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a b s t r a c t

We designed a phenylglycine (Phg)-incorporated ascidiacyclamide (ASC) analogue, cyclo(-Phg-oxazoline-
D-Val-thiazole-Ile-oxazoline-D-Val-thiazole- ([Phg]ASC), with the aim of stabilizing the square conforma-
tion of ASC through interactions between amino acid side chains. X-ray diffraction analysis showed that
[Phg]ASC has a square structure, similar to ASC, in which the sec-butyl group of Ile and the benzene ring
of Phg are in close proximity. Consistent with that finding, 1H NMR experiments revealed significant
high-field shifts in the sec-butyl group of Ile, which suggests a potential for CH/p interactions between
the sec-butyl group of Ile and the benzene ring of Phg. The CD spectra of [Phg]ASC were less affected
by TFE titration or increasing temperature than those of ASC. In addition, [Phg]ASC showed approxi-
mately three times greater toxicity toward HL-60 cells than ASC. Thus the potently cytotoxic conforma-
tion of [Phg]ASC may be stabilized by CH/p interactions between the side chains of the Ile and Phg
residues.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Ascidiacyclamide, cyclo(-Ile1-Oxz2-D-Val3-Thz4-Ile5-Oxz6-D-
Val7-Thz8-) (ASC), is a cytotoxic cyclic octapeptide isolated from
tunicate that contains the unusual amino acids oxazoline (Oxz)
and thiazole (Thz) (Fig. 1).1 Studies of the relationship between
its structure and symmetry showed that repetition of a four-resi-
due sequence induces C2-symmetry in the molecule. In addition,
introduction of asymmetric modifications in which Ile1 was re-
placed with other amino acids revealed that ASC and its analogues
can assume both square and folded structures,2–6 and that substi-
tution of an amino acid that disturbs the C2-symmetry affects the
ASC structure.7–10 Incorporation of an amino acid having the
appropriate size results in a square structure and strong cytotoxic-
ity, whereas smaller or larger amino acids induce molecular folding
and low cytotoxicity.

In the present study, we endeavored to use the interactions be-
tween amino acid side chains to stabilize the square form. We fo-
cused on the locations of the side chains of Ile1 and Ile5, which are
situated close to one another within the crystal structure of ASC in
the square form, and examined the CH/p interactions induced by
replacing Ile1 with an aromatic amino acid. We selected phenyl-
glycine (Phg) as the aromatic amino acid because, unlike Phe,
Phg does not have a methylene group linked to the aromatic ring.
We then synthesized the Phg-containing ASC analogue cyclo
ll rights reserved.

: +81 72 690 1005.
(-Phg1-Oxz2-D-Val3-Thz4-Ile5-Oxz6-D-Val7-Thz8-) ([Phg]ASC;
Figure 1), and here we describe its characterization using X-ray dif-
fraction, 1H NMR and circular dichroism (CD) spectroscopy.

2. Materials and methods

2.1. Peptide

The ASC analogue [Phg]ASC was synthesized as described
previously11,12 using the conventional liquid-phase method with
1-hydroxy-benzotriazole and 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (Watanabe Chemical Ind. Ltd.). The
replacement of the amino acid at position 1 had no effect on the
overall strategy or yield.

