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Abstract

We report the mutational analysis of an artificial oxygen transport protein, HP-7, which operates
via a mechanism akin to human neuroglobin and cytoglobin. This protein destabilizes one of two
heme-ligating histidine residues by coupling histidine side chain ligation with the burial of three
charged glutamate residues on the same helix. Replacement of these glutamate residues with
alanine, which is uncharged, increases the affinity of the distal histidine ligand by a factor of
thirteen. Paradoxically, it also decreases heme binding affinity by a factor of five in the reduced
state and sixty in the oxidized state. Application of a three-state binding model, in which an initial
pentacoordinate binding event is followed by a protein conformational change to hexacoordinate,
provides insight into the mechanism of this seemingly counterintuitive result: the initial
pentacoordinate encounter complex is significantly destabilized by the loss of the glutamate side
chains, and the increased affinity for the distal histidine only partially compensates. These results
point to the importance of considering each oxidation and conformational state in the design of
functional artificial proteins.

Introduction

Designed proteins containing bound cofactors, both natural and synthetic, hold great
promise as inexpensive biocompatible catalysts useful in medicine, energy production and
green industrial catalysis (1-3). Heme proteins were the first bioinorganic-cofactor
containing proteins created over fifteen years ago (4, 5), and since then they have proven
instructive as to the underlying engineering requirements which drive natural heme protein
evolution (6-8).

The family of hexacoordinate hemoglobins are characterized by the property that they are
bis-histidine-ligated in the oxidized state and exist in a mixed bis- and mono-histidine
ligation state when reduced (9). The transient pentacoordination of the heme cofactor allows
for the ligation of molecular oxygen. We have recently reported the design, bacterial
expression, and biochemical analysis of the completely artificial hexacoordinate oxygen
transport protein HP7 (10). This was the culmination of a series of design projects involving
helical bundles which bind heme (11-16). The homodimeric protein HP7 is composed of
two helix-loop-helix peptides in which the loops connect via a disulfide in a topology we
have termed the ‘candelabra’ motif (12) (see Figure 1A, sequences in 1E).
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HP7 and its progenitors were designed in part using the principles of binary patterning, a
simple alternating pattern of hydrophilic and hydrophobic helix-forming residues with the
heptamer repeat sequence @ OO@@OO, where the first, third and fourth amino acids are
non-polar (@) and the rest polar (O) (see Figure 1E) which imposes dimerization via
hydrophobic sequestration (17-21). Each residue in the heptad repeat is designated with a
letter, thus the hydrophobic residues are at the a, d and e positions of the heptad. There is a
histidine residue at the sixth position of each helix, positioned to lie at the a-position of the
heptad repeat (13). Two heme cofactors bind, one between each matching pair of histidines
in the homodimer, and each binding event induces a large-scale helical rotation which brings
three b position glutamate residues into the hydrophobic core of the protein. The burial of
these residues creates an ‘entatic’ state (22): this stored energy is utilized to drive the
detachment of the ligand histidine residue on that helix enabling the subsequent rotation of
the helix to a relaxed state in which these b-position side chains are exposed to solvent,
opening a coordination site for the ligation of the gaseous ligands oxygen and carbon
monoxide (Figure 1B-D) (10). This design exercise turned out to be instructive as to the
minimal engineering requirements for oxygen transport — a porphyrin cofactor with at least a
transiently pentacoordinate ferrous iron buried within a hydrophobic cavity sufficiently large
and stable as to restrict water penetration (11).

Thus in HP-7 as well as the natural hexacoordinate hemoglobins gaseous ligand affinity is
gated by the presence of the pentacoordinate state. Many enzymes, especially those which
utilize molecular oxygen as a substrate, contain a number of redox active cofactors in
addition to the active site heme. These other cofactors, for example the heme cofactors in the
cytochrome c oxidase, typically serve to ferry electrons into the O,-utilizing active site (23).
These enzymes restrict oxygen binding at the other heme cofactors by maintaining them in
the hexacoordinate state. Therefore it will prove important, in the future design of more
complex artificial catalysts, to be able to effectively create high affinity cofactor binding
sites with controllable distal ligand affinity. It is therefore important to understand the
factors which determine distal side chain affinity and its relationship to overall cofactor
binding affinity.

