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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 (defgabeptad

repeats and usually have hydrophobic residues at the

a and d positions. We have designed a triple-stranded pagahelical coiled coil, in which the amino acid
sequence is YGG(IEKKIEA) 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 lle residues of the third heptad with His
solution. In contrast, in the presence of a transition m

residues. The peptide had a random structure in agueous
etal ion, the peptide exhibitedelital 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 constanks;, were 35+ 1 uM for Co(ll), 5.0 £ 0.3uM for Ni(ll), 17 £+ 1 uM for Cu(ll),

and 23+ 2 uM for Zn(ll). The Ni(ll) 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(ll) 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

particular, a-helical bundles and coiled coils have been the

The ultimate goals of the de novo design of proteins are the sybje_ct_s of extensivg protei_n de_sign because of th_eir structural
understanding of natural proteins and the creation of novel SIMPlicity and functional diversity. Although previously de-
functional proteins. In recent studies, several secondary andSigned helical proteins had a tendency to form molten globules,
tertiary structures have been de novo designed and constructed'dnificant progress has recently been made in the design of

by peptide chemistry. The target structures include various
motifs, such asu-helical bundleg, coiled coils? collagens’
B-sheet proteing, a/p proteins? and Zn-finger motif$. In
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nativelike helical proteing.

Coiled coils, which contain a heptad sequence repeat, mediate
the associations of numerous natural prot&imsaddition, both
natural and designed coiled coils were also fused to various
functional domains of natural proteins to assist their self-
assembly'0 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, theExperimental Section

coiled coil domains in influenza h.e.magglutmm and the mac- Peptide SynthesisThe peptide, 1Z-3adH, was synthesized by the
rophage scavenger receptor exhibit pH-dependent conforma-gyiq phase peptide synthesis method using Rink amide Fesif
tional changes, causing membrane fusion of the virus and ligandrFmoc-protected amino acids, HBTU, and hydroxybenzotriazole on an
release from the receptor, respectively?2 The heat shock  Applied Biosystems peptide synthesizer, model 430A. Deprotection and
transcription factor regulates the expression of the heat shockcleavage were performed by treatment with TFA containing 5%
elements, via a conformational change of the coiled coil domain 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-
in response to temperatuteTherefore, designed coiled coil pack ODS-A column (10 mm i.dx 250 mm, 120 A, 5m, YMC

peptides, which drastically change their conformation depending |nc., japan) eluted at 3 mL/min. A linear elution gradient was used

on external stimuli, are useful tools to control the associations with 25—40% CHCN/HO containing 0.1% TFA during 30 min. The

and the functions of domains attached to peptides. final product was characterized by analytical HPLC and MALDI-TOF
_ o o mass spectrometry.

Among the various external stimuli, metal binding is one of £ the fluorescence quenching assay, a Cys residue was coupled
the most attractive targets, since metal ions play important rolesto the N-terminus of the 1Z-3adH peptide. After deprotection and
in many biological systems and the factors required for metal purification as above, the peptide was dissolved in B0Gf 0.2 M
binding are well understood. Actually, the engineering of metal acetate buffer (obH 4.0) to a peptide concentration of about;300

binding sites in proteins and peptides is receiving an increasing '\ (3-Acridinyl) maleimide (DOJINDO, Japan) was dissolved in 350

g - . uL of acetone (3 mM) and then was mixed with the peptide solution.
amount of at_tentloﬁ. Most of the metal binding SII?S are., After 1 h atroom temperature, the acridinyl 1Z-3adH was purified by
however, designed into preformed structures. Synthetic peptidesreversed phase HPLC.