[Phg]ASC: 1H NMR (500 MHz, CD3CN) 293 K d 0.18 (d, J = 7.0 Hz,
3H, Ile (Cc2H)3), 0.37 (t, d = 7.0 Hz, 3H, Ile CdH), 0.68 (m, 1H, Ile
Cc1H), 0.98 (m, 1H, Ile Cc1H), 0.96 (d, J = 6.5 Hz, 3H, D-Val CcH),
0.98 (d, J = 7.0 Hz, 3H, D-Val CcH), 1.12 (d, J = 7.0 Hz, 3H, D-Val
CcH), 1.15 (d, J = 6.5 Hz, 3H, D-Val CcH), 1.34 (d, J = 6.5 Hz, 3H,
Oxz CcH), 1.42 (d, J = 6.5 Hz, 3H, Oxz CcH), 1.45 (m, 1H, Ile CbH),
2.32 (oct. J = 6.5 Hz, 2H, D-Val CbH �2), 4.24 (dd, J = 6.5, 1.5 Hz,
1H, Oxz CaH), 4.39 (dd, J = 6.0, 2.0 Hz, 1H, Oxz CaH), 4.68 (m, 3H,
Ile CaH, Oxz CbH �2), 5.09 (dd, J = 10.0, 7.0 Hz, 1H, D-Val CaH),
5.20 (dd, J = 10.0, 6.5 Hz, 1H, D-Val CaH), 5.80 (dd, J = 8.0, 1.5 Hz,
1H, Phg CaH), 7.04 (m, 2H, Phg ArH), 7.18 (m, 3H, Phg ArH), 7.31
(d, J = 10.0 Hz, 1H, D-Val NH), 7.57 (d, J = 10.0 Hz, 1H, D-Val NH),
7.98 (s, 1H, Thz H), 8.09 (d, J = 8.5 Hz, 1H, Ile NH), 8.12 (s, 1H,
Thz H), 8.55 (d, J = 8.0 Hz, 1H, Phg NH).
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Figure 1. Chemical structures of ASC, [Phg]ASC and [Phe]ASC.

Figure 3. Method for surveying CH/p contacts in a six-membered p-system.11 (a)
O: center of the plane. C1 and C2: nearest and second nearest sp2-carbons to H. x:
dihedral angle defined by the C1OC2 and HC1C2 planes. h: \HXC1. Dpln: H/p-plane
distance (H/I). Datm: interatomic distance (H/C1). Dlin: distance between H and line
C1C2 (H/J). (b) 1: region where H is above the aromatic ring. 2 and 3: regions where
H is outside region 1 but may interact with the p-orbitals. Dpln < Dmax, h < 60�,
|x| < 90�for region 1; Dlin > Dmax, h < 60�, 90�< |x| < 130�for region 2, and Datm < Dmax,
h < 60�, 50�< / < 90�for region 3 (/: HC1I). (h should be smaller than 60�to avoid
contact of atom X with C1). Dmax: cutoff value in every region.
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2.2. X-ray diffraction

Crystals of [Phg]ASC were grown from THF–water (Form I) and
DMF–water (Form II) solutions. Form I: C38H48N8O6S2�C4H8O�H2O,
Mr = 845.1, monoclinic, C2, a = 15.844(4) Å, b = 12.750(3) Å,
c = 12.957(3) Å, b = 99.945(4)�, V = 2578(1) Å3, Z = 2, T = 240 K,
DX = 1.117 g cm�3, F(0 0 0) = 924, l(Mo Ka) = 0.155 mm�1, No. of
reflections (obs.) = 9386, hmax = 23.3�, RINT = 0.0289, No. of reflec-
tions (I >2r(I)) = 2804, R = 0.0877, wR = 0.2194, (D/r)max = 0.006,
Dqmax = 0.701 e Å�3, Dqmax = –0.316 e Å�3 (CCDC 809195). Form
II: C38H48N8O6S2�2(C3H7NO), Mr = 868.3, monoclinic, C2,
a = 16.313(3) Å, b = 12.299(2) Å, c = 13.022(2) Å, b = 103.279(2)�,
V = 2542.6(8) Å3, Z = 2, T = 200 K, DX = 1.206 g cm�3, F(0 0 0) =
984, l(Mo Ka) = 0.162 mm�1, No. of reflections (obs.) = 11701,
hmax = 25.7�, RINT = 0.0258, No. of reflections (I >2r(I)) = 3655,
R = 0.0782, wR = 0.1456, (D/r)max = 0.008, Dqmax = 0.359 e Å�3,
Dqmax = – 0.295 e Å�3 (CCDC 809196). The structures were solved
using SHELXS-97 and refined using SHELXL-97. In both crystal
forms, the crystallographic two-fold axis (b-axis) was located on
the peptide molecules, and the asymmetric content was half of
the peptide molecule. Therefore, the side chains of the Phg and
Ile residues were refined in a disordered state with a site occu-
pancy of 0.5. The square structures of Forms I and II were similar
to one another, and the structure of only Form I is shown in
Figure 3.
Figure 2. The molecular structure for Form I of [Phg]ASC. The crystal structure is
disordered by the b-axis located on the molecule, and the duplicate moieties of the
asymmetric unit are drawn to show the whole peptide structure.
2.3. 1H NMR measurement

1H NMR spectra were recorded on a Varian Unity Inova
500 MHz FT NMR spectrometer. Peptide concentrations were ca.
5.0 mM in deuterated acetonitrile (CD3CN). Chemical shifts were
measured relative to internal trimethylsilane at 0.00 ppm. The pro-
tons were assigned using two-dimensional correlated spectroscopy
(2D-COSY) and rotating Overhauser effect spectroscopy (ROESY;
mixing time = 400 ms).

