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ABSTRACT
Human serum albumin (HSA) is abundantly present in our blood and is a repository to
many molecules, such as heme. Previous studies have confirmed that HSA reconstituted with heme
(HSA-heme) imitates the binding site of other heme enzymes such as myoglobin (Mb) and
hemoglobin (Hb), except that an O(tyrosine) bonds to the Fe center of heme instead of a
N(histidine) that is present in Mb and Hb. Although the primary function of Mb and Hb is to store
and carry oxygen in the muscles and blood, respectively, they also have a secondary function of
producing nitric oxide through the reduction of nitrite under hypoxic conditions.
The aim of this project is to obtain imidazole complexes of HSA reconstituted with heme
(HSA-hemeIm), and then test for their nitrite reductase (NiR) activity. This can be achieved by
titrating the protein with imidazole compounds, specifically imidazole (Im), 1-methylimidazole
(1-Im), and 2-methylimidazole (2-Im). Adding imidazole to HSA-heme may cause the formation
of a N(imidazole) bond to Fe, providing a system that mimics the active site of Mb and Hb. HSAheme is complexed with an imidazole derivative and reacted with nitrite. This reaction is
monitored with UV-Vis spectroscopy. The spectrum is compared to that of HSA-heme imidazole
derivative reacted with nitric oxide. These two spectra are very similar, indicating that HSAhemeIm converts the nitrite into nitric oxide. Finally, the bimolecular rate constant obtained from
the reaction between HSA-heme1-Im and nitrite is smaller than that obtained for the respective NiR
reaction of wild-type (wt) HSA-heme or Mb.
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Chapter 1
Introduction

1.1 Globins
Globins are a superfamily of globular heme enzymes whose primary function is to transport
or store oxygen in different parts of an organism. The active site of the enzyme, also referred to as
the site where the chemistry occurs (in this case, reversible binding of diatomic oxygen), is known
as heme b or protoporphyrin IX. Heme b is an organic macrocycle made of four pyrrole groups
coordinating to the iron center via the pyrrole nitrogen atoms (Figure 1). When heme b is bound
in globins, the fifth coordination to the iron center arises from a histidine (His93) amino acid
residue that is proximal to the heme plane. The iron center in heme can exist as Fe(III), but in the
presence of oxygen, it must be reduced to Fe(II) prior to binding of the diatomic molecule, an
event that occurs on the distal side of the heme (Figure 2).

Figure 1. Heme b with Fe(II) center. The His 93 bound to the Fe center is located under the plane
of the heme.
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Figure 2. Heme b showing diatomic oxygen bound to the Fe(II) center. Oxygen is stabilized
through hydrogen bonding to His64 that is on the distal end of the heme.
Among the globins, myoglobin (Mb) and hemoglobin (Hb) are the more well-studied. The former
stores oxygen in muscle tissue, while the latter transports and carries oxygen in the blood; both
have vital functions for the survival of an organism. While these globins have evolved to primarily
transport oxygen, a secondary function has been observed for Mb and Hb. This involves the
reduction of nitrite (NO2-) to nitric oxide (NO) under hypoxic conditions,1,2 thus these globins are
also known as nitrite reductases (NiR). The following reactions occur during the catalysis:2
𝑘1

Mb(II) + NO2- + H+ → Mb(III) + NO + OH𝑘2

Mb(II) + NO → Mb(II)-NO

(1)
(2)

While Hb displays complex NiR kinetics as demonstrated by the different bimolecular rate
constants in the R- and T- states of the tetrameric enzyme,3-5 the monomeric Mb shows simpler
NiR chemistry1 and will thus be the focus of this discussion. Although Mb reduces NO2- to NO
slowly (~3-5 M-1 s-1 (1,2,6)), its importance in vivo cannot be ignored as it has been shown to
modulate mitochondrial respiration, regulates hypoxic NO generation, controls cellular
respiration, and improves recovery of post-ischemia in mice.7 In this study, Mb serves as a model
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for the artificial heme enzyme, HSA-heme, which is the focus of this thesis and described in section
1.2, for three reasons: 1) the crystal structure of Mb is well-studied9 and can thus be utilized as a
reference when engineering the active site of other heme enzymes; 2) Mb demonstrates similar
spectroscopic and electronic properties of mutated HSA-heme;1 and 3) it demonstrates the ability
to reduce NO2- to NO,1,2 a key reaction that commonly occurs in several other heme enzymes.

1.2 Human serum albumin reconstituted with heme b (HSA-heme)
Human serum albumin (HSA) is a large protein (68 kDa) that is abundantly found in plasma,
and acts as a repository for various compounds such as drugs, hormones, and fatty acids, among
others. It has exceptional binding capacity with many molecules, such as Fe(III) protoporphyrin
IX (heme b) (KA = 1.1 x 108 M-1),10 which can be generated during the breakdown of Mb or Hb.
The complex formed between HSA and heme b is referred to as HSA-heme. Carter and coworkers11 determined via X-ray crystallography that HSA-heme is heart-shaped and is composed
of 585 amino acid residues. It is a tertiary-structured protein with three homologous domains, IIII, which each domain containing two subdomains, A and B (Figure 3).11
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Figure 3. The native structure of HSA-heme as taken from PDB: 1N5U.11 The heme b co-factor
is presented as a stick model (encircled in red). The domains (I-III) and subdomains (A and B) are
noted in the structure.

