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Nucleobase-modified nucleoside-5’-triphosphates (NTPs) are important building blocks for the enzymatic
synthesis of non-coding RNAs and mRNAs with improved properties. Chemical phosphorylation of base-
modified nucleotides to NTPs remains challenging. Here, we report the enzymatic phosphorylation of
purine-modified nucleoside-5"-monophosphates (NMPs) to the corresponding NTPs by the polyphos-
phate kinase 2 class Il from an Erysipelotrichaceae bacterium (EbPPK2). The enzyme is highly
promiscuous, accepting a range of NMPs with purine modifications. EbPPK2 efficiently catalyses the
formation of the corresponding di-, tri- and tetraphosphates, typically with >70% conversion to the NTP.
Slower conversion was observed for analogues with oxo- or thio-substitutions at the C6-position. To

Received 30th April 2025, better understand nucleotide binding and catalysis, we determined the crystal structure of EbPPK2 at 1.7 A

Accepted 4th July 2025 resolution bound to a non-hydrolysable ATP analogue and polyphosphate. This enabled structure-guided
DOI: 10.1039/d5cb00108k design of EbPPK2 variants that efficiently convert GMP analogues, while retaining activity for AMP. Apart

from being the preferred industrial-scale ATP recycling catalyst, EbPPK2 and variants bear potential to
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Introduction

Polyphosphate kinases (PPKs) are enzymes that regulate energy
metabolism in bacteria and archaea. PPKs catalyse the transfer
of phosphate groups between adenosine-5'-triphosphate (ATP),
as “energy currency’’ of the cell, and polyphosphate (polyP), a
linear polymer of up to hundreds of phosphate units, as energy
storage (Fig. 1A and B). PPKs were initially investigated as
targets for antibiotics."” These enzymes are also used for
biocatalytic ATP recycling,® as well as to produce nucleobase-
modified ATP analogues, e.g. for mRNA applications.*® In
bacteria, polyphosphate kinases from family 1 primarily cata-
lyse the formation of polyP. These large, membrane associated
enzymes are difficult to purify, limiting their biotechnological

use.® PPKs from family 2 primarily catalyse production of
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become the favoured enzyme family for purine-modified NTP production.

phosphorylated nucleotides. These PPKs can be subdivided
into three classes (I-III) with different substrate preference
(Fig. 1C). While PPK2-I enzymes prefer the reaction from ADP
to ATP, PPK2-II enzymes favour the reaction from AMP to
ADP.”® The PPK2-IIl enzymes catalyse both aforementioned
phosphorylation reactions, making this subclass the ideal
source for enzymes used in ATP recycling or ATP analogue
generation (Fig. 1C).

Tavanti et al. screened more than 90 PPKs of different
classes and identified the class III PPK from an uncharacterised
Erysipelotrichaceae bacterium (EbPPK2) as an ideal biocatalyst
for industrial ATP recycling.’ The enzyme was reported to retain
good activity after preincubation for 48 h at pH 5-9 or for 4 h in
20% DMSO, conditions that led to inactivation of most of the
other PPKs tested.? The reaction catalysed by EbPPK2 is known
to approach a distribution of AMP (7%), ADP (21%) and ATP
(72%) within 2 min using 4 pM enzyme (Fig. 1D),” reflecting the
thermodynamic equilibrium previously described for PPKs."°
The enzymatic conversion to the ATP (>70%) often exceeds the
yield obtained in chemical phosphorylation (8-30%),'** while
providing a simple, non-hazardous and cost-efficient alterna-
tive. Rosenthal and coworkers also used EbPPK2 to convert
GMP to GDP and GTP." Other polyphosphate kinases with a

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Polyphosphate kinase catalysis. (A) Polyphosphate kinases (PPKs) can
use sodium polyphosphate (polyP) to catalyse the reversible phosphorylation
of adenosine-5'-monophosphate (AMP) to the corresponding diphosphate
(ADP), triphosphate (ATP) and higher phosphorylated species. (B) PolyP is a
linear polymer of up to hundreds of phosphate units (n = 8 to 800)° found in
all domains of life. 3IP-NMR spectra indicated that the sodium polyphosphate
used in this study (Sigma-Aldrich 305553) has an average chain length of 11
phosphate units.® (C) The PPK2 enzymes are subdivided into classes I-III,
which preferentially catalyse the reaction from ADP to ATP (class 1), the
reaction from AMP to ADP (class ) or both reactions (class Ill). (D) Repre-
sentative anion-exchange chromatogram of the EbPPK2-catalysed reaction
(PPK2 class Ill). Starting from 5 mM AMP, the reaction reaches the distribution
shown in 2 min at 30 °C, with 4 uM EbPPK2 in Tris pH8 and 20 mM MgCl,.>

broad substrate scope have been reported'®'” or engineered to
accept GMP analogues, such as the PPK2 from Meiothermus ruber
(MrPPK D127S).'® Due to its robustness, EbPPK2 is becoming
widely used as the preferred ATP recycling system.>>">'92?

