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Gene Name

FIRaw FRaw rstic FIRaw ratio FRaw retio F Raw ratio FIFI-w mtic FRyw mne FIRew retio FRaw ratic Fﬂaw score Description

A BSA 68, 306P 2077 S46p 1687 ZEEP 2007 WHP 321 SR 247 44EP 23 RSP 414 101A 64 T lrmhmfferenoalmnf-ctnrl.'l
P 4P 20 104P 380 6MP 138 275P 45 1A37 P 750 AP BBO L S80P 369 134P 57 & yia to a
P 18P 177 155P 270 1MP AP 422 PHP 280 463P 4807 SDEP 216 5 RIKEN cONA 5730552L21 gane
P ooP 28 RBEP B5IVREFP 324 1789 152 t$3P 186 1JIP 143 L1 P 56 5 RIKEN ¢DNA 1700012818 gene
P 175P 1527 1STP 235  ABZP 54 P 417 293P 358 “ABYP §95 110P 186 § RIKEN oDNA AZ300T5MO4 gane
A A B T42M 61, nqu 63 412P 22 43P 460 HMP 111 123A 37 5 interaukin 17 recentor
P 8P i 165 1ATP 145 442P 154 -TBEP 157 142F 114 5 RIMEN cDHA 2000011120 pone
A 40A 50, 991P B4/ IBEP 75 24P 91 137TP 52 5 transenplion factor 21
P 4P 83288 P 124 106P 65 24FP 1627 THEEP 102 4 tubuin bets 2
P IMP 180 200P 334 -2I1P 3527 200P < 148, 4 RIKEN cDNA Z310003F18 gene
A 5p 42 16YP 38 EMEP 42 -A78P 4  ubiquitin—coeryugating snzyme EI1G 2
P 296P 30418} F 511 488P 561, 186P 4 RIXKEN cDNA 5730406115 genn
P B8P 13z A48P 376 ApEP 3oz BUYP 4 stromal celi-derved factor 2rike 1
P 5P 728 TERIP 6437 18%P 629 20LP 4 B-cell receptor-assotited protein 37
P 3P 531, 202:F 910 23FP 009 - B2&P 4  arpmne—nch, mutated i sy stage tumor
P &P %8 L28P 131 F1AXP 10 2P L 4 RIKEN cDNA 1200002G13 gera
FOEIM 1335 200IP 1Dt 2MLP 11 R3NP 107 HIBP 111 4 hemopowtic call phosphatass
P WP ™2 128 P §517° $ALP 1230 QAP 13925875 P 1177 4 RIKEN cDMA 2310020H20 gere
P 454F 8877 PP 1018 2BEP 1843 ZNFP 1818 165 P 142 4 leukemis mhibrtory factor recentor
P %P 19 1L23P 13 1P 108 383P 178 QP 68 4 whibinbetsE
P 4P 883 0DS2P N3 DA4P 342 072P 538 1a5P @83 4 RSKEN cDNA 3300001HZ1 gene
P O13tP 13 0RBP BS O48P 61 OBEF 108 0P 123 4 RMEN cDNA 2390066P17 g
A 15A WSIRERP  ATTA0XP 44 IETN 23 1IBN 26 4 Mus Jus adult male bypothal eD
P 19IP anma 18P zso 1S4P 284 CEMAP S45TTZOWP 423 0BSP 159 4 serum amyioid At
A S5A g 799 A 88 TITA THRIIP BT BIAP 165 BATP 542 O0T8A 71 4 monecyte to mecrophess differsntistion—e
FIRaw FiRaw ratic FiRww rstic FRew ratio FFRaw rato FlR-w ratic FRaw ratio FRaw ratic FiRsw ratio FRaw score Dwsenption
P OTP 264 O51P 132 OSSP 188 04SP 126 OJBP 101 Q43P 40 GSEP 63 038P 4 105F 05 5 RINEN cDNA 5830413E08 gore
P i2IP 14& Q48P T1 0I9P 120 DA2P 46 DATP 127 08P 100 OEIP 58 0P 47 046P 54 5 wective X specific trantorpts
P P GT7P B4 101P B9 OSMP 44 D042P €9 UG43P 2 D3ISA 23 025A 1% OSIP 35 5 Wus musculs, clone IMAGES066857
P MP ma 055P 769 058P B44 G72P BA1 043P 598 0BBP 471 1LiDP 769 O45P 33 039P M8 5 Jipnd
P SSP 2407 188P 401 07IP 176 124P 291, 43P 457 Q40P 232 G30P 114 053P 364 OSOP 230 & memilar ta lsopemenyl-diphosohate deita-a
F AP 210 086P 198 Y¥¥EP 34 102F 210 119P 250 G48P 295 O56P 344 G50P 307 Q6P 219 4 nonPOU-doméircontiming ectemer binc
B 276P 10 135P 148 GBTP 100 114P t234{FAP 191 O46P 128 035P 62 OBIP 134 QE8P 150 4 cytochroms P4SC. §1
P t92P 56 1BIP 100 12T® 73 AWISP GBI, EBIP 02 QP S5 D40P 73 038P W 048F 50 4 retinol deindrogonase 17
P 18P & 1OXP 87 121F MTEIIP 140 125P 83 033P 47 03P M 0A0P 53 Q52P 70 4 bile acid-Cosnzyme A amino acid N-acykr
P 7P 1T D5S1P 858 OM4P 78 O5IP 67 OS1P 8% 11ZP 949 0S80P 757 1I6P 871 111 P 840 4 DHNA sagment Ghr 1R ERATO Doi 240, exp
P 23TP 508 06IP 317 08P 345 0DSAP 264 D4SP 235 Q62F 14 O7IP 182 043P 109 138P 316 4 gucovorticoid-mducad lsucine zipper
P 170P 340 D35P 119 QS3P 187 OSMP 181 O29P 100 Q67P 110 08P 1M 0QJOP 114 OS4P 154 4 dusl epecificity phosphatasa 1
P 20IP 215 OATP 128 (98P 212 DSTP 137 OS5P 151 073P 159 OBOP 218 Q3P 108 QISP 205 4 hypothetical protein MGCT221
P MEP 188 QTP 10} Q2P 122 OSTP 106 O0STP 0% 072P M2 O7EP W0 052F I3 Q83P 117 4 pofessium chanval, subfamily K member 5
P 123P 151 QBOP 90 O084P 13t G53A 78 D062P 93 034A 40 O51A 90 057M B3 (93P 118 4 RXEN GDNA 1510036H21 gane
P $1P 41 O0B0P 24 162P 6% D59M 24 DS9P 40 QS0P 25 ODS1P 25 020F 14 Q43P 21 4 recaptor {calcitorsn] activity modifying prot
P 832P 16 OS4P 379 081TP 606 O77F 509 Q42P 265 tOSP €47 OS8P 350 O50P 360 O70F 486 4 RIKEN cDNA 1110030N17 pre
P 33P 243 OS4F 139 OSSP 223 O7AP 187 QJOP 189 Q4GP 47 0ABP 148 Q48P 151 O0BIP 172 4 znc finger proten 36
P 764P 510 0S3P 470 O09TP 512 042P 408 IOP 662 DITP 275 OMP 251 030FP 284 OSIP 420 4 acety-Cosnzyme A syrthetase 2 (AOP for
P 185P 112 151P 166 OSMP 62 0S5P 100 167P 186 O44P 78 03P 54 O8TP 101 086F 118 4 wmilar to lopentenyl-diphosphate delten
P AP 572 110P 674 117P 892 108P 604 157P 897 0O35P 285 OI5P 205 033P 265 O37F 302 4 cytochrome PASQ. 801, storol 12 slpha—tyd
P BIP ST 176P 98 1MP 76 D65P 53 IB4P 93 G42P 34 DSIP 41 043P 35 ODMP N 4 camitine paimitoyitrensferace 1. liver
P STP 20 120P 48 OTSP X 0B7F AT 122P 48 O4P 32 DM P 27 OSIP M 450F I3 4 oytochroma P40, 51
P O3IOP 191 117P 277 GS4P 28 128P 23% 153F 302 03XP W 03P 55 OMP 121 055P 165 4 squaiens spaudes
P ISIP 70 129P 8% (S4P 63 155P 105 125P 87 04ZP 66 DMP 74 04SP 70 Q36P 56 4 RIKEN cONA 2830i65H03 gure
F1 705/ ALEMI L 3FRICET 2 CYP MERETRORTEL
40H Tam Tre AC2HS5

24h 4h 24h 4h 24h 4h 24h 4h
JGYP typs |[rabc  FlRaw Jratic F Raw |ratioF Raw |ratic F Raw |ratic FRaw |ratio FiRaw lratio F Raw lratio F|Raw
Cypl7 091 P 6ot] 082P 694] 1.27P o958 t20P 1076] 0.62P 474] 127F 1080| 1.17P 885] 102P 887
Cypla2 053P 940 099 P 1785 UszP 13t} 095 P 1838] 079 P 1407] 087P 1612_ FSBP 2451 097 P 1814F
Cyp26ai 092P 131 107P 222} 184P 263 O76P 167] 1.59F 229 063 P 143 ‘5.17F 746
Cyp2b10 03B P g4l 091 P 328] 082P 180 069 P 263] OS8P 128] 077FP 2z81 I.'ISP 619] . 259
Cyp2b20 036P too] os6P 391] 065P 193] 075P 361f DS4P 162 070F 321 237P 895] -
Cyp2b20 038 A B3| r.13P 407] 085A 186] 079N 302} 049 A 108] OF7TP 281 aﬂDF‘ 664 2.44
Cyp2d9 p75P 204 teaP 704 0gaP 256 086 P 392 1L15P 470] 1.14P 494 "iﬁBP 689
Cyp2i5 042 P o4 062P 110| 075P 168 105F 198] 1.0V P 227] 058P 106} 087TP 219
CypZi6 140 P 63| 057 A 41| 08tP 36] 046 A 35 1.35P 61| 03P 54] 102FP 46
Cypdbl 048 P 67} 10tP 125 0TI P 99 097P 128 0S0F JOf 080P 101] 0BOP 112
Cyp51 05tP 134 1.94P 123] 03spP 92| 087P 100] 048P 128] 135P 148] DS6P 1500
Cyp51 053 P 24| o979 37| oM P  27] OI9P 32| 043P 32) 120P 46| 050P 33
Cyplat 044P 18] 097 P 305] 043P 81| 0D68P 227} D3IBP 151 063P 202f 081 P 343
CypTal 052P 506 125P 943] 046 P 447 072F 579 _“DWP 398] 016 P 583] 097P 961
Cyp7b1 133 249] 115p 183] 1L16P 298] 1B P 187} CLMP 328 130F 211] 129P 243
L_!Lﬂbl 023pP 265 108P 604] D25P 205] ti7P 692] 035P 285] 1t19P 674] 037P 302

