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General introduction 

The immune system is an essential host defense system developed by vertebrates to fight 

against micro-organism aggressions. The immune system is commonly divided into innate and 

adaptive (or acquired) responses. The innate immunity is a rapid, first line response to infection led by 

diverse effector cells such as macrophages, granulocytic cells (neutrophils, eosinophils, basophils, mast 

cells) and antimicrobial proteins of the complement system. In case they fail to control the infection, 

a second line of defense called adaptive immunity is triggered leading to a more specific and powerful 

immune response. The two major effector cells involved in this response are T and B lymphocytes. 

Once activated, T cells are able to differentiate to effector phenotypes owning diverse essential 

immune roles like CD4+ helper T cells (TH1, TH2, TH17, Treg cells) or cytotoxic CD8+ T cells. They also 

indirectly enable the production of highly specific antibodies as well as the development of an effector 

memory phenotype through B cell activation. 

The activation of conventional T lymphocytes (CD4+ and CD8+ T cells) is mediated by the 

presentation of a wide repertoire of antigenic peptides to their abTCR (heterodimeric T-cell receptor) 

by highly polymorphic major histocompatibility complex (CMH) molecules expressed by antigen 

presenting cells (APCs). Yet, in the 1990’s a new class of unconventional T lymphocytes, commonly 

called innate-like T cells, was discovered. Unlike conventional T lymphocytes, innate-like T cells are 

restricted by a limited number of specific antigens presented by non-polymorphic analogues of the 

CMH (Figure 1).  

 

Figure 1: Main T cell subsets and their antigen presentation mode1 

There are two distinct innate-like abT cell populations. iNKT cells (invariant Natural Killer T 

cells) that are activated by glycolipidic antigens presented by the CD1d molecule. And MAIT cells 

(Mucosal-Associated Invariant T cells) that were initially identified on the basis of a semi-invariant TCR 

in human (Va7.2-Ja33) and mice (Va19-Ja33), associated with a limited repertoire of b chains2,3,4. In 

2003, it was discovered that the MAIT cell TCR was restricted to the non-polymorphic, highly 
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evolutionary conserved MR1 (MHC class I-related) protein discovered a few years before in 19955. 

Later in 2014, highly unstable microbial antigens of MAIT cells derived from the vitamin B2 biosynthesis 

pathway were discovered by Corbett et al.6. 

Research on MAIT cells has dramatically expanded over the past two decades as we are 

becoming aware of how important this T cell population is, especially for their potential therapeutic 

applications as antimicrobial agents. Research has been primarily focused on studying the biology of 

MAIT cells while few researchers have explored MAIT cell antigens. It is now essential to improve our 

knowledge of these unique antigens and to overcome their chemical instability. This is why, we have 

decided to focus on synthetizing and studying new compounds that are able to activate MAIT cells, 

both for medicinal chemistry and chemical biology purposes. Through this work, we aim to increase 

our knowledge of MAIT cell's biology, as well as to learn crucial information about their therapeutic 

potential. 

We will first give an overview of MAIT cell biology and we will provide a detailed presentation 

of MAIT cell antigens. We will then introduce our main research objectives and share our results. 
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Introduction: MAIT cells 

I. MAIT cell biology overview 

A. MAIT cell development 

 MAIT cell development occurs in the thymus (Figure 2). Unlike conventional T lymphocytes 

that are selected by thymic epithelial cells expressing MHC I or II, MAIT cells (and iNKT cells) are 

selected by MR1-expressing double positive (DP) CD4+CD8+ thymocytes7,8. The corresponding cells 

undergo a three stage intrathymic development leading to the expression of diverse characteristic cell-

surface markers like C-type lectin CD161 and transcription factors such as PLZF, RORgt or T-bet9. The 

nature and requirement of an exogenous ligand for MAIT cell development in the thymus remained 

unclear until recently. Legoux et al. found that the intrathymic development of MAIT cells is governed 

by commensal bacteria and is dependent on MAIT cell unique microbial ligand that can travel from 

mucosal tissues to the thymus where it is captured by MR1 for thymic selection10. MAIT cells finally 

exit the thymus and continue their maturation depending on commensal bacteria4. 

 

Figure 2: Intrathymic development of T cells11 
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B. MAIT cell phenotype 

MAIT cells are commonly identified and classified according to the different cellular markers 

they express. MR1 tetramer loaded with MAIT cell antigens and monoclonal antibody specific for the 

Va7.2 chain of the MAIT cell TCR are also widely used for the phenotypic analysis12.  

As described before, most of MAIT cells express a semi-invariant TCR with Va7.2 -Ja33/12/20 a 

chain associated with a limited repertoire of b chains (Vb2-13 in humans) (Figure 3). After thymic 

maturation, most of human MAIT cells are identified as CD3+ Va7.2+ CD161high and CD8+aa or double 

negative T cells (CD4-CD8-)13. MAIT cells also produce tissue homing chemokine receptors CCR6, CXCR6, 

CCR5 allowing them to migrate to different parts of the organism (mostly to the liver, gut and lung)14. 

They express several interleukin receptors like IL-18R, IL-12R and exhibit an effector memory 

phenotype with CD45RO and CD95. MAIT cells also express several transcription factors like RORgt or 

PLZF, the latter being essential for stage progression during thymic development9. 

 

Figure 3: Human classical MAIT cell phenotype15 

C. Frequency and localization 

Overall, MAIT cells represent a large part of T cells though their frequency varies in different 

organs (Figure 4). They are mostly found in human liver (20-50% of T-cells), gastro-intestinal tract (3-

5% of intestinal T cells), peripheral blood (1-10% of T cells) and lungs (2-4% of T cells)16. 
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Figure 4: Frequency and localization of MAIT cells16 

D. Effector functions 

Upon stimulation, MAIT cells produce and secrete several cytokines, mostly TNFa, INFg and IL-

17. MAIT cells exert cytotoxic functions as they are able to kill infected cells in a MR1-dependent 

manner through perforin and granzyme B secretion17,18. Activated MAIT cells can also trigger the 

activation of other immune cells such as B lymphocytes and dendritic cells, thus eliciting the 

recruitment of adaptive immune cells19.  

II. MAIT cell ligands and activation 

A. TCR-MR1 dependent modulation of MAIT cell activity 

1. MHC class I-related (MR1) protein 

The major histocompatibility complex (MHC) protects vertebrates by assuring the 

presentation of a wide array of antigenic peptides to T lymphocytes triggering an adaptive immune 

response. The MHC is subdivided into two classes (I and II) (Figure 5). Immunogenic peptide-MHC class 

I complexes are presented at the surface of nucleated cells to cytotoxic CD8+ T cells, while MHC class 

II complexes are expressed by antigen presenting cells (APCs) and recognized by CD4+ T cells to 

coordinate and regulate effector cells20. The MHC-encoding genes are highly polymorphic to allow the 

presentation a vast repertoire of antigenic peptides to conventional T cells. In contrast, some MHC-

like molecules are responsible for a specific presentation of a limited number of antigens to innate-
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like T cells like iNKT cells and MAIT cells. iNKT cells recognize the MHC analogue CD1d molecule that 

present lipidic and glycolipidic antigens (like a-GalCer) to the TCR while MAIT cells are restricted to 

MR1 that present small microbial antigens derived from several vitamin metabolism.  

 

Figure 5: Different modes of antigen presentation to conventional and non-conventional T cells21 

 For humans, MR1 gene is ubiquitously expressed and is located on chromosome 1 near 

the CD1d gene. It is also highly conserved among mammalian species (90% sequence homology 

between mouse and human)22. Similarly to MHC class I, MR1 is constituted of three a domains (a1, a2 

and a3), a transmembrane domain and an intracytoplasmic tail. To be fully functional, MR1 must bind 

both to a molecule of b2-microglobulin (b2m) and to its antigens. 

2. MAIT cell inhibitory ligands derived from folic acid (vitamin B9) 

Identifying MAIT cell ligands was initially based on observing the MR1-mediated antimicrobial 

activity of MAIT cells against several strains of yeasts and bacteria (but not of viruses), meaning that 

MAIT cell ligands were produced by such micro-organisms23,24. Later, Kjer-Nielsen et al. found that a 

small amount of MR1 was folded in the presence of b2m and RPMI 1640, a common cell culture media, 

even in the absence of microbes25. RPMI medium contains many components including several 

vitamins, produced exclusively by yeasts and bacteria but not by animal cells. After having separately 

tested the different components of this culture media, they found that a significant amount of MR1 

was folded in the presence of vitamin B9, also known as folic acid. Mass spectrometry analysis of the 

folded complex showed that it was actually 6-formylpterine (6-Fp), a photodegradation product of 
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vitamin B9 formed upon exposure to UV light that was bound to MR1 instead of folic acid (Figure 6). 

However, 6-Fp was not able to activate Jurkat.MAIT cell line (immortalized human CD4+ T lymphocyte 

cell line expressing human MAIT cell TCR chains) and the molecule inhibited the activation of MAIT 

cells by Salmonella tiphymurium supernatant.  

 

Figure 6: Formation of 6-Fp MR1 ligand from photodegradation of folic acid26 

3. MAIT cell stimulatory ligands derived from the riboflavin (vitamin B2) pathway 

Bacterial culture of S. tiphymurium in vitamin B9 free media (to avoid any competition 

between stimulatory antigens and 6-Fp) allowed to isolate MR1 complex with the stimulatory antigen 

bound to the protein. Elution of the ligand followed by mass spectrometry analysis identified two 

ribityllumazine compounds derived from the riboflavin (vitamin B2) pathway as potential MAIT cell 

agonists: 7-hydroxy-6-methyl-8-D-ribityllumazine (RL-6-Me-7-OH) and 6,7-dimethyl-8-D-

ribityllumazine (RL-6,7-diMe) (blue frame in Figure 7).  

These two products were synthetized and tested for Jurkat.MAIT cell activation. Both 

compounds were active but with lower potency in comparison to S. tiphymurium supernatants. This 

meant that the chemical structure of the more potent MAIT cells agonist still was not elucidated. 
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Figure 7: Riboflavin and ribityllumazine biosynthesis pathways27 

Three other molecules with similar chemical structure but distinct from the riboflavin pathway 

were then proposed as potential MAIT cell agonists: rRL-6-CH2OH, rRL-6-Me-7-OH and 5-OP-RU (with 

the latter initially thought to be too unstable in water) (Figure 8). rRL-6-CH2OH was synthetized and it 

potently activated MAIT cells but crystallographic analyses of the ternary complex (ligand bound to 

MR1 and the TCR) showed that it was actually a single ring molecule present in the binding pocket 

instead of the double lumazine rings, meaning rRL-6-CH2OH was not the potent antigen they were 

looking for. 

 

Figure 8: Chemical structure of hypothetic MAIT cell agonists  
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A genetic approach was complementary used to help identify the ligands6. The riboflavin 

pathway relies on different genes called rib genes that are grouped in a same bacterial operon of Gram-

positive bacteria (Figure 7). A set of individual rib gene deficient bacteria (Lactococcus lactis) was 

cultivated to assess the importance of the different biosynthetic intermediates for MAIT cell activation. 

While supernatants of ribB and ribH mutants did not induce lower MAIT cell activation than the wild-

type strain, ribA and ribG mutants clearly did. This result pointed out that the molecule 5-A-RU (5-

amino-6-D-ribitylaminouracil, yellow frame in Figure 7) is a key intermediate in the synthesis of MAIT 

cell stimulatory ligands. In the riboflavin pathway, 5-A-RU can react through a non-enzymatic reaction 

with 3,4-dihydroxy-2-butanone-4-phosphate to give the unstable intermediate 5-MOP-RU that 

spontaneously cyclizes to RL-6,7-DiMe (Figure 9). By analogy to this reaction, it was thought that 5-A-

RU could react with other small endogenous metabolites such as glyoxal or methylglyoxal (derived 

from the glycolysis pathway) that would give respectively compounds 5-OE-RU and 5-OP-RU (the latter 

was discussed earlier). The two unstable pyrimidine adducts were synthetized and showed the highest 

potency to activate MAIT cells, confirming the elucidation of the chemical structure of the most potent 

MAIT cell antigens.  

 

Figure 9: MAIT cell pyrimidine adduct antigen biosynthesis27 

4. Molecular basis for MR1 binding and TCR recognition 

 Figure 10 and Figure 11 show respectively radiocrystallographic images of the ternary 

structures of 6-Fp and stimulatory MAIT cell agonists (5-OP-RU, 5-OE-RU, RL-6-Me-7-OH) bound to 

MR1 and to the MAIT cell TCR. 6-Fp is deeply inserted in the binding groove of MR1 where it has many 

hydrophobic interactions with Tyr7, Tyr62, Trp69 and Trp156 (mediated by their aromatic core) (Figure 
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10c). 6-Fp also interacts with MR1 through Van der Waals interactions with Arg9, Arg94 and Ile96 

residues. Most importantly, 6-Fp covalently binds to Lys43 of MR1 by forming an unusual imine (also 

commonly called Schiff base). This covalent bond is essential for the binding to MR1 as it will be 

described later. 6-Fp is deeply inserted inside MR1 cleft because of this covalent linkage, resulting in 

an inaccessibility to the MAIT cell TCR. Thus, even if the molecule can interact with Tyr95a by water 

mediated interaction, it is too weak to efficiently bind to the TCR and activate MAIT cells (Figure 10b). 

 

Figure 10: Structural basis of MR1-binding and TCR recognition of 6-Fp (a) ternary structure of MR1 

presenting 6-FP to the MAIT cell TCR; (b) contact between the MR1 bound antigen 6-FP and the TCR; (c) 

interactions of 6-Fp with MR127 

 Like 6-Fp, pyrimidine adduct antigens (5-OP-RU and 5-OE-RU) form a Schiff base with Lys43 of 

MR1 but this time, the ribityl chain mediates strong interaction with the TCR (Figure 11c,d,e,g,h). 

Indeed, the four hydroxyls groups create a hydrogen bond network with both the TCR and MR1. The 

stimulatory ligands interact especially with Tyr95a of the TCR CDR3a loop and with diverse residues 

of MR1 (Arg9, Tyr152, Gln153). Ribityllumazine antigens finally have the same non-covalent 

interactions but are unable to form the Schiff base with Lys43 (Figure 11c,f). This is probably 

responsible for a different orientation of the molecule in the binding cleft, leading to a less efficient 

interaction with the TCR compared to 5-OP-RU and 5-OE-RU.  

 

(c) 

(a) (b) 
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Figure 11: Structural basis of MR1-binding and TCR recognition of MAIT cell vitamin B2-derivative antigens. 

(a-c): MAIT TCR-MR1-antigen docking (a), MAIT TCR footprint on MR1 surface (b) and 5-OP-RU and RL-6-Me-

7-OH overlay (c); (d-h): MR1 contacting 5-OP-RU (d) and 5-OE-RU (e), MAIT TCR contacting RL-6-Me-7-OH (f), 

5-OP-RU (g) or 5-OE-RU (h)6 

5. Antigen processing 

To conclude on the mechanisms of antigen presentation and interaction with their targets, it 

is important to understand how the antigens are processed inside APCs to allow the presentation by 

MR1 to the TCR. In 2016, McWilliams et al. showed that the imine bond formed between Lys43 of MR1 

and vitamin B-derivative antigens acted as a molecular switch allowing MR1 to egress the endoplasmic 

reticulum (ER) where it is sequestered at steady state28. This mechanism seems to rely on the 

neutralization of the positively charged amino group of Lys43 through the formation of the Schiff base 

(Lys43Ala mutants displaying a neutral alanine instead of a positively charged lysine spontaneously 

folded and reached the cell membrane even without antigens) (Figure 12). Once the ligand is bound 

to MR1, the resulting complex traffics through ER and Golgi apparatus to reach the cell membrane 

where antigen presentation to the TCR occurs. The complex is finally degraded upon cellular 

internalization or MR1 is recycled leading potentially to an ER independent loading of antigens on MR1 

inside endosomes29. 

(a) (b) (c) 

(d) (e) 

(f) (g) 
(h) (h) 
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Some questions still remain around how antigens reach the ER where MR1 resides at steady 

state. Indeed, MAIT cell antigens are exogenously produced by microbes, they are not produced by 

APCs themselves. They can be released either by microbes in the extracellular environment, in the 

lumen of phagosomes containing endocyted bacteria or they can come from the cytosol of cells 

infected by intracytosolic bacteria. In both cases, we do not yet know how they manage to reach the 

ER. We also don't know which cellular machinery is involved in this process (one hypothesis would 

involve transporters expressed at cell and/or endosome membranes). 

 

Figure 12: MR1 trafficking and antigen processing (A) at steady state (absence of antigens); (B) in the 

presence of Vitamin B-derivative antigens30 

B. TCR-independent activation of MAIT cells 

In addition to the TCR-dependent activation, MAIT cells can be activated in a TCR-independent 

manner (like iNKT cells) through innate inflammatory and antiviral cytokine stimulation (mostly IL-18, 

IL-12, IL-15 or IFN-a-b)1,31. These cytokines are produced by APCs through triggering of toll-like 

receptor (TLR) or other pattern recognition receptors (PRR) in response to viral infection. Thus, it is 

likely that MAIT cells can sense virus infections. The ability of MAIT cells to recognize such cytokines 

would also naturally extend their implication to non-infectious diseases such as inflammatory and 

auto-immune diseases as it will be discussed later. 
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C. Summary on MAIT cell activation  

To summarize, MAIT cells can be activated either in a TCR-dependent manner or through a 

TCR-independent mechanism relying on cytokines stimulation (Figure 13). TCR-independent activation 

of MAIT cells requires APCs to recognize TLR ligands, triggering the release of inflammatory cytokines 

(such as IL-12, IL-18). TCR-mediated activation of MAIT cells rely on the presentation of microbial 

antigens derived from the riboflavin biosynthesis pathway (5-OP-RU, 5-OE-RU). Antigen processing in 

APCs involves refolding of MR1 in the ER in the presence of these antigens that triggers trafficking of 

the complex to the cell membrane where it is recognized by the MAIT cell TCR. Cytokine-mediated co-

stimulation can also occur. In all cases, MAIT cell activation lead to the secretion of pro-inflammatory 

cytokines such as IFNg or TNFa and to the development of a cytotoxic phenotype (similar to CD8+ 

cytotoxic T cells). 

 
Figure 13: Summary of MAIT cell activation process32  

Having described the main characteristics of MAIT cells and how MAIT cells can sense 

infectious diseases, we will now discuss MAIT cells' immune roles, especially for infectious diseases, 

and provide some insight around their potential use in immunotherapy. 
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III. MAIT cells as potential therapeutic targets 

A. Protection against infectious diseases 

1. Bacterial infections 

Many studies were conducted to understand how MAIT cells contribute to protective 

immunity against bacterial infection in human and mice. So far, the most studied bacterial infection 

has been tuberculosis due to Mycobacterium tuberculosis (Mtb). The first evidence that MAIT cells 

could recognize Mycobacterium tuberculosis was made by Gold et al. in 2010 (before the elucidation 

of MAIT cell antigens) with highlight of a MAIT cell population able to detect bacterially infected human 

cells24. Other studies showed a decreased frequency of peripheral blood MAIT cells in patients infected 

by Mtb23,33–37. This phenomenon was observed with other bacteria such as Pseudomonas aeruginosa 

in cystic fibrosis38, Vibrio cholerae39, Shigella in vaccine clinical trials18, Helicobacter pylori40 and also in 

septic shocks41. MAIT cells were also able to accumulate in tissues infected by different bacteria (in 

human and mice)23,42,43. An important study demonstrated a critical role of MAIT cells in the response 

of mouse model lung infection with live Francisella talurensis44. MAIT cells could colonize and expand 

in the lungs at both early and intermediate stages and they still expanded after clearance of the 

bacteria. MAIT cells also produced pro-inflammatory cytokines INFg, TNFa and IL-17. Moreover, MR1 

knockout mice showed higher bacterial burden correlated to a delay in the recruitment of INFg 

producing CD4+ and CD8+ T cells into the lungs. Another study in mice pointed out the protective effect 

of MAIT cells against pulmonary infection due to Legionella longbeachae45.  

Altogether, these data suggest that MAIT cells can migrate from peripheral blood to infected 

tissues where they could contribute to host defense against infections through direct cytotoxicity, 

secretion of pro-inflammatory cytokines (IFNg, TNFa or IL-17) or other mediators that are yet to be 

discovered18,46. 

2. Viral infections  

Recent data suggest that MAIT cells can be activated and expanded in a TCR-independent 

manner in the course of diverse viral infections including hepatitis C, dengue and influenza virus47,48. 

Blood MAIT cells could secrete IFNg, TNFa and granzymes after in vitro stimulation in an IL-18 

dependent manner, most likely in synergy with IL-12, IL-15 and type I interferons49. Like with bacterial 

infections, patients with early and chronic HIV infection showed a decreased frequency of peripheral 

blood MAIT cells compared to healthy individuals. This is due to a potential recruitment of MAIT cells 

in infected tissues upon viral infection50,51.  
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B. Other roles of MAIT cells in non-infectious diseases 

1. Auto-immune and inflammatory diseases 

The involvement of MAIT cells in immunity is not restricted to infectious diseases since MAIT 

cells respond to various cytokine stimuli. MAIT cells are modulated in several auto-immune and 

inflammatory diseases such as multiple sclerosis, gastro-intestinal disorders (celiac disease and 

inflammatory bowel diseases), allergic diseases, asthma and metabolic diseases (type 1 and 2 

diabetes)49,52. Like for microbial infection, a decrease of MAIT cell frequency in peripheral blood was 

often found, probably reflecting a migration to inflamed sites in the course of immune-mediated 

diseases53. However, there is no clear evidence of the protective or pathogenic role of MAIT cells in 

such diseases. 

2. Cancer 

MAIT cells' roles in malignant diseases have also been investigated (both for solid and 

hematological malignancies) but still remain poorly understood. Patients with cancer often showed a 

depletion of MAIT cell population in peripheral blood compared to healthy donors49,52,53. In parallel, 

MAIT cells could infiltrate various tumors and metastases but it is unclear whether this phenomenon 

contributes to host protection or to pathogenesis. Furthermore, an impairment of MAIT cell cytokine 

profile was described several times, notably a decreased of INF-g secretion and/or an increased 

production of cytokines supporting tumor growth like IL-17. A recent in vivo study on mice suggests a 

pro-tumorigenic effect of MAIT cells caused by the suppression of T and/or NK cells (partly due to IL-

17 secretion) after interaction with MR1 molecules expressed on tumor cells54. Pre-treatment of tumor 

cells with 5-OP-RU was also associated with an increase of lung metastasis.  

3. Graft-versus-host-disease (GvHD) 

MAIT cells are preferentially localized in organs implicated in GvHD (such as liver) justifying the 

investigations related to this disease. MAIT cells are unlikely to induce alloreactive response and GvHD 

since they are not directed towards polymorphic MHC molecules55. Little data is available on this topic 

but one study showed that an early increase in the number of MAIT cells in peripheral blood after stem 

cell transplantation was associated with a reduced risk of GvHD53. 
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C. Development of immunotherapies targeting MAIT cells 

As depicted above, MAIT cells have important immune functions since they seem to be 

involved in the response to many diseases. MAIT cells could represent attractive targets for cancer 

immunotherapy because of their secretory capacity and their ability to recruit other immune cells. 

However, more investigation is required to assess the safety and the efficacy of this therapeutic 

strategy. If MAIT cells appeared to induce pro-tumorigenic effect as it was supposed in the study 

discussed above54, a direct inhibition of MR1 could be envisioned with inhibitory ligands. Another 

promising therapeutic option under study is the development of CAR (chimeric antigen receptor)-MAIT 

cells. 

The antimicrobial activity of MAIT cells is without any doubt the best-documented immune 

role of MAIT cells. There is strong evidence that MAIT cells help fight several bacterial (and perhaps 

viral) diseases. Thus, they potentially represent an interesting therapeutic target for innovative 

antimicrobial immunotherapies. They could especially be a good target for new antimicrobial mucosal 

vaccines. Indeed, most existing vaccines are administered through the systemic route and they may 

not confer an effective and durable mucosal immunity56. Targeting MAIT cells with new mucosal 

vaccines could overcome this issue since this population of T cells is abundant at mucosal sites (lungs, 

gastro-intestinal tract…). We could consider directly targeting MAIT cells with such vaccines since they 

display a memory phenotype. Another option (perhaps more relevant) would be to harness MAIT cells 

as vaccine adjuvants in order to boost systemic vaccine efficacy.  

It is clear that the feasibility of such vaccine would rely on the discovery of more stable MAIT 

cell agonists than the very unstable ones we have (5-OP-RU, 5-OE-RU). Having understood this critical 

element, several research teams deeply investigated MAIT cell antigens to unravel the molecular basis 

of interaction with MR1 and the MAIT cell TCR. A better knowledge of the structure-activity 

relationships of MAIT cell antigens would greatly help design new stable MAIT cell ligands. A review of 

all the research completed in this field is presented in the following and final section of this 

introductory chapter. 
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IV. Overview of the research aiming to find new antigens of MAIT cells  

A. Synthesis of new MAIT cell competitive antagonists 

Several analogues of 6-Fp were synthetized, the first being acetyl-6-formylpterin (Ac-6-Fp). It 

proved to be much more potent than 6-Fp to inhibit MAIT cell activation, presumably due to a higher 

chemical stability (Figure 14)57. Soudais et al. reported later the synthesis and biological evaluation of 

two other analogues of 6-Fp that they called Compound A (2-amino-4-hydroxy-6-formylpteridine 

dimethyl acetal) and Compound C (2-acetylamino-4-hydroxy-6-formylpteridine dimethyl acetal). While 

Compound A did not show inhibitory activity, Compound C showed a concentration-dependent activity 

similar to Ac-6-Fp for MR1 up-regulation (reflecting the binding affinity to MR1) and inhibition of MAIT 

cell activation. 

 

Figure 14: Chemical structure of synthetic MAIT cell inhibitory ligands 

B. Analytical study and synthesis of new stable agonists of 5-OP-RU  

The a-iminocarbonyl moiety of pyrimidine adduct antigens is prone to hydrolysis and 

cyclisation to give thermodynamically stable but far less antigenic ribityllumazines. Mak et al. 

investigated the underlying mechanism causing this instability to overcome this problem. For this 

purpose, they studied the effect of the solvent on the formation and the stability of three different 

pyrimidine adduct derivatives (3a-c) synthetized through condensation reaction between 5-A-RU and 

small dicarbonyl metabolites: butane-2,3-dione (3a), glyoxal (5-OE-RU 3b) and methylglyoxal (5-OP-RU 

3c). In PBS (pH 8.0, 15°C), 3a underwent degradation in less than five minutes while 3b had a half-life 

of 18 minutes. 3c (5-OP-RU) was more stable than the two other compounds with a half-life of 14 hours 

even if the stability decreased with lower pH and higher temperature. Under physiological conditions 

(PBS, pH 7.4, 37°C), the half-life of 3c was only 88 minutes. Among the three molecules, 5-OP-RU (3c) 

was the most potent, consistent with a lower instability compared to the other ones (Figure 15b). 

Altogether, these results suggest that the use of 5-OP-RU is more suitable than the other molecules to 

study MAIT cells, in terms of both stability and biological activity. 
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Then, the authors deeply studied the kinetic of formation of 5-OP-RU and the influence of the 

solvent used for the reaction. They showed that the condensation reaction between methylglyoxal 

and 5-A-RU in PBS (pH 7.4, 37°C) reached a maximum concentration of 5-OP-RU corresponding to only 

1.1% conversion after 5 minutes. The same reaction done in DMSO led to total conversion of the 

starting material to 5-OP-RU after 2 days. Furthermore, the imine formed in DMSO was reasonably 

stable with more than 90% of the product remaining unchanged after 2 days at 22°C. A mechanism 

was proposed in which the reaction should be under thermodynamic control in water. Trans kinetic 

product 3 would rehydrate to give 6, followed by cyclisation via 7 (or cis 3) giving at the end 

thermodynamic product lumazines 4 (Figure 15a). In polar aprotic solvent DMSO, the reaction should 

be under kinetic control where trans 3 product should form faster than cis 3. Once formed, trans 3 is 

unlikely to isomerize because of a high energy barrier for the isomerization thus stabilizing the 

pyrimidine antigens. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: Analytical study and biological evaluation of 3a-c; a) Study of the mechanisms of antigenic 

pyrimidine adducts synthesis in water or DMSO; b) biological evaluation of 3a-c (on Jurkat.MAIT cell line)58 

The same study reported the design and synthesis of three potential stable analogues of 5-OP-

RU. They synthetized two N-methylated products keeping either the a-iminocarbonyl group (9) or 

replacing the imine function by an alkene (10). The third molecule 11 contained an alkyl ribityl chain 

b) 

a) 
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lacking the reactive secondary amino group and the imine was also replaced by an alkene like for 10 

(Figure 16). 

 

Figure 16: Chemical structure of compounds 9-11 

Surprisingly, 9 was even less stable than 5-OP-RU under physiological conditions while 10 was 

slightly more stable though it also rapidly formed quaternary ammonium cyclized species like 9. In 

contrast, compound 11 was completely stable. Biological evaluation on Jurkat.MAIT cells showed an 

important loss of potency for the three molecules in comparison to 5-OP-RU (EC50 1.6 pM). 11 (EC50 

1.6 nM) and 9 (EC50 14 nM) displayed similar potencies (1000-fold less active than 5-OP-RU) while 10 

was poorly active (EC50>10 µM).  

C. Identification of drugs and drug-like molecules able to modulate MAIT cell 

activity 

Another study identified several drugs and drug-like molecules able to modulate the functions 

of MAIT cells59. Multiple in silico screening were done to identify new MR1 binding ligands and MAIT 

cell agonists. 81 compounds of the in silico hits were biologically evaluated. Among them, several 

molecules could up-regulate MR1 and/or activate MAIT cells. Compounds 3-formaldehyde-salicylic 

acid (3-F-SA), 5-formaldehyde-salicylic acid (5-F-SA), 2-hydroxy-napthaldehyde (2-OH-1-NA) and 2,4-

diamino-6-formylpteridine (2,4-DA-6-Fp, obtained from the photodegradation of antineoplastic drug 

aminopterin) were able to up-regulate MR1 of C1R.MR1 cells (C1R human lymphoblastoid cells 

overexpressing MR1). 3-F-SA and 2-OH-1-NA inhibited Jurkat.MAIT cells while 5-F-SA moderately 

activated specific clones of Jurkat.MAIT cells (depending on the nature of the TCRb chain).  

The well-known and commonly used drug diclofenac (used for the treatment of inflammatory 

diseases) was also able to activate one clone of Jurkat.MAIT cells in vitro without up-regulating MR1. 

This activity was actually most likely due to its metabolites 4’-hydroxy-diclofenac (4’-OH-DCF) and 

mostly 5-hydroxy-diclofenac (5-OH-DCF) that were rapidly formed in cells. 
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Figure 17: Chemical structure of drugs and drug-like molecules able to modulate MAIT cell functions 

Interestingly, crystallographic data showed that all the inhibitory compounds bearing an 

aromatic aldehyde functional group were able to form a Schiff base with Lys43 of MR1 like 5-OP-RU 

whereas diclofenac and its metabolites did not form such chemical bond. The inhibitory compounds 

did not directly interact with the TCR in the MR1-TCR complex like 6-Fp, thus explaining their inhibitory 

effect. In contrast, diclofenac and its metabolites could make few interactions with the TCR but their 

mode of binding was different and less effective than the one of 5-OP-RU leading to a weak activation 

of Jurkat.MAIT cells. Nevertheless, this study proved that MR1 can present other compounds than 

pyrimidine adduct antigens and folic acid derivatives to the MAIT cell TCR. Thus, it offers the possibility 

of discovering new small molecules able to modulate MAIT cell activity. It finally gave some insight 

about the poorly understood contribution of the b chain to the TCR binding of the ligands, since DCF 

and 5-F-SA only activated one clone of Jurkat.MAIT cells bearing a specific TCRb chain (Jurkat.MAIT-A-

F7 cell strain).  

D. Design of 5-OP-RU analogues to unravel the structural basis for the 

recognition of MAIT cell antigens by MR1 and the TCR 

A large survey was recently published in which the authors studied structure-activity 

relationships (SAR) of twenty 5-OP-RU altered metabolites ligands (AMLs) compared to 5-OP-RU and 

its degradation product RL-7-Me60. Among these molecules, the chemical synthesis of deoxy AMLs (2’-

D-5-OP-RU, 3’-D-5-OP-RU, 4’-D-5-OP-RU 5’-D-5-OP-RU) and their corresponding lumazine degradation 

products (2’-D-RL-7-Me, 3’-D-RL-7-Me, 4’-D-RL-7-Me, 5’-D-RL-7-Me, respectively) was previously 

described by Ler et al.61. They additionally synthetized series of pyrimidine and lumazine ligands 

bearing a monohydroxy ribityl chain (2’-OH-ethyl-5-OP-U, 2’-OH-ethyl-L-6-Me, 3’-OH-ethyl-5-OP-U…). 

Finally, a ribityl-less analogue and JYM72 (previously discussed as compound 1158) were also included 

in the study (Figure 18).  
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Figure 18: Chemical structure of the different AMLs60  

The chemical stability, MR1 up-regulation, MAIT cell activation, and binding affinity (Kd value) 

were assessed using two different Jurkat.MAIT cell lines (A-F7 and #6) bearing a different TCRb chain 

(Table 1). 
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Table 1: Chemical stability, MR1 up-regulation, MAIT cell activity and binding affinity of AMLs60 

 

The different pyrimidine adduct AMLs showed almost the same instability as 5-OP-RU while 

the ribityl-less analogue and JYM72 were highly stable (t1/2>100h in PBS, pH 7,4, 37°C). All the 

compounds could up-regulate MR1 with the ribityl-less analogue showing the best potency. 

Ribityllumazine analogues displayed the slower kinetic of up-regulation, most likely because they were 

unable to form a Schiff base with Lys43 of MR1. Unstable AMLs reached a maximum up-regulation 

after 4-8h while stable ribityl-less analogue and JYM72 continued to up-regulate MR1 after 24h. All 

these results suggest that concentration and time-dependent MR1 up-regulation rely on the stability 

of the ligands and on their ability to form a covalent bond with Lys43 of MR1. Thus, the ribityl chain 

does not seem to be a prerequisite for inducing strong MR1 up-regulation and it might be rather 

deleterious. 

MAIT cell activation assay showed that 4’-D-5-OP-RU and 5’-D-5-OP-RU could still activate 

MAIT cells with strong potency close to the one of 5-OP-RU while 4’-OH-butyl-5-OP-U and 5’-OH-

pentyl-5-OP-U did not activate MAIT cells. This means that 4’-OH and 5’-OH are probably not essentials 

for the binding to the MAIT cell TCR. On the contrary, 2’-OH and 3’-OH seem to be very important for 

MAIT cell activation since compounds lacking one of these hydroxyl groups (2’-D-5-OP-RU and 3’-D-5-

OP-RU) were not active. Finally, the different lumazine compounds showed only moderate MAIT cell 

activation presumably due to the absence of covalent linkage to Lys43 though they maintained weak 

interaction with the TCR.  

To finish, the authors gave some information about the structural basis explaining the 

structure-activity relationships of the AMLs by studying ternary structures of the ligands interacting 

with MR1 and the TCR. They affirmed that the 2’-OH and 5’-OH groups of 5-OP-RU formed an essential 

interaction triad with Tyr95 of the TCRa and Tyr152 of MR1. According to them, AMLs that perturbed 
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these interactions were subject to a dramatic loss of potency. The strong potency of 4’D-5-OP-RU and 

5’-D-5-OP-RU was theoretically explained by conformational malleability and dynamic compensations 

inside the binding groove allowing to maintain this interaction triad. The moderate AMLs displayed an 

altered interaction triad causing a decrease of biological activity while the weak or non-agonistic AMLs 

like 4’-OH-butyl-5-OP-U and 5’-OH-pentyl-5-OP-U simply could not interact properly with the TCR 

because they lack 2’-OH and 3’-OH groups. 

 A second recent study described the synthesis and study of new glyco-analogues of 5-OP-RU 

and RL-6-Me-7-OH to give insight about the influence of the chemical changes on MAIT cell 

activation26,62. Several analogues with different absolute configuration, with 2’-OH deoxygenation or 

displaying longer ribityl chain were synthetized (Figure 19).  

 

Figure 19: Chemical structure and biological evaluation of glyco-analogues of 5-OP-RU (10 µM) and RL-6-Me-

7-OH (100 µM) (adapted from Braganza et al.)62 

 Ribityllumazine analogues (100 µM concentration like 6-Fp) were able to up-regulate MR1 of 
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MAIT cell line). In contrast, all the glyco-analogues of 5-OP-RU were active at 10 µM concentration. 5d, 

5f, 5g and 5h displayed a similar activity compared to 5-OP-RU while 5b, 5e and especially 5c (lacking 

2'-OH) were less potent than 5-OP-RU. A virtual docking study was done to help explain these results. 

It showed that 5c and 5e probably did not interact with Tyr95 of the TCRa, thus explaining the low 

activity. The authors emitted the theory that the more the compounds could make interactions with 

Tyr95a residue, the more potent they were. 

The same research groups recently published a second survey in which they synthesized 

several molecules by modulating the 6-aminoalkyl (ribityl) chain63. They produced three aminoalkyl 

derivatives with a single terminal alcohol (3b-d), a N-methylated analogue (3e) and three aminoalkyl 

products without any hydroxyl group (3f-h).  

 

Figure 20: Chemical structure and biological evaluation of 6-alkylamino analogues of 5-OP-RU; 1b is Ac-6-Fp 

and 3a is 5-OP-RU (adapted from Braganza et al.)63 

Biological evaluation of these molecules revealed a high potency of 3b and 3c at activating 

MAIT cell line 6C2 similarly to 5-OP-RU (10 µM concentration). The authors suggested that 3b is of high 

interest for the study of MAIT cells since it is as potent as 5-OP-RU and its synthesis is easier and faster 

compared to the synthesis of 5-OP-RU. However, these data are contradictory with the one of Awad 

et al. (described above)60. They produced and tested the same monohydroxy analogue 3b but the 

biological evaluation showed almost no Jurkat.MAIT cell activation. The use of different biological 

models by the two research groups (different MR1 expressing cells and MAIT cells) could explain these 

divergent results. Thus, further investigation is required to confirm these observations. 
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Research work 

I. Introduction 

As described earlier, MAIT cells could become attractive targets for new immunotherapies 

against infectious diseases (mucosal vaccines) and presumably other pathologies like cancers. 

However, more investigation is required to validate this therapeutic approach and many questions 

around MAIT cell biology and ligands must be addressed. 

The recent discovery of MAIT cell highly potent antigens (5-OP-RU and 5-OE-RU) was a major 

breakthrough in the field. The thorough investigation of MAIT cell antigens, at the interface of 

chemistry and biology, provided some valuable information, especially around the molecular basis 

governing their interaction with MR1 and the MAIT cell TCR. Despite all these discoveries, we still lack 

stable highly potent analogues of MAIT cell antigens. Today, it is one of the main hurdles limiting the 

efficient study of MAIT cells as potential therapeutic targets. Thus, we urgently need to find original 

research approaches in order to produce new potent antigen of MAIT cells.  

We wanted to address this major issue by adopting two different medicinal chemistry 

approaches. The first one consisted in doing original pharmacomodulations on 5-OP-RU chemical 

structure (Figure 21). All our work was focused on 5-OP-RU (like most studies on MAIT cells) since it is 

the most potent MAIT cell antigen and it is also more stable than 5-OE-RU58. By doing 

pharmacomodulations of 5-OP-RU, we aimed at obtaining stable products with comparable activity to 

5-OP-RU. The second strategy relied on designing prodrugs of 5-A-RU, the biosynthetic precursor of 5-

OP-RU able to generate 5-OP-RU in situ after condensation with endogenous methylglyoxal. Our final 

objective was to develop new chemical probes that could help understand MAIT cell biology. For this 

Chemical Biology approach, we designed a unique clickable analogue of 5-OP-RU that can be used to 

track MAIT cell ligands inside biological tissues and cells. 
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Figure 21: Objectives of the research project 
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II. Synthesis and study of stable analogues of 5-OP-RU 

A. Synthesis and chemical study of 5-A-RU and 5-OP-RU 

1. Bibliographic review 

5-OP-RU is unstable in physiological media and therefore very difficult to isolate for further 

use in biology. The molecule is commonly formed in situ prior to addition on cells by condensation 

between synthetic 5-A-RU and commercial methylglyoxal. Unlike 5-OP-RU, 5-A-RU was discovered 

many years ago and has been extensively used as a chemical intermediate for the synthesis of 

riboflavin and lumazine analogues. Several research groups have developed efficient synthesis routes 

towards 5-A-RU since the late 1950’s and all this precious work has been exploited to synthetize 5-OP-

RU for the study of MAIT cells. All published chemical routes rely first on the synthesis of the D-

ribitylamine tail, followed by its coupling to the uracil heterocycle and amine functionalization. The 

main syntheses of 5-A-RU are presented in this section. 

The initial syntheses of 5-A-RU were described by Maley and Plaut64 and Winestock and Plaut65 

(Scheme 1). 5-A-RU was used as an intermediate for the synthesis of 6,7-dimethyl-8-ribityllumazine. 

