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Abstract: Metalloproteins are an attractive target for de novo design. Usually, natural proteins incorporate
two or more (hetero- or homo-) metal ions into their frameworks to perform their functions, but the design
of multiple metal-binding sites is usually difficult to achieve. Here, we undertook the de novo engineering
of heterometal-binding sites, Ni(ll) and Cu(ll), into a designed coiled coil structure based on an isoleucine
zipper (1Z) peptide. Previously, we described two peptides, 1Z-3adH and 1Z-3aH. The former has two His
residues and forms a triple-stranded coiled coil after binding Ni(Il), Zn(ll), or Cu(ll). The latter has one His
residue, which allowed binding with Cu(ll) and Zn(ll), but not with Ni(ll). On the basis of these properties,
we newly designed 1Z(5)-2a3adH as a heterometal-binding peptide. This peptide can bind Cu(ll) and Ni(ll)
simultaneously in the hydrophobic core of the triple-stranded coiled coil. The first metal ion binding induced
the folding of the peptide into the triple-stranded coiled coil, thereby promoting the second metal ion binding.
This is the first example of a peptide that can bind two different metal ions. This construction should provide

valuable insights for the de novo design of metalloproteins.

Introduction

Studies on de novo designed proteins include the construction
of unique tertiary structures and the creation of new functions.
Thus far, many types of secondary and tertiary structures, such

asa-helical bundle and coiled collcollagen? 3-sheet proteir,

and a/B-protein? have been designed and successfully con-
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structed. However, as compared to structural design, only few
examples of functional design have been reported. Metal ions
serve a number of roles in protein foldihgnzymatic reaction,
electron-transfer processésand so on. Metal binding is,
therefore, one of the most attractive targets in de novo design.
Proteins usually require specific metal ions for their structural
formation and functions. For example, the zinc finger proteins
and theEscherichia coliAda protein require Zn(ll) for a proper
folding and ligand recognitiof.Hg(ll) is responsible for the
genetic switch of MerR, a metalloregulatory protéif.Some
proteins possess two metal ions. Diiron proteins engage in the
reversible binding of oxygen, electron transfer, and catalysis
of hydroxylation reaction&? Two metal ions, Cu(ll) and Zn(ll),

are responsible for the function of superoxide dismutéase.
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In de novo design, most metal ion-binding sites are engineered 1 2 3 4 5

outside the protein structurésin a few examples, a confor- detgabe defgabc defgabe defgabe defgabe
. . . . . 1z YGG IEKKIEA IEKKIEA IEKKIEA IEKKIEA

mational change occurred after the metal binding. Designed zinc
finger peptides folded after the binding of Zn(ll) to His and 1Z-3adH ~ --= -====-= ------- Ho--H-- ---o-o-
Cys residue$? Binding of lanthanide ions tg-glutamic acids [Z-3aH  —== -mmmmm mmmmee o H-- —------
in the designed peptide induced the folding of a double-stranded
coiled coil**Within a hydrophobic pocket of de novo designed
proteins, Ni(ll) bound to six His residues, and Hg(ll) and Cd(ll)
bound to three Cys residues in the triple-stranded coiledlzoil. Figure 1. Amino acid sequences of IZ, 1Z-3adH, 12-3aH, IZ-2a3adH, and
Two Zn(1) binding sites were also created using Gt XX 29-Z23adk, Onl the amio acids il difer rom ose s the 1 secuerce,
His sequences in a four-helix bundle prot&inHowever,  numbers and positions are indicated above the IZ sequence.
different two-metal ion-binding sites have not been constructed
thus far, and they should be an attractive target to further the \
de novo design of functional proteins. 0 ‘\

