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Understanding how to modulate human T cell responses has 
progressed substantially through learning which factors 
underpin T cell signaling and, for peptide-mediated immu-

nity, the structural basis of the interaction between the αβ TCR and 
the major histocompatibility complex (MHC) molecule1,2. Indeed, 
the development of altered peptide ligands (APLs) has enabled tai-
loring of the MHC-restricted T  cell response in certain settings, 
which has important implications for epitope-specific immunother-
apies3,4. Rational development of other classes of antigen, including 
lipids or heterocyclic metabolites, for immunomodulation remains 
less advanced5–7.

Small-molecule metabolites represent newly recognized classes 
of antigens for T cells. Namely, phosphoantigens represent ligands 
for a subset of γδ T cells8, while MAIT cells are activated by microbial 
metabolites derived from precursors of vitamin B2 (refs. 9,10). MAIT 
cells are highly abundant in humans and are enriched in the mucosa 
and certain organs, including the liver11–13. Moreover, MAIT cells 
have been implicated in a variety of disease settings, making them 
a potentially attractive therapeutic target14. These innate-like αβ 
T cells are characterized by a restricted αβ TCR repertoire, typically 
TRAV1-2+TRAJ33+, TRAV1-2+TRAJ20+ or TRAV1-2+TRAJ12+ 
paired with a limited array of TCR β-chains15–17. The MAIT TCR 
recognizes the monomorphic antigen-presenting molecule MHC-
related protein-1, MR1, whose three-dimensional fold enables cap-
ture of small-molecule organic metabolites, as well as drugs and 
drug-like molecules9,18–20. Presently, folate-derived metabolites, 
such as 6-formylpterin (6-FP), are generally considered to rep-
resent non-stimulatory ligands for MAIT cells, whereas antigens 
derived from precursors of riboflavin biosynthesis can stimulate  

MAIT cells in an MR1-dependent manner. These MAIT cell stim-
ulatory compounds can exhibit a wide range of activities, with 
5-(2-oxopropylideneamino)-6-d-ribitylaminouracil (5-OP-RU) 
being the most potent10,21,22. Given that these stimulatory antigens 
all possess a ribityl moiety, the factors that underpin the differing 
extent of MAIT cell stimulation remain unclear.

A feature of the most potent MAIT cell antigen, 5-OP-RU, is that 
it contributes only 0.6% of the exposed surface area of the MR1–
ligand complex for TCR binding, as compared to a peptide contri-
bution of 10–25% in MHC–peptide complexes1, raising questions 
about how this antigen can efficiently drive MAIT cell activation. 
Here we investigate how 20 AMLs, synthetic analogs of 5-OP-RU, 
impact MAIT cell activation. On the basis of the crystal structures 
of 11 MAIT TCR–MR1–AML ternary complexes, together with 
biochemical and functional assays, we examine structure–reactivity 
relationships for insights into how AML variations impact the abil-
ity of these molecules to upregulate cell-surface expression of MR1 
and to promote MAIT TCR recognition and activation.

Results
Chemical structures of AMLs. 5-OP-RU is derived from a conden-
sation reaction of the microbially derived riboflavin biosynthetic 
intermediate 5-amino-6-d-ribitylaminouracil (5-A-RU) with meth-
ylglyoxal (Fig. 1a). 5-OP-RU is a short-lived intermediate that rap-
idly undergoes ring closure to form the stable bicyclic compound 
7-methyl-8-d-ribityllumazine (RL-7-Me)10. MR1 traps 5-OP-RU 
within its antigen-binding cleft, where Lys43 makes a covalent 
bond by forming a Schiff base adduct with 5-OP-RU (Fig. 1b)10. 
Furthermore, there are a large number of non-covalent interactions 
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with 5-OP-RU (Fig. 1b), which limits the flexibility of the ribityl 
chain within the MR1 A′ pocket. Moreover, the ribityl 2′-OH forms 
a hydrogen bond with Tyr95α from the complementarity-determin-
ing region 3α (CDR3α) loop of the TRAV1-2+ MAIT TCR while 
the ribityl 4′- and 5′-OH groups both contact the CDR3β loop via 
water-mediated interactions22.

We developed a panel of 20 AMLs (Fig. 1c–g) to probe the 
effect of different components of the ribityl moiety on the activity 

of 5-OP-RU23. These AMLs included (1) JYM72 (ref. 24), a chemi-
cally stable and functionally similar analog of 5-OP-RU, and (2) a 
ribityl-less analog of JYM72. Furthermore, chemical modifications  
were introduced by removing one or more of the 2′-, 3′-, 4′- and 
5′-OH groups from the ribityl chain of 5-OP-RU and its cyclized 
product, 7-methyl-ribityllumazine (RL-7-Me). Thus, a series 
of AMLs were designed to investigate the impact of the 5′-OH  
group, including the 5′-deoxy mutants (3) 5′-D-5-OP-RU and (4) 
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Fig. 1 | 5-oP-Ru and altered metabolite ligands. a, Condensation reaction of 5-A-RU with methylglyoxal to form 5-OP-RU, which is further converted to 
RL-7-Me unless trapped by MR1. The uracil ring scaffold and ribityl moiety are labeled in red and blue, respectively. b, Two-dimensional diagram interaction 
summary of the crystal structure of the MAIT TCR–MR1–5-OP-RU ternary complex (PDB 4NQC). MR1 and TCR residues and their hydrogen bonds are 
colored in orange and maroon, respectively. The intramolecular hydrogen bond in the ligand is shown in blue, and the Schiff base is shown in khaki.  
The water molecule and hydrogen bond are colored pink and red, respectively. c–f, Schematics of the various categories of AMLs in this study, including 
stabilized AMLs (c) and AMLs based on a 5′-OH (d), 4′-OH (e), 3′-OH (f) or 2′-OH (g).
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5′-D-RL-7-Me and the 5′-monohydroxyl AMLs (5) 5′-OH-pentyl-
5-OP-U and (6) 5′-OH-pentyl-L-7-Me (an analog of RL-7-Me). 
Similarly, AMLs with the 4′-OH group removed were designed, 
including (7) 4′-D-5-OP-RU, (8) 4′-D-RL-6-Me and (9) 4′-D-RL-
7-Me, as well as the 4′-monohydroxyl ligands (10) 4′-OH-butyl-
5-OP-U, (11) 4′-OH-butyl-L-6-Me and (12) 4′-OH-butyl-L-7-Me. 
Finally, AMLs with the 2′- or 3′-OH group removed or retained were 
also developed: (13) 3′-D-5-OP-RU, (14) 3′-OH-propyl-5-OP-U, 
(15) 3′-OH-propyl-L-7-Me, (16) 2′-D-5-OP-RU, (17) 2′-D-RL-
7-Me, (18) 2′-OH-ethyl-5-OP-U, (19) 2′-OH-ethyl-L-7-Me and 
(20) 2′-OH-ethyl-L-6-Me. Collectively, this extensive panel of 22 
AMLs (5-OP-RU, RL-7-Me and the 20 other derivatives) permit-
ted us to assess the molecular basis underpinning MR1 binding and 
MAIT cell antigen potency. All AML compounds were synthesized 
and prepared in DMSO, and they were water soluble at the experi-
mental concentration (up to 10 μM) used in this study23.