Heme b selectively binds within a hydrophobic pocket in subdomain IB of HSA in a 1:1 ratio.
Five residues show strong interactions with the heme, and are considered key to binding: Tyr161,
Ile142, Tyr138, His146, and Lys190 (Figure 4).11 Among mammalian species, these residues are
either conserved (Tyr161, Tyr138, and His146) or substituted with homologous residues (e.g.
Ile142 to Val) with the exception of Lys190. Along with the hydrophobic interactions arising from
these amino acids, the propionates from Ile142 and Lys190 form a hydrogen bonding interaction
with heme b, ensuring that this co-factor is secure within the helical IB motif. Lys190 in particular
is thought to be the “gate” residue for heme binding, keeping it secure within the binding pocket.11
Importantly, Tyr161 lends an oxygen via its hydroxyl group to coordinate with the heme Fe center
approximately 2.7 Å, forming a pentacoordinated complex.11 This residue is surrounded by a series
of water molecules that forms a hydrogen bonding network within the hydrophobic cavity, which
stabilizes the complex even further. This residue will be focus of this study, since it directly
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interacts with the Fe center, and is considered the “proximal ligand”. In general, proximal ligands
bound to the metal center in heme enzymes modulate the binding of exogenous molecules, and
therefore influence a particular chemical reaction. This concept is pertinent to this project because
we are interested in probing the NiR reaction of heme enzymes, which requires that NOx species
directly bind to the heme Fe. The extent of the binding interaction is directly influenced by the
electronic properties of the proximal ligand, which in the case of HSA-heme is Tyr161.
The HSA-heme complex shows globin-like behavior since it binds ligands and catalyzes
reactions similar to Mb. Although it cannot bind diatomic oxygen, HSA-heme can reversibly bind
nitric oxide and carbon monoxide similar to how Mb would, enabling the removal of toxic oxygen
and nitrogen species from the blood flow.12 Besides its binding capabilities, the complex exhibits
catalytic properties. For instance, it shows peroxidase activity by catalyzing oxidation of 2,2’azinobis(3-ethylbenzthiazoline-6-sulfonate) by hydrogen peroxide.13 HSA-heme can also reduce
nitrite (NO2-) to yield nitric oxide (NO), showing nitrite reductase functionality.14 As a NiR, HSAheme has second-order kinetics and a rate constant of 1.3 M-1s-1.14 The maintenance of NO in the
body is important. Nitric oxide is a signaling molecule that is essential in physiological pathways,
such as blood pressure regulation, cell adhesion, and organ integrity.15 As mentioned previously,
under hypoxic conditions in the body, Mb and Hb are the enzymes catalyzing the reduction of
NO2- 1,2 as its secondary function.
Previous studies have confirmed that HSA-heme imitates the binding site of other heme
enzymes such as Mb and Hb. HSA-heme’s ability to bind oxygen and other diatomic molecules is
debilitated, mainly because the ligand proximal to the heme Fe center influences the ability of the
reduced metal to bind oxygen. In the case of HSA-heme, a proximal Tyr ligand is present (Fig. 4),
as His in Mb (Figure 5). Therefore, there is an oxygen atom [O(Tyr)] coordinated with the Fe
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center, instead of a nitrogen [N(His)]. In the Mb and Hb binding sites, a N(His) is coordinated to
the Fe center.
Since Tyr161 is 2.7 Å away11 from the heme Fe center, it is thought that this ligand (and protein
moiety) is loosely bound to the heme, causing it to remain four-coordinated (to the pyrrole nitrogen
atoms). This has been spectroscopically observed, where the spectral characteristics of Fe(II)
HSA-heme are similar to those of four-coordinated Fe(II) porphyrins.13 Adding an imidazole
derivative which mimics His, may create a fifth coordination and a stronger interaction between
the heme and the protein, similar to Mb.13 Previous research have made chemical and genetic
alterations to the HSA-heme complex in order to better imitate the binding site of Mb. These
changes may lead to more similar enzymatic functionality between Mb and HSA-heme. For
example, Komatsu et. al.9 found that genetic variants of HSA-heme were capable of binding
carbon monoxide and diatomic oxygen when the Fe was reduced. In its native form, HSA-heme is
incapable of binding O2 at room temperature, thus its modification to mimic Mb leads to its
functionality being similar as well.

