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Development of a multi-enzyme cascade for 2'3'-
cGAMP synthesis from nucleosidest
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The interest in multi-enzyme cascades for the synthesis of pharmaceutically relevant active ingredients

has increased in recent years. Through a smart selection of enzymes, cascades enable multi-step

synthesis in a one-pot reaction without the purification of intermediates. In this study, a five-enzyme
cascade for the formation of cyclic 2'3'-GMP-AMP (2'3'-cGAMP) from adenosine and guanosine in
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seven reaction steps was successfully developed. First, the substrate scope of kinases for the
phosphorylation of nucleosides and nucleotides was investigated, which were then combined in an
enzyme cascade for 2'3'-cGAMP formation from adenosine, guanosine, and polyphosphate. An overall

conversion of 57% of the substrates into 2'3'-cGAMP was achieved in relation to the initial guanosine

rsc.li/catalysis concentration.

Introduction

The synthesis of active pharmaceutical ingredients (APIs) is
often complex and includes a multitude of reaction steps.
Biotechnological synthesis has established itself as an
indispensable tool to produce active ingredients by utilizing
whole cell biocatalysts or isolated enzymes. In whole cell
biocatalysts, the natural metabolic network of the
microorganism is exploited to produce high value products
from low-cost substrates. Suitable enzymes can also be
purified and used in in vitro multi-enzyme cascades for the
synthesis of the desired products with fewer side reactions
and higher control compared to whole cell-based methods."
Since enzyme cascade reactions have several benefits, their
significance is steadily increasing.” Higher product yields can
be achieved by shifting the equilibrium of thermodynamically
unfavorable reactions, which, combined with the avoidance of
purification of intermediates, leads to a reduction in waste
and costs.>* In addition, enzyme cascades enable the
handling of wunstable or toxic intermediates, as the
accumulation of intermediates can be avoided by converting
them directly into the end product.’
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In order to exploit advantages of enzyme cascades, the
reaction conditions of the individual enzymes must be
compatible with each other, which can lead to extensive fine-
tuning to achieve optimal reactivity. For example, a suitable
temperature, pH and reaction system must be found in
which all enzymes used are sufficiently catalytically active.®”
In addition, the concentrations of substrates and enzymes
must be adjusted to each other to prevent accumulation of

intermediates, enzyme inhibition and to avoid side
reactions.®®
The regeneration of depleted cofactors such as

nicotinamide adenine dinucleotide (phosphate), coenzyme A
or adenosine 5'-triphosphate (ATP) is important in multi-
enzyme cascades, which themselves often require complex
regeneration enzyme cascades.'® In case of ATP, one of the
most used regeneration systems consists of phosphorylation
from adenosine 5'-diphosphate ADP by acetate kinases
(AcK), as used for example in the synthesis of glucose
6-phosphate.'™*? Electrochemically coupled ATP
regeneration by a pyruvate oxidase and an AcK has in
addition already been demonstrated.'® In recent years the
use of polyphosphate kinases 2 (PPK2) has gained interest
due to the use of low-cost polyphosphate (polyP).'> They
have been successfully used for ATP regeneration in enzyme
cascades for methyltransferases,"* multigram-scale aldehyde
synthesis,”® formation of nucleotide sugars,’® and in the
monoacylation of symmetrical diamines.”” The PPK2
enzymes can be divided into three classes: PPK2s class I
catalyze the phosphorylation of nucleoside diphosphates
(NDPs) into nucleoside triphosphates (NTPs), PPK2s class II
catalyze the conversion of nucleoside monophosphates
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(NMPs) into NDPs and PPK2s class III combine both
properties phosphorylating NMPs into NDPs and NDPs into
NTPs. Besides PPK2 enzymes, there are nucleoside kinases
(NKs), which catalyze the transfer of a y-phosphate of a
NTP to a nucleoside. Enzyme cascades consisting of NKs
and PPK2s enable ATP formation from polyP and
adenosine,” and the enzymes are often used for NTP
regeneration."”

Beside the role of NTPs as an energy-rich cofactor, there
are also pharmaceutically relevant derivatives, which can
act as APIs. For example, the antiviral derivatives
molnupiravir,'® remdesivir,’” and sofosbuvir** are prodrugs
that are further metabolized into their corresponding
biologically active triphosphate forms. Another exciting field
of application for NTP-based APIs is the synthesis of 2'3'-
cyclic GMP-AMP (2'3-cGAMP). This second messenger is
part of the mammalian innate immune system and is
synthesized from ATP and guanosine 5'-triphosphate (GTP)
by the enzyme cyclic GMP-AMP synthase (cGAS) in presence
of double-stranded DNA.>' The cyclic dinucleotide (CDN)
initiates a signalling cascade by binding to the receptor for
the stimulator of interferon genes (STING) located at the
endoplasmic reticulum.”* Binding to the STING receptor
leads to the release of type-I interferons stimulating the
innate immune system. This property makes 2'3'-cGAMP a
promising candidate for drug discovery, with potential
applications in cancer immunotherapy or adjuvant in
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vaccines.”>*! In addition to the described biocatalytic
cyclization®*® of 2'3-cGAMP by cGAS from ATP and GTP,
there are also chemical synthesis routes. The most widely
used synthesis route starts with phosphoramidites and
involves eight synthesis steps, achieving yields of up to
30%.>7%*

To date, two enzyme cascades for 2'3-cGAMP formation
or its derivatives have been developed. In a cascade
developed in our lab, adenosine was phosphorylated into
ATP by one NK and two PPK2s generating 2'3-cGAMP
concentrations of 0.62 mM with stoichiometric GTP
addition.?® In another cascade, the fluorinated dithio-2'3"-
cGAMP derivative MK-1454 was synthesized from two non-
natural nucleotide monothiophosphates®® at a preparative
scale. An adenylate kinase, guanylate kinase, AcK, and
cGAS were used and an isolated yield of 62% was
achieved.

