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Abstract

Natural products are a valuable source of pharmaceuticals, providing a majority of the small-molecule drugs in use today. However,
their production through organic synthesis or in heterologous hosts can be difficult and time-consuming. Therefore, to allow for easier
screening and production of natural products, we demonstrated the use of a cell-free protein synthesis system to partially assemble
natural products in vitro using S-Adenosyl Methionine (SAM)-dependent methyltransferase enzyme reactions. The tea caffeine syn-
thase, TCS1, was utilized to synthesize caffeine within a cell-free protein synthesis system. Cell-free systems also provide the benefit
of allowing the use of substrates that would normally be toxic in a cellular environment to synthesize novel products. However, TCS1 is
unable to utilize a compound like S-adenosyl ethionine as a cofactor to create ethylated caffeine analogs. The automation and reduced
metabolic engineering requirements of cell-free protein synthesis systems, in combination with other synthesis methods, may enable
the more efficient generation of new compounds.
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1. Introduction

Natural products are an essential and highly varied category of
small molecules, defined as being produced naturally by some
organisms, and these compounds are extremely important to the
pharmaceutical industry (1, 2). The majority of all small-molecule
testing in the pharmaceutical industry makes use of natural prod-
ucts, and they are considered to be the most productive source
of new drugs (2, 3). Despite that fact, many of these compa-
nies decommissioned their small-molecule discovery programs in
favor of combinatorial chemistry due to its ability to create large
libraries which can be efficiently screened for useful biological
activity (4). Unfortunately, these new programs failed to create
many new useful compounds, with only a few out of millions
having any degree of desirable activity (5).

The reason pharmaceutical companies seek out natural prod-
ucts is because of their inherent biological activities. Natural prod-
ucts can be, however, quite large and complex. For instance, two
large, valuable groups of natural products are based on polyke-
tides, such as erythromycin, and nonribosomal peptides, such as
daptomycin (6). Additionally, Taxol, a diterpene that is perhaps
the most important anti-cancer therapeutic in history, is a natural
product derived from yew tree bark (7). Taxol is used for the treat-
ment of lung, breast, prostate, bladder, ovarian, esophageal and
many other types of cancer and is credited with saving countless
lives since it was approved for use in 1993 (8). Current methods of
producing Taxol include biosynthesis of precursors in cell culture
followed by organic synthesis to complete the process (9). Addi-
tionally, many of these compounds involve a methylation step in
their production, increasing the value of understanding the activ-
ity of methyltransferases (MTases) in cell-free protein synthesis
(CFPS) systems (10).

For a biosynthetic approach, the relevant enzymes and path-
ways must be identified. The traditional method for producing
enzymes from bacteria involves transforming cells with a plas-
mid containing the gene encoding the desired product and then
growing a large number of those cells (11). However, recent
advances in technology have made it possible to synthesize pro-
teins in vitro using cellular machinery in an open system (12).
CFPS involves a single-tube reaction that goes from plasmid to
protein (12).

CFPS is a system that allows for the production of mRNA and
proteins from plasmids by utilizing cellular lysates containing
the necessary machinery for transcription and translation, such
as ribosomes and T7 RNA polymerase, while nucleoside triphos-
phates (NTPs) are used as energy sources for the process. T7
polymerase is utilized for specificity with plasmids containing the
corresponding promoter sequence (13). The most common system
used in CFPS is an Escherichia coli-based system, but wheat germ-
based systems have also been utilized to synthesize a wider range
of eukaryotic proteins (14). Additionally, yields can be improved
through the introduction of a feeding buffer containing NTPs
and other substrates, as well as through the use of continuous
flow-based systems that continually replenish substrate (15).

