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ABSTRACT

CHARACTERIZATION OF THE REDOX SWITCHES IN HUMAN HEME
OXYGENASE-2 AND A HUMAN HEME-RESPONSIVE POTASSIUM

CHANNEL

By

Li Yi

Chair: Stephen W. Ragsdale

Heme oxygenase (HO) catalyzes heme catabolism, generating CO, biliverdin, and
Fe’*. HO-2, the constitutively expressed isoform of HO, contains three Cys-Pro
signatures (heme-regulatory-motifs, HRMs). In HO-2, we demonstrated that the
C-terminal HRMs constitute a thiol/disulfide redox switch, regulating affinity of HO-2
for heme. HO-2 has lower affinity for Fe’"-heme (K¢=350 nM) when the C-terminal
HRMs are in the dithiol state, but 10-fold higher affinity for Fe’"-heme (K¢=33 nM) when
the C-terminal HRMs switch to the disulfide state. The three-dimensional structure of the
core domain in HO-2 was determined in our research and found to be nearly identical to
that of other HOs. Furthermore, our in vivo thiol trapping results demonstrated that the
thiol/disulfide switch in human HO-2 is physiologically relevant, with its redox potential

near the ambient intracellular redox potential (-200 mV). In human HEK?293 cells, the

X1V



C-terminal HRMs were found to be 60-70% reduced under normal growth conditions,
while oxidative stress conditions convert most (86-89%) of the C-terminal HRMs to the
disulfide state. Treatment with reductants converts the C-terminal HRMs largely (81-87%)
to the dithiol state.

Our research on the human large-conductance Ca’" and voltage-activated K™ (BK)
channel demonstrates a novel thiol/disulfide-mediated regulatory mechanism by which it
can respond to cellular hypoxic/normoxic conditions. Our results demonstrate that heme,
CO, and HO-2 bind to the 134-residue heme-binding domain (HBD) of human BK
channel, which contains a characteristic CXXCH motif. The histidine residue in this
motif serves as the axial heme ligand, with the CXXC forming a thiol/disulfide redox
switch that regulates the HBD’s affinity for Fe’'-heme and CO. The dithiol state was
demonstrated to bind Fe’*-heme (K¢=210 nM) 14-fold more tightly than the disulfide
state. Furthermore, the HBD-Fe*"-heme complex demonstrated tight binding of CO
(K¢g=50 nM), with the CXXC motif regulating its affinity for CO. Fluorescence
quenching experiments suggested that HBD is the key domain for BK channel’s
interaction with HO-2. These combined findings indicate that thiol/disulfide redox
switches in the C-terminal HRMs of HO-2 and the CXXCH motif of the BK channel
establish a novel mechanism that allows hemoproteins to respond to variations in redox

environments of cell.
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Chapter 1

General Introduction

1.1 Heme degradation catalyzed by heme oxygenase

Heme is a prosthetic group that consists of an iron atom that is contained in the
center of a porphyrin ring. There are several major types of heme in cells, including heme
A, heme B, heme C, and heme O. The heme in heme oxygenase (HO) is a b-type heme
with the iron coordinated to the four nitrogen atoms of the porphyrin and has a chemical
formula of CssH3FeN4O4. In the presence of NADPH - cytochrome P450 reductase
(CPR), heme oxygenase (HO, EC 1:14:99:3) catalyzes the degradation of heme into iron,
CO and biliverdin, which is quickly reduced to bilirubin by biliverdin reductase (Figure
1.1). (1,2). The degradation of one molecule of heme to biliverdin requires seven
electrons to be transferred and three molecules of oxygen to be consumed (Equation 1).
Subsequently, biliverdin reductase (BVR) catalyzes the two-electron reduction of
biliverdin to bilirubin using NADPH as an electron donor (Equation 2). A distinct color
change occurs in this process: from purple (heme) to green (biliverdin), then finally to
yellow (bilirubin).

HO is present in organisms ranging from bacteria to eukaryotes, and is the only
known enzyme that can degrade heme. In mammals, the electrons are provided by
NADPH-cytochrome P450 reductase (3); however, alternative electron donors are
employed by bacteria and plants (4,5). For example, Hmu O was identified as the heme
degradation enzyme in Corynebacterium diphtheriae, with a hemoglobin-like protein
(HMP) as the electron donor (6). In Cyanidium caldarium, cyanobacteria, and plants,
reduced ferredoxin is used as the source of reducing equivalents that are needed for the
reaction (7,8). In plants, biliverdin is further reduced to phytochromobilins instead of

bilirubin because of the absence of biliverdin reductase (9).
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In HO, heme acts as not only a cofactor but also as a substrate that catalyzes its own
destruction (Figure 1.2). The HO-bound heme is first oxidized to a-meso-hydroxyheme
through a peroxy intermediate. The deprotonated state of a-meso-hydroxyheme has free
radical character, which can react with oxygen to produce a-verdoheme and eliminate the
a carbon atom from the porphyrin ring as CO. The a-verdoheme is subsequently
converted to biliverdin and free iron in a reaction that requires NADPH-cytochrome
P450 reductase and O,. Recent studies indicated that product release involves sequential
reduction of the ferric to the ferrous biliverdin complex, release of the ferrous iron, and

finally dissociation of the biliverdin from the protein (10).

NADPH CPR
% qﬂ: & — Feritin
{“ e \.____ Fe (1)
[+~
02 -
! 9
HDS Ny
(HO-1, HO-2) ) '
[*]
Biliverdin

Heme + 7 ¢ + 3 O, = Biliverdin + CO + Fe(Il) + 3 H,O (Eq.1)
Biliverdin + 2 ¢” > Bilirubin (Eq.2)

FIGURE 1.1. Heme degradation catalyzed by heme oxygenase. Heme oxygenase (HO-
I, HO-2) catalyzes the NADPH-cytochrome P450 reductase (CPR)-dependent
degradation of heme into iron, CO and biliverdin, which is quickly reduced to bilirubin.
Seven electrons are transferred and three molecules of O, are consumed when one
molecule of heme is oxidized to generate one molecule of biliverdin, one molecule of CO,
one molecule of Fe(Il), and three molecules of HO. Two electrons are required for the
reduction of one molecule of biliverdin.



NADPH/O,

COOH COOH COOH COOH
Biliverdin Ferric biliverdin complex u-verdoheme

FIGURE 1.2. Heme degradation pathway. Heme is degraded to biliverdin through
several key intermediates, including a peroxy intermediate, a-meso-hydroxyheme, o-
verdoheme, and a ferric biliverdin complex.

1.2 Physiological functions of heme oxygenase
1.2.1 Heme and iron homeostasis

Iron is an essential element for all living organisms. It acts as a cofactor for many
heme-containing proteins such as CPR and HO, forms iron-sulfur clusters in many non-
heme-containing proteins such as ferredoxins and CODH, and provides oxygen transport
and storage for hemoglobin and myoglobin, respectively. However, excess iron can be
toxic (11), since it can produce large amounts of highly reactive hydroxyl radical (-OH)
by the Fenton reaction in cells (12). An efficient way to maintain iron balance in cells is
through regulation of its uptake. Dietary iron mainly exists as iron salts and heme iron.
Uptake of inorganic iron is mainly mediated by the iron transporters located in the brush
border membrane, including DMT1 (divalent metal transporter-1) (13) and Dcytb
(duodenal cytochrome b) (14). In comparison to inorganic iron uptake, heme uptake is
very different and its transport mechanism has not been fully elucidated. A very recent
report indicated that the HRG (histidine-rich glycoprotein) family proteins are potential
heme transporters in Caenorhabditis elegans (15). However, the heme transport pathway
in mammals remains mysterious. After heme is transported into cells, the iron is released

by heme degradation in a reaction that is catalyzed by HO. In addition to playing a role as



an iron reservoir, heme has other critical physiological functions in cells. Heme is a
common prosthetic group that is structurally associated with many electron transfer and
redox enzymes and regulates genes involved in oxygen utilization in lower eukaryotes
and prokaryotes (16-18). Although heme plays crucial roles in various physiological
processes, free heme can be toxic at concentrations greater than 1 uM (19), causing
oxidative stress induced by reactive oxygen species (ROS), hemolytic effects, and
abnormal inflammation (20). Because of the contradictory biological functions for heme
and iron, their metabolism in mammals needs to be tightly and delicately regulated.

HO is the only known enzyme that can degrade heme in cells, playing a critical role
in heme and iron homeostasis. Although the precise molecular mechanisms by which HO
confers tissue protection are not clearly defined, it is believed that HO-dependent
protection is mediated by the reaction products of heme degradation, including biliverdin,
CO, and iron (Figure 1.3). Each product could contribute alone or in concert to the
restoration of cellular homeostasis under inducing conditions. One potential mechanism
of the HO-mediated cytoprotective effect is that HO may provide a possible antioxidative
function by accelerating the removal of heme to limit oxidative stress sustained through
heme-dependent mechanisms. It has recently been reported that free iron, at physiological
levels, has crucial effects on cytoprotection (21,22). Furthermore, iron can also promote
the ferritin-mediated cytoprotective process against mitochondrial dysfunction and
oxidative stress (23). In contrast, evidence showed that iron released from the HO
reaction may potentially act as a catalyst of deleterious pro-oxidant reactions, such as the
metal-catalyzed Haber-Weiss cycle, or iron-dependent lipid peroxidation (24). In addition,
HO-derived iron may also stimulate ferritin synthesis, sequestering reactive iron (25).
1.2.2 CO signaling in cells

Historically, CO has been regarded as a lethal gas and is toxic at high levels (>500
ppm). The first identified molecular target of CO was the heme iron center of
hemoproteins, such as hemoglobin. High CO concentrations cause hypoxemia by
competitive binding to the oxygen-binding sites of hemoglobin to form
carboxyhemoglobin (CO-Hb), with an affinity that is > 200-fold higher than that of
oxygen (26). In humans, prolonged or elevated CO exposure can cause a number of acute

clinical effects, including nausea, dizziness, and loss of consciousness (26). Symptoms of



CO poisoning begin to appear at 20% CO-Hb, while death occurs between 50 and 80%
CO-Hb (26). However, when CO is applied at low concentrations (typically within the 15
to 20% CO-Hb) range, it can influence a number of signaling pathways in cells to confer
various cytoprotective effects, including anti-inflammation, anti-apoptosis, and anti-
proliferation (Figure 1.3) (27,28).

The CO signaling pathway is still not clearly elucidated. At a physiological level,
CO can trigger the production of cyclic-guanosine-monophosphate (cGMP) to stimulate
neuronal signaling processes and regulate vascular functions, including vessel tone,
smooth muscle proliferation and platelet aggregation (29,30). Furthermore, recent studies
indicate that the activation of MAPK pathways, particularly the p38 MAPK signaling
pathway, can be modulated by CO treatment (31). MAPK pathways have been
demonstrated to be critical for cellular response to inflammatory, apoptotic and
proliferative stress (31-34). The activation of p38 MAPK by CO has been reported to be
dependent or independent of soluble guanylate cyclase (sGC), depending on the cell type.
In addition, modulation of cellular ROS production, inhibition of cellular O, production,
membrane NADPH-oxidase, and Toll-like receptor (TLR) trafficking and activation have
also been implicated in CO dependent signaling (35-37). Thus, CO can confer tissue
protection in various models of acute lung injury, vascular injury, pulmonary
hypertension, liver injury, organ I/R injury, organ transplantation, and numerous other
conditions (30,38). Observations of CO-mediated tissue protection have also been
described in transplantation of heart, lung, kidney, liver, and intestinal allografts or
xenografts, whereby application of CO to the recipient or to the graft reduced
inflammation and apoptosis associated with I/R injury, thus reducing the probability of
graft, rejection (39,40). In fact, CO-based inhalation therapies have been applied in the
clinic. A recently reported clinical trial demonstrates that reduction of sputum eosinophils
and improvement of methacholine responsiveness through inhalation of CO was observed
in patients with stable chronic obstructive pulmonary disease (COPD) (41).

In cells, HO-catalyzed heme degradation is the major source of CO, especially in
neurons and in the carotid body (42). HO-derived CO is usually produced locally within
tissues, serving as an endogenous physiological mediator. In the early 1990s, HO-derived

CO was discovered as a neurotransmitter in olfactory neurotransmission (43). Since then,



increasing evidence has been presented that HO-derived CO, instead of being a waste
product of heme oxidation, actually plays critical roles in various physiological
phenomena, including circadian modulation of heme biosynthesis, regulation of T cell
function, modulation of caveolin-1 status in growth control (44), activation of guanylate
cyclase (45), and mediation of O, sensing and the hypoxic response (46). It is now
believed that CO acts as a signaling molecule like another diatomic molecule, nitric oxide
(NO), possessing anti-apoptotic, anti-inflammatory, and anti-proliferative properties

(33,44,47,48).
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FIGURE 1.3. Tissue protection conferred by HO end-products (modified from (38)).
All three end-products of heme degradation, including Fe, CO, and bilverdin/bilirubin,
can contribute to the cytoprotective process. Iron released by HO activity stimulates a
cytoprotective pathway involving the synthesis of ferritin. CO has been implicated in
anti-inflammatory, anti-apoptotic, and anti-proliferative pathways. Biliverdin and
bilirubin, potent lipid antioxidants, can exert anti-inflammatory and anti-proliferative
effects.

1.2.3 Biliverdin and bilirubin homeostasis

Bilirubin, the final product of heme metabolism, is rapidly derived from biliverdin
by biliverdin reductase (BVR) in mammals. Bilirubin can revert to biliverdin via
oxidation, although the mechanism is unclear. The function of the BVR pathway in cells
is not clearly understood because bilirubin is toxic and insoluble, while biliverdin is more

water soluble. Bilirubin must be glucuronidated before its excretion in bile, which is



primarily catalyzed by UDP-glucuronyl transferase (UDPGT) in liver (49). Compared to
bilirubin, biliverdin is more easily excreted. Bilirubin was first reported to mainly exist in
the plasma and can cause brain damage (50). However, it has been recently reported that
biliverdin and bilirubin can act as chain-breaking antioxidants in vitro, which may
provide cytoprotection (Figure 1.3) (51).

The cytotoxicity associated with deletion of HO appears to reflect a loss of bilirubin.
Mice with targeted deletion of either HO-1 or HO-2 have reduced bilirubin levels and are
more susceptible to neurotoxic damage, seizures, stroke damage, and traumatic brain
injury (52,53). The antioxidant actions of bilirubin are dramatically amplified by BVR in
a biliverdin—bilirubin cycle. Depletion of BVR by RNA interference markedly diminishes
the cytoprotective effects of exogenous bilirubin and leads to increased cellular levels of
oxygen free radicals and cell death (54,55). A recent study suggested that water-soluble
glutathione (GSH) primarily protects water soluble proteins, whereas lipophilic bilirubin
protects against lipid peroxidation of cell membranes (55). Mice with deletion of HO-2,
which generates biliverdin, display more oxidation of lipid than that of protein, while the
reverse holds for GSH depletion. Pharmacologic application of biliverdin and bilirubin
can protect cultured cells against injury by oxidative or nitrosative stress (56). One
possible mechanism is that bilirubin can surpass o-tocopherol as the most potent
protector against lipid peroxidation and acts as an antioxidant that is involved in

resistance to oxidative stress (51,57,58).

1.3 Differences between HO-1 and HO-2

There are two forms of HO (HO-1 and HO-2), which share similar physical and
kinetic properties, but are differentially regulated and exhibit dissimilar physiological
roles and tissue distributions (59,60). Another isoform, HO-3, was recently reported in rat
(61); however, no activity was detected for this isoform and it is considered to be a
pseudogene. Phylogenetic analysis of heme oxygenase indicates that HO-1 and HO-2
have a very high degree of evolutionary conservation among mammals (62). Bacterial
heme oxygenases have a closer evolutionary relationship with those in plants. However,
the bacterial, plant and mammalian HOs have high structural similarity in their catalytic

domains. A bacterial HO-2 crystal structure has been reported recently, which shows a



high similarity at the core domain region with human HO-1 and HO-2 structures (63).
Plants contain several HOs, including one named HO-2, but these lack the C-terminal
membrane spanning region seen in mammalian HOs (64) and are more closely related to
the bacterial and insect HO-1 than to the mammalian HOs (62). In higher plants,
ferredoxin is utilized instead of NADPH-cytochrome P450 reductase as the reducing
partner in the HO reaction (7). Many plants do not produce bilirubin since they lack
biliverdin reductase (9).

HO-1, considered to be the inducible HO, is also known as heat-shock protein 32
and is found in most tissues, with particularly high levels in spleen and liver (65,66).
Expression of HO-1 is regulated by heat shock and various oxidative stress conditions
such as ischemia, hypoxia, hyperoxia, and alterations in glutathione levels (60,67). On
the other hand, HO-2 appears to be constitutively expressed, but exhibits a narrow tissue
distribution, with high levels in the brain and in testes (61,68,69). HO-2 has been
implicated in oxygen sensing by the carotid body (46,70), mediating oxidative stress in
neurons (71), and regulating cerebral blood flow and vascular tone in certain tissues (72).

Human HO-1 and HO-2 exhibit similar catalytic activities and share a high level of
homology (55% identity, 76% similarity), including related stretches of 20 hydrophobic
residues at their C-termini that anchor them to the microsomal membrane (Figure 1.4)
(60). However, in addition to the 30 residues at the N-terminus, HO-1 and HO-2 diverge
significantly around residue 127 and between residues 240-295 (HO-2 numbering
throughout unless otherwise stated). While HO-1 typically lacks Cys residues, there are
three “CP” sequences in regions that have been proposed to contain heme regulatory (or
responsive) motifs (HRMs) centered at Cys127, Cys265, and Cys282. It is interesting to
note that the C-terminal HRMs in HO-2 appear to be a fairly recent evolutionary
development, estimated to have occurred about 250 million years ago, since HRM1 and
HRM2 co-occur only in amniotes (Figure 1.5) (62). HRM1 is found in all HO-2s, which
emerged with the jawed vertebrates; however, HRM2 is lacking in ray fish and
amphibians, suggesting that the HRM1 and HRM2 may be involved in oxygen sensing in

all amniotes.
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FIGURE 1.4: Sequence alignment of human HO-1 and HO-2. Human HO-1 contains
288 resides and human HO-2 contains 316 residues. His45, the residue that coordinates
the heme, is highlighted in red. The three heme regulatory motifs (HRM) that are found
in HO-2 but not in HO-1 are marked in the sequence alignment. The HRMs in HO-2 are
located at amino acids 265-266, 282-283, and 127-128, termed as HRM1, HRM2, and
HRM3, respectively.

HRM1 HRM2
Homo sapiens DGEGDMRECPFYAAEQDK - ———-—— GALEGSSCPFRTAMAV 290
Macaca fascicularis DGEGDMRECPFYAGEQDK------GALEGSSCPFRTAMAV 290
Macaca mulatta DGEGDMRECPFYAGEQDK-——-—— GALEGSSCPFRTAMAV 290
Pan troglodytes DGEGDMRECPFYAAEQDK------GALEGSSCPFRTAMAV 278
Oryctolagus cuniculus DGKGDVRECPYYAAGQVN------GALEGSSCPFRAAMAV 286
Canis familiaris DGEGDVRECPFYAAKPDR------GALEGSSCPFRTALAV 290
Rattus norvegicus DGKGDVRECPFYAAQPDK ------GTLGGSNCPFRTAMAV 289
Mus musculus DGEGDIRECPFYAAQPDE-——-—— GTLGGSNCPFQTTVAV 289
Gallus gallus DGEGDIREKCPYYADELAG------NAAAG--CPYHTAVAL 287
Xenopus laevis DGEGDIRECPYYAAQQGY —————————————————————— 266
Danio rerio DMGGDISKCPYYAARMGKDVF CHVAVSGNTTYACNFAKTV 285
- #E

FIGURE 1.5: Sequence alignment of HO-2 in different organisms. HRM1 and HRM2 in
HO-2s co-occur only in amniotes. HRM1 is found in all HO-2s, however, HRM?2 is lacking in ray
fish and amphibians. HRM contains a characteristic Cys-Pro dipeptide, followed by 2-3
hydrophobic residues.

1.4 Functions of heme regulatory motifs in heme containing proteins
Heme regulatory motifs (HRM), short amino acid sequences containing the

characteristic Cys-Pro dipeptide, exist in diverse heme proteins. Numerous heme-



mediated functions of proteins require HRMs. It has been indicated that HRMs play
critical roles in regulating protein activity, stability, and functions.

Three HRMs exist in the iron responsive regulator (Irr). Among other results,
substitution of Cys29 by Ala in one of the HRMs in Irr significantly decreases heme
dependent degradation, leading to proposal that the HRM controls Irr activity and
stability (73-75). The yeast transcriptional activator Hapl contains seven HRMs (HRMs
1-7) with HRM7 proposed to bind heme and mediate the heme activation of Hspl under
heme-sufficient conditions and HRMs 1-6 perhaps cooperatively involved in heme
binding and scavenging under heme-depleted conditions (76,77).

The first and rate-limiting enzyme in the mammalian heme biosynthetic pathway, 5-
aminolevulinate synthase, has two tissue-specific isozymes: the housekeeping enzyme
ALASI and the erythroid tissue-specific enzyme ALAS2 (78). Three HRMs are located
in the C-terminal end in both ALAS1 and ALAS2, but perform different functions. The
HRMs in ALASI1 are required for regulation of its mitochondrial import, while heme
showed no effect on the mitochondrial import of ALAS2 under the same conditions (79).
Recently, it was reported that heme inhibited the DNA-binding activity of Bach1-MafK
heterodimers by directly interacting with Bachl through HRMs (80,81). In Reverb-, a
HRM is involved in a ligand switch in which the Cys residue in the HRM can ligate to
the heme iron, enhancing its affinity for heme (unpublished data, Gupta, Ragsdale 2010).
As described in this thesis, in the case of HO-2, cysteines in the C-terminal HRMs can
form an intramolecular disulfide bond, affecting the affinity of HO-2 for heme under

different redox conditions.

1.5 Heme binding to HO-2 is regulated by a thiol/disulfide redox switch in the
HRMs

The function of HO-1 is regulated mainly through stimulation or repression of its
gene expression, which can be triggered by various factors. However, the regulatory
mechanism of HO-2 remains largely unknown. HO-1 and HO-2 differ in their tissue
distributions and their expression patterns. At the protein level, HO-1 and HO-2 exhibit
76% similarity, including related C-terminal membrane anchoring regions (60). The

major difference between HO-1 and HO-2 is the presence of Cys residues within three
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HRM motifs in HO-2 (Figure 1.4), which were recognized to be involved in regulation
(82).

The functions of the HRMs in HO-2 have been investigated in my previous research
(82). Interestingly, instead of serving as a heme ligand or influencing protein stability like
in other HRM-containing proteins, we found that an intramolecular disulfide bond was
formed between the two cysteines (Cys265 and Cys282) contained in the two C-terminal
HRMs (HRM1 and HRM?2), constituting a redox switch (Figure 1.6). This redox switch
affects the heme affinity of HO-2. The K4 value for the protein-heme complex was found
to be 348 nM when the cysteines of the HRMs are in the reduced (free thiol) state.
However, this value drops significantly to 33 nM, similar to the intracellular free heme
level, when the HRMs switch to the oxidized (disulfide) state, indicating a much stronger
affinity of oxidized HO-2 for its substrate. This thiol/disulfide redox switch is likely to be
physiologically important because it shifts the Ky for ferric heme into the concentration
range of the cellular heme pool (~0.03 uM) (80). Thus, elevation of the Ky into the 0.35
uM range would be expected to impact heme homeostasis by decreasing intracellular
HO-2 activity. It was proposed that that redox switch could have important physiological
roles, including the ability of organisms to regulate intracellular heme and oxygen
concentrations.