To utilize polyphosphate and thus avoiding the
requirement of expensive acetyl phosphate as phosphate
donor, we developed a five-enzyme cascade for 2'3'-cGAMP
formation from nucleosides, as shown in Fig. 1. For this
purpose, various NKs were tested for their ability to
phosphorylate guanosine and adenosine as well as PKK2s to
phosphorylate guanine and adenine nucleotides. The
findings obtained were used to select reaction conditions for
2'3-cGAMP formation by truncated human cGAS (thscGAS)
from adenosine, guanosine, and polyP.
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Fig. 1 Simplified scheme for an enzyme cascade 2'3'-cGAMP synthesis from nucleosides using NKs, PPK2s and thscGAS. NK: nucleoside kinase;

PPK2: polyphosphate kinase 2; polyP,: polyphosphate; polyP,1: polyP truncated by one phosphate monomer.;

GMP: guanosine monophosphate;

GDP: guanosine diphosphate; GTP: guanosine triphosphate; AMP: adenosine monophosphate; ADP: adenosine diphosphate; ATP: adenosine
triphosphate; NDP: nucleoside diphosphate; NTP: nucleoside triphosphate; 2'3'-cGAMP: 2'3'-cyclic GMP-AMP; HT-DNA: herring testis DNA; PP;:

pyrophosphate.
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Results and discussion

Enzyme screening for cascade design

Various nucleoside kinases and polyphosphate kinases were
investigated for their accepted substrate scope to identify
suitable enzymes for the formation of 2'3-cGAMP from
nucleosides.

The two nucleoside kinases from Saccharomyces cerevisiae
(ScADK)*' and Methanocaldococcus jannaschii (MjNK)** were
tested for their ability to phosphorylate adenosine and
guanosine with either ATP or GTP as phosphate donor.
Adenosine was completely converted into AMP by ScADK, which
is consistent with previous experiments.**?° Since no conversion
of guanosine was detected by ScADK, MjNK was investigated.
However, no phosphorylation of guanosine was detected at the
standard assay temperature of 37 °C, which is due to the fact
that MjNK has a temperature optimum of 85 °C.** Since an
excessive hydrolysis of the co-substrates ATP can be suspected at
higher temperatures, the temperature-dependent hydrolysis was
investigated (ESL} Fig. S3 and S4). After incubation for 6 h at 80
°C, only 48% of the initial ATP concentration was detected. At
70 °C, 91% of ATP was detected after 6 h incubation, which is
close to the published values.>® Therefore, an initial reaction
temperature of 70 °C was chosen for the phosphorylation of
guanosine to decrease ATP hydrolysis. Under these conditions, a
conversion of 95 + 1% guanosine into GMP was detected after
24 h, which is of note because the pH of the Tris buffer used is
temperature dependent.®® For the phosphorylation of adenosine,
only 2% were converted to AMP after 24 h, which is in
accordance with previous publications.*®

The PPK2 of Acinetobacter johnsonii (AjPPK2),*® belonging
to PPK2 class II, and from Sinorhizobium meliloti (SmPPK2),””
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belonging to PPK2 class I, were investigated for their ability
to phosphorylate ADP/GDP and AMP/GMP, respectively. The
class IIl PPK2s from Meiothermus ruber (MrPPK2),*®
Erysipelotrichaceae bacterium (EbPPK2),"> and Cytophaga
hutchinsonii (ChPPK2),*® were investigated regarding their
ability to convert AMP and GMP into ATP and GTP.
Substrates were supplied with a concentration of 5 mM using
polyP as phosphate donor. The determined conversions of
substrates into the final products after 24 h are summarized
in Table 1. AjJPPK2 catalyzed the phosphorylation of AMP and
GMP into ADP and GDP in the range already reported.*® For
the SmPPK2-catalyzed phosphorylation, 29% conversion of
ADP to ATP and 59% of GDP to GTP was achieved.

The MrPPK2 did not catalyze the phosphorylation of GMP,
but EDPPK2 and ChPPK2 were both able to convert AMP and
GMP into ATP and GTP, which makes them interesting for
the enzyme cascade. With 82% ATP and 62% GTP, ChPPK2
showed higher conversions for both substrates into the final
products compared to the EbPPK2 after 24 h. The K, values
of ChPPK2 of 620 uM for AMP and 3150 uM for GMP show a
higher affinity to AMP.*°

To obtain a benchmark of the catalytic efficiency of the
enzymes, the turnover numbers (TONs) were calculated from
the product and enzyme quantities. It should be noted that it
cannot be ruled out that the reaction was limited by reaching
equilibrium or that the reaction was not fully completed
within the reaction time of 24 h. Therefore, the TONs
determined should be considered as reference or apparent
value. A TON of 2575 was determined for ScADK, 1210 for
MjNK, and 1862 for thscGAS. With a TON between 33273
with AMP as substrate and 20577 with GMP as substrate,
ChPPK2 stands out compared to the other PPK2s, whose

