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To construct polypeptides that undergo a hetero-block �-helical coiled coil structure change due to metal ion-in-
duced self-assembly formation, we designed two kinds of 18-residue polypeptides, Pep3 and Pep4, each with a metal
binding site. Pep3 and Pep4 were designed based on the sequence of the isoleucine zipper polypeptide forming the tri-
ple-stranded �-helical coiled coils. While Pep3 and Pep4 are too short to form a parallel triple stranded �-helical coiled
coil individually, they form the hetero-block �-helical coiled coil structure, (Pep3)3–Ni

2þ–(Pep4)3 in the presence of
the Ni2þ ions. Circular dichroism spectroscopy and size-exclusion gel-filtration chromatography analyses revealed the
formation of the (Pep3)3–M

nþ–(Pep4)3 hetero-block �-helical coiled coil complex.

De novo design has suggested that polypeptides have been
increasingly employed to gain new insights into the formation
of particular protein structures from certain amino acid se-
quences. A considerable number of papers have been reported
on amino acid sequences to form important structures, such
as �-helical bundles,1–3 �-sheets,4,5 and �=� proteins.6–8 In re-
cent years, �-helical coiled coils have been focused on as the
subjects of extensive protein designs.9–18 The �-helical coiled
coils are formed as an oligomerization motif, commonly oc-
curring at the interface between separate protein chains. The
�-helical coiled coils, which comprise two or more �-helices
that wrap around one another, have been found in many cyto-
skeletal and contractile systems,19 transcription regulators,20

viral envelope proteins,21–23 and so on.
In general, the hallmark of the coiled coil is a seven-residue

heptad repeat, ðabcde fgÞn, with a predominance of hydro-
phobic residues at the buried a and d positions, and charged
residues frequently at the e and g positions.11–13,18 The residues
at the e and g positions contain oppositely charged residues to
form stable inter-helice salt bridges.14,18

The designed �-helical coiled coils, which undergo a drastic
change in their conformation in response to external stimuli,
such as ligand binding and covalent modification, can be used
as a tool to control the associations and functions of domains
to attach to polypeptides. Metal binding among the various
external stimuli can be considered an attractive approach. In
recent years, many efforts have been extended to studies of
metalloprotein structures. Thus, the factors required for metal
binding have been well understood.24–27

There are several examples of de novo designed �-helical
coiled coils induced by metal ions. For example, the driving
force for the complex formation between a metal ion and a li-
gand, such as the bipyridyl group, contributes to the stabiliza-
tion of the �-helical coiled coils.28–30 The binding of lantha-
noides to �-caboxyglutamic acids at the solvent-exposed site
has been intimately connected to the folding of double-strand-
ed �-helical coiled coils.31

Isoleucine zipper polypeptides that form the triple-stranded

�-helical coiled coil in an aqueous solution have been designed
and prepared.18 Based on the isoleucine zipper polypeptide
(IZ), metal binding sites were constructed in the hydrophobic
core of IZ. His or Cys residues were introduced into the hydro-
phobic position of IZ.32–34 The polypeptides have a random
structure in an aqueous solution in the absence of metal ions.
On the other hand, in the presence of a metal ion, the polypep-
tides fold into the triple-stranded �-helical coiled coil structure.

In this paper, we report on the design of two kinds of 18-res-
idue polypeptides that undergo metal ion-induced self-assem-
bly to form a hetero-block �-helical coiled coil structure. This
hetero-block system, drastically induced by a certain metal
ion, will have a great possibility of breaking new ground in
peptide engineering, such as a vectorial electron-transfer sys-
tem and a metal ion-sensitive polypeptide hydrogel.

