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Significance

 This study describes a naturally 
presented MR1-restricted ligand 
derived from vitamin B6. The 
molecular basis of the binding of 
pyridoxal and pyridoxal 
5-phosphate described here 
reflects the ability of the MR1 
A-pocket to accommodate 
different vitamin scaffolds. This 
ligand binds covalently to MR1 
with moderate affinity and is able 
to activate reporter cells 
expressing a “pan cancer” T cell 
receptor. We postulate that the 
increased metabolism of vitamin 
B6 by tumors leads to elevated 
levels of pyridoxal presentation 
and preferential recognition of 
tumors by 7.G5-like T cells.
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The major histocompatibility complex class I related protein (MR1) presents microbially 
derived vitamin B2 precursors to mucosal-associated invariant T (MAIT) cells. MR1 can 
also present other metabolites to activate MR1-restricted T cells expressing more diverse 
T cell receptors (TCRs), some with anti-tumor reactivity. However, knowledge of the 
range of the antigen(s) that can activate diverse MR1-reactive T cells remains incomplete. 
Here, we identify pyridoxal (vitamin B6) as a naturally presented MR1 ligand using 
unbiased mass spectrometry analyses of MR1-bound metabolites. Pyridoxal, and the 
related compound, pyridoxal 5-phosphate bound to MR1 and enabled cell surface upreg-
ulation of wild type MR1*01 and MR1 expressing the Arg9His polymorphism associ-
ated with the MR1*04 allotype in a manner dependent on Lys43-mediated Schiff-base 
formation. Crystal structures of MR1*01 in complex with pyridoxal and pyridoxal 
5-phosphate showed how these ligands were accommodated within the A-pocket of 
MR1. T cell lines transduced with the 7.G5 TCR, which has reported “pan-cancer” 
specificity, were specifically activated by pyridoxal presented by antigen-presenting 
cells expressing MR1*01 and MR1 allotypes bearing the less common Arg9His pol-
ymorphism. 7.G5 T cells also recognized, to a lesser extent, pyridoxal 5-phosphate 
and, importantly, recognition of both vitamers was blocked by an anti-MR1 antibody. 
7.G5 TCR reactivity toward pyridoxal was enhanced when presented by the Arg9His 
polymorphism-bearing MR1 allotypes. Vitamin B6, and vitamers thereof, have been 
associated with various cancers, and here we describe a link between this ligand, MR1, 
and its allomorphs, and the pan-cancer 7.G5 TCR. This work identifies an MR1 ligand 
that can activate a diverse MR1-restricted TCR.

MHC class I-related molecule (MR1) | T cell receptor | metabolite | mass spectrometry |  
structural biology

 The antigen-binding clefts of MHC, CD1, and MR1 molecules are ideally suited to bind, 
respectively, to peptides, lipids, and small-molecule metabolites ( 1 ,  2 ). Structural and mass 
spectrometry-based studies of MHC–peptide complexes have been extremely informative 
in understanding the peptide repertoire of given MHC molecules, which has subsequently 
led to the characterization of neoepitope presentation in tumor immunity for instance, 
with clinically proven downstream therapeutic applications ( 3 ,  4 ). Furthermore, structural 
studies have shown how self and foreign lipids can be accommodated by CD1 molecules 
( 5 ), and recent lipidomics analyses have also provided insight into the repertoire of 
self-lipids that can bind to the human CD1 isoforms ( 6 ). However, the full repertoire of 
endogenous and foreign small molecule metabolites that can be presented by MR1 still 
remains unclear.

 MR1 is an antigen-presenting molecule that, unlike MHC molecules, exhibits very few 
polymorphisms. The most prevalent MR1 allomorph is MR1*01, while MR1*02 
(His17Arg), and MR1*04 (Arg9His, His17Arg) differ from MR1*01 by one or two residues, 
respectively, and are encoded by allele groups with frequencies of 71%, 25%, and 1% in 
the human population ( 7 ,  8 ). Initially, MR1*01 was shown to capture vitamin B2 precursors 
that are derived from metabolic pathways found in a wide range of microbes, but not in 
mammals that do not synthesize vitamin B2, and thereby represent a metabolic signature 
of infection ( 9 ,  10 ). MAIT cells, a highly abundant population of T cells in humans, possess 
a semi-invariant (TRAV1-2-TRAJ33/20/12) T cell receptor that specifically respond to 
these MR1-restricted riboflavin-based precursors, of which 5-OP-RU is the most potent 
MAIT cell antigen described ( 9 ,  11 ,  12 ). Other classes of MR1 ligands have now been 
documented, including self-ligands, drug, and drug-like molecules and other microbial 
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ligands, many of which are either weak MAIT cell agonists or are 
nonstimulatory and inhibit MAIT cell activity ( 11 ,  13       – 17 ). In 
addition to MAIT cells, the advent of MR1 tetramers has enabled 
the identification of a population of MR1-restricted T cells that do 
not express the canonical invariant α-chain of the MAIT TCR, but 
instead exhibit varied αβ TCR gene usage ( 18     – 21 ). These diverse 
MR1-restricted T cells can be activated in the absence of microbial 
infection and exhibit distinct ligand specificities compared to MAIT 
cells ( 19 ,  22 ), including recognition of nucleobase adducts that are 
formed during cellular stress ( 14 ). Moreover, a recent report iden­
tified a MR1-restricted TCR, termed 7.G5, that while inert to 
healthy cells, lysed a large panel of tumor cell lines, and promoted 
anti-tumor immunity in a MR1- and ligand-dependent manner 
( 23 ). Some recognition of normal tissues expressing MR1 has also 
been reported recently ( 24 ). Here, using mass spectrometry 
approaches to probe natural metabolite presentation by cell surface 
MR1 molecules, we identify pyridoxal as an MR1-restricted anti­
gen, and provide a structural basis of how this ligand is accommo­
dated in the A-pocket of MR1. We subsequently show that while 
this ligand does not activate a prototypic MAIT TCR A-F7 ( 25 ), 
in the context of MR1*01, the 7.G5 TCR can be activated by this 
ligand in an MR1-dependent manner that is further enhanced by 
the Arg9His polymorphism present in the antigen (Ag)-binding 
cleft of the MR1*04 allotype. 

Results

Unbiased Mass Spectrometry Approach to Identify MR1 Ligands. 
The ligands that bind MR1 have been identified by a series of 
approaches, including ligand capture by MR1 refolding and mass 
spectrometry, in silico approaches, as well as structure–activity 
relationships in MR1 upregulation and MAIT cell activation 
assays – all of which involve targeted analyses of candidate ligands 
(for review see ref. 26). We have developed an unbiased ligand 
identification approach using MR1 purified from cells followed by 
mass spectrometry to identify the extracted ligands. Our strategy 
incorporates a series of controlled experiments to distinguish 
naturally presented MR1 ligands from the abundant chemical 
background (illustrated by Fig.  1A). Namely, we examined 
differential ligand composition following immunoprecipitation 
of MR1 molecules from a series of C1R cell transfectants; i) cells 
overexpressing a mutant MR1 molecule (Lys43Ala) which is 
unable to form a Schiff base bond with the ligand [C1R.MR1K43A 
(27)], ii) C1R overexpressing MR1*01 as an abundant source of 
MR1*01 bound ligands (C1R.MR1*01), and iii) C1R.MR1*01 
cells incubated with a high affinity ligand (Ac-6-FP) (28) that 
should displace endogenous ligands and specifically reduce the 
signal of ligands isolated from these particular cells. Furthermore, 
elution from an MHC class I immunoprecipitation and protein G 
precolumn clean-up were collected and analyzed, to establish and 
eliminate from consideration, the chemical background signals 
associated with the immunoprecipitation process.

