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The Major Histocompatibility Complex class I-related pro-
tein 1 (MR1) presents small molecule metabolites, drugs, and
drug-like molecules that are recognized by MR1-reactive T
cells. While we have an understanding of how antigens bind to
MR1 and upregulate MR1 cell surface expression, a quantita-
tive, cell-free, assessment of MR1 ligand-binding affinity was
lacking. Here, we developed a fluorescence polarization—based
assay in which fluorescent MR1 ligand was loaded into MR1
protein in vitro and competitively displaced by candidate li-
gands over a range of concentrations. Using this assay, ligand
affinity for MR1 could be differentiated as strong
(ICs50 < 1 uM), moderate (1 pM < IC5¢ < 100 uM), and weak
(IC50 > 100 pM). We demonstrated a clear correlation between
ligand-binding affinity for MR1, the presence of a covalent
bond between MR1 and ligand, and the number of salt bridge
and hydrogen bonds formed between MR1 and ligand. Using
this newly developed fluorescence polarization—based assay to
screen for candidate ligands, we identified the dietary mole-
cules vanillin and ethylvanillin as weak bona fide MR1 ligands.
Both upregulated MR1 on the surface of CIR.MR1 cells and the
crystal structure of a MAIT cell T cell receptor—-MR1-ethyl-
vanillin complex revealed that ethylvanillin formed a Schiff
base with K43 of MR1 and was buried within the A'-pocket.
Collectively, we developed and validated a method to quanti-
tate the binding affinities of ligands for MR1 that will enable an
efficient and rapid screening of candidate MR1 ligands.

In vertebrates, protective immunity against pathogens relies
heavily on a specialized class of molecules, encoded by the
Major Histocompatibility Complex (MHC), which present
pathogen-derived peptides to T cells for recognition and
elimination. In jawed vertebrates, there exist three T cell
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lineages, namely, af, y§, yu T cells, which are defined by the
cell surface expression of T cell receptor (TCR) heterodimers
composed of a- and B- or y- and &- or y- and p-polypeptide
chains, respectively (1-4). The fundamental principles
underscoring the mechanism of recognition of the MHC-
peptide complex by aff TCRs have been extensively studied
over the past 25 years (5).

In addition to classical MHC-I and MHC-II molecules,
MHC-I-like molecules exist that include the MHC-I related
protein 1 (MR1) and the CD1 family of glycoproteins that
present small molecules and lipid-derived antigens (Ags) to T
cells, respectively (5). Such MHC-I-like molecules can be
recognized by specialized immune cell subsets that include aff
and y8 T cells (5-8).

The monomorphic MR1 molecule is ubiquitously expressed
in all human cells and shares structural similarities with the
classical MHC-I molecules, although it has evolved to
accommodate a chemically distinct class of Ags, namely,
vitamin B,- and Bg-derived metabolites (9, 10) that are
recognized by unconventional subset of T cells, featuring a
semi-invariant TCR, called mucosal-associated invariant T
(MAIT) cells (11) and more diverse MR1-restricted reactive of3
and y8 T cells (6, 7, 12-15). The structure and chemical
properties of the MR1 Ag-binding cleft are ideally suited to
bind small molecules, whereby the ligands are closely
sequestered by a cradle of aromatic and polar residues that
form the A’-pocket (9). For the majority of known MRI li-
gands harboring aldehyde or ketone moieties, a covalent imine
(Schiff base) is formed between K43 of MR1 and the reactive
aldehyde or ketone functional groups (9). The relative plas-
ticity of the MRI1-binding groove is attributable to an
A’-pocket capable of accommodating chemically distinct
classes of Ags (pterin-, lumazine-, pyrimidine-based ligands).
For instance, while both folate- (vitamin Bo) and riboflavin-
based (vitamin B,) ligands form a Schiff base with K43,
their respective conformation within the A’-pocket differed
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MR1 binding assay

markedly, thus enabling the ribityl moiety of the riboflavin-
derived ligands to interact with two arginine residues (R9
and R94) from MR1 via hydrogen bonding.

This evident malleability of the MR1-binding groove has
recently led to the exploration of the chemical space for novel
MR1-restricted Ags (16—19), thereby highlighting the chemical
diversity of molecules that can be presented by MR1 and
activate MAIT cells (20). In-roads have been made in under-
standing the cellular trafficking of MR1 (21-23), the molecular
basis underpinning antigen presentation by MRI, as well as
MAIT TCR activation potency and specificity of MRI1-
restricted ligands (18). However, our insights into quantita-
tive measurements of ligand affinity for MR1 have not been
established. Fluorescence polarization (FP) has previously been
used to determine the binding affinity of fluorescently labeled
peptides for MHC-I and MHC-II (24, 25). Here, we adapted
this approach by using a synthetic fluorescent MR1-restricted
ligand (JYM20) (21, 26) to develop a FP-based competitive
assay to investigate the binding affinity (ICsp) of 16 structurally
diverse ligands to MR1 and the molecular determinants that
underpinned their affinity hierarchy towards MR1. The FP
assay enabled the identification of two diet-derived ligands
(vanillin and ethylvanillin) as ‘weak’ MR1 ligands. The crystal
structure of a MAIT TCR in complex with MR1-ethylvanillin
showed how ethylvanillin was sequestered within the
A’-binding pocket of MR1, thereby confirming its ability to
bind MR1. This FP-based assay represents a fast and reliable
means to determine the affinity of candidate ligands for MR1
and may be a useful screening tool.

