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FAM-2

Figure 2. CLSM images of T47D cells that had been treated with FAM-2 or FAM-S (peptide concentration: 1 M, incubation time: 3 h). (a) Bright-field
images, (b) nuclei stained with Hoechst 33342 (blue), (c) the intracellular distribution of the FAM-conjugated peptides (green), and (d) merged

images.
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Figure 3. Inhibition of ERa-mediated gene expression in T47D cells.
Peptide concentration: 3 uM. The error bars represent standard
deviation, n = 3. *p < 0.0S.
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Figure S. CD spectra of peptides 1—6 in the 190—260 nm region.
Peptide concentration: 100 M in 20% aqueous TFE solution.

their CD spectra, and it was found that S formed a right-handed
a-helical structure similar to that of the R7-unconjugated peptide
2. The R7-conjugation of the PERM did not disrupt their helical
structures. These results indicate that the conjugation of PERM
to R7 would aid the development of novel inhibitors of ER-
mediated transcription at the cellular level. The derivatization of
further helical peptides and detailed studies of their inhibitory
mechanisms are currently underway.
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We synthesized four types of arginine-based amphipathic nonapeptides, including two homochiral pep-
tides, R-(L-Arg-1-Arg-Aib)s;-NH, (R = 6-FAM-B-Ala: FAM-1; R=Ac: Ac-1) and R-(p-Arg-p-Arg-Aib);-NH,
(R =6-FAM-B-Ala: ent-FAM-1; R=Ac: ent-Ac-1); a heterochiral peptide, R-(L-Arg-p-Arg-Aib)s-NH,
(R=6-FAM-B-Ala: FAM-2; R = Ac: Ac-2); and a racemic mixture of diastereomeric peptides, R-(rac-Arg-
rac-Arg-Aib);-NH; (R =6-FAM-B-Ala;: FAM-3; R=Ac: Ac-3), and then investigated the relationship
between their secondary structures and their ability to pass through cell membranes. Peptides 1 and
ent-1 formed stable one-handed a-helical structures and were more effective at penetrating HelLa cells
than the non-helical peptides 2 and 3.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Helices in peptides and proteins play an important role in a vari-
ety of fields such as biology, chemistry, and medicinal chemistry;
therefore, the development of helical peptide foldamers has re-
ceived increasing attention in recent years.! Non-proteinogenic
amino acids, such as o,0-disubstituted a-amino acids (dAA) and cyc-
lic B-amino acids, are often utilized as templates for the helical sta-
bilization of short peptides.? In particular, o-aminoisobutyric acid
(Aib) is the simplest achiral dAA, and has been found to be a useful
helical promoter.> We have recently reported that the insertion of
achiral Aib residues into short Leu-based homochiral i-peptides
and heterochiral tp-peptides with alternating 1-Leu and p-Leu resi-
dues is useful for controlling their helical structures.* That is to
say, the nona-i-peptide Boc-(L-Leu-L-Leu-Aib);-OMe (A) formed a
stable right-handed (P) 3;0-helix,*® whereas the nona-Lp-peptide
Boc-(1-Leu-p-Leu-Aib);-OMe (B) preferred a (P) ai-helix (Fig. 1).44

Among helical peptides, some amphipathic peptides containing
hydrophobic and cationic amino acid residues have unique proper-
ties such as antimicrobial activity and the ability to enter cells.® Cell-
penetrating peptides (CPP) are capable of efficiently delivering
hydrophilic molecules, such as peptides, proteins, and DNA, into
cells.® The hydrophobic amino acid residues and cationic amino acid

* Corresponding authors. Tel.: +81 3 3700 1141; fax: +81 3 3707 6950.
E-mail addresses: demizu@nihs.go.jp (Y. Demizu), masaaki@nihs.go.jp
(M. Kurihara).

http://dx.doi.org/10.1016/j.bmc.2014.03.005
0968-0896/© 2014 Elsevier Ltd. All rights reserved.

residues that comprise the helices found in amphipathic CPP are
usually aligned in the direction specified for the helix itself. How-
ever, natural CPP are not sufficiently stable in the bloodstream as
they are susceptible to degradation by proteases. Conversely,
non-natural peptides containing p-amino acids and dAA would be
expected to have stable helices and be resistant to proteolytic
degradation.>®” In addition, stabilized helical amphipathic peptides
containing non-proteinogenic amino acids are known to be capable
of passing through cellular membranes. As part of our ongoing re-
search into controlling the secondary structures of short peptides,
we designed four types of amphipathic nonapeptides containing
1-Arg, p-Arg, and achiral Aib residues. Namely, two homochiral
peptides, R-(1-Arg-i-Arg-Aib);-NH, (R=6-FAM-B-Ala: FAM-1;
R = acetyl group (Ac): Ac-1; FAM: fluorescein) and R-(p-Arg-p-Arg-
Aib);-NH; (R = 6-FAM-B-Ala: ent-FAM-1; R = Ac: ent-Ac-1); a hetero-
chiral peptide, R-(1.-Arg-p-Arg-Aib);-NH; (R = 6-FAM-B-Ala: FAM-2;R =
Ac: Ac-2); and a racemic mixture of diastereomeric peptides,
R-(rac-Arg-rac-Arg-Aib)s;-NH, (R =6-FAM-B-Ala: FAM-3; R=Ac:
Ac-3), were synthesized and then the relationship between their
secondary structures and cell-penetrating ability was investigated.

2. Results and discussion
2.1. Synthesis of peptides

The FAM-1-3 and ent-FAM-1 peptides, which contained N-ter-
minal fluorescein (6-FAM) labels, as well as N-terminal acetylated
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a
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Boc-(L-Leu-L-Leu-Aib);-OMe (A)
Boc-(L-Leu-D-Leu-Aib),-OMe (B)

b

Figure 1. (a) Chemical structures of the nona-i-peptide A and the nona-to-peptide B. (b) X-ray diffraction structure of B.

Ac-1-3 and ent-Ac-1 peptides were synthesized using a micro-
wave-assisted solid-phase method based on Fmoc protection of
their main chain amino groups. All of the peptides were purified
by reversed-phase high performance liquid chromatography and
characterized by matrix-assisted laser desorption/ionization mass
spectrometry (Fig. 2).