BE 27
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Raw F Raw TAMAn2:F Rew Toredhts F Raw chem#htF R-w onzm F Raw TAM24h. FIRaw Tore2dh:FiRew chem24hF Raw sciDesenption
2 £ PaviEis P B TREBOP 72 1850 P 30374483 Paoas HORI0! P26 HMBE. P2543 TA37 P A2 8 halikeen §
13 P 126428, P54 RAE P 21873008 P 29077688 P P 31 7 yterlwuhin 1 receptor, type IL
“ | P 385 4188, P 392 953 P 2ss 340 P24 Bdn P MADZ {mitotic arrest deficint. homolog)-1i
17 H P1250 m” P87 2580 P 635 2845 P Salikrmin &
1 | P 448238 P $100 caloivm bindirg proten Al4
L] . P 3875 B4S P : desmocollie 2
27 ¢ P 247 38F P 2810 109 desmocodlin 2
[+ J 4350 P 371 08 GADD 45 gamema
"} { P 237 086 galactose d—epraraae, UDP
64 : 0%, AN P 335 082 Jun dimerization proten 2
n i P54 9008 Piass’ alz.ﬂ‘: P1304 108 Kalfkrain 24
% wmilar 16 isopertemyi-diphosphate defte-in

S

LA .'.nn P 150 3403 P 387 148
g ¥ %15 paotity] arpimne deminase. type I
PUmeTcleoside phospherylase
wate caidase
molipoproten B aditing comelex 2
adult inate dencephalon cDNAproten
RIMEN cDMA AS3D031D0T gens
Talinrmin 21
herstn complex 2, bauic, gane 7
wiratifin
parrad relatad homeobex 2
sldebyde dehyd family 1. subfamit

E
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¥ P 1045 P 1A TG P 254 036
P47 435 P 334 006
P1ags (3538 P %08

wBang
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ERNER

SHENEBE’

t £ RIKEN cDNA 2610307C23 gene
5 eytochrame PASG, 51
|} 208 P M femnesyl dphcaphats synthetuse
2 144
53 1Y LU low derity kpoprotuin receptor
430 2352 568.." . purne-nuclecside phosphorylase
2 200 el fbosomal proten L37e
] 7 2 stiral-Cd-methy] oxidass—like
20 10 2001 P 399 splieang fuctor, srginers/senne—nch 2
28 [: 3 28 wolicing factor, ang:nine/ senne~nch 2
38 102 36 et axpreciad gete 2
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protesn requistor of cytohinems 1-lke
o i in-like and b

PR

JeiB5ERasnelzy
8

SERGRRERLESRRCRGEE
PTYPTTIVVUOUNTITTOVDD

Hi-4 5]

)

TNF récaptor superfamily, member 12w

I
a
4

seag2zuiFalualialdnalnadyencaltansangatis

SEEIN 355

Hutdcd WW binding proten 4

-
2
)
[

tecaptor {calcitonm} sctivity modifying prot

>TT> VD> TV VO > X VU DTT TV L PO U DT UV OUSTUS S TFITTTTCODDDVOT SR> TR

=
-

AR R

™

EIE L]

-

&

7
7
7
]
1
L]
4
3
L]
-]
L]
]
]
[]
L]
é
[}
]
[}
[
¥
5
B
5
§ haryopherin (importin) alphs 2
&
&
5
3
H
§
5
5
5
5
5
5
1)
S
§
5
5
5
¥
5
5
§
3
5
E]

>R rFI UV E YOI RV DD DO VY T P E R P NP OO DUV USTO»> D VDD OIR TR OTRD

TUYTVUVTVE VPOV UV DPET D VIV NV R DR DU DR YUY

A
P
P

s 567 B 1M P $42 5 sarum-nducible kinasa

4 i 140 170 227 P 58 5 melanophiin

4 80 P B iR B 2180 P 25 5 mut proto—encogers

67 450 P 218 1 s ot P 42 § chemolire orphan receptor 1

” &7 P o 122 62 A7 A 10 5 histamine recantor H 1

22 148 P48 225 21 214 P 22 § a dmntegrin ke end taioprotesss

2t 127 P 114 83 232 M ! 19 & persthyroic hormona-—like pegtide

8 82 P S 178 32 403 M P 54 543 7 § persthyroid harmone—iike peptide
] ane P 212 058 258 &1 A ;P o218 ey 5 § TNF recaptor superfamity, member 12s
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control [ 4o [ Tam [ e [ aCs son_ || Tem [ Tre [ acas ] .
[an]{Zan] 4n 24h [ Gene Name ]

FRaw oFRuw OHéhr  FRsw TAM4ht:FiRew TorsdhttFiew chemdhtF Rew OHZ4  F Raw TAM24hF Rew Tors24h, F fiew chem24hF Rew scoreDascription

PID P 81 03 P 37 QM P 23 054 P1% D3 P 57 030 A 26 O P 20 018 § 16 120 P W9 § Nsifovwwforase

P50 P48k 035 P14 O P101 083 P3N DM P 7% 024 P112 038 P 152 024 P 118 1268 P 615 & D site albummn promater binding protein
PS4 P32 03 P10 029 P14z 072 P37 039 P 196 O PI128 037 P18 00 P 101 084 P 308 & slucocorticoid-inducad leucine Hoper
P138 P 83 D4 A 70 019 A 33 087 P15 030 A & Q13 A 12 029 A 24 D03 A &8 115 P 106 & flwn contamng monvoxykwase Z
P@o Py 0ps P10 Q24 P62 088 P70 ON P 284 O3 P240 023 P1E3 020 P 204 114 P 88 & REVHiw

P 49 P 37 03 P 18 Q28 P 12 124 P % 0% P 10 003 A 1 009 P 4 D35 A 0§ 175 P 85 6 carb lika t

P &8 P 35 43 A 21 Q6 A & 00 P &1 A2 A 12 015 A 5 003 A 2 QI8 A & 108 P 37 6 clinl

P EOP 7 02 P 2 02 P t5 03 P X 046 P 35 02 P 18 028 P 24036 F 27 130 P #4 6 RKENGONA 2610002J02 gene

P30 Poo+ 025 P A5 Q20 P & 100 P3IB 023 P 78 024 P142 03 P15 024 P 14 131 P 74 & D site slbumin promater bmding protein
P43 P 481 032 PI50 022 P 88 0B P4XR 031 P 142 024 P07 42 P10 017 P 78 089 P 457 B sacreted frizzed-roiated S8nCe protein
P 83 P M 0M A M 012 A 8 0Bt P 5 0M A 20 005 A 2 000 A 3 M5 A 5 118 P 42 ¢ prostmgandn £ rocepior 2 (sbtype EP2)
P24 P13 019 P 4 035 P 85 078 P204 036 P 8 OM P10 035 P 114 032 P 100 083 P 260 B Max wtaracting protein t

P22 P30 Q14 P 38 Q20 P 76 104 P20 O P 54 021 P &3 O P N6 020 P 87 107 P a8 & Chp/p300=1ntaracting trenesctivator
P93 P22t 020 P243 040 P 34T 091 PBX O P 220 021 P27 039 P 430 01t P 133 103 Pi2eo 5 ﬂwodumnmmrupnt-m

P 40 P 83 04 A 17 007 A 3 035 P 14 103 P B 01% A 15 022 P 160 020 P 24 040 P 26 5 neutrel sphingomyslinass sctivation assoo
P10 P18 05X P 30 015 P 15 083 P 0 084 P 86 035 P 35 048 P 22 032 P 11 059 P 85 5 RIKEN eDNA EJ30010HZZ gane

P& P 5 009 A 5 Q17 A 95 100 P 8 037 A 21 018 A 10 044 P 2T 020 A 12 105 P 62 § RKEN DNA 4832432016 gane

P & P 4 03X A t8 03 A 14 101 P & O3 A 13 033 A 15 039 A 185 030 A 14 204 P 101 5 growth factor recegtor bound protsm 14
P13 P34 08 P12z 042 P 76 103 P15 0N P 8 OI7 A 45 D17 P 48 003 P 37 183 P #2 § RXENDNA 1200011003 gene

P23 P152 OM P 45 032 P 5% D36 P17 030 P 57 058 P B5 028 P 4 OM P B 120 P 185 § hydmxypeostaaiwndin dehydroganass 15 (N
P e P 87 G P 47 421 P 41 104 P1E Q3 P 47 008 A 8 082 P 62 028 P 27 140 P 137 5 reguiator of Gproten wgraling 3

P82 P 956 054 P02 428 P 157 108 P& Q37 P 208 OF) P20 O P25 02 P 197 085 P 6 § ATP-—binding cazwtte, sub-famiy A (ABG1
PXn P34 03 P00 050 P11 074 P21 O3 P &2 018 P % 028 P 85 020 P 76 085 P 2718 § waulindke growth factor binding protein 3
PO P14 018 A 19 A0F P 20 045 P 8 O P 27 039 P 55 034 P 51 020 P 41 Q8B5S P 125 5 RWEN cDNA 2310014504 gane