Results
An FP-based competitive assay for MR1

While we have an understanding of how Ags bind to MR1
and upregulate MR1 cell surface expression, the affinity of li-
gands binding to MR1 are yet to be determined. The affinity of
ligands was previously correlated to MR1-ligand thermal sta-
bility and in vitro-refolding yields (18, 27, 28). However,
thermal stability is not a direct measure of ligand binding and
is only applicable to ligands that have the ability to be refolded
with MR1 in vitro. Based on previous studies whereby FP was
used to examine MHC-peptide interactions (24, 26), we
sought to develop an FP competitive-binding assay for the
quantitative measurement of the affinity of MR1 ligands for
MRI in a cell-free environment. In our assay, we used JYM20,
a chemically stable fluorescent analog of the most potent
MAIT cell Ags, (5-(2-oxopropylideneamino)-6-D-ribitylami-
nouracil (5-OP-RU) (Fig. 14) (21). JYM20 has its fluorescent
tetramethylrhodamine motif sufficiently distant from its MR1-
binding motif that it does not interfere with MR1 binding. It
has been previously shown that JYM20 competitively inhibits
5-OP-RU activation of MAIT cells and that JYM20 binds to
MR1 but not to MHC-II, indicating the MR1-specific binding
nature of JYM20 (21).

To efficiently load JYM20 into MR1 in vitro, we generated
an ‘empty” soluble MR1 molecule (Fig. 1, B and C). This pro-
cess involved the in vitro refolding of MR1 with the compound
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2-hydroxy-5-methoxybenzaldehyde (HMB) and its subsequent
displacement through dialysis at pH 6.5 (Fig. 1B) (16) via acidic
hydrolysis of the Schiff base between HMB and K43 of MR1
(22), enabling the removal of HMB from the MRI1-binding
groove. This has been used previously to determine the
structure of drug and drug-like molecules binding to MR1
(16). The dialysate was then collected, and the MR1-empty
molecule was purified by anion-exchange chromatography
(Fig. 1C). The MR1-empty molecule eluted at the expected
conductivity for MR1. The stoichiometry and size of MR1 and
B2-microglobulin (f2m) were confirmed using SDS-PAGE
analysis (Fig. 1C) and its appropriate folding state was
confirmed using a conformation-specific MR1 antibody (26.5)
(Fig. 10).

JYM20 can be readily synthesized in high yield and thus, FP
was chosen as an ideal and efficient technique for affinity
measurements. To determine the optimal conditions for FP, a
direct binding assay of JYM20 and MR1 was first performed to
identify the minimum concentration of MR1 and JYM20
required to produce a maximal signal, as well as the buffer
conditions to maximize stability of the MR1-JYM20 complex.
This signal is generated by polarized excitation wavelengths
that will be absorbed and emitted as depolarized when JYM20
is free in solution as the molecule tumbles freely, resulting in a
low FP value. The light emitted is mostly polarized when
JYM20 is bound to MR1, due to the significantly slower tumble
speed of JYM20 when bound to the larger MR1 protein (29).

The generation of a refolded ‘empty’ MR1 molecule (Fig. 1B)
and the availability of a fluorescent MR1-restricted ligand
(JYM20) allowed for the development of an FP-based
competitive assay to measure the affinity of a wide range of
chemically distinct MR1 ligands (Fig. 1D). Here, a buffer
consisting of 25 mM Hepes pH 7.5, 150 mM NaCl, and 5 mM
Na-EDTA was used. This was superior to nonphysiological pH
buffers such as 25 mM Tris pH 8.5 and 25 mM citric acid pH
6.5 in which MR1 became unstable over time. By adding
titrating amounts of MR1-empty to a fixed concentration of
JYM20 (Fig. 2A), we determined that a sample volume of 20 pl,
a concentration of 100 nM and 10 nM of MR1-empty and
JYM?20, respectively, and an incubation time of 48 h at 25 °C
led to optimal results. Experiments performed at 4 °C did not
allow the mixture to reach equilibrium within 96 h, and at
37 °C, the MR1 molecule began to degrade. A 48 h incubation
time was chosen to minimize any degradation while still
enabling the mixture to reach equilibrium.