Here, a heterometal ion-binding site was designed in the
hydrophobic core of a triple-strandedt-helical coiled coil
structure. Thet-helical coiled coil has the representative amino
acid sequence oflefgabg, heptad repeats. Thea andd posi-
tions are usually occupied by hydrophobic residues, which form
the hydrophobic core. We previously synthesized the de novo
designed peptide, isoleucine zipper (12), [YGG(IEKKIER) -30000- : .
(defgabg, which forms a parallel triple-strandedhelical coiled 200 220 240 260
coil structure!® Starting from this peptide, we searched for Wavelength (nm)
proper mutations for 1Z sequences that could regulate the Figure 2. Circular dichroism spectra of the 1Z(5)-2a3adH peptide in the
assembly of the pepide by metal fons. The IZ-3adH peptide, 302 (O N9 e prserce et ons @henen e
which possesses two His residues at ¢hend a positions of in 10 mM sodium phosphate containing 0.1 M NaCl (pH 7.6) at@0
the third heptad repeat, binds Ni(ll), Zn(ll), or Cu(ll) using the The peptide and metal concentrations were 20 anckBl7 respectively.
two His residues and forms a triple-stranded coiled ¥8iOn
the other hand, the 1Z-3aH peptide, which has only one His structure (Figure 1). On the basis of 1Z, we have designed two
residue, binds Zn(ll) and Cu(ll), but not Ni(ly.On the basis transition-metal ion-binding peptides, 1Z-3adH and 1Z-3aH.
of these observations, we designed the peptide 1Z(5)-2a3adH,These have two or one His residues, respectively, in the 30
composed of 38 amino acid residues including three His amino acid residue peptides, and they exhibited different metal
residues. This peptide can bind Ni(ll) and Cu(ll) simultaneously ion selectivity. On the basis of the information obtained from
in the hydrophobic core of the triple-strandechelical coiled these peptides, we designed a two-metal binding peptide. The
coil. metal ions can favorably coordinate to two His residues at the
i andi + 4 positions, rather than those at thendi + 3
positions. The His residues at tt8 and 3a positions are

Design of Two-Metal Binding SitesWe previously prepared  separated by three amino acids, while #rzeand 3d positions
the de novo designed peptide, 1Z, [YGG(IEKKIEAfdefgaby, are separated by two amino acids. Consequently, the metal
which forms a parallel triple-stranded-helical coiled coil binding is more favorable between ti3e and 3a positions.

- _ — — - Therefore, the first metal-binding site should be 8tkand3a

a1 b Pese A e >ttt A Falareli,  POSitions, and thea position would become the second metal-

1Z2a3%dH - ----ooo oo H-- H---H-- -----o-

1Z(5)-2a3adH -~ ------- ---- H-- H---H-- ------- IEKKIEA

[0 (deg - cm? - dmot™1)
.,

Results

ié;ORotilio, G.; Desideri, A.; Bolognesi, M. Mol. Biol. 1997, 274, 408~ binding site. Thus, the first metal ion binding to the two His
(12) (a) Regan, L.; Clarke, N. DBiochemistry199Q 29, 10878-10883. (b) residues at th&d and 3a positions is expected to induce the
Handel, T. M.; Williams, S. A.; DeGrado, W. Bciencel993 261, 879— fo'dlng' and then the Second meta' ion can b|nd to ﬂw

885. (c) Handel, T. M.; DeGrado, W. B. Am. Chem. Sod99Q 112 - . . .

6710-6711. (d) Pessi, A.; Bianchi, E.; Crameri, A.; Venturini, S.; position. We designed the 1Z(5)-2a3adH peptide, which has three

Tramontano, A.; Sollazzo, MNature 1993 362 367—369. (e) Walkup, i ; ; i ;

G. K.. Imperiali. B.J. Am. Chem. S0d997 119 3443-3450" H|§ residues gt the hydrophoblc positions of the co_ntl_nuous layer
(13) Michael, S. F.; Kilfoil, V. J.; Schmidt, M.; Amann, B. T.; Gerg, J. M.  (Figure 1). First, we designed [Z-2a3adH, consisting of four

(19) e l\\llsflb/icsgysgﬁ._ss.ﬁ?ezz sa 4 323‘5%2%_ BAm. Chem soc heptad repeats, but the His residues in the hydrophobic core

as) %9)92 12(3(_1&24;113% H. Kohda. D.. Nak H.: TanakaJTA destabilized the coiled coil structure, even after the complex-

a UZUKI, K.; AHIroakl, H.; Konda, D.; Nakamura, H.; lanakaJ.lAm. - . - . .

