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Figure 2. A pH-triggered “click peptide” based on the “O-acyl isopeptide method”: production of AB1-42 (9) through the pH-dependent O-N intramolecular

acyl migration of 26-AlAf42 (10).

ingly, since isomerization of the peptide chain to the O-acyl
isopeptide structure seems to increase the solubility of the in-
soluble original peptide with 42 residues drastically, this sug-
gests that O-acyl isopeptides totally break the secondary struc-
tures responsible for the insolubility of the original peptide. In
addition, HPLC analysis of 10 revealed a sharp peak even in a
slow gradient system, while 9 was eluted as a broad peak
under the same elution condition, as reported.™ Recent solu-
tion-state NMR studies of AB1-40 and AB1-42 have indicated
that the Ser26 residue produces turn- or bendlike structures
that bring two f-sheets into contact and so cause hydrogen
- bonding interactions between peptide chains, which is associ-
ated with B-aggregation.”¥ As we have demonstrated that the
use of O-acyl isopeptides allows the unfavorable natures of
pentapeptides containing difficult sequences to be suppressed,
permitting the synthesis of 10. Thus, this method might be a
powerful strategy for increasing the solubilities of even larger
peptides. -

As shown in Figure 3, purified 10 could be quantitatively
converted into AB1-42 (9) by O-N intramolecular acyl migra-
tion in PBS (pH 7.4) with no side reactions such as hydrolysis
of the ester bond. In PBS (pH 7.4) at 37°C, this migration was
very rapid, with a half-life of approximately 1 min, and the mi-
gration was complete after 30 min. This fast migration may be
attributed to the presence of the less stericaily hindered Gly25
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Figure 3. pH-triggered “click”: HPLC profiles of the conversion of pH-trig-
gered click peptide (26-AlAf342, 10) into the corresponding AB1-42 (9) in
PBS (pH 7.4) at 37°C.

residue. On the other hand, the TFA salt of 10 was stable at
4°C either in the solid state or in DMSO solution. Moreover,
slower migration was observed at pH 4.9, with a half-life of 3 h,
with no migration at pH 3.5 after incubation for 3 h. This rapid
migration under physiological conditions enables the produc-
tion of an intact monomer Af31-42 in situ for investigation of
the inherent biological function of AB1-42 in AD.

Not only is wildtype AB1-42 observed in AD, but missense
mutations inside the Af-coding region in the APP gene are
also well known. These mutations, known as Flemish-
(A21G),® Arctic- (E22G),*” Dutch- (E22Q),*® ltalian- (E22 K),*”
and lowa-type (D23N)®® are found at positions 21-23 in Ap.
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Recently, a Japanese-Tottori-type (D7N) mutation has also been
reported.®” Recent studies have discussed several differences
between AP mutants in amyloid formation, metabolism, and
elimination that are related to the progression of AD-like dis-
eases,*® so more detailed studies comparing these features
between AB mutants should afford crucial information for un-
derstanding the mechanism of the diseases. With the aid of
this background information, novel water-soluble isopeptides
of each AP1-42 mutant, “26-AlAB42 mutant”, were also suc-
cessfully synthesized,"® suggesting that the O-acyl isopeptide
method is a universal strategy for increasing the water solubili-
ty of poorly soluble peptides. Moreover, these isopeptides
were converted into their corresponding intact AB1-42 mu-
tants with no significant differences in half-life values under
physiological conditions.

We named these O-acyl isopeptides pH-triggered “click pep-
tides”, since the isopeptides had the capability for “quick and
one-way conversion” to the parent AB1-42 through pH-de-
pendent O-N intramolecular acyl migration (Figures 2 and 3).
These pH-triggered click peptides should provide a novel tool
for biological evaluation in AD research, with the click peptides
being storable in a solubilized form before use and rapidly pro-
ducing intact ABT—42 in situ during biological experiments.

