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Figure 1. (A) ‘O-Acyl isopeptide method’: the synthetic strategy for difficult sequence-containing peptides via the O-N intramolecular acyl migration
reaction of O-acyl isopeptides, (B) application of the O-acyl isopeptide method for the synthesis of pentapeptides 1 and 3.
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Figure 2. HPLC profiles of crude (A) peptide 3 (synthesized by the
standard SPPS) and (B) its O-acyl isopeptide 4. Analytical HPLC was
performed using a C18 reverse phase column (4.6 x 150 mm; YMC
Pack ODS AM302) with a binary solvent system: a linear gradient of
CH;CN (0-100% CH;CN, 40 min) in 0.1% aqueous TFA at a flow rate
of 0.9 mL min~"! {40 °C), detected at 230 nm.

DMSO solution of 3 was used for HPLC purification,
the overall yield of 3 was only 1.4%.%

For the case of O-acyl isopeptide method,? Boc-Thr-OH
was coupled to the H-Val-Val-NH-resin, and subse-
quent acylation with Fmoc-Val-OH to the B-hydroxyl
group of Thr was performed using the DIPCDI-DMAP
method in CH,Cl, to obtain ester. After coupling with
another Val residue, N-acetylation and TFA treatment,
0-acyl isopeptide 4 TFA was obtained without forming
Fmoc-containing by-product (Fig. 2B). Hence, the pro-
tected peptide resin was efficiently synthesized with no
interference from the difficult sequences. The results
support our hypothesi§, that the modification of 3 to
the ester structure 4 changed the secondary structure
of peptide to that more favorable for Fmoc-depro-
tection. Moreover, the solubility of 4TFA in H;O or
MeOH was 46.2 422.7 (5775-fold) or 266.5 £ 65.4
(4517-fold) mg mL ™", respectively, higher than that of
N-acyl peptide 3, because of the ionized amino group
in the isopeptide. Accordingly, a solution of 4TFA in
MeOH could easily be applied to preparative HPLC,

and 4TFA was purified using the 0.1% aqueous TFA~
CH;CN system as the eluant to obtain pure 4 with an
isolated yield of 28.0%.

However, a large amount of racemization (21%) of the
esterified Val residue occurred in the DIPCDI-DMAP
method (Fig. 2B), which was confirmed by an indepen-
dent synthesis of H-Thr(Ac-Val-p-Val)-Val-Val-NH,.
This extent of racemization is remarkably higher than
that of the esterification between Val and Ser in 2
(0.8%),2>%4¢ which is probably due to steric hindrance
at the secondary hydroxyl group in Thr as compared to
Ser. We also observed a slightly higher amount of race-
mization (33%) when 1-(mesitylene-2-sulfonyl)-3-nitro-
1,2,4-triazole (MSNT) (3.0 equiv)-N-methylimidazole
(NMI) (12 equiv) in CH,Cl,® was used for the esterifica-
tion, which agrees with a literature report.5® We consid-
ered that the large extent of racemization should be a
serious disadvantage in the synthesis of Thr-containing
peptides using the O-acyl isppeptide method.

To avoid this problem, we decided to adapt an O-acyl
isodipeptide unit, Boc-Thr(Fmoc-Val)-OH 5 (Fig. 34),
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Figure 3. (A) O-Acyl isodipeptide unit 5 and (B) crude isopeptide 4
(synthesized using 5). Analytical HPLC was performed using a CI8
reverse phase column (4.6 X 150 mm; YMC Pack ODS AM302) with
binary solvent system: a linear gradient of CH;CN (0-100% CH,CN,
40 min) in 0.1% aqueous TFA at a flow rate of 0.9 mL min~! (40 °C),
detected at 230 nm. ’
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Scheme 1. Reagents and conditions: (i) 20% piperidine/DMF, 20 min; (ii) Fmoc-Val-OH (2.5 ecjﬁxv) DIPCDI (1,3~ dusopropy]carbodumlde
2.5 equiv), HOBt (2.5 equiv), DMF, 2 h; (iii) 5 (2.5 equiv), DIPCDI (2.5 equiv), HOBt (2.5 equiv), DMF, 2 h; (iv) Ac;0 (1.5 equiv), TEA (1.0 equiv),
DMF, 2 h; (v) TFA-m-cresol-thioanisole-H,O (92.5:2.5:2.5:2.5), 90 min; (vi) phosphate buffered saline (PBS), pH 7.4, 25 °C.
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which was synthesized by solution phase,’ for the syn-
thesis of 3 based on the O-acyl isopeptide method
(Scheme 1).8 The use of isodipeptide 5 could omit the
racemization-inducing esterification reaction. The O-
acyl isodipeptide 5, which readily solubilized in DMF,
was coupled to the H-Val-Val-NH-resin using the stan-
dard DIPCDI-HOBt method (2h) to obtain 7. The
completeness of the coupling was verified by the Keiser
test. After coupling with another Val residue followed
by N-acetylation and TFA-m-cresol-thioanisole-H,O
(92.5:2.5:2.5:2.5) treatment, O-acyl isopeptide 4TFA
was obtained. As shown in Figure 3B, HPLC analysis
of crude 4 (synthesized using O-acyl Lsodlpeptlde unit
5) exhibited a high purity of the desired product 4 with
no by-product derived from the difficult sequence or
racemization. The use of isodipeptide 5 did not lead to
any additional side reaction. Moreover, since H-Thi-
Val-Val-NH, was not formed as a by-product, we con-
cluded that (1) the ester bond between Val and Thr
was stable in both piperidine and TFA treatments and
(2) diketopiperazine was not formed when the last Fmoc
group was removed. Consequently, we could obtain
pure 4 without further purification, with an isolated
yield of 44.5%.

Compound 4 TFA was stable at 4 °C for at least 2 years.
On the other hand, when 4 TFA was dissolved and stir-
red in phosphate buffered saline (PBS, pH 7.4) at 1t
quantitative O-N mtramolecular acyl migration to the
corresponding parent peptide 3 was observed with no
side reaction (Fig. 4A).° Isopeptide 4 exhibited more
than 5-fold faster migration with a half-life of 23 min
than that observed in 2 containing Ser (half-life =
2 h).2>4¢ The faster migration in 4 may be attributed
to a unique interlocking effect of the B-methyl group
in Thr, which has conformational restrictions, such as
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Tigure 4. (A) A graph and (B) photographs in conversion of O-acyl
isopeptide 4.to 3 via the O-N intramolecular acyl migration in
phosphate buffered saline (pH 7.4, 25 °C).

a gem-effect by geminal methyl substitution.'® Finally,
as depicted in Figure 4B, 3 was formed as a white precip-
itate from 4. The resulting precipitate was centrifuged
and washed with water and methanol to afford highly
pure 3. The ove1 all yield of 3 in O-acyl isopeptide method
was 42.7%.8

In conclusion, ‘O-acyl isopeptide method’ with a novel
O-acyl isodipeptide unit, Boc-Thr(Fmoc-Val)-OH 5, in
which the racemization-inducing esterification reaction
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could be omitted, has been successfully applied to the
efficient synthesis of a difficult sequence-containing pen-
tapeptide by improving the nature of difficult sequence
during SPPS. This suggests that the use of O-acyl iso-
dipeptide units allows the application of ‘O-acyl isopep-
tide method’ to fully automated protocols for the
synthesis of long peptides or proteins.
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(a) Beesley, R. M.; Ingold, C. K.; Thorpe, J. F. J. Chem.
Soc. 1915, 107, 1080-1106; (b) Matsumoto, H.; Sohma,
Y.; Kimura, T.; Hayashi, Y.; Kiso, Y. Bioorg. Med. Chem.
Lett. 2001, 11, 605-609.

