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ABSTRACT
IMPACT OF THE PRE-A MOTIF ON TRUNCATED HEMOGLOBIN N ACTIVITY
by
Alexander Shayne Drena

The University of Wisconsin-Milwaukee, 2023
Under the Supervision of Professor A. Andrew Pacheco

Tuberculosis (TB) remains the leading cause of death by an infectious agent and
therefore a global health crisis, according to the most recent report by the World Health
Organization. This is due, in part, to Mycobacterium tuberculosis’ impressive defensive
mechanisms against immune response, as well as the rise of Multi-Drug Resistant strains that
have recently developed. Towards the turn of the century, a small heme protein called
truncated hemoglobin N (trHbN) was discovered to protect the bacteria against reactive
nitrogen species by converting nitric oxide (NO) to nitrate at rates far exceeding those of
myoglobin and closer to those of the well-known NO dioxygenase flavohemoglobin. Ferrous
oxygenated trHbN (oxy-trHbN) first converts NO to nitrate, which leaves the protein in a ferric
state (met-trHbN). Met-trHbN is re-reduced to give a 5-coordinate ferrous species (red-trHbN),
which is then re-oxygenated to oxy-trHbN. Recently, a unique 12-amino acid motif at the trHbN
N-terminus was identified, the so-called pre-A tail, that appears to enhance the organism’s
ability to convert NO to nitrate. The results presented herein show that the pre-A tail of trHbN
affects every step of the putative NO dioxygenation catalytic cycle, but it affects the rate of
met-trHbN re-reduction most profoundly. In a variant that lacks the pre-A tail (trHbNgeIn), met-
trHbNgein Was reduced about 40 times more slowly than met-trHbNwr by the non-specific

reductant Ru''. By comparison, the reactions of oxy-trHbN or red-trHbN with NO were only 2x —



4x slower in the trHbNgein variant than in the wild type (the reaction of red-trHbN with NO is a
good surrogate for the reaction of red-trHbN with O3). Importantly, the effect of the pre-A tail is
completely lost in variants that lack distal site residues Tyr33 and GIn 58. These residues help to
hold O; firmly on the heme in oxy-trHbN, and a water molecule on the heme of met-trHbN.
They also anchor a non-coordinated water molecule in the distal site of red-trHbN that blocks
access by incoming diatomic gases. In a variant that lacks Tyr33 and GIn 58 (trHbNpm), met-
trHbNpwm is reduced 5x more rapidly by Ru" than is met- trHbNwr because the distal site is now
either vacant or occupied by weakly bound water, so rate-limiting water loss upon heme
reduction is accelerated. A variant that lacks Tyr33, GIn 58, and the pre-A tail (met-trHbNmw), is
reduced by Ru" at the same rate as is met-trHbNpwm, showing that tail loss does not affect the
reduction rate if the distal site amino acids are absent. This is strong evidence that the pre-A
tail’s primary function is to facilitate release of the distal water molecule from met-trHbN, a

function that is less important in met-trHbNpm and met-trHbNtm than it is in trHbNwr.
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Figure 1.1.

Figure 1.2.

Figure 1.3.

Figure 1.4.

Figure 2.1.
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Various pathways utilizing NO biologically and
environmentally. These include oxidation to nitrogen
dioxide and peroxynitrite by environmental dioxygen and
superoxide, nitrosylation of the amino acids Cys and Tyr
and hemes, and oxidation to nitrite and nitrate by various
enzymes.

Crystal structures of (a) sperm whale myoglobin (PDB entry
1MBO), (b) flavohemoglobin from Alcaligenes eutrophus
(PDB entry 1CQX), and (c) truncated hemoglobin N from
Mycobacterium tuberculosis (PDB entry 1IDR).

Sequence alignment of (a) truncated hemoglobin N from
M. tuberculosis, (b) the globin domain of flavohemoglobin
from E. coli, and (c) Sperm whale myoglobin. Residues
within the blue and red boxes represent the Phe at the CD1
position and proximal heme-binding His residue
respectively that are both conserved within the globin
domain. Bolded in green are the conserved TyrB10 residues
found within trHbN and flavoHb. Bolded in blue and purple
are the residues found at the E7 position in each globin,
while bolded in red are the residues found at the E11
position in trHbN and flavoHb.

(a) Crystal structure of oxy-trHbNwr (Protein Data Bank
entry 1IDR). The heme is shown as sticks, the bound
dioxygen as spheres, and the two permanent tunnels as
wire mesh. The 12-amino acid N-terminal tail, referred to
as the “pre-A tail”, is seen at the bottom. In the crystal
structure the pre-A tail appears a-helical; however, an
NMR study showed that it is more of a random coil in
solution.®3 (b) Active site of oxy-trHbNwr, showing the two
amino acid residues, Tyr33 and GIn58, that play a crucial
role in stabilizing O at the heme center. The structure was
illustrated using PyMol.

Schematic diagram showing the apparatus and procedure
used for the synthesis of NO in situ. (a) Solutions of 5 mL of
1 M FeSOsin 1 M H2S04and 5mL of 1 M NaNOz in A and B,
respectively, are degassed using the freeze-pump-thaw
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Figure 2.2.

Figure 3.1.

Figure 3.2.

Figure 3.3.

Figure 3.4.

method. The solutions are then mixed in vacuo with the
system isolated via valve 1, and the resulting gas is
transferred to container C, which has been submerged in
liquid N2 with valve 2 open slightly to allow passage, while
passing through a dry ice/ethanol cold trap to remove
excess water. (b) Valve 2 can be opened slightly to allow
NO gas contained in container C to be transferred in vacuo
to container D, which has been submerged in liquid N2 with
valve 3 open slightly to allow gas passage through a KOH
column to remove any acid nitrogen oxides. (c) Valve 3 can
be opened slightly to allow NO gas contained in container
D to be transferred in vacuo to container E, which has been
submerged in liquid N2 with valve 4 open slightly to allow
passage and equipped with a magnetic stir bar and a
degassed solution of [Mn(PaPy3)(H20)]* in acetonitrile.

Absorption spectrum of [Mn(PaPy;)(NO)]* in acetonitrile and
upon irradiation with white light.

Molar extinction coefficient spectra for oxy-trHbNmv
(black), met-trHbNtw (red), and red-trHbNmv (blue).

Schematic of the apparatus used for the flash photolysis
experiments outlined in this chapter. Laser pulses
generated by the tunable laser are transmitted via the fiber
optic cable shown in blue to irradiate a sample cuvette
shown as a red box. A spectrophotometer beam shown as
the black dashed line is transmitted perpendicular to the
laser pulse.

Blue trace: spectral changes at 424 nm that follow
irradiation by a 455 nm, 10 ns laser pulse of a solution
initially containing 24.5 uM oxy-trHbNmv, 30 uM of
photoactive species 1, and 0.5 mM EDTA, in a 50 mM Tris
buffer, pH 8.1. Red trace: least-squares fit to a single
exponential decay (see main text for details).

Blue circles: dependence of the apparent rate constants on
trHbNtm concentrations for (a) reaction of oxy-trHbNmw
with NO, and (b) nitrosylation of red-trHbNm. Red lines:
linear least-squares fits of the data (y-intercepts fixed at
zero).
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Figure 3.5.

Figure 4.1.

Figure 4.2.

Figure 4.3.

Figure 4.4.

Figure 4.5.

Figure 4.6.

Figure 5.1

Dependence of the apparent rate constants on trHbNgein
concentrations for nitrosylation of red-trHbNgein. Blue
circles: data from this work; green squares: data from
Koebke et al!; red line: linear least-squares fits of the data
from this work (not including the two data points at highest
red-trHbNgein concentration).

(a) blue, green, light blue, and yellow traces: UV/Vis
spectral changes observed at selected times after a
solution containing approximately 9 uM trHbNwt was mixed
ina 1:1 ratio with one containing 2 mM
hexaammineruthenium(ll) (Ru"); 50 mM tris buffer, pH 8.1.
(b) absorbance vs time slices taken at 407 nm and 426 nm
from the spectra depicted in (a). Dashed red traces: least-
squares best fits to the model of Scheme 4.1.

Blue, green, aqua, and yellow traces: spectral components
So — S3 obtained by fitting the Fig. 4.1a spectra to the
Scheme 4.2 model. Dashed red traces: least-squares Beer’s
law fits of the spectral components with the independently
obtained extinction coefficient spectra of met-trHbNwr,
red-trHbNwrt, and oxy-trHbNwr.

Concentrations of met-trHbNwrt, red-trHbNwT, and oxy-
trHbNwrT as a function of time, calculated from the Fig. 4.1
and 4.2 fits using the Scheme 4.3 equations.

Arrhenius plots showing how the rate constants k> (a) and
k3 (b) obtained from the Fig. 4.1 fits vary with temperature.

Concentrations of red-trHbNwrT, red-trHbNgeIn, red-
trHbNpwm, and red-trHbNtm as a function of time after
mixing 8 - 10 uM of the corresponding met-trHbN variant
ina 1:1 ratio with one containing 2 mM Ru"; 50 mM tris
buffer, pH 8.1, temperature fixed at 25.0 °C.

So components obtained for each variant in the Fig. 4.5
experiments. The dashed red traces are the least-squares
Beer’s law fits of the spectral components with the
independently obtained extinction coefficient spectra of
met-trHbN, red-trHbN, and oxy-trHbN for each variant.

Full DNA fragment for the expression of trHbNHT. Shown in
blue are the complimentary segments for the forward and
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Figure 5.2

Figure 5.3

Figure 5.4

reverse primer sequences, with restriction sites for Hindlll
and BamHI restriction endonucleases shown in bold.
Shown in red is the ribosomal binding site and shown in
black is the codon optimized sequence for trHbNHr.

Agarose gel (2% w/v) of pUC19 and gene fragments for 79
trHbNgTa and trHbNbc variants with a 1 kb DNA ladder on

the left. The numbered lanes contain the following: (1)

pUC19 fragment after restriction digest, (2) and (3) gene
fragments for trHbNgta and trHbNbc respectively after
restriction digest, (4) and (5) PCR products after ligation of
digested pUC19 and trHbNgTa and trHbNpc fragments
respectively using M13 primers.

SDS-PAGE gel of trHbNwr (1), trHbNcys (2), and trHbNpc (3) 81
with a prestained protein ladder on the left.

Truncated sequence comparison between trHbN (a) wild 83
type (WT), and the variants (b) single Cys (SC), (c) hexa-His

tag (HT), (d) half tail (HALF), (e) base to acid (BTA), (f)

double Cys (DC).

Xi



Scheme 1.1.

Scheme 1.2.

Scheme 2.1.

Scheme 2.2.

Scheme 2.3.

Scheme 4.1.

Scheme 4.2.

Scheme 4.3.

LIST OF SCHEMES

Steps required for a NO dioxygenase catalytic cycle at a
heme center. Step 1 is the dioxygenation step; in step 2,
the ferriheme is reduced back to the ferrous state, and in
step 3 O2 re-binds to the heme. Note that when the heme
is trHbN, the oxygenated ferrous heme will be referred to
throughout this article as oxy-trHbN, while the ferric heme
will be referred to as met-trHbN and the oxygen-free
ferrous heme as red-trHbN.

Proposed mechanisms for the conversion of NO to NO3™ by
02" by heterolytic cleavage (a), homolytic cleavage (b), and
isomerization (c).

(a) Structure of the {Mn — NO}* compound [Mn(PaPy;)(NO)]*
(species 1). (b) Structure of the {Mn — NO}* compound
[Mn(PaPy,Q)(NO)]* (species 2).

Outline for synthesis of the pentadentate ligand PaPy;H.

(a) Synthesis of [Mn(PaPy;)(NO)]* from PaPys;Hand [Mn(H,0)s]**.

(b) Photolysis of [Mn(PaPy;)(NO)]* to yield one equivalent of NO
in solution.

The two mechanistic steps typically involved in ferric heme
reduction, as ascertained from studies with myoglobin and
other model proteins.10 16-1° Both the 6-coordinate Fe(lll)
and 5-coordinate Fe(ll) states are high-spin, whereas the 6-
coordinate Fe(ll) intermediate is low-spin.1®

Equations 3 — 6 were integrated numerically with initial
conditions: yo() = 1; y1(0) = y2(0) = y3(00) = 0.

Equations used to obtain the Fig. 4.3 plots of met-trHbNwr,
red-trHbNwT, and oxy-trHbNwt concentrations as a function
of time. [met-trHbN],, [red-trHbN],, and [oxy-trHbN], (n =
0 — 3) are the concentrations of each species that
contribute to So — Ss, respectively, as listed in Table 4.1,
while yogt) — y31t) are the values generated in the empirical
Scheme 4.2 fit (see main text for details).
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Table 4.1.

Table 4.2.

LIST OF TABLES

Second-order rate constants obtained for the reactions of 44
NO with WT, DelN, DM, and TM variants of oxy-trHbN and
red-trHbN. Values in parentheses are for comparison to

earlier literature values.

Concentrations of met-trHbNwr, red-trHbNwr, and oxy- 64
trHbNwrT that contribute to the So — S3, components

obtained in the Fig. 4.1 fits, as calculated from the So — S3
Beer’s law fits (Fig. 4.2).

Comparison of the k1 — k3 rate constant values for trHbNw:, 67
trHbNgein, trHbNpm, and trHbNtwv, obtained by fitting
experimental data with the Scheme 4.2 model. In each

case, the temperature was fixed at 25 °C, and
hexaammineruthenium(ll) concentrations were 1 mM after
stopped-flow dilution.
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Chapter 1 Introduction

1.1. Project overview

Mycobacterium tuberculosis is the well-known causative agent of tuberculosis (TB), a
disease that has plagued mankind for millennia. Heroic efforts have been undertaken for
centuries to combat TB, but it remains the leading cause of death by infection worldwide, and
recent multi-drug resistant strains of M. tuberculosis mean alternative methods of treatment
are increasingly urgent.! Though much has been studied about the bacteria and disease over
the past hundred or so years, it was only at the turn of the century that a small heme-
containing protein known as truncated hemoglobin N (trHbN) was identified and started
garnering interest as an agent capable of protecting M. tuberculosis against reactive nitrogen
species generated by the human immune system.?* Nitric oxide is well known to play a critical
role as a toxic agent against mycobacterial infection, and upregulation of nitric oxide synthase
systems is observed within macrophages after infection, though the effectiveness of these
systems is still under evaluation.> This thesis presents a mechanistic study of trHbN, with the
long-term goal of identifying ways in which the protein could be therapeutically inactivated,
thus making M. tuberculosis more susceptible to NO toxicity. By way of introduction, this
chapter presents reviews of nitric oxide chemistry and its antimicrobial roles (Section 1.2),
globins and their ability to destroy nitric oxide (Section 1.3), and trHbN as an exceptionally
efficient nitric oxide destroyer (Section 1.4). Section 1.5 then provides a more detailed

summary of the topics to be covered in each thesis chapter.



1.2. Nitric oxide

The biological chemistry of nitric oxide (NO) has grown to be a fascinating field. As a
highly reactive radical, NO had long been viewed as a toxic molecule. Nitrogen dioxide (NO2),
formed from the spontaneous oxidation of NO by O3, is a well-known cause of morbidity as well
as a known air pollutant.® In fact, the Clean Air Act lists NO; as one of the six criteria air
pollutants, contributing to acid rain, smog, and nutrient pollution in coastal waters.” Only
recently has NO been shown to not only be a molecule of benefit, but critical to many life
processes. Discovery of NO as the endothelium-derived relaxation factor culminated in the
1998 Nobel Prize in Physiology or Medicine to Robert F. Furchgott, Louis J. Ignarro, and Ferid
Murad “for their discoveries concerning nitric oxide as a signaling molecule in the
cardiovascular system”.2 However, the story of NO metabolism is one that is still unfolding.

Though NO oxidizes to NO2 under atmospheric conditions in the presence of O2, biology
provides a multitude of pathways for NO interconversion. In fact, NO sits at an interesting
crossroads within the biological nitrogen cycle, as shown in Fig. 1.1. Nitric oxide reductases are
known to reduce NO to N20,° NO acts as an intermediate and substrate in many dissimilatory
nitrate/nitrite reductases,'® and NO is the main product within the L-arginine dependent NO
synthase metabolic pathway.!! The nitrate-nitrite-NO pathway has been of particular interest as
a therapeutical target for a variety of cardiovascular diseases.'? Of particular interest for the
topic of this thesis are a wide variety of globins which catalyze the dioxygenation of NO to NO 3",

acting as NO sinks to prevent formation of further reactive nitrogen species (Scheme 1.1).



Under non-biological conditions, superoxide reacts with NO to yield NO3 via a
peroxynitrite intermediate (ONOO-, Scheme 1.2 eq. 1).13 The mechanism by which this occurs,

whether by heterolytic or homolytic cleavage or isomerization, has been a topic of debate; the

“NO,

R-S-NO “Tyr-NO

Figure 1.1. Various pathways utilizing NO biologically and environmentally. These include oxidation to
nitrogen dioxide and peroxynitrite by environmental dioxygen and superoxide, nitrosylation of the
amino acids Cys and Tyr and hemes, and oxidation to nitrite and nitrate by various enzymes.
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Scheme 1.1. Steps required for a NO dioxygenase catalytic cycle at a heme center. Step 1is the
dioxygenation step; in step 2, the ferriheme is reduced back to the ferrous state, and in step 30, re-
binds to the heme. Note that when the heme is trHbN, the oxygenated ferrous heme will be referred to
throughout this article as oxy-trHbN, while the ferric heme will be referred to as met-trHbN and the
oxygen-free ferrous heme as red-trHbN.



options are outlined in Scheme 1.2.14 Regardless of the mechanism, peroxynitrite is a very
powerful oxidant that wreaks havoc on cells.'> Superoxide itself is also an extremely powerful
oxidant, and as a result organisms have developed systems to counteract superoxide toxicity
such as the robust and rather efficient superoxide dismutase superfamily. This means that
enzymes which metabolize NO to NO3~ must have proper activation and control over highly
reactive intermediates, and globins are well-tuned to be able to do both.

