared with the traditional process, the
microbial production of natural chemicals has the potential for
a shorter production cycle and higher productivity.® Corre-
spondingly, research has increasingly focused on a diverse
range of chemicals with the potential to be produced by
microbial fermentation. Many bio-based products have been
successfully synthesized from renewable resources by heterol-
ogous microorganisms, including biodiesel, aromatic
compounds, and amino acids.'®™ These examples demon-
strated that the microbial platform is economical and envi-
ronmentally friendly approach for the production of plant-
derived compounds on an industrial scale. Consequently,
synthesis of caffeine by metabolic engineering of microbes is of
great scientific and commercial interest.

Currently, tea and coffee plants are the major materials used
for studies on caffeine biosynthesis. A number of studies have
demonstrated that the major biosynthetic route for caffeine is
almost the same in tea and coffee plants.’® Tea plants have
relatively high concentrations of caffeine, theobromine, and
theophylline. Some xanthine-based alkaloids can be synthe-
sized via the synthesis of caffeine. The major caffeine biosyn-
thetic pathway in tea plants is essentially the same as that in
other purine alkaloid-accumulating plants, which begins with
xanthosine and proceeds via three successive N-methylations of

This journal is © The Royal Society of Chemistry 2017
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xanthosine, 7-methylxanthine, and theobromine. A number of
genes encoding tea caffeine synthase have been cloned. In
addition, previous studies with radiolabelled precursors indi-
cated the existence of several minor pathways in tea leaves that
also play a role in caffeine metabolism. Among these pathways,
the 7-methylxanthine — paraxanthine — caffeine pathway and
the theophylline — 3-methylxanthine — theobromine —
caffeine pathway represent salvage routes for tea caffeine
biosynthesis in young leaves (Fig. 1). However, the genes
encoding the N-methyltransferases involved in these minor
pathways have not been identified.'®"”

In a recent study, the biological production of caffeine from
the fermentation of glucose was first demonstrated in meta-
bolically engineered Saccharomyces cerevisiae.'® In that study,
the major caffeine biosynthetic route via theobromine was
heterologously constructed in eukaryotic cells, and a xanthine-
to-xanthosine conversion pathway was completed via the over-
expression of two target genes to secure a sufficient supply of
the purine ring skeleton of xanthosine. These metabolic strat-
egies resulted in the production of 270 pg L™ of caffeine, which
was accumulated in a 0.3 L bench-scale batch fermentation by
the final engineered strain. Although the results are significant
for methylxanthine production by fermentation, the low
conversion rate of xanthine to xanthosine and the low produc-
tion yield might limit its further industrial application.

In the present study, our objective was to metabolically
engineer Escherichia coli to produce caffeine from a single
glucose source. E. coli is a typical and well-studied model
microorganism with several advantages for heterologous
protein expression, such as a clear genetic background, short
culture cycle, low production cost, robustness, and easy
handling.” In addition, our previous study*® successfully
demonstrated the functional expression of plant-derived
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Fig. 1 Caffeine biosynthetic pathway in tea plants (Camellia sinensis).
Metabolic map of the caffeine biosynthetic pathway in tea (Camellia
sinensis) plants. The solid line indicates the major N; — N3z — Nj
methylation order pathway and the dashed lines indicate the two
salvaged routes for tea caffeine biosynthesis in young leaves.
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Fig. 2 Engineered metabolic network for caffeine production from
glucose in E. coli. Glucose is converted to guanine via the central
purine metabolism of E. coli. Guanine is converted to xanthine by an
endogenous E. coli guanine deaminase and the heterologous
expression of S. cerevisiae guanine deaminase encoded by GUD1.
Xanthine is converted to caffeine via 3-methylxanthine and to
theophylline by the tea caffeine synthase encoded by TCS1. Dashed
lines indicated multi-step reactions and solid lines indicated one-step
reactions. Abbreviations: GUD1: guanine deaminase from S. cerevisiae,
TCS1: tea caffeine synthase from C. sinensis.

enzymes involved in caffeine synthesis in E. coli. Therefore,
these factors render E. coli a suitable host for caffeine produc-
tion. Finally, a novel methylation order of caffeine biosynthesis
was achieved for the first time in E. coli. Additionally, a novel
guanine-to-caffeine conversion was metabolically engineered to
enable the production of caffeine directly from simple nutrient
sources (Fig. 2), which represents an innovative approach to
produce these methylxanthine chemicals from a single cheap
carbon source in large quantities by fermentation.

