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GDCh Research Article

Covalent Ligands

Potent Inmunomodulators Developed from an Unstable Bacterial
Metabolite of Vitamin B2 Biosynthesis

Jeffrey Y. W. Mak,* Ryan J. D. Rivero', Huy N. Hoang', Xin Yi Lim", Jieru Deng,
Hamish E. G. McWilliam, Jose A. Villadangos, James McCluskey, Alexandra J. Corbett, and
David P. Fairlie*

-~

Abstract: Bacterial synthesis of vitamin B2 generates a by-product, 5-(2-oxopropylideneamino)-p-ribityl-aminouracil (5-\
OP-RU), with potent immunological properties in mammals, but it is rapidly degraded in water. This natural product
covalently bonds to the key immunological protein MR1 in the endoplasmic reticulum of antigen presenting cells
(APCs), enabling MR1 refolding and trafficking to the cell surface, where it interacts with T cell receptors (TCRs) on
mucosal associated invariant T lymphocytes (MAIT cells), activating their immunological and antimicrobial properties.
Here, we strategically modify this natural product to understand the molecular basis of its recognition by MR1. This
culminated in the discovery of new water-stable compounds with extremely powerful and distinctive immunological
functions. We report their capacity to bind MR1 inside APCs, triggering its expression on the cell surface (ECs, 17 nM),
and their potent activation (ECs, 56 pM) or inhibition (ICs, 80 nM) of interacting MAIT cells. We further derivatize
compounds with diazirine-alkyne, biotin, or fluorophore (Cy5 or AF647) labels for detecting, monitoring, and studying
cellular MR1. Computer modeling casts new light on the molecular mechanism of activation, revealing that potent
activators are first captured in a tyrosine- and serine-lined cleft in MR1 via specific pi-interactions and H-bonds, before
more tightly attaching via a covalent bond to Lys43 in MR1. This chemical study advances our molecular understanding
of how bacterial metabolites are captured by MR1, influence cell surface expression of MR1, interact with T cells to
induce immunity, and offers novel clues for developing new vaccine adjuvants, immunotherapeutics, and anticancer

\drugs. )

Introduction B2 (2).”! For example, condensation of 1 with glycolysis

metabolite methylglyoxal (3) creates the novel and highly

Peptides and glycolipids have long been known to be ligands
(antigens) that activate T lymphocytes (T cells).") However,
we discovered that uracil derivatives can also activate T
cells, specifically mucosal associated invariant T cells
(MAIT cells).?? These cells are abundant in the mucosa™
and peripheral blood and are now recognized as being
important for antimicrobial defense, tissue repair, and
protection against cancer.”! They are activated by bacterial
metabolites derived from 5-amino-6-p-ribityl-aminouracil, 5-
A-RU (1, Figure 1), a key biosynthetic precursor to vitamin

potent heterocyclic antigen 5-(2-oxopropylideneamino)-p-
ribitylaminouracil (5-OP-RU, 4) (Figure 1)."!

The bacterial natural product 5-OP-RU (4) enters
mammalian cells and binds to the antigen presenting protein
MRI1 in the endoplasmic reticulum (Figure 2a).”! Its binding
induces refolding of MR1, triggering translocation of the
MR1-bound complex of 5-OP-RU (4) to the surface of the
antigen presenting cell (APC).!! There, this complex
engages a T cell receptor (MAIT TCR) on the surface of
MAIT cells, resulting in activation that can be detected by
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Figure 1. Intermediate 1 from bacterial synthesis of vitamin B2 (2)
condenses with glycolysis metabolite (3) to form a transient MAIT cell
antigen 5-OP-RU (4), which rapidly degrades to lumazine 5.°!
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Figure 2. Binding of 5-OP-RU (4) to MR1 protein and activation of
MAIT cells.”! (a) Bacterial antigens (orange) enter antigen presenting
cells (APC, purple), then bind to protein MR1 in the endoplasmic
reticulum. The MR1-antigen complex is translocated to the APC
surface, where it interacts with the T cell receptor (TCR, green) on
MAIT cells (green). (b) Interactions of 4 with MR1 (purple) and MAIT
TCR (green) from a crystal structure of the ternary complex.”!

protein surface markers like CD69 (Figure 2a).”! A crystal
structure revealed that the ribityl chain of 4 interacts at the
MR1-TCR interface, while the uracil and iminocarbonyl
groups bind to MR1. The iminocarbonyl covalently forms an
imine (Schiff base) with the sidechain of lysine-43 (K43) of
MRI1 (Figure 2b),” stabilizing the ligand and inducing MR1
refolding.

