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1 Abstract 

The cGAS-STING pathway is a fundamental part of the innate immune system, recognizing the 
presence of double stranded DNA in the cytosol as a danger signal. The recognition is independent of 
the DNA’s origin, whether from pathogens or from damaged host nuclei and mitochondria. 2’3’-
cGAMP is the second messenger that is produced by the DNA-recognizing enzyme cGAS and is 
responsible for binding and activating STING protein. Activation of STING is essential for the 
production of type I interferons and other pro-inflammatory cytokines that stimulate the protective 
immune responses against pathogens and even against the development of cancer by promoting 
antitumoral activities.  

Starting from 2’3’-cGAMP’s structure and developing novel bioactive compounds based on it, scientists 
can effectively regulate the cGAS-STING pathway and, thus, target aberrant inflammation and cancer. 
Generally, potent STING agonists shows remarkable capability as efficient antitumor agents especially 
when combined with immune checkpoint inhibitors or tumor irradiation. On the other hand, STING 
inhibitors are equally important as they manage to regulate abnormal STING signaling that is responsible 
for chronic inflammation and autoimmune diseases.  

In the first part of this dissertation, we designed and synthesized a 2’3’-cGAMP-based agonist (1) that 
does not contain the 2’- and 3’- OH groups on its ribose. We first established and optimized the synthesis 
and then evaluated the compound’s ability to bind and activate STING. Moreover, we performed 
stability studies of the compound against poxvirus nucleases (poxins) and we assessed its antitumoral 
activity using a murine hepatocellular carcinoma xenograft.             

  

 

 

 

 

 

The pharmaceutical properties of 2’3’-cGAMP pose challenges largely caused by its negative charge that 
limits cellular permeability. Subsequently, we showed our synthetic approaches towards a 2’3’-cGAMP 
prodrug that carries two biologically labile S-acyl-2-thioester (SATE) groups, which mask its negative 
charges. The SATE groups also bear a terminal alkyne that can be further utilized at a later stage by 
attaching specific molecules through click-chemistry and provide targeted delivery.  

 

STING LBD STING LBD STING LBD 2’3’-cGAMP 

STING’s natural 

ligand 

KD = 4nM 

           2’3’-deoxy-cGAMP (1) 

• Stable against poxins 

• Significant binding on STING 

• Enhanced potency 

• Antitumoral activity 
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In the second chapter, I demonstrate the development of three cyclic dinucleotide conjugates that can 
act as STING inhibitors. Compound 75 is a hybrid molecule that consists of two species that are bonded 
via a flexible linker, a STING-targeting cyclic dinucleotide (CDN) and a small molecule which recruits 
thioesterase LYPLAL1. The small molecule is supposed to bring the esterase into close contact with 
STING to cleave the palmitate tag from STING residues Cys88 and 91. By using this “proximity 
inducing” conjugate we can target and block STING’s palmitoylation, a modification which is essential 
for immune signaling.  

We also designed compounds 83 and 84 to exhibit improved cellular uptake through the folate 
transporter SLC19A1, which imports folates but also certain CDNs, but at the same time act as 
inhibitors of STING. We anticipated that by ligating a CDN with a folate moiety we will provide the 
proper parameters for preferred SLC19A1-mediated cellular delivery of the conjugate. We counted on 
83 and 84 having an inhibitory activity due to the bulky folate which, after STING binding, might not 
allow STING’s lid closure or a proper conformational change that promotes STING activation. Finally, 
we performed some initial in vitro assays which showed that these compounds do not trigger the 
production of type I interferons.             
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2 Introduction 

2.1 The cGAS-STING pathway 

Surveillance and detection of foreign DNA play a pivotal role in immunity across various organisms. In 
normal functioning eukaryotic cells, DNA is strictly packed in the nucleus and mitochondria and, if 
released, is rapidly degraded by nucleases in the cytosol and endosomes. Various pathological states can 
however induce the presence of DNA inside the cell which is promptly received by the innate immune 
system as a danger signal. In the metazoan organisms, the cGAS-STING pathway is on the forefront of 
immunological responses.2-5 Aberrantly released or mislocalized double stranded DNA (dsDNA) in the 
cytosol (>20 bp) is sensed by the enzyme cGAS (cGAMP synthase) which in turn activates the stimulator 
of interferon genes (STING) protein.6-8 After stimulation, the cGAS-STING pathway has a significant 
impact, primarily leading to the production of antiviral cytokines of the type I interferon family (type I 
IFNs) through the activation of TANK-binding kinase 1 (TBK1) and, subsequently, of the transcription 
factor IFN regulatory factor 3 (IRF3) and nuclear factor kappa B (NF-κΒ).9-12 These cytokines, in a 
cascading way, stimulate the expression of numerous interferon-related genes (IRGs) and initiate a wide 
range of antiviral activities and other immune responses. Moreover, STING promotes cell autophagy 
and restricts viral propagation in a cell autonomous way.13 Overall, the cGAS-STING pathway combines 
the recognition of cytosolic dsDNA with the activation of innate immunity (Figure 1). 

 

Figure 1. Overview of the cGAS-STING pathway and its downstream activation pathway. cGAMP (cyclic 2’3’-cyclic 
guanosine monophosphate-adenosine monophosphate), cGAS (cyclic-cGAMP synthase), STING (STimulator of INterferon 
Genes), TBK1 (TANK-binding kinase 1), IRF3 (IFN regulatory factor 3), NF-κΒ (nuclear factor kappa B), IFNs (Interferons), 
IRGs (Immunity Related Genes).  

 

STING (also known as TMEM173, MITA, ERIS and MPYS) is a 40kDa dimeric transmembrane 
protein comprised of 379 amino acids (aa) which in its resting mode resides on the surface of the 
endoplasmatic reticulum (ER) and after activation translocates to the Golgi compartment (Figure 2A). 
It is expressed in various endothelial and epithelial cells, as well as in haematopoietic cells, such as T-cells, 
macrophages and dendritic cells and acts as a master regulator of type I interferon (IFN) production. 11, 

14, 15 STING functions as an indirect cytoplasmic dsDNA sensor and as a direct immunosensor of endo- 
and exogenously synthesized cyclic dinucleotides (CDNs).16 CDNs are known to be inherently 
synthesized by bacterial and mammalian cells and are very important signaling molecules as they 
influence a multitude of functional and immune responses.16  
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The determining step to activate STING and initiate the cGAS-STING pathway is the binding of the 
self-derived CDN 2’3’-cyclic guanosine monophosphate-adenosine monophosphate (2’3’-cGAMP).17 
In order to activate STING, 2’3’-cGAMP is produced by cGAS which freely accumulates in the cytosol. 
18-20 cGAS catalyzes the production of 2’3’-cGAMP from intracellular adenosine triphosphate (ATP) and 
guanosine triphosphate (GTP). Initially, DNA binds to cGAS and causes a conformational change in 
order for the enzyme to start catalyzing the phosphodiester bond formation.21, 22 2’3’-cGAMP’s 
phosphate groups connect the two nucleosides from positions 2’- and 5’- of guanosine and from the 3’- 
and 5’- positions of adenosine leading to the formation of a non-canonical 2’-5’ phosphodiester bond 
(Figure 2B).8 This bond is unique in nature and so far is only encountered on cGAMP, while the well-
known bacterial derived messenger CDNs cyclic di-GMP (c-di-GMP) and cyclic di-AMP (c-di-AMP) 
contain two 3’-5’ phosphodiester linkages.16 Since it always contains the 2’-5’ and 3’-5’ phosphodiester 
linkages that are naturally produced by cGAS, 2’3’-cGAMP is from here on referred to as “cGAMP”. 

 

Figure 2.  A) General depiction of the cGAS-STING signaling pathway. Upon detection of dsDNA, cGAS ligates on it, 
resulting in the synthesis of cGAMP. cGAMP then binds on STING that localizes on the endoplasmatic reticulum (ER) causing 
a conformational change on its structure. STING translocates to the Golgi compartment where it recruits TANK-binding 
kinase 1 (TBK1) promoting TBK1 autophosphorylation, STING phosphorylation and interferon regulatory factor 3 (IRF3) 
recruitment. IRF3 gets phosphorylated by TBK1 and travels to the nucleus where it activates the transcription of type I IFN 
genes and activation of the NF-κΒ pathway. Created with BioRender.com. B) Chemical structure of 2’3’-cGAMP.  

 

After formation, cGAMP acts as a second messenger and can be recognized by STING on the ER. 
Second messengers are small, rapidly diffusing molecules that act as signal transmitters when cells are 
stimulated. These second messengers propagate the initial signal that is created when a ligand binds to a 
receptor or protein in order to initiate a cellular response.16 In the case of the cGAS-STING pathway, the 
triggering ligand is the dsDNA and the surveilling protein is cGAS. Once dsDNA is situated in the 
cytosol it gets detected by cGAS, regardless of whether it originates from the host organism or from a 
pathogen. External dsDNA sources are DNA and RNA viruses and bacteria and phagocytosed DNA 
fragments that escape from the lysosomal compartment. Besides that, aberrantly released and 
insufficiently degraded host DNA is also a triggering factor. That includes leaked genomic DNA from 

B A 
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ruptured nuclei and micronuclei due to cell damage or senescence and DNA from damaged 
mitochondria (Figure 2A). 

 

2.1.1 STING’s downstream activation mechanism 

A monomer of STING is comprised of a short N-terminal cytosolic domain and four transmembrane 
(TM) helices (TM1-4) that together consist of the first 154 amino acids, as well as a cytosolic ligand-
binding domain (LBD, aa 155-341) on which a C-terminal tail (CTT, aa 342-379) is attached (Figure 
3A). 23, 24 The TM domains and the CTT are connected via a connector helix and a connector loop. The 
LBD is the active component that binds cGAMP and related CDNs. When no ligand is attached (apo-
state), the LBD domain forms a symmetrical dimer that adopts a V-shaped conformation resembling a 
butterfly with its head towards the ER.25 When cGAMP binds on the LBD, STING undergoes an 
extensive conformational change. This includes a 180o rotation of the LBD and the formation of a β-
sheet that resembles a “lid” that closes above the LBD and covers it (Figure 3B).  

 

Figure 3. A) Cryo-EM structure of full-length hSTING in the front view (PDB: 6NT5). Figure adapted from Zhang et al.26 Β) 
Mechanism of STING activation. Cryo-EM structure of the ligand-free chicken STING (PDB: 6NT6) and the cGAMP bind 
dimer (PDB: 6NT7). cGAMP binding leads to lid closure and rotation of the LBD. This promotes STING oligomerization that 
is stabilized by disulfide bonds formed on Cys148. Figure adapted from Hopfner et al.27  

 

These actions are generating a proper surface geometry on which STING oligomerizes and forms side-
by-side clusters. The oligomerization is stabilized by formation of disulfide bonds on Cys148 of the 
connector helix and is very crucial for the downstream signaling of STING. The binding of cGAMP -
and other CDNs- promotes the translocation of STING to the Golgi compartment via the trans-ER-
Golgi intermediate compartment (ERGIC). There, STING recruits TBK1 via the CTT, TBK1 
autophosphorylates and then phosphorylates STING’s tails.12, 28 Phosphorylated tails then recruit IRF3, 
which is subsequently phosphorylated by TBK1. It is proposed that clustering of STING at the lipid 
rafts of the Golgi compartment brings TBK1 and IRF3 into close proximity, so that IRF3 
phosphorylation takes place.29, 30 The phosphorylated IRF3 dimerizes, enters the nucleus and activates 
the transcription of IFNs and inflammatory cytokine genes (Figure 2). In addition, cGAS-STING 
signaling also leads to the expression of pro-inflammatory cytokines like IL-1, IL-6, TNFα through the 
NF-κΒ pathway. 

A B 
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2.2 Overview of STING’s structure and cGAMP binding mechanism 

cGAMP, although asymmetric, binds to human STING with higher affinity and induces stronger IFN 
production compared to its linkage isomers 2’2’-cGAMP, 3’2’-cGAMP and bacterial CDNs 3’3’-
cGAMP and c-di-GMP (Figure 4A).18, 21, 31 The differences in binding of different ligands on STING was 
determined by structural studies that measured thermodynamic factors21. cGAMP adopts a closed 
conformation that is very similar to the STING-bound conformation (Figure 4C). Despite being 
asymmetric, while STING’s LBD is symmetric, the conversion of cGAMP’s conformation from free-
state to bound-state is energetically much more favorable than for the other CDNs in terms of entropy 
and enthalpy shifts. 3’2’-cGAMP and bacterial CDNs 3’3’-cGAMP and c-di-GMP need to pay a much 
higher entropic cost in order to fit ideally to the LBD because they attain a more open conformation, 
with higher degrees of freedom, that requires a significant conformational change21 (Figure 4B,C). On 
the contrary, 2’2’-cGAMP is presenting a more tightly folded conformation due to intramolecular 
purine-base derived hydrogen bonds and π-π stacking interactions between the purine bases that require 
a higher enthalpy input to unfold and bind.21 Thus, cGAMP achieves a precise equilibrium between 
conformational flexibility and stability, making it highly favorable and preferential for binding with 
STING over other CDNs.  

 

 

 

 

2’3’-cGAMP 
2’3’-cGAMP 

       3’2’-cGAMP 2’2’-cGAMP 

 
 

A 
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Figure 4. A) Structures and binding affinities of cGAMP, its linkage isomers 3’3’-cGAMP, 3’2’-cGAMP, 2’2’-cGAMP and c-
di-GMP. B) cGAMP adopts an organized free-ligand conformation that resembles the STING-bound conformation and pays 
low entropy and enthalpy costs to convert into the active form. On the contrary, 3’2’-cGAMP has high degrees of freedom and 
needs to undergo a large conformational change to bind. 2’2’-cGAMP is locked in a rigid, closed conformation that needs 
significant energy to rotate and favorably bind on STING. C) (left) cGAMP’s equilibrium geometry in solution resembles the 
STING-bound active conformation (right). Figures adapted from Chen22 and Shi et al.21 

 

Since 2012, at least four different laboratories have managed to crystalize and characterize STING’s LBD 
domain in the apo-state or in c-di-GMP-bound states. 32-35 Some crystal structures are of the WT (R232 
allelic variant) while others are of the minor allele H232 where residue 232 is a histidine instead of an 
arginine. The crystal structures show that c-di-GMP inserts in a U-shaped conformation in the deep 
crevice of the LBD. However, when bound to c-di-GMP, STING adopts an open conformation with 
the two STING dimers having a 55 Å distance between them (Figure 5C). Later on, the structures of 
hSTING’s LBD (truncated STING) bound to cGAMP were determined.18, 19 For these studies, the two 
major STING variants, R232 and H232, were used and, although different, they demonstrated almost 
identical crystal structures and also very similar to the c-di-GMP-bound complex. As seen in Figure 5B, 
when cGAMP is bound on STING it occupies the deep cleft of the LBD which is then covered with the 
β-sheet that acts as a “lid” and additionally brings the two STING clefts in close proximity.36  

 

Figure 5. Crystal structures of STING LBDs. A) Apo-state STING in the inactive conformation (unbound) (PDB: 4F9E). B) 
cGAMP-bound STING with the two STING dimers are brought in close proximity and a β-sheet “lid” is formed (PDB: 4KSY). 
C) The open conformation of STING when c-di-GMP is bound (PDB: 4F9G). Figure adapted from Garland et al.37      

 

It is very important to note that not all STING agonists induce a closed lid conformation. In fact, while 
the bacterial c-di-GMP binds with far weaker affinity than cGAMP and does not cause obvious 
conformational changes on STING (Figure 5C), it still promotes STING’s oligomerization and further 
downstream signaling.25, 33 In other words, it appears that the ability of a STING agonist to induce lid 
closure is necessary for high potency but not for STING activation itself.  

C 
C 

C 

A B C 
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In 2019, Zhang et al. managed to solve the structure of full-length human STING via cryo-electron 
microscopy (cryo-EM).23 The structures reveal that cGAMP’s binding on the LBD is a result of the 
combination of two major factors: first, the formation of binding site interactions like hydrogen bonds, 
π-π stacking interactions and purine base stacking interactions and, second, the establishment of ligand-
binding pocket shape complementarity.18, 25 When bound, cGAMP adopts a U-shaped conformation. 
This structure prompts the phosphate and ribose moieties to sit in the bottom of the crevice, whereas the 
two bases are placed above and oriented almost parallel to each other. The free 3’-OH of the guanosine 
points towards the two Ser162 side chains at the bottom of the pocket (Figure 6A). 19 The purine bases 
form π-π stacking interactions with Tyr167 from both sides of the dimer. The α-phosphate groups are 
stabilized by electrostatic interactions with Arg238 (Figure 6A, B).  

 

Figure 6. A) Intermolecular interactions between STING allele R232 and cGAMP (PDB: 4KSY). Interacting residues are in 
blue and yellow. Salt bridges are shown in orange and direct interactions are shown in green. B) Intermolecular interactions 
between STING allele H232 and cGAMP (PDB: 4LOH). The interacting residues are colored magenta and yellow. Water 
molecules are red spheres and hydrogen bonds are colored green. Figures adapted from Zhang et al.26 

 

Figure 7. 2D intermolecular interactions between cGAMP and STING H232 residues (PDB: 4LOH). Figure made using 
BIOVIA Discovery StudioTM 2021.  

A B 
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Even though STING R232 and H232 variants adopt almost identical structures, they present subtle 
differences in cGAMP binding. In the STING H232 variant, the guanine base is mainly coordinated 
through a network of water-mediated hydrogen bonds and adenine seems to not participate in this 
system (Figure 6B). However, in the STING R232 variant guanine directly contacts with the Glu260 
and Thr263 residues and adenine with Val239 (Figure 6A). Finally, Gao et al. managed to pinpoint that 
residues S162, T263 but also Y167 and R238 of the STING H232 LBD are indispensable for effective 
cGAMP binding (Figure 7).19  

 

2.3 cGAMP regulation and inter-cellular signaling 

Binding of cGAMP to STING leads to the activation of transcription factors IRF3 and NF-κB to 
promote antiviral and pro-inflammatory activities. One of the undoubting advantages of second 
messengers like cGAMP is the ability to boost and expand the danger message. Indeed, besides activating 
immunity within the cell of origin, cGAMP can act as an immunotrasmitter and trigger antiviral 
responses in neighboring cells as well. It can directly diffuse into nearby cells either through connexin-
dependent gap junctions or by being packaged into viral particles (Figure 8).38-40  cGAMP can also be 
released into the microenvironment due to pathological reasons like cell damage or cell death and this 
extracellular cGAMP can then enter bystander cells via transport proteins and ion channels.  

 

Figure 8. Extracellular cGAMP transport. In order to promote immune signaling and further transmit the danger message, 
cGAMP can be transported into nearby cells through gap junctions or packaged into viral particles. Additionally, it can be 
imported into the cytoplasm via anion channels (LRRC8) and transporters (SLC19A1 and SLC46A2). cGAMP gets excreted 
from the cytoplasm to the microenvironment via the ABCC1 transporter where it can be degraded by the phosphodiesterase 
ENPP1 to AMP and GMP as a way to inhibit immune signaling. Created with BioRender.com. 

 

The mechanism by which cGAMP can re-enter cells was not clear until very recently when a number of 
membrane transport proteins were identified as gatekeepers that provide cell entrance of cGAMP and 
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other CDNs. Among them are the folate transporters SLC19A1 and SLC46A2 that showed preference 
in importing cGAMP and some CDNs and are found in many primary human monocytic cell lines 
(Figure 8). 41-43 Volume-regulated anion channels (VRACs) like LRRC8 are also identified as potential 
indirect cGAMP importers although their contribution is probably tissue specific and may be affected 
by osmotic disruption.44-46 Besides importing, ATP-binding cassette ABCC1 has been identified as a 
mediator for direct cGAMP export.47 ABCC1 export of cGAMP was shown to negatively regulate 
interferon production thus it can have a direct regulatory role in diminishing autoinflammation and 
autoimmunity.   

Extracellular cGAMP that accumulates in the microenvironment is degraded by a specific mammalian 
phosphodiesterase, ENPP1 (ecto-nucleotide pyrophosphatase phosphodiesterase), thereby controlling 
the uptake of cGAMP from neighboring cells.48, 49 ENPP1 shows selectivity towards cGAMP and is not 
active against other CDNs, like 3’3’-cGAMP.50 It cleaves cGAMP’s 2’-5’ phosphodiester bond, initially 
producing the linear 5’-pApG intermediate and eventually leading to the release of 5’-AMP and 5’-GMP 
(Figure 8).51 As ENPP1 can only degrade cGAMP at the extracellular space, so far no intracellular 
phosphodiesterase has been identified that degrades cGAMP and its metabolic fate inside cells is still 
unclear. Regardless, the regulation and secretion of cGAMP into the microenvironment has many 
systemic roles that reaches out to many aspects of the immune activation and especially cancer immunity. 
For instance, Carozza et al.52 demonstrated that cancer cells actively excrete cGAMP into the tumor 
microenvironment. Certain cancers upregulate ENPP1 in the TME and that way they exploit its 
cGAMP-degrading function in order to evade immunosurveillance and continue to develop and cause 
tumor metastasis.53, 54 Notably, ENPP1 inhibitors represent an exceptional therapeutic strategy as it 
allows for the cGAMP localization in the TME and, thus, the amplification of the danger signaling for 
antitumor responses.  

 

2.4 STING-related diseases 

The levels and tenacity at which cGAMP is able to spread and activate STING in nearby cells has a crucial 
role in disease pathogenesis. In this chapter, the known STING-related diseases and their correlation with 
deregulated cGAMP are demonstrated.  

 

2.4.1 STING allelic variants 

Single nucleotide polymorphisms are responsible for the existence of five different STING allelic variants 
in humans that exhibit variable activities in inducing downstream signaling.32 The R232 variant is the 
most prominent one and, thus, considered to be the wild-type (WT), followed by R71H-G230A-R293Q 
(HAQ), R232H (REF), Q230A-R293Q (AQ) and R293Q (Q). These variants are activated by 2'3'-
cGAMP to a similar extent, but have different affinities to the bacterial CDNs (c-di-GMP, c-di-AMP 
and 3'3'-cGAMP). When new compounds are designed to target STING, either agonists or antagonists, 
the respective STING variants must always be considered, since the therapeutic uptake and compatibility 
can change.55, 32, 56, 57 Moreover, STING’s protein sequence differs depending on the species. For example, 
mouse and human STING share 81% amino acid sequence similarity with 61% identity in the LBD and 
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exhibit similar structural conformation.5, 6, 58 Despite those similarities, the residue differences between 
mSTING and hSTING can have fundamental effects and, when overlooked, in vivo studies could lead 
to unreliable conclusions or misleading results.  

 

2.4.2 STING drives autoinflammation and autoimmunity 

The cGAS-STING pathway has arisen as a key factor for the initiation and pathogenesis of autoimmune 
and autoinflammatory diseases (Figure 9).59 Rare mutations on STING1 gene can lead to pediatric onset 
of severe autoinflammatory syndrome named STING-associated vasculopathy with onset in infancy 
(SAVI)60. These mutations trigger ligand-independent activation of STING leading to increased type I 
interferon production in primary patient cells. Furthermore, dominant negative mutations in the 
coatomer subunit-α (COPA) of the coatomer complex I (COPI) result in abnormal STING trafficking. 
COPI vesicles are involved in retrograde Golgi to ER vesicular transport of STING, which is essential 
for maintaining immunological homeostasis.  Disruption of Golgi apparatus to ER trafficking, due to 
mutations in COPA, results in the trapping of STING in the Golgi apparatus and an immune response 
equivalent to that observed in SAVI (COPA syndrome).61  

Loss of function mutations in the endolysosomal DNA endonuclease DNase II or the cytosolic DNA 
exonuclease TREX1 result in the overactivation of cGAS-STING pathway due to increased availability 
of DNA in the cytosol. This results in developing an autoinflammatory condition called Aicardi-
Goutières syndrome.62 Additionally, heterozygous mutations in TREX1 lead to less severe and 
heterogeneous phenotypes, such as lupus erythematosus.63 These pathogenic states are commonly 
referred to as type I interferonopathies.59 Moreover, leakage of nuclear DNA that can accumulate within 
senescent cells can also aberrantly activate the cGAS-STING pathway. As a consequence, many ageing 
cells present a state of “inflammageing” that creates a constant inflammatory state in senescent cells 
which, consequently, display a senescence-associated secretory phenotype (SASP) which can result in cell 
and tissue damage.64-66 

 

Figure 9. Examples of diseases that are associated with STING. Image made using BioRender.com. 

On the basis of these findings, a lot of efforts are underway to develop inhibitors that antagonize the 
cGAS-STING pathway, either by deactivating cGAS or by inhibiting STING using small molecule 
modulators as will be discussed in detail later on.    
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2.4.3 STING on the forefront of antimicrobial responses 

STING’s involvement in the antimicrobial defense is already established and well-reviewed.10, 14, 67, 68 In 
many antigen-presenting cells like macrophages and dendritic cells the induction of interferons after 
infection with viruses like HSV-1 virus and other bacteria was shown to be entirely dependent on 
STING.14, 69-71 Furthermore, STING has been confirmed as a critical component of the host's immune 
defense against retroviruses like HIV, SIV, and MLV.70, 72, 73 

Very recently, the cGAS-STING pathway was directly linked to COVID-19 (caused by SARS-CoV-2), 
a respiratory coronavirus disease that is characterized by upper and lower respiratory tract infections and, 
since 2020, has caused a global pandemic leading to unprecedented rates of pneumonia and death. 
Domizio et al.74 managed to demonstrate that in severely damaged lung cells of patients the cGAS-
STING pathway signaling is very prominent. Moreover, complementary to the work of Neufeldt et al.75, 
they show that cGAS-STING pathway-induced IFNs and NF-κΒ-related pro-inflammatory cytokines 
are produced at a late stage of the infection and promote severe lung tissue damage. By inhibiting STING 
in a COVID-susceptible mouse model, they demonstrated improved disease severity and better survival. 
Overall, targeting STING and diminishing hyperinflammation seems to be very beneficial for severe 
COVID even at a late stage of the infection.    

In the opposite direction, microbes can be protected against host antimicrobial defense by taking 
advantage of the signal transduction of the cGAS-STING pathway. One way of bypassing the host’s 
defense is by destroying the danger message itself. Poxvirus nucleases (poxins) are employing this clever 
way of flying under the immunosurveillance radar by selectively degrading cGAMP. Poxins degrade 
cGAMP by cleaving its 3’-5’ linkage, promoted by the nucleophilic attack of the adenosine 2’-OH by 
Lys142 of the active site, and leads to the linear 5’-pG(2’,5’)pA molecule (Figure 10). 76 Notably, poxins 
have a very specific and selective way of action and they only target cGAMP and not other CDNs like c-
di-GMP. cGAMP is positioned in a deep crevice of the poxin’s ligand binding domain in a way that the 
3’-5’ linkage is exposed to the active site. Here, adenosine is rotated and its 2’-OH acts as a reacting 
nucleophile initializing the acid-base reaction with the catalytic triad of the active site (Figure 10). Thus, 
the inactive linear molecule results and the virus can continue to replicate and spread in neighboring cells.  

 

Figure 10. Proposed mechanism that poxins use to degrade cGAMP 76. Poxins cleave the 3’-5’ bond, catalyzed by the 
deprotonation of the 2’-OH of adenosine by the lysine of the catalytic active site. The active site of the poxvirus nuclease contains 
a catalytic triad that consists of a lysine (K142), a tyrosine (Y138) and a histidine (H17) (depicted in blue). A: adenine, G: 
guanine. 
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The African swine fever virus is another example of viral immune evasion as it encodes two proteins 
(C129R and EP364R) that are able to degrade cGAMP in infected cells by cleaving its phosphate 
bonds.77 In conclusion, the activation of the STING pathway holds substantial promise for preventing 
and treating infectious diseases. cGAMP and other CDN STING agonists have already shown potential 
as vaccine adjuvants, enhancing the generation of pathogen-specific antibodies and strengthening T cell 
responses in mouse models.78 Furthermore, modified CDNs can be designed and synthesized to avoid 
virus detection and degradation while still activating an antiviral response. 

   

2.4.4 STING and the cancer immunity cycle  

Cancer antigens are being produced during cancer cell death. Antigen-presenting cells (APCs) process 
and capture antigens and present them to T cells in order to activate them. Following systemic T cell 
trafficking to reach the tumor site, the T cells are infiltrated into the tumor allowing for the immune 
recognition of the cancer cells. Then, cytotoxic T lymphocytes identify and kill the cancer cells. Dead 
cancer cells release more antigens, thus continuing the cycle. This cyclic process is defined as the cancer 
immunity cycle and is a subject of major significance for the scientific community as it comprises the 
basis for tumor immunotherapy.79 Numerous studies have shown that the expression of type I IFNs and 
interferon genes in cancer cells lead to tumor T-cell infiltration in the tumor microenvironment (TME) 
and to the control of tumors both in vivo and in vitro.80, 81 Hence, STING, as a stimulator of type I IFN 
production, has been demonstrated as a master regulator of the cancer immunity cycle.  

 
Figure 11. Antitumor responses of STING agonists. After administration, STING-induced type I IFNs stimulate antigen 
presenting cells (APCs) and promote the presentation of tumor antigens to T cells in order to “heat up” non-inflamed “cold” 
tumors and initiate antitumor immune responses.  

 

Notably, wild-type mice with functional STING signaling exhibited attenuated tumor growth relative 
to mice that were deficient in various STING pathway components.82, 83 Indeed, in response to STING 
agonist treatment, regression in murine tumor models was attributed to antitumor immunity caused by 
type I IFNs and other pro-inflammatory cytokines that are characteristic of STING activation83-85 and, 
in addition, this effect majorly contributes to the anti-tumor effects of supportive treatments like 
radiation therapy. In accordance to the cancer immunity cycle, the antitumor activity of STING 
signaling has been pinpointed to enhanced tumor antigen-specific T cell responses and T-cell tumor 
infiltration.  
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A survival strategy of tumors is the activation of immune homeostasis-associated negative regulatory 
pathways (checkpoints) in order to deregulate the STING pathway and evade deletion. In fact, one of 
the most prominent cancer immunotherapies is the treatment with immune checkpoint inhibitors (ICIs) 
that directly target the adaptive immune system by restoring its activity and strengthening T cell activity. 
86, 87 For instance, the immune checkpoints programmed death receptor 1 (PD-1) and ligand 1 (PD-L1) 
restrain innate immune responses and help tumor progression and tumor immunity evasion, while 
cytotoxic T lymphocyte associated protein 4 (CTLA-4) downregulates anti-tumor T-cell activation. 
Inhibition of these checkpoints leads to the reactivation of T cells and the effective elimination of cancer 
cells. In 2014, cancer treatment methods were revolutionized by the FDA approval of the PD-1/PD-L1 
antibodies pembrolizumab88 and nivolumab89, 90 and the first CTLA-4 inhibitory antibody ipilimumab91, 

92 some years before. Motivated by these antibodies, significant research attempts were focusing at better, 
more potent and selective next-generation ICIs with many of them having reached clinical trials.93-96 
However, the clinical application of ICIs is limited as a big number of patients does not successfully 
respond and even suffer from severe side effects.86, 87 
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Figure 12. Number of publications for “STING and cancer immunology” for each year between 2009 and 2023. Search results 
derived from NCBI. 