P B P2 020 A2 10 P S0 088 P S 032 A M 00 A 25 010 P 28 O P 36 037 P 5 5 mmundtiobulin lambda chan, varmble 1

P X7 P52 4M P 84 02 P 80 072 P20 O P & 038 P 71 040 P 88 02 P 55 LIZ P 26 5 gucocorbicoikd-nduced leucine npper
P81 P 61 0% P 4 Qi P 14 082 P & 0¥ P 27 D83 A 2 013 P 13 O} P 10 1108 P 108 5 leptin cegtor

P52 P35 02 P05 Q00 P 84 094 P42 018 P BB B4 P 47 020 P10 . 012 P 43 100 P 330 5 odd-shippod releted 7 (Drosophila)

P39 P 254 009 A 32 00t A 12 100 P37 016 P 53 Q3 A 85 008 A 24 D15 P 33 104 P 24 5 FINEN cDNA PI30023K05 gere

PIST P321 05 P 82 042 P Bt 088 P47 Q% P 5 (28 P 87 020 P 67 028 £ B4 064 P 204 5 yirai hemorrmape septiceme virus(VHSV) §
P2 P2 05 P40 432 P 8t 100 P20 042 P I0? ¢08 A 16 019 P 52 Q0% A 22 143 P 372 § ectoruxcieotide pyrophosphatass/phosphod
Pald P4 09 A 26 00t P 23 087 P22 Q12 P 34 022 P 77 030 PMé GI7 # 50 084 P 288 5 F-boxonly protmn 32

P 3 P 4 035 AW Q7 PN 1 P O 022 P 2 082 A2 0M P 13.09 P 14 112 P 53 § Norne diseass homolog

P13z P13 035 P 4 00 P 27 084 P10 OX P 32 620 P 35 027 P 38 027 P 38 099 P t35 § caspese 12

P& PEIC 927 P15 QO P155 OB7 PSB 638 P 209 038 P !'M 028 P18 013 P 108 104 P &4 5 RKEN cDNA 453M25F03 gorm

P23 P17 025 P B2 Q0 P 23 077 PIS 029 P 51 QM A 053 P 78 088 P 80 040 P 49 § receptor (cakiitonn) sctivity modifying prot
P59 P283 033 PIBS Q07 P 32 094 P 487 Q08 P 37 013 A 30 107 P 326 053 P 155 040 P 104 & recaptor (caleitorn) sctivity modifying prot
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40H Jam Trs A CIHS Qansy

[Ahr _FiRaw __24hr FiRaw_JAhe _F Raw _24hr F Raw jdhr F Raw 24hr F Raw lshr ¥ Rew _24hr F Rew JGommon Deccription
033 P 118 0.7V P 351|073 P 251 060 P J¥7{0B6P 317 0T6P 390{051 P 179 063 P 354 [Teim2580 Jtripartite motif praten 25{efn}
220P 1913 GATP 443B[ 277 P 2390 047 P 2614({059 P 815 030 P 1599|087 P 447 032 P 1857 |Ltf lactotranaferrin

164 P STRA 1B5P 5044 145 P 5024 08 P 2607[1.34 P 4942 GTZ P 228.2[1.74 P 6079 1.04 P 320.7[TEFY tratoll factor 1{breast cancer estrogen—inducible sequ
118 P 8547 224 P 2424|247 P 1591 18P 2128) 098P 702 209 P 2337[ 144 P 1067 134 P 127B[RATE heratini®
041 A TOTIA 15| 0.43 A 7TO05TP 1119 A 21 CIBA 4[0.57 A 10 085P 19 Mgt hapatocyte growth factor
10¥P a2 38T A 87]200 A 40 2M P 481N A 25 141 M 2TI2TVA 35 LEH A 25|0xtr Mus gp. mANA for oxytocin receptor, completo cds.
1.2t P 1584 138 P E188[ 314 P 4100 068 P 1567|098 P 1332 0.50 P 2543[1.2% P 1832 (40P 2078|G3 complement componant 3
B2P 14T TZ45P 1327148 P 4427 OT6 P 4442|100 P £02 070 P 3BES[IMM £ 2004 C40P 1367 lipaceiin 2
B3P 799 0BS5S P 887|046 P 554 0SB P 835|180 P 2336 636 P BRIMFOTEP 1715 CE1 P 962 cathepain O
Q.56 A 45 073 A 53043 A 37 0G4 M Br[131 M f0Z 044 A JI|O4B A I5 1LI3P 79| verfb vascylar endothelial growth factor B
D07 A 2 009 A a3 001 A & 056 A 12|00 A 26 O70P 15| 031 A % 13EP 29 vascular sndotheliat growth fector C

2IP B33 ORTP ASTP1TIP 528 O0SP 497|149P 486 1P 43| 15P 48 1.02P transfarmmig growth factar, slohs
PLIN 4 94 DI A 2jOLEP 77 05ZP 63 |06GOP 73 G3BF  A|0SIP 81 TP trancforming growth factor, bets 3
200P 32 DA 1258 P 41 1288 Nid 8T P I 3-hydroxy~3-methylgiutary-Cosnzyms A reductass
ZA3P 1071 204 P 592|181 P P L8P 813 153 P 481 progesterone receptor
220 A 47 083 A 36 00F A A 4 A B wstrogen receptor 1 (llﬂh-)
085 P 1108 D85 F 1105] DI P P Q74 P_953 098 F 1187} ,
057 P 163 OBE A 16D] 043 N P Q55 P 11T 153 P 3BS ].fhnd
110P  J10ABEP Ssazfirie P P 24P 599 1959 2B1lft
TA8 P 184 4P 220014 P ¥ 225F 372 249 P 178 |afS ingukn-lke growth fector 1
Q.50 A 83 GIE A S0§ 00t P 043 P 53 OIS P 105]afir finsulin-le growth factor | recentor
216A 30 E¥P  15|103 A 152A 21 102P  15|ezfr €2F tranucrmotion factor |
1P 197 238P 178|Bd0P P assp 231 10t P TH|Luw low danity hpoprotein receptor
FMP 13T 136 F 1| RO P ‘P 448 P 231 TP TO|Ldk low density hpoprotam racaptor
$41P 443 10TP 275)SARF P SAEP 491 043P 122|Fos FBJ o#le0sarcoma oncogans
D88 A o3 GATA  33f0s5 A A 089 A 53 138P eslBen2 B-call leuhemia/tymphoma 2

184 P 5644 182 P 4785[175 P 480 Dlﬂ P 3128 P 18P 578 108 P 2008 Mmﬁ' . -
184 P 2794 5T P 1951205 P 3727|143 P 2383 P 224 P 338 0397 P 122.4feérdY

1.2 P 8031 13 A sz2al108p 705|117 P 574 P 181 P 841 Q8IP JBSjenmdf-
143P 372 1. 74P M1 P 3808| TP 2544 P 144 F 3158 1.04 P 2121 foendd -
044 P i1 148 A Jzlose P sifosap ariiwWe ajto0 P 38 282P B ovalburhin

18P 108 035 A 2e8j1%53P 31134 P B4 022 A 151133 A 79 D41 A 5]
080 M 14 4P 40]0.83 A 41|13k P 22 BEP S0|1.83F 28 4TIP  27]Brcat breast canbreast cancer 1
059 P 1387045 A TR 043 P 1020102 F 247 027 P 641079 P 182 078 P I3BjMys {myelocytematosis onconens

157 P TE LA P 2TI[H24 P 257 123 F 202{14IP 75 12BP 3W|2.T0P 134 QB P 134Chmtl inw hinsss, mitochandrial 1, ubk

182 P 1218 t48P a78| 15p 839 17P 728] OBP 561 137P SE6|12TP Bé2 095P 305N feNOS
[FE¥J 44 QIGP 112|048 P 5 QAP MNP 82 Ba3 P 128|052 P 27 G&TP 260[Mmpi1 matria matalicarotenavs 11
Q83 F 1 Q3P sTfosa P Te 093 P 153|083 P 107 04! P T[0T P 90 K P 142 )Hmpl4 b
0.60 A 17 118 A Njo2e A 1A P szlovsa A B4 G1S A 4 1L28P  23|Mmpi5
1582 STYEREP raelimtp en1maP a3raap E 51{054P 55 11ZP  43|MmptT
2.9 M 74 150 A eojoTe P zo'¥Pse  daf1sI M 35 tmiP AIS5TP 38 233P 3T |MmeTd
072 A 14 DI A 7|11 A 28 DX A 2090 A 24 DN A 5]0.83 A 1 050 A 23|Mmpd
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Novel Inhibitors of Human Histone Deacetylases: Design, Synthesis, Enzyme
Inhibition, and Cancer Cell Growth Inhibition of SAHA-Based

Non-hydroxamates

Takayoshi Suzuki *T Yuki Nagano,’ Akiyasu Kouketsu,’ Azusa Matsuura,! Sakiko Maruyama,*
Mineko Kurotaki,* Hidehiko Nakagawa,? and Naoki Miyata*!

Graduate School of Pharmaceutical Sciences, Nagoya City University, 3-1 Tanabe-dori, Mizuho-ku, Nagoye,
Aichi 467-8603, Japan, and Evaluation Group, Drug Research Department, R. & D. Division, Pharmaceuticals Group,
Nippon Kayaku Co., Ltd., 31-12, Shimo 3-chome, Kita-ku, Tokyo 115-8588, Japan

Received October 1, 2004

To find novel non-hydroxamate histone deacetylase (HDAC) inhibitors, a series of compounds
modeled after suberoylanilide hydroxamic acid (SAHA) was designed and synthesized. In this
series, compound 7, in which the hydroxamic acid of SAHA is replaced by a thiol, was found
to be as potent as SAHA, and optimization of this series led to the identification of HDAC
inhibitors more potent than SAHA. In cancer cell growth inhibition assay, S-isobutyryl
derivative 51 showed strong activity, and its potency was comparable to that of SAHA. The
cancer cell growth inhibitory activity was verified to be the result of histone hyperacetylation
and subsequent induction of p21WAFVCIF! by Western blot analysis. Kinetical enzyme assay
and molecular modeling suggest the thiol formed by enzymatic hydrolysis within the cell
interacts with the zinc ion in the active site of HDACs.

