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Abstract: Coiled coils, which mediate the associations and regulate the functions of various proteins, have a
representative amino acid sequence of (defgabc)n heptad repeats and usually have hydrophobic residues at the
a and d positions. We have designed a triple-stranded parallelR-helical coiled coil, in which the amino acid
sequence is YGG(IEKKIEA)4. To construct a peptide that undergoes metal ion induced self-assembly into a
triple-stranded coiled coil, we engineered a metal binding site in the hydrophobic core of the coiled coil. We
replaced two Ile residues of the third heptad with His residues. The peptide had a random structure in aqueous
solution. In contrast, in the presence of a transition metal ion, the peptide exhibited anR-helical conformation.
The metal-complexed peptide was triple stranded and had a parallel orientation, as determined by sedimentation
equilibrium and fluorescence quenching analyses. Metal ion titrations monitored by circular dichroism revealed
that the dissociation constants,Kd, were 35( 1 µM for Co(II), 5.0 ( 0.3µM for Ni(II), 17 ( 1 µM for Cu(II),
and 23( 2 µM for Zn(II). The Ni(II) binds to the His residues, as judged by both pH titration monitored by
circular dichroism and metal ion titration monitored by nuclear magnetic resonance. The highest affinity for
Ni(II) suggests that the metal binding site has six-coordinated octahedral geometry. Thus, the peptide is a
useful tool to control the associations of functional domains attached to the peptide.

Introduction

The ultimate goals of the de novo design of proteins are the
understanding of natural proteins and the creation of novel
functional proteins. In recent studies, several secondary and
tertiary structures have been de novo designed and constructed
by peptide chemistry. The target structures include various
motifs, such asR-helical bundles,1 coiled coils,2 collagens,3

â-sheet proteins,4 R/â proteins,5 and Zn-finger motifs.6 In

particular, R-helical bundles and coiled coils have been the
subjects of extensive protein design because of their structural
simplicity and functional diversity. Although previously de-
signed helical proteins had a tendency to form molten globules,7

significant progress has recently been made in the design of
nativelike helical proteins.8

Coiled coils, which contain a heptad sequence repeat, mediate
the associations of numerous natural proteins.9 In addition, both
natural and designed coiled coils were also fused to various
functional domains of natural proteins to assist their self-
assembly.10 Furthermore, there are several coiled coil domains,
which not only mediate the associations but also regulate the
functions of natural proteins via large conformational rearrange-
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ments in response to environmental changes. For example, the
coiled coil domains in influenza hemagglutinin and the mac-
rophage scavenger receptor exhibit pH-dependent conforma-
tional changes, causing membrane fusion of the virus and ligand
release from the receptor, respectively.11,12 The heat shock
transcription factor regulates the expression of the heat shock
elements, via a conformational change of the coiled coil domain
in response to temperature.13 Therefore, designed coiled coil
peptides, which drastically change their conformation depending
on external stimuli, are useful tools to control the associations
and the functions of domains attached to peptides.

Among the various external stimuli, metal binding is one of
the most attractive targets, since metal ions play important roles
in many biological systems and the factors required for metal
binding are well understood. Actually, the engineering of metal
binding sites in proteins and peptides is receiving an increasing
amount of attention.14 Most of the metal binding sites are,
however, designed into preformed structures. Synthetic peptides
derived from the muscle protein troponin-C were demonstrated
to undergo Ca2+-induced folding and dimerization.15 A very
successful design to induce a drastic conformational change was
recently reported by Hodges and co-workers.16 They designed
a disulfide-linked double-stranded coiled coil, designated as
Gla2Nx, which underwent a random coil to coiled coil transition
upon lanthanide ion binding to the solvent-exposedγ-carboxy-
glutamic acid.

Recent effort have focused on the design of triple-stranded
coiled coils, rather than double-stranded coiled coils.17 Several
homo- and heterotrimeric coiled coils were also successfully
designed.2c,18 We previously constructed a nativelike triple-
stranded coiled coil peptide (IZ), in which the amino acid
sequence is YGG(IEKKIEA)4.8f In this paper, we designed a
peptide that undergoes metal ion induced self-assembly into a
triple-stranded coiled coil. For this purpose, two His residues
were substituted for two Ile residues in the third heptad of the
IZ. The hydrophilic His residues in the hydrophobic core would
greatly destabilize the coiled coil structure and favor a random
coil structure. In the presence of a transition metal ion, however,
metal ion binding to de novo octahedral six-coordinate sites in
the hydrophobic core would facilitate the formation of a triple-
stranded coiled coil. The design, structural properties, metal
binding behavior, and postulated coordination geometry of the
metallopeptide IZ-3adH are reported herein.

