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Abstract

The formation and structural characterization of the interactions of the oxygen-carrier
proteins myoglobin (Mb) and hemoglobin (Hb) with C-nitroso metabolites are described. The
spectroscopic studies and X-ray crystal structures provide a direct correlation and explanation of
the toxic side-effects associated with bioactivation of nitrogenous species into C-nitroso (RNO)
metabolites in vivo.

Chapter 1 introduces the physiological pathways that give rise to C-nitroso compounds and
provides specific examples of prescription drugs and other small molecules known to undergo
such biotransformations. This chapter also provides a brief overview of the health-related problems
linked to the binding of RNOs to hemeproteins, such as methemoglobinemia, hemolytic anemia,
and liver enzyme damage. Overviews of the structures of Mb and Hb, and the active-site amino
acid movements expected to mediate heme-ligand binding are also provided.

Chapter 2 describes the selection process and biological significance of a series of
nitroalkanes (RNO»; R = Me, Et, Pr, iPr) used as RNO precursors for this systematic study. The
same ligands were then used to form the Mb-RNO adducts (under reducing conditions) in order to
determine the influence of RNO sterics on ligand binding to Mb and the stability of the complexes
resulting from such binding. In that same chapter, I also determined the influence of the distal-
pocket amino acid residue His64 on ligand access into the active site, as well as resultant Mb-RNO
complex stability. The apparent rates of formation of each ferrous Mb''-RNO adduct and seven
distinct X-ray crystal structures are presented here. The resulting X-ray crystal structures show
that these RNOs favor the N-binding mode when forming the ferrous Mb"-RNO complexes in
both wt and the H64A mutant. However, the geometric orientations of the ligands differ

significantly between protein models. In some cases, these spatial discrepancies are due to ligand
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sterics, and in others are due to the influence of distal pocket composition. These results reiterate
the idea that protein-ligand interactions vary at the molecular level despite protein-ligand system
similarities. Ultimately, these results depict how C-nitroso metabolites inhibit Mb from carrying
out its role in O storage by occupying the active site.

In Chapter 3, I continued to monitor the interactions of C-nitroso compounds, but this time
with hemoglobin as the target protein. Numerous studies indicate that RNO binding to Hb induces
protein degradation. Yet, the molecular mechanism for this process remained largely unknown.
Using the same techniques as described in Chapter 2, I prepared crystals of the RNO (R= Me, Et,
Pr) bound Hb-ligand complexes and solved their X-ray crystal structures. As observed with Mb,
these nitroso metabolites favored an N-bound state in both the a and  subunits, forming ferrous
Hb[a-Fe'(RNO)][B-Fe''(RNO)] complexes. To determine the structural consequences of RNO
binding, I continued to harvest and collect data (every ~2 weeks) on crystals from the same
crystallization vial as those used to solve the ligand-bound structures. As a result, I obtained 4
additional distinct X-ray crystal structures that reveal key intermediate steps in the overall
molecular mechanism of Hb degradation. From the MeNO set, one structure revealed ligand
displacement by a water molecule, and congruent Fe oxidation into the ferric Fe'' state. A different
structure displayed hemichrome formation in the B subunit after EtNO binding. This was marked
by bis-His coordination of the Fe center, which was accompanied by large unraveling of the BF-
helix and BCys93 S-nitrosation. Another structure revealed that hemichrome formation is followed
by simultaneous partial protein refolding and partial heme slippage. In this structure, Fe anomalous
mapping revealed two positions for the metal: one in the original ligand-bound position and a
second significantly displaced from the active site towards the solvent exterior of the protein (Fe-

Fe measured distance of 5.2 A). Finally, the PrNO related Hb structure was especially unique. In
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this structure, the B subunit of Hb was observed in two distinct degradation stages. The BF-helix
was modeled in both the ligand bound folded state and the hemichrome unraveled form.
Furthermore, Fe anomalous mapping indicated two positions for the heme with equal occupancies
as the PHis92 residue that serves to anchor the metal in place. Together, these structures provide
crystallographic evidence for i) ligand binding, ii) Fe!" oxidation, iii) hemichrome formation, and
iv) the heme slippage intermediate steps leading to Hb degradation. Each structure details the
global changes and active site chemistry that occurs at the time of RNO binding to Hb, and as the
structure morphs as a result of C-nitroso binding.

Chapter 4 explores the importance of metal identity and redox state of the macrocycle on
Mb-RNO complex formation. Here, CoMb and ChlMb were prepared by removing heme from
native Mb and substituting it with Cobalt PPIX and Chlorin, respectively. The reactions of the
ensuing proteins were monitored with the same series of alkyl nitroalkanes as described in Chapter
2 for comparison. My results indicate that RNO binding to reduced Co''Mb is unstable, evidenced
by apparent oxidation of Co'™b into Co™b upon addition of RNO, precursor. On the other
hand, stable complex formation was observed with ChIMb. However, due to lack of X-ray
crystallography results, the RNO binding mode (N vs O) remains unclear. Also discussed in this
chapter are the interactions of native Mb with a series of nitrotoluenes (NTs) to probe the limits to
which the active site of Mb can accommodate RNOs. Parallel studies were done with the H64A
Mb mutant. In the wt species, binding of NT to ferrous Mb" was unstable and resulted in spectral
traits characteristic of the ferric wt Mb"'-H»O species. Interestingly, the same reactions resulted in
short-lived ferrous Mb!'-RNO complexes in the H64A analog. These results indicate that larger

NTs can also bind Mb, but that the binding is transient.
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Chapter 1.  Introduction

The reactions between organic C-nitroso compounds (RNOs) and heme-containing
proteins has been a topic of interest for well over a century. The earliest studies documented heme-
nitroso chemistry resulting from the interactions of hemoglobin (Hb) with nitrobenzene. In the
year 1878, Filehne W. reported that human blood actively reduced nitrobenzene (PhINO>) to its
active nitrosobenzene ((PhNO) form [1]. The reduced product of this redox reaction, PhNO,
exhibited a strong affinity towards heme. In fact, early studies described this heme-nitroso
chemistry in terms of “combining power,” because PhNO and heme “combine” to form a single
highly stable Hb-PhNO complex [1, 2]. Moreover, since PhNO occupied the heme active site of
Hb upon complex formation, it rendered blood unable to bind and transport oxygen. This in turn
was reported as the leading cause of some of the toxic side-effects associated with nitrobenzene
poisoning, including methemoglobinemia [3-6]. While the prevalence of nitrobenzene poisoning
during that time may have sparked an initial interest in the subject, heme-nitroso chemistry
continues to be a highly relevant topic today. This is due in large part to the ubiquitous dispersal
of heme proteins in nature and the swift bioactivation of nitrogenous species into reactive RNO
metabolites.

Over the years, different types of spectroscopy, electrochemical techniques and biological
assays, to name a few, have been used to investigate the interactions between C-nitroso compounds
and various heme proteins. Synthetic heme models have been built to mimic biological systems in
an attempt to facilitate the identification of intermediates formed from such reactions. More
recently, X-ray crystallography, almost exclusively from our laboratory, has been employed to
determine the three-dimensional structures of a handful of biologically-relevant protein models in

the heme-nitroso binding state. These X-ray crystal structures have provided a great deal of insight



into the chemistry of these adducts [7-9]. However, several questions regarding the nature of
binding and the effect(s) on active site structures remain unanswered.

In this work, I use X-ray crystallography and UV-vis spectroscopy as the main tools to
interrogate the heme-nitroso chemistry resulting from the reactions of organic C-nitrosoalkanes

with myoglobin (wild type and H64A mutant) and human hemoglobin.

1.1 C-nitroso compounds

Organic C-nitroso compounds (RNO) are valence isoelectronic with Oz, and this chemical
characteristic makes RNOs biologically significant since it gives them the ability to compete for
binding to the heme iron of various metalloproteins. While C-nitroso compounds are not regularly
encountered in the environment in large quantities, they are common bioactivation products of
drugs and other exogeneous compounds containing the amine (RNH»2) and/or nitro (RNO,)
functional groups [10-14]. Under normal or perturbed physiological conditions (e.g., during
infection), nitrosoalkanes can form via two pathways, i) through the oxidative metabolism of
amines and hydroxylamines (RNHOH) or ii) by the reduction of nitro-containing compounds

(Figure 1.1) [14].

0 O OH
7 7
R—N+ —» R—N -<=<=— R—N -<«—— R—NH,
o H
Nitro Nitroso Hydroxylamine Amine
RNO, RNO RNHOH RNH,

Figure 1.1 Left to right, reductive metabolism of nitro compound to nitroso products. Right to left,
oxidative metabolism of amines and hydroxylamines to nitroso products.

Some examples of nitrogenous species known to undergo bioactivation through the

oxidative pathway include dapsone (a dermatological drug containing an amine moiety), aniline



(an amine-containing compound, used for the manufacturing of industrial chemicals) and
amphetamine (a prescription drug commonly used for the treatment of ADHD and obesity).
Studies show that dapsone is bioactivated by cytochrome P450s to the hydroxylamine
intermediate, which is then oxidized by hemoglobin in red blood cells to produce the nitroso
product [15, 16]. It is also known that N-oxidation of amphetamine forms the N-
hydroxyamphetamine metabolite, which can further [17, 18] react with cytochrome P450 [19, 20]
and prostaglandin H synthase [21] to generate nitrosoamphetamine. In a similar manner, aniline
has been reported to undergo metabolic activation in rats resulting in nitrosobenzene formation
[22-24].

As mentioned before, blood itself is metabolically competent to reduce nitrobenzene into
the nitroso derivative. Similarly, simple nitroalkanes can also undergo reductive metabolism
resulting in the nitroso form [14]. Due to their widespread use (as solvents, chemical intermediates,
and fuel for rockets and race cars) large amounts of nitroalkanes are released into the environment
and can make their way into the human body [25]. Once inside, their interconversion is primarily
catalyzed by cytochrome P450s [12]. Likewise, nitro-containing drugs such as chloramphenicol (a
commonly prescribed antibiotic) and nitro-benzothiazinones (antitubercular agents) have also
been reported to undergo reductive activation to form nitroso products [26]. Although these are
only a few examples, biotransformations resulting in reactive C-nitroso compounds have been
reported in detail [12, 23, 24, 27-30].

Our bodies metabolize nitrogenous species in an attempt to clear our system of foreign
substances. However, the resulting C-nitroso products often impart severe damage to proteins,
which can eventually cause health related problems [10-13]. For instance, the catalytic conversion

of aniline to PhNO has been reported, in rats, to induce methemoglobinemia and hemolytic anemia



in the animal [22]. This is primarily caused by the initial binding of PhNO to red blood cells and
consequential Fe release and accumulation in the spleen [3, 31]. Similarly, once formed,
nitrosodapsone can also interact with red blood cells and cause methemoglobinemia. Furthermore,
nitrosodapsone has been documented to bind cytochrome P450s and form Fe(II)-RNO inhibitory
complexes, rendering the enzyme non-functional [15, 16, 32]. Unfortunately, many other nitro-
containing drugs exhibit these serious side-effects upon reductive biotransformation [14, 21, 26,
28, 30, 33-36]. Chloramphenicol has even been named a suicide inhibitor of the very protein
responsible for its detoxification [35].

Medicinal chemists have increased their efforts to turn away from the development of nitro-
containing drugs due to their high toxicities and serious side-effects [28, 36]. Yet, deviating from
such functional groups seems unlikely in the near future. As such, there is an increased need for
the structural biology of the subsequent heme-nitroso complexes, which can provide a better
understanding about the mode of binding of RNOs to heme protein, and the architectural

consequences of such binding to protein structure and function.

1.2 Heme

Heme, also known as protoporphyrin IX, is an important redox-active biological cofactor.
It is composed of an Fe atom tetra-coordinated to a macrocyclic compound (Figure 1.2). The Fe
atom at its core in the reduced ferrous state gives heme its red color, and this color changes
depending on the redox state of the metal. Heme is synthesized in organisms through a complex
eight-step pathway involving multiple enzymes [37-39]. Due to its redox versatility, nature
incorporates heme into several types of proteins essential for life on earth [40, 41]. In this work,

we will only focus on two heme proteins, myoglobin (Mb) and hemoglobin (Hb).
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Figure 1.2 The prototypical heme: protoporphyrin IX.
1.3 Myoglobin

The heme protein, myoglobin (Mb), plays an important role in the physiological function
of heart and skeletal muscle. This is predominantly due to Mb’s ability to store and release
dioxygen (O2) as needed for cellular processes. Mb is a small monomeric protein of ~17 kDa. Mb
composed of eight a-helices arranged in a globular 3D structure with a heme prosthetic group
embedded within the protein near the surface (Figure 1.3A). As with most heme proteins, the
central chemical function of Mb is dependent on the use of this heme cofactor.

The heme cofactor allows Mb to reversibly bind O directly at the Fe center. In its ferric
(i.e. “oxidized,” Fe'") state, Mb’s heme Fe!! adopts a high-spin state with water bound at the sixth
coordinating position; at the same time, a second bond connects heme to Mb through His93
coordination (Figure 1.3B) [42]. The area above the heme is termed the distal pocket, and it is
made up mostly of hydrophobic amino acids, with the exception of His64 near the surface. Residue

His64 is located at the entrance of the active site and it can participate in H-bonding with Fe-bound



ligands; in this example, His64 serves to stabilize the water molecule through H-bonding and acts
as a gatekeeper limiting access into the active site (Figure 1.3B) [42].
In its ferrous form, the heme iron adopts a five-coordinate state, in which the sixth

coordination position is available for binding. Thus, dioxygen can bind reversibly to the ferrous

iron center of the heme cofactor for optimized O, storage and release [43].
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Figure 1.3. Structure of aquomet swMb (PDB ID 2MBW [42]). A) Globular 3D structure of Mb
with the surface of the protein shown in light gray. An arrow points to the entrance of the active
site. The 8 a-helices making up the 2° structure of Mb are shown in rainbow colors, with the N-
terminal A o-helix shown in navy blue. B) Zoomed-in view of the active site rotated ~80° as
compared to A. The area above the heme containing His64 and other labeled hydrophobic amino
acids is referred to as the “distal pocket.” Also shown is His93 that covalently links heme to Mb,
and water bound at the sixth coordinating position which is the position for ligand binding.



1.4 Hemoglobin

Hemoglobin is a heme-containing protein found in the red blood cells of most vertebrates.
The main purpose of Hb is to transport oxygen from the lungs to the muscle protein Mb. In humans,
~96% of circulating Hb is composed of two copies of an aff dimer that combine to form a globular
tetrameric structure of ~64 kDa (Figure 1.4). The individual a and B subunits share only 43%
sequence identity, yet both subunits are composed of 8 a-helices folded in a similar manner
(RMSD 0.861 A). The active sites of both subunits of Hb are highly conserved and resemble that
of Mb. The heme is anchored to the active site through an Fe-N bond with the proximal His residue
(His87/92 in o and P respectively) similar to that seen in Mb. The distal His residue of Hb
(His58/63 in a and B, respectively) plays an important role in dictating substrate access into the
active site and by participating in H-bonding with certain ligands. Both sperm whale Mb and

human Hb were used as the protein targets in this work.

Figure 1.4 Structure of human Hb (PDB ID 305Q) Left: Tetrameric structure of Hb with the
surface of the protein shown in light gray. Right: Active site models of the a and  subunits with
relevant amino acids labeled.



1.5 Research Focus

The overarching goal of my research is to characterize the heme-nitroso chemistry resulting
from the reactions of organic C-nitrosoalkanes (RNOs) with Mb and Hb. My work uses UV-vis
spectroscopy to probe these reactions in solution, and it also harnesses the power of X-ray
crystallography to develop a clear picture of the global and local structural changes that these
proteins undergo as a result of RNO binding. To do so, I developed a series of systematic
experiments designed to i) determine the influence of ligand sterics on RNO binding, and asses
the stability of the resulting heme-nitroso complexes, ii) characterize the influence of distal pocket
amino acid composition on ligand access into the active site and identify the amino acid residues
involved in the coordination of these complexes and, iii) characterize the global architectural
changes that these proteins undergo at the time of RNO binding, and after.

In Chapter 2, I describe my investigations into the interactions of Mb with nitrosoalkanes
of increasing alkyl group sizes, in order to determine the effects of ligand sterics on RNO binding
to Mb and the resulting stability of those complexes. I used UV-vis spectroscopy to monitor the
formation of four distinct Mb-RNO (R = methyl, ethyl, propyl and isopropyl) derivatives and
determined their apparent rates and extents of formation. To further characterize the products of
these reactions, I used X-ray crystallography to solve the structures of these complexes. The
resulting high-resolution models provide an in-depth view of the heme-nitroso chemistry occurring
in the active site of Mb and also reveal the overall changes to the architecture of the protein.

Expanding on this line of research, I also studied the impact of distal-pocket site directed
mutations on RNO ligand coordination and accessibility into the Mb active site. Residue His64,
located at the entrance of the Mb active site, serves as a gatekeeper into the heme pocket and can

participate in H-bonding with ligands. Using the H64A Mb mutant and same methodologies as



described above, I determined the extent to which His64 hinders RNO access to the heme. My
research shows that by removing the distal pocket His64 residue, small RNOs (R = methyl, ethyl,
propyl and isopropyl) enter the active site in an almost instantaneous manner and form stable Mb-
RNO adducts. Furthermore, the H64A Mb-RNO crystal structures show significant differences in
ligand orientation within the distal-pocket as compared to wt Mb, indicating the importance of
His64 in ligand coordination.

In Chapter 3, I extended my research with the same small RNOs (R = methyl, ethyl, and
isopropyl), but I turned to Hb as my heme protein model. Previous research by others had
demonstrated that the interactions of certain nitroso compounds to human Hb induces heme loss,
which can cause health related problems such as anemia. However, the structural mechanism by
which RNO binding leads to Hb degradation was unknown. In Chapter 3, through several unique
X-ray crystal structures, I successfully determined the step-by-step mechanism of heme loss
caused by RNO binding that leads to Hb degradation. These structures depict in detail, the
chemistry occurring at the active site at the time of complex formation, as well as the global
structural-changes that the protein undergoes as it progresses through the different stages that lead
to heme loss.

Lastly, in Chapter 4, I investigated the influence of metal identity, and the importance of
redox state of the macrocycle on Mb-RNO complex formation and stability. To do so, I removed
Mb’s natural heme and reconstituted the apo-protein with either cobalt-protoporphyrin IX or with
chlorin (an Fe-containing reduced macrocycle). The reactions of the resultant CoMb and ChIMb
species were studied with the same series of nitroalkanes (R = methyl, ethyl, propyl and isopropyl)
as those discussed in Chapter 2 for comparison. Furthermore, I monitored the reactions of Mb with

a series of nitrotoluenes to determine the extent to which the protein’s heme-pocket can



accommodate these RNOs. Finally, in that chapter, I also characterized the reactions of human Hb

with arylhydrazines, a different class of ligands also known to lead to Hb degradation.
Altogether, my work illustrates explicitly how RNOs, which are naturally occurring

metabolites, bind to Mb and Hb and disrupt their function either by inhibiting the protein or

damaging its structure.
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Chapter 2.  Coordination of alkyl nitroso compounds with myoglobin: effect of

ligand sterics on RNO binding and complex stability

2.1 Introduction

Mb is a heme-containing protein found in the muscle cells of most vertebrates.
Historically, Mb is known for its vital function in O storage, which is essential for tissue health
and O> metabolism. Recently, other functions of Mb involving simple nitrogen oxides (NOx) have
been identified. For example, Mb has been reported to play a crucial role in the homeostasis of the
cardiovascular system by acting as a NO scavenger [1-4]. Research also shows that Mb is
metabolically competent to bind and reduce nitrite (NO>) to NO [4-7]. However, binding of certain

NOx derivatives, such as nitroso (RNO, R = alkyl or aryl) compounds, can be deleterious to the

protein.
"O—N R—N
N\ N\
N o NO N o
Nitrite Nitric oxide C-nitroso

Figure 2.1 NOx species known to interact with Mb.

C-Nitroso compounds are biologically relevant NO, derivatives that are formed in vivo
through the metabolic oxidation of amines (RNH;) and hydroxylamines (RNHOH), or by the
reduction of nitro-containing (RNO,) compounds [8-12]. Once formed, RNO molecules have been
reported to displace substrates from the heme pocket of certain metalloproteins and bind the iron
center with a higher affinity than their natural ligands [13-15]. This Fe-RNO binding can often
result in serious side-effects and health related problems [16-20]. For instance, decades of research
show that binding of nitrosobenzene (PhNO) to hemoglobin (Hb) inhibits the protein, rendering it

unable to transport oxygen [21, 22]. Ultimately, Hb-PhNO binding can lead to blood related
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diseases such as methemoglobinemia and hemolytic anemia, which help explain some of the side-
effects of associated with nitrobenzene poisoning [16, 23, 24]. Similarly, binding of certain RNOs
to the heme-protein cytochrome P450 results in enzyme inhibition. The damaging effects of heme-

nitroso interactions are well-documented, and a more detailed discussion was provided in Chapter

1.
0 i o OH
4 : 7
R—N+ —: R—N !<=— R—N -<«—— R—NH,
o § : H
Nitro Nitroso ! Hydroxylamine Amine
RNO, :  RNO E RNHOH RNH,

...............

Figure 2.2 Left to right, reductive metabolism of nitro functional groups to nitroso products. Right
to left, oxidative metabolism of amines and hydroxylamines to nitroso products.

Despite the negative physiological outcomes resulting from RNO binding to
hemoproteins, only a few X-ray crystal structures have been published in the heme-nitroso binding
state. In fact, to-date, only four Mb-RNO structures have been reported, all of which have been
solved by the Richter-Addo research group. Both the N and O atoms of the RNO groups are basic
sites that can, in principle, coordinate to metal centers. The N-binding mode is the most commonly
observed mode of binding to date [25], although the O-binding mode has been reported in one case
[26] (Figure 2.3). In 2003, Dr. Copeland obtained the structures of horse heart myoglobin (hhMb)
in the ligand bound state with nitrosomethane (MeNO) and nitrosoethane (EtNO), then in 2007
the hhMb-PhNO structure was released [27, 28]. In all three instances, the ligand was N-bound to
the Fe-atom with measured N-Fe distances of ~2.1 A. Surprisingly, MeNO, EtNO, and PhNO had
similar spatial conformations with respect to the heme-pocket regardless of size. In each case, the
alkyl/aryl group was oriented towards the interior of the active site. Furthermore, larger RNOs

were not expected to bind Mb due to its restricted active site volume. Then, in 2017, Drs. Wang
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and Powell solved the structure of mutant H64A sperm whale myoglobin (swMb) liganded to
nitrosoamphetamine (AmphNO) [13]. As observed with the hhMb analogues, AmphNO was also
N-bound to the swMb heme with a measured N-Fe distance of 1.9 A. Unlike the hhMb-RNO
structures, however, H64A swMb-AmphNO revealed a distinct conformation in which the organic

group was oriented towards the solvent region of the structure.

N—R 0] R
N\
O// Ny /
M M
O-binding N-binding

Figure 2.3 Possible Fe-RNO binding modes.

These X-ray crystal structures provided a great deal of information regarding the heme-
nitroso chemistry resulting from RNO binding to Mb. However, they also raised some questions.
First, while hhMb and swMb share ~88% sequence identity, it is unclear whether the organism
from which Mb originated (hh or sw) influenced the RNO orientation. Alternatively, the observed
differences in ligand coordination could have resulted from the H64A mutation. Therefore, the
influence of ligand sterics on RNO binding remained unclear. The goal of the research presented
in this chapter is to (i) determine the mode of RNO binding (O-bound vs N-bound), (ii) elucidate
the importance of distal pocket amino acid composition on heme accessibility and ligand

coordination, and (iii) determine the effects of ligand sterics on RNO binding and stability.

2.1.1 Protein models used in this study

To achieve my goals, I chose to work only with recombinant Mb proteins from sperm
whale, this way I eliminated the organism variable. Mb is a small globular protein with a distal

pocket composed mostly of hydrophobic residues, with two main exceptions (Figure 2.4A). First,
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the proximal His93 located in the F-helix of the protein anchors the heme through an (His93)N¢-
Fe(heme) bond. The second exception is the distal His64 residue, which is located on the E-Helix
and is situated directly at the entrance of the heme-pocket. His64 serves as a gatekeeper, in fact it
is believed that the residue swings outward to grant ligands access to the heme [29-31].
Furthermore, His64 can also participate in H-bonding with Fe-bound substrates. To probe the
importance of His64 on RNO entry into the active site and coordination within the heme pocket, I
chose to monitor the reactions of wt and H64A swMb with a select group of nitroalkane precursors
under reducing conditions. The H64A mutation is expected to remove the steric hindrance of His64
and allow Mb to accommodate larger RNOs as compared to the wt protein (Figure 2.4B).
Furthermore, I expect the RNO molecules in the H64A mutant to have more dispersed spatial

conformations with respect to the heme-pocket than in the wt swMb.

A > B é\H64
/\//N /z%

A64
N N
(/ (/
HN / HN /
H93 H93
wT H64A

Figure 2.4. A) 3D structure of myoglobin with relevant heme-pocket residues shown. B) models
of wt swMb and the H64A mutant.

2.1.2 Selection of RNO ligands

After choosing my protein models, careful consideration was taken in selecting RNO
ligands for my systematic heme-nitroso studies. First, to remove the “metabolism” variable from

my work, I chose to form all RNO ligands through the reductive pathway by utilizing nitro-
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precursors as my starting material (Figure 2.5, left). Then, to gain insight into the effects of ligand
sterics on RNO binding and complex stability, I chose nitroalkanes in which the alkyl group
increased by a single methyl group at a time; i.e., R = Me, Et, and Pr. I also included the branched
iPrNO; precursor into my study. Unlike the planar R group in the Mb-PhINO complex reported by
Dr. Copeland, the iPr group is expected to be less rigid. This means that iPr can potentially
bend/twist to fit within the active site, which can in turn alter heme-pocket amino acid residue
conformation to facilitate binding. Therefore, this ligand would provide additional insight into the

influence of ligands sterics on substrate binding and complex lifetime.

0 - 0!
7 vV
o { | nitrosomethane nitrosoethane 1-nitrosopropane 2-nitrosopropane
Nitro i Nitroso (MeNO) (EtNO) (PrNO) (iPrNO)
(RNO2) (RNO)

Figure 2.5 Reductive metabolism of nitro precursors (/eff) used to generate the RNO ligands for
this study (right)

Finally, these small alkyl nitroalkane precursors were chosen in part for their biological
relevance. Small nitroalkanes are toxic and have been classified as carcinogenic, neurotoxic and
genotoxic. Due to their broad use, humans are frequently exposed to nitro-containing compounds
[17, 32-34]. When nitroalkanes enter the blood stream, they can interact with different
metalloproteins inside the body and can undergo bioactivation. For example, the 2-nitropropane
ligand precursor from my series has been shown to undergo metabolic reduction in rats which
ultimately results in liver damage [32, 35-37]. Likewise, from my series of RNOs, MeNO has been
identified as an inhibitory ligand resulting from the catalytic conversion of aziridine based

antitumor drugs [38]. Due to the increased health associated risks of the selected RNOs, it is crucial
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to thoroughly characterize their reactions with Mb and to obtain three-dimensional models of the
RNO-bound protein complexes.

My approach is relatively straight forward in concept, but not easy to achieve in practice.
I used UV-vis spectroscopy to monitor the reactions of wt and H64A Mb with a series of
nitroalkanes of increasing alkyl group size (R = Me, Et, Pr, iPr). Then, I further characterized the
products of those reactions using X-ray crystallography. The results of my reactivity studies
uncovered several patterns in the extent of formation of the Mb-RNO derivatives and the lifetime
of each protein-ligand complex. Furthermore, my structural biology efforts resulted in seven

distinct high-resolution X-ray crystal structures of the Mb models in the heme-nitroso bound state.
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2.2 Materials and Methods

2.2.1 Cloning of swMb mutants

The recombinant wild-type sperm whale myoglobin (wt swMb) plasmid (pET-28a-wt) was
a generous gift by Dr. Mario Rivera from the University of Kansas. The wt swMb protein
expressed from this plasmid has two differences in the peptide sequence as compared to native wt
swMb; 1) an additional Met residue at the N-terminus due to expression in E. coli, and ii) an
unintended D122N mutation [39].

The H64A mutant used here was engineered in our lab by Dr. Bing Wang using the Quick-
Change method by Stratagene. The resulting plasmid was transformed into E. coli DH5a
competent cells, and the mutation was confirmed by DNA sequencing at the Oklahoma Medical

Research Foundation (OMRF) sequencing facility.

2.2.2 Expression and purification of swMb proteins

Wild-type and H64A sperm whale myoglobins were expressed in E. coli BL21 (DE3) cells
and purified as described by Springer and Sligar [40] with a few modifications as described by
Wang [4]. Cell lysis and protein purification steps were performed at 4 °C. Briefly, cells were
resuspended in lysis buffer (50 mM Tris-HCI, ] mM EDTA, 1 mM PMSF, pH 7.4) and lysed using
an Avestin C3 EmulsiFlex homogenizer. Then, the lysate was clarified by centrifugation followed
by two rounds of ammonium sulfate (AS) precipitation. In the first round of precipitation, 60% AS
was used to remove most of the unwanted proteins from the supernatant. Subsequently, 95% AS
was used to precipitate the desired swMb. The isolated swMb was resuspended and dialyzed
overnight in low salt buffer (100 mM potassium phosphate, 40 mM NaCl, pH 6.0) to remove

excess ammonium sulfate.
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After dialysis, the resulting protein sample was loaded into a CM-52 cellulose (Whatman)
cation exchange column and the protein was eluted using a linear salt gradient from 40 mM to 1
M NaCl (in 100 mM potassium phosphate buffer, pH 6.0). Purification of swMb from E. coli cells
often results in a mixture of apo and heme-bound protein. In order to ensure a homogeneous
mixture, the fractions collected from the CM-52 column step, which contained the least amount of
contaminating proteins (as determined by SDS-PAGE), were pooled together and reconstituted by
adding excess heme (15 mM dissolved in 0.1 M NaOH) and stirred overnight.