Their syntheses started from D-ribose and went through a D-ribityloxime intermediate, which was then 

reduced by hydrogenation with platinum oxide heterogeneous catalyst. D-ribitylamine reacted with 6-

chlorouracil and position 5 of the molecule was functionalized by a nitroso group. Reduction of the 

nitroso with sodium dithionite afforded 5-A-RU, which was directly used without isolation for the last 

step of the synthesis. 
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Scheme 1: First synthesis of 5-A-RU by Plaut and co-workers. Reagents and conditions: NH2OH.HCl, NaOMe in 

EtOH (yield not mentioned); (ii) H2, PtO2 in AcOH; (iii) 6-chlorouracil, 128°C, 44%; (iv) HNO2 in H2O, 72%; (v) 

Na2S2O4 in H2O (product not isolated); (vi) biacetyl 

5-A-RU was used for the synthesis of other molecules and several modifications of the initial 

synthesis were done keeping the same synthesis strategy (Scheme 2). Katagiri et al. proposed a 

different synthesis of the D-ribitylamine chain by reductive amination with ammoniac and sodium 

borohydride66. Other variations were performed by Wood and co-workers with the use 6-chloro-5-

nitrouracil instead of 6-chlorouracil for the coupling reaction with D-ribitylamine in ethanol67,68. The 

nitro group at ortho position of the chloro allowed the reaction to proceed at room temperature in 

contrast to the synthesis of Plaut and co-workers that required strong heating at 128°C. Reduction of 

the nitro was done by hydrogenation either with platinum oxide or with palladium on charcoal (Pd/C). 

Later, Cushman et al. described hydrogenation of the nitroso precursor in aqueous HCl to get a more 

stable form of 5-A-RU as hydrochloride salts (instability issues will be discussed later)69. 
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Scheme 2: Different modifications of the initial synthesis of 5-A-RU (by Plaut and co-workers) for the 

synthesis of lumazine derivatives. Modifications are highlighted in red  

Relying on these published syntheses and chemical procedures, 5-A-RU as a precursor of 5-OP-

RU could be efficiently synthesized. The initial syntheses of 5-OP-RU were done by Corbett et al.6 and 

Mak et al.58 (research group that initially identified MAIT cell antigens). To make 5-OP-RU, they 

produced 5-A-RU precursor by adapting the synthesis of Plaut and co-workers. They synthetized the 

D-ribitylamine moiety by forming a D-ribitylbenzylamine intermediate instead of an oxime through the 

reaction of D-ribose with benzylamine, followed by hydrogenation reaction with platinum oxide 

catalyst (Scheme 3). Then, D-ribitylbenzylamine was reduced to D-ribitylamine by hydrogenation over 

Pd/c in water. 
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Scheme 3: Recent modifications of the synthesis of 5-A-RU to make 5-OP-RU. Modifications are highlighted in 

red. 

Modification of this synthesis was recently done by Lange et al. that aimed to produce a 

prodrug of 5-A-RU70. They reduced D-ribitylbenzylamine by hydrogenation using Pd(OH)2 instead of 

Pd/C (in a mixture of methanol and ammoniac) to afford D-ribitylamine in high yield (99%). The same 

authors also proposed an efficient coupling reaction with 6-chlorouracil using ethylene glycol as 
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solvent and triethylamine as base. According to them, less equivalent of D-ribitylamine were necessary 

(1.3 eq) for the reaction in comparison to the other syntheses available (at least 2 eq required) and the 

reaction was almost quantitative (92% yield). The last change was the reduction of the nitroso group 

by hydrogenation in 0.1 N HCl (like the synthesis of Cushman et al.). 5-A-RU hydrochloride salts were 

obtained after a careful work-up under inert atmosphere followed by lyophilization. The salts were 

then directly used in synthesis without further purification. 

Li et al.71 also developed a synthetic route aiming to obtain 5-A-RU.HCl as a more stable 

precursor of 5-OP-RU. After reduction of the nitroso group with sodium dithionite, they could purify 

the product by reverse phase HPLC and they finally added few volumes of 1N HCl to form the salts 

(69% yield). Finally, Braganza et al.62 recently published the synthesis of glyco-analogues of 5-OP-RU 

(discussed in section IV.D). Like Katagiri et al., they did a reductive amination with ammoniac, but this 

time with milder sodium cyanoborohydride as reducing agent instead of sodium borohydride, and in 

a saturated solution of ammonium acetate in ethanol. 

To summarize, different synthetic routes towards 5-A-RU have been described, and several 

improvements were achieved over the past decades by different research groups. Most of the changes 

focused on overcoming the stability issues of 5-A-RU (isolation of hydrochloride salts). Another 

difficulty of all the syntheses was the high polarity of the molecules due to the presence of many polar 

functional groups (hydroxyl groups and secondary amine of D-ribitylamine, lactam functions of the 

uracil ring). This made the purification of both chemical intermediates and 5-A-RU tedious (classical 

normal phase chromatography was not applicable). In our lab, a different synthesis with fully protected 

D-ribitylamine was developed (set-up by previous M2 intern Marie Flamme). We commonly used this 

synthetic pathway to produce protected D-ribitylamine as an essential synthetic intermediate for the 

synthesis of stable analogues of 5-OP-RU. We also adapted a shorter synthesis route of 5-A-RU made 

by Li et al. allowing to synthetize grams of 5-A-RU nitro precursor and giving at the end more stable 

hydrochloride salts of 5-A-RU. The two different syntheses will be described in details bellow.  
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2. Syntheses of 5-A-RU 

 5-A-RU synthesis in non-protected series 

In this synthesis adapted from Li et al.71, the uracil moiety and D-ribitylamine were synthetized 

separately. The synthesis of D-ribitylamine started from the reaction between D-ribose and 

hydroxylamine in ethanol to form oxime 1 (Scheme 4). It was then reduced to 2 by hydrogenation over 

PtO2 in acetic acid. Compound 3 was synthetized by nitration of 6-chlorouracil in a mixture of fuming 

nitric acid and sulfuric acid. The coupling reaction between 2 and 3 was done under basic conditions 

with potassium hydroxide (KOH) to give nitro precursor 4 also commonly called 5-N-RU. Product 5 (5-

A-RU.HCl) was obtained after hydrogenation over Pd/C in water and conversion to hydrochloride salts 

was done by adding of few drops of 1N HCl followed by water evaporation under vacuum. 

 

Scheme 4: Synthesis of 5-A-RU in protected series. Conditions and reagents: (i) NH2OH.HCl, NaOMe in EtOH, 

70°C, 78%; (ii) PtO2, H2 in AcOH, 103% (product isolated with few impurities); (iii) HNO3, H2SO4, 73%; (iv) 2, KOH 

2N in EtOH/H2O, 45%; (v) 1) Pd/C, H2 in H2O 2) 1N HCl, 94% 

 5-A-RU synthesis in protected series 

The synthesis of 5-A-RU in protected series was done by adapting protocols from the 

literature72. The synthesis started also from D-ribose but this time by a thioketal protection of the 

aldehyde function using n-propanethiol in concentrated hydrochloric acid (37% HCl) leading to 6. The 

four hydroxyl groups were subsequently protected by dimethyl acetal (7) and thioketal groups were 

removed under oxidative conditions to afford 8 with 76% yield. Reaction with hydroxylamine gave 

oxime 9 that was reduced using LiAlH4 in tetrahydrofuran (THF) to obtain protected D-ribitylamine 10. 

The sugar moiety was coupled to 3 in dichloromethane (DCM) with triethylamine, and the acetal 

groups were removed under acidic conditions giving 4. 5-A-RU.HCl (5) was finally obtained by 
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hydrogenation and it was isolated as hydrochloride salts after 1N HCl addition and drying under 

vacuum. 

 

Scheme 5: Synthesis of 5-A-RU in non-protected series. Reagents and conditions: (i) n-PrSH in 37% HCl, 47%; (ii) 

2,2-dimethoxypropane, p-TsOH in acetone, 53%; (iii) I2, NaHCO3 in acetone/H2O, 76%; (iv) NH2OH.HCl, NaHCO3 

in EtOH/H2O, 77%; (v) LiAlH4 in THF, reflux, 76%; (vi) 10, Et3N in DCM, 93%, (vii) TFA/H2O, 94%; (viii) 1) Pd/C, H2 

in H2O, 2) 1N HCl, 94% 

 Comparison of the two different syntheses of 5 

The protected synthesis of 5 required more synthetic steps than the non-protected synthesis 

but it was technically easier to perform. Classical way of purification (normal phase chromatography) 

was successful whereas purifications in non-protected series were more difficult and less efficient 

(resin-exchange chromatography). Furthermore, the synthesis in protected series enabled the use of 

common organic solvents that were easy to handle (acetone, DCM, THF). In contrast, the synthesis in 

non-protected series required acetic acid and ammoniac as solvents that were difficult to completely 

remove under vacuum. Ultimately, both syntheses are useful, one to quickly obtain high amounts of 

precursor 4 (non-protected series) and the other to obtain the same product with high purity and to 

produce the strategic intermediate 10 that was extensively used for the synthesis of 5-OP-RU 

analogues.  
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3. Analytical study of 5-A-RU 

In the literature, 5-A-RU is briefly described as an unstable compound prone to oxidation, but 

there is no additional information about the underlying degradation mechanisms73. Because 5-A-RU is 

a key intermediate in the synthesis of MAIT cell antigens, we wanted to investigate this chemical 

instability. Analytical study of 5-A-RU was challenging because of the high polarity and hygroscopic 

properties of the molecule making classical analyses (HPLC, NMR…) difficult to realize. Still, some 

analyses were successfully performed in collaboration with a research team from Sanofi. 

First, we ran UPLC-MS analysis of 5-A-RU. Product 4 was reduced by hydrogenation reaction 

to give 5-A-RU (neutral form), which was then filtered on celite, dried and directly used for analysis. 

We first noticed that the molecule co-eluted with the solvent peak, making the chromatographical 

analysis difficult. Still, MS (ESI+) analysis showed unambiguously the corresponding m/z 277 of 5-A-RU. 

After only a few minutes, a new peak appeared in ESI+ with m/z 294 while the m/z 277 peak of 5-A-RU 

decreased rapidly to finally disappear. The same analysis made by Sanofi's research team formed the 

same product with m/z 294 peak. These results, combined, suggest a very quick transformation of 5-

A-RU. 

We next carried out 1H NMR analysis of 5-A-RU in DMSO-d6 (Figure 22). 5-A-RU was again 

freshly synthetized and four different analyses were made: (i) freshly synthetized 5-A-RU; (ii) 5-A-RU 

kept under solid form in air for 48h; (iii) 5-A-RU dissolved in DMSO-d6 for 48h; (iv) 5-A-RU kept in water 

for 48h, then lyophilized and analyzed. Sample (i) showed the presence of pure 5-A-RU as expected. 

After 48h in air (ii), slight differences of NMR signals were noticed but it was not clear whether 

degradation had occurred or not. The sample (iii) showed degradation with appearance of small new 

peaks in the region of OH-heteroatom protons of the ribityl moiety (4-6 ppm). Furthermore, the 

intensity of the signal of one NH of the uracil ring (10 ppm) was lower in (ii) and almost disappeared in 

(iii). The most important changes were for sample (iv) with a complete change of the NMR profile in 

the 4 to 6 ppm region and a complete disappearance of the two NH signals of the uracil ring. This was 

evidence of an important degradation of 5-A-RU in water. 
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Figure 22: 1H NMR analysis of 5-A-RU in DMSO-d6 

The two different spectrometric analyses of 5-A-RU seemed to confirm the high instability of 

the molecule in water. In collaboration with Sanofi, and by reviewing the literature, we were able to 

propose an hypothetic mechanism for the degradation of 5-A-RU74 (Figure 23a). We hypothesized that 

the primary aromatic amine could oxidize in water to give an imine derivative (Mw= 274 g/mol). The 

product would then react with water to give at the end an equilibrium between keto and dihydroxy 

product, the latter matching the m/z 294 (ESI+). Lange et al. that proposed a different synthesis of 5-

A-RU (described earlier) also investigated the instability of 5-A-RU70. Similar to us, they strongly 

supported an autooxidation of the aromatic amine in water and found the same mass spectrometry 

(ESI+) peak m/z 294 but also m/z 275. They proposed a similar mechanism of degradation with an 

additional ending rearrangement to a five-membered ring after uracil ring opening (Figure 23b). 
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Figure 23: Proposed degradation mechanism of 5-A-RU by oxidation of the primary aromatic amine; a. Model 

proposed in collaboration with Sanofi; b. hypothesis from the literature70 

The analytical study of 5-A-RU gave some precious information about 5-A-RU degradation 

conditions. This knowledge allowed us to take all the precautions needed during the reduction of 5-N-

RU to give 5-A-RU. Thus, it is crucial to carefully filter 5-A-RU solution on celite after hydrogenation to 

limit the contact with air as much as possible. The solution must be rapidly lyophilized and directly 

used without storage, or the more stable hydrochloride salts must be formed directly by adding 

aqueous HCl to freshly prepared 5-A-RU for storage (at -20°C and under inert atmosphere). Still, even 

under this form, degradation of some salts occurred, most likely due to the hygroscopic properties of 

5-A-RU. Therefore, a fresh batch of 5-A-RU.HCl was made each time it was required and it was directly 

used in synthesis to ensure the purity of the product.  
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4. Synthesis of 5-OP-RU 

As mentioned earlier, 5-OP-RU is unstable so it is very difficult to purify and isolate the 

molecule. Therefore, 5-OP-RU is commonly directly used on cells after condensation reaction between 

5-A-RU and methylglyoxal without isolation of the product. A first option is to do the reaction in 

phosphate sodium buffer (PBS) or in culture medium just before the addition on cells. This was 

routinely done in the biology laboratory of Institut Curie and it enabled a strong activation of MAIT 

cells, confirming the success of the chemical reaction. However, the quantity of 5-OP-RU added on 

cells is rather approximate because of a quick degradation occurring and an incomplete conversion of 

5-A-RU to 5-OP-RU during the reaction (as described by Mak et al.58). The second option is to do the 

reaction in DMSO. Indeed, the conversion of 5-A-RU to 5-OP-RU is almost quantitative in this solvent. 

Furthermore, the degradation of 5-OP-RU in DMSO is slow after addition of water. This means that if 

5-OP-RU formed in DMSO is quickly added on cells after dilution in aqueous media, no major 

degradation would occur. Thus, the concentration added on cells would be more reliable than the one 

of 5-OP-RU formed in water. We decided to prepare 5-OP-RU in water and DMSO to compare the 

biological activity of both batches. 

The first batch of 5-OP-RU in DMSO (12a) was obtained by dissolving freshly synthetized 5-A-

5 in DMSO, then adding excess methylglyoxal (Scheme 6). The solution was left at room temperature 

for 48h (the reaction was monitored by UPLC-MS to confirm the quantitative formation of 5-OP-RU). 

After this time, the solution was aliquoted and freezed at -80°C for further use in biological assays. The 

second batch in water (12b) was obtained by adding excess methylglyoxal to an aqueous solution of 

5. After 15 minutes, the solution containing 5-OP-RU was directly added on cells for the biological 

evaluation. Each time a fresh batch of 12b in water was made because of the instability of the molecule 

in this solvent (the product was not stored at -80°C contrary to 12a). 
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Scheme 6: Syntheses of 12a (5-OP-RU in DMSO) and 12b (5-OP-RU in water) 

B. Design, synthesis and biological evaluation of new stable analogues of 5-OP-

RU 

1. Medicinal chemistry strategy  

Three different strategies were envisioned to produce new stable analogues of 5-OP-RU 

(Figure 24). The first strategy consisted in fully replacing the unstable a-iminocarbonyl group by a 

stable side chain still susceptible to interact with MR1. The a-iminocarbonyl group is made of two 

unstable parts, a terminal ketone undergoing cyclization after nucleophilic attack by N7H group and 

an imine function sensitive to hydrolysis. We had the idea to replace both sensitive groups by an alkyl 

or a vinyl sulfonate side chain. The rationale behind this was the introduction of a negative charge (at 

physiological pH) carried by the sulfonate functional group. It would create an ionic interaction with 

positively charged Lys43 of MR1 instead of an imine that would trigger the trafficking of the complex 

from the ER to the plasma membrane. 

The second strategy was a pharmacomodulation of the D-ribitylamine group. We aimed to 

replace the nucleophilic N7H group by less nucleophilic oxygen or carbon atoms or to form an amide 

derivative. Another idea was to increase the steric hindrance at C1’ position by introducing a gem-

dimethyl group. This would favor the formation of trans imine after reaction with methylglyoxal and 

limits the cyclization reaction. This part of the work was done in collaboration with Sanofi’s drug 

discovery research team from Vitry-sur-Seine. 
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Our final strategy was to design and synthetize stable fused bicyclic heterocycle analogues of 

5-OP-RU. Since several ribityllumazines and formylpterin derivatives showed biological activity (MR1 

up-regulation and/or MAIT cell activation), we hypothesized that other fused heterocycles could be 

potent at activating MAIT cells. Ribityllumazine are far less potent than 5-OP-RU because they do not 

covalently bind to Lys43, while formylpterin derivatives can form a Schiff base with Lys43 of MR1 but 

do not interact with the MAIT cell TCR because they lack the essential D-ribitylamine tail. Thus, we 

attempted to design fused heterocycles that would conserve both the D-ribitylamine chain and the 

terminal electrophilic carbonyl group for MR1 interaction. We focused on purinetrione and 

pyrazolo[3,4-d]pyrimidine heterocycles, partly inspired by the work of Cushman and co-workers on 

the synthesis of riboflavin and lumazine synthase inhibitors73,75. We also wanted to synthetize a 

ribityllumazine analogue bearing an additional aromatic aldehyde function like 6-Fp. This compound 

could interact with MR1 contrary to lumazine derivatives lacking such functional group, and it could 

interact with MR1 and the MAIT cell TCR through its ribityl chain. 

 

Figure 24: Summary of the different pharmacomodulations envisioned to obtain stable potent analogues of 

5-OP-RU 

 The different synthesized molecules are detailed in the next section, followed by the biological 

evaluation and a discussion of the different results obtained (structure-activity relationships). 
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2. Chemical modulation of the a-iminocarbonyl group 

 Synthesis of an alkylanionic analogue of 5-OP-RU  

i) In silico study  

Three different analogues of 5-OP-RU bearing an ionizable function at physiological pH were 

initially envisioned bearing either sulfonate, phosphonate or carboxylate functions (Figure 25). 

 

Figure 25: Chemical structure of different alkylanionic analogues of 5-OP-RU 

Docking analysis of the three molecules was completed at Sanofi by Anke Steinmetz 

to help us choose the most promising molecule to synthetize. While no convincing poses were 

obtained with phosphonate and carboxylate analogues, the sulfonate derivative showed a very 

convincing analogy with 5-OP-RU binding mode inside the MR1-TCR binding groove (Figure 26).  

 

Figure 26: Docking analysis of 13 inside the MR1-TCR binding groove in comparison with 5-OE-RU (4NQE PDB 

file6) Protein is depicted by ribbon diagrams with MR1 chain A, TCR chains G and H colored in blue and plum, 

respectively. Selected amino acids and ligands are represented as ball-and-sticks or tubes 
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Critical interaction with Tyr95 (Y95) of the TCR was maintained as well as other Van 

der Waals interactions with MR1. Most importantly, the sulfonate moiety was able to interact with the 

amino group of Lys43 (K43) through an ionic interaction. These results motivated us to start 

synthesizing the sulfonate analogue 13.  

ii) Chemical synthesis of 13 

The synthesis of 13 was partly inspired by the one developed by Cushman et al.76. They 

synthetized analogues of 13 with four, five and six-carbon side chains instead of the two-carbon alkyl 

chain of 13. Since hydroxyls groups of the ribityl chain and lactam groups of the uracil ring are reactive 

moieties, they must be fully protected by appropriate protective groups. Protected D-ribitylamine 10 

was already synthetized so we decided to use this molecule for the introduction of the ribityl moiety. 

The use of methyl ether protective groups was considered for the uracil ring because they are stable 

to most of reaction conditions. Furthermore, the corresponding protected molecule 6-chloro-2,4-

dimethoxypyrimidinedione was commercially available and was considered as a strategic starting 

material. 

Following the synthesis from the literature, we attempted to add an iodoethane chain at the 

C5 position of the uracil ring by a nucleophilic substitution on 1,2-diiodoethane with the use of n-BuLi76. 

Unfortunately, product 17 was not obtained and only the major iodinated product 14 was obtained76 

(Scheme 7). This phenomenon is likely explained by a nucleophilic attack of iodine driven by 

elimination of ethene77. 

 

Scheme 7: Attempt to introduce the iodoethane side chain to get 17 

We could obtain 17 using a different synthesis strategy (Scheme 8). The starting material was 

again 6-chloro-2,4-dimethoxypyrimidine. Iodination reaction under acidic conditions gave 1478. Then, 

we introduced a TMS-acetylene group at C5 position of the heterocycle by Sonogashira reaction to get 

the two-carbon side chain. The reaction was done in a mixture of diisopropylamine and THF at 70°C to 

enable the critical reduction of Pd(II) of Pd(PPh3)2Cl2 to Pd(0) and also because the boiling point of this 
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mixture of solvents was ideal to give enough pressure in the sealed tube at 70°C so the reaction could 

work. Previous attempts done at higher temperatures or with DIPEA (diisopropylethylamine) instead 

of diisopropylamine failed. Product 15 was obtained after TMS removal with potassium methanolate. 

Then, hydroboration reaction with bis(pinacolato)diboron allowed to convert the terminal alkyne to a 

primary alcohol. However, a small amount of aldehyde was produced in addition to the desired 

intermediate. It was reduced with sodium borohydride to give only 16. The latter compound was 

converted to 17 by replacement of the alcohol functional group by an iodo with the use of iodine, 

triphenylphosphine and imidazole reagents. 17 reacted with sodium sulfite in methanol at reflux to 

afford sulfonic acid 18 with 88% yield. The deprotection of methyl ether protective groups was done 

in a mixture of 37% HCl and acetic acid under reflux giving 19. The coupling reaction with 10 proved to 

be challenging and it required harsh conditions (48h-heating at 120°C in ethanol in a sealed tube). 

Nevertheless, the final product 13 was obtained with 22% yield after acetal deprotection in a mixture 

of TFA/H2O.  

 

Scheme 8: Synthesis of 13. Reagents and conditions: (i) N-iodosuccinimide, AcOH, acetic anhydride in CH3CN, 

80°C, 81%; (ii) 1) TMS-acetylene, Pd(PPh3)2Cl2, CuI in iPr2NH / THF 1:1, 70°C; 2) K2CO3 in MeOH, 64%; (iii) 1) B2Pin2, 

Cs2CO3, MeOH in CH3CN, 100 °C, sealed tube; 2) NaOH, H2O2; 3) NaBH4 in MeOH 52%; (iv) PPh3, I2, imidazole in 

THF, 74%; (v) Na2SO3 in acetone/H2O, reflux, 88%; (vi) 37% HCl, AcOH, reflux 65%; (vii) 1) 10 in EtOH, sealed tube; 

2) TFA/H2O 22% 

 Synthesis of vinylsulfonate analogue of 5-OP-RU  

For the use of protective groups, we took into account the same considerations as for 13. This 

time, we thought of introducing at an early stage a protected sulfonate derivative moiety by a Wittig 

reaction. Then, we planned to couple the protected sugar moiety (10) by Buchwald-Hartwig cross-

coupling reaction to finally remove all the protecting groups to obtain the final product. 
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Methylethanesulfonate reacted with diethylphosphochloridate with the use of the strong base 

n-BuLi to give ylide precursor 2079 (Scheme 9). It is noteworthy to mention that the reaction mixture 

must be kept at -50°C since many side products were formed at higher temperature. Uracil derivative 

21 was synthetized by a formylation reaction at -78°C from 6-chloro-2,4-dimethoxypyrimidine and 

DMF after n-BuLi deprotonation. Wittig reaction between 20 and 21 and with t-BuOK as a base 

afforded the protected vinylsulfonate compound 22 with the desired E configuration (like 5-OP-RU). 

This stereoselectivity is explained by the use of the Horner-Wadsworth-Emmons reagent 20. 

Buchwald-Hartwig cross-coupling reaction between 22 and 10 afforded the fully protected precursor 

23. The last step of the synthesis consisted in the deprotection of all protective groups. One pot 

deprotection of all the groups failed under acidic conditions (HCl in MeOH at reflux, HBr/H2O in MeOH 

at 60°C80, TMSI in DCM) with only degradation products formed (notably with a loss of alkene 1H NMR 

signals).  

 

Scheme 9: Initial synthesis of the vinylsulfonate analogue of 5-OP-RU. Reagents and conditions: (i) 

diethylphosphochloridate, n-BuLi in THF, -78°C to -50°C, 63%; (ii) n-BuLi, DMF in THF, -78°C, 64%; (iii) t-BuOK in 

THF, 0°C to rt, 69%; (iv) 10, Pd(dba)3, Xantphos, Cs2CO3 in toluene, rt, 66%; (v) TFA/H2O in CH3CN, 0°C to rt, 47%; 

(vi) KI in acetone, reflux, 40% 

We tried in a second attempt to sequentially remove each protecting group. The ribityl chain 

was easily deprotected in a mixture of TFA/H2O in acetonitrile to give 24 and the sulfonic ester was 

successfully deprotected with potassium iodide in acetone at reflux (25), without any degradation 
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analysis confirmed that demethylation worked but the molecule underwent degradation to give an 

unidentified mixture of products (still with loss of alkene NMR signals).  

We suspected that the D-ribitylamine chain was responsible for this instability. We therefore 

tried to deprotect 22 before running the coupling reaction with 10. We first tried the deprotection in 

a mixture of concentrated HCl and acetic acid at reflux. The corresponding m/z peak of the product 

was observed in UPLC-MS but the major product was dehydrated (m/z -18). Another attempt with HCl 

in methanol and heating at reflux also failed to give the desired product. We then tried milder 

conditions with Lewis acid TMSI formed in situ from TMSCl and NaI at room temperature. A selective 

deprotection of methyl ethers was observed in acetonitrile affording 26 but no deprotection of the 

sulfonic ester occurred (Scheme 10). This confirmed that the deprotection of the uracil ring must be 

done before introducing the sugar moiety.  

 

Scheme 10: Synthetic route towards vinylsulfonate analogue of 5-OP-RU 
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We then tried to deprotect the sulfonic ester of 26 using the same conditions as the one used 

for 25 (potassium iodide in acetone at reflux) but it failed to give the corresponding product while the 

same reaction with 22 readily afforded 27. These surprising results are likely explained by the low 

solubility of 26 in organic solvents compared to 22 and/or by a chelation of potassium by the uracil 

ring decreasing the reactivity of 26. We managed to couple 10 to 26 giving 28, though with a low yield. 

Indeed, the reaction required heating at 80°C to work but some degradation occurred at the same 

temperature. Contrary to 26, compound 28 displayed a good solubility in common organic solvents 

including acetone. However, attempts to deprotect the sulfonic ester with potassium iodide only 

yielded to traces of the desired product (m/z peak detected in UPLC-MS). More vigorous conditions of 

deprotection were attempted with 37% HCl in methanol, 48% HBr/H2O in methanol and TMSCl/NaI in 

acetonitrile (even with heating), but only degradation products were obtained each time.  

3. Pharmacomodulation of the D-ribitylamine moiety 

In collaboration with Sanofi's research team, we aimed to synthetize stable analogues of 5-OP-

RU by modifying the ribityl chain of the molecule. Compounds 29, 31 and 32 were synthetized at 

Institut Curie from chemical precursors provided by Sanofi and the stable analogue of 5-OP-RU 30 was 

directly tested in biology (Figure 27). 

 

 

Figure 27: Chemical structure of D-ribitylamine modified analogues of 5-OP-RU 

 Small amounts of chemical precursors of 29, 31 and 32 were furnished by Sanofi. 29 amino 

precursor was synthetized by one pot hydrogenation of the nitro group and deprotection of the benzyl 

protecting groups. Despite several attempts of hydrogenation (with Pd/C or Raney nickel), we always 

got a mixture of the desired product and the nitro precursor derivative as an impurity. This result was 

also observed by Sanofi's research group when using water as solvent instead of methanol and Lindlar 

palladium as catalyst. Nevertheless, we used this mixture for the reaction with methylglyoxal to form 
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29. The reaction with methylglyoxal was done right before addition on cells (like for 12b). The same 

reaction was done to get products 31 and 32 (Scheme 11) 

 

  

Scheme 11: Synthesis of compounds 29, 31 and 32 from Sanofi's chemical precursors 

4. Synthesis of stable fused bicyclic analogues of 5-OP-RU 

 Purinetrione analogue synthesis 

Purinetrione analogue of 5-OP-RU was designed by adapting a synthetic procedure from the 

literature73. 6-chloro-2,4-dimethoxypyrimidine was again chosen as starting material (Scheme 12). 

Nitration was performed in a mixture of fuming nitric acid and sulfuric acid to afford 33. Like for 5-N-

RU (4), the presence of the nitro group at ortho position of the chloro helped with the introduction of 

the protected ribityl chain to give fully protected analogue of 5-N-RU 34. Nitro reduction by 

hydrogenation with Pd/C followed by cyclization reaction using triphosgene led to the formation of 35. 

Reaction of 35 with chloroacetone with prior deprotonation using sodium hydride afforded bicyclic 
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product 36. Finally, acetal and methyl ether protective groups were removed by concentrated HCl in 

methanol at reflux to give the final product 37.  

 

Scheme 12: Synthesis of 37. Reagents and conditions: (i) HNO3, H2SO4, 80°C, 56%; (ii) 10, Et3N in DMF, 75%; (iii) 

1) H2, Pd/C in MeOH; 2) triphosgene, Et3N in DCM, 0°C, 72%; (iv) chloroacetone, NaH in DMF, 94%; (v) 37% HCl 

in MeOH, reflux, 84% 

 Pyrazolo[3,4-d]pyrimidine analogue synthesis 

43 was designed with a separated synthesis of the heterocycle bearing a free intracyclic 

nucleophilic amine that could react with an activated protected analogue of D-ribose (bearing a mesyl 

function). Like the other analogues, a protection of the sugar moiety and the uracil was required to 

avoid any side reaction. Once again, we chose to use an acetal protected D-ribose analogue and a 

methyl ether protected uracil, as it was efficient for the synthesis of the other analogues of 5-OP-RU. 

One challenging step of the synthesis was the introduction of the propan-2-one. Our strategy was to 

form an iodo precursor and to introduce the lateral chain by palladium-catalyzed cross-coupling 

reaction. 

The sugar moiety was obtained from the reduction of 8 with sodium borohydride giving 38, 

followed by mesylation with mesyl chloride in pyridine to get 39 (Scheme 13). Synthesis of the 

heterocycle moiety was started from the already synthetized compound 21. Cyclization with hydrazine 

gave bicyclic product 40 with the pyrazolo[3,4-d]pyrimidine core. Iodination at C5 position with NIS in 

DMF at reflux gave 41. The two synthons were then coupled to give 42. Introduction of the propan-2-
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one side chain was done by Stille cross-coupling reaction. Unfortunately, the reaction was not efficient 

as only a small amount of compound was obtained, even after 24h heating in sealed tube (120°C) and 

several impurities were produced. Still, we continued the synthesis with the mixture by removing all 

protecting groups with 37% HCl in methanol. At last, only traces of the product 43 were obtained along 

with several impurities. Thus, the synthesis route must be optimized to get cleaner reactions and to 

obtain enough amounts of 43 for its chemical analyses and biological evaluation.  

 

Scheme 13: Synthesis of 43. Reagents and conditions: (i) NaBH4 in MeOH, 48%; (ii) MsCl in pyridine, 89%; (iii) 

H2N-NH2.H2O in MeOH, reflux, 46%; (iv) NIS in DMF, 46%; (v) 39, K2CO3 in DMF, 39%; (vi) 1) isopropenyl acetate, 

(t-Bu)3SnMeO, P(o-tolyl)3, PdCl2(CH3CN)2 in toluene, 120°C sealed tube; 2) 37% HCl in methanol, only traces 

obtained 

 Formyllumazine analogue 

 Formyllumazine analogue of 5-OP-RU was synthetized directly through the reaction between 

5-A-RU and bromo-2,3-butanedione in a mixture of methanol/water (Scheme 14). After 30 min, 

complete conversion of 5-A-RU to the desired bicyclic product was observed by UPLC-MS. However, 

after HPLC purification of the product, its aspect rapidly changed from a yellow powder to a brown 

paste in the fridge. NMR analysis confirmed that a degradation of the molecule had occurred. Thus, 

despite several attempts of synthesis, we were not able to get some amount of product for the 

biological evaluation. 
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Scheme 14: Synthesis of formyllumazine analogue of 5-OP-RU 

C. Biological evaluation 

1. Description of the tests used for the biological evaluation of the molecules 

TCR-dependent activation of MAIT cells rely on the capacity of the ligands to bind MR1 and to 

efficiently recognize the TCR. The binding to MR1 is commonly evaluated in cells by measuring the up-

regulation of MR1 at the cell membrane surface after incubation of APCs with diverse ligands. 

Increased amounts of MR1 protein at the cell membrane can be detected by flow cytometry by using 

a fluorophore conjugated anti-MR1 antibody (flow cytometry gating strategy for MR1 up-regulation 

assay is exposed in Appendix A). WT3-m cell line was used to do the biological evaluation. It is a murine 

embryonic fibroblastic cell line transfected with mouse MR1 gene (meaning the cells overexpress 

MR1). WT3-m cell line was already described and validated for this purpose81. The use of cells 

overexpressing MR1 was necessary because MR1 is endogenously expressed at a low level. Indeed, 

tests with wild type cells (WT3-WT) appeared not to be sensitive enough. MR1 up-regulation is a time 

and concentration-dependent process. These parameters must be carefully studied and determined 

before the experiments. In our case, we chose to incubate each ligand dilution for 2 hours, like it was 

previously done and to do a large panel of concentrations for each active molecule to get the maximum 

information82. 

The second part of the biological evaluation is MAIT cell activation assay. To do so, we have to 
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activity of the different molecules. MAIT cells were harvested from the spleen of these transgenic mice 

and put into 96-well plates with WT3-m cells and the ligands. Activation of MAIT cells was assessed by 

measuring an increased expression of activation markers CD69 (and CD25) (Figure 28) (flow cytometry 

gating strategy for MAIT cell activation assay is exposed in Appendix B). 

 

Figure 28: MAIT cell activation assay 

2. Results 

 MR1 up-regulation measurements 

The capacity of compounds 12a, 12b, 5, compound C (2-Ac-6-Fp-diOMe), mixture 29, 30, 31, 

13 and 32 to up-regulate MR1 at the surface of WT3-m cells was assessed. A first simple screening with 

two concentrations (10 µM and 0.1 µM) was done (Figure 29). 12a (5-OP-RU in DMSO) showed the 

strongest MR1 up-regulation, higher than 12b (5-OP-RU in water), which is consistent with a more 

efficient synthesis of 5-OP-RU in DMSO and a higher chemical stability. Molecules 30 and compound C 

were also able to strongly up-regulate MR1 with similar potency. Finally, slight up-regulation was 

observed at 10 µM for 31 and 5 (5-A-RU) whereas 29, 13, 32 and 37 did not up-regulate MR1. 
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Figure 29: MR1 up-regulation evaluation of newly synthetized ligands 

 A second assay was done to get a more detailed dose-effect response of MR1 up-regulation 

with potent compounds 30 and 31 (Figure 30). The up-regulation of MR1 was concentration dependent 

and 12a still showed the strongest up-regulation after 2 hours followed by 30. This time, 31 induced a 

slight up-regulation of MR1 like compound C.  



 72 

 

Figure 30: MR1 up-regulation evaluation of 30 and 31. Data displayed on the graphs are means ± SD of 

technical duplicates 

 MR1-13 tetramer formation and MAIT cell staining assay  

Since sulfonic acids are negatively charged at physiological pH (sulfonate form), this can result 

in difficulties for the molecules to cross lipidic barriers such as cell and vesicle membranes83. We 

thought this could be an important drawback for antigen processing inside APCs. Therefore, the affinity 

of 13 for MR1 was assessed outside living cells by attempting to refold recombinant MR1 protein 

(produced at the recombinant protein platform of Institut Curie). Compound 13 efficiently refold MR1 

to give a fully functional protein complex. This result demonstrated that 13 had some affinity for MR1 

and likely confirmed the issue of cell membrane impermeability to 13, responsible for the absence of 

MR1 up-regulation. We then wanted to know if the whole complex could bind to the MAIT cell TCR to 

determine whether 13 could activate MAIT cells. For this purpose, we managed to produce a MR1-13 

tetramer using a protocol provided by NIH tetramer core facility. MR1-13 tetramer staining assay of 

murine MAIT cells (Ca-/- iVa19 Vb8+ mice) was done in comparison to a staining with MR1-5-OP-RU 

tetramer. Unfortunately, no staining was observed with MR1-13 tetramer while a significant MAIT cell 

staining was detected with MR1-5-OP-RU tetramer (Figure 31).  
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Figure 31 : MAIT cell staining assay with MR1-5-OP-RU and MR1-13 tetramers 

 MAIT cell activation 

The different compounds were tested for murine MAIT cell activation. 12a and 12b were again 

used as positive controls and we also filled several wells with only WT3-m and MAIT cell suspensions 

for negative controls. It is important to mention that a background activation of MAIT cells from double 

transgenic mice was always obtained because of an auto-reactivity of the Vb chain (usually 20% of 

activated cell background).  

Compound 12a (5-OP-RU in DMSO) showed again a higher potency than 12b (5-OP-RU in 

water) (Figure 32). As predicted, all the compounds that did not up-regulate MR1 were unable to 

activate MAIT cells. Among the two molecules 30 and 31 that were able to up-regulate MR1, only 30 

was slightly active though the activity was very low (EC50> 10 µM) compared to 5-OP-RU (EC50» 6 nM) 

and even lower than 5-A-RU (submicromolar range EC50). 

M
R

1
-T

e
tr

a
m

e
r 

st
a

in
in

g
 

M
R

1
-T

e
tr

a
m

e
r 

st
a

in
in

g
 

FSC FSC 

MR1-5-OP-RU tetramer MR1-13 tetramer 



 74 

 

Figure 32: MAIT cell activation by 30 in comparison with 5-OP-RU and 5-A-RU. Data displayed on the graphs 

are means ± SD of duplicates. 

 Competition assays 

Since 30 and 31 could up-regulate MR1 and were more stable than 5-OP-RU, we thought these 

compounds could act as competitive inhibitors of 5-OP-RU. We set-up a competition assay to 

demonstrate this point. Our test relied on incubating WT3-m cells with the supposed competitors over 

a certain period of time and then adding 5-OP-RU on cells (at different concentrations). We first aimed 

to determine the best time interval between the addition of 5-OP-RU and the known competitor 

compound C, that would induce the maximum competition. Thus, we tested adding compound C to 

WT3-m cells either 4h before adding 5-OP-RU (t-4h), as well as 1h before (t-1h) and also tested adding 

the two compounds simultaneously (t). Compound C acted as competitive inhibitor of 5-OP-RU as it 

induced a shift of EC50 with the three different experimental conditions (Figure 33). Simultaneous 

addition of 5-OP-RU and compound C led to a less effective competition compared to an addition of 

compound C at t-1h or t-4h. As the two latter conditions induced a similar EC50 shift, we decided to 

choose a 1h interval between the addition of the competitive inhibitor and 5-OP-RU for the next 

experiments. 
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Figure 33: Competitive inhibition of 5-OP-RU by compound C (10 µM concentration). Data displayed on the 

graphs are means ± SD of duplicates. 

Competition assay was done with 30 and 31 (Figure 34). Like in the precedent experiment, we 

used 10 µM concentration of each compound and a wide range of concentrations of 5-OP-RU (5 µM 

to 0.5 pM). Molecule 30 induced a shift of EC50 of 5-OP-RU, similar to Compound C. Molecule 31 

induced a more pronounced inhibition with a lower plateau reached at high concentration compared 

to 5-OP-RU alone. This probably results form a strong binding affinity of 31 to MR1 and stability of the 

complex leading to difficulties even at high concentrations of 5-OP-RU to displace 31 from MR1. 

 

Figure 34: Competition assay with 30 and 31 (10 µM concentration). Data displayed on the graphs are means 

± SD of duplicates. 
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D. Structure-activity relationships 

All the pharmacomodulations performed had a strong impact on the potency of the different 

molecules. Pharmacomodulations of the ribityl moiety globally induced a decrease of MR1 up-

regulation. Still, some compounds, 30 in particular (and to a lower extent 31), were able to up-regulate 

MR1. These results confirm previous observations that the ribityl moiety is not mandatory for MR1 

binding. In contrast, all these pharmacomodulations dramatically reduced or abolished MAIT cell 

activation. This is presumably explained by disturbances in the interaction made by 2’-OH and 3’-OH 

groups that are essential for the binding to both MR1 and the MAIT cell TCR. The same observations 

were described by Awad et al. with the altered metabolites ligands (AMLs) that they studied60. We can 

conclude that this part of the ribityl moiety should not be modified in order to maintain a biological 

activity. Thus, it seems more relevant, though challenging, to do pharmacomodulations on the a-

iminocarbonyl moiety to stabilize 5-OP-RU structure. 

Alkylsulfonate analogue 13 had some affinity for MR1 since it enabled the refolding of MR1 

recombinant protein. Thus, the incorporation of a negative charge carried by the sulfonic acid group 

seemed to allow an ionic interaction between 13 and Lys43 of MR1. However, the absence of MAIT 

cell TCR staining with MR1-13 tetramer showed an absence or too weak of an interaction with the TCR. 

One hypothesis for this could be a lack of planarity of the alkysulfonate side chain. In fact, the a-

iminocarbonyl of 5-OP-RU is planar and this might be important to efficiently orient the ribityl chain 

towards the TCR after binding to MR1. In their study, Mak et al. supported the hypothesis of the 

importance of dihedral angles between a-iminocarbonyl, D-ribitylamine and uracil moieties58. Thus, it 

would be very interesting to get the planar vinylsulfonate analogue of 5-OP-RU to confirm this 

hypothesis. The same idea could explain the lack of activity of purinetrione analogue 37 that is not 

entirely planar, thus probably blocking the interaction with both MR1 and the TCR. 

