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b~ EETEHEER O AR EHE TIX. RIS LS T D a2 U TR R R RAR & PR
T HAHEA (ARGIE) & BRICFRIZD D25 b OO IR FERAICHERT 2 A (5%
B2 DAL CHRE L T\ D, BRMEZHE S Mias LTix, fkiilao~ s 7 »—UNabh
TEY ., Toll HEZEEEZN LU REFEOFR@ EICL Y RIEMWEY A NI A > OFEASHUR R
A~V X—T MO 2 75387 5 (Figure 1a) 2, — 5 CHEAMAERIL, BMIKLS° T AL H0 &
o THERET 5, 2D 95, THIMEIE T Ml (TCR) MW T, FuUsidriifa (APC) Lo
PR S MEEA . (MHC) METRT DR HR A B RORTF FHUR 27 L, SZISE O
HiCRGAAE « ASAFIIEOPERRZ 5 (Figure 1b) 3, AENIZIX, 10" Z#8 2 % ZE-IED TCR 237
ETHEBEZLNTEY, EERERIIE ROEELZB U CEAL O 2222562 &
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Figure 1. (a) Representative innate immune response. (b) Representative acquired immune response. (c) Immune
response by NKT cells.
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T HEBRMIRER & L TR SO TV D >, ARMERE T ML, T Mla S Ea I Lo
HIZ LD | PURSE RIS BN ST 2 PURZ 7R U TR (LT 2 ATk, B riiaic 7z
TEHEALERRR 2 FFo, —H T, — 72 THIfE & 72 0 TCR OZERMIZZ L <, TRIRIEHERORED
PUROHZRHT 5 (Figure 2), T2, GEISEOEI OBLEN LIRS 5 & H50%E CI3ER
WD BEOE D2 Ok L, BRGREER T MM 58 A CInEE~d, 2F0, A
SROGIERE T ML, THIIRTH D 235, HARERMIIGEWEE 2 Ff>, X512, & T Mk~
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FTA1 3 1TDO—2>Th% CDId IZ &L > THUFRIER SN HEIRE Y o R 2Rk U IR b &5
facHv ., EMHALT 5 ERx 72 A A > (IFN-y, IL-4,1L-17 72 &) % pFEAT 2D (Figure 1¢), =
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Figure 2. Characteristics of innate-like T cells.

AWFZEIZ BT EHR T, NKT Mila L WA THFEEEZHLD TWDLHARREKR T Ml Th D
mucosal-associated invariant T (MAIT) #fifaiZ35 H L7z (Figure 3) *°, MAIT fifadiX, & FORMEH
RMICEEIFET 2 2RO NTEY . FrICHE . T, RIEMIZBWTIRERERN LV, ERNO
FEAED THEIE, affl BEHIBRKD TCR Z#H T 5 opT MlaTH 503, HFlEH @ opf T MED 5
B 45%, RO ofT FKLD 9 5 10%. IHE D of T HIED 5 5 3% MAIT #laCTH 5 & D
TV % (Figure3a) ', ZOfFTEEIE NKT Mifc & i L CTHIT 572 < 2, B Mg RO T
JamigE & U CIA< MmN T\ 5,

MAIT MIfIZLL T O X 9 L TEH S D Z EBNH BN E o T D, Ko bEW s FE i il
) MHC 7 7 A 1531 ®—>T& % MHC class-I related protein 1 (MR1) 2 & > TH/R 4L, MAIT #
filx TCR 4t L CZ DRSS FLEM AR L, &ML S5 39, MAIT MifE23388L 9% TCR IXIEIE
TRTOE FTHREFSNTEY, TCR 2% T 2 a s pHDO H B, a $HO AIEMEIKITEIZ TRAVI-
2 & TRAJ3Z BIn TR DMIEIZRE S LTS, BEHIZBWT S, AIZEEIKIL TRBV6 X° TRBV20
BIRFREVONONY =— g U FEETDHH 00, TOBBITHEERICREIN TS, £
7=, 3EME(L L7 MAIT @i, IFN-y R IL-17 72 E DY A S A & EAET S, CD4OL ORI



FREELY FH S, BRI OKRRE T2 LN TE 5, T74bbH, MAIT MR NKT #lEERE,
HARGOIE R« B R OIEMAL 23558 U, A5 AR S <023 AR D PEBR &2 Y- 7R — |
LT3 (Figure 3b),
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Figure 3. (a) Localization and (b) function of MAIT cells.
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6-FP, i6-FP) %, MAIT Myt LEM 2 7= e\ oD, MR1IZERS fEA L, 5-OP-RU 72 2 &
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HR L2 WAERMEAL A2 MRL U T RELTFET DD TIERWNEZEZ B TWD B, i,
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Figure 4. Representative MR1 ligands.

MAIT a4 T MRIICHER SN D HUR 2785 LIEME(ET 5 T Mila (MRIT #fd) OFFFED

FHHNTWDN, TIHIET 2BRITEA T W 7, 2 E TOMZEN S, MRIT #ijgix, ©
MAIT #Hl@, @non-canonical MAIT #fifid, @atypical MRIT fifidd> 3 FEEICFETHZ LN TE S
(Figure 5), Non-canonical MAIT @i, MAIT flifa & REVNSHEEIS 5 —FH T, #7725 TCR = 6f
LTEY, UHy N 2INEORKN R D, £7-. atypical MRIT flifiid MAIT Hifid & ZKBH
t TCR OFE D B2 5 MalECh 5, T HOMAAIX, v MAARNOTFIEED MAIT Mlal T
XM D 7N ERMBITND OO, K 7e U v RIREZRT 720, IFEEE AR -
TWb, BlZIE, Ac-6-FP i MAIT Mz L CIEMEILIEA Z2 7R S 72003, W< -D7)>D non-canonical
MAIT #fifld, atypical MRIT M@ Z1EMALT 5 Z ERHME S TS 2, £, BABEIZIGH T
5 A[REMED & % MRIT #lfdS° Streptococcus pyogenes H K DOFUR % 583% L TIEME(L 32 MRIT #lifid &
R ST g 220, —5 7T, BEfFO MRIT flfakk %X, HUR/MRI EEERE & R < HHAAE
32 THMELAMRETE RV, BMEICEOEM ORI 223 272 8, HEEE « Bl O8] Tl
BT S TND, LB - T, Zb A2 fRET 5 & 5 72 MRIT fiflaik ik 2 Bi% T X U, MRIT #f
JADOBMRIZHERCE 5 B2 b 5D,
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Figure 5. Characteristics of MR1T cells. 2Some specific T cells in this category are activated.
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-2 HiTIE. MAIT HIIRIEME(LY o RO—>Th 5. 5-OP-RU DREETEMEAHBIRFZEIC
WTCRLERT % (Figure 6a), MR1/5-OP-RU/TCR O = HEARD X ik it &I IC s ShTn b
H OO, MAIT MR OIEMALIC EE 2 AMER T O 2 STy, & 2T, 5-OP-RU OffiE%E
NR—2 & UT-AIBREMZ RAE % . 5-OP-RU OREIETEVEFABINFIE 2 S L 72 Ak 5. TR PR BLIC B2 72
HoOEEZRET 2 Z STk LT,

B T MRI VB FORZ Y == ZEOHNIZHOWTCEERT 5 (Figure 6b), i
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Figure 6. Overview of Chapter 1. (a) Section 1. (b) Section 2.
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Figure 7. Overview of Chapter 2. (a) Section 1. (b) Section 2.
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B—E MAIT MBOEEEEZHIET S VU F 2 FORISFSE

Y REY B R 5-0P-RU O ETEMHE R ZE
F—IH MAEER

MAIT flifaid, HrRFE M EOFUR/MR] EEA 2 TCR 24 L TRk L. 1&MELT 5 MilaTdh
Do ZHETICHEINTVSD MRL U ROFT, H&H I MAIT filRZIEMELT 56EW
XL MAEmREIZHERT 5 5-0P-RU (1) TH S (Figure 1-1) ', 5-OP-RU |&, 4 DDk FrF
Enben TV EF MR FLvERKTHD [T VLR RETIHMLTHD T4 DAR=VE
L) £V D 3 DOEHEENLRDIED LA TH 5,

° MR1 TCR
@ "=
APC

ligand
MAIT cell
OH
HO., _A_OH

ribityl group

H

HN._N._.O

(Y o
N NH uracil ring
Iminocarbnyl { \ﬂ/”\H 0

moiety fo}
5-0P-RU (1)

W Derived from microbial metabolite
B Strongly activate MAIT cells

Figure 1-1. Structural features of 5-OP-RU.

5-OP-RU IZ. $84EMD VR 7 Z & A RIIATH % 5-amino-6-D-ribitylaminouracil (5-A-RU, 2)
&L EICHABEOMBE R SICHKT D AT AT Y X — RN ERNTIHEBERESTHZ & T
PEAESNHILAMTH D (Figure 1-2), £72. 5-OP-RU [ZKRBEEFICBNTARLETHD Z N
WG SINTWD ORHEREE - & 15 KR, Zhid. A X BV = VEML IR 3 iR 2 52 1 R0
W2 EITA, BHIT cis-5-OP-RU (ZEMAL L, 53FHOD 2 77 I b OREKEZZ T T, 7
methyl-8-D-ribityllumazine (RL-7-Me, 3) ~AEH I 5 Z LIZERT 5 2%
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Figure 1-2. Biosynthesis of 5-OP-RU.

MR1/5-OP-RU/TCR @ =FHERD X B E M I2 L W . MR1 X° TCR IZx3 % 5-OP-RU @
FAERERT, BRI TV (Figure1-3) ', MRI & O AE/EFAICB W T, FRHoEEL
EZHNTWDDIE, 5-0P-RU #EEF DA 2 /7 VR =4k & MR RS 0 Lysd3 ORI TR &
N5 Schiff i TH Y . ZHIT LY 5-0P-RU 1% MR1 L ZEREEREEKT D, — T, TCR &
OMBEEMRIZE L TIE, VEFAENEEREEZHS> TN EEX N TS, LaL, A%
DOBMEY PN T, ISR RIIHE ST b3, BERMNIC E O EMERD MAIT i
ZIEMALT 2 ECEEROMIBE L TUIHA LI TV o T2,

Figure 1-3. Binding mode of 5-OP-RU (green) to hMR1 (gray) and MAIT-TCR (blue) (PDB ID: 4NQC).
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ZIHOLEERDOL &, FHILS5-OP-RU OREZ LR & U7AIBRER 2 AR 2. 5-OP-RU OREETS
MEFEBEIAFIE 2 SE0E L7z, HFlC, TCR L OFAAERICEB W TEE 2 BFLEIZER L, £2O2VK
FMER D A W TENE 2 HEFRAD R L 7= (Figure 1-4) , & 7=, &G MEAR BIAFZE CFF O L 721G MEREAf
F—& L BFEEORES T — RO S . MAIT M2 1EVE(L4 2 L CEERME AR ORE %
AT,

OH OH OH
HO... i\,OH HOfMOH HOI'\/OH
/ HO HO™ ™ HO™ ¢
oH oH
o Ho\f\,OH HOL_A._OH HO:I\*,OH
HO.3 ¥ _OH \(\’
zg\/ HO HO™ HO™ ™

oH
Y
OH oH
L‘;ﬁ HO., &OH HO._A._.OH
\”)N'\H o] HO' HOI;\/

N T w T

|\|/’ HN__N._.O N._N._0O

N N | NH \[//\E
L0 HoN N

H 0 0

Figure 1-4. Overview of structure-activity relationship study of 5-OP-RU.

%/ _IH 5-OP-RU FEARDERR & ALZEE MDA

FP. BEICHRE SN TV DHRLEBEIC, 5-A-RU OETONAKREMK 2a-h /T2 2L L
L7z (Scheme1-1) 34 (XU IZ, BEEID FIEIIHE - TEBL L 72 6-chloro-5-nitrouracil (4) %, k% 72
N EFEEETHT ) T a— b Sa-h EHFEESM FRISESEAH 2 LT, 6a-h A LTS, &
WT, %= Fa 7 T30 6a-h %, Nan$,04 % IV TIEILT D Z & T, 5-A-RU & T DNARFEMAK 22—
h Ztf5 L7z, 5-OP-RU OB NAREME(R 1a-h (X, EORNLZEMDIZOICEHIREDRFETH LT
B IEMEFEICES U CIERIBE AR 2 & AF LT ) A — L E2RAET S Z & CHEFFAR L7 67, £7=,
ARIEBEHNIZ BN T, 5-OP-RU DASLARBMER D FRBR L Z 5 S 22 & TARLT 5 3a—c, 3e,
3g LOFETHR LT 28,
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N
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.........................................................................................

Scheme 1-1. Synthesis of 5-A-RU and RL-7-Me stereoisomers.

RZETETR 5-OP-RU D53 fti 2 BT 5 & 2 ONARBMER G FERICAZETH D & TIN5,
UL2r U, TEMFI T 2 BRI CREMICENRH D256, B SRR OTEE 2 X ik 32 2
EMTERY, EFRIZ, Awad HIE, B FrX U REORER LS, U BT VEOMEEZE N LEMHEITK
BT L L ERELTND M, 22 THA L, SR BRMEROTEEFMIZ /N - T, (bF%K
EWAEHRT DL & Lz, BT S U FA~—0DFIRIZARV 4 DO RMAK 2a, 2¢, 2e. 2g % DO
EATFNT IV FXRY—NHFIEF A FaX—FL, 'HNMR 2LV 5-OP-RU O FME(R 1 KT RL-7-
Me O FMEIR 3 OV HAFIE R OMRFF (LA BHF L7= (Figure 1-5), ZOfEFR., WIho B 1
HIZIEFE T ECHfE L, 2 FMRICIZRT O DIFEAEHEET L ERH LN E 22572 (Figure 1-
S5a), £72. WTNORMEERGBIFFER CEE T3 LI D Z L3R I L2 (Figure1-5b), 24
HOFERNG, U EFIEDOSIELTFIL 1 O E 3 ~OEHHE IR L 5 27202 LR D)
Lot
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Figure 1-5. Formation kinetics of the 5-OP-RU and RL-7-Me stereoisomers. (a) Formation and degradation of
1a and its stereoisomers 1c, 1e and 1g. (b) Formation of 3a and its stereoisomers 3c, 3e and 3g. Product
formation was monitored by 'H NMR analysis every 10 min after methylglyoxal (40% aqueous solution; 58 pL,
0.33 mmol) was added to a solution of each precursor 2a, 2c, 2e and 2g (5.0 mg, 0.013 mmol) in D20 (730 pL).

®=T 5-OP-RU FHEKDOFEHZTM

5-OP-RU =& dr MR1 U > Ri%, HURERMaH O MR IZEEA L%, U v R/MRI EAEE
kLTMMT%@@Taz_M&éMé & T, MAIT MR 21532 Z &R TEx 5 1, Zhai
¥ %2 . human MR1 ZZE 8 S 72 HeLa #ifd (HeLa.hMR1 i) & MAIT #iid® TCR (a-chain :
TRAV1-2, TRAJ33 &{xF-. B-chain ; TRBV6-1 EinF) ZEisnE A L7- TG40 Mifid (TG40.MAIT-TCR
HEfL) DOILFFERZ HWT, FEMARO T HIREM(LEEZRHE Lz, B5E 2 oMz Y 7 R
FAE T 24 FEfH A > F 2 _X— F L7ctk, TMROIEMH L~ —7 —Th 5 CD69 DAl Bl &4 ~7
2—HA FA MY —{ZXVEE L (Figure 1-6a) 2, & 52, 5P IC W S 7z IL-2 O &% ELISA
EIZL VHE L7 (Figure1-6b), 7 72— -1 K A KU —_ ELISA W HOIEHFHMEIZIHB VTS, 1b—
f. 1h [XF LA ETESEE RS o Tc, —FH T, 4#-O0H =~ —Th 5 1g (L 5-OP-RU (1a) & [A%E
DIEVEZA L, IBEKREIC MAIT Ml 215032 Z DB NnE R oTe, FATIFRIZEB VT,
Awad 5, VEFAEOK L ReX T EOT A4 UK EHWT, FEORBREZIEL TS, 15
1L, 4-OH 74 F UK 5-0P-RU & [AZ: D MAIT MlaiEMHAL/Ef 2 7~r 34— T, 2°-OH 7 4 F 1K
R 3-OH TAF VIR TIHIEMERRKEL T2 L 2HmELTND 1, ko tnb, UEF L
FH D 2°-0H <° 3°-OH 1T MAIT A2 &ML 5 ECEEREEZH > T\WDH D2k L, 4-0H 1%
MAIT FREMACIZIZE & A EFE L TOWRNWZ ERREB ST,

B3It Braganza 513, vﬁxﬁ%@kmlkarmR%%wT U B F VIO TR AR %
a@tﬁﬁﬁsmmU%%m%ﬁ R L, SEREMEAR TIEMEICIZ E A EER RN EERE L
TW5 B, Zhlzxf L, FHDOFERR T, tﬁE%@NRl&MMTER%%VT@ MR Al 21T

Lﬁ@LD R EDNR %2 AT % 5-OP-RU FHEROIIEEEZHT 5 2 L 2P 5 LT
Ho YhbEDZ 05 MAIT-TCR @OV 7Yy RIBGRICITFZEZN H D 2 & PSR iz 1415,
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Figure 1-6. MAIT cell activation by the 5-OP-RU stereoisomers. (a) CD69 surface expression on TG40.MAIT-
TCR cells was evaluated using flow cytometry after 24 h incubation in co-culture with HeLa.hMR1 cells in the
presence of each ligand. (b) IL-2 production in the supernatant was measured by ELISA. The graphs show the
mean = SD of triplicate measurements, and the results shown are representative of at least three independent
experiments. ND = not detected. APC = allophycocyanin.

—f%IZ, MRIIZ/NEENT, Fx DNV Xar E 2B LEIRETHEL TS EEZXLNRT
Wb, LU, FFEDY T REEAGERERKTHZLICE-T, avy7rA—Ta UBRELL, M
fam LIZBET 5, F72. MAIT fildo TCR 23585795 Dix, MR1 U # v REATIEZ2 <, HiR
feonfifiE ElCHEoR Sz B RIMRI SR TH D, LLENS, MAIT Milgicxt 3 H7EMEIL, TCR
& MRL VB REOT 7 4 =7 =121 T < MIBRKREIZHIT S MRL U F 2 F/MR1 HEED
MR A BICOIRIET 5 & PRRENS 16, 22 T, MAIT fIIEMACIER 2 Fod 8k & Fi- /e
WEFER DM T, Mkl EOESEROFIERE, TRDLHURIEROBITENVDRH 5 DO0ET 2
NP Y

HeLa.hMRI1 iz % U 5 RIFE T 8 FEHA > % =<— kL, Mifld L MR1 ORiEFHEIEL 7
O—HA b AR —=ICL VR L, TORE, 1a, 1b, 1g ZAWVTHA . thOSTIRRMER & g
LT, MRl OffifaRm B EL LA S5 2 L3R I (Figure1-7), la, O 1g (35 DTEM:
FEHIZ BT, MAIT MR LIER 242 2 LR ENZFEARTH D, L= > T, MAIT Hl
R DOIEMEALIZ I MR ORERBFED EH NS ES L TOW D AEEERH D Z & 0VRIE Sz,
72, 1b X MRl OMifdREHERELZ LA 5 —FH T, MAIT filaZiEHEE L7Z2VMR1 U T R
ThHIERHALNEIRoTZ,
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Figure 1-7. Upregulation of cell-surface MR1 on HeLa.hMR1 cells in response to 5-OP-RU stereoisomers. MR1
expression on HeLa.MR1 was assessed by using flow cytometry after 8 h incubation with ligands. The graph
shows the mean + SD of triplicate measurements, and the results shown are representative of at least three
independent experiments. PE = phycoerythrin.
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Figure 1-5 [Z/R L7231 YD | 5-OP-RU O BMEAR 11X, A I/ DV = AAEIED KR L0 —En
5-A-RU DO RMAR 2 ~L3fiEd 25 2 LITINA T, 40 FRERRIC K0 BRI E e RL-7-Me D52
PER 3 ~EHa I N D, 2D, 1 OIEMEFHMBIZEHE T, RNICIE, 1M LAY 2 RO 3 237
T52% £2IZT, ZbHOMAEWH MAIT MIEMHGIZ G5 2 5B E2RET 5720, 2 L3 OiEME
P AT 5 2 & & L7z (Figure1-8), VEMEREATIZ, 1 & [FEE, CD69 DMK mHFEBL&E, K OVIL-2 FE
AR FEN LTz, FHIOAER, 5-A-RU OREETEMEFEEIIL 5-OP-RU OREETEMEFEES & Rk D
FERICIR ST, Thbb, (2°S3SAR) #A 7OV EFNALEEET S 2a, KT (2°S,3°S4°S) ¥ A7
DY EFNVEEZFT 5 2g DI CDO9 DRI &KX N IL-2 OpEAZ LR SE-, —J57 T, hosz
REMERITIFZ E A EIEEEZ R & 2o 72 (Figure1-8a,¢), & 512, —#8D RL-7-Me D EIE(K 3a—c,
3e. 3gTxf L T%H MAIT flfaiE M LREZ A L7ciES. (2°S3°S4°R) . KTN (2°S3°54°S) # A 7D
U BT ERT D 3a & 3g OADBEERTFIINC MAIT #iflg 215 6 L7- (Figure 1-8b,d), LA LD
BB, (2°83°S) ORI FERETLH2TOY T K 1-3a, 1-3g 7% MAIT Mifd &ML 3 28
BEATHIHLOO28XO3OEEHIT1 L HIRNZ ERHLNE o7, 2D OFERIL, MAIT
AIROIEHACIZIZFFEDON AR ED Y ETFNVEEZ RO ENRMERAKRTHDL—FH T, VI IVE
IO EIRBETEETH DL Z L AT LTS, LEN- T, WU ARELZAE TS BF
NI L e B A A G DD T T TEMERE < ZEPED EV MAIT AlAaTE A2 A5
ARECH D Z ENHALMNE 5T,
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Figure 1-8. MAIT-cell activation by 5-A-RU and RL-7-Me stereoisomers. (a), (b) TG40.MAIT-TCR cell activation
was detected as CD69 surface expression using flow cytometry. (c), (d) IL-2 production was detected by ELISA
after 24 h of incubation in co-culture with HeLa.hMR1 cells. The graphs show the mean + SD of ftriplicate
measurements, and the results shown are representative of at least three independent experiments. ND = not
detected. APC = allophycocyanin.

HEUIE  5-OP-RU FE R DA VERARNT
UA> Kla KM 1gl3HFEMTHY . TNZIHOIZ 3a KON 3g 1B I N A IZHBD 5T,
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3a X° 3g HLR L 0 58T 72 MAIT MG ME(LREZ A 9% (Figure 1-8b, d), Z Ui, la LN 1g 355 f
SNDHENC MRl EEAEERERKT 22 LIk, REMESNDTZDTHLEEZDNLD, £ T,
FEERIZ 1a KN 1g DRI MR EEEEEZTEAR L TWD Z L 2T 2728 BT HIAHA SRR 217
-7 (Figure 1-9), HeLa.hMRI1 #lifa% 1a f77E T 1 KffllA > FaX— ML, ZO®%EMZREL T,
23 W U v RIEFTE T, TG40.MAIT-TCR L HBi® L=, £/, = br— L EBRE LT,
HeLahMR1 % la 7F(E T 1 B[] A >3 2 _— b L §5 i % B 289°12 . TG40.MAIT-TCR Z#s/ L C,
X523 Ffli]A > F 2X— b L7z (Figure1-9a), 2 DD H72 % 51 THi#E L7z TG40 fiflc k1T 5
CD69 DEE I EL MR LI 2 A, BMZHBOERIZL > T, 13L& A ETEHITEL Lo T
(Figure 1-9b), ZUi%, 5-OP-RU 7% 1 FELANIC MR1 EEAREKT D 2 &, RO DOEAER
FEAREEREEZNLTHAL TSI AR LTS, — 5T, 3allxt L CRIRDOFIERZTT-
ol 2 A, oA B L | IEMEITRE <JEES L7z (Figure1-9b), 3a(f 1a & [3H72 ) MRI1 &3t
HREAT DO NVR=NVEER L TR E2BEE 25 L, 5-OP-RU NDA 2/ BLR=)L
& & MR1 B Lysd3 & ORBIOMEGFEER 7 Schiff D2, MR1 & DB A KKK E <
HEHELTWDZ ERNRBENT,

(@ (b)
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Figure 1-9. Medium-exchange experiments. (a) Experimental scheme. (b) T cell activation by ligand treatment.
CD69 expression was monitored by flow cytometry after 24 h of incubation with or without medium-exchange.
The graphs show the mean + SD of triplicate measurements, and the results shown are representative of at least
three independent experiments. APC = allophycocyanin.

% |Z. Molecular Operating Environment (MOE) % VT, 5-OP-RU, MR1, MAIT-TCR ® =31
BEROREEET— FOfT 21T > 7= (Figure 1-10) . BEIZHE ST % MRI1-V 5 R-TCR ODE AR
D X MG (PDB: 4L4V) 27 07 L—hE LTI 21T 72 & 2 A, 2 TONRRMERICE
WTC, DI UNERBMOA X ) VA= WS, FfkOa 73 A—a 2072035, MR1 O
fEERT Y PRI E > T e, —F T, UEFARICE L UIRMEEM Ty 7+ A —2a o)
RES B> Tz, EIEMERMEAE (1a,1g) O KOO Ru ¥ BKiX, 2 EiEERDE
[1]C TCR @ Tyr95 XX MR1 @ Arg94 EFHAEAIER LTz, ZHUTxt L, SRR MER TR, 2
ONEOE Ru N R7p 25 G EICEHR LTV 57252, TCR @ Tyr95, MRI @ Argdd D H 5,
WIp b —FHEIKBRAEBRL T RoTz, &5, 1a & 1g TRARDIKRELEELZ AT 5 4
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MO R RIZERT DL, 1a 2 MR1 @ Arg94 SAHEMEH L TS0k L, 1g i TCR @
Gly98 LHAEAFH L TWD Z LM BMNE o7, LLEDOEN 76 TCR @ Tyr95 & MR1 @ Arg94
& DKRFEFEG D MAIT MR 2152 ETEHETH D Z L 2VRIE S 7z,

(a) Compound 1a (b) Compound 1b

Arg94
Arg9

oo W Tirisz.

(c) Compound 1¢ (d) Compound 1d
/

Vi y (
. - Tyr152
Sl Tyros Gly98

(g) Compound 1g (h) Compound 1h

of I —
Y

Gly9s

Figure 1-10. Binding mode analysis of 1a and its stereoisomer 1b—h with the MR 1-ligand-TCR ternary complexes
(PDB ID: 4L4V) as a template. Interactions between MAIT-TCR (yellow), MR1 (pale green) and each ligand (gray)
are shown with the distance (green).

FHIE NG
FEHIX. 5-OP-RU OENAREMER, R OZE OB #E L EW 2GRk L, & OIEM: 2 @ R 27 L7,
FOREE. MAITHIRICE AU Ho RERRICBWT, 22 KO3 (O R o N EE A E 24
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STWHZ xR L7 (Figurel-11), F7-, f56E— NOMNT 21T 7
HIEMA LT 5 ECEERMAEREZRE L,

AIFRTHELNIZH O L RO AE, Hill Awad 50885 L TW5 10 L, Awad & DORFSE
1% 5-OP-RU Ot KX T oT 4% K2 A6 0THY . 20 L9 REE Akl e et
ZE B L FREE N TERE CRES B D, — T, FEPER U SLERRMEERIT, D7l
E UL LREENFZEAEFRILTHD Z ERHEIO LN TEY , WHEYLZM 2 EE OE W PR L
T, MRI & TCRIZX T DAEHDENZ T 5 Z LITHEI LT\ 5,

Z LT Lo T, MAIT #iifa

OH OH OH
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Figure 1-11. Summary of Section 1, Chapter 1.

19




FE_H MRIOHKREZGHRBREBEZEELTDIVFN SRR ) —= FHEOBZ E MAIT A
fa kil 5+ D RE

F—H WRER

PERS S RA ~DHUFHE R 248 5 1Ay MHC OFEA R » MEIHKMET 2 7 BEENRE<
NRTF REFREET D2DITHERMBREEZFOOIZ L, MRUITFEGR T v bOY A XN EL R
/%W’ﬁ%%T JEENRZ N, R T EEFEIEE EFEST 2 DICHEREE L 7> T D

o FTo. W EER 7y hEF L TWDH 78, 5-0P-RU &3 U & 2 8AEM N HH Ot

. EY R OSBRI Sy 1 (diclofenac %) 72 8 & & O TSRy 1 B HALA WY MR (385
éi’b MAIT #lfd OFEHERIENC R D = & G E T b (Figure 1-12) 1172,

L2, SNETICAHENTEZMRL U H v ROEEZHEEEZBET S &0 RMONRENE - 4+
KPED MRL U B> RRSEGFHET D EEBEZ LN TS, EBEIC, BEIXRESNTHRNE DD,
PNTHRT DHURRC, Streptococcus pyogenes \ZHKT 2 HURA MR1 ISR S D Z EnEESh
TS B35, ZO X RBERND, MAIT MildZ & MRIT MildD 2R 2 A # iR 2 i+ 2 729
2. ZTNHRFEED MRL U T REZNRIICERR T 2 FEORENPLENTVD

Z 2T, FFHIFPURETRZE S MR1 OWEAFH LI AV—T"y MEOE WAV —=2 7 %%
BN T 2 2 LA L7227, S5, KAV V—=U T REFMT 52 LT, i HRT
% coniferyl aldehyde % MR1 U 7> R & UCRIE L, & OMREMNT, & OFE AAVERMBHTIZ OV T HOF
TR EITo 72,

OH
HO,, -~ OH
HO“'C/H g\/ o 0 OH
HN._N._0 HN Nar
(T, R A AL ° °
g §f ¥ & H OH
\[H\H o
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Figure 1-12. Structures of reported MAIT cell modulators.