4) A “Click Peptide” Based on the “O-Acyl Iso-
peptide Method”—Efficient Phototriggered
Production of AB1-42 from an Af1-42 Ana-
logue :

A clear understanding of the currently unexplained processes
of pathological folding, self-assembly, and aggregation of AB1-
42 would be of great significance in AD research. However,
elucidation of these AB1-42 dynamic events is also a difficult
issue due to uncontrolled polymerization.?2¥

“Caged” compounds—synthetic molecules with their biolog-
ical activities masked by covalently attached photocleavable
protecting groups—are generally considered to be advanta-
geous for the study of the dynamic processes of peptides or
proteins, because, upon photoactivation, only a short duration
of time is required to control the spatiotemporal dynamics of
the native compounds.®>*% However, the attachment of small
photocleavable groups would be unlikely to be able to mask
the spontaneous self-assembly potency of aggregative pep-
tides, since this sort of potency is generally extremely strong

Y. Kiso et al.

AT

and attributable to large sections of the peptide structure. To
overcome this issue, imperiali etal. introduced an additional
cationic fibrilinhibitory unit, covalently attached through a
photocleavable linker to an aggregative peptide derived from
prion protein.® This analogue suppressed the self-assembling
nature of the original aggregative peptide, although the fibrils
formed from the original peptide released by photolysis were
insufficiently dense because of a side effect involving the co-
released fibril-inhibitory unit.

in a different approach to the development of a phototrig-
gered AB1-42 analogue with effective inactivation of the self-
assembling nature, a strategy based on an O-acyl isopeptide
protected by a photocleavable group was planned. The O-acyl
isopeptide was expected to be nonaggregative and to be able
to convert into the inherent aggregative peptide by photo-irra-
diation “click” without the presence of any additional fibril-in-
hibitory unit. Consequently, we designed and synthesized a
phototriggered “click peptide” of AB1-42 (9)—26-N-Nvoc-26-
AIAB42 (11)"¥—in which a photocleavable 6-nitroveratryloxy-
carbonyl (Nvoc) group®® had been introduced at the-a-amino
group of Ser26 in 10, to establish a novel biological evaluation
system in which the activation of the self-assembly process
could be readily controlled (Scheme 6). Mutter et al. have also
presented a similar concept, in the form of a pH- or enzyme-
triggered “switch-peptide” to control self-assembly of ApB-de-
rived peptides.®'¥ These systems could be crucial in current
AD-related research.

In size-exclusion chromatography, a peak corresponding to
an oligomer (~octamer) of 9 (t;= 15 min) increased with incu-
bation time at the expense of the monomer peak (t;= 27 min),
while, in the click peptide 11, the monomeric form was clearly
retained even after 24 h incubation (Figure 4A). Similarly, Th-T
fluorescence intensity, which corresponds to the extent of fibril
formation,®” increased ‘with time in 9, while fluorescence in-
tensity in 11 remained unchanged during 24 h incubation (Fig-
ure 4B). These results clearly indicate that click peptide 11 is
nonaggregative and that isomerization of the peptide back-
bone at only one position in the whole peptide sequence (i.e.,
the formation of a branched ester structure in 11). had signifi-
cantly changed the secondary structure of 9, resulting in the
complete masking of the aggregative nature of 9.

Under nonphotolytic conditions, click peptide 11° demon-
strated only slight hydrolysis (<2%) at the ester bond be-
tween Gly25 and Ser26 after 6 h incubation in PBS (pH 7.4) at
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Scheme 6. Phototriggered click peptide (26-N-Nvoc-26-AIAB42, 11): the production of AB1-42 (9) by phototriggered click, followed by the O-N intramolecular
acyl migration reaction of 26-AlAB42 (10).
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Figure 4. Peptide aggregation determined A) by size-exclusion chromatography—

a) AB1-42 (9); b) click peptide 11—and B) by Th-T assay.