Stability of AMLs and MR1–AML complexes. By using a liquid 
chromatography and mass spectrometry (LC–MS) approach23,24, we 
conducted stability assays on 11 pyrimidine-based AMLs at a con-
centration of 70 μM in PBS (pH 7.4) at 37 °C, to establish how AML 
modifications impacted the half-life (t1/2) of the ligands (Table 1).  
5-OP-RU exhibited a t1/2 of ~88 min, and six of the AMLs had mod-
erately lower t1/2 values, with 2′-OH-ethyl-5-OP-U being the least 
stable (t1/2 = 35 min) (Table 1). The 5′-D-5-OP-RU and 3′-D-5-
OP-RU AMLs were moderately more stable, with t1/2 values of 162 
and 300 min, respectively, whereas, in contrast, JYM72 and the  
ribityl-less AML were extremely stable, with no degradation 
observed over 5 d (ref. 24). Accordingly, within a common scaffold, 
subtle modifications had a profound impact on the chemical stabil-
ity of AMLs, thereby underscoring this as an important parameter 
in determining the potency of MAIT cell antigens.

Next, we assessed whether the modifications of AMLs could 
affect the overall stability of MR1–AML complexes. For a panel 
of pyrimidine-based AMLs that could be refolded to a sufficient 
extent with MR1, we determined the thermal stability of recombi-
nant MR1–AML complexes by measuring the half-maximal melting 

temperature (Tm50) (Extended Data Fig. 1). The MR1–AML mol-
ecules were stable at 37 °C, and the Tm50 of MR1–AML molecules 
varied from 53–59 °C, indicating that the pyrimidine-based AMLs 
can stabilize the MR1 molecule to comparable levels. Accordingly, 
the AMLs and MR1–AML complexes were stable at the temperature 
at which the functional experiments were performed.

Impact of AMLs on MR1 upregulation. The concentration- and 
time-dependent capability of the AMLs to upregulate MR1 cell-
surface expression was determined with C1R cells overexpressing 
MR1 (C1R.MR1 cells)25 (Fig. 2a–d and Table 1), allowing us to make 
some general observations: (1) the majority of the AMLs achieved 
their maximum efficacy at a ligand concentration of ~1–10 μM, 
indicating saturating levels. In contrast, the ribityl-less compound 
was highly potent, reaching its maximum efficacy at ~0.1 μM. 
Together with potent MR1 upregulation by acetyl-6-FP (Ac-6-FP), 
these results suggest that the polar ribityl moiety itself has little 
influence or perhaps even an adverse impact on the ability of an 
AML to upregulate MR1 cell-surface expression. (2) The monocy-
clic pyrimidine-based AMLs were more efficacious than the cor-
responding bicyclic ribityllumazine analogs at upregulating MR1. 
This was likely due to the ability of the pyrimidine-based AMLs to 
form a covalent bond with MR1 (ref. 26). (3) Modifications of the 
ribityl chain impacted the absolute levels of MR1 upregulation  
(Fig. 2a,b). However, the kinetics of MR1 upregulation for all mono-
deoxy and monohydroxyl AMLs were similar, whereas the ribityl-
lumazines upregulated MR1 cell-surface expression with slower 
kinetics (Fig. 2c,d), likely owing to the absence of the Schiff-base-
forming carbonyl group. (4) The majority of AMLs exhibited maxi-
mal MR1 upregulation at 4–8 h, whereas the AMLs with very long 
half-lives continued to increase MR1 upregulation for at least 24 h. 
Accordingly, the propensity to upregulate MR1 cell-surface expres-
sion was related to the inherent stability of the AML, the non-ribityl 
components of the AML, the ability of the AML to form a covalent 
bond with MR1 and the precise chemical composition of the ribityl 
moiety, yet potent MR1 upregulation did not require presence of the 
ribityl chain in the AML.

Table 1 | Stability (t1/2), MR1 upregulation, T cell activity and affinity values for AMLs

t1/2 MR1 upregulation 
at 10 μM  
(% max at 6 h)

A-F7 (TRAV1-2–TRBV6-1) TCR #6 (TRAV1-2–TRBV6-4) TCR

Max activity (%) EC50 Kd (μM) Max activity (%) EC50 Kd (μM)

Strong agonists

5-OP-RU 88 min 50 100 8.3 pM 2.2 ± 0.3 100 0.9 pM 2.7 ± 0.3

4′-D-5-OP-RU 69 min 65 100 24 pM 4.3 ± 0.6 82 33 pM 14.9 ± 0.9

5′-D-5-OP-RU 162 min 54 95 10 pM 3.7 ± 0.3 75 165 pM 16.9 ± 0.9

Moderate agonists

JYM72 >100 h 64 90 1.5 nM 10.7 ± 0.7 59 ND 24.1 ± 1.4

3′-D-5-OP-RU 300 min 52 85 ND 25.1 ± 0.4 43 ND 53.6 ± 2.5

2′-D-5-OP-RU 49 min 39 60 ND 35.1 ± 0.9 20 ND 64.1 ± 4.6

2′-OH-ethyl-5-OP-U 35 min 71 63 >50 nM 25.2 ± 1.5 26 ND 60.5 ± 4.7

3′-OH-propyl-5-OP-U 61 min 78 42 >40 nM 60.2 ± 2.5 5 ND ND

Weak agonist/non-activating AMLs

Ribityl-less analog >100 h 79 18 ND 97.5 ± 7.2 11 ND ND

4′-OH-butyl-5-OP-U 47 min 79 8 ND ND 5 ND ND

5′-OH-pentyl-5-OP-U 49 min 75 3 ND ND 1 ND ND

Ac-6-FP >100 h 73 0 ND ND 2 ND ND

The upregulation and activation data are shown as the mean from n = 3 independent experiments. Steady-state Kd values are presented as the mean ± s.e.m. from n = 2 independent experiments. ND, not 
determined (owing to the curve not reaching a plateau); max, maximum.
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Impact of AMLs on MAIT cell activation. We examined the ability 
of the panel of AMLs to activate the Jurkat.MAIT TCR TRAV1-2–
TRBV6-1 (A-F7) and TRAV1-2–TRBV6-4 (#6) reporter cell lines 
and compared to a non-MAIT TCR-expressing control line (Jurkat.
LC13; ref. 27), when the reporter cell lines were co-cultured with 
C1R.MR1 antigen-presenting cells (Fig. 3a–d and Extended Data 
Fig. 2a,b)10,13,15. No clear correlation was observed between MAIT 
cell activation, AML half-life and the ability of the AML to upregu-
late MR1 cell-surface expression under the assay conditions used. 
By using the activity of 5-OP-RU as a reference point (half-maxi-
mal effective concentration (EC50) of ~8 pM with maximal CD69 
expression efficacy), we classified the AMLs into three categories, 
namely, strong agonists, moderate agonists and weak agonists/non-
activating ligands (Table 1 and Supplementary Table 1).

