University Library

o o A gateway to Melbourne's research publications

Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Awad, W;Le Nours, J;Kjer-Nielsen, L;McCluskey, J;Rossjohn, J

Title:

Mucosal-associated invariant T cell receptor recognition of small molecules presented by
MR1

Date:
2018-07-01

Citation:

Awad, W., Le Nours, J., Kjer-Nielsen, L., McCluskey, J. & Rossjohn, J. (2018). Mucosal-
associated invariant T cell receptor recognition of small molecules presented by MR1.
Immunology and Cell Biology, 96 (6), pp.588-597. https://doi.org/10.1111/imcb.12017.

Persistent Link:
https://hdl.handle.net/11343/283577



Article type  : Review

Mucosal-Associated Invariant T cell receptor recognition of small molecules
presented by MR1

Wael Awad, dérbmele Nours?, Lars KjerNielserf, James McCluskéyand Jamie Rossjoffi*’

infection and*Immunity Program and Department of Biochemistry and Molecular ggjolo

Biomedicine Discovery InstitutdMonash University, Clayton, Victoria 3800, Australia

Australian Research Council Centre of Excellence for Advanced Molecular Imaging, Monash

University, Clayton, Victaa 380Q Australia

3Department of Microbiology and Immunology, Peter Doherty Institute for Infection and Inynuni

University of Melbourne, Parkville, Victoria 3010, Australia

* Division of Iafection and Immunity, Cardiff University, School of Medicikiath Park, Cardiff
CF14 4XN, UK

*correspondence address to Jamie.rossjohn@monash.edu, jamesml@unimelb.edu.au

Running title: MALT-TCR-MR1-antigen recognition

Keywords: MR1, MAIT TCR, Antigen presentation, metabolite antigens, mucosal immunity

This is the author manuscript accepted for publication and has undergone full peer review but has not
been through the copyediting, typesetting, pagination and proofreading process, which may lead to
differences between this version and the Version of Record. Please cite this article as doi:
10.1111/imcb.12017

This article is protected by copyright. All rights reserved


https://doi.org/10.1111/imcb.12017�
https://doi.org/10.1111/imcb.12017�
https://doi.org/10.1111/imcb.12017�

Abstract

The major histocompatibility complex (MHC) class| related molecule MR1 is a
monomor phic-and=evolutionary conserved antigen (Ag)-presenting molecule that shares the
overall architecture of MHC-1 and CD1 proteins. However, in contrast to MHC-I and the
CD1 family that“present peptides and lipids, respectively, MR1 specifically presents small
organic molecules. During microbial infection of mammalian cells, MR1 captures and
presents vitamin B precursors, derived from the microbial biosynthesis of riboflavin, on the
surface of antigen presenting cells (APCs). These MR1-Ag complexes are recognized by the
mucosal-associatedhinvariant T cell receptor (MAIT TCR), which subsequently leads to
MAIT cell activation. Recently, MR1 was shown to trap chemical scaffolds including drug
and drug-like molegules. Here, we review this metabolite Ag-presenting molecule and further
define the key molecular interactions underlying the recognition and reactivity of MAIT

TCRsto MR1in an Ag-dependent manner.

I ntroduction

T cell immune surveillancénvolves the activation of T cell in response to a specifitonself
antigen(Ag)- Upon_pivotal recognition by thep T cell Ag receptor(TCR) of the Ag-presenting
molecuks loaded with a given Athe TCR transmd signals to th€D3 complexthat subsequently
promptsanintracellularsignalingcascadeculminatingin aneffective immure responsg . Eacha-
and pB-TCR chainconsistsof a variable (V) anda constan{C) domainto form a pairedof3 TCR
heterodmer. TheComplementarity Determiningdgions(CDR) of the a- andp-variable domains
are responsible fadriving the molecular recognition of thepecific Ags that are presented likie

MHC and MHClikecell surface protein familiés’