2.4. CD spectra measurement

The CD spectra of ASC and [Phg]ASC were measured using a JAS-
CO 500 A (JASCO, Tokyo, Japan) dichrograph. The peptide concen-
trations were ca. 0.5 mM, and the path length was 1 cm. Spectra
were scanned at 5 nm/min with a 0.1 nm interval for uptake to a
computer. Data were averaged for each 1.0 nm and plotted.

2.5. Cytotoxicity measurement

The cytotoxicity of [Phg]ASC was evaluated for P388 lympho-
cytic leukemia cells and HL-60 human myeloblastic leukemia cells
as described previously with some modifications.13,14 The P388
cells were cultured at 37 �C in Eagle’s minimum essential medium



Figure 4. Spatial relationship between Phg1 and Ile5. (a) Overall structure of
[Phg]ASC. (b) Expanded schematic views. The distance (Dlin) and angle (h and x)
parameters determined using the method of surveying CH/p contacts in a six-
membered p-system are indicated.
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(Nissui) supplemented with 10% fetal calf serum (Gibco). The pep-
tides were dissolved in dimethyl sulfoxide, after which the solution
was diluted with medium to give concentrations of 200, 20 and
2 mg/mL. Each solution was then mixed with cells suspended in
medium (2 x 105 cells/mL). After incubation at 37 �C for 72 h under
a 95% air/5% CO2 atmosphere, the cells were labeled with 5 mg/mL
3-(4, 5-dimethyl-2-thiazoyl)-2, 5-diphenyl-2H-tetrazolium bro-
mide, and absorbance of formazan was measured at 540 nm using
a microplate reader (Model 450, BIO–RAD). All assays were per-
formed three times, and the ED50 was determined from the semi-
logarithmic plots.

3. Results and Discussion

3.1. X-ray diffraction structure

X-ray analysis of the two crystal forms (Form I and II) of
[Phg]ASC revealed two similar square structures that were also
similar to those of ASC and its analogues.2,7,10 The structure of
Form I is shown in Figure 2. A solvated water and a tetrahydrofuran
(THF) molecule are located on the peptide molecule. Within this
structure, the respective side chains of Phg1 and Ile5, a benzene
group and a sec-butyl group, faced each other as is seen with ASC
and its analogues.2,7,10 The nearest distance between the side
chains of Phg1 and Ile5 was estimated by surveying the CH/p con-
tacts for the six-membered p-system shown in Figure 3.15 To par-
ticipate in a CH/p interaction, the hydrogen atom should be
positioned above the p-plane, since the interaction primarily orig-
inates from transfer of p-electrons to the antibonding orbital of the
C-H bond.16–20 This, however, does not mean that the hydrogen
must lie exactly above the aromatic ring. Thus a C-H hydrogen is
able to interact with the p-orbital in regions 2 and 3 in Figure 3
(b), where the hydrogen atom is above the p-plane but slightly
offset outside the ring. The distance from H to the p-plane, the dis-
tance between H and line C1-C2 and the H/C1 interatomic distance
are defined as Dpln, Dlin, and Datm, respectively. These distance
parameters (Dpln, Dlin, Datm) correspond to regions 1, 2 and 3,
respectively, in Figure 3 (a). The dihedral angle determined by
the p-plane, plane H-C1-C2 and angle \H-X-C1 (X = C, O, etc.) are
defined as x and h, respectively, in Figure 3 (a). An unbonded
atomic contact within the [Phg]ASC crystal structure was sought
Figure 5. High field portions of the 1H NMR spectra for [Phg]ASC (a) and ASC (b) in CD3CN
Ile1-Oxz2-D-Val3-Thz4- or-Ile5-Oxz6-D-Val7-Thz8-. As the result of this symmetry, equi
between a CH (cCH3-Ile5) and an aromatic p(Csp2) atom (Phg1)
with appropriate distance (Dlin) and angle parameters (h and x).
Figure 4 shows the result of our survey for each value. The angles
h and x are 21.3� and 108.6�, respectively, indicating cCH3-Ile5 is
located above region 2 of the p-orbital. On the other hand, the CH/
p distance (Dlin) gives an estimation of 2.95 Å, which is very similar
to the sum of the van der Waals radii of H and Csp2 (ca. 2.90 Å: ca.
1.20 Å for C–H and ca. 1.70 Å for a half thickness of the aromatic
molecule21,22). This distance makes it worth considering the pres-
ence of CH/p interactions between the side chains of Phg1 and Ile5.

