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ARTICLE INFO ABSTRACT
Articl}f history: Preparation of heme model complexes is a challenging subject of long-standing interest for inorganic
Received 29 August 2010 chemists. His93Gly sperm whale myoglobin (H93G Mb) has the proximal His replaced with the much
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- ) smaller non-coordinating Gly. This leaves a cavity on the proximal side of the heme into which a wide
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variety of exogenous ligands can be delivered. The end result is a remarkably versatile scaffold for the
preparation of model heme adducts to mimic the heme iron coordination structure of native heme pro-
teins. In this review, we first summarize the quantitative evidence for differential ligand binding affinities
of the proximal and distal pockets of the H93G Mb cavity mutant that facilitates the preparation of
mixed-ligand derivatives. Then we review our use of magnetic circular dichroism and electronic absorp-
tion spectroscopy to characterize nitrogen-, oxygen-, and sulfur-donor-ligated H93G Mb adducts with an
emphasis on species not easily prepared by other heme model system approaches and those that serve
as spectroscopic models for native heme proteins.
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1. Introduction

Abbreviations: MPs, microperoxidases; H93G, His93Gly; Mb, myoglobin; Cyt
P450, cytochrome P450; UV-Vis, UV-visible; MCD, magnetic cirucular dichro-
ism; CD, circular dichroism; Im, imidazole; WT, wild type; Py, pyridine; Kg,
dissociation constant; ccNiR, cytochrome c nitrite reductase; CooA, CO oxida-
tion activator; CHA, cyclohexylamine; 4Me-Im, 4-methylimidazole; CAM, camphor;
BME, B-mercaptoethanol; Shp, streptococcal heme-associated protein; THT, tetrahy-
drothiophene; P420, the inactive form of cytochrome P450; C420, the inactive form
of chloroperoxidase; CCP, cytochrome c peroxidase; CPSH, cyclopentanethiol.
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Investigations of the coordination structures of heme protein
active sites provide key information that contributes to our under-
standing of the mechanism of action of native heme-containing
enzymes. In particular, the iron oxidation and spin state, the amino
acids coordinated to the heme iron and the nature of the sur-
rounding protein environment have long been recognized to play
essential roles in both the structure and biological function of
heme-containing proteins [1-5].

To mimic the structural properties of heme proteins, numer-
ous synthetic heme iron model complexes have been prepared
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in organic solvents and investigated over the past four decades.
Although this approach has achieved considerable success, there
are still limitations in scope particularly in generating complexes
coordinated by only a single exogenous ligand as well as in prepar-
ing stable six-coordinate model heme iron mixed-ligand adducts
(i.e. with two different axial ligands). To address these problems,
organic chemists have prepared even more sophisticated syn-
thetic porphyrins including ones with tethered ligands [6-9]. These
approaches have required considerably elaborate efforts to synthe-
size each specific model heme complex.

Another approach to the preparation of heme iron model com-
plexes for their structural and functional studies has been through
the use of cytochrome c derivatives known as microperoxidases
(MPs) that have been derived by proteolytic digestion of native
cytochrome c. Owing to the covalent linkage that connects the ¢
heme to the peptide backbone, these monomeric water-soluble
heme-bound peptides have also been successfully used for the pur-
pose of generating heme derivatives as models for His-ligated heme
protein active sites [10]. MPs have a His proximal axial ligand with
a distal site occupied by water and therefore available for binding
of exogenous ligands [10]. Only at very low pH (pH < 3) does first
carboxylate (Glu) (apparent pK; =~3) and then water (apparent
pK, =~2) replace the His in MPs so that the heme iron is carboxy-
late/water or bis-water ligated, respectively, as the pH is lowered
[10,11]. In addition to the limited exchangeability of the proximal
His ligand, Mps are not totally free from aggregation problems in
water and no crystal structures of free microperoxidase have yet
been reported [10].1

A third way to model specific heme active site has been to
replace the native axial ligand coordinated to the heme iron by
another amino acid using site-directed mutagenesis. By doing so,
quite a number of mutants have been successfully generated, i.e.
His93Cys (H93C) myoglobin as a model for cytochrome P450 [12]
and His93Tyr (H93Y) myoglobin to mimic the properties of heme
containing catalases [12,13]. However, this method is subject to the
restricted number of natural ligands available within the genetic
code as well as the steric constraints that preclude proper fold-
ing of some mutants. Methodology has recently been developed to
incorporate unnatural amino acids into proteins and provides new
opportunities for chemoselective modification of proteins [14-18].
Nevertheless, the scope of such manipulations is restricted due to
the limited size of peptides and/or the types of amino acids to be
modified, the low protein expression yield, and the high cost [18].

The sperm whale myoglobin proximal ligand cavity mutant,
His93Gly (H93G) Mb, pioneered by Barrick [19], provides a novel
scaffold that has proven highly useful for the preparation of heme
model complexes [19-30]. His93, the natural heme iron proximal
axial ligand, has been replaced by site-directed mutagenesis tech-
nique with a smaller non-coordinating amino acid, glycine (Gly).
This mutation creates a cavity that can be filled with various ligands
to generate heme iron species that mimic the active site coordi-
nation structure of native heme proteins. The exogenously added
ligands bind to the central heme iron to form adducts that are well
behaved and can be characterized in favorable cases by X-ray crys-
tallography [19,24]. The result is a versatile and flexible system that
can be employed to prepare an extremely wide variety of heme iron
derivatives.

Our laboratory has extensively studied the use of H93G Mb for
the preparation of model heme complexes of defined structure
[20-29], such as H93G Mb imidazole, alkylthiolate and carboxylate
adducts as mimics of native myoglobin [21], cytochrome P450 [20]
and oxyanion-bound heme proteins [24], respectively. Moreover,

! See Note in Proof.

we have shown that it is possible to prepare stable mixed-ligand
ferric as well as ferrous complexes with H93G Mb cavity mutant
due to the difference in ligand accessibility of the proximal and
distal sides of the heme [20,21,25,28]. Relatively stable oxyferrous
and ferryl [Fe(IV)=0] H93G Mb adducts have also been generated
since the heme center is well protected by the surrounding protein
environment [21,26,28].

Here we summarize the research progress for the properties
of the H93G cavity mutant Mb as a versatile scaffold for prepar-
ing heme iron model complexes. Adducts of the H93G Mb cavity
mutant ligated with numerous nitrogen-, oxygen- and/or sulfur-
donor ligands in ferrous, ferric and ferryl heme iron states have
been prepared and characterized with UV-visible (UV-Vis) absorp-
tion and magnetic circular dichroism (MCD) spectroscopy. MCD
spectroscopy has proven to be invaluable for elucidating the coordi-
nation modes of iron-binding centers of heme-containing proteins,
that is, to identify the ligand (number and type), to investigate the
spin state, and to determine the oxidation state (ferrous, ferric and
ferryl) of the heme center [31,32].