E_IH RV —= U TROEE
MRI (%, U H v FIEFREERIIS T v a0 L » TRENENRRE T/INKRICBEL TV b
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ERMBNTND 2, Bl 1E, MR1 BBfiaz, MR1 U A RELTHLILTWD Ac-6-FP X° 5-F-
SATFE T A ¥ a_X— 145, MRl OFIERIIEHEN LHI 5 1819,

FEHIIZ DO MRI OMEIZEH L, MRl OMifaREHBIELIEL T DLV FRA 7 V—=7
BERENIT 5 AR LT, T78bh, MRI BEIRAZ{LEWFETA ¥ 2~— KL, MRlI ®
MR mBERED ERZHERTHZ LT, MRI YT RTHLIDENZEZFITE 5D TiE/enne
Exlz, LovL, —f&IZ, MRl OISR R B EZ M 2546, SE# L 725 MR1 HURIC LD
Atk L 7 o —Y A A MU —IC k> TR T 2 HiEN L bivd  (Figure 1-13a) 1 Z D ik
X, BFEEOAMOER 25T 258 ICIXENL HIETHL DD, A—T"y MEBREKNTZ
W, A7 V==V 72 LTS EIFEWVEE, £ 2 TEFEH L. MRI OffiflaRm &0 HIZ, HiBiT-
LgBiT A7V >y b7 2T =B RATAEEHNTLHZ L LI, R AT AIX, Oplophorus
gracilirostris \ZH¥T 5/ 7 =F—F (NanoLuc) DAY v R Th 5, HIBIT X7F K (11
TN HRTTR) LN EFMICHAEER TS LgBIiT % /378 (HifaiEIEZEE Mo
2o IE) ZRHTL5HER TH D, HIBIT <X7F FiX LgBIiT # /37 HITHR A (Ka < 700
pM) L. HHE Th S furimazine F7E FIZEBWT, BRWVIESZRT 0, LR~ T, Hilask R 2
A VT HIBIiT # 7 Z 41772 MR1 258817 2 la 2 (ER3 2% Z L i, MilaRiim o MR1 %3
LAULZRmE L LTHRETE, MRI VH Y ROXZ ) —=U FRAlREICR D EEZDBND

(Figure 1-13b) , AL, {LEWMTFAE TR Z A > % 2_— k L72#%, LgBiT & furimazine % ¥/
THRTCTRHMETELHREV =T AT v, THDH, 2F 0, AIROFUEEHWD L L gL T
Vel TREN 2 RERW O MlERE TICBIT 5 Y T R é MR OEA K% i >mEIC
T A2 M TE S, £2. INETICHESINTVDERAZ U —=2 T RN MRI & U T RO
FEABFMEICESS LOICRESNTND 2 Z 2B FE 25 & ARFHERITMICERT 2 (ke
ICNTEL S U722, MR1 EFEG L. ZORERBLFHET D) 520G TE 2 TR 23
HTHD, IBIT, ARZ U —=27FR1E, MRIIZERT 20 7% AHTRHER TH 5725, MAIT
AICK LT F=2 MERZFSOMRL U T Ry, 7o ¥ 3= MEHZFFSOMRI U T K
BECcE2b0EEZILND,

o furimazine
. J fluorescent dye . LgBlT .
anti-MR1 antibody
MRA1 Kd <700 pM O

. /{ Translocation /{ Translocation

Ligand Ligand

(a)

HIiBIiT
peptide
APC APC

Figure 1-13. (a) Conventional approach to evaluate the cell surface levels of MR1. (b) MR1 presentation reporter
screening system using split luciferase (HiBiT-LgBiT).

9. AT V== J\ZHNL - T, HIiBIiT # 7 %21} 7~ human MR1 %% ¥9% HEK293 #ljia
(HEK293.HiBiT-hMR1 #fifd) ZA1ER L. ZOEERHMTi AT > Z & & L7z, HiBiT-hMR1 OFEILIfE
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L7222 ~F 7 b % Figure 1-14a |28 7§, MR IZAEENIZE N T, MRIa#{E Bom &9 2D
DI NEE LTREETHIET 208, REHEMILT 272D AMIaIcB W TIR@MeE 2 > 78 LT
ST B, F/2, HiBIiT # 71X, MRI/Y A2 N EVER~O T2 K/NRICH 2 5 72912,
MRI1 FEE R 7 > M BEfILTZ Bom O N REGIZEHA LT,

F9. BEEO MR1 U > K (Ac-6-FP) THLER L 7= 45512, MR O HiBIT-hMR1 (2 H KT 5%
HNBE SN D EPHAE LT, Ac-6-FP (10 uM)DTFAE FC HEK293. HiBiT-hMR 1 #fld % A o % = = —
N U721, LgBiT 3 X O furimazine Z ¥R L72 & 2 A, Ac-6-FP F1E FIZHB W CHE 2 ROLME D
AR S 47 (Figure 1-14b) . £ 72, A A EE 4 7eBEZ MR1 U 57> K (Ac-6-FP, 5-F-SA. 5-OP-
RU) THRIET 2 & RERFHNIFNREN EF L7z (Figure 1-14¢), 2105 OFEFIE, AFHMM %
EHWD Z LT U Ty MEAFR) 72 MRT OFBRREHRB L~V D ERZBHTE 5 2 & 2R
LTWd,

RIZ, HIiBIiT # 7 OE AN MR1 OFERRICHE A 5.2 D 05ET 5 2 & & L7z (Figure 1-14d) . &
3. KM MR1 O A2 58819 %5 HEK293 fifid &, PAME MR1 IZH12 T HIBIiT # 7f4& MR1 &%
Bi9~ % HEK293.HiBiT-hMR1 AHAD U 7 RIGE 2 i+ 25 Z & & U7z, 2 BEOMA 2 £k~ 72 MR1
VY REETA v FaX—FL, FIMRI HiAZHWCZOMEEmEZ R L &2 A, RO
L\ CHlER R ED AR S (Ac-6-FP > 5-F-SA. 5-OP-RU, Figure1-14d), O£ ¥ |
NEMED MR1 EAARMD MR (HiBiT-hMR1) C, MR mEBOEMEIXFKR TH D Z LIRS
iz, VT, HiBIT-hMR1 & U 4 > ROBEEED MAIT 25 b CE 2 0ER T2 & & L
7z, HEK293.HiBiT-hMR1 #fifiil & TG40.MAIT-TCR #Hfd %, Ac-6-FP, F7-1% 5-OP-RU f#1E F A > %
2 ~X— | L, TG40.MAIT-TCR #ifiid o> CD69 DFEEFEHEL 7 —H A hA M) —IZLVERE L,
ZDfEF, 5-OP-RU {7/£ F TlX TG40.MAIT-TCR a3 1EMEAL S 7= DIZHE L, Ac-6-FP 17(E F Tl
EMEfb S 72 2o 72 (Figure 1-14e) . Z OFERIT, FATHIZEIC THES N TWD Y T ROl L —
BLTWD W, F£7, WK MRl DA %5819 % HEK293 #fifid & bz L T, HEK293.HiBiT-hMR1
Hf & HBs38 U72 07728, 5-OP-RU 1F(E F T TG40.MAIT-TCR MfiC I} 5 CD69 D F I EMN
RIEIZHEIN L CTWe (Figure 1-14e), Z OfEFIE, 5-OP-RU 7 HiBiT-hMR1 (ZH#E& L, £ OfERAE
U 58 EED TG40.MAIT-TCR M A TG TE 5 Z & AR L T\ 5, LA EDOERN G HIiBIT #
7fFE MR1 X MR1 OAROBEEEZ L) Z L UV H Y RICEASTHZENHLMNCRD .,
HEK293 HiBiT- hMR1 fifiZ, MR1 U H> RO R 27V —=  ZICRIHTFRETH 5 Z LR SNz,
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Figure 1-14. Establishment of the screening system. (a) Construct used for the expression of HiBiT-tagged MR1.
SP = signal peptide. (b) Confirmation of luminescence intensity derived from the HiBiT tag in the presence of a
known MR1 ligand. Luminescence intensity derived from cell surface MR1 on HEK293.HiBiT-hMR1 cells was
detected after incubation at 37 °C in the presence or absence of Ac-6-FP (10 uM), followed by the addition of
LgBiT and furimazine. (c) Confirmation of the response of HEK293.HiBiT-hMR1 cells to known MR1 ligands.
Luminescence intensity derived from cell-surface MR1 on HEK293.HiBiT-hMR1 cells was detected after 8 h
incubation at 37 °C in the presence of Ac-6-FP, 5-F-SA and 5-OP-RU, followed by the addition of LgBiT and
furimazine. (d) Response to known MR1 ligands of HEK293.HiBiT-hMR1 cells. The cell surface levels of MR1 on
HEK293 cells or HEK293.HiBiT-hMR1 cells were analyzed by flow cytometry after 8 h incubation at 37 °C in the
presence of Ac-6-FP, 5-OP-RU, or 5-F-SA (10 uM), followed by labeling with a PE-conjugated anti-hMR1
antibody. (e) Investigation of the ability to activate the MAIT cells. Upregulation of cell surface CD69 on
TG40.MAIT-TCR cells was analyzed by flow cytometry after 24 h incubation at 37 °C in co-culture with HEK293
cells or HEK293.HiBiT-hMR1 cells in the presence of Ac-6-FP (10 yM) or 5-OP-RU (1 uM), followed by labeling
with an APC-conjugated anti-CD69 antibody. The graphs show the mean * SD of triplicate measurements, and
the results shown are representative of at least two independent experiments. Statistical analysis was performed
using one-way ANOVA and Tukey’s multiple comparison test. ****P < 0.0001 (b) or one-way ANOVA and Dunnett’s
multiple comparison test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 compared to DMSO control. (c, d
and e). PE = phycoerythrin. APC = allophycocyanin.

WIZ, A7 V==V TEMBICET IR EFEm LT, £3. Z'-factor ZfEEL LT, /A Fax
— 3 UREEA MR Ofa R mAE T &I R IFTHEBLEZ A Lz, 2 -factor [TFHIRDEE KT /7
A—=H—=Thb, Z=1-3[(RTT47arbta—1d SD)+(RXHT 72 hua—/Ld SD)]/
[(RYT 47 ary ha—LOFE) - (X HT 4 7T ar ha—LOEHEN|TEFZ S, &2, Z'>05
Zlld & A7 V== ZICHE L TWD LRl S D, Ac-6-FP f#7E T, 5-F-SAfFfE T, VAV K
HFEETTO, Bix oA X a— g VEEICBIT 2R MEZHER LT L 2 A, Ac-6-FP 14 F
WZB W TR 1 4 KF[E CTleR & 72 0 | Z'-factor |3 8 [l Them O & 72 > 7= (Figure 1-15a) , %
ZC, SHHZROE A X aX—T a3 VR E LCERE LT, iV T, KRNI A Y —= T
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ZERTH-DI, ZOFMZED 384 well 7 L— h~OiuE A HEM: 2 A L=, 384well 7L — bk |k

DR INEBEICEE LT, x0T 4 72> ha—L (DMSO) &ARYT 4 7 =2 ha—/b (Ac-6-FP)

OIEMEAZNEL, Z2HETHIZ LY, T—HDIE65X 27l L7z, T DOFER., Z'-factor I X

0.748 TH Y 384well 7L — F &2 W= A7 V—=V T NA[HETH 5 Z & D3R Sz (Figure 1-15b) ,
(a) (b)

2x107

Z2’'=0.748
3 5x1074 0 1
g L] ° ee
8 %. ° LA ® [ ..'0
2c 1 107 8 151077 e T e g L USRI
c 8 £ . o L]
EE L
3 ¥
- 5x10 ¢ 2E 107 ..
£E
3
- 6
0 Lo T L DMSO |
Time (h) 2 4 6 8 10 0
Z'-factor 0.55 0.82 089 095 0.85 Well number

Figure 1-15. Optimization of the screening conditions. (a) Changes in luminescence intensity and Z'-factor over
time. Luminescence intensity derived from cell surface MR1 on HEK293.HiBiT-hMR1 cells was detected after 2—
10 h incubation at 37 °C in the presence of Ac-6-FP or 5-F-SA (10 pM), followed by the addition of LgBiT and
furimazine. The graphs show the mean * SD of triplicate measurements. (b) Investigation of data dispersion
based on the Z’-factor. Luminescence intensity derived from cell surface MR1 on HEK293.HiBiT-hMR1 cells was
detected after 8 h incubation at 37 °C in the presence or absence of Ac-6-FP (10 uM) in a 384-well plate, followed
by the addition of LgBit and furimazine. The Z'-factor was calculated based on these data (n = 23).

FREkE b L2 &2 VT, xR AX v h—L REHT 5 EMIEEILEH NS 72 TR O(b
a7 477V — (LOPACI280, 1280 {b&#) I2xt L, A2 UV —=227%%ii L7 (Figure1-16a),
L)L, WTFNOLEY T HRAEEOF B RBINIBIH SN/ oTz, £22C, MRI U K&
L CHRET 2 ATEE RN BV E BN LAWK > CTA I V== T RiTH 2 Lz, ZET
WCRIESNTWDHIEEAED MRI U > K (5-OP-RU, 6-FP, Ac-6-FP, 5-F-SA) %, MR1 H10 Lys %%
H L Schiff i AR TEDL L)W NAR=NEEHG LTS WP sk 2. Freirse
EPNRET DR T HEBRACEDNORD TA T TV =, IRV HEEET 495 HOILEY
BBRINL, A7 U —="7%1T7->7= (Figure 1-16b), 10 pM TODHENIRE D Ac-6-FP (10 uM) DI
MED 5%E D KREWVWEDE ey MedE Lz 2 A, 7 DOEEFRILEY 7-13 3 MR1 U H
K& UCRES 7 (Figure 1-16¢)
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Figure 1-16. Screening results. (a) Using LOPAC1280. (b) Using compounds with a carbonyl group. The cell surface
levels of MR1 on HEK293.HiBiT-hMR1 cells were detected as luminescence intensity after 8 h incubation at 37 °C in
the presence of each compound (10 puM), followed by the addition of LgBiT and furimazine. (c) Structures of hit
compounds obtained from the screening of an in-house compound library.

BT, ey MEBAIMNEBICMRL U T RE L THERET 2 DR+ | flix EBREIT - 72,
£, Kt v MEAEW 7-13 174 F C HEK293.HiBiT-hMR1 fii1% 1 > % =X— k L, HiBiT ¥ 7'|Z
HETDRAMEZ LD THE L= E 2 A, TRXTOMLEY CRERIFI 2R ICTRE D _-F 03 e
&7z (Figure 1-17a), IKIZ, HiBiT ¥ 7 3TV WEH O MR1 & W 2856 T H RERICTEE
Z A L2, Human MRI1 %2238 S+ 7= HeLahMR1 fiia 2 EALEMIFIE F A v F 2 —
L. MRl OffifaRmBHELZ 7o —H A b A N —7gHi2 L > CTHEL 7= (Figure 1-17b), Z®
FE . Figure 1-17a A%, 2 TCOMAW T MRI ORI ERED FAPSHER SN, KEIZ, &5
{LEWDIFAE T T HeLa.hMR1 #HE & TG40.MAIT-TCR #ifa % H5538 L <, MAIT MRS LiE 2 A
THRAE LIz, TORE, WITNOLE®E TG40.MAIT-TCR Mifaz &M L L 72> 7= (Figure
1-17¢), ZOFERIL, 5-OP-RU IZEEND Y BEFNHED K 5 ZefEiEDIFIED MAIT Mg OiEME(kIC
VHETHLZEEZRELTVDINETOMRLEEZ DL, ZURERTHD EEZBND 303
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Figure 1-17. Validation of hit compounds. (a) Confirmation of the dose-dependency. The cell surface levels of
MR1 on HEK293.HiBiT-hMR1 cells were detected as luminescence intensity after 8 h incubation at 37 °C in the
presence of 7-13, followed by the addition of LgBiT and furimazine. (b) Flow cytometry analysis of cell-surface
MR1 using HeLa.hMR1 cells expressing HiBiT-untagged hMR1. The cell surface levels of MR1 on HeLa.hMR1
cells were analyzed by flow cytometry after 8 h incubation at 37 °C in the presence of 7-13, followed by labeling
with a PE-conjugated anti-hMR1 antibody. (c) Investigation of the ability to activate MAIT cells. Upregulation of
cell surface levels of CD69, a T cell activation marker, on TG40.MAIT-TCR cells was analyzed by flow cytometry
after 24 h incubation at 37 °C in co-culture with HeLa.hMR1 cells in the presence of 7-13 (10 uM), followed by
labeling with an APC-conjugated anti-CD69 antibody. The graphs show the mean + SD of triplicate
measurements. Statistical analysis was performed using one-way ANOVA and Dunnett's multiple comparison
test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 compared to DMSO control. PE = phycoerythrin. APC =
allophycocyanin.

% =T Coniferyl aldehyde D& ETEMEFEBIAFIE K OBERERRHT

MNTEHIL, A7 V== 7 THRLNZE y MEEWOTTH, F7IZ MR1 OAIEE ISR & O
5% < 7538 L7z coniferyl aldehyde (11) (24 H L7z, Coniferyl aldehyde I%. Cinnamomum cassia
2 EOMBIEER R DAL, BASR EOBYRSICEENIEHTH S 335, Coniferyl
aldehyde O X 5 e PIRIEER ZFF2> 7 =07 a3 ) A NZEERSE DI IR o5 7
W, FHH X coniferyl aldehyde FEfZx KIRW) O HIZ . MAIT Al OBEERERIE A2/ L CHIRIEEM 2/~ 31k
EPFIET DO TITRWNhEE X, 22T, ARESLEMHMEMIZH KT S coniferyl aldehyde $Hi%
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KWz 5 L (Schemes 1-S1-S5) . HeLa.hMR1 iz Wiz 7 o —H A X MU =372 k> T
MR1 Ol R EHEH &L EH SE5EHOBE 250 L7 (Figure 1-18a,b), X B8 EDE
eGP 0 7213 1 DOMERIA 1421 ITITTEWENTHER SN2 o 72— T, Bt GrEE
B 2 SR ORIRRIA 22 B L1223 (X MRI OffaREFRBED LA 2R <GHE LI LAY 22 13,
RIETR A 2B T DR E2FOE LCTHEM T U7 20 & T\ 5 Andrographis Panulata
ICEENDILEMTH D 3, (LB 23 1THAFRMEY T D Phytolacca americana |23 TN 5D 2
EDRHIOLITND Y, Flo, RUBVER EOBEML A M LR (24) X 3 i L=k E
WO U7 (25) ClE, IEMRIIKIEICIE T Lz, £720 3 e 5 (LI A b Ui FFo8EixiA

(26), VA XY =N EFEOREKIL (27,28) I LA CTEMEEZ RS R0 0T,

KIZ,MR1 OffifaRm i g&s FA 385 L CEHEERTOHEEZRIET 5720, FERIRD coniferyl
aldehyde %5 {A % 5% L (Scheme 1-S6-S11) | 5 72 5 #&EHEAH B O Fi A 21T - 7= (Figure 1-18a, ¢)
THEMEAG AR UIEFER 29, KO 2 RFFIRME R SEFHEMA (30, 31) ITIXEESHER SN
o te, o, AAVINEORDYIZ, TEFE 32), LRIV 33), VT /K 34 %
B4 HFERT, 1 ZEAETEEN -T2, LRS- T, 11 OV S VT E I~ DTN
HTHY ., TOEHREMLEDN Ac-6FP X° 5-F-SA 72 Efthod MR1 U H > K E[REE, Lys43 & Schiff ¥k
I T D RHEENSH D Z E MR I Tz, VT 11 OB U EOBEHILIZ OV TR ETE M
FHEAMFTE 2 FEhtE LT, 7 = / — WKL A R (35) . E/-IX@EMALE % 4 (D 2 MLIZZE T (36)
THE EEIIKBICED Lz, A MR HEORDOVIZTATFAT I EKEBEANLTHELR (37)
t. MR1 OffaRmBEHE ERITHR SN2 oT2, 25-V A FEUaBER  (38) 1%, 3,5-0 A b
TEFEAR (26) LV HRIEIC MR1I OfifaRm R EL LA I, €U B AR OISR (39)
ETRAGHER (40) ([TITTEMEIZIE E A LD o T, L EOREEEEFBRFZEDN S, o p- R EBFI T L
Tk RiEEE 4007 = ) —AAPEKEREEAY, MRI ZHIERE~FE T 2 DICEERTHEETH D
ZERHLNE IR ST,
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Figure 1-18. Evaluation of coniferyl aldehyde analogs. (a) Structures of the tested compounds. The cell surface
levels of MR1 on HeLa.hMR1 cells were analyzed by flow cytometry after 8 h incubation at 37 °C in the presence
of (b) natural analogs (14-28) (10 uM) or (c) synthetic analogs (29-40) (10 uM), followed by labeling with a PE-
conjugated anti-hMR1 antibody. The graphs show the mean + SD of triplicate measurements, and the results
shown are representative of at least three independent experiments. Statistical analysis was performed using
one-way ANOVA and Dunnett’'s multiple comparison test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001

compared to DMSO control. PE = phycoerythrin.

WIZ. MR1 ZHIfa RIS T AERZA8 L T ZFER 11, 22, 23, 38 IZ DWW CEEA 7o M RERT

ffiz47->7-, £9. MRI ZfEREICBE S5 ERIC OV CRERERIEME %
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so ZFH L7-, Figurel-19a |Z/k 3 X 512, BEFD MR1 U H> R TH D Ac-6-FP, } N 6-FP ™ EC 5
X, TR 0.153 uM B LN 1.63uM Th o7, Coniferyl aldehyde #5E A 11, 22, 23, 38 1%, T4
SEEAMMRI U A REVFHNEOO, FRREOEE (2.58-9.03uM) T MR1 ZfilazmI B E) S
Too FToo AT 33— VIR 23 13, 6-FP & Rk, MLoOFFER X 0 & IEMED R KRIEAMRN T & 23557
72, &I, HeLa.hMR1 HifF LY TG40.MAIT-TCR gD 55324 W T, T HFFEAKRD
MAIT Hla{ETE(LRE %2 770 L 7= (Figure 1-19b), TG40.MAIT-TCR #ifid_Eo T fifayEM{t~—H—7T
b5 CD69 ORI EZFIE & LT, coniferyl aldehyde #5354 11, 22, 23, 38 D&% R
Lz ZA, WTFNDEW TS MAIT MlIEHE(EERITMR SN o T, 2T, 2 b Dk
BRHY MAIT flifad TCR EHHAAEH L 5 2HimEELZ A L TV ianiew tEX bnd, RIZ, Zh
D OFFERD, MAIT ML OTEMEAL & LT 2 EH 2 F o0 di & L7z, MAIT MG LAl TH 5 5-
OP-RU &4 U 4 > R{#4£F HeLa.hMRI il & TG40.MAIT-TCR ffaZ B8 L2 & Z A, Ac-6-FP
ZETe T _RTOEW) 5-0P-RU 12X %5 MAIT MG ZIE+T 25 Z ERNHOMNE R T

(Figure 1-19¢), Z iU, ZHSDILEWA, 6-FP R Ac-6-FP L[ U X 512 MRI OFEER»7 v k
A L, 5-OP-RU LA THZLEZRBRLTNS, DED, ZNLDLEMIL, 7o X IT=Z |
EHZHETDH5MRI UL RTHLHZ ERH LN oT,
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Figure 1-19. Functional analysis of the coniferyl aldehyde analogs. (a) Confirmation of dose-dependency on MR1
cell surface translocation ability. The cell surface levels of MR1 on HeLa.hMR1 cells were analyzed by flow
cytometry after 8 h incubation at 37 °C in the presence of coniferyl aldehyde (11) or its analogs, followed by
labeling with a PE-conjugated anti-hMR1 antibody. (b) Investigation of the ability of coniferyl aldehyde analogs to
activate MAIT cells. Upregulation of cell surface levels of CD69 on TG40.MAIT-TCR cells was analyzed by flow
cytometry after 24 h incubation at 37 °C in co-culture with HeLa.hMR1 cells in the presence of coniferyl aldehyde
(11) or its analogs (10 puM), followed by labeling with an APC-conjugated anti-CD69 antibody. (c) Investigation of
the dose-dependent inhibitory activity of MAIT cell activation. Upregulation of cell surface levels of CD69 on
TG40.MAIT-TCR cells was analyzed by flow cytometry after 24 h incubation at 37 °C in co-culture with
HelLa.hMR1 cells in the presence of coniferyl aldehyde (11) or its analogs and 5-OP-RU (0.1 nM), followed by
labeling with an APC-conjugated anti-CD69 antibody. The graphs show the mean + SD of triplicate
measurements, and the results shown are representative of at least three independent experiments. PE =
phycoerythrin. APC = allophycocyanin.
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Figure 1-20. Functional analysis of the coniferyl aldehyde analogs. (a) The cell viability of HeLa.hMR1 cells after
8 h incubation at 37 °C in the presence of Ac-6-FP, 6-FP and coniferyl aldehyde analogs. (b) The cell viability of
HelLa.hMR1 cells after 24 h incubation at 37 °C in the presence of Ac-6-FP and coniferyl aldehyde analogs. (c)
The cell viability of TG40.MAIT-TCR cells after 24 h incubation at 37 °C in the presence of Ac-6-FP and coniferyl
aldehyde analogs. The cell viability was evaluated using MTS assay. (d) Effects of coniferyl aldehyde (5) and its
analogs on the cell surface levels of HLA-A/B/C. The cell surface levels of HLA-A/B/C on HeLa.hMR1 cells were
analyzed by flow cytometry after 8 h incubation at 37 °C in the presence of coniferyl aldehyde (5) or its analogs,
followed by labeling with an APC-conjugated anti-HLA-A/B/C antibody. The graphs show the mean + SD of
triplicate measurements, and the results shown are representative of at least two independent experiments. APC
= allophycocyanin.
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Figure 1-21. Structure models of hMR1 in complex with coniferyl aldehyde and its analogs predicted by molecular
docking and MD simulation. The crystal structure of hMR1 in complex with 6-FP (PDB ID: 4GUP) was used as a
template. (a) Binding modes of compound 11, 22, 23, and 38. The mean structures of each ligand and hMR1 residues
located within 4.5 A from the ligand, generated by 50 ns MD simulations, are represented by colored and gray sticks,

respectively. (b) Observed percentages of interactions between each ligand and hMR1 residues during the MD
simulation.
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Figure 1-22. Distribution of water molecules in the binding pocket predicted by using 3D-RISM. (a) Water molecule
positions in the ligand binding pocket of hMR1 in complex with the coniferyl aldehyde. 3D-RISM implemented in
MOE was used to predict the positions of water molecules. The hydration sites are drawn as colored spheres, where
each value represents a change in the Gibbs free energy when a water molecule is placed at the corresponding
position from bulk water. (b) Observed percentages of water molecule-mediated interactions between Arg94/Arg9
and the phenolic hydroxy groups of each ligand during the MD simulation.
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Experiments in section 1

General information

"H NMR spectra were recorded using a JEOL ECA-500 spectrometer at 500 MHz frequency. Chemical shifts
are reported in J (ppm) relative to MesSi (in DMSO-ds) and residual H,O (in D,O) as internal standard. '*C
NMR spectra were recorded using a JEOL ECA-500 or JEOL ECZ600R and referenced to the residual DMSO
signal (in DMSO-ds) and MeCN (in D,0). 'H and "*C NMR spectra using D,O as solvent were recorded at
25 °C. Exact mass (HRMS) spectra were recorded on a Shimadzu LC-ESI-IT-TOF-MS equipment (ESI). Optical
rotations were measured with a JASCO P-1020 polarimeter. IR spectra were obtained on a JASCO FT/IR-4100

spectrometer.

General procedure for synthesis of compounds 6a—h

The compounds 6a—h were prepared according to the published method (the compounds 6a—c, 6e and 6g are
the known compounds'?).* The known nitrouracil 4 and amines Sa—h were prepared according to the published
method.*’ Representative synthetic protocol is as follows. To a solution of 5a (576 mg, 3.81 mmol) in water
(2.2 mL) was added the solution of 4 (364 mg, 1.90 mmol) in EtOH (5.60 mL). Then, 2 M KOH aq. (1.9 mL)
was added dropwise at room temperature. After being stirred for 16 h at this temperature, the precipitate was
filtered and washed with EtOH to give a yellow solid (498 mg). The 20.1 mg of crude material was purified
using an HPLC system equipped with a Cosmosil PBr 20 x 250 mm column [flow rate: 8 mL/min; 5%
MeCN-H,O isocratic solution containing 0.1% (v/v) TFA]. The product was collected, followed by
lyophilization to afford 6a (10.8 mg, 46% yield).