As the final purification step, the reconstituted protein sample was centrifuged and applied
to a G75 gel filtration column (Sigma; 20 mM Tris-HCI, 1 mM EDTA, pH 7.4). Fractions
containing the desired protein with no visible contaminating proteins (as determined by SDS-
PAGE) were pooled together and concentrated to either ~20 mg/mL (hanging drop) or ~60 mg/mL
(batch method) for crystallization. The protein concentrations of both wt and H64A swMb were
calculated using the extinction coefficient of ferric Mb™-H,O at the Soret peak (Amax 408 nm; & =

188 mM-lcm™).

2.2.3 UV-vis spectroscopy studies of wt and H64A swMb adduct formation with nitrosoalkanes

(MeNO, EtNO, PrNO and iPrNO)

UV-vis spectroscopy experiments were performed using a Hewlett Packard 8453 diode
array spectrophotometer. The reactions were carried out in 3.5 mL quartz cuvettes equipped with
screw caps (Starna Cells).

Formation of the swMb!-RNO complexes were determined using similar reaction
conditions as described by Mansuy [9] for the related horse heart Mb (hhMb) derivatives. First, 3
uM of either wt or H64A ferric swMb'"'-H>O (purified as described above) were added into a

cuvette containing 3 mL of 0.1 M phosphate buffer at pH 7.4, and the spectrum for the ferric
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protein was recorded. Sodium dithionite was added as a reducing agent to a final concentration of
20 mM, and the spectrum of the resulting ferrous sw deoxyMb!' was recorded. Once the protein
was in its ferrous state, each ligand precursor (MeNO», EtNO;, PrNO; or iPrNO;; half diluted in
MeOH) was added into the reaction mixture to a final concentration of 20 mM. At this point, the

reactions were monitored at regular time intervals for 1 h.

2.2.3.1 Time-course and extent of formation

The extent of formation for each ferrous swMb'-RNO (R= Me, Et, Pr, iPr) complex as a
function of time was determined by calculating the difference between the absorbance for the
product complex (Soret Amax ~424 nm) and the apparent isosbestic point (A 460 nm; used as

baseline reference). The resulting A424-A460 value was then plotted as a function of time.

2.2.3.2 Ligand dissociation upon oxidation via ferricyanide

First, the ferrous swMb!'-RNO derivatives were formed as described above. Excess sodium
dithionite was then removed by passing the reaction mixture through a 5 mL Sephadex G25
column. An aliquot of the resulting ligand-bound protein was then transferred into a 3.5 mL quartz
cuvette containing 3 mL of 100 mM potassium phosphate buffer (pH 7.4 or 6.0), and the spectrum
was recorded to confirm the formation of the ferrous swMb!-RNO complex (Amax ~424 nm).
Ligand dissociation was achieved by the addition of 1-6 pL of 30 mg/mL potassium
hexacyanoferrate (III) (a.k.a. ferricyanide) as determined by the reappearance of the Soret band
corresponding to ferric swMb™-H>O (Amax 408 nm). Oxidation and resultant ligand dissociation
were observed for H64A ferrous swMb!"'-RNO upon addition of ferricyanide at pH 7.4. On the

other hand, only partial oxidation/dissociation (as indicated by peaks at both A 408 and 424 nm)
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were observed for ferrous wt swMb!'-RNO at pH 7.4. However, at pH 6.0, complete oxidations

were observed for ferrous wt swMb!'-RNO upon ferricyanide addition.

2.2.4 Crystallization of ferric wt swMb"!-H;0 and preparation of crystals of the ferrous Mb"-

RNO (MeNO, EtNO and PrNO) derivatives

2.2.4.1 Crystallization of ferric wt swMb™-H>O

Ferric wt swMb!"'-H,O was crystallized using the hanging drop vapor diffusion method as
described by Phillips [41] and Wang [4, 42] with slight modifications. Briefly, a droplet of 5 uL
of wt swMb''-H,O at 20 mg/mL (as determined by absorbance at Amax 408 nm) was placed on a
cover slip and mixed with an equal volume of well solution containing 2.56-3.20 M AS, 100 mM
Tris-HCI, 1 mm EDTA, at pH 7.4. The resulting mixture was allowed to equilibrate at 20 °C over
the well buffer for approximately 8-10 h before seeding with crushed H64A swMb crystals. Brown

hexagonal shaped crystals formed after approximately 5 d.

2.2.4.2 Preparation of crystals of the ferrous wt swMb"-MeNO and -EtNO derivatives

Suitable sized hexagonal crystals of ferric wt swMb!!!-H>O were looped into a 100 uL drop
of cryoprotectant solution (3.1 M AS, 100 mM Tris-HCI, 1 mm EDTA, 10% glycerol, pH 7.4) and
covered with light mineral oil to prevent drying out. Then, 2.5 pL of the organic MeNO> or EtNO»
precursors (half diluted in MeOH) were added into the droplet and allowed to soak for 1-2 h. Solid
sodium dithionite was added into the droplet, grain by grain, until a color change from brown to
pink was observed. At that point, the reaction was monitored every 30 min by dissolving one of
the product crystals in a 2 uL drop of 100 mM potassium phosphate buffer at pH 7.4 and recording
its UV-vis spectrum on a Take3 plate using a Synergy HTX multi-mode reader (BioTek®). The

Soret peak at Amax 408 nm fully shifted to Amax 424 nm over a 1 h period, indicating that the ferrous
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wt swMb''-MeNO and -EtNO products had formed. At this point, the crystals remaining in the

droplet were harvested and flash frozen in liquid nitrogen prior to X-ray diffraction data collection.

2.2.4.3 Co-crystallization of the ferrous wt swMb-PrNO derivative

The ferrous wt swMb!'-PrNO complex was formed anaerobically (in an MBraun anaerobic
chamber) by incubating 100 pL of ferric wt swMb'-H,0 at 20 mg/mL with 0.5 pL of PrNO; (half
diluted in MeOH) for 1 h, followed by the addition of excess solid sodium dithionite (a few mg)
for another hour. Once the reaction was complete, as judged by UV-vis spectroscopy, the complex
was crystallized as described previously for ferric wt swMb"'-H,O, with the exception that
crystallization was done anaerobically. Suitable sized hexagonal crystals grew in approximately
one week. Crystals were looped outside the anaerobic chamber in an argon bath to minimize
exposure to air, cryoprotected and flash frozen in liquid nitrogen prior to X-ray diffraction data

collection.

2.2.5 Co-crystallization of the ferrous H64A swMb'-RNO (MeNO, EtNO, PrNO and iPrNO)

adducts

The four ferrous H64A swMb'-RNO complexes described here were prepared similarly;
each complex was formed anaerobically in solution prior to anaerobic co-crystallization (in an
MBraun anaerobic chamber). First, 85-100 puL of ~60-70 mg/mL ferric H64A swMb'"'-H>O in 20
mM Tris-HCI, 1 mm EDTA, pH 7.4 were mixed with 2-5 pL of the respective nitroalkane (half
diluted in methanol) for 15-30 min. Then, solid sodium dithionite was slowly added until the
solution changed color from brown to pink, at which point the reaction was allowed to proceed for
another 30 min. The solution was deemed ready for crystallization, once the formation of the Amax

424 nm peak, indicative of H64A swMb!'-RNO complex formation, was confirmed using UV-vis
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spectroscopy. The batch method was used for co-crystallization, as described by Phillips [41] and
Wang [43]. Briefly, 10 uL of the newly-formed ferrous H64A swMb!'-RNO solution was mixed
with different amounts of crystallization buffer (3.20 M AS, 100 mM Tris-HCI, 1 mm EDTA, pH
7.4) to obtain a range of final concentrations between 2.3-2.6 M AS. Hexagonal or thin plate
crystals grew after 2-3 d of anaerobic incubation. The sealed anaerobic vials containing the crystals
were transferred to the main lab area and opened under argon, where the crystals were transferred
into a 20 pL droplet of cryosolution (3.1 M AS, 100 mM Tris-HCI, 1 mM EDTA, 10% glycerol,
pH 7.4) and covered with light mineral oil to minimize exposure to air. The ferrous H64A swMb!!-
RNO crystals were then looped (also under argon), flash frozen in liquid nitrogen, and mounted
directly onto the goniometer for X-ray diffraction data collection. Notably, the ferrous H64A
swMb!-RNO crystals that were exposed to air returned to the ferric state (indicated by
reappearance of a peak at Amax 408 nm) within 24 h, while crystals not exposed to air maintained

their Amax 424 nm peak for several weeks.
2.2.6 X-ray data collection

Diffraction data were collected in-house using a Rigaku MicroMax 007HF microfocus X-
ray generator equipped with a set of VariMax HF X-ray optics coupled to a Dectris Pilatus 200K
silicon pixel detector. The data were collected at 100 K with CuKa radiation (A = 1.54178 A) from

the generator operated at 40 kV/30 mA.
2.2.7 Data processing, structure solution and refinement

The diffraction data collected were indexed, integrated and scaled using HKL3000R [44].
Then the computed sca files were converted into mt#z files using scalepack2mtz (CCP4) [45]. Initial

phases were calculated by molecular replacement via PHASER MR (CCP4). The model used for
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molecular replacement was H64A swMb-tolyl (PDB accession code SILE, at a resolution of 1.77
A) with the heme, waters and tolyl ligand removed from the structure. All structure refinements
were performed using Refimac5 (CCP4) [46] and the models were rebuilt using COOT [47]. The
final structures were checked for unusual residue conformations and contacts using MolProbity
[48].

Figures were created using PyMOL unless otherwise noted. The 2F,-F. electron density
maps were calculated by Fast Fourier Transform (FFT) in the CCP4 software package. The
resulting map files were viewed in PyMOL. To generate the F,-F. electron density maps, the RNO
ligands were first removed from the active site of the final pdb file and then processed though
Refinac5 (CCP4) to create a new F. miz file. Next, the output F. miz file was input into FFT to

generate the F,-F. electron density map file which was in turn displayed in PyMOL.

2.2.7.1 Ferrous wt swMb"-MeNO

Ten initial cycles of restrained refinement were run with Refinac5, and the R factor
decreased from 0.4507 to 0.3171. Heme, MeNO, and waters were added to the model based on the
Fo-F. electron density map in the successive refinement cycles. Three sulfate ions, and two MeNO
ligands were added using COOT. The MeNO bound to the Fe heme was modeled at 100%
occupancy, while the MeNO ligand in the Xe-1 pocket was modeled at 50% occupancy. Residue
Met0 was omitted from the structure due to lack of electron density. Two conformations were
modeled with 50% occupancy each for the sidechains Val21 and Glul09. The final model was

refined to a resolution of 1.76 A, with an R factor of 0.1358 and Ryeec 0f 0.1719.
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2.2.7.2 Ferrous wt swMb"-EtNO

Ten initial cycles of restrained refinement were run with Refinac5, and the R factor
decreased from 0.4471 to 0.3134. Heme, EtNO, and waters were added to the model based on the
Fo-F. electron density map in the successive refinement cycles. Five sulfate ions, one EtNO ligand,
and a CI" ion were added using COOT. The EtNO ligand bound to the heme iron was modeled at
100% occupancy. Residue Met0 was omitted from the structure due to lack of electron density.
Two conformations were modeled with 50% occupancy each for the sidechain Val21. The final

model was refined to a resolution of 1.76 A, with an R factor of 0.1599 and Ryee of 0.1908.

2.2.7.3 Ferrous wt swMb"-PrNO

Ten initial cycles of restrained refinement were run with Refinac5, and the R factor
decreased from 0.3400 to 0.2855. Heme, PrNO, and waters were added to the model based on the
Fo-F. electron density map in the successive refinement cycles. Four sulfate ions, one PrNO ligand,
and a Na" ion were added using COOT. The PrNO ligand bound to the heme iron was modeled at
100% occupancy. Residue Met0 was omitted from the structure due to lack of electron density.
Two conformations were modeled with 50% occupancy each for the sidechain Lys133. The final

model was refined to a resolution of 2.0 A, with an R factor of 0.1734 and Ry of 0.2052.

2.2.7.4 Ferrous H644 swMb"-MeNO

Ten initial cycles of restrained refinement were run with Refimac5, and the R factor
decreased from 0.4595 to 0.3233. Heme, MeNO, and waters were added to the model based on the
Fo-F. electron density map in the successive refinement cycles. One sulfate ion, and one MeNO
ligand were added using COOT. The MeNO bound to the Fe heme was modeled at 100%

occupancy. Residues Met0, GIn152 and Gly153 were omitted from the structure due to lack of
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electron density. Two conformations were modeled with 50% occupancy each for the sidechains
of Ser35, Val68 and Tyrl151. The final model was refined to a resolution of 1.75 A, with an R

factor of 0.1540 and Rgree 0f 0.2002.

2.2.7.5 Ferrous H64A4 swMb"-EtNO

During molecular replacement with PHASER MR (CCP4), two swMb molecules per
asymmetric unit were identified. Ten initial cycles of restrained refinement were run with Refinac),
and the R factor decreased from 0.3809 to 0.2939. Heme, EtNO, and waters were added to the
model based on the F,-F. electron density map in the successive refinement cycles. Four sulfate
ions, and two EtNO ligands were added using COOT. The EtNO found in the active site of Chain
A was modeled in at 100% occupancy, while the EtNO ligand in the active site of Chain B was
modeled in at 60% occupancy with H>O bound at the Fe center at 40% occupancy. No residues
were omitted due to lack of electron density in either Chain A or B. Two conformations were
modeled with 50% occupancy each for the Glu59 sidechain in Chain A. The final model was

refined to a resolution of 1.8 A, with an R factor of 0.1740 and Ryee of 0.2240.

2.2.7.6 Ferrous H644 swMb"-PrNO

Ten initial cycles of restrained refinement were run with Refinac5, and the R factor
decreased from 0.2896 to 0.2726. Heme, PrNO, and waters were added to the model based on the
Fo-F. electron density map in the successive refinement cycles. Four sulfate ions and one PrNO
ligand, were added using COOT. The PrNO ligand bound to the heme iron was modeled at 100%
occupancy. Residue Met0 was omitted from the structure due to lack of electron density. The final

model was refined to a resolution of 1.75 A, with an R factor of 0.1602 and Ryee of 0.1884.
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2.2.7.7 Ferrous H644 swMb"-iPrNO

Ten initial cycles of restrained refinement were run with Refimac5, and the R factor
decreased from 0.3040 to 0.2847. Heme, iPrNO, and waters were added to the model based on the
Fo-F. electron density map in the successive refinement cycles. Three sulfate ions and one iPrNO
ligand were added using COOT. The iPrNO ligand bound to the heme iron was modeled at 100%
occupancy. Residue Met0 was omitted from the structure due to lack of electron density. The final

model was refined to a resolution of 1.8 A, with an R factor of 0.1967 and Ry of 0.2298.
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2.3 Results

2.3.1 Expression and purification of swMb proteins

Both wt and H64A swMb were expressed in E. coli cells; typically, 4 L cell cultures were
used to obtain sufficient protein yields. Protein purifications were performed using a three-step
process which started with ammonium sulfate precipitation, followed by ion exchange
chromatography and concluded with G75 gel filtration (see methods section 2.2.2). The gel
filtration eluent was collected in fractions which were then separated and analyzed by gel
electrophoresis. On average, the final swMb proteins were visually determined to be ~99% pure
(as determined by SDS-PAGE; Figure 2.6). Each round of purification resulted in ~1.5-2.0 mL of
highly pure protein at a final concentration of ~20 mg/mL. Aliquots of the purified proteins were
used for crystallization immediately, and the bulk quantities were stored at 4 °C for later use.
Crystal trays set with freshly purified protein yielded better results, especially for wt swMb.

Fraction Number
1 2 3 4 5 6 7 8 9 10 11 12 13 14

75 KD =

50 KD —s

37 kD —

25 kD —w

20 kD —

15 kD — —— D U U U G W —
10D~ swMb, 16kD

Figure 2.6. Representative wt swMb SDS-PAGE gel showing elution fractions from the last
purification step, G75 gel filtration column chromatography. Similar protein purity was observed
for swMb H64A.
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2.3.2 UV-vis spectroscopy studies of wt and H64A swMb adduct formation with nitrosoalkanes

(MeNO, EtNO, PrNO and iPrNO)

2.3.2.1 UV-vis characterization of wt swMb"-RNO derivatives

The aerobic reactions of wt swMb with nitroalkanes, in a reducing environment, were
performed using similar reaction conditions as that of Mansuy [9] and Yi [49] for the related horse
heart (hh) myoglobin with nitroalkanes, and monitored by UV-vis spectroscopy. For the reaction
between ferrous hh deoxyMb! with RNOs (R = alkyl), Mansuy reported a peak shift in the Q-
region of the UV-vis spectrum from A 560 to 547 nm, and a shift in the Soret band from A 435 to
425 nm. My reactions with dithionite-reduced Mb resulted in similar spectral shifts. For the
reaction between ferrous wt sw deoxyMb!' and MeNO,, T observed a spectral shift in the Q-region
from A 558 to 547 nm with a shoulder appearing at A 580 nm upon ligand binding. Also in accord
with Mansuy’s results, the same reaction resulted in the disappearance of the Amax 433 nm Soret
band and appearance of a new peak at Amax 424 nm, indicating the formation of the ferrous swMb!!-
MeNO complex (Figure 2.7A). These trends were similar for the reactions of ferrous wt sw
deoxyMb! with all four ligands studied (MeNO, EtNO, PrNO, /PrNO) regardless of size and

sterics (Figure 2.7A-D).
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Figure 2.7. UV-vis spectral characterization of the reduction of ferric wt swMb™-H,O by
dithionite, followed by the reaction of the resulting ferrous wt sw deoxyMb!! with the nitroalkane
precursors to form the respective ferrous wt swMb-RNO adducts. A) wt swMb''-MeNO, B) wt
swMb-EtNO, C) wt swMb''-PrNO, and D) wt swMb!'-iPrNO. Final reaction conditions: 3 pM wt
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swMb, 0.1 M phosphate buffer (pH 7.4), 20 mM dithionite, 20 mM RNO..
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To further analyze the progress of each reaction, I recorded the absorbance at Amax 424 nm,
which corresponds to the Soret band of the ferrous wt swMb!'-RNO complex, and subtracted the
absorbance corresponding to the apparent isosbestic point at A 460 nm. I then plotted the A424-A4eo
difference as a function of time. This difference plot allowed us to determine the trends in extent
of formation (which is the maximum height of the trendline in the plot) and the apparent rate of
formation (which I define as the time it takes for each reaction to reach the extent of formation
plateau) for each ferrous wt swMb'"-RNO adduct. According to the data obtained, the smaller
RNOs reached a higher extent of formation and at a much faster time, while lower extents of
formation were observed for larger ligands with a slower apparent rate of formation (Figure 2.8).
For example, ferrous wt swMb''-MeNO reached an extent of formation of 0.51 in only 4 min.
Following this trend, addition of one methyl group to the ligand decreased the extent of formation
of ferrous wt swMb!-EtNO to 0.49 and also decreased its rate of formation to 12 min. Interestingly,
there was no difference in the apparent rate of formation between the ferrous wt swMb'-EtNO and
-PrNO derivatives. However, the extent of formation for the latter was observed to be slightly
lower at only 0.46. Finally, wt swMb!-/PrNO took 25 min to reach a maximum extent of formation
of ~0.45. These results indicate that larger and bulkier ligands may have a difficulty entering the

active site of wt swMb due to the increased steric hindrance provided by the distal His64 residue.
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Figure 2.8. Extent of formation for each swMb''-RNO complex determined by plotting the
difference between the absorbances at Amax 424 and A 460 nm as a function of time. Absorbance at
Amax 424 nm is indicative of the swMb'-RNO complex, and the absorbance at A 460 nm
corresponds to the apparent isosbestic point.

2.3.2.2 UV-vis characterization of ferrous H644 swMb"-RNO derivatives

To properly assess the influence of the distal pocket His64 residue on ligand sterics and
ferrous swMb''-RNO complex stability, the aerobic reactions of mutant H64A swMb with alkyl-
RNOs were performed using the same reaction conditions that were used for wt swMb (as
described in methods, section 2.2.3). The reactions of ferrous H64A sw deoxyMb!! with the RNO,
precursors resulted in similar spectral shifts to those of wt swMb, but with minor differences. For
example, the reaction between ferrous H64A sw deoxyMb! with MeNO, resulted in the
disappearance of the Soret Amax 433 nm peak and the appearance of a new peak at Amax 424 nm
(Figure 2.9A), indicating the formation of ferrous H64A swMb!-MeNO. Simultaneously, the
major band in the Q-region shifted from A 559 to 544 nm with a second (but broad) band appearing
in the range of A 504 -580 nm. Interestingly, while similar spectral shifts were observed in the
Soret band for the larger ligands tested (EtNO, PrNO, iPrNO), their spectra revealed more defined

peaks in the Q-region at A ~542 and570 nm (Figure 2.9B-D).
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Figure 2.9. UV-vis spectral characterization of the reduction of ferric H64A swMb™-H,O by
dithionite, followed by the reaction of ferrous H64A sw deoxyMb!! with the nitroalkane precursors
to form the respective ferrous H64A swMb!'-RNO adducts. A) H64A swMb''-MeNO, B) H64A
swMb!-EtNO, C) H64A swMb'-PrNO, and D) H64A swMb!-iPrNO. Final reaction conditions: 3
uM H64A swMb, 0.1 M phosphate buffer (pH 7.4), 20 mM dithionite, 20 mM RNO:.
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In contrast to the steadily increasing and “smooth curve” representing the reaction time-
course for the formation of wt the swMb!'-RNOs (Figure 2.8), the reaction time-courses for the
formation of the H64A adducts revealed that the reactions were quite rapid. The first major
difference noted is that each of the four analogous H64A swMb!'-RNO (-MeNO, -EtNO, -PrNO
and i-PrNO) derivatives reached a maximum extent of formation within the first absorption reading
(< 5s; Figure 2.10). This suggests that the apparent rate of formation for all complexes is not
affected by ligand sterics, since all formed in less than ~5 s after ligand addition. Equally
important, these initial extents of formation were observed to plateau after ~15-20 min.

Although the apparent rate of formation was not observed to be influenced by ligand
sterics, a relationship between size of ligand and extent of formation was observed. The bulker
ligands reached a higher extent of formation than the smaller ones. For instance, the complex with
my smallest ligand, ferrous H64A swMb'-MeNO, had the lowest initial apparent extent of
formation of only 0.61, which plateaued to 0.57 (Figure 2.10). The complex with a slightly bulkier
ligand, ferrous swMb!-EtNO, reached an initial extent of formation of 0.65 which leveled off to
0.60. Following in that trend, the H64A swMb'-PrNO complex reached an initial extent of
formation of only 0.66 and leveled off to 0.64. Finally, ferrous swMb!-/PrNO reached an initial
extent of formation of 0.67 which decreased and leveled off to 0.65. These results indicate that
smaller ligands may have an easier time diffusing out of the active site, while larger more

hydrophobic ligands may have a higher net affinity for the active site.
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Figure 2.10. Extent of formation for each ferrous H64A swMb!'-RNO complex determined by
plotting the difference between absorbance at Amax 424 and A 460 nm as a function of time. The
absorbance at Amax 424 nm is indicative of ferrous H64A swMb!'-RNO complex, and that at A 460
nm corresponds to the apparent isosbestic point.

Table 2-1 summarizes the data from each reaction that reflects the importance of ligand
sterics and the involvement of the distal pocket His64 residue on the extent and apparent relative

rate of formation of each ferrous swMb''-RNO product.

Table 2-1. Summary of the extent and time to reach maximum extent of formation for each wt and
H64A ferrous swMb!-RNO adducts

Ferrous wt swMb''-RNOs Ferrous H64A swMb!'-RNOs
RNO Maximum extent of Time tot reith; Maximum extent of Time tot reith;
) max extent o . max extent o
formation (A424-A460) formation (min) formation (A424-Asg0) formation (min)
-MeNO 0.51 4 0.61 <0.1
-EtNO 0.49 12 0.65 <0.1
-PrNO 0.46 12 0.66 <0.1
-iIPrNO 0.45 25 0.67 <0.1
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2.3.2.3 Ferrous wt swMb"-RNO ligand dissociation upon oxidation by ferricyanide

Oxidation of each ferrous wt swMb!'-RNO complex using the oxidant potassium
hexacyanoferrate (III) resulted in the generation of UV-vis spectral features corresponding to the
formation of ferric swMb"'-H,O (Figure 2.11A-D). This confirmed the oxidation state of iron in
the Mb-RNO derivatives as Fe'l, which could be oxidized to Fe'! and result in the expulsion of the
RNO ligand. It is important to note that the time it took for the products to convert back to their
ferric form was dependent on ligand size. Larger ligands dissociated within a few minutes, while
MeNO took a few hours to dissociate. Even then, in the case of wt swMb-MeNO, there remained
a faint shoulder at Amax 424 nm, indicating incomplete oxidation and dissociation of the ligand

(Figure 2.11A).
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Figure 2.11. Ferrous wt swMb''-RNO ligand dissociation upon oxidation by ferricyanide. The
ferrous wt swMb!'-RNO derivatives were prepared as described section 2.2.3.2, followed by the
removal of excess dithionite using a desalting column. Afterwards, an aliquot of the sample was
placed in a cuvette containing 3 mL of 0.1 M phosphate buffer (pH 6.0), followed by the addition

of 3-6 uL of 30 mg/mL potassium hexacyanoferrate (III).
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2.3.2.4 H64A4 swMb-RNO ligand dissociation upon oxidation by ferricyanide

Oxidation of each ferrous H64A swMb!'-RNO using potassium hexacyanoferrate (III)
resulted in UV-vis spectral features corresponding to the formation of ferric H64A swMb!!'-H,0
(Figure 2.12A-D). This confirmed the oxidation state of iron as Fe'!, and allowed me to conclude

that binding between ferrous H64A sw deoxyMb!! and alkyl RNOs could be reversed upon changes

in the oxidation state of Fe.
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Figure 2.12. Ferrous H64A swMb!-RNO ligand dissociation upon oxidation using ferricyanide.
The ferrous H64A swMb!''-RNO derivatives were formed as described in section 2.2.3.2, followed
by the removal of excess dithionite using a desalting column. Afterwards, an aliquot of the sample
was placed in a cuvette containing 3 mL of 0.1 M phosphate buffer (pH 7.4), followed by the

addition of 1 pL of 30 mg/mL potassium hexacyanoferrate(III).
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2.3.3 Properties of the wt and H64A swMb-RNO crystals

In this study, two different crystal shapes were obtained, each with a distinct space group.
The ferrous wt swMb!'-MeNO and -EtNO derivatives were obtained by ligand soaking using
hexagonal ferric swMb"'-H,O crystals of distinct brown color which indexed with the P6 space
group (Figure 2.13A). Soaking was carried out aerobically; the reaction was deemed complete
once the crystals changed color from brown (e.g. Figure 2.13A) to violet-pink (e.g. Figure 2.13B).
The ferrous wt swMb'-PrNO complex was formed anaerobically in solution and then co-
crystallized using the hanging drop vapor diffusion method; this approach also resulted in violet-
pink hexagonal crystals belonging to the P6 space group (Figure 2.13B)

All the mutant H64A swMb'-RNO derivatives were formed anaerobically in solution and
then co-crystallized using the batch method. This protocol resulted in violet-pink hexagonal
crystals (P6 space group) for the ferrous H64A swMb'-PrNO and -iPrNO derivatives (Figure
2.13B), and in violet-pink thin plate crystals ( P12;1 space group) for the ferrous H64A swMb!!-

MeNO and -EtNO (Figure 2.13C) products.