Chem. S0c1998 120, 13008-13015. (b) Li, X.; Suzuki, K. Kanaori, K.; ation with metal ions. Hence, t.he IZ(5)-2a3adH peptide, with
Tajima, K.; Kashiwada, A.; Hiroaki, H.; Kohda, D.; Tanaka, Htotein five heptad repeats, was designed to increase the structural

Sci.200Q 9, 13271333. (c) Dieckmann, G. R.; McRorie, D. K.; Tierney, -
D.; Utschig, L. M.; Singer, C. P.; O’Halloran, T. V.; Penner-Hahn, J. E.; stability.
DeGrado, W. F.; Pecoraro, V. LJ. Am. Chem. Sod997 119, 6195-

6196. (d) Dieckmann, G. R.; McRorie, D. K.. Lear, J. D.. Sharp K. A.; .Cha.racterization of the_ IZ(5)-2§13ad.H Peptide. Circular
DeGrado, W. F.; Pecoraro, V. L. Mol. Biol. 1998 280, 897-912. Dichroism SpectroscopyCircular dichroism (CD) spectroscopy
(16) Lombardi, A.; Summa, C. M.; Geremia, S.; Randaccio, L.; Pavone, V.; .
DeGrado, W. EProc. Natl. Acad. Sci. U.S.£000 97, 62956305, was performed to characterize the secondary structure of the
(17) (a) Cohen, C.; Parry, D. A. DRroteins: Struct., Funct., Genet99Q 7, i ide. - i ibi ini-
1215000) Lupas. ATrends Biochom. ScL096 21 375382, designed peptide. The IZ(S). 2a3adH pe.ptl.de exhibited a m|q|
(18) Suzuki, K.; Hiroaki, H.; Kohda, D.; Tanaka, Protein Eng.1998 11, mum below 200 nm, which is characteristic for a random coil
1051-1055. N Ei
(19) Kiyokawa, T.; Kanaori, K.; Tajima, K.; Koike, M.; Mizuno, T.; Oku, T.; _Strucmre’ as shown in Flgu_re 2. T_O analyze th_e effect of metal
Tanaka, TJ. Pept. Res2004 63, 347—353. ions on the structure of this peptide, 1/3 equiv of metal ions
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Figure 3. Ni(ll) (&), Cu(ll) (©), and Zn(ll) Q) titration profiles of 1Z(5)- Figure 4. Urea denaturation curves for 1Z(5)-2a3adH in the presence of

2a3adH (15M) measured by CD spectroscopy atZDand pH 7.6. The Cu(ll) (O), Ni(ll) (O), and Cu(ll) and Ni(ll) ). The denaturation curves

[0]222 values were monitored and plotted as a function of the metal ion Were recorded in 10 mM sodium phosphate at pH 7.0 with peptide and
metal concentrations of 20 and R/, respectively. Ni(ll) (6.7«M) and

concentration. Cu(ll) (6.7 uM) were both present for the binding of two metals.

(6.7 uM) were added to the peptide sample (28). In the 2 b)

presence of Ni(ll) and Cu(ll), this peptide exhibited a typical -

a-helical structure, with minima at 208 and 222 nm. THg4> 07 ‘} ? f

to [0]20s ratios of the CD spectrum in the presence of Cu(ll) =2 " T ~

and Ni(ll) were 1.04 and 0.93, respectively. The peptide binding g03 °

with Cu(ll) probably formed am-helical coiled coil structure, P ?, °,

while a partially perturbed-helical coiled coil structure was § s go.z

induced by Ni(ll). However, Zn(ll) did not induce tlehelical 3 8 o o

structure as efficiently as Ni(ll) and Cu(ll). Upon the further g 02 20.1 o %

addition of Zn(ll) (up to 26-30 equiv vs peptide), the-helical :% ' < 0 o°°o"’°°°°"’°° _Pooao0o0gono
’ 0 5 10 15 20 25 30 35

structure was induced, as shown in Figure 3. These results o0 | 100 T 720

showed that the coordination of Ni(ll) and Cu(ll) to the His Radius (cm) Fraction number
residues was more prgferable t,han that of Zn,(“)' In the case of Figure 5. (a) Representative analytical ultracentrifugation sedimentation
IZ-3adH, Cu(ll) can bind and induce aw-helical structure; data for the 1Z(5)-2a3adHNi(ll) complex. The concentrations of the peptide