We recently reported that EbPPK2 has broad specificity
and can be used to prepare a wide range of base-modified
ATP analogues, including modifications at the N°-, C2-, and C8
positions.”> Several N°- and C2-modified ATP analogues were
prepared and purified at the milligram scale for the production
of RNAs with hypermodified poly(A) tails.

Here, we aimed to systematically explore the substrate
spectrum of EbPPK2 for purine-modified nucleotides. We then
determined the first crystal structures of EbPPK2 to better
understand nucleotide binding and catalysis. Comparison with
crystal structures of other PPK2 class III enzymes revealed
high similarities on the structural level, indicating that the
high catalytic efficiency and robustness of EbPPK2 cannot be
attributed to an obvious feature. These molecular insights
additionally enabled us to perform structure-guided design,
and the engineered enzymes enabled efficient production of
base-modified GTP analogues, while retaining high activity for
ATP production.

Results and discussion

First, a panel of purine-modified nucleoside-5'-monophos-
phates (NMPs) was assembled. We chose NMPs that have either
amino- or oxo-groups or a hydrogen atom in position C2 or C6

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of the purine core, which includes natural AMP and GMP
(Fig. 2A). Besides AMP (1a), we used several “AMP-like” analo-
gues (which we define by an amine or hydrogen at the
Cé6-position), such as nebularine monophosphate (2a) and the
fluorescent nucleotides 2-aminopurine monophosphate (3a)
and 2,6-diaminopurine monophosphate (4a). Besides GMP
(5a), we chose several ‘“GMP-like” analogues (defined by the
oxo- or thio-substituent at the C6-position): inosine monopho-
sphate (6a), xanthosine monophosphate (7a) and 6-thio-GMP
(8a). Additionally, NMPs with chlorine at the C6-position of the
nucleobase were investigated. We chose 2-amino-6-chloro-
purine riboside monophosphate (9a), and we synthesized
6-chloropurine riboside monophosphate (10a) to complete the
panel (Fig. S1-S5, ESIt).

We set up enzymatic reactions with 1 mM NMP and 1 pM
(0.1 mol%) EbPPK2. The mixture was incubated at 30 °C and
pH 8 in the presence of 20 mM Mg>" and 6.1 g L™ polypho-
sphate (polyP). We previously determined an average chain
length of 11 for the polyP by *'P-NMR, which corresponds to
a concentration of 5 mM for polyP or 55 mM calculated as
single phosphates.® Reactions were analysed by either reverse
phase or anion exchange HPLC after 10 min, 60 min, and
180 min incubation (Fig. S6-S8 and Table S1, ESIt). To our
delight, all of the tested NMPs (1a-10a) were converted to the
corresponding NDPs (1b-10b) and NTPs (1c-10c), as sum-
marised in Fig. 2. The identity of the compounds was con-
firmed by LC-TOF-MS (Fig. S9-S18, ESIY).

Starting from AMP (1a), the reaction approached a distribution
of AMP (5%), ADP (20%) and ATP (75%) within 10 min. Incubation
for 180 min resulted in minor formation of the corresponding
tetraphosphate 1d (3%). To understand how far the reaction can be
driven to incorporate additional phosphates, we conducted reac-
tions with higher enzyme concentration and longer reaction
times (Fig. S19, ESIt). In this case, EbPPK2 led to the formation
of multiple higher phosphorylated nucleotide species, with
adenosine-5'-tetraphosphate (A4P) as the biggest fraction. Higher
phosphorylated species including A5P, A6P and A7P were found,
and adenosine-5"-octaphosphate (A8P) was detectable in trace
amounts, as well. This is consistent with a recent report by Matsuura
and coworkers that used polyP with an average chain length of 60
and the PPK2-II from Mangrovibacterium marinum (MmPPK),
detecting polyphosphorylated adenosyl species up to A30P."”