Experimental Section

Peptide Synthesis.The peptide, IZ-3adH, was synthesized by the
solid-phase peptide synthesis method using Rink amide resin,19 NR-
Fmoc-protected amino acids, HBTU, and hydroxybenzotriazole on an
Applied Biosystems peptide synthesizer, model 430A. Deprotection and
cleavage were performed by treatment with TFA containing 5%
ethanedithiol and anisole (1/3, v/v) for 1.5 h. Peptide purification was
carried out at room temperature by reversed-phase HPLC using a YMC-
pack ODS-A column (10 mm i.d.× 250 mm, 120 Å, 5µm, YMC
Inc., Japan) eluted at 3 mL/min. A linear elution gradient was used
with 25-40% CH3CN/H2O containing 0.1% TFA during 30 min. The
final product was characterized by analytical HPLC and MALDI-TOF
mass spectrometry.

For the fluorescence quenching assay, a Cys residue was coupled
to the N-terminus of the IZ-3adH peptide. After deprotection and
purification as above, the peptide was dissolved in 500µL of 0.2 M
acetate buffer (pH 4.0) to a peptide concentration of about 300µM.
N-(9-Acridinyl) maleimide (DOJINDO, Japan) was dissolved in 350
µL of acetone (3 mM) and then was mixed with the peptide solution.
After 1 h atroom temperature, the acridinyl IZ-3adH was purified by
reversed phase HPLC.

Modeling Procedure.The entire backbone structure of IZ-3adH was
first built on the basis of the X-ray crystal structure of the GCN4 Leu
zipper core mutant, P-II (PDB code, 1GCM).20 The octahedral His-
X3-His site with Ni(II) was constructed by imposing distance restraints
between each Nε2 atom and Ni(II), which were assumed to be 2.13 Å
from the distance between N and Ni(II) in the crystal structure of tris-
(ethylenediamine)nickel(II).21 All of the other optimum side-chain
conformers, except for the His residues, were selected using the dead-
end elimination algorithm.22 Using the molecular mechanics program,
PRESTO,23 with an AMBER all atom force field,24 the structure was
optimized and the bad contacts were minimized by the conjugate
gradient method.

Circular Dichroism (CD). All CD measurements were carried out
on a JASCO 720 spectrometer at a peptide concentration of 20µM.
The mean residue ellipticity, [θ], is given in units of deg cm2 dmol-1.
The peptide concentration was determined by measuring the tyrosine
absorbance in 6 M guanidine hydrochloride solutions, usingε275 ) 1450
M-1 cm-1.25 For the preparation of a metal stock solution, the metal
chloride was dissolved in buffer that had been purged with nitrogen
for deoxygenation.

CD spectra were measured in 10 mM sodium phosphate and 100
mM NaCl (pH 7.0) in the presence and absence of Co(II), Ni(II), Cu(II),
or Zn(II) (20 µM). The thermal transition analysis was performed in
10 mM Tris-HCl, 100 mM NaCl, and 30µM NiCl2 at pH 7.4. The [θ]
at 222 nm ([θ]222) was monitored as a function of temperature. The
temperature was increased at a rate of 1°C/min. The thermal transition
was reversible. To determine the effect of pH on theR-helical content,
the [θ]222 was monitored as a function of pH from 4.3 to 7.4 in the
same buffer at 20°C.

Metal ion titrations were also performed in 10 mM Tris-HCl and
100 mM NaCl (pH 7.4) at 20°C, by monitoring the [θ]222 as a function
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of the metal concentrations, which were varied between 0.1 and 25.6
µM for Ni(II) and between 1µM and 1 mM for the other metal ion,
respectively. The molar fraction of folded peptide (f) was calculated
from the equationf ) ([θ] - [θ]f)/([θ]s - [θ]f), where [θ] is the
observed [θ]222 at a particular point in the titration and [θ]f and [θ]s

are the [θ]222 values of the metal-free and metal-saturated forms of the
peptide, respectively. In this study, the [θ]222 values measured at the
peptide and the metal concentrations of 100 and 200µM, respectively,
were used as the [θ]s.

