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Figure 2-1: Biosynthesis and metabolism of citrulline
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Figure 2-3: Hydrogen bond donor/acceptor site of arginine and citrulline.
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Figure 2-5. Substrate recognition of PAD4 with N“-benzoyl-L-arginine amide (BAA)**.
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Figure 2-6. The mechanism of enzymatic reaction with PAD4, PAD1 and PAD3.
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X EANCHETTT D,
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A H H Hazq
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5 HNZ2 N
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Céa7 H... 0/ s N
Cea7 “H... 0/
D351
substrate Dss1

substrate

NH;
peptidyl arginine peptidyl-citrulline H,0 ¥
D,
473 ;\ “ Dy73
(o] OH « - (o]
HN% °
Hazq

H
N

N

+ D,
v 473 3
oM 1 i wof, %
R +
Y H... 5 e o) « / ~s (:N\H :H Haz4
_ HN Cear \l/ 0
/s N, v 2
Cea7 H ""'O/ lii ']i Her N- H /)ﬁ
un_<o 0
D354 \\\\ X o / H/ D35
S N
Substrate Cout S ‘) “H... O/Jﬁ substrate
D351

substrate

Figure 2-7. The mechanism of enzymatic reaction with PAD2.

2-2-1-1 PAD1

PADL %, FIZEEZCTH TR L., BB L2k i3 Z 2 /H1E L T\wb, PADL
X7 T F UKL 2B L LT ERBOAEIICEE LTS EEZ LR TNS 9

2-2-1-2 PAD2

PAD2 [,

R AV

L CWAATBEMEDS RIS LT 5 09

11

PAD 7 A V¥ A LOHThb SR TZORINHER I T
WDT A A LTHY, 53U - K- = - Pl -
TN D B89 = 0 PAD2 OFH L~ L Ofilifl > T DR TIX mRNA 2 77 A+ >
RNTHD, PAD2 DIE L LT, FRMERO I =Y UHFEES 3
27 & (myelin basic protein; MBP) 0B HOE A L F o BIO~7 07 7 —URHbIU
TWB Y SEET A ad A SO 7RIS HEEREE & > X7 (glial fibrillary
acidic protein; GFAP) °t MNFHERDB-T 7 F 2 &y-7 7 F 278 PAD2 OFii-/piE L
LRI N ®%, PAD2 1345k THRIIEIZHRBL L TV A28, ~ 7 ZAFLIR ERH
JaP A7 LA B — &P~ 7 ADWEE = 2 — 1 TIIETO PAD2 OFEBLH
TEMBIBERBRUEIILDE LEEERNZ L7 ED Y bV Ak LEESEEICEE 5

Bk - RS - B ETHRILL

wmahnrz



2-2-1-3 PAD3

PAD3 %, %/ & BFECTHREINGED S RO T I RTE L T b 2%
PAD3 |[INERMLEREICEB W TREY VXV ETHD N 2T U v L HHE
L. BETIEITe 7477007477 ERBELTNS, PAD3 BHENET D
7477 IR ESCAERE TR T I F U T 4 7 A N EMHAEER LT
Wb, PAD3 1282574770 hae 7oy bl i Abidin vivo THAER
SNTW5D,

2-2-1-4 PADA4

PAD4 %, HIMERIZANZ ., Kk~ Z2lfes OIS I B W CGREFS BRI NL TV AT
114755 - peEE Al | BESE LT U A AIEEME S RIZ KT A %5 PAD4 (X5 > PAD T A
VWA LDOF TH— N RICEEBITY 7 F /L (nuclear localization signal, NLS;
PssAKKKSTes) 28 LCHEY | BREEZAETDIEEZ LTS ) PAD4 [Tt A b
HL H2A, H3, Ha 72 DRE 2 ki 2 v 0 B M) Abd 2 7. MRl % L C
EEARE S TND EE X BTN 13596

2-2-1-5 PADG6

PAD6 %, ~ 7 ZADIICHRD 6 [RIE SL, IFAMI O MIFLE R A & 52 a8 ) Ol
592 ERBMENTE S, WFEICAR Y, MIEICRE L TIRRAEDRBIBPSC B
WU INESRE DRI ZHH > TV A Z L B SN 72 %) £72, B MERRICEWT
XTI UREL &R EL & ORRY I A M ERIC TSR L T 5 ¥ PADG [ IEMET LD 2T A 5%
REFE- RN MDOT A VA L EITER 0 PiA 2 ALIEEE R S 2 AT RENED R
BENTWD %,

LEONKFEZFELEHDHE Table2-1 D L H 275,
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Table 2-1. The distribution, substrate and pyshiological role of PAD isozymes.

Isozyme Distribution Substrate Physiological role

Skin epidermis, uterus

PAD1 Cytoplasm

Keratin, filaggrin Skin differentiation
Numerous tissue

PAD2 especially muscle,brain
Cytoplasm, nucleus

Myelin basic protein,

vimentin, hitrone H3, H4 Probably brain development

Skin, hair follicle . . . . Skin differentiation,
PAD3 Cytoplasm Filaggrin, tricho hyalin hair follicle formation

Granulocyte, macrophage, Cellular differentiation,

Nuclear protein,

PAD4 neutrophil ex. histone H1, H2A, H3, H4 transcrlptlo_nal regulator,
Nucleus NET formation
PAD6 Oocyte, embryos No citrullintion activity Embryonic development,

Cytoplasm oocyte cytoplasmic lattice formation

2-2-2 PAD4 MD&{nF il

HRAEMDDNA 337 b XA P NEIRICEESE X7 LAY —MMBEEZTBKT 2
B ZoOWEEEELE L, mROT T UBENER SND 2 & TR 1B HIfE
SNTWD, 7 ua~FrOEmREEZHEd 5KFDO—>& LT, DNA XA F/L{LE
AN OFRBEMHNREIND Y =T 4 7 ARFET B D, DNA A F LT
TR avFUEBKRT D2 & CRIZFRBOGIENCEE TS %, e X el L
TInETIZTEF M, ATFb, UV Uik, 2 exFF AR ERERINTED,
IO DOEMPHAGDE D Z LTy a~vF UEENEL LBE BN HI#E ST
W5, £ LTEE, v bl bbb fiizZzre 2 N EffiE LT7 v~ F o E0Z I
BETDEEZLND LT,

B A N OEMZLITO ToOIZ, T EF LA E 5D HAT (histone acetyltransferase) & Jiit
7 & F /b % F % HDAC (histone deacetylase) . V gk x= = 5% —E LMY b
HERIDHRAT y 2—E Lol 7 I BABEHOM B Z FIRE & 32 2 B OBER
72> THEL TS M2 PADA [ I7 V¥ =BT+ DA 2 /{LEgEE L LT
[FE SN2 P BEOT VX =V REOBA I LRIGPSMNI B E ) AT LT LF =
VERFEDOPA F LA I AL E AT 5 Z &y 5 protein arginine methyltransferase 1
(PRMT1) <> coactivator-associated arginine methyltransferase (CARM1/PRMT4) (2 X % b &
FY H3 X° HA OTNVF = URED A F IARICH T2 Z Enmbi T (Figure
2-8)13 — T, ¥R, FERHEMOT AT U T AT =12k T 5> hv Y ARTE

FIHENZ EbmbN TS
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N PAD4 TN
o 2 —> o 2
B + NH;3
unknown
NH NH
@
HzN/g NH, HzN/gO
peptidylarginine peptidylcitrulline
PRMTsl T JMJD6 PAD4 Y. Wang et al. Science,
+ CH3NH, 2004, 306, 279

o o

A M S S S
\ﬂ/_ N PRMTs \ﬂ/ N \ﬂ/ N

Lo L

NH JMJD6 NH NH
® ® ®
N/KNHZ N/gNHz N)§NH
H H
monomethylarginine asymmetric symmetric
yiers dimethylargnine dimethylarginine

Figure 2-8. The interaction of citrullination and methylation of peptidyl arginine

FTHBRIBENFIC, ATF T BT R EOTE Y = T 1 v 7 IREMRICK LT
i A FAbds KO T & FAIENEZ G DBERNFET 525, & bl AMKIZBAL T
IZ PAD 23iA X MEROG Z T 28R CTH L Z LT LN TIEH L b DD, D
SO 7 e 2 ISR 1L BURE A TR AL S AL TR0,

PAD4 NMEHLT 5 EE 2 B TS CARML (PRMT4) & PRMTL X, X ho DT
VR = UFRIED A T AR AR LR BRI - & U CRERE T B 720 ™78 PADA 3%
O OREE L FEPT LIREMGIR 7 & U CH#E T 2 MR B 2 bivd, FEEEIC, =& K
0y U RIRERE AT O a e — X — @RI BT A T X = VRO (B A b
> H3R17 &£t A BV HAR3) (FT= A b T VA — VB L W AL L, A F b L ~UL D
B &y by AL D ERBRRHERR SN P, ZOMAND, [FfEIKTO PAD4 L
PRMTs OFEAAEH DO RTREMEDS RE S 472, £ 72 PADA 1303 AR F D p53 & HAf
AAEM L, pb3 tEAYBILF DR BLARGINHINF & L THIE L T D 2 & B 6T
- 7= 0% DNA EERTIZIT p21/CIP1 WAFL, GADDA45 X° PUMA ® p53 1A 51D
Tue— 4RI B B EERY FL Y ks PADA OFEEN RSN 573, DNA A
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151413 PAD4 MFREL T RV U AL LA BME T 5 — 5T, AFbL~Lid b
F35, LEOZ et 7AXF=0REO Y M) Ak LA FAITEE T REL
OFIFENCHEEICEE L TWD 2 ENBE X H5, PRMT &b A L7 BFALEESE
p300/CBP XA KA TR L, p53 HEMBIE T OETIEM b 24 5 Z L A|E ST
5Z & BEXUPADA & HDAC2 % p53 fEMEIL 7 0 & — & —fE THEA LTV
HIEND R VY RT v 4 71 p53 EHEETOREERITL VDL EBX LN
% (Figure 2-9)%,

Repression state

1 1

R R
@ o o ™
I—>

—  pb3

Pol. Il

Activation state * DNA damage

® @
300/ ’ TSS

Figure 2-9. The epigenetic effect on p53 target genes.

F 72 PAD4 (ZITHRBIEMALIKF- & L CofE b TV b, MCF-7 flifizisuvC,
ETS BN AEMLGTF 77 IV —I12@T 5 Elk-1 Bz FEMHEEHRAL, > LY Abx 8]
X9 L TEK1 OV UEb U LR EIEHAL 235815 = L R Sz 8,
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2-2-3 PAD & NETs
2-2-3-1 NETSs (Neutrophil Extracellular Traps)

AR ERI TR L 72 O D1 B2 5P AR A - Tk v MiE 2 B & LIS
REEETDH T LT Lo TEKRBEICEHES LT\Wb, 2004 4, Brinkmann 52Xk ->T
TFHERIC X 2 BT 7 M SEAS RS S R Stz B, Z 0BT SEREAE 1. ISP A ER
DEND 7 a~F @z filas Mt T Z ik o THFEIND, 207 a~vTF 4
IZ NETs (neutrophil extracellular traps) & FEIEh., MIENHIEZ > 7 B2 a0 %, K
H & 472 NETs (3 Z4f4E L Tl Eke~ o n 7 7y —VIC L 2 AR ZZ TR0 T
BT EITNA, BEOBEEMRICE > THE~OBYZIHI4 5 ¥, 20 NETs JERRIC
X DHIIESEIEL NETosis &EFK S, 7R h—T AR v — A7 O MIfESE & 1%
XA E AT\ D, NETs 134K I 2 B ARGEMECTH D | BF & ofE
IZHEEDEE > TWAHEN, EOHIHEE T AAR AN I TS, L,
NETs FERRICEE 9 ik tE4i3 B O IE MR OHINE 2 LB T 5720, EENICE N T
ITEBICHIE S TWDZ ENEZBND,

Z D NETs FERRIZY MV ARG T 2 B2 b TS, PAD4 ICXHE A R
D bV ARIZHES DNA & OMHAEAFERORE & @ik 7 v~ F S O T )
NETs k& ihiE+ 5 L &2 6T\ 5 (Figure 2-10)%,

Intact chromatin

—8

Ejected DNA
l histones

Neutrophil —* ® e
Stimulation
of neutrophils
—_—

PAD4
activation

@3

Figure 2-10. NET formation in neutrophils by PAD4%",
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2-2-3-2 NETs &> hvV Ak

ITAE, HL-60 MifiiZds\ T, PAD4 OFHEDL NETs B AR < #ifil32 Z & 3 5
2720 PAD4 & NETs k& OB ER LU A o hrY b e NETs D
B AN RIR K7z ¥ NETs FEKICB W TE A Dy ML ARIZSRERAI R TH
0. IEMEREETE (ROS; reactive oxygen species) K772 PAD4 DIEMHALBN LI TH 5,
NADPH 7 3 & —E 23] 41T ROS 23 FEAE XU 72 W VB A ZEESE Tk NETs JEAL
WHEBE SN TP D 2 L2v B, NETs OAEEBEICB T S HEEIREVWEE X
55 B S5, PAD4 J v 7 T 7 b~ RZBWTH NETs BSERR S U720 2 &8
REN., PADA {EET bbby VY AL EETH DL Z ENRB I N, L, &
A0y VY AL O & ERB R RIS TV B,

2-2-4 PAD &¥E#E

NETs & PAD4 & OBEIZHINZ . PAD BEXONPAD 23T 5 vl ks Xy
B LR R L OBENIA LN RS> TE TS,

2-2-4-1 BAfY v~F

FAfi U 7~ (rheumatoid arthritis, RA) 1 PEDEMEH CEEBTH Y | IHHAL
Lic~s a7 7 —YORMEEBEORIENFETH D, ) v~FBEICEB W CHRIKMIZ
HEHENTWS ACHUE L LT ACPA (anti-citrullinated protein antibody) 232817 545 &,
ACPA 2% 0], > "V U b7 4 7 70 v BIXOZEOERRILTF FTéH 5 CCP (cyclic
citrullinated peptide) (Zxf9 % H CHUR & L CRIE 4L, € ORLEE & R0 m S 06 7
Mo~ —7 —FTH TR & LTHERE STV SD, ACPA OfJR &7 kLl
NH U RTEIZE, T4 T TV T4 TN ) Ty EA T U EWERIR SN
B2 TN B DH LRI EITY MV Y VERIEDMAET D L IR o 7215 B MG E
SH, REISENEZ VLY MV AFUROEAEDNTFESND, £, VU~ TEE
IZHB\WT PAD4 & PAD2 233 L TV 5 HIMERDS IR CIRIET 5 & R+
IZPAD4 BLOPAD2 Z i L, ¥ bv U AL & w8 ERPEA S D B9, Hilusth
NN IAF PREITE MM Th D728, NETosis 1T XYt &7z PADs 13+4372
RV AIEEE AT D EEEES D S,
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2-2-4-2  ZIEMERELIE