A T B

-

Figure 2.13. Shapes and colors of the crystals obtained in this study. A) Brown, ferric swMb!!-
H>O hexagonal shaped crystals indexed with the P6 space group. B) Violet-pink, ferrous swMb!!-
RNO (-PrNO, -iPrNO) hexagonal shaped crystals indexed with the P6 space group. C) Violet-
pink, ferrous swMb-RNO (-MeNO, -EtNO) thin plate crystals indexed with the P12;1 space

group.
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During crystal handling, I noticed that the violet-pink ferrous H64A swMDb!-EtNO crystals
that were exposed to air appeared brown within a day, suggestive of oxidative degradation. In
contrast, the crystals kept under anaerobic conditions remained violet-pink for several weeks
(Figure 2.14B; note crystal color differences). This indicated to me that the ferrous H64A swMb!!-
RNO complexes were stable anaerobically, but the presence of air destabilized each complex
converting the protein back to its ferric state. To confirm my speculation, I dissolved a violet-pink
crystal of H64A swMb'-EtNO that had been kept anaerobically for several weeks (~3-4 weeks)
and collected its UV-vis spectrum. Indeed, the spectrum corresponded to that of the ferrous H64A
swMb!-EtNO product (Figure 2.14B). Afterwards, I exposed the remaining crystals from the same
vial to air for ~24 h, and in a similar manner collected the UV-vis spectrum of one of the air-
exposed crystals. As anticipated by visual inspection, the resulting spectrum corresponded to ferric
swMb!"-H,O (Figure 2.14B). Similar trends in crystal color and spectral readings were observed
for all ferrous H64A swMDb''-RNO crystals reported in this study (RNO = MeNO, EtNO, PrNO,
iPrNO) and are listed in Figure 2.14A-D. Dr. Copeland, a previous member of the Richter-Addo
lab, reported that the presence of ammonium sulfate in the crystallization buffer causes the ferrous
hhMb!'-EtNO derivatives to decompose [27]. Therefore, I decided to test the lifetime of each H64A
swMb'-RNO complex over several days in the presence of air, but in the absence of ammonium
sulfate (Figure 2.15). My results indicate that, in solution, the H64A swMDb!'-RNO derivatives are

unstable in the presence of air.
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Figure 2.14. UV-vis spectra of the ferrous H64A Mb!-RNO crystal adducts before and after
exposure to air. A fresh vial of ferrous H64A Mb'-RNO was opened to air 3-4 weeks after the
batch method crystallization was set up anaerobically. A single crystal was dissolved in a 2 pL.
droplet of 0.1 M phosphate buffer (pH 7.4) and its spectrum was recorded immediately after
opening the vial, then the spectrum of another crystal from the same vial was recorded after 24 h
exposure to air. A) H64A Mb''-MeNO, B) H64A Mb'-EtNO, C) H64A Mb'-PrNO, D) H64A
Mb!-iPrNO. Pictures show representative crystals immediately after air exposure, (left), and after
24 hrs, (right).
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Figure 2.15 Lifetime of each ferrous H64A swMb''-RNO complex over 4 d. Note: protein
concentrations vary slightly between reactions, therefore maximum extents of formation here are
not comparable. Reaction conditions are similar to those described previously (see section 2.2.3).
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2.3.4 Crystallographic results of the wt and H64A swMb"-RNO derivatives

2.3.4.1 Select structural parameters defined

Before describing the final models of the wt and H64A swMDb'-RNO derivatives
determined from the X-ray diffraction data, it is important to define a select group of structural
parameters that will be discussed. First, in order to better understand the ligand orientation with
respect to the heme, the angle “6” is defined as the torsion angle hemeN?2-Fe-NRNO-ORNO | Thig
angle provides a measurement of the extent to which the O-atom of the RNO is rotated towards
the interior hydrophobic pocket or the solvent exterior (Figure 2.16B). The second angle of
interest, “p,” is defined as the axial N#93-Fe-NRNO angle (Figure 2.16C). Finally, “w " is defined
as the angle between the 4-N heme plane, and the RNO C!-N-O plane. “w” provides a
measurement of the extent to which the RNO is tilted with respect to the heme plane (not shown).
These parameters are referenced hereafter simply as 6, ¢, or w. Angles 6, ¢, were calculated using

PyMOL and w was determined using Mercury.
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Figure 2.16. Select structural parameters. A) Heme structure with labeled nitrogens for
reference. B) Torsion angle “6” formed by the hemeN?2-Fe-NRNO-ORNO atoms (shown in blue);
left: top view, right: side view. C) Axial angle “p” formed by the NH?3-Fe-NRNO_ The tilt angle
“w” (not shown) formed by the intersecting heme 4-N plane and the RNO C!-N-O plane.
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2.3.4.2 Structural characterization of wt swMb"-MeNO

The wt swMb''-MeNO products were prepared by soaking the organic nitroalkane
precursor MeNO; into ferric swMb!"-H,O crystals followed by reduction with dithionite. The
crystal structure of the product resulting from this procedure was solved to a 1.76 A resolution,
and the corresponding 2F—F electron density map and the Fo—F' electron density omit map are
shown in Figure 2.17. The accompanying data collection and refinement statistics are listed in
Table 2-3.

The electron density maps, and in particular the Fo—F:. omit electron density map of the
active site shows V-shaped density corresponding to MeNO at two distinct locations. The first
MeNO density sits directly above the heme, with the ligand modeled in at 100% occupancy. This
nitrosomethane molecule is N-bound to the Fe-atom (at a distance of 1.9 A) and H-bonded to His64
in the distal pocket (at a distance between the MeNO(O)-atom and the His64(N?) atom of 2.3 A).
The methyl group is oriented towards the interior of the hydrophobic active site, with the closest
neighboring residue atom Val68(C*?) at a distance of 3.6 A from MeNO(C'). From the top view,
the C—N=0 plane of MeNO is observed situated between adjacent porphyrin N(pyrrole) atoms,
with a 0 angle of -159° indicating an O-atom orientation towards the solvent. Furthermore, the
axial ¢ angle was calculated as 173°, indicating that MeNO sits slightly off-center from the heme.
Finally, the angle w is 68°, indicating that the C—N=0 plane has a slight tilt with respect to the 4-
N heme plane.

The second MeNO molecule was modeled in at 50% occupancy. This MeNO is located
below the heme, in what is known as the Xe-1 pocket. This region is speculated to be used by Mb
for additional O, storage [50]. Alternatively, this density could correspond to the oxime

CH>N=O0OH, the tautomerization product of MeNO, which is more chemically stable [51-53].
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Fe-N(MeNO) = 1.9 A
Fe-N(H93) = 2.2 A

Figure 2.17. Final models of the active site of wt swMb!'-MeNO complex at a resolution of 1.76
A. A) Fo—F; omit electron density map (green mesh) contoured at 36, one MeNO is Fe bound and
one is located in the Xe-1 pocket with 100% and 50% occupancy, respectively. B) 2F—F¢ electron
density map (blue mesh) contoured at 16. C) Top view of the ligand orientation with respect to the
heme plane.
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2.3.4.3 Structural characterization of wt swMb"-EtNO

The wt swMb'-EtNO complex was similarly prepared by soaking organic EtNO into
ferric swMb!-H,O crystals followed by the addition of dithionite, and its crystal structure was
solved to 1.76 A resolution. The resultant 2F,—F. electron density map and the Fo—F, electron
density omit map are shown in Figure 2.18, and the data collection and refinement statistics are
listed in Table 2-3.

Electron density corresponding to nitrosoethane is evident in both calculated density maps
directly above the heme, where EtNO was modeled in at 100% occupancy. Congruent with my
UV-vis results, the ligand is N-bound to the heme Fe-atom (at a distance of 2.1 A). A H-bond
provides a direct interaction between the ligand’s O-atom and His64(N?) at a distance of 2.1 A.
Consequently, the alkyl group is directed towards the interior of the hydrophobic active site with
close hydrophobic residues Ile107 (at a distance of 3.0 A from its C> atom) and Val68 (with
distances to EtNO’s C' and C2 of 3.5 and 3.6 A). The C>—C'-N=0 backbone of nitrosomethane is
in the ¢rans conformation and has a torsion angle of 152°.

The axial ¢ angle was calculated as 175° which corresponds to the slightly askew position
of the ligand in regards to the Fe-atom. As observed from above the heme, the C—N=0 moiety
points directly towards the exterior of the protein resulting in a 8 angle of -143°. Furthermore, the
C—N=O0 plane bisects the 4-N heme plane with an @ angle of 62°, which relates to the slightly

sideways binding of the ligand.
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His93 Fe-N(EtNO) =2.1 A
Fe-N(H93)=2.1 A

Figure 2.18. Final models of the active site of wt swMb''-EtNO complex at a resolution of 1.76
A. A) Fo—F,; omit electron density map (green mesh) contoured at 3o, EtNO is Fe bound with
100% occupancy. B) 2F—F. electron density map (blue mesh) contoured at 16. C) Top view of
the ligand orientation with respect to the heme plane.
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2.3.4.4 Structural characterization of wt swMb"-PrNO

Co-crystallization of wt swMb'-PrNO resulted in high quality crystals which were used to
solve the structure of the complex to a resolution of 2.00 A. The corresponding models of the
active site can be found in Figure 2.19, as well as the accompanying electron density maps. Data
collection and refinement statistics are located in Table 2-3.

Concrete electron density corresponding to PrNO is clearly noticeable above the heme in
both the 2F—F¢ electron density map and in the Fo—F. electron density omit map. PrNO was
modeled into this location at 100% occupancy. The ligand is N-bound to the heme Fe at a distance
of 1.8 A. The O-atom is H-bonded to His64(N¥?) at a distance of 2.5 A, which orients the propyl
group towards the interior of the hydrophobic active site. Upon further inspection, multiple
hydrophobic residues in the distal pocket were observed to closely surround PrNO. For instance,
the PrNO(C') atom is closely neighbored by Val68’s C®' and C*? at 3.7 and 3.5 A, respectively.
The PrNO(C?) atom is at a distance of 3.4 A from Leu29(C%), and PrNO(C?) atom is in close
proximity to Ile107, Phe43, Leu32 and Leu29 at ~3.4-3.7 A (from their nearest C-atoms). The
backbone of PrNO has torsion angles of -23° for C>~C!-N=0, and -112° for C*~C?>-~C'-N, which
are best described as cis and trans respectively. Interestingly, I collected X-ray data diffraction
and solved the structure of several different crystals of this product, and the PrNO torsion angles
and orientation with respect to the heme remained consistent.

From the top view, the O-atom is observed to be oriented towards N4, which corresponds
to a € angle of -1 58.7°. Additionally, the PrNO sits slightly off-center from Fe and has a ¢

angle of 174°. Finally, the C—N=0 plane was determined to bisect the 4-N heme plane at @ 79°.
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e-N(PrNO) = 1.8 A
e-N(H93) = 2.1 A
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Figure 2.19. Final models of the active site of wt swMb''-PrNO complex at a resolution of 2.00
51

A. A) Fo—F; omit electron density map (green mesh) contoured at 3o,
100% occupancy. B) 2F—F. electron density map (blue mesh) contoured at 16. C) Top view of

the ligand orientation with respect to the heme plane.



2.3.4.5 Structural characterization of H64A4 swMb"-MeNO

Crystals of the H64A swMb''-MeNO complex were formed through co-crystallization
using batch method, and the structure was solved to a resolution of 1.75 A. Table 2-4 summarizes
the ensuing data collection and refinement statistics, the calculated 2F,—F. electron density map
and the F—F_ electron density omit map are shown in Figure 2.20.

The electron density maps show V-shaped density corresponding to MeNO above the
heme, which was modeled in at 100 % occupancy. Similar to what I observed in wt swMb, MeNO
is N-bound to the Fe-atom of the heme with its alkyl group pointing towards the interior of the
hydrophobic pocket.

The nearest hydrophobic residue to the methyl C-atom is Val68 at a distance of 3.1 A from
Val68(C*?). Residues Phe43 and Leu29 are also closely surrounding the ligand with measured
distances from MeNO(C) to Phe43(C®) and Leu29(C%?) of 3.8 and 4.0 A, respectively. The H64A
swMb'-MeNO complex displays a chain of fixed waters for H-bonding with MeNO to replace the
interaction observed in the wt derivative with the His64 residue. The O-atom of MeNO is H-
bonded to the closest water at a distance of 2.5 A. Three additional fixed water molecules make
up the chain with distances between 2.7 — 2.8 A from each other (Figure 2.20C).

The C-N=0 plane sits midway between porphyrin N?* and N?* atoms with the O-atom
directed towards the exterior of the protein, corresponding to a § angle of -139°. The MeNO has

an axial ¢ angle of 178°. Finally, the C—N=0 plane bisects the 4-N heme plane at & 75°.
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His93

Fe-N(MeNO) = 1.9 A
Fe-N(H93) = 2.1 A

Figure 2.20. Final models of the active site of H64A swMb'-MeNO complex at a resolution of
1.75 A. A) Fo—F. omit electron density map (green mesh) contoured at 36, MeNO is Fe bound
with 100% occupancy. B) 2F—F electron density map (blue mesh) contoured at 1. C) Top view
of the ligand orientation with respect to the heme plane.
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2.3.4.6 Structural characterization of H64A4 swMb"-EtNO (Chains A and B)

Co-crystallization using batch method allowed me to obtain and solve the structure of
H64A swMb'-EtNO to a resolution of 1.80 A. Unlike any of my other Mb"-RNO crystal
structures, H64A swMDb!-EtNO had two asymmetric units per unit cell which I refer to as Chain
A (Figure 2.21) and Chain B (Figure 2.22). Related data collection and refinement statistics are
listed in Table 2-4.

In Chain A (Figure 2.21), the electron density maps, in particular the Fo—Felectron density
omit map, show prominent density corresponding to EtNO above the heme, which was modeled
in at 100% occupancy. As observed with my other nitrosoalkanes, EtNO is N-bound to the Fe-
atom of the heme with its ethyl group pointing towards the interior of the hydrophobic pocket. The
torsion angle for C>~C!-N=0 backbone is -68° which is best described as trans conformation. The
closest hydrophobic point to the ethyl group is Leu29(C??) at a distance of 3.6 A from EtINO(C?),
followed by Phe43(C®) at a distance of 3.8 A from EtNO(C?). In this structure, Val68 is pointing
away from the ligand with its methyl C-atoms at distances of 4.1 and 4.5 A from EtNO(C?)
respectively.

From the top view, the C—N=0 plane is rotated towards the interior of the active site with
respect to the heme, as compared to the previously described swMb''-RNO derivatives. In this
complex, the O-atom is pointed towards porphyrin N2* and has a 6 angle of -61° congruent with
the rotation of the ligand towards the inside of the pocket. The axial ¢ angle was determined to be
177°. The C—N=O0 plane of the ligand was determined to bisect the 4-N heme plane at @ 47°,
indicating that EtNO is more tilted towards the heme than in wt swMb. Finally, there is no fixed

H-bonding to EtNO; in fact, the closest fixed water molecule is 7.0 A away.
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Leu29

His93 7 e N(EINO) = 1.9 A
Fe-N(H93) = 2.0 A

Figure 2.21. Final models of the active site of H64A swMb'-EtNO complex, Chain A, at a
resolution of 1.80 A. A) Fo—F. omit electron density map (green mesh) contoured at 36, EtNO is
Fe bound with 100% occupancy. B) 2F—F. electron density map (blue mesh) contoured at 1c. C)
Top view of the ligand orientation with respect to the heme plane.
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In Chain B of H64A swMb!-EtNO, the F—F. omit electron density map shows density
corresponding to EtNO and a water molecule above the heme, these were modeled in at 60 and
40% occupancy respectively (Figure 2.22). The distance between Fe-N(EtNO) is 1.9 A, and the
distance between Fe-O(H20) is 2.5 A. As observed with my other RNOs, EtNO is N-bound to the
Fe-atom of the heme. However, unlike other RNOs in this study, the ethyl group is pointing
towards the hydrophilic exterior. The torsion angle for the C>~C!-N=0 backbone is 61°. The
closest hydrophobic residue to the ethyl group is Ala64 at a distance of 3.6 A from C2. The next
neighboring hydrophobic residue is Val68. However, its methyl groups are pointed away from
EtNO, creating a distance from Val68’s C*? and C®' of 5.0 and 4.5 A from EtNO(C?), which is
further away than that observed for other ligands. Perhaps it is this lack of hydrophobic
interactions, along with its orientation towards the solvent, that makes EtNO unstable in the active
site. As a result, EtNO is partially replaced by water in this structure.

Further analysis shows that the O-atom is angled towards porphyrin N?!'atom, which is
unlike any other ligand in this study; this orientation corresponds to an angle 6 of 69°. Moreover,
the axial ¢ angle is 168°, and w is 79°. Finally, there is no observed H-bonding to the Fe bound
water molecule nor to the EtNO ligand in the active site, which is likely due to nitrosoethane’s O-

atom orientation towards the interior.
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His93 / Fe-N(EtNO)=1.9 A
Fe-N(H93) = 2.0 A

Figure 2.22. Final models of the active site of H64A swMb'-EtNO complex, Chain B, at a
resolution of 1.80 A. A) Fo—F. omit electron density map (green mesh) contoured at 36, EtNO is
Fe bound with 60% occupancy, and water bound at 40% occupancy. B) 2F—F. electron density
map (blue mesh) contoured at 16. C) top view of the ligand orientation with respect to the heme
plane.
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2.3.4.7 Structural characterization of H64A swMb"-PrNO

The crystal structure of H64A swMb-PrNO was solved to a resolution of 1.75 A from
crystals formed by co-crystallization using the batch method. Models of the active site, along with
the 2F—F . electron density map and the F'.—F electron density omit map are shown in Figure 2.23.
Data collection and refinement statistics for the structure are listed in Table 2-4.

The calculated electron density maps have distinct density corresponding to PrNO directly
above the heme, which was modeled in at 100 % occupancy. Similar to what was observed in wt
swMb, PrNO is N-bound to the Fe-atom of the heme with its propyl group pointing towards the
interior of the hydrophobic pocket. The C*~C!-N=0 and C*-C?>-C!-N torsion angles are 69° and
66 respectively.

The nearest hydrophobic residues to the propyl group are Leu29 and Phe43, with measured
distances from PrNO(C?) to Leu29(C%) of 3.5 A, and from Phe43(C%) to PrNO(C?) and PrNO(C?)
of 3.7 and 4.0 A respectively. Also bordering the propyl group is Val68, with a calculated distance
from Val68(C*?) to the PrNO(C?) and PrNO(C?) atoms of 4.1 and 4.4 A respectively.

Analysis of the ligand orientation from above the heme reveals that the C—-N=0 group is
significantly rotated towards the interior of the protein as compared to wt swMb!'-PrNO. This view
shows that the O-atom rests halfway between porphyrin N?? and N?* atom, an orientation that
corresponds to an angle 6 of -65°. Furthermore, the propyl group lies directly above the N?! atom,
similarly to that observed in wt swMb!'-PrNO. Additional analysis determined the ¢ angle to be
177° and the w angle as 58°. Finally, the PrNO ligand in the H64A swMb'"-PrNO complex is H-
bonded to fixed H>O molecules that form a chain to the solvent exterior. The PrNO(O) atom is H-
bonded to the closest water at a distance of 2.8 A. Three additional fixed water molecules make

up the chain with distances between ~2.7 — 2.8 A away from each other.
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His93
Fe-N(PrNO)=1.9A
Fe-N(H93) =2.0 A

Figure 2.23. Final models of the active site of H64A swMb''-PrNO complex, at a resolution of

1.75 A. A) Fo—F. omit electron density map (green mesh) contoured at 36, PrNO is Fe bound with

100% occupancy. B) 2F—F. electron density map (blue mesh) contoured at 16. C) Top view of
the ligand orientation with respect to the heme plane.
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2.3.4.8 Structural characterization of H64A4 swMb"-iPrNO

Suitable crystals of H64A swMb!-iPrNO were obtained using the co-crystallization
method, and the structure of the complex was solved to a resolution of 1.75 A. Figure 2.24
illustrates the final models of the active site as well as the 2F,—F electron density map and the F—
F electron density omit map. Data collection and refinement statistics for the structure are listed
in Table 2-4.

The electron density maps show prominent density directly above the heme, where iPrNO
was modeled in at 100% occupancy. The iPrNO ligand is N-bound to the Fe-atom of the heme
with its isopropyl group pointing towards the interior of the hydrophobic pocket. The nearest
hydrophobic residue to the isopropyl group is Phe43, with calculated distances from Phe43(CY)
and Phe43(C#') to the iPrNO(C?) atom of 3.4 and 3.0 A. The next closest residues to the ligand are
Val68 and Leu29 with their nearest carbon atoms at distances of 3.8 A from iPrNO(C?) each.

The top view of the active site shows that the C—N=O plane of the ligand is rotated towards
the interior of the protein, this results in orientation of the O-atom midway between N?2 and N2,
with 8 = -56°. Upon further analysis the axial ¢ angle was calculated to be 173°. Moreover, the
C—N=O0 plane of the ligand was determined to bisect the 4-N heme plane at a w angle of 86°,
indicating an almost perpendicular orientation to the heme plane.

Finally, the iPrNO ligand is H-bonded to a single fixed water at a distance of 2.6 A. Unlike
some of the other H64A swMb!'-RNO structures in this study, there are no additional fixed waters
that form a chain. In fact, the nearest water to the fixed water molecule in the active site is 4.3 A

apart, which is too far away for direct H-bonding.
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His93 .
Fe-N(/PrNO) =2.0 A
Fe-N(H93)=2.1 A

Figure 2.24. Final models of the active site of H64A swMb!-iPrNO complex, at a resolution of

1.75 A. A) Fo—F. omit electron density map (green mesh) contoured at 36, EtNO is Fe bound with

100% occupancy. B) 2F—F electron density map (blue mesh) contoured at 15. C) top view of the
ligand orientation with respect to the heme plane.
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Table 2-2. Summary of select structural parameters of each wt and H64A swMb!'-RNO complex.

Wt swMb'-RNOs
Fe-N(H93) | Fe-N(RNO) 0 0" o’ /C'“N=0 | ZC*C'-"N=0 | ZC3-C*-C'-N | Occupancy
RNO [e] o] (o]
(A) A) ) ) ) (RNO) (°) (RNO) (°) (RNO) (°) (%)
-MeNO 2.2 1.9 -159 173 68 104 NA NA 100%, 50°
-EtNO 2.1 2.1 -143 175 62 115 152 NA 100
-PrNO 2.1 1.8 -159 174 79 108 23 -112 100
-iPrNO NA NA NA NA NA NA NA NA NA
H64A swMb-RNOs
Fe-N(H93) | Fe-N(RNO) 0 0" o’ Z/C'“N=0 | ZC*C'\N=0 | ZC3-C*C!-N | Occupancy
RNO [e] o] o]
(A) A) ) ) ) (RNO) (°) (RNO) (°) (RNO) (°) (%)
-MeNO 2.1 1.9 -139 178 75 116 NA NA 100
-EtNO (A) 2.0 1.9 -61 177 47 113 -68 NA 100
-EtNO (B) 2.0 1.9 69 168 79 117 61 NA 60°
-PrNO 2.0 1.9 -65 177 58 116 69 66 100
-iPrNO 2.1 2.0 -56 173 86 105 122,-115 NA 100

a corresponds to the MeNO bound to the heme. ® corresponds to the MeNO in the Xe-1 pocket. ¢ a water molecule is also bound to Fe at
the active site with 40% occupancy.
* The 0, ¢ and w angles are described in section 2.3.4.1 Select structural parameters defined.
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Table 2-3

. X-ray data collection and refinement statistics

wt Mb''-MeNO wt Mb'-EtNO wt Mb''-PrNO
Data collection® MicroMax 007HF MicroMax 007HF MicroMax 007HF
Space Group P6 P6 P6
Wavelength (A) 1.54178 1.54178 1.54178
Cell dimensions (a, b, ¢) 90.3590.35 45.33 90.27 90.27 45.31 90.47 90.47 45.34
(o, B, 7) 90.0 90.0 120.0 90.0 90.0 120.0 90.0 90.0 120.0
Resolution range (A) 4533 -1.76 45.14-1.76 45.34-2.00
Mean I/o (1) 36.21 (7.48) 16.23 (1.70) 16.78 (3.96)
No. of reflections
Observed 159168 143099 206470
Unique 21127 (2083) 20356 (1455) 14515 (1444)
Multiplicity 7.5 (4.3) 7.0 (1.7) 14.2 (13.6)
Completeness (%) 99.89 (99.10) 96.42 (69.33) 99.69 (100.00)
Ruerge” 0.049 (0.174) 0.074 (0.247) 0.194 (0.622)
CCin 0.969 0.902 0.925
Refinement statistics
No. of protein atoms 1230 1224 1223
R factor (%)° 0.1358 0.1599 0.1734
Rpee (%)° 0.1719 0.1908 0.2052
RMSD bond length (A) 0.019 0.028 0.016
RMSD bond angles (°) 1.84 1.75 1.67
Overall Mean B factor 15.26 14.33 17.87
Ramachandran plot (%)°
Most favored residues 98.01 98.01 98.01
Outliers 0.00 0.00 0.00

Values in parentheses correspond to the highest resolution shells. ® Ryerge = | -<I>|/Z(I), where [ is the individual intensity observation
and </> is the mean of all measurements of . © R = XZ||Fy| - |[F(||/Z|F,|, where F, and F.are the observed and calculated structural factors
respectively. ¢ Rje. was calculated by using 5% of the randomly selected diffraction data which were excluded from the refinement.® As
calculated using MolProbity.
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Table 2-4. X-ray data collection and refinement statistics (continued)

H64A Mb"-MeNO H64A Mb"-EtNO | H64A Mb"-PrNO | H64A Mb"-iPrNO
Data collection® MicroMax 007HF MicroMax 007HF MicroMax 007HF MicroMax 007HF
Space Group Pl2,1 Pl2;1 P6 P6
Wavelength (A) 1.54178 1.54178 1.54178 1.54178
Cell dimensions (a, b, ¢) 34.86 29.03 64.26 41.8376.77 50.53 90.59 90.59 45.40 90.58 90.58 45.40
(a, B, v) 90.0 105.9 90.0 90.0 103.8 90.0 90.0 90.0 120.0 90.0 90.0 120.0

Resolution range (A) 33.57-1.75 41.35-1.80 39.28 —1.75 39.3-1.75
Mean I/o (1) 22.98 (6.87) 36.67 (3.85) 31.11 (6.27) 22.28 (3.14)
No. of reflections

Observed 48328 218057 107327 120188

Unique 12692 (1225) 27896 (2496) 21383 (1974) 19658 (1877)
Multiplicity 3.8(2.0) 7.8(3.7) 5.0(2.8) 6.1 (4.2)
Completeness (%) 99.45 (96.46) 96.80 (87.45) 98.80 (90.88) 97.87 (95.07)
Roerge” 0.046 (0.098) 0.074 (0.361) 0.052 (0.123) 0.133 (0.558)
CCin 0.965 0.905 0.977 0.670

Refinement statistics

No. of protein atoms 1198 2449 1212 1212
R factor (%)° 0.1540 0.1740 0.1602 0.1967
Rpee (%)° 0.2002 0.2240 0.1884 0.2298
RMSD bond length (A) 0.020 0.019 0.024 0.024
RMSD bond angles (°) 2.04 1.82 2.16 2.03
Overall Mean B factor 18.13 18.70 14.73 16.06
Ramachandran plot (%)°

Most favored residues 99.33 97.37 98.68 97.35

Outliers 0.00 0.00 0.00 0.00

2 Values in parentheses correspond to the highest resolution shells. ® Ryerge = | -<I>|/Z(I), where [ is the individual intensity observation
and </> is the mean of all measurements of . © R = XZ||Fy| - |F(||/Z|F,|, where F, and F.are the observed and calculated structural factors
respectively. ¢ Re. was calculated by using 5% of the randomly selected diffraction data which were excluded from the refinement.® As
calculated using MolProbity
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2.4 Discussion

2.4.1 Formation of wt and H64A Mb"-RNO complexes as monitored by UV-vis spectroscopy

My UV-vis spectroscopy studies were designed to determine the relationship between
ligand sterics and the extent of swMb''-RNO complex formation, and to establish the degree to
which the distal His64 residue limits RNO access into the active site. In the wt swMb protein
complexes, I expected to see an inverse relationship between RNO (R = Me, Et, Pr, iPr) sterics
and extent of wt swMb!'-RNO formation as reported by Mansuy [9] and Yi [54] for the related
hhMb protein. I also hypothesized that smaller substrates would reach maximum extents of
formation faster than their larger counterparts. My reactivity studies supported both hypotheses
for the wt swMb protein. However, the analogous reactions with the H64A mutant reveled an
opposite trend for the extent of H64A swMb!'-RNO complex formation. In other words, the extent
of formation increased gradually by addition of each CH: group or branching made to the RNO.
Furthermore, for the H64A swMb system, I expected to see faster complex formation times due to
the absence of the “gatekeeper” His64 residue in the distal pocket, yet I anticipated RNO sterics
to remain a factor. To my surprise, the H64A mutation appeared to remove RNO sterics as a factor
in heme-nitroso binding. This was evidenced by the rapid (~5 sec) H64A swMb!'-RNO complex
formations for all RNOs regardless of size, as compared to the R-size dependent rates of formation
for the equivalent wt reactions. Previous reports for the bulky nitrosoamphetamine (AmphNO)
substrate showed the formation of H64A swMb''-AmphNO to be relatively slow (~24 h) despite
the protein not having the His residue at the entrance of the active site [13]. The H64A swMb'!-
AmphNO results suggest that RNO sterics alone are important in dictating reaction times.
However, the set of RNOs selected in my study are much smaller than the AmphNO ligand, and

sterics do not appear to play a significant role in product formation time.
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2.4.2 Comparison of the hh and swMb"-MeNO and -EtNO structures

Prior to this work, there were only two X-ray crystal structures of Mb in complex with
alkyl-RNOs, and these were reported by a former group member, Dr. Copeland [27, 28]. Those
structures were obtained using Mb purified from horse heart. I utilized recombinant swMb in my
study. In both hh and sw Mb, the MeNO and EtNO ligands are N-bound to the Fe-atom of the
heme (Figure 2.25). Comparison of the hh and swMb''-MeNO structures show negligible
differences in ligand coordination within the active site. In the distal pocket, the side chain of
His64 in hhMb swings outwards as compared to swMb. The distance between the hh and sw
His64(N?) atoms was measured as 1.1 A. This shift in the location of the residue affects the H-
bonding interactions between His64 and the ligand. The MeNO(O)-(N®)His64 bond distances were
measured as 2.3 and 2.7 A in hh and swMb respectively. Small positional shifts were also observed
for Phe43 in the active site. Global alignment of the hh and swMb''-MeNO models exposed small
structural differences (RMSD value of 0.599). The back-bone of the GH-loops assume different
folds between the proteins (not shown).