As discussed below, a single metal ion is bound to three peptide
molecules. Metal ion titration data were analyzed for a two-state model,
1/3M + P T 1/3(P3M). The dissociation constantKd is defined as

where [P] is the free peptide concentration, [M] is the free metal
concentration, and [P3M] is the peptide-metal complex concentration.
Equation 1 is expressed in terms of the total peptide concentration,Pt,
and the total metal concentration,Mt

Rearranging the terms of eq 2 yields

TheKd and the associated error for the metal were determined from a
nonlinear least-squares fit of eq 3, using the KaleidaGraph program
(Synergy Software). The dissociation free energy per peptide chain,
∆Gdiss, is calculated from eq 4

whereR is the gas constant andT is the absolute temperature.
Sedimentation Equilibrium Ultracentrifugation. Sedimentation

equilibrium analysis was performed with a Beckman XL-I Optima
Analytical Ultracentrifuge equipped with absorbance optics. The initial
peptide concentration was 100µM in 10 mM sodium phosphate and
100 mM NaCl (pH 7.4) containing NiCl2 (500µM) or in 10 mM Tris-
HCl and 100 mM NaCl (pH 7.5) containing CoCl2, CuCl2, or ZnCl2
(200 µM). The sample was centrifuged at 25 000 rpm at 25°C, and
the absorbance was monitored at 280 nm. The oligomerization state
was determined by fitting the data to a single species without
considering any influences of the metals, using Origin Sedimentation
Equilibrium Single Data Set Analysis (Beckman). The partial specific
volume used for the data analysis was 0.758 mL/g, calculated from
the weighted average of the amino acid content using the method of
Cohn and Edsall.26

Fluorescence Quenching Assay.The fluorescence quenching assay
was performed with a HITACHI F-4500 fluorescence spectrophotometer
with a 1-cm path-length cuvette. The emission spectra between 390
and 550 nm of the acridinyl peptides were measured with excitation at
362 nm. The measurements were performed in 10 mM Tris-HCl and
100 mM NaCl (pH 7) containing the indicated concentrations of NiCl2

at room temperature. The concentration of each peptide was about 20
µM.

Nuclear Magnetic Resonance (NMR).NMR spectroscopy was
performed on a Bruker DMX600 spectrometer operated at 600.13 MHz
for 1H. Chemical shifts were referenced internally to 0 ppm with
trimethylsilylpropionic acid. One-dimensional spectra were measured
at 25 °C with suppression of the residual water signal by weak
presaturation. The data sets were defined by 8 k complex points, and
32 scans were accumulated using a spectral width of 8289.3 Hz.
Samples were prepared at an approximate concentration of 1 mM in
2H2O (pH 7.0). In the Ni(II) titration study, small aliquots of a NiCl2

solution were added to the peptide solution, with a total volume change
of about 10% over the titration.

The hydrogen exchange study was initiated by dissolving the
lyophilized peptide and the NiCl2 in 2H2O. The concentrations of the
peptide and the NiCl2 were 1 and 0.4 mM, respectively. An observed
exchange rate constant (kex) was calculated from a two-parameter
nonlinear least-squares fit of the exponential decay curve of the peak
intensities between 5 min and 5 h, using KaleidaGraph. The average
intrinsic amide exchange rate (kint) was 31 s-1, corresponding to three
times the rate of amide exchange for poly-DL-alanine at pH 7 and 25
°C.8b,27 Natural globular proteins typically contain a subset of amide
protons that undergo hydrogen exchange only from the globally
unfolded protein. This feature is a hallmark of nativelike levels of
structural uniqueness.28 When exchange occurs from the globally
unfolded protein, and the folded protein is stable (fu , 1), Kop is, in
principle, equal tokex/kint, where Kop is the unfolding equilibrium
constant of a single IZ-3adH in the peptide-metal complex.29 The
unfolding free energy,∆Gop, is expressed as-RT ln Kop.