Figure 4. Binding pocket of human serum albumin with heme b taken from PDB: 1N5U.11
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Figure 5. Binding pocket of myoglobin with heme b taken from PDB: 1MBN.8

1.3 Chemically modifying HSA-heme to yield HSA-hemeIm
In order to better mimic the binding site of Mb and Hb, HSA-heme can be chemically modified
by adding small ligands in the protein complex. Kamal et. al.13 spectroscopically-probed the heme
environment of Fe(II) and Fe(III) HSA-heme in the absence and presence of 2-methylimidazole,
a small molecule that has structural features similar to His. Addition of 2-methylimidazole
generated spectroscopic features consistent with a five-coordinate complex,9 suggesting that the
2-methylimidazole is in close proximity to the Fe heme, thus potentially forming a Fe-N(His) bond
reminiscent of Mb. For example, the UV-vis spectra of HSA-heme with 2-methylimidazole shows
that the Soret band (410 nm) of Fe(II) HSA-heme is red-shifted towards 428 nm and the α band
(580 nm) decreases in intensity as the β band (557 nm) increases in intensity.9 These UV-vis
observations were similar to those of an Fe(II) HSA-heme that is non-covalently bound to the
imidazole group, suggesting that the 2-methylimidazole binds to heme in Fe(II) HSA-heme and
produces a five-coordinated species.9
The work by Kamal et al.13 is proof of concept that adding imidazole derivatives to HSA-heme
may generate a five-coordinate complex, mimicking the resting state of Mb where a Fe-N(His)
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bond is potentially present. In this project, we explore the chemical properties of HSA-heme by
adding the following imidazole complexes and generating unique HSA-heme complexes:
imidazole (Im), 1-methylimidazole 1-(Im), and 2-methylimidazole (2-Im). These complexes are
referred to as HSA-hemeIm. In this work, the binding affinities of the imidazole derivatives to HSAheme was determined by systematically titrating known amounts of the imidazole to a known
concentration of the protein. The derivative with the greatest binding affinity was then studied for
NiR chemistry using UV-vis spectroscopy. The product of the reaction between Fe(II) HSA-heme
and NO2- was probed using UV-vis spectroscopy, and compared against the spectra obtained from
reacting Fe(II) HSA-heme and NO.

1.4 Genetically modifying HSA to obtain HSAmut-heme
The binding site of HSA-heme can also be modified genetically so that it generates a binding
site more similar to that of Mb. HSA-heme double mutants, such as I142H/Y161L, I142H/Y161F,
and Y161L/L185H are capable of binding O2.9 It is essential to change the Tyr161 and other key
residues in order for HSA-heme to have this binding functionality. Once the variants (also referred
to as HSAmut-heme) are obtained, they can then be tested for NiR activity.
The genetic modification of HSA-heme is done via point-mutation mutagenesis carried out
with polymerase chain reaction (PCR). A codon of the DNA sequence is altered so that His is
expressed instead of Tyr in the amino acid sequence to first generate the single mutant (see Section
2.1). Once HSA is expressed and purified as necessary, it is reconstituted with heme and tested for
NiR activity.
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1.5 Characterization and kinetics using UV-vis spectroscopy

The spectral features of the different forms of HSA-hemeIm were characterized using UV-vis
spectroscopy in order to provide an initial assessment of the oxidized [Fe(III)], reduced [Fe(II)],
nitrite- [Fe(III)-NO2-] and NO- [Fe(II)-NO] bound complexes. In general, the heme in the protein
moiety gives rise to unique spectral features due to its conjugation. For example, the most intensely
absorbing peak, also known as the Soret band, occurs at ~400-425 nm arising from a strongly
allowed A1u<79> → Eg<82/83> excitation. Weakly absorbing features in ~500-600 nm region,
also known as the Q band or Q-region, arise from the forbidden A1u<81> → Eg<82/83> transition
that gains intensity from the strongly allowed Soret transition. The molecular orbitals (MO) listed
above are in reference to the Gouterman’s four-orbital model.16 Changes in this band, whether
through energy or intensity, indicate structural and electronic changes in the binding site of the
HSA-heme complex. For example, changes in the substitution arrangement of the porphyrin center
will alter the appearance of the Soret and Q band.17 Protonation changes of the inner-porphyrin N
atoms can also change the overall spectroscopic appearance of the complex. In addition, binding
of exogenous ligands (e.g. NO2-, NO, CO, or O2) also influence the overall features of the UV-vis
spectra of heme proteins.
The dominant spectral features in the absorption spectra of HSA-heme, such as the Soret and
Q bands, can be used to probe the changes that occur in the electronic structure of the system as it
undergoes the NiR reaction. The kinetic parameters of this slow reaction may be determined by
monitoring the intensity changes of Fe(II) HSA-hemeIm at 404 and 558 nm through time as a
function of NO2- concentration. Assuming that it undergoes a general mechanism similar to Mb as
depicted in Eqs. 1 and 2, the inherent bimolecular rate constant at room temperature can then be
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determined. The kinetics of the NiR reaction of Fe(II) HSA-hemeIm is then compared with that of
Fe(II) HSA-heme (1.3 M-1s-1)14 and wt Fe(II) Mb (3-5 M-1s-1).1,2,6