Similar comparisons were made between the swMb!-EtNO structure from this work, and
the previously published hhMb analogue. Likewise, the locations of the distal pocket His64 residue
were slightly different between the hh and swMb structures (Figure 2.25B). In the swMb derivative
the His64 residue is closer to the EtNO ligand, but is slightly shifted outwards in the hhMb
derivative. The distance between His64(N¥) atoms in the two derivatives was calculated to be 0.7
A. These positional differences result in H-bonding distances of 2.1 and 2.7 A (measured between
EtNO(O) and His64(N?)) for the sw and hhMb models, respectively. The torsion angles for the
C?—C!'-N=0 ligand backbone in swMb and hhMb were calculated as 152° and -41.0° respectively,

which denote distinct ligand conformations between species. Interestingly, the arrangement of
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EtNO in hhMb more closely resembles the H64A swMb counterpart than the wt model, see section

2.4.3.3 for further discussion.

S

Valgs = N

His64

lle107

swMb

Figure 2.25. Superimposed models comparing RNO binding in the active sites of wt swMb and
wt hhMb; left: side view and right: top view of the active sites of Mb. (A) Structure of wt swMb!!-
MeNO (cyan) and wt hhMb"-MeNO (magenta, PDB ID 2NSR) aligned by superpositioning along
the Cq chain, RMSD = 0.599. (B) Structure of swMb'-EtNO (cyan) and hhMb"-EtNO (magenta,
PDB ID INPG) aligned by superpositioning along the Cq chain, RMSD = 0.597.

2.4.3 Analysis of the influence of the distal His64 residue on RNO ligand orientation inside the

heme-pocket of Mb

2.4.3.1 Overall comparison of RNO binding in wt and H64A swMb

In this work, I set out to investigate the relationship between RNO sterics and ligand

orientation within the heme-pocket. A heme active site comparison of the wt and H64A swMb!!-
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RNO structures (done by superpositioning along the Cq chain) obtained in this study is shown in
Figure 2.26. This superpositioning indicates that amino acid composition of the distal pocket has
a more significant role in ligand orientation than RNO sterics, at least for the ligands tested here.
In wt swMb, the organic groups Me, Et and Pr have similar geometric positions within the active
site. Furthermore, the C—N=0 moieties of all three ligands are aligned similarly. On the other
hand, the RNOs in the H64A mutant have vastly varied conformations as compared to the wt
analogues. These results suggest that the presence of the His64 residue plays a more pronounced

role in dictating the spatial arrangement of the RNO than ligand sterics.

wt swMb ‘ H64A swMb

Figure 2.26 Comparison of the active sites of wt and H64A swMb!'-RNO structures obtained in
this work. A) Overlaid wt swMb''-RNO structures: orange -MeNO, gray -EtNO, marine -PrNO.
B) Overlaid H64A swMb!-RNO structures: magenta -MeNO, green -EtNO Chain A, cyan -EtNO
Chain B, pink -PrNO, wheat -iPrNO.

2.4.3.2 Comparison of wt and H64A4 swMb"-MeNO structures

Analysis of the active sites of wt and H64A swMb'-MeNO structures reveal similar
conformations for the MeNO molecule (Figure 2.27A), with an RMSD value of only 0.143 A
between the two ligands. Residue Val68, which is located above the MeNO molecule, has a

different arrangement in each structure. In the wt protein the methyl groups of the side chain are
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pointed towards the ligand, while the opposite holds true in the H64A structure. However, both
MeNO molecules are equidistant from the closes C-atoms of Val68.

The overall alignment of the swMb-MeNO structures along the Cq chain resulted in an
RMSD value of 0.467 A. The major structural differences at the tertiary level are located in the
GH-loop area (Figure 2.27B), indicating that RNO binding did not affect the structural integrity
of the protein. A notable difference between the structures is the presence of a second MeNO
ligand in the wt model. This MeNO molecule is located in the Xe-1 pocket, which has been
speculated by others to be a site for O storage [50]. The wt and H64A swMb''-RNO derivatives
were prepared using different protocols, ligand soaking and co-crystallization respectively, which
is likely the source of this distinction. Nevertheless, it is interesting to see that MeNO can occupy
both the Fe center of the heme and the Xe-1 pocket, which are both thought to be needed by the

protein for Oy storage.

% Leu29 -
His64
Val68> \ Ala64

wt swMb'-MeNO [l H64A swMb'-MeNO

Figure 2.27. Overlaid models comparing MeNO binding in wt and H64A swMb. The structures
were aligned by superpositioning along the Cq chain, RMSD = 0.467. A) side view of the active
sites, B) overall protein fold comparison of wt and H64A swMb'-MeNO.
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2.4.3.3 Comparison of wt and H64A -swMb"-EtNO structures

Superpositioning of the wt and H64A swMb!'-EtNO structures along the C, chain reveled
significant differences in the mode of binding of the RNO ligand between the two structures.
Active site comparisons of the wt and H64A Chain A models are shown in Figure 2.28. In the wt
structure, the EtNO(O) atom is fixed through H-bonding to His64(N?) resulting in alignment of
the C—N=0 atoms in a similar spatial arrangement as observed for the MeNO (Figure 2.27). The
lack of residue His64 in the active site of the H64A swMb heme-pocket allowed the EtNO ligand
to adopt alternate conformations. In Chain A of the H64A swMb!-EtNO structure, the N=0O region

of the ligand is oriented inward towards the N?2-atom of the heme. This rotation necessitates the

ethyl group of the RNO to adopt a different conformation than observed in the wt derivative.

A . B

Leu29

: J lle107

Leu32

a7
Phe33 %

wtswMb'-EtNO [ H64A swMb'-EtNO

Figure 2.28. Superimposed models comparing EtNO binding in wt and H64A swMb'-EtNO
Chain A. A) side view and B) top view of the active sites of swMb.

Val68 has different orientations in the distal pockets of both proteins. In the wt protein, the
methyl groups of Val68 point down towards the ligand. In the H64A model, they are oriented away
from the RNO. Furthermore, in the wt structure, the ethyl group of EtNO is held in place by a

small groove created by residues Val68 and Ile107 (Figure 2.29). In contrast, the ethyl group in
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the H64A structure points away from Val68 towards a small tunnel located by Phe43, and this
observation is also evident in the top view of the heme-pocket (Figure 2.28B). Interestingly, the
RNO ligand of the hhMb'"-EtNO adduct (Figure 2.25B) has a geometric orientation more closely
resembling the H64A swMDb'-EtNO (ChainA) structure than the wt swMb'-EtNO derivative,

suggesting that this is a more favorable arrangement for the EtNO molecule.

Leu32
lle107

Figure 2.29 Surface of swMb pockets where EtNO is located. (A) wt Mb!-EtNO and (B) H64A
MDb!-EtNO Chain A. The surface of His/Ala64 and Arg45 were omitted for clarity. Figures A and
B are slightly rotated to highlight the different cavities occupied by the ethyl groups. The black
mesh represents the Fo—Fc omit electron density maps contoured at 3c.

The most distinctive features in EtNO binding are observed in Chain B of the H64A
swMb!-EtNO product (Figure 2.30). In this model, the N=0 region of the ligand is situated in the
hydrophobic interior of the protein, and the ethyl group is oriented towards the solvent exterior.
This does not seem to be a favorable conformation for the ligand, as implied by its low occupancy
(60%), and partial replacement by water (40%) in the structure. I note that it is highly unusual for
a hydrophobic moiety in a Mb ligand to orient itself towards the hydrophobic exterior of the active

site.
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wt swMb'-EtNO B H64A swMb'-EtNO

Figure 2.30. Superimposed models comparing EtNO binding in wt and H64A swMb'-EtNO
Chain B. A) side view and B) top view of the active sites of swMb.

Finally, alignment of the wt and both H64A swMb!-EtNO chains revealed minor
differences between the structures located in the CD- and GH-loops (Figure 2.31). This suggest
that RNO binding serves to inhibit the protein by occupying the active site, but it does not harm

its overall architecture.

wt swMb!-EtNO

B HB4A swMb'-EtNO

Figure 2.31 Overall protein fold comparison of wt and H64A swMb!-EtNO structures The
structures were aligned by superpositioning along the Cq chain, A) Chain A, RMSD = 0.380, B)
Chain B, RMSD = 0.372.
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2.4.3.4 Comparison of wt and H64A4 -swMb-PrNO structures

Comparisons of the wt and H64A swMb'-PrNO models show different ligand
conformations. In the wt proteins, the PrNO(O) atom is H-bonded to His64(N¢), which imposes
geometric arrangements for the C—N=0 moiety similar to those observed for the MeNO and EtNO
ligands in the wt proteins (Figures 2.27 and 2.28). Without the His64 residue (in the H64 A mutant)
to anchor the O-atom, PrNO is free to rotate towards the inside of the heme-pocket. Furthermore,
alignment of the wt and H64A swMb'-PrNO models show that their global structures are nearly

identical (Figure 2.32). Only slight differences were noted in the CD-loop region of the proteins,

with an RMSD value of 0.186.

A B

Leu

wtswMb'-PrNO [l H64A swMb'-PrNO

Figure 2.32. Superimposed models comparing PrNO binding in wt and H64A swMb. The
structures were aligned by superpositioning along the Cq chain, RMSD = 0.186. A) side view of
the active sites, B) overall protein fold comparison of wt and H64A swMb!'-PrNO.

I solved the H64A swMb!-PrNO structure from three independent data sets using distinct
crystals. Unlike my H64A swMb'-EtNO product which had two conformations for the RNO
ligand, the PrNO adopted the same conformation each time. This prompted me to ask why EtNO

is able to rotate, whereas PrNO’s conformation is relatively fixed within the active site of H64A
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swMb. Analysis of the protein surface showed that the propyl group is buried inside a small
hydrophobic channel located in the back of the active site (Figure 2.33A), whereas the ethyl group
is too short to be trapped in this tunnel (Figure 2.29B). Furthermore, the propyl group in the wt
structure occupies the same tunnel as the H64A analogous structure, despite having different
geometric arrangements for the RNO itself (Figure 2.33B). These results suggest that in the case

of the PrNO molecule, ligand sterics (instead of the His64 residue) dominate substrate orientation.
A B

Phe33 Leu29 Ly

Leu32
‘ v Leu32
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N

\

Phed3ag /

Figure 2.33 The interior surface of swMb pockets where PrNO is located. (A) wt Mb''-PrNO and
(B) H64A Mb''-PrNO. The surface of His/Ala64 and Arg45 were omitted for clarity of view. The
black mesh represents the Fo—F omit electron density maps contoured at 3c.

2.4.3.5 H64A -swMb"-iPrNO structure and predicted wt models

I successfully solved the crystal structure of the H64A swMb'-iPrNO derivative (Figure
2.24). However, neither my co-crystallization nor ligand soaking attempts yielded positive
crystallization results for the wt analog. To probe why crystals of the wt swMb!-/PrNO complex
were unable to form readily, I docked the ligand into the ferric wt swMb"'-H>O protein (PDB ID

2MBW). In the hypothetical structure, I modeled the C—N=0O moiety in a similar spatial
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arrangement as previously described in the swMb!'-RNO structures (Figure 2.26). I also took into
account the restrictive movement imposed by H-bonding with the distal His64 residue. In this
predicted structure, the methyl groups of iPrNO clash with Val68 and Phe43 (Figure 2.34A). The
distance between atoms Phe43(C") and PrNO(C?) was measured as 2.5 A, and the distance from
Val68(C"") to PrNO(C?) was calculated as 2.8 A. These calculated distances between the ligand
and distal pocket residues are closer than measured for any other structure in this study.
Comparison to the H64A derivative shows that the ligand was able to overcome this problem due
to lack of H-bonding to His64 (Figure 2.34B). In the H64A swMb!-iPrNO structure, the N=O
moiety of the ligand is rotated into the active site. In such a way that one of the CH3 groups of the
ligand is consequently angled towards the hydrophobic tunnel located by residue Phe43 (described
in Figures 2.29 and 2.33). The other CH3 group is directed towards the solvent exterior of the

protein to accommodate nitroso binding.

Leu32

lle107
Phe33

Ala64/

Figure 2.34 A) Docking model predicting the binding mode of /PrNO in wt swMb (PDB ID
2MBW). B) Superpositioning of the H64A swMb!-iPrNO structure and the hypothetical wt
swMb!-iPrNO model.
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To the best of my knowledge, my H64A swMb''-iPrNO structure is the first heme-protein
structure reported in complex with iPrNO. However, synthetic models containing /PrNO in the
Fe'l-binding state have been previously described [55] and an unpublished analog from our lab is
show in Figure 2.35. In the synthetic models, iPrNO assumes a similar configuration along the
heme as observed in the H64A swMb heme-pocket. With and without the active site residues, these
complexes adopt an RNO orientation in which the C—N=0O nitroso planes bisect the porphyrin
nitrogen atoms. Furthermore, the angles at which the C—N=0 plane crosses the 4-N heme plane
were calculated for the H64A swMb'-/PrNO protein structure and the synthetic (PPDME)Fe(i-
PrNO)(1-Melm) model as 89° and 86° respectively. These results indicate that /PrNO binds the Fe
center of the porphyrin in an almost perpendicular manner, perhaps due to the steric symmetry of

the ligand.

Figure 2.35 The small molecule X-ray crystal structure of (PPDME)Fe(i-PrNO)(1-Melm).
2.5 Conclusion

Heme-nitroso binding has been implicated in enzyme inhibition and protein degradation

which may lead to health problems, making it a relevant topic of study. The four previously
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reported X-ray crystal structures of Mb-RNO complexes hinted at a possible correlation between
RNO sterics and ligand orientation within the active site, where small R groups are oriented toward
the hydrophobic pocket (for hhMb) [27] and larger organic-R groups are forcibly exposed to the
solvent exterior (for swMb) [13]. These discrepancies in ligand coordination could have
alternatively been described as resulting from differences in distal pocket composition between
the proteins (hh vs sw) used to prepare those structures. My work was designed to (i) determine
the mode of binding (O-bound vs N-bound), (ii) determine the importance of distal pocket
composition on complex formation and ligand orientation, and (iii) determine the effects of ligand
sterics on RNO binding and stability.

My preliminary goal was to characterize the reactions of wt swMb and its H64A mutant with
a series of nitroalkanes under reducing conditions. By using RNO: precursors of increasing alkyl
group size (R = Et, Me, Pr, iPr) for my UV-vis spectroscopy studies, | determined an inverse
relationship between size of ligand and extent of formation of the wt swMb™-RNO complexes.
Furthermore, the time it took each wt swMb-RNO complex to reach maximum extent of
formation increased with addition of each -CH» group or branching of the ligand. However, the
analogous H64A reactions showed a direct correlation between ligand sterics and extent of
formation. Furthermore, lack of His64 allowed the H64A swMb!'-RNO complexes to form almost
instantaneously. These results allowed me to conclude that ligand sterics only influence complex
formation when His64 is present to restrict access into the active site.

After confirming complex formation in solution, I used X-ray crystallography to solve the
structures of the wt and H64A swMb!'-RNO products. I was able to determine that H-bonding to
His64 in the distal pocket influenced the geometric arrangement of the ligand within the active site

to a greater extent than differences in R-group sterics. In the presence of His64, the N=0O moieties
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of the ligands point directly towards the solvent exterior of the protein, causing the R-groups to be
oriented towards the hydrophobic interior of the protein; in the H64A mutant, the RNOs are free
to rotate within the active site. However, it would be incorrect to say that RNO sterics had
absolutely no influence in their own orientation. For the small MeNO adducts, no significant
differences were observed between the protein models. I also noted that the Et group in wt swMb!!-
EtNO was small enough to situate itself in-between the side-chains of Val68 and Ile107. The Et
group was also short enough to rotate freely inside the active site and occupy two conformations
in the H64A swMDb'-EtNO structure. Interestingly, the propyl groups in wt swMb!-PrNO were too
big to fit between Val68 and Ile107. They were also too long, and as a result, the Pr group was
sequestered inside a small tunnel behind the active site in both the wt and H64A swMb''-PrNO
structures. Furthermore, the sterics of iPrNO in wt swMb!-;PrNO (hypothetical) clashed with side-
chains inside the heme-pocket, which made the wt swMb'-/PrNO short lived and unable to
crystalize in the heme-nitroso bound state.

Together, these results provide a detailed description of the heme-nitroso chemistry
occurring at the active site of Mb emanating from the reductive metabolism of nitro-compounds.
Furthermore, my results allow me to conclude that nitroso binding to Mb renders the protein unable

to bind Oz and perform its normal functions.
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Chapter 3.  Crystallographic characterization of the stepwise degradation of

human hemoglobin induced by C-nitroso binding

3.1 Introduction

Hemoglobin (Hb) is a small globular protein found in the red blood cells (RBCs) of most
vertebrates. In humans, ~96% of Hb is in its tetrameric form consisting of two o and two [ subunits.
Embedded in each subunit is a heme cofactor, which the protein uses to bind and transport oxygen
throughout the body. Nitroalkanes (RNOs) are valance isoelectronic with Oz and can also bind the
Fe center of heme. However, the resultant heme-nitroso interaction is detrimental to human health.

As detailed in Chapter 1, nitrosoalkanes are bioactivation metabolites of certain
nitrogenous species including nitroalkanes (RNO>) (Figure 3.1) [1]. Once formed, binding of
RNOs to hemeproteins can be deleterious. In the case of cytochrome P450 enzymes, RNOs can
bind heme to form Fe''-RNO inhibitory complexes [2, 3]. In humans, exposure to nitroalkanes
occurs mainly through the respiratory tract. This is particularly problematic because blood is
metabolically competent to activate nitroalkanes to the reactive nitroso form [4]. Consequently,
Hb regularly encounters RNOs, and interaction of the two has been implicated as a cause leading
to protein degradation [5]. Ultimately, this heme-nitroso interaction can result in anemia [6-9] and

subsequent accumulation of Fe in the spleen [10].

0 - o}

7 7

O nitrosomethane nitrosoethane 1-nitrosopropane
Nitro . Nitroso (MeNO) (EtNO) (PrNO)
(RNO3) (RNO)

Figure 3.1 Reductive metabolism of nitroalkanes, and RNO metabolites used to track the
degradation of Hb.
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However, Hb degradation and its associated health implications are not limited to RNO
binding. Great strives have been made to determine the mechanism of drug-induced hemolytic
anemia in general. As the current model stands, the first step in the mechanism is oxidation of Hb
by nucleophilic displacement of O, (or superoxide) from Hb'"-O,, either by a water or a OH"
molecule [11, 12]. This results in ferric Hb with water bound at the 6™ coordinating position.
Afterwards, the protein is predicted to transition into a hemichrome state, a process which is
reported to be reversible [13, 14]. Over time, high concentrations of hemichromes in RBCs provide
enough “sticking points” for denatured Hb to accumulate and form Heinz bodies [15]. Ultimately,
RBCs containing Heinz bodies undergo degradation causing hemolytic anemia and Fe
accumulation in the spleen [15-17]. The proposed mechanism of Hb degradation is summarized

below (Figure 3.2).

OxyHb (Fe'-0,) + H,0

o

MetHb (Fe''-H,0)

|

Reversible Hemichromes

Irreversible Hemichromes

|

Precipitate, Heinz Bodies
Figure 3.2 Currently proposed mechanism leading to Hb degradation [11, 12, 15].

Despite the health risks associated with Hb degradation, there is a lack of structural
information showing the conformational changes that the protein undergoes as it progresses
through each step. However, the Richter-Addo lab has taken initiative to determine the structural

consequences resulting from C-nitroso binding to Hb. In 2013 Dr. Yi (from our lab) published two
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X-ray crystal structures resulting from the interactions of Hb with RNOs [18]. Her crystals were
prepared through the reductive metabolism of nitroalkanes (Figure 3.1). In the MeNO-related Hb
derivative, the ligand was N-bound in both the a and B subunits. In her second structure, EtNO
was observed N-bound to the Fe atom in the a subunit, but the heme active site of the  subunit
was deformed [18]. Fe anomalous signals revealed two positions for the metal, one in its natural
location and the other significantly displaced from the active site (Figure 3.3). Her work provided
the first structural insight of such RNO induced protein damage by capturing heme-slippage. This

contributed an additional step to the overall mechanism previously proposed by others.

Val67 =7 His63

Fei-Nhiss2 = 2.9 A
Fez -Nuisss = 3.2 A

Figure 3.3 2 Fo—F: omit electron density map for the beta subunit of the structure resulting from
the reaction of dithionite reduced Hb" and EtNO: (PDB ID 4M4B).

The goal of my research is to provide structural evidence of each step leading to Hb
degradation. The structural differences observed between MeNO and EtNO binding in Dr. Yi’s
work prompted some questions: 1) can we monitor EtNO induced degradation of Hb at different
stages? and ii) will MeNO and PrNO, despite their steric differences, yield similar binding and
degradation given enough time? Here, I present seven distinct X-ray crystal structures that show
the chronological molecular changes that Hb undergoes as a result of RNO binding. Altogether,

these structures provide a step-by-step mechanism of RNO induced Hb degradation.
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3.2 Materials and Methods

3.2.1 Preparation of human hemoglobin

3.2.1.1 Isolation and purification of oxyHb (ferrous Hb"-O;) from red blood cells

Human hemoglobin (Hb) was isolated from packed red blood cells (RBC) according to
previously established protocols by Antonini [19] and Safo [20] with a few modifications
described hereafter. One unit of packed RBCs (300 mL) was obtained from the local Blood Bank
at the University of Oklahoma Health Sciences Center (OUHSC). To protect the proteins from ice
damage, the bag containing RBCs was carefully wrapped before being placed on ice until the Hb
was isolated. Furthermore, all purification and temporary storage practices were performed at 4°C
unless otherwise stated. All glassware, plasticware and buffers used for protein extraction and
purification were autoclaved and chilled to 4°C prior to use.

Protein extraction began by washing 75 mL of packed RBCs with an equal volume of 0.9%
NaCl. Then, the RBCs were separated by centrifugation (Beckman Coulter Avanti, JLA-16.250,
3.0 krpm, 20 min) and the supernatant was discarded. The RBC pellet was resuspended and washed
again with 75 mL of 0.9% NaCl followed by centrifugation; this step was repeated for a total of
three washes. After the third centrifugation, the RBC pellet was resuspended in 70 mL of lysis
buffer (50 mM Tris, 4 g/ EDTA, pH 8.6 at 4 °C) and placed on ice for 40 min. The RBCs were
then sonicated (Branson Sonifier 250) to break up the cells and to release oxyHb (ferrous Hb"-O,).

After lysis, the cell debris was removed by centrifugation (Beckman Coulter Avanti, JLA-
16.250, 9.5 krpm, 2 h) and the supernatant containing the red ferrous Hb"-O, was carefully
transferred into a chilled beaker. Solid NaCl was added to the protein solution to a final
concentration of 50 mg/mL and stirred for 1 h. Another round of centrifugation was performed to

remove additional cell debris. Afterwards, the supernatant was pooled and dialyzed once in lysis
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buffer (~6 h), and then twice (~8 h each time) in storage buffer (10 mM sodium phosphate buffer,
4 ¢/L EDTA, pH 7.0). Purification of ferrous Hb"-O, concluded with a last round of centrifugation.
The final concentration of the isolated ferrous Hb"-O, was determined by UV-vis spectroscopy
using its extinction coefficient at A 541 nm (¢ = 13.8 mM™! cm™!) and at A 577 nm (¢ = 14.6 mM!
cm) in 100 mM potassium phosphate buffer, pH 7.4 [19, 21]. The isolated protein was aliquoted

into 15 mL Falcon™ tubes, flash frozen in liquid nitrogen and stored at -80 °C until needed.

3.2.1.2 Preparation of metHb (ferric Hb"-H>0)

Most experiments in this work required the oxidized metHb (ferric Hb"-H,O) as the
starting material, which was obtained by oxidizing ferrous Hb'"-O,. To do so, ferricyanide
(Ks[Fe(CN)s]) was added as an oxidizing agent in ~1.5 molar excess to the thawed ferrous Hb!!-
Os. The reaction was deemed complete upon observing a color change from red (characteristic of
ferrous Hb"-0,) to brown (characteristic of ferric Hb'™-H,0). Afterwards, the sample was loaded
onto a G25 gel filtration column (equilibrated in 30 mM potassium phosphate buffer, pH 6.7) to
remove excess ferricyanide. The brown-colored fractions corresponding to ferric Hb'-H,O were
pooled together and concentrated to 30 mg/mL using a Millipore Amicon ultra filter with a cutoff
of 10 kDa. The final concentration was determined by UV-vis spectroscopy using the extinction
coefficient of the ferric Hb™-H,O protein at Amax 406 nm (¢ =179 mM' cm!) in 100 mM potassium

phosphate buffer, pH 7.4 [19, 21].

3.2.2 UV-vis spectral studies of the reactions of Hb with nitroalkanes (MeNO,, EtNO: and

PrNOy)

UV-vis spectroscopy was used to monitor the reactions of dithionite reduced deoxyHb

(ferrous Hb™) with nitroalkanes (RNO>, R= Me, Et and Pr) using similar conditions as described
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in Chapter 2 and by Mansuy [22]. The reactions were carried out in 3.5 mL quartz cuvettes
equipped with screw caps (Starna Cells). Each measurement was taken using a Hewlett Packard
8453 diode array spectrophotometer unless otherwise noted. The experiments were performed both
aerobically and anaerobically to compare the stability of the ferrous Hb!™-RNO products in the

presence of air.

3.2.2.1 Aerobic UV-vis spectroscopy

An initial reading of the starting ferric Hb™-H,O protein at a concentration of ~3 uM in 3
mL of 0.1 M phosphate buffer at pH 7.4, was taken. Sodium dithionite (DT; 1 M) was then added
to a final concentration of 20 mM to reduce the protein. The spectrum corresponding to the ferrous
deoxyHb!" was recorded, and each RNO precursor (MeNO,, EtNO, or PrNO; half diluted in
MeOH) was added into the cuvette to a final concentration of 20 mM. Spectrum readings were
collected at regular time intervals to monitor the reaction over several days. Each day, the cuvettes

were briefly opened and exposed to air to maintain aerobic conditions.

3.2.2.2 Anaerobic UV-vis spectroscopy

Prior to all anaerobic experiments, buffers were degassed by bubbling nitrogen through
them for ~20-40 min, depending on their volume. Solid DT was weighed out and aliquoted into
Eppendorf tubes aerobically. Then, solid DT and all liquids were transferred into an anaerobic
MBraun chamber at least ~1 d prior to use and allowed to equilibrate. Dithionite was dissolved in
buffer only after being degassed immediately prior to use. Ferric Hb™-H,O was degassed in small
volumes (~100 puL) by simply degassing the vial headspace and allowing the protein to equilibrate
inside the chamber for a few hours (bubbling nitrogen gas through the protein resulted in Hb

aggregation).
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The anaerobic reactions of ferrous Hb! with nitroalkanes were performed using the same
reactants and concentrations as described in section 3.2.2. 1. Each reactant was added anaerobically
to a quartz cuvette and sealed to avoid exposure to O2 upon being transported to the main lab area
for data collection. To prevent the RNO> from reacting with ferrous Hb! inside the anaerobic
chamber, the ligand precursor was carefully pipetted directly onto the inside cover of the cuvette
lid. The lid was then gently flipped over the cuvette and sealed. Afterwards, the cuvette was
carefully transferred out of the chamber to the spectrophotometer for data collection, making sure
not to mix the RNO> and Hb reagents. To confirm that the hanging drop of RNO- did not drip into
the reaction mixture, a new spectrum was taken and compared to that of the previously recorded
dithionite reduced ferrous Hb" spectrum. If no difference in the spectrum was observed, the sealed
cuvette was inverted to mix the reagents and start the reaction and the rest of the experiment was
carried out as described for the aerobic reactions, but without breaking the seal to sustain anaerobic

conditions.

3.2.2.3 Time-course and extent of formation for the ferrous Hb"-RNO derivatives

To determine the reaction time-course of each ferrous Hb'-RNO (R= Me, Et or Pr)
derivative, the absorbance difference between Amax ~421 and A ~458 nm was first calculated.
Absorbance at the apparent isosbestic point (at A 458 nm) served as a baseline reference and was
subtracted from the absorbance corresponding to the ferrous Hb'-RNO complex (at Amax ~421 nm).

The resulting A421-A4sg absorbance difference was plotted as a function of time.

3.2.2.4 Ligand dissociation upon oxidation via ferricyanide

The ferrous Hb''-RNO derivatives were formed in solution by mixing 30 pL ferric Hb'"-

H>O (30 mg/mL) with 2 uL. RNO; precursor, followed by the addition of ~3 mg solid sodium
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dithionite. Once each ferrous Hb"'-RNO complex was confirmed by UV-vis spectroscopy, 3 pL of
the ligand-bound protein reaction mixture were transferred into a 3.5 mL quartz cuvette containing
3 mL of 100 mM potassium phosphate buffer (pH 6.0). A new spectrum was then recorded, and
2-5 uL of 30 mg/mL ferricyanide ((Ks[Fe(CN)s]) were added as an oxidizing agent. Reappearance
of the Soret band corresponding to ferric Hb"™-H,O (Amax 406 nm) in subsequent spectrum

measurements confirmed ligand dissociation.

3.2.3 Crystallization of the products resulting from the reactions between ferrous Hb" and

MeNO;, EtNO:; or PrNO:

As human Hb is made up of a and [ subunits, their structures are described hereafter as
Hb[a-Fe(ligand)][B-Fe(ligand)], to differentiate the Fe oxidation state, Fe-bound ligand, and other

modifications between each monomer.