LA VEREALSE (multiple sclerosis; MS) X HR#IRER DR TH 5, #i#%5% Tlk PAD2
L PAD4 3FEHLLTHY B hTHMS (ZIXPAD2 MNES B4 5 L Z2 5N THT,
MBP Dufl7es MU oAb I = UEORSER EATFE IS, £, @Rl b
N A EZIT T MBP Tl Y UIRE & OO EMFERNBE L, I =V VAT
7<%, MS OIERMAFELT 5 L0 bz, IV UHIZET 5 PAD2 OFBLE K
UMBP®/%AJ,4UW\w@Lﬂﬂ%aéhfw

2-2-4-3 A

b Xk ESRSS DNA D A 7’“/145}: Wo T BV = X T ¢ v 7 REMIZI IR K
& OBFEGE ¥ PADA (ZFIC HIERIZHEL LTV 528, HEEHRRN T ORI 5
DO BN TS M, £72, PAD4 am%%rnﬁ%ﬂf’a?@é{z‘:% p53 (Zxt I D HHIA - & LT
E L. ZO TIRITAFET D0 AIHIERF 2RI T 5 Z & 226 PAD4 Ol FEL
EIEETE R E OB ENE 2 Hivl=, — )5, PAD4 OFEBUL p53 ICEZEMICHIE ST
B, pE3 IR LTERAT 4T 74— KRy f£1’Eﬂ§75>ﬂ<ﬂ§éMTb\é B mzT.,
4 PAD4 [HEA] YW3-56 & HDAC BHEHN SAHA & OFFHIZ L > TR AMEORE %
PLEFREZR = & M &4, PAD4 3 HDAC2 & & 412 pb3 HEA)E L D 38 B 2 |
THZEWNRENLE, ZROOMANS, PAD4 [HERINHINAAIE LCERT 2 0]
REMEDS R S U7z,

2-4-4-4 T LI NA < —TR

HHARRR R TR Z 2 % v X DY bV Y AT, & 2 X7 B OB & TR % 7%
BT DHZ LI Lo THREZRE S, T/ A ~—JF (Alzheimer’s disease; AD) % 1%
U & F DA B A 5] & L 2 97 1010 BRI AD M TIEE X TR GFAP 72
EDOY MY ALZ LRI ERFEE SN TE Y | 5%« OB FIRE S 2 fEtk & 1
PiLd,
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2-3 PADs X9 S2EBHFEM

PADs D7 A V¥ A LD RE %;'%r VL I A o = X A3 i@ 2 PADY, 3,4 12O
LA Lot A R He O N KU OB E OB S vz 1%, 2 ofs R, PAD3
78 PAD14 & H#E LRWATF kﬁaﬁu%ot KT HZ RSN, ZomAERIC
PAD3 #IRAYFHEAIA BT S v7e,

BRI BWTHEARER L LTIT A= VEBERER TS 2 207 I FiE4
DHNR=)VH L RIT4 OMEAERA L . TAX =V REDED AT F RO — Mkl
O B NEZ LN TS, PADA (Tt R kU ESITOEEOT V¥ =k %
VU AT D ERF BTV A (Figure 2-11), 2T PAD4 & PAD2 73t A kv
DRI CAEDOT NF =5 E > L) AEAREZR 2 & b 6N > TS, LinL
EERATIEZNGD Y MV Y ARITEEICHIE S TR D | 20D X5 @R 428155
LEHELT, OFRI a~vTF UEEICL DA N OIE~OETOHIE, @ b
U ALLIS OO FER % EAG O RS E-. @PAD4A L B+ A D ARy DIFE(ER ENE
X HITNDR, FEMIIRIEAHTH D,

~
citrullination in vivo and in vitro citrullination in vitro but not in viv

histone H2A Arg-3 histone H4 Arg-17, Arg-19, Arg-23
histone H3 Arg-2, Arg-8,

Arg-17, Arg-26
(_ histone H4 Arg-3

J

Figure 2-11. Citrullination sites of histones by PAD4.
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2-4 PAD FEEH
2-4-1 w[#HAEEH

ZHIVE TIZHE STV S PAD ORI EH 4 Figure 2-12 (2777, AEMTEMER IR
W& LT BT 5 paclitaxel (2 mM A — & —T PAD4 (254 % B R &2 7R 9 1%,
Flo, FUEMEE LTHONTWAHAARN LT v~ R0 A7) % PAD4 |
T HAEBERZET D0, MOT A VP A ATk LT REERICEEETRD S i,
BIRMEDN 2N E LIS > TS 1%, Thompson Sk > TG SNV T =
ALy RIZ Ny T AA T U BREA LTV W T RS EFHAEVEA L, PAD2 OIEMEF
BUCHEBE R I T LA F 2 OFANIERE UTERT 2 1 2ok, mEmT

IZFEE LR WEERIO > —X(bEM LB SN TnD, — T, Iy U A I U RE
KA Z R b A & LT GSK199, GSK484 M & 41T W5 7, Z b kA
NM 74— 4 —T PAD4 Tk 2B IRA R ETEME 2 <7, £ OHERKIT, {EHEEALO
AV OfHECa-~Y v 7 RS 57 2/ WiEk EMEERA L, T0 RS Z R L
B-v— MEEEZFHET LI LIk LB BNTWD

OHO OH
%
2 N
© N NH;
N OH H,N
S—NH,
HoN
paclitaxel BzADMA streptomycin
IC5 = ~5 mM (PAD4) IC50 = 0.4 mM (PAD4) IC50 = 0.1 mM (PAD4)
K;=4.5~10 mM K; =~0.56 mM
NH,

NH,
HNQ | H2N NH, |/NH2
HoN—Ru-O- Ru-O- RU—NH,
HoN ,!”_||'|2N NH, ,LHNHZ

OH O OHO

minocycline chlorotetracyclin ruthenium red
IC5o = 0.62 mM (PAD4) ICso = 0.1 mM (PAD4) IC5p = 8.3 uM (PAD2)
K;=~0.63 mM K;=~0.11 mM K;=0.017 mM

NH, O K; (mM)

N
('j“)(@: b){@: >—® Inhibitor PAD1 PAD2 PAD3 PAD4
N
d GSK199 0570 1.58 0.925 0.0180

GSK 484 0.108 0.107 2.69 0.00680

GSK 199 GSK 484
IC5, = 0.20 uM (PAD4, with 0 mM Ca?*) IC5o = 0.050 uM (PAD4, with 0 mM Ca?*)
IC5o = 0.25 uM (PAD4, with 0.2 mM Ca?*)  ICgz, = 0.08 uM (PAD4, with 0.2 mM Ca?*)
IC5q = 1.0 uM (PADA4, with 2 mM Ca?*) IC5, = 0.25 uM (PAD4, with 2 mM Ca?*)

Figure 2-12. Reversible PAD inhibitors. 20



2-4-2 FAIEMEEH

IIETITHE STV PAD OARA[WHIBHEH O % Figure 2-13 (2R, AR A
IBREAIL PAD OIETEEALIZAFAET 5 C645 L DRICHAREAE R L, BERT A
T—TNERT 5, ROOIAREAH PAD FLEHA]. Cl-acetamidine'® % % &1, PAD
DEWEEIZ72 D N-XU Y A VT VX = RS~ L FFE L S 17- Cl-amidine 73BR%E
Eniz %, 2o, Clamidine ORIESTH > 7mBUKMEZ ) LS, XA FT AT
BT o ARE L YW3-56 NG S %, YW3-6 @ in vitro 123175 I1Cs flIE
Cl-amidine & [FIFRE 7273, H%J_ PO X0 MIfER TR 50 5 OIEMEZ 7R,

B OARAMREANCIL, PAD LAMC bIEMEF ORI AT A V’iﬂ%%%ﬁﬁ”
DR & BUS LIS 2 BUS R %ﬁfé EIMRPEELTEITbND, £z, @ LT PAD
TAITALERLSHELTCLE I 2D, ZNENDT A VA NRIRWIRVER % if
T 5 Z LITNEETH D, SBITEIEIERILFEAIOBIELL LIZ, PAD 77 A Y ¥ A L8k
R 22 LFEAIBFE S RO B D,

Cl CI R
NH :2 HN:é

oM, W

9 (()
O
)3 ( )3 H\)LN 3 NH,
§ H o
° L

I
P4
I

HO
Cl-acetamidine Cl-amidine o-Cl-amidine TDFA
IC50 = >0.5 mM (PAD4) IC50 = 5 uM (PAD4) IC5, = 2.2 M (PAD4) ICso = 2.3 uM (PAD4)
Cl Cl
NH NH
)3 I NH
H 2
® )
YW3-56 BB-Cl-amidine streptonigrin
ICso = 1-5 uM (PAD4) IC5o = 8 M (PADA4) ICs, = 1.8 M (PADA4)

kinact/Ki (M-1 min-1)

Inhibitor PAD1 PAD2 PAD3 PAD4
Cl-amidine 37000 1200 2000 13000
o-Cl-amidine 10600 14100 10400 38000
TDFA 1700 500 400 26000
BB-Cl-amidine 16000 5000 6000 14000
Streptonigrin 3700 12000 3800 440000

Figure 2-13. Irreversible and covalent PAD inhibitors.
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2-5 PAD EM#RHE

—WRAIIZ PAD JEMIZZ RV BEOTNFX = U EREDO Y ML) AL EFEEE T A 720
HEHOMA I bz BT 2 FERIAS o TE T,

2-5-1 ELISA (enzyme-linked immunosorbent assay) ;%

ELISA % v [ & W ARFEIT antibody—based assay for PAD activity (ABAP) 7 v &
A LTI, BT RV U ARPUEE W T PAD IC K W EEAE S LY bV Y AT F
K&+ 2 FETH D (Figure 2-14)"°, v~ 7o FL— MNMIRARLEED L | PAD4
WML, ¥ MU AT F ROEINEZRET 5 2 LI L IEEZFNT 5,
ELISA IEIZEIEKEN SRR TH D LITHIERR T A & — Mg EIMER G T bR
IZPAD {EMEZ R TE 5720, RbBEEENEVBREZEEZ D, Lo, ¥y M
FEflZe 7o REWERR 7y S INVA T V—=0 T EITHOICIE T A RBRENT &R
ELTHETFbND,

Arg Arg Arg @ Cit Arg Clt

Figure 2-14. Mechanism of ABAP assay, HRP: horseradish peroxidase, TMB:
tetramethyl benzidine

2-5-2 FUEZTHRHZE

T R =T RRHET PADA BEERFUSIZR Y I =2 ) BEA X b T DRI
HF 27 E=T 8D PADA DY hL U AMGTEMEICHBET 2 L0 9 B RITESE A
THE N-a-benzoyl-L-arginine (BAEE) DA X /MKICK VWAL LT =T 24/ |k
THENLVT AT E RENIGSEDZ LT PADS &2 M3 25 FiETH D (Figure
2-15)™M, Z O FETIT EUSER T VB =T ZIEWRICHRHE T2 Z ENREETH D Z &
BEMEICZ LW ER ERRERE L THET NS,

+

i i oo, o
EtOOC. — > EtOOC + NH
\/\/\N NH, H,0 \/\/\N NH, :
HBz HBz
BAEE BCEE

-4
Zum

Figure 2-15. Mechanism of PAD4 screening kit based on the detection of ammonia
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2-5-3 BEERGEFIALE tun-on BRXELTO—JIZLBBHE

2014$Sabulski 51 turn-on BUH 7 1 — 7 & FV 72 PADA JEMERREIE A A L2 M
ZRcoum (X3 FARDT T =2 7 R N TV AR SN D Z L TC O RBUIWr &,
i‘ﬁ'ﬁ‘@@? 7= UoERET D 2 & TR A R (Figure 2-16), — 77, ZRcoum
MOTT =V B PADA IZX VY MV UMb EZIT S L. MY TSRS R
<7ev, 7 NEAENUIN 22 FRAMED EFITR LR, Lo, 2 ORHi%
T U T EEEEA T MLEMITITHEE L 2V, Do, B U 7L PAD4A
W OEEEEZAET2ILEMTE Ly FLTWTHRBFELELTLE Y ZE0NBES
b, Lol ZflinDmEEE 72 PADA JEMER 23 rTRE 22 T a e 7' e — 7 & -
PR DORROFETHY | ABEBREERERIITEST b D Z EnHfFIND,

W NH inhibitor
: Y : J_ HN, NH;
NH Y
o o -
trypsin HoN LN
H H H
N 0_0 H0 H,0 N o._0 _
CbzHN CbzHN N 0P CbzHN OH
o Z o — 0 > CbzHN
o
ZRcoum ?

