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Abstract

This work demonstrates the reconstitution of active methylxanthine synthesis enzymes in
human cells and their potential use as inducible reporter enzymes. A variety of plant enzymes
involved in caffeine synthesis have been characterized in vitro and several of these methylxanthine
synthesis enzymes have been heterologously-expressed in yeast or bacteria. In this work, enzymes
from Coffea arabica, Camellia sinensis, and Paullinia cupana have been heterologously-
expressed in human cells. We demonstrate that the enzymes tested exhibit similar patterns of
activity with a set of xanthine substrates in human cells when compared to previous reports of in
vitro activity. We demonstrate that the activity of these enzymes can be used as a reporter for
juxtacrine signaling using synNotch-induced expression in the presence of an appropriate
substrate. When used in combination with synthetic caffeine receptors, this work has potential for
use as an in vivo reporter (e.g. enabling non-invasive monitoring of cell-cell interactions after a
cellular transplant) or in synthetic intercellular signaling a methylxanthine, such as caffeine, acting

as a synthetic paracrine hormone.

Introduction

Xanthine is ubiquitous in life as a degradation product of the purine bases found in DNA.
A variety of methylxanthines can be produced by N-methylation at positions 1, 3, and 7 to form
seven possible methylxanthine products: three monomethylxanthines, three dimethylxanthines,
and 1,3,7-trimethylxanthine (caffeine, 137mX) (Figure 1). Several methylxanthines have notable
pharmacologic properties that are of relevance to humans: theophylline, theobromine, and

caffeine. Theophylline and its derivatives are used in medicine for their effects on the respiratory
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system or as stimulants.[1] Theobromine is a mild stimulant found in chocolate.[2] Caffeine is a
stimulant drug and is by far the xanthine derivative of most interest to people. It is consumed by
roughly 85% of Americans on a daily basis[3] and the cultivation of caffeine-containing plants is

of immense economic value in the present day and historically.[4]

Figure 1: Xanthine derivatives used in caffeine biosynthesis pathways.

Structures of the xanthine, xanthosine, and all possible methylxanthine substitution patterns.

A majority of caffeine consumed by people is derived from coffee (Coffea spp., namely
Coffea arabica) and tea (Camellia sinensis) with a small contribution from other plants like
guarana (Paullinia cupana) and yerba mate (Ilex paraguariensis).[5] The dominant enzymes and
corresponding genes involved in the biosynthesis of caffeine have been identified and
characterized for coffee, tea, and guarana.[6—13] More recently, genome sequencing data has
become available and is being used to build a more thorough understanding of the multitude of
enzymes involved in caffeine biosynthesis.[13—19]

In both coffee and tea, caffeine synthesis pathways (Figure 2A) can convert xanthosine to
caffeine via three sequential steps: N-7 methylation (with loss of the ribose moiety), N-3
methylation, and N-1 methylation. In coffee, this process is carried out by CaXMT1 (Coffea
arabica xanthosine methyltransferase 1, BAB39215), CaMXMT (Coffea arabica methylxanthine
methyltransferase 1, XP 027086104), and CaDXMT (Coffea arabica dimethylxanthine
methyltransferase, BAC75663). Coffee additionally contains the multi-functional enzyme CCSI1
(coffee caffeine synthase 1, BAC43760.1) which can perform the latter two methylations, but this

enzyme does not appear to be primarily responsible for caffeine production in coffee.[11] In tea,
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TCS2 (Camellia sinensis caffeine synthase 2, AB031281) carries out the N-7 methylation and
TCS1 (Camellia sinensis caffeine synthase 1, AB031280) carries out both of the successive N-3
and N-1 methylations.[13] These methylating enzymes all stoichiometrically consume S-

adenosylmethionine (SAM) as a methyl donor and produce S-adenosylhomocysteine (SAH).

Figure 2: Caffeine biosynthesis pathways
(A) Pathway for biosynthesis of caffeine in tea and coffee. The cleavage of ribose from 7-
methylxanthosine after step I is not shown, as the mechanistic details are yet unknown. (B)

Pathway for the biosynthesis of caffeine in guarana

The caffeine synthesis pathway in guarana produces caffeine in a different manner than
coffee or tea (Figure 2B). In guarana, xanthine is used as a substrate instead of xanthosine, and
the three methylation steps take place in a different order: N-3, N-7, followed by N-1 methylation.
These methylation steps are carried out by Paullinia cupana caffeine synthase 1 (PcCSl,
EC766748), Paullinia cupana caffeine synthase 2 (PcCS2, EC778019), and Paullinia cupana
caffeine synthase (PcCS, BK008796), respectively.[13] As with coffee and tea, these enzymes

consume SAM as a methyl donor and produce SAH.

Previous work has demonstrated that a hybrid coffee-tea caffeine synthesis pathway using
CaXMTI1 and TCSI1 can be used to produce caffeine de novo in E. coli and S. cerevisiae.
Subsequent work has expanded on this work to optimizing production of a variety of other
methylxanthines in S. cerevisiae. Another effort focused on increasing metabolic flux through

purine degradation pathways to increase the yields of de novo caffeine synthesis. The fact that
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multiple caffeine synthesis pathways had been successfully reconstituted in E. coli and S.
cerevisiae combined with the relatively high activity of these enzymes suggested that it may be
feasible to reconstitute them in mammalian cells as well.