Introduction

The reversible acetylation of the e-amino groups of
specific histone Iysine residues by histone deacetylases
(HDACSs) and histone acetyl transferases is an impor-
tant regulatory mechanism of gene expression.! When
HDACSs are inhibited, histone hyperacetylation occurs.
The disruption of the chromatin structure by histone
hyperacetylation leads to the transcriptional activation
of a number of genes.? One important outcome of the
activation is induction of the cyclin-dependent kinase
inhibitory protein p21WAFICIFL which causes cell cycle
arrest.? Indeed, HDAC inhibitors such as trichostatin
A (TSA) and suberoylanilide hydroxamic acid (SAHA)
{Chart 1) have been reported to inhibit cell growth,
induce terminal differentiation in tumor cells,* and
prevent the formation of malignant tumors in mice.’
Therefore, HDACs have emerged as attractive targets
in anticancer drug development, and HDAC inhibitors
have also been viewed as useful tools to study the
function of these enzymes.

Many groups have ongoing research programs to find
nonpeptide small-molecule inhibitors of HDACs, and
these efforts have led to the identification of several
classes of inhibitors.® Most previously reported HDAC
inhibitors belong to hydroxamic acid derivatives, typi-
fied by TSA and SAHA, which are thought to chelate
the zinc icn in the active site in a bidentate fashion
through its CO and OH groups.” However, hydroxamic
acids occasionally have been associated with problems
such as poor pharmacokinetics and severe toxicity.?
Thus, it has become increasingly desirable to find

*To whom correspondence should be addressed. Tel and fax:
+81-52-836~3407; e-mail: miyata-n@phar.nagoya-cu.ac.jp; suzuki@
phar.nagoya-cu.ac.jp

t Graduate School of Pharmaceutical Sciences, Nagoya City Umi-
versity.

# Nippon Kayaku Co., Ltd.

Chart 1
H
MegN © o

replacements that possess strong inhibitory action
against HDACs. In addition, in terms of biological
research, the discovery of novel zine-binding groups
(ZBGs) may lead to a new type of HDAC isozyme-
selective inhibitors which are useful as tools for probing
the biology of the enzyme.® Thus far, o-aminoanilide, 910
electrophilic ketones,! and N-formyl hydroxylamine!?
have been reported as ZBGs in small-molecule HDAC
inhibitors. However, most of them have reduced potency
as compared to hydroxamic acid, and unfortunately,
HDAC inhibitors bearing electrophilic ketones!! have
a metabolic disadvantage in that they are readily
reduced to inactive alcohels in vivo, even within cells,
We therefore initiated a search for replacement groups
for hydroxamic acid with the goal of drug discovery as
well as finding new tools for biological research, and
found some potent non-hydroxamate small-molecule
HDAC inhibitors.1? We now present a full account of
our study reporting the design, synthesis, HDAC inhibi-
tion, cancer cell growth inhibition, and binding mode
analysis of non-hydroxamates based on the structure
of SAHA.

IZ

Chemistry

The compounds prepared for this study are shown in
Tables 1-5. The routes used for synthesis of the
compounds are shown in Schemes 1—4. Scheme 1 shows
the preparation of compounds 4, 5, 10, 12—17, and 18.
Compounds 4 and 5 were synthesized from pimelic acid
56. The condensation of pimelic acid 56 with an equiva-

10.1021/m049207; CCC: $30.25 © 2005 American Chemical Society
Published on Web 01/25/2005
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® Reagents and conditions: (a) aniline, 180 °C; (b) diphen-
yiphosphory! azide (DPPA), Et3N, toluene, reflux, and then O-(2-
tetrahydropyranyl)hydroxylamine, reflux; (c) TsOH, MeOH, rt; (d)
DPPA, Et3N, benzene, reflux, and then hydrazine monchydrate,
reflux; (e) DPPA, E4;N, benzene, reflux, and then BnOH, refluz;
(f) Hz, 5%Pd—-C, MeOH, rt; (g) MsCl, pyridine, rt; (h) HOCHCOOH
or BoeNHCHCOOH, EDCL, HOBt, DMF, rt; (i) TFA, CHC), 1t;
(3) BrCH,COBr, EtaN, THF, rt; (k) AcSK, EtOH, rt; (1) K2CO;,
MeOH, rt; (m) propargyl bromide, K2C03, MeOH, rt.

lent amount of aniline gave mono-anilide 57. Curtius
rearrangement of the acyl azide prepared from carbox-
ylic acid 57 using diphenylphosphory! azide provided
the isocanates, which on treatment with O-tetrahydro-
pyranyl! (THP) hydroxylamine or hydrazine gave O-THP
hydroxyurea and semicarbazide 5. Deprotection of the
THP group of the O-THP hydroxyurea under acidic
conditions afforded hydroxyurea 4.

Compounds 10, 12—17, and 1B were prepared from
carboxylic acid 57 obtained above via amine 58 by the
procedure outlined in Scheme 1. Carboxylic acid 57 was
converted to amine 58 with a three-step sequence:
Curtius rearrangement of the acyl azide prepared from
carboxylic acid 57, treatment of the resulting isocyan-
ates with benzyl alcohol, and removal of the Z group by
hydrogenation. Coupling between amine 58 and meth-
anesulfonyl chloride afforded sulfonamide 10. The reac-
tion of amine 58 with N-Boc glycine in the presence of
EDCI and HOBt in DMF was followed by treatment
with trifluoroacetic acid to give aminoacetamide 12.
Hydroxyacetamide 13 was obtained in one step using
the procedure described for 12. The amino group of 58
was acylated with bromoacetyl bromide to yield bro-
moacetamide 18. Bromide 18 was treated with potas-
sium thicacetate to give thioacetate 15, after which
deacetylation of the thioacetate in the presence of K-
COj; in MeOH gave mercaptoacetamide 14. The amine
58 was allowed to react with propargyl bromide in the
presence of K2COj3; to give mono- and di-alkylated
compounds 16 and 17.

Compounds 6-9, 11, 19-21, 24-32, and 37 were
prepared from another starting material, 59 (Scheme
2}. The preparation of hydroxysulfonamide 6 was
achieved via sulfonyl chloride 60. Bromide 59 was
converted to sulfonyl chloride 60 by sulfation and by a
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Scheme 2¢
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“ Reagents and conditions: (a) NasS03, EtOH, Hz0, reflux; (b)
SOClz, DMF, toluene, reflux; (c) O-(2-tetrahydropyranylihydrox-
ylamine, 4-(dimethylamino)pyridine, pyridine, CH;Cl;, rt; {(d) 2N
aq NaOH, EtOH, rt; (e) aniline, EDCI, HOBt, DMF, rt: (D TFA,
CH;Clg, 60 °C; {g) LiOH-Hz0, EtOH, THF, H,0, rt: (h) (COCH)-,
DMF, CHCl, 1t; (i) ArNH; (63), EtzN, CH3Cly, rt; (3) PhB(OH),,
Pd(PPhs)y, NaHCO3, 1-methyl-2-pyrrolidinone, Hz0, 80 °C; (k)
AcSK, EtOH, rt; (1) 15% aq NaSMe, EtOH, rt; (m) m-chloroper-
oxybenzoic acid, CHaCly, rt.

subsequent reaction with thionyl chloride. The sulfonyl
chloride 60 was treated with O-THP hydroxylamine to
give O-THP hydroxysulfonamide, after which hydrolysis
of the ester under alkaline conditions and subsequent
amide formation with aniline gave compound 61. Re-
moval of the THP group of compound 61 by treatment
with trifluoroacetic acid gave hydroxysulfonamide 6.

Compounds 7-9, 11, 19-21, 24—32, and 37 were
synthesized from the corresponding acid chlorides 62
(62a (n = 4) and 62b (n = 5) are commercially available)
by the route shown in Scheme 2. 62¢ (n = 6) was
prepared from ester 59 by hydrolysis of the ethyl ester
and & subsequent reaction with oxalyl chloride, and 624
{n = 7) was obtained in the same way as 62¢. The amino
group of aromatic amines 63 was acylated with an
appropriate acid chloride 62 to give the amides 64.
Suzuki coupling!* of bromobenzene 64a with phenylbo-
ronic acid provided the biphenyl 64b. Bromides 64 were
treated with potassium thioacetate to give compound
8, after which hydrolysis of the thicacetates under
alkaline conditions gave the desired compounds 7, 19—
21, 2431, and 32, and disulfide 37 was obtained as a
byproduct when thiol 7 was synthesized. Sulfide 9 was
prepared by the alkylation of methylmercaptan with
bromide 64c (Ar = Ph, n = 6). Oxidation of 9 with 2
equiv of m-chloroperoxybenzoic acid provided the sul-
fone 11.

Thiols 22, 23, 33—-35, and 36 were prepared from
alcohol 65 or 66 by the procedure outlined in Scheme
3. Treatment of bromide 65 with phenol in the presence
of K2CO; gave ether 67, and condensation of amine 68
with an appropriate aromatic carboxylic acid 69 afforded
amides 68. Alcohols 67 and 68 were converted to thiols
22, 23, 33—35, and 36 in three steps by conversion of
the alcohols to bromides, treatment of the bromides with
potassium thioacetate, and hydrolysis of the resulting
thioacetates.