Figure 2-16. Mechanism of detecting PAD4 activity using ZRcoum.
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2-6 BB

EROE N, ZF o RTEFOT X = IO T bV ) ABIIE SRR R L DR
HAER SN TR Y KBIEFEIEBR O 7= O 2 RIEETMR BRI LT D, L
2L, THVE TS S7z PADA IEHER LR ITIX, KREWRbEM T4 77 ) —% [
W I INVAY ) == T ERFERT HIZIE T A MREBMER Enik TR EEN L
W, 2D Z LI OFERIZEMEESE & B2 0 PADs 12 X 52 bV U AR L OV
iR (0T BER IS DR T OGS DD 72 280 2 FEEU 78R LIE MR IR T
LHERERZ LW EEZLND, OO, ERBHZDOY ML) Abd LTy bv
VoAb ZESZ T I E ORHRIC L0 BRI FTRE & 72 2HEEME D T OB EEN TV 5,

Flo, TAXF=VFREOT M) Abix, A T b7e SO FRRZERM & HibtT 5 &
EZLNTNWD, LTER-> Ty MU AL EBZRNEROMFIZMZ Y hvY Ab%
I ATRE 22 2 — VOB X, HHEZ I DT Y = 3T 4 7 ADQEfRZ KU
Hete 2 = LIRS N D,

Z ZCRMZ, KV fEfEZ: PADA EMER IR OS2 HRU L Lz, O HNEBTE
AR, W LU 7-5HfsR 2 PAD4 LIS O PAD 74 VWA MMIEHATHZ & T, TA
VWA NEIRPLEFI ORI T Tl ZRENDOT A VWA AOFE R RMICE 3
DHRBEOND B2, MR LEAIRE ZEm LIsH R OBEIC L & F L,
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FI3E HEEBEARIVIYV—=-2T%FERLIE= PAD FHERERNXETO—TDORHE
3-1  d-PeT ##EHIHICEDLV- PAD FHEBRETO—TDEEIL
3-1-1 Flu-Glyoxal (FG) M7 Fi%E

fEE D@L 72 PAD4 1EMERH R 2 ET 272012, HHFE= 1AL, 2010 4
Tutturen HIZ X VG SNEZBUESETTCO T 2=V 7 U XS — Lt bl oD
B AR B BOGICHE B Lz (Figure 3-1)™3, 2 ORFRAIBRALEUG & 8065 DTS IR
HThDIFHEETFBEIO—FE, donor-excited photoinduced electron transfer (d-PeT) 4%
(Figure 3-2) " L {1 Ao 7= turn-on 67" 12—~ Flu-Glyoxal (FG) ZBi% L7-

117

o

(o]

o I H;0* \L OH

+ —_—
o

HZN/gO )\ N

phenylglyoxal citrulline

Figure 3-1. The specific reaction of glyoxal with citrulline under acidic conditions.

EWG
= x
COOH COOH
HO HO o 0
A

fluorophore benzene moiety fluorophore benzene moiety

LUMO

LUMO _l— LUMO _l— ----- .Electron Transfer
-"7 Jt Ty
x LUMO
hv : :

HOMO v HOMO —T—l—
—1—l«— HOMO
Orbital energy | l HOMO

Figure 3-2. The quenching mechanism of fluorophore by d-PeT.
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FG OXRVEVEROEFHEEITEFRIMEDOINVRX T EB IOV Y A%+ — L
EIZE VKT LT DR, BRI T TOY MV RIS &0 BAL A7
Band b, NoBUREOBFEE LRI d-PeT B88IC X 2 WL 0ME S 4L, 30t
DHERT D L2 LT (Figure 3-3), FmEAMESRME T ClE7 AT =87 = b
NeEZFREEEBEE 2N ENS FG X7 AX = SIIMIG LW EE S5,

.
H,N 9%
)\N
benzene H;N H

moiety d-PeT arginine

) no reaction o s

e H,0*

3
""""""""" HZN»\:
fluorophore citrulline

HO |.|30+

low fluorescence high fluorescence

Figure 3-3.The presumed fluorescence enhancement mechanism of FG with citrulline
produced by PADA4.

ZD KX HIT d-PeT HtEZ/FENEFRE L L7 turn-on Blas e 7 v —7 & U CRERET LIS,

OSHT#% CORNIBE LT H 2L T ML VEAR, $70bh PADA TEMZ M
25 2 LR a[REIC 72 B L HIFF S v,
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3-1-2 FG ZFUL\I= PAD4 SEMERRH 15

IINIX. FG % HV /- PAD4 EVERMHIR A Figure 3-4 @ X 5 1Z8XEF L7z, PADs DEE
Fnoo N TIE CTH D N%benzoyl-L-arginine ethyl ester (BAEE) (X h/v U Ak &3 1)
N“-benzoyl-L-citrulline ethyl ester (BCEE) |ZZ&# iS5, Z D BCEE %S T T FG
&POG SET %, FOSHHR Z2 A U CHEOGHINE 2 5406 L 72,

o (]
H L NH, N OEt - neutral:ze
h H TFA

o]
NH — Ex/Em = 490/510 nm

[e]
OEt HZN O
N +PAD4 COOH
o

BAEE Cl Amldlne o

/i‘i FG neutralize /i;
o o -

BAEE

Figure 3-4. The assay design of detecting PAD4 activity using FG.

ZDOfER, E TH S BAEE & PAD4 (human recombinant) 777E F CA & 7205t E5-
HERR ST (Figure 3-5)Y, — 7, BERIEAA(E T8 L OBHEHAI Cl-amidine'® Z ¥ L
oS T TIRAEOE ERARBD b= 2 16 FG 1Ty MY VB REIC OGS
DT ENTRRE NI, LIz o T, FG OEIEHRZFIM LT PAD4 5D H Al g
HbHZ EBnRENT,

Lo L, Al AREEE DOBFE CTLLR D 2 SOBENRH S0/ 57, 1> H O
TNF LA RS T T FRAE v B kAo X 242 & TEOLD pH (K 1EE
Zornd T wOCIERTNZ SOSEEIR 2 PRI WERH DR TH D5, Z O REEIC
BIFTDpHDEDOIEXL>ENKREL, HEMERS T2 L IIREETCH -T2, AT
KHEI r S INA7 ) == T OFEfMERBETHE, 1 DTHEL OERIEEZANE L,
LT D2 ENEE LWNWE SR D, 2 0HOEIT, BHEB X ORENEE LRSS
EFIZBWTH FG O®ENBIHISND Z L THD, TOORKIED FG O/ 7
7Ty RENDERMTHDY ML) v & DBALAERY OEICER D Z L NERE
ENT, ZOLH REEND FG ZEE L, Zih O EZ R T 5 72 O R B
WZEF L,
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25 - ok ok ok EEEs

20 F

15

10 f

I ‘
0
+ +

Fluorescence intensity (x 105, a.u.)

BAEE - +
PAD4 - - + +
Cl-Amidine - - - +

Figure 3-5. Detection of PAD4 activity using FG''°. The enzymatic reaction was
conducted in 100 mM Tris HCI buffer (50 mM NaCl, 10 mM CaCl,, 2 mM
1,4-dithiothreitol (DTT), 10 mM BAEE, 200 nM PAD4 and 100 uM Cl-amidine; total
volume was 10 uL) at 37 °C for 30 min. Trifluoroacetic acid (TFA) (3.0 uL) and 750
mM FG (2.0 puL; in MilliQ containing 10% DMSO) were added and the mixture was
incubated at 37 °C for 120 min, then diluted with MilliQ (185 uL). The results are
mean * s.e.m. from three experiments. ****p < 0.0001 after Bonferroni correction (n
= 3) Excitation wavelength, 490 nm; emission wavelength 510 nm.
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3-1-3 JIFA LA UORFARREQRILFES

TNF LAy BIRBESGE T A RBEM R TZ E ML TWD
(Figure 3-6)"°, ZDHGIL, T A LA LD 2 (LB VRIS HEDBEFTARI TH 5
o7 URIMEZEEL CHREKZIEKRT 22120 5, FARKTIZXF 7
VR DI DMRFF SNV AT O WL L SN ENENR OGN D 0N, A RER{E LT
PABRIA TIE Y0 7 VR DI D 5 S AU AT EREI O W & a0t i3VH 3%, L
> T, FG Z MR T C & a M DBIBR A CIA(E Al RE RIS ICFF B T AN ER H D
EEZLNT,

Lo
COOH

+H* o
N >
B ——
HO o o H* HO o OH
xanthene (open) form spirocyclic (closed) form
High fluorescence Non fluorescence
colored colorless

Figure 3-6. The spirocyclization of fluorescein under acidic condition.

TNA LA UTIF A E n B b E & AT REARBE 2 i H T\ % (Figure 3-7a),
ZOVMHF T A LA D 2 SIANRFVIELE XY T VRO T = ) — KR
ARG L, pH TS U THRIZRR 7 4 — LR 50—, TAFLBA Ly 2% AF
NERT AL LTS, DARF VIEOBLT 7 b ACBET LA f2fid A L rBHE
EIHIATRECH B P, ZOMER, TAA LA LD pH2-6 ODFITRLND 7 4 — AN
AFNEAT N TRAEET, FHICB G T 2824 T VBROAICIRETE 5
(Figure 3-7h), L7zi3o>T, ZAA LA L 2 AF VAT NMALTHZ EI2LD
TG LA v ORRFREET 2 BAE L BRMESAE T THEBRBOSE 2 572K 51T
EHEBRI,

T INA LA T pH2-6 DOKEIRT CIEA BB L LIZPABRIK & 72 015203, & HITHRW
EPESAE FICBWTIIF o T U BRIV R B EN T T AL S TE U SBRBEREN
BALIAFAET D L 127D, FFRABICEICOEIZIpHO THY . 207 v bk
FIEBRIKCHEEL WD EEZ LD,
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HO O OH
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IHSWh J ' O, |~ L
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Figure 3-7. The acid dissociation equilibrium of (a) fluorescein and (b) fluorescein methyl
ester.

Flo, TNETITRA RTNVF LA URFERDREREN. Blsh, ToFo 1oL L
T 2N AIIVAR VDD A F VI H STz Tokyo Green (TG)? 26TV 5
(Figure 3-8), ZD TG Toh o THAF /LT AT ILREEIZT IV
FLEA YDA BB TR L EE SRS, Ll O
NNVRUBEHFERTH DT AT NA~OEERZHAT5 2
& T d-PeT Bt ICBWCT 78 72— & L THRET B F X
VERENLOBFEE DL, TRDD d-PeT HEHERIEA~D g O o O o
R R/NRICHEI CED B 272, MAaT, Yu—7 Tokyo Green (TG)
DYPERLI N FHIREE S FG 22 b RE S TEBEL 722 & Figure 3-8. The structure of TG
IR LT,

30



3-1-4 FGME Q&R

A2 rBRILZIE LEESE T ToRNAELER LT FG O AFILZ AT )L,
FGME ZifilRD 7 VA Lv A ViFE R 5 AR L= (Scheme 3-1), HEMWE TH 5 5-
TI)INFLEAY B) 297 Y =0 LEIZE#RE, Gk ) UL a3
L) 6 ICEEE LTI, XU TUBRO 2 90T = ) — KBRS T EF AT
TREL., a7 27 BT, BoN 7 LT Uy AT,
KEEZER S TCT B 7 =/ VIBSA~L BN 1% 2 X T UBRO 2 50T
Y F VLD Wi & Bl XD 2 N NVIR I VD A F L AT AL BT o T, etk
2. ZBfbe LW T e R T = LA L L T U AR — S AL L
HHID FGME % f57-, £7-. FGME ZMMERIFE T TL- MYV EEHEES 2 k
TEALAERY FGME-Cit & ifE TR L7=,

H,N

I 1
o oy o
1) 12N HCI, NaNO,

it H;0, 0 °C ) Ac,0, DMAP )
—_— —_—
pyridine, rt
OO NGO O ING 80
HO o oH 0°Ctort HO (¢} OH AcO o OAc
78%
5 6 7
o o o
Ac,0, LiCl O 0 O O
22 L COOH
Pd,(dba);, DIPEA e cho3 2304 COOMe
—_—
DMF, 100 °C, Ar MeOH, rt N MeOH A
50% 93% reflux
AcO o OAc 42% o o
8 10

Se0,, AcOH
—>
dioxane, H,0
80 °C
16%

FGME (3) FGME-Cit (4)

Scheme 3-1. Synthesis of FGME and FGME-Cit TFA salt.
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3-1-5 FGME Z#RUW\f=2 FLY URH
B L7 FGME ZHWT, Y MU U7 r—7 & L COMRERME 21T - 7=,

FT.BMERETTLY VY UBIHARETH D 2 Lz, £ DR, FGME
X FG LITERY | PREREZAT O LE RS, BEOEFE~A 707 L —h ET LY
ML 2 RHTAREA Z L AR E T (Figure3-9) °, BLEX Y, FGME ZHW5 Z &
TFG |2 X IR LI Th - 72 PRI EDO BRI LT,

A\

3 3

© © " ]

o« 344 <" 344 *kok

5—; . FG 5—: D FGME

= 324 — 324

2 oy h

w w

& 301 § 30

£ £

o 8- @ 284

e s T

g g

S o S | B

= & & & & & & & & & & & & &
L-citrulline L-citrulline

Figure 3-9. Detection of L-citrulline using FG or FGME under acidic conditions. To

a sample solutions (15 uL) of L-citrulline (1-50 eq.) in PAD buffer were added TFA

(3 uL, final concentration; 20%) and glyoxal probes (FG or FGME, 2 uL, 750 uM

solution in MilliQ containing 75% DMSO, final concentration; 100 uM), and

incubated at 37 °C for 2 h. The results are mean + s.e.m. from three experiments.

***n < 0.005 vs 0 eq. group after Bonferroni correction. Excitation wavelength =

450 nm, emission wavelength = 535 nm
* FG MW HAITIEY ML Y CIRERAAICE D S FIRIE - EOWERE Th o7, D
fERITY LY ERIS LTV RO TIE 2R <L IREKRAFIEIZH 2 b O OEEHE RPN &S
WDIZK LIEDIX DO E 3K E <\ SO RDBSFEEETNICINE > TV D 72D g B
DR AxbEe&E2bN5, FG, FGME EL L ZHWEGEAICO RE RN 7 7T 7 R
HHEPGFONTZ, 2Oy 7 777 RatDFERE LTZ Y AF— /LD REFMHEIZH
KT 2KFMOERIP B Z BIND KNS D EXCEUVBROBEFHEED LA L d-PeT H#i#
LD AT 7I2720 | dottE 2R T LIBES N D,
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L72>L. FGME DI RIE 30 &L E & W9 KBRID > b L U AFE T TO
BEA, 10 YELUTORERTCIXIFEALEEN W E LN -T2, ZDRKA
L LT, FGME DEEDIKRINEZ N, 7V AXH—n Ly bl v EDORINE
TS THDZ N, ¥ MV U 30 BEILSFAETHHAIC, LD THER
St E R DR TR 71T &AM - 72 & B % B4 D (Figure 3-10),

N|-|2 ,\f o
0 (o)
A N BN
(‘NHZ N N
NH N
3 HO oH HO 7
P T. P.T. v P.T.
—— ——
—~——— —~———
COOMe COOMe COOMe COOMe
SN AN VW
FGME FGME-Cit

Figure 3-10. Presumed reaction mechanism of FGME with L-citrulline.