If these enzymes were active in mammalian cells, we supposed that they may be a useful
candidate for use in orthogonal signaling schemes. Four important criteria[20] for viable
approaches have been previously identified: (i) the signal molecule should be freely diffusible; (ii)
detection should be highly specific; (iii) the signal molecule should be produced from endogenous
components; (iv) the number of enzymatic transformations needed to make it should be minimal.
Criteria 1, 1ii, and iv seem to be clearly met by caffeine and the other methylxanthines. Criterion ii
is satisfied by the existence of synthetic caffeine receptors.[21] The combination of
methylxanthine synthesis enzymes with synthetic caffeine receptors would likely be suitable for
orthogonal intercellular signaling.

We set out to determine if methylxanthine synthesis enzymes from caffeine synthesis
pathways in plants are functional when heterologously-expressed in mammalian cells. We found
that, except for PcCS, all the methylxanthine synthesis enzymes tested showed the same patterns
of activity in mammalian cells as they show in vitro. We sought to test whether a methylxanthine
synthesis enzyme could be used as a reporter for gene expression. We demonstrated that
production of caffeine from paraxathine by CCS1 could be used as a reporter for juxtacrine cell
signaling. We believe that this work has relevance to the field of engineered intercellular signaling
and has a potential application in enabling the use of caffeine as a small molecule reporter for

monitoring cellular activity in vivo.
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Results and discussion

Methylxanthine synthesis enzymes are active in mammalian cells

Several methylxanthine synthesis enzymes from three plants were chosen to potentially
express in mammalian cells: CaXMT1, CaMXMT, CaDXMT, CCS1 from Coffea arabica;, TCS1
and TCS2 from Camellia sinensis; and PcCS from Paullinia cupana. The dominant reactions
performed by these enzymes are shown in Table 1. Two putative ancestral enzymes
CamelliaAncCS (CsAncCS, MW309842) and PaulliniaAncCS2 (PcAncCS2, MW309843) were
chosen as well. These latter two enzymes were chosen because previous work suggested that they
may possess the ability to produce some quantity of paraxanthine from 7-methylxanthine,[22] a

property not exhibited by any known natural methylxanthine synthesis enzymes.

Table 1: Expected Methylation of Xanthine Substrates by Methyltransferase Enzymes.

1-N Methylation 3-N Methylation 7-N Methylation
Substrate | X 3mX 7mX 37mX | X ImX 7mX l;m XR ImX 3mX 13mX
CaXMT1[8] T
CaMXMT][8,23] 4 4
CaDXMT]8] + 4 4
CCSI[11] + 4 + + +
TCS2[13]| + + + + 4 + + +
TCS1][6] + 4 + + 4 + +
PcCS[7] A 4
CsAncCS[22]| + + + +
PcAncCS2[22] + + 4 +
I3m 17m 137m 13m 137m 17m 137m
Product | ImX X X X 3mX X 37mX X 7mX X 37mX X

“+” indicates previously-reported activity. Dominant enzymatic activities are indicated with grey
shading.

We constructed expression vectors for each of the methylxanthine synthesis enzymes using
the Sleeping Beauty transposon vectors pSBBi-RP and pSBBI-GB.[24] HEK-293T human

embryonic kidney cells were transduced using the Sleeping Beauty transposase system by co-
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transfection with pPCMV(CAT) T7-SB100[25-27] and selected with an appropriate antibiotic to
generate a stable cell line expressing each of the chosen enzymes. To test the enzyme activity in
cells, we first seeded each cell line in a 12-well plate. After 24 h, they were then exposed to a fixed
concentration (200 uM) of each of the following substrates: xanthine (X), 1-methylxanthine
(ImX), 3-methylxanthine (3mX), 7-methylxanthine (7mX), 1,3-dimethylxanthine (13mX,
theophylline), 1,7-dimethylxanthine (17mX, paraxanthine), 3,7-dimethylxanthine (37mX,
theobromine), and xanthosine (XR) (for enzymes with expected activity against this substrate).
This concentration of substrate was chosen to be sufficiently high that the dominant enzyme
activity for each enzyme would be likely to provide a detectable yield of product at the end of the
experiment without being so high as to significantly slow cell growth or cause toxicity. After 72 h
of growth, the supernatant was harvested and analyzed by high performance liquid
chromatography (HPLC) with a UV-Vis diode array detector. Product identity was confirmed by
comparison to genuine standards. No product formation was observed for any substrate with
untransformed HEK-293T cells. A representative example of the HPLC chromatograms is shown

in Figure 3 for TCS1-expressing cells. Other HPLC chromatograms are available in S1 File.