Skwarczynski, M.; Sohma, Y.; Noguchi, M.; Hayashi, Y;
Kimura, T.; Kiso, Y. J. Org. Chem. 2006, 71, 2542-
2545.



EKE%?’J“Q’ HIV

oA IR I HIV 3 0 % B GF FE I (highly active anti-

RN

retroviral thevapy ; HAART) AW 6 5L H i h, AKX

i X BFEERD,  FRICEE TS A RBRIYEDOFRIERD R

BIEART L 22 L Ly HIVIZERD S TR KIRETE R

BEBH D, —EE LS BB b3 74 VA
o & B EHERDTIE Y A VAR WK BT B hHSHORK
ERREL oD, T, DB B TR 0 HIV AR
955 8005 004 45 1o e > -CHEEE b 1000 B2 HBA, i

‘&ﬁ\'é,uﬁl‘%%ié@ %

DO BIE—DFE & LT, HIV &G

ﬁj(%jz%ﬁn%,\\\ﬂ%ﬁﬁmi—l{r“iw,ﬁz (1999 FEY). <HRF—T>
@?ﬁﬁﬁ—ﬁ%ﬂ@%*‘sﬁ{tﬁﬁm < ,\EXO% SyZvd, Fad—+D
J SN o . ot

*gfiﬁ}% (a% ct baaé) .
CHE>RBERNASRE (hSISESTiRs, ARSI OV T 4 P

FREV4—), SBHAF > RPASASRELHRTHGLRE (1973
E%LLHBM%;E—?) CHERF—ISRIFROIV T A— /a/é:ﬁ
5 cvuu lﬁt@?ﬁ@ﬁﬁn < hﬁ.% > R_]’ ‘\Jgﬁﬁ E&%

R ISR S B
Sy b

SR AE R E o TV B, T, B
ETELN TV A HIVEOEAN L, REOH HIVE

i ‘BASK OB, HAARTK RS ERT B HIV/ 0 77—+

» PHER OFFERERBIRIC DV TEH L 72,

U HEERR T LB T XERE

JRETRATTR T AU h O HIVEBRESEREN A F o4~
(DHES) &SI Ui HIV BEUERES T TRy, B
ADHIV.2EEMPE Loz TAEDFE &) MEERETS
TV AV VHAART I XN 5 AN 13, MEBRRE XU
JEEAROWMIEERZEEA], HIV 707 7—HEH, &
MNBEROBEENS B (K1), 7L, BABEEMN
AATCREATEN TR, Z0kd; REFEEDCD4 B
PN VORBRERE R Y 4 WA BICERRIEERZ R L9 AT,
WIREREEER, HIV.7 077 PEEAND 5 555 33
B EEGAT 24 HIVEEDS B INS) BRAICERER
1iH: 18] (once daily) 844 (1 B 1- @@&5%%m:3&ﬁ%)”@$§ﬁ#
HFEh>0H5, BN RN R

Ty %ﬂZM®$%kOwT%%h% L%m if
mm@i_xﬁi—%ﬂxﬁ%%m%%fl (K 2 L) idbigs o L Ak
;HRIERTTY VEMbE Nz Hil, HIVEEEREEOEH &

%}%é}@“ 2 DNABIKEDAENS Z L TDNABOBER
HEL, MHIVEEEZRET 2, RE, ZoBOESIINA-
HhH, 2006 Bz LY LT EY @G xa L)) DER

{t5 Vol.61 No.5(2008) |25




%

ouERe O
HN

HO

OIUER®
R
HN 1 T
74 { i N

TERAZNOIEEEIRFHFL 6y
- OFEFNF M AR E R EDSE <
b OBHE, 2L ,ﬁﬁm@m1m%§@®<mﬁ74w
X%E‘% BIER (S hav Ky ﬂﬁgumwew) VIR &
oA S VY 1) PRESS R L ) AT, X7
LAF REIDTF /- 7.4 €0 (@R4: €Y 7— ) PELTV 5,

FERMAOHEEEEEER (M2 T) I3, $EEERD
BB AT O EEORY ICHEFA Y% I T DNA
EoMEREEL, HHIVEEERERT 3. 8E BAT
BE2OEAHBETENATRS, 1 H1IERSOL7 7E L
VY (ERE ANy 29Y) BT A NVAHREBENRTED,
WERBED ST GRIGTBE X L5 BT MICnE
NBHE) KTV B L L, FIREER A OBIER DR
ENTWB Eiy 3FF§§+~@:§3}K5?§%$ME§M;§}§QL
HEOKEMESHE LR TV S, S
L HIV 7Ry 7 —YHEER (K3)ikide K m#/»g%:é
DEEEBRET T SBEARERTRD, 7o 77X
DFERFCEAT B LT, BRI HIV EEDEIEE
By vATEDTaR vy ARBEL, FRRRIEDRERAY
4N AEDL 5B O L TR HIV B RET 5. BER
EATA\20EHDLHGAREERI N, 2032V
b5 (meren ) FFELVEAR) FREDRICEN, WEE
BOBEMETH S, FBE 1HLIBRADOT VT E

26| 1£% Vol.61 No.5(2006)

.

fﬂd@%ﬂ

»#W%Lt ax‘WEE@%m%ﬁanﬁumﬁv4»

R = 1@@&‘5*@;w ’Z%’Euﬂ;}%@fgﬁﬁgﬁ‘gﬁ% HIV- 05 7 — «lzﬁﬂzﬁﬂkom

T3, @%oit;ﬁéb L%,

%z L“C EiZi:'c L::cwiré*n b>7:cwb> &Mﬁi% &L,
7 a—Y a Y (BRE) &E—”E%Jkﬁiﬁé‘ NpLYT72ENTA4
F (T:20) HSME— HET 5. 7‘ BB BED SR BRTF
F (acetyl- YTSLIHSLIEESQNQQEKNEQELLELDKWASLWNWE-
NH,) T, HIVREEY /37 HO gpdlATiE Gl 24N A

L MEE O BE T S gpdl DAV S TREERREEL T

FHIVEEZR T, SEMERICOEDTHS 2 LHHE
éfﬁ’L“Cw 5%, 1H2 E@&T&%ﬂ‘ﬁ§'7\§7&& &R HEAmHIIE
BER L EEDDH B,

P R A S
-79 IE%E H
ST ! B K

%kﬁ«tﬂiﬂkowxwﬁﬁiﬂmn%ﬁ@%hfu
B, MERBABREABIVL 77 7—CHEERIZEL L
ERESERITONTYS, {z]\ﬁﬁiﬁjkbi HIV 7b>ﬁaf“
MR /B AT B IS0 HIV: %@f}é& /z\ﬂ% gp120 Mﬁzfﬁmﬂa
KD CD4 &@?*A’E/?“B’J&L_Lt%@% HLeTy— c‘?)
3 EH4 v EEME (CRCR4® COR5) & CD4 ﬁ’éé}%}é@ﬁ
{L U7 gpl20 L DFEEZIFMNIC LD ", T-20 o)ct 3 wma
HﬁmA%#‘“B’J L7 %)0)75%% INnolE ﬁIOD\n < of»bi
iﬁ?‘b‘ﬁ}ﬂif’;ﬂé’%qﬂ CHD, PNLEES VA ESEBHTH D




ST A ZERRIEE D HoTVB D

R031-8959 Nﬁ/\ o
HErEL,say) .o T

* ABT-538
(URFEI, RTY)

. BEREEEE
O 4 S38
AEaee
el NHz

R = H:VX-478

(P 7LFEN, APY)
R= POsHz: VX- 175
“GW-433008
(7>r7u /7’1/7%)1, "EPV).