Table 1 Conversion of substrates into the NDPs and NTPs in percent (n/n) determined after 24 h in substrate scope assays based on initial substrate
concentrations and final product concentrations with purified PPK2s AjPPK2, SmPPK2, MrPPK2, EbPPK2 and ChPPK2. Substrate concentrations of 5 mM
nucleoside monophosphates or nucleoside diphosphates were tested as indicated in a reaction volume of 1 mL. In case of AjPPK2, SmPPK2, MrPPK2
and EbPPK2, assays were carried out in duplicates in deep well microplates with enzyme concentrations of 0.02 mg mL™? and 30 mM polyP calculated
as single phosphate units or as indicated. All assays were performed in 50 mM TRIS-HCI buffer containing 40 mM MgCl,-6H,0 with 20% DMSO except
for ChPPK2 at pH 8.0 and 37 °C. Samples were taken after 0 and 24 h. The turnover numbers (TONs) were calculated from the enzyme concentration
and the product concentration of the assays. In the case of class Il PPK2s, the transfer of a single phosphate group was considered separately

Substrates

Adenosine species

Guanosine species

NH, NH, o o}
= N~ . N~ N
oy ¢ o Ty o T o o dpw
0-P-01 NN 0-R-0-P-0 NN “0-P-0 N7 N NH, “0-P-0-P-0 NN NH,
o koj 0o O %07 Is) o 5 8
HO OH HO OH HO OH HO OH
Substrate AMP ADP GMP GDP
PPK2 Conversion in Conversion in Conversion in Conversion in
Enzyme class  Reaction product [%] TON product [%] TON  product [%] TON product [%] TON
AjPPK2 1I NMP — NDP 81+3 12460 — — 70 +1 5124 — —
SmPPK2 I NDP — NTP — — 29 +1 2080 — — 59+4 1869
MrPPK2¢ 111 NMP — NTP 29 +3 1553 — 0+0 1446° — —
EbPPK2¢ III NMP — NTP 31+£10 8097 — — 51 +10 7884 — —
ChPPK2° 111 NMP — NTP 82 + 15 33273 — — 62 +1¢ 20577 — —

— not tested. “ Performed in 1.5 mL Eppendorf tubes in triplicates, 30 mM polyP, enzyme concentrations: 0.01 mg mL™’. * Only GDP was
formed. © Only the conversion of NMPs to NTPs was investigated and not the conversion to NDPs.
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TONSs are in the range between 1446 and 12460 as shown in
Table 1.

Enzyme cascade development for 2'3'-cGAMP formation from
guanosine

After successfully screening of the enzymes regarding
their substrate scope, the next goal was to develop a cascade
for 2'3'-cGAMP formation from guanosine and ATP, since the
phosphorylation cascade from adenosine into ATP is already
established.” 2'3"-cGAMP was formed in four reaction steps
from guanosine (Fig. 2). The incubation temperature for the
respective reaction steps was adjusted and the enzymes were
added sequentially, first only MjNK at 70 °C and after
decreasing the temperature to 37 °C for the remaining
enzymes.

The phosphorylation of guanosine catalyzed by MjNK was
carried out with 5 mM guanosine and an equimolar ATP
concentration. After 6 h, further 2.5 mM ATP were added.
After 24 h, 4.70 + 0.06 mM GMP was detected, which may
have been slightly overestimated due to incomplete base line
separation in the HPLC chromatograms (ESLT Fig. S8). After
decreasing the temperature, ChPPK2, EDPPK2, and thscGAS,
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as well as polyP and herring testis DNA (HT-DNA) (required
for cGAS activation) were added and incubated at 37 °C for
24 h. The reaction progress at 37 °C is shown in Fig. 3.

After 24 h, 1.21 + 0.12 mM 2'3'-cGAMP was detected
corresponding to a conversion of 24% of the initial
guanosine concentration used. This is three times higher
than the existing enzyme cascade starting from adenosine,*
demonstrating an efficient flux of guanosine substrates
through the cascade. The specific thscGAS activity was 43.0 +
13.7 mU mg ' within the first 2 h, which is more than half of
the maximum enzyme activity of 73.5 + 7.8 mU mg ".*' This
represents the first reported 2'3'-cGAMP formation from
guanosine, polyP, and ATP.

With a TON of 1445 for the MjNK (ESL} Table S1), 120%
of the catalytic potential was utilized compared to the
enzyme screening. This increase of TON may result from
different reactions conditions, batch-to-batch differences in
the enzyme preparation, a shift in the equilibrium of the
reaction or that the reaction was not fully completed within
the reaction time in the initial enzyme screening. Since
ChPPK2 and EbPPK2 catalyze the same reaction in the last
step, a combined TON of 953 was calculated. This
corresponds to 5% of the average catalytic potential of both

Step 1: GMP synthesis, 24 h, 70 °C:
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: o} |
> MjNK ¢
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Fig. 2 Reaction scheme of 2'3'-cGAMP formation starting from guanosine and ATP. In the first assay step, 5 mM guanosine and equimolar ATP
were incubated with 0.1 mg mL™ MjNK and 10% DMSO at 70 °C for 24 h. Additional 2.5 mM ATP was added after 6 h. In the second step 50% (v/v)
from the reaction solution was mixed with ChPPK2 (0.05 mg mL™), EbPPK2 (0.05 mg mL™), lyophilized thscGAS (0.08 mg mL™), 30 mM polyP and