 

Additionally, in order for the ICIs to work successfully the tumors have to present an already pre-existing 
T-cell immunity in the tumor (called “hot” tumors). “Cold” tumors are unresponsive to checkpoint 
inhibitors. They present lack of T-cell infiltration and feature no chemokine expression, thus they are 
characterized as immunologically non-inflamed.97 The activation of the cGAS-STING pathway was 
proposed to play a key role in treating “cold” tumors and turning them into “hot”, especially in 
combination with ICIs like anti-PD-1 antibodies and tumor irradiation.  These observations suggest that 
direct activation of the STING pathway in the TME by intratumoral injection of STING agonists is an 
effective therapeutic strategy to promote broad T-cell priming and infiltration responses in tumors 
(Figure 11). 2, 5, 98 Indeed, as indicated by the rate of publications about the correlation of STING and 
cancer immunotherapy (Figure 12) the interest of academic and pharmaceutical research groups for 
STING agonists has escalated, creating what is called nowadays “STING fever”, as well as the number of 
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compounds that have reached clinical trials. More about STING agonists that target cancer 
immunotherapy is explored in the next chapter.   
 

 

2.5 STING agonists 

Over the last years, the rapid development of many potential STING agonists is being witnessed and a 
number of them have shown promising clinical benefits. Synthetic STING agonists are separated into 
two categories based on their structures: cyclic dinucleotides that mimic the natural cGAMP’s structural 
aspects and small molecules.  

 

2.5.1 Cyclic dinucleotide analogues    

In order to design and synthesize improved STING agonists, chemists have targeted their efforts towards 
modifying and optimizing cGAMP’s structure to create novel compounds. Aiming to improve 
principles like potency, selectivity and stability these modifications were mainly employing (1) the use of 
different nucleobases99-102, (2) structural alterations of the ribose103, 104 and (3) phosphodiester linkage 
modifications.105, 106 A lot of research effort has been focused on the establishment of suitable synthetic 
methodologies for these compounds. These include enzymatic approaches (biocatalysis)107, 108 and the 
use of phosphoramidite/phosphate or H-phosphonate organic synthesis employing oligonucleotide 
chemistry. The superiority of cyclic nucleotide analogues versus small molecules relies on their structural 
similarity with the self-derived cGAMP. It is already known that cGAMP has a definitive selectivity for 
STING, that means that its CDN analogues will possibly share this selectivity and target only STING 
with no additional off-target effects. Furthermore, their identical manner of action could possibly mean 
that their activity will be favorable and well-tolerated across species and different STING alleles.   

Aduro Biotech, created a series of CDNs where they exchanged the phosphodiester bonds with 
phosphorothioate ones.109 This type of bond shows increased resistance to hydrolysis by nucleases and 
phosphodiesterases and is widely employed for oligonucleotide synthesis.110, 111 However, arising from 
the stereogenic nature of phosphorothioate linkers, the CDNs that carry these bonds are obtained as 
mixtures of four P-diastereomers (RPRP, RPSP, SPRP, SPSP) and each stereoisomer elicit different activity 
levels. Thus, each isomer needs to be isolated from the mixture and requires separate evaluation. The 
compound ADU-S100 (Figure 13) arised as the RPRP stereoisomer from a series of 2’3’-cAAMP 
phosphorothioate analogues and was proven to be the most effective to withstand ENPP1 degradation. 
It also demonstrated superior half-life and antitumor activity in mouse models. Based on these results, 
ADU-S100 was launched into phase I and phase II clinical trials in combination with anti-PD-1 
antibodies for patients that present solid tumors or lymphomas with modest clinical benefits.112, 113 
Accordingly, Li et al.48 synthesized a number of phosphorothioate analogues through enzymatic 
synthesis and resulted with bisphosphorothioate 2’3’-cGSASMP (Figure 13) that showed significantly 
increased resistance to ENPP1 hydrolysis in comparison to natural cGAMP. Furthermore, 2’3’-
cGSASMP exhibited a similar affinity for hSTING as cGAMP and was notably more potent in inducing 
IFN-β expression in human THP-1 monocytes. 
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Figure 13. Chemical structures of known cyclic dinucleotide STING agonists that entered clinical trials. 

 

 Later, researchers at Merck developed a synthetic CDN agonist named MK-1454 that consists of two 
fluorinated adenosine and guanosine nucleotides connected via two phosphorothioate linkages (RPRP 
stereoisomer) in order to introduce improved metabolic stability against degrading enzymes.114 MK-1454 
binds to STING in a similar way as cGAMP and its intratumoral administration resulted in tumor 
regression, enhanced by anti-PD-1 therapy. MK-1454 is currently studied in phase I clinical studies alone 
or in combination with antibodies for patients with advanced or metastatic tumors or lymphomas115. 
The most recent CDN-based approach was pursued by Boehringer-Ingelheim who developed a CDN 
(named BI 7446, Figure 13) that features a non-canonical imidazopyridazinone base in combination with 
2’-fluoro-adenosine and phosphorothioate linkages.116 This compound showed increased potency and 
selectivity across different STING alleles and is currently being administered to clinical trial patients for 
the treatment of solid tumors.    

Apart from aiming for improved stability, efforts to design novel CDN agonists were made to pursuit 
structural pre-organization of the compound. Eisai company developed E7766, the first bridged 
bisphosphorothioate macrocycle targeting STING that contained two adenosine nucleotides and was 
designed to lock its structure in the STING active conformation.117 This favorable conformation leads 
to promising antitumor results and pan-genotypic activity, hence, E7766 is also being evaluated in 
clinical trials.    

As a way to enhance selectivity and bioavailability of next-generation STING agonists, many groups are 
working towards establishing alternative delivery platforms. ImmuneSensor Therapeutics developed a 
STING agonist, IMSA172 (Figure 14), which can be conjugated to a tumor-targeting antibody against 
EGFR, a tumor-associated antigen.118 Using mouse models, they show that this antibody can be used for 
systemic administration, in contrast to the more common but clinically less beneficial intra-tumoral 
injections. Moreover, they provide proof that the antibody activated antitumor responses and suggest 
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that IMSA172 can in the future be conjugated to diverse antibodies so as to target different types of 
tumors.    

 

Figure 14. Chemical structures of STING agonist IMSA 172 and antibody-drug conjugate anti-EGFR-172.  

 

2.5.1.a Cyclic dinucleotide prodrugs as STING agonists 

Although CDN analogues provide a very suitable and nature mimicking model for STING agonists, at 
the same time they hold the drawback of high polarity. The nucleotidic nature and negative charges on 
the phosphoric oxygen or sulfur restricts their cytosolic availability as their passive diffusion of the cell 
membrane is limited. One way to overcome this is the employment of prodrugs, which are bio-labile 
chemical moieties that can be synthetically attached on the anionic sites of the molecule and thereby 
shield the negative charge. Once the prodrug enters the cell, enzymes like nucleases or esterases cleave the 
prodrug moiety resulting in the accumulation of the active free phosphate parent analogue (Figure 15). 
As a result, the CDN can better diffuse in the cell and demonstrate increased potency. 

  
Figure 15. Schematic illustration of the prodrug approach mechanism. The prodrug-masked CDN can penetrate the cellular 
membrane due to the shielding of its negative charges. When it reaches the cytosol the labile prodrug groups are enzymatically 
cleaved off and the free active CDN can activate STING and initiate immune responses.  
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Several prodrug strategies were developed to improve the transport of polar nucleoside phosphates and 
phosphonates across the cell membrane and many of the resulting prodrugs were clinically validated and 
FDA-approved. Standout examples are adefovir dipivoxil119 and sofosbuvir120 used for the treatment of 
hepatitis as well as remdesivir121 for the treatment of COVID-19 infections. The first CDN-based 
prodrug for STING was developed by the group of Gabriel Birkuš122 (Figure 16). They managed to 
synthesize 3’,3’-c-di(2’-F, 2’-AMP) and then mask its phosphate negative charge using pivaloyloxymethyl 
(POM) groups. The prodrug was very promising, demonstrating increased cellular uptake, greater 
efficiency compared to the parent CDN and that the POM groups were rapidly cleaved off inside the 
cells. Future studies are planned to evaluate its potential as an anticancer drug. Later, Xie et al.123 
synthesized a number of deoxyribose-prodrugs for STING that featured S-acylthioalkyl (SATE) groups 
as masking species. The prodrug that bears two adenines connected via a 3’-3’ phosphodiester bond 
demonstrated the highest activity towards STING-induced antitumor responses and had better 
efficiency and stability than cGAMP.   

 
Figure 16. Chemical structures of known CDN-based prodrugs as STING agonists. 

 

2.5.2 Small molecule STING agonists 

Apart from CDN-based compounds many non-nucleotide small molecules were synthesized as STING 
agonists. The xanthenone derivative DMXAA (Figure 17) was one of the first STING agonists to be 
developed and initial preclinical anticancer results were very promising.19 Despite its activity, DMXAA 
was discontinued as it was later verified that it binds only on murine STING and not on the human 
protein.124 

 
Figure 17. Chemical structures of known non-nucleotide STING agonists.  
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Later, computationally-driven approaches directed to the optimization of DMXAA’s structure and led 
to the discovery of SNX281.125 This compound exhibits potent antitumor activity both on murine and 
human STING. Ramanjulu et al. from GSK discovered a number of amidobenzimidazole derivatives 
(di-ABZI) that showed effective antitumor activity126. These derivatives initiated signaling even though 
STING maintained an open apo-state, corroborating to the fact that STING’s lid closure may not be 
critical for STING activation.    

 
 

2.6 STING inhibitors  

As previously discussed, aberrant STING activation and signaling leads to autoinflammation and 
autoimmune pathogenesis. Constant states of inflammation need to be effectively treated using 
pharmaceutical methods and, indeed, the research for STING inhibitors is currently on the rise.127, 128 A 
number of small molecule inhibitors has been developed already and they can be sorted into two 
categories based on their mechanism of action: competitive antagonists of STING that bind and occupy 
the CDN binding site and covalent inhibitors that target STING’s palmitoylation.     

 

2.6.1 Inhibitors targeting the LBD 

The peptide Astin C was one of the first compounds that were identified to inhibit STING. Liu et al. 
suggested that Astin C could specifically target STING and create a conformational change that blocked 
other CDNs from binding.129 Additionally, it was shown to inhibit STING by blocking its recruitment 
to IRF3 and, thus, inhibited IFN expression.  

 

Figure 18. Chemical structures of reported inhibitors that occupy STING’s ligand binding site.  

Later on, Siu et al. from Merck identified Compound 18 (Figure 18) as a STING antagonist that inhibits 
interferon gene expression with an IC50 of 11μΜ. This molecule binds on STING at a 2:1 binding ratio 
(molecule of Compound 18 : STING monomer) and keeps STING in the inactive 
 “open lid” conformation while lying in the bottom of the cleft of the LBD.130 In comparison,  
Hong et al. recently discovered SN-011 with an IC50 of 76nM that locks STING 
 in an inactive open conformation and binds on the LBD in a 1:1 binding ratio131.    
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2.6.2 Inhibitors targeting palmitoylation 

Palmitoylation is a post-translational lipid modification of proteins catalyzed by palmitoyltransferases 
that target and modify cysteine residues.132 In particular, palmitoylation is the reversible covalent 
attachment of a long-chain fatty acid (palmitic acid) to a cysteine residue via a thioester bond (Figure 19). 

 

Figure 19. Palmitoylation is the reversible attachment of palmitic acid on cysteine residues catalyzed by palmitoyl-transferases. 
Thioesterases catalyze the removal of the palmitate tag. 

 

Palmitoylation in mammalian cells is catalyzed by 23 zinc finger DHHC-type palmitoyltransferases 
(zDHHCs), meanwhile a number of thioesterases are controlling the removal of the palmitoylation.133 
Notably, palmitoylation is essential for proteins to be able to stably settle on membranes that are 
important for their function and for trafficking.134 It has recently been demonstrated that STING 
undergoes palmitoylation29 and this happens at the Golgi compartment, right after STING’s 
translocation from the ER. However, preventing or blocking palmitoylation does not interfere with the 
exit of STING from the ER, which in turn means that STING’s trafficking is not dependent on 
palmitoylation.29  

On the other hand, palmitoylation is absolutely vital for the expression of interferon genes (IFN-β, IRF3 
and NF-κB genes) and downstream signaling.29 In fact, palmitoylation is most likely helping STING to 
form tight clusters on the Golgi membrane that subsequently allows it to bring TBK1 and IRF3 into 
close proximity so that IRF3 can be phosphorylated. Additionally, residues Cys88 and 91 were 
recognized as the target residues for STING palmitoylation. These reside adjacent to the STING’s 
oligomerization interface with Cys88 buried into the TM2-TM3 linker and Cys91 more exposed to the 
cytosol and, therefore, more prone to palmitoylation.23 Although it is known that S-palmitoylation is a 
reversible modification, STING carries the palmitate tag all the way to its degradation in the lysosomes.29  

 

 

Figure 20. Chemical structures of reported STING palmitoylation inhibitors on Cys88/91. 

A 
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It is safe to say that STING palmitoylation could be exploited as a very operant pharmaceutical target for 
the inhibition of abnormal STING signaling. Indeed, successful steps were made towards that goal by 
the groups of Christian K. Holm and Andrea Ablasser.135, 136 The former group discovered that 
endogenously formed nitro-fatty acids can successfully nitro-alkylate both Cys88 and 91 via reversible 
Michael addition reactions and effectively block palmitoylation (Figure 20B and 22). Ablasser et al. 
identified a series of nitrofuran derivatives (C-176, C-178, C-170, C-171) and a 3-acylamino indole 
compound (H-151) that irreversibly bind only to Cys91 (Figure 20A and 21). Nonetheless, they showed 
that they can successfully inhibit STING downstream signaling in vivo for both human and murine 
STING.   

 

Figure 21. Proposed mechanism of the nitro-Michael reaction of the electrophilic nitrofuran with Cys91 of STING. 

 

 

Figure 22. Proposed mechanism for the reversible nitro-fatty acid acylation of cysteines 88 and 91 of STING. 
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2.7 Aim of the project  

The detection of foreign DNA is an essential first step and a triggering point to kick off host defense 
responses. The discovery of cGAS-STING pathway has provided remarkable insights into the 
mechanism of this detection and allowed researchers to comprehend the causes of irregular inflammation 
noticed in autoinflammatory diseases. Moreover, it was soon after demonstrated that STING has an 
essential role in antitumor responses and the generation of effective antitumor immunity. Thus, STING 
and the cGAS-STING pathway is an exceptional druggable target for therapeutic intervention.           

Since the elucidation of cGAMP’s structure, many attempts were made to modify it in order to produce 
novel CDN-based drug candidates that act as agonists for STING. From a medicinal chemistry point of 
view, these modifications mainly aim at improving stability, binding affinity and potency. The first aim 
of this project is the design and synthesis of a CDN analogue whose structure resembles that of natural 
cGAMP, using straightforward organic chemistry approaches (Chapter 3.1.1). We also conduct 
biological and binding assays in order to evaluate its activity and its binding on STING and facilitate a 
comparison with natural cGAMP. Finally, we perform a stability study against poxviruses and evaluate 
the compound’s anticancer activity in vivo.  

Despite the fact that CDNs are natural ligands for STING, their anionic nature impairs their cellular 
permeability. In Chapter 3.1.2 we explore the design and synthetic attempts towards a cGAMP-based 
prodrug which contains two biologically labile groups that mask the negative charge of the compound’s 
phosphate moieties.  Prodrug synthesis is nowadays on the rise and many clinical drugs are being 
administered in their prodrug form. Therefore, the synthesis of a cGAMP-based prodrug is of prominent 
importance.  

While activated STING produces inflammatory responses to battle pathogen invasions, sustained or 
uncontrolled inflammatory signaling is the cause of many autoinflammatory diseases. Following this 
idea, in Chapter 3.2 we demonstrate the synthesis of novel cGAMP-based compounds that can act as 
STING competitive inhibitors. In the first part, we target palmitoylation of STING which is a post-
translational modification that is indispensable for STING-mediated signaling. We demonstrate the 
mindset behind the design process of a hybrid molecule that consists of a cGAMP-based CDN linked 
with a depalmitoylating enzyme recruiter. Our goal is the synthesis of an inhibitor that not only is 
selective for STING but can also compete with the endogenous cGAMP.  

In the second part of the inhibitor chapter, we establish the synthesis of two CDNs, each conjugated to 
a folate moiety. The purpose is to leverage the recently discovered folate transporter SLC19A1, which is 
nowadays known to be the main importer for CDNs and folates in monocytic cells. By conjugating 
CDNs with a folate moiety, we aim to combine favorable cell penetration with STING selectivity 
without regard to the CDN’s limiting negative charges. Due to the ligation to the bulky folate, the CDNs 
can potentially bind on STING while keeping it in the inactive “open-lid” state and, thus, block STING 
signaling. After establishing the synthetic methodology, our future goal is to conduct in vitro assays in 
order to determine their efficiency in deactivating IFN production and ultimately whether they could 
act as a treatment in the context of immunopathology.           
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3 Results and discussion  
 

3.1 STING agonists 

3.1.1 2’3’-deoxy-cGAMP: A poxin-resistant STING agonist  

cGAMP and STING constitute a crucial starting point from which innate immunity gets activated. 
Binding of cGAMP on STING is only one part of the major cGAS-STING pathway but it determines 
not only the successful initiation of immune responses but also the degree of activation for these signals. 
In this part of the dissertation, we established and optimized an innovative and reliable synthetic route 
towards 2’3’-deoxy-cGAMP (1). For this, we employed phosphoramidite/phosphate approaches 
according to typical oligonucleotide chemistry. First, the guanosine part of the molecule was synthesized 
starting from 1,2-isopropylidene-a-D-xylofuranose which was deoxygenated at the 3’-position of the 
ribose and then coupled with guanine via a Vorbrüggen-type base coupling. After the 5’-O-DMT 
protection of the ribose, the guanosine nucleoside precursor was turned into a phosphotriester which 
was coupled with a commercially available adenosine phosphoramidite. Consequently, the resulting 
linear molecule was cyclized furnishing our desired 2’3’-deoxy-cGAMP (1). Furthermore, 1 was 
evaluated for its binding affinity for STING using Isothermal Titration Calorimetry (ITC) and nano-
Differential Scanning Fluorimetry (nano-DSF) which gave us valuable insights into the chemical 
thermodynamics of 2’3’-deoxy-cGAMP’s favorable binding. Next, we demonstrated its potency at 
inducing type-I IFN gene expression in vitro by feeding reporter THP-1 monocytes and then measuring 
its half-maximal effective concentration (EC50). Motivated by STING’s involvement in the battle against 
foreign microorganisms, we decided to test 1’s stability against a type of poxvirus nucleases (poxins). 1 
was incubated in protein lysates containing poxins and its exact mass was measured by HPLC-HESI-MS 
spectrometry and quantified via its UV absorption. We noticed that 1 was completely resistant to poxin 
degradation whereas cGAMP had almost immediately completely degraded. This stability feature is 
attributed to the absence of the crucial 2’-OH that is essential for poxin degrading activity and is evidence 
that compound 1 can be used as an antiviral drug candidate or as a vaccine adjuvant against poxviruses. 
Since STING-mediated antitumor activity is by now well recognized, we evaluated 1 for its in vivo anti-
cancer response in a murine hepatocellular carcinoma xenograph. Indeed, 1 had in fact a strong 
antitumor activity and showed superior results in delaying tumor size progression compared to natural 
cGAMP.  These findings represent an important discovery that launches further research attempts in the 
field of STING-targeting modified cyclic dinucleotides.         
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Novel Poxin Stable cGAMP-Derivatives Are Remarkable STING Agonists 

S. Stazzoni, D. F. R. Böhmer, F. Hernichel, D. Özdemir, A. Pappa, D. Drexler, S. 
Bauernfried, G. Witte, M. Wagner, S. Veth, K.-P. Hopfner, V. Hornung, L. M. König, 
T. Carell 
Angew. Chem. Int. Ed. 2022, 61, e202207175; Angew. Chem. 2022, 134, e202207175. 

 

Author contribution  

In this work I was responsible for the design, synthesis and purification of the compound 2’3’-deoxy-
cGAMP (1) and also for its subsequent analysis and characterization. Furthermore, I analyzed and 
evaluated the mass spectrometry data derived from the poxin stability study for compound 1.  
Compounds 2 and 3 (2’3’-deoxy-cAAMP and 2’3’-deoxy-cAGMP) were designed and synthesized by 
Dr. Samuele Stazzoni as part of his PhD thesis. Daniel Böhmer conducted the mice intratumoral 
injection studies and analyzed and evaluated the xenographic data. Fabian Hernichel was responsible for 
resynthesizing compounds 2 and 3 and analyzing and evaluating the mass spectrometry data for their 
stability against poxins. Dr. Dilara Özdemir conducted the cellular experiments and analyzed the data 
for establishing the EC50 values for 1,2 and 3. 

 

Authorization 

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH. 
This is an open access article under the terms of the Creative Commons Attribution Non-Commercial 
NoDerivs License (https://creativecommons.org/licenses/by-nc-nd/4.0/), which permits use and 
distribution in any medium, provided the original work is properly cited, the use is non-commercial and 
no modifications or adaptations are made.



Results and discussion 
 

23 
 

 



Results and discussion 
 

24 
 

 



Results and discussion 
 

25 
 

 



Results and discussion 
 

26 
 

 



Results and discussion 
 

27 
 

 



Results and discussion 
 

28 
 

3.1.2 Towards the synthesis of a 2’3’-deoxy-cGAMP SATE prodrug 

3.1.2.a Designing cGAMP analogue prodrugs 

As already described in the introduction, the negative charge on the phosphate can be a limiting factor 
for unobstructed cell penetration and significant oral bioavailability.43 In Chapter 3.1.1, 2’3’-deoxy-
cGAMP (1) and 2’3’-deoxy-cAAMP (2) were identified as potent STING agonists and promising cancer 
immunotherapy candidates, however the problem of high polarity still persists. In the context of 
designing functionalized CDNs that activate STING, our next goal was to implement a prodrug strategy 
in order to mask the negative charge of our compounds.  

The first attempt to conceal polarity was accomplished in our group by Dr. Clemens Dialer who 
synthesized a neutrally charged cGAMP analogue (17) by replacing the phosphate groups with a 3’-
triazole and an 2’-amide linkage (Figure 23).137 Follow-up in vitro testing of this compound’s efficiency 
in macrophages demonstrated that this analogue does not have an affinity for STING and type-I 
interferons are not produced. Furthermore, NMR spectroscopy studies showed that this molecule 
displays a structural conformation that is way different than cGAMP. From these data it is apparent that 
the presence of the phosphates, the linkage type and a cGAMP-like conformation are necessary factors 
for efficient binding on STING. 

In continuation to these efforts, as part of his PhD thesis, Dr. Samuele Stazzoni utilized 2’3’-deoxy-
cAAMP (2) since it demonstrates biological STING-related activity and also allows for benchmarked 
synthetic accessibility (data shown in previous chapter138). For the purpose of his prodrug project, 2’3’-
deoxy-cAAMP was a fundamental starting point, which can very efficiently serve as a promising 
candidate and basic building block for prodrug synthesis. In order to ensure complete negative charge 
elimination, both the phosphate groups were masked by an S-acylthioethyl (SATE) ester (Figure 23). 
This prodrug moiety was carefully chosen so as to allow selective cleavage after cell penetration mediated 
by carboxylesterases, which are widely distributed in cells and tissues139. Moreover, the prodrug contains 
a terminal alkyne that can be exploited for late-stage functionalizations via click chemistry. That way, 
suitable signaling molecules could be conjugated to the CDN and enable targeted cell delivery and 
enhanced uptake. To that end, bis-SATE prodrug 18 was successfully synthesized.  

 

Figure 23. Chemical structures of compounds 2’AL3’TL-cGAMP (17) (synthesized by Dr. Clemens Dialer), bis-SATE 
cAAMP (18) (synthesized by Dr. Samuele Stazzoni) and mono-SATE cAAMP (19) (synthesized by Dr. Simon Veth). 
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At the same time, as part of his PhD thesis Dr. Simon Veth synthesized a mono-substituted SATE-deoxy-
cAAMP prodrug (19) (Figure 26) for antibody conjugation that served as a direct comparison for the 
prodrug masking strategy. Both compounds, the free phosphate analogue 2’3’-deoxy-cAAMP (2) 
(synthesized by Dr. S. Stazzoni) and the parent compound 2’3’-cAAMP (synthesized by Dr. S. Veth) 
were tested for their immunity-related luminescence response on THP-1 Dual monocytes and their half-
maximum effective concentrations were calculated (in collaboration with Dr. Dilara Özdemir). From 
the resulting data it became clear that the incorporation of a SATE prodrug on the CDN greatly 
improves cell permeability but the best overall results were achieved with the bis-SATE prodrug. As 
Figure 24 shows, there is a significant difference at the EC50 values between the two prodrugs suggesting 
that the high polarity of a single, free phosphate group drastically reduces cell uptake compared to the 
fully masked prodrug.   

 

Figure 24. EC50 values of SATE prodrugs 18 and 19 and cAAMP analogues. Data resulting from THP-1 Dual cells 
Luminescence assay. The bis-SATE prodrug 18 has an EC50 of 48,9 ± 7.7 nM (pink). The Mono-SATE produrg 19 has an 
EC50 of 2.1 ± 0.26 μM (black). Reference compounds 2’3’-cAAMP and 2’3’-deoxy-cAAMP (2) have an EC50 of 26.6 ± 4.9 μM 
(green) and 74.4 ± 4.6 μM (blue) respectively. Figure adapted from the PhD thesis of Dr. Dilara Özdemir. 

 

3.1.2.b Synthetic approaches towards a 2’3’-deoxy-cGAMP prodrug 

Based on the previous results, we decided to synthesize a CDN prodrug that consists of a guanine and an 
adenine nucleobase as a way to closely resemble the natural cGAMP (Figure 25). It is already 
demonstrated that 2’3’-deoxy-cGAMP 1 has a good affinity for STING (KD(1) = ~0.45μM) and its 
efficiency is also superior compared to the natural cGAMP (EC50(1) = ~7.4μM versus EC50(cGAMP) = 
~10μM).18, 138 Certainly, the synthesis of 2’3’-deoxy-cGAMP prodrug (20, Figure 25) will provide great 
insight into improved cellular uptake and hence could potentially afford better agonistic behavior than 
the free phosphate analogue. As for the basic scaffold of the compound, we decided to continue using 
the adenosine 2’- and guanosine 3’-deoxygenated moiety as a way to bypass the tedious TBS protection 
strategy of the OH groups that often is followed by 2’-3’ migration of the -TBS group. This can occur 
even at later stages of the synthesis especially under mildly basic conditions. Moreover, the complete 
elimination of the OH groups is advantageous because it can render the CDN less susceptible to 
hydrolysis and “opening” of the macrocycle. Finally, the non-canonical 2’-5’ phosphodiester linkage of 
natural cGAMP was also preserved in order to maintain the same structural integrity.    
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Figure 25. Chemical structures of parent compound 2’3’-deoxy-cGAMP 1 and proposed prodrug analogue 20.  

 

Figure 26. Retrosynthetic analysis for the synthesis of 2’3’-deoxy-cGAMP prodrug 20. The starting precursors are proposed 
to be 3’-deoxy guanosine 25 and adenosine phosphoramidite 24 that are coupled and cyclized to afford 20. 24 can be 
synthesized from commercially available phosphoramidite 9 while 25 can be accessed from 3’-deoxy-guanosine 6.  

As for the synthesis of the proposed prodrug, the retrosynthetic route is elucidated in Figure 26. We 
thought that the prodrug can be synthesized by relying on the well-established synthetic route that was 
initially demonstrated and optimized by Dr. Samuele Stazzoni and utilizes phosphoramidite and P(V) 
chemistry. This route starts from a 3’-deoxy-2’-guanosine phosphoramidite 25 and a 2’-deoxy-3’-
adenosine phosphotriester 24 which both bear a SATE prodrug moiety and are coupled via 
oligonucleotide chemistry methods in order to form the linear intermediate 28. Then the linear precursor 
can potentially be cyclized using condensing activators and, finally, we thought that the desired prodrug 
20 can be obtained after complete protecting group removal. It is important to note that other literature 
known methods of CDN synthesis, like enzymatic synthesis or the H-phosphonate approach,107, 108, 140 
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were also taken into consideration but ultimately were not pursued since they usually do not allow big 
scale reactions or result in lower yields and difficult purifications.  

In order to reach adenosine precursor 24, we started from commercially available phosphoramidite 9 
and substituted the diisopropylamino-group with the SATE moiety (Figure 26). For the SATE 
phosphoramidite 25 we decided to start by using the 3’-deoxy-5’-O-DMT guanosine nucleoside 6 whose 
synthesis was already shown in Chapter 3.1.1.138 Following the same steps, we decided to keep the O6-
diphenylcarbamoyl and the N2-isobutyryl protection on the base. Briefly, the guanosine precursor 21 
was afforded starting from 1,2-O-isopropyliden-α-D-xylofuranose 4 that was first O-benzoyl protected 
on the 5-position and then deoxygenated in the 3-position via a modified Barton-McCombie reaction 
(Figure 27). The 3-OH group was reacted with thiocarbonydiimidazole to afford the thioimidazole 
intermediate, which was then deoxygenated using tris-trimethylsilane and AIBN to initiate the radical 
reaction and converted to 1,2-di-O-acetyl-5-O-benzoyl-3-deoxyribofuranose (S1) via acidic deprotection 
with acetic anhydride and acetic acid. Under Vorbrüggen conditions, S1 was glycosylated with O6-dpc-
N2-iBu-guanine. Following 5’- and 2’-O-deprotection of 21, precursor 6 was formed after 5’-O-DMT 
protection and was ready for further utilization. 