Experimental
Bacterial strains and plasmids

All bacterial strains and plasmids used in this study are listed in
Table 1. For caffeine production in E. coli, E. coli trans T1 was
used for DNA manipulation and E. coli BL21(DE3) was used as
the wild-type production host. E. coli expression vectors pRSF-
Duet-1, with a T7 promoter, and pMAL-c5X, with a Tac
promoter, were used to introduce the caffeine-producing genes
into E. coli.

Medium and culture conditions

Lysogeny broth (LB; Difco) was used for strain construction and
fermentation cultures; this broth comprised polypeptone
(10 g L™Y), yeast extract (5 g L"), and NaCl, (5 g L™ ') in distilled
water. To select recombinant plasmids and derived strains,
either kanamycin (50 mg L") or ampicillin (100 mg L") was
added as appropriate. Cell growth was monitored according to
the ODg(, value.

For caffeine production in E. coli, a single colony of each
E. coli-derived strain was pre-cultured in 3 mL of LB medium

RSC Aadv., 2017, 7, 56382-56389 | 56383
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Table 1 Strains and plasmids used in this study
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Relevant characteristics

Sources or references

Strains

E. coli trans-T1

E. coli BL21(DE3)
BL21/pMAL-CaXMT
BL21/pMAL-eXMT
BL21/pMAL-TCS1
BL21/pMAL-eCS1
BL21/pMAL-eXMT-eCS1
BL21/pMAL-eXMT-eCS1
BL21/pRSF-TCS1

BL21/pRSF-eCS1
BL21/pRSF-eCS1-SAM2-vgb
BL21/pRSF-eCS1-SAM2-vgb-GUD1
BL21/pRSF-eCS1-SAM2-vgb-eGUD1

Trans-T1 phage-resistant chemically competent cell
Wild-type strain BL21(DE3), F- ompT hsdS(rB-mB-) gal dem(DE3)
BL21(DE3) harboring plasmid pMAL-CaXMT

BL21(DE3) harboring plasmid pMAL-eXMT

BL21(DE3) harboring plasmid pMAL-TCS1

BL21(DE3) harboring plasmid pMAL-eCS1

BL21(DE3) harboring plasmid pMAL-eXMT-eCS1
BL21(DE3) harboring plasmid pMAL-CaXMT-TCS1
BL21(DE3) harboring plasmid pRSF-TCS1

BL21(DE3) harboring plasmid pRSF-eCS1

BL21(DE3) harboring plasmid pRSF-eCS1-SAM2-vgb
BL21(DE3) harboring plasmid pRSF-eCS1-SAM2-vgb-GUD1
BL21(DE3) harboring plasmid pRSF-eCS1-SAM2-vgb-eGUD1

Transgen Biotech
Transgen Biotech
Previous work>®
This work
Previous work>®
This study

This study

This study

This study

This study

This study

This study

This study

Plasmids
PMAL-c5X Ampr, E. coli expression vector, containing tac promoter, New England BioLabs® Inc.
mcs, E. coli origin from pACYC177
PRSF-Duet-1 Kanr, E. coli expression vector, containing T7 promoter-1 Novagen
and T7 promoter-2, two multiple cloning sites, RSF origin and lacI gene
PMAL-CaXMT PMAL-c5X containing CaXMT Previous work®’
PMAL-eXMT PMAL-c5X containing eXMT This study
PMAL-TCS1 PMAL-c5X containing TCS1 Previous work®’
PMAL-eCS1 PMAL-c5X containing eCS1 This study
PMAL-CaXMT-TCS1 PMAL-c5X containing CaXMT and TCS1 Previous work®’
PMAL-eXMT-eCS1 PMAL-c5X containing eXMT and eCS1 This study
PRSF-TCS1 PRSF-Duet-1 containing TCS1 This study
PRSF-eCS1 PRSF-Duet-1 containing eCS1 This study
PRSF-eCS1-SAM2-vgb PRSF-Duet-1 containing eCS1, SAM2, and vgb This study
PRSF-eCS1-SAM2-vgb-GUD1 PRSF-Duet-1 containing eCS1, SAM2, vgb, and GUD1 This study
PRSF-eCS1-SAM2-vgb-eGUD1 PRSF-Duet-1 containing eCS1, SAM2, vgb and eGUD1 This study

