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From Peptidic Substrate to Small Inhibitor Possessing Non-Natural Amino Acids:
A Summary on HTLV-I Protease Inhibitor Optimization Studies

J-T. Nguyen, A, Itami, H. Maegawa, K. Nishiyama, T. Kimura and Y. Kiso
Deparment of Medicinal Chemistry, Center for Frontier Research in Medicinal Science and
21 Century COE Program, Kyoto Pharmaceutical University, Yamashina-ku, Kyoto 607-8412, Japan
kiso @mb.kyoto-phu.ac.jp

The human T-cell lymphotrophic virus type 1 (HTLV-]) infects human white blood cells causing malignant
proliferation of adult T-cell leukemia / lymphoma that infiltrates skin and brain, as well as myelopathy / tropical spastic
paraparesis in which patients present with a gradual onset of symmetrical weakness, upper motor neuronal signs, mainly
affecting lower limbs. Infection with the oncogenic retrovirus is endemic in south-western Japan, the Caribbean basin,
South America, Central and West Africa, the Middle East and the Pacific region. The HTLV-I protease (PR) plays 2
key role in the replication of the HTLV-I virus; thus inhibiting the protease would essentially stop viral propagation.

From a matrix-capsid cleavage substrate that is only recognized by HTLV-I PR, we roughed out a series of peptide

" inhibitors and ended with octapeptide KNI-10161, exhibiting 94% HTLV-1 PR inhibition at 100 uM of the compound.

Realizing the difficulty for Jarge peptides to penetrate intact cells, we then chipped octapeptide KNI-10161 down to
hexapeptide KNI-10127 with some loss of inhibitory activity (66%). On the premise that other substrates are also
cleaved by the HTLV-1 PR, we carved out small libraries at each residue of KNI-10127 to recover equipotency in
inhibitor KNI-10166 (94%). In the midst of our woes on how frail peptides are against proteolytic cleavage, we slowly
changed the natural amino acid foundation of the inhibitor, and sculpted hexapeptide KNI-10220 exhibiting 99%
activity. Filing away an eXcess residue, we rejoiced as we uncovered pentapeptide KNI-10247 with minimal loss of
activity (84%). Finally, after much polishing, we unveiled small tetrapeptide KNI-10455 (94%) that is completely
devoid of any natural amino acid residue.

q . Structure HTLV-1PR
Compounds . - 3 . . Inhibition
P, P, Py P P P P BBy Ps at 100 uM
Peptide Substrate  H Ala Pro Gln Val Leu FPro val Met His Pro OH Not Applicable
KN1-10161 H Pro Gln Val Apns Pro val Met His OH 94%
KNI-10127 Ac Gln Val Apns Dmt Val Met NH, 66%
KNI-10166 Ac lle lle Apns Dmt lle Met NH, 94%
KNI-10220 Ac Phg Tle Apns Dmt lle Met NH, 99%
KNI-10247 Ac Phg Tle Apns Dmt lle NH; 84%
KNI-10455 Ac Phg Tle Apns Dmt Bma " 94%

Apns, (ZS,BS)—S—amino—2-hydr0xy~4—pheny1butyric acid, allophenylnorstatine
Dmt, (R)-S,S—dimethyl—l,3—thiazolidine—4—carboxylic acid i
Phg, L-(+)—a—pheny1g1ycine

Tle, L-tert-leucine

Bma, -methallyl

-BpP -
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‘O-Acyl isopeptide method’ for the efficient synthesis
of difficult sequence-containing peptides: use
of ‘O-acyl isodipeptide unit’
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Abstract—A novel ‘O-acyl isodipeptide unit’, Boc-Thr(Fmoc-Val)-OH 3 has been successfully used for the efficient synthesis of a
difficult sequence-containing pentapeptide based on the ‘O-acyl isopeptide method’, in which racemization-inducible esterification
could be omitted, suggesting that the use of O-acyl isodipeptide units allows the application of this method to fully automated pro-

tocols for the synthesis of long peptides or proteins.
© 2006 Elsevier Ltd. All rights reserved.

The synthesis of ‘difficult sequence’-containing peptides
is one of the most problematic areas in peptide chemis-
try. These peptides are often obtained with low yield and
purity in solid-phase peptide synthesis (SPPS).! These
difficult sequences are generally hydrophobic and pro-
mote aggregation in solvents during synthesis and puri-
fication. This aggregation is attributed to intermolecular
hydrophobic interaction and hydrogen bond network
among resin-bound peptide chains, resulting in the
formation of extended secondary structures such as
B-sheets.!