The preparation of S-chemically modified compounds
38—-54, and 55 is shown in Scheme 4. Thiols 7, 26, 28—
32, 34, 35, and 36 were coupled with the corresponding



Inhibitors of Human Histone Deacetylases

Scheme 37
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o Reagents and conditions: {a) Phenol, K:CO3, DMF, 80 °C; (b}
ArCOOH (89), EDCI, HOBt, DMF, rt; (¢} CBrs, PPhg, CHCly, ¢
°C; (d) AcSK, EtOH, rt; (¢) 2N ag NaOH, EtOH, THF, rt.
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nolpyridine, pyridine, CHxClp, rt; (b) NaH, chloromethyl pivalate,
DMF, 0 °C to room temperature.
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38-45, 47-55

acyl chloride 70 to give thioesters 38—45, 47—54, and
55. Alkylation of thiol 7 with chloromethyl pivalate in
the presence of sodium hydride in DMF afforded com-
pound 46.

Results and Discussion

Enzyme Assays. The compounds synthesized in this
study were tested with an in vitro assay using a HeLa
nuclear extract rich in HDAC activity. The results are
summarized in Tables 1-3.

The ICs values of SAHA and o-aminoanilide 1 were
0.28 M and 120 uM, respectively (entries 1 and 2).
a-Ketoamide 2 and N-formyl hydroxylamine 3 were
reported previously to inhibit HDACs with an ICsp of
0.34 4uM and 2.8 uM, respectively (entries 3 and 4),110.12

The erystal structures of an archaebacterial HDAC
homologue (HDAC-like protein, HDLPVhydroxamates
and HDACS8/Mhydroxamates complexes made it clear that
the hydroxamic acid group coordinates the zinc ion in
the active site through its CO and OH groups and also
forms three hydrogen bonds between its CO, NH, and
OH groups and Tyr 306, His 143, and His 142 (HDAC8
numbering), respectively.” From these data, hydroxy-
urea 4, semicarbazide 5, and hydroxysulfonamide 6
were synthesized and tested as HDAC inhibitors be-
cause it is possible for them to chelate zinc ion and form
hydrogen bonds with Tyr and His like SAHA. Among
these three compounds, hydroxyurea 4 and semicarba-
zide 5 showed anti-HDAC activity and the ICso values
were comparable to that of o-aminoanilide 1 (entries 5,
6, and 7). However, they were much less effective than
SAHA.

Thiols seemed to be reasonable targets for hydroxamic
acid replacements, because zinc jon is highly thiophilic
and thiol derivatives have been reported to inhibit zinc-
dependent enzymes such as angiotensin converting
enzyme!® and matrix metalloproteinases.’® Further-
more, macrocyclic compounds bearing a disulfide group
such as FK228 have been reported recently to inhibit
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Figure 1. The transition state proposed for HDACs (a), and
models for the binding of sulfone derivatives (b),

HDACSs under reductive conditions.!” Surprisingly, al-
though the inhibitory ability of monodentate ZBGs such
as thiol was thought to be less than that of bidentate
ZBGs such as hydroxamate, N-formyl hydroxylamine,
and hydrated electrophilic ketones,® the activity of thiol
7 was far greater than expected. A pronounced inhibi-
tory effect (IC59 = 0.21 uM) was observed with thiol 7,
which was much more active than previously reported
non-hydroxamates such as c-aminoanilide, N-formyl
hydroxylamine, and trifluoromethyl ketone,112 and as
potent as a-ketoamide 2 and SAHA (entry 8). To confirm
that the thiol group plays an important role in anti-
HDAC activity, thioacetate 8a and methyl sulfide 9 were
tested. As expected, thiol transformation into thicac-
etate and methyl sulfide led to an inhibitor that was
about 30-fold less potent and a compound devoid of anti-
HDAC activity, respectively (entries 9 and 10). These
results suggest that thiolate anion generated under
physiological conditions has an intimate involvement in
the interaction with the zinc ion in the active site.

The crystal structures of the HDLP/hydroxamates
and HDAC8Mhydroxamates complexes have led to a solid
understanding of not enly the three-dimensional struc-
ture of the active site of HDACs but also the catalytic
mechanism for the deacetylation of acetylated lysine
substrate.” It has been proposed that the carbonyl
oxygen of this substrate could bind the zinc, and the
carbonyl could be attacked by a zine-chelating water
molecule (Figure 2a), which would result in the produc-
tion of deacetylated lysine via a tetrahedral carbon-
containing transition state (Figure 1a). On the basis of
the proposed catalytic mechanism, we attempted to
design non-hydroxamate HDAC inhibitors. First, we
designed transition-state (TS) analogues. The TS of
HDAC deacetylation was estimated to include a tetra-
hedral carbon (Figure 1a) as with other zinc proteases.18
We focused attention on sulfone derivative TS analogues
because it has been sugpested that the sulfonamide
moiety has strong similarity with the TS of amide bond
hydrolysis, both from a steric and an electronic point of
view.® Compounds 10 and 11, in which a hydroxamic
acid of SAHA is replaced by a sulfonamide and a
sulfone, respectively, were designed and synthesized as
TS analogues (Figure 1b). Of these two TS analogues,
sulfone 11 showed anti-HDAC activity and the 1Cs,
value was 230 uM (entries 11 and 12). However, sulfone
11 was approximately 820-fold less effective than SAHA.

Our next approach was based on the propesed deacety-
lation mechanism whereby a zinc-chelating water mol-
ecule activated by His142 and His 143 (HDACS num-
bering) makes a nucleophilic attack on the carbonyl
carbon of an acetylated lysine substrate {(Figure 2a).
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Figure 2. The mechanism proposed for the deacetylation of
acetylated lysine substrate (a), and a model for the binding of
heteroatom-containing substrate analogues to zinc ion (b).

Table 1. HDAC Inhibition Data for SAHA and SAHA-based
Non-hydroxamtes®

H
MR
o]
R %:l:?bm ICy (BM
entry  compd " 00 nM 30 (BM)

1  SAHA’® CONHOH 6 100 028
2 1 Y 3 i

N 43 20

O
3 2 COCONHMe 6 ND 0.34¢
"
4 3 . 7 ND 28
- ‘o"
5 4 “NHCONHOH 5 58 80
6 5§  .NHCONHNH, 5 35 150
1 6 SO,NHOH 6 14 >100
8 7 -SH 6 100 021
9 8a -SAc 6 35 71
10 9 -SMe 6 1 >100
1 10 NHSOMe 5 10 7500
12 1t S0:Me 6 33 5o
13 12 NHCOCH,NH, 5 6 >0
4 13 -NHCOCH.OH 5 0 >0
15 M4 -NHCOCH,SH $ 9% 039
16 15  -NHCOCHSAc § n n
16 AP s 1 e
18 17 —N/__ 5 0 >i00
= "

19 18 -NHCOCH,Br 5 78 17

@ Values are means of at least three experiments. ¥ Prepared
as described in ref 26, ¢ Prepared as described in ref 9a. ¢ Data
taken from the literature {ref 11b). ¢ Data taken from the literature
(ref 12). / Trifluoroacetic acid salt. ND = No data.

With this mechanism, if the water molecule is forcibly
removed from the zinc ion, the HDACs would suppos-
edly be inhibited. We then designed and synthesized
heteroatom-containing substrate analogues 12, 13, and
14. These analogues would be recognized as substrates
by HDACs and would be easily taken into the active
site where they could force the water molecule off the
zinc ion and the reactive site for the deacetylation by
chelation of the heteroatom to the zinc ion, and might
behave as HDAC inhibitors (Figure 2b). As shown in
Table 1 (entries 13, 14, and 15), potent inhibition was
observed with mercaptoacetamide 14, while 12 and 13
did not possess HDAC inhibitory activities. Mercap-
toacetamide 14 exhibited an ICs of 0.39 uM, and its
activity largely surpassed those of o-aminoanilide 1 and
N-formyl hydroxylamine 3 and was comparable to those
of a-ketoamide 2 and SAHA. As expected, thiol trans-
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Table 2, Effect of Linker Variation on HDAC Inhibitory
Activity of Thiolse

Ph‘x{’},‘,SH |

entry compd X n ICsp (M)
1 7 -NHCO- 6 0.21
2 19 -NHCO- 7 1.5
3 20 -NHCO- 5 0.37
4 21 -NHCO- 4 6.2
b1 22 -0- 6 11
6 23 -CONH- 6 0.36

¢ Values are means of at least three experiments.

Table 8. Effect of Aromatic Group Variation on HDAC
Inhibitory Activity of Thiols®

Ar
‘x’f‘}GSH
entry compd Ar X ICs0 (UM)
1 7 -Ph NHCO- 0.21
0 —@—mez NHCO- 12
3 25 —@—Ph -NHCO- L1
4 26 @,Ph NHCO- 0.075
5 27 —-@—opn NHCO- 0.62
3 1’ b,op,, -NHCO- 021
7 29 —Q “NHCO- 0l
-

B 30 | -NHCO- 0.072

N

9 3 _{IQ

NHCO- 017
N
w2 —(’SD NHCO- 034
n o Ph CONH- 036
2z » —@—mq CONH- 061
3 3 CONH-  0.085
%
4 35 "((;© -CONH-  0.079
/
15 36 . CONH-  0.10
H

¢ Values are means of at least three experiments.

formation into thioacetate (15) led to a 55-fold less
potent inhibitor. This result suggests the ease of ioniza-
tion of thiol is an important factor for HDAC inhibition
like the case of thiol 7.