FWT L-> LU Tl ATEENDS PADS I X ABERISTHEELZY
) AR FGME Z W TR ATRETH D>, 3l L7,

FG OREREFHMEDEA & FAE. PAD O ATIE Th 5 BAEE % PAD4 & 37°C TA
VX o=y g &Y, BRMNEETSE 2%, v bvY Ak BCEE MEET D
POGWR & BRPEIZ 8 % . FGME Z A & HIZ 2 K 37 °C TA v FaX— 3 LT
TVFAXH— e MY U E E SIS YT, EORER, FGME X PAD4 12X 5
FERIOSIZ R VALY bl ABIRE S EUS L, FRMESRIE O F £ A B R K T
Hi[AE72 = L 2VR & iz (Figure 3-11), Mx T, 0wt AL PAD4 HEAITH
Cl-amidine Z#N3 2 Z & CHEICIHISND Z & LTRSS,

¢ BAEE OADGAITHE I RKNEO HiL/-Bil & LT, FGME &£ BAEE D7/ 7 =2 / %
DS LTALBE R T mREER T DD, £ D XK 5 AT B UEROE -5
FED EFAZHEVY, d-PeT BREIZ K DI RIE S e et ok th 2 L ES D,

Cl-amidine Z{R3 2 & a2 hr—/L & g LR T Lz, Z OS5 RSB
X< EBN=Z &5, Cl-amidine (X EME DK Fi DA Z il L. FGME O1FE{EL %
B DWAKAIO L D ITERT 2 REMERZ 2 bLD,

33



dokok ook

Fluorescence Intensity (x10%, a.u.)

BAEE = + 3 +
PAD4 - - + -
Cl-amidine - - - -

Figure 3-11. Detection of PAD4 activity using FGME under acidic conditions. A
solution of PAD4 (5 uM, 2 uL), BAEE (100 mM, 2 uL) and Cl-amidine (1 mM, 2 uL) in
PAD buffer (14-20 uL) was incubated at 37 °C for 30 min. Then, TFA (10 uL) and
FGME (1 mM, 5 uL) were added and the mixture was incubated at 37 °C for 2 h. After
the reaction finished, fluorescence intensity was measured with a plate reader. The
results are mean + s.e.m. from three experiments. ***p < 0.005 after Bonferroni

correction. Excitation wavelength = 450 nm, emission wavelength = 535 nm

ZOFEFRND FGME W5 Z & T FG % V- PAD4 IEMEREAR THE TH -
7~ R EA RS L, X 0 fE{E 72 in vitro PAD4 &R R A ST 5 Z LIS LT,

LU, FG Z AW iHiiR & b U CEER SUGHTTR TOHOGIE R ORRE /NS < 72
ST &M B FGME ~OFFEAIZ RN T 1 — 7 ONFRHEIC LA LTV 5 Al
PEEE 2 PR A RE, FRm L7,
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3-1-6 FGME DytE43 14T

£9.FGME B L UED Y ML & OBALARY FGME-Cit DB A~T FL &
WA M VERIE L= (Figure 3-12), & L CHIE L7=BFE ALY R o b 62 Rk
N A=K EHH LT (Table 3-1),

0.1
Fluorescein
0.08 r
c = FGME
2 0.06 |
o === FGME-Cit
3 0.04
Q
<
0.02
0
400 450 500 550 600
Wavelength (nm)
120
—_ Fluorescein
= 100
< = FGME
2 80 t
2
E 60 | === FGME-Cit
(]
S 40 f
[&]
[%)]
e 20 t
o
>
L 0
450 500 550 600

Wavelength (nm)

Figure 3-12. Absorption and fluorescence spectra of 1 uM fluorescein (measured in 0.1 N NaOH
solution containing 0.1% DMSO), FGME, FGME-Cit (measured in sodium phosphate buffer (pH
7.4)). Aex =493 nm.

35



Table 3-1. Photochemical properties of fluorescein, FGME and FGME-Cit .

Fluorescein FG

FGME-Cit
DL Amax Aem e(x10*/ M e cm)
Fluorescein 0.850 490 nm 512 nm 8.63
FG 0.171 494 nm 514 nm 7.58
FG-Cit 0.656 494 nm 516 nm 6.01
FGME 0.183 497 nm 520 nm 3.80
FGME-Cit 0.491 496 nm 522 nm 4.82

[ Measured in sodium phosphate buffer (pH 7.4). For determination of @x, fluorescein

in 0.1 N NaOH (@r_ = 0.85) was used as a fluorescence standard.

ZOFER, FGME (X2 hua—L O 7 )ALt A & T 5 SRV EOE R IR
s LIz7-9, d-PeT #EMEIC K 2122 TV D afREME D VU RIB ST, £7-. FGME
DENETIWRILIFG LIFERBETHY A F IV AT A~OFE L L HFFED 7
1 —7 D d-PeT BEZNRITRFF SN TV D EE X bz, LarL, MLl DBl
R DEEETIRICE BT 5 & FG-Cit |2~ FGME-Cit DHEEE T IUHEN /N S
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<, BALRIS R OEARIEN/NEI N ERRA LN, T7bH, FGME-Cit @
ARUPUBROLUMO O f /L X —HENL T d-PeT HEMEHIEZ 012l 4 213 Lt b
HLTWenWZ EREZbNT,

FGME, FGME-Cit OW AT Fint | FG, FG-Cit (2~ TENEIRK I
BREOREEY 7 "R INTToH, ETEBERTICELNEVEREDO LUMO =%
/w‘r—i@u@ﬂ&ﬁbwﬂ SNz, ZOREEMNS, FGME-Cit DX U 8IT d-PeT £
MIZE DB FBHZEZTOXATREREFHBELD GETLTWD T2 5 LUMO
®izw#—EMﬁT#D?%Twégkﬂvwa/k®ﬁﬁ%®mt@@®%¢
KT ZBNTODATREMENE 2 B,

C CORERMN O ATF AT AT L TITEFRIMERNETELLEL, TRo7LALEA L2
% CRy 8, 7 2 RERICEM LA EWM L 2027 v BIFRFZ2E N LTALAEW DA R & 7l A
77 WINOILAY L L UBERIEMAE TITFRICE 223, 7 A% — L~k sk

AT L BHERIB AV STz, ESI-MS <0 NMR HIE Z k72728, BRI OTE(E % T
BT AZLITTERD ST, T 2NN RIIERNAFARELICERL I N TG FHERD
B bRATZ, Ll ZoEWTIE T ) AV — L ~Dfefl & [ERHZ 2 if A FLEET

HE LS ETT L. BRI E SN ho T,

(o]

Se0,, AcOH

_ Complex mixture
dioxane, H,0
80 °C

Se0O,, AcOH
Oxidation of methy! group

dioxane, H,0 simultaneously ocuured

80 °C
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3-1-7 BMEBTICHE TS FGME DIt 45T

ZIVE TORFHRETM X PR AR P CTIT o TR RICE S DO TH Y . PADATE
PERHAR THEABREEITO 7V AT — & b > & DORREIR, 37206 gt
FHETICBT L7 —T ONFREEZ KL TWD DT TlEenZ ERRE Sz, £
ZC.20% TFA Z E k@R CTO FG BL O FGME L ZNZhd Y bl v & DR
LA FG-Cit, FGME-Cit Ot A7 kL &I A7 MV OREEIT- T2
(Figure 3-13)°%,

0.1
—_—FG
0.08 - -== FG-Cit
§ 0.06 | ——FGME
> - = = FGME-Cit
S 0.04
o
<
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0 1 1
350 400 450 500
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% —_—FG
I 4T - — FG-Cit
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© .
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Figure 3-13. Absorption (upper) and fluorescence (bottom) spectra of 1 uM FG, FG-Cit,
FGME, and FGME-Cit (measured in sodium phosphate buffer containing 20% TFA). A
=440 nm.

¢ 3-1-3 TIHRARZZL DT, FYH T UVRATa FAbE ST CHERIAE L THFEELTW D,
BRINAZ RVINBHIEICE 5 EE 27, TORE, FG, FGME (&8 H 5 6 440 nm
VTR RN 2855 BIBRIADFEIENRIR STz, £ Z T, 440 nm TR L7254 D FG

& FGME OHEEART MAZRIE L, HFOoNT A7 MLaig LT,
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HE LKA Muonh, FG BEXONFGME (FEAMESME Iz W T d-PeT #
REZ XD EZ T TND 2 R ENT, £72. FG BLWFGME & ZhZhd
BRAVERM) FG-Cit 5 X O FGME-Cit & DAY MOl /n 5, FGME TldER
LEOSHIE T FG X0 &R E a0 ORI S iz, 2 OHCH RO D R
FIETICBIT LY MY AR ZFREIC LEERTH D EEZ bILD,

IS ORERMNS | BRES: FIZERIT S FGME DY 2FHEIX FG Ll L CH B
JEE DR T OEHEOJRRIZIT e HenZ ERRB I, LN > T FGME X FG X
D b EEMESE T TOHGRNEIZE L7 R 2 LTV D08, £ ORISR +43 Tl
72N T2 8 PADA TEER I RIC B W TIIMEEME T Lo & B 2 bivT,

3-1-8 /ME

WHFFER TR &7z d-PeT BERERIENCEESWFH Y ML) U HE T e —7
FG OMED 1 D ThoTo, @D pH (K E2UE L7cat 7' e —7 FGME % &%
gt AL, A L7Z FGME (350 L-3 ML U A2z, PADA 2SI
EVEELTAEEMTH DY MU AR E R RIS L, FrRIR(LSHE O
MREOFEET L — M) —F =R TR Z & Z2 R LT,

INHORERNS, FGME Z W5 Z & T FG &\ /= PAD4 iEMER R TIIpE
THoT=HFEEEZANE L, X 0 fE#72 invitro PAD4 JE1ER R DR 2 R L7,
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3-2  TA VYA LIKEFRL PAD OMFEREMRE £ER L1z benzil BEHETO—
PALEE

3-2-1 d-PeT #EHIHE RNL TO—T FGME ORIES

FGME ~DO#FEIZ L > TT7A LA DA B {bAaH L, B TIoE
FAEIERIEEZFEB L2 FGME 126 2 DOMBESEN SN TV, 7425 d-PeT
B L 2B AR Th D70, Ny 7 7T 7 v RESEBI S TR 23K
TT 258, BEOFGME OMIGMENRZ LWETH D, TORKNE LT, 7V AFH—
VD EWKREF MR HRT DK DR DRE Z bID, 7V F X — L3 Kfna i)
52T, RUBVEROBTEET DD LUMO O 3 )LX—HEN S B U7 kE 5,
d-PeT #EIC L DTHENDROKR T 2FHET L Z N TSN,

Flo. VMU DT LA REITEBHEGE T T U A — L EDBRKISE L, EDK
W L VIEOG L2\, D728, KO Z ) 03 SIIRUSIRIRT O 7' ) X —v o
LR T SE L7720, HERIZT ThUSHIEDR T LA Z EnBaE s,

INSDORMEEMFRTHT-ODHEE LT, It Ll v ORVEUVERDEBEEE
DF 2—=TNEZLNDN, XRUBUVRAOBEREBEAIETZ L, LR HER
BRI = E N TREI N,
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3-2-2 d-PeT ##EHIHIZE DU V= turn-on BBEE L kKERERAETO—T

70 A X AEEE AT D d-PeT BRI S MY RO 7 — 7 FGME
O RE S AR 5 729012, 2011 FEICHAKFEH L O/ N —7 10k » CTHE Shi-,
d-PeT #t% 2 (EBNFEFE & 95 turn-on BLEEL/k3E 7 0 —7 NBz (2% H L7= ', NBz
TIE benzil #E&EDBELKE &G L, SHMED 5-ANARF INZF LA VA
SNz L CHEBEET S (Figure 3-14), PHEREMRET C 2 0 benzil BE&ITZ |17
ET 5720, d-PeT HMEIC L 0 RIICIEEZT 5 2 L AVRER TV,

MATZH S benzil 27 0 — 7 TR L BFEROMERM VAL TH Y | BHRAEA
(&~ TL2-U7 b ORISHEEZRTET 2 Z ERAREL B A BT,

H20;
—_—
aqueous
conditions
NBz 5-Carboxyfluorescein
Weakly fluorescent Strongly fluorescent

Figure 3-14. Design of fluorescence probe for detection of hydrogen peroxide
using NBz.
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3-2-3 Benzil Y ML) UEBEHEXTO—TOHFEES

NBz @ X 5 7¢ benzil W7 v —713 7V A% — VREIERIC 1,2-7 VR = A
EHETAHED BBMESET T VY v O RABRLR S A X 232 & RN AhE
% %71 (Figure 3-15)",

*NH,

HN’% ——>X—> No reaction
NHZ H30+
arginine
(o)
T
Enzymatic reaction N OH
Benzene J"\\r 0 '
moiety HN R
NH,
citrulline e
H30+ AN
Fluorophore
HO (o) (o)
R =H or Me
R'= EWG
Weakly fluorescent Strongly fluorescent

Figure 3-15. Proposed reaction of benzil-type fluorescence probes with

electron-withdrawing group (EWG).