however, Cu(ll) showed an abnormal behavior. With the and the metal were 100 and 5QfM, respectively. The sample was
addition of Cu(ll), ana-helical structure was induced, but the g??g('g‘flzefgzzjgz(g&OM')p;“ngtl\ﬁa%?%gi“‘;f?ﬁg?}ﬁ:ﬁﬁf 4C”f3"”‘ ;“n'éuz"gt
a-helical content was decreased because of the favorablethe top indicate the places where the peptide standards were eluted.
monomeric structure in the presence of excess Cu(ll). On the
other hand, even with the further addition of Cu(ll) up to 40 indicating that the complex is a single homogeneous species.
equiv to 1Z(5)-2a3adH, the-helical content was maintained, The apparent molecular size of the complex is 13 3060,
while thea-helical content of the 1Z-3adH peptide was reduced indicating that the Ni(l1}-1Z(5)-2a3adH complex is trimerized
to 50% under the same conditioF¥8.This result suggests that  (the calculated molecular mass for the trimerized peptide is
another Cu(ll) may have been bound to the second metal-binding13 279 Da). The apparent MW for the Cu@)Z(5)-2a3adH
site following the first metal binding to 1Z(5)-2a3adH in the complex could not be obtained because of the influence of the
presence of excess Cu(ll). Cu(ll) complex absorption. Therefore, the Cu(ll), Cuflliand
Ni(ll) binds most efficiently to IZ-3adH as compared to other Ni(ll) —peptide complexes were analyzed by the size exclusion
metal ions; however, Ni(ll) is ineffective with IZ-3aH. On the  chromatography using Sephadex G-50. The coiled coil has an
other hand, Cu(ll) binds to both 1Z-3adH and 1Z-3aH. These extended structure, and hence, we used peptides that have
results suggest that Ni(ll) binds to the His residues at3aie lengths similar to 1Z(5)-2a3adH and form the coiled coill
and3d positions of 1Z(5)-2a3adH, and the remaining His residue structures, as the standard dimer, trimer, and tetramer references
at the2a position is free. Then Cu(ll) binds to the remaining for the analyses by size exclusion chromatography. The 1Z(5)-
His residue at the?a position. To analyze the effect of the 2a3adH peptide in the presence of Cu(ll) or Ni(ll) and Cu(ll)
heterometal ion binding, we measured the stability of the coiled was eluted at the same fraction numbers as the Nifi€ptide
coil structure toward urea denaturation in the presence of Cu(ll) complex and the trimeric coiled coil standard (Figure 5b). These
and Ni(ll) or a mixture of Cu(ll) and Ni(ll) (Figure 4). The results indicate that the 1Z(5)-2a3adH peptide is trimerized in
denaturation midpoints in the presence of Ni(ll) or Cu(ll) alone the presence of either Ni(ll) alone, Cu(ll) alone, or a mixture
were 2.5 and 1.7 M, respectively, showing that Ni(ll) was more of Ni(ll) and Cu(ll).
effective than Cu(ll). In the presence of a mixture of Ni(ll) and Nuclear Magnetic Resonance (NMR) Measurementslo
Cu(ll), the midpoint was increased to 3.2 M, suggesting that assess the binding of the metal ions to 1Z(5)-2a3adH, we
the peptide bound both Ni(ll) and Cu(ll). performed an NMR study. In the absence of Ni(ll), aromatic
Oligomerization of the Peptide.The oligomerization states  protons from the Tyr residue appeared at 6.80 and 7.09 ppm,
of the Ni(Il)—1Z(5)-2a3adH complex were determined by a and His signals were at 7.00 and 7.95 ppm (Figure 6). These
sedimentation equilibrium centrifugation analysis (Figure 5a). chemical shifts are typical in a random coil structure, and the
The data for the metalpeptide complex were fitted to a single  imidazole ring proton signals from the three His residues were
species. The residuals are random and centered around zerajegenerated. Upon the addition of Ni(ll), the aromatic protons

J. AM. CHEM. SOC. = VOL. 126, NO. 43, 2004 14025
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Figure 7. ESR spectra recorded at 77 K for frozen solutions of (a) 1Z(5)-
2a3adH-Cu(ll) complex, (b) 1Z-2adH-Cu(ll) complex, and (c) Ni(ll)-
J\_k 3 2 1 Cu(ll)—1Z(5)-2a3adH complex prepared at pH 6.6. The final concentrations
—T—T 77— of Cu(ll) ion and 1Z(5)-2a3adH, Cu(ll) ion and 1Z-3adH, and Ni(ll) and
84 82 80 78 76 74 72 70 6.8 ppm Cu(ll) ions and 1Z(5)-2a3adH in the 100 mM NaCl solution were 0.3 and

Figure 6. One-dimensional®H NMR spectra of the 1Z(5)-2a3adH. 0.9 mM, 0.3 and 0.9 mM, and 0.3, 0.3 and 0.9 mM, respectively. The pH
Measurements were performecPii,O (pH 6.5) at the peptide concentration ~ Of the solution was adjusted using 0.01 N NaOH and 0.01 N HCI while
of 0.2 mM, corresponding to 0.067 mM of the trimerized 1Z(5)-2a3adH. monitoring the pH. lithium salt of tetracyanoquinodimethane, Li-TCNQ, is
The ratios of peptide, Ni(ll), and Cu(ll) are indicated in the figure. The ~an external standardy (= 2.0025).