The AMP-like analogues 2a-4a were also good substrates for
EbPPK2. In 10 min, conversions to the desired NTPs of 76% for
2¢, 74% for 3¢ and 73% for 4c¢ were achieved. GMP and GMP-
like analogues were phosphorylated more slowly by EbPPK. The
GMP (5a) reaction gave GMP (35%), GDP (42%) and GTP (23%)
after 10 min, but reached conversion of GMP (5%), GDP (20%)
and GTP (75%) in 60 min. Compounds 6a, 7a and 8a were
converted slowly to the desired NTPs 6c¢ (17%), 7c (4%) and 8c
(7%) at 10 min. With longer incubation times, conversion
>70% were achieved for 6c (72%) at 60 min and for 7c (73%)
and 8c (71%) at 180 min. The 6-chloro-containing analogues 9a
and 10a were good substrates for EbPPK2, giving 73% conver-
sion to both 9c¢ and 10c in 10 min. A comprehensive table of
conversions can be found in the ESIt (Table S1).
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Taken together, the ‘“adenine-like” NMPs (1la-4a) and
6-chloro substituted 9a and 10a are very good substrates,
reaching 73-75% conversion to the corresponding NTPs in
10 min. In contrast, the “guanine-like”” GMP 5a, IMP 6a, XMP
7a, and 6SGMP (8a) are converted much more slowly, reaching
only 4% to 23% of NTPs in 10 min, which hampers upscaling of
the NTP production to sufficient amounts for the use in mRNA
synthesis.

Crystal structure of EbPPK2

To better understand the observed differences in reactivity between
the “adenine-like” vs. “guanine-like” bases, we determined two
crystal structures of EbPPK2. One structure at 2.3 A resolution had
only polyP bound (PDB: 9IGR), and a second structure at 1.7 A
resolution shows EbPPK2 in complex with the non-hydrolysable
ATP analogue adenosine-5'-[(,y)-methyleno]triphosphate (ACP)
and polyP (PDB: 91GQ) (Fig. S20 and Table S2, ESIt). Although
the structures were determined in different space groups, both are

View Article Online
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highly similar (root mean squared deviation (RMSD) 0.40 A, 292
pruned atom pairs, Fig. S20, ESIt). EbPPK2 forms a 146 kDa
homotetramer (Fig. 3A), and the EbPPK2 structure closely resem-
bles the structures reported for the PPK2 class III enzymes from
Cytophaga hutchinsonii (ChPPK2, PDB: 6ANH)' with an root mean
square deviation (rmsd) of 0.84 A over 218 residues and Meiother-
mus ruber (MrPPK, PDB: 5MAQ)° with a rmsd of 0.75 A over 236
residues.

The catalytic pocket is located on top of the core domain and
capped by a lid consisting of three helices. The C-terminus of
the core domain is followed by an unstructured linker loop
ending in a terminal o-helix that acts as a dimer “clamp” and
forms polar interactions with the lid subdomain of another
monomer (Fig. 3B). These homodimers are also stabilized by
pseudo-B-sheet complementation. The interaction between two
dimers is facilitated by a symmetric interaction of a latch-loop
and the following oG helix (Fig. S21, ESIt). The core structure is
well conserved among other PPK2 class III enzymes, not
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Fig. 2 Enzymatic phosphorylation of NMPs by EbPPK2 using sodium polyphosphate. (A) Reaction scheme of the EbPPK2-catalysed reaction. The
indicated nucleoside monophosphate (NMP) is converted to the corresponding diphosphate (NDP), triphosphate (NTP) or tetraphosphate (N4P). NMP is
labelled according to purine nucleoside numbering. (B) Conversions derived from HPLC analysis after 10 min, 60 min or 180 min as average of three
independent experiments with standard deviation (SD). Conditions: 1 mM NMP (1a-10a), 6.1 g L=* sodium polyphosphate, 1 uM EbPPK2 (= 0.1 mol%)
incubated for 10 min, 60 min or 180 min at 30 °C in a total volume of 40 pL. Buffer: 20 mM Tris pH = 8, 20 mM MgCl,.
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Fig. 3 Overall crystal structure of EbPPK2 (PDB: 91GQ) at 1.7 A resolution. (A) EbPPK2 forms a homotetramer (dark and light blue, dark and light green). In
each of the active sites, adenosine-5’-[(B,y)-methyleno]triphosphate (ACP) and polyP are bound. (B) The dimer illustrates that a C-terminal a-helix
(clamp) connects two monomers. N-terminus and C-terminus are marked with N and C respectively. (C) Each monomer shows the typical V-shape a-B-
fold and one active site with a nucleotide-binding cleft and a polyP-binding tunnel in which two Mg?* are bound.

including the clamp helix and the latch-loop (Fig. S22, ESI¥).
The overall fold of EbPPK2 monomers resembles the V-shaped
P-loop phosphatase fold with a five bladed B-sheet sandwiched
between three and four o helices (Fig. 3C).