The natural product 5-OP-RU (4) has been used to
characterize roles for MR1 and MAIT cells in mammalian
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health and disease.” The abundance of MAIT cells relative
to other T cells supports their importance in immunity,®
and MRI1 is emerging as a potential drug target.”***! 5-OP-
RU (4) promotes MAIT cell development in the thymus!'”!
and imprints MAIT cells in early life,""! confers MAIT cells
with an ability to protect against infections,'*"¥ promotes
wound healing,'"'" kills myeloma cells in vitro,™ and
protects against melanoma in mice.'" Dysregulated MAIT
cell activation has been linked to gastritis,'” asthma,'¥ and
inflammatory bowel disease."”

Despite these advances, MAIT cell immunology is still
hampered by a lack of stable and effective chemical tools.""’
While 5-OP-RU (4) is a potent immunostimulant, its utility
is limited by instability in water due to rapid cyclization or
imine hydrolysis to form lumazine S, which is orders of
magnitude less potent.” Structural requirements for MR1-
ligand binding remain to be fully elucidated, no potent
inhibitors of MAIT cell activation are known, and very few
chemical tools are available to probe the properties of
MAIT cells. Here, the bacterial metabolite 5-OP-RU (4) has
been strategically modified to study the molecular basis of
its biological activity. This led to the development of water-
stable compounds with stronger MR1 binding and upregula-
tion to the APC surface, more potent MAIT cell activation
or inhibition, and better tools for detecting and modulating
MRI1 protein and MAIT cell functions. These new stable
compounds provide new insights to MR1-binding require-
ments, to the molecular mechanism of ligand capture by
MRY1, and to how to tailor ligands for distinctively different
immunological properties and uses in interrogating MR1
and MAIT cell immunology.

Results and Discussion

Molecular Requirements for MR1 Upregulation to the Cell
Surface

The importance of each ribityl hydroxyl group in 5-OP-RU
(4) for upregulated MR1 expression on the cell surface and
MAIT cell activation has been reported previously.?"! Here,
we removed the MRI1-binding ribityl chain to assess
contributions from the imine and uracil components of 4 to
MR1 upregulation. To potentially increase aqueous stability,
we also replaced the exocyclic nitrogen atoms of the uracil
and the iminocarbonyl with carbon atoms.?” Compound 10
was synthesized from 6-methyluracil (6a) via hydroxymeth-
ylation (to 7a, 70%), ceric ammonium nitrate (CAN)
oxidation (to 8a, 56 %), and elaboration with stabilized ylide
9al® (Scheme 1). Compound 10 was much more water-
stable (>99 % over 24 h) than 5-OP-RU (4) (t;,~88 min) at
37°C, pH 7.4 (Figure 3), since it lacks the imine and amine
nitrogens of 4 known to promote degradation,”” making it
useful for studying how modification affects potency, and as
a scaffold to support the construction of other more complex
ligands.

When ligands bind to MR1 in cells via an imine bond
with K43, they induce refolding of MRI1 that enables
translocation of the MR1-ligand complex to the cell surface

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Scheme 1. Synthesis of MR1-binding analogues of 4.
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Figure 3. Stability of 10-16 (0.1 mM) in phosphate buffered saline
(37°C, pH 7.4), relative to 5-OP-RU (4).”

(Figure 2a). MR1 binding was inferred here using an
established assay®! that measures increased MR1 surface
expression on class I reduced (C1R) cells overexpressing
MR1 (C1IR.MRI1 cells) (Figure 4). Compound 10 was found
here to upregulate MR1 expression (ECs, 17 nM) more
potently over 16 h than the much less stable 5-OP-RU (4)
(ECsy 1.7 uM). Next, we synthesized analogues of 10 to
investigate contributions of the sidechain carbonyl and uracil
nitrogen components to MR1 binding. To obtain carbonyl
analogues 11-13, elaboration of aldehyde 8a with stabilized
ylide 9b gave the corresponding ester, and its carboxylic
acid after saponification (11 and 12, Scheme 1). For

: 1 10 (EC4, 17 + 8 1nM)
100 I B O 11 (ECg, > 100 uM)
12 (EC4, > 100 pM)
13 (EC4y 2.1 £ 1.4 M)
14 (EC4, 4.0 £3.4 uM)
15 (EC4, 3.2 £5.8 uM)
16 (EC4, > 100 puM)

= 5-OP-RU (4, EC, 1.7 £ 1.6 uM)
9 7 = Ac-6-FP (ECq, 0.84 £ 1.2 uM)
log [compound] (M) DMSO

80
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40
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Figure 4. Dose-dependent upregulation of MR1 expression on the
surface of CIR.MR1 cells after 16 h exposure to 10-16. Upregulation by
acetyl 6-formylpterin (Ac-6-FP, 0.1 mM) defined as 100%. Each data
point represents mean = SEM (n=3). ECs, values shown & SEM.
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aldehyde 13, since intermediate 8a polymerized with ylide
9c, we directly alkenylated®™ 6a to give 13 (5% yield,
attributable to the hydration and inactivation of trimeth-
ylsilylpropynal in water). To obtain the N-methylated uracil
analogues (14-16), we next treated 10 with methyl iodide to
give 15 and 16, and then used N-methyluracil 6b% to access
analogue 14 via 7b and 8b.