0, +NO ——= OONO +H' === HOONO (1)
(a)

HOONO —= HO + ONO* (2)
HO + ONO* — HNO, (3)
(b)
HOONO —— HO +ONO' (4)
HO + ONO' —= HNO, ()
(©)
0.,
HOONO ——= = 'N=0 —= HNO, (6)
H ..... O

Scheme 1.2. Proposed mechanisms for the conversion of NO to NO;™ by O, by heterolytic cleavage (a),
homolytic cleavage (b), and isomerization (c).

Though there is structural variation amongst the globins capable of catalyzing the
dioxygenation of NO to NO3°, much has been learned about how these proteins catalyze such a
difficult reaction from a number of detailed computational and experimental studies on a
handful of representative systems.1621 Similarly to the reaction between O, and NO, the exact
mechanism for heme-mediated NO dioxygenation has been a topic of debate for a few
decades. The overwhelming consensus is that the first step is the reaction between NO and

oxygen-bound heme to form Fe(Ill)-(OONO"),%? though the evidence for such an intermediate



has been debated.?3 2% There then exists much debate as to how peroxynitrite rearranges to
yield NO3". MetMb (ferric myoglobin) has long been known to catalyze the rearrangement of
peroxynitrite to NO3™ with strong supporting evidence that the process proceeds via homolytic
cleavage to yield a caged NO2 radical and ferryl-oxo species (Scheme 1.2a).2426 Many have
focused on a similar mechanism for the dioxygenation of NO by Mb and other similar proteins
including flavoHb and trHbN.16-1%. 25,27 NO, produced during this pathway has the ability to
nitrate Tyr residues that are often utilized in the distal architecture of such proteins, and this is
indeed seen during the ONOQO" isomerization by metMb; however, the decrease in nitration
observed during NO dioxygenation by oxy-Mb suggests there could be an alternative
mechanism.2> This could be through a concerted rearrangement that has been proposed for the
isomerization of ONOOH (Scheme 1.2c).?2 The lack of detectable NO2 during NO dioxygenation
catalyzed by Mb also supports the Scheme 1.2c alternative.?! However, many computational
studies consistently predict as the predominant theory for dioxygenation of NO at heme
centers the homolytic cleavage of the peroxo- bond in a peroxynitrite intermediate, followed by
rapid recombination to yield the nitrato- complex which then is released and the cycle turned
over.16-18,29 Regardless of mechanism, the protein structure plays a pivotal role in determining
the effectiveness of globins at catalyzing NO dioxygenation, so this is the topic of the next

section.

1.3. Globins as nitric oxide dioxygenases
Globins are some of the most well-studied proteins in science, with the O»-transport and
storage proteins hemoglobin (Hb) and myoglobin (Mb) taking center stage.3° The history is rich,

as highlighted by the fact that the 1962 Nobel Prize in Chemistry was awarded to Max F. Perutz



and John C. Kendrew “for their studies of the structure of globular proteins”, having
successfully studied crystals of Mb and Hb by X-ray diffraction.3! In general, globins are
characterized by a series of a-helices that fold over one another to create a hydrophobic pocket
surrounded by a hydrophilic surface, leading to the term “globin-fold”. This fold creates a
perfect scaffold for a heme cofactor consisting of a porphyrin ring surrounding an iron atom at
its core, with the exact architecture varying between globins, depending on function (Fig. 1.2).
Though there has long been a connection between globins and NO, their biological function as
NO scavengers is only a recent proposition.1® Both myoglobin and hemoglobin were known to
react with NO to yield nitrate as far back as 1981,3? but the concept of a biologically relevant
NO dioxygenase was not realized until Gardner’s discovery in 1998 that flavohemoglobin
(flavoHb) protected E. coli from NO toxicity.33

FlavoHb is a chimera-like protein comprising joined globin and reductase domains (Fig.
1.2b), while myoglobin and hemoglobin lack integrated reductase domains with which to
promote redox activity. This provides the hint that while myoglobin and hemoglobin function
primarily as O2-transport proteins, flavoHb serves a more active role catalytically. The discovery
of a similar protein found in yeast suggests that these coupled globin-reductase proteins share
a long history dating back approximately 1.8 billion years.3* In fact, globins are one of the most
ancient families of proteins, occurring in all forms of life.3% 35 Studies on the evolution of
hemoproteins highlight that the globin genetic ancestor was most likely involved in redox
cycling in some capacity before O, was readily available.3® During the Great Oxidation Event,

the O; that was being produced by organisms, being a powerful oxidizer, was toxic for most



Figure 1.2. Crystal structures of (a) sperm whale myoglobin (PDB entry 1IMBO), (b) flavohemoglobin
from Alcaligenes eutrophus (PDB entry 1CQX), and (c) truncated hemoglobin N from Mycobacterium
tuberculosis (PDB entry 1IDR).



biological life. As a result, the early evolution of hemoglobin and similar proteins centered on
providing protection against O2 toxicity.3” Many globins still perform primary or secondary roles
in redox catalysis; for example, neuroglobin has been shown to provide a number of non-
transport roles such as nitrite reduction or as a terminal oxidase.3® The overwhelming need in
most aerobic organisms, however, is for large amounts of O that acts as the terminal electron
acceptor in aerobic respiration.3? Thus, as organisms became more advanced, globin structures
evolved to become more specialized. In particular, O affinity is now fine-tuned to either hold
0 tightly for use in chemistry or release it readily for storage and transport.? This is evident in
the large variation between globins in on and off rates for ligand binding.® One can follow the
evolution of one amino acid in particular, at the E7 position, to see how O; affinity has evolved
over time (Fig. 1.3). Early bacteria and yeast utilize a GIn for its tight hydrogen-bonding
network, whereas plant hemoglobins replace GIn for a His, and a variety of vertebrates and
invertebrates use all sorts of polar or nonpolar residues based on individual need for O
regulation, such as the His seen in sperm whale myoglobin.*!

In the case of flavoHb, and other efficient NO dioxygenases, the need for O: lies in its
catalytic activity. This begins before NO even enters the heme pocket. FlavoHb's active site is
well-tuned to latch on to O2 (step 3, Scheme 1.1) due to a tight hydrogen-bonding network
facilitated by a Tyr at the B10 position and a GIn at the E7 position (Fig. 1.3). This ensures that
O, stays bound, ready to react with NO, and may also help to activate the bound oxygen for
reaction.*? 43 Another distinctive feature of flavoHb relative to O is that the proximal side of
the heme cofactor in E. coli flavoHb displays a triad of well-conserved residues that partially

deprotonate the Nq1 of the proximal histidine ligand, making it electron rich, and thus pushing
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Figure 1.3. Sequence alignment of (a) truncated hemoglobin N from M. tuberculosis, (b) the globin
domain of flavohemoglobin from E. coli, and (c) Sperm whale myoglobin. Residues within the blue and
red boxes represent the Phe at the CD1 position and proximal heme-binding His residue respectively
that are both conserved within the globin domain. Bolded in green are the conserved TyrB10 residues
found within trHbN and flavoHb. Bolded in blue and purple are the residues found at the E7 position in
each globin, while bolded in red are the residues found at the E11 position in trHbN and flavoHb.

electron density into the Fe.** Evidence for the imidazolate character of the proximal ligand
comes from resonance Raman studies, which show Fe-His stretching frequencies at 244 cm™ in
E. coli flavoHb and at 235/257 cm (two bands) in Giardia intestinalis flavoHb.*% 43 These
frequencies are much higher than those observed in Mb and Hb (220 cm™ in sperm whale Mb
and 216 cm™ in human Hb), and more similar to those observed in cytochrome c¢ peroxidase
that contains a triad similar to that of flavoHb.#2 43 In cytochrome ¢ peroxidase, the extra
electron density on the iron weakens the Fe-OO bond and helps in O-O bond activation, and Fe-
OO bond weakening is also observed in G. intestinalis flavoHb, which has an Fe-OO stretching
frequency of 549 cm™ as compared to sw-Mb’s 570 cm™.

The nature of the ferric species generated by NO dioxygenation (step 1, Scheme 1.1),
and the mechanism of its subsequent reduction (step 2, Scheme 1.1), prove to be very
important to the overall catalytic cycle. Indeed, Smagghe et al. have noted that, though virtually

any oxygenated heme protein is capable of dioxygenating NO, their ability to do so catalytically



is often limited by the efficiency of the re-reduction step.*> As will be discussed in more detail in
Section 1.4 below and in Chapter 4, loss of water bound to the distal ferric site is often rate-
limiting in the re-reduction step, so proteins optimized for dioxygenation are typically designed
to lose water efficiently. The contrast between ferric Mbs or Hbs and ferric flavoHbs provides
one example of how this can be achieved. Mb and Hb exhibit 6-coordinate ferric species where
the 6t ligand is a distal water molecule.*® FlavoHbs, on the other hand, exhibit 5-coordinate
ferric species where the 6" coordination site is left vacant.?” This is thought to be due to the
strong proximal Fe-His bond (see above) that prevents the binding of weak ligands like water.

A final key general distinction between globins is how ligands access the distal heme
pocket. All globins have pathways by which ligands access the binding site, which is often
buried within the protein, but the form of these pathways often varies with the protein’s
function. Globins such as flavoHbs and trHbN that perform dioxygenation or other catalytic
functions often contain well-defined hydrophobic tunnels such as those shown within trHbN in
Fig. 1.4 to allow facile ligand passage from solvent to the active site.*®3>1 Mb, on the other hand,
relies on hydrophobic pockets connected by pathways that open only transiently via protein
dynamics to allow ligand diffusion.? Though not directly related to reactivity, the ease of ligand
passage to the active site plays a key role in enabling higher catalytic turnover.

To summarize, the contrast between the structural features of flavoHbs on the one
hand and Hbs or Mbs on the other provide a good example of how globins are optimized for
specific functions. FlavoHbs appear to be designed with the primary intent of converting NO to
NOs". By contrast, though Mb and Hb are both capable of catalyzing this reaction, they are

much less efficient at it due to key differences in their structures, and it is clear that NO
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dioxygenation is not their primary function.® >3 As will be shown in the next section, trHbN also
appears to be optimized for NO dioxygenation, though it shares only certain features in

common with flavoHbs.

1.4. Truncated hemoglobin N

TrHbN belongs to a family of truncated hemoglobins (trHbs) that occur throughout
multiple kingdoms of life dating back to an ancient origin. The family is characterized by a tight
2-on-2 a-helical fold around a B-type heme (Fig. 1.4) and is normally broken down into three
distinct groups, N-, O-, and P-type trHbs. However, recent topological studies suggest the
existence of a smaller, novel fourth group, that encompasses a variety of functionalities such as
0 storage or detoxification of reactive species that mimic those of other globins.# >4 33
Interestingly, trHbs are prevalent in many pathological species, and even trHbN itself shares
homologues in other infectious mycobacteria.>® Research shows that key structural features
define a trHb’s function, and in the case of trHbN, these features allow the protein to function
as an efficient NO dioxygenase. TrHbN shares some of these features with other known NO
dioxygenases, such as the flavoHbs discussed in the previous section, but it also lacks some
flavoHb features and has others that are unique.

Sequence comparison between trHbN and other globins and trHbs shows a variety of
conserved as well as unique residues. Of note is an invariant His at the F8 position that serves
as the proximal ligand for the heme cofactor, as well as a Phe at the CD1 position within the

distal heme pocket (Fig. 1.3). TrHbN displays a similar distal heme pocket to flavoHbs, with a
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Figure 1.4. (a) Crystal structure of oxy-trHbNy,(PDB entry 1IDR). The heme is shown as sticks, the bound
dioxygen as spheres, and the two permanent tunnels as wire mesh. The 12-amino acid N-terminal tail,
referred to as the “pre-A tail”, is seen at the bottom. In the crystal structure the pre-A tail appears a-
helical; however, an NMR study showed that it is more of a random coil in solution. ®3 (b) Active site of
oxy-trHbNyy, showing the two amino acid residues, Tyr33 and GIn58, that play a crucial role in stabilizing
O, at the heme center. The structure was illustrated using PyMol.

conserved TyrB10 residue, though the residues at the E7 and E11 positions are reversed, with
flavoHb displaying GIn and Leu respectively and trHbN displaying the opposite (Fig. 1.3, and see
below).% 1° Within the N-type trHbs, there is good sequence homology; however, an interesting
feature appears within the pathogenic variants of mycobacteria at the N-terminus. This motif,
which is seen to play a key role in activity, is dubbed the Pre-A region for its appearance before
the A-helix, and consists of a 12-amino acid sequence followed by a Pro that separates it from

the rest of the protein main body (Fig. 1.4).>’
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TrHbN does not exhibit the proximal triad that is conserved in flavoHbs and gives the
proximal histidine in these proteins imidazolate character (see section 1.3). As a result, the Fe-
N(His) and Fe-OO stretching frequencies are not as dramatically shifted in trHbNs as they are in
flavoHbs. Nevertheless, the trHbN Fe-His stretching frequency is still higher than those of Mb
and Hb (226 cm™ in trHbN versus 220 cm™ in sperm whale Mb and 216 cm™ in human Hb).
Furthermore, the conserved TyrB10 observed in both trHbN and flavoHbs forms a tight
hydrogen-bonding network with distal ligands that leads to lower Fe-OO stretching frequencies
(560 cm™ in trHbN versus 570 cm™ in swMb).#2 FlavoHbs and trHbN share other distal heme
pocket architecture similarities that differ greatly from those in Mbs and Hbs. Not only is there
good conservation of the key TyrB10 residue, both FlavoHbs and trHbN exhibit a H-bonded GIn
residue, though in flavoHb it occurs at the E7 position whereas trHbN displays Gln at the E11
position.Z 47-58 TyrB10 and GInE7/E11 are proposed to aid in stabilizing highly reactive
intermediates during the putative trHbN NO dioxygenation catalytic cycle, as discussed in the
next paragraph.16 18

Figure 1.4b provides a close-up view of trHbN’s distal heme pocket and the extensive
hydrogen-bonding network between heme-bound ligands and nearby residues. As noted
earlier, the Tyr residue at the B10 position plays a key role in ligand stabilization leading to very
slow O3 dissociation rates.? 33159 |n fact, the inefficiency of Oz-release is a key reason that
trHbN and similar globins are not viewed as O» transport proteins. The Gln at the E11 position
is in close enough proximity to hydrogen-bond to Tyr-B10, and this helps to regulate ligand kog
rates, coordination, and orientation of ligands at the active site.1® 58 In deoxy-trHbN, the

hydrogen-bonding network is seen to extend to a non-coordinated water molecule that has
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been proposed to present a kinetic barrier towards ligand binding.?® The H-bonding network
also facilitates catalysis by directing intermediates and driving product release from the distal
heme pocket.1® 29

Though not a part of the distal heme pocket, it should also be noted that the proximal
His residue coordinated to the heme Fe occurs with a staggered conformation as opposed to
the typical eclipsed conformation found in other globins, and this also contributes towards
faster activity at the Fe center.? 42 The Fe within the active site forms a less strained bond with
the proximal His, which leads to a geometry in which the Fe is more in plane with the porphyrin
ring when compared to other globins.? 3 4° This leads to faster kon rates and impacts the nature
of the Fe-OO bond as described previously, and it may also impact reduction of the ferric trHbN
(Step 2, Scheme 1.1), as will be discussed further below.

As briefly mentioned earlier, crystallographic data highlights an extensive tunnel system
that connects the distal heme pocket to solvent through two tunnels, one short and one long
(Fig. 1.4).%° This dual-path tunnel system provides convenient routes for small ligands such as O»
and NO to enter the active site for catalysis as well as for product release.?% >0, 31,59, 60
Interestingly, the crystallographic data highlights a Phe residue at the E15 position residing at
the cross junction between both tunnels and the active site that can be found in two distinct
conformations. This finding, with support from MD simulations, has led to the conjecture that
PheE15 may act as a gate between tunnels, making sure that each tunnel has access to the
active site when necessary.'”- ®1 Xe mapping and MD simulations also highlight key hydrophobic
pockets within the tunnel system that could act as binding sites for diatomic ligands,

functioning as ligand reservoirs that further facilitate rapid ligand binding.>': 62
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As noted earlier, pathogenic forms of trHbs, including trHbN and homologues from M.
avium, M. bovis, M. microti, and M. marinum, all display a distinct motif at the N-terminus
dubbed the Pre-A region (Fig. 1.4). Crystallographic analysis shows the region to form a helix in
the solid state, as in Fig. 1.4, but CD and solution NMR evidence suggest that it is a random coil
in solution.>”> 83 Lama et al. demonstrated the importance of the pre-A motif in regulating NO
uptake in cells through a series of knockout and reinsertion experiments.>’ In these
experiments they saw a decrease in NO uptake and increase in toxicity in cells lines that
featured a variant of the protein with the Pre-A region removed. Even more intriguing, when
this motif was inserted onto a homologue of truncated hemoglobin from M. smegmatis that
normally lacks the motif, NO uptake was increased in cell lines that expressed the variant. The
exact role of the pre-A motif in enhancing NO dioxygenase activity has been investigated in
several studies. MD simulations revealed significant changes in motions along the protein
backbone, primarily along helices B and E, and pointed to possible deregulation of the PheE15
gating residue, when the Pre-A region was deleted.”’ This explanation was called into question,
however, when a solution NMR study by Savard et al. in 2011 found no significant shift in
PheE15 after deleting the Pre-A region. The same NMR study supported a random coil
conformation of the Pre-A region, which led the authors to warn against fixing the Pre-A region
in a helical arrangement in future MD simulations.®3 The role of the pre-A region thus remains
an open question, and addressing it is a major part of this thesis (see below).