 MR1 complexes were purified from cell lines using immuno­
affinity purification, and their bound metabolite cargo was analyzed 
using a multipronged liquid chromatography–mass spectrometry 
(LC–MS) approach. We identified a species at m/z 168.07 that was 
found predominantly in the analysis of MR1*01 molecules purified 
from the C1R.MR1*01 sample and subsequently identified as the 
compound pyridoxal (PL) through spectral library matching within 
MS-DIAL ( 29 ), AI-based interrogation of MS/MS data ( 30 ), and 
matching to a retrospectively analyzed PL standard ( Fig. 1 B –E  ). 
PL is one of six structurally related compounds (i.e., vitamers) that 
comprise vitamin B6 (e.g.,  Fig. 2A  ). The related phosphorylated 
vitamer pyridoxal 5′-phosphate (PLP) was not identified by 

LC–MS. Subsequent investigation into the source of PL in the 
immunoprecipitated MR1 eluate revealed high signals for the 
reduced B6 vitamer pyridoxine in the cell culture media, but only 
trace levels of PL in fetal calf serum ( Table 1 ). Assuming C1R cells 
are capable of enzymatic vitamer interconversion, the pyridoxine-rich 
media is the likely source of this ligand. Thus, we conclude that 
C1R cells can naturally process and present PL via MR1.         ﻿

Molecular Basis of MR1 Presentation of Vitamin B6-Related 
Molecules. We established whether these ligands could upregulate 
cell surface expression of MR1 using the C1R.MR1 cell line (10). 
As shown in Fig. 2B, PL and PLP could upregulate MR1 cell 
surface expression in a dose-dependent manner. Then, using 
a fluorescence polarization assay (17) we determined the half-
maximal inhibitory concentration (IC50) value of PL, and closely 
related vitamers, PLP, pyridoxamine (PM), and pyridoxine (PN) 
(Fig. 2C). Neither the negative control [an irrelevant HLA-A2 
binding peptide (NLV)] nor PN showed any binding to MR1, 
while PL and PLP bound with IC50 values of ~22 µM and 
~50 µM, respectively. For context, the weak agonist, diclofenac 
binds MR1 with an IC50 of 1.5 mM, while 6-FP and 5-OP-RU 
bind MR1 with IC50 values in the nM range. Accordingly, PL and 
PLP demonstrate moderate binding affinity to MR1.

 We then refolded recombinant human MR1 in the presence of 
either PL or PLP, and explored whether they stabilize the MR1 protein 
in vitro by thermostability assays ( 20 ). Here, we measured the 
half-maximum melting temperatures (Tm) of MR1- PL/PLP com­
plexes and compared to MR1-5-OP-RU complexes ( Fig. 2D  ). 
MR1-PL/PLP complexes were stable at 37 °C, with Tm ~ 52 to 53 °C, 
but to a lower thermal stability than MR1-OP-RU (Tm ~ 63 °C).

 To gain insight into the molecular basis underpinning the inter­
actions between MR1*01, and PL or PLP we were able to crys­
tallize the MAIT A-F7 TCR-MR1-PLP and TCR-MR1- PL 
complexes, consistent with other MAIT TCR-MR1 structural 
reports ( 15 ,  16 ). We determined the structures of TCR-MR1*01-PL 
and TCR-MR1*01- PLP to a resolution of 2.40 Å and 1.95 Å, 
respectively ( Fig. 3  and SI Appendix, Fig. S1 and Table S1 ). The 
electron density corresponding to the ligands was unambiguous, 
permitting detailed analysis of the mode of binding to MR1 
( Fig. 3 A –D  ). Both ligands occupied the A-pocket of MR1*01, 
and their aldehyde groups formed Schiff base bonds with the 
ε-amino group of MR1-Lys43 ( Fig. 3 C  and D  ). Here, the pyri­
dine rings of both vitamers were buried by MR1 and were located 
centrally within the MR1 A-pocket, positioned toward the base 
of the β-sheet, exhibiting very limited solvent accessibility. In both 
structures, the conformations of the side chains for the majority 
of ligand-contacting residues were conserved ( Fig. 3 E  and F  ), 
with minimal conformational changes within the pocket, com­
pared to MR1*01-5-OP-RU ( Fig. 3F  ). Of note, the MR1*01-Lys43 
side chain was displaced by ~1.4 Å in the structures of MR1*01-PL 
and PLP to accommodate the PL scaffold ( Fig. 3 E –G  ).        

 In the MR1*01-PL structure, the pyridine ring was sequestered 
by hydrophobic interactions within the aromatic cradle of 
MR1*01, Tyr7, Tyr62, Trp69, and Trp156. In addition, the OH 
group of the PL formed water-mediated H-bonds with MR1*01- 
Ser24 and chlorine-based H-bond with Arg 9 of the pocket. The 
amine group of the PL ligand also formed water-mediated 
H-bonds with MR1*01-Tyr62 and Trp156. In the structure of 
MR1*01-PLP, the ligand sits similarly to PL inside the cleft, while 
the monophosphate ester group PLP formed a network of H-bonds 
with the three evolutionarily conserved residues of Arg9, Ser24, 
and Arg94 that protrude up into the cleft. Notably, PLP also 
formed an extensive network of water-mediated hydrogen bonds 
with MR1*01-Gln153, Tyr152, and Tyr62. Accordingly, we 
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provide a structural basis of how PL and PLP can be bound and 
presented by MR1*01.  

MR1-Pyridoxal Specifically Activates the 7.G5 TCR. MAIT 
cells play critical roles in the immune system, particularly in 
recognizing microbial infections via the recognition of microbial 
metabolites presented by MR1 (31). The A-F7 TCR is composed 
of the invariant Vα7.2-Jα33 (TRAV1-2-TRAJ33) α-chain paired 
with TRBV6-1 (25) and is considered a prototypic MAIT TCR 
with specificity for riboflavin-based antigens, with 5-OP-RU being 

the most potent (20). TCR-reporter cells expressing the MAIT A-
F7 TCR (Jurkat.MAIT.A-F7) were not activated by PL or PLP in 
the presence or absence of either C1R cells expressing endogenous 
levels of MR1*01 or A549 cells (heterozygous expression of 
MR1*01 and MR1*04), although they were robustly activated 
by 5-OP-RU (Fig. 4 A and B). MR1 presentation of PL and PLP 
in A549 was evident by upregulation of MR1 in the presence of 
these molecules (SI Appendix, Fig. S2A).