derived from the muscle protein troponin-C were demonstrated  Modeling Procedure. The entire backbone structure of 1Z-3adH was
to undergo C#&-induced folding and dimerizatio?. A very first built on the basis of the X-ray crystal structure of the GCN4 Leu
successful design to induce a drastic conformational change Was;-(iprﬁﬁf Cf:re Tﬁﬁ?ltl) P-Il (PDBt CO(tjeé k%G_CW?)The %t_?tftihedral l-:iS-_ t
. ; 3-His site with Ni(ll) was constructed by imposing distance restraints
recgntly_ repprted by Hodges and co V\(orkjé’ri'hey d§5|gned between each & atom and Ni(ll), which were assumed to be 2.13 A
a dlsu”'de'_l'nked double-stranded CQ'IEd CF)II, de_slgnatt_eq 8S from the distance between N and Ni(ll) in the crystal structure of tris-
GlagNx, which underwent a random coil to coiled coil transition  (ethylenediamine)nickel(IBt All of the other optimum side-chain
upon lanthanide ion binding to the solvent-expogethrboxy- conformers, except for the His residues, were selected using the dead-
glutamic acid. end elimination algorithm? Using the molecular mechanics program,
) ) PRESTC? with an AMBER all atom force field4 the structure was
Recent effort have focused on the design of triple-stranded gptimized and the bad contacts were minimized by the conjugate
coiled coils, rather than double-stranded coiled cbiSeveral gradient method.
homo- and heterotrimeric coiled coils were also successfully  Circular Dichroism (CD). All CD measurements were carried out
designed®18 We previously constructed a nativelike triple- 0n @ JASCO 720 spectrometer at a peptide concentration g0

stranded coiled coil peptide (1Z), in which the amino acid The mean residue ellipticityd], is given in units of deg cihdmol2.

. . . The peptide concentration was determined by measuring the tyrosine
8f
Seqqence is YGG(IEKKIEA) .In thls paper, we deS|gneq 2 absorbancei6 M guanidine hydrochloride solutions, usiags = 1450
peptide that undergoes metal ion induced self-assembly into apm-1 ¢m 125 For the preparation of a metal stock solution, the metal

triple-stranded coiled coil. For this purpose, two His residues chloride was dissolved in buffer that had been purged with nitrogen
were substituted for two lle residues in the third heptad of the for deoxygenation.
IZ. The hydrophilic His residues in the hydrophobic core would ~ CD spectra were measured in 10 mM sodium phosphate and 100
greatly destabilize the coiled coil structure and favor a random MM NaCl (pH 7.0) in the presence and absence of Co(ll), Ni(ll), Cu(lh),
coil structure. In the presence of a transition metal ion, however or Zn(lf) (20 uM). The thermal transition analysis was performed in

. o . A -7 10 mM Tris-HCI, 100 mM NacCl, and 30M NiCl, at pH 7.4. The §]
metal ion binding to de novo octahedral six-coordinate sites in 4t 222 nm (p],,) was monitored as a function of temperature. The
the hydrophobic core would facilitate the formation of a triple- temperature was increased at a rate &€imin. The thermal transition
stranded coiled coil. The design, structural properties, metal was reversible. To determine the effect of pH ondhielical content,
binding behavior, and postulated coordination geometry of the the [P]zz was monitored as a function of pH from 4.3 to 7.4 in the

metallopeptide 1Z-3adH are reported herein. same buﬁer a}t ZQC' . .
Metal ion titrations were also performed in 10 mM Tris-HCI and

100 mM NacCl (pH 7.4) at 20C, by monitoring the §]222 as a function
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of the metal concentrations, which were varied between 0.1 and 25.6
uM for Ni(ll) and between 1uM and 1 mM for the other metal ion,
respectively. The molar fraction of folded peptide Was calculated
from the equationf = ([0] — [0])/([0]s — [O]r), where P] is the
observed §]22; at a particular point in the titration and]f and ]

are the p].22 values of the metal-free and metal-saturated forms of the
peptide, respectively. In this study, th€]{» values measured at the
peptide and the metal concentrations of 100 and@2@0respectively,
were used as thé/[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,
H3M + P < Y5(PsM). The dissociation constam is defined as

Kg = [PIM] *¥[P;M] (1)
where [P] is the free peptide concentration, [M] is the free metal
concentration, and B®1] is the peptide-metal complex concentration.
Equation 1 is expressed in terms of the total peptide concentréion,
and the total metal concentratios;

Ky = (P, — fPY)(M, — fP/3)3/(fP/3)” (2)
Rearranging the terms of eq 2 yields
M, = f{[K/3P2(1 — ©)¥ + P/3} )