Figure 3: Representative chromatograms for cell culture with xanthine substrates.
HPLC chromatograms of TCSI-expressing HEK-293T cells grown in 200 uM of each of the

xanthine substrates for 72 h with relevant xanthine peaks identified

We found that the observed activities (Table 2) of the methylxanthine synthesis enzymes
tested to be largely consistent with previous reports (Table 1) of their activities in vitro. Although

these experiments were not designed to provide a quantitative measurement of enzyme activity,
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comparison of the relative activities between substrates for a given enzyme also reflect previously-
reported enzyme activities. The largest discrepancy between our observations and expectations
was with the lack of any observed activity for PcCS-expressing cells. Under the reaction
conditions, we expected to detect at least trace product formation when 37mX or 7mX were used
as substrates, but no product was observed in either case. It is possible that there were enzyme-
specific problems that inhibited its expression or activity under the experimental conditions, but
this was not investigated further. All other discrepancies we noted were for cases where small
quantities of product were expected (i.e. for the off-target reactions of TCS2) or where the enzymes
had not been thoroughly studied (i.e. for CsAncCS and PcAncCS2). These findings are likely due

to differences in the sensitivity of the methods we used compared to those used in previous studies.

Table 2: Observed Methylation of Xanthine Substrates by Methyltransferase Enzymes.

1-N Methylation 3-N Methylation 7-N Methylation
Substrate| X 3mX 7mX 37mX| X ImX 7mX 17mX | XR ImX 3mX 13mX
CaXMT1| - - - - - - - N N - - .
CaMXMT +
CaDXMT | - - - + - - + + - - i -
CCS1| - + - + - + + + - - - -
Tes2| - [ - [ -] - - o T e R
TCS1| - + - + + + + + - - tr. +
PeCS| - - - -1 - - -1 - - - - -
CsAncCS| + | tr. | tr - + - + - - - - .
PcAncCS2 | tr. - tr. - + - + - - - + -
Product | ImX 1;“1 l;m 13;“1 3mX  13mX  37mX 13}?“ 7mX l;m 3;m 13;m

[T

“+” indicates observed activity, indicates unobserved activity, “tr.” indicates trace activity,
boxed squares indicate a discrepancy with previous reports, and an empty field indicates that the

test was not performed.
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Xanthosine is degraded to xanthine in mammalian cells

While chromatograms were readily interpretable for most substrates, the chromatograms
for XR were more complicated to interpret for several reasons. For substrates other than XR, the
largest peak observed on the chromatogram is from the substrate itself or the product made by
methylation of that substrate. As shown in Figure 3, when XR was supplied as a substrate to
TCS1-expressing cells, a small quantity of 3mX was observed even though TCS1 is not expected
to methylate XR. In addition, the most prominent peak observed is for xanthine rather than
xanthosine. This can be explained by xanthosine being degraded to xanthine as part of normal
purine degradation pathways.[28] If xanthine is being formed in situ, then we would expect to see
3mX being synthesized via the known action of TCS1 on X. Indeed, we do observe evidence of

this.

Production of 7mX from XR by TCS2- and CaXMT1-expressing

cells can be verified by co-culture with CCS1-expressing cells

Because 7mX and XR have nearly-identical retention times (as seen in Figure 3), we could
not use chromatography alone to definitively determine if TCS2 and CaXMT 1 produce 7mX from
XR in mammalian cells. Our experiments with CCS1-expressing cells showed that they rapidly
produced 37mX when supplied with 7mX and do not produce any products when supplied with X
or XR. We hypothesized that if we co-cultured TCS2 or CaXMT]1 cells with CCS1 cells in the
presence of XR then some portion of the 7mX produced would be converted to the easily-separable
37mX. This would allow us to know with certitude that 7mX was indeed being produced by TCS2

or CaXMTT1 from XR in situ. To do this, we compared two populations of cells grown for 72h in
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400 uM XR: TCS2- or CaXMT1-expressing cells alone and a one-to-one co-culture of CCSI-
expressing cells and TCS2- or CaXMT1-expressing cells.

As shown in Figure 4, TCS2-expressing cells grown alone produce a broad, complex peak
composed of XR and 7mX. When TCS2-expressing cells are co-cultured with CCS1-expressing
cells, the intensity of that complex peak decreases and a 37mX peak appears. The same scenario
occurred for CaXMT 1. These experiments demonstrate that the inseparable peak occurring in the
chromatograms for TCS2 and CaXMT1 definitively contains 7mX, as the only way CCS1 can
produce 37mX is by methylation of 7mX. In addition, these results demonstrate the possibility of
reconstituting a multi-step methylxanthine synthesis pathway in mammalian cells by co-culture of

cells in which separate cells each perform a single step of the process.

Figure 4: HPLC chromatograms demonstrating definitive production of 7mX by CaXMT1
and TCS2.