To determine the specificity of JYM20 towards MR1, an
unrelated protein, the MHC-I molecule HLA-A2 (30), was
used as a negative control and was shown to not bind to
JYM20 (Fig. 2A). Next, we investigated whether the FP
competitive-binding assay could differentiate between MR1
binders and nonbinders. We used acetyl-6-formylpterin (Ac-6-
EP) as the ligand of choice that was known to bind to MR1
(27), and the native cytomegalovirus MHC-I-restricted pep-
tide (NLV) (30) as a negative control, demonstrating that
JYM20 is able to be displaced from the MR1 antigen-binding
pocket by known ligand Ac-6-FP but not by nonbinder NLV
(Fig. 2B). In summary, this work has identified the optimal
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Figure 1. A fluorescent polarization assay for MR1. A, chemical structure of the fluorescent MR1-restricted ligand JYM20. B, schematic of the process for
the generation of ‘empty’ MR1. C, anion-exchange chromatographic profile of MR1-empty (left), SDS-PAGE gel analysis of eluted MR1-empty (middle), and
native PAGE of eluted MR1-empty with and without a conformation-specific MR1 antibody (26.5) (44) (right). D, schematic of the FP competitive assay
adapted for MR1. BTP, Bis-tris propane; HMB, 2-hydroxy-5-methoxybenzaldehyde; MR1, MHC-I-related protein 1.

experimental conditions for an FP-based competitive assay for
MR1 ligand association and demonstrated its specificity for
MR1 ligands.

An dffinity hierarchy among MR1-binding ligands

Using the FP competitive-binding assay described above, we
measured the relative affinity (ICso) of a range of chemically
distinct classes of known MR1 ligands (Figs. 3, 4, Table 1 and
Table S1). Namely, we investigated 16 ligands (Fig. 3) that
included the pterin-based ligands: 6-formylpterin (6-FP) (9)
and Ac-6-FP (27); the pyrimidine-based ligands: 5-OP-RU,
2'D-5-OP-RU, 3'D-5-OP-RU, JYM72 (formerly compound 11),

SASBMB

the ribityl-less analog of JYM72, 3-[(2,6-dioxo-1,2,3,6-
tetrahydropyrimidin-4-yl)formamido]propanoic acid (DB28)
and NV18.1 (10, 17, 18, 31); the lumazine-based ligands:
7-hydroxy-6-methyl-8-D-ribityllumazine ~ (RL-6-Me-7-OH),
6-methyl-8-D-ribityllumazine (RL-6-Me), and 2'D-RL-7-Me
(9, 32); as well as HMB, 3-formylsalicylic acid (3-F-SA), and
the diclofenac (DCF)-based ligands DCF and 5-OH-DCF (16).

Strong binders

All the pterin-, pyrimidine-, and salicylate-based ligands that
formed a Schiff base with MR1 exhibited the highest affinity
for MR1 with IC5p < 1 uM under the given experimental
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Figure 2. Determination of conditions for the FP competitive assay. A, a dilution series of MR1-empty added to 10 nM of JYM20 allowed for the
determination of the binding affinity of JYM20 for MR1 (K4 = 20 nM, 95% CI [18-23 nM)]). Refolded MHC-I-NLV was used as a negative control to confirm the
specificity of JYM20 for MR1. B, competitive FP-binding assay of Ac-6-FP and a nonbinder peptide NLV. Each data point represents mean values from three
independent experiments performed in triplicate. Mean values are plotted with SD represented in error bars. Ac-6-FP, acetyl-6-formylpterin; FP, fluorescence
polarization; MHC, major histocompatibility complex; MR1, MHC-I related protein 1.

conditions (Fig. 4 and Table 1). These compounds were its analogs (JYM72, 2'D-5-OP-RU, and 3'D-5-OP-RU) with an
considered to be ‘strong’ binders, highlighting the importance ~ 5- to 30-fold decrease in affinity relative to 5-OP-RU.

of the covalent bond for high affinity MR1 binding. Within this As the 5-OP-RU-based analogs share the same uracil
category, the most potent MAIT cell activator 5-OP-RU scaffold, but have slight modifications in the polar ribityl chain,
exhibited by far the highest affinity (IC5o ~ 4 nM) followed by the observed decrease in ICsy further demonstrates the
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Figure 3. Chemical structures of MR1-restricted ligands. Pterin-based ligands: 6-formylpterin (6-FP) and acetyl-6-formylpterin (Ac-6-FP) (9); pyrimidine-
based ligands: (5-(2-oxopropylideneamino)-6-D-ribitylaminouracil (5-OP-RU), 2'D-5-OP-RU, 3'D-5-OP-RU, JYM72, ribityl-less analog 3-[(2,6-dioxo-1,2,3,6-
tetrahydropyrimidin-4-yl)formamido]propanoic acid (DB28), and NV18.1 (17, 18); lumazine-based ligands: 7-hydroxy-6-methyl-8-D-ribityllumazine (RL-6-
Me-7-OH), 6-methyl-8-D-ribityllumazine (RL-6-Me), and 2'D-RL-7-Me (9, 32); benzaldehyde-based ligand: 2-hydroxy-5-methoxybenzaldehyde (HMB) (16);
salicylate-based ligand: salicylate 3-formylsalicylic acid (3-F-SA) (16); and the diclofenac-derived ligands: diclofenac (DCF) and 5-OH-DCF (16). MR1, MHC-I
related protein 1.
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Figure 4. MR1-restricted ligand affinities (ICso). Titration curves of known ligands binding to MR1. Strong binders (blue), moderate binders (yellow), and
weak binders (green). Each data point represents normalized percentage binding from three independent experiments performed in triplicate. Mean values
are plotted with SD represented in error bars. Curve fit for ligands are displayed in Table S1. MR1, MHC-I-related protein 1.