The strong agonist AMLs, including the 4′- and 5′-pyrimidine-
based AMLs (4′-D-5-OP-RU and 5′-D-5-OP-RU), profoundly 
activated Jurkat.MAIT reporter cells similarly to 5-OP-RU (EC50 
in the picomolar range). However, the ribityllumazines, including 
RL-7-Me, 5′-D-RL-7-Me and 4′-D-RL-6/7-Me, showed moderate 
potency (EC50 in the nanomolar range) as compared to the corre-
sponding potent pyrimidine-based AMLs, likely because of their 
inability to form a Schiff base with Lys43 and correlating with poor 
upregulation of MR1 (Fig. 2a, Table 1 and Supplementary Table 1). 
The moderate agonist AMLs included JYM72, 2′- and 3′-modified 

AMLs and 2′-OH-ethyl-L-6/7-Me. These results show that modi-
fications at the 2′- and 3′-OH positions of the ribityl moiety sub-
stantially impact MAIT cell activation. The weakly activating and 
non-agonist ligands included the ribityl-less ligand, 4′-OH-butyl-
5-OP-U, 5′-OH-pentyl-5-OP-U and the remaining ribityllumazines 
tested. This reinforces the importance of the ribityl chain, and 
specifically the 2′- and 3′-OH positions, as an important factor in 
MAIT cell activation. Furthermore, the hierarchy for various AMLs 
on three different Jurkat.MAIT cell lines (expressing TRBV6-1, 
TRBV6-4 and TRBV20 TCRs13,15,28) was determined. The activity 
profiles were similar across all three Jurkat.MAIT cell lines (Fig. 3 
and Extended Data Fig. 2a,b), although there was a more marked 
effect of modifications on the activation of TRBV6-4 Jurkat.MAIT 
cells, with all compounds except 5-OP-RU showing lower activity 
than for TRBV6-1 Jurkat.MAIT cells. Together, these data suggest 
that these AMLs may represent strong, moderate and weak agonist 
ligands across the MAIT TCR repertoire.

We next examined the activation response of MAIT cells by 
culturing human peripheral blood mononuclear cells (PBMCs) 
overnight in the presence of a given AML and measuring the inter-
feron (IFN)-γ and tumor necrosis factor (TNF) cytokine response 
of MAIT cells by intracellular cytokine staining. Overall, the rela-
tive capacity of 5-OP-RU and the AMLs to stimulate PBMC-derived 
MAIT cells supported the conclusions from the Jurkat.MAIT 
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Fig. 3 | MAIT cell activation and surface plasmon resonance steady-state affinity measurements. a–d, Jurkat.MAIT TRBV6-1 (a,b) and Jurkat.MAIT 
TRBV6-4 (c,d) reporter cell activation, detected as CD69 expression, by 5-OP-RU, Ac-6-FP and monodeoxy or stabilized analogs (a,c) or monohydroxy 
analogs (b,d) at the indicated concentrations for 16 h in co-culture with C1R.MR1 cells as antigen-presenting cells. Data are shown as the mean ± s.e.m. from 
n = 3 independent experiments (or 6 independent experiments for 5-OP-RU, Ac-6-FP and DMSO vehicle control in (a), represented as the percentage of 
maximal activation with 10 μM 5-OP-RU. Compounds shown in each panel were tested simultaneously except for JYM72, the ribityl-less analog and RL-7-Me, 
which were tested alongside replicates of 5-OP-RU, Ac-6-FP and DMSO vehicle control. e,f, SPR affinity measurements of MR1–AML complexes for two 
TCRs: TRAV1-2–TRBV6-1 (e) and TRAV1-2–TRBV6-4 (f). RU, response unit. Data are shown as the mean ± s.e.m. from two independent experiments (n = 2) 
using various batches of proteins. The SPR equilibrium curves were prepared in GraphPad Prism. SPR sensogram data are shown in Extended Data Fig. 3.
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reporter cell system (Extended Data Fig. 2c,d). In line with previous 
findings9, the response was dominated by TNF production, with a 
small percentage of MAIT cells also producing IFN-γ. This indi-
cated that, while the AMLs impacted MAIT cell activation, they did 
not skew the profile of the cytokines analyzed.

AMLs exhibit differing affinities for MAIT TCRs. For the AMLs 
that could enable MR1 to be refolded to a sufficient extent, we 
determined the binding affinity of MR1–AML complexes for two 
MAIT TCRs, TRAV1-2–TRBV6-1 (A-F7) and TRAV1-2–TRBV6-4 
(#6), by using surface plasmon resonance (SPR) (Fig. 3e,f, Table 1 
and Extended Data Fig. 3). The two TCRs exhibited similar affini-
ties for MR1–AML complexes. The affinity of the MAIT TCRs for 
MR1–5-OP-RU ranged from 2–4 μM, as previously reported10,15, 
while removal of the ribityl moiety drastically impacted MAIT 
TCR binding (Kd = 97.5 μM). JYM72 (ref. 24), which possesses an 
intact ribityl chain, showed moderate affinity for the MAIT A-F7 
TCR (Kd = 10.7 μM). Subsequent analysis of the ribityl-based AMLs 
established the key functional moieties contributing to MAIT TCR 
affinity. Namely, although removal of either the 4′- or 5′-OH in 
the 5-OP-RU ribityl moiety (4′-D-5-OP-RU and 5′-D-5-OP-RU) 
did not impact TRBV6-1 TCR affinity (Kd of ~3–5 μM) and had 
a moderate impact on TRBV6-4 TCR affinity (Kd of ~15–17 μM), 
the 4′- and 5′-monohydroxyl AMLs (4′-OH-butyl-5-OP-U and 
5′-OH-pentyl-5-OP-U) showed negligible TCR binding (Kd 
not determined). This suggested a limited contribution of the  
ribityl chain 4′- and 5′-OH groups and that the 2′-OH and/or 
3′-OH groups had a more dominant role in MAIT TCR recognition. 
In line with this, removal of either the 2′- or 3′-OH (2′-D-5-OP-RU 
and 3′-D-5-OP-RU) markedly impacted affinity for both TCRs, 
with an approximately 10- to 15-fold increase in Kd relative to that  
for 5-OP-RU (Table 1), indicating that both 2′- and 3′-OH groups 
were important molecular determinants for MAIT TCR recogni-
tion. This observation was reinforced by the TCR binding affinities  
exhibited by the 2′-OH-ethyl-5-OP-U (Kd ~25 μM) and 
3′-OH-propyl-5-OP-U (Kd ~60 μM) AMLs when bound to MR1. 
These findings are consistent with MAIT cell activation data, 
revealing a close correlation between the agonist properties of a 
given AML and MAIT TCR affinity for the corresponding MR1–
AML complex (Table 1).

MR1–AML tetramer staining correlates with affinity hierarchy. 
Next, we analyzed binding of MR1–AML tetramers to MAIT cells 
within PBMC populations by parallel titrations of MR1 tetramers 
(Fig. 4a; JYM72 was previously shown in ref. 24) and by co-staining 
for MR1–5-OP-RU tetramers (Fig. 4b,c). MR1–AML tetramers gen-
erated with strong agonist AMLs, namely, 4′- and 5′-deoxy com-
pounds, and moderate agonists, including JYM72 and 3′-deoxy 
compounds, bound a similar percentage of T cells as the MR1–5-
OP-RU tetramer but exhibited a lower intensity for MR1 tetramer 
staining (Fig. 4a). Other MR1–AML tetramers bound to MAIT 
cells with weaker intensity, in line with their lower activity in the 
Jurkat.MAIT assays (Fig. 4). In all cases, the majority of MR1–AML 
tetramer-reactive cells were also MR1–5-OP-RU reactive, and less 
than 1% of cells positive for MR1–AML tetramers did not stain for 
MR1–5-OP-RU tetramers (Extended Data Fig. 4c). Overall, the 
MR1 tetramer binding data were consistent with the classification 
of AMLs as strong, moderate and weak/non-activating.