In regard to the synthesis of difficult sequence-contain-
ing peptides, we have recently disclosed an ‘0O-acyl iso-
peptide method’,? in which a native amide bond at a
hydroxyamino acid residue, for example, Ser was iso-
merized to the ester bond, followed by an O-N intra-
molecular acyl migration reaction (Fig. 14). The method
has been successfully applied to the efficient synthesis
of difficult sequence-containing peptides such as Ac-
Val-Val-Ser-Val-Val-NH, 1 (Fig. 1B)?%¢ and Alzhei-
mer’s disease-related amyloid B peptide (AB) 1-42.2°7

'

Keywords: O-Acyl isodipeptide unit; O-Acyl isopeptide method;

Difficult sequence; 0N Intramolecular acyl migration.
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Our studies indicated that the isomerization of the pep-
tide backbone at only one position of the whole peptide
sequence, that is, formation of the ester, significantly
changed the unfavorable secondary structure of the dif-
ficult sequence-containing peptides, leading to improved
coupling and deprotection efficacy during SPPS. Mutter
et al.3¢ and Carpino et al.?® have also confirmed the
efficacy of the ‘O-acyl isopeptide method’. Herein, a
novel ‘O-acyl isodipeptide unit’, Bdc-Thr(Fmoc-Val)-
OH 5 was successfully used to efficiently synthesize a
difficult sequence-containing pentapeptide (Ac-Val-Val- -
Thr-Val-Val-NH, 3). '

In the synthesis of peptide 3 by standard SPPS using
Fmoc-amino acids,* an undesired peptide, Fmoc-Val-
Val-Thr-Val-Val-NH, was obtained at a similar rate to
peptide 3 after the final deprotection (Fig. 2A). This
indicated that the Fmoc group of the pentapeptide-resin
was not deprotected during SPPS, similar to what we
have previously reported for the synthesis of 1.2>:%¢ This
suggests that the highly hydrophobic nature of Fmoc-
peptide-resin prevented the base from accessing the
Fmoc group, thus forming insoluble micro-aggregates
on the resin. Further purification of 3 in preparative
scale HPLC was laborious due to the extremely low
solubility of the product (the solubility of 3 in H,O,
MeOH, and DMSO being 0.008 £ 0.003, 0.059 4= 0.004
and 1.8940.14 mgmL~", respectively). When the
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Tigure 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 (4.6 150 mm; YMC
Pack ODS AM302) with a binary solvent system: a linear gradient of
CH,CN (0-100% CH4CN, 40 min) in 0.1% aqueous TFA ata 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%.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 4 TFA in H,0O or
MeOH was 462+ 227 (5775-fold) or 2665 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 4 TFA 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-NHo.
This extent of racemization is remarkably higher than
that of the esterification between Val and Ser in 2
(0.8%),2>d¢ 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.% 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 isopeptide method.

To avoid this problem, we decided to adapt an O-acyl
isodipeptide unit, Boc-Thr(Fmoc-Val)-OH 5 (Fig. 34A),
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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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2.5 equiv), HOBt (2.5 equiv), DMF, 2 b; (iii) 5 (2.5 equiv), DIPCDI (2.5 equiv), HOBt (2.5 equiv), DMF, 2 h; (iv) Ac;0 (1.5 equw), TEA (1.0 equiv),
DMF, 2 h; (v) TFA-m-cresol-thioanisole—H,0 (92.5:2.5:2.5:2.5), 90 min; (vi) phosphate buffered saline (PBS), pH 7.4, 25 °C.

"y

which was synthesized by solution phase,’ for the syn-
thesis of 3 based on the O-acyl isopeptide method
(Scheme 1).2 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 (2 h) 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 4 TFA
was obtained. As shown in Figure 3B, HPLC analysis
of crude 4 (synthesized using O-acyl 1sod1pept1de 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 Jead to
any additional side reaction. Moreover, since H-Thr-
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 phosph'tte buffered saline (PBS, pH 7.4) at rt,
quantitative O-N mtramolecuhr 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).2d¢ The faster migration in 4 may be attributed
to a unique interlocking effect of the P-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 3in O-acyl isopeptide method
was 42.7%.%

In conc}usion, ‘0-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 ‘0-acyl isopep-
tide method’ to fully automated protocols for the
synthesis of long peptides or proteins.
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Abstract—Recently, we reported potent and small-sized B-secretase (BACE)) inhibitors KMI-570 and KXMI-684 in which we
replaced carboxylic acid groups at the Py’ position of KMI-420 2nd K MI-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 BACE! inhibitor KMI-574 that exhibited potent inhibitory activity in cultured cells as well as in vitro enzymatic
assay.