To date, most studies of trHbN have focused on the dioxygenation or re-oxygenation
steps (Scheme 1.1, steps 1 and 3, respectively). Markedly less studied is the ferriheme

reduction step of the catalytic cycle (Scheme 1.1, step 2). Yet, as noted by Smagghe et al, the
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lack of an efficient heme re-reduction system is the factor that eliminates most globins from
contention as NO dioxygenases.*> Unlike flavoHbs, trHbN lacks a dedicated reductase domain
and must depend on an external electron source. Though the innate reductase system utilized
by M. tuberculosis trHbN has yet to be determined, a 2014 paper by Singh et al. explored the
reduction step by using various reductase systems found within the bacteria and the more
commonly studied NADH-ferredoxin/flavodoxin (FdR) system from E. coli.®* Kinetic studies were
conducted in which a solution of met-trHbN and NADH in CO-saturated buffer were mixed with
FdR to initiate the reaction. The resulting absorbance change in the Soret band was monitored,
and a significant decrease in activity was observed in the Pre-A deletion mutant. To probe this
result, MD simulations were again employed, and these highlighted a potential disturbance
along the simulated protein-protein interface which could hinder electron transfer (ET) from
reductase to heme center.

The study by Singh et al. focused on the pre-A tail’s possible effect on electron transfer
from FdR to trHbN. However, it is also possible that the pre-A tail accelerates ferriheme re-
reduction by directly influencing motions in the distal heme pocket. The ferric trHbN’s distal
heme pocket differs from those of both the oxygen transport/storage proteins (Hb and Mb) and
the flavoHb NO dioxygenases. Unlike the flavoHbs, ferric trHbN has a water bound at the distal
site,® and water dissociation has been shown to be rate limiting in ferric Mb or Hb re-reduction.
In myoglobin, the relaxation of the Fe out of plane facilitates water release during the transition
from Fe3*(H20) to 5-coordinate Fe?*.%> However, as mentioned above, the Fe within the trHbN
active site forms a less strained bond with the proximal His, which leads to a geometry in which

the Fe is more in plane with the porphyrin ring when compared to other globins.? 3:4° This may
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make it more difficult to reduce trHbN when compared to Mb or Hb, but reduction could be
facilitated if pre-A tail motions help to mobilize the water bound at the ferriheme distal site.

This possibility is explored in Chapter 4 of the thesis.

1.5. Thesis Objectives

As summarized in this chapter, trHbN activity has already been studied using several
experimental and computational methods. Crystallography, computational analysis, and
stopped-flow studies have highlighted the importance of the tunnel system for ligand
passage.l’, 29, 49-51, 54, 59, 61, 62, 66 Spectroscopy, crystallography, and computational studies have
shed some light on the importance of the distal heme pocket hydrogen-bonding network in
controlling reactivity at the active site.? 3-16,18,29,51, 54, 58-60, 67 More recently, the discovery that
the pre-A region significantly impacts activity has spurred investigations aimed at explaining
this phenomenon.>> 57, 63, 64,67 The major focus of this thesis is on how the pre-A region
influences catalytic activity through effects on key residues within the distal heme pocket. To
this end, Chapter 3 describes flash photolysis experiments that utilized a photoactive NO donor
to study NO dioxygenation as well as nitrosylation of the wild type protein and a series of
mutants, while Chapter 2, describes the synthesis of the photoactive NO generator that was
used in the Chapter 3 experiments. Chapter 4 presents a stopped-flow study of ferric trHbN
reduction with an artificial reducing agent that probes the effect of various mutations on the
rate of heme reduction. Finally, Chapter 5 provides preliminary results obtained with some new
trHbN variants, discusses how these variants could be used to answer open questions about the

protein, and suggests directions for future study, especially regarding the long-term goal of
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designing therapeutic agents to interfere with trHbN activity and make M. tuberculosis more

susceptible to eradication.
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Chapter 2 Flash photolysis studies

2.1. Overview

The literature is rich with a variety of NO precursor compounds. A comprehensive
review published in 2002 lists 16 distinct classes of NO precursors alone, from organic nitrates
and nitrites to hydroxyurea, and with the continued interest in NO chemistry that number has
only grown.! Compounds in a common class of NO precursor undergo hydrolysis to release NO
and are therefore pH sensitive; an example from this class is the organoammonium salt
diethylamine NONOate. Compounds in this class though, tend to release NO too slowly for the
purposes of the current work because trHbN dioxygenates NO to NO3™ at nearly diffusion-
limited rates. Fortunately, many photolytically active compounds can release NO rapidly upon
photoexcitation with great control under appropriate experimental conditions. A variety of
photolabile metal nitrosyl {M — NO} compounds have been developed by the Mascharak lab,
including the diamagnetic 2 complexes [Mn(PaPy3)(NO)]CIO4 (1), and [Mn(PaPy2Q)(NO)]ClO4
(2), outlined in Scheme 2.1.3: % These were utilized for the work described in this thesis, and for
work recently published by our group.® The ability of complexes 1 and 2 to be photoactivated,
initiating NO release in solution upon irradiation by Visible or Near-IR light, makes them perfect
candidates for studying reactions with NO on fast time scales. With the help of a ns pulsed
laser, NO can be released from either 1 or 2 in less than 1 ms, after which reactions between
trHbN and NO can be monitored on a ps time-scale with a rapidly responding UV/Vis

spectrophotometer.
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Scheme 2.1. (a) Structure of the {Mn — NO}®* compound [Mn(PaPy;)(NO)]* (species 1). (b) Structure of
the {Mn — NO}® compound [Mn(PaPy,Q)(NO)]* (species 2).

The pentadentate ligand N,N-bis(2-pyridylmethyl)amine-N-ethyl-2-pyridine-2-
carboxamide (PaPysH) was first developed by the Mascharak lab to look into mononuclear non-
heme iron complexes that could provide insight into the variety of O;-activating enzymes
utilized in nature.® Original interest was in the study of deprotonated carboxamido nitrogen
ligation to Fe centers, which was long thought to be improbable due to the fact that iron would
most likely precipitate before the pH required for deprotonation. However, the discovery that
nature had found ways to circumvent this issue, such as the active site of Fe-dependent nitrile
hydratase’ and the P-cluster of nitrogenase,? led to an explosion of research on the topic.? 1°
Most of these studies focused on ligands featuring multiple carboxamido donors where these

anionic ligands are shown to provide much needed stability for maintaining a +3 oxidation
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state.1® However, the development of the low-spin Fe(lll) complex [Fe(PaPys3)(CH3CN)]?* showed
that it was possible to develop ligands that utilize a single carboxamido donor ligand, and
interestingly, the acetonitrile group was labile enough to be replaced with a variety of ligands.®
This led to the discovery that the acetonitrile ligand could be replaced with a photolabile NO
which then led to the development of similar systems utilizing Ru and Mn as the metal
centers.3 11,12 Dye to their water solubility and photoactivity in the Visible/IR range, the Mn
nitrosyls 1 and 2 mentioned previously have been invaluable studying the reactivity between
trHbN and NO.

Complexes 1 and 2 utilize a Mn center chelated by the pentadentate ligands PaPy3H or
PaPy>QH respectively [PaPy,QH: N,N-bis(2-pyridylmethyl)amine-N-ethyl-2-quinoline-2-
carboxamide]. The differences in the electronic structure of these ligands tunes their excitation
wavelength as well as the quantum yield of NO. While PaPy3H contains three ligated pyridines
along with a bridging amine and carboxamido nitrogen, PaPy,QH substitutes the pyridyl-
carboxamide group for a quinolyl-carboxamide, creating a more conjugated system that red-
shifts the absorption spectrum and increases the molar extinction coefficient. The photolability
of these complexes has long been believed to arise from excitation of an electron at the metal
center to the ligand system, and the stabilization of this d-n* transition due to increased
conjugation also leads to an increase in the quantum yield of NO in 2.% 13 This comes at a cost as
the increase in photolability increases premature NO release; nevertheless, species 2 was
successfully used by the Pacheco group in an earlier study of trHbN.> Unfortunately, a practical
difficulty has arisen since then. The synthesis of 2 employs reductive nitrosylation of Mn(lll)

complexes under 1 atm of NO, which requires a cylinder of NO gas, the cost of which has
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increased ten-fold in a few short years and is now prohibitive. To avoid the need for
compressed NO gas, the studies in this thesis were performed using NO precursor 1, which was
synthesized by a new procedure that uses NO generated in situ. As a bonus, species 1 is less
photolabile than species 2 and so less prone to premature NO release. This chapter describes

the new synthesis of 1.

H, 5% Pd/C
—_—
A EtOH MeCN
N Br .

% (60°C)
(0]
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PaPy.H
DPEA ¥ HN
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N| - N = X Xo
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Scheme 2.2. Outline for synthesis of the pentadentate ligand PaPy;H.

2.2. Materials and methods

2.2.1. General methods

All reagents were purchased from Millipore-Sigma, Fisher Scientific, or dot Scientific
unless otherwise specified. Routine UV/Vis spectra were obtained using Cary 50
spectrophotometers; where anaerobic conditions were needed, a spectrophotometer installed
in a nitrogen-filled glovebox was used. Routine NMR spectra were obtained using a Bruker DPX

— 300MHz instrument.
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2.2.2. Synthesis of PaPys3H

2.2.2.1. Bis(2-pyridylmethyl)amine (2,2’-dipicolylamine, DPA).
To a clean and dry round bottom flask equipped with a magnetic stir bar were added 10.1 g of

2-cyanopyridine, 16.5 mL of anhydrous ethanol, and 0.497 g of 5% Palladium on Carbon (Pd/C).
The reaction mixture was stirred vigorously while being flushed with hydrogen gas to charge
the catalyst and was then left stirring under a continuous flow of hydrogen until the starting
material was used up (approximately 72 hr). The extent of reaction was determined by silica
TLC monitoring of the reaction mixture using 10% methanol and 90% dichloromethane as an
eluent and ninhydrin as an amine stain for developing. The crude product was vacuum filtered
through a fritted glass disc covered with a 1 cm layer of celite to remove the Pd/C. After
washing the celite cake three times with hot ethanol to maximize recovery of the desired DPA
product, the filtrate was transferred to a round bottom flask and concentrated under vacuum,
yielding 9.54 g DPA (98.8% vyield). 'H NMR, CDCls: § 8.55-7.16 (m, 8H, aromatic H’s), 3.97 (s, 4H,
CH2), 2.63 (s, broad, 1H, NH).

2.2.2.2. N-(2-(bis(2-pyridylmethyl)amino)ethyl)-phthalimide.
To a clean and dry round bottom flask, equipped with a magnetic stir bar, were added 8 g of

DPA, 10.2 g of N-(2-bromoethyl)phthalimide, 6 mL of triethylamine, and 50 mL of anhydrous
acetonitrile. The flask was incubated at 60 °C under argon gas until the DPA was consumed
(approximately 12 hr). Reaction progress was monitored by TLC using 10% acetonitrile and 90%
dichloromethane as an eluent. The mixture was concentrated under vacuum leaving a dark
brown paste, which was then vacuum filtered through a fritted glass disk and washed with cold

water and diethyl ether (approx. 50mL of each), until only a beige solid remained as the
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phthalimide protected intermediate. *H NMR, (CDCl3): 6 8.43-7.00 (m, 8H, aromatic H’s), 7.83-
7.69 (m, 4H, aromatic H’s), 3.84 (s, 4H, CH>), 3.84-3.79 (t, 2H, CH2), 2.89-2.81 (t, 2H, CH2>).

2.2.2.3. (2-aminoethyl)bis(2-pyridylmethyl)amine (DPEA).
To a clean and dry round bottom flask, equipped with a magnetic stir bar, were added 7.5 g of

the phthalimide protected intermediate, 50 mL anhydrous ethanol, and 1 mL hydrazine
monohydrate. The solution was refluxed under argon until a gelatinous precipitate formed.
After precipitate formation ceased (approx. 2 hr) 10 mL of 12 M HCI were slowly added, and the
solution was allowed to reflux to decompose the precipitate-forming phthalyl hydrazide
hydrochloride. The solution was cooled, the precipitate filtered off, and the filtrate
concentrated under vacuum. The residue was dissolved in RO water and basified with 5 M
NaOH to pH 11, and the organic material was extracted in triplicate with 10 mL DCM. The
organic layers were then pooled and washed with a salt brine, then dried over Na2SOa4. The solid
was filtered off and the filtrate concentrated under vacuum, leaving behind N,N-Bis(2-
pyridylmethyl)ethylenediamine (DPEA) as a yellow oil. 'H NMR, (CDCl3): 6 8.53-7.13 (m, 8H,

aromatic), 3.85 (s, 4H, CH2), 2.85-2.82 (t, 2H, CH2), 2.72-2.69 (t, 2H, CH.).

2.2.2.4. N,N-bis(2-pyridylmethyl)amine-N-ethyl-2-pyridine-2-carboxamide (PaPyszH).
2-picolinic acid chloride was first synthesized by adding 0.730 g 2-picolinic acid to a clean and

dry three-necked flask that was fitted with a condenser and flushed with argon gas. Excess
SOCI; (approx. 2 mL) was added to the flask on ice, followed by a drop of catalytic
dimethylformamide diluted in dichloromethane. The reaction mixture was then allowed to
reflux gently while stirring. The solution starts off as a hunter green color, and as the reaction
progresses, turns lavender. After full color change (approx. 2 hr) the SOCI, was removed under

vacuum. PaPy3H was synthesized by dissolving 1.44 g of DPEA in dichloromethane cooled in an
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ice bath, to which an equivalent of 2-picolinic acid chloride was slowly added. Excess
triethylamine was added, and the solution was stirred overnight. The solution was cooled on ice
to precipitate the salt byproduct which was then removed by filtration through a fritted glass
disk. The solution was basified to pH 11 with 5 M NaOH. The organic product was then
extracted three times with 10 mL dichloromethane, and the organic layers were further washed
with a salt brine solution, dried over Na;SO4, and vacuum filtered. The filtrate was then
concentrated under vacuum leaving behind pure PaPysH. 'H NMR (CDCl3): 6 8.72-7.14 (m, 12H,

aromatic), 3.97 (s, 4H), 3.61 (t, 2H), 2.88 (t, 2H).
2.2.3. Synthesis of [Mn(PaPy3)(NO)]CIO4 (1)

2.2.3.1. [Mn(PaPys)(H20)]CIOa.
CAUTION! Perchlorate salts of metal complexes with organic ligands are potentially explosive.

Only small quantities of these compounds should be prepared and handled with proper
protection. 200 mg of PaPysH and 60 mg of triethylamine were dissolved in 15 mL of anhydrous
methanol. After stirring under argon for 1 hr, 210 mg of Mn(ClO4)-6H20 were added and the
resulting mixture was stirred vigorously for 15 min, during which time the solution turned a
pale yellow color as a beige precipitate formed. The air-sensitive precipitate was collected
anaerobically on a fritted glass disk and dried under vacuum, then used in step 2.7 as soon as

possible after synthesis.

2.2.3.2. In situ nitric oxide synthesis.
Nitric oxide was prepared in situ by mixing degassed solutions of 1M FeSOa4 in 1M H2S04 with

1M NaNO:2 (5 mL of each) according to the procedure of Blanchard.* The evolved gas was
manipulated using a specialized gas handling manifold outlined in Figure 2.1 which allowed the

NO to be passed through a dry ice/EtOH cold trap and
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Figure 2.1. Schematic diagram showing the apparatus and procedure used for the synthesis of NO in
situ. (a) Solutions of 5mL of 1 M FeSO,in 1 M H,SO, and 5 mL of 1 M NaNQ, in A and B, respectively, are
degassed usingthe freeze-pump-thaw method. The solutions are then mixed in vacuo with the system
isolated via valve 1, and the resulting gas is transferred to container C, which has been submerged in
liguid N, with valve 2 openslightly to allow passage, while passing through a dry ice/ethanol cold trap to
remove excess water. (b) Valve 2 can be opened slightly to allow NO gas contained in container C to be
transferredin vacuo to container D, which has been submerged in liquid N, with valve 3 open slightly to
allow gas passage through a KOH column to remove any acid nitrogen oxides. (c) Valve 3 can be opened
slightly to allow NO gas contained in container D to be transferred in vacuo to container E, which has
been submerged in liquid N, with valve 4 open slightly to allow passage and equipped with a magnetic
stir bar and a degassed solution of [Mn(PaPy;)(H,0)]*in acetonitrile.
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a column of potassium hydroxide pellets, which together served to dry the gas and remove NOx
impurities. The pure, dry, NO was stored in a 65 mL Schlenk-type flask sealed with a high

vacuum Teflon valve but used within hours of its synthesis.

