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ABSTRACT: Computational protein design methods were used to identify mutations that are predicted to
introduce a binuclear copper center coordinated by six histidines, replacing the maltose-binding site in
Escherichia colimaltose-binding protein (MBP) with an oxygen-binding site. A small family of five
candidate designs consisting of 9 to 10 mutations each was constructed by oligonucleotide-directed
mutagenesis. These mutant proteins were expressed and purified, and their stability, copper- and cobalt-
binding properties, and interactions of the resulting metalloprotein complexes with azide, hydrogen peroxide,
and dioxygen were characterized. We identified one 10-fold mutant, MBP.Hc.E, that can form CuII

2 and
CoII

2 complexes that interact with H2O2 and O2. The CoII2 protein reacts with H2O2 to form a complex
that is spectroscopically similar to a synthetic model that structurally mimics the oxy-hemocyanin core,
whereas the CuII2 protein reacted with O2 or H2O2 does not. We postulate that the equilibrium between
the open and closed conformations of MBP allows species with variable Cu-Cu distances to form, and
that such species can bind ligands in geometries that are not observed in natural type III centers. Introduction
of one additional mutation in the hinge region of MBP, I329F, known to favor formation of the closed
state, results in a binuclear copper center that when reacted with low concentrations of H2O2 mimics the
spectroscopic signature of oxy-hemocyanin.

Rational protein design is emerging as a technique for
identifying factors that contribute to the control of metal
center formation and reactivity (1-4). In particular, rational
design is a powerful approach for uncovering competing
states that do not form in naturally evolved systems (5, 6).
In this way, it has been shown that mechanisms for control
of reactivity involve a mixture of stabilization of desired
states and destabilization of competing states (7-9). Here
we use computational design techniques (1, 2, 6) to
investigate the factors that are necessary to convert the
Escherichia coli maltose-binding protein (MBP) into a
oxygen-binding protein, by introducing a binuclear copper
(“type III”) center in place of wild-type maltose-binding

residues. Such centers can either reversibly bind oxygen or
activate oxygen, and are found in oxygen carrier proteins
such as hemocyanin, or enzymes such as tyrosinase or
catechol oxidase (10). Proteins containing these centers are
involved in a diverse set of biochemical processes, ranging
from oxygen transport, biodegradation, melanin production,
and potentially hydrocarbon metabolism (10).

MBP is a member of a superfamily of bacterial chemore-
ceptors (11). It consists of a single polypeptide chain that
folds into two globular domains connected by a hinge region,
with the maltose-binding pocket being located within the
interdomain interface (12). MBP exists in two conformations
that are in equilibrium: a ligand-free open form and a
liganded closed form (Figure 1A). The periplasmic binding
protein superfamily binds a wide diversity of ligands, ranging
from carbohydrates, amino acids, neurotransmitters, and
oligopeptides to anions and cations (11). Thus far, no oxygen-
binding member of the family has been identified. The
remarkable diversity in molecular recognition exhibited
within this superfamily is likely to be the consequence of
the ligand-binding sites being located at the interface between
two domains (13). In this arrangement, residues forming the
binding site are placed at the surface of the domains, yet in
forming a complex the ligand is situated in an environment
that resembles the interior of a protein. The advantages of
the structural plasticity associated with making mutations on
protein surfaces are therefore combined with the enhanced
control of chemical reactivity that can be achieved within a
site that is shielded from solvent. MBP is therefore an
excellent candidate for introducing potentially highly reactive
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binuclear copper oxygen centers that are notorious for
exhibiting side reactions, due to the large number of
energetically degenerate, but chemically diverse, reactions
available to the aqueous ion under physiological conditions
(14).

Rational design of metalloproteins that bind and activate
small ligands, such as O2, N2, and H2, is a formidable
challenge in protein science and bioinorganic chemistry (1,
3, 7, 15-17). Recently, non-heme iron centers have been
introduced intoE. coli thioredoxin (7) and a four-helix bundle
peptide assembly (18), which display nascent metalloxyge-
nase properties. Both of these designed non-heme iron

proteins [FeHis3 (7) or Fe2(µ-O)(µ-Asp)2His4 (18)] represent
a wide array of substrate oxidations and physiological
responses (19). Thus far, the design of binuclear copper
centers has not been explored. There are a number of factors
that make the design of binuclear copper centers more
tractable than binuclear iron centers: the spectroscopic
addressability (UV-visible absorbance) of Cu2-O2 centers
(10, 20), utilization of lower oxidation states by copper-
mediated oxidations (20, 21), and formation of copper centers
by less polar ligands (22).

