Downloaded via UNIV COLLEGE LONDON on October 30, 2020 at 14:02:17 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

2

AGS
AUTHORCHOICE

]O C The Journal of Organic Chemistry

pubs.acs.org/joc

Four Phosphates at One Blow: Access to Pentaphosphorylated
Magic Spot Nucleotides and Their Analysis by Capillary
Electrophoresis

Thomas M. Haas,” Danye Qiu,# Markus Haner, Larissa Angebauer, Alexander Ripp, Jyoti Singh,
Hans-Georg Koch, Claudia Jessen-Trefzer, and Henning J. Jessen*

I: I Read Online

Article Recommendations |

(o} . .

— 0 B0, Magic Spot Nucleotides

oo 2 9 9

— o .e 0-P-0-P-0 bass
OH OH OH \/_0_\(

cyclic P-Amidite

Cite This: https://dx.doi.org/10.1021/acs.joc.0c00841

ACCESS ‘ [l Metrics & More | Q Supporting Information

N
\O/

HO base
(0]

> 9 CR OH
Ribonuclease T2 HO—-P-0O-P=0
OH OH o . 6H 6H
7 . w. CE-UV-Analysis
o_.0

Ho’P\\Oe?

LY Absorbance (ALY

5 0 15 m El

ABSTRACT: The complex phosphorylation pattern of natural and modified pentaphosphorylated magic spot nucleotides is
generated in a highly efficient way. A cyclic pyrophosphoryl phosphoramidite (cPyPA) reagent is used to introduce four phosphates
on nucleosides regioselectively in a one-flask key transformation. The obtained magic spot nucleotides are used to develop a capillary

electrophoresis UV detection method, enabling nucleotide assignment in complex bacterial extracts.

Bl INTRODUCTION

Magic spot nucleotides (MSN) are central bacterial alarmones,
mainly known as governors of the highly conserved stringent
response (SR), which is a global stress adaption mechanism.
MSN constitute a class of densely 5’,3’-phosphorylated
nucleotides, consisting of tetraphosphorylated, pentaphos-
phorylated, and other diversely phosphorylated species (see
Figure 1).1’2

ppGpp (1) and pppGpp (3) are formed by (p)ppGpp
synthase/hydrolase enzymes (Rel/Spot-homologue-enzymes
(RSH)) when bacteria are confronted with harmful conditions,
such as starvation, heat, or extreme pH values.? During the SR,
these alarmones lead to the reallocation of bacterial resources
by the induction of global transcriptional alterations* and by
direct control of molecular targets.” ppGpp (1) and pppGpp
(3) are often generalized as (p)ppGpp, with a focus on the
more abundant ppGpp (1). However, there is significant
experimental evidence for their differential roles in bacteria.”*
For example, the guanosine-5’-triphosphate,3’-diphosphate
pyrophosphatase enzyme GppA in Escherichia coli (E. coli) is
balancing ratios of ppGpp (1) and pppGpg (3).71°
Exopolyphosphatase PPX,'" nucleosidase PpnN,"* or even
RelA itself'> are regulated more potently by pppGpp (3) as
compared to its tetraphosphorylated sibling.
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Figure 1. General structure and nomenclature of tetra- and penta-
phosphorylated magic spot nucleotides (MSN) with a typical §',3'
substitution pattern.
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Accordingly, Steinchen et al. state the following: “The
complex framework of alarmone synthesis [is] [ . . .]
communicating fundamentally different stress signals through
two similar but not identical alarmones.”"*

In contrast to (p)ppGpp, the existence and role of adenosine
MSN in bacteria are controversially discussed since the
1970s.">'® More recent reports from Bruhn-Olszewska et al.
demonstrated in vitro how pppApp (4) has opposite regulatory
effects compared to ppGpp (1) when binding to E. coli RNA
polymerase. Furthermore, pppApp (4) is a stronger effector
than ppApp (2)."° In a subsequent study, Sobala et al.
described pppApp synthesis in wild-type E. coli.'” In 2019,
Laub et al. discovered a type VI secretion system effector (Tas
1) from Pseudomonas aeruginosa that is injected into competing
bacterial cells and converts the ADP/ATP pool into (p)ppAp?,
leading to massive growth inhibition and cell death.'®
Consequently, it is now clear that pppApp (4) and ppApp
(2) can be considered as physiologically relevant compounds,
whose differential effects are understudied.

Organic synthetic approaches, especially for pentaphos-
phorylated MSN, are still limited, despite their obvious
importance to provide tool and reference compounds for
analytical purposes on scale.”®'? Since the 1970s, enzymatic
methods based on 3’-pyrophosphortransferases were devel-
oped and have since dominated the field to access pppNpp
structures (Figure 2A).2%*" However, enzyme preparation,
high substrate specificity, and difficult removal of byproducts
interfere with the application of these methods to access large
amounts of modified MSN. In 1985, Schattenkerk et al.
developed the first chemical synthesis of pppGpp (3) based on
a complex protecting group approach in 19 steps and 4% yield
(Figure 2B).”” In 2019, our group presented a chemo-
enzymatic approach toward pppGpp (3) based on sequential
bisphosphorylations using a fluorenylmethyl modified phos-
phoramidite § (Fm—P-amidite) in combination with commer-
cially available Ribonuclease T2 (Figure 2C).*

In the first part of this manuscript, we present a synthetic
method to obtain pentaphosphorylated MSN and analogues
with an unprecedented step economy”*** (Figure 2D). The
synthetic core element relies on a simultaneous and
regioselective one-flask introduction of four phosphates using
a cyclic pyrophosphoryl phosphoramidite (cPyPA, 6) that has
been used previously in polyphosphate and nucleotide
synthesis,”*™*" in combination with regioselective enzymatic
cyclophosphate hydrolysis by RNase T2. This key step,
followed by chemoselective phosphoric anhydride construc-
tion,” enables access to a diverse array of important MSN tool
compounds, which are then used in the second part of this
study to develop a new analytical platform to study MSN.