 A general conclusion after looking at the results we obtained and those from the literature is 

that it is very difficult to modify 5-OP-RU structure without dramatically loosing potency for MAIT cell 

activation. Furthermore, chemical synthesis of 5-OP-RU analogues is tedious. It requires many 

synthetic steps, especially because of the high number of heteroatoms harbored by the molecules 

requiring suitable protective groups. Moreover, once deprotected the molecules were not soluble any 

more in organic solvents due to their high polarity (ribityl chain and lactam of the uracil). We therefore 

decided to set-up a second medicinal chemistry strategy aiming to obtain a prodrug of the precursor 

of MAIT cell antigens namely 5-A-RU. 
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III. Prodrug strategy and vectorization of 5-A-RU 

A. Introduction and rationale 

Prodrugs are inactive substance that must be converted into the pharmacologically active 

agent by metabolic or physico-chemical transformation84. They are widely used to overcome 

pharmacokinetic issues, chemical instability or to avoid/limit side effects of drugs (especially for 

cytotoxic drugs). 

Since highly active antigens derived from the riboflavin biosynthesis pathway are known and 

suffer from chemical instability, a good strategy would be to make a stable prodrug of one of these 

products. Making a prodrug of 5-OP-RU seemed challenging in practice because it would have implied 

to protect the chemically unstable a-iminocarbonyl moiety susceptible both to cyclization and 

hydrolysis. The alternative option was to make a prodrug of its precursor 5-A-RU. 5-A-RU can react in 

situ with endogenous methylglyoxal (of bacteria or animal cells) to give 5-OP-RU and we showed 

through our previous biological evaluation that 5-A-RU induced a significant activation of murine MAIT 

cells in vitro, most likely by generating 5-OP-RU in situ. Making a prodrug of 5-A-RU is a good option 

because the molecule is even more unstable than 5-OP-RU in a water environment (quick 

autooxidation of the primary aromatic amine already discussed earlier). The conjugation of this precise 

amine to a cleavable linker would form a strategic anchoring point, especially because this amine has 

a good nucleophilicity, much better than the secondary amine of the ribityl chain58.  

All these arguments motivated us to design and synthetize a new prodrug of 5-A-RU. We will 

provide the chemical structure of the prodrug in the next section, before detailing its chemical 

synthesis and biological assessment. 

B. Design, synthesis and biological evaluation of a new prodrug of 5-A-RU 

1. Design of an enzymatically cleavable prodrug of 5-A-RU 

To get an effective prodrug able to induce an immune response, we must ensure that it can be 

internalized inside APCs to be correctly processed. Thus, we have to use a carrier capable of inducing 

phagocytosis/endocytosis to activate APCs. Polystyrene latex beads are a good choice for this purpose 

since they have been largely used and validated in phagocytosis assays85. Latex beads are insoluble 

polymer commercially available with different diameter of particles. Diameters typically around 1 µM 

are optimal for phagocytosis because of the similar size to most bacteria86. This carrier can mimic the 

phagocytosis of bacteria by APCs and activate them. Latex beads are also available with diverse 
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functional groups at their surface (carboxylate, amine or aldehyde/sulfate) allowing the chemical 

coupling of proteins or small molecules to the polymer (either by adsorption on beads or through 

covalent coupling). Thus, both the 5-A-RU conjugate and other antigens could be loaded on the beads. 

Latex beads would therefore constitute a good tool for studying the use of MAIT cells as a vaccine 

therapeutic target. Once the model validated using latex beads as carrier, we could next think of using 

a more physiologically compatible polymer (soluble polymer like polyethylene glycol or dextran). 

Next, we have to find a linker that could be cleaved inside APCs after phagocytosis. We decided 

to use a dipeptide linker sensitive to enzymatic cathepsin cleavage. APCs are known to express several 

types of cathepsins that are notably involved in antigen processing (Cat L, Cat B, Cat S, Cat D…)87. We 

chose to use the phenylalanine-arginine dipeptide (Phe-Arg) because it is recognized by numerous 

types of cathepsins (Cat B, Cat L, Cat S)88–90. Thus, the non-specific cleavage of the dipeptide by 

different cathepsins would maximize the chances of releasing 5-A-RU inside APCs. Furthermore, this 

linker has been extensively used in fluorogenic probes able to release 7-amino-4-methylcoumarin 

(AMC) by cathepsin cleavage91. The use of a PEG spacer was envisioned to add distance between the 

dipeptide and the bulky latex bead polymer to favor the release of the substrate. The design of the 5-

A-RU prodrug is displayed in Figure 35. 

 

Figure 35: Design of the 5-A-RU prodrug 

2. Chemical synthesis 

The chemical synthesis and biochemical evaluation of the prodrug was done by Mélinda Dantec, a 

second year master student working in our team during 6 months under my supervision. 

 Linker synthesis by solid-phase peptide synthesis (SPPS) 

The linker was synthesized by SPPS supported on 2-chlorotrityl resin. Commercial Fmoc-NH-

Phe-OH, Fmoc-NH-Arg(Pbf)-OH and Fmoc-NH-PEG2-OH were used for the synthesis. The use of Fmoc 
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protective group allowed us to easily deprotect the reactive amino group under basic conditions 

without detaching the molecule from the support since the resin was not sensitive to such basic 

conditions. Protection of the reactive guanidine moiety of arginine was also required to avoid side 

reactions. Pbf group (2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl) was used for this purpose. 

This sulfonamide protective group is not sensitive to basic conditions required to deprotect Fmoc 

group. Furthermore, Pbf deprotection requires stronger acidic conditions for its removal than the one 

needed for the detachment of the linker from the resin. Thus, the linker could be obtained with Fmoc 

and Pbf protection at the end, and with the free carboxylic acid that will react with 5-A-RU.  

Fmoc-NH-Arg(Pbf)-OH was first coupled to the 2-chlorotrityl resin with DIEA in DCM (Scheme 

15). The Fmoc group was removed with a 20% piperidine in DMF solution and the free amine was 

coupled to Fmoc-NH-Phe-OH using benzotriazol-1-yl-oxytripyrrolidinophosphonium 

hexafluorophosphate (PyBOP) coupling agent and DIEA as a base. The two PEG moieties were 

sequentially added by Fmoc deprotection and peptide coupling using the same conditions (PyBOP and 

DIEA as reagents). Finally, the linker was detached from the resin with a mixture of 

trifluoroethanol/acetic acid/water (TFE/AcOH/H2O) and the product was precipitated from cold 

diethyl ether to give the pure linker 44. 

 

Scheme 15: Solid phase peptide synthesis of 44. Conditions and reagents: (i) 2-chlorotrityl chloride resin, DIEA 

in DCM; (ii) 1) 20% piperidine in DMF, 2) Fmoc-NH-Phe-OH, DIEA, PyBOP in DMF; (iii) 1) 20% piperidine in DMF, 

2) Fmoc-NH-PEG2-OH, DIEA, PyBOP in DMF; (iv) 1) 20% piperidine in DMF, 2) Fmoc-NH-PEG2-OH, DIEA, PyBOP in 

DMF; (v) TFA/AcOH/H2O (7/1/2); Total yield: 47% 
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 Coupling of 44 to 7-amino-4-methylcoumarin (AMC) 

The second part of the prodrug synthesis was the coupling of the small molecules to the linker. 

This step turned out to be the most challenging. 7-amino-4-methylcoumarin (AMC) was conjugated to 

the peptide 44 in a first time in order to optimize the conditions of reaction. This coumarin derivative 

was chosen for its chemical properties. Indeed, like 5-A-RU, AMC presents an aromatic primary amine. 

Contrary to 5-A-RU, which is difficult and long to synthesize (need to prepare each time a fresh batch 

of 5-A-RU by hydrogenation of 4), AMC is a cheap molecule that is commercially available. Moreover, 

the use of this molecule was considered to validate the efficiency of the vector and the cleavage by 

cathepsins by exploiting its fluorogenic properties. All the attempts to get the product are summarized 

in Table 2. First tries with common coupling reagents PyBOP and HATU failed to give the desired 

product (Entry 1 to 3 of Table 2). Therefore, we decided to investigate the reactivity of the different 

reagents to explain the lack of reactivity and to find the best conditions for the coupling reaction. 

Table 2 : Attempts for the chemical coupling of AMC with 44 (all reactions were done under inert atmosphere 

of argon and monitored by UPLC-MS) 

Entry R Reagents Solvent Conditions Results 

1 AMC 
PyBOP 2 eq, DIEA 4 

eq 
DMF rt, 48h No product formed 

2 AMC HATU 2 eq, DIEA 4 eq DMF rt, 48h No product formed 

3 AMC PyBOP 2eq, DIEA 4 eq DMF 
MW, 50°C, 

1h 
Degradation of the starting material; 

Traces of the desired product 

4 Propargylamine HATU 2 eq, DIEA 4 eq DMF rt, 48h Formation of the desired conjugate 

5 AMC POCl3 Pyridine 
0°C to rt, 

ON 
Degradation of the starting material 

6 AMC SOCl2 DMF rt, 1h Degradation of the starting material 

7 AMC EDC 2 eq, HOBt 2 eq, 
DIEA 4 eq 

DMF rt, 3 days Degradation of the starting material 

8 AMC BTFFH 2 eq, DIEA 4 
eq 

DCM rt, ON Degradation of the starting material 

9 AMC TCFH 2 eq, DIEA 4 eq DCM rt, ON 
Formation of the desired product; 

Epimerization 

10 AMC TFFH 2 eq, DIEA 4 eq DCM rt, ON 
Formation of the desired product; 

Epimerization 

11 AMC TCFH 2 eq, HOBT 2 
eq, NMI 4 eq 

DCM rt, ON 
Formation of the desired product; 

Epimerization 

12 AMC TCFH 2 eq, CuCl2 0.5 
eq, DIEA 4 eq 

DCM rt, ON 
Formation of the desired product along 

with impurities; No epimerization 

13 AMC 
TCFH 2 eq, Oxyma 0.5 

eq, DIEA 4 eq 
DCM rt, ON 

Formation of the desired product along 
with impurities; No epimerization 
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i) Influence of the structure of the linker 

We initially thought that the structure of 44 could be responsible for the lack of reactivity 

because of a steric hindrance notably due to the PEG spacer. Thus, we tried the coupling between less 

hindered and fully protected L-arginine (Fmoc-L-Arg(Pbf)-OH) and AMC with HATU and DIEA reagents. 

The reaction worked but many impurities were formed. This experiment showed that protected 

arginine was sufficiently reactive but the conditions still needed to be optimized. Then, we synthetized 

by SPPS the dipeptide analogue of 44 lacking the PEG spacer. Fmoc-NH-Phe-Arg(Pbf)-OH was 

synthetized using the same protocol as described before (Scheme 15). This time, the reaction with 

AMC did not work and only degradation of the starting material was observed. These results confirmed 

that the steric hindrance of the linker could be in part responsible for the reactivity issue. 

ii) Influence of the reactivity of the primary amine 

We then tested the reactivity of the primary amine. To do so, we tried to couple 44 with 

propargylamine (aliphatic primary amine) using HATU and DIEA reagents (Entry 4 of Table 2). The 

desired product was formed suggesting that the poor reactivity of the primary amine of AMC was an 

important limiting factor of the coupling reaction. Indeed, the amino group of AMC is poorly reactive 

because of its conjugation with the aromatic ring. We concluded that more powerful and less bulky 

coupling agents must be used to improve our chances to get the desired product. 

iii) Influence of the coupling agent  

Following the previous idea, POCl3 and SOCl2 (in pyridine) were used to form more reactive 

acyl chlorides intermediates but only degradation products were obtained during the reactions (Entry 

5-6 of Table 2). Then, other reactive coupling agents were tried (EDC with HOBt and BTFFH) with DIEA 

but it resulted in degradation of the starting material (Entry 7-8 of Table 2). Finally, TCFH (Chloro-

N,N,Nʹ,Nʹ-tetramethylformamidinium hexafluorophosphate) was used because it was described as one 

of the most powerful and not too bulky coupling reagent in the literature92. The reagent was added to 

the peptide for a pre-activation during 15 min followed by addition of AMC. Fortunately, the desired 

product was observed and no degradation of the starting material occurred (Entry 9 of Table 2). 

However, the conversion was not complete and some amount of activated peptide still remained in 

the mixture after 3 days of reaction (monitored by UPLC-MS). Still, compound 45 was obtained after 

direct removal of the Fmoc protective group and preparative HPLC purification. 
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Scheme 16: Synthesis of 46 (44-AMC conjugate)  

Another issue of the coupling reaction was an epimerization of the asymmetric carbon of 

arginine (two products with similar m/z peaks were observed in UPLC-MS) (Figure 36a). Epimerization 

should best be avoided because the non-natural peptide formed cannot be recognized by cathepsins. 

However, the epimerized product could be used as a negative control for the cathepsin cleavage test. 

Other conditions were tried to avoid/limit epimerization. First, TFFH (fluorinated analogue of TCFH 

that is described to limit epimerization93) and TCFH/HOBt were used as coupling systems with NMI. 

Both conditions were successful to give 45 but epimerization still occurred (Entry 10-11 of Table 2). 

Then, couples TCFH/CuCl2 and TCFH/OxyMa were tried with DIEA (Entry 12-13 of Table 2)94,95. It 

prevented the epimerization but major side products were formed in both cases (Figure 36b). We 

finally decided to maintain the reaction with TCFH and DIEA in DCM even if some amount of epimerized 

product was isolated along with the desired product. Final deprotection of the Pbf group under acidic 

conditions afforded 46 (Scheme 16). 
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Figure 36: UPLC-MS analysis of the coupling reaction between 44 and AMC. a. Use of TCFH with DIEA led to 

epimerization; b. Addition of CuCl2 avoided the epimerization but led to the formation of many impurities 

 Coupling of 44 to 5-A-RU and ethinyl-5-A-RU (72) 

The same steps were repeated to couple 5-A-RU to 44. 5-A-RU was synthetized by reducing 4 

and it was directly used after work-up for the reaction. However, no conversion of the starting material 

was observed with 5-A-RU, most likely due to a complete insolubility in DCM (Entry 1 of Table 3). Other 

more polar solvents were tried with the same reagents (TCFH and DIEA). 5-A-RU is highly soluble in 

DMSO so we tried to do the reaction in this solvent. Unfortunately, no activation of the peptide 

occurred in DMSO and for this reason the coupling to 5-A-RU failed (Entry 2 of Table 3). We also tried 

to activate the peptide in acetonitrile before adding a 5-A-RU solution in DMSO but again no desired 

product was formed even if the peptide was well activated this time (Entry 3 of Table 3). A DCM/water 

emulsion was then tried in presence of TBAB (tert-butyl ammonium bromide), a phase agent transfer, 

but only degradation of the starting material was observed (Entry 4 of Table 3). 
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Table 3: Attempts for the chemical coupling of 5-A-RU and 72 to 44 (all reactions were done under inert 

atmosphere of argon and monitored by UPLC-MS) 

Entry R Reagents Solvent Conditions Results 

1 5-ARU 
TCFH 2 eq, DIEA 

4 eq 
DCM rt, 48h No reaction 

2 5-ARU 
TCFH 2 eq, DIEA 

4 eq 
DMSO rt, 48h No activation of the peptide 

3 5-ARU 
TCFH 2 eq, DIEA 

4 eq 
ACN/DMSO rt, 48h Activation of the peptide but no coupling reaction 

4 5-ARU 
TCFH 2 eq, DIEA 

4 eq, TBAB 
DCM/H2O 

TBAB, rt, 
ON 

Degradation of the starting material 

5 72 
TCFH 2eq, DIEA 

4 eq 
DCM rt, 48h 

Degradation of starting material; Traces of the desired 
product 

6 72 
TCFH 2 eq, DIEA 

4 eq 
Pyridine rt, 3 days 

Degradation of starting material; Traces of the desired 
product 

7 72 
TCFH 2 eq, DIEA 

4 eq 
DCM/MeOH rt, ON 

Formation of the desired product along with 

impurities 

8 72 
TCFH 2 eq, NMI 

4 eq 
DCM/MeOH rt, ON Formation of the desired product along with impurities 

 

We then tried to couple 44 with more soluble ethinyl-5-A-RU 72 that was already synthetized 

(detailed in the last chapter of the thesis). 72 is an analogue of 5-A-RU bearing a terminal alkyne at the 

extremity of the ribityl chain (5' position) and it was isolated as hydrochloride salts. Reaction of 72 with 

methylglyoxal gave 73 (ethinyl-5-OP-RU), which showed a similar biological activity as 5-OP-RU. We 

found that ethinyl-5-A-RU was more soluble than 5-A-RU in polar solvent like methanol. The 

conjugation reaction between 72 and 44 was tried with TCFH and DIEA in different solvents. No 

reaction occurred in DCM while only traces of the desired product were observed in pyridine (limited 

solubility of 72 in this solvent) (Entry 5-6 of Table 3).  

Finally, a mixture of DCM/MeOH was tested (Entry 7 of Table 3). 44 was activated in DCM 

before adding a solution of 72 in methanol. This time, the desired product was formed but other 

undesired reactions occurred: reaction of MeOH with activated peptide to give a methyl ester 

derivative (pink frame in Figure 37), reaction of the peptide linker on the secondary amine of the 

ethinyl-5-ARU (red frame in Figure 37) and epimerization of all these products.  
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Figure 37: UPLC-MS analysis of the reaction between 44 and ethinyl-5-A-RU 72. red: conjugation with the 

secondary amine of 72; green: desired product; black: peptide 44; blue: activated peptide; pink: methyl ester 

derivative 

After deprotection of the Fmoc group with a solution of piperidine in DMF, purification was 

done by preparative RP-HPLC to isolate the desired intermediates (green frame in Figure 37). The 

purification allowed to recover an enriched fraction containing the desired epimer but we could not 

completely remove the other one. Finally, the Pbf group was removed under acidic conditions 

(TFA/Tris/H2O 95/5/5) and the product was precipitated from cold diethyl ether to give 47 (isolated as 

a mixture of two epimers) (Scheme 17). 

 

Scheme 17: Synthesis of 47 (44-ethinyl-5-A-RU conjugate) 
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1H NMR analysis of 47 allowed to validate that it was the result of to the coupling of N8H to 

the linker (and not N7H secondary amine). Indeed, the analysis showed a complete disappearance of 

the primary amine (N8H) peak, consequence of the reaction with the carboxylic acid of 44 (Figure 38). 

 

Figure 38: 1H NMR analysis of a. 72; b. conjugate 47  

 Conjugation of 46 and 47 to carboxylate-modified latex beads (CML) 

Latex bead conjugation was done by adapting a protocol from the literature96. Commercial 

CML particles of 1 µm were chosen to form an amide bond with the free terminal amino group of the 

PEG moiety. The two-step coupling began with the formation of an activated N-hydroxysuccinimide 

(NHS) ester with EDC in MES buffer followed by the addition of 46 and 47 in PBS buffer giving 48 and 

49, respectively (Scheme 18). Finally, glycine was added to cap uncoupled activated esters in order to 

limit undesirable coupling in biological media (as recommended by the supplier). 

 

b. 

Loss of NMR signal 

after coupling 

N8H (primary amine) 

a. 



 87 

 

Scheme 18: Synthesis of CML bead conjugates 48 and 49  

Analysis of 48 under UV light (354 nm) confirmed that the coupling reaction worked (Figure 

39a). A click reaction was done between 49 and AF488-azide fluorophore for the same purpose. At 354 

nm, fluorescence signal was observed for 49 with AF488-azide whereas no fluorescence was detected 

for 49 alone and latex beads with AF488-azide (negative controls) (Figure 39b).  

 

Figure 39: Analysis of the coupling reactions to CML beads; a. fluorescence at 354 nm (from left to right): CML 

beads, 48; b) fluorescence at 354 nm (from left to right): CML beads + AF488 -azide (after washing of the 

beads), 49 + AF488 -azide, 49, PBS buffer, AF488 -azide; c) Measurements of fluorescence of the click reaction at 

495/519 nm (lexc/lemi) 
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Quantitative measurements of fluorescence at 495/519 nm (lexc/(lemi) by spectrofluorimetry 

confirmed the results obtained at 354 nm (Figure 39c).  

3. Biochemical and biological evaluation of the prodrugs 

 Biochemical evaluation 

Biochemical evaluation of AMC conjugates (46 without latex beads and 48 with latex beads) 

was done to ensure their efficient cleavage to release AMC and the free peptide linker in the presence 

of cathepsins. We used cathepsin L for the test as Phe-Arg dipeptide is a well-known substrate of this 

enzyme. The cleavage was monitored by fluorescence spectroscopy at 380/460 nm (lexc/lemi) with an 

incubation in a 96-well plate at 37°C during 2 hours (Figure 40). AMC release was observed with 46 

and 48 in the presence of cathepsin L whereas no fluorescence at all was detected without cathepsin 

L (negative control). AMC release was faster with 46 and it reached a plateau faster when compared 

to 48. This can probably be explained by the steric hindrance caused by the latex beads that would 

limit the access of the enzyme to the cleavable moiety. 

 

Figure 40: Cathepsin L cleavage assay of 46 and 48. The cleavage was evaluated by measuring the 

fluorescence intensity at 380/460 nm (lexc/lemi) due to the release of AMC in the media 

After 2 hours incubation, the supernatant from the well containing 46 and cathepsin L was 

injected in UPLC-MS (Figure 41). The analysis confirmed the cleavage of the conjugate to release both 

AMC and the free linker (H2N-PEG2-PEG2-Phe-Arg-OH). As expected, the small amount of D-arginine 

epimer formed during the coupling reaction was not cleaved. Altogether, these data confirmed the 

efficient and cathepsin L specific cleavage of both 46 and 48. 
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Figure 41: UPLC-MS analysis of Cathepsin L cleavage of 46. a. analysis of 46 without cathepsin L; b. analysis 

of 46 after incubation with cathepsin L 

The same cleavage experiment was done with 47, under the same experimental conditions. 

Unfortunately, UPLC-MS analysis did not reveal any cleavage of the conjugate by cathepsin L (the 

molecule remained unchanged even after 24h incubation). We first hypothesized that the PEG linker 

might be too bulky to allow the cathepsin to access to the dipeptide. We therefore tested the cleavage 

of the same linker without PEG groups (H2N-Phe-Arg-72) but again no cleavage was observed. It finally 

seemed that the chemical structure of 72 was responsible for the lack of reactivity towards cathepsin 

L. In comparison with AMC, 72 and 5-A-RU are much more hydrophilic and polar (hydroxyl groups of 

the ribityl chain and lactam groups of the uracil ring). These two molecules are also less planar than 

AMC because of the ribityl chain. All these divergent properties might be responsible for the non-

recognition of cathepsin L.  
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 Biological evaluation on murine MAIT cells 

Even if biochemical evaluation of 47 failed, we still wanted to test the prodrug in biological 

assays with the idea that It could be recognized by other cathepsins. We used murine bone marrow 

dendritic cells (BMDCs) as APCs for the biological evaluation. Unlike WT3-m cells, BMDCs are able to 

induce phagocytosis and trafficking through endolysosomal compartment where cathepsins are 

abundant. Products 47 and 49 were incubated with BMDCs and murine MAIT cells (from the spleen of 

iVa19 Vb8+ double transgenic mice) with and without addition of exogenous methylglyoxal (Figure 42).  

5-OP-RU (12a), ethinyl-5-A-RU (72) and ethinyl-5-OP-RU (73) were used as positive controls. 

These compounds induced an activation of MAIT cells with the same range of activity as usual. 47 

slightly activated MAIT cells at high concentration (10 µM) and this was more pronounced in the 

presence of exogenous methylglyoxal (almost as active as 72). In contrast, CML conjugate 49 did not 

induce MAIT cell activation even with methylglyoxal addition. These results showed that 47 could be 

cleaved in cells in contrast with the results obtained from the biochemical evaluation with cathepsin 

L. Therefore, the cleavage was likely mediated by other cathepsins than cathepsin L. However, the 

poor activity obtained may be the consequence of a partial cleavage of the prodrug. It is also important 

to recall that 47 was isolated and further used in biology as a mixture of two epimers with the minor 

one being insensitive to cathepsin cleavage (non-natural peptide derivative). This could also partly 

explain the low activity of 47 compared to 72.  

 

Figure 42: Biological evaluation of 47 and 49 on MAIT cells 
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C. Design, synthesis and biological evaluation of a self-immolative prodrug of 5-

A-RU  

1. Rationale and bibliography 

During our work, another research group developed prodrugs of 5-A-RU aiming to design 

adjuvants for cancer vaccine70. They used a similar strategy to design new drug conjugates with a 

cathepsin cleavable dipeptide linker. They chose the well-known cathepsin B sensitive valine-citrulline 

(Val-Cit) dipeptide along with the para-aminobenzylalcohol (PAB) self-immolative unit between 5-A-

RU and the dipeptide. Thus, they formed a carbamate linkage instead of a peptide bond. The Val-Cit-

PAB linker has been widely used in targeted antitumoral agents called antibody-drug conjugates (ADC) 

with several of them already on the drug market (AdcetrisTM, PolivyTM) and others under clinical 

evaluation97. 

The synthesis of the conjugate required activation of the linker through the formation of a 

para-nitrophenyl (PNP) ester, which could then react with 5-A-RU in pyridine to form the desired 

product (Scheme 19). The authors reported a high chemical stability of the conjugate in water (at 

ambient temperature) without any degradation occurring after weeks. 

 

Scheme 19: Chemical structure and synthesis of Fmoc-NH-Val-Cit-PAB-5-A-RU conjugate 

Biological assessment of the molecule showed a higher in vitro activity than 5-A-RU on human 

peripheral blood mononuclear cells (PBMCs), meaning that the cleavage by cathepsins was effective 

and that it was consistent with a higher chemical stability of the prodrug (Figure 43). However, the 

activation was lower than for 5-OP-RU (5-A-RU + exogenous methylglyoxal). Interestingly, no targeting 

moiety that would have driven internalization inside APCs to trigger antigen processing was needed. 

This likely means that the conjugate alone was able to get into the cell and to traffic through the 

endolysosomal compartment. Some investigation was made about the antigen processing of the 

prodrug. The results supported a loading of the conjugates on MR1 in endolysosomal compartment 
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(recycling pathway of MR1) instead of in the ER. Finally, in vivo evaluation was conducted on mice with 

intravenous injection of either 5-A-RU or the prodrug. After 18h, both molecules induced a strong 

activation of MAIT cells (increased expression of CD69 and CD25 at the cell membrane surface) from 

lungs at high dose (180 nmol) whereas only the prodrug activated MAIT cells at the lower dose (5 

nmol).  

 
Figure 43: In vivo MAIT cell activation in mice with 5-A-RU and 5-A-RU prodrug (10) 

The same research group patented some analogues of this prodrug including CI-072, which is 

additionally conjugated to ovalbumin protein to induce an adaptive immune response (Figure 44)98. 

They used a cyclooctyne ring and strain promoted azide-alkyne cycloaddition (SPAAC) to introduce the 

protein. 

 

Figure 44: Chemical structure of CI-072 

CI-072 was able to activate human MAIT cells in vitro and in vivo with higher potency than 5-

A-RU. Moreover, the conjugate was able to induce OVA peptide cross-presentation to CD8+ T cells and 

the cells displayed more pronounced cytotoxic effects than with 5-A-RU alone. CI-072 was also able to 

induce some anti-tumor activity on B16-OVA cells (mouse model for human melanoma) resulting in a 

delay in tumor growth contrary to 5-A-RU. This effect was dependent on the presence of 5-A-RU in the 

conjugate since the same linker without 5-A-RU did not induce significant anti-tumor activity. 
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Altogether, these results suggest that the prodrug of 5-A-RU could be used as a therapeutic 

anti-tumor vaccine and they support the adjuvant quality of 5-A-RU in such vaccine. However, the 

molecule has only been studied for its anti-tumor activity and not as antimicrobial vaccine. Therefore 

and since this was our objective, we decided to continue our research project by designing an 

analogous prodrug of the first one we synthetized to study and assess its potential utilization as 

antimicrobial vaccine. 

2. Design of the self-immolative prodrug  

We aimed to design a prodrug constituted of the effective Val-Cit-PAB linker bound to 5-A-RU 

(Figure 45). Like the other prodrug that we synthetized, we planned to couple this linker to CML beads 

separated by a PEG spacer. 

 

Figure 45: Chemical structure of the self-immolative prodrug of 5-A-RU 

3. Chemical synthesis of the prodrug 

 Linker synthesis 

This time, the linker was synthetized in solution following a described procedure99. Fmoc-

protected amino acid and PEG derivatives were used. The synthesis started by the reaction between 

Fmoc-NH-Cit-OH and 4-aminobenzyl alcohol with HATU coupling reagent and DIEA as a base to give 50 

(Scheme 20). Fmoc deprotection by a 20% piperidine in DMF solution followed by reaction with Fmoc-

NH-Val-OSu (NHS-ester of Fmoc-protected L-valine was synthetized in the lab and directly used 

without purification) afforded 51. Product 52 was obtained after removal of the Fmoc group of 51 and 

coupling with Fmoc-NH-PEG2-OSu. The latter two steps were repeated a second time to give 53. 
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Scheme 20: Synthesis of prodrug linkers 51 and 53. Reagents and conditions: (i) 4-aminobenzyl alcohol, HATU, 

DIEA in DMF, 87%; (ii) 1) 20% piperidine in DMF, 2) Fmoc-NH-Val-O-Su in DMF, 56%; (iii) 20% piperidine in DMF, 

2) Fmoc-NH-PEG2-O-Su in DMF, 47%; (iv) 20% piperidine in DMF, 2) Fmoc-NH-PEG2-O-Su in DMF, 47% 

 Coupling of 51 and 53 to 5-A-RU 

The coupling of 5-A-RU to 51 (giving the previously described product70) and 53 was planned. 

Reaction of molecules 51 and 53 with bis(4-nitrophenyl)carbonate gave the PNP carbonate analogues 

54 and 55 (Scheme 21). First attempts to couple these compounds to neutral 5-A-RU reduced from 5-

N-RU (4) failed (no reaction happened). This was most likely correlated with the insolubility of 5-A-RU 

in pyridine that was already found during the synthesis of 47. On the contrary, when we used 

hydrochloride salts of 5-A-RU (5), slow solubilization and neutralization of the product occurred 

allowing the conversion of the starting materials to give the desired compounds 56 and 57. This 

unexpected difference of reactivity between 5-A-RU and its hydrochloride salts may be explained by 

the formation of pyridinium hydrochloride salts with 5-A-RU.HCl. It would form a pseudo-ionic liquid 

with hydrogen bond donor pyridinium. Since 5-A-RU is highly polar and can make a lot of hydrogen 

bonds, it could explain the solubilization in this solvent upon deprotonation of 5-A-RU salts. In contrast, 
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neutral 5-A-RU was completely insoluble in pyridine probably because of the insufficient polarity of 

pyridine and because it could not form such hydrogen bonds with 5-A-RU. This result also explains why 

the formation of 47 worked (use of 72 as hydrochloride salts) while it failed with neutral 5-A-RU. 

Nevertheless, only approximately half of the starting material was consumed during the 

reaction (monitoring by UPLC-MS) and several side products were formed (degradation of 54 and 55 

under basic conditions). These issues were associated with difficulties to purify the resulting products 

(preparative HPLC was required) and low reaction yields (always below 20% yield). We repeated the 

reaction several times to get enough product to finish the synthesis. Finally, Fmoc protecting groups 

were removed more easily with piperidine in DMF to give the final products 58 and 59. 

 

Scheme 21: Synthesis of 5-A-RU prodrugs 58 and 59. Reagents and conditions: (i) bis-4-nitrophenyl carbonate, 

DIPEA in DMF overnight; (ii) 5-A-RU in pyridine, 2h; (iii) piperidine in DMF, 15 min 

 Coupling of 59 and ovalbumin to CML beads 

59 conjugate was coupled to CML beads using the same conditions as for the synthesis of 49. 

NHS-activated esters were formed on CML beads with EDC coupling reagent in MES buffer (pH 6.0), 

followed by the coupling to 59 in PBS buffer (pH 7.4) (Scheme 22). 

H
N

N
H

O
H
N

O

NH2

NHO

O

R

H
N

N
H

O
H
N

O

NH2

NHO

R

OH

54: R = Fmoc, 59%
55: R = PEG2-PEG2-NH-Fmoc, 93%

56: R = Fmoc, 13%
57: R = PEG2-PEG2-NH-Fmoc, 13%

51: R = Fmoc
53: R = PEG2-PEG2-NH-Fmoc

O

O
NO2

H
N

N
H

O
H
N

O

NH2

NHO

O

R

NH

O

NHHN

O

O

N
H

OH

OH OH

OH

(i)

(iii)

(ii)

H
N

N
H

O
H
N

O

NH2

NHO

O

R

NH

O

NHHN

O

O

N
H

OH

OH OH

OH

58: R = H, 73%
59: R = PEG2-PEG2-NH2 78%



 96 

 

Scheme 22: Synthesis of CML bead conjugate 60 

To quantify the amount of conjugate bound to latex beads, we kept the washing media after 

reaction containing the residual product. A calibration curve was obtained with UPLC-MS by measuring 

the area of UV absorbance peaks at different concentrations of 59. We calculated that 43% of the mass 

of 59 was consumed during the reaction (coupled to latex beads) meaning that approximately 35% of 

the carboxylate sites were linked to the conjugate (calculations were done in accordance with supplier 

specifications). 

Endotoxin free ovalbumin was finally added to the beads for an overnight mechanical stirring. 

Ovalbumin could either covalently bind with the remaining activated NHS esters or could bind by 

passive adsorption at the surface of CML beads.  

4. Biological evaluation 

Murine MAIT cell activation with 60 as well as 58 and 59 was assessed using BMDCs as antigen 

presenting cells (Figure 46). Previous conjugates 47 and 49 (with Phe-Arg linker) were tested to 

compare the potency of the different prodrugs and 5-A-RU and 5-OP-RU were used as positive 

controls. Unfortunately, no activation was detected with all latex bead conjugates, even with the 

addition of exogenous methylglyoxal in the media. However, a better potency was detected with the 

two prodrugs 58 and 59 compared to 5-A-RU (approximatively a 10-fold increased potency). This 

suggests an efficient release of 5-A-RU in cells leading to MAIT cell activation after the formation of 5-

OP-RU in situ (even if the activation was lower than the one observed with exogenous 5-OP-RU). 

Finally, first prodrug 47 was still able to activate MAIT cells but it was less potent than 58 and 59.  
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Figure 46: Biological evaluation of the different prodrugs on murine MAIT cells 

D. Summary and conclusion 

In this work, we designed two different cathepsin cleavable prodrugs, one of 5-A-RU and the 

other of potent analogue 72. Synthesis of the first prodrug 47 was tedious, especially regarding the 

coupling between the linker and 72. The peptide bond was indeed very difficult to build and required 

the use of strong activating agent (TCFH). The choice of reaction solvent (DCM/MeOH) was essential 

to get a solubilization of 72, allowing the reaction to proceed. Unfortunately, epimerization of arginine 

stereocenter occurred giving some minor amount of D-epimer that could not be cleaved by cathepsins. 

The mixture of prodrugs obtained was stable in water environment over days, showing the success of 

the strategy to stabilize highly unstable 72 (and therefore 5-A-RU). Then, the biological assessment 

showed a small potency of the prodrug at activating MAIT cells meaning that some cleavage of the 

prodrug occurred in cells. However, the latex bead conjugate 49 failed at activating MAIT cells, 

presumably because of too much bulkiness blocking the access of the cathepsins to the cleavable site. 

Still, all this work gave us some encouraging starting results but a more reactive linker was required to 

increase the release of 5-A-RU. This is why we chose to design a second prodrug bearing an effective 

and already validated linker with a self-immolative spacer between the cleavable peptide and 5-A-

RU70. The synthesis of the second prodrug was easier than the previous one and the resulting conjugate 

without latex beads (59) was more potent than 5-A-RU at activating MAIT cells. However, the CML 

bead conjugate 60 was not able to activate MAIT cells like 49. Therefore, the use of another more 

biocompatible carrier should be envisioned. 
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IV. Design and synthesis of a new chemical probe for the study of MAIT cell 

biology 

A. Introduction  

1. Rationale and goals 

As previously discussed, a lot of questions are still to be addressed to get a better 

understanding of the diverse immune roles of MAIT cells and importantly to determine whether they 

could be used as therapeutic targets of innovative immunotherapies (such as mucosal vaccines). For 

this purpose, we decided to design a new chemical probe, analogue of 5-OP-RU, that would allow us 

to track and visualize MAIT cell antigens bound to MR1 complex, inside tissues and cells. Chemical 

probes are by definition selective small-molecule modulators of a protein's function allowing the user 

to ask mechanistic and phenotypic questions about its molecular target(s) in biochemical, cell-based 

or animal studies100. They have been widely used tools both for the exploration of fundamental 

research biology and for drug discovery (target identification and validation)101. 

The use of this Chemical Biology tool would help to determine the frequency and localization 

of MAIT cell ligands and their target MR1 in cells first (in vitro), and then in animal models (in vivo study 

in mice) under different physiological or pathogenic contexts. Such a tool could also provide insight 

about the nature of immune cells that are able to present antigens to MAIT cells. Moreover, it could 

also help to explain the mechanisms of a recent observation that 5-OP-RU can travel from the skin of 

mice to their thymus to mediate positive selection of MAIT cells10. 

Our strategy was to design a chemical analogue of 5-OP-RU bearing an additional terminal 

alkyne, enabling the molecule to react with a fluorophore (functionalized with an azide) through bio-

orthogonal CuAAC (copper(I)-catalyzed azide-alkyne cycloaddition), also commonly referred as “click 

chemistry”. 

2. Bio-orthogonal chemistry 

 Definition and different classes 

Bio-orthogonal reactions have become a key tool for chemical biologists, allowing them to 

explore biomolecules' localization and functions inside living systems (both in vitro and in vivo). By 

definition, bio-orthogonal reactions are rapid and selective chemical reactions that are compatible 

with biological system under physiological conditions. They basically rely on a two-step process with 

first the incorporation of a chemical handle (or reporter group) in the biomolecule of interest, followed 
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by the addition of a reactive probe for bio-orthogonal labelling, enabling the detection of the reporter-

biomolecule complex (by fluorescence microscopy, SDS-PAGE analysis, mass spectrometry...) (Figure 

47). 

 
Figure 47: Bio-orthogonal reactions102 

Bio-orthogonal reactions must respect the following criteria: (i) the reactions must work in 

aqueous media with high selectivity (without interfering with biomolecules), (ii) they must proceed 

efficiently with fast enough kinetic at low concentrations, (iii) the reagents must be biocompatible and 

non-toxic, (iv) the functional groups must be as small as possible to limit disturbances of the labeled 

biomolecules. 

Different bio-orthogonal reactions following these rules have been developed (Figure 48). 

Some polar reactions between ketone/aldehyde and aminoxy/hydrazide compounds were initially 

used but the products of condensation obtained were too sensitive to hydrolysis in aqueous media103. 

Staudinger ligation was then developed using a functionalized triarylphosphine responsible for the 

reduction of an azide to an amine leading to the coupling through amide bond formation. This reaction 

is still used today because of its high selectivity and biocompatibility but it often displays a slow kinetic 

of reaction limiting its applications as well as oxidation issues for the triarylphosphine moiety. 

The most powerful bio-orthogonal reactions rely on cycloaddition reactions. 1,3-dipolar 

cycloaddition are the most widely used bio-orthogonal reactions, especially the copper(I)-catalyzed 

azide-alkyne cycloaddition (CuAAC). This reaction relies on the ligation of two bio-orthogonal moieties 

carrying respectively an azide and an alkyne groups assisted by Cu(I) catalysis (see details in the next 

section). Strain-promoted azide-alkyne cycloaddition (Cu-free cycloaddition) was more recently 

developed to get rid of the use of cytotoxic Cu(I) salts. However, the kinetic of reaction is slower by at 

least ten times than for CuAAC. 

Inverse electron-demand Diels-Alder reaction (IED-DA) is another powerful bio-orthogonal 

reaction displaying the fastest kinetic (even better than CuAAC). Most of these reactions involve a 

trans-cyclooctene (TCO) derivative and an electron-deficient tetrazine analogue. However, the two 

components of the reaction often lack chemical stability under physiological conditions. Indeed, TCO 
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can undergo trans to cis isomerization resulting in a non-active moiety, while most electron deficient 

tetrazines used for IED-DA readily hydrolyze in water. 

 
Figure 48: Most efficient and commonly used bio-orthogonal reactions104 

The choice of the bio-orthogonal reaction for a Chemical Biology study is not trivial and it 

depends on the biological application for which it is intended. All the reactions discussed above possess 

their own advantages and limitations and the chemical biologist must find the best fit by taking into 

account the biocompatibility and the required rate of the reaction. After careful consideration, we 

chose to design a chemical probe able to react through CuAAC for the study of MAIT cell biology. Our 

choice was strongly motivated by the small size of alkyne and azide moieties that are used for the 

reaction. Indeed, available crystallographic data from the literature showed that the binding pocket 

formed by MR1 and the MAIT cell TCR is narrow and modification of the structure of 5-OP-RU done in 

the studies described before was often deleterious for biological activity. Thus, it appeared that CuAAC 

was the more relevant option as alkyne and azide are the smallest bio-orthogonal reagents known.  
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 Copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) 

CuAAC reactions rely on 1,3-dipolar cycloaddition between an azide and an alkyne with the 

use of copper(I) as catalyst. Uncatalyzed 1,3-dipolar cycloaddition was pioneered by Huisgen in the 

early 1960s but the reactions required elevated temperature or high pressure to proceed and also 

resulted in a poor regioselectivity (mixture of 1,4- and 1,5-regioisomers)105. Thus, it did not fulfill the 

requirements of bio-orthogonal chemistry depicted above. In 2002, Sharpless and Meldal research 

groups improved the reaction by using Cu(I) salts as catalysts of the reaction106,107. Not only did the 

reaction become highly regioselective with only the synthesis of the desired 1,4-regioisomer, but it 

also considerably improved the kinetic of reaction. The reaction could therefore proceed at room 

temperature with high efficiency. This improvement allowed the use of CuAAC click chemistry for bio-

orthogonal reactions and it is still today the most frequently used bio-orthogonal reaction. This is 

explained mostly by high kinetic and efficiency, the small size and highly selective reactivity of alkyne 

and azide moieties (inert towards surrounding biological entities). 