There existwo._classes dfighly polymorphicMHC molecules, name)ythe MHC class | (MHCI)
and class Il (MH@T), thatpresent peptidbasedAgsto CD8 and CD4 T cells respectivelyThe
MHC-I moleculeis comprised of heavy chairconsisting ofthree domaingal, a2 anda3) and
B2-microglobulin (32m) (Figure 1a) The MHC-I binds antigenigeptides in the peptide-binding
groove formedby the al- and a2-helices The overall architecture of th&#HC-II moleculeis

compised of a- and -chains wherebyeach possestvo distinct domains ¢1/a2 and f1/p2,
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respectively thatcapturethe peptideAgsin the peptidebinding groove (Figure 1a & bMHC-like
proteinsare monomorphic moleculéisatshare thesameoverallarchitecture witiMHC-I but have
evolved to form Agbinding grooves that capresentdiscretenon-peptideclas®s of ligandsto
specific T cell subsetgFigure 1c &d)* © For examplethe CD1 family (CD1a, CD1b, CD1cand
CD1d) presergboth foreign and selipids to T cellsthatincludethe Natural Killer T cells (NKT)
and the germlinencoded mycolyl lipid reactive T (GEMEIIS™°. Lastly, theMHC classl related

molecule MR1) presentssmall molecule metabolites tmucosalassociated invariant TMAIT)

cellst® 28,

MAIT cells areétheamost abundant innali&e T cell population in humans, and ageolutionary

conservedn many' other (but not all) mammaliapecies including mice anzhttle-122* A key

feature of MAIT/ cells is that they typically expres§ @R with a relatively fixeda-chain Va7.2-
Ja33, Va7.2-Jal2.0r Va7.2-Ja20 in humans: and/a19-Jo33 in mice) that isrestricted to MR%

2 MAIT cell.activation can be induced in T@&Rpendent and TGRdependent manners. During

bacterial infections! derivatives of the riboflavin biosynthesis pathway ataredgy MR1 and

presented on-thessurface of APCs, subsequently leading to the actofaldhlT cells via the

MAIT TCR-MR1 axis. Thus, MAIT cells are considered to play a protective role irbanterial
2-15

immunit . In_contrast, during viral infectiofe.g. dengue, hepatitis C and influenza viruses)

infected cells*release {18, IL-12 and IFN., which can activate MAIT cells in a MRhdependent

mannef>2’_Uponactivation, MAIT cells rapidly produce inflammatory cytokines in Th1/Fhk&

responses and may also express granzyme B and perforin, killing the infect&d2&&1sThis

review will discussthe key molecular interactions underlyiMAIT TCR recognitionof MR1-
restricted metabeliteand highlightsthe uniqueness dhis metabolite presentatioaxis compared

to otherAg presentation systems.

MHC andrecognition by theap TCR

Many structural-studies have investigated itin@ecularinteractiors underpinning the recognition
of Ag-presentingsmoleculdsy TCRs (recently reviewed® *3. Typically, theap TCR docks atop
the MHC moleculgenablingthe TCR a- andB-chainCDRs (CDR1, Zand3 loop9 to interact with
the antigefMHC eleft (Figure 1).The MHC-II binding cleftis more operendedat theN- and G
terminiin comparison to the more confined cleft of MHAccordingly, MHC-II generallybinds
longer peptides (>1amino acids)yia a series of binding pockets (P®), while MHC| typically
binds shorter peptides-@ amino acidsyia the AF pockets® (Figure 1a and b)Most (but not
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all** 3 of TCR-MHC-peptideternary complexes share a common docking topology wheredhe V
and B domains of the TCR reside over the- andoal-helices of the MHC-I molecule
respectively. Similarly, the TCR & and \B chainsreside abovehe a-helicesof the B- and a-

chairs of the MHC-II moleculein the TCRMHC-II-peptidecomplexestespectivelyFigure laand
b).