3.2.3.1 Crystals resulting from the reaction of Hb" with MeNO:

Co-crystallization was used to obtain the X-ray crystal structures of the ligand bound Hb[a-
Fe''(MeNO)][B-Fe'(MeNO)] complex, and the Hb[a-Fe''(MeNO)][-Fe"(H,0)] derivative. Prior
to crystallization, 3.5 mL of ferric Hb™-H,O (30 mg/mL) were placed in a small beaker and stirred
with 25 pulL of MeNO; for ~1 h. Then, 85 mg of solid sodium dithionite were added to the solution
mixture and allowed to react for ~20 min, until the Soret peak at Amax ~421 nm stabilized. Once
the Hb"-MeNO complex was formed in solution, crystals were grown aerobically using batch
method as described by Safo [20] and Yi [18]. Briefly, 150 pL of the protein-ligand complex were
placed in 10.25x64 mm Monoject blood collection tubes (COVIDIEN) containing varying
volumes (0.33-0.51 mL, in 0.03 mL increments) of 3.2 M sodium potassium phosphate buffer pH

6.12, and 5 pL toluene. Violet-pink diamond shaped crystals grew within ~3 d. Suitable sized
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crystals were transferred into a small droplet of cryosolution (made from the crystallization well
solution plus 10% glycerol) covered with mineral oil. After soaking for ~5 min, the crystals were
looped and immediately mounted on the goniometer for X-ray data collection the same day.
Crystallographic data of the Hb[a-Fe'(MeNO)][B-Fe"(MeNO)] complex and the Hb[a-
Fe''(MeNO)][B-Fe(H,0)] derivative were obtained from crystals grown in the same co-

crystallization vial, but with crystals harvested several weeks apart.

3.2.3.2 Crystals resulting from the reaction of Hb" with EtNO:

The same reaction conditions and crystallization buffers as described in section 3.2.3./
were used to obtain the X-ray crystal structures of the ligand bound Hb[o-Fe''(EtNO)][f-
Fe'(EtNO)] complex, the hemichrome Hb[a-Fe'(EtNO)][B-Fe(His),-SNO] derivative and the
degradation Hb[a-Fe"(EtNO)][B-Fe(2 positions)] product. The only difference was that the
precursor nitroethane was used in the reaction.

To determine whether the different crystal products appeared randomly or chronologically,
X-ray diffraction data of several crystals from the same crystallization vial were collected over a
period of time. Within the first ~3-4 weeks, complete data sets were collected, from more than a
dozen crystals, and only structures corresponding to the ligand bound Hb[a-Fe''(EtNO)][B-
Fe''(EtNO)] complex were obtained. Over the following weeks (weeks ~5-9), about another dozen
X-ray diffraction data sets were collected, and all the structures corresponded to the hemichrome
Hb[a-Fe'(EtNO)][3-Fe(His),-SNO] derivative. Finally, the degradation Hb[a-Fe'(EtNO)][[-Fe(2
positions)] product appeared chronologically towards the end of our screening (~3 months later).
This indicated that indeed the derivatives observed in this study appeared chronologically and not

at the same time.
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3.2.3.3 Crystals resulting from the reaction of Hb" with PrNO:

The X-ray crystal structures of the ligand bound Hb[o-Fe''(PrNO)][-Fe"(PrNO)] complex
and the degradation Hb[a-Fe''(PrNO)][-Fe(2 positions)] product were obtained using co-
crystallization via the batch method. The same reaction conditions and crystallization buffers as
described in section 3.2.3./ were used. The only difference being that these crystals were prepared
anaerobically in an MBraun chamber using anaerobic buffers prepared as described in section
3.2.2.2, and that the ligand precursor used for complex formation was PrNO,.

The headspace of the vial containing ferric Hb"™-H,O was deaerated prior to transfer into
the MBraun chamber, and the protein (~ 3 mL) was allowed to equilibrate inside the chamber
overnight. Once the buffers and reagents equilibrated, crystal trays were set as described
previously. Diamond shaped crystals grew over a ~3 d period, after which the vials were
transferred to the main lab area and exposed to air on a semi daily basis. Several data sets of
different crystals from the same crystallization vial were collected over a period of time. The
crystals were looped, cryoprotected and mounted on the goniometer for X-ray data collection the
same day. Only structures corresponding to the ligand bound Hb[o-Fe'(PrNO)][3-Fe"(PrNO)]
complex appeared initially, followed by the appearance of the degradation Hb[a-Fe"(PrNO)][f3-

Fe(2 positions)] product after several weeks (~4-6 wks).

3.2.4 X-ray data collection

The diffraction data for all X-ray crystal structures were collected at the OU
Macromolecular Crystallography Laboratory, using a home source Rigaku MicroMax 007HF
microfocus X-ray generator equipped with a set of VariMax HF X-ray optics coupled to a Dectris
Pilatus 200K silicon pixel detector. Data were collected at 100 K with CuKa radiation (A= 1.54178

A) from the generator operated at 40 kV/30 mA.
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3.2.5 Data processing, structure solution and refinement

The X-ray diffraction data for each structure were processed indexed, integrated and scaled
using HKL3000R [23]. Scalepack2mtz (CCP4 program suite) was used to convert the resulting sca
files into mtz files [24]. Prior to molecular replacement (MR), Mathews —cell content analysis
(CCP4) was used to determine the number of molecules per asymmetric unit. Unless otherwise
noted, the Hb structures in this study were solved as dimers of a single o and B subunit pair.
PHASER MR (CCP4) was used for molecular replacement (MR) using ferric Hb™'-H,O (PDB ID
3P5Q; 2.0 A resolution), with the heme, water molecules, toluenes and ligands removed, as the
model for all the Hb structures. All refinements were performed using Refmac5 (CCP4) [25] and
the models were rebuilt using COOT [26]. The final structures were analyzed with the MolProbity
server [27] for unusual residue conformations and contacts. The details of each structure are
described below.

Unless otherwise noted, structure figures were created using PyMOL. The 2F,-F. electron
density maps were calculated by Fast Fourier Transform (FFT) in the CCP4 software package
and the resulting map files were viewed in PyMOL. To generate the F,-F. electron density maps,
the RNO ligands were first removed from the active site of the final pdb file and then processed
though Refmac5 (CCP4) to create a new F. mitz file. The output F. m¢z file was then used as the
input document in FFT to generate the F,-F. electron density map file. The final map file was

displayed in PyMOL.

3.2.5.1 Ligand bound Hb[a-Fe''(MeNO)][B-Fe'(MeNO)]

Ten initial cycles of restrained refinement were run with Refimac5, and the R factor
decreased from 0.3346 to 0.2677. Two hemes, MeNO, and waters were added to the model based

on the F,-F. electron density maps in the subsequent refinement cycles. Three MeNO ligands were
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added using COOT. An Fe-bound MeNO molecule was modeled above each heme in both the o
and B subunit at 100% occupancy. A third MeNO molecule was modeled in at the B- and E-helix
interphase at 100% occupancy. The final model was refined to a resolution of 2.09 A, with an R

factor 0f 0.2029 and Rfee 0 0.2635.

3.2.5.2 Ligand bound Hb[a-Fe''(MeNO)][B-Fe''(H-0)]

Ten initial cycles of restrained refinement were run with Refinac5, and the R factor
decreased from 0.3043 to 0.2508. Ligands, waters and other molecules were added to the model
based on the F,-F. electron density maps in the subsequent refinement cycles. Two hemes, one
toluene, one MeNO ligand, and waters were added using COOT. MeNO was modeled bound to
the Fe heme (a subunit) at 100% occupancy. Residues Argl41 (a subunit) and Vall (B subunit)
were omitted from the structure due to lack of electron density. Two conformations were modeled
with 50% occupancy each for the Arg40 side chain (B subunit). The final model was refined to a

resolution of 2.29 A, with an R factor of 0.2029 and Ryee of 0.2635.

3.2.5.3 Ligand bound Hb[a-Fe'(EtNO)][B-Fe(EtNO)]

Ten initial cycles of restrained refinement were run with Refimac5, and the R factor
decreased from 0.3188 to 0.2590. Ligands, cofactors and waters were added to the model based
on the F,-F. electron density maps in the subsequent refinement cycles. Two hemes, two EtNO
ligands, waters and two toluenes were added using COOT. An EtNO molecule was modeled bound
to Fe above each heme at 100% occupancy. Residue Vall (B subunit) was omitted from the
structure due to lack of electron density. The final model was refined to a resolution of 1.97 A,

with an R factor of 0.1922 and Rgee 0f 0.2228.
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3.2.5.4 Hemichrome Hb[o-Fe"(EtNO)] [B-Fe(His)>-SNO]

Ten initial cycles of restrained refinement were run with Refinac5, and the R factor
decreased from 0.3451 to 0.2858. Ligands, hemes, waters and other molecules were added to the
model based on the F,-F. electron density maps in the subsequent refinement cycles. Two hemes,
three EXNO molecules, one toluene and one Fe atom (B subunit) were added using COOT. In the
a subunit, EtNO was modeled Fe bound to the heme at 100% occupancy. In the B subunit,
anomalous mapping using SFall (CCP4) reveled two positions for Fe, and based on the maps,
heme was modeled at 90% occupancy in the hemichrome position. An Fe atom was modeled in at
10% occupancy at the second position (there was no clear electron density for the porphyrin in this
minor location in the  subunit). Also in the  subunit, one EtNO molecule was modeled behind
the heme and a second EtNO was modeled at the B- and E-helix interphase, both at 100%
occupancy. Residue BCys93 was changed (using the mutate function of COOT) to the S-
nitrosocysteine derivative (ligand ID SNC), and split into two conformations at 50% each, to
accommodate substantial electron density around the -SH group. Residues Argl41 from the o
subunit, and Lys144, Tyr145 and His146 from the 3 subunit, were omitted from the structure due
to lack of electron density. The final model was refined to a resolution of 1.89 A, with an R factor

of 0.1900 and Ryree 0f 0.2536.

3.2.5.5 Degradation Hb[a-Fe''(EtNO)][B-Fe(2 positions)] product

Ten initial cycles of restrained refinement were run with Refimac5, and the R factor
decreased from 0.3288 to 0.2797. Ligands, cofactors and waters were added to the model based
on the F,-F. electron density maps in the subsequent refinement cycles. One EtNO, one toluene,
and three hemes were added using COOT. The EtNO molecule was modeled in the a subunit above

the heme at 100% occupancy. In the B subunit, anomalous mapping using SFall (CCP4) reveled
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two positions for Fe. Based on these results, the heme was modeled in two positions according to
the anomalous scattering peak ratios (56% and 44% occupancy); the two hemes were modeled in
at the two Fe positions. Poor electron density was observed for the porphyrin macrocycles in the
B subunit. Two conformations were modeled for the sidechains of Arg40 (p subunit, 52% and 48%
occupancy each) and Asp99 (B subunit, 50% occupancy each). Residues Tyr140 and Argl41 from
the o subunit, and Tyr145 and His146 from the B subunit, were omitted from the structure due to
lack of electron density. The final model was refined to a resolution of 1.90 A, with an R factor of

0.2328 and Rree 0f 0.3228.

3.2.5.6 Ligand bound Hb[a-Fe'(PrNO)][B-Fe"(PrNO)]

Ten initial cycles of restrained refinement were run with Refimac5, and the R factor
decreased from 0.3302 to 0.2652. Ligands, cofactors and waters were added to the model based
on the F,-F. electron density maps in the subsequent refinement cycles. Two hemes, two PrNO
molecules, and one toluene were added using COOT. PrNO was modeled Fe bound above each
heme at 100% occupancy. Two conformations were modeled for the sidechains of Leu29 (a
subunit, 39 and 61% occupancy each) and Arg40 (B subunit, 49 and 51% occupancy each). The

final model was refined to a resolution of 1.90 A, with an R factor of 0.2098 and Ryee of 0.2551.

3.2.5.7 Degradation Hb[a-Fe''(PrNO)][B-Fe(2 positions)] product

Ten initial cycles of restrained refinement were run with Refinac5, and the R factor
decreased from 0.3190 to 0.2799. Ligands, waters and other molecules were added to the model
based on the F,-F. electron density maps in the subsequent refinement cycles. Three hemes, one
PrNO and one toluene were added using COOT. PrNO was modeled in the o subunit above the

heme at 100% occupancy. Two conformations were modeled for the sidechains of Lys127 in the
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a subunit. Anomalous mapping (SFall, CCP4) reveled two positions for Fe in the B subunit at 46
and 54% occupancy. Two hemes were thus modeled according to the anomalous scattering peak
ratios to coincide with the two Fe positions. Poor density was observed for the porphyrin
macrocycles in the  subunit. Residues Ala86 to Asp99 of the F-helix in the  subunit displayed
disorder, and two conformations for this F-helix segment were modeled in (46 and 54%
occupancy). Residues Tyr140 and Argl41 from the a subunit, and His146 from the B subunit, were
omitted from the structure due to lack of electron density. The final model was refined to a

resolution of 1.90 A, with an R factor of 0.2350 and Ryee of 0.3038.

3.4.5.8 Data collection and refinement statistics

Data collection and refinement statistics are listed in Table 3-1.
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Table 3-1 X-ray data collection and refinement statistics

Hb|a-Fe''(MeNO)] Hb|a-Fe''(MeNO)] Hb[o-Fe''(EtNO)] Hb[o-Fe''(EtNO)]
[B-Fe''(MeNO)] [B-Fe'"'(H,0)] [B-Fe''(EtNO)] [B-Fe(His),-SNO]
Data collection® MicroMax 007HF MicroMax 007HF MicroMax 007HF MicroMax 007HF
SpaceGroup P4,2,2 P4,2,2 P4;2,2 P4,2,2
Wavelength (A) 1.54178 1.54178 1.54178 1.54178
Cell dimensions (a, b, ¢) 53.3553.35197.23 53.68 53.68 192.94 53.48 53.48 193.21 53.34 53.34 195.30
(o, B, 7) 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0
Resolution range (A) 35.23-2.09 41.21-2.29 35.85-1.97 41.26 -1.89
Mean /o (1) 30.56 (12.96) 14.37 (1.36) 26.37 (4.21) 59.78 (4.32)
No. of reflections
Observed 153078 100108 198390 185932
Unique 17244 (1255) 11961 (247) 20732 (1965) 23238 (2186)
Multiplicity 8.8(6.2) 7.8(1.3) 9.5 (4.8) 8.0 (5.0)
Completeness (%) 97.41 (73.65) 94.6 (49.2) 99.52 (96.85) 99.00 (96.43)
Runerge " 0.071 (0.095) 0.095 (0.314) 0.081 (0.236) 0.056 (0.297)
CCin 0.992 0.754 0.939 0.922
Refinement statistics
No. of protein atoms 2207 2172 2193 2197
R factor (%)° 0.2029 0.1999 0.1922 0.1900
Rpree (%)* 0.2635 0.2830 0.2228 0.2536
RMSD bond length (A) 0.017 0.017 0.015 0.015
RMSD bond angles (°) 1.89 1.99 1.74 1.78
Overall Mean B factor 27.41 35.35 26.42 23.90
Ramachandran plot (%)°
Most favored residues 98.23 94.64 97.87 98.91
Outliers 0.00 0.36 0.00 0.00

2Values in parentheses correspond to the highest resolution shells. ® Ryerge = Z|I -<I>|/Z(I), where I is the individual intensity observation
and </> is the mean of all measurements of 1. ¢ R = Z||F,| - |F¢||/Z|F,|, where F, and F.are the observed and calculated structural factors

respectively. ¢ Re. was calculated by using 5% of the randomly selected diffraction data which were excluded from the refinement.® As
calculated using MolProbity
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Table 3-1 X-ray data collection and refinement statistics (continued)

Hb[o-Fe''(EtNO)] Hb|a-Fe''(PrNO)] Hb|a-Fe''(PrNO)]
[B-Fe(2 positions)] [B-Fe" (PrNO)] [B-Fe(2 positions)]
Data collection® MicroMax 007HF MicroMax 007HF MicroMax 007HF
Space Group P4,2,2 P4,2,2 P4,2,2
Wavelength (A) 1.54178 1.54178 1.54178
Cell dimensions (a, b, ¢) 53.48 53.48 194.89 53.73 53.73 192.71 53.46 53.46 195.20
(o, B, v) 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0
Resolution range (A) 41.29-1.90 48.18 —1.90 46.89 — 1.90
Mean I/o () 21.73 (1.29) 22.16 (1.95) 23.5(1.14)
No. of reflections
Observed 184654 219199 196493
Unique 23287 (2238) 22230 (1704) 22189 (1345)
Multiplicity 4424 9.5 (6.0) 84 (4.1)
Completeness (%) 99.85 (99.07) 95.55 (75.67) 95.56 (59.59)
Ryerge® 0.060 (0.487) 0.089 (0.580) 0.089 (1.055)
CCip 0.406 0.677 0.408
Refinement statistics
No. of protein atoms 2173 2219 2258
R factor (%)° 0.2328 0.2098 0.2350
Rpee (%)° 0.3228 0.2551 0.3038
RMSD bond length (A) 0.018 0.016 0.020
RMSD bond angles (°) 1.99 1.80 1.83
Overall Mean B factor 45.59 21.82 26.22
Ramachandran plot (%)°
Most favored residues 92.83 97.53 96.77
Outliers 1.08 0.35 0.00

2Values in parentheses correspond to the highest resolution shells. ® Ryerge = Z|I -<I>|/Z(I), where I is the individual intensity observation
and </> is the mean of all measurements of 1. ¢ R = Z||F,| - |F(||/Z|F,|, where F, and F.are the observed and calculated structural factors
respectively. ¢ Re. was calculated by using 5% of the randomly selected diffraction data which were excluded from the refinement.® As
calculated using MolProbity
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3.2.6 Aggregation studies of the Hb"-MeNO, -EtNO and -PrNO products

The Hb™-RNO derivatives were formed aerobically using the same protein and reagent
concentrations as described in section 3.2.3, but with smaller sample volumes. In summary, 8 puL.
of RNO, were added to an Eppendorf tube containing 1 mL of ferric Hb™-H,O (30 mg/mL). Then,
~24 mg of solid sodium dithionite were added to the solution mixture and allowed to react
overnight. As controls, one reaction contained ~24 mg of dithionite but no ligand. A second control
contained no dithionite nor ligand, but it did contain an equivalent volume of MeOH (which we
typically use as solvent for RNO,). The following day, the solutions were centrifuged for 5 min at
15 rpm (Eppendorf centrifuge 5424). The supernatant was removed, and the precipitate was

photographed using a cellphone for visualization.

100



3.3 Results

3.3.1 UV-vis spectral studies of the reactions of Hb with nitroalkanes (MeNO,, EtNO: and

PrNOy)

3.3.1.1 UV-vis characterization of ferrous Hb"-RNO derivatives

The reactions of ferrous Hb" with nitroalkanes were monitored by UV-vis spectroscopy
using similar conditions as those described in Chapter 2. First, ferric Hb"-H,O was reduced to the
ferrous Hb!! derivative by the addition of dithionite. This resulted in absorption changes in the UV-
vis spectrum most notably in the Soret band, which moved from Amax 406 to 430 nm.
Simultaneously, the A 500 nm peak in the Q-region of the spectrum shifted to 555 nm. After
obtaining the ferrous unliganded Hb', the ligand precursor RNO> was added into the reaction
mixture and the reaction was monitored over a period of time. For the reaction between ferrous
Hb' and MeNO,, we observed the disappearance of the Amax 430 nm Soret band and appearance
of a new peak at Amax 421 nm upon ligand binding. The same reaction resulted in spectral changes
in the Q-region (where the single broad band at A 555 nm was replaced by bands at A 543 and 565
nm) indicating the formation of the ferrous Hb"-MeNO complex (Figure 3.4A). These shifts in the
UV-vis spectrum were similar for the reactions of ferrous Hb" with the other ligands in this study

(MeNO, EtNO, PrNO) regardless of size and sterics (Figure 3.4A-C).
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Figure 3.4 UV-vis spectral characterization of the reduction of ferric Hb"-H,O by dithionite,
followed by the reaction of the resulting ferrous Hb" with the nitroalkanes to form the respective
ferrous Hb'-RNO adducts. A) Hb"-MeNO, B) Hb'-EtNO, C) Hb"-PrNO; left: acrobic and right:
anaerobic environment. Final reaction conditions: ~3 uM Hb, 0.1 M phosphate buffer (pH 7.4), 20
mM dithionite, 20 mM RNO:.
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The reactions were monitored over time to analyze the progress of each reaction and to
determine the stability of each Hb-RNO complex. Comparisons were generated by calculating
the difference between the absorbance at Amax 421 nm, which is characteristic of the ferrous ligand
bound Hb'"-RNO derivative, and A 458 nm, which corresponds to the apparent isosbestic point in
this reaction. The resulting A421-A4ss differences were then plotted as a function of time (Figure
3.5). The maximum height of the trendline represents the extent of formation for each reaction.
Under both aerobic and anaerobic conditions, an inverse relationship between size of ligand and
extent of formation was observed. For instance, under aerobic conditions, ferrous Hb'-MeNO
reached a maximum extent of formation of 0.53 while the ferrous Hb!!-EtNO reached a maximum
extent of formation of 0.51. Continuing with that trend, ferrous Hb"-PrNO reached a maximum
extent of formation of 0.45 under aerobic conditions. Similar trends were observed for the
anaerobic reactions.

A notable difference between the aerobic and anaerobic reactions was the lifetime of each
ferrous Hb''-RNO complex. The presence of air, appeared to enhance instability, leading to slow
oxidation of the ferrous products back to their ferric precursors with attendant ligand dissociation
(Figure 3.5). For example, within a day, the extent of formation of Hb'"-MeNO decreased from
0.53 t0 0.51 in the presence of air, and from 0.54 to 0.53 in the absence of air. In a clearer example,
the extent of formation of Hb"'-PrNO decreased from 0.45 to 0.37 in the presence of air, and from

0.46 to 0.42 in the absence of air after one day.
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Figure 3.5 Extent of formation for each ferrous Hb"'-RNO complex determined by plotting the
difference between the absorbance at Amax 421 and 458 nm as a function of time. Absorbance at
Amax 421 nm is indicative of the ferrous Hb"-RNO complex, and the absorbance at A 458 nm
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corresponds to the apparent isosbestic point.

Table 3-2 provides a summary of the results from each ferrous Hb"'-RNO reaction that
reflects the qualitative inverse relationship between ligand sterics and extent of formation. This
table also indicates the time it took for each complex to reach the maximum extent of formation.
Notably, the presence or absence of air made no significant difference in the time the reactions
with the small ligands (MeNO and EtNO) reached maximum extent of formation. In contrast, air

had a significant impact on the reaction with the largest ligand (PrNO). The Hb'"-PrNO complex
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formed within 4 min in the presence of air, but the reaction slowed down significantly in the
absence of air (120 min). Furthermore, not only was formation of the Hb"-PrNO complex slower
anaerobically, the ligand protein complex was longer lived. This observation correlates to our
crystallization attempts, and helps explain why we were only able to form crystals of the Hb[a-

Fe!'(PrNO)][B-Fe''(PrNO)] complex under anaerobic conditions.

Table 3-2 Summary of the extent of formation and time required for each ferrous Hb''-RNO
complex to reach max extent of formation.

Aerobic ferrous Hb"'-RNOs Anaerobic ferrous Hb'-RNOs
. Time to reach . Time to reach
Maximum extent of Maximum extent of
RNO max extent of max extent of

formation (A421-Aass) formation (A421-Aa4ss)

formation (min) formation (min)

MeNO 0.53 2 0.54 2
EtNO 0.51 6 0.53 4
PrNO 0.45 4 0.46 120

3.3.1.2 Ferrous Hb"-RNO ligand dissociation upon oxidation with ferricyanide

The oxidation state of each ferrous Hb"-RNO derivative was further verified by oxidizing
the complexes with potassium hexacyanoferrate (IIT). Addition of the oxidant to ferrous Hb'-RNO
in buffer (100 mM potassium phosphate buffer, pH 6.0) generated spectral features corresponding
to the formation of ferric Hb"™'-H,O (Figure 3.6). This confirmed the oxidation state of iron in the
Hb-RNO derivative as Fe'l. Oxidation to Fe!!! resulted in consequential expulsion of the RNO

ligand.
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Figure 3.6 Ferrous Hb"-RNO ligand dissociation upon oxidation by ferricyanide. The ferrous
Hb!-RNO derivatives were formed as described in section 3.2.2.4, followed by the addition of ~2-

5 uL of 30 mg/mL potassium hexacyanoferrate (III) as an oxidizing agent.
3.3.2 Properties of the Hb"'-RNO (MeNO, EtNO, PrNO) crystals

Crystals of the products resulting from the reactions of ferrous Hb! with MeNO> and
EtNO; were grown aerobically in 3.2 M sodium potassium phosphate buffer (pH 6.12) using the
batch method. Crystals resulting from the reaction of ferrous Hb! with PrNO, were formed using
the same procedure, but under anaerobic conditions. In this study, only diamond-shaped, violet-
pink crystals, as those shown in Figure 3.7, were used for X-ray diffraction and data collection.

All crystals reported here are in the P4;2;2 space group.

Figure 3.7 Characteristic diamond-shaped, violet-pink crystals of the Hb products formed in this
study, indexed with the P4,2,2 space group.
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3.3.2 X-ray crystal structures of the products from the reactions of Hb with RNOs

3.3.2.1 MeNO bound Hb[a-Fe''(MeNO)][B-Fe'(MeNO)]

Crystals of the ligand bound Hb[a-Fe'(MeNO)][B-Fe"(MeNO)] complex were obtained
aerobically by co-crystallization using the batch method. The structure was solved as an alf1
dimer to a 2.09 A resolution.

The 2F,—F electron density maps and the Fo—F omit electron density maps of the o and 3
active sites show clear density corresponding to MeNO in both subunits (Figure 3.8). In both cases,
the MeNO density sits directly above the heme with the ligand modeled in at 100% occupancy.
The MeNO molecule is N-bound to the Fe atom (at a distance of 1.9 A) and H-bonded to the distal
His residue (at a distance between the MeNO O-atom and the His58/63 N¢ atom of 2.7 A).
Consequently, the methyl group is oriented towards the interior of the hydrophobic active site. In
the o subunit, the closet neighboring residue is Leul01 at a distance of 3.5 A from its C%? atom to
MeNO’s C-atom. In the  subunit, similar hydrophobic contacts are observed between Leul06
(C%) and the ligand’s C-atom with a distance of 3.6 A.

Perhaps the most notable difference between the a and B active sites is the orientation of
the propionate groups of the heme. In the o subunit, the propionate groups point in opposite
directions, with the propionate(O%?) atom forming close contacts His45(N®?) at 2.8 A. The
propionate groups of the heme in the § active site are both oriented down and have no direct

contacts with fixed waters nor protein residues.
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Figure 3.8 Models of the heme active site of the (A) a and (B) B subunits of the Hb[a-
Fe''(MeNO)][B-Fe"(MeNO)] complex at a resolution of 2.09 A. Lefi: 2F—F. electron density map
(blue mesh, contoured at 1c). Right: Fo—F. omit electron density maps (green mesh, contoured at
306). In both subunits the Fe-bound MeNO ligands were modeled at 100% occupancy.
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The overall tetrameric structure of Hb[a-Fe''(MeNO)][-Fe"(MeNO)] was generated to
determine the quaternary state of the complex (Figure 3.9A). In this figure, the global structure of
the dimer is represented by the al and 31 subunits, while the a2 and 32 subunits are PyMol
generated symmetry mates. The tetrameric structure was then aligned with representative Hb
structures and a comparison of the $2 FG corner and a1 C-helix was made (Figure 3.9B). The
B2His97 residue sits halfway between the al1Thr38 and a1 Thr41 residues and is oriented towards
the a.1C-helix. Based on this signature “switch” region, the Hb[a-Fe'(MeNO)][-Fe"(MeNO)]

structure (cyan) most closely resembles the R-state Hb (green) model.
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Figure 3.9 (A) Representative Hb!'-RNO tetrameric structure. The 02 and B2 subunits are PyMol
generated symmetry mates. (B-G) comparisons of the o132 interface of each Hb[a-Fe(ligand)][ -
Fe(ligand)] derivative with characteristic Hb models. Magenta: T-state deoxyHb (PDB ID 1B86),
Green: R-state Hb(CO) (PDB ID 1AJ9), Yellow: R2-state Hb(CO) (PDB ID 1BBB), Slate: R3-
state Hb(CO) (PDB ID 1YZI). Cyan: this work, arrow indicates position of f2His97 residue.
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The oxidation state of Fe in the Hb[a-Fe'(MeNO)][-Fe""(MeNO)] structure was further
verified by collecting the UV-vis spectrum of the crystal after X-ray diffraction data collection.
This was achieved by dissolving the crystal in 0.1 M phosphate buffer (pH 7.4) after X-ray data
collection. One high-intensity peak was observed in the Soret region, at Amax ~420 nm, and two
low-intensity peaks were observed in the Q-region of the spectrum, at A ~540 and 565 nm (Figure
3.10). These results are consistent with the spectrum obtained in our solution studies (Figure 3.4A)
corresponding to the ferrous Hb-MeNO complex, thus confirming the redox state of iron

remained as Fe!' in the crystal.

Hb[a-Fe'(MeNO)][B-Fe'(MeNO)]
14 -

1.2 -

1
0.8 -
0.6 -
0.4
0.2 -

0

Absorbance

375 425 475 525 575 625
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Figure 3.10 UV-vis spectrum of the Hb[Fe"(MeNO)][3-Fe"'(MeNO)] crystal dissolved in 0.1 M
phosphate buffer (pH 7.4) after X-ray diffraction data collection.
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3.3.2.2 Ligand bound Hb[a-Fe''(MeNO)][B-Fe''(H-0)]

Crystals of the Hb[a-Fe"(MeNO)][3-Fe'(H,O)] complex were collected from the same
vial that contained the Hb[a-Fe"(MeNO)][3-Fe''(MeNO)] derivative, but they were harvested
several weeks later. The crystal structure of the Hb[a-Fe''(MeNO)][B-Fe"(H,0)] product was
solved as an alp1 dimer to 2.29 A resolution.