Materials and Methods

Chemicals

Oligonucleotides were purchased from Integrated DNA Technologies (Coralville, 1A) and
used without further purification. °N-labelled ammonium chloride was purchased from
Cambridge Isotope Labs (Cambridge, MA). Pyocyanine was purchased from Cayman
Chemical (Ann Arbor, MI). Hemin was purchased from Fluka (Buchs, Switzerland). All
other solvents and reagents were from either Fisher Scientific or Sigma.

Cloning, protein expression and purification

The CC9 gene was synthesized (Biomatik Corp., Cambridge, ON) with an N-terminal TEV
cut site and inserted between the BamHI and Xhol restriction sites of pET32a (+) (Novagen)
as previously described (12). Mutagenesis to produce CC9-H7F and HP7-H7F was
accomplished using the Quikchange method (Stratagene Inc., La Jolla, CA). Mutagenized
plasmid DNA was transformed into chemically competent DH5a E. coli, the resulting
clones verified by sequencing, and a verified plasmid was transformed into BL21(DE3) cells
for expression. Labelled and unlabeled proteins were expressed and purified as we have
published previously (12). Apoprotein concentrations were determined optically using e»gg
=115 mM-tcm1 on the basis of their tryptophan content (24).
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Holoprotein complexes, containing 1.0 equivalent per homodimer, were prepared as before
(12) by five consecutive additions of 0.2 equivalents of hemin in DMSO with at least ten
minutes between additions. Proteins were then purified from any unbound heme by passage
through a PD10 desalting columns pre-equilibrated with 250mM Boric Acid, 100mM KClI
pH 9.0. Holoprotein solution concentrations were determined using experimentally derived
Soret e414 = 129 mM-1em! for HP7-H7F and 118 mM-1cm for CC9-H7F. If necessary,
both holo- and apoproteins were concentrated using Centricon YM-10 spin concentrators
(Millipore, Inc., Billerica, MA).

General biochemistry

Optical spectra were collected with a Hewlett-Packard (New York, NY) 8452A Diode array
spectrophotometer equipped with a Quantum Northwest (Liberty Lake, WA) Peltier
temperature controller. Experiments requiring anaerobic conditions were conducted in an
anaerobic cuvette (25) equipped with a platinum working and Red Rod (Radiometer
Analytical, Lyon, France) reference electrode. All experiments were performed at 20° C in
250mM Boric Acid, 100mM KCI pH 9.0 unless otherwise noted. Each binding, reduction
potential and stopped flow experiment was performed at least three times and reported errors
are standard deviations from the mean.

Circular dichroism spectropolarimetry

CD spectra were recorded on a JASCO J-810 sepectropolarimeter in a quartz cell of 0.1cm
light-path, using a bandwidth of 1nm and a scan speed of 50nm/min. HP7-H7F and CC9-
H7F were prepared at concentrations of 24.15uM and 14.75pM respectively in 50mM
sodium phosphate, pH 7.5. Spectra were collected between 190nm and 280nm, with
background correction. The spectra were observed as ellipticity(6,ps, mdeg), and the mean
residue ellipticity([6],degecmZedmol-) were calculated as

[6]=[6]obs ® [MRW/(10Ic)] (1)

Where MRW is the mean residue molecular weight, cis the sample concentration in mg/ml,
and /is the light-path length of the cell in cm. Protein secondary structure percentages were
calculated with the program K2d (26) using data points ranging from 200nm to 240nm.

