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Catalytic Promiscuity of cGAS: A Facile Enzymatic Synthesis

of 2'-3’-Linked Cyclic Dinucleotides

Katrin Rosenthal,” Martin Becker,” Jascha Rolf,” Regine Siedentop,” Michael Hillen,*

Markus Nett,™ and Stephan Liitz*®

Cyclic GMP-AMP synthase (cGAS) is a cytosolic DNA sensor that
catalyzes the synthesis of the cyclic GMP-AMP dinucleotide 2'3'-
cGAMP. 2'3'-cGAMP functions as inducer for the production of
type | interferons. Derivatives of this important second
messenger are highly valuable for pharmaceutical applications.
However, the production of these analogues requires complex,
multistep syntheses. Herein, human cGAS is shown to react
with a series of unnatural nucleotides, thus leading to novel
cyclic dinucleotides. Most substrate derivatives with modifica-
tions at the nucleobase, ribose, and the a-thio phosphate were
accepted. These results demonstrate the catalytic promiscuity
of human cGAS and its utility for the biocatalytic synthesis of
cyclic dinucleotide derivatives.

Cyclic dinucleotides are second messengers that can be found
in prokaryotes and also in eukaryotes.!" Previous studies have
shown that the cyclic GMP-AMP dinucleotide 2'3'-cGAMP is part
of the innate immune system and activates the transmembrane
protein stimulator of interferon genes (STING), which initiates a
signal transduction cascade that produces interferons and
cytokines in vertebrates? 2'3'-cGAMP is produced when
double-stranded DNA is present in the cytosol.”’ Cytosolic DNA
serves as a danger signal and activates cyclic guanosine
monophosphate (GMP)-adenosine monophosphate (AMP) syn-
thase (cGAS, E.C. 2.7.7.86), which catalyzes the cyclization of
ATP and GTP. The cyclization proceeds in two steps. First,
cGAS catalyzes the generation of a linear dinucleotide with a 2'-
5’ linkage.” Subsequently, a 3'-5' linkage is exclusively formed.
GTP is therefore the preferred attacking nucleotide and ATP is
the nucleotide being attacked.
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During recent years, the structure, regulation, mechanism,
and kinetics of human c¢GAS and other homologues have been
described.”*** |n this study, we investigate the catalytic
promiscuity of human cGAS and its application as a biocatalyst.
Many enzymes have been shown to efficiently catalyze
promiscuous reactions.” Substrate promiscuity provides an
immediate evolutionary advantage for the biological system
which is coincidently beneficial for broad synthetic applications
of biocatalysts."” Libraries of other cyclic dinucleotides than the
natural 2'3’-cGAMP are thought to be useful for getting a more
detailed insight into the meaning of cyclic dinucleotides as
second messenger such as STING interaction studies or the
identification of unknown cyclic dinucleotide receptor
proteins.® However, larger collections of modified analogues
are difficult to access” The chemical synthesis of cyclic
dinucleotide analogues was established nearly 10 years ago."”
However, these synthetic routes suffer from low yields (<30 %)
due to multiple steps, require complex protective group
chemistry, and are laborious with a synthesis duration of around
several days. It was recently shown that various 3'-5-linked
cyclic dinucleotide analogues can be synthesized by the
promiscuous cyclic-:AMP-GMP synthetase DncV from the bac-
teria Vibrio cholerae."" However, 3'-5"-linked cyclic dinucleotides
are not functionally active in human cells and have a low
stimulatory potency for human STING.”*'? Some 2'-5-linked
cGAMP analogues have already been synthesized with murine
cGAS, such as a bisphosphothionate analogue, which is
hydrolysis-resistant with a similar affinity for the human STING
receptor compared to natural 2'3'-cGAMP." It is known that
human cGAS also catalyzes the cyclization of GTP into c-di-GMP
with a 2’-5’ linkage. This is in contrast to ATP that is not able to
induce the synthesis of c-di-AMP.”**¥ However, despite many
biocatalytic syntheses being applied in the pharmaceutical
industry and despite its significant advantage of shortening a
multistep procedure, currently no enzyme is applied for the
industrial synthesis of cyclic dinucleotides. One reason for this
might be that the catalytic capacities and potentials of cGAS as
biocatalyst are not fully known and exhausted.