The Ky 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,
AGqiss is calculated from eq 4
AGys= —RTIn K, 4)

whereR is the gas constant aridis 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 100 in 10 mM sodium phosphate and
100 mM NacCl (pH 7.4) containing Nig(5004M) or in 10 mM Tris-
HCI and 100 mM NaCl (pH 7.5) containing CoCICuCh, or ZnCk
(200 uM). The sample was centrifuged at 25 000 rpm at°25 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 Edsaf®

Fluorescence Quenching Assayl-he 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-HCI and
100 mM NacCl (pH 7) containing the indicated concentrations of NiCl
at room temperature. The concentration of each peptide was about 2
uM.
Nuclear Magnetic Resonance (NMR).NMR spectroscopy was
performed on a Bruker DMX600 spectrometer operated at 600.13 MHz
for *H. 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 defingd8tk 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
2H,0 (pH 7.0). In the Ni(ll) titration study, small aliquots of a NiCl
solution were added to the peptide solution, with a total volume change
of about 10% over the titration.

(26) Cohn, E. J.; Edsall, J. Proteins, Amino Acids and Peptides as
lons and Dipolar lonsReinhold Publishing Corp.: New York, 1943; pp
370-381.
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d a d a d a d a
Iz YGG IEKKIEA IEKKIEA IEKKIEA TEKKIEA
IzZ-3adH --- --——--= ——--——- H---H-- ——-----

Figure 1. Helical wheel representation of the third heptad of the 1Z-
3adH in the parallel orientation, viewed from the N- to the C-terminus.
Sequences of the 1Z and the 1Z-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 1Z-3adH form a metal binding site with
octahedral six-coordinate geometry.

The hydrogen exchange study was initiated by dissolving the
lyophilized peptide and the Nigin 2H,O. The concentrations of the
peptide and the NiGlwere 1 and 0.4 mM, respectively. An observed
exchange rate constank.{) 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 ratk-) was 31 s, corresponding to three
times the rate of amide exchange for poly-alanine at pH 7 and 25
°C 827 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 uniquene$8. When exchange occurs from the globally
unfolded protein, and the folded protein is stalfle< 1), Kop is, in
principle, equal toke/kini, Where Koy is the unfolding equilibrium
constant of a single 1Z-3adH in the pepticimetal complexX® The
unfolding free energyAGq, is expressed asRT In Kqp.

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 monomericelix
was promoted by a single transition metal ion binding to a His-
Xs-His site in a peptide sequence with an octahedral two-
coordinate geometr$?. There were still four nonligated metal
coordination sites remaining. They could be occupied by two
additional His-X-His sites, which might facilitate the association
of the three peptide molecules into a triple-strandeldelical
bundle. In this case, the metal binding site would exist in the
interior of thea-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.

(27) Englander, S. W.; Downer, N. W.; Teitelbaum, Annu. Re.
Biochem.1972 41, 903-924.

(28) (a) Roder, HMethods Enzymoll989 176, 446-473. (b) Bai, Y.,
Milne, J. S.; Mayne, L.; Englander, S. \WWroteins1994 20, 4—14.

(29) Dur, E.; Bosshard, H. REur. J. Biochem1997, 249, 325-329.

(30) (a) Ghadiri, M. R.; Choi, CJ. Am. Chem. S0d.99Q 112 1630~
1632. (b) Arnold, F. H.; Haymore, BSciencel991 252 1796-1797.
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D

Figure 2. Tertiary model of the Ni(ll) 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(ll) is indicated by a sphere.