2.2. Biological evaluation

We examined the ability of FAM-1-3 and ent-FAM-1 to pass
through the membranes of Hela cells. After incubating the cells
for 2 h at 37 °C, the fluorescence intensity of the resultant cell ly-
sate was measured with a spectrofluorometer. The homochiral

H2N NH H2N NH
O
y g/t %
H
H,N NH HoN NH
6-FAM-B-Ala-(L-Arg-L-Arg-Aib)s-NH, (FAM-1) Ac-(L-Arg-L-Arg-Aib)3-NH, (Ac-1)
6-FAM-B-Ala-(D-Arg-D-Arg-Aib)s-NH, (ent-FAM-1) Ac-(D-Arg-D-Arg-Aib)3-NH, (ent-Ac-1)
6-FAM-B-Ala-(L-Arg-D-Arg-Aib)3-NH, (FAM-2) Ac-(L-Arg-D-Arg-Aib)s-NH, (Ac-2)
6-FAM-B-Ala-(rac-Arg-rac-Arg-Aib)3-NH, (FAM-3) Ac-(rac-Arg-rac-Arg-Aib)s-NH, (Ac-3)

Figure 2. Chemical structures of the designated peptides.
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concentration: 1 uM). The error bars represent standard deviation, n=4.
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Figure 4. Effects of various inhibitors on the internalization of FAM-1-3 and ent-FAM-1 (peptide concentration: 1 uM). The error bars represent standard deviation, n=4.

peptides FAM-1 and ent-FAM-1 penetrated the cells more effi-
ciently than the other peptides, whereas the heterochiral peptide
FAM-2 and the racemic peptide FAM-3 were poorly taken up by
the cells (Fig. 3a). Figure 3b shows the uptake of FAM-1-3 and
ent-FAM-1 by Hela cells following incubation at 37 °C for 0.5-
48 h. The cellular uptake of all peptides increased up to 4 h incuba-
tion, but further incubation gradually decreased their uptake.

Figure 4 shows the effects of various endocytosis pathway
inhibitors [amiloride (Am), an inhibitor of macropinocytosis;
chlorpromazine (Ch), an inhibitor of clathrin-mediated endocyto-
sis; sucrose (Su), an inhibitor of clathrin-mediated endocytosis;
nystatin (Ny), an inhibitor of caveolae-mediated endocytosis; or
filipin (Fi), an inhibitor of caveolae-mediated endocytosis] on the
internalization of FAM-1-3 and ent-FAM-1 into HeLa cells.® The
uptake of all peptides was inhibited by treatment with amiloride,
whereas none of the other inhibitors affected the uptake of the
peptides. This suggests that these four peptides were mainly trans-
ported into the cells via macropinocytosis.

The results of a cytotoxicity analysis in which Hela cells were
treated with FAM-1-3 or ent-FAM-1 for 2 h at concentrations of
1, 2, and 4 uM are shown in Figure 5. None of the peptides exhib-
ited significant cytotoxicity under these experimental conditions,
indicating the low cellular toxicity of each peptide.

The intracellular distribution of ent-FAM-1 (green) in HeLa cells
was assessed using confocal laser scanning microscopy (CLSM)
after the cells’ late endosomes/lysosomes had been stained with
LysoTracker Red (red) and their nuclei had been stained with Hoe-
chst 33342 (blue) (Fig. 6). ent-FAM-1 was mainly observed as small
green spots and spreading green regions (Fig. 6d), and only
21.6 £ 9.6% of ent-FAM-1 was localized in the late endosomes/lyso-
somes. The four examined peptides including ent-FAM-1 were
mainly transported into the cells via macropinocytosis (Fig. 4).
However, it is considered that macropinosomes do not fuse with
lysosomes and are inherently leaky compared with other types of
endosomes.® Thus, it is unlikely that ent-FAM-1 that is internalized
via macropinocytosis is transported into late endosomes/lyso-
somes. No ent-FAM-1 was detected in the nuclei of the HelLa cells.

2.3. Conformational analysis of peptides

The conformations of the Ac-1-3 and ent-Ac-1 peptides were
analyzed based on their CD spectra, which were obtained at a pep-
tide concentration of 100 uM in 2,2,2-trifluoroethanol (TFE) solu-
tion. The spectra of the acetylated peptide Ac-1, which contained
the sequence 1-Arg-1-Arg-Aib, exhibited negative maxima at
around 208 and 224 nm, indicating that the helix had a

140 1
120 A
100 A
S
=~ 80 -
2
%
8
=
= 60 1
@Q
(]
40 1
20 1
0 i
s|lsls2|ls12|2|22|lz2z|]2|2|2|¢2
F=) = = 3 ES =9 3. ES = o = 3 3
15 Wl NS AN F | AN A NS
o
FAM-1 ent-FAM-1 FAM-2 FAM-3

Figure 5. Cellular toxicity of FAM-1-3 and ent-FAM-1 at concentrations of 1, 2, and
4 uM. The error bars represent standard deviation, n=4.

right-handed (P) screw sense (Fig. 7).4*® The R ratio of Ac-1
(0224/0208) suggested that its dominant structure was an o-helix
(R=0.7).1° The CD spectrum of the ent-Ac-1 peptide was a mir-
ror-image of that of Ac-1; i.e,, it indicated that ent-Ac-1 formed a
left-handed (M) a-helix. On the other hand, the spectra of hetero-
chiral Ac-2 did not display the characteristics of helical structures.
The racemic peptide Ac-3 did not show CD signal because of race-
mic mixtures of several isomers.

MacroModel was used together with the OPLS_2005 force field
to calculate (20,000 times for each calculation) the global-mini-
mum energy conformation of the homochiral peptide Ac-1 and
the heterochiral Ac-2. Their minimized structures are shown in
Figure 8. Ac-1 (Fig. 8a) was found to form a (P) o-helix, the Arg
and Aib residues of which were aligned in the specified direction.
On the other hand, Ac-2 did not form a helical structure, but rather,
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Figure 6. CLSM images of HeLa cells that had been treated with ent-FAM-1 (peptide concentration: 4 LM, incubation time: 2 h). (a) Acidic late endosomes/lysosomes stained
with LysoTracker Red (red), (b) nuclei stained with Hoechst 33342 (blue), (c) the intracellular distribution of ent-FAM-1 (green), and (d) merged image. The scale bars

represent 20 pm.