Sequence alignment of selected HO-2s indicated that HRM1 and HRM2 in HO-2s
co-occur only in amniotes (Figure 1.5). Perhaps the redox switch involving HRM1 and
HRM2 provided a selective advantage for amniotes that improved their ability to respond

to high atmospheric oxygen levels as they moved from water onto dry land.

1.6 Involvement of heme and thiol/disulfide redox chemistry in oxygen-sensing by
the human BK channel

Ion channels are pore-forming proteins that regulate the flow of ions across the
membrane in all cells. For most ion channels, the pore-forming subunits are called o
subunits while the regulatory subunits are denoted f, v, and so on. Some channels permit
the passage of ions based solely on their positive (cation) or negative (anion) charge.
However, in some ion channels, passage through the pore is governed by a "gate," which

may be opened or closed by chemical or electrical signals, temperature, or mechanical

11



force, depending on the channel. Two major types of ion channel exist in cells: voltage-
gated ion channels and ligand-gated ion channels, whose opening or closing depend on
the voltage gradient across the plasma membrane or the binding of ligands to the channel,
respectively. Large-conductance Ca®" and voltage-activated K™ channels, also known as
Slo or BK channels, are both voltage- and ligand-gated potassium channels, since they
can be activated (opened) by changes in membrane electrical potential as well as by

increases in concentrations of intracellular Ca*" and CO (83,84).
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FIGURE 1.6: Proposed mechanism for the formation of the intra-molecular disulfide
bond between HRM1 and HRM2 in HO-2 (modified from (62)). Cys265 and Cys282
in HRM1 and HRM2, respectively, can form an intramolecular disulfide bond. Under
oxidizing conditions, Cys265 is oxidized to a sulfenic acid, which undergoes nucleophilic
attack by Cys282 to eliminate water and form a disulfide bond. HO-2 has higher affinity
for heme (K4 = 33 nM) when Cys265 and Cys282 form a disulfide bond than when both
Cys residues exist in the free thiol state (K4 = 348 nM).

BK channels are expressed in a wide variety of cells including most neurons,
muscle, epithelia, and endocrine cells. Like other voltage-gated K channels, a BK
channel complex exists as a tetramer, composed of four pore-forming o subunits that
contain both transmembrane and cytoplasmic regions (Figure 1.7) (85). Each a subunit
contains 7 transmembrane spanning domains (S0-S6) at the N-terminus, with the voltage

sensor located in S4 and the pore-forming loop located between S5 and S6 (86). A major
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difference between BK channels and other Ca*"- activated K* channels, such as SKCa
and IKCa channels, is that an extra seven-helix transmembrane segment (S0) exists in BK
channels that leads to the extracellular N-terminus, with its function unknown (87). The
N-terminus of the BK channel o subunit is also involved in its interaction with BK
channel B-subunits, which are regulatory subunits. Both the COOH- and NH,-termini of
B-subunits are located in the cytoplasm, forming two putative transmembrane (TM)
domains, TM1 and TM2 (88,89). The extracellular loop of the B-subunit can induce an
appropriate conformation within the o-subunit, facilitating the binding of o subunits with
B-subunits. B-subunits have been reported to activate the BK channel by increasing the
affinity of the channel for Ca®" (90). However, the B-subunit is unequally distributed in
different tissues, so its function still remains unclear (91).

Four hydrophobic segments (S7-S10) exist at the large intracellular carboxyl (C)
terminus of the BK channel, forming two homologous domains termed “regulators of
conductance of potassium” (RCK1 and RCK2) by S7-S8 and S9-S10, respectively
(92,93). Both RCK1 and RCK2 can form a gating ring that is essential for Ca*"
activation of the channel, with RCK1 also serving as a H™ sensor (93,94). Between RCK 1
and RCK2, a linker segment connects these two domains, which has been identified to be
involved in the heme and CO mediated regulatory mechanisms of the BK channel (83,95).
RCK domains also exist in other potassium channels, such as MthK (Methanobacterium
thermautotrophicum), KtrAB (Vibrio alginolyticus), and EcoliTrkA2 (Escherichia coli)
K" transporters (96-98).

The human BK channel plays pivotal and specific roles in many physiological
phenomena, including oxygen sensing, vasodilation, synaptic transmission, and hormone
secretion (99,100). In BK channel knockout mice, progressively developing outer hair
cell (OHC) dysfunction and degeneration were observed, indicating a crucial role for the
BK channel in maintaining outer hair cells that receive different feedback from the brain
(101). Furthermore, the BK channel was also suggested to be involved in the spontaneous
firing of the cerebellar Purkinje neurons (102).

Similar to other types of K’ channels, BK channels are also modulated by various
post-translational modifications such as oxidation and reduction (103), phosphorylation

(104), and glycosylation (88,104,105). In addition, the BK channel has recently been
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identified as a heme protein (83,95,106,107). Heme binding under hypoxic conditions
strongly inhibits the channel, while under normoxic conditions, CO, which is generated
by HO during heme degradation, activates the BK channel. HO-2, an enzyme responsible
for heme degradation to generate CO, can form a complex with the BK channel, acting
as a CO donor (106). Previous studies and our studies have indicated that some key
residues, such as His and Cys residues, play critical roles in the heme and CO mediated
regulatory mechanisms. A CXXCH motif, which is located in the linker segment between
RCK1 and RCK2, is involved in the heme/CO regulation, with His as the heme ligand
and Cys residues in CXXCH motif forming a redox switch affecting the affinities of BK
channel for heme and CO. Furthermore, mutagenesis studies of an Asp and two His
residues (H365, H394 and D367) within the RCK1 domain demonstrated that these
residues are required for the stimulatory action of CO on the BK channel (108). Cysteine
oxidation (109,110), including C430 and C911, leads to the decreased K transfer of the
BK channel, with Cys911 also playing a role in the sensitivity of the BK channel for CO
(111). Recently, hydrogen sulfide (H,S) was reported to inhibit the channel through a

mechanism that is non-competitive with CO, but that is still poorly characterized (112).

Normoxia Hypoxia

Iron
Biliverdin

FIGURE 1.7: Schematic representation of the structure of the a-subunit of the BK
channel, and proposed HO-2 mediated mechanism of inhibition/activation of the BK
channel under hypoxic/normoxic conditions (modified from (113)) A BK channel
complex is composed of transmembrane (S0-S6) and cytoplasmic regions (S7-S10, and a
HBD (heme binding domain). Two RCK domains were identified in the cytoplasmic
region. Under hypoxic conditions, O, availability is limited and heme binds to the BK
channel to evoke channel closure instead of being metabolized. However, during
normoxia, cellular heme is catabolized by HO-2 and CO is generated. Then CO binds the
BK channel, promoting channel opening at normal systemic O; levels.
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Chapter 2

Heme Regulatory Motifs in Heme Oxygenase-2 Form a Thiol/Disulfide Redox
Switch That Responds to the Cellular Redox State

This project was a collaboration with Dr. Ursula Jakob and Dr. Jeffrey R. Martens’s
research groups at the University of Michigan. The results in this chapter were published
in J. Biol. Chem.( 2009, 284(31):20556-61.): Yi, L., Jenkins, P. M., Leichert, L. L.,
Jakob, U., Martens, J. R, Ragsdale, S. W. " Heme regulatory motifs in heme
oxygenase-2 form a thiol/disulfide redox switch that responds to the cellular redox state".

In this chapter, Li Y1 and Paul M. Jenkins generated the HEK293 stable cell line, Li
Yi and Lars I. Leichert established the mass spectroscopic analysis method, and Li Yi

performed the experiments, analyzed the data, and wrote the first draft of the paper.
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2.1 Abstract

Heme oxygenase (HO) catalyzes the rate-limiting step in heme catabolism to
generate CO, biliverdin, and free iron. Two isoforms of HO have been identified in
mammals, inducible HO-1 and constitutively expressed HO-2. HO-1 and HO-2 share
similar physical and kinetic properties, but have different physiological roles and tissue
distributions. Unlike HO-1, which lacks cysteine residues, HO-2 contains three Cys-Pro
signatures, known as heme regulatory motifs (HRMs), which are known to control
processes related to iron and oxidative metabolism in organisms from bacteria to humans.
In HO-2, the C-terminal HRMs constitute a thiol/disulfide redox switch that regulates
affinity of the enzyme for heme (Yi & Ragsdale, J. Biol. Chem., 2007, 282, 20156-
21067). Here we demonstrate that the thiol/disulfide switch in human HO-2 is
physiologically relevant. Its redox potential was measured to be -200 mV, which is near
the ambient intracellular redox potential. We expressed HO-2 in bacterial and human
cells and measured the redox state of the C-terminal HRMs in growing cells by thiol
trapping experiments using the isotope coded affinity tag technique. Under normal
growth conditions, the HRMs are 60-70% reduced, while oxidative stress conditions
convert most (86-89%) of the HRMs to the disulfide state. Treatment with reductants
converts the HRMS largely (81-87%) to the reduced dithiol state. Thus, the thiol-
disulfide switch in HO-2 responds to cellular oxidative stress and reductive conditions,
representing a paradigm for how HRMs can integrate heme homeostasis with CO

signaling and redox regulation of cellular metabolism.
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2.2 Introduction

Heme oxygenase (HO, EC 1:14:99:3) catalyzes the O,- and NADPH-dependent
conversion of heme to biliverdin, CO, and iron in a reaction that is coupled to
cytochrome P450 reductase. Then, biliverdin reductase catalyzes the NADPH-dependent
reduction of biliverdin to the antioxidant bilirubin. Several recent reviews on HO (1-5)
and BVR (6) are available. HO is present in organisms from bacteria to eukaryotes and,
as the only known enzyme that can degrade heme, plays a critical role in heme and iron
homeostasis.

There are two major heme oxygenase (HO) isoforms in mammals, inducible HO-1,
which is ancient and widely distributed among organisms from bacteria to man, and
constitutively expressed HO-2, which emerged 250 million years ago with the amniotes
(7). HO-1 is found in most tissues, and is highly expressed in spleen and liver (8).
Conversely, HO-2 has a narrow tissue distribution, exhibiting high expression levels in
the brain, testes and carotid body (8,9). Both HO-1 and HO-2 catalyze the NADPH- and
cytochrome P450 reductase-dependent degradation of heme to CO, iron, and biliverdin,
which is quickly reduced to bilirubin in the presence of biliverdin reductase (10).
Controlling cellular heme concentrations is crucial because heme is required as a
prosthetic group by regulatory and redox proteins, yet concentrations higher than 1 pM
free heme are toxic (11). Thus, as the only mammalian proteins known to degrade heme,
HOs play a key role in cellular heme homeostasis; furthermore, in vitro and in vivo
studies of cellular and tissue injuries, such as oxidative stress and hemin-induced
cytotoxicity, indicate that HO is cytoprotective (9).

HO-1 and HO-2 share high sequence and three-dimensional structural homology in
their core domains (12,13); however, their sequences diverge near their C-termini, in
which HO-2 contains two conserved HRMs, involving Cys265 in HRM1 and Cys282 in
HRM?2 (12,14) (Figure 2.1). It was recently shown that the HRMs in HO-2 do not bind
heme per se, but instead form a reversible thiol/disulfide redox switch that indirectly
regulates the affinity of HO-2 for heme (14). However, for this redox switch to have any
physiological consequence, the midpoint redox potential of the thiol/disulfide couple
must be near the ambient intracellular redox potential, estimated to range from -170 mV

to -250 mV (15).
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The heme regulatory motif (HRM) has been proposed to constitute a heme binding
site (16,17) that regulates key metabolic processes from bacteria to humans. The HRM
consists of a conserved Cys-Pro core sequence that is usually flanked at the N-terminus
by basic amino acids and at the C-terminus by a hydrophobic residue. HRM-heme
interactions have been proposed to regulate the activity and/or stability of proteins that
play central roles in respiration and oxidative damage (18,19), coordination of protein
synthesis and heme availability in reticulocytes (20,21), and controlling iron and heme
homeostasis (22-26). An important component of the latter process is heme oxygenase-2

(HO-2).

H25
1 288
Ho-t [ NN
288(TAA)
H45 C127 C265 C233I
1 316
N
HO-2 NN
HRM3 HRM1 HRM2
A265-316
4289316

~J . .
membrane-spanning region

FIGURE 2.1 Major structural regions in HO-1 and HO-2. His25 in HO-1 or His45 in
HO-2 are the heme-binding ligands
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2.3 Materials and methods
2.3.1 Cloning, expression, and purification of human HO-2

The in vitro studies were performed using a truncated form of HO-2 (HO-2A289-
316, denoted HO-2; here) that lacks the C-terminal membrane binding region (14), while
the full-length protein was used for experiments with growing cells. The C127A and
F253W variants were generated from HO-2; using the QuikChange site-directed
mutagenesis protocol (Stratagene, La Jolla, CA). HO-2 purification and enzymatic assay
were performed as previously described (14).
2.3.2 Construction of HO-2 stable transfected HEK293 cells

Full-length human HO-2 ¢cDNA was subcloned into a pcDNA 3.1 (-) vector using
Xhal and HindlIII restriction sites. Human 293 embryonic kidney (HEK293) cells were
transfected with the recombinant pcDNA plasmid using TransIT-LT1 (Mirus, Madison,
WI), as described by the manufacturer. Cells were cultured at 37 °C with selective
medium containing 600 pg.ml™ geneticin every 3-4 days until geneticin-resistant foci
were identified. Then colonies were picked and expanded in 60 mm? plastic dishes. The
HO-2 expression levels in colonies were determined using western blotting with an
antibody generated against human HO-2.
2.3.3 Determination of the midpoint reduction potential of the thiol/disulfide redox
couple in HO-2

Two truncated forms of HO-2, HO-2;, which contains all three HRMs, and C127A,
which contains HRM1 and HRM2 but lacks HRM3, were used in these experiments,
because the full-length purified protein is subject to proteolysis and to precipitation. In a
total 20 pl reaction system, 40 pg of HO-2; in Buffer A (50 mM KCI, 50 mM Tris-HCI
pH 7.5) was incubated with 2 pl Buffer A and 8 pl of a solution containing various ratios
of reduced (GSH) and oxidized (GSSG) glutathione, with the total GSH and GSSG
concentrations fixed at 20 mM. The GSH/GSSG ratio was varied to establish a gradient
of ambient redox potentials between -130 and -250 mV, calculated by the Nernst
equation according to a midpoint reduction potential of -240 mV (27). The reaction
mixtures were incubated at 37 °C with shaking for 2 hr, and the reaction was terminated
by adding 20 ul of 40% ice-chilled trichloroacetic acid (TCA) and incubating on ice for

30 min. The suspension was centrifuged at 20,300 x g for 15 min at 4 °C. After removing
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the supernatant, the protein pellet was washed three times with -20 °C cold 100% acetone.
The acetone-washed pellet was then resuspended in 20 ul of reaction buffer, containing
50 mM Tris-HCI, 4% SDS, and 20 mM purified Mal-PEG 5000 (Laysan Bio, Arab, AL),
pH 5.0. After shaking at 25 °C for 30 min, 20 pl of non-reducing SDS loading buffer was
added to the reaction buffer and the samples were boiled for 5 min and analyzed by SDS-
PAGE. After staining the gel with Coomassie blue, the intensities of the bands from the
unmodified and Mal-PEG-modified HO-2 were measured using UN-SCAN-IT gel 6.1
(Silk Scientific, Inc. Orem, Utah), and the midpoint reduction potential of the
thiol/disulfide couple from the C-terminal HRMs in HO-2 was calculated using the
Nernst Equation 1. In this equation, E is the ambient potential in solution; E® is the
midpoint reduction potential of HO-2; R is the universal gas constant: R = 8.31 JK 'mol ';
T is the absolute temperature; F is the Faraday constant: F = 9.65x10* Cmol™'; and z is
the number of electrons transferred in the reaction.

Reduced HO-2
£= g BT |p[Reduced HO2]
zF  [Oxidized HO-2]

(1)
2.3.4 Determination of the redox states of the HRMs in HO-2 using the isotope
coded affinity tag technique

OxICAT experiments were performed as previously described (28), with minor
modifications. For trapping the redox states of purified HO-2, 100 ug as-isolated HO-2,
or HO-2, that had been reduced with 1 mM Tris(2-carboxyethyl)phosphine (TCEP) for 30
min were applied to a two-step alkylation procedure with light/heavy ICAT reagents as
described previously. The alkylated protein was then digested with typsin and the
cysteine containing peptides, which are linked to biotin, were enriched on a cation
exchange cartridge followed by an avidin affinity cartridge (Applied Biosystems, Foster
City, CA). After removing the biotin tag conjugated to the cysteine containing peptides,
samples were analyzed by Nano-LC/MS/MS at the Michigan Proteome Consortium to
quantify the amounts of reduced (dithiol) protein containing the light ICAT and oxidized
(disulfide) protein containing the heavy ICAT adduct. For determining the redox state of
the C-terminal HRMs, two peptides (Peptide A containing amino acid residues 264-285
and Peptide B containing residues 265-285), which differ in relative abundance (since

both 264 and 265 are Lys residues) among various experiments, were analyzed. As
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expected, the high-resolution mass spectra consist of envelopes of multiple peaks
reflecting the presence of 0.018% “H, 1.11% "“C, 0.45% "N and 0.20% 'O in each
peptide. The m/z ratios for the oxidized form of these peptides (2877.0 for Peptide A and
2748.8 for Peptide B) are 18 mass units larger than those for the reduced protein (2858.9
and 2730.8, respectively).

For analysis of the redox state of HO-2 expressed in E. coli, a pGEX4T-2 plasmid
containing the full-length human HO-2 ¢cDNA was transformed into E. coli strain BL21
(DE3). Cells were grown in 50 ml MOPS minimal medium containing 100 pg/ml
ampicillin at 37 °C. When the ODgg reached 0.2, 0.01 mM IPTG was added to induce
HO-2 expression. To generate oxidative stress, cells were treated with 400 pM t-
butylperoxide (t-BuOOH) or 1 mM diamide (DA), and to generate a reducing
environment, cells were treated with 1 mM N-acetyl cysteine (NAC). In addition, the
redox states of the HRMs were investigated under normoxic (continuously sparged with
air) and anaerobic conditions. Anaerobic conditions were achieved by inoculating the
aerobically growing cells into anaerobic MOPS minimal medium at a ratio of 1:500
(cells:medium). Cells were cultured at 37 °C during each of these treatments.

When the ODgg reached 0.4, 0.2 mL of ice cold 100% TCA was mixed with 1.8 mL
of cell culture to lyse the cells, precipitate the proteins, and trap the thiol status. After
washing with a solution containing 5% TCA and 100% acetone (kept at -20 °C), the
protein pellet was then applied to the two-step alkylation procedure with light/heavy
ICAT reagents as described above.

The redox states of the C-terminal HRMs in HEK293 cells were determined as just
described for the E. coli system, with modifications. HO-2-transfected HEK293 cells
were cultured in a 60 mm” plastic dish with DMEM containing 10% (vol/vol) FBS, 10
U/ml penicillin, 100 mg/ml streptomycin and 300 ug/ml geneticin. After obtaining 50-
60% cell confluence, 50% medium was replaced with fresh medium followed by
treatment with t-BuOOH (200 uM, 12 h) or NAC (1 mM, 2h). Then, the cells were
processed by quickly washing three times with ice cold PBS, pipetting off the dishes with
1.8 ml of PBS, and immediately treating with 0.2 ml of ice-chilled 100% TCA, and
briefly sonicating with a Misonix sonicator 4000 (Misonix Inc. Farmingdale, NY). All

these steps were carried out on ice. The following ICAT alkylation steps were performed
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as described above, except that 1% NP-40 was added into the denaturing alkylation
solution to facilitate resuspension of the protein pellet.
2.3.5 Intrinsic fluorescence quenching and circular dichroism analysis

Tryptophan fluorescence is not detectable in as-isolated HO-2; therefore, we
engineered a Phe-to-Trp substitution near the C-terminal HRMs. This F253W variant
exhibits intrinsic tryptophan fluorescence that increases upon reduction of the disulfide
bond, providing a straightforward and direct measure of the redox state of the
thiol/disulfide couple. Intensity of the fluorescence emission at 340 nm of the F253W
(200-500 nM) variant of HO-2 was measured with a Shimadzu RF-530 1 PC
Spectrofluorophotometer (Columbia, MD) at room temperature. CD measurements were
performed at 4 °C with a JASCO J-715 instrument (Jasco Inc., Easton, MD). For
secondary structure analysis, experiments were performed in a 0.1-mm-path length cell
with 20 uM HO-2;in 10 mM potassium phosphate buffer, pH 7.5. The F253W variant
exhibited approximately 50% of the specific activity of the wild-type protein.
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2.4 Experimental results
2.4.1 Structural changes between oxidized and reduced HO-2

To investigate the structural differences between the oxidized and reduced forms of
HO-2, the circular dichroism (CD) spectra of as-isolated and TCEP reduced HO-2 were
recorded. These spectra are nearly identical (Figure 2.2), indicating that if there are any
secondary structural changes in HO-2 upon oxidation or reduction of the thiol/disulfide

redox switch, these would be minor local changes.
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FIGURE 2.2 CD spectroscopic spectra of oxidized and reduced HO-2;. CD spectra of
as-isolated (20 uM, black) and 1mM TCEP-reduced (20 uM, red) HO-2;, TCEP-reduced
protein was prepared by incubating 125 uM HO-2A289-316 with 1 mM TCEP for 30 min
at4 oC

2.4.2 Determination of the redox potential of thiol/disulfide redox switch in HO-2

To test the hypothesis that the C-terminal HRMs in HO-2 form a physiologically
relevant redox switch that is poised to sense the intracellular redox potential, the midpoint
reduction potential of the thiol/disulfide redox couple was determined. HO-2; samples
were equilibrated with solutions of oxidized/reduced glutathione (GSSG/GSH) at ratios
that established a gradient of ambient redox potentials between -130 and -250 mV. Then,
the proteins were precipitated by treating the samples with trichloroacetic acid and
alkylated with MAL-PEG, which traps the free thiols as an adduct resulting in a mass

increase of 5 kDa per thiol modification. Thus, the oxidized (non-modified disulfide,
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lower band) and reduced (modified, upper band) forms of HO-2; can be conveniently
quantified by analyzing the migration pattern on non-reducing SDS-PAGE (Figure 2.3A).
To unambiguously assign the titrated disulfide bond to Cys265 and Cys282, we used a
form of HO-2 containing all three HRMs (HO-2,) as well as the HO-2, variant (C127A)
containing only the two C-terminal HRMs (Figure 2.3). After quantifying the ratio of
oxidized/reduced protein at each ambient redox potential and fitting the data to the Nernst
equation, the calculated midpoint reduction potentials of the thiol/disulfide redox
switches in C127A (-191 mV) and HO-2; (-199 mV) (Figure 2.3B) were nearly identical.
To confirm the value of the midpoint potential determined by the MAL-PEG
approach, we performed intrinsic tryptophan fluorescence experiments of an HO-2;
variant (F253W) in which a Phe to Trp substitution was engineered near the C-terminal
HRMs. Fluorescence quenching of excited Trp by nearby disulfide bridges is common in
proteins and is proposed to occur through an energy transfer mechanism from excited Trp
to the disulfide bond (29). The activity of the F253W variant is ~ two-fold lower than that
of HO-2, (Figure 2.4A), indicating that major structural changes have not occurred by the
replacement of Phe with Trp at this position. Reduction of the disulfide bond in the
F253W variant leads to approximately a two-fold increase in fluorescence intensity
(Figure 2.4B). When solutions of the F253W variant are equilibrated at different redox
potentials, set by establishing a gradient of GSSG/GSH ratios as above, the fluorescence
intensity is quenched by the disulfide bond. Fitting the data to the Nernst equation
provides a midpoint reduction potential of -200 mV (Figure 2.3B). Thus, both thiol
modification and intrinsic tryptophan fluorescence experiments provide similar values of
-190 to -200 mV for the midpoint potential of the thiol/disulfide redox switch in HO-2,.
This value is within the range of redox potentials for proteins known to catalyze key
thiol/disulfide oxidoreductase reaction, from -122 mV for the oxidase DsbA (30) to -270
mV for the reductase thioredoxin (31). It lies precisely within the range measured for the
intracellular redox potential, from -170 (15) to -325 mV (32), indicating that the
thiol/disulfide redox switch in HO-2 is poised to respond to the redox state within the cell.
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FIGURE 2.3 Measurement of the midpoint redox potential of the thiol/disulfide
couple in HO-2,. C127A was used in the alkylation experiment to determine the redox
potential of the C-terminal HRMs. The ambient redox potential, set by variation of the
GSSG/GSH ratio, ranged from -133 mV to -252 mV. (See details in “Materials and
Methods”). A, SDS-PAGE analysis of the alkylation of C127A by Mal-PEG 5000. B,
Nernst analysis of results from non-reducing PAGE shown in (A) and fluorescence
quenching studies of F253W. The redox potential of the C-terminal HRMs, analyzed
using the Nernst Equation, provided an E° =-191 £ 1 mV for C127A (Solid line, closed
circle), E° = -199 + 2 for HO-2, (dash line, closed triangle), and E’ = -200 + 3 mV for
F253W (dash-dot, closed squares).
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FIGURE 2.4 Properties of HO-2;and variants. A, HO-2 activity of the F253W variant
was determined by measuring the rate of bilirubin synthesis. B, Intrinsic tryptophan
fluorescence of 360 nM as-isolated (solid line) and GSH-reduced (dash line) F253W.
GSH-reduced protein was prepared by incubating 360 nM F253W with 112.5 mM GSH

for 1hr.
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2.4.3 Response of the thiol/disulfide redox couple to alteration in the cellular redox
potential

To further test the hypothesis that the thiol/disulfide switch in HO-2 responds to
changes in intracellular redox conditions, the redox state of the HRMs was measured by
OxICAT, a novel mass spectrometric method that combines thiol trapping with the ICAT
technique to quantify oxidative thiol modifications (28). ICAT consists of an
iodoacetamide group linked to a cleavable biotin affinity tag via an isotopically light ('*C)
or heavy (*C) nine-carbon linker (33).