Analogues 10-16 were all very water stable (pH 7.4,
37°C, 24 h, Figure 3, Figure S1). Unlike 5-OP-RU (4) and
10, ester 11 and acid 12 can only make weak hydrogen bonds
or electrostatic interactions with MR1 lysine-43 (K43, Fig-
ure 2b) and did not upregulate MR1 (Figure 4). Conversely,
aldehyde 13 (ECs, 2.1 nM) was a potent MR1 upregulator,
10-fold more than ketone 10 (ECs, 17 nM) and 800-fold
more potent than 5-OP-RU (4) (ECs, 1.7 uM) after 16 h
(Figure 4). This highlights the importance of the covalent
imine bond, formed between a reactive carbonyl group and
the K43 residue of MR1 (Figure 2b), for MR1 binding and
upregulation to the cell surface (Figure 4).

Previous studies using K43 mutagenesis showed the
importance of imine formation for MR1 refolding,[ﬁ] but
here we directly modified the ligand to show that charge
neutralization through imine formation, rather than perturb-
ing K43 interactions within the MR1 protein, is responsible
for MR1 upregulation. Notably, compounds 10 and 13 were
not Michael acceptors like the control compound crotonal-
dehyde (Figure 5), instead being resistant at pH 7.4 to
reaction for example with glutathione."

N-methylated analogue 14 (ECs, 4.0 uM) was 200-fold
less potent than 10 in upregulating MR1, consistent with it
being unable to form a hydrogen bond with serine-24 (S24)
of MR1 (Figure 2b). Methylation of the NH at position 1,
which does not directly hydrogen bond to MRI, also
reduced potency (15, ECs, 3.2 uM), with double N-meth-
ylation (16) abolishing this activity (>100 uM). Consistent
with previous studies,”*! systematic uracil N-methylation
showed that MR1 can accommodate modified uracils, but is
also sensitive to even small structural changes.

100 -0~ 10 (0.10 mM)
5 & % 13 (0.10 mM)
g -8~ Crotonaldehyde (1.0 mM)
g 60 = 10 (0.10 mM) + GSH (1.4 mM)
8 —e- 10 (1.0 mM) + GSH (1.4 mM)
:% “ %~ 13 (0.10 mM) + GSH (1.4 mM)
R 20 ~*~ 13 (1.0 mM) + GSH (1.4 mM)

" T = Crotonaldehyde (1.0 mM)

0 4 8 12 16 20 24 +GSH (1.4 mM)

Hours

Figure 5. Degradation of 10 (O) and 13 (/) versus crotonaldehyde (m)
in the presence of glutathione (GSH) in phosphate buffered saline

(pH 7.4) at room temperature. The degradation of crotonaldehyde with
glutathione was fitted to a one phase decay curve.
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Scheme 2. Synthesis of stable analogues 27 and 28.

A Stable, Potent Activator of MAIT cells

Since aldehyde 13 induced strong upregulation of MR1, we
used it to engineer a potentially potent and stable MAIT
cell activator by connecting a ribityl chain to C-6. Such
compounds may become the basis for a stable new
antimicrobial vaccine adjuvant.®™ However, the yield of 13
was low, so we developed a new enal installation strategy for
this molecule.

The hemiacetal of p-ribose was first opened before
protecting the aldehyde and alcohols (17, two steps,
Scheme 2). Subsequent dithiane deprotection (18),*°! treat-
ment with stabilized ylide 9a (to give 19, 70 %, 2 steps), and
hydrogenation (20, 90 %) proceeded in high yields. Chemo-
selective C-homologation with Mander’s reagent?” gave
ketoester alkylation substrate 21. We previously observed
ribityl chelation of lithiated bases, so the enal side-chain
precursor was installed with NaH and 4-bromobut-1-ene to
give 22 (78 % yield based on recovered starting material).