There are several advantages to using CFPS, as opposed to in
vivo production. One major advantage is the capability to pro-
duce and use toxic compounds, due to the lack of cells that would
be killed by cytotoxic effects, thus expanding the range of com-
pounds that can be produced. Another benefit is that the process
can be fully automated from the introduction of the plasmid into
the system to the production of the protein (16). Additionally,
the need for metabolic engineering is greatly reduced because
the metabolic load can be essentially ignored. Furthermore, the

speed of reactions in these systems is significantly faster, with
the entire process of protein/product production taking only
lday (17).

In another method that can be employed involving CFPS,
enzymes of interest are overexpressed in E. coli, followed by the
preparation of a CFPS extract from these cultures, which is then
utilized to produce a desired product (18). A more streamlined
approach would be to execute the enzyme expression and syn-
thesis reaction concurrently within a CFPS reaction. This method
offers significant advantages for prototyping applications, includ-
ing reducing the number of steps required, enhanced flexibility by
permitting changes to the CFPS without re-engineering the host
organism and improved cost-efficiency as it allows the utilization
of a singular cellular extract instead of producing a new one for
each enzyme of interest that will be studied.

CFPS systems have numerous applications in the synthesis of
pharmaceutical biologics (19), but recently, an increasing num-
ber of high-value natural products have been synthesized using a
CFPS system (20). As part of the path to realizing these advantages,
a CFPS-based system has been used to perform the function of the
first two of five modules involved in the synthesis of the nonribo-
somal peptide gramicidin S, a valuable antibiotic (21). A variety
of other small-molecule natural products have also been synthe-
sized through modern CFPS research, including chlorogenic acid
(22), limonine (23), citronellal (24) and 2,3-butanediol (25). Cell-
free systems have also been used to incorporate novel molecules,
such as nonstandard amino acids into a system in ways that would
be more difficult in vivo (26, 27), including pyrrolysine-based non-
canonical amino acids (28). There have even been examples of
total synthesis of a nonribosomal peptide natural product in a
CFPS system (29). However, the potential to utilize these systems
to synthesize natural products from plasmids and precursors in a
single reaction has not been fully explored, for example, the use of
SAM-dependent MTases to perform modifications and potentially
generate novel products. We extend this research by working to
produce caffeine using a CFPS system with the SAM-dependent
MTase TCS1 (tea caffeine synthase).

To further show the utility of CFPS systems in natural prod-
uct synthesis, we chose methylation, a common reaction involved
in the synthesis of many natural products, and particular methy-
lation performed by SAM-dependent MTases. This is a broad cate-
gory of enzymes that are involved in the synthesis of many natural
products through the transfer of methyl groups to various sub-
strates. Additionally, some SAM-dependent MTases can transfer
alkyl groups in the presence of SAM analogs, providing poten-
tial for future work with the application of alkylation activity of
some SAM-dependent MTases in the presence of SAM analogs
(30, 31). However, the use of SAM analogs in cells can be chal-
lenging due to their toxicity, but in a CFPS system, the activity of
these enzymes could be more easily harnessed without the con-
cerns of toxicity. For example, ethionine and S-adenosyl ethionine
(AdoEt) has been shown to be toxic via the mechanism of inter-
fering with natural methylation processes. The toxicity is caused
when promiscuous enzymes within the cell are able to utilize the
AdoEt to perform ethylation reactions rather than the expected
methylation reactions (32, 33).

We chose the synthesis of caffeine as an example of a com-
mon and useful natural product thatis created by SAM-dependent
MTases. There are already established methods for caffeine purifi-
cation and identification using liquid chromatography-mass spec-
trometry (LC-MS), and the enzyme TCS1 has previously been
expressed in E. coli and found to express well and be soluble (34).
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Figure 1. TCS1 caffeine production pathway in this study. TCS1 produces caffeine by the methylation of 7-methylxanthine to theobromine

and then to caffeine.

These factors make caffeine an ideal candidate for further explo-
ration and demonstration of CFPS systems for product synthesis.