‘ ABT-378
(AL, LPV)

R T R
B AR AN

H
F. N.
Bt o
~0 N H
olet} §D\NH2 U\ g
S AMCA 14 AT
IUC-94017
SN Ry Enar'ﬁris&ctm%ﬁa’-%é () QHV TEF 7~

I Ep s BAMEHIVICERTH 3 LEFTE 3, DIE
Tb N EN S I & BT F FiECXCR4 A EER OPRLS
BEHIIED SN EARY — LA ELshT» 3,
Y=, A4 VT Y 5B EERNE Y 4V A DNA & 18 EH
WD AL BREZEET 23 0T, BRARBETD b D25\
OB D, Z0EN, HIVZRT 77— X 2 HHED
@g?ﬂhVVVWEW&%T%%ﬁTVF§Vﬂﬁgp%
W P24 ~NOEHERET B v Fa L —v 2 VEEHIK
BeE,BRRBRE TEATY S, i :

S HV Oy 7 —emEE

SHAART ORI HIViZ 05 7 —CHEHOBEA K E
CEERLTVS ., 99 DRI BERE,» SRS HIV 0T T —
Y FOWI D 25 ~ET RIS T AT F BT U7 —¥
SRR T R 7 AsPFTREGLy TRZI% b b, wEF A <
RT3 2 L CEERRERLTY S, BREERPLOIO
O Asp BEOMBEMERICEDL 7 MIAF IV REBIRE
"‘ZTEE&'/‘“% FiEE2UI 5.

IOBBRIREBEEM L 2OFEBACT EEFLO Asp

7%% LEERERERHATIOMA KLY ¥ (HEREEE

1R1 =wf/\3H2‘,
=H, Rz = NHz : DPC-684"

L-7356524
© MK-639
(>F1FEI, 1DV)

N\)L /gN/N\[(\N O/

BMS-232632 A
CGP-73547 —

AG-1341
(sRILZ1FEI, NFV)

. PNU-140690
CAFATZFEN, TPY)

(FHYFEN, ATY) © o o

=H:DPC-681*

" DMP-450¢

—EIHEH

ERRR LB S UREBERET S0 Y 75>ﬁ’ﬂ%‘:&§ﬂ T3,

FHEYT 2 2 pHEE I N7z, (Z ORI N, MEAS IR
E5 3L a R BEREORTY R FOBBRET TS
UTHEERFR BN &, Z0%, 2 TR
BR LA SREB R X, BIMEA OB w4 XREE T BiE
L7 HIV. 727 7 —¥HEAOBREVEFEINEDTH B,

LRI R A0V A7 0T T I R B 2 Phé-Pro

EEYMEAIcEE T o itk b,y BuBiREE 5,08
{’F}%@fl\rxwﬁﬁmﬁﬂiﬁﬂﬁm7::7;3 EEZ G H O
MR D R BIRE S T b«

S, EFFEN(ERE A VEIE, Tr—tR-2) i
HIV 70 57X O ZXREEBS T 4V SR OHE
EXELT, TRAUFIEREERRS (FDA) ORBEFIT I,
KEEON TV I EEEBRE? 0/ (e Fosvx s
7EY) TRE S IHEEEEEBFRES TN, 53, 4, 5
EZEHOHIV o7 T EHEER & LT VT4 FEV (R
£ ouFLAY), RUTLTEN @EREL EIL7 ) BLIY
FYSLFEN (BRL: Tu—¥)BEAREINTwS,

—7, HIV. 7077 —EOEEEZ C2NF2RETDH
HILIEEHLTHREINZON, E2FB0HEEA L L
TEABENLY FFEN (FRE ) -E7)TH 5B, DHEH

b2 Vol.6T No.5(2006) |27



il

a) 2 b)
HIV 7[17‘/ —'to)EgJ I /R (’cJJb%ﬁﬂMi*)
svwneer 2Ser-GlIn-Asn-Tyr* Pro-lle-Vval - p17/p24 $E80
++w:isee -Ser-Phe-Asn-Phe” Pro-Gin-lleu -+ TF/PR nﬁﬁ
o v »
,O/u-.:—Asp. K
i H . g
N .“"'%\, s, ""Of"" . T
H—Ser— Phe—- Asi—N75 -, : H o
‘ : ; O : lle-Val-NHz st s
. . Re) V'?k\H
Asp—_ ° s
=5 L Lo e
e . -Apns-Pro- : S
7 LSRRI BEIEBRE vu71_w/w19%/mmm : O»j\>
e -
" VAL R , wvag 0
KNi-1689
M '”A:l’ g r/_‘;;-z 1
NG o
< Yo .
fﬁﬁ,'ﬁ dkwk X4 %%Bﬁ%%thwjﬂ?ﬂ%ﬁ
A ‘»*é‘a\g oL k/ : % AR FE=EI e
/ ’ KN-272 & HIV-1 705 7 —t%ﬁ*ﬂutm 5 ;a) KNI-272 BASE 10 3 %, b) KNI-272 %
CKNI-272 f%ﬁﬁf’?% (X %?‘h:aat NMR L-.A:é%@?ﬁ) 0 TR N RBE,
RIFRBIEES L 7 050 C450 DEERAMS 2. OMF OERRBRETHS. . o0 o P e

EFMHBRVBOT; 430 T e T 7o Y RER O M PIREME
BoDicHBHAING (CoFEe/=AT LB,
e BRI AREX NS W FERs) e rELE Y
bFRENDEAFIT W7 AV REECI CerEd el
DFhEE Y KR ENVDOFERICE ) FREBIICRET T E 25808
$2 0 ETBRICRRINE T YT FE N (@REIVATEY
Yy I E O YR &l BIEOBRAT L widT
HTOHV 705 7 —CEEHTS 5 I RERESEL
(R, ol Y YY) FRIVATO-VDEREND
7y 7o CEERSE OBIERMS L L RPRETH B
T AVATI 2005 6 RS EIBEHOEER L 2D T4
TS FEN (ERE T 4SR) WERRBE N T ST
EnEI4 T =R sy dTcgeni ERE S

LBRINSLZED L, TNETOLEY L IZRR HIEX

7%Pm%ﬁ%LTmaymﬁﬂﬂuq§
SHOERVRZRING, ! EEE P o

KT FDA O R %ﬁ%%x % O 1% TMC-114% T, bis-
THF 2 BB T3 L T/o5 7 —ELERR
B0, W HIV IC AR IEME R T 5, 3R, 5 4E

Wb 0kD

28| 1% Vol.61 No.5(2006)