37mX is produced after co-culture with CCS1-expressing cells indicating definitive production of
7mX from XR by either enzyme. This is shown in (A) CaXMT-1 expressing cells and (B) TCS2-

expressing cells. Inset in each shows detail of the 37mX peak

CsAncCS produces 1mX and 3mX from endogenous xanthine

In our data collected with CsAncCS, we observed small quantities of ImX and 3mX
throughout all samples tested, including the negative control (Figure 5). We first assumed this
could have been the result of contamination, but this observation persisted when the experiment
was repeated. Although present only in trace amounts in all the samples, the relative size of these

peaks appeared to diminish when 7mX was provided to the cells as a substrate. Previous work has
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reported that CsAncCS has a Ky = 26.7 uM with 7mX.[22] As such, 200 uM of 7mX could be
competitively inhibiting the activity of CsAncCS upon endogenous X and limiting the production
of ImX and 3mX. Observing detectable product formation from endogenous xanthine alone
suggests that CsAncCS may be a useful enzyme as part of a pathway for de novo methylxanthine
synthesis in cells, mammalian or otherwise. This could be further enhanced by increasing

molecular flux through the purine degradation pathways to increase endogenous xanthine

levels.[29,30]

Figure 5: Detail of CsAncCS chromatograms showing 3mX and 1mX peaks for each of added
xanthine derivative substrates.

Top: with added X (or X produced from XR in situ), ImX and 3mX are produced. Middle: without
an exogenous source of X, ImX and 3mX are produced in small quantity from endogenous
xanthine pools. Bottom: production of ImX and 3mX from endogenous X is suppressed by

competing reaction with 7mX.

Given that we have replicated the high activity observed for predicted ancestral enzymes
CsAncCS and PcAncCS2, future efforts towards metabolic engineering of cells for the production
of methylxanthines would benefit from a thorough evaluation of the kinetic properties of these
under-studied enzymes. This includes enzymes only recently-identified in caffeine producing
plants such as PcCS1 and PcCS2 (Paullinia cupana caffeine synthase 1 and 2, respectively)[7,13]
as well as enzymes from plants which produce methylxanthines (but not necessarily caffeine) such
as those from Theobroma cacao or Citrus spp.[13,31-33] These enzymes as well as their predicted
ancestral versions (e.g. predicted TcAncXMT2 from Theobroma cacao[32] or CitrusAncXMT2

from Citrus japonica[22]) could have desirable properties that are not found in extant enzymes.
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Enzymatic activity of CCS1 can be used as a reporter for juxtacrine

cell signaling

Having demonstrated that these enzymes were active in mammalian cells, we wanted to
test whether the activity of a methylxanthine synthesis enzyme could be used as a reporter for gene
activation. We chose to use an anti-GFP [34] synthetic Notch (synNotch) receptor,[35-39] LaG17-
synNotch-TetRVP64, as a means of transducing extracellular binding events to induce production
of a reporter enzyme. We designed a reporter construct composed of dTomato and CCS1 linked
by a self-cleaving P2A sequence[40] and inserted it into a modified tetracycline-inducible Sleeping
Beauty transposon vector to produce the plasmid pSBTet(-ArtTA)-GB dTomato-P2A-CCS1. This
reporter plasmid would allow induction of both a visible reporter (dTomato) and an enzymatic
reporter (CCS1) in the typical Tet-Off fashion [41] that can be triggered by activation of anti-GFP
synNotch receptor (Figure 6). HEK-293T cells were co-transfected with pSBTet(-ArtTA)-GB
dTomato-P2A-CCS1, pSBBi-Puro LaG17-synNotch-TetRVP64, and pCMV(CAT) T7-SB100.
The transduced cells were selected with puromycin and blasticidin to produce a stable cell line
containing both the synNotch receptor and Tet-Off inducible CCS1 reporter circuit. These cells
are hereafter called Reporter Cells. K562 suspension cells were lentivirally-transduced to express

membrane-bound GFP; these cells are hereafter called Target Cells.

Figure 6: Depiction of how cell-cell contact between Target Cells and Reporter Cells can
induce Coffea caffeine synthase 1 expression to enable production of caffeine.
Inset: the LaG17 anti-GFP binding domain of the synNotch receptor binds surface-expressed GFP

in K562 cells.subsequent cleavage events liberate TetRVP64 (tTA). tTa translocates to the nucleus
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and interacts with the tetracycline response element (TRE) to induce gene expression. The

expressed enzyme is capable of converting the supplied 17mX to 137mX (caffeine).

We seeded cell culture flasks with fixed quantities of CCS1 Reporter Cells and variable quantities
of Target Cells in culture medium containing 200 uM 17mX. The ratio of Target Cells to CCS1
Reporter Cells ranged from 0:1 to 3:1. After 72 h, the supernatant was harvested and analyzed via
HPLC, as before (Figure 7). The integrated chromatograms were used in conjunction with a
standard curve to determine caffeine concentrations. (Figure 8). We found that the measured
amount of caffeine increased from 1.0 uM when no GFP Target Cells were present to 14.5 uM
when a 3:1 ratio of Target Cells to CCS1 Reporter Cells was used. The low background production
of caffeine in the absence of Target Cells is consistent with circuit leakiness seen in other
applications of synNotch.[42] We observed a linear dose response relationship between the amount
of caffeine produced and the ratio of GFP Target Cells to CCS1 Reporter Cells, although this
relationship would be expected to plateau as the ratio of Target Cells to Reporter Cells increases
further and synNotch receptors become saturated. While this is admittedly a proof-of-principle
experiment, it suggests that the activity of methylxanthine synthesis enzymes could potentially be

a viable reporter for induced gene activity in synthetic biology or biochemistry applications.