Caffeine can be described as a tri-methylated form of xanthine
and has the alternative name 1,3,7-trimethyl xanthine, which
fits with how the compound is synthesized in nature. Typically,
caffeine is made in multiple methylation steps going from xan-
thine or xanthosine to a mono-methylated xanthine, then a di-
methylated xanthine and finally to caffeine (35, 36). In this study,
we are using the tea caffeine synthase enzyme, TCS1, which
performs two different methylation steps in the production of caf-
feine in tea plants, going from 7-methylxanthine to theobromine,
and then theobromine to caffeine (37). We will be utilizing the
enzyme's activity in methylating theobromine to caffeine in a
CFPS system. Additionally, while many SAM-dependent MTases
are thought to be promiscuous and accept varied alkyl group
donors (38), the promiscuity of TCS1 is still unexplored, so we will
attempt to utilize TCS1 with the cofactor AdoEt to synthesize a
novel, ethylated form of caffeine (Figure 1).

2. Materials and methods
2.1 Plasmid preparation

The plasmid containing the TCS1 gene was made by performing a
codon optimization on the tea caffeine synthase gene from Camel-
lia sinensis so that it would be suitable for expression efficiently
in E. coli with the Integrated DNA Technologies (IDT) codon opti-
mization tool. This optimized gene was then ordered as a gBlock
from IDT and inserted into the pNIC28-Bsa4 plasmid through the
NEBuilder homology-based assembly method (39). A plasmid map
of the pNIC28-Bsa4 plasmid can be found in the supporting infor-
mation. This plasmid was then transformed into the DH5« E. coli
strain to generate more plasmid, which was then used in the CFPS
system to synthesize the TCS1 protein.

2.2 CFPS and purification

CFPS was performed using a Bioneer ExiProgen system using E.
coli cellular lysate and Bioneer’s provided master mix of reagents.
The reaction was performed in an ExiProgen EC-Tagfree Protein
Synthesis Kit K-7320 (Bioneer, Daejeon, Republic of Korea) which
includes tobacco etch virus (TEV) protease to cleave the TEV site
which was used to attach the 6xHIS tag to the TCS1. The reac-
tion was performed at 30°C using the standard ExiProgen-Tagfree
protocol as recommended by Bioneer for a period of 30h. The
pNic28-Bsa4-TCS1 plasmid was diluted to a final concentration of
1.5ng/ul in a total CFPS reaction volume of 750ul. The protein
was then purified with nickel nitrilotriacetic acid (Ni-NTA) beads,
and the mass of the protein was checked on an SDS-PAGE gel.
Protein concentration was quantified via a Nanodrop spectropho-
tometer (Thermo Fisher Scientific, Waltham, USA) by measuring
absorbance at 280nm after placing 1.0l of the sample onto the

pedestal and using the instrument’s software to calculate based
on the protein’s specific extinction coefficient.

2.3 Caffeine synthesis using purified TCS1 from
CFPS system

To verify the function of the TCS1, TCS1 was synthesized using a
CFPS system, purified using the ExiProgen-Tagfree protocol, and
the 6xHIS tag was cleaved by TEV protease. This TCS1 protein was
then used to perform an in vitro reaction with TCS1 in a pH 8.0
0.1M Tris buffer, along with 200 pM MgCl,, 50 uM SAM and 200 pM
theobromine. The products were then extracted from this system
by performing a chloroform extraction, and the products were
checked using LC-MS to verify the presence of caffeine.

2.4 Caffeine synthesis and extraction from CFPS
system

To perform the caffeine synthesis within the CFPS system, the sub-
strate theobromine (final concentration 2mM) and the cofactor
SAM (final concentration 5mM) were added to the CFPS system
along with the plasmid containing the gene for TCS1. After the
protein was synthesized, a chloroform extraction was performed
on the CFPS system to remove the caffeine from the system in a
form that was more easily analyzed. Chloroform was added to a
part of the system and mixed with the aqueous solution. Then,
the chloroform layer was drawn off using a glass pipette, and the
chloroform was evaporated to leave the caffeine in a purer form
for analysis with LC-MS.

