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A spectroscopic study of aqueous solutions of Ac−WGHGHGH-
GPGHGHGH−NH2 (HGP) indicates that copper(II) binds to the
peptide to form a 2:1 Cu2+/HGP complex with four nitrogen atoms
in the copper coordination environment. Electron paramagnetic
resonance (EPR) and UV−visible data suggest copper binding
through the peptide backbone and imidazole nitrogen donors.
Circular dichroism data show that HGP is unbound below pH 5.5
and is copper-saturated at pH 9 and above. The apo form of the
peptide is unstructured in solution and is organized into a turn
conformation in the presence of 2 mol equiv of Cu2+ at basic pH.
EPR measurements for 2:1 Cu2+/HGP solutions in the g ) 2 region
and within the pH range 7−11 exhibit axial spectra. A molecular-
mechanics-minimized model of the Cu2+/HGP complex gave a Cu‚
‚‚Cu separation of 8 Å.

Several classes of histidine-bound copper-containing pro-
teins and enzymes are involved in the processing of dioxygen
including dioxygen transport, monooxygenation, dioxygen-
ation, and oxidation.1 X-ray analyses of the active site of
hemocyanins (the oxygen carrier in mollusks and arthropods)
show a side-on Cu2-µ-η2:η2-O2 copper binding motif in which
each copper ion is coordinated to the imidazole group of
three histidine residues.2 Tyrosinase, which catalyzes the
hydroxylation of phenols and the oxidation of catechols, is
considered to have an analogous active site structure. General
interest in investigating the functioning of oxygen processing
proteins and enzymes is due to their important roles in
biochemistry1,3,4 and potential application to industrial and
organic synthesis.5,6 Synthetic models for the active site of
hemocyanin have been prepared mostly with imine- and

pyridine-type nitrogen donors.7 Our interest is in the prepara-
tion and investigation of more biotic model complexes for
oxyhemocyanin in an attempt to discover the minimal peptide
binding motif that spectroscopically and functionally repre-
sents the protein active site. Important to the study is the
strategic placement of histidine on the designed peptide and
its ability to form a dinuclear binding site that results in a
close Cu‚‚‚‚Cu separation.

The peptide HGP was designed with the sequence WGH-
GHGHGPGHGHGH and was prepared as the C-terminal
amide and acetylated at the N terminus. This peptide design
encompasses two binding domains for Cu2+, each containing
three coordinating histidine residues. The peptide as a whole,
has a proline residue designed to form the center of aâ-turn
conformation that presents two copper ions in relatively close
proximity. Glycine was chosen as the intervening residue
between histidines because it is less sterically hindered than
other amino acids and gives the peptide greater conforma-
tional freedom. The N-terminus tryptophan was used as a
tag for peptide concentration determinations.

The nature of aqueous solution peptide species is known
to be strongly pH-dependent.8 The UV-circular dichroism
(CD) spectrum of aqueous solutions of HGP in the absence
of Cu2+ shows a positive band of moderate intensity with a
maximum of around 222 nm (Figure 1). The features of the
CD spectrum are indicative of a random-coil structure and
do not change appreciably with changes in the pH. By
contrast, solutions of HGP in the presence of 2 mol equiv
of Cu2+ display turn conformation features9 of a positive
ellipticity at 209 nm and a less intense negative band around
228 nm when recorded between pH 7 and 8. A shift is
observed in the negative ellipticity to 224 nm for pH 9.
X-band electron paramagnetic resonance (EPR) spectra of
HGP in the presence of 2 mol equiv of Cu2+ (Figure S1 in
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the Supporting Information) show that below pH 6 the
solution contains a mixture of aqueous and complexed Cu2+.
Above pH 6, there is copper coordination to the peptide,
forming a species that persists until approximately pH 10,
where the value ofg| decreases and a new species emerges.
An identical trend is observed for the electronic absorption
spectra recorded between pH 4 and 11 (Figure S2 in the
Supporting Information). At low pH values, the solution
spectrum is characterized by a broad weak band that indicates
aqueous Cu2+ as the dominant species. As the pH is
increased, a shorter-wavelength band grows in and the
maximum absorption shifts to 564 nm at pH values between
8 and 9. Above pH 9, there is a further shift in the absorption
maximum to 556 nm, indicating a change in the coordination
environment for Cu2+. In general, CD, EPR, and electronic
absorption spectra demonstrate that the binding of copper is
strongly pH-dependent.