importance of the ribityl chain not only for MAIT TCR acti-
vation (18) but also for MR1 binding. Similarly, an ~200-fold
loss in affinity was observed between JYM72 and its ribityl-less
analog. This is consistent with the modifications to the ribityl
chain flexibility, which in turn, affects the ability of ribityl
hydroxyl groups to form interactions with MR1 as observed
structurally (33). Other well-characterized strong upregulators
of MR1 cell surface expression, 6-FP and Ac-6-FP, also
exhibited high affinity (IC5 ~ 110 and 40 nM respectively) for
MR1 that was similar to the 5-OP-RU-based analogs even
though 6-FP and Ac-6FP are pterin rather than uracil de-
rivatives and bind differently to MR1. Indeed, while 6-FP and
Ac-6-FP do not possess a ribityl chain, they do have a carbonyl
group to form a covalent bond with K43 of MR1 as well as a
bicyclic ring system that forms additional hydrogen bonds and
van der Waals (VDW) interactions to compensate for the
absence of hydroxyl substituents on the ribityl chain of
5-OP-RU.

SASBMB

Moderate and weak binders

Within the ‘moderate’ (1 pM < ICsy < 100 pM) to ‘weak’
binders (ICsq >100 uM) (Table 1) are the non-Schiff base li-
gands that include the lumazines (RL-6-Me-7-OH, RL-6-Me,
and 2'D-RL-7-Me), DCF and its analog (5-OH-DCF), and
pyrimidine-derived ligands known to downregulate surface
MR1 expression (NV18.1 and DB28) (17). Here, while the
lumazine-derived ligands contained a ribityl or ribityl-modified
moiety and a pterin-based scaffold, the lack of Schiff base
formation with K43 clearly impacted their ability to bind
tightly to MR1 with ICs ranging between ~ 2.5 to 100 pM.
Conversely, the benzaldehyde-derived ligand HMB did form a
Schiff base with MR1, albeit exhibiting a ‘weak’ binding affinity
(IC50 ~ 750 uM) due to the limited number of hydrogen bonds
and VDW interactions (16).

Collectively, the results suggest that the ability of a given
ligand to form a covalent bond with MR1 greatly increased its
affinity for MR1. However, noncovalent interactions between

J. Biol. Chem. (2022) 298(12) 102714 5



MR1 binding assay

Table 1
IC5o of MR1-restricted ligands
Ligands 1Cs0 95% CI
Strong binders
5-OP-RU 4.2 nM 3.4-5.2 nM
JYM72 27 nM 23-31 nM
Ac-6-FP 39 nM 24-63 nM
2'D-5-OP-RU 64 nM 53-77 nM
6-FP 108 nM 93-124 nM
3'D-5-OP-RU 132 nM 102-172 nM
Ribityl-less analog 491 nM 415-581 nM
3-F-SA 563 nM 497-638 nM
Moderate binders
RL-6-Me-7-OH 2.6 uM 24-2.9 M
2'D-RL-7-Me 11 uM 9.3-14 uM
DB28 20 M 17-22 uM
Weak binders
RL-6-Me 113 uM 88-146 M
Ethylvanillin 325 uyM 293-361 uM
Vanillin 325 uM 293-361 pM
NV18.1 519 uM 475-567 uM
HMB 775 uM 690-870 pM
5-OH-DCF 1.1 mM 0.8-1.5 mM
DCE 2.6 mM 1.9-3.7 mM

MR1 and ligand can influence binding affinity for MRI1-
restricted ligands.

Diet-derived molecules can be presented by MR1

Previously, in silico fragment-based screening identified
vanillin and ethylvanillin as aromatic molecules with hydrogen
bonding substituents and an aldehyde group that could
potentially enable binding to MR1 (16). To confirm this pre-
diction, we used the FP assay to determine their binding af-
finities for MR1. Vanillin and ethylvanillin were found to have
low affinities for MR1 with ICs4: 300 to 350 pM categorizing
them as weak ligands (Fig. 54). Next, using flow cytometry to
measure the upregulation of surface MR1 on the human
lymphoblastoid C1R cell line overexpressing MR1 (C1R.MR1),
we first examined MR1 upregulation after a 16 h incubation
with ethylvanillin and vanillin (Fig. 5B). Here, under these
conditions, we noted that ethylvanillin caused no noticeable
upregulation of MR1, whereas vanillin enabled a modest in-
crease in MR1 upregulation. Given that small molecules can be
metabolized readily within a cellular environment, we then
assayed for MR1 upregulation following a shorter incubation
period (3 h). Here, we demonstrated that surface MR1 was
upregulated after a 3 h incubation with ethylvanillin and
vanillin (Fig. 5C). While both compounds exhibited the same
affinity for MR1, vanillin upregulated MR1 significantly at a
lower concentration (10 uM) than that of ethylvanillin (25 uM)
(Fig. 5C) suggesting that the chemical properties of the com-
pounds (e.g. solubility in aqueous environment) may impact
their ability to enter the cells, traffic intracellularly, and to be
presented by MR1 on the cell surface.