We previously prepared a parallel triple-stranded coiled coil, 30000
1Z, which showed extremely high thermal stability and nativelike
properties The 1Z peptide consists of 31 amino acid residues 20000
with four repeats of the heptadiBKKglEpA¢ (Figure 1). To
create the metal binding HispHis site inside then-helical
coiled coil structure, we substituted two His residues for the
lle residues at the d and a positions of the third heptad of the
I1Z, designated as 1Z-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(Il) ion is bound inside the triple-stranded 1Z-3adH (Figure
2). The model thus obtained shows that ¢ atoms of the
six His residues provide a metal binding site with good
octahedral geometry. In the model, the peptidestal complex 200 220 240 260
forms A 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). Figure 3. Circular dichroism spectra of the 1Z-3adH peptide in the

To undergo metal ion induced self-assembly, a designed absence (closed cirqles) :_;md presence (o_pen symbols) o_f the metal ion
peptide should be completely unfolded in the absence of the (COCk, squares; NiGl circles; CuCj, triangles; ZnGl, inverted
metal ion. The two His residues of the 1Z-3adH would exist in 1angles). The measurements were performed in 10 mM sodium
the hydrophobic core of the coiled coil structure. Since the Esgsg:t?ii;ﬁ:txgg%l M NaCl (pH 7.0) at 20. The peptide
hydrophilic His residues in the hydrophobic core would greatly '
destabilize the coiled coil structutethe 1Z-3adH is expected are shown in Figure 3. In contrast to the 1Z, which formed a
to form a random coil structure in the absence of a transition stable coiled coil structure under these conditi&ne CD
metal ion. spectrum of the 1Z-3adH in the absence of transition metal ions

Structural Characterization of 1Z-3adH. The CD spectra is characteristic of a random coil structure, with a minimum at
of the 1Z-3adH were measured in a benign buffer at pH 7 and 196 nm. A significant change of the CD spectra was not

(6] (deg.cm?.dmol-1)

Wavelength (nm)
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Figure 4. Fluorescence spectra of the acridinyl 1Z-3adH in the presence Figure 6. Thermal melting curves of the 1Z-3adH in the presence of
of NiCl,. The spectra of the acridinyl peptide were obtained with NiCl.. The mean residue ellipticity at 222 nm of the peptide was
excitation at 362 nm, at a peptide concentration of aboujuRD monitored as a function of temperature. The thermal transition was
Measurements were performed at room temperature in 10 mM Tris- performed in 10 mM Tris-HCI, 100 mM NaCl (pH 7.4), and 3801
HCl and 100 mM NaCl (pH 7.0) containing the indicated concentrations NiCl.. The peptide concentration was 201.
of NiCl..

ion. In particular, remarkable-helical formation was observed

[Ni2+] in the presence of Ni(ll). The ratio 0222 and []20s ([0] 224
[3(1Z-3adH)] [0]209) for a coiled coil structure is usually greater thad!1,
‘ while the Ni(ll)-complexed 1Z-3adH showed &]p24/[0]20g Of
0 about 0.88. This result suggests that the metal-complexed

peptide forms either a partially unfolded coiled coil or, more
likely, an a-helical bundle.
The oligomerization states of the metal-complexed 1Z-3adH
0.2 were determined by sedimentation equilibrium centrifugation
analyses? Each sample was centrifuged at the peptide and the
metal ion concentrations of 100 and 28800uM, respectively.
The data for the peptidemetal complex, except Cu(ll), were
fitted to a single species. The residuals are random and centered
05 around zero, indicating that the pepticimetal complex sedi-
ments as a single homogeneous species. The apparent molecular
size of the metal-complexed peptide was 10 613 for Co(ll),
10112 for Ni(ll), and 10613 Da for zZn(ll). These results
08 indicate that the metal-complexed 1Z-3adH was trimerized (the
calculated molecular mass for the trimerized peptide is 10 771

Da). The data for Cu(ll)-complexed peptide could not be fitted,
presumably due to the influence of the absorption of Cu(ll).
There are two possible helical orientations of a triple-stranded
1.0 a-helical bundle, parallel (all up) and antiparallel ¢ugp—

down). To analyze the orientation of the metal-complexed IZ-
3adH, a fluorescent probe, acridine, was coupled to the
N-terminus of the 1Z-3adH. As shown in Figure 4, the acridinyl-

TN 12 modified 1Z-3adH had the typical fluorescence spectrum of
unassociated acridine in the absence of metal ions. Upon the
LA B I B R B B N BB B | addition of Ni(ll), the fluorescence was quenched to below one-
8.0 1.5 7.0 seventh of the original fluorescence intensity, suggesting that
Chemical shift (ppm) the metal-complexed peptide has the parallel orientation in the
Figure 5. One-dimensionalH NMR spectra of the 1Z-3adH. Measure- ~ Pundle structure.
ments were performed itH,0 (pH 7) at the peptide concentration of Figure 5 shows the downfield region of tftd NMR spectra