2.5 Liquid chromatography mass spectrometry
protocol

To verify the production of caffeine from the TCS1, LC-MS was
used. The analysis was achieved by liquid chromatography-
ultraviolet-mass spectrometry analysis on an Agilent Technolo-
gies 6120 Quadrupole LC-MS (with UV detector). Agilent Eclipse
Plus C;g column (4.6 x 100 mm) was used for metabolites separa-
tion with a linear gradient of 5-95% acetonitrile (v/v) over 15minin
H,0 (0.1% formic acid, v/v) at a flow rate of 0.5ml/min. Extracted
ion chromatograms are shown because we are primarily inter-
ested in only the species at the expected m/z value of our products
and substrates, and it allows us to see our species of interest more
clearly even though our extraction protocol left some impurities
of other ions in the solution.

2.6 hMAT2a protein synthesis and purification

To obtain the human methionine adenosyltransferase (hMAT2a)
used to synthesize the SAM, the pET28a-hMAT2A plasmid was
transformed into Rosetta (DE3) E. coli cells. The cells were then
grown in a 15 ml flask in Terrific Broth media before being induced
with isopropyl 8-d-1-thiogalactopyranoside (IPTG) to a final con-
centration of 1mM. The cells were then incubated overnight at
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Figure 2. Production of TCS1 and GUD1 (guanine deaminase from Saccharomyces cerevisiae) in a CFPS system with and without substrates present on
Coomassie brilliant blue stained SDS-PAGE gels. (A) Production of GUD1, a guanine deaminase which can convert guanine to xanthine in the early
stages of caffeine biosynthesis, and TCS1 in a CFPS system. An SDS-PAGE gel shows the production of guanine deaminase (GUD1) and the tea caffeine
synthase, TCS1, from the CFPS system. Lane 1 is the ladder. Lane 2 is an AcGFP positive control. Lane 3 is GUD1 (guanine deaminase from S. cerevisiae)
with a molecular weight (MW) of ~57 kDa. Lane 4 is TCS1 with an MW of ~43kDa. Lane 5 is GUD1 and TCS1 produced together. This demonstrated the
capability of the system to synthesize multiple enzymes at once without major issues. (B) Lane 1 is the ladder. Lane 2 is TCS1 with an MW of ~43kDa
without theobromine or SAM present in the system. Lane 2 is TCS1 with an MW of ~43kDa with both theobromine or SAM present in the system.
There was no notable difference in protein production after the introduction of the substrates, so they did not disrupt protein production.

25°C for 18 h before being spun down in a centrifuge until a pellet
was formed. Then, 5ml of lysis buffer (20 mM hydroxyethylpiper-
azine ethane sulfonic acid, 300 mM NacCl, pH 7.5 Tris) was added
to the pellet, and it was sonicated for until the lysate was clear
and the cells were fully lysed. The lysate was then centrifuged for
40min at 5000 rpm. The lysate was then passed through a Ni-NTA
resin and incubated for 30min at 4°C to bind. The column was
then washed two times to removed unwanted compounds. Next,
the protein was eluted by the addition to elution buffer containing
imidazole to the column. Then, the protein samples were checked
on an SDS-PAGE gel to confirm their identity.

3. Results

CFPS systems have immense potential as controlled systems for
the synthesis of small molecules. To actualize that potential, we
show the production of a natural product within a CFPS system.
These synthetic systems, together with the provision of substrates,
have the potential to synthesize products more quickly for rapid
prototyping and testing natural products. To demonstrate the abil-
ity of a CFPS system to produce caffeine, first we demonstrated the
production of TCS1 within a CFPS system and then the system was
further used to synthesize caffeine, as described later.