Given the high charge density and instability of many MSN,
they are particularly challenging to extract and analyze without
decomposition. Method development is aggravated by the
limited availability of MSN as reference compounds. A widely
applied method to analyze MSN in biological samples is thin-
layer chromatography (TLC) of **P-labeled analytes.'” High-
performance liquid chromatography (HPLC)-based methods
have also been developed toward this goal, including anion-
exchange chromatography (AEX),” ion-paired reverse-phase
chromatography (IPRP),”" and hydrophilic interaction chro-
matography (HILIC).”> In light of the comparably poor
sensitivity of UV detection, large amounts of biological samples
are usually required for monitoring the abundance of MSN in
vivo.”> Mass spectrometry facilitates the detection of much
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Figure 2. Overview of synthetic procedures targeting pentaphos-
phorylated MSN: PG, protecting group; B, base.

lower quantities,”™*>"” but AEX- and IPRP-based separation
methods have limited compatibility with MS detectors.
Moreover, AEX methods exhibit low column efficiency and
suffer from unstable retention and analysis time.'®*"*® IPRP
Chromatography is more efficient, but the resolution of ppGpp
(1) is poor. Concomitantly, the life span of the column is
signiﬁcantlz shortened when processing complex biological
samples.30"3 Considering the above limitations, we describe
the development of capillary electrophoresis (CE) using our
synthetic reference compounds into a competitive separation
platform for MSN in complex samples, with benefits regarding
column efficiency, sample consumption, analytical costs, and
analysis time. Our method is inspired by previous CE-based
approaches for the separation of nucleotides with mono-, di-,
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Scheme 1. Regioselective Tetraphosphorylation of Nucleosides Using cPyPA (6) and RNase T2“
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“Synthetic details: (a) 6 (5.0 equiv), ETT (12 equiv), DMF, rt, 45 min; (b) mCPBA (7.5 equiv), 0 °C, 10 min; (c) amine (150 equiv); (d) RNase
T2, H,0, 37 °C, 3—48 h. (*) In the case of 14, a mixture of ammonia and diazabicycloundecen (DBU) was applied.

and triphosphates,®® relying on a fused silica capillary and a
background electrolyte (BGE) that is in principle compatible
with MS analysis.

B RESULTS AND DISCUSSION

Synthesis of Modified Pentaphosphorylated MSN.
Adenosine (7) and 2N-(Fmoc)-guanosine (8) served as
synthetic starting points. The latter was used, as guanosine
has only limited solubility in organic solvents compatible with
P-Amidite chemistry, such as DMF and MeCN. It is readily
acggssible in one step following a procedure by Quaedflieg et
al.

The synthesis (see Scheme 1A) commenced with the
bisphosphitylation of nucleosides 7 and 8 using an excess of
cPyPA (6) in the presence of S-(ethylthio)-1H-tetrazole
(ETT) as an acidic activator. The bisphosphitylation occurred
unselectively, generating a mixture of 5,3'- and 5',2’-
phosphitylated species. Overreaction toward trisphosphitylated
products was not observed. Oxidation of the intermediate bis-
deoxycyclotriphosphate esters with mCPBA led to the
corresponding bis-cyclotriphosphate esters (9, Scheme 1A).
Subsequent treatment of 9 with amine-nucleophiles induced a
reaction cascade as shown in Scheme 1C. Nucleophilic amines
efficiently ring-open cyclotriphosphates 9 under the exclusive
formation of linearized amido-triphosphates (16, Scheme
1C).>7**%* In the particular case described here, amines play
a dual role by additionally enabling the nucleophilic attack of
the 2'- or 3’-OH group toward the adjacent phosphate chain.
This base-assisted S-exocyclization results in the formation of
corresponding 2’,3'-cyclophosphate 17 in a regioconvergent
manner (see S-96). The transformation of 9 to 17 could also
be explained by an alternative, concerted mechanism. In the
case of Fmoc-guanosine (8), amine addition in step c,

moreover, induces the removal of Fmoc, which at this stage
is beneficial for the overall strategy. The generated 2',3'-
cyclophosphates (10, Scheme 1A) were regioselectively
hydrolyzed with commercially available Ribonuclease T2 to
give 3’-monophosphates 11—15 exclusively, underlining the
substrate promiscuity of this enzyme. The resulting tetraphos-
phorylated amido-pppGp and pppAp derivatives 11—15 were
isolated as sodium salts after RP-plug filtration or SAX
purification in yields of 79—54% after four or five steps,
respectively. The reaction sequence is compatible with the
application of primary and secondary amines, providing the
opportunity to access a high structural diversity with great
simplicity. Notably, the first three (four) reaction steps can be
performed in one flask and in less than a 90 min overall
reaction time, while the purification of intermediates is not
required. To increase solubility for the next steps, the cations
of the amido-pppNp compounds 11—14 were exchanged from
sodium to tetrabutylammonium (TBA) (Scheme 2). The
resulting TBA salts were subjected to a P(III)—P(V) anhydride
synthesis protocol using Fm—P—Amidite 5*° in the presence
of ETT. *'P NMR analysis of the reaction mixture revealed
highly selective phosphitylation of the 3’-monophosphate in
the presence of amidotriphosphate and other unprotected
nucleophilic groups. Oxidation with mCPBA followed by Fm
removal using DBU delivered the corresponding amido-
pppNpp structures 18—21 in yields of 72—41% after SAX-
purification. A yield of 41% was obtained due to solubility
issues of the corresponding TBA salts, leading to the recovery
of unconsumed starting material.

The versatility of the corresponding amido-MSN analogues
as a platform for further structural diversification was studied,
focusing on propargylamido-variants 18 and 19 (see Scheme
3). The conversion of 18 and 19 into their parent natural MSN
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Scheme 2. Chemoselective Phosphorylation toward Amido-pppNpp Structures”
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“Synthetic details: (e) S (1.7 equiv), ETT (3.5 equiv), DMF, rt, 15 min; (f) mCPBA (2.1 equiv), 0 °C, 10 min; (g) DBU (10 vol %), rt, 30 min.

was achieved by applying an aqueous solution of 18 and 19 to
a Dowex-H" plug filtration. This slightly acidic environment
smoothly induced P—N-bond hydrolysis,”” affording pppApp
(4) and pppGpp (3). After precipitation, 3 and 4 were isolated
in total yields of 26% and 18% with respect to the starting
materials 7 and 8 after eight and nine steps and only two
intermediates that required purification. Treatment of
propargylamido-pppApp (18) with H,'O led to '®O-
incorporation (93%) and consequently to a “heavy”
isotopomer 22 of natural pppApp (4). Such compounds are
useful for absolute MSN quantification based on MS
technologies and recovery experiments and to study potential
phosphate transfer.'”*" Furthermore, the biotinylated pppApp
analogue 23 was accessible in 98% yield using a Cu'-catalyzed
1,3-dipolar cycloaddition. Biotinylated MSN can principally be
applied for pull-down experiments to identify unknown
receptors.” A Cy3-fluorophore was introduced using a similar
approach in 85% yield. Such fluorescently labeled nucleotides
enable receptor interaction quantification using methods such
as fluorescence polarization assays' or microscale thermopho-
resis.*” In contrast to 18, amido-pppApp 20 was more stable
toward PN-bond hydrolysis, requiring HCIO, at pH 3 to
induce complete turnover in 1 h (see Experimental Section).