with shaking at 37 °C and 200 rpm overnight. A-liquots of seed
cultures were cultivated in 40 mL of LB medium in 150 mL
flasks with shaking at 37 °C and 200 rpm for 2-3 h until the
ODgqo value reached 0.6-0.8. For target gene expression, iso-
propyl B-b-1-thiogalactopyranoside (IPTG; 1 mM final concen-
tration) was added, and the main cultures were cultivated at
16 °C and 110 rpm for 20 h.

DNA manipulation and construction of recombinant strains

Polymerase chain reaction (PCR) amplification, purification,
digestion, ligation, transformation, and other routine molec-
ular manipulations were performed according to established
protocols. The tea caffeine synthase gene TCS1 from Camellie
sinensis, the coffee xanthosine methyltransferase gene CaXMT
from Coffea arabica, the methionine adenosyltransferase gene
SAM?2 from Saccharomyces cerevisiae, the Vitreoscilla hemoglobin
gene vgb, and the guanine deaminase gene, GUD1, from
Saccharomyces cerevisiae were codon optimized and then
commercially synthesized (Genscript Bio Tech Co., Lid, NJ) to
permit high-efficiency expression in E. coli.

These target genes were amplified from their synthesized
fragment using PrimeSTAR Max DNA Polymerase (Takara) with
their corresponding primers. The expression vector was line-
arized by restriction enzyme digestion. The resulting gene
fragment was then coloned into the linearized expression vector

56384 | RSC Adv., 2017, 7, 56382-56389

using the ClonExpress II One Step Cloning Kit (Vazyme Bio Tech
Co., Lid), yielding the target recombinant plasmid. Specially,
both CaXMT and eXMT (in all the gene names, ‘e’ represents the
codon optimized version) were inserted into the expression
plasmid pMAL-c5X using the introduced restriction site Not¢ I,
while TCS1 and eCS1 was constructed using BamH 1, respec-
tively. Meanwhile, TCS1 and eCS1 were inserted into expression
plasmid pRSF-Duet-1 using the restriction site Nde I on multiple
clone site 2 (MCS2), SAM2 and vgb was constructed using Not I
in MCS1, GUD1 and eGUD1 were constructed with BamH 1 in
MCS1. To construct E. coli recombinant strains, a purified
recombinant plasmid was transferred into competent E. coli
cells by chemical transformation, and the recombinant strains
were screened and verified through colony PCR and DNA
sequencing.

Fermentation

To determine the in vivo activities of the enyzmes involved in
caffeine synthesis, xanthosine at more than 1 ¢ L™" was sup-
plemented in the main culture. All strains were cultivated at
30 °C and 200 rpm for 96 h. Samples of the cultures were sub-
jected to centrifugation at 12 000 x g for 10 min at various
times, and the culture supernatants were analyzed by high-
performance liquid chromatography (HPLC).

This journal is © The Royal Society of Chemistry 2017
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For de novo caffeine production in batch cultures, the E. coli
cells were cultivated in LB medium containing 2% glucose at
30 °C with shaking at 200 rpm for 96 h. Samples of the cultures
were subjected to centrifugation at 12 000 x g for 10 min at
various times, and the culture supernatants were analyzed by
HPLC.

Analytical methods

To determine the extracellular caffeine content, 100 pL of
supernatant was diluted 10-fold with distilled water. After being
mixed by vortexing, the diluted sample was filtered through
a Millipore filter (0.22 um) and stored at —20 °C. For the iden-
tification and quantification of the caffeine content, an HPLC
system (Waters; America) equipped with a reverse-phase Cjg
column and ultraviolet detector at a flow rate of 1 mL min~ " was
used. The mobile phase was as follows: 0-3 min, A: 95-95%; 3-
8 min, A: 95-90%; 8-11 min; A: 90-85%; 11-13 min, A: 85-70%;
13-15 min, A: 70-60%; 15-20 min, A: 60-60%; 20-22 min, A: 60—
95%; 22-28 min, A: 95-95%. The temperature was maintained
at 30 °C and the injection volume was 5 pL. In addition, a triple-
quadrupole tandem mass spectrometer (QQQ-MS/MS) system
was used to further identify the intermediates and caffeine
products.*®