3.1 TCS1 protein synthesis within a CFPS system
First, we synthesized the TCS1 enzyme using the CFPS system.
The Bioneer Tagfree Protein Synthesis system is a cell-free pro-
duction system based on a crude E. coli extract. It contains NTPs,
amino acids and energy sources required for protein expression, in
addition to the E. coli extract (which provides necessary molecular
machinery such as ribosomes). We added our plasmid containing
the TCS1 gene into the reaction mixture and incubated at 30°C

before purifying the protein using Ni-NTA resin. After the protein
was purified, we confirmed the production of the protein using an
SDS-PAGE gel to check the mass. The apparent mass of the protein
matched the expected mass for TCS1 and appeared to be relatively
pure, as shown on the SDS-PAGE gel (Figure 2). This indicates that
the CFPS system was successful in synthesizing the TCS1 protein.
We observed a slightly higher concentration from the positive con-
trol Aequorea jellyfish green fluorescent protein (AcGFP) compared
to the other proteins, with a total yield of approximately 1mg of
protein for the AcGFP and approximately 0.5mg for each of the
test proteins.

However, it was possible that the addition of the SAM or theo-
bromine substrates may have interfered with the protein syn-
thesis, so we also tested expression in the CFPS system with all
substrates and cofactors needed for caffeine synthesis present, in
which we found that there was no significant change in protein
production when the substrates were added to the system, with a
similar final yield of 0.5 mg of TCS1 both with and without the sub-
strates (Figure 2B). We then performed caffeine production assays
to demonstrate the enzyme’s activity.

3.2 Caffeine production activity by purified TCS1

We assayed the methylation activity of TCS1 by taking the puri-
fied enzyme from the CFPS system and performed a methyla-
tion reaction with both theophylline and theobromine substrates.
When the TCS1 protein synthesized with the CFPS system was
incubated with theophylline and SAM, there were no significant
peaks observable by LC-MS other than the substrates (Figure 3B).
However, when TCS1 was incubated with theobromine and SAM,
a peak was observed at the same retention time and mass as
the pure caffeine standard (Figure 3C). This suggests that the
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Figure 3. Production of caffeine from theophylline and theobromine substrates using purified TCS1. LC-MS chromatograms show the presence of
product or reactant after chloroform extraction from the reaction mixture. The Y-axis is intensity in arbitrary units, and the X-axis is retention time on
the column in minutes. (A) Mass filter analyses of the theophylline substrate (m/z=181.1 [M+H]*) This demonstrates that the theophylline is present
and can be detected via LC-MS, so the issue with the theophylline reactions is not caused by lack of substrate. (B) Mass filter analyses of the enzymatic
reaction of TCS1 and substrate theophylline. The final product substrate caffeine (m/z=195.1 [M+H]*) can be detected in the reaction, but the
intensity here is close to the level of noise, showing very little, if any, product was made. The additional two peaks seem to be noise, which is visible on
the chromatogram due to the extremely low concentration of caffeine produced from the theophylline substrate. This indicates that theophylline does
not seem to be a suitable substrate for caffeine production via TCS1. (C) With a theobromine substrate mass filter, m/z=195.1 [M + H]* is used to detect
caffeine, and the product is clearly produced with a detectable yield due to the clear peak at the expected mass. (D) The structures of theophylline,
theobromine and caffeine are shown along with their expected m/z in LC-MS chromatograms.

TCS1 produced in the CFPS system was functional and capable
of synthesizing caffeine.

Our findings contradict previous research that suggested theo-
phylline may be a suitable substrate for caffeine production using
TCS1 (34), as we observed thatit resulted in extremely low caffeine
production in our experimental conditions. In contrast, theo-
bromine was effective and resulted in easily visible caffeine peaks
when checked with LC-MS as seen in Figure 3. While theophylline
was easily detectable via LC-MS (Figure 3A), it resulted in very low
caffeine production close to the level of noise (Figure 3B).

