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Abstract

De Novo metalloprotein design assesses the relationship between metal active site architecture and
catalytic reactivity. Herein, we use an a-helical scaffold to control the iron coordination geometry
when a heme cofactor is allowed to bind to either histidine or cysteine ligands, within a single
artificial protein. Consequently, we uncovered a reversible pH-induced switch of the heme axial
ligation within this simplified scaffold. Characterization of the specific heme coordination modes
was done by using UV-Vis and Electron Paramagnetic Resonance spectroscopies. The penta- or
hexa-coordinate thiolate heme (9 < pH < 11) and the penta-coordinate imidazole heme (6 < pH <
8.5) reproduces well the heme ligation in chloroperoxidases or cyt P450 monooxygenases and
peroxidases, respectively. The stability of heme coordination upon ferric/ferrous redox cycling is a
crucial property of the construct. At basic pHSs, the thiolate mini-heme protein can catalyze O,
reduction when adsorbed onto a pyrolytic graphite electrode.
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A pH-dependent preference for the heme ligation is achieved when using self-assembling a-
helical coiled coils having Cys and His as binding sites. EPR and UV-Vis absorption
spectroscopies uncovered a switch in heme axial ligand from His (6 < pH <8.5) to Cys (9 <pH <
11), mimicking the heme sites in cyt P450 monooxygenase, chloroperoxidase and peroxidases, all
three in a single artificial protein.
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Protein engineering has developed into a powerful tool to interrogate biomolecular function
using well-defined changes to enzyme active site structure. De Novo protein design has
emerged as a subfield allowing assessment of fundamental features controlling protein
structure and function. [ 2] In particular, De Novo metalloprotein design has provided
detailed insight into the relationship between the architecture of metal active sites and
electron transfer or catalytic reactions. [31 In many cases, these synthetic systems utilize
highly stable a-helical scaffolds capable of binding a broad range of metals and metal
cofactors (reviewed in [41). Among the most important and ubiquitous natural
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metalloenzymes are those containing the iron porphyrin cofactor, known as heme. Heme-
containing proteins are involved in fundamental biological processes such as oxidative
metabolism, oxygen storage and transport, signal transduction and drug metabolism.[%] The
heme site is capable of catalyzing a variety of biologically-relevant chemical reactions, such
as disproportionation of hydrogen peroxide (catalases[8]), oxidation and haloperoxidation of
organic substrates (monofunctional heme peroxidases,[’] bi-functional catalase-
peroxidases!8l) and oxygenation reactions (cyt P450 monooxygenases (Fig. S1) and nitric
oxide synthasesl’l). Such a functional versatility relies upon variations in the heme
coordination (/.e. His, Tyr, Cys or Met axial ligand(s)), as well as being significantly
modulated by the heme environment (2" coordination sphere and H-bond networks).
Studies of heme active sites using mutational analysis, structural biology and molecular
spectroscopy provide essential information on the natural systems that delimit the catalytic
processes. Yet, the complexity of the natural systems often masks the specific behavior of
the metal cofactor. For this reason, small artificial proteins capable of binding heme at
specified sites are being developed. [9101 Qur approach is to use a-helical scaffolds to
provide ligation to the heme as cofactor to explore heme axial ligand selectivity, specifically
hoping to define how one can control the iron coordination geometry when a heme is
afforded an opportunity to bind either histidine (imidazole) or cysteine (thiolate) ligands.
While many studies of de novo designed scaffolds with heme binding to nitrogenous ligands
have been reported (reviewed in [111), there have been limited studies examining either
synthetic thiolate-bound Fe!'l-porphyrin complexes (2] and references therein) or His-to-
Cys mutations in natural heme enzymes [13:14] as structural models for the cyt P450
monooxygenases and chloroperoxidases (CPO) thiolate axial ligands. The putative heme
preference between such ligands has not been addressed within a single artificial protein. In
this communication, we assess the preference of heme binding to self-assembling a.-helical
coiled coils as a function of pH. We uncover a remarkable pH-driven conversion of the heme
ligation, between the 5-coordinated (5-c) histidine structures (peroxidase-like) at neutral pH
to thiolate bound structures that are 5-c at pH = 9 or 6-coordinated (6-c) at pH > 10. In
addition to providing rare examples of water-stable heme thiolate models, this work
illustrates the ability to exploit proton concentration to switch heme coordination
preferences in a protein through the simple expedient of pH. Thus, along with providing
fundamental insight into metalloprotein structural preferences, our studies potentially allow
for the pH-induced conversion from peroxidase-like catalytic activity (imidazole) to
oxygenase (thiolate) reactivity.