In both EbPPK2 structures, the lid module covers the active
site which includes the Walker A and Walker B motifs (Fig. 4A).
These motifs are commonly found in kinases and proteins with
nucleotide-binding pockets. The nucleotide-binding cleft, occupied
by ACP, positions the 5’-phosphates towards the active site con-
fined by two Mg>" ions (grey). From the opposite direction, a
polyphosphate tunnel (Fig. 4A) enables the entrance of polyP into
the active site. The basic tunnel, also observed in other PPK2
structures,"® is defined by positively charged residues, namely
K29, K70, R75, R188, R192, K198, K201, R241, K242 and R246
(Fig. 4B). In the EbPPK2/polyP structure, polyP;; can be clearly
resolved. The terminal phosphate of polyP protrudes into the active
site and appears to be optimally positioned for the nucleophilic
attack of the terminal phosphate of the nucleotide.

In the ACP-bound structure, the binding pocket is clearly
occupied by the nucleoside while the phosphate backbone is
less well defined (Fig. S23, ESIt). The active site is enclosed by
the lid module and the nucleotide-binding loop (Nuc-loop,
Fig. 4C). The nucleobase is bound in a pocket formed by

© 2025 The Author(s). Published by the Royal Society of Chemistry

S93/P94 on one and I130/L136 on the other side. R106 contacts
the N7 position (3.2 A) and D127 coordinates the N°-position
(3.0 A) of ACP. The C2 position is exposed to solvent (Fig. 4C
and D), indicating tolerance for modifications in this position.
Notably, the 5'-phosphates are oriented away from the active
site and face toward the lid module (Fig. S23, ESI{), not
observed in other PPK2 class III structures."® Compared to
similar PPK2 structures (Fig. S24, ESIt), the lid helix closes the
nucleotide pocket tightly, allowing S203 and D206 to interact
with the y-phosphate (Fig. 4E). As a consequence, the ACP y-
phosphate is positioned away from the magnesium ions that
catalyse the nucleophilic attack on the terminal phosphate of
polyP. We thus hypothesise that the ACP-bound structure
represents a catalytically inactive conformation, consistent
with the observation that NTPs are poorly phosphorylated by
EbPPK2 (Fig. 2).

The Walker A/B motifs as well as the Nuc-loop of EbPPK2
show a high sequence similarity to MrPPK, ChPPK, MmPPK
and DrPPK, the PPK from Deinococcus radiodurans (Fig. 4F and
Fig. S25, ESIT). The N°-contact, D127 in EbPPK, is thought to
define the substrate tolerance between AMP and GMP, with an
aspartate at this position in EbPPK, DrPPK, and MrPPK, which
prefer AMP over GMP (Fig. S25, ESIT). Unlike EbPPK, DrPPK

RSC Chem. Biol., 2025, 6,1328-1335 | 1331
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Fig. 4 The active site of EbPPK2 (PDB: 91GQ). (A) The nucleotide-binding pocket of a monomer (light blue) is occupied by ACP (carbon in grey, nitrogen
in blue, oxygen in red, phosphorus in orange) and polyP,, and covered by its lid module (teal). Phosphate-binding motifs Walker A (blue-lilac) and Walker B
(lilac) and Nucleotide-binding loop (Nuc-loop, olive) are involved in substrate binding. The clamp helix (green) of the second subunit is located on top of
the lid module. (B) PolyP, (left) is guided by a basic tunnel towards the active site, which also contains ACP (right). (C) Closeup of the nucleotide bound to
the binding pocket confined by the nucleotide loop (Nuc-loop, olive). (D) Coordination of the adenine inside the binding pocket. (E) The active site is
flanked by the Walker A and Walker B motifs guiding the incoming polyP,, and coordinating Mg®* (1), while the ACP 5’'-phosphates are held in an inactive
conformation by the lid residues and Mg2* (2). (F) Sequence alignment of common motifs found in PPKs for EbPPK2, MrPPK, ChPPK and MmPPK. A
complete sequence alignment including DrPPK can be found in Fig. S25 (ESI).

and MrPPK appear unable to produce GTP at all."® In contrast,
enzymes with an asparagine in this position, such as ChPPK
and MmPPK, are known to produce GTP."'”'® Furthermore,
mutation of ChPPK N138 to Asp or Glu removed the ability to
phosphorylate GDP, while the MrPPK D127S variant gained the
ability to produce GTP. Thus, the mere presence of Asp vs. Asn
at the N®-contact position cannot be the sole determinant of
substrate specificity.