To gain insight into the molecular presentation of ethyl-
vanillin by MR1, a ligand-exchange approach was used to load
ethylvanillin in vitro into MR1-empty (16). Using high per-
formance liquid chromatography tandem mass spectrometry
analysis of the MAIT TCR—-MRI1-ethylvanillin complex crys-
tals, we detected a major MS signal (167.1 m/z, [M + H]")
(Fig. S1A) that corresponded to intact ethylvanillin. This was
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an equivalent fragmentation to the ethylvanillin stock
(Fig. S1B), confirming the presence of ethylvanillin within the
MAIT TCR-MRI1 complex.

Crystal structure of MAIT TCR-MR1-ethylvanillin complex

Next, we determined the crystal structure of the A-F7 MAIT
TCR-MRI1-ethylvanillin ternary complex to 2.5 A resolution
(Fig. 6A and Table S2). The electron density at the MR1/TCR
interface and for the bound ethylvanillin was unambiguous
(Fig. 6, B and C). The docking mode adopted by the A-F7
MAIT TCR to recognize the MR1—ethylvanillin binary com-
plex was identical to previously published A-F7 MAIT TCR-
MR1-Ag ternary complexes (1618, 27, 32) (Table S3). Here,
the A-F7 TCR adopted a central and orthogonal docking mode
atop the MRI1-binding groove formed by the al- and o2-
helices (Fig. 6A4). The CDR3a and CDR3p loops dominated
the interactions at the TCR/MR1 interface with a contribution
of 19.6 % and 27 % to the buried surface area (BSA), respec-
tively. The majority of the molecular interactions found at the
TCR/MR1-Ag interface (Fig. 6, D—H) were conserved with
those in all other A-F7 MAIT TCR-MR1-Ag ternary
complexes.

The bound ethylvanillin was fully buried (BSA ~290 A?)
within the A’-pocket of the MRI1-binding cleft and was
therefore inaccessible for direct MAIT TCR contacts. Its
aldehyde moiety formed a Schiff base with the K43 residue of
MRI1. Similar to other MR1-bound ligands, ethylvanillin was
sequestered within an aromatic cradle formed by Y7, W69, and
W156 residues (Fig. 61 and Table S4). While the hydrophobic
aromatic scaffold of ethylvanillin mainly interacted via VDW
contacts with Y7, R9, S24, L66, W69, R94, and W156 residues,
the hydroxyl group of the benzaldehyde scaffold of ethyl-
vanillin also formed direct and water-mediated hydrogen
bonds with R9 and R94, respectively (Fig. 61). Upon binding of
ethylvanillin, there was no significant structural rearrangement
of the residues forming the A’-binding pocket of MR1 relative
to the other available crystal structures of A-F7 TCR-MR1-Ag
(16-18, 27, 32). However, ethylvanillin adopted an overall
position that was distinct from other Schiff base—forming li-
gands such as HMB, 6-FP, and RL-6-Me-7-OH (Fig. 6)), being
that ethylvanillin is positioned more towards the F'-pocket of
MR1 in comparison to other ligands. This further highlights
the capacity of the A’-pocket to accommodate a diverse range
of ligands without disrupting the overall architecture of the
binding pocket.

Schiff base formation and the number of noncovalent
interactions correlate with ligand affinity

Next, we investigated the structural determinants that
underpinned the observed affinity hierarchy for the 16 MR1-
restricted ligands. We used the available crystal structures of
the A-F7 MAIT TCR in complex with MR1 presenting each of
those 16 ligands (PDB codes: 4L4T, 414V, 4PJ5, 5U1R, 5U2V,
5U6Q, 5U72, 6PUC, 6PUH, 6PUK, 6PUL, 6PUM, 6PVC, and
6PVD) (16-18, 27, 32) to analyze the number of molecular
contacts that included hydrogen bonds (3.5 A cut-off), salt
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1.

bridges (4 A cut-off) (Fig. 7A), and VDW interactions (4 A cut-
off) (Fig. 7B) and BSA (Fig. 7B) between MR1 and the bound
ligand. These data were plotted against the binding affinity (log
ICsp) of each ligand to produce two linear regression models
for the Schiff base- and non-Schiff base—forming ligands
(Fig. 7, A-C). In all three plots, intercept analysis clearly
indicated that the regression lines for Schiff base— and non-
Schiff base—forming ligands were significantly different with
p = 0.0003 (Fig. 7A), p = 0.0012 (Fig. 7B), and p = 0.0019
(Fig. 7C), demonstrating the significant contribution of Schiff
base formation to ligand affinity. Furthermore, a correlation
was observed between the high number of MR1/ligand polar
interactions and the high affinity of a given ligand (Fig. 7A)
with correlation of determination of r* = 0.57 (Schiff base li-
gands) and r* = 0.84 (Non-Schiff base ligands). The Schiff
base— and non-Schiff base—forming ligands also showed a
significant slope deviation with p = 0.011 and p = 0.028,
respectively. For ligand affinity and its correlation with both
the VDW interactions and the BSA of the ligand (Fig. 7, B and
C), only the covalently bound ligands showed significant
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correlation, showing a slope deviating from zero with p =
0.0093 (Fig. 7B) and p = 0.043 (Fig. 7C) and associated with a
moderate correlation strength with r* = 0.59 and r* = 0.42,
respectively. This shows that the hierarchy of ligand affinities
derived from the FP competitive assay corroborate with pre-
viously published structural data and establish that ligand af-
finity is based on the number and strength of intermolecular
interactions between ligand and MRI.