© 2006 Elsevier Ltd. All rights reserved.

1

According to the amyloid hypothesis,’ B-secretase

[BACEL1: B-site APP (amyloid precursor protein) cleav-

ing enzyme] is a molecular target for therapeutic inter- ‘ ¢ X
vention in Alzheimer’s disease (AD),>® because \)OL " i o
BACE]1 triggers amyloid B (Ap) peptide formation by HaN N
cleaving APP at the N-terminus of the Ap domain.™? TN I N L N COCH
~ .
NH ;

Relll

Recently, we reported small-sized BACE!L inhibitors

KMI-420 (1) and KMI-429 (2),'? that contained phenyl- )\( N IX=H  (KM-420)

norstatine [Pns: (2R,3S)-3-amino-2-hydroxy-4-phen- © ~NH 2 X = COOH (KM!-429)

ylbutyric acid] as a substrate transition-state mimic.'* NN

KM1-429 exhibited effective inhibition of BACEI activ-

ity in cultured cells, and significant reduction of Af pro- X

duction in vivo (APP transgenic and wild-type mice).!*® o o o

Furthermore, KMI-570 (3) and KMI-684 (4), in which HoN \)J\ H

the carboxylic acids at‘the Py’ position of KMI-420 NN YN Y N /N~NH

and KMI-429, respectively, were replaced with tetrazole :\NHH o ¢ M " N=pN

rings, sliowed more potent BACE! inhibitory activity'® | >‘

(Fig. 1). According to structure-activity ielationship OA(NNH 3X=H (KMI-570)
NN aX= g’\(N*;\;H (KMI-684)

Keywords. Alzheimer’s diseése; BACE] inhibitor; Cultured cells. N=N

* Corresponding author. Tel.: +81 75 595 4635; fax: +81 75 591 Figure 1. Structures of BACE] inhibitors containing a tetrazole ring at

9900; e-mail: kiso@mb.kyoto-phu.ac.jp the P4 position.
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studies of KMI-compounds, an acidic moiety at the Py
position is required for improving BACE] inhibitory
activity. Moreover, according to substrate specificity'®
and crystal structure!? studies of BACE2, an acidic moi-
ety at the P4 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 BACE2 has been reported to regulate AP
formation as well as o-secretase as an indirect antagonist
of BACE1.2921 Hence, the presence of an acidic moiety
or hydrogen bond acceptor at the P4 position of BACE1
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 (BACEI-
transfected HEK293 cells) in order to develop practical
anti-Alzheimer’s disease drugs. By replacing with a
5-fluoroorotyl group at the P, position and L-cyclo-
hexylalanine (Cha) residue at the P, position likewise,
we found BACE] inhibitor KMI-574 that showed
potent BACE!1 inhibitory activity in cultured cells as
well as in vitro enszymatic assay.

BACE] 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 BACE1l and FRET (fluorescence resonance
energy transfer) substrate as previously reported.’ After
the enzymatic reaction with BACEl and FRET
substrate, (7-methox;’/comnarin-4—y1)acetyl-Ser~Glu—Val—
Asn—I_ﬁu*Asp-Ala-Glu—Phe-Arg—Lys(2,4-dinitrophenyl)—Arg-
Arg-NH,, in incubation buffer with 2 or 0.2 uM
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.!®
HEK293 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 XMI-compounds (100 uM), BACE1-HEK 293
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a
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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; () S-fluoroorotic
acid, DIPCDI, HOBt, DMF; (f) TFA, m-gresol, 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-sAPPf
polyclonal antibody was performed. According to the
fluorescence imaging of the bands .on the blotting
membranes, the amount of sAPPJ peptide, assumed to
be the index of BACEI1 activity, was measured. BACE]
inhibitory activity in cultured cells was determined by
calculating the decrease rate of sAPPB levels against
the control using DMSO instead of KMI-compounds
solution.