In the CD1 family, ach memberexhibits a characteristicAg-binding cleft architecturethat
comprisesa numberof pockets(termedA’, C, F, and T) and accessory pmals C' and D/E
portals)thatcan specifically accommodathistinctself and/or foreign lipidgsee review *¢°). For
example, CDllpossessea largeand deepAg binding<cleft consisting offour pockes (A’, C, F,
and T). The “hydrocarbon chains dhe amphipathic lipidssit in the CD1b cleft and their
hydrophilic head gtoupare protruding outthe F-pocketexposed for TCR recognitiotf (Figure
1c). The TCR-CD1-lipid docking topologies can be distinctive frothe TCR-MHC-peptide
interactiond *_ For example, the firsTCR-CD1d lipid ternarycomplex revealedhat theNKT
TCR boundparallelto theCD1d-Ag binding-<cleft * contacting both the CD1d and the ligidsed
Ag, while in“the,  7CRCD1alipid complex the TCR recognizedCDl1la exclusively, thereby
breaking the.c@ecognition paradigm implicit in the TCRHC axis™.

Similar to thesMHCI and CD1 familiesMR1 proteincontainsa heavy chairthat isnoncovalently
bound top2m andpossesses alg-binding cleftthat is composed ainly two distinct pockets (A
and F-pockets) (Figure 1d)*. The MR1 A'-pocket consists ofan ‘aromatic cradle’that is
delineated byethscharged and hydrophobiesiduego form the Ag binding-pocket’. Notably, the
MR1 binding'eleft (760 A% is much smaller than that afy of CD1 isoforms. Accordingly, the
chemical andsstructuraharacteristis of the MR1 pockearedistinct from that of peptide and lipid
basedAg-binding“pocketswith the MR1 pocket beingdealy shaped to capturemall molecule
compound$#2“Similar to the TCRMHC-I-peptidecomplex, the MAIT TCRsits approximately
centrally in an orthegonal docking mode to the main akibe MR1Ag binding cleft(Figure 1d)
and theaoa- and f-chains of the MAIT TCR reside over the2- and al-helices of MR1

42-44

respectively

MR1 presenting vitamin B derivatives
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The MR1 protein is ubiquitously expressed in all cells, isytresented on the cell surface at very
low or undetectable levels that is strictly dependent on antigen avail&®ifityn the early 2000s, it
was shown that MAIT cells are restricted to MR1 and activated by a broad range of bacteria and
yeast' > *® This suggestedtonserved Ag(s) common to these activating microbes, hoyeer
nature of theséxgs'remained unknown. Recently, Kjsielsenet al.** successfully identified the
MR1 ligands @s small organic compoundigeretwo classes of vitamin B derived compounds were
described to"be presented by MR1 (Figure @a) activate MAIT cells to varying degrees of
potency (seesreviews *® 4y. The first class includk 6formylpterin (6FP), a photodegradation
product of folic.acid (vitamin B), and its related synthetic compound Aceédyfiormylpterin (Ac6-
FPY % These two formylpterins have a bicyclic structure with a formyl gretere Ac6-FP
differs from 6FP by the prese&e ofan acetyl group (Figureap Both compounds can upgulate
MR1 at the cell'surface but do not stimultite majority ofMAIT cells. Furthermore, they compete
with the activating)ligands for binding MR1 and herare considered as inhibitory ligands to
MAIT cell activation. Despiteninor chemical differencéetween6-FP and AeSFP, the latter is

100-fold more.poterinhibitor of MAIT activationin comparisorto the formef* *°

The other class of MR1 ligands was derived from intermediatébeofiboflavin (vitamin B)
biosynthesis pathway inertain microorganisms, which in contrast teepn-based ligandscan
activate MAIT cells. Importantly, these riboflavin ligandsn be synthesized lay wide range of
microbes, but nothy mammals and accordingly represent a makac signature of microbial
infection™ *3\Corbett et al. * has applied mutagesis approaches on theb-operon in
Lactobacilus Lactisyand Salmonella typhimurium to identify the bacterially produced riboflavin
intermediate E|amino6-D-ribitylaminouracil (5A-RU) asan essential intermediate for MAIT cell
activation. The microbial 5A-RU nonenzymatically reactswith ketones/mlehydes, such as
glyoxal and methylglyoxal derived from mammalian glycolysis or bacterialboksan, generating
highly potent ribityl pyrimidineligands*>*® (Figure 2b) These nely formed and unstable
pyrimidines can be captured and stabilized by M&&y areotherwiserapidly dehydrated and
undergo ring closure forming stable ribityl lammes (Figure 2and ). Both ribityl pyrimidines
and ribityl“lunezines can b presented by MRIhoweverthe lurmazines are far less potent at
activating MAIT cells than pyrmidinédgs** **. The most potent currently known MAIT cell
activators are H2-oxopropylideneamino)-6-Dbitylaminouracil (5-OP-RU) and 5(2-