6a: white amorphous solid; 'H NMR (500 MHz, D,0) 6 3.67-3.72 (m, 1H), 3.75-3.78 (m, 2H), 3.82—-3.87 (m,
3H), 4.14—4.16 (m, 1H).

6b: white amorphous solid; '"H NMR (500 MHz, D,0O) 6 3.68-3.70 (m, 1H), 3.72-3.79 (m, 2H), 3.82—3.88 (m,
3H), 4.13—4.15 (m, 1H).

6¢: white amorphous solid; 'H NMR (500 MHz, D,O) 6 3.61 (dd, J = 8.6, 1.7 Hz, 1H), 3.69 (dd, J= 11.7, 6.0
Hz, 1H), 3.77-3.79 (m, 3H), 3.87 (dd, J=11.5, 2.9 Hz, 1H), 4.24-4.26 (m, 1H).

6d: white amorphous solid; [a]p* +1.5 (¢ 0.51, DMSO); '"H NMR (500 MHz, D,0O) 6 3.61 (dd, J = 8.6, 1.7 Hz,
1H), 3.69 (dd, J = 11.7, 6.0 Hz, 1H), 3.72-3.80 (m, 3H), 3.87 (dd, J = 11.5, 2.9 Hz, 1H), 4.24-4.26 (m, 1H);
3C{'H} NMR (125 MHz, DMSO-ds) § 46.3, 633, 67.7, 71.1, 71.7, 109.1, 147.9, 153.6, 156.4; IR (neat cm™'):
3394, 1727, 1636, 1544, 1418; HRMS (ESI-TOF) m/z: [M + H]" calcd for CoH;sN4Os, 307.0884; found,
307.0882.

6e: white amorphous solid; '"H NMR (500 MHz, D,0) 6 3.67 (dd, J = 11.7, 6.6 Hz, 1H), 3.72-3.74 (m, 3H),
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3.80 (dd, J=14.3, 4.0 Hz, 1H), 3.86—3.87 (m, 1H), 4.10—4.13 (m, 1H).

6f: white amorphous solid; [a]p*® —1.4 (¢ 0.73, DMSO); 'H NMR (500 MHz, D>0) 6 3.66 (dd, J=11.7, 6.6 Hz,
1H), 3.71-3.75 (m, 3H), 3.80 (dd, J = 14.3, 4.0 Hz, 1H), 3.86-3.87 (m, 1H), 4.10-4.11 (m, 1H); *C{'H} NMR
(125 MHz, DMSO-ds) 6 45.7, 62.4, 69.5, 71.56, 71.59, 109.1, 147.9, 153.6, 156.4; IR (neat cm™!): 3378, 1730,
1634, 1543, 1415; HRMS (ESI-TOF) m/z: [M + H]" calcd for CoHisN4Os, 307.0884; found, 307.0882.

6g: white amorphous solid; 'H NMR (500 MHz, D>0) J 3.62-3.63 (m, 1H), 3.69-3.70 (m, 2H), 3.76 (dd, J =
14.3, 6.9 Hz, 1H), 3.91 (dd, /= 14.3, 3.4 Hz, 1H), 3.95-3.96 (m, 1H), 4.05-4.09 (m, 1H).

6h: white amorphous solid; [a]p*® +2.8 (¢ 0.51, DMSO); 'H NMR (500 MHz, D,0) J 3.58-3.60 (m, 1H),
3.69-3.70 (m, 2H), 3.76 (dd, J=14.3, 6.9 Hz, 1H), 3.89 (dd, /= 14.3, 3.4 Hz, 1H), 3.95-3.96 (m, 1H), 4.02—4.04
(m, 1H); BC{'H} NMR (125 MHz, DMSO-ds) 6 46.2, 62.6, 68.1, 69.7, 70.6, 109.2, 147.9, 153.8, 156.4; IR
(neat cm™): 3262, 1723, 1636, 1542, 1400; HRMS (ESI-TOF) m/z: [M + H]" caled for CoH;sN4Os, 307.0884;
found, 307.0882.

General procedure for synthesis of compounds 2a—h

The compounds 2a—h were prepared by modifications to a literature procedure (the compounds 2a—c¢, 2e and
2g are the known compounds '®). > Representative synthetic protocol is as follows. To a stirred solution of 2a
(45.2 mg, 0.148 mmol) in H>O (1.1 mL) was added Na,S,04 (199 mg, 1.14 mmol) at 80 °C under argon. After
being stirred for 2 h at this temperature, the mixture was purified using an HPLC system equipped with a
Cosmosil PBr 20 x 250 mm column [flow rate: 8 mL/min; H,O containing 0.1% (v/v) TFA]. The product was
collected, followed by lyophilization to afford 2a as a TFA salt (39.6 mg, 69% yield).

2a: pink amorphous solid; '"H NMR (500 MHz, D,0) ¢ 3.57 (dd, J = 14.9, 7.4 Hz, 1H), 3.67-3.70 (m, 2H),
3.74-3.75 (m, 1H), 3.80—3.85 (m, 2H), 4.01-4.03 (m, 1H); Purity: 97% (LC-MS).

2b: pink amorphous solid; 'H NMR (500 MHz, D;0) § 3.57 (dd, J = 14.9, 7.4 Hz, 1H), 3.67-3.70 (m, 2H),
3.74-3.75 (m, 1H), 3.80—3.86 (m, 2H), 4.00—4.03 (m, 1H); Purity: 99% (LC-MS).

2¢: pink amorphous solid; 'H NMR (500 MHz, D>0) 6 3.53-3.59 (m, 3H), 3.69 (dd, J = 11.7, 6.0 Hz, 1H),
3.76-3.79 (m, 1H), 3.86 (dd, /= 12.0, 2.9 Hz, 1H), 4.11-4.12 (m, 1H); Purity: 99% (LC-MS).

2d: pink amorphous solid; [a]p?® +9.8 (¢ 0.71, H,O); 'H NMR (500 MHz, D,0) § 3.53-3.62 (m, 3H), 3.69 (dd,
J=11.7, 6.0 Hz, 1H), 3.77-3.79 (m, 1H), 3.86 (dd, J = 12.0, 2.9 Hz, 1H), 4.10-4.13 (m, 1H); *C{'H} NMR
(150 MHz, D,0) 6 46.1, 63.4, 69.3, 71.3, 71.4, 83.9, 150.9, 151.6, 161.7; IR (neat cm™): 3201, 1705, 1654;
HRMS (ESI-TOF) m/z: [M + H]" calcd for CoH7N4Os, 277.1143; found, 277.1145; Purity: 98% (LC-MS).
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2e: pink amorphous solid; '"H NMR (500 MHz, D,0O) 6 3.54-3.58 (m, 2H), 3.63-3.67 (m, 2H), 3.73 (dd, J =
11.7,4.3 Hz, 1H), 3.83—3.85 (m, 1H), 3.97-4.00 (m, 1H); Purity: 97% (LC-MS).

2f: pink amorphous solid; [a]p?® +7.6 (¢ 0.49, H,0);'H NMR (500 MHz, D,0) § 3.56-3.61 (m, 2H), 3.65-3.68
(m, 2H), 3.74 (dd, J = 11.7, 4.3 Hz, 1H), 3.85-3.86 (m, 1H), 3.98-4.01 (m, 1H); *C{'H} NMR (125 MHz,
D,0) § 45.8, 63.0, 70.8, 71.7, 72.5, 83.7, 151.0, 151.5, 161.7; IR (neat cm™"): 3308, 1708, 1643; HRMS (ESI-
TOF) m/z: [M + H]" caled for CoH17N4Os, 277.1143; found, 277.1143; Purity: >99% (LC-MS).

2g: pink amorphous solid; '"H NMR (500 MHz, D,0) 6 3.57-3.61 (m, 2H), 3.68-3.70 (m, 2H), 3.74 (dd, J =
14.9, 2.9 Hz, 1H), 3.94-3.95 (m, 2H); Purity: 99% (LC-MS).

2h: pink amorphous solid; [a]p? +2.1 (¢ 0.76, H,0); '"H NMR (500 MHz, D,0) § 3.57-3.62 (m, 2H), 3.68-3.69
(m, 2H), 3.74 (dd, J = 14.9, 2.9 Hz, 1H), 3.94-3.96 (m, 2H); *C{'H} NMR (125 MHz, D-0) § 46.1, 63.5, 69.9,
70.4,71.5,83.3,151.2,151.5, 161.7; IR (neat cm™'): 3202, 1704, 1637; HRMS (ESI-TOF) m/z: [M + H]" caled
for CoH17N4Os, 277.1143; found, 277.1143; Purity: >99% (LC-MXS).

General procedure for synthesis of compounds 3a, 3b, 3¢, 3e and 3g

The compounds 3a, 3b, 3¢, 3e and 3g were prepared by modifications to a literature procedure (the compound
3a is the known compound ?).2 Representative synthetic protocol is as follows. To a stirred solution of 2a (19.7
mg, 0.0500 mmol) in H>O (2.3 mL) was added methyl glyoxal (40% aqueous solution; 27.3 uL, 0.153 mmol)
at room temperature under argon. After being stirred for 24 h at this temperature, the mixture was purified using
an HPLC system equipped with a Cosmosil PBr 20 x 250 mm column [flow rate: 8 mL/min; 7% MeCN—-H»O
isocratic solution containing 0.1% (v/v) TFA]. The product was collected, followed by lyophilization to afford
3a (6.9 mg, 43% yield).

3a: yellow amorphous solid; '"H NMR (500 MHz, D>O:CD;OD =9:1) J 2.85 (s, 3H), 3.68 (dd, J=12.0, 6.9 Hz,
1H), 3.82—3.84 (m, 2H), 3.88-3.90 (m, 1H), 4.42—4.44 (m, 1H), 4.57 (dd, J = 10.3, 10.3 Hz, 1H), 4.92—4.95
(m, 1H), 8.32 (s, 1H); Purity: 98% (LC-MS).

3b: yellow amorphous solid; [a]p* —207.7 (¢ 0.31, H,0); 'H NMR (500 MHz, D,O:CD;0D = 9:1) § 2.84 (s,
3H), 3.68 (dd, J = 12.0, 6.9 Hz, 1H), 3.81-3.84 (m, 2H), 3.88-3.90 (m, 1H), 4.40—4.42 (m, 1H), 4.57 (dd, J =
10.3, 10.3 Hz, 1H), 4.93 (dd, J=13.7, 2.3 Hz, 1H), 8.31 (s, 1H); *C{'H} NMR (125 MHz, D,0:CD;0D =9:1)
019.5,51.8,63.2,69.4,72.6,74.0,133.9, 136.3, 152.3, 153.2, 158.6, 163.5; IR (neat cm'): 3342, 1706, 1625;
HRMS (ESI-TOF) m/z: [M + H]" calcd for C12H17N4Og, 313.1143; found, 313.1144; Purity: 91% (LC-MS).

3c¢: yellow amorphous solid; [0]p?® +285.0 (¢ 0.81, H,O); '"H NMR (500 MHz, DMSO-ds) 6 2.70 (s, 3H),

3.30-3.32 (m, 1H), 3.43-3.52 (m, 2H), 3.64 (dd, J = 10.9, 2.3 Hz, 1H), 4.29 (dd, J = 11.5, 11.5 Hz, 1H),
435-4.37 (m, 1H), 4.51 (dd, J = 12.6, 3.4 Hz, 1H), 8.11 (s, 1H), 11.15 (s, 1H); *C{'H} NMR (125 MHz,
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DMSO-ds) J 18.6, 51.0, 63.6, 65.4, 71.0, 71.4, 132.0, 134.0, 149.5, 152.0, 155.3, 160.7; IR (neat cm'): 3328,
1705, 1636; HRMS (ESI-TOF) m/z: [M + H]" calcd for C12H17N4Os, 313.1143; found, 313.1141; Purity: 99%
(LC-MS).

3e: yellow amorphous solid; [a]p*® —276.0 (¢ 0.40, H,O); '"H NMR (500 MHz, D>O:CD;OD = 9:1) J 2.85 (s,
3H), 3.65 (dd, J = 12.0, 6.3 Hz, 1H), 3.71 (dd, J= 11.7, 4.3 Hz, 1H), 3.80 (dd, J = 5.2, 3.4 Hz, 1H), 3.88-3.91
(m, 1H), 4.38—4.39 (m, 1H), 4.60 (dd, J = 13.2, 9.7 Hz, 1H), 4.81-4.84 (m, 1H), 8.31 (s, 1H); *C{'H} NMR
(125 MHz, D,O:CDsOD =9:1) 6 19.5, 52.5, 63.0, 68.9, 72.1, 72.7, 133.9, 136.2, 152.4, 153.1, 158.6, 163.5; IR
(neat cm™"): 3396, 1706, 1648; HRMS (ESI-TOF) m/z: [M + H]" calcd for Ci2H17N4Os, 313.1143; found,
313.1141; Purity: 90% (LC-MS).

3g: yellow amorphous solid; [a]p?® —165.1 (¢ 0.58, H>O); 'H NMR (500 MHz, D,O:CD;OD = 9:1) § 2.84 (s,
3H), 3.69-3.71 (m, 3H), 3.93-3.95 (m, 1H), 4.31-4.35 (m, 1H), 4.53 (dd, J = 13.2, 9.7 Hz, 1H), 5.03 (dd, J =
13.7, 2.3 Hz, 1H), 8.31 (s, 1H); 3C{'H} NMR (125 MHz, D;0:CD;0OD = 9:1) 5 19.5, 52.9, 63.4, 68.6, 70.8,
73.1,133.8,136.2, 152.4, 153.3, 158.6, 163.5; IR (neat cm™'): 3355, 1706, 1631; HRMS (ESI-TOF) m/z: [M +
Na]* calcd for C12H16N4NaOg, 335.0962; found, 335.0962; Purity: 95% (LC-MS).

Materials

5-A-RU, RL-7-Me and their derivatives were prepared by the reported procedures. 5-OP-RU and its
stereoisomers were freshly prepared before each experiment by combining 10 mM of 5-A-RU or its
stereoisomers with a 40% aqueous solution of methylglyoxal (see: T Cell activation assay). Acetyl-6-

formylpterin (Ac-6-FP) was purchased from Cayman Chemical Company.

Cell line and cell culture

A human MR1-overexpressing HeLa cell line was established by retroviral gene transduction of human MR1
and human CD8a. as described previously.** A MAIT cell line was generated by retroviral gene transduction of
MAIT-0fTCRs into the murine thymoma TG40 (negative for TCR), as described previously.*’ HeLa cells were
cultured in DMEM (Sigma) supplemented with 10% FBS (Sigma), 1% penicillin/streptomycin (Wako).

TG40 cells were cultured in RPMI-1640 medium (nacalai) supplemented with 10% FBS, 1%
penicillin/streptomycin. During the T cell activation assay and MR 1 upregulation assay, both cells were cultured
in RPMI-1640 medium without folic acid, and with 10% FBS, 1% penicillin/streptomycin. All cell lines were
grown at 37°C in a humidified 5% CO, atmosphere.

Stability analysis

The stability analysis was carried out by modifications to a literature procedure.? To a solution of each precursor
2a, 2¢, 2¢ and 2g (5.0 mg, 0.013 mmol) in DO (730 uL) was added methylglyoxal (40% aqueous solution; 58
uL, 0.33 mmol). Then, the amount of 5-OP-RU derivatives 1 and the RL-7-Me derivatives 3 were monitored

using 1H NMR with their characteristic signals every 10 min until 120 min.
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T cell activation assay

Briefly, HeLa.hMRI1 cells (4.5%10* cells) were co-incubated with TG40.MAIT-TCR cells (9.0x10* cells) for
24 h in 200 pL medium (RPMI 1640 without folic acid) with various ligands. Of the ligands, 5-OP-RU and its
stereoisomers (final concentration: 10 pM) were freshly prepared before each experiment by the addition of 5-
A-RU or its stereoisomers (10 mM solution in DMSO; 4 uL), and a methylglyoxal (I mM solution in the
medium; 1 mL) to the medium (1 mL). Then, each ligand solution (100 puL) was added to the cell suspension
(100 uL), followed by incubation. The cells were subsequently stained with PE-conjugated anti-mouse CD3
(BioLegend), APC-conjugated anti-mouse CD69 (BioLegend) and propidium iodide (PI), followed by Gallios
flow cytometric analysis (Beckman Coulter). Data were analyzed with Kaluza software (Beckman Coulter,
v2.1). The activation of TG40 cells was measured by an increase in the cell-surface CD69 expression. The
supernatant was collected from the abovementioned incubation, and the level of IL-2 was measured using an
ELISA kit (BioLegend), in accordance with the recommended protocol. The absorbance at 450 nm was read

using an iMark microplate reader (Bio-Rad).

MR1 upregulation assay

Briefly, HeLa.hMR1 cells (1.5%10° cells) were incubated for 8 h in 200 uL medium (RPMI 1640 without folic
acid) with various ligands. The cells were subsequently stained with PE-conjugated anti-human MRI1
(Biolegend) and PI, followed by Gallios flow cytometric analysis (Beckman Coulter). Data were analyzed with

Kaluza software (Beckman Coulter, v2.1).

Medium-exchange experiment

HeLa.hMRI1 cells (4.5x10* cells) were incubated in 150 uL medium (RPMI 1640 without folic acid) with 1a or
3a for 1 h. After washing with PBS-(—) and the addition of 200 pL. medium (RPMI 1640 without folic acid)
including TG40.MAIT-TCR cells (9.0x10* cells), the mixture was co-incubated in the absence of the derivatives
for 23 h. The activation of TG40 cells was measured by a procedure identical with the T cell activation assay
described above.

As a control experiment, HeLa.hMR1 cells (4.5x10* cells) were incubated in 150 pL medium (RPMI 1640
without folic acid) with 1a or 3a for 1 h, followed by the addition of 50 uL. medium (RPMI 1640 without folic
acid) including TG40.MAIT-TCR cells (9.0x10* cells). Then, the mixture was co-incubated with the derivatives
for 23 h. Subsequently, the activation of TG40 cells was measured by a procedure identical with the T cell

activation assay described above.

Binding mode study

The binding mode of the MR1 ligand (5-OP-RU derivative, 1)-TCR ternary complexes was analyzed using
MOE with the X-ray crystal structure of MR1-ligand (7-hydroxy-6-methyl-8-d-ribityllumazine)-TCR ternary
complex (PDB ID: 4L.4V) as a template. The protein structure was preprocessed and optimized using the MOE
QuickPrep command with the default settings. After modifying the ligand structure to 5-OP-RU or its
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stereoisomers, energy minimization calculations of the complex structures were performed with the
Amber10:EHT force field. The minimization process of the residues within 8 A around the ligand was carried
out to predict the binding mode. In the optimized ternary complexes, the distances between the ligands and the
close residues in MR 1 and TCR were measured to elucidate the significant interactions underpinning the MAIT

cell activation.

Experiments in section 2

General information

"H NMR spectra were recorded using a JEOL ECA-500 or JEOL ECZ600R spectrometer. Chemical shifts are
reported in § (ppm) relative to MesSi (in CDCl; or DMSO-ds) as internal standard. *C NMR spectra were
recorded using a JEOL ECA-500 or JEOL ECZ600R and referenced to the residual CHCl; signal (in CDCls)
and the residual DMSO signal (in DMSO-ds). Exact mass (HRMS) spectra were recorded on a Shimadzu LC-
ESI-IT-TOF-MS equipment (ESI). IR spectra were obtained on a JASCO FT/IR-4100 spectrometer. Synthetic
method for compounds 114!, 2142, 294, 34* 40%, S14, S3*, S11%7, S13%%, S18%, S21°°, S23°!, S25%2, S27%,
S3134, 83335, 83756 and S41°7 are reported. Compounds 14, 15, 30, 33, S5, S7, S9, S15 and S29 are commercially
available. Structures of S1-S45 are shown in Schemes S1-S12. All tested compounds have a purity of > 95%
determined by HPLC. The purity was assessed by reverse phase HPLC using Shimadzu LC-20AT and SPD-
20A with a gradient of 10—90% acetonitrile in water (with 0.1% formic acid) and monitored by diode array

ultraviolet detection at 254 nm.
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Scheme 1-S1. Preparation of natural analogs 16-20, 22 and 23.
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Scheme 1-S2. Preparation of natural analog 24.
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Scheme 1-S3. Preparation of natural analog 25.
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Scheme 1-S4. Preparation of natural analog 26.
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Scheme 1-S5. Preparation of natural analogs 27 and 28.
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Scheme 1-S6. Preparation of synthetic analog 31.
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Scheme 1-S7. Preparation of synthetic analog 32.
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Scheme 1-S8. Preparation of synthetic analogs 35 and 36.
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Scheme 1-S9. Preparation of synthetic analog 37.
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Scheme 1-S10. Preparation of synthetic analog 38.
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Scheme 1-S11. Preparation of synthetic analog 39.

(E)-3-(4-Hydroxyphenyl)acrylaldehyde (16).

The mixture of S1 (169 mg, 1.02 mmol), (1,3-dioxolan-2-yl)methyltriphenylphosphonium bromide 651 mg,
1.52 mmol), K»COs (208 mg, 1.50 mmol) and 18-crown-6 (6.38 mg, 0.0241 mmol) in toluene (10.0 mL) was
stirred at 100 °C. After being stirred for 21 h at this temperature under Ar, the mixture was diluted with EtOAc.
The whole was washed with H,O and brine, and dried over MgSQa. After concentration in vacuo, the residue
was purified by flash chromatography over NH; silica gel with n-hexane—EtOAc (5:1) to give a crude S2 (193
mg), which was used without further purification. Then, to a stirred solution of S2 (118 mg) in THF (14.3 mL)
was added aqueous solution of HCI (10%; 7.14 mL). After being stirred for 2 h at 50 °C, the mixture was diluted
with saturated aqueous solution of NaHCOs. The whole was extracted with EtOAc, washed with H>O and brine,
and dried over MgSQOs. After concentration in vacuo, the residue was purified by flash chromatography over
silica gel with a gradient of 6% to 40% EtOAc in n-hexane to afford 16 (57.2 mg, 62%, 2 steps): pale yellow
solid; mp 144-145 °C; IR (neat cm™'): 1642 (C=0); 'H NMR (500 MHz, CDCl;) 6 5.69 (s, 1H), 6.62 (dd, J =
15.5, 8.0 Hz, 1H), 6.89-6.92 (m, 2H), 7.44 (d, J = 15.5 Hz, 1H), 7.47-7.51 (m, 2H), 9.65 (d, J = 8.0 Hz, 1H);
BC{'H} NMR (150 MHz, CDCI3) 6 116.1 (2C), 126.4, 127.0, 130.7 (2C), 153.1, 158.7, 194.1; HRMS (ESI-
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TOF) m/z: [M — H] caled for CoH70,, 147.0452; found, 147.0453. The purity of 10 was >99% as determined
by HPLC.

(E)-3-(2-Hydroxyphenyl)acrylaldehyde (17)

By a procedure identical with that described for synthesis of S2 from S1, the benzaldehyde S3 (82.9 mg, 0.499
mmol) was converted into a crude S4 (58.7 mg), which was used without further purification. Then, by a
procedure similar to that described for synthesis of 16 from S2, the crude acetal S4 (46.8 mg) was converted
into the aldehyde 17 (16.1 mg, 27% yield, 2 steps). Column chromatography: silica gel (gradient 6% to 30%
EtOAc in n-hexane): pale yellow solid; mp 131-133 °C; IR (neat cm!): 3212 (OH), 1658 (C=0); 'H NMR (500
MHz, CDCl3) 0 5.74 (s, 1H), 6.84-6.86 (m, 1H), 6.92 (dd, J = 16.0, 8.0 Hz, 1H), 6.98-7.01 (m, 1H), 7.30-7.33
(m, 1H), 7.53 (dd, J=17.7, 1.4 Hz, 1H), 7.80 (d, J= 16.0 Hz, 1H), 9.70 (d, J= 8.0 Hz, 1H); *C{'H} NMR (150
MHz, CDCl3) 6 116.5, 121.0, 121.3, 129.2, 130.2, 132.7, 149.9, 155.7, 195.9; HRMS (ESI-TOF) m/z: [M + H]"
calcd for CoHoO», 149.0597; found, 149.0597. The purity of 17 was 98% as determined by HPLC.

(E)-3-(4-Methoxyphenyl)acrylaldehyde (18)

By a procedure identical with that described for synthesis of S2 from S1, the benzaldehyde S5 (136 mg, 1.00
mmol) was converted into a crude S6 (89.2 mg), which was used without further purification. Then, by a
procedure similar to that described for synthesis of 16 from S2, the crude acetal S6 (59.8 mg) was converted
into the aldehyde 18 (37.6 mg, 35% yield, 2 steps). Column chromatography: silica gel (gradient 4% to 25%
EtOAc in n-hexane): white solid; mp 54-56 °C; IR (neat cm™!): 1672 (C=0); 'H NMR (500 MHz, CDCl;) §
3.87 (s, 3H), 6.62 (dd, J=15.8, 7.7 Hz, 1H), 6.94-6.97 (m, 2H), 7.43 (d, J= 15.8 Hz, 1H), 7.52-7.55 (m, 2H),
9.66 (d,J=7.7 Hz, 1H); BC{'H} NMR (150 MHz, CDCls): 6 55.4, 114.5 (2C), 126.5, 126.7, 130.4 (2C), 152.8,
162.2, 193.8; HRMS (ESI-TOF) m/z: [M + H]" calcd for CioH110,, 163.0754; found, 163.0755. The purity of
18 was 96% as determined by HPLC.

(E)-3-(2-Methoxyphenyl)acrylaldehyde (19)

By a procedure identical with that described for synthesis of S2 from S1, the benzaldehyde S7 (137 mg, 1.01
mmol) was converted into a crude S8 (227 mg), which was used without further purification. Then, by a
procedure similar to that described for synthesis of 16 from S2, the crude acetal S8 (42.3 mg) was converted
into the aldehyde 19 (65.5 mg, 89% yield, 2 steps). Column chromatography: silica gel (gradient 6% to 26%
EtOAc in n-hexane): colorless oil; IR (neat cm™): 1671 (C=0); 'H NMR (500 MHz, CDCl;) J 3.92 (s, 3H),
6.80 (dd, J = 16.0, 8.0 Hz, 1H), 6.95-6.96 (m, 1H), 6.99-7.05 (m, 1H), 7.40-7.44 (m, 1H), 7.56 (dd, J = 7.4,
1.7 Hz, 1H), 7.85 (d, J = 16.0 Hz, 1H), 9.70 (d, J = 8.0 Hz, 1H); *C{'H} NMR (150 MHz, CDCl;): J 55.5,
111.2, 120.8, 122.9, 128.8, 129.1, 132.7, 148.3, 158.2, 194.6; HRMS (ESI-TOF) m/z: [M + H]" calcd for
CioH1102, 163.0754; found, 163.0752. The purity of 19 was 99% as determined by HPLC.

(E)-3-(p-Tolyl)acrylaldehyde (20)
By a procedure identical with that described for synthesis of S2 from S1, the benzaldehyde S9 (60.1 mg, 0.500
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mmol) was converted into a crude S10 (58.1 mg), which was used without further purification. Then, by a
procedure similar to that described for synthesis of 16 from S2, the crude acetal S10 (58.1 mg) was converted
into the aldehyde 20 (35.0 mg, 39% yield, 2 steps). Column chromatography: silica gel (gradient 4% to 17%
EtOAc in n-hexane): white amorphous; IR (neat cm™): 1682 (C=0); 'H NMR (500 MHz, CDCl;) & 2.40 (s,
3H), 6.69 (dd, J = 16.0, 7.8 Hz, 1H), 7.24 (d, J = 8.2 Hz, 2H), 7.44-7.51 (m, 3H), 9.69 (d, J = 7.8 Hz, 1H);
BC{'H} NMR (150 MHz, CDCl;): J 21.5, 127.6, 128.4 (2C), 129.8 (2C), 131.2, 141.9, 153.0, 193.8; HRMS
(ESI-TOF) m/z: [M + H]" calcd for CioHi1O, 147.0804; found, 147.0798. The purity of 20 was 98% as
determined by HPLC.

(E)-3-(4-Hydroxy-2-methoxyphenyl)acrylaldehyde (22)

By a procedure identical with that described for synthesis of S2 from S1, the benzaldehyde S11 (98.1 mg, 0.500
mmol) was converted into a crude S12 (32.8 mg), which was used without further purification. Then, by a
procedure similar to that described for synthesis of 16 from S2, the crude acetal S12 (25.3 mg) was converted
into the aldehyde 22 (15.0 mg, 22% yield, 2 steps). Column chromatography: silica gel (gradient 12% to 55%
EtOAc in n-hexane): pale yellow solid; mp 143-144 °C; IR (neat cm™!): 1658 (C=0); 'H NMR (500 MHz,
CDCl3) 0 3.89 (s, 3H), 5.34 (s, 1H), 6.45—6.48 (m, 2H), 6.70 (dd, /= 15.8, 8.0 Hz, 1H), 7.45 (d, J = 8.0 Hz, 1H),
7.74 (d,J=15.8 Hz, 1H), 9.63 (d, J = 8.0 Hz, 1H); *C{'H} NMR (150 MHz, CDCls) § 55.6, 99.1, 108.2, 116.0,
126.5,130.8, 149.2, 160.3, 160.4, 195.1; HRMS (ESI-TOF) m/z: [M + H]" calcd for CioH1103, 179.0703; found,
179.0703. The purity of 22 was >99% as determined by HPLC.