Results and discussion

Engineering the xanthosine-to-caffeine conversion pathway
from caffeine-accumulating plants in E. coli

To establish the de novo biosynthesis of caffeine in a non-native
purine alkaloids producer, we first attempted to reconstruct the
major caffeine biosynthetic pathway. Our previous study
showed that beginning with xanthosine as the precursor, the
expression of a heterologous four-step pathway comprising the
coffee xanthosine methyltransferase (CaXMT, AB048793) from
Coffea arabica®** and tea caffeine synthase (TCS1, AB031280)
from Camellia sinensis®>** enabled the conversion of xanthosine
into caffeine via 7-methylxanthine and theobromine by
fermentation in E. coli and S. cerevisiae.” In this study, CaXMT
and TCS1 were selected to complete the main route of caffeine
biosynthesis in E. coli. The vector pMAl-c5X was selected as the
E. coli expression vector. Additionally, for highly efficient and
functional expression of the caffeine biosynthesis pathway in E.
coli system, the target sequences of genes encoding for CaXMT
and TCS1 were codon optimized with corresponding ribosome-
binding site sequences, generating eXMT and eCS1.

The content of endogenous xanthosine in non caffeine-
producing hosts is the key factor for caffeine biosynthesis. In
a previous study, caffeine biosynthesis was achieved by feeding
xanthosine both in vivo and in vitro.>® Based on these findings,
the contents of endogenous purine metabolites related to
caffeine biosynthesis in the background E. coli strain BL21(DE3)
with glucose as the only carbon source were examined.
However, only xanthine (35.46 + 3.73 mg L™ ') was detected in E.
coli by HPLC analysis and further confirmed by liquid
chromatography-tandem mass spectrometry (LC-MS/MS)

This journal is © The Royal Society of Chemistry 2017
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analysis (Fig. 3), suggesting that the wild-type E. coli is not
naturally capable of synthesizing xanthosine using endogenous
enzymes.

Consequently, three recombinant strains, BL21/pMAL-c5X,
BL21/pMAL-eXMT-eCS1, and BL21/pMAL-CaXMT-TCS1 were
cultivated in LB medium supplement with xanthosine at more
than 1 g L ™" to verify the influence of different gene combina-
tions on caffeine production. After HPLC analysis, no methyl-
xanthine products could be detected in the control strain, BL21/
PMAL-c5X, suggesting that the background strain BL21(DE3)
did not have the capability to produce caffeine by fermentation.
However, the recombinant strains, BL21/pMAL-CaXMT-TCS1
and BL21/pMAL-eXMT-eCS1, were able to produce measurable
levels of caffeine after 96 h of cultivation (Fig. 3). Moreover, the
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Fig.3 HPLC and LC-MS/MS analysis after expression of different types
of CaXMT and TCS1 in E. coli with xanthosine supplementation. (A)
HPLC analysis after expression of wild-type and codon-optimized
CaXMT and TCSI. (a) A trace showing the authentic standards run in
parallel. (b) A trace showing the HPLC analysis of the fermentation
products in the derived strain, BL21/pMAL-CK. (c) A trace shows the
HPLC analysis of the fermentation products in the derived strain, BL21/
PMAL-CaXMT-TCS1. (d) A trace showing the HPLC analysis of the
fermentation products in the derived strain, BL21/pMAL-eXMT-eCS1.
(B). MS/MS spectra of peaks 1-7 formed in vivo and the authentic
standards. Black arrowheads represent the reaction products. Abbre-
viations: Cf, caffeine; 1-MX, 1-methylxanthine; 3-MX, 3-methylxan-
thine; 7-MX, 7-methylxanthine; Tb, theobromine; Tp, theophylline; X,
xanthine; XR, xanthosine; G, guanine.
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titer of caffeine (7.81 + 0.89 mg L ') produced by the
recombinant strain, BL21/pMAL-eXMT-eCS1, was greater than
that produced by BL21/pMAL-CaXMT-TCS1 (4.63 £ 0.51 mg L )
under the same fermentation conditions. The result showed
that both genes were functionally expressed in the E. coli host
and that the codon-optimized genes were expressed more
strongly and efficiently than the wild-type genes. Therefore,
eXMT and eCS1 were selected as the target enzymes for de novo
biosynthesis of caffeine in subsequent engineered strains.