Stopped-flow analysis distal histidine dissociation

Binding kinetics of CO with the ferrous protein-heme complexes were followed
spectroscopically in rapid stopped-flow mixing experiments over gas concentrations from
2% to 50% saturation at 15° C using an Olis RSM 1000 spectrometer. Protein
concentrations were 20-25 .M and ferrous complexes were prepared by carefully titrating
anaerobic solutions of the holoproteins with a slight excess of dithionite as observed by
visible spectroscopy and transferred to the stopped-flow loading syringe by canula. Binding
kinetic data were fit with Egn. 2, which assumes that CO binding rate, k+co, is much greater
than the sum of the distal histidine association and dissociation rates (9):

k., k.o [COI
k., +k+k col @

obs=
+CO

Where Kqps is the fitted single exponential binding rate, ki and k. are the distal histidine-
ferrous heme iron association and dissociation rates and kycq is the CO association rate
constant. This experiment determines the distal histidine ligand dissociation rate - at high
[COI, Kops = K-n.
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Flash photolysis analysis of distal histidine association

The rate constants for both CO and histidine binding to the pentacoordinate state were
determined using laser flash photolysis: a 1-ns pulse-width frequency doubled YAG laser at
532 nm excites the preformed carbonmonoxyferrous complex, causing the detachment of the
ligand CO. This transiently forms an unliganded pentacoordinate heme protein and the rates
of these binding processes were determined by analyzing the multi-exponential rebinding
traces taken as a function of CO concentration using the method of Hargrove (27):

Yi+y2=k, +K K, o[ CO] (3)

v1Y2=kyk, o [CO] (4

Where -yq and -y, are the fitted first and second CO-dependent exponential rates and the
kinetic constants are defined as in Equation 1. Protein concentrations were 20-25 M and
carbonmonoxyferrous complexes were prepared by titrating solutions of the holoproteins
with an excess of dithionite as observed by visible spectroscopy under an atmosphere
containing 10-100% CO mixed with argon.

Heme affinity measurements

Hemin stock solutions of approximately 0.5-1.0 mg/ml were prepared in DMSO and used
within six hours. Stock solution concentrations were determined using the pyridine
hemochrome assay (28). In oxidized binding experiments 0.5-2 pl aliquots of hemin
solution, consisting of approximately 0.1 molar equivalents, were added via gastight syringe
to a stirring 4 ml solution of 2-3 .M protein, with a ten minute equilibration delay between
additions. Heme binding was monitored by loss of the absorption at 385 nm due to free
hemin, and the concomitant appearance of a sharp Soret band at 412 nm, corresponding to
heme bound to the protein via bis-histidine axial coordination. The number of heme binding
sites was quantified for each protein from plots of the Soret maximum at 412 nm vsthe
number of equivalents added.

For reduced binding experiments, 9.0 ml of ~3 M protein was made anaerobic by extended
flushing with nitrogen, and the solution potential reduced to < -450 mV vs NHE by the
addition of a small volume (< 20 pl) of sodium dithionite dissolved in degassed 100 mM
KOH. The solution potential was monitored throughout the binding titration and kept below
-450 mV by periodic additions of I volumes of sodium dithionite. Hemin was added in
approximately 0.1 molar equivalent aliquots with at least a ten minute equilibration time
before spectra were collected. Ky values were obtained from plots of the Soret band
absorbance measured at 436 nm vs. the concentration of hemin added and fit with the tight
binding equation:

Kg+[hem]+[prot] — \/(Kd+[hem]+[prot])2 — 4[hem][ prot]

AAzAstm‘t"'gunb [ hem] +8bnd[pr0t] . 2[ pI'Ot] (5)

Where e, is the molar absorption coefficient of unbound hemin at that wavelength, epnq is
the additional absorbance of bound hemin at that wavelength, [hem] is the hemin
concentration, [prot] is the protein concentration and Ky is the dissociation constant for the
reduced hemin.
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Reduction potential determination

Redox titrations were performed in combination with optical analysis as described
previously (13). Concentrated solutions of hemoprotein prepared in advance were diluted to
20-30 1M into a solution containing >100 M of the corresponding apoprotein in order to
eliminate the possibility of heme dissociation upon reduction. Reported reduction potentials
are referenced to a standard hydrogen electrode. All redox titrations were performed
anaerobically using pL additions of freshly prepared sodium dithionite to adjust the solution
potential to more negative values and potassium ferricyanide to more positive values. Redox
titrations were analyzed by monitoring the absorbance bands at 559 and 425 nm as the heme
protein was reduced or oxidized. The data were analyzed with the Nernst equation using an
n-value of 1.0:

where %R is the fraction of reduced heme, E is the solution potential, Ey, is the reduction
midpoint potential and n is the number of electrons.