Results and Discussion

Design of Metal Induced Polypeptides. Pep1 consists of
37 amino acid residues containing the heptad, IaAbAcIdEeK-
(E) fKg (Fig. 1). The Ile residues at the a and d positions form
a hydrophobic core in the triple stranded coiled coil. Pep2 is a
metal-binding polypeptide containing a –H–X–X–X–H– site
inside the �-helical coiled coil structure. We substituted two
His residues for the Ile residues at the 17d and 21a positions
of Pep1, designated as Pep2 (Fig. 1). Similar isoleucine zipper
polypeptides to Pep1 and Pep2 have already been designed and
synthesized by Tanaka et al.18,32

Fig. 1. Amino acid sequences of the metal ion-induced
polypeptides used in this study.
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In this study, we designed a new metal ion-induced coiled
coil self-assembly system using two kinds of short polypep-
tides, such as Pep3 and Pep4, containing a His residue, respec-
tively. Pep3 and Pep4 have the same sequences of the 1st to
18th and 20th to 37th residues as Pep2 (Fig. 1). In this system,
three Pep3s and three Pep4s form a hetero-block �-helical
coiled coil structure, (Pep3)3–M

nþ–(Pep4)3, in the presence
of the metal ion (Fig. 2). The Pep2-metal complex forms a
� facial isomer from the results of the CPK modeling around
the metal binding site. In the (Pep3)3–M

nþ–(Pep4)3 complex,
we also made a CPK model. As a result, the (Pep3)3–M

nþ–
(Pep4)3 complex is considered to form the same � facial iso-
mer as the Pep2-metal complex. In the metallopeptide, one
face is formed by His residues of the three Pep3s, and the other
face by His residues of the three Pep4s. On the other hand, due
to the steric instability and the electric repulsions of hydro-
philic amino acids around the metal binding site, the homo-
block �-helical coiled coil structure, (Pep3)3–M

nþ–(Pep3)3
or (Pep4)3–M

nþ–(Pep4)3, should be destabilized.
A successfully designed analogue, which undergoes a metal

ion-induced folding transition, should be so unstable that it is
unfolded in the absence of the metal ion. Pep3 and Pep4 are
too short to form a parallel triple stranded coiled coil individ-
ually. Therefore, Pep3 and Pep4 are expected to form a ran-
dom coil structure in the absence of the metal ion.

Structural Characterizations of Designed Polypeptides.
The CD spectra of Pep1 and Pep2 in a pH of 7.0 Tris-HCl buf-
fer solution are shown in Fig. 3. Pep2 in the absence of metal
ions was a random coil structure, with a CD minimum of
around 200 nm. On the other hand, Pep2 in the presence of
Ni2þ ions showed the �-helical structure, with CD minima
at 208 and 222 nm. These results were the same as previous
results of concerning similar isoleucine zipper polypeptides.32

The CD spectra of Pep3, Pep4, and an equimolar binary
Pep3/Pep4 mixture are shown in Fig. 4. Neither the polypep-
tides nor the polypeptide mixture showed the �-helical struc-
ture in the absence of Ni2þ ions. These results suggest that
�-helical coiled coil structures are difficult to be formed be-
cause of the short chains of the polypeptides (the Pep3 and
Pep4). In contrast, in the presence of Ni2þ ions, all polypep-
tides samples showed the �-helical structure, with CD minima
at 208 and 222 nm. The higher ½��222 value for the equimolar
binary mixture of the Pep3 and Pep4 was to be noted. These
CD data indicate that the metal ion-induced �-helical coiled
coil structure is constructed, and a more stable coiled coil con-
sists of the Pep3 and Pep4 units. In Ni2þ-complexed Pep3/
Pep4, the intensity of the CD spectrum was weaker than that
of Ni2þ-complexed Pep2, indicating that the complex con-

tained a partially unfolded coiled coil around the metal binding
site. In contrast, the �-helical coiled coil structure formed from
only Pep3 or Pep4 has less stability because of the steric hin-
drance and the electric repulsions of hydrophilic amino acids
around the metal binding site. Furthermore, the CD spectrum
of an equimolar binary Pep3/Pep5 mixture was measured in
order to estimate the contribution of the electric interaction
around the metal binding site. In the presence of Ni2þ ions
the sample showed a less-stable �-helical structure (Fig. 5).
This result indicated that the electric interaction between the
e position at the C-terminal of the Pep3 and the g position at
the N-terminal of the Pep4 played an important role in com-
plex forming, as shown in Fig. 2.
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Fig. 2. Schematic view of the hetero-block �-helical coiled
coil formation from Pep3 and Pep4 in the presence of a
metal ion.
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Fig. 3. Circular dichroism spectra of Pep1 ( ) and Pep2 in
the absence ( ) and presence ( ) of NiCl2. The measure-
ments were performed in 10 mM sodium phosphate buffer
containing 0.1 M NaCl (pH 7.0) at 20 �C. The polypeptide
concentrations were 20 mmM.
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Fig. 4. Circular dichroism spectra of Pep3 (circles), Pep4
(triangles), and an equimolar binary Pep3/Pep4 mixture
(squares) in the absence (open symbols) and presence
(closed symbols) of NiCl2. The measurements were per-
formed in 10 mM sodium phosphate buffer containing
0.1 M NaCl (pH 7.0) at 20 �C. The polypeptide concentra-
tions were 40 mM.
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Figure 6 shows the ½��222 values of a Pep3/Pep4 mixture
with different compositions in the presence of Ni2þ ions.
The ½��222 value increased to a Pep3/Pep4 ratio of 1, and then
decreased, suggesting that the Pep3 and Pep4 interacted
strongly in a 1:1 (3:3) ratio.