We selected inhibitor 1 (KMI-420), possessing a carbox-
ylic acid at the P, benzene ring, as a parent compound
and replaced its tetrazole ring at the P4 position with
various functional groups. The BACE] inhibitory activ-
ity of compounds 5-17 is sumumarized in Table 1. Inhib-
itors 6-10 and 15-17, in particuldar 9 and 16, that contain
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Table 1. Effects of P, modification on BACEI inhibitory activity of KMI-420
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aromatic hydrogen bond acceptors at the P4 position
showed potent BACEI inhibitory activity by in vitro
enzymatic assay. In cultured cells, inhibitors 16 and 17
possessing ureide derivatives at the P4 position exhibited
higher BACE] 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 passess improved
stability in vivo. Using 2,5-dihydroxybenzoyl 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 BACE! 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 BACEL activity, while
compound 21 containing a P, Valresidue and compounds
19 and 20 containing P4 pherol derivatives showed
moderate inhibitory, activity. The difference in BACE1
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,? 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 BACE! 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 BACE]1 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.!32 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 BACEL! inhibitory activity of KMI-570 and KMI-571
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W

Figure 2. Docked inhibitor 22 (KMI-574) in BACEI ver'uzyme (PDB ID: IW51). (A)

] .

nhibitor 22

[T S S
ling model) in the

Overview. of ‘docked i (spéé;-ﬁl

binding site of BACE] enzyme. Yellow ball-and-stick and colored molecular-surface models indicate BACE1 and its binding site except for the flap
domain from Pro70 to G]y74,f‘respectively. (B) Stereoscopic view of superimposed inhibitors 22 (red lines) and 4 (KMI-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 consists of Arg307, Lys321, 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 P, side chain. This effect is likely to improve BACEI]
inhibitory activity. :

High affinity for the BACE!L enzyme does not necessi-
tate high BACEI] inhibition in cultured cells because
of various factors affecting cellular penetration. Bhhata-
rai and Garg have used ‘calcula'ted log P (ClogF) and
calculated molar refractivity (CMR) values to predict
the inhibitory activity of HIV-1 protease inhibitors.>*
(k; ClogP-k2 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(Inhey) = 1.889 log(Inferz) — (0.169ClogP
_ 0.042k; ClogP?) — (4.351CMR
_ 0.104CMR?) — 45.666 (1)

n=12, *=0933, F= 16.679, p < 0.001

Inhce denotes percent BACE] inhibition with 100 pM
in cultured cells, while Inhg, denotes percent BACEI

inhibition with 0.2 uM inhibitor by enzymiatic 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
ClogP 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 (Inhesz) 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 BACE! inhibitors with
high cellular activity, especially when the QSAR equation

100
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704
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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 futL}re rgsearch.

In conclusion, BACE! 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 BACE1 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 Ltgl. 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 sité-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
Bl 1. .

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 ca ged strat-
egy for a controlled generation of intact amyloid p peptide
1-42 (AP1-42) for the study of Alzheimer’s disease in
combination with an isopeptide method to mask biologi-
cal features of AP1-42. A synthesized phototriggered
AP1-42 isopeptide (‘click peptide’) possessing a photo-
cleavable 6-nitroveratryloxycarbonyl (Nvoc) group affor-
ded intact Ap1-42 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, O-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.®17:18

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 chloroformate in presence of DMAP
(4-(dimethylamino)pyridine),’? then allowed to réact
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 ion-exchange by elution with
12 mM aq HCI gave phototaxel 2 as a HCI salt.?0

HCI

l 430 nm

3, isotaxel
lO-N acyl migration

1, paclitaxel

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

Scheme 1. Syntheses of phototaxel 2. Reagents and conditions: (a)
SeQ,, p-xylene, reflux, 24 h; (b) NaBH,, EtOH, rt, 4 h, 49% over two
steps; (c) 4-nitropheny! chloroformate, DMAP, CH2Cly, rt, 6 h, then
3’-N-debenzoylpaclitaxel, DMAP, 20h, 40%; (d) benzoic acid,
EDCHCI, DMAP, CHCI,, tt, 6 h, then HCI, 70%.

Previously reported DECM-caged compounds demon-
strated good water-solubility;*7-18 however, prodrug 2
had lower water-solubility (<0.00025 mg 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 pM). 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,%!® 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-
lease 1 was 15.1 min under physiological conditions).!6
On the HPLC charts three signals were identified by
mass spectrometry analysis and confirmed with iiidepen-
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. K



4494 M. Skwarczynski et al. | Bioorg. Med. Chem. Lett. 16 (2006) 44924496

A

0.40

Absorbance

0.20

0.00 L *

time of
irradiation:
-0 min
-2 min
-4 min
-6 min
-10 min
=20 min
-30 min

400 - T 500
Wavelength / nm

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).

“Time (min)

Figure 3. Time course of photolysis of prodrug 2 and release of 5and1
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.®*??
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.? 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 (fy, = 15.1 min)'*6
formed intact paclitaxel 1. This delay of parent drug
release after irradiation (related to migration of benzoyl