1 mM, corresponding to 0.33 mM of the trimerized 1Z-3adH. The of the IZ-3adH titrated with NiCGl In the absence of Ni(ll), the
concentrations of NiGlwere 0, 0.07, 0.17, 0.27, 0.33, and 0.40 mM, aromatic protons from a Tyr residue appear at 6.87 and 7.20
respectively. The spectrum in the absence of Ni(ll) was a_.'ssigned: 6.87 ppm. These chemical shifts are typical for a flexible Tyr residue
ppm (Tyr,0-CH), 7.03 (His 0-CH), 7.20 (Tyr.e-CH), 7.90 (His-CH). in a random coil structure. The Ni(ll) binding resulted in a high-

. ) field shift of the NMR resonances of the Tyr residue, suggesting
observed at the peptide concentration between 20 andM00  that the Tyr residue in the peptigdli(ll) complex was not
This result indicates that the substitutions of His for lle at the competely flexible, but was constrained near the core of the
d and a positions almost completely destabilize the coiled cail ¢-pelical bundle? Only a single set of Tyr protons was observed
structure, as we expected. To analyze the metal ion induced
folding of the 1Z-3adH, we used transition metals, including 32(31]36(24)1—?.?57(1::.& L- Jz;hMySZﬁa,ED-E.;Cféaikﬁn,h%ochengstgl%a
Co(l), Ni(ll), Cu(ll), and Zn(ll). As shown in Figure 3, the  2- " o7 136.5—(1)372.0(uc’) Kohn, V\all.yb.;'Ka;, c l\%fsﬁodgegt%r.] s.
spectra of the 1Z-3adH became typical of@elical structure, Protein Sci.1995 4, 237 250.
with minima at 208 and 222 nm, upon the addition of any metal  (32) See the Supporting Information.
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0 with a midpoint of about 50C. The metal binding site divides
o On the peptide into two regions, the N-terminal two heptads and
< -5000 o the C-terminal heptad. The shorter C-terminal region has only
£ two turns of the helix, which might cause the gradually
= -10000 unfolding at the low temperatures.
;E)h -15000 | Characterization of the Metal Binding Site. Binding of the
) o paramagnetic Ni(ll) ion leads to perturbations in both the line
N 20000 width (relaxation) and the chemical shift of the NMR resonances
= UIIEE of a peptide ligand* Both effects are dependent on the distance
= 25000 from the nucleus to the metal ion (&/and 113 dependence,
. ; é ; 8 respectively}* In the absence of Ni(ll), the imidazole protons
from the His residues appear at 7.03 and 7.90 ppm (Figure 5).
pH These chemical shifts are typical for the ande-CH protons

Figure 7. pH dependence of the 1Z-3adH in the presence of NiCl ~ Of His residues in a random coil structure. Upon the addition
Measurements were performed in 10 mM Tris-HCI, 100 mM NacCl, of the Ni(ll), these peaks gradually broadened and finally
and 30uM NiCl at various pH conditions. The peptide concentrations disappeared, indicating that all of the His residues are magneti-
were 20uM. cally equivalent and are near the Ni(ll) ion. These results suggest

after the addition of 1 equiv of Ni(ll) to the three 1Z-3adH that_ all six of the His residues mlgh.t I|gat.e the metal ion.
molecules. Further addition of Ni(ll) did not change the  Since the imidazolyl group of a His residue haska palue
spectrum. These results strongly suggest that the three 1Z-3adHPf @bout 6.0, the His residue does not act as a ligand under
molecules were complexed with a single Ni(ll) ion. acidic conditions, due to protonation. To determ_lne _the effect
Taken together with the results from the CD, sedimentation ©f PH on the metal complex of the IZ-3adH, a pH titration curve
equilibrium, fluorescence quenching, and NMR studies, we Was obtained by monitoring thé]2. in the presence of Ni(ll)
conclude that the transition metals induce the self-assembly of (Figure 7). As the pH was decreased, inelicity of the

the 1Z-3adH peptide into a triple-stranded paraltehelical peptide decreased, with a transition midpoint of pH 6. This result
bundle and that there is only one metal ion within the peptide @IS0 supports the proposal that the His residues are the ligands
metal complex. for the metal binding.