MCD and natural circular dichroism (CD) spectroscopy both
measure the differential absorption of left and right circularly
polarized (l.c.p. and r.c.p.) light by chromophores [31-36]. How-
ever, CD spectra are only observed in optically active species,
which are light-absorbing molecules (chromophores) that are
either structurally dissymmetric or in an asymmetric environment.
When a magnetic field is applied parallel to the direction of the
light beam, optical rotation is induced (the Faraday effect) [32,33].
All chromophores exhibit magnetic optical activity. There are three
types of bands resulting from different electronic transitions asso-
ciated with the MCD spectrum. These separate components are
called “A”, “B” and “C” terms. “A” terms, which are temperature-
independent and have a derivative shape of an ordinary absorption
band, arise from the lifting of excited state degeneracies induced
by the magnetic field (Zeeman splitting). The Gaussian-shaped “B”
terms result from magnetic-field induced nondegenerate ground-
and excited-state mixing and like “A” terms they are temperature
independent. The Gaussian-shaped, temperature-dependent “C”
terms appear when the ground state is degenerate and undergoes
Zeeman splitting [37,38]. Because MCD spectra can be either posi-
tive or negative, the spectra provide greater fingerprinting capacity
in comparison to traditional UV-Vis spectra which only have posi-
tive sign features. Furthermore, MCD is highly sensitive to the heme
coordination structure and relatively insensitive to environmental
factors beyond the coordinating ligands. Spectroscopic measure-
ments can be carried out with dilute samples (in micromolar to
millimolar concentrations) in a wide range of temperatures. Even
the active site of diamagnetic and paramagnetic species can be
analyzed by MCD spectroscopy [39,40].

2. Ferric exogenous ligand-free H93G myoglobin as a
function of pH

The H93G cavity mutant Mb without any exogenous ligand is
relatively unstable. However, in the presence of imidazole (Im),
the H93G(Im) Mb complex is as stable as wild-type (WT) Mb [19].
Both its expression in Escherichia coli and the following purifica-
tion procedures are conducted in buffer containing 10 mM Im [19].
Essentially homogenous ferric exogenous ligand-free H93G Mb can
be obtained by first extracting the heme and then carrying out the
standard heme reconstitution procedure [21,23]. Since exogenous
ligand-free H93G Mb is the starting point for all subsequent studies,
its heme axial coordination structure was an early object of inves-
tigation. It was observed that at low pH (pH 5), the MCD spectrum
of ferric exogenous ligand-free H93G Mb is very similar to that of
the acidic (pH 3.1) ferric horseradish peroxidase, leading to assign-
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Fig. 1. Visible (A) and Soret (B) region electronic absorption spectra of exogenous
ligand-free ferric H93G Mb in 0.1 M potassium phosphate buffer at different pH
values from 3.0 to 10.5 at 4 °C. Vertical arrows indicate the directions of absorbance
change with increasing pH. Only selected spectra are shown in the Soret region
above pH 5.0. Inset in A: Absorbance at 605 nm (charge transfer band) as a function
of pH from 5.0 to10.5. Sigmoid plot fit yields pK, =6.6.

Reproduced from Ref. [29] with permission of the copyright holders.

ment as a high-spin five-coordinate structure with a single water
ligand [23]. Reconstituted exogenous ligand-free H93G Mb is not
very stable at pH < 5.0 and the intensity of the Soret absorption peak
gradually decreases at low pH.

A more detailed set of experiments has recently been conducted
to more carefully examine the coordination structure for ferric
exogenous ligand-free H93G Mb over the pH range between 3.0 and
10.5. Using freshly prepared reconstituted exogenous ligand-free
ferric H93G Mb samples that had never been frozen and thawed,
we have shown that single water-ligated (five-coordinate) ferric
H93G Mb was not fully formed at pH 5 at 4°C and the species
started to appear only below pH 5 [29]. The UV-Vis absorption
spectra over the pH range between 5.0 and 10.5 featured isosbestic
points (Fig. 1A); another species that has a spectrum that is char-
acteristic of mono-water-ligated ferric heme completely formed
at pH 3.0 (Fig. 1A and B). However, a significant protein confor-
mational change at the heme-binding site may have occurred at
pH <5 [24]. The MCD spectra of exogenous ligand-free H93G Mb
at pH 3.0, 5.0, 7.0 and 10.5 for freshly prepared and never frozen
protein samples are displayed in Fig. 2. The MCD spectrum of alka-
line ferric H93G Mb has the most intense derivative-shaped band
in the visible region centered at 605 nm, a feature that is typical
for five-coordinate anionic oxygen donor (RO~ )-ligated high-spin
ferric heme centers [23]. Thus, at pH 10.5, the ferric exogenous
ligand-free MCD spectrum closely mimics those of ferric H93Y Mb,
which is a five-coordinate high-spin heme iron ligated by a tyrosi-
nate anion [13,41], as well as a five-coordinate methoxide-bound
complex [23]. We concluded that at pH 10.5, ferric exogenous
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Fig. 2. MCD spectra of exogenous ligand-free ferric H93G Mb at pH 3.0 (dot-dashed
line), pH 5.0 (dashed line), pH 7.0 (solid line) and pH 10.5 (dotted line) recorded
using freshly prepared and never frozen protein samples. The spectrum at pH 3.0,
which is plotted with the same scale as the others, is offset downward for clarity.
All spectra were measured in 0.1 M potassium phosphate buffer at 4°C. The spectra
are very similar to those reported in [23] at pH values 5.0, 7.0 and 10.5, respectively.
Reproduced from Ref. [29] with permission of the copyright holders.

ligand-free H93G Mb has a single hydroxide ligand (1). This struc-
ture was confirmed by resonance Raman spectroscopy as well [42].

Although we previously speculated that the proximal pocket
was the likely binding site for hydroxide anion [42], we now con-
sider the more polar distal site to be the reasonable site based on
the following reasons. The distal His in ferric H93G Mb might sta-
bilize the heme iron-ligated hydroxide via hydrogen bonding as
known for wild-type ferric Mb (Chapter 4 (p. 78) in Ref. [43]). Fur-
thermore, binding of relatively large size ligands (such as imidazole
[19], acetate [24] and beta-mercaptoethanol [24]) to the proxi-
mal site of the heme would be more easily facilitated when the
proximal site is vacant (1 in Scheme 1) as their crystal structures
support.

The UV-Vis absorption and MCD spectra of ferric exogenous
ligand-free H93G Mb at pH 5.0 differs from that of a five-coordinate
water-ligated ferric center seen at pH 3.0 (Figs. 1A and B and 2).
It therefore appears that the pH-dependent coordination struc-
tural change of ferric H93G Mb differs from that of water-soluble
free heme systems, for which direct inter-conversion between the
mono-hydroxide and mono-water-ligated five-coordinate high-
spin species was shown to occurs with pK; values ranging from
4.8 to 6.4 [44]. Thus, it is reasonable to consider that ferric H93G
Mb at pH 5.0 contains a six-coordinate heme either with bis-water
or water/hydroxide as axial ligands (vide infra) [29]. To distinguish

p Ka(ﬂpp)
distal side  on, OH OH
(top) l pK, y . Key ‘
N -H N -H0 Fell
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Scheme 1. Reproduced from Ref. [29] with permission from the copyright holders.
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Fig. 3. (A) Superposition of the structures of WT Mb (yellow) and imidazole (Im)-ligated H93G Mb (blue) and (B) a schematic representation of the enlarged active site of WT
Mb (yellow) and that of the H93G(Im) Mb (*blue) as determined from X-ray crystallography. Note that the enlarged active sites in B are viewed from a different perspective
from those in the proteins in A. The structures are drawn using PDB files 1VXH for WT Mb and 1IRC for H93G Mb [19,48]. The dashed lines and the values next to them in B

indicate inter-atom distances in A.

between these two coordination structures, the following studies
have been carried out.