Nuclear magnetic resonance

All NMR experiments were performed at 20°C on Varian Inova spectrometer operating at a
600MHz and equipped with a triple resonance cryogenic probe capable of applying pulse
field gradients in the z-direction. Data were processed using the program NMRPipe (29) and
analyzed using Sparky (30). For structural specificity assays, sensitivity enhanced 1H-1°N
heteronuclear single quantum coherence (HSQC) spectra (31) were collected on 50-100 uM
holo- and apoprotein samples with sweep widths of 10,000 Hz for *H and 2000 Hz for 1°N
utilizing GARP decoupling of 15N during 1H acquisition. Chemical shifts are referenced to
water at 4.77 ppm for 1H.

In order to determine the pK, of histidine side chains, imidazole IH-15N multiple-bond
correlation signals were collected using a non-sensitivity enhanced HSQC pulse sequence in
which the INEPT (insensitive nuclei enhanced by polarization transfer) periods were set to
1/X\n, Where LIy is the one-bond TH-15N coupling constant, in order to attenuate
backbone amide signals (32, 33). Spectral widths were 8000 Hz for 1H and 12156 Hz

for 15N. Lyophilized 1°N-labelled apoprotein samples were dissolved in 25mM KaD,PO,4
D,0 buffer pD 5.0 (pH meter reading + 0.4 pH units), a spectrum taken, and the pD adjusted
upwards by the addition of small amounts of KOD dissolved in D,0. The observed 1°N
chemical shifts were fit with the Henderson-Hasselbach equation:

A6prot

= Trrorreka 0 )

obs

where & is the neutral chemical shift of 1°N, 8prot Is the change in chemical shift due to
protonation and pKj is the fitted acid dissociation constant.

Results and Discussion

Protein design

To simplify our analysis, we removed one binding site by mutating the histidine on the first
helix to a phenylalanine, creating the protein HP7-H7F (see Table 1). This protein retains
the heme binding site nearest the connecting loops (Figure 1A). This is the opposite binding
site that is occupied when the HP7 homodimer is bound to a single heme. To examine the
thermodynamic effects of the buried charges, all three b-position glutamates on the second
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helix were mutated to alanine, which has both neutral hydrophobicity and high helical
propensity (34).

Both holoproteins display visible absorbance spectra indicative of bis-histidine coordination
in both oxidation states (Figure 2A & C). It is important to confirm the helical bundle
structure of each protein, as some designed helical bundle proteins have been found to form
domain-swapped higher oligomeric states (35). Both apo- and holoprotein forms of both
HP7-H7F and CC9-H7F were single homodimers as analyzed by native gel electrophoresis
in both the holo- and apostates (data not shown). Circular dichroism spectra on the apo
forms of both proteins demonstrate that both proteins are helical, with CC9-H7F having a
larger helical character. This is unsurprising in that each homodimer contains six mutations
from glutamic acid to alanine, which has a significantly higher helical propensity (36). Both
had 15N-HSQC spectra indicative of molten globular structure (not shown). The addition of
a single heme cofactor changes both spectra to a level of chemical shift dispersion indicative
of a partial phase transition in which the two helices which ligate the heme become native-
like and the two unliganded helices remain molten globular, consistent with what we have
previously observed for HP7 (12).