Herein, we show that the substrate promiscuity of human
CcGAS can be exploited to produce a series of 2'3'-cGAMP
analogues in a one-step reaction superior to classical synthesis
routes. The substrate derivatives were chosen with modifica-
tions at different positions in the nucleobase, ribose or a-
phosphate (Scheme 1). Each substrate derivative was tested
with its natural counterpart to evaluate the individual effect of
any position-dependent variation. In total, 16 derivatives
(Scheme 1) were tested in 17 reactions. As the substrates were

© 2020 The Authors. Published by Wiley-VCH GmbH
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Scheme 1. cGAS-catalyzed conversion of substrate derivatives into cyclic
dinucleotide derivatives.

stable in the reference reaction without enzyme, it was clear
that the cyclic dinucleotides were transformed by human cGAS.

The specific activities and conversions within 24 h were
calculated for all reactions (Table 1). No products were synthe-
sized for the substrates 2'd-7-CH-ATP (entry 1), 2'-NH,-ATP
(entry 3) and ATP-0-S (entry 16) and only minor amounts for
the substrate 8-CI-ATP (entry 13). Higher specific activities
between 40 and 43 mUmg ™' were determined for the deriva-
tives 8-Br-dATP (entry 11), 8-Br-ATP (entry 10) and GTP-a-S
(entry 17) with conversions between 56 and 93%. The specific
activities are comparable to those measured for the conversion
of the natural substrates ATP and GTP (74mUmg™'). The
highest specific activity of 136 mUmg~' was measured for the
product synthesis from 8-Br-GTP with a yield of 85%. Thus, the

Table 1. Enzymatic transformations of nucleotide derivatives.”’

Substrate Second Specific Conversion
derivative substrate activity [%]®
[m U mg—l][b]

1 2'd-7-CH-ATP GTP 0 0

2 2'-F-ATP GTP 18 58!
3 2'-NH,-ATP GTP 0 0

4 2-CI-ATP GTP 30 42

5 2-MeS-ATP GTP 20 65"
6 2-NH,-PuTP GTP 25 701
7 2-NH,-PuTP ATP 22 510
8 6-S-GTP ATP 20 401
9 7-CH-ATP GTP 27 88
10 8-Br-ATP GTP 43 57

11 8-Br-dATP GTP 40 68
12 8-Br-GTP ATP 136 85
13 8-CI-ATP GTP 2 26
14 8-NH,-ATP GTP 10 2719
15 8-N;-ATP GTP 14 46
16 ATP-a-S GTP 0 0

17 GTP-0-S ATP 50 934

[a] For reaction conditions and abbreviations, see the Supporting
Information. [b] Measured by reversed-phase HPLC analysis. Specific
activities and conversions are based on ATP or GTP consumption. [c]
Product synthesis was confirmed by ESI-LC-MS.
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spray ionization-liquid chromatography-mass spectrometry (ESI-
LC-MS) and the expected masses were compared with the
detected product masses. The synthesis of nine of the 17
products was confirmed with ESI-LC-MS analysis (Table 1 and
the Supporting Information). Linear products or cyclic homo-
dimers were not detected in any sample. Nevertheless, the
specific activity of human cGAS was relatively low for all tested
reactions, including the cyclization reaction of ATP and GTP.
Using sodium phosphate buffer instead of HEPES leads to lower
specific activities and conversions (see Supporting Information
for details), which might be attributed to the complexation of
the essential magnesium ions by the phosphate buffer.

The broad substrate promiscuity of human c¢GAS can be
explained by the fact that most of the chosen modifications do
not interact with the key residues of human cGAS. These
catalytic key residues of human cGAS are Asp227 and Asp319
coordinating the amine of guanine, Lys362 coordinating the a-
phosphate of ATP, Arg376 coordinating the keto group of
guanine, Ser434 coordinating the a-phosphate of GTP, and
Tyr436 stacking the adenine moiety against the aromatic
residue™ (Figure 1). It is therefore plausible that human cGAS

Figure 1. Overall structure of human cGAS in complex with 2'3'-cGAMP. 2'3'-
cGAMP binds to human cGAS (PDB ID: 6MJX) through multiple residues.
Molecular graphics and analyses performed with UCSF Chimera, developed
by the Resource for Biocomputing, Visualization, and Informatics at the
University of California, San Francisco, with support from NIH P41-
GM10331117.
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accepts substrate derivatives with modifications at most of the
chosen positions in the nucleobase, ribose or a-phosphate.
Interestingly, our measured conversions do not completely
cover recently published results about the synthesis of 2'3'-
cGAMP derivatives using full-length cGAS from human, mouse
and chicken."® Full-length human cGAS did not catalyze the
conversion of for example 2'-F-ATP or 6-S-GTP. This is in
contrast to our experiments with truncated human cGAS
(human cGAS without the 160 N-terminal residues) that is
obviously able to catalyze these conversions. This result
indicates that truncated and full-length cGAS might have
different functionalities.