The Ni(ll) complex of the 1Z-3adH was analyzed by thermal Affinities of 1Z-3adH for Metal lons. The binding of each
denaturation to assess the stability and the cooperativity of theirmetal ion to the 1Z-3adH was indirectly evaluated by monitoring
association (Figure 6). Although the baseline was sloped in the the fraction of folded peptide by CD spectroscopy. Titrations
low-temperature range (below 2%C), the peptide metal of the 1Z-3adH with Co(ll), Ni(ll), Cu(ll), or Zn(ll) were
complex exhibited a reasonably cooperative unfolding curve, performed at a peptide concentration of 2d. As described
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Figure 8. Metal ion titration profiles of the 1Z-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 NacCl (pH 7.3f@t Zbe peptide concentrations were 24.

The [0]222 of the metal-saturated forms of the peptidds[are (A) CoC}, —25 500; (B) NiCh, —27 400; (C) CuGl, —22 200; (D) ZnC}, —29 200

deg cn? dmol % 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 A -
and the Ni(ll) titration study by NMR revealed that three 1Z-
3adH molecules bound one metal ion in the complex. Therefore,

- . . - S min
the data were fitted using a nonlinear least-squares fitting
procedure, assuming a two-state moédgM + P <> Y/3(PsM).
As shown in Figure 8, all of the metal ions, except Cu(ll), -
increased the fraction of folded peptide with increases in their
concentrations. Ni(ll) had the highest affinity, withka of 5.0 1hr

o
o
]

+ 0.3 uM. Both Co(ll) and Zn(ll) bind to the 1Z-3adH less

tightly than Ni(ll), with aKqy of 35+ 1 uM for Co(ll) and 23 L

+ 2 uM for Zn(ll). The result for Cu(ll) is somewhat different

from those for the others. Cu(ll) induced théhelical formation

of the peptide at a concentration below 10®. However, 4 hr

excess Cu(ll) destabilized the folding. Fitting of the data from

1 to 1004M yields aKgq of 17 = 1 xM for Cu(ll). UL
The NMR-detected hydrogen exchange study provides valu-

able information for protein folding® In the case of the 1Z- BN R AR RN AR R RN R

3adH-Ni(Il) complex, the most protected amide protons were 9 8 7

detectable even after-% h (Figure 9). Their observed exchange Chemical shift (ppm)

rate constanti¢,) was about 1.6< 10~ s™1, which corresponds

to an unfolding equilibrium constanKgy) of 5 x 107¢ and to B

an unfolding free energyAGoyp) of 7.2 kcal/mol, for a single

IZ-3adH in the peptidemetal complex. Thif\Gg value is in 1 O—

good agreement with a dissociation free enery$(s9 of about

7.1 kcal/mol, which is calculated from th€y determined by

Ni(ll) titration using CD, suggesting that the most protected

amide protons of the Ni(ll)-complexed peptide exchange via

global unfolding. These results provide evidence that the 1Z-

3adH-Ni(Il) complex has nativelike structural uniqueness and

that the uncomplexed 1Z-3adH was fully unfolded.
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Discussion

Designed coiled coil peptides with the capacity of metal ion 0 T r . —
induced self-assembly are useful tools to control the associations 0 1 2 3 4 5
of functional domains attached to the peptides. In this study, ]

we have constructed a metallopeptide (1Z-3adH), in which two time (hr)

His residues are substituted for two lle residues of the parallel Figure 9. (A) 'H NMR amide hydrogen exchange studies of the 1Z-
triple-stranded coiled coil peptide (1Z). Structural characteriza- 3adH in the presence of Ni£IThe measurements were performed in
tion of the metallopeptide showed that transition metal ions, in °H20 at 25°C. The peptide and Nigkoncentrations were 1.0 and 0.4
particular Ni(Il), induced self-assembly of the peptide into a mM, rgspectively. The resonances indicated by asterisks arise f_rom a
parallel triple-stranded-helical bundle. Although there was no ~ TY residue. (B) Time course & occupancy of the slowest exchanging
evidence of the formation of a coiled coil, even thenelical amide proton of the 1Z-3adH in the presence of Nidlhe data were

. - - fitted for the exponential decay to yieldka, of about 1.6x 1074 s,
zgnmdell?enlss sufficient to control the associations of the attached leading to an unfolding equilibriunk,p, of about 5x 107°.