The latch-loop connects the EbPPK2 homotetramer in the
dimer of dimers interface and is a distinct feature that could
explain the robustness. In EbPPK2, the latch-loop (N141 to R145)

1332 | RSC Chem. Biol., 2025, 6, 1328-1335

protrudes into the neighbouring monomer with N141 interact-
ing with E53 and K54, A143 interacting with S170, D144 forming
a salt bridge with K55 and R145 interacting with Y167 and E56.
While a latch-loop is absent in MrPPK and DrPPK, in ChPPK this
region is structured and does not tightly interact with the
adjacent monomer.

The lid domain of EbPPK2 shows a higher sequence simi-
larity to ChPPK and MmPPK, the PPKs that have a C-terminal
clamp helix. Removal of the clamp has been shown to increase
the activity with purine nucleotides, while decreasing the
activity with pyrimidine nucleotides in ChPPK."'” Whether this

© 2025 The Author(s). Published by the Royal Society of Chemistry
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effect can be attributed to lid-clamp interactions, higher flex-
ibility or multimerization remains elusive.

Enzyme engineering

The enzymatic reactions clearly show that purine nucleotide
derivatives with O° or $® (“GMP-like” substrates) are less
efficiently phosphorylated by EbPPK2. The structural analysis
prompted us to generate the EbPPK2 variants D127A and
D127N. In D127A, the aspartate in position 127 is replaced
with the short amino acid alanine, thereby abolishing electro-
static repulsion, but also removing the opportunity for hydro-
gen bond formation. In D127N, the newly introduced
asparagine can serve as hydrogen bond donor that can stabilize
the interactions with 0%S®-position of the NMP (Fig. 5A).
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Fig. 5 Activity of EDPPK2 variants D127A and D127N. (A) The nucleobase
binding pocket of EbPPK2 (PDB: 9IGQ) is shown, highlighting the impor-
tance of the interaction between aspartate 127 (D127) and the N®-position
of adenine. (B) Conversion of wildtype EbPPK2 (grey) is compared to the
variants D127A (light red) and D127N (deep red) for ATP (1c), GTP (5c), ITP
(6¢), XTP (7c) and 6SGTP (8c). Average conversion of three independent
experiments is shown with standard deviation (SD). Conditions: 1 mM NMP
(1a, 5a-8a), 6.1 g L™ sodium polyphosphate, 1 pM EbPPK2 variant (D127A
or D127N) incubated for 10 min or 60 min (Table S3, ESIT) at 30 °C in a total
volume of 40 pL. Buffer: 20 mM Tris pH = 8, 20 mM MgCl,.
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We expressed and purified the EbPPK2 variants (Fig. S26
and S27, ESIT), confirming identity and purity via intact protein
LC-TOF-MS (Fig. S28-S30, ESIT). We then tested the variants
with AMP and found that the variants retained similar high
conversions to ATP (1c) as the 75% observed for the wild-type
enzyme (WT-EbPPK2), with 72% for D127A and 68% for D127N
in 10 min (Fig. 5B).

Next, we compared WT-EbPPK2 to the variants for the
generation of “GTP-like”” products GTP (5c), ITP (6¢), XTP (7c)
and 6SGTP (8c). While WT-EbPPK2 only gave 23% conversion to
GTP (5¢) in 10 min, the variants showed a faster conversion
with 77% for both variants (Fig. 5). This effect was even more
pronounced for ITP (6¢) production with 17% conversion for
WT-EbPPK2 and 68% and 73% for D127A and D127N, respec-
tively. The greatest increase was observed for XTP (7c), with
4% conversion with WT-EbPPK2 and 76% for both variants.
Both variants also led to faster production of 6SGTP (8¢) with
WT-EbPPK2 giving 7% conversion and D127A and D127N both
giving 70% in 10 min. Representative HPLC chromatograms
and conversions are found in the ESIt (Fig. S31, S32 and
Table S3).