Structural overview of MAIT TCR–MR1–AML ternary com-
plexes. Next, we determined high-resolution crystal structures 
for the A-F7 (TRBV6-1+) MAIT TCR15 bound to MR1 present-
ing AMLs that encompassed weak, moderate and strong agonists 
(Fig. 5, Extended Data Fig. 5 and Supplementary Table 2). For each 
AML, this enabled visualization of the precise atomic nature of the 
AML modification and its impact on the MAIT TCR–MR1–AML 

interface, as well as the location of contacted water molecules. For 
all MAIT TCR–MR1–AML ternary complexes, the MAIT TCR 
exhibited a very similar docking mode and total buried surface area 
(BSA) (Extended Data Fig. 6a,b and Supplementary Table 3)10,29.  
Accordingly, the impact of the AMLs on MAIT cell potency  
was associated with local structural perturbations at the site of the 
AML modifications.

Specifically, as for 5-OP-RU10, all pyrimidine-based AMLs were 
located within the A′ pocket of the MR1 antigen-binding cleft and 
formed a Schiff base with Lys43 of MR1 (Fig. 5a). Despite structural 
variations of the AMLs, the uracil ring adopted an identical orienta-
tion within all the ternary structures (Fig. 6a and Extended Data 
Fig. 6). Instead, conformational differences were observed centered 
around the ribityl chain and the MR1 and MAIT TCR contacts 
mediated by this moiety.

MR1 interactions shape the efficiency of AMLs in upregu-
lating MR1. Different levels of cell-surface MR1 upregulation 
were observed for the described AMLs. Through analysis of the 
MR1 binding pockets of the ternary complex crystal structures, 
we observed that most of the AMLs exhibited similar patterns 
of van  der Waals interactions within the MR1 ligand-binding  
pocket. However, the number and strength of polar interac-
tions, including hydrogen bonds and salt bridges, varied between 
the MR1–AML complexes (Fig. 6a and Extended Data Fig. 6). 
Specifically, as the number and strength of polar contacts within 
MR1–AML complexes diminished, the extent of MR1 upregula-
tion after 6 h on the cell surface increased (Fig. 6b). Accordingly, 
our results suggest that the propensity of AMLs to upregulate  
MR1 on the cell surface is inversely correlated with ligand polarity 
(Fig. 6b), in line with the polar ribityl chain not being required for 
MR1 upregulation.

Structural basis of specificity and agonism of strong AML  
agonists. The positioning of the 5-OP-RU ribityl tail within the 
MR1 A′ pocket is governed by a network of intramolecular and 
intermolecular polar contacts (Figs. 1b and 6c)10. These interac-
tions included Tyr152 and Gln153 of MR1, which formed hydrogen 
bonds with the 5′-OH group, while the MAIT TCR Tyr95α residue 
formed a hydrogen bond with the 2′-OH group, as well as Tyr152 
from MR1. Indeed, Tyr95α, Tyr152 and 5-OP-RU formed an ‘inter-
action triad’ (Fig. 6c).

This interaction triad is conserved among all published ternary 
structures of TRAV1-2+ MAIT TCRs in complex with MR1 pre-
senting 5-OP-RU10,15,16. Here the TCRs used TRAV1-2 paired with 
TRBV6-1, TRBV6-4 or TRBV20 chains that utilized hypervariable 
CDR3β loops (Extended Data Fig. 7). While the variations in MAIT 
TRBV genes and their CDRβ loops can fine-tune TCR interactions 
with MR1, the α-chain of TRAV1-2 and its conserved interaction 
triad had a predominant role in MAIT TCR engagement with MR1 
presenting 5-OP-RU. Thus, any AML that disrupted this interaction 
triad network impacted AML agonism (Figs. 6d–j and 7).

The strong agonist AMLs, 5′-D-5-OP-RU and 4′-D-5-OP-RU, 
differ in the removal of a hydroxyl group in the ribityl chain at 
the 5′ and 4′ positions, respectively (Fig. 6d,e). Thus, these two 
AMLs would be predicted to lose contacts with Tyr152 and Gln153 
and with Arg9 and Arg94, respectively, thereby destabilizing the 
positioning of the ribityl chain. However, this was not the case. 
Although loss of the 5′-OH in 5′-D-5-OP-RU resulted in Gln153 
swinging away from the A′ pocket, the positioning of Tyr152 was 
conserved owing to a water-mediated hydrogen bond between 
Tyr152 and the 4′-OH group of the ribityl moiety compensating 
for loss of the 5′-OH. In contrast, removal of the 4′-OH group in 
4′-D-5-OP-RU was compensated by the ability of the 5′-OH to 
adopt two alternate conformations that enabled it to interact with 
either Arg94 or the Glu99β residue from the CDR3β loop of the  
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MAIT TCR. Accordingly, conformational malleability and dynamic  
compensatory interplay at the TCR–MR1–AML interface enabled 
the interaction triad to be preserved.

Recognition of moderate AML agonists. In comparison to 5-OP-RU,  
the moderate agonist JYM72 has exactly the same ribityl chain, 
so the interaction triad remains conserved (Fig. 6f). However, the 
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presence of a fully rotatable C–C bond in JYM72 causes increased 
flexibility of the ribityl tail, which we suggest impacts the acces-
sibility of the hydroxyl groups of JYM72 inside the pocket for 
interactions with MAIT TCRs and thereby provides a basis for the 
reduced MAIT potency of the JYM72 AML. Next, we determined 
the structures of the MAIT TCR bound to MR1 presenting the other 
moderate AML agonists, 3′-D-5-OP-RU, 3′-OH-propyl-5-OP-U, 
2′-D-5-OP-RU and 2′-OH-ethyl-5-OP-U (Fig. 6g–j). These modi-
fications substantially impacted MAIT cell activity and MAIT TCR 
affinity (Table 1), implying an essential role for these two hydroxyl 
moieties. The molecular basis for this was a deformation of the 
interaction triad within these AML ligands. Namely, absence of 
the 2′-OH group in 2′-D-5-OP-RU prevented formation of a direct 
hydrogen bond with Tyr95α of the MAIT TCR (Fig. 6g). For 3′-D-5-
OP-RU, 2′-OH-ethyl-5-OP-U and 3′-OH-propyl-5-OP-U, while the 

interaction with Tyr95α was maintained, any direct or water-medi-
ated interaction between the ribityl chain and Tyr152 from MR1 
was lost (Fig. 6h–j). This was attributable to either increased flex-
ibility of the ribityl chain or the ribityl chain of these AMLs occupy-
ing a different discrete conformation within the A′ pocket of MR1. 
Collectively, these moderate AML agonists established a hydrogen 
bond with either MAIT TCR Tyr95α or MR1 Tyr152α, but not with 
both, and it is this disruption of the interaction triad that substan-
tially impacted AML agonist properties.