The GRAND peptide family has been studied extensively for transition metal and heavy
metalloid binding. (151 In the apo form, they generate highly stable three stranded coiled
coils (3SCCs) at pH = 5, or two stranded coiled coils (2SCCs) at more acidic pHs,
illustrating the structural versatility in this system. [16] Furthermore, 2SCCs with oppositely
charged residues at e and g heptade positions can associate to form antiparallel 4SCCs.[17]
The coiled coils are stabilized through hydrophaobic interactions (typically leucines)
embedded at a and d positions of repeating heptads. These sites can be modified to include
metal binding residues, such as cysteine or histidine, to incorporate a stabilizing metal
within the hydrophobic interior. [8] Table 1 shows the specific peptide sequences used in
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this work. Each leucine mutation leads to a small destabilization of the system, although two
or three changes are well tolerated. [19: 20]

All the GRAND peptides (Table 1) showed CD spectra typical of well-folded coiled-coils
across a wide pH range, both with and without heme (Fig. S2 and Fig. S3A). Also, once
complexed with heme, peptides were thermodynamically more stable with Ty, increasing by
10 °C at basic pHs (Fig. S3B). Analytical Ultracentrifugation (AUC) studies confirmed that
the apo peptides fold as 3SCCs (Fig. S4A); however, the estimated molecular mass indicated
formation of tetramers upon heme complexation (Fig. S4B and S4C). We believe that the
resulting GRAND mini-heme proteins are best described as dimers of antiparallel 2SCCs.
Consequently, heme complexation to the 3SCCs apo GRAND peptides induces the
conversion to 4SCCs, with a heme at the helical interface of each antiparallel dimer (Fig. 1
and Fig. S5). Conversion of a parallel 3SCC to an antiparallel 4SCC is not without
precedent. 171 A recent report showed that two mutations in a model coiled coil peptide

(HA2-DEL) were sufficient to convert the parallel 3SCC construct to an antiparallel 4SCC.
[21]

The heme to peptide stoichiometry for the mini-heme protein was assessed by monitoring
the UV-Vis spectral changes of the heme. The absorption spectrum of hemin upon
complexation with the GR2W-L16CL30H scaffold at pH 10.5 (Fig. 2 /nset, solid traces), a
low-spin thiolate heme (see Fig. 3A), is clearly distinct to that of the hemin in buffer
solution (Fig. 2 /nset, dashed traces). Hemin titration into the GRW-L16CL30H peptide
showed the complexation of one heme per peptide dimer (Fig. 2). For higher hemin excess,
the increasing spectral contribution of hemin in buffer solution was observed (Fig. 2 /nset,
dashed trace).

We combined UV-Vis and Electron Paramagnetic Resonance (EPR) spectroscopies to
characterize the specific coordination mode of the heme to the GRW-L16CL30H peptide
dimer in the pH range 6 to 11. Two clearly distinct absorption and EPR spectra (Fig. 3A and
3B) were obtained for neutral (olive green traces) and basic (red traces) pH values. The
absorption spectrum at pH 7.14 (Fig. 3A, olive green trace) is characteristic of a 5-c heme,
with a ligand-to-metal charge transfer (LMCT) band at 640 nm, reminiscent of peroxidases.
[7] The corresponding axial EPR spectrum with gL = 5.99 and g | ¢ = 1.98 resonances
(Fig. 3B, olive green trace) is characteristic of heme iron in the ferric (Fe!'!) high-spin (HS)
state, quite distinct to that of hemin in buffer solution (Fig. S5, dash-dotted gray trace) but
virtually identical to that of hemin penta-coordinated to imidazole (Fig. 3B, black dash-
dotted trace). Hence, considering the peptide sequence (Table 1), we can confidently
conclude a 5-¢c heme with His30 as axial ligand at neutral pH, upon complexation with the
GRW-L16CL30H dimer.

When raising the pH of the sample to 10.5 or higher, the absorption spectrum showed the
total conversion to a 6-c heme (Fig. 3A, red trace), with the characteristic redshifted Soret
band (to 420 nm) and the p and a bands at 540 and 570 nm, respectively. The observed split
Soret band (360 nm and 420 nm) at pH >10 (Fig. 3A, orange and red traces) has been
reported for natural proteins having a Fe'!" low-spin (LS) heme with thiolate ligand(s) as
catalytic sites (reviewed in [22]). The new rhombic EPR signal observed for the pH 10.5
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sample (Fig. 3B, red trace) is that of a ferric (S=1/2) heme iron in the LS state.[?3] The g-
anisotropy (Ag = gz — gx = 0.56) of such rhombic EPR spectrum (effective g-values of gz
=2.45, gy = 2.25 and gx =1.89) is characteristic of ferric LS heme-thiolate proteins
(reviewed in [22]), thus much lower than the expected value for a ferric LS His-coordinated
hemes (Ag = 1.6). [23] Both the absorption and the EPR spectra of the mini-heme protein at
pH = 10.5 are very similar to those of cyt P450 monooxygenases, having a ferric LS heme
with a Cys/thiolate and water as axial ligands. [/l Given the pH of the mini-heme protein, the
ionized state of a water molecule should be the sixth ligand (Fig. 1).