Results

Metallopeptide Design.Previous efforts on metallopeptide
design provided clues for designing the metal ion induced self-
assembly of a peptide. The formation of a monomericR-helix
was promoted by a single transition metal ion binding to a His-
X3-His site in a peptide sequence with an octahedral two-
coordinate geometry.30 There were still four nonligated metal
coordination sites remaining. They could be occupied by two
additional His-X3-His sites, which might facilitate the association
of the three peptide molecules into a triple-strandedR-helical
bundle. In this case, the metal binding site would exist in the
interior of theR-helical bundle. Therefore, to construct a self-
assembling peptide, we designed a metal binding site in the
hydrophobic interior of the parallel triple-stranded coiled coil
peptide.
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Figure 1. Helical wheel representation of the third heptad of the IZ-
3adH in the parallel orientation, viewed from the N- to the C-terminus.
Sequences of the IZ and the IZ-3adH are also represented. The four
heptad repeats are proceeded by the YGG sequence for the peptide
quantitation. The Glu and Lys residues at the e and g positions undergo
electrostatic interactions between adjacent helices. The side chains of
the His residues in the IZ-3adH form a metal binding site with
octahedral six-coordinate geometry.

Kd ) [P][M] 1/3/[P3M]1/3 (1)

Kd ) (Pt - fPt)(Mt - fPt/3)1/3/(fPt/3)1/3 (2)

Mt ) f{[Kd
3/3Pt

2(1 - f)3] + Pt/3} (3)

∆Gdiss) -RT ln Kd (4)
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We previously prepared a parallel triple-stranded coiled coil,
IZ, which showed extremely high thermal stability and nativelike
properties.8f The IZ peptide consists of 31 amino acid residues
with four repeats of the heptad, IdEeKfKgIaEbAc (Figure 1). To
create the metal binding His-X3-His site inside theR-helical
coiled coil structure, we substituted two His residues for the
Ile residues at the d and a positions of the third heptad of the
IZ, designated as IZ-3adH. In the parallel coiled coil structure,
these His residues could be positioned near the six corners of
an octahedron. We made a computer model, in which the single
Ni(II) ion is bound inside the triple-stranded IZ-3adH (Figure
2). The model thus obtained shows that theε-N atoms of the
six His residues provide a metal binding site with good
octahedral geometry. In the model, the peptide-metal complex
forms Λ facial isomers, in which one face is formed by three
His residues at the d layer and the other face by three His
residues at the a layer (Figures 1 and 2).

To undergo metal ion induced self-assembly, a designed
peptide should be completely unfolded in the absence of the
metal ion. The two His residues of the IZ-3adH would exist in
the hydrophobic core of the coiled coil structure. Since the
hydrophilic His residues in the hydrophobic core would greatly
destabilize the coiled coil structure,1c the IZ-3adH is expected
to form a random coil structure in the absence of a transition
metal ion.

Structural Characterization of IZ-3adH. The CD spectra
of the IZ-3adH were measured in a benign buffer at pH 7 and

are shown in Figure 3. In contrast to the IZ, which formed a
stable coiled coil structure under these conditions,8f the CD
spectrum of the IZ-3adH in the absence of transition metal ions
is characteristic of a random coil structure, with a minimum at
196 nm. A significant change of the CD spectra was not

Figure 2. Tertiary model of the Ni(II) complex of the IZ-3adH. A side view (right) and a bottom view from the C-termini (left) of the peptide-
metal complex are shown. The six His side chains are shown by the sticks with the three helix backbones. The Ni(II) is indicated by a sphere.

Figure 3. Circular dichroism spectra of the IZ-3adH peptide in the
absence (closed circles) and presence (open symbols) of the metal ion
(CoCl2, squares; NiCl2, circles; CuCl2, triangles; ZnCl2, inverted
triangles). The measurements were performed in 10 mM sodium
phosphate containing 0.1 M NaCl (pH 7.0) at 20°C. The peptide
concentrations were 20µM.
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observed at the peptide concentration between 20 and 400µM.
This result indicates that the substitutions of His for Ile at the
d and a positions almost completely destabilize the coiled coil
structure, as we expected. To analyze the metal ion induced
folding of the IZ-3adH, we used transition metals, including
Co(II), Ni(II), Cu(II), and Zn(II). As shown in Figure 3, the
spectra of the IZ-3adH became typical of anR-helical structure,
with minima at 208 and 222 nm, upon the addition of any metal

ion. In particular, remarkableR-helical formation was observed
in the presence of Ni(II). The ratio of [θ]222 and [θ]208 ([θ]222/
[θ]208) for a coiled coil structure is usually greater than 1,31

while the Ni(II)-complexed IZ-3adH showed a [θ]222/[θ]208 of
about 0.88. This result suggests that the metal-complexed
peptide forms either a partially unfolded coiled coil or, more
likely, an R-helical bundle.