This synthesis of the carbon skeleton produced a
hindered ketoester for cyclization with thiourea.’ Due to
its bulk (restricting cyclisation to 29-67% in similar
systems®®), the cyclocondensation was first performed with
NaOEt in ethanol under reflux, and then at 100°C in a
pressurized tube. Both conditions gave 23 (50 %), but one
diastereomer of 22 remained unchanged. Thus, we switched
to NaOMe in refluxing methanol; although at a lower
temperature, the smaller base was more efficient in this
hindered system, giving 23 in high yield. Without purifica-
tion, desulfurization with 1-butene oxide®™ under basic
conditions gave 25 (74 %, 2 steps). This likely proceeds via
24, where the new Lewis acidic alcohol mediated C—S bond
fission, as butyl bromide alkylated 23 but the intermediate
degraded upon heating.

Angew. Chem. Int. Ed. 2024, 63, €202400632 (4 of 10)

Next, oxidation of the congested and sensitive substrate
25 with catalytic osmium tetroxide and sodium periodate
unveiled aldehyde 26 regioselectively (65 %), ready for a,p-
dehydrogenation to the enal sidechain. Carbonyl dehydro-
genations, either metal-free or with catalytic transition
metals, are typically performed on relatively featureless or
protected substrates to enable enolate formation or mini-
mize competitive coordination to the reagent.’!! Due to
relativel = complexity of 26, and dehydrogenation adjacent
to the functionality-rich uracil ring having no precedent, we
dehydrogenated model compound 29 (synthesized like 26
from ethyl acetoacetate) to 13 to identify suitable conditions
(Table 1).

Stoichiometric oxidation of 29 with 2-iodoxybenzoic acid
(IBX) and N-methylmorpholine N-oxide™ in DMSO-d;

Table 1: Late-stage o,-dehydrogenation model study.

H H
‘ N\h]l//: Conditions | Nmo
(¢] ‘ o
l 29 Cl) 13

Reagents!®! Temp. Yield (%)
IBX (1.5 eq), NMO-H,0 (1.5 eq) rt 3
IBX (2.2 eq), MPO-H,0 (2.2 eq) 45°C 20
IBX (2.2 eq), DMPO-H,0 (2.2 eq) 45°C 13
IBX (2.2 eq), MPO-H,0 (2.2 eq)® rt 35
IBX (2.2 eq), DMPO-H,0 (2.2 eq)® rt 36
Pd(TFA), (10 mol %), O, (1 atm), 100°C 45 (529

4,5-diazafluoren-9-one (10 mol %)

[a] NMO=N-methylmorpholine N-oxide, MPO =4-methoxypyridine
N-oxide, DMPO = 3,4-dimethoxypyridine N-oxide. [b] conducted in
DMSO/DCM (2:1). [c] based on recovered starting material.

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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gave 13 in low yields. NMR spectra suggested competitive
complexation between the substrate and NMO for IBX.
Switching NMO to electron-rich aromatic N-oxides, such as
4-methoxypyridine N-oxide and 3,4-dimethoxypyridine N-
oxide (hypothesized to stabilize IBX complexes™!) greatly
improved yield (35 %).

Finally, catalytic dehydrogenation®! of 29 with Pd-
(TFA),/4,5-diazafluorenone (10 mol %) under O, (1 atm) in
DMSO at 100°C consistently gave 13 in 45 % yield. These
catalytic conditions were found to similarly enable dehydro-
genation of 26, although the trifluoroacetic acid generated in
the catalytic cycle caused tetraol deprotection and subse-
quent in situ reversible dimerisation with the aldehyde.
Nevertheless, same pot cleavage with aqueous acid delivered
28 in 27 % over 2 steps. Aldehyde 26 was also deprotected
directly to give 27 (50%) to test the effect of sidechain
saturation on potency.

Analogues 27 and 28 were water stable (Figure S1). In
inducing MR1 upregulation, aldehyde 28 was much more
potent than 5-OP-RU (4), and 10-fold more potent than Ac-
6-FP and its ketone homologue JYM72 (Figure 6a).
Surprisingly, the saturated analogue 27 was completely
inactive below 100 pM, despite its more electrophilic
carbonyl and expected lower Michael acceptor capabilities,
suggesting that sidechain rigidity was important for activity.

For MAIT TCR activation, we co-incubated MAIT AF7
TCR-transfected Jurkat cells (Jurkat. MAIT reporter cells)™
and CIR.MR1 cells with test compounds and measured
CD69 surface expression on the Jurkat.MAIT cells (Fig-

O 27 (ECy, > 0.1 mM)
& 28 (ECg,0.28+0.13 uM)
v JYM72 (EC4, 1.3+0.2 uM)

& 5O0PRU (4)
(EC5y 4.4 £ 1.9 uM)

O Ac6-FP (EC4 1.5+ 0.4 uM)

MR1 upregulation (% max)