WAL

F 477 FELP TMC1144, Y b FENRB TR L
Tﬁwélk?ﬁﬂ¢ﬁ§%ﬁ%@ﬁ%%%U%bfw5ﬁ
>, DPC-681-% DPC-684% b TR BEEZ BB DL
LTEEREHLADHE L LRI Y 2 0RIERYS
HEINTY B, £7, - DMP450" D & B A F BV
7% BB U7z de novo T4 ¥ b REDHIICTI SALTW B
CEEE S Y1989 £ HIV 7 usnRs- gt Lz
4 REOBERRCET L, BROIKSRIEE T > BHEE
BiREZERL f*{lﬁ/—\%@fﬁ‘ /f,/,%ﬁu% HEARBIpIs E R
BL7. Z0WE, %Exé@&ﬁa;fzi@% YU, HIV 7m
FP=¥ORERTF FEFDOPHEPre N7 F FiE&Ick
B o ooR )LV R =VEMe) #§3%% b2 Apns (707 =
=N MRS F ) REREURCEM AR S G B0
%%m&waurﬁ'%miﬁ%%%0%0«7%km
WK, KNI-272 SR WIS S N (R 42) 0. -

" KNI-272 25, V3217 L33F/ K451/ F53L /AT1V/I84V-E \»
FEWEBIN BV TEE 21305 D LI E T I L 25
o BRCHEEAEAGRODTF LU TORRTRLE
L, Apns EEMEHD & & s B EEEEME 2 ED




SIAAERRIIEIBH>TWVBH D

R, HHERC O ERR SR TS FRIAER KNI-764 (314 ¢
JE-2147, AG-1776, SM-319777) D BEZE 4 BB L % (I 4b).
KNI-764 D7 x / — Atk Fuxs LB Z Ly o o ikkk
EEBEIBI LS, ﬁ%@%#&%éMﬁSM3mm7«
LB InTwEY
,ﬁﬁq%%%ﬁKM7Mib%@ﬂtﬁHWﬁ%%%o
LAY KNI-1689 %158 % & LICHRM L (K 4b) ™, -3RE
EHIVELY 7 0 7 7k DA O X RS GEIERIT OB
BAX5) %2 EIHERRI WS, £, HMC2&8F87
B FFEEER SRS LT s,

wmARF 7 —YHEEH2ARICEST 5 L, FiE BE~O
EHRTRMEN, TRZ EHELBRZ O LT 2EIERMBHE
Edah FOBENMLNTWS, E5i, TuT7—FHE
RN B EOBEEFEEDL L BFEST 2 - ORIBGETE
%ﬁtfﬁh%ﬁm&K;%DWW%K&%@%@ﬁ&%.
EYBEHORREEVERXAV L TEN (@ERE: vy T 7)
@,?yfv%tw@tﬁn%ng%UV@ML,m%%
RHELLTORT y S ChB. BREHHIEZEDL D,
| SO EAIE RS T T PCE, RAEORE T
&5 AEELY, 7F RERGEERE L, LENCHE
EXRBFECEIHENAE DY Sy SEREL, KA
BB ORI OB R LT3,

DI DENEES I HIVEIDF 7 - Y EER L SRR
REEH & 2 HER/ERIN—DIFMT 2H L iR r&7
WF?V&L@%%W@imeN7UT7 —X OB
Bz BET 2 LEAMORHLToTwaY, then7 7
o= F R0 ERERSE SN TURVLH OO, FROIAX
BRICHERRERE BT THL I,

T

el5 mv17mr —HICHES
%EE%%L
%&f@U%/@HW17D77—E®m%f47a
th ) fR 1k KNI-1689 27", =2 Asp &£ HMC 29
FCHEMRELTE D, KNI-1689 137K 1 9 F2A L TE
,%@7 7 v 7’%‘ (J:“K) &F‘AL'C\A%

T % KNI-1689 O X %

?ﬁ%&ﬁmﬁ#&“ﬂ%&ﬁ&hﬁ

FEEO X OH AR HIVESROE LRI S, 9%
A ZGBERBIOETEDODH B LvebTRE, Ll
mvmmﬁbﬁmwc%%%ﬁ@%wwmwﬁm%ahb%
L HIV EREDEETH h oI} 5. .

it,_wﬁHW¥ﬁnMHwawoFﬁ®%%tx,%
FEEAEEHRICORERERSRERIEL 2255, X
HvV 7u57—-YHEEANE2 T2 L, FLINTHE
W IEER R FYA VR T FRERE, vV TRTL
VA T —IROBREEREREA SRS Tw Y, EEL 1
B, SEXFERMROBRECERERRE R TEES
VARIESTIERL, BREYHS 70 T4 =L ETOA
WEOSTFRHEER L L FEROMEILERL T, e

BIERIER BB LTV ™Y k)i, S EADBAITL
NTOBHHIV RS, RO BREECREDIAR
RIS BBWICEBLTWLY %@tﬁéh@‘%

Xm

1) http://www.aidsinfo.nih. gov/ 2) HIV BRE TR0 EE &) 95K
(http//wwwhivip.org/). 3) Bl B—, BF0 HW %4, 213,859 (2005). 4) H.
Tamamura et al., Expert Opin. Ther Targets, 9, 1267 (2005). 5) Y. Koh
et al., Antimicrob. Agents Chemother., 47, 3123 (2003). 6) D.P. Getman
et al., U.S. Patent 6172101 (2001). 7) G. V. De Lucca et al., Pharm.
Biotechnol., 11, 257 (1998). 8) Y. Kiso, Biopolymers, 40, 235 (1996) 9)
T. Mimoto et al., Bioorg. Med. Chem., 12, 281 (2004)." 10) H. M. Abdel-
Rahman et al., Arch. Pharm. Pharm. Med Chem., 337, 587 (2004 11)
K. Hidaka et al., Bioorg. Med. Chem. Lett., 13,93 (‘7003) 12) Y. Sohma
et al., J Med. Chem., 46, 4124 (2003), 13) H. Matsumoto et al., Bioorg.
Med. Chem., 9, 1589 (2001), 14) M. S. Song et al., Bioorg. Med. Chem.
Lett., 11,2465 (2001). 15) Science, 301, 143 (2003), editors' choice. 16)
M. Asai et al,, J. Neurochem., 96, 533 (2006), '17) KB RHE, # R, B
&f+, MEDCHEM NEWS, 15, 11 (2005). 18) T“ﬁﬁﬂﬁj BIO Clmlca
21,16 (2006).

{£% Vol.61 No.5(2006) |29



Available online at www.sciencedirect.com

SCIENCE@DIRECT°

" Bioorganic &
Medicinal
Chemistry
Letters

Bioorganic & Medicinal Chemistry Letters 16 (2006) 4354-4359

B-Secretase inhibitors: Modification at the P4 positi(in
and improvement of inhibitory activity in cultured cells

Yoshio Hamada,* Naoto Igawa,* Hayato Ikari,* Zyta Ziora,* Jeffrey-Tri Nguyen,?
Abdellah Yamani,®* Koushi Hidaka,* Tooru Kimura,® Kazuki Saito,®
Yoshio Hayashi,* Maiko Ebina,® Shoichi Ishiura® and Yoshiaki Kiso®*

2Department of Medicinal Chemistry, Center for Frontier Research in Medicinal Science and 21st Century COE Program,
Kyoto Pharmaceutical University, Yamashina-ku, Kyoto 607-8412, Japan
bLaboratory of Proteomic Sciences, 21st Century COE Program, Kyoto Pharmaceutical "University, Yamashina-ku,
Kyoto 607-8412, Japan
®Department of Life Sciences, Graduate School of Arts and Sciences, University of Tokyo,
Meguro-ku, Tokyo 153-8902, Japan

B Received 11 April 2006; revised 12 May 2006; accepted 16 May 2006
Available online 6 June 2006

Abstract—Recently, we reported potent and small-sized B-secretase (BACE1) inhibitors KMI-570 and KXMI-684 in which we
replaced carboxylic acid groups at the Py’ position of KMI-420 and KMI-429, respectively, with tetrazole derivatives as carboxylic
acid bioisosteres. These modifications improved significantly BACE]1 inhibitory activity and chemical stability. In this study, the
acidic tetrazole ring of the P4 position of KMI-420 and KMI-570, respectively, was replaced with various hydrogen bond acceptor
groups. We found BACE1 inhibitor KMI-574 that exhibited potent inhibitory activity in cultured cells as well as in vitro enzymatic
assay.