CE-UV Analysis of Magic Spot Nucleotides. The
development of a UV detection-based nucleotide pool analysis
of bacterial samples requires separation of the most common
nucleotides. For the first time, a CE method for the analysis of
nucleoside tetraphosphate and pentaphosphate using a fused
silica capillary is developed. Baseline separation of adenosine
and guanosine monophosphate (AMP, GMP), diphosphate
(ADP, GDP), triphosphate (ATP, GTP), tetraphosphate
(ppApp, ppGpp), and pentaphosphate (pppApp, pppGpp)
was achieved by employing a background electrolyte (BGE)
consisting of 40 mM ammonium bicarbonate at pH 10.1
(Figure 3). The migration order is nucleoside monophosphate,
diphosphate, triphosphate, pentaphosphate, and tetraphos-
phate, e.g, GMP, GDP, GTP, pppGpp, and ppGpp. The
significant differences in migration time of MSN compared to
the most common NMPs, NDPs, and NTPs is beneficial for
the identification of MSN in complex samples. The reversal of
migration order regarding ppGpp and pppGpp is puzzling and
could be a result of the different hydrodynamic radii.

The average column efficiency for the ten nucleotide
standards is 2.9 X 10° theoretical plates per meter. The
resolution between pppApp, ppApp, pppGpp, and ppGpp is
2.3, 4.6, and 3.5, respectively. Meanwhile, the average
symmetry factor of 10 nucleotides is 1.0S. The peak shape in
this CE method is superior to that obtained in AEX with peak
tailing.18 For optimization, BGEs with various concentrations
(30—60 mM) of ammonium bicarbonate (Figure S1) and pH
(9.8—10.2) (Figure S2) were investigated. Under all nine
different conditions tested, ppGpp, pppGpp, ppApp, and

pppApp were baseline separated, pointing toward a facile
reproducibility also in other laboratories. With 30 mM
ammonium bicarbonate in the BGE, baseline separation of
the ten nucleotide standards is performed in 18 min, which
compares favorably to any reported HPLC-based meth-
od.”7

To study the applicability of the method to bacterial
samples, we monitored ppGpp changes in two types of
bacterial extracts. E. coli cells were grown in the minimal
medium under limited amino acid starvation conditions in the
absence or presence of serine hydroxamate (SHX). SHX is a
small molecule that enhances amino acid starvation and
induces the stringent response, which triggers (p)ppGpp
accumulation.”” The established CE-UV method enabled
monitoring of the induced accumulation of ppGpp after
SHX treatment (Figure S3) by 4.2-fold as compared to the
untreated sample. This ppGpp increase upon SHX treatment is
in line with results reported by other groups."’

B CONCLUSION

In summary, a new synthetic method toward pentaphosphory-
lated MSN was presented. A regioselective tetraphosphor-
ylation using cPyPA as a key step in combination with RNase
T2 provides access to pppGpp and pppApp in a highly step
economical fashion. In addition to the natural alarmones,
fluorescent, biotinylated, and isotopomeric analogues were
synthesized, allowing for diverse possible applications in future
chemical biology experiments. We are confident that simplified
synthetic access to MSN and analogues will be a key driver for
future research in this field.

We demonstrate the utility of the synthetic material by
developing a CE-UV method with main benefits regarding
column efficiency, sample consumption, resolution, and time
required for analysis. The simultaneous analysis of ppGpp,
prrGpp; PPAPP; pPPAPP; and other cellular nucleotides has
been performed for the first time using this method. Even with
a UV detector, monitoring ppGpp levels in biological samples
is feasible. Yet, the reported CE separation conditions are
compatible with mass spectrometry detectors, which may allow
its translation to an even more sensitive CE-MS method. CE-
MS implementation for identifying novel MSN and for
quantifying less abundant MSN in other organisms is currently
under development in our laboratory.

B EXPERIMENTAL SECTION

General Procedures. Reactions were carried out in flame-dried
glassware under an atmosphere of dry Ar unless noted otherwise. Air-
and moisture-sensitive liquids and solutions were transferred via
syringe or stainless steel cannula. Reagents were purchased from
commercial suppliers (Acros, Aldrich, Fluka, TCI) and used without
further purification, unless noted otherwise. Solvents were obtained in
analytical grade and used as received for extractions, precipitation, and
solid washing. Dry DMF and MeCN for reactions were purchased in a
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Scheme 3. Follow-up Chemistry: Derivatization of Amido-pppNpp Structures”
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| biotinylated pppApp (23): 98%

“Synthetic details: (h) Dowex-H* column; (i) HCI, H,'*O, pH 3, 1t, 1 h; (j) sulfo-cyanine-3-azide (1.7 equiv), Na-ascorbate (2.5 equiv), CuSO, X
S H,0 (35 mol %), TEAA—buffer (pH 7, 200 mM), rt, 30 min; (k) biotin-PEG3-azide (2.5 equiv), Na-ascorbate (2.5 equiv), CuSO, X S H,O (35

mol %), TEAA—buffer (pH 7, 200 mM), rt, 30 min.