Ternary complexes of weak AML agonists and non-stimula-
tory ligands. We determined the structure of MAIT TCR ternary 
complexes in the presence of the ribityl-less ligand, 4′-OH-butyl-
5-OP-U and 5′-OH-pentyl-5-OP-U (Fig. 7a–c). The ribityl-less 
AML only formed extensive water-mediated hydrogen bonds with 
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moderate agonists, including JYM72 (f), 2′-D-5-OP-RU (g), 3′-D-5-OP-RU (h), 2′-OH-ethyl-5-OP-U (i) and 3′-OH-propyl-5-OP-U (j). The CDR3α and 
CDR3β loops are colored light blue and pink, respectively. The colors for the AMLs are consistent with those in Fig. 5.

NATuRE IMMuNoLoGY | VOL 21 | APRIL 2020 | 400–411 | www.nature.com/natureimmunology408

http://www.nature.com/natureimmunology


ArticlesNature ImmuNology

Tyr95α and the CDR3β loop of the MAIT TCR, but presumably this 
was only sufficient to maintain a very weak affinity for the MAIT 
TCR (Fig. 7a). The apolar moieties of 4′-OH-butyl-5-OP-U and 
5′-OH-pentyl-5-OP-U bent toward the cleft, whereby the terminal 
hydroxyl group formed a series of direct hydrogen bonds with Arg9, 
Arg94, Gln153 and the pyrimidine base of the AML (Fig. 7b,c and 
Extended Data Fig. 6). Nevertheless, the chemical alterations intro-
duced to generate 5′-OH-pentyl-5-OP-U and 4′-OH-butyl-5-OP-U 
completely abolished any contacts with MR1 Tyr152 and the TCR, 
in line with the lack of binding to both MAIT TCRs and the lack of 
activation (Fig. 7b,c). Indeed, within the TCR–MR1–Ac-6-FP struc-
ture15 (PDB 4PJ5), Ac-6-FP formed a direct hydrogen bond with 
TCR Tyr95α, but no interactions were observed between the ligand 
and MR1 Tyr152α or TCR Tyr95α (Fig. 7g). These MR1 ligands 
completely disrupted the interaction triad, thereby further under-
scoring the importance of this structural feature in underpinning 
MAIT cell agonist potency.

Molecular dynamics of the TCR–MR1–AML ternary com-
plexes. We noted that the aromatic ring of Tyr95α twisted 25° in all  
non-antigenic AML structures as compared to its orientation  
when ligating strong AML agonists (Fig. 7d–g). To understand how 
these AMLs impact MR1 and TCR binding, the interaction triad 
and, ultimately, MAIT cell activation in solution, we performed 
100-ns solution molecular dynamics (MD) simulations start-
ing from the crystal structures of each deoxy analog in its TCR–
MR1–AML complex (Extended Data Fig. 8 and Supplementary  
Videos 1–5). We calculated the root-mean-square fluctuation 
(RMSF) of all heavy atoms of the AMLs and found that the 2′- and 
3′-deoxy ligands exhibited the highest ligand flexibility in the ribityl 
chain (Extended Data Fig. 8a). The 5′-OH group from the 4′-deoxy 
ligand was more flexible than the rest of the atoms in the com-
pound, in line with the crystal structure. In contrast, the 5′-deoxy 
compound had more rigidity across all of its ribityl atoms than all of 
the other deoxy analogs.
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Fig. 7 | Interactions of weak agonists and non-stimulatory ligands with MAIT TCRs and the interaction triad in MAIT TCR–MR1–AML structures.  
a–c, Interactions between the CDR3α loop (light blue) and CDR3β loop (pink) of the A-F7 MAIT TCR with MR1 presenting the weak agonists and  
non-stimulatory AMLs, including the ribityl-less analog (a), 4′-OH-butyl-5-OP-U (b) and 5′-OH-pentyl-5-OP-U (c). The colors for the AMLs are 
consistent with those in Fig. 5. d–g, Superposition of the MAIT TCR–MR1–AML interaction triad (encompassing the AML, the CDR3α loop (and  
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Next, we asked whether flexibility in the AML could influ-
ence the mobility of MR1 residues that are in contact with both 
ligand and TCR. In line with the observed ligand mobility, MR1 
surface residues exhibited a similar degree of flexibility, with the 
5′-deoxy ligand causing the least MR1 residue flexibility, whereas 
the 2′-deoxy ligand resulted in the highest MR1 residue flexibility 
(Extended Data Fig. 8b). Notably, there were strong correlations 
between this flexibility and the binding affinity of the ternary com-
plexes (Extended Data Fig. 8c,d).

The MD simulations also point to MR1 residues Tyr62 and 
Tyr152 acting in concert, as well as independently, with the ribi-
tyl hydroxyl groups, particularly the 2′- and 5′-OH moieties, to 
hydrogen bond to Tyr95α from the MAIT TCR (Supplementary  
Videos 1–5). Consequently, the ribityl hydroxyl groups, as well as 
Tyr152 and Tyr62, are held in the vicinity of Tyr95α. These findings 
suggest that TCR engagement and activation is a composite of MR1 
residues (Tyr152 and Tyr62) and ribityl hydroxyl groups of the anti-
gen acting in concert, but the Tyr152 residue might also be capable 
of acting alone with Tyr95α, in line with the interaction triad in the 
MAIT TCR–MR1–AML crystal structures.

Discussion
MR1 is suited to bind small-molecule metabolites, including deriva-
tives of a biosynthetic precursor to riboflavin and folic acid degra-
dation products. Moreover, as the MAIT TCR binds atop MR1 in 
a conserved docking topology, we reasoned that this system may 
represent a tractable system from which some general principles 
relating to T cell activation and ligand selectivity may emerge15. To 
address this, on the basis of the crystal structure of a MAIT TCR–
MR1–5-OP-RU complex10, we designed and analyzed a large panel 
of synthetic analogs of 5-OP-RU. We term these AMLs and contend 
that these AMLs will be invaluable in future investigations explor-
ing MAIT cell biology.

This study provides unparalleled insights into MAIT cell activa-
tion through the power of comparing the structural and molecular 
features of a large panel of AMLs. Presently, very few MAIT cell 
agonists have been formally described, although the mechanism by 
which 5-OP-RU is generated suggests chemical variability in this 
agonist scaffold (as exemplified by 5-(2-oxoethylideneamino)-6-d-
ribitylaminouracil (5-OE-RU)) can exist. Thus, it is possible that 
some of the AMLs synthesized here can also exist in nature. Indeed, 
it has recently been reported that the microbial MR1 ‘ligandome’ 
can be very broad30, and it is possible that novel MR1 ligands may 
be formed from chemical adducts of 5-A-RU and metabolites other 
than methylglyoxal and glyoxal and that the availability of these 
small molecules will impact MR1 antigen presentation. Recent 
studies suggest the possibility of functionally diverse MAIT cell 
responses to MR1–antigen complexes from different bacterial 
pathogens9,30–32. However, the molecular detail of potential MAIT 
cell functional skewing is yet to be explored.