It was recently r_epc_)rted_that a coiled coil p_eptide'_ L16C, 1he lle-zipper coiled coil preferentially forms a triple straive
formed the.Hg(II) .bln(.:ilng site in the hydrophobic interior and On the other hand, Cu(ll) prefers four-coordinate geortry,
that the oligomerization state of the L16@lg(ll) complex  \ nich might be formed in the postulated double-stranded 1Z-
changed frc_)m a mmer at high peptide/metal ratios to a dimer 3adH. Therefore, we hypothesize that the Cu(ll)-complexed 1Z-
at Ion peptld_e/metal r?t|o3§, VYf ﬁbserv_ed only tlhe t_hree IZ;] 3adH forms the trimer at high 1Z-3adH/Cu(ll) ratios and the
3"?‘0'H-.°”e. Ni(ll) complex at hig pept_lde/me'ga ratios in the - giner at low peptide/metal ratios. This hypothesis can explain
Ni(ll) titration study by NMR. In the sedimentation equilibrium oo range folding behavior of 1Z-3adH in the Cu(ll) titration
anaIyS|_s, th? 1Z-3adH complexes W'th NidlD), C‘?(”)’ and Zn(l) (Figure 8C). At high peptide/metal ratios, the intrinsic confor-
were trimeric, even at a low peptide/metal ratio. These results oo, preference of the peptide results in the trimer forming
suggest that the oligomerization state of these complexes iS, complex with Cu(ll). Under conditions with an excess of
independent of the peptide/metal ratio. metal, however, the favorable four-coordinate geometry of the

The oligomerization state of the IZ-3aetCu(ll) complex  cy(11) binding site forces a change of the oligomerization state
could not be determined by sedimentation equilibrium analysis. {5 the dimer, in which the unfavorable side-chain packings of

(33) This finding is supported by the result that the NOEs between the the lle reS|du§s destabilize t@hellc‘?l structgré? o
aromatic protons and the methyl group at 0.81 ppm (probably the lle residue ~ On the basis of the above discussion, we fit the titration data

at position 4) were observed (data not shown). of 1Z-3adH with metal ions to a two-state binding modéjM

34) Jardetzky, O.; Roberts, G. C. MR in Molecular Biolo
Acgde)mic Braas Inc. Otland, FL. 1981 pp-6eL4. Y + P < Y5(PsM). In the case of the Cu(ll), we used the data

(35) Dieckmann, G. R.; McRorie, D. K.; Tierney, D. L.; Utschig, L.  below 100uM Cu(ll) concentration. The data fit well to the
M.; Singer, C. P.; O’Halloran, T. V.; Penner-Hahn, J. E.; DeGrado, W. F;
Pecoraro, V. LJ. Am. Chem. S0d.997 119 6195-6196. (36) Sundberg, R. J.; Martin, R. Ehem. Re. 1974 74, 471-517.
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model and gave &y of 35+ 1 uM for Co(ll), 5.0 £ 0.3uM binding site with octahedral geometry is formed by six His

for Ni(ll), 17 = 1 uM for Cu(ll), and 23+ 2 uM for Zn(ll). residues. Such His-rich metal binding sites in the hydrophobic
However, the actual mechanism of the metal binding may be environment are observed in natural metalloenzyffeis
expressed as a multistate bindifg[M + 3P] < Y/3[PM + addition, the 1Z-3adHmetal complex has nativelike structural