Oxidized heme binding

In the oxidized state, both proteins bind heme too tightly to reliably extract a dissociation
constant even at protein concentrations as low as 200 nM. This has enabled us to perform
endpoint titrations confirming that both proteins bind a single heme cofactor (Figure 2) as
well as calculate the extinction coefficient of the oxidized complex (Table 1).

Distal histidine affinity — histidine dissociation constant

In order to confirm that the triple mutation indeed stabilizes the affinity of the distal
histidine, we must separately determine its association and dissociation rates. Figure 3A
depicts the observed CO binding constants and their concentration dependence. For both
proteins, CO binding to the ferrous state is monoexponential over more than five half-lives.
Binding rates collected as a function of CO concentration demonstrate that CC9-H7F binds
CO 22-fold more slowly than HP7-H7F (Table 2). As the protein is primarily in the
hexacoordinate bis-histidine ligation state in solution (Figure 2), the rate limiting step for
CO binding at high ligand concentrations is thus the detachment of the distal histidine from
the heme iron (see Eqn. 2). Thus, histidine detachment is also 22-fold slower in CC9-H7F.

Distal histidine affinity — CO-flash photolysis determination of kipjs

Figure 3B depicts the rebinding kinetics of CO after laser induced dissociation in CC9-H7F.
In CC9-H7F, HP7-H7F, and our original analysis of HP7 (10), a fast exponential process
which is independent of the concentration of CO is observed. Similar behavior has been
observed in mouse neuroglobin, and was ascribed to a relaxation process following a
probable rearrangement caused by the change in heme iron planarity induced by detachment
of the CO ligand (37, 38). In each case two slower exponential processes, each of which
varies in rate and magnitude with CO concentration, were also observed.

Replots of the sums and products of these two exponential processes are depicted in Figure
3C-F. The distal histidine binding rates are similar in both proteins, with the triple mutation
slowing this process by a factor of 1.7 (Table 2). Combining these rates with the histidine
off-rates determined in the stopped flow experiments allows the calculation of the distal
histidine affinity constants, Ka, for both proteins — 30 for HP7-H7F increasing to 380 for
CC9-HT7F (as this is an intramolecular interaction, the association constant is dimensionless).
Thus the removal of the residues which were implanted to create the entatic state in HP7
stabilizes the hexacoordinate state in the ferrous protein by 1.5 kcal/mol.
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Reduced heme binding

Gibney and coworkers have determined the solution reduction potential of an isolated heme
cofactor, -63 mV vs SHE, using two different designed heme proteins and a thermodynamic
cycle (39). This value enables an alternate method for the determination of heme binding
constants: experimentally determine the binding affinity in the reduced state, taking
advantage of the weaker histidine-ferrous heme iron interaction (40), then the oxidized heme
binding constant can be calculated in combination with the bound and unbound heme
reduction potentials using a similar thermodynamic cycle (see Figure 4A). Binding titrations
carried out under reducing conditions give reproducible binding curves (see Figure 4B) and
the fitted ferrous heme dissociation constants were 0.6 + 0.2 uM for HP7-H7F and 2.6 + 0.6
M for CC9-HTF.

Reduction potentials

The potentiometric analysis of the two proteins is depicted in Figure 4C. HP7-H7F, at -260
+ 6 mV vs NHE, has a reduction potential 65 mV lower than CC9-H7F (see Table 2), and 40
mV higher than the progenitor protein HP7 complexed with two hemes (-300 mV vs NHE
(10)). HP7 rotates two sets of three glutamates into the core upon binding these two hemes.
HP7-HT7F rotates only one set of three, and CC9-H7F does not bury any charged residues
into the core. Thus, each set of three buried glutamates imparts a change in reduction
potential of approximately -50 mV, or 1.2 kcal/mol.