0.1 mg mL™* HT-DNA and incubated at 37 °C for 24 h.
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Fig. 3 Concentration curve of the four-enzyme cascade for 2'3'-
cGAMP formation starting from guanosine and ATP. Reaction
conditions: the assay was performed in a reaction volume of 1 mL at
37 °C and 300 rpm for 24 h. The reaction contained 50% (v/v) of the
reaction solution from the first reaction step (composition is explained
in detail in the Experimental section) and an initial GMP concentration
of 2.25 mM. To start the reaction, the enzymes ChPPK2 (0.05 mg
mL™), EbPPK2 (0.05 mg mL™), lyophilized thscGAS (0.08 mg mL™), 30
mM polyP, and 0.1 mg mL™ HT DNA were added. The standard
deviations shown are from biological triplicates.

enzymes, indicating the optimization opportunities of the
reaction. The TON of these enzymes may be restricted by the
rate-limiting enzyme in the cascade or by the equilibrium
constraints of the system, rather than by the enzymes itself.
With 847, the TON of thscGAS reached 45% of the initial
screening. Since the substrates were limiting, the catalytic
potential of thscGAS could not be fully exploited.

Enzyme cascade development for 2'3'-cGAMP formation from
nucleosides

The next goal was to design a sequential enzyme cascade that
allows the phosphorylation of adenosine and guanosine to
ATP and GTP and their subsequent cyclization to 2'3"-cGAMP.
Based on the different optima of the enzymes, the
temperature was set to either 37 °C or 60 °C, and the
enzymes were added sequentially to the assay as shown in
Fig. 4(a). In the first step, ATP was to be formed within 5 h at
37 °C starting from 10 mM adenosine, 1 mM AMP and 45
mM polyP using the enzymes ScADK and ChPPK2. In the
second assay step, GMP formation was to be carried out from
guanosine and ATP within 5 h at 60 °C using MjNK. The
third assay step for AMP and GMP phosphorylation into ATP
and GTP was catalyzed by EbPPK2 and ChPPK2 within 2 h at
37 °C. The final assay step was to obtain 2'3-cGAMP from
ATP and GTP by adding and incubating at 37 °C for 24 h.
Since it is known from own experiments that the stability of
thscGAS is low, 2'3'-cGAMP formation was performed in a
separate step to fully exploit the catalytic potential of

This journal is © The Royal Society of Chemistry 2024
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thscGAS. The reaction courses of the four reaction steps are
summarized in Fig. 4(b) and (c).

As can be seen in Fig. 4(b), adenosine was completely
converted within the first 5 h into 1.31 + 0.03 mM AMP, 5.25
+ 0.65 mM ADP and 4.99 + 0.26 mM ATP. After the second
step (10 h sample), 2.24 + 0.02 mM GMP were obtained from
guanosine. Due to insufficient separation of GTP and
guanosine for the HPLC measurements, the concentrations
of the two substances are listed together.

In the third step, 4.17 + 0.10 mM ATP and 0.36 + 0.01 mM
GTP/guanosine were detected. After the addition of thscGAS,
polyP, and HT-DNA in the last assay step, the concentrations
of ATP and GTP steadily decreased. The continuous decrease
of the concentrations of AMP, ADP, GMP, and GDP shows
that the formation of ATP and GTP continued during the
entire period monitored. After 24 h, 1.31 + 0.05 mM ATP,
0.81 + 0.02 mM ADP, 0.14 + 0.00 mM GDP and 0.12 + 0.00
mM GTP/guanosine were detected, indicating that mainly
adenosine nucleotides remain due to the double initial
adenosine amount. The 2'3'-cGAMP production could hence
be further increased by increasing the guanosine
concentration.

During the entire assay, 2'3-cGAMP was constantly formed
up to a concentration of 1.44 + 0.01 mM after 24 h
corresponding to a conversion of 57% relative to the initial
guanosine. This is eight times higher than the existing
enzyme cascade for 2'3'-cGAMP formation from adenosine.*
The reason for the improvement in product concentration
and conversion is that both ATP and GTP are continuously
formed and thus do not have an inhibitory effect on the
substrate-inhibited cyclization reaction. In addition, ATP and
GTP are not consumed simultaneously for the
phosphorylation of the nucleosides, as these were already
formed in a previous step, which is in contrast to the
previously published cascade. The average specific activity of
thscGAS in the cascade was 50.0 + 2.2 mU mg™" within the
first 2 h, which is slightly lower compared to the maximum
enzyme activity of 73.5 + 7.8 mU mg™" at equimolar substrate
concentrations of 0.5 mM.*" Nevertheless, it is worth noting
that the specific activity is relatively similar, as there were
non-ideal conditions for the enzyme in the cascade. Substrate
inhibition above 2 mM and a decrease in catalytic activity at
non-equimolar substrate concentrations were reported.*?
Therefore, the conditions for the enzyme were not ideal with
3.1 £ 0.1 mM ATP and 0.3 + 0.0 mM GTP at the beginning of
step 4. Furthermore, the specific activity of ¢GAS is higher
than in the enzyme cascade starting from guanosine and
ATP and even higher than in the recently published cascade
for 2'3-cGAMP formation from adenosine and GTP.>’ This
demonstrates an effective exploitation of the catalytic
potential of the enzyme within the developed cascade.