We turned our attention to irreversible HDAC inhibi-
tors. TPX B is an irreversible HDAC inhibitor,”® and
finding more specific and simpler irreversible HDAC
inhibitors is useful for the isolation and cloning of an
HDAC.? As described above, the crystal structures of
the ADLP/hydroxamates and HDACS8/hydroxamates
complexes revealed that the hydroxamic acid group
forms three hydrogen bonds with Tyr 306, His 143, and
His 142, and furthermore, zinc ion is coordinated by His
180, Asp 178, and Asp 267 (HDACS numbering). Since
the phenel group of Tyr, the imidazole group of His, and
the carboxyl group of Asp are able to react with
electrophiles, we prepared analogues bearing propargyl
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Table 4. Cell Growth Inhibition Data on NCI-H460 Cells for
Compound 7 and Iis S-Medified Prodrugs®

Ph. R
xfhs
erary  compd R ECs (uM)
I 7 -H =50
o
2 37 ,SHJ\N—Ph >50¢
6 H
3 8 -Ac 36
4 38 ~COEt 28
5 » COn-Pr 2
6 40 -COi-Pr 20
7 41 -CO-Bu >50°
0
8 a2 > 27
a
9 et >0 2
10 44 -Bz 25
1 45 5—@—'«:3 2
12 *% -CH,0CO!-Bu b1}

2 Values are means of at least two experiments. ¢ 34% inhibition
at 50 uM. € 10% inhibition at 50 uM. ¢ 42% inhibition at 50 yM,

amino (16, 17) and bromeacetamide (18) which could
form covalent bonds with Tyr, His, and Asp of the
enzyme, and evaluated their anti-HDAC activities.
While propargyl amine compounds 16 and 17 did not
possess HDAC inhibitory activities, more potent inhibi-
tion was observed with bromoacetamide 18 (entries 17,
18, and 19). Bromoacetamide 18 exhibited an ICsp of
17 uM and its activity was about 9-fold as strong as that
of o-aminoanilide 1, but much weaker than that of
SAHA.

With the results shown in Table 1, we were encour-
aged to study further the structure—activity relation-
ship (SAR) and structural eptimization. We selected
thiol 7 for further study.?! First, we examined the effect
of linker parts of thiol 7. The results are summarized
in Table 2. HDAC inhibition was distinctly dependent
on chain length, with n =7 (19) and r = 4 (21) resulting
in less potent inhibitors. However, compound 20, in
which n = 5, showed essentially the same potency as
compound 7, in which n = 6 (entries 1—4). The similar
SAR between thiols and hydroxamates, with n = 6
optimal,Z indicates that thiols inhibit HDACs in a
binding mode similar to that of hydroxamates. As for
the group attaching the phenyl moiety, ether 22 dis-
played mederate activity, whereas the activity of the
reversed amide 23 was maintained (entries 5 and 6).

Next, the aromatic group was examined (Table 3). In
the amide-linked series {(entries 1—10), 4-substituted
phenyl compounds tended to decrease the potency.
Specifically, compounds 24 (Ar = 4-NMey-Ph), 25 (Ar
= 4-biphenyl), and 27 (Ar = 4-PhO-Ph) showed about a
3- to 6-fold decrease in potency when compared to the
parent thiol 7 (entries 2, 3, and 5). On the other hand,
compound 26, in which a phenyl group was introduced
at the 3-position of the phenyl group of 7, showed 3-fold
increased inhibitory activity (ICsg of 0.075 uM, entry 4).
In addition, 3-phenoxy compound 28 was equipotent
with compound 7 (entry 6). We investigated the effect
of the replacement of the phenyl group of compound 7
with heteroaryl rings (entries 7, 8, 9, and 10). Changing
the benzene ring to a 3-pyridine ring (29), 4-phenyl-2-
thiazole ring (31}, and 2-benzothiazole ring (32) sus-

Journal of Medicinal Chemistry, 2005, Vol. 48, No. 4 1023

Table 5. Cell Growth Inhibition Data on NCI-H460 Cells for
Compound 40 and Its Derivatives®

Ar‘xﬁasfk]/
Ar

entry compd X ECso (UM)
1 40 -Ph -NHCO- 20
2 47 Oph NHCO- 28
3 a8 b_op., -NHCO- 25
4 49 \_,? -NHCO- 29
==
5 s0 m -NHCO- 8.0

6 53 -—(’NJ/Q -NHCO- 2.1
s
N
7 52 —(’S:©

-NHCO- 9.5

8 3 -CONH- 12
7

9 54 —@ -CONH- a1
4

1 55 " -CONH- 2
H

2 Values are means of at least two experiments.

Table 6. Growth Inhibition of Various Cancer Cells Using
SAHA and Compound 51°

SAHA, 51,
cell ECs0 (uM) ECsp (uM)

MDA-MB-231 breast cancer 15 2.3

SNB-78 central nervous 16 2.1
system

HCT116 colon cancer 0.58 3.0

NCI-H226 lung cancer 2.6 26

LOX-IMVI melanoma 1.3 11

SK-OV3 ovarian cancer 25 4.5

RXF-631L renal cancer 2.0 2.4

St-4 stomach cancer 5.2 5.0

DU-145 prostate cancer 1.6 4.5

mean 3.7 38

% Values are means of at least two experiments.

tained or slightly reduced the activity, whereas quino-
line 30 had improved activity (ICsp of 0.072 uM), and
turned out to be the most potent compound in this
series. The reverse amide-linked series (entries 11—15)
exhibited potencies similar to or greater than the parent
thiol 23, with the exception of 33 (Ar = 4-NMex-Ph),
which resulted in a slightly less potent inhibitor. In
particular, the reversed amides 34 with a naphthalene
substituent and 35 with a benzofuran substituent
exhibited about 3-fold increases in potency (ICses of
0.085 uM and 0.079 uM, respectively). As a result, ICs5os
in the double-digit nanomolar range were observed with
3-biphenyl 26, quinoline 30, naphthalene 34, and ben-
zofuran 35, which were approximately 3- to 4-fold more
potent than SAHA.

Cancer Cell Growth Inhibition Assay, To confirm
the effectiveness of thiol-based HDAC inhibitors as
anticancer drugs and tools for biological research, thiol
7 was initially tested in a cancer cell growth inhibition
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Figure 3. Western blot analysis of histone hyperacetylation
and p21WAFVCIPL jpduction in HCT 116 cells produced by

compound 51 and by reference compound SAHA.
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Figure 4. Reciprocal rate vs reciprocal acetylated lysine
substrate concentration in the presence of 0.3 (@), 0.1 (a), 0.03
(W), and © (O) uM of 7.

assay using human lung cancer NCI-H460 cells against
which it was found to be only weakly potent, although
7 was highly active in an enzymatic assay (Table 4,
entry 1). The reason for the weak activity of thiol 7 is
unclear, but it is reasonable to assume that it was due
to poor membrane permeability resulting from the
highly polar character of this compound, and that a
transient masking of the sulfhydryl group could improve
its permeability and its ability to inhibit cancer cell
growth, Therefore, we investigated the possibility of
improving the inhibition using the prodrug approach.
In the search for a suitable predrug of thiols, disulfides
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seemed fo be attractive targets, because it has been
reported that the disulfide bond of macrocyclic com-
pounds bearing a disulfide group such as FK228 is
reduced in the cellular environment, releasing the free
thiol analogue as the active species.’” However, contrary
to our expectation, disulfide 37 failed to exhibit a growth
inhibitory effect on NCI-H460 cells {entry 2). Next, we
examined the activity of acetyl compound 8a. Acetyl
compound 8a proved to be relatively potent compared
with thiol 7 and disulfide 37 (ECs of 36 M) (entry 3).
This result suggests that 8a permeates the cell mem-
brane more efficiently than thiol 7, and is converted to
thiol 7 by enzymatic hydrolysis within the cell.23 En-
couraged by this finding, we prepared other S-acyl
compounds (38-45) and evaluated their activities (en-
tries 4—11). This series of compounds exhibited greater
potency than acetyl compound 8a, except for pivaloyl
compound 41, which was a less potent inhibitor. In
particular, isobutyryl compound 40 showed about a
2-fold increase in activity when compared to acetyl
compound 8a (ECs, of 20 #M). The compound bearing
a (pivaloyloxy)methyl group® (46) was slightly less
active than isobutyryl compound 40 (entry 12).

With the results shown in Table 4, a selected set of
active compounds from the enzymatic assay was S-
isobutyrylated and tested as cancer cell growth inhibi-
tors (Table 5). Much to our satisfaction, changing the
phenyl group of compound 40 to other aromatic groups
led to positive results, Isobutyryl analogues 47—55 were
generally more potent than the parent compound 40,
the sole exception is 48 (Ar = 3-OPh-Ph) which was
slightly less active than compound 40 (entry 3). Notably,
3-biphenyl (47), 3-pyridinyl (49), and 4-phenyl-2-thi-
azolyl (51) analogues showed strong activity in inhibit-
ing the growth of NCI-H460 cells, with ECsps of 2—3
#M. Furthermore, we evaluated cancer cell growth
inhibition by SAHA and 51, the most potent compound
in this study, against nine other human cancer cell lines
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Figure 5. Superposition of the low energy conformations of 7 (tube) and SAHA (wire) (left). The HDACS pocket is not shown for
the sake of elarity. View of the conformation of 7 (ball-and-stick) docked in the HDACS catalytic core (right). Residues around the
zine ion and a water molecule are displayed as wires and tubes, respectively.



Inhibitors of Human Histone Deacetylases

(Table 6). Compound 51 exerted potent growth inhibi-
tion against various human cancer cells, with ECsg
values ranging from 1 to 10 #M, and these inhibitory
activities were comparable to those of SAHA (average
ECso of 51 3.8 uM, SAHA 3.7 uM) which is currently
being evaluated in clinical trials for use in the treatment
of cancer.