The reversible change in the GRW-L16CL30H mini-heme protein from His30 axial ligation
at neutral pH to Cys16/thiolate and water/hydroxyl at pH > 10.5, reflects a relatively weak
imidazole coordination favoring heme dissociation at basic pHs, as reported in 5-c heme
maguettes, [24] and the concomitant deprotonation of Cys16 allowing a heme thiolate
ligation. Accordingly, the main features of the absorption spectrum of GRW-L16CL30H
mini-heme protein at pH 9.09 (Fig. 3A, blue trace), a Soret band with maximum at 397 nm
and the broad LMCT band at ca. 625 nm, agree well with those of a 5-¢c heme with a thiolate
axial ligand reported in CPO [2%], the HS state of cyt P450s [26] and a 4a-helix bundle with a
Cys axial ligand to a 5-c heme 427, The contribution of the LS 6-c species is indicative of a
pH-dependent spin state equilibrium. Likewise, the 9-GHz EPR spectra (Fig. 3B) at pH 9.14
(blue trace) and 9.70 (orange trace) showed a new HS axial EPR signal (broad gL
resonance) similar to that of hemin in cysteine buffer (Fig. S5, dashed gray trace), together
with the LS-heme EPR signal observed at pH 10.5. The relative intensities of these two EPR
signals for pH = 9.0 were inversely proportional. These observations are best explained by
heme being mostly 5-c to Cys16 at pH < 9.5, and converting to a 6-c (with an OH transto
Cys16) at higher pHs. Similar spin state conversion and equilibrium of HS/LS species were
reported for cyt P450 enzymes in vivo (28] and in vitro. [29]

The pH-dependent heme ligation pattern of the ferric mini-heme protein proved to be
conserved upon reduction to the ferrous state (Fig. S7). In addition, the anaerobic
reduction/re-oxidation cycle showed that the initial heme ligation is conserved for both His-
and Cys-coordinated heme (Fig. S7). In cyt P450 and CPO enzymes, the thiolate axial ligand
is crucial to exert the “push” effect on the heme iron during the catalytic reaction. [2°] Cyclic
voltammetry (CV) studies of the cyt P450 heme domain showed the catalytic reduction of
0o, a crucial step prior to the substrate oxygenation reaction in the catalytic cycle (Fig. S1).
Significantly, our CV studies on the GRW-L16CL30H mini-heme protein at pH 10.1 also
proved that it can catalyze O reduction (Fig. 4).

We also characterized the GRAND scaffolds with single heme binding sites (Table 1). At pH
10.5, the UV-Vis absorption and EPR spectra of the GRW-L16C mini-heme protein (Fig. S9)
were virtually identical to those of GRW-L16CL30H (Fig. 3). Moreover, the EPR spectra of
GRW-L16C mini-heme protein at pH 7.0 (Fig. S9B) ruled out a 5-c heme with a Cys ligand
[32] or hemin in buffer solution. Thus, at pH 7.0 and in the absence of coordinating amino
acid, hydrophobic/non-covalent interactions accommodate the heme in the GRW-L16C
scaffold. An equivalent situation was reported for 2a-helix bundle maquettes. [24] All in all,
the GRW-L16C scaffold validates the coordination pattern concluded for the GRW-
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L16CL30H mini-heme protein at basic pHs and the prerequisite of Cys16 deprotonation at
pH = 9.0 to allow heme ligation.

The EPR spectra of the GRW-L30H mini-heme protein as a function of pH (Fig. S10)
showed heme binding to His30 at 6.50 < pH < 8.50 and dissociating otherwise, most
possibly due to a longer heme Fe!!! to Nyis bond length than in natural peroxidases (see Fig.
S7). This confirms the heme coordination behavior observed for GRW-L16CL30H mini-
heme protein at neutral pHs, and irrespectively of the presence of a competing binding site.
The GRW-L16C (at pH 10.5) and the GRW-L30H (at pH 7.0) mini-heme proteins showed
stability upon their redox cycles (Fig. S11) as well as catalytic oxidation of ABTS substrate
in solution, when using H,0, as oxidant (Fig. S12).