We show that MAIT cell activation is dependent on two  
processes, namely, the ability of an AML to upregulate MR1 and 
its capacity to interact with the TCR. However, these are not  
interdependent properties, in that an AML that can strongly  
upregulate MR1 may not necessarily be a potent MAIT cell anti-
gen. Indeed, while the ribityl chain is critically important for MAIT  
cell activation, the polarity of the ribityl group itself appears  
to not be required and to even be detrimental for MR1 upregu-
lation. Here our data show that MR1 cell-surface upregulation is 
influenced by the chemical composition of the ribityl and non-
ribityl components of AMLs and furthermore correlated with the 
hydrophobicity of the MR1–AML interface. However, other factors, 
such as ligand solubility and stability and the mechanism of uptake 
by a given antigen-presenting cell, likely also contribute to the pro-
pensity of an AML to upregulate MR1 cell-surface expression. The 
activation observed in co-culture assays will result from the sum 

of these factors, and we consider this a representation of the physi-
ological response.

On the basis of the ability to activate MAIT cells and MAIT TCR 
reporter cell lines, we categorized the AMLs as strong agonists, mod-
erate agonists and weak/non-stimulatory ligands. This classification 
was consistent with affinity-based measurements and MR1–AML 
tetramer staining, highlighting a strong correlation between MAIT 
TCR binding and MAIT cell agonism. The MAIT TCR–MR1–AML 
crystal structures reported here provided detailed molecular insight 
into these MAIT cell agonist properties. Namely, a focused net-
work of polar interactions, termed the interaction triad, is a critical 
feature underpinning a strong MAIT cell agonist. A priori, it was 
difficult to establish the likely impact of a given AML from the crys-
tallographic studies, which showed that AML modification could be 
compensated for by conformational malleability of the ribityl chain 
itself and underlying dynamics of the MR1 environment. Instead, 
the structural data revealed that partial or complete disruption of 
this interaction triad led to a moderate or weak/non-stimulatory 
MAIT cell ligand, respectively.

MD simulations enabled assessment of potential flexibility 
within the TCR–MR1–AML complex. The simulations showed how 
structural changes in the antigen itself can affect contacts with MR1 
residues and impact the flexibility of protein residues in the vicin-
ity. Such intrinsic flexibility can further translate into flexibility of 
MR1 surface residues in contact with the TCR. Our findings here 
highlight the effects of flexibility and cooperativity, between com-
ponents of heterocyclic antigen molecules and protein residues in 
their local environment, on MR1 binding and MAIT cell activation.

Through this systematic and comprehensive investigation of 
the 5-OP-RU pharmacophore, we have unearthed some general 
principles that underpin metabolite recognition by MR1 and how 
MR1–AML interactions promote MR1 upregulation and MAIT cell 
binding and activation. Not only does this lay the foundations for 
understanding the propensity of naturally occurring MR1 ligands to 
activate MAIT cells, but it also provides an important framework for 
rationally designing improved MAIT cell inhibitors and activating 
ligands. Indeed, while MHC-centric APL therapies are limited in 
their broad applicability across the human population, MAIT cell-
based immunotherapies could have more general utility across the 
entire human population given the monomorphic nature of MR1 
and the innate-like properties of the MAIT TCR14,33,34.
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Methods
AML analogs. 5-OP-RU and JYM72 were synthesized as reported previously24. 
The ribityl-less compound was synthesized by adapting a published procedure35. 
The chemical synthesis and characterization of all monodeoxy 5-OP-RU and 
lumazines-based AMLs are reported elsewhere23, along with NMR, HPLC and 
LC–MS methods for monitoring the kinetics of AML formation and stability in 
aqueous solution. Monohydroxyl pyrimidines and lumazines were synthesized by 
adapting a published procedure for monodeoxy analogs23.

MR1 upregulation assays and activation of Jurkat.MAIT cells. MAIT cell 
reporter activation and MR1 surface expression upregulation assays were 
performed essentially as previously reported9,25. Jurkat cells (1 × 105) overexpressing 
MAIT TCR clone A-F7 (Jurkat.MAIT TRBV6-1) or #6 (Jurkat.MAIT TRBV6-4)  
were tested for activation by co-incubation at a 1:1 ratio with C1R cells 
overexpressing MR1 (CIR.MR1 cells) for 16 h in 200 μl complete medium with 
various AMLs. Cells were subsequently stained with PE-Cy7-conjugated anti-CD3 
(UCHT1, eBioscience; 1:300) and APC-conjugated anti-CD69 (BD; 1:25) or with 
APC-conjugated anti-CD3 (UCHT1, Thermo Fisher; 1:50) and PE-conjugated 
anti-CD69 (FN50, BD; 1:50) before analysis on a FACS CantoII (BD Biosciences) 
or BD Fortessa (BD Biosciences) flow cytometer. Activation of Jurkat.MAIT cells 
was measured by an increase in cell-surface CD69 expression. For MR1 expression, 
cells were additionally stained with biotinylated anti-MR1 mAb 26.5 (ref. 36), 
followed by PE-conjugated streptavidin. Control Jurkat.LC13 cells were activated 
by C1R cells expressing HLA-B8 in the presence of the Epstein–Barr viral peptide 
FLRGRAYGL (FLR), as previously described9,25.

PBMC preparation and staining. Healthy donor blood packs were obtained 
through the Australian Red Cross Blood Service after approval from the Melbourne 
University Human Research Ethics Committee (1853263.3), and PBMCs were 
prepared by separation on Ficoll-Paque Premium (GE Healthcare). Cells were 
frozen in FCS + 10% DMSO and stored in liquid nitrogen until use. Upon thawing, 
cells were washed and then rested for 2 h before staining or use in activation 
assays. Cells (5 × 105 to 1 × 106) were stained with anti-CD3 (OKT3, PE-CF594, 
eBioscience), anti-CD161 (HP-3G10, PE-Cy7, BioLegend), human MR1–antigen 
tetramers (PE or BV421, prepared in house) and 7AAD (7-aminoactinomycin D;  
1:500) and were fixed with 1% paraformaldehyde before analysis on a BD LSR 
Fortessa (BD Biosciences) flow cytometer. For tetramer titration experiments, 
MR1–AML tetramers were prepared simultaneously and PBMCs were stained with 
various dilutions of tetramers in a single step along with other antibodies. Data 
were analyzed with FlowJo software (Treestar, v10). Cells were gated sequentially 
for lymphocytes (FSC-H versus SSC-H), single cells (FSC-H versus FSC-A), live 
T cells (7AAD–CD3+) and either CD161+MR1–tetramer+ cells (for titrations) or 
CD161hi cells (for co-staining).

PBMC activation assays. PBMCs (5 × 105) were incubated for 1 h with each 
compound, before addition of GolgiPlug (BD) and further overnight incubation as 
previously described10. Cells were then stained with anti-CD3 (OKT3, PE-CF594, 
eBioscience), anti-CD161 (HP-3G10, PE-Cy7, BioLegend) and human MR1–5-OP-
RU tetramer (PE), fixed with 1% paraformaldehyde and stained with anti-IFN-γ 
(AlexaFluor700, clone B27, BD) and anti-TNF (APC, clone MAb11, eBioscience) 
in the presence of 0.3% saponin. Cells were gated sequentially for lymphocytes 
(FSC-H versus SSC-H), single cells (FSC-H versus FSC-A), T cells (CD3+) and 
MAIT cells (CD161+MR1–5-OP-RU tetramer+).