EXPERIMENTAL PROCEDURES

Buffers were made metal free by dithiazone (recrystalized)/
chloroform extractions (23). All other chemicals were used
without further purification. The concentration of H2O2 stock
solutions was quantified by direct titration with potassium
permanganate.

Molecular Modeling.Mutations in MBP necessary to
introduce a binuclear copper sites were predicted using the
Dezymeralgorithm (24) and are based on the structure of
MBP complexed with maltose (12) (1ANF pdb accession
ID).

Protein Mutagenesis, Expression, and Purification.Muta-
tions in maltose binding protein were constructed by oligo-
nucleotide-directed mutagenesis and verified by DNA se-
quencing. Mutant proteins (MBP.Hc) were produced by
overexpression in BL-21(DE3), fermented in Terrific Broth
(25) by growth at 37°C, induced with 1 mM IPTG when
OD600 reached 0.5, followed by additional growth at 20°C
for 12 to 16 h. A cleared lysate (26) of these cells was
dialyzed (30 000 MW cutoff, four exchanges of 30 min each)
against 10 mM Tris (pH 8.0) and loaded on a Q-sepharose
(HiTrap 16/10 Q XL, Pharmacia). The Q-sepharose column
was washed with four column volumes of buffer, and eluted
with a linear gradient from 0 to 400 mM NaCl (10 column
volumes). Fractions containing MBP were identified by
SDS-PAGE, incubated with 1 mMo-phenanthroline and 5
mM EDTA for 1 h, concentrated by ultrafiltration (YM-30,
Amicon), and further purified by gel filtration (Hi Trap 26/
60 Sephacryl S-100, Pharmacia), preequilibrated with 20 mM
Tris (pH 7.5) 100 mM NaCl (TS), to 95-99% purity. Protein
concentrations were determined either by the Edelhoch
method (27) (apo-protein) or by the Bradford method (28)
(metalloprotein), using apo-protein as an internal standard.
All subsequent experiments were performed in TS buffer.

Circular Dichroism (CD).Wavelength scans or temper-
ature denaturation curves (using 222 nm to monitor protein
folding) were measured using 3 mL, 1µM MBP.Hc in a
sealed 1-cm path length quartz cuvette (Helma) with a CD
spectrophotometer (Aviv model 202). Thermal denaturations
were fit to standard equations for calculatingTM (29).

CuII Addition. A solution of 10 mM CuSO4 was titrated
into 100 µM MBP.Hc, using absorbance at 325 nm to
monitor complex formation. Absorbance changes were fit
to standard binding isotherms to calculate dissociation
constants (4). CuII in content in purified protein fractions
was determined spectrophotometrically using bathocuprein
(30).

EPR Spectroscopy.Spectra of frozen samples (liquid N2)
of 100µM MBP.Hc in quartz tubes (Wilmad) were obtained
with a Bruker EMX 6/1 spectrometer (ER 4116 DM dual

FIGURE 1: Design of a binuclear copper oxygen active site in
maltose-binding protein (MBP). (A) Binding of maltose induces a
conformational change from an open conformation (56) (left; pdb
accession number, 1OMP) to a closed conformation (12) (right;
pdb accession number, 1ANF). (B) Structure of the binuclear copper
oxygen center used for model construction. (C) Location of the
copper oxygen active site in MBP.Hc.E (closed conformation), as
predicted by theDezymerprogram. (D) Detailed stereoviews of
the predicted binuclear copper binding site in MBP.Hc.E (numbers
indicate the residue positions of the six histidines forming the
primary coordination sphere) in the closed state, and (E) in the
open state. Molecular graphics were prepared using Molscript (57).
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mode cavity; frequency, 9.648 GHz; modulation, 0.63 mW)
at 10 K (Oxford ESR 900 cryostat).

Azide and Hydrogen Peroxide to CuII-Containing Samples.
H2O2 or NaN3 were titrated into a 1-mL sample containing
MBP.Hc (100 µM) and CuSO4 (200 µM); absorbance
changes at 310 or 360 nm, respectively, were fit to binding
isotherms (4). The H2O2-saturated sample was subsequently
purified on a gel filtration column (PD-10, Pharmacia).