_ Ac-1
20 1 —— ent-Ac-1

Mol. Ellip. (x10_)

-20 . . ¥
190 210 230 250
Wavelength (nm)

Figure 7. CD spectra of Ac-1-3 and ent-Ac-1 in the 190-260 nm region. Peptide
concentration: 100 pM in TFE solution.

produced a random coil as its global-minimum energy conforma-
tion (Fig. 8b).

3. Conclusion

We synthesized four types of amphipathic nonapeptides; i.e.,
two homochiral peptides, R-(1-Arg-t-Arg-Aib)s;-NH; (R = 6-FAM-B-
Ala: FAM-1; R=Ac: Ac-1) and R-(p-Arg-p-Arg-Aib);-NH, (R =6-
FAM-B-Ala: ent-FAM-1; R = Ac: ent-Ac-1); a heterochiral peptide,
R-(1-Arg-p-Arg-Aib)s-NH; (R = 6-FAM-B-Ala: FAM-2; R = Ac: Ac-2);
and a racemic mixture of diastereomeric peptides, R-(rac-Arg-
rac-Arg-Aib);-NH, (R =6-FAM-B-Ala: FAM-3; Ac: Ac-3) to
investigate the relationship between their secondary structures
and cell-penetrating ability. The homochiral peptides 1 and ent-1
both formed one-handed a-helices and were able to efficiently
penetrate Hela cells. The p-Arg-based peptide ent-1 exhibited
slightly higher activity than the 1-Arg-based peptide 1 because
ent-1 was only composed of non-proteinogenic amino acids and
hence was more resistant to proteolytic degradation than peptide
1, which contained natural .-Arg residues. Conversely, the hetero-
chiral peptide 2 did not form a helical structure, but rather formed
a random structure and displayed lower cell permeability than the
homochiral peptides 1 and ent-1. The heterochiral hydrophobic
nonapeptide Boc-(1-Leu-b-Leu-Aib)s-OMe preferred a right-handed
(P) o-helix,*¢ but the heterochiral amphipathic nonapeptide 2
could not form a helical structure. This was probably because the
cationic guanidine moieties of the -Arg and p-Arg residues of 2
collided with each other to destabilize its helical structure. The
peptide 3 composed of racemic mixtures of several isomers could

Ac-(L-Arg-L-Arg-Aib);-NH, (Ac-1)

Ac-(L-Arg-D-Arg-Aib);-NH, (Ac-2)

Figure 8. The calculated minimum-energy conformations of (a) Ac-1 and (b) Ac-2. Arg residues are shown in gray, and Aib residues are shown in magenta.
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not enter HeLa cells efficiently. All of the peptides were mainly
transported into the cells via macropinocytosis in the same way
as oligoarginines (Arg),, and none of them exhibited significant
cytotoxicity. The Aib-containing homochiral Arg-based peptides 1
and ent-1 exhibited a strong propensity to form short helical
sequences and penetrated Hela cells more efficiently than the
non-helical peptides 2 and 3. Our results indicate that stabilized
amphipathic short helical peptides could be used to deliver
hydrophilic molecules into cells, as they are resistant to proteolytic
degradation and exhibit low cytotoxicity.

4. Experimental section
4.1. General

CD spectra were recorded with a Jasco J-720W spectropolarim-
eter using a 1.0 mm path length cell. The data are expressed in
terms of [0]g; that is, total molar ellipticity (degcm?dmol™?).
2,2,2-Trifluoroethanol was used as a solvent.

4.2. Synthesis and characterization of peptides

The peptides were synthesized using Fmoc-solid phase meth-
ods on NovaPEG Rink amide resin. Microwave irradiation was used
for the coupling-deprotection cycle. The following describes a rep-
resentative coupling and deprotection cycle at a 25 pmol scale.
First, 65 mg NovaPEG Rink amide resin (loading: 0.5 mmol/g) were
soaked for 1 h in CH,Cl,. After the resin had been washed with N-
methyl-2-pyrrolidone (NMP), Fmoc-amino acid (4 equiv), and
HBTU (4 equiv) dissolved in 1.5 mL NMP were added to the resin.
Then, N,N-diisopropylethylamine (4 equiv) and hydroxybenzotria-
zole (1.0 mL, 0.1 M solution in NMP) were added for the coupling
reaction. Deprotection was carried out using 20% piperidine in
dimethylformamide (2 mL). After the peptide synthesis, the resin
was suspended in cleavage cocktail (1.9 mL trifluoroacetic acid
[TFA], 50 pL water, 50 pL triisopropylsilane; final concentration:
95% TFA, 2.5% water, 2.5% triisopropylsilane) for 3 h at rt. The
TFA solution was evaporated to a small volume under a stream
of N, and dripped into cold ether to precipitate the peptides. The
dried crude peptides were dissolved in 2 mL of 50% acetonitrile
in water and then purified by reversed-phase HPLC using a Discov-
ery® BIO Wide Pore C18 column (25 cm x 21.2 mm). After being
purified, the peptide solutions were lyophilized. Peptide purity
was assessed using analytical HPLC and a Discovery® BIO Wide
Pore C18 column (25 cm x 4.6 mm), and the peptides were charac-
terized by matrix-assisted laser desorption/ionization mass
spectrometry.

4.3. Biology

4.3.1. Representative cellular uptake

Hela cells were seeded onto 24-well culture plates
(40,000 cells/well) and incubated overnight in 400 pL of Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal bovine ser-
um (FBS). The medium was then replaced with fresh medium con-
taining 10% FBS, and a solution containing one of the examined
peptides was added to each well at an appropriate concentration.
After the cells had been incubated with the peptides, the medium
was removed, and the cells were washed 3 times with ice-cold
phosphate buffer saline (PBS) supplemented with heparin
(20 units/mL) and treated with cell lysis buffer M (Wako Pure
Chem. Co., Ltd, Osaka, Japan). The fluorescence intensity of each ly-
sate was measured using a spectrofluorometer (ND-3300, Nano-
Drop, Wilmington, DE, USA). The amount of protein in each well
was concomitantly determined using a micro bicinchoninic acid

(BCA) protein assay reagent kit. The results are presented as the
mean and standard error values obtained from 4 samples.