Visible CD spectroscopy was used to examine the Cu/
HGP speciation between pH values of 6 and 10. Figure 2
shows the result of a pH titration of 2:1 Cu2+/HGP solutions
followed by visible CD spectroscopy atλmax ) 344 nm. The
data can be fit to a model of pH-dependent Cu2+ binding to
HGP, which shows a deprotonation event with pKa ) 7.4.
The Hill coefficient of 1.6 suggests a moderate cooperativity,
with respect to H+, for the transition between the unbound
species below pH 6 and the fully bound copper complex at
pH 8.5 and above. Above pH 9.5, there is a shift in the 344-

nm band of the visible CD spectrum, and an isosbestic point
develops at 335 nm, which represents a transition to a new
species (data not shown).

Several lines of evidence indicate that HGP binds two Cu2+

ions at pH values above 7. Copper(II) titrations of a solution
of HGP at pH 9.2 were followed by visible CD. The results
show that the positive ellipticity at 344 nm increases to a
maximum of 3.1 M-1 cm-1 (Figure 3). An analysis of the
binding curve atλmax ) 344 nm gives the copper saturation
point as 1.8 mol equiv of Cu2+ (Figure 3).

Related studies were conducted with EPR spectroscopy
where spectra were obtained as a function of Cu2+ titrated
into a solution of HGP at pH 10.1. The results show that,
upon an increase in the amount of added Cu2+, the line shape
of the spectrum is invariant as the spectral intensity increases.
The integrated intensity increases in an approximately linear
manner until the addition of 2 mol equiv of Cu2+ (Figure
S4 in the Supporting Information). An additional investiga-
tion of the Cu2+/HGP binding stoichiometry was conducted
with electronic absorption spectroscopy. Similar to the CD
experiments, Cu2+ titrated into a solution of HGP at pH 9.7
was monitored by UV-visible at 564 nm. The absorbance
of the solution increased until approximately 2 mol equiv
of Cu2+ were added (Figure S4 in the Supporting Informa-
tion). The results of analyses by mass spectrometry show a
major peak atm/z ) 844.7 that is attributed to [Cu2/HGP]2+

(data not shown). This is observed as the dominant species
within the pH range 7-10. On the basis of saturation data
obtained from CD, UV-visible, EPR, and mass spectrometry
spectra at 2 equiv of Cu2+, it is concluded that HGP is a
dinucleating peptide.

The ligand donor set in Cu/HGP, which was designed to
bind each Cu ion through three histidine ligands, can also
be predicted based on parameters from EPR, CD, and UV-
visible spectroscopies. Copper(II) EPR spectra obtained for
Cu/HGP are axial, indicating a tetragonal or square-pyramidal
environment with either weakly binding or no axial ligands.
The UV-visible data illustrate that ligand binding is initiated
around pH 6. Analysis by mass spectrometry at pH 6 reveals
a dominant peak atm/z ) 813.7 amu that is attributed to a

Figure 1. CD spectra of 2:1 Cu2+/HGP solutions of Cu-HGP (20µM)
within the pH range 7-10 compared with the apopeptide at pH 9.1. The
pH values are indicated on the curves.

Figure 2. Cu/HGP pH dependence of∆ε at 344 nm. The pH dependence
data were fit to the equation∆ε ) {∆εacid[H+]n + ∆εbaseKa

n}/{[H+]n +
Ka

n}, wheren is the Hill coefficient andKa is the acid dissociation constant.
The midpoint of the transition is 7.4.