Addition of Oxygen to Reduced CuII-Containing Samples.
A sample of 100µM MBP.Hc was purged with nitrogen,
CuSO4 was added to a final concentration of 200µM,
reduced with Na2S2O4 which was added until a slight excess
(∼ 25 µM) of unreacted Na2S2O4 was observed at 312 nm
(ε ) 6220 M-1 cm-1). A stream of pure oxygen was then
passed through the cuvette for 5 min, and the resulting UV-
visible spectrum of the sample recorded. The resulting
complex was subsequently purified on a gel filtration column
(PD-10, Pharmacia).

Addition of Oxygen and Hydrogen Peroxide to CoII-
Containing Samples.An anerobic solution of CoCl2 was
added (200µM final concentration) to a degassed sample
of MBP.Hc (100 µM). Potential formation of complexes
formed upon addition of dioxygen (100% O2, 2 h) or H2O2

(addition 1:10 dilution of 30% stock) was monitored spec-
trophotometrically. The H2O2-saturated solution of CoII

2‚
MBP.Hc was purified (PD-10, Pharmacia) and reduced with
dithionite, or irradiated with 5 mW at 514.5 nm (Ar+ laser,
Spectra-Physics series 2000) or a 450 W Xe arc lamp (1 nm
bandwidth, Aviv model 202), to investigate susceptibility to
photolysis.

RESULTS

Design. Mutations predicted to introduce a binuclear
copper center into the closed structure of MBP were
calculated using theDezymeralgorithm (24). This center
consists of a binuclear CuII

2 core with O2
2- complexed in a

bridging µ-η2:η2 coordination geometry, with each Cu
vertex coordinated by a His3 tripod in an approximately
square pyramidal geometry (Figure 1). The geometry of the
Cu2O2 core was taken from the oxy-hemocyanin (oxy-Hc)
structure (31) (pdb accession number, 1NOL). The structure
of the closed conformation (with the maltose coordinates
removed) was used in the calculations (12) (pdb accession
number, 1ANF). The predictions were generated using purely
geometrical criteria to describe the coordination sphere of
the binuclear center, and a hard-sphere model to evaluate
steric compatibility with the protein backbone in the absence
of other side-chain residues. The bonding between each
histidine and its cognate Cu vertex was constrained to a

σ-bond geometry, allowing the metal to coordinate through
either Nε or Nδ, with 2.1 Å (equatorial) or 2.4 Å (axial) bond
lengths, and constraining the metal to lie within the imidazole
plane with bond angles corresponding to sp2 hybridization
for the coordinating nitrogen. The bond angles for each Cu
vertex were constrained to square pyramidal geometry. The
axial histidines in each tripod were allowed to be either trans
(oxy-Hc) or cis [several model complexes (32)] relative to
each other. Placement of these centers was limited to the
interdomain interface of MBP, in the vicinity of the wild-
type maltose-binding site (Figure 1), with the additional
constraint that the six histidines are distributed between both
domains, such the binuclear copper oxygen center can form
only in the closed state (33). After positioning of the primary
coordination sphere, carried out in the absence of other side-
chains, additional mutations required to alleviate unfavorable
steric contacts between the surrounding protein matrix and
the designed center, were identified by inspection.

Fifty candidate sites were generated in the initial calcula-
tions. These were rank ordered based on a score that captures
how well a site geometry approximates an idealized center,
and how many additional mutations are necessary to remove
unfavorable steric contacts between a site and the surround-
ing, wild-type, protein matrix. The five sites that ranked
highest by these criteria (MBP.Hc.A-E)2 were constructed
by mutagenesis (Table 1) to construct a small family of
designs (7, 9), from which one design was selected for
detailed characterization (Figure 1). Each of the designs
required several additional mutations in the surrounding
protein matrix to alleviate unfavorable steric contacts (Table
1).

Protein Stability.All five designs were expressed and
purified, and their CD spectra determined. The stability of
the mutants in the absence of metal was determined by
thermal denaturation, and compared to wild-type MBP (Table
1). With the exception of MBP.Hc.A, the CD spectra were
similar in shape and molar ellipticity as compared to wild-
type MBP, and showed two-state unfolding transitions with
midpoint temperatures of 45-55 °C (as compared to 68°C
observed for wild-type apo-MBP). MBP.Hc.A has signifi-
cantly diminished molar ellipticity at 222 nm, and does not
exhibit cooperative denaturation; it was therefore eliminated
from further consideration.

Maltose Binding.None of the designs bound maltose (Kd

> 5 mM), as determined by monitoring the change in
tryptophan fluorescence upon addition of maltose (data not
shown).