The oligomerization states of the metal-complexed IZ-3adH
were determined by sedimentation equilibrium centrifugation
analyses.32 Each sample was centrifuged at the peptide and the
metal ion concentrations of 100 and 200-500µM, respectively.
The data for the peptide-metal complex, except Cu(II), were
fitted to a single species. The residuals are random and centered
around zero, indicating that the peptide-metal complex sedi-
ments as a single homogeneous species. The apparent molecular
size of the metal-complexed peptide was 10 613 for Co(II),
10 112 for Ni(II), and 10 613 Da for Zn(II). These results
indicate that the metal-complexed IZ-3adH was trimerized (the
calculated molecular mass for the trimerized peptide is 10 771
Da). The data for Cu(II)-complexed peptide could not be fitted,
presumably due to the influence of the absorption of Cu(II).

There are two possible helical orientations of a triple-stranded
R-helical bundle, parallel (all up) and antiparallel (up-up-
down). To analyze the orientation of the metal-complexed IZ-
3adH, a fluorescent probe, acridine, was coupled to the
N-terminus of the IZ-3adH. As shown in Figure 4, the acridinyl-
modified IZ-3adH had the typical fluorescence spectrum of
unassociated acridine in the absence of metal ions. Upon the
addition of Ni(II), the fluorescence was quenched to below one-
seventh of the original fluorescence intensity, suggesting that
the metal-complexed peptide has the parallel orientation in the
bundle structure.

Figure 5 shows the downfield region of the1H NMR spectra
of the IZ-3adH titrated with NiCl2. In the absence of Ni(II), the
aromatic protons from a Tyr residue appear at 6.87 and 7.20
ppm. These chemical shifts are typical for a flexible Tyr residue
in a random coil structure. The Ni(II) binding resulted in a high-
field shift of the NMR resonances of the Tyr residue, suggesting
that the Tyr residue in the peptide-Ni(II) complex was not
completely flexible, but was constrained near the core of the
R-helical bundle.33 Only a single set of Tyr protons was observed

(31) (a) Graddis, T. J.; Myszka, D. G.; Chaiken, I. M.Biochemistry1993,
32, 12664-12671. (b) Zhou, N. E.; Kay, C. M.; Hodges, R. S.Protein
Eng. 1994, 7, 1365-1372. (c) Kohn, W. D.; Kay, C. M.; Hodges, R. S.
Protein Sci.1995, 4, 237-250.

(32) See the Supporting Information.

Figure 4. Fluorescence spectra of the acridinyl IZ-3adH in the presence
of NiCl2. The spectra of the acridinyl peptide were obtained with
excitation at 362 nm, at a peptide concentration of about 20µM.
Measurements were performed at room temperature in 10 mM Tris-
HCl and 100 mM NaCl (pH 7.0) containing the indicated concentrations
of NiCl2.

Figure 5. One-dimensional1H NMR spectra of the IZ-3adH. Measure-
ments were performed in2H2O (pH 7) at the peptide concentration of
1 mM, corresponding to 0.33 mM of the trimerized IZ-3adH. The
concentrations of NiCl2 were 0, 0.07, 0.17, 0.27, 0.33, and 0.40 mM,
respectively. The spectrum in the absence of Ni(II) was assigned: 6.87
ppm (Tyr,δ-CH), 7.03 (His,δ-CH), 7.20 (Tyr,ε-CH), 7.90 (His,ε-CH).

Figure 6. Thermal melting curves of the IZ-3adH in the presence of
NiCl2. The mean residue ellipticity at 222 nm of the peptide was
monitored as a function of temperature. The thermal transition was
performed in 10 mM Tris-HCl, 100 mM NaCl (pH 7.4), and 30µM
NiCl2. The peptide concentration was 20µM.
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after the addition of 1 equiv of Ni(II) to the three IZ-3adH
molecules. Further addition of Ni(II) did not change the
spectrum. These results strongly suggest that the three IZ-3adH
molecules were complexed with a single Ni(II) ion.