2P] < Y3[P,M + P] < Y3(PsM). In the Ni(ll) titration study unigueness, as determined by the cooperative thermal unfolding
by NMR, only two sets of Tyr signals, from the uncomplexed and the hydrogen exchange through global unfolding. Therefore,
structure and the final complexed one, were observed throughoutthe 1Z-3adH peptide could be a potential scaffold for the further
the titration. Signals from intermediates were not observed. design of synthetic metalloenzymes.
These results suggest that the metal binding in the multistate In this paper, we incorporated a novel metal binding site in
mechanism induces highly positive cooperativity, in which the a coiled coil peptide. The metallopeptide, 1Z-3adH, underwent
first peptide binding to the metal enhances the second and thirdmetal ion induced self-assembly into a parallel triple-stranded
peptide binding. o-helical bundle. The metal-complexed 1Z-3adH also exhibited
Elucidation of the coordination geometry of the metal binding & PH-dependent conformational change. Thus, the 1Z-3adH
site is a significant subject. We incorporated six His residues pep'udp can mediate the asspplatlons c_)f attached functional
into the hydrophobic core of the triple-stranded coiled coil. The domains, In response _to a transition metal ion ad %H' In contrast
results obtained from both the Ni(ll) titration by NMR and the to the pre\{|ou_sly des_,|gned, double-stra_ndeqqutl the IZ-
pH titration by CD suggest that all six of the His residues ligate Sad_H_ peptide IS appllcable asa hqmotnmerlzanon templqte. In
the metal ion. The metal ion selectivity also provides additional addltlgn, the 5|x-H|s.syst.em dgscnbed here could be applied to
information for the coordination geometry. The affinities of a a designed heterotnm_erlc _heh_cal bundle. It.WOUId enabl_e one
single imidazole for the transition metal ions have been well to cor_ltrol the heterotrimerization of three _dlﬁerent_functlonal
characterized and follow the order Cu(H) Ni(ll) > Zn(ll) ~ domains. Furthermgre, th_e 1Z-3adH peptlde.cc_)n5|sts. of only
Co(ll).3% All of these metal ions can bind six imidazoles, except °°d°'."er?C°dEd amino acids, and therefore, it is appl|cab!e to
for Cu(ll), which binds only four imidazoles, even in the bOth.m vitro and in vivo purpose. Thu_s, the I_Z-3adH_pept_|de
presence of excess imidazéfeTherefore, Ni(ll) is considered provides a powerful tool to incorporate interesting functions into

to be the most favorable metal ion to form a six-imidazole de novo designed proteins and peptides.

coordinate complex with octahedral geoméfiWe found that Supporting Information Available: Data of the sedimenta-

Ni(l1) > Cu(ll) > Zn(ll) ~ Co(ll). The highest affinity for Ni(ll) (1 page, print/PDF). See any current masthead page for ordering

suggests that the binding site of the triple-stranded 1Z-3adH hasinformation and Web access instructions.

six-coordinate octahedral geometry. Taken together, we con-

clude that the six His residues in the metallopeptide coordinate JA982768D

to a single metal ion with an octahedral geometry. (37) (a) Lieberman, M.; Sasaki, 7. Am. Chem. So4991, 113 1470~
Many metal binding sites with various geometries have been }ﬂléz(g)_g‘lad'”' M. R.; Soares, C.; Choi, £.Am. Chem. Sod992

incorporated into proteins and peptidésAlthough some of (38) (a) Choma, C. T.. Lear, J. D.; Nelson, M. J.; Dutton, P. L.;

these metal binding sites coordinate a metal ion with six- Rbot;;ertbsor?, D. ED.; ED?E;%%O]? W.Slf.. ngs.e(r:hgné 'SS?I-JgaguA:e r11“16 E-Sﬁﬂ_uslr?gllland

cpordln_ate _o_ctahedral geo_metry_, they were constructed usmggs.)E.?Piediii?ir,]‘R.;‘ Lé’ar, J. I’D.;.Wénd, A. J beérado, Wj Fl.; I5utt0n, P. L.‘

either bipyridine or porphyrin as ligand$38To our knowledge,  Nature 1994 368 425-432.

IZ-3adH is the first designed metallopeptide in which a metal  (39) Klemba, M.; Regan, LBiochemistry1995 34, 10094-10100.