4.3.2. Inhibition of endocytosis

Hela cells were seeded onto 24-well culture plates
(40,000 cells/well) and incubated overnight in 400 pL of DMEM
containing 10% FBS. After the medium had been replaced with
fresh medium containing 10% FBS in the absence or presence of
amiloride (5mM), chlorpromazine (10 pig/mL), sucrose (0.4 M),
nystatin (25 pg/mL), or filipin (5 pg/mL), the cells were pre-incu-
bated at 37 °C for 30 min. Peptide solution was applied to each well
at a concentration of 1 pM. After the cells had been incubated for
2 h, the medium was removed, and the cells were washed 3 times
with ice-cold PBS supplemented with heparin (20 units/mL) and
treated with cell lysis buffer M. The fluorescence intensity of each
lysate was measured using a spectrofluorometer (ND-3300, Nano-
Drop). The amount of protein in each well was concomitantly
determined using a micro BCA protein assay reagent kit. The re-
sults are presented as the mean and standard error values obtained
from 4 samples.

4.3.3. Confocal laser scanning microscopy (CLSM) observations

HelLa cells were seeded onto 8-well chambered cover glasses
(Iwaki, Tokyo, Japan) (20,000 cells/well) and incubated overnight
in 200 pL of DMEM containing 10% FBS. The medium was then re-
placed with fresh medium containing 10% FBS, and peptide solu-
tion was applied to each well at a concentration of 4 uM. After
the cells had been incubated for 2 h, the medium was removed,
and the cells were washed 3 times with ice-cold PBS supplemented
with heparin (20 units/mL). The intracellular distribution of the
complexes was observed by CLSM after staining late endosomes/
lysosomes with LysoTracker Red and nuclei with Hoechst 33342.
The CLSM observations were performed using an LSM 710 (Carl
Zeiss, Oberlochen, Germany) equipped with a 63X objective lens
(Plan-Apochromat, Carl Zeiss) at excitation wavelengths of
405 nm (UV laser) for Hoechst 33342, 488 nm (Ar laser) for the
peptides, and 543 nm (He-Ne laser) for LysoTracker Red. The rate
of colocalization of peptides with LysoTracker Red was quantified.
Colocalization was quantified as follows: colocalization ratio
(%) = peptide pixels colocalization/peptide pixels total x 100,
where peptide pixels colocalization represents the number of pep-
tide pixels colocalizing with LysoTracker Red in the cell, and pep-
tide pixels total represents the number of all the peptide pixels in
the cell. The results are presented as the mean and standard devi-
ation obtained from 15 cells.
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Functionalization

Development of Stabilized Short Helical Peptides and Their

Yosuke Demizu”, Takashi Misawa, and Masaaki Kurihara™

Helices in proteins play an important role in a variety of fields such as biology, medicinal
chemistry, and organic chemistry. Therefore, stabilized helical peptides have been developed in
recent years. As tools for peptide-helix stabilization, non-proteinogenic amino acids such as ¢, -
disubstituted a—amino acids, cyclic f—amino acids, and cross-linked side chains are often utilized.
Herein we report secondary structural control of short peptides using L-amino acids, p-amino
acids, «a,o~disubstituted o—amino acids, and cross-linked side chains. Furthermore, we applied
the stabilized short helical peptides to the catalytic enantioselective epoxidation of ¢, 8-unsatu-
rated ketones, to the inhibitors of vitamin D receptor (VDR)-coactivator interaction, and to the

efficient cell-penetrating molecules.

Key words: non-proteinogenic amino acid, peptide, secondary structure, organocatalyst, o, -
unsaturated ketone, enantioselective epoxidation, protein—protein interaction, vitamin
D receptor, VDR-coactivator interaction inhibitor, cell penetrating peptide
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Fig. 4 a) Sequences of diastereomeric hexapeptides, and b) their crystal

structures.
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Boc-(L-Leu~Aib-p-Leu),~OMe (8), Boc-
(Aib-L-Leu-p-Leu);-OMe(9), Boc-@-
- Leu-Aib-p-Leu-Aib);-OMe (10) % B2 & L 7=
(18,

Mol. Ellip. ( x 10%)

7
{P) o-helix

8
(M) o-helix

§¢a

190

TFE B HFH TH CD AT MV T,
TFRFTEEEED a-~NY) B VIEE 81
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230 250 (M) o-helix
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Fig. 9 a) CD spectra of dodecapeptides 7-10. b) Crystal structure of

EEEDa-~) B IViEE QIXEEED
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BEAERLTBIBERPTOI VA A-Tarvi in
—HER LTz —FTRTF P10 EEPICBVTIE
FEBED a-~) I NVIEETZ R L TWiza, Zhidks
RILOBRICES E DN v 7 ADMBRIIHTH Lz &%
ZTWB(ENY, ,

WIZ, L-Leu-p-Leut 7 A ¥ b DAY U F 4 — Dl
BWOWTHFRL 7O, EBEEZONY I VEEEEK
5% J F~7F F Boc-(p-Leu-L-Leu-Aib);-OMe (ent-
ODNEKRICEEELHFRET L -Leu s BEALLT A
~ 7 ¥ F Boc-L-Leu-(p-Leu-L-Leu-Aib);-OMe(11) %
FEFL72e R7F F 11 id t-Leu DA p-Leu DL Y
bZWDIZb b b, ERPZ L TIHEEFIZEY
TEBEDNYANEEZER L TV, 2O &R
5, p-Leu-L-Leut 7 A v MM 3EERKT L Z & TH
BENBESEZDOA) VT4 —1d, BSEFHETLN
KGO L-Leu DAY V74— L) WIS H
Lo (®10)",

Pk, F#EoRFEEESR -7 3 /B (-Lew), p-7 3
B (p-Lew) & 7 ¥ TV VERT I/ EE(ADb) DEF)
ERHAEDELIET, NYTTA—FEELRTFFO

a) b)

Mol. Eftip. (103)

1
(M) o-helix

!
!
h /  Boc--Leu-(D-Leu--Leu-Aib)-OMe (11) -~

190 210 230 250

Wavelength (nm)

Fig. 10 a) CD spectra of nonapeptide ent—6 and decapeptide
11. b) Crystal structure of decapeptide 11.