§ DMSO
-8 -7 -6 -5 4 x Water
log [compound] (M)
b
g 1407 O 27 (ECy, > 0.1 mM)
120
N o 28 (ECg, 0.35 +0.65 nM)
= 100
§ 80+ v JYM72 (ECg, 26 + 31 nM)
s
g 60 & 5-OP-RU (4)
@ (ECg, 0.056 + 0.093 nM)
g 407
2 20 O Ac6-FP
8 04 " DMSO
13121110 9 8 -7 6 -5 4 x Water

log [compound] (M)

Figure 6. MR1 upregulation and MAIT cell activation by 27 and 28. (a)
Dose-dependent upregulation of MR1 surface expression on CIR.MR1
cells and (b) activation of Jurkat.MAIT cells, compared to controls (5-
OP-RU (4), Ac-6-FP, and JYM72 (ketone homologue of 28)). Response
to 0.1 mM Ac-6-FP and 1 nM 5-OP-RU (4), respectively defined as
100%. Each data point represents mean+SEM (n=3). ECy, values
shown £ SEM.
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ure 6b, Figure S2 for individual replicates).”) While satu-
rated analogue 27 was similarly inactive, unsaturated
aldehyde 28 was extremely potent in activating
Jurkat. MAIT cells (ECs, 0.35nM). It was 100-fold more
potent than the ketone™ JYM72 (ECs, 26nM), and
comparable to natural product 5-OP-RU (4) (ECs,
0.056 nM).

Inhibitors of MAIT TCR Activation

Next, we asked if ligands without the ribityl chain (i.e. 10—
16) could competitively inhibit Jurkat. MAIT cell activation
induced by 5-OP-RU (4) (Figure 7), using the same assay?>"
as above, which measures surface expression of the protein
CD69 upon activation of MAIT TCR-expressing Jurkat cells
by 5-OP-RU (4) (0.1 nM). Analogues 11, 12 and 14-16 had
little to no inhibitory activity below 10 uM concentrations,
whereas 10 (IC5, 900 nM) and especially 13 (ICs, 82 nM)
both inhibited Jurkat. MAIT cell activation by 5-OP-RU (4).
Aldehyde 13 was more potent and efficacious than any
known inhibitor, including acetyl-6-formylpterin (Ac-6-FP,
ICsy 150 nM), which only partially inhibited CD69 expres-
sion even at the highest concentration tested (100 pM).

Bimodal Ligands of MR1

Since 10 was able to bind and upregulate MR1, without the
ribityl chain and with modifications to the iminocarbonyl of
5-OP-RU (4), we used it as an MR1-tagging motif to create
other bimodal ligands. We hypothesized that diverse pay-
loads could be linked to the C-6 position of 10 to furnish
functionally distinct MR1 ligands that are chemically stable.
To test this idea, we prepared an appropriately decorated
uracil fragment. B-Ketoester 30 was cyclocondensed with
thiourea and sodium ethoxide, and then desulfurized with
chloroacetic acid and hydrochloric acid to give uracil 31,
which features a propyl-spaced carboxylic acid for payload
attachment (Scheme 3). First, we attached a label that
contained a diazirine, a useful precursor to a carbene for
reaction with, and pulldown of, nearby proteins in cells upon
UV irradiation. Attaching a minimalist diazirine-alkyne

10 (IC, 0.90 £ 2.3 pM)
O 11(ICq > 0.1 mM)

12 (IC4, > 0.1 mM)

13 (IC,, 82 + 336 NM)

14 (ICg, > 0.1 mM)

15 (IC4, > 0.1 mM)

16 (IC4, > 0.1 mM)

Ac-6-FP (IC4, 150 + 310 nM)

CD69 upregulation (% max)

o o o o 49

]
/]
1
-4

o

T T T
-9 -8 -7 -6 -5
log [compound] (M)

Figure 7. Inhibition by 10-16 of the activation of Jurkat. MAIT TRBV6-1
cells by 5-OP-RU (4) (0.1 nM, response defined as 100%), relative to
control Ac-6-FP. Each data point represents mean £+ SEM (n=3). ICy,
values shown & SEM.
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EtOH, reflux . WNHZ
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)J\/\/U\/U\ _ HCI, water, reflux Al \f BOP, DMF,
(l) 0 3.3 g scale o NH DIPEA, rt
30 78 % 31 [}

A () () ACIA Tk,
R 63 % ‘
° 36 o
NaOH, formalin [_ 33 (R = H, 30 %) T

34 (R = CH,0H, 77 %)
CAN,ACN, 1t [ 35 (R = CHO. 75 %)

Scheme 3. Tagging MR1 ligand with a diazirine-alkyne.

label 3257 to 31 via amide coupling (33, 30%), then
hydroxymethylation (34, 77 %), CAN oxidation (35, 75 %)
and Wittig elaboration gave 36 (63 %). Second, we attached
biotin (to enable protein pulldown via streptavidin) or a
fluorophore Cy5 or AF647 to 31 via longer linkers
(Scheme 4); coupling of glycine-derived alkynyl linker 37 to
give 38 (two amides to increase water solubility), enone
side-chain installation (via 39-41), and then cycloaddition
with biotin-PEG-3 or fluorophore azides gave 42-44.