Based on our findings mg-scale biotransformations of 2'-F-
ATP, 8-Br-ATP, 8-CI-ATP, 8-NH,-ATP, and 8-N;-ATP with GTP into
the corresponding cyclic dinucleotide derivative were carried
out. Thus, 10 umol of the substrates (5.8 mg 2'-F-ATP, 5.8 mg 8-
Br-ATP, 5.4 mg 8-CI-ATP, 5.2 mg 8-NH,-ATP, or 5.4 mg 8-N;-ATP
and 5.2 mg GTP) were converted into the corresponding cyclic
dinucleotide derivative using cGAS within 24 h. The conversion
of 5 umol ATP and GTP served as a reference reaction. The
reactions resulted in 65% conversion of GTP with 2'-F-ATP, 47 %
GTP with 8-Br-ATP, 35% GTP with 8-CI-ATP, 55% GTP with 8-
NH,-ATP, and 58% GTP with 8-N;-ATP. These conversions were
similar, but not fully comparable with the biotransformations
on analytical scale, which can only be attributed to the change
in the reaction scale. HPLC Purification of 2'3’-cGAMP yielded
1.1 mg of product. The derivatives were purified by two-step
HPLC to give 0.1 mg cyclic GMP-2"-F-AMP, and 4.1 mg cyclic
GMP-8-NH,-AMP. The syntheses of cGAMP, cyclic GMP-2'-F-AMP
and cyclic GMP-8-NH,-AMP were successfully validated by NMR
spectroscopy (see the Supporting Information for details). The
products cyclic GMP-8-Br-AMP, cyclic GMP-8-N;-AMP and cyclic
GMP-8-CI-AMP were not purified in quantifiable amounts.

In summary, we have reported a short and facile enzymatic
synthesis of novel unnatural cyclic dinucleotides based on the
promiscuous activity of human cGAS. Remarkably, most tested
ATP and GTP substrate derivatives with modifications at the
nucleobases, riboses and a-phosphate were converted into
cyclic dinucleotides with their natural counterpart.

The relevance of these cyclic dinucleotide derivatives was
recently demonstrated by investigating the biological activity
towards the STING receptor based on the analysis of the
structure-activity relationship and mouse model systems."
Next to the bisphosphothionate analogue, it turned out that
especially cyclic dinucleotides with a fluorine substitution in the
2'-position of the adenosine ribose shows improved STING
binding."® We were now able to synthesize cyclic GMP-2'"-F-
AMP using a biocatalyst instead of a complex chemical route.
We additionally synthesized for the first time derivatives with
modifications at the 8-position of the nucleoside. The catalytic
promiscuity and the successful application in preparative scale-
synthesis elucidates the potential of cGAS as a viable catalyst
for cyclic dinucleotide synthesis. Moreover, the vast biological
diversity of cGAS holds the promise for more applicable
biocatalysts."
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Experimental Section

Analytical scale biotransformation: For enzyme assays, 40 mM
HEPES, 10 mM MgCl,, pH 7.2 was used with 0.1 mgmL™" Herring
testis DNA and 40 pgmL~' human cGAS. The reaction was started
by adding 0.5 mM substrate derivative and 0.5 mM substrate, either
ATP or GTP. The reaction volume was 1 mL. Negative controls were
performed analogously without the addition of enzyme. All samples
were incubated at 37°C and 300 rpm in an orbital shaker for at
least 24 h. Reactions were stopped by heating at 95°C for 5 min.
The samples were analyzed with HPLC and LC-MS. The activities
given in Table 1 are the result of following the enzyme activity for
24 h and determining the slope of substrate consumption for the
initial 4 to 5 h.