N ANVIEEEHIETE S 2 L 2l@A LR 1),

2. I/ BRUSER CBETI/VBOHEAEDEII
£ BAY HIVIBESIE

AT F FONY WVEELZEESEE Y -k
LT, INFTICRABLTELVERT I/ BOFALL
HHZ, RTF FORISEE GG (AT — 7V) T 5 FEIH
ENTWVAEY, BFEOMEIE L L Tid, Cys-CysMov
ANT 4 K2 Glu(Asp)-Lys D57 ¥ 4, BEBEAY X
VAEFBLIREEEN L CHCONG, B2, BE
LIEREAL2RTF FiF, ZONY A VIEEZ T TR
CALZEEIZ S ZEL SN D (MASHES I W) DT
W, BEERSHECOMNHOBEIET > TwaY, £
T, VEWRTIBELTAASNS Ab & RELE
BOTH ZEBAT L, N AVEENL Y EELER
72RTF RRBRTELDOTIE LV EELT, Thb
L, -4 Y UDROEREINEANT Y TF FERE
L, NEm»S 45%FEHICAb %, 3BEHE 7HREH
DOEICREEBFEA L, BB, 797 A M
FI L B HMHETEHRORTF FS,,5-12, S,,R-12,
R4:8-12, R3;R-12, hS3;S-12, hS;;R-12, hSs:hS-12
AR LTz, BT, 5 2 A Grubbs il X 2 IR
AFEVRA, OKEMICE ) MBERIELEET L LT,
BIRARTF R S3,5-13, S3,R-13, R4,S-13, RyR-13,
hS37S-18, hS3;R-13, hS;hS-13 % &H L7 (R ¥ — L
Do

AR LT F FoEiH (HNMR, IR, CD A%
FV) % b ICHE IR (X B T YR A= a Vg
M EFTFo 720 FT-IR # /T F FoOZ kSR, C
=0 EHEK TH 5 1,600—1,700cm ™", & 5k N-H
fRFEES CTH 5 3250—3500 cm BT BWINIC L D
BT A EDNTE B, N-HMHEESIZB W TIZ,

in solution in the crystalline state

LD E> (P) a-helix (P) a-helix
]

¥ H i
(P) inducer Py P)

Boc-(L-L.eu-Aib-D-Leu),-OMe (8)

H
{M) inducer

Boc-(Aib-L-Leu-D-Leu),-OMe (9)

(M) o-helix {M) a-helix

(P)
Boc-(L-Leu-Aib-D-Leu-Aib),-OMe (10)

el [ &l

- - -i E> (P) & (M) helices (M) a-helix

Fig. 11 Cylindrical models of the sequences of dodecapeptides 7-10 and decapeptide 11.
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H n + + H H\H
B°C$\(N3)\N COzH HZNXCOZH HoN N\:)LN COMe
H o : H o H H

n=tor2 l i l fragment condensation

& -

o 0.
B?\r“imﬂr n@ﬁﬁﬁzm
I Jd S i H

_( —(

83,7812, S3,7R-12, R3,7S-12, Rg,7R-12, hS3,78-12, hS3,7R-12, hS3,7hS-12

1) 2 Grubbs' cat.
2) Hy, Pd-C

L
o 0.
Boc:lg\'rn\)?\N%rN%IS\"/nﬁngone
Hog & H H g 7 H
> -/

S5,75-13, 83,7R13, Rg,78-13, Ry, 7R-13, hS3,78-13, hS3,7R-13, hS3,7hS-13

Scheme 1 Preparation of stapled peptides 13. The nomen-
clature S;;R refers to a peptide with an S
configuration at its 3™ position and an R configu-
ration at its 7" position. The nomenclature kS
indicates a L-homoserine (L-Hse) derivative.

3420—3440 cm ™ DWRIUH AT T 1) — 7 GEIEFI L 72) %
7F FN-H %, 3320—3370 cm ' OWEIUHE A N-H---0
=CHOGFHRAERE LERTF FN-HEZRTZ
EFE STV B AN A VRTF FTIE, N K
P 22HG@ N v 2 A)HL5NIE3OoH @) v
JA)DTIFTO N VETCHETY - N-HELLT
FEL, ThUBEOT7 I F7o b Y idsFRkERa
B L TWwbDT, 3420—3440 cm ™ 143E & 3,320—
3370 cm MHIEIC FENFRORIIARSNE, TNEHD
1B AE IR TF F Ry R-13 DE 7 mri kv A (CDCly)
(L0 mM) T IR % 5 L2245, 3430 cm ™' &
3,330 cm AT I IS E N E VA 2 TS L 2 &
BAY I VEEEDRATRIE Sz (K 12)6

"HNMR # AW TARTF RO IMEERT 2179 B
12, 2D COSY, NOESY Z-¢Z bV X 755 HEEE
WAL, FARIVATFA M) —ERRANTT
TAFENPHENS, LA LRDS, VERY I /B
WHafL7o b Y BEELRVED, IRHOHEE
LV BONBERIRE NSO TREBENHCSND,
Bz, TIFTO M VEBIIBTARTF FOREE
1k, BYRKRREERBEETHLIAFVANKFTF
(DMSO) R BET VI NTH 5B 2266-F T AF VK
Y Y V-N-% %3 FF Y4V (TEMPO) DREMD T 3
RS0 b 52 BEBILOWTTHNL Z LT, ki
RN THZEHNTESLY, DMSO DAV kF
FIIKREFBEZHEMRE 25720, CDCly Il I2ams
BETIRTO MOV T FVERESICY 7 P YD

Vol.72 No.12 2014

ZEDPHOENT WS, FFHAKEREEER LTS T
IFTO I AKRFEHECHES LT RV T Y -2
TIFTEbVIIDMSO BEERE LR T Wz, T0#
BYELIYVEZFICHObDNE, 120275 7 T,
DMSO # & (0—10%) ® EF IR WERES I 7 b Lz
SFHEAEEEIIEE LT RW T ) =2 320073 F
7oty IN(D)-H, N@-H, N@-HJ&, &7 Mz
KEZBDPR SN VGTFRAEREZER Lz 4D
DT IFTE NV (ING-D-HOFEEIRESNEL Z &
b, NTF R R,.R-13 1% CDCl, i (1.0 mM) H1iZB
WTEIZ a-~NY INVEELZTZE L TWA T L HRIE S
72 (X 12).

a) b)

H-bonded N-H

free N-H

Abs.

3500 3450 3400 3350 3300 3250 0 2 4 6 8 10
Wavenumber (cm-')

Fig. 12 a) FT-IR spectrum (3,250-3500cm ™" region) of
peptide R3;R-13 in CDCl; solution. b) Plots of NH
chemical shifts in the 'H NMR spectrum of R,,R-13
as a function of increasing concentrations of DMSO
(v/v) being added to the CDCl, solution.