3.3 Caffeine synthesis by TCS1 within a crude
CFPS system

To evaluate the ability of TCS1 to produce caffeine within the CFPS
system without purification, we added SAM and theobromine sub-
strates to the other compounds required for the CFPS system.
After incubation, the resulting solution was analyzed by LC-MS,
which showed several peaks due to the presence of various com-
pounds within the CFPS system (Figure 4A). However, we observed
an additional peak with an m/z of 195.1 [M+H]" and the same
retention time as the pure caffeine standard (Figure 4), indicating
the presence of caffeine in the solution. Although the quantifi-
cation of caffeine was limited due to the chloroform extraction
process, the presence of caffeine in the final solution demon-
strates the simultaneous production of TCS1 and the synthesis of
caffeine within the CFPS system. Due to the inefficient extraction,
we estimate our final concentration of caffeine to be 10 uM in the
total reaction volume of 750ml, based on a comparison mass spec-
tra obtained and the known caffeine standard, which would be a
lower bound on the yield of the reaction.

The experiments in the CFPS system using TCS1 provide fur-
ther evidence for the potential use of CFPS systems as a versatile
platform for natural product synthesis. Additionally, this finding
reveals that CFPS systems can be utilized for single-solution reac-
tions that enable the simultaneous synthesis and utilization of

an enzyme for product synthesis, thus eliminating the need for
enzyme purification. This simple and efficient process has sig-
nificant implications for streamlining natural product synthesis
in a variety of settings. This simplified system also enables the
use of a simple system of mass-balance differential equations
for modeling the enzyme activity along with the concentrations
of substrates and products over time (see supplemental Figures
$2-55).

3.4 Production of caffeine through coupled
reactions of TCS1 and hMAT2A and
investigations into the specificity of TCS1 for SAM
over AdoEt

One particularly useful advantage of cell-free systems over cellu-
lar systems is their resilience against compounds that are toxic
to cells but which have a mechanism of toxicity that does not
directly interfere with the limited reactions that occur within a
CFPS system. This provides the prospect of utilizing CFPS systems
in conjunction with substrates that would normally be toxic to
cells to synthesize products that could not normally be synthe-
sized in cells. For instance, the use of AdoEt or other alkyl analogs
of SAM in a cell-free system may enable the synthesis of a range
of alkylated products that would otherwise be impossible to pro-
duce in cells. This opens up new possibilities for the creation of
novel products based on natural compounds that are difficult to
synthesize in cellular systems.

To investigate the potential of TCS1 to be used in a CFPS sys-
tem to synthesize novel products as part of a coupled reaction,
we performed a coupled reaction of TCS1 with hMAT2a (human
methionine adenosyltransferase) producing SAM and the ethyl
analog of SAM, AdoEt. Due to the low efficiency of our caffeine
extraction, we tested the activity of purified TCS1 produced from
the CFPS system with the pure SAM, SAM produced through a cou-
pled reaction with hMAT?2a and AdoEt produced through a coupled
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Figure 4. Production of caffeine within a CFPS system. LC-MS chromatograms showing the presence of product or reactant after chloroform extraction
from the reaction mixture. The Y-axis is intensity in arbitrary units, and the X-axis is retention time on the column in minutes. Each chromatogram is
shown with m/z=195.1 [M + H]*which would show the presence of caffeine. (A) A negative control chromatogram is shown which is the result of a
chloroform extraction of the CFPS system producing TCS1 without the presence of theobromine substrate added. (B) The experimental chromatogram
which shows the result of a chloroform extraction on a CFPS system that had theobromine added and simultaneously produced TCS1. (C) A positive
control chromatogram that shows the results of concentrated caffeine after a chloroform extraction to show the location of the caffeine peak. (D) A
caffeine standard chromatogram to show the expected, characteristic peak for caffeine.

reaction with hMAT?2a. We confirmed both the SAM and AdoEt pro-
duction via LC-MS, and the hMAT?2a was able to synthesize both
compounds (Figure S7). We observed that TCS1 can perform a cou-
pled methylation reaction with hMAT?2a producing SAM; however,
the enzyme does not seem to produce any product when it is pro-
vided with AdoEt (Figure 5). This indicates that while the enzyme
is able to work in concert with hMAT?2a, it is not able to utilize the
AdoEt provided to it as a substrate.