spectrum in the absence of metal ion was assigned as follows: 6.80 ppm

(tyr, 6-CH), 7.00 (His,0-CH), 7.09 (Tyr,e-CH), 7.95 (His,e-CH). Electron Spin Resonance (ESR) MeasurementsESR

: ) o analyses were carried out for the 1Z(5)-2a3adEu(ll) and
from the Tyr residues were shifted to high field at 6.76 and () —cu(i)—12(5)-2a3adH complexes to obtain information
7.05 ppm, respectively. The chemical shift change of the ghoyt the coordination structure. Each reaction solution, com-
aromatic protons ended at the 12(5)-2a3adH and Ni(ll) ratio of ,qeq of 17(5)-2a3adH (0.9 mM) and Cu@0.3 mM) or NiCh
3:1, indicating that three 1Z(5)-2a3adH peptides bind one Ni(ll). (0.3 mM) and CuGl(0.3 mM) prepared at pH 6.6, was subjected
The high field shift of the aromatic protons was observed during 15 ESR measurements. As shown in Figure 7a, the reaction
the folding of 1Z-3adH into the triple-stranded coiled coil by  ggjution of 1Z(5)-2a3adH and Cug0.3 mM) generated a
the addition of Ni(Il):° Following the addition of Ni(ll), the  complicated ESR line shape composed of at least three copper
imidazole protons from the His residues were gradually complexes with different ESR parameters. The super hyperfine
shortened. Binding of the paramagnetic Ni(ll) ion leads to gpjitting (nine lines; aN= 1.53 mT) in thegs region is
perturbations in the line widths and chemical shifts of the NMR ' characteristic of the copper complex bearing four imidazole
resonances of a peptide ligafftBoth effects are dependeng ON  pitrogen atoms at the equatorial positions. The appayeand
the distance from the nucleus to the metal ior{(Bhd 1f aN values of this species are consistent with those of the €u(ll)
dependence, respectively). In the case of 1Z(5)-2a3adH, one|z.33dH complex §, = 2.268,A, = 17.3 mT,gy = 2.061, and
Ni(ll) was designed to bind to the His residues at &eand aN = 1.53 mT), as depicted in Figure 7b. A comparison of the
3d p05|t|pns. Although the |m.|dazole protong cqmpletgly disap- ESR Jine shape in thg, region of these two complexes (Figure
peared in the IZ-3adH peptide at the peptidi(ll) ratio of 7a,b) clearly revealed hyperfine splitting, similar to that of the
3:1, they were still observed even upon the further addition of cu(I)—IZ-3adH complex, in the ESR signal of the CugH)
Ni(ll) to th(_e_ratip of 3:2. Itis considered that the His residue _at 1Z(5)-2a3adH complex (Figure 7a). This suggests that the copper
the_2a position is free and clos_(_a to the Ni(ll) bound to the His complex bound to the imidazoles at tBa and3d positions of
residues at the3d and 3a positions. As a consequence, the |7(5).233adH peptide is the major species. The further addition
imidazole protons were not completely shielded by Ni(ll) and ¢ cucy, did not affect the ESR spectrum of the Cug(5)-
were partially affected. This result also indicates that the change 53a3dH complex. As shown in Figure 7c, the ESR spectrum of
of the imidazole ring proton was affected by the Ni(ll) bound  he Ni(11)—Cu(ll)—1Z(5)-2a3adH complex revealed an ESR line
to the peptide, but not by the Ni(ll) surrounding the peptide in  ghape derived from a single Cu(ll) complex, as featured by the
solution. Because of the strong paramagnetic nature of Cu(ll), following ESR parametersg, = 2.210 A, = 18.3 mT gn= 2.048.
the §ubsequent addition of Cu(ll) to the peptideu(ll) ratio The seven lines of super hyperfine splitting observed ingthe
of 3:1 caused the remaining imidazole protons to completely region supported the ligation of three nitrogen atoms to the
disappear, suggesting that Cu(ll) bound to the His residue atcy )y jon. The ESR parameters were similar to those of the
the 2a position. Although the aromatic protons from the Tyr 1Z-3aH—Cu(ll) complext®indicating that the Cu(ll) ion engages
residue were broadened, they were still observed at the samgpee nitrogens of the His residues and an oxygen donor
positions. Itis reasonable that the Cu(ll) bound to the His residue ,ssibly derived from LD. In addition, the ESR signal of this
at the2a position affects the Tyr residue at the amino terminus complex was also involved in the complicated ESR signal
Fhrough space..Cu(II) bindipg to metalloprotgins is kKnown 10 (ecorded for the mixture of 1Z(5)-2a3adH and CuFigure
induce severe line broadening of a protein signal as compared7a). Even after this sample was annealed, the identical ESR