72, $HIRB L UBIRA T F Fo TFE % (0.5 mM)
FTOCD AT PVERELZEZ S, TXTORT
F FIZBWTHEIRL Y BBRIRRTF ALY BERES
EONYDNVEEEZERE L TWAE I EIPRBEIN, #
D%PThH, RyRANTF Fid, #IR(R,R-12) TIZ
Q- NU A NVIEERME03) FEELTEB Y, T
(Ry;R-13)F 5 & a-~1) H1 VR (RME : 0.8) 124 ¥
LZENHEHLIE R0 (F13).

T/, RypR-131327 T TRV A/ n-~NFY 0 h 5 FEE
T AZETREELERREELED I LHTE X MR
BT o R, BLEEIOa-~N) I NVEETBRL TS
D, BRPTOIVFRA—Y gyl nw—FERLE
(= 14),

UED XS, -4 v —2 T A2 Ab &
SHZUBZEAT 5 2 L CRERANY I VB TE
BEHARTF FORBICHEII LY, RIZ, Tho0%k
BN A NRTF FEANVT, EREBRILFENB LU
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13000 —— RyR12

‘SYNJNwﬂ%L‘i(n\)LNAcon

3yprhelix (Ry ;R 12)

l cyclization
o o
o 0 0%
H Ty H H
Boc;i(N\)l\N/\rN%;irN\)LN/\coﬂe
H o H H o H o B H
> o

ahalix (Ry;RA3)

Mol. Ellip.

-3000

-19000
180 210 230 250

‘Wavelength (nm)

Fig. 13 a) CD spectra of the linear peptide R,;R-12 and the
stapled peptide R3,R-13 in TFE solution.

side view top view

Fig. 14 a) Crystal structure of stapled peptide R;;R-13.

BIZRILZRYIS B ZE~N & R L 720

3 REMAUAINRTF NEHESE U7 o, f-FEMNT
P DRFIRX MRS DEFH

ANYANRTF Pt U a -7 b oo
AFILRF VLI, Julia-Colonna TR F LIS & L
THONTBY, FEEOANYHINVRTF REREL L
THRWZHEE, QCR3S-TRXY FMEEMIIESR
20, ZORISEEHENICIT) 201013, e LT
FAVBERTF RO a-~) 7 VS 2 RELT BHED
Hbo INFTIL, BAOFEZLY) ) I VEETR
B EHVERTFEORTF FIHES A TW
B, FIT, INETREESHBERELZL-Leu &
EULRELAANTY I VRTF FH ZORISEEIE X i
THOTE LW EEZ, (BE)-7IVar(l4a) 27N
fbEWe L TRE 21T 700 RIS, N KRG % BifrEL
72T H T F R (5mol%) &l L LT®, THF &
W, OBRILA & L TIRF-BBILKEMINE(URP, 11
eq), L LTDBUGSeq) FHWVTEIRIZTIT-
2o TRTORTF FIZBWT, #HIRL D I THE
RRTF Fr Bzl SIS RGICET Lz, #
DT, BIRXTF N H-hS;;A5-13 79% b &\ fil
BWEEZ /R L, 10mol% B 5% Z & T99%ee ®
(2R3S)-T AR F U (15a) WEERMIIE LN (R 1),

DWW, 10mol% D7 F F H-hS;:hS-13 Z AWV T,

1342

Table 1 Asymmetric epoxidation of (£)-chalcone (14a)
using the N-terminal free peptides.

peptide (0.05 Eq.)
o UHP (1.1 Eq.) 0

DBU (5.6 Eq.) Q9
oA, on g

THF, 0 tort, 24h
(E)-chalcone (14a) epoxide (15a)

entry peptide yield (%) of15a  ee (%) of 15a
1 H-83,75-12 90 58
2 H-83,7,5-13 89 65
3 H-83,,R-12 91 57
4 H-83,7R-13 89 64
5 H-R3,78-12 82 35
6 H-Rg,7S5-13 86 37
7 H-Rg,,R-12 93 30
8 H-Rg,7R-13 89 69
9 H-hS85,,5-12 94 77
10 H-hS;,75-13 96 79
1 H-hSs,7R-12 96 71
12 H-hS3,7R-13 95 75
13 H-hS3,7hS-12 97 79
14 H-hS;,7hS-13 93 87
158 H-hS,,7hS-13 99 >99

a) 10 mol% catalyst was used.

SR o, B~ b ¥ (1) OFRF TR F VAL 2 RE L
2o BHLE R OFEMEIZ X o TIEME TE IR THEMR
Mool T XTDQRR3S)-THRF UK
(15) 1T AEED & RIF 2 EEMAERIE LR L2 (R 2,

Table 2 Asymmetric epoxidation of «,f-unsaturated ketones
(14) using the stapled peptide H-A4S;,2S5-13.

H-hS5,7hS-13 (0.1 Eq.)
o UHP (1.1 Eq.) o

DBU (5.6 Eq. -9
R(\)LRQ (¢ q.) R1/\:)LR2

THF, 0 °C tort, 24h
o,B-unsaturated ketones (14) epoxides (15)

entry substrate yield (%) of 15 ee (%) of 15
1 14a:R!' =Ph,R2=Ph 98 99
2 14b: R' =Ph, R2=Me 49 72
3 14¢: R =Ph, R2= i-Pr 78 86
4 14d:R!' =Ph, R2 = t-Bu 60 88
5 14e: R! = Ph, R2 = 2-furanyl 99 99
6 14f: R' =Me, R2=Ph 99 72
7 14g: R! = 4-CI-Ph, R = Ph 99 85
8 14h:R! = 4-MeO-Ph,R2=Ph 87 74
—SH(N\)L /df 7@( oo

H-hS57hS13

Julia-Colonna T R ¥ 3 b 0 3 8 Bt #4132 Roberts

WEDWUTOIIICRBERTYE?Y, $4bb,
(BE)-AnaryMa) a3 7od 38 141l
72 (BR)-F &R % (P)-~Y H VT F ]~7§)7J<?ﬁ*f (N
RIS 234 BREBDOT I F7O b )IZX W RENL
L, KEEH 1+ > OB {EET S 2 LT, (ZR,SS)—
IRF KAL) D HE NS (R 15),

AR LER R



[o]

Ph/\)LPh
(E)-chalcone (14a) i\\
. Ph
1, OH
Phﬂ (o
o
helical
peptide
o
0 /< OH"
Ph/\:)LPh,

(2R, 3S)-epoxide (15a)

