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Abstract

His93Gly sperm whale myoglobin (H93G Mb) has the proximal histidine ligand removed to create
a cavity for exogenous ligand binding, providing a remarkably versatile template for the
preparation of model heme complexes. The investigation of model heme adducts is an important
way to probe the relationship between coordination structure and catalytic function in heme
enzymes. In this study, we have successfully generated and spectroscopically characterized the
H93G Mb cavity mutant ligated with less common alkylamine ligands (models for Lys or the
amine group of N-terminal amino acids) in numerous heme iron states. All complexes have been
characterized by electronic absorption and magnetic circular dichroism spectroscopy in
comparison with data for parallel imidazole-ligated H93G heme iron moieties. This is the first
systematic spectral study of models for alkylamine- or terminal amine-ligated heme centers in
proteins. High-spin mono- and low-spin bis-amine-ligated ferrous and ferric H93G Mb adducts
have been prepared together with mixed-ligand ferric heme complexes with alkylamine trans to
nitrite or imidazole as heme coordination models for cytochrome c nitrite reductase or cytochrome
f, respectively. Six-coordinate ferrous H93G Mb derivatives with CO, NO and O2 trans to the
alkylamine have also been successfully formed, the latter for the first time. Finally, a novel high-
valent ferryl species has been generated. The data in this study represent the first thorough
investigation of the spectroscopic properties of alkylamine-ligated heme iron systems as models
for naturally occurring heme proteins ligated by Lys or terminal amines.

Introduction

Investigations into the relationship between the active site coordination structure of heme
enzymes and their catalytic activity has long fascinated chemists.1-3 Characterization of
porphyrin models gives direct insight into the properties of the heme prosthetic group.3

Although His, Cys, Met and Tyr are the most commonly observed axial ligands in heme
proteins, ligation by Lys or the amine group of N-terminal amino acids has been found in a
number of native heme proteins possessing important biological function (Figure 1).4-7

Cytochrome c nitrite reductase (ccNiR) catalyzes the reduction of nitrite to ammonia and
sulfite to sulfide with high specificity.4 The X-ray crystal structures of ccNiR from
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sulfurospirillum deleyianum4 and Wolinella succinogens5 reveal Lys to be the proximal
high-spin ferric heme ligand with water in the distal site (Figure 1A). CO oxidation activator
(CooA) is a dimeric heme b-containing CO-sensing transcription factor in the photosynthetic
bacterium Rhodospirillum rubrum.6, 7 The 2.6 Å structure of ferrous Fe(II) CooA shows that
in both subunits the N-terminal amine of Pro2 from one subunit is the axial ligand trans to
the proximal His77 provided by the other subunit (Figure 1B).7 The membrane-bound
cytochrome b6f complex is well-known to play an essential role in the oxygenic
photosynthetic electron transfer chain.8, 9 The X-ray structure of truncated cytochrome f
from Chlamydomonas reinhardtii has shown that the terminal-amino group of Tyr-1
coordinates trans to His-25 in the active site of this c-type heme protein (Figure 1C).8 The
reason why these physiologically essential proteins feature less common alkylamine ligation
in their active sites is unclear. The preparation of a systematic set of well-defined
alkylamine-ligated ferrous, ferric and ferryl heme complexes is a useful first step toward a
better understanding of the manner in which Lys and terminal amine ligation impacts on the
structural and functional properties of heme centers in proteins.