 The 7.G5 TCR (TRAV38-TRAJ31/TRBV25-1) is an MR1 
restricted αβTCR capable of specifically targeting a wide range of 
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Fig. 1.   MR1*01 ligand pyridoxal identified by (A) LC–MS signal abundance in the C1R.MR1*01/MR1-IP sample only; and by extracted ion chromatogram comparison for 
m/z 168.07 in C1R.MR1*01-IP sample (B) and PL standard injection (C); and MS2 fragmentation of m/z 168.07 in C1R.MR1*01-IP sample (D) and pyridoxal standard (E).
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cancer cells ( 23 ), and subsequently some noncancerous cells were 
also demonstrated to be targets for T cells expressing this TCR 
( 24 ). To assess whether PL ligands were able to activate responses 
via the 7.G5 TCR we used SKW3 cells that overexpress the human 
CD8αβ coreceptor known to bind MR1 ( 32 ) and the 7.G5 TCR, 
reproducing the CD8-expression of the primary 7.G5 T cell clone 
( 23 ). These SKW3 cells also express endogenous MR1*01 
(SI Appendix, Fig. S2 B  and C ) and were activated by PL in the 

absence of additional antigen-presenting cells in a titratable man­
ner as measured by increased CD69 expression ( Fig. 4C  ). The 
addition of PLP activated 7.G5 SKW3 reporter cells to a lesser 
extent at higher concentrations (10 and 100 µM), suggesting PLP 
may be a weaker activator, or that it requires conversion to the 
activating ligand. Blocking by the αMR1 antibody, 8F2.F9, or 
Ac-6-FP competition for MR1 occupancy, support the MR1 
dependence of this activation ( Fig. 4 E  and F   and SI Appendix, 
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intensity, MFI) in response to 3 h incubation 
with Ac-6-FP and vitamin B6 compounds at the 
indicated doses. DMSO was the vehicle control 
for all compounds. The dotted line shows the 
geometric MFI value of DMSO. Data show fold 
increases over background intensity (mean 
± SEM from 2 independent experiments). (C) 
Affinity measurement of the vitamin B6 com-
pounds binding to MR1*01 determined using a 
fluorescence polarization assay. IC50 values were 
determined from two independent experiments 
performed in triplicate. Mean values are plotted 
with SD represented in error bars. (D) Thermosta-
bility of soluble MR1*01-antigen (Ag) complexes 
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Fig. S3A﻿ ). The response was also dependent on the expression of 
the 7.G5 TCR, such that SKW3.CD8αβ.GIL (expressing an 
HLA-A*02:01 restricted TCR specific for the influenza M58–66  
peptide) was unresponsive to both PL and PLP (SI Appendix, 
Fig. S3B﻿ ). As per the original description of the 7.G5 TCR, 
SKW3.CD8αβ.7.G5 showed higher activation when incubated 
with A549 cells as the APC (MR1*01/04 heterozygous ( 24 )) 

compared to A549.β2 mko  ( Fig. 4D  ). This activation was abrogated 
by addition of 10 µM Ac-6-FP, consistent with MR1 
ligand-dependent activation ( Fig. 4 E  and F  ).  

Enhanced Activation of 7.G5 by APC Overexpressing MR1 
Containing the Arg9His Substitution. MR1 polymorphisms 
have the potential to impact on Ag presentation, particularly 

Table 1.   Detection of PL and PN in healthy primary, immortalized and actively cancerous cell lines

Cell line name Description Cell line category

pmol vitamer/mg cell pellet

PL PN

 PBMC donor 1  Peripheral blood mononuclear cells (PBMCs)  Primary/healthy  0.046  –

 PBMC donor 2  0.182  0.201

 PBMC donor 3  0.092  0.094

 Splenocyte donor 1  Splenocytes  0.026  –

 Splenocyte donor 2  0.058  –

 Splenocyte donor 3  0.017  –

 1106 K  Epithelial keratinocytes from human skin  Immortalized  0.061  –

 K562  Lymphoblast cells isolated from chronic 
myelogenous leukemia patient

 Immortalized/cancerous  0.280  0.755

 MDA-MB-231  Breast cancer cell line  0.463  1.190

 THP1  Monocyte from acute myeloid leukemia patient  0.809  –

 VMM1  Melanoma cell line  0.146  –

 A549  Lung carcinoma epithelial cells  0.868  2.067

﻿Media component﻿ ﻿Description﻿ ﻿ ﻿Media concentration (nM)﻿

 Fetal calf serum  Cell culture media supplement  NA  12.5 ± 0.7  –

 RF10  Supplemented RPMI base media  NA  1.8 ± 0.2  797 ± 33

Expressed as pmol of vitamer per mg of cell pellet (wet weight); – denotes not detected.

Fig. 3.   Crystal structures of MR1*01 with Vitamin B6 ligands. (A) The overall topology of the A-F7 TCR-MR1*01-PL, -PLP, and -5-OP-RU (PDB ID: 6PUC) crystal 
structures. (B) Superposition of MR1*01-PL, PLP, and 5-OP-RU metabolites within the binding cleft, showing the K43-Ag Schiff base interaction. Omit maps 
contoured at 3σ (Fo − Fc map; green mesh) of pyridoxal (C) and PLP (D) after stimulated annealing refinements in Phenix crystallography package. The interactions 
between the PL (E), and PLP (F), and 5-OP-RU (PDB; 6PUC) (G), and the residues of A pocket in the MR1-Ag structures, highlighting small conformational differences 
of MR1*01 residues between various structures. MR1*01 and β2-microglobulin (β2m) were colored white and gray, respectively. The ligands were colored as 
follows: PL, purple; PLP, pink; and 5-OP-RU, green. Red spheres denote water molecules, green spheres are chloride ions.

http://www.pnas.org/lookup/doi/10.1073/pnas.2414792121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2414792121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2414792121#supplementary-materials
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the Arg9His substitution found in the MR1 Ag-binding cleft of 
MR1*04 allomorphs (7). We first tested whether PL upregulated 
surface expression of the MR1R9H molecule on C1R cells. As 
expected, PL, and, to a lesser extent PLP, upregulated MR1 
surface expression of MR1*01 (MR1WT) on overexpressing C1R 
cells in a dose-dependent manner, albeit less effectively than 
equivalently dosed Ac-6-FP (Fig. 5A). C1R cells overexpressing 
MR1R9H, pulsed with PL showed MR1 upregulation comparable 
to Ac-6-FP, and greater than PLP (Fig. 5A), suggesting MR1R9H 
(and by extension MR1*04) may preferentially bind and present 
PL on the cell surface. We noted a modest induction of surface 
MR1R9H expression with a high dose of pyridoxamine, despite 

weak binding of pyridoxamine to MR1*01 measured by fluore­
scence polarization (Fig. 2C), possibly due to conversion of the 
vitamer to pyridoxal or PLP by the cells. We next examined 
the capacity for MR1R9H to activate β2mnull 7.G5 reporter T 
cells (SKW3.β2mnull.hCD8αβ.7.G5) which lack capacity for 
self-presentation via MR1. Notably, APCs solely expressing 
MR1R9H activated reporter T cells expressing the 7.G5 TCR 
significantly greater than APC overexpressing MR1*01 (MR1WT) 
and parental C1R cells. In contrast, no appreciable response was 
detected by 7.G5 reporter cells toward MR1K43A overexpressing 
cells (Fig. 5B) consistent with the earlier Ag elution experiments 
(Fig. 1).