F72. benzil #iEETHZ LT U AFY— L LI L CNARE - BERICKTIE %
FIZLLKBRDZEBIFFESND, =7 T ¥ MY EDRISHIZ T U F % — 121
HHZENTRENDD, KT EFERESOBEHILENC LY 20 b LD SOGYE A 5
glicm ESE L2 ENRMREEEZBND, £ LT, benzil Buat7 m—71280WTH
FGME &l [AlkR, ¥ FvV v b ORFRIISSHE DAY TR B U BREL O 5 A
EHF D Z LT d-PeT BERERIAENC X H1EYEMARTE S X, PAD4 1M % fHi vl
REZR turn-on A7 o —7 L U CHERET 2 2 E N IRE S LT,

" 3-1-7 T FG MR BAERAL SIS # ORI TR & #6215 2 L R 60T -
7o/ B 72, Figure 3-15 O 1 512 R=COOH Db b g+ 5 Z £IZ Lz, FG & FGME
DOHRZFREOHI LV . DTN RETEEDOAETHL 70— 7 OMIEICHE LGS LB 27,
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3-2-4 Benzil B ML UBRHEXTO—-—TOER

FEt L7z benzil Bl 7 v — 7% Scheme 3-2 (2 L7228 > TAK L7z, FGME D& L
BRIE L AR, HIRD 5-7 X ) INAF LS 2 HBEWEICHE 7 208 L 7-%
BB RMBREEZET L 72T EF LU EOEED v Y 72 LY
Fix DNERT VA ANENW -, T, TEFARESHIZS YT VRO 2 DOKEE
R it U, fi< 37 D0 Al V=T 0% o OE P2 LD benzil #iE A
FELT,

1) 12N HCI
NaNOz H;0,0°C Aczo DMAP
2) Kl, H,0 pyrldlne rt
0°Ctort quant.
OH 78% HO OH

| A\

O ° =R PdCL,(PPhy), O ° 1) K,CO3, MeOH
2! 3

Cul, TEA
o

o - rt
> — >
<O VTN S SN
AcO (o] OAc AcO o OAc Ar100°C
7

11a: 85%
11b : 77%

HO
12a'2%; Bz-FIUCOOH (5.0%, 2 steps)

11c : 879 12b (NB2z)'2° : 4NO,Bz-FIUCOOH (34%, 2 steps)
. N c:87%
12c : 4MEBz-FIuCOOH (27%, 2 steps)
§_® §_®_N02
R= a b
S—Ocoom
c
& J

Scheme 3-2. Synthesis of benzil-type fluorescence probes (12a-c) with a carboxyl
group in the fluorescein moiety.

RIERIC, ZvF LA D 2 fLHVRF VHE XA TF VT AT b LTz benzil ALt
Ta—T7DOAEMHIT -7 (Scheme 3-3), W7 /L% 11a-d & TlX Scheme 3-2 [FIkkIZ
BHL. 2 5DT B F VA B LI, BRABFIE T A % ) — L TNENER S
THNRFTEDATF NV AT AT T, Ik Pd bl 2 DT v o 2k
L. benzil L& HEEE LT,

ZOLEIITLT, K EER LOBEFRGIMEBEBEIL LT VA L&A v 2 (B
D72 % benzil A7 m— 7% 7 AR LT,
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R R

| A\ Il

Q ° =R, PdCl;(PPhs), O ° 1) K,CO;, MeOH O
2 3
rt COOMe

o Cul, TEA - o
COSWI SOSNETT=NNeS
AcO o OAc AcO o OAc reflux
7 11a:85% HO 130 d o
1b: 77% a-
11c : 87%
11d : 82%
e N
= O
PdCl,
_ a b
DMSO, Ar R= CF,
100 °C
§Oc00Me H
14a : Bz-FIUME (5.7%, 3 steps) c d CF;
14b : 4NO,Bz-FIUME (2.5%, 3 steps) L )

14c : AMEBz-FIUME (27%, 3 steps)
14d : diCF;Bz-FIUME (19%, 3 steps)

Scheme 3-3. Synthesis of benzil-type fluorescence probes (14a-d) with a
methoxycarbonyl group in the fluorescein moiety
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3-2-5 HEHETIZHITS benzil B TO0—T DM

AR LTz benzil AU v — 7B U CHRFRERMI 21T o 72, £9. ThEho
Ta—=TDOWIHANRT ML EWIEANRT MvE pHTA U U RFEER IS CHIE LT
(Figure 3-16), 13O NIZ AT MWL EFENT A—2EZH L, 2> ta—Lo7)L
Tt A rBIOHERO FGME & b L7- (Table 3-2),

ZOFER, benzil HiEICEL Z LItk T, FGME & bl U CHg e - IEDMK
<720 d-PeT #HEIC L D=L T2 Z LR ST,

0.1

e @
o o
o o

Absorption
o
=]
F =Y

0.02
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Wavelength (nm)

100

(=]
o

[=1]
o

B
o
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o

o

Fluorescence intensity (a.u.)

400 450 500 550
Wavelength (nm)

Fluorescein
Bz-FIluCOOH
Bz-FIuME
4NO,Bz-FIluCOOH
4NO,Bz-FIUME
4MEBz-FIuCOOH
4MEBz-FIUME
diCF,Bz-FIUME

Fluorescein
Bz-FIuCOOH
Bz-FIuME
4NO,Bz-FIuCOOH
4NO,Bz-FIuME
4MEBz-FIluCOOH
4MEBz-FIuME
diCF,Bz-FIuME

Figure 3-16. Absorption and fluorescence spectra of 1 uM fluorescein (measured in 0.1 N NaOH

solution containing 0.1% DMSO) and benzil-type fluorescence probes (measured in sodium

phosphate buffer (pH 7.4)). Aex = 493 nm.
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Table 3-2. Photochemical properties of fluorescein and benzil-type fluorescence

probes!®

R= CF,

gO—COOMe
. 14a : Bz-FIUME c d CF,
Dimiiy  TmE '
OF, Amax (M)  Aem (NM) & (x10*/Me cm)

Fluorescein 0.850 491 513 8.60
FGME 0.183 497 520 3.80
Bz-FluCOOH 0.024 496 518 5.00
Bz-FIUME 0.055 498 520 1.87
4NO,Bz-FIUCOOH 0.028 495 515 6.17
4NO,Bz-FIUME  0.074 497 519 0.97
4MEBz-FIuCOOH 0.038 497 516 10.2
4AMEBz-FIuME 0.129 498 520 2.67
diCF;Bz-FIUME  0.238 493 516 5.12

EIMeasured in sodium phosphate buffer (pH 7.4). For determination of @, fluorescein

in 0.1 N NaOH (@&r_ = 0.85) was used as a fluorescence standard.

Flo TN F LA 20D AT IV AT UIZEENEVIREAREL () W/ hE < 7eo
Teo ZNF LA ORBHEEEZEBRET 5L AV RBRMEAZIZ LW A TF /LT R
TNDTF PRI RATIEDOBRIUIRE L D EEZBND, Ll ZATIVTH
BINDET R —TOEMENMET T2, 20X e DIRTEZHRNTZEEZD
N5, MEORETAF N AT VDO ART MVBIERHZIL 5% =&/ — /LB MZ b
T2 & nn b, EIRES PRI ELZ 52 CODHEEENREZ NS,
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3-2-6 FEEMEHTIZESITS benzil BEXLTO—TDRRY MLEAIE

FPESRIE T TOART FMVRIEICKEW T EEEDO Y MY v ORISR TH 5 20%
TFA % & A TEREEIR TP TOW AT ML & AT ML & fIE L7z (Figure 3-17),

WA AV OREFRER G PHESMET & RIFRIC d-PeT HMEIC L 2 EE =T
DT EMHER I N,

e Fluorescein
0.06

= Bz-FIuCOOH
= == = Bz-FIUME

= == =« 4NO,Bz-FIUME

Absorption

0.02 AMEBz-FIuCOOH

4MEBz-FIuME

== == = diCF;Bz-FIUME

PE e
400 450 500
Wavelength (nm)

4
Fluorescein
3 Bz-FIuCOOH
Bz-FIuME

4NO,Bz-FIuCOOH
4NO,Bz-FIuME
4MEBz-FIuCOOH

4MEBz-FIuME

Fluorescence Intensity (a.u.)
N

diCF;Bz-FIUME
400 450 500 550 600
Wavelength (nm)

Figure 3-17. Absorption (upper) and fluorescence (bottom) spectra of 1 uM
fluorescein and benzil-type fluorescence probes (measured in sodium phosphate
buffer containing 20% TFA). Aex = 440 nm.
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3-2-7 T R)LY & benzil BT O—J O KT

RIS B S . benzil 71— 7% d-PeT BERERINC X 2 2R WEE
ZAT TS ZEMPRBRINT-DT, HWTHUSEDOFM 21T > 7,

FT. -2 MU EDOROSHEARHE LTz, 20% TFA 23 ATERERERHIZ L-2 hv
U B LU benzil B0 —7 %)%, 50°C T 0, 30, 60, 90, 120 ZyMA > % =X
—Ya v LIERISIRIR % HPLC IZTHfrLiz, ZTORER, WIiho7a—7%Hn
A b REEKAFIIC 7 0 — T 3 HE S D 2 L D3RR S vz (Figure 3-18), % DERD
benzil H 7" 1 —7 O GMEIT RS BB EICE R IMEERIE A EAT S 2 L TH k
T HMEMMFRD LT,

40
;5 m30min
~ 30 f
5 m 60 min S
g' 20 + ™90 min 8 i
>
g 120 min :
8 10 | ]

Figure 3-18. Time-dependent reaction of benzyl-type fluorescence probes with
L-citrulline under acidic conditions. A solution (50 uL) of each fluorescence probe (5 pL, 1
mM solution in DMSO, final concentration; 100 uM), L-citrulline (5 puL, 100 mM solution in
PAD buffer, final concentration; 10 mM) and TFA (10 puL, final concentration; 20%) in PAD
buffer (30 uL) were incubated at 50 °C for 30, 60, 90, or 120 min and subjected to HPLC
with absorbance detection.
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Zobenzil Bl Tu—T% LV M) A U Fa =g U LEBICAE L DAY
MINE LA NCHKTDEEEA L TNDH, 120 SiA v FaX—va v Lk
DFUSERE 7 HPLC 12X v 4534 L7z (Figure 3-19)% 71— 7 DI & FEMEK T CTA > %
aX—v g U LR ALY — 7 BAKFTE LB 2 5115, 4NOBz-FIUME %R &,
benzil 7' 0 —7 OEIEITE LIIHI SN TND Z & Kz & D T-F DO AR
I benzil 7 e—7 LG L TEHELIBRWVEXREZFH L TWD Z ERRBOLNT, &V
BARIIMED RN NO, 2550 CR3 Je% 2 DA L7727 m—7 TIIKFRE LT <,
HHMEOKFIDERIT NSy 7 7 F 0 v RO EFITMA TSRO benzil Hl4L
BMOFAERZD SELTD, ISHROE T LI BEZZOND,

ST —T DY =TI NIRRT AT DRRE, AF VT AT )L T 20 I S
Nz, FBEOY MY v ENMZTA U FaX— b LSRR O 7 a~ 87 7 K20
THIZIWZAE LT 12 53FH0 0 B —27 D3B3 E Uiz ki) T 5, ANO,Bz-FIUME D7k Fi
ORI RHELELNTEAXZ. = hae X B U n d-PeT DT 7272 — & LTE
HT2ZETHELTVDINGEEXTND, CR L 2 D8 ALY v —7 Clikfny &
A DARFFRE R 23 72 D BB 7R - TR S v,
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Figure 3-19A. HPLC analyses of the reaction products between benzil probes and L-citrulline. A
solution (50 uL) of each fluorescence probe (Bz-FIuCOOH, Bz-FIUME, 4NO,Bz-FIuCOOH,
ANO,Bz-FIUME; 5 puL, 1 mM solution in DMSO, final concentration; 100 uM), L-citrulline (10 pL, 100
mM solution in PAD buffer, final concentration; 20 mM) and TFA (10 pL, final concentration; 20%) in
PAD buffer (25 uL) was incubated at 50 °C for 2 hr and subjected to HPLC with absorbance and

fluorescence detection. Each sample was loaded onto an Inertsil ODS-3 column (5 mm; 150 x 4.6

retention time (min)

mm) on a Shimadzu HPLC system. The eluates were monitored with a photodiode array detector
(SPD-M10A VP). (A) MilliQ water containing 0.1 % TFA and (B) MeCN containing 0.1 % TFA were
used as developing solvents. Gradient conditions were as follows: 0 min, A 80 % and B 20 % — 20
min, A 20 % and B 80 %—25 min, A 20% and B 80 %.@: benzil probe, [J: spontaneously
generated product in 20% TFA contained buffer, A: product(s).
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(e) AMEBz-FIuCOOH (f) AMEBz-FIUME
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Figure 3-19B. HPLC analyses of the reaction products between benzil probes and L-citrulline.
A solution (50 plL) of each fluorescence probe (4MEBz-FIuCOOH, 4MEBz-FIUME,
diCF3Bz-FIUME; 5 uL, 1 mM solution in DMSO, final concentration; 100 uM), L-citrulline (10 uL,
100 mM solution in PAD buffer, final concentration; 20 mM) and TFA (10 pL, final concentration;
20%) in PAD buffer (25 uL) was incubated at 50 °C for 2 hr and subjected to HPLC with
absorbance and fluorescence detection. Each sample was loaded onto an Inertsil ODS-3
column (5 mm; 150 x 4.6 mm) on a Shimadzu HPLC system. The eluates were monitored with
a photodiode array detector (SPD-M10A VP). (A) MilliQ water containing 0.1 % TFA and (B)
MeCN containing 0.1 % TFA were used as developing solvents. Gradient conditions were as
follows: 0 min, A 80 % and B 20 % — 20 min, A 20 % and B 80 %—25 min, A 20% and B 80 %.
@®: benzil probe, [J: spontaneously generated product in 20% TFA contained buffer, A:

product(s).
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3-2-8 ¥ kLY VEEEK BCME & benzil B 70— J 0 RIS HEEE

T2 F CITHEREEEAMIC VT W L= RV Y T, PAD IEPERRHICHRIT T A A T
B BAEE /O pEA SN D BCEE &R0 EAEEDO I NRF LTI VK2R LT
WA=, 2D OB REEDFEN 2 AERCKFZREEIC L - T benzil 7e2—7 L@
FOGHEIC B EZRIFL TS Z N ES N, 22T, BEREKGTELEY ML &
BIRIZE D IEWEE & LT, BCEE &L L7=Tfilk® N®-Bz-L-citrulline methyl ester
(BCME) % AW CRUSHED R 21T > 7=,