In summary, we have established that a simple a-helical scaffold design opens exciting
opportunities to explore heme enzyme chemistry. By using a short, repetitive amino acid
sequence with two distinct iron binding residues (His and Cys) that folds into a dimer of
antiparallel 2SCC upon heme complexation, we have developed a miniature protein with
heme as redox cofactor and featuring a reversible pH-induced switch of the heme axial
ligand. The resulting penta- or hexa-coordinate thiolate heme for 9 < pH < 11 and penta-
coordinate imidazole heme for 6 < pH < 8.5, imitating the heme ligation in CPO, cyt P450s
and peroxidases, all in a single synthetic protein, was not previously reported. Moreover, the
minimal tertiary structure ensures on-demand heme coordination being stable upon redox
cycling. This is a crucial property for catalysis as proved by the catalytic reduction of O, by
the GRW-L16CL30H and GRW-L16C mini-heme proteins at pH = 9.0, adsorbed onto a
pyrolytic graphite electrode. Further reactivity studies in solution are in progress to evaluate
the extent of this very promising observation to develop versatile synthetic mini-heme
catalysts.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
PyMol models illustrating the proposed folding of GRW-L16CL30H peptides complexed

with heme (a dimer of antiparallel 2SCC) at selected pH values. The three coordination
configurations concluded from our spectroscopic study, /.e. His-pentacoordinated heme (pH
7, left panel), Cys-pentacoordinated heme (pH 9.0, center panel) and Cys/hydroxide
hexacoordinated heme (pH 10.5, right panel) are shown. Only the heme for one antiparallel
2SCC (A and B a-helices) is shown for clarity. The PyMol models are based on the crystal
structure of a de novo designed antiparallel 4SCC (PDB code: 2B1F) as described in
Supplementary Information. A color version of the models is shown in Fig. S5.
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Figure2.
Hemin titration into the GRW-L16CL30H (20 UM monomeric peptide concentration) in 250

mM TRIS-maleate buffer at pH 10.3. The difference in absorbance of the split Soret bands
(360 nm and 420 nm) of the GRW-L16CL30H mini-heme protein (/nset, solid thick trace) is
plotted as a function of the added hemin to peptide-dimer ratio. It clearly shows that this
ratio remains constant while there is no spectral contribution of the hemin in buffer solution.
Inset: The absorption spectra of the mini-heme protein obtained with 0.5 (thin solid trace)
and 1 (thick solid trace) molar equivalents of heme per peptide dimer are shown. Arithmetic
spectral subtractions of the “1.5 minus 1.0” (thin dashed trace) and “2.0 minus 1.0” (thick
dashed trace) experimental spectra shows the expected resulting spectrum of hemin in buffer
solution in both cases.
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UV-Vis electronic absorption (Panel A) and 9-GHz EPR (Panel B) spectra of the GRW-
L16CL30H mini-heme protein (15 uM and 300 uM heme concentration, respectively; one
heme per peptide dimer). The absorption spectrum of hemin in buffer solution (pH 7, dash-
dotted trace) and the EPR spectrum of hemin in imidazole buffer (pH 6, dash-dotted trace)

are also shown. The pH-induced spectral changes were fully reversible. Freezing and

thawing the EPR sample did not affect the ligation and the reversibility in heme ligation.

EPR experimental conditions as in Fig. S6.
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Figure4.
Cyclic voltammograms of the GRW-L16CL30H mini-heme protein (48 uM heme and 44 yM

monomeric peptide concentrations) in 250 mM TRIS-maleate buffer at pH 10.1, entrapped
in a thin layer at a pyrolytic graphite electrode, 20 mV/s scan rate. In strict anaerobic
conditions, the well-defined redox peaks revealed a redox potential (E1/,) at -460 mV vs Ag/
AgCl for the Fe!ll/Fe!! redox couple (solid trace). In the presence of O, the amplitude of the
additional cathodic wave, with no anodic counterpart (dotted trace), was proportional to the
increase in O, concentrations (see arrow), reflecting the catalytic reduction of dioxygen by
the mini-heme protein. Experimental conditions as in Fig. S8.
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Sequences of the GRAND Peptides Used in This Study.
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Peptide 1 2 9 16 23 30 37
GRAND L2W (GRW) [ Ac-G  WKALEEK LKALEEK LKALEEK LKALEEK LKALEEK G-NH,
GRW-L16CL 30H Ac-G  WKALEEK LKALEEK CKALEEK LKALEEK HKALEEK G-NH,
GRW-L16C Ac-G  WKALEEK LKALEEK CKALEEK LKALEEK LKALEEK G-HN,
GRW-L30H Ac-G  WKALEEK LKALEEK LKALEEK LKALEEK HKALEEK G-NH,
el Peptides are amidated and acetylated at the C- and N-terminus, respectively. The first residue of each heptad is labeled with its overall position

within the peptide. Heme binding residues are in bold.
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