The mechanism of the reaction has been largely investigated. It is a stepwise process 

proceeding first by the formation of a p-complex between the alkyne group and Cu(I) salts (bound to 

its ligands) I leading to a copper-acetylide complex II108 (Figure 49). Then a complex with the azide 

derivative is formed (III) leading to a nucleophilic attack of the azide on the alkyne and the formation 

of a six-membered ring intermediate IV. A second C-N bond is formed to give the 1,2,3-triazole product 

V which generates at the end only the 1,4-regioisomer VI. 
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Figure 49: Detailed mechanism of CuAAC reaction108 

CuAAC reactions have been widely used to label and visualize a wide range of biomolecules 

including proteins, glycans, nucleic acids and lipids mostly in vitro102,109. The transition to in vivo CuAAC 

was slower and more difficult because of several limitations, with the most important one being the 

toxicity of Cu(I). Biocompatible ligands bearing a polytriazole core stabilizing Cu(I) oxidation state were 

developed to overcome these issues110. The first molecule TBTA was introduced by the Fokin group 

and several improvements to its structure gave some more powerful and biocompatible ligands like 

THPTA and BTTES (Figure 50)109. 

 

Figure 50: Chemical structure of CuAAC ligands 

 

N

N
H

NH

N

NHN

HN

OH

N

NH

H
N

HO

THPTA

N

N
H

NH

N

NHN

HN

N

NH

H
N

O

SO

O-O

BTTES

HO

N

N
H

NH

N

NHN

HN

N

NH

H
N

TBTA



 104 

3. Design of the chemical probe 

The position for the introduction of the ethinyl moiety was essential. The first priority was to 

maintain the interaction between the ligand and MR1. We thus decided to introduce the functional 

group on the ribityl part of the molecule, far from the a-iminocarbonyl group interacting with Lys43 

of MR1. Relying on structural data from the literature, two options were considered: introducing the 

ethinyl group through chemical bonding to 4'-OH or 2'-OH hydroxyl groups or by carbon-carbon 

bonding to the 5' position of the ribityl moiety (as neighboring 5’-OH and 4’-OH were described as less-

essential for the binding to the TCR60) (Figure 51). We were aware that the latter chemical modification 

would create a new stereocenter giving two diastereomers. 

 

Figure 51: Chemical structure of envisioned ethinyl-functionalized analogues of 5-OP-RU  

In silico studies were done to help choose the best chemical probe to synthetize. All the modelling 

data were generated by Anke Steinmetz from Sanofi. Derivatization of ribityl hydroxyl groups by an 

ethinyl function as well as 5’-ethinylation were evaluated by molecular docking. 4’-ethinyloxy-5-A-RU, 

2’-ethinyloxy-5-A-RU, SSRR, and SSRS diastereomers of 5’-ethinyl-5-A-RU docked well to the MR1/TCR 

model prepared from the crystal structure of the ternary complex of 7-hydroxy-6-methyl-8-D-

ribityllumazine/MR1/TCR (PDB entry 4L4V111). Comparison to the ternary complex of 5-OE-RU with 

MR1/TCR (PDB entry 4NQE6) showed perfect conservation of the 5-OE-RU binding mode by uracil and 

ribityl moieties of 4’-, 2’-ethinyloxy-derivatives and SSRR-5’-ethinyl-5-A-RU in one of the three retained 
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poses (Appendix C). SSRS-5’-ethinyl-5-A-RU also conserved the binding mode of the uracil moiety, 

however the ribityl chain adapted its conformation to accommodate the rigid ethinyl group. The 

conformations of the three retained poses proposed different solutions to optimize hydrogen bonding 

to the protein. The conformation closest to the one of 5-OE-RU and forming a hydrogen bond by 3’-

OH to the hydroxyl group of TCR Y95G was retained for further studies (Figure 52). 5’-ethinyl and 4’-

ethinyloxy derivatives pointed the ethinyl group to a solvent channel leading to bulk solvent while 5’R-

ethinylation presented the advantage of preserving the entire potential of hydrogen bond formation 

of all hydroxyl groups in terms of donor or acceptor. Both 5’R- and 5’S-ethinyl ligand permitted 

excellent fitting of the reacted fluorophore probe to the solvent channel (vide infra). Thus, chemical 

synthesis of 5’-ethinyl derivatives was undertaken.  

 

Figure 52: Poses of ethinyl-5-A-RU docked to MR1/TCR complex in comparison to the crystal structure of the 

ternary complex of 5-OE-RU; Top: close-ups of the ligand-binding site with 5’R and 5’S diastereomers in A and B, 

respectively. Protein is depicted by ribbon diagrams with MR1 chain A, TCR chains G and H colored in olive, plum, 

and blue, respectively. Selected amino acids and ligands are represented as ball-and-sticks or tubes. Carbon atoms 

of 5-OE-RU, 5’R- and 5’S-ethinylated ligands are depicted in dark green, green, and bright green, oxygen, 

nitrogen, and hydrogen atoms in red, blue, and white, respectively. Bottom: 2-dimensional sketches of the 

chemical structure of ethinyl-5-A-RU 
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B. Synthesis of the chemical probe 

1. Synthesis strategy 

We decided to synthetize the ribityl moiety separately from the uracil ring. We aimed to 

functionalize it both by ethinyl and amino groups before coupling it to the uracil core (Scheme 23). 

One of the main challenges of the synthesis was the choice of the protective groups. They were very 

important for purification purposes and for the selective introduction of the alkyne function. We 

thought of using TBS protective groups as they would highly decrease the polarity of the intermediates 

of synthesis, thus making purification much easier. Furthermore, several conditions were described in 

the literature for selective deprotection of primary alcohol over secondary alcohol protected by TBS 

groups112. This would allow the ethinyl-functionalization on the terminal carbon of the ribityl tail. 

Another crucial step was the coupling of the ribityl chain to the uracil ring. We envisioned to use the 

nitro precursor 3 for this purpose. Removal of the protective groups after coupling and nitro reduction 

to an amine would give ethinyl-5-A-RU. We were aware that this product would probably be unstable 

(sensitive to oxidation) like 5-A-RU73. To overcome this issue, we planned to synthetize the 

hydrochloride salt analogue. Finally, reaction with methylglyoxal in DMSO (with the same conditions 

as for 12a) would afford a stable solution of the desired ethinyl-functionalized analogue of 5-OP-RU. 

 

Scheme 23: Ethinyl-5-OP-RU chemical synthesis strategy 
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2. Initial synthesis route with attempts to functionalize D-ribose by an amine and 
an alkyne  

 The synthesis of ethinyl-functionalized 5-OP-RU started from commercial D-ribose (Scheme 

24). Thioketal protection of the aldehyde followed by protection of the four hydroxyl groups with TBS 

triflate gave fully protected molecule 61. Removal of the thioketal groups under oxidative conditions 

gave aldehyde 62 and reaction with hydroxylamine afforded oxime 63. Surprisingly, attempts to 

reduce the oxime by LiAlH4 (under the same conditions as for 10) failed to give the corresponding 

amine (no reaction occurred).  

 

Scheme 24: Initial synthesis of ethinyl-D-ribitylamine. Reagents and conditions: (i) n-propanethiol in 37% HCl 

0°C to rt, 87%; (ii) TBS-OTf, 2,6-lutidine in CH2Cl2, rt, 54%; (iii) I2, NaHCO3 in acetone/water, 83%; (iv) NH2OH.HCl, 

NaHCO3 in EtOH/H2O, 71% 

While running this synthesis, we also tried different conditions from the literature to selectively 

deprotect the TBS protecting group of the primary alcohol of 61 but unfortunately none of them 

worked112 (Scheme 25). A problem of reactivity was suspected due to the presence of the thioketal 

groups that motivated us to move towards a second synthesis strategy. 
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Scheme 25: Attempts to selectively deprotect the primary alcohol of 61 

Reagents Conditions Results 

1R-(-)-camphorsulfonic acid 0.3 eq, DCM/MeOH 1/1, 0°C to rt no reaction 

p-toluenesulfonic acid 0.1 eq, DCM/MeOH 1/1, 0°C to rt degradation of the product 

TFA/H2O 1/1 50 eq TFA, DCM/MeOH 1/1, 0°C to rt degradation of the product 

TBAF 1.2 eq, DCM/MeOH 1/1, 0°C to rt no reaction  

 

3. Second strategy: synthesis of an azido precursor of protected D-ribitylamine 

 The second synthetic strategy of synthesis relied on the introduction of an azido group as a 

stable precursor for an amine, prior to alkyne functionalization (Scheme 26). 62 was reduced to the 

corresponding alcohol 64 by sodium borohydride. Activation of the hydroxyl group by mesylation (65) 

and reaction with sodium azide gave azido precursor 66 in high yield. This time, selective deprotection 

of the primary alcohol was effective using camphorsulfonic acid to obtain 67 in 19% yield, together 

with the starting material which could be recovered. The resulting alcohol was quantitatively oxidized 

using Dess-Martin periodinane (DMP) reagent to give 68. TMS-acetylene addition on 68 was done with 

n-butyllithium leading to an expected mixture of two diastereomers of 69, but with an unexpected 

migration of the neighbor TBS position (detailed in the next section). The synthesis was pursued with 

the mixture of the two diastereomers. Finally, the azide group of 69 was reduced by Staudinger 

reaction to give the fully functionalized amine 70. 
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Scheme 26: Synthesis of ethinyl-D-ribitylamine. Reagents and conditions: (i) NaBH4 in MeOH, 0°C to rt, 90% (ii) 

MsCl in pyridine, rt, 95%; (iii) NaN3 in DMF, 120°C, 99%; (iv) (1R)-(-)-camphorsulfonic acid in MeOH/CH2Cl2, rt, 

19%; (v) DMP reagent in CH2Cl2, 0°C to rt, 71%; (vi) TMS-acetylene, n-BuLi in THF -78°C to rt, 45%; (vii) PPh3 in 

THF/H2O, 75% 

4. Synthesis of ethinyl-5-A-RU and ethinyl-5-OP-RU 

70 was coupled to 3 (6-chloro-5-nitropyrimidine-2,4(1H,3H)-dione) with mild heating and TMS 

group was then removed using potassium methanolate to afford 71 (Scheme 27). This time, reduction 

of the nitro group was not possible by hydrogenation due to the presence of the alkyne. Instead, we 

used sodium dithionite reagent that allowed a clean and selective reduction of the aromatic nitro to 

the corresponding amine, directly followed by acid deprotection of the three remaining TBS groups by 

37% HCl in methanol to afford 72 (also called ethinyl-5-A-RU). The mixture of diastereomers was 

isolated as desired as hydrochloride salts, which were found to be stable over several weeks upon 

storage at -20°C under argon atmosphere. In the presence of water, the salts were rapidly hydrolyzed 

leading to a fast degradation, comparable to the one observed with 5-A-RU. Finally, compound 73 was 

obtained like 12a from condensation reaction between 72 and methylglyoxal in DMSO during 48h 

(reaction monitored by UPLC-MS). The solution was kept at -80°C and each time used in biology assays 

immediately after dilution in cell culture media because of its instability.  
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Scheme 27: Synthesis of ethinyl-5-OP-RU 73. Conditions and reagents: (i) 1) 6-chloro-5-nitrouracil, Et3N in DMF, 

50°C; 2) K2CO3 in MeOH, rt, 71%; (ii) 1) Na2S2O4 in MeOH/H2O, 90°C; 2) 37% HCl in MeOH, 0°C to rt, 58% ; (iii) 

methylglyoxal in DMSO, 48h (product not isolated) 

5. Diastereomers 71a and 71b separation and identification 

 Intermediate 71 was obtained as a mixture of two diastereomers with a ratio of 95/5 according 

to UPLC-MS analysis. This stereoselectivity was likely due to the presence of lithium ion during the 

TMS-acetylene addition (giving 69) that could be chelated by the aldehyde and the neighboring TBS-

protected alcohol. Using a Cram chelation model, we could predict the absolute configuration of the 

two diastereomers. Thus, the major epimer should have a 5'R configuration and the minor a 5'S 

configuration. To prove this hypothesis, we first managed to separate the two diastereomers 71a 

(major diastereomer) and 71b (minor diastereomer) by preparative RP-HPLC (Figure 53). 
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Figure 53: Preparative HPLC chromatogram of 71 (separation of the two diastereomers) : 10.26 min : major 

diastereomer 71a; 12.69: minor diastereomer 71b 

 Then, we tried to use Mosher ester method to determine the stereochemistry of the 

compounds but no reaction occurred with Mosher’s acid chloride derivatives, probably due to the 

bulkiness of the TBS groups. Finally, we managed to obtain crystals of 71a in a mixture of 

acetonitrile/water (small needles were formed after slow evaporation of the solvent). 

 X-ray crystallography analysis of 71a was done by Pascal Retailleau (laboratoire de 

cristallographie structurale at Institut de Chimie des Substances Naturelles) (see Appendix D for 

additional experimental details). The data confirmed our initial hypothesis that the major 

diastereomer was 5'R (Figure 54). Unexpectedly, we also found that one TBS group had migrated from 

the 4’-OH to the 5’-OH during TMS-acetylene addition. To determine if the same migration had 

occurred with 71b, we acetylated the free hydroxyl group (reaction with acetic anhydride with pyridine 

in DCM) and ran 1H NMR analysis that confirmed the same migration of the TBS position (unambiguous 

increase of the chemical shift for the H4’ NMR signal from 3.91 ppm to 5.13 ppm). This TBS migration 

did not change the synthetic scheme as all TBS groups were removed later. 
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Figure 54: ORTEP view of one conformer of compound 71a with absolute configuration of the ribityl chain 

stereocenters. The thermal ellipsoids are drawn at the level of 30% probability  

C. Biological evaluation and validation of the chemical probes 

1. Rationale and goals 

 To further use the ligands as chemical probes, we must validate several essential criteria. The 

probes should be biologically active, therefore able to up-regulate MR1 (and hopefully to activate MAIT 

cells). Next, we had to verify that the click reaction works efficiently in vitro. To do so, we planned to 

do a CuAAC bio-orthogonal reaction using an azide-functionalized fluorophore, enabling the 

visualization of the ligands inside cells (WT3-m cells overexpressing MR1 in a first time). Finally, we 

had to demonstrate the specificity of binding to MR1 to ensure that the fluorescent signal truly 

corresponds to the ligand bound to MR1 instead of other biomolecules. For this purpose, we decided 

to do the click reaction in wild-type WT3 cells (WT3-WT) that poorly express MR1 in addition to WT3-

m cells and then to compare the fluorescent signals obtained with those cell strains. 

2. Biological evaluation of the diastereomeric mixture 73 

 The diastereomeric mixture 73 was tested both for its capacity to up-regulate MR1 and to 

activate MAIT cells (Figure 55). 73 strongly up-regulated MR1 with higher potency compared to 5-OP-

RU. 73 was also able to activate MAIT cells from double transgenic mice (even if 5-OP-RU was slightly 

more active). All these results were very encouraging but we wanted to evaluate each diastereomer 

separately as they could have different biological activity.  
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Figure 55: Biological evaluation of the diastereomeric mixture 73. a. MR1 up-regulation assay; b. MAIT cell 

activation assay; MFI: mean fluorescence intensity of PE-conjugated antibody anti-MR1 signal 

3. Biological evaluation of the two diastereomers 73a and 73b 

 MR1 up-regulation assay 

 The capacity of the two ethinyl-functionalized analogues of 5-OP-RU (73a and 73b) to up-

regulate MR1 at the cell surface of WT3-m cells was assessed. Data are depicted both as a percentage 

of MR1 positive cells ( 

Figure 56a) and corresponding mean fluorescence intensity of PE-conjugated antibody anti-MR1 ( 

Figure 56b). The two diastereomers were responsible for a strong and similar MR1 up-regulation after 

2 hours incubation. The up-regulation was more pronounced than the one obtained with positive 

control 5-OP-RU (consistent with the results obtained with 73). As reported with the other analogues 

of 5-OP-RU synthetized, these data suggest that the chemical modification of the ribityl chain is not 

deleterious to the binding and up-regulation of MR1. Most importantly, these results validate the 

mandatory pre-requisite high affinity binding of the ligands to MR1 for the further validation of the 

probes.  
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Figure 56: MR1 up-regulation in the presence of 12a, 73a or 73b. A: percentage of MR1 positive cells; B: MFI: 

mean fluorescence intensity of PE-conjugated antibody anti-MR1 signal; Data displayed on the graphs are 

means ± SD of technical duplicates. 

 MAIT cell activation  

The two diastereomers 73a and 73b were then tested for their ability to activate murine MAIT 

cells. 12a was again used as positive control. WT3-m cells were used as antigen presenting cells. MAIT 

cells were obtained from enriched T cell populations of spleen of either iVa19 single transgenic or 

iVa19Vb8 double transgenic mice. The two clickable ligands activated MAIT cells of double transgenic 

mice with an activity close to 5-OP-RU ( 

Figure 57a). In contrast, no biological activity was detected with MAIT cells from single transgenic 

mice with 73a and 73b whereas 5-OP-RU strongly activated MAIT cells ( 

Figure 57b). These data suggest that activation of MAIT cells by compounds 73a and 73b is strongly 

dependent on the nature of the TCRb chain expressed by MAIT cells. An analogous specificity was 

previously described by Keller et al. with the diclofenac (DCF) and its metabolites (see previous 

section). DCF was responsible for a weak activation of Jurkat.MAIT A-F7 cell line expressing TCR that 

uses TRBV6-1 but it did not activate Jurkat.MAIT-#6 and Jurkat.MAIT-C-F7 expressing TCR with TRBV6-

4 and TRBV20, respectively 59. In contrast, the absolute configuration of C6’ stereocenter does not 

seem to have any influence over the biological activity of the two molecules.  
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Figure 57: MAIT cell activation by 12a, 73a and 73b. A: iVa19 Vb8 double transgenic mice; B: iVa19 simple 

transgenic mice; Data displayed on the graphs are means ± SD of technical duplicates.  

4. In vitro validation of the use of 73 as a chemical probe for the study of MAIT 
cell biology 

We finally performed in vitro CuAAC experiments to confirm the efficient and selective 

bioconjugation of the ligand to MR1 in cells. Since the two diastereomers showed similar biological 

activity, we used mixture 73 for these experiments. The cells were incubated for 1 hour with 73 (10 

µM) before fixation, permeabilization and click reaction with a dye (AF488 functionalized as an azide). 

WT3 wild type cells (WT3-WT) were used as negative control as they express low endogenous level of 

MR181. The cells were finally analyzed by epifluorescence microscopy. The images we obtained showed 

a strong fluorescence at a perinuclear localization (likely in the Golgi apparatus) in WT3-m cells (Figure 

58). In contrast, almost no fluorescence signals were observed with WT3-WT cells in accordance with 

lower expression of MR1 in these cells. These results strongly support a specific binding of 73 to MR1 

and tend to validate our CuAAC strategy in vitro to reveal the presence and localization of MR1 inside 

cells. 
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Figure 58: Epifluorescence microscopy images showing 73 conjugated to azide-AF488 fluorophore (green) and 

DAPI (blue) in WT3-m cells or WT3-WT cells  

D. Summary and conclusion 

 In this work, we described the synthesis of the first clickable MAIT cell agonists for its use 

through bio-orthogonal reactions. We managed to obtain a radiocrystallographic structure permitting 

to assign unambiguously the stereochemistry of the generated stereocenters and to discover an 

unexpected migration of one TBS protecting group. The biological activity of the two molecules was 

confirmed with a strong MR1 up-regulation induced by both diastereomers reflecting a high affinity of 

the ligands for this protein. In situ click chemistry reaction in cells successfully revealed under 

fluorescence microscopy the clickable ligands selectively bound to MR1. Thus, we validated our CuAAC 

click chemistry strategy in vitro.  

Interestingly, the two isolated diastereomers of 73 strongly activated double abTCR transgenic 

mice, similarly to 5-OP-RU but no activation was detected with MAIT cells from single iVa19 transgenic 

mice. These results suggest a structural specificity of the potent molecules towards the MAIT cell TCR. 

This discovery could provide additional information about the yet poorly understood basis of 

interaction to the TCRb chain necessary for the recognition of vitamin B2 derivative antigens.  
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V. General conclusion and perspectives  

 All the research work done aimed to design new stable analogues of MAIT cell potent antigens 

that could be used to give information about MAIT cell biology and especially to determine if such cells 

could be used as therapeutic targets for the development of new immunotherapies (mostly new 

vaccines). Our first medicinal chemistry approach was to synthetize stable analogues of 5-OP-RU. Few 

molecules were synthetized in collaboration with a research team from Sanofi and the molecules were 

evaluated in biology at Institut Curie. All this collaborative work gave interesting structure-activity 

relationships information helping us to better understand the basis of recognition of the MAIT cell TCR 

and MR1. These data combined with the one obtained from structural biology studies provide more 

accurate fundamental knowledge about the basis of interaction of the ligands with their targets. 

However, we still lack highly potent stable analogues of 5-OP-RU since all the pharmacomodulation 

performed led to a significant decrease of MAIT cell activation. Finally, it seems very difficult to modify 

the chemical structure of 5-OP-RU without drastically loosing potency. Still, several other 

pharmacomodulations of 5-OP-RU structure could be envisioned such as the one displayed in Figure 

59.  

 

Figure 59: Other possible pharmacomodulations of 5-OP-RU 

 In a second time, we developed prodrugs of 5-A-RU, the chemical precursor of 5-OP-

RU. Two different prodrugs with different cleavable linkers were produced. Chemical synthesis of the 

prodrugs was highly challenging especially because of the non-favorable physico-chemical properties 

of 5-A-RU and its insolubility in organic solvents. Still, we managed to obtain the prodrugs after many 

attempts, and biological evaluation of the molecules confirmed the efficiency of the prodrug strategy, 
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as simple conjugates without carriers were able to activate MAIT cells. However, the strategy to use 

CML beads as immunogenic carriers failed. The use of a longer PEG chain spacer could be envisioned 

to avoid this issue and the use of another more biocompatible carrier should be considered. 

Nevertheless, the chemical stability of the prodrugs and especially the biological results that we 

described along with data from the literature with the Val-Cit-PAB linker are truly encouraging. They 

tend to underline the potential use of 5-A-RU prodrugs as antimicrobial vaccine adjuvants though more 

careful biological studies are required to confirm its efficacy and safety of use.  

 Finally, we synthetized new chemical probes, clickable analogues of 5-OP-RU that can allow us 

to track and visualize MAIT cell ligands in cells. The probes were validated in vitro and the next steps 

will be to validate their use in vivo. For this purpose, we plan to inject the clickable ligand to mice 

followed by tissue harvest and bio-orthogonal reaction as it was previously successfully done in other 

applications113,114. The use of ligand-assisted CuAAC could be considered to get a more efficient click 

reaction. These interesting new tools clearly open new avenues for the study of MAIT cell biology. 
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Experimental part 

I. Chemistry 

A. General aspects 

All materials were obtained from commercial suppliers and used without further purification. 

Anhydrous solvents were obtained with PureSolveTM solvent purification system (DCM, Et2O, toluene, 

THF). All reactions were monitored by Thin Layer Chromatography (TLC) using Merck Silicagel 60F-254 

thin layer plates and by Ultra Performance Liquid Chromatography coupled to Mass Spectrometry 

(UPLC-MS) with Waters Acquity UPLC BEH apparatus (C18 1.7 µm VanGuard pre-column 3/Pk 2.1 x 5 

mm column) and mass spectra were recorded using electrospray ionization method with Waters ZQ 

2000 spectrometer. Column chromatography was carried out on silicagel Merck 60 (0.040-0.063 µm 

diameter). High resolution mass spectrometry (HR-MS) analyses were done on a Thermo Scientific Q 

ExactiveTM Plus spectrometer with electron spray ionization method.1H and 13C NMR analyses were 

performed in deuterated solvents (CDCl3, CD3OD, DMSO-d6, CD2Cl2, D2O) with Bruker AVANCE 400 MHz 

or 500 MHz. Chemical shifts are reported as d values in parts per million (ppm) relative to 

tetramethylsilane as internal standard and coupling constants (J) are given in hertz (Hz). The following 

abbreviations are used to describe peak patterns when appropriate: s (singlet) brs (broad singlet), d 

(doublet), t (triplet), brt (broad triplet), q (quartet), m (multiplet), dd (doublet of doublet), ddd (doublet 

of doublet of doublet), td (triplet of doublet). 
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B. Protocol and product characterizations 

(2S,3S,4R,E)-2,3,4,5-tetrahydroxypentanal oxime (1)71 

 

Raw formula Molecular mass Aspect Yield 

C5H11NO5 165.06 g.mol-1 White solid 78% 

 

To a suspension of NH2OH.HCl (2.31 g, 2.5 eq, 33 mmol) in EtOH (12mL) was added dropwise a solution 

of NaOMe (1.4 g, 2.0 eq, 26 mmol) in EtOH (12 mL). After 15 min, the suspension was filtered and the 

filtrate was heated to 70°C. D-ribose (2.0 g, 1.0 eq, 13 mmol) was added slowly until all the material 

was dissolved. The mixture was stirred at 70°C during 30 min and then cooled to room temperature 

and left standing overnight. The precipitate was filtered and washed with EtOH to give 1 (Z/E mixture) 

as a white solid. 

 

1H NMR (400 MHz, D2O) δ: Z-isomer (minor): 6.94 (d, 1H, J= 6.3 Hz), 5.11 (dd, 1H, J= 6.3, 3.7 Hz), 3.92-

3.77 (m, 3H), 3.77-3.60 (m, 3H). E isomer (major): 7.57 (d, 1H, J= 6.8 Hz), 4.47 (dd, 1H, J= 6.8, 4.6 Hz), 

3.92-3.77 (m, 3H), 3.77-3.60 (m, 3H) 

 

13C NMR (101 MHz, D2O) δ: Z-isomer (minor): 151.5, 72.7, 71.0, 65.3, 62.6. E-isomer (major): 151.1, 

73.0, 71.4, 69.4, 65.31, 62.5 
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(2R,3S,4S)-5-aminopentane-1,2,3,4-tetraol (2)71 

 

 

Raw formula Molecular mass Aspect Yield 

C5H13NO4 151.08 g.mol-1 Brown oil 103 % 

 

1 (1.6 g, 1.0 eq, 9.7 mmol) was solubilized in AcOH (15 mL) and PtO2 (0.44 g, 0.02 eq, 0.19 mmol) was 

added. The slurry was stirred under H2 atmosphere at room temperature for 2 days (complete 

solubilization of the product). The mixture was dried under vacuum and the product was purified on 

ion exchange resin (Amberlite IR120 Hydrogen Form) using 3N NH4OH as eluent. Compound 2 was 

isolated (along with a minor impurity) as a brown oil.  

 

1H NMR (400 MHz, D2O) δ: 3.84-3.66 (m, 3H), 3.66-3.58 (m, 2H), 2.86 (dd, 1H, J= 13.5, 3.1 Hz), 2.67 

(dd, 1H, J= 13.5, 8.3 Hz) 

 

13C NMR (101 MHz, D2O) δ: 73.1, 72.5, 72.0, 62.4, 42.2 
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6-chloro-5-nitropyrimidine-2,4(1H,3H)-dione (3)71 

 

 

Raw formula Molecular mass Aspect Yield 

C4H2ClN3O4 190.97 g.mol-1 Yellow solid 73 % 

 

6-chlorouracil (6.82 mmol, 1.0 eq, 1.0 g) was added portionwise to sulfuric acid (3.23 mL) at 15°C. The 

mixture was cooled to 0°C and fuming nitric acid (1.08 mL) was added dropwise. The mixture was 

allowed to react at 10°C for 30 minutes. Then cold water was added and the product was extracted by 

EtOAc. The organic layer was dried over MgSO4 and deeply dried under vacuum to give 3 as a light-

yellow solid.  
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5-nitro-6-(((2S,3S,4R)-2,3,4,5-tetrahydroxypentyl)amino)pyrimidine-2,4(1H,3H)-dione (5-N-RU, 4)71 

 

 

 

Raw formula Molecular mass Aspect Yield 

C9H14N4O8 306.08 g.mol-1 Yellow solid 45 % 

 

To a solution of 3 (430 mg, 1.0 eq, 2.25 mmol) in EtOH (2mL) was added a solution of 2 (680 mg, 2.0 

eq, 4.49 mmol) in H2O (3 mL). The mixture was stirred and 2N KOH (2mL) was added dropwise. The 

mixture was stirred for 3h and the formed precipitate was filtered and washed by few volumes of 

EtOH. The precipitate was solubilized in H2O (10 mL) and excess acetone was added. The formed 

precipitate was filtered and washed by acetone. The product was finally solubilized in water and 

lyophilized to give 4 as a yellow solid. 

 

MS (ESI), m/z: 307.3 [M+H]+ 

 

1H NMR (400 MHz, D2O) δ: 4.02 (td, 1H, J= 6.7, 3.4 Hz), 3.92-3.79 (m, 3H), 3.72-3.62 (m, 3H) 
 

13C NMR (101 MHz, D2O) δ: 161.9, 160.6, 157.7, 111.1, 72.6, 72.1, 70.2, 62.4, 43.2 
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2,4-dioxo-6-(((2S,3S,4R)-2,3,4,5-tetrahydroxypentyl)amino)-1,2,3,4-tetrahydropyrimidin-5-

aminium chloride (5-A-RU.HCl, 5) 

 

 

Raw formula Molecular mass Aspect Yield 

C9H17ClN4O6 

312.08 g.mol-1 (neutral 

form: 276.11 g.mol-1) 
Pink solid 72 % 

 

To a solution of 4 (70 mg, 1.0 eq, 0.23 mmol) in water was added Pd/C 10% (7 mg). The mixture was 

allowed to react at room temperature under H2 atmosphere overnight. The product was then carefully 

filtered on celite to avoid as much as possible contact with air and washed with few volumes of water. 

1N HCl (0.3 mL) was added to the filtrate and the product was dried under vacuum to give 5 as a pink 

solid. 

 

HR-MS (ESI), m/z 277.1 [M+H]+  

 

1H NMR (400 MHz, D2O) δ: 4.01 (ddd, 1H, J= 7.5, 6.0, 2.8 Hz), 3.87–3.77 (m, 2H), 3.76–3.71 (m, 1H), 

3.71–3.64 (m, 2H), 3.56 (dd, 1H, J= 14.7, 7.5 Hz) 

 

13C NMR (101 MHz, D2O) δ: 160.9, 150.8, 150.4, 82.6, 72.2, 72.0, 70.3, 62.3, 44.5 
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(2R,3R,4R)-5,5-bis(propylthio)pentane-1,2,3,4-tetraol (6)72 

 

 

Raw formula Molecular mass Aspect Yield 

C11H24O4S2 284.11 g.mol-1 White solid 47% 

 

n-propanethiol (14 mL, 2.2 eq, 0.15 mol) was added to a solution of D-ribose (10 g, 1.0 eq, 0.067 mol) 

in 37% HCl (10 mL) at 0°C. The solution was stirred at room temperature for 1h30. Then, water (80 mL) 

was added and the solution was stirred for few minutes until a white precipitate appeared. The 

precipitate was filtrated and washed by water (3 x 50 mL) and hexane (3 x 50 mL). The product was 

dried under vacuum and 6 was obtained as a white solid. 

 

1H NMR (400 MHz, CDCl3) δ: 4.20-4.19 (m, 1H), 3.98-3.85 (m, 5H), 3.52 (s, 4H), 2.75-2.61 (m, 4H), 1.68-

1.59 (m, 4H), 1.00 (td, 6H, J= 7.3 Hz, 1.3 Hz) 

 

13C NMR (101 MHz, CDCl3) δ: 74.7, 73.3, 72.7, 63.3, 55.7, 33.9, 33.8, 23.1, 22.9, 13.7, 13.6 
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(4R,4'R,5R)-5-(bis(propylthio)methyl)-2,2,2',2'-tetramethyl-4,4'-bi(1,3-dioxolane) (7)72 

 

 

Raw formula Molecular mass Aspect Yield 

C17H32O4S2 364.17 g.mol-1 Colorless oil 53 % 

 

6 (5.0 g, 1.0 eq, 18 mmol) was dissolved in acetone (50 mL) and 2,2-dimethoxypropane (43.11 mL, 20 

eq, 352 mmol) and p-toluenesulfonic acid (670 mg, 0.2 eq, 3.52 mmol) were added. The mixture was 

stirred at room temperature for 2h30. Aqueous 5% Na2CO3 was added and the product was extracted 

with DCM. The organic layer was dried over MgSO4 and concentrated under vacuum. The product was 

purified by column chromatography (hexane/TBME 10/1) afforded 7 as a colorless oil. 

 

1H NMR (500 MHz, CDCl3) δ: 4.63-4.59 (m, 1H), 4.52 (dd, 1H, J= 6.5 Hz, 4.2 Hz), 4.23-4.22 (d, 1H, J= 4.3 

Hz), 4.13-4.06 (m, 2H), 3.88 (dd, 1H, J= 8.7 Hz, 5.7 Hz), 2.78-2.57 (m, 4H), 1.71-1.47 (m, 4H), 1.47 (s, 

3H), 1.39 (s, 3H), 1.31 (s, 6H), 0.98 (td, 6H, J= 7.3 Hz, 0.5 Hz) 

 

13C NMR (126 MHz, CDCl3) δ: 109.8, 109.2, 81.5, 79.1, 73.3, 68.4, 51.0, 33.4, 32.9, 26.9, 26.7, 25.5, 

24.9, 22.9, 22.5, 13.9, 13.8 
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(4R,4'R,5R)-2,2,2',2'-tetramethyl-[4,4'-bi(1,3-dioxolane)]-5-carbaldehyde (8)72 

 

 

Raw formula Molecular mass Aspect Yield 

C11H18O5 230.12 g.mol-1 Colorless oil 76 % 

 

To 7 (2.60 g, 1.0 eq, 7.13 mmol) in a 10/1 mixture of acetone/H2O (20/2 mL) was added at 0°C NaHCO3 

(2.70 g, 4.5 eq, 32 mmol) and iodine (3.62 g, 2 eq, 14.3 mmol). The solution was stirred at room 

temperature overnight. Additional amounts of iodine (1.81 g, 1.0 eq, 7.13 mmol) and NaHCO3 (0.60 g, 

1.0 eq, 7.13 mmol) were added to the mixture to reach complete conversion of 7. After 4h stirring, 

aqueous 30% Na2S2O3 was added and the mixture was stirred for 5 minutes. The product was then 

extracted with EtOAc and the organic layer was dried over MgSO4 and concentrated under vacuum. 

The compound was purified by column chromatography (hexane/ EtOAc 20%) and 8 was obtained as 

a colorless oil.  

 

1H NMR (500 MHz, CDCl3) δ: 9.71 (d, 1H, J= 2.0 Hz), 4.60 (dd, 1H, J= 6.8 Hz, 2.0 Hz), 4.32-4.27 (m, 1H), 

4.11-4.07 (m, 2H), 3.92-3.88 (m, 1H), 1.53 (s, 3H), 1.40 (s, 3H), 1.37 (s, 3H), 1.30 (s, 3H) 

 

13C NMR (126 MHz, CDCl3) δ: 197.8, 111.4, 110.3, 81.9, 78.9, 73.7, 67.6, 27.5, 26.8, 25.6, 25.2 
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(E)-2,2,2',2'-tetramethyl-[4,4'-bi(1,3-dioxolane)]-5-carbaldehyde oxime (9)72 

 

 

Raw formula Molecular mass Aspect Yield 

C11H19NO5 245.13 g.mol-1 Colorless oil 77 % 

 

NH2OH.HCl (4.07 g, 4.5 eq, 0.59 mol) was added in EtOH/H2O (40/4 mL). NaHCO3 was added (4.37 g, 

4.0 eq, 0.52 mol) and the mixture was stirred at room temperature for 30 min. The resulting solution 

was directly added to 8 (3.0 g, 1.0 eq, 0.13 mol) and the mixture was stirred 2h at room temperature. 

Excess solvent was removed under vacuum, water was added to the mixture and the product was 

extracted by Et2O. The organic layer was dried over MgSO4 and concentrated under vacuum. The 

product was purified by column chromatography (hexane/EtOAc 30%) to give 9 as a colorless oil. 

 

1H NMR (400 MHz, CDCl3) δ: major stereoisomer E: 8.20 (brs, 1H), 7.47 (d, 1H, J= 7.0 Hz), 4.77 (dd, 1H, 

J= 7.0 Hz, 5.9 Hz), 4.11-4.07 (m, 3H), 3.95-3.88 (m, 1H), 1.47 (s, 3H), 1.40 (s, 3H), 1.37 (s, 3H), 1.32 (s, 

3H) 

 

13C NMR (101 MHz, CDCl3) δ: major stereoisomer E: 147.9, 110.2, 110.1, 78.7, 75.3, 73.6, 67.6, 27.8, 

26.9, 25.5, 25.4 
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((4S,4'R,5S)-2,2,2',2'-tetramethyl-[4,4'-bi(1,3-dioxolan)]-5-yl)methanamine (10)72 

 

 

Raw formula Molecular mass Aspect Yield 

C11H21NO4 231.15 g.mol-1 Brown oil 76 % 

 

To 9 (1.70 g, 1.0 eq, 6.93 mmol) in dry THF (35 mL) was added LiAlH4 (1.32 g, 5.0 eq, 34.7 mmol). The 

solution was heated at reflux for 4h. After cooling in ice bath, MgSO4.7H2O (30 g) was slowly added 

and the suspension was stirred during 1h. The mixture was filtered on MgSO4, washed by MTBE and 

concentrated under vacuum to give 10 as a colorless oil. 

 

1H NMR (500 MHz, CDCl3) δ: 4.25-4.22 (m, 1H), 4.12-4.04 (m, 2H), 4.01-3.99 (m, 1H), 3.90 (dd, 1H, J= 

8.1 Hz, 5.2 Hz), 3.07 (dd, 1H, J= 13.2 Hz, J= 5.2 Hz), 2.94 (dd, 1H, J= 13.2 Hz, 7.8 Hz), 2.51 (brs, 2H), 1.40-

1.39 (m, 6H), 1.33 (m, 6H) 

 

13C NMR (126 MHz, CDCl3) δ: 109.9, 108.5, 79.8, 78.4, 73.3, 68.2, 41.6, 28.2, 26.9, 25.6 (2C) 
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5-nitro-6-((((4S,4'R,5S)-2,2,2',2'-tetramethyl-[4,4'-bi(1,3-dioxolan)]-5-yl)methyl)amino)pyrimidine-

2,4(1H,3H)-dione (11) 

 

 

Raw formula Molecular mass Aspect Yield 

C15H22N4O8 386.14 g.mol-1 Yellow solid 93 % 

 

A solution of 10 (95 mg, 1.2 eq, 0.496 mmol) and triethylamine (70 μL, 1.2 eq, 0.496 

mmol) in anhydrous DCM (1 mL) was added to a solution of 3 (96 mg, 1.0 eq, 0.413 

mmol) in anhydrous DCM (1 mL). The mixture was stirred at room temperature (under argon) during 

12h. The solvent was removed under vacuum and the product was purified by column chromatography 

(DCM/MeOH 8%) to give 11 as a yellow solid. 

 

MS (ESI), m/z: 387.1 [M+H]+ 

 

1H NMR (400 MHz, CDCl3) δ: 11.12 (brs, 1H), 9.75 (brt, 1H, J= 5.8 Hz), 9.68 (brs, 1H), 4.38-4.34 (m, 1H), 

4.14-4.05 (m, 3H), 4.02-3.99 (m, 1H), 3.90-3.86 (m, 1H), 3.69-3.64 (m, 1H), 1.42 (s, 3H), 1.39 (s, 3H), 

1.36 (s, 3H), 1.29 (s, 3H) 

 

13C NMR (101 MHz, CDCl3) δ: 161.5, 160.8, 158.1, 111.6, 110.4, 108.7, 78.8, 75.4, 73.2, 68.2, 40.2, 28.1, 

26.6, 25.8, 25.6 

 

 

 

 

NH

H
NHN

O2N

O

O

O

O

O
O



 131 

5-(((E)-2-oxopropylidene)amino)-6-(((2S,3S,4R)-2,3,4,5-tetrahydroxypentyl)amino)pyrimidine-

2,4(1H,3H)-dione (12 or 5-OP-RU) 

 

 

Raw formula Molecular mass Aspect 

C12H18N4O7 330.12 g.mol-1 Brown solution in DMSO 

 

12a: 5-OP-RU was synthetized from 5 without purification and isolation because of its chemical 

instability. A stock solution (1 mL) of freshly synthetized 5 was prepared at 10 mM in DMSO. 

Methylglyoxal solution (40% in H2O) was diluted in DMSO to obtain a solution at 50 mM and 1 mL of 

this solution was added to 1 mL of 10 mM solution of 5. The mixture was allowed to react at room 

temperature for 48h to give a stock solution of 12a at 5 mM. The conversion of 5 to 12a was monitored 

by UPLC-MS by analyzing aliquots. The solution of 12a was aliquoted (5µL aliquots) and freezed at -

80°C for further utilization in biological assays. For each use of these aliquots, 12a was quickly diluted 

to the desired concentrations and rapidly added on cells to limit as much as possible degradation of 

the molecule. 