3.2. 1H NMR measurement

1H NMR spectroscopic analysis revealed interactions between
methyl and benzene groups based on ring-current effects of the
benzene ring, which result in significant high-field shifts of the
. The 1H NMR spectrum of ASC is consistent with either symmetry of the molecule: -
valent nuclei show the same chemical shift.



Table 1
Chemical shifts (dCH3) and DdCH3 (=dCH3(ASC)�dCH3([Phg]ASC)) values for all CH3 proton
signals included in ASC and [Phg]ASC molecules

dCH3(ASC) (ppm) dCH3([Phg]ASC) (ppm) DdCH3 (ppm)

Oxz 2 c CH3
a 1.41 1.34 0.07

D-Val 3 c1CH3
b 1.00 0.96 0.04

D-Val 3 c2CH3
c 1.10 0.98 0.12

Ile 5 c CH3 0.76 0.18 0.58
Ile 5 d CH3 0.68 0.37 0.31
Oxz 6 c CH3

a 1.41 1.42 �0.01d

D-Val 7 c1CH3
b 1.00 1.12 �0.12d

D-Val 7 c2CH3
c 1.10 1.15 �0.05d

a,b,c The chemical shift for CH3 signal is interchangeable in each value.
d The negative DdCH3 value indicates more down-field shift of CH3 signal for

[Phg]ASC than it for ASC.
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methyl group signal. These high-field shifts can be probed to detect
the CH/p interactions.23–25 The 1H NMR spectra for ASC (ca. 5 mM)
and [Phg]ASC (ca. 5 mM) were measured in CD3CN solution at
room temperature, and the high-field portions are shown in
Figure 5. The respective CH3 proton signals were assigned as listed
in Table 1. The positive DdCH3 (=dCH3(ASC)�dCH3([Phg]ASC)) value indi-
cates a high-field shift in the CH3 signal. The DdCH3 values for six
methyl groups (cCH3-Oxz2, c1CH3-D-Val3, c2CH3-D-Val3, cCH3-
Oxz6, c1CH3-D-Val7 and c2CH3-D-Val7) were very small, while
Figure 6. Partial ROESY spectrum for [Phg]ASC in CD3CN. Eac
significant DdCH3 values were observed for Ile5 cCH3 (0.58 ppm)
and Ile5 dCH3 (0.30 ppm).

In the ROESY experiment for [Phg]ASC, rotating Overhauser ef-
fects (ROEs) were observed between cCH3-Ile5 and the aromatic
protons of Phg1 (ArH-Phg1) but were not observed between
dCH3-Ile5 and ArH-Phg1 (Fig. 6). This means that the cCH3 protons
of Ile5 are closer to the aromatic ring of Phg1 than to the dCH3.
These observations indicate that cCH3 is located at a sensitive po-
sition for the ring-current effect and are consistent with the crystal
structure. ROE itself shows only the proximity, but in combination
with the significant high-field shifts elicited by the ring-current ef-
fects, it indicates the potential for CH/p interaction between cCH3-
Ile5 and ArH-Phg1.

3.3. CD spectra measurement

The CD spectra of [Phg]ASC were measured in acetonitrile
(CH3CN) while changing the 2,2,2-trifluoroethanol (TFE) concen-
trations (Fig. 7 (a)). This solvent system monitored the conforma-
tional equilibrium of ASCs based on spectral changes.10,26–28 The
CD spectrum of [Phg]ASC in CH3CN solution showed a positive cot-
ton effect at about 207 nm and a small negative cotton effect at
255 nm. Addition of TFE led to a decrease in [h]207 and an increase
in [h]255, and a single isosbestic point was observed at 235 nm.
Earlier spectral data for ASC in the same solvent system is shown
h assignment for D-Val3 and D-Val7 are interchangeable.