Before initiating experiments with growing cells, we performed the OxICAT
analysis on pure HO-2. To determine the redox status of freshly purified protein, we
treated HO-2; with the light ICAT reagent, the reduced all existing oxidative thiol
modifications and alkylated all newly reduced thiols with heavy ICAT. Thus, a peptide
containing a free Cys thiol(ate) will have an m/z value that is 9 units smaller than one
containing a Cys that is engaged in a disulfide bond. Mass spectral analysis of the
affinity-purified tryptic peptide harboring HRM1 and HRM2 (Peptide A, residues 264-
285) generated from as-isolated HO-2 reveals peaks at 2858.9, 2868.0 (+9), and 2877.0
(+18), with the major peak at 2877.0, resulting from labeling with two heavy ICAT
molecules (Figure 2.5). Thus, the majority of the as-isolated protein contains cysteines in
HRMI1 and HRM2 that are engaged in an intramolecular disulfide bond. In contrast,
when HO-2 is reduced by TCEP before the OXICAT procedure, the light ICAT-labeled
peptide is in significantly greater abundance. Thus, the cysteines of HRM1 and HRM2 in
purified HO-2 are mainly (90.6%) in the disulfide state, and TCEP converts the HRMs
nearly quantitatively (94.2%) to the dithiol state (Figure 2.5). This result indicates that
HO-2 is highly oxidation sensitive and accumulates in its disulfide bond form when
reducing agents are absent during its purification.

The minor peak in Fig. 2.5 at m/z 2868.0 (+9) in the as-isolated protein is likely due
to the presence of a small amount of the sulfenate (S-OH) of Cys265 in the sample. The
peak has a +9 value of m/z because the S-OH does not react with iodoacetamide;
however, TCEP reduces the S-OH to the SH in the second step of the OXICAT protocol.
Furthermore, the intermediate band shown in Fig 2A also probably arises from to a small

amount of Cys-sulfenate in the sample (see above). Similarly, a sulfenate intermediate
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was reported in OXICAT analysis of Hsp33 and GapA (28). Our assignment of Cys265-
SOH is consistent with earlier studies, involving the C127A/C282A HO-2; variant, in
which the sulfenate of Cys265 was trapped as an adduct with 7-chloro-4-nitrobenzo-2-
oxa-1,3-diazole and was identified as the sulfonate by mass spectrometry; thus we
proposed that the sulfenate of Cys265 is an intermediate in the formation of the

disulfide (14).
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FIGURE 2.5 OxICAT analysis of the redox state of the C-terminal HRMs in purified
HO-2,. Purified HO-2; was treated as described in “Materials and Methods”. A, as-
isolated HO-2;. B, TCEP-reduced HO-2,, generated by incubating 100 uM HO-2; with 1
mM TCEP for 30 min.
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2.4.3.1 Response of the thiol/disulfide redox couple to alteration in the cellular redox
potential in reconstructed E.coli cells

To determine whether the thiol/disulfide switch in HO-2 responds to changes in
intracellular redox conditions, full-length HO-2 was expressed in human and in E. coli
cells, and the redox states of the HRMs were determined by the OXICAT method (Figure
2.6A) (also see Figure 2.7 and Table 2.1). When E. coli was grown under aerobic
conditions, the C-terminal HRMs were nearly equally distributed between the reduced
(63%) and oxidized (37%) states, which corresponds well with the determined redox
potential of HO-2,, suggesting that truncation of the membrane spanning region has little
effect on the thiol/disulfide redox potential and that HO-2 is in equilibrium with the
cellular GSSG/GSH ratio. The proportion of reduced HRMs increased to 75.0% or 87.0%
when cells were grown either anaerobically or treated with 1 mM NAC, respectively. On
the other hand, when cells were subjected to oxidative stress generated by addition of 1
mM DA or 400 uM t-BuOOH, the proportion of reduced HRMs decreased to 11.0% and
12.2%, respectively.
2.4.3.2 Response of the thiol/disulfide redox couple to alteration in the cellular redox
potential in human HO-2 expressing HEK293 cells

Similar experiments were performed with stably transfected HEK293 cells
containing the full-length HO-2 gene, which was integrated into the genome and
constitutively expressed (Figure 2.8). When this cell line was cultured under normoxic
conditions, the C-terminal HRMs were mostly (70%) in the reduced dithiol state, while
under oxidative stress conditions (200 uM t-BuOOH), the HRMs were converted
predominantly (86%) to the disulfide state; in contrast, after treatment with 2 mM NAC,
the HRMs were found mostly (82%) in the reduced dithiol state (Figure 2.6B, Figure 2.8)
(also see Table 2.1). Thus, the C-terminal HRMs in HO-2 form a physiologically
relevant redox rheostat that responds to the intracellular redox potential. The amount of
HO-2 that accumulates in the stably transfected HEK293 cell line is unaffected by
treatment with oxidants or reductants or by adding hemin to the cells (Figure 2.9). This is
consistent with prior studies, which demonstrated that expression of HO-1, but not HO-2,

is induced by oxidative stress (10). Thus, the shifts in intracellular redox potential alter
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the redox states of the C-terminal HRMs in HO-2, but do not appear to alter the
expression or stability of HO-2.
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FIGURE 2.6 The redox state of the C-terminal HRMs of HO-2 expressed in E. coli
and in HEK293 cells under different cellular redox conditions. The oxICAT
technique was applied to investigate the redox states of the C-terminal HRMs of HO-2
expressed under different conditions, as described in “Materials and Methods”. A, Wild
type HO-2 was expressed in E. coli strain BL21 (DE3) and grown at 37°C under
normoxic or anaerobic growth conditions, or treated with 1 mM NAC (2 h), 400 uM t-
BuOOH (15 h), or 1 mM DA (10 min), as described in the Methods. B, Wild type HO-2
was expressed in HEK293 cells and grown at 37 °C under normoxic conditions or treated
with 1 mM NAC (2 h) or 200 uM t-BuOOH (12-15 h), as described in the Methods
Section.
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FIGURE 2.7 Representative mass spectrometric results of the redox states of C-
terminal HRMs in HO-2 expressed in E.coli strains grown under different
conditions. Full-length HO-2 was stably expressed in a E.coli strains as described in
“Materials and Methods™). The oxICAT technique was used to investigate the redox
states of C-terminal HRMs when cells were treated with A, anaerobic growth condition;
B,1 mM NAC; C, normal growth conditions; D, 1| mM DA; or E, 400 uM t-BuOOH.
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FIGURE 2.8 Representative mass spectrometric results of the redox states of C-
terminal HRMs in HO-2 expressed in HEK293 cells grown under different
conditions. Full-length HO-2 was stably expressed in a HEK293 cell line as described in
“Materials and Methods™). The oxICAT technique was used to investigate the redox
states of C-terminal HRMs when cells were treated with A, normal growth conditions; B,
200 uM t-BuOOH for 12-15 h; or C, | mM NAC, 2h. .
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FIGURE 2.9 Stable expression of HO-2 in HEK293 cells. A, Cells were cultured under
different redox conditions: 1, ImM NAC (2h); 2, normal conditions; 3, 200 uM t-
BuOOH (12 h); 4, purified HO-2,. B, Cells were cultured with different hemin additions.1,
normal condition; 2, 100 nM hemin (20 h); 3, 1 uM hemin (20 h); 4, 10 uM hemin (20 h);
5, 50 uM hemin (20 h); 6, 100 pM hemin (20 h); 7, purified HO-2,.
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TABLE 2.1 Redox states of the thiol/disulfide switch in HO-2 expressed under
different cellular redox conditions.

Expression
Reducing environment Oxidative stress
System
NAC Normal t-BuOOH
HO-2® HO-2° HO-2® HO-2° HO-2® HO-2°
870+13% | 13.0+13% | 626+7.0% | 374+7.0% | 11.0£6.5% | 89.0+6.5%
E.coli
Anaerobic Diamide
HO-2" HO-2° HO-2" HO-2°
750+£1.7% | 25.0+1.7% 122+3.6% | 86.7+52%
NAC Normal t-BuOOH
HEK293 HO-2" HO-2° HO-2" HO-2° HO-2" HO-2°
81.5+50% | 185+50% | 702+1.8% | 303+23% | 13.7+£3.7% | 86.3+3.7%

HO-2: reduced HO-2; HO-2°: oxidized HO-2
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2.5 Discussion

The binding and redox properties of HO-2 allow it to interlink cellular redox status
and heme homeostasis, given that the midpoint reduction potential of the thiol/disulfide
redox switch is poised near the ambient intracellular redox potential and that the Ky for
heme (0.03 uM) is near the free cellular heme pool (0.03-1 uM) (34). We found that HO-
2 expression levels are unaffected by alteration in the cellular redox state (or growth in
excess heme); however, the thiol/disulfide switch does exhibit a robust response to redox
conditions. When cells are exposed to oxidative conditions, the Cys residues in the C-
terminal HRMs in HO-2 are in the disulfide state, which favors heme binding; however,
under reducing conditions, the lower affinity dithiol state predominates. Thus, these
HRMs of HO-2 act as a redox rheostat, which regulates the binding of heme and, thus,
HO-2 activity as a Nernstian function of the redox state of the cell. Under oxidative stress
conditions, HO-2 can rapidly degrade heme, increasing the levels of CO and biliverdin;
however, under hypoxic (or otherwise reduced) conditions, where the HRMs are in the
dithiol state, the K4 (0.35 uM) rises well above the free heme pool (14). This redox
switching mechanism could potentially connect the many physiological processes
regulated by heme homeostasis and CO signaling to the cellular redox state. Such
processes include oxygen sensing by the carotid body (the oxygen chemosensor in
mammals), regulation of T cell function, blockade of oxidant formation in neurons where
HO-2 appears to be the sole source of CO biogenesis (35), and control of heme
homeostasis (9,36,37). Our results also suggest that the myriad proposed functions
ascribed to HRM-heme interactions in various proteins might actually be mediated by
thiol/disulfide redox reactions. Thus, HO-2 may represent a paradigm for how HRMs can

integrate heme, CO, and redox regulation of metabolism (Figure 2.10).
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FIGURE 2.10 Proposed model for the HRM mediated regulatory mechanism of HO-
2 in cells. Under oxidative environments, the redox active thiols of HO-2 would be in
oxidized states, with HO-2 having high affinity for Fe’"-heme (K4 = 30 nM). This high
heme affinity would stimulate HO-2 activity to generate CO, biliverdin/bilirubin, and
Fe**, which would activate a number of cellular signaling pathways, leading to
cytoprotective effect. However, under reducing environments, in which the cells do not
face severe oxidative stress, the thiol/disulfide redox switches in HO-2 would exist in the
dithiol states, with HO-2 having low affinity for Fe’"-heme (Kgq = 350 nM). The low
heme affinity would decrease HO-2 activity, resulting in the resting state of HO-2
mediated cytoprotective effect.
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2.6 Conclusion

Here, we demonstrate that the C-terminal HRMSs, which form a thiol-disulfide redox
switch between Cys265 and Cys282, exhibit a redox potential that falls well within the
ambient cellular redox potential. By expressing HO-2 in bacterial and human cells and
trapping the thiols using the isotope coded affinity tag technique, it was shown that the
redox state of the C-terminal HRMs in growing cells responds to the cellular redox state.
The disulfide state is favored under oxidative and the dithiol state is predominant under
reducing conditions. Thus, the HRMs act as a molecular rheostat that responds to the
ambient intracellular redox potential and, based on earlier studies (14), controls activity

of HO-2 by regulating heme binding to the enzyme.
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Chapter 3

Comparison of Apo- and Heme-bound Crystal Structures of a Truncated Human

Heme Oxygenase-2

This project was a collaboration with Dr. George N. Phillips’s research group at the
University of Wisconsin-Madison. The results in this chapter were published in J. Biol.
Chem.(2007, 282, 37624-37631): Bianchetti, C. M., Yi, L., Ragsdale, S. W., and
Philips, G. N., Jr. "Comparison of apo- and heme-bound crystal structures of a truncated
human heme oxygenase-2".

In this chapter, Li Yi performed the sample preparation. Christopher M. Bianchetti
and Li Yi both did the crystal preparation. Christopher M. Bianchetti collected the X-ray
diffraction data and preformed the structure determination. Christopher M. Bianchetti and

Li Yi both did the structure analysis.
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3.1 Abstract

Heme oxygenase (HO) catalyzes the first step in the heme degradation pathway. The
crystal structures of apo and heme-bound truncated human heme oxygenase-2 (HO-2)
reveal a primarily a-helical architecture similar to that of human heme oxygenase-1 (HO-
1), and other known HOs. Proper orientation of heme in HO-2 is required for the
regioselective oxidation of the a-meso carbon. This is accomplished by interactions
within the heme binding pocket which is made up of two helices. The iron coordinating
residue, His45 resides on the proximal helix. The distal helix contains highly conserved
glycine residues that allow the helix to flex and interact with the bound heme. Tyr154,
Lys199, and Arg203 orient the heme through direct interactions with the heme
propionates. The rearrangements of sidechains in heme-bound HO-2 compared to apo

HO-2 further elucidate HO-2 heme interactions.
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3.2 Introduction

Heme oxygenase (HO) catalyzes the degradation of heme to free iron, carbon
monoxide and biliverdin in the presence of NADPH-dependent cytochrome P450
reductase. Seven electrons are transferred and three molecules of oxygen are consumed in
the degradation of one molecule of heme to biliverdin (Figure 1.1). Subsequently,
biliverdin reductase reduces biliverdin to bilirubin (1). Present in both bacteria and
eukaryotes, HO is the only known enzyme that can degrade heme. HO not only plays a
critical role in heme and iron homeostasis, but the products of heme degradation have
important physiological functions (1,2). Iron is the essential catalytic center for heme and
many nonheme metalloenzymes and has crucial effects on cytoprotection (3,4). Although
CO is toxic at levels above approximately 500 ppm, it also is a signaling molecule (5,6).
CO has anti-apoptotic, anti-inflammation, and anti-proliferation properties (7-9).
Bilirubin is an antioxidant that is involved in resistance to oxidative stress (10,11).

Two HO isoforms have been reported in mammalian cells, heme oxygenase-1 (HO-
1) and heme oxygenase-2 (HO-2) (12). The mammalian HO-1 and HO-2 exhibit similar
catalytic activities and share 55% identity and 76% similarity in humans (13,14). Another
isoform, HO-3, was recently reported in rat; however, no activity was detected for this
isoform and it is considered a pseudogene (15). Plants contain several HOs, including one
named HO-2, but these lack the C-terminal membrane spanning region seen in
mammalian HOs and are more closely related to the bacterial and insect HO-1 than to the
mammalian HO-2 (13,16).

Although they are both membrane-bound proteins and their catalytic activities are
similar, HO-1 and HO-2 are expressed in discrete tissues and exhibit very different
patterns of expression (17). While human HO-1 is an inducible protein whose expression
is induced by heat shock and oxidative stress conditions, HO-2 is constitutively expressed
(17-22). HO-1 has been found in most tissues, with particularly high expression levels in
liver and spleen; however, HO-2 is mainly found in the brain, testes and carotid body
(23-26).

HO-1 and HO-2 exhibit two regions of sequence divergence: one is around residue
127 and the other is near the C-terminus between residues 240 and 295 (HO-2 numbering
throughout unless otherwise stated). In both HO-1 and HO-2, the C-termini appear to
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play regulatory roles, albeit of quite different natures. Cleavage of the 52 amino acids at
the C-terminus of HO-1 affects nuclear import, leading to the activation of genes
associated with protection against oxidative stress (27). In HO-2, the C-terminal region
between residues 255 and 287 contains two heme regulatory motifs (HRMs), which form
a thiol/disulfide redox switch that regulates heme binding affinity (28).

As full-length HO-1 and HO-2 are relatively unstable, most structure-function
studies have used truncated proteins in which the membrane region has been removed.
The truncated mammalian HO-2 can be expressed at high levels in Escherichia coli and,
as was first shown for HO-1, has a specific activity that is identical to that of the full-
length protein (29). The first three-dimensional structure of human HO-1 was determined
for the truncated protein in 1999 (30). Subsequently, many HO-1 crystal structures have
been reported, including rat HO-1, biliverdin associated HO-1, ferrous/ferrous-NO bound
HO-1 and some HO-1 variants (31-33). These structures led to significant advances in
the study of the HO-1 catalytic mechanism (34). The HO-2 used in this study is the
soluble portion of HO-2 with a mutation of Cys127 to an alanine and is missing residues
264 — 316, and will be referred to as HO-2 in this paper. Here we report the first apo and
heme-bound HO-2 crystal structures at 2.4 A and 2.6 A resolution, respectively.
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3.3 Materials and methods
3.3.1 Cloning, overexpression, and purification of human HO-2

The full-length human HO-2 ¢cDNA in a pGEX-4T-2 (Amersham GE Healthcare,
Piscataway, NJ) GST gene fusion vector was kindly provided by Dr. Mahin D. Maines
(University of Rochester, School of Medicine). The truncated HO-2 lacking the three
HRMs and the membrane binding region was generated by replacing Cys127 with
Alal27 and putting the “TAA” stop codon right before Cys265, which will be referred to
as HO-2 in this paper. The QuikChange site-directed mutagenesis protocol from
Stratagene (La Jolla, CA) was used for variant generation. A glutathione affinity column
was used to help purify HO-2 since the human HO-2 fragment was fused to glutathione
S-transferase (GST) in this construct.

HO-2 purification was performed as previously described with slight modifications
(28). The newly generated construct was transformed into E.coli strain BL21(DE3) for
protein overexpression. Cells were grown in LB medium containing 100 pg/ml
ampicillin at 37 °C and induced with 0.3mM isopropyl-beta-D-thiogalactopyranoside
(IPTG, Gold Biotechnology, Inc, St. Louis, MO). 5-Aminolevulinic acid hydrochloride
(Sigma-Aldrich, St. Louis, MO) was added to help the induction of HO-2. After cell
harvest, the pellet was resuspended in 5 volumes of lysis buffer (50 mM KCl, 50 mM
Tris-HC1 pH 7.5), containing 0.04% (v/v) Triton X-100 (Sigma-Aldrich), protease
inhibitor (1 tablet/SOmL extraction solution, Roche Applied Science, Indianapolis, IN),
lysozyme (0.5 mg/ml, Sigma-Aldrich) and Dnasel (5 units/ml, Sigma-Aldrich) at 4 °C.

Cells were lysed by sonication, and the supernatant was loaded onto a glutathione
sepharose 4B column (Amersham GE Healthcare). After washing the resin with a buffer
containing 50 mM KCI, 50 mM Tris-HCI, pH 7.5, the HO-2-GST fusion protein was
eluted with the same buffer containing 10 mM reduced glutathione. Then the glutathione
in the fractions was removed through dialysis, and the GST domain was cleaved by
limited proteolysis using thrombin. The HO-2 was separated from the GST tag with
another glutathione sepharose 4B column. The protein was then concentrated to 5 mg/ml
for crystallization. To make heme-bound HO-2, aliquots of a freshly prepared heme
solution (0.1 M NaOH solution containing 10% dimethyl sulfoxide (DMSO)) were

slowly diluted into a purified apo HO-2 protein solution to give a 2:1 molar ratio of heme
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to protein. Less than 5% (volume ratio) of the heme solution was added to prevent any
noticeable change in pH of the final heme-protein solution. All purification steps were
carried out at 4°C.
3.3.2 HO-2 crystal preparation

Crystals of the apo HO-2 were grown using the hanging drop method with 1.5 pl of
a 5 mg/ml protein solution (50mM KCI, 50 mM Tris-HCI pH 7.5) mixed with 1.0 ul of
well solution containing 40% polyethylene glycol 1.5K (Fluka, St. Louis, MO), 200 mM
potassium glutamate, and 100 mM triethanolamine pH 8.5 at 277 K. The heme-bound
HO-2 crystals were grown using the hanging drop method with 1.5 ul of 5 mg/ml”
protein solution in a (50mM KCI, 50mM Tris-HCL pH 7.5) mixed with 1.0 ul of well
solution containing 33% polyethylene glycol dimethly ether 500 (Sigma-Aldrich), 20
mM MgCl, and 100 mM 4-(2-Hydroxyethyl)-1-Piperazine-Propane-Sulfonic Acid
(HEPPS) pH 8.5 at 277 K
3.3.3 X-ray data collection and structure solution

X-ray diffraction data for the apo HO-2 structure was collected at a wavelength of
0.97933 A at The General Medicine and Cancer Institutes Collaborative Access Team
(GM/CA-CAT) beamline 23-ID-D located at the Advanced Photon Source (APS) at
Argonne National Laboratory. The diffraction data for the heme HO-2 structure was also
collected at the GM/CA-CAT beamline 23-ID-B utilizing a wavelength of 0.97946 A.
Both data sets were indexed and scaled using HKL.2000 (35). Molecular replacement was
carried out with MOLREP using human heme oxygenase-1 (PDB ID 1N45) as the initial
model (36). An initial apo HO-2 model was partially built with ARP/WARP resulting in a
structure with 54.7% of the possible residues positioned (37). The apo HO-2 structure
was completed with several rounds of manual building with Coot and restrained
refinement in REFMAC (38,39). The refined apo HO-2 structure was used as the
molecular replacement model for the heme-bound HO-2 structure. The heme-bound HO-
2 model was then completed as described for apo HO-2. The refinement process for apo
HO-2 was monitored using an Rg.. value based on 5.1% of all the independent reflections.
The same set of reflections was used to calculate Ry in the heme-bound HO-2 structure.