2 Naming does not imply a rank order.

Table 1: Designed MBP.Hc Sites

mutationsa

site vertex A vertex B stericb
CDTm
(°C)

CuIIKd
(µM)

N3
-Kd

(mM)
H2O2Kd
(µM)

A WI230Hε, KII15Hδ, LII299Hδ NII12Hε, FII61Hε, AII63Hε EH111A, LH262A, III11A, DII14N nonec >250
B WI230Hε, EH111Hε, LII299Hδ NII12Hε, KII15Hδ, FII61Hε LH262A, III11A, DII14N 45 >250
C WI230Hε, NII12Hε, AII63Hε AH109Hε, KII15Hδ, FII61Hε EH111A, LH262A, III11A, DII14N 55 >250
D WI230Hε, KII15Hδ, LII299Hδ LH262Hδ, NII12Hε, AII63Hε EH111A, III11A, DII14N 51 60 100 >100d

E WI230Hε, AH109Hε, GH260Hε NII12Hε, KII15Hδ, FII61Hε EH111A, LH262A, III11A, DII14N 50 20 50 15

a Superscripts denote location of the residue within one of the two domains (I,II) or hinge region (H). Histidine mutant subscripts denote the
nitrogen atom coordinating to a copper atom.b Mutations predicted to alleviate unfavorable steric contacts.c CD spectrum at 25°C displayed a
minimum at 222 nm of moderate intensity. This protein does not exhibit two-state thermal denaturation.d Lower estimate, due to complications
associated with sample precipitation.
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CuII Binding. Binding of CuSO4 was monitored by
identifying changes in absorbance relative to the apo-protein
and to CuII in protein-free, buffered solution. By this criterion,
MBP.Hc.B and MBP.Hc.C did not bind CuII (Kd > 250µM)
and therefore were eliminated from further consideration.
The absorbance observed at 325 nm was used to determine
the CuII affinity for MBP.Hc.D and MBP.Hc.E, by fitting to
binding isotherms of either one or two equivalents of CuII

(100 µM protein). In both cases, binding of two CuII

equivalents were found to best fit the data, with affinities of
50 and 20µM for MBP.Hc.D and MBP.Hc.E, respectively.

Azide Binding.Binding of small ligands was probed by
the addition of azide to the CuII

2 sample (100µM protein,
200 µM CuSO4). Addition of azide resulted in spectral
changes (Figure 2A) that allowed a dissociation constant to
be determined by fitting the absorbance at 360 nm to a
binding isotherm (Figure 2B), which were found to be 100
and 50 mM for MBP.Hc.D and MBP.Hc.E, respectively [as
compared to 1-50 mM observed for various hemocyanins
(34)].

Addition of H2O2. Titration of H2O2 to the CuII2 sample
of MBP.Hc.E (100µM protein, 200µM CuSO4) resulted in
a species (CuII2‚MBP.Hc.E‚H2O2) with an extinction coef-
ficient3 at 310 nm of 20 000 M-1 cm-1 (Figure 2C) and fit
to a binding isotherm (Figure 2D) with a dissociation constant
of 15 mM. Addition of up to 300µM H2O2 to a mononuclear
CuII complex designed into the same region of MBP (33)
did not result in significant absorbances in this region (above
300 µM H2O2 this control protein precipitates). Separation
of protein in this sample from free CuII and H2O2 on a gel
filtration column retains the initially observed spectral
properties and maintains two equivalents of CuII per protein,
suggesting that a stable complex is formed (CuII

2‚MBP.Hc.E‚
H2O2).

Spectral changes similar to those observed for MBP.Hc.E
were seen upon addition of H2O2 to MBP.Hc.D, but analysis
was hampered by protein precipitation. MBP.Hc.D was
therefore eliminated from further consideration.

EPR Spectroscopy.Spectra were recorded for MBP.Hc.E
in the presence of one (CuII

1‚MBP.Hc.E) and two equivalents
of CuII (CuII

2‚MBP.Hc.E), and for the H2O2-treated CuII2

sample (CuII2‚MBP.Hc.E‚H2O2) (Figure 3). The integrated
intensity of the CuII2‚MBP.Hc.E sample was twice that of
the CuII1‚MBP.Hc.E; these integrated intensities were similar
to those observed for equivalent concentrations of CuII in
protein-free buffer. Addition of H2O2 to the CuII2‚MBP.Hc.E
sample formed the previously observed CuII

2‚MBP.Hc.E‚
H2O2 species, for which no detectable EPR signal was
observed between 500 and 4500 G at either 4 or 10 K.
Addition of H2O2 to protein-free CuII in buffer retained the
low-spin resonance observed in the absence of H2O2.