L-3 hv U v & DROGYEZ 7ML 72K & [ARRIZ . 20% TFA AKEEHPCcrn—7 &
BCME &% 50 °C T2 HffllA v FaX—va v Liztk, d0MEL2 7L — ) — & —
THIE LTz, 2 ba—L & LTTu—7 DR EBIKIERT T, FaX—a L
7284 L BCME OfRb D ICEBREDANTIE THD BAEE LA v FaX—T g
L 72358 OEOERREE b &8 CHlE L= (Figure 3-20),
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Figure 3-20.Fluorescence detection of BCME using benzil-type fluorescence probes under acidic

conditions. A solution (50 pL) of each fluorescence probe (5 uL, 1 mM solution in DMSO, final
concentration; 100 uM) and BCME (10 uL, 100 mM solution in TFA, final concentration; 20 mM) in
PAD buffer (35 pL) or BAEE (10 pL, 100 mM solution in PAD buffer, final concentration; 20 mM) in
PAD buffer (25 uL) and TFA (10 uL) was incubated at 50 °C for 2 h. The results are mean +s.e.m.
from three experiments. **p < 0.01 after Bonferroni correction among each probe. Excitation

wavelength = 450 nm, emission wavelength = 535 nm.
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Z DFEF. ANO,Bz-FIUME LSO W o 7 o —7 4 BCME FRRM 280G K2R
L7z", —J7. BAEE # W& I EARINE T T e — T 0hz A v Fa—v
g v Led SHOBREICIZ L A EZERITRBO bDRihotz, 72, ZOERIZBNT
T —T7DHEMAT2H D (control) DFERIZZNEND T 0 —T DNy 7 757 R
WNZ M 5 EEZOND, RO KRE S L benzil FALOGHEB LNy 2
7Ty RENHORE IO LREIHIET LR, 4AMEBz-FIUME % Ak L 7= benzil
Ta—TBORTRY BIFREEEA LizE T e —T EIRE LT,

" 4ANO,Bz-FIUME C control & tbi# L C BAEE., BCME % F\V -8 A IS8 i 3 b4 %
BRE 1T, Figure 3-19 OS50 & KFn#) 3 d-PeT i IZ L D1 EZ T 2080 R S Lz L 51z,
BAEE 3 X O)BCME & OUSAERY T d-PeT #1372 5 % . 215 DA T3k

W& BRFERITHEL L T DEmbELEZbND,
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3-2-9 AMEBz-FIUME [Z& AEHAERD Y IV VIREKREHE

i L L7271 —7 4MEBz-FIUME Z MW T, BPESMETICBIT 5y FL U R R
)72 BRALSUGIZ B R DS BRI P AFAE T 5 BCME &I2KTF3 2 25kl L
776

BCME {2 £ 4 0-20 mM (223 & B 7o it SUS Ei H C AMEBz-FIUME & 50 °C TIX

SRS, 2 BRI OHEREE 7 L — N — X —Z W CHIE L7- (Figure 3-21),
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Figure 3-21. BCME-concentration dependency of 4MEBz-FIUME under acidic
conditions. To BCME (0, 1, 5, 10, 50, 100 mM, 10 uL, final concentration, 0, 0.2, 1, 2,
10, 20 mM) in TFA (10 uL) were added PAD buffer (35 uL) and 4AMEBz-FIUME (1 mM, 5
uL, final concentration; 100 mM). The mixtures were incubated at 50 °C for 2 h. The
results are mean + s.e.m. from three experiments **p < 0.01 vs 0 mM group after

Bonferroni correction. Excitation wavelength = 450 nm, emission wavelength = 535 nm.

Z OfER, BCME BERFNREEHERIA R SN, ZOK, BCME 28 2mM LA
FFEETLIRMETICBWTAHERENEHEANED bz Z &2 5, AMEBzZ-FIUME % v
LU URHEIZHW D GEIZIE. 62000 2 mM LLED Y v AR EA S
X0 ICERMNGE R T DI ENEE L, 2O X ) LT ThiuE, by
VEEARITPAD EMHEA KT 5 EE X HILDH T & D PAD {EMEOA M4 W v 5E 7
EEZBND,
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3-2-10 4MEBz-FIUME #FL\f- PAD4 ETEHH

AMEBz-FIUME % VT, PAD4 DSEESERUGIC L > TREEA L2 hvY bk BCEE
ZIRHATRE T d 2 il L7z,

BAEE & PAD4 % 50°C T 1 Wifilf o F 2 _—3 3 0 LIS, NRIR &2 BBk
X AMEBz-FIUME Z ¥R L T bb U sAbfkE 50 °C T2 BEIEIG SE 7, T OfE
B, RELBIBGFET CTAEREEHERPRD b, TOHEBEERKIIAERTH D
Cl-amidine Z¥RINT 2% Z L2 L - THifil S 7z (Figure 3-22), F72. Z D& & DHEHY
KEIX FGME % Hl\W/z PAD4A JEPERRHH R LI L RE K RoTo 2 b
AMEBz-FIUME ZH\5 Z & TEVW RERF AT I v 7 LU %Ff-> T BCEE Z M
ARE7R 2 E MRS T,

Fokk sedeke
3 - PAD4 + BAEE
(]
= 101 S 100
B3 <
> - e 80 r BCEE
g _E 60 | BAEE (600/0)
% 5] S 40 | (40%)
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Figure 3-22. (Left) Detection of PAD4 activity with 4AMEBz-FIUME. The enzymatic reaction was
conducted in PAD buffer (100 mM Tris HCI, 50 mM NaCl, 10 mM CaCl,, 2 mM DTT, 20 mM
BAEE, PAD4 (as provided in the PAD4 assay kit purchased from Cayman Chemical, without
dilution) and 10 uM Cl-amidine; total volume was 20 uL) at 50 °C for 1 h. TFA (10 uL), 1 mM
AMEBz-FIUME (5 uL, final concentration 100 uM) and PAD buffer (15 uL) were added and the
mixture was incubated at 50 °C for 2 h. The results are mean + s.e.m. from three experiments.
***n < 0.005 after Bonferroni correction. Excitation wavelength = 450 nm, emission wavelength
= 535 nm. (Right) Generation of BCEE after the enzymatic reaction of BAEE with PAD4 for 1
hr. 60% of BAEE was found to be citrullinated. The reaction solution was loaded onto an Inertsil
ODS-3 column (5 mm; 150 x 4.6 mm) on a Shimadzu HPLC system. The eluates were
monitored with a photodiode array detector. (A) MilliQ water containing 0.1 % TFA and (B)
MeCN containing 0.1 % TFA were used as developing solvents. Gradient conditions were as

follows: O min, A 80 % and B 20 % — 20 min, A 20 % and B 80%.
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FEFEOG% . AMEBZ-FIUME Z iRINT 2 B ATO KGR Z HPLC THotrd 5 &, B
RS THELTEY R AMBKIZ 60%, 37205 12 mM A% & BAES b7z, Figure
3-21 TR LT IRERF I 2 87 5 & PADA TEMERHEF OO REIL 12mM D>
MU ABIRTFE T TTPREISN A EEERE L —% L, GENREREZS 2 5,

3-2-11 4MEBz-FIUME #FL\f= PAD2 EMRH

PADs ® < bV U ALiEMEIL [55°C, pH 7.2 T 1 B§f#47- v ® BAEE 75 BCEE %
PEAET ARG OEIT ] LED LN TWS (Figure 3-23), £ M7=, BAEE % >
7= PAD4 {EMEMHRIL.PADS IZIR ST MU AR EZ BT MO T A VA LI
LEAAEEE X BN,

O._ _NH,
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OEt OEt
A N > N
| H H
= o o

BAEE BCEE
Figure 3-23. Citrullination of BAEE to BCEE by PAD enzymes

% ZC., 4AMEBz-FIUME % H\ 7z PAD4 {&MERMHIRAZ PAD2 ICbEH 3562 &L L
72. PAD2 O L7 RTEGITIIMIAE TH L3, —HPZICHLRIEL, E A ROy b
U AbZEN L CEERSREIC LB S92 Z & ROV RMEALIE & OBIENTEVZ & 035 5
NTW5D, £, ITEFHRARER TIX PAD2 & PADA N EIZHRILL TWDH Z LD, il
TA VWA LEENE LEEROBEENMER SN P, 20X 0T a7 VIE
Fl Z BB 2 (21X [E— DR R THEELD PAD 7 A V¥ A LOIEVER K FTREZ2 Z & 3
EFELWEEBZLND,
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PAD2 DEMEMH D728, BAEE % PAD2 & & {250 °C T5 WfHA v Fa~—
a v LI BRI OSIRIR & i PEIC 8 & | AMEBZ-FIUME Z#¥WsI1L T byl vAkikE 50
°C T 2 BEIE &7z, TOREE, PAD2 ICR W\ T b IE & BRI T O BRI
HIRAFRD B, £ OEIEH KT EHTH 5 Clamidine 2T 2% 2 LI k- TH
il <372 (Figure 3-24 left),

PAD2 @ FV U ALIEMEIT PADA & Hl L TV o d, BRSO Z 5 5
SLTHY MU U AIED A REERIT 8.6 % (28 £ 7= (Figure 3-24 right), L 7> L. d-PeT
BERE DB & | KR D AR X2 RIGRHF TD 1,2-2 1 ViR = UALE W OAFE
o ERIZED 7 e—T OFEERIZE > T, PADY K0 &2 ML U AGTEHED MO
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Figure 3-24. (Left) Detection of PAD2 activity with AMEBz-FIUME. The enzymatic reaction was
conducted in PAD buffer (100 mM Tris HCI, 50 mM NaCl, 10 mM CacCl,, 2 mM DTT, 20 mM
BAEE, 600 nM PAD2 and 10 uM Cl-amidine (in PAD buffer containing 10% DMSO); total
volume was 20 plL) at 50 °C for 5 h. To TFA (10 ulL), 1 mM 4MEBz-FIUME (5 uL, final
concentration 100 uM) and PAD buffer (15 uL) were added. The mixture was incubated at 50 °C
for 2 h. The results are mean + s.e.m. from three experiments. *p < 0.05 after Bonferroni
correction. Excitation wavelength = 450 nm, emission wavelength = 535 nm. (Right) Generation
of BCEE after the enzymatic reaction of BAEE with PAD2 for 1 hr. 8.6% of BAEE was found to
be citrullinated. The reaction solution was loaded onto an Inertsil ODS-3 column (5 mm; 150 x
4.6 mm) on a Shimadzu HPLC system. The eluates were monitored with a photodiode array
detector (SPD-M10A VP). (A) MilliQ water containing 0.1 % TFA and (B) MeCN containing 0.1 %
TFA were used as developing solvents. Gradient conditions were as follows: 0 min, A80 % and B
20 % — 20 min, A 20 % and B 80%.
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Figure 3-25. Calculation of half-inhibitory activity (ICso) of Cl-amidine with
AMEBz-FIUME. The enzymatic reaction was conducted in PAD buffer (100 mM Tris
HCI, 50 mM NaCl, 10 mM CaCl,, 2 mM DTT, 50 mM BAEE, 1.5 uM PAD4 and 1, 10,
100, 1000 uM Cl-amidine (in PAD buffer containing 10% DMSO, final DMSO
concentration 0.25%); total volume was 20 uL) at 50 °C for 5 h. To TFA (10 uL), 1
mM 4MEBz-FIUME (5 uL, final concentration 100 uM) and PAD buffer (15 uL) were
added. The mixture was incubated at 50 °C for 2 h. Excitation wavelength = 450 nm,
emission wavelength = 535 nm.
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Figure 3-26. Calculation of Z' factor about detection system using 4AMEBz-FIUME. The
enzymatic reaction was conducted in PAD buffer (100 mM Tris HCI, 50 mM NacCl, 10 mM
CaCl,, 2 mM DTT, 50 mM BAEE, 1.5 uM PAD4; toal volume was 20 puL) at 50 °C for 1 h.
TFA (10 plL), 1 mM 4MEBz-FIUME (5 pL, final concentration 100 uM) and PAD buffer (15
uL) were added and the mixture was incubated at 50 °C for 2 h. The results are mean +
s.e.m. from eight experiments. ***p < 0.005 after Bonferroni correction. Excitation

wavelength = 450 nm, emission wavelength = 535 nm.
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General methods and materials

'"H NMR spectra and *C NMR spectra were recorded with a JEOL JNM-LA500, JEOL
JNM-A500, Varian VNMRS 500, JEOL JNM-ECZ500 or BRUKER AVANCEG600 spectrometer
in the indicated solvent. Chemical shifts (8) are reported in parts per million relative to the

internal standard, tetramethylsilane (TMS). Electrospray ionization (ESI) mass spectra were
recorded with a JEOL JMS-T100LC mass spectrometer equipped with a nanospray ion source.
UV/Vis absorption spectra were recorded with a UV-1800 spectrophotometer (Shimadzu).
Fluorescence spectra were recorded with an RF-5300PC fluorometer (Shimadzu). Analytical
HPLC was performed with a Shimadzu pump system equipped with a reversed-phase ODS
column (Inertsil ODS-3 4.6x150 mm, GL Science, Tokyo, Japan) at a flow rate of 1.0 mL min "
Semipreparative HPLC purification was performed with a JASCO PU-2086 pump system
equipped with a reversed-phase ODS column (Inertsil ODS-3 20x250 mm, GL Science) at a
flow rate of 10 mL min ", Microplate fluorescence assay was performed with an ARVO X5 plate
reader (PerkinElmer). Recombinant human PAD4 was purchased from Cayman Chemical
Company (Michigan, USA). AIll other reagents and solvents were purchased from
Sigma—Aldrich (St. Louis, USA), Tokyo Chemical Industry Co., Ltd. (TCI, Tokyo, Japan),
Wako Pure Chemical Industries (Osaka, Japan), Nacalai Tesque (Kyoto, Japan), or Kanto
Kagaku (Tokyo, Japan) and used without further purification. Flash column chromatography
was performed with silica gel 60 (particle size 0.032-0.075) supplied by Taikoh-shoji.