Fig. 4.   Pyridoxal and PLP differentially activate T cell reporter lines expressing the A-F7 and 7.G5 TCRs. SKW3/Jurkat activation was assessed by flow cytometry 
staining for CD69 upregulation after overnight stimulation, reported as a % of SKW3/Jurkat reporter cells expressing high levels of CD69 (see SI Appendix, 
Fig. S4 for gating strategy). (A) Jurkat.MAIT.A-F7 were stimulated alone (No APC) or with C1R.MR1ko or C1R expressing endogenous levels of MR1*01 at a 2:1 
responder:stimulator ratio and in the presence of media alone, 10 µM Ac-6-FP, 1 to 100 µM PL, 1 to 100 µM PLP, DMSO equivalent to the PL/PLP vehicle, or 1 
nM 5-OP-RU. Note this assay was performed in folate-containing media; all subsequent assays were performed in folate free media. (B) Jurkat.MAIT.A-F7 were 
stimulated alone (No APC) or with A549 or A549.β2mko (5:1 responder:stimulator ratio) in the presence of media alone, 10 µM Ac-6-FP, 100 µM PL, 100 µM PLP, 
DMSO equivalent to the PL/PLP vehicle or 1 nM 5-OP-RU. (C and D) SKW3.CD8αβ.7.G5 were stimulated as in A and B. (E and F) SKW3.hCD8αβ.7.G5 were incubated 
overnight in the presence of 1 to 100 µM PL, PLP, or DMSO equivalent to the PL/PLP vehicle, either (E) with or without antibody blocking using the 8F2.F9 (αMR1) 
antibody or (F) with or without competition from 10 µM Ac-6-FP. Graphs show technical triplicates in single experiments, bars in A–D, and lines in E and F are 
means, error bars are SD.

http://www.pnas.org/lookup/doi/10.1073/pnas.2414792121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2414792121#supplementary-materials
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 To further determine whether PL is presented by MR1R9H  to the 
7.G5 TCR we performed an in vitro plate-bound antigen assay. 
Soluble MR1R9H  protein was refolded with or without PL, as well 
as control MR1*01-antigen complexes to stimulate 7.G5 or control 
A-F7 reporter T cells (β2 mnull ) directly. We immobilized titrating 
concentrations of soluble MR1 on a microplate and overlaid the 
reporter T cells ( Fig. 5C  ). Activation of 7.G5 to “plate-bound” 
MR1R9H﻿-PL confirmed efficient presentation by MR1*04 for rec­
ognition by the 7.G5 TCR. Interestingly, we observed weak activa­
tion of control A-F7 cells by high concentrations of MR1*04-PL, 
despite the lack of detectable activation by APC expressing this 
allomorph ( Fig. 4B  ). This finding highlights potential antigen 

promiscuity that has been observed for some MAIT clones ( 19 ,  33 ). 
Activation of the 7.G5 TCR by plate-bound MR1*01-PL monomer 
was not detectable ( Fig. 5C  ), reflecting differences in the sensitivity 
of the cell-based and plate-based activation methods.

 To generalize our findings beyond the 7.G5 reporter T cell line, 
we stained PBMCs with MR1R9H﻿-PL tetramers to determine 
whether MR1*04-PL-reactive T cells were present in healthy blood 
donors ( Fig. 5 D  , Upper  panel). The ex vivo frequency of tetramer 
positive cells as a proportion of total T cells was low, with a mean 
value of 0.17% ( Fig. 5E  ), and similar to previously reported 
target-specific circulating MR1-reactive T cells ( 22 ). To further 
interrogate this population of MR1R9H﻿-PL-reactive T cells, we 
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Fig. 5.   Pyridoxal is preferentially presented by MR1*04 for recognition by 7.G5 and other MR1-reactive T cells. (A) MR1 upregulation of MR1 deficient (MR1null), 
MR1*01 (MR1WT), or MR1*04 (MR1R9H) overexpressing C1R cells incubated overnight with B6 vitamers or Ac-6-FP titrated 10-fold from 200 µM. (B) CD69 upregulation 
(median fluorescence intensity; fold change of T cells alone) of 7.G5 reporter SKW-3 cells cultured overnight 3:1 with parental C1R cells or genetically engineered 
C1R cells described above using media supplemented with folate. (C) CD69 upregulation (median fluorescence intensity; fold change of T cell alone) of 7.G5 or 
A-F7 reporter SKW-3 cells stimulated with plate-bound MR1 titrated 5-fold from 50 µg/mL. (D) MR1R9H-pyridoxal tetramer staining of primary T cells directly (ex 
vivo) or after enrichment (tetramer enriched) from healthy donor blood. (E) Pairwise frequencies of MR1R9H-pyridoxal tetramer positive T cells as a percentage of 
total T cells before (ex vivo) and after (enriched) tetramer enrichment with mean values displayed. (A–C) Data are representative of two independent experiments 
performed in triplicate. Mean values and error bars (SD) are displayed. Statistical significance was determined using a one-way ANOVA with the Geisser-Greenhouse 
correction and Tukey’s multiple comparison test where *P < 0.05, ****P < 0.0001. (D and E) Data are from one experiment.
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used tetramer-specific magnetic enrichment to partially purify the 
tetramer-bound T cells ( Fig. 5 D  , Lower  panel). We observed a 
substantial enrichment of tetramer positive T cells from all donors 
( Fig. 5E  ), suggesting broad recognition of MR1 presenting pyri­
doxal by circulating T cells. We next addressed the previously 
reported cancer specificity of 7.G5 T cell recognition ( 23 ) by 
examining levels of PN-uptake by cancer cells and healthy primary 
human PBMCs and splenocytes and subsequent conversion to PL 
within these cells using a metabolomics approach ( Table 1 ). 
Strikingly, the cancer cells showed up to 50-fold higher levels of 
intracellular PN than the primary cells despite being cultured in 
the same cell culture media.   

Discussion

 Our understanding of the ligand binding characteristics of MR1 
has mostly revolved around riboflavin-related molecules based on 
the original description of MR1 binding to 6-formylpterin, a folic 
acid (vitamin B9) metabolite, and metabolites that originate from 
bacterial riboflavin (vitamin B2) biosynthesis pathways ( 10 ). Various 
compounds based around the core pterin and uracil structures of 
these molecules have been shown to bind MR1 and variably activate 
MAIT cells and other MR1-restricted T cells ( 12 ,  20 ,  34 ). Using a 
structural informatics approach, we have also shown broader bind­
ing of a range of diverse chemical scaffolds that bind MR1, including 
a range of pharmaceutical drugs and other small molecules ( 16 ). 
These and other studies ( 13 ,  14 ) highlight the capacity for a more 
diverse range of MR1 ligands; however, studies of naturally pre­
sented ligands remain limited. Thus, we developed an unbiased 
ligandomics approach for studying MR1-bound metabolites based 
on affinity purification of solubilized membranal MR1 complexes 
and LC–MS analysis of the eluted material. Importantly we incor­
porated a series of controls to identify and exclude chemical noise, 
generating more confidence in the remaining ligand candidate sig­
nals. Here, we report that two vitamin B6 metabolites, PL and its 
phosphorylated derivative PLP, have the ability to bind and upreg­
ulate cell surface MR1 while structural studies showed that both 
ligands formed a Schiff base covalent bond with MR1 through 
positioning in the A-pocket.

