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Proteins containing metalloporphyrins support a diverse range
of functions in biological systems.1 Our immediate goal is to
create simple synthetic protein-based structures using insights
drawn from nature, which are capable of assembling, adopt a
stable fold, and bind cofactors. Ultimately, we aim to construct
molecularmaquettes, which are functionalized synthetic protein
versions of their biological counterparts.2 To date, there has been
much success with this approach, notably the incorporation of
iron protoporphyrin IX (Fe-PP) into four-R-helix bundle proteins,
via bis-histidine axial coordination to the porphyrin iron.2-4 The
Fe-PP maquettes can bind exogenous ligands such as cyanide and
carbon monoxide, by displacing one of the coordinating axial
histidines to the metal.4 However, to engineer a binding site for
exogenous ligands distal to the coordinated Fe-PP with a view to
achieving catalysis, the Fe-PP must be five-coordinate, with the
sixth coordination site vacant, or distal and easily accessible to
substrate, as exemplified by cytochromec peroxidase, cytochrome
c oxidase, and the cytochromes P450.5

Herein we report the binding of Fe(III)-PP and Zn(II)-PP to
two four-R-helix bundles, where the difference between the
porphyrin coordination environment presented by the bundles and
the preferred coordination geometry of the Zn(II)-PP and Fe(III)-
PP is probed. Zn(II)-PP in noncoordinating solvents remains four-
coordinate and in coordinating solvents or in the presence of good
axial ligands, such as imidazole, tends to form five-coordinate
complexes.6 Fe(III)-PP on the other hand preferentially forms
six-coordinate complexes in the presence of imidazole, although
the protein environment can exert a strong influence on the actual
nature of the axial coordination.5 Our interest in Zn(II)-PP
binding is further motivated by the fact that this complex is

photoactivatable and would be useful for investigating light-
initiated electron- and energy-transfer events between chro-
mophores in multicofactor maquettes.7 The present studies
demonstrate that Zn(II)-PP binds to the synthetic proteins via
single histidine axial ligation and that the binding affinity is
remarkably high.

The peptides have the sequence Ac-L‚KKLREEA‚LKLLEEF‚
KKLLEEX‚LKWLEGGGG-GGGGELLKL‚HEELLKK ‚CEE-
LLKL ‚AEERLKK‚L-CONH2, where X is either histidine or
alanine and the dots in the sequence highlight the heptad repeat
pattern of the helicies. The design was based on the prototype
Fe-PP binding maquette,2 except that each di-R-helical unit was
synthesized as a continuous sequence to facilitate incorporation
of different amino acids in the porphyrin axial coordination
positions.8 In RH22-l-RH41,9 two histidines are present per di-
R-helical unit to provide potential axial ligands to the porphyrins.
However, inRA22-l-RH41, one of the histidines has been replaced
with alanine, leaving a vacant sixth coordination site.

The secondary structure and the aggregation state of the
assembled proteins without added porphyrin (apo maquettes) were
investigated. Circular dichroic (CD) spectra of each protein had
characteristic minima at 222 and 208 nm with a ratioΘ222/Θ208

g 1.0, indicative of a coiled-coilR-helical structure,2-4,10 and the
intensity of the 222 nm signal corresponding to>70% helical
content. Gel-permeation chromatography demonstrated that the
peptides spontaneously self-assemble in aqueous solution to yield
dimeric four-R-helix bundle proteins.2-4 Both the secondary
structure content and the aggregation state were invariant over
the concentration range 0.1-100 µM.

The proteins were capable of binding Fe(III)-PP and Zn(II)-
PP, characterized by a pronounced red shift in the porphyrin
electronic absorption spectrum. The Fe(III/II)-PP bound to both
bundle types and exhibited absorption features typical of low-
spin b-type hemes (Fe(III)-PPγmax at 411 and 535 nm, shifting
on reduction to Fe(II)-PP to 424, 529, and 560 nm).2-4 The
Zn(II)-PP bound to both bundles also had absorption spectra
similar to those of Zn(II)-PP-substituted natural cytochromes (γmax

at 425, 549, and 589 nm;ε425 ≈ 250 mM-1 cm-1).11 The
secondary structure and aggregation state of the porphyrin
containing holo maquettes were investigated to confirm that
introduction of either Zn(II)-PP or Fe(III)-PP did not alter the
four-R-helix bundle architecture. CD spectroscopy showed that
the helicities of the apo and holomaquettes were the same within
experimental error.2-4 Gel-permeation chromatography revealed
that, upon binding either Zn(II)-PP or Fe(III)-PP,>90% of the
maquettes remained four-R-helix bundles,2-4 with the remaining
10% present in higher aggregation states of six- and eight-R-
helix bundles.