Experimental part of FGME

3°,6°-dihydroxy-5-iodo-3H-spiro[2-benzofuran-1.9’-xanthene]-3-one (6)

To a suspension of 5-aminofluorescein (5) (3.00 g, 8.63 mmol) in 12 N aqueous HCI (35.0 mL)
was added 18.0 g of ice. The mixture was cooled to 0 °C, then a solution of sodium nitrite (900
mg, 13.0 mmol) in water (15.0 mL) was slowly added over 5 min. The mixture was stirred at 0
°C for 1.5 hour, then a solution of potassium iodide (11.5 g, 69.0 mmol) in water (25.0 mL) was
added dropwise over 10 min. The mixture was stirred at room temperature for 4 h, then
extracted with i-PrOH/CH,CI, (v/iv = 1/3; 3 times). The combined organic layer was washed
with saturated aqueous sodium thiosulfate and brine, and dried over sodium sulfate. Filtration,
evaporation and purification by silica gel flash column chromatography (CHCls/MeOH = 9/1)
gave 2.69 g (6.75 mmol, 78 %) of 6 as an orange solid: "H NMR (CDCls, 500 MHz) & 8.35 (d, J
= 1.4 Hz, 1H), 7.96 (d, J = 8.0 Hz, 1H), 6.93 (dd, J = 8.0, 1.4 Hz, 1H), 6.73 (d, J =2.4 Hz, 2H),
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6.66 (d, J = 8.6, 2.4 Hz, 2H), 6.55 (d, J = 8.6 Hz, 2H).

3',6'-bis(acetyloxy)-5-iodo-spiro[isobenzofuran-1(3H),9'-[9H]xanthen]-3-one (7)
To a solution of 6 (1.10 g, 2.41 mmol) and N,N-dimethyl-4-aminopyridine (35.0 mg, 0.290
mmol) in pyridine (15.0 mL) was added acetic anhydride (800 uL, 7.85 mmol). The reaction

mixture was stirred at room temperature for 20 hour, then poured into water, and extracted with
AcOEt. The combined organic layer was washed with brine and dried over sodium sulfate.
Filtration, evaporation and purification by silica gel flash column chromatography
(AcOEt/n-hexane = 1/5 to 1/3) gave 1.30 g (2.40 mmol, quantitative yield) of 7 as a yellow
solid: "H-NMR (CDCls, 500 MHz) & 8.37 (s, 1H), 7.99 (d, J = 8.1 Hz, 1H), 7.09 (s, 2H), 6.95 (d,
J =8.1Hz, 1H), 6.84-6.80 (br, 4H), 2.31 (s, 6H).

5-acetyl-3-o0x0-3H-spiro[isobenzofuran-1,9'-xanthene]-3',6'-diyl diacetate (8)

Anhydrous N,N-dimethylformamide (15.0 mL) was added through a septum to an Ar-purged
flask containing 7 (1.16 g, 2.15 mmol), tris(dibenzylideneacetone)dipalladium(0) (98.0 mg,
0.107 mmol) and anhydrous lithium chloride (455 mg, 10.7 mmol). Acetic anhydride (1.01
mL, 10.8 mmol) and N,N -diisopropylethylamine (748 pL, 4.29 mmol) were added dropwise.
The resulting mixture was stirred at 100 °C for 16 h, then cooled to room temperature, quenched
with H,0, and extracted with diethyl ether and AcOEt. The combined organic layer was dried
over sodium sulfate. Filtration, evaporation and purification by silica gel flush column
chromatography (AcOEt/ n-hexane = 1/4 to 1/2) afforded 489 mg (1.07 mmol, 50 %) of 8 as a
pale orange solid: *"H NMR (CDCls, 500 MHz) & 8.57 (1H, s), 8.29 (1H, dd, J = 8.1, 1.5 Hz),
7.30 (1H, d, J = 8.1 Hz), 7.12 (2H, d, J = 2.0 Hz), 6.83 (2H, dd, J = 8.6, 2.0 Hz), 6.81 (2H, d, J
= 8.6 Hz), 2.72 (3H, s), 2.32 (6H, s).

5-acetyl-3'.6'-dihydroxy-3H-spiro[isobenzofuran-1,9'-xanthen]-3-one (9)

To a solution of 8 (229 mg, 0.500 mmol) in MeOH (25.0 mL) was added potassium carbonate
(152 mg, 1.10 mmol). The mixture was stirred at room temperature for 22 h, then poured into
saturated aqueous sodium dihydrogenphosphate dihydrate and extracted with AcOEt. The
combined organic layer was dried over sodium sulfate. The organic layer was filtered, and the
filtrate was evaporated to dryness over silica gel. Purification by silica gel flash column
chromatography (AcOEt/ n-hexane = 1/2 to 1/1) afforded 164 mg (0.460 mmol, 93 %) of 9 as a
orange solid: '"H NMR (CDCls, 500 MHz) & 8.56 (s, 1H), 8.28 (d, J = 8.0 Hz, 1H), 7.29 (d, J =
8.0Hz, 1H), 6.72 (d, J = 2.3 Hz, 2H), 6.58 (d, J = 8.7 Hz, 2H), 6.53 (dd, J = 8.7, 2.3 Hz, 2H),
3.39 (m, 2H), 2.74 (s, 3H).
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5-acetyl-2-(6-hydoxy-3-o0x0-3H-xanthen-9-yl) benzoic acid methyl ester (10)
A mixture of 5 (200 mg, 0.576 mmol), MeOH (10.0 mL), and concentrated H,SO, solution
(0.200 mL) was heated for 24 h at room temperature. The solution was poured onto ice, and

then a saturated NaHCO5 solution was slowly added. The orange precipitate was separated and
extracted with CH,Cl,. The combined organic layers were dried over Na,SO,4 and concentrated
under reduced pressure to afford 10 (108 mg, 42%) as a yellow solid. MS (ESI*): 389.090
[M+1]".

2-(6-hydroxy-3-o0x0-3H-xanthen-9-yl)-5-(2-oxoacetyl) benzoic acid methyl ester (FGME, 3)
To a solution of SeO, (92.0 mg, 0.840 mmol) in 1,4-dioxane (300 uL) and MilliQ (30.0 uL,
1.68 mmol) was added AcOH (24.0 uL, 420 mmol). The mixture was heated at 80 “C for 30
min, and the resulting clear solution was cooled to room temperature and used for the oxidation
of 10. To a solution of 10 (44.3 mg, 0.114 mmol) in 1,4-dioxane (2.00 mL) and MilliQ (100 uL)
was added activated SeO, solution (144 uL, 0.342 mmol) and the reaction mixture was heated at

80 °C for 2 h. The reaction was monitored by ESI-MS. The mixture was cooled to room
temperature and the crude product was purified by reverse-phase HPLC to afford 3 (7.90 mg,
16%) as a yellow solid. HRMS (ESI®): calcd: 403.0817; found: 403.0818 [M+H]", calcd:
421.0923; found: 421.0914 [M+OH+H]", calcd: 435.1079; found: 435.1079 [M+OMe+H]".
HPLC purity: 96.3 % (254 nm)

(1S)-1-methylester-3-(4-(3-carboxy-4-(6-hydroxy-3-oxo-3H-xanthen-9-yl)-phenyl)-5-hydro

Xy-2-0x0-2,5-dihydro-1H-imidazol-1-yl)propan-1-aminium trifluoroacetate (FGME-Cit, 4)
To a solution of L-citrulline (1.80 mg, 10.0 umol) in 400 pL of H,O/ TFA (v/v = 1/1) was added
FGME (3) (4.00 mg, 10.0 umol). The reaction mixture was stirred for 22 h and monitored by
reverse-phase HPLC. Then, it was evaporated in vacuo to afford an orange amorphous solid,
which was purified by reverse-phase HPLC to afford 1.80 mg (2.67 umol, 28 %) of FGME-Cit
TFA salt (4) as a orange solid: "H NMR (CD;0D, 500 MHz) & 8.28 (s, 1H), 7.86 (d, J = 7.9 Hz,
1H), 7.57 (d, J = 7.9 Hz, 1H), 7.24 (d, J = 9.6 Hz, 2H), 7.05 (s, 2H), 6.94 (d, J = 9.6 Hz, 2H),
5.45 (d, J = 10.7 Hz, 1H), 3.99 (t, J = 6.3 Hz, 1H), 3.82-3.72 (m, 1H), 3.64 (s, 3H), 3.23-3.13
(m, 1H), 2.01-1.88 (m, 2H), 1.84-1.68 (m, 2H). HRMS (ESI"): calcd: 560.1669; found:
560.1653 [M]+. HPLC purity: 95.3 % (254 nm)

64



Preparation of glyoxal probes and assay buffer.

Glyoxal probes (FG and FGME) were prepared as 10 mM stock solutions in DMSO. PAD
assay buffer (Tris-HCI (pH 7.60), containing 50 mM NaCl, 2 mM DTT and 10 mM CacCl,) was
prepared as a stock solution.

Absorption and fluorescence spectropy

Absorption and fluorescence spectra were measured in a quartz cuvette (4 x4 X 40 mm) on
UV-1800 (Shimadzu, Japan) and RF5300PC (Shimadzu, Japan) instruments, respectively.
Spectra of citrulline probes were measured in PBS (pH 7.4) or 20% TFA in PAD buffer at the
final concentration of 1 uM (0.1% DMSO). The fluorometer slit width was 3.0 nm for both
excitation and emission, the sensitivity was set to low, and the excitation wavelength was 490
nm (in neutral condition) or 440 nm (in acidic condition). Relative fluorescence quantum yield
was obtained by comparing the area under the emission spectrum of the sample in sodium
phosphate buffer (pH 7.4) with that of fluorescein in 0.1 N NaOH, whose quantum yield is 0.85.

Detection of L-citrulline with glyoxal fluorescence probes

A solution (15 pL) of glyoxal fluorescence probe (2 uL, 750 uM solution in DMSO, final
concentration; 100 uM), L-citrulline (1-50 equiv. in PAD buffer) and TFA (3 uL, final
concentration; 20%) was incubated at 37 °C for 2 h. Then, the fluorescence intensity was
measured with a plate reader (ARVOXS5). The results are mean + s.e.m. from three experiments.
***p < 0.005 after Bonferroni correction. Excitation wavelength = 450 nm, emission
wavelength = 535 nm

Enzymatic assay of PAD4 with BAEE

BAEE (100 mM, final concentration 10 mM, 1 uL) in Tris-HCI (pH 7.60) was incubated in
PAD assay buffer (7 uL, total volume 10 pL), containing PAD4 (2 uM, final concentration 0.2
uM) and 10 % DMSO in PAD assay buffer (1 uL, final DMSO concentration 1%) at 37 °C for 0
min, 10 min, 20 min, or 30 min. Then, each solution was diluted with MilliQ (190 uL) and

loaded onto an Inertsil ODS-3 column (5 mm; 150 x 4.6 mm) on a Shimadzu HPLC system.
The eluates were monitored with a photodiode array detector (SPD-M10A VP) and fluorescence
detector (RF-20A XS). (A) MilliQ water containing 0.1 % TFA and (B) MeCN containing 0.1 %
TFA were used as developing solvents. Gradient conditions were as follows: 0 min, A 90 % and
B 10 % — 20 min, A 10 % and B 90 %.
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Enzymatic reaction of FGME and PAD4 and inhibition assay using Cl-amidine

A solution (20 pL) of PAD4 (5 nM, 2 puL, first concentration; 0.5 nM, final concentration; 0.2
nM), BAEE (100 mM, 2 pL, first concentration; 10 mM, final concentration; 4 mM) and
Cl-amidine (1 mM, 2 pL, first concentration; 100 uM, final concentration; 40 uM) in PAD
buffer (14-20 uL) was incubated at 37 °C for 30 min. Then, TFA (10 uL, final concentration;
20%), FGME (1 mM, 5 uL, final concentration; 100 uM) and PAD buffer (15 pL) were added
and the mixture was incubated at 37 °C for 2 h. After the reaction was finished, fluorescence

intensity was measured with a plate reader (ARVOX5). The results are mean + s.e.m. from three
experiments. ***p < 0.005 after Bonferroni correction. Excitation wavelength = 450 nm,
emission wavelength = 535 nm.

Experimental part of benzil probes

Synthesis of 11a, 11b, 12a and 12b.
11a, 11b, 12a and 12b were prepared by a known method*?. 12a: HPLC purity: 98.1 % (254
nm), 12b: HPLC purity: 95.2 % (254 nm).

Synthesis of 11c.

5-lodofluorescein diacetate (7, 50.0 mg, 0.102 mmol), methyl 4-ethynylbenzoate (23.0 mg,
0.143 mmol), PdClI,(PPhs), (8.50 mg, 12.1 umol), and Cul (2.30 mg, 12.0 umol) were mixed in
dry THF (3.00 mL), and triethylamine (80.0 uL) was added. The mixture was stirred at room
temperature for 12 h under an argon atmosphere. THF was evaporated under reduced pressure
and the mixture was purified by column chromatography (silica gel, ACOEt/n-hexane = 1/4, 2/3,
3/2, 4/1) to afford 11c (51.1 mg, 87%) as a pale yellow solid. *"H NMR (CDCl;, 500 MHz)
6 8.17 (s, 1H), 8.06 (d, J = 8.3 Hz, 2H), 7.82 (dd, J = 8.0, 1.6 Hz, 1H), 7.63 (d, J = 8.3 Hz, 2H),
7.20 (d, J = 8.0 Hz, 1H), 7.10 (d, J = 1.6 Hz, 2H), 6.85-6.84 (m, 4H), 3.94 (s, 3H), 2.32 (s, 6H).
C NMR (CDCls, 125 MHz) & 168.9, 168.2, 166.5, 152.5, 152.2, 151.6, 138.4, 131.8, 130.2,
129.7, 129.0, 128.3, 127.0, 126.7, 125.3, 124.3, 117.9, 116.0, 110.6, 91.0, 90.0, 81.9, 52.4, 21.2.
MS (ESI") 597 [M+1]", 629 [M+Na]".