These results also confirm that hydrogen bonding capability
is not essential for stabilizing the interaction between the
6-position of the substrate and the enzyme, as D127A was seen
to have similar behaviour with AMP, as well as all four GMP-like
substrates. This supports results seen with MrPPK, where the
corresponding D127A and D127S mutations were observed to
afford equivalent conversion of GMP to GTP.'® Interestingly,
the MrPPK D127N mutation showed slightly lower production
of GTP, despite offering the potential to serve as a hydrogen
bond donor. The MrPPK D127S mutant was further tested
against IMP, XMP and 6SGMP, with MrPPK D127S producing
~45-70% conversion at 0.5 mM substrate concentration with
4 uM enzyme in 20 min at 50 °C."® In comparison, EbPPK2
D127N gives >70% conversion to the NTPs starting from 1 mM
substrate with 1 pM enzyme in 10 min at 30 °C.

A highly efficient EbPPK variant will enable preparative
reactions in the future, as well as the exploration of the
chemical space of GTP analogues for novel ligands for the
study of G-proteins®* or GTP analogues for the modification of
the mammalian mRNA 5'-cap.>®

Conclusions

EbPPK2 is a class III polyphosphate kinase that accepts a
surprisingly broad range of substrates. We systematically stu-
died the effect of substituents at the C6-position of purine-
modified NMPs for EbPPK2 catalysis and found that amino-,
chloro- groups and hydrogen atoms are strongly favoured over
thio- and oxo- substituents. A weaker effect was observed for the
C2-position with amino > H > oxo.

To better understand nucleobase recognition, we solved the
first crystal structures of EbPPK2, both as a complex with polyP
(2.3 A) and as a ternary complex with polyP and the non-
hydrolysable ATP analogue ACP (1.7 A). The enzyme forms a
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homotetramer with four active sites and a polybasic patch
which guides the polyP through a tunnel to the active site
adjacent to the Walker A motif. Consistent with its broad
specificity, the nucleobase-binding cleft is rather unspecific,
with a solvent-exposed C2-position, N7 of the adenine ring
interacting with R106 and the N°-position coordinated by D127.
We thus created EbPPK2 variants D127A and D127N, which
retain the ability to phosphorylate AMP, while gaining high
activity for production of base-modified GTP analogues, a sub-
stance class where chemical synthesis is troublesome.'*?%>”
Overall, this work provides fundamental insights into poly-
phosphate kinase catalysis and enables the efficient, simple
and sustainable production of various purine-modified NTPs
for the application in non-coding RNA or mRNA in the future.

Author contributions

R. M. M.-F. and N. V. C. conceived the project. R. M. M.-F., R. R,,
A-M. L. D, J. E, A T. and N. V. C. designed and performed
experiments. R. R. and D. K. performed protein crystallization and
structure analysis. All authors discussed the results. A. R. and D. K.
secured funding. R. M. M.-F. and N. V. C. wrote the manuscript. All
authors discussed and agreed on the final version.

Conflicts of interest

The authors declare no competing interests.

Data availability

The data supporting this article have been included as part of
the ESL.¥

Acknowledgements

A. R. would like to thank DFG for funding (RE2796/10-1 and
CRC1459). D. K.’s lab received funding from the DFG (KU2531/6-
1). R. M. M.-F. acknowledges support from Denison University and
from the Denison University Research Foundation. Sarah Peret
and Dr Wolfgang Dorner are gratefully acknowledged for assis-
tance with LC-TOF-MS analysis. Sophia Mitton-Fry is gratefully
acknowledged for help with NMR assignment. The mass spectro-
metry and NMR facilities of the organic chemistry department of
the University of Miinster are gratefully acknowledged for analy-
tical services. The synchrotron data was collected at beamline P13
operated by EMBL Hamburg at the PETRA III storage ring (DESY,
Hamburg, Germany). We thank Isabel Bento for support during
beamline use.

References

1 B. P. Nocek, A. N. Khusnutdinova, M. Ruszkowski, R. Flick,
M. Burda, K. Batyrova, G. Brown, A. Mucha, A. Joachimiak,
L. Berlicki and A. F. Yakunin, Structural Insights into

1334 | RSC Chem. Biol., 2025, 6,1328-1335

View Article Online

Paper

Substrate Selectivity and Activity of Bacterial Polyphosphate
Kinases, ACS Catal., 2018, 8(11), 10746-10760.