Milligram-scale biotransformation: For milligram-scale biotransfor-
mation, 20 mL reaction solution (40 mM HEPES, 10 mM MgCl,,
pH 7.2 with 0.1 mgmL™" Herring testis DNA, 0.5 mM substrate
derivative and 0.5 mM GTP) was used in shaking flasks. The reaction
was started by adding 40 pgmL™' human cGAS. The reaction
mixture was incubated at 37 °C and 200 rpm in an orbital shaker for
24 h. The reaction was stopped by heating at 95°C for 5 min. The
product solutions were frozen and stored at —20°C.

Fractionation of biotransformation products by HPLC: The frozen
samples were lyophilized to dryness, subsequently resolved in T mL
H,O and centrifuged at 21000 g for 5 min. The supernatant of the
product solution was separated and collected as fractions with a
LaChrome Elite HPLC system (VWR, Darmstadt, Germany) equipped
with an ISAspher 100-3C18AQ column, 150x3 mm (Isera GmbH,
Diiren, Germany). The column temperature was set to 30°C. The
flow rate was set to 1mL min~'. The product solution was
repetitively injected with volumes of 99.5 uL. A gradient of 50 mM
triethylamine acetate (TEAA) with 3% v/v acetonitrile (solvent A)
and 100% acetonitrile (solvent B) was used for the chromatog-
raphy. The solvent gradient for all products was: 0-10 min: 0% B,
10-20 min: 0 to 30% B, 20-22 min: 30% B, 22-25 min 30 to 0% B,
25-30 min 0% B. Fractions were taken: cGAMP: 12-13 min; cyclic
GMP-2"-F-AMP: 11-12 min and 17-18 min; cyclic GMP-8-Br-AMP:
17-19 min; cyclic GMP-8-CI-AMP: 16-18 min; cyclic GMP-8-NH,-
AMP: 11-13 min; cyclic GMP-8-N;-AMP: 16-17 min. Elution of
compounds was monitored with a UV detector at 254 nm. The
collected fractions were lyophilized and product purification was
validated with NMR analysis.

For further purification of the product derivatives, a second
fractionation using chromatography was performed. In the second
fractionation, the solvent gradient was individually adapted for
each compound: cyclic GMP-2"-F-AMP: 0-20 min: 0 to 22.5% B, 20-
22 min: 22.5 to 90% B, 22-30 min: 90% B, 30-32 min 90 to 0% B,
32-42 min 0% B; Fractions were taken: 8.7-10.2 min; cyclic GMP-8-
Br-AMP: 0-20 min: 0 to 15% B, 20-22 min: 15 to 90% B, 22-30 min:
90% B, 30-32 min: 90 to 0% B, 32-42 min: 0% B; Fractions were
taken: 14.3-16.3 min; cyclic GMP-8-CI-AMP: 0-5min: 0% B, 5-
25 min: 0 to 30% B, 25-27 min: 30 to 90% B, 27-35 min: 90% B,
35-37 min: 90 to 0% B, 37-47: 0% B; Fractions were taken:12.7-
14.1 min and 16.3-18.3 min; cyclic GMP-8-NH,-AMP: 0-18 min: 0%
B, 18-28 min: 0 to 30% B, 28-30 min: 30 to 90% B, 30-38 min: 90%
B, 38-40 min: 90 to 0% B, 40-50 min: 0% B; Fractions were taken:
25.9-27.9 min; cyclic GMP-8-N;-AMP: 0-15 min: 0 to 22.5% B, 15-
17 min: 22.5 to 90% B, 17-25 min: 90% B, 25-27 min: 90 to 0% B,
27-37 min: 0% B; Fractions were taken: 7.1-9.1 min. Elution of
compounds was monitored with a UV detector at 254 nm. The
collected fractions were lyophilized and product purification was
validated with NMR analysis.

NMR analysis: NMR spectra were recorded on a Bruker AV 600
Avance Il HD system (Bruker BioSpin GmbH, Rheinstetten,

© 2020 The Authors. Published by Wiley-VCH GmbH
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Germany) with D,0 as solvent and 25 pL [D,Jmethanol as internal
standard. The solvent signals were referenced to d, 3.31 ppm and
Oc 49.0 ppm.