Figure 7: Portions of the chromatograms from coculture of Target Cells with Reporter Cells
showing 17mX and 137mX.
Left: 17mx peak. Right: 137mX peak. Inset shows more detail of the 137mX peak, highlighting

the relationship between the quantity of caffeine produced and the Target to Reporter Cell ratio.
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Figure 8: Final caffeine concentration for various Target Cell to Reporter Cell ratios.
The linear regression demonstrates dose-response relationship between resultant caffeine

concentration and Target Cell to Reporter Cell ratio

Potential applications for methylxanthine synthesis enzyme

expression in mammalian cells

Methylxanthine synthesis enzymes may have potential application for use as a reporter
for in vivo studies. We suggest that a methylxanthine synthesis enzyme reporter could be useful
for longitudinal monitoring of gene activity through testing of urine for methylxanthine
metabolites. I[f CCS1 were used as a reporter enzyme and 7mX were supplied in food, 37mX
would be produced upon reporter gene expression. The metabolism of 37mX produces
metabolites not produced by 7mX such as 3,7-dimethyluric acid, 3-methyluric acid, and 3-
methylxanthine.[43—45] Urine can be easily collected[46], and the quantity of these metabolites
could thus be used to assess reporter gene activation. This could even be performed over long
periods of time as 7mX has been shown to be non-toxic in both rats and mice.[47,48] This
approach also has the benefit of potentially being useable in large animal models as well, where
the greater tissue attenuation precludes the use of optically-detectable reporters (i.e. fluorescent
and bioluminescent proteins) for longitudinal studies.[49,50] The most promising potential use
for these enzymes, however, may be related to the body of work involving synthetic receptors
sensitive to caffeine or other methylxanthines.

A small body of previous work has focused on the development of anti-caffeine antibodies,

particularly an anti-caffeine camelid heavy-chain-only antibody fragment, aCaffVHH. [51-53]
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Recent work by Bojar, et al. [21], has demonstrated that aCaffVHH can be fused to proteins that
transduce a signal upon dimerization to a produce synthetic receptors that are responsive to
caffeine. Although these are described as caffeine receptors, they are not exclusively responsive
to caffeine and show some sensitivity to dimethylxanthines; theophylline, paraxanthine, and
theobromine all show some activation of the STAT3-based caffeine receptor at 1 uM.[21] Indeed,
this pattern of reactivity is observed in binding thermodynamics[52] and in cross reactivity with
dimethylxanthines during immunoaffinity chromatography.[51] Previous work developing a water
quality immunoassay for caffeine using different monoclonal and polyclonal anti-caffeine
antibodies indicated that xanthine produced negligible signal (<0.002% and <0.008% for mAb and
pAb immunoassays, respectively).[54] Depending on the relative activation of these receptors with
nonmethylated, monomethylated, dimethylated, and trimethylated xanthines, it seems plausible
that these receptors could be useful for detecting production of a monomethylated xanthine from
a nonmethylated xanthine or a dimethylated xanthine from a monomethylated xanthine.

One could easily imagine a scenario wherein a methylxanthine molecule that is produced
in one population of cells (via the enzymes previously discussed) could be used as a diffusible
signaling molecule to induce a behavioral change in distant cells using one of the engineered
caffeine receptors (Figure 9). In this context, methylxanthines could be conceived of as a
synthetic paracrine hormone that is largely orthogonal to other signaling pathways. Use of
methylxanthines in this manner is comparable with methods used for developing multiplexed
intercellular communication with small, organic, signaling molecules derived from ordinary
cellular metabolites.[20] This approach could have applications in the study of synthetic tissue

development or other contexts where programmed intercellular communication is desired.
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Figure 9: Proposed circuit for cell-cell signaling from a caffeine (or other methylxanthine)
producing cell to a detector cell.

Synthetic caffeine receptor DB326 homodimerizes in the presence of caffeine and activates JAK1
(Janus kinase 1) which activates the phosphorylation and dimerization of STAT3 (signal
transducer and activator of transcription 3). The STAT3P dimer can then enable the expression of

a STAT3-inducible reporter gene

Materials and methods

Materials and chemicals

All chemicals and reagents were of reagent grade or better. Unless otherwise stated, all
reagents were purchased from Fisher Scientific (Waltham, MA) or Sigma Aldrich (St. Louis, MO).
All solvents for liquid chromatography were HPLC grade or higher and were purchased from
Sigma Aldrich or Fisher Scientific. Theobromine, theophylline, and 1-methylxanthine were
purchased from Tokyo Chemical Industrial Co., Ltd. (Tokyo, Japan). 3-Methylxanthine was
purchased from AK Scientific (Union City, CA). Xanthine was purchased from Chem Impex
International (Wood Dale, IL). 7-Methylxanthine was purchased from Carbosynth (San Diego,
CA). Caffeine was purchased from Alfa Aesar (Tewksbury, MA).