1.6 Scope and significance of project

The overall goal of this project is to create a series of imidazole complexes of HSA-heme, and
test for their nitrite reductase (NiR) activity. This accomplishes a few things: 1) it creates artificial
enzymes that potentially mimics the active site of globins by generating a His-like source to the
Fe center, and form a Fe-N bond; 2) it allows us to understand the electronic structure of the
different forms of HSA-heme with and without the imidazole; 3) it provides us with information
on the structural factors that influence the NiR reaction of heme enzymes; and 4) it serves as a
foundation for designing enhanced catalysts based on the NiR activity of globins and model
systems like HSA-heme.
Based on a previous kinetics study of HSA-heme,14 it is assumed that HSA-hemeIm will
undergo the stepwise reactions presented in Eqns. 1 and 2. Spectral and kinetic results obtained
from HSA-hemeIm will be compared against HSA-heme14 and the benchmark heme enzyme,
Mb.1,2,6 In addition, the initial parameters needed to generate genetically-modified HSA-heme
(HSAmut-heme) complexes, which provide a more reliable means of generating a Mb-like active
site, will be obtained.
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Chapter 2
Methods and Material

2.1 Reconstitution of HSA with heme b

Reconstitution of heme b in HSA to generate HSA-heme
A 0.025 M phosphate buffer containing 0.06 M NaCl (KPi/NaCl buffer) having a pH 7 is
prepared to dissolve 10.7 g of HSA in a 1.0 mL KPi/NaCl solution. In a separate vial, 5.8 g of
heme is dissolved in 800 µL of of 3:5 v/v DMSO/buffer solution. Both of these solutions are stirred
and kept cold in ice baths. Ten microliter increments of the heme solution are added to the HSA
solution. The addition is monitored with a Cary 60 UV-vis spectrometer until the absorbance ratio
between the Soret band at 404 nm and the protein peak at 277 nm is 1.7 (Figure 8). The Soret to
protein peak ratio is also referred to as the Reinheitzahl value, or the RZ ratio.

Figure 6. UV-vis absorption spectrum of purified HSA-heme complex in KPi/NaCl buffer at room
temperature.
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To remove excess heme that did not bind into the protein, HSA-heme is centrifuged in a 10
kDa semi-permeable membrane tube. The protein is then purified via SephadexTM G-50 Fine
column chromatography that has been pre-equilibrated with the KPi/NaCl buffer. The purified
fraction of HSA-heme is stored in cryogenic tubes at -80 ℃.

Titration of imidazole derivatives to Fe(III) HSA-heme to determine binding constants
All experiments requiring the formation of Fe(II) HSA-heme via reduction of the Fe(III) form
are performed in a nitrogen-purged glove box (100% N2, Coy Laboratories). Here, 50 microliters
of pure Fe(III) HSA-heme (see previous paragraph) are diluted in 350 µL of KPi/NaCl buffer. The
ratio generated by mixing the indicated volumes of the HSA-heme and buffer generates a protein
concentration of ~ 0.002 mM. Spectral changes are observed that confirm reduction of Fe(III)
HSA-heme: the Soret band is red shifted to 413 nm, and the peaks at the Q-band are altered. To
determine the binding constant, 10 μL of the imidazole are added in sequence until there are no
spectral changes except for dilution effects.
To generate the Fe(III) HSA-hemeimidazole complexes, Fe(III) HSA-heme is treated with 40 µL
of 1 M imidazole derivative (imidazole, 1-methylimidazole, or 2-methylimidazole) in 10 µL
additions. In order to create the reduced Fe(II) HSA-hemeimidazole complex, the Fe(III) HSA-heme
is treated with stoichiometric amounts of sodium dithionite under a nitrogen atmosphere. Forty
microliters of 1 M imidazole derivative (imidazole, 1-methylimidazole, or 2-methylimidazole) in
10 µL additions are then added to the Fe(II) HSA-heme. For Fe(II) HSA-hemeIm and Fe(II) HSAheme1-Im, an increase in intensity is noted at 541 nm and 538 nm, respectively.
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Figure 7. UV-vis absorption spectrum of Fe(III) HSA-heme complex titrated with 1 M 1methylimidazole (A), 2-methylimidazole (B), and imidazole (C).

Generation of different forms of HSA-hemeimidazole
To create the different protein complexes, a 0.002 mM Fe(III) HSA-heme in KPi/NaCl buffer
is used. The synthesis of Fe(III) HSA-hemeimidazole and Fe(II) HSA-hemeimidazole complexes is
described in the previous section. A pure sample of Fe(II) HSA-hemeimidazole can also be treated
with a nitric oxide solution to observe if the resulting product is similar to the NiR reaction. The
Fe(II) HSA-hemeimidazole-NO form was generated using the following procedure.2 Here, nitric
oxide gas (>99%, Praxair) was scrubbed through KOH pellets to remove trace quantities of
impurities. The gas was bubbled into KPi/NaCl buffer for several minutes that has been bubbled
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with N2 gas beforehand. Stoichiometric amounts of saturated NO solution were added to Fe(II)
HSA-hemeimidazole. The protein and gas are protected from air throughout the entire synthesis.