Oxygenation.A solution of MBP.Hc.E with two equiva-
lents of CuII was reduced with dithionite, and exposed to a
stream of 100% O2. The resulting solution exhibits similar
electronic absorbances as observed for CuII

2‚MBP.Hc.E‚H2O2

(Figure 4), albeit with reduced intensity3 (ε310 ∼ 3000 M-1

cm-1),4 and ad-d transition at 620 nm (ε620 ∼ 80 M-1 cm-1).
The observed spectral properties change upon gel filtration,
with a retention of the spectrum, but with a 2-fold reduction
in intensity in the 300-400 nm region, and loss of 1.5(
0.25 equivalents of CuII. Purging with N2 following oxy-
genation and prior to gel filtration did not change the
absorbance. Addition of dithionite did result in loss of the
observed spectrum, however.

Oxygenation and Peroxidation of CoII Complexes.Addi-
tion of two equivalents of CoCl2 to MBP.Hc.E yielded a
species with a broad absorbance (Figure 5) ranging from 400
to 550 nm (ε550 ∼ 50 M-1 cm-1). Exposure to a stream of

3 Extinction coefficients are reported using the known apo-protein
concentration to normalize the maximum observed absorbance.

4 It should be noted, however, that the solubility limit of oxygenated
buffers is∼1.2 mM at 25°C (36) and that it is therefore not known
whether the observed complex is saturated.

FIGURE 2: Addition of N3
- and H2O2 to CuII

2‚MBP.Hc. (A)
Difference spectrum of a CuII

2‚MBP.Hc.E sample with 80 mM
NaN3, relative to the apo-protein. (B) Binding isotherm of the NaN3
titration, monitored by absorbance changes at 360 nm (KD ) 50
mM). (C) Difference spectrum of CuII

2‚MBP.Hc.E with 100 mM
H2O2, relative to the apo-protein. (D) Binding isotherm of the H2O2
titration, monitored by absorbance changes at 310 nm (KD ) 15
mM).

FIGURE 3: EPR spectra of CuII‚MBP.Hc.E samples. Solid line: one
equivalent of CuII (CuII

1‚MBP.Hc.E); dashed line: two equivalents
of CuII (CuII

2‚MBP.Hc.E); dotted line: the spectrum observed after
the addition of 50 mM H2O2 to CuII

2‚MBP.Hc.E.

FIGURE 4: Oxygenation of CuI2‚MBP.Hc.E. An anaerobic solution
of CuII

2‚MBP.Hc.E (solid line) was reduced to CuI
2‚MBP.Hc.E

(dashed line) by addition of a slight excess of dithionite, and then
exposed to a stream of O2 for five minutes to form CuI2‚MBP.Hc.E‚
O2 (dotted line).
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100% O2 yielded no changes in absorbance after 2 h.
Addition of five equivalents of H2O2 generated a brown
solution (Figure 5). Exposure to intense visible light changed
the brown solution to a pink solution (Figure 5).5 No such
spectral changes were observed upon addition of H2O2 to a
designed mononuclear CoII center in MBP (33).

MBP.Hc.E.I329F. An additional mutation, I329F, was
constructed in MBP.Hc.E with the intent of altering the
equilibrium between the open and closed states, to favor the
latter (33). Titrations with CuSO4 indicated that a CuII2
complex is formed in this mutant, with a dissociation constant
similar to MBP.Hc.E. Titration with H2O2 yielded a biphasic
binding isotherm with different spectral species observed at
low and high H2O2 concentrations, respectively. At low
concentrations, a shoulder at 500 nm is observed, that
disappears at high H2O2 concentrations (Figure 6). This
biphasic behavior suggests the formation of two spectro-
scopically distinct species.

DISCUSSION

TheDezymerprogram was used to predict a small family
of designs with His6 primary coordination spheres to convert
the wild-type maltose-binding site in MBP into an oxygen-
binding site. The use of a family of designs allows multiple,
independent starting points to be explored, recognizing that
the predictions cannot be expected to be sufficiently accurate
to guarantee success at this point in time. Out of these five
starting points, we selected one family member, MBP.Hc.E,
for more detailed characterization based on protein stability,

CuII binding, and interactions with small ligands. Designs
MBP.Hc.A-D were rejected primarily based on decreased
protein stability and solubility. At this stage, it is not readily
apparent why MBP.Hc.E is better behaved than the other
designs.