With a TON of 7365 for ScADK (ESI;f Table S2), the TON
achieved in the cascade was more than twice as high as
compared to TONs obtained with the enzyme screening
experiments. The TONs of the other enzymes is 36-44% of
the enzyme screening indicating potential for optimizations,
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(a) 2’3’-cGAMP synthesis from nucleosides
Step 1: ATP synthesis, 5 h, 37 °C:
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Fig. 4 2'3'-cGAMP formation starting from guanosine and adenosine in four assay steps. (a) Reaction scheme; (b) ATP and GTP formation from
nucleoside within the first three assay steps; (c) 2'3'-cGAMP formation from adenosine nucleotides (left) and guanosine nucleotides (right). In the first assay
step, ATP was to be obtained within 5 h at 37 °C starting from 10 mM adenosine, 1 mM AMP and 45 mM polyP using 0.05 mg mL™ ScADK and 0.05 mg
mL™ ChPPK2 in a reaction volume of 1 mL. Also, 5 mM guanosine and 10% (v/v) DMSO were supplied. In the second assay step, guanosine phosphorylation
was to be carried out within 5 h at 60 °C and 0.2 mg mL™ MjNK in a reaction volume of 1.1 mL. The third assay step to obtain ATP and GTP was performed

in a reaction volume of 1.3 mL for 2 h at 37 °C using 0.05 mg mL™ of EbPPK2, 0.

05 mg mL™ ChPPK2 and 45 mM polyP. The final assay step to cyclize ATP

and GTP into 2'3'-cGAMP was carried out at 37 °C for 24 h with 0.12 mg mL™ lyophilized thscGAS and 0.1 mg mL™ HT-DNA in 1.5 mL.
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such as the adjustment of the enzyme concentrations to
avoid rate-limiting steps or equilibriums in the system. In
summary, the developed enzyme cascade for 2'3'-cGAMP
formation comprises five enzymes in a total of four assay
steps, which differ primarily in terms of their temperature. In
further optimizations, it would be desirable to develop the
cascade so that it runs at a constant temperature to
parallelize several assay steps leading to a reduced reaction
time. This can be achieved by increasing the assay
temperature if all enzymes used are stable at higher
temperatures. If this is not possible, alternative suitable
enzymes could be explored. Especially an alternative for the
MjNK would be interesting, which also accomplishes the
guanosine phosphorylation at 37 °C such as the guanosine
kinase from Trichomonas vaginalis,"® which showed
guanosine phosphorylation at 30 °C.

Conclusions

In this study, 2'3-cGAMP formation from the nucleosides
adenosine and guanosine was developed using a multi-
enzyme cascade. It was shown that 2'3-cGAMP can be
obtained in seven reaction steps using two NKs, two
PPK2s and thscGAS under consumption of adenosine,
guanosine, and polyP. The cascade design was started with
an enzyme screening and the development of a cascade
for 2'3'-cGAMP from guanosine, whereby necessary reaction
parameters, such as temperature changes, were defined.
The enzyme cascade for GTP was then combined with the
formation of ATP and subsequent cyclization of these
precursors to 2'3'-cGAMP. The conversion of 57% of the
substrates into the final product with a formation of eight
bonds by five enzymes is approaching the assay yield of
68% of an established enzyme cascade for the synthesis
of a dithio-2'3"-cGAMP derivative with the formation of six
bonds by four enzymes,®® demonstrating the high
performance of the enzyme cascade. In comparison to the
previously published cascade, the use of polyphosphate
instead of acetyl phosphate as a phosphate donor would
be an improvement in terms of the cost of product
formation. However, when comparing the cascades, it
must be mentioned that the reactions were carried out on
different scales (1 mL in this work, 1 L in the
literature®). It therefore remains to be tested whether the
cascade developed here can be scaled, as well as an
efficient product purification can be developed and thus
be able to compete. Irrespective of this, the continuous
supply of ATP and GTP is interesting, as the last enzyme
of the cascade is substrate inhibited, which could thus be
circumvented. However, the current cascade reaction is
relatively complex, involving numerous enzymes, and could
possibly  be  accomplished with  fewer  enzymes.
Nevertheless, the current approach may be advantageous
for using modified nucleosides to synthesize non-natural
derivatives of 2'3-cGAMP. The successful phosphorylation
of nucleotide derivatives has already been demonstrated

This journal is © The Royal Society of Chemistry 2024
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for other enzyme cascades with various kinases that use
polyP** or phosphoenolpyruvate®® as a phosphate donor.
Further optimization of the enzyme cascade could be
achieved by adjusting the enzyme ratios to allow an
increased flux of nucleoside substrates and to further
increase the formed 2'3-cGAMP amount. By using a
structured optimization strategy, such as a orthogonal
factorial design,’® Bayesian optimization,” or kinetic
modeling,*® further optimizations are possible.*’

To conclude, the achieved results of the 2'3'-cGAMP
formation from nucleosides confirm that the complex
development of enzyme cascades is worth it. By
combining multiple biocatalytic reactions, it is possible to
design new, shorter pathways for drug synthesis and to
support the chemical and pharmaceutical industry's goal
of moving to more sustainable and environmentally
friendly processes.’