Figure 7. The CD spectra for [Phg]ASC (a) and ASC (b). The CD spectra for ASC is
taken from a previous report.10 The peptide concentrations were approximately
0.04 mmol dm�3. These spectra were measured in CH3CN solution (bold line) while
changing the TFE concentration (10%, 20%, 30%, 40% and 50%).

Table 2
The ED50 for the cytotoxicity (mg mL�1) of ASC and
[Phg]ASC for P388 and HL-60 cells

P388 HL-60

ASC 10.5a 33.5
[Phg]ASC 12.4 12.8

a The value is taken from the previous report.10
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in Figure 7 (b).10 We suggest that in the square form, ASC shows a
small negative cotton effect at about 255 nm in CH3CN solution,
while the moderate positive cotton effect in the range of 230-
260 nm could be a sign of folding. Furthermore, the observed isos-
bestic point at 230 nm has been suggested that TFE titrations are
led to a conformational transformation from the square to the
folded form. Thus, the spectral features of [Phg]ASC in this solvent
system were similar to those of ASC, but the changes in the
[Phg]ASC spectra elicited by TFE titration were smaller than those
elicited in the ASC spectra.

We also examined the temperature dependence of the CD spec-
tra of [Phg]ASC in CH3CN solution at 273-333 K and found that
they were little affected by increasing temperature (Fig. 8). Taken
Figure 8. Temperature dependence of CD spectra for [Phg]ASC. The peptide
concentrations were approximately 0.04 mmol dm�3. The spectra were measured
in CH3CN solution at 273, 283, 293, 303, 313, 323 and 333 K. The spectrum at 273 K
is drawn in bold.
together with the results obtained with TFE, these observations
suggest that the square conformation of [Phg]ASC is more stable
than that of ASC in CH3CN solution against the TFE titrations and
temperature increases.

3.4. Cytotoxic activity

We assessed the cytotoxicity of [Phg]ASC using P388 mouse
lymphocytic leukemia cells and compared them to earlier mea-
surements with ASC.10 In addition, we also assessed the cytotoxic-
ity of both [Phg]ASC and ASC in HL-60 human myeloblastic
leukemia cells. Our findings are summarized in Table 2. The ED50

for [Phg]ASC was the same with both P388 and HL-60 cells,
whereas the ED50 for ASC with HL-60 cells was approximately
three times higher than with P388 cells. There is thus good agree-
ment between the cytotoxicity of [Phg]ASC and the square form of
ASC; however, [Phg]ASC exhibits greater toxicity toward HL-60
cells than ASC.

4. Conclusion

The square form of [Phg]ASC examined in the present study was
similar to that of ASC in crystal. It appears that incorporating the
Phg1 residue did not affect the conformation of the peptide back-
bone, but did affect the molecule’s conformational stability. We ob-
served fewer changes in the CD spectra of [Phg]ASC during TFE
titration and with increasing temperature than were seen with
ASC. 1H NMR analysis of [Phg]ASC revealed significant high-field
shifts in the signals for the cCH3 and dCH3 of Ile5 due to ring-cur-
rent effects of the benzene ring of Phg1. In particular, the close
proximity of the cCH3 protons of Ile5 and the aromatic protons
of Phg1 were revealed by ROESY measurements and X-ray crystal-
lography. This suggests the potential for CH/p interactions be-
tween cCH3 of Ile5 and the benzene ring of Phg1. In addition,
[Phg]ASC showed the stronger cytotoxicity toward HL-60 cells, a
human leukemia line, than ASC.

Because the energy of a CH/p hydrogen bond is very weak (2-
8 kJ mol�1)29–31, this bond appears to be a less important interac-
tion than the conventional O–H���O@ or N–H���O hydrogen bond.
However, recent theoretical and experimental studies have shown
the importance of weak hydrogen bonds in proteins and pep-
tides.15,32–36 Thus the presence of CH/p interactions between ami-
no acid side chains within the [Phg]ASC molecule may contribute
to its conformational stability.
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