oxoethylideneamino)-6-Dibitylaminouracil (50E-RU) ** 43 >3
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Key molecular interactions underlying MR1-Ag capture and canonical MAIT TCR

recognition

The crystal structure ofhe MR1-6-FP binary complex represented the firtireedimensional
structure of MRIpresenting amg*'. Subsequentlya series ohigh—resolutioncrystalstructures of
ternary MAIT"TCR-MR1-Ags complexeshave been determined for various TCRs recogigz
diverse MR1-Ags complexes and thugrovide detailed molecularnsights into the MRJAg
recognition. byMAIT TCRs. %#4* 5% 5% yntil now, all identified MR1 restricted Ags are bound
within the A-pocket of MR1 Here the Ag is captured by network ofinteractions withpolar
(Lys43, Arg9@ndArg94) and aromatic residues (e.g. Tyr7, Tyr62, Trp69, Tyrds@ Trpl56)
located withinthe"pocket. Importantlythe Lys43 residuat the base athe A-pocketcanform a
Schiff-base covalent linkage with the carbonyl groupaheAgs (Figure & andb). This covalent
bond has beensshown to be a key feature of MR1 presentation of many Ags, however it doesn’t
appear to be,essential for MR1 ligand binding as thediuma Ags(e.g. RL-6-Me-7-OH) do not
form a Schiff’base with MRIFigure 3c)(and accordingly upregulate MR1 very poorlyfhe
orientation of*riboflavinAgs within the MR1 pocket differs from that of folateyands Namely, 5-
OP-RU and RIL:-6-Me-7-OH are rotatedy ~ 75 with respect to 4-P. Furthemorg MR1 makes
different contacts with the respective ring systems of the ligands (Figtog ISotably, this tilted
conformationofithe riboflavinsallows theformation ofhydrogen bonsl between thebityl tail and
two conserved MR1 residues (Argéd Arg94) which fix the ribityl tail for MAIT TCR ligation
(Figure 3 and c).

The majority [of humanMAIT cells bear aTCR comprigd of an a-chain formed byTRAV1-2
recombinedwith. TRAJ33, TRAJ12, or TRAD. TheseTRAV1-2" a-chairs pair with a restricted

set of TCR -chains, biasechainly towards TRBV61, TRBV6-4 and TRB\20 gene segmerfts >°

The semi invariant MAIT TCR (TRAV-R / TRAJ33 coupledwith TRBV6-1) is dockedsimilarly

in an orthogonal mode above the’-fiocket of MR1 for various MRZvitamin B metabolites
complexes The ribityl tail of the stimulating ligand$orms a hydrogen bond witlthe tyrosine
residue Tyr95) of the CDR3a loop of the TCR whilst 6-FP doesnat contact the TCRlirectly.
Importantly, thisTyr950. residueis evolutionary conserved amomngAIT TCRs, however recent
studiesdescribe unconventional MAITCRSs that donot contain thélyr95 (see below§ ** >’ The
CDR33 loop of the AF7 TCR made an additional indirect contact with the pyrimidine adducts
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through a water molecule (Figurd)3This is consistent with mutagenestsidies on MAIT TCR,