4, Discussion

The prospect of utilizing CFPS systems as a platform for natural
product synthesis is very exciting, as it has the potential to provide
several benefits over traditional methods. As demonstrated by our
caffeine synthesis, it is possible to utilize a single-step mixture of
a plasmid containing the gene of interest, substrate and cofactors
within the CFPS, eliminating the need for multiple steps of pro-
tein synthesis and separate reaction runs. This simplified process
could be useful for rapid prototyping, allowing for the synthesis of
small amounts of various compounds for screening Furthermore,
while we focused on the methylation of theobromine to caffeine
in this study, it is likely that other SAM-dependent methylation
reactions may behave similarly in CFPS systems, making these
systems suitable for a wide range of methylation reactions.

The main advantage of this approach lies in its inherent sim-
plicity and flexibility. Traditional methods for producing natu-
ral products involve extracting them from their natural sources
or synthesizing them using organic chemistry techniques. Both
these methods can be highly time-consuming, labor-intensive
and technically challenging, limiting their scalability and cost-
effectiveness. Conversely, the CFPS system circumvents these
problems by creating an environment where biosynthesis of com-
pounds, such as caffeine, can occur in vitro. This controlled
environment provides researchers with more flexibility to mod-
ulate conditions and carry out experiments, eliminating the
time and effort required for maintaining and modifying whole
organisms.

We also observed that theophylline seems to be a very poor
substrate for TCS1 when compared to theobromine within a CFPS
system, whereas previous studies have indicated that it may be
a good substrate for caffeine production (34). It is possible that
the conditions within a CFPS system differ in some way to make
theobromine a better substrate, but more research is needed to
better understand why theobromine performed so much better in
this case compared to theophylline.

The objective of employing non-natural SAM analogs is to facil-
itate the synthesis of various natural product derivatives using
pre-characterized enzymes. This approach provides an efficient
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Figure 5. Attempted production of caffeine and ethylated theobromine from theobromine and SAM/AdoEt using purified TCS1. LC-MS chromatograms
show the presence of product or reactant after chloroform extraction from the reaction mixture. The Y-axis is intensity in arbitrary units, and the
X-axis is retention time on the column in minutes. (A) Mass filter analyses of the caffeine product (m/z=195.1 [M +H]*) from a reaction mixture with
purified TCS1, theobromine and pure SAM. (B) Mass filter analyses of the caffeine product (m/z=195.1 [M +H]*) from a reaction mixture with purified
TCS1, theobromine, purified hMAT2a, adenosine triphosphate (ATP) and methionine. (C) Mass filter analyses of the ethylated theobromine product
(m/z=210.1 [M+H]") from a reaction mixture with purified TCS1, theobromine, purified hMAT2a, ATP and methionine. The low intensities here
represent a lack of product formed, as expected for a negative control. (D) Mass filter analyses of the ethylated theobromine product (m/z=210.1
[M+H]*) from a reaction mixture with purified TCS1, theobromine, purified hMAT2a, ATP and ethionine. The low intensities here represent a lack of

product formed despite presence of AdoEt and theobromine.

way to produce an array of compounds, bearing structural sim-
ilarity to existing natural products, with minor modifications.
Subsequently, these novel compounds can be screened for poten-
tially beneficial pharmaceutical properties. This can create a large
number of compounds which may be more likely to be biologically
relevant than a purely combinatorial chemistry-based approach.