The 2F—F: electron density map and the F,—F omit electron density map of the active site
of the a subunit show clear density corresponding to the MeNO ligand (Figure 3.11A) above the
heme. The ligand was modeled in to this location at 100% occupancy, N-bound to the Fe-atom at
a distance of 1.9 A. The MeNO ligand is engaged in H-bonding to the distal His58 N¢atom 2.6 A
apart. This bonding restricts the orientation of the MeNO ligand, as such the methyl group orients
towards the interior of the hydrophobic active site. The closet neighboring residue to MeNO is
Leul01, with a distance from its C% atom to the ligand’s C-atom of 3.6 A. In contrast, the electron
density maps of the B subunit lack density for a bound MeNO ligand (Figure 3.11B). Instead, an
H>0O molecule was modeled Fe-bound above the heme (100% occupancy) with an Fe-OH; distance
of 2.4 A.

The orientation of the propionate groups resembles those observed in the Hb[a-
Fe''(MeNO)][B-Fe'(MeNO)] structure. In the a subunit, the propionate groups point in opposite
directions. This results in close contacts between propionate(O%?) and His45(N#?) at 2.8 A, and
between propionate(O®!) and Lys61(N°) at 3.4 A. In the B active site, both propionate groups are

oriented down and have no direct contact with neighboring residues or fixed waters.
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Fe-N(H87)=1.9 A
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Fe-O(H,0) = 2.4 A
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Figure 3.11 Models of the heme active site of the (A) a and (B) P subunits of the [a-
Fe''(MeNO)][B-Fe"(H,0)] structure solved to a resolution of 2.29 A. Left: 2F,—F. electron density
map (blue mesh, contoured at 1c). Right: Fo—F. omit electron density maps (green mesh) with
MeNO modeled at 100% occupancy (contoured at 36) and H>O also modeled at 100% occupancy
(contoured at 40).
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To investigate the conformational state (e.g. T-state, R-state) of the Hb[a-Fe"(MeNO)][3-
Fe''(H,O)] dimer, its tetrameric structure was generated in PyMol. Comparison of the o132 switch
region to Hb structures of known conformation show that the Hb[a-Fe'(MeNO)][B-Fe(H,0)]
structure (cyan) is in the R-state conformation (Figure 3.9C). This is indicated by the position of
the f2His97 residue midway between the a.1Thr38 and a.1Thr41 residues, and its tilt towards the

a1C-helix, similar to that of the R-state Hb (green) model.
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3.3.2.3 Ligand bound Hb[a-Fe'(EtNO)][B-Fe'(EtNO)]

Crystals of the ligand bound Hb[a-Fe"(EtNO)][-Fe'(EtNO)] derivative were obtained
aerobically by co-crystallization. The X-ray crystal structure of this complex was solved as an
alB1 dimer to 1.97 A resolution.

The 2F—F. electron density maps, and particularly the Fo—F omit electron density maps
of the a and B active sites show clear density corresponding to EtNO directly above the heme
(Figure 3.12). The EtNO molecules were modeled at 100% occupancy. In both subunits, EtNO is
Fe-bound with an Fe-N(EtNO) distance of 1.9 A. In the o subunit, EtNO is H-bonded through its
O-atom to His58(N#?) at 2.7 A. Consequentially, the ethyl group is directed towards the interior of
the active site, making multiple hydrophobic contacts with distal pocket residues. The calculated
distances between the EtNO(C?)-atom and neighboring Leul01(C??), Met32(C?) and Leu29(C%)
atoms are 3.8, 4.0 and 3.4 A, respectively. Similarly, the calculated distances between the
EtNO(C") and neighboring Leu29(C%) and Val62(C'?) are 3.9 and 3.8 A, respectively. The
C2—C!'-N=0 backbone of the EtNO ligand in the a subunit is best modeled in the frans
conformation with a -54.9° torsion angle. Furthermore, the propionate groups point in opposite
directions with the propionate(O'?) atom in close contact with His45(N#?) at 2.8 A.

In the B subunit, H-bonding connects EtINO(O) to His63(N#?) at 2.8 A, which directs the
ethyl group towards the interior of the active site. The C>~C!'-N=0O backbone has multiple
hydrophobic interactions; the distances from EINO(C') to Val67(C*?) and Leul06(C%) were
calculated as 3.6 and 3.5 A, respectively. Similarly, the distances from EtNO(C2) to Leu31(C?%),
Leul06(C%?), Leu28(C®") and Phe42(C®) were measured as 4.0, 4.0, 3.4, and 3.6A, respectively.

The EtNO ligand in this subunit is also modeled in the trans conformation with a torsion angle of
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-60.0°. The propionate groups of the heme in the B active site are both oriented down and H-bond

to a water molecule siting between the two propionates at 2.6-2.7A.

Leu101

His87
Fe-N(EtNO) = 1.9 A
Fe-N(H87) = 2.1 A

¢

Fe-N(EtNO) = 1.9 A
Fe-N(H92) = 2.0 A

Figure 3.12 Models of the heme active site of the (A) o and (B) B subunits of the Hb[a-
Fe'(EtINO)][B-Fe'(EtNO)] complex at 1.97 A resolution. Left: 2F,—F. electron density map (blue
mesh, contoured at 16). Right: Fo—F. omit electron density maps (green mesh, contoured at 3c).
In both subunits, the Fe-bound EtNO ligands were modeled at 100% occupancy.
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The symmetry mate of Hb[a-Fe'(EtNO)][3-Fe'(EtNO)] was generated in PyMol to create
the global tetrameric structure of the complex. This model was then used to compare the al1f32
interphase with structures of known conformation (Figure 3.9D). The resulting signature “switch”
model shows the 32His97 situated between the a1 Thr38 and a.1Thr41 residues (cyan) similar to
that of the R-state Hb (green) model. Further analysis of the alf32 interphase corroborates the
finding that the Hb[a-Fe''(EtNO)][[3-Fe"'(EtNO)] structure is in the R-state conformation.

After X-ray diffraction data collection, the Hb[a-Fe"'(EtNO)][-Fe"(EtNO)] crystal was
dissolved in 0.1 M phosphate buffer (pH 7.4) to collect its UV-vis spectrum. In the Soret region
of the spectrum, one peak was observed at Amax ~420 nm, and in the Q-region of the spectrum two
peaks were observed at A ~540 and ~565 nm (Figure 3.13). These results are analogous to those
observed for the solution reaction of dithionite-reduced Hb with nitroethane (see Figure 3.4); this
confirms the notion that iron is in the ferrous state in the Hb[o-Fe'(EtNO)][3-Fe(EtNO)]

structure.

Hb[a-Fe!(EtNO)][B-Fe'(EtNO)]

Absorbance

oo o o
oMM O ®
1

375 425 475 525 575 625
Wavelength (nm)

Figure 3.13 UV-vis spectrum of the Hb[a-Fe''(EtNO)][3-Fe''(EtNO)] crystal dissolved in 0.1 M
phosphate buffer (pH 7.4) after X-ray diffraction data collection.
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3.3.2.4 Hemichrome Hb[o-Fe"(EtNO)] [B-Fe(His)>-SNO] derivative

Crystals of the Hb[a-Fe"(EtNO)][3-Fe(His),-SNO] hemichrome were collected from the
same vial from which the Hb[a-Fe(EtNO)][-Fe"(EtNO)] crystals were harvested, but they were
collected several weeks later to track the process of Hb degradation. The X-ray crystal structure of
this complex was solved as an alB1 dimer to 1.89 A.

The electron density maps (2Fo—F. and Fo—F¢c) and models of the o subunit of Hb[a-
Fe'(EtNO)][B-Fe(His),-SNO] (Figure 3.14) closely resemble those of the a subunit in the Hb[a.-
Fe'(EINO)][B-Fe"(EtNO)] structure. In fact, careful analysis of the active site revealed only minor
differences in ligand orientation, H-bonding, and hydrophobic interactions. In this structure, EENO
was also modeled at 100% occupancy with a C>~C'-N=0 torsion angle of -67.0°. Furthermore,
the ligand is similarly N-bound to the heme Fe (at 1.8 A) and participates in H-bonding with
His58(N®) (at 2.4 A) through the O-atom. The ethyl group of the ligand is closely surrounded by
hydrophobic residues. For instance, the calculated distances from EtNO(C') to Leu29(C?®),
Val62(C"?) and Leul01(C%) are 3.9, 3.6 and 3.6 A, respectively. Similarly, EtNO(C?) interacts
with neighboring residues, with distances to Leu29(C?%), Met32(C?) Phe43(C") and Leul01(C?%?)
calculated as 3.9, 4.0, 4.0 and 3.9 A respectively.

In the exterior of the heme pocket, the propionate groups are oriented in opposite directions
with the propionate (O'%) atom H-bonded to His45(N*?) at 2.9 A. The other O-atoms of the

propionates form close contacts with fixed water molecules, ranging from 2.6 — 3.5 A in distance.
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Fe-N(EtNO) = 1.8 A
Fe-N(H87) = 2.1 A

Figure 3.14 Models of the active site of the a subunit of the Hb[a-Fe''(EtNO)][B-Fe(His)>-SNO]
hemichrome at 1.89 A resolution. Left: 2F,—F. electron density map (blue mesh, contoured at 1).
Right: Fo—F. omit electron density map (green mesh, contoured at 36) with EtNO modeled at 100%
occupancy.

In contrast to the o subunit, the f subunit of the Hb[a-Fe''(EtNO)][3-Fe(His),-SNO]
derivative has undergone large backbone movements at the secondary and tertiary structure level,
as well as significant localized active site structural differences to facilitate hemichrome formation.
The 2F,—F' electron density map of the B subunit and the corresponding model of the heme pocket
are shown in Figure 3.15A. In this structure, the heme is shifted towards the solvent exterior of the
protein which results in bis-coordination by the distal His63 and the proximal His92. Furthermore,
the propionate groups of the heme appear to be highly disordered, as indicated by poor density in
the 2F—F: map (contoured at 15) around these groups.

Unlike any of the previous structures in this study, the EtNO ligand was modeled in this 3
subunit behind the heme (100% occupancy), in the interior of the heme pocket (Figure 3.15B).
Alternatively, this density could correspond to the isomeric CH>~CH?-N=OH oxime, which is the

tautomerization product of EtNO and is more chemically stable [28-30]. Assuming that the density
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in fact corresponds to EtNO, the closest calculated distances to the ligand from nearby hydrophobic
residues were from EtNO(C?) to Phe41(C%2) and Phe42(C%) at 3.8 and 3.6 A. On the other hand,
the only possible polar interaction observed was between EtINO(O) with Asn102(N®?) at 3.6 A.
Upon further analysis of the B subunit, Fe anomalous scattering mapping revealed two
positions for iron, namely Fe' and Fe? (Figure 3.15C). Based on these results and the electron
density maps, heme was modeled at 90% occupancy at the hemichrome position (Fe?). At position
Fe!, due to lack of electron density for a macrocycle, a lone Fe atom was modeled at 10%
occupancy. It bears repeating that the Hb[a-Fe''(EtNO)][B-Fe(His),-SNO] structure appeared
chronologically after ligand binding. Taking this into consideration, it is possible that the 10% of
the heme represented by the lone Fe atom at Fe! lingers in the original “ligand bound” position

that was observed in the Hb[a-Fe'(EtNO)][B-Fe"(EtNO)] structure.
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Fe2-N(H63) = 2.0 A
Fe2-N(H92) = 2.2 A

Figure 3.15 Models of the B subunit of the Hb[a-Fe''(EtNO)][B-Fe(His)>-SNO] hemichrome. (A)
2F—F. electron density map (blue mesh, contoured at 1c). (B) Fo—F: omit electron density map
(green mesh, contoured at 36) with EtNO modeled at 100% occupancy behind the heme in the
hydrophobic interior of the protein. (C) Fe anomalous map (violet mesh, contoured at 3c)
indicating two positions for Fe. A lone iron atom (Fe') was modeled in at 10% occupancy behind
the heme illustrated, however not enough density was observed to model in the porphyrin ring.
The heme (at position Fe?) corresponds to the hemichrome position, which was modeled in at 90%
occupancy.
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Another unexpected feature of this structure is the nitrosation of BCys93, which resulted in
the formation of the S-nitrosothiol (SNO) derivative (Figure 3.16). The fCys93 residue is located
in the FG loop exposed to the solvent regions of the structure, which makes it easily accessible to
diffusing molecules. Based on the F—F. omit electron density maps, SNO was modeled in place
of the -SH group in two different conformations (50% occupancy each). Each SNO conformation
is stabilized through H-bonding interactions with fixed waters linked to nearby fGlu90 (p subunit)

in the F-helix and aThr8 (o subunit) in the A-helix (Figure 3.16C).

-‘ His92
aA-helix

BF-helix 7 Mg '/
BCys-NO93

c aA-Thr8
08 A& BCys-NO93
Y

09" {
o P

Figure 3.16 (A) Overall view of the Hb[a-Fe''(EtNO)][B-Fe(His)2-SNO] hemichrome B subunit.
(B) Model of the overall environment surrounding the BCys-NO93 residue. (C) H-bonding
interactions of the BCys-NO93 residue with the C=0 backbone of neighboring Glu90 (BF-Helix)
and Thr8 (aA-Helix) of a generated symmetry mate through fixed water molecules. Also shown,
Fo—F. omit electron density map (green mesh, contoured at 1.56) showing both conformations of
BCys-NO93, each modeled at 50% occupancy.
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Analysis of the alf32 “switch” region (Figure 3.9E) revealed a distinct quaternary state
conformation from any of the canonical (e.g., T and R-state) structures. The 32His97 and the 2FG
corner deviate significantly from the location of the T-state structure (magenta). While the
backbone (32FG corner and [32His97 are closer to the vicinity of the R-state models, these two
regions have notably different spatial arrangements from any of the R(1, 2 or 3)-state (green,
yellow, slate) structures. Thus, the conformation of the Hb[a-Fe(EtNO)][B-Fe(His),-SNO]

hemichrome is best described as an altered R-state.
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3.3.2.5 Degradation Hb[a-Fe''(EtNO)][B-Fe(2 positions)] product

Crystals of the degradation Hb[a-Fe"(EtNO)][[-Fe(2 positions)] product were harvested
from the same vial from which crystals of Hb[a-Fe'(EtNO)][B-Fe'(EtNO)] (Figure 3.12) and
Hb[a-Fe'(EtNO)][3-Fe(His),-SNO] (Figure 3.14 and Figure 3.15) were collected, but they were
harvested at later time points. The X-ray crystal structure of this complex was solved as an alp1
dimer to a 1.90 A resolution.

The o subunit of the Hb[a-Fe''(EtNO)][[3-Fe(2 positions)] degradation product remains
highly conserved, in the sense that the 2F—F. electron density map and the Fo—F. omit electron
density map of the a subunit (Figure 3.17) closely resemble the two previously discussed Hb-EtNO
related structures: (Hb[a-Fe''(EtNO)][B-Fe'(EtNO)] and Hb[a-Fe''(EtNO)][B-Fe(His),-SNO]).

In the o subunit of the Hb[a-Fe''(EtNO)][[3-Fe(2 positions)] structure, the EtNO molecule
was modeled at 100% occupancy N-bound to the heme Fe at a distance of 1.9 A, with a torsion
angle of -57.8°. Hydrogen bonding from the ligand’s O-atom to His58(N®?) at 2.6 A restricts its
conformation inside the heme pocket, orienting the ethyl group towards the interior of the active
site where it is enclosed by multiple hydrophobic residues. The distances from EtNO(C!) to
Leu29(C%), Val62(C'?) and Leul01(C®) were measured as 3.7, 3.8 and 3.6 A, respectively.
Similarly, the distances from EtNO(C?) atom to neighboring Leu29(C??), Met32(C?), Phe43(C®)
and Leul01(C%) were calculated as 3.2, 3.8, 3.7 and 4.1 A, respectively. Outside of the
hydrophobic pocket, the propionate groups are oriented in opposite directions, with the propionate

(O%) atom H-bonded to His45(N#?) at 2.7 A.
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His87 Fe-N(EtNO)=1.9 A
Fe-N(H87)=2.1 A

Figure 3.17 Active site models of the a subunit of the degradation Hb[a-Fe(EtNO)][B-Fe(2
positions)] product at 1.90 A resolution. Left: 2F,—F. electron density map (blue mesh, contoured
at 10). Right: Fo—F. omit electron density map (green mesh, contoured at 36) with EtNO modeled
at 100% occupancy.

The 2F—F. electron density map, and in particular the Fo—F. omit electron density map of
the B subunit of Hb[a-Fe(EtNO)][B-Fe(2 positions)] reveled disordered and insufficient density
for heme (Figure 3.18A-B). This prompted us to analyze the structure further with Fe anomalous
scattering mapping. The results revealed two positions for Fe, at which we modeled two lone Fe
atoms, Fe! and Fe? (Figure 3.18C). Fe! was modeled directly above His92 (56% occupancy)
similar to canonical Hb structures, coordinated to His92(N%?) at a distance of 2.3 A. On the other
hand, Fe? was modeled (44% occupancy) below the distal His63(N®?) at a 3.3 A distance. Overall,
Fe? exhibits significant displacement towards the exterior of the protein (5.2 A outward movement)

as would be expected in the progression of heme loss from the active site.
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Fe'-N(H92) = 2.3 A
Fe2-N(H63) = 3.3 A

Figure 3.18 Models of the B subunit of the Hb[a-Fe''(EtNO)][B-Fe(2 positions)] degradation
product. (A) 2F—F electron density map (blue mesh, contoured at 0.75c). (B) Fo—F¢ omit electron
density map (green mesh, contoured at 36) showing disordered density for a single heme. (C) Fe
anomalous map (violet mesh, contoured at 3c) indicating two positions for Fe. The Fe; and Fe»
atoms were modeled in at 56 and 44% occupancy respectively, as determined by anomalous
scattering ratios.
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Comparison of the o132 interphase of the tetrameric structure of Hb[a-Fe''(EtNO)][[3-Fe(2
positions)] with archetypical Hb structures suggest that the quaternary structure of Hb[a-
Fe'(EtNO)][B-Fe(2 positions)] (cyan) is in the R-state conformation (Figure 3.9F). This is
indicated by the position of 32His97 between the a.lThr38 and a1Thr41, and by the overall
alignment of the B2FG backbone, which most closely overlaps the spatial arrangement of R-state

Hb(CO) (green).
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3.3.2.6 Ligand bound Hb[a-Fe'(PrNO)][B-Fe"(PrNO)]

Crystals of the ligand bound Hb[o-Fe''(PrNO)][B-Fe''(PrNO)] complex were grown
anaerobically through co-crystallization using the batch method. The crystal structure of this
complex was solved as an a1p1 dimer to a 1.90 A resolution.

The electron density maps (2Fo—F. and Fo—F') of the active sites show conspicuous density
corresponding to PrNO in both the a and B subunits (Figure 3.19). In both models, the PrNO
density is situated directly above the heme with the ligand modeled in at 100% occupancy. In
accord with our UV-vis studies, the PrNO ligand is N-bound to the Fe-atom at distances of 1.7 and
1.9 A in the o and the B subunits, respectively. Moreover, the O-atom of PrNO interacts with distal
His58/63(N#?) at distances of 2.7 (a) and 2.8 (B) A respectively. This H-bonding anchors the
ligand, causing the propyl group to orient towards the interior of the heme pocket where it
participates in several hydrophobic interactions.

In the a subunit, the calculated distance between PrNO(C') and Leul01(C%) is 3.6 A.
Neighboring PrNO(C?) are Phe43(C?") and Phe43(C) at distances of 3.8 and 3.5 A, respectively.
Finally, the C* atom of PrNO is buried inside a small hydrophobic tunnel with distances from
PrNO(C?) to Leu29(C?), Met32(C?) and Phe43(C?') of 3.4, 3.3 and 3.4 A respectively. In the B
subunit, similar hydrophobic contacts are observed. The distances from PrNO(C!) to Val67(C"?)
and Leul06(C%) were measured as 3.6 A each. Likewise, the distances from PrNO(C?) to
Leu28(“%") and Phe42(C%) were calculated as 3.5 A each. Finally, the atoms Leu28(C%") and

Leu31(C%) border PrNO(C?) with measured distances of 3.4 and 3.0 A respectively.

The propionate groups in the a subunit are angled in opposite directions. Furthermore, the

heme(O%?) atom forms a hydrogen-bond interaction with His45(N%?) at 2.8 A. The propionate
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groups in the P active site align towards the same side of the heme and form no direct interactions

with protein residues or fixed solvent molecules.

His87
Fe-N(PrNO) = 1.7 A
Fe-N(H87)=2.1 A

X
%%
S,

Fe-N(PrNO) = 1.9 A
Fe-N(H92) = 2.1 A

Figure 3.19 Active site models of (A) a and (B) B subunits of the ligand bound Hb[a-
Fe''(PrNO)][B-Fe''(PrNO)])] complex at a resolution of 1.90 A. Lefi: 2F,—F. electron density map
(blue mesh, contoured at 1c). Right: Fo—F omit electron density maps (green mesh, contoured at
3o and 20 in the o and B subunits respectively). In both subunits, the Fe-bound PrNO ligands were
modeled at 100% occupancy.
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The Hb[a-Fe'(PrNO)][B-Fe!'(PrNO)] structure was determined to be in the R-state
conformation, where the residue P2His97 and the P2FG corner of Hb[a-Fe'(PrNO)][B-
Fe!'(PrNO)] (cyan) best mimic the spatial arrangement of the R-state (green) Hb(CO) structure
(Figure 3.9G).

The oxidation state of Fe in the Hb[a-Fe''(PrNO)][B-Fe'(PrNO)] structure was determined
by recording its absorption spectrum. This became particularly important because our UV-vis
studies of the Hb"-PrNO complex showed that the ferrous product is short-lived in solution, yet
the crystals took several days to grow. Therefore, after X-ray diffraction data collection, the crystal
was dissolved in 0.1 M phosphate buffer (pH 7.4) and the UV-vis spectrum was collected. The
results show a peak at Amax ~420 nm in the Soret band and two peaks at A ~540 and 565 in the Q-
region of the spectrum (Figure 3.20). These results are in agreement with data obtained from our
spectral studies of the reactions between dithionite-reduced Hb!" and PrNO; in solution (see 3.3.17),

thus confirming the redox state of iron as Fe!l,

- Hb[a-Fe"(PrNO)][B-Fe"(PrNO)]

1 -
0.8 A
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Figure 3.20 UV-vis spectrum of the Hb[a-Fe''(PrNO)][B-Fe'(PrNO)] crystal dissolved in 0.1 M
phosphate buffer (pH 7.4) after X-ray diffraction data collection.
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3.3.2.7 Degradation Hb[a-Fe''(PrNO)][B-Fe(2 positions)] product

Crystals of the degradation Hb[a-Fe''(PrNO)][B-Fe(2 positions)] product were harvested
from the same vial where Hb[a-Fe''(PrNO)][B-Fe''(PrNO)] crystals grew, but the crystals were
looped several weeks later.

The active site models of the o subunit of the Hb[o-Fe''(PrNO)][B-Fe(2 positions)]
degradation product at 1.90 A resolution (Figure 3.21) are almost indistinguishable from those of
the o subunit of Hb[a-Fe''(PrNO)][B-Fe!'(PrNO)] (Figure 3.19). Based on the resultant electron
density maps, PrNO was modeled at 100% occupancy N-bound to Fe (1.8 A distance). A hydrogen
bond between PrNO(O) and His58(N#2) creates a docking point that restricts ligand rotation inside
the active site. Consequently, the propyl group is buried in the hydrophobic interior of the heme
pocket, with calculated distances from PrNO(C!) to Leul01(C?%) and Val62(C?) at 3.5 and 3.6 A.
Similarly, the distances from PrNO(C?) to Leu29(C?%), Phe(C?') and Phe(C") were measured at 3.0,
4.0 and 4.0 A respectively. Finally, the PrINO(C?) atom has measured distances to Leu29(C%),

Met32(C?) and Phe43(C?') of 3.7, 3.2 and 3.9 A, respectively.
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Figure 3.21 Active site models of the B subunit of Hb[o-Fe''(PrNO)][B-Fe(2 positions)]
degradation product at 1.90 A resolution. Left: 2F—F. electron density map (blue mesh, contoured
at 10). Right: Fo—F. omit electron density map (green mesh, contoured at 36) with PrNO modeled
at 100% occupancy.

Upon inspection of the 2F,—F electron density map of the B subunit (Figure 3.22A), we
observed sparse density surrounding the heme. Similar results were noted in the Fo—F. omit
electron density map (Figure 3.22B). Based on these observations, we interrogated the structure
further. Similarly to Hb[a-Fe(EtNO)][B-Fe(2 positions)], Fe anomalous scattering mapping
exposed two locations for Fe. Two lone iron atoms, Fe! and Fe?, were modeled at these positions
with 46 and 54% occupancy each. Unlike any of our previous structures, the BF-helix of Hb[a-
Fe!'(PrNO)][B-Fe(2 positions)] was modeled in two conformations, giving PHis92 two
conformations as well. Consequently, each Fe atom is anchored to the heme pocket by binding to
BHis92 (2.3 and 2.1 A). Interestingly, Fe? is simultaneously bound to His63 and His92, and this
bis-coordination strongly resembles hemichrome formation observed in our Hb[a-Fe'(EtNO)][f3-

Fe(His),-SNOJ] structure (Figure 3.15).
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Fe'-N(H92') = 2.3 A . “\
Fe2-N(H63) =29 A ‘ F2-helix
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Figure 3.22 Active site models of the B subunit of the Hb[a-Fe''(PrNO)][B-Fe(2 positions)]
degradation structure. (A) 2F,—F electron density map (blue mesh, contoured at 0.75c). (B) Fo—
F. omit electron density map (green mesh, contoured at 36) showing disordered density for a single
heme. Two conformations were modeled for the F-helix (shown in pink and yellow). (C) Fe
anomalous map (violet mesh, contoured at 36) indicating two positions for Fe. The hemes at Fe!
and Fe? were modeled in at 46 and 54% occupancy respectively, as determined by anomalous
scattering ratios.
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Figure 3.23 shows the 2F—F. electron density map (gray mesh) corresponding to the
different conformations of the BF-helix. The structure was built by splitting residues Ala86 —
Asp99 (which are: 86A-TLSELHCDKLHV-99D). The ensuing F! and F? helices were modeled
with 46 and 54% occupancy respectively, which are the same ratios used to model the lone Fe

atoms. Note that electron density for the backbones of both helices are clearly present, and that

only a few side chains lack electron density.

A

Figure 3.23 (A) Models of the two distinct conformations of the F-helix in the  subunit of the
Hb[a-Fe''(PrNO)][B-Fe(2 positions)] degradation product and 2Fo—F electron density map (gray
mesh, contoured at 0.5¢6) (B) top view (~90° counter clockwise vertical rotation) indicating
individual F-helix conformations
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Determining the quaternary state of the Hb[a-Fe''(PrNO)][B-Fe(2 positions)] degradation
product proved challenging. Unlike any of our previous structures, portions of the f2FG corner
are modeled in two positions, giving rise to two P2His97 residues (Figure 3.24, cyan). The
[F2His97 corresponding to the F'-helix (orange arrow), closely resembles the R-state conformation
of Hb(CO) (green). On the other hand, the 2His97 of the F?-helix (pink arrow) and the overall
alignment of the B2FG backbone in this conformation, do not resemble any of the canonical Hb

structures.

B

a1C helix  Fi-helix

B2FG corner
Unlabeled residues: 2His97

Figure 3.24 (A) X-ray crystal structure of the Hb[o-Fe''(PrNO)][B-Fe''(2 positions)] dimer
represented in the tetrameric form by the al and B1 subunits. The a2 and 2 subunits are PyMol
generated symmetry mates. The different conformations of the BF-helix are indicated by arrows
and represented in distinct colors. (B) Comparison of the alP2 interface with characteristic Hb
structures. Magenta: T-state deoxyHb (PDB ID 1B86), Green: R-state Hb(CO) (PDB ID 1AJ9).
Yellow: R2-state Hb(CO) (PDB ID 1BBB), Slate: R3-state Hb(CO) (PDB ID 1YZI). Cyan: Hb[a-
Fe!'(PrNO)][B-Fe''(2 positions)] from this work. The B2His97 indicated by the orange arrow
corresponds to the BF!-helix in an R-state. The B2His97 indicated by the pink arrow in the BF>-
helix is best represented as a modified R-state conformation.
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3.3.3. Degradation studies of the Hb"-MeNO, -EtNO and -PrNO products

While many pieces of crystallographic evidence presented here suggest that RNO (MeNO,
EtNO, PrNO) ligand binding leads to Hb degradation, none of the X-ray crystal structures show
complete heme loss and subsequent protein degradation. However, this may be due to the packing
environment of the crystals, which obstruct heme from diffusing out of the active site. Therefore,
we reproduced the reactions that were used to form the Hb!'-RNO derivatives for co-crystallization
(see section 3.2.6) and monitored their stability in solution. After one day, we separated any
aggregation products from solution by centrifugation and found that all ligand-containing reactions
resulted in precipitation (Figure 3.24). Interestingly, we noted that damage to Hb increased with
increasing size of the RNO alkyl group. The control experiment containing sodium dithionite but
no ligand also resulted in protein aggregation, but to a lesser extent. Finally, the control containing
no ligand and no sodium dithionite resulted in no precipitation. These results along with our

crystallographic evidence, suggest that RNO binding leads to Hb degradation.