to Ni(ll), because the electron-relaxation timig)(of Cu(ll) is spectrum was still obtained. When the final concentration of

a 1-3 orders fastet! CuCh was increased to 0.6 mM, the ESR signal of the
nonspecifically bound Cu(Ifypeptide adducty; = 2.235,A, =

(20) g";‘éggfzg’r'la%oﬁ‘,’:'i‘?r%& ’g:p- SR in Molecular Biology Academic 18.7 mT,gy = 2.048) was observed together with that of the

(21) Bertini, I.; Turano, P.; Vila, A. JChem. Re. 1993 93, 2833-2932. Ni(ll) —=Cu(Il)—1Z(5)-2a3adH complex (data not shown). A

14026 J. AM. CHEM. SOC. = VOL. 126, NO. 43, 2004



Two-Metal Binding Peptide

ARTICLES

Figure 8. Structural model of the Ni(ll),Cu(It-peptide complex, based

on ESR analyses. One of the possible coordination structures is depicted.

Since the ESR of the Ni(ll) ion was silent even at 4.2 K, its spin state is
postulated to be low-spirSE= 0). The low-spin Ni(ll) ions prefer the square-
planar coordination geometry, consistent with His residues a8#hend

3d positions, by analogy with the case of the Ni{tlZ-3adH complex.
Cu(ll) bound to the planar three His residues atZh@ositions and watel®

at the 3a and 3d positions are situated at theandi + 4
positions, while the2a and 3d positions are situated at the
andi + 3 positions. The first metal-binding site is, therefore,
the two His residues at thga and 3d positions. The second
metal-binding site is the His residue at tBa position. We
demonstrated the binding of two metal ions, Ni(ll) and Cu(ll),
to 1Z(5)-2a3adH by CD and NMR spectroscopies. From the ESR
study, Cu(ll) apparently bound to the three planer His residues.
Ni(ll) probably interacted with the rest of the His residues. It is
reasonable to consider that Ni(ll) bound to the His residues at
the 3a and 3d positions, and Cu(ll) at th@a position. Since
Ni(ll) was the most effective divalent ion for the [Z-3adH
peptides, as compared to Cu(ll) and Zn(ll), the square-planar
geometry of the Ni(ll) complex might be supported by six His
residues aBa and 3d positions. In fact, the Ni(ll) ion did not
bind to the 1Z-3aH peptide. On the other hand, Cu(ll) effectively
bound to both peptides. Thus, we attained selectivity for two
metal ions in the coiled coil structure. We are certain that Cu(ll)
bound at thea position, and Ni(ll) at th&2a and3d positions.
However, Ni(ll) also did not induce the helical conformation
of 1Z-2a3dH, which has two His residues at tBa and 3d

This might cause structural perturbations around the metal-binding sites. positions (data not shown). We have no evidence that Ni(ll)

The three vertical bold bars indicate thehelix.

similar, nonspecific Cu(lh-peptide complex was also observed
upon the addition of CuGl(0.3mM) to the solution of the Ni-
(I —1Z-3adH complex. This supports the idea that the Ni(ll)
ion bound to imidazole at theanddpositions of 1Z(5)-2a3adH

or 1Z-2adH was not replaced, even in the presence of an exces
amount of the Cu(ll) ion. These observations demonstrate that

the coordination of Ni(ll) at3a and 3dpositions regulates the
coordination mode of Cu(ll) in the coiled coil structure of the
1Z(5)-2a3adH peptide.