The UV-Vis spectral change over the pH range between
5.0 and 10.5 with isosbestic points at ~628 nm and ~555nm
(Fig. 1A) is consistent with inter-conversion of two discrete species,
the alkaline and acid forms of which are the five-coordinate
hydroxide-bound derivative (pH 10.5) (1) and a six-coordinate
heme complex (pH 5.0). The visible region spectral character-
istic of the latter species observed at pH 5 (dot-dot-dash line
in Fig. 1A) is clearly high-spin judging from the presence of
charge-transfer bands at ~500 and 624 nm and the absence of
dominant peaks between these two bands. Even though this
does not distinguish between bis-water (H,O-Fe(Il[)-OH,) (2)
or water/hydroxide-bound (H,O-Fe(Ill)-OH) six-coordinate com-
plexes (3), the apparent pK; value (6.6) for deprotonation of the
species at pH 5.0 is relatively low and is more consistent with direct
deprotonation of a heme iron-ligated water with a trans neutral
ligand (water) than with a trans anionic ligand (hydroxide) [29].
The presence of a six-coordinate bis-water-ligated heme structure
was found in ferric His175Gly CCP cavity mutant in its crystalline
state [45,46]. Furthermore, it has been observed that ferric H93G
Mb will not simultaneously bind two anionic ligands [20]. Based
on these results and interpretations, we have proposed the equi-
libria between these three exogenous ligand-free ferric H93G Mb
species as shown in Scheme 1 [29]. Complex 2 will not convert to
1 in one step, thus we propose another species, a six-coordinate
water/hydroxide-ligated complex (3) formed upon deprotonation
of 2, as an intermediate. Apparently species 3 is in a pH-
independent equilibrium with 1 that must be considerably shifted
towards 1 (with a constant, Keq =[1]/[3] > 10). Based on the apparent
pK; value of ~6.6, it is concluded that the spectra of ferric H93G Mb
at pH 7.0 (Figs. 1 and 2) is a mixture of the alkaline five-coordinate
hydroxide (~71%) and six-coordinate bis-aqua (~29%) adducts.

3. Nitrogen-donor-ligated H93G myoglobin adducts

3.1. Imidazole adducts of H93G myoglobin: models for
His-ligated heme protein

The crystal structure of Im-bound ferric H93G Mb, with Im in
the proximal cavity has been reported by Barrick and co-workers
and mimics that of the ferric WT Mb (Fig. 3) [19,47,48]. Both of

their protein folds (Fig. 3A) and active site structures are essentially
identical (Fig. 3B). We have published a thorough spectroscopic
study of H93G(Im) Mb complexes in the ferrous, ferric and ferryl
states [21,22,25,27]. Of particular note, mixed-ligand ferric adducts
with Im and thiolate (ethanethiolate) [20] and with Im and either
cyanide or azide [21] as axial ligands were reported. In addition,
deoxyferrous H93G Mb with CO, NO or O, trans to Im ligation have
been investigated [21]. The UV-Vis and MCD spectra of the result-
ing H93G(Im) Mb complexes closely match those of the parallel WT
Mb in every case [43,49,50]. The overall MCD spectral intensity in
the cavity mutant system is somewhat weaker than that of the WT
Mb probably due to the subtle differences in imidazole ring orien-
tations. Clearly, as we have previously reviewed [22,27], the H93G
Mb cavity mutant is an excellent template for modeling native Mb
in its various coordination states.

In order to quantify the differential binding affinities of the prox-
imal and distal cavities of ferric H93G Mb, a more detailed Im
binding study has recently been conducted [25]. Addition of Im to
reconstituted exogenous ligand-free ferric H93G Mb leads signif-
icant spectral changes in both Soret and visible regions with two
clear sets of multiple isosbestic points depending on the different
range of Im concentration (Figs. 4 and 5). Three optically distinct
heme ligation states are present in sequence throughout the Im
binding reaction: exogenous ligand-free, mono-Im (4) and bis-Im
(5) ferric H93G Mb. The UV-Vis spectrum at the end of the first
ligand binding phase (mono-Im formation) resembles that of the
ferric WT Mb (6) [21]. This is a six-coordinate high-spin H93G Mb
derivative with Im as a proximal ligand and water as a distal site lig-
and at neutral pH, a heme iron coordination model (6) that cannot
be easily prepared with simple synthetic heme iron model systems
in organic solvents. The crystal structure of Im-bound ferric H93G
Mb, with Im in the proximal pocket, has confirmed the structural
similarity of this derivative to that of the ferric WT Mb (Fig. 3). The
second phase reaction starts with millimolar addition of Im to fer-
ric H93G(Im) (Fig. 5), leading to the formation of a six-coordinate
low-spin complex (5) with UV-Vis and MCD spectral characteristics
that resemble those of cytochrome bs, a bis-His coordinated struc-
ture (7) [25]. Addition of pyridine (Py) in the exogenous ligand-free
ferric H93G also causes similar spectral changes, indicative of the
formation of a six-coordinate pyridine/water complex (8). How-
ever, in trying to generate a bis-pyridine protein-bound adduct
using higher concentrations of pyridine, the heme is released from
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the protein fold to generate a protein-free ferric bis-pyridine com-
plex [25].
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Like the case of ferric H93G Mb, the titration data for Im bind-
ing to dithionite-reduced deoxyferrous H93G Mb also produces
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Fig. 4. (A) Soret region and (B) visible region absorption spectral changes upon
titration of exogenous ligand-free ferric H93G Mb with low concentration (<100 wM)
ofimidazole (Im)in 0.1 M potassium phosphate buffer, pH 7.0,at4 °C. Vertical arrows
indicate the direction of absorbance change; diagonal arrows indicate isosbestic
points.

Reproduced from Ref. [25] with permission of the copyright holders.
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tion of exogenous ligand-free ferric H93G Mb (dotted line) with high concentration
(>0.5mM) of imidazole (Im) in 0.1 M potassium phosphate buffer, pH 7.0, at 4°C.
Vertical arrows indicate the direction of absorbance change; diagonal arrows indi-
cate isosbestic points. The dotted lines are the spectrum of exogenous ligand-free
ferric H93G Mb.