 

12b: 5-OP-RU was synthetized from 5 without purification and isolation because of its chemical 

instability. Stock solution (1 mL) of freshly synthetized 5 was prepared at 10 mM in water. The solution 

of 5 was aliquoted (5µL aliquots) and freezed at -80°C for further utilization in biological assays. 

Methylglyoxal solution (40% in H2O) was diluted in water to obtain a solution at 50 mM and 5 µL of 

this solution was added to 5 µL aliquot of 10 mM solution of 5. The solution was diluted to desired 

concentrations and quickly added on cells to avoid as much as possible degradation of the compound. 
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4-chloro-5-iodo-2,6-dimethoxypyrimidine (14)78 

 

 

Raw formula Molecular mass Aspect Yield 

C6H6ClIN2O2 299,92 g.mol-1 Poudre blanche 63% 

 

To a solution of 6-chloro-2,4-dimethoxypyrimidine (0.600 g, 1.0 eq, 3.44 mmol) in acetonitrile (30 ml) 

was added N-iodosuccinimide (0.929 g, 1.2 eq, 4.13 mmol) followed by 5 mL of acetic acid and 1 mL of 

acetic anhydride. The mixture was heated under reflux overnight. After cooling to room temperature, 

the mixture was neutralized by adding aqueous 5% Na2CO3 and the product was extracted by DCM. 

The organic layer was dried over MgSO4, filtered and concentrated under vacuum. The product was 

purified by column chromatography (hexane/EtOAc 10%) to obtain 14 as a white solid. 

 

MS (ESI), m/z (%): 300.98 [M+H]+, 302.91 [M+H+2]+ 

 

1H NMR (400 MHz, CDCl3) δ: 4.04 (s, 3H), 3.99 (s, 3H) 

 

13C NMR (101 MHz, CDCl3) δ: 171.0, 164.9, 164.8, 70.6, 56.1, 55.8 
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4-chloro-5-ethynyl-2,6-dimethoxypyrimidine (15) 

 

 

Raw formula Molecular mass Aspect Yield 

C8H7ClN2O2 198.02 g.mol-1 Beige solid 57% 

The synthesis was adapted from a described protocol of a different molecule115  

To 14 (1.96 g, 1.0 eq, 6.54 mmol) in a 1:1 mixture of diisopropylethylamine (4mL) and THF (4mL) was 

added under argon atmosphere Cu(I) iodide (1,24 g, 1.0 eq, 6.54 mmol), 

bis(triphenylphosphine)palladium dichloride (0.46 g, 0.1 eq, 0.65 mmol) and ethinyltrimethylsilane 

(2.79 mL, 3.0 eq, 19.6 mmol). The tube was sealed and the reaction stirred at 70°C overnight. After 

completion, the mixture was filtered on celite and washed with DCM. Water was added and the 

product was extracted by DCM. The organic layer was washed by saturated aqueous NH4Cl, dried over 

MgSO4 and concentrated under vacuum to give a brown oil (1.12 g of crude product was obtained). 

TMS removal was done by dissolving the crude intermediate (1.12 g, 1.0 eq, 4.1 mmol) in MeOH (5 mL) 

followed by K2CO3 addition (0.63 g, 1.1 eq, 4.55 mmol) at 0°C. The mixture was stirred at room 

temperature during 15 min. Water was added to the mixture and the product was extracted by DCM. 

The organic layer was dried over MgSO4 and concentrated under vacuum The product was purified by 

column chromatography (hexane/EtOAc 10%) to get 15 as a beige solid. 

 

MS (ESI), m/z (%): 198.8 [M+H]+, 201.2 [M+H+2]+ 

 

1H NMR (400 MHz, CDCl3) δ: 4.06 (s, 3H), 4.02 (s, 3H), 3.59 (s, 1H) 

 

13C NMR (101 MHz, CDCl3) δ: 172.3, 163.5, 162.9, 98.2, 87.7, 73.7, 55.9, 55.6 
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2-(4-chloro-2,6-dimethoxypyrimidin-5-yl)ethan-1-ol (16) 

 

 

Raw formula Molecular mass Aspect Yield 

C8H11ClN2O3 218.05 g.mol-1 Colorless oil 52% 

 

Bis(pinacolato)diboron (76 mg, 3.0 eq, 0.30 mmol) was introduced in a sealed tube with cesium 

carbonate (131 mg, 4.0 eq, 0.4 mmol) under argon atmosphere. Dry acetonitrile (1 mL) was added 

followed by a 15 (20 mg, 1.0 eq, 0.10 mmol) solution in acetonitrile (1 mL) and MeOH (20 µL, 5.0 eq, 

0.5 mmol). The tube was sealed and the reaction was heated at 100°C overnight. After cooling, the 

solvent was removed under vacuum and the product was diluted in 5 mL of MeOH. 3M sodium 

hydroxide (1 mL) and hydrogen peroxide (30% w/w in H2O; 1 mL) were added to the mixture. The 

reaction was stirred for 2h at room temperature. Then, H2O/DCM extraction was done and the organic 

layer was dried over MgSO4 and concentrated under vacuum. The small amount of aldehyde formed 

was reduced using excess sodium borohydride in MeOH (5 mL). The mixture was quenched by 

saturated aqueous NH4Cl and the product was extracted by DCM. The organic layer was dried over 

MgSO4 and concentrated under vacuum. The product was purified by column chromatography 

(hexane/EtOAc 50%) to give 16 as a colorless oil.  

 

MS (ESI), m/z (%): 219.0 [M+H]+, 221.0 [M+H+2]+ 

 

1H NMR (400 MHz, CDCl3) δ: 3.99 (s, 3H), 3.96 (s, 3H), 3.78 (t, 2H, J = 6.9 Hz), 2.91 (t, 2H, J = 6.9 Hz), 

1.69 (brs, 1H) 

 

13C NMR (101 MHz, CDCl3) δ: 170.6, 162.9, 160.6, 109.5, 61.0, 55.0, 53.3, 29.3 
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4-chloro-5-(2-iodoethyl)-2,6-dimethoxypyrimidine (17) 

 

 

Raw formula Molecular mass Aspect Yield 

C8H10ClIN2O2 327.95 g.mol-1 White solid 74% 

 

To 16 (97 mg, 1.0 eq, 0.45 mmol) in dry THF (3 mL) was added triphenylphosphine (175 mg, 1.5 eq, 

0.67 mmol) and imidazole (60 mg, 2.0 eq, 0.89 mmol). Iodine solution (169 mg, 1.5 eq, 0.67 mmol) in 

THF (3 mL) was added dropwise. Completion of the reaction was obtained after 30 min of stirring at 

room temperature. THF was evaporated under vacuum and the mixture was quenched with water. 

The product was extracted by DCM and the organic layer was dried over MgSO4 and concentrated 

under vacuum. The product was purified by column chromatography (hexane/EtOAc 10/1) to get 17 

as a white solid. 

 

MS (ESI), m/z (%): 329.0 [M+H]+, 331.0 [M+H+2]+ 

 

1H NMR (400 MHz, CDCl3) δ: 4.00 (s, 3H), 3.98 (s, 3H), 3.26-3.17 (m, 4H) 

 

13C NMR (101 MHz, CDCl3) δ: 170.1, 163.0, 160.3, 112.0, 55.4, 55.1, 30.2, 0.7  
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2-(4-chloro-2,6-dimethoxypyrimidin-5-yl)ethane-1-sulfonic acid (18) 

 

 

Raw formula Molecular mass Aspect Yield 

C8H11ClN2O2S 282.01 g.mol-1 White solid 88% 

 

To 17 (95 mg, 1.0 eq, 0.29 mmol) in a 1/1 mixture of acetone/water (3/3 mL) was added excess sodium 

thiosulfate. The reaction was heated under reflux for 4h. Acetone was removed under vacuum and the 

resulting mixture was partially solubilized in MeOH. The remaining salts were filtered and washed with 

few volumes of MeOH. The filtrate was concentrated under vacuum to give 18 as a white solid. 

 

MS (ESI), m/z: 283.1 [M+H]+, 285.1 [M+H+2]+ 

 

1H NMR (500 MHz, CD3OD) δ: 4.04 (s, 3H), 3.97 (s, 3H), 3.14-3.10 (m, 2H), 2.94-2.91 (m, 2H) 

 

13C NMR (126 MHz, CD3OD) δ: 171.7, 164.3, 161.0, 111.6, 55.7, 55.5, 50.0, 22.7  
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2-(6-chloro-2,4-dioxo-1,2,3,4-tetrahydropyrimidin-5-yl)ethane-1-sulfonic acid (19) 

 

 

Raw formula Molecular mass Aspect Yield 

C6H7ClN2O5S 253.98 g.mol-1 White solid 65% 

 

18 (50 mg, 1.0 eq, 0.18 mmol) was dissolved in a 1/1 mixture of 37% HCl/AcOH (1 mL of each) and the 

mixture was heated at reflux during 2.5h. The mixture was concentrated under vacuum, dissolved in 

few volumes of MeOH and precipitated from excess Et2O. The precipitate was filtered, washed three 

times by Et2O and dried under vacuum to give 19 as a white solid. 

 

MS (ESI), m/z (%): 255.0 [M+H]+, 257.0 [M+H+2]+ 

 

1H NMR (500 MHz, D2O) δ: 3.06 (m, 2H), 2.90 (m, 2H) 

 

13C NMR (126 MHz, D2O) δ: 164.7, 151.2, 143.8, 109.1, 48.0, 20.9 
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2-(2,4-dioxo-6-(((2S,3S,4R)-2,3,4,5-tetrahydroxypentyl)amino)-1,2,3,4-tetrahydropyrimidin-5-

yl)ethane-1-sulfonic acid (13) 

 

 

Raw formula Molecular mass Aspect Yield 

C11H19ClN3O9S 369.0842 g.mol-1 White solid 22% 

 

To 19 (20 mg, 1.0 eq, 0.71 mmol) in EtOH (4mL) was added 12 (110 mg, 7.0 eq, 0.48 mmol). The tube 

was sealed and the mixture heated at 130°C for 48h. The solvent was removed under vacuum and the 

product was solubilized in few volumes of MeOH and precipitated by adding excess Et2O. The 

precipitate was filtered, washed with Et2O and the resulting beige powder was dried under vacuum 

before adding a 10/1 mixture of TFA/H2O (1/0.1 mL). The mixture was allowed to react at room 

temperature overnight. The mixture was concentrated under vacuum and directly purified by 

preparative C18 RP-HPLC using the following conditions: Solvent A: H2O + 0.1% formic acid; Solvent B: 

ACN + 0.1% formic acid. Gradient of 25 min starting with 100% A for 5 min, then 5% B for 5 min and 

then gradual increase of B to reach 100% B at 20 min followed by 5 min with 100% B. The product was 

lyophilized to give 13 as a white solid. 

 

HR-MS (ESI), m/z (%): 370.0921 [M+H]+ 

 

 

1H NMR (500 MHz, D2O) δ: 3.99-3.96 (m, 1H), 3.87-3.80 (m, 2H), 3.73 (t, 1H, J= 6.3 Hz), 3.67 (dd, 1H, 

J= 11.7 Hz, 6.7 Hz), 3.63 (dd, 1H, J= 14.9 Hz, 2.9 Hz), 3.51 (dd, 1H, J= 14.9 Hz, 7.3 Hz), 3.0-2.87 (m, 2H), 

2.74-2.71 (m, 2H) 

 

13C NMR (126 MHz, D2O) δ: 164.84, 151.4, 144.2, 109.0, 72.8, 71.8, 67.8, 62.5, 48.0, 41.0, 20.9 
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Ethyl (diethoxyphosphoryl)methanesulfonate (20) 

 

 

Raw formula Molecular mass Aspect Yield 

C7H17O6PS 260.05 g.mol-1 Yellow oil 63% 

 

To a solution of ethyl methanesulfonate (1.30 g, 1.8 eq, 10 mmol) in dry THF (13 ml) was added at -

78°C, n-butyllithium (2.5 M in hexane, 6.4 mL, 1.1 eq, 11.6 mmol) and the mixture was stirred at the 

same temperature for 30 min. Diethyl chlorophosphate was added (0.84 mL, 1.0 eq 5.79 mmol) 

dropwise. The mixture was stirred fr 30 minutes at -78°C and then at -50°C for 1h. The mixture was 

quenched by saturated aqueous NH4Cl and the product was extracted by DCM. The organic layer was 

dried over MgSO4 and concentrated under vacuum. The product was purified by column 

chromatography (hexane/EtOAc 60%) to give 20 as a yellow oil. 

 

MS (ESI), m/z (%): 260.6 [M+H]+, 259.2 [M-H]- 

 

1H NMR (400 MHz, CDCl3) δ: 4.39 (q, 2H, J= 7.1 Hz), 4.25-4.18 (m, 4H), 3.70 (d, 2H, J= 17.2 Hz), 1.41 (t, 

3H, J= 7.1 Hz), 1.35, (td, 6H, J= 7.0 Hz, 0.6 Hz) 

 

13C NMR (101 MHz, CDCl3) δ: 68.5, 63.9, 63.8, 48.0 (d, J = 140.2 Hz), 16.4, 16.3, 15.1 
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4-chloro-2,6-dimethoxypyrimidine-5-carbaldehyde (21)116 

 

 

Raw formula Molecular mass Aspect Yield 

C7H7ClN2O3 202.01 g.mol-1 Yellow solid 64 % 

 

6-chloro-2,4-dimethoxypyrimidine (3.0 g, 1.0 eq, 170 mmol) was dissolved in dry THF (30 mL) and the 

solution was cooled to -78°C. n-butyllithium (2.5 M in hexane, 8.25 mL, 1.2 eq, 206 mmol) was added 

and the reaction was stirred during 30 min. DMF (3.16 mL, 2.4 eq, 408 mmol) was added and the 

mixture was stirred for 2h at -78°C. 2N HCl (50 mL) was added to quench the mixture and the mixture 

was allowed to warm up while stirring for 15 min. The product was extracted by Et2O and the organic 

layer was dried over MgSO4 and concentrated under vacuum. The compound was purified by column 

chromatography (hexane/EtOAc 20%) to afford 21 as a yellow solid. 

 

MS (ESI), m/z (%): 203.1 [M+H]+,205.2 [M+H+2]+ 

 

1H NMR (400 MHz, CDCl3) δ: 10.30 (brs, 1H), 4.12 (s, 3H), 4.08 (s, 3H) 

 

13C NMR (101 MHz, CDCl3) δ: 185.5, 171.9, 165.3, 165.2, 109.2, 56.3, 55.7 
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Ethyl-(E)-2-(4-chloro-2,6-dimethoxypyrimidin-5-yl)ethene-1-sulfonate (22) 

 

 

Raw formula Molecular mass Aspect Yield 

C10H13ClN2O5S 308.02 g.mol-1 White solid 69% 

 

20 (403 mg, 1.2 eq, 1.55 mmol) was dissolved in dry THF (3 mL) and t-BuOK (174 mg, 1.2 eq, 1.55 mmol) 

was added. The mixture was stirred for 30 minutes at room temperature. It was then cooled to 0°C 

and a solution of 21 (260 mg, 1.0 eq, 1.29 mmol) in THF (3 mL) was added dropwise. The mixture was 

stirred during 30 minutes. EtOAc was added and the organic layer was washed three times by saturated 

aqueous NaCl. The product was purified by column chromatography (hexane/EtOAc 20%) and 22 was 

obtained as a white solid. 

 

MS (ESI), m/z (%): 309.2 [M+H]+, 311.2 [M+H+2]+ 

 

1H NMR (400 MHz, CDCl3) δ: 7.78 (d, 1H, J= 15.6 Hz), 7.15 (d, 1H, J= 15.6 Hz), 4.22 (q, 2H, J= 7.1 Hz), 

4.13 (s, 3H), 4.05 (s, 3H), 1.40 (t, 3H, J= 7.1 Hz) 

 

13C NMR (101 MHz, CDCl3) δ: 170.2, 163.9, 163.4, 133.6, 125.5, 106.0, 67.0, 56.1, 55.8, 15.0 
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Ethyl-(E)-2-(2,4-dimethoxy-6-((((4S,4'R,5S)-2,2,2',2'-tetramethyl-[4,4'-bi(1,3-dioxolan)]-5-

yl)methyl)amino)pyrimidin-5-yl)ethene-1-sulfonate (23) 

 

 

Raw formula Molecular mass Aspect Yield 

C21H33N3O9S 503.19 g.mol-1 Brown paste 66% 

 

To 22 (200 mg, 1.0 eq, 0.65 mmol) in dry toluene (4 mL) was added under argon atmosphere Pd(dba)3 

(59 mg, 0.1 eq, 0.06 mmol), xantphos (38 mg, 0.1 eq, 0.06 mmol), Cs2CO3 (423 mg, 2.0 eq, 1.30 mmol) 

and 12 (300 mg, 2.0 eq, 1.30 mmol). The solution was stirred at room temperature overnight. Toluene 

was removed under vacuum and H2O/DCM extraction was performed. The organic layer was dried 

over MgSO4 and concentrated under vacuum. The product was purified by column chromatography 

(hexane/AcOEt gradient 20% to 30% EtOAc) and it was obtained as a brown paste. 

 

MS (ESI), m/z (%): 504.4 [M+H]+, 502.5 [M-H]- 

 

1H NMR (400 MHz, CDCl3) δ: 7.33 (d, 1H, J= 15.2 Hz), 6.87 (d, 1H, J= 15.2 Hz), 5.91 (brt, 1H, J= 5.7 Hz), 

4.43-4.38 (m, 1H), 4.25-3.91 (m, 13H), 3.69-3.63 (m, 1H), 1.45 (s, 3H), 1.41-1.40 (m, 6H), 1.37 (t, 3H, J= 

7.1 Hz), 1.32 (s, 3H)  

 

13C NMR (101 MHz, CDCl3) δ: 170.4, 165.0, 163.1, 132.7, 119.4, 110.8, 109.0, 88.9, 78.5, 75.3, 73.3, 

68.2, 66.2, 54.9, 54.6, 41.0, 28.1, 26.7, 25.6, 25.5, 15.0 
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Ethyl-(E)-2-(2,4-dimethoxy-6-(((2S,3S,4R)-2,3,4,5-tetrahydroxypentyl)amino)pyrimidin-5-yl)ethene-

1-sulfonate (24) 

 

 

Raw formula Molecular mass Aspect Yield 

C15H25N3O9S 423.13 g.mol-1 Brown paste 47% 

 

23 (138 mg, 1.0 eq, 0.27 mmol) was dissolved in acetonitrile (3 mL) and a 10/1 mixture of TFA/H2O 

(3/0.3 mL) was added at 0°C. The solution was stirred at room temperature for 2h. 5% aqueous Na2CO3 

was added and the product was extracted by DCM. The organic layer was dried over MgSO4 and 

concentrated under vacuum. The product was purified by column chromatography (DCM/MeOH 

gradient from 5% to 10% MeOH) to give 24 as a brown paste. 

 

MS (ESI), m/z (%): 424.2 [M+H]+ 

 

1H NMR (400 MHz, CD3OD) δ: 7.56 (d, 1H, J= 15.2 Hz), 6.89 (d, 1H, J= 15.2 Hz), 4.17 (q, 2H, J= 7.1 Hz), 

4.04 (s, 3H), 3.96-3.92 (m, 4H), 3.86-3.78 (m, 3H), 3.71-3.58 (m, 3H), 1.35 (t, 3H, J= 7.1 Hz) 

 

13C NMR (101 MHz, CD3OD) δ: 171.5, 166.2, 165.0, 134.7, 120.1, 89.7, 74.3, 73.9, 72.8, 67.7, 64.2, 55.3, 

55.0, 45.6, 15.2 
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(E)-2-(2,4-dimethoxy-6-(((2S,3S,4R)-2,3,4,5-tetrahydroxypentyl)amino)pyrimidin-5-yl)ethene-1-

sulfonic acid (25) 

 

 

Raw formula Molecular mass Aspect Yield 

C13H21N3O9S 395.10 g.mol-1 Purple solid 40% 

 

To 24 (22 mg, 1.0 eq, 0.052 mmol) in acetone was added potassium iodide (10 mg, 1.2 eq, 0.062 mmol) 

and the mixture was stirred at reflux for 6h. The solvent was removed under vacuum and the product 

was dissolved in a few volumes of MeOH and precipitated from Et2O. The precipitate was filtered and 

washed several times by Et2O. 25 was obtained as a purple solid after drying under vacuum. 

 

MS (ESI), m/z (%): 395.8 [M+H]+ 

 

1H NMR (400 MHz, CD3OD) δ: 7.10 (d, 1H, J= 15.5 Hz), 6.94 (d, 1H, J= 15.4 Hz), 4.00-3.96 (m, 1H), 3.90 

(s, 3H), 3.88 (s, 3H), 3.85-3.73 (m, 3H), 3.68-3.60 (m, 2H), 3.55-3.49 (s, 1H) 
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Ethyl-(E)-2-(6-chloro-2,4-dioxo-1,2,3,4-tetrahydropyrimidin-5-yl)ethene-1-sulfonate (26) 

 

 

Raw formula Molecular mass Aspect Yield 

C8H9ClN2O5S 279.99 g.mol-1 Light yellow solid 66% 

 

To 22 (100 mg, 1.0 eq, 0.33 mmol) in acetonitrile (5 mL) was added sodium iodide (487 mg, 10 eq, 3.25 

mmol) and trimethylsilyl chloride (0.41 mL, 10 eq, 3.25 mmol). The mixture was stirred at room 

temperature for 30 minutes. Water was added to quench the reaction and the product was extracted 

by EtOAc. The organic layer was dried over MgSO4 and concentrated under vacuum. The product was 

purified by column chromatography (DCM/MeOH 10%) to give 26 as a light yellow solid.  

 

MS (ESI), m/z: 279.4 [M-H]- 

 

1H NMR (400 MHz, CD3OD) δ: 7.65 (d, 1H, J= 14.9 Hz), 7.36 (d, 1H, J= 14.9 Hz), 4.12 (q, 2H, J= 7.1 Hz), 

1.34 (t, 3H, J= 7.1 Hz) 

 

13C NMR (101 MHz, CD3OD) δ: 165.6, 164.2, 158.0, 139.1, 117.5, 101.9, 67.4, 15.2 
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(E)-2-(4-chloro-2,6-dimethoxypyrimidin-5-yl)ethene-1-sulfonic acid (27) 

 

 

Raw formula Molecular mass Aspect Yield 

C8H9ClN2O5S 279.99 g.mol-1 White solid Quantitative 

 

To 22 (200 mg, 1.0 eq, 0.65 mmol) in acetone (5 mL) was added potassium iodide (323 mg, 3.0 eq, 1.95 

mmol) and the mixture was stirred at reflux for 3h. The formed precipitate was filtered and washed 

several times by acetone before being dried under vacuum to give 27 as a white solid. 

 

MS (ESI), m/z: 281.2 [M+H]+ 

 

1H NMR (400 MHz, D2O) δ: 7.34 (d, 1H, J= 15.8 Hz), 7.27 (d, 1H, J= 15.8 Hz), 4.09 (s, 3H), 4.01 (s, 3H)  

 

13C NMR (101 MHz, D2O) δ: 169.7, 162.8, 160.8, 132.5, 125.4, 106.5, 55.8, 55.6 
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ethyl-(E)-2-(2,4-dioxo-6-((((4S,4'R,5S)-2,2,2',2'-tetramethyl-[4,4'-bi(1,3-dioxolan)]-5-

yl)methyl)amino)-1,2,3,4-tetrahydropyrimidin-5-yl)ethene-1-sulfonate (28) 

 

 

Raw formula Molecular mass Aspect Yield 

C19H29N3O9S 475.16 g.mol-1 Brown paste 15% 

 

To 26 (50 mg, 1.0 eq, 0.18 mmol) in dry DMF was added 12 (83 mg, 2.0 eq, 0.36 mmol) and 

triethylamine (50 µL, 2.0 eq, 0.36 mmol). The mixture was heated at 80°C for 3h. DMF was removed 

under vacuum and the product was directly purified by column chromatography (DCM/MeOH 2% to 

10% gradient). Compound 28 was obtained as a brown paste. 

 

MS (ESI), m/z: 476.6 [M+H]+ 

 

1H NMR (400 MHz, CDCl3) δ: 8.83 (brs, 1H), 7.45 (d, 1H, J= 14.5 Hz), 7.29 (d, 1H, J= 14.5 Hz), 6.70 (brt, 

1H, J= 6.1 Hz), 4.43-4.39 (m, 1H), 4.19-4.11 (m, 5H), 3.98-3.88 (m, 2H), 3.72-3.65 (m, 1H), 1.51 (s, 3H), 

1.45 (s, 3H), 1.39-1.33 (m, 9H) 

 

13C NMR (101 MHz, CDCl3) δ: 162.0, 154.8, 149.4, 133.3, 116.2, 110.9, 110.3, 84.6, 78.0, 76.6, 73.3, 

68.1, 66.4, 43.4, 27.8, 26.8, 25.4, 25.3, 15.0 
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5-(((E)-2-oxopropylidene)amino)-6-(((2S,3R,4R)-2,3,4,5-tetrahydroxypentyl)oxy)pyrimidine-

2,4(1H,3H)-dione (29)80 

 

 

Raw formula Molecular mass Aspect 

C12H17N3O8 331.10 g.mol-1 Red solution in water 

 

Nitro precursor of 29 with uracil protected by benzyl groups was furnished by Sanofi. This precursor 

(45 mg, 1.0 eq, 0.08 mmol) was dissolved in a MeOH/EtOAc mixture (3/1 mL) and 10% Pd/C was added 

(4.5 mg, 0.1 eq). The solution was allowed to react at room temperature under H2 atmosphere 

overnight to give the desired amino derivative along with a nitro analogue impurity (according to UPLC-

MS analysis). The mixture was carefully filtered on celite to avoid as much as possible contact with air 

and washed with a few volumes of MeOH. The solvent was removed under vacuum and a solution at 

10 mM concentration in water was directly prepared and freezed at -80°C (the amino intermediate 

was not isolated because of its chemical instability). Product 29 was prepared right before addition on 

cells by adding methylglyoxal to aliquots of the stock solution (same protocol as for 12b) 
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5-((2-oxopropyl)amino)-6-((3S,4S,5R)-3,4,5,6-tetrahydroxyhexyl)pyrimidine-2,4(1H,3H)-dione (31) 

 

Raw formula Molecular mass Aspect 

C13H21N3O7 331.14 g.mol-1 Colorless solution in water 

 

31 was synthetized following the same protocol as for 12b. Briefly, a stock solution of the amino 

precursor (hydrochloride salts) furnished by Sanofi was diluted to a 10 mM concentration and it was 

freezed at -80°C. Aliquots of 5 µL were made and 5 µL of 50 mM methylglyoxal was added followed by 

15 minutes reaction. The product was then directly added on cells for biological evaluation. 

 

2,6-dioxo-5-(((E)-2-oxopropylidene)amino)-N-((2S,3S,4R)-2,3,4,5-tetrahydroxypentyl)-1,2,3,6-

tetrahydropyrimidine-4-carboxamide (32) 

 

Raw formula Molecular mass Aspect 

C13H18N4O8 358.11 g.mol-1 Colorless solution in water 

 

32 was synthetized following the same protocol as for 12b. Briefly, a stock solution of the amino 

precursor furnished by Sanofi was diluted to a 10 mM concentration and it was freezed at -80°C. 

Aliquots of 5 µL were made and 5 µL of 50 mM methylglyoxal was added followed by 15 minutes 

reaction. The product was then directly added on cells for biological evaluation. 
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4-chloro-2,6-dimethoxy-5-nitropyrimidine (33)117  

 

 

Raw formula Molecular mass Aspect Yield 

C6H6ClN3O4 219.00 g.mol-1 Yellow solid 56% 

 

Sulfuric acid (0.75 mL) was added dropwise to fuming nitric acid (≥ 90%, 1.25 mL) at 0°C followed by 

6-chloro-2,4-dimethoxypyrimidine (50 mg, 1.0 eq, 0.29 mmol). The reaction mixture was stirred at 

85°C for 2h30, then cooled to room temperature, poured into ice-water, and stirred for 20 min. The 

resulting solid was filtered, washed three times with ice-water, and dried under vacuum to give 33 as 

a yellow solid.  

 

MS (ESI), m/z: 220.0 [M+H]+, 222.1 [M+H+2]+ 

 

1H NMR (400 MHz, CDCl3) δ: 4.10 (s, 3H), 4.07 (s, 3H) 

 

13C NMR (101 MHz, CDCl3) δ: 163.9, 162.7, 153.7, 77.4, 56.6, 56.3 
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2,6-dimethoxy-5-nitro-N-(((4S,4'R,5S)-2,2,2',2'-tetramethyl-[4,4'-bi(1,3-dioxolan)]-5-

yl)methyl)pyrimidin-4-amine (34)117 

 

 

Raw formula Molecular mass Aspect Yield 

C17H26N4O8 414.18 g.mol-1 Yellow powder 75% 

 

To 33 (0.65 g, 1.0 eq, 2.97 mmol) in DMF (5 ml) was added 12 (1,25 g, 2.2 eq, 6,53 mmol). The mixture 

was stirred at room temperature for 19h. Then, DMF was evaporated under vacuum and water/DCM 

extraction was performed. The organic layer was dried over MgSO4 and concentrated under vacuum. 

The product was purified by column chromatography (hexane/EtOAc 30%) to give 34 as a yellow solid.  

 

MS (ESI), m/z (%): 415.3 [M+H]+ 

 
 
1H NMR (400 MHz, CDCl3) δ: 4.41-4.37 (m, 1H), 4.21-4.12 (m, 3H), 4.08 (s, 3H), 4.05-4.00 (m, 4H), 3.93-

3.91 (m, 1H), 3.80-3.74 (m, 1H), 1.70 (brs, 1H), 1.45 (s, 3H), 1.43 (s, 3H), 1.38 (s, 3H), 1.37 (s, 3H)  

 

13C NMR (101 MHz, CDCl3) δ: 167.4, 163.7, 159.1, 112.8, 110.6, 109.2, 78.7, 75.3, 73.3, 68.3, 55.6, 55.5, 

40.8, 28.0, 26.6, 25.7, 25.5 
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2,6-dimethoxy-9-(((4S,4'R,5S)-2,2,2',2'-tetramethyl-[4,4'-bi(1,3-dioxolan)]-5-yl)methyl)-7,9-dihydro-

8H-purin-8-one (35) 

 

 

Raw formula Molecular mass Aspect Yield 

C18H26N4O7 410.18 g.mol-1 Yellow solid 71% 

 

34 (623 mg, 1.0 eq, 1.50 mmol) was dissolved in MeOH (6 mL) and 10% Pd/C (160 mg, 0.1 eq) was 

added. The reaction mixture was stirred at room temperature under H2 atmosphere for 24h. The 

mixture was filtered on celite, rinsed by MeOH and DCM, and the solvents were removed under 

vacuum. The crude intermediate (630 mg, 1.0 eq, 1.63 mmol) was dissolved in DCM (60 mL). 

Triethylamine (2.29 mL, 10 eq, 16.3 mmol) and triphosgene (193 mg, 0.4 eq, 0.65 mmol) were 

sequentially added at 0°C, under argon atmosphere. The mixture was slowly warmed up to room 

temperature and stirred for 30 minutes. After completion, water was added and the product was 

extracted by DCM. The organic layer was washed by saturated aqueous NaHCO3, dried over MgSO4 

and concentrated under vacuum. The product was purified by column chromatography (hexane/EtOAc 

50%) to give 35 as a yellow powder. 

 

MS (ESI), m/z (%): 411.3 [M+H]+, 409.3 [M-H]- 

 
1H NMR (500 MHz, CDCl3) δ: 4.93-4.89 (m, 1H), 4.27-4.08 (m, 5H), 4.04 (s, 3H), 3.98-3.93 (m, 4H), 1.78 

(s, 1H), 1.47 (s, 3H), 1.39 (s, 3H), 1.29 (s, 3H), 1.28 (s, 3H) 

 

13C NMR (126 MHz, CDCl3) δ: 160.5, 153.9, 153.6, 152.1, 110.0, 109.7, 100.8, 78.1, 73.9, 73.2, 68.4, 

55.0, 54.1, 41.1, 28.1, 26.9, 25.8, 25.3  
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2,6-dimethoxy-7-(2-oxopropyl)-9-(((4S,4'R,5S)-2,2,2',2'-tetramethyl-[4,4'-bi(1,3-dioxolan)]-5-

yl)methyl)-7,9-dihydro-8H-purin-8-one (36) 

 

 

Raw formula Molecular mass Aspect Yield 

C21H30N4O8 466.21 g.mol-1 Yellow paste 94% 

 

To 35 (100 mg, 1.0 eq, 0.24 mmol) in DMF (5 mL) was added sodium hydride (60% dispersion in mineral 

oil, 59 mg, 10 eq, 2.4 mmol) at 0°C. The mixture was stirred at the same temperature until gas released 

ceased (approximatively 30 min). Then, chloroacetone (0.98 mL, 5.0 eq, 1.22 mmol) was added and 

the reaction was stirred at room temperature during 1h. Water was added to the mixture and the 

product was extracted by DCM. The organic layer was dried over MgSO4 and dried under vacuum. The 

crude product was purified by column chromatography (hexane/AcOEt 50%) to give 36 as a yellow 

paste. 

 

MS (ESI), m/z (%): 476.4 [M+H]+, 489.4 [M+H+Na]+ 

 
1H NMR (400 MHz, CDCl3) δ: 4.88-4.83 (m, 1H), 4.70 (s, 2H), 4.25-4.02 (m, 5H), 3.96-3.90 (m, 7H), 2.20 

(s, 3H), 1.44 (s, 3H), 1.38 (s, 3H), 1.28 (s, 3H), 1.25 (s, 3H),  

 

13C NMR (101 MHz, CDCl3) δ: 201.6, 160.3, 153.7, 153.3, 151.4, 110.0, 109.7, 102.4, 78.0, 74.0, 73.2, 

68.4, 55.0, 54.2, 51.7, 41.5, 28.1, 26.9 (2C), 25.8, 25.3  
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7-(2-oxopropyl)-9-((2S,3S,4R)-2,3,4,5-tetrahydroxypentyl)-7,9-dihydro-1H-purine-2,6,8(3H)-trione 

(37) 

 

 

Raw formula Molecular mass Aspect Yield 

C13H18N4O8 358.1125 g.mol-1 White solid 84% 

 

36 (107 mg, 1.0 eq, 0.23 mmol) was dissolved in a 1:1 mixture of 37% HCl/MeOH (2 mL of each) and 

the mixture was heated under reflux for 3h. The solvent was removed under vacuum and the product 

was purified by preparative C18 RP-HPLC using the following conditions: Solvent A: Water + 0.1% 

formic acid; Solvent B: ACN + 0.1% formic acid; 25 min run with a gradient starting from 100% A for 5 

min, then 5% B for 5 min and then gradual increase of B to reach 100% B at 20 min followed by 5 min 

with 100% B. After lyophilization, the product was recovered as a white solid. 

 

HR-MS (ESI), m/z (%): 359.1195 [M+H]+ 

 
1H NMR (500 MHz, D2O) δ: 4.95 (s, 2H), 4.15-4.08 (m, 2H), 4.03-3.97 (m, 1H), 3.87 (td, 1H, J= 6.8 Hz, 

3.1 Hz), 3.81 (dd, 1H, J= 11.9 Hz, 3.1 Hz), 3.76-3.74 (m, 1H), 3.68 (dd, 1H, J= 11.9 Hz, 6.8 Hz), 2.34 (s, 

3H) 

 

13C NMR (126 MHz, D2O) δ: 207.1, 155.1, 152.4, 151.9, 139.6, 98.0, 72.6, 72.0, 69.2, 62.4, 51.2, 44.3, 

26.3 
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((4S,4'R,5S)-2,2,2',2'-tetramethyl-[4,4'-bi(1,3-dioxolan)]-5-yl)methanol (38) 

 

 

Raw formula Molecular mass Aspect Yield 

C11H20O5 232.13 g.mol-1 Colorless oil 48 % 

 

8 (140 mg, 1.0 eq, 0.61 mmol) was dissolved in MeOH (2 mL) and sodium borohydride was slowly 

added at 0°C. The reaction was stirred at room temperature for 30 min. A saturated aqueous NH4Cl 

was added and the product was extracted by DCM. The organic layer was dried over MgSO4 and 

concentrated under vacuum. The product was purified by column chromatography (hexane/AcOEt 

20%) to give 38 as a colorless oil. 

 
1H NMR (400 MHz, CDCl3) δ: 4.37-4.32 (m, 1H), 4.18-4.12 (m, 2H), 4.08-4.03 (m, 1H), 3.99-3.92 (m, 1H), 

3.89-3.78 (m, 2H), 2.68 (brs, 1H), 1.41 (s, 3H), 1.40 (s, 3H), 1.35 (s, 3H), 1.34 (s, 3H) 

 

13C NMR (101 MHz, CDCl3) δ: 110.2, 108.9, 78.3, 77.5, 73.5, 68.2, 60.8, 27.9, 26.8, 25.5, 25.3 
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((4R,4'R,5S)-2,2,2',2'-tetramethyl-[4,4'-bi(1,3-dioxolan)]-5-yl)methyl methanesulfonate (39) 

 

 

Raw formula Molecular mass Aspect Yield 

C12H22O7S 310.11 g.mol-1 Yellow oil 89 % 

 

To 38 (231 mg, 1.0 eq, 1.0 mmol) in pyridine (5 mL) was added at 0°C methanesulfonyl chloride (0.09 

mL, 1.2 eq, 1.19 mmol). The mixture was stirred 3h at room temperature. Pyridine was then removed 

under vacuum and water/DCM extraction was performed. The organic layer was dried over MgSO4 and 

concentrated under vacuum. The product was purified by column chromatography (hexane/AcOEt 

50%) to give 39 as a yellow oil. 

 
1H NMR (400 MHz, CDCl3) δ: 4.60 (dd, 1H, J= 11.0 Hz, 2.7 Hz), 4.47-4.44 (m, 1H), 4.34 (dd, 1H, J= 11.0 

Hz, 8.2 Hz), 4.13-4.10 (m, 1H), 4.03-4.00 (m, 2H), 3.92-3.90 (m, 1H), 3.08 (s, 3H), 1.45 (s, 3H), 1.39 (s, 

3H), 1.35 (s, 3H), 1.32 (s, 3H)  

 

13C NMR (101 MHz, CDCl3) δ: 110.2, 109.9, 77.7, 75.6, 73.2, 68.6, 68.1, 37.9, 27.9, 27.0, 25.4 (2C) 
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4,6-dimethoxy-1H-pyrazolo[3,4-d]pyrimidine (40) 

 

 

Raw formula Molecular mass Aspect Yield 

C7H8N4O2 180.06 g.mol-1 White solid 59 % 

 

21 (2.23 g, 1.0 eq, 11.0 mmol) was dissolved in MeOH (30 mL) and hydrazine monohydrate was added 

(0.58 mL, 1.2 eq, 12 mmol). The reaction was stirred at reflux for 3h. MeOH was removed under 

vacuum and water/DCM extraction was done. The organic layer was dried over MgSO4 and 

concentrated under vacuum. The product was purified by column chromatography (hexane/AcOEt 

50%) to give 40 as a white solid. 

 

HR-MS (ESI), m/z (%): 181.3 [M+H]+ 

 

1H NMR (400 MHz, DMSO-d6) δ: 13.59 (brs, 1H), 8.04 (s, 1H), 4.03 (s, 3H), 3.92 (s, 3H) 

 

13C NMR (101 MHz, DMSO-d6) δ: 164.5, 164.0, 157.8, 131.9, 97.9, 54.6, 54.0 
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3-iodo-4,6-dimethoxy-1H-pyrazolo[3,4-d]pyrimidine (41) 

 

 

Raw formula Molecular mass Aspect Yield 

C7H7IN4O2 305.96 g.mol-1 White solid 46 % 

 

To 40 (384 mg, 1.0 eq, 2.13 mmol) in DMF (10 mL) was added N-iodosuccinimide (578 mg, 1.2 eq, 2.56 

mmol). The mixture was heated at reflux for 7h. After cooling, water/DCM extraction was performed. 

The organic layer was dried over MgSO4 and concentrated under vacuum. The product was purified by 

column chromatography (hexane/EtOAc 50%) to give 41 as a white solid. 

 

HR-MS (ESI), m/z (%): 307.0 [M+H]+ 

 

1H NMR (400 MHz, DMSO-d6) δ: 13.88 (brs, 1H), 4.04 (s, 3H), 3.91 (s, 3H) 

 

13C NMR (101 MHz, DMSO-d6) δ: 164.3, 163.9, 158.0, 101.9, 89.7, 54.8, 54.3 
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3-iodo-4,6-dimethoxy-1-(((4S,4'R,5S)-2,2,2',2'-tetramethyl-[4,4'-bi(1,3-dioxolan)]-5-yl)methyl)-1H-

pyrazolo[3,4-d]pyrimidine (42) 

 

Raw formula Molecular mass Aspect Yield 

C18H25IN4O6 520.08 g.mol-1 White solid 39 % 

 

To 41 (200 mg, 1.0 eq, 0.65 mmol) in DMF (3 mL) was added potassium carbonate (270 mg, 3.0 eq, 

1.96 mmol) and a 38 (608 mg, 2.0 eq, 1.96 mmol) solution in DMF (2 mL). The mixture was heated at 

reflux for 24h. After completion, water was added and the product was extracted by DCM. The organic 

layer was dried over MgSO4 and concentrated under vacuum. The product was purified by column 

chromatography (hexane/EtOAc 20%) to give 42 as a colorless oil that solidified upon standing to a 

white solid. 