dry form from Sigma and stored over molecular sieves as well as under
an atmosphere of dry Ar. Ribonuclease T2 from Aspergillus oryzae (50
ku) was purchased from Worthington Biochemical Corporation as
lyophilized powder and dissolved in a storage buffer [glycerol/
NaH,PO, (10 mM, pH 6.8), 1:1]. The stock solution was stored at
—20 °C. Deuterated solvents for NMR and reactions were obtained
from Armar Chemicals, Switzerland, and Euriso-top, Germany, in the
indicated purity grade and used as received for NMR spectroscopy.
Strong ion-exchange chromatography was performed using an
automated Akta system. Q-Sepharose was purchased from Aldrich.
Buffer solutions were produced manually using ultrapure H,O.
Lyophilizations were done with Christ Freeze-Dryer Alpha 1—4
LDplus and Christ Freeze-Dryer Alpha 1—2 LDplus. 'H NMR spectra
were recorded on Bruker 300 MHz, Bruker 400 MHz (with
cryoprobe), and Bruker SO0 MHz spectrometers in the indicated
deuterated solvent. Data are reported as follows: chemical shift (5,
ppm), multiplicity (s, singlet; d, doublet; t, triplet; q, quartet; m,
multiplet; br s, broad signal), coupling constant(s) (J, Hz),
integration. All signals were referenced to the internal solvent signal
as a standard (D,0, § 4.70). *C{'H} NMR spectra were recorded
with 'H decoupling on Bruker 126 MHz and Bruker 101 MHz (with
cryoprobe) spectrometers at 298 K in the indicated deuterated
solvent. *P{"H} NMR spectra and *P NMR spectra were recorded
with 'H decoupling or "H coupling, respectively, on Bruker 202 MHz,
162 MHz (with cryoprobe), and 122 MHz spectrometers in the
indicated deuterated solvent. All signals were referenced to an internal
standard (PPP). Structural assignments were made with additional
information from gCOSY, gHSQC, and gHMBC experiments. Mass
spectra were recorded by C. Warth (mass spectrometry service of the
University of Freiburg) on a Thermo LCQ_Advantage [spray voltage,
2.5—4.0 kV; spray current, S uA; ion transfer tube, 250 (150) °C;
evaporation temperature, S0—400 °C].

CE-UV Measurements. The measurements were performed on
an Agilent 7100 capillary electrophoresis system equipped with a
diode-array detector (Agilent, Germany). Data were processed using
the Agilent CE ChemStation Software. Fused silica capillaries
(G1600—61232) were obtained from Agilent Technologies. Electro-
phoretic separations were carried out in a fused silica capillary (50 yuM
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Figure 3. CE-UV analysis of several nucleotides. Baseline separation
of AMP, GMP, ADP, ATP, GDP, GTP, pppApp, ppApp, prpGpp,
and ppGpp. Composition of the running buffer: 40 mM ammonium
bicarbonate titrated by ammonium hydroxide solution to pH 10.1.
Separation voltage: 18 kV. UV detection at 250 nm. Temperature: 30
°C. Solute concentration: 40 yM each. Injection: 25 mbar, 3 s (2.2
nL).

i.d. X 365 um o0.d.) with an effective column length of 56 cm (64.5 cm
total length). Running buffers consisting of different concentrations of
ammonium bicarbonate with different pH’s were freshly prepared and
filtered before use. The separation voltage was 18 kV, and the applied
detection wavelength was 250 nm.

Bacterial Growth Conditions. Precultures were freshly inocu-
lated from cryo-stocks into 5 mL of LB medium and were grown
overnight at 37 °C. Cells were then pelleted by centrifugation (5000
rpm for 10 min at 4 °C), resuspended, and used to inoculate the main
culture in 50 mL methionine- and cysteine-depleted M63 medium
(glycerol 20 g/L; KH,PO, 13.6 g/L; (NH,),SO, 2.0 g/L; FeSO, 0.5
mg/L; Mg,SO, 0.2 g/L; 18 amino acids each at 0.1 mM; thiamine 10
ug/mL; pH 7.0) to a final ODgq of 0.2. The cultures were grown at
37 °C and 180 rpm until they reached an ODyy, of 0.8. Subsequently,
40 X 10® cells were treated with 2 M formic acid, flash-frozen in liquid
N,, and stored at —80 °C until further purification. When indicated,
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cells were treated with 625 ng/mL serine hydroxamate (SHX) for 1 h
before formic acid treatment and storage.

Extraction and Purification of Nucleotides. Frozen formic
acid-treated cell extracts were thawed at 37 °C and subsequently
stored at 4 °C. Nucleotides were extracted by repeated vortexing of
the formic acid containing cells extracts over 30 min at 4 °C. Samples
were then centrifuged at 7000g for 10 min at 4 °C, and the
nucleotides in the supernatant were extracted as previously described
by Thara et al. in 2015 and employed for bacteria as well.**** For
solid-phase extraction (SPE) purification, 3 cm® OASIS WAX Vac
cartridges with 60 mg of sorbent and 30 ym particle size (Waters
Corp. USA) were used. The OASIS WAX column was equilibrated
first with 1 mL of methanol, followed by 1 mL of 50 mM ammonium
acetate, pH 4.5. After centrifuging, the supernatant was loaded onto
the column and washed with the ammonium acetate solution and
then methanol. The bound nucleotides were finally eluted with a
mixture of methanol/water/NH,OH (20:70:10). Eluted extracts were
lyophilized overnight and resuspended in 200 L of water for CE-MS
analysis.

Synthetic Procedures.
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ppNpp (1/2) were synthesized according to literature.”®
( o
N—F
Pe®

(FmO),P—N(iPr), (5) was synthesized according to literature®”
and stored at —20 °C.

()

J

Cyclic pyrophosphoryl-P-amidite (cPyPA,6) was synthesized
according to literature®” and stored over molecular sieves at —20 °C.
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2-N-(9-Fluorenylmethoxycarbonyl)guanosine (8) was synthesized
in one step according to Quaedflieg et al. Analytical data were
identical to literature.”

General Procedure A. For the synthesis of amido-pppNp
compounds, nucleoside and ETT (12 equiv) were coevaporated
separately with dry MeCN (2 X 3.0 mL). The nucleoside was
dissolved in dry DMF (40 mM), and a solution of ETT in dry DMF
(1.0 M) was added. Then cPyPA (6, 150 mM in DMF, 5.0 equiv) was
added dropwise within 30 s, and the resulting solution was stirred for

45 min at rt. The solution was cooled to 0 °C, and mCPBA (77%, 7.5
equiv) was added. The mixture was stirred at 0 °C for 10 min before
amine (150 equiv) was added. The resulting solution was stirred for
30 min at rt before being precipitated by the addition of Et,O (4 vol).
The precipitate was separated by centrifugation (7700g, S min),
washed with Et,0 (2 X 2 vol), and dried under a high vacaum. The
resulting solid was dissolved in H,O (8.0 mM), and RNase T2 (500
u) was added. The solution was incubated for 3—48 h at 37 °C.