 

Figure 27. Synthesis of 3'-deoxy guanosine precursor 6 starting from 1,2-O-isopropyliden-α-D-xylofuranose 4. The 5-O-
position was first Bz-protected and the 3-OH was deoxygenated through a Barton McCombie reaction. Then the isopropylidene 
group was deprotected using Ac2O and AcOH (S1) followed by a Vorbrüggen glycosylation with dpc-iBu-guanine to afford 21. 
Compound 6 was yielded after 2’-O-deprotection and 5’-O-DMT protection. For the detailed synthesis refer to Chapter 
3.1.1138. 

 

Following the construction of the nucleobase precursor, the SATE linker needed to be incorporated in 
the form of a phosphorodiamidite. First, the SATE alcohol 22 was synthesized by an esterification 
reaction between 5-hexynoic acid and β-mercaptoethanol (Figure 28). Then the alcohol was 
phosphitylated using bis(diisopropylamino)chlorophosphine to yield SATE phosphorodiamidite 23.  

 

Figure 28. Synthesis of SATE alcohol 22 and SATE phosphorodiamidite 23. 
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Subsequently, the adenosine precursor 24 was synthesized through our straightforward one-pot 
methodology (Figure 29). Starting from phosphoramidite 9, the diisopropylamino-group was activated 
using an excess of BTT activator and then nucleophilically displaced by SATE alcohol 22. After 1 hour 
of reaction, tert-butyl hydroperoxide was added to oxidize the phosphite (III) to the phosphate (V) and, 
finally, the DMT protection group was removed with 3% dichloroacetic acid in DCM (Figure 29). The 
adenosine-SATE phosphotriester 24 was isolated after flash column chromatography at a 84% yield 
(Figure 29).  

The linear dinucleotide 26 could now be constructed. Initially, the guanosine precursor was activated 
using pyridinium trifluoroacetate and phosphitylated with SATE phosphorodiamidite for the in-situ 
formation of phosphoramidite 25 (Figure 29). Without isolation or purification of 25, the 
phosphotriester 24 was added in the mixture alongside BTT to protonate the diisopropylamino-group 
and promote the 5’-O-coupling. After 1 hour, the guanosine phosphite (III) was oxidized with tert-butyl 
hydroperoxide. The desired linear intermediate 26 was isolated after the 5’-O-DMT group was removed 
with 3% DCA in DCM in 59% yield.     

 

Figure 29. Synthesis of the linear dinucleotide 26. Conditions: i. SATE-phosphorodiamidite 23, pyr-TFA, DCM, rt, 
overnight; ii. a) SATE-OH, BTT, 1h, rt; b) t-BuOOH, 40 min, rt; c) 3% DCA in DCM, 15 min, rt, 84% over 3 steps; iii. a) 
BTT, 1 h, rt; b) t-BuOOH, 40 min, rt; c) 3% DCA in DCM, 15 min, rt, 59% over 3 steps.      

 

Next, the O-cyanoethyl protecting group of the adenosine phosphate OH group was cleaved off using 
tert-butyl amine in dry acetonitrile (Figure 30). The obtained linear dinucleotide 27 was then cyclized 
via macrocyclization with the condensing activator 2,4,6-triisopropylbenzene sulfonyl chloride (TPSCl), 
along with N-methyl imidazole as the nucleophilic catalyst. The reaction was complete after 24 hours 
with minimal side products and the protected cyclic dinucleotide 28 was obtained as a P-diastereomeric 
mixture.   

The final step to obtain the desired prodrug 20 was now be the complete deprotection of the 
nucleobases. Unlike the final deprotection during the synthesis of 2’3’-deoxy-cGAMP, in this case the 
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use of strongly basic 33% aqueous methylamine or aqueous ammonia - or any other similar reagent, is 
highly discouraged as it quickly leads to SATE cleavage (data not shown). For this purpose, we needed 
to utilize proper conditions that not only allow efficient removal of the protecting groups but are also 
mild enough to be tolerated by the SATE moieties. Hence, the cyclized molecule was dissolved in a 
mixture of chloroform/methanol (4/1) and zinc bromide was added while the reaction was closely 
monitored via LCMS. Unfortunately, although N6-benzoyl and O6-diphenylcarbamoyl deprotection 
were quickly noticed by mass spectrometry, the N2-isobutyryl group remained intact even after 7 days 
of reaction and the addition of a large excess of zinc bromide.  

 

Figure 30. Synthetic route towards 2’3’-deoxy-cGAMP prodrug 20 from linear dinucleotide 26. Deprotection conditions:    
1M ZnBr2 in CHCl3/MeOH (4/1), 7 days. Only the guanosine N2-iBu protected product was obtained.  

 

The above findings indicate that an alternative protecting group strategy needs to be followed. In general, 
some of the most common protecting groups for the exocyclic amino group are the dimethyformamide 
(dmf), phenoxyacetyl (PAC), acetyl (Ac) etc., however protection of guanosine nucleosides can be rather 
challenging. Since the benzoyl group (-Bz) could be effectively cleaved off by the deprotection conditions 
that we utilized above, we decided to implement it as well on the guanosine 2-amino group. 

Thus, the 3’-deoxy precursor 34 needed to be constructed first. The synthesis started from the 
unprotected guanosine 29 in a one-pot reaction (Figure 31) by first adding trimethylsilyl chloride to 
protect the ribose OH groups, then the N2 was benzoylated (30) and finally the ribose was desilylated 
by addition of ammonium hydroxide. Then, the 2’-OH was regiospecifically protected using the 
Markiewicz method. The “clamp” silyl protecting group was inserted at the same time as the 2’-O-TBS 
protection (31) and subsequently removed using hydrofluoric acid in pyridine. After the 5’-DMT 
protection, the 3’-OH of 32 was removed using a modified Barton McCombie reaction as already shown 
before for the synthesis of compound 6. The desirable benzoyl protected 3’-deoxy guanosine 34 was 
received after 2’-O-TBS deprotection of 33 using TBAF at a 45% overall yield.       
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Figure 31. Synthesis of 3’-deoxy-guanosine building block 34 from commercially available guanosine 29.  

 

Next, following the same procedure as for 6, the linear compound 36 was formed (Figure 32). 
Unfortunately, the macrocyclization step could not be successfully carried out, leading to a mixture of 
undesired isomers. detailed LCMS analysis showed only minimal traces of the expected product.  

 

Figure 32. Synthetic route towards 2’3’-deoxy-cGAMP prodrug 20. Conditions: i. SATE-phosphorodiamidite 23, pyr-TFA, 
DCM, rt, overnight; ii. a) SATE adenosine phosphotriester 24, BTT, 1 h, rt; b) t-BuOOH, 40 min, rt; c) 3% DCA in DCM, 15 
min, rt, 87% over 3 steps; iii. t-BuNH2, 20 min, rt; iv. TPSCl, NMI, pyridine, rt, overnight.  

In order to bypass the problematic final deprotection, we decided to explore the possibility of replacing 
guanosine with inosine, a different nucleoside that does not contain the exocyclic NH2 group. Along the 
same lines, Lioux et al. previously designed and synthesized novel STING activating CDNs that 
contained one inosine and one adenosine nucleoside (called cAIMPs) with some of them presenting an 
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improved type I IFN production in human blood compared to natural cGAMP.141 With regard to the 
structure of cGAMP inside STING’s binding site, it is clear that guanine’s amino group forms strong 
direct or water mediated hydrogen bonds with residue T263 and with Y163, E260 and Y261 
respectively.19 Considering Lioux’s results, it seems that, although those residue interactions of inosine 
within the binding site are diminished, cAIMP’s potency to activate STING is not aggravated in 
comparison to cGAMP and in some cases their potency is even improved.141 Along these lines, we 
hypothesized that an inosine containing CDN (44) would be of interest to explore our prodrug theory.   

The synthesis started by generating 3’-deoxy-inosine 41 from commercially available inosine 37 (Figure 
33). The steps followed were the same as for 34 although along the synthesis we encountered smaller 
reaction yields and conversion rates due to the noticeably worse solubility of inosine in comparison to 
guanosine. In spite of that, 41 was synthesized in a 10% overall yield.  

 

Figure 33. Synthesis of 3’-deoxy-inosine building block 41 from commercially available inosine 37.  

 

Following the same conditions as for 26, we managed to in situ generate the inosine SATE-
phosphoramidite 42 and then added the adenosine SATE-phosphotriester 24 as a one-pot reaction 
(Figure 34). The linear compound 43, although detectable through LCMS, was only formed in a very 
poor yield alongside many undesirable side products. Additionally, the key linear compound 43 could 
not undergo the cyclization process using our previous TPSCl methodology. Using the well-known 
activator 1-(mesitylene-2-sulfonyl)-3-nitro-1,2,4-triazole (MSNT) turned out to be troublesome as well. 
The poor reactivity towards macrocyclization could be explained by the presence of the inosine acidic 
lactam type proton on N1 that renders the carbonyl O6 reactive towards our electrophilic activating 
reagents.     
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Figure 34. Synthetic route towards 44. Conditions: i. SATE-phosphorodiamidite 23, pyr-TFA, DCM, rt, 2h; ii. a) SATE 
adenosine phosphotriester 24, BTT, 1 h, rt; b) t-BuOOH, 30 min, rt; c) 3% DCA in DCM, 15 min, rt; iii. t-BuNH2, 20 min, 
rt, 25% over 3 steps; iv. TPSCl, NMI or MSNT, pyridine, rt, 48hrs. 

 

The synthetic approaches towards prodrugs 20 and 44 were unfortunately not successful. Future 
investigations towards a more suitable protecting group strategy, as well as different deprotection 
conditions for the final step, are currently ongoing in our lab.   
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3.1.3 Conclusions and perspectives  

In the first part of this chapter, we synthesized a CDN-based STING agonist whose main scaffold is 
resembling endogenous cGAMP.138 Using well-established chemical reactions, we managed to eliminate 
the 2’- and 3’-OH groups of the riboses of the precursors and we constructed the cyclic dinucleotide 2’3’-
deoxy-cGAMP (1) while employing a phosphoramidite/phosphotriester based strategy. Compound 1 
was obtained in a very satisfactory overall yield and this launches the path to invest in the synthesis of 
even more modified CDNs using the same methodologies. 1 was then evaluated for its cellular activity 
by measuring its potency (EC50 value) in inducing type I IFN production in a THP-1 Dual monocyte 
cell line. Notably, in our experimental setup, compound 1 shows better potency at activating STING 
than natural cGAMP. Next, we employed ITC and nano-DSF assays and measured its binding affinity 
on STING. We found that, although 1 presents structural alterations that could ameliorate its 
interaction in the LBD, it nonetheless binds favorably on STING’s LBD and it also induces lid-closure 
which ensures tight binding. This means that 1 is a suitable STING ligand.      

Furthermore, compound 1 was tested for its stability against immune evading poxins. Due to the absence 
of the 2’-OH, 1 cannot be recognized by the poxins and it exhibited complete stability against 
degradation. In order to evaluate its STING-mediated anticancer activity, 1 was intratumorally injected 
into a hepatocellular carcinoma murine xenograph where it exhibited promising activity in sustaining 
tumor size progression compared to natural cGAMP. These results conclude that 1 can act as an effective 
STING agonist that can presumably be considered as an antitumor drug candidate for cancer 
immunotherapy or as a vaccine adjuvant.       

In the second part of the agonists chapter, we focused on leveraging the advantageous characteristics of 
2’3’-deoxy-cGAMP (1) by designing a corresponding prodrug. This prodrug (20) consisted of 1 as the 
main active species whose negative charge was concealed by a SATE moiety. By using a prodrug, we were 
aiming not only to improve the compound’s cellular permeability but to also enhance its antitumor 
activity. Using well established phosphoramidite chemistry, we managed to synthesize the protected 
cyclic dinucleotide 28. Despite our efforts, the final deprotection step proved to be challenging and, thus, 
2’3’-deoxy-cGAMP prodrug 20 could not be obtained.  

In order to circumvent the synthetic challenges, we tried utilizing inosine as an alternative base to 
guanosine. Previous studies have shown that inosine can effectively be used instead of guanosine as a way 
to activate STING regardless of the potentially lower binding affinity due to its structural difference. We 
observed that inosine’s O6 is very susceptible to react with the cyclization conditions that we used leading 
us to the conclusion that the inosine lactam moiety needs to be deactivated against electrophilic reagents. 
In addition, inosine’s disadvantage over guanosine became obvious due to its lower solubility that 
resulted in worse reaction yields. All in all, inosine prodrug 44 unfortunately could not be synthesized. 
Future experiments are nowadays taking place in our group towards a cGAMP prodrug and will 
hopefully address the most suitable protecting group strategy that ensures orthogonality in CDN 
synthesis. 
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3.2 STING inhibitors  

3.2.1 2’3’-deoxy-cGAMP-PALM: a potential STING palmitoylation inhibitor  

3.2.1.a Design of 2’3’-deoxy-cGAMP-PALM 

As already discussed in the Introduction, palmitoylation of STING on cysteines 88 and 91 is an essential 
modification for its downstream signaling. In this part of this dissertation the main focus is the synthesis 
of a functionalized CDN that can potentially initiate the depalmitoylation of STING as a way to inhibit 
the production of interferons and other inflammation related signaling messengers. There are 4 
thioesterases that are identified as the mammalian depalmitoylation enzymes: acyl-protein thioesterase 1 
(APT-1), acyl-protein thioesterase 2 (APT-2), palmitoyl-protein thioesterase 1 (PPT-1) and palmitoyl-
protein thioesterase 2 (PPT-2).142 The two latter ones are lysosomal enzymes, while the formers are 
primarily cytoplasmic although they can also localize on cellular membranes like the endoplasmatic 
reticulum and the nuclear membrane.142 They all belong to the larger lyso-phospholipase family meaning 
that they hydrolyze ester bonds within lipids, with APT-1 being the most well characterized member. 
Notably, it is demonstrated to depalmitoylate a number of proteins in cells including G- and Ras 
proteins.143 LYPLAL1 (lyso-phospholipase-like 1) is a member of the lyso-phospholypase family and has 
~30% identity with APT-1. Although its structure and activity are not fully characterized it is implied that 
LYPLAL1 can also act as a depalmitoylating enzyme due to its close relation to APT-1 and their conserved 
catalytic triad. Both enzymes possess a catalytic triad that is comprised of a serine, a histidine and an 
aspartic acid144. Owing to this active triad, they are considered to be serine hydrolases and their mechanism 
of action is summarized in Figure 35.142 Briefly, the activated serine residue can nucleophilically attack the 
carbonyl group of the palmitate. Hydrolysis of the resulting acyl-enzyme intermediate releases the serine 
to its active state. Although its physiological role is yet unknown, LYPLAL1 has been identified as an 
acyl-thioesterase that controls BK channel depalmitoylation.142, 145  

 

Figure 35. Depiction of the catalytic active site of thioesterases consisting of a serine, a histidine and an aspartic acid and their 
mechanism of depalmitoylation142.  

 

Taking everything into consideration, we sought to explore the potential of deploying depalmitoylating 
enzymes that can selectively act on STING and remove the palmitate tag from cysteines 88 and 91. By 
doing so, we may be able to target and inhibit aberrant STING activation that leads to autoimmune 
diseases and chronic inflammation. We designed a CDN-based hybrid molecule (46) that consists of 2’3’-
deoxy-cGAMP (1) which is bonded to a depalmitoylating enzyme activator (recruiter, 45) via a linker 
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(Figure 36). This recruiter was first discovered by Bernard B. Kok et al.146 and was the result of a chemo-
proteomic strategy called ABPP (activity-based protein profiling) in order to identify a series of small 
molecule activators for LYPLAL1147 aiming to help unveil LYPLAL1’s biochemical function as a serine 
hydrolase. They then applied ABPP-guided medicinal chemistry to optimize a lead into the selective 
LYPLAL1 activator compound 45, suitable for use in vivo.  

Despite their demonstrated inhibitory activity, currently known covalent inhibitors of STING 
palmitoylation (Chapter 2.6.2), present significant disadvantages. Firstly, some of them are either inactive 
(C-176, C-178) towards human STING or show lower biological activity (nitro fatty acids).135, 136 
Secondly, cysteine-targeting drugs are non-specific and able to bind to any cysteine residue they can come 
into contact, leading to many off-target events.148 Lastly, irreversible binding may reduce the potency of 
the drug by negating the catalytic cycle and therefore needing higher drug concentrations. Our conjugate 
is designed in such a way so that it can potentially bypass all of the aforementioned limitations. 

 

Figure 36. Conceptualization of hybrid compound 46 as a STING inhibitor that promotes STING de-palmitoylation. 
The molecule consists of 2’3’-deoxy-cGAMP 1 as the CDN that targets and binds on STING and compound 45 (blue) as 
the activator and recruiter of thio-esterase LYPLAL1.  

 

Our hypothesis is based on the dual action of a small molecule conjugate: Firstly, 2’3’-deoxy-cGAMP (1) 
is a cyclic dinucleotide whose structure closely resembles STING’s natural ligand, thus, as demonstrated 
in Chapter 2.1, shows high STING specificity and considerable binding affinity (kD = ±0.45μΜ; 2’3’-
cGAMP kD = 4nM138). That means that 1 will only interact with the STING protein, excluding any 
possible off-target reactions. Furthermore, the total volume of the ligand binding site area of the apo-
STING was calculated to be 952 Å.149 For this extensive binding area to be fully occupied there is a need 
for a suitably large ligand. Unlike small molecule inhibitors that may require dimer or trimer formation 
to occupy the binding cavity of STING, CDNs can efficiently occupy the cavity on their own. Hence, a 
CDN ligand like 1 can act as a reliable payload of the conjugate. As for the second mode of action, a 
potent depalmitoylation recruiter is at the same time employed (compound 45). It is closely bonded to 
the STING ligand via a flexible linker that allows it to be “swimming” in the cytosol. LYPLAL1, also 
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residing in the cytosol, can then detect the recruiter and get harnessed by covalently binding 45. 
Eventually, active LYPLAL1 can that way come into close contact with Cys91 and 88 and hydrolyze the 
thioester bond via its catalytic serine residue (Figure 37). S-palmitoylation is a reversible modification150, 
which means that even after STING is depalmitoylated it could potentially get palmitoylated again and 
resume activity. Using our conjugate, the hydrolyzing enzyme is constantly anchored on STING, thus it 
is able to continuously catalyze cysteine depalmitoylation. That way STING inhibition should be 
ensured all the way until its lysosomal degradation.    

 

 

Figure 37. STING signaling inhibition through depalmitoylation, driven by our proposed 2’3’-deoxy-cGAMP-PALM 
(46) conjugate. The conjugate is designed so that its CDN part binds on STING (purple) while the recruiter 45 (yellow) 
freely accumulates in the cytosol. When the conjugate binds on STING it promotes STING’s translocation from the ER 
to the Golgi compartment where STING undergoes palmitoylation on Cys88 and 91. Then, thio-esterase LYPLAL1 
(orange) can detect the recruiter and bind on it. That way, LYPLAL1 can come into close contact with Cys88 and 91, 
initiate depalmitoylation and inhibit the production of immune signaling.       

 

3.2.1.b Synthesis of 2’3’-deoxy-cGAMP-PALM 

Having envisioned the main structure of the conjugate, one challenging task was the design of a suitable 
linker.  Linkers play a very crucial role in the design of bioactive molecules151. Their design should be 
focused on enabling flexibility but also optimizing the ligand’s interactions within the active site. For this 
project, a six membered alkyl chain was used as the linker, bonded with the adenine N6 of 1 to form 47 
while the recruiter 45 could be attached to a succinyl acyl chain via its exocyclic amino group (48). 
Eventually, the two precursors could be conjoined via a stable amide bond to form the final linked 
conjugate 49 (Figure 38). Evidently, these two linkers were designed so that they allow practical 
advantages in term of availability and easy synthetic accessibility.   

In practice, precursor 47 could be synthetically accessed using the 3’-deoxy-O6-dpc-N2-isobutyryl 
protected guanosine phosphoramidite 50 (synthesis shown in Chapter 3.1.1) that is coupled with the 
N6-tert-butyl-hexyl-carbamate adenosine phosphotriester 51. Meanwhile, precursor 48 could be 
synthesized by reacting 45 with succinic anhydride.  
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Figure 38. Retrosynthetic analysis of compound 49. 

 

Therefore, 45 was firstly synthesized by reacting 3-amino-5-mercapto-1,2,4-triazole 52 with 4-chloro 
benzylbromide 53 in the presence of triethylamine (Figure 39). Then, compound 54 was sulfonylated 
using dihydrobenzofuran-5-sulfonyl chloride 55 and triethylamine to afford 45.  To verify that the 
exocyclic amino group was sulfonylated and not any other nitrogens of the triazole ring we analyzed the 
spectroscopic data of 45. Indeed, the presence of a broad single peak that integrates for two hydrogens 
(for -NH2) versus two distinguishable single peaks (for two -NHs each integrating for one hydrogen) led 
us to ensure the correct structure. Thus, 45 was afforded in 93% yield.  

 

Figure 39. Synthesis of compound 45. 

 

For the next step, we tried to couple 45 with succinic anhydride (Figure 40). Unfortunately, all the 
attempts were unsuccessful even with the use of a wide variety of coupling reagents and conditions widely 
used in amide couplings (Table 1). Specifically, when EDC.HCl, DCC or DMTMM were used LCMS 
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monitoring of the reaction showed no conversion, even under reflux and prolonged reaction times. 
Meanwhile, using HATU catalyzed by HOBt only led to the corresponding guanidinium side product. 
Attempts to use pyridine as solvent and bulkier or high excess of other non-nucleophilic bases like DBU, 
TEA, DIPEA were also not successful.  

   

 

Figure 40.  Succinic anhydride coupling with precurson 45 was unsuccessful. 

 

 Reagents Solvent Time/ oC Product (48) 

1.  - pyridine on/115oC n.d 

2.  DIPEA (10.0eq), succinic anh. (8.0eq) THF 24hrs/66oC n.d 

3.  EDC.HCl (1.1eq), HOBt (1.2eq) DMF 48hrs/0oC to rt n.d 

4.  HATU (3.5eq), TEA (7.0eq), HOBt (1.7eq) DMF on/rt n.d a 
5.  DCC (1.0eq), DMAP (1.0eq), HOBt (0.1eq) DCM on/rt n.d 

6.  pyBOP (1.5eq), DIPEA (2.0eq) DMF on/rt n.d 

7.  DMTMM (1.5eq), DIPEA (5.0eq) NMP on/80oC n.d 

Table 1. Reaction condition screening for the succinic anhydride coupling. 1.5 equivalents of succinic anhydride were used for 
each reaction unless otherwise stated; on: overnight reaction; n.d: not detected; DMAP: 4-dimethyl-aminopyridine; DIPEA: 
diisopropylethylamine; EDC.HCl: 1-ethyl 3-(3-dimethylaminopropyl) carbodiimide; HOBt: hydroxybenzotriazole; HATU: 
Hexafluorophosphate azabenzotriazole tetramethyl uranium; TEA: triethylamine; DCC: N,N’-dicyclohexylcarbodiimide; 
pyBOP: benzotriazol-1-yloxytripyrrolidinophosphonium hexafluorophosphate; NMP: N-methyl-2-pyrrolidone; DMTMM: 4-
(4,6-dimethoxy-1,3,5-triazine-2-yl)-4-methyl-morpholiniumchloride. 
a only the guanidinium side product was detected 

 

To overcome these synthetic obstacles the acylation reaction was tried out using several different 
electrophiles that would not compromise our design vision (Figure 41). Various carboxylic acids, like 
malonic acid 56, 3-chloropropanoic acid 57 and 4-pentynoic acid 58 and also active acyl chlorides, like 
methyl malonyl chloride 59 and NHS-esters like NHS-Boc-glycine 60 did not lead to the desired 
products. This is likely attributed to the highly electron deficient triazole ring which makes the exocyclic 
amino group less nucleophilic.  Nonetheless, chloroacetyl chloride 61 turned out to be a very good 
solution in combination with diisopropylethylamine, managing to afford acetamide 62 in a good yield 
after reacting overnight.     
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Figure 41. Synthetic challenges for the acylation of compound 45. Chloroacetyl chloride 61 resulted in successful 
acylation using DIPEA in DCM.  

Next, we tried to construct the dinucleotidic anchor 47 of the conjugate. As mentioned above, first we 
needed to synthesize the linker-modified adenosine 51. Compound 51 was easily accessible starting from 
commercially available N6-benzoyl-5’-O-DMT-2’-deoxy adenosine 63. We initially protected the 3’-OH 
group using tert-butyldimethylsilyl chloride (64) (Figure 42). Then the alkyl linker was attached on the 
nucleophilic N6-nitrogen via a Mitsunobu reaction using t-butyl(6-hydroxyhexyl)carbamate in a solution 
with triphenylphosphine and diethyl azodicarboxylate (DEAD) (65). After flash column 
chromatography to separate the triphenylphosphine oxide side product, compound 65 was isolated. 
Finally, treatment with TBAF for 1 hour removed the silyl protecting group yielding 66 in an excellent 
yield.  

 

Figure 42: Synthesis of phosphotriester 67. i. TBSCl, imidazole, pyridine, rt, overnight, 87%; ii. 6-(Boc-amino)-1-hexanol, 
DEAD, PPh3, THF, rt, 76%; iii. TBAF, THF, 1h, 80%; iv. 2-cyanoethyl N,N,N′,N′-tetraisopropyl phosphorodiamidite, pyr-
TFA, DCM, 1h, rt; v. BTT activator, allyl alcohol, 40min, rt; vi. t-BuOOH, 30 min, rt; vi. 3% DCA in DCM, 15min, rt.  
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Then, 66 needed to be converted to the corresponding phosphotriester 67. This synthetic procedure was 
done following our group’s well established one-pot methodology. Briefly, 66 was first treated with 
pyridinium trifluoroacetate and 2-cyanoethyl N,N,N′,N′-tetraisopropylphosphorodiamidite for 1 hour 
to form the intermediate phosphoramidite (Figure 42). Then, BTT activator was added to protonate the 
diisopropylamino group of the phosphoramidite and then allyl alcohol was added to protect the 
phosphite species. After 40 minutes of stirring, P(III) was oxidized to P(V) using tert-butyl hydroperoxide 
for 30 minutes. Finally, the DMT group was removed with a solution of 3% DCA in DCM. The final 
phosphotriester 67 was isolated in 45% yield over 4 steps.  

For the generation of the linear compound 69 we utilized the already synthesized 3’-deoxy guanosine 
phosphoramidite 68 (Chapter 3.1.1, Figure 43). After careful drying, 67 and 68 were diluted in dry 
acetonitrile where the phosphoramidite diisopropylamine group was activated using BTT, following 
coupling with the 5’-OH of the phosphotriester to occur after 1 hour. Then, after oxidation of the 
phosphite with tert-butyl hydroperoxide, the 5’-O-DMT group was removed with 3% DCA in DCM 
and the linear compound 69 was isolated after flash column chromatography in a 62% yield over 3 steps. 

 

Figure 43. Synthesis of linear precursor 69 from N2-functionalized phosphotriester 67 and 3’-deoxy-guanosine 
phosphoramidite 68.  

 

The next reaction was the removal of the allyl protecting group with NaI in refluxing acetone (Figure 44). 
This step was proven to be a bigger challenge than expected as these conditions are also suitable for N-
Boc deprotection. Thus, while closely monitoring the reaction via LCMS, we noticed that there was at 
least 30% of N-Boc deprotection of the final product taking place, even after only 1 hour of reaction. 
Finally, after complete conversion of the starting material, we ended up receiving a mixture of NH-Boc 
protected and free -NH2 isomers (70, 71). Unfortunately, the mixture was unable to be separated via 
HPLC. Additionally, trying to use the mixture as is to proceed to the macrocyclization led to more 
difficulties as the strongly electrophilic sulfur atoms of the cyclization reagents (1-(2-Mesitylensulfonyl)-
3-nitro-1H-1,2,4-triazole (MSNT) and TPSCl straight off started sulfonylating the free -NH2 of the 71 
N6 linker even at very high dilutions. The formation of the end product 49 could not be clearly shown 
nor could it be detected via high-resolution mass spectrometry.  
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Figure 44: O-cyanoethyl deprotection of 69 led to an inseparable mixture of allyl deprotected precursors 70 and 71.  

The synthetic approaches for 49 were not successful. Possible solutions for the aforementioned obstacles 
could be the use of a different protecting group strategy for the NH2 group of 66 or utilizing a 
phosphonate adenosine intermediate instead of a phosphotriester so that no deprotection step is needed. 
But a simpler and less time-consuming solution was the complete redesign of the linker moiety.  
Therefore, we decided to switch to a PEG3 linker that bears a free terminal alkyne. The linker can 
conjugate on the CDN anchor 73 which in turn can ligate with the recruiter 72 through a selective Cu(I)-
catalyzed click reaction (CuAAC), as seen in Figure 45, in order to form the final compound 75.  

 

Figure 45. Retrosynthetic analysis of compound 75. 



Results and discussion 
 

46 
 

PEG linkers are extensively used in small molecule chemistry, especially for the synthesis of bioactive 
Proteolysis Targeting Chimeras (PROTACs), due to their exceptional metabolic stability and biological 
compatibility.151 Moreover, they offer easy synthetic access and their lengths can be easily modified to 
fine-tune the physical properties of the molecule, including solubility, lipophilicity and cell permeability. 
By introducing clickable groups, we ensured that the coupling of our precursors (compound 45 with 
2’3’-deoxy-cGAMP) will be efficient and 100% chemo-selective.152 In addition to that, the resulting 
triazole can offer biological stability to the whole structure.153 

Compound 75 can be synthesized starting from the PEG3-phosphoramidite 74. The PEG3 linker 77 
needed to be synthesized first, starting from triethyl glycol 76 which was converted to an alkoxide using 
sodium hydride and then nucleophilically attacked by propargyl bromide (Figure 46).  Then, utilizing 
commercially available adenosine phosphoramidite 9, the PEG3 linker was attached on N6 via a 
Mitsunobu reaction (Figure 47).  

 

Figure 46. Synthesis of PEG linker 77 functionalized with a terminal alkyne. 

 

Figure 47. Synthesis of PEG3-functionalized phosphoramidite 74 using a Mitsunobu reaction starting from commercially 
available adenosine phosphoramidite 9. 