The reduction potentials, coupled with the reduced state affinities, allows the calculation of
oxidized affinities of 300 £ 100 pM and 19 £ 3 nM for HP7-H7F and CC9-H7F
respectively. Given that the distal histidine binds more tightly to the heme iron in CC9-H7F
than in HP7-H7F, the weaker energy of the former for heme binding is counterintuitive. This
discrepancy might be explained by a large difference in bound cofactor reduction potentials,
caused by some alteration in the local structure and/or electrostatics that moves the heme
potential in the negative direction. The potentials, however, move in the direction predicted
by simple electrostatics (positive), and thus the ferric heme binding energy difference
between CC9-H7F and HP7-H7F is even larger.

NMR titration of the histidine pKy

Histidine residues can protonate, and the resultant histidine cation cannot bind heme. This
proton competition effect is another possible explanation for the loss of binding affinity in
the triple mutant protein (39). To determine whether this is the case, NMR was used to
determine the pKj, of the molten globular apoprotein histidine ligands. Both protein’s
histidine pKa’s were well below the solution pH (9.0) used in the binding titrations (Figure
5), with that of CC9-H7F approaching the solution pK, for free histidine, therefore the
observed differences in heme Ky are not a consequence of proton competition.

Based on the crystal (14) and NMR (41) structures of the progenitor protein BB in its apo
form, the apoprotein forms of HP7-H7F and CC9-H7F can be expected to take a
conformation in which the histidine side chains are buried in the protein core and the b-
position residues exposed on the surface. Given this solvent exposure, it is unsurprising that
the removal of six negatively charged side chains has such a small effect on the histidine
pKa. In the heme-bound state, however, b-position residues rotate into the low-dielectric
hydrophobic core (Figure 1B) and electrostatic coupling has a larger effect, as demonstrated
by the change in reduction potentials between the two proteins.

The origin of the difference in heme affinities in the two proteins

Heme binding in hexacoordinate hemoglobins is a three state process consisting of the
apoprotein, a pentacoordinate bound state and a hexacoordinate bound state (Figure 6A-C),
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with the latter two states considered bound states. Binding affinity in such a case was first
examined by Morrison and coworkers in their analysis of slow, tight binding enzyme
inhibition (42). Extending this model to the hexacoordinate hemoglobins gives the relation:

kb ( k,
K=——=
et

—His

where the ratio ky/k, is Kg pent, the dissociation constant which reflects the two-state energy
difference between the apo state and the pentacoordinate state, and the term in brackets
represents the additional binding energy conferred by distal histidine ligation. Combining
the experimental ferrous binding constant with the distal histidine ligation rate constants
allows the calculation of Ky yent (Table 2).

These values explain the increase in dissociation constant in CC9-H7F — K pent is increased
by more than a factor of 60 by the triple mutation. An energy diagram which relates the
relative energies of each of these states is depicted in Figure 5D. This graphically
demonstrates that the increased affinity of the distal histidine incompletely compensates for
the large loss in interaction energy of the pentacoordinate state. The structural origin of this
loss in affinity is unclear. One possibility is that in the pentacoordinate state the b-position
glutamate side chains on the helix with the distal (detached) histidine form Van der Waals
interactions with the bound heme, and the removal of these side chains therefore weakens
the shape complementarity of the binding site. Another possibility is similar behavior in
helix containing the proximal (attached) histidine ligand. These differing possibilities point
to the limitations inherent in the homodimeric candelabra scaffold. It may be that a single
chain protein (43), which allows the independent optimization of each helix independent of
the other will allow both heme binding and distal histidine coordination to be optimized
independently.

Conclusion

The detailed analysis presented here, of the effects of the mutational manipulation of the
entatic state energy in an artificial oxygen transport protein, point to the difficulties inherent
in the design and optimization of a functional protein with several conformational and
oxidation states. Recent progress in the protein design field has made the creation of a
natively structured, high affinity ferric heme protein relatively straightforward, but
functional proteins will necessarily require high cofactor affinity in, at the least, both the
ferric and ferrous oxidation states of the heme cofactor. Early successes in the design of
ferric heme binding proteins took advantage of the strong ferric iron-histidine interaction,
estimated to be as high as six kcal/mol (44). These interactions are much weaker, however,
in the ferrous state (40), and high affinity binding of reduced heme and porphyrin cofactors
in designed proteins will require a much more sophisticated combination of stabilizing
interactions such as binding site complementarity, electrostatic pairing, and heme ligand
rotamer optimization (16, 45).
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Figure 1.