Cyclic GMP-8-NH,-AMP: '"H NMR (600 MHz, D,0/CD,0D): 6=8.08 (s,
1H; CH), 7.94 (s, 1H; CH), 6.17 (s, 1H; CH), 5.99 (d, J=8.2 Hz, 1H; CH),
5.60 (dt, *Jy,,=8.6 Hz, 4.3 Hz, 1H; CH), 5.06 (d, J=7.4 Hz, 1H; CH),
4,72 (d, J=5.'6 Hz, 1H; CH), 4.62 (d, /=4.3 Hz, 1H; CH), 444 (d, J=
2.4 Hz, TH; CH), 438 (s, 1H; CH), 4.27 (m, 2H; CH,), 437, 4.14 ppm
(m, 2H; CH,); *C NMR (600 MHz, D,0/CD,0D): 6 = 160.2 (CCO), 154.5
(CN), 153.2 (CN), 153.1 (CN), 150.1 (CH), 149.7 (CN), 142.3 (CH), 118.1
(CN), 117.1 (CN), 91.5 (CH), 86.8 (CH), 84.6 (CH), 80.6 (CH), 75.6 (CH),
74.7 (CH), 72.4 (CH), 71.7 (CH), 66.7 (CH,), 62.9 ppm (CH,).

Cyclic GMP-8-F-AMP: 'H NMR (600 MHz, D,0/CD,0D): 6 =8.30 (s, 1H;
CH), 8.29 (s, 1H; CH), 7.87 (s, TH; CH), 6.47 (m, 1H; CH), 5.96 (m, TH;
CH), 5.67 (dt, *Jy=8.2 Hz, 4.3 Hz, 1H; CH), 5.56 (m, 1H; CH), 5.12 (m,
1H; CH), 4.60 (d, J=4.3 Hz, 1H; CH), 4.57 (m, 1H; CH), 4.40 (m, 1H;
CH), 4.25 (m, 2H; CH,), 4.16 ppm (m, 2H; CH,); *C NMR (600 MHz,
D,0/CD;0D): 6 =n.d. (CCO), n.d. (CN), 156.0 (CN), 155.1 (CH), 152.2
(CN), 148.1 (CN), 142.9 (CH), 140.7 (CH), 119.2 (CN), 118.1 (CN), 87.8
(CH), 87.6 (CH), 87.2 (CH), 84.0 (CH), 74.6 (CH), 72.2 (CH), 71.8 (CH)
69.9 (CH), n.d. (CH), 66.8 ppm (CH). (n.d. =not detected)

Acknowledgements

This research was supported by the CLIB-Competence Center
Biotechnology (CKB) funded by the European Regional Develop-
ment Fund (EFRE) and the North-Rhine Westphalian Ministry of
Economic Affairs, Innovation, Digitalisation and Energy (MWIDE).
Support from the Max-Buchner Forschungsstiftung is also grate-
fully acknowledged. We kindly acknowledge Svenja Battling for
her support in obtaining the recombinant cGAS. We thank Saskia
Spitzer for her support in the visualization of the enzyme and
ligand. Open access funding enabled and organized by Projekt
DEAL.

Conflict of Interest

The authors declare no conflict of interest.

Keywords: biocatalysis -
dinucleotides - enzymes

catalytic promiscuity - cGAS - cyclic

[1] a) O. Danilchanka, J.J. Mekalanos, Cell 2013, 754, 962-970; b) P.V.
Krasteva, H. Sondermann, Nat. Chem. Biol. 2017, 13, 350-359.

[2] a) A. Ablasser, M. Goldeck, T. Cavlar, T. Deimling, G. Witte, I. Rohl, K. P.
Hopfner, J. Ludwig, V. Hornung, Nature 2013, 498, 380-384; b) P. Gao,
M. Ascano, Y. Wu, W. Barchet, B. L. Gaffney, T. Zillinger, A. A. Serganov,
Y. Liu, R. A. Jones, G. Hartmann, T. Tuschl, D.J. Patel, Cell 2013, 153,
1094-1107; ¢) E. J. Diner, D. L. Burdette, S. C. Wilson, K. M. Monroe, C. A.

Kellenberger, M. Hyodo, Y. Hayakawa, M. C. Hammond, R. E. Vance, Cell

Rep. 2013, 3, 1355-1361; d) A. Ablasser, Z. J. Chen, Science 2019, 363.

a) F. Civril, T. Deimling, C. C. de Oliveira Mann, A. Ablasser, M. Moldt, G.

Witte, V. Hornung, K. P. Hopfner, Nature 2013, 498, 332-337; b) T. Li, H.

Cheng, H. Yuan, Q. Xu, C. Shu, Y. Zhang, P. Xu, J. Tan, Y. Rui, P. Li, X. Tan,

Sci. Rep. 2016, 6, 19049; c) R. O. Watson, S. L. Bell, D. A. MacDuff, J. M.