Genetically modifying HSA
Human serum albumin can be genetically modified to specifically alter Tyr161 and nearby
amino acids to generate double mutants, where the active site closely resembles that of Mb.9 The
double mutants that have previously been studied for oxygen and carbon dioxide binding are a
single mutant (I142H), and three double mutants (I142H/Y161L, I142H/Y161F, and
Y161L/L185H).9 In this project, three single amino acid mutations were attempted, which would
have served as the precursor for the double mutants. These mutations are: I142H, H185L, and
Y161L. Primers were designed using the Agilent website (www.agilent.com/genomics/qcpd),
specifically stating the mutagenesis kit (QuickChange ® II XL) during design optimization. The
plasmid used was pHIL-D2, which can be selected for with ampicillin after transformation. Table
1 summarizes the primer sequences used for each mutation.

Table 1. Primer sequences for each HSA mutation reaction.
Names

Sequences

I142H_For

5‘-caatgaagagacatttttgaaaaaatacttatatgaacatgccagaagacatccttactt-3'

I142H_Rev

5‘-aagtaaggatgtcttctggcatgttcatataagtattttttcaaaaatgtctcttcattg-3'

H185L_For

5'-cttcccttcatcccgatgttcatcgagctttgg-3'

H185L_Rev 5'-ccaaagctcgatgaacatcgggatgaagggaag-3’
Y161L_For

5'-ggcaacattctgtaaaagcagcttttaaccttttagcaaagaaaaggagttc-3'

Y161L_Rev 5'-gaactccttttctttgctaaaaggttaaaagctgcttttacagaatgttgcc-3'
For- refers to forward primer
Rev- refers to reverse primer
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Polymerase chain reaction (PCR) is used to make the mutagenesis with the parameters shown in
Table 2. The product is purified via ethanol precipitation and stored at 4 °C.

Table 2. PCR parameters used to make the HSA mutants.
Cycles Temperature (°C) Time (min)
1

95

1:00

95

0:50

60

0:50

68

10:00

1

68

7:00

Storage

4

∞

18

The mutated plasmid was inserted into Pichia pastoris cells via electroporation (1.5 kV, 25 μF,
200 Ω). The HSA mutants were not successfully isolated from the yeast cultures. Parameters are
currently being optimized for this procedure.

2.2 Reactions of HSA-heme

Pyridine reaction to determine the extinction coefficient of Fe(III) HSA-heme
A dilution series of Fe(III) HSA-heme protein sample is prepared using KPi/NaCl buffer, and
the absorbance of the Soret band for each dilution is measured. The HSA-heme:buffer volume
ratios were: 15:285, 30:270, 50:250, 60:240, and 75:300. Following Hirakawa et. al.,18 solution A
is prepared by mixing 2 mL of pyridine, 1 mL of 1 N sodium hydroxide, and 5 mL of water.
Solution B is prepared by saturating 1 mL of water with solid sodium dithionite. In a 10 mm
cuvette, 0.6 mL of solution A and 0.3 mL of HSA-heme solution are mixed. The absorbance is

16

measured at 541 nm and 557 nm, both of which correspond to the oxidized values of pyridine
complexed with heme (heme-pyrox). Ten microliters of solution B are added to the mixture and the
absorbance is measured at the same wavelengths; these are the reduced values of pyridine
complexed with heme (heme-pyrred).
The heme concentration is calculated with the formula
[𝐻𝑒𝑚𝑒] 𝜇𝑀 =

𝑟𝑒𝑑
𝑜𝑥
𝑟𝑒𝑑
𝑜𝑥
(𝐴𝑏𝑠557
− 𝐴𝑏𝑠557
) − (𝐴𝑏𝑠541
− 𝐴𝑏𝑠541
)
×3
0.0207

This data can is used to determine the extinction coefficient (ε) of Fe(III) HSA-heme by employing
the Beers-Lambert Law (A = εbc).

Reaction of Fe(II) HSA-heme1-Im with nitrite and its kinetics
Different solutions of NO2- are prepared in a nitrogen-purged glove box. Here, an anaerobic
0.100 M nitrite ion standard (Sigma Aldrich) solution is diluted with DI water to make 0.060 M,
0.045 M, 0.030 M, 0.015 M, and 0.006 M nitrite solutions. The aliquots were handled using a
Hamilton syringe. A 0.002 mM Fe(II) HSA-heme1-Im solution is treated with 1 μL of the
corresponding nitrite solution. A cuvette holder equipped with a magnetic stir plate was used to
ensure that the solutions were adequately mixed during the reaction. The changes in absorbance
are monitored at 558, 423, and 401 nm. In its reduced form, HSA-heme1-Im has a λmax at 423 nm.
As the reaction of Fe(II) HSA-heme1-Im with NO2- reaction progresses, the Soret band shifts to 401
nm. The absorbance at 401 nm wavelength progressively increases during the reaction. The 558
nm peak (unique to the Fe(II) HSA-heme1-Im complex) disappears as the protein reacts with NO2-.
Its absorbance decrease, along with the peak at 423 nm, is monitored and used to determine the
rate constant at each NO2- concentration, and the overall rate constant of the reaction.