2.2.3.3. [Mn(PaPy3)(NO)]CIOa.
100mg of 3 was suspended in 10mL degassed acetonitrile in a Schlenk-type flask. The flask was

connected to the gas handling manifold (Fig. 2.1) and evacuated by freeze-pump-thaw cycles,
after which the NO prepared in Step 2.2.3.3 was vacuum transferred in the dark to the
evacuated vessel. A solution of 3 was stirred under NO pressure in the dark for 2 hrs. After
formation of a green solution, the solvent was removed under vacuum. The resulting solid was
recrystallized from MeCN/Et20 in the dark, which generated dark green crystals of 1 that were
collected on a fritted glass disk. An example of the absorbance of a 751 uM solution of 1 in
MeCN is shown in Figure 2.2, along with the changes observed upon the irradiation of a 378 uM

solution of 1 by white light.
2.3. Results and discussion

2.3.1. PaPysH synthesis

Scheme 2.2 provides an outline of the procedure used to synthesize PaPysH. For the
most part, the synthesis of PaPysH followed procedures established earlier.? ® 1> However, the
procedure for synthesizing the tridentate ligand DPA, developed by Trevor Hageman and Alan
Schwabacher of the UWM Chemistry department, (Hageman, unpublished) is new and more
efficient than established procedures. It provides near stoichiometric yield of product, (98.8%)

as compared to the 40% vyield obtained following the method that was used earlier to prepare
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PaPysH.!> Furthermore, the new method uses much milder conditions than those outlined in
the original literature.1®

The selective hydrogenation of nitriles to form amines using precious metal catalysts is
not a new concept, with a 1991 paper in Journal of Organic Chemistry highlighting the synthesis
of secondary amines using a Rhodium catalyst.1® A more in depth analysis showed the
versatility of using Rh and Pd catalysts on alkyl and aryl nitriles in different solvents and the
subsequent formation of different substituted amines.'’ In the DPA synthesis reported herein,
the use of a Pd/C catalyst and presence of the aromatic pyridine bound nitrile group follows a
path similar to that outlined in Monguchi et al., though with much higher yield.’ Contrary to
what was observed in the study of Monguchi et al., the use of Pd as opposed to Rh yielded
negligible, if any, of the tertiary amine. This is most likely due to steric constraints created by
the bulky pyridine group, as the imine intermediate is most likely stabilized due to the presence
of the pyridine nitrogen interaction with Pd.1® The ammonia side product can easily be
neutralized, and is actually beneficial when monitoring the reaction as the basicity of the fumes
can be monitored with pH paper, alongside monitoring for amine formation via ninhydrin-
stained TLC. The one drawback to the hydrogenation methods just discussed is that they
typically require long reaction times, and in this, the DPA synthesis was no exception. However,
the reaction mixture required minimal monitoring during the synthesis, which made the long
reaction time less onerous. According to a recent report, attempts to cut down on reaction time
are underway using Pd and Pt catalysts on nanoparticles.®

Apart from the novel DPA synthesis, the only other minor change made to the original

PaPysH synthesis® & 15 was to use acetonitrile as a solvent and lower temperature for refluxing
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during the synthesis of the phthalimide-protected DPEA intermediate. This change seemed to

prevent the formation of undesirable side products.

2.3.2. Synthesis of complex 1

With the rising costs for transporting hazardous materials such as NO, plus the waste
generated when solutions are bubbled constantly with the gas, the procedure outlined in Fig.
2.1a and 2.1b for generating NO in situ allows the synthesis of controlled amounts of NO at a
much cheaper cost. Any acidic nitrogen oxides can be neutralized via the use of KOH columns
(Fig. 2.1b), and careful manipulation of the gas through cold traps as described in Fig. 2.1a
results in the removal of any excess water as well. The system must be kept anaerobic so as to

prevent the formation of NOa2.
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Scheme 2.3. (a) Synthesis of [Mn(PaPy;)(NO)]* from PaPys;H and [Mn(H,0)¢]?*. (b) Photolysis of
[Mn(PaPy;)(NO)]* to yield one equivalent of NO in solution.

Scheme 2.3a summarizes the 2-step procedure used to prepare complex 1. In the first

step, Mn(H20)e%* reacts with PaPysH in basic methanol to generate the air-sensitive
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[Mn(PaPy3)(H20)]* complex. A solution of [Mn(PaPy3)(H20)]* in degassed, anhydrous
acetonitrile is put under NO pressure using the vacuum line setup shown in Fig. 2.1c and stirred
vigorously in the dark to yield a green solution of complex 1. Recrystallization by MeCN/Et,0
proved tricky; however, removal of the solvent in vacuo in the dark yielded green crystals that
could be stored for future use.

A UV/Vis spectrum of the green crystals (Fig. 2.2) matches well with that of 1 reported
earlier in the literature,® and equally importantly, the spectrum shifts in the predicted way
when the sample is exposed to white light, due to the loss of NO and generation of the aquo
complex (Scheme 2.3b). Complex 1 is strongly coupled in a {low-spin Mn (II) = NO*}*! electron
configuration, leaving a diamagnetic S = 0 state that in principle allows for analysis by NMR.
However, any paramagnetic Mn(lll) impurities in solution can strongly affect the resulting NMR
spectra, and in practice, no clean spectra were obtained. Mn(lll) is a strong oxidizer, and Mn(lll)
impurities in some preparations of 1 also caused complications in the experiments with trHbN,

as will be discussed in the following chapter.
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Figure 2.2. Absorption spectrum of [Mn(PaPy;)(NO)]* in acetonitrile and upon irradiation with white
light.

2.4. Summary

In conclusion, the synthesis route for [Mn(PaPy3)(NO)]ClO4 presented in the current
work shows increased yield and lowered cost when compared to the method reported earlier, 3
6,15 though one piece of business left unfinished in the project is to optimize the protocol for
recrystallizing 1 and getting more consistent purity. The improved synthesis of the chelating
ligand DPA shows promise for the synthesis of transition metal catalysts that selectively
hydrogenate nitriles under ambient conditions. Similarly, the ability to generate and manipulate
NO in situ may prove useful not only for the synthesis of 1 but also in other applications that

require controlled amounts of NO.
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Chapter 3 Reaction of oxy-trHbN and red-trHbN variants with
photogenerated NO

3.1. Overview

As outlined in Chapter 1, many structural features have been shown to play an integral
role in trHbN activity by crystallographic, computational, and other experimental techniques.
This chapter focuses on the effect that the pre-A tail (Fig. 1.4) has on the rates of NO
dioxygenation by the oxygenated form of trHbN (oxy-trHbNO) and NO nitrosylation by the
reduced form of trHbN (red-trHbN). Scheme 1.1 shows where these steps fit within the putative
NO dioxygenation catalytic cycle. Step 1 of Scheme 1.1 is the dioxygenation step, which
generates the aguomet ferric form of trHbN (met-trHbN). This is reduced to red-trHbN in
Scheme 1.1 step 2, and then re-oxygenated to the oxy-trHbN form in Scheme 1.1 step 3. In this
chapter, nitrosylation of red-trHbN is used as a surrogate for oxygenation.

Koebke et al. showed that by utilizing the photolabile NO precursor 2 (Scheme 2.1) and
a flash photolysis system, both dioxygenation of NO and nitrosylation of red-trHbN could be
monitored on the ps time scale.! The photolysis method was used to study the wild type
(trHbNwt) and a series of variants, and it yielded several interesting observations. Of special
importance to the present study, Koebke et al. reported that mutations produced changes to
NO dioxygenation rates that were modest when compared to the changes they produced in
red-trHbN nitrosylation rates.! Notably, mutations of active site residues Tyr33 and GIn58 (Fig.
1.4) led to increases in nitrosylation rates, while deletion of the Pre-A tail led to a dramatic

decrease in nitrosylation rate.
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Based on their results, and on an earlier study by Ouellet et al., Koebke et al. proposed
that motions of the pre-Atail play a crucial role in displacing a non-coordinated water molecule
that blocks access to the distal heme site in red-trHbNwt and provides the main kinetic barrier
for ligand binding to red-trHbNw:.»- 2 Thus, when the pre-A sequence is deleted (trHbNgeIn
variant), conversion of red-trHbNgein to the oxygenated form (oxy-trHbNgein) slows down
greatly, as does the reaction of red-trHbNgein with other diatomic gases such as NO, and
presumably, CO.

The water molecule that blocks access to the distal heme site is held in place by a tight
interaction with Tyr33, which is aided by hydrogen bonding interactions between Tyr33 and GIn
58.2 Therefore, to test the hypothesis that deletion of the pre-A sequence slows displacement
of the obstructive water molecule, in this chapter the nitrosylation rates of the red-trHbNgeIn
variant are compared with those of a variant that lacks the pre-A tail and also has the point
mutations Tyr33Phe and GIn58Val. The triple variant will be referred to as trHbNm. Koebke et
al showed that the ferrous form of a double variant with Tyr33 and GIn58 mutations (red-
trHbNpw) is nitrosylated about 4x faster than red-trHbNwT, presumably because access to the
distal heme site is no longer blocked by water once Tyr33 and GIn58 are removed.?! If the pre-A
tail plays a role in facilitating water displacement, then removing Tyr33 and GIn58 should
counteract the loss of pre-A in the triple variant red-trHbNtv. The study presented in this
chapter used the NO photoprecursor 1 rather than species 2 (Scheme 2.1), but otherwise, the

photolysis protocol was comparable.
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3.2. Materials and methods

3.2.1. General methods

All reagents were purchased from Millipore-Sigma, Fisher Scientific, or dot Scientific
unless otherwise specified. Routine UV/Vis spectra were obtained using Cary 50
spectrophotometers; where anaerobic conditions were needed, a spectrophotometer installed
in a nitrogen-filled glovebox was used. Wild type and variant trHbN were expressed and
purified using the method previously described, summarized below with slight alterations.?!
Unless otherwise specified, all experiments with trHbN were carried out in 50 mM
tris(hydroxymethyl)aminomethane (tris), 0.5 mM ethylenediaminetetraacetic acid disodium salt

(EDTA), pH 8.1 (hereafter referred to as “tris buffer”).

3.2.2. trHbN expression and purification

The gene for trHbN from M. tuberculosis was synthesized for optimal codon usage by
Genscript before cloning into a pUC19 vector and transforming into BL21(DE3) Escherichia coli
for expression. Mutants were either produced in the lab by phusion site-directed mutagensis
PCR (Thermo Scientific Phusion Site-Directed Mutagenesis Kit) or purchased from Integrated
DNA technologies as a gBlock gene fragment before ligation into pUC19. Bacterial cultures were
grown overnight at 37 °Cin LB media, after which the cells were concentrated and lysed using a
sonic dismembrator (model CL334) to release the cell contents, and the resulting suspension
clarified by addition of streptomycin sulfate to a final concentration of 1% and centrifugation.
Protein was purified using a two-step purification procedure. In the first step the clarified cell
lysate was loaded onto a 50 mL anion exchange Q-Sepharose column (GE Healthcare) using

standard tris buffer. The protein mixture was then eluted using 500 mL of a linear gradient
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starting with tris buffer and ending with the elution buffer, which contained 0.2 M NaCl in tris
buffer. In the second purification step the trHbN-containing fraction from step 1 was
concentrated to ~1-2 mL and passed through a 300 mL Sephacryl S-100 Size Exclusion Column
(GE Healthcare) using a buffer consisting of tris buffer with 0.15 M NaCl. At each stage of the
purification protein purity was assessed by monitoring the ratio of As16/A2s0 in the UV/Vis
spectrum, the goal being to get ratios of 3 or higher. The final purity of the trHbN was assessed
by SDS-PAGE gel electrophoresis. The concentration of each purified protein stock solution was
determined by quantifying its heme content with the pyridine hemochrome assay,3 after which
molar extinction coefficient spectra of each variant in the oxy-trHbN, red-trHbN, met-trHbN,

and nitroso-trHbN forms were obtained as well. Examples are shown in Fig. 3.1 for trHbNm.
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Figure 3.1. Molar extinction coefficient spectra for oxy-trHbNy, (black), met-trHbN+, (red), and red-
trHbN+y (blue).

Variants containing double mutations to the active site required additional steps before they
could be used in further experiments. Samples of purified trHbNpwm and trHbNmv were first
oxidized with excess potassium ferricyanide trihydrate to generate the ferric forms. The

potassium ferricyanide trihydrate was removed by exchanging with tris buffer, using 10 kDa
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molecular weight cutoff centrifugal filters (Amicon Ultra). The protein was then reduced to the
5-coordinate ferrous form in an anaerobic glovebox using an equivalent of electrolytically
produced methyl viologen monocation radical, after which the reduced solutions were either
brought out of the glovebox to bind oxygen or used directly in the glovebox for experiments
requiring ferrous trHbN.
3.2.3. Time-resolved flash photolysis

The apparatus used for these experiments, outlined in Fig. 3.2, was as described by

Koebke et al.! Briefly, an OPO tunable laser (Opotec Rainbow Vis) was used to irradiate with 10

Tunable laser

Optical fiber,

—D—— Reference photomultiplier

-----y----F-------4 Sample photomultiplier

Laser pulse  sssssswiss
Spectrophotometer ______
probe beam

| ] = sample

monochromator

Spectrophotometer lamp and

Figure 3.2. Schematic of the apparatus used for the flash photolysis experiments outlined in this
chapter. Laser pulses generated by the tunable laser are transmitted via the fiber optic cable shown in
blue to irradiate a sample cuvette shown as a red box. A spectrophotometer beam shown as the black

dashed line is transmitted perpendicular to the laser pulse.
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ns, 455 nm laser pulses, solutions held in 1.5mmx1.5mm fluorometer submicro cuvettes
(Starna), after which spectral changes at selected wavelengths were monitored on the
microsecond timescale with an Olis RSM-1000 spectrophotometer in fixed wavelength mode.
Solutions for the experiments were made up in tris buffer. Each solution contained 30 uM of
the NO photoprecursor 1 (Scheme 2.1) and either red-trHbN or oxy-trHbN of the appropriate
variant, in concentrations varying from 10-100 uM. Under these conditions, each laser pulse
generated about 3 uM NO. Thus, protein was in at least 10x excess of NO in all experiments,
which maintained pseudo first-order conditions. All solutions for these experiments were
prepared fresh daily and kept in the dark to prevent premature release of NO from 1. Data

were plotted and analyzed using the software program Origin 8.0.

3.3. Results
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Figure 3.3. Blue trace: spectral changes at 424 nm that follow irradiation by a 455 nm, 10 ns laser pulse
of a solution initially containing 24.5 uM oxy-trHbN+, 30 uM of photoactive species 1, and 0.5 mM

EDTA, in a 50 mM Tris buffer, pH8.1. Red trace: least-squares fit to a single exponentialdecay (see main
text for details).
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The blue trace in Fig. 3.3 shows the spectral changes observed at 424nm after exposing
to a 10 ns, 455 nm laser pulse a solution initially containing 24.5 uM oxy-trHbNtv, 30 uM of 1,
and 0.5 mM EDTA in a 50 mM Tris buffer, pH 8.1. After an initial sharp negative deflection in
As24 due to oversaturation of the photomultiplier tubes’ voltage output by the laser pulse, a
decrease in absorbance due to the reaction of oxy-trHbNmwm with NO to yield the aquo-met
adduct (met-trHbNtm Scheme 1.1) is clearly visible. Under these conditions, the amount of NO
generated by the laser pulse is roughly 3 uM,! so the reaction between NO and protein is
expected to be pseudo-first-order. The experimental trace was fit with the exponential decay
equation A424 = Ao+tAmp-[1-exp(-kobs-t)] (red trace, Fig. 3.3), where A4 is the absorbance at 424
nm and time t, Ao is the absorbance at 424 nm and time zero, and kobs is the apparent rate
constant. In the fit, Ao was fixed at zero, while the least-squares best values of the parameters
Amp and kobs were determined by the nonlinear least-squares fitting routine. The experiment of
Fig. 3.3 was repeated using concentrations of oxy-trHbNm varying from 10-35 uM, and koss
values were obtained at each individual concentration. A replot of kobs as a function of oxy-
trHbNTm concentration (Fig. 3.4a) afforded a linear fit (red trace, Fig. 3.4a) from which a second-
order rate constant of (1.15 + 0.05) x 10° Ms? was obtained for the reaction of oxy-trHbNmmm
with NO.

The second-order rate constant for nitrosylation of deoxy reduced trHbNmwv (red-
trHbNTv) was obtained in experiments analogous to those just described. This time, red-
trHbNTm was varied from 12-40 uM while keeping the concentration of photoactive species 1
constant at 30 uM as before. In any given experiment, absorbance changes with time were

monitored at 439 nm, where absorbance decreases as red-trHbNrw is nitrosylated. Once more,
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As3g vs t plots could be fit with exponential decay functions, and a plot of kops vs [red-trHbNmv]
(blue circles, Fig. 3.4b) afforded a linear fit (red trace, Fig. 3.4b); from this, a second-order rate

constant of (2.4 + 0.1) x 1082 M1s’? was calculated for the reaction of red-trHbNmv with NO.
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Figure 3.4. Blue circles: dependence of the apparent rate constants on trHbN,, concentrations for (a)
reaction of oxy-trHbNq, with NO, and (b) nitrosylation of red-trHbN,. Red lines: linear least-squares fits
of the data (y-intercepts fixed at zero).

Table 3.1 compares the second-order rate constants obtained for the reactions of NO
with the WT, DM, TM and delN variants of oxy-trHbN and red-trHbN. Koebke et al had

previously reported values for trHbNwr and the trHbNowm and trHbNpein variants,! but the
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experiments were repeated in this study to check for reproducibility. Table 3.1 shows that the
rate constants obtained in our recent experiments match those obtained earlier, with the

notable exception of the one obtained for nitrosylation of red-trHbNgein. Koebke et al reported

NO Dioxygenation (Kdiox, UM7s?) Nitrosylation (kno pM1s?)

(Lit. value) % of WT (Lit. value) % of WT
trHbNwr | 100030 (13701, 7457) - 250+ 10  (220%) -
trHbNpew | 610+ 10 (1030%) 61 110£20  (N/AY) 50
trHbNow | 1820+ 50 (750%) 182 710+50  (900%) 284
trHbNTm 1150+ 50 - 115 240+ 10 - 96

Table 3.1. Second-order rate constants obtained forthe reactions of NO with WT, DelN, DM, and TM
variants of oxy-trHbN and red-trHbN. Values in parentheses are for comparison to earlier literature
values.

that red-trHbNgeIn nitrosylation was first-order overall with a rate constant k of 3300 + 1200 s,
unlike all the other reactions, which are second-order overall.! However, the current study
shows that a clear linear dependence on protein concentration can be resolved (blue circles
and red line, Fig. 3.5), from which a second-order rate constant of (1.1 + 0.2) x 108 M1s! was
obtained. This value is half that obtained for red-trHbNwr nitrosylation (Table 3.1); thus, the
slope of the kobs vs [red-trHbNpein] is shallow and was obscured by scatter in the earlier study.
Nevertheless, when the results from the previous study are overlayed on those of the current
one (green squares, Fig. 3.5),! a positive slope is discernible in the earlier data if one knows
apriori that it is there.