The quality of the final structures was assessed using MOLPROBITY and
PROCHECK (40,41). The final model of apo HO-2 was refined to a resolution of 2.40 A
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with an R factor of 0.205 and an Rgee of 0.253. Heme-bound HO-2 was refined to a
resolution of 2.61 A with an R factor of 0.195 and an Ry of 0.256. The 16-conformer
heme-bound HO-2 structure had a R factor of 0.156 and an Ry, of 0.244. All pertinent
information on data collection, refinement, and model statistics of apo and heme-bound

HO-2 are summarized in Table 3.1. Figures were generated using PyMOL and Chimera

(42).

TABLE 3.1 Crystal parameters, X-ray data collection, and refinement statistics.

Apo Human HO-2 Heme Human HO-2

Resolution range

Refinement and model statistics

49.15-2.40 (2.46-2.40)

Space group P2,2:2; P2,2,2,

Unit cell parameters (A) A=75.769,B=86.017,C A=74977,B=85.094,C=
=97.753 97.846

Data collection statistics

Wavelength (A) 0.97933 0.97946

Resolution range (A) 50.0-2.3 (2.38-2.30) 40.96-2.32 (2.4-2.32)
Number of reflections (measured / 203168 /28128 278069 /24030
unique)
Completeness (%) 95.9 (78.2) 85.6 (27.4)

merge 0.08200 0.08300
Redundancy 7.3 (3.9 11.6 (1.8)
Mean I/o(I) 21.89 (1.93) 19.2 (0.776)

40.96-2.61 (2.68-2.61)

No. of reflections (work / test) 25217 19515
Reryst 0.201 0.205
Réee 0.253 0.256
r.m.s.d. bonds (A) 0.011 0.006
r.m.s.d. angles (*) 1.255 0.951
ESU from Ry (A)° 0.249 0.305
B factor

Wilson plot (A) 59.62 65.96
No. of protein molecules / atoms 2/3621 2 /3563
No. of waters 154 86
No. of ions 0 0
No. of auxiliary molecules 2 Triton X-100 2 Hemin
Ramachandran plot (%)
Most favorable region 93.2 94.7
Additional allowed region 6.8 5.3
Generously allowed region 0.0 0.0
Disallowed region 0.0 0.0
PDB code 2Q32 2QPP
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3.4 Experimental results
3.4.1 HO-2 overall structure

The HO-2 that was used in this study lacked the two C-terminal HRM domains
(265-316), and had Cys 127 mutated to Ala. These alterations to HO-2 were done to
increase the likelihood of crystallization. Two molecules of HO-2 were observed in the
asymmetric unit of both apo HO-2 and heme-bound HO-2. Out of the 264 residues in the
truncated apoprotein, 212 residues were observed in molecule A, and 217 residues were
observed in molecule B. Molecule A of apo HO-2 was lacking electron density in both
the N-terminal (Metl — Met28), and the C-terminal (Ser242 — Lys264) regions. The B
molecule of apo HO-2 was lacking density for several N-terminus (Metl — Met30), and
C-terminus (Leu249 — Lys264) residues. There were two partially resolved molecules of
Triton X-100 observed near the heme-binding site in both apo HO-2 molecules. Similarly,
in the heme-bound HO-2 structure, 213 residues were observed in molecule A and 218
residues were observed in molecule B. The A molecule of heme-bound HO-2 was lacking
electron density for Metl — Met28, and Thr243 — Lys264. The B molecule of heme-
bound HO-2 was missing density for Metl — Arg29, and Leu249 — Lys264. In all
previous HO-1 structures, the C-terminal residues also have not been observed.

In the B molecule of heme-bound HO-2, the heme was modeled at 75% occupancy.
Elongated positive electron density was observed near the heme in both molecules of the
heme-bound HO-2 structure. Compared to the A molecule the heme pocket of the B
molecule was more disordered. The four pyrrole rings of the heme in the B molecule
were restrained during refinement to form a plane. There was no need to restrain the
heme in molecule A beyond the default REFMAC parameters. In addition to REFMAC
restrained refinement the heme-bound HO-2 was also modeled using ensemble
refinement using CNS (PDB id 2RGZ) (43.,44). The disorder of the heme in the heme
pocket of the B molecule can be seen in the 16-conformer ensemble refinement (Figure

3.1).
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FIGURE 3.1 Results from the ensemble refinement of heme-bound HO-2. The spatial
distribution of the heme molecule can be seen in the A, top view and the B, side view of
the 16-conformer model of the heme-bound HO-2 B molecule.

The secondary structural elements of HO-2 are almost exclusively a-helical, with
short loop segments that connect adjoining a-helixes (Figure 3.2). The overall structure
of HO-2 is nearly identical to those of human (30) and rat HO-1 (45) (Figure 3.3A, 3.3B),
the bacterial HOs (N. meningitidis HmuO (46), C. diphtheriae HemO (47), and P.
aeruginosa PigA (48)), as well as the Synechocystis HOs (49,50). These similarities
include the kinked distal helix and heme binding site. Like HO-1 (45,51)and HmuO (34),

the overall fold is maintained even in the absence of substrate heme.
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FIGURE 3.2 The secondary structure of HO-2. The secondary structure of HO-2 is
shown with the N terminus in blue and the C terminus in red. The proximal helix is
marked Al and the distal helix is marked AS. A, Stereo view of human apo HO-2
secondary structure. Triton X- 100 is shown, with Carbon in green and oxygen in red,
positioned in the hydrophobic cavity of HO-2. B, Stereo view of heme HO-2 secondary
structure. Heme is shown, carbon in green, oxygen in red, nitrogen in blue, and iron in
orange, attached to His45.
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FIGURE 3.3 Structure comparison between human HO-1 and HO-2. A, structure
comparison between apo-HO-1 (orange) and apo-HO-2 (green). B, structure comparison
between heme-HO-1 (cyan) and heme-HO-2 (red). C, structure comparison between apo-
HO-2 (green) and heme-HO-2 (red).

3.4.2 Distal helix in HO-2 structure

A flexible, highly conserved sequence (Gly159—Asp-Leu-Ser-Gly-Gly164), which is
an integral part of the heme binding pocket, allows the distal helix to bend and come
close to the heme (30,32,45,46,51-54). This glycine-rich flexible region in heme-bound
HO-2 allows the backbone atoms of Glyl59 to interact with the heme iron through a
water molecule. Gly159 in apo HO-2 is in the same position as observed in heme-bound
HO-2. The catalytically important Asp160 that resides on the distal helix is relatively
unchanged in both apo and heme-bound HO-2 (55,56). The most striking differences
between the distal helix in apo HO-2 and heme-bound HO-2 are found in the amino acids
near the bound heme. In heme-bound HO-2, Tyr154 repositions to form a hydrogen bond
with the propionate located in the heme pocket. The side chains of Thr155 and Argl56 in

heme-bound HO-2 move away from the heme allowing more room in the heme pocket
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(Figure 3.4). The expansion of the heme pocket caused by the movement of Thr155 and
Argl56 is not observed in apo HO-2.

In the previously solved heme-bound human HO-1 structure, the two HO-I
monomers in the asymmetric unit were observed in slightly different conformations (30).
Molecule A of the heme-bound HO-1 was considered to be in a closed conformation
while molecule B was in an open conformation, which was proposed to be important in
binding heme and/or releasing products (30). The difference between the open and closed
conformation is the position of the distal helix with respect to the heme pocket. In the
open conformation, the distal helix has moved away from the heme pocket, causing a
slightly larger heme pocket compared to the closed conformation. In the HO-2 structures
the movement of the distal helix occurs at Gly163. Gly163 moves away form the heme
causing the heme pocket to adopt the open conformation. By comparing the overall r.m.s.
deviation of the heme-bound HO-1 and HO-2 alpha-carbons it is apparent that both apo
HO-2 and heme-bound HO-2 are in the open conformation (Figure 3.3C, Table 3.2).
The movement of the distal helix at Gly163 is seen when the apo and heme-bound HO-2
structure is compared to the closed heme-bound HO-1 structure (Figure 3.5). All other
significant backbone atom deviations between HO-2 and HO-1 are located in the loops

between helices.
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TABLE 3.2 r.m.s. deviation of carbon-a atoms between apo and heme-bound
molecules of HO-1 and apo and heme-bound molecules of HO-2

r.m.s deviation

Closed HO-1 Open HO-1
Apo HO-2 Molecule A 0.897 0.786
Apo HO-2 Molecule B 0.881 0.770
Heme HO-2 Molecule A 0.862 0.731
Heme HO-2 Molecule B 0.842 0.697

Tyr154 Arg156

Thr155 (

™ T

His45

FIGURE 3.4 Proximal helix side-chain rearrangement observed in heme-bound HO-
2 caused by heme binding. The amino acids in red are from heme HO-2, whereas the
amino acids in green are from apo HO-2. The coordinated heme is shown with carbon in
white, nitrogen in blue, oxygen in red, and iron in orange.
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FIGURE 3.5 Comparison of apo and heme-bound HO-2 to the open and closed
conformations of the previously solved heme bound HO-1 structure. A, Heme-bound
HO-2 ribbon diagram in red superimposed over the open conformation of heme-bound
HO-1 in black. B, Heme-bound HO-2 ribbon diagram superimposed over a ribbon
diagram of the closed conformation of heme-bound HO-1. The black arrow shows the
position in the distal helix where heme HO-2 deviates from heme HO-1. C, Sticks
representation of the distal helix (160-170) of heme-bound HO-2 in red superimposed
over the closed form of heme-bound HO-1 in black. D, Apo HO-2 ribbon diagram in
green superimposed over the open conformation of heme HO-1 in black. E, Apo HO-2
ribbon diagram superimposed over a ribbon diagram of the open conformation of heme-
HO-1. The arrow shows the position were apo HO-2 deviates from the closed
conformation of heme HO-1. Both apo and heme-bound HO-2 start to deviate from
closed heme HO-1 at similar positions along the distal helix. F, Sticks representation of
distal helix (160-170) of apo HO-2 in green superimposed over the closed form of heme-
bound HO-1 in black.

3.4.3 Proximal helix in HO-2 structure

Unlike the distal helix, the proximal helix lacks any flexible region that would allow
the helix to translocate during heme binding. The heme iron coordinating histidine, His45,
resides on the proximal helix (Figure 3.6). His45 of heme-bound HO-2 coordinates the
heme iron through an imidazole nitrogen with a bonding distance of 2.1 A in the A

molecule. The distance between the imidazole nitrogen of His45 and the heme iron was
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restrained during refinement to a distance of 2.1 A. A hydrogen bonding interaction with
Glu49 serves to stabilize the iron coordinating histidine. A carboxyl oxygen from Glu49
forms a hydrogen bond with the imidazole nitrogen of His45 that is not coordinating the
heme iron at a distance of 3.5 A in molecule A and 3.8 A in molecule B. The interaction
between His45 and Glu49 is not present in the apo HO-2 structure. Without a bound
heme, the imidazole ring of His45 of apo HO-2 is no longer restrained and adopts a
different conformation than the one that is observed in heme-bound HO-2 (Figure 3.6).
There is little change in the proximal helix with the exception of the movements of His45
and Glu49.
3.4.4 Hydrophobic region in HO-2 structure

The residues that make up the hydrophobic pocket, Val54, Phe53, Phe57, and
Phe234 remain unchanged in both apo and heme-bound HO-2. In the heme-bound HO-2,
the heme o-meso edge is positioned so that it is directed toward the residues that make up
the hydrophobic region of the heme pocket. Unexplained positive electron density was
observed between the hydrophobic region and the a-meso edge of the heme in the heme-
bound HO-2 structure. We were unable to identify the compound giving rise to the
density and the density was left un-modeled (Figure 3.7A). In the same region that the
unexplained density was found in heme-bound HO-2, a molecule of Triton X-100 was
observed in apo HO-2. The Triton X-100 molecule occupied a position near the
hydrophobic region of the heme pocket where the heme a-meso edge would occupy
(Figure 3.7B). The tetramethylbutyl group of the Triton X-100 was in the same position
as the unexplained density in heme-bound HO-2.
3.4.5 Heme protein interactions

In HO-2 and other known HOs, the a, B, and y-meso edges of the heme group are
positioned in the interior of the heme pocket with the 5-meso edge exposed to the solvent.
In order for the hydroperoxo form of HO-2 to specifically catalyze electrophilic attack on
the heme a-meso carbon, the heme group needs to be properly oriented in relation to the
heme pocket. The way that HO-2 seems to orientate the bound heme is through
interaction with the propionate groups. One of the heme propionate groups is buried in
the heme pocket while the other is exposed to solvent. In the heme-bound HO-2 structure,

there are three residues that play crucial roles in heme coordination (Tyr154, Lys199, and
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Arg203). Tyr154 is located on the distal helix with its OH group 2.7 A in molecule A and
2.9 A in molecule B from one of the carboxyl oxygens of the buried propionate (Figure
3.6). Located on the A6 helix, Arg203 coordinates the a carboxyl oxygen of the buried
propionate at a distance of 2.4 A in b the A molecule and 2.6 A the B molecules. The
solvent exposed propionate is coordinated to Lys199 and could transiently hydrogen
bond with Lys38. Like Arg203, Lys199 is located on the A6 helix and interacts with the
solvent exposed propionate at a distance of 3.0 A in both the A and B molecules. While
Lys38 is too distant to form a hydrogen bond with the solvent exposed propionate in the
crystal structure, a shift in the position of the propionate could cause the formation of a
hydrogen bond. These hydrogen bonds correctly orient the heme and place the a-meso

edge carbon in position for hydroxylation (Figure 3.6).
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FIGURE 3.6 Movement of the distal histidine in apoHO-2 compared with the distal
histidine of heme-bound HO-2. A, molecule A of heme-bound HO-2 shown in gray,
compared with the A molecule of apoHO-2 in green. The dashed line represents a
hydrogen bond between His45 and Glu49 in the heme-bound HO-2. B, molecule B of
heme-bound HO-2 in gray compared with the B molecule of apoHO-2 in green. The
dashed line represents a hydrogen bond between His45 and Glu49 in the heme-bound
HO-2. C, protein heme interactions in the A molecule of heme-bound HO-2. The
hydrogen bonding amino acids that position the heme are shown in gray. The hydrogen
bonds are shown with dashed black lines. D, protein heme interactions in the B molecule
of heme-bound HO-2. The hydrogen-bonding amino acids that position the heme are
shown in gray. The hydrogen bonds are shown with dashed black lines.
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3.5 Discussion
The two structures we present are of the core domain of human HO-2. These

truncated human HO-2 structures contain the region responsible for heme recognition,
binding, and degradation, elucidating the important structural features of HO-2 and
improving our understanding of the catalytic mechanism of HO-2. The structures indicate
that the catalytic cores of HO-1 and HO-2 are structurally conserved, and the major
differences underlying the diverse physiological functions of HO-1 and HO-2 may lie in
the C-terminus of the two proteins.

3.5.1 Hydrophobic cavity

The conformation of the HO-2 heme pocket can be directly affected by the
hydrophobic cavity. One possible reason that both HO-2 structures were observed in an
open conformation could be due to the Triton X-100 in apo HO-2 and the un-modeled
electron density in heme-bound HO-2. The Triton X-100, which occupies a position near
the hydrophobic cavity, might hinder the heme pocket from assuming a closed
conformation. Though there is no definitive evidence, it seems likely that the extra
electron density that was observed adjacent to the heme in the heme-bound HO-2
structure is a DMPEG 500 molecule from the crystallization solution. The DMPEG 500
of heme-bound HO-2 could act in a similar way as the Triton X-100 in apo HO-2, and
force the distal helix into the open conformation.

This is not the first time that something has been found in proximity to the
hydrophobic region. A crystal structure of HO-1 in complex with biliverdin shows that
the biliverdin binding site is adjacent to the hydrophobic pocket, and, compared to the
heme binding site of HO-1, it has moved further into the interior of the heme pocket (52).
A portion of the biliverdin molecule in HO-1 occupies the same position as Triton X-100
in apo HO-2 and unaccounted electron density in heme-bound HO-2. It appears that this

large cavity in HOs plays a role in hydrophobic substrate binding.
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the F, - F. map of the heme-bound HO-2 heme pocket contoured at 36. The heme group
is shown with carbon in gray, oxygen in red, and iron in orange. The red spheres
represent water molecules. B, stereo view of the 2 F, - F, of the hydrophobic region in the
heme pocket of apoHO-2 shown at 1 6. The Triton X-100 is shown with carbon in yellow
and oxygen in red.

3.5.2 Comparison of HO-1 and HO-2

There is a high level (45%) of sequence identity between full-length HO-1 and HO-
2 (Figure 1.3), with 55% identity in the conserved core regions of HO-1 and HO-2. The
heme pocket regions in HO-1 and HO-2 are highly conserved. With such a high level of
identity, it is not surprising that the core domains of HO-1 and HO-2, which are
responsible for the heme binding and degradation, share a similar fold. Both HO-1 and
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HO-2 structures consist mostly of alpha helices (Figure 3.3). Overall the secondary
structure of HO-2 closely resembles apo-HO-1 and heme-bound HO-1.

It has been shown that mutating Asp140 to an Ala converts HO-1 into a peroxidase
(56). It is proposed that the Asp140 to Ala mutant can not stabilize the peroxide bond and
therefore ~ forms an Fe™-O oxyferryl center instead of the Fe™-OOH reactive
intermediate (57). Aspl40 stabilizes the Fe™-OOH intermediate through a hydrogen
bonding network with water molecule located near the heme and the Fe™-OOH
intermediate. In the high-resolution heme-bound HO-1 structure, the water molecules
thought to be involved in this hydrogen bond network were observed in the closed
conformation (51). The open conformation of heme-bound HO-1 has a much less ordered
solvent structure with some water thought to be at a partial occupancy. This disorder in
the open confirmation may explain why the solvent structure is not seen in the heme-
bound HO-2 structure. Even though the entire hydrogen network is not resolved in the
heme-bound HO-2 structure, Asp160 still adopts the same conformation as Asp140 in the
heme-bound HO-1 model, and is thought to act in a similar fashion.

Although the C-terminal HRM region shows the most significant sequence
divergence between HO-1 and HO-2, most of the key amino acids involved in heme
binding, Lys38, His45, Glu49, Tyr154, G159, Asp160, Gly163, Lys199, and Arg203 are
observed in similar positions in the heme-bound HO-2 structure when compared to heme-
bound HO-1. The major differences in the crystal structure of apo HO-2 and heme-bound
HO-1 are seen in the helices that directly interact with the heme. The proximal helix of
apo HO-2 moves slightly downward and the distal helix moves upward relative to heme-
bound HO-1. In heme-bound HO-2, the same displacement of the distal helix is observed
when compared to heme-bound HO-1.

3.5.3 Regioselectivity

When free heme is oxidized by ascorbate in an aerobic environment, all four of the
heme meso carbons are oxidized with equal frequency (58). The oxidation of heme by
HO-1 can also be driven with ascorbate without cytochrome P450 reductase, but the
reaction only results in the oxidation of the heme a-meso carbon, just as in the reaction
performed in the presence of the reductase (59). Spectroscopic, crystallographic and

enzymatic studies have provided important information on the steric and electronic

64



factors that control regioselectivity in the bacterial and mammalian HOs (34,59,60). The
crystal structure described here provides additional insight into how the oxidation of the
heme in HO-2 is limited to the a.-meso carbon. The distal helix is positioned so that the
helix is in close proximity across the entire width of the heme. This sterically hinders
access to the B- y- and 8-meso carbons. In order for the distal helix to restrict access to
the B- y- and 3-meso carbons the heme has to be properly positioned in the heme pocket.
As seen in other a-hydroxylating HOs, the interactions between Tyr154, Lys199, Arg203,
and to a lesser extent Lys38, and the heme propionates are responsible for positioning the
heme in the heme pocket. Disrupting these sidechain-heme interactions can result in the
loss of regioselectivity (59-62). Heme oxygenase from Pseudomonas aeruginosa (pa-HO
or PigA), unlike mammalian HOs, oxidizes the heme at the 6-meso carbon (61,63).
Asnl9, Phel17, Lys132 and Trp158 of pa-HO interact with the heme instead of Tyr154,
Lys199, and Arg203 in heme-bound HO-2. The position of the heme in pa-HO is rotated
by ~100° counterclockwise, placing the 5-meso carbon in the same position as the a-
meso in HO-2 (48,61). Lys13 coordinates the heme propionate in pa-HO, and the distal
helix restricts access to all but the d-meso carbon. It is apparent that the position of the
heme in relation to the heme pocket is the cause of the regioselectivity of HO-2.
3.5.4 An implication for catalysis

HO-2, unlike globins, does not have a distal histidine or any other polar residues
that stabilize the iron bound ligand. The only moiety that is in position to stabilize the
distal water ligand is the carbonyl oxygen of Gly159. Asp160, which interacts indirectly
with the iron hydroperoxy intermediate through a hydrogen bonded water molecule, is
hydrogen bonded to a water molecule in a similar position to a water molecule seen in
heme-bound HO-1. Both molecules of heme-bound HO-2 were in the open conformation
when compared to heme-bound HO-1. The open confirmation of heme-bound HO-1 did
not have a fully resolved solvent structure (51). It is likely that the open conformation of
heme-bound HO-2 would act in a similar manner to the open confirmation of heme-
bound HO-1 and the entire solvent structure would not be observed. It is likely that when
HO-2 binds heme, the heme pocket closes, trapping the necessary water molecules that
then form a hydrogen bonding network with Asp160. The water molecule network could

act as a proton transport system required to form the Fe™-OOH intermediate, which
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subsequently attacks the o-meso carbon. This H-bonding network also appears to be

involved in promoting conformational dynamics associated with catalysis (64).
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3.6 Conclusion

In this chapter, we report the first apo and heme-bound HO-2 crystal structures
using a truncated HO-2 that contains the residues 1-264 with a mutation of Cys127 to Ala.
The apo and heme-bound HO-2 crystal structures are solved at 2.4 A and 2.6 A resolution,
respectively. Both the apo and heme-bound HO-2 crystal structures consist of seven o.-
helixes, with a-helix 1 and a-helix 5 as proximal and distal helixes, respectively. The
His45 residue, which is located at the proximal helix, is confirmed as the iron
coordinating residue in our structures. A conserved glycine-rich, flexible segment
(G159DLSGG4) exists in the distal helix, facilitating the distal helix to bend and interact
with the heme in the active site. Glyl159 interacts with the heme iron through a water
molecule. This water ligation is supported by a hydrogen bond network, in which Asp160
and Gly163 are involved. Furthermore, the orientation of bound heme is cooperatively
maintained by Tyrl54, Lys199, and Arg203, which can interact with the heme
propionates through hydrogen bonds directly. The translocation of the sidechains, which
is composed of Tyr154, Thr155, and Agr156, happens when the heme binds to the active
site. This rearrangement further elucidates HO-2 heme interactions and heme degradation

mechanism.
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Chapter 4

Spectroscopic Insights into Axial Ligation and Active-Site H-Bonding in Substrate-

Bound Human Heme Oxygenase-2

This project was a collaboration with Dr. Thomas C Brunold’s research group at the
University of Wisconsin-Madison. The results from this chapter has been submitted for
publication: Gardner, J. D., Yi, L., Ragsdale, S. W., and Brunold, T.C. “Spectroscopic
Insights into Axial Ligation and Active-site H-bonding in Substrate-Bound Human Heme
Oxygenase-2".