17

2.3 Data analysis

Fe(III) HSA-hemeimidazole binding curves
Binding curves were developed for each titration, and sigmoidal behavior was observed for
Fe(III) HSA-hemeIm and Fe(III) HSA-heme1-Im. The binding plots were generated by plotting
log[imidazole concentration] vs. log [absorbance at certain wavelength]. The specific wavelength
is determined by observing where a peak arises from the addition of the imidazole derivative. This
peak is unique to the Fe(III) HSA-hemeimidazole complex and is a good reference to its binding.
These plots are fitted with built-in sigmoidal functions as available in Origin v8.0. For the binding
curve involving Fe(III) HSA-heme and Im, a “Dose Response Analysis” function was utilized. For
that involving 1-Im, a “Boltzmann” function was used to fit the experimental data.

Fe(II) HSA-heme1-Im and nitrite reaction kinetics
Kinetic traces are obtained by monitoring the decrease of the Fe(II) HSA-heme1-Im Soret band
at 423 m and the increasing absorbance at 401. The decrease of the unique peak at 558 nm was
also monitored to obtain kinetic information. Single exponential fits of the traces were applied
using the exponential functions available in Origin v8.0. The observed rate constants (kobs) are
plotted as a function of NO2- concentration, employing a linear fit to generate the overall rate
constant. The slope of this linear function is equal to the overall rate constant of the reaction of
Fe(II) HSA-heme1-Im with NO2-.
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Chapter 3
Results and Discussion

3.1 Determination of HSA-heme extinction coefficient using pyridine reactions
In order to determine the HSA-heme concentration used with different samples, it was
necessary to calculate the extinction coefficient (ε) at 404 nm of the protein complex. Different
dilutions of Fe(III) HSA-heme were treated with pyridine and their UV-vis absorbance measured
under reduced and oxidized conditions (Figure 8). Using the pyridine reactions data,18 the
extinction coefficient of Fe(III) HSA-heme was determined to be 0.480 μM-1cm-1. This was
calculated from a Beers-Lambert plot (Figure 9).

Figure 8. UV-vis spectra of varying concentrations of Fe(III) HSA-heme with heme-pyrox and
heme-pyrred used to determine the extinction coefficient of Fe(III) HSA-heme.
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Figure 9. Beers-Lambert linear plot used to determine the ε of Fe(III) HSA-heme (R2 =0.9900).
The R2 values of the Beers-Lambert linear plot was 0.9900, which indicates relatively good
linearity, but there are only three data points. This procedure should be repeated to obtain more
data and evaluate the results’ repeatability.

3.2 Fe(III) HSA-heme and imidazole derivatives binding constants

A 0.002 mM Fe(III) HSA-heme was separately treated with 1 M imidazole derivatives:
imidazole, 1-methylimidazole, and 2-methylimidazole. As the imidazoles were added, the solution
was monitored with UV-vis spectroscopy. When 2-Im was added to Fe(III) HSA-heme, no distinct
spectral changes were observed (Figure 10). The binding curve of 2-Im is inverted, which was not
expected and will be studied further with more trials. Spectral changes were observed for Im and
1-Im, while 2-Im only showed dilution effects. When Im was added, a continuous peak increase
was observed at 541 nm (near Q band). This peak was monitored to create a binding curve for this
substrate. The Soret red shifts further to 435 nm. This progressive, spectral change was not
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observed for the other imidazole derivatives. In the case of 1-Im, a continuous increased was
observed at 538 nm, which was used to generate the binding curve. The determined binding
constants Fe(III) HSA-heme for Im and 1-Im are 2.53x107 M-1 and 2.58x107 M-1, respectively.
The 1-Im derivative has the highest binding constant and therefore was used for the NiR reaction.

A

B

C

Figure 10. UV-vis spectra of imidazole derivative titrations to Fe(III) HSA-heme compared to the
respective binding curves. Spectral changes were observed when imidazole (A) and 1methylimidazole (B) were added. The addition of 2-Im to Fe(III) HSA-heme (C) only shows
dilution effects. HSA-heme had a binding constant of 2.53x107 M-1 for Im and 2.58x107 M-1 for
1-methylimidazole.
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3.3 The different forms of HSA-hemeimidazole

In its native form, Fe(III) HSA-heme has a Soret band at 404 nm, and once it is reduced the
Soret band red shifts to 423 nm. There are also spectral changes observed when Im or 1-Im are
added to Fe(II) HSA-heme, the active form of the enzyme. As stated in the previous section, the
addition of 2-Im did not create any spectral changes in the UV-vis spectrum of Fe(III) HSA-heme.
However, the Fe(III) HSA-hemeIm showed the Soret band at 410 nm and peaks in the Q band at
540 nm and 567 nm (Figure 11). When reduced, the Soret band of Fe(II) HSA-hemeIm red shifts
to 423 nm and distinct peaks appeared on 527 nm and 558 nm (near Q band region). The spectral
features of Fe(II) HSA-hemeIm with the addition of NO2- were qualitatively assessed. After being
reacted with 100 mM NO2-, the Soret band blue shifted to 401 nm and the Q band changed to a
broad/uneven peak at 575 nm.
The Fe(III) HSA-heme1-Im showed the Soret band at 408 nm and peaks in the Q region at 538
nm and 566 nm. When reduced, the Soret band of Fe(II) HSA-heme1-Im red shifted to 420 nm and
distinct peaks were observed at 529 nm and 558 nm, in Q region. The spectral features of Fe(II)
HSA-heme1-Im with the addition of NO2- were qualitatively assessed. The same features observed
for the reaction of Fe(II) HSA- hemeIm and NO2- were present in the UV-vis spectrum of Fe(II)
HSA- heme1-Im and NO2-. The Fe(II) HSA- heme1-Im was treated with saturated NO solution, which
creates Fe(II) HSA- heme1-Im-NO and serves as a control. The UV-vis spectrum of the HSA-heme1Im-NO