Next, guanosine phosphotriester 8 (for synthesis refer to Chapter 3.1.1) was coupled with 
phosphoramidite 74 as previously described using BTT activator over the course of 1 hour and then tert-
butyl hydroperoxide was then added to oxidize the phosphite. After 40 minutes, the DMT group was 
removed with 3% DCA in DCM and the resulting linear compound was purified via flash column 
chromatography to afford 78 in 62% yield. To remove the allyl group from the phosphotriester, 78 was 
dried by co-evaporation with pyridine and subsequently dissolved in dry acetone where sodium iodide 
was added. The mixture was refluxed at 55oC for 3 hours when LCMS control showed complete 
conversion to 79. After evaporation of the solvents, the allyl deprotected 79 was washed with cold 
acetone to remove any remaining sodium iodide and precipitated from a mixture of ethyl acetate/iso-
hexane to afford a yellow solid as a mixture of 4 P-diastereomers. The compound was characterized by 
high-resolution mass spectrometry.  
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Figure 48. Synthesis of the allyl deprotected linear precursor 79. 

The final macrocyclization was performed in the presence of the nucleophilic activator MSNT in a large 
excess, diluted in dry pyridine, over the course of 24 hours (Figure 48). LCMS monitoring showed 
complete conversion of 79, with no side product formation and, again, the product 80 was received as a 
mixture of P-diastereomers which was used without further purification for the next step. To obtain the 
final product 73 all protecting groups were removed using 33% methylamine in absolute ethanol. After 
3 hours of stirring 73 was precipitated from cold acetone, dried and purified by reversed-phase HPLC. 
Overall, this essential building block was synthesized in a 8% overall yield over 7 steps and its structure 
was characterized by NMR spectroscopy and high-resolution mass spectrometry (Figure 50).  

 

Figure 49. Synthesis of final CDN building block 2’3’-deoxy-cGAMP-PEG3 (73) from the linear dinucleotide 79. 
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Figure 50. 1H- and 31P-NMR of compound 73. 

As previously shown, precursor 62 can be synthesized by acylating LYPLAL1 recruiter 45 using 
chloroacetyl chloride with diisopropylethylamine in DCM. Thus, 72 can be constructed by nucleophilic 
substitution of the chloride with azide using an excess of sodium azide (NaN3) in DMF (Figure 51). This 
reaction was successful, although due to the good leaving group nature of the sulfonyl 
dihydroxybenzofurane group we also received the substitution side product 81 in a 30% conversion ratio. 
Fortunately, we were able to separate the two compounds via preparative reversed-phase HPLC and, 
thus, isolate the desired product 72 in 20% yield.  
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Figure 51. A) Synthesis of compound 72. B) Separation of 72 and 81 via reversed-phase HPLC (30% → 70% Buffer B over 45 
minutes, tR = 15min, Buffer A = 0.1% TFA in H2O, Buffer B = 0.1% TFA in MeCN).  
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The click reaction to ligate the recruiter 72 with the CDN 73 was performed in a mixture of H2O/DMF 
due to the low solubility of the recruiter in water (Figure 52). Under inert atmosphere and anaerobic 
conditions, CuSO4 was used as the copper source and sodium ascorbate was added to function as the 
Cu(II) reductant. Meanwhile, addition of Cu(I)-binding ligand THPTA was crucial for the acceleration 
of the reaction and to protect the Cu(I) from oxidation. After 5 hours of reaction at room temperature, 
LCMS monitoring showed complete conversion of 73. The crude mixture was immediately purified via 
reversed-phase HPLC to finally afford 2’3’-deoxy-cGAMP-PALM 75 in 41% yield. As it became obvious 
during the reaction, side product 82 was also formed alongside 75. Evidently, this is due to the instability 
of the recruiter that has a big tendency of eliminating the sulfonyl dihydroxybenzofurane group in these 
conditions. Luckily, side product 82 could be separated during HPLC (Figure 53) and compound 75’s 
structure could be verified by NMR spectroscopy, HRMS and MALDI-TOF.      

 

 

 

Figure 52. Click reaction to synthesize final compound 2’3’-deoxy-cGAMP-PALM (75). 
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Figure 53. Reversed-phase HPLC purification of mixture of 75 and 82 (30% → 70% Buffer B over 45 minutes, tR = 
15min, Buffer A = 0.1% TFA in H2O, Buffer B = 0.1% TFA in MeCN). Side product 82 was simultaneously received in 
an almost 1/1 ratio to 75. 

 

Figure 54. Analytical HPLC chromatogram of 75 ((0-40% TEAA buffer B; buffer B = 0.1M NEt3/HOAc in 80% MeCN; 
absorption at 260nm) and MALDI-TOF analysis of compound 75. 

 

 

3.2.1.c Stability studies 

In order to be able to fully assess whether compound 75 can act in vitro as a bioactive compound we 
primarily needed to test its overall stability. Therefore, we incubated 1 nmol of compound 75 in RPMI 
cell medium at 37oC over the course of 24 hours. Aliquots were then collected for 5 time points (t0, 2, 4, 
8 and 24 hours), freeze-dried and resuspended in a suitable buffer. In collaboration with Dr. Matthias 
Heiß, the samples were measured via QExactive mass spectrometry where their exact mass was identified 
and their relative abundance was quantified through comparison of the signal integrals between the 
samples. Compound 1 was used as a positive control since we have already established that it is stable 
under similar conditions (Chapter 3.1.1).  

These results show that although it is less stable compared to 1, compound 75 can retain its structural 
integrity for at least the first 8 hours of incubation (Figure 55). With the aid of mass spectrometry, we 
could also pinpoint that 82 is simultaneously accumulating after 24 hours of incubation.  
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The ultimate intention of this project is to incubate STING reporter THP-1 cells with 75 in order to 
examine whether STING-mediated immunity activation is impaired. A direct way to detect this is 
through the quantification of IFNs or other pro-inflammatory cytokines produced by the cells, for 
example IL-6, CXCL-10 etc. For that purpose, the cells need to first be pre-treated with the compound 
for 4 to 6 hours and then stimulated with cGAMP or other activator agent for 8 to 12 hours to trigger an 
immunological response.131, 135, 154 The cellular supernatant can then be analyzed for its cytokine content 
using an ELISA assay or RT-qPCR. If the amount of IFNs and/or cytokines is overall decreased, it 
signifies that 75 could potentially act as an off switch for immune signals.  Overall, our stability studies 
indicate that compound 75 is adequately stable for cells to be treated with and to still produce a reliable 
immune response under physiological conditions in our experimental setting.  
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Figure 55. Stability study of compound 75. Incubation with 100μM of 75 and 100μM of 1 in RPMI cell medium; mass 
spectrometry: 10μM aliquots in 5mM NH4OAc buffer, pH 4.9. Data acquired in collaboration with Dr. Matthias Heiß.  
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3.2.2 CDN-folate conjugates: two novel cell permeable analogues  

3.2.2.a Design of CDN-folate analogues 83 and 84 

Aiming to enhance efficiency, potency and bioavailability, efforts to design and synthesize improved 
CDNs as potential drug candidates mainly focused on structural modifications.26, 155 As already 
discussed, cyclic dinucleotides are polar molecules whose anionic nature can lead to restricted 
bioavailability in the cytosol. Clearly, due to their polarity, passive diffusion of CDNs in the cells is 
inadequate. Apart from the prodrug strategy that was discussed on Chapter 3.1.1, most synthetic CDNs 
rely on augmented molecular concentrations and/or the use of permeabilization reagents like digitonin 
in order to be able to cross the cell membrane and reach the cytosol.103, 122 Undoubtedly, the mediation 
of a transporter or a channel might be the missing link that can presumably lead to improved 
transmembrane transportation and biological action. In the current part of this dissertation, our CDN 
design strategy is not to mask the negative charge of the molecules but to target their selective and targeted 
cell import through the SLC19A1 transporter (Figure 56).  

 

Figure 56: Depiction of the folate transporter SLC19A1. Folates and certain CDNs enter the cell via this transporter while 
organic phosphates are concurrently being exported.   

 

SLC19A1, also known as reduced folate carrier 1 (RFC1), is a transporter of folates, reduced folates like 
folinic acid and 5-methyltetrahydrofolate (5-MTHF) and structurally similar antifolates, like 
methotrexate.156, 157 Importing of folate is linked to the export of organic phosphate anions (Figure 57), 
while folates are dietary sourced and essential for the organism to ensure normal metabolism, function 
and tissue repair.156 Recently, CRISPR-based genome-wide screens led to the identification of SLC19A1 
as a major CDN transporter in human monocytic cell lines.42, 43 Notably, different cell types like epithelial 
cells were shown to not rely on SLC19A1 import, suggesting that there are different mechanisms of 
CDN uptake in every cell type. SLC19A1 was shown to directly import cGAMP but also bacterial (3’3’-
cGAMP) and synthetic CDNs (2’3’-cAAMP, 2’3’-cGSASMP, 3’3’-cAAMP, 2’3’-cASASMP), therefore it 
plays a key role in immunity activation, inflammation and cancer immunotherapy.1, 42 Furthermore, 
SLC19A1 is the target transporter in cancer treatment in the clinic as it transports the anti-tumor drugs 
methotrexate and pemetrexed.156, 158 
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The transmembrane region of SLC19A1 consists of 12 transmembrane segments and structurally it 
shows an inward-open conformation which allows for the formation of a deep binding cavity (Figure 
58). 1 This cavity surpasses from the intracellular side to almost the extracellular side and that way there 
are two distinct pockets being formed. Recent cryo-EM studies managed to solve the structure of 
SLC19A1 in complex with cGAMP, but also the thiophosphate analogue (2’3’-cGSASMP) and 3’3’-
cAAMP.1 These structures show that folates are bound in the upper and more narrow section of the 
SLC19A1 transporter region while CDNs bind to the additional pocket that is positioned lower and 
closer to the cytosol1 (Figure 58).  
 

 

A model of structural superimposition between folates and CDNs shows that they occupy different 
binding cavities that are stacked on top of each other (Figure 59). The folate lies in an almost upright 
orientation with the pterin moiety facing the extracellular space and the glutamate positioned towards 

Figure 57. Cryo-EM structures of human SLC19A1 in the apo-state. (A) the cryo-EM structure of apo-state SLC19A1 adopts 
an inward open conformation (PDB:7XPZ). (B) The apo conformation of SLC19A1. TM1-TM6 are shown in blue, TM7-
TM12 are shown in yellow. Figures adapted from Zhang et al.1 

 

A B 

Figure 58. Schematic of the distinct cavities of SLC19A1. Folates occupy the upper narrower cavity (A) while CDNs occupy 
the lower closer to the cytosol cavity (B). Figures adapted from Zhang et al.1 
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the intracellular region, close to the cavity where CDNs bind. CDNs are bound to the lower cavity as a 
dual molecule.1 When folates or antifolates were used alongside CDNs, the CDN uptake and type I IFN 
production was significantly inhibited, meaning that folates and CDNs naturally compete with each 
other for cellular penetration.43  

 

 

Figure 59. (A) Structure of SLC19A1 bound to 2’3’-cGAMP in an inward open conformation. Two bound cGAMP molecules 
are occupying the cavity. The CDNs are shown a sticks and hydrogen bonds are shown as yellow dashes. (B) Structural 
superimposition of 2’3’-cGAMP and folates on the bound state. Figures adapted from Zhang et al.1 

 

These exciting structural results gave us a head start to design two novel CDN-based conjugates, 2’3’-
deoxy-cGAMP-FOL (83) and 2’3’-deoxy-cAAMP-FOL (84) (Figure 60) that consist of a modified 
CDN which is covalently bonded with a folate moiety via a versatile linker. By ligating a CDN with a 
folate moiety we can in this way leverage their favorable cellular uptake through SLC19A1. Owing to the 
CDN’s selectivity towards STING, we opt that when the conjugates enter the cell they will compete with 
endogenous cGAMP, bind on STING and possibly keep it in an “open-lid” state that impedes and 
ameliorates its activation.  
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Figure 60. Conceptualization of inhibitors 83 and 84. Both conjugates consist of a CDN that is linked to a folate moiety 
(purple). Folates are antiporter SLC19A1’s natural substrates and CDNs are known to be imported inside the cell through 
SLC19A1 as well. We opt that the folate conjugated CDNs present better cellular permeability and, when bound on STING, 
due to the bulkiness of the folate they will prevent STING’s lid closure and therefore block STING signaling downstream.    

 

As already demonstrated, SLC19A1 is known to be selective towards the CDNs that it lets pass and it 
shows a preference towards linkage types and nucleobases. For this reason, we decided to employ two 
similar but diverse CDN scaffolds, on the one hand one guanine and one adenine containing 2’3’-deoxy-
cGAMP (1) and on the other hand two adenine containing 2’3’-deoxy-cAAMP (2), in order to evaluate 
any differences in cell permeation caused by the nucleobases (Figure 61). The folate precursor 87 can be 
constructed in a straightforward way from pteroic acid (85) and a glutamic acid analogue (86). We chose 
to link the CDNs to the folate moiety via a flexible, metabolically stable linker that combines two PEG3 
parts conjoined via a triazole. We chose this specific linker first of all to provide the molecule with a high 
degree of movement freedom so that both the CDNs and the folate moieties can entirely fill up their 
distinct binding cavities with no obstruction151 and secondly in order to have an initial estimation of 
length to activity relationship. Lastly, the linker structures can be easily chemically modified for possible 
future functionalizations of the conjugates.       

STING  

signaling 
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Figure 61. Retrosynthetic analysis of conjugates 83 and 84. The conjugates consist of a CDN, either 2’3’-deoxy-cGAMP or 
2’3’-deoxy-cAAMP which bear a PEG3 linker with a terminal alkyne (compounds 73 and 93). The folate moiety can be 
constructed by coupling pteroic acid (85) with a PEG3-azide modified glutamic acid (86). The CDNs can that way be 
conjugated to the folate moiety via click-chemistry.  

 

 

3.2.2.b Synthesis of 2’3’-deoxy-cGAMP-FOL  

The synthesis started with constructing the folate precursor 87 based on a modified synthetic procedure 
that was introduced by our group159. Fmoc-O-tert-butyl protected glutamic acid 88 was coupled with 
11-azido-3,6,9-trioxaundecan-1-amine 89 using DIPEA and HBTU as a coupling reagent (90) (Figure 
62). 

 

Figure 62. Synthesis of building block 90 starting from commercially available Fmoc-protected glutamic acid 88 and 11-
azido-3,6,9-trioxaundecan-1-amine 89.  
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Then, the Fmoc protecting group was removed by treatment with dimethylamine in THF to afford the 
first precursor 91 (Figure 63). Next, 91 was coupled with pteroic acid (85) using HBTU and, after the 
tert-butyl deprotection of 92 in a trifluoroacetic acid/DCM mixture, 87 was furnished in 12% overall 
yield over 4 steps.  

 

Figure 63.  Synthesis of folate precursor 87. 

 

The folate-azide moiety 87 was subsequently clicked to the terminal alkyne of the N6-PEG linker of 
compound 73 (synthesis shown on Chapter 3.2.1) (Figure 64). As previously described, Cu(II) was 
provided from CuSO4 and was reduced to Cu(I) using sodium ascorbate. An excess of THPTA ligand 
was once more used to catalyze the reaction and protect the Cu from oxidation. The click reaction was 
conducted in an aqueous solution under inert anaerobic conditions and was closely monitored by 
LCMS. Even though 87 was only partially soluble in water forming an emulsion, after 1 hour of reaction 
it was evident that the emulsion was almost completely clear and the reaction was progressing efficiently 
(Figure 65). The reaction was stopped after 5 hours and the crude mixture was immediately purified by 
reversed-phase preparative HPLC. Our first CDN-folate 83 was this way afforded and its structure could 
be identified by NMR spectroscopy, MALDI-TOF and high-resolution mass spectrometry.  

  

Figure 64. Final conjugate 2’3’-deoxy-cGAMP-FOL (83) synthesis via click reaction. 
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Figure 65. A) Analytical HPLC chromatogram (0-40% TEAA buffer B; buffer B = 0.1M NEt3/HOAc in 80% MeCN; 
absorption at 260 nm) and MALDI-TOF analysis of compound 83. B) LCMS chromatograms of the progression of the click 
reaction (method: 5-80 % buffer B in 7 minutes, then 95 % B for 1 minute; Buffer A = 0.01 % formic acid in H2O, buffer B = 
0.01 % formic acid in MeCN). Starting material CDN 73 was completely converted after 4 hours of reaction.  

 

3.2.2.c Synthesis of 2’3’-deoxy-cAAMP-FOL (84) 

The cAAMP-folate conjugate 84 synthesis started by initially assembling the CDN structure. 2’3’-deoxy-
cAAMP-PEG3 93 can be synthesized by coupling the already available N6-PEG3-terminal alkyne 
adenosine phosphoramidite 74 with the 3’-deoxy adenosine phosphotriester 7 (Figure 66).  

 

Figure 66. Retrosynthetic analysis of compound 2’3’-deoxy-cAAMP-PEG3 93. 
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Compound 7 can be obtained starting from the commercially available DNA nucleoside N6-benzoyl-
5’-O-DMT-2’-O-TBS adenosine 94 (Figure 67). Compound 94 was first deoxygenated via a modified 
Barton-McCombie reaction. In this case, we used the same conditions for the nucleoside as for the sugar 
S1 as well. The 3’-deoxy-adenosine precursor 96 was then treated with TBAF to cleave the TBS 
protecting group to afford 97. Finally, 97 was converted to the corresponding phosphotriester 7 
following the same methodology as described in Chapter 3.1.1. The 3’-deoxy precursor 7 was purified 
and isolated in a 47% yield over 3 steps.   

 

Figure 67. Synthesis of 3’-deoxygenated adenosine building block 97. 

 

 

Figure 68. One-pot synthesis of the 3’-deoxy-adenosine phosphotriester 7; i. 2-cyanoethyl N,N,N′,N′-tetraisopropyl 
phosphorodiamidite, pyr-TFA, DCM, 1h, rt; ii. BTT activator, allyl alcohol, 40min, rt; iii. t-BuOOH, 30 min, rt; iv. 3% DCA 
in DCM, 15min, rt. 

 

For the production of the linear compound 98, we employed the already synthesized adenosine 
phosphoramidite 74 (Chapter 3.2.1). The coupling proceeded using, as already described, excess of BTT 
activator, then after oxidation of the resulting phosphite the DMT protecting group was cleaved off and 
the linear precursor was isolated with a yield of 89%. 
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Figure 69. One-pot synthesis of the linear compound 98; i. BTT activator, MeCN, 1h, rt; ii. t-BuOOH, 40 min, rt; iii. 3% 
DCA in DCM + H2O, 10min, rt. 

 

The phosphate allyl protecting group of 98 was removed using sodium iodide in refluxing acetone 
yielding 99 and this way the macrocyclization was possible using MSNT in pyridine (Figure 70). The 
desirable 93 could then be isolated after complete deprotection of compound 100 with a 33% 
methylamine solution and subsequent purification by reversed-phase HPLC.  

 

 

Figure 70. Synthesis of 2’3’-deoxy-cAAMP-PEG3 analogue 93 starting from the linear dinucleotide 98.  
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Figure 71. 1H- and 31P-NMR spectra of compound 2’3’-deoxy-cAAMP-PEG3 (93). 

 

The functionalized deoxy-cAAMP 93 was then conjugated to the folate moiety 87 via a click reaction. 
The conditions used were the same as for the cGAMP conjugate 73 and after 5 hours of reaction the 
crude mixture was immediately purified via reversed-phase HPLC. Compound 93 was characterized by 
NMR spectroscopy, MALDI-TOF and high-resolution mass spectrometry.   

 

Figure 72. Click reaction for the synthesis of final conjugate 84. 

93 
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Figure 73. A) Analytical HPLC chromatogram (0-40% TEAA buffer B; buffer B = 0.1M NEt3/HOAc in 80% MeCN; 
absorption at 260nm) and MALDI-TOF analysis of compound 93. B) LCMS chromatograms of the progression of the click 
reaction (method: 5-80 % buffer B in 7 minutes, then 95 % B for 1 minute; Buffer A = 0.01 % formic acid in H2O, buffer B = 
0.01 % formic acid in MeCN).  Starting material CDN 93 was completely converted after 4 hours of reaction.  

 

 

3.2.2.d Biological evaluation  

To be able to test whether our compounds are able to inhibit STING we first decided to exclude the 
possibility of them being STING agonists. In collaboration with Yasmin Gärtner, compounds 83 and 
84 were therefore fed to immune cells in order to evaluate if they can induce STING-dependent 
interferons. For our purpose, THP-1 Dual monocytic cells (Invivogen) were chosen as they are shown to 
be a very suitable testing model for our concept. Firstly, THP-1 monocytes are highly expressing STING 
but also SLC19A1.43 Secondly, THP-1 Dual cells carry a Lucia Luciferase gene under the control of a 
promoter with 5 IFN-stimulated response elements and, thus, allows for the simultaneous study of the 
interferon production via the IRF pathway and of the activation of the NF-κΒ pathway. Through the 
resulting luminescence this cell line allows quantification of the immunostimulatory effect caused by 
STING ligands.  

Furthermore, it is already been demonstrated that 2’3’-deoxy-cGAMP’s 1 and 2’3’-deoxy-cAAMP’s 2 
immunity related activities are STING dependent (Figure 74) and that they can efficiently act as STING 
agonists.138 Thus, by measuring the luminescence of the cells we can have a first proof of concept of 
whether they can act as agonists or antagonists. In order to do this, THP-1 cells were incubated with our 
compounds for 24 hours and the resulting luminescence was then measured using a luminometer as 
Relative Light Units (RLUs). Our compounds were incubated in a concentration range of 5μM to 
500μM in order to calculate the EC50 value. This value highlights the concentration of the potential 
agonist needed to generate a half-maximal response and it is essential in order to evaluate the efficiency 
of the compound as an agonist. 1 and 2 were used as positive controls and to prompt a comparison since 
their EC50 values have already been determined before.138 

A B 
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Figure 74.  2’3’-deoxy-cGAMP (1) and 2’3’-deoxy-cAAMP ‘s (2) immune activities are STING dependent. Treatment of 1 
and 2 in THP-1 cells resulted in luminescence activation while unfed and STING-KO cells did not produce any response. Figure 
adapted from Dr. Dilara Özdemir’ s PhD thesis.  

 

As observed in Figure 75, when compounds 83 and 84 were fed to the cells no significant luminescence 
was observed, compared to the activators 1 (orange) and 2 (black). Even while testing at concentrations 
as high as 500μM, no sigmoidal activation curve could be formed and, therefore, there was no STING 
activation. Furthermore, when we also tested the CDN precursor of the conjugate, 2’3’-deoxy-cGAMP-
PEG3 73, we again observed no luminescence response, in a similar way to 83 and 84 (Figure 75). 
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Figure 75. Luminescence in vitro assay to determine immune responsiveness. The cells were incubated with compounds 73, 
83 and 84 in a range of concentrations from 0.1μM to 1000μΜ for 24 hours. Compounds 1 and 2 were used in their respective 
active concentrations that were previously reported (1 : 7μΜ, 2 : 75μΜ). Luminescence was measured in a TECAN Genius Pro 
plate reader. Compounds 83 and 84 do not induce luminescence. Compounds 1 and 2 are STING agonists and trigger 
Luciferase response. Data acquired in collaboration with Yasmin Gärtner. RLU: Relative Luminescence Units. 

 

The collected data conclusively show that there is no direct STING activation mediated by our folate 
conjugates. In order to undoubtedly confirm our theory, further biological and STING binding assays 
need to be performed. 

           2’3’-deoxy-cGAMP (1)                                   2’3’-deoxy-cAAMP (2)  

ttt 

ttt 
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More precisely, as a way to prove that our compounds can efficiently penetrate the cell membrane, we 
can conduct the same Luciferase assay after first permeabilizing the cell using proper agents, like 
digitonin. As a consequence, the uptake of the CDNs into the cells will not be the limiting step in STING 
activation. Apart from the luminescence response, a next proof of immunity deactivation would be the 
quantification of immune-related genes. Thus, future studies are nowadays directed towards incubating 
our compounds to cells and, after cGAMP or viral stimulation, measure the mRNA levels of IFN-β, 
cytokines and chemokines, like IP-10, IL-6. That way, we can establish whether and to what extend 
STING signaling is downstream affected when cells are incubated with our compounds.   

Moreover, further studies must be conducted in order to demonstrate whether 83 and 84 exhibit 
improved SLC19A1-mediated cell permeability. Hence, a straightforward assay could be to incubate a 
SLC19A1 expressing cell line with our compounds and subsequently either isolate the cells and detect 
their exact mass via mass spectrometry or employ [32P]-labeled analogues of 83 and 84 and measure their 
cellular uptake via a radiograph.43 

 

 

3.2.3 Conclusions and perspectives  

In this part of this dissertation we managed to synthesize three novel CDN analogues that can act as 
STING inhibitors in order to battle chronic inflammation. Initially, we designed and synthesized 
compound 2’3’-deoxy-cGAMP-PALM (75), to promote STING’s de-palmitoylation on cysteines 88 
and 91. 75 comprises on one side of 2’3’-deoxy-cGAMP (1) as the main molecular scaffold which ensures 
STING selectivity. We ligated 1 with the small molecule 72 via a flexible PEG3 linker as a way to recruit 
lysophospholipase LYPLAL1. This enzyme was recently shown to display thioesterase activity and can 
cleave the thioacyl bond of the palmitate tag, as a result it is promising to catalyze STING’s 
depalmitoylation. At the synthetic part, we presented a robust and reliable PEG3 functionalization of 
the adenosine phosphoramidite building block 74 that is chemically stable and tolerable throughout the 
next synthetic steps and can successfully lead to the functionalized cyclic dinucleotide 73. Moreover, we 
resolved the challenging acylation of LYPLAL1 recruiter (45), ligated it on 73 via click-chemistry and 
tested the final conjugate’s stability in cell medium. Future studies in our lab are focusing on measuring 
2’3’-deoxy-cGAMP-PALM 75 metabolic stability against nucleases, sulfatases and phosphodiesterases.  

Overall, by recruiting LYPLAL1 on deoxy-cGAMP we made a novel “proximity inducing” hybrid 
molecule that presents immense potential for STING signaling deactivation.  This hybrid molecule 
follows the same mindset as other chimeric molecules like PROTACs154, 160, 161, LYTACs162, AUTACs163 
but with the main difference that it does not aspire to elicit protein degradation down the road, but rather 
opts for protein inhibition. Our compound ensures specificity over STING and no off-target reactions 
as, unlike the known STING palmitoylation inhibitors, it does not irreversibly bind on cysteines 88 and 
91. This also means that the drug’s catalytic cycle is continuously progressing and no excess drug 
concentration is needed to compensate. While this dissertation was being written, two new papers 
involving STING palmitoylation where published164,165. In fact, one of them names LYPLAL1 as the 
thioesterase that deplamitoylates cGAS to negatively regulate it. These papers corroborate that 



Results and discussion 
 

65 
 

palmitoylation is a key target for cGAS-STING signaling inhibition, links it to the action of LYPLAL1 
and opens up the path for many new research directions. Future experiments will address our 
compound’s binding affinity on STING and whether 75 exhibits depalmitoylation-mediated inhibitory 
activity.  

In the second part of the inhibitors chapter, we synthesized two novel conjugates that are designed to 
leverage improved cellular permeability through the folate transporter SLC19A1, but simultaneously act 
as STING antagonists. Very recently, it was demonstrated that SLC19A1 is an importer for cGAMP and 
other CDNs and that it forms a distinct cavity with high affinity for CDNs and an additional one for 
folates that is positioned directly below the CDN cavity. This structural characteristic led us to construct 
conjugates 2’3’-deoxy-cGAMP-FOL (83) and 2’3’-deoxy-cAAMP-FOL (84) that beared a CDN 
bonded to a folate via a long flexible linker and can potentially display favorable cell permeability. At the 
same time, we opted for the conjugates to act as inhibitors of STING signaling due to the bulkiness of 
the folate moiety that blocks the closure of STING’s “lid” when the conjugates are bound on it. 

Apart from the deoxy-cGAMP linked to the terminal alkyne PEG3 linker (73), we decided to also use a 
di-AMP analogue (93) in order to facilitate a comparison in activity that would be the result of the 
difference in nucleobases. The folate moiety was constructed from pteroic acid, conveniently conjugated 
to a PEG3 linker and ligated to the CDN through a chemoselective and high-yielding click chemistry 
reaction. Thus, we managed to obtain two CDN-folate analogues using straightforward 
functionalizations that are compatible with the synthetic conditions that followed. We managed to 
perform some initial biological assays and we found that they did not trigger an interferon production 
compared to the parent compounds 1 and 2. Thus, we showed an initial proof of concept that 83 and 
84 do not trigger the activation of STING-related interferon genes. Future experiments in our laboratory 
are oriented towards measuring the compounds binding affinity on STING and establishing if they can 
indeed induce STING-mediated signaling inhibition. Of interest would be also to perform 
thermodynamic studies to establish if they keep STING in an inactive “open-lid” conformation. Finally, 
part of our plans is the creation of a library of similar compounds that contain different length and 
rigidity linkers to achieve direct activity comparisons and perform structure-activity-relationship studies. 
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4 Materials and methods 

General methods 

All reactions were magnetically stirred under a nitrogen or argon atmosphere and the reaction flasks were 
dried beforehand via heating under vacuum (heatgun, 450oC). Reactions at low temperatures were 
carried out using ice baths or ice/NaCl or acetone/dry ice mixtures. Dry solvents and reagents were 
purchased from commercial suppliers like Sigma-Aldrich, TCI, Biosynth, VWR, Carbolution etc. and, 
unless otherwise stated, they were used without further purification or processing. Ultrapure water was 
obtained from a Milli-Q Plus water from Merck Millipore. Chromatographic purifications were carried 
out via flash column chromatography on Merck Geduren Si 60 (40 – 63 μm) silica gel using pre-distilled 
solvents as eluents (EA, MeOH, DCM, isohexane). The received fractions and the reaction progress were 
monitored through Thin Layer Chromatography (TLC) using silica gel aluminum plates (60-F254, 
Merck). The plates were visualized using a UV light lamp (254 nm or 366 nm) and stained using either 
cerium ammonium molybdate (10.0 g ammonium molybdate tetrahydrate, 2 g Ce(SO4)2∙4H2O, 180 mL 
ddH2O, 20 mL conc. H2SO4) or p-anisaldehyde (3.7 mL p-anisaldehyde, 135 mL EtOH, 5 mL conc. 
H2SO4, 1.5 mL conc. AcOH) or potassium permanganate stain (3 g KMnO4, 20 g K2CO3, 5 mL 5% 
aqueous NaOH, 300 mL H2O).   