In this chapter, Jessica D. Gardner performed the magnetic circular dichroism (MCD)
and resonance Raman (rR) experiments. Li Yi performed the sample preparation and the
EPR and UV-visible spectroscopic experiements. Jessica D. Gardner and Thomas C
Brunold analyzed the MCD and rR data. Li Yi and Stephen W. Ragsdale analyzed the
EPR and UV-visible spectroscopic data.
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4.1 Abstract

Heme oxygenases (HOs) are monooxygenases that catalyze the first step in heme
degradation, converting heme to biliverdin with concomitant release of Fe(Il) and CO
from the porphyrin macrocycle. Two heme oxygenase isoforms, HO-1 and HO-2, exist
that differ in several ways, including a complete lack of Cys residues in HO-1 and the
presence of three Cys residues as part of heme regulatory motifs (HRMs) in HO-2.
HRMs in other heme proteins are thought to directly bind heme, or to otherwise regulate
protein stability or activity; however, it is not currently known how the HRMs exert these
effects on HO-2 function. To better understand the properties of this vital enzyme and to
elucidate possible roles of its HRMs, various forms of HO-2 possessing distinct
alterations to the HRMs were prepared. In this study, variants with Cys265 in a thiol form
are compared to those with this residue in an oxidized (part of a disulfide bond or existing
as a sulfenate moiety) form. Absorption and magnetic circular dichroism spectroscopic
data of these HO-2 variants clearly demonstrate that a new low-spin Fe(Ill)-heme species
characteristic of thiolate ligation is formed when Cys265 is reduced. Additionally,
absorption, magnetic circular dichroism, and resonance Raman data collected at different
temperatures reveal an intriguing temperature dependence of the Fe spin state in the
heme-HO-2 complex. These findings are consistent with the presence of a hydrogen-
bonding network at the heme’s distal side within the active site of HO-2 with potentially

significant differences from that observed in HO-1.

73



4.2. Introduction

Heme is an Fe-containing cofactor necessary for a variety of biological processes (1).
It is an integral component of the O, transport and storage proteins hemoglobin and
myoglobin (2). Heme is also found in the cytochromes involved in the electron transport
chain used for ATP synthesis. Additionally, heme serves as a cofactor in many enzymes,
such as cytochromes P450, which are monooxygenases that insert oxygen into a variety
of biological substrates, and peroxidases that catalyze oxidation-reduction reactions
involving peroxides (3). Heme also plays a regulatory role as a small molecule sensor in
proteins such as FixL, in which O, binding to heme ultimately regulates gene expression,
and soluble guanylate cyclase, which is activated by binding of NO to heme (4-6). In
spite of its importance, heme is toxic when it is free in the body. Free heme is a
lipophilic molecule that can intercalate in, and thus destabilize, lipid bilayers of cell and
organelle membranes (7,8). It also generates reactive oxygen species that can damage
lipids, proteins, and DNA (8,9). A heme degradation pathway exists to prevent such
damage. Heme is first oxidized by heme oxygenase (HO) to produce biliverdin, along
with CO and Fe (10,11). The biliverdin is subsequently reduced by biliverdin reductase to
bilirubin, which is less lipophilic and thus more readily excreted.

By catalyzing the first step in heme degradation, HO plays a vital role in
maintaining proper heme homeostasis. Crystal structures of human forms of the enzymes
have revealed that heme binds to HO in a highly conserved pocket of hydrophobic
amino-acid residues (12-14). Several residues contribute to H-bonding interactions with
peripheral substituents of the heme macrocycle to correctly orient the substrate within the
active site. Additionally, the heme is ligated axially by a His residue from the protein and
a solvent molecule. The reaction catalyzed by HO is intriguing in that heme serves as
both cofactor and substrate, essentially catalyzing its own degradation (15). Catalytic
mechanisms have been proposed wherein O, coordinates axially to Fe, replacing solvent
in the distal position, and subsequently attacks the a-methine carbon of the heme
macrocycle (11).

Two heme oxygenase isoforms, HO-1 and HO-2, exist that catalyze the same
reaction but differ in several notable ways (16). HO-1 exhibits inducible expression,

whereas HO-2 is expressed constitutively. Also, while HO-1 is localized predominantly
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in the liver and spleen where it serves to break down excess heme, HO-2 is present at
high levels in the brain where it is thought to contribute to cell signaling by formation of
CO (16-18). Structurally, the two isoforms have very similar, though not entirely
identical, heme-binding regions but otherwise exhibit a number of significant differences,
including a complete lack of Cys residues in HO-1 and the presence of three Cys residues
as part of heme regulatory motifs (HRMs) in HO-2 (19). HRMs are also found in a few
other heme proteins and are thought to bind heme or to otherwise regulate protein
stability and/or activity (20-27). For instance, the yeast gene transcriptional activator
HAPI1 is activated by heme binding to the Cys residue in its HRM, which blocks
repressor binding (20). Also, binding of heme to an HRM in a-aminolevulinic acid
synthase, the first enzyme in heme biosynthesis, inhibits transport of this enzyme into the
mitochondria (21).

At present, the roles that HRMs play with respect to HO-2 function are incompletely
understood; however, it has been shown through mutagenesis studies that the HRMs are
not necessary for catalysis (19). Recently, it was proposed that the HRMs act as a so-
called redox switch to regulate HO-2 heme binding affinity (28). Studies of various forms
of HO-2 possessing distinct alterations (truncations or Cys to Ala mutations) to the
HRMs provided evidence that a disulfide bond exists between the Cys residues of the two
C-terminal HRMs (Cys265 and Cys282) that can be reduced to provide a free thiol(ate)
group (Cys265) capable of coordinating to the heme iron. The disulfide-reduced HO-2
species were shown to have significantly lower binding affinities for Fe(Ill)-heme than
their counterparts containing intact disulfide bonds. Further characterization of these
species by absorption (Abs), magnetic circular dichroism (MCD), and resonance Raman
(rR) spectroscopies presented herein confirms the presence of a Cys-ligated heme
species. Additionally, these spectroscopic studies reveal an intriguing temperature
dependence of the spin state of the Fe(Ill) ion in the heme-HO-2 complex, consistent
with the possibility that, as observed in HO-1, a hydrogen-bonding network exists at the
heme’s distal site in HO-2, which could play an important role in the catalytic mechanism
employed by this enzyme. Moreover, because this temperature-dependent behavior has
only been observed in HO-2, our data suggest that small, but potentially significant,

differences exist between the active sites of these two HO isoforms.
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4.3 Materials and methods
4.3.1 HO-2 and its variants experimental samples preparation

Samples of three HO-2 variants were used for the experiments described below.
Each variant was truncated to remove the membrane-binding region (amino-acid residues
289-316) because the full-length protein is less stable and cannot be prepared at
sufficiently high concentrations for these spectroscopic experiments; this truncated
protein is hereafter referred to as HO-2,. The variants studied include HO-2,
CI127A/C282A HO-2;, and C127A HO—2t*, where HO—2t* indicates the removal of amino
acid residues 265-316, which contain the C-terminal HRMs. Each species was
characterized in the as-isolated (i.e., containing Fe(Ill)-heme and a disulfide bond
between C265 and C282 in the case of HO-2,) and dithiothreitol (DTT)-reduced (wherein
Cys residues are reduced to the thiol form but the Fe remains in the Fe(III) state) forms.
The HO-2, and C127A HO-2," variants were also studied in the Fe(II)-heme form. To
prepare these samples, the protein was suspended in buffer containing 50 mM Tris-HCI
and 50 mM KCI (pH 7.5). DTT-reduced protein was prepared by incubating 150 uM as-
isolated protein with 10 mM DTT on ice for 1 h. then extensively dialyzing with buffer in
an anaerobic chamber (Vacuum Atmospheres Company, Hawthorne, CA). The number
of free thiol groups in the DTT-reduced HO-2* variants was determined using 5,5’-
dithiobis(2-nitrobenzoate) (DTNB) as described previously (28). The protein-heme
complexes were prepared by incubating purified HO-2; or its variants with a 1.5-fold
molar excess of a freshly prepared Fe(Ill)-heme stock solution containing 5-10%
dimethyl sulfoxide (DMSO) and 100 mM NaOH to prevent heme aggregation. This stock
solution was passed through a 0.22 um filter prior to addition to HO-2 to ensure that no
heme aggregates were present. Excess heme was immediately removed from the
reconstituted protein samples by two cycles of chromatography with a Bio-Spin6 column
(Bio-Rad, Hercules, CA). During a previous optimization of this method it was found that
the final heme/protein ratio is approximately 1:1, as verified by the pyridine hemochrome
assay (29). All samples were examined spectroscopically after chromatography to verify
the absence of unbound heme, the presence of which would give rise to a characteristic
broad Abs band at 385 nm. Addition of Fe(Ill)-heme was carried out in an anaerobic

chamber in the case of the DTT-reduced HO-2 variants. Fe(II)-heme was prepared by
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adding freshly prepared sodium dithionite (2 mM final concentration) to a stock solution
of 200 uM Fe(IlI)-heme in 20% DMSO in the anaerobic chamber. This was then added to
protein anaerobically as described above. Protein concentrations were determined using
the Rose-Bengal method (30). Samples contained 15-20 uM heme-bound protein, and all
samples used for low temperature (LT) absorption (Abs) and magnetic circular dichroism
(MCD) experiments also contained approximately 60% (v/v) glycerol. In preparation for
spectroscopic experiments, the samples were thawed on ice, transferred into MCD
sample cells or NMR tubes, and frozen in liquid N,. All DTT-reduced and Fe(II)-heme-
containing samples were handled under an atmosphere of N (g).
4.3.2 Absorption, magnetic circular dichroism, and resonance Raman spectroscopic
studies

Room temperature (RT) Abs spectra were obtained using a Varian Cary 5Se
spectrophotometer. The sample compartment was purged with N, (g) when collecting
data for the DTT-reduced and Fe(II)-heme-containing samples. LT (4.5 K) Abs and MCD
and 277 K MCD spectra were obtained using a Jasco J-715 spectropolarimeter in
conjunction with an Oxford Instruments SM4000-8T magnetocryostat. The MCD spectra
presented herein were obtained by subtracting the —7 T data from the +7 T data.

Resonance Raman (rR) data were obtained by exciting the samples with 406.7 or
413.1 nm light from a Kr" ion laser (Coherent 1-302C). The power of the incident light
was approximately 25 and 15 mW for LT (77 K) and 277 K experiments, respectively.
Light scattered at approximately 135° from the sample was dispersed by a triple
monochromator (Acton Research SpectraPro) with a 2400 g/mm grating and detected
with a liquid-N;-cooled back-illuminated CCD camera (Princeton Instruments Spec-10
100BR, 1340 x 100 pixels). The NMR tubes containing the samples were immersed in
liquid N3 or an ice/H,O bath during data collection.
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4.4. Experimental results
4.4.1 Redox changes in the HRMs affect the spin state of Fe**-heme

EPR measurements were performed to characterize the axial ligand for the Fe’'-
heme in oxidized and reduced HO-2 (Figure 4.1). All the EPR measurements were
performed at 10 K, since the low-spin heme relaxes very fast. The spectra of oxidized
HO-2 indicate a predominantly six-coordinate high-spin state with g-values for the high
spin component at 5.80 and 1.99. These values are indicative of ligation by His and water
(31), like in HO-1 (32) (Figure 4.1A). A small portion of the low-spin component at 2.87,
2.26, and 1.64 was also exist in the spectra, which indicates a His/N ligation of heme
(Figure 4.1A). Compared with the EPR spectra of oxidized HO-2, the EPR spectra of
reduced HO-2 exhibit a mixture of high spin (5.78) and low spin heme (g-values at 2.41,
2.26, and 1.91). These values are indicative of thiolate/water ligation (31).

Compared with the EPR spectra of oxidized/reduced HO-2, the EPR spectra of
oxidized and reduced C265A are nearly identical, indicating a predominantly high-spin
state (Figure 4.1B). The low spin heme components (g-values at 2.41, 2.26, and 1.91) are
present neither in oxidized nor reduced C265A, which suggests that Cys265 is
responsible for the thiolate/water ligation. Thus, when the HRMs are in the disulfide state,
the low- and high-spin ferric heme appears to have His and water (or OH, or N) ligands
(g values of 5.80 and 1.99, or 2.87, 2.26, and 1.64, respectively). It is only upon reduction
of the HRM that the EPR spectra of the low-spin heme switch to the values characteristic
of Cys and water (or OH) ligation (2.41, 2.26, and 1.91).
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FIGURE 4.1 EPR spectra of ferric heme complexed with oxidized and reduced HO-2
and C265A variant. Samples were prepared with 1:1 ratio of Fe’*-heme and HO-2. EPR
measurements were performed at 10 K with microwave frequency of 9.39 GHz,
microwave power of 1 mW, field modulation amplitude of 10.15 G at 100 kHz. A, Fe**-
heme plus oxidized HO-2 (black); Fe’*-heme plus reduced HO-2 (blue). B, Fe*"-heme
plus oxidized C265A (black); F ¢’ -heme plus reduced C265A (blue)
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FIGURE 4.2 UV-visible spectra of Fe’"-heme-reduced HO-2 and Fe**-heme-reduced
C265A variant at different temperatures. UV-visible spectra were recorded in the
temperature range of 25 °C to 5 °C. Samples were prepared with 1:1 ratio of Fe*"-heme
and DTT-reduced protein. DTT was removed before heme constitution. A, Fe’"-heme
plus reduced HO-2. B, Fe*"-heme plus reduced C265A
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4.4.2 Cys265 in HO-2 can ligate to Fe’*-heme to form a low-spin Fe’"-heme species
4.4.2.1 Abs and MCD data

The replacement of His ligation (His45) by thiol ligation (Cys265), which is
apparent in the EPR measurements (Figure 4.1), is also indicated by low-temperature
UV-visible spectroscopic analysis (Figure 4.2). For the Fe’"-heme bound reduced HO-2,
(Figure 4.2A), as the temperature decreased from 25 °C to 5 °C, the peak intensity at 406
nm decreased accompanied by an increase in absorbance at 428 nm, indicating a
conversion from His/water to Cys/water ligation. This spectral change is not observed
with Fe’*-heme bound reduced C265A variant, which may be due to the lack of thiol
ligand in C265A variant (Figure 4.2B).

In order to further elucidate this Cys265 mediate ligand switch, RT Abs spectra were
obtained for the as-isolated (i.e., Fe(IlI)-heme-bound) truncated form of heme oxygenase-
2 (HO-2,) and two variants (C127A/C282A HO-2,, containing only Cys265 that is at least
partially oxidized to its sulfenate form, and C127A HO-2,", lacking all three Cys residues)
that possess changes to the C-terminal heme-regulatory motifs (HRMs) (28). The Abs
spectrum of each of these species exhibits the Soret feature at approximately 403 nm and
distinct charge transfer (CT) bands at approximately 500 and 631 nm (Figure 4.3A,
dotted lines), typical of high-spin Fe(IlI)-heme complexes (33). These data are consistent
with the results obtained in previous studies of HO-2; at neutral pH (28,34,35). On the
basis of the close resemblance of their Abs spectra, it can be concluded that at RT all
three variant species investigated feature similar heme environments. However,
significant spectral changes were observed for all three samples upon cooling to LT. In
each case the Abs spectrum at 4.5 K (Figure 4.3A, solid lines) consists of a Soret band
red-shifted to 411 nm and a and B bands at approximately 560 and 533 nm, respectively,

indicative of a six-coordinate low-spin Fe(Ill)-heme complex (33).
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FIGURE 4.3 Abs spectra of Fe**-heme-bound HO-2 and its variants. A, RT (---) and
45 K (—) Abs spectra of as-isolated Fe’"-heme-bound CI127A HO-2, (top),
C127A/C282A HO-2; (middle), and HO-2; (bottom). B, RT (---) and 4.5 K (—) Abs
spectra of DTT-reduced Fe’"-heme-bound C127A HO-2¢* (top), C127A/C282A HO-2;
(middle), and HO-2; (bottom). Conditions: 15 uM (HO-2, C127A HO-Zt*) or 20 uM
(C127A/C282A HO-2) protein, 50 mM Tris-HCL, 50 mM KCI (pH 7.5), 60% (v/v)
glycerol.

A curious difference between our Abs spectra and those published previously for
a low-spin form Fe(III)-HO-2 obtained at pH 9.5 (34) is the position of the a-band, which
is blue-shifted by about 15 nm in our spectra. This up-shift of the a-band is consistent
with of a neutral N-donor molecule (such as a His residue) serving as a second axial
ligand to the Fe(IlT)-heme. We do not yet have definitive evidence for the identity of the
sixth ligand in our HO-2 species, so it is possible that OH  is in fact still bound and the
change in the Abs spectrum bears no real significance. However, it seems likely that our

data reflect the presence of a neutral (perhaps N-donor) ligand instead of the hydroxide
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ion observed for the HO-2-bound low spin Fe(Ill)-heme. This latter possibility is also
supported by EPR data obtained for this species (Figure 4.1, which clearly reveal the
presence of a low spin Fe(Ill)-heme species that exhibits g-values characteristic of a
His/N-donor axial ligand set (g = 2.87, 2.25, 1.64).

To explore the effects of reducing the disulfide bond between the Cys residues of
the C-terminal HRMs (C265 and C282), Abs spectra were also collected for the DTT-
reduced counterparts of the samples described above (Figure 4.3B). All three species still
contain Fe(Ill)-heme, but the disulfide bond and sulfenate moiety have been reduced to
thiol groups in HO-2; and C127A/C282A HO-2,, respectively. After reduction, these
samples contained approximately 3.00 and 0.82 thiols/protein, respectively, as
determined by the DTNB assay (compared to 0.09 thiol/protein for the as-isolated
C127A/C282A species). Like the data for the as-isolated samples, the Abs spectra of the
DTT-reduced samples are characteristic of high-spin Fe(Ill)-heme species at RT and a
low-spin Fe(IlI)-heme species at LT However, while the Abs spectra for the as-isolated
samples are virtually identical to one another, some small differences are observed in the
spectra of these DTT-reduced samples. Specifically, a shoulder in the Soret region
(approximately 428 nm) is observed in the spectra of the DTT-reduced HO-2; and
C127A/C282A HO-2, samples. The position of this new feature does not change as a
function of temperature. These results suggest the presence of a second heme species in

the DTT-reduced samples that remains low spin at all temperatures (see Figure 4.4, top).
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FIGURE 4.4. Abs (top) and MCD (bottom) spectra representing the spectral
contributions of the putative Cys265-ligated Fe'-HO-2 species. Spectra were

obtained by subtracting data for the DTT-reduced Fe(III)-bound C127A HO-2," species
from those for the analogous HO-2; species.
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FIGURE 4.5 MCD spectra of Fe'*-heme-bound HO-2 and its variants. A, MCD
spectra of 277 K (---; x 30 for comparison) and 8 K (—) MCD spectra of as-isolated Fe® -
heme-bound C127A HO-2* (top), C127A/C282A HO-2; (middle), and HO-2; (bottom).
B, 277 K (---; x 30 for comparison) and 4.5 K (—) MCD spectra of DTT-reduced Fe'-
heme-bound C127A HO-2* (top), C127A/C282A HO-2; (middle), and HO-2; (bottom).
Conditions: 15 uM (HO-2,, C127A HO-2,") or 20 uM (C127A/C282A HO-2,) protein, 50
mM Tris-HCI, 50 mM KCI (pH 7.5), 60% (v/v) glycerol.

In agreement with the Abs data described above, LT MCD spectra indicate the
presence of predominantly low-spin Fe(Ill)-heme at cryogenic temperatures in all of the
as-isolated and DTT-reduced Fe(Ill)-heme-bound samples studied (see Figure 4.5A and
Figure 4.5B, respectively). This is particularly evident from the peak position of the
intense derivative-shaped Soret feature centered at approximately 411 nm and the
presence of several weaker features in the spectral region between 430 and 600 nm (36).

While the MCD spectra of all of the as-isolated and DTT-reduced C127A HO-2, samples
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are identical, spectral differences are observed for the DTT-reduced HO-2; and
C127A/C282A HO-2, samples. Although these latter spectra are quite similar to those of
the analogous as-isolated samples, an additional shoulder is present at approximately 428
nm, corresponding to the shoulder seen in the Abs spectra, and subtle changes are also
apparent in the a/f region. These data suggest that while the DTT-reduced samples still
primarily contain the same Fe(IlI)-heme species observed in the as-isolated samples, an
additional species is present that exhibits distinct spectroscopic signatures (see Figure 4.4,
bottom). Note that on the basis of the close resemblance of the Abs and MCD data
obtained for the DTT-reduced C127A/C282A HO-2, and C127A HO-2, samples (Figure
4.3B and 4.5B) it may appear that, as proposed previously (28), the redox state of the
HRMs has no effect on the optical spectra of these species. However, a more careful
inspection of these data clearly reveals that the C127A/C282A HO-2; spectra differ from
those of the CI127A HO-2," variant by the presence of an additional Soret feature
approximately 428 nm, which is particularly obvious in the LT MCD spectrum (Figure
4.5B). Consequently, the former sample is spectroscopically more similar to the HO-2;
sample, each containing two distinct heme species (Figure 4.6). However, the relative
concentration of the second, unique heme species is considerably lower in the
C127A/C282A HO-2, sample than in the HO-2, sample. This difference can be seen quite
clearly by comparing the Abs and MCD data of these and additional, independently
prepared samples (Figure 4.6). Thus, our RT Abs spectra are, in fact, qualitatively
similar to those reported previously (28), with small quantitative differences arising from
a currently unknown variation in sample preparations. However, our current data clearly
demonstrate that the redox state of the HRMs affects the HO-2 species present and that

this change can be observed easily via Abs and MCD spectroscopies.
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FIGURE 4.6. 273 K Abs (top) and 4.5 K MCD (bottom) spectra of HO-2 and its
variants. oxidized (— -) and reduced (", —) HO-2; and reduced C127A/C282A HO-2; (-
--). The reduced C127A/C282A HO-2; sample and the second reduced HO-2, sample
(—) were prepared at a different time and have considerably less of the second heme
species observed in the first reduced HO-2; sample ().