2 S. Chugh, P. Tiwari, C. Suri, S. K. Gupta, P. Singh, R. Bouzeyen,
S. Kidwai, M. Srivastava, N. R. Rameshwaram, Y. Kumar,
S. Asthana and R. Singh, Polyphosphate kinase-1 regulates
bacterial and host metabolic pathways involved in pathogenesis
of Mycobacterium tuberculosis, Proc. Natl. Acad. Sci. U. S. A., 2024,
121(2), €2309664121.

3 M. Tavanti, J. Hosford, R. C. Lloyd and M. ]J. B. Brown, ATP
regeneration by a single polyphosphate kinase powers
multigram-scale aldehyde synthesis in vitro, Green Chem.,
2021, 23(2), 828-837.

4 P. Benci¢, M. Keppler, M. Kuge, D. Qiu, L. M. Schiitte,
M. Hiéner, K. Strack, H. ]J. Jessen, J. N. Andexer and
C. Loenarz, Non-canonical nucleosides: Biomimetic tripho-
sphorylation, incorporation into mRNA and effects on
translation and structure, FEBS J., 2023, 290(20), 4899-4920.

5 R. M. Mitton-Fry, J. Eschenbach, H. Schepers, R. Rasche,
M. Erguven, D. Kiimmel, A. Rentmeister and N. V. Cornelissen,
Chemo-enzymatic production of base-modified ATP analogues
for polyadenylation of RNA, Chem. Sci, 2024, 15(32),
13068-13073.

6 A. E. Parnell, S. Mordhorst, F. Kemper, M. Giurrandino,
J. P. Prince, N. J. Schwarzer, A. Hofer, D. Wohlwend,
H. J. Jessen, S. Gerhardt, O. Einsle, P. C. F. Oyston,
J. N. Andexer and P. L. Roach, Substrate recognition and
mechanism revealed by ligand-bound polyphosphate kinase
2 structures, Proc. Natl. Acad. Sci. U. S. A., 2018, 115(13),
3350-3355.

7 B. Nocek, S. Kochinyan, M. Proudfoot, G. Brown,
E. Evdokimova, J. Osipiuk, A. M. Edwards, A. Savchenko,
A. Joachimiak and A. F. Yakunin, Polyphosphate-dependent
synthesis of ATP and ADP by the family-2 polyphosphate
kinases in bacteria, Proc. Natl. Acad. Sci. U. S. A., 2008,
105(46), 17730-17735.

8 M. Kuge, M. Keppler, F. Friedrich, R. Saleem-Batcha,
J. Winter, I. Prucker, P. Germer, S. Gerhardt, O. Einsle,
M. Jung, H. J. Jessen and ]J. N. Andexer, Structural Insights
into Broad-Range Polyphosphate Kinase 2-II Enzymes
Applicable for Pyrimidine Nucleoside Diphosphate Synth-
esis, ChemBioChem, 2025, 26, €202400970.

9 H. Zhang, K. Ishige and A. Kornberg, A polyphosphate
kinase (PPK2) widely conserved in bacteria, Proc. Natl. Acad.
Sci. U. S. A., 2002, 99(26), 16678-16683.

10 M. Keppler, S. Moser, H. J. Jessen, C. Held and J. N. Andexer,
Make or break: the thermodynamic equilibrium of polypho-
sphate kinase-catalysed reactions, Beilstein J. Org. Chem.,
2022, 18, 1278-1288.

11 M. Brunderovd, M. Kromer, M. Vlkova and M. Hocek,
Chloroacetamide-Modified Nucleotide and RNA for Biocon-
jugations and Cross-Linking with RNA-Binding Proteins,
Angew. Chem., Int. Ed., 2023, 62(7), €202213764.

12 C. Creech, M. Kanaujia and C. P. Causey, Synthesis and
evaluation of 2-ethynyl-adenosine-5'-triphosphate as a
chemical reporter for protein AMPylation, Org. Biomol.
Chem., 2015, 13(31), 8550-8555.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cb00108k

Open Access Article. Published on 07 July 2025. Downloaded on 3/8/2026 6:06:03 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

13

14

15

N. Milisavljevi¢, P. Perlikova, R. Pohl and M. Hocek, Enzy-
matic synthesis of base-modified RNA by T7 RNA poly-
merase. A systematic study and comparison of 5-
substituted pyrimidine and 7-substituted 7-deazapurine
nucleoside triphosphates as substrates, Org. Biomol. Chem.,
2018, 16(32), 5800-5807.