Taken together with the results from the CD, sedimentation
equilibrium, fluorescence quenching, and NMR studies, we
conclude that the transition metals induce the self-assembly of
the IZ-3adH peptide into a triple-stranded parallelR-helical
bundle and that there is only one metal ion within the peptide-
metal complex.

The Ni(II) complex of the IZ-3adH was analyzed by thermal
denaturation to assess the stability and the cooperativity of their
association (Figure 6). Although the baseline was sloped in the
low-temperature range (below 25°C), the peptide-metal
complex exhibited a reasonably cooperative unfolding curve,

with a midpoint of about 50°C. The metal binding site divides
the peptide into two regions, the N-terminal two heptads and
the C-terminal heptad. The shorter C-terminal region has only
two turns of the helix, which might cause the gradually
unfolding at the low temperatures.

Characterization of the Metal Binding Site.Binding of the
paramagnetic Ni(II) ion leads to perturbations in both the line
width (relaxation) and the chemical shift of the NMR resonances
of a peptide ligand.34 Both effects are dependent on the distance
from the nucleus to the metal ion (1/r6 and 1/r3 dependence,
respectively).34 In the absence of Ni(II), the imidazole protons
from the His residues appear at 7.03 and 7.90 ppm (Figure 5).
These chemical shifts are typical for theδ- andε-CH protons
of His residues in a random coil structure. Upon the addition
of the Ni(II), these peaks gradually broadened and finally
disappeared, indicating that all of the His residues are magneti-
cally equivalent and are near the Ni(II) ion. These results suggest
that all six of the His residues might ligate the metal ion.

Since the imidazolyl group of a His residue has a pKa value
of about 6.0, the His residue does not act as a ligand under
acidic conditions, due to protonation. To determine the effect
of pH on the metal complex of the IZ-3adH, a pH titration curve
was obtained by monitoring the [θ]222 in the presence of Ni(II)
(Figure 7). As the pH was decreased, theR-helicity of the
peptide decreased, with a transition midpoint of pH 6. This result
also supports the proposal that the His residues are the ligands
for the metal binding.

Affinities of IZ-3adH for Metal Ions. The binding of each
metal ion to the IZ-3adH was indirectly evaluated by monitoring
the fraction of folded peptide by CD spectroscopy. Titrations
of the IZ-3adH with Co(II), Ni(II), Cu(II), or Zn(II) were
performed at a peptide concentration of 20µM. As described

Figure 7. pH dependence of the IZ-3adH in the presence of NiCl2.
Measurements were performed in 10 mM Tris-HCl, 100 mM NaCl,
and 30µM NiCl2 at various pH conditions. The peptide concentrations
were 20µM.

Figure 8. Metal ion titration profiles of the IZ-3adH, as monitored by CD. The fraction of folded peptide was plotted against the initial metal ion
concentration. Measurements were performed in 10 mM Tris-HCl and 100 mM NaCl (pH 7.3) at 20°C. The peptide concentrations were 20µM.
The [θ]222 of the metal-saturated forms of the peptide, [θ]s, are (A) CoCl2, -25 500; (B) NiCl2, -27 400; (C) CuCl2, -22 200; (D) ZnCl2, -29 200
deg cm2 dmol-1. The data were fitted using a nonlinear least-squares fitting procedure, as described in the Experimental Section.
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above, the results from the sedimentation equilibrium analyses
and the Ni(II) titration study by NMR revealed that three IZ-
3adH molecules bound one metal ion in the complex. Therefore,
the data were fitted using a nonlinear least-squares fitting
procedure, assuming a two-state model,1/3M + P T 1/3(P3M).
As shown in Figure 8, all of the metal ions, except Cu(II),
increased the fraction of folded peptide with increases in their
concentrations. Ni(II) had the highest affinity, with aKd of 5.0
( 0.3 µM. Both Co(II) and Zn(II) bind to the IZ-3adH less
tightly than Ni(II), with aKd of 35 ( 1 µM for Co(II) and 23
( 2 µM for Zn(II). The result for Cu(II) is somewhat different
from those for the others. Cu(II) induced theR-helical formation
of the peptide at a concentration below 100µM. However,
excess Cu(II) destabilized the folding. Fitting of the data from
1 to 100µM yields aKd of 17 ( 1 µM for Cu(II).