Reactions were additionally monitored using a RP-LC-MS (Reversed-Phase Liquid Chromatography 
Mass Spectrometry) system from Thermo-Fisher consisted of a DIONEX UltiMate 3000 HPLC System 
(pump, autosampler, column and diode array detector) and an ESI-MS MSQ Plus single-quadrupole 
mass spectrometer. The sample analysis was conducted either via a direct injection to the mass 
spectrometer or via the LC-MS system RP column chromatography methods using a Hypersil Gold C18 
column.    

RP-HPLC (Reversed-phase High Performance Liquid Chromatography) analysis and purifications 
were conducted on the following instruments:  

Analytical HPLC: Agilent Technologies 1260 Infinity II containing a 1260 Flexible pump, 1260 sampler 
and 1260 MWD using a EC 250/4 NUCLEODUR 100-3 C18 column from Macherey-Nagel and a 0.5 
or 1.0 mL/min flow rate. 

Preparative HPLC: Agilent Technologies 1260 Infinity II containing a 1260 Quat pump VL, 1260 
manual injection and 1260 MWD using a VP 250/10 NUCLEODUR 100-5 C18 column from 
Macherey-Nagel and a 5.0 mL/min flow rate.   

IR spectra were determined on an IRSpirit Fourier transform spectrometer attached to a QATR-S single 
reflection accessory from Shimazu. Band frequencies in the region between 4400 and 1400 cm-1 are 
reported to the nearest cm-1. Signal intensities are reported as very strong (vs), strong (s), medium (m), 
weak (w), broad (br). 

MALDI-TOF mass measurements were performed on an autoflex® maX machine from Bruker. The 
samples were diluted in MilliQ water, desalted on a MF-Millipore VSWP02500 membrane form Merck 
Millipore and co-crystalized in a 3-HPA matrix (3-hydroxypicolinic acid, Sigma-Aldrich) to measure.  
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The isolated products were characterized by 1H, 13C and, were possible, 31P NMR spectroscopy. The 
spectra were recorded on Varian VXR400S, Varian INOVA 400, Bruker Avance III 400, Bruker AMX 
600, Bruker ARX 600 and Bruker Avance III HD 800 spectrometers and the chemical shift (δ) is given 
in parts per million (ppm) with tetramethylsilane (TMS) as an internal standard. The multiplicity of the 
signals was given as s (singlet), d (doublet), t (triplet), q (quartet), p (pentet), m (multiplet) and br (broad) 
and coupling constants (J) refer to 1H-1H couplings and are given in Hertz (Hz). Suitable deuterated 
solvents (CDCl3, CD2Cl2, (CD3)2SO, CD3OD, D2O) were used to dissolve the samples, purchased from 
Eurisotop. For the complete structure characterizations 2D NMR spectra were also attained like 
homonuclear correlation spectroscopy (COSY), heteronuclear single quantum coherence (HSQC) and 
heteronuclear multiple bond coherence (HMBC). All spectra were analysed using MestReNOVA 14.2.0 
software from Mestrelab Research.        

High-resolution mass spectra (HRMS) were recorded by the Analytics Department of the Ludwig-
Maximilians-Universität Munich, Department of Chemistry on a Thermo Finnigan MAT 95 machine 
for Electron Ionization (EI) measurements or a Thermo Finnigan LTQ-FT for Electrospray Ionization 
(ESI) measurements. Stability studies were performed on a QExactive HF Orbitrap machine from 
Thermo Fisher.  

 

 

Organic synthesis procedures 

 

Dideoxy-cGAMP and cAIMP prodrugs 

SATE-alkyne-alcohol (22) 

 

5-hexynoic acid (2.94 mL, 26.64 mmol, 1.0 eq) was dissolved in 250 mL of dry MeCN and β-
mercaptoethanol (2.82 mL, 39.96 mmol, 1.5 eq) was added under a nitrogen atmosphere. The mixture 
was cooled to 0oC and DCC (5.52 g, 26.64 mmol, 1.0 eq) was added. The reaction was left to stir 
overnight slowly reaching room temperature and the next day any remaining DCC was filtered out. 
Solvents were then evaporated under vacuum and the crude mixture was diluted in 50mL of cold Et2O, 
cooled down to force precipitation, filtered and evaporated. The product was purified via flash column 
chromatography (silica gel, DCM/EA: 100/2 to 100/5) and was received as a colorless oil (2.7 g, 15.6 
mmol, 60%).  

Rf (DCM/EA : 5/1) = 0.60 

1H NMR (400 MHz, CDCl3) δ 3.77 (t, J = 6.0 Hz, 2H, H-1), 3.09 (t, J = 6.0 Hz, 2H, H-2), 2.74 (t, J = 
7.4 Hz, 2H, H-4), 2.26 (tt, J = 6.9, 2.6 Hz, 2H, H-6), 1.99 – 1.97 (dt, J = 4.9, 2.6 Hz, 2H, H-8), 1.84 – 
1.87 (m, 2H, H-5). 
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13C-NMR (101 MHz, CDCl3) δ 201.22 (C-3), 84.10 (C-7), 71.55 (C-8), 61.94 (C-1), 44.12 (C-4), 31.87 
(C-2), 24.86 (C-5), 18.54 (C-6). 
 
 
SATE-alkyne bis-phosphoramidite (23) 

 

SATE-OH 22 (1.35 g, 7.8 mmol) was dissolved in 25mL of Et2O, then triethylamine (1.85 mL, 13.3 
mmol, 1.7 eq) was added dropwise. The mixture was cooled to 0oC and diisopropylamino 
chlorophosphine (1.7 g, 6.5 mmol, 0.8 eq) was added. The reaction was left to stir at rt for 2hrs. then a 
40mL mixture of Et2O/Et3N (9/1) was added to the mixture, solvents were evaporated under pressure 
and to the remaining crude mixture 30mL of distilled cyclohexane were added. The mixture was 
evaporated to half the volume and loaded to a silica gel filled column to purify using cyclohexane + 6% 
Et3N. The pure product was afforded as a viscous colorless oil (1.85 g, 4.60 mmol, 58%).  
 

Rf (cHex/DCM/TEA) = 6/3/1  

IR (ATR): ṽ (cm–1) 3298 (s), 3050 (br), 2897 (s), 2055 (br), 1723 (s), 1564 (br), 1423 (s), 1377 
(s), 1300 (s), 1067 (s), 1011 (s), 991 (s), 788 (s), 709 (s). 

1H NMR (400 MHz, CDCl3) δ 3.66 (dt, J = 7.6, 6.3 Hz, 2H, H-1), 3.50 (dp, J = 10.8, 6.8 Hz, 4H, H-
1’), 3.13 (t, J = 6.3 Hz, 2H, H-2), 2.70 (t, J = 7.4 Hz, 2H, H-4), 2.25 (td, J = 6.9, 2.7 Hz, 2H, H-6), 1.98 
(t, J = 2.6 Hz, 1H, H-8), 1.94 – 1.82 (m, 2H, H-5), 1.15 (dd, J = 6.8, 4.9 Hz, 24H, H-2’). 

13C-NMR (101 MHz, CD2Cl2) δ 200.11 (C-3), 82.77 (C-8), 69.21 (C-8), 63.73 (C-1), 44.90 (C-1´), 
41.87 (C-4), 31.90 (d, C-2), 27.45 (d, J = 8.0 Hz, C-2´), 25.31 (C-5), 24.69 (C-2´), 18.11 (C-6). 
 
31P NMR (162 MHz, CDCl3) δ 124.32. 
 

3’-O-(Cyanoethyl,SATE-phosphate)-N6-Bz-2’-deoxyadenosine (24) 
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Adenosine 5’-DMT-2’-deoxy-N6-Bz-phosphoramidite (2 g, 2.38 mmol) was co-evaporated with toluene 
(x3) and then diluted in 20mL dry MeCN under Ar. Then SATE-OH (822 mg, 4.76 mmol, 2.0 eq) and 
BTT (0.3M in MeCN, 15.7 mL, 4.76 mmol, 2.0eq) were added and the mixture was left to stir under Ar 
at rt for 1h. Then tert-butyl hydroperoxide (5.0-6.0M in decane, 1.37 mL, 8.3 mmol, 3.0 eq) was added 
and the mixture continued stirring for 40 minutes. The hydroperoxide was quenched at 0oC using aq. 
NaHSO3 solution (3 mL, 0.5g/mL). The mixture was stirred for 10min at 0oC and then for 5min at rt. 
Solvents were evaporated under reduced pressure and the mixture was subsequently dissolved in a 93 mL 
mixture of 3% DCA in DCM containing 10.0 eq H2O. The mixture was left to stir for 15min and then 
was quenched with 100 mL aqueous solution of NaHCO3. The aqueous phase was extracted three times 
with ethyl acetate and the combined organic layers were dried over MgSO4 and evaporated under reduced 
pressure. The product was purified via flash column chromatography using DCM/acetone/MeOH 
(80/17/3) as eluents to afford 24 as a white foam (1.3 g, 2.02 mmol, 84%).  

Rf (DCM/MeOH : 10/1) = 0.45 

HRMS (ESI): for C28H32O8N6PS+ [M+H]+ , calc. 643.1662; found 643.1663 

IR (ATR): ṽ (cm–1) 3286 (br), 2936 (w), 1677 (s), 1603 (m), 1587 (m), 1440 (m), 1190 (s), 1089 (s), 899 
(s).  

1H NMR (400 MHz, CDCl3) δ 8.79 (s, 1H), 8.14 (d, J = 7.1 Hz, 1H), 8.11 – 7.99 (m, 2H, H-ar), 7.67 – 
7.58 (m, 1H, H-ar), 7.58 – 7.50 (m, 2H, H-ar), 6.45 (dd, J = 9.7, 5.3 Hz, 1H, H-1’), 5.35 (t, J = 4.6 Hz, 
1H, H-3’), 4.50 (s, 1H, H-4’), 4.39 – 4.29 (m, 2H), 4.21 (dt, J = 8.2, 6.7 Hz, 2H, SATE-CH2), 4.01 (dd, 
J = 13.0, 1.7 Hz, 1H, H-5’), 3.89 (d, J = 13.1 Hz, 1H, H-5’), 3.22 (q, J = 7.1 Hz, 3H, SATE-CH2), 2.81 
(d, J = 1.1 Hz, 2H, H-2’), 2.78 – 2.65 (m, 3H, SATE-CH2), 2.29 – 2.24 (m, 2H, SATE-CH2), 2.00 (td, J 
= 2.6, 0.8 Hz, 1H, H-alkyne), 1.95 – 1.80 (m, 2H, SATE-CH2). 

 

 

2’’- SATE- phosphate- O6- dpc- N2- iBu- 3’’- O - deoxyguanosine- 3’-((cyanoethyl, SATE) 
phosphate) - N6- Bz - 2’- O-deoxyadenosine (26) 
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Compound 6 (560mg, 0.67mmol) was co-evaporated with toluene (x3) and MeCN (x2), then was 
dissolved in dry DCM (6mL) under an Ar atmosphere. 23 (324mg, 0.805mmol, 1.2eq) and pyr-TFA 
(155mg, 0.805mmol, 1.2eq) were added and the reaction was let to stir at rt overnight. The next day, 
adenosine SATE phosphotriester (646mg, 1mmol, 1.5eq) and BTT (0.3M in MeCN, 5mL, 1.34mmol, 
2.0eq) were added and the mixture was left to stir for 1h. Then tBuOOH (5.0M in decane, 0.23mL, 
2.03mmoL, 3.0eq) was added and the mixture was left to stir for 40min. The solution was cooled to 0oC 
and an aqueous solution of NaHSO3 (1.5mL, 0.5g/mL) was added. The mixture was stirred for 10min 
at 0oC and then for 5min at rt. Solvents were evaporated and the resulting mixture was dissolved in a 
30mL mixture of 3% DCA in DCM containing 10.0 eq H2O. The mixture was left to stir for 15min and 
then was quenched with an aqueous solution of NaHCO3 (80mL). The aqueous phase was extracted 
three times with ethyl acetate and the combined organic layers were dried over MgSO4 and then 
evaporated under reduced pressure. The product was purified via flash column chromatography (silica 
gel, DCM/acetone/MeOH: 80/17/3) and was received as a colorless foam (500mg, 0.395mmol, 59%). 

Rf (DCM/acetone/MeOH : 80/15/5) = 0.15 

HRMS (ESI): for C84H87O19N12P2S2
+ [M+H]+ , calc. 1391.5049; found 1391.3701 

IR (ATR): ṽ (cm–1) 3385 (br), 2579 (br), 2358 (w), 1701 (s), 1565 (s), 1488 (s), 1253 (m), 1238 (m). 

 

 

2’’- SATE- phosphate- O6- dpc- N2- iBu- 3’’- O - deoxyguanosine- 3’- SATE- phosphate - N6- 
Bz - 2’- O-deoxyadenosine (27) 

 

26 (500mg, 0.395mmol) was co-evaporated twice with pyridine and MeCN. Then it was dissolved in 
17mL of dry MeCN and 6mL of tBuNH2 were added. The reaction was let to stir at rt for 20 minutes. 
Subsequently, solvents were removed in vacuo and the product was co-evaporated with pyridine, then 
with toluene and was left to dry under high vacuum yielding an orange foam. The product was analyzed 
with mass spectrometry and was used without further purification to the next step.  

HRMS (ESI): for C81H84O19N11P2S2
+ [M+H]+ , calc. 1339.4783; found 1339.3289 
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2’,3’- c-Dideoxy- 2’’-SATE -phosphate - O6- dpc- N2- iBu- 3’’- O - deoxyguanosine- 3’-
SATE- phosphate- N6- Bz - 2’- O-deoxyadenosine (28) 

 

27 (490mg, 0.395mmol) was co-evaporated with pyridine (x3) and dissolved in 100mL dry THF 
containing 4Å molecular sieves, under Ar. TPSCl (5.9g, 19.78mmol, 50.0eq) and NMI (1.56mL, 
19.78mmol, 50.0eq) were then added and the reaction was left to stir overnight at rt. Next day, the 
reaction was quenched with 50mL water and, after stirring for further 50 minutes, it was extracted with 
ethyl acetate (x3). The organic phase was evaporated under reduced pressure and the crude mixture was 
purified via flash column chromatography (silica gel, DCM/MeOH : 100/5). The product was received 
as a white solid (150mg, 0.11mmol, 28%).   

Rf (DCM/MeOH : 10/1) = 0.45 

HRMS (ESI): for C60H64O16N11P2S2
+ [M+H]+ , calc. 1320.3371; found 1320.3389 

IR (ATR): ṽ (cm–1) 3299 (br), 2713 (w), 1734 (s), 1499 (br), 1369 (m), 1213 (m), 1022 (m), 713 (s). 

31P NMR (162 MHz, DMSO) δ -1.88, -2.38, -2.53, -2.95. 

 
 
N2-Benzoyl guanosine (30) 

 

Guanosine (2g, 7.06mmol) was dried via co-evaporation with pyridine (x3) and then high-vacuum. It 
was then dissolved in pyridine (28mL) under nitrogen and TMSCl (3.2mL, 25.4mmol, 3.6eq) was added. 
The reaction was left to stir for 1h at rt. Then it was cooled down to 0oC and BzCl (1mL, 8.5mmol, 
1.2eq) was dropwise added. The reaction was left to stir overnight while slowly reaching room 
temperature. Next, water (7mL) was added, stirred for 5min, then NH3 (14mL, 29% aq. solution) was 
added and stirred for 15 more minutes. Solvents were evaporated under vacuum, the residual solid was 
suspended in cold water, stirred and filtered, then washed with cold water (x2) and ether (x2). The 
yellowish solid was left to dry overnight on air (1g, 2.6mmol, 40%).    
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1H NMR (400 MHz, DMSO) δ 8.22 (s, 1H, H-8), 8.01 – 7.92 (m, 2H, H-Bz), 7.62 – 7.53 (m, 1H, H-
Bz), 7.46 (dd, J = 8.4, 7.1 Hz, 2H, H-Bz), 5.82 (d, J = 6.1 Hz, 1H, H-1’), 4.38 (dd, J = 6.1, 4.9 Hz, 1H, H-
2’), 4.05 (dd, J = 4.9, 3.4 Hz, 1H, H-4’), 3.82 (q, J = 3.9 Hz, 1H, H-3’), 3.55 (dd, J = 11.9, 4.2 Hz, 1H, 
Ha-5’), 3.46 (dd, J = 11.9, 4.1 Hz, 1H, Hb-5’). 

For 13C spectroscopy and IR data refer to the literature 166 
 
 
5‘,3‘-O-DTBS - 2‘-O-TBS - N2-benzoyl - guanosine (31) 

 
 
Compound 30 (1 g, 2.6mmol) was dissolved in DMF (10 ml) under N2 atmosphere. The mixture was 
cooled to 0 °C and DTBS-bis(F3MeSO3) (0.9ml, 2.8 mmol, 1.1eq.) was added dropwise, left to stir for 
45 min at 0 °C, and another 10 min at RT. Imidazole (0.88g, 13mmol, 5.0eq.) was added and the mixture 
was left to stir at 0 °C for 10 min and an additional 25 min at RT. The mixture was cooled to 0 °C, TBSCl 
(0.78g, 5.2mmol, 2.0eq.) was added, and left to stir overnight. The mixture was concentrated under 
reduced pressure, washed with a saturated aqueous NaHCO3 solution (20mL), and extracted with ethyl 
acetate (3x50mL). The organic phase was concentrated under reduced pressure, and, after 1H NMR 
spectroscopy analysis, the product was pure enough to be used to the next step. Product 31 was received 
as a white foam (2.64g, 5.05mmol, 68%). 

Rf (DCM/MeOH : 10/1) = 0.60 

1H NMR (400 MHz, CDCl3) δ 8.67 (s, 1H, H8), 7.86 – 7.79 (m, 1H, H-Bz), 7.63 – 7.55 (m, 1H, H-
Bz), 7.48 (t, J = 7.7 Hz, 1H, H-Bz), 5.74 (br, 1H, H-1’), 4.39 (q, J = 4.8 Hz, 2H, H-2’ and H-3’), 4.19 (dd, 
J = 9.6, 4.6 Hz, 1H, Ha-5’), 4.10 (td, J = 9.9, 5.0 Hz, 1H, Hb-5’), 3.93 (t, J = 9.8 Hz, 1H, H-4’), 0.98 (s, 
9H, 3xMe-tBu), 0.94 (s, 8H, 3xMe-tBu), 0.85 (s, 9H, 3xMe-tBu), 0.07 (d, J = 8.1 Hz, 6H, 2xMe-TBS). 

For 13C spectroscopy and IR data refer to the literature 166 
 

5‘-O-DMT - 2‘-O-TBS - N2-benzoyl - guanosine (32) 
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Compound 31 (1.6 g, 2.50 mmol) was dissolved in DCM (14 mL) in a plastic falcon and cooled down 
to 0 °C. First pyridine (2.2mL, 15.0eq) and then carefully HF·pyridine (0.38 mL, 70% HF, 30% pyridine, 
5.0 eq.) was added dropwise. The mixture was stirred at 0 °C for 2hrs and at room and then was quenched 
with TMSOMe (6.0 mL). The solution was washed with aqueous solution of NaHCO3 (30mL) and 
brine, extracted three times with DCM, dried over Na2SO4 and the organic phase was removed in vacuo. 
The product was used to the next step without further purification. First, it was co-evaporated with 
pyridine (x3) and dissolved in dry pyridine (17mL). DMTCl (0.69mg, 2.04mmol, 1.2eq) was then added 
and the mixture was stirred under nitrogen overnight to slowly reach room temperature. The next day 
methanol (15 mL) was added and the solution was dissolved with DCM, washed with NaHCO3 and 
brine and the aqueous phase was extracted three times with DCM. The organic phase was evaporated in 
vacuo and the crude mixture was loaded in a silica-filled column to purify, using DCM/methanol as 
eluents (DCM/MeOH = 100/1 to 100/10 +0.1% Et3N). The product was isolated as a colorless foam 
(1.3g, 1.61mmol, 95%). 

Rf (DCM/MeOH : 10/1) = 0.50 

IR (ATR):  ṽ (cm–1)  = 2927 (w), 2001 (w), 1676 (s), 1603 (m), 1558 (m), 1402 (m), 1252 (m), 1148 (m), 
1025 (s), 948 (s), 834 (s), 780 (s), 668 (m), 622 (s). 

1H NMR (500 MHz, CDCl3) δ 12.27 (s, 1H, NH), 8.58 (d, J = 4.1 Hz, 2H, H8 and NH), 7.79 (s, 1H, 
H-Ar), 7.66 (dtd, J = 7.6, 4.1, 2.4 Hz, 2H, H-Ar), 7.54 – 7.43 (m, 3H, H-Ar), 7.35 (tt, J = 7.5, 1.2 Hz, 
1H, H-Ar), 7.29 – 7.21 (m, 2H, H-Ar), 7.22 – 7.17 (m, 2H, H-Ar), 7.09 – 6.98 (m, 2H, H-Ar), 6.79 – 
6.65 (m, 5H, H-Ar), 5.74 (d, J = 7.6 Hz, 1H, H-1’), 5.19 (dd, J = 7.6, 5.2 Hz, 1H, H-4’), 4.30 (dd, J = 5.2, 
1.5 Hz, 1H, H-2’), 4.24 (dt, J = 3.0, 1.7 Hz, 1H, OH), 3.68 – 3.64 (m, 1H, H-4’), 3.63 (d, J = 1.0 Hz, 6H, 
2xOMe), 3.03 (dd, J = 10.8, 2.7 Hz, 1H, Ha-5’), 2.91 (s, 1H, Hb-5’), 0.80 (s, 9H, 3xMe-tBu), -0.02 (s, 
3H, Me-TBS), -0.21 (s, 3H, Me-TBS). 

13C NMR (126 MHz, CDCl3) δ 167.87 (C=O), 158.82 (C=O), 155.60, 149.80 (C-N), 148.28 (C-N), 
147.41, 145.68, 139.60 (C-Ar),, 136.72 (C-Ar),, 136.11 (C-Ar),, 135.95 (C-Ar),, 132.83 (C-Ar),, 130.99 
(C-Ar),, 129.93 (C-Ar),, 128.79 (C-Ar),, 128.32 (C-Ar),, 127.85 (C-Ar),, 127.28 (C-Ar),, 126.96 (C-Ar),, 
123.82 (C-Ar),, 123.20, 113.53 (C-Ar),, 88.39 (C1’), 86.38 (C4’), 84.56 (C2’), 74.19, 71.11 (C3’), 63.69 
(C5’), 55.28, 55.26, 25.57, 17.89, -5.06 (C- SiC(Me)3), -5.09 (C- Si(Me)2). 

 
 
5‘-O-DMT - 2‘-O-TBS – 3’-O-deoxy- N2-benzoyl guanosine (32) 

 
Compound 32 (1.3 g, 1.62 mmol) was diluted in 11mL of dry DMF. Then thiocarbonyldiimidazole 
(326 mg, 1.94 mmol, 1.2 eq) and imidazole (22 mg, 0.325 mmol, 0.2 eq) were added and the mixture was 
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left to stir overnight at room temperature. The next day, the solvent was evaporated under reduced 
pressure, the crude mixture was diluted in ethyl acetate and washed twice with NaHCO3. The aqueous 
phase was re-extracted three times with ethyl acetate and the combined organic phases were washed with 
brine and then dried over MgSO4. After filtration and evaporation of the solvent the crude product was 
purified via flash column chromatography on silica gel using ethyl acetate/i-hexane (2/1 to 5/1 to 100% 
EA) as eluting solvents and immediately dissolved in 9 mL of dry toluene. N2 gas was bubbled in the 
mixture for 45 minutes and then (TMS)3SiH (0.44 mL, 1.44 mmol, 1.2 eq) and AIBN (40 mg, 0.24 
mmol, 0.2 eq) were added. The reaction was stirred at 90oC for 2 hours and after TLC monitoring and 
SM conversion the mixture was left to reach room temperature and immediately added to a silica gel filled 
column to purify via flash column chromatography. Elution solvents were DCM/MeOH = 100/3 + 
0.1% Et3N. The product was isolated as a yellow foam (870 mg, 1.1 mmol, 92%).    

Rf (DCM/MeOH : 10/1) = 0.27. 

HRMS (ESI) : calc. for C44H49N5O7Si+ [M+H]+: 787.3114, found: 787.3144.  

IR (ATR): ṽ (cm–1) = 2928 (w), 2857 (w), 1694 (s), 1591 (w), 1418 (w), 1252 (m), 1213 (m), 1085 (s), 
865 (m), 835 (s), 785 (s).  

1H NMR (400 MHz, DMSO, ppm): δ = 12.42 (s, 1H, N2-H), 8.37 (s, 1H, H8), 5.90 (d, J = 5.7 Hz, 1H, 
H1‘), 5.17 (s, 1H, OH), 4.57 (t, J = 5.3 Hz, 1H, H2‘), 3.98 (q, J = 3.6 Hz, 1H, H4‘), 3.70 (m, 1H, H5‘), 
3.58 (m, 1H, H5‘), 0.73 (s, 9H, 3xMe-tBu), - 0.07 (s, 3H, Me-TBS), -0.17 (s, 3H, Me-TBS).  

13C NMR (101 MHz, DMSO, ppm): δ = 156.6 (C6), 148.1 (C4), 146.0 (C2), 138.7 (C8), 124.5 (C5), 
87.6 (C1‘), 86.0 (C4‘), 76.2 (C2‘), 70.3 (C3‘), 61.2 (C5‘), 26.0 (C11), 17.8 (C12), -4.9 (C-TBS), -5.4 (C-
TBS).  
 
 
5‘-O-DMT - 3‘-O-deoxy - N2-benzoyl guanosine (34) 

 
Compound 33 (0.87g, 1.1mmol) was dissolved in 8mL of dry THF. Then TBAF (1M solution in THF, 
1.21mL, 1.21mmol, 1.1eq) was added dropwise and the reaction mixture was left to stir for 5hrs at rt. 
The reaction was quenched using 0.25mL methoxytrimethylsilane and was let to stir for 15min more. 
Solvents were evaporated under reduced pressure and the crude product was purified via flash column 
chromatography using DCM/MeOH (100/2 +0.1% Et3N) as eluents. 34 was isolated as a yellowish foam 
(471mg, 0.74mmol, 67%).   

Rf (DCM/MeOH : 10/1) = 0.40 
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IR (ATR): ṽ (cm–1) = 2930 (w), 2360 (w), 1698 (w), 1608 (m), 1581 (m), 1508 (m), 1454 (m), 1298 (m), 
1246 (s), 1175 (s), 1029 (s), 900 (m), 827 (s), 792 (m), 755 (m), 704 (s). 

1H NMR (400 MHz, CDCl3) δ 7.75 (s, 1H, H8), 7.42 (d, J = 7.6 Hz, 3H, H-Ar), 7.34 – 7.19 (m, 4H, 
H-Ar), 7.14 – 7.03 (m, 3H, H-Ar), 7.03 – 6.90 (m, 2H, H-Ar), 6.82 – 6.74 (m, 2H, H-Ar), 6.70 (dd, J = 
17.0, 8.6 Hz, 4H, H-Ar), 5.74 (s, 1H, H-1’), 4.95 (s, 1H, H-4’), 4.49 (s, 1H, H-2’), 3.65 (d, J = 4.9 Hz, 
6H, 2xOMe), 3.58 (s, 1H, Ha-3’), 3.34 (d, J = 10.5 Hz, 1H, Hb-3’), 2.25 (dq, J = 14.4, 6.7 Hz, 1H, Ha-
5’), 2.06 – 1.96 (m, 1H, Hb-5’). 

13C NMR (126 MHz, CDCl3) δ 167.46 (C=O), 158.76 (C=O), 155.64 (C-N), 147.74 (C-N), 147.19, 
145.33 (C-Ar), 138.36 (C-Ar), 136.45 (C-Ar), 136.13 (C-Ar), 133.39 (C-Ar), 131.32 (C-Ar), 130.09 (C-
Ar), 129.15 (C-Ar), 128.21 (C-Ar), 127.16 (C-Ar), 122.87 (C-Ar), 113.45 (C-Ar), 91.86, 86.30 (C2’), 
78.45 (C4’), 75.17 (C-1’), 64.93 (C5’), 55.35 (C-OMe), 34.77 (C-3’). 

 

 

5’’-O -DMT- 2’’- SATE- phosphate- N2- Bz- 3’’- O - deoxyguanosine- 3’- SATE- phosphate - N6- 
Bz - 2’- O-deoxyadenosine (36) 

 

Compound 34 (200 mg, 2.79 mmol) was dissolved in 2 mL of dry DCM under Ar and 23 (180 mg, 0.44 
mmol, 1.5eq) was added followed by pyridine trifluoroacetate (70 mg, 0.35 mmol, 1.2 eq). The mixture 
was stirred at room temperature overnight until LCMS monitoring showed completion. The next day, 
24 (197 mg, 0.31 mmol, 1.5 eq) diluted in 1 mL of dry MeCN was added followed by BTT (0.3M 
solution in MeCN, 1.37 mL, 0.41 mmol, 2.0 eq) and the reaction was let to stir for 1 hour. Then 
tBuOOH (5M solution in decane, 0.18 mL, 1.0 mmol 3.0 eq) was added, the reaction was stirred for 40 
min more and quenched with aq. NaHSO3 solution (0.5 g/mL, 2 mL). The aqueous phase was extracted 
three times with EA and evaporated under reduced pressure. It was immediately dissolved in a 3% DCA 
in DCM solution (10 mL) containing 10.0 eq H2O, stirred for 15 min and quenched with an aqueous 
NaHCO3 solution. The aqueous phase was extracted three times with ethyl acetate and the combined 
organic layers were dried over MgSO4 and then evaporated under reduced pressure. The crude product 
was dissolved in 2 mL of dry MeCN and 0.35 mL of tBuNH2 were added. After 20 min of stirring, the 
solvents were removed under reduced pressure and the product was co-evaporated twice with MeCN to 
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afford 36 as a yellow foam (210 mg, 0,177 mmol, 87%).  The product was used to the next step without 
further purification. 