Note that the data points obtained at the two highest red-trHbNgein concentrations
were not included in the least-squares fit shown in Fig. 3.5. The rationale for this is that the kops
values for these points fall well below the linear trend exhibited by the other data points, and it

is possible that at these high protein concentrations, absorbance of some 450 nm laser pulse
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energy by the heme resulted in lower than expected NO generation. The justification for
omitting the high [red-trHbNgein] points seems reasonable if one considers only the data set

obtained in this study; however, it becomes less solid if one considers the aggregate of the
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Figure 3.5. Dependence of the apparent rate constants on trHbN 4.y concentrations for nitrosylation of
red-trHbNg.n. Blue circles: data from this work; green squares: data from Koebke et al;* red line: linear
least-squares fits of the data from this work (not including the two data points at highest red-trHbNyey
concentration).

current data and the earlier data from Koebke et al. In the context of the earlier data, an
equally plausible explanation for the low kops values seen at high [red-trHbNgein] is that these
simply represent low points within the scatter that is normal for the instrumentation used in

the experiment.

3.4. Discussion

The results of the present study confirm that pre-Atail loss significantly slows the rate of
NO binding to the distal heme of red-trHbN, as reported by Koebke et al,! and importantly, they
show that the effect is tied to the pre-A tail’s influence on Tyr33 and GIn 58. This conclusion

derives from the fact that the effect of pre-A tail deletion on red-trHbN nitrosylation is offset in
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the triple variant that also lacks Tyr33 and GIn 58 (Table 3.1). Quellet et al. first reported that
binding of O2 and CO to red-trHbNpwm is faster than in the wild type, and based on a
computational analysis, proposed that this is because in the wild type a non-coordinated water
that blocks access to the distal heme site is held tightly in place by Tyr33 and GIn 58.2 When
these residues are mutated, water no longer blocks the active site and gas binding accelerates.
Koebke et al. later showed that NO binding to the distal heme is faster in red-trHbNpom but
slower in red-trHbNgein when compared to red-trHbNwrt, and proposed that the pre-A tail
promotes motions of Tyr33 and Gln 58 which help release the non-coordinated water molecule
that otherwise blocks access to the distal site.! The results reported herein with red-trHbNmv
are consistent with this hypothesis, since making the mutations Tyr33Phe and GIn58Val
counteracts the effect of deleting the pre-A tail, restoring nitrosylation rates in the triple variant
to those observed in the wild type (Table 3.1). On the other hand, the new study of red-
trHbNgein nitrosylation summarized in Fig. 3.5 (blue circles and red linear fit) weakens the
hypothesis relative to the earlier corresponding study by Koebke et al. In the earlier study, the
first-order dependence of kobs on [red-trHbNgein] was obscured by scatter in the data (green
squares, Fig. 3.5), making it appear as if red-trHbNgein nitrosylation was much more dramatically
affected than NO dioxygenation by oxy-trHbNgein. This is what one would expect if the pre-A
tail’s primary role was to mobilize the non-coordinated water that blocks access to the active
site in red-trHbN. According to the new results, though, the effect of pre-A tail loss on red-
trHbN nitrosylation is comparable to its effect on NO dioxygenation by oxy-trHbN; that is, both
processes are diminished by a modest 50% (Table 3.1). Thus, though it is still clear that the role

of the pre-A tail deletion is tied to the roles of Tyr33 and GIn 58, a direct connection to these
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amino acids’ roles in anchoring the non-coordinating water molecule in the red-trHbN active
site is less clear.

The linear least-squares fit to a subset of the red-trHbNgein nitrosylation data (Fig 3.5)
suggests a non-zero y-intercept, and this is still unique when compared to nitrosylation of other
red-trHbN variants or NO dioxygenation by oxy-trHbN variants. The Fig. 3.5 non-zero intercept
value is small enough that it may be due to experimental error (700+400 s!). However, if one
were to include in the least-squares fit all the data points in Fig. 3.5, not just the selected
subset, then the y-intercept would be much more substantial, thus setting the nitrosylation
behavior of red-trHbNgein further apart from other trHbN variant reactions with NO.
Establishing whether the non-zero intercept in red-trHbNgein is real, and if so, how big it is,
should be a top priority in future studies of trHbN. If the non-zero intercept is real and large,
then the effect of pre-A tail deletion on red-trHbN nitrosylation is unique, as proposed by
Koebke et al.! On the other hand, if the apparent intercept is due to data scatter only, pre-A tail
deletion will be seen to affect red-trHbN nitrosylation and NO dioxygenation by oxy-trHbN
more uniformly, as suggested by the Table 3.1 data collected for this thesis. Clearly,
distinguishing between these possibilities will be critical to understanding the effects of the pre-
A tail on microsecond timescale dynamics within the trHbN active site. In support of this goal,
the Pacheco group recently acquired a flash photolysis apparatus that should generate data
with less scatter than the current system can provide.

Two technical points will be of importance to researchers that continue with the current
research. First, they should be aware that, when the DM and TM variants of oxy-trHbN are

irradiated with a laser pulse, some of the bound O3 is photolyzed by the pulse. This
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phenomenon is most likely due to the decreased O3 affinity observed upon mutation of active
site residues Tyr33 and GIn58 as it was not observed in the WT. Fortunately, the rapid rate of
NO dioxygenation as compared to O re-binding (or red-trHbN nitrosylation) makes it easy to
distinguish the processes kinetically. The photolysis process itself occurred during the deadtime
of the current instrumentation but may be detectable with the new flash photolysis apparatus,
which will be capable of monitoring processes occurring on the ns timescale. TrHbN ligand
photolysis is a non-issue while observing nitrosylation of red-trHbN variants as there is then no
bound ligand susceptible to photolysis.

The second technical point that should be considered when conducting laser flash
photolysis experiments is that some preparations of species 1 were found to contain Mn(lll)
impurities capable of oxidizing red-trHbN variants (though these impurities had no effect on
oxy-trHbN variants). Such reactivity has precedent; previous studies showed that myoglobin
could be reduced by certain metal complexes, and that the reaction rate depends heavily on
ligand dissociation, which implicates deoxymyoglobin as the reactive species.* The
reorganizational energy at the active site also plays a role, as the formation of the aquomet-
species is heavily influenced by the nature of the distal pocket.> This would explain the
differences in susceptibility for different trHbN variants towards oxidation compared to the WT.
To eliminate the Mn(lll) impurities, solutions of 1 were titrated with reduced methyl viologen
until the sharp MV eqd signal at 395 nm was just detectable. Further reduction of the Mn (ll) in 1
is of no concern due to the properties of the carboxamido-Mn bond as discussed in Ghosh et

al.b
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3.5. Summary

The results of the current study provide a useful follow-up to the work reported by Koebke
et al.! At a practical level, they show that the NO precursor [Mn(PaPy3)(NO)]ClO4 (1) can be
used as a reliable NO donor in the study of NO dioxygenation of oxy-trHbN variants and and
nitrosylation of red-trHbN variants. The generally good agreement between the rate constants
derived in the current work and those previously obtained further solidifies the validity of the
flash photolysis methodology.l: 7 Nevertheless, the data scatter generated by the
instrumentation available to date leaves important mechanistic questions open for future study
with better instrumentation.

The top question to be addressed in future studies is whether the kinetic behavior of
red-trHbNgein nitrosylation is unique in having a kobs vs [red-trHbN] dependence with non-zero
y-intercept. If it does, then follow-up experiments and computational studies can focus on
finding an explanation for this behavior. If, on the other hand, the non-zero intercept vanishes
upon making more precise measurements, then follow-up studies should instead focus on
explaining the modest effects of pre-A tail deletion on both red-trHbN nitrosylation and NO

dioxygenation by oxy-trHbN.
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Chapter 4 Stopped-Flow analysis of met-trHbN reduction

4.1. Overview of ferriglobin reduction chemistry

A critical step in the proposed NO dioxygenation catalytic cycle is reduction of the met-
trHbN after the dioxygenation step (step 2, Scheme 1.1). Indeed, it has been noted that though
the ability of oxy-hemoglobins and oxy-myoglobins to dioxygenate NO in vitro is virtually
universal, their ability to do so in vivo is often curtailed by rate-limiting re-reduction of the
oxidized heme so generated.! Unlike flavoHb, which incorporates a distinct reductase domain,
trHbN has no such domain and the physiological electron donor is to date unknown, though
NADH-flavodoxin reductase from E. coli has been shown to be competent in this role.? Most
likely due to the lack of knowledge about the physiological electron source, the process of
trHbN reduction has not been well studied to date. Thankfully, there are much more well
studied systems, myoglobin in particular, that share enough similarity as to provide a reference
point when looking at trHbN. As touched on in Chapter 1, the literature is saturated with
studies of myoglobin, perhaps to a fault. In fact, at the time of writing this thesis, a quick search
of “myoglobin” using Dimensions yields 254,057 published results, with 97,202 results listed
under the categories “Biological Sciences”, “Chemical Sciences”, or “Biochemistry and Cell
Biology”. By comparison, the words “truncated hemoglobin” yield only 19,748 results in the
same categories, with quite a bit of overlap referencing a truncated form of the more well -
studied tetrameric hemoglobin. With that in mind, this chapter begins with a detailed review of

previous myoglobin reduction studies.
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4.1.1. Myoglobin oxidation

The oxidation of myoglobin, and hemoglobin for that matter, has been a topic of great
interest from a physiological standpoint. Just as with NO dioxygenases, the oxygen storage and
transport proteins Mb and Hb must be in the ferrous state to bind oxygen.
Methemoglobinemia, a condition in which some of the hemoglobin in the bloodstream has
been converted to methemoglobin (with the iron in a ferric Fe3* state), hampers oxygen
transport throughout the body. This can be genetic, via disruption of physiological systems that
regulate hemoglobin reduction, or acquired, for example by inadvertently ingesting certain
oxidizing agents.3 Even under normal physiological conditions though, some ferrous Mb and Hb
is continuously oxidized, so organisms that use these proteins have systems in place to re-
reduce them.

Given the importance of heme oxidation state regulation, studies of the ferric state date
back nearly a century. A seminal paper published by Linus Pauling and Charles Coryell described
the magnetic properties of hemoglobin, oxyhemoglobin, and carbonmonoxyhemoglobin in
1936.4 Of note was the drastic change in magnetic susceptibility upon binding of O2, from the
paramagnetic state observed in hemoglobin, to the diamagnetic state observed in
oxyhemoglobin. The following year, a follow up paper was published by the two researchers,
along with Fred Stitt, covering the nature of methemoglobin in a variety of ligand-bound
states.® It was in this paper that the authors suggested the occupancy of the sixth coordination
site by a water molecule in methemoglobin (thus referred to as aqguomethemoglobin), as
opposed to the five coordinate state previously hypothesized. Together, these two papers

could be considered the catalyst which opened the door for the field of bioinorganic chemistry.
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4.1.2. Reduction of metmyoglobin

The field of bioinorganic chemistry has evolved greatly since 1936; as instrumentation
and theory have advanced, so have the understandings of complex biological systems. The
advent of techniques such as rapid-mixing stopped-flow and faster spectrometers have allowed
researchers to look at kinetics on increasingly smaller time scales, and during the 1970s,
researchers started to investigate the mechanism by which aguometmyoglobin undergoes
reduction.®® Wilting and co-workers looked into the reduction of aquomethemoglobin and
aquometmyoglobin by hydrated electrons, noticing distinct kinetic phases that differed
between the two species, owing to the occurrence of quaternary structure in hemoglobin but
not myoglobin.® They also observed kinetic phases shared by the two proteins, and attributed
these to distinct processes of heme reduction and ligand dissociation. The question then
became, which came first: reduction or ligand dissociation? Scheme 4.1 shows the case where
heme reduction precedes ligand dissociation (“liganded intermediate” pathway), but initially,
the so-called “ligand off” pathway, in which ligand dissociation precedes reduction, seemed
equally plausible. This question was further investigated by Raymond Cox and Michael
Holloway, who studied via stopped-flow the reduction by dithionite of metmyoglobin with
several different ligands bound at the distal position. Among the metmyoglobin derivatives
studied were ones with cyanide and azide axial ligands whose koffox) rates for ligand substitution
were independently known. Cox and coworkers observed reduction rates that exceeded those
predicted by kofox), Which supported the liganded-intermediate pathway of Scheme 4.1, in
which the kofred) governing ligand dissociation from the ferrous heme was presumably greater

than kogfox).8 This conclusion was supported by Olivas et al. in a similar study published around
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Scheme 4.1. The two mechanistic steps typically involved in ferric heme reduction, as ascertained from
studies with myoglobin and other model proteins.%1¢-1° Both the 6-coordinate Fe(lll) and 5-coordinate
Fe(ll) states are high-spin, whereas the 6-coordinate Fe(ll) intermediate is low-spin.*®

the same time when looking at the CN-, NO>", and imidazole adducts; however, these authors
suggested a ligand off pathway for other variants.” It should be noted that neither study found
evidence for an intermediate formed during the reduction of aguometmyoglobin.” 8

Research over the next few decades provided further evidence supporting the liganded-
intermediate pathway (Scheme 4.1) proposed by Cox and Holloway. A paper by Gasyna et al.
reported on changes in absorption spectra at low-temperature during reduction via g-irradiated
electrons.’ They observed that intermediates could be trapped at 77 K, which they attributed to
liganded Fe(ll) species, that only formed the 5-coordinate Fe(ll) species upon warming to
temperatures above 100K. Intermediates were observed for most of the metmyoglobin
derivatives studied including aquometmyoglobin. A possible exception was the fluoride bound
species which exhibited characteristics of both a liganded-intermediate and ligand-off
pathway.?

A decade after the paper of Gasyna et al, Keiichi Tsukahara published a rather
interesting paper comparing metmyoglobin with a version in which the distal His residue had

been cyanated.? The distal His hydrogen bonds to the distal water ligand in metMb and helps
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to stabilize its binding to the heme. Cyanated histidine can no longer hydrogen bond with the
distal water ligand, and as a result, the cyanated metMb heme is 5-coordinate instead of 6-
coordinate.!! Tsukahara showed that cyanated metMb was consistently reduced more rapidly
than native metMb by a variety of electron donors (over 700x faster in the case of
Ru(NH3)e2*).10 Furthermore, temperature-dependent stopped-flow studies showed that the
faster reduction in the cyanated metMb was attributable to a large decrease in the enthalpic
activation energy when compared to the native metMb.0 In turn, the difference in enthalpic
activation energy is readily attributable to the much greater change in geometry associated
with reduction of native metMb, where water must leave the heme binding pocket upon
reduction.

In a result similar to that of Tsukahara, reduction of cyanide-bound native
metmyoglobin was found to be substantially slower when compared to cyanide-bound variants
in which the distal His residue had been mutated to either Gly or Val.1213 Once again, this could
be attributed to the disruption in the variants of the hydrogen-bonding network that helps
stabilize the distal ligand on the heme. It is important to also keep in mind, though, that cyanide
release is accompanied by protonation, which is also heavily influenced by protein
environment.12- 13

In 1992, a paper published by Fred Hawkridge and Brian Hoffmann with the help of
Bertha King studied the reduction of metmyoglobin and the cyano- and fluoride- derivatives by
cyclic voltammetry (CV), expanding on previous work done by the same groups when
monitoring electron transfer between mixed metal hemoglobin hybrids.# 1> What they found

was that changes in scan rate gave rise to changes in anodic character, and fitting of the
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voltammograms required fitting to a sequential mechanism in which reduction of the iron was
followed by ligand dissociation, as opposed to a concerted mechanism.> At the turn of the
century, a number of papers by Fritz Parak and Valeri Prusakov looked into low-temperature
reduction of metmyoglobin by different spectroscopic methods.16-18 Their work provided
further evidence that electron transfer initially results in reduction of Fe(lll)(H20) to Fe(ll)(H20),
after which thermal relaxation is required to yield the 5-coordinate Fe(ll) product (as shown in
Scheme 4.1). During this process the protein can adopt a number of conformational substates,
and these low-frequency dynamics drive the reaction as the temperature is increased.'® Parak’s
1994 publication also solved a rather interesting open question by showing that, during the
process of aguometmyoglobin reduction, there is indeed a change in spin state.1® This was
proved by the detection of a low-spin Fe(ll) intermediate by Mdssbauer spectroscopy.!®
Previously, reduction had been assumed to proceed without a change in spin-state.

Numerous additional studies of metMb reduction over the past 20 years have provided
further mechanistic details about the process,® so that at present a fairly complete picture is
available. The key conclusions are still those of Scheme 4.1: reduction of metmyoglobin is not a
concerted process and instead goes by a) reduction of the iron center followed by b)
dissociation of the distal ligand, which is the rate limiting step during the process and heavily
influenced by the environment within the distal heme pocket.® 12: 20 Myoglobin starts in a high-
spin Fe(lll)(H20) state and ends in a high-spin Fe(ll) 5-coordinate state, but in between, a low-
spin Fe(l1)(H20) is detectable (Scheme 4.1).16 The driving force for this reaction appears to be
geometric relaxation to the 5-coordinate Fe(ll) product where the iron relaxes out of the heme

plane, as well as dissociation of the water molecule.
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The extensive knowledge available for myoglobin provides very helpful guidance for
trying to understand the less studied trHbN. In some ways, the two proteins are similar. They
are both monomeric heme proteins whose ferric state is high-spin aguomet, and both reduce
to high-spin 5-coordinate deoxy- states in which O2 can readily bind.?! Beyond that, though, the
proteins are also rather different structurally. For example, as related in Chapter 1, in trHbN,
the bond between the iron and proximal His exhibits very low strain, meaning that the iron sits
closer to the heme plane compared to many other globins, myoglobin included.?! This means
the geometric change between ligand-bound ferric and ligand-free ferrous states is much
smaller, which could be advantageous from a reorganizational energy perspective, but could
also hamper the ability to drive ligand release. Another key difference is the extensive
hydrogen-bonding network within the distal heme pocket of trHbN.?1 22 This is already known
to lead to low kogrates for Oz, and could extend to other ligands, such as water. In general,
many of the features that help to optimize oxy-trHbN for NO dioxygenation could very well
hamper the met-trHbN heme reduction step, which would limit efficiency in terms of overall
turnover (Scheme 1.1).