Considerable effort has focused on generating synthetic heme active site analogues to
directly probe the influence of axial ligation on heme group properties.3, 10-13 For example,
six-coordinate Fe(II/III) heme complexes with imidazole (Im) and pyridine have been
extensively characterized by X-ray crystallography,14 computational methods15 and
spectroscopy16. In contrast, only limited data have been reported for alkylamine-ligated
iron(III) porphyrins. In general, treatment of ferric porphyrins with excess amine leads to
bis(amine)iron(II) adducts with the amine serving as a one-electron reductant.10, 17-19 For
example, Epstein et al. reported that bis-(piperidine)iron(II) tetraphenylporphyrin, not the
bis-ligated iron(III) complex, was formed by reacting chloroiron(III) tetraphenylporphine
with piperidine.11 Marques et al. have described the preparation in methanol of an iron(III)
amine-ligated hematohemin derivative with either hydroxide or water at the sixth ligand.13

Microperoxidases, heme-containing peptides obtained by proteolytic digestion of
cytochrome c, contain His as the proximal heme iron ligand.20-23 Upon addition of excess
amine, the distal site of microperoxidase-8 (an octapeptide) can be occupied by the amine to
form a low-spin Fe(III) alkylamine/His heme adduct.24 However, no microperoxidase
crystal structures have been reported to date. Moreover, microperoxidases often aggregate in
water, i.e., the resulting complexes are not very stable.25

His93Gly sperm whale myoglobin (H93G Mb) has the proximal His replaced with the much
smaller non-coordinating Gly leaving a cavity on the proximal side of the heme that can
accommodate a wide variety of exogenous ligands.26, 27 The differential ligand binding
affinities of the H93G Mb proximal and distal pockets facilitates generation of mixed-ligand
heme iron derivatives not easily prepared with other heme systems.28 To improve our
understanding of the electronic properties of the less commonly encountered amine-ligated
heme protein centers, we report herein the first systematic study of ferrous, ferric and ferryl
alkylamine-ligated heme complexes. The successful preparation of such adducts in different
oxidation and spin states as models for Lys or terminal amine ligation will provide useful
information about the influence of the amine ligand on the properties of the heme center.
Compared to electronic absorption (EA) spectroscopy, magnetic circular dichroism (MCD)
spectroscopy possesses a greater fingerprinting capacity and is therefore particularly useful
for studying the electronic structure and the coordination modes of heme iron systems.29

The ability to prepare a variety of alkylamine-ligated heme iron adducts with H93G Mb will
facilitate future studies into the electronic structure and reactivity of such complexes and
further demonstrates the versatility of H93G Mb as a scaffold for the preparation of heme
protein model complexes.
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Experimental Section

Materials

Sperm whale H93G Mb was expressed and purified in the presence of 10 mM Im as
previously described.27 All chemicals were obtained from Sigma/Aldrich or Fluka. CO, NO,
and O2 gases were purchased from Matheson.

Sample Preparation

H93G Mb concentrations were determined by the pyridine hemochromogen method.30

Complete heme iron oxidation was achieved by addition of a few crystals of potassium
ferricyanide followed by gel-filtration chromatography. As previously reported,27 Im was
completely removed from the H93G proximal cavity by heme extraction/reconstitution by
the method of Teale.31 Im or amine stock solutions were prepared in buffer using HCl to
adjust the pH to 7.0. Reduction of heme complexes was achieved by adding a small amount
of solid or a few μL of concentrated aqueous sodium dithionite (25 mg/mL) after degassing
the protein under N2 in a septum sealed cuvette. The ferrous-CO, -NO and -O2 Mb adducts
were generated by first reducing the amine- or Im-ligated adducts to the ferrous state
followed by gentle bubbling with CO, NO or O2 gas, respectively, under N2.27, 32 The
integrity of ferrous-O2 complexes was confirmed by addition of CO to form the CO adduct
to probe for the presence of ferric heme iron contamination. The ferryl [Fe(IV)=O]
derivative was generated from ferric H93G (ethylamine) Mb by adding 2.0 equivalent of
H2O2 (relative to the H93G concentration).