Dulbecco’s Modified Eagle’s Medium (DMEM), Opti-MEM, HBSS, PBS, TrypLE,
polybrene, blasticidin S hydrochloride, and puromycin dihydrochloride were purchased from
Thermo Fisher Scientific (Waltham, MA). Heat-inactivated fetal bovine serum (FBS) was
purchased from Omega Scientific (Tarzana, CA). Primocin was purchased from Invivogen (San
Diego, CA). Cell culture dishes and flasks were purchased from VWR (Radnor, PA). Poly-L-

lysine was purchased from Sigma Aldrich (St. Louis, MO). Polythethyleneimine, linear MW
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25000, Transfection Grade (PEI) was purchased from Polysciences, Inc. (Warrington, PA).
Accutase was purchased from Innovative Cell Technologies (San Diego, CA).
Carbenicillin-containing (100 pg/mL) and kanamycin-containing (50 pg/mL) LB agar
plates were purchased from Biopioneer (San Diego, CA). UltraPure Agarose, and LB broth powder
were purchased from Thermo Fisher Scientific (Waltham, MA). NEB Stable competent E. coli
cells were obtained from New England Biolabs (Ipswich, MA). Frozen aliquots of these cells were
prepared with the “Mix & Go!” Transformation Kit (Zymo Research, Irvine, CA). All restriction
enzymes, Q5 polymerase, HiFi Assembly 2X master mix, T4 DNA ligase, and KLD enzyme mix,
were purchased from New England Biosciences (Ipswich, MA). Pre-cast SDS-PAGE gels were

purchased from Bio-Rad (Hercules, CA).

Plasmids

SynNotch plasmids pHR SFFV_LaG17 synNotch TetRVP64 and pHR EGFPligand,
were a gift from Wendell Lim (Addgene plasmid # 79128 and 79129, respectively). The Sleeping
Beauty transposase plasmid pCMV(CAT) T7-SB100 was a gift from Zsuzsanna [zsvak (Addgene
plasmid # 34879). The Sleeping Beauty plasmids pSBBi-RP, pSBBi-GB, pSBBi-Pur, and pSBTet-
GB were a gift from Eric Kowarz (Addgene plasmid # 60513, 60520, 60523, and 60504,
respectively). Plasmids pMD2.G and pCMV-dR8.2 dvpr were a gift from Didier Trono (Addgene
plasmid # 12259 and 8455).

The following genes for methylxanthine synthesis enzymes were ordered from Twist
Biosciences (San Francisco, CA) or as gene blocks from Integrated DNA Technologies
(Coralville, TA): CaDXMT (AB084125), CaMXMT (MW263197), CaXMT1 (MW263198),
CCS1 (MW263199), CsAncCS (MW309842), PcAncCS2 (MW309843), PcCS (BK008796.1),

TCS1 (AB031280.1), and TCS2 (MW269521). DNA sequences are available in S2 File.
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The Sleeping Beauty expression vectors were prepared by use of HiFi Assembly, T4
ligation after restriction digest(s), and/or a Q5 Site-Directed Mutagensis Kit with only slight
modifications to manufacturer-provided protocols. Detailed protocols are available in S3 File.

The tet-inducible reporter circuit plasmids backbone was prepared by modification of
pSBTet-GB to remove constitutive expression of rtTA found in the parent plasmid via site-directed
mutagenesis. Normally, the constitutive expression of rtTA allows for inducible gene expression
from pSBTet-GB upon the addition of tetracycline. Removal of constitutive rtTA expression
means that the inducible protein will only be expressed in the presence of the tetracycline trans-
activator derived from a different source. The finished reporter plasmids were then made by HiFi
assembly of pSBTet(-ArtTA)-GB with dTomato-P2A from pSBBi-RP and CCS1. In this work,
these plasmids are always co-expressed with pSBBi-P LaG17-synNotch-TetRVP64 which will
liberate its tetracycline trans-activator (i.e. TetRVP64) upon activation of the receptor and thus
induce expression of the gene of interest.

The following plasmids are available from Addgene: pSBBi-RP PCCS (#139159), pSBBi-
RP TCS1(#139161), pSBBi-RP CCS1 (#139162), pSBBi-RP CaDXMT (#139165), pSBBi-RP
CsAncCS (#139167), pSBBi-GB CaXMT1 (#139168), pSBBi-RP PcAncCS2 (#139170), pSBBi-
GB TCS2 (#139171), pSBBi-RP CaMXMT (#139172), and pSBBi-Pur LaG17-synNotch-

TetRVP64 (#158133).

Mammalian Cell Culture

General Information

HEK-293T (#CRL-3216) and K562 (#CCL-243)cells were purchased from American

Type Culture Collection (Manassas, VA). All mammalian cell culture was carried out in a


https://doi.org/10.1101/2020.12.29.424659
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.29.424659; this version posted December 29, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

biosafety cabinet using appropriate sterile technique. Cells were counted using a Bio-Rad TC20
cell counter. Adherent cells were detached with TrypLE. Cells were split when cultures reached
>90% confluence for adherent cells or when the concentration exceeded 1.5 x 10° cells/mL for
suspension cells. Antibiotics were not used routinely and were only used as prophylactic treatment
for cell sorting. All routine cell culture media consisted of 10% FBS in DMEM. Cells were tested
for mycoplasma every 6 months.