Reproduced from Ref. [25] with permission of the copyright holders.

changes in the UV-Vis spectrum with two sets of multiple isos-
bestic points (Figs. 6 and 7), suggesting that Im binding is also a
two-phase process. At low Im concentrations, a mono-Im adduct (9)
is formed that spectrally resembles deoxyferrous Mb (10) (Fig. 6).
As the Im concentration is raised further, a bis-Im derivative (11)
is formed that spectroscopically resembles ferrous cytochrome
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Fig. 6. Soret region absorption spectral changes upon titration of exogenous ligand-
free ferrous H93G Mb with low concentration (<150 wM) of imidazole (Im) in 0.1 M
potassium phosphate buffer, pH 7.0, at 4°C. Vertical arrows indicate the direction
of absorbance change; the diagonal arrow indicates the isosbestic point.
Reproduced from Ref. [25] with permission of the copyright holders.
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Table 1
Dissociation constants (K;) of H93G Mb-ligand complexes.?
Ligand (L) pK; Oxidation Mono(L) Bis(L;)
state complex complex
K Kiz
Imidazole 7.0 Fe(III) 6 M 3.6 mM
Fe(II) 2 M 610 mM
Histidine (WT Mb) 7.0 Fe(III) -b 22mM
Fe(II) -b ~12Md
Pyridine 53 Fe(III) 0.23 mM -
Fe(II) 10 M 2.4mM

Reproduced from Ref. [20] with permission of the copyright holders.
2 In 0.1 M potassium phosphate, pH 7.0, at 4°C.
b Not applicable.
¢ Protein complex not formed.
d Estimated based on ~25% saturation with 4 M imidazole.

bs (12) (Fig. 7). The data indicate that throughout the titration
process, three different heme coordination structures are present
sequentially: exogenous ligand-free, mono-Im (9) and bis-Im (11)
deoxyferrous H93G Mb. Similar results were obtained by titrating
ferrous H93G Mb with pyridine (Py) to prepare mono-Py (13) and
bis-Py (14) complexes [25].
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Based on the isosbestic points observed in the Im titration data
in both the ferric or deoxyferrous states, simple bimolecular asso-
ciation schemes (equations in Figs. 8 and 9) are used to describe
the binding reaction of Im to exogenous ligand-free H93G Mb and
to H93G(Im) Mb. The dissociation constants (K;) were determined
by hyperbolic saturation plots as well as Hill plots (Figs. 8 and 9).
In the ferric case, there is 600-fold difference between the dissoci-
ation constants (K;) for the two phases (Ky; =6 uM, Ky =3.6 mM);
while for the deoxyferrous state, the Im binding affinity of the
proximal pocket is 3 x 10° times higher than that of the distal site
(Kg1 =2 uM, Ky =610mM) (Table 1). These results clearly demon-
strate that the two sides of the heme in both ferric and ferrous H93G
Mb behave differently when incorporating exogenous ligands, i.e.
the proximal pocket has a much stronger binding affinity than the
distal side. In contrast, Roach et al. prepared the H64D/H93G Mb
double mutant in which the distal His is replaced with aspartate
and found that only a bis-Im complex formed; no mono-Im inter-
mediate was detected [51]. Clearly, the steric hindrance caused
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Fig.7. (A)Soret region and (B) visible region absorption spectral changes upon titra-
tion of exogenous ligand-free ferrous H93G Mb with high concentration (>30 mM) of
imidazole (Im) in 0.1 M potassium phosphate buffer, pH 7.0, at 4°C. Vertical arrows
indicate the direction of absorbance change; diagonal arrows indicate isosbestic
points.

Reproduced from Ref. [25] with permission of the copyright holders.

by the distal histidine was reduced in the double mutant so that
the binding affinities to the proximal and distal pockets was com-
parable, leading to only the bis-Im adduct. The crystal structure
of ferric WT sperm whale Mb(Im) complex reported previously
confirmed that there is a repulsive steric interaction between the
heme-coordinated Im and the distal His [52].

This detailed study [25] provides quantitative evidence that
the ligand binding affinities for the proximal and distal pockets of
the H93G Mb are substantially different in both ferric and ferrous
oxidation states (Table 1). This unique property of the Mb cavity
mutant system facilitates the generation of mixed-ligand H93G Mb
heme iron derivatives that are not easily prepared with other heme
model systems, particularly in the ferric oxidation state. As a con-
sequence, we have successfully generated and spectroscopically
characterized mixed-ligand adducts of ferric H93G(Im) Mb with
azide, cyanide or ethanethiolate in the distal pocket [20,21].

3.2. Alkylamine adducts of H93G myoglobin: models for Lys- or
terminal amine-ligated heme proteins

His is the most common axial ligand coordinated to heme iron
centers in proteins. Fe(II/Ill) heme complexes with the nitrogen
donors imidazole as well as with related nitrogenous ligands such
as pyridine have been successfully prepared and extensively char-
acterized as synthetic heme iron active site models. However,
over the past two decades, a number of heme proteins possessing
important functional activities that have Lys or the amine group
of N-terminal amino acids coordinated to the active site heme
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Fig. 8. (A) Hyperbolic saturation plots of the imidazole (Im) titration results shown
in Figs. 4A (ligand-free) and 5A (mono-Im-bound) for Im binding to exogenous
ligand-free (closed triangle) and mono-Im-bound (closed square) ferric H93G Mb.
Maximum absorbance changes in difference spectra in the Soret region (not shown)
are plotted as a function of total ligand concentration. Lines drawn are non-linear
fits for a bimolecular association model to the data. (B) Hill plot of the titration data
shown in (A). In the Y-axis label, Y is fractional saturation of H93G Mb with Im. The
Hill plots yield K41 =6.0 wM (closed triangles) and Ky, = 3.6 mM (closed squares) with
slopes of 0.86 and 1.06, respectively. For additional information, see Ref. [25].
Reproduced from Ref. [25] with permission of the copyright holders.

iron center have been discovered, i.e. cytochrome c nitrite reduc-
tase (ccNiR) (15) [53,54], CO oxidation activator (CooA) [55,56]
and cytochrome f subunit of the membrane-bound cytochrome bgf
complex (16). [57,58]

Unfortunately only a limited amount of data have been reported
for alkylamine-ligated heme iron porphyrins as models for Lys-
and terminal amine-ligated heme proteins, especially in the Fe(III)
state. In general, treatment of ferric porphyrins with excess amine
leads to bis(amine)iron(Il) adducts with the amine serving as a one-
electron reductant [59-63]. However, Marques et al. have reported
successful preparation in methanol of an iron(Ill) amine-ligated
hematohemin derivative with either hydroxide or methoxide as the
sixth ligand [64]. Microperoxidase-8 (MP-8), a heme-containing
octapeptide derived from proteolytic digestion of cytochrome c
and containing His as the proximal heme iron ligand, can form a
low-spin Fe(III) alkylamine/His heme adduct [65].

Our laboratory has successfully generated and spectroscopically
characterized the H93G Mb cavity mutant-ligated with less com-
mon nitrogenous alkylamine ligands in a variety of heme iron states
[28]. Ferric H93G Mb with one (17-19) and two alkylamines (20),
specifically cyclohexylamine (CHA), coordinated to the heme iron
have been prepared and characterized by UV-Vis and MCD spec-
troscopy (Figs. 10-12). The CHA/water and CHA/nitrite adducts are
high-spin and mixed-spin, respectively, while the CHA/Im and bis-
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Fig. 9. (A) Hyperbolic saturation plots of the imidazole (Im) titration results shown
in Figs. 5A (ligand-free) and 6A (mono-Im-bound) for Im binding to exogenous
ligand-free (closed triangle) and mono-Im-bound (closed square) ferrous H93G Mb.
Maximum absorbance changes in difference spectra in the Soret region (not shown)
are plotted as a function of total ligand concentration. Lines drawn are non-linear
fits for a bimolecular association model to the data. (B) Hill plot of the titration data
shown in (A). In the Y-axis label, Y is fractional saturation of H93G Mb with Im. The
Hill plots yield K4 =2 M (closed triangles) and K4, =0.61 M (closed squares) with
slopes of 0.68 and 0.83, respectively. For additional information, see Ref. [25].
Reproduced from Ref. [25] with permission of the copyright holders.