Discussion

The design of metal-binding sites in proteins provides
important insights related to understanding the biological
functions of metal ions in natural proteins, improving the design
principles, and creating new functiofisAlthough many metal-
binding sites have been designed, most of them were placed

However, the metal ions in natural proteins are usually not

completely exposed to the solvent. Only few examples of metal-
binding sites in hydrophobic positions have been reported, by

DeGrada'® Pecorard® and ust®® We previously described
three examples with different metal ion selectivitled?1°we
combined two design procedures to create one peptide an
succeeded in placing two different metal ions in the vicinity of
a hydrophobic position. A possible coordination structure of
the Ni(Il)—Cu(ll)—1Z(5)-2a3adH complex is illustrated in Figure
8. This construction is a starting point for the design of
metalloproteins with efficient functions that are similar to those
of natural proteins.

Considering the two-metal binding sites in the peptide, we
prepared the 1Z(5)-2a3adH peptide, where three His residue
were placed in spatial vicinity of each other. The metal
coordination is known to be more favorable at thendi + 4
positions than at theandi + 3 positions®3 The His residues

(22) DeGrado, W. F.; Summa, C. M.; Pavone, V.; Nastri, F.; Lombardimau.
Rev. Biochem.1999 68, 779-819.
(23) Arnold, F. H.; Haymore, B. LSciencel991, 252, 1796-1797.

o

the solvent exposed sites of natural or designed proteins.

and Cu(ll) exchange occurred, although further analyses might
be necessary. In the 1Z(5)-2a3adH peptide, the first metal-
binding function in structural formation and the second metal

binding serve to increase the structural stability.

In the case of the 1Z-3adH peptide, the excess Cu(ll) stabilized
the monomeric form because of the strong coordination of Cu(ll)
o the two His residues at theandi + 4 positions of the same
strand, rather than the formation of a trimeric coiled coil. The
peptide formed thew-helical conformation around the Cu(ll)-
binding site, and the rest of the peptide assumed a flexible
conformation. This led to a decrease in théelicity of 1Z-
3adH in the prescence of more than 10@ Cu(ll).152On the
other hand, the 1Z(5)-2a3adH peptide maintainedatHeelical
content, even 500M Cu(ll) (data not shown). It was suggested
that the 1Z(5)-2a3adH peptide bound two Cu(ll). Contrary to
our expectations, however, the ESR study indicated that one
Cu(ll) bound in three different manners in the hydrophobic core.
he arrangement of two Cu(ll) in the vicinity of the hydrophobic
core of the coiled coil can be accomplished by analyzing the
precise coordination of Cu(ll) in the 1Z(5)-2a3adH peptide. This
construction could be a model for catechol oxidase and
plastocyanine.

Here, we have demonstrated that the peptides bound two
ddifferent metal ions and underwent homotrimerization. This is
the first example of two different metal ions binding in proteins.
We used the His residues only as ligands for the metal ions in
this report. By selecting the species and the positions of the
amino acid ligands for the metal ions, it will be possible to
apply these findings to design various metal ion-binding
combinations. We previously reported the constructions of AAB-
and ABC-type heterotrimeric coiled coft$.Using the hetero-
trimers, we can extend our designs not only to mimic precisely
the various metal-binding sites of natural proteins but also to
create new metal-binding sites. These studies should lead to a

S

(24) (a) Kashiwada, A.; Hiroaki, H.; Kohda, D.; Nango, M.; TanakaJ).TAm.
Chem. Soc200Q 122 212-215. (b) Kiyokawa, T.; Kanaori, K.; Tajima,
K.; Tanaka, TBiopolymers2001, 55, 407-414. (c) Kiyokawa, T.; Kanaori,
K.; Tajima, K.; Kawaguchi, M.; Mizuno, T.; Oku, J.; Tanaka, Chem.
Eur. 2004 10, 3548-3554.
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better understanding of the roles of metal ions in natural proteins.

They will also facilitate further applications for new structural
formations and catalytic functions.

Experimental Section

Peptide Synthesis and PurificationThe 1Z(5)-2a3adH peptide was

synthesized on an Applied Biosystems model 433A automated syn-

Size Exclusion Chromatography.Mixtures of 1Z(5)-2a3adH (10
uM — 1 mM) with 5 equiv of NiC} and 1Z(5)-2a3aH (2«M) with
CuCkb (10 uM) or with NiCl, (10 uM) and CuC} (5 uM) were each
dissolved in 0.2 mL of 10 mM sodium phosphate buffer at pH 7.0.
The samples were applied on Sephadex G-50 (0.6 cm §.d®)cm)
and were eluted with the same buffer at pH 7.0. The fractiong:[90
were collected and monitored at a wavelength of 230 nm. As the peptide
standards, GCN4-pl%, 1Z,*® and GCN4-p%’ were used for tetramer,

thesizer, using Rink amide resin (substitution 0.37 mmol/g), based on trimer, and dimer, respectively.