LC-MS (Buffer A = 0.01 % formic acid in H2O, buffer B = 0.01 % formic acid in MeCN, method: 5-80 
% buffer B in 7 minutes, then 95 % B for 1 minute): tR: 4.6 min, m/z = 1177.1 [M+H]+. 

 

 

5‘,3‘-O-DTBS - 2‘-O-TBS - inosine (38) 

 

Inosine (2 g, 7.46mmol) was dissolved in DMF (30 ml) under N2 atmosphere. The mixture was cooled 
to 0 °C and DTBS-bis(F3MeSO3) (2.67ml, 8.2 mmol, 1.1eq.) was added dropwise, left to stir for 45 min 
at 0 °C, and another 10 min at RT. Imidazole (2.5g, 37mmol, 5.0eq.) was added and the mixture was left 
to stir at 0 °C for 10 min and an additional 25 min at RT. The mixture was cooled to 0 °C, TBSCl (2.2g, 
14.9mmol, 2.0eq.) was added, and left to stir overnight. The mixture was concentrated under reduced 
pressure, washed with a saturated aqueous NaHCO3 solution (50mL), and extracted with ethyl acetate 
(3x100mL). The organic phase was concentrated under reduced pressure, and the crude product was 
purified via silica gel chromatography (DCM:MeOH = 100:2). Product 38 was received as a white foam 
(2.64g, 5.05mmol, 68%). 

1H NMR (400 MHz, CDCl3) δ 11.95 (s, 1H NH), 7.86 (s, 2H, H2 and H8), 5.71 (d, J = 6.3 Hz, 1H, H-
1’), 4.88 (d, J = 5.6 Hz, 1H, H-2’), 4.47 (dd, J = 5.8, 3.3 Hz, 1H, H-5a’), 3.54 (dd, J = 10.9, 2.2 Hz, 1H, 
H-3’), 3.21 (d, J = 7.0 Hz, 1H, H-4’), 3.06 (dd, J = 10.8, 3.4 Hz, 1H, H-5b’), 0.99 – 0.90 (m, 3H, Me-
tBu), 0.88 – 0.78 (m, 21H, Me-tBu), 0.73 (d, J = 6.9 Hz, 3H, Me-tBu), 0.03 (s, 3H, Me-TBS), -0.07 (s, 
3H, Me-TBS). 

For 13C and mass spectrometry analytics refer to the literature167. 

 
 
5’-O-DMT-2‘-O-TBS - inosine (39) 
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Compound 38 (3.540 g, 6.50 mmol, 1.0 eq.) was dissolved in DCM (28 mL) in a plastic falcon and 
cooled down to 0 °C. First pyridine (5.6 mL) and then carefully HF·pyridine (0.98 mL, 70%, 32.50 mmol, 
5.0 eq.) was added dropwise. The mixture was stirred at 0 °C for 1 h and at room temperature for another 
1.5 h before quenching it with TMSOMe (12.0 mL). The solution was washed with sodium hydrogen 
carbonate and brine, extracted three times with DCM, dried over sodium sulfate and the organic phase 
was removed in vacuo. The product was used for the next step without further purification. DMTCl 
(1.26 g, 3.72 mmol, 1.2 eq.) was left in hv for 1 h to remove excess moisture while the starting compound 
(1.19 g, 3.11 mmol, 1.0 eq) was co-evaporated twice with pyridine and left in hv for 30 min. It was then 
dissolved in pyridine (31 mL) and cooled down to 0 °C. The DMTCl was added and the mixture was 
stirred under nitrogen overnight to slowly come to room temperature. The next day methanol (15 mL) 
was added and the solution was dissolved with DCM, washed with sodium hydrogen carbonate and 
brine and the aqueous phase was extracted three times with DCM. The organic phase was evaporated in 
vacuo and the crude mixture was loaded in a silica-filled column to purify, using DCM/methanol as 
eluents (DCM/MeOH = 100/2 to 100/20). The product was isolated as a yellow foam (1.86 g, 2.71 
mmol, 87%). 

Rf = 0.51 (DCM/MeOH : 10/1). 

HRMS (ESI+): calc. for C37H45N4O7Si + [M+H]+: 685.8613, found: 685.3045.  

IR (ATR): ṽ (cm–1) = 3074 (w), 2929 (m), 2857 (w), 1706 (s), 1692 (s), 1608 (w), 1510 (m), 1252 (m), 
1177 (m), 1129 (m), 1084 (s), 1032 (m), 985 (w), 888 (m), 830 (s).  

1H NMR (400 MHz, CDCl3, ppm): δ = 8.04 (s, 1H, H8), 8.01 (s, 1H, H2), 7.47 - 7.18 (m, 9H, H15,19-
21,23), 6.86 – 6.77 (m, 4H, H16,24), 6.01 (d, J = 5.6 Hz, 1H, H-1‘), 4.89 (t, J = 5.3 Hz, 1H, H-2‘), 4.33 
(br s, 1H, H-3‘), 4.27 (m, 1H, H-4‘), 3.78 (s, 6H, H26,27), 3.50 (dd, J = 10.7, 3.1 Hz, 1H, H-5‘), 3.40 
(dd, J = 10.7, 3.9 Hz, 1H, H-5‘), 2.72 (br s, 1H, OH), 0.85 (s, 9H, Me-TBS), 0.01 (s, 3H, Me-TBS), -0.13 
(s, 3H, Me-TBS).  

13C NMR (101 MHz, CDCl3, ppm): δ = 159.7 (C=O), 159.1 (C-Ar), 149.4, 145.2 (C2), 145.0 (C-Ar), 
139.4 (C8), 136.0 (C-Ar), 130.5 (C-Ar), 128.6 (C-Ar), 128.4 (C-Ar), 127.5 (C-Ar), 125.6 (C-Ar), 113.7 
(C-Ar), 88.6 (C-Ar), 87.2 (C1‘), 84.8 (C4‘), 76.6 (C2‘), 72.1 (C3‘), 63.9 (C5‘), 55.7 (C-Ar), 26.0 (3C, C-
TBS), 18.4 (C-TBS), -4.5 (C- Si(Me)2), -4.7 (C- Si(Me)2) 
 

5’-O-DMT-3’-thionylcarbamate-2‘-O-TBS - inosine (40) 
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Compound 39 (1 g, 10.65 mmol) was diluted in 10mL of dry DMF. Then thiocarbonyldiimidazole (578 
mg, 3.25 mmol, 5.0 eq) and imidazole (22 mg, 0.325 mmol, 0.5eq) were added and the mixture was left 
to stir overnight at room temperature. The next day, the solvent was evaporated under reduced pressure, 
the crude mixture was diluted in ethyl acetate and washed twice with NaHCO3. The aqueous phase was 
re-extracted three times with ethyl acetate and the combined organic phases were washed with brine and 
then dried over MgSO4. After filtration and evaporation of the solvent the crude product was purified 
via flash column chromatography on silica gel using ethyl acetate/i-hexane (2/1 to 5/1 to 100% EA) as 
eluting solvents. 40 was afforded as a white foam (500 mg, 0.56 mmol, 87%).  

Rf = 0.75 (EA/iHex : 2/1) 

HRMS (ESI): for C41H46O7N6SSi+ [M+H]+ , calc. 795.2918; found 795.345 

IR (ATR): ṽ (cm–1)  = 2988 (w), 1719 (m), 1601 (w), 1466 (w), 1390 (m), 1329 (m), 1270 (s), 1209 (s), 
1162 (m), 1089 (s), 1069 (s), 1015 (s), 979 (s), 890 (m), 837 (m), 708 (s), 653 (m). 

1H NMR (400 MHz, CDCl3) δ 11.89 (s, 1H, NH), 7.81 (s, 1H, H2), 7.74 (s, 1H, H8), 7.49 (dd, J = 8.5, 
1.5 Hz, 2H, H-aromatic), 7.36 (dd, J = 8.9, 1.7 Hz, 4H, H-aromatic), 7.22 (m, 4H, 2xH-imidazole and 
2xH-aromatic), 6.83 – 6.68 (m, 6H, H-imidazole and 5xH-aromatic), 5.65 (d, J = 6.4 Hz, 1H, H-1’), 4.84 
(m, 1H, H-2’), 4.43 (dd, J = 5.8, 3.2 Hz, 1H, H-4’), 3.74 (d, J = 4.2 Hz, 6H, 2xOMe), 3.51 (dd, J = 10.9, 
2.2 Hz, 1H, Ha-5’), 3.02 (dd, J = 10.9, 3.3 Hz, 1H, Hb-5’), 2.92 (d, J = 8.4 Hz, 1H, H-3’), 0.84 (s, 9H, 
SiC(Me)3), 0.00 (s, 3H, Si(Me)2), -0.10 (s, 3H, Si(Me)2). 

13C NMR (126 MHz, CDCl3) δ 183.08 (C=S), 162.73 (C=O), 159.25 (C=O), 158.82, 149.27, 144.44, 
138.77 (C-imidazole), 135.44, 131.31 (C-imidazole), 130.16, 128.16, 127.24 (C-imidazole), 125.30, 
117.96, 113.46, 88.31 (C-4’), 87.28, 82.16 (C-1’), 81.09, 74.53 (C-5’), 62.98 (C-3’), 55.36 (C-2’), 36.61, 
31.56, 25.37, 17.74, -5.06 (C- SiC(Me)3),, -5.23 (C- SiC(Me)3). 
 

 

5’-O-DMT-3‘-O-deoxy - inosine (41) 

 

Compound 40 (2.5 g, 3.14 mmol) was dissolved in 24mL of dry toluene. N2 gas was then bubbled in the 
solution for 30min. Next, AIBN (107 mg, 0.74 mmol, 0.2 eq) and tris-trimethylsilylsilane (1.2 mL, 3.92 
mmol, 1.2eq) were added and the reaction mixture was heated to reflux (95oC) for 5hrs until all starting 
material was consumed. The reaction flask was let to cool down to room temperature and then 
immediately added in a silica gel filled column to partially purify using ethyl acetate/i-hexane (1/1 to 2/1) 
as eluents. Then the compound was diluted in 7 mL of dry THF under N2 and cooled to 0oC. TBAF 
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(1M solution in THF, 1 mL, 1 mmol, 1.1eq) was added dropwise and the reaction mixture was left to 
stir for 5 hrs while slowly reaching room temperature. The reaction was quenched using 2 mL 
methoxytrimethylsilane and was let to stir for 15min more. Solvents were evaporated under reduced 
pressure and the crude product was purified via flash column chromatography using DCM/MeOH 
(100/3) as eluents. 41 was isolated as a yellow foam (941 mg, 1.69 mmol, 54%).   

Rf = 0.50 (DCM/MeOH :10/1) 

HRMS (ESI): for C13H31O6N4
+ [M+H]+ , calc. 555.2165; found 555.0315 

IR (ATR): ṽ (cm–1) 3414.4 (w), 3004.7 (m), 2362.0 (s), 1710.1 (m), 1609.5 (s), 1555.9 (m), 1510.1 (s), 
1419.6 (w), 1358.6 (s), 1220.0 (s), 1091.9 (w), 1034.0 (s), 902.5 (s), 835.1 (w). 

1H NMR (400 MHz, DMSO) δ 12.41 (s, 1H, NH), 8.15 (s, 1H, H2), 8.06 (s, 1H, H8), 7.36 – 7.15 (m, 
9H, Ar-H), 6.81 (m, 4H, Ar-H), 5.92 (d, J = 1.5 Hz, 1H, H-1’), 4.67 (d, J = 5.3 Hz, 1H, H-2’), 4.50 (tt, J 
= 9.6, 4.4 Hz, 1H, H-4’), 3.72 (d, J = 1.5 Hz, 6H, 2xOMe), 3.22 – 3.09 (m, 2H, Ha-3’ and Ha-5’), 2.37 
– 2.25 (m, 1H, Hb-3’), 1.94 (ddd, J = 13.1, 6.0, 2.0 Hz, 1H, Hb-5’). 

13C NMR (101 MHz, CDCl3) δ 159.49 (C=O), 158.67 (C-Ar), 148.47 (C-Ar), 144.68 (C-2), 138.57 (C-
8), 135.77 (C-Ar), 130.23 (C-Ar), 128.06 (C-Ar), 127.07 (C-Ar), 125.38 (C-Ar), 113.32 (C-Ar), 92.43 
(C-1’), 86.55 (C-4’), 80.33 (C-2’), 64.98 (C-3’), 55.36 (C-5’), 53.57, 35.35. 

 

 

5’’-O -DMT- 2’’- SATE- phosphate- N2- Bz- 3’’- O - deoxyguanosine- 3’- SATE- phosphate - N6- 
Bz - 2’- O-deoxyadenosine (43) 

 

Compound 40 (300 mg, 0.54 mmol) was dissolved in 3 mL of dry DCM under Ar and 23 (326 mg, 0.81 
mmol, 1.5eq) was added followed by pyridine trifluoroacetate (124 mg, 0.65 mmol, 1.2 eq). The mixture 
was stirred at room temperature overnight until LCMS monitoring showed completion. The next day, 
24 (340 mg, 0.52 mmol, 1.5 eq) diluted in 1.5 mL of dry MeCN was added followed by BTT (0.3M 
solution in MeCN, 2.34 mL, 0.70 mmol, 2.0 eq) and the reaction was let to stir for 1 hour. Then 
tBuOOH (5M solution in decane, 0.21 mL, 1.05 mmol 3.0 eq) was added, the reaction was stirred for 
40 min more and quenched with aq. NaHSO3 solution (0.5 g/mL, 2 mL). The aqueous phase was 
extracted three times with EA and evaporated under reduced pressure. It was immediately dissolved in a 
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3% DCA in DCM solution (13 mL) containing 10.0 eq H2O, stirred for 15 min and quenched with an 
aqueous NaHCO3 solution. The aqueous phase was extracted three times with ethyl acetate and the 
combined organic layers were dried over MgSO4 and then evaporated under reduced pressure. The crude 
product was dissolved in 4 mL of dry MeCN and 0.7 mL of tBuNH2 were added. After 20 min of stirring, 
the solvents were removed under reduced pressure and the product was co-evaporated twice with MeCN 
to afford 43 as a yellow foam (100 mg, 0.094 mmol, 25%).  The product was used to the next step without 
further purification. 

LC-MS (Buffer A = 0.01 % formic acid in H2O, buffer B = 0.01 % formic acid in MeCN, method: 5-80 
% buffer B in 7 minutes, then 95 % B for 1 minute): tR: 3.7 min, m/z = 1057.2 [M+H]+. 

 

Dideoxy-cGAMP-palmitate conjugate 
 
5-Amino-3-(4-chlorobenzyl)thio-1,2,4-triazole (54)146 

 

5-amino-3-mercapto-1,2,4-triazole (52) (1 g, 8.61 mmol) was dissolved in DMF (13 mL) under N2, then 
triethylamine (1.32 mL, 9.51 mmol, 1.1 eq) was added dropwise. The mixture was left to stir for 15 min 
at RT. 4-chlorobenzylbromide (53) (1.92 g, 9.5 mmol, 1.1 eq) was subsequently added and the mixture 
was left to stir for 3hrs. TLC and LCMS monitoring showed completion at 1h. Solvent was evaporated 
and the residue was dissolved in EA and washed with H2O and brine and dried over MgSO4. The crude 
product was purified via flach column chromatography on silica gel using DCM/MeOH 100/5 as 
eluents. The pure product was isolated as a colorless solid (1.9 g, 7.9 mmol, 92%). 

Rf = 0.45 (DCM/MeOH = 10/1)  

HRMS (ESI): for C9H10ClN4S+ [M+H]+ , calc. 241.0314; found 241.0335 

1H NMR (500 MHz, DMSO) δ 11.96 (s, 1H, N-H), 7.36 (q, J = 8.6 Hz, 4H, aromatic-H), 6.09 (s, 2H, 
-NH2), 4.20 (s, 2H, -S-CH2-). 

For 13C and IR spectra refer to the literature146.  
 
 
3-((4-Chlorobenzyl)thio)-1-((12,13-dihydrobenzofuran-11-yl)sulfonyl)-5-amino-1,2,4-triazole 
(45) 146 
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Compound 54 (1 g, 4.1 mmol) was dissolved in 40mL MeCN under N2. Triethylamine (0.7 mL, 5 
mmol, 1.2 eq) was then added dropwise at 0oC followed by the 2,3-dihydrobenzofuran-5-sulfonyl 
chloride (55) (1.08 g, 5 mmol, 1.2 eq). The mixture was left to stir for 2h while slowly reaching room 
temperature. The solvent was evaporated and the crude product was directly added into a silica-gel filled 
column to purify using DCM/MeOH (100/2) as eluents. The pure product was isolated as a colorless 
solid (1.7 g, 4 mmol, 95%).  

Rf = 0.80 (DCM/MeOH = 10/1) 

HRMS (ESI): for C17H16ClO3N4S2
+ [M+H]+ , calc. 423.0347; found 423.0315 

IR (ATR): ṽ (cm–1) 3446 (m), 2924(w), 1646(s), 1481(s), 1365(s), 1267(s), 1241(s), 1189(s), 1164(s), 
606(s), 590(s).  

1H NMR (500 MHz, CDCl3) δ 7.65 (dd, J = 8.6, 2.1 Hz, 1H, H-7), 7.62 – 7.44 (m, 1H, H-6), 7.15 (d, J 
= 10.5 Hz, 2H, benzyl-H), 7.09 (d, J = 8.5 Hz, 2H, benzyl-H), 6.77 (d, J = 8.6 Hz, 1H, H-10), 5.68 (s, 
2H, -NH2), 4.63 (t, J = 8.8 Hz, 2H, H-13), 4.07 (s, 2H, H-14), 3.16 (t, J = 8.8 Hz, 2H, H-12). 

13C NMR (126 MHz, CDCl3) δ 166.08, 161.76, 156.24, 136.01, 133.17, 130.52 (C-7 and C-benzyl), 
129.24, 128.59 (C-benzyl), 127.61, 125.49 (C-6), 110.10 (C-10), 72.92 (C-13), 34.61(C-14), 28.96 (C-
12). 

 

3-((4-Chlorobenzyl)thio)-1-((12,13-dihydrobenzofuran-11-yl)sulfonyl)-1,2,4-triazol-5-
yl-chloroacetamide (62) 
 

 
 

Compound 45 (677 mg, 1.6 mmol) was dissolved in 25 mL dry DCM under N2 followed by dropwise 
addition of acetyl chloride (61) (191μL, 2.4mmol, 1.5eq). After 10min of stirring, triethylamine (463 
μL, 2.4 mmol, 1.5 eq) was added dropwise and the reaction mixture turned black. The mixture was left 
to stir overnight at room temperature and subsequently was evaporated under reduced pressure. The 
crude product was immediately passed through a flash column chromatography using DCM/EA : 5/1 
as eluents to afford 62 as a yellowish solid (598 mg, 1.2 mmol, 75%).   
 
Rf = 0.60 (DCM/MeOH = 10/1) 

HRMS (ESI): for C19H16Cl2O4N4S2
+ [M+H]+ , calc. 498.9990; found 499.0011 
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IR (ATR): ṽ (cm–1) 3356 (w), 2786(w), 1733(s), 1602(s), 1241(s), 1148(s), 1060(s), 892(s), 699(s).   

1H NMR (500 MHz, CDCl3) δ 10.21 (s, 1H, N5-H), 7.78 (dd, J = 8.6, 2.2 Hz, 1H, H-7), 7.71 (d, J = 1.9 
Hz, 1H, H-6), 7.31 – 7.24 (m, 2H, benzyl-H), 7.23 – 7.16 (m, 2H, benzyl-H), 6.90 (d, J = 8.6 Hz, 1H, 
benzyl-H), 4.76 (t, J = 8.9 Hz, 2H, H-13), 4.36 (s, 2H, H-20), 4.22 (s, 2H, H-14), 3.27 (t, J = 8.8 Hz, 2H, 
H-12). 

13C NMR (126 MHz, CDCl3) δ 166.81 (C-19), 148.20, 135.65, 133.27, 131.13 (C-7), 130.57 (aromatic-
C), 129.72 (aromatic-C), 128.60 (aromatic-C), 126.37 (aromatic-C), 125.81 (C-6), 110.44, 73.15 (C-13), 
60.56, 43.21 (C-20), 34.85 (C-14), 29.84, 28.87 (C-12), 21.22, 14.34. 

 
 
 
3-((4-Chlorobenzyl)thio)-1-((12,13-dihydrobenzofuran-11-yl)sulfonyl)-1,2,4-triazol-5-
yl-azidoacetamide (72) 
 

 

Compound 62 (100 mg, 0.2 mmol) was dissolved in 5 mL of dry DMF and sodium azide (52 mg, 0.8 
mmol, 4.0 eq) was added. The mixture was stirred at room temperature overnight. The next day, water 
was added in the flask and the mixture was stirred for 10 minutes followed by extractions using ethyl 
acetate (x4). The organic phases were lastly washed with brine and dried over MgSO4. The product was 
purified via reverse phase HPLC using a 30-70% Buffer B method for 45 minutes (flow 1ml/min, tR = 
31 min)  (Buffer A = 0.1% TFA in H2O, Buffer B = 0.1% TFA in MeCN) and 72 was obtained as a brown 
solid (17 mg, 33.6 umol, 20%).  
 
HRMS (ESI): for C19H16ClO4N7S2

+ [M+H]+ , calc. 506.0394; found 506.0454 

IR (ATR): ṽ (cm–1) 3321 (br), 2924 (s), 2359 (s), 2109 (s), 1707 (s), 1534 (s), 1487 (s), 1470 (s), 1438 
(s), 1244 (s), 1061 (s).  

1H NMR (500 MHz, CDCl3) δ 9.85 (s, 1H, N5-H), 7.72 (dd, J = 8.6, 2.2 Hz, 1H, H-7), 7.65 (dd, J = 
2.3, 1.2 Hz, 1H, H-6), 7.22 – 7.16 (m, 2H, benzyl-H), 7.19 – 7.09 (m, 2H, benzyl-H), 6.83 (d, J = 8.6 
Hz, 1H, benzyl-H), 4.69 (t, J = 8.9 Hz, 2H, H-13), 4.26 (s, 2H, H-20), 4.14 (s, 2H, H-114), 3.21 (t, J = 
8.8 Hz, 2H, H-12). 

13C NMR (126 MHz, DMSO) δ 167.93 (C=O), 165.99, 160.57, 136.61, 131.86 (aromatic-C), 130.99 
(aromatic-C), 130.78 (aromatic-C), 130.71 (aromatic-C), 130.54 (aromatic-C), 130.01 (aromatic-C), 
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128.33 (aromatic-C), 128.19 (aromatic-C), 126.18 (aromatic-C), 125.94 (C-6), 109.84, 73.10 (C-13), 
51.26 (C-20), 33.54 (C-14), 28.17 (C-12). 
 
 
 
5’-O-DMT-2’-deoxy-3‘-O-TBS N2-benzoyl adenosine (64) 

 

 

N6-benzoyl-5’-O-DMT-2’-deoxy-3’-O-TBS adenosine (1.00 g, 1.5 mmol, 1.0 equiv.) was dissolved in 
pyridine (6 mL), t-butyldimethylsilyl chloride (0.35 g, 2.3 mmol, 1.5 equiv.) and imidazole (0.21 mg, 3.1 
mmol, 2.0 equiv.) were added and the solution was stirred overnight under nitrogen atmosphere. The 
reaction was quenched with a NaHCO3 aqueous solution (saturated, 30 mL) and then was extracted 
with ethyl acetate (3×100mL), the organic phase was washed with brine (100mL) and dried over MgSO4. 
After evaporation of the solvents in vacuo and purification by column chromatography (silica gel, 
DCM/MeOH: 100/2), 64 (1.03 g, 1.3 mmol, 87%) was obtained as a white foam. 
 
Rf = 0.62 (DCM/MeOH = 10/1).  

IR (ATR): ṽ (cm-1) = 2855 (w), 1701 (b), 1608 (m), 1579 (m), 1507 (m), 1297 (m), 1247 (s), 1175 (m), 
1093 (m), 1067 (m), 1030 (m), 949 (b), 872 (b), 830 (s).  

HRMS (ESI): calculated for C44H49N5NaO6Si+ [M+Na]+: 794.3344, found: 794.3335. 

1H NMR (500 MHz, CDCl3): δ (ppm) = 9.00 (s, 1H, NH), 8.76 (s, 1H, H-8), 8.22 (s, 1H, H-2), 8.02 
(d, J = 7.0 Hz, 2H, Ar-H), 7.55 – 7.17 (m, 12H, Ar-H), 6.80 (d, J = 8.8 Hz, 4H, Ar-H), 6.49 (t, J = 6.5 
Hz, 1H, H-1’), 4.61 (dt, J = 6.1, 3.4 Hz, 1H, H-3’), 4.13 (q, J = 4.3 Hz, 1H, H-4’), 3.77 (s, 6H, 2xO-
CH3), 3.40 (dd, J = 10.4, 4.5 Hz, 1H, H-5a’), 3.29 (dd, J = 10.4, 4.3 Hz, 1H, H-5b’), 2.80 (dt, J = 12.9, 
6.0 Hz, 1H, H-2a’), 2.49 – 2.43 (m, 1H, H-2b’), 0.87 (s, 9H, Si-C(CH3)3), 0.06 (s, 3H, Si-CH3), 0.02 (s, 
3H, Si-CH3).  

13C NMR (126 MHz, CDCl3): δ (ppm) = 158.65 (C=O), 152.72 (C8), 141.71 (C2), 133.8 (ArC) 132.91 
(ArC), 130.13 (ArC), 129.02 (ArC), 128.24 (ArC), 128.00 (ArC), 127.96 (ArC), 127.06 (ArC), 113.27 
(ArC), 87.18 (C4’), 86.62 (C-Ar3), 85.02 (C1’), 72.67 (C3’), 63.30 (C5’), 55.36 (O-CH3), 40.84 (C2’), 
25.88 (Si-C), 25.79 (Si-(CH3)3), -4.55 (Si-CH3), -4.67 (Si-CH3). 
 
 
 
 



Materials and methods 
 

84 
 

5’-O-DMT-2’-deoxy-3‘-O-TBS N2-(tert-butyl-hexylcarbamate, benzoyl) adenosine (65) 
 

 

 Compound 64 (1.02 g, 1.3 mmol, 1.0 equiv.) was dried twice with toluene by co-evaporation and then 
dissolved in THF (15 mL) under argon atmosphere. After the addition of DEAD (0.80 mL, 2.0 mmol, 
1.5 equiv.), triphenylphosphine (0.52 g, 2.0 mmol, 1.5 equiv.) and t-butyl(6-hydroxyhexyl)carbamate 
(0.44 g, 2.0 mmol, 1.5 equiv.), the solution was stirred overnight at room temperature and the crude 
product was purified via column chromatography (silica gel, isohexane/ethyl acetate 1/1) yielding 65 
(0.94 g, 1.0 mmol, 76%) as a yellow-white foam. 
 
Rf = 0.67 (iHex:EA = 1:2).  

IR (ATR): ṽ (cm-1) = 2930 (w), 2858 (w), 2359 (w), 1708 (s), 1572 (m), 1508 (m), 1418 (w), 1363 (m), 
1299 (w), 1248 (s), 1220 (s), 1175 (s), 1097 (m), 1063 (m), 1031 (m), 832 (m).  

HRMS (ESI): calculated for C55H70N6NaO8Si+ [M+Na]+: 993.4922, found: 993.4916.  

1H NMR (500 MHz, CD2Cl2): δ (ppm) = 8.47 (s, 1H, H-8), 8.04 (s, 1H, H-2), 7.40 – 6.72 (m, 18H, 
Ar-H), 6.37 (t, J = 6.5 Hz, 1H, H-1’), 4.66 – 4.60 (m, 1H, H-3’), 4.57 (s, 1H, NH), 4.31 – 4.25 (m, 2H, 
-CH2-), 4.18 – 4.10 (m, 2H, -CH2-), 4.05 (q, J = 4.4 Hz, 1H, H-4’), 3.77 (s, 6H, 2xO-CH3), 3.32 (dd, J 
= 10.5, 4.5 Hz, 1H, Ha-5’), 3.21 (dd, J = 10.5, 4.6 Hz, 1H, Hb-5’), 3.03 – 2.95 (m, 2H, -CH2-), 2.77 – 
2.70 (m, 1H, Ha-2’), 2.41 – 2.33 (m, 1H, Hb-2’), 1.64 (p, J = 7.6 Hz, 2H, -CH2-), 1.39 (s, 9H, O-
C(CH3)3), 1.37 – 1.33 (m, 2H, CH2), 1.32 – 1.30 (m, 2H, -CH2-), 1.27 – 1.28 (m, 2H, -CH2-), 0.87 (s, 
9H, Si-C(CH3)3), 0.06 (s, 3H, Si-CH3), 0.03 (s, 3H, Si-CH3). 
  
13C NMR (126 MHz, CDCl3): δ (ppm) = 172.10 (C=O), 158.67 (C8), 154.60 (ArC), 152.39 (ArC), 
152.04 (ArC), 142.06 (C2), 135.81 (ArC), 130.61 (ArC), 130.11 (ArC), 128.71 (ArC), 128.18 (ArC), 
127.99 (ArC), 127.92 (ArC), 127.19 (ArC), 127.01 (ArC), 113.27 (ArC), 86.97 (C4’), 86.54 (C-Ar3), 
84.55 (C1’), 72.47 (C3’), 63.11 (C5’), 55.37 (O-CH3), 48.58 (CH2), 40.36 (CH2, C2’), 28.57 (CH2, 
CH2, (CH3)3), 26.58 (CH2), 26.51 (CH2), 25.87 (Si-C(CH3)3), 18.11 (Si-C), -4.57 (Si-CH3), -4.65 (Si-
CH3). 
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5’-O-DMT-3’-deoxy-N2-(tert-butyl-hexylcarbamate, benzoyl) adenosine (66) 

 

Compound 65 (0.94 g, 1.0 mmol, 1.0 equiv.) was dissolved in THF (6 mL) under nitrogen atmosphere 
and cooled to 0 °C. After the dropwise addition of TBAF (1.1 mL, 1M in THF, 1.1 mmol, 1.1 equiv.) 
the solution was stirred for 30 min at 0 °C and overnight at room temperature. The excess TBAF was 
quenched with a solution of methoxytrimethylsilane (2 mL, 15 min) and the solvent was removed in 
vacuo. Following the purification by column chromatography (SiO2, MeOH (1%→10%) in DCM), 66 
(0.66 g, 0.8 mmol, 80%) was obtained as a white foam. 
 