Spectroscopic Techniques

MCD spectra were measured at a magnetic field strength of 1.41 T using a JASCO J815
spectropolarimeter equipped with a JASCO MCD-1B electromagnet and interfaced with a
Silicon Solutions PC through a JASCO IF-815-2 interface unit. EA spectra were recorded
with a Cary 400 spectrophotometer interfaced to a Dell PC. All spectral measurements were
obtained in 100 mM potassium phosphate buffer (pH 7.0) at 4 °C using 0.5 or 0.2 cm
cuvettes (H93G concentrations of about 25 or 50 μM, respectively). Data acquisition and
manipulation with Cary or JASCO software has been previously described.27 EA spectra
were recorded before and after MCD measurements to verify sample integrity. The spectra
of the Im-ligated H93G Mb complexes are taken from previous published work.27, 28

Results and Discussion

Our previous studies have demonstrated that Im- and thiolate-ligated H93G Mb cavity
mutants are excellent active site biomimics of wild type Mb and high-spin ferric P450-
CAM, respectively.27, 33 In the present study, we have prepared and characterized ferrous,
ferric and ferryl H93G Mb ligated by alkylamines as models for Lys- and terminal amine-
ligated heme proteins such as cytochrome c nitrite reductase (ccNiR) or cytochrome f and to
establish spectral signatures for such heme systems. All the complexes have been
characterized by EA and MCD spectroscopy. Of particular interest, mixed ligand H93G Mb
amine adducts having a different sixth ligand, such as Im or nitrite in the ferric state and CO,
NO, O2 in the ferrous state, respectively, have been prepared. Alkylamines and imidazoles
are both nitrogenous ligands that are primarily coordinated to the heme iron center as sigma
donors. Not surprisingly, therefore, the alkylamine-ligated H93G Mb derivatives are
spectroscopically similar in general to parallel Im-ligated H93G Mb species.

Ferric Mono- and Bis-Alkylamine H93G Adducts

Ferric exogenous ligand-free H93G Mb exhibits an EA spectrum with a Soret absorption
peak at 405–406 nm and charge transfer transition at ~600 nm.28 Addition of 0.3 M
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cyclohexylamine (CHA) at neutral pH produces significant changes throughout the EA
spectrum as seen in Figure 2. The Soret absorption maximum red-shifts ~2 nm to 408 nm
and the charge transfer band at ~600 nm red-shifts to 629 nm, consistent with formation of a
six-coordinate high-spin complex. The resulting EA and MCD spectrum closely resemble
those of the well-defined ferric H93G(Im/water) adduct (Figure 2).27 The close spectral
similarity between the two complexes indicates that the ferric CHA-ligated H93G Mb is a
six-coordinate high-spin H93G Mb derivative with the CHA amine group as the proximal
donor ligand and water as the distal site ligand.34 The ferric H93G(CHA/water) Mb moiety
at neutral pH is a heme iron coordination model for the ferric resting state of ccNiR,36 a
heme derivative that cannot be simply prepared with synthetic heme iron model systems in
organic solvents in the presence of amines.

In the presence of higher concentrations of CHA (2 M), the Soret absorption peak further
red-shifts to 413.5 nm due to formation of a low-spin six-coordinate ferric complex (Figure
3). The visible region (500-700 nm) has a maximum at 536 nm, a shoulder at 562 nm, and
the band at 629 nm in the starting high-spin adduct is entirely gone. The EA and MCD
spectra of the ferric bis-CHA H93G Mb species are very similar to those of ferric bis-Im
H93G Mb (Figure 3). The ferric bis-CHA H93G Mb derivative at neutral pH is a heme iron
coordination model for the proposed Fe(III)-NH3 product state in the nitrite reduction
reaction cycle of ccNiR.37

Models for Ferric ccNiR and Cytochrome f

Stepwise titration of ferric H93G(CHA/water) Mb with sodium nitrite produces significant
changes in the Soret and visible regions of the EA spectrum (Figure S1). The Soret
maximum gradually red-shifts from 409 nm to 415 nm and there is a single set of isosbestic
points during the entire titration. This indicates that addition of sodium nitrite to the ferric
H93G-CHA leads to displacement of the distal water by NO2