CHA complexes are low-spin. Because alkylamines and Im are both
nitrogenous ligand types that coordinate to the heme iron center
primarily as sigma donors, it is not surprising that the UV-Vis and
MCD spectra of parallel alkylamine- and Im-ligated complexes are
spectroscopically similar in general. Ferric HO3G(CHA/water) Mb
(17) at neutral pH (Fig. 10), a heme derivative that cannot be sim-
ply prepared with synthetic heme iron model systems in organic
solvents, is a heme iron coordination model for the ferric resting
state of ccNiR. Ferric H93G(bis-CHA) (20) (Fig. 11) is a model for
the proposed intermediate Fe(Il[)-NH3 product state in the nitrite
reduction reaction cycle of ccNiR.

Furthermore mixed-ligand ferric alkylamine heme complexes
have successfully been prepared. The ferric CHA/nitrite H93G Mb
(18) species is the first heme iron model for ferric ccNiR with sub-
strate nitrite coordinated in the distal site trans to Lys (15) (Fig. 12)
[54]. However, the nitrite in ferric CHA/nitrite H93G Mb is likely
0O-bound, based on the crystal structure of the ferric Mb nitrite com-
plex [66], whereas the nitrite in ferric ccNiR is bound via its nitrogen
atom [54]. Addition of alkylamine to H93G(Im) Mb leads to forma-
tion of a six-coordinate mixed-ligand adduct (19)[28] thatis a heme
model for cytochrome f(16) [57], which has His and the terminal
amine of Pro as its axial ligand (data not shown). Both mixed-ligand
complexes are prepared from well characterized starting materi-
als (CHA/water-ligated ferric H93G for the CHA/nitrite adduct and
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Fig. 12. (Top) MCD spectra of cyclohexylamine (CHA) and nitrite (NO,~)-bound
mixed-ligand complex of ferric H93GMb (0.5M CHA, 0.1 M NaNO,) (solid line)
compared to [4-methylimidazole (4Me-Im)/nitrite (NO,~)-bound ferric H93G Mb]
(0.1 mM 4Me-Im, 0.1 M NaNO;) (dashed line). (Bottom) UV-Vis spectral change
of ferric HO3G(CHA) Mb (spectrum a) titration with sodium nitrite (0-0.1 M) with
the enlarged visible region shown in the inset. The spectra were recorded in 0.1 M
potassium phosphate buffer at pH 7.0 at 4°C.

The figure was adapted from Ref. [28] with modification.

Im/water-ligated ferric H93G for the CHA/Im complex) by titration
of the second ligand; the conversion shows clean sets of isosbestic
points consistent with conversion of the initial complex to the final
mixed-ligand derivative [28].
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Proximal ligation by alkylamine is preserved following anaero-
bic reduction of ferric H93G(CHA) Mb with dithionite. The resulting
UV-Vis and MCD spectra of ferrous H93G(CHA) Mb (21) (absorp-
tion peaks at430.5 nm and 557 nm) resemble those of deoxyferrous
H93G(imidazole) Mb adducts (absorption peaks at 431 nm and
556 nm), indicating the formation of the five-coordinate high-
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(0.3 M CHA) (solid line) compared to previously reported deoxyferrous H93G(Im)
Mb (1 mM Im) (dashed line) [20]. The spectra were recorded in 0.1 M potassium
phosphate at buffer pH 7.0 at 4°C.

Reproduced from Ref. [28] with permission of the copyright holders.

spin deoxyferrous species (Fig. 13). Small size alkylamines, such
as methylamine, prefer to form six-coordinate bis-ligated low-
spin ferrous complexes (22) with similar MCD band patterns to
those of the ferrous cytochrome bs, a bis-His-ligated heme protein
(Fig. 14) [67]. However, the derivative-shaped MCD Soret band of
ferrous H93G(bis-methylamine) Mb is 7 nm red-shifted compared
to the corresponding ferrous cytochrome bs. Considering the sim-
ilar spectral distinctions between bis-thiol and -thioether adducts
of ferrous H93G Mb [26], we concluded that a comparable sensi-
tivity to the nature of the axial ligand donor causes the spectral
difference in the MCD Soret region.

Treatment of deoxyferrous H93G(CHA) Mb (21) with CO, NO or
0, yields stable ferrous-CO (23),-NO (24) and -0, (25) adducts [28].
The UV-Vis and MCD spectra of the ferrous-CO and -NO adducts
were spectrally similar to parallel ferrous H93G(Im) derivatives.
A ferrous-NO adduct has been reported to form during reduction
of nitrite to ammonia catalyzed by ccNiR; ferrous-NO H93G(CHA)
Mb is the first model for this intermediate [68] Fig. 15A shows the
MCD spectra comparison between the CHA and Im complexes of
oxyferrous H93G Mb. The overall band patterns are quite similar to
each other, except for the less intense derivative-shaped feature in
the visible region. Of particular note, oxyferrous H93G(CHA) Mb is
stable at 4°C, indicating that the proximal amine ligand does not
interfere with the stabilizing interaction between the distal His64
and bound oxygen (Fig. 15A) [28].

The addition of hydrogen peroxide to ferric H93G
Mb(ethylamine) leads to formation of a new species that spectro-
scopically resembles the ferryl H93G(Im) Mb adduct (Fig. 15B). This
indicates that the new moiety is a novel high-valent alkylamine-
ligated ferryl adduct (26). The major dissimilarities between the
MCD spectra of the two ferryl complexes are the differences in
relative intensities of the derivative-shaped MCD features in the
Soret region to those in the visible regions that are likely the result
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Fig. 14. (Top) MCD and (bottom) UV-Vis spectra of the deoxyferrous H93G(bis-
methylamine) Mb (144 mM methylamine) (solid line) compared to previously
reported deoxyferrous cytochrome bs (dashed line) [64]. The spectra were recorded
in 0.1 M potassium phosphate buffer at pH 7.0 at 4°C.

Reproduced from Ref. [28] with permission of the copyright holders.

A
20 A .
=
€ 0 TN\,
O ~
> AN
I
4
220 i
104 B
P2
= 0 W 0 =
| i —
NN / g
\E-/ \\ / [} ,I \E.,
I \ , I
) \ 1 \ F - s}
< 10 V] ¥ =
Y
Y
4y
y L4
-20 T T T
300 400 500 600 700

Wavelength (nm)

Fig. 15. MCD spectra of (A) oxyferrous complexes of CHA-bound H93G Mb (solid
line) and (B) ferryl complexes of ethylamine-bound H93G Mb (solid line) compared
to previously reported corresponding complexes of HO3G(Im) Mb (dashed line) [21].
The spectra were recorded in 0.1 M potassium phosphate buffer at pH 7.0 at 4°C.
The figure was adapted from Ref. [28] with modification.
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of subtle distinctions in the donor properties of the proximal axial
ligands, amine and imidazole, in the two ferryl complexes [28]. An
alkylamine-ligated ferryl heme complex has not been previously
described.