Discussion

The A’-binding pocket of MR1 is known to accommodate a
wide range of chemical classes of ligands recognized by MAIT
cells and other subsets of MR1-reactive T cells (6, 7, 12—15).
Yet, there is currently no established method for directly
quantifying ligand affinity for MR1. However, for other MHC
molecules, MHC-I and MHC-II (24), FP assays have been
extremely informative, for instance, in MHC-II-DM-mediated
peptide exchange studies (24), real-time peptide-binding ki-
netics (34), and peptide dissociation rate studies (35). Together
with peptide elution studies, a robust characterization of both
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peptide motifs that MHC molecules bind and the relative af-
finities with which the peptides bind to MHC molecules can be
performed (26).

Here, we have developed an FP assay for quantitating the
relative binding affinities of putative ligands for MRI,
including both activators and inhibitors of MAIT cells. In
addition, while efforts have been made to identify MRI1-
restricted Ags, the process has involved cellular assays, crys-
tal structure determination, and functional validation, which is
highly time- and resource-intensive. Our developed cell-free
MR1-binding assay using FP has enabled the measurement

and quantification of the affinity of ligands for the MR1 pro-
tein. This approach provided an efficient and rapid screening
method for identifying novel MR1-restricted ligands that can
be prioritized for subsequent evaluation of MAIT cell activa-
tion or inhibition. We demonstrated that the competitive
ligand-binding FP assay is suitable for quantifying the potency
of MR1-restricted ligands with ICsy in the nM to mM con-
centration range. This assay reflects the clear correlation be-
tween Schiff base formation, the number of MR1/ligand non
covalent interactions, and the increase in binding affinity of a
given ligand.
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Figure 7. MR1-restricted ligands’ affinity hierarchy and structural correlates. Correlative plots of the log ICs, versus the number of hydrogen bonds and
salt bridges between MR1 and ligand (A), the number of van der Waals contacts between MR1 and ligand (B) and the ligand BSA (C). The linear regression
analysis was divided into Schiff (orange squares) and non-Schiff base-bound ligands (blue circles). BSA, buried surface area; MR1, MHC-I-related protein 1.
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The affinity of a peptide for MHC typically falls within the
nM to the low uM concentration range (36). While some
peptides exhibited weak to moderate affinity for MHC, they
are still immunologically relevant and exert an immune
response in the context of MHC-peptide—mediated T cell
immunity. For instance, the citrullinated fibrinogen peptide
(x-84Cit79—-81) binds to the MHC-II RB1*0401 with a weak
affinity (~90 uM) (26) and can still induce an IFN-y release in
MHC-II DRB1*0401 transgenic mice (37). Similarly, low af-
finity MR1 ligand such as DCF (ICsy of 2.6 mM) have been
shown to be functionally relevant via their ability to activate a
transduced MAIT TCR cell line while being presented by a
CIR cell line overexpressing MR1 (16).

Further, the FP assay enabled the identification of novel
MR1 ligands such as the common dietary molecules vanillin
and ethylvanillin. Both, vanillin and ethylvanillin, are present
in vanilla extract, a common additive in food, medicine, and
perfume (38). Ethylvanillin is synthetic and while vanillin can
be synthetic too, it can also be extracted from the seed pods of
Vanilla planifolia and is furthermore found in plants such as
buckwheat, green pea, fava bean, hemp, lupin, and wheat (39).
Our structural investigations confirm the ability of ethyl-
vanillin to bind within the A’-pocket of the MRI1-binding
groove without contacting the MAIT TCR. Yet, while both
compounds exhibited similar affinities for MR1, their upre-
gulation profile did differ suggesting that a direct correlation
between the affinity of a given ligand for MR1 and its ability to
upregulate MR1 cannot be always fully drawn. Thus, the ability
of a ligand to enter and traffic within, the cell may explain the
differences in surface MR1 upregulation observed between
ligands.

Considering that MAIT cells exhibit tissue homing towards
the intestine and comprise 4 to 10% of intestinal T cells (40),
this FP approach as an initial screening tool for the discovery
of MR1 ligands may form the basis of further investigations
into the discovery to novel Ags present within the gastroin-
testinal tract that may activate MR1-reactive T cells, particu-
larly, those of endogenous, bacterial, or dietary origin.
Collectively, this study provides a new, simple, cost-effective,
and rapid method for discovering MR1-restricted ligands to
advance our knowledge of the biology of the TCR-MR1 axis.