Identifying a novel xanthine-to-caffeine conversion pathway in
E. coli

Meanwhile, measurable levels of 3-methylxanthine, and
theophylline by-products were detected together with 7-meth-
ylxanthine and theobromine intermediates in the two engi-
neered strains (BL21/pMAL-CaXMT-TCS1 and BL21/pMAL-
eXMT-eCS1) by HPLC analysis. In addition, large quantities of
xanthine were detected in these E. coli-derived strains (Fig. 3).
The results suggested that endogenous xanthine was also con-
verted to 3-methylxanthine and theophylline by tea caffeine
synthase (TCS1 and eCS1).

To further determine the metabolic fate of endogenous
xanthine and the in vivo activities of CaXMT and TCS1, the
engineered strains, BL21/pMAL-CaXMT, BL21/pMAL-eXMT,
BL21/pMAL-TCS1, BL21/pMAL-eCS1, BL21/pMAL-CaXMT-TCS1,
and BL21/pMAL-eXMT-eCS1 were cultivated in LB medium
without any methylxanthine supplementation. After 96 h of
cultivation, neither caffeine nor the other methylxanthines
could be detected in BL21/pMAL-CaXMT and BL21/pMAL-eXMT,
while measurable levels of 3-methylxanthine and theophylline
were detected in BL21/pMAL-TCS1, BL21/pMAL-eCS1, BL21/
PMAL-CaXMT-TCS1, and BL21/pMAL-eXMT-eCS1. Unexpect-
edly, a measurable level of caffeine was also produced in these
strains. These experiments were repeated several times under
the same fermentation conditions and using the same strains.
All results were in good agreement, indicating that the results
were valid and repeatable. Based on these results, it was
hypothesized that the endogenous xanthine was converted to
caffeine via 3-methylxanthine and theophylline by tea caffeine
synthase in E. coli.

TCS1 has been widely identified and reported as an N-
methyltransferases that catalyzes the N-3 and N-1 methylation
of the xanthine skeleton to form caffeine. TCS1 is specific for
several substrates, including xanthine, 3-methylxanthine, 7-
methylxanthine, and theobromine. When xanthine was
supplied as the only methyl acceptor, 3-methylxanthine was the
major product.®>?’ These activities have been verified at both
the biochemical and molecular level. These investigations,
combined with the findings reported in this study, demon-
strated that both methylation orders of N; — N; — N, and N5
— N; — N, exist in engineered E. coli strains harboring CaXMT
and TCS1. Specifically, xanthine was sequential methylated at
the N3 — N; — N, positions to produce 3-methylxanthine,
theophylline, and caffeine by TCS1.

To test our hypothesis and further verify the novel in vivo
activity of TCS1, the engineered strains BL21/pMAL-TCS1 and
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BL21/pMAL-eCS1 were cultivated in LB medium supplemented
with a variety of methylxanthine precursors, including 3-meth-
ylxanthine (final concentration of 0.1 g L™ "), 7-methylxanthine
(final concentration of 0.1 g L"), theobromine (final concen-
tration of 0.1 g L™") or theophylline (final concentration of
0.1 g L"), respectively. Meanwhile, these strains were also
cultivated in LB medium without any substrate supplementa-
tion to further determinate the fate of endogenous xanthine.
After HPLC analysis, theobromine and caffeine were produced
with feeding 7-methylxanthine; caffeine was produced after
feeding with theobromine; theophylline and caffeine were
produced with feeding on 3-methylxanthine; and 3-methylxan-
thine, theophylline, and caffeine were produced in the absence
of substrate supplementation. Caffeine was also produced with
feeding on theophylline. After further quantitative analysis, the
results indicated that the conversion rates of xanthine, 3-
methylxanthine, 7-methylxanthine, theobromine, and theoph-
ylline to caffeine by BL21/pMAL-eCS1 were 2.75, 2.02, 5.49, 3.38,
and 12.54 times higher than that by BL21/pMAL-TCS1 (Fig. 4).
All these results indicated that TCS1 played a key functional role
in the novel xanthine-to-caffeine conversion. This study also
demonstrated the conversion of theophylline to caffeine.
Theophylline was methylated at the N, position by TCS1 to
produce caffeine in E. coli, and the N, methylation was specific
for theophylline. It also demonstrated that optimizing the
codon sequence could improve the activity of target enzymes.
Previously, Misako'” proposed that the alternative xanthine
— 3-methylxanthine — theophylline — caffeine pathway was
limited in caffeine synthesis in tea plants because of insufficient
xanthine and theophylline because of purine and caffeine
catabolism, further suggesting that sufficient xanthine was
a determining factor for the alternative xanthine-to-caffeine
conversion pathway in caffeine synthesis. Additionally, the
first and highest reported de novo production of caffeine by
fermentation was achieved in S. cerevisiae overexpressing