L: M = -
DT: + + -
- -

Figure 3.25 Hb degradation studies. Reaction mixture: 1 mL Hb"™-H,O (30 mg/mL) + 8 uL of
RNO> +~24 mg sodium dithionite. L: ligand, DT: sodium dithionite, M: MeNO, E: EtNO, P:
PrNO, + : added to the reaction, — : not added to the reaction.
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Table 3-3 Configuration state of the Hb[a-Fe(ligand)][B-Fe(ligand)] structures

Structure Configuration state
ferric Hb"'-H,O R-state
Hb[a-Fe''(MeNO)][B-Fe''(MeNO)] R-state
Hb[a-Fe''(MeNO)][B-Fe(H,0)] R-state
Hb[o-Fe'(EtNO)][3-Fe(EtNO)] R-state
Hb[a-Fe''(EtNO)][[3-Fe(His),-SNO] Altered R-state
Hb[a-Fe''(EtNO)][[3-Fe(2 positions)] R-state
Hb[a-Fe'(PrNO)][B-Fe"(PrNO)] R-state
Hb[a-Fe"(PrNO)][B-Fe(2 positions)] R-, and altered R-state
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Table 3-4 Selected structural parameters

Alpha-subunit

Structure Fe-N(H87) | Fe-N(RNO) | ZCi;-N=0O | £C»-C-N=0 | Z£C3-C,-Ci-N Ligand Propionate
(A) &) (RNO) (°) (RNO) (°) (RNO) (°) occupancy (%) | orientation
Hb[a-Fe''(MeNO)][B-Fe'(MeNO)] 2.2 1.9 115 NA NA 100 Oposite
Hb[a-Fe''(MeNO)][B-Fe(H,0)] 1.9 1.9 115 NA NA 100 Oposite
Hb[o-Fe''(EtNO)][3-Fe"'(EtNO)] 2.1 1.9 114 55 NA 100 Oposite
Hb[a-Fe''(EtNO)][[3-Fe(His),-SNO] 2.1 1.8 112 67 NA 100 Oposite
Hb[a-Fe''(EtNO)][[3-Fe(2 positions)] 2.1 1.9 113 58 NA 100 Oposite
Hb[a-Fe'(PrNO)][B-Fe"(PrNO)] 2.1 1.8 108 48 142 100 Oposite
Hb[a-Fe"(PrNO)][B-Fe(2 positions)] 2.1 1.8 106 45 97 100 Oposite
Beta-subunit
Structure Fe-N(H92) | Fe-N(RNO) | £LCi-N=0 | £LC,-Ci-N=0 | £C3-C,-Ci-N Occupancy (%) Pr.opiontate
A) A) (RNO) (°) (RNO) (°) (RNO) (°) orientation
Hb[a-Fe''(MeNO)][B-Fe'(MeNO)] 2.1 1.9 114 NA NA 100 Down
Hb[a-Fe''(MeNO)][B-Fe(H,0)] 2.2 NA® NA NA NA 100 Down
Hb[o-Fe''(EtNO)][3-Fe"(EtNO)] 2.0 1.9 109 60 NA 100 Down
Hb[a-Fe''(EtNO)][[3-Fe(His),-SNO] 2.2 NAP NA NA NA NA ??
Hb[a-Fe''(EtNO)][[3-Fe(2 positions)] 2.3 NAE NA NA NA NA 7?
Hb[a-Fe'(PrNO)][B-Fe"(PrNO)] 2.1 1.9 106 62 155 100 Down
Hb[a-Fe"(PrNO)][B-Fe(2 positions)] | 2.3*,2.1° NA* NA NA NA NA 7?

Abond to Fe!, Bbond to Fe?, € Fe binds H>O instead at 2.4 A, P Fe is bis-coordinated binding to His63 at 2.0 A instead of an RNO, F
Fe! only binds His92 while Fe? is coordinated to His63 at 3.3 A, F Fe? is bis-coordinated to His63 at 2.9 A instead of an RNO.
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3.4 Discussion

3.4.1 Analysis of the reactions of Hb with nitroalkanes (MeNO;, EtNO; and PrNQO3) under

reducing conditions as determined by UV-vis spectroscopy

UV-vis spectroscopy was used to monitor the reactions of Hb! with nitroalkanes. My goal
was to determine how ligand sterics impact the extent of Hb'"-RNO complex formation, and to
elucidate the stability of the resultant complexes in the presence and absence of air. Given the
similarities in heme-pocket architecture between Mb and Hb, I expected to see an inverse
relationship between ligand sterics and extent of formation of each complex, as discussed in
Chapter 2 for the analogous Mb reactions. Additionally, I expected to gain information regarding
the stability of these complexes to help guide my crystallization attempts of the Hb!-RNO
derivatives. For the aerobic reaction between ferrous Hb! with nitromethane under reducing
conditions, Mansuy reported a shift in the Soret band from Amax 430 to 421 nm, and simultaneous
spectral changes in the Q-region from A 555 to 562 nm with a shoulder appearing at A ~545 nm
[22]. Our aerobic and anaerobic reactions between dithionite reduced Hb!" and nitroalkanes
resulted in similar spectral shifts (Figure 3.4). As expected, temporal tracking of these reactions
uncovered an apparent inverse relationship between extent of formation and ligand sterics (Figure
3.5). Specifically, the smallest RNO, MeNO, resulted in the highest extent of formation (0.53,
aerobically) and EtNO followed at a slightly lower extent of formation (0.51, aerobically), while
formation of the Hb"-PrNO complex was significantly lower (0.43, aerobically). Also, a direct
relationship between complex stability and ligand sterics was noted. Interestingly, the Hb'-MeNO
and -EtNO complexes with these small MeNO and EtNO groups were relatively more stable and
longer lived than Hb-PrNO, which began to dissociate its PrNO ligand at earlier timepoints.

Furthermore, stability of the complexes was higher in the absence of air. These results provided
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crucial information used to guide my crystallization conditions. The Hb!-MeNO and -EtNO
crystals were prepared aerobically, yet the same conditions resulted in Hb"-O; crystals during
attempted crystallization of Hb!-PrNO. However, crystallization of intact Hb"™-PrNO was
successful under anaerobic conditions.

After the UV-vis spectroscopy studies, I collected X-ray diffraction data on each of the
Hb-RNO (R = Me, Et and Pr) crystals had been prepared and maintained in crystalline form over
a period of time. Based on the trends in stability observed for the Hb''-RNO complexes in solution
(Figure 3.5), I expected each complex to reveal different stages in the structural fluctuations

leading to RNO-induced Hb degradation.
3.4.2 Heme oxidation resulting from Hb-MeNO binding

Monitoring of the Hb!'-MeNO crystals resulted in two distinct structures that revealed the

initial steps in the overall mechanism leading to Hb degradation.

3.4.2.1 Step 1, MeNO binding: Hb[a-Fe''(MeNO)][B-Fe'(MeNO)]

The X-ray crystal structure of Hb in complex with MeNO was previously published by a
former lab member, Dr. Yi [18]. Her structure was obtained through the reaction of ferric Hb'"!-
H>O with nitromethane in the presence of dithionite as a reducing agent. Although her structure
was available, I decided to obtain my own Hb[o-Fe''(MeNO)][B-Fe''(MeNO)] structure and use it
as a baseline reference to monitor structural changes after ligand binding. Comparison of these
two structures revealed faithful MeNO binding mode (Figure 3.26). In both cases, the ligand was
N-bound to the heme, and no significant differences were noted in bonding distances, ligand
orientation, or spatial arrangement of the amino acids in the distal pocket. Additionally, the global

folds of the alp1 dimer are essentially the same, with an overall RMSD calculated as 0.270 A.
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This comparison indicates that the structures obtained likely correspond to the most favorable
configuration of the complex.

The Hb[a-Fe''((MeNO)][B-Fe''(MeNO)] structure was further compared to ferric Hb"'-H>O.
As observed in Figure 3.27, ligand binding resulted in minor geometrical fluctuations in the
arrangement of the amino acids within the active site. The major differences are noted on the distal
His58/92 residues. In both subunits, the His58/92 residues swing out, towards the solvent exterior
to accommodate MeNO binding. Swinging distances of 1.3 and 1.1 A were calculated (as
measured between His58/92 N atoms) in the a and 3 subunits respectively. Finally, MeNO binding
did not affect the global structure of the protein nor its R-state configuration (Table 3-3, Figure

3.9).

A B

7:128

Val67
.

N

His87 [alpha His92 beta

Figure 3.26 Superpositioning of the heme sites of the (A) al subunits and (B) B1 subunits of the
Hb[a-Fe''((MeNO)][B-Fe''(MeNO)] structure from this work (cyan) and the previously published
equivalent (magenta; PDB ID 4M4A).
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3.4.2.2 Step 2, heme oxidation: Hb[a-Fe"(MeNO)][B-Fe"'(H>0)]

After solving this structure and determining the ligand bound Hb[a-Fe'(MeNO)][B-
Fe''(MeNO)] models, I continued to monitor the integrity of the Hb structure by X-ray
crystallography. I made sure to use crystals from the same (preparation) vial to minimize outside
variables (i.e. differences in pH, buffer concentration, etc.). After chronologically screening
crystals for several weeks (~3-4), the Hb[a-Fe''(MeNO)][B-Fe''((H,0)] structure was solved.
Comparing this structure to the Hb[a-Fe''{(MeNO)][B-Fe''(MeNO)] derivative and the ferric Hb'"!-
H,0 model resulted in overall RMSD values of 0.270 and 0.250 A (Figure 3.27). Analysis of the
protein shows that the global structure of Hb and its R-state configuration remain intact even weeks
after ligand binding (Figure 3.9, Table 3-3). Also, no significant differences were noted between
structures in the o subunit. However, in the  subunit, MeNO was replaced by a water molecule,

_(H,0) complex with an Fe-OH bond of 2.4 A. Superpositioning also showed

creating a ferric Fe
that, after ligand dissociation, the distal His63 residue did not swing back into the position
corresponding to the ferric Hb™-H,O model. This created a His63(N¢)-OH, distance of a 3.4 A,
which is too long to maintain H-bonding.

These “minor” differences are quite significant. Previous studies have determined that
oxidation of Hb promotes tetramer dissociation and subsequent tertiary structural distortions [12,

16, 31]. Therefore, our Hb[a-Fe'(MeNO)][B-Fe'(H,0)] model provides structural evidence

supporting Fe oxidation as the next step in the overall mechanism leading to heme loss.
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\/k ' Val62 His58 %
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Figure 3.27 Superpositioning of the heme active sites of the al and B1 subunits of ferric Hb'"!-
H>O (magenta; PDB ID 3P5Q), and the Hb[a-Fe"(MeNO)][B-Fe'(MeNO)] (slate) and Hb[o-
Fe''{(MeNO)][B-Fe'''(H20)] (blue white) structures from this work.

3.4.3 Structural morphology resulting from Hb-EtNO binding

The Hb"-EtNO crystals morphed at a different rate than the Hb"'-MeNO ones, which
revealed additional steps in the structural mechanism of Hb degradation, hemichrome formation

and heme slippage.
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3.4.3.1 Step 1, EINO binding: Hb[o-Fe"(EtNO)] [B-Fe'(EtNO)]

The Hb[a-Fe'(EtNO)][B-Fe''(EtNO)] structure from this study is the first reported with
both subunits in complex with EtNO. Global alignment of Hb[a-Fe''(EtNO)][B-Fe''(EtNO)]
against ferric Hb"-H,O resulted in an RMSD value of 0.231 A (Figures 3.25 and 3.26, cyan).
Binding of EtNO did not affect the R-state conformation of the ferric Hb™-H,O protein used to
prepare the crystals. Further analysis of the active sites disclosed slight differences in the position
of the His58/63 residues. In both subunits, the distal His residue is shifted outwards by 1.1 (o) and
0.9 (B) A (as calculated between His N? atoms), to accommodate EtNO binding. As with Hb[a-
Fe''(MeNO)][B-Fe''(MeNO)], this structure confirmed that the first step in Hb degradation is ligand

binding.

3.4.3.2 Step 2, heme oxidation: not observed

Despite continued monitoring of the Hb-EtNO crystals, a structure showing heme
oxidation resulting in a ferric Fe'"'-H,O B subunit was not captured. However, this may be due to
rapid transition from the ligand bound Hb[a-Fe'(EtNO)][B-Fe''(EtNO)] state to Hb[o-

Fe''(EtNO)][B-Fe(His)2-SNO] hemichrome formation.

3.4.3.3 Step 3, hemichrome formation: Hb[a-Fe'(EtNO)][B-Fe(His)>-SNO]

Global alignment of Hb[a-Fe'(EtNO)][B-Fe''(EtNO)] against Hb[a-Fe''(EtNO)][B-
Fe(His)>-SNO] and ferric Hb"™-H,O yielded RMSD values of 0.265 and 0.200 A (Figure 3.28 and
Figure 3.29). These values indicate that the quaternary architectural integrity of the protein remains
relatively intact. Comparison of the o subunits shows that the active site did not undergo spatial
changes during the transition of the B subunit from the EtNO bound state to the hemichrome state

(Figure 3.28, green).
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However, significant changes were observed at the tertiary level for the  subunit as it
evolved from one state to the next. In the Hb[a-Fe''(EtNO)][B-Fe(His)>-SNO] structure, the B F-
helix (residues 82-100) unwinds and glides outwards (Figure 3.29D, green). This local unravelling
propagates positional changes to the distal His92 residue, causing it to slide towards the exterior
by 4.9 A (measured from His92 N°-N¢ against Hb[o-Fe''(EINO)][B-Fe'(EtNO)]) as shown in
Figure 3.29B (green). In turn, this generates outward slippage of the heme to the solvent by 5.1 A
(measured from Fe-Fe against Hb[a-Fe''(EtNO)][B-Fe''(EtNO)]), which leads to bis heme
coordination by distal amino acid residues His63 and proximal His92. Bis-His coordination of the
heme is accompanied by a downward diagonal gliding of His63 by 1.0 A (measured from His63
Ne-N¢ against Hb[o-Fe''(EtNO)][B-Fe''(EtNO)]) to facilitate hemichrome formation (Figure
3.29B). Additionally, the lone Fe atom modeled behind the heme sits at position Fe!, which
corresponds to the location of the heme Fe atom in both Hb[o-Fe''(EtNO)][B-Fe!'(EtNO)] and
ferric Hb™-H>O structures. This provides evidence that the structure of Hb morphed from the
heme-nitroso derivative into the hemichrome state, and that a minimal portion of the Hb population
(within the crystal) remains in the ligand bound configuration.

These localized changes in the beta subunit have a significant impact on the function of the
protein. The quaternary state of the protein adopts an altered R-state. Hb is reliant on fast and
efficient allosteric transitions to achieve its role in oxygen storage and transport. Bis-coordination
of the heme prevents Hb from functioning properly. For instance, hemichrome formation has been
characterized as resulting in low-spin species that are followed by increased protein precipitation

[14-16].
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3.4.3.4 Step 4, Heme slippage: Hb[a-Fe''(EtNO)][B-Fe(2 positions)]

After hemichrome formation, the structure of Hb continued to transform. Structural
alignment of Hb[a-Fe'(EtNO)][B-Fe(2 positions)] against ferric Hb™-H,O and Hb[o-
Fe''(EtINO)][B-Fe(His)>-SNO] resulted in RMSD values of 0.209 and 0.190 A respectively. The o
subunit structure remained “static” through the transitions of the § subunit (Figure 3.28, green and
yellow traces). After hemichrome formation, the F-helix of the B subunit recoiled back into the
position observed at the initial ligand binding stage. This shifted the proximal His92 residue back
towards the inside of the protein by 4.5 A (measured from His92 N&-N¢ against Hb[a-
Fe!'(EtNO)][B-Fe(His)>-SNO]). This backwards movement of the His92 residue “dragged” 56%
of the heme back to position Fe!, leaving the rest behind at position Fe2. Simultaneously, the distal
His63 residue drifted back into the active site by 1.8 A (measured from His63 N-N¢ against Hb[a-
Fe!'(EtNO)][B-Fe(His)>-SNO]), distancing itself from Fe?. As a result, the heme at position Fe? is
no longer directly coordinated to the protein. Finally, the quaternary state of this derivative returns
to the R-state configuration as observed at the EtNO binding stage. This heme-slippage phase
represents a new step in the overall mechanism leading to Hb degradation. Moreover, due to the
crystal packing environment, it is likely that a structure showing complete heme-loss will be very

difficult to obtained (see 3.4.4.2 for further discussion).
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M ferric Hb"-H,O
Hb[a-Fe'(EtNO)][B-Fe"(EtNO)]

I Hb[a-Fe'(EtNO)][B-Fe(His),-SNO]
Hb[a-Fe'(EtNO)][B-Fe(2 positions)]

His87

Figure 3.28 Heme active site models of the al subunits of ferric Hb™-H>O (magenta; PDB 1D
3P5Q), and the Hb[o-Fe''(EtNO)][B-Fe''(EtNO)] (cyan), Hb[a-Fe''(EtNO)][B-Fe(His)>-SNO]
(green) and Hb[o-Fe''(EtNO)][B-Fe(2 positions)] (yellow) structures from this work,
superimposed along Ca backbone.
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Ne-Ne, 4.9 A
M ferric Hb"-H,0 Hb[a-Fe'(EtNO)][B-Fe"(EtNO)]
Hb[a-Fe'(EtNO)][B-Fe'(EtNO)] [ Hb[a-Fe"(EtNO)][B-Fe(His),-SNO]

®. His63
NN, 1.8 A

I Hb[a-Fe'(EtNO)][B-Fe(His),-SNO]
Hb[o-Fe"(EtNO)][B-Fe(2 positions)]

Figure 3.29 Superimposed structures of the heme sites of the B1 subunits of ferric Hb™-H,O
(magenta; PDB ID 3P5Q), and the Hb[a-Fe''(EtNO)][B-Fe''(EtNO)] (cyan), Hb[a-Fe''(EtNO)][B-
Fe(His)>-SNO (green) and Hb[a-Fe''(EtNO)][B-Fe(2 positions)] (yellow) structures from this
work, superimposed along the Ca backbones. Dashed arrows represent movements as the structure
undergo A) ligand binding, B) hemichrome formation, and C) heme slippage. D) Accompanying
changes to the F-Helix of the structures.
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3.4.4 Structural morphology resulting from Hb-PrNO binding

The HbU-PrNO crystals morphed more rapidly than the Hb-MeNO and -EtNO
counterparts. Monitoring of the crystals allowed me to obtain two distinct X-ray crystal structures

at different stages of Hb degradation.

3.4.4.1 Step 1, PrNO binding: Hb[a-Fe''(PrNO)][B-Fe'(PrNO)]

As with my previously discussed ligand bound structures, the global structure of the Hb[a-
Fe!'(PrNO)][B-Fe"'(PrNO)] is highly similar to the ferric Hb™-H,O model. Comparison of both
structures resulted in an RMSD values of 0.268 A (Figure 3.30, purple). The only difference
detected between the active sites of o subunits of the ferric Hb"-H>O and the Hb[a-Fe"'(PrNO)][B-
Fe!'(PrNO)] structures is the spatial arrangement of His58. In the nitroso ligand bound protein,
His58 swings outwards by 1.4 A (measured between His58 N¢ atoms) to accommodate RNO
binding (Figure 3.30, purple). Similar fluctuations were observed in the distal His63 residue in the
active site of the [ subunit to facilitate PrNO binding (Figure 3.31, purple). However, nitroso

binding did not change the quaternary state of the protein, which remains in the R-state.

3.4.4.2 Step 2, heme oxidation: not observed

Although several X-ray diffraction data was collected on Hb'-PrNO crystals that had aged
over several time periods, I was unable to capture a structure showing heme oxidation and p-Fe'!!-
H,O formation. This could be due to the high instability of the heme-nitroso bound Hb"-PrNO
complex, which transformed quickly to the next stage. This argument is based on our UV-vis
spectroscopy studies, which showed that the Hb"-PrNO complex is shorter lived in solution

(Figure 3.5), and yields larger amounts of aggregation (Figure 3.25) as compared to the other the

Hb!"-RNO derivatives investigated.
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3.4.4.3 Steps 3 and 4, simultaneous hemichrome formation and heme slippage: Hb[a-
Fe''(PrNO)][B-Fe(2 positions)]

After PrNO binding, the Hb structure continued to transform. Superpositioning of the
Hb[a-Fe''(PrNO)][B-Fe(2 positions)] structure over ferric Hb"-H,O and Hb[a-Fe''(PrNO)][B-
Fe''(PrNO)] resulted in RMSD values of 0.268 and 0.248 respectively. This structure was solved
in the hemichrome state and also in the heme-slippage state. Thus, the quaternary state of the
protein was partly solved as an R-state and partly as an altered R-state configuration. Despite these
changes to the structure, the active site of the a subunit had only minimal distortions. Specifically,
His58 migrated towards the inside of the heme-pocket by 0.8 A (as measured between His58 N¢
atoms) as compared to the nitroso ligand bound structure.

Not surprisingly, the major structural transitions were observed in the B subunit of Hb[a-
Fe!'(PrNO)][B-Fe(2 positions)]. In the distal pocket, the His63 residue slides down and outwards
by 1.3 A (as measured between His58 N¢ atoms) to promote hemichrome formation (Figure
3.31B). However, the His63(N?)-Fe distance was calculated as 2.9 A, as compared to the much
closer interaction (2.0 A) observed in the Hb[a-Fe'(EtNO)][B-Fe(His)-SNO] hemichrome
derivative. Additionally, the F-helix of the B subunit was modeled in two distinct conformations.
This created two positions for the proximal His92 residue, which are located 4.6 A apart (as
measured between His58 N¢ atoms). This movement propagated to the heme, causing part of the
heme to slip towards the solvent exterior of the protein by 5.1 A. Not only does the Hb[a-
Fe''(PrNO)][B-Fe(2 positions)] structure confirm two distinct steps in the overall mechanism
leading to heme-loss, it also provides clear evidence that the Hb[a-Fe(ligand)][B-Fe(ligand)]

structures obtained morphed from one stage to the next, instead of appearing randomly.
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Finally, we expect heme-loss to be the final step in Hb degradation. However, capturing a
Hb X-ray crystal structure in which the § subunit has undergone complete heme-loss is highly
unlikely. As can be seen in Figure 3.32, the heme cannot move out of the active site any further,

as it is blocked by residues in neighboring o subunits corresponding to symmetry related mates in

the crystal packing.
—) VwLeu29
—-26A
Val62 —-22A
=W —-28A

Leu10:1 4\,;

M ferric Hb"'-H,0O
B Hb[a-Fe'(PrNO)][B-Fe'(PrNO)]
His87 Hb[a-Fe''(PrNO)][B-Fe(2 positions)]

Figure 3.30 Heme active site models of the al subunits of ferric Hb™-H>O (magenta; PDB 1D
3P5Q), and the Hb[o-Fe''(PrNO)][B-Fe'(PrNO)] (purple) and Hb[a-Fe''(PrNO)][B-Fe(2
positions)] (gray) structures from this work, superimposed along Ca backbone.
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< ___________
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M ferric Hb'"-H,0 M Hb[a-Fe'(PrNO)][B-Fe'"(PrNO)]
M Hb[a-Fe'(PrNO)][B-Fe'(PrNO)] Hb[a-Fe'(PrNO)][B-Fe(2 positions)]

Figure 3.31 Superimposed structures of the heme sites of the B1 subunits of ferric Hb™-H,O
(magenta; PDB ID 3P5Q), and the Hb[a-Fe''(PrNO)][B-Fe''(PrNO)] (purple) and Hb[o-
Fe''(PrNO)][B-Fe(2 positions)] (gray) structures from this work, superimposed along the Ca
backbones. Dashed arrows represent morphological movements as the structures undergo A)
ligand binding, B) hemichrome formation and heme slippage. The bottom panel shows the
accompanying changes to the F-Helix of the structures.
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Figure 3.32 Environment surrounding the slipped hemes in the B subunits of A) Hb[a-
Fe!'(EtNO)][B-Fe(2 positions)] and B) Hb[a-Fe''(PrNO)][B-Fe(2 positions)]. Magenta: surface of
the B subunit, cyan and green: surface of symmetry related o subunits. Distances shown are 2.5-
5.0A.

3.4.5 Step-wise structural mechanism leading to heme-loss as a result of RNO binding to Hb

Binding of C-nitroso compounds to hemeproteins has been documented to lead to protein
inhibition [32-34] and structural degradation [16, 18, 35]. Moreover, high levels of certain nitroso
compounds in the blood have been linked to methemoglobinemia and hemolytic anemia. However,
prior to this work, the step-by-step structural mechanism resulting in Hb degradation remained
relatively unknown.

In separate works, designed to explain Heinz body formation associated with unstable Hb
disease, and drug-induced hemolytic anemia, McDonald [12] and Sugawara [36], proposed similar
pathways for Hb degradation. Generally speaking, they reported that Hb"-O» undergoes oxidation
into ferric Hb"-H»O, followed by hemichrome formation and ultimately protein precipitation, as
shown in the scheme below. However, no structural evidence was available to support their

proposal.
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Hb-0, — ferric Hb"'-H,O —— hemichrome — precipitation

These new Hb structures (my work) provided distinct pieces of information that allowed
me to propose a step-by-step structural mechanism leading to Hb degradation. In C-nitroso induced
degradation, the initial stages are marked by substrate binding to ferrous Hb'"! (Figure 3.33, steps s
and 1). These steps were confirmed both using UV-vis spectroscopy and X-ray crystallography.

Based on information gleaned from my X-ray crystal structures, after nitroso binding, the
beta subunit of Hb undergoes oxidation, resulting in the formation of ferric Hb"-H,O.
Autoxidation of Hb"-O, has been studied in detail and is suggested to occur by nucleophilic
displacement of O by either a water molecule, or a OH ion, that migrated from the solvent
exterior into the heme-pocket. The Fe is converted to the ferric form with the water molecule
bound at the sixth coordinate position.

Then, as proposed by McDonald [12] and Sugawara [36], the next step in my proposed
mechanism is also hemichrome formation (Figure 3.33, step iii). Hemichromes are reported to give
rise to “sticking points” in erythrocytes where Heinz body cells can become trapped and undergo
cell lysis, which ultimately may lead to hemolytic anemia [14, 37, 38]. Two of the structures in
this work provided a detailed structural understanding of the fluctuations that Hb undergoes in the
very important process of hemichrome formation.

The fifth step proposed in the mechanism of Hb degradation is heme-slippage towards the
exterior of the active site (Figure 3.33 iv). Similar structures have been reported by Dr. Yi (Richter-
Addo lab). In both cases, there is a significant movement of the heme towards the solvent ~5 A,
and weak coordination to the active site. Finally, we propose that the last step in Hb degradation

is complete heme loss (Figure 3.33 step v), something that I was unable to observe through X-ray
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crystallography due to the packing of the crystals. However, I did confirm protein aggregation in

solution.
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Figure 3.33 A. Steps of the mechanism of RNO-induced heme loss, followed by source of
evidence. s) Ferrous Hb", UV-vis reactions in solution. i) Nitroso binding, Hb[a-Fe''(RNO)][B-
Fe''(RNO)] R = Me, Et, Pr. ii) Heme oxidation, Hb[o-Fe'(MeNO)][B-Fe"'(H>0)]. iii)
Hemichrome formation, Hb[a-Fe''(EtNO)][B-Fe(His)2-SNO]. iv) Heme slippage, Hb[o-
Fe''(EtNO)][B-Fe(2 positions)], Hb[a-Fe''(PrNO)][B-Fe(2 positions)] v) Heme-loss and protein
degradation, aggregation studies in solution.

3.5 Conclusion

In this project, I set out to investigate the step-by-step structural mechanism leading to C-
nitroso induced Hb degradation. Protein degradation can be drug-induced, occur naturally, or as a
result of unstable Hb disease. Although the overall mechanisms of Hb degradation are considered
to be similar (despite the cause), prior to this work, only a simplistic mechanistic proposal was
available. In this work, I was able to propose a six-step process leading to nitroso-induced Hb

degradation, based in large part on structural biology.
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Chapter 4. Interactions of nitrogenous compounds with Mb, in its natural ferric
form, and cobalt- and chlorin-substituted species, and reactions of

arylhydrazines with Hb

4.1 Introduction

Metalloproteins depend on several intrinsic factors to catalyze specific chemical reactions,
some of which are 1) the active site amino acid composition, ii) metal identity, and iii) type of
macrocycle coordinating the metal (Figure 4.1). The functional activity of heme-proteins is also
dependent on the size and type of substrate. In this chapter I probed the influence of each of these

factors on metalloprotein heme-nitroso chemistry.

' small
:molecules:
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s

protein

Figure 4.1 Prototypical heme-protein active site (histidine ligated) highlighting factors influencing
the protein’s chemical activity.

The active site composition of the protein can help guide reactions through specialized
pathways. Amino acids in the active site can participate in redox chemistry by donating or
accepting electrons, or they could simply be there to determine the spatial arrangement of a
substrate [1]. Small changes in the composition of the active site can change the innate chemistry
of the protein or disrupt its function altogether [1-3]. Other amino acids can dictate whether a

substrate reaches the active site or not by acting as heme-pocket gatekeepers [4-6]. Furthermore,
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the overall volume of the active site plays a crucial role in its chemistry. For example, larger active
sites such as those of cytochrome P450 can accommodate larger ligands for binding than the active
sites of the smaller heme proteins myoglobin (Mb) and hemoglobin (Hb).