{P) helical
© peptide

Fig. 15 Plausible reaction mechanisms for Julia~Colonna
epoxidation catalyzed by the stapled peptide H-
hS;;hS-13.

b

4, REANVAIWATFREFALAES I D %7
-7 7 FAN—- S EEEERORSRE

BAZ5 4 (NRs) (LB FIREN, 4, EEE B
BEZEEL, A7uAF, HRERALVEY, REEY
FIVERYTVFETHEBERTFTH S, NRs IZ
UH Y RIREET AT EIC L o THEREEELETF
(a7 7 FR=F)P) 7 — F ENEEIRET 5,
NRsiZH§ 27 & T2 MPEEHEEANDOHZIL,
BA REBOWEE(T v Fasr 2846 (AR) © BTIZER
MBh, TAbOFYZEEER): HLAA, €I D
ZEENVDR): BV y MRIELTHESRTY S,
NRs BB {EEILICIZ Y Y FOBELZ T TiER, =
TIFR=FOLXXLLEFZELAN) I NVEF— T
Laf>y, XifEEDOT7 I VB %A L7z NRs ~D
BEPEETHL, LoT, Z0artr 4 AERF%E
LRIFF2HVWTNRs £ a7 72 F =y HORKE%
BETSZ A TaE, BEEE IR TEN%
BREEORFENE D)%, 22T VDR 2 EH &
L, VDRIZKEET 53t ¥ A RF % &gl
UANRTF Fa2HWT, VDR-27 7 FX—F WOk
A REE % 5l L 72 (B0 16) o

N k¥ & C ki x PR L7275 F16—21 2 AH
ETEBL, VDR-27 7 F\— ¥ iEEHERE
L7zo ZDE, RT7F F21 P50 Lr0 b EEE R

Table 3 ICy, values of peptides 16-21 against human
VDR-coactivator interactions.

O e}
o o] o] )
H noH H n
éi%ﬂkagﬂX£t¥in;&MH
o i H o H o i H

L X X L L n=t1or2
16-21
entry peptide IC 50 (uM)
1 16 (H-S5,7S-0OH) 610
2 17 (H-S3,7R-OH) 430
3 18 (H'R3,7S‘OH) 610
4 19 (H-R3,,R-0OH) 600
5 20 (H-hS3,78-OH) 520
6 21 (H-hS3,7hS-OH) 220
L7 (2% 3) o

NRTF R 2T RCHBREDT I JEBETHBES L
TWaize, MSEHEBIOKEBEELEA T, LTATT
FokEEZ A LS, VDR OBKMEEE TORERE
REDL I ETHENESM ET 20T REE 2,
NTF R 22 BEE, ARLAZ®AT . FORE, BE
RH & SRFEAY 2 1) | (IC,: 32uM) L72%,

HO, OH

(8] (o]
- " ~

22 (H-hS37shSIOH-OH)  1Cs0: 3.2 uM

Fig. 17 Chemical structure and ICs, value of 22.

BT, BEMEICL ) RTF FEEE LIS % E
LTI ) 2 & T, BEEELSURENAY I NAT
F FORECHEHELERIEORELTTo/2. Thbb,
NTFRONKEEZ T EFVE CREEZ7IFET
RETHLIETANYAIVEER, L)RELSEZ23
FRE L. 7, BHAEEOTF - VEDIEEH
W2 LEEERLD, Abz FaFd 2 F)bty

) target gene

stapled short helical peptide
containing the LXXLL motif

Fig. 16 Tllustration of the mechanism by which the stapled short helical peptides
inhibited VDR-coactivator interactions.
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OMe NH,
o

oF
> K/L
Fmoc.. Sg Fmoc.

N7 CoH
N CcoH N 2

NovaPEG Rink Amide resin

25 26

‘ ‘ H

O O @ Fmoc-AA-OH (4 Eq.

s O/YN : moc: (4Eq.)
o

coupling reagent  deprotection reagent
20% piperidine in NMP.
HBTU (4 Eq.)
HOB (4 Eq.)
DIPEA (8 Eq.)

cleavage cocktail
TFAH,O/TIPS (95/2.5/2.5)

HO, OH
i ht —
o o]
o o o 1) 2™ Grubbs’ cat. ¢ ?
s —— o] o o]
H H H H H H H
Aouy N\:)LN N%N NJN N»@ 2) 0sO,, NMO ey N\)LN/q/N N N\,)L»h\,(“‘”z
H i H H : H 3) cleavage from resin H N N TN
o \7/ o o >/ o o '\7/ o <] ?7/ o

2) hydrogenation
3) cleavage from resin

23 (ICy, : 67 uM)

HO OH V/

7 ~
S e o N
gof iof g 1 H 1) 2 Grubbs' cat ne. ﬂ\j\ Hoq “\i
Ao A N AR L AR I N«@ 12U Cnbbs cat.  ( ao., A A N g AN A A e
H H H H = H H o z H ) H I} z H o
o] [e] o] o
TR T T

24 (ICy, - 22 uM)

Scheme 2 Preparation of 23 and 24.

VICEEMR 24 #EICRE Lz, EMEER DD
D Fmoc-7 I /B2 BLU28 248K, ~14 70
ERETEIETATIXRTF FETEAEGEE S 7,
FAREE 6 73) OB IMME L /2 FT, BIELT
FERA Y IR, AAITLABLLA % WOHBLEST
T ETRTF 2B %, WALV, KFEL, #
oY LEITH) TETRTF R4 2E5K LT
(R¥—152), VDR-27 7 FX— % i S HEF MK
B, NEW, CHRi xR L7 23(IC,: 67uM) i 24
(ICs: 32uM) & B L TIEBEAWIT Lize SO &
5, RTF FOXKmEEVHEEREICEEREE £/
LTWwAIEARBENT, $72, AbZk FuF 2
F ) VB L 72 24(ICs: 22 uM) 11X 23 £ 1) d 5k
EEEE LTV,

T F F28 B L U24 & VDR(PDB: 3AUN®) & @
Ry XUy 7R 74 =% T8 320042 V&
F(2,5,6 %F H) » VDR @ B 7K 14 48 18; (11234, 1e238,
Leu259, Ala263, Valdl7) 12X F v, 23 HIgED ¥+ — v
EBIU240e FOoxy 2501y ¥ 25 VDR DHHH
KRB S NBEPREEREE LTRSS (K 18),
BE, SO%RBEBHICLIEEERTF FOEHRL
HL-60 #ifa % AW iEHERNO BB 2 1T> T\Wb,

5. HEESZBMEAY HIARTF KOS

HV-1HR D Tat R 7 F FRF YT 7T LF=Z >
(Arg,), MAP(Model Amphipathic Peptide) 2 {3 &
NABBEBEA ) INTF PR, F7=V I E2ETA
TAF=Z(Arg 24K EATBY, ¥ U7 ERH
B, FT/NFREDRA B F BN~ EET S
EFHSENTWAEY, nETIE, EEEEEZET AN
TF FORRBICETIMEIIEE CHEI R TV,
NRTF FOZWREERBET 5 2 L CTEBREED
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hydroxy groups

hydroxy groups

b)

Fig. 18 Modeled structures of a) peptide 23 and b) peptide
24 bound to the VDR.