the standard Fastmoc 0.1 mmol protocol. The side chain protection

groups were: Glu(OtBu), Lys(Boc), His(Trt), and Tyr(tBu). Fmoc-
amino acid derivatives (1 mmol) were coupled to the resin after
activation by HBTU/HOBt. Deprotection of the side chain and cleavage
from the resin were performed by treatment with TFA containing 2.5%
ethanedithiol and 2.5% 4@ (v/v) at room temperature for 1.5 h.
Purification was carried out by reverse-phase HPLC on a YMC-Pack
ODS-A column (10 mm i.dx 250 mm, 5um, YMC Inc., Japan) with
a linear gradient of 2535% CHCN/H,O containing 0.1% TFA over
the course of 30 min. The final product was characterized by analytical
HPLC and was confirmed by MALDI-TOF mass spectrometryz
4427.6 (calcd, 4426.1) for 1Z(5)-2a3adH.

Circular Dichroism Spectroscopy. CD measurements were per-

Nuclear Magnetic ResonanceNMR spectroscopy was performed
on a Bruker DRX500 spectrometer operated at 500.03 MHZHor
Chemical shifts were referenced internally to O ppm with trimethyl-
silylpropionic acid. One-dimensional spectra were measured &C25
with suppression of the residual water signal by weak presaturation.
The data sets were definegt B k complex points, and 32 scans were
accumulated using a spectral width of 8289.3 Hz. Samples were
prepared at an approximate concentration of 0.2 mRHEO containing
50 mM sodium phosphate buffer (pH 6.5, direct meter reading). In the
metal ion titration study, small aliquots of an Nigsblution were added
to the peptide solution. After the NiS@vas added, small aliquots of
CuSQ were added. The total volume change of the solution was about
10% over the titration.

formed on a Jasco-820 spectropolarimeter, using a 2-mm cuvette at 20 ESR Analysis.ESR measurements were carried out at 77 K using
°C. The peptide concentration was determined by measuring the tyrosinea JEOL-TE300 spectrometer, equipped with 100 kHz field modulation

absorbanceni 6 M guanidium chloride, using7s = 1450 Mt cm1.25

The mean residue ellipticityf], is given in units of degcnm?dmol2.

CD spectra were obtained in 20 mM phosphate buffer (pH 7.6) at a
peptide concentration of 20M, in the absence and presence of 20
uM Zn(11), Ni(ll), and Cu(ll). Metal ion titration was carried out in
the same buffer by monitoringf]»2; as a function of the metal
concentration, which ranged from 1 to 80M for 1Z(5)-2a3adH. The
peptide concentration was 30 uM.

Thermal transition curves were obtained by monitorififp, as a
function of temperature with a 2-mm path length cuvette. The total
peptide concentration was 20/, and the temperature was increased
at a rate of 1°C/min.

Sedimentation Equilibrium. Sedimentation equilibrium analysis
was carried out with a Beckman XL-I Optima Analytical Ultracentrifuge

(0.63 mT). The magnetic field strength was calibrated by hyperfine
splitting (8.69 mT) of Mn(ll) ion doped in Mg(ll)O powder, as an
external standard. Thg and A values were estimated by means of
computer simulation of spectra after trial-and-error curve-fitting
analysis. The mixture of peptide (0.9 mM) and Cu(ll) (0.3 mM) or
NiCl; (0.3 mM) and CuGl (0.3 mM) was prepared in 100 mM NacCl,
and the pH of the solution was adjusted using 0.01 N NaOH and 0.01
N HCI while monitoring the pH.
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equipped with absorbance optics. The peptide concentrations were 20

and 100uM in phosphate buffer (20 mM, pH 7.6) containing 5 equiv
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of NiCl,. The samples were independently rotated at 25 000 rpm at 20 (Size exclusion chromatography and sedimentation equilibrium

°C for 20 h and were monitored at a wavelength of 280 nm. The

analyses). This material is available free of charge via the

apparent molecular weight was obtained by fitting the data to a single Internet at http://pubs.acs.org.

ideal species without considering any influence of ZnGsing Origin
Sedimentation Single Data Set Analysis (Beckman). A partial specific
volume of 0.756 mL/g was calculated for 1Z(5)-2a3adH, using the
method of Cohn and Edsaf.
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