Lentivirus production

HEK-293T cells were grown to approximately 90% confluence in a 10-cm dish coated with
poly-L-lysine to prevent detachment of cells. Plasmids were diluted to 250 pL in OptiMEM so
that the final solution contained 8 pg pMD2.G, 18 pg pCMV-d8.2 dvpr, and 12 pg of
pHR EGFPligand. A polyethyleneimine solution (114 pL of 1 pg/pL) was diluted to 250 pL using
OptiMEM. The plasmid and PEI solutions were then combined, gently mixed, and left to incubate
at room temperature for 30 minutes. The solution was gently pipetted carefully across the whole
surface of the plate and the plate was gently rocked side-to-side to mix. Conditioned media was
collected at 24-hour intervals for 3 days, concentrated using a 100 kMW Amicon spin filter and
frozen at -80 °C if not used immediately.

Lentiviral transduction

A desired quantity of lentivirus concentrate was diluted in DMEM +10% FBS containing
8 ug/mL polybrene. K562 cells were centrifuged, washed once with HBSS, and resuspended with
the cell culture medium containing lentivirus and polybrene to a final concentration of 2x10°
cells/mL. 2 mL of this cell suspension was added to a well in a 6-well plate. The plate was sealed
in two zipper-top bags and centrifuged in a pre-warmed swinging bucket centrifuge for 90 min at

33 °C and 1000 RCF. After incubating the plate for 24 hours at standard cell culture conditions,
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the medium was replaced with fresh cell culture medium and the cells were cultured as usual,
splitting when the concentration exceeded 1x10° cells/mL. After approximately 1 week, the cells

were sorted to retain GFP-positive cells by flow-assisted cell sorting.

Flow-assisted cell sorting (FACS)

Cells to be sorted were detached using Accutase instead of TrypLE. The detachment was
halted by addition of an excess of HBSS or PBS. The cells were pelleted by centrifugation. The
supernatant was removed and the cells were washed 3 times with sort buffer (0.5% (w/v) BSA,
and 25 mM HEPES in pH 7 PBS). The cell suspension was passed through a 40 um cell strainer
to produce a single-cell suspension. The cells were counted and then diluted to a final concentration
of 3 to 7 million cells/mL.

Cells were sorted as the experiment needed using a BD Influx cell sorter (BD Biosciences,
San Jose, CA) by staff at the UCSD Human Embryonic Stem Cell Core Facility at Sanford
Consortium for Regenerative Medicine (La Jolla, CA). After sorting, they were re-plated at the
desired concentration in 50% conditioned medium / 50% fresh medium with Primocin at a final
concentration of 100 pg/mL. The Primocin is maintained in culture medium of sorted cells for at

least 1 week after sorting to ensure the cells do not become contaminated.
Sleeping Beauty transduction and selection

HEK-293T cells were plated in poly-L-lysine-coated 24-well plates and grown until ~90%
confluent in 500 pL of medium. Typically, 475 ng of transposon plasmid and 25 ng of
pCMV(CAT) T7-SB100 were diluted to 50 pL with Opti-MEM medium. 1.5 pL of Lipofectamine
2000 was added to 50 uL of Opti-MEM. The Lipofectamine 2000 and DNA solutions were mixed

gently with a pipette tip and incubated at room temperature for 30 minutes. The prepared DNA


https://doi.org/10.1101/2020.12.29.424659
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.29.424659; this version posted December 29, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

lipoplexes were carefully pipetted over the surface of each well and the plate was gently rocked
side to side to mix. The cells were left to grow for 24 hours in the incubator.

The next day, cells were inspected on the microscope to check for presence of the
fluorescent reporter from the Sleeping Beauty transposon plasmid. If strong fluorescence was not
observed, the cells are incubated for an additional 24 hours before re-inspecting. If strong
fluorescence was not observed after 48 hours, the cells were discarded, and the transduction was
repeated. Once strong fluorescence was observed, the culture was split to a 12-well plate well in 1
mL of medium containing puromycin or blasticidin at the concentrations shown in Table 3.
Approximately every 3 days, the selection antibiotic concentrations were increased to
concentrations shown in the same table. Once the final concentration was reached, the selection
antibiotics were maintained for a further 14 days. During this time, the cells populations were

expanded and aliquots were frozen on day 14 upon cessation of antibiotic use.