Purification Method 1. TEAA—buffer (1.0 M, 0.1 vol) was added
to the crude product solution, and the mixture was applied to a plug
of C18-AQ-RP-silica (preconditioned with 100 mM TEAA). The
product was eluted with TEAA—buffer (100 mM). The product-
containing fractions were combined and precipitated using a 4-fold
volume of NaClO, solution (—20 °C, 500 mM in acetone). The
resulting solid was separated by centrifugation (7700g, S min),
washed with acetone (3 X 10 mL), and dried under a high vacuum.

Purification Method 2. The crude product was purified by SAX
(Q-Sepharose, NaClO,—buffer gradient). Product containing frac-
tions were combined and precipitated using a 4-fold volume of
NaClO, solution (—20 °C, S00 mM in acetone). The resulting solid
was separated by centrifugation (7700g, S min), washed with acetone
(3 X 10 mL), and dried under a high vacuum.
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Adenosine-5'-y-P-propargylamido-triphosphate-3'-phosphate
(11). The reaction was performed according to General Procedure A
using adenosine (7, 40.0 mg, 140 pmol) and propargylamine. The
crude product was purified using Purification Method 1. The product
(11, 82.0 mg, 111 pmol, 79%) was isolated as a white solid.

'H NMR* (400 MHz, D,0): 5 8.50 (s, 1H), 8.19 (s, 1H), 6.10 (d,
J =72 Hz, 1H), 4.54—4.46 (m, 1H), 4.23—4.12 (m, 2H), 3.50 (d, ] =
9.8 Hz, 2H), 2.30%* (dd, ] = 2.6 Hz, 1H). ¥P{"H} NMR (162 MHz,
D,0): § 4.06, —2.78 (d, ] = 21.0 Hz), —11.31 (d, J = 18.9 Hz),
—22.68 (dd, J = 20.7, 19.0 Hz). 3C{'H} NMR (101 MHz, D,0): §
155.7 (dd), 152.9, 149.5, 140.0, 118.7, 86.4, 84.2 (dd, ] = 9.3, 5.3 Hz),
744 (d, ] = 3.3 Hz), 73.7 (d, ] = 4.7 Hz), 65.8, 30.9. HRMS (ESI):
m/z caled for C;H;gN4O P, [M — H,]*7, 310.9896; found,
310.9895. (*) 2'H and 3'H were hidden under the HDO peak.
(**) The acetylenic proton integral does not fit the theoretical value.
This is due H/D-exchange in D,0O. The existence of the PN-bond is
proven by 'H—*'P HMBC (see Supporting Information).
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Guanosine-5'-y-P-propargylamido-triphosphate-3'-phosphate
(12). The reaction was performed according to General Procedure A
using 2-N-Fmoc-guanosine (8, 50.0 mg, 99.0 ymol) and propargyl-
amine. The crude product was purified using Purification Method 1
and Purification Method 2 subsequently. The product (12, 43.1 mg,
57.1 umol, 58%) was isolated as a white solid.

'H NMR (400 MHz, D,0): 6 8.07 (s, 1H), 5.88 (d, ] = 7.3 Hz,
1H), 4.83—4.75 (m, 1H), 4.53—4.37 (m, 1H), 4.16 (dd, ] = 4.3 Hz,
2H), 3.52 (d, J = 10.0 Hz, 2H), 2.37 (s, 1H). *'P{"H} NMR (162
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MHz, D,0): § 4.03, —2.73 (d, ] = 20.6 Hz), —11.28 (d, ] = 18.2 Hz),
—22.64 (dd, J = 20.5, 17.8 Hz). *C{'H} NMR (101 MHz, D,0): §
159.4, 154.2, 152.1, 137.9, 116.5, 86.6, 83.9 (dd, J = 9.4, 5.5 Hz), 73.5
(d,J=4.6 Hz),73.5 (d, ] = 3.2 Hz), 65.8 (d, ] = 5.5 Hz), 30.8. HRMS
(ESI): m/z caled for C;3H,sNgO4P, [M — H,]*", 318.9870; found,
318.9869.
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Adenosine-5'-y-P-amido-triphosphate-3'-phosphate (13). The
reaction was performed according to General Procedure A using
adenosine (7, 30.0 mg, 105 gmol) and conc ammonia. Instead of the
Et,O precipitation, precipitation using NaClO, solution (500 mM in
acetone) was performed. The crude product was purified using
Purification Method 1 and Purification Method 2 subsequently. The
product (13, 48.9 mg, 70.3 umol, 67%) was isolated as a white solid.

'H NMR (400 MHz, D,0): 6 8.48 (s, 1H), 8.18 (s, 1H), 6.10 (d, J
= 7.1 Hz, 1H), 4.76—4.71 (m, 1H), 4.69—4.64 (m, 1H), 4.53—4.47
(m, 1H), 4.24—4.10 (m, 2H). *'P{'"H} NMR (162 MHz, D,0): §
4.07, —0.86 (d, ] = 19.1 Hz), —11.20 (d, J = 19.1 Hz), —22.35 (dd, ] =
19.1 Hz). BC{'H} NMR (101 MHz, D,0): § 155.7, 152.9, 149.4,
139.9, 118.6, 86.4, 84.1 (dd, J = 9.1, 5.1 Hz), 74.4 (d, ] = 3.6 Hz),
73.7 (d, ] = 4.5 Hz), 65.8 (d, ] = 5.7 Hz). HRMS (ESI): m/z calcd for
CyoH;,NOsP, [M — H]~, 584.9708; found, 584.9715.
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Guanosine-5'-y-P-amido-triphosphate-3’-phosphate (14). The
reaction was performed according to General Procedure A using 2-N-
Fmoc-guanosine (8, 70.0 mg, 139 pymol) and an NH;/DBU mixture
(1:1). The crude product was purified using Purification Method 1
and Purification Method 2 subsequently. The product (14, 46.9 mg,
65.8 umol, 48%) was isolated as a white solid.