We found that MR1 could be upregulated by water-
stable (Figure S1) compounds 36 (ECs, 700 nM), 42 (ECs,
39uM), 43 (ECsxy 1.3 uM) and 44 (ECy, 6.5 uM) with
potencies comparable to 4, indicating effective cell uptake
and MR1 binding despite diverse payloads (Figure 8a; Fig-
ure S3 for cell surface detection of biotin after treatment
with 42). Despite an identical MR1 binding motif, smaller
compounds (e.g. 10 or 36) promoted more potent MR1
upregulation, possibly due to better cell uptake.

|ﬂ o ¥
NN NH, [,
H

H H o]
HO N__O N N._O PhsP”
5| ¥~ BOP.DMF, NJ\/ O T /\an
o NH DIPEA, rt O R NH DMF, 100 °C
a1 o) 0.46 g scale o) 28 %
NaOH, formalin [ R = H (38, quant.)
CAN ACN. 1t E R = CH,OH (39, 55 %)
s ACN, R = CHO (40, 97 %)
|[ o CuSOy, o
H H sodium ascorbate H
N N__O !
N O N, N~ AN
H o M nm N.NJ/\H
a I @
(0]

3 @-= os 70%

N
4
HN% Cyanine 5 (Cy5)
3

44 @ = Alexa Fluor 647 (AF647, proprietary)

Scheme 4. Tagging MR1 ligand with biotin/fluorophore.
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a = 10 (EC4, 41 + 41 nM)
E O 36 (EC,,0.70 + 0.30 uM)
®
g O 42 (ECg,3.9426 uM)
2 43 (EC,, 1.3+ 1.3 uM)
% Y 44 (EC,,6.5+3.7uM)
5 © JYM20 (ECy, 85+ 3.1 uM)
< a 50P-RU (4, ECy, 5.8 £6.2 uM)
= O Ac6-FP (ECgy 1.4+ 1.1 uM)
DMSO
b WT K43A C MRI: WT - K43A WT - K43A
MR1: - + + + + + + 42: - - - + + +
36: + + + + + + + MR]‘ - ‘
50PRU: - - - + - - +
uw: + - + + - + +
= | MR1 ‘ - ﬂ‘
vr | e T s
‘g‘_ MR1 pr— - Actin‘----_“‘
S | Actin [ s s ———
d No ligand JYM20 43 (Cy5) 44 (AF647)
GFP
DAPI
TAMRA
Cy5/
AF647

TAMRA/
Cy5/
AF647

Figure 8. (a) Dose-dependent upregulation of MR1 expression on
C1R.MRT1 cells by 36, 42-44 relative to controls 5-OP-RU (4), 10, Ac-6-
FP, JYM20. Response to 0.1 mM Ac-6-FP defined as 100%. Each data
point represents mean = SEM (n=3). ECs, values shown =+ SEM. (b)
Pull-down of MR1 in C1R cells using diazirine-alkyne 36 and azido-
biotin reagent. See Figure S4 for full blots. (c) Streptavidin-mediated
pull-down of MR1 in C1R cells with biotin-tagged 42. See Figure S4 for
full blots. (d) Binding of fluorescent 43 and 44 to MR1-GFP in
Hela.MR1-GFP cells. Scale bar=10 pm, shown are maximum projec-
tions from Z-stacks. See Figure S6 for mean fluorescence intensity
quantification.

Diazirine-alkyne analogue 36, which can form a Schiff
base with MR1, mediated pull-down of MR1 after cyclo-
addition with an azido-biotin in CIR cells, but not in MR1
knock-out cells (Figure 8b, lanes 1 and 2). This showed that
the Schiff base formed from 36 was not completely hydro-
lyzed, even under conditions that promote cell lysis and
protein denaturation. MR1 pulldown was mediated through
specific binding, as pulldown was reduced when 5-OP-RU
(4) was used as a competing ligand (Figure 8b, lanes 3 and 4;
Figure S4).