− to give a complex with
neutral CHA and anionic nitrite bound to the heme iron center. Analysis of the titration data
indicates that the Kd for nitrite binding is approximately 4 mM. Very little spectral change is
seen above 100 mM nitrite (Figure S1), i.e. the mixed ligand adduct is nearly (~96%)
homogenous. The MCD and EA spectra resemble those of the corresponding nitrite
derivative of ferric 4-methylimidazole-bound H93G Mb (Figure 4). The Soret transitions in
the EA spectra of each adduct have identical intensity and peak positions. The charge
transfer bands at 538 nm and ~575 nm in the visible region indicate the low-spin six-
coordinate structure of the heme iron active site has been formed. However, the spectral
features around 627 nm, typical of high-spin ferric heme state, indicates that the ferric CHA/
nitrite H93G Mb mixed ligand adduct likely has an admixed spin state as is the case with
nitrite-bound ferric myoglobin.38 The ferric CHA/nitrite H93G Mb species is the first heme
iron model for ferric ccNiR with substrate nitrite coordinated in the distal site trans to Lys.37

However, based on the work of Richter-Addo,39 the nitrite in ferric CHA/nitrite H93G Mb is
likely O-bound whereas the nitrite in ferric ccNiR has been shown to bind via its nitrogen
atom.4

Upon addition of CHA to ferric mono-Im-bound H93G Mb, the EA spectrum gradually
changes with the Soret absorption maximum red-shifting from 409 to 412 nm and the
transition at 630 nm, indicative of the high-spin state of the starting complex, significantly
diminishing in intensity consistent with formation of a low-spin adduct (Figure S2). The
titration data again show a single set of isosbestic points indicating that water in the distal
site of ferric H93G(Im/water) Mb is displaced by the added CHA. However, the affinity for
CHA is not as strong as for nitrite. Thus, we could not achieve complete saturation in the
titration. Nonetheless the EA peak at 629 nm for the starting mono-Im complex is almost
completely gone (Figure 5) indicating that the final spectrum is that of a nearly
homogeneous Im/CHA mixed-ligand adduct. This is in contrast to the spectrum of ferric
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H93G(CHA/nitrite) Mb (Figure 4) which includes features above 600 nm in both the EA
and MCD spectra. The EA and MCD spectra of ferric H93G(CHA/Im) Mb are presented in
Figure 5 in comparison to that of ferric bis-Im H93G. The band shapes in both EA and MCD
spectra are almost identical to each other, except for the overall 2 nm blue-shift of the
spectrum of ferric H93G(CHA/Im) Mb. The ferric CHA/Im H93G complex is a heme iron
coordination model for ferric cytochrome f (Lys/His).7

Ferrous Mono- and Bis-Alkylamine H93G Adducts

Anaerobic reduction of ferric H93G(CHA) Mb with dithionite results in the formation of
five-coordinate high-spin deoxyferrous complex with EA and MCD spectral characteristics
quite similar to those of deoxyferrous H93G(Im) Mb (Figure 6). The EA spectrum of the
deoxyferrous H93G(CHA) Mb species has a Soret absorption transition at 430.5 nm and a
single band in the visible region at 557 nm. These peak positions exactly match those seen
for deoxyferrous H93G(Im) Mb (five-coordinated complex), but are somewhat less intense.
Small amines like methylamine simply give bis-ligated adducts in the deoxyferrous state.
Clearly the increased size of CHA diminishes its affinity for the deoxyferrous H93G heme
iron, enabling a mono-ligated moiety to be isolated.