28

[__1BL21/pMAL-TCS1
24 | SXYBL21/pMAL-eCS1

20

Caffeine (mg/L)

X 3-MX 7-MX Tb

Fig. 4 Caffeine production in different recombinant strains with
different substrate supplementation. Two E. coli derived strains were
cultivated with different methylxanthine substrates in 40 mL of LB
medium in 150 mL baffled flasks at 30 °C and 200 rpm for 96 h. Their
end products were detected and quantified by HPLC analysis.
Abbreviations: 3-MX, 3-methylxanthine; 7-MX, 7-methylxanthine; Tb,
theobromine; Tp, theophylline; X, xanthine. Data are expressed as
means and standard deviations of three biological replicates. All results
were consistent.
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several enzymes from coffee (Coffea arabica) plants. Meanwhile
levels of 3-methylxanthine and theophylline byproducts were
also detected during the fermentation. The observation implied
that xanthine plays a crucial role in caffeine biosynthesis in the
reconstructed heterologous pathway incorporating plant-
derived caffeine synthase.'® We also verified the activity of
CCS1 (encoding coffee caffeine synthase) from coffee plants in
the E. coli system under the same culture conditions. The
results showed that CCS1 could catalyze the conversion of
xanthine to caffeine via 3-methylxanthine and theophylline.
These findings further illustrated that the novel in vivo activity
of caffeine synthase was activated by a sufficient supply of
xanthine, 3-methylxanthine, or theophylline.

De novo biosynthesis of caffeine in engineered E. coli strains

In the current study, we found that E. coli can inherently
produce xanthine under typical growth conditions. Based on
the results presented above, we next established the de novo
biosynthesis of caffeine through the novel xanthine-to-caffeine
conversion in E. coli. The derived strain BL21/pMAL-eCS1 was
cultivated in 40 mL LB medium without any substrate supple-
mentation. The metabolites were then collected and analyzed at
various times. Measurable levels of 3-methylxanthine, theoph-
ylline, and caffeine were detected by HPLC analysis. After
further quantitative analysis, we determined that this strain
produced 6.42 4 0.24 mg L ™" caffeine (Fig. 5A). According to our
review of the literature, this is the first report of de novo
biosynthesis of caffeine via a novel xanthine-to-caffeine
conversion in E. coli.

Strategies for enhancing xanthine-to-caffeine conversion in E.
coli

To improve caffeine biosynthesis, we further employed two
metabolic engineering strategies to enhance xanthine-to-
caffeine conversion in E. coli.

First, for greater and more efficient TCS1 activity, the eCS1
gene was overexpressed in another E. coli expression vector, pRSF-
Duet-1, with a stronger T7 promoter. TCS1 was also inserted into
the vector pRSF-Duet-1 as a control. The constructed recombi-
nant plasmids pRSF-TCS1 and pRSF-eCS1 were transformed into
BL21(DE3), yielding two derived strains, BL21/pRSF-TCS1 and
BL21/pRSF-eCS1. When the BL21/pRSF-TCS1 and BL21/pRSF-
eCS1 strains were cultivated in LB medium, production of 8.73
+0.31 mg L™ and 11.65 + 0.24 mg L™ " caffeine was confirmed
by HPLC analysis, respectively. These results demonstrated that
the T7 promoter increased prokaryotic expression of the heter-
ologous genes (Fig. 5A). Hence, in subsequent experiments, we
used the expression vector pRSF-Duet-1.