Kimmey, E. J. Diner, J. Olivas, R. E. Vance, C. L. Stallings, H. W. Virgin, J. S.

Cox, Cell Host Microbe 2015, 17, 811-819.

[4] a) K. Kato, R. Ishii, E. Goto, R. Ishitani, F. Tokunaga, O. Nureki, PLoS One
2013, 8, €76983; b) X. Zhang, J. Wu, F. Du, H. Xu, L. Sun, Z. Chen, C. A.
Brautigam, Z. J. Chen, Cell Rep. 2014, 6, 421-430.

[5] a) P.J. Kranzusch, A.S. Lee, J. M. Berger, J. A. Doudna, Cell Rep. 2013, 3,
1362-1368; b) P. J. Kranzusch, A. S. Lee, S. C. Wilson, M. S. Solovykh, R. E.
Vance, J. M. Berger, J. A. Doudna, Cell 2014, 158, 1011-1021; ¢) P.J.
Kranzusch, R.E. Vance, Immunity 2013, 39, 992-994; d) J. Hall, E.C.
Ralph, S. Shanker, H. Wang, L. J. Byrnes, R. Horst, J. Wong, A. Brault, D.
Dumlao, J. F. Smith, L. A. Dakin, D. C. Schmitt, J. Trujillo, F. Vincent, M.
Griffor, A. E. Aulabaugh, Protein Sci. 2017, 26, 2367-2380; e) P. Xia, B. Ye,
S. Wang, X. Zhu, Y. Dy, Z. Xiong, Y. Tian, Z. Fan, Nat. Inmunol. 2016, 17,
369-378; f) M. Xiong, S. Wang, Y.Y. Wang, Y. Ran, Virology 2018, 33,
117-124; g) X. Wu, F. H. Wu, X. Wang, L. Wang, J. N. Siedow, W. Zhang,
Z. M. Pei, Nucleic Acids Res. 2014, 42, 8243-8257; h) F. Civril, T. Deimling,
C. C. de Oliveira Mann, A. Ablasser, M. Moldt, G. Witte, V. Hornung, K. P.
Hopfner, Nature 2013, 498, 332-337; i) J. Rolf, R. Siedentop, S. Lutz, K.
Rosenthal, Int. J. Mol. Sci. 2020, 217; j) J. Wang, B. Chu, L. Dy, Y. Han, X.
Zhang, S. Fan, Y. Wang, G. Yang, Mol. Immunol. 2015, 65, 436-445.

[6] a) R.D. Gupta, Sustain. Chem. Process. 2016, 4, 2; b) C. Pandya, J.D.
Farelli, D. Dunaway-Mariano, K. N. Allen, J. Biol, Chem. 2014, 289, 30229-
30236; c) U. T. Bornscheuer, R. J. Kazlauskas, Angew. Chem. Int. Ed. 2004,
43, 6032-6040; Angew. Chem. 2004, 116, 6156-6165.

[7]1 O. Khersonsky, D. S. Tawfik, Annu. Rev. Biochem. 2010, 79, 471-505.

[8] X. Che, J. Zhang, H. Quan, L. Yang, Y. Q. Gao, J. Phys. Chem. B 2018, 122,
1862-1868.

[9] F. Schwede, H. G. Genieser, A. Rentsch in Non-canonical Cyclic Nucleo-
tides. Handbook of Experimental Pharmacology, Vol. 238 (Ed.: R. Seifert),
Springer Nature, Cham, 2016.

[10] a) B. L. Gaffney, E. Veliath, J. Zhao, R. A. Jones, Org. Lett. 2010, 12, 3269-
3271; b) B. L. Gaffney, N. D. Stebbins, R. A. Jones, Nucleosides Nucleotides
Nucleic Acids 2013, 32, 1-16; c) B. L. Gaffney, R. A. Jones, Org. Lett. 2014,
16, 158-161; d) E. Veliath, S. Kim, B. L. Gaffney, R. A. Jones, Nucleosides
Nucleotides Nucleic Acids 2011, 30, 961-978.

[11] K. D. Launer-Felty, S. A. Strobel, Nucleic Acids Res. 2018, 46, 2765-2776.

[12] X. Zhang, H. Shi, J. Wu, L. Sun, C. Chen, Z.J. Chen, Mol. Cell 2013, 51,
226-235.