(E)-3-(3,4-Dihydroxyphenyl)acrylaldehyde (23)

By a procedure identical with that described for synthesis of S2 from S1, the benzaldehyde S13 (228 mg, 1.01
mmol) was converted into a crude S14 (151 mg), which was used without further purification. Then, by a
procedure similar to that described for synthesis of 16 from S2, the crude acetal S14 (151 mg) was converted
into the aldehyde 23 (33.4 mg, 20% yield, 2 steps). Column chromatography: silica gel (gradient 12% to 80%
EtOAc in n-hexane): white solid; mp 198-200 °C; IR (neat cm™): 1685 (C=0); 'H NMR (500 MHz, DMSO-
ds) 0 6.53 (dd, J = 16.0, 8.0 Hz, 1H), 6.81 (d, J = 8.6 Hz, 1H), 7.06-7.10 (m, 2H), 7.55 (d, J = 16.0 Hz, 1H),
9.56 (d,J=8.0 Hz, 1H); *C{'H} NMR (150 MHz, DMSO-ds) § 115.3,115.9, 122.1, 125.3, 125.6, 145.7, 149.3,
154.3, 194.0; HRMS (ESI-TOF) m/z: [M — H] caled for CoH703, 163.0401; found, 163.0401. The purity of 23
was 99% as determined by HPLC.

4-Methoxy-3-(methoxymethoxy)benzaldehyde (S16)

To a solution of S15 (763 mg, 5.01 mmol) and K>COs (2.81 g, 20.3 mmol) in DMF (2.94 mL) was added
MOMCI (570 pL, 7.50 mmol). After being stirred for 5.5 h at room temperature under Ar, the mixture was
diluted with H>O. The whole was extracted with Et,O, washed with H>O and brine, and dried over MgSQOs. After
concentration in vacuo, the residue was purified by flash chromatography over silica gel with a gradient of 6%
to 40% EtOAc in n-hexane to give S16 (887 mg, 90% yield): white amorphous; IR (neat cm™'): 1687 (C=0);
"H NMR (500 MHz, CDCls) d 3.53 (s, 3H), 3.98 (s, 3H), 5.29 (s, 2H), 7.02 (d, J = 8.0 Hz, 1H), 7.55 (dd, J =
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8.0, 1.7 Hz, 1H), 7.67 (d, J= 1.7 Hz, 1H), 9.86 (s, 1H); 3C{'H} NMR (150 MHz, CDCl;) J 56.2, 56.4, 95.3,
111.0,115.2,126.8, 130.1, 146.9, 155.0, 190.8; HRMS (ESI-TOF) m/z: [M + H]" calcd for CioH1304, 197.0808;
found, 197.0812.

(E)-3-(3-Hydroxy-4-methoxyphenyl)acrylaldehyde (24)

By a procedure identical with that described for synthesis of S2 from S1, the benzaldehyde S16 (201 mg, 1.02
mmol) was converted into a crude S17 (90.0 mg), which was used without further purification. Then, by a
procedure similar to that described for synthesis of 16 from S2, the crude acetal S17 (41.8 mg) was converted
into the aldehyde 24 (13.4 mg, 16% yield, 2 steps). Column chromatography: silica gel (gradient 6% to 40%
EtOAc in n-hexane): yellow solid; mp 149-150 °C; IR (neat cm™): 1660 (C=0); 'H NMR (500 MHz, CDCl;):
03.96 (s, 3H), 5.67 (s, 1H), 6.59 (dd, J=16.0, 7.4 Hz, 1H), 6.89 (d, J= 8.6 Hz, 1H), 7.10 (dd, /= 8.6, 2.3 Hz,
1H), 7.17 (d, J = 2.3 Hz, 1H), 7.38 (d, J = 16.0 Hz, 1H), 9.66 (d, J = 7.4 Hz, 1H); *C{'H} NMR (150 MHz,
DMSO-ds) 0 56.1, 110.6, 113.4, 122.5, 127.0, 127.7, 146.0, 149.3, 153.0, 193.8; HRMS (ESI-TOF) m/z: [M +
H]" caled for CioH 1103, 179.0703; found, 179.0708. The purity of 24 was >99% as determined by HPLC.

4-(Methoxymethoxy)-3-(3-methylbut-2-en-1-yl)benzaldehyde (S19)

By a procedure identical with that described for synthesis of S16 from S15, the phenol S18 (146 mg, 0.767
mmol) was converted into S19 (120 mg, 67% yield). Column chromatography: silica gel (gradient 4% to 18%
EtOAc in n-hexane): colorless oil; IR (neat cm™): 1689 (C=0); 'H NMR (500 MHz, CDCls): 6 1.73 (s, 3H),
1.76 (s, 3H), 3.38 (d, J = 7.4 Hz, 2H), 3.49 (s, 3H), 5.26-5.32 (m, 3H), 7.17 (d, J = 8.0 Hz, 1H), 7.68-7.71 (m,
2H), 9.87 (s, 1H).; BC{'H} NMR (125 MHz, CDCl;): § 17.8, 25.8, 28.5, 56.3,94.0, 113.2, 121.4, 130.2, 130.4,
130.6, 131.6, 133.4, 160.0, 191.3; HRMS (ESI-TOF) m/z: [M + H]" calcd for C14H903, 235.1329; found,
235.1330.

(E)-3-|4-Hydroxy-3-(3-methylbut-2-en-1-yl)phenyl]acrylaldehyde (25)

By a procedure identical with that described for synthesis of S2 from S1, the benzaldehyde S19 (118 mg, 0.504
mmol) was converted into a crude S20 (52.0 mg), which was used without further purification. Then, by a
procedure similar to that described for synthesis of 16 from S2, the crude acetal S20 (52.0 mg) was converted
into the aldehyde 25 (26.7 mg, 24% yield, 2 steps). Column chromatography: silica gel (gradient 6% to 35%
EtOAc in n-hexane): pale yellow solid; 'TH NMR (500 MHz, CDCI3) 6 1.793-1.804 (m, 6H), 3.39 (d, J= 6.9 Hz,
2H), 5.30-5.33 (m, 1H), 5.53 (s, 1H), 6.60 (dd, J = 16.0, 8.0 Hz, 1H), 6.85 (d, J= 8.0 Hz, 1H), 7.34-7.37 (m,
2H), 7.40 (d, J = 16.0 Hz, 1H), 9.64 (d, J = 8.0 Hz, 1H); *C{'H} NMR (150 MHz, CDCl;): 6 17.9, 25.8, 29.2,
116.3, 120.9, 125.9, 126.6, 128.0, 128.6, 130.6, 135.4, 154.0, 157.7, 194.3; HRMS (ESI-TOF) m/z: [M + H]*
calcd for Ci4H 702, 217.1223; found, 217.1227. The purity of 25 was 96% as determined by HPLC.

(E)-3-(4-Hydroxy-3,5-dimethoxyphenyl)acrylaldehyde (26)

By a procedure identical with that described for synthesis of S2 from S1, the benzaldehyde S21 (223 mg, 0.986

mmol) was converted into a crude S22 (306 mg), which was used without further purification. Then, by a
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procedure similar to that described for synthesis of 16 from S2, the crude acetal S22 (148 mg) was converted
into the aldehyde 26 (104 mg, quant, 2 steps). Column chromatography: silica gel (gradient 12% to 75% EtOAc
in n-hexane): yellow oil; IR (neat cm™'): 3357 (OH), 1669 (C=0); 'H NMR (500 MHz, CDCl5): & 3.95 (s, 6H),
5.89 (s, 1H), 6.61 (dd, J = 15.8, 7.8 Hz, 1H), 6.82 (s, 2H), 7.39 (d, J = 15.8 Hz, 1H), 9.66 (d, J = 7.8 Hz, 1H);
BC{'H} NMR (150 MHz, CDCls): J 56.3 (2C), 105.5 (2C), 125.5, 126.7, 138.0, 147.3 (2C), 153.2, 193.5;
HRMS (ESI-TOF) m/z: [M — H] calcd for Ci11H1104, 207.0663; found, 207.0667. The purity of 26 was >99%
as determined by HPLC.

(E)-3-(7-Methoxybenzo[d][1,3]dioxol-5-yl)acrylaldehyde (27).

By a procedure identical with that described for synthesis of S2 from S1, the benzaldehyde S23 (85.2 mg, 0.473
mmol) was converted into a crude S24 (101 mg), which was used without further purification. Then, to a stirred
solution of S24 (25.3 mg) in THF (0.180 mL) was added aqueous solution of HCI (1 M; 0.300 mL). After being
stirred for 1.5 h at room temperature, the mixture was diluted with saturated aqueous solution of NaHCOs. The
whole was extracted with EtOAc, washed with H>O and brine, dried over MgSQs, and filtered. The filtrate was
concentrated in vacuo to give 27 (20.8 mg, 86% yield, 2 steps): pale yellow solid; 'H NMR (500 MHz, CDCls)
0 3.95 (s, 3H), 6.06 (s, 2H), 6.57 (dd, J = 15.5, 7.7 Hz, 1H), 6.75 (d, J= 1.7 Hz, 1H), 6.79 (d, J= 1.7 Hz, 1H),
7.35 (d, J = 15.5 Hz, 1H), 9.66 (d, J = 7.7 Hz, 1H); BC{'H} NMR (150 MHz, CDCls) § 56.7, 101.8, 102.2,
109.6, 127.3, 128.8, 138.2, 143.8, 149.5, 152.6, 193.5; HRMS (ESI-TOF) m/z: [M + H]" calcd for Ci1H;1Os,
207.0652; found, 207.0655. The purity of 27 was >99% as determined by HPLC.

(E)-3-(4,7-Dimethoxybenzo|d][1,3]dioxol-5-yl)acrylaldehyde (28).

By a procedure identical with that described for synthesis of S2 from S1, the benzaldehyde S25 (106 mg, 0.504
mmol) was converted into a crude S26 (79.8 mg), which was used without further purification. Then, by a
procedure similar to that described for synthesis of 27 from S24, the crude acetal S26 (57.1 mg) was converted
into the aldehyde 28 (29.5 mg, 34% yield, 2 steps). Column chromatography: silica gel (gradient 6% to 25%
EtOAc in n-hexane): white solid; mp 142-143 °C; IR (neat cm™'): 1682 (C=0); 'H NMR (500 MHz, CDCls) §
3.89 (s, 3H), 4.01 (s, 3H), 6.06 (s, 2H), 6.65 (dd, /= 16.0, 7.7 Hz, 1H), 6.75 (s, 1H), 7.72 (d, J= 16.0 Hz, 1H),
9.66 (d, J = 7.7 Hz, 1H); BC{'H} NMR (150 MHz, CDCl;)  56.7, 60.3, 102.4, 106.5, 119.9, 127.6, 138.1,
138.5, 139.5, 140.1, 147.5, 194.2; HRMS (ESI-TOF) m/z: [M + H]" calcd for Ci,H;30s, 237.0757; found,
237.0753. The purity of 22 was >99% as determined by HPLC.

(2E,4E)-5-(4-Hydroxy-3-methoxyphenyl)penta-2,4-dienal (31)

By a procedure identical with that described for synthesis of S2 from S1, the benzaldehyde S27 (292 mg, 1.00
mmol) was converted into a crude S28 (225 mg), which was used without further purification. Then, by a
procedure similar to that described for synthesis of 16 from S2, the crude acetal S28 (109 mg) was converted
into the aldehyde 31 (70.6 mg, 71% yield, 2 steps). Column chromatography: silica gel (gradient 6% to 40%
EtOAc in n-hexane): yellow oil; IR (neat cm™): 3357 (OH), 1671 (C=0); 'H NMR (500 MHz, CDCls) 6 3.95
(s, 3H), 5.96 (s, 1H), 6.24 (dd, J=15.2, 8.0 Hz, 1H), 6.86 (dd, J=15.2, 11.2 Hz, 1H), 6.91-6.97 (m, 2H), 7.02—
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7.05 (m, 2H), 7.23-7.28 (m, 1H), 9.59 (d, J = 8.0 Hz, 1H); “C{'H} NMR (150 MHz, CDCls) ¢ 56.0, 108.6,
114.8, 122.6, 124.0, 128.3, 130.6, 142.7, 146.8, 147.5, 152.7, 193.7; HRMS (ESI-TOF) m/z: [M + H]" calcd for
Ci2H1303, 205.0859; found, 205.0856. The purity of 31 was 99% as determined by HPLC.

(E)-4-(4-Hydroxy-3-methoxyphenyl)but-3-en-2-one (32)

The solution of 30 (157 mg, 1.03 mmol) and (acetylmethylene)triphenylphosphorane (770 mg, 2.42 mmol) in
toluene (2.00 mL) was refluxed for 1 h under Ar. After concentration in vacuo, the residue was purified by flash
chromatography over silica gel with a gradient of 10% to 95% EtOAc in n-hexane to afford 32 (192 mg, 62%
yield): white solid; mp 127-128 °C; IR (neat cm™!): 3340 (OH), 1664 (C=0); 'H NMR (500 MHz, CDCl;) §
2.37 (s, 3H), 3.93 (s, 3H), 6.15 (s, 1H), 6.59 (d, J=16.0 Hz, 1H), 6.93 (d, J = 8.0 Hz, 1H), 7.06 (d, J=2.3 Hz,
1H), 7.09 (dd, J = 8.0, 2.0 Hz, 1H), 7.45 (d, J = 16.0 Hz, 1H); *C{'H} NMR (150 MHz, CDCls): 6 27.1, 55.8,
109.3, 114.8, 123.4, 124.7, 126.6, 144.0, 146.9, 149.3, 198.7; HRMS (ESI-TOF) m/z: [M — H] calcd for
C1iH1:103, 191.0714; found, 191.0716. The purity of 32 was >99% as determined by HPLC.

(E)-3-(3-Methoxyphenyl)acrylaldehyde (35)

By a procedure identical with that described for synthesis of S2 from S1, the benzaldehyde S29 (136 mg, 1.00
mmol) was converted into a crude S30 (230 mg), which was used without further purification. Then, by a
procedure similar to that described for synthesis of 16 from S2, the crude acetal S30 (49.0 mg) was converted
into the aldehyde 35 (34.9 mg, quant, 2 steps). Column chromatography: silica gel (gradient 6% to 35% EtOAc
in n-hexane): colorless oil; IR (neat cm™'): 3357 (OH), 1676 (C=0); '"H NMR (500 MHz, CDCl;) § 3.85 (s, 3H),
6.71 (dd, J=16.0, 8.0 Hz, 1H), 6.99-7.01 (m, 1H), 7.08-7.09 (m, 1H), 7.16-7.18 (m, 1H), 7.36 (dd, /= 8.0 Hz,
1H), 7.46 (d, J=16.0 Hz, 1H), 9.71 (d, J= 8.0 Hz, 1H); *C{'H} NMR (150 MHz, CDCls) § 55.3, 113.2, 117.1,
121.2, 128.8, 130.1, 135.3, 152.7, 159.9, 193.7, HRMS (ESI-TOF) m/z: [M + Na]" calcd for CioHioNaO,,
185.0573; found, 185.0576. The purity of 35 was >99% as determined by HPLC.

(E)-3-(2-Hydroxy-5-methoxyphenyl)acrylaldehyde (36)

By a procedure identical with that described for synthesis of S2 from S1, the benzaldehyde S31 (189 mg, 0.963
mmol) was converted into a crude S32 (205 mg), which was used without further purification. Then, by a
procedure similar to that described for synthesis of 16 from S2, the crude acetal S32 (81.4 mg) was converted
into the aldehyde 36 (32.9 mg, 48% yield, 2 steps). Column chromatography: silica gel (gradient 12% to 35%
EtOAc in n-hexane): yellow solid; mp 124-125 °C; IR (neat cm™'): 3281 (OH), 1657 (C=0); 'H NMR (500
MHz, CDCls): 6 3.80 (s, 3H), 5.46 (s, 1H), 6.79 (d, J= 8.6 Hz, 1H), 6.85 (dd, /= 16.0, 8.0 Hz, 1H), 6.90 (dd, J
=8.6,2.9 Hz, 1H), 7.02 (d, J = 2.9 Hz, 1H), 7.80 (d, J = 16.0 Hz, 1H), 9.70 (d, J = 8.0 Hz, 1H); *C{'H} NMR
(125 MHz, CDCl3): 6 55.8, 112.8, 117.4, 119.4, 121.6, 129.0, 149.0, 149.7, 153.6, 195.3; HRMS (ESI-TOF)
m/z: [M + HJ" caled for CioH;103, 179.0703; found, 179.0700. The purity of 36 was 99% as determined by
HPLC.

2-[4-(Methoxymethoxy)-3-nitrostyryl]-1,3-dioxolane (S34)
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By a procedure identical with that described for synthesis of S2 from S1, the benzaldehyde S33 (1.68 g, 7.96
mmol) was converted into S34 (2.31 g, quant) as an isomeric mixture (£:Z = 55:45). Column chromatography:
amine silica gel (n-hexane:EtOAc = 3:1), followed by silica gel (n-hexane:EtOAc = 3:1): pale yellow
amorphous; IR (neat cm™): 1532, 1358 (NO»); 'H NMR (500 MHz, CDCl;) 6 3.52-3.53 (m, 3H), 3.92-3.98 (m,
2H), 4.05-4.10 (m, 2H), 5.29-5.31 (m, 2H), 5.42-5.47 (m, 1H), 5.79 (dd, J=11.7, 7.2 Hz, 0.45H), 6.14 (dd, J
=16.0, 5.7 Hz, 0.55H), 6.70-6.73 (m, 1H), 7.28-7.31 (m, 1H), 7.53-7.56 (m, 1H), 7.85-7.87 (m, 1H); *C{'H}
NMR (150 MHz, CDCls): 6 56.8 (2C), 65.2 (2C), 65.3 (2C), 95.19, 95.24, 99.3, 103.3, 116.9, 117.3, 123.6,
125.6, 126.5, 129.2, 129.5, 129.9, 131.86, 131.90, 132.7, 134.3, 140.5, 140.6, 149.7, 150.1; HRMS (ESI-TOF)
m/z: [M + HJ]" caled for C13Hi6NOs, 282.0972; found, 282.0977.

(E)-3-[3-(Dimethylamino)-4-hydroxyphenyl]acrylaldehyde (37)

To a stirred solution of S34 (434 mg, 1.54 mmol) in EtOH (59.1 mL) were added AcOH (5.91 mL) and zinc
dust (1.03 g, 15.7 mmol) successively at 0 °C. After being stirred for 1 h at 0 °C under Ar, the mixture was
filtered through cerite and washed with EtOAc. The filtrate was diluted with aqueous solution of 2 M NaOH.
The whole was extracted with EtOAc, washed with saturated aqueous solution of NaHCO3, and dried over
MgSO,. After concentration in vacuo, the residue was purified by flash chromatography over silica gel with a
gradient of 12% to 65% EtOAc in n-hexane to give a crude S35 as a yellow oil (211 mg), which was used
without further purification. Then, to a stirred solution of S35 (49.5 mg), paraformaldehyde (32.3 mg, 1.08
mmol) and NaBH3;CN (67.9 mg, 1.08 mmol) in THF (813 pL) was slowly added AcOH (61.8 uL). After being
stirred for 4 h at 50 °C under Ar, the mixture was neutralized with aqueous solution of NaHCOj3, diluted with
Et,0, washed with saturated aqueous solution of NaHCOs3 and dried over MgSQs. After concentration in vacuo,
the residue was purified by flash chromatography over silica gel with a gradient of 6% to 40% EtOAc in n-
hexane to afford S36 as a colorless oil (14.4 mg), which was used without further purification. Then, by a
procedure similar to that described for synthesis of 16 from S2, the crude acetal S36 (14.4 mg) was converted
into the aldehyde 37 (8.40 mg, 12% yield, 3 steps). Column chromatography: silica gel (gradient 12% to 50%
EtOAc in n-hexane): yellow oil; IR (neat cm™): 3299 (OH), 1666 (C=0); 'H NMR (500 MHz, CDCls) 6 2.69
(s, 6H), 6.60 (dd, J=16.0, 8.0 Hz, 1H), 6.99 (d, /= 8.6 Hz, 1H), 7.31 (dd, J = 8.6, 2.0 Hz, 1H), 7.38-7.41 (m,
2H), 9.65 (d, J = 8.0 Hz, 1H); BC{'H} NMR (125 MHz, CDCls) § 45.1 (2C), 114.7, 121.0, 126.2, 126.4, 127.7,
141.3, 153.1, 154.6, 193.7; HRMS (ESI-TOF) m/z: [M + H]" caled for C11H14NO,, 192.1019; found, 192.1017.
The purity of 37 was 99% as determined by HPLC.

2,5-Dimethoxy-4-(methoxymethoxy)benzaldehyde (S39)

The solution of S37 (818 mg, 2.80 mmol), Cul (56.1 mg, 0.295 mmol), 1,10-phenanthroline (101 mg, 0.560
mmol) and KOH (616 mg, 9.33 mmol) in H,O/DMSO (1:1; 4.48 mL) was purged with Ar. After being stirred
for 10 min at room temperature, the reaction mixture was stirred for 11 h at 100 °C. Then, the mixture was
acidified with aqueous solution of 1 M HCI, diluted with EtOAc, filtered through Kiriyama funnel and washed
with EtOAc. The filtrate was washed with H>O and brine, and dried over MgSQa. After concentration in vacuo,

the residue was purified by flash chromatography over silica gel with a gradient of 6% to 40% EtOAc in n-
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hexane to give S38 (89.6 mg). Then, by a procedure identical with that described for synthesis of S16 from S15,
the phenol S38 (76.1 mg, 0.418 mmol) was converted into S39 (47.1 mg, 45% yield, 2 steps). Column
chromatography: silica gel (gradient 5% to 35% EtOAc in n-hexane), followed by silica gel (n-hexane:EtOAc
= 5:1): pale yellow solid; mp 72-73 °C; IR (neat cm™!): 1672 (C=0); 'H NMR (500 MHz, CDCl;) J 3.54 (s,
3H), 3.89 (s, 3H), 3.90 (s, 3H), 5.33 (s, 2H), 6.85 (s, 1H), 7.36 (s, 1H), 10.34 (s, 1H); *C{'H} NMR (150 MHz,
CDCl3) 0 56.2, 56.3, 56.6, 95.2, 99.8, 109.5, 118.4, 143.9, 153.4, 158.2, 188.3; HRMS (ESI-TOF) m/z: [M +
H]* caled for C11H;50s5, 227.0914; found, 227.0912.

(E)-3-(4-Hydroxy-2,5-dimethoxyphenyl)acrylaldehyde (38)

By a procedure identical with that described for synthesis of S2 from S1, the benzaldehyde S39 (33.4 mg, 0.148
mmol) was converted into a crude S40 (42.3 mg), which was used without further purification. Then, by a
procedure similar to that described for synthesis of 16 from S2, the crude acetal S40 (42.3 mg) was converted
into the aldehyde 38 (33.6 mg, quant, 2 steps). Column chromatography: silica gel (gradient 12% to 45% EtOAc
in n-hexane): yellow solid; mp 115-116 °C; IR (neat cm™!): 3299 (OH), 1663 (C=0); 'H NMR (500 MHz,
CDCl3) 6 3.86 (s, 3H), 3.90 (s, 3H), 6.03 (s, 1H), 6.59 (s, 1H), 6.63 (dd, J=15.5, 7.7 Hz, 1H), 7.02 (s, 1H), 7.81
(d,J=15.5Hz, 1H), 9.64 (d,J=7.7 Hz, 1H); *C{'H} NMR (150 MHz, CDCl3) § 56.1, 56.4,99.3, 109.7, 114.3,
126.2,140.9, 148.1, 150.3, 154.5, 194.4; HRMS (ESI-TOF) m/z: [M + H]" calcd for C1;H1304, 209.0808; found,
209.0806. The purity of 38 was >99% as determined by HPLC.

5-Bromo-3-methoxy-2-(methoxymethoxy)pyridine (S43)

The mixture of S41 (512 mg, 2.30 mmol), acetohydroxamic acid (540 mg, 7.19 mmol) and K,COs (1.61 g, 11.6
mmol) in DMSO was stirred at 80 °C under Ar. After being stirred for 15.5 h at this temperature under Ar, the
mixture was neutralized with aqueous solution of HCI (2 M), diluted with EtOAc, washed with H>O and brine,
and dried over MgSQO.. After concentration in vacuo, the residue was purified by flash chromatography over
silica gel with CHCl;-MeOH (15:1) to afford S42 (248 mg) , which was used without further purification. To a
stirred solution of S42 (205 mg) in DMF (10.0 mL) were added NaH (160 mg, 4.00 mmol) and MOMCI (304
uL, 4.00 mmol) successively. After being stirred for 4 h at 0 °C under Ar, the mixture was diluted with saturated
aqueous solution of NH4Cl. The whole was extracted with EtOAc, washed with H,O and brine, and dried over
MgSOs. After concentration in vacuo, the residue was purified by flash chromatography over silica gel with a
gradient of 10% to 75% EtOAc in n-hexane to give S43 (91.8 mg, 19% yield, 2 steps): white solid; mp 56—
57 °C; '"H NMR (500 MHz, CDCI3) d 3.54 (s, 3H), 3.89 (s, 3H), 5.57 (s, 2H), 7.20 (d, J = 1.7 Hz, 1H), 7.80 (d,
J=1.7 Hz, 1H); BC{'H} NMR (125 MHz, CDCls) § 56.0, 57.3,92.1, 112.0, 121.1, 137.5, 144.6, 151.8; HRMS
(ESI-TOF) m/z: [M + H]" caled for CgHiiBrNOs, 247.9917; found, 247.9917.

5-Methoxy-6-(methoxymethoxy)nicotinaldehyde (S44)
To a stirred solution of S43 (205 mg, 0.826 mmol) in THF (2.37 mL) at —78 °C was added n-BuLi (1.32 M; 657
uL, 0.867 mmol). After the mixture was stirred for 1 h at =78 °C, DMF (128 uL, 1.65 mmol) was added and the

stirring was continued for 1.5 h at =78 °C. The mixture was quenched with saturated aqueous solution of
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NaHCOs. The whole was extracted with EtOAc, washed with H,O and brine, and dried over MgSOj. After
concentration in vacuo, the residue was purified by flash chromatography over silica gel with a gradient of 6%
to 40% EtOAc in n-hexane to give S44 (126 mg, 77% yield). Column chromatography: silica gel (gradient 6%
to 40% EtOAc in n-hexane): white amorphous; IR (neat cm™!): 1690 (C=0); '"H NMR (500 MHz, CDCls) 6 3.59
(s, 3H), 3.95 (s, 3H), 5.69 (s, 2H), 7.54 (d, J= 1.7 Hz, 1H), 8.22 (d, J = 1.7 Hz, 1H), 9.95 (s, 1H); *C{'H} NMR
(125 MHz, CDCls): 6 56.0, 57.7, 92.8, 113.7, 128.0, 144.2, 144.9, 157.0, 189.6; HRMS (ESI-TOF) m/z: [M +
H]* caled for CoH12NO4, 198.0761; found, 198.0763.

(E)-3-(5-Methoxy-6-0x0-1,6-dihydropyridin-3-yl)acrylaldehyde (39)

By a procedure identical with that described for synthesis of S2 from S1, the benzaldehyde S44 (116 mg, 0.588
mmol) was converted into a crude S45 (130 mg), which was used without further purification. Then, by a
procedure similar to that described for synthesis of 16 from S2, the crude acetal S45 (51.4 mg) was converted
into the aldehyde 39 (23.2 mg, 56% yield, 2 steps): white solid; mp 294-295 °C; IR (neat cm™'): 1739 (C=0);
"HNMR (600 MHz, DMSO) 6 3.77 (s, 3H), 6.70 (dd, J = 15.5, 7.5 Hz, 1H), 7.20 (d, J= 2.7 Hz, 1H), 7.51-7.53
(m, 1H), 9.54 (d, J=7.5 Hz, 1H); *C{'H} NMR (150 MHz, CD;0D): 6 55.7, 109.8, 113.6, 125.2, 131.4, 149.5,
150.3, 157.4, 193.6; HRMS (ESI-TOF) m/z: [M + H]" calcd for CoHoNO3, 180.0655; found, 180.0652. The
purity of 39 was 98% as determined by HPLC.

Materials

All tested compounds were dissolved in DMSO and kept as stock solution, which was then diluted with buffer
for the biological assay. The 5-OP-RU in DMSO (10 mM) was freshly prepared by the incubation of a mixture
of 5-A-RU in DMSO (20 mM) and methylglyoxal in DMSO (50 mM) for 18 h. Then, 5-OP-RU was added to
the cells within 5 minutes of dilution with buffer. Acetyl-6-formylpterin (Ac-6-FP) was purchased from Cayman
Chemical, Michigan, USA. LOPAC1280 used for screening was purchased from Sigma-Aldrich, which
consisted of approximately 20% natural and 80% synthetic compounds. The range of molecular weight and

ClogP is approximately 70-900 and —4—11, respectively.