Experimental section

All chemicals used for this study were purchased from VWR
(VWR  International ~GmbH, Darmstadt, Germany),
ThermoFisher (ThermoFisher Scientific, Waltham, MA, USA),
Merck (Merck KGaA, Darmstadt, Germany), AppliChem
(AppliChem GmbH, Darmstadt, Germany) and Roth (Carl
Roth, Karlsruhe, Germany) in the highest available purity.

Plasmids and strains

The enzymes were produced with E. coli BL21 (DE3) pLysS
and E. coli BL21 (DE3). Descriptions of the plasmids for the
expression of ScADK, AjPPK2, and SmPPK2 can be found in
Mordhorst et al.** The thscGAS expression strain E. coli BL21
(DE3) pLysS pET28a-SUMOthscGAS is described by Rosenthal
et al®*® A list of all bacterial strains used can be found in
Table 2 as well as all DNA sequences and UniProt IDs of the
enzymes in the ESL}

Recombinant enzyme expression

The bacterial strains were spread on LB (10 g L™ tryptone, 5
g L' yeast extract, 5 ¢ L' NaCl) agar plates, supplemented
with 50 mg L™ kanamycin. For expression strains containing
pLysS, 25 mg L' chloramphenicol were added. The agar
plates were incubated over night at 37 °C. The following day,
a pre-culture was made by the inoculation of 10 mL LB
medium in case of the expression of the kinases and 10 mL
2XYT (16 g L™ tryptone, 10 g L™ yeast extract, 5 g L™* NaCl)
medium in case of thscGAS with one colony. The same
antibiotic concentrations were used as for agar plates. The
pre-cultures were incubated for 8 h at 37 °C and 200 rpm.
For the main cultures, the same media conditions were used
as in the pre-cultures. They were inoculated to an ODgqo Of
0.05 in case of the expression of the kinases and ODgq of 0.1
for thscGAS. In case of thscGAS, 200 mL of culture were
incubated in a 2 L baffled shaking flask and 400 mL in case
of the expression of kinases. The main cultures were
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Table 2 List of bacterial strains and plasmids used for enzyme production
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Expression strains Enzyme Description

E. coli BL21 (DE3) pET28a-MrPPK2>" MrPPK2¢ Polyphosphate kinase from Meiothermus ruber

E. coli BL21 (DE3) pET28a-4jPPK2"* AjPPK2” Polyphosphate kinase from Acinetobacter johnsonii

E. coli BL21 (DE3) pET28a-SmPPK2"* SmPPK2“ Polyphosphate kinase from Sinorhizobium meliloti

E. coli BL21 (DE3) pET28a-EbPPK2° EDPPK2¢ Polyphosphate kinase from Erysipelotrichaceae bacterium
E. coli BL21 (DE3) pET28b-ChPPK2"” ChPPK2“ Polyphosphate kinase from Cytophaga hutchinsonii

E. coli BL21 (DE3) pLysS pET28a-ScADK™* ScADK” Adenosine kinase from Saccharomyces cerevisiae

E. coli BL21 (DE3) pLysS pET28a-MjNK** MjNK* Nucleoside kinase from Methanocaldococcus jannaschii
E. coli BL21 (DE3) pLysS pET28a-SUMOthscGAS™® thscGAS? N-terminally truncated cGAS protein from Homo sapiens

“ Hiss-Tag. ” HisgSUMO-Tag. ¢ Cloned in ref. 15.

incubated at 37 °C and 200 rpm. The cultures were incubated
on ice for 15 min, after an ODg, of 1 was reached. The
enzyme expression was induced with 0.5 mM isopropyl-f-p-
thiogalactopyranosid (IPTG). In case of thscGAS, the main
cultures were incubated at 20 °C for 11 h and for 16 h in case
of kinases. The cells were isolated by centrifugation (25 min,
4 °C, 4700 x g) in 50 mL aliquots and the pellets were stored
at —20 °C.

Enzyme purification

After resuspending two cell pellets in 20 mL of lysis buffer
(kinases: 40 mM TRIS-HCI, 100 mM NacCl, 10% (v/v) glycerol,
pH 8.0; thscGAS: 50 mM TRIS-HCI, 300 mM NacCl, 40 mM
imidazole, 1 mM tris(2-carboxyethyl)phosphine (TCEP), pH
8.0), the cells were stored on ice. By sonication, the cells were
disrupted using a Branson Digital Sonifier (BRANSON
Ultrasonics Corporation, Danbury, CT, USA). Five cycles of 30
s with a pulse on time of 0.5 s and a pulse off time of 1 s
with an amplitude of 10% was used. Insoluble cellular
components were removed by centrifugation (20 min, 4 °C,
43000 x g). After sterile filtration (0.2 pm) of the supernatant,
it was loaded onto a 1 mL HisTrap™ FF crude column (GE
Healthcare, Solingen, Germany). The column was pre-
equilibrated using 5 column volumes (CV) of ultrapure water
and 10 CV of lysis buffer. After loading, the column was
washed with 10 CV lysis buffer and incubated for 1 h at 4 °C.
The enzyme has been eluted with elution buffer (20 mM
TRIS-HCI, 150 mM NacCl, 300 mM imidazole, pH 7.4) in six
fractions of 1 mL. Protein-containing fractions were detected
using a Bradford assay and merged to a volume of 2.5 mL. By
using a PD-10 SephadexTM G-25 column (GE Healthcare,
Little Chalfont, UK), a size-exclusion chromatography was
performed for buffer exchange with activity buffer (50 mM
TRIS-HCI, 40 mM MgCl,-6H,0, pH 8.0). The column was pre-
equilibrated with 25 mL ultrapure water and 25 mL activity
buffer. The enzyme was eluted from the column in 3.5 mL
activity buffer. The concentration of the enzyme was
determined by a second Bradford assay. In the ESI;j SDS gels
of the purified enzymes can be found (Fig. S5-S7f). The
purified kinases were stored at —20 °C. In case of thscGAS,
the enzyme was lyophilized overnight and stored at —20 °C
afterwards.