As intended, MBP.Hc.E binds two equivalents of CuII. The
resulting metalloprotein (Cu2‚MBP.Hc.E) binds small ligands
such as N3, H2O2, and O2. CuII

2‚MBP.Hc.E is not magneti-
cally coupled, unless H2O2 is added, indicating that there is
no significant electronic communication between the two CuII

atoms in the absence of ligand, but that a bridged binuclear
center does form upon addition of H2O2 (CuII

2‚MBP.Hc.E‚
H2O2). One interpretation is that in the absence of H2O2 the
two CuII are separated by more than 5 Å in CuII

2‚MBP.Hc.E.
This may be a consequence of the hinge-bending motions
present in MBP. CuII binding by itself may not be sufficient
to form the closed state, but the additional stabilization
provided by a bridging ligand could be sufficient to shift
the equilibrium toward a closed state. Examination of the
structure of the design model suggests that the Cu-Cu
distances can range from∼8 to 3.5 Å upon transition from
the open to closed states, respectively (Figure 1D,E). In
hemocyanin, this distance varies only from 2.5 to 4.5 Å (35).
In model complexes, these distances can be substantially
larger even than in MBP.Hc.E and is one of the critical
determinants for the reactivity of these copper centers. The
possibility of forming intermediate Cu-Cu distances may
therefore play an important role in determining the properties
of the Cu2 center in MBP.Hc.E.

To examine the reactivity of Cu2‚MBP.Hc.E, we charac-
terized two isoelectronic reactions: binding of H2O2 to CuII

2

and binding of O2 to CuI
2. In both cases, a broad absorbance

develops at 310 nm, and a species that retains these
spectroscopic properties was isolated by gel filtration. The
O2-derived species has a less intense absorbance at 310 nm
than the H2O2-derived species and is somewhat susceptible
to loss of the metal center upon gel filtration. The dissocation
constant of the H2O2 complex is 15 mM. The approximate
concentration of dissolved O2 is at most 1.2 mM at 25°C
(36). Therefore, in both methods of preparation the same
species could be formed, with the O2-derived species
corresponding to concentrations well below saturation;
alternatively, they represent chemically distinct species.

Extensive studies of binuclear copper oxygen model
chemistry have produced numerous UV-visible spectro-
scopic fingerprints of binuclear copper oxygen coordination
complexes (10, 20, 21). The UV-visible spectrum of oxy-
Hc and a [CuII2(µ-η2:η2-O2)]2+ core in a synthetic model is
distinguished by two broad transitions: at 350 nm (ε ∼
20 000 M-1 cm-1) and at 500-550 nm (ε ∼ 1000 M-1 cm-1)
(10). The spectra of neither CuI

2‚MBP.Hc.E‚O2 nor the CuII2‚
MBP.Hc.E‚H2O2 correspond to this spectrum. The less
intense absorbance at 310 nm (ε310 ∼ 3000 M-1 cm-1) of
CuI

2‚MBP.Hc.E‚O2 could be consistent with a [CuII
2(µ-

OH)2]2+ core. The intensity of CuII2‚MBP.Hc.E‚H2O2 (ε310

∼ 20 000 M-1 cm-1) matches the spectra of no reported
copper oxygen complexes. However, the spectrum of CuII

2‚
MBP.Hc.E‚H2O2 is similar to a diamagnetic complex with
a [NiII2(µ1,2-O2)2]2+ core (37). The synthetic routes to this
binuclear nickel complex (37), and an analogous cobalt
complex (38-40), are quite similar to the peroxygenation
reactions reported here. These model complexes have a more

5 The observed photosensitivity of the CoII H2O2 derivative unfor-
tunately precludes characterization of visible-range CD or resonance
Raman spectroscopies.

FIGURE 5: Addition of H2O2 to CoII
2‚MBP.Hc.E. Three difference

spectra are shown relative to the apo-protein. Solid line: CoII
2‚

MBP.Hc.E; dashed line: CoII
2‚MBP.Hc.E with five equivalents of

H2O2 (CoII
2‚MBP.Hc.E‚H2O2 brown species); dotted line: the CoII

2‚
MBP.Hc.E‚H2O2 species after 30-min exposure to visible light
(CoII

2‚MBP.Hc.E‚H2O2 pink species).