Cell lines and cell culture

Human MR 1-overexpressing HeLa cell line was established by the retroviral gene transduction of human MR1
and human CD8a as described previously.> A MAIT cell line was generated by the retroviral gene transduction
of MAIT-0fTCRs into a murine thymoma TG40 (negative for TCR), as described previously.*® HeLa cells and
HEK293 cells were cultured in DMEM medium (Sigma-Aldrich) supplemented with 10% FBS (Sigma-Aldrich)
and 1% penicillin/streptomycin (Wako Pure Chemical Industries). TG40 cells were cultured in RPMI-1640
medium (nacalai tesque) supplemented with 10% FBS and 1% penicillin/streptomycin. In the T cell activation
assay, MR1 translocation assay and MR1 specificity assay, both cell lines were cultured in RPMI-1640 medium
without folic acid, and with 10% FBS and 1% penicillin/streptomycin (assay medium). All cell lines were

maintained at 37 °C in a humidified 5% CO, atmosphere.
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HEK?293 cells expressing HiBiT-tagged human MR1

cDNAs corresponding to human p,m and human MRI1, linked through a glycine-serine flexible linker, were
cloned in frame with an N-terminal HiBiT tag and a His tag into the pPCAG-Hyg PA tag (Wako Pure Chemical
Industries). HEK293 cells were transfected by lipofection using ScreenFect A (Wako Pure Chemical Industries)
and selected by blasticidin S. Sequence of the construct used for expression of HiBiT-tagged MR1 in HEK293
cell line is as follows.
MYRMQLLSCIALSLALVTNSHHHHHHVSGWRLFKKISGGGGSIQRTPKIQVYSRHPAENGKSNFLNC
YVSGFHPSDIEVDLLKNGERIEKVEHSDLSFSKDWSFYLLY YTEFTPTEKDEYACRVNHVTLSQPKIVK
WDRDMGGGGSGGSGSGGGGSRTHSLRYFRLGVSDPIHGVPEFISVGYVDSHPITTYDSVTRQKEPRA
PWMAENLAPDHWERYTQLLRGWQQMFKVELKRLQRHYNHSGSHTYQRMIGCELLEDGSTTGFLQY
AYDGQDFLIFNKDTLSWLAVDNVAHTIKQAWEANQHELLY QKNWLEEECIAWLKRFLEYGKDTLQR
TEPPLVRVNRKETFPGVTALFCKAHGFYPPEIYMTWMKNGEEIVQEIDYGDILPSGDGTYQAWASIEL
DPQSSNLYSCHVEHCGVHMVLQVPQESETIPLVMKAVSGSIVLVIVLAGVGVLVWRRRPREQNGAIYL
PTPDRGVAMPGAEDDVV

Screening with Nano-Glo®HiBiT technology

HEK.HiBiT-hMR1 cells (3.0x10* cells) were incubated for 3 h in 20 uL. medium (DMEM without phenol red,
and with 2% FBS and 1% penicillin/streptomycin) in 384-well plates. Then, each compound was added,
followed by 8 h incubation at 37 °C. After plates were cooled to room temperature, LgBiT and a luminescent
substrate (Promega) were added. After incubation for 10 min at room temperature, epiluminescence was

measured using the EnVision plate reader (PerkinElmer).

T cell activation assay

HeLa.hMRI1 cells (4.5%10* cells) were co-incubated with TG40.MAIT-TCR cells (1.8x10° cells) for 24 h in 200
uL assay medium with various ligands at 37 °C. The cells were subsequently labeled with PE-conjugated anti-
mouse CD3 (BioLegend), APC-conjugated anti-mouse CD69 (BioLegend) and propidium iodide (PI), followed
by Gallios flow cytometry analysis (Beckman Coulter, California, USA). Data were analyzed with Kaluza
software (Beckman Coulter, v2.1). The activation of TG40 cells was evaluated by an increase in the cell surface
levels of CD69.

MR1 translocation assay

HeLa.hMRI cells (1.5%10° cells) were incubated for 8 h in 200 pL assay medium with various ligands at 37 °C.
The cells were subsequently labeled with PE-conjugated anti-human MR1 (BioLegend) and PI, followed by
Gallios flow cytometry analysis (Beckman Coulter). Data were analyzed with Kaluza software (Beckman
Coulter, v2.1).

Competition assay
HeLa.hMRI1 cells (4.5x10% cells) were incubated for 30 min in 100 uL medium (RPMI-1640 without folic acid)
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with various ligands (10 pM) at 37 °C. Then, freshly prepared 5-OP-RU (0.1 nM) and TG40.MAIT-TCR cells
(1.8x10° cells) were added. After 24 h incubation at 37 °C, the cells were labeled with PE-conjugated anti-
mouse CD3 (BioLegend, California, USA), APC-conjugated anti-mouse CD69 (BioLegend) and propidium
iodide (PI), followed by Gallios flow cytometry analysis (Beckman Coulter, California, USA). Data were
analyzed with Kaluza software (Beckman Coulter, v2.1). The activation of TG40 cells was evaluated by an

increase in the cell surface levels of CD69.

MRU1 specificity assay

HeLa.hMRI1 cells (1.5%10° cells) were incubated for 8 h in 200 pL assay medium with various ligands at 37 °C.
The cells were subsequently labeled with PE-conjugated anti-human MR1 (BioLegend), APC-conjugated anti-
HLA-A/B/C antibody (Biolegend) and PI, followed by Gallios flow cytometry analysis (Beckman Coulter).

Data were analyzed with Kaluza software (Beckman Coulter, v2.1).

MTS assay on HeLLa.hMR1 cells and TG40.MAIT-TCR cells

HeLa.hMRI1 cells (5.0 x 10° cells for 8 h incubation, 2.5 x 103 cells for 24 h incubation) or TG40.MAIT-TCR
cells (2.5 x 10° cells) were incubated for 8 h or 24 h in 100 pL assay medium with various ligands at 37 °C in
96-well plates. Then, the medium was exchanged with phenol red-free medium, and 20 puL per well of CellTiter
96® AQueous One Solution Reagent (Promega) was added. After 4 h incubation at 37 °C, the absorbance was

measured at 490 nm with a microplate reader.

Statistical analysis

The statistical analysis of the experiment was performed using Prism (Version 7.0, GraphPad Software Inc.).

Ligand binding mode prediction using molecular docking and MD simulation

Molecular docking of coniferyl aldehyde 11 towards hMR 1 was performed using the genetic algorithm-docking
software GOLD 2021.2.0. The standard default settings for the genetic algorithm were used. The initial
structural data of the protein was obtained from the crystal structure of hMR1 complex with a known ligand,
6FP (PDBID: 4GUP), and the structures of disordered loops and flexible side chains were modeled using the
structure preparation module in the MOE. The N- and C-termini of the protein model were capped with acetyl
and N-methyl groups, respectively. The dominant protonation state at pH 7.0 was assigned for titratable residues.
The ligand binding site in hMR 1 was defined to include all atoms within 15 A of the midpoint of Lys43 N¢ and
Trp156 Nel atoms, and coniferyl aldehyde 11 was docked into this site with positional restraint to place its
formyl moiety at the position in the crystal structure of the hMR1-6FP complex. The top-ranked docking pose
was extracted and used as the initial structure of following MD simulations of hMR 1 in complex with coniferyl
aldehyde 11. The structures of analogs 22, 23, and 38 bound in hMR1 were modeled based on the docking pose
of coniferyl aldehyde 11. A 50 ns MD simulation was performed for each hMR1-ligand complex using the
AMBER 18 package®. Amber10:EHT force field was used for the protein. The system was solvated in a TIP3P’

water box extending 10 A beyond the protein, and the system was relaxed using the default relaxation protocol
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implemented in MOE. Molecular dynamics simulations were performed in the NPT ensemble at 300K and 100
kPa using the default settings described in MOE, described briefly below. The temperature and pressure were
controlled using a Langevin thermostat and a Monte Carlo barostat, respectively. Van der Waals and short range
electrostatic interactions were cut off at 8 A and smooth particle mesh Ewald (PME) method®® was employed
for calculation of long range electrostatic interactions. Interactions between each ligand and MR1 residues were
analyzed using the PLIF analysis module implemented in MOE. Positions of water molecules in the binding
pocket of MD-relaxed hMR1 in complex with coniferyl aldehyde were predicted using the 3D-RISM** module
implemented in MOE.
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Figure 2-1. Natural products containing a linear structure with consecutive polar functional groups.
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LU FIZRT, Fairlie 513 5-OP-RU ® U B F VO e K& U EFHERO G RIZ, D-xylose % Hi
FIFRRE UCHIH L, SRR OS85 Z 72 <. ZFDOEZEK L TW5 (Scheme2-1a)
5, F7z. Dodd 5%, polyoxin D {25 F 15 (+)-polyoxamic acid D SARENEKZ SR 572 DIZ, D-
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ribonolactone % HFEJFEL & L7 ARk 2B LT\ % (Scheme 2-1b) 6, Z DX 912, 5 DDRFHE
IR L e B R 2 R OME A ML 5568 T VT —UETIE, 5 IRBEE 7213 DRk
EWELREWE LT D5 ENZV, —J, Starez HIX 6 RIEFE HHEWE &3 5 BIEOG Z Hik
LTWD ™, ZORIGIE, 7/ ~—fiice Re¥v 7 Z 1A 3 F‘%ﬁﬂ‘é%ﬁ%m%@*ﬂﬁ”f?
TNV T ZE T, T/~ T N3y T VAN ERAE S, BRI &< &It
Lo T, b Mo i Ic il Sz B#EE (alditol) %5 %5 (Scheme2-1¢) &, Bf'aﬁf’”
IO Z DB, 7 v LR FE IR IV B E NS T2, 5515 alditol 1 1 BEEK L
TfbEMmE 2%, 7 NVT = VETIE RIS, HIEWE TH 2 AFATHEZR 5 IRFEICIRY 23 5728
B LT VS ICH N B D, — 7, Starez I LTEARKISIX, Bix 72 6 ERNE A THIK Liﬁi)\
%ﬁﬁ‘ﬁ%i_ ICEMTE DD, S IRIEOF I N T — V&R & T DR - BARFERIS 2> & CTIXaak L

I WHEERANDOERPEZG D EEZEZ 60D, L L, KRRIGE, @EEH T CRISEIT &
%75)3?)5 LTz, HHEORWAZILEDZ WD BN 5 RIZHEORMB S D L FE X B
o

(a) ribityl group
OH
HO.._A~._-OH
P
HO o
O ~OH 8 steps ¥ O H
NN HN,__N._.O
[ HO™ " ™ "NH, \]&
Y, —_— |
HO OH OH OH NIWNH
[
ﬁH\H o}
(0]
D-xylose 3'-deoxy ribityl group 5-OP-RU
(b) -
(+)-polyoxamic acid
HO,C O OH 0
"3 o oM e I A~
K&O 10 steps J\I/k]/\ O;):\N O H = " 07 "NH,
B —— HO OH \H, O
S NH, OH HN—( on e OF
HO OH O HO
p-ribonolactone (-)-polyoxamic acid polyoxin D
’ Q
OH 0Bn 07 N0 OBn
O._ .OH 5 0. .0 AIBN 4 0.0
> ¢ 1 n-BusSnH s ~F OBn
o - > 4.. e, —_— 3. =
HO' ‘OH BnO" Y2 “0Bn benzene BnO" Y1 0Bn B"O/\;/H/\OB"
OH OBn reflux OBn OHCO  OBn
D-glucose ) alditol
, A
\ !
OBn OBn
Oo. .0 p-scission 0.0
---------- -
BnO' OBn BnO OBn
OBn OBn
alkoxy radical carbon-centered radical

Scheme 2-1. Precedent research on construction of linear structures with consecutive polar functional groups using
the chiral pool method. (a) Synthetic study on 3’-deoxy ribityl group. (b) Synthetic study on (-)-polyoxamic acid. (c)
Construction of an alditol using B-scission of anomeric alkoxy radical.

62



Z T, ZORGE X VERM»roOBEREEHOWARWHETERT I ENTENE, T
— ETER LT WHEEDOHHAIIE TX 5D TIIARWMNEE 2, EFHIITEIEL By 7 A fili
FOSERIAT 2 Z L 25\ Lz, ATty Ry 7 AfBERSIE, ATHEIC & o Thble & 7= il s
AN T—E 8 E B R b2l 232 L 2FAT 2 >, Chen HiE, B Ruxv 77X
WA X REROEBEICH LT, Aty My 7 2R T, T2 LickoTrraky
TUANEFRESE, 1L5KRIEFBE) (1,5-HAT) & #i< 7 F bzt T, MEEIRI 722 C(sp’)-
H E#EHALZ R LT\ 5 (Scheme2-2a) 2, F£7=, Knowles H 1%, HIEMSFMH T TRA 771
)= NEARIEL Ky 7 AL KESEDH 2 LICk-» T, BA#Ee FaxvEns 7 raxy
FIUANEERL, BRRAERIS LR ETERT, U Ny 7 A=a— N T ARBBRKISZER L T
% (Scheme 2-2b) 3,

(a)

EtOgC\f

o SO,Ph Et0,C
tolyl N Idrcattt tolyl 1,5-HAT tolyl tolyl
,t:r~c)yﬁ o reductan p-oyw o p-oyﬁ' oH p-toly oH

o) © 1,4-dioxane

0]
Pl alkoxy radical
(b)
Ir cat
base T }-scission 0 0
QH ASH 0o :
H —_— H —_— i H —_— H H

toluene

Me Me Me Me
o4

alkoxy radical

Scheme 2-2. (a) Photocatalytic generation of alkoxy radicals from N-alkoxyphthalimides. (b) Photocatalytic
generation of alkoxy radical via proton-coupled electron transfer.

U bodEsE»s, FEFXIAMICE Raxd o720, 2 REAT5 6 REFICAHEL Ky 7 Afill
FERSEL LT, 7ax eI U NoAe BREKIE, F<EILERT, TED 1 REWH
PR L7z alditol ~ZH3 DA BT T 5 2 & ZFME L7z (Scheme 2-3), D, 6Dt Rr¥x
AR LRE FTRE R R TH O U O RE L TR IR, it SHEIEAHRIC X o T~ 72 88f%
REEICEBMTE D EE X T, BEHIIARGHREIEOA A2 R 70Ic, RROT 2 JBETH 5 (+)-
polyoxamic acid D ELIZ DN T O TR 21T - 72,
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or 07N photocatalytic OR OR

0.0 activation 0.0 p-scission 0.0
—_— —_—
BnO"’ “0Bn P 3 BnO" “0Bn BnO" OBn
OBn OBn 0OBn
hexose alkoxy radical carbon-centered radical
R
? OBn X
0.0
= ROWOBH . . ’ ‘ x’\)ﬁ/\x
BnO" 0OBn OHCO  OBn X X
OBn . consecutive functionalization . o
alditol of hydroxy groups diverse derivatives

Scheme 2-3. Synthetic strategy for the construction of alditol via photocatalytic activation of hexose derivative.

BTIR BT NVEEE AWK

F9, Sudrez LOWEE L LT, 1zt RafxT 7 XA I R, 234600 DL THREL
e 7N a—RAFFEER N ZET VAW E L THRFZ1To72 (Table 2-1) 3, &€ LED HS T, Al
FL Ry 7 ZflE L LT 4 mol%® Ir(ppy)s. iZ=JLAl & LT 3 24 & Hantzsch ester, AL LT 1,4-
dioxane & HWT2 5T 41 Z USICATT &0 BRIOILEY 42 25 17% IR TH L (entry 1), 1,4-
Dioxane 11233 T, Hantzsch ester FE/F/E T CIXH D ISITHEIT L 72 > 72 (entry 2), — 5T,
MeCN ' Hantzsch ester FEAFAE F CRIGEAT D &, 42 DDV IZ, T/La—/1 43 L 44 DIREMDRE
OHET 30%INETH LI (entry 3),43 & 44 [THEHIL K GITH N INVEED 3 FNEERIZ XY 65:35
DIFFHREG L 725720, BT D Z LN TE o7, SOICRBEORF Z21To7-& 2 A, Hix
72T a b MRS CROS DOHEIT DR S 4L, WIS HRRE DR T 43 & 44 DIREWH
o7 (entries4-6), FFIZ NMP ZIRIEEE L CTHWZ & E1TIX 59%DINER T 43 L 44 DIREMIE
Siviz, —H T, v aAFHt 0L S R ERIEALL R CIIRISOEITIXME TX ehr o7 (entry
7o Fio, HAEORTIORER, BROKIGEET S 5121%, I(ppy)s B T 5 Z & BT H
L7257~ (entries 8-10),

Table 2-1. Photoredox reaction using substrate 41.

; :: photoredox
0 0 catalyst

BnO N
4 mol % OBn 2
0 C‘) (4 mol %) OR
solvent BnO™ 7y OBn BnO/\i/k‘/\OBn
— OB blue LED OHCO  OBn OR' OBn
0OBn
# 42 43:R'=CHO, R?=H
44:R'=H,R?=CHO
entry” photoredox catalyst solvent product (% yield)
1€ Ir(ppy)s 1,4-dioxane 42 (17)
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2 Ir(ppy)s 1,4-dioxane ND
3 Ir(ppy)s MeCN 43 + 44 (30)°
4 Ir(ppy)s DMSO 43 + 44 (40)?
5 Ir(ppy)s DMF 43 + 44 (51)°
6 Ir(ppy)s NMP 43 + 44 (59)°
7 Ir(ppy)3 cyclohexane ND
8 Ir(Fppy)s NMP 43 + 44 (28)°
9 Ru(bpy);Cl2-6H,O NMP ND
10 Mes-Acr* NMP 43 + 44 (43)°

® I ® 1"

,,,,,,,,, | SRR
| \/N/Ir\,\, : ‘ \/N/,'Z ‘\N‘ ; 2¢Cl
L = ‘ ]
Ir(ppy)s Ru(bpy);Cl, Mes-Acr*

@ Reaction conditions: The solution of the substrate (0.038 mmol) and photoredox catalyst (4 mol%) in the solvent (1.3 mL)
was irradiated with two 40 W blue LED lights for 24 h. ? Isolated yields. ¢ Hantzsch ester (3 eq.) was added. ? The ratio of
43:44 is 65:35. ND = Not detected; Hantzsch ester = diethyl 1,4-dihydro-2,6-dimethyl-3,5-pyridinedicarboxylate; ppy = 2-
phenylpyridine; Fppy = 2-(4,6-difluorophenyl)pyridine; bpy = 2,2'-bipyridine; Mes-Acr* = 9-mesityl-10-methylacridinium
perchlorate.

CZETOMREBEZ, 42, LOV43 L 4 ORAMEEZ D OGHEE L TO X 9 ICHEE Lz
(Scheme 2-4) . L& 41 DFHEDIRED r(IIIZ LV —EFBILINTT A aX T T IOHNV A AL
T, PRAANEZY spPRFETUINVBEHE XD W, ZO%, BIX1,5-HATIZLY, _UULT
VAN CITEEND 82, ZOEWIT, sp? RFEMD 1,5 KFEBEITHY ., —RAIZEZ DIz
FG & SNTWAN, ARISRICEBWTIE., Y40 C 1% Ph D 1 B Z~DIRIEL TLE
SNTWAEHTDIZ, MIBICEIT LI EB X LD 2, £ D%, Hantzsch ester 72 & D/KEZFRT F
T—HFETTREIVHIVBRCIERNRICEREIND, —FH T, IFFEETTIE, 7V B0 CEEI(IV)IZ
KAWL EZ T TR DN T A DICEBRIND EEZZ LD Y RN TAED H0 & Dk,
KR ZT VT e ROBBEZRT, T/ a—1 43 MK TS, ISR TR X7 VT e KA
Y5 2 Eid, G E GC-MS T4 2 Z S l2 k- THERR L TV D, BefRiT, 43 DRV I VI S
BETEAZEH LT, BHICHET I EREE Fox o BRI 5720, HEERE2 B &
LT, 3LManfFonitBZznhns,

65



Ph Ph
* HO O/I\OH
(adventitious)
/\)\‘/\ BnO/\E/'\l/\OBn
OHCO OBn OHCO  OBn
E
0 HO
S Ph
ET ) PhCHO
0]
Oxidative [ ‘
Quenchmg T BnO QBn OH
SET OHCO OBn
/{ BnO” ™ oBn
LED light OHCO  OBn
/ 43
~ N
;f o)tH 1,5-HAT migration of || 4344 _ 65:35
o8 4 formyl group ' ’
n
- B
B-scission BnO E o8n gcHo
OHCO  OBn
A B BnO”™ OBn
OH OBn
l Hantzsch ester 44
OBn
BnO™ OBn
OHCO  OBn
42

Scheme 2-4. Proposed reaction mechanism.

E=IR BEEOBERE LEREORE{

feWN T, R INEOERZL X A2 B BRI 272012, TRIED IZRT 5
&vaw%ﬁy%A%W?%?yff%éi5&%%45%f%%ymﬁ:@mmmmmofﬁb
H, EEAS ZHNDHZET, 1L5-HAT 20 LTHEL DR OV TTF Y FR, O 1FNOELGED
ALt Re XU ENSORBHBEEZZ T, XV VT T BH—/L 46 HAHE— é&%kbf?%ﬂé@
TRV EEZT, XUV T U7 B X =)L 46 [T4HAEE L TV 7z alditol & 13572 26 CTldd
L2HDD, alditol 42 L [FER, HEOAWZERZT HRELTRESNTNDLT2D, ZDH%RDOEEZE
HUZ LV R & REREE~FEARE L B2 DD,

i 5 ) Ph Ph
N

HO O O photocatalytic . ~L Py

o LJ(‘) activation o 0 o~ o
””””””” = ] OBn | TR ‘ OBn
BnO' |8 0Bn OHCO  OBn OHCO  OBn
n
45 F 46

Scheme 2-5. Synthetic strategy for alditol 46.

FEE 45 1%, BRI v a—AFFERTH D 48 ZIIERINITA LTT /~—fLick Rafo 7 XL
AIFREEALIE%, 6 (iDOv U NAREEZ PSS T CHAET D Z LI2L > THES L7z (Scheme
2_6) 23,24O
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HO TBSO NHPI ; ; ; E
O. .OMe ref 23 24 O.,OH DIAD,PPh, TBSO 07 N"70  Hrpyrigine HO  O7 N0
—_— - 0.0 —_— 0.0
HO‘. “'OH 4 steps BI'IO“' -"OBn THF kv, 67%-&4;6[{)5) k[]j
OH OBn BnO" “OBn BnO" ‘OBn
OBn OBn
9 45

47 48 4
Scheme 2-6. Synthesis of substrate 45 (NHPI = N-hydroxyphthalimide).

T NVIE 41 & AV TR ORESAE (Table 2-1, entry 6) & AW T, 77U 23 N 45 & ERUGIC T
L7c& ZAh, 63%INRTTHINT alditol PRiEA 46 2315 5 407- (Table 2-2, entry 1), Z DS, H§f
FIREZRBIAERIIIAT DAV Dy o 1oy ZORERIT, JElTR LT HEEBUSHERE D 2 4 2 SR LTV 5,
WIZ., Ir(ppy)s DAIZ, W< DA DfRES 2R A 7= 3, IR OUEEIZITE S 720 > 72 (entries 2,
3), Fio. R LW CIIARRISITHETT Uo7z (entry 4), fWV T, AMIGE 7 B —K
i~ LA L7z (Figure 2-2), JERUE% 7 0 —RUSICEAT 2 2 L D2 U v MIHAARYL 0 O
LED SN REZHFF LI EERTr— AT v 7 TCELZ LA D, ZHICLY, BEONy FRIGIC
e USRI O8ME & & IS, BIAER OIS/ R’ 5 EB 2 bivd 2%, F LED B~
0— U7 7 2SR AT L. FEE 45 R 1 h ThROGSEZE 2 A, B 46 % 63%
N TH 27 (entry5), 72, 7o —USSERME T TE, &% 5mol %2> 5 2 mol % F T L 7=
e CHIERITHERF S 72 (entry 6),

Table 2-2. Photoredox reaction using substrate 45.

photoredox
Oj LO Ph

HO N catalyst
o fé (5 mol %) 0*0
! NMP K;/'\(\OBn
BnO" “OBn blue LED 55 OBn
OBn
45 46
entry? photoredox catalyst yield (%)?
1 Ir(ppy)s 63
2 Ir(bpy)(ppy)2PFe 57
3 Mes-Acr* 12
4¢ Ir(ppy)s ND
59 Ir(ppy)3 63
69 Ir(ppy)s® 65
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Ve ‘ PFg

Ir(bPy)(PPY)2PFg

@Reaction conditions: The solution of the substrate (0.1 mmol), photoredox catalyst (5 mol%) in NMP (2 mL) was irradiated
with two 40 W blue LED lights for 24 h. ® Isolated yields.¢ Reaction was conducted without blue LED lights. ¢ Reaction was
conducted using continuous flow reactor in 1 h residence time. €2 mol% catalyst was used. ND = Not detected.

(a)

Flow reactor

Figure 2-2. Setup of a flow reaction. (a) Flow reactor for photoredox reactions (2 mm width, 0.5 mm depth, 3 m
length, MiChS Co., Ltd.). (b) Flow reactor setup for the visible-light-mediated B-scission and 1,5-HAT.

FIUIE  (+)-Polyoxamic acid DEFR~D i

w2, 13 b7z alditol PREEIR 46 DA AMEZL FZRET < | MM ERE AN EHEAY I AL & S U7 B
& CTd 5. (—)-polyoxamic acid, M UN(+)-polyoxamic acid DAl A7 A5 Z & & L= (Scheme2-7),
(+)-Polyoxamic acid 1% 3 DDA EHLEATDH a7 2 /EETHY . polyoxin 72 E D EYIEIERIR
MZEENDHHEETHD Y, Polyoxin [TXTFUNX T LAY RRFUAEWE TH Y . = OAEMIEIEIZ
BT, polyoxamic acid HEE N EHEREE ZH > TND T ERMHBITND %,

£7°. 46 75 (—)-polyoxamic acid ~DFFEA ARG L7z, HIEMESM T TORL IV IEDOBIRGE,
BOMIESRIZ Z 0 72 R 51 2GR Lz, f\ T A ARSI TR T TR T 52 & T, N
VT TR VE LT V= L ERIICHRGE L . 7L a— L 52 ZHUS L7 230, BRI,
52 # AZADO fEfb & . Zauiie < #fliEcioft3 2 L2k > T, B#D(-)-polyoxamic acid [(—)-54]
EEMTHZEICKkII Lz, £, &< RO A F— AT L-Gle 75 (+)-polyoxamic acid & 5% 3 5
ZLITHEE LT (Scheme 2-S1) #2431, SRIGRL L2 ALBWI(+)-54 36 L UN(-)-54 DRECE L, JEfT
FFEIC Tl STV DB & —B L Tz 2,
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Ph Ph Ph
Py PN DPPA PN BH3-SMe;
o o K,Co; O O DIAD,PPh; O © Bu,BOTf
0 K/[\(’\‘o OB
: BN MeoH ! BN THE, reflux ! " CH.CL
OHCO OBn 88% HO 0OBn 70% Na Bn 46%
46 50 51
AZADOL
HO OB o OB
" NaCIO,, NaOCl " PA(OH),/C 7 9"
Woan _ HOJ\‘/’\l/\OBn _ Howw
N; OBn MeCN N, OBn H; (7.0 atm) NH, OH
pH 7 buffer MeOH
52 53 _)-54
(1:1) 82% )
72% (=)-54 {[o]p25 = —2.1 (¢ 0.17, H,0))

(+)-54 {[a]p?® = +2.1 (¢ 0.57, H,0)}
Lit 289 (+)-54 {[CL]D23'5 =+2.2 (¢ 0.17, H,0)}

Scheme 2-7. Total svnthesis of polvoxamic acid.

BHE /INME

FEHX, DR L By 7 A X D HEREAR D B B - 1,5-HAT @kt S 2RI H LT, f&f7e s
R, alditol ‘BH A EET 5 2 LICkTh L7z (Figure2-3), ATVEIC X V4 L 7= alditol 1345 & K e
X VA OEGH R ERERAGIC K D B2 REFERAEWT D Z L TE D, FERIT, AFEICEBNT
polyoxamic acid ~FHEALTE D Z & AR STz, T4 D OAFFERRIZ. 5-OP-RU O L 9 IR
RERE NGB S NS 2 AT 2L B OREETEVEM BIRF E O HEREIC BTk 2 & 0 L iR &
no,

OR;
ROLC’,& (Ir) RO Y ORs | ——
OR; ORy
hexose /9 alditol diverse derivatives

Figure 2-3. Summary of Section 1, Chapter 2.
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EB_H ARERET COEBIKERDIIVER VERT )V 2N Uz iR B et
s DERFE

FT—H HEER

ZHAVETIZ, MRIT flifa e LT, @H O MAIT fila & T Mla FEOHEER L7225 DD, MRI
IC X > TR ENTHURZ RS LIEM LT 2 b O W O lE STV, ZH6IEEIC, BITF2
LD®ﬁ%Tﬁﬁ°ﬁméMTwéoW%i<ﬁbhéﬁ%i\at@ﬁthM7¢7v—%ﬁ
W5 FETH S (Figure 2-4a), MR1 7 N 7 ~<—& %, JUR/MRI EEHKE, ARV AT EY V%
BNV ICNERMEIS T DO TH D, T ZICHNKAFELINT 52 LT, JUR/MRI BHEE LA
Wﬁ?éTﬂ@%ﬂﬁ%ﬁ?é_&ﬂf%énoﬁﬁmmrﬁéw&ﬂmﬁ®ﬁﬂﬁﬁﬁ*%K%
W (UM A —F—FRE) 72, WERMET 22 TCTET AT 4 —2@mbTWn5b, £7o. Blokike
LC., FREDOPURLFAE T CTHGE - T5MAL L7 Mila 2 fififr 95 Z £ 12 X > T MRIT M3 [FE 4T
% (Figure2-4b), ARFiLIT, HEEOMBERMNRET 2V 7 izt LT, FrEOHUEHE % 5
R FAU - THFE LT Z T T L WO D TH D, FEERIZ, Sewell HIE, NAMBEKTH
% A549 FIAAE T C. b M RMYIMEAZHIN (PBMC) ZE:#E L. NAMKIC L RS- HiRE%
Fak LIRS v s MRIT filfaz R LT 3, b O FEIEL, MRLIZEES T, k4 72 MHC
IR SNTPURAZFET 2 T Mzt T 5 —xie kL LTHHmbLNTWDH—H T, T AU
v MOIFET H, MRI T hT7~—%HAWV5 HIETIE, TREFICEEAEDFOTHD L0 S %G
b & OBREROBIRIME TG EHEER T 208N H D, 207D, HUR/MRI EAEEKE OHAALE
ARG T MR DWW TR A RECH 2 & TRIND, £7o, FEOTURAE T CHEAR - &M
b U7l & T3 2 THE Tk, S PR /RD T OFLER 2 VT, MRI IR S 7= HUR 2 585
THZELEPBHERTINERD D, S HIT, MRS BT 2 OIZRERN 0% &0 9
TAV Yy bHHY . FEEEIZ Sewell HOFRXTIL 2 HHOEEBMLIEL 72> T 5,

(a

off-target cell on-target cell

<:::>) Ci::> wmmmf%%5§;>
cancer cell

MR1 -antigen
complex

fluorescent dye

Figure 2-4. Existing methods for MR1T cell detection. (a) MR1T cell detection using fluorescent dye-conjugated
MR1 tetramer. (b) Cell proliferation in the presence of specific antigen.