3342 | Catal. Sci. Technol., 2024, 14, 3335-3345

In vitro enzyme assay with MjNK

The enzyme assays were performed in 50 mM TRIS-HCI
containing 40 mM MgCl,-6H,0 activity buffer with 0.05 mg
mL™" MjNK, 5% (v/v) DMSO, 2.5 mM guanosine and 2.5 mM
ATP concentrations. After 6 h, further 1.25 mM ATP was
added. The assays were carried out in 1.5 mL microtubes
incubated at 70 °C in an orbital shaker at 300 rpm in
triplicates. The reaction was started by adding the enzyme.
Samples were taken after 0 and 24 h. The reaction was
stopped by heating the samples to 95 °C for 5 min.

In vitro enzyme assays for enzyme screening

The enzyme assays were performed in 50 mM TRIS-HCI
containing 40 mM MgCl,-6H,O activity buffer. The substrate
concentrations were 5 mM unless otherwise stated. Based on
a single phosphate monomer's molecular weight of 101.96 g
mol™, the concentration of 30 mM polyP utilized was
calculated. The enzyme concentrations of the kinases 4jPPK2,
SmPPK2, MrPPK2, and EbPPK2 were 0.02 mg mL ™" and 0.01
mg mL™" in case of CAPPK2.

The assays of the AJPPK2, SmPPK2, MrPPK2, and EbPPK2
were performed with 20% (v/v) DMSO in 1 mL assay volume
in deep well microplates (polypropylene square 96-deepwell
microplates CR1496, vessel volume 2.2 mL, EnzyScreen BV,
Heemstede, Netherlands) and incubated at 300 rpm at 37 °C
in duplicates. The ChPPK2 assays were performed without
DMSO in microtubes incubated at 37 °C in an orbital shaker
at 300 rpm in triplicates.

The TON of thscGAS was calculated from an experiment
with 0.04 mg mL™" enzyme, 2 mM ATP and 2 mM GTP in 40
mM HEPES buffer, pH 7.2 containing 10 mM MgCl,-6H,0.
The final 2'3-cGAMP concentration was 1.33 mM after 24 h
incubation at 37 °C in an orbital shaker at 300 rpm.

The assay volume was 1 mL. The reaction was started by
adding the enzyme. After 0 h and 24 h samples were taken.
The reaction was stopped by heating the samples to 95 °C for
5 min.

Enzyme cascade for 2'3'-cGAMP formation from guanosine

The enzyme cascade reactions were performed in 50 mM
TRIS-HCI containing 40 mM MgCl,-6H,0 activity buffer in a
2 mL microtube, with a reaction volume of 1 mL.

This journal is © The Royal Society of Chemistry 2024
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The reaction was divided into two assays. In the first
assay, the reaction was carried out at 70 °C and 10% (v/v)
DMSO by using 0.1 mg mL™" MjNK to convert the 5 mM
guanosine and 5 mM ATP to GMP in 24 h. After 6 h, 2.5 mM
ATP was added to the assay. The second assay for 2'3-cGAMP
formation was performed at 37 °C for 24 h. This consisted of
50% (v/v) of the first assay step, 0.05 mg mL ™" ChPPK2, 0.05
mg mL™" EPPPK2, 30 mM polyP, 0.1 mg mL™" HT DNA, and
0.08 mg mL™" lyophilized thscGAS. During the first assay, 85
pL of sample was collected after 0 and 24 h each. In the
second assay, 85 uL sample was taken after 0, 10, 20, 30, 45,
60, 90, 120 min, 24 h, and 48 h each. The reaction was
stopped by heating the samples to 95 °C for 5 min.

Enzyme cascade for 2'3’-cGAMP formation from adenosine
and guanosine

The enzyme cascade reactions were performed in 50 mM
TRIS-HCI containing 40 mM MgCl,-6H,0 activity buffer in a
2 mL microtube, starting with a reaction volume of 1 mL.
The reaction was divided into four assay steps, which can be
seen in Fig. 5. In the first assay step, ATP was to be formed
within 5 h at 37 °C starting from 10 mM adenosine using
0.05 mg mL™" ScADK and 0.05 mg mL™" CAPPK2, 1 mM AMP,
and 45 mM polyP within 5 h. Also, 5 mM guanosine and a
DMSO concentration of 10% (v/v) were supplied in the
reaction volume of 1 mL. In the second assay step, GMP
formation was to be carried out within 5 h at 60 °C. An MjNK
concentration of 0.2 mg mL ™" in a reaction volume of 1.2 mL
was set. Subsequently, the assay was placed on ice for
cooling, as the third assay step for ATP and GTP formation
was performed for 2 h at 37 °C using 0.05 mg mL™" each of
EbPPK2 and ChPPK2 as well as 45 mM polyP. The reaction
volume was adjusted to 1.3 mL. The final assay step of 2'3'-
cGAMP formation was carried out at 37 °C for 24 h with 0.12
mg mL™" lyophilized thscGAS and 0.1 mg mL ' HT-DNA. The
reaction volume was adjusted to 1.5 mL. At the beginning of
each step, 100 pL of sample was taken. During the last assay
step of the 2'3’-cGAMP formation, samples were taken after 0,
10, 20, 30, 45, 60, 90, 120, 150, and 180 min and after 24 h.
The reaction was stopped by heating the samples to 95 °C for
5 min.