which suggested that mtiscreteVp residue is essential for MAIT cells activatith

MR1-restricted TCR heter ogeneity and ligand recognition

Variations in/TRBV. gene utilization have been observed in the TCR repertoire.aFstnuctural
perspective, pairingf'a TRAV1-2 TCR chainwith TRBV6-1, TRBV6-4, or TRBV20TCR chains
in humars subtlyimpads on MR1-Ag recognitioft® ** *° A comparison of TCRs utilizing these
threep-chains_showdocking atop MR15-OP-RU (Figure 4a)with only little juxtaposition othe
TRBV20' to that.of theTRBV6" chain resulting ina 17° degree rotation (Figure 4-d. This
variation could be ‘assigned to differingx 3 packing together with varying p/MR1 contacts.
Notably, the overall contact aredthin the TRBV20" TCR was decreaseathencompared tdhe
TRBV6-1 and TRBV64 TCRs. Whilst the CDRJ loop does not make substantial contacts with
MR1 in eithersFRBV61l or TRBV6-4 TCRMR1-Ag ternary complegs it marginally interacted
with MR1 in TRBV20 TCRMR1-Ag. TheCDRZ2B loop of the TRBV6-4 chain contributedhoreto
the interactioewith. MR1 thaneither of theTRBV6-1 and TRBV20Notably, the CDR33 loop of
all three TCRstill'playedamajor role in contacting MR5-OP-RU.

FurthermoreEckleet al. ** addressethe impacbf the use of varied TRAJ regions on &1-Ag
recognition by "MAIT TCRs Functional, affinity and structural investigations concludleéhat
diverse TRAJ usage TRAJ33, TRAJ12, or TRAJ 2J0disruptd neither the conserveddocking
mode ror themolecularcontactsatthe MAIT TCR/MR1-Ag interface indicatingsimilar functional
roles of the TRAJ12 TRAJ20, and TRAJ33MAIT TCRs. Regarding thémpact of the CDR3B
hypervariability_Surface Plasmon Resonan(@PR-basedbinding studiesof six MAIT TCRs
possessingliverse CDRB loopswere shown taexhibit similar affinites towards MR15-OP-RU
with Kgeq Varying=from 2 to 9uM. Interestingly a variation in the binding affinjitwas noticed
against MR1A¢=6-FP whereby oneMAIT TCR exhibited highegffinity (Kqeq~ 35uM) relativeto
the otherMAIT*TCRs (Kgeq> 200 uM). Structural comparison of é¢se TCRMR1-Ag complexes
revealeda degree of flexibility in the CDR3loop of the TCRdhat subtly altered someontacts
with both MR1 and,A§". Thus, heMAIT TCR interactios and consequentligs reactivityto MR1
are capable of being fireined in anAg-dependent mannefthis has raisedhe possibility thathe
ptertin basednhibitors could be stimulatory twertainMAIT cell populations Indeed, Gherardiet
al.>* recently identified minor subses of MR1-reactive MAIT TRAV12" TCRs that exhibited
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folate-derivative responsiveness and displayed autoreactivity tewitidl-Ag. The crystal
structure ofa MAIT M33.64 (TRAV1:2/TRBV6-4) TCR-MR1-Ag complexrevealed adocking
modeakin to folate norresponsiveMAIT TCRs. Howeverthe conformational flexibility in the
MAIT TCR-MRL1 interaction network enabled thi®late responsive TCR to recognize both
riboflavin and folatederivativebased ligands presented by MR1 (Figure 4e).

Recently,the ‘development abivotal new technologies, such as MR tetramer®, has greatly
assisted to' identifydiverse folate and riboflavin derivativeeactive MR1-restricted T cells
utilizing a diverseatypical (TRAV:2) TCR repertoire* °”. Generally, TRAV12 TCRs bind

MRL1 in an Ag depenént mannemkin to TRAV1-2" TCRs where somere reactive to folate
derived Ags and_others respanto riboflavin derived Ags. Interestingly,a subset ofMR1-

restrictedT cells possessing TRAV12-2" a-chainrecognized3treptococcus pyogenes bacterial
strain thatack"ariboflavin biosynthesis pathwaguggedhg the ability for MR1 to preserigs

distinct frometheseé currently known’. Presently,only one TRAV1-2° TCR-MR1-5-OP-RU

crystal strucfurehas beendetermined (TRAV36/TRAJ34 coupled with TRBV28¥>. This

TRAV36" TCR docks more centrallf(65° docking angl® atop theMR1 binding-cleft than