F) IRTF FORBICET 2HMEIL WY, 22
T, TVF= L Aib» SR SIS MAP 3G L
AT F RS L AR A OB fR IS DV
N7z, Thbh, NEmE 7Vt LeA Tk
L, 1~Arg, p-Arg, AP oERINLKEFT IV L-
~ 7 F F 6-FAM-B-Ala-(-Arg-L-Arg-Aib);-NH,
(FAM-27), &EF 5 )V p-~7F F 6-FAM-B-Ala-
(0-Arg-D-Arg-Aib);-NH (ent-FAM-27), ~5 ° ¥ 5

HE A LF &S



a) h
OH NH
<D
HO o] [o] n o]
N N N
o O A oo )
o]
NH
HEN/gNH

6-FAM-f-Ala-(L-Arg-L-Arg-Aib)yNH, (FAM-27)
6-FAM-B-Ala-(0-Arg-p-Arg-Aib)5-NH, (ent-FAM-27)
6-FAM-B-Ala-(L-Arg-D-Arg-Aib)s-NH, (FAM-28)

6-FAM-B-Ala-(rac-Arg-rac-Arg-Aib);-NH, (FAM-29)

Argd
Arg?

a-helix © 3yg-helix

Fig. 19 a) Chemical structures of the designated peptides. b) Helical wheels of

amphipathic peptide.

U Lp- R 7 F K 6-FAM-B-Ala-(L-Arg-p-Arg-Aib),-
NH,(FAM-28), BLUVTAFLAY—REWDS £
I T F F 6-FAM-B-Ala-(rac-Arg-rac-Arg-Aib)-
NH,(FAM-29) % 885t L 720 15D MAP R7F FAS
a-~N A NVHERE HBHWIE 3N I VEEERTERE L
7B D 71 T v (Arg) B & BUKME (Aib) &2 19
DEHICHRESI NS,
ERLIZNEFNRONRTF FIZDWT Hela Mila~o
ORI BB F B L 7ze 1—6uM DK RTF F %l
FUCHILC T T C2HMERT A LT, EXTF
N OREE R % B L7245 R, REFTINL - T T
FFAM-27, p-X7F F ent-FAM-27 23, ~7 0% 7
VDT F FFAM-28 BL UV 7RAF L4 <2 —RE
W5 I RTF R FAM-29 & B L T EE R
ZRLA(E20), k2, 05—48 M BICBITS, £
7T B uM) OMBERA~OILY AR &M L 720 §%
TORTF FITBWT 4 B £ THERNNOELY ;AR H3E
mL, 20, HA2ZWY ALEIEA L7205 48 B
FBICBWTE—EREDIY AARINEE: L7ze Thid, §
NRTCORTF FPFERRT I VBTHDL AbEY—7
LY AN E D20, A TERMICh ) BEICH
HETELIERRBLTVS,

Wiz, ZHT Y F9 A4 M=V AHER 7094
P 2ABHEH[7I054 F(Am)], 75 AU YHrfE
BTy FH9 A4 b= ZAREF[Z 00702 > (Ch)

a) b)

4000 10000
-0~ FAM-27 —— FAM-27
3500 ~B-ont-FAM-27 —a— ont-FAM-27
—o—  FAM-28 —e  FAM-28
£ 3000 4 & FAM29 = ——  FAM29
3 2
g g 1000 Y
S 2500 a
£ £
g 2000 s {
2 s
Q L3
g 1500 2 w0
=4 3
> 1000 =
500
0 - " 10 v
1 3 5 0 12 24 36 48

peptide concentration (M) incubation time (hr)

Fig. 20 Cellular uptake of FAM-27-29 and ent-FAM-27 a)
at concentration of 1-6uM, and b) for incubation
periods of 05-48h. The error bars represent
standard deviation, n=4.
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Az B—=A W], INFISHERIY KA =3 A
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Fig. 21 Effects of various inhibitors on the internalization of
FAM-27-29 and ent-FAM-27. The error bars
represent standard deviation, n=4.

CD A7 M VIZ & BRTF F RS EN (01
mM, TFE) i, FEX I V% -7 F F(Ac-27),
B LY D-RTF Flent-Ac-27) B ENFNRELR T %
XBLUESBED @-~NY B IVHEELEE L TV
LT, ~TFaFI V-7 F F(Ac-28)iZ5 v ¥ A
WL LTV 3, YT7AFLEY—REMD
T INRTF F(Ac-29) 1B 2 AR PV ERE %
ol (B22), FTELFILLAREF SN L-RTFF
(Ac-27) & ~F O F F )V 1D~ T F F(Ac-28) DREE
BEFUEIT o720 TORKE, Ac-27 ZEBEEXD a-~
A VHERE, Ac-2813T v ¥ A a4 VIEENREERE
FEELTEON, BT TOaYFA—Yarklvn—
HERLAEZ(E22), LEoiERENLS, FUHEKR?HHE
&b MAP Tid, BELANY A VEERZER LT
BERTF FPBVEEBELFOZ EFHEL P E LS

1
7‘::3 )o

1345



a)

— Ac27

00 ent-Ac27

—_ Ac-28

St
&

Ac-(L-Arg-L-Arg-Aib)-NH, (Ac-27)

Mol. Ellip. (x10.3)

20 T T T
190 210 230 250
Wavelength (nm)

Ac-{L-Arg-D-Arg-Aib);-NH, (Ac-28)

Fig. 22 a) CD spectra of Ac-27—29 and ent-Ac-27 in TFE
solution. The calculated minimum-energy conforma-
tions of b) Ac-27 and ¢) Ac-28.
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