This is the first systematic spectral study of models for
alkylamine- or terminal amine-ligated heme centers in proteins.
The generation and characterization of a large set of heme iron
ligand adducts with alkylamine ligation substantially expands the
spectral database for use in establishing the coordination structure
of heme centers in newly discovered heme proteins of unknown
structure at the metal unit.
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4. Oxygen-donor-ligated H93G myoglobin adducts

Other than the common nitrogenous ligand, Tyr (27) serves as
an anionic proximal O-donor atom ligand in quite a few heme pro-
teins participating in the dismutation of hydrogen peroxide, i.e.
tyrosinate-ligated heme-containing catalases [69], and coral allene
oxide synthase [70], and in tyrosinate- (or the related glutamate-)
ligated hemoglobin Milwaukee (Hb-M) mutants [71-75]. The prox-
imal anionic O-donor-ligated proteins generally have a lower redox
potential of the heme iron compared to neutral His ligated pro-
teins [69]. The heme protein mutants (i.e. His93Tyr Mb), having
His replaced by Tyr using site-directed mutagenesis, have been
shown from spectroscopic examination to exist mostly as five-
coordinate high-spin heme derivatives without a distal water
ligand [13,41,76]. The Cys436Ser CYP2B4 mutant was reported to
exist as a mixture of five- and six-coordinate structures [77]. In
addition, the His25Ala heme oxygenase mutant has been found to
be a five-coordinate carboxylate-ligated adduct [23,78].

H93G Mb has been used to prepare protein models with phe-
nolate or carboxylate as the proximal ligand to mimic ligation by
tyrosinate or either glutamate or aspartate, respectively [24,30].
Fig. 16 exhibits the UV-Vis and MCD spectra of benzoate and phe-
nolate adducts of ferric H93G Mb overlaid with the spectra of WT
Mb. Ferric H93G(benzoate) Mb spectroscopically mimics the fer-
ric WT Mb which is a six-coordinate His/water high-spin structure.
Consequently, Roach et al. concluded that the H93G Mb benzoate
complex had water trans to the coordinated benzoate ligand [30].In
contrast, the spectra of ferric H93G Mb phenolate adducts (Fig. 16,
short dashed line) are quite similar (especially in the near symmet-
ric derivative-shaped MCD feature around 615 nm) to those of the
alkaline (pH 10.5) exogenous ligand-free H93G Mb (Fig. 1, dotted
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Fig. 16. (A) MCD and (B) UV-Vis spectra of ferric H93G(PhCOO~) Mb with 24 mM
benzoate (PhCOO~) (long dashed line), ferric H93G(PhO~) Mb with 36 mM pheno-
late (PhO~) (short dashed line) and ferric wild-type sperm whale Mb (solid line).
The spectra were recorded in 0.1 M sodium phosphate buffer at pH 7.0 at room
temperature.

Reproduced from Ref. [30] with permission of the copyright holders.

line), which has been shown to only be coordinated by hydroxide
[23]. This led to the conclusion that H93G(phenolate) Mb is five-
coordinate high-spin structure with an anionic O-donor proximal
ligand [30]. The spectra of acetate-bound ferric H93G Mb deriva-
tive have a visible absorption peak at 614 nm and a relative weak
MCD trough at ~635 nm, which are similar to those of the ferric
H93G(benzoate) Mb complex (Fig. 17). Thus, ferric H93G Mb with a
weak basic oxyanionic proximal ligand such as benzoate (pK; =4.2)
(28) or acetate (pK,=4.7) (29) forms hexa-coordination adducts
with oxyanion and water axial ligands [24,30]. However, the ferric
H93G Mb phenolate (pK; =9.9) (30) complex is a penta-coordinate
high-spin heme iron status [30]. Presumably, weak basic proximal
oxyanion ligands to ferric H93G Mb are weaker donors and need an
additional water ligand on the distal side to stabilize the heme iron
coordination structure. On the contrary, the anionic oxygen atom
of phenolate is a stronger donor, producing a five-coordinate ferric
H93G Mb adduct.

Lebioda and co-workers have reported the crystallographic
characterization of the H93G Mb acetate complex (29) at 1.4A
resolution (Fig. 18) [24]. The adduct is a six-coordinate, high-spin
complex with proximal acetate and distal water as the axial ligands.
It is notable that the Fe-O-C angle is 152° and the angle between
the acetate plane and the tetrapyrrole plane is 69°, which are con-
sistent with primarily ionic bonding between the heme iron and
the acetate ion. In the distal site, there is a hydrogen bond formed
between the bound water and N-atom of His64 with a distance of
2.6 A. Furthermore, the outer oxygen atom of the acetate forms a
hydrogen bond with the hydroxyl group of Ser89. This is the first
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Fig. 17. (A) MCD and (B) UV-Vis absorption spectra of six coordinate, high-spin
ferric H93G Mb in the presence of benzoate (PhCOO~) (16 mM) (dashed line) and
acetate (CH3COO~) (200 mM) (solid line) recorded in 0.1 M potassium phosphate
buffer at pH 7.0 at 4°C.

Reproduced with author’s permission from R. Perera, Ph.D. Dissertation (Part I,
Chapter 3), 2005, University of South Carolina.
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Fig. 18. The active site structure of the six-coordinate ferric H93G Mb in complex
with acetate (ACY) bound in the proximal cavity and a water molecule coordinated
in the trans-axial position in the distal pocket, which were determined from X-ray
coordinates.

Reproduced from Ref. [24] with permission of the copyright holders.

crystal structure of an oxyanion-bound ferric H93G Mb complex
[24].
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5. Sulfur-donor-ligated H93G myoglobin adducts

5.1. Thiolate adducts of H93G myoglobin: models for Cys-ligated
heme proteins

Cysteinate proximal axial ligand plays an essential role in a
wide variety of heme containing enzymes (31), most notably
cytochromes P450, Caldariomyces fumago chloroperoxidase (CPO)
and nitric oxide synthase [5,79,80]. It has been proposed that
the deprotonated Cys exerts the “push” effect to the heme iron
and is very important to maintain the mono-oxygenase activ-
ity in cytochrome P450 [1,5,80,81]. To investigate the various
structural factors contributing to stabilization of thiolate ligation,
several myoglobin mutants such as human myoglobins His93Cys,
His64Val/His93Cys [12,76,82] and His64Gly/His93Cys [82] and
horse heart myoglobin H93C/H64V [83] have been prepared and
characterized.