Experimental procedures
MR1-restricted ligands

Vanillin (Cat. No. V1104), ethylvanillin (Cat. No. PHR1268),
DCF (Cat. No. D6899), and HMB (Cat. No. 146862) were
supplied by Sigma-Aldrich; 6-FP (Cat. No. 11.415) and Ac-6-
FP (Cat. No. 11.418) were synthesized by Schircks Labora-
tories. NLV (Cat. No. 181329) was synthesized by GL Biochem.
5-OP-RU (20), JYM20 (21, 31), 2'D-5-OP-RU, 3'D-5-OP-RU
(33), JYM72 (previously reported as compound 11) (18, 31),
the ribityl-less analog of JYM72 (18), 3-F-SA (16), RL-6-Me-7-
OH (9), 2'D-RL-7-Me (33), and RL-6-Me (31) were synthe-
sized as previously described. The NV18.1 and DB28 ligands
(17) were provided by D. Besra (University of Birmingham).
JYM72 was dissolved in H,O and diluted when required. Each
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other ligand was dissolved in dimethyl sulfoxide and diluted
when required. Alternatively, 6-FP was dissolved at 5 mM in
water, supplemented with 17 mM NaOH.

FP-based assay: saturation curve and competitive-binding
assay

To determine the optimal concentration of MR1 for use in
the competitive assay, JYM20 (10 nM) was incubated with a
range of MR1 concentrations (0 pM-2 pM) in assay buffer
(25 mM Hepes pH 7.5, 150 mM NaCl, 5 mM Na-EDTA). FP
was measured (Excitation A: 520-560 nm, emission \:
570—610 nm) after 24 h and 48 h incubation at 25 °C using the
PHERAstar microplate reader (BMG LabTech). The ligand-
binding curves were plotted using Prism (Version 9.0.2,
GraphPad Software Inc.) and graphed as a one-site saturation
curve. K4 values were calculated at the concentration of JYM20
required for 50% relative binding to MR1. The MR1 ligands
were tested at concentrations ranging from 0 to 40 mM and
were incubated with JYM20 (10 nM) and MR1 (100 nM) in
assay buffer. FP was measured after 24 h and 48 h incubation
at 25 °C using the PHERAstar microplate reader. Ligand-
binding curves were graphed as a sigmoidal concentration-
response curve using Prism. ICsy values for binding affinity
were calculated at the ligand concentration required for 50% of
inhibition for JYM20 binding to MR1.

Correlation between the structural determinants and the
binding dffinities of the ligands

The coordinates of the crystal structure of the A-F7 TCR-
MR1-Ags ternary complexes were obtained from the Protein
Data Bank (PDB codes: 4L4T, 414V, 4PJ5, 5U1R, 5U2V, 5U6Q,
5U72, 6PUC, 6PUH, 6PUK, 6PUL, 6PUM, 6PVC, and 6PVD)
(16-18, 27, 32) and were used for the structural analysis. The
number of direct hydrogen bonds, salt bridges, and VDW
contacts were calculated using CONTACT from the CCP4
suite of programs (41). A cut-off at 4 A for VDW interactions,
4 A for salt bridges, and 3.5 A for hydrogen bonds was applied.
BSA was calculated using Areaimol from CCP4. The data was
then plotted against the ICsq of each ligand using Prism soft-
ware to produce a linear regression model.

Recombinant expression and purification of MR1, HLA-A2, and
the A-F7 MAIT TCR

DNA encoding for the extracellular domains of MR1, B,m,
HLA-A2, and the A-F7 TCRa and TCRp chains (9, 32, 42)
were transformed into Escherichia coli BL21(DE3) cells. The
proteins were then overexpressed and purified as inclusion
bodies. For MR1 and A-F7, the inclusion bodies were refolded
through rapid dilution and purified using size-exclusion
(Superdex 200, GE Healthcare) and anion-exchange
(HiTrapQ, GE Healthcare) chromatography techniques as
previously described (16). For HLA-A2-NLV, 4 mg of NLV
peptide were dissolved in 200 ul of dimethyl sulfoxide, 30 mg
of HLA-A2, and 10 mg of f,m and placed in a 500 ml of refold
buffer consisting of 0.1 M Tris pH 8.0, 3 M of urea, 0.4 M of
L-arginine, 2 mM EDTA, 2.5 mM oxidized glutathione, and
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20 mM reduced glutathione for 3 h at 4 °C. The refolding
solution was dialyzed against 10 mM Tris pH 8.0, and the
HLA-A2-NLV complex was purified using anion-exchange
(HiTrapQ) chromatography.

Removal of HMB from MR1

MR1-HMB was diluted to 0.1 mg/ml with 10 mM Tris pH
8.5, 150 mM NaCl and dialyzed against 10 mM Bis-Tris pro-
pane pH 6.5, 150 mM NaCl at 4 °C for 16 h, changing dialysis
buffer after 8 h. The resultant MRI1-empty was buffer
exchanged to 10 mM Tris pH 8.5 and purified using anion-
exchange (HiTrapQ) chromatography as previously described
(16).