Rf = 0.67 (DCM:MeOH = 10:1).  

IR (ATR): ṽ (cm-1) = 3855 (w), 3736 (w), 3650 (w), 3630 (w), 3568 (w), 2933 (w), 2359 (m), 2343 (m), 
1608 (w), 1570 (m), 1507 (s), 1448 (m), 1388 (w), 1365 (m), 1297 (m), 1248 (s), 1218 (m), 1174 (s), 1064 
(m), 1033 (m), 827 (m).  

HRMS (ESI): calculated for C49H56KN6O8
+ [M+K]+: 895.3797, found: 895.3796.  

1H NMR (500 MHz, CD2Cl2): δ (ppm) = 8.45 (s, 1H, H-8), 8.02 (s, 1H, H-2), 7.41 – 6.77 (m, 18H, Ar-
H), 6.40 (t, J = 6.5 Hz, 1H, H-1’), 4.67 – 4.63 (m, 1H, H-3’), 4.60 (s, 1H, NH), 4.32 – 4.27 (m, 2H, -
CH2-), 4.11 – 4.08 (m, 1H, H-4’), 3.78 (s, 6H, O-CH3), 3.36 – 3.31 (m, 2H, H-5’), 3.02 – 2.97 (m, 2H, 
-CH2-), 2.79 – 2.73 (m, 1H, Ha-2’), 2.50 – 2.44 (m, 1H, Hb-2’), 1.70 – 1.59 (m, 2H, -CH2-), 1.39 (s, 9H, 
O-C(CH3)3), 1.34 – 1.30 (m, 2H, -CH2-), 1.29 – 1.24 (m, 2H, -CH2-). 

 13C NMR (126 MHz, CDCl3): δ (ppm) = 172.33 (C=O), 162.79 (C=O), 159.23 (ArC), 154.89 (ArC), 
152.78 (ArC), 152.28 (C8), 145.84 (ArC), 142.54 (C2), 137.26 (ArC), 136.23 (ArC), 136.16 (ArC), 
130.93 (ArC), 130.55 (ArC), 130.52 (ArC), 129.08 (ArC), 128.53 (ArC), 128.42 (ArC), 128.26 (ArC), 
127.55 (ArC), 127.40 (ArC), 113.66 (ArC), 87.01 (C-Ar3), 86.59 (C4’), 84.82 (C1’), 79.07 (C-(CH3)3), 
72.68 (C3’), 64.20 (C5’), 55.76 (O-CH3), 48.81 (CH2), 40.92 (CH2), 40.50 (C2’), 30.39 (CH2), 29.00 
(CH2), 28.67 ((CH3)3), 26.94 (CH2), 26.87 (CH2). 
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2’-Deoxy- 3‘-O-(allyl, cyanoethyl) phosphate N2-tert-butyl-hexylcarbamate, benzoyl adenosine 
(67) 

 
Compound 66 (65 mg, 0.075 mmol) was co-evaporated using toluene (x2) and then diluted in 3mL dry 
DCM under Ar. Then 2-cyanoethyl-N,N,N’,N’-tetraisopropylphosphorodiamidite (28 uL, 0.091 
mmol, 1.2 eq) and pyr-TFA (17 mg, 0.091 mmol, 1.2 eq) were added and the mixture was left to stir 
under Ar at rt overnight. Then BTT (0.3M in MeCN, 0.5 mL, 0.151 mmol, 2.0 eq) and allyl alcohol 
(26uL, 0.379mmol, 5.0eq) were added to the mixture and stirring continued for another hour. 
Subsequently, tert-butyl hydroperoxide (5.0-6.0M in decane, 45 uL, 0.227mmol, 3.0eq) was added and 
the mixture continued stirring for 40 minutes. The hydroperoxide was quenched at 0oC using aq. 
NaHSO3 solution (1.5mL, 0.5g/mL). The mixture was stirred for 10min at 0oC and then for 5min at rt. 
Solvents were evaporated under reduced pressure until a foam was formed which was subsequently 
dissolved in a 10mL mixture of 3% DCA in DCM (3.2 mL DCM, 0.094 mL DCA) containing 10.0 eq 
H2O. The mixture was left to stir for 10min and then was quenched with an aqueous solution of 
NaHCO3. The aqueous phase was extracted three times with ethyl acetate and the combined organic 
layers were dried over MgSO4 and evaporated under reduced pressure. The product was purified via flash 
column chromatography using DCM/acetone/MeOH (80/15/5) as eluents to afford 67 as a mixture of 
2 P-diastereomers in the form of a colorless foam (25 mg, 0.034 mmol, 45%).  

Rf = 0.55 (DCM/MeOH) 

LC-MS (Buffer A = 0.01 % formic acid in H2O, buffer B = 0.01 % formic acid in MeCN, method: 5-80 
% buffer B in 7 minutes, then 95 % B for 1 minute): tR: 5.5 min, m/z = 728.5 [M+H]+. 

 

2’-Deoxy- 3‘-O-(allyl, cyanoethyl) phosphate N2-(tert-butyl-hexylcarbamate, benzoyl) 
adenosine 3’’-deoxy-2’’-cyanoethyl-phosphate O6-dpc-N2-iBu guanosine (69) 
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67 (25 mg, 0.034 mmol) and 68 (38 mg, 0.051 mmol, 1.2 eq) were co-evaporated with MeCN (x3), then 
they were dissolved in dry MeCN (0.5mL) under an Ar atmosphere. BTT (0.3M in MeCN, 230 uL, 
0.068 mmol, 2.0 eq) was added and the mixture was left to stir for 1h. Then tBuOOH (5.0M in decane, 
20 uL, 0.103 mmoL, 3.0 eq) was added and the mixture was left to stir for 40min. The solution was 
cooled to 0oC and an aqueous solution of NaHSO3 (50 uL, 0.5g/mL) was added. The mixture was stirred 
for 10min at 0oC and then for 5min at rt. Solvents were evaporated until a foam was formed which was 
subsequently dissolved in a 1.44mL mixture of 3% DCA in DCM. The mixture was left to stir for 15 
min and then was quenched with an aqueous solution of NaHCO3 (10 mL). The aqueous phase was 
extracted three times with DCM and ethyl acetate and the combined organic layers were dried over 
MgSO4 and evaporated under reduced pressure. The product was purified via flash column 
chromatography (silica gel, DCM/acetone/MeOH: 80/15/5) and was isolated as a colorless foam (25 
mg, 18 umol, 53%). The product was obtained as an inseparable mixture of 4 P-diastereomers and was 
not further characterized.   

LC-MS (Buffer A = 0.01 % formic acid in H2O, buffer B = 0.01 % formic acid in MeCN, method: 5- 80 
% buffer B in 7 minutes, then 95 % B for 1 minute): tR: 6.7 min, m/z = 1375.5 [M+H]+, 1373.3 [M-H]- 

 
 
PEG3-alkyne (77) 
 

 
 
Triethylene glycol (76) (5.05 g, 33.62 mmol, 5.0 eq) was dissolved in 40mL dry THF under N2 
atmosphere and sodium hydride (60% in mineral oil, 268 mg, 6.72 mmol, 1.0 eq) was carefully added. 
After 10 minutes of stirring propargyl bromide (636 uL, 6.72 mmol, 1.0eq) was finally added. The 
reaction mixture turned light brown from colorless. Stirring continued overnight at rt. The next day the 
reaction was quenched with water and then extracted using ethyl acetate. The organic phases were pooled 
and washed with brine and then dried over MgSO4. After filtration and solvent evaporation, the crude 
product was purified via flash column chromatography using DCM/MeOH (100/4) as eluents. The 
pure product was isolated as a slight yellow oil (520 mg, 2.76 mmol, 41%).   

1H NMR (500 MHz, CDCl3) δ 4.19 (d, J = 2.4 Hz, 2H, -CH2C≡CH), 3.76 – 3.55 (m, 12H, -(O-CH2-
CH2)6), 2.56 (t, J = 6.2 Hz, 1H, -OH), 2.43 (t, J = 2.4 Hz, 1H, -C≡CH). 

13C NMR (126 MHz, CDCl3) δ 79.61 (-C≡CH), 74.73 (-C≡CH), 72.60 (PEG-C), 70.66 (PEG-C), 
70.39 (PEG-C), 70.35 (PEG-C), 69.11 (PEG-C), 61.74 (PEG-C), 58.44 (-CH2C≡CH). 

HRMS (ESI): for C9H16O4Na [M+Na]+ , calc. 211.0946; found 211.0947. 

For IR spectra refer to the literature 168. 
 
 



Materials and methods 
 

88 
 

5’-O-DMT 2’-deoxy 3‘-O-cyanoethyl N2- (PEG3-alkyne, benzoyl) adenosine phosphoramidite 
(74) 

 

N6-Benzoyl-2’-deoxy-5’-DMT-3’-OCE-adenosine phosphoramidite (9) (500 mg, 0.582 mmol) was co-
evaporated using toluene (x2) and then dissolved in 5mL dry THF under Ar atmosphere. 77 (164 mg, 
0.874 mmol, 1.5 eq) was also co-evaporated with MeCN (x2) and toluene (x2) and then added to the 
phosphoramidite mixture followed by PPh3 (229 mg, 0.874 mmol, 1.5 eq). After 5 minutes of stirring 
DΙAD (40% in THF, 0.34 mL, 0.874 mmol, 1.5 eq) was added dropwise. The mixture was stirred for 16 
hours at rt, until TLC check showed no more starting material. The solvents were evaporated under 
reduced pressure and the crude product was purified via flash column chromatography using 
DCM/acetone/MeOH 90/7/3 as eluents. The product was isolated as a colorless foam (380 mg, 0.369 
mmol, 65%). 
 
Rf = 0.9 (DCM/MeOH = 10/1)  

HRMS (ESI): for C56H66N7O10PNa+ [M+Na]+, calc. 1050.4506; found 1050.4528 

IR (ATR): ṽ (cm–1) 3268 (br), 3058 (m), 2928 (m), 2256 (w), 1697 (m), 1582 (m), 1453 (m). 

1H NMR (500 MHz, CD2Cl2) δ 8.43 (d, J = 3.7 Hz, 1H, H-8), 8.04 (d, J = 6.6 Hz, 1H, H-2), 7.44 – 7.35 
(m, 5H, aromatic-H), 7.32 – 7.23 (m, 7H, aromatic-H), 7.22 (m, 2H, aromatic-H), 7.11 (td, J = 7.8, 2.3 
Hz, 2H, aromatic-H), 6.83 – 6.74 (m, 4H, aromatic-H), 6.40 (t, J = 6.6 Hz, 1H, H-1’), 4.74 (ddq, J = 
15.1, 9.3, 3.3 Hz, 1H, H-4’), 4.49 (t, J = 6.1 Hz, 2H, PEG-H), 4.25 (dd, J = 15.2, 4.1 Hz, 1H, H-5’), 4.18 
- 4.14 (m, 1H, H-5’), 4.12 (dd, J = 2.4, 1.5 Hz, 2H, PEG-H), 3.84 – 3.79 (m, 2H, PEG-H), 3.78 (s, 6H, 
2xDMT-OCH3), 3.65 – 3.55 (m, 3H, PEG-H and H-1’’), 3.55 – 3.48 (m, 2H, PEG-H), 3.47 – 3.39 (m, 
3H, PEG-H and H-1’’), 3.37 (dd, J = 10.4 Hz, 4.1 Hz, 1H, alkyne-H), 3.35 – 3.25 (m, 4H, PEG-H and 
H-1’’’), 2.88 – 2.78 (m, 1H, H-2’), 2.61 (t, J = 6.2 Hz, 1H, H-2’), 2.55 (ddd, J = 13.5, 6.3, 3.5 Hz, 1H, 
H-3’), 2.52 – 2.40 (m, 2H, H-2’’’), 1.23 – 1.03 (m, 10H, iPr-Me), 1.11 (d, J = 6.7 Hz, 2H, iPr-Me). 

13C NMR (126 MHz, CD2Cl2) δ 172.34, 159.02, 154.92, 152.55, 151.99 (C-8), 145.13, 142.35 (C-2), 
136.70, 136.06, 134.11, 133.95, 130.93, 130.40, 129.02, 128.88, 128.43, 128.37, 128.21, 128.12, 127.21, 
126.99, 118.03, 113.45, 86.72, 86.14 (C-5’), 84.81 (C-1‘), 80.21 (C-PEG), 80.20, 74.50 (C-4’), 70.63 (C-
alkyne), 69.68 (C-PEG), 69.47 (C-PEG), 58.52 (C-PEG), 55.59 (C-PEG), 55.56 (C-PEG), 48.10 (C-
PEG), 43.54, 39.45 (C-2’), 39.41 (C-3’), 24.68 (C-iPr). 

31P NMR (202 MHz, CD2Cl2) δ 148.71, 148.66, 148.62, 148.57. 
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2’-Deoxy- 3‘-O-cyanoethyl- phosphate N2-(PEG3-alkyne, benzoyl) adenosine 3’’-deoxy-2’’-
(allyl, cyanoethyl) phosphate O6-dpc-N2-iBu guanosine (78) 

 

8 (530 mg, 0.751 mmol) and 74 (926 mg, 0.901 mmol, 1.2 eq) were co-evaporated with toluene (x3) and 
MeCN (x2), then they were dissolved in dry MeCN (25mL) under an Ar atmosphere. BTT (0.3M in 
MeCN, 5 mL, 1.5 mmol, 2.0 eq) was added and the mixture was left to stir for 1h. Then tBuOOH (5.0M 
in decane, 0.45 mL, 2.25 mmoL, 3.0 eq) was added and the mixture was left to stir for 40min. The 
solution was cooled to 0oC and an aqueous solution of NaHSO3 (1.5mL, 0.5g/mL) was added. The 
mixture was stirred for 10min at 0oC and then for 5min at rt. Solvents were evaporated until a foam was 
formed which was subsequently dissolved in a 30mL mixture of 3% DCA in DCM containing 10.0 eq 
H2O. The mixture was left to stir for 10min and then was quenched with an aqueous solution of 
NaHCO3 (80mL). The aqueous phase was extracted three times with ethyl acetate and the combined 
organic layers were dried over MgSO4 and evaporated under reduced pressure. The product was purified 
via flash column chromatography (silica gel, DCM/MeOH: 100/2 to 100/10) and was isolated as a 
colorless foam (630 mg, 0.467 mmol, 62%). The product was an inseparable mixture of 4 P-
diastereomers.   

Rf (DCM/MeOH : 10/1) = 0.55 

HRMS (ESI): for C62H69N13O18P2
+ [M+Na]+, calc. 1368.4256; found 1368.4262.  

IR (ATR): ṽ (cm–1) 3012(w), 2362(w), 1750(m), 1576(s), 1493(s), 1450(s), 1271(s), 1220(s), 1184(s), 
1000(br), 698(s). 

31P NMR (202 MHz, CD2Cl2) δ -2.75(m). 

 
 
2’-Deoxy- 3‘-O-cyanoethyl- phosphate N2-(PEG3-alkyne, benzoyl) adenosine 3’’-deoxy-2’’-
cyanoethyl phosphate O6-dpc-N2-iBu guanosine (79) 
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Compound 78 (300 mg, 0.222 mmol) was co-evaporated with toluene(x2). Then it was diluted in dry 
acetone (13 mL) and NaI (334 mg, 2.22 mmol, 10.0 eq) was added. The mixture was stirred at 55oC for 
3hrs until LCMS monitoring showed no more SM. The flask was let to come to rt and then the solvent 
was evaporated under reduced pressure. The product was precipitated from a 1:1 mixture of cold ethyl 
acetate : isohexane, washed with cold ethyl acetate and dried under high vacuum to give a yellowish solid 
(291 mg, 0.222 mmol, quantitative yield). The product was consisted of a mixture of 4 P-diastereomers 
and was used for the next step without further purification.   

HRMS (ESI): for C62H69N13O18P2
- [M-H]-, calc. 1304.4046; found 1304.3969.  

IR (ATR): ṽ (cm–1) 3493(br), 2362(s), 1559(w), 1491(w), 1339(w), 1218(s), 1050(s), 668(s). 

 

 

2‘3‘-Cyclic-2‘-deoxy- 3‘-O-cyanoethyl phosphate N2-(PEG3-alkyne, benzoyl) adenosine 3’’-
deoxy-2’’-cyanoethyl phosphate O6-dpc-N2-iBu guanosine (80) 

 

Compound 79 (291 mg, 0.222mmol) was co-evaporated using toluene (x2) and dissolved in 45mL of 
dry pyridine under Ar atmosphere. 1-(2-Mesitylensulfonyl)-3-nitro-1H-1,2,4-triazole (MSNT, 680mg, 
2.30mmol, 10.0eq) was then added, the flask was covered with aluminum foil and the deep red mixture 
was left to stir for 18 hours at rt when LCMS monitoring showed complete conversion of the starting 
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material. Pyridine was evaporated under reduced pressure and the resulted dark orange solid was dried 
under vacuum. The product was isolated as a mixture of 4 P-diastereomers and was used for the next step 
as it is without further purification.   

HRMS (ESI): for C59H64N13O17P2
+ [M+H]+, calc. 1288.3940; found 1288.3933.  

IR (ATR): ṽ (cm–1) 3500(br), 3010(w), 2361(w), 1684(s), 1477(s), 1362(s), 1204(s), 1086(s), 1014(s), 
834(s), 681(s).  

 

2‘3‘-Deoxy-cGAMP-PEG3-alkyne (73) 

 

Compound 80 (200 mg, 155 umol) was dissolved in 40mL of 33% MeNH2 in ethanol and the mixture 
was stirred at rt. After 3 hours LCMS monitoring showed no more starting material. Solvents where then 
evaporated under reduced pressure and the crude product was dissolved in a minimum amount of 
methanol (2mL) and subsequently precipitated from cold acetone. The resulting solid was collected after 
centrifuge and purified via reversed-phase HPLC using a 0-20% Buffer B  method over 45 minutes (tR  = 
27 min)  (Buffer A = 0.1% TFA in H2O, Buffer B = 0.1% TFA in MeCN). All the fractions containing 
the product were collected and lyophilized to afford 73 as a white powder (23 mg, 28.30 umol, 22%). 

HRMS (ESI): for C29H37N10O14P2
- [M-H]-, calc. 811.1966; found 811.1979. 

IR (ATR): ṽ (cm–1) 3390 (br w), 1590 (m), 1231 (s), 1108 (m), 905 (s), 827 (s), 642 (s). 

31P NMR (202 MHz, D2O) δ -0.90, -1.95. 

1H NMR (500 MHz, D2O) δ 8.22 (s, 1H, H-2), 8.14 (s, 1H, H-8), 7.80 (s, 1H, H-8’’’), 6.36 (dt, J = 6.8, 
3.6 Hz, 1H, H-1’), 5.77 (d, J = 5.6 Hz, 1H, H-1’’), 5.34 (s, 1H, H-2’’), 5.03 (t, J = 6.6 Hz, 1H, H-3’’), 
4.51 (s, 1H, H-3’), 4.23 (s, 2H, H-4’), 4.12 – 4.04 (m, 2H, H-5’’), 4.04 – 3.90 (m, 3H, H-4’’ and H-5’), 
3.76 – 3.34 (m, 14H, PEG-H), 3.04 – 2.85 (m, 2H, H-2’’), 2.70 (m,1H, H-alkyne). 

13C NMR (126 MHz, D2O) δ 164.52, 152.37, 149.68, 138.56, 136.61, 131.14, 130.13, 128.86, 116.94, 
88.48, 86.44, 83.85, 83.01, 79.39, 76.61, 71.64, 68.98, 65.51, 62.86, 61.41, 60.31, 57.83, 38.23, 33.55, 
27.08.  
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2’3’-Deoxy-cGAMP-PALM (75) 

 

All the solutions and solvents for this reaction were first thoroughly degassed with an argon stream for 
30 minutes. 73 (3 mg, 3.69 umol) was dissolved in miliQ water (150 uL, final concentration 10mM) and 
THPTA (8mg, 18.4umol, 5.0eq) followed by an aqueous solution of CuSO4 (25mg/mL, 100 mM, 62 
uL, 6.28 umol, 1.0 eq) were added. The azide 72 (4mg, 7.38umol, 2.0eq) was dissolved in a 300uL 
mixture of DMF/H2O (2/1) and then added to the mixture. Finally, an aqueous solution of sodium 
ascorbate (200 mg/mL, 1.0M, 29 uL, 29.53 umol, 8.0 eq) was added and the reaction mixture was stirred 
for 5 hours at rt while monitoring its progression via LC-MS. After completion the mixture was directly 
purified by reversed phase HPLC (30% → 70% Buffer B over 45 minutes, tR = 15min, Buffer A = 0.1% 
TFA in H2O, Buffer B = 0.1% TFA in MeCN) and 75 was obtained as a white powder (2 mg, 1.51 umol, 
41%).  

The amount of the obtained compound was not sufficient in order to measure 1H and 13C NMR, but 
was enough to ensure its molecular weight via high-resolution mass spectrometry and evaluate its purity 
via analytical HPLC.  

HRMS (ESI): for C48H53N17O18ClP2S2
+ [M-H]-, calc. 1318.2438, found 1318.3079.  

MALDI-TOF (negative mode): for C48H54ClN17O18P2S2
- [M+H]- calc. 1318.244 found 1318.308.  

IR (ATR): ṽ (cm–1) 2931 (m), 2844 (m), 2120 (m), 1608 (s), 1508 (s), 1247 (s), 1175 (s), 1030 (s), 830 
(s), 704 (s). 

LC-MS (Buffer A = 0.01 % formic acid in H2O, buffer B = 0.01 % formic acid in MeCN, method: 5-80 
% buffer B in 7 minutes, then 95 % B for 1 minute): tR: 6.8-7.5 min, m/z = 1320.8 [M+H]+, 1318.7 [M-
H]-.  



Materials and methods 
 

93 
 

0.00 0.01 0.02 0.03

0.0

0.5

1.0

Extinction coefficient compound 75

Concentration (mM)

Ex
ti

n
ct

io
n

slope = 36.900 M-1cm-1

 

 

 

Dideoxy-cGAMP-folate conjugates 

 

Nγ-(((Azidoethoxy)ethoxy)ethoxy)ethyl-α-(tertbutyl)-Nα-Fmoc-L-glutamic acid(90) 

 

 

Compound 88 (70 mg, 0.16 mmol) was dissolved in DMF (6.5 mL) under N2 and then DIPEA (39 μL, 
0.23 mmol, 1.4 eq) and HBTU (69 mg, 0.23 mmol, 1.4 eq) were added. After 10 minutes 89 (45 μL, 
0.23 mmol, 1.4 eq) was added and the mixture was stirred at 50oC for 1hr. Then DMF was evaporated 
and the crude mixture was dissolved in ethyl acetate and washed with water(x3). The aqueous phase was 
extracted using ethyl acetate(x3) and DCM(x2). After drying of the organic phase over MgSO4 it was 
evaporated under reduced pressure and then purified via flash column chromatography (DCM/MeOH 
100/2 →100/10) to afford 90 as a yellow oil (35 mg, 0.055 mmol, 35%).  

Rf = 0.5 (DCM/MeOH = 10/1) 

HRMS (ESI): for C32H44N5O8
+ [M+H]+: calc. 626.3112, found 626.3123. 

1H NMR (500 MHz, CD2Cl2) δ 7.75 (dd, J = 7.5, 1.0 Hz, 2H, aromatic-2xH), 7.63 – 7.56 (m, 2H, 
aromatic-2xH), 7.42 – 7.35 (m, 2H, aromatic-2xH), 7.29 (tt, J = 7.5, 1.3 Hz, 2H, aromatic-2xH), 6.23 (s, 
1H, NH), 5.85 (d, J = 8.0 Hz, 1H, NH), 4.34 (qd, J = 10.6, 7.1 Hz, 2H, Fmoc-CH2), 4.20 (t, J = 7.2 Hz, 
1H, Fmoc-CH2), 4.13 (td, J = 8.4, 4.4 Hz, 1H, α-CH), 3.63 – 3.53 (m, 10H, ethyleneglycol 5xCH2), 3.52 
– 3.42 (m, 2H, ethyleneglycol CH2), 3.41 – 3.16 (m, 4H, ethyleneglycol 2xCH2), 2.22 (dt, J = 14.5, 6.7 
Hz, 2H, γ-CH2), 2.15 – 2.05 (m, 1H, β-CH2), 1.95 – 1.83 (m, 1H, β-CH2), 1.43 (s, 9H, 3xCH3). 

13C NMR (126 MHz, CDCl3) δ 171.31(C=O), 162.66(C=O), 156.39, 143.87, 141.44, 127.85, 127.22, 
125.29, 120.11, 82.52(t-butyl-CH), 70.85, 70.78, 70.73, 70.65, 70.39, 70.18, 70.14, 69.89, 67.07(Fmoc-
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CH2), 54.22(α-CH2), 50.82, 50.77, 47.32(Fmoc-CH2), 39.44, 36.63, 32.64(γ-CH2), 28.87(β-CH2), 
28.13(3xCH3). 

For IR data refer to the literature159. 

 

 

 Nγ-(((Azidoethoxy)ethoxy)ethoxy)ethyl-α-(tertbutyl)-L-glutamic acid (91) 
 

 

Compound 90 (35 mg, 55.9 μmol) was dissolved in DMF (0.4 mL) and then dimethylamine (2M in 
THF, 139 μL, 5.0 eq) was added. The reaction mixture was left to stir for 1h at rt until LCMS control 
showed full conversion. Then DMF was evaporated, the crude was dissolved in ethyl acetate and washed 
with water (x3). The aqueous phase was extracted with ethyl acetate (x3) and DCM (x2) and the 
combined organic phases were dried over MgSO4. After evaporation under reduced pressure the product 
was purified via flash column chromatography (silica gel, DCM/MeOH = 100/3 → 100/10) to afford 
the azide modified amino acid 91 as a colorless oil (10 mg, 24.7 μmol, 45%).  

Rf = 0.3  (DCM/MeOH = 10/1) 

HRMS (ESI): for C17H34N5O6
+ [M+H]+: calc. 404.2431, found 404.2491. 

1H NMR (400 MHz, CDCl3) δ 6.53 (s, 1H, NH), 3.70 – 3.57 (m, 10H, ethyleneglycol 5xCH2), 3.58 – 
3.51 (m, 2H, ethyleneglycol 1xCH2), 3.49 – 3.35 (m, 4H, ethylenglycol 2xCH2), 2.33 (m, 2H, γ-CH2), 
2.16 – 2.00 (m, 3H, NH2 and β-CH2), 1.76 (hex, J = 14.8, 7.6 Hz, 1H, β-CH2), 1.45 (s, 9H, 3xCH3). 

13C NMR (126 MHz, CDCl3) δ 174.83(C=O), 172.59(C=O), 162.60(C=O), 81.43(t-butyl-CH), 70.73, 
70.69, 70.60, 70.28, 70.08, 69.88(Fmoc-CH2), 54.30(α-CH2), 50.72(Fmoc-CH2), 39.23, 32.90(γ-CH2), 
30.23(β-CH2), 28.09(3xCH3). 

For IR data refer to the literature159. 

 
 Nγ-(((Azidoethoxy)ethoxy)ethoxy)ethyl-α-(tertbutyl)-pteroyl-L-glutamic acid (92) 
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Pteroic acid (85) (7 mg, 22.4 μmol) was suspended in a 1/1 mixture of DMF/DMSO (0.8 mL total) and 
HBTU (11 mg, 19.1 μmol, 1.3 eq) and DIPEA (5 μL, 29.4 μmol, 1.4 eq) were subsequently added. After 
30min of stirring at rt a solution of 91 (10.85 mg, 26.9 μmol, 1.2 eq) in a 1/1 mixture of DMF/DMSO 
(0.8 mL total) was added to the reaction mixture and stirring continued for 1h. The product was 
precipitated from cold Et2O, spinned down and was obtained as a yellow solid (14 mg, 19.9 μmol, 89%) 
which was used without further purification for the next reaction.  

Rf = 0.35 (DCM/MeOH = 10/1) 

HRMS (ESI): for C31H44N11O8
+ [M+H]+: calc. 698.3296, found 698.7521. 

 

 

 Nγ-(((Azidoethoxy)ethoxy)ethoxy)ethyl-pteroyl-L-glutamic acid (87) 

 

 

Compound 92 (40 mg, 57.33 mmol) was dissolved in DCM (2 mL). TFA (1 mL) was then added and 
the mixture was left to stir at rt for 1.5h. Then solvents were evaporated, the crude was dissolved in the 
minimum amount of methanol and precipitated from cold Et2O. After washing of the precipitation with 
cold Et2O, 87 was purified by HPLC (0-40% B for 45 min, Buffer A: H2O + 0.1% TFA, Buffer B:  MeCN 
+ 0.1% TFA, tR = 26 min) to afford 87 as a yellow solid (30 mg, 46.75 μmol, 82%).  

HRMS (ESI): C27H36N11O8
+ [M+H]+: calc. 642.6460, found 642.6500. 

IR (ATR): ṽ (cm–1) 2154(w), 1606(s), 1557(s), 1506(s), 1129(s), 988(s), 879(s), 767(s).  

1H NMR (500 MHz, DMSO) δ 8.64 (s, 1H, H-7), 7.94 (s, 1H, N3-H), 7.67 (d, J = 8.7 Hz, 1H, aryl-H), 
7.59 (d, J = 8.4 Hz, 1H, aryl-H), 6.93 (m, 1H, N10-H), 6.64 (m, 2H, aryl-H), 4.48 (d, J = 6.0 Hz, 2H, 
2xH-9), 4.08 (m, 1H, α-CH), 3.63 – 3.14 (m, 16H, ethyleneglycol 16xCH2), 2.12 (q, J = 8.1 Hz, 2H, γ-
CH2), 2.05 – 1.98 (m, 1H, β-CH2), 1.92 – 1.85 (m, 1H, β-CH2). 