'"H NMR (400 MHz, D,0): § 8.07 (s, 1H), 5.89 (d, ] = 7.2 Hg,
1H), 4.78—4.72 (m, 1H), 4.69—4.64 (m, 1H), 4.48—4.42 (m, 1H),
4.21—4.12 (m, 2H). *'P{'H} NMR (162 MHz, D,0): & 3.88, —0.92
(d,] = 19.0 Hz), —11.27 (d, ] = 19.2 Hz), —22.45 (dd, J = 19.1 Hz).
BC{'H} NMR (101 MHz, D,0): § 159.2, 154.0, 152.1, 137.9, 116.3,
86.6,83.9 (dd, J = 9.2, 5.2 Hz), 73.5 (d, ] = 3.6 Hz), 65.8 (d, ] = 5.6
Hz). HRMS (ESI): m/z caled for C;,H;{N¢Na,O;cP, [M — HJ],
644.9296; found, 644.9286.
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Adenosine-5’-y-P-diethylamido-triphosphate-3’-phosphate (15).
The reaction was performed according to General Procedure A using

adenosine (7, 30.0 mg, 105 pmol) and diethylamine. The crude
product was purified using Purification Method 1 and Purification
Method 2 subsequently. The product (15, 42.3 mg, 56.2 umol, 54%)
was isolated as a white solid.

'H NMR (400 MHz, D,0): 6 8.49 (s, 1H), 8.18 (s, 1H), 6.08 (d,]
= 7.1 Hz, 1H), 476 (dd, ] = 7.2, 4.9 Hz, 1H), 447 (d, ] = 2.8 Hz,
1H), 4.14 (t, ] = 4.2 Hz, 2H), 2.84 (dq, ] = 11.4, 7.1 Hz, 4H), 0.86 (t,
J =7.1Hz, 6H). *P{'H} NMR (162 MHz, D,0): 5 4.08, —0.35 (d, |
=24.8 Hz), —11.18 (d, ] = 17.2 Hz), —22.49 (dd, ] = 24.5, 17.5 Hz).
BC{'H} NMR (101 MHz, D,0): § 155.7, 152.9, 149.5, 140.0, 118.6,
86.4, 84.1 (dd, ] = 9.3, 5.3 Hz), 74.2 (d, ] = 3.2 Hz), 73.7 (d, ] = 4.6
Hz), 65.8 (d, ] = 5.6 Hz), 40.4 (d, ] = 3.7 Hz), 13.7 (d, ] = 3.8 Hz).
HRMS (ESI): m/z caled for C;,H,N,O;P, [M — H]", 641.0334;
found, 641.0340.

Cation-Exchange Procedure 1. Nucleoside phosphates were
applied to a Q-Sepharose column, eluted with NH,HCO;—buffer,
and lyophilized. The resulting solid was redissolved in H,O,
TBA(OH) was added, and the mixture was again lyophilized.

Cation-Exchange Procedure 2. Nucleoside phosphates were
applied to a Chelex 100 column preconditioned with TBA(Br)
(500 mM). UV-active fractions were combined and lyophilized.

General Procedure B. For the synthesis of amido-pppNpp
compounds, nucleoside tetraphosphate TBA salts were dissolved in
DMF (3.5 mM). ETT (3.5 equiv) was added, followed by a solution
of (FmO),P—N(iPr), (5, 1.7 equiv) in DMF (15 mM). The resulting
solution was stirred for 15 min and cooled to 0 °C before mCPBA
(2.1 equiv) was added. The solution was stirred for 10 min at 0 °C,
and DBU (10 vol %) was added. The mixture was stirred for 30 min
at rt and precipitated with Et,O (4 vol). The precipitate was separated
by centrifugation (7700g, S min), washed with Et,0 (2 X 15 mL),
and dried under a high vacuum. The crude product was dissolved in
H,O and purified using using Purification Method 2. Starting material
and cyclized products were recovered as mixtures and treated with
RNaseT2 for 3 h at 37 °C. Subsequent application of Cation-
Exchange Procedure 1 regenerated the corresponding starting

materials.
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Adenosine-5'-y-P-propargylamido-triphosphate-3'-diphosphate
(18). The cation of 11 was exchanged using Cation-Exchange
Procedure 1. The reaction was performed according to General
Procedure B using 11 X 2.4 TBA (19.0 mg, 15.8 ymol). The product
(18, 5.35 mg, 6.40 umol, 41% [75% brsm]) was isolated as a white
solid.

"H NMR (400 MHz, D,0): & 8.48 (s, 1H), 8.19 (s, 1H), 6.13 (d, J
= 6.3 Hz, 1H), 4.93—4.82 (m, 1H), 4.79—4.74 (m, 1H), 4.56—4.45
(m, 1H), 4.26—4.14 (m, 2H), 3.49 (dd, ] = 9.9, 2.3 Hz, 2H), 2.30 (dd,
J = 2.6 Hz, 1H). 3P{'"H} NMR (162 MHz, D,0): § —2.66 (d, ] =
20.6 Hz), —5.54 (d, J = 22.1 Hz), —10.75 (d, J = 22.1 Hz), —11.23 (d,
J = 17.9 Hz), —22.42 (dd, J = 20.6, 18.4 Hz). *C{'H} NMR (101
MHz, D,0): § 155.7, 152.9, 149.3, 140.0, 118.7, 86.7, 87.2—83.3 (m),
74.7 (d, ] = 5.1 Hz), 73.7 (d, ] = 42 Hz), 65.4 (d, ] = 5.5 Hz), 30.8.
HRMS (ESI): m/z calcd for C;3H;(NgNagO,4Ps [M + Nag — Hg]",
836.8590; found, 836.8583.
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Guanosine-5'-y-P-propargylamido-triphosphate-3'-diphosphate
(19). The cation of 12 was exchanged using Cation-Exchange
Procedure 1. The reaction was performed according to General
Procedure B using 12 X 2.3 TBA (36.0 mg, 30.1 ymol). The product
(19, 10.8 mg, 12.6 umol, 42% [92% brsm]) was isolated as a white
solid.