© 2006 Elsevier Ltd. All rights reserved.

According to the amyloid hypothesis,! PB-secretase ' '
[BACEI1: B-site APP (amyloid precursor protein) cleav-
ing enzyme] is a molecular target for therapeutic inter- ‘ » X
vention in Alzheimer’s disease (AD),>° because o e o /@\
BACE]1 triggers amyloid B (AB) peptide formation by HoN N
cleaving APP at the N-terminus of the Ap domain.”2 ’ \_/”\{.“, ' ?/U\ﬁ N COOH
Recently, we reported small-sized BACE! inhibitors “SNH 0 OH,

KM1I-420 (1) and KM1I-429 (2),'* that contained phenyl- N 1X=H
norstatine [Pns:  (2R,3S)-3-amino-2-hydroxy-4-phen- 0" Y e
ylbutyric acid] as a substrate transition-state mimic.* NN
KM1I-429 exhibited effective inhibition of BACEL activ-
ity in cultured cells, and significant reduction of A pro-
duction in vivo (APP transgenic and wild-type mice).!3®
Furthermore, KMI-570 (3) and KMI-684 (4), in which
the carboxylic acids at’the P’ position of KMI-420

(KMI-420)
2 X = COOH (KMI-429)

and KMI-429, respectively, were replaced with tetrazole
rings, showed more potent BACE! inhibitory activity’>
(Fig. 1). According to structure-activity relationship

Keywords: Alzheimer’s diseése; BACE] inhibitor; Cultured cells.
* Corresponding author. Tel.: +81 75 595 4635; fax: +81 75 591
9900; e-mail: kiso@mb.kyoto-phu.acjp
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Figure 1. Structures of BACE] inhibitors containing a tetrazole ring at
the P4 position.
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studies of KMI-compounds, an acidic moiety at the P4
position is required for improving BACE! inhibitory
activity. Moreover, according to substrate specificity®
and crystal structure!” studies of BACEZ, an acidic moi-
ety at the P, position is thought to be important for
selectivity against BACE2. Inhibition of BACE2, a
homologue enzyme of BACEL!'®!® by nonselective
BACE] inhibitors may compromise the desired decrease
of AP, because BACE?2 has been reported to regulate A
formation as well as o-secretase as an indirect antagonist
of BACE].2%2! Hence, the presence of an acidic moiety
or hydrogen bond acceptor at the Py position of BACE]
inhibitors would improve selectivity over BACE2,
because of favored interactions with Arg307 in the S4
pocket of BACEL over the corresponding Gln in
BACE2.17 However, acidic moieties often possess low
membrane permeability across the blood-brain barrier.
In this paper, we replaced the respective acidic tetrazole
ring at the P, position of KMI-420 and KMI-570 with
other hydrogen bond acceptor groups and evaluated
BACE! inhibitory activity in cultured cells (BACE1-
transfected HEK293 cells) in order to develop practical
anti-Alzheimer’s disease drugs. By replacing with a
5-fluoroorotyl group at the P4 position and L-cyclo-
hexylalanine (Cha) residue at the P, position likewise,
we found BACE1] inhibitor KMI-574 that showed
potent BACEI inhibitory activity in cultured cells as
well as in vitro enszymatic assay.

BACE!L inhibitors 5-22 were synthesized by Fmoc-
based (9-fluorenylmethoxycarbonyl) solid-phase peptide
synthesis methods according to previously reported pro-
cedures.3 As examples; the syntheses of inhibitors 16
and 22 are outlined in Scheme 1. Briefly, N-Fmoc-3-ami-
nobenzoic acid or N-Fmoc-5-(3-aminophenyl)tetrazole
was attached to 2-chlorotrityl chloride resin using diiso-
propylethylamine (DIPEA) in dichloromethane (DCM).
The Fmoc group was removed with 20% piperidine in
DMF and peptide bonds were formed using diisopropyl-
carbodiimide (DIPCDI) as coupling reagent in the
presence of 1-hydroxybenzotriazole (HOBt). After
elongating the peptide chain, cleavage from the resin
was achieved using trifluoroacetic acid (TFA) in the
presence of m-cresol and thioanisole. The crude peptide
was purified by preparative RP-HPLC.

BACE] inhibitory activity of the inhibitors was
determined by enzymatic assay using a recombinant
human BACEl and FRET (fluorescence resonance
energy transfer) substrate as previously reported.®> After
the enzymatic reaction with BACEl and FRET
substrate, (7—methoxycoumarin—4-y1)acetyl-Ser—Glu—Val-
Asn—Leu*Asp-Ala—Glu-Phe—Arg—Lys(2,4-djnitrophenyl)-Arg-
Arg-NH,, in incubation buffer with 2 or 0.2uM
KMI-compounds, the N-terminal cleavage fragment of
the substrate was analyzed by RP-HPLC with fluores-
cence detection. BACE] inhibitory activity in cultured
cells was determined in the manner reported by Asai.!*®
HEK?293 cells that stably expressed human BACEI en-
zyme (BACE1-HEK293) were cultured in 60 mm dishes
until 80-100% confluent (37 °C, 5% CO, incubator).
After replacement by new serum-free medium with or
without KMI-compounds (100 uM), BACEI1-HEK?293

Bt , .
a )
Fmoc=N COOH Fmoc—N O

(0]
i) (b,e)x 3 o—£3)
—————  Boc-DAP(Fmoc)-Val—Leu—Pns—N h g
ii) b,d H o
H o
b,e Boc—
—_— oe N\E/U\Val-—Leu—Pns—}I}li O
HNT F °©
[e] = ©
HN\H/NH
¢ [0}
—— 16 (KMI-446)

( %ﬁ" = 2-chlorotrityl resin)

(DAP: L-o,B-diaminopropionic acid)

B
Fmoc—ND\(/N‘ — Fmoc-—NQ\(/N‘ :
H N:N,NH H N—D

N=N
————>i) (b.c)x3 Boc—-DAP(F Y /©\(N
oc— moc)-Val- - — N
s Frosr o TS Q)
N=p
Boc—N N
b,e Y Val—Cha—Pns—N =N 2
2> E Ho o = N—D
BN F N
O © -
HNTNH ( = 2-chlorotrity! resin )
(o]

— — 22(kmI574)
Scheme 1. Reagents: (a) 2-Chlorotrityl chloride resin, DIPEA, DCM;
(b) 20% piperidine/DMF; (¢) Fmoc-AA-OH, DIPCDI, HOBt, DMF;
(d) Boc-DAP(Fmoc)-OH, DIPCDI, HOBt, DMF; (e) 5-fluoroorotic
acid, DIPCDI, HOBt, DMF; (f) TEA, m-presol, thioanisole.

cells were further incubated for. 6 h. After precipitating
the protein fraction by treatment with trichloroacetic
acid, the fraction was mixed with sample buffer contain-
ing 2-mercaptoethanol and subjected to 10% SDS-
PAGE. To detect sAPPB (soluble APPB: N-terminus
domain that is released from: APP by cleaving at the
B-site by BACE1), Western: blotting using anti-sAPPJ
polyclonal antibody was performed.” According to the
fluorescence imaging of the bands on the. blotting
membranes, the amount of SAPPB peptide, assumed to
be the index of BACE] activity, was measured. BACE]
inhibitory activity in cultured cells was determined by
calculating the decrease rate of sAPPp levels against
the control using DMSO instead of KMI-compounds
solution.