The NMR-detected hydrogen exchange study provides valu-
able information for protein folding.28 In the case of the IZ-
3adH-Ni(II) complex, the most protected amide protons were
detectable even after 4-5 h (Figure 9). Their observed exchange
rate constant (kex) was about 1.6× 10-4 s-1, which corresponds
to an unfolding equilibrium constant (Kop) of 5 × 10-6 and to
an unfolding free energy (∆Gop) of 7.2 kcal/mol, for a single
IZ-3adH in the peptide-metal complex. This∆Gop value is in
good agreement with a dissociation free energy (∆Gdiss) of about
7.1 kcal/mol, which is calculated from theKd determined by
Ni(II) titration using CD, suggesting that the most protected
amide protons of the Ni(II)-complexed peptide exchange via
global unfolding. These results provide evidence that the IZ-
3adH-Ni(II) complex has nativelike structural uniqueness and
that the uncomplexed IZ-3adH was fully unfolded.

Discussion

Designed coiled coil peptides with the capacity of metal ion
induced self-assembly are useful tools to control the associations
of functional domains attached to the peptides. In this study,
we have constructed a metallopeptide (IZ-3adH), in which two
His residues are substituted for two Ile residues of the parallel
triple-stranded coiled coil peptide (IZ). Structural characteriza-
tion of the metallopeptide showed that transition metal ions, in
particular Ni(II), induced self-assembly of the peptide into a
parallel triple-strandedR-helical bundle. Although there was no
evidence of the formation of a coiled coil, even theR-helical
bundle is sufficient to control the associations of the attached
domains.

It was recently reported that a coiled coil peptide, L16C,
formed the Hg(II) binding site in the hydrophobic interior and
that the oligomerization state of the L16C-Hg(II) complex
changed from a trimer at high peptide/metal ratios to a dimer
at low peptide/metal ratios.35 We observed only the three IZ-
3adH:one Ni(II) complex at high peptide/metal ratios in the
Ni(II) titration study by NMR. In the sedimentation equilibrium
analysis, the IZ-3adH complexes with Ni(II), Co(II), and Zn(II)
were trimeric, even at a low peptide/metal ratio. These results
suggest that the oligomerization state of these complexes is
independent of the peptide/metal ratio.

The oligomerization state of the IZ-3adH-Cu(II) complex
could not be determined by sedimentation equilibrium analysis.

The Ile-zipper coiled coil preferentially forms a triple strand.2C,8f

On the other hand, Cu(II) prefers four-coordinate geometry,36

which might be formed in the postulated double-stranded IZ-
3adH. Therefore, we hypothesize that the Cu(II)-complexed IZ-
3adH forms the trimer at high IZ-3adH/Cu(II) ratios and the
dimer at low peptide/metal ratios. This hypothesis can explain
the strange folding behavior of IZ-3adH in the Cu(II) titration
(Figure 8C). At high peptide/metal ratios, the intrinsic confor-
mational preference of the peptide results in the trimer forming
a complex with Cu(II). Under conditions with an excess of
metal, however, the favorable four-coordinate geometry of the
Cu(II) binding site forces a change of the oligomerization state
to the dimer, in which the unfavorable side-chain packings of
the Ile residues destabilize theR-helical structure.2c

On the basis of the above discussion, we fit the titration data
of IZ-3adH with metal ions to a two-state binding model,1/3M
+ P T 1/3(P3M). In the case of the Cu(II), we used the data
below 100µM Cu(II) concentration. The data fit well to the

(33) This finding is supported by the result that the NOEs between the
aromatic protons and the methyl group at 0.81 ppm (probably the Ile residue
at position 4) were observed (data not shown).

(34) Jardetzky, O.; Roberts, G. C. K.NMR in Molecular Biology;
Academic Press Inc.: Orland, FL, 1981; pp 69-114.

(35) Dieckmann, G. R.; McRorie, D. K.; Tierney, D. L.; Utschig, L.
M.; Singer, C. P.; O’Halloran, T. V.; Penner-Hahn, J. E.; DeGrado, W. F.;
Pecoraro, V. L.J. Am. Chem. Soc.1997, 119, 6195-6196. (36) Sundberg, R. J.; Martin, R. B.Chem. ReV. 1974, 74, 471-517.