Structure, sequence and mechanism of HP7 and its mutants. (A) All three proteins are
homodimers in a candelabra configuration in which the helix-loop-helix monomers are
connected by a disulfide bond in the loop region. (B-D) Mechanism of gaseous ligand
biding. State (B) is the entatic state. (E) Sequences of HP7, the distal heme binding site
knockout mutant HP7-H7F, and the entatic state stabilizing mutant CC9-H7F. Helices are
underlined and the b-position residues mutated in the transition from HP7 to CC9 are in red.
The positions in the heptad repeat sequence of each helix is annotated above the sequence
comparison. H = hydrophobic amino acid postion (@), P = polar amino acid position (O).
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Figure2.

Absorption spectra and oxidized binding titrations of HP7-H7F and CC9-H7F with oxidized
heme. (A) Oxidized and reduced spectra of heme-bound HP7-H7F. Extinction coefficients
are calculated using the intercepts from the endpoint titrations in (B). (C) Oxidized and
reduced spectra of heme-bound CC9-H7F, calculated using the data from (D).
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Figure 3.

Kinetic analysis of CO and histidine binding to HP7-H7F and CC9-H7F. (A) Stopped-flow
analysis of the rates of CO binding to reduced heme proteins as a function of ligand
concentration. Lines are fits with egn. 1. (B) Laser flash kinetic analysis of histidine and CO
rebinding to CC9-H7F folfollowed at 419 nm. These data were fit with three exponentials,
the first of which represents a [CO]-independent relaxation process. (C-F) Replots of the
sums and products of the second two exponentials.
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Wavelength (nm)
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Thermodynamic cycle analysis of oxidized heme affinity. (A) The thermodynamic box used
to determine Kq ox. (B) Spectrometric titration of reduced heme binding to 3.0 uM HP7-H7F
in 250mM Boric Acid, 100mM KCI pH 9.0. Some spectra have been omitted for clarity. (C)
Equilibrium binding isotherm derived from the titration in (B). The line drawn is a fit with
Eqn. 4 using a K req 0f 600 nM. (D) Equilibrium potentiometric determination of the
electron affinities HP7-H7F and CC9-H7F. Lines drawn are fits with Egn. 1.
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Figureb5.

NMR determination of the pK,s of the histidine ligands in apo-HP7-H7F and apo-CC9-H7F.
(A) Overlay of multiple-bond correlated H-1°N spectra as a function of pH, showing the
titration of the imidazole He1-N#2, signals of histidine side chains. (B) Fits of the 1°N#2
chemical shifts with eqn. 4. (C) Overlay of multiple-bond correlated He1-N52 signals of
histidine side chains. (D) Fits of the 1°N®1 chemical shifts with eqn. 4.
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Figure6.

Comparative energy levels of the binding states of the two proteins. (A-C) Detail of the
binding mechanism: heme binding initially occurs via a pentacoordinate encounter complex
(B) which is followed by a protein conformational change driven by distal histidine
attachment, resulting in the hexacoordinate, bis-histidine bound state (C). (D) Energy level
diagram depicting the relative energies of each of these states in the two proteins. The
absolute energies of the free states are unknown and are set equal to each other for
comparative purposes.
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Table 1

Characterization of the two HP7 variants

Amax_Oxidized (MM IemY) Amax_Reduced (MM Tem ) | A([6]222 (deg cm? dmoal?) | % a-helix
HPTHTF 414 (129) 428 (140)
530 (12.8) 532 (12.1) -8307 )
558 (10.1) 560 (20.9)
CCOHTF 414 (118) 426 (139)
530 (11.1) 530 (12.6) -15925 59
556 (9.1) 560 (22.0)
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