UL b2 E 2 TEFIL, L0 MEEN2DOHEIZ MRIT M2 L9 2 51EE LT, Kk FNE
SR B LT, IRV & 13 %EOD%&HH’U%EL%ébWiﬂ‘/Dﬁ? 7 WA TR & Ol
ZBLE L, M T A2 AT D 2 LT 2 OB VWLEIAFET 2 X NI B ED
R F 2 BN 7~k T 2 51ETH S (Figure 2-5) 4, —fiXIZ, 7~/ LA THOE AR E
FF o Z T DA, AER ST ORERAIN A BB - IR D 2 L AN ATREIC 7R D,
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O [proximal] [distal]

labeling
cat) molecule labeled unlabeled

Figure 2-5. Proximity labeling.

THNETIE, TR 2 IR OB R L2 25 ST b, FRICHRIT T,
FEMELPLAPED @ S 6 TS B (PC) LHilkza Yol — MLl 2R L
TR ARG OB R A TS, T bid, BiaFE8 AR E&20 ST, 2 Mg Lok

_uﬁ_ﬁﬁb\t%%ﬁ@#%ﬁHL%7«wMT5$&T%D\7&»M®ﬁ§%ﬁﬁﬁﬁ
BB ThDH, €I TEHEEIL. LR & O 2R TGS E AR 2 W 7 E AR AE A% 4 . MRIT #ife
DORMIZHISHTE 52D TiE Wt EXT2, 77205, MR1 7 7 v —ICELAFEORDITHK
it Z 22— N LT FARER T H5Z LT, MRL 7 I ~— CHHAAERT DHla o & ox
7B EBEIRHEGRTX 5 Z L AW L. (Figure2-6), MR1 7 h I ~—/#taFE a0 Va7 —k
ZFMT LG ELHE LT, MRl 7 I ~—otfiili a2 =2 75— M2 WS AKRFET, TMRE R
HEMTHHIETH L0, —FRFHNICHFE/MRI AR E AR L THaTH-> T, HHAE
HALTWz] SO ERE KBRS Z LN TH DL, DF V., FUR/MRI EHEEKE O EEH
MEFN T M Z bR T 5 Z ENTE D700, RFIETERIEIZNRD 2203/ 72 MRIT Mok ik
L7255,

W.W-»W.W

MR1-antigen
complex |nact|ve
[SET or EnT|

actwe product

Figure 2-6. Detection tools using proximity labeling.

I, [FERED BT, itz AW 2 BRI L v il B ¥ R0 B T T S
FFEPEHHE N TWD, MacMillan 513, PURIZa T a5 — b LIt z2 HnwT, o7V
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YN INREERT D TFEEBE LTS (Figure2-Ta) 3, WL~ 3Em O RE M2 (b
FRETHDLIH, FESTFHO C-HERITHAT D Z ENARETH 200, AREBH TIX, H0 &
HEGIISIST A0, FEFIZHFMNPFE L, MacMillan H1E, ZOFHFMOBE I ZFIH LT, HiiE0iE
W5 X7 BRI RTET D 5 v X7 B RPN T 5 Z LISk L TWb, LavL, AFE
TIEINROFMBHETEDLND I, Mz 7 AL T HITIFIENEBENLEEZ SN TS,
F7-. Fadeyi b, PULAIZa L Va2l — LM ZANT, 72/ — AT =2/ X T7V0
NWEARRT HFELZHRE L TS (Figure2-7b) %, 7= /) X TV NVTEBF A ERIEFETH S
72, Tyr RO X I RBAEEREERED TV I THZENMBNTWD, —J7, H0 IZxt
U CHERISHEDMENW =, ZoiEReHFaoR S ZFH LT, WEW%LTwéﬂ@L@&yN&
BENRONAEHRT D Z LI LTS, L L, ZOFEIIIEOEITICHES T, FHEOH
D HOs MNERTDHEWVNIT A Y v MIMFIET D,

%5Lk%%%%ii EFIT MR1 7 b T~ —/efillit = 2 o A — Tk B ARIR S~k

W L7z, B 2R DSBS A S A BRI T D 2 & 2 FHE LT,

(a) _ CFI?I

h N
J'?O \

O)zc‘.ﬁ, P O/\ CFs

carbene

N e
OH
/ | OH OH
/ labeling Tyr O
r : Jl (Fc) radius | H20;
- ”4‘ ‘

o, € °q,

phenoxy radical
(Tyr-reactive species)

bait cell prey cell

Figure 2-7. Precedent research of photocatalyst-based proximity labeling. (a) Labeling with photocatalytically
generated carbene. (b) Labeling with photocatalytically generated phenoxy radical.

Z ZTEAL, tetrazole IR 72 N FRIOSIZHAE B Lic, ARISIE, UV BEIZ X - Thtld =
A7z tetrazole 73, ZE & D PiEEZ £ > T, nitrile imine (2282 X315 )i T % (Figure 2-8) 3738, Nitrile
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imine (X, 13- & LTHMOBNTWI{LEM TH L, ABEMSEETICBW T, EIZh AR
VRIS DREGHE A Z T -, 1,5-T 37 FERRD Z LT, hydrazide ICE#AS 5 ¥, £7-.
nitrile imine [RGB THEMRIEERE TH D720, KT, FMIT tetrazole #1725 Z LIk
- T, photoaffinity labeling ~JSHTE 5 Z & bR STV D 4,

FHIX, UV BRETIE7Ze < JefliE)> & @ energy transfer (2 XK U tetrazole Z L 325 Z E N TX 1
X, BN BARATH 7 LA 72 5 O Tlix7enin & B %2 7=, Energy transfer &3, YMREHIZ L -
T EEBURREICHIE S A, B M EERIREICR A BRI HRBEIC = x L F— 2 LT, HE
Z_EHIUREICRE T A2 KSTH D 4, SEITHFSEIC T, tetrazole 7> 5 nitrile imine ~ZE#A S 415 BRIC
X, ZEIEBhEIREZR D Z ENBEICH LT/ > TV D728, energy transfer |2 &> T tetrazole %
“HEERNERIBICHEE T 5 Z LA TE UL, BIEMIC nitrile imine ~EHEIND LB X Hivd P,
F 72, nitrile imine [ AR TIZBWTEEMRIEER CTH L7720, LA T =X LW T
il AR AFA1Z nitrile imine A ERLT 2 2 & A TE AL, JEAMEL)E D D ZZ nitrile imine 23FTET 5 Z
LT, L2035 T MR 7 b7 ~—Efillli s o > 2 o 7 — s Lo 12 fER9 10, HUF/MRI
BAEREFEMERAT DA LD X7 HICE £ D Glu ISHSC Asp IEHD 1 VR Ui & BRI
T T B EEZBND (Figure2-9), Glu =0 Asp 134 VRV EHFOFEENEL . OB T
L BBEREICEENDMBE I N AR BRI S X BEREICEH L TWD I ENRZ WD, FEEmIC
LD 7 N NALDEITT H b D EWIFF S D,

o]
Ar
N.A’ 1 Ir ) Ar HO)LR _NH H i
- N N O _— N.
NN ZN© o | (.)j\ Cl”, NT R
o “Z @ carboxylic acid 1.5-acyl !
N P4 O R | Tohie 0 A
tetrazole nitrile imine hydrazide
Precedent research
» o]
:Ar N‘Ar .?r HOJJ\Q
-N -
NN UV lamp NI N tei o]
| N I N N©  Protein H
o | [0 07 YD
excitation Nz O Ar
tetrazole . & . triplet excited state nitrile imine hydrazide
intersystem crossing
| This work | [
blue LED energy transfer
Ar J— -
n-N PC(Sy) PC*(Ty) + - +
I N
o J 4 S
energy transfer 3pc*  substrate PC  3substrate*
tetrazole

Figure 2-8. Photodegradation of tetrazoles.

Nitrile imine Z I 2 RKFIEIL, AR ERHOCDHEL LT, 7 EFIOFMm D431
T, BRI EZ 7 VUL TEL EEXOND, o, 7= /X IV ONERNL 5L
LT D L AFEE, EEORWEROLVEIVET DS TH D720, L0 AEREGTER &
FEIZD 5 D, —FH T, JEIRE O A Tl nitrile imine 2338417, AL A1 nitrile imine % ZE
T % KD R RFIE ZAVE TITHEN L STV e, ZivaiiE 2 72 T, 31X, tetrazole % S ffill
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{RAF AT nitrile imine ~ZS #2925 SO D BAFSIZEL Y FLA T2,

OH “N°
N.;-N/N‘Af o
Qr” o o
=\
e Ne—pr OT;” Asp or Glu
B |
N ,N‘Ar R ‘
N et 7777 Vel 7777 77777

MR1-antigen Ar Ar
complex N-N, PC N
. : 69 N Mo

! d\N’ Z @

tetrazole nitrile imine

Q

Figure 2-9. Labeling strategy using photocatalytically generated nitrile imine.

B "IH  Tetrazole DARERIYE S ARIZ IS 1T 5 R DRRET

BAANT ., SR B O energy transfer 2521 T, nitrile imine ~ZSH#8 S 1% tetrazole i 5K &4 PRFR 3
HZ &b L7, 10 4HED 3-phenyl propionic acid, M F 2 mol%® Ir[dF(CFs)ppyla(dtbpy)PFs /71E T\
Bex 722,5 “iEH tetrazole (2K L ORI 21T o7 (Table 2-3), £, 27L& 527 = =LA
A9 % tetrazole 55a Z AW /ZBRIZIE, HRIDILEM DO AERKITHER S RioTz, FiW T, UV SIS
KOG HZ LB TN D 55b (Zx LIERIGZRATZE 25, 3T%DIERTHRDO I VR
VAR AT 5 Z LN TE L ¥, RBUSE MMBEIEFE N TiTo7 & 2 A, BRIOILEMD
ERITESHER SN2 ENG | MBEHKFANTSUSPNET LTV D Z L LN R -T2,

BT, K0S VR R & U T D tetrazole F5EARDEETE 21T - 72, —fI% T, energy transfer
ZMBICETIE2DIE, =X —BE 22 5 A E o —HEhE = v F =75, 54K T
b % e O ZHIEE T R F =L 0 b HSIRNZ EREERERDO DO TH L LML T
LY, Elo, BEROHIECT, 2MOEHBRIEOIBSRZILIRT D Z LIZ& > T, tetrazole D — EIH]f
BEZRAF =R 22 ERRESNTND B, £ 2T, BEREILRE S E7okE % 72 tetrazole 55¢—
g AL, TORIEEZRAE L, 3. 2002 1-F 7 F I EHT 5 tetrazole 55¢ = WD & |
T0%ULR THTL D T VRV BRAINE 57 2 5272, 1o, -7 7 FVEORD VIS, 2411 5-1 Y F
)V =B HT D tetrazole 55d T HRIFDIRTHBIO(LEW 57d MG LTz, —FH T, Thb
DOFEEFITx L, CAEIEFE T CTRREH L TH, BRI E A LT N o7, 72, 27T 8-
XY = VAT 5 tetrazole 55 2, 5D T = =)V EEAT I NIZZEHL L7~ tetrazole 55f Tl X
UMK T Uiz, 200 TliE7e <, 5 MO EHFE D B R % JE5E S 72 tetrazole 55¢ T4, HHIDAL
(EL /1S5y (WA

LLEDRERMNS 2 (02 1-F 7 FNVREET 5 A VX 7 V= S A7 ==V ERERT 5
tetrazole 1. YAMEARTFAN DRIV AN R VR L BURT 2 Z EBH B E e o7,
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Table 2-3. Exploration of tetrazoles that photodegrade in the presence of photocatalyst under blue LED irradiation.

Ar o (e} Ar
_N 2 Ir[dF(CF3)ppylx(dtbpy)PFg (2 mol%) !
/N'L N ' wOH — - R)LN’N ©
R”s N H,0/MeCN H
(1:1)
blue LED irradiation
55 (10 mM) 56 (100 mM) n,6h 57
compound? R Ar yield (%)? ¢
55a ©/ . /© ND
K
\
o
55b ©/ * H/O 37 (ND)
55¢ ©/E \$ 70 (trace)
N\
\
55d¢ (j/%4 \E&j 73 (trace)
A B
55e ©/ N trace
559 \$ ca. 26
559 Y@ trace

PFs

Ir[dF(CF3)ppylz(dtbpy)PFe

@ Reaction conditions: The mixture of substrate (0.200 mmol), 3-phenylpropionic acid (2.00 mmol) and
Ir[dF(CF3)ppy]2(dtbpy)PFs (2 mol%) in H2O/MeCN (1:1, 20.0 mL) was irradiated with two 40 W blue LED lights for 6 h. ©
Isolated yields. °Results in the absence of photocatalyst are shown in parentheses. ¢ Reaction was conducted for 4.5 h. ND
= Not detected; ppy = 2-phenylpyridine; dtbpy = 4,4'-di-tert-butyl-2,2'-bipyridyl.

BEUNT L eI O MRET A2 1T o7~ (Table 2-4) . 65.1 kcal/mol 7> 6 46.0 kcal/mol £ TEE 4 72 = FIEHJG)
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RV —%F T HABAFTE T, tetrazole 55d & 3-phenyl propionic acid DSt & kA 7=, F7°,
Ir[dF(CF3)ppyl2(dtbpy)PFs £ 0 & @\ —EHEHphE = R )V ¥ — % F 73 %5 1-butyl-7,8-dimethoxy-3-
methylalloxazine Z W TS 21T 272 & 2T A BIIOILEWITIT L A E/FB N> Tz (entry 2),
i\ T, Ir[dF(CF3)ppyla(dtbpy)PFs & ¥ MK\ 554 kcal/mol O —EHEIHFIEE = X VX —% H 9T 5
Ir(dFppy)2(dtbpy)PFs Z FHHWN TG ZEIT o7& 2 A, 60%DILERT 57d DERKD R S L7 (entry
3)o =i T, IVIEW=EHEpE T R LF—%2FT 5 riboflavin X° Ru(bpy);Cl. Tl HHJDLEITFT
iR o7- (entries4,5) . LA EOMRFN G | SefifhE & U T Ir[dF(CF3)ppyl2(dtbpy)PFs 2 I % 6 %
KiEETHIEIT LT,

Table 2-4. Investigation of optimal condition for the photocatalyst dependent photodegradation.

N=
O
9 o

-N + photocatalyst (2 mol%)
NN ©/\)LOH NN O
N H,O/MeCN H
(1:1)
blue LED irradiation
55d (10 mM) 56 (100 mM) r, 6h 57d
entry? photocatalyst Et (kcal/mol) yield (%)
1 Ir[dF(CF3)ppy]lz(dtbpy)PFs 60.1 73
5 1-buty|-7,8-d|methoxy-3- 65.1 trace
methylalloxazine
3 Ir(dFppy)2(dtbpy)PFe 55.4 60
4 riboflavin 50.0 trace
5 Ru(bpy)sCl2 46.0 ND
B | X F 1 OH
B RO O Ao
o N il(\fo N, I|r \\\\\\\\\ . o™
~ = N e F PF, N__N._O
SAL ] DS P@+
Bu = N
X | F o]

1-butyl-7,8-dimethoxy-3-

methylalloxazine riboflavin

Ir(dFppy)l2(dtbpy)PFe

@ Reaction conditions: The solution of substrate (0.200 mmol), 3-phenylpropionic acid (2.00 mmol) and photocatalyst (2
mol%) in 20.0 mL H20/MeCN (1:1) was irradiated with two 40 W blue LED lights for 6 h. ND = Not detected; ppy = 2-
phenylpyridine; dtbpy = 4,4'-di-tert-butyl-2,2'-bipyridyl; bpy = 2,2'-bipyridine.

F=IH EEEAGAORE

BT, EReEE S A FV T, nitrile imine 23N 2 VAR U EEELE o0 I HPH & MR L 7-
(Figure 2-10) , FFEE O K X OfaFufighhifg & O KIS TR 72 IR THOLEY) 59a B35 517,
NEARBIIZ D E @\ pivalic acid Z W 235G 1T VDERITIER T L2 b 00 BHRYD 77 )V 7R U FEfH IR 59b
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DLz, BEWVT, BERINARERE DD v 7 T hi I Tz, p-toluic acid & B /LR gL L
THWESEITIE, FRE DI T H W) 59¢ % 5 -2 7-— 77T, 4-methoxy benzoic acid X°= = F i
AW AEICITIRIIRESIK T L (59d.e),

WNT, WS ODDORRT X BFHERICEEND WNARN L BORKICE G Lz, £3. HRE
OWEEI N BE BT H I INVH I VEEFHERST AT X UBHERE VTR & T2 &
A, TREEND BIFRIGER TR OLAEY 591,g M5 bhT-, LovL, E\E#EDT XV EEET5H
B-7 T = EBANRAEE L THWEGEIZIE, HHERIRGHE 20 . BROILE R DT DN
INDHDOHRTH-7- (89h), ZiuL, 7 I 7 H nitrileimine DRI CTRISLDET L7200 EE 2T
WD

PLEOKGEIN S, RRINZED 1y 7Y o I TEDINR L BEOEE T EOHIENH 5 Z &
Winote, —HT, WUNIRESINTZ T NH I VET AT X U BROMBH A VR Bk &353R
BICRISTE D 2 &b, Z /7 HOERICHIATE 2 REMEN RV 2 E R ST,

@ .
NN )OL If[dF (CF 5)ppyl,(cbpy)PF (2 mol%) o Z
| N * _N__O
N R” “OH H,O/MeCN @Aﬁ Y
(1:1) R

blue LED irradiation
55d (10 mM) 58 (100 mM) ,6h 59

T ORE

59a (73%) 59b (38%) 59¢ (59%) 59d (25%)

N
o = ©)L o = P
N__O _N.__0O o
N~ N o]
o o e
= ; OBn H NH,
N HN‘Boc
59e (26%)

59f (63%) 59g (quant) 59h (trace)

Figure 2-10. Scope of carboxylic acids.

BUE F U7 EIIHT D T I ERISDORE

R, REOGZ 2 N7 EOREBIISH TE D20 et Uiz, £, 2 07 BOBERRIZEL -
<, Z‘H%*#TVC HENRANTI L, INR LIS TE DD ET 52 & & Lz (Figure 2-
11), 100 uM @ tetrazole 55d, 10 mM @ 3—phenylpropi0nic acid, 10 uM O Ir[dF(CFs)ppy]-(dtbpy)PFs %
N THIEEAT > T2, ZORER, 30 23 TRIGITIFEER L. BIOLEWA 46% 0D HPLC IR T
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3 b7z (Figure 2-11a) , — 5 T OGAEIEAAE T Cld, H IO BUSITEIT L7205 7= (Figure 2-11b) .
VL EDERRN G, REISIIAESRE T COERIET L, FTEO VAR CBRAIERELND 2
ERHABMNE ST,

(1:1)

N-N + OH photocatalyst (10 mal%) N__O
I N N
N H,0/MeCN H

blue LED irradiation

55d (100 uM) 56 (10 mM) rt 57d
(@)  Ir[dF(CF,)ppyl.(dtbpy)PF, (b)  no photocatalyst
mV
mV
200 o o 1 EHESA Chl 254nm
m s 3 2501 m é % 1 $EHBA Ch1 254nm
150 l—/ 56 g 200 — 56
‘ |lN g
1007 | | - 55d 1507 |
internal _— photo- ? 0] Internal _——1 | — 55d
50] standard ‘ catalyst ™ standard | | |
‘ 1 - 504 I
N | | —
=T A T T T T T T ———— o T T T S S A T
0 3 10 i 2 2 % o 0 5 0 15 P 25 ke 35
- - min
L mv
z 1 Rt E2A Chi 254nm . o | BIEEA Chl 254nm
2007 = $ }2 )
] B Z 56
150 - 56 150 §
] 57d (HPLCURE :46%) g
100] b 100 | [
1 Internal — 2 Internal __— | __— 55d
1 standard photo- = 50 standard ‘ | |
509 | catalyst | £ |
| MEose L L
1 P - B — e —— .
Du '__';; I‘O 20 2‘5 3'0 35‘ 5 1'0 1‘5 20 2‘5 30 35‘
min

Figure 2-11. Photocatalyst-dependent labeling of carboxylic acid in the dilute aqueous solution. Internal standard: p-
toluamide.

BEWNT, XU NTEOERERARD L & U, HMEAFET, 14 HoBET I /i (7 AN
TXUERE VS I UEE) ZHHT 5 chymotrypsinogen A (25 kDa) (Zxf LT, B4 F o s L7z
tetrazole 60 % W TSk L, Z DIk &L V= A& 7 v v 7 ¢ 71 L 0§l L 72 (Figure 2-12),
Z OFER. AEIEAFAE T IS EIT LTV 0o st LT, EBEAFE T\ T I~k
BRI T LT D 2 & SRR & iz,
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HE%‘“%J“V\O%“ﬁ

o

60 (50 uM)

Biotin
Ir[dF(CF3)ppyla(dtbpy)PFg (10 uM)
+
c PBS (0.1% DMSO)
blue LED irradiation
rt
biotinylated

chymotrypsinogen A (1 mg/mL) chymotrypsinogen A

chymotripsinogen A
(the number of acidic amino acid: 14)

Tetrazole (60) + o+ 4+ 4+ o+ o+ o+ 4+

photocatalyst + o+ o+ o+

0 5 1015 0 5 10 15
—— e
Western blot for biotinylation

blue LED irradiation (min.) -

-
Coomassie brilliant blue-stained gel

._ -

Figure 2-12. Photocatalytic labeling of chymotrypsinogen A (PDB ID: 1EX3).

I, FROBUSEEZ W T, 5 FESCHBMET XV BOBDBER LMD 2 7 H 1T
X DA Uiz, Y, tetrazole 60 /77E . GST. aldolase, BSA @ 3 FlfiD % > /X7 Ikt LG
A ZITo7EZA, WThOZ U7 ETYH, BERFEHRFRIC 7 ~ALRE DETT R S
7z (Figure 2-13), PLEX YV | ALUSIEMEA 2 2 X7 BEEHRTE 2 Z BB LI -T2,
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Biotin
I\f‘N,N Ir[dF(CF3)ppyla(dtbpy)PFg (10 uM)
| +
NH H H H N c PBS (0.1% DMSO)
HN)&'(“i\[rN\{/\O’);\/N blue LEDr;rradlatlon
H S 0 (o]
biotinylated
60 (50 uM) protein (1 mg/mL) pru:'ein
GST? aldolase BSA
Tetrazole (40) -+ o+ -+ o+ o+ -+ o+ o+
photocatalyst -+ o+ -+ o+ o+ -+ o+ o+
blue LED irradiation (min.) - 0 5 - 0 5 15 - 0 5 15
| | |
Western blot for biotinylation (25 kDa) — (35 kDa) (63 kDa) -
Coomassie brilliant blue-stained gel [——— ———

aldolase
(*148)

BSA
(“88)

%the number of acidic amino acid’/

Figure 2-13. Photocatalytic labeling of GST (PDB ID: 1EX3), aldolase (PDB ID: 7KA4), BSA (PDB ID: 4F5S).

aProtein concentration: 0.275 mg/mL.
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BRI /NME

EFIL, HHL MRIT M HIEOBRFR 2 B2 T, aIHDCS B S OB 21T > 72,
SORER, B DR tetrazole 23 EARBAKAFAIIZ nitrile imine ~EHLI L, FEx DI VAR R E S L
T hydrazide ZJZT&E 2 Z LB BN E 72 o7 (Figure2-14), E7o, REUSITkEX 7252 X7 ED
I BICHFIRECTH D Z LR Slz, ARSI CTEIT T 5 & L b, B bEma R4
L2pnWesh, PERIEL I LT, IV AEKEEHOmWTFIEL 0D Z Ll s D,

— T, RS ZE AW THIE EIZBBL L TV X RXTEE T TE L), £7-MRL T N7
~—/ i = Y 2 = N A O TEERSRIEIR IS 7 ~ U LT & 57y (RBRRYSRE T e e
ZFFON) IZOWTIL, AR OLEN S 5, ARBUEA, MRIT MldOB 7= 72kttt & LTOSH &
. MRIT Ml OERARICH B 2 Z & SR S D,

Ar O Ar
-N Ir N
[ Y -
o S o7 | ==
N
tetrazole nitrile imine

labeling of biomolecule

W Photocatalyst dependent reaction W Short reaction time W No toxic byproduct

Figure 2-14. Summary of Section 2, Chapter 2.
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EBRIE

Experiments in section 1

General information

"H NMR spectra were recorded using a JEOL ECA-500 spectrometer at 500 MHz frequency. Chemical shifts
are reported in & (ppm) relative to MesSi (in CDCl;) and residual H>O (in D,0O) as internal standard. 3*C NMR
spectra were recorded using a JEOL ECA-500 and referenced to the residual CHCIl; signal (in CDCls) and
MeCN (in D>0). 'H and '*C NMR spectra using D»O as solvent were recorded at 25 °C. IR spectra were obtained
on a JASCO FT/IR-4100 spectrometer. Exact mass (HRMS) spectra were recorded on a Shimadzu LC-ESI-IT-

TOF-MS equipment (ESI). Optical rotations were measured with a JASCO P-1020 polarimeter. Column

chromatography was performed using flash chromatography on a Wakogel C-300E (Wako) or Biotage Isolera

flash purification system on Sfar Silica D (Biotage). For thin layer chromatography, silica gel 70 F,s4 plate was

employed. An oil bath was used for conventional heating. For photoredox reaction in batch manner, A160WE

Tuna Blue (40W, Kessil) was utilized. Microflow photoredox reactions were carried out by using a photoreactor,
MiChS L (2 mm width, 0.5 mm depth, 3m length, MiChS Co., Ltd.) and light source, lek-042-b (100W, Artpro

Co., Ltd.). Compounds 413, 428, 482* were known. The compound 47 is commercially available.

H,

HO 850 NHPI - TBSO Y HO Y
DIAD ., ..

(IOJ\:OH ref. 23, 24, 31 ‘:CIOH PPh, ‘/(OIO HFpyridine ﬁo

HO Y OH g steps BnO Y OBn  THF BnO H OBn THF BnO } OBn
OH OBn OBn 56% OBn
(2 steps)
L-Glucose ent-48 ent-49 ent-45
bh Bh DPPA eh
by DIAD Py Me,S-BH;
Ir(ppy)s 07 "o K:CO; O "0 PPhy o 0 BuzBOTf
NMP 77 TOBn  MeoH T OOBn oy T 0B o,
4% OHCO  OBn 83% HO  OBn reflux N3 OBn 42%
71%
ent-46 ent-50 ent-51
AZADOL
NaClO,
OH OBn NaOClI O  0OBn Pd(OH),/C O OH
Rl 63 OBn MeCN HO N 58 OBn Hy (7.0 atm) HO QH éH OH
3 n pH 7 buffer 3 n MeOH 2
(1:1) 74%
ent-52 79% ent-53 (+)-54

Scheme 2-S1. Synthesis of (+)-polyoxamic acid.