Upon addition of aliphatic or aromatic thiols to the ferric exoge-
nous ligand-free H93G Mb (32), the Soret peak in the UV-Vis
spectrum blue shifts to ~390 nm to yield an ambient temperature-
stable complex having similar spectral features to high-spin ferric
cytochrome P450 with the substrate camphor (CAM) in the dis-
tal site [20,24]. Ferric cytochrome P450-CAM has a five-coordinate
high-spin thiolate-ligated structure (31). A series of aromatic
thiolate-coordinated H93G Mbs have been generated and charac-
terized, revealing that the energy of the Soret absorption peak in
the UV-Vis spectra is closely correlated with the electron donor
property of the thiolate ligand as seen by analysis using Hammett
parameters [20]. Fig. 19 shows the UV-Vis and MCD absorption
spectra of ferric H93G Mb complex with 3-mercaptoethanol (BME)
as the proximal ligand. The well resolved Soret peak at 391 nm
in the UV-Vis spectrum, corresponding to the trough in the MCD
Soret band, and the visible absorption peak at 618 nm and paral-
lel derivative-shaped MCD feature are essentially identical to those
seen for high-spin ferric P450-CAM in the same figure [24].
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Fig. 19. (Top) MCD and (bottom) UV-Vis absorption spectra of five-coordinate,
high-spin ferric B-mercaptoethanol (BME) bound H93G Mb (1.14 mM) (solid line)
and wild type P450-CAM in the presence of camphor (1 mM) (dashed line). The
spectra were recorded in 0.1 M potassium phosphate buffer at pH 7.0 at 4°C.
Reproduced from Ref. [24] with permission of the copyright holders.

Fig. 20 is the schematic representation of the X-ray crystal-
lographic structure of ferric H93G Mb with BME bound in the
proximal cavity. The distance between heme iron and the water

molecule in the distal site is 4.22 A which is too far away to form
a covalent bond [24]. The H93G(BME) Mb complex provides an

Ile 107

Ser 92 i

Fig. 20. The active site structure of the ferric H93G Mb with BME in the proximal
cavity as determined by X-ray crystallography.
Reproduced from Ref. [24] with permission of the copyright holders.

excellent protein-based structural model for high-spin ferric P450
except for lacking the covalent linkage of the thiolate to the pro-
tein frame. The distal protein environments of cytochrome P450
and Mb are quite different, which may help explain why ferric
H93G(thiolate) Mb adducts do not bind water as a sixth-ligand to
the heme iron [20,24]. However, it is possible to form a mixed-
ligand low-spin ferric complex with thiolate (ethanethiolate) and
Im as the two axial ligands (33). A limitation to the use of thiolate-
ligated ferric H93G Mb as a model for P450 is that the thiolate ligand
is not retained upon either heme reduction or following addition
of a second anionic ligand (vide infra) [20,26].

N N N N _i
Cys/ é R é R/ )
31 32 33

5.2. Thiol and thioether H93G myoglobin: models for neutral Cys
and Met-ligated heme proteins

The neutral sulfur-donor ligation in heme enzymes is rela-
tively rare in the nature. It has been found out that methionine is
the axial ligand of electron transport enzyme cytochrome c [84].
Other than that, the heme storage protein, bacterioferritin [85],
and the cell surface heme transporting protein known as strepto-
coccal heme-associated protein (Shp) [86,87], are reported to have
bis-Met ligation (34). A number of studies have been published
on generation of low-spin ferric bis-Met or Met/His-ligated heme
iron complexes [88-90]. Barker et al. reported a high-spin Met-
ligated ferric cytochrome bsg; His102Met mutant at neutral pH.
However, they were not able to identify the sixth-ligand coordi-
nated to the heme iron [91]. Using H93G cavity mutant Mb, we
have been able to generate both ferric high-spin mono- (35) and
low-spin bis-thioether (37)-ligated heme coordination complexes
[29].

The UV-Vis spectral changes of ferric exogenous ligand-free
H93G Mb titration with low concentration of tetrahydrothiophene
(THT) are shown in Fig. 21. The overall changes are relatively small.
However, there is one set of clear isosbestic points which indicated
the binding of THT to the proximal site (K;=2.1 mM). In the visi-
ble region, there is no peak around 620-640 nm, which is typical
feature for water coordinated high-spin structure. The MCD spec-
tra of ferric H93G(THT) Mb (35) and that of the ferric H93G Mb
at pH 10.5 are quite similar (Fig. 21). Consequently, we concluded
that ferric H93G(THT) has thioether and hydroxide as axial ligands
(35) [29]. The UV-Vis and MCD spectra of ferric H93G(THT) Mb
(Fig.21)are also quite similar to those of the ferric high-spin H102M
cytochrome bsgy [91]; this led to the proposal that the heme iron
ligands in that mutant are Met and hydroxide [29].

Only partial bis-THT adducts of ferric H93G Mb (36) were formed
with the highest concentration of THT (~160mM) in buffer at
neutral pH. However, a nearly homogenous six-coordinate bis-
THT complex (36) could be prepared at pH 5.0. Ferric H102M
cytochrome bsg; also forms a low-spin bis-Met complex at acidic
pH [91]. The resulting UV-Vis and MCD spectra of ferric H93G(bis-
THT) Mb complex resemble those of the six-coordinate low-spin
ferric H93G(bis-Im) Mb at pH 7.0, except for the slightly weaker
intensity over the entire spectral range examined (Fig. 22). The
bis-THT-ligated ferric H93G Mb (36) is a heme coordination model
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of exogenous ligand-free ferric H93G Mb upon titration with THT (<21 mM) with the
enlarged visible region shown in the inset. The experiments were conducted in 0.1 M
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The figure was adapted from Ref. [29] with modification.
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Fig.22. (Top) MCD and (bottom) UV-Vis spectra of ferric H93G(bis-THT) Mb (90 mM
THT) (solid line) in 0.1 M potassium phosphate, pH 5.0, at 4 °C and ferric H93G (bis-
Im) Mb (4 M Im) (dashed line) in 0.1 M potassium phosphate buffer, pH 7.0, at 4°C.
Reproduced from Ref. [29] with permission of the copyright holders.

for the corresponding bis-Met-ligated native heme containing pro-
tein, e.g. bacterioferritin [85] and Shp [86,87], and the ferricH102 M
mutant [91].
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It is well-known that cytochrome P450, C. fumago chloroperox-
idase and nitric oxide synthase always have the deprotonated Cys
(cysteinate) as the sulfur-donor ligand to the heme iron in all oxi-
dation states throughout their catalytic cycles [79-81]. However,
the inactive forms of cytochrome P450 (P420) and chloroperoxi-
dase (C420) do not retain their thiolate ligation in the ferrous state
[92,93]. H175C/D235L cytochrome c peroxidase (CCP), a His to Cys
mutant, has the thiolate ligand in the ferric state, but also fails to
keep the deprotonated Cys upon heme reduction [26]. It has been
proposed that the protonated neutral Cys thiol could be a possible
ligand coordinated the heme iron in the ferrous state (37) [93-95].
Moreover, our previous investigations showed that the ferric H93G
Mb thiolate complexes do not retain thiolate ligation when the
heme iron is reduced to the ferrous state or a second anionic axial
ligand is added (vide supra) [20].