complex showed the Soret band at 401 nm and indistinct peaks at the Q band region at 538

nm and 573 nm.
Spectral changes are observed for Fe(II) HSA-heme2-Im. The Soret band was at 421 nm and
peaks at the Q band region at 533 nm and 561 nm. When reacted with 100 mM NO2-, Fe(II) HSA-
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heme2-Im showed the Soret band at 400 nm and indistinct peaks at 536 nm and 574 nm. This differs
from the NiR UV-vis spectrum obtained for Fe(II) HSA-hemeIm and Fe(II) HSA-heme1-Im,
potentially indicating that a different product was yielded.

A

B

C

Figure 11. UV-vis absorption spectra of Fe(II), Fe(III), and the product generated from the
reaction between Fe(II) and nitrite for HSA-hemeIm (A), HSA-heme1-Im (B), and HSA-heme2-Im
(C).
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The spectral commonalities between Fe(II) HSA-hemeIm and Fe(II) HSA-heme1-Im when NO2is added indicate that the same product is yielded. Thus, the addition of the imidazole derivatives
did not impede for the reaction to take place. It is necessary to then determine the rate constant of
the NiR reaction. Given that the 1-Im had the highest binding constant with Fe(III) HSA-heme,
this derivative was selected to proceed the kinetic analyses.

3.4 Reaction kinetics of Fe(II) HSA-hemeimidazole with NO2-

Each Fe(II) HSA-hemeimidazole complex was titrated with nitrite and the reaction progression
observed (Figure 12). For Fe(II) HSA-hemeIm, as the NiR progressed, there was a decrease of the
peak at 541 nm. In the case of Fe(II) HSA-heme1-Im, as the NiR progressed, there was a decrease
of the peak at 538 nm. The Fe(II) HSA-hemeIm and Fe(II) HSA-heme1-Im complexes reach the
same UV-vis spectral patterns as a result of the NiR reaction: Soret band near 423 nm and
broad/uneven band at 571 nm (near Q band region). For all three imidazole derivative complexes,
the Soret band shifts from 423 nm to 401 nm. The blue shift of the Soret band indicates that the Fe
center of HSA-heme was oxidized as the reaction progressed. The band at 575 nm is unique to the
product of the NiR reaction. The kinetics were determined reaction of Fe(II) HSA-heme1-Im and
nitrite.
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A

B

C

Figure 12. UV-vis absorption spectra of the addition of 0.100 M NO2- to Fe(II) HSA-hemeIm (A),
Fe(II) HSA-heme1-Im (B), and Fe(II) HSA-heme2-Im (C).
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A ~0.002 mM Fe(II) HSA-heme1-Im was reacted with varying concentrations of nitrite to
determine the observed rate constant (kobs) at each concentration and then the overall rate constant
of the reaction. Kinetic traces were developed for each NO2- concentration to determine the kobs
(Figure 13). The kobs values for each nitrite concentration at 423 nm and 558 nm are summarized
in Table 2. These wavelengths were selected for they are unique peaks of Fe(II) HSA-heme1-Im
that decrease as the NiR reaction progresses. Thus, they represent the consumption of the reactant
as the product is yielded and are ideal to determine the rate constants.
A direct proportionality was observed between the concentration of nitrite and the observed
rate constant. The suggested mechanism for the HSA-heme1-Im NiR reaction may be similar to that
of Mb:2
𝑘1

Fe(II) HSA-heme1-Im + NO2- + H+ → Mb(III) + NO + OH𝑘2

Fe(II) HSA-heme1-Im + NO → Mb(II)-NO

(1)
(2)
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Figure 13. UV-vis absorption spectra of Fe(II) HSA-heme1-Im with the addition of varying NO2concentrations compared with the respective kinetic traces at 401 nm, 423 nm, and 558 nm.
Table 3. The kobs of the reaction of Fe(II) HSA-heme1-Im with NO2- monitored at specific
wavelengths.
[NO2-] (M)

kobs at 423 nm (s-1)

kobs at 558 nm (s-1)

0.006

0.0082

0.0074

0.015

0.0167

0.0263

0.030

0.0189

0.0183

0.060

0.0238

0.0267

0.100

0.0347

0.0334
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Using the observed rate constant at each wavelength, two overall rate constants (koverall) were
calculated. The koverall at 423 nm and 558 nm were 0.2004 and 0.285 M-1s-1, respectively (Figure
16). Although they were expected to be similar, these rate constants are slightly different, which
may indicate that there are some side reactions taking place. This would affect the proportionality
with which the peaks at 423 nm and 558 nm diminished in respect to each other (Figure 13, Panel
2). If only the NiR reaction was taking place, the two calculated koverall values would be the same.