(2R,35,4R)-1,4,5-Tris(benzyloxy)-3-hydroxypentan-2-yl  Formate (43) and (2R,3R,4R)-1,2,5-

Tris(benzyloxy)-4-hydroxypentan-3-yl Formate (44)

The solution of 41 (26.9 mg, 0.0392 mmol) and Ir(ppy); (1.0 mg, 0.0015 mmol) in NMP (1.3 mL) was stirred

under Ar and irradiated with two blue LED lamps (Kessil) 5 cm away from the reaction vessel at room

82



temperature. After being stirred for 23 h at this temperature, the mixture was diluted with H>O. The whole was
extracted with Et,O, washed with brine and dried over MgSQs. After concentration in vacuo, the residue was
purified by thin-layer chromatography over silica gel with toluene—EtOAc (7:1) to give the mixture of 43 and
44 (10.5 mg, 59% yield, 43:44 = 65:35): yellow oil; IR (neat cm™!): 3464 (OH), 1725 (C=0); 'H NMR (500
MHz, CDCls): 6 2.68-2.74 (m, 1H), 3.47 (dd, J= 5.7, 9.7 Hz, 0.35H), 3.51-3.57 (m, 0.7H), 3.62 (dd, /= 5.7,
9.7 Hz, 0.35H), 3.68—3.82 (m, 3.25H), 3.95-3.99 (m, 0.65H), 4.06—4.11 (m, 0.7H), 4.49—4.58 (m, 4.65H), 4.64
(d,J=11.5Hz, 0.35H), 4.71 (d, /=109 Hz, 0.65H), 4.74 (d, /= 11.5 Hz, 0.35H), 5.15-5.17 (m, 0.65H), 5.23
(dd, J = 8.0, 1.7 Hz, 0.35H), 7.23—7.37 (m, 15H), 7.98 (s, 0.65H), 8.03 (s, 0.35H); *C{'H} NMR (125 MHz,
CDCls): 6 68.6, 68.7, 69.4, 70.1, 70.3, 70.4, 72.1, 72.4, 72.8, 73.3, 73.48, 73.51, 73.55, 73.6, 75.0, 75.8,
127.6—128.4, 137.57, 137.62, 137.71, 137.74, 137.78, 137.81, 160.31, 160.34; HRMS (ESI-TOF) m/z: [M +
Na]* caled for C27;H30NaQOs, 473.1935; found, 473.1932.

2-{[(3R.,4S,5R,6R)-3,4,5-Tris(benzyloxy)-6-(hydroxymethyl)tetrahydro-2H-pyran-2-yljoxy}isoindoline-
1,3-dione (45)

To a stirred solution of 48 (4.16 g, 7.37 mmol), NHPI (4.81 g, 29.5 mmol) and PPhs (7.73 g, 29.5 mmol) in THF
(73.7 mL) was slowly added DIAD (1.9 M solution in toluene; 16 mL, 30 mmol) at 0 °C under argon. After
being stirred for 22 h at room temperature, the mixture was concentrated in vacuo to give a residue, which was
purified by flash chromatography over silica gel with n-hexane—EtOAc (8:1) to give crude 49 containing
inseparable mixtures (5.14 g), which was used without further purification. To a stirred solution of 49 (4.67 g)
in THF (132 mL) was added HF -pyridine (7.9 mL, 0.28 mol) at 0 °C under argon. After being stirred for 4.5 h
at room temperature, the mixture was diluted with saturated aqueous NaHCOs. The whole was extracted with
Et,0, washed with brine and dried over MgSQa. After concentration in vacuo, the residue was purified by flash
chromatography over silica gel with n-hexane—EtOAc (2:1) to give 45 (2.68 g, 67% yield from 48, o:f = 1:3
anomeric mixture): white amorphous ; IR (neat cm™): 3520 (OH), 1607 (C=0); '"H NMR (500MHz, CDCl5): §
1.48 (dd, J= 8.0, 4.0 Hz, 0.25H), 2.65 (dd, /= 6.9, 6.9 Hz, 0.75H), 3.53—3.55 (m, 0.75H), 3.62 (dd, /=9.7,9.7
Hz, 0.25H), 3.70-3.85 (m, 4.75H), 4.15 (dd, J = 9.7, 9.7 Hz, 0.25H), 4.66—4.72 (m, 2H), 4.77 (d, /= 11.5 Hz,
0.75H), 4.80-4.88 (m, 1.25H), 4.91-4.94 (m, 1H), 5.04 (d, J=10.9 Hz, 0.25H), 5.09-5.15 (m, 1.5H), 5.54 (d,
J=4.0 Hz, 0.25H), 7.26—7.38 (m, 13H), 7.48 (d, /= 6.9 Hz, 1.5H), 7.54 (d, J= 6.9 Hz, 0.5H), 7.76—7.81 (m,
2H), 7.85-7.91 (m, 2H); *C{'H} NMR (125 MHz, CDCl;): § 61.1, 61.7, 72.6, 73.0, 74.5, 74.9, 75.0, 75.2, 75.8,
76.0, 76.2, 77.2, 78.6, 80.0, 81.1, 93.5, 102.3, 108.1, 123.5, 123.7, 127.6—128.6, 134.5, 134.6, 137.4, 137.69,
137.73, 138.0, 138.2, 138.5, 163.2, 163.3; HRMS (ESI-TOF) m/z: [M + Na]" calcd for C3sH33NNaOs, 618.2098;
found, 618.2102.

2-{[(38,4R,58,65)-3,4,5-Tris(benzyloxy)-6-(hydroxymethyl)tetrahydro-2 H-pyran-2-yl]oxy}isoindoline-
1,3-dione (ent-45)

By a procedure identical with that described for synthesis of 45 from 48, the glycoside ent-48 (1.56 g, 2.76
mmol) was converted into ent-45 (923 mg, 56% yield from ent-48, o:p = 1:3 anomeric mixture): white
amorphous; 'H NMR (500MHz, CDCl;): § 1.48 (dd, J = 8.0, 4.0 Hz, 0.25H), 2.70 (dd, J = 6.9, 6.9 Hz, 0.75H),
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3.53-3.54 (m, 0.75H), 3.62 (dd, J=9.7, 9.7 Hz, 0.25H), 3.71-3.84 (m, 4.75H), 4.14 (dd, J=9.7, 9.7 Hz, 0.25H),
4.66-4.72 (m, 2H), 4.77 (d, J = 11.5 Hz, 0.75H), 4.82-4.86 (m, 1.25H), 4.91-4.93 (m, 1H), 5.04 (d, J = 10.9
Hz, 0.25H), 5.09-5.15 (m, 1.5H), 5.54 (d, J = 4.0 Hz, 0.25H), 7.28-7.38 (m, 13H), 7.48 (d, J = 6.9 Hz, 1.5H),
7.54 (d, J = 6.9 Hz, 0.5H), 7.76-7.81 (m, 2H), 7.85-7.90 (m, 2H); HRMS (ESI-TOF) m/z: [M + Na]" calcd for
C3sH33NNaOs, 618.2098; found, 618.2100.

(4S5,5R)-4-[(R)-1,2-Bis(benzyloxy)ethyl]-2-phenyl-1,3-dioxan-5-yl Formate (46)

The solution of 45 (60.1 mg, 0.101 mmol) and Ir(ppy); (3.3 mg, 0.0050 mmol) in NMP (2.0 mL) was stirred
under Ar and irradiated with two blue LED lamps (Kessil) 5 cm away from the reaction vessel at room
temperature. After being stirred for 24 h at this temperature, the mixture was diluted with H,O. The whole was
extracted with Et,O, washed with brine and dried over MgSQs. After concentration in vacuo, the residue was
purified by flash chromatography over silica gel with n-hexane—EtOAc (7:1) to give 46 (28.4 mg, 63% yield):
white solid; mp 60-61 °C; [a]**p —68.5 (¢ 0.58, CHCI;); IR (neat cm™'): 1719 (C=0); '"H NMR (500 MHz,
CDCl3): 6 3.59 (dd, J=9.7,9.7 Hz, 1H), 3.73-3.85 (m, 3H), 4.00 (dd, J=9.7, 1.7 Hz, 1H), 4.48—4.55 (m, 3H),
4.59 (d,J=12.0 Hz, 1H),4.72 (d, J=11.5 Hz, 1H), 5.21 (ddd, J=9.7,9.7, 5.1 Hz, 1H), 5.46 (s, 1H), 7.26—7.37
(m, 13H), 7.40-7.44 (m, 2H), 7.75 (s, 1H); *C{'H} NMR (125 MHz, CDCls): J 62.6, 67.7, 68.2, 72.7, 73.45,
73.48, 78.0, 101.5, 126.2—-128.9, 137.1, 137.8, 138.0, 159.4; HRMS (ESI-TOF) m/z: [M + Na]* caled for
C27H2sNaOg, 471.1778; found, 471.1780.

(4R ,55)-4-[(S5)-1,2-Bis(benzyloxy)ethyl]-2-phenyl-1,3-dioxan-5-yl Formate (ent-46)

By a procedure identical with that described for synthesis of 46 from 45, the glycoside ent-45 (788 mg, 1.32
mmol) was converted into ent-46 (437 mg, 74% yield): white solid; [a]**p +70.4 (¢ 0.16, CHCl5); "H NMR (500
MHz, CDCls): 0 3.61 (dd, J =9.7, 9.7 Hz, 1H), 3.76-3.83 (m, 3H), 4.00 (dd, J = 9.7, 1.7 Hz, 1H), 4.49-4.54
(m, 3H), 4.59 (d, J=12.0 Hz, 1H), 4.72 (d, J=11.5 Hz, 1H), 5.21 (ddd, /= 9.7, 9.7, 5.1 Hz, 1H), 5.47 (s, 1H),
7.27-7.36 (m, 13H), 7.42—7.43 (m, 2H), 7.75 (s, 1H); HRMS (ESI-TOF) m/z: [M + Na]" calcd for C27H23sNaOe,
471.1778; found, 471.1780.

General Procedure for Visible-Light-Mediated Photocatalytic B-Scission and 1,5-Hydrogen Atom
Transfer Using a Flow System

To a solution of 45 (339 mg, 0.569 mmol) in NMP (11.4 mL) was added Ir(ppy)s (7.46 mg, 0.0114 mmol) under
Ar. The mixture was pumped into a flow reactor (2 mm width, 0.5 mm depth, 3 m length, MiChS Co., Ltd.) at
room temperature by a syringe pump at a flow rate 3.0 mL/h (residence time: 1.0 h) and irradiated with blue
LED lamp (Artpro) 5 cm away from the reaction vessel. The product was collected into a Graduated cylinder.
The mixture was collected for 4.0 mL in total, and diluted with H>O. The whole was extracted with Et,O, washed
with brine and dried over MgSO.. After concentration in vacuo, the residue was purified by flash
chromatography over silica gel with gradient 8 to 40% EtOAc in n-hexane to give 46 as a white solid (58.3 mg,
65% yield).
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(4R,5R)-4-[(R)-1,2-Bis(benzyloxy)ethyl]-2-phenyl-1,3-dioxan-5-ol (50)

To a stirred solution of 46 (373 mg, 0.832 mmol) in MeOH (11 mL) was added K»CO; (230 mg, 1.66 mmol) at
room temperature. After being stirred for 30 min at this temperature, the mixture was diluted with 1M HCI. The
whole was extracted with Et,O, washed with brine and dried over MgSOs. After concentration in vacuo, the
residue was purified by flash chromatography over silica gel with n-hexane—EtOAc (5:1) to give 50 (308 mg,
88% yield): white solid; mp 80-81 °C; [a]**p—25.7 (¢ 0.99, CHCl5); IR (neat cm™): 3450 (OH); '"H NMR (500
MHz, CDCls): 0 2.83 (d, J = 2.9 Hz, 1H), 3.56 (dd, J = 10.3, 10.3 Hz, 1H), 3.76-3.79 (m, 1H), 3.81 (dd, J =
10.3, 5.7 Hz, 1H), 3.86—3.93 (m, 2H), 3.95 (dd, J=9.2, 4.6 Hz, 1H), 4.27 (dd, J=10.3, 5.7 Hz, 1H), 4.56 (d, J
=12.0 Hz, 1H), 4.60 (d, /= 12.0 Hz, 1H), 4.67 (d, J= 11.5 Hz, 1H), 4.83 (d, J= 11.5 Hz, 1H), 5.44 (s, 1H),
7.28~7.38 (m, 13H), J 7.42—7.44 (m, 2H); *C{'H} NMR (125 MHz, CDCls): J 62.4, 69.4, 70.8, 73.1, 73.5,
77.1, 80.8, 101.0, 126.1-128.9, 137.5, 137.8, 138.0; HRMS (ESI-TOF) m/z: [M + H]" calcd for CasH290Os,
421.2010; found, 421.2009.

(48,55)-4-[(S)-1,2-Bis(benzyloxy)ethyl]-2-phenyl-1,3-dioxan-5-ol (ent-50)

By a procedure identical with that described for synthesis of 50 from 46, ent-46 (868 mg, 1.94 mmol) was
converted into ent-50 (680 mg, 83% yield): white solid; [a]**p +22.9 (¢ 0.25, CHCls); 'H NMR (500 MHz,
CDCl3): 0 2.82 (d, J=2.9 Hz, 1H), 3.56 (dd, J = 10.3, 10.3 Hz, 1H), 3.77-3.80 (m, 1H), 3.82 (dd, J=10.3, 5.7
Hz, 1H), 3.86—3.93 (m, 2H), 3.96 (dd, /= 9.2, 4.6 Hz, 1H), 4.28 (dd, J = 10.3, 5.7 Hz, 1H), 4.56 (d, J = 12.0
Hz, 1H), 4.60 (d, J=12.0 Hz, 1H), 4.67 (d, /= 11.5 Hz, 1H), 4.82 (d, J=11.5 Hz, 1H), 5.45 (s, 1H), 7.28-7.38
(m, 13H), 7.42-7.44 (m, 2H); HRMS (ESI-TOF) m/z: [M + Na]" calcd for C,sH2sNaOs, 443.1829; found,
443.1829.

(4R ,55)-5-Azido-4-[(R)-1,2-bis(benzyloxy)ethyl]-2-phenyl-1,3-dioxane (51)

To a stirred solution of 50 (560 mg, 1.33 mmol), DPPA (0.84 mL, 3.9 mmol) and PPhs (1.03 g, 3.93 mmol) in
THF (78 mL) was slowly added DIAD (1.9 M solution in toluene; 2.1 mL, 3.9 mmol) at 0 °C under argon. After
being refluxed for 7.5 h, the mixture was concentrated in vacuo to give a residue, which was purified by flash
chromatography over silica gel with n-hexane—EtOAc (7:1) and toluene—EtOAc (30:1) to give 51 (414 mg, 70%
yield): colorless oil; [a]*p+62.4 (¢ 0.99, CHCI3); '"H NMR (500 MHz, CDCl;): 6 2.92-2.93 (m, 1H), 3.65 (dd,
J=10.9,3.4 Hz, 1H), 3.71 (dd, /= 10.9, 2.3 Hz, 1H), 3.85-3.88 (m, 1H), 4.21 (dd, J = 12.6, 2.0 Hz, 1H), 4.38
(dd, J=8.0, 1.7 Hz, 1H), 4.45 (dd, J=12.6, 1.7 Hz, 1H), 4.50 (d, /= 12.0 Hz, 1H), 4.61 (d, J = 12.0 Hz, 1H),
4.69 (d, J=12.0 Hz, 1H), 4.75 (d, J = 12.0 Hz, 1H), 5.66 (s, 1H), 7.22—7.41 (m, 13H), 7.51-7.53 (m, 2H);
BC{'H} NMR (125 MHz, CDCl;): 6 53.4, 68.5, 70.6, 73.5, 73.7, 78.2, 81.0, 102.1, 126.2-129.1, 137.6, 137.8,
138.4; HRMS (ESI-TOF) m/z: [M + Na]* calcd for C26H27N3NaOs, 468.1894; found, 468.1897.

(48,5R)-5-Azido-4-[(S)-1,2-bis(benzyloxy)ethyl]-2-phenyl-1,3-dioxane (enz-51)

By a procedure identical with that described for synthesis of 51 from 50, ent-50 (680 mg, 1.62 mmol) was
converted into ent-51 (514 mg, 71% yield): colorless oil; [a]**p —66.5 (¢ 1.20, CHCl3); '"H NMR (500 MHz,
CDCl3): 6 2.92-2.93 (m, 1H), 3.66 (dd, J = 10.9, 3.4 Hz, 1H), 3.71 (dd, J = 10.9, 2.3 Hz, 1H), 3.86—3.87 (m,
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1H), 4.21 (dd, J=12.6, 2.0 Hz, 1H), 4.38 (dd, /= 8.0, 1.7 Hz, 1H), 4.45 (dd, J = 12.6, 1.7 Hz, 1H), 4.50 (d, J
=12.0 Hz, 1H), 4.61 (d, /= 12.0 Hz, 1H), 4.69 (d, J= 12.0 Hz, 1H), 4.75 (d, J= 12.0 Hz, 1H), 5.67 (s, 1H),
7.23-7.41 (m, 13H), 7.52-7.53 (m, 2H); HRMS (ESI-TOF) m/z: [M + Na]" calcd for C2sH27N3NaOs, 468.1894;
found, 468.1891.

(28,3R,4R)-2-Azido-3,4,5-tris(benzyloxy)pentan-1-ol (52)

To a stirred solution of 51 (367 mg, 0.824 mmol) in CH»Cl, (23 mL) were added BH3-Me:S (2.0 M solution in
THF; 4.0 mL, 7.9 mmol) and Bu,BOTf (1.0 M solution in CH>Cly; 7.9 mL, 7.9 mmol) at 0 °C under argon.
After being stirred for 30 min at this temperature, the mixture was diluted with saturated aqueous NaHCOs. The
whole was extracted with CHCl3, washed with brine and dried over MgSQs4. After concentration in vacuo, the
residue was purified by flash chromatography over silica gel with n-hexane—EtOAc (5:1) and toluene—EtOAc
(13:1) to give 52 (169 mg, 46% yield): colorless oil; [a]**p—11.5 (¢ 0.62, CHCI3); IR (neat cm™"): 3432 (OH);
"HNMR (500 MHz, CDCls): 6 1.95 (dd, J = 6.3, 6.3 Hz, 1H), 3.55-3.59 (m, 1H), 3.61-3.64 (m, 2H), 3.67 (dd,
J=10.3, 5.2 Hz, 1H), 3.72-3.76 (m, 2H), 3.82—3.85 (m, 1H), 4.51 (s, 2H), 4.57 (d, J = 12.6 Hz, 1H), 4.63—4.68
(m, 2H), 4.74 (d, J = 12.6 Hz, 1H), 7.29-7.38 (m, 15H); *C{'H} NMR (125 MHz, CDCl5): § 62.4, 64.0, 69.1,
73.0, 73.4, 74.4, 78.0, 78.3, 127.7-128.5, 137.6, 137.8, 137.9; HRMS (ESI-TOF) m/z: [M + Na]" calcd for
C26H20N3NaOs, 470.2050; found, 470.2055.

(2R ,3S5,45)-2-Azido-3,4,5-tris(benzyloxy)pentan-1-ol (ent-52)

By a procedure identical with that described for synthesis of 52 from 51, ent-51 (335 mg, 0.752 mmol) was
converted into ent-52 (140 mg, 42% yield): colorless oil; [a]**p +13.2 (¢ 0.21, CHCls); '"H NMR (500 MHz,
CDCl3): 0 1.98 (dd, J=6.3, 6.3 Hz, 1H), 3.55-3.58 (m, 1H), 3.62-3.64 (m, 2H), 3.67 (dd, J=10.3, 5.2 Hz, 1H),
3.72-3.75 (m, 2H), 3.83-3.84 (m, 1H), 4.51 (s, 2H), 4.57 (d, /= 12.6 Hz, 1H), 4.64—4.67 (m, 2H), 4.74 (d, J =
12.6 Hz, 1H), 7.30—7.35 (m, 15H); HRMS (ESI-TOF) m/z: [M + Na]" calcd for C26H29N3NaQOs, 470.2050; found,
470.2049.

(2R,3R,4R)-2-Azido0-3.,4,5-tris(benzyloxy)pentanoic Acid (53)

To a stirred solution of 52 (169 mg, 0.378 mmol), AZADOL (11.8 mg, 0.0770 mmol) and NaClO; (219 mg,
2.42 mmol) in MeCN (4.4 mL) and pH 7.4 phosphate buffer (3.2 mL) was added NaOCl solution (active chlorine
8.5-13.5 %; 1.0 mL) at room temperature under argon. After being stirred for 30 min at this temperature, the
mixture was diluted with 1M HCI. The whole was extracted with CH,Cl,, washed with brine and dried over
MgSOs. After concentration in vacuo, the residue was purified by flash chromatography over silica gel with n-
hexane-EtOAc (1:1, 0.05% AcOH) to give 53 (127 mg, 72% yield): colorless oil; [a.]*pr—17.9 (¢ 0.60, CHCI5);
IR (neat cm™'): 3031 (OH), 1722 (C=0); 'H NMR (500 MHz, CDCl;): 6 3.62 (dd, J = 10.6, 4.6 Hz, 1H), 3.71
(dd, J=10.6, 4.6 Hz, 1H), 3.87-3.90 (m, 1H), 4.00 (d, J = 3.4 Hz, 1H), 4.21 (dd, J= 5.7, 3.4 Hz, 1H), 4.50 (d,
J=12.0 Hz, 1H), 4.54 (d, /= 12.0 Hz, 1H), 4.60—4.65 (m, 3H), 4.75 (d, /= 11.5 Hz, 1H), 7.23—7.36 (m, 15H);
BC{'H} NMR (125 MHz, CDCls): J 61.4, 68.9, 73.3, 735, 74.8, 78.3, 79.7, 127.8-128.5, 137.3, 137.7, 137.8,
173.2; HRMS (ESI-TOF) m/z: [M + Na]* calcd for C,6H27N3NaOs, 484.1843; found, 484.1844.
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(28,35,45)-2-Azido-3,4,5-tris(benzyloxy)pentanoic Acid (ent-53)

By a procedure identical with that described for synthesis of 53 from 52, ent-52 (140 mg, 0.312 mmol) was
converted into ent-53 (114 mg, 79% yield): colorless oil; [a]*’p +13.6 (¢ 2.37, CHCl3); 'H NMR (500 MHz,
CDCls): 0 3.61 (dd, J=10.6, 4.6 Hz, 1H), 3.71 (dd, J=10.6, 4.6 Hz, 1H), 3.87-3.88 (m, 1H), 4.00 (d, /=3.4
Hz, 1H), 4.21 (dd, J=5.7, 3.4 Hz, 1H), 4.50 (d, /= 12.0 Hz, 1H), 4.53 (d, /= 12.0 Hz, 1H), 4.62—4.63 (m, 3H),
4.75 (d, J = 11.5 Hz, 1H), 7.24-7.36 (m, 15H); HRMS (ESI-TOF) m/z: [M + Na]" calcd for C,H>7N3NaOs,
484.1843; found, 484.1845.

(2R,3R,4R)-2-Amino-3,4,5-trihydroxypentanoic Acid [(—)-54] [(—)-Polyoxamic Acid]

To a stirred solution of 53 (46.8 mg, 0.101 mmol) in MeOH (9.3 mL) was added 20% w/w Pd(OH),/C (54.2
mg, 0.0386 mmol) at room temperature. After being stirred for 27.5 h at this temperature under H, atmosphere
(7.0 atm), the mixture was filtered with membrane filter and lyophilized. Then the resulting solid was subjected
to ion-exchange chromatography on Dowex-50Wx8 (H* form) using 0.6 M aq NH4OH as eluent to give (—)-54
(13.7 mg, 82% yield): white solid; mp 145-147 °C; [a]*p —2.1 (¢ 0.17, H20); IR (neat cm™'): 3174 (NH and
OH), 1606 (C=0); 'H NMR (500 MHz, D,0): § 3.67 (dd, J=11.5, 5.2 Hz, 1H), 3.71 (dd, J= 11.5, 5.2 Hz, 1H),
3.90 (d, J=3.4 Hz, 1H), 3.91-3.94 (m, 1H), 4.21-4.25 (m, 1H); *C{'H} NMR (125 MHz, D,0): J 58.6, 63.0,
68.7,73.7, 173.4; HRMS (ESI-TOF) m/z: [M + H]" calcd for CsH12NOs, 166.0710; found, 166.0710.

(28,3S5,45)-2-Amino-3,4,5-trihydroxypentanoic Acid [(+)-54] [(+)-Polyoxamic Acid]

By a procedure identical with that described for synthesis of (—)-54 from 53, ent-53 (69.1 mg, 0.150 mmol) was
converted into (+)-54 (18.4 mg, 74% yield): white solid; mp 149-152 °C; [a]*p +2.1 (¢ 0.57, H,O) {Lit*.
[a]**p+2.2 (¢ 0.17, H,0)}; IR (neat cm™'): 3156 (NH and OH), 1614 (C=0); "H NMR (500 MHz, D,0): 6 3.67
(dd,J=11.5,5.2Hz, 1H),3.71 (dd,J=11.5,5.2 Hz, 1H), 3.90 (d, /= 3.4 Hz, 1H), 3.91-3.94 (m, 1H), 4.21-4.25
(m, 1H); BC{'H} NMR (125 MHz, D,0): 6 58.6, 63.0, 68.7, 73.7, 173.4; HRMS (ESI-TOF) m/z: [M + H]"
calcd for CsH,NOs, 166.0710; found, 166.0709.

Experiments in section 2

General information

"H NMR spectra were recorded using a JEOL ECA-500 or JEOL ECZ600R spectrometer. Chemical shifts are
reported in J (ppm) relative to MesSi (in CDCl3, CD3;0D or DMSO-ds) or residual H>O (in D,O) as internal
standard. 3C NMR spectra were recorded using a JEOL ECA-500 or JEOL ECZ600R and referenced to the
residual CHCl; signal (in CDCls), the residual CH3OH signal (in CD30D) and the residual DMSO signal (in
DMSO-ds). Exact mass (HRMS) spectra were recorded on a Shimadzu LC-ESI-IT-TOF-MS equipment (ESI).
IR spectra were obtained on a JASCO FT/IR-4100 spectrometer. Optical rotations were measured with a JASCO
P-1020 polarimeter. Column chromatography was performed using flash chromatography on a Wakogel C-300E
(Wako) or Biotage Isolera flash purification system on Sfar Silica D (Biotage). For photocatalysis in batch
manner, A160WE Tuna Blue (40W, Kessil) was utilized. Synthetic method for compounds 55a*, 55b*, §474,
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S48%7 and S56* are reported. Compounds S46, S48 and S53 are commercially available.
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2-(Naphthalen-1-yl)-5-phenyl-2 H-tetrazole (55¢)

To a stirred solution of aniline S46¢ (1.31 g, 9.15 mmol) and conc. HCI (3.37 mL) in H,O (6.77 mL) and EtOH
(8.41 mL) was added NaNO> (636 mg, 9.22 mmol) in H>O (2.52 mL) dropwise at 0 °C. After being stirred for
30 min at this temperature, the suspension was added to the stirred solution of S47 (2.52 g, 9.68 mmol) in
pyridine (50.6 mL) at —10 °C. Then the solution was stirred for 3 h at room temperature, and the mixture was
concentrated in vacuo. The whole was extracted with CH,Cl,, washed with 1M HCI and brine and dried over
MgSOs. After concentration in vacuo, the residue was purified by flash chromatography over silica gel with n-
hexane-EtOAc (40:1) to give 55¢ (1.11 g, 44 % yield): brown solid; mp 75-77 °C; 'H NMR (500 MHz, CDCl;):
07.51-7.58 (m, 3H), 7.61-7.67 (m, 3H), 7.92 (dd, /= 7.4, 1.1 Hz, 1H), 7.99-8.02 (m, 1H), 8.08—8.10 (m, 2H),
8.30—8.33 (m, 2H); *C{'H} NMR (125 MHz, CD;0D): § 123.4, 124.7, 126.1, 128.0 (2C), 128.3, 128.4, 128.5,
129.3,129.6,130.2 (2C), 131.9, 132.5,134.7, 135.8, 166.5; HRMS (ESI-TOF) m/z: [M + H]" calcd for Ci7H 13N,
273.1135; found, 273.1136.

5-(5-Phenyl-2H-tetrazol-2-yl)isoquinoline (55d)

By a procedure identical with that described for synthesis of 55¢ from S46c¢, the aniline S46d (453 mg, 3.14
mmol) was converted into 55d (321 mg, 37 % yield). Column chromatography: silica gel (gradient 10% to 60%
EtOAc in n-hexane): yellow solid; mp 121-123 °C; 'H NMR (500 MHz, CDCl5): 6 7.52-7.60 (m, 3H), 7.82 (t,
J = 8.0 Hz, 1H), 8.21-8.24 (m, 2H), 8.27-8.34 (m, 3H), 8.70 (d, J = 5.7 Hz, 1H), 9.43 (d, J = 1.1 Hz, 1H),
BC{'H} NMR (125 MHz, CDCls): 6 115.9, 126.5, 126.6, 126.8, 127.1 (2C), 129.0 (2C), 129.1, 129.2, 130.6,
130.8, 132.4, 145.1, 152.8, 165.4; HRMS (ESI-TOF) m/z: [M + H]" calcd for Ci¢H12Ns, 274.1087; found,
274.1083.

8-(5-Phenyl-2H-tetrazol-2-yl)quinoline (55¢)
By a procedure identical with that described for synthesis of 55¢ from S46c¢, the aniline S46e (444 mg, 3.07
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mmol) was converted into 55e (370 mg, 44 % yield). Column chromatography: silica gel (gradient 6% to 40%
EtOAc in n-hexane), followed by silica gel (toluene:EtOAc = 15:1): pale pink solid; mp 144145 °C; 'H NMR
(500 MHz, CDCl3): 6 7.48-7.57 (m, 4H), 7.75 (t, /= 7.4 Hz, 1H), 8.05 (dd, J = 7.4, 1.7 Hz, 1H), 8.10 (dd, J =
7.4, 1.7 Hz, 1H), 8.29-8.32 (m, 3H), 9.01 (dd, J=4.0, 1.7 Hz, 1H); BC{'H} NMR (150 MHz, CDCl5): 6 122.5,
125.7, 127.2 (2C), 127.3, 127.4, 128.9 (2C), 129.2, 130.4, 131.2, 134.5, 136.1, 142.5, 152.3, 165.3; HRMS
(ESI-TOF) m/z: [M + H]" calcd for Ci6Hi2Ns, 274.1087; found, 274.1085.