Upregulation of surface MR1

10° CIR cells overexpressing MR1 (C1R.MR1), described
previously (43), were incubated with ligand for 3 or 16 h at
37 °C and 5% CO, in 100 pl or 200 pl RPMI 1640 medium
from Gibco (Cat. No. 11875-093) supplemented with 10% fetal
calf serum, 2% penicillin (100 U/ml), streptomycin (100 mg/
ml), glutamax (2 mmol/L), sodium pyruvate (1 mmol/L),
nonessential amino acids (0.1 mmol/L), Hepes buffer
(15 mmol/L), pH 7.2 to 7.5 (all from ThermoFisher, Life
Technologies), and 2-mercaptoethanol (50 mmol/L, Sigma)
(RF-10). The cells were optionally stained with either Zombie
Aqua Fixable Viability Kit from BioLegend (Cat. No. 423102)
or Fixable Viability Dye eFluor 780 from ThermoFisher Sci-
entific (Cat. No. 65-0865-14) and then incubated with bio-
tinylated aMR1 antibody 26.5 (44). Unbound antibody was
washed off with 2% fetal calf serum/PBS and the cells were
incubated with PE- or APC-conjugated streptavidin (Bio-
Legend, 30 pg/ml), washed again and fixed in 1% PFA/PBS.
Data was acquired with an LSRFortessa X-20 (BD Biosciences)
and Diva software (BD Biosciences) and analyzed using Flow]Jo
software (BD Biosciences).

Crystallization, structure determination, and refinement

Purified MR1-empty and A-F7 TCR were concentrated and
mixed at a final concentration of 3 mg/ml in a 1:1 M ratio and
300 pM of ethylvanillin was added. The ternary complex
crystallized in 100 mM Bis-Tris propane (pH 6.1-6.5), 10 to
16% w/v PEG3350, and 200 mM sodium acetate. The crystals
were washed in mother liquor supplemented with 15% (v/v)
glycerol and flash-cooled in liquid nitrogen. A data set was
collected on the MX2 beamline (Australian Synchrotron) (45)
to 2.5 A resolution. Data were integrated using XDS (46) and
scaled using Aimless from the CCP4 suite of programs (41).
The ternary complex structure was determined by molecular
replacement using PHASER (47) and the A-F7 TCR-MR1-
HMB structure without the ligand (PDB code: 5U2V) (16) as
search model. After iterative model improvement with COOT
(48) and refinement with Phenix.refine (49), the ternary
complex crystal structure refinement led to an R/R-free (%) of
17.7/23.6 (Table S2). The quality of the structure was
confirmed at the Research Collaboratory for Structural Bio-
informatics Protein Data Bank Data Validation and Deposition
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Services website. All presentations of molecular graphics were
created with the PyMOL molecular visualization system.

Mass spectrometry analysis of the A-F7 TCR-MR1-ethylvanillin
crystals

A-F7 TCR-MR1-ethylvanillin crystals were solubilized in
10 mM Tris pH 8.5. To extract bound ligands, 7 pg of total
protein was precipitated with acidified acetonitrile (99.9%
acetonitrile, 0.1% formic acid) at a 4:1 acetonitrile:sample ratio
and vortexed. After incubation for 10 min (room temperature,
dark), protein was removed by centrifugation at 21,000g for
10 min. The supernatant was collected, and the acetonitrile
was removed by vacuum concentration, prior to the sample
being reconstituted in 2% acetonitrile, 0.1% formic acid. The
extracted small molecules were analyzed by liquid chroma-
tography tandem mass spectrometry using an Eksigent ekspert
nanoLC 400 paired with a SCIEX TripleTOF 6600+ mass
spectrometer equipped with a DuoSpray ion source. The
sample was loaded onto a ProteCol Trap Column (C18G
200 A 3 um 10 mm x 0.3 mm) in 2% acetonitrile, 0.1% formic
acid at 10 pl/min for 5 min. The sample was eluted from a
ProteCol 250 mm x 0.3 mm C18 analytical column at 5 pul/min
using an increasing gradient of acetonitrile in 0.1% formic acid
over 18 min. The mass spectrometer was operated in positive
mode with the following parameters: Curtain gas (CUR) 30 L/
min, ion source gas 1 (GS1) 10 L/min, ion source gas 2 (GS2)
25 L/min, ion spray voltage (ISVF) 5500 V, temperature (TEM)
400 °C. The MS1 m/z range was set to 100 to 900, with a
selection of 15 ions per cycle meeting the following criteria for
fragmentation at a set collision energy of 30 eV: charge
state +1 to +5, m/z >150 Da, intensity > 500 cps. Ions were
excluded from fragmentation for 10 s after two occurrences of
fragmentation. For comparison, an ethylvanillin standard was
analyzed by the same method.

Data availability

Atomic coordinate and structure factors of the A-F7 MAIT

TCR-MR1-ethylvanillin ternary complex were deposited in the
Protein Data Bank (PDB) under the ID 7UF]J.

Supporting article  contains

information.
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