A

B

Figure 14. Kinetic plot of the reaction of Fe(II) HSA-heme1-Im with nitrite at 423 nm (A) and 558
nm (B). The overall rate constant (k) at 423 nm and 558 nm is 0.2465 M-1s-1 and 0.2008 M-1s-1,
respectively.

The NiR reaction rate constant of Fe(II) HSA-heme1-Im (0.2008-0.2465 M-1s-1) is smaller
than that of wt HSA-heme (1.3 M-1s-1)14 and Mb (~3-5 M-1s-1).1,2,6 It may be necessary to repeat
the Fe(II) HSA-heme1-Im reaction and optimize the parameters to increase the NiR rate constant. It
is possible that the imidazole derivative is not reaching the desired interaction [N(Im)-Fe instead
of O(Tyr)-Fe] with the Fe center and the Mb binding site is not being mimicked that well.
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3.5 Confirmation of Fe(II) HSA-heme1-Im NiR activity and comparison with the kinetics of
wt HSA-heme and Mb
A UV-vis absorption spectrum of the Fe(II) HSA-heme1-Im-NO complex is compared with a
spectrum of the finalized reaction of Fe(II) HSA-heme1-Im with NO2- (Figure 15). The complex
spectrum served as a reference. These two spectra were expected to look similar, for the same
product should have been yielded in both reactions. However, there are spectral differences
between the complex and the reaction (Figure 17A). Both retain the Soret band at 401 nm, but
there are notable differences near the Q band region. The broad/uneven peak at 575 nm present in
the Fe(II) HSA-heme1-Im with NO2- spectrum is missing in the spectrum of the Fe(II) HSA-heme1Im-NO

complex. Unlike the spectrum observed from Figure 15A, the spectrum generated by the

NiR reaction of wt Fe(II) HSA-heme, and that of the Fe(II)-NO complex perfectly overlay (Figure
15B). This may indicate that the addition of NO to Fe(II) HSA-heme1-Im may have not been done
properly or requires further purification.
It is possible that NO is, in fact, being produced in the reaction of Fe(II) HSA-heme1-Im with
NO2- but there it is spectroscopically difficult to confirm, due to the spectral dissimilarities between
the reaction and the complex reference.

A

B

Figure 155. Overlay of UV-vis absorption spectra of summarizing results for 1-Im (A) compared
to that of wt Fe(II) HSA-heme (B).
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3.6 Conclusion and future plans

In this project, it was possible to create different HSA-heme imidazole complexes and
determine their respective binding constants. The addition of imidazole derivatives to Fe(II) HSAheme successfully formed HSA-hemeimidazole complexes, which were confirmed via UV-vis
spectroscopy. The binding constants for 1-Im and Im were 2.58x107 M-1 and 2.53x107 M-1,
respectively. The 1-Im derivative proved to have the highest binding ability with Fe(III) HSAheme. Thus, this imidazole derivative was chosen to proceed the NiR reaction testing.
All imidazole complexes were reacted with NO2- to qualitatively assess their spectroscopic
features, but only the kinetics of the reaction of Fe(II) HSA-heme1-Im were determined. At 423 nm
and 558 nm, the koverall were 0.2465 M-1s-1 and 0.2008 M-1s-1, respectively. These difference
between these two koverall values indicate there are other reactions taking place besides the NiR
reaction, because the decrease of the peaks at 423 nm and 558 nm should be directly proportional.
There are spectral similarities between the spectrum of the Fe(II) HSA-heme1-Im-NO complex and
that of the reaction of Fe(II) HSA-heme1-Im with NO2-, such as the Soret band at 401 nm. However,
the differences near the Q band of these spectra make it hard to confirm the presence of NO in the
spectrum of the finalized NiR reaction.
The NiR reaction rate constant of Fe(II) HSA-heme1-Im (0.2008-0.2465 M-1s-1) is smaller than
that of wt HSA-heme (1.3 M-1s-1)14 and Mb (~3-5 M-1s-1).1,2,6 Optimization of parameters may lead
to an increased rate constant, making this synthetic enzyme more effective. The next step of this
project is to study the protein complex Fe(II) HSA-hemeimidazole via X-ray crystallography to
explore the N(Im)-Fe interaction and the crystal structure of the product of the reaction of Fe(II)
HSA-hemeimidazole with nitrite. To confirm the presence of NO as a result of the reaction of Fe(II)
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HSA-heme1-Im with NO2-, an NO sensor can be used. This will help confirm whether the HSAheme imidazole derivative is able of acting as a nitrite reductase. In the future, it would be
interesting to evaluate the NiR kinetics of Fe(II) HSA-hemeIm and the turnover capacity of all
Fe(II) HSA-hemeimidazole.
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