[13] L. Li, Q. Yin, P. Kuss, Z. Maliga, J. L. Millan, H. Wu, T.J. Mitchison, Nat.
Chem. Biol. 2014, 10, 1043-1048.

[14] K. Rosenthal, S. Litz, Curr. Opin. Green Sustain. Chem. 2018, 11, 58-64.

5] a) D. K. G. E. Katibah, L. Sung, K. Gauthier, L. Hix Glickman, J. Leong,
S. M. McWhirter, T. W. Dubensky, PC. Jr (Aduro Biotech Inc.), T/US2016/
021597, 2019; b) D. K. G. E. Katibah, L. Sung, K. Gauthier, L. Hix Glick-
man, J. Leong, S. M. McWhirter, T. W. Dubensky, Jr., J. McKenna, S. M.
Canham, C. Obioma Ndubaku (Novartis AG, Aduro Biotech Inc.),
CA3002236 A1, 2019.

[16] B. Novotng, L. Vanekova, M. Zavfel, M. Budésinsky, M. Dejmek, M. Smola,
0. Gutten, Z. A. Tehrani, M. Pimkova Polidarova, A. Brazdova, R. Liboska,
I. Stépanek, Z. Vavfina, T. Jandusik, R. Nencka, L. Ruli$ek, E. Boufa, J.
Brynda, O. Pav, G. Birkus, J. Med. Chem. 2019, 62, 10676-10690.

[17] E.F. Pettersen, T. D. Goddard, C. C. Huang, G. S. Couch, D. M. Greenblatt,
E. C. Meng, T. E. Ferrin, J. Comput. Chem. 2004, 25, 1605-1612.

v

Manuscript received: July 3, 2020
Accepted manuscript online: July 7, 2020
Version of record online: August 4, 2020

ChemBioChem 2020, 21, 3225-3228 www.chembiochem.org

3228

© 2020 The Authors. Published by Wiley-VCH GmbH


https://doi.org/10.1016/j.cell.2013.08.014
https://doi.org/10.1038/nchembio.2337
https://doi.org/10.1038/nature12306
https://doi.org/10.1016/j.cell.2013.04.046
https://doi.org/10.1016/j.cell.2013.04.046
https://doi.org/10.1016/j.celrep.2013.05.009
https://doi.org/10.1016/j.celrep.2013.05.009
https://doi.org/10.1038/nature12305
https://doi.org/10.1016/j.chom.2015.05.004
https://doi.org/10.1371/journal.pone.0076983
https://doi.org/10.1371/journal.pone.0076983
https://doi.org/10.1016/j.celrep.2014.01.003
https://doi.org/10.1016/j.celrep.2013.05.008
https://doi.org/10.1016/j.celrep.2013.05.008
https://doi.org/10.1016/j.cell.2014.07.028
https://doi.org/10.1016/j.immuni.2013.11.012
https://doi.org/10.1002/pro.3304
https://doi.org/10.1038/ni.3356
https://doi.org/10.1038/ni.3356
https://doi.org/10.1093/nar/gku569
https://doi.org/10.1038/nature12305
https://doi.org/10.1016/j.molimm.2015.02.002
https://doi.org/10.1002/anie.200460416
https://doi.org/10.1002/anie.200460416
https://doi.org/10.1002/ange.200460416
https://doi.org/10.1021/acs.jpcb.7b12276
https://doi.org/10.1021/acs.jpcb.7b12276
https://doi.org/10.1021/ol101236b
https://doi.org/10.1021/ol101236b
https://doi.org/10.1080/15257770.2012.748196
https://doi.org/10.1080/15257770.2012.748196
https://doi.org/10.1021/ol403154w
https://doi.org/10.1021/ol403154w
https://doi.org/10.1080/15257770.2011.624567
https://doi.org/10.1080/15257770.2011.624567
https://doi.org/10.1093/nar/gky137
https://doi.org/10.1016/j.molcel.2013.05.022
https://doi.org/10.1016/j.molcel.2013.05.022
https://doi.org/10.1038/nchembio.1661
https://doi.org/10.1038/nchembio.1661
https://doi.org/10.1016/j.cogsc.2018.03.015
https://doi.org/10.1021/acs.jmedchem.9b01062
https://doi.org/10.1002/jcc.20084
https://doi.org/10.1002/jcc.20084