'"H NMR (400 MHz, D,0): § 7.97 (s, 1H), 5.84 (d, ] = 6.2 Hg,
1H), 4.86—4.76 (m, 1H), 4.71 (dd, J = 5.6 Hz, 1H), 4.43—4.33 (m,
1H), 4.18—4.03 (m, 2H), 3.44 (dd, ] = 10.1, 2.4 Hz, 2H), 2.30 (dd, J
=2.5 Hz, 1H). *'P{'"H} NMR (162 MHz, D,0): § —2.63 (d, ] = 21.0
Hz), —5.55 (d, ] = 22.1 Hz), —10.75 (d, J = 22.2 Hz), —11.22 (d, ] =
18.2 Hz), —22.43 (dd, ] = 20.2, 18.5 Hz). *C{'H} NMR (101 MHz,
D,0): 8 159.3, 154.1, 152.0, 137.9, 116.4, 86.9, 83.2 (dd, ] = 9.2, 4.1
Hz), 74.7 (d, J = 5.5 Hz), 73.0 (d, ] = 4.2 Hz), 71.0, 65.5 (d, ] = 5.1
Hz), 30.2. HRMS (ESI): m/z calcd for C;3H;gN4O,oPs [M — H,]*7,
358.9702; found, 358.9700.
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Adenosine-5"-y-P-amido-triphosphate-3'-diphosphate (20). Cat-
ion of 13 was exchanged using Cation-Exchange Procedure 2. The
reaction was performed according to General Procedure B using 13 X
5.1 TBA (18.0 mg, 9.92 pmol). The product (20, 5.67 mg, 7.11 ymol,
72%) was isolated as a white solid.

'H NMR (400 MHz, D,0): 6 8.46 (s, 1H), 8.18 (s, IH), 6.13 (d, J
= 6.3 Hz, 1H), 4.87 (ddd, J = 8.5, 3.9 Hz, 1H), 4.78—4.74 (m, 1H),
4.55—4.50 (m, 1H), 4.26—4.13 (m, 2H). *P{'"H} NMR (162 MHz,
D,0): 5 —0.81 (d, J = 19.0 Hz), —5.46 (d, ] = 22.1 Hz), —10.68 (d, ]
=219 Hz), —11.20 (d, J = 18.7 Hz), —22.25 (dd, J = 18.8 Hz).
BC{'H} NMR (101 MHz, D,0): § 155.6, 152.9, 149.3, 139.9, 118.7,
86.7,83.4 (dd, ] = 9.4, 44 Hz), 74.8 (d,] = 5.2 Hz), 73.8 (d, ] = 4.2
Hz), 654 (d, J = 5.8 Hz). HRMS (ESI): m/z calcd for
C1oH;7N¢NaOsPs [M + Na — H,], 686.9191; found, 686.9197.
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Guanosine-5'-y-P-amido-triphosphate-3'-diphosphate (21). The
cation of 14 was exchanged using Cation-Exchange Procedure 2. The
reaction was performed according to General Procedure B using 14 X
8.0 TBA (46.0 mg, 18.1 umol). The product (21, 9.70 mg, 11.7 umol,
65%) was isolated as a white solid.

'H NMR (400 MHz, D,0): 6 8.05 (s, 1H), 5.92 (d, ] = 6.3 Hz,
1H), 4.87 (ddd, ] = 8.5, 5.1, 3.2 Hz, 1H), 477 (ddd, ] = 6.4, 5.0, 1.3
Hz, 1H), 4.51—4.44 (m, 1H), 4.26—4.11 (m, 2H). 3P{'H} NMR

(162 MHz, D,0): 6 —0.84 (d, ] = 19.0 Hz), —5.60 (d, J = 22.1 Hz),
—10.73 (d, J = 22.1 Hz), —11.24 (d, J = 19.1 Hz), —22.31 (dd, J =
19.1 Hz). BC{'H} NMR (101 MHz, D,0): 6 159.2, 154.0, 151.9,
137.9, 116.3, 86.9, 83.2 (dd, ] = 9.0, 4.4 Hz), 74.8 (d, ] = 5.2 Hz),
73.1 (d, ] = 4.1 Hz), 65.6 (d, ] = 5.6 Hz). HRMS (ESI): m/z calcd for
CyoH,N4O,4Ps [M — H,]*7, 339.9624; found, 339.9622.
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Adenosine-5'-triphosphate-3'-diphosphate (pppApp, 4). Prop-
argylamido-pppApp (18, 1.00 mg, 1.20 ymol) was dissolved in H,O
and applied to a Dowex-H* column and eluted with H,0. UV-active
fractions (TLC) were combined and precipitated using 4 vol of
NaClO, solution (—20 °C, SO0 mM in acetone). The precipitate was
separated by centrifugation (7700g, S min), washed with acetone (3 X
5.0 mL), and dried under a high vacuum. The product (4, 796 ug, 969
nmol, 81%) was isolated as a white solid.

Moreover, 4 was prepared from amido-pppApp (20); 20 (1.30 mg,
1.63 pmol) was dissolved in H,O (500 pL). The solution was
acidified to pH 3 using HCIO, and incubated for 1 h at room temp.
The product was precipitated using 4 vol of NaClO, solution (—20
°C, S00 mM in acetone). The precipitate was separated by
centrifugation (7700g, S min), washed with acetone (3 X 3.0 mL),
and dried under a high vacuum. The product (4, 1.14 mg, 1.43 ymol,
889%) was isolated as a white solid.

'"H NMR (400 MHz, D,0): § 8.53 (s, 1H), 8.24 (s, 1H), 6.14 (d, ]
= 7.0 Hz, 1H), 491 (br s, 1H), 4.82 (t, ] = 5.9 Hz, 1H), 4.59 (br s,
1H), 4.30—4.13 (m, 2H). 3'P{"H} NMR (162 MHz, D,0): § —10.36
(d, J = 204 Hz), —10.64 (d, ] = 19.0 Hz), —11.29 (d, J = 18.7 Hz),
—11.67 (d, J = 19.9 Hz), —22.83 (br s). *C{*H} NMR (101 MHz,
D,0): § 154.3, 151.0, 149.2, 140.5, 118.6, 86.4, 83.7 (dd, ] = 9.0, 2.8
Hz), 75.5 (d, ] = 5.5 Hz), 73.9 (d, ] = 5.1 Hz), 65.5 (d, ] = 5.7 Hz).
HRMS (ESI): m/z caled for C;oH;,N;O,Ps [M + H]Y, 667.9357;
found, 667.9354.
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Guanosine-5'-triphosphate-3'-diphosphate (pppGpp, 3). Prop-
argylamido-pppGpp (19, 2.60 mg, 3.05 ymol) was dissolved in H,O
and applied to a Dowex-H" column and eluted with H,0. UV-active
fractions (TLC) were combined and precipitated using 4 vol of
NaClO, solution (—20 °C, 500 mM in acetone). The precipitate was
separated by centrifugation (7700g, S min), washed with acetone (3 X
5.0 mL), and dried under a high vacuum. The product (3, 1.87 mg,
2.23 umol, 73%) was isolated as a white solid.