Protein expression, refolding and purification of MAIT TCRs and MR1–AML 
complexes. Soluble A-F7 (TRBV6-1) and TRBV6-4 (#6) MAIT TCRs were 
refolded from inclusion bodies as described previously15,18. Human MR1–β2M was 
refolded in the presence of AML as described previously10. Three steps of protein 
purification were conducted by sequential DEAE anion exchange, S200 15/60 
column size-exclusion chromatography and, finally, HiTrap-Q HP anion exchange. 
Protein purity was assessed by SDS–PAGE, and concentrations were calculated 
from absorbance values at OD280 measured with a NanoDrop spectrophotometer.

Generation of MR1–AML tetramers. C-terminally cysteine-tagged human 
MR1–β2M complexes were refolded, purified, biotinylated and tetramerized with 
PE-conjugated streptavidin or Brilliant Violet 421-conjugated streptavidin for each 
of the AMLs 5-OP-RU, 2′-D-5-OP-RU, 3′-D-5-OP-RU, 4′-D-5-OP-RU, 5′-D-5-OP-
RU, 2′-OH-ethyl-5-OP-U, 3′-OH-propyl-5-OP-U, 4′-OH-butyl-5-OP-U, 5′-OH-
pentyl-5-OP-U, ribityl-less analog, JYM72 and 6-FP as established previously10.

Thermal stability assays. To investigate the stability of the MR1–AML complexes, 
a thermal shift assay was performed. The fluorescent dye Sypro Orange (Sigma) 
was used to monitor the protein unfolding upon heating. This assay was performed 
in a real-time detection system (Corbett RotorGene 3000). Each MR1–AML 
complex was prepared in 10 mM Tris-HCl (pH 8) and 150 mM NaCl and heated 
from 25 to 95 °C with a heating rate of 1 °C min–1. The fluorescence intensity 
was measured (excitation at 530 nm and emission at 610 nm), and the unfolding 
process was followed. Tm50 represents the temperature at which 50% of the protein 
was unfolded. The runs were conducted in triplicate, at three independent times.

Surface plasmon resonance measurements. All SPR measurements were 
conducted in duplicate (at least two independent experiments) on a BIAcore 
3000 instrument with HBS buffer (10 mM HEPES-HCl (pH 7.4), 150 mM NaCl 
and 0.005% surfactant P20) as described previously15. Biotinylated C-terminally 
cysteine-tagged MR1–AML complexes were immobilized on SA-Chips with a 
surface density of ~2,000 response units. Each SA-chip comprises four flow cells; 
two were loaded with different MR1–AML complexes, one was loaded with 
MR1–5-OP-RU as a positive control and the last cell was left empty to subtract 
for nonspecific binding. Various concentrations of MAIT TCRs (0–200 µM) were 
injected over the chip at a rate of 5 µl min–1, and equilibrium data were collected at 
25 °C. Kd affinity constants were determined with Prism7 software.

Ternary complex crystallization, structure determination and refinement. A-F7 
TCR was mixed with MR1–AML in a 1:1 ratio at a concentration of 2–5 mg ml–1 and 
kept on ice for 1 h. Crystals of the ternary complexes were obtained by hanging drop 
crystallization with a precipitant consisting of 100 mM BTP (pH 6.0–6.5), 8–20% 
PEG3350 and 200 mM sodium acetate, as established previously18. Large hexagonal 
crystals formed over 1 week in dark conditions at 20 °C and were further soaked 
in reservoir solution with 10% glycerol for cryoprotection and then flash frozen 
in liquid nitrogen. X-ray diffraction data were collected at 100 K on the Australian 
Synchrotron at either the MX1 or MX2 beamline. Diffraction images were indexed, 
integrated and scaled with XDS37 and were further processed with programs 
from the Phenix package38 and CCP4 suite39. Phases were calculated by molecular 
replacement with PHASER40, where modified TCR–MR1 ternary complex (PDB 
4L4T) was used as the search model. Manual model building was performed in 
COOT41, which was interspersed with iterative rounds of refinement using phenix.
refine38. The Grade Webserver and Phenix tools were used to build the AML and to 
generate ligand restraints. The BSA was calculated by the CCP4 implementation of 
Areaimol, and molecular interactions were determined by the CCP4 implementation 
of CONTACT39. The models were validated with MolProbity42, and graphical 
representations were generated with the PyMOL Molecular Graphics System, 
version 1.8 (Schrödinger). New higher-resolution data for the A-F7 TCR–MR1–5-
OP-RU complex were collected at 1.8-Å resolution, and the new coordinates were 
used in the analysis instead of the published coordinates (PDB 4NQC).

Molecular dynamics stimulations. MD simulations were performed with Desmond 
Molecular Dynamics System (D.E. Shaw Research) and associated analysis tools 
available within the Schrödinger suite. The model system was set up with the ‘system 
builder’ utility. The OPLS-AA/2005 force-field parameters were implemented 
during simulations. Each ternary complex was placed in an orthorhombic box with 
solvent buffers of 10 Å along each dimension. The TIP3P solvent model was used to 
describe water molecules. Overall neutralization of the MR1–ligand–TCR ternary 
complex system was achieved by adding sodium and chloride ions at a physiological 
concentration of 0.15 M. The prepared model systems were then relaxed with a 
multistep default protocol in Desmond. The first stage involved minimization of 
restraints on solute heavy atoms with the NVT ensemble and Brownian dynamics 
method at 10 K for 100 ps. A second step involved 12 ps at 10 K with harmonic 
restraints on heavy atoms of solute, by using NVT ensemble and Berendsen 
thermostat. A third step used 12 ps at 10 K, retaining the harmonic restraints and 
using NPT ensemble and Berendsen thermostat. A fourth heating phase took 
place at 300 K. The final stage of relaxation was performed with NPT ensemble 
at 300 K with all atoms set free. After relaxation, the whole system was subjected 
to a 100-ns simulation. The SHAKE algorithm was used to constrain the bond 
length of hydrogen atoms. Long-range electrostatic forces were calculated with the 
particle-mesh Ewald (PME) method. The cutoff distance for computing short-range 
electrostatics and Lennard–Jones interaction was set to 9.0 Å. The trajectories and 
energies were recorded every 19.2 and 38.4 ps, respectively. MD simulations were 
performed with the IMB cluster at the University of Queensland.

Statistical analysis. Where appropriate, data are presented as the mean ± standard 
error of the individual experiments.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from the corresponding 
author upon request. The atomic coordinates and structure factors of MAIT A-F7 
TCR–MR1–AML ternary complexess with AMLs 5-OP-RU, 5′-OH-pentyl-5-OP-U,  
4′-D-5-OP-RU, 5′-D-5-OP-RU, 2′-OH-ethyl-5-OP-U, ribityl-less analog, 4′-OH- 
butyl-5-OP-U, 3′-OH-propyl-5-OP-U, JYM72, 3′-D-5-OP-RU and 2′-D-5-OP-RU 
have been deposited in the Protein Data Bank under accession codes 6PUC, 6PUD, 
6PUE, 6PUF, 6PUG, 6PUH, 6PUI, 6PUJ, 6PUK, 6PUL and 6PUM, respectively.
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Extended Data Fig. 1 | Thermostability of soluble MR1-AML by fluorescence-based thermal shift assay. a, Shown is baseline-corrected, normalized 
emission at 610 nm plotted against temperature using Boltzmann curve-fits. Data show mean ± S.E.M from three independent experiments (n = 3).  
The half maximum melt point (Tm50) is indicated as a dashed line. Displayed is a representative of three independent experiments yielding similar results.  
b, Table summarized the Tm50 of MR1-AMLs.