13C NMR (126 MHz, DMSO, ppm) δ = 172.61 (C=O), 171.65 (C=O), 163.22 (C=O), 160.12(Car.), 
159.76 (Car.), 152.62 (Car.), 150.79 (Car.), 147.92 (C-7), 147.25 (Car.), 131.1, 128.9, 127.9 (Car.), 
121.33 (Car.), 111.34, 111.1, 69.7, 69.7, 69.6, 69.5, 69.2, 69.0, 52.2 (α-CH2), 50.0, 45.9 (C-9H2), 38.5, 
31.9 (γ-CH2), 26.5 (β-CH2). 
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5’-O-DMT-3’-thionylcarbamate-2‘-O-TBS N2-benzoyl adenosine (95) 

 
N6-benzoyl-5’-DMT-2’-O-TBDMS adenosine (94) (9 g, 11.4 mmol) was diluted in 70 mL of dry DMF. 
Then thiocarbonyldiimidazole (2.44 g, 13.68 mmol, 1.2 eq) and DMAP (0.283 g, 2.32 mmol, 0.2 eq) 
were added and the mixture was left to stir overnight at room temperature. The next day, the solvent was 
evaporated under reduced pressure, the crude mixture was diluted in ethyl acetate and washed twice with 
NaHCO3. The aqueous phase was re-extracted three times with ethyl acetate and the combined organic 
phases were washed with brine and then dried over MgSO4. After filtration and evaporation of the 
solvent the crude product was purified via flash column chromatography on silica gel using ethyl 
acetate/i-hexane (3/1 to 5/1) as eluting solvents. 95 was afforded as a white foam (8.18 g, 9.12 mmol, 
80%).     
 
Rf = 0.30 (ethyl acetate/i-hexane = 3/1)  

HRMS (ESI): for C48H52O7N7SSi+ [M+H]+ , calc. 898.3340; found 898.5010. 

1H NMR (400 MHz, CDCl3) δ 9.05 (s, 1H, ΝΗ), 8.85 (s, 1H, Η-8), 8.27 (s, 1H, Η-2), 8.14 – 7.98 (m, 
2H, imidazole-H), 7.83 (t, J = 1.6 Hz, 1H, imidazole-H), 7.68 – 7.59 (m, 1H), 7.62 – 7.50 (m, 2H), 7.40 
– 7.20 (m, 6H), 7.23 – 7.11 (m, 4H), 6.91 – 6.69 (m, 5H), 6.15 (d, J = 7.8 Hz, 1H, H-1’), 6.13 (d, J = 5.1 
Hz, 1H, H-2’), 5.40 (dd, J = 7.8, 5.0 Hz, 1H, H-4’), 4.62 (s, 1H, H-3’), 4.08 – 3.93 (m, 2H, H-5’), 3.79 
(s, 6H, 2xOMe), 0.67 (s, 9H, SiC(Me)3), -0.15 (s, 3H, Si(Me)2), -0.46 (s, 3H, Si(Me)2). 
 
13C NMR (126 MHz, CDCl3) δ 183.02 (C=S), 158.81 (C=O), 144.44, 141.63, 139.64 (C-imidazole), 
135.52, 135.37, 132.97 (C-imidazole), 130.15, 129.26, 129.01, 128.16, 128.02, 127.22 (C-imidazole), 
113.45, 88.55 (C-4’), 87.26, 82.17 (C-1’), 81.15 , 73.96 (C-5’), 62.90 (C-3’), 55.37 (C-2’), 31.04, 25.38, 
17.73, -5.04 (C- SiC(Me)3), -5.20 (C- Si(Me)2). 

 

5’-O-DMT-3’-deoxy-2‘-O-TBS N2-benzoyl adenosine (96) 
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95 (7.8 g, 8.68 mmol) was dissolved in 40mL of dry toluene. N2 gas was then bubbled in the solution for 
30min. Next, AIBN (285 mg, 1.74 mmol, 0.2 eq) and tris-trimethylsilylsilane (3.22 mL, 10.42 mmol, 1.2 
eq) were added and the reaction mixture was heated to reflux (95oC) for 2hrs until all starting material 
was consumed. The reaction flask was let to cool down to room temperature and then immediately added 
in a silica gel filled column to purify using ethyl acetate/i-hexane (1/1 to 2/1) as eluents. 96 was isolated 
as a yellowish foam (4.3 g, 5.65 mmol, 65%).  
 
Rf = 0.80 (ethyl acetate/i-hexane = 3/1)  

HRMS (ESI): for C44H50O6N5Si+ [M+H]+ , calc. 772.3452; found 772.3577. 

1H NMR (500 MHz, CDCl3) δ 8.99 (s, 1H, -NH), 8.79 (s, 1H, H-2), 8.28 (s, 1H, H-8), 7.65 – 7.58 (m, 
1H), 7.58 – 7.50 (m, 2H), 7.48 – 7.42 (m, 2H), 7.37 – 7.25 (m, 8H), 7.25 – 7.15 (m, 1H), 6.83 (d, J = 
8.8 Hz, 4H), 6.06 (d, J = 1.4 Hz, 1H, H-1’), 4.84 (d, J = 4.8 Hz, 1H, H-2’), 4.77 – 4.63 (m, 1H, H-4’), 
3.78 (d, J = 1.0 Hz, 7H), 3.47 (dd, J = 10.6, 3.0 Hz, 1H, H-5’), 3.37 (dd, J = 10.6, 4.9 Hz, 1H, H-5’), 2.22 
(ddd, J = 13.1, 10.0, 4.9 Hz, 1H, H-3’), 1.95 (ddd, J = 13.1, 5.6, 2.1 Hz, 1H, H-3’), 0.91 (s, 9H, -
OSi(Me)3), 0.18 – 0.09 (m, 6H, -OSi(Me)2). 
 
13C NMR (126 MHz, CDCl3) δ 158.68, 152.71, 151.26, 144.65, 141.47, 135.80, 132.89, 130.17, 129.27, 
129.02, 128.30, 128.07, 127.97, 127.09, 123.61, 113.33, 92.67, 86.56, 80.56, 64.73, 60.56, 55.37, 35.15, 
25.83, 18.08, 1.16, -4.54 (C- SiC(Me)3), -4.83 (C- Si(Me)2). 
 
 

5’-O-DMT-3’-deoxy N2-benzoyl adenosine (97) 

 
Compound 96 (3.9 g, 5 mmol) was diluted in 15 mL of dry THF under N2 and cooled to 0oC. Then 
TBAF (1M solution in THF, 5.5 mL, 5.5 mmol, 1.1 eq) was added dropwise and the reaction mixture 
was left to stir for 2hrs while slowly reaching room temperature. The reaction was quenched using 5 mL 
methoxytrimethylsilane and was let to stir for 15 min more. Solvents were evaporated under reduced 
pressure and the crude product was purified via flash column chromatography using DCM/MeOH 
(100/1 to 100/5) as eluents. 97 was isolated as a white foam (2.95 g, 4.41 mmol, 90%).   
 
Rf = 0.5 (DCM/MeOH : 10/1) 

HRMS (ESI): for C38H36O6N5
+ [M+H]+ , calc. 658.2587; found 658.4028. 

IR (ATR): ṽ (cm–1) 3269 (br), 2931 (w), 1722 (br), 1611 (s), 1598 (m), 1503 (s), 1423 (s), 1388 (w), 1296 
(m), 1289 (s), 1222 (m), 1190 (s), 1028 (s), 909 (m), 811 (s), 801 (m), 745 (s). 
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1H NMR (500 MHz, CDCl3) δ 9.07 (s, 1H, -NH), 8.79 (s, 1H, H-2), 8.29 (s, 1H, H-8), 7.65 – 7.58 (m, 
1H), 7.56 – 7.50 (m, 2H), 7.37 – 7.31 (m, 2H), 7.29 – 7.16 (m, 9H), 6.77 (dd, J = 8.9, 1.8 Hz, 4H), 5.98 
(d, J = 3.2 Hz, 1H, H-1’), 4.92 (s, 1H, H-4’), 4.69 (d, J = 3.3 Hz, 1H, H-2’), 3.77 (s, 6H, -OMe), 3.41 (dd, 
J = 10.5, 3.3 Hz, 1H, H-5a’), 3.26 (dd, J = 10.5, 4.3 Hz, 1H, H-5b’), 2.34 (dt, J = 13.2, 6.7 Hz, 1H, H-
3a’), 2.23 (ddd, J = 12.9, 7.2, 5.3 Hz, 1H, H-3b’). 

13C NMR (126 MHz, CDCl3) δ 164.64, 162.68, 158.63 (C=O), 152.43 (C-2), 149.76, 144.59, 141.27 
(C-8), 135.77, 133.01 (C-aromatic), 130.08 (C-aromatic), 129.05 (C-aromatic), 127.99 (C-aromatic), 
127.04 (C-aromatic), 113.27 (C-aromatic), 93.45 (C-1’), 86.58, 80.62 (C-2’), 76.46 (C-4’), 65.17 (C-5’), 
55.36 (C-OMe), 36.64, 34.38 (C-3’), 31.58. 

 
 
3’-Deoxy-2‘-O-(allyl, cyanoethyl) phosphate N2-benzoyl adenosine (7) 

 
Compound 97 (200 mg, 0.304 mmol) was co-evaporated using toluene (x2) and then diluted in 5 mL 
dry DCM under Ar. Then 2-cyanoethyl-N,N,N’,N’-tetraisopropylphosphorodiamidite (115 uL, 0.364 
mmol, 1.2 eq) and pyr-TFA (70 mg, 0.364 mmol, 1.2 eq) were added and the mixture was left to stir 
under Ar at rt for 2.5 hours, until TLC monitoring showed no more starting material. Then BTT (0.3M 
in MeCN, 2 mL, 0.608 mmol, 2.0 eq) and allyl alcohol (0.103 mL, 1.52 mmol, 5.0 eq) were added to the 
mixture and stirring continued for another hour. Subsequently, tert-butyl hydroperoxide (5.0-6.0M in 
decane, 0.182 mL, 0.912 mmol, 3.0 eq) was added and the mixture continued stirring for 40 minutes. 
The hydroperoxide was quenched at 0oC using aq. NaHSO3 solution (1.5 mL, 0.5g/mL). The mixture 
was stirred for 10min at 0oC and then for 5 min at rt. Solvents were evaporated under reduced pressure 
until a foam was formed which was subsequently dissolved in a 10 mL mixture of 3% DCA in DCM (0.3 
mL of DCA) containing 10.0 eq H2O. The mixture was left to stir for 10min and then was quenched 
with an aqueous solution of NaHCO3 (80 mL). The aqueous phase was extracted three times with ethyl 
acetate and the combined organic layers were dried over MgSO4 and evaporated under reduced pressure. 
The product was purified via flash column chromatography using DCM/MeOH (100/2 to 100/5) as 
eluents to afford 7 as a colorless foam (100 mg, 0.189 mmol, 65%).  
 
Rf = 0.65 (DCM/MeOH=10/1) 

HRMS (ESI): for C23H26O7N6P+ [M+H]+ , calc. 529.1595; found 529. 
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IR (ATR): ṽ (cm–1) 3393 (br), 2920 (w), 2359 (s), 1700 (s), 1610 (s), 1582 (s), 1454 (s), 1250 (s), 1001 
(s).  

1H NMR (500 MHz, CD2Cl2) δ 9.48 (s, 1H, -NH), 8.58 (s, 1H, H-2), 8.32 (d, J = 5.1 Hz, 1H, H-8), 
7.91 (d, J = 7.6 Hz, 2H, aromatic H), 7.51 (t, J = 7.4 Hz, 1H, aromatic H), 7.42 (t, J = 7.6 Hz, 2H, 
aromatic H), 6.11 (d, J = 3.0 Hz, 1H, H-1’), 5.79 (dtt, J = 16.9, 11.3, 5.7 Hz, 1H, H-4’), 5.35 (d, J = 3.8 
Hz, 1H, H-1’’’), 5.27 – 5.19 (m, 1H, H-2’’’), 5.15 (dd, J = 10.6, 3.9 Hz, 1H, H-2’), 4.51 – 4.39 (m, 3H, 
H-1’’ and H-1’’’), 4.12 (ddt, J = 11.4, 8.0, 6.1 Hz, 2H, H-3’’’), 3.92 (dd, J = 12.6, 2.0 Hz, 1H, H-5’), 3.54 
(dd, J = 12.6, 2.5 Hz, 1H, H-5’), 2.65 (dt, J = 12.5, 6.0 Hz, 2H, H-2’’), 2.61 – 2.53 (m, 1H, H-3’), 2.25 
(dtd, J = 13.4, 6.5, 4.4 Hz, 1H, H-3’). 

13C NMR (126 MHz, CD2Cl2) δ 150.49 (C-8), 149.07, 145.16, 142.71 (C-2), 137.63, 131.42 (C-2’’’), 
98.62 (CN), 98.15 (C-1’’’), 88.59 (C-1’), 79.81 (C-4’), 78.81 (C-3’’’), 78.63, 76.46, 70.30 (C-3’), 70.14, 
70.00 (C-5’), 69.18 (C-1’’), 58.42, 40.83 (C-2’), 34.76 (C-3’), 22.55 (C-2’’), 20.44 (C-2’’). 

 

2’-Deoxy-3’-O-cyanoethyl phosphate N2-(PEG3-alkyne, benzoyl) adenosine 3’’-deoxy- 2’’-O-
(allyl, cyanoethyl) phosphate N2-benzoyl adenosine (98) 
 

 
Compounds 7 (440 mg, 0.832 mmol) and 74 (1.03 g, 0.999 mmol, 1.2 eq) were co-evaporated with 
toluene (x3) and MeCN (x2), then they were dissolved in dry MeCN (20 mL) under an Ar atmosphere. 
BTT (0.3M in MeCN, 5.5 mL, 1.67 mmol, 2.0 eq) was added and the mixture was left to stir for 1h. 
Then tBuOOH (5.0M in decane, 0.5 mL, 2.5 mmoL, 3.0 eq) was added and the mixture was left to stir 
for 40 min. The solution was cooled to 0oC and an aqueous solution of NaHSO3 (1.5 mL, 0.5g/mL) was 
added. The mixture was stirred for 10 min at 0oC and then for 5 min at rt. Solvents were evaporated until 
a foam was formed which was subsequently dissolved in a 30 mL mixture of 3% DCA in DCM 
containing 170 uL H2O. The mixture was left to stir for 10 min and then was quenched with an aqueous 
solution of NaHCO3 (80 mL). The aqueous phase was extracted three times with DCM and ethyl acetate 
and the combined organic layers were dried over MgSO4 and evaporated under reduced pressure. The 
product was purified via flash column chromatography (silica gel, DCM/MeOH: 100/2 to 100/10) and 
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was isolated as a colorless foam (870 mg, 0.744 mmol, 89%). The product was obtained as an inseparable 
mixture of 4 P-diastereomers.   

Rf (DCM/MeOH : 10/1) = 0.55 

HRMS (ESI): for C52H59N12O16P2Na+ [M+Na]+, calc. 1191.3464; found 1191.3461 

IR (ATR): ṽ (cm–1) 2361 (s), 1684 (s), 1636 (s), 1540 (s), 1507 (s), 1217 (s), 1000 (s).   

31P NMR (202 MHz, CD2Cl2) δ -2.81 (m).  
 
 
2’-Deoxy-3’-O-cyanoethyl phosphate N2-(PEG3-alkyne, benzoyl) adenosine 3’’-deoxy- 2’’-O-
cyanoethyl phosphate N2-benzoyl adenosine (99) 

 
Compound 98 (220 mg, 0.188 mmol) was co-evaporated with toluene(x2). Then it was diluted in dry 
acetone (12 mL) and NaI (282 mg, 1.88 mmol, 10.0 eq) was added. The mixture was stirred at 55oC for 
3hrs until LCMS monitoring showed no more SM. The flask was let to come to rt and then was placed 
over ice. The formed precipitation was received via vacuum filtration and washed with cold ethyl acetate. 
The supernatant was evaporated under reduced pressure and subsequently dissolved in a minimum 
amount of methanol and added to a 1/1 mixture of ethyl acetate/i-hexane for precipitation to be formed. 
The product was dried under high vacuum to afford a yellowish solid (130 mg, 0.115 mmol, 61%). The 
product consisted of a mixture of 4 P-diastereomers and was used for the next step without further 
purification.   

HRMS (ESI): for C49H53N12O16P2
- [M-H]-, calc. 1127.3178; found 1127.3200 

IR (ATR): ṽ (cm–1) 3420 (s), 1605 (s), 1508 (s), 1253 (s), 1179 (s), 1084 (s), 827 (s).  
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2‘3‘-Cyclic-2‘-deoxy- 3’-cyanoethyl phosphate N2-(PEG3-alkyne, benzoyl) adenosine 3’’-
deoxy-2’’-O-cyanoethyl phosphate N2-benzoyl adenosine (100)  

 
 

Compound 99 (90 mg, 0.07 mmol) was co-evaporated using toluene (x2) and dissolved in 15mL of dry 
pyridine under an Ar atmosphere. 1-(2-Mesitylensulfonyl)-3-nitro-1H-1,2,4-triazole (MSNT, 236 mg, 
0.797 mmol, 10.0 eq) was then added, the flask was covered with aluminum foil and the deep red mixture 
was left to stir for 18 hours at rt when LCMS monitoring showed complete conversion of the starting 
material. Pyridine was evaporated under reduced pressure and the resulted dark orange solid was dried 
under vacuum. The product was isolated as a mixture of 4 P-diastereomers and was used for the next step 
as it is without further purification.   

LC-MS (Buffer A = 0.01 % formic acid in H2O, buffer B = 0.01 % formic acid in MeCN, method: 5-80 
% buffer B in 7 minutes, then 95 % B for 1 minute): tR: 5.6 min, m/z = 1111.7 [M+H]+, 1109.7 [M-H]- 

 
 
2’3’-cAAMP-PEG3-alkyne (93) 

 
 
Compound 100 (90 mg, 81 umol) was dissolved in 15 mL of 33% MeNH2 in ethanol and the mixture 
was stirred at rt. After 3 hours LCMS monitoring showed no more starting material. Solvents where then 
evaporated under reduced pressure and the crude product was dissolved in a minimum amount of 
methanol (1 mL) and subsequently precipitated from cold acetone. The resulting solid was collected after 
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centrifuge and purified via reversed-phase HPLC using a 0-20% Buffer B method over 45 minutes (tR  = 
28 min)  (Buffer A = 0.1% TFA in H2O, Buffer B = 0.1% TFA in MeCN). All the fractions containing 
the product were collected and lyophilized to afford 93 as a white powder (18 mg, 27 umol, 27%). 
 
HRMS (ESI): for C29H37N10O13P2

- [M-H]-, calc. 795.2017; found 795.2027.  

IR (ATR): ṽ (cm–1) 3400 (br), 1610 (s), 1418 (s), 1337 (s), 1171 (s), 988 (s), 797 (s).  

1H NMR (500 MHz, D2O) δ 8.57 (s, 1H, H-2), 8.50 (s, 1H, H-8), 8.44 (s, 2H, H-2’’’ and H-8’’’), 6.57 
(t, J = 6.0 Hz, 1H, H-1’), 6.28 (d, J = 4.2 Hz, 1H, H-1’’), 5.18 (p, J = 5.6 Hz, 1H, H-3’), 5.09 (p, J = 5.7 
Hz, 1H, H-2’’), 4.69 (dt, J = 9.1, 4.7 Hz, 1H, H-4’’), 4.45 – 4.37 (m, 1H, Ha-5’), 4.35 (ddd, J = 12.2, 9.8, 
2.9 Hz, 1H, H-4’), 4.30 – 4.07 (m, 5H, 3xPEG-H and H-5’’), 3.86 (q, J = 8.1 Hz, 3H, PEG-H), 3.72 (dd, 
J = 6.2, 2.7 Hz, 2H, PEG-H), 3.67 (d, J = 4.8 Hz, 2H, PEG-H), 3.63 (s, 4H, PEG-H), 3.14 (dt, J = 14.1, 
5.9 Hz, 1H, Hb-5’), 2.91 (dt, J = 14.1, 6.4 Hz, 1H, Ha-2’), 2.87 – 2.77 (m, 2H, Ha-3’’ and Hb-2’), 2.53 
(s, 1H, H-alkyne), 2.48 (dt, J = 13.4, 5.9 Hz, 1H, Hb-3’’). 

13C NMR (126 MHz, D2O) δ 162.44, 149.82, 148.30, 147.45, 140.06, 130.91, 130.36, 128.97, 126.29, 
125.49, 121.25, 117.05, 113.87, 88.36, 78.72, 77.71, 74.79, 74.54, 74.28, 70.50, 66.76, 60.54, 59.76, 
29.72. 

31P NMR (162 MHz, D2O) δ -1.10, -1.78. 

 
  

2’3’-Deoxy-cGAMP-FOL (83) 

 

All the solutions and solvents for this reaction were first thoroughly degassed with an argon stream for 
30 minutes. 73 (4 mg, 5 umol) was dissolved in miliQ water (300 uL, final concentration 10mM) and 
THPTA (10 mg, 24.6 umol, 5.0 eq) was added followed by an aqueous solution of CuSO4 (25mg/mL, 



Materials and methods 
 

103 
 

100mM, 49 uL, 4.92 umol, 1.0 eq) and 87 (6.32 mg, 9.84 umol, 2.0 eq). Finally, an aqueous solution of 
sodium ascorbate (200mg/mL, 1.0M, 39 uL, 39.38 umol, 8.0 eq) was added and the reaction mixture 
was stirred for 4 hours at rt while monitoring its progression via LC-MS. After completion the mixture 
was directly purified by reversed phase HPLC (0% → 30% Buffer B over 45 minutes, tR = 31min, Buffer 
A = 0.1% TFA in H2O, Buffer B = 0.1% TFA in MeCN) and 83 was obtained as a yellowish powder        
(6 mg, 4.13 umol, 82%).  

MALDI-TOF (negative mode): for C56H71N21O22P2
2- [M-2H]- calc. 1452.463, found 1452.471. 

LC-MS (Buffer A = 0.01 % formic acid in H2O, buffer B = 0.01 % formic acid in MeCN, method: 5-80 
% buffer B in 7 minutes, then 95 % B for 1 minute): tR: 3.0 min, m/z = 1455.3 [M+H]+. 

IR (ATR): ṽ (cm–1) 2928 (br), 2120 (m), 1608 (s), 1579 (s), 1405 (m), 1362 (s), 1175 (s), 1090 (s), 1031 
(s), 951 (s), 833 (s).  

1H NMR (500 MHz, DMSO) δ 10.75 (s, 1H, guanine N-H), 8.68 (s, 1H, H-7), 8.40 (s, 1H, adenine H-
2), 8.26 (s, 1H, adenine H-8), 8.20 (d, J = 7.5 Hz, 1H, guanine H-8), 8.03 (s, 1H, H-triazole), 7.98 (s, 1H, 
N3-H), 7.89 (t, J = 5.6 Hz, 1H, N10-H), 7.65 (d, J = 8.8 Hz, 2H, aryl-H), 6.64 (d, J = 8.9 Hz, 2H, aryl-
H), 6.42 (t, J = 7.0 Hz, 1H, H-1’), 5.87 (d, J = 5.0 Hz, 1H, H-1’’), 5.25 – 5.19 (m, 1H, H-3’), 5.16 (m, 
1H, H-2’’), 4.51 (d, J = 11.1 Hz, 2H, 2xH-9), 4.35 – 4.23 (m, 2H, H-2’), 4.18 (t, J = 10.5 Hz, 3H, 2xH-
5’’ and H-4’), 3.97 (d, J = 7.1 Hz, 2H, H-4’’ and α-CH), 3.72 – 3.26 (m, 30H, PEG7-H and PEG8-H), 
3.17 (q, J = 5.8 Hz, 2H, 2xH-5’), 2.73 (d, J = 12.7 Hz, 2H, 2xH-3’’), 2.25 – 2.15 (m, 2H, γ-CH2), 2.10 – 
1.96 (m, 1H, β-CH2), 1.96 – 1.85 (m, 1H, β-CH2). 
The amount of the obtained compound was not sufficient to measure a 13C NMR spectrum, however 
the structure was verified through proton NMR and mass spectrometry and the compound’s purity was 
validated via analytical HPLC.   

 

2’3’-Deoxy-cAAMP-FOL (84) 
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All the solutions and solvents for this reaction were first thoroughly degassed with an argon stream for 
30 minutes. 93 (5 mg, 6.28 umol) was dissolved in miliQ water (300 uL, final concentration 10mM) and 
THPTA (13 mg, 31.4 umol, 5.0 eq) was added followed by an aqueous solution of CuSO4 (25 mg/mL, 
100mM, 62 uL, 6.28 umol, 1.0 eq) and 87 (8 mg, 12.55 umol, 2.0 eq). Finally, an aqueous solution of 
sodium ascorbate (20 0mg/mL, 1.0M, 50 uL, 50.21 umol, 8.0 eq) was added and the reaction mixture 
was stirred for 4 hours at rt while monitoring its progression via LC-MS. After completion the mixture 
was directly purified by reversed phase HPLC (0% → 30% Buffer B over 45 minutes, tR = 31min, Buffer 
A = 0.1% TFA in H2O, Buffer B = 0.1% TFA in MeCN) and 84 was obtained as a yellowish powder (7 
mg, 4.8 umol, 77%).  

MALDI-TOF (negative mode): for C56H72N21O21P2
- [M-H]- calc. 1436.469 found 1436.442.  

LC-MS (Buffer A = 0.01 % formic acid in H2O, buffer B = 0.01 % formic acid in MeCN, method: 5-80 
% buffer B in 7 minutes, then 95 % B for 1 minute): tR: 3.4 min, m/z = 1439.3 [M+H]+, 1453.6 [M-H]-. 

IR (ATR): ṽ (cm–1) 2856 (br), 2280 (w), 1608 (s), 1508 (s), 1457 (s), 1247 (s), 1175 (m), 1031 (s), 833 
(s), 778 (s).  

1H NMR (500 MHz, DMSO) δ 8.67 (s, 1H, H-7), 8.48 (s, 1H, adenosine H-2), 8.40 (s, 1H, adenosine 
H-8), 8.31 (s, 1H, adenosine H-2’’’ ), 8.20 (d, J = 7.5 Hz, 1H, adenosine H-8’’’), 8.03 (s, 1H, H-triazole), 
7.93 (s, 1H, N3-H), 7.89 (t, J = 5.6 Hz, 1H, N10-H), 7.65 (d, J = 8.8 Hz, 2H, aryl-H), 6.64 (d, J = 8.8 Hz, 
2H, aryl-H), 6.41 (t, J = 7.0 Hz, 1H, H-1’), 6.14 (d, J = 4.6 Hz, 1H, H-1’’), 5.27 – 5.20 (m, 1H, H-3’), 
5.17 (m, 1H, H-2’’), 4.50 (s, 2H, 2xH-9), 4.37 – 4.21 (m, 4H, H-2’ and H-5’’), 4.07 (m, 2H, H-5’), 3.98 
(m, 2H, α-CH and H-4’), 2.76 – 2.69 (m, 2H, H-3’’), 2.23 – 2.16 (m, 2H, γ-CH2), 2.10 – 1.97 (m, 1H, 
β-CH2), 1.91 (m, 1H, β-CH2). 
The amount of the obtained compound was not sufficient to measure a 13C NMR spectrum, however 
the structure was verified through proton NMR and mass spectrometry and the compound’s purity was 
validated via analytical HPLC.   
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5 List of abbreviations 
 

ABZI: Aminobenzimidazole 

AIBN: 2,2’-azodisisobutyronitrile 

APC: Antigen presenting cell 

ATP: Adenosine triphosphate 

BSA: bis(trimethylsilyl)acetamide 

BTT: 5-(benzylthio)-1H-tetrazole 

Bz: Benzoyl 

CDN: Cyclic dinucleotide 

cGAMP: cyclic guanosine monophosphate-adenosine monophosphate 

cGAS: cyclic adenosine monophosphate-adenosine monophosphate synthase 

COPA: Coatomer subunit-α 

COPI: Coatomer complex I 

COVID: Coronavirus  

Cryo-EM: Cryo-electron microscopy 

CTT: C-terminal tail 

DCA: dichloroacetic acid 

DCC: N,N’-dicyclohexylcarbodiimide 

DCM: dichloromethane 

DIPEA: Diisopropylethylamine 

DMAP: 4-dimethyl-aminopyridine 

DMF: dimethylformamide 

DMSO: dimethylsulfoxide 

DMTMM: 4-(4,6-dimethoxy-1,3,5-triazine-2-yl)-4-methyl-morpholiniumchloride 

DMT: 4,4’-dimethoxytrityl 

DMXAA: 5,6-Dimethylxanthenone-4-acetic acid 

DSF: differential scanning fluorimetry 

EC50 : half maximal effective concentration 

EDC.HCl: 1-ethyl 3-(3-dimethylaminopropyl)carbodiimide 
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EI: electron ionization 

ENPP1: Ecto-nucleotide pyrophosphatase phosphodiesterase 

ER: Endoplasmatic reticulum 

ERGIC: Endoplasmatic reticulum-Golgi intermediate compartment 

ESI: Electrospray ionization 

EtOAc: Ethyl acetate 

EtOH: Ethanol 

GTP: Guanosine triphosphate 

HATU: Hexafluorophosphate azabenzotriazole tetramethyl uranium 

HIV: Human Immunodeficiency Virus 

HOBt: Hydroxybenzotriazole 

HPLC: high pressure liquid chromatography 

HSV-1: Herpes simplex virus 1 

iBu: iso-butyryl  

ICI: Immune checkpoint inhibitor 

IFN: Interferon 

IL: Interleucine 

IRF3: Interferon regulatory factor 3 

IRGs: Interferon related genes 

ITC: Isothermal Titration Calorimetry  

KO: knockout 

LBD: Ligand binding domain 

LC: Liquid chromatography 

MeCN: acetonitrile 

MeOH: methanol 

MLV: Murine leukemia virus 

MS: mass spectrometry 

NF-κB: Nuclear factor kappa beta 

NHS: N-hydroxysuccinimide 

NMI: N-methylimidazole 
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NMR: nuclear magnetic resonance 

pyBOP: Benzotriazol-1-yloxytripyrrolidinophosphonium hexafluorophosphate 

RPMI: Roswell Park Memorial Institute 

SASP: Senescence-associated secretory phenotype  

SATE: S-acylthioethyl 

SAVI: STING-associated vasculopathy with onset in infancy 

SIV: Simian immunodeficiency virus  

STING: Stimulator of interferon genes 

TBK1: TANK-binding kinase 1 

TBS: tert-butyldimethylsilyl 

tBuOOH: tert-butylhydroperoxide 

TEA: Triethylamine 

TFA: trifluoroacetic acid  

TM: Transmembrane 

TME: Tumor microenvironment 

TMS: trimethylsilyl 

TNF: Tumor necrosis factor 

TPSCl: 2,4,5-triisopropylbenzenesulfonyl chloride 

TREX1: Three prime repair exonuclease 1 

VRAC: Volume-regulated anion channel 
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