For the as-isolated C127A HO-2; * and DTT-reduced HO-2; samples, MCD spectra
were also collected at 277 K (Figure 4.5, broken lines). On the basis of the marked
decrease in intensity of the negatively-signed Soret feature and several spectral changes
in the o/P region, it is reasonable to conclude that at 277 K the major heme species in as-
isolated C127A HO-2," contains a high-spin Fe(IIl) ion (36). Alternatively, the 277 K
MCD spectrum of DTT-reduced HO-2; exhibits two Soret features instead of just one,
suggesting that two distinct heme species are present at this temperature. One species
exhibits spectral features similar to those of as-isolated C127A HO-2,", signifying the
presence of high-spin Fe(Ill)-heme. The spectral features due to the second species are
nearly identical to those displayed by the second heme species observed at LT for this

sample and C127A/C282A HO-2;. Thus, these results confirm the conclusions drawn

86



from the Abs data; namely, (i) the major heme species in all samples undergoes a spin-
state conversion from high-spin at RT to low-spin at LT, and (ii) a second heme species
is present in the DTT-reduced HO-2; and C127A/C282A HO-2, samples that exhibits red-

shifted Soret features and remains low spin at all temperatures.
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FIGURE 4.7 rR spectra of as-isolated and reduced HO-2 and its variants. A, 273 K
(---) and 77 K (—) rR spectra of as-isolated Fe’"-heme-bound C127A HO-2, ° (top),
C127A/C282A HO-2; (middle), and HO-2; (bottom), obtained with Ax = 413.1 nm. B,
273 K (---) and 77 K (—) rR spectra of reduced Fe’"-heme-bound C127A/C282A HO-2,
(top) and HO-2; (bottom), obtained with Ax = 413.1 nm. Conditions: 20 uM HO-2, 50
mM Tris-HCI, 50 mM KCI (pH 7.5).
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4.4.2.2 rR data

The rR spectra of the as-isolated and DTT-reduced HO-2 variants are presented in
Figure 4.7A and 4.7B, respectively. The spectra of all of these samples are virtually
identical. The oxidation-state (v4 = 1371 cm'l) and spin-state (v, = 1580 cm'l, vy = 1504
ecm™, vip = 1637 cm™") marker bands observed for these species at LT are characteristic of
six-coordinate low-spin Fe(Ill)-heme (37-39). At 273 K these bands are observed at
lower frequencies (v4 = 1368 cm'l, vy = 1560 cm'l, vz = 1480 cm'l, vip = 1617 cm'l) that
are typical of six-coordinate high-spin Fe(IlI)-heme complexes (37-39). These results are
consistent with the Abs and MCD data presented above and provide further evidence that
the spin state of the HO-2-bound Fe(Ill)-heme is temperature dependent. Additional rR
data were collected for otherwise identical samples in the presence and absence of 60%
(v/v) glycerol to determine if the temperature dependence of the Fe(III)-heme spin state is
due to differential freezing in the absence and presence of the glassing agent necessary
for LT Abs and MCD experiments. It is evident from the similarity between these spectra
(Figure 4.8) that this is not the case.
4.4.3 HRMs in HO-2 are not involved in ligation of the Fe’*-heme

Because Fe(Il)-heme species are also involved in the reaction catalyzed by HOs, it is
equally important to explore how the HRMs affect the Fe(II)-heme-bound form of HO-2.
In previous studies of the HO-2 variants investigated here only Abs and EPR
spectroscopies were employed; thus, the Fe(Il)-heme-bound forms of these species
remained poorly characterized (28). To address this issue, we have also performed Abs
and MCD spectroscopic studies of the Fe(II)-heme-bound HO-2 species. The Abs spectra
of the Fe(I)-heme-bound HO-2, and C127A HO-2," samples are presented in Figure 4.9.
At RT the two species give rise to nearly identical spectra, each containing a broad Soret
feature at approximately 430 nm consisting of two distinct components, as well as
noticeable but broad and indistinct a and B bands. The presence of two bands in the Soret
region suggests that these samples contain contributions from both high-spin and low-
spin Fe(Il)-heme species (33). At 4.5 K, the two Soret bands are still present, but instead
of having nearly equal intensities, the shorter-wavelength feature is now more dominant.
Also, the a and B bands are more distinct at LT. These spectral changes are consistent

with a higher proportion of low-spin Fe(II)-heme at cryogenic temperature (33). The fact
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that both HO-2;, which contains three reduced Cys residues, and C127A HO-2t*, which
lacks all of these Cys residues, give rise to virtually identical Abs spectra both at LT and
at RT suggests that no significant structural differences, such as Cys ligation to the

Fe(II)-heme in the former sample, exist between these samples.
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FIFURE 4.8 Glycerol does not affect rR spectra. 273 K (---) and 77 K (—) R spectra of
as-isolated Fe**-heme-bound C127A HO-2.* in the presence (A, D) and absence (B, C) of

glycerol. Features marked by * are due to glycerol vibrations. A = 406.7 nm (A) or
413.1 nm (B-D).
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FIGURE 4.9 Abs spectra of F e**-heme-bound HO-2 and its variants. RT (---) and 4.5
K (—) Abs spectra of Fe’"-heme-bound C127A HO-2, (top) and HO-2, (bottom).
Conditions: 15 uM HO-2;, 50 mM Tris-HCI, 50 mM KCI (pH 7.5), 60% (v/v) glycerol.
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FIGURE 4.10 MCD spectra of Fe**-heme-bound HO-2 and its variants. 277 K (---)
and 4.5 K (—) MCD spectra of Fe’"-heme-bound C127A HO-2, = (top) and HO-2
(bottom). Conditions: 15 pM HO-2, 50 mM Tris-HCI, 50 mM KCI (pH 7.5), 60% (v/v)
glycerol.

The LT MCD data obtained for these two samples (Figure 4.10) allow for a more
conclusive assignment of the Fe(Il)-heme species present. In agreement with the Abs data,
the MCD spectra of the two samples are quite similar and exhibit characteristic features
of both high- and low-spin Fe(II)-heme species. The temperature-dependent features in
the Soret region are due to the high-spin component; alternatively, the sharp derivative-
shaped feature at 552 nm is characteristic of low-spin Fe(Il)-heme. More specifically, the
position of this latter feature is indicative of a low-spin Fe(II)-heme species with His,
rather than Cys, axial ligation (40-42). This result provides further evidence against Cys
ligation in the Fe(Il)-heme-bound HO-2 species. Thus, the HRMs do not appear to have
the same influence on the Fe(Il)- and Fe(IIl)-heme-bound HO-2 species.

Because five-coordinate Fe(Il) heme proteins tend to be high spin even at LT, it

follows that a sixth ligand must be present in the low-spin Fe(II) species we observe.
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Thus, it appears that our samples contain a mixture of five- and six-coordinate Fe(II)-
heme, with the relative amount of six-coordinate species increasing with decreasing
temperature. While it is clear from our data that one axial ligand to the Fe(Il) heme is His
rather than Cys, the identity of the sixth ligand is not yet established. There does not
appear to be a good candidate for this ligand among the amino-acid residues within the
enzyme’s active site, so the most likely ligand would be solvent (H,O/OH") or a buffer

molecule.
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4.5 Discussion
4.5.1 Temperature dependence of the Fe-heme spin state

A particularly intriguing aspect of the spectroscopic data obtained in this study is
that the Fe(Ill)-heme spin state of the investigated HO-2 species changes as a function of
temperature. This spin-state change is evidenced by the blue shift of the Soret feature as
well as a loss of discernible o/p features and the appearance of distinct CT bands in the
Abs spectra (Figures 4.3 and 4.4) when the temperature is increased. These Abs spectral
changes are accompanied by a loss of negative intensity in the Soret region and several
changes in the 450-700 nm region in the corresponding MCD spectra (Figure 4.5) and
marked shifts of the spin-state marker bands in the rR spectra (Figure 4.7). Collectively,
the data obtained using these three complementary spectroscopic techniques provide
compelling evidence that the ferric ion in the Fe(IlI)-heme-HO-2 complex adopts a high-
spin configuration at RT and a low-spin configuration at LT (33,36-39). Although
glycerol could in principle affect the protein structure in the frozen state, its presence in
these HO-2 samples is not the cause of the observed spin-state change since rR spectra
obtained in the presence and absence of glycerol are virtually identical (Figure 4.8).
Alternatively, a temperature-dependant pK, change or some other buffer effect could be
responsible for the spin-state change upon freezing. However, EPR data collected for
samples prepared in different buffers appear virtually identical (not shown), strongly
suggesting that the temperature dependence of the spin state of the Fe(Ill)-heme-HO-2
complex is in fact intrinsic to this species.

Likewise, a comparison of RT Abs with LT Abs and MCD data for the Fe(II)-heme-
containing HO-2 samples leads to the conclusion that the spin state of the ferrous ion
exhibits a similar temperature dependence. As was seen with the Fe(Ill)-heme-bound
HO-2 species, a higher proportion of low-spin Fe(II)-heme is present at LT while high-
spin Fe(Il)-heme predominates at RT (Figure 4.9 and Figure 4.10).

Clues as to what may cause this spin-state change come from a comparison to other
heme proteins with active-site environments similar to that of HO-2. For instance, a
similar change in spin state is observed in both heme oxygenase isoforms and other heme
proteins such as metmyoglobin (metMb) and methemoglobin (metHb) as a function of

pH (2,34,43). This change is thought to be the result of a change in the protonation state
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of the axial solvent ligand, from H,O at low pH to OH" at high pH. The acidity of the
solvent ligand appears to be modulated by a H-bonding interaction with a distal amino-
acid residue, often a His as seen in metMb and metHb. However, HOs lack a distal His
residue, and instead possesses a H-bonding network to a nearby Asp residue (see below).
Additionally, some heme proteins, including the O,-sensing heme kinase FixL and the
ring-cleaving enzyme indoleamine 2,3-dioxygenase, exhibit a temperature-dependent
spin state that is thought to be the result of a thermal equilibrium between high- and low-
spin Fe(Il)- or Fe(Ill)-heme, with the high-spin state being more favored at higher
temperatures (4,44-46). This phenomenon has been attributed to H-bonding interactions
involving the axially bound solvent molecule (OH") of the heme moiety and nearby
amino-acid residues (2). It has been suggested that a stronger H-bond donation to the
axial OH" ligand at high temperature makes this ligand more H,O-like, resulting in a
weaker ligand field experienced by the Fe ion and, thus, favoring a high-spin
configuration.

Although there is no obvious H-bonding amino-acid residue adjacent to the distal
solvent molecule in HOs, an examination of structural data for heme-bound human HO-1
reveals a short chain of H,O molecules that link the Fe ion to Asp and Arg residues (47).
Mutational studies of HO-1 provided evidence that this particular Asp residue (Asp140)
and the precisely structured H-bonding network it supports are critical for proper HO
function (47,48). A similar H-bonding network has been identified in rat HO-1 and a HO
from Corynebacterium diphtheriae (HmuO) (49-51). Additionally, a recent X-ray
crystallographic study has revealed that human HO-2 possesses an active site similar to
that of HO-1 (12). Although the crystal structure was obtained for a significantly
truncated HO-2 variant, this form of the enzyme is catalytically active. Furthermore,
most crystal structures available for HO-1 were obtained for proteins with similar
truncations. Thus, it is reasonable to assume that the truncation leaves the active site
intact, and that meaningful comparisons can be made to known structures of HO-1. To
this end, it is intriguing to note that human HO-2 possesses an Asp residue whose
position is similar to the Asp140 anchoring the active-site H-bonding network in HO-1

(see above).
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While the X-ray crystal structure of human HO-2 did not provide direct evidence for
the existence of a H-bonding network between the Asp residue and a solvent bound to the
heme moiety, the many similarities between HO-1 and HO-2 suggest that this is likely
the case. Our data are also consistent with this conclusion. Specifically, the observed
temperature dependence of the Fe spin state in HO-2, can be explained in terms of small
changes in H-bonding interactions, presumably involving a weakening of the H-bond
donation to an axial ligand such as a solvent molecule or another H-bond accepting
ligand at LT so as to strengthen the Fe-ligand bond and stabilize low-spin Fe. Although
the low temperatures used in the experiments described above are not physiologically
relevant and future studies of HO-2 species containing mutations of distal site residues
are needed to provide more conclusive evidence, this spin-state change clearly supports
the possibility that a H-bonding network exists at the distal heme site, where O, is
thought to bind during catalysis (11,28). Presumably, a H-bonding interaction similar to
the one with the axial ligand in the resting enzyme will serve to stabilize and activate an
Fe-heme-bound O, moiety in the early intermediates formed during the catalytic cycle of
HO-2 in analogy to its proposed role in HO-1.

Despite these similarities between HO-1 and HO-2, however, the former does not
exhibit a temperature-dependent spin-state change. LT EPR data of Fe(Ill)-heme-HO-1 at
neutral pH appear indicative of a high-spin species (43), and no evidence for a low-spin
species at any temperature has been obtained under these conditions (note, however, that
HO-1 does in fact also form a low spin species, but its relative population is dependent
only on pH and not on temperature). Because of the close similarity in structures of HO-1
and HO-2 and the presence of this H-bonding network in HO-1, the mere existence of
such a network in HO-2 is not sufficient to explain the temperature-dependent behavior
we observe for HO-2. However, HO-1 and HO-2 are not completely identical. They are
reported to have different pK, values (7.6 for HO-1, 8.5 for HO-2), and small structural
differences are apparent even within their active sites (12-14,34,43,47). Instead of a mere
deprotonation of, or an alteration of a H-bonding interaction with, an axial solvent ligand
causing the observed spin-state change, our HO-2 species appear capable of undergoing a
ligand exchange (perhaps involving an N-donor) upon conversion to their low spin

Fe(IlT)-heme-bound form. The identity of this new ligand is not yet known, nor is its
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relevance, if any, to the catalytic mechanism of HO-2. However, this observation does
bring to light new differences between the two HO isoforms. On the basis of these results,
we conclude that small but important differences exist between the active sites of HO-1
and HO-2, which result in distinct temperature behaviors of the heme spin states.

4.5.2 Evidence for Cys ligation to Fe'*-heme

Although the necessity of heme oxygenases is undisputed, questions arise as to why
two distinct forms of this enzyme are required. HO-1 appears well suited to fulfill its
obvious role in heme degradation. It is localized primarily in liver and spleen tissue
where much of the heme catabolism occurs, and its transcription is regulated in part by
cellular markers for free heme, such as the presence of a heme/hemopexin complex that
serves to transport heme to hepatocytes, as well as oxidative stress, which can result from
free heme (17). In contrast, HO-2 is expressed constitutively and is found in high
concentrations in other areas of the body, such as the brain (18). It has been proposed that
although HO-2 effectively degrades heme like HO-1 does, its primary role may be to
generate CO, which can act as a cellular signaling molecule (17). Understanding the
differences between the two heme oxygenase isoforms may help to more clearly elucidate
the need for two forms of this enzyme and the distinct roles they may have.

One noticeable difference between the two heme oxygenase isoforms is the presence
of three Cys residues as part of HRMs in HO-2 and the complete lack of Cys residues in
HO-1 (19). A few hemoproteins are known to contain HRMs that appear to play
important roles in regulation or enzyme activity (20-27). It is thought that these proteins,
as well as HO-2, bind heme at the HRMs and that a Cys residue within the HRM serves
as an axial ligand to the heme. For HO-2, it has been proposed that heme can bind to the
HRMs as well as to His45 in the active site, resulting in a protein complex containing
multiple heme molecules (19). However, recent experiments have led to the suggestion
that only one heme binds to each HO-2 protein, either coordinating to His45 in the active
site or to Cys265 within one of the HRMs of DTT-reduced HO-2 species (28). However,
though, mutational studies of HO-2 have revealed that the HRMs are not necessary for
enzyme activity or stability (19,28). Nonetheless, recent studies have provided evidence

that two of the three HRMs of HO-2 may constitute a redox switch that regulates the
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heme binding affinity of HO-2 in response to the reducing nature of the protein
environment (28).

The spectroscopic data obtained in our studies of various HO-2 species provide
further support for the proposed Cys ligation to Fe(Ill)-heme. The Abs and MCD spectra
of as-isolated HO-2, and C127A HO-2, are identical (Figure 4.5A); thus, the presence of
Cys residues in HO-2; and C127A/C282A HO-2, does not affect the binding of heme to
the catalytic site (via His45). However, some spectral differences are observed among the
DTT-reduced forms of the Fe(Ill)-heme-bound HO-2 species investigated, most notably
the appearance of additional features for the samples that contain Cys265. Specifically, a
low-energy shoulder at approximately 428 nm appears on the Soret feature in both the
Abs and MCD spectra (Figure 4.3B and Figure 4.5B) and small changes are discernible
in the o/ region of the MCD spectra, signifying the presence of two distinct heme-bound
protein species. The majority species gives rise to spectra identical to those of the as-
isolated HO-2 samples, indicating that it contains His-ligated Fe(IlI)-heme. Alternatively,
because the second (i.e., minority) species is observed exclusively in samples with free
thiolate groups, which are known to coordinate to Fe(Ill)-hemes (3), it likely possesses
Cys-ligated Fe(IlI)-heme.

Strong support for this assignment of the minority species in the DTT-reduced HO-
2 samples investigated comes from a comparison to other spectroscopically characterized
hemoproteins that are known to have Cys coordination (33,40,52-58). As shown in Table
4.1, a characteristic feature defining Cys-bound Fe(IlI)-heme species is a noticeably red-
shifted Soret band. Consistent with this trend, the Soret band of the minority HO-2
species (Figure 4.4), which we propose to contain six-coordinate, Cys265-ligated low-
spin Fe(Ill)-heme, is red-shifted by 17 nm relative to that of the majority, His45-ligated
Fe(Ill)-heme species. Interestingly, the appearance of the spectral features due to this
minority Fe(Ill)-heme species is concurrent with a marked decrease in the intensity of
those associated with the His45-ligated form of HO-2. This observation suggests that the
formation of the Cys-ligated Fe(IlI)-heme species occurs at the expense of the His-bound
form, corroborating a previous proposal that a single heme binds to each protein molecule

(28).

97



TABLE 4.1 Position of the Soret band (nm) in the Abs and MCD spectra of various

Fe**-heme-bound proteins with and without thiolate ligation.

Soret band position

Axial

Protein Abs MCD ligands reference
thiolate ligation (low spin)
P450cam 417 418 Cys, H,0 50, 51
CooA 423 na? Cys, Pro 38
Eéﬁiﬁ;‘;‘:ne 428 425 His, Cys 52
H93G Myoglobin 425 4p5  Fhanethiol, g5 4
H66C Cytochrome b, 423 423 Cys, ? 54
HO-2 (minority) 428 Cys, H,O  This work
thiolate ligation (h.s.)
P450cam 391 397 Cys 51
no thiolate ligation
C75S(A) CooA 415 (411) n.a. Pro, ? 55,56
Cytochrome b, 413 413 His, His 54
HO-2 (majority) 411 411 His, ? This work

n.a% = not available

In contrast, no differences are observed between the spectra of the various Fe(II)-

heme-bound HO-2 species investigated, indicating that the presence of Cys residues does

not affect the heme environment in the ferrous state. Consistent with this finding, the

position of the MCD A-term feature associated with the low-spin Fe(Il)-heme fraction is

characteristic of His rather than Cys ligation (41,53,54,59,60). Thus, it appears that

Cys265 competes with His45 as an axial ligand to ferric but not ferrous heme bound to

HO-2.

It has recently been reported that the EPR spectra exhibited by the as-isolated HO-2

variants investigated here are all identical and that an additional species, with EPR

signatures characteristic of thiolate-ligated low-spin Fe(Ill)-heme, is present in the DTT-

reduced HO-2; and C127A/C282A HO-2; species (28). These findings are in excellent
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agreement with the conclusions drawn from the spectroscopic data obtained in the present
study. One noticeable difference between the EPR spectra and our Abs, MCD, and rR
data is that the former EPR spectra seem to suggest that the His-ligated heme bound to
HO-2 contains predominantly high-spin Fe(IIl) at LT while the latter data are consistent
with mostly low-spin His-ligated Fe(Ill)-heme. However, the EPR data clearly show that
both high-spin and low-spin Fe(IlI)-heme species are present in HO-2 at LT, though no

quantitation of the relative amounts of each has been reported.
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4.6 Conclusion

My previous studies have demonstrated that an intramolecular disulfide bond exists
between the Cys residues of the two C-terminal HRMs (Cys265 and Cys282), forming a
redox switch to control the affinity of HO-2 for heme. In addition, Cys265 is capable of
coordinating to the heme iron when it is in the free thiol state. Further characterization of
these species by absorption (Abs), magnetic circular dichroism (MCD), and resonance
Raman (rR) spectroscopies presented herein confirms the presence of a Cys-ligated heme
species. Additionally, these spectroscopic studies reveal an intriguing temperature
dependence of the spin state of the Fe’" ion in the heme-HO-2 complex, hinting at the
possibility that, as observed in HO-1, a hydrogen-bonding network exists at the distal site
of the heme in HO-2, which could play an important role in the catalytic mechanism

employed by this enzyme.
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Chapter 5

Identification of a Redox Switch That Controls Affinity of the Human BK Channel
for Heme and CO

The results from this chapter were submitted to J. Biol. Chem. Yi, L., Morgan, J. T.,
and Ragsdale, S. W. "Identification of a redox switch that controls affinity of the human
BK channel for heme and CO".

In this chapter, Jeffrey T. Morgan characterized the C615S variants, and Li Yi
participated in the conception and design of the experiments, performed the remaining
experiments, analyzed the data, wrote the first draft, and participated in preparing the

final draft manuscript.
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5.1 Abstract

Heme is a required prosthetic group in many electron transfer proteins and redox
enzymes. The human BK channel, which is a large-conductance Ca’" and voltage-
activated K" channel, is involved in the hypoxic response in the carotid body. The BK
channel has been shown to bind and undergo inhibition by heme and activation by CO.
Furthermore, evidence suggests that human HO-2 acts as an oxygen sensor and CO donor
that can form a protein complex with the BK channel. Here we describe a thiol/disulfide
redox switch in the human BK channel and biochemical experiments of heme, CO and
HO-2 binding to a 134-residue region within the cytoplasmic domain of the channel. This
region, called the heme binding domain (HBD) forms a linker segment between two
Ca”"-sensing domains (called RCK1 and RCK?2) of the BK channel. The HBD includes a
CXXCH motif in which histidine serves as the axial heme ligand and the two cysteine
residues can form a reversible thiol/disulfide redox switch that regulates affinity of the
HBD for heme. The reduced dithiol state binds heme (K4 =210 nM) 14-fold more tightly
than the oxidized disulfide state. Furthermore, the HBD is shown to tightly bind CO (K4
= 50 nM) with the Cys residues in the CXXCH motif regulating affinity of the HBD for
CO. This HBD is also shown to interact with HO-2. We propose that the thiol/disulfide
switch in the HBD is a mechanism by which activity of the BK channel can respond
quickly and reversibly to changes in the redox state of the cell, especially as it switches

between hypoxic and normoxic conditions.