TRAV1-2" TCRs(Figure 4f and g) The centresof gravity ofthe TRAV36 TCRa- andp-chains
were displacedy.approximatelyd A towards the P-pocket Whilst the CDR3u loop played a

pivotal role in MR1 recognitioof TRAV1-2" TCRs here,the COR1a loop ofthe TRAV36"

TCR was thevkeyplaye(Figure 4g) The asparagine resid&sn2%) from the CDR& loop

represerddthe contact point betweghe MAV36 TCR and theAg by forming anH-bond with
the ribityl tail"of"5-OP-RU. Furthemore the CDRZB loop played a great role in mediating
MR1 recognition bythe TRAV36" TCR compared to TRAVL" TCRs Lastly,the CDR3 loop

was distal fromthe A’-pocket but was neverthelessnvolved in numerousMR1 contacts.
Collectively, MRZrestricted TCR heterogeneity leads to défsral MR1 Ag recognitionand

specificity.

Can MR1 presentdigands distinct from vitamin B based derivatives?

To addresshiskey question, Kker et al.>®> employedin silico docking approaches followed by
functional assaysand structural investigation® explorewhether MR1 could present ligands
distinct from riboflavin and folatedbased metabolite®\ diversepanel ofsmall moleculegFigure
5a), spanning monaoand bicyclicchemical structuresere identified potentiallycapable obinding

to MR1 includingsmall organic moleculesirugs,drugdike moleculesand drugmetabolitesuch as
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2-hydroxy-5methoxybenzaldehyde (HMB3}alicylates(e.g. 3formyl-salicylic acid; 3F-SA), the
active compnent of Sirtinol (2-hydroxy-1naphthaldehyde; -©H-1-NA), a photodegradation
product of the chemotherapeutic iappterin (2,4-diamino-6formylpteridine 2,4DA-6-FP) and
the antrinflammatory drug diclofena@CF) or its metabolite 5-hydroxy-diclofenac (22H-DCF).
Most of these=compoundexhibited nonstimulatory properties, althoughsome diclofenac
metabolites were MAIT celagonistsThe ensuing MAITTCR-MR1-Ag ternary cystal structures
showed that the drugtisplayeddiffering orientations and interactions withine A- pocket ofthe
MR1 cleft (Figure 5be). Whilst all the nonstimulatory ligands did not directly bind the MAIT
TCR, 5-OH-DCF mediatel a hydrogen bondwith the CDR33 loop d the TCR (Figure 5f) In
conclusion,MR1is mostlikely to present abroacer range ofchemical scaffolds that could

modulate MAITcellfunction in mammals.

Conclusions

The threedimensional architecture of the MR1 antiga@nding cleft is distinct from that of
classicalMHC, and CD1that present peptides and lipids, respectively. Instead, MR1 is ideally
suited to bind.smalbrganic moleculesincludingthose derivedrom folic acid and precursors of
riboflavin synthesis. Moreover, it has recently been shown that MR1 can presenthetinérat
scaffoldsincluding drugsand druglike molecules. Direct contact between the MAIT TCR and the
compound sequestered within the MRL1 cleft appears to correlate with the ability to acévate M
cells wherdoy nonstimulatory ligands fail to make direct contact. It remains to herméned
what othernaturally occurringligands can bind MR1 and subsequently modulate MAIT cell