The oligomerization state of polypeptide was determined by
Sephadex G-50 gel filtration chromatography. In the presence
of Ni2þ ions, the Pep2 was eluted at a fraction corresponding
to the trimer, judging from the elution of Pep1. Furthermore,
the oligomerization state of the equimolar binary mixture of
Pep3 and Pep4 was analyzed. The mixture of Pep3/Pep4
showed the fraction corresponding to the hexamer in the pres-
ence of Ni2þ ions (Fig. 7). To determine the composition of the
hexamer from the Pep3/Pep4 mixture, an HPLC analysis was
practiced. The result showed that the eluted fraction of hexa-
mer contained Pep3 and Pep4 in a ratio of 1.0:1.1 after normal-
ization for the extinction coefficients, suggesting that Pep3 and

Pep4 formed a stable hetero-block �-helical coiled coil struc-
ture, (Pep3)3–Ni

2þ–(Pep4)3, in the presence of Ni2þ ions.
The thermal stability of the polypeptides in the presence of

Ni2þ ions was investigated (Fig. 8). An equimolar binary mix-
ture of Pep3 (Tm ¼ 31 �C) and Pep4 (Tm ¼ 28 �C) had a Tm of
43 �C. Thus, the mixture of Pep3 and Pep4 had a higher stabil-
ity than that of single polypeptides. It is obvious from thermal
stability measurement that the (Pep3)3–Ni

2þ–(Pep4)3 complex
was predominantly formed from the Pep3/Pep4 mixture.

(Pep3)3–Ni
2þ–(Pep4)3 complex formation is highly depend-

ent on the pH. Figure 9 shows a pH titration curve to determine
the effect of the pH on complex formation. The pH titration
curve was obtained by monitoring the ½��222 value. As the
pH was decreased, the �-helicity estimated from the ½��222
value decreased. The folding transition took place over
approximately from pH 5.5 to pH 7.0, with the transition
midpoint occurred at about pH 6.0. The imidazolyl group of
a His residue has a pKa value of approximately 6.0, and so un-
der an acidic condition the imidazolyl group is protonated and
does not act as a ligand. The observed pH-dependent folding
transition of the complex may correlate with protonation–
deprotonation of the imidazolyl group of a His residue. This
also indicates that the His residue of the Pep3 or Pep4 acts
as a ligand for Ni2þ, and plays an important role in complex
formation.
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Fig. 5. Circular dichroism spectra of an equimolar binary
Pep3/Pep5 mixture ( ) and Pep3/Pep4 mixture ( ) in
the presence of NiCl2. The measurements were performed
in 10 mM sodium phosphate buffer containing 0.1 M NaCl
(pH 7.0) at 20 �C. The polypeptide concentrations were
40 mM.
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Fig. 6. The relationship between [Pep3]/[Pep4] ratio and
the mean residue ellipticity at 222 nm in the presence
of NiCl2. The measurements were performed in 10 mM
sodium phosphate buffer containing 0.1 M NaCl (pH
7.0) at 20 �C. The total polypeptide concentrations were
40 mM.
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Fig. 7. Analysis of the eluted fraction of Pep2 (A) and an
equimolar binary Pep3/Pep4 mixture (B) in the presence
( ) or absence ( ) of NiCl2 using Sephadex G-50 col-
umn. The elution was performed in 10 mM sodium phos-
phate buffer containing 0.1 M NaCl and 40 mM NiCl2
(pH 7.0) at 20 �C. The arrows indicate the eluted position
of the standards, Pep1 in 10 mM sodium phosphate buffer
(trimer) and Pep1 in 6 M guanidine hydrochloride solution
(monomer).
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Conclusion