105


http://en.wikipedia.org/wiki/Prosthetic_group

5.2 Introduction

Large-conductance Ca®" and voltage-activated K™ channels, also known as Slo or
BK channels, play important roles in many physiological phenomena, including oxygen
sensing, vasodilation, synaptic transmission, and hormone secretion (1,2). In the carotid
body, the BK channel was found to be involved in the hypoxic response (3,4). BK
channels (for big K") have the largest single-channel conductance of all K'- selective
channels and are activated synergistically by intracellular Ca’" and by membrane
potential (1,5). When open, K’ efflux by the BK channel hyperpolarizes the cell
membrane potential. Like other voltage-gated K™ channels, the human BK channel
complex is composed of four pore-forming o (Slo1) subunits that contain transmembrane
and cytoplasmic regions (6). Each o subunit includes a seven-helix transmembrane
segment (S0) and a voltage-sensing domain (S1-S4) and contributes one-fourth of the ion
conduction pore (S5-S6) (7). At the C-terminal end of the BK channel, there is a large
more than 700-residue cytoplasmic region, which contains two homologous domains
termed “regulators of conductance of potassium” (RCK1 and RCK2) that form a gating
ring that is essential for Ca*" activation of the channel (8,9). RCK1 also serves as a H'
sensor (9,10). RCK domains also exist in other potassium channels, such as MthK
(Methanobacterium thermautotrophicum), KtrAB (Vibrio alginolyticus) and EcoliTrkA2
(Escherichia coli) K transporters (11-13).

The BK channel has recently been identified as a hemeprotein (14-17). Heme
binding under hypoxic conditions strongly inhibits the channel, while under normoxic
conditions, CO, which is generated by heme oxygenase-2 (HO-2) during heme
degradation, activates the BK channel. Thus, the substrate (heme) and the product (CO)
of heme degradation by HO-2 are implied in regulating channel activity. Furthermore,
coimmunoprecipitation experiments in HEK293 cells overexpressing the BK channel
indicate that HO-2 can form a complex with the BK channel (15). In addition, knocking
out HO-2 expression significantly reduces channel activity (15).

One of the aims of this work is to further explore the interactions between the BK
channel and HO-2, heme and CO. This is significant because both heme and CO serve as
signaling molecules in various physiological processes in cells, including circadian

rhythm, oxygen utilization and T cell activation (18,19). Although heme degradation in
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mammals is catalyzed by both the inducible HO-1 and the constituitive HO-2 isozymes
(20), HO-2 is the major isozyme in neural tissues and is the sole CO source in neurons
(21).

The BK channel appears to be unique as a heme-regulated ion channel. A segment
that links RCK1 and RCK2 has been implicated in heme binding (14,16). This linker
region contains a CXXCH (X is any amino acid) motif that is highly conserved in all BK
channels, and the replacement of the Cys or His residues by Ser or Arg, respectively,
abolish the sensitivity of the BK channel to heme and CO (14). CO also binds to the
complex between heme and a synthetic 23-residue heme binding peptide (HBP),
containing residues 601-623 of the BK channel and including the CXXCH motif (17).
Mutagenesis studies demonstrate that an Asp and two His residues within the RCK1
domain are required for the stimulatory action of CO on the BK channel, suggesting
another layer of regulation (22).

In our work described here, a soluble 134-residue linker region, which we refer to as
the heme-binding domain (HBD), between RCK1 and RCK2 was cloned, expressed and
purified to address the heme binding properties of the human BK channel. We
characterized the HBD using EPR and UV-visible spectroscopy. Our results demonstrate
that His616 in the Cg,XXCg;sH motif serves as the axial heme ligand. The Cys residues
were shown to form a thiol/disulfide redox switch that regulates the affinities of the
channel for heme and CO. In this paper, “oxidized” and “reduced” refer to the state of the
disulfide bonds between Cys612-Cys615; the redox state of the Fe in the heme will be
explicitly identified as Fe’"-heme or Fe*"-heme. Reduction of the disulfide bond in the
CXXCH motif enhances the affinity of HBD for heme by ~14-fold. In addition,
replacement of the Cys residues by Ser decreases the CO affinity by over 50-fold. We
propose that thiol/disulfide redox modulation of the affinity for heme and CO is one way
that the BK channel can rapidly respond to the switch between hypoxic and normoxic

conditions.
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5.3 Materials and methods
5.3.1 Cloning, overexpression and purification of the HBD of human BK channel

Biochemical studies were performed with a construct that contains residues 584 to
717 of the cytoplasmic C-terminal end of the human BK channel (GI:119574985) (23).
This HBD consists of the linker segment between the intracellular RCK1 and RCK2
domains. The HBD fragment was cloned into the Ndel and EcoRI restriction sites of the
pET28a (Novagen, Gibbstown, NJ) vector, which fuses the HBD to a 6XHis tag.

We attempted, but were unsuccessful, in expressing and purifying the entire
cytoplasmic region of the human BK channel in either Pichia pastoris or E. coli cells
because the protein appeared to aggregate in inclusion bodies. We attempted the
expression in yeast using a pPICZaA vector and in E. coli using either a pGEX4T-2
vector or a pET28-sumo vector to anchor the glutathione-S-transferase (GST) or sumo
fusion tags, respectively, to the protein. None of these approaches yielded a soluble
protein. Because our primary interests were in the effects of heme and redox on the
channel and because the RCK domains can also be found in other non-heme regulated
potassium channels, we finally focused on expressing only the HBD, which contains the
characteristic CXXCH motif and connects RCK1 and RCK2 in the human BK channel.

BL21 cells carrying the HBD-pET28a plasmid were cultured at 37 °C in 1 L of
Luria-Bertani (LB) medium containing 100 pg/ mL kanamycin. When the optical density
(ODgoo) reached 0.8-1.0, 300 uL of 1 M isopropyl-beta-D-thiogalactopyranoside (IPTG)
(Gold Biotechnology, Inc, St. Louis, MO) was added to induce HBD expression. The
cells were incubated for another 20 hours at 18 °C and harvested by centrifugation at
7,000 rpm for 10 minutes at 4° C in a J2-HS centrifuge (Beckman, Palo Alto, CA).

The cell pellet was resuspended in 5 volumes of lysis buffer (50 mM Tris-HCI, 400
mM NaCl, 50 mM NaH,PO,, 3 mM imidazole and 10% glycerol, pH 8.0), containing
0.1% (v/v) Triton X-100 (Sigma-Aldrich, St. Louis, MO), 1 mM phenylmethylsulfonyl
fluoride (Sigma-Aldrich), 2 mM 2-mercaptoethanol (Sigma-Aldrich), EDTA-free
protease inhibitor (1 tablet/50mL extraction solution, Roche Applied Science,
Indianapolis, IN), lysozyme (0.5 mg/mL, Sigma-Aldrich) and Dnasel (5 units/mL,
Sigma-Aldrich) at 4 °C. Cells were then lysed by sonication and the suspension was

centrifuged at 17,000 rpm for 1 hr at 4 °C. The supernatant was loaded onto a 5 mL Ni-
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NTA agarose column (Qiagen, Valencia, CA), which was extensively washed with wash
buffer (50 mM Tris-HCI, 400 mM NacCl, 50 mM NaH,PO,, 15 mM imidazole and 10%
glycerol, pH 8.0), containing 0.1 % (v/v) Triton X-100. The 6XHis tag-HBD fusion
protein was then eluted with elution buffer (50 mM Tris-HCl, 400 mM NaCl, 50 mM
NaH,PO,4 and 10% glycerol, pH 8.0) containing a gradient from 20 to 200 mM imidazole
according to the manufacturer's instructions. All these steps were carried out in a cold
room under aerobic conditions at 4 °C. Densitometry measurements after SDS-PAGE
were performed using UN-SCAN-IT software (gel 6.1, Silk Scientific, Inc. Orem, Utah).
Protein concentrations were calculated based on the Bradford method using a standard
curve generated using known amounts of BSA (bovine serum albumin, Sigma-Aldrich).

A 23-residue heme binding peptide (HBP) containing residues 601-623 of the BK
channel and including the CXXCH motif was also used in our studies. The HBP was
designed based on previous research (14) and synthesized from EZBiolab (EZBiolab,
Carmel, IN).

The HO-2 and its F253W mutant used in our studies is a truncated form (HO-
2A289-316, denoted as HO-2 and F253W here, respectively) that lacks the C-terminal
membrane-binding region. The generation and purification of HO-2 and its F253W
variant were performed as previously described (24,25).

5.3.2 Site-directed mutagenesis of HBD

A number of variants were generated to determine the functional role(s) of the
CXXCH motif in the human BK channel, including C612S, C615S, HO616A,
C612S/C615S, C628S/C630S and F610W. All mutations were generated using the
QuikChange site-directed mutagenesis protocol from Stratagene (La Jolla, CA). The
HBD-pET28a plasmid was the template for the PCR reactions using primers from
Integrated DNA Technologies. All these variants were purified by the same procedure as
that described above for the wild-type enzyme.

5.3.3 Quantification of heme binding by the pyridine hemochrome assay

HBD-heme complexes were prepared by incubating 50 uM purified HBD with a
10-fold molar excess of Fe'-heme from a stock that was freshly prepared in 20 %
DMSO to prevent aggregation. After incubation at 4 °C for 10 min, excess free heme was

removed by chromatography on a Bio-spin 6 column (Bio-Rad, Hercules, CA). The HBD
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concentration in the HBD-Fe’'-heme complexes was determined using the Bradford
method. Then HBD-heme complexes were diluted to 2.0 uM or 2.5 uM based on the
calculated protein concentration. The amount of heme bound to HBD in the diluted HBD-
Fe’"-heme complex was calculated using the pyridine hemochrome assay with a
difference extinction coefficient at 556 nm of 28.32 mM ™' cm™ (26).
5.3.4 Determination of free thiol groups in HBD

Free thiol quantification of HBD was conducted by the 5,5'-dithio-bis (2-
nitrobenzoic acid) (DTNB) assay basically as described previously (27). HBD and
variants were added to a reaction buffer containing 100 mM Tris-HCI buffer, pH 8.0 and
100 uM DTNB at room temperature for 15 min. Then, the difference absorption spectrum
was recorded and the difference absorption value at 412 nm was used to calculate the free
thiol concentration in the protein. The DTNB titration was performed in the presence of 8
M urea to expose all the thiol groups. When the thiol groups in DTT-reduced HBD were
measured, the DTT in the protein solution was removed using Bio-spin 6 column (Bio-
Rad) under anaerobic conditions before reacting with DTNB.
5.3.5 Electron paramagnetic resonance spectroscopic studies

EPR measurements were performed at 10 K on a Bruker EMX spectrometer,
operating with microwave frequencies between 9.376 and 9.379 GHz, and equipped with
an Oxford ITC4 temperature controller, a Hewlett-Packard Model 5340 automatic
frequency counter, and a Bruker gaussmeter (Bruker Biospin Corp., Billerica, MA). The
EPR samples were prepared in 50 mM phosphate buffer at pH 7.5. The EPR spectrum of
the low-spin heme in HBD-Fe’"-heme complex was simulated using the Bruker
SimFonia program (Bruker Biospin Corp., Billerica, MA).
5.3.6 Determination of the affinity of HBD for Fe’"-heme, Fe’*-heme and Fe?*-heme-
CO

The heme binding affinity of each of the HBD variants was determined as
previously described in an Olis-updated CARY-14 double beam spectrophotometer (24).
For measurements with the reduced (dithiol-containing) protein, the as-isolated protein
was incubated with a 100-fold molar excess of DTT in the anaerobic chamber (Vacuum
Atmospheres Company, Hawthorne, CA) for 30 min and, then, DTT was removed by

performing chromatography on a Bio-spin 6 column twice. The titration was performed
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under anaerobic conditions in serum-stoppered cuvettes. The Fe’"-heme and Fe*'-heme
stock solutions were freshly prepared as previously described (24).

To determine the binding affinity of the HBD-Fe*"-heme complex for CO, the HBD-
Fe*"-heme complex was purified using chromatography on a Bio-spin 6 column in an
anaerobic chamber. Then, freshly prepared CO solutions were added to the reference and
sample (containing the HBD-Fe**-heme complex) cuvettes and the difference spectra
from 350 nm to 750 nm were measured. The CO concentration in the stock solution was
calculated by titration against a known amount of myoglobin, using extinction
coefficients of 121 mM'ecm™ (deoxyMb) at 435 nm and 207 mM'ecm™ (MbCO) at 423
nm (28). The titration experiments were performed under anaerobic conditions.

5.3.7 Intrinsic fluorescence quenching analysis

Strong intrinsic tryptophan fluorescence is not detectable in the as-isolated HBD;
therefore, we engineered a Phe-to-Trp substitution near the CXXCH motif in HBD. This
F610W variant exhibits intrinsic tryptophan fluorescence that decreases upon adding HO-
2, providing a straightforward and direct measure of the interaction between HBD and
HO-2. The excitation wavelength was set at 285 nm. Intensity of the fluorescence
emission at 340 nm of the F610W (1 uM) variant of the HBD was measured with a
Shimadzu RF-530 1 PC spectrofluorophotometer (Columbia, MD) at 20 °C. Fluorescence
quenching experiments were also performed by titrating the HBD containing zinc
protoporphyrin (ZnPP) (Sigma-Aldrich) with Fe'"-heme-bound HO-2. For the Zn-PP
experiments, the excitation wavelength was set at 415 nm and the emission at 588 nm
was recorded.

5.3.8 Data fitting

The heme titration data were plotted and fit to a one-site binding model to determine
the dissociation constants (Equations 1 and 2). AA is the absorbance difference between
sample and reference cuvettes. Ae is the difference extinction coefficient between bound
and free ligand and EL is the concentration of the protein-ligand complex. The EL
concentration is determined using the quadratic Equation 2, in which Eg is the total
protein concentration, Lo is the total ligand concentration and Ky is the dissociation
constant. The quadratic binding equation was used because the Ky value was near the

concentration of protein in the assay.
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AA = A¢EL (Eq.1)

EL = 0.5{Eo + Lo + Ko—[(Eo + Lo + Kg)*4 Eo'Lo]"*}  (Eq.2)

The intrinsic fluorescence quenching data were plotted and fit using the same basic
equation with heme titration data. A one-site binding model was used to determine the
dissociation constants (Equations 3-6). AEM is the emission intensity difference between
sample and reference cuvettes. EMg is the initial emission intensity cause by unbound
analyte. Ag is the difference extinction coefficient between bound and free titrant, and EL
is the concentration of the analyte-titrant complex. In intrinsic fluorescence quenching
experiments, the EM (emission) intensity was corrected with inner-filter effect correction
(29). EL concentration is determined using the quadratic Equation 6, in which Eg is the
total analyte concentration, Lo is the total titrant concentration and Ky is the dissociation
constant. The quadratic binding equation was used because the Ky value was near the
concentration of protein in the assay.

AEM = -A¢-EL + EMo (Eq.3)

b= (EO + LO + Kd) (Eq4)
c= EoLo (Eq.5)
EL = [b-(b*-4 - ¢)"*]/2 (Eq.6)

5.3.9 Determination of the midpoint reduction potential of the thiol/disulfide redox
couples in HBD

The midpoint reduction potential of the thiol/disulfide redox couples in HBD was
calculated using Mal-PEG 5000 (Laysan Bio, Arab, AL) alkylation as previously
described (25). The data was fitted with the Nernst Equation (Eq. 7). In equation 3, E is
the ambient potential in solution; E° is the midpoint reduction potential of the
thiol/disulfide couple in the HBD; R is the universal gas constant: R = 8.31 JK 'mol™"; T
is the absolute temperature; F is the Faraday constant (9.65x10* Cmol™); and z is the

number of electrons transferred in the reaction.

RT n [reduced HBD]
zZF " [oxidized HBD] (Eq.7)

E=E'—
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5.4 Experimental results
5.4.1 Evaluation of heme binding to the CXXCH motif in HBD

Previous in vivo electrophysiological studies indicated that the human BK channel
binds heme (14); however, quantitative heme binding studies of the channel have not
been performed. Because our primary interests were in the effects of heme and redox on
the channel, we finally focused on expressing the HBD, which is a soluble and well-
behaved protein that contains the characteristic CXXCH motif and connects RCK1 and
RCK2 in the human BK channel.

We successfully cloned and expressed the 6XHis tagged HBD in E. coli cells and
purified the 20 kDa protein to 85% homogeneity, based on densitometry measurements
of the bands observed in SDS-PAGE experiments (Figure 5.1). The real UV-visible
spectra of the Fe’”, Fe*™ and Fe*"-CO states of the as-isolated protein, in which cysteines
were present in their disulfide states (Table 5.1), demonstrate that HBD specifically
binds ferric and ferrous heme with a His residue as the axial ligand (Figure 5.2). The
absorbance maximum for the Soret peak for the Fe*-heme is at 406 nm. The Fe* -heme
exhibits a Soret peak at 426 nm and two long-wavelength peaks at 530 nm and 560 nm,
while the Fe**-heme-CO adduct shows a Soret peak at 419 nm and two long wavelength

peaks at 535 nm and 568 nm.
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FIGURE 5.1 SDS-PAGE of purified HBD protein. Lane 1, molecular mass marker;
Lane 2, 15 pg purified HBD.
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TABLE 5.1 Quantification of free thiols in oxidized and reduced HBD by the DTNB
assay. Assays for oxidized proteins were performed in the air. Reduced proteins were
generated by treatment with DTT in the anaerobic chamber followed by removal of the
excess DTT (see details in “Materials and Methods”). HBD was incubated in the
presence of 8 M urea under aerobic or anaerobic conditions. All measurements were
performed in triplicate with different amounts of protein. The average number of free
thiols (mol/mol protein) are presented.

-DTT + DTT
treatment treatment
+ Urea + Urea
HBD 0.21+0.01 4.1+0.2
H616A 0.20 £ 0.01 4.0+0.2
C612S 0.86 £ 0.01 25+0.2
C615S 0.89 +£0.08 2.7+0.7
C612S5/C615S 0.19 £ 0.06 22+0.1

The axial EPR spectra of as-isolated HBD indicate a predominantly six-coordinate
high-spin Fe’"-heme with g-values at 5.92 and 1.99 (Figure 5.3A). This spectrum is
different from those of five-coordinate high-spin Fe’'-heme systems (30), which
generally are thombic. The g-values are indicative of ligation by histidine and water, as
observed in myoglobin (30). Interestingly, in addition to the predominantly six-
coordinate high-spin Fe’"-heme species, there is a minor low-spin component with g-
values (g; = 2.96, g, = 2.25, and g3 = 1.53) that are characteristic of His/His axial ligation
(31) (Figure 5.3A and insets). The EPR spectra of the H616A variant are very weak,
reflecting the low levels of heme bound to the form of H616A lacking its axial heme
ligand; however, this small signal is suggestive of a histidine-bound heme (Figure 5.3C).
Thus, the UV-visible and EPR spectroscopic analysis indicate that the linker segment
between the two RCK domains in human BK channel is the HBD with His616 in the
CXXCH motif as the protein-based heme ligand.
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FIGURE 5.2 Absorption spectra of complexes between heme and HBD. HBD (1.5 uM)
and heme (1.5 puM) were present in the sample cell with only buffer in the reference cell.

The insets are expansions of the 500 - 630 nm range. The spectra are obtained from

complexes between the oxidized (solid line) and reduced (dashed line) forms of the HBD

with: (A) Fe**-heme, (B) Fe**-heme and (C) Fe**-heme—CO.

5.4.2 Cys612 and Cys615 undergo thiol/disulfide redox interconversion

There are four highly conserved Cys residues located in the HBD of the human BK
channel; two are in the CXXCH motif (Cys612 and Cys615) and the other two are
located at positions 628 and 630. To determine the redox states of these residues, we
measured the number of free thiol groups in HBD and variants in their oxidized and
DTT-reduced states using the DTNB assay (Table 5.1). In all cases, DTT was removed
before the DTNB assay. This assay was performed with urea denatured-HBD to ensure
that all Cys residues were accessible to the DTNB. Only 0.20 and 0.21 thiol groups were
detected for as-isolated the HBD and the H616A variant, respectively; however, four
thiols per mol protein were measured for the DTT-reduced HBD (4.1) and the H616A
variant (4.0). The C612S and C615S variants contain a single (0.86 and 0.89, respectively)
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free thiol group in the oxidized state, while, in the DTT-reduced state, they contain three
(2.5 and 2.7, respectively). Correspondingly, the C612S/C615S variant, contains no (0.19)
free thiol groups in the oxidized state, but two (2.2) in the DTT-reduced state. Thus, the
combined results of the DTNB titrations strongly indicate that as-isolated HBD contains
two intramolecular disulfide bonds; one is between Cys612 and Cys615, the other is

between Cys628 and Cys630.

oxidized HBD

_____ ~_ - Simulation

A oxidized HBD
B AM,’_‘ reduced HBD
C— —— H616A

T T T T
1000 2000 3000 4000

Field Strength, Gauss

FIGURE 5.3 EPR spectra of Fe**-heme complexed with HBDs. Samples were
prepared with a 1:1 ratio of Fe*"-heme and HBD as described in Materials and Methods.
EPR measurements were performed at 10 K with microwave frequency of 9.376-9.379
GHz, microwave power of ImW, field modulation amplitude of 10.15 G at 100 kHz. A,
100 uM Fe’*-heme plus oxidized HBD, with samples were prepared in air. B, 100 uM
Fe*"-heme plus reduced HBD, with samples were prepared under anaerobic conditions. C.
100 uM Fe’"-heme plus H616A. The Inset shows an 8-fold vertical expansion of the low-
spin region of spectrum A and the best-fit simulation (dashed line).

5.4.3 Stoichiometry of heme binding to the HBD

To measure the heme stoichiometry, a ten-fold molar excess of heme was incubated
with the oxidized and reduced HBD. Unbound heme was removed by gel filtration
chromatography and the heme content was measured by the pyridine hemochrome assay.
Oxidized HBD, at 2.0 pM, was found to bind 1.6 (+ 0.1) uM Fe’*-heme and reduced
HBD, at 2.5 pM, bound 2.3 (+ 0.1) uM Fe*"-heme (Figure 5.4A and 4B). The results
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indicated that both oxidized and reduced HBD saturate at a 1:1 complex with Fe’"-heme.
Furthermore, the EPR spectrum of the reduced HBD is indistinguishable from that of the
oxidized protein (Figure 5.3A and 3B), indicating a predominantly six-coordinate high-
spin state heme. In addition, the absorption spectra of the Fe(Ill)-, Fe(Il)- and Fe(II)-CO
states of DTT-reduced HBD, are identical to those of the corresponding states of the
oxidized protein (Figure 5.2). Thus, the heme ligands in the ferric, ferrous, and ferrous-
CO states are independent of the redox state of cysteines in the HBD. There is no

evidence for heme binding to any of the four Cys residues in the HBD.
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FIGURE 5.4 Fe'*-heme binding to HBD assayed by the pyridine hemochrome
method. A, 2.0 uM oxidized HBD. B, 2.5 uM reduced HBD. Protein concentration was
calculated by the Bradford method. The heme concentration was determined by following
the absorbance change at 556 nm (See details in “Materials and Methods™).