Using a singular substrate and enzyme, while varying the
cofactors, itis possible to generate a vast array of compounds with
diverse modifications on the substrate. Considering caffeine as an
example, it possesses three methylation sites compared to xan-
thine. If an enzyme could perform methylation, ethylation and
propylation on each of these sites, a potential of 3 or 27 possible
derivatives could be generated using a single enzyme-substrate
pair. The challenge lies in the fact that these alkylation reactions
are unsuitable for in vivo procedures due to the toxic nature of
the cofactors. As such, the ultimate objective is to establish a sys-
tem that enables the execution of these alkylation reactions in a
single step to enable rapid prototyping of new compounds. Such
a system would significantly enhance the speed and efficiency of
generating a multitude of novel compounds for further testing and
development.

While our method showcases certain benefits, it is not without
limitations, particularly when contrasted with traditional natu-
ral product synthesis approaches. One prominent issue pertains
to our extraction process, which produced an apparently low
yield and incorporated unknown compounds from the CFPS sys-
tem bearing a similar mass to caffeine. Prospective studies could
focus on refining this extraction technique to bolster both product
purity and yield. There are also a number of alternative extraction
methods which could be used both to optimize the final prod-
uct’s concentration and to more effectively extract other target
products. These methods include percolation, reflux extraction
and supercritical fluid extraction, which have all been used for
the extraction of natural products in the past. (40, 41) Further-
more, the comparatively minor scale of our reactions may present
another challenge. Scaling up to produce higher quantities of

the product might necessitate the adoption of novel CFPS sys-
tems, such as continuous flow systems, to generate increased
amounts of the product. Nonetheless, the principal advantage of
our system potentially resides in its ability to rapidly prototype
new compounds. In this context, the generation of small quanti-
ties of a broad spectrum of compounds may outweigh the need for
producing large volumes of a single compound.

The concentration achieved in this experiment is low com-
pared to what the yield could be if further optimized; however, it
should be sufficient for a number of high-throughput drug screen-
ing methods, for example, enzyme-linked immunosorbent assay,
surface plasmon resonance and isothermal titration calorimetry.
Each of these typically require concentration in the nanomolar to
micromolar range to detect the products in question and can be
used for high-throughput drug screening (42-44). Therefore, the
concentration of 10pM we have achieved would indeed be suit-
able for these assays and could be used for high-throughput drug
screening. This implies that this method may have applications
in generating small amounts of compounds which can then be
screened for useful biological activity.

Our results suggest that TCS1 may not be a suitable enzyme for
performing ethylation reactions without modification to increase
its promiscuity. One potential approach to increasing the promis-
cuity of TCS1 would be to engineer the enzyme by altering the
SAM-binding pocket or other modifications to the active site. This
could potentially enable TCS1 to effectively use alkyl SAM analogs
in a coupled reaction. Some enzymes have previously been shown
to be promiscuous and accept larger SAM analogs, such as the
enzymes CouO and RebM (45, 46). Therefore, while it may be
possible to synthesize novel products through alkylation with
promiscuous MTases in a CFPS system, they must either be nat-
urally promiscuous enzymes, like CouO or RebM as opposed to
TCS1, or enzymes that were engineered to increase promiscuity.
Further work could be done on exploring other MTases that could
be used in a similar system and on engineering less promiscuous
enzymes to enhance their ability to use alkyl SAM analogs.
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However, it is crucial to note that while this study offers an
example of using a CFPS system for product synthesis, challenges
remain to be addressed before CFPS platforms can be broadly
utilized for large-scale industrial production. Research into opti-
mizing the reaction conditions, such as temperature, pH and
nutrient concentrations, is necessary to improve the efficiency and
yield of the biosynthesis process, as our yield of caffeine seemed
lower than traditional measures. This may indicate that a more
important role for CFPS product synthesis could be in the form of
rapid prototyping, in which small amounts of many different prod-
ucts are created. When using the multiple possible SAM analogs
as alkyl group donors onto a substrate, a variety of derivative
products could be created, which can then be screened for use-
ful biological activity. Then, when a useful natural product-like
compound is identified, it could be synthesized on a larger scale
with more convention product synthesis methods.
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