In the presence of the smaller methylamine (144 mM), ferrous H93G Mb forms a six-
coordinate low-spin adduct with an EA spectrum that resembles that of the corresponding
ferrous bis-His-ligated cytochrome b5 (Figure 7).40 The relatively weak Soret MCD features
combined with the especially intense derivative-shaped MCD band centered at 556 nm for
ferrous bis-methylamine H93G Mb are typical of a six-coordinate low-spin species.29

Although, His and methylamine are both nitrogenous neutral sigma donors, the derivative-
shaped Soret MCD feature is particularly sensitive to the nature of the axial ligand with the
band for the ferrous H93G(bis-methylamine) Mb adduct red-shifted by several nm relative
to that of ferrous b5. A similar sensitivity to the nature of the donor was seen in the position
of the derivative-shaped Soret MCD bands of bis-thiol and -thioether adducts of ferrous
H93G Mb.41 Upon addition of a high concentration of CHA (2 M) to ferrous exogenous
ligand-free H93G Mb, the overall EA and MCD spectral features match those of the ferrous
bis-methylamine H93G Mb complex (data not shown). However, the broadness of the Soret
MCD feature suggests that ferrous bis-CHA H93G may not be fully formed, presumably
because the bulkier CHA ligand has lower affinity and is unable to bind twice even at 2 M
concentration. Similar difficulties were observed fully forming a ferrous bis-thioether H93G
Mb adduct.41

Ferrous Alkylamine-Ligated H93G Adducts with CO, NO and O2

Under anaerobic conditions, bubbling CO gas into deoxyferrous CHA-bound H93G Mb (0.3
M CHA) yields a complex with similar EA spectral characteristics to that of ferrous-CO
H93G(Im) Mb (Figure S3) as well as the parallel wild type Mb adduct (data not shown). The
Soret maximum of ferrous-CO H93G(CHA) Mb is at 422 nm, with two visible region bands
at 539 nm and 569 nm. This indicates that a six-coordinate low-spin moiety forms with the
alkylamine nitrogen donor coordinated in the proximal pocket trans to the distal CO. The
MCD spectrum shows two derivative-shaped transitions centered at 421 nm and 569 nm,
respectively. The overall spectrum is slightly more intense than that of ferrous-CO
H93G(Im) Mb.

We have previously reported that the ferrous H93G(Im) Mb is able to form a six-coordinate
ferrous-NO complex.27 In the presence of 18 mM Im, ferrous H93G Mb binds NO to form a
six-coordinate ferrous-NO adduct with a Soret absorption transition at 420 nm and visible
bands at 545 nm and 577 nm (Figure 8). Ferrous CHA-bound H93G Mb (0.3 M) also binds
NO to form a derivative with EA and MCD spectra that are very similar although slightly
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less intense than those of the corresponding six-coordinate ferrous-NO H93G(Im) Mb
moiety with a Soret absorption maximum at 419 nm and visible peaks at 546 nm and 575
nm. The MCD spectrum of the ferrous-NO species has an asymmetric derivative-shaped
feature centered at 423 nm and a symmetrical visible derivative-shaped band centered at 576
nm that is completely different from that of the five-coordinate ferrous-NO state.27 Ferrous-
NO H93G(CHA) Mb is the first model for the proposed ferrous-NO intermediate in the
reduction path from nitrite to ammonia catalyzed by ccNiR.37

Addition of pre-cooled dioxygen gas to a solution of deoxyferrous H93G(CHA) Mb (0.3 M
CHA) leads to formation of the oxyferrous complex. Like the corresponding oxyferrous
H93G(Im) derivative, this adduct is stable enough so that during the course of MCD
measurements at 4 °C (about 40 min), the complex is unchanged. The EA and MCD spectra
of oxyferrous H93G(CHA) and H93G(Im) Mb are shown in Figure 9. The EA spectrum of
oxyferrous H93G(CHA) has a Soret maximum at 417 nm, a near-UV (delta) band at ~355
nm, and two peaks in the visible region at 542 nm and 577 nm. The MCD spectrum has a
derivative-shaped Soret transition centered at 420 nm and a derivative-shaped band centered
at 576 nm. The EA and MCD spectral features of oxyferrous H93G(CHA) Mb are less
intense than the corresponding features for oxyferrous H93G(Im) Mb.