We selected inhibitor 1 (RMI-420), possessing a carbox-
ylic acid at the Py’ benzene ring, as a parent compound
and replaced its tetrazole ring at the P4 position with
various functional groups. The BACEL! inhibitory activ-
ity of compounds 5-17 is summarized in Table 1. Inhib-
itors 6-10 and 15-17, in particular 9 and 16, that contain
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Table 1. Effects of P4 modification on BACE! inhibitory actlvxty of KMI- 420

_ BACEI inhibition, (%)

Compound (KMI No.) R BACE] inhibition (%) . . ' )
at 2 iM at 02 uM. Tin cpltl{réd cellyg‘at lOQ uM
HO
5 (KMI-471) §_© 75 — 29
OH
6 (KMI-479) §_©‘ - 91 49 57,
HO OH . X
7 (KMI-520) }_@ 89 75 ~0
‘ HO . .
8 (KMI-521) % C 86 59 20
T2 OH
4 HO
9 (KMI-522) . )—Q 98 84 58
OH
OH
10 (KMI-473) ;—Q 94 60 69
OH
11 (KMI-523) §—<\j 82 38 4
12 (KMI-468) ?‘@m 69 — —
(0]
13 (KMI-508) §—-(_(NH 40 - —
HN—(
[¢]
0 .
14 (KMI-509) ¢ _<NH 13 — —
HN
[¢]
O
15 (KMI-467) a 90 54 46
HN—(
o]
R (8] ’
16 (KMI-446) ' w 99 82 76
A . OHN—
oo, [¢]
H o]
17 (KMI-510) ' 99 7 73
HN—
o]
N~
1 (KMI-420) ¢ 99 87 —
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aromatic hydrogen bond acceptors at the P4 position
showed potent BACE! inhibitory activity by in vitro
enzymatic assay. In cultured cells, inhibitors 16 and 17
possessing ureide derivatives at the P, position exhibited
higher BACEI1 inhibitory activities in cultured cells than
inhibitors 5-11 and 15.

Replacing the Leu residue at the P, position with the
unnatural amino acid Cha slightly enhanced BACEI
inhibitory activity (18 cf. 3, Table 2). Peptides containing
unnatural amino acids are expected to possess improved
stability in vivo. Using 2,5-dihydroxybenzoy! or 5-fluoro-
orotyl groups, corresponding inhibitors 9 and 16 at the P4
position and Leu or Cha residues at the P, position, we
synthesized inhibitors 19-22 that contain a tetrazole ring
on the P’ benzene ring. As shown in Table 2, inhibitors
19-22 exhibited potent BACEI inhibitory activity by
in vitro enzymatic assay that is similar to reference
compounds 3 (KMI-570) and 18 (KMI-571). In cultured
cells, compound 22 containing a P4 5-fluoroorotyl group
and P, Cha residue showed potent BACE1 activity, while
compound 21 containing a P, Val residue and compounds
19 and 20 containing P4 phernol derivatives showed
moderate inhibitory, activity. The difference in BACE]
inhibitory activity between in vitro enzymatic and

cultured cell-based assay is thought to be dependent on
the cell membrane permeability of the inhibitor. Because
endogenous BACE] is localized predominantly in the lat-
er Golgi and trans-Golgi network,>* and thought to
cleave at the P-site of APP on the trans-Golgi network
mainly,2? the synergistic effect of inherent BACE1 inhibi-
tory activity by in vitro enzymatic assay and its cell perme-
ability is believed to reflect BACE] inhibitory activity in
cultured cells.

Inhibitors 21 and 22 with 5-fluoroorotyl group at the Py
position exhibited potent BACEI inhibitory activity by
in vitro enzymatic assay that is almost similar to that
of inhibitor 3 with a tetrazole ring at the same position.
Orotyl derivatives, although not classified as bioisosteres
for carboxylic acid, and tetrazole rings play a role in
enhancing BACE1 inhibitory activity. In order to find
structure-based explanations, computational docking
simulations were performed using available coordinates
for BACE1 (PDB ID: 1W51), using previously reported
methods.!?® The structure of inhibitor 22 docked in
BACE], and that of superimposed previously reported
inhibitor 4, which possesses tetrazole rings at the Py
and P, positions, are shown in Figure 2. In docking
experiments, 5-fluoroorotyl and tetrazole-5-carbonyl

Table 2. Effects of P, modification on BACEI! inhibitory activity of KMI-570 and KMI-571

(o] H e} o]
Han AN AN A N,
i oH o4 & H By H A
SSNH \R o N=N
2
Pa,
Compound (KMI No) R, R, BACE! inhibition (%) ICss* (aM) BACEI inhibition (%)
at 2 oM at 0.2 xM in cultured cells at 100 pM
HO, ’
19 (KMI-573) ;O i~ 99 03 - - 65
OH
HO
20 (KMI-575) e—@ =) 99 ) — C 6o
OH
R 0O
21 (KMI-572) ar §—< 100 98 6.5 63
’ HN
¢}
R 0]
22 (KMI-574) o+l §—C> 100 97 56 84
CT, HN= :
v ~ 0 :
N~NH
3 (KMI-570) o i~ 100 98 438 66
>
N-NH
18 (KMI-571) = ; 100 98 33 59
-

2 Csp values in in vitro enzymatic assay.
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Figure 2. Docked inhibitor 22 (KMI-574) in BACE1 enzyme (PDB 1D: 1W51).

7 YR

or 22 (space-filling model) in the

nhibit

[T PP B
(A) Overview. of docked.i

binding site of BACE1 enzyme. Yellow ball-and-stick and colored molecular-surface mbdels indicate BACE]1 and its binding site except for the flap
domain from Pro70 to Gly74,?'respectively. (B) Stereoscopic view of superimposed inhibitors 22 (red lines) and 4 (KM]I-684, green lines). Yellow and
white dashed lines indicate BACE] enzyme and hydrogen bond interactions, respectively. o :

groups each assumed, the same pose in the binding pock-
ot of BACE] that conmsists of Arg307, Lys32l, and
Arg235, whereas the former group is larger than the lat-
ter. On the other hand, inhibitor 16, which contained a
fluorine atom on the aromatic ring, showed higher
BACE] inhibitory activity than inhibitors 15 and 17.
The strong electron-withdrawing fluorine atom raises
the electrophilicity of the aromatic ring, consequently
enhancing the hydrogen bond acceptor character of
the P4 side chain. This effect is likely to improve BACE1
inhibitory activity.