Table 3: Antibiotic Selection Concentrations

Day [Puromycin] [Blasticidin S]
(ng/mL) (ng/mL)
1 0.5 7.5
4 1.0 15.0
7 1.5 22.5
10 2.0 30.0

To transduce cells with two plasmids, the same process is carried out except the initial
transduction includes two plasmids instead of one. In this case, the total quantity of DNA and
lipofectamine were increased to 750 ng and 2.25 pL, respectively. The initial selection was started
at the lowest listed concentration of each antibiotic, but the concentration was only increased if it

was visually evident that there were enough cells to continue. The antibiotic concentrations were
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increased, as before, when three days had elapsed or the cell population looked sufficiently large

to tolerate the increased selection pressure.
Methylxanthine synthesis enzyme substrate activity assay

Cells that constitutively express the various methylxanthine synthesis enzymes were all
screened in the same fashion. Cells (0.5 mL of 2x10° cells/mL) in DMEM with 10% FBS were
added to each well of a poly-I-lysine-coated 12-well plate. After 24 hours, 1 mL of 300 uM of one
of the enzyme substrates was added to each well (final volume = 1.5 mL). If any wells are unused,
they were filled 1.5 mL of medium to limit variability in evaporation from plate to plate (Table
4). These were incubated for 72 hours in a cell culture incubator. At 72h, the cell medium
supernatant was removed in its entirety from each well and transferred to a pre-weighed sample
tube. The tube was weighed, and its weight was recorded. The tubes are centrifuged for 2 minutes
at 16,000 x RCF and 30 pL used for HPLC analysis. Metabolite peaks on the chromatogram from
the diode array detector at 272 nm are positively identified by comparison with known standards.
The peaks are integrated using the Agilent Chemstation software and the concentration is
determined using a calibration curve of known concentrations for each substance.

The concentration is then corrected to what the concentration would have been without
evaporation (i.e. it is multiplied by ratio of the masses of unevaporated medium to recovered
medium) so that the semi-quantitative concentration can be more easily compared to the starting
concentration. The mass of unevaporated medium used for this was the average of three samples
prepared of at the time of plating cells for each experiment. This is necessary because there are
differences in evaporative loss across the wells of a 12-well plate and between plates at different

positions in a stack.


https://doi.org/10.1101/2020.12.29.424659
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.29.424659; this version posted December 29, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Table 4: Example plating diagram for enzyme substrate activity assay in a 12-Well Plate

200 pM X 200 uM XR | 200 uM ImX | Medium

200 uM 3mX | 200 pM 7mX | 200 uM 37mX | Medium

200 uM 13mX | 200 pM 17mX CTRL Medium

Experiments with co-culture of TCS2- or CaXMT1-expressing cells were performed
similar the standard assay with only minor modifications. TCS2- or CaXMT1-expressing cells
(0.25 mL of 2x10° cells/mL) in DMEM with 10% FBS were added to each well. The same amount
(0.25 mL of 2x10° cells/mL) of CCS1 cells were added to the co-culture wells and 0.25 mL of
DMEM +10% FBS was added to the other wells. After 24 h, 1 mL of 600 uM XR was added to

each well. The protocol was otherwise unchanged.
Juxtacrine signalling-induced expression of CCS1

For all experiments, HEK-293T cells were doubly transduced (via Sleeping Beauty, as per
usual) with pSBBi-P LaG17-synNotch-TetRVP64 and pSBTet(-ArtTA)-GB dTomato-P2A-CCS1
and selected with blasticidin and puromycin to produce the CCS1 Reporter Cells. The Reporter
Cells were plated at an areal density of 40,000 cells/cm? with a culture medium volume to surface
area ratio of 1 mL/5 cm?, e.g. a T-25 flask would have 1 million reporter cells seeded and 5 mL of
culture medium added. 1,7-Dimethylxanthine was present at a final concentration of 200 uM. The
K562 Target Cells, produced by lentiviral transduction and described previously, were seeded
simultaneously the desired ratio. This plating scheme can be scaled for 24-well plates, 12-well
plates, and T-25 flasks easily. The cell culture medium is harvested at 72 hours and is analyzed by

the typical method with HPLC.
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High performance liquid chromatography

Reverse phase high performance liquid chromatography (HPLC) and liquid
chromatography with mass spectrometry (LCMS) were performed on an Agilent Infinity 1260
series (Santa Clara, CA) with diode-array detector (DAD) and a single quad mass spectrometer.
An Agilent Polaris 5 C18-A column (1804, 4.6 x 250 mm, 5 um) or Polaris 5 C18-A (1804, 10.0
X 250 mm, 5 um) were used for all separations involving xanthine derivatives. The standard
gradient conditions used can be found in the Table S5, but this method can be modified as needed
to account for differences in column quality over time. If additional elution time was needed, the
solvent mix was simply maintained at 83%/17% water/acetonitrile for a desired period after 14
min. The subsequent steps then have their times shifted later by a corresponding amount.

Peaks are identified by comparison to known standards prepared using conditioned cell
culture medium. Mass spectrometry could sometimes be used to identify peaks, but the high ionic
content of the samples likely impaired efficient ionization of the xanthines and produced low
intensities. All quantifications were performed by integrating chromatogram peaks from
absorbance at 272 nm and calculating the concentration of the substance using a linear regression
obtained from a standard curve of known concentrations. Given the culture medium sample
composition has a high ionic content, future revisions of the method would likely be improved by
use of buffer in solvents A and B instead of pure solvents or involve pre-extraction/desalting of

the samples.

Table 5: HPLC method for separation of xanthines

Time % Solvent A % Solvent B
(min) (H,O0 + 0.1% TFA) (ACN + 0.1% TFA)
0 92 8
14 83 17
16 5 95
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20 5 95
27.5 92 8
36 92 8
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