Figure 3. Cu2+ addition to a solution of HGP (200µM) at pH 9.2 followed
by CD. Inset: Binding curve showing the dependence of∆ε at 344 nm on
the mole equivalents of added Cu2+. The Cu2+ saturation point is at 1.8
mol equiv.
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mononuclear [CuL]2+ species. Because the pKa for imidazole
is ∼7, the UV-visible and mass spectrometry results indicate
that copper is most likely binding to histidine at this pH
value. The anisotropic spin-Hamiltonian parameters (Table
S1 in the Supporting Information) exhibit values ofg| and
A| that are very similar for all species present at pH 7.1 and
9.2, indicating little change in the coordination environment
over this pH range. In contrast, there is a significant decrease
in g| for the species at pH 11.1. The measured values ofg|

andA| were applied to Peisach-Blumberg correlations10 in
order to establish the donor atoms for copper. This analysis
suggests that for the species at pH 7.1, 9.2, and 11.1 a 4N
copper environment is the most likely binding arrangement,
although a 3N 1O environment cannot be ruled out. Nitrogen
binding to copper is possible through the peptide backbone
amide groups as well as through the histidine imidazole side-
chain group.11,12 The presence of both types of nitrogen
binding in Cu/HGP is suggested by the CD spectrum at pH
9.2, where charge-transfer bands at 300 nm (Namidef Cu2+)
and 344 nm (NIm f Cu2+)13 are observed. Additional
evidence of imidazole and backbone nitrogen coordination
is provided by the wavelength maximum of the Cu2+ d f d
transition in the visible absorption spectrum. Studies with
short peptides show thatλmax values for the visible absorption
spectra range from 540 nm for 4N to 765 nm for 1N
complexes that involve nitrogen atoms supplied by the
peptide backbone and the imidazole side chain of histidine.14

At pH 9.3, the Cu/HGP complex displays an absorption
maximum at 566 nm, which is red-shifted relative to the 4N
complex, Cu/Ac-GGGH, whose absorption maximum occurs
at 545 nm. Copper binding in the latter case is considered
to be through three backbone nitrogen atoms and a nitrogen
atom from imidazole. The stronger ligand field provided by
N(backbone) relative to N(imidazole) explains the red-shifted
Cu/HGP absorption band at 566 nm, which is interpreted as
being associated with an environment containing less than
three backbone nitrogen atoms. The different types of
nitrogen units engaged in copper binding are also inferred
from mass spectrometry, which gave am/z ) 844.7 amu
peak dominating at pH values between 7 and 9. This peak
corresponds to a [Cu/HGP- 2H]2+ species, where there is
most likely deprotonation of two backbone amide nitrogen
atoms. In addition, equatorial coordination of OH- or H2O
was not detected by mass spectrometry, although loss of an
axial ligand during ionization cannot be ruled out.15 Taken
together, the coordination environment for each copper ion
in Cu/HGP is predicted to consist of three imidazole nitrogen
atoms and one amide nitrogen atom.

The combined information from these measurements was
used to construct an energy-minimized structure of the Cu/
HGP complex. The propensity for copper to bind to the
backbone nitrogen of histidine itself and the backbone
nitrogen of residues N terminal to it was taken into account.16

The proposed structure (Figure 4) shows each Cu2+ ion
binding to three imidazole groups and one backbone amide
nitrogen group. The structure also shows a turn, as supported
by CD data, that is assumed to incorporate a proline residue.
The turn places the Cu‚‚‚‚Cu separation at approximately 8
Å. The structure was energy optimized by considering
various amide binding positions on the peptide while keeping
the donor atom set constant.

In summary, we have designed and investigated the Cu2+

binding characteristics of a dinculeating peptide, HGP. The
peptide is unstructured in solution and binds copper in a 2:1
Cu2+/HGP ratio with a concomitant conformational change.
Each Cu2+ is coordinated through three imidazole nitrogens
and one backbone nitrogen. Energy minimization studies
show that the turn conformation could bring the Cu2+ ions
within 8 Å of each other. To our knowledge, this is the first
example of a designed oligopeptide for which a dinucleating
capability has been established. This unique system is being
developed as a synthetic model for type III copper sites in
proteins and enzymes.
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Figure 4. Energy-minimized model of the Cu/HGP complex showing the
copper binding region and the turn conformation.
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