 The MAIT TCR A-F7 was not readily activated by PL or PLP 
in the context of MR1*01, consistent with lack of direct contact 
of this ligand with the MAIT TCR in the crystal structures where 
A-F7 was used as a crystallization aide. We considered whether these 
ligands could be antigens for non-MAIT MR1-reactive T cells that 
express more diverse TCRs and as such can exhibit specificity dif­
ferences compared to that of most MAIT cells. Arguably, one of 
the most “prominent” MR1 restricted T cell clones to be charac­
terized was that of the reported “pan cancer” T cell clone, 7.G5. 
Specifically, 7.G5, initially reported to be nonreactive to healthy 
cells, was activated by a broad range of tumor cell lines, lysed tumor 
cells, and promoted anti-tumor immunity in a MR1-dependent, 
ligand-dependent manner ( 23 ). However, the MR1-bound ligand 
for the 7.G5 TCR was unknown. Thus, we examined the reactivity 
of the 7.G5 TCR toward MR1-PL and PLP complexes using 
cell-based assays. Noting the uncertainty around the pan-tumor 
specificity of this TCR ( 23 ,  24 ), the nature of the Ag presented to 
7.G5 is crucial to fully understand target cell specificity. We demon­
strated dose-dependent recognition of PL and to a lesser extent PLP 
by 7.G5 reporter cells. Since PL is central to many biochemical 
processes, this finding immediately suggests a mechanism of differ­
ential cell recognition through sensing distinct metabolic profiles. 
Previous observations have also suggested that 7.G5 preferentially 
recognizes the MR1*04 allotype ( 24 ). We also observed an enhanced 
endogenous response to cells expressing the Arg9His polymorphism 

found in MR1*04 and our findings demonstrate preferential 
 presentation of PL by this allomorph.

 Pyridoxal is one form (vitamer) of the essential vitamin B6 that 
is present in all cells. Underpinned by its ability to form Schiff 
bases, it is arguably one of the most versatile organic cofactors in 
biology, and is involved in over 140 different enzymatic activities 
( 35 ). However, there is considerable evidence that cancer cells 
preferentially take up this molecule from the extracellular milieu 
and that higher systemic PL levels may offer some protection 
against cancer ( 36         – 41 ). Other studies have suggested that this 
preferential uptake of vitamin B6 vitamers may promote tumor­
igenesis by depriving infiltrating T cells of this vital molecule in 
a manner akin to tryptophan depletion in the tumor microenvi­
ronment (TME) ( 42   – 44 ). Moreover, PL metabolites have been 
shown to be cancer-specific biomarkers ( 38 ,  40 ,  45     – 48 ). Using 
our LC–MS based metabolite identification workflows we exam­
ined the levels of PL and PN in cancer cell lines compared to 
primary cells and demonstrated up to 50-fold increases in intra­
cellular PL in cancer cells. This reflects the enhanced metabolism 
of the cancer cells and also suggests that cancer cells may present 
higher levels of PL in complex with MR1 in cancer cell lines, 
consistent with the observations of Crowther et al. ( 23 ). This 
MR1-recognition of cancer cells may represent a tightly controlled 
axis of cancer immunosurveillance whereby higher levels of PL in 
these cells is communicated to MR1-restricted T cells facilitating 
preferential recognition of the cancer. Targeting nonclassical MHC 
and MHC-I-like molecules remains relatively unexplored but may 
represent an alternative approach for cell-based immunotherapies 
and biotherapeutic development.  

Materials and Methods

Small Molecules and Peptides. The compound 5-OP-RU was synthesized as 
a solution in DMSO as described previously (11) and its concentration quanti-
fied by NMR spectroscopy (49). 6-FP and Ac-6-FP were purchased from Schircks 
Laboratories (Switzerland). Vitamin B6 was purchased from Sigma and dissolved 
in DMSO, water, or 1 M HCl for cellular assays. The control influenza A M158–66 
epitope (peptide sequence GILGFVFTL, >90% purity) was synthesized using stand-
ard Fmoc chemistry by Mimotopes Australia.

Generation of Cell Pellets for MR1 Immunoprecipitation. C1R.MR1, C1R.
MR1K43A were grown to high density in RF5 media (RPMI 1640 (Gibco) supple-
mented with 2 mM MEM nonessential amino acid solution (Gibco), 5 mM HEPES 
(Sigma-Aldrich), 2 mM L-glutamine (Gibco), Pen Strep [100 U/mL Penicillin 
100 μg/mL streptomycin] (Gibco), 50 μM 2-mercaptoethanol (Sigma-Aldrich) 
and 5 % heat inactivated fetal calf serum) in Corning 1.7 L roller bottles at 37 °C, 
5% CO2. For Ac-6-FP treated cells, Ac-6-FP was added to a final concentration 
of 1 µM for the last 19.5 h of culture. To harvest cells, culture was centrifuged 
in 500 mL V-bottom corning tubes at 1,450×g, 4 °C for 10 min, supernatant 
discarded, and the pellets washed twice by resuspension in phosphate-buffered 
saline (PBS) and similar centrifugation. Washed cells were snap frozen and stored 
at −80 °C until use.

Immunoprecipitation. 8F2.F9 (anti-MR1) and W3/62 (anti-MHC-I) antibod-
ies were separately cross-linked to protein G agarose as described previously 
(50). Cell pellets generated from C1R.MR1*01, C1R.MR1*01.K43A, and C1R.
MR1*01/Ac-6-FP incubation (1.1e9, 4.6e8, and 8.6e8 cells, respectively) were 
lysed via cryo-milling and subsequent incubation in lysis buffer (0.5% IGEPAL 
630, 50 mM TRIS (pH 8.0), 150 mM NaCl, and 1× Complete protease inhibitor 
cocktail; Roche) for 45 min at 4 °C, prior to clearing by centrifugation and ultra-
centrifugation as described previously (50). These final supernatants were flowed 
through 3 successive prepared columns: 1) A precolumn containing protein G 
agarose beads containing no antibody, 2) W6/32 Ab-linked protein G agarose, 
and 3) 8F2.F9 Ab-linked protein G agarose. All three columns were then sepa-
rated and subjected to the following washes: 20 CV of wash buffer 1 (0.005% 
IGEPAL, 50 mM TRIS pH 8, 150 mM NaCl, 5 mM EDTA, 100 µM PMSF, 1 µg/mL 



PNAS  2024  Vol. 121  No. 49 e2414792121� https://doi.org/10.1073/pnas.2414792121 9 of 12

Pepstatin A in MilliQ water); 20 V of wash buffer 2 (50 mM TRIS pH 8, 150 mM 
NaCl in MilliQ water); 20 CV of wash buffer 3 (50 mM TRIS pH 8, 450 mM NaCl 
in MilliQ water); and finally wash buffer 4 (50 mM TRIS pH 8 in MilliQ water). 
The resin/TRIS buffer was then transferred to 1.5 mL low-bind Eppendorf tubes, 
and briefly centrifuged to collect beads and remove the buffer. The beads were 
resuspended in 1 mL of optima water, briefly mixed, and again centrifuged to 
discard supernatant. This wash was repeated for total of three times, before finally 
boiling at 90 °C for 10 min to dissociate immunoprecipitated proteins and their 
ligands from agarose beads, before centrifugation at 13,000 rcf for 10 min to 
remove final supernatant as the IP eluate. Eluates were aliquoted and stored at 
−80 °C until further analysis by LC–MS.