By Western blot analysis, cancer cell growth inhibi-
tion with compound 51 was verified to be the result
of inhibition of HDACs (Figure 3). Treatment of HCT
116 cells with compound 51 gave rise to elevated and
dose-dependent levels of acetylated histone H4 and
pQIWAFUCIPl_ ‘

Inhibitory Mechanism Study. Since the results of
cancer cell growth inhibition and Western blot analysis

have suggested that thiols generated from S-acyl pro- -

drugs by enzymatic hydrolysis within the cell inhibit
intracellular HDACSs, we next studied the mechanism
by which thiols inhibit HDACs in greater detail. Al-
though the sulfhydryl group of thiol derivatives was
designed as a ZBG, it is possible that thiols inhibit
HDACs by forming a covalent disulfide bond with
cysteine residues on these enzymes. We examined this
possibility using a double reciprocal plot of 1V versus
1/[substrate] at varying concentrations of inhibitor 7
(Figure 4), and the data from this study established that
thiol 7 engages in competitive inhibition versus acety-
lated lysine substrate, with an inhibition constant (K;)
of 0.11 #M. Since cysteine is not a compenent in the
construction of the active site of HDACs, the sulthydryl
group of 7 likely interacts with the zinc in the active
site.

Binding Mode Study. Since thiol 7 proved to be a
competitive inhibitor and to act within the active center
of HDACs, we studied its binding mode within this site.
The low energy conformations of 7 and SAHA were
calculated when docked in the model based on the
crystal structure of HDACS (PDB code 1T64, 1T67,
1T69, and 1VKG) using Macromodel 8.1 software.? The
anilide group and alkyl chain of 7 and SAHA were
essentially superimposed in the binding pocket, and the
binding mode of 7 was found to be similar to that of
SAHA (Figure 5, left). An inspection of the HDACS8/7
complex shows that the sulfur atom of 7 was located
2.35 A from the zinc ion, 2.24 A from the OH group of
Tyr 306, and 2.66 A from a water molecule which forms
a hydrogen bond with the imidazole group of His142
(Figure 5, right). This suggests that thiols strongly
inhibit HDACSs by interacting directly with zinc ion, Tyr
306, and His 142 via a water molecule.

Conclusion

We have designed and prepared a series of SAHA-
based compounds as (i} hydrexamic acid mimics by
structure-based drug design (compounds 4—8), (ii) thiol-
based analogues (compounds 7—9), {(iii) transition-state
analogues (compounds 10 and 11}, (iv) heteroatom-
containing substrate analogues by mechanism-based
drug design (compounds 12—15), and (v} irreversible
inhibition-oriented compounds {compounds 16—18), and
evaluated their inhibitory effect on HDACs. In this
series, thicl 7 and mercaptoacetamide 14 were found
to be much more potent HDAC inhibitors than previ-
ously reported non-hydroxamates, and as potent as
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o-ketoamide 2 and SAHA. At present, thiol is one of the
most active ZBG among small-molecule HDAC inhibi-
tors. Optimization of thiol derivatives led to the iden-
tification of inhibitors more effective than SAHA (com-
pounds 26, 30, 34, and 35). We have also identified a
potent cancer cell growth inhibitor, compound 51, by the
prodrug formation of thiol-based HDAC inhibitors. Thiol
7 exhibits strong competitive inhibition of an acetylated
lysine substrate, and molecular modeling suggests that
the thiol interacts with zinc, Tyr 306, and His 142
(HDACS numbering) in the active site.

In conclusion, we have identified several new lead
structures including thiol, from which more potent
HDAC inhibitors can be developed. As far as we could
determine, this is the first systematic study of ZBGs for
HDAC inhibitors. We believe that the findings of this
study should be of value in future studies for the
development of ideal anticancer drugs and tools for
biological research such as HDAC isozyme-selective
inhibitors.

Experimental Section

Chemistry. Melting points were determined using a
Yanagimoto micro melting point apparatus or a Biichi 545
melting point apparatus and were left uncorrected. Proton
nuclear magnetic resonance spectra (YH NMR) were recorded
on a JEOL JNM-LA400 or JEOL JNM-LA500 spectrometer
in solvent as indicated. Chemical shifts (3) are reported in
parts per million relative to the internal standard tetrameth-
yisilane. Elemental analysis was performed with a Yanaco
CHN CORDER NT-5 analyzer, and all values were within
+0.4% of the calculated values. High-resolution mass spectra
(HRMS) were recorded on a JEOL JMS—SX102A mass spec-
trometer. GC-MS analyses were performed on a Shimadzu
GCMS-QP2010. Reagents and solvents were purchased from
Aldrich, Tokyo Kasei Kogyo, Wako Pure Chemical Industries,
and Kanto Kagaku and used without purification. Flash
column chromatography was performed using silica gel 60
(particle size 0.046—0.063 mm) supplied by Merck.

6-(3-Hydroxyureido}hexanoic Acid Phenylamide (4).
Step 1: Preparation of 6-Phenylcarbamoylhexanoic Acid
(57). A mixture of aniline (5.80 g, 62.3 mmol) and pimeric acid
(56, 10.0 g, 62.4 mmol) was stirred at 180 °C for 1 h. After
cooling, the mixture was diluted with AcOEt-THF and the
slurry was filtered. The filtrate was washed with saturated
aqueous NaHCO;, and the aqueous layer was acidified with
concentrated HCL The precipitated crystals were collected by
filtration to give 7.11 g (49%) of 57 as a white solid: TH NMR
(DMSO0-dg, 400 MHz, &; ppm) 11.97 (1H, broad s), 9.83 (1H,
s), 7.58 (2H, 4, J = 7.8 Hz), 7.27 (2H, t, J = 7.9 Hz), 7.01 (1K,
t,J = 7.4 Hz), 2.67 (2H, t, J = 7.4 Hz), 2.21 2H, ¢, J = 7.3
Hz), 1.62—1.49 (4H, m), 1.84-1.27 (ZH, m).

Steps 2 and 3: Preparation of 6-(3-Hydroxyureido)-
hexanoic Acid Phenylamide (4). To a suspension of 57 (958
mg, 4.07 mmol) obtained above and triethylamine (744 mg,
7.35 mmol) in toluene (10 mL) was added diphenylphosphoryl
azide (1.75 g, 6.34 mmol), and the mixture was heated at reflux
temperature for 1h. Next, O-(2-tetrahydropyranyDhydroxyl-
amine (380 mg, 3.11 mmol) was added, and the reaction
mixture was stirred at reflux temperature for 18h. It was then
concentrated in vacuoe, and the residue was dissolved in AcOEL,
The AcOEt solution was washed with water, saturated aque-
ous NaHCO;, and brine and was dried over Na,50,. Filtration
and concentration in vacuo and purification by silica gel flash
chromatography (n-hexane/AcOEt = 1/2) gave 988 mg (69%)
of the 0{2-tetrahydropyranyl)hydroxyurea as a white solid:
H NMR (CDCl,, 500 MHz, 6; ppm) 7.53 (21, d, J = 7.9 Hz),
7.32 (2H, t, J = 7.8 Hz), 7.26 (1H, broad s), 7.10 (1H, t,J =7
Hz), 7.05 (1H, broad s), 6.06 (1H, bread s), 4.75 (1H, d, J =
3.6 Hz), 3.93 (1H, m), 3.57 (1H, m), 3.33-3.26 (2H, m), 2.38
(2H, t, J = 7.5 Hz), 1.82—-1.77 (4H, m), 1.61-1.55 (6H, m),
1.44 (2H, quintet, J = 7.3 Hz).
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To a solution of the O-(2-tetrahydropyranyl)hydroxyurea
{185 mg, 0.53 mmol) obtained above in MeOH (2 mL) was
added 4-toluenesulfonic acid monohydrate (15 mg, 0.079
mmol). The solution was stirred overnight at room tempera-
ture, and the precipitated crystals were collected by filtration
to give 46 mg (32%) of 4 as a white solid. The solid was
recrystallized from MeOH—AcOEt and collected by filtration
to give 34 mg of 4 as a colorless crystak mp 148—149 °C; 'H
NMR (DMSO-ds, 500 MHz, &; ppm) 9.93 (1H, s), 8.58 (1H, s),
8.29 (1H, s), 7.65 (2H, 4, J = 8 Hz), 7.35 (2H, t, J = 7.9 Hz),
7.08(AH, t,J =73 Hz), 6.75 (1H, t,J = 6 Hz), 3.10 (2H, q, J
= 6.7 Hz), 2.36 (2H, t, J = 7.5 Hz), 1.65 (2H, quintet, J = 7.5
Hz), 1.50 (2H, quintet, J = 7.2 Hz), 1.34 (2H, quintet, J = 7.6
Hz); Anal. (C13H;sN305) C, H, N.

6-(3-Aminoureido)hexanoic Acid Phenylamide (5). Com-
pound 5 was prepared from 57 obtained above by using the
procedure described for 4 (step 2} in 52% yield. In this case,
hydrazine monchydrate was used instead of O-(2-tetrahydro-
pyranyDhydroxylamine: mp 146—147 °C; TH NMR (DMSO-d;,
400 MHz, 4; ppm} 9.83 (11, 5), 7.58 (2H, 4, J = 7.8 Hz), 7.27
(2H, t, J = 7.9 Hz), 7.01 (1H, t, J = 7.3 Hz), 6.83 (1H, broad
5), 6.28 (1H, broad s}, 4.03 (2H, broad s), 3.01 (2H, q, J = 6.7
Hz), 2.29 (2H, t, J = 7.4 Hz), 1.60—1.57 (2H, m), 1.40—1.38
(2H, m), 1.32-1.28 (2H, m); MS (EI) m/z: 264 (M*); Anal.
(C1aH2N,02) C, H, N.