The metal ion-induced hetero-block �-helical coiled coil
was constructed by the two kinds of 18 residues short polypep-
tides based on an isoleucine zipper polypeptide. Double-
stranded and triple-stranded helical bundles have been de-
signed in response to a metal ion.28–34 In contrast, a metal
ion-induced coiled coil block structure has not been construct-
ed. The hetero-block coiled coil assembled system can control
two different functional domains responding to external stim-
uli. Therefore, this system has a great possibility of breaking
new ground in peptide engineering.

Experimental

Peptide Synthesis. All polypeptides used in this study were
synthesized by the solid-phase synthesis method using Rink amide
resin, N�Fmoc(9-fluorenylmethoxycarbonyl)-protected amino
acids, HBTU (N-[(1H-benzotriazol-1-yl)(dimethylamino)meth-
ylene]-N-methylmethanaminium hexafluorophosphate N-oxide),
and HOBt (1-hydroxybenzotriazole). Deprotection and cleavage
of polypeptides from the resin were performed by a treatment with
TFA (trifluoroacetic acid)/1,2-ethanedithiol/anisole/ethyl methyl
sulfide (93/1/3/3, v/v) for 2 h. Following the cleavage reaction,
polypeptides were purified by a reverse-phase HPLC on a
YMC-Pack ODS-A column (10 mm i.d. � 250 mm, 5 mm, YMC
Inc., Japan) eluted at 4 cm3/min. with linear acetonitrile/water
gradients containing 0.1% (v/v) TFA over the course of 30 min.
The final products were characterized by analytical HPLC and
MALDI-TOF mass spectrometry, m=z: 3971 for Pep1 (calculated
3971); 4018 for Pep2 (calculated 4018); 1954 for Pep3 (calculated
1954); 1953 for Pep4 (calculated 1952); 1897 for Pep5 (calculated
1896).

Circular Dichroism (CD) Measurements. All CD measure-
ments were performed on a Jasco J-820 spectropolarimeter by us-
ing a 2 mm path-length cuvette. The polypeptide concentration
was determined from the tyrosine absorbance at 275 nm in 6 M
guanidine hydrochloride solutions.35 The mean residue ellipticity,

[�], is given in deg�cm2�dmol�1.
CD spectra were measured in a 10 mM sodium phosphate buf-

fer containing 0.1 M sodium chloride (pH 7.0) in the presence or
absence of Ni2þ ions (40 mM of nickel(II) chloride). The polypep-
tide concentrations were 20 mM for Pep1 and Pep2, and 40 mM for
Pep3 and Pep4.

The effect of the Pep3/Pep4 ratio on the �-helical content was
determined to monitor ½��222 as a function of the Pep3/Pep4 ratios
in the range between 0 and 3. The total polypeptide concentration
was 40 mM.

The thermal transition curves were monitored ½��222 as a func-
tion of the temperature with a 10 mm path length cuvette. The
temperature was increased at a rate of 0.5 �C/min. The total poly-
peptide concentration was 40 mM.

The effect of the pH on the �-helical content was determined to
monitor ½��222 as a function of pH from 4.5 to 8.0.

Size Exclusion Gel Filtration Chromatography. The poly-
peptide samples were dissolved in 0.15 cm3 of sodium phosphate
buffer (10 mM, pH 7.0, containing 0.1 M sodium chroride) in the
presence of Ni2þ ions (40 mM of nickel(II) chloride). The samples
were applied to a Sephadex G-50 column (0.6 (i.d.) � 11 cm), and
were eluted with the same buffer containing 40 mM of nickel(II)
chloride at pH 7.0. One eluted fraction of 0.1 cm3 was collected
and monitored at a wavelength of 230 nm. The total polypeptide
concentration was 80 mM.

This work has been partly supported by a Grant for High
Technology Research Projects, Minister of Education, Culture,
Sports, Science and Technology of Japan.
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