LC–MS Analysis. IP eluate aliquots (150 µL) were prepared by a 3:1 protein 
precipitation with acetonitrile containing 0.1% formic acid. Samples were left to 
sit at room temperature for 10 min before centrifugation at 15,000 rcf to precip-
itate any MR1 or MHC proteins, while simultaneously liberating any previously 
bound ligands into the supernatant. Supernatant was transferred to LC–MS vials 
for analysis on a Thermo Q-Exactive Plus Orbitrap mass spectrometer coupled 
to a Thermo UltiMate 3000 UPLC system fitted with an iHILIC®-(P) Classic, HILIC 
Column (150 × 4.6 mm, 5 µm, 200 Å) column. Mobile phases A (pure acetoni-
trile) and B (20 mM ammonium carbonate, pH 10) were shifted from 20 to 50% 
B over 15 min, from 50 to 95% B from 15 to 18 min, held for 3 min at 95% B 
before re-equilibrating at 20% B from 24 to 32 min. The flow rate was 0.5 mL/
min and the column temperature was set to 25 °C. All samples were injected in 
both positive and negative mode, with 140,000 MS1 resolution and a scan range 
from 80 to 800 m/z. DDA for fragmentation was triggered by an AGC target of 8e3 
ions for up to 10 precursors per experiment cycle. To minimize fragmentation of 
background ions, the Apex Trigger function was used (5 to 60 s window), dynamic 
exclusion was set to 10 s and only singly or doubly charged ions were permitted 
for selection. To obtain informative MS2 spectra across potentially wide range of 
molecular structures, collision energy was stepped at 20, 40, and 60 eV.

Ligand Identification. Immunoaffinity-purification of any target protein is an 
effective enriching technique, but thousands of unrelated chemical compounds 
inevitably remain in any given experiment, due nonspecific binding to materials 
used in the procedure. To deal with this complexity, elutions from a protein-G pre-
column and a non-MR1 antibody (W6/32), of the three key sample lysates (C1R.
MR1*01, C1R.MR1*01.K43A, and C1R.MR1*01/Ac-6-FP) were all collected and 
analyzed by LC–MS, alongside the samples of interest. Any compounds appearing 
in precolumn or control antibody immunoprecipitations were considered to rep-
resent metabolites engaging in nonspecific interaction with the immunoaffinity-
purification procedure, and were discounted from any ligand searching analysis.

To facilitate signal sorting along these lines, raw data files were imported into 
MS-DIAL, and signals which were present in the C1R.MR1/8F2F9 pull-down but 
absent or very low in all other samples were selected for further consideration. 
These candidate signals were further interrogated by assessing retention time, 
peak shape, signal-to-noise ratio, DDA triggered MS2 acquisition, and spectral 
fingerprint matching within MS-DIAL, against a library downloaded from the 
MassBank of North America (MoNA) (29). Only a small number of signals were 
shortlisted to this point, some of which are still under investigation. The extracted 
ion chromatogram for m/z 168.07 met all the above-described criterion and 
appeared to match the fragmentation pattern for PL stored in the Mass bank of 
North America, as analyzed in MS-DIAL. Raw MS1 and MS2 spectra for the m/z 
168.07 signal were then imported into SIRIUS 4.0 as an orthogonal identification 
strategy, where pyridoxal appeared as the highest ranking compound explaining 
the queried spectra, with a CSI:FingerID score of −36.423. Following up on this, a 
PL standard (10 µM, 80% ACN) was purchased and injected into the same LC–MS 
system described above, for full confirmation of correct molecular identification.

Cell Lines and Tissues. C1R, SKW-3, and Jurkat derived cell lines were main-
tained in RF10 [RPMI 1640 (Gibco) supplemented with 2 mM MEM nonessential 
amino acid solution (Gibco), 5 mM HEPES (Sigma-Aldrich), 2 mM L-glutamine 
(Gibco), Pen Strep [100 U/mL Penicillin 100 μg/mL streptomycin] (Gibco), 50 μM 
2-mercaptoethanol (Sigma-Aldrich) and 10 % heat inactivated fetal calf serum]. 
A549 derived cell lines were maintained in DMEM10 (DMEM [low glucose, pyru-
vate] (Gibco), supplemented as for RF10). All lines were cultured at 37 °C, 5% CO2.

C1R.MR1 and C1R.MR1null.MR1 cells (32) overexpress MR1*01 (51), while 
C1R.MR1R9H and C1R.MR1null.MR1R9H or C1R.MR1K43A and C1R.MR1null.MR1K43A 

cells overexpress MR1 with substitutions of Arg9His and Lys43Ala in the mature 
MR1, respectively (7). All MR1 overexpressing cells are GFP+. C1R.A*02:01 have 
been engineered to overexpress HLA-A*02:01, under hygromycin selection (52). 
Jurkat.MAIT.A-F7 and SKW-3.β2mnull.A-F7 express a TRAV1-2–TRBV6-1 MAIT 
TCR (20).

C1R.MR1ko and A549.β2mko were generated via transfection of C1R/
A549 with pSpCas9(BB)-2A-GFP (PX458) plasmid (53) containing guide 
RNA selected using CHOPCHOP (54) to target MR1 (chr1:181049205, 
guide 5′ AGAACCTCGCGCCTGATCAC 3′) or β2m (chr15:44715428, guide  
5′ CGTGAGTAAACCTGAATCTT 3′), respectively. pSpCas9(BB)-2A-GFP (PX458) was 
a gift from Feng Zhang (Addgene plasmid # 48138). Cells were bulk sorted by 
flow cytometry for transient GFP expression, and clones generated by subsequent 
limiting dilution (C1R.MR1ko) or single cell sorting based on negative cell surface 
expression of MHCI (A549.β2mko). C1R.MR1ko clones were selected based on 
lack of MR1 surface upregulation on overnight induction with 20 µM Ac-6-FP 
detected by flow cytometry after staining for MR1 using the 8F2.F9 antibody 
(in-house production) and APC-conjugated F(ab′)2-Goat anti-Mouse IgG (H+L) 
Secondary Antibody (eBioscience), and verified by genomic sequencing of the 
targeted region of MR1. A549.β2mko were selected based on lack of MHCI surface 
expression detected by staining with W6/32 (in-house production) and PE conju-
gated F(ab′)2-Goat anti-Mouse IgG (H+L) Secondary Antibody (SouthernBioTech, 
cat#1032-09) and verified by genomic sequencing of the targeted region of β2m.

Coexpression of the 7.G5 and A-F7 TCR α and β chains (23) in SKW3.
hCD8αβ.7.G5 or SKW3.β2mnull.hCD8αβ.7.G5 cells was achieved by retroviral 
transduction of SKW3.hCD8αβ or SKW3.β2mnull.hCD8αβ cells with a pMIG 
plasmid encoding the cDNA of relevant TCR α and β chains and utilizing a 2 A 
self-cleaving peptide linker as described previously (51). Cells were sorted for 
high CD3 and GFP expression by flow cytometry after staining with anti-CD3-
PE-Cy7. SKW3.hCD8αβ.GIL were similarly generated to express an αβ TCR specific 
for the immunodominant HLA-A*02:01 restricted influenza A M158–66 epitope 
(sequence GILGFVFTL). The expressed TCR is TRAV27*01-TRAJ42*01(CDR3 
CAGAEGGSQGNLIF), TRBV19*01-TRBJ2-2*01 (CDR3 CASSIRSTGELFF) and was 
selected via the VDJdb (https://vdjdb.cdr3.net) (55) and originally identified by 
Grant et al. (56). SKW3.hCD8αβ are derived from the SKW-3 T cell line from the 
DSMZ-German Collection of Microorganisms and Cell Cultures (Braunschweig, 
Germany) and sequentially engineered to overexpress human CD8αβ.