Careful titrations of Zn(II)-PP or Fe(III)-PP into [RH22-l-
RH41]2 showed that the binding stoichiometry was a maximum
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of two Fe(III)-PP or two Zn(II)-PP molecules per four-R-helix
bundle; that is, each bis-histidine coordination site bound one
Zn(II)-PP or Fe(III)-PP. Table 1 shows that theKD values for
binding of the two Fe(III)-PP were∼35 and 135 nM, almost
identical to previously reported values for similar maquettes.4 The
KD values for binding of the two Zn(II)-PP to [RH22-1-RH41]2
were also nanomolar (Table 1). The binding stoichiometry for
Zn(II)-PP to [RΑ22-l-RH41]2 was also 2:1, with the firstKD in
the subnanomolar range and the secondKD ≈ 10 nM (Table 1,
Figure 1), indicating that a single axial histidine is sufficient for
tight binding of Zn(II)-PP to each di-R-helical unit. The failure
of more than two Zn(II)-PP maquettes to bind to the four histidines
present in [RH22-l-RH41]2 is probably due to the fact that binding
of more than one Zn(II)-PP to each di-R-helical unit would severly
compromise bundle stability. In the case of Fe(III)-PP binding
to [RA22-l-RH41]2, the stoichiometry was 1:1, with aKD ≈ 23
µM (Table 1, Figure 1), which is>2 × 103 fold larger in

magnitude than theKD for binding of the second Zn(II)-PP to
the same bundle. Thus, by replacing one of the coordinating
histidines in each di-R-helical unit by alanine, the specificity of
Zn(II)-PP binding over Fe(III)-PP is enhanced by at least 3 orders
of magnitude. In [RA22-l-RH41]2, the bound Fe(III)-PP must
adopt a bis-histidine ligation geometry between the single
histidines present on each [RA22-l-RH41] monomer (Figure 2),
which is energetically unfavorable because a conformational
change in the bundle is required to effectively bind Fe(III)-PP in
this manner. This explains the observed stoichiometry and low
binding affinity. It is clear that Fe(III)-PP binding to [RA22-l-
RH41]2 by five-coordinate single axial histidine ligation is
significantly less favorable than bis-histidine ligation across two
[RA22-l-RH41] monomers by∼4 kcal mol-1.

The coordination geometries of Fe(III)-PP and Zn(II)-PP in
both [RH22-l-RH41]2 and [RA22-l-RH41]2 were investigated by
resonance Raman (RR) spectroscopy.12 The RR spectra of both
Fe(III)-PP maquettes are characteristic of bis-histidine ligated
species, are similar to one another, and resemble previously
reported RR spectra for other Fe(III)-PP maquettes.3b The RR
spectra of both Zn(II)-PP maquettes are also similar to one another
and are analogous to imidazole-coordinated Zn(II)-PP in solution
and Zn(II)-PP reconstituted into myoglobin.6b In addition, the
RR spectra of both Zn(II)-PP maquettes exhibit a broad feature
at∼158 cm-1 that is absent from the spectrum of four-coordinate
Zn(II)-PP in solution.6b This band is attributed to the Zn-His
stretching vibration by analogy to the assignment of this mode
in Zn(II)-PP myoglobin. In the latter protein, the Zn-His stretch
occurs at∼148 cm-1. Accordingly, the strength of the Zn-His
bond is similar for the Zn(II)-PP maquette and Zn(II)-PP
myoglobin.

The studies reported herein demonstrate that metalloporphyrin
axial coordination in the synthetic protein architectures is governed
by the preferred geometry of the metal ion (Fe(III/II), six-
coordinate; Zn(II), five-coordinate). In contrast, certain natural
heme proteins provide an environment that readily accommodates
the highly unfavorable five-coordinate state of the iron ion.1 This
feature of the natural proteins illustrates the exquisite tailoring
of the heme binding site required for achieving efficacious
biological activity.
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(12) The RR spectra were recorded using instrumentation and procedures
previously described.3b The sample concentrations were typically 50-100µm.
The excitation wavelength was 415.4 nm, and the laser powers was∼5 mW.

Table 1. Dissociation Constants for Fe(III)-PP and Zn(II)-PP
Binding to Maquettes

Fe(III)-PP Zn(II)-PP

maquette KD
a (nM) KD2 (nM) KD1 (nM) KD2 (nM)

[RH22-l-RH41]2 35 135 30 90
[RA22-l-RH41]2 23 000 <1 10

a The standard deviations in the reportedKD values are(20%.

Figure 1. (A) UV-vis spectra in aqueous buffer (50 mM Tris, 100 mM
NaCl, pH 8.0) of Zn(II)-PP titrated into 0.1µM [RA22-l-RH41]2. The
molar equivalents of Zn(II)-PP added per bundle in increasing absorbance
intensity are 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0, and 3.0 (for the
last titer, the shoulder to the blue of the Soret absorption is due to unbound
Zn(II)-PP). The inset shows a plot of the increase in the Soret absorption
of Zn(II)-PP upon binding to [RA22-l-RH41]2 against the molar ratio of
Zn(II)-PP per bundle. (B) UV-vis spectra in aqueous buffer of Fe(III)-
PP titrated into 22.4µM [RH22-l-RH41]2. The molar equivalents of
Fe(III)-PP added per bundle in increasing absorbance intensity are 0.2,
0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0, 2.4, 2.8, and 3.2 (the large shoulder
to the blue of the Soret absorption and the apparent blue shift in the
Soret maximum for titersg0.6 molar equivalents Fe(III)-PP per bundle
is due to unbound Fe(III)-PP). The inset shows a plot of the calculated
absorption at 411 nm due to the bound Fe(III)-PP (contributions from
bound and free Fe(III)-PP were calculated using a spectral deconvolution
fitting procedure) against the concentration of Fe(III)-PP titrated.

Figure 2. Molecular graphic ribbon representation of the [RA22-l-RH41]2
maquette: (A) two Zn(II)-PP molecules bound by a single axial histidine
ligand in each di-R-helical unit; (B) one Fe(III)-PP molecule bound by
intermonomer bis-histidine ligation between the single histidines present
on each di-R-helical unit of the four-R-helix bundle.
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