37°C; this suggests that click peptide 11 is sufficiently stable
for use in biological assays under ambient light.?¥ Peptide 11
was stable for at least 24 h in buffer (pH 7.4) solution at —20°C
and for three months either in the solid state or in DMSO solu-
tion at —20°C. On the other hand, when a solution of 11 in
PBS. (pH 7.4, 20 pm peptide, 1 mm DTT) was photoirradiated
with UV pulses for 15 min, the Nvoc group-derived absorption
band at around 355nm ‘completely disappeared, indicating
that the Nvoc group in 11 had been quantitatively removed by
photolysis. We also confirmed that AB1-42.(9) was quantita-
tively recovered from 11 after photolysis followed by incuba-
tion at 37°C for 30 min to induce migration. No by-products
arising from 4,5-dimethoxy-2- nitrosobenzaldehyde co-released
with 9 by photolysis were observed.

These results suggest that 1) click peptlde 11 did not exhibit
any selfassembling nature under’ physiological conditions,
2) photomadlatton of 11 and subsequent O-N intramolecular
acyl migration rapidly afforded intact 9 in situ, while 11 was
stable under nonphotolytic or storage conditions, and 3) no
additional fbnl‘inhlbitory’ auxiliaries were required. This
method provides a novel system useful for investigation of the
biological dynamlsm of Aﬁﬂ -42 in AD by inducible activation
of AB1-42 self-assembly. Additionally, a fundamental drawback
of the caged strategy for Iérge peptides or ‘proteins is that a
small photocleavab!e group is not always able to mask their
blologlcal activities. This drawback would be overcome by our
“click peptide” strategy in which the inherent properties can
be masked by simple isomerization of the backbone structure
from N-acyl peptide to O-acyl isopeptide at hydroxyamino acid
residues such as Ser and Thr. This method should open doors

thesis of more hydrophilic “O-acyl isopeptides” de-
rived from peptides containing difficult sequences
might overcome the solubility problem in HPLC pu-
rification, we made the surprising discovery that the
“O-acyl isopeptide” could improve not only the solu-
bility in various media, but also coupling and depro-
tection efficacy during solid-phase peptide synthesis
through the maodification of the nature of the diffi-
cult sequence. The isomerization of the peptide
backbone at only one position in the whole peptide
sequence—that is, the formation of one single ester
bond—could significantly change the unfavorable
secondary structure of the peptide. This finding led
to the discovery of the “O-acyl isopeptide method”
as a novel synthetic method in the field of peptide
chemistry whose efficacy has recently been con-
firmed by Mutter etal.?"®? and by Carpino et al.®™™
In research oriented towards chemical biology we
have applied this method to the synthesis of a novel
“click peptide” precursor for AR1-42. This click peptide did not
exhibit any self-assembling nature under physiological condi-
tions, because of the presence of a single ester moiety, but
was able to undergo a migration to form the original AB1-42
in a quick and one-way conversion reaction (so-called “click”).
Because the difficulties involved in handing A31-42 in synthe-
sis and in biological experiments, are an impediment in prog-
ress in AB1-42-related Alzheimer’s disease res’eafch, we expect
that the “click peptide” method should contribute to clarifying
the currently unexplained processes of Alzheimer's disease.
Moreover, it has recently been ascertained that the pathologi-
cal self-assembly of inherent peptides or proteins and their
subsequent aggregation into amyloidogenic deposfts is associ-
ated with many diseases,® stch' as prion protein in prion dis-
ease, a-synuclein in Parkinson's disease, and islet amyloid poly-
peptide in type 2 diabetes, as well as AB1-42 in AD, so we
hope that the “click peptide” strategy may be widely applied
to these amyloid-related peptides or proteins.
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Abstract: After over a decade of studies on aspartic protease inhibitors and water-soluble prodrugs, we have been developing
a novel method, since 2003, called ‘O-acyl isopeptide method’, for the synthesis of peptides containing difficult sequences. With
our recent discoveries of ‘O-acyl isodipeptide unit’ and the ‘racemization-free segment condensation method’, this method has
further evolved as a general synthetic method for peptides. Moreover, ‘Click Peptide’, which could be a powerful tool for identifying
the pathological functions of amyloid # peptides in Alzheimer's disease, represents a valuable use of the isopeptide method:in

Chemical Biology-oriented research. Copyright © 2006 European Peptide Society and John Wiley & Sons, Ltd.