Figure 9. (A) 1H NMR amide hydrogen exchange studies of the IZ-
3adH in the presence of NiCl2. The measurements were performed in
2H2O at 25°C. The peptide and NiCl2 concentrations were 1.0 and 0.4
mM, respectively. The resonances indicated by asterisks arise from a
Tyr residue. (B) Time course of1H occupancy of the slowest exchanging
amide proton of the IZ-3adH in the presence of NiCl2. The data were
fitted for the exponential decay to yield akex of about 1.6× 10-4 s-1,
leading to an unfolding equilibrium,Kop, of about 5× 10-6.
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model and gave aKd of 35 ( 1 µM for Co(II), 5.0 ( 0.3 µM
for Ni(II), 17 ( 1 µM for Cu(II), and 23( 2 µM for Zn(II).
However, the actual mechanism of the metal binding may be
expressed as a multistate binding,1/3[M + 3P] T 1/3[PM +
2P] T 1/3[P2M + P] T 1/3(P3M). In the Ni(II) titration study
by NMR, only two sets of Tyr signals, from the uncomplexed
structure and the final complexed one, were observed throughout
the titration. Signals from intermediates were not observed.
These results suggest that the metal binding in the multistate
mechanism induces highly positive cooperativity, in which the
first peptide binding to the metal enhances the second and third
peptide binding.

Elucidation of the coordination geometry of the metal binding
site is a significant subject. We incorporated six His residues
into the hydrophobic core of the triple-stranded coiled coil. The
results obtained from both the Ni(II) titration by NMR and the
pH titration by CD suggest that all six of the His residues ligate
the metal ion. The metal ion selectivity also provides additional
information for the coordination geometry. The affinities of a
single imidazole for the transition metal ions have been well
characterized and follow the order Cu(II)> Ni(II) > Zn(II) ≈
Co(II).36 All of these metal ions can bind six imidazoles, except
for Cu(II), which binds only four imidazoles, even in the
presence of excess imidazole.36 Therefore, Ni(II) is considered
to be the most favorable metal ion to form a six-imidazole
coordinate complex with octahedral geometry.36 We found that
the affinities of the IZ-3adH for metal ions followed the order
Ni(II) > Cu(II) > Zn(II) ≈ Co(II). The highest affinity for Ni(II)
suggests that the binding site of the triple-stranded IZ-3adH has
six-coordinate octahedral geometry. Taken together, we con-
clude that the six His residues in the metallopeptide coordinate
to a single metal ion with an octahedral geometry.

Many metal binding sites with various geometries have been
incorporated into proteins and peptides.14 Although some of
these metal binding sites coordinate a metal ion with six-
coordinate octahedral geometry, they were constructed using
either bipyridine or porphyrin as ligands.37,38To our knowledge,
IZ-3adH is the first designed metallopeptide in which a metal

binding site with octahedral geometry is formed by six His
residues. Such His-rich metal binding sites in the hydrophobic
environment are observed in natural metalloenzymes.39 In
addition, the IZ-3adH-metal complex has nativelike structural
uniqueness, as determined by the cooperative thermal unfolding
and the hydrogen exchange through global unfolding. Therefore,
the IZ-3adH peptide could be a potential scaffold for the further
design of synthetic metalloenzymes.

In this paper, we incorporated a novel metal binding site in
a coiled coil peptide. The metallopeptide, IZ-3adH, underwent
metal ion induced self-assembly into a parallel triple-stranded
R-helical bundle. The metal-complexed IZ-3adH also exhibited
a pH-dependent conformational change. Thus, the IZ-3adH
peptide can mediate the associations of attached functional
domains, in response to a transition metal ion and pH. In contrast
to the previously designed, double-stranded Gla2Nx,16 the IZ-
3adH peptide is applicable as a homotrimerization template. In
addition, the six-His system described here could be applied to
a designed heterotrimeric helical bundle. It would enable one
to control the heterotrimerization of three different functional
domains. Furthermore, the IZ-3adH peptide consists of only
codon-encoded amino acids, and therefore, it is applicable to
both in vitro and in vivo purpose. Thus, the IZ-3adH peptide
provides a powerful tool to incorporate interesting functions into
de novo designed proteins and peptides.

Supporting Information Available: Data of the sedimenta-
tion equilibrium analysis of the IZ-3adH in the presence of NiCl2

(1 page, print/PDF). See any current masthead page for ordering
information and Web access instructions.
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