NMR data were in accordance with the literature. HRMS (ESI):
m/z caled for CoH;gNsO,Ps [M — H,]*7, 340.4544; found,
340.4540.
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'80-Adenosine-5'-triphosphate-3’'-diphosphate ('®0-pppApp,
22). Propargylamido-pppApp (18, S00 ug, 598 nmol) was dissolved
in H,'®0 (50 uL). The solution was adjusted to pH 3 using HCI
solution (conc) and incubated at rt for 1 h. The product was
precipitated with NaClO, solution (—20 °C, 500 mM in acetone, 5.0
mL). The precipitate was separated by centrifugation (7700g, S min),
washed with acetone (3 X 5.0 mL), and dried under a high vacaum.
The product (22, 377 mg, 459 nmol, 77%, >93% 80) was isolated as
a white solid.

NMR data was in accordance with data from 4. HRMS (ESI): m/z
caled for C;oH,¢NO,5"* 0P [M — H,]*7, 333.4590; found, 333.4628.
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Biotin-PEG3-triazolmethanamido-pppApp (23). Propargylamido-
pppApp (18, 1.06 mg, 1.27 pmol) was dissolved in TEAA—buffer
(200 mM, 1.0 mL). A solution of biotin-PEG;-azide (1.41 mg, 3.18
umol, 2.5 equiv) in DMSO (S0 uL) was added. The solution was
degassed for 10 min using argon. Afterward, sodium ascorbate (628
ug, 3.18 umol, 2.5 equiv) and CuSO, X S H,0 (111 pug, 444 nmol, 35
mol %) were added, and the solution was stirred for 30 min at rt. The
complete turnover was determined by HPLC. The product was
precipitated with NaClO, solution (—20 °C, 500 mM in acetone, 10
mL). The precipitate was separated by centrifugation (7700g, S min),
washed with acetone (3 X 5.0 mL), and dried under a high vacuum.
The product (23, 1.61 mg, 1.26 umol, 98%) was isolated as a white
solid.

'H NMR* (400 MHz, D,0): & 8.42 (s, 1H), 8.13 (s, 1H), 7.66 (s,
1H), 6.04 (d, ] = 6.2 Hz, 1H), 4.88 (br s, 1H), 4.50 (t, ] = 6.4 Hz,
2H), 4.36 (br s, 2H), 4.31 (dd, ] = 7.9, 4.5 Hz, 1H), 4.28—4.16 (m,
2H), 391 (d, ] = 9.2 Hz, 2H), 3.85—3.76 (m, 2H), 3.60—3.43 (m,
10H), 3.29 (dd, J = 5.3 Hz, 2H), 3.25—3.17 (m, 1H), 2.89 (dd, ] =
13.1, 5.0 Hz, 1H), 2.68 (d, J = 13.0 Hz, 1H), 2.18 (d, ] = 7.4 Hz, 2H),
1.72—1.41 (m, 4H), 1.36—1.23 (m, 2H). ¥P{'H} NMR (162 MHz,
D,0): § —2.39 (d, J = 20.2 Hz), —5.23 to —6.36 (m), —10.52 to
—11.10 (m), —11.28 (d, J = 17.8 Hz), —22.01 to —23.05 (m). HRMS
(ESI): m/z calcd for C5;HgN;,0,3PsS [M — H,]*7, §73.0805; found,
573.0815. The product was also characterized by HPLC-MS (see
Supporting Information). (*) One proton (2'H or 3'H) is hidden
under the HDO peak.

Sulfo-cyanine-3-triazolmethanamido-pppApp (24). Propargyla-
mido-pppApp (1, 1.12 mg, 1.34 umol) was dissolved in TEAA—buffer
(200 mM, 1.0 mL). A solution of sulfo-cyanine3-azide (1.68 mg, 2.28
umol, 1.7 equiv) in H,O (50 pL) was added. The solution was
degassed for 10 min using argon. Afterward, sodium ascorbate (663
ug, 3.35 pumol, 2.5 equiv) and CuSO, X § H,0 (117 pug, 468 nmol, 35
mol %) were added, and the solution was stirred for 30 min at rt. The
complete turnover was determined by HPLC. The crude product was
applied to automated SAX (Akta pure, Q-Sepharose, NaClO,—
buffer). The product containing fractions were precipitated using a 4-
fold volume of NaClO, solution (—20 °C, 500 mM in acetone). The
precipitate was separated by centrifugation (7700g, S min), washed
with acetone (3 X 10 mL), and dried under a high vacuum. The
product (24, 1.78 mg, 1.14 umol, 85%) was isolated as a violet solid.

'"H NMR* (400 MHz, D,0): 6 8.42 (s, 1H), 8.41 (dd, ] = 13.6 Hz,
1H), 8.02 (s, 1H), 7.82 (d, ] = 1.7 Hz, 1H), 7.81 (d, ] = 1.3 Hz, 1H),
7.79 (dd, ] = 4.1, 1.8 Hz, 1H), 7.77 (dd, ] = 4.2, 1.8 Hz, 1H), 7.74 (br
s, 1H), 7.32—7.28 (m, 2H), 6.24 (d, ] = 13.5 Hz, 1H), 6.18 (d, ] =
13.5 Hz, 1H), 6.03 (d, ] = 6.5 Hz, 1H), 4.70 (br s, 1H), 4.50 (s, 1H),
4.29-4.15 (m, 4H), 4.06—3.91 (m, 4H), 3.49 (s, 3H), 2.99 (dd, ] =
6.5 Hz, 2H), 2.09 (dd, ] = 7.2 Hz, 2H), 1.96—1.87 (m, 2H), 1.75 (dd,
J = 7.8 Hz, 2H), 1.68 (s, 6H), 1.66 (s, 3H), 1.66 (s, 3H), 1.56—1.45
(m, 2H), 1.34-1.23 (m, 2H). HRMS (ESI): m/z calcd for
CyHeaN1,0,5P5S, [M]*, 1403.2230; found, 1403.2218. The product
was also characterized by HPLC-MS (see Supporting Information).
(*) One proton (2'H or 3'H) is hidden under the HDO peak.
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