A. Collier and G. K. Wagner, Base-modified GDP-mannose
derivatives and their substrate activity towards a yeast
mannosyltransferase, Carbohydr. Res., 2017, 452, 91-96.

M. Becker, I. Nowak, K. Hildebrand, S. Liitz and
K. Rosenthal, Development of a multi-enzyme cascade for
2'3'-cGAMP synthesis from nucleosides, Catal. Sci. Technol.,
2024, 14(12), 3335-3345.

16 J. C. Hildenbrand, A. Teleki and D. Jendrossek, A universal

17

18

19

20

polyphosphate kinase: PPK2c of Ralstonia eutropha accepts
purine and pyrimidine nucleotides including uridine dipho-
sphate, Appl. Microbiol. Biotechnol., 2020, 104(15), 6659-6667.
R. Matsumoto, T. Watanabe, E. Yamazaki, A. Kagawa,
L. M. Longo and T. Matsuura, A universal polyphosphate
kinase powers in vitro transcription, bioRxiv, 2025, DOI:
10.1101/2025.03.21.644484.

T. Querengisser, J. Wenzlaff and C. Loderer, Broadening the
Substrate Scope of a Polyphosphate Kinase for Canonical
and Non-Canonical Nucleotides, ChemCatChem, 2024,
16(15), €202400181.

H. Gao, M. Li, Q. Wang, T. Liu, X. Zhang, T. Yang, M. Xu and
Z. Rao, A high-throughput dual system to screen polypho-
sphate kinase mutants for efficient ATP regeneration in L-
theanine biocatalysis, Biotechnol. Biofuels Bioprod., 2023,
16(1), 122.

T. Guo, L. Zeng, J. Liu, X. Zhang and Y. Bai, Phase-Separated
Multienzyme Condensates for Efficient Synthesis of Imines

© 2025 The Author(s). Published by the Royal Society of Chemistry

21

22

23

24

25

26

27

View Article Online

RSC Chemical Biology

from Carboxylic Acids with Enhanced Dual-Cofactor Recy-
cling, Int. J. Mol. Sci., 2025, 26(10), 4795.

G. M. Landwehr, J. W. Bogart, C. Magalhaes, E. G.
Hammarlund, A. S. Karim and M. C. Jewett, Accelerated
enzyme engineering by machine-learning guided cell-free
expression, Nat. Commun., 2025, 16(1), 865.

K. Shi,J. M. Li, M. Q. Wang, Y. K. Zhang, Z. J. Zhang, Q. Chen,
F. Hollmann, J. H. Xu and H. L. Yu, Computation-driven
redesign of an NRPS-like carboxylic acid reductase improves
activity and selectivity, Sci. Adv., 2024, 10(48), eadp6775.

S. Yun, Y. C. Kim, S. Lim, T. P. Khobragade, P. Giri, S. Joo,
R. Ghosh, Y. K. Kwon, H. Yoon, S. Cho, S. Jung,
M. Y. Maeng, S. H. Jeong and H. Yun, High-Concentration
Production of L-Theanine from L-Glutamate Derived from
Fermentation Using Novel GMAS and ATP Regeneration
with Co-Immobilized Hybrid Nanoflower, ACS Food Sci.
Technol., 2025, 5(4), 1413-1424.

V. Rybin, O. Ullrich, M. Rubino, K. Alexandrov, I. Simon,
M. C. Seabra, R. Goody and M. Zerial, GTPase activity of
Rab5 acts as a timer for endocytic membrane fusion, Nature,
1996, 383(6597), 266-269.

H. Ohno, S. Akamine, M. Mochizuki, K. Hayashi,
S. Akichika, T. Suzuki and H. Saito, Versatile strategy using
vaccinia virus-capping enzyme to synthesize functional 5’
cap-modified mRNAs, Nucleic Acids Res., 2023, 51(6), e34.
I. Gillerman and B. Fischer, An improved one-pot synthesis
of nucleoside 5'-triphosphate analogues, Nucleosides,
Nucleotides Nucleic Acids, 2010, 29(3), 245-256.

A. Senthilvelan, M. Shanmugasundaram and A. R. Kore, An
efficient protection-free chemical synthesis of inosine 5’
nucleotides, Nucleosides, Nucleotides Nucleic Acids, 2020,
39(6), 829-837.

RSC Chem. Biol., 2025, 6,1328-1335 | 1335


https://doi.org/10.1101/2025.03.21.644484
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cb00108k