 

HR-MS (ESI), m/z (%): 520.9 [M+H]+ 

 
1H NMR (500 MHz, CDCl3) δ: 4.89-4.85 (m, 1H), 4.60 (dd, 1H, J= 13.9 Hz, J= 9.9 Hz), 4.50 (dd, 1H, J= 

13.9 Hz, 3.4 Hz), 4.22-4.16 (m, 2H), 4.13-4.09 (m, 4H), 4.02 (s, 3H), 3.98-3.93 (m, 1H), 1.46 (s, 3H), 1.38 

(s, 3H), 1.28 (s, 3H), 1.27 (s, 3H) 

 

13C NMR (126 MHz, CDCl3) δ: 165.1, 164.4, 157.6, 110.0, 109.8, 103.5, 87.5, 78.0, 75.9, 73.3, 68.4, 55.2, 

54.6, 47.8, 28.2, 26.9, 25.8, 25.4 
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1-(4,6-dimethoxy-1-(((4S,4'R,5S)-2,2,2',2'-tetramethyl-[4,4'-bi(1,3-dioxolan)]-5-yl)methyl)-1H-

pyrazolo[3,4-d]pyrimidin-3-yl)propan-2-one (43) 

 

 

Raw formula Molecular mass Aspect Yield 

C13H18N4O7 342.12 g.mol-1 - Traces 

 

Isopropenyl acetate (3 µL, 1.25 eq, 24 µmol) and tributyltin methoxide (6 µL, 1.25 eq, 24 µmol) were 

dissolved in dry toluene (0.5 mL) and the solution was heated at 50°C for 1h under argon atmosphere. 

The solution was added to 42 (10 mg, 1.0 eq, 19 µmol), tri(o-tolyl)phosphine (3 mg, 0.5 eq, 9.6 µmol) 

and PdCl2(MeCN)2 (1.0 mg, 0.1 eq, 1.9 µmol) beforehand dissolved in dry toluene (0.5 mL). The tube 

was sealed and the mixture was stirred at 130°C overnight. Solvent was removed under vacuum, water 

was added and the product was extracted by EtOAc. The organic layer was dried over MgSO4 and 

concentrated under vacuum. The product was purified by column chromatography (hexane/EtOAc 

30%) to give a mixture of products that were directly used for reaction. The mixture was dissolved in 

MeOH (0.5 mL) and 37% HCl was added (0.5 mL). The mixture was stirred at reflux for 2h. The solvent 

was removed under vacuum and the product was directly purified by preparative C18 RP-HPLC using 

the following conditions: Solvent A: Water + 0.1% formic acid; Solvent B: ACN + 0.1% formic acid. 25 

min run with a gradient starting from 100% A for 5 min, then 5% B for 5 min and then gradual increase 

of B to reach 100% B at 20 min followed by 5 min with 100% B. After freeze drying, the product was 

recovered as a white solid.  

 

MS (ESI), m/z (%): 343.5 [M+H]+ 
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Solid phase synthesis procedure:  

Manual SPPS method was used for the peptide synthesis with 2-Chlorotrityl chloride resin. All amino-

acids used were protected by Fmoc NH-protecting group removable using a 20% piperidine in DMF 

solution. PyBOP was used as coupling reagent and DIEA as base. Washes were done with DCM and 

DMF after each step of deprotection and coupling. pH was controlled during the reactions. Each 

coupling reaction was monitored by 2,4,6-Trinitrobenzenesulfonic acid (TNBS) test. Briefly, two drops 

of DIEA and two drops of TNBS 0.1% were added to one sample of the resin. After 3 minutes, coupled 

beads remained yellow while uncoupled beads displayed an orange color. Loading of the resin was 

quantified by analysis of Fmoc-protecting group (in the washing media) using UV spectrophotometry. 

Absorbance was measured at 301 nm wavelength. 

 

Fmoc-NH-PEG2-PEG2-Phe-Arg(Pbf)-OH (44) 

 

 

Raw formula Molecular mass Aspect Yield 

C55H71N7O14S 1085.48 g.mol-1 White solid 46 % 

 

Fmoc-NH-Arg(Pbf)-OH (1.09 g, 2.0 eq, 1.68 mmol ) was coupled to 2-chlorotrityl chloride resin (1.0 g, 

1 eq) with DIEA (0.585 mL, 4 eq, 3.36 mmol) in DMF (10 mL) within 30 min. The resin was capped with 

a solution of DCM/MeOH/DIEA (10 mL, 17/2/1) during 15 min (10 + 5 min). A solution of 20% piperidine 

in DMF (10 mL) was added for the deprotection of Fmoc-protecting group for 5 min and then 10 min 

(twice). After washes, Fmoc-NH-Phe-OH (0.650 g, 2.0 eq, 1.68 mmol), DIEA (585 μL, 4 eq, 3.36 mmol) 

and PyBOP (0.877 g, 2.0 eq, 1.68 mmol) were added to the resin in suspension in DMF (10 mL) and the 

solution was stirred for 30 min. TNBS test was done with a small sample of resin beads to check the 

completion of the coupling reaction. The same steps of deprotection and coupling were done two 

times for the coupling of Fmoc-NH-PEG2-OH (0.65 g, 2.0 eq, 1.68 mmol) using the same conditions. 

Then, a solution of TFE/AcOH/DCM (2/1/7, 10 mL) was added to and the mixture was stirred for 2h. 

The beads were washed with DCM and the solution was concentrated under vacuum. A second 
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cleavage was done using the same conditions and following the same steps. The peptide was then 

precipitated from cold EtO2 and the precipitate was washed with diethyl ether and dried under vacuum 

to give 44 as a white solid. 

 

HR-MS (ESI), m/z (%): 1086.3 [M+H]+ 

 
1H NMR (500 MHz, CD2Cl2) δ: 7.77 (d, 2H, J= 7.5 Hz), 7.59 (d, 2H, J= 7.5 Hz), 7.42-7.37 (m, 3H), 7.33-

7.27 (m, 3H), 7.23-7.15 (m, 5H), 6.35 (brs, 2H), 6.19 (brs, 1H), 5.67 (brt, 1H, J= 5.5 Hz), 4.77-4.73 (m, 

1H), 4.48-4.38 (m, 3H), 4.24-4.18 (m, 1H), 3.96-3.80 (m, 4H), 3.62-3.30 (m, 16H), 3.19-3.15 (m, 3H), 

3.00-2.92 (m, 3H), 2.54 (s, 3H), 2.47 (s, 3H), 2.05-2.02 (m, 4H), 1.91-1.85 (m, 1H), 1.73-1.67 (m, 1H), 

1.54-1.46 (m, 2H), 1.42 (s, 6H) 

 

13C NMR (126 MHz, CD2Cl2) δ: 174.2, 173.8, 171.6, 171.1, 171.0, 159.0, 157.0, 156.9, 144.5, 141.8, 

138.6, 137.0, 133.5, 132.7, 129.7, 128.9, 128.1, 127.4, 127.3, 125.4, 125.2, 120.3, 117.8, 86.8, 71.3, 

70.7-70.2, 66.8, 54.5, 52.7, 47.7, 43.5, 41.3, 40.9, 39.1, 38.2, 29.5, 28.7, 25.4, 20.7, 19.4, 18.1, 12.6 

 

H2N-PEG2-PEG2-Phe-Arg(Pbf)-AMC (45) 

 

 

Raw formula Molecular mass Aspect Yield 

C50H68N8O13S 1020.46 g.mol-1 Yellow solid 20 % 

 

44 (200 mg, 1.0 eq, 0.18 mmol), TCFH (101 mg, 2.0 eq, 0.36 mmol) and DIEA (80 µL, 4.0 eq, 0.72 mmol) 

were dissolved in anhydrous DCM at 0°C under argon atmosphere. The solution was stirred for 20 min 

at room temperature. 7-amino-4-methylcoumarin (39 mg, 1.2 eq, 0.22 mmol) was added at 0°C and 

the solution was stirred for 20 min at 0°C and overnight at room temperature. The solution was washed 
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by saturated NaCl(aq) and 5% Na2CO3(aq). The organic layer was dried over MgSO4 and evaporated under 

vacuum. The intermediate Fmoc-NH-PEG2-PEG2-Phe-Arg(Pbf)-AMC was stirred in a 20% piperidine in 

DMF (5mL) solution during 1h at room temperature. The solvent was evaporated under vacuum and 

the product was purified by preparative C18 RP-HPLC using the following gradient: 5% ACN (0.1% 

formic acid)/95% H2O (0.1% formic acid) to 70/30% ACN/H2O over 25 minutes. The fractions containing 

the product were freeze dried to give 45 as a yellow powder (mixture of two epimers). 

 

HR-MS (ESI), m/z (%): 1021.1 [M+H]+ 

 
1H NMR (500 MHz, CD2Cl2) δ: 10.21 (brs, 1H), 8.66 (s, 1H), 8.26-8.23 (m, 1H), 7.77-7.71 (m, 2H), 7.51-

7.38 (m, 3H), 7.24-7.10 (m, 5H), 7.02 (brs, 1H), 6.63 (brs, 2H), 6.10 (d, 1H, J= 7.3 Hz), 4.77-4.76 (m, 1H), 

4.64-4.60 (m, 1H), 4.56-4.51 (m, 1H) , 4.02-3.91 (m, 4H), 3.70-3.33 (m, 14H), 3.23-2.90 (m, 8H), 2.55 (d, 

3H, J= 8.4 Hz), 2.48 (d, 3H, J= 6.3 Hz), 2.35 (d, 3H, J= 10.2 Hz), 2.05 (d, 3H, J= 6.2 Hz), 1.95-1.75 (m, 2H), 

1.74-1.53 (m, 2H), 1.43 (s, 6H) 

 

13C NMR (126 MHz, CD2Cl2) δ: 172.0, 170.9, 170.4, 169.2, 161.1, 158.7, 156.9, 154.1, 152.8, 142.0, 

138.2, 136.7, 133.0, 132.3, 129.3, 128.6, 127.0, 125.1, 124.9, 117.5, 116.0, 115.9, 113.0, 107.1, 86.6, 

70.7, 70.2, 70.1, 69.9, 67.7, 54.8, 54.6, 43.1, 40.0, 38.7, 38.1, 37.9, 29.2, 28.3, 25.5, 19.2, 18.4, 17.9, 

12.2 

 

H2N-PEG2-PEG2-Phe-Arg-AMC (46) 

 

 

Raw formula Molecular mass Aspect Yield 

C37H52N8O10 768.38 g.mol-1 Yellow solid 83 % 

 

45 (15 mg, 1.0 eq, 0.10 mmol) was dissolved in a mixture of TFA/Tris/H2O (95/2.5/2.5, 2mL) and stirred 

during 2h at room temperature. Cold Et2O was added and the precipitate was filtered and washed with 

Et2O. After drying under vacuum, 46 was obtained as a yellow powder (mixture of two epimers). 
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HR-MS (ESI), m/z (%): 769.9 [M+H]+ 

 

 

1H NMR (500 MHz, DMSO-d6) δ: 10.58 (s, 1H), 10.42 (s, 1H), 8.65-8.57 (m, 2H), 7.86-7.67 (m, 5H), 7.58-

7.51 (m, 2H), 7.29-7.14 (m, 6H), 6.30-6.28 (m, 1H), 5.75 (s, 1H), 4.69-4.66 (m, 1H), 4.48-4.43 (m, 1H), 

4.38-4.34 (m, 1H), 3.92-3.75 (m, 4H), 3.60-3.56 (m, 4H), 3.52-3.3.40 (m, 5H), 3.29-3.25 (m, 2H), 3.16-

2.87 (m, 4H), 2.41 (dd, 2H, J= 4.4 Hz, J= 1.3 Hz), 1.85-1.63 (m, 3H), 1.62-1.41 (m, 3H), 1.38-1.20 (m, 4H)  

 

H2N-PEG2-PEG2-Phe-Arg-72 (47) 

 

 

Raw formula Molecular mass Aspect Yield 

C38H59N11O14 893.42 g.mol-1 Yellow solid 3.5 % 

 

44 (109 mg, 1.0 eq, 0.10 mmol), TCFH (56 mg , 2.0 eq, 0.2 mmol) and DIEA (40 μL, 4.0 eq, 0.4 mmol) 

were dissolved in anhydrous DCM at 0°C under argon atmosphere. The solution was stirred for 20 min 

at room temperature. 72 (60 mg , 2.0 eq, 0.2 mmol) was dissolved in few volumes of anhydrous MeOH 

and it was added to the mixture at 0°C. The solution was stirred for 20 min at 0°C and then overnight 

at room temperature. The solvent was removed under vacuum and the intermediate was stirred in a 

20% piperidine in DMF (5mL) solution during 1h at room temperature. The solvent was evaporated 

under vacuum. The product was purified by preparative C18 RP-HPLC with a 20% to 50% ACN elution 
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gradient over 15 minutes. The fractions containing the product were freeze dried. Then, the product 

was solubilized in a mixture of TFA/Tris/H2O (95/2.5/2.5, 2mL) and stirred during 2h at room 

temperature. Cold Et2O was added and the precipitate was filtered and washed with Et2O (10 mL). 

After drying under vacuum, 47 was obtained as a yellow powder (mixture of two epimers). 

 

HR-MS (ESI), m/z (%): 894.1 [M+H]+ 

 

 
1H NMR (500 MHz, DMSO-d6) δ: 10.46 (s, 1H), 10.40 (s, 1H), 8.40 (s, 1H), 8.31 (d, 1H, J= 7.1 Hz), 7.78-

7.84-7.70 (m, 4H), 7.52 (brt, 1H, J= 5.4 Hz), 7.26-7.16 (m, 4H), 6.90 (brs, 1H), 6.21 (brt, 1H, J= 5.8 Hz), 

5.46-5.00 (m, 4H), 4.65-4.60 (m, 1H), 4.93-4.37 (m, 2H), 3.90-3.74 (m, 6H), 3.60-3.61-3.57 (m, 6H), 3.56-

3.30 (4H hidden by water peak), 3.29-3.25 (m, 2H), 3.21 (d, 1H, J= 2.2 Hz), 3.14-3.07 (m, 4H), 3.00-2.95 

(m, 2H), 2.92-2.83 (m, 2H), 2.08-2.07 (m, 3H), 1.84-1.74 (m, 1H), 1.73-1.60 (m, 1H), 1.57-1.52 (m, 2H), 

1.38 (s, 1H), 1.23 (s, 1H)  

 

13C NMR (101 MHz, DMSO-d6) δ: 171.8, 171.2, 169.4, 169.3, 160.8, 158.0, 157.7, 156.7, 152.16, 150.0, 

137.6, 135.5, 129.2, 128.1, 126.3, 86.3, 83.9, 75.6, 74.6, 72.5, 71.16, 70.0, 69.8, 69.6, 69.4, 69.3, 68.9, 

66.6, 63.2, 59.5, 53,4, 52.4, 43.9, 40.5, 38.6, 38.0, 37.2, 30.7, 29.0, 24.4 

 

LB-NH-PEG2-PEG2-Phe-Arg-AMC (48) 

 

 

1 mL of the stock suspension of carboxylate-modified latex beads (CML beads, 4% w/v, 1 µm diameter) 

was introduced in a 1.5 mL Eppendorf vial. The beads were washed three times with MES Buffer (100 

mM, pH 6.0) and the supernatant was discarded after centrifugation (10 min, 15000 rpm). A solution 

of EDC (40 mg/mL) and NHS (12 mg/mL) in MES buffer was added and the beads were stirred on rotator 
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(20 min, 750 rpm). Activated beads were washed three times with MES Buffer. They were re-

suspended in PBS Buffer and a solution of 46 (2 mg/mL in PBS) was added. The mixture was then stirred 

on rotator (2h, 750 rpm). The conjugated beads were washed three times and re-suspended in a 

glycine Buffer (750 µg/mL). The tube was stirred on rotator (1h, 750 rpm) and washed again with PBS 

buffer. The conjugated beads were stocked at 4°C in PBS Buffer and protected from light.  

 

LB-NH-PEG2-PEG2-Phe-Arg-72 (49) 

 

 

1 mL of the stock suspension of carboxylate-modified latex beads (CML beads, 4% w/v, 1 µm diameter) 

was introduced in a 1.5 mL Eppendorf vial. The beads were washed three times with MES Buffer (100 

mM, pH 6.0) and the supernatant was discarded after centrifugation (10 min, 15000 rpm). A solution 

of EDC (40 mg/mL) and NHS (12 mg/mL) in MES buffer was added and the beads were stirred on rotator 

(20 min, 750 rpm). Activated beads were washed three times with MES Buffer. They were re-

suspended in PBS Buffer and a solution of 47 (2 mg/mL in PBS) was added. The mixture was stirred on 

rotator (2h, 750 rpm). The conjugated beads were washed three times and re-suspended in glycine 

Buffer (750 µg/mL). The tube was stirred on rotator (1h, 750 rpm) and washed again with PBS buffer. 

The conjugated beads were stocked at 4°C in PBS Buffer and protected from light. A small sample of 

the conjugated beads was analyzed by fluorometric Click reaction test using Click-iT® EdU Imaging Kit 

from InVitrogen. Beads were incubated with Alexa Fluor Azide 488TM, ascorbate and CuSO4 in Click-iT 

EdU Buffer. After 1h, the fluorescence was measured using SpectraMax ID3 spectrophotometer at 

495/519 nm wavelengths.  
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Fmoc-NH-Cit-PAB-OH (50) 

 

 

Raw formula Molecular mass Aspect Yield 

C28H30N4O5 502.22 g.mol-1 White solid 87% 

 

To a solution of Fmoc-NH-Cit-OH (1.45 g, 1.0 eq, 3.66 mmol) in dry DMF (10 mL) was added 4-

aminobenzyl alcohol (1.35 g, 3.0 eq, 11 mmol) followed by DIPEA (0.5 mL, 1.0 eq, 3.66 mmol). The 

solution was stirred for 15 minutes and HATU was added (1.53 g, 1.1 eq, 4.03 mmol). The mixture was 

stirred overnight. The product was concentrated under vacuum and purified by column 

chromatography (DCM/MeOH 2% to 5%) and 50 was obtained as a white solid. 

 

MS (ESI), m/z (%): 503.3 [M+H]+ 

 

1H NMR (500 MHz, DMSO-d6) δ: 9.98 (s, 1H), 7.89 (d, 2H, J= 7.6 Hz), 7.75 (t, 2H, J= 6.5 Hz), 7.66 (d, 1H, 

J= 8.1 Hz), 7.56 (d, 2H, J= 8.4 Hz), 7.43-7.40 (m, 2H), 7.35-7.31 (m, 2H), 7.24 (d, 2H, J= 8.4 Hz), 5.99 (brt, 

1H, J= 5.6 Hz), 5.43 (s, 2H), 5.09 (t, 1H, J= 5.7 Hz), 4.43 (d, 2H, J= 5.6 Hz), 4.28-4.15 (m, 4H), 3.08-3.01 

(m, 1H), 2.99-2.92 (m, 1H), 1.70-1.58 (m, 2H), 1.52-1.35 (m, 2H) 

 

13C NMR (126 MHz, DMSO-d6) δ: 171.0, 158.9, 156.1, 143.9, 143.8, 140.7, 137.6, 137.4, 127.6, 127.0, 

126.9, 125.4, 120.1, 118.9, 65.7, 62.6, 55.0, 46.7, 40.4, 29.3, 26.9 

 

 

 

 

N
H

O
H
N

O

NH2
O

O NH

OH



 168 

Fmoc-NH-Val-Cit-PAB-OH (51) 

 

 

Raw formula Molecular mass Aspect Yield 

C33H39N5O6 601.29 g.mol-1 Yellow solid 56 % 

 

50 (1.0 g, 1.0 eq, 1.99 mmol) was stirred in a 20% piperidine in DMF solution (8 mL) for 30 min. The 

solvent was removed under vacuum and the product was precipitated from cold Et2O and washed with 

the same solvent to remove residual amounts of piperidine. After deep drying under vacuum, the 

intermediate was dissolved in dry DMF (8 mL) and Fmoc-NH-Val-OSu was added (1.05 g, 1.2 eq, 2.4 

mmol). The mixture was stirred at room temperature for 3h. The solvent was removed under vacuum 

and the product was purified by flash chromatography (DCM/MeOH 3% to 12%) to give 51 as a yellow 

solid. 

 

MS (ESI), m/z (%): 602.4 [M+H]+ 

 

1H NMR (500 MHz, DMSO-d6) δ: 9.98 (brs, 1H), 8.11 (d, 1H, J= 7.6 Hz), 7.89 (d, 2H, J= 7.6 Hz), 7.74 (t, 

2H, J= 7.9 Hz), 7.56-7.54 (m, 2H), 7.45-7.39 (m, 3H), 7.32 (td, 2H, J= 7.4 Hz, 0.9 Hz), 7.24-7.22 (m, 2H), 

5.99 (brt, 1H, J= 5.6 Hz), 5.40 (s, 2H), 5.10 (brt, 1H, J= 5.4 Hz), 4.44-4.43 (m, 3H), 4.34-4.20 (m, 3H), 3.93 

(dd, 1H, J= 8.9 Hz, 7.1 Hz),3.05-2.88 (m, 2H), 2.05-1.96 (m, 1H), 1.75-1.55 (m, 2H), 1.50-1.33 (m, 2H), 

0.89-0.85 (m, 6H) 

 

13C NMR (126 MHz, DMSO-d6) δ: 171.2, 170.4, 158.9, 156.1, 143.9, 143.8, 140.7, 137.5, 137.4, 127.6, 

127.1, 126.9, 125.4, 120.1, 118.9, 65.7, 62.6, 60.1, 53.1, 46.7, 30.4, 29.5, 26.8, 19.2, 18.3 
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Fmoc-NH-PEG2-Val-Cit-PAB-OH (52) 

 

 

Raw formula Molecular mass Aspect Yield 

C39H50N6O9 746.36 g.mol-1 White solid 47 % 

 

51 (1.0 g, 1.0 eq, 1.66 mmol) was stirred in a 20% piperidine in DMF solution (8 mL) for 30 min. Then, 

the solvent was removed under vacuum and the product was precipitated from cold Et2O and washed 

with the same solvent to remove residual amounts of piperidine. After deep drying under vacuum, the 

intermediate was dissolved in dry DMF (8 mL) and Fmoc-NH-PEG2-OSu was added (0.962 g, 1.2 eq, 

2.00 mmol). The mixture was stirred at room temperature for 3h. The solvent was removed under 

vacuum and the crude was purified by flash chromatography (DCM/MeOH 0% to 15%) to give 52 as a 

yellow solid. 

 

MS (ESI), m/z (%): 747.5 [M+H]+ 

 

1H NMR (500 MHz, DMSO-d6) δ: 9.96 (brs, 1H), 8.34 (d, 1H, J= 7.5 Hz), 7.88 (d, 2H, J= 7.5 Hz), 7.68 (d, 

2H, J= 7.4 Hz), 7.56-7.54 (m, 2H), 7.48 (d, 1H, J= 9.0 Hz), 7.40 (t, 2H, J= 7.4 Hz), 7.34-7.30 (m, 3H), 7.23-

7.22 (m, 2H), 6.00 (brt, 1H, J= 5.7 Hz), 5.42 (s, 2H), 5.09 (brs, 1H), 4.43-4.38 (m, 3H), 4.34-4.27 (m, 3H), 

4.20 (t, 1H, J= 6.9 Hz), 3.95 (s, 2H), 3.64-3.55 (m, 4H), 3.45-3.40 (m, 2H), 3.19-3.13 (m, 2H), 3.04-2.93 

(m, 2H), 2.04-1.96 (m, 1H), 1.73-1.56 (m, 2H), 1.48-1.32 (m, 2H), 0.88 (d, 3H, J= 6.8 Hz), 0.82 (d, 3H, J= 

6.8 Hz)  

 

13C NMR (126 MHz, DMSO-d6) δ: 170.7, 170.3, 169.0, 158.9, 156.2, 143.9, 140.7, 137.5, 137.4, 128.9, 

127.6, 127.3, 127.0, 126.9, 125.2, 121.1, 120.1, 119.0, 118.9, 70.3, 69.7, 69.3, 69.2, 65.3, 62.6, 56.6, 

53.2, 46.7, 38.6, 31.1, 29.4, 26.9, 25.2, 19.2, 18.0 
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Fmoc-NH-PEG2-PEG2-Val-Cit-PAB-OH (53) 

 

 

Raw formula Molecular mass Aspect Yield 

C45H61N7O12 891.44 g.mol-1 White solid 61 % 

 

52 (150 mg, 1.0 eq, 0.20 mmol) was stirred in a 20% piperidine in DMF solution (1 mL) for 30 min. Then, 

the solvent was removed under vacuum and the product was precipitated from cold diethyl ether and 

washed with the same solvent to remove residual amounts of piperidine. After deep drying under 

vacuum, the intermediate was dissolved in dry DMF (1 mL) and Fmoc-NH-PEG2-OSu was added (124 

mg, 1.2 eq, 0.26 mmol). The mixture was stirred at room temperature for 3h. The solvent was removed 

under vacuum and the crude was purified by flash chromatography (DCM/MeOH 0% to 15%) to give 

53 as a white solid. 

 

MS (ESI), m/z (%): 892.5 [M+H]+ 

 

1H NMR (400 MHz, DMSO-d6) δ: 9.99 (brs, 1H), 8.39-8.34 (m, 1H), 7.89-7.83 (m, 3H), 7.67-7.65 (m, 1H), 

7.56-7.50 (m, 3H), 7.43-7.32 (m, 4H), 7.24-7.22 (m, 2H), 6.61 (brm, 1H), 6.28 (s, 2H), 6.02 (brm, 1H), 

5.43 (s, 2H), 4.43-4.30 (m, 4H), 3.95-3.86 (m, 4H), 4.61-3.53 (m, 11H), 3.46 (brt, 2H, J= 6.0 Hz), 3.40 

(brt, 2H, J= 6.0 Hz), 3.29 (q, 2H, J= 11.5 Hz, 5.6 Hz), 3.1-2.89 (m, 4H), 2.05-1.96 (m, 1H), 1.72-1.55 (m, 

2H), 1.48-1.38 (m, 2H), 0.89-0.82 (m, 6H)  

 

13C NMR (101 MHz, DMSO-d6) δ: 170.7, 170.3, 169.3, 169.0, 158.9, 142.6, 139.4, 137.5, 137.4, 128.9, 

127.3, 126.9, 124.9, 121.4, 120.0, 118.8, 109.7, 70.2, 70.1, 69.9, 69.7, 69.4, 69.3, 69.0, 67.0, 62.6, 56.7, 

53.2, 38.5, 37.9, 31.1, 30.4, 29.3, 26.8, 25.1, 19.2, 18.0 
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Fmoc-NH-Val-Cit-PAB-PNP (54) 

 

 

Raw formula Molecular mass Aspect Yield 

C40H42N6O10 766.30 g.mol-1 White solid 61 % 

 

51 (200 mg, 1.0 eq, 0.33 mmol) was dissolved in DMF (2 mL). Bis(4-nitrophenyl)carbonate (202 mg, 2.0 

eq, 0.67 mmol) and DIEA (87 µL, 1.5 eq, 0.50 mmol) were added and the mixture was stirred at room 

temperature overnight. DMF was removed under vacuum and the product was purified by column 

chromatography (DCM/MeOH 5%) to give 54 as a white solid. 

 

MS (ESI), m/z (%): 767.7 [M+H]+ 

 

1H NMR (400 MHz, DMSO-d6) δ: 10.17 (brs, 1H), 8.33-8.29 (m, 2H), 8.15-8.11 (m, 1H), 7.89 (d, 2H, J= 

7.6 Hz), 7.74 (t, 2H, J= 7.7 Hz), 7.66-7.64 (m, 2H), 7.59-7.55 (m, 2H), 7.44-7.39 (m, 4H), 7.32 (dt, 2H, J= 

7.3 Hz, 0.9 Hz), 5.98 (brt, 1H, J= 5.7 Hz), 5.42 (s, 2H), 5.25 (s, 2H), 4.46-4.40 (m, 1H), 4.34-4.21 (m, 3H), 

3.94 (dd, 1H, J= 8.9 Hz, 7.1 Hz), 3.08-2.90 (m, 2H), 2.05-1.95 (m, 1H), 1.75-1.56 (m, 2H), 1.51-1.32 (m, 

2H), 1.23 (s, 1H), 0.90-0.85 (m, 6H)  

 

13C NMR (101 MHz, DMSO-d6) δ: 171.3, 170.7, 158.9, 156.1, 155.3, 152.0, 145.2, 143.9, 143.8, 140.7, 

139.4, 129.5, 129.3, 127.6, 127.1, 126.2, 125.4, 122.6, 120.1, 119.0, 70.2, 65.7, 60.0, 53.1, 46.7, 38.5, 

30.4, 29.4, 26.8, 19.2, 18.3 
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Fmoc-NH-PEG2-PEG2-Val-Cit-PAB-PNP (55) 

 

 

Raw formula Molecular mass Aspect Yield 

C52H64N8O16 1056.44 g.mol-1 White solid 93 % 

 

53 (50 mg, 1.0 eq, 0.056 mmol) was dissolved in DMF (1 mL). Bis(4-nitrophenyl)carbonate (34 mg, 2.0 

eq, 0.11 mmol) and DIEA (11 µL, 1.5 eq, 0.084 mmol) were added and the mixture was stirred at room 

temperature overnight. DMF was removed under vacuum and the product was purified by column 

chromatography (DCM/MeOH 5% to 10%) to give 55 as a white solid. 

 

MS (ESI), m/z (%): 1057.9 [M+H]+ 

 

1H NMR (500 MHz, DMSO-d6) δ: 10.11 (s, 1H), 8.36 (d, 1H, J= 7.4 Hz), 8.32-8.30 (m, 2H), 7.88 (d, 1H, J= 

7.5 Hz), 7.69-7.64 (m, 5H), 7.57-7.55 (m, 2H), 7.46 (d, 1H, J= 9.0 Hz), 7.42-7.38 (m, 4H), 7.33-7.30 (m, 

3H), 5.98 (brt, 1H, J= 5.6 Hz), 5.42 (s, 2H), 5.24 (s, 2H), 4.42-4.38 (m, 1H), 4.34-4.28 (m, 3H), 4.20 (t, 1H, 

J= 6.7 Hz), 3.93 (s, 2H), 3.86 (s, 2H), 3.62-3.50 (m, 8H), 3.47-3.40 (m, 4H), 3.29-3.25 (m, 2H), 3.14 (dd, 

2H, J= 11.6 Hz, 5.8 Hz), 3.97-2.92 (m, 2H), 2.03-1.96 (m, 1H), 1.74-1.56 (m, 2H), 1.49-1.33 (m, 2H), 1.23 

(s, 1H), 0.88 (d, 3H, J= 6.8 Hz), 0.82 (d, 3H, J= 6.8 Hz) 

 

13C NMR (126 MHz, DMSO-d6) δ: 170.8, 170.6, 169.2, 169.0, 158.9, 156.2, 155.3, 151.9, 145.2, 143.9, 

140.7, 139.4, 129.5, 129.3, 127.6, 127.0, 125.4, 125.1, 122.6, 120.1, 119.0, 70.2, 70.1, 69.9, 69.7, 69.3, 

69.1, 69.0, 65.3, 59.7, 56.6, 53.2, 46.7, 38.5, 37.9, 31.0, 29.2, 26.9, 19.2, 17.9  
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Fmoc-NH-Val-Cit-PAB-5-A-RU (56) 

 

 

Raw formula Molecular mass Aspect Yield 

C43H53N9O13 903.38 g.mol-1 White solid 13 % 

 

To 54 (20 mg, 1.0 eq, 0.026 mmol) was added 5 (24 mg, 3.0 eq, 0.078 mmol) followed by pyridine (0.3 

mL). The mixture was stirred at room temperature during 2h. Pyridine was removed under vacuum 

and the product was purified by preparative C18 RP-HPLC using the following gradient: 30% ACN (0.1% 

formic acid)/70% H2O (0.1% formic acid) to 50% ACN over 20 minutes and 100% ACN over 5 minutes. 

The product was freeze dried to give 56 as a white solid. 

 

MS (ESI), m/z (%): 904.4 [M+H]+ 

 

1H NMR (500 MHz, DMSO-d6) δ: 10.24 (brs, 1H), 10.06-10.01 (brm, 1H), 8.12 (d, 1H, J= 7.2 Hz), 7.89 (d, 

2H, J= 7.8 Hz), 7.76-7.73 (m, 2H), 7.60-7.52 (m, 3H), 7.43-7.40 (m, 3H), 7.34-7.22 (m, 4H), 6.50-6.43 

(brm, 1H), 5.97 (brs, 1H), 5.40 (s, 2H), 4.97 (s, 2H), 4.44-4.40 (m, 1H), 4.33-4.29 (m, 1H), 4.25-4.23 (m, 

2H), 3.95-3.92 (m, 1H), 3.69-3.64 (m, 1H), 3.58 (dd, 1H, J= 10.8 Hz, 3.3 Hz), 3.53-3.50 (m, 1H), 3.45-3.39 

(m, 3H), 3.27-3.24 (m, 1H), 3.04-2.99 (m, 1H), 2.97-2.91 (m, 1H), 2.02-1.96 (m, 1H), 1.73-1.56 (m, 2H), 

1.49-1.33 (m, 2H), 1.12 (s, 1H), 0.88 (d, 3H, J= 6.7 Hz), 0.85 (d, 3H, J= 6.7 Hz) 

 

13C NMR (126 MHz, DMSO-d6) δ: 171.2, 170.5, 161.2, 158.8, 156.2, 156.1, 152.9, 150.4, 143.9, 143.7, 

140.6, 138.5, 131.6, 128.5, 127.6, 127.0, 125.3, 120.1, 118.9, 86.9, 72.7, 72.5, 71.6, 65.6, 65.4, 63.1, 

60.0, 53.1, 46.7, 44.4, 30.4, 29.5, 26.7, 19.2, 18.2 
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Fmoc-NH-PEG2-PEG2-Val-Cit-PAB-5-A-RU (57) 

 

 

Raw formula Molecular mass Aspect Yield 

C55H75N11O19 1193.52 g.mol-1 White solid 13 % 

 

To 55 (40 mg, 1.0 eq, 0.038 mmol) was added 5 (35 mg, 3.0 eq, 0.11 mmol) and pyridine (0.5 mL). The 

mixture was stirred at room temperature during 2h. Pyridine was removed under vacuum and the 

product was purified by preparative C18 RP-HPLC using the following gradient: 30% ACN (0.1% formic 

acid)/70% H2O (0.1% formic acid) to 50% ACN over 20 minutes and 100% ACN over 5 minutes. The 

product was freeze dried to give 57 as a white solid. 

 

MS (ESI), m/z (%): 1195.4 [M+H]+ 

 

1H NMR (500 MHz, DMSO-d6) δ: 10.3 (brs, 1H), 10.05 (brs, 1H), 8.34 (d, 1H, J= 7.3 Hz), 7.89-7.88 (m, 

2H), 7.96-7.65 (m, 3H), 7.61-7.59 (m, 2H), 7.46 (d, 1H, J= 9.0 Hz), 7.41 (t, 2H, J= 7.4 Hz), 7.34-7.31 (m, 

4H), 6.45 (brs, 1H), 5.98 (brt, 1H, J= 5.6 Hz), 5.41 (brs, 2H), 4.97 (brs, 2H), 4.42-4.38 (m, 2H), 4.34-4.29 

(m, 3H), 4.20 (t, 1H, J= 6.8 Hz), 3.93 (s, 2H), 2.86 (s, 2H), 3.68-3.66 (m, 1H), 3.62-3.50 (m, 10H), 3.46-

3.39 (m, 7H), 3.29-3.23 (m, 2H), 3.17-3.12 (m, 2H), 3.06-2.91 (m, 2H), 2.07 (s, 2H), 2.03-1.96 (m, 1H), 

1.70-1.58 (m, 2H), 1.44-1.30 (m, 2H), 1.24 (s, 1H), 0.87 (d, 3H, J= 6.8 Hz), 0.82 (d, 3H, J= 6.8 Hz) 

 

13C NMR (126 MHz, DMSO-d6) δ: 170.8, 170.6, 169.2, 169.0, 158.9, 156.2, 155.3, 151.9, 145.2, 143.9, 

140.7, 139.4, 129.5, 127.6, 127.0, 125.4, 125.1, 122.6, 120.1, 119.0, 70.2, 70.1, 69.9, 69.7, 69.3, 69.1, 

69.0, 65.3, 59.7, 56.6, 53.2, 46.7, 38.5, 37.9, 31.1, 29.2, 26.9, 19.2, 17.9, 14.1 
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H2N-Val-Cit-PAB-5-A-RU (58) 

 

 

Raw formula Molecular mass Aspect Yield 

C28H43N9O11 681.31 g.mol-1 White solid 73 % 

 

56 (6 mg, 1.0 eq, 6.64 µmol), was dissolved in DMF (0.3 mL) and piperidine was added (3 µL, 5.0 eq, 

33.2 µmol). The mixture was stirred at room temperature for 10 min. The solvent was removed under 

vacuum and the product was purified by preparative C18 RP-HPLC using the following conditions: 

Solvent A: Water + 0.1% formic acid; Solvent B: ACN + 0.1% formic acid. Gradient of 25 min starting 

with 100% A for 5 min, then 5% B for 5 min and then gradual increase of B to reach 100% B at 20 min 

followed by 5 min with 100% B. After lyophilization, the product was recovered as a white solid. 

 

MS (ESI), m/z (%): 682.3 [M+H]+ 

 

1H NMR (500 MHz, DMSO-d6) δ: 10.32 (brs, 1H), 10.15 (brs, 1H), 8.26-8.24 (m, 2H), 7.62-7.53 (m, 3H), 

7.35-7.22 (m, 2H), 6.56-6.46 (m, 1H), 6.02-5.99 (m, 1H), 5.42 (brs, 2H), 4.97-4.95 (m, 2H), 4.45 (brs, 

1H), 3.70-3.67 (m, 1H), 3.58 (dd, 1H, J= 11.0 Hz, 3.4 Hz), 3.53-3.49 (m, 1H), 3.46-3.39 (m, 4H), 3.29-3.21 

(m, 2H), 3.16 (d, 1H, J= 5.0 Hz), 3.06-2.99 (m, 1H), 2.97-2.91 (m, 1H), 2.0-1.93 (m, 1H), 1.74-1.67 (m, 

1H), 1.63-1.56 (m, 1H), 1.45-1.34 (m, 2H), 0.90 (d, 3H, J= 6.8 Hz), 0.82 (d, 3H, J= 6.8 Hz) 

 

13C NMR (126 MHz, DMSO-d6) δ: 173.0, 170.6, 163.9, 161.2, 158.9, 156.2, 153.0, 150.1, 138.5, 131.7, 

128.6, 119.0, 86.9, 72.6, 71.4, 65.5, 63.1, 59.1, 52.6, 44.4, 38.6, 31.0, 29.9, 26.7, 19.3, 17.1 
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H2N-PEG2-PEG2-Val-Cit-PAB-5-A-RU (59) 

 

 

Raw formula Molecular mass Aspect Yield 

C40H65N11O17 971.4560 g.mol-1 White solid 61 % 

 

57 (6.0 mg, 1.0 eq, 6.64 µmol), was dissolved in DMF (0.3 mL) and piperidine was added (3 µL, 5.0 eq, 

33.2 µmol). The mixture was stirred at room temperature for 10 min. The solvent was removed under 

vacuum and the product was purified by preparative C18 RP-HPLC using the following conditions: 

Solvent A: Water + 0.1% formic acid; Solvent B: ACN + 0.1% formic acid. Gradient of 25 min starting 

with 100% A for 5 min, then 5% B for 5 min and then gradual increase of B to reach 100% B at 20 min 

followed by 5 min with 100% B. After lyophilization, the product was recovered as a white solid. 

 

MS (ESI), m/z (%): 972.6 [M+H]+ 

 

1H NMR (500 MHz, DMSO-d6) δ: 10.13 (brs, 1H), 8.44-8.39 (m, 2H), 7.73 (t, 1H, J= 5.9 Hz), 7.61-7.50 

(m, 3H), 7.34-7.22 (m, 2H), 6.45-6.40 (m, 1H), 6.12-6.06 (m, 1H), 5.45 (s, 2H), 4.97 (s, 2H), 4.41-4.37 

(m, 1H), 4.32 (dd, 1H, J= 8.8 Hz, 6.6 Hz), 3.95 (s, 2H), 3.88 (s, 2H), 3.67-3.24 (m, 24H), 3.03-2.91 (m, 2H), 

2.89-2.82 (m, 2H), 2.04-1.97 (m, 1H), 1.76-1.55 (m, 2H), 1.49-1.31 (m, 2H), 0.88 (d, 3H, J= 6.7 Hz), 0.83 

(d, 3H, J= 6.7 Hz) 

 

13C NMR (126 MHz, DMSO-d6) δ: 170.8, 170.5, 169.3, 169.0, 166.6, 165.2, 161.3, 158.9, 156.2, 153.9, 

150.8, 138.6, 131.6, 128.5, 127.4, 118.9, 86.9, 72.8, 72.5, 71.7, 70.3, 70.0, 69.9, 69.7, 69.4, 69.3, 69.0, 

68.8, 65.5, 63.1, 56.6, 53.2, 44.4, 38.5, 38.0, 31.1, 29.2, 26.8, 19.2, 18.0 
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LB-HN-PEG2-PEG2-Val-Cit-PAB-5-A-RU (60) 

 

 

0.25 mL of the stock suspension of carboxylate-modified latex beads (CML beads, 4% w/v, 1 µm 

diameter) was introduced in a 1.5 mL Eppendorf vial. The beads were washed three times with MES 

Buffer (100 mM, pH 6.0) and the supernatant was discarded after centrifugation (10 min, 15000 rpm). 