Adenosine
Guanosine ScADK
AMP ChPPK2
PolyP
Step 1:
ATP-synthesis

4 Step 2: -—

GMP-synthesis
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Temperature stability of ATP and GTP

In 1.5 mL Eppendorf tubes, 1 mL of either 5 mM ATP or
5 mM GTP solution was incubated in 50 mM TRIS-HCI,
40 mM MgCl,-6H,0 activity buffer in duplicates at 60 °C,
70 °C, and 80 °C. Samples were taken after 0, 2, 3.5, 4.75,
6, 7.25 and 24 h and analysed by HPLC (1260 Infinity II

LC system (Agilent Technologies, Santa Clara, USA)
consisting of a diode array detector (1260 DAD HS),
column thermostat (1260 MCT), multisampler (1260

Multisampler), binary pump (1260 Binary Pump) and an
Agilent Poroshell 120 EC-C18 (3.0 x 150 mm, 2.7 pm
particle size) column). An isocratic method was used with
a mobile phase consisting of 50 mM triethylammonium
acetate (TEAA) with 2% acetonitrile at 0.7 mL min~" for 10
min. The column was heated to 40 °C and the injection
volume was 5 pL. Peaks were detected at 254 nm. The
measured concentrations were normalized to the initial
substrate concentration of 5 mM. The results can be
found in the ESI} Fig. S3 and S4.

Quantification of 2'3-cGAMP, nucleosides, and nucleotides

The analysis of the samples of the enzyme assays was
performed by reversed-phase high-performance liquid
chromatography (RP-HPLC). An Ultimate™ 3000 HPLC
system (Thermo Fisher Scientific™, Waltham, USA)
consisting of a pump (UltiMate 3000 Pump), autosampler
(UltiMate 3000 Autosampler), column oven (UltiMate 3000
Flow Manager), and a wavelength detector (UltiMate 3000
Variable Wavelength Detector). The separation of the analytes
was performed with an ISAspher 100-5 C18 AQ column (250 x
4 mm, ISERA GmbH, Diiren, Germany) column heated to 30
°C using an injection volume of 10 pL. The gradient used
consisted of mobile phase A (50 mM TEAA with 2%
acetonitrile) and mobile phase B (95% acetonitrile, 5% water)
at a flow rate of 1 mL min™ (0 min: 100% A; 16 min: 100%
A; 24.5 min: 96% A, 4% B; 25 min: 75% A, 25% B; 27 min:
5% A, 95% B; 33 min: 5% A, 95% B; 34 min: 100% A; 49 min:
100% A). The samples and standards were analyzed at a
wavelength of 254 nm. The chromatograms were evaluated
using Chromeleon™ (Thermo Fisher Scientific™, Waltham,
USA).

T
Step 3:

GTP & ATP-synthesis

Step 4:
2'3'-cGAMP-Synthesis

T=37°C,t=5h;V=1mL T=60°C, t=5h;V=12mL ”

! } !

Sample: 0 h Sample: 5h Sample: 10 h

T=37°C,t=2h;V=13mL T=37°Ct=24h;V=15mL

l Samples: l

0, 10, 20, 30, 45, 60, 90,

Sample: 12 h 120, 150, 180, 1440 min

Fig. 5 Schematic workflow of the sequential one-pot approach for 2'3'-cGAMP formation starting from adenosine and guanosine.
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LC-MS validation of 2'3'-cGAMP

A 1260 Infinity II LC system (Agilent Technologies, Santa
Clara, USA) consisting of a diode array detector (1260 DAD
HS), multicolumn thermostat (1260 MCT), degasser (1260
Degasser), multisampler (1260 Multisampler), binary pump
(1260 Binary Pump) and an Agilent Poroshell 120 EC-C18 (4.6
x 100 mm, 2.7 pm particle size) column were used for LC-MS
analysis. The gradient used consisted of mobile phase A
(0.1% formic acid) and mobile phase B (100% acetonitrile) at
a flow rate of 1 mL min™" (0 min: 5% A, 95% B; 7 min: 95%
A, 5% B; 9 min: 5% A, 95% B; 14 min: 5% A, 95% B). The
column was heated to 40 °C and the injection volume was 5
pL. Peaks were detected at 254 nm. Using an Agilent
Technologies 6120 Single Quadrupole LC-MS, the mass
spectra were obtained over the mass range of m/z 100 to
1000. A temperature of 350 °C and a dry gas flow rate of 12 L
min~' were established in the electrospray chamber. The
capillary voltage was 3 kV, and the nebulizer pressure was 35

psi.
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