As described in Chapter 2, Mb can react with small nitroalkanes (RNOy) to form ferrous
MDb!-RNO complexes in presence of the reducing agent dithionite, creating an Fe-N bond between
the heme cofactor and the nitroso product. However, due to Mb’s restricted active site volume, it
had been expected that larger RNOs would be unable to bind. In 2017, Bing and Powell provided
crystallographic evidence to the contrary when they solved the structure of a distal pocket mutant
of Mb bound to nitrosoamphetamine (AmphNO) [7]. Based on this knowledge, I decided to test
the reactions of Mb with a series of nitrotoluenes with distinct steric hindrance (NTs). The NTs
used in this study served as models for other nitrotoluenes (e.g., TNT) that are known to interact
with and degrade Hb [8]. Furthermore, these ligands (Figure 4.2) are relatively larger in size than
those studied in Chapter 2. Therefore, this set of nitrotoluenes helps probe further the influence of

ligand sterics on RNO binding to Mb and the lifetime of the resulting complexes.

2-nitrotoluene 3-nitrotoluene 4-nitrotoluene 2,6-dinitrotoluene
2NT 3NT ANT 2,6DNT

Figure 4.2 Series of nitrotoluenes used as precursors for RNOs in this study.

Mutation of the distal pocket residue His64 into Ala64 opens the active site entrance of Mb

and slightly increases the volume of the heme-pocket. The H64A mutation also removes any fixed
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H-bond donor capability of the active site residues to the ligand. In Chapter 2, I showed that this
“small” active site change has a significant impact on the time it takes for each Mb''-RNO complex
to form and the extent to which they form. Furthermore, the Mb-AmphNO structure was obtained
using the H64A Mb mutant, which suggests the slightly increased active site volume is necessary
to accommodate larger ligands. Therefore, I probed the reactions of the H64A Mb mutant with the
selected series of nitrotoluenes to determine the influence of distal pocket composition on Mb!!-
RNO complex formation.

The second factor studied in this chapter, which impacts heme-protein chemistry, is metal
identity [9]. Nature employs distinct metals to carry out the diverse functions of life, because
different metals have different redox potentials and electrochemical behaviors. For instance the
native ferrous Mb!' changes from high spin to low spin upon oxygen binding [10]. On the other
hand, in CoMb (in which Mb’s naturally occurring heme cofactor has been replaced with cobalt
protoporphyrin IX) the cobalt atom is low spin in both oxy and deoxy forms [11]. Differences in
electrochemical characteristics have been shown to influence substrate binding and reactivity
trends [9, 11, 12]. To determine the influence of metal identity on heme-nitroso binding, the
reactions of CoMb with alkyl nitroalkanes (R = Me, Et and Pr) were monitored via UV-vis
spectroscopy. Then, the products of those reactions were compared against the analogous reactions
performed with native Mb (see Chapter 2), to elucidate the differences in nitroso binding between
Co and Fe-containing species.

The third factor studied in this chapter, which influences metalloprotein-substrate
interactions, is the macrocycle. Previous research from our group has shown that the
electrochemical characteristics of the macrocycle have a significance influence in dictating NOx

substrate binding modes (e.g., O- vs N-bound). For instance, cobalt (Co-PPIX) and manganese
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(Mn-PPIX) substituted Mb, as well as native Fe containing Mb, were crystallized bound to nitrite

(NO2). In each case, the substrate was O-bound, regardless of the identity of the metal. However,

for Mb reconstituted with chlorin (ChIMb), an Fe containing reduced macrocycle (Figure 4.4), the

results were different. Independent X-ray crystal structures of ChIMb with nitrite revealed the

ligand in both the N- and O-bound modes (Figure 4.3). To determine the influence of macrocycle

on Mb''-RNO binding, I probed the reactions of chlorin substituted Mb with alkyl nitroalkanes (R

= Me, Et, Pr and iPr). Then the results of those reactions were compared with the analogous

reactions of native Mb.
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Figure 4.3 Nitrite binding modes in ChIMb.
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Figure 4.4 Structures of heme and chlorin. Arrow indicates reduced portion of macrocycle.

Finally, in the last portion of this chapter I discuss my work with Hb and a different class

of ligands. As discussed in Chapter 3, Hb undergoes degradation upon binding to small RNOs (R



= Me, Et, Pr), in this chapter I probed the reactions of Hb with arylhydrazines, which are also
known to cause Hb degradation [13, 14]. Unlike RNOs which bind hemoglobin through an Fe-N
bond, arylhydrazines are known to form C-Fe bonds as illustrated in Figure 4.5 [13, 15, 16]. Dr.
Bing Wang of our laboratory reported a related study with Mb [15]. In some cases, the phenyl
group can shift from the Fe atom to the porphyrin N-atoms. My initial goal for this work was to
solve the X-ray crystal structures of the products resulting from the reactions of ferric Hb'"'-H,O
with a series of arylhydrazines. Three distinct arylhydrazines were chosen to determine which
carbon atom of the aryl group is involved in the Fe-C bond (Figure 4.6).
(]
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Figure 4.5 Reactivity of arylhydrazines with the heme of cytochrome P540.
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Figure 4.6 Arylhydrazines selected in this work.
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4.2 Materials and Methods

4.2.4 Interactions of myoglobins with nitrotoluenes

4.2.4.1 Preparation of swMb proteins

For details regarding cloning of swMb H64A mutant, see reference section 2.2./. Details

of expression and purification of swMb proteins can be found in section 2.2.2.

4.2.4.2 UV-vis spectroscopy studies of the reactions of ferrous wt and H644 swMb" with

nitrotoluenes (2NT, 3NT, 4NT and 2,6 DNT)

The reactions between ferrous swMb!! and the nitrotoluenes were monitored by UV-vis
spectroscopy to determine Mb’s ability to interact with larger RNOs as compared to those studied
in Chapter 2. Ferric swMb"'-H,O (wt or H64A mutant; 30 mg/mL) was added into a 3.5 mL quartz
cuvette (Starna Cells) containing 3.0 mL of 0.1 M phosphate buffer (pH 7.4) to a final
concentration of ~5-6 uM. The spectrum corresponding to ferric swMb"-H,O (wt or H64A
mutant) was obtained, and then 2 M sodium dithionite was added as the reducing agent (to a final
concentration of 20 mM). Once the spectrum of the resulting ferrous swMb!! (wt or H64A mutant)
was recorded, 0.5 M nitrotoluene (2NT, 3NT, 4NT, 2,6DNT; dissolved in MeOH) was added to a
final concentration of 3.0 mM. At this point, the reactions were monitored at regular time intervals

aerobically using a Hewlett Packard 8453 diode array spectrophotometer.

4.2.2 Studies of chlorin substituted hhMb with nitrosoalkanes

4.2.2.1 Preparation of apoMb

Apo horse heart myoglobin (apoMb) was prepared using similar protocols as described by

Yonetani [17] and Teale [18]. All steps were carried out at 4 °C, unless otherwise noted. In brief,
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65 mg of hhMb (Sigma) were transferred into a small beaker and dissolved in 10 mL of distilled
water. The protein was stirred for 30 min on ice. Then the pH was adjusted to ~2.0 by slowly
adding ice-cold 1 M HCI to the protein mixture. Afterwards, the solution was transferred into a
125 mL separatory funnel. Two volumes of glass-distilled, ice-cold 2-butanone (20 mL) were
added to the funnel and mixed by gentle inversion. The organic and aqueous layers were given
enough time (~5 min) to separate and the top organic layer containing released heme was
discarded. Two additional extractions with 2-butanone (10 mL each) were performed to remove
any remaining heme from the aqueous layer containing the protein. After removing as much heme
as possible, the apoprotein was dialyzed twice against 2 L. of 10 mM NaHCOs solution and 1 mM
EDTA for ~5 h each time. Then, a third dialysis in 2 L of 10 mM sodium phosphate pH 6.8 and 1
mM EDTA was performed (~5 h). The sample was centrifuged twice to remove any aggregated
protein (5 krcf, 10 min). Then, the concentration of apoMb was calculated using the molar
absorptivity coefficient of € = 15.2 mM!' cm™ at A 280 nm. For quality control, the concentration
of heme-bound Mb remaining in solution was also calculated by using the molar absorptivity
coefficient of € = 188 mM! cm! at X 409 nm. Samples were deemed desirable for reconstitution

when less than 2% heme-bound Mb remained in the apoMb prep.

4.2.2.2 Reconstitution of apoMb with chlorin to form ferric ChIMb™

ApoMb was reconstituted with chlorin (Fe(IIl) pyropheophorbide a methyl ester) to form
ferric ChIMb'!, Reconstitution was performed by adding 1.2 molar excess chlorin (dissolved in a
pyridine water mixture; 1:1 v/v ratio) to apoMb and stirring the solution overnight at 4 °C (~10 h).
The following morning, the forest-green reconstituted ChIMb™ was centrifuged at 5 krcf for 15
min to remove any aggregated protein or uninserted chlorin from the mixture. The supernatant was

loaded onto a Sephadex G25 gel filtration column (equilibrated with 10 mM sodium phosphate,
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pH 6.8), and then fractions were collected and their purity was inspected by SDS-PAGE. The
desired fractions were pooled together and concentrated to 30 mg/mL (as determined by UV-vis;

g =152 mM"! cm™ at A 280 nm) using a Millipore Amicon ultra filter with a cutoff of 10 kDa.

4.2.2.3 UV-vis spectroscopy studies of the reactions of dithionite reduced ferrous ChIMb" with

nitroalkanes (MeNO;, EtNO;, PrNO: and iPrNO;)

To investigate the influence of electronic character of the macrocycle on ligand binding, as
compared to Mb’s natural cofactor heme PPIX (Chapter 2), UV-vis spectroscopy was used to
monitor the reactions between dithionite reduced ferrous ChIMb and nitroalkanes (MeNOs,
EtNO,, PrNO: and iPrNO). The spectrum of ferric ChIMb'! (in 3.0 mL of 0.1 M phosphate buffer
(pH 7.4) was recorded, followed by the spectrum of dithionite reduced (20 mM final concentration)
ferrous ChIMb". Immediately after, the nitroalkane (MeNO, EtNO2, PrNO> or iPrNO; half diluted
in MeOH) was added to a final concentration of 20 mM and the spectral changes were monitored

for 1 h.

4.2.3 Studies of cobalt-PPIX substituted hhMb with nitroalkanes

4.2.3.1 Reconstitution of hhMb with cobalt-PPIX to form ferric Co™Mb

ApoMb (prepared as described in section 4.2.3.1) was reconstituted with cobalt
protoporphyrin IX (CoPPIX; Frontier Scientific) to form Co™b. Briefly, apoMb was stirred with
1.2 molar excess CoPPIX (dissolved in 0.1 M NaOH) overnight at 4 °C. Unbound CoPPIX and
any aggregated proteins were removed by centrifugation (10 min, 5 krcf). The supernatant was
loaded onto a CM-52 cellulose cation exchange column (equilibrated in 10 mM sodium phosphate
buffer, pH 6.8). After washing the column with a two-fold volume equivalent of buffer, Co'"Mb

was eluted using a salt gradient from 10 — 500 mM sodium phosphate buffer at pH 6.8. The
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resulting fractions were inspected by SDS-PAGE and by UV-vis spectroscopy. Fractions with no
evident impurities, and only those displaying a Asoret/A280 (Asoret = 424 nm) ratio > 4.0 were pooled
together. The final Co™Mb-H,O samples were concentrated to 30 mg/mL using the extinction

coefficient for this species (¢ = 140 mM! cm! at Amax 424 nm) [19].

4.2.3.2 UV-vis spectroscopy studies of reduced Co"'Mb with nitroalkanes (MeNO,, EtNO: and
PrNO>)

The reactions between reduced Co''Mb and nitroalkanes were monitored by UV-vis
spectroscopy under reducing conditions to determine the influence of the electronic structure of
the metal on ligand binding, as compared to Fe (Chapter 2). Briefly, the spectrum of Co™"Mb-H,O
in 3.0 mL of 0.1 M phosphate buffer (pH 7.4) was obtained. Then, 2 M sodium dithionite was
added (to a final concentration of 20 mM) to the cuvette and the spectrum of the resultant reduced
Co''™Mb was recorded. The reaction was then initiated by the addition of nitroalkane precursor
(MeNOz, EtNO; or PrNO; half diluted in MeOH; final concentration 20 mM) and monitored at

regular time intervals for 3 h.

4.2.4 Interactions of human ferric Hb"'-H,0 with arylhydrazines

4.2.4.1 Preparation of human hemoglobin

The extraction of human oxyHb from red blood cells (section 3.2.1.1) and the preparation

of ferric Hb"-H,O (see section 3.2.1.2) have been described in Chapter 3.

4.2.4.2 UV-vis spectroscopic studies of Hb with arylhydrazines

To expand our work into a different class of nitrogen-based ligands also involved in Hb

degradation, as discussed in Chapter 3, the reactions between ferric Hb'"'-H,O with arylhydrazines
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were monitored via UV-vis spectroscopy. Similar reaction conditions as described by Wang for
the reactions of Mb with arylhydrazines were used [15]. The reagents were mixed in 3.5 mL quartz
cuvettes equipped with screw caps (Starna Cells) and monitored using a Hewlett Packard 8453
diode array spectrophotometer. Briefly, ferric Hb"™-H,O was added (to a final concentration of ~3
uM) to a cuvette containing 3 mL of 0.1 M phosphate buffer at pH 7.4. The spectrum
corresponding to ferric Hb!"'-H,O was recorded. Then, 0.5 M arylhydrazine (phenylhydrazine, 3-
methylphenylhydrazine or 4-chlorophenylhydrazine, diluted in MeOH) was added to the solution
to a final concentration of 1.5 mM and allowed to react. Each reaction was monitored up to 1 h by

collecting spectrum readings at regular time intervals.

4.2.4.3 Time-course for the reactions and extents of formation

The time-course and extent of formation for the reactions of Hb with arylhydrazines were
determined in a similar manner as described in section 3.2.2.3. However, due to the differences in
absorption spectra, the absorbance at A 483 nm served as the apparent isosbestic point, while the
Soret absorbance at Amax ~430 nm was used as corresponding to the ligand-bound protein. The
differences in absorbance at Amax 430 nm and A 483 nm were calculated and plotted as a function

of time.

168



4.3 Results and Discussion

4.3.1 Reactions of ferrous wt and H64A swMb' with nitrotoluenes (2NT, 3NT, 4NT and

2,6DNT)

4.3.1.1 Wild-type swMb

UV-vis spectroscopy was used to monitor the aerobic reactions of ferrous wt swMb!! with
nitrotoluenes in the presence of dithionite, and the corresponding spectra are shown in Figure 4.7.
Addition of excess dithionite as a reducing agent to ferric wt swMb''-H,O resulted in spectral
changes in the Soret band from Amax 409 to 433 nm, and changes in the Q-region of the visible
spectrum from A 505 to 559 nm. Addition of 2-nitrotoluene (2NT) to the ensuing ferrous wt swMb!!
oxidized the protein back to the ferric state, as evidenced by the reappearance of absorbance at
Amax 409 nm in the Soret band and a shift in the Q-region back to A 505 nm. Similar spectral changes
were observed for the reactions of ferrous wt swMb!! with 3-nitrotoluene (3NT), 4-nitrotoluene
(4NT) and 2,6-dinitrotoluene (2,6DNT). Furthermore, oxidation back to ferric wt swMb-H,O

occurred fast (within ~5 min), despite having excess dithionite (20 mM) in the reaction mixture.

169



- -~ wt Mb"-H,0

— +2NT : r —15s
8 8
C | =
© @©
£ £
o o
[72] (2]
Ko} e}
< <
0 : e 0 . . : : .
375 425 475 525 575 625 375 425 475 525 575 625
Wavelength (nm) Wavelength (nm)
B --- wt Mb"-H,0 408
i Il
wt deoxyMb 05 . r a3
— +3NT 0a | —_15s
8 559 -4
% 505 7'~ g —30s
2 2 0.2 - —5m
Ko} Qo "
< <
0.1 |
: — - : 0 : : : E—
375 425 475 525 575 625 375 425 475 525 575 625
Wavelength (nm) Wavelength (nm)
C --- wt Mb"-H,0
0.5 4‘(19 — - wt deoxyMb! 0.5 409 433
S b \ . 2
/A 433 — +ANT —15s
8 & 559 8 —30s
= i c
'g . . \'\ g —1m
§ > g —5m
< 575 625
0 : : —e 0 : : ————
375 425 475 525 575 625 375 425 475 525 575 625
Wavelength (nm) Wavelength (nm)
D 409 ---wt Mb'"-H,0
— - - wt deoxyMb" 4091 433
h 433 —+2,6DNT 0.9 v s
0.4 ' @ 0.4
§ 2 —30s
g 0.3 g 0.3 A —1m
2 02 2 02 1 —5m
< <
0.1 0.1 -
0 : : : : : 0 : : — e
375 425 475 525 575 625 375 425 475 525 575 625
Wavelenth (nm) Wavelength (nm)

Figure 4.7 UV-vis spectral analyses of the reduction of ferric wt swMb'"-H,O by dithionite,
followed by the reaction of the resulting ferrous swMb!! with A) 2NT, B) 3NT, C) 4NT and D)
2,6DNT. Final reaction conditions: 0.1 M phosphate buffer (pH 7.4), 20 mM dithionite, 3 mM

nitrotoluene.
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4.3.1.2 The H64A swMb mutant

The UV-vis spectral changes corresponding to the reactions of ferrous H64A swMb!! with
nitrotoluenes are shown in Figure 4.8. Reducing ferric H64A swMb"'-H,O with excess dithionite
resulted in the disappearance of the spectral peaks at Amax 409 and A 505 nm, and the appearance
of new peaks at Amax 433 and A 559 nm representative of ferrous H64A swMb'!. Addition of 2-
nitrotoluene to the solution mixture caused the Soret peak to shift to Amax 424 nm and the Q-band
to broaden with two peaks emerging at A ~541 and 570 nm. These spectral changes occurred in
<15 s and suggested N-binding of the nitroso product, 2-nitrosotoluene (2NOT), forming the
ferrous H64A swMb'-2NOT complex. However, under the conditions tested, the ferrous H64A
swMb!-2NOT complex is short-lived; spectral features characteristic of the ferric H64A swMb!!l-
H>O species began to appear after 15 min (shoulder appearing at A ~409 nm). Similar spectral
aspects were observed for the reactions of ferrous H64A swMb!! with 3-nitrotoluene (3NT), 4-
nitrotoluene (4NT) and 2,6-dinitrotoluene (2,6DNT). However, these resulted in shorter-lived N-
bound protein-ligand complexes, presumably due to faster oxidation and consequential ligand
dissociation. For instance, absorbance at Amax 424 nm resulting from the reaction of ferrous H64A
swMb! with 2,6DNT almost completely shifted to Amax 409 nm (indicative of the ferric wt swMb!!!-

H>O species) within 15 min (Figure 4.8D right).
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Figure 4.8 UV-vis spectral analyses of the reduction of ferric H64A swMb!''-H,O by dithionite,
followed by the reaction of the resulting ferrous H64A swMb!! with A) 2NT, B) 3NT, C) 4NT
and D) 2,6DNT. Final reaction conditions: 0.1 M phosphate buffer (pH 7.4), 20 mM dithionite, 3
mM nitrotoluene.
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4.3.1.3 Influence of distal pocket composition on Mb-nitrosotoluene complex formation

As described in Chapter 2, and by Mansuy [20], the analogous reactions of swMb with
small alkyl nitroalkanes (R = Me, Et, Pr, iPr) resulted in relatively long-lived intermediate peaks
forming at Amax ~424 nm, indicating N-bound Mb"-RNO complex formation. Similar spectral
changes were observed for both wt and the H64A swMb mutant. The binding mode of the
complexes resulting from those reactions was further confirmed by me using X-ray
crystallography (Chapter 2). However, despite not forming an intermediate peak for the analogous
studies between dithionite reduced wt swMb!! and NTs, it would be incorrect to state absolutely
that there was no reaction to generate Fe'-RNO derivatives. Instead, due to the conversion of
ferrous swMb!! to its ferric form, it is likely that these reactions formed very unstable swMb!'-RNO
complexes that quickly dissociated their ligands resulting in the wt ferric swMb!"'-H,O species.
This notion was confirmed after monitoring the reactions of dithionite reduced H64A swMb!! with
the same series of nitrotoluenes, which resulted in peaks appearing at Amax ~424 nm. This indicates
that H64A swMb!'-RNO derivatives formed and that the nitroso products were N-bound to the
heme. However, the swMb!'-RNO complexes were short-lived. As such, co-crystallization
attempts for these complexes resulted in the final ferric swMb!"'-H,O product.

Based on my results, it is difficult to tell whether lack of H-bonding, or the slight increased
volume of the H64A swMb mutant is responsible for the formation of swMb''-RNO complex. As
such, it would be prudent to monitor the reactions of nitrotoluenes with the swMb H64Q and
V68A/I107Y mutants, due to their differences in H-bonding and active site volumes. However,
based on the increased size of the NTs, it is likely that the most influential factor in facilitating

H64A swMb!'-RNO complex formation is active site volume.
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4.3.2 Reactions of chlorin substituted hhMb with nitroalkanes (MeNQO3, EtNQO3, PrNO;, iPrNQO»)

Reconstitution of hhMb with chlorin resulted in a forest-green ferric ChIMb!™!! species with
prominent absorbance in the Soret band of the UV-visible spectrum at Amax 417 nm and a second
peak at A 653 nm in the Q-region (Figure 4.9). In the presence of the reducing agent sodium
dithionite, the color changed to bright emerald-green with new peaks forming at Amax 428 nm and
A 644 nm for the ferrous ChIMb!! product. Addition of MeNO; to the reaction mixture caused the
Soret band to decrease in absorbance and form a broad peak at Amax ~418 nm. Simultaneously, the
Q-band decreased and widened without shifting from its position at A 644 nm. These spectral
features are significantly different from those corresponding to the starting ferric ChIMb!! species
or the ferrous ChIMb!! protein, thereby suggesting the likely formation of a ferrous ChIMb!-MeNO
derivative (Figure 4.9A). Similar spectral changes, albeit with less pronounced Soret peaks at Amax
~420 nm, were observed for the reactions of dithionite reduced ChIMb! with EtNO, and PrNO;
(Figure 4.9B, C). While similar changes were observed in the Soret band for the reaction of
ChIMb!! with iPrNO,, this reaction generated a shift in the Q-band to A 653 nm, unlike any of the

other RNOs in this study (Figure 4.9D).
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Figure 4.9 UV-vis spectral analyses of ferric ChIMb™ and dithionite reduced ferrous ChIMb",
followed by the reaction of the ferrous ChIMb!" with A) MeNO, B) EtNO>, C) PrNO> and D)
iPrNO:. Final reaction conditions: 0.1 M potassium phosphate buffer pH 7.4, 20 mM dithionite,
20 mM RNOs..

4.3.2.1 Analysis of the reactions of ChIMb with alkyl nitroalkanes
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X-ray crystallographic studies from our group have shown that nitrite can bind to ChIMb
in both the N- and O-binding modes (Figure 4.10). The ChIMb-N20O and ChIMb-ONO derivatives
have distinct spectral features. The N-bound derivative resulted in peaks at A 419 and 652 nm,
whereas the O-bound compound had peaks at A 422 and 662 nm. The UV-vis spectroscopy studies
of ChIMb with nitroalkanes presented here resulted in peaks different than these. Therefore, while
it can be concluded that a reaction occurred, the binding mode of the RNO ligand cannot be
determine solely through UV-vis spectroscopy. Unfortunately, my crystallization attempts of the
ChIMDb-RNO derivatives resulted in twined crystals that diffracted X-rays poorly, which prevented

me from further analyzing the heme-nitroso chemistry of these complexes.
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Figure 4.10 Nitrite binding modes in ChIMb. A) MbChl-ONO, PDB ID 3V2V. B) MbChI-NO,
PDB ID 3V2Z.

4.3.3 Reactions of cobalt PPIX substituted hhMb with nitroalkanes (MeNO;, EtNO; and PrNQO»)

Reconstitution of hhMb with CoPPIX resulted in Co™Mb-H>O, which has a Soret peak at
Amax 424 nm, and two peaks in the Q-region of the UV-vis spectrum at A 534 and 570 nm (Figure
4.11) [19]. Addition of dithionite to the protein caused the peaks to shift, resulting in absorbance
at Amax 404 nm and 556 nm after reduction occurred. Addition of MeNO; to the resultant reduced

Co''Mb species resulted in oxidation of the protein; as evidenced by the reappearance of the
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spectral traits typical of Co™b-H20 (Amax 424, and A 534 and 570 nm). Similar results were
observed for the reactions of dithionite reduced Co"™Mb with EtNO, and PrNO,. Furthermore, no

additional changes were observed after prolonged monitoring of these reactions (up to 4h).
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Figure 4.11 UV-vis spectral analysis of the reduction of Co™™b-H>O to the reduced Co''Mb,
followed by the addition of A) MeNO., B) EtNO; and C) PrNOa. Final reaction conditions: 0.1 M
potassium phosphate buffer pH 7.4, 20 mM dithionite, 20 mM RNO..

4.3.3.1 Analysis of the reactions of CoMb with nitroalkanes
The analogous reactions of ferrous Mb! with alkyl RNOs (R = Me, Et, Pr, iPrNO) resulted

in stable swMb'-RNO adducts. The ferrous Mb" protein and Co"Mb species share similar
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electronic configuration (d®), yet complex formation was not observed in either Co'™b or reduced
Co'"™b (d’). Interestingly, metal oxidation by addition of RNO, was also observed for the
reactions of wt swMb with nitrotoluenes. I postulated that oxidation of swMb occurred from the
formation of unstable swMb!'-RNO complexes and quick ligand dissociation resulting in the ferric
swMb"-H,O product. Perhaps, oxidation of Co'"™Mb upon addition of RNO; into the reaction
mixture resulted in a similar manner. Despite the lack of clear results, it can be concluded that the
differences between Co and Fe metals have a significant influence in swMb'-RNO complex

formation and stability.

4.3.4 Reactions of ferric Hb"'-H>0 with arylhydrazines

Finally, the reactions of human ferric Hb"™-H,O with arylhydrazines were monitored by
UV-vis spectroscopy (Figure 4.12). The absorption spectrum of ferric Hb™-H,O revealed a Soret
peak at Amax 406 nm, and a second peak in the Q-region at A 500 nm. Upon addition of
phenylhydrazine, these spectral peaks gradually decreased and new peaks emerged at Amax 430 nm
and at A 545 and 569 nm. Similar spectral changes were observed for the reactions of ferric Hb'!-

H>O with m-tolylhydrazine and p-chlorophenylhydrazine.
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Figure 4.12 UV-vis spectral characterization of the reactions between ferric Hb"-H,O with
arylhydrazines. A) phenylhydrazine, B) m-tolylhydrazine, C) p-chlorophenylhydrazine. Final
reaction conditions: ~3 uM Hb, 0.1 M phosphate buffer (pH 7.4), 1.5 mM arylhydrazine.

4.3.4.1 Analysis of the reactions of Hb with arylhydrazines

Temporal tracking of the reactions of Hb with arylhydrazines indicated that the reactions
ran to completion within ~15 min and remained stable throughout the 1 h time period of monitoring
(Figure 4.13). Furthermore, both m-tolylhydrazine and p-chlorophenylhydrazine have similar
extents of formation, which are slightly higher than the phenylhydrazine Hb products. Attempts to
co-crystallize Hb with arylhydrazines resulted in high levels of precipitation but yielded no

crystals. Similarly, ligand soaking into ferric Hb™-H,O crystals proved difficult. Ligand soaking
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was performed several times using different condition (e.g. soaking time, ligand concentration,
temperatures, buffer, etc.) and >50 crystals were screened. Each time, this process disrupted the
packing of the crystal and as a result they lost their X-ray diffraction ability. However, given the
high similarities in active site composition between Mb and Hb, it is likely that they share similar
modes of binding. In the Mb analogues, the N-C(aryl) bond of the arylhydrazine breaks, creating

a phenyl radical which binds directly to the Fe-center of the heme [15].
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Figure 4.13 Temporal changes in UV-vis spectra after addition of arylhydrazine to ferric Hb'!-
H>0O; determined by plotting the difference between the absorbance at A 430 and 483 nm as a

function of time.
4.4 Summary and Conclusion

The goal of this research was to determine the how different factors influence the heme-
nitroso chemistry of Mb. First, ligand size and sterics proved to be significant. Unlike small alkyl
RNOs, nitrotoluenes bound to dithionite reduced Mb" and formed relatively short-lived Mb"'-RNO
complexes that quickly dissociated resulting in the ferric Mb™-H,O forms. Second, the redox
properties of the metal drastically changed the interactions of Mb with alkyl RNOs. In the native
Fe-containing Mb, the Mb!'-RNO complexes are stable. In contrast, formation of the protein-ligand

complexes was not detected with the CoMb species. Similarly, the role of the electron-richness of
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the macrocycle on Mb-nitroso reactivity was also analyzed. For the reactions of ChIMb with
nitroalkanes, the UV-vis results suggest formation of ChIMb-RNO complexes. However, without
further crystallographic evidence, it is difficult to ascertain the binding mode of the RNO ligands.

Finally, the reactions of Hb with arylhydrazines were characterized with UV-vis
spectroscopy. Comparably to the analogous reactions reported for Mb Dr, Wang, my results

suggest an Fe-C(aryl) binding mode in the products, instead of heme(N)-C(aryl) interactions.
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