To prove that the diazirine group could covalently link
proteins, 36 was incubated with C1R cells expressing the
K43A MRI1 mutant. This mutant did not negatively affect
MRI1 folding,® but prevents Schiff base formation with
ligand. Consequently, reduced K43A MR1 pulldown was
observed relative to WT MR1 (Figure 8b, lanes 2 and 5).
However, increased biotin pulldown of K43A MRI1 was
observed upon UV irradiation, likely via a diazirine-derived
carbene, which formed a new covalent bond with MRI1
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(Figure 8b lanes5 and 6, Figure S4). This was similarly
outcompeted by 5-OP-RU (4), confirming that 36 was bound
at the 5-OP-RU binding site, and that this binding did not
affect the function of the diazirine-alkyne (Figure 8b, lanes 6
and 7).

Similarly, immobilized streptavidin-mediated pulldown
of biotinylated analogue 42 bound to wild-type MR1 but not
the K43A mutant, indicating similar MR1 binding to 5-OP-
RU (4) (Figure 8c). Ligands tagged with fluorophore Cy5
(43) or AF647 (44) exhibited comparable cell uptake
kinetics (Figure S5) and intracellular MR1-GFP binding
patterns (Figure 8d, Figure S6). These compounds were
functionally comparable to a TAMRA-tagged ligand that
we previously used to demonstrate MR1-ligand binding in
the endoplasmic reticulum (JYM20, Figure 8d).

Computer Modelling

To understand how analogue modifications affected MR1
upregulation and MAIT cell activation, we calculated the
ability of 10, 13-16 and 29 to form non-covalent and
covalent interactions in the gas phase (Figure S7-S10). The
compounds had comparable tautomeric distributions, atomic
partial charges, and electrostatic surface potentials. N-meth-
ylation removed NH donors for hydrogen bonding with
MR1 S24 and also disrupted water hydrogen bonding to the
C-4 carbonyl (Scheme 1, Figure 2b). Gibbs free energies for
imine formation of methylamine (a model of MR1 K43)
with unsaturated and saturated aldehydes 13 and 29 were
4.5 and 3.5 kcal/mol more favorable than ketone 10, likely
due to reduced steric clash.

Molecular dynamics simulations were performed on
ligand-bound MR1 complexes without K43 imine bonds
(Figure 9), since mutation of K43 to charge neutral alanine
alone is sufficient to upregulate MR1 without adding
ligand.””! This suggests that the ligands formed imines with
K43 to different extents. While 10 and 13 bound MR1 stably
throughout the simulation, all other ligands (with bulkier
sp>-hybridized groups attached to uracil) were ejected from
their binding site atop Y7 within 100 ns. N3-methylated
analogues 14 and 16, unable to form a hydrogen bond to
524, were expelled within 30 ns. The uracil ring of saturated
aldehyde 29 bound MR1 stably 90 % of the time (Figure 9a),
but its carbonyl sidechain was much more flexible (Fig-
ure 9b). In simulations with the ligands covalently bound to
K43, the uracil rings of N3-methyl analogues 14 and 16 still
fluctuated greatly with respect to protein (Figure S11),
suggesting that S24 engagement plays a role in Y7 binding.

These calculations suggest that while the analogues were
electronically comparable, their steric variations could
account for the potency differences. Analogues with uracil-
adjoining sp® groups that clashed with MR1 S24 and/or Y7
had reduced potency, indicating their importance for MR1
binding. This is consistent with an analysis of >300 RNA-
protein crystal structures showing that uracil has a high
propensity for pi-interactions with tyrosine or phenylalanine
(typically worth 4.8-6.0 kcal/mol).””
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Figure 9. Molecular dynamics simulations (100 ns) of MR1 complexes
of 10, 13-16, 29 without a ligand-K43 imine bond. (a) Ligand
fluctuations within MR1, measured by distance between the centers of
the uracil of each ligand and the phenol of Y7 in MR1. (b) Atomic root
mean squared fluctuation of the 16 heavy atoms (C, N, O) in each of
six MR1-bound ligands.

The most potent analogue possessed a less hindered
sidechain that formed a stronger imine bond with MR1K43.
This explains why enal 28 was more potent than its enone
homologue JYM72 in upregulating MR1. In contrast, enal
saturation (27), which further depleted carbonyl carbon
electron density but affected Y7 engagement and increased
electrophile flexibility, almost completely ablated activity.
This suggests that 27 did not form an imine with MR1 K43,
despite favorable sterics and electronics at the aldehyde
carbon. As additions to the carbonyl carbon typically require
specific nucleophile trajectories, and the limited positioning
of a protein sidechain nucleophile within a ligand binding
site, results are consistent with ligand-mediated MR1
refolding in which a pi-system first directs the ligand into
MRI1 via interactions with S24 and Y7. This orients a rigid
electrophilic carbonyl group for subsequent imine formation
with (and charge neutralization of) MR1 K43. This model is
supported by a report of RNA-protein covalent bond
formation being templated by uracil-phenylalanine pi-
interactions.®! Notably, only aromatic or unsaturated, but
not aliphatic, aldehydes/ketones have been reported as MR1
ligands so far,”** further supporting sidechain rigidity and
unsaturation being important. Our new ketoester alkylation/
late-stage oxidation strategy may be helpful in tuning other
ligands for enhanced binding to MR1 and for validating such
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a template-mediated alignment of ligands with tyrosine in
MRI1.