High affinity for the BACEl enzyme does not necessi-
tate high BACEI! inhibition in cultured cells because
of various factors affecting cellular penetration. Bhhata-
rai and Garg have used calculated logP (ClogP) and
calculated molar refractivity (CMR) values to predict
the inhibitory activity of HIV-1 protease inhibitors.24
(k; ClogP-k, ClogP?) can be seen as the inhibitor’s lipo-
philicity value, while (ks CMR~k4 CMR?) represents the
inhibitor’s steric effect, that both would favor internali-
zation of the inhibitor into the cell. The following QSAR
equation, derived from compounds 3, 8,9, 11, and 15~
22, was obtained with a high regression fit (** =0.933)
and significance (p <0.001) when inhibitors 6, 7, and
10 were excluded as outliers by cross-validation.

log(Inhe) = 1.889 log(Inhey;) — (0.169ClogP
— 0.042k,ClogP”) — (4.351CMR .
— 0.104CMR?) — 45.666 (1)

n=12, ¥ =0.933, F=16.679, p<0.001

Inh.e; denotes percent BACE] inhibition with 100 pM
in cultured cells, while Inh,, denotes percent BACEI]

inhibition with 0.2 uM inhibitor by enzymatic assay.
ClogP and CMR values were calculated with Chem-
Draw Ultra 6, while statistical evaluations were per-
formed in Microsoft Excel 2003.

The QSAR equation predicts that an inhibitor with
Clog P of less than —1.006 and CMR of 21 .080 would
exhibit potent cellular activity. It should be noted that
an inhibitor with a low Clog P value may have a detrimen-
tal CMR value, because relationships exist between
Clog P and CMR. Calculations also reveal that the inhib-
itor’s intrinsic activity (Inhenz) is the major determinant,
while Clog P is a lesser determinant for cellular inhibitory
activity than CMR, suggesting that CMR is a more accu-
rate predictor than Clog P. Although the results obtained
from the equation are rough estimates (Fig. 3),the QSAR
equation is invaluable to design BACEL inhibitors with
high cellular activity, especially when the QSAR equation

100
90 4

predicted

80 @ measured
70
60

3]

50

w0} —1]
a0l

o P A T I

20 4———[8

Percent BACE1 Inhibition in Cultured Cells

1 6 8 19 7 15 9 3‘19 22 20 18 17 16 21
Compound Number

Figure 3. Predicted BACE] inhibitory activities in cultured cells using
multiple linear regression by Eq. 1 and their observed values for
inhibitors 3, 6-11, and 15-22.
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is further refined as more cellular BACE] inhibitibn data
become available in future rgsearch.

In conclusion, BACE1 inhibitors were designed and syn-
thesized using various hydrogen bond acceptor groups
at the P, position and Cha residue replacement at the
P, position. BACE inhibitor 22 (KMI-574) exhibited
potent BACEI inhibitory activity in cultured cells as
well as in vitro enzymatic assay. These findings are a
stepping stone forward to overcome a key issue in devel-
oping of anti-AD drugs, namely to improve cell and
blood-brain barrier permeability.
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Abstract—A prodrug of paclitaxel which has a coumarin derivative conjugated to the amino acid moiety of isotaxel (O-acyl isoform
of paclitaxel) has been synthiesized. The prodrug was selectively converted to isotaxel by visible light irradiation (430 nm) with the
cleavage of coumarin. Finally, paclitaxel was released by subsequent spontaneous O-N intramolecular acyl migration.

© 2006 Elsevier Ltd. All rights reserved.

A large number of anticancer agents have been devel-
oped in recent decades. However, these agents have very
little or no specificity for the target tumor tissues which
leads - to systemic toxicity. Among them, paclitaxel
(1, Taxol®) is considered to be one of the most impor-
tant drugs in-cancer chemotherapy. However, this agent
also has low.tumor selectivity.

To overcome this problem, prodrug strategy is specially
promising.}? A lot of prodrugs of paclitaxel have already
been designed to specifically deliver them to the tumor tis-
sues with a site-specific chemical delivery system. In addi-
tion, - macromolecular prodrugs showed targetable
properties due to enhanced permeability and retention
(EPR) effect, and monoclonal antibodies (mAbs) were
used as a vehicle to deliver 1 selectively to the tumor tis-
sues. Some of them exhibited very promising properties;
however; none of them is available in clinical use.**

Photodynamic therapy (PDT) is used for cancer treat-
ment. This technique is based on the administration of a
sensitizer devoid of mutagenic properties, followed by
the exposure of the pathological area to visible light.®
Two types of photoreaction mechanisms are invoked to

I
¢

Keywords: Taxol; Tumor targeting prodrug; Photoresponsive;
Coumarin; O-N intramolecular acyl migration; Visible light
irradiation.
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explain photosensitizer action: free radical generation
by electron or proton transfer, or singlet oxygen
generation by energy transfer, from light activated photo-
sensitizers. To date, the FDA has approved a photosensi-
tizing agent, porphyrin derivative, called Photofrin® for
the use in PDT.®

Photoactivation also affords a useful technique in life
science to monitor biological processes by using so-called
‘caged’ compounds.’!? These compounds are artificial
molecules whose biological activity is masked by a cova-
lently attached photocleavable group which can be selec-
tively removed upon light activation to release parent
bioactive molecules. Recently, we applied this caged strat-
egy for a controlled generation of intact amyloid B peptide
1-42 (AP1-42) for the study of Alzheimer’s disease in
combination with an isopeptide method to mask biologi-
cal features of AB1-42. A synthesized phototriggered
AP1-42 isopeptide (‘click peptide’) possessing a photo-
cleavable 6-nitroveratryloxycarbonyl (Nvoc) group affor-
ded intact AB1-42 with a quick and one-way conversion
reaction through photoirradiation by 355 nm light and
subsequent spontaneous O-N intramolecular acyl migra-
tion reaction.'?

Taking all those three strategies (prodrug, photodynamic
therapy, and caged compound chemistry) into consid-
eration, we designed a photoresponsive targeting
prodrug of paclitaxel 1, namely phototaxel 2, which
has a coumarin derivative conjugated to an amino group
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of isotaxel (3,0-acyl isoform of paclitaxel)."*'® This
prodrug was expected to: (a) be selectively activated by
visible light irradiation (430 nm) leading to cleavage of
coumarin, then (b) release paclitaxel via subsequent
spontaneous O-N intramolecular acyl migration reac-
tion (Fig. 1). 7-N,N-Diethylamino-4-hydroxymethyl
coumarin (5, DECM) was chosen as a photolabile group
since DECM-caged compounds have been reported to
be water-soluble, thermally stable, and rapidly photo-
lyzed by visible light.>!718

As depicted in Scheme 1, 7-N,N-diethylamino-4-
hydroxymethyl coumarin 5 was prepared from commer-
cially available 7-N,N-diethylamino-4-methyl coumarin
4 according to the procedure reported by B. Giese and
coworkers.]® Compound 5 was activated by coupling
to 4-nitrophenyl chlofoformate in presence of DMAP
(4-(dimethylarnino)pyridine),12 then allowed to react
with 3’-N-debenzoylpaclitaxel, which was synthesized
by a previously described method, ! to afford 6. Finally,
benzoylation of the 2'-hydroxyl group with benzoic
acid by the EDC-DMAP method (EDC,1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide), and following
HPLC purification with jon-exchange by elution with
12mM aq HCl gav% phototaxel 2 as a HCI salt.20

430 nm

O 7]
O
1, paclitaxel

Figure 1. Releasing mechanism of paclitaxel 1 from its photorespon-
sive prodrug 2.