CD69 Activation Assays. For SKW3 activation assays, both antigen-presenting 
cells (C1R and A549 derivatives) and responders (SKW3 and Jurkat lines) were 
washed twice in PBS to remove folate from the culture media prior to conducting 
the assay in folate free media [RPMI 1640 Medium [no folic acid] (Gibco) supple-
mented with 10 % fetal calf serum, 1× GlutaMAXTM (Gibco), Pen Strep [100 U/mL 
Penicillin 100 μg/mL streptomycin] (Gibco), 1 mM HEPES (Gibco) and 1× MEM 
nonessential amino acids (Gibco)] unless otherwise stated. For stimulation with 
C1R derived cell lines, 5 × 104 C1R derivatives were incubated for 1 h with two 
times the final concentration of the test molecule (PL/PLP/Ac-6-FP/ GILGFVFTL 
peptide), DMSO equivalent to the vehicle for PL/PLP, or media alone in 100 µL in 
a 96-well round bottom tissue culture plate (Corning). 105 or 1.5 × 105 SKW3 
responders were then added (2:1 or 3:1 responder:stimulator ratio) in 100 µL. 
For antibody blocking in the absence of added antigen-presenting cells, 8F2.F9 
(αMR1, mouse IgG1, κ), W6/32 (αMHCI, mouse IgG2a, κ), or 9E10 (αmyc, mouse 
IgG1, κ) (all produced and purified in house and stored in PBS), or equivalent PBS, 
was added to the SKW3 at 20 µg/mL in folate free media prior to addition of 105 
SKW3 to 2× concentrated test molecule at a 1:1(v/v) ratio (final 10 µg/mL 8F2.
F9). For Ac-6-FP competition assays, 105 SKW3 were added to a mix of the test 
molecule and Ac-6-FP to give a final concentration of 1 to 100 µM test molecule 
(or DMSO equivalent) and 10 µM Ac-6-FP. For stimulation with A549 derived cell 
lines, 2 × 104 A549/A549.β2mko were plated in 100 µL folate free media in a TPP 
96-well flat bottom tissue culture test plate in the presence of the 1× concentrated 
test molecule/DMSO vehicle/media alone and allowed to adhere over 6 h (37 °C, 
5% CO2). The media were then replaced with fresh 100 µL 2× concentrated test 
molecule/DMSO vehicle/media alone, prior to addition of 105 SKW3 in 100 µL. 
Activation was allowed to proceed overnight at 37 °C, 5% CO2 (14 to 18 h), prior to 
staining with BD™ APC Mouse Anti-Human CD69 (Clone L78), BD Pharmingen™ 
PE-Cy™7 Mouse Anti-Human CD3 (Clone SK7), BD Pharmingen™ PerCP-Cy™5.5 
Mouse Anti-Human CD8 (Clone SK1) and LIVE/DEAD™ Fixable Aqua Dead Cell 
Stain (Invitrogen) in PBS for 30 min (4 °C, dark). Cells were washed with PBS and 

https://vdjdb.cdr3.net
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fixed with 1% paraformaldehyde in PBS (20 min, room temperature, dark), prior 
to washing in PBS and acquisition on a BD LSRII flow cytometer using BD FACS 
Diva software. Data were analyzed using FlowJo v10 (BD) and Graphpad Prism.

For plate-bound MR1 activation assays, titrating concentrations of soluble 
MR1 monomer in PBS were immobilized onto a 96-well microtiter plate in 50 µL 
PBS per well and incubated overnight at 4 °C. The following day, unbound MR1 
monomer was removed by washing each well three times with 200 µL PBS. 
1.5 × 105 SKW-3.β2mnull.hCD8αβ.7.G5 or A-F7 reporter T cell lines were added 
to each well in 200 µL of RF10 and incubated overnight at 37 °C, 5% CO2. After 
stimulation, T cells were harvested and stained with anti-CD3-BUV395 (563546, 
UCHT1; BD Horizon), anti-CD69-PE (555531, FN50; BD Pharmingen), and a fixa-
ble viability dye (eFluor780, 65-0865-18; eBioscience) diluted in PBS + 2% FCS 
for 20 min at 4 °C. Stained T cells were washed and resuspended in PBS + 2% 
FCS for acquisition on a BD LSRFortessa.

MR1 Upregulation Assays. As for CD69 assays, all cells were washed twice in 
PBS prior to conducting the assay in folate free media. For SKW3.hCD8αβ.7.G5 
MR1 upregulation assays, 105 cells were incubated overnight with test mole-
cules/DMSO vehicle/media alone in a 96-well round bottom tissue culture plate 
(Corning). For A549 derivatives, 5 × 105 cells were incubated with test molecules/
DMSO vehicle/media alone in 1 mL in a well of a 12-well tissue culture plate. 
After ~26 h A549 were harvested with TrypLE™ Express Enzyme (Gibco) for stain-
ing. Cells were stained with 10 µg/mL 8F2.F9 antibody in PBS (30 min, 4 °C, 
dark). Cells were washed twice with PBS, then incubated with APC-conjugated 
F(ab′)2-Goat anti-Mouse IgG (H+L) Secondary Antibody (eBioscience) and LIVE/
DEAD™ Fixable Aqua Dead Cell Stain (Invitrogen) in PBS (30 min, 4 °C, dark). 
Alternatively, C1R cells were stained with eFluor780 and anti-MR1-PE (361106, 
26.5; BioLegend). Cells were washed and fixed as in CD69 activation assays prior 
to acquisition on a BD LSRII or BD LSRFortessa flow cytometer using BD FACS Diva 
software. Data were analyzed using FlowJo v10 (BD).

MR1 Tetramer Staining of PBMCs. PBMCs were obtained from the Australian 
Red Cross Lifeblood (Agreement No. 22‐08VIC‐05) and isolated as described 
previously (18).

To generate tetramers, biotinylated MR1 monomers were incubated with 
streptavidin-PE (554061; BD Biosciences) at a 5:1 mass ratio by sequentially 
adding equal amounts of conjugated streptavidin every 10 min at room temper-
ature in the dark. MR1 tetramers were diluted to a final monomer concentration 
of 0.25 mg/mL with TBS pH 8 and used at a 1:100 dilution.

PBMCs were stained with streptavidin-PE conjugated MR1 tetramers diluted 
in PBS + 2% FCS for 30 min at room temperature in the dark in preparation 
for enrichment as described previously (57). In brief, PBMCs were washed once 
and stained with anti-PE microbeads (130-097-054; Miltenyi Biotec) for 20 min 
at 4 °C. Microbead-labeled cells were washed twice and passed through an LS 
column (130-042-401; Miltenyi Biotec) under magnetic duress. MR1 tetramer 
bound PBMCs were eluted from the column and stained with anti-CD3-BUV395, 
anti-CD19-APC-Cy7 (302218, HIB19; BioLegend), anti-CD8α-BUV805 (612889, 
SK1; BD Horizon), anti-CD4-BUV496 (612936, SK3; BD Horizon), and eFluor780 
diluted in PBS + 2% FCS for 30 min at 4 °C in the dark. Stained cells were washed 
twice and resuspended in 1% paraformaldehyde (PFA) in PBS before data acqui-
sition on a BD LSR Fortessa.

MR1 Typing. DNA was isolated from cell lysates using BioRad Instagene 
matrix. The region of exon 2 encompassing codons for R9 and H17 was 
amplified to produce a 231 bp product using an upstream intronic forward 
primer (5′ ACATGTCTTCCTTCTTTGCCTC 3′), a downstream exonic reverse primer  
(5′ CCCTCAGCAGCTGAGTGTACC 3′) and QIAGEN Taq polymerase, following the 
manufacturer’s instructions. Excess primers were removed using a QIAquick 
PCR purification kit. Sequencing reactions and electrophoresis were performed 
by Micromon genomics using the exonic reverse primer. Chromatograms were 
viewed with SnapGene Viewer (SnapGene software from Dotmatics; available 
at snapgene.com).