activity.
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Figure 1. Overvienv of TCR recognition of peptide, lipid, and metaboptesenting molecules. (a)
TCR-HLA-DQ2-gliadin ternary complex (Pdb code: 40zGY, (b) TCR-HLA-B*3508-
13merternary complex(Pdb code 2Ak4)*°, (c¢) TCRCD1b-GMM ternary conplex (Pdbcode
512k)*’, and (d)MAIT TCR-5-OP-RU-MRL1 ternarycomplex Pdb code4NQC)?. The top panels
show a cartoon-representation of the crystal structures of the individual teamapjeges.The
middle panelsshow a top view of the Ag bindingleft of the respective MHC and MHiike
molecules The bottom panels show the molecular surface of MH®IHC-1, CD1b and MR1with
their bound antigensBlack-filled circles indicate the center of mass of the Va and Vf domains.
CDR loops color eodes: COR, teal; CDR2a, pink; CDR3a, purple; CDR1p, red; CDR2p, orange;
and CDR3p, yellow: Structural illustrations in Figures 1, 3, 4 and 5 were prepared usM@Py

Molecular Graphics System, Version B5.8Schrédinger.

Figure 2. (a) Chemical structures of vitamin B related MR1 Ags including pterifigtrfyl pterin
(6-FP) and (acetyb-formyl pterin (Ac6-FP); pyrimidines: H2- oxoethylideneamino)-6-D-

ribitylaminouracil (50E-RU), 5(2-oxopropylideneamino)-6-Dibitylaminouracil 6-OP-RU) and

5-(1-methyl-2-oxopropylideneamino)-6-D+ibitylaminouracil (5MOP-RU); lumazines :
hydroxy-6-methyl-8-Dribityllumazine  (RL-6-Me-7-OH),  reduced #ydroxymethyl-8-D-
ribityllumazine “(rRL-6-CH20H) and 6 €limethyl-8-D+ibityllumazine (RL-6,7-diMe). (B
Condensation.__reactions of bacterially produced riboflavin _intermediatemi®o 6-D-

ribitylaminouracil (5A-RU) with reactive ketones/Aldehydes, which subsegquently dehydrated to

ribityl lumazine.compoundsia pyrimidine intermediates.

Figure 3. Presentation of vitamin B derived ligands by MR1. The-antigenic 6FP (a), the
agonist 50P-RU.(b), and the weak agonist Ré-Me-7-OH (c) are slown in the MR1 binding cleft
(top panelyand-their interactions witthe A+F7 MAIT TCR (bottom panels TCR CDR3a and
CDR33 arecolouredpink and light blue respectively.yldrogen bondsre showras black dashed

lines and watemolecules as red sphere

Figure 4. T cell receptor heterogeneity of muceaakociated invariant T cells. Ternary structure of
atypical TRAV1-2" TCR (a) and the footprint of TRAV2/TRBV6-1 TCR (b), TRAV1-2/TRBV6-
4 TCR (c), TRAM-2/TRBV20 TCR (d) andautaeactiveM33.64 (TRAVL-2/TRBV6-4) TCR (e)
on the surface of MR1-®P-RU. (f) Ternary complex of artypical TRAV1-2 TCR (MAV36) and
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its footprint (g) on the MR-b-OP-RU surfaceBlack-filled circles indicate theentreof mass of the

Va and VP domains and the CDR loopsare colored as ikigure 1.

Figure 5. Various classes of small molecules chemical scaffolds bountl &p@rt from vitamin B
derivatives. Chemical structures (a) and docking of the compourttie MR1 groove (b) 6FP,
purple; HMB, teal;yDCF, pink; 20H-NA, purple; 2,4DA-6-FP, red; 3F-SA, orange; and-BH-
DCF, yellow."Detailed interactions ofBB-SA (c), 20H-1-NA (d) & 5-OH-DCF (e) inthe MR1
groove where theragonist@H-DCF is the only on¢hat has a direct contact witthe CDR33 of
MAIT TCR (f). Theorientation ofMR1 binding grooven c, d and e are consistent with Figure 3.
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(@)TCR-MIIC-TI-peptide  (D)TCR-MIIC-I-peplide  (¢)TCR-CDIb-lipid  ()TCR-MR L-metabolite
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(d)

TRAVI-2 & TRBV6-4 TRAV36 & TREV2E
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