As mentioned earlier, the met-trHbN reduction step of Scheme 1.1 remains
understudied, primarily because the native reductase system utilized by M. tuberculosis is to
date unknown. In a study of cyanide binding to truncated hemoglobins, reduction using
dithionite as a reducing agent produced a transient Fe(ll)-CN" species in agreement with the
results of a similar experiment done with myoglobin.2% 23 Interestingly, the authors note that
reduction rates were highly variable between systems, though this result should be interpreted

with caution because, as mentioned earlier, cyanide release from metal binding is accompanied
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by protonation, which is heavily influenced by protein environment. Thus, when contrasting
reduction of two ferriheme proteins with cyanide distal ligands, it isn’t clear which differences
are unique to the cyanide system and which are more generally attributable to differences in
the ferrihemes themselves.

As briefly mentioned in section 1.4, Singh et al investigated met-trHbN reduction by
using NADH-ferredoxin/flavodoxin (FdR) system from E. coli as the electron donor.2
This group reported a drastic decrease in met-trHbN reduction rate upon deletion of the N-
terminal tail, which they attributed to decreased ability of met-trHbNgeIn to properly interface
with a reductase.? However, as shown in Chapter 3, the N-terminal tail appears to influence NO
dioxygenation by oxy-trHbN and red-trHbN nitrosylation via induced conformational changes
directly at the active site, and we conjectured that the tail might similarly affect water release
from aquomet-trHbN. In support of this conjecture, it has been shown that active site residue
TyrB10, with support from GInE11, is responsible for maintaining proper coordination of the
water molecule in the aguomet-state, as evidenced by the appearance of 5-coordinate
character in UV/Vis absorption and resonance Raman spectra of TyrB10Phe variants.?! This
means that, upon mutation of this residue, water is no longer tightly bound to the iron at the
active site, and theoretically should behave similarly during reduction to myoglobin mutants
that have penta-coordinate ferrihemes. This chapter presents kinetics experiments in which
met-trHbNwt, met-trHbNgein, met-trHbNpm, and met-trHbNtv, were reduced with the non-
biological electron donor hexaamineruthenium(ll). It seems unlikely that deletion of the pre-A

tail would affect the ability of met-trHbNgein to properly interface with a small molecule donor
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such as hexaammineruthenium(ll), so the goal of the experiments was to assess the pre-A tail

deletion’s effect directly on the active site of met-trHbN.

4.2. Materials and methods

Stock solutions of 10 mM hexaammineruthenium(lll) chloride (Ru") and 0.2 M NaCl in
tris buffer were fully reduced in a glovebox to hexaammineruthenium(ll) (Ru") using controlled
potential electrolysis with a BASi Epsilon EC potentiostat before each experiment. An Ag/AgCl
electrode (BASi model RE-5B) was used as the reference and was routinely calibrated against
the methyl viologen midpoint potential.2* Kinetic measurements for the reaction between Ru"
and met-trHbNwTt, met-trHbNpein, met-trHbNbwm, or met-trHbNtwv were measured using an
Applied Photophysics SX20 stopped-flow apparatus. UV/Vis detection was with a photodiode
array to collect the whole spectrum from 200-800 nm with the system scanning in logarithmic
mode, and a temperature of 25 °C, unless otherwise specified. Total data acquisition time
varied from 20 s to upwards of 500 s, depending on the variant being studied. The final
concentrations for each sample were 1 mM Ru', and approximately 5 uM met-trHbN.
Experiments were completed in triplicate and the data averaged before further analyses, which
were completed using custom-built programs in Mathcad 15 (PTC Software) previously outlined
by Shahid et al. with slight modifications outlined below.?>
4.3. Results

The blue, green, light blue, and yellow traces in Figure 4.1a show the averaged UV/Vis
spectral changes observed at selected times after a solution containing approximately 9 EM
trHbNwt was mixed in a 1:1 ratio with one containing 2 mM hexaammineruthenium(ll) (Ru").

Figure 4.1b shows absorbance vs time slices taken at 407 nm and 426 nm from the spectra
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depicted in Fig. 4.1a. Singular value decomposition (SVD) analysis?® 27 of the Fig. 4.1a spectra
showed that four components were needed to faithfully reconstruct a noise-reduced
absorbance matrix. The SVD-treated data were then fit empirically to the model shown in
Scheme 4.2 (dashed red traces, Fig. 4.1). In the scheme, Sop) — S3() are the spectral components
that are generated sequentially as shown in Eq. 1. At any given time t, the absorbance at a
given wavelength A (A A+¢) is obtained by taking the product of Sy and a time-dependent
variable yn), then summing the products from n = 0to n = 3 (Scheme 4.2, Eq. 2). The values of
Yn(t), in turn, are obtained by numerical integration of the differential Egs. (3) — (6) in Scheme
4.2, with the initial conditions yo)= 1 and y1(0)= y2(0)= y3(00)= 0. In Egs. (1) — (6), k1 — k3 and Sop) —
S3p) are adjustable parameters obtained by a combination of linear and nonlinear least-squares
fitting of the data set shown in Fig. 4.1a.2°

Figure 4.2 shows the spectral components So — S3 obtained from the Fig. 4.1 fitting
process. For each component, the dashed red traces are least-squares Beer’s law fits of the
components with the independently obtained extinction coefficient spectra of wild type met-
trHbN, red-trHbN, and oxy-trHbN. The components were fit only in the range from 395 nm to
456 nm, which is where the biggest spectral changes took place. The excellent fits in each case
provide good evidence that met-trHbNwt, red-trHbNwt, and oxy-trHbNw: are the only species
contributing to the components. Table 4.1 summarizes the concentrations of met-trHbNwt, red-
trHbNwt, and oxy-trHbNwt that contribute to each spectral component, as determined by the

Beer’s law fits. These concentrations, together with the yout) — y3) values generated in the
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Figure 4.1. (a) blue, green, light blue, and yellow traces: UV/Vis spectral changes observed at selected
times after a solution containing approximately 9 uM trHbN,; was mixed in a 1:1 ratio with one
containing 2 mM hexaammineruthenium(ll) (Ru"); 50 mM tris buffer, pH 8.1. (b) absorbance vs time
slices taken at 407 nm and 426 nm from the spectra depicted in (a). Dashed red traces: least-squares
best fits to the model of Scheme 4.1.

empirical Scheme 4.2 fit described above, were then used to calculate how the met-trHbN, red-
trHbN, and oxy-trHbN concentrations evolved with time (Fig. 4.3). Scheme 4.3 shows how this
was done. In Scheme 4.3, [met-trHbN]:, [red-trHbN]:, and [oxy-trHbN]: are the concentrations
of each species at time t, while [met-trHbN],, [red-trHbN],, and [oxy-trHbN], (n = 0 — 3) are the

concentrations of each species that contribute to So — Ss, respectively, as listed in Table 4.1.
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Scheme 4.2. Equations 3 — 6 were integrated numerically with initial conditions: yo0)= 1; Y110)= ¥2(0)= ¥3(0)
=0.

Spectral components from Figure 1 fit
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Figure 4.2. Blue, green, aqua, and yellow traces: spectral components S, — S; obtained by fitting the Fig.
4.1a spectra to the Scheme 4.2 model. Dashed red traces: least-squares Beer’s law fits of the spectral
components with the independently obtained extinction coefficient spectra of met-trHbNy,, red-
trHbNyr, and oxy-trHbNy.

[met-trHDN | =[met-trHbN | -y, +[met-trHbN | -y, , +[met-trHbN |, -y, +[met-trHbN ], -y, ., (7)
[red-trHbN], =[red-trHbN], - You +[red-trHbN], - Yi +[red-trHbN], - Yo +[red-trHbN], - Yay (8)
[oxy-trHbN], = [oxy-trHbN]; -y, +[0oXy-trHbN], - y, ., +[oxy-trHbN], -y, ,, +[oxy-trHON], -y, ., (9)

Scheme 4.3. Equations used to obtain the Fig. 4.3 plots of met-trHbNy,, red-trHbNyy, and oxy-trHb Ny
concentrations as a function of time. [met-trHbN],, [red-trHbN],, and [oxy-trHbN], (n = 0— 3) are the
concentrations of each species that contribute to Sy — S;, respectively, as listed in Table 4.1, while y,.) —
y3u are the values generated in the empirical Scheme 4.2 fit (see main text for details).
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So S1 SZ s3
[met-trHbN -] (LM) 3.42 2.35 1.07 0.27
[red-trHoNwr] (UM) 0.05 20.14 1.89 3.64
[oxy-trHbNy] (M) 0.97 2.21 1.48 0.51

Table 4.1. Concentrations of met-trHbNy, red-trHbNy, and oxy-trHbN; that
contribute to the Sy — S3;, components obtained in the Fig. 4.1 fits, as calculated from
the So —S; Beer’s law fits (Fig. 4.2).

The Fig. 4.3 fits show that about 1 uM of oxy-trHbN and 3.4 uM met-trHbN are present
at t = 0, before any reaction between the protein and Ru' has taken place; the concentration of
red-trHbN at t =0 is negligible. Over the first 500 ms, the major event taking place is conversion
of met-trHbN to oxy-trHbN. Oxy-trHbN concentration peaks at around 500 ms and then
decreases, while production of red-trHbN, which initially lags the appearance of oxy-trHbN,
increases steadily after 100 ms. It appears that red-trHbN is being generated both from met-

trHbN and from oxy-trHbN, with the latter taking place either through dissociation of the

oxygen ligand, or through reduction of the oxy-trHbN moiety by Ru".
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Figure 4.3. Concentrations of met-trHbN, red-trHbNy, and oxy-trHbN as a function of time,
calculated from the Fig. 4.1 and 4.2 fits using the Scheme 4.3 equations.

66



0.0

In

-0.2

-0.41

© Experimental
Calculated
E =24+2 kJ/mol

a

-3.0

© Experimental
— Calculated
E_ = 4045 kJ/mol

0.0032  0.0033 0.0034

Figure 4.4. Arrhenius plots showing how the rate constants k, (a) and k; (b) obtained from the Fig. 4.1

fits vary with temperature.

Repeating the experiment of Figs. 4.1 — 4.3 at temperatures varying from 5 °C to 30 °C
showed that the values of k2 and k3 varied with temperature as predicted by the Arrhenius
equation (Fig. 4.4), whereas that of ki, which primarily governed appearance of oxy-trHbN, was
essentially independent of temperature. Fitting of the Fig. 4.4 data with the Arrhenius equation

yielded activation energies Eq2 = 24+2 kJ/mol and Eq3 = 405 kJ/mol for the second and third

kinetic phases, respectively.

When the experiment of Figs. 4.1 — 4.3 was repeated with the variants trHbNgeln,

trHbNpwm, and trHbNmwv, SVD analysis?® 27 once again showed that four components were needed

0.0035  0.0036
1T (K"
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to faithfully reconstruct a noise-reduced absorbance matrix, and once again the experimental
data could be well fit using the Scheme 4.2 model. However, the kinetic behavior of the
variants differed substantially from that of the wild type, as is evident from Fig. 4.5, which

compares the rates of red-trHbN appearance of the four variants. It is clear from Fig. 4.5 that
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Figure 4.5. Concentrations of red-trHbNyr, red—terl\tld(:L, red-trHbNpy, and red-trHbN+y, as a function of
time after mixing 8 - 10 uM of the corresponding met-trHbN variant in a 1:1 ratio with one containing 2
mM Ru"; 50 mM tris buffer, pH 8.1, temperature fixed at 25.0 °C.

heme reduction by Ru'' is much slower for the trHbNgein variant than for the wild type, but
faster for both the trHbNpm and trHbNtm variants. Table 4.2 summarizes the values of the
individual rate constants obtained by fitting each data set with the Scheme 4.2 model.
Comparing trHbNwt and trHbNgein shows that the k1 — k3 values for trHbNgein are all 2% - 5% of
the wild type values. Notably, experiments with trHbNgein carried out at temperatures varying
from 5 °C to 30 °C showed that none of the rate constants vary significantly with temperature
(data not shown); this is in contrast to the wild type case, where k> and k3 were found to vary

with temperature (Fig. 4.4). For trHbNpm and trHbNr\v, the effects on each rate constant are

more varied than they are for trHbNgein; k1 and k2 are about 5x and 10x higher, respectively, for
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trHbNpm and trHbNTm than for trHbNwt, but k3 for trHbNpwm is higher than for the wild type
whereas for trHbNmwv it’s lower (Table 4.2). Note though, that the spectral changes associated

with k3 are minor for trHbNpwm and trHbNtv when compared with trHbNwr.

ki(s1) (% of wt) k,(s1) (% of wt) ks (s) (% of wt)
trHbN 5.7 (-) 1.1 (-) 0.14 (-)
trHON gern 0.31 (5.4) 0.026 (2.4) 0.0058 (4.1)
trHbNpwm 20.1 (350) 12 (1090) 0.41 (300)
trHb Ny 27.4 (480) 10.1 (920) 0.09 (64)

Table 4.2. Comparison of the k; — k; rate constant values for trHbN,,;, trHbNyen, trHONpy, and trHbN+y,,
obtained by fitting experimental data with the Scheme 4.2 model. In each case, the temperature was

fixed at 25 °C, and hexaammineruthenium(Il) concentrations were 1 mM after stopped-flow dilution.
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Figure 4.6. S, components obtained for each variant in the Fig. 4.5 experiments. The dashed red traces
are the least-squares Beer’s law fits of the spectral components with the independently obtained
extinction coefficient spectra of met-trHbN, red-trHbN, and oxy-trHbN for each variant.
Figure 4.6 compares the So spectral components of trHbNtwm, trHbNpm, trHbNwt, and
trHbNdeIn, Which primarily reflect the shapes of the met-trHbN Soret bands, as met-trHbN is the

dominant protein species at t = 0. From Fig. 4.6, one can see that the So spectral component

shapes fall into two groups: trHbNwt and trHbNgeIn have absorbance maxima centered around
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408 nm, whereas the trHbNpm and trHbNtvm bands are blue-shifted by 8 nm and are significantly
broader. This broadening and blue-shift of the Soret band is diagnostic of a 5-coordinate high-
spin met-trHbN heme and was expected because a previous study had shown that the heme in
met-trHbN double mutants where Y33 and Q58 had been replaced by nonpolar residues is 5-
coordinate. By contrast, the wild type met-trHbN heme is 6-coordinate high-spin, with a water
occupying the distal site; the narrower Soret band centered around 408 nm is diagnostic of
this.?8 The comparable shape of the met-trHbNgein Soret band shows that heme coordination in

this ferric variant is 6-coordinate as well.

4.4. Discussion

This work provides strong evidence that the met-trHbN reduction rate is highly
regulated by the nature of the coordination sphere surrounding the active site, which in turn is
influenced by pre-A tail-induced motions. The drastic increase in the appearance of deoxy-
character upon mutation of active site residues Tyr33 and GIn58 shows that reduction rate is
limited by release of the ligated water molecule. When no water is bound, an electron can
rapidly transfer without the need to change coordination number. This mimics results observed
by Tsukahara after cyanating a distal His residue in Mb, where a vacant active site in the
oxidized state led to increased reduction rates (Section 4.1.2).1° The decrease in reduction rate
after deletion of the N-terminal tail was more surprising, but not wholly unexpected given the
earlier results of Singh et al.? The fact that reduction was slowed using Ru' as an electron donor
as opposed to the ferredoxin reductase utilized in the Singh paper? supports the conjecture that
N-tail deletion affects the trHbN active site directly rather than altering the protein-protein

interface between trHbN and its physiological donor.
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Given the high positive charge on Ru'', we examined the possibility that the coulombic
attraction between Ru' and met-trHbNw: was different than between Ru'' and met-trHbNgeln.
However, using the Adaptive Poisson-Boltzmann Solver electrostatics calculation program in
PyMol shows similar electrostatics mapping in both variants, and the overall isoelectric point of
the protein is lowered due to the basicity of the N-terminal tail.

Crucially, the reduction kinetics of met-trHbNmv, in which Y33 and Q58 were mutated
simultaneously with pre-A tail deletion, were virtually identical to those of met-trHbNpwm, which
had the same Y33 and Q58 mutations but not the pre-A tail deletion. We conclude that, when
the hydrogen-bonding network created between Y33, Q58, and the distal water molecule, are
intact and water is coordinated in the oxidized state, deletion of the Pre-A tail lowers the rate
of reduction due to slowed ligand release. When the hydrogen-bonding network is broken and
the distal site is left vacant, as in the case of the Y33F/Q58V variants, deletion of the Pre-A tail
has no effect on reduction rate, as is expected if the pre-A tail plays a key role in facilitating
water release during reduction.

For all the variants studied, after SVD analysis of the spectra that tracked met-trHbN
reduction, four spectral components were needed to reconstruct the noise-reduced spectra.
These spectral components could be fit with reasonable certainty using the individually derived
extinction coefficients for the variants in the met-, oxy-, and red- states, leading us to believe
that these are the only species contributing to the overall spectra. Note that in all experiments
some oxy-trHbN was present at t = 0. Met-trHbN was prepared from oxy-trHbN by reacting it
with [Fe(CN)e]3;, and it appears that this reaction was incomplete to varying degrees in the

various experiments. In future experiments, the oxy-trHbN oxidation reaction should be
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monitored by UV/Vis to ensure that it goes to completion before carrying out buffer-exchange
to remove [Fe(CN-)s]3".