NATuRE IMMuNoLoGY | www.nature.com/natureimmunology

http://www.nature.com/natureimmunology


ArticlesNature ImmuNology ArticlesNature ImmuNology

Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Activation of Jurkat.MAIT reporter cell lines and PBMC MAIT cells. (a, b): Activation of Jurkat.MAIT reporter cells expressing 
TRBV6-1, TRBV6-4 and TRBV20 TCRs, as well as Jurkat.LC13 (HLA-B8-EBV peptide specific non-MAIT control) by 5-OP-RU, mono-deoxy analogues and 
stabilised AML (a) or mono-hydroxy analogues (b), at 10 μM for 16 hr in co-culture with C1R.MR1 cells as antigen presenting cells. FLR; Epstein-Barr viral 
peptide FLRGRAYGL, 285 nM. Data show mean ± S.E.M from n = 3 independent experiments. The AMLs variably activated the Jurkat.MAIT reporter cell 
lines, but not Jurkat cells expressing a non-MAIT TCR (Jurkat.LC13), revealing no TCR-independent activation by the AMLs. (c, d): Activation of PBMC 
MAIT cells (defined as CD3+CD161+MR1-5-OP-RU tetramer+). Representative plots (c) and Percentage of MAIT cells within human PBMCs expressing 
TNF and IFN-γ (d) after overnight incubation with 5-OP-RU or AML at indicated concentrations. Data show mean ± S.E.M. from n = 3 independent 
experiments on healthy blood donors. Gating strategy is shown in Extended Data Fig. 4.
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Extended Data Fig. 3 | Surface plasmon resonance (SPR) steady-state affinity measurements. The binding affinity of MR1-AMLs versus two TCRs 
(a) TRAV1-2-TRBV6-1 and (b) TRAV1-2-TRBV6-4. SPR runs were conducted as duplicate (n = 2) using various proteins batches. The SPR sensograms, 
equilibrium curves and steady state KD values (µM) were prepared in GraphPad Prism 7.
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Extended Data Fig. 4 | Gating panel and plots for tetramer titration and PBMC MAIT cell activation assay. a, gating strategy for PBMC MR1-AML-
tetramer staining shown in Fig. 4a and for PBMC activation assay (Extended Data Fig. 2c, d). Cells were gated sequentially (from left to right) for 
lymphocytes (FSC-H vs SSC-H), single cells (FSC-H vs FSC-A), live T cells (CD3+7AAD−), and MAIT cells (CD161+MR1-AML-tetramer+). b, gating strategy 
for PBMC MR1-AML-tetramer co-staining (Fig. 4b, c). Cells were gated sequentially for lymphocytes (FSC-H vs SSC-H), single cells (FSC-H vs FSC-A), 
live T cells (CD3+7AAD−), and CD161hi cells. c, Percentage of MR1-AML+ MAIT cells that do not stain with MR1-5-OP-RU-tetramer. Individual values and 
mean ± SEM of 3 healthy donors (relates to Fig. 4b, c).
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Extended Data Fig. 5 | Final electron density maps of AML ligands. The 2Fo-Fc map (at 1 sigma) of the AMLs that highlight the unambiguous positions 
of the AMLs in MR1 pocket. Working density map of 5-OP-RU a, JYM72 b, Ribityl-less analogue c, 5′-D−5-OP-RU d, 5′-OH-pentyl-5-OP-U e, 4′-D-5-
OP-RU f, 4′-OH-butyl-5-OP-U g, 3′-D-5-OP-RU h, 3′-OH-propyl-5-OP-U i, 2′-D-5-OP-RU j, and 2′-OH-ethyl-5-OP-U AMLs k. Colours of the ligands are 
consistent with Fig. 5 and the density maps were shown as blue mesh.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | AML interactions within the MR1 cleft. a, superimposition of all TCR-MR1-AMLs. b, the top view of the Ag-binding cleft of the 
respective MR1 molecule displaying similar docking of the TCR CDR loops. (c–m) structures showing MR1 residues (white) that directly contacted: 5-OP-
RU c, JYM72 d, Ribityl-less e, 5′-D-5-OP-RU f, 5′-OH-pentyl-5-OP-U g, 4′-D-5-OP-RU h, 4′-OH-butyl-5-OP-U i, 3′-D-5-OP-RU j, 3′-OH-propyl-5-OP-U k, 
2′-D-5-OP-RU l, and 2′-OH-ethyl-5-OP-U AMLs m. Colours of the ligands are consistent with Fig. 5 and water molecules were shown as red spheres.
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Extended Data Fig. 7 | Conservation of “Interaction triad” among the typical MAIT TRAV1-2+ TCR-MR1-5-oP-Ru ternary structures. The variations in 
CDR3β loops manifested in differing loop recognition to 5-OP-RU via direct or water based interactions, yet still exhibited similar TCR binding affinities  
(~ 1 to 9 μM) and activation potency. (a-e) the binding affinities and the interactions between MR1 presenting 5-OP-RU and the CDR3α loop (light blue) 
and CDR3β loop (pink) of various TRAV1-2/TRBV6-1 TCRs carrying variable CDR3β loop including A-F7 a, B-B10 (PDB; 4PJA) b, C-C10 (PDB; 4PJC) c, 
B-F3-C1(PDB; 4PJB) d, and C-A11 (PDB; 4PJD) TCRs e. (f-i) the impact of usage of various TRAJ and TRBV genes on the complex interfaces between MR1-
5-OP-RU molecule and the M33.64 (TRAJ33/TRBV6-4, PDB; 5D5M) f, #6 (TRAJ33/TRBV6-4, PDB; 4PJ7) g, C-F7 (TRAJ33/TRBV20, PDB; 4PJ8) h, and 
#4 (TRAJ20/TRBV6-4, PDB; 4PJ9) TCRs i.
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Extended Data Fig. 8 | The flexibility in the TCR-MR1-AML complexes. (a–d) AML and MR1 flexibility in the TCR-MR1-AML complex in a simulated water 
environment. a, Measurement of ligand root mean squared fluctuations (RMSF) throughout 100 ns molecular dynamics simulations in water, starting from 
ternary crystal structures of the deoxy-AMLs. b, RMSF of the sidechains of selected MR1 α2 helix surface residues (single amino acid code) calculated 
throughout 100 ns molecular dynamics simulations in water, starting from the ternary crystal structures of the deoxy-AMLs. c, Pearson correlation analysis 
between the averaged RMSF of ligand heavy atoms, experimentally measured ligand binding affinity from SPR measurements of MAIT A-F7 TCR-MR1-
AML ternary complexes (blue), and relative MAIT A-F7 TCR activation at a ligand concentration of 10 μM (red). d, Pearson correlation analysis between 
the averaged sidechain RMSF of MR1 α2 helix surface residues, the mean of the SPR binding affinity of MAIT A-F7 TCR-MR1-AML ternary complex (blue), 
and relative MAIT A-F7 TCR activation at a ligand concentration of 10 μM (red).
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