Scheme 1. Syntheses of phototaxel 2. Reagents and conditions: (a)
SeO,, p-xylene, reflux, 24 h; (b) NaBH,, EtOH, rt, 4 h, 49% over two
steps; (c) 4-nitrophenyl chloroformate, DMAP, CH,Cl,, rt, 6 h, then
3/.N-debenzoylpaclitaxel, DMAP, 20h, 40%; (d) benzoic acid,
EDCHCI, DMAP, CHCl;, rt, 6 h, then HCI, 70%.

Previously reported DECM-caged compounds demon-
strated good water-solubility;’+!7-1® however, prodrug 2
had lower water-solubility (<0.00025mg mL™") than
parent drug 1. Therefore, to study the kinetics of photo-
conversion, 2 was dissolved in a mixture of 0.1 M phos-
phate buffer (PB, pH 7.4) and methanol (1:1, v/v) to
simulate physiological conditions?! and to obtain con-
centration of prodrug enough high for the clear detec-
tion in further evaluations (20-50 uM). Prodrug 2 was
photoirradiated with a diode laser (Melles Griot-85
BTL 010 laser, 430.6 nm, 10 mW) at 15 °C. The absorp-
tion spectra were taken immediately after irradiation
(Fig. 2A). Photolysis of DECM-caged compound is
expected to produce compound 5,%1® which can be ob-
served as a shift of long-wavelength absorption maxi-
mum to the lower wavelength :(compounds 5 and 2
had intensive maxima at 385 and 393 nm, respectively).
Indeed, we observed not only the-shift but also a signif-
icant reduction of absorption intensity. This suggested
that 2 was photolytically cleaved and the released cou-
marin derivative was partially decomposed. This obser-
vation was further confirmed by HPLC analysis
(Fig. 2B), which was performed after irradiation fol-
lowed by incubation at rt for at least 1 h to induce com-
plete O-N intramolecular acyl migration to the parent
paclitaxel (the #,, value of migration of isotaxel 3 to re-
Jease 1 was 15.1 min under physiological conditions).!*¢
On the HPLC charts three signals were identified by
mass spectrometry analysis and confirmed with indepen-
dently synthesized compounds as 5 (rt =20.5min), 1
(rt = 28.5 min), and 2 (rt = 36.0 min). Thus, time-depen-
dent parent drug release from phototaxel 2 was indicat-
ed and quantitative analysis of prodrug kinetics upon
photoirradiation (Fig. 3) showed that paclitaxel was re-
leased with 69% yield after 30 min; however, only 20%
of 5 was recovered. Prodrug 2 was stable in the dark
in phosphate-buffered saline (PBS, pH 7.4) at 4 °C for
at least 1 month and as a solid state for at least 4 months
at —20 °C. S
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Figure 2. (A) Absorption spectra (250-500 nm) of prodrug 2 solution in PB(0.1 M)/MeOH (1:1) before (red line) and after irradiation (430.6 nm,
10 mW) for desired period of time (other lines) at 15 °C; (B) HPLC charts for prodrug 2 subjected to above irradiation, conditions followed by
incubation at rt to induce migration, detected at 230 nm (line colors are corresponding to irradiation time in the same manner as for absorption

spectra).

100 4

80

Time (min)

—A—5 &1 62

Figure 3. Time course of photolysis of prodrug 2 and release of 5 and 1
in 0.1 M PB/MeOH (1:1) at 430.6 nm. The percentage was determined
by HPLC.

Extensive literature searches revealed. that photolabile
prodrug strategy has not yet been proposed for paclit-
axel, although there are a few reports that demonstrated
utilization of caged paclitaxel derivatives (activated by
UV irradiation) for molecular biology related study.?%23
Thus, herein a novel approach for developing a photore-
sponsive tumor targeting paclitaxel prodrug is demon-
strated throughout the design -and -synthesis of
phototaxel 2. Prodrug 2 is not expected to be active pri-
or to photoconversion, based on previous SAR studies
on paclitaxel derivatives.?#?> Namely, it is known that
both extensive modifications of the N-acyl moiety
and masking of the 2'-OH group restrain paclitaxel
activity.2® Upon visible light irradiation (430.6 nm, 10 mW)
this prodrug released isotaxel 3 (half-life of prodrug
was 4.8 min, Fig. 3), and subsequent spontaneous O-N
intramolecular acyl migration (f);, = 15.1 min)'41®
formed intact paclitaxel 1. This delay of parent drug
release after irradiation (related to migration of benzoyl
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group) is supposed to be short enough. to avoid the
intermediate (3) diffusion from the photoirradiated site
before the parent drug is released. Moreover, we recently
demonstrated faster O-N intramolecular acyl migra-
tion in other highly potent taxoids.'*!%!® For example,
prodrug of canadensol (3'-N-isopropylcarbonyl-3'-N-
debenzoylpaclitaxel) had a #;, value of 4.3 min under
physiological conditions.!>" 2'-0-Benzyloxycarbonyl-
3' N-debenzoyl-paclitaxel, prodrug design based on the
O-N intramolecular alkoxycarbonyl migration reac-
tion,26 exhibited even instantaneous conversion to a par-
ent carbamate-type taxoid (¢;,, < 1 min).!* Phototaxoids
derived from these types of taxoids would be more effec-
tive without risking diffusion from the irradiation site.

The observed recovery yield (69%) of paclitaxel 1 in the
photo-triggered conversion of 2 in HPLC analysis is in
agreement with previous reports on caged compounds
(typical released yield was 40-70%).7-#7-® This relatively
moderate recovery might be related to partial decompo-
sition of prodrug 2 or intermediate 3 due to their pho-
toinstability, as we observed low recovery of coumarin
derivative 5 from prodrug 2 contrary to a previous
report!® (Figs. 2 and3). However, no major byproduct
formation was detected by HPLC, and paclitaxel 1
was almost stable under the photo-irradiation condi-
tions used for conversion of prodrug 2, that is, only a
small amount of paclitaxel decomposition (about 2%)
was observed by photo-irradiation for 0.5h (data not
shown). Another reason could be non-specific absorp-
tion of compounds on the surface of experimental tubes.

DECM 5 has been chosen as a photolabile group, as
much less expensive and simple-to-use light sources are
available for experiments in the visible wavelength re-
gion. In spite of intensive maxima of DECM-caged
compounds are in UV-range (around 390 nm), these
compounds have been activated by visible lights (even
by irradiation at 436 nm).%'® Moreover, during our ini-
tial experiments on prodrug 2 irradiated with UV pulses
(355 nm, 10 Hz, 5-20 mJ), extensive decomposition of 2
was observed (data not shown). In contrast, irradiation
at 430.6 nm showed to be effective for triggering parent
drug release without any major decomposition of pro-
drug or parent drug.

In conclusion, we designed and synthesized a new photo-
responsive paclitaxel prodrug based on an idea that com-
bined both photodynamic cancer therapy and caged
chemistry. The prodrug, phototaxel 2, released parent
drug, paclitaxel, with a reasonable conversion time by
visible light irradiation suggesting that this strategy is
practically applicable for wide range of anticancer agents
to develop new photoresponsive prodrugs. Thiswould ex-
pand the current photodyn'amictherapy which is depen-
dent on photosensitizers (porphyrin derivatives) that
generate free radicals or singlet oxygen as cytotoxicspices.
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