Figure 4.3 shows that after trHbNwr is mixed with Ru'", the concentration of oxy-trHbN
initially increases, reaches a maximum concentration after about 500 ms, then decreases to
about half of the initial concentration over the next 20 s as it is converted to red-trHbN. A
similar result was seen with trHbNgein; however, interestingly, the transient oxy formation was
not observed for either trHbNpwm or trHbNm (not shown). The results shown in Figs. 4.3 and
A1.1 for trHbNwt and trHbNgein could be explained if red-trHbN formed in step 2 of Scheme 4.1
then reacted rapidly with residual O2 to form oxy-trHbN, which was in turn reduced to red-
trHbN on a longer timescale. However, two factors call this hypothesis into question. First, if
red-trHbN is reacting with residual oxygen, why do red-trHbNpwm or red-trHbNtv appear to be
immune? If anything, based on the Chapter 3 results, they should react more rapidly with
oxygen. Second, when oxy-trHbNwr was allowed to react with Ru' in the glovebox, UV/Vis
analysis showed that, while oxy-trHbNwt was indeed reduced to red-trHbNwr, (not shown) the
reaction proceeded far more slowly than the rate shown in Fig. 4.3 (kobs = 0.0014 s, to.5 ~ 8.3
min).

An alternative explanation of the Fig. 4.3 and other results is that, despite appearances,
the species that grows in over 500 ms and then decreases over the next 20 s is not oxy-trHbN,
but rather some other species with a very similar UV/Vis spectrum. A plausible alternative
candidate for the species growing in would be the reduced trHbN with water still bound that is
predicted to form in step 1 of Scheme 4.1. Parak et al showed that such a species would be low-

spin like oxy-trHbN, but unlike met-trHbN and red-trHbN.1® Thus, it could well have a UV/vis
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spectrum similar to that of oxy-trHbN. Furthermore, a 6-coordinate intermediate wouldn’t form
upon reduction of met-trHbNpwm or met-trHbNtv because these species are largely 5-coordinate
(Fig. 4.6). As mentioned in section 4.1, 6-coordinate aquoferrous intermediates have never
been detected for Mb at room temperature, but perhaps they are longer lived in trHbN
because of the decreased strain in the trHbN Fe-N(His) bond that allows the iron to sit closer to
the heme plane compared to Mb.2!

Further experiments will be needed to clarify the true nature of the transient species
observed in Fig. 4.3. The obvious first experiment that should be done is to repeat the
experiment under more rigorously anaerobic conditions. If the intermediate appears under
such conditions, it will be shown to be something other than oxy-trHbN. If it does not appear,
then the intermediate is due to residual oxygen as initially postulated. In that case, a new
question arises: why does the transient oxy-trHbN disappear within 20s whereas bulk oxy-
trHbN has a much longer half-life in the presence of Ru''? A possible answer to that question is
that oxy-trHbN can exist in several conformations, some of which are more rapidly reduced
than others. This too would be an interesting result worthy of further analysis.

The exact physical mechanism by which the pre-A tail affects the processes taking place
at the distal heme pocket is still not understood and will require further experimental and
computational studies to clarify. One plausible hypothesis is that the tail applies an entropic
pressure on the main body of the protein, which shifts the conformational landscape to favor
conformations which facilitate fast reduction. This hypothesis is in line with studies done by the
group of Zachary Wood that will be further discussed in Chapter 6,2° and would explain why

similar kinetic phases (ki — k3) are identified for all variants that nevertheless vary greatly in
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both their amplitudes and rate constants. For example, k3 is 300x greater for trHbNpwm than it is
for trHbNwrT, while it is smaller for trHbNm. This could mean that the conformational substate
governing ks could heavily depend on the N-terminal tail, while the other constants are solely
reliant on the composition of the active site.

The dependence of rate constants ki, k2, and k3 on temperature in both trHbNwt and
trHbNpein provides further interesting insight. In the wild type, both k> and k3 display linear
Arrhenius behavior, while k; shows concave behavior (Fig. 4.4). By contrast, in trHbNpen, all
three constants vary wildly with temperature, showing at times concave, convex, or no
dependence on temperature (not shown). A paper by Truhlar and Kohen provides great insight
into how and why reactions, especially ones involving enzyme kinetics, can deviate from
expected Arrhenius behavior.3? Based on previous work outlined much earlier (in the 1920s) by
Tolman,3! complex chemical systems such as enzymes can exist in a large variety of
conformations, some of which are catalytically active while others are inactive. As the
temperature increases, the phase space of available conformations increases, and this typically
increases the fraction of nonreactive conformers. This phenomenon counters typical Arrhenius
behavior, whereby rate constants are expected to increase with temperature. Instead, with
enzymes, one may see so-called “convex” Arrhenius plots, in which kops initially increases with
temperature but later decreases. In terms of trHbN, the fact that k> and k3 deviate from
Arrhenius behavior upon deletion of the N-terminal tail could mean that the N-terminal tail
provides stability to conformational substates governing these processes. Since these later rate

constants relate closely to the appearance of final red-trHbN, this could mean that the pre-A
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region plays a critical role in facilitating vacancy of the active site and formation of the final

reduced species.

4.6. Summary

In conclusion, the stopped-flow studies presented in this chapter show that the pre-A
tail’s primary influence on the rate of met-trHbN reduction arises from its ability to affect active
site residues Tyr33 and GIn 58 in ways that accelerate the rate-limiting release of water from
the heme distal site during reduction (Scheme 4.1, step 2). The importance of Tyr33 and GIn58
in maintaining water coordination and regulating the rate of reduction is highlighted by the
significant rate increase seen in both the DM and TM variants (Fig. 4.5). Subsequently, the link
between the pre-A tail and the roles of Tyr33 and GIn58 in maintaining water coordination is
established by the observation that deletion of the tail profoundly affects reduction rate only
when Tyr33 and GIn58 are still present in the active site. Pre-A tail deletion has no significant
effect on the reduction rate of met-trHbNmw (Fig. 4.5). The pre-A tail’s main mode of action is
not in promoting proper protein-protein interaction with its physiological electron donor as
previously hypothesized.? Instead, its role seems to be to shift the conformational landscape of
trHbN in favor of species in which water is more easily released in the rate limiting step (step 2,
Scheme 4.1).

Comparing the results from Chapters 3 and 4 it is clear that, though the pre-A tail
deletion’s effects on Tyr33 and GIn58 influence all three steps in the NO dioxygenation catalytic
cycle (Scheme 1.1), its effect on the reductive step (step 2, Scheme 1.1) is by far the greatest
and most likely to be physiologically relevant. This agrees with earlier studies published by

Lama et al and Singh et al.? 32 Future studies on met-trHbN reduction should first establish
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whether the transient species seen in Fig. 4.3 is due to oxy-trHbN generated from residual
oxygen, as modeled in the figures, or to a ferrous aquo intermediate that has very similar
spectral properties. With this question clarified, the role of the pre-A tail could be further
investigated with molecular dynamics simulations, stopped-flow studies under the more

rigorously anaerobic conditions, and studies of new variants, as described in Chapter 5.
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Chapter 5 Preparation of pre-A tail variants of trHbN

5.1. Overview

The experiments described in chapters 3 and 4 provide further evidence that the pre-A
tail plays essential roles in the proper functioning of trHbN. This is evidenced by the decrease in
nitrosylation rates (chapter 3) and more drastic decrease in reduction rates (chapter 4)
observed upon deletion of the tail. The importance of the tail is also highlighted by its
conserved nature amongst the trHbNs of pathogenic slow-growing mycobacteria, which
suggests that it gives a potential evolutionary advantage against nitrosative stress to these
bacteria. ! Furthermore, as will be discussed in more detail in Chapter 6, studies published in
the last five years have begun to show that other proteins, not just trHbNs, also
exhibit elongated N- or C-terminal disordered regions that greatly affect activity. Given the
emerging understanding of how important disordered regions such as trHbN’s pre-A tail may be
to the proper functioning of some proteins, this chapter describes the preparation of a series of
trHbN pre-A tail variants designed to probe whether or to what extent the composition and

length of the tail are of importance to its proper functioning.
5.2. Materials and methods

5.2.1. General methods

All chemical reagents were purchased from Millipore-Sigma, Fisher Scientific, or dot
Scientific unless otherwise specified. Codons for each variant were designed and codon
optimized using the Benchling R&D Cloud software platform(Benchling), then purchased as

gBlock fragments from Twist Bioscience. Enzymes and chemically competent cells were
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purchased from New England Biolabs and used according to the manufacturer’s protocol.
QlAgen kits were utilized according to manufacturer’s protocols. Routine UV/Vis spectra were
obtained using Cary 50 spectrophotometers; where anaerobic conditions were needed, a
spectrophotometer installed in a nitrogen-filled glovebox was used. Unless otherwise specified,

all experiments with trHbN were carried out in tris buffer as described in Chapter 3.

5.2.2. Expression and purification of trHbN variants

Figure 5.1 outlines the key features of the DNA fragments that were used to express
each trHbN variant. Each gene fragment contained a forward and reverse primer sequence
containing BamHI and Hindlll restriction sites, a ribosome binding site, and the stop codon TAA.
Purchased fragments were amplified by PCR with complementary forward and reverse primer
sequences using an annealing temperature of 46 °C, after which the PCR product was cleaned
using a QlAgen PCR cleanup kit. DNA fragments and pUC19 plasmid were then digested
individually using BamHI and Hindlll. Digest products were isolated using gel electrophoresis in
a 2% agarose gel at 60 V for 60 min (Figure 5.2), and the appropriate bands extracted using a
QlAgen gel extraction kit. Digested fragments were ligated into a digested pUC19 plasmid using
Instant Sticky-Ends Ligase, and the ligated DNA was then transformed into chemically
competent NEB 5-a strain Escherichia coli. Cells were then screened for efficiency using a
blue/white screening method by growing overnight at 37 °C on LB agar plates supplemented
with 150 pL of 1000 X concentrated (1 g/10 mL) Ampicillin, 40 pL of 100 mM IPTG, and 120 pL
X-GAL (200 mg X-GAL in 10 mL DMF). White colonies were selected and grown overnightin 5
mL of LB supplemented with 5 mL of 1000 X concentrated Ampicillin in a 37 °C shaker, after

which the DNA was extracted using a QlAgen Mini-Prep kit. DNA was then transformed into
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BL21(DE3) chemically competent cells, after which 100 mL of cells were plated onto LB agar

plates

AAAATTTTAAGCTTATAACTAACTAAAAGGAGGACAGCTATGCGCAAGCGCGAGCCGATCAGCATCTATGATAAAATTGGGGGCCATGAAGCGATTGAAGTGGTTGT
GGAAGATTTCTATGTTCGTGTACTCGCAGACGACCAGTTGAGTGCGTTCTTTTCTGGCACCAACATGAGCCGGCTTAAAGGGAAACAGGTGGAATTTTTCGCGGCGG
CGCTGGGTGGTCCTGAACCCTACACCGGAGCCCCGATGAAACAAGTTCATCAGGGTCGTGGTATTACCATGCATCACTTTAGTCTGGTGGCTGGACACCTGGCCGAT
GCTTTAACAGCAGCCGGCGTCCCGTCGGAGACGATCACCGAAATTCTGGGCGTGATAGCTCCACTGGCAGTCGATGTCACGTCCGGCGAGTCAACTACTGCCCCGGT

ATAACGCCGGTGTAAGGATCCATATATAT

Figure 5.1. Full DNA fragment for the expression of trHoN . Shown in blue are the complimentary
segments for the forward and reverse primer sequences, with restriction sites for Hindlll and BamHI
restriction endonucleases shown in bold. Shown in red is the ribosomal binding site and shown in black
is the codon optimized sequence for trHbN ;.

Figure 5.2. Agarose gel (2% w/v) of pUC19 and gene fragments for trHbN g, and trHbNp¢ variants with a
1 kb DNA ladder on the left. The numbered lanes contain the following: (1) pUC19 fragment after
restriction digest, (2) and (3) gene fragments for trHbN g, and trHbN, . respectively after restriction
digest, (4) and (5) PCR products after ligation of digested pUC19 and trHbN gz, and trHbNy fragments
respectively using M13 primers.
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supplemented with 100 mL of 1000 X concentrated Ampicillin and grown overnight at 37 °C.
Colonies were selected from the plate and grown in 5 mL of LB supplemented with 5 mL of
1000 X concentrated Ampicillin overnight in a 37 °C shaker. To ensure that the cells now
expressed the desired gene, DNA was extracted using a QlAgen Mini-prep kit, after which PCR
was performed using M13 primers with an annealing temperature of 55 °C. DNA fragments
were then isolated using the previously described gel electrophoresis method (Figure 5.2), and
the extracted fragments were shipped to the University of Chicago Comprehensive Cancer
Center for sequencing.

Each variant was purified using the method outlined in Section 3.2 with two major
exceptions for the double Cys (DC) and hexa-his tagged (HT) variants. For the DC variant, 4 L
cultures were inoculated with 5-aminolevulinic acid (5ALA) to a final concentration of 150 uM
while grown at 37 °C for 16 hr, after which the cells were collected, and the protein purified as
previously described. Given the availability of a hexa-His tail in the His-tag variant, the protein
was purified using Immobilized Metal Affinity Chromatography instead of the usual method.
After centrifugation to collect the cell pellet, the cells were resuspended in 20 mM HEPES, 30
mM Imidazole, 500 mM NaCl, pH = 7.0 resuspension buffer. Cells were then sonicated and
centrifuged to clarify the lysate as usual; however, no Streptomycin sulfate was added, and the
lysate was loaded onto a 25mL Ni-Sepharose 6 Fast Flow column charged with 0.1 M NiSO4 and
equilibrated with resuspension buffer. After non-specific proteins were washed off the column
using resuspension buffer, trHbNuT was eluted using 20 mM HEPES, 500 mM Imidazole, 500
mM NacCl, pH = 7.0 elution buffer. Protein containing samples were then immediately

concentrated and buffer exchanged into 50mM Tris, 0.5mM EDTA, pH = 8.1 buffer A.
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The purity of each trHbN variant was verified by SDS-PAGE gel electrophoresis using
NuPAGE 10 %, Bis-Tris gels and MES running buffer at 200 V for 35 min (Figure 5.3). The
concentration of trHbN in a given solution could be ascertained from the heme concentration in
the solution, which in turn was obtained from the pyridine hemochrome assay. 2 Once a given
solution’s concentration was known the individual extinction coefficient spectra were then

obtained for each variant in the oxy-, red-, and met- states.

Figure 5.3. SDS-PAGE gelof trHbN (1), trHbNsc (2), and trHbNp (3) with a prestained protein ladder on
the left.
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5.3. Results and Discussion

Figure 5.4 lists the pre-A tail variants whose preparation is outlined in Section 5.2.2 and
the acronyms used to refer to them. The design and expression of the variants follows the
method previously outlined in Koebke et al. 3 The high-copy number pUC19 plasmid does not
use the T7 polymerase system often used in recombinant protein expression systems, and
relies on leaky expression of the target proteins. However, the need to induce with IPTG is
avoided, and expression levels are still adequate.

The level of expression of most variants was found to be comparable to that of trHbNwr
with the one exception being the trHbNpc variant. Two common reasons for low recombinant
protein expression are toxicity to the cell of the protein product and formation of undesirable
disulfide bonds. However, cellular replication rates were uninhibited by cells containing plasmid
encoding for trHbNpc, which ruled out the first possible problem, and the use of reducing
agents such as dithiothrietol in buffer after collection of cells and during purification did not
lead to any increase in the amount of protein purified, which ruled out problems due to
disulfide bond formation. 5ALA is a small, delta-amino acid and a known precursor in the
biological synthesis of heme. # > In fact, the biosynthesis of 5ALA has been shown to be rate-
limiting during heme formation, ® and earlier researchers found that in some cases
supplementing cells with 5ALA would stimulate the expression of hemeproteins. > 7 With these
earlier successes in mind, cells carrying the trHbNpc gene were grown in medium supplemented
with 5ALA. This approach increased the yield of trHbNpc to levels comparable to those of

trHbNwt and other variants.
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(8) ======== MGLLSRLRKREPISIYDKIGGHEATIEVVVEDFYVRVLADDQLSAFFSGTNMSRELKGKQVEFFAAAL
(b) ~= - MGLLCRLRKREPISIYDKIGGHEAIEVYVEDFYVRVLADDQLSAFFSGTNMSRELKGKQVEFFAAAL

() MHHHHHHHHGLLSRLRKREPISIYDKIGGHEAIEVVVEDFYVRVLADDQLSAFFSGTNMSRLKGKQVEFFAAAL

(d) —= = e MRKREPISIYDKIGGHEAIEVVVEDFYVRVLADDQLSAFFSGTNMSRLKGKQVEFFAAAL
(8) == =m—mm MGLLSELEEEEPISIYDKIGGHEAIEVVVEDFYVRVLADDQLSAFFSGTNMSRLKGKQVEFFAAAL
(f) ——————- MGLLSCLRKREPISIYCKIGGHEAIEYYVEDFYVRVLADDQLSAFFSGTNMSRLKGKQVEFFAAAL

Figure 5.4. Truncated sequence comparison between trHbN (a) wild type (WT), and the variants (b)
single Cys (SC), (c) hexa-His tag (HT), (d) half tail (HALF), (e) base to acid (BTA), (f) double Cys (DC).

Each new variant was chosen to test how the mutation would affect the pre-A tail’s
ability to modulate reactivity at the trHbN distal heme site, though the actual reactivity
experiments have not yet been performed. For the benefit of future researchers, the questions
that can be addressed with each variant are as follows.

Early studies have hinted towards potential interactions between the tail and main body
via salt bridges, those these have somewhat been debated over the years. 8 In the variant
trHbNgTa, the pre-A tail’s basic amino acids have all been replaced by acidic ones, to test
whether this has any effect. If it does, this could mean that a negatively charged tail is less
mobile than a positively charged one, perhaps because it interacts with the globular part of the
protein. It could also be due to maintaining proper charge distribution along the protein surface
to facilitate proper function. If the switch has no effect, it will likely mean that any charged
amino acids could mobilize the tail equally by making the tail soluble in aqueous solution.