To determine whether the oxyferrous H93G(CHA) Mb protein remained fully reduced
during the data acquisition, the oxyferrous samples were converted to the ferrous-CO form
by bubbling with CO at ~4 °C. An O2 to CO ligand exchange reaction in ferrous state can be
easily used for this purpose because of rapid exchange was observed at ~4 °C. The resulting
ferrous-CO H93G(CHA) Mb sample has EA spectra that exactly match those displayed in
Figure S3, indicating that little if any autoxidation or denaturation occurred during formation
of the oxyferrous derivative. This is the first successful example of an alkylamine-ligated
oxyferrous heme iron complex.

The Ferryl Alkylamine H93G Adduct

Addition of H2O2 (2 equiv) to ferric H93G(ethylamine) Mb leads to a new species with EA
transitions at 417 nm (Soret) and at 541 nm and 574 nm and with an MCD spectrum
featuring a derivative-shaped bands centered at 418 nm and at 574 nm (Figure 10). The EA
and MCD spectra are generally similar to those of ferryl H93G(Im) Mb indicating that the
new complex formed from ferric H93G(ethylamine) Mb is also a ferryl derivative. However,
detailed comparison of the MCD spectra of the two ferryl moieties reveals small differences
in relative intensities with the spectrum in the ferryl-ethylamine case being less intense in
the Soret region (300-500 nm) but more intense in the visible region relative to the spectrum
of the ferryl-Im adduct. These spectral dissimilarities are likely due to the subtle differences
in the nature of the proximal axial ligands, amine and Im, in the two ferryl complexes. This
is the first report of a ferryl alkylamine complex.

Conclusions

Establishing the structure of the heme iron unit by the identification of axial ligands is
essential to a complete understanding of the mechanism of action of heme proteins and
enzymes. The H93GMb cavity mutant system works especially well to generate accurate
ambient-temperature model complexes for heme proteins. A particularly useful aspect of
this system is the ability to generate mixed-ligand adducts27 that are generally very difficult
to achieve with synthetic models in organic solvents.

In this study, H93G myoglobin complexes with exogenous alkylamine ligands have been
successfully prepared as models for native heme iron protein active sites ligated by proximal
Lys or the amine group of N-terminal amino acids. By utilizing the H93G myoglobin cavity
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mutant, we are also able to prepare and characterize axial alkylamine ligand adducts in
ferrous, ferric, as well as ferryl oxidation states. These results contrast with the rather limited
success that has been achieved to date in the preparation of purely synthetic alkylamine-
ligated heme model complexes in organic solvents.3, 10-13 All of the newly prepared H93G
Mb adducts have been characterized with MCD and EA absorption spectroscopy (the
spectra of all the amine complexes are displayed in the supporting material). The ferric high-
spin alkylamine/water-bound H93G Mb is the heme coordination model for the resting state
of ccNiR. The alkylamine/nitrite-ligated heme coordination structure mimics the catalytic
cycle intermediate for substrate (nitrite) bound to the heme iron center of ccNiR. Ferric six-
coordinate low-spin alkylamine/Im-bound H93G Mb is a model for cytochrome f in which
terminal-amino group of Tyr-1 coordinates trans to His-25 in the active site. The resulting
data have substantially expanded the spectral database which is utilized by our laboratory to
establish the coordination structure of heme centers in newly discovered heme proteins of
unknown structure at the metal unit.42-45 The generation of a new set of heme iron ligand
adducts with alkylamine ligation further demonstrates the efficacy of the H93G Mb “cavity
mutant” as a versatile template for the preparation of heme model complexes to probe the
coordination structure of heme iron centers in native proteins.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Schematic representation of the active site of (A) Fe(III) cytochrome c nitrite reductase
(ccNiR) substrate (nitrite) complex heme-binding region5 showing coordination by substrate
(nitrite) and the amine group of Lys; (B) Fe(II) CooA transcription factor heme-binding
region7 showing coordination by His and the terminal amine of Pro; (C) Fe(III) cytochrome
f heme-binding region8 showing coordination by His and the terminal amine of Tyr. All the
structures were prepared using X-ray crystallography measurements obtained from Protein
Data Bank pdb files (2E80 for ccNiR, 1FT9 for CooA and 1CFM for Cyt f). Atoms are
shown in following colors: oxygen-red; nitrogen-blue; iron-brown and carbon-yellow.
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Figure 2.