A solution of EDC (40 mg/mL) and NHS (12 mg/mL) in MES buffer was added and the beads were stirred 

on rotator (20 min, 750 rpm). Activated beads were then washed with MES Buffer three times. They 

were re-suspended in PBS Buffer and a solution of 59 (2 mg/mL in PBS) was added. The tube was placed 

on rotator (2h, 750 rpm) for stirring. The conjugated beads were washed three times and the 

supernatant was kept to determine the average loading on beads. The conjugate was re-suspended in 

PBS Buffer and ovalbumin solution (2 mg/mL of EndoFit endotoxin free ovalbumin from InVivoGen) 

was added. The tube was stirred in rotator (overnight, 750 rpm) and washed again with PBS buffer. 

The conjugated beads were stocked at 4°C in PBS Buffer (250 µL) and protected from light.  
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(5R,6R,7R)-5-(bis(propylthio)methyl)-6,7-bis((tert-butyldimethylsilyl)oxy)-2,2,3,3,10,10,11,11-

octamethyl-4,9-dioxa-3,10-disiladodecane (61) 

 

 

Raw formula Molecular mass Aspect Yield 

C35H80O4S2Si4 740.4575 g.mol-1 White solid 54% 

 

To 6 (1.0 g, 1.0 eq, 3.51 mmol) in DCM (8 mL) was added dry 2,6-lutidine (2.58 mL, 5.0 eq, 17.6 mmol) 

and TBDMS triflate (3.63 mL, 4.5 eq, 16.0 mmol) dropwise at 0°C. The mixture was stirred at 0°C for 30 

minutes and then at room temperature for 3h. After completion, water was added and the product 

was extracted with DCM. The organic layer was washed by 10% aqueous CuSO4 to remove residual 

2,6-lutidine. It was then dried over MgSO4 and concentrated under vacuum. The product was purified 

by column chromatography (hexane 100%) to give 61 as a colorless oil that solidified upon standing as 

a white powder. 

 

HR-MS (ESI), m/z (%): 775.4279 [M+Cl]- 

 

1H NMR (400 MHz, CDCl3) δ: 4.19 (ddd, 1H, J= 7.4 Hz, 3.9 Hz, 1.0 Hz), 4.10 (d, 1H, J= 1.4 Hz), 4.07 (dd, 

1H, J= 8.5 Hz, 1.0 Hz), 3.90 (dd, 1H, J= 8.5 Hz, 1.4 Hz), 3.69 (dd, 1H, J= 10.5 Hz, 3.9 Hz), 3.58 (dd, 1H, J= 

10.5 Hz, 7.4 Hz), 2.76-2.70 (m, 1H), 2.63-2.55 (m, 1H), 2.53-2.44 (m, 2H), 1.66-1.56 (m, 4H), 1.01-0.89 

(m, 42H), 0.28 (s, 3H), 0.21 (s, 3H), 0.17 (s, 3H), 0.14 (s, 3H), 0.12 (s, 3H), 0.10 (s, 3H), 0.05 (s, 6H) 

 

13C NMR (101 MHz, CDCl3) δ: 78.40, 77.96, 73.79, 64.26, 57.24, 35.23, 33.84, 26.60-26.31 (12C), 23.38, 

22.98, 18.93, 18.70, 18.57, 18.51, 13.96, 13.76, -2.80, -3.27, -3.42, -4.12, -4.16, -5.14, -5.20 (2C) 

 

 

TBSO

SS

TBSO

OTBS

OTBS



 179 

(2R,3R,4R)-2,3,4,5-tetrakis((tert-butyldimethylsilyl)oxy)pentanal (62) 

 

 

Raw formula Molecular mass Aspect Yield 

C29H66O5Si4 606.40 g.mol-1 White solid 83% 

 

To 61 (1.0 g, 1.0 eq, 1.35 mmol) in a mixture of acetone/water (5/0.5 mL) was added NaHCO3 (0.51 g, 

4.5 eq, 6.08 mmol) and iodine (0.69 g, 2.0 eq, 2.70 mmol) at 0°C. The mixture was stirred at room 

temperature for 16h. Additional amounts of NaHCO3 (0.11 g, 1.0 eq, 1.35 mmol) and iodine (0.34 g, 

1.0 eq, 1.35 mmol) were added and the mixture was further stirred for 4h. 10% aqueous Na2S2O3 was 

added to quench excess iodine and the product was extracted by DCM. The organic layer was dried 

over MgSO4 and concentrated under vacuum. The product was purified by column chromatography 

(elution gradient hexane 100% to hexane/EtOAc 10/1) to get 62 as a colorless oil. 

 

MS (ESI), m/z: 631.3 [M+Na]+ 

 

1H NMR (400 MHz, CDCl3) δ: 9.64 (d, 1H, J= 1.6 Hz), 4.31 (dd, 1H, J= 3.4 Hz, 1.6 Hz), 4.01-4.00 (m, 1H), 

3.89-3.85 (m, 1H), 3.71 (dd, 1H, J= 10.4 Hz, 5.4 Hz), 3.55 (dd, 1H, J= 10.4 Hz, 5.6 Hz), 0.91-0.86 (m, 36H), 

0.10-0.05 (m, 24H) 

 

13C NMR (101 MHz, CDCl3) δ: 202.25, 78.13, 77.82, 75.44, 64.81, 26.16-26.04 (12C), 18.49 (2C), 18.33 

(2C), -4.13, -4.37 (4C), -4.80, -5.11, -5.18.  
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(2S,3S,4R,E)-2,3,4,5-tetrakis((tert-butyldimethylsilyl)oxy)pentanal oxime (63) 

 

 

Raw formula Molecular mass Aspect Yield 

C29H67NO5Si4 621.41 g.mol-1 colorless oil 90% 

 

NaHCO3 (28 mg, 4.0 eq, 0.33 mmol) was added to a solution of NH2OH.HCl (26 mg, 4.5 eq, 0.37 mmol) 

in EtOH/H2O (3/0.3 mL) and the suspension was stirred for 30 min at room temperature. 62 (50 mg, 

1.0 eq, 0.08 mmol) was added and the mixture was stirred overnight. Water was added and the 

product was extracted by DCM. The organic layer was dried over MgSO4 and concentrated under 

vacuum. The product was purified by column chromatography (hexane/EtOAc 10%) to give 63 as a 

colorless oil. 

 

1H NMR (400 MHz, CDCl3) δ: 7.28 (m, 1H), 4.39 (dd, 1H, J= 7.8 Hz, 6.4 Hz), 3.90-3.87 (m, 1H), 3.82-3.76 

(m, 2H), 3.55 (dd, 1H, J= 10.3 Hz, 6.4 Hz), 1.27 (brs, 1H), 0.91-0.88 (m, 36H), 0.12-0.06 (m, 24H) 

 

13C NMR (101 MHz, CDCl3) δ: 152.4, 78.0, 75.1, 71.3, 64.9, 26.2-26.0 (12C), 18.6, 18.4 (2C), 18.3, -4.0 

(2C), -4.2, -4.5, -4.5 (2C), -5.2, -5.3 
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(2S,3S,4R)-2,3,4,5-tetrakis((tert-butyldimethylsilyl)oxy)pentan-1-ol (64) 

 

 

Raw formula Molecular mass Aspect Yield 

C29H68O5Si4 609.41 g.mol-1 White solid 90% 

 

To 63 (290 mg, 1.0 eq, 0.48 mmol) in MeOH (5 mL) was added NaBH4 (27 mg, 1.5 eq, 0.48 mmol) at 

0°C. The mixture was then stirred at room temperature for 3h. The reaction was quenched by a 

saturated aqueous NH4Cl. The product was extracted by DCM and the organic layer was dried over 

MgSO4 and concentrated under vacuum. The product was purified by column chromatography 

(hexane/EtOAc 10/1) and 64 was obtained as a colorless oil. 

 

MS (ESI), m/z: 609.9 [M+H]+ 

 

1H NMR (400 MHz, CDCl3) δ: 3.90-3.83 (m, 3H), 3.72-3.66 (m, 3H), 3.57-3.53 (m, 1H), 2.04 (brs, 1H), 

0.92-0.90 (m, 36H), 0.12-0.05 (m, 24H) 

 

13C NMR (101 MHz, CDCl3) δ: 77.01, 75.73, 73.04, 64.72, 63.37, 26.21-26.11 (12C), 18.53, 18.46, 18.36, 

18.26, -3.87, -4.17, -4.25, -4.42 (2C), -4.73, -5.16, -5.25.  
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(2S,3R,4R)-2,3,4,5-tetrakis((tert-butyldimethylsilyl)oxy)pentyl methanesulfonate (65) 

 

 

Raw formula Molecular mass Aspect Yield 

C30H70O7SSi4 686.39 g.mol-1 Colorless oil 75% 

 

To 64 (1.28 g, 1.0 eq, 2.1 mmol) in pyridine (5 mL) was added at 0°C methanesulfonyl chloride (0.2 mL, 

1.2 eq, 2.5 mmol) dropwise. The mixture was then stirred at room temperature for 3h. After 

completion, pyridine was removed under vacuum. Water was added and the product was extracted 

by DCM. The organic layer was dried over MgSO4 and concentrated under vacuum. The product was 

purified by column chromatography (hexane/EtOAc 10/0.5) and 65 was isolated as a colorless oil. 

 

MS (ESI), m/z: 709.7 [M+Na]+ 

 

1H NMR (400 MHz, CDCl3) δ: 4.50-4.46 (m, 1H), 4.17-4.13 (m, 2H), 3.92 (m, 1H), 3.74-3.70 (m, 1H), 3.62 

(dd, 1H, J= 10.5 Hz, 6.0 Hz), 3.56 (dd, 1H, J= 10.5 Hz, 5.4 Hz), 2.96 (s, 3H), 0.91-0.89 (m, 36H), 0.14-0.05 

(m, 24H) 

 

13C NMR (101 MHz, CDCl3) δ: 77.16 (signal under solvent peak), 75.80, 72.40, 71.11, 64.46, 37.20, 

26.17-26.09 (12C), 18.46-18.27 (4C), -4.17 to -4.44 (6C), -5.11 to -5.22 (2C) 
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(5S,6S,7R)-5-(azidomethyl)-6,7-bis((tert-butyldimethylsilyl)oxy)-2,2,3,3,10,10,11,11-octamethyl-

4,9-dioxa-3,10-disiladodecane (66) 

 

 

Raw formula Molecular mass Aspect Yield 

C29H67N3O4Si4 633.4209 g.mol-1 Colorless oil 99% 

 

To 65 (1.0 g, 1.0 eq, 1.46 mmol) in dry DMF (5 mL) was added sodium azide (0.14 g, 1.5 eq, 2.2 mmol) 

and the reaction was heated under reflux for 2h. DMF was then removed under vacuum. Water was 

added and the product was extracted by DCM. The organic layer was dried over MgSO4 and 

concentrated under vacuum. The product was purified by column chromatography (hexane 100%) to 

give 66 as a colorless oil. 

 

HR-MS (ESI), m/z: 634.4285 [M+H]+ 

 

1H NMR (400 MHz, CDCl3) δ: 3.98-3.93 (m, 1H), 3.88-3.86 (m, 1H), 3.78-3.74 (m, 1H), 3.64 (dd, 1H, J= 

10.4 Hz, 5.2 Hz), 3.55 (dd, 1H, J= 10.4 Hz, 5.6 Hz), 3.49 (dd, 1H, J= 12.8 Hz, 2.5 Hz), 3.34 (dd, 1H, J= 12.8 

Hz, 6.3 Hz), 0.93-0.89 (m, 36H), 0.14-0.05 (m, 24H) 

 

13C NMR (101 MHz, CDCl3) δ: 77.09, 75.46, 72.44, 64.58, 54.36, 26.22-26.17 (12C), 18.51, 18.47, 18.30, 

18.21, -4.12, -4.17, -4.20, -4.36, -4.42, -4.45, -5.11, -5.23.  
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(2R,3S,4S)-5-azido-2,3,4-tris((tert-butyldimethylsilyl)oxy)pentan-1-ol (67) 

 

 

Raw formula Molecular mass Aspect Yield 

C23H53N3O4Si3 519.33 g.mol-1 Light yellow oil 19% 

 

To 66 (367 mg, 1.0 eq, 0.58 mmol) in a 1/1 mixture of DCM/MeOH (4/4 mL) was added (1R)-(-)-10-

camphorsulfonic acid (13 mg, 0.1 eq, 0.06 mmol). The mixture was stirred at room temperature during 

6h, then quenched with 5% aqueous Na2CO3 and extracted by DCM. The combined organic layers were 

dried over MgSO4 and concentrated under vacuum. The product was purified by chromatography 

(hexane/EtOAc 5%). The purification allowed to recover all the starting material that did not react in 

addition to 67 obtained as a light yellow oil. 

 

MS (ESI), m/z: 542.4 [M+Na]+ 

 

1H NMR (400 MHz, CDCl3) δ: 3.96-3.93 (m, 1H), 3.85 (dd, 1H, J= 5.9 Hz, 3.3 Hz), 3.73-3.70 (m, 2H), 3.62-

3.58 (m, 1H), 3.42 (dd, 1H, J= 12.8 Hz, 3.6 Hz), 3.32 (dd, 1H, J= 12.8 Hz, 6.4 Hz), 1.76 (brs, 1H), 0.92-

0.89 (m, 27H), 0.16-0.12 (m, 18H) 

 

13C NMR (101 MHz, CDCl3) δ: 76.59, 73.42, 72.87, 63.15, 53.63, 26.20-26.05 (9C), 18.47, 18.25, 18.22, 

-4.02, -4.28, -4.30, -4.37, -4.43, -4.73 
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(2S,3S,4S)-5-azido-2,3,4-tris((tert-butyldimethylsilyl)oxy)pentanal (68) 

 

 

Raw formula Molecular mass Aspect Yield 

C23H51N3O4Si3 517.3187 g.mol-1 colorless oil 71% 

 

To 67 (58 mg, 1.0 eq, 0.11 mmol) in dry DCM (1.5 mL) was added NaHCO3 (37 mg, 4.0 eq, 0.45 mmol) 

and Dess-Martin periodinane reagent (95 mg, 2.0 eq, 0.22 mmol) at 0°C. The reaction was stirred at 

room temperature for 30 min. Then, 10% aqueous Na2S2O3 and 5% aqueous Na2CO3 were added to 

quench the reaction. The product was extracted by DCM and the organic layer was dried over MgSO4 

and concentrated under vacuum. The crude product was purified by chromatography (hexane/EtOAc 

10/0.5) and obtained as a colorless oil. 

 

HR-MS (ESI), m/z: 535.3540 [M+NH4]+ 

 

1H NMR (400 MHz, CDCl3) δ: 9.61 (d, 1H, J= 1.5 Hz), 4.21-4.20 (m, 1H), 3.96-3.95 (m, 2H), 3.51-3.47 (m, 

1H), 3.40-3.36 (m, 1H), 0.93-0.86 (m, 27H), 0.16-0.10 (m, 18H) 

 

13C NMR (101 MHz, CDCl3) δ : 203.67, 78.64, 77.55, 71.72, 53.29, 26.10-26.01 (9C), 18.47, 18.36, 18.14, 

-4.03, -4.07, -4.32, -4.41, -4.67, -4.88 
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(6R,7R,8S)-8-(azidomethyl)-7-((tert-butyldimethylsilyl)oxy)-2,2,3,3,10,10,11,11-octamethyl-5-

((trimethylsilyl)ethynyl)-4,9-dioxa-3,10-disiladodecan-6-ol (69) 

 

 

Raw formula Molecular mass Aspect Yield 

C28H61N3O4Si4 615.37 g.mol-1 colorless oil 45% 

 

TMS-acetylene (0.049 mL, 3.0 eq, 0.58 mmol) was dissolved in dry THF (2 mL). The mixture was cooled 

at -78°C and n-butyllithium (2.5 M in hexane solution, 0.23 mL, 3.0 eq, 0.58 mmol) was added. The 

mixture was gradually warmed up to 0°C and further stirred for an additional 1h. The reaction mixture 

was again cooled to -78°C and a 68 (0.100 g, 1.0 eq, 0.19 mmol) solution in THF (2 mL) was added 

dropwise. The mixture was gradually warmed-up to room temperature and stirred for 3h. After 

completion, the mixture was quenched by saturated aqueous NH4Cl and the product was extracted by 

DCM. The organic layer was dried over MgSO4 and concentrated under vacuum. The product was 

purified by column chromatography (hexane/EtOAc 10/0.5) and it was isolated as a mixture of two 

diastereomers (a fraction of the major diastereomer was isolated for NMR analysis). A light yellow oil 

was obtained. 

 

MS (ESI), m/z: 638.6 [M+Na]+ 

 

1H NMR (400 MHz, CDCl3) (major diastereomer) δ: 4.55 (d, 1H, J= 3.7 Hz), 4.16-4.12 (m, 1H), 3.90 (dd, 

1H, J= 6.6 Hz, 2.9 Hz), 3.75 (dd, 1H, J= 6.6 Hz, 3.8 Hz), 3.41 (dd, 1H, J= 12.8 Hz, 3.6 Hz), 3.34 (dd, 1H, J= 

12.8 Hz, 6.9 Hz), 2.09 (brs, 1H), 0.95-0.88 (m, 27H), 0.18-0.12 (m, 27H) 

 

13C NMR (101 MHz, CDCl3) (major diastereomer) δ: 103.73, 91.90, 78.00, 76.21, 72.37, 65.90, 53.33, 

26.21-26.15 (9C), 18.52, 18.44, 18.31, -0.08 (3C), -3.73, (2C), -4.05, -4.17, -4.57, -4.70 
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(4R,5S,6S)-7-amino-4,5,6-tris((tert-butyldimethylsilyl)oxy)-1-(trimethylsilyl)hept-1-yn-3-ol (70) 

 

 

Raw formula Molecular mass Aspect Yield 

C28H63NO4Si4 589.3834 g.mol-1 colorless oil 75% 

 

To 69 (0.280 mg, 1.0 eq, 0.46 mmol) in a 5/1 mixture of THF/H2O (2.5 mL/0.5 mL) was added 

triphenylphosphine (1.19 g, 10 eq, 4.55 mmol). The mixture was heated under reflux during 2h. THF 

was removed under vacuum and water/DCM extraction was performed. The organic layer was dried 

over MgSO4 and concentrated under vacuum. The product was purified by column chromatography 

(hexane/EtOAc 10/0.5 followed by hexane/EtOAc 5/5) and isolated as a mixture of two diastereomers 

(a fraction of the major diastereomer was isolated for NMR analysis). A colorless oil was obtained. 

 

HR-MS (ESI), m/z: 590.3912 [M+H]+ 

 

1H NMR (400 MHz, CDCl3) (major diastereomer) δ: 4.61 (d, 1H, J= 3.4 Hz), 4.12 (t, 1H, J= 5.8 Hz), 4.06 

(dd, 1H, J= 7.0 Hz), 3.58 (dd, 1H, J= 7.0 Hz, 3.4 Hz), 2.90 (d, 2H, J= 13.1 Hz, 5.8 Hz), 2.78 (dd, 1H, J= 13.1 

Hz, 5.8 Hz ), 2.42 (s, 2H), 0.92-0.89 (m, 27H), 0.16-0.11 (m, 27H) 

 

13C NMR (101 MHz, CDCl3) (major diastereomer) δ: 103.99, 91.71, 77.56, 75.86, 74.75, 66.49, 42.73, 

26.22-25.97 (9C), 18.46-18.37 (3C), -0.09 (3C), -3.52, -3.87, -4.50, -4.56, -4.74, -4.81 
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5-nitro-6-(((2S,3S,4R,5R)-2,3,4-tris((tert-butyldimethylsilyl)oxy)-5-hydroxyhept-6-yn-1-

yl)amino)pyrimidine-2,4(1H,3H)-dione (71a) and 5-nitro-6-(((2S,3S,4R,5S)-2,3,4-tris((tert-

butyldimethylsilyl)oxy)-5-hydroxyhept-6-yn-1-yl)amino)pyrimidine-2,4(1H,3H)-dione (71b) 

 

To 70 (237 mg, 1.0 eq, 0.40 mmol) in dry DMF (3 mL) was added 6-chloro-5-nitrouracil (92 mg, 1.2 eq, 

0.48 mmol) and triethylamine (0.28 mL, 5.0 eq, 2.0 mmol). The mixture was heated at 50°C for 3h. 

DMF was removed under vacuum, water was added and the product was extracted by EtOAc. The 

organic layer was dried over MgSO4 and concentrated under vacuum. TMS removal was directly done 

without further purification (120 mg of crude intermediate were obtained). The intermediate was 

dissolved in MeOH (2 mL) and K2CO3 (72 mg, 3.0 eq, 0.54 mmol) was added. The mixture was stirred 

at room temperature for 2h. Water was added to the mixture and the product was extracted by EtOAc. 

The organic layer was dried over MgSO4 and concentrated under vacuum. The crude residue was 

purified by preparative C18 RP-HPLC using a gradient ACN/water 0.1% formic acid as following: 85% 

ACN/15% H2O for 1 min followed by gradual increase to 100% ACN after 20 min and 2 minutes more 

of 100% ACN. The two diastereomers were isolated separately as light yellow powders (108 mg for the 

major one and 2.4 mg for the minor one).  

 

 

Raw formula Molecular mass Aspect Yield 

C29H56N4O8Si3 672.37 g.mol-1 Yellow powder 41% 

 

MS (ESI), m/z: 673.9 [M+H]+ 

 

1H NMR (400 MHz, CDCl3) 71a δ: 11.08 (s, 1H), 10.24 (brt, 1H, J= 6.8 Hz), 9.41 (s, 1H), 5.07 (s, 1H), 4.68 

(dd, 1H, J= 3.6 Hz, 2.2 Hz), 4.39-4.37 (m, 1H), 4.21 (d, 1H, J= 4.9 Hz), 3.98 (t, 1H, J= 4.1 Hz), 3.88-3.81 

(m, 1H), 3.75-3.69 (m, 1H), 2.52 (d, 1H, J= 2.2 Hz), 0.93-0.83 (m, 27H), 0.16-0.08 (m, 18H) 
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13C NMR (101 MHz, CDCl3) 71a δ: 157.18, 153.98, 147.73, 109.59, 81.59, 77.58, 75.68, 75.34, 71.84, 

61.19, 46.97, 26.04-25.85 (9C), 18.39, 18.20 (2C), -3.99, -4.01, -4.80, -4.83, -4.93, -4.96 

 

 

MS (ESI), m/z: 673.5 [M+H]+ 

 

1H NMR (400 MHz, CDCl3) 71b δ: 10.48 (s, 1H), 10.30 (brt, 1H, J= 6.8 Hz), 8.51 (s, 1H), 4.52 (s, 1H), 4.40 

(dd, 1H, J= 7.5 Hz, 1.5 Hz), 4.20-4.17 (m, 2H), 3.92-3.85 (m, 2H), 3.70-3.65 (m, 1H), 2.54 (d, 1H, J= 1.9 

Hz), 0.92-0.88 (m, 27H), 0.19 (s, 3H), 0.17 (s, 3H), 0.12-0.10 (m, 9H), 0.05 (s, 3H) 

 

13C NMR (101 MHz, CDCl3) 71b δ: 156.33, 153.77, 147.07, 109.47, 82.11, 79.46, 76.06, 75.14, 72.06, 

63.82, 47.75, 25.92-25.81 (9C), 18.27, 18.23, 18.10, -4.12, -4.28, -4.49, -4.79 (2C), -4.98.  
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5-amino-6-(((2S,3S,4R,5R)-2,3,4,5-tetrahydroxyhept-6-yn-1-yl)amino)pyrimidine-2,4(1H,3H)-dione 

(72a) 

 

 

Raw formula Molecular mass Aspect Yield 

C11H17ClN4O6 336.0837 g.mol-1 Pink to red powder 53% 

 

71a (26 mg, 1.0 eq, 0.41 mmol) was heated to 90°C in a 10/1 mixture of MeOH/H2O (3/0.3 mL). Then 

Na2S2O4 (58 mg, 8.0 eq, 0.33 mmol) was quickly added and the mixture was stirred under reflux for 15 

minutes. Excess MeOH was removed under vacuum and the product was extracted by EtOAc. The 

organic layer was dried over MgSO4 and concentrated under vacuum. The crude intermediate was 

dissolved in MeOH (1 mL) and cooled to 0°C prior to addition of 37% HCl (1 mL). The mixture was then 

stirred at room temperature for 3 hours. The product was concentrated under vacuum, dissolved in a 

few volumes of MeOH and precipitated from EtOAc. The precipitate was filtered and washed several 

times with EtOAc. After deep drying under vacuum, 72a was obtained as pink to red powder 

corresponding to the amine hydrochloride salts. 

 

HR-MS (ESI), m/z: 335.0770 [M+H]+ 

 

1H NMR (500 MHz, CD3OD) δ: 4.61 (dd, 1H, J= 4.1 Hz, 2.2 Hz), 4.05-4.02 (m, 1H), 3.81 (dd, 1H, J= 7.5 

Hz, 5.0 Hz), 3.70 (dd, 1H, J= 7.5 Hz, 4.1 Hz), 3.65-3.61 (m, 1H), 3.56 (dd, 1H, J= 14.7 Hz, 7.2 Hz), 2.86 (d, 

1H, J= 2.2 Hz). 

 

13C NMR (126 MHz, CD3OD) δ: 161.89, 151.65, 151.31, 83.45, 82.96, 76.46, 75.67, 73.61, 72.96, 64.97, 

46.24 
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5-amino-6-(((2S,3S,4R,5S)-2,3,4,5-tetrahydroxyhept-6-yn-1-yl)amino)pyrimidine-2,4(1H,3H)-dione 

(72b) 

 

 

Raw formula Molecular mass Aspect Yield 

C11H17ClN4O6 336.0837 g.mol-1 Red powder 75% 

 

71b (7 mg, 1.0 eq, 0.011 mmol) was heated to 90°C in a 10/1 mixture of MeOH/H2O (1/0.1 mL). Then 

Na2S2O4 (15 mg, 8.0 eq, 0.09 mmol) was quickly added and the mixture was stirred under reflux for 15 

minutes. Excess MeOH was removed under vacuum and the product was extracted by EtOAc. The 

organic layer was dried over MgSO4 and concentrated under vacuum. The crude intermediate was 

dissolved in MeOH (1 mL) and cooled to 0°C prior to addition of 37% HCl (1 mL). The mixture was then 

stirred at room temperature for 3 hours. The product was concentrated under vacuum, dissolved in a 

few volumes of MeOH and precipitated from EtOAc. The precipitate was filtered and washed with 

EtOAc. After deep drying under vacuum, 72b was obtained as pink-red powder corresponding to the 

amine hydrochloride salts. 

 

HR-MS (ESI), m/z: 335.0770 [M+H]+ 

 

1H NMR (500 MHz, CD3OD) δ: 4.58 (dd, 1H, J= 3.3 Hz, 2.3 Hz), 4.03-4.00 (m, 1H), 3.83 (dd, 1H, J= 7.3 

Hz, 5.4 Hz), 3.75 (dd, 1H, J= 7.3 Hz, 3.4 Hz), 3.60-3.55 (m, 2H), 2.86 (d, 1H, J= 2.3 Hz) 

 

13C NMR (126 MHz, CD3OD) δ: 161.88, 151.64, 151.30, 84.22, 83.43, 76.77, 74.84, 73.11, 72.53, 63.52, 

46.46 
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5-(((E)-2-oxopropylidene)amino)-6-(((2S,3S,4R)-2,3,4,5-tetrahydroxyhept-6-yn-1-

yl)amino)pyrimidine-2,4(1H,3H)-dione (73, 73a and 73b) 

 

 

Stock solution (1 mL) of freshly synthetized 72, 72a and 72b were prepared at 10 mM concentration 

in DMSO. Methylglyoxal solution (40% in H2O) was diluted in DMSO to obtain a solution at 50 mM 

concentration and 1 mL of this solution was added to 1 mL of each 10 mM stock solution. The mixtures 

were allowed to react at room temperature for 48h to give 5 mM solutions of 73, 73a and 73b that 

were aliquoted and freezed at -80°C. Completion of the reactions was controlled by UPLC-MS analysis 

of an aliquot using the following gradient conditions: A: water + 0.1% formic acid, B: CH3CN + 0.1% 

formic acid; gradient: 100% A to 100% B over 4 min. Corresponding UPLC-MS chromatograms are 

displayed below:  
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C. Molecular modelling 

All the work of molecular modelling was done by Anke Steinmetz. Experimental conditions used to 

generate the molecular modelling data are depicted below (see Appendix C for additional details). 

Molecular modeling was carried out using Drug Discovery Suite by Schrödinger Inc. in versions 2016.u3 

or 2020.u1 for model visualization, ligand design and preparation, protein structure preparation, 

homology modeling and loop refinement, energy minimizations, molecular dynamics simulations and 

analyses. More specifically the programs and tools Maestro, Protein Preparation Wizard, Ligprep, Epik, 

Glide, PRIME, Macromodel, and Desmond were used applying standard settings and procedures unless 

specified otherwise. Implicit or explicit SPC water models were applied with force field parameters 

OPLS3. 

PDB entries 4L4V and 4NQE were prepared in the Protein Preparation Wizard by replacing missing side 

chains, commitment of alternative side chain conformations by visual inspection, optimization of 

hydrogen bonding networks with pKa calculation by Epik, and minimization of hydrogen atoms only. 

Missing loops were not modeled at this stage as these regions were at a distance of at least 24 Å from 

the ligand binding site. The MR1/TCR complex formed by chains A, B, G, and H of 4LV4 was prepared 

for docking by Glide. All water molecules were deleted prior to grid calculation by Glide. The 

coordinates of the grid center were visually optimized in the ligand binding site. Outer box dimensions 

were increased to 36 Å each and all relevant or potentially interesting hydrogen bond donors or 

acceptors were indicated for grid calculations. Subsets of anchoring points by hydrogen bonding were 

selected during subsequent standard precision docking. Models of both, 72a and 72b stereoisomers 

were prepared by ligprep for docking. 25 poses per ligand were retained for post-docking energy 

minimization and 3 final poses per ligand saved. Poses were selected by visual inspection that 

compared to ligand binding observed in 4NQE. Notably hydrogen bonding to Tyr95G by 2’- or 3’-OH 

was an important criterium. 

D. X-ray crystallography 

Crystals of 71a were made at Institut Curie and all the X-ray crystallography analysis was done by Pascal 

Retailleau (laboratoire de cristallographie structurale at Institut de Chimie des Substances Naturelles). 

71a was dissolved at room temperature in a 80/20 mixture of acetonitrile/water and was left at room 

temperature for solvent evaporation. After 2 days, small needles were formed but necessarily brought 

to PROXIMA 2A (PX2A) beamline at the SOLEIL Synchrotron, Gif-sur-Yvette, Paris, France, for complete 

data collection at T = 100K. Crystal data, data collection and structure refinement details for 71a crystal 

model are available in the Appendix D but are summarized below: 
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CCDC 1990644 contains the supplementary crystallographic data. These data can be obtained free of 

charge from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 

Crystal data: C29H56N4O8Si3, 0.5 (H2O), Mw = 682.34, monoclinic, P21, a = 13.108(1), b = 31.263(1), 

c = 19.120(1) Å, β= 90.008(6)°, V = 7835.3(8) Å3, Z = 8, ρcalcd = 1.156 g cm−3, μ = 0.169 mm−1, 

F(000) = 2048, colorless needles, 0.23 × 0.05 × 0.04 mm3, T = 100 K, synchrotron PX2A radiation, λ= 

0.70848 Å, 97118 reflections, 17140 unique Laue group reflections, (97.1%) with overall Rsym = 0.090, 

32863 point group reflections, Pseudo-merohedral twin law (  0 0, 0  0, 0 0 1), BASF = 0.646 (10), 

1830 parameters, 218 restraints GOF = 1.027, wR2 = 0.1541, R = 0.0572 for 30820 reflections with 

I > 2σ(I), Flack parameter x = -0.08(6). 

E. Biochemical assay 

Mouse cathepsin L (CL) activity Assay Kit (Abcam ab65306) was used. 10-fold dilution of CL was done 

in CL Buffer. Ligands were prepared at 1 mM solution in CL Buffer. In a 96-well plate, 95 μL of CL Buffer, 

2 μL of solution 1 mM of ligands and 1 μL DTT were added. 5 μL of CL solution was then added and the 

plate was incubated at 37°C. Supernatant was analyzed by UPLC/MS after 2 hours. For fluorescent 

ligands (positive control Ac-NH-Phe-Arg-AFC, 46 and 48), the cleavage was monitored by fluorescence 

measurement at 380/460 nm and 400/505 nm wavelengths with SpectraMax ID3 spectrophotometer. 

II. Biology 

A. Cell culture  

The different adherent cell lines (WT3-WT, WT3-m) were cultured in DMEM + GlutaMAX media 

supplemented with 10% FCS, penicillin and streptomycin, non-essential amino acids, HEPES, and 

sodium pyruvate (all from GibcoTM). Incubation of the cells was done at 37°C (5% CO2). Trypsine (from 

GibcoTM) was used to detach the cells from the culture flasks at each passage. Cells were used in 

biological experiments when they reached approximatively 80% confluence in culture flasks. 

B. Bone marrow dendritic cells (BMDCs) 

BMDCs from C57BL/6 mice were furnished by Francesca Lucibello (PhD student from Olivier Lantz’s 

team). They were cultured 14 days before use. They were either activated by 4 µL LPS for evaluation 

of small molecules or not for the latex bead conjugates (activation induced by the phagocytosis of the 

beads).  
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C. Mice 

The murine model used for the biological evaluation of the compounds were described previously8.	

Briefly, iVa19-Tg animals were on a Ca-deficient B6 background to avoid endogenous Va expression. 

All Vb8-Tg mice were generated on the C57BL/6 background, and iVa19-Tg mice were backcrossed 

onto the C57BL/6 background for more than 10 generations. All mice were housed in our accredited 

specific pathogen–free colony and genotyped by PCR or FACS staining, as appropriate. Animal 

experiments were done in accordance with the guidelines of the French Veterinary Department and 

the ethical committee of Institut Curie.  

D. MR1 up-regulation assay 

A suspension of WT3-m cells was prepared and 100 000 cells were introduced into 96 well-plates. The 

cells were incubated 3h at 37°C (5% CO2). The ligands to be tested were diluted to the desired 

concentrations in culture media and added into the wells. The plates were incubated for 2h at 37°C 

(5% CO2). Cells were detached using Versene solution (EDTA solution) on ice for 10 minutes, 

centrifuged (4 min, 4°C, 1350 rpm) and further stained by PE-conjugated anti-MR1 antibody at 4°C and 

in the dark. The cells were centrifuged (4 min, 4°C, 1350 rpm) and re-suspended in FACS buffer (10 

mM EDTA in PBS) containing DAPI (1/10 000 dilution) to exclude dead cells. The cells were analyzed 

using CytoFLEX flow cytometer (Beckman Coulter). 

E. MAIT cell activation assay 

MAIT cell activation assay was performed following a published procedure82. A suspension of WT3-m 

cells was prepared and 100 000 cells were introduced into 96 well-plates. The cells were incubated 3h 

at 37°C (5% CO2). The ligands to be tested were diluted to the desired concentrations in culture media 

and added into the wells. The cells were incubated for 2h at 37°C (5% CO2) for APC activation. Enriched 

MAIT cell suspension was obtained by mechanical disruption of splenocytes of transgenic mice (iVa19 

simple transgenic or iVa19 Vb8 double transgenic mice) on cell strainers. Cells were centrifuged (5 

min, 1350 rpm) and red blood cells were lysed using a red blood lysis buffer. After centrifugation (5 

min, 1350 rpm), cells were re-suspended in culture media and 160 000 cells of the suspension were 

added into the wells for overnight incubation (16 hours). Cells were subsequently washed, centrifuged 

(4 min, 4°C, 1350 rpm) and stained at 4°C and in the dark by the following conjugated antibodies: Ab 

anti-TCRb-APC, Ab anti-Vb6-FITC, Ab anti-Vb8-FITC, Ab anti-CD4-BV785, Ab anti-CD8-Alexa fluor 700, 

Ab anti-CD25-PE Texas red, Ab anti-CD69-PC7. Cells were washed, centrifuged (4 min, 4°C, 1350 rpm) 

and finally re-suspended in FACS buffer (10 mM EDTA in PBS) containing DAPI (1/10 000 dilution) to 
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exclude dead cells. The cells were analyzed on CytoFLEX flow cytometer (Beckman Coulter). Activation 

of MAIT cells (Vb6+/Vb8+, CD4-, CD8+/- cells) was determined by the detection of an up-regulation of 

CD69 (and CD25) activation markers. 

F. Competition assay 

MAIT cell suspension was prepared following the above described protocol for MAIT cell activation. 

The competitive ligands to be tested were diluted to the desired concentrations in culture media and 

added into the wells. After 1h incubation, 5-OP-RU was added (with various concentrations) and the 

plates were incubated overnight. MAIT cell activation read-out was done as described above with 

antibody staining and analysis by flow cytometry. 

G. MR1 tetramer staining assay 

MR1 preparation and staining assay was done in collaboration with Yara El Morr (PhD student from 

Olivier Lantz’s team). 

1. MR1 tetramer preparation 

Biotinylated monomers of MR1 were engineered and refolded with ligands at the recombinant protein 

platform of Institut Curie by Ahmed El Marjou. Tetramers were then produced following NIH protocol. 

Briefly, 10 µg of monomers of MR1 bound to either 12 (5-OP-RU) or 13 was added in Eppendorf vials. 

Streptavidin fluorescent bead suspension (0.5 mg/mL concentration) was added sequentially. 13 µL 

were first added and the suspension was incubated in the dark at room temperature for 10 min 

followed by 10 µL with the same incubation and finally 5.5 µL and identical incubation. Tetramers were 

stored at 4°C. 

2. Tetramer staining assay 

Enriched MAIT cell suspension was obtained by mechanical disruption of splenocytes of transgenic 

mice (iVa19 simple transgenic or iVa19 Vb8 double transgenic mice) on cell strainers. After 

centrifugation (5 min, 1350 rpm), red blood cells were lysed using a red blood lysis buffer. The cells 

were centrifugated (5 min, 1350 rpm) and re-suspended in FACS buffer and put into FACS tubes. 

Tetramer solutions were centrifugated (10 min, 4°C, 1350 rpm) and 50 µL of the supernatants were 

added on cells followed by 30 min staining in the dark at room temperature. The cells were then 

washed and centrifuged (4 min, 4°C, 1350 rpm). Antibody staining was done with Ab anti-TCRb-PE-Cy5 
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(1/200e dilution) and Ab anti-CD19-AF700 (1/200e dilution) during 20 minutes on ice and in the dark. 

After washing, the cells were centrifuged (4 min, 4°C, 1350 rpm) and re-suspended in FACS buffer. 

Read-out was done by flow cytometer LSRII.  

H. Click chemistry experiments 

Coverslips (12 mm diameter) were incubated with a mixture of collagen (15 µg/mL, 100 µL) 

and fibronectine (1 µg/mL, 20 µL) in PBS (20 mL) for 1h at 37°C. Coverslips were transferred into 4-well 

plates and 100 000 cells were added on the adherent coverslips (1 mL of the suspension per well). The 

cells were incubated 16 hours at 37°C (5% CO2). They were subsequently treated with 73 or EdU 

positive control (10 µM final concentration for each product, 1h incubation at 37°C, 5% CO2). Coverslips 

were washed with PBS and the cells were fixed using paraformaldehyde 2% in PBS (1 mL per well) 

during 12 minutes. Cells were washed thrice with PBS and they were permeabilized using Triton X100 

0.1% for 5 minutes (1 mL per well). Coverslips were again washed trice by PBS. Click chemistry reaction 

was done following the supplier procedure (Click-itTM EdU cell proliferation kit for imaging Alexa 

FluorTM 488 dye supplied from ThermoFisher Scientific) with the following solution: PBS (supplied at 

10X concentration and diluted to 1X in nuclease free water, 40 µL), AF488-azide (2.5 µL) and ascorbic 

acid (100 µL). Drops of the solution (50 µL) were deposed on parafilm and coverslips were added on 

the drops and incubated at room temperature for 30 minutes. Then, coverslips were deposed on PBS 

drops for 5 min washing. The same operation was repeated two more times. Coverslips were finally 

washed by MilliQ water, dried on Kimtech paper and mounted on slides with Vectashield® antifade 

mounting medium containing DAPI (Vector laboratories). Fluorescent microscopy analysis was 

performed with DeltaVision RT epifluorescence microscope. Images were acquired as z-stacks and 

deconvolution was done with SoftWorx software. Images were analyzed with ImageJ software (NIH).
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Appendices 

Appendix A : Flow cytometry gating strategy for MR1 up-regulation assay 
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Appendix B : Flow cytometry gating strategy for MAIT cell activation assay 
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Appendix C: Molecular modelling of clickable analogues of 5-A-RU 

 

 

Appendix C figure : Derivatization points for fluorescent probes. Poses of derivatized 5-A-RU docked 

to MR1/TCR complex in comparison to the crystal structure of the ternary complex of 5-OE-RU;  

Top: close-ups of the ligand-binding site with 5’R-ethinylated, 4’O-, and 2’O-ethinyloxy derivatized 5-

A-RU in A, B, and C, respectively. All three possibilities of introducing an ethinyl group where given 

priority 1 by docking compared to further, not revealed designs. Protein is depicted by ribbon diagrams 

with MR1 chain A, TCR chains G and H colored in olive, plum, and blue, respectively. Selected amino 

acids and ligands are represented as ball-and-sticks or tubes. Carbon atoms of 5-OE-RU and derivatized 

ligands are depicted in dark green and green, oxygen, nitrogen, and hydrogen atoms in red, blue, and 

white, respectively. Bottom: 2-dimensional sketches of the chemical structure of the docked ligands. 