FIGURE 6: Titration of CuII2‚MBP.Hc.E1 (I329F) with H2O2.
Squares (left axis): change in absorbance monitored at 310 nm;
circles (right axis): change of absorbance monitored at 500 nm.
The biphasic behavior suggests that below∼75 mM H2O2 a new,
spectrally distinct species is present.
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extended core structure than observed in type III centers,
with a Cu-Cu distance of 6 Å, and have two equivalents of
superoxide bridging the two metals, in a chair conformation.
Therefore, it is likely that the Cu2‚MBP.Hc.E species do not
adapt a structure that is similar to a oxy-Hc core.

Binuclear cobalt-substituted proteins (41-43) and model
complexes (38-40, 44-46) can mimic many of the impor-
tant aspects of the binuclear CuII

2 centers. No spectral
changes were observed upon addition of O2 to CoII

2‚
MBP.Hc.E, whereas addition of H2O2 forms a spectroscopi-
cally active complex (CoII2‚MBP.Hc.E‚H2O2). This is in
direct contrast with CoII2-substituted hemocyanin, which
forms a complex with O2 but not with H2O2 (41-43),
suggesting that the redox potentials of CoII

2-hemocyanin and
CoII

2‚MBP.Hc.E are substantially different. The spectrum of
the CoII2‚MBP.Hc.E‚H2O2 brown species is similar to a
model complex that has either a [CoII

2(µ-η2:η2-O2)]2+ or
[CoIII

2(µ-O)2]2+ core (350 nm, 8900 M-1 cm-1; 493 nm,
2900 M-1 cm-1) (38, 39, 45). The CoII2‚MBP.Hc.E‚H2O2

brown species is photosensitive, and upon prolonged il-
lumination completely converts to a pink species that is
spectroscopically similar to a model complex (46) with a
[CoII

2(µ-OH)2]2+ core. These observations are consistent with
the CoII2‚MBP.Hc.E‚H2O2 brown species containing a bi-
nuclear CoIII complex, that can be photoreduced to a [CoII

2-
(µ-OH)2]2+ core, the CoII2‚MBP.Hc.E‚H2O2 pink species, by
the addition of two reduction equivalents (source not
identified).6 Such photoprocesses are well established for
distorted five- or six-coordinate CoIII complexes (47, 48).
Taken together, these data are consistent with formation of
metal-oxygen cores that are structurally similar to the oxy-
hemocyanin core.

Comparison of the observed electronic absorbance spectra
of the MBP.Hc.E Co2 and Cu2 complexes with those obtained
for synthetic models and proteins of defined structure has
allowed an initial structural assignment of the species
observed in this designed protein suggesting that Cu2‚
MBP.Hc.E does not form complexes with O2 or H2O2

corresponding to the core structure of oxy-Hc, whereas the
Co2‚MBP.Hc.E metalloprotein does appear to be able to do
so. This suggests that a structure approximating the desired
state can form in the Co2 complex, but that in the case of
the Cu2 complexes, competing states are energetically more
favorable, and form instead. One interpretation is that the
hinge bending motions in MBP allow the core to adopt more
elongated Cu-Cu distances than observed in the core
structure of oxy-Hc. Stabilization of the closed state (or
destabilization of the open state) is therefore predicted to
alter the relative energies of these competing states, favoring
states with shorter Cu-Cu distances.

It has been shown that mutations in the hinge, distal to
the ligand-binding site, affect the equilibrium between the
open and closed states (33). We therefore constructed I329F
in MBP.Hc.E (MBP.Hc.E1), a mutation that is known to
favor formation of the closed state. The CuII

2 sample of
MBP.Hc.E1 shows a response to addition of H2O2 as
compared to CuII2‚MBP.Hc.E (Figure 5). The apparent H2O2

affinity of CuII
2‚MBP.Hc.E1 (observing changes at 310 nm)

decreased from 15 to 40 mM. An additional absorbance33

was observed at 500 nm (ε ∼ 700 M-1 cm-1) at lower H2O2

concentrations. These results clearly demonstrate that a new,
spectroscopically distinct species forms as the conformational
equilibrium shifts toward the closed form. Of the binuclear
copper-oxygen species reported here, this new species is
the most spectroscopically similar to oxy-Hc. This strongly
suggests that the strategy of shifting the equilibrium toward
the closed form successfully alters the distribution of
competing states, and stabilizes formation of a species
approximating oxy-Hc. However, the I329F mutation is not
sufficient to fully populate the closed conformation.