Keywords: O-acylisopeptide method; Alzheimer's disease; amyloid g peptide; click peptide; difficult sequence

INTRODUCTION

Since 2003, we have been developing a novel method,
called ‘O-acyl isopeptide method’, for the synthesis
of peptides containing difficult sequences in which a
native amide bond at a hydroxyamino acid residue,
such as Ser being isomerized to an ester bond, is fol-
lowed by an O-N intramolecular acyl migration reaction
[1-10]. Recently, the ‘O-acyl isopeptide method’ began
to be widely utilized by several other groups [11-15].
In chemical biology-oriented research, we developed a
novel ‘Click Peptide’ based on the O-acyl isopeptide
method to study the inherent biological functions of
native peptides or proteins (Figure 1) [3-7,9].

O-ACYL ISOPEPTIDE METHOD

Several years ago, when we tried to synthesize some
peptide derivatives, including phenylnorstatine, for the
study of aspartic protease inhibitors [16-18], some of
the synthesized compounds could not be purified in
preparative scale HPLC owing to their extremely low
solubility in various solvents (Figure 2(A)). Thus, these
peptide derivatives were considered to be the so-called
‘difficult sequence'-con'taining peptides [19,20].

*Correspondence to: Y. Kiso, Department of Medicinal Chemistry,
Center for Frontier Research in Medicinal Science, 21st Century COE
Program, Kyoto Pharmaceutical University, Yamashina-ku, Kyoto 607-
8412, Japan; e-mail: kiso®mb.kyoto-phu.ac.jp

Copyright © 2006 European Peptide Society and John Wiley & Sons, Ltd.

On the other hand, for over a decade, we studied
the pH-dependent ‘O-N intramolecular acyl migration
[21,22]-type water-soluble prodrugs of the peptide
mimetic HIV-1 protease inhibitors [23,24]. These
prodrugs, which are O-acyl isoforms of parent drugs
possessing a-hydroxy-g-amino acids, had higher water
solubility because of a newly formed and ionized
amino group. Moreover, migration to the N-acyl parent
drugs could be transacted with no side reaction under
physiological conditions.

As a consequence, in 2003, we considered that
the hydrophilic ‘O-acyl isopeptides’ derived from the
phenylnorstatine-containing peptide derivatives would
overcome the solubility problem in HPLC purification
(Figure 2(B)). However, we had a surprising discovery
in this research, which showed that not only did the
‘O-acyl isopeptide’ possess a higher solubility in vari-
ous media, but also that the coupling and deprotection
efficacy during solid-phase peptide synthesis (SPPS)
was improved by modifying the nature of the diffi-
cult sequence [1,2]; namely, the isomerization of the
peptide backbone from the N-acyl to O-acyl isopeptide
structure, i.e. formation of one single ester bond, signif-
icantly changed the unfavorable secondary structure of
the native peptides. Thus, this finding led to the devel-
opment of the ‘O-acyl isopeptide method’ as a novel
synthetic method in the field of Peptide Chemistry.

We also designed an ‘O-acyl isodipeptide unit,
¢.g. Boc—Ser/Thr(Fmoc-Xaa)-OH. The use of O-acyl
isodipeptide units, in which the racemization-inducing
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Figure 1 ‘Click Peptide’ based on the ‘O-acyl isopeptide method’.

esterification reaction on the resin could be omit-
ted, allows the application of the 'O-acyl isopeptide
- method’ to fully automated. ‘protocols for the synthesis
of long peptides or proteins (Figure 3) [8]. Additionally,
very recently, we developed a novel ‘racemization-free
segment condensation’ based on the ‘O-acyl isopeptide
method’ [10].