 

 

 

 

 

5'S-ethinyl 5-A-RU 
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Appendix D : Crystallographic data of compound 71a 

Compound 71a was dissolved at room temperature in a 80/20 mixture of acetonitrile/water and was 

let at room temperature for solvent evaporation. After 2 days, small needles were obtained and were 

then transferred into Paratone® oil upon a microscope slide, to be isolated under a binocular and 

mounted on a MiTiGen cryoloop to be cryocooled using LN2. X-ray diffraction data were necessarily 

collected on the PROXIMA 2A (PX2A) beamline at the SOLEIL Synchrotron, Gif-sur-Yvette, Paris, France, 

(λ = 0.70848 Å) up to a resolution of (sin θ/λ)max = 0.58 Å−1 at T = 100K. They were indexed, integrated 

with XDS [1] and scaled with AIMLESS, [2,3] as implemented within the autoProc toolbox.[4] The structure 

was solved by intrinsic phasing methods (SHELXT program),[5] then refined by full-matrix least-squares 

methods on F2 using SHELX-L.[6] The Sohncke P21 unit cell contains eight molecules of 71a, and four 

copies were refined independently altogether with 2 waters in the asymmetric unit. All non-hydrogen 

atoms improved by anisotropic refinement. Most of the H atoms were identified in difference maps 

nevertheless they were essentially positioned geometrically using a riding model with Uiso set to xUeq 

(parent atom) and x equal to 1.5 when parent atoms are methyl carbons, or water or hydroxyl oxygens, 

and 1.2 for nitrogen atoms and the rest of the carbons tertiary CH, secondary CH2, and acetylenic ones. 

Except a couple of methyl groups of one disordered silyl ether group, methyl H atoms were idealized 

and included as rigid groups allowed to rotate but not tip (AFIX 137 vs 33). Unlike the amide hydrogens 

(AFIX 43), the position of the amine ones was refined using distance restraints. Angle and bond 

distances were also restrained in the case of the water molecule that bridges the two compounds 

present in the asymmetric unit and which is also tweezed by the two hydroxyl H atoms from each 

compound, that were also allowed to rotate (AFIX 147). One out of four conformers shows some 

disorder at the level of two tert-butyldimethylsilyl (TBDMS) groups, which was handled by refining 

their position parameters over two sets of sites for each TBDMS group with occupancy factors 0.653 

(11) and 0.698 (11) for the major ones, respectively. Restraints on displacement parameters (SAME, 

RIGU, ISOR) were applied to these sets of disordered groups. Using its TwinRotMat routine, PLATON [7] 

suggested a twofold rotation axis around the c crystallographic axis as twin element with the matrix (

 0 0, 0  0, 0 0 1). Therefore, the initial data set was kept with the final refinement performed using 

the HKLF5 file as constructed from all observations involving domain 1 only with PLATON. The final 

BASF parameter as indication of the two crystal domains ratio was 0.646 (10). Statistics are reported 

in Table 1. Furthermore the absolute configuration of the diastereomers could be ascertained by the 

exploitation of the anomalous dispersion mainly brought by Si atoms leading to a meaningful Flack 

parameter value of -0.08(6) determined using 12895 quotients [(I+) - (I-)] / [(I+) + (I-)].[8] This confirmed 

the expected chiral centers 2’S, 3’S, 4’R, and therefore established the chirality for 5’R. 
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CCDC 1990644 contains the supplementary crystallographic data for this paper. These data can be 
obtained free of charge from the Cambridge Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/data_request/cif. 
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Table 1 Crystal data and structure refinement for 71a.  

 
Identification code  

 

 

5-nitro-6-(((2S,3S,4R,5R)-2,3,5-tris((tert-butyldimethylsilyl)oxy)-4-

hydroxyhept-6-yn-1-yl)amino)pyrimidine-2,4(1H,3H)-dione 

 

Empirical formula  C29H56N4O8Si3, 0.5 (H2O) 

Formula weight  682.34  

Temperature/K  100(2)  

Crystal system  monoclinic  

Space group  P21  

a/Å  13.108(1)  

b/Å  31.263(1)  

c/Å  19.120(1)  

α/°  90  

β/°  90.008(6)  

γ/°  90  

Volume/Å3  7835.3(8)  

Z  8  
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ρcalcg/cm3  1.156  

μ/mm-1  0.169  

F(000)  2952.0  

Crystal size/mm3  0.23 × 0.05 × 0.04  

Radiation  synchrotron (λ = 0.70848)  

2Θ range for data collection/°  2.124 to 54.066  

Index ranges  -16 ≤ h ≤ 16, -40 ≤ k ≤ 40, -24 ≤ l ≤ 0  

Reflections collected  97118  

Independent reflections  32863 [Rsigma = 0.0795]  

Data/restraints/parameters  32863/218/1830  

Goodness-of-fit on F2  1.026  

Final R indexes [I>=2σ (I)]  R1 = 0.0572, wR2 = 0.1541  

Final R indexes [all data]  R1 = 0.0597, wR2 = 0.1593  

Largest diff. peak/hole / e Å-3  0.42/-0.44  

Flack parameter -0.08(6) 
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Résumé en français : "Synthesis and study of compounds able to 

activate MAIT cells" 

Résumé du chapître 1: "Introduction: MAIT cells" 

I. Biologie des cellules MAITs 

 Les cellules MAIT sont des lymphocytes T de l'immunité "innate-like" capables de reconnaître 

un nombre restreint d'antigènes dérivés du métabolisme de certaines vitamines microbiennes. Ces 

antigènes sont présentés par la protéine MR1, analogue non polymorphe du complexe majeur 

d'histocompatibilité (CMH), au TCR (récepteur des cellules T) semi-invariant des cellules MAITs.  

 Le développement des cellules MAIT a lieu dans le thymus1,2,3. Il est dépendant de MR1 qui 

présente les antigènes des cellules MAIT aux cellules immatures afin de permettre leur maturation. À 

la suite de ce développement, la plupart des cellules MAITs expriment le phénotype suivant: CD3+ 

Va7.2+ CD161high et CD8+aa ou double négatif (CD4-CD8-) (Figure 1). La chaîne a du TCR est associée à 

un nombre limité de chaînes b (Vb2-13 chez l'homme). Les cellules MAIT expriment d'autres 

marqueurs tels que des récepteurs aux chimiokines (CCR6, CCR9...), des récepteurs aux cytokines (IL-

12R, IL-18R) ou encore les facteurs de croissance PLZF et RORgt. Ces mêmes cellules expriment 

également un phénotype mémoire avec CD45RO et CD95. 

 

Figure 1: Phénotype des cellules MAIT classiques4 
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Les cellules MAIT constituent une population abondante de cellules T retrouvée 

principalement dans le foie (20-40% des cellules T), le tractus gastro-intestinal (3-5% des cellules T), 

les vaisseaux sanguins périphériques (1-10% des cellules T) et les poumons (2-4% des cellules T)5. 

Lorsque les cellules MAIT sont activées, elles produisent et sécrètent plusieurs cytokines pro-

inflammatoires dont TNFa, INFg et IL-17 (Figure 2). Ces cellules exercent des fonctions cytotoxiques 

puisqu'elles sont capables de lyser les cellules infectées par certains micro-organismes (mécanisme 

dépendant de MR1) en sécrétant des perforines et granzymes6,7. Elles peuvent également induire 

l'activation d'autres cellules immunitaires telles que des lymphocytes B ou des cellules dendritiques 

afin de déclencher une réponse immunitaire adaptative8.  

 
Figure 2: Activation des cellules MAIT9 

II. Ligands et activation des cellules MAIT  

A. Modulation de l'activité des cellules MAIT dépendante du TCR 

1. Antigènes des cellules MAIT 

 L'activité des cellules MAIT est modulée par plusieurs antigènes activateurs ou inhibiteurs 

dérivés du métabolisme de certaines vitamines microbiennes. Ainsi, l'activation des cellules MAITs est 

inhibée par des dérivés de la vitamine B9 (acide folique) comme le composé 6-Fp (6-formylpterine) et 

son analogue acétylé Ac-6-Fp (acetyl-6-formylpterine) (Figure 3). 
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Figure 3: Structure chimique des ligands inhibiteurs des cellules MAIT 

 L'activation des cellules MAIT est médiée par des dérivés de la riboflavine (vitamine B2). Les 

deux ligands les plus actifs connus à ce jour sont le 5-OP-RU (5-(2-oxopropylideneamino)-6-D-

ribitylaminouracil) et le 5-OE-RU (5-(2-oxoethylideneamino)-6-D-ribitylaminouracil). Ces composés 

sont produits respectivement à partir d'une réaction de condensation entre le précurseur clé 5-A-RU 

(5-amino-6-D-ribitylaminouracil) et le methylglyoxal ou le glyoxal (métabolites de la glycolyse) (Figure 

4). Ces deux antigènes sont très instables en milieu aqueux et subissent rapidement une cyclisation 

pour donner des dérivés ribityllumazines présentant un moindre pouvoir antigénique. 

 

Figure 4: Biosynthèse des ligands agonistes des cellules MAIT10 

2. Présentation antigénique par MR1 

 La protéine MR1 est responsable de la présentation des antigènes précédemment décrits au 

TCR des cellules MAIT. La liaison de ces molécules au MR1 est médiée par un certain nombre 

d'interactions (liaisons hydrogène, interactions de Van der Waals...) et tout particulièrement par la 

formation d'une imine (base de Schiff) entre la Lys43 de MR1 et le groupement carbonyle de ces 

ligands (Erreur ! Source du renvoi introuvable.). Une fois formé dans le réticulum endoplasmique des 

cellules présentatrices d'antigènes (CPA), le complexe antigénique migre vers la membrane plasmique 
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afin d'être présenté au TCR des cellules MAIT. Les ligands agonistes interagissent avec le TCR par le 

biais d'un important réseau de liaisons hydrogène formé grâce aux groupements hydroxyles de la 

chaîne ribityle. A l'inverse, les ligands inhibiteurs qui ne possèdent pas de chaine ribityle n'interagissent 

pas efficacement avec le TCR et ne peuvent donc pas activer les cellules MAIT. 

B. Activation des cellules MAIT indépendante du TCR 

Les cellules MAIT présentent également une activation indépendante du TCR orchestrée par 

certaines cytokines pro-inflammatoires et antivirales (principalement IL-18, IL-12, IL-15, INFa-b)11,12. 

Ainsi, il est vraisemblable que les cellules MAIT soient impliquées dans la réponse immunitaire aux 

infections virales et à certaines pathologies auto-immunes et inflammatoires. 

III. Cellules MAIT et immunothérapies 

 Du fait de leur activité antimicrobienne (et antivirale), les cellules MAIT pourraient constituer 

une cible thérapeutique de choix. Elles pourraient être directement ciblées par de nouveaux vaccins 

puisqu'elles expriment un phénotype mémoire ou plus indirectement être utilisées en tant 

qu'adjuvants vaccinaux dans le but d'améliorer la réponse vaccinale. L'implication des cellules MAIT 

dans d'autres pathologies telles que les cancers ou les maladies auto-immunes et inflammatoires est 

également à l'étude. En revanche, il n'existe pas de preuves évidentes d'un rôle protecteur ou au 

contraire néfaste des cellules MAIT dans ces pathologies. 

 Afin de permettre l'étude approfondie des cellules MAIT comme agents thérapeutiques, il est 

primordial d'accroître nos connaissances concernant leurs antigènes et de résoudre le problème 

d'instabilité chimique ces molécules.  

IV. Recherche de nouveaux antigènes des cellules MAIT 

A. Synthèse de nouveaux analogues stables du 5-OP-RU 

Une première étude a décrit la synthèse de trois analogues du 5-OP-RU (Figure 5)13. L'étude 

de ces composés a montré que 9 était très instable en milieu aqueux et que 10 l'était également mais 

dans une moindre mesure. En revanche, 11 était très stable mais son activité était beaucoup plus faible 

que celle du 5-OP-RU (EC50 1.6 nM versus 1.6 pM pour le 5-OP-RU). 



 5 

 

Figure 5: Structure chimique des composés 9-11 

Une seconde étude basée sur un screening in silico a permis d'identifier un certain nombre de 

molécules dérivés de médicaments capables de moduler l'activité des cellules MAIT (Figure 6)14. Parmi 

ces composés, l'acide 3-formaldehyde-salicylique (3-F-SA), l'acide 5-formaldehyde-salicylique (5-F-SA), 

le 2-hydroxy-napthaldehyde (2-OH-1-NA) et le 2,4-diamino-6-formylpteridine (2,4-DA-6-Fp) étaient 

capable d'induire une up-régulation de MR1 à la surface des CPA. Le 3-F-SA et le 2-OH-1-NA sont des 

inhibiteurs des cellules MAIT alors que le 5-F-SA est un agoniste faible de ces mêmes cellules. Le 

diclofénac et ses métabolites (4’-hydroxy-diclofenac et 5’-hydroxy-diclofénac) ont également permis 

une faible activation des cellules MAIT au cours de cette étude. Ainsi, la protéine MR1 peut présenter 

d'autres composés que les antigènes dérivés de la biosynthèse de vitamines microbiennes au TCR des 

cellules MAIT. Cette découverte offre des opportunités de découvrir d'autres antigènes des cellules 

MAIT présentant des structures chimiques originales. 

 

Figure 6: Structure chimique des molécules capables de moduler l'activité des cellules MAIT 

Enfin, trois études récentes ont investigué l'importance de la chaîne ribityle (relations 

structure-activité) et de chacun de ses groupements hydroxyles dans l'activité biologique (up-

régulation de MR1 et activation des cellules MAIT)15,16,17. Les résultats montrent que la chaîne ribityle 

ne semble pas indispensable à la liaison au MR1 induisant l'up-régulation à la membrane cellulaire. 
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MR1. À l'inverse, la chaîne ribityle est primordiale dans l'interaction avec le TCR. En effet, les résultats 

de ces études montre que les groupements 2'-OH et 3'-OH semblent essentiels pour induire une 

activation des cellules MAITs tandis que les groupements 4'-OH et 5'-OH semblent moins importants.  
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Objectifs de recherche  

Le principal objectif de recherche était de synthétiser de nouveaux analogues actifs et stables 

des antigènes des cellules MAIT. Pour ce faire, nous avons, dans un premier temps, effectué un certain 

nombre de pharmacomodulations du 5-OP-RU dans le but de stabiliser sa structure chimique. Ensuite, 

nous avons cherché à synthétiser des prodrogues du 5-A-RU, le précurseur chimique du 5-OP-RU 

capable de former ce dernier in situ par réaction avec du methylglyoxal endogène.  

Le second objectif de recherche était de synthétiser une sonde chimique nous permettant de 

visualiser et de suivre les antigènes des MAIT dans les cellules et tissus biologiques. Pour ce faire, nous 

avons synthétisé un analogue du 5-OP-RU comportant un alcyne terminal lié à la chaîne ribityle. Ce 

composé peut réagir par CuAAC (Cu(I)-catalyzed azide-alkyne cycloaddition) dans des réactions bio-

orthogonales permettant de visualiser la molécule liée au MR1 dans les cellules (Figure 7). 

  

Figure 7: Objectifs du projet de recherche 
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Résumé du chapitre 2: "Synthesis and study of stable analogues of 

5-OP-RU" 

I. Synthèse et étude analytique du 5-A-RU et du 5-OP-RU 

A. Synthèse du 5-A-RU 

 De nombreuses voies de synthèse du 5-A-RU sont publiées à ce jour. Nous avons choisi 

d'adapter une de ces synthèses en série non protégée pour produire de grandes quantités du 

précurseur stable 4 (5-N-RU)18 (Schéma 1). Le 5-A-RU est une molécule très instable. C'est pourquoi 

nous avons dû synthétiser un nouveau batch à chaque fois à partir du stock de 4. De plus, afin 

d'améliorer sa stabilité, nous avons isolé le 5-A-RU sous forme de sels hydrochlorés (5) par 

hydrogénation sur Pd/c puis ajout de HCl 1N. 

 

Schéma 1: Synthèse de 5 en série non protégée; Conditions et réactifs: (i) NH2OH.HCl, NaOMe dans EtOH, 70°C, 

78%; (ii) PtO2, H2 dans AcOH, 103% (impureté mineure); (iii) HNO3, H2SO4, 73%; (iv) 2, KOH 2N dans EtOH/H2O, 

45%; (v) 1) Pd/C, H2 dans H2O 2) HCl 1N, 94% 

 Nous avons également développé une synthèse en série protégée visant à produire un 

analogue protégé de la molécule 2. Celui-ci a été largement utilisé pour la synthèse d'analogues stables 

du 5-OP-RU en plus de permettre la synthèse de 5 (Schéma 2). 
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Schéma 2: Synthèse de 5-A-RU 5 en série protégée; Conditions et réactifs: (i) n-PrSH dans HCl 37%, 47%; (ii) 2,2-

dimethoxypropane, p-TsOH dans acétone, 53%; (iii) I2, NaHCO3 dans acétone/H2O, 76%; (iv) NH2OH.HCl, NaHCO3 

dans EtOH/H2O, 77%; (v) LiAlH4 dans THF, reflux, 76%; (vi) 10, Et3N dans DCM, 93%, (vii) TFA/H2O, 94%; (viii) 1) 

Pd/C, H2 dans H2O, 2) HCl 1N, 94% 

B. Etude analytique du 5-A-RU 

 Afin de comprendre les mécanismes de dégradation du 5-A-RU, nous avons réalisé en 

collaboration avec Sanofi, une étude analytique de ce composé. En combinant des analyses par 

spectrométrie de masse et RMN 1H, nous avons pu proposer une hypothèse expliquant la rapide 

dégradation du 5-A-RU (Figure 8). D'après ce modèle, l'instabilité serait due à une oxydation de l'amine 

primaire du 5-A-RU en milieu aqueux.  

 

Figure 8: Mécanisme hypothétique de dégradation du 5-A-RU 
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C. Synthèse du 5-OP-RU 

Du fait de son instabilité, le 5-OP-RU est le plus souvent formé juste avant l'addition sur les 

cellules lors des tests biologiques. La réaction entre le 5-A-RU et le methylglyoxal dans l'eau permet de 

former une quantité très faible de 5-OP-RU car celui-ci se dégrade très rapidement dans ce solvant13. 

En revanche, dans le DMSO, le 5-OP-RU formé ne subit pas de cyclisation et une conversion totale du 

5-A-RU est observée. Nous avons synthétisé du 5-OP-RU dans ces deux solvants afin de comparer leur 

activité biologique respective (Schéma 3). 

 

Schéma 3: Synthèse de 12a (DMSO) et 12b (water) 

D. Synthèse et évaluation biologique d'analogues stables du 5-OP-RU 

1. Stratégie de chimie médicinale 

Plusieurs stratégies de chimie médicinale ont été envisagées (Figure 9) : 

- Modification de la chaîne D-ribitylamine 

- Remplacement du groupement instable a-iminocarbonyle par un alkyl ou un vinylsulfonate 

(liaison ionique avec lys43 du MR1 au lieu d'une liaison covalente) 

-  Modification de l'hétérocycle avec synthèse de molécules comportant deux cycles fusionnés 
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Figure 9: Résumé des différentes pharmacomodulations de 5-OP-RU envisagées 

2. Modulation du groupement a-iminocarbonyle 

 Synthèse de l'analogue alkylsulfonate 13 

La molécule 13 a été synthétisée en sept étapes avec l'introduction d'un alcyne par une 

réaction de Sonogashira puis une réaction d'hydroboration qui a permis de former 16 (Schéma 4). 

Après introduction du groupement sulfonate, la molécule 19 a été couplée avec 12 et le composé final 

13 a été obtenue après déprotection des groupements hydroxyles de la chaîne ribityle. 

 

Schéma 4: Synthèse de 13; Réactifs et conditions: (i) N-iodosuccinimide, AcOH, anhydride acétique dans CH3CN, 

80°C, 81%; (ii) 1 ) TMS-acétylène, Pd(PPh3)2Cl2, CuI dans iPr2NH / THF 1:1, 70°C; 2) K2CO3 dans MeOH, 64%; (iii) 

1) B2Pin2, Cs2CO3, MeOH dans CH3CN, 100 °C, tube scellé; 2) NaOH, H2O2 ; 3) NaBH4 dans MeOH 52%; (iv) PPh3, I2, 
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imidazole dans THF, 74%; (v) Na2SO3 dans acétone/H2O, reflux, 88%; (vi) HCl 37%, AcOH, reflux 65%; (vii) 1) 10 

dans EtOH, tube scellé; 2) TFA/H2O 22% 

 Synthèse de l'analogue vinylsulfonate  

Nous avons réussi à obtenir un précurseur protégé (23) de la molécule finale par réaction de 

Wittig entre 20 et 21 puis par un couplage pallado-catalysé de Buchwald-Hartwig entre 10 et 22. 

(Schéma 5)  

 

Schéma 5: Synthèse initiale de l'analogue vinylsulfonate; Réactifs et conditions: (i) diethylphosphochloridate, 

n-BuLi dans THF, -78°C à -50°C, 63%; (ii) n-BuLi, DMF dans THF, -78°C, 64%; (iii) t-BuOK dans THF, 0°C à ta, 69%; 

(iv) 10, Pd(dba)3, Xantphos, Cs2CO3 dans toluène, ta, 66%; (v) TFA/H2O in CH3CN, 0°C à ta, 47%; (vi) KI dans 

acétone, reflux, 40% 

 Malgré de nombreux essais de déprotection, nous ne sommes pas parvenus à la molécule 

finale. En effet, un problème d'instabilité du groupement vinylsulfonate a été détecté, rendant difficile 

la déprotection de l'uracile et du sulfonate. 

3. Pharmacomodulation de la chaîne D-ribitylamine 

En collaboration avec Sanofi, nous avons synthétisé plusieurs analogues du 5-OP-RU en 

modifiant la partie ribityle de la molécule (Schéma 6). 
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Schéma 6: Structure chimique des analogues 29-32 (modification de la chaîne ribityle) 

4. Synthèse d'analogues bicycliques stables du 5-OP-RU 

 Analogue purinetrione 

La molécule 37 a été obtenu en formant le précurseur protégé du 5-N-RU 34 puis par une 

cyclisation avec du phosgène pour former l'hétérocycle souhaité. Enfin, une chaîne latérale présentant 

un groupement carbonyle a été ajouté puis les groupements protecteurs ont été retirés pour donner 

37 (Schéma 7). 

 

Schéma 7: Synthèse de l'analogue purinetrione 37; Réactifs et conditions: (i) HNO3, H2SO4, 80°C, 56%; (ii) 10, 

Et3N dans DMF, 75%; (iii) 1) H2, Pd/C dans MeOH; 2) triphosgène, Et3N dans DCM, 0°C, 72%; (iv) chloroacétone, 

NaH dans DMF, 94%; (v) HCl 37% dans MeOH, reflux, 84% 
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 Synthèse d'un analogue à structure pyrazolo[3,4-d]pyrimidine  

La synthèse de 43 est inachevée et seules des traces du produit final ont été obtenues. Le 

précurseur 42 a pu cependant être obtenu et isolé en couplant les deux molécules 39 et 41 

synthétisées séparément au préalable (Schéma 8). 

 

Schéma 8: Synthèse de 43; Réactifs et conditions: (i) NaBH4 dans MeOH, 48%; (ii) MsCl dans pyridine, 89%; (iii) 

H2N-NH2.H2O dans MeOH, reflux, 46%; (iv) NIS dans DMF, 46%; (v) 39, K2CO3 dans DMF, 39%; (vi) 1) isopropenyl 

acétate, (t-Bu)3SnMeO, P(o-tolyl)3, PdCl2(CH3CN)2 dans toluène, 120°C tube scellé; 2) HCl 37% dans MeOH, traces 

du produit obtenues 

 Formyllumazine analogue 

 L'analogue formyllumazine a pu être formé mais la molécule obtenue était trop instable pour 

être isolée (dégradation très rapide de la molécule après purification par HPLC) (Schéma 9). 

  

Schéma 9: Synthèse de l'analogue formyllumazine 
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E. Evaluation biologique 

1. Principe des tests 

Deux tests différents ont été effectués pour évaluer les molécules : 

- Test d'up-régulation de MR1 chez des cellules WT3-m (cellules surexprimant MR1)  

- Test d'activation de cellules MAIT de souris transgéniques exprimant le TCR des cellules MAITs 

(Figure 10). 

 

Figure 10: Test d'activation des cellules MAIT 

2. Résultats 

 Up-régulation de MR1 

Parmi les analogues du 5-OP-RU (12) synthétisés, seuls les composés 30 et 31 ont induit une 

up-régulation de MR1 (Figure 11). Le composé 13 ne franchit probablement pas les membranes 

plasmiques du fait de son caractère ionique et ne peut donc pas up-réguler MR1. En revanche, il est 

capable d'induire le refolding de MR1 recombinant, ceci prouvant son affinité pour la protéine. 

 

Figure 11: Up-régulation de MR1 par 30 et 31 (chaque mesure a été effectuée en duplicat)  
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 Activation des cellules MAIT 

Les analogues n'ayant pas induit d'up-régulation de MR1 n'ont pas permis l'activation des 

cellules MAIT tout comme 31. En revanche, la molécule 30 est capable d'activer les cellules MAITs mais 

de manière très faible comparée au 5-OP-RU (Figure 12). Ces deux derniers composés peuvent se 

comporter comme des antagonistes compétitifs du 5-OP-RU comme l'ont démontré les tests de 

compétition. 

 

Figure 12: Activation des cellules MAIT par 30 en comparaison avec 5-OP-RU (12a, 12b) et 5-A-RU (5) (chaque 

mesure a été effectuée en duplicat) 
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Résumé du chapitre 3 : Prodrug strategy and vectorization of 5-A-

RU 

I. Synthèse d'une prodrogue du 5-A-RU sensible au clivage enzymatique 

La prodrogue du 5-A-RU est constituée d'un linker phenylalanine-arginine (Phe-Arg) sensible 

aux cathepsines (Cat B, Cat L, Cat S)19–21. Nous avons choisi d'utiliser des billes de latex comme vecteur 

pour valider notre stratégie et étudier la réponse immunologique induite par la prodrogue. En effet, 

elles ont montré leur efficacité pour induire une phagocytose/endocytose par des cellules 

présentatrices d'antigènes22. Une fois la stratégie prodrogue validée, d'autres supports biocompatibles 

pourront être mis au point. Enfin, un bras espaceur PEG a été inséré entre le motif clivable et les billes 

pour favoriser le clivage enzymatique (Figure 13). 

Figure 13: Structure de la prodrogue de 5-A-RU 

A. Synthèse chimique 

La synthèse du linker 44 a été effectué sur support solide en utilisant une résine 2-chlorotrityl (Schéma 

10). 
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Schéma 10: Synthèse de 44 sur support solide; Réactifs et conditions: (i) résine 2-chlorotrityl chloride, DIEA dans 

DCM; (ii) 1) pipéridine 20% dans DMF, 2) Fmoc-NH-Phe-OH, DIEA, PyBOP dans DMF; (iii) 1) pipéridine 20% dans 

DMF, 2) Fmoc-NH-PEG2-OH, DIEA, PyBOP dans DMF; (iv) 1) pipéridine 20% dans DMF, 2) Fmoc-NH-PEG2-OH, 

DIEA, PyBOP dans DMF; (v) TFA/AcOH/H2O (7/1/2); rendement global : 47% 

 Dans un premier temps, nous avons souhaité optimiser la réaction de couplage en utilisant la 

molécule 7-amino-4-methylcoumarin (AMC). De nombreux essais infructueux ont été effectués avant 

d'essayer avec un agent de couplage plus réactif, le TCFH (Schéma 11). Le produit de couplage 45 a pu 

être obtenu bien qu'une épimérisation du centre stéréogénique de l'arginine soit survenue. Après 

déprotection du groupement protecteur Pbf, nous avons pu isoler le mélange d'épimères 46. 
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Schéma 11: Synthèse de 46  
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dernier. Nous avons réussi à coupler 72 à 44 en utilisant le TCFH et un mélange DCM/MeOH comme 

solvant de réaction. Comme pour 46, une épimérisation est survenue au cours de la réaction. Malgré 
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Schéma 12: Synthèse de 47 

Finalement, 46 et 47 ont été couplé aux billes de latex par couplage peptidique en milieu 

aqueux pour donner respectivement 48 et 49 (Schéma 13). 

 

Schéma 13: Synthèse des conjugués CML 48 et 49 
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B. Evaluation biochimique et biologique des prodrogues de 5-A-RU 

1. Evaluation biochimique 

L'évaluation biochimique de 46 et 48 a permis de montrer un clivage efficace des deux 

conjugués par la cathepsine L (Figure 14). En revanche, aucun clivage n'a été détecté avec 47 et 49. 

 

Figure 14: Test de clivage par cathepsine L de 46 et 48. Le clivage a été évalué en mesurant l'intensité de 

fluorescence à 380/460 nm (lexc/lemi) due au relargage d'AMC dans le milieu 

2. Evaluation biologique des conjugués 

Aucun des produits conjugués aux billes de latex n'a montré d'activité biologique 

contrairement à 47 qui a induit une légère activation des cellules MAIT (Figure 15). Ce résultat 

contredit celui obtenu lors de l'évaluation biochimique et cela indique que le conjugué a bien été en 

partie clivé dans les cellules, probablement par d'autres cathepsines que la cathepsine L.  
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Figure 15: Evaluation biologique de 47  

II. Synthèse d'une prodrogue auto-immolable du 5-A-RU  

A. Design de la prodrogue 

En nous basant sur les travaux d'une autre équipe de recherche qui cherchait à développer des 

prodrogues de 5-A-RU, nous avons décidé de synthétiser une seconde prodrogue présentant un linker 

valine-citrulline sensible à la cathepsine B et comportant un espaceur auto-immolable para-

aminobenzyl alcohol (PAB)23. En effet, ce linker a prouvé son efficacité et son utilisation a permis de 

produire des prodrogues stables et actives du 5-A-RU à visée anti-cancéreuse. Nous avons souhaité 

produire une autre prodrogue pour étudier les propriétés antimicrobiennes des cellules MAIT (Figure 

16). 
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Figure 16: Structure chimique de la prodrogue auto-immolable de 5-A-RU 

B. Synthèse de la prodrogue 

1. Synthèse du linker  

La synthèse des linkers 51 et 53 a été réalisée cette fois en solution (Schéma 14).  

 

Schéma 14: Syntèse des linkers 51 et 53; Réactifs et conditions: (i) 4-aminobenzyl alcohol, HATU, DIEA dans DMF, 

87%; (ii) 1) pipéridine 20% dans DMF, 2) Fmoc-NH-Val-O-Su dans DMF, 56%; (iii) pipéridine 20% dans DMF, 2) 

Fmoc-NH-PEG2-O-Su dans DMF, 47%; (iv) pipéridine 20% dans DMF, 2) Fmoc-NH-PEG2-O-Su dans DMF, 47% 
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2. Couplage de 51 et 53 à 5-A-RU 

5 (5-A-RU.HCl) a été couplé à 51 (donnant l'analogue déjà décrit 5623) et à 53 en utilisant des 

intermédiaires activés par un ester de paranitrophényle (PNP) (Schéma 15). L'utilisation de pyridine 

comme solvant pour la réaction de couplage est essentielle car elle permet de neutraliser 5 tout en 

solubilisant le composé qui peut ensuite réagir avec les linkers pour donner 56 et 57. Les mêmes 

réactions réalisées avec la forme neutre du 5-A-RU n'ont pas permis d'obtenir les composés souhaités 

du fait de l'insolubilité de 5-A-RU dans les solvants organiques. Les composés 58 et 59 ont finalement 

été obtenus après déprotection de l'amine terminale de la valine. 

 

Schéma 15: Synthèse de 58 et 59; Réactifs et conditions: (i) bis-4-nitrophenyl carbonate, DIPEA dans DMF; (ii) 5-

A-RU dans pyridine; (iii) pipéridine dans DMF 

3. Couplage de 59 avec les billes de latex 

Comme 47, la molécule 59 a été couplée aux billes de latex par une liaison peptidique pour 

donner 60 (Schéma 16). Afin d'étudier la réponse immunologique induite par la prodrogue, nous avons 

également ajouté de l'ovalbumine sur les billes. 
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Schéma 16: Synthèse du conjugué 60 

C. Evaluation biologique 

Malheureusement, le conjugué 60 n'a pas permis une activation des cellules MAIT comme 49. 

À l'inverse, les conjugués 58 et 59 ont montré une activation modéré des cellules MAITs, plus forte 

que celle du 5-A-RU et 47 mais moins forte que celle du 5-OP-RU (Figure 17). Ces résultats confirment 

l'efficacité du vecteur utilisé. 

 

Figure 17: Evaluation biologique des différentes prodrogues sur des cellules MAIT d'une souris double 

transgénique 
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Résumé du chapitre 3: "Design and synthesis of a new chemical 

probe for the study of MAIT cell biology" 

I. Introduction 

 L'objectif de ce projet de recherche était de synthétiser une sonde chimique permettant de 

visualiser et de suivre les antigènes des cellules MAIT dans les cellules et tissus biologiques. Nous avons 

synthétisé deux analogues (diastéréosiomères) du 5-OP-RU présentant une fonction alcyne au niveau 

de la chaîne ribityle (Figure 18). L'introduction d'un tel groupement chimique permet de faire réagir 

ces molécules via CuAAC (copper(I)-catalyzed azide-alkyne cycloaddition) dans des réactions bio-

orthogonales in vitro, afin de révéler le complexe formé avec MR1 par microscopie à fluorescence.  

 

Figure 18: Structure chimique des sondes synthétisées 

II. Synthèse des sondes chimiques 

 Une protection des hydroxyles par groupements TBS a été choisi pour la synthèse (Schéma 

17). Nous avons synthétisé un précurseur 66 présentant un azoture afin de donner aisément une 

amine par réaction de Staudinger. L'étape critique était la déprotection sélective de l'alcool primaire 

avec l'acide camphorsulfonique donnant 67. L'addition du groupement TMS-acetylène a permis 

d'obtenir 69, mélange de deux diastéréoisomères. Nous avons également découvert qu'une migration 

d'un groupement TBS s'était produite durant cette réaction du 4'-OH vers le 5'-OH. 
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Schéma 17: Synthèse de 70. Conditions et réactifs : (i) n-propanethiol dans HCl 37% 0°C à ta, 87%; (ii) TBS-OTf, 

2,6-lutidine dans CH2Cl2, ta, 54%; (iii) I2, NaHCO3 dans acétone/eau, 83%; (iv) NaBH4 dans MeOH, 0°C à ta, 90% 

(v) chlorure de mésyle dans pyridine, ta, 95%; (vi) NaN3 in DMF, 120°C, 99%; (vii) (1R)-(-)-acide 

camphorsulfonique dans MeOH/CH2Cl2, ta, 19%; (viii) DMP dans CH2Cl2, 0°C à ta, 71%; (ix) TMS-acétylène, n-BuLi 

dans THF -78°C à ta, 45%; (vii) PPh3 dans THF/H2O, reflux 75%; 

Le précurseur ethinyl-5-A-RU 72 a été obtenu après couplage entre 70 et 3 puis réduction du 

groupement nitro (Schéma 18). La molécule ethinyl-5-OP-RU 73 a été préparée comme 12a, en faisant 

réagir 73 avec du methylglyoxal en excès dans du DMSO (48h à température ambiante). 
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Schéma 18: Synthèse de 73. Réactifs et conditions: (i) 1) 6-chloro-5-nitrouracil, Et3N dans DMF, 50°C; 2) K2CO3 

dans MeOH, ta, 71%; (ii) 1) Na2S2O4 dans MeOH/H2O, 90°C; 2) HCl 37% dans MeOH, 0°C à ta, 58% ; (iii) 

methylglyoxal dans DMSO, 48h (produit non isolé) 

 Des cristaux de 71a ont été obtenus afin d'effectuer une analyse cristallographique de la 

molécule et déterminer sa stéréochimie (5'R) (Figure 19). Cette même analyse a également mis en 

évidence la migration du groupement TBS du 4'-OH vers le 5'-OH comme indiqué précédemment. 

 

Figure 19: Vue ORTEP d'un conformère de 71a; les ellipsoïdes thermiques sont dessinées avec un 

niveau de probabilité de 30% 
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III. Evaluation biologique 

A. Up-régulation de MR1 

Les deux diastéréoiomères 73a et 73b ont induit une forte up-régulation de MR1, supérieure 

à celle observée avec le 5-OP-RU (Figure 20).  

 

Figure 20: Up-régulation de MR1 en présence de 12a, 73a et 73b; a. pourcentage de cellules MR1 positives; b. 

MFI : intensité moyenne de fluorescence de l'anticorps anti-MR1-PE; les résultats sont exprimés en moyennes 

± SD de duplicats expérimentaux 

B. Activation des cellules MAIT 

Les molécules 73a et 73b ont activé les cellules MAIT de souris doubles transgéniques (répertoire 

monoclonal de cellules MAITs) de manière similaire au 5-OP-RU (Figure 21). En revanche, aucune 

activité n'a été détectée avec des cellules MAIT de souris simple transgéniques (répertoire polyclonal 

de cellules MAITs). Ces résultats montrent l'importance de la chaîne b du TCR dans la reconnaissance 

des antigènes des MAIT. 
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Figure 21: Activation des cellules MAIT par 12a, 73a et 73b; a. cellules MAITs de souris doubles transgéniques 

iVa19 Vb8; b. cellules MAITs de souris simples transgéniques; les résultats sont exprimés en moyennes ± SD 

de duplicats expérimentaux 

C. Utilisation de 73 comme sonde chimique pour l'étude de la biologie des 

cellules MAIT 

Afin de valider notre stratégie de chimie click, nous avons réalisé des expériences de CuAAC in 

vitro avec le mélange de diastéréoisomères 73 (Figure 22). La réaction click a bien fonctionné dans des 

cellules WT3-m et le complexe MR1-73 a pu être observé par microscopie à fluorescence (fluorescence 

localisée autour du noyau après 1h d'incubation). À l'inverse, aucun signal fluorescent n'a été détecté 

avec la lignée WT3 sauvage (WT3-WT) qui exprime très peu de MR1. Ces résultats suggèrent une liaison 

spécifique du ligand à MR1 comme recherché et valide l'utilisation de 73 comme sonde chimique pour 

révéler la présence et la localisation de MR1 in vitro.  
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Figure 22: Images de microscopie à fluorescence de 73 conjugué au fluorochrome N3-AF488 (vert) et DAPI 

(bleu) dans des cellules WT3-m et WT3-WT 
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ABSTRACT 
 

MAIT cells are innate-like T lymphocytes that recognize a series of microbial antigens 
derived from the riboflavin (vitamin B2) biosynthesis pathway, which are exclusively 
present in bacteria and some yeasts. The TCR dependent activation of MAIT cells requires 
an antigenic presentation mediated by MR1 (MHC-class I related protein) expressed mostly 
by antigen presenting cells (APCs). Once activated, MAIT cells can exert antimicrobial 
functions notably by killing pathogen-infected cells. This antimicrobial activity suggest a 
strong therapeutic interest in targeting MAIT cells in innovative antimicrobial 
immunotherapies. Unfortunately, the most active antigen discovered yet named 5-OP-RU 
suffers from a high chemical instability, thus making difficult the study of MAIT cell biology. 
5-OP-RU is produced from a condensation reaction between its chemical precursor 5-A-
RU (also unstable) and endogenous methylglyoxal. To overcome the stability issues, we 
designed and synthetized stable analogues of MAIT cells trying to maintain a strong 
potency of MAIT cells activation. We also synthetized prodrugs of 5-A-RU that were able 
of releasing the molecule in situ to form 5-OP-RU directly in APCs. Finally, we developed 
a new clickable analogue of 5-OP-RU that can be used to track and visualize MAIT cell 
antigens in biological tissues and cells by fluorescence microscopy. 

MOTS CLÉS 

 
Chimie médicinale, immunologie, vectorisation, chimie bio-orthogonale 

RÉSUMÉ 
 

Les cellules MAIT (mucosal-associated invariant T cells) sont des lymphocytes T de 
l'immunité "innate-like" capables de reconnaître des antigènes microbiens dérivés de la 
riboflavine (vitamine B2) qui sont produits exclusivement par des bactéries et certaines 
levures. L'activation des cellules MAIT dépendante du TCR nécessite une présentation 
antigénique par la protéine MR1 (MHC-class I related protein), celle-ci étant exprimée 
principalement par des cellules présentatrices d'antigènes. Une fois activées, les cellules 
MAIT peuvent exercer des fonctions antimicrobiennes en tuant directement les cellules 
infectées par un pathogène. Cette activité antimicrobienne suggère un fort intérêt 
thérapeutique à cibler les cellules MAIT dans des immunothérapies innovantes. 
Malheureusement, l'antigène le plus actif des MAIT, appelé 5-OP-RU, souffre d'une 
importante instabilité chimique, ce qui rend l'étude des cellules MAIT difficile. Cette 
molécule est produite par une réaction de condensation entre son précurseur clé, le 5-A-
RU (aussi instable) et du methylglyoxal endogène. Pour résoudre le problème de 
l'instabilité chimique, nous avons synthétisé de nouveaux analogues stables du 5-OP-RU 
en cherchant à maintenir une forte activité biologique sur les cellules MAIT. Nous avons 
également synthétisé des prodrogues du 5-A-RU capables de libérer la molécule in situ 
pour former ensuite du 5-OP-RU directement dans les cellules présentatrices d'antigène. 
Enfin, nous avons développé un analogue "clickable" du 5-OP-RU pouvant être utilisé dans 
le but de suivre et de visualiser les antigènes des cellules MAIT dans les tissus biologiques 
et les cellules par microscopie à fluorescence. 
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