Two variants were designed to test how the length of the Pre-A tail could alter enzyme
activity. In the variant trHbNuT, a hexa-His segment was added to the N-terminus. This was

chosen because polyhistidine tags have been shown to have negligible effect on the overall
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structure of the protein, ° but in some cases have caused differences in protein dynamics. 10 11
The work of Thielges et al is particularly relevant as it reports on changes in myoglobin
dynamics at short time scales. ** As an added bonus with trHbNHr, the ability to purify
polyhistidine tagged proteins by IMAC simplifies the purification process, although care needs
to be taken to promptly remove the imidazole as it is a known ligand of heme. The “half-tail”
variant, trHbNnaLr, was designed to be one of a series of variants with progressively shorter tails
that will ultimately test the relationship between tail length and the effect on the distal heme
site’s reactivity. Such a study may not provide direct insights for designing anti-TB therapeutics,
but it would be very helpful for answering fundamental questions about the allosteric effects of
intrinsically disordered domains on enzymatic functions.

The last two variants could provide further insight on not only the importance of the
Pre-A tail in maintaining proper protein function, but also whether or not the Pre-Atail could be
a potential target towards inhibition. The trHbNpc variant was designed to see if disulfide bond
formation will inhibit the pre-A tail’s motions sufficiently to inhibit its effect on the heme distal
site. If it does, perhaps a therapeutic agent could be henceforth designed to similarly inhibit the
pre-A tail’s motions in trHbNwr. The last variant developed, trHbNsc, could provide multiple
avenues of study. Originally, the variant with a single Cys within the Pre-A tail was developed to
attach a spin label and study protein dynamics via EPR. Though these experiments have yet to
prove fruitful, trHbNsc could be used to nucleophilically add any number of bulky molecules, or
even to other proteins. These could provide further insight on whether targeting the Pre-A tail

is a viable option towards inhibition.
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Chapter 6 Possible strategies for designing trHbN-based anti-
mycobacterial therapeutics

6.1. Overview

As was briefly mentioned in Chapter 5, studies published in the last five years have
begun to show that other proteins, not just trHbNs, also exhibit elongated N- or C-terminal
disordered regions that greatly affect activity. This chapter begins with a brief review of how
the effects of disordered regions on protein function are currently understood. Based on this
understanding, the chapter then suggests possible strategies by which the trHbN pre-A tail’s

function could be hindered by anti-mycobacterial therapeutics.

6.2. N- and C- terminal modulation of conformational dynamics in proteins

A paper published in 2011 looked into the effect of a hexahistidine tail on pico-second
myoglobin dynamics, concluding that the addition of the His-tag had a definite effect on the
dynamics at the heme site. 1 More recently, an article by Keul et al. reported that human UDP-
a-D-glucose-6-dehydrogenase (UGDH) contains an intrinsically disordered C-terminal tail which
greatly enhances affinity for an allosteric inhibitor through modification of the protein energy
landscape. 2 UGDH catalyzes the oxidation of UDP-glucose by NAD* and is allosterically inhibited
by UDP-xylose. Interestingly, Keul et al found that when the UGDH C-terminal tail was deleted,
UDP-xylose no longer inhibited the enzyme, even though the enzyme’s kinetic parameters, kcot
and Km, were otherwise normal. By varying the length of the tail, the authors showed that the
affinity enhancement for UDP-xylose increased with length to a maximum value, in behavior

that could be modeled with an increasing exponential decay function. On the other hand,

88



various changes to tail composition or amino acid sequence had minimal effect. From this, the
authors concluded that UGDH exists as an ensemble of substates with low- and high-affinity for
UDP-xylose, and that the C-terminal tail provides an entropic force that shifts the distribution of
substates to favor the high-affinity forms. 2

Since the Keul paper, several more studies have looked into the effect of disordered tails
on protein function. 32 The studies provide examples of systems that require disordered tails
for proper function, such as ligand binding to glutaredoxin I, 7 others in which the tail is required
for proper protein interfacing, as in the nucleoprotein of measles virus, & and still others where
the tail is essential for allosteric regulation, as in the Gag capsid linker in HIV. ® Bioinformatics
are allowing identification of whole families of proteins that include intrinsically disordered
domains, such as the lytic polysaccharide monooxygenase family. 3

In parallel with experimental identification of proteins with disordered tails, other
investigators are taking more theoretical and computational approaches to study such systems,
though challenges remain when attempting to calculate absolute entropy using traditional
atomistic simulations. 0 Victor de Souza and Bronowska have shown that quasiharmonic
methods are more successful when studying such flexible systems, applying their method
coined SQUE to the UGDH studied in the Keul paper. ® Another aspect that is challenging for
computational studies is determining the effect of charged surfaces on intrinsic disorder, a
question looked into by Taneja and Holehouse. > A review published in 2021 summarized many
of the points made in the aforementioned studies, though the underlying tone was that more
information is necessary in order to fully understand the extent to which these disordered tails

affect protein function. 4
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Though the importance of disordered tails on protein dynamics is only recently being
recognized, similar effects in other systems have been known for longer, and provide useful
insights. A brief dive into the dynamics of fluid membranes, in particular the effect of surface
polymers, will serve as an example. Two papers published by Bickel et al. at the turn of the
century took a statistical mechanics approach towards explaining the effect that a tethered
polymer has on a membrane surface. Essentially, a tethered polymer pinches a membrane at its
contact point, causing a cone-like distortion to the surface. This effect is explained as an

entropic pressure applied by the polymer on the surface in eq. 1:

p(r) = LKLTg(l + M) exp (— M) (1)

2T (124 q2)2 2Ry 4Rg
where the pressure (p) at some distance (r) from the point of contact is related to the size of
the polymer (Rg), absolute temperature (T), and Boltzmann constant (Kb). 1* A globular protein
with a disordered tail could be visualized with a similar model if we substitute the tail for the
tethered polymer and the globular part of the protein for the fluid membrane surface, though

the model is complicated by changes to the electronic surface that can be induced by either

addition of charged polymers or general changes to the curvature of the surface itself. 12

6.3. Towards treating trHbN as a therapeutic target

A key long-term goal underlying the current research is to find ways of inhibiting trHbN
activity and thus hopefully disrupting one of the defensive mechanisms used by M. tuberculosis
against the immune system during infection. This is not a new notion with regards to trHbN, as
the possibility was previously probed in a study by Ascenzi et al. who looked into isoniazid

binding to the heme active site. 13 Isoniazid, a hydrazide derivative of isonicotinic acid, is a first-
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line drug that has been used in combatting tuberculosis since the 1950s. ** Early studies showed
that isoniazid’s primary effect is to disrupt the mycobacterial cell wall, though its exact
mechanism eluded scientists for many years. > It wasn’t until the mid-90’s that scientists began
to unfurl isoniazid’s precise mode of action. In 1995, Johnsson et al. published a report showing
that InhA, an enoyl-reductase critical for fatty acid synthesis in mycobacterial cell wall
production, was inhibited by the oxidation of isoniazid by KatG, the physiological catalase
system found in M. tuberculosis, in the presence of NADH. 1 Further studies by Sacchettini and
Blanchard that included X-ray crystallographic characterization showed that isoniazid itself
acted as a pro-drug in InhA inhibition, and that isonicotinic-acyl NADH was the active drug
compound. 17 This mechanism is proposed to proceed via a radical intermediate.

Though isoniazid has been a front line anti-mycobacterial drug for decades, it has
several drawbacks. For one, mutations to the KatG gene have led to increasing cases of multi-
drug resistant TB. 18 Furthermore, the reactive nature of isoniazid and its radical product lead to
increased disruption of essential cellular processes in infected individuals. Liver toxicity was
long known to be associated with isoniazid consumption, especially when administered
concomitantly with other drugs, and the drug was later found to be a reversible inhibitor of
varying isoforms of cytochrome P450 in the liver. ° Pyridine and pyridine derivatives have long
been known to bind to cytochrome P450, due to the high affinity of the iron in hemes for
pyridine. 20 As such, it comes as no surprise that isoniazid could act as an inhibitor for trHbN
activity, which has a very expansive tunnel system and heme pocket capable of allowing access
to molecules such as isoniazid. Since isoniazid is already in use as an anti-tubercular drug acting

on a target other than trHbN, its ability to bind trHbN doesn’t really add to the anti-tubercular
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arsenal. However, it does point towards the possibility of producing similar derivatives designed
to selectively block the trHbN tunnel system through specific interactions with both the heme
distal site and the tunnel residues.

Given the increasing evidence that the Pre-A tail facilitates protection against reactive
nitrogen species, 2! the alternative of most interest to our group is the possibility of
therapeutically targeting the trHbN pre-A tail. If motion of the pre-A tail shifts the
conformational landscape of trHbN to facilitate met-trHbN reduction (Chapter 4), then in
theory, limiting its movement should also limit enzymatic activity. Furthermore, considering the
reports summarized in Section 6.2 above regarding other proteins in which disordered tails play
important functional roles, studies aimed at targeting the trHbN pre-A tail could not only yield
therapeutics for the fight against TB, but they could also reveal new avenues for targeting C-
and N-terminal domains in other proteins.

Future studies aimed at targeting the pre-A tail therapeutically should first focus on
establishing exactly how tail motions are coupled to motions in the distal heme pocket. HDX
experiments that show where the largest changes in side-chain mobility occur upon deletion of
the Pre-A tail could be especially useful here. The recently prepared variants described in
Chapter 5 may also provide valuable information about coupling between pre-A tail and distal
heme pocket motions. For example, the wild type crystal structure showed salt bridge
formation between Arg6 within the Pre-A tail and Asp17 on the A-helix. 22 This inspired the
design of the double-Cys variant described in Chapter 5. Though an NMR study showed that
trHbN’s solution structure is considerably more disordered than its solid state structure, 23 it is

possible that even in solution residues 6 and 17 spend enough time in close proximity to allow
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disulfide bond formation. If a disulfide bond does form in trHbNpc, and if such bond formation
proves to inhibit met-trHbNpc reduction, then perhaps a small molecule that enhances
interaction between the tail and the globular body of trHbN would make a promising
therapeutic.

There are many possible strategies for designing molecules that can interact with
proteins, but due to the intrinsic disorder that the pre-A tail seems to exhibit, many traditional
methods may prove difficult to implement. Two methods that may prove fruitful are sequence-
based protein-peptide interaction and lysine modification. Protein-protein interactions are very
common in nature and have been studied in great detail. These interactions are often due to
non-covalent binding between amino acid residues in the form of salt-bridges and van der
Waals forces, though disulfide bond formation also plays important roles in some cases. With
the wealth of structural data now available and major advances in in silico methods such as
machine-learning, it is becoming easier to design small peptides capable of interacting with
protein targets. 2* Two primary routes exist for predicting protein-protein interactions:
similarity-based techniques such as SPRINT2> and PIPE4?®, and deep-learning methods that rely
on applying patterns from real systems to query proteins. 2’ One limitation is the fact that most
FDA-approved peptides bind to surface proteins, most likely due to the highly polar nature of
peptide fragments. However, this may not be a limitation in the case of M. tuberculosis-
expressed trHbN because a recent study showed that the protein is largely localized at the cell
membrane, and actually exposed at the cell surface, thanks to post-translational glycosylation
of the C-terminus (this likely provides a convenient location for rapid conversion of NO as it

enters the cell). 28
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It is still true that intrinsic disorder is hard to characterize structurally, limiting the
opportunity for rational design. However, this does not mean that intrinsically disordered
proteins are untargettable, and in fact, the targeting of intrinsically disordered peptides has
been a key area of research due to the prevalence of disordered proteins in disease. 2% 30 The
inherent nature of disordered peptides means they exist in a highly dynamic state which,
though a hurdle for characterizing and modeling, can allow protein to exhibit what some call
“multiconformational affinity”. 31 The first and most well studied intrinsically disordered system
is the heterodimeric interaction between c-Myc, an oncogenic transcription factor, and the
protein Max. 32 High-throughput screening of potential inhibitors of this protein-protein
interface has been a successful target of study since the turn of the century. 33 Many other
inhibitors of intrinsically disordered proteins have been characterized since, though most have
relied on targeting protein-protein interactions or hydrophobic pockets. 3% 31 This could be
challenging with trHbN, as there are no known protein-protein interactions with the N-terminal
domain and the composition of the tail is largely polar.

Other than developing peptides for sequence-based protein-peptide interaction with
trHbN, a second possible source of therapeutics would be covalent lysine inhibitors. The
basicity of the amine side chain in Lys residues allows for the use of electrophiles for covalent
inhibition, and many types of inhibitors exist. 3* Backbone amines, though much less basic, are
still a target for bioconjugation. 3> Thankfully, the Pre-A tail has both. Once again, the possibility
for rational design of covalent inhibitors could prove difficult, but the targets are there, and
with the recent advances in homology modeling, a specific inhibitor for the Pre-A tail of trHbN

could be found. 3¢ The variants described in Chapter 5 will hopefully help in the search.
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Chapter 7 Conclusions and suggestions for further study

The results of this thesis work show that the pre-A tail of trHbN affects every step of a
putative NO dioxygenation catalytic cycle (Scheme 1.1) but it affects the rate of met-trHbN re-
reduction most profoundly.

The Chapter 4 results showed that met-trHbNgein was reduced about 40 times more
slowly than met-trHbNwr by the non-specific reductant Ru'". On the other hand, met-trHbNpwm
and met-trHbNtv were both reduced about 5 times more rapidly than met-trHbNwr by Ru'".
Both met-trHbNpm and met-trHbNmv lack the amino acids Tyr33 and GIn 58 which stabilize
water coordination to the ferric heme. Thus, in the variants, the ferric heme exists as an
equilibrium between 5- and 6-coordinate moieties, and even in the 6-coordinate form, the
distal water ligand is likely weakly bound. The fact that ferriheme reduction is faster in variants
that lack Tyr33 and GIn 58 suggests that water release from the heme after reduction (Scheme
4.1, step 2) is rate limiting, as it is in other heme proteins such as myoglobin. ! In turn, the fact
that pre-A tail deletion inhibits reduction only when Tyr33 and Gln 58 are present suggests that
the pre-A tail’s primary role is to influence active site residues Tyr33 and GIn 58 in ways that
accelerate the rate-limiting release of water from the heme distal site upon heme reduction
(Scheme 4.1, step 2). When the distal water ligand is absent or weakly held, as it is in both the
met-trHbNpm and met-trHbNmv variants, loss of the pre-A tail has no effect on reduction rate.

The Chapter 3 results show that the pre-A tail also influences the rate at which oxy-
trHbN dioxygenates NO and the rate at which red-trHbN is nitrosylated. Both reaction rates are
diminished by a modest 50% in the trHbNgeIn variant. The impact of pre-A tail deletion of red-

trHbN nitrosylation may ultimately prove to be more profound than its impact on NO
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dioxygenation by oxy-trHbN, but large scatter in the currently available data made it impossible
to be sure of this; follow-up experiments with better instrumentation are planned for the near
future. As with met-trHbN reduction, deletion of the pre-A tail had minimal effect on the rates
of NO dioxygenation by oxy-trHbN or red-trHbN nitrosylation in the trHbNtw variant that also
lacked the distal pocket amino acids Tyr33 and GIn 58. Therefore, as with met-trHbN reduction,
the pre-A tail’s role appears to be to shift the conformational landscape of trHbN within the
distal heme pocket in favor of more reactive conformers.

Future investigators should make it a top priority to determine the role that residual
oxygen plays during reduction of met-trHbNwt and its variants. As shown in Chapter 4, a
transient species currently believed to be oxy-trHbN is the first to appear after mixing met-
trHbN with Ru", but this species is subsequently reduced to red-trHbN. If the species is indeed
oxy-trHbN though, then it is in a conformation that reacts with Ru'' much more rapidly than
does bulk oxy-trHbN. An alternative hypothesis considered in Chapter 4 is that the transient
species is mis-assigned and is instead a ferrous trHbN species with water still attached to the
heme. Either outcome would be interesting, but to make further progress in understanding the
mechanism of met-trHbN reduction, it is crucial to know which hypothesis is correct. To that
end, strategies are already being explored for keeping oxygen concentrations well below 1 mM
during the stopped-flow experiments. If the transient species no longer appears under such
conditions, this will prove that it is in fact a fast-reducing form of oxy-trHbN. In that case, the
rigorously anaerobic experiments could be followed up by ones in which oxygen is added in a

controlled way so as to determine how much of the fast-reducing form of oxy-trHbN can form.
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Once the nature of the transient species is conclusively established for the wild type, it will also
be possible to do more quantitative studies of the pre-A tail’s role on reduction kinetics.

Another top priority for future investigators should be to establish how the structure of
the pre-A tail affects its function, which can be done with the variants described in Chapter 5
and possibly other variants. Based on the literature reviewed in Chapter 6, 2 our working
hypothesis is that the tail exerts an entropic force that shifts the distribution of substates to
favor water release from the distal heme pocket upon heme reduction. If this is the case, the
pre-A tail’s function should be minimally affected by changes in its composition, but it should
depend on its length, as was observed with the C-terminal tail of UGDH. > One possible
exception to the tail composition prediction might be trHbNpc (Fig. 5.4), which could potentially
form a disulfide bridge that would limit tail motion.

Initially, the tail variants listed in Chapter 5 could be tested for activity using the
techniques described in Chapters 3 and 4. Though the reductive step is clearly rate limiting in
the Scheme 1.1 catalytic cycle, the NO dioxygenation and red-trHbN nitrosylation steps report
on motions occurring on the microsecond timescale, and such information would be
fundamentally useful. Together, the three steps in the Scheme 1.1 catalytic cycle report on
molecular motions that cover timescales from microseconds to seconds, and this provides a
unique opportunity for testing molecular dynamics computational methods over this wide
range of timescales. Variants that prove especially interesting could also be investigated via
HDX mass spectrometry.

Once the mechanism by which the pre-A tail affects trHbN function is understood in

more detail, then potential therapeutics that interfere with tail operation can be designed. Such
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therapeutics could be Lys modifiers or peptide inhibitors as described in Chapter 6, or other
compounds. Overall, the study of trHbN provides an exciting opportunity to obtain new
knowledge from a rather well-studied group of proteins, with the added benefit that finding a

way to inhibit trHbN in vivo could very well aid in the fight against TB.
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