Copyright © 2006 European Peptide Society and John Wiley & Sons, Ltd.

The Application of O-Acyl Isopeptide Method

Moreover, we have successfully applied the ‘O-acyl
isopeptide method’ to the chemical biology-oriented
synthesis of the Alzheimer's disease (AD)-related
amyloid g peptide (AB) 1-42 analogues, leading to the
development of pH- or photo-triggered ‘Click Peptide’

J. Pept. Sci. 2006; 12: 823-828
DOI: 10.1002/psc
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{

—

application to automated protocol for
synthesis of long peptides/proteins

Figure 3 General structure of O-acyl isodipeptide unit: application of the 'O-acyl isopeptide method' to fully autornéted protocol.

(Figure 1) [3-7,9]. The 'Click-Peptide’ did not exhibit the
self-assembling nature under physiological conditions
because of one single ester, and could migrate to
the original AB1-42 with a quick and easy one-way
conversion reaction (so-called ‘click’) via the O-N

Copyright © 2006 European Peptide Society and John Wiley & Sons, Ltd.

intramolecular acyl migration. A clear understanding
of the pathological mechanism of Af1-42, a currently
unexplained process, would be of great significance in
the discovery of novel drug targets against AD [25-28].
Currently, the difficulties in handling Ag1-42, because

J. Pept. Sci. 2006; 12: 823-828
DOI: 10.1002/psc
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of its highly aggregative nature, hamper the progress
of ABl-42-related AD research [29-32]. The ‘Click
Peptide’ method would open the doors for investigation
of the biological functions of A81-42 in AD by inducible
activation of AB1-42 self-assembly (Figure 4).
Interestingly, shortly after we disclosed the 'O-acyl
isopeptide method’ [1,2], several other groups also
confirmed the efficacy of this method. Carpino etal
synthesized the Jung-Redemann 26-residue peptide
efficiently by utilizing the ‘O-acyl isopeptide method’,
whereas this peptide could not be synthesized by
standard SPPS [12]. By carefully evaluating the appro-
priate protecting group, stability of the ester bond
during assembly, and occurrence of side reactions,
they concluded that the efficacy of the ‘O-acyl isopep-
tide method' was comparable to that of the pseu-
doproline method [15]. Borner etal also synthe-
sized the O-acyl isopeptide for efficient preparation of
poly(ethylene oxide)—-peptide conjugates [14]. Moreover,
Mutter et al. confirmed by circular dichroism (CD)-
based analyses that the secondary structure of O-acyl
isopeptide structure is significantly different from that
of the corresponding N-acyl native peptides [11,13],

Copyright © 2006 European Peptide Society and John Wiley & Sons, Ltd.

which agrees with our hypothesis. These reports indi-
cate that the 'O-acyl isopeptide method’ is widely
advantageous for peptide preparation by disrupting
the unfavorable secondary structures of the native
peptides.

]

CONCLUSION

Classical O~N intramolecular acyl migration was
revived by our group as a powerful key reaction in the
field of modern medicinal chemistry in the development
of water-soluble prodrugs. After more than a decade
of prodrug studies, we recently disclosed the ‘O-acyl
isopeptide method’ as a novel synthetic method in
the field of peptide chemistry and its application to
chemical biology-oriented synthesis of A analogues,
leading to the development of 'Click Peptide’ (Figure 5).
We hope that the strategy using the ‘O-acyl isopeptide
method’, in which a simple isomerization to an O-acyl
isopeptide remarkably and temporarily changes the
physicochemical properties of the native peptide and an
O-N intramolecular acyl migration triggers the native
amide bond formation under physiological conditions,

J. Pept. Sci. 2006; 12: 823-828
. DOI: 10.1002/psc
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