2-(Naphthalen-1-yl)-2 H-tetrazole-5-carboxamide (55f)

To a stirred solution of aniline S46¢ (439 mg, 3.06 mmol) and conc. HCI (1.12 mL) in H>O (2.26 mL) and EtOH
(2.80 mL) was added NaNO> (210 mg, 3.04 mmol) in H>O (840 pL) dropwise at 0 °C. After being stirred for
20 min at this temperature, the suspension was added to the stirred solution of S48 (842 mg, 3.29 mmol) in
pyridine (16.9 mL) at —10 °C. Then the solution was stirred for 3 h at room temperature, and the mixture was
diluted with CH,Cl; and H,O. The whole was extracted with CH,Cl,, washed with 1M HCI and brine and dried
over MgSQ4. After concentration in vacuo, the residue was purified by flash chromatography over silica gel
with a gradient of 6% to 35% EtOAc in n-hexane, followed by silica gel with n-hexane—EtOAc (7:1) to give
S49 (353 mg), which was used without further purification. Then, to a stirred solution of S49 (261 mg) in THF
(10.0 mL) was added NHj3 aq. (28% in H>O; 5.04 mL) at room temperature. After being stirred for 19 h at this
temperature, the mixture was concentrated in vacuo. The residue was purified by flash chromatography over
silica gel with n-hexane—EtOAc (1:1) to give 55f (169 mg, 31% yield, 2 steps): pale orange solid; mp 174—
175 °C; IR (neat cm™!): 1721 (C=0); 'H NMR (500 MHz, DMSO-ds): 6 7.69-7.80 (m, 4H), 8.03 (d, /= 6.8
Hz, 1H), 8.13-8.18 (m, 1H), 8.19 (d, J = 8.6 Hz, 1H), 8.33 (d, J = 8.6 Hz, 1H), 8.52-8.57 (m, 1H);
BC{'H} NMR (150 MHz, DMSO-d): 6 121.9, 124.5, 125.4, 126.6, 127.5, 128.5, 128.6, 131.9, 132.4, 133.6,
157.9, 160.1; HRMS (ESI-TOF) m/z: [M + Na]" caled for Ci,HyNsNaO, 262.0699; found, 262.0698.

5-(Naphthalen-1-yl)-2-phenyl-2 H-tetrazole (55g)

To a stirred solution of benzenesulfonyl hydrazide (1.74 g, 10.1 mmol) in EtOH (20.0 mL) was added S50 (1.36
mL, 10.0 mmol) at room temperature. After being stirred for 4 h at this temperature, the mixture was diluted
with H,O. Then, the suspension was filtered through Kiriyama funnel and washed with H>O to afford S51,
which was used without further purification. Then, to a stirred solution of aniline S52 (273 pL, 3.00 mmol) and
conc. HCI (1.12 mL) in H>O (2.26 mL) and EtOH (2.80 mL) was added NaNO, (217 mg, 3.14 mmol) in H,O
(840 pL) dropwise at 0 °C. After being stirred for 30 min at this temperature, the suspension was added to the
stirred solution of S51 (999 mg, 3.22 mmol) in pyridine (16.9 mL) at —10 °C. Then the solution was stirred for
3 h at room temperature, and the mixture was concentrated in vacuo. The residue was suspended in H.O/MeOH
(1:1), followed by filtration with Kiriyama funnel to give 55g (622 mg, 76% yield): white solid; mp 7577 °C;
"H NMR (500 MHz, CD;0D): §7.54-7.69 (m, 6H), 7.98 (d, J= 8.0 Hz, 1H), 8.06 (d, J = 8.0 Hz, 1H), 8.24 (d,
J=17.4Hz, 1H), 8.29 (d,J= 6.9 Hz, 1H), 8.92 (d, J = 8.6 Hz, 1H); C{'H} NMR (125 MHz, CD;0D): 6 121.0
(2C), 125.0, 126.3, 126.7, 127.5, 128.5, 129.6, 129.8, 131.0 (2C), 131.1, 131.8, 132.4, 135.5, 138.3, 166.5;
HRMS (ESI-TOF) m/z: [M + H]" calcd for Ci7Hi3N4, 273.1135; found, 273.1136.
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N'-(4-Methoxyphenyl)-/V'-(3-phenylpropanoyl)benzohydrazide (57b)

The solution of 55b (50.2 mg, 0.199 mmol), 3-phenylpropionic acid (300 mg, 2.00 mmol) and
Ir[dF(CF3)ppy]a(dtbpy)PFs (4.39 mg, 3.91x10* mmol) in H,O (10.0 mL) and MeCN (10.0 mL) was stirred
under Ar and irradiated with two blue LED lamps (Kessil) 4 cm away from the reaction vessel at room
temperature. After being stirred for 6 h at this temperature, the mixture was concentrated in vacuo to remove
MeCN. Then, the whole was extracted with EtOAc, washed with saturated aqueous solution of NaHCO; and
brine, and dried over MgSOs. After concentration in vacuo, the residue was purified by flash chromatography
over silica gel with CHCl;-MeOH (10:1), followed by silica gel with a gradient of 12% to 60% EtOAc in n-
hexane to give 57b (27.9 mg, 37 % yield): orange oil; IR (neat cm™'): 1739 (C=0), 1686 (C=0); 'H NMR (500
MHz, DMSO-ds, 140 °C): 6 2.52-3.08 (m, 4H), 3.75 (s, 3H), 6.92 (d, J= 8.0 Hz, 2H), 7.13-7.25 (m, SH), 7.38
(d, J=8.6 Hz, 2H), 7.48 (dd, J = 7.4, 7.4 Hz, 2H), 7.56-7.58 (m, 1H), 7.86 (d, J = 7.4 Hz, 2H), 11.18 (s, 1H);
BC{'H} NMR (125 MHz, DMSO-ds): § 29.9, 30.4,34.2,35.2, 55.17,55.25, 113.6, 114.4, 125.8, 127.4, 128.1—
128.4, 128.7, 129.0, 131.6, 131.9, 132.1, 132.4, 134.6, 134.9, 140.8, 141.1, 157.3, 158.8, 164.8, 165.5, 170.0,
172.5 (rotamer mixture); HRMS (ESI-TOF) m/z: [M +Na]" caled for C23H»N>NaOs, 397.1523; found, 397.1525.

N'-(Naphthalen-1-yl)-/V'-(3-phenylpropanoyl)benzohydrazide (57¢)

By a procedure identical with that described for synthesis of 57b from 55b, the aniline 55¢ (55.2 mg, 0.203
mmol) was converted into 57¢ (56.4 mg, 70% yield). Column chromatography: silica gel (gradient 12% to 60%
EtOAc in n-hexane): orange oil; IR (neat cm™): 1739 (C=0), 1656 (C=0); 'H NMR (500 MHz, DMSO-ds,
140 °C): 0 2.78-3.12 (m, 4H), 6.95-7.29 (m, 5H), 7.44 (dd, J= 7.7, 7.7 Hz, 2H), 7.48-7.55 (m, 4H), 7.75-7.80
(m, 1H), 7.83 (d, J = 7.4 Hz, 2H), 7.86-7.95 (m, 2H), 8.05-8.23 (m, 1H), 10.97 (s, 1H); BC{'H} NMR (150
MHz, CDCl3): 6 31.2, 35.5, 122.2, 125.7, 126.1, 126.6, 127.5 (2C), 127.6, 127.8, 128.26 (2C), 128.30 (2C),
128.4 (2C), 128.6, 129.8, 130.2, 131.4, 131.9, 134.5, 137.1, 140.4, 166.5, 173.2; HRMS (ESI-TOF) m/z: [M +
H]" caled for Co6H23N202, 395.1754; found, 395.1756.

N'-(Isoquinolin-5-yl)-NV'-(3-phenylpropanoyl)benzohydrazide (57d)

By a procedure identical with that described for synthesis of 57b from 55b, the aniline 55d (55.1 mg, 0.202
mmol) was converted into 57d (58.2 mg, 73% yield). Column chromatography: silica gel (gradient 5% to 80%
EtOAc in n-hexane): yellow oil; IR (neat cm™): 1686 (C=0); '"H NMR (600 MHz, DMSO-ds, 140 °C): § 2.75~
2.82 (m, 2H), 2.88-2.97 (m, 2H), 7.10-7.18 (m, 2H), 7.19-7.25 (m, 2H), 7.45 (m, 2H), 7.51-7.55 (m, 1H), 7.68
(t,J=7.2 Hz, 1H), 7.83 (d, J = 7.6 Hz, 2H), 7.98 (d, J = 6.9 Hz, 2H), 8.05-8.12 (m, 2H), 8.50 (d, J = 6.9 Hz,
1H), 9.30 (s, 1H), 11.01 (s, 1H); BC{'H} NMR (125 MHz, DMSO-ds, 140 °C): 6 29.6,33.4,115.7,125.2 126.5,
126.8, 127.4-127.7, 128.4, 131.3, 131.8, 132.0, 137.4, 140.3, 142.5, 151.7, 165.6; HRMS (ESI-TOF) m/z: [M
+ H]" caled for C25H22N303, 396.1707; found, 396.1706.

2-[2-(Naphthalen-1-yl)-2-(3-phenylpropanoyl)hydrazineyl]-2-oxoacetamide (57f)
By a procedure identical with that described for synthesis of 57b from 55b, the aniline 55f (47.6 mg, 0.199
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mmol) was converted into S57f containing inseparable impurities (18.8 mg, 26% yield). Column
chromatography: silica gel with a gradient of 1% to 10% MeOH in CHCls, followed by silica gel with CHCls—
MeOH (10:1): yellow oil; IR (neat cm™): 1662 (C=0); "H NMR (500 MHz, CDCls): 6 2.29-2.36 (m, 1H), 2.43—
2.52 (m, 1H), 2.88-3.00 (m, 2H), 5.91 (s, 0.8H), 5.99 (s, 0.2H), 6.97 (d, J = 6.9 Hz, 2H), 7.10-7.25 (m, 3H),
7.27-7.33 (m, 1H), 7.44 (t, J = 8.0 Hz, 1H), 7.52-7.56 (m, 2H), 7.63 (d, J = 6.9 Hz, 1H), 7.80-7.91 (m, 2H),
8.01-8.02 (m, 1H), 9.72 (s, 0.8H), 9.96 (s, 0.2H); *C{'H} NMR (125 MHz, DMSO-ds): § 29.8, 30.5, 33.7, 34.8,
123.3, 125.7, 125.8, 126.0-126.2, 126.7, 127.2, 127.4, 128.1-128.5, 129.6, 129.7, 130.0, 133.7, 134.0, 137.3,
140.6, 141.1, 159.4, 161.1, 161.3, 169.9, 173.0 (rotamer mixture); HRMS (ESI-TOF) m/z: [M + Na]" calcd for
C21H19N3NaOs, 384.1319; found, 384.1317.

N'-Decanoyl-N'-(isoquinolin-5-yl)benzohydrazide (59a)

By a procedure identical with that described for synthesis of 57b from 55b and 3-phenylpropionic acid, the
aniline 55d (55.6 mg, 0.203 mmol) and decanoic acid (346 mg, 2.01 mmol) was converted into 59a (62.2 mg,
73% yield). Column chromatography: silica gel with a gradient of 1% to 10% MeOH in CHCI;: orange oil; IR
(neat cm™): 1739 (C=0), 1687 (C=0); 'H NMR (500 MHz, DMSO-ds, 140 °C): § 0.76 (t, J = 6.9 Hz, 3H),
0.95-1.31 (m, 12H), 1.38-1.54 (m, 2H), 2.10 (t, J = 7.4 Hz, 1H), 2.83 (m, 1H), 7.38 (dd, J= 6.9, 6.9 Hz, 2H),
7.42-7.50 (m, 1H), 7.63 (t, J = 7.7 Hz, 1H), 7.72-7.81 (m, 2H), 7.85-8.03 (m, 3H), 8.48 (d, J = 4.6 Hz, 1H),
9.25 (s, 1H), 11.0 (s, 1H); BC{'H} NMR (150 MHz, DMSO-d): J 13.88, 13.90, 22.0, 22.1, 24.1, 24.5, 24.6,
28.1,28.50, 28.54, 28.65, 28.72, 28.77, 28.84, 31.16, 31.24, 31.8, 32.8, 33.7, 115.7, 127.3, 127.4-127.7, 128.5,
128.7, 128.8, 129.0, 129.1, 131.6, 131.7, 132.0, 132.1, 132.2, 132.5, 132.7, 136.9, 138.1, 142.9, 144.0, 152.5,
152.7, 165.9, 171.1, 174.3, 174.5 (rotamer mixture); HRMS (ESI-TOF) m/z: [M + H]" calcd for C26H3:N30,
418.2489; found, 418.2488.

N'-(Isoquinolin-5-yl)-/V'-pivaloylbenzohydrazide (59b)

By a procedure identical with that described for synthesis of 57b from 55b and 3-phenylpropionic acid, the
aniline 55d (55.4 mg, 0.203 mmol) and pivalic acid (204 mg, 2.00 mmol) was converted into 59b (26.8 mg,
38% yield). Column chromatography: silica gel with a gradient of 1% to 10% MeOH in CHCls: dark red oil; IR
(neat cm™): 1739 (C=0), 1684 (C=0); 'H NMR (500 MHz, DMSO-ds, 140 °C): 6 1.29 (s, 9H), 7.47 (dd, J =
7.2,7.2 Hz, 2H), 7.52-7.58 (m, 1H), 7.68 (t, J = 8.0 Hz, 1H), 7.80-7.85 (m, 2H), 8.00-8.16 (m, 3H), 8.55 (d, J
=5.2 Hz, 1H), 9.31 (s, 1H), 10.99 (s, 1H); *C{'H} NMR (125 MHz, DMSO-ds): § 26.4,27.0,27.8,29.9, 110.7,
114.1, 127.4-128.7, 131.2, 132.5, 134.3, 152.5, 152.6, 167.9 (rotamer mixture); HRMS (ESI-TOF) m/z: [M +
H]" calcd for C21H22N30,, 348.1707; found, 348.1710.

N'-Benzoyl-N-(isoquinolin-5-yl)-4-methylbenzohydrazide (59c¢)

By a procedure identical with that described for synthesis of 57b from 55b and 3-phenylpropionic acid, the
aniline 55d (54.7 mg, 0.200 mmol) and p-toluic acid (279 mg, 2.05 mmol) was converted into 59¢ (44.9 mg,
59% yield). Column chromatography: silica gel with a gradient of 12% to 80% EtOAc in n-hexane: orange oil;
IR (neat cm™): 1738 (C=0), 1682 (C=0); '"H NMR (500 MHz, CDCls): § 2.21 (s, 3H), 6.83-6.94 (m, 2H), 7.08—
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7.25 (m, 4H), 7.32-7.40 (m, 2H), 7.74-7.87 (m, 4H), 8.06 (m, 1H), 8.34 (m, 1H), 9.17 (s, 1H), 10.40 (s, 1H);
BC{'H} NMR (125 MHz, DMSO-d,): 6 21.4, 115.7, 127.0, 127.5, 128.3-128.8, 129.2, 130.4, 131.6, 132.2,
132.5, 132.7, 137.8, 141.8, 144.1, 152.7, 166.9, 171.5; HRMS (ESI-TOF) m/z: [M + H]" calcd for CasHaoN30,
382.1550; found, 382.1548.

N'-Benzoyl-N-(isoquinolin-5-yl)-4-methoxybenzohydrazide (59d)

By a procedure identical with that described for synthesis of 57b from 55b and 3-phenylpropionic acid, the
aniline 55d (55.5 mg, 0.203 mmol) and 4-methoxybenzoic acid (311 mg, 2.04 mmol) was converted into 59d
(19.8 mg, 25% yield). Column chromatography: silica gel with a gradient of 12% to 80% EtOAc in n-hexane:
orange oil; IR (neat cm™): 1739 (C=0), 1684 (C=0); '"H NMR (500 MHz, DMSO-d, 140 °C): J 3.65 (s, 3H),
6.76 (d, J= 8.0 Hz, 2H), 7.35 (dd, J="7.7, 7.7 Hz, 2H), 7.43-7.52 (m, 3H), 7.57 (t, /= 7.7 Hz, 1H), 7.66 (d, J
= 7.4 Hz, 2H), 7.81 (d, /= 6.9 Hz, 1H), 7.98 (d, J = 8.0 Hz, 1H), 8.03-8.08 (m, 1H), 8.48 (d, /= 6.3 Hz, 1H),
9.24 (s, 1H), 11.14 (s, 1H); *C{'H} NMR (125 MHz, DMSO-ds): J 55.27, 55.33, 113.5, 126.0, 126.3, 127.1-
128.1, 128.7, 129.9, 130.0, 131.6, 131.8, 132.0, 132.3, 133.3, 133.5, 143.2, 144.0, 152.6, 153.0, 161.0, 161.5,
165.6, 166.0, 168.6, 170.7 (rotamer mixture); HRMS (ESI-TOF) m/z: [M + H]" calcd for C24H20N303, 398.1499;
found, 398.1501.

N'-Benzoyl-N-(isoquinolin-5-yl)nicotinohydrazide (59¢)

By a procedure identical with that described for synthesis of 57b from 55b and 3-phenylpropionic acid, the
aniline 55d (54.3 mg, 0.199 mmol) and nicotinic acid (251 mg, 2.04 mmol) was converted into 59e (18.8 mg,
26% yield). Column chromatography: silica gel with a gradient of 2% to 10% MeOH in CHCI;: orange oil; IR
(neat cm™): 1739 (C=0), 1686 (C=0); '"H NMR (500 MHz, DMSO-ds, 140 °C): 6 7.35 (s, 1H), 7.40-7.48 (m,
2H), 7.50-7.55 (m, 1H), 7.62—7.75 (m, 3H), 7.95-8.03 (m, 1H), 8.12 (d, J = 6.9 Hz, 1H), 8.15-8.20 (m, 2H),
8.55 (s, 1H), 8.61 (d, J = 5.7 Hz, 1H), 8.83 (s, 1H), 9.35 (s, 1H), 11.41 (s, 1H); *C{'H} NMR (125 MHz,
DMSO-ds): 0 115.5, 116.4, 123.2, 123.3, 127.2, 127.6, 128.3, 128.7-128.8, 130.6, 131.2, 131.7, 131.8, 132.0,
132.3,132.4, 132.5, 135.1, 135.2, 137.1, 137.5, 143.4, 144.2, 147.8, 147.9, 151.3, 151.5, 152.7, 152.9, 165.7,
165.8, 167.0, 169.6 (rotamer mixture); HRMS (ESI-TOF) m/z: [M + H]* calcd for C2,H7N4O2, 369.1346; found,
369.1345.

Benzyl N-benzamido-/N?-[(benzyloxy)carbonyl]-N-(isoquinolin-5-yl)-L-glutaminate (59f)

By a procedure identical with that described for synthesis of 57b from 55b and 3-phenylpropionic acid, the
aniline 55d (55.2 mg, 0.202 mmol) and 1-benzyl N-benzyloxycarbonyl-L-glutamate (743 mg, 2.00 mmol) was
converted into 59f (78.6 mg, 63% yield). Column chromatography: silica gel with a gradient of 2% to 10%
MeOH in CHCIs, followed by silica gel with a gradient of 0% to 5% MeOH in CHCls: orange oil; [a]*p—7.9
(c 0.57, CHCl3); IR (neat cm™): 1739 (C=0), 1725 (C=0); 'H NMR (500 MHz, DMSO-ds, 140 °C): 5 1.89—
2.11 (m, 2H), 2.12-2.26 (m, 1H), 2.28-2.39 (m, 1H), 4.11-4.34 (m, 1H), 4.97-5.18 (m, 4H), 7.25-7.38 (m,
13H), 7.45-7.50 (m, 2H), 7.52-7.60 (m, 1H), 7.68-7.72 (m, 1H), 7.85 (d, /= 7.4 Hz, 2H), 7.95-8.15 (m, 2H),
8.55 (s, 1H), 9.35 (s, 1H).; *C{'H} NMR (125 MHz, DMSO-d): § 25.8, 26.0, 26.2, 28.4,29.3,29.9, 53.3, 53 .4,
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65.6, 66.0, 115.7, 115.8, 127.5-128.8, 129.2, 131.7, 131.9, 132.0, 132.1, 132.2, 132.5, 132.6, 135.8, 135.9,
136.0, 136.7, 136.8, 136.9, 138.0, 152.5, 152.7, 152.8, 156.0, 156.1, 156.2, 156.3, 165.9, 166.0, 170.3, 170.4,
172.0,172.1, 173.6, 173.7 (rotamer mixture); HRMS (ESI-TOF) m/z: [M + H]" calcd for C36H33N4Og, 617.2395;
found, 617.2392.

Benzyl N*-benzamido-N*-(tert-butoxycarbonyl)-N*-(isoquinolin-5-yl)-L-asparaginate (59g)

By a procedure identical with that described for synthesis of 57b from 55b and 3-phenylpropionic acid, the
aniline 55d (55.2 mg, 0.202 mmol) and 1-benzyl N-(tert-butoxycarbonyl)-L-aspartate (658 mg, 2.03 mmol) was
converted into 59g (122 mg, quant). Column chromatography: silica gel with a gradient of 1% to 10% MeOH
in CHCl;: orange oil; [a]*p +17.3 (¢ 0.56, CHCl3); IR (neat cm™): 1739 (C=0), 1686 (C=0); 'H NMR (500
MHz, DMSO-ds, 140 °C): 6 1.39 (m, 9H), 2.64-2.79 (m, 1H), 3.00-3.25 (m, 1H), 4.44-4.63 (m, 1H), 5.14 (s,
2H), 6.69 (s, 1H), 7.30-7.35 (m, 6H), 7.45-7.56 (m, 2H), 7.70 (t, J = 7.4 Hz, 1H), 7.86 (d, J = 8.0 Hz, 2H),
7.92-8.20 (m, 3H), 8.51 (s, 1H), 9.33 (s, 1H), 11.34 (s, 1H); BC{'H} NMR (150 MHz, DMSO-ds): 6 28.00,
28.04, 35.8, 50.3, 66.0, 78.4, 78.5, 79.1, 115.7, 115.9, 116.9, 127.3-129.2, 131.5, 131.9, 132.0, 132.1, 132.5,
135.7,135.8,135.9, 137.6, 142.9, 143.9, 144.0, 152.4, 152.5, 155.16, 155.19, 165.8, 168.5, 168.7, 171.0, 171.1,
171.4, 171.6 (rotamer mixture); HRMS (ESI-TOF) m/z: [M + H]" calcd for C3H33N4Os, 569.2395; found,
569.2394.

Sodium 4-[2-(naphthalen-1-yl)-2H-tetrazol-5-yl|benzoate (S55)

To a stirred solution of S53 (1.51 g, 10.1 mmol) in EtOH (100 mL) was added benzenesulfonyl hydrazide (1.74
g, 10.1 mmol) at room temperature. After being stirred for 1 h at this temperature, the mixture was diluted with
H,O. Then, the suspension was filtered through Kiriyama funnel and washed with H,O to afford S54 (2.83 g),
which was used without further purification. Then, to a stirred solution of aniline S46¢ (434 mg, 3.03 mmol)
and conc. HCI (1.12 mL) in H>O (2.26 mL) and EtOH (2.80 mL) was added NaNO, (206 mg, 2.99 mmol) in
H,O (840 pL) dropwise at 0 °C. After being stirred for 30 min at this temperature, the suspension was added to
the stirred solution of S54 (997 mg) in pyridine (16.9 mL) at —10 °C. Then the solution was stirred for 3.5 h at
room temperature, the mixture was diluted with CH,Cl, and H>O. The whole was extracted with CH,Cl,, washed
with H>O and brine and dried over MgSQ4. After concentration in vacuo, the residue was purified by flash
chromatography over silica gel with a gradient of 10% to 70% EtOAc in n-hexane. Then, to the suspension of
that purified residue in CH,Cl, was added 1M NaOH, followed by filtration through Kiriyama funnel to give
S55 (602 mg, 59% yield): brown solid; mp >300 °C; 'H NMR (500 MHz, D,0): J 7.50-7.59 (m, 3H), 7.71 (d,
J = 8.0 Hz, 2H), 7.88-7.95 (m, 5H), 8.04 (d, J = 8.0 Hz, 1H); *C{'H} NMR (125 MHz, CD;OD): 6 123.5,
124.8,126.2,127.4 (2C), 128.4, 128.6,129.4,129.6, 129.8, 131.0 (2C), 132.5, 134.8, 135.8, 141.7, 166.4, 174 4,
HRMS (FAB) m/z: [M — Na] calcd for CisH11N4O2, 315.0887; found, 315.0888.

4-]2-(Naphthalen-1-yl)-2 H-tetrazol-5-yl]-NV-{2-[2-(2-{5-[(3aS,4S,6aR)-2-oxohexahydro-1H-thieno|3,4-

d]imidazol-4-yl]pentanamido}ethoxy)ethoxy]ethyl}benzamide (60)
To a stirred solution of aniline S55 (93.6 mg, 0.277 mmol) and Et;N (78.0 pL, 0.56 mmol) in DMF (1.57 mL)
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were added EDC-HCI (116 mg, 0.605 mmol) and HOBt-H,O (94.9 mg, 0.620 mmol) successively at room
temperature. The suspension was stirred for 30 min at this temperature, followed by the addition of freshly
prepared S56 (0.617 mmol) in DMF (1.57 mL). After being stirred for 16 h at this temperature, the mixture was
concentrated in vacuo. The whole was extracted with EtOAc, washed with saturated aqueous solution of
NaHCOs and dried over MgSOa. After concentration in vacuo, the residue was purified by flash chromatography
over silica gel with a gradient of 2% to 10% MeOH in CHCIs, followed by silica gel with a gradient of 2% to
10% MeOH in CHCI; to give 60 (58.5 mg, 31%): brown amorphous; [a]**p +25.9 (¢ 0.085, CHCI;); IR (neat
cm 1): 1739 (C=0), 1702 (C=0), 1651 (C=0); 'H NMR (500 MHz, CDCls): § 1.35-1.43 (m, 2H), 1.57-1.72
(m, 4H), 2.18 (t,J = 7.4 Hz, 2H), 2.69 (d, J=12.6 Hz, 1H), 2.82 (dd, J = 12.6, 4.9 Hz, 1H), 3.05-3.08 (m, 1H),
3.34-3.46 (m, 2H), 3.55 (t,J = 5.2 Hz, 2H), 3.61-3.71 (m, 8H), 4.24 (dd, /= 7.4, 5.2 Hz, 1H), 4.44 (dd, J="7.7,
4.9 Hz, 1H), 5.89 (s, 1H), 6.75-6.80 (m, 1H), 6.86 (s, 1H), 7.49-7.55 (m, 1H), 7.59-7.67 (m, 3H), 7.91 (d, J =
7.2 Hz, 1H), 7.97-8.00 (m, 1H), 8.03 (d, J = 8.6 Hz, 2H), 8.05-8.09 (m, 2H), 8.33 (d, /= 7.2 Hz, 2H); “C{'H}
NMR (125 MHz, CDCl3): 6 25.5, 28.0, 28.1, 35.9, 39.0, 39.9, 40.3, 55.6, 60.1, 61.7, 69.7, 69.8, 69.9, 70.0,
122.6,123.3,124.8,126.9, 127.0 (2C), 127.1,127.9 (2C), 128.2, 128.4,129.7, 131.2, 133.2, 134.2, 136.2, 164.3,
164.4,166.9, 173.5; HRMS (ESI-TOF) m/z: [M + Na]" calcd for C3sH4NsNaOsS, 695.2735; found, 695.2735.

Photocatalytic labeling of proteins

Protein solutions were prepared in PBS to a final concentration of 1 mg/mL (only GST: 0.275 mg/mL) followed
by addition of biotinylated tetrazole 60 to give a final concentration of 50 uM. Ir[dF(CF3)ppy](dtbpy)PFs was
combined to this mixture to a final concentration of 20 uM with 200 pL total solution volume. The solution was
irradiated with blue LED lamp (Kessil) for the indicated time points (0—15 min). After visible light irradiation,
10 uL of each sample was mixed with 90 uL of loading buffer and boiled at 95 °C for 5 min. The samples were

then analyzed by western blotting according to the general western blotting procedure described below.

Western blotting for biotinylated proteins

Samples were loaded onto 15% acrylamide gels and subjected to gel electrophoresis. The proteins were then
blotted onto PVDF membranes using the transfer device (Bio-rad). Membranes were blocked in PBST with 3%
BSA followed by incubation with Streptavidin Alkaline Phosphatase (Promega) at a 1:5,000 dilution for 0.5-1
h. After being washed with PBST, the membrane was incubated with alkaline phosphatase substrate (Promega).

Coommasie brilliant blue staining of gels

After the protein electrophoresis was completed, the gel was carefully placed in Coommassie brilliant blue stain

(nacalai). After 2 h, the gel was washed with milliQ and imaged for total protein concentration.
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