Synthesis of 12c.
To a solution of 11c (51.1 mg, 89.0 umol) in methanol (2.00 mL) was added K,CO;3; (50.0 mg)
and the mixture was stirred at room temperature for 4 h. After completion of the reaction, the

mixture was filtered and the filtrate was evaporated under reduced pressure. The crude product
was dissolved in DMSO (2.0 mL) , then PdCl, (5.20 mg, 5.94 umol) was added, and the mixture
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was stirred at 100 °C for 12 h under an argon atmosphere. The crude product was purified by
preparative HPLC to afford 12¢ (12.4 mg, 27%, 2 steps) as a yellow solid. *H NMR (DMSO-d,
500 MHz) 6 8.47 (d, J = 1.5 Hz, 1H), 8.36 (dd, J = 8.1, 1.5 Hz, 1H), 8.17 (br., 4H), 7.52 (d, J =
8.1 Hz, 1H), 6.69 (d, J = 2.3Hz, 2H), 6.65 (d, J = 8.6 Hz, 2H), 6.56 (dd, J = 8.6, 2.3 Hz, 2H),
3.91 (s, 3H). *C NMR (DMSO-ds, 125 MHz) § 192.1, 191.3, 167.3, 165.2, 159.6, 157.6, 151.6,
136.4, 135.3, 134.8, 133.6, 130.3, 129.6, 129.4, 129.2, 126.9, 126.6, 125.1, 112.6, 108.4, 102.2,
52.6. HRMS (ESI"): calcd: 523.10291; found: 523.10291 [M+H]* (2.67 mDa). HPLC purity:
95.4 % (254 nm)

Synthesis of 11d.

11d was similarly prepared from 3,5-ditrifluoromethylethylnylbenzene in 82% vyield.

11d: *H NMR (CDCls, 500 MHz) & 8.19 (s, 1H), 8.00 (s, 2H), 7.87 (s, 1H), 7.83 (d, J = 8.0 Hz,
1H), 7.22 (d, J = 8.0 Hz, 1H), 7.11 (s, 2H), 6.85-6.84 (m, 4H), 2.32 (s, 6H). **C NMR (CDCl,,
125 MHz) 6 168.9, 168.1, 153.1, 152.3, 151.6, 138.4, 132.4, 132.1, 131.7, 129.0, 128.5, 126.8,
124.8, 124.6, 124.4, 118.0, 115.9, 110.7, 90.5, 88.5, 81.9, 31.0, 21.2. MS (ESI*) 653 [M +1]",
675 [M+Na]".

Synthesis of 14a.

To a solution of 4a (69.5 mg, 0.161 mmol) in methanol (2.00 mL) was added K,CO; (111 mg,
0.805 mmol), and the mixture was stirred at room temperature for 1 h. After completion of the
reaction, the mixture was filtered and the filtrate was evaporated under reduced pressure. The
crude product was dissolved in MeOH (2.00 mL) and then H,SO, (0.300 mL) was added. The
mixture was refluxed for 12 h, then H,O was added, and the resulting precipitate was collected
and dried under reduced pressure to afford 6a as a yellow solid. The crude product was used for
the next step without further purification. To a solution of 6a (crude) in DMSO (3.00 mL) was
added PdCl, (6.00 mg, 33.8 umol). The mixture was stirred at 100 °C for 13 h under an argon
atmosphere. The reaction was monitored by reverse-phase HPLC. After the reaction was
complete, the crude product was purified by preparative HPLC to afford 7a (4.41 mg, 5.7%, 3
steps) as a yellow solid. *"H NMR (DMSO-ds, 500 MHz) & 8.69 (d, J = 1.7Hz, 1H), 8.38 (dd, J =
8.0, 1.7 Hz, 1H), 8.05 (d, J = 7.6 Hz, 2H), 7.85 (t, J = 7.6 Hz, 1H), 7.76 (t, J = 8.0 Hz, 2H), 7.68
(t, J =8.0 Hz, 2H), 6.96 (d, J = 9.2 Hz, 2H), 6.73 (s, 2H), 6.67 (d, J = 9.2 Hz, 2H), 3.61 (s, 3H).
3C NMR (DMSO-ds, 125 MHz) & 193.5, 192.7, 164.1, 158.1, 156.4, 151.8, 140.1, 135.8, 133.9,
133.3, 132.1, 132.0, 131.4, 130.6, 130.4, 130.0, 129.5, 121.5, 114.5, 103.2, 52.8. HRMS (ESI"):
calcd: 479.22308; found: 479.11130; [M+H]" (-1.78 mDa). HPLC purity: 96.2% (254nm).

14b, 14c, and 14d were similarly prepared from 11b, 11c, and 11d in 2.5%, 27%, and 19%
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yield, respectively.

14b: *H NMR (DMSO-ds, 500 MHz) & 8.79 (d, J = 1.7Hz, 1H), 8.47 (dd, J = 8.0, 1.7 Hz, 1H),
8.45 (d, J = 8.6 Hz, 2H), 8.31 (d, J = 8.6 Hz, 2H), 7.77 (d, J = 8.0 Hz, 1H), 6.69 (d, J = 9.1 Hz,
2H), 6.79 (s, 2H), 6.73 (d, J = 9.1 Hz, 2H), 3.62 (s, 3H). *C NMR (DMSO-ds, 125 MHz)
5 191.0, 190.8, 164.6, 157.0, 153.6, 151.3, 140.2, 137.3, 134.8, 133.9, 132.4, 132.2, 132.2, 131.
6,130.9, 130.8, 124.5, 121.9, 115.1, 103.6, 53.2. HRMS (ESI*): calcd: 524.09816; found:
524.09776; [M+H]" (-0.39 mDa). HPLC purity: 96.6% (254nm).

14c: *H NMR (DMSO-dg, 500 MHz) § 8.73 (d, J = 1.7 Hz, 1H), 8.42 (dd, J = 7.9, 1.7 Hz,
1H), 8.19 (br, 4H), 7.76 (d, J = 7.9 Hz, 1H), 6.92 (d, J = 9.1 Hz, 2H), 6.70 (s, 2H), 6.65 (d, J =
9.1 Hz, 2H), 3.91 (s, 3H), 3.61 (s, 3H). *C NMR (DMSO-ds, 125 MHz) § 192.2, 191.6, 165.3,
164.2, 156.3, 151.7, 151.0, 140.1, 135.4, 135.0, 134.1, 133.2, 132.0, 131.7, 130.5, 130.5, 130.2,
129.8, 121.6, 114.5, 108.5, 103.3, 52.7. HRMS (ESI"): calcd: 537.11856; found: 537.11680;
[M+H]" (-1.75 mDa). HPLC purity: 95.2% (254nm).

14d: *H NMR (DMSO-ds, 500 MHz) & 8.86 (d, J = 1.2 Hz, 1H), 8.65 (s, 2H), 8.58 (s, 1H),
8.52 (dd, J=8.0, 1.2 Hz, 1H), 7.78 (d, J = 8.0 Hz, 1H), 7.01 (d, J = 9.2 Hz, 2H), 6.85 (d, J = 1.8
Hz, 2H), 6.77 (dd, J = 9.2, 1.8 Hz, 2H), 3.63 (s, 3H). *C NMR (DMSO-dg, 125 MHz) & 188.3,
187.6, 164.3, 156.7, 139.3, 134.7, 133.8, 132.4, 132.0, 131.4, 130.9, 130.8, 130.5, 129.9, 128.8,
128.7, 124.0, 121.8, 114.7, 103.1, 52.8. HRMS (ESI"): calcd: 601.07220; found: 601.07146;
[M+H]" (-0.74 mDa). HPLC purity: 98.9% (254nm).

Preparation of benzil probes and assay buffer.

Benzil probes were prepared as 10 mM stock solutions in DMSO. PAD assay buffer (Tris-HCI
(pH 7.60), containing 50 mM NaCl, 2 mM DTT and 10 mM CaCl,) was prepared as a stock
solution.

HPL.C analysis of the time-dependence of the cyclo-addition reaction of benzil probes with

L-citrulline

A solution (50 pL) of each fluorescence probe (5 uL, 1 mM solution in DMSO, final
concentration; 100 uM), L-citrulline (5 uL, 100 mM solution in PAD buffer, final concentration;
10 mM) and TFA (10 pL, final concentration; 20%) in PAD buffer (30 uL) was incubated at
50 °C for 30 min, 60 min, 90 min or 120 min. Then, each solution was loaded onto an Inertsil
ODS-3 column (5 mm; 150 x 4.6 mm) on a Shimadzu HPLC system. The eluates were
monitored with a photodiode array detector (SPD-M10A VP). (A) MilliQ water containing 0.1
% TFA and (B) MeCN containing 0.1 % TFA were used as developing solvents. Gradient
conditions were as follows: 0 min, A 80 % and B 20 % — 20 min, A 20 % and B 80 %—25 min,
A 20% and B 80 %.
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HPL.C analysis of the reaction products of benzil probes and L-citrulline

A solution (50 uL) of each fluorescence probe (5 pL, 1 mM solution in DMSO, final
concentration; 100 pM), L-citrulline (10 plL, 100 mM solution in PAD buffer, final
concentration; 20 mM) and TFA (10 uL, final concentration; 20%) in PAD buffer (25 pL) was
incubated at 50 °C for 2 hr. Then, each solution was loaded onto an Inertsil ODS-3 column (5
mm; 150 x 4.6 mm) on a Shimadzu HPLC system. The eluates were monitored with a
photodiode array detector (SPD-M10A VP) and a fluorescence detector (RF-20A XS). (A)
MilliQ water containing 0.1 % TFA and (B) MeCN containing 0.1 % TFA were used as
developing solvents. Gradient conditions were as follows: 0 min, A 80 % and B 20 % — 20 min,
A 20 % and B 80 %—25 min, A 20% and B 80 %.

Detection of L-citrulline with benzil fluorescence probes

A solution (50 pL) of each fluorescence probe (5 upL, 1 mM solution in DMSO, final
concentration; 100 uM), L-citrulline (10 pL, 100 mM solution in PAD buffer, final
concentration; 20 mM) and TFA (10 uL, final concentration; 20%) in PAD buffer (30 uL) was
incubated at 50 °C for 2 hr. Then, the fluorescence intensity was measured with a plate reader
(ARVOX5). The results are mean + s.e.m. from three experiments. *p < 0.05, ****p < 0.001
after Bonferroni correction.

Detection of BCME with benzil fluorescence probes

A solution (50 pL) of each fluorescence probe (5 uL, 1 mM solution in DMSO, final
concentration; 100 uM) and BCME (10 pL, 100 mM solution in TFA, final concentration; 20
mM) in PAD buffer (35 uL) or BAEE (10 pL, 100 mM solution in PAD buffer, final
concentration; 20 mM) in PAD buffer (25 uL) and TFA (10 uL) was incubated at 50 °C for 2 hr.
Then, the fluorescence intensity was measured with a plate reader (ARVOX5). The results are
mean * s.e.m. from three experiments. **p < 0.01 after Bonferroni correction among each
probe.

Concentration dependency of fluorescence generation from BCME

To BCME (0, 1, 5, 10, 50, 100 mM, 10 pL, final concentration, 0, 0.2, 1, 2, 10, 20 mM) in TFA
(10 pL) were added PAD buffer (35 uL) and 4AMEBz-FIUME (1 mM, 5 pL, final concentration;
100 uM). The mixture was incubated at 50 °C for 2 hr, and then, the fluorescence intensity was

measured with a plate reader (ARVOXS5). The results are mean + s.e.m. from three experiments.
The results are mean + s.e.m. from three experiments. **p < 0.01 vs 0 mM group after
Bonferroni correction.
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Detection of PAD4 and PAD2 activity with AMEBz-FIUME

The enzymatic reaction was conducted in PAD buffer (100 mM Tris HCI, 50 mM NaCl, 10 mM
CaCl,, 2 mM DTT, 20 mM BAEE, PAD4 (as provided in the PAD4 assay kit purchased from
Cayman Chemical, without dilution) or 600 nM PAD2 and 10 uM Cl-amidine; toal volume was
20 pL) at 50 °C for 1 h. TFA (10 uL), 1 mM 4MEBz-FIUME (5 uL, final concentration 100
uM) and PAD buffer (15 uL) were added, and the mixture was incubated at 50 °C for 2 h.
Fluorescence intensity was measured with a plate reader (ARVOXS5). The results are mean +

s.e.m. from three experiments. ***p < 0.005 after Bonferroni correction. In addition, generation
of BCME after the enzymatic reaction of BAEE with PAD4 for 1 hr was confirmed by HPLC
analysis. The reaction solution was loaded onto an Inertsil ODS-3 column (5 mm; 150 x 4.6
mm) on a Shimadzu HPLC system. The eluates were monitored with a photodiode array
detector (SPD-M10A VP). (A) MilliQ water containing 0.1 % TFA and (B) MeCN containing
0.1 % TFA were used as developing solvents. Gradient conditions were as follows: 0 min, A 80
% and B 20 % — 20 min, A 20 % and B 80%.

Calculation of half-inhibitory activity of Cl-amidine using 4AMEBz-FIuUME.

The enzymatic reaction was conducted in PAD buffer (100 mM Tris HCI, 50 mM NaCl, 10 mM
CaCl,, 2 mM DTT, 50 mM BAEE, 1.5 uM PAD4 and 1, 10, 100, 1000 uM Cl-amidine at 50 °C
for 1 h. TFA (10 pL), 1 mM 4MEBz-FIUME (5 uL, final concentration 100 uM) and PAD
buffer (15 uL) were added, and the mixture was incubated at 50 °C for 2 h. Fluorescence

intensity was measured with a plate reader. The results are mean + s.e.m. from three
experiments. ***p < 0.005 after Bonferroni correction. ICs, value of Cl-amidine was calculated
by using GraphPad Prism6. Y = Bottom + (Top—Bottom)/ (1+10”((LoglCs,—X)*HillSlope), X =
concentration of Cl-amidine, Y = inhibition rate, Top = maximum reaction value, Bottom =
basic reaction value.

Calculation of Z’ factor about detection system using 4MEBz-FIUME.

The enzymatic reaction was conducted in PAD buffer (100 mM Tris HCI, 50 mM NaCl, 10 mM
CaCl,, 2 mM DTT, 50 mM BAEE, 1.5 uM PAD4 at 50 °C for 1 h. TFA (10 uL), 1 mM
4AMEBz-FIUME (5 pL, final concentration 100 uM) and PAD buffer (15 uL) were added, and
the mixture was incubated at 50 °C for 2 h. Fluorescence intensity was measured with a plate

reader. The results are mean + s.e.m. from eight experiments. ***p < 0.005 after Bonferroni
correction.
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