Conclusion

Motivated by the immunological importance of an unstable
natural product, bacterial metabolite 5-OP-RU (4), in bind-
ing to MR1 protein to activate MAIT cells,*”! we systemati-
cally modified it to understand how structure underpins
function, culminating in the development of the most potent
and chemically stable MR1 ligands to date. We demonstrate
that they can strongly upregulate MR1 to the cell surface,
potently induce or inhibit MAIT cell activation, and
importantly are much more stable than natural product 4 in
water. We identified structural determinants that confer
each of these properties, and key ligand-protein interactions
with MR1 residues S24 and Y7 preceding covalent bonding
of ligands with K43.

Compounds 10 and 13 are the most potent ligands
known for upregulating MR1 expression on the cell surface.
Compound 13 is ~500-fold more potent than known
upregulator Ac-6-FP, under the experimental conditions
used. MR1 plays an immunosurveillance role and MRI1-
ligand complexes can undergo ligand exchange near the cell
surface.™! Ligands that potently upregulate MR1 may help
dissect mechanisms of metabolite detection and increase
detection sensitivity.

Based on its superior MR1-upregulating properties, and
much greater stability in water than the natural product
antigen 5-OP-RU (4), we used 13 as a template for attaching
a ribityl chain to create a water-stable potent activator of
MAIT cells. Despite the potent immunostimulatory
properties,®%112 yaccination®'? and cancer therapeutic!'
potential of 5-OP-RU (4), its intrinsic instability and short
half-life in vivo has significantly limited widespread use by
the biological community and hampered determination of its
true potency in vivo. Other researchers have stabilized its
oxidation prone precursor 5-A-RU (1) as a salt“!! or
prodrug,*? but these approaches do not alter the instability
of the active product 5-OP-RU (4). Here we overcome the
stability problem, with 28 (henceforth JYM73) being the
most stable potent MAIT cell activator to date. It has MAIT
activating potency comparable to 5-OP-RU (4) and is ~100-
fold more potent than ketone homologue JYM72.*" We
created this delicately functionalized enal via a robust
synthesis that has enabled us to make large quantities for in
vivo studies.

Compounds 10 (ICs, 900 nM, henceforth JYM87) and 13
(ICs, 82 nM, JYMSS) are the most potent and most effective
inhibitors of MAIT activation reported to date, both
surpassing Ac-6-FP in displaying full antagonism, and
coniferyl aldehyde® (IC5, 11.6 uM) in potency. MRI
deficiency or treatment with a weak inhibitor reportedly
reduces oxazolone-induced colitis in mice,™ suggesting a
therapeutic role for inhibitors of MAIT cell activation.
Outcomes of infection with SARS-CoV-2 virus have also
been linked to MAIT cell activation, with infected macro-
phages inducing MAIT cell cytotoxicity in an MR1-depend-
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ent manner.””) Ac-6-FP has been patented as a potential
treatment for dermatitis,/*! despite its poor aqueous solubil-
ity (0.4 mM), while MR1 ligand DB-28 reportedly inhibits
MAIT cell activation (ICs, 0.09 mM) by blocking MR1
translocation to the cell surface.*

Finally, we attached four different payloads via different
linkers to the water-stable, MRI1-binding, uracil-based
scaffold 10, to create four examples of bimodal tools (36,
42-44) for exploring MR1 immunology. We showcase
applications to photoaffinity labelling with 36 (henceforth
JYM31), biotin-streptavidin binding using 42 (JYM32), and
fluorescence imaging with 43 (JYM21) or 44 (JYM22).
These compounds highlight a more general strategy for
creating bifunctional MR1 probes by appending potentially
any bespoke tag that might be envisaged to explore new
MR1 dependent cell biology.

Overall, these novel, functionally distinct, chemically
stable, and powerful tools will be useful for characterizing
MR1 and MAIT cell mediated immunology, with many
potential applications. This valuable information may also
inform the design of new antigens for targeting other T cells
that interact with MR1 and facilitate the development of
new MR1-binding therapeutics.

Supporting Information

Supplementary Figures, experimental methods, and spectral
data for all new products are within the Supporting
Information. The authors have cited additional references
within the Supporting Information.!
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