Previous studies have shown that overexpression of SMA2
encoding S. cerevisiae methionine adenosyltransferase (MAT) and
vgb encoding Vitreoscilla hemoglobin (VHb) in microbes is an
efficient means of producing S-adenosyl-i-methionine (SAM),
which is the only methyl donor involved in the biosynthesis of
caffeine.*** Thus, the SMA2 and vgb genes were inserted into the
vector pRSF-eCS1 to increase the SAM pool for caffeine biosyn-
thesis. The reconstructed plasmid pRSF-eCS1-SMA2-vgb was then
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transformed into BL21(DE3) yielding the derived strain BL21/
PRSF-eCS1-SAM2-vgb. This derived strain was also cultured in LB
medium. After HPLC analysis, 13.95 4 0.14 mg L™ " caffeine was
produced, although no statistical difference in caffeine produc-
tion yields was observed between the BL21/pRSF-eCS1 and BL21/
PRSF-eCS1-SAM2-vgb strains (Fig. 5A), indicating that the SAM
pool synthesized by the central metabolism in E. coli was suffi-
cient to support the methyl demand and that it is not a limiting
step for caffeine biosynthesis.

Increasing the xanthine pool by overexpression of xanthine-
biosynthesis enzymes in E. coli

For a higher caffeine yield, increasing the xanthine pool is an
important strategy. To generate the xanthine pool supply,
adenine and guanine derivatives metabolism are essential
activities in microorganisms. Furthermore, because the
adenine derivatives can be converted into guanine nucleotides
irreversibly, the guanylic nucleotide pool could be converted
into xanthine by a series of guanine deaminases. Therefore, in
an effort to increase caffeine production, we further expressed
genes involved in xanthine synthesis in E. coli. In this study, S.
cerevisiae was chosen as the donor of guanine deaminase
because its functionality has been demonstrated.*® In partic-
ular, both of the wild-type GUD1 encoding S. cerevisiae guanine
deaminase and a codon-optimized version of this enzyme
(eGUD1) were constructed and expressed with eCS1, SAM2, and
vgb, yielding two derived strains, BL21/pRSF-eCS1-SAM2-vgb-
GUD1 and BL21/pRSF-eCS1-SAM2-vgb-eGUD1, respectively.
After the cultivation of these derived strains in LB medium
containing 20 g L' glucose, the strains produced distinct
caffeine yields. The codon-optimized genes had a significant
effect on the production of caffeine (Fig. 5A). The results also
confirmed that the codon-optimized genes significant improved
the in vivo activities of these enzymes. This result is consistent
with the findings of previous studies.?***

Finally, the engineered E. coli strain harboring the best gene
combination (BL21/pRSF-eCS1-SAM2-vgb-eGUD1) produced
a relatively high yield of caffeine (21.46 + 1.03 mg L") from
20 g L " glucose in flask batch culture, which was almost 100-
fold higher than the de novo caffeine production reported in
engineered S. cerevisiae (Fig. 5B). The results demonstrate that
compared with the increase in the methyl donor pool, the
enhanced xanthine skeleton content played a key role in
improving caffeine biosynthesis in the metabolically engi-
neered E. coli. Meanwhile, compared with the glucose
consumption in the background strain BL21(DE3), the finally
engineered strain (BL21/pRSF-eCS1-SAM2-vgb-eGUD1) achieved
a yield of 2.96 mg-caffeine/g-glucose (Fig. 5C). In addition,
during the fermentation, the formation of intermediated
xanthine, 3-methylxanthine, and theophylline increased at the
beginning, and then slowly declined, while the formation of
caffeine continued increase at all times points (Fig. 5D). A yield
of 21.46 & 1.03 mg L' also represents the highest reported
caffeine production in an engineered microorganism. Thus, our
engineered strain may provide a simple and cost-effective
approach for industrial-scale production of plant-derived
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Fig. 5 De novo caffeine production in different E. coli strains. (A) Production of caffeine in different E. coli strains. Five E. coli strains, (a) BL21/
pMAL-eCS1, (b) BL21/pRSF-TCS1, (c) BL21/pRSF-eCS1, (d) BL21/pMAL-eCS1-SAM2-vgb, and (e) BL21/pRSF-eCS1-SAM2-vgb-eGUD1, were
cultivated in 40 mL LB medium containing 20 g L™ glucose in 150 mL baffled flasks at 30 °C and 200 rpm for 96 h. (f) Strain (e) cultivated with 10%
glycerin. (g) Strain (e) cultivated with 20 g L™* sucrose. (B) Time course of cell growth in the background strain and the final engineered strain (e)
with 20 g L™ glucose. Strain A: BL21(DE3), strain B: BL21/pRSF-eCS1-SAM2-vgb-eGUDL. (C) Time course of glucose consumption in the
background strain and the final engineered strain with 20 g L™* glucose. Strain A: BL21(DE3), strain B: BL21/pRSF-eCS1-SAM2-vgb-eGUDLI. (D)
Time course of intermediates production in BL21/pRSF-eCS1-SAM2-vgb-eGUD1 with 20 g L™ glucose. Abbreviations: Cf, caffeine; 3-MX, 3-
methylxanthine; 7-MX, 7-methylxanthine; Tb, theobromine; Tp, theophylline; X, xanthine. The data are expressed as means and standard