Fluorescence Polarization Assay. Various concentrations of the investigated 
compounds were incubated in competition with 10 nM TAMRA-conjugated JYM20 
for binding 100 nM empty hMR1 protein in the Fluorescence Polarization assay 
buffer (25 mM HEPES, pH 7.5, 150 mM NaCl, 5 mM EDTA) (17). All compounds 
were dissolved in DMSO. The fluorescence polarization of TAMRA was measured 

after 24 h of incubation at 37 °C using a PHERAstar microplate reader (BMG 
LABTECH). The ligand-binding curves were simulated by nonlinear regression 
with Prism software (GraphPad Software Inc.) using a sigmoidal dose–response 
curve. The IC50 binding values were used as a measurement of the binding affinity 
and calculated as the ligand concentration required for 50% inhibition of JYM20 
binding to MR1 molecules.

Expression and Preparation of Denatured Inclusion Bodies of MR1 and 
TCRs Proteins. Human A-F7 (TRAV1-2/TRBV6-1) MAIT TCR proteins were refolded 
from inclusion bodies at 4 °C for an overnight period using the refolding buffer 
that contained 0.1 M Tris pH 8.5, 6 M urea, 2 mM EDTA, 0.4 M L-arginine, 0.5 mM 
oxidized glutathione, and 5 mM reduced glutathione as previously reported (28). 
The wild-type or C-terminal cysteine mutated MR1-β2 m was refolded at a 10× 
molar ratio of the investigated compound in the same refold buffer, as previ-
ously described (9). The refolded MR1-ligand and TCR proteins were purified 
using three sequential purification procedures: crude DEAE anion exchange, 
S200 15/60 size exclusion chromatography, and HiTrap-Q HP or MonoQ 10/100 
GL anion exchange. After the protein’s quality and purity were assessed using 
sodium dodecyl sulfate–polyacrylamide gel electrophoresis, it was concentrated 
and subjected to further measurements using a NanoDrop spectrophotometer.

Thermal Stability Assay. To investigate the thermostability of the WT and R9H 
mutant of MR1, a thermal shift assay was performed in a real-time detection 
system (RotorGene 3000). The fluorescent dye Sypro orange (Sigma) was used to 
monitor the protein unfolding upon heating. Human MR1 refolded with different 
ligands was purified by gel filtration directly before the experiment and eluted 
in buffer of 10 mM Tris-HCl (pH 8) and 150 mM NaCl. Then, the samples were 
heated from 25 to 95 °C with heating rate of 1 °C/min. The fluorescence intensity 
was measured (excitation at 530 nm and emission at 610 nm) and the unfolding 
process was followed. The half maximum melting point (Tm50) represents the 
temperature for which 50% of the protein is unfolded. The runs were conducted 
in triplicate, in three independent times.

Crystallization, Data Collection, Structure Determination, and Refine­
ment. Purified A-F7 TCR was mixed with MR1-β2m-Ag in a 1:1 molar ratio and 
then held on ice for 2 h. The concentration of the mixture was 4 to 6 mg/mL. 
A-F7 TCR-MR1-Ag crystals were created at 20 °C using the hanging-drop vapor 
diffusion method, as previously reported (9). The precipitant reservoir solution 
consisted of 100 mM Bis–Tris Propane (BTP; pH 6.0 to 6.7), 10 to 20% PEG3350, 
and 200 mM sodium acetate. The ternary complex crystals were grown for 2 wk 
and harvested before being quickly soaked in reservoir solution containing 10 
to 14% glycerol for cryoprotection and then flash-frozen in liquid nitrogen. At the 
Australian Synchrotron, X-ray diffraction datasets were collected at 100 K using 
the MX2 beamline. Diffraction data were processed using XDS (58) and programs 
from the CCP4 suite (59) and Phenix package (60).

The ternary structure of TCR-MR1-Ags complexes were solved using the previ-
ously solved A-F7 TCR and MR1 structures (PDB, 6PUC) (20) as a search model for 
molecular replacement in the PHASER program (61). The ligand restraints were 
built and generated using the Grade Webserver and Phenix tools. After building 
the models in COOT (62) and refining them iteratively with Phenix.refine (60), 
the models were validated with MolProbity (63). SI Appendix, Table S1 provides 
a summary of the panel of TCR-MR1-Ags final crystallographic data. The table of 
contacts was generated by the Contact program from the CCP4 suite (59). PyMOL 
Molecular Graphics System, Version 2.2 (Schrödinger, LLC, New York, NY) was used 
to create molecular graphics representations.

B6 Vitamer Quantification. A range of primary/healthy, immortalized, and 
cancerous cell lines were cultured for 24 to 72 h to allow for vitamer uptake 
and proliferation in cell-specific media: AML, K562, VMM1, PBMCs, and spleno-
cytes were all cultured in RF10 media (as described for RF5 above but with 10% 
heat inactivated fetal calf serum). A549 and MM231 cell lines were cultured in 
DMEM-10 and 1,106 keratinocytes were cultured in Keratinocyte-serum free 
medium (Gibco 37000-015). PBMCs were obtained from the Australian Red 
Cross Lifeblood and isolated as described previously (18). Splenocytes were 
harvested from human spleen collected as part of the Australian Donation and 
Transplantation Biobank immediately after organ retrieval (Monash University 
Human ethics, Project ID: HREC27876).

https://www.snapgene.com/
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Cell pellets were harvested by centrifugation of media-suspended cells  
(285 rcf for 5 min at RT), supernatant removal, and successive washes in 10 mL of 
ice-cold PBS (3 in total). Final cell pellets were snap-frozen in preweighed 2 mL 
lo-bind Eppendorf tubes and stored at −80 °C until further sample processing. On 
the day of analysis, cell pellets were weighed by mass difference with preweighed 
tubes, and combined with a 10 µL/mg of cell pellet ratio of 80% acetonitrile, 20% 
water, 0.1% formic acid. All pellets were homogenized using a 5 mm ball-bearing 
in a Qiagen TissueLyser LT for 4 min at 50 Hz. Homogenates were left to shake at 
RT for 10 min to reverse any vitamer Schiff-base bonds, before centrifugation at 
15,000 rcf for 4 min to remove precipitated material. Supernatant was transferred 
to LC–MS vials for analysis using the same Thermo Q-Exactive Plus Orbitrap mass 
spectrometer and LC system outlined in earlier sections. Cell pellet lysates were 
quantified against standard curves of PL and PN prepared in 80% ACN.

Data, Materials, and Software Availability. The accession number for the 
atomic coordinates of A-F7 TCR-MR1*01 in complex with Pyridoxal and pyri-
doxal 5′-phosphate, along with associated structure factors, have been deposited 
at the protein databank (www.rcsb.org) with accession codes 9CGR and 9CGS, 
respectively (64, 65).

Note Added in Proof. We have recently become aware of a preprint that also 
reports Pyridoxal as a MR1 ligand using a different approach further substanti-
ating our findings (see Schmidlin et al., Sneak Peek, MR1-Ligand Cross-Linking 
Identifies Vitamin B6 Metabolites as MAIT-TCR-Reactive Antigens. http://dx.doi.
org/10.2139/ssrn.4979016).
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