Following addition of a thiol (cyclopentanethiol, CPSH) or a
thioether (THT) to ferrous exogenous ligand-free H93G Mb, the
cavity mutant Mb is able to accommodate the neutral mono- (38
and 39 for CPSH and THT adducts, respectively) or bis-sulfur-
donor axial ligand(s) (40 and 41 for CPSH and THT adducts,
respectively) depending on the concentration of the thiol or
thioether. Fig. 23 exhibits the spectral change upon titration of
(top) exogenous ligand-free deoxyferrous H93G Mb with first one
THT ([THT] < 70 M) THT and (bottom) then with a second THT. The
binding affinities were determined by Hill plots shown in Fig. 24.
The data revealed that the affinity for the first THT to bind in the
proximal pocket is about 5000 times higher than that of the sec-
ond THT to the distal site. The resulting UV-Vis and MCD spectra
of the ferrous H93G(CPSH) Mb complex closely resembles those of
the ferrous H175C/D235L cytochrome c peroxidase (Fig. 25). Their
prominent MCD peaks around 430 nm are typical of five-coordinate
high-spin ferrous heme complexes [32]. For the UV-Vis spectra,
both have the Soret peak at 426 nm and two charge transfer bands
at ~531 nm and ~560 nm (Fig. 25). Based on these data, we con-
cluded that the ferrous H175C/D235L cytochrome c peroxidase has
a five-coordinated high-spin neutral thiol-ligated heme iron struc-
ture. In addition, it was proposed that upon heme iron reduction,
the cysteinate ligand is protonated to form the neutral thiol ligand
and that this may be a general property of those proteins that fail
to retain cysteinate ligation in the ferrous state [26].

Addition of higher concentrations of thioether and thiol to
ferrous H93G Mb led to formation of the respective low-spin six-
coordinate complexes (Fig. 26). The very intense derivative-shaped
MCD band in the visible region is typical of six-coordinate low-
spin ferrous heme complexes, in this case the bis-CPSH (40) and
bis-THT (41) adducts. However, the Soret MCD peak for bis-THT
deoxyferrous H93G Mb is about 10 nm red-shifted compared to
that of the bis-CPSH adducts. A similar sensitivity to the nature
of the donor ligand was seen in the MCD spectra of ferrous bis-
alkylamine-ligated H93G Mb compared to ferrous cytochrome bs
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Fig. 24. Hill plots of the titration data (absorbance change at 426 nm) shown in
Fig. 23. In the Y-axis label, Y is fractional saturation of H93G Mb with THT. The Hill
plots yield K4; = 12.6 M (closed squares) and Ky, =66.0 mM (closed triangles) with
slopes of 0.8 and 1.1, respectively. For additional information, see Ref. [26].
Reproduced from Ref. [26] with permission of the copyright holders.
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Fig. 27. (A) MCD and (B) UV-Vis spectra of oxyferrous H93G Mb in the presence
of CPSH (5 mM) (dashed line; MCD data enlarged 1.66-fold) and THT (5 mM) (solid
line). The spectra were recorded in a 60/40 (v/v) mixture of ethylene glycol/0.1 M
potassium phosphate buffer (pH 7.0) at —40°C.

Reproduced from Ref. [26] with permission of the copyright holders.

(vide supra) [28]. The bis-thioether-ligated ferrous H93G Mb (41) is
a heme coordination model for bis-Met ligation in bacterioferritin
[85].
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Adducts of ferrous H93G(neutral thiol/thioether) Mb with CO
(42 and 43 for CPSH and THT adducts, respectively), NO (44
with THT) and O, (45 and 46 for CPSH and THT adducts, respec-
tively) have also been prepared and characterized by MCD and
UV-Vis spectroscopy [26]. Fig. 27 displays the —40°C MCD and
UV-Vis absorption spectra of oxyferrous H93G Mb adducts with
the proximal neutral sulfur donor ligands CPSH (45) and THT (46),
respectively [26]. When compared to the UV-Vis spectrum of the
oxyferrous H93G (THT) Mb adduct, the parallel CPSH complex has
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Fig. 28. MCD spectra of extrapolated ferryl H93G(THT, 21 mM) Mb (solid line) and
ferryl horse heart Mb (blue-shifted by 10 nm, (dashed line) in 0.1 M potassium phos-
phate buffer, pH 7.0, at 4°C.

Reproduced from Ref. [29] with permission of the copyright holders.

additional UV-Vis bands around 390 nm (shoulder) and 630 nm.
In addition, the general intensity of MCD and UV-Vis spectra of
the oxyferous CPSH species, especially in the Soret region, is only
around 60% of the parallel thioether adducts. The relative low inten-
sity of the spectra and the extra spectral features both indicate that
the oxyferrous H93G(CPSH) Mb sample was partially autoxidized
(Fig. 27) [26].

Following addition of 2 equiv. of hydrogen peroxide to ferric
H93G(THT) Mb, a ferryl derivative was partially generated [29]. The
resulting MCD spectrum contained features of both the starting fer-
ric state (MCD trough at 623 nm) and a new species (MCD trough
at 582 nm) (data not shown) [29]. After subtraction of the spectral
contribution from the residual ferric starting material and normal-
ization, the resulting MCD spectrum looks very similar to that of
ferryl horse heart Mb (blue-shifted by 10 nm for easier comparison)
(Fig. 28). This spectral similarity indicates that the extrapolated
MCD spectrum of ferryl H93G(THT) (47) is accurate and confirms
that the ferryl H93G(THT) Mb complexes were partially formed
following addition of hydrogen peroxide to the starting ferric
species.

co co NO
N-|—=N N—|—=N N-|—N
& 'iL\"N/ L LR
| |
es O O
42 43 44
& 0/)°-‘ o
N— — N N— — N N- N
V2T T
|
e O O
45 46 47



J. Du et al. / Coordination Chemistry Reviews 255 (2011) 700-716 715

6. Conclusion

The ability of H93G Mb to bind a wide variety of exogenous lig-
ands as proximal and distal ligands makes it a versatile template
for mimicking the native coordination structure of heme containing
protein. Substantial progress in the preparation of more sophisti-
cated heme iron protein active site coordination models has been
achieved by using H93G Mb cavity mutant system. More impor-
tantly, mixed-ligand derivatives can be relatively easily generated
due to the differential ligand binding affinities to the proximal and
distal sides of the H93G Mb. A number of H93G Mb adducts with
nitrogen-, oxygen-, and sulfur-donor ligand(s) have been prepared
and characterized by magnetic circular dichroism and electronic
absorption spectroscopy. The result of this effort is a significant
enhancement of the spectral database for biomimetic heme iron
complexes of known structure for use in establishing the coor-
dination structure of newly discovered heme proteins or newly
prepared heme ligation mutants by comparison of spectroscopic
properties. However, there are some intrinsic limitations to this
cavity mutant system, i.e. even though a single anionic ligands will
readily bind to ferric H93G Mb and neutral ligands bind to ferrous
H93G Mb with relatively high affinity, despite years of unremitting
efforts, we have been unable to coordinate two anionic ligands to
ferric H93G Mb or a single anionic ligand to the ferrous protein. A
future direction of this research will be to investigate the catalytic
function of H93G Mb with different ligands in the cavity, in an effort
to develop abetter understanding of the function of proximal ligand
in metalloproteins.

Note in proof

We note that the crystal structure of a nine-amino-acid-long
microperoxidase immobilized inside a protein lattice cage has
recently been published by Ni and Tezcan [96].
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