deviations of three biological replicates. All results were consistent.

caffeine and other methylxanthines from widely available
carbon sources, including glucose and ethanol, by fermenta-
tion. To further improve the caffeine titer and reduce produc-
tion cost, the engineered strain BL21/pRSF-eCS1-SAM2-vgb-
eGUD1 was cultivated in 40 mL LB medium containing 10%
glycerin or 20 g L' sucrose. After HPLC analysis, 18.59 =+
1.01 mg L™ " and 15.57 + 0.77 mg L™ " caffeine were produced
with either glycerin or sucrose supplementation, respectively
(Fig. 5A). The results showed that glucose was the most appro-
priate carbon source in the engineered strain.

In this study, a novel caffeine biosynthetic pathway was
demonstrate for the first time, and E. coli was engineered to be
a caffeine producer by reconstruction of this novel biosynthetic
pathway. Caffeine accumulation was improved by enhancing
xanthine and SAM biosynthesis, which increased the yield of
caffeine by 234% compared with strain BL21/pMAL-eCS1. This
results showed that a sufficient supply of substrates is a key factor
for caffeine production. Guanine is not only the initial substrate
for caffeine production in our engineered strain, but also is one of
the four main nucleobases found in the nucleic acids DNA and
RNA. Guanine is involved in many cellular metabolisms and has
several functions in cellular systems. Studies have shown that
most of the guanine is converted to guanosine and then GMP in E.
coli. Purine nucleotide metabolism is tightly regulated for the
balance of metabolic networks;***” therefore, it may be difficult to

56388 | RSC Adv., 2017, 7, 56382-56389

prevent the metabolic flux of guanine shifting toward non-caffeine
pathways. Therefore, to further meet the demand of industrial
caffeine production by the engineered strain, an effective strategy
would be to maximize carbon metabolic flow and rapidly guide it
toward the target metabolites by identifying the essential nodes of
central metabolism during fermentation and modifying the key
factors for higher production. Currently, on the basis of the results
of corresponding proof experiments and reports in literature,***
this might be achieved by enhancing the guanine pool from GMP
and blocking the conversion of xanthine to uric acid; for example,
by overexpressing a gene encoding a 5'-nucleosidase and deacti-
vating xanthien oxidase in E. coli. In addition, the expression of
the target genes was reliant on IPTG induction and antibiotic
resistance markers, which were unavoidable for the selection and
maintenance of the plasmids in cell culture; this may also impede
further application of the engineered strain. The goal of future
studies should be genome integration of this two-enzyme pathway
to reduce the metabolic burden and further improve engineered
E. coli caffeine production.

Conclusions

We demonstrated the novel in vivo activity of tea caffeine syn-
thase in E. coli. A xanthine-to-caffeine conversion was achieved

by expressing TCS1 in metabolically engineered E. coli

This journal is © The Royal Society of Chemistry 2017
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BL21(DE3). We showed that the construction of the novel
caffeine biosynthesis pathway is sufficient for E. coli to produce
caffeine from glucose. In addition, higher-level expression of
the target enzymes and enhanced xanthine and SAM biosyn-
thesis had a strong and efficient effect on the accumulation of
caffeine production.
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