6-Methanesulfonylaminohexanoie Acid Phenylamide
(10). Steps 1 and 2: Preparation of 6-Aminohexanoic

Acid Phenylamide {58). To a suspension of 57 (1.11 g, 4.73
mmol) obtained above and tristhylamine (699 mg, 6.90 mmol)
in benzene (3 mL) was added diphenylphosphoryl azide (1.83
g, 6.64 mmol}, and the mixture was heated at reflux temper-
ature for 1 h. Next, benzyl alcohol (1.20 mL, 11.6 mmol) was
added, and the reaction mixture was stirred at reflux temper-
ature for 24 h. i was then concentrated in vacuo and the
residue was dissolved in AcOEt. The AcOEt solution was
washed with 0.4 N aqueous HCI, water, saturated aqueous
NaHCO;, and brine and was dried over NaySO;. Filtration and
concentration in vacuo and purification by recrystallization
from CHCl;—r-hexane gave 1.01 g (63%) of (6-phenylcarbam-
oylpentyl)carbamic acid benzyl ester as a colorless needle: 'H
NMR (DMSO-d;, 400 MHz, 4; ppm) 981 (1H, s), 7.57 (21, d,
J = 7.8 Hz), 7.37-7.22 (8H, m), 7.00 (1H, t, J = 7.4 Hz), 4.99
(2H, s), 2.99 (2H, q, J = 6.5 Hz), 2.28 (2H, 1, J = 7.4 Hz), 1.58
(2H, quintet, J = 7.6 Hz), 1.43 (2H, quintet, J = 7.1 Hz), 1.32
(2H, quintet, J = 7.8 Hz); MS (EI) m/z: 340 (M*).

A solution of (6-phenylcarbamoylpentyl)carbamic acid ben-
zyl ester (1.00 g, 2.95 mmol) obtained above in MeOH (50 mL)
was stirred under H; (atmospheric pressure) in the presence
of 5% Pd/C (106 mg) at room temperature for 7 h. The catalyst
was removed by filtration through Celite, and the filtrate was
concentrated in vacuo. The residue was purified by silica gel
flash chromatography (CHCl/MeOH/APrNH; = 19/1/1) to give
584 mg (96%) of 58 as a white solid: *H NMR (DMSO-ds, 400
MHz, 6; ppm) 9.83 (1H, s), 7.58 (2H, 4, J = 7.6 Hz), 7.27 (2H,
t,J = 7.9 Hz), 7.01 (1H, t, J = 7.3 Hz), 2.55 (2K, m), 2.29 (2H,
t, J = 7.4 Hz), 1.59 (2H, quintet, J = 7.4 Hz), 1.37-1.30 (4H,
m).

Step 3: Preparation of 6-Methanesulfonylaminohex-
anoic Acid Phenylamide (10). To a solation of 58 (500 mg,
2.06 mmol) obtained above in pyridine (5 mL) was added
methanesulfonyl chloride (160 4L, 2.07 jmol) dropwise with
cooling in an ice—water bath. The solution was stirred for 30
min at room temperature. The mixture was concentrated and
diluted with AcOEt. The solution was washed with 2 N
aqueous HCIl, water, and brine and was dried over Na,;SO,.
Filtration and eoncentration in vacue and purification by silica
gel flash chromatography (n-hexane/AcOEt = 1/3) gave 418
mg (71%) of 10 as a crude solid. The solid was recrystallized
from AcQEt to give 10 (214 mpg) as colorless crystals: mp 136—
137 °C; 'H NMR (DMS0-ds, 500 MHz, &; ppm) 9.85 (1, s),
758 (2H, d,J = 17.THz), 728 (2H, t, J = 7.4 Hz), 7.01 (1H, t,
J=7.4Hz), 6.93 11, t, J = 6.5 Hz), 2.92 (2H, q, J = 6.5 Hz),
2.87 (2H, s), 2.30 (2H, t, J = 7.6 Hz), 1.59 (2H, quintet, J =

7.6 Hz), 1.59 (2H, quintet, J = 7.6 Hz), 1.48 (2H, quintet, J =
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7.4 Hz), 1.33 (2H, quintet, J = 7.4 Hz); MS (E1) m/z: 284 (M-);
Anal. (ClaHzQNzoss) C, H, N.

6-(2-Hydroxyacetylamino)hexanoic Acid Phenylamide
(13). To a solution of 58 (198 mg, 0.96 mmol) and glycolic acid
(81 mg, 1.07 mmol) in DMF (6 mL) were added 1-ethyl-3-(3-
dimethylaminopropylcarbodiimide hydrochloride (254 mg,
1.32 mmol) and 1-hydroxy-1H-benzotriazole monchydrate (244
mg, 1.59 mmol), and the mixture was stirred overnight at room
temperature. The reaction mixture was poured into water and
extracted with AcOEt. The AcOEt layer was separated, washed
with saturated aqueous NalICO; and brine, and dried over
Na;S0;. Filtration and concentration in vacuo gave 251 mg
(99%) of 13 as a crude solid. The solid was recrystallized from
AcOELt to give 155 mg of 13 as a colorless erystal: mp 109—
113 °C; 'H NMR (DMSO-ds, 500 MHz, 3; ppm) 9.92 (1H, s),
7.79 (11, broad s), 7.65 (2H, d, J = 7.6 Hz), 7.35 2H, t, J =
7.9 Hz), 7.08 (11, t, J = 7.3 Hz), 5.51 (1H, t, J = 5.8 Hz), 3.84
(2H, d, J = 5.8 Hz), 3.16 (2H, q, J = 6.8 Hz), 2.36 (2H, t, J =
7.5 Hz}, 1.65 (2H, quintet, f = 7.5 Hz), 1.51 (2H, quintet, J =
7.3 Hz), 1.35 (2H, quintet, J = 7.9 Hz); MS (ED m/z: 264 (M*),
Anal. (C3.HxN20:) C, H, N.

6-{2-Aminoacetylamino)hexanoic Acid Phenylamide
Trifluoroacetic Acid Salt (12-TFA). Step 1: Preparation
of [(5-Phenylcarbamoylpentylcarbamoyl)methyl]lcar-
bamic Acid tert-Butyl Ester. This compound was prepared
from 58 and N-(tert-butoxycarbonyl)glycine using the proce-
dure described for 138 in 70% yield: 'H NMR (CDCl;, 400 MHz,
6; ppm) 7.53 (2H, d, J = 7.8 Hz), 7.34 (2H, t, J = 7.6 Hz), 7.10
(1H, t, J = 7.6 Hz), 6.14 (1H, broad s), 5.07 (1H, broad s), 3.75
(2H,d, J=6Hz), 3.30 (2H, q,J = 6.5 Hz), 2.37T 2H, t,J = 7.4
Hz), 1.76 (2H, quintet, J = 7.4 Hz), 1.58—1.26 (13H, m).

Step 2: Preparation of 6-(2-Aminoacetylamino)hex-
anoic Acid Phenylamide Trifluoroacetic Acid Salt (12-
TFA). To a solution of ((5-phenylcarbamoylpentylcarbamoyl)-
methyllcarbamic acid tert-butyl ester (147 mg, 0.40 mmol)
obtained above in CHCl; (4 mL) was added triflucroacetic acid
(1 mL), and the mixture was stirred overnight at room
temperature. The reaction mixture was concentrated in vacuo,
and the residue was triturated in diethyl ether to give 131
mg (84%) of 12-TFA as a white solid. The solid was reerystal-
lized from AcOEt—MeOH to give 120 mg of 12-TFA as colorless
crystals: mp 149-151 °C; "H NMR (DMSO-d, 500 MHz, &;
ppm) 10.00 (1H, s), 8.43 (1H, t, J = 5.2 Hz), 8.10 (3H, broad
s), 1.71(2H, d,J = 8.2 Hz), 7.41 (2H, t, J = 7.9 Hz), 7.14 (1H,
t,J =73Hz),3252H, q,J =64 Hz), 243 2H, t, J = 7.3
Hz), 1.72 (2H, quintet, J = 7.5 Hz), 1.58 (2H, quintet, J = 7.2
Hz), 1.44 (2H, guintet, J = 7.5 Hz); Anal, (C14Hx N3O~ TFA-
V10H;0) C, H, N.

6-(2-Bromoacetylamino)hexanoic Acid Phenylamide
(18). To a solution of 58 (70 mg, 0.340 mmol} and triethylamine
(0.40 mL, 2.88 mmel) in THF (2 mL) was added a solution of
bromoacetyl bromide (319 mg, 1.58 mmol) in THF (1 mL)
dropwise with cooling in an ice—water bath. The mixture was
stirred at room temperature for 30 min. The reaction mixture
was diluted with CHCls, washed with aqueous saturated
NaHCO;, water, and brine, and dried over NasSQ,. Filtration
and concentration in vacuo and purification by silica gel flash
chromatography (CHCly/MeOH = 150/1) gave 25 mg (23%) of
18 as a white solid: 'H NMR (CDCL,, 400 MHz, 3; ppm) 7.52
(2K, d, J = 8.1 Hz), 7.32 (2H, t, J = 7.9 Hz), 7.19 (1H, broad
s), 7.10 (1H, t, J = 7.6 Hz), 6.56 (1H, broad s), 3.87 (2H, s),
3.32 (2H, q, J = 6.6 Hz2), 2.38 (2H, t, J = 7.3 Hz), 1.80-1.76
(ZH, m), 1.63—1.59 (2H, m), 1.46~1.44 (2H, m); MS (ED) m/z:
326 (M*); Anal. {CyH10BrN2O2) C, H, N.

Thioacetic acid S-[{6-Phenylcarbamoylpentylearbam-
oyDmethyl] Ester (15). To a suspension of 18 (187 mg, 0.57
mmol) obtained above in EtOH (2 mL) was added potassium
thioacetate (236 mg, 2.07 mmol), and the mixture was stirred
at room temperature for 16 h. The reaction mixture was
diluted with AcOEL and THF, washed with water and brine,
and dried over Na,SO,. Filtration and concentration in vacuo
and purification by silica gel flash chromatography (n-hexane/
AcOEt = 1/1) gave 163 mg (89%) of 15 as a white solid. The
solid was recrystallized from n-hexane—AcOEt to give 48 mg