MCD (top) and electronic absorption (bottom) spectra of ferric H93G(cyclohexylamine) Mb
(0.3 M cyclohexylamine) (solid line) compared to previously reported ferric H93G(Im) Mb
(1 mM Im) (dashed line).27 The spectra were recorded in 0.1 M potassium phosphate at pH
7.0 at 4 °C.
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Figure 3.

MCD (top) and electronic absorption (bottom) spectra of ferric H93G(bis-cyclohexylamine)
Mb (2 M cyclohexylamine) (solid line) compared to previously reported ferric H93G(bis-
Im) Mb (2 M Im) (dashed line).28 The spectra were recorded in 0.1 M potassium phosphate
at pH 7.0 at 4 °C.
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Figure 4.

MCD (top) and electronic absorption (bottom) spectra of cyclohexylamine and nitrite
(NO2)-bound ferric H93G Mb (0.5 M cyclohexylamine, 0.1 M NaNO2) (solid line)
compared to 4-methylimidazole (4Me-Im) and nitrite (NO2)-bound ferric H93G Mb (0.1
mM 4Me-Im, 0.1 M NaNO2) (dashed line). The spectra were recorded in 0.1 M potassium
phosphate at pH 7.0 at 4 °C.
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Figure 5.

MCD (top) and electronic absorption (bottom) spectra of cyclohexylamine and Im-bound
ferric H93G Mb (0.2 mM Im, 1 M cyclohexylamine) (solid line) compared to and previously
reported bis-Im-bound ferric H93G(Im) Mb (2 M Im) (dashed line).28 The spectra were
recorded in 0.1 M potassium phosphate at pH 7.0 at 4 °C.
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Figure 6.

MCD (top) and electronic absorption (bottom) spectra of the deoxyferrous
H93G(cyclohexylamine) Mb (0.3 M cyclohexylamine) (solid line) compared to previously
reported deoxyferrous H93G(Im) Mb (1 mM Im) (dashed line).27 The spectra were recorded
in 0.1 M potassium phosphate at pH 7.0 at 4 °C.
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Figure 7.

MCD (top) and electronic absorption (bottom) spectra of the deoxyferrous H93G(bis-
methylamine) Mb (144 mM methylamine) (solid line) compared to previously reported
deoxyferrous cytochrome b5 (dashed line).40 The spectra were recorded in 0.1 M potassium
phosphate at pH 7.0 at 4 °C.
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Figure 8.

MCD (top) and electronic absorption (bottom) spectra of six-coordinate ferrous-NO
complexes of cyclohexylamine-bound H93G Mb (solid line) and previously reported
ferrous-NO H93G(Im) Mb (dashed line).27 The spectra were recorded in 0.1 M potassium
phosphate at pH 7.0 at 4 °C.
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Figure 9.

MCD (top) and electronic absorption (bottom) spectra of six-coordinate oxyferrous
complexes of cyclohexylamine-bound H93G Mb (solid line) and previously reported
oxyferrous H93G(Im) Mb (dashed line).27 The spectra were recorded in 0.1 M potassium
phosphate at pH 7.0 at 4 °C.
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Figure 10.

MCD (top) and electronic absorption (bottom) spectra of ferryl complexes of ethylamine-
bound H93G Mb (solid line) and previously reported ferryl H93G(Im) Mb (dashed line).27

The spectra were recorded in 0.1 M potassium phosphate at pH 7.0 at 4 °C.
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