CONCLUSIONS

We have constructed a 10-fold mutant of MBP in which
we successfully introduced a nascent binuclear copper
oxygenase active site in place of the maltose-binding site,
using computational methods to design the mutations. The
new active site introduced into this novel protein, MBP.Hc.E,
is intended to mimic properties of type III binuclear copper
centers found in naturally evolved proteins such as hemocya-
nin. We have shown that MBP.Hc.E can form CuII

2 and CoII2
complexes that interact with H2O2 and O2. The CoII2 protein
reacts with H2O2 to form a complex that is spectroscopically
similar to a synthetic model that structurally mimics the
oxyhemocyanin core, whereas the CuII

2 protein reacted with
O2 or H2O2 does not. We postulate that the equilibrium
between the open and closed conformations of MBP allows
species with variable Cu-Cu distances to form, and that such
species can bind ligands in geometries that are not observed
in natural type III centers. Introduction of one additional
mutation in the hinge, I329F, known to favor formation of
the closed state, results in a binuclear copper center that when
reacted with low concentrations of H2O2 mimics the spec-
troscopic signature of oxy-hemocyanin.

The existence of competing states and manipulation of
their relative energies is emerging as a general theme in
(metallo) protein design (1-3). There are two general routes
available for the manipulation of the energy levels in the
manifold of possible states: competing state destabilization
or target state optimization (5, 6, 8). In the case of the Cu2-
MBP.Hc.E, the hinge bending motions present in MBP allow
the core to adopt more elongated Cu-Cu distances than
observed in the core structure of oxy-Hc, and stabilization
of the closed state (or destabilization of the open state) alters
the relative energies of such states, favoring states with
shorter Cu-Cu distances. In hemocyanin, tyrosinase and
catechol oxidase, the type III centers are located within the
hydrophobic core of a four-helix bundle. This is a rigid
environment, preventing the Cu-Cu distance from exceeding
∼5 Å. Similarly, the designed binuclear iron centers are
located in a rigid four-helix bundle (49). Interestingly, in
this case it was necessary to decrease the rigidity of the
environment to obtain enhanced ferrooxidase activity (18).
The binuclear center in peptidylglycineR-hydroxy monooxy-
genase is located within an intersubunit interface, but is also
in a rigid environment (50, 51). In synthetic models, linker
flexibility of dinucleating ligands has precluded the formation
of CuII

2(µ-η2:η2-O2
2-) or CuIII

2(µ-O)2 complexes at room
temperature (20) until recently, when the use of more rigid
linkers (52), dendrimer-substituted linkers (53), or CF3-
substituted ligands (54) was explored.

6 A similar, reduced product appears to be formed upon addition of
dithionite (data not shown).
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We propose that the different species identified in Cu2‚
MBP.Hc, and analogous Co2‚MBP.Hc species, are related
according to Scheme 1. Upon the addition of H2O2 to CuII

2‚
MBP.Hc.E, or O2 to CuI

2‚MBP.Hc.E, in the open state (long
Cu-Cu distances) a species (3) is formed that bridges the
two copper centers in an extended conformation, which might
be similar to the [CuII2(µ1,2-O2)]2+ cores (55) recently
implicated in the formation of oxy-hemocyanin (35). Addi-
tion of excess H2O2 in the open state is likely to lead to the
formation of an additional species (4, corresponding to CuII2‚
MBP.Hc.E‚H2O2) that is spectroscopically distinct from
known copper oxygen complexes seen in synthetic models
or proteins. Since the protein is in equilibrium between the
open and closed forms, formation of the closed form converts
species4 into species5, corresponding to CuII2‚MBP.Hc.E1‚
H2O2, observed at low H2O2 concentrations that has a shorter
Cu-Cu distance. This shortening of the Cu-Cu distances
is accompanied by an alteration of oxygen coordination
geometry (fromµ1,2 to µ-η2:η2). Species5 corresponds to
the structure of oxy-Hc. The structural rearrangement from
4 to 5 is analogous to the transition from the T to R state
recently proposed for oxy-Hc (35). It has been established
that 5 can isomerize to6, which is postulated to be the
reactive intermediate in the oxidation chemistries of tyrosi-
nase and several synthetic models (21). The brown CoII2‚
MBP.Hc.E‚H2O2 species is likely to be a structural analogue
of 6 (21, 38). Photoreduction of brown CoII

2‚MBP.Hc.E‚
H2O2 forms a pink species that is likely to correspond to7,
and is structurally analogous to met-hemocyanin. The
spectroscopic signature of CuI

2‚MBP.Hc.E‚O2 is consistent
either with 4 (subsaturated), or7. In the latter case, this
implies that we are observing oxygen activation, and that
MBP.Hc.E is a nascent oxidase, rather than the precursor to
a reversible oxygen carrier protein.
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