5.4.4 Determination of the redox potential of cysteines in HBD

To test the hypothesis that the redox switch constituted by Cys residues in HBD is
physiologically relevant, the midpoint reduction potential of the thiol/disulfide redox
couples was determined. Since the Cys628S/Cys630S variant is very unstable, only the
overall redox potential of the cysteines in HBD could be determined. After as-isolated
HBD samples were equilibrated with solutions having a gradient of ambient redox
potentials from -133 mV to -252 mV, the proteins were precipitated and alkylated with
MAL-PEG 5000 and run on nonreducing SDS-PAGE. MAL-PEG 5000 traps free thiol

residues as an adduct that increases the protein’s mass by 5 kDa per thiol modification.
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Thus, the oxidized (non-modified disulfide) is the lowest band on the non-reducing gel
and the modified proteins are the other bands of increasing size (Figure 5.5A). There are
four bands besides that of the fully oxidized HBD (the lowest band) existing in the non-
reducing gel, which results from the graded alkylation during the reaction with MAL-
PEG 5000. Then, the ratio of fully reduced/fully oxidized protein at each ambient redox
potential was quantified and fitted to the Nernst equation. The midpoint reduction
potential of the thiol/disulfide couples in HBD was determined to be -184 (+ 2) mV
(Figure 5.5B). This midpoint potential represents a cumulative value corresponding to
both the Cys612/Cys615 and Co6ys28/Cys630 couples. Because the data fit a single
titration curve and because bands corresponding to the modification of four Cys residues
are observed, we conclude that both thiol/disulfide pairs are redox active and have similar
redox potentials. Furthermore, because the intracellular ambient redox potential ranges
from -170 mV to -325 mV (32,33), the measured midpoint potential (-184 mV) indicates
that both thiol/disulfide redox couples (Cys612/Cys615 and Cys628/Cys630) in the HBD
are poised to respond to the redox state within the cell.
5.4.5 Effect of redox state of the Cys612-Cys615 on heme binding

The effect of the redox state of the Cys612-Cys615 thiol/disulfide redox couple on
heme binding was determined. As described above, HBD binds only 1 heme per mol
protein in both oxidized and reduced states. However, the Fe’*-heme titration curves of
the oxidized and reduced HBD are noticeably different, indicating different affinities of
the oxidized and reduced HBD for Fe**-heme (Figure 5.6A). Thus, the dissociation
constants (K4) were measured for the oxidized and reduced states of HBD and for the

CXXCH variants.
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FIGURE 5.5 Measurement of the midpoint redox potential of the thiol/disulfide
couples in HBD. The ambient redox potential, set by variation of the GSSG/GSH ratio,
ranged from -133 mV to -252 mV. (See details in “Materials and Methods™). A, SDS-
PAGE analysis of the alkylation of HBD by Mal-PEG 5000. M: molecular mass marker.
B, Nernst analysis of results from non-reducing PAGE shown in A. The redox potential
of the thiol/disulfide couples in HBD is E’ =-184 £ 2 mV.
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FIGURE 5.6 Titration of HBD and the C612/C615 HBD variant with Fe3+-heme,
Fe*-heme, and Fe’*-heme-CO. Titrations were performed by monitoring the
absorbance increase at 415 nm (Fe’"-heme), 426 nm (Fe’"-heme) and by subtracting the
absorbance at 431/432 nm from that at 415 nm (Fe’"-heme-CO). A, 1 uM oxidized and
reduced HBD proteins were titrated with Fe’"-heme. Oxidized HBD (solid line), reduced
HBD (dash line). B, 1 uM reduced HBD protein was titrated with Fe*"-heme. C, 1 uM
reduced HBD-Fe*'-heme complexes were titrated with CO. D, 1 pM reduced
C5128/C615S-Fe*"-heme complexes were titrated with CO. The Insets in C and D are the
difference spectra from the CO titration. Dissociation constants (K4) were calculated by
using the quadratic equation with a one-site binding model (see details in “Materials and
Methods™).

Dissociation constants (K4 values) for the complexes between the HBD (and the
HBD variants) and Fe*"-heme were calculated by fitting the data to a quadratic one-site
binding model (Table 5.2). The Ky values of all the oxidized HBD proteins were very
high, varying from 1.50 to 13.5 uM, indicating a very weak Fe’*-heme affinity. However,
the Fe*"-heme binding affinity of reduced HBD (Kq = 0.21 pM) was 14-fold higher than
that of the oxidized protein (K4 = 2.8 uM) (Figure 5.6A). Similar results were observed
with the HBP (Table 5.2 and Figure 5.7) that contains the CXXCH motif. For the
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oxidized HBP (generated by treatment with diamide), the K4 value for the ferric heme is
14.5 = 4.6 uM, which is 90-fold higher than that of the reduced HBP (K4 = 0.16 £+ 0.05
uM). In addition, the oxidized and reduced C612S/C615S variant exhibited a similar
weak Fe’"-heme affinity, with Ky values of 1.5 uM and 1.7 pM in the oxidized and
reduced states, respectively (Figure 5.8). The H616A variant exhibited very large Kq4
values (K4 = 13.5 uM), as expected if His616 is the heme ligand in HBD (Figure 5.9).
These results strongly indicate that Cys612 and Cys615 may act as a redox switch that
controls ferric heme binding to HBD. Considering the overall midpoint reduction
potential of the cysteines in HBD is -184 mV, this switch might have physiological

relevance in cells.

TABLE 5.2 Heme affinity of HBD. Fe’"-heme and Fe*"-heme titrations were performed
with the oxidized and reduced states of HBD (and HBD variants) under aerobic and
anaerobic conditions, respectively. A freshly prepared heme solution was titrated into a 1
uM HBD (or HBP) solution, and the absorbance spectra were recorded. The absorbance
value at the Soret peak (415 nm for Fe’"-heme titration and 426 nm for Fe’"-heme
titration) was plotted versus heme concentration. K4 was calculated by using the
quadratic equation with a one-site binding model (see details in “Materials and
Methods™). All the measurements were done in triplicate.

Ferric Heme Titration Ferrgus Heme Ferrou; Hgme-
Titration CO Titration
Oxidized Form | Reduced Form | Reduced Form | Reduced Form
K4 (M) K4 (1M) Kq (UM) K4 (M)
HBD 2.8+0.2 0.21+0.13 0.29 +0.07 0.05+0.01
C612S/C615S 1.5+0.1 1.7+03 0.49+0.29 2.7+0.6
H616A 13.5+2.0 74+0.8 33+0.8 13.8+3.7
F610W 2.0+0.2 0.42+0.10 0.18+0.03 0.03+0.01
HBP 145+ 4.6 0.16 £ 0.05 ND ND

ND: not determined
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FIGURE 5.7 Titration of oxidized and reduced HBP with Fe**-heme. Titration curves
were developed by monitoring the absorbance increase at 415 nm (Fe’"-heme). A, 5 uM
oxidized HBP peptide (601-623) was titrated with Fe’"-heme. B, 5 uM reduced HBP
peptide (601-623) was titrated with Fe’"-heme. Dissociation constants (Kg) were
calculated by using the quadratic equation with a one-site binding model (see details in
“Materials and Methods”). The 23-residue HBP contains residues 601-623 of the BK

Channel.
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FIGURE 5.8 Titration of the C612S/C615S HBD variant with Fe**- and Fe’*-heme.
Titrations were performed by monitoring the absorbance increase at 415 nm (Fe’ -heme)
and 426 nm (Fe*"-heme). A, 1 uM oxidized C612S/C615S protein was titrated with Fe’'-
heme. B, 1 uM reduced C612S/C615S protein was titrated with Fe*-heme. C, 1 uM
reduced C512S/C615S protein was titrated with Fe*"-heme. Dissociation constants (Kg)
were calculated by using the quadratic equation with a one-site binding model (see details
in “Materials and Methods”).

5.4.6 Effect of substitutions in Cys612 and Cys615 on Fe?*-heme-CO Binding

Heme binding to the BK channel inhibits channel activity, while CO can activate the
channel. Thus, we measured how a substitution in the Cys612-Cys615 couple affects CO
binding to the Fe’"-heme (Table 5.2). We were unable to perform these titrations with
both redox states of the HBD because reductants that reduce the Fe’"-heme also reduce
the disulfide bonds in HBD. The native HBD and the C612S/C615S variant have similar
affinities for Fe’"-heme, with Ky values of 0.29 uM and 0.49 uM, respectively (Figure
5.6B and Figure 5.8C). However, the HBD-Fe*"-heme complex has a 50-fold higher
affinity for CO (K4 = 0.05 uM) (Figure 5.6C) than the C612S/C615S variant (K4 = 2.7
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uM) (Figure 5.6D). The H616A variant has even weaker affinity for CO (K4 = 13.8 uM),
presumably due to loss of the heme ligand (Figure 5.9D).
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FIGURE 5.9 Titration of the H616A HBD variant with Fe’*-heme, Fe’*-heme, and
Fe**-heme-CO. Titrations were performed by monitoring the absorbance increase at 415
nm (Fe’*-heme), 426 nm (Fe’"-heme) and by subtracting the absorbance at 440 nm from
that at 423 nm (Fe*"-heme-CO). A, 1 pM oxidized H616A protein was titrated with Fe**-
heme. B, 1 pM reduced H616A protein was titrated with Fe’"-heme. C, 1 uM reduced
HI161A protein was titrated with Fe*'-heme. D, 1 pM reduced H161A-Fe*"-heme
complex was titrated with CO. Dissociation constants (K4) were calculated by using the
quadratic equation with a one-site binding model (see details in “Materials and
Methods™).

5.4.7 HBD interaction with HO-2

HO is the only heme degradation enzyme identified so far in mammals. In vivo
studies indicated that HO-2 acts as an oxygen sensor to form a complex with human BK
channel, regulating channel activity (15). Since the HBD was identified as the heme

regulatory domain in BK channel, we formed the hypothesis that HBD is the key domain
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involved in the interaction with HO-2. This hypothesis was addressed using intrinsic
tryptophan fluorescence quenching experiments with a F610W HBD variant (Figure
5.10). We performed this substitution at position 610 because, if Cys612 and Cys615 are
part of a loop or helix, an aromatic residue at position 610 would not be expected to
interfere with the disulfide bond. While sequence comparisons reveal that both Trp609
and Tyr610 naturally occur in several organisms, the F610W variant exhibits intense
intrinsic fluorescence, but the F609W variant does not. The F610W variant has similar
affinities for Fe3+—heme, Fe%—heme, and Fe*"-heme-CO as does the native HBD (Table
5.2 and Figure 5.11), indicating that this Phe-to-Trp replacement does not significantly
change the properties of HBD. The Fe’*-heme binding affinity of oxidized F610W (K4 =
2.0 uM) was five-fold lower than that of reduced F610W (K4 = 0.42 uM). Furthermore,
the affinities of reduced F610W for Fe*"-heme (Kq = 0.18 uM) and Fe*"-heme-F610W
complex for CO (K4 = 0.03 uM) were comparable to those of reduced HBD, indicating
that the Phe to Trp mutation does not undermine the binding abilities of protein for Fe*'-
heme and CO. When excited at 285 nm, the F610W variant exhibited an emission
spectrum centered at 338 nm. Fluorescence quenching was observed when either apo-
HO-2 or heme-bound HO-2 was titrated into the F610W variant of HBD, yielding Kq4
values of 0.25 = 0.08 uM and 0.43 £ 0.04 puM, respectively (Figure 5.10A and 5.10B).
The interaction between HO-2 and HBD was further investigated by titrating HBP into
the F253W HO-2 variant, which has been shown to exhibit quenching of intrinsic Trp
fluorescence in earlier ligand binding and redox titration experiments (25). Fluorescence
quenching was also observed when apo-HBP was titrated into F253W, indicating the
CXXCH motif and its nearby region may be involved in its interaction with HO-2

(Figure 5.12).
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FIGURE 5.10 Titration of HBD with HO-2. Fluorescence quenching experiments were
performed to examine the interaction between HBD and HO-2. The data was corrected by
subtracting the inner-filter effect as described (29). A, apo-F610W was titrated with apo-
HO-2. The experiments were performed by exciting at 285 nm and following the
emission intensity at 338 nm. B, apo-F610W was titrated with Fe**-heme-HO-2, with the
excitation wavelength set at 285 nm, and the emission intensity was measured at 338 nm.
C, ZnPP-HBD was titrated with Fe’"-heme-HO-2, with excitation at 415 nm and
emission at 588 nm.

126



A 0.10

Absorbance

K,=0.4210.10 uM
Rsqr =0.99

=

1.0 1.5 2.0 2.5

[Fe**-heme], uM

Abs. (417nm-431nm)

0.08 -
[
(%]
€ 0.06 -
(3]
o
5 K,=2.0£0.2 M
2 0.04 1 Rsqr = 0.99
<
0.02
[
0.00 T r r
0 2 4 6
[Fe**-heme], uM
0.10 =
0.08 -
[+
Q
&
8 0.06 -
é K,=0.18 £0.03 uM
Rsqr=0.99
2 0.04
<
0.02
0.00 / r r r
0.0 0.5 1.0 1.5

[Fe**-heme], pM

FIGURE 5.11 Titration of F610W HBD variant with Fe’’-heme, Fe’*-heme, and
Fe?*-heme-CO. Titrations were performed by monitoring the absorbance increase at 415
nm (Fe’"-heme), 426 nm (Fe*"-heme), and by subtracting the absorbance at 431 nm from
that at 417 nm (Fe*"-heme-CO). A, 1 pM oxidized F610W protein was titrated with Fe*-
heme. B, 1 puM reduced F610W protein was titrated with Fe’"-heme. C, 1 pM reduced
F610W protein was titrated with Fe’"-heme. D, 1 pM reduced F610W-Fe*"-heme
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FIGURE 5.12 Titration of the HBP with HO-2(F253W). Fluorescence quenching
experiments were performed to assess the interaction between HBD and HO-2. The data
was corrected by applying inner-filter effect. 300 nM HO-2 (F253W) was titrated with
HBD peptide (601-623), The excitation wavelength was 285 nm and the emission was
monitored at 340 nm. A, Spectra of F153W being titrated with HBP. B, Dissociation
constants (K4) were calculated by using the quadratic equation with a one-site binding
model (see details in “Materials and Methods™).

In related experiments, ZnPP was used to monitor interactions between HO-2 and
the HBD. In order to ensure that “heme” exchange did not occur during the experiments,
it was important to first establish whether HO-2 or the HBD binds ZnPP most tightly. It
was established that the oxidized HBD has a significantly higher affinity for ZnPP (K4 =
0.22 pM) than for Fe’*-heme (Figure 5.13A). On the other hand, HO-2 binds Fe*"-heme
(Kg = 0.03 uM, (24)) 15-fold more tightly than ZnPP (K4 = 0.45 puM, Figure 5.13B).
Thus, we could monitor quenching of fluorescence from the ZnPP-HBD complex, which
has its emission peak at 588 nm when excited at 415 nm. When the ZnPP-HBD complex
was titrated with heme-bound HO-2, significant fluorescence quenching was detected (Kq4
= 0.16 = 0.06 uM) (Figure 5.10C). These fluorescence-quenching studies complement
the intrinsic Trp fluorescence quenching experiments and strongly indicate that the HBD
not only binds heme, but also is the site in the BK channel that interacts with HO-2. Our

results indicate that this interaction can occur in both apo- and heme-bound states.
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FIGURE 5.13 Titration of ZnPP with HBD and HO-2. A, 0.5 uM ZnPP was titrated
with HBD. B, 1 uM ZnPP was titrated with HO-2. Excitation wavelength is at 415 nm
and emission wavelength is at 588 nm. Titrations were performed by monitoring the
fluorescence decreasing at 588 nm. The insets are the fluorescent spectra from the HBD

titration.
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5.5 Discussion

The rapid physiological response to hypoxia is mediated by the carotid body, which
is an arterial O, chemoreceptor organ (34). The rapid inhibition of ion channel activity in
glomus cells of the carotid body by hypoxia was first demonstrated in 1988 (35). Under
normoxic conditions, the glomus cell membrane is hyperpolarized due to the pumping of
K" through the open BK channel, while inhibition of channel activity initiates a wave of
depolarization that results in increased ventilation by the lungs (34). The involvement of
the human BK channel in the physiological responses to hypoxia and the regulation of
these responses by heme and CO have been well documented (14,36-38). Both ferric and
ferrous heme inhibit the BK channel, while CO stimulates channel activity (16). In
addition, co-immunoprecipitation experiments and immunocytochemical analyses
indicate that HO-2 binds directly to the BK channel (15). However, the mechanism(s) by
which heme inhibits and CO activates the BK channel in response to hypoxic and
normoxic conditions, respectively, remains unclear. Mechanisms by which the functions
of HO-2 and the BK-channel could be coupled include the direct activation of the BK-
channel by CO, regulation of heme availability by HO-2 and protein-protein associations.
Our results indicate that a thiol/disulfide redox switch in the HBD of the BK channel
affects binding of both heme and CO as well as HO-2-HBD interactions.

Regarding CO activation, two contrasting mechanisms have been recently proposed.
Based on the findings that CO affects the binding of Fe*"-heme, but not Fe*"-heme, to the
HBD and that mutation of Cys615 and His616 in the CXXCH motif abolish both heme-
dependent inhibition and CO-induced activation of the channel, it was proposed that the
effects of CO are mediated by binding to heme (17). On the other hand, because
substitutions of residues (two His and an Asp) in the high-affinity RCK1 high-affinity
Ca®" sensor domain disrupt CO-dependent activation of the BK channel (using the CO
donor [Ru(CO);Cl;],) without affecting the inhibition by heme, and because substitutions
in the CXXCH motif (of His and Cys) disrupt heme binding without abrogating
activation by CO, it was suggested that CO directly interacts with the His and Asp
residues in the RCK1 domain in a heme-independent manner (22).

Our results demonstrate that a thiol/disulfide redox switch in the human BK channel

regulates binding of both heme and CO. Previous studies have indicated that Cys residues
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can affect the regulation and/or activity of the human BK channel. Substitution of Cys911
with Gly decreased the sensitivity of the channel to a CO donor (the
tricarbonyldichlororuthenium (II) dimer) by two-fold; furthermore, cysteine oxidation
(39,40) and reaction of some cysteine-specific reagents, e.g., DTNB, MTSEA and PCMB,
(41) has been reported to decrease BK channel activity. Here we have shown that
residues Cys612 and Cys615 in a CXXCH motif between the two RCK domains
interconvert between the thiol and disulfide states according to a midpoint reduction
potential of -184 mV, while the His residue (His616) serves as an axial heme ligand. This
arrangement allows robust control of heme binding, such that the dithiol(ate) state of
either the HBP or the HBD binds Fe*"-heme 90- or 14-fold tighter, respectively, than the
oxidized disulfide form. The Ky value for the complex between the reduced (disulfide)
state of the HBD and Fe*"-heme is 0.21 pM, which is similar to the K; value (~ 0.1 pM)
for inhibition of the BK channel by Fe(Ill)-heme (14). Importantly, the K4 value for the
oxidized HBP of 14.5 uM (or 2.8 uM for the HBD) is well outside the range of
intracellular free heme concentrations of 20-100 nM (42-46) (furthermore, free heme
levels above 1 uM are toxic (46)). Because the ambient intracellular redox potential
ranges from -170 mV to -325 mV (32,33), the CXXC motif in the HBD should undergo
redox interconversion under physiologically relevant conditions, e.g., normoxia and
hypoxia. Therefore, when the HBD converts to the oxidized state, the BK channel would
be expected to release its bound heme.

Heme and CO elicit opposite effects on activity of the BK channel. Our results
indicate that CO interacts directly with heme in the HBD, forming a high affinity Fe'-
CO complex (K4 = 0.05 uM), which could be considered to favor the former of the two
mechanisms of CO activation described above (17). In comparison, the hemes in NPAS2
(Kq =1 uM) and a bacterial CO sensor (CooA) (Kg =11 pM) bind CO with significantly
lower affinity (47,48). If the HBD is the sole CO binding site within the BK channel, one
possible explanation for the importance of the RCK1 domain in the CO response is that
allosteric effects may couple binding of Ca”" and CO to separate sites. Because it is
highly unlikely that CO can bind directly to the implicated amino acid residues (H365,
H394 and D367) in the RCK1 domain in a metal-independent manner, one possibility is

that the His and Asp residues in RCK1 ligate a low-valent metal ion, e.g., Fe*" or Cu'",
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which forms a CO binding site. There is evidence that Zn>" can activate the BK channel
and that H365 and D367 are required for this activation, suggesting that these residues
can bind metal ions. A large class of metalloenzymes, i.e., oxygenases, contains a 2-His-
1-carboxylate facial triad motif in which a single metal ion (Zn*" or Fe*) is coordinated
by two His residues and one Asp (or Glu) in a motif that often consists of HXDX,H (X
can be any residue and n represents a variable number of residues) (49,50), which
matches the sequence in RCK1 (HszesXD367X22H394). Although we are unaware of CO
binding to the metal center of a protein containing the 2-His-1-carboxylate facial motif,
the structure of isopenicillin N synthase has been solved with bound NO (51), a CO
analog. If this site does indeed bind Zn*, being a d'® metal ion, it would not be able to
bind CO; however, there are examples of Zn®" or Fe*" competing for binding to a metal
binding site, e.g., carbonic anhydrase (52). Thus, further studies are required to clarify the
relationship between CO and the potential metal binding sites in the RCK1 domain.

As was observed for heme binding, affinity of the HBD-Fe*"-heme for CO appears
to be regulated by the CXXC motif. Surprisingly, the affinity of Fe’"-heme in the
C612S/C615S variant, which was expected to mimic the reduced protein, is 50-fold
weaker than that of the native protein (K4 = 2.68 pM). How Cys612 and Cys615 affect
CO binding is unclear. Perhaps one of the Cys residues undergoes ionization, which
would alter the micro-environment of the heme in a way that Ser could not. Besides the
Cys residues in CXXCH motif, Cys628 and Cys630 form the other intramolecular
disulfide bond in HBD. We have been unable to address the properties of these residues
because the single and double (C628S/C630S) variants were unable to be purified,
suggesting that these residues may play a structural role.

The results of our intrinsic fluorescence quenching experiments indicate that the
HBD interacts directly with HO-2. These results support earlier coommunoprecipitation
and immunocytochemical analyses indicating that HO-2 binds directly to the BK channel
(15). This interaction could allow HO-2 to locally influence both the heme and CO
concentrations to which the BK channel is exposed. The influence of the CXXC motif on
heme and CO binding suggests that this motif functions as a thiol/disulfide redox switch.
Interestingly, a similar redox regulatory mechanism has been recently identified in human

HO-2; however, with an opposite redox regulatory modality (24,25). HO-2 has low
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affinity for heme when the Cys residues in a heme response motif (HRM) are in the
reduced (free thiol) state; however, when they switch to the oxidized (disulfide) state, the
affinity for heme markedly increases (24,25). Thus, it is most significant that redox
switches in both HO-2 and the BK channel respond in a seemingly coordinated way to
redox changes, with HO-2 releasing heme under redox conditions that optimize heme
binding to HBD and HBD releasing heme under oxidizing conditions that stimulate heme
degradation by HO-2.

Figure 5.14 describes a working hypothesis for how HO-2 and the BK channel
system may coordinately respond to altering intracellular redox conditions and to the
related shifts between hypoxia and normoxia. Under hypoxic conditions, where the redox
potential would decrease, the thiol/disulfide switches in HO-2 and the BK channel would
convert to the dithiol states, with HO-2 having low affinity and BK channel having high
affinity for Fe’"-heme. The combined effects of low heme affinity and limited O,
concentration would decrease heme degradation activity by HO-2, resulting in a local
increase in heme and decrease in CO concentrations. Furthermore, the decrease in
intracellular redox potential associated with hypoxia would promote binding of heme and
to the BK channel. Thus, these coordinated effects of high heme and low CO would
promote closing of the BK channel. Under normoxic conditions, the redox active thiols of
HO-2 and the BK channel would exist in oxidized states, with HO-2 having high affinity
and BK channel having low affinity for Fe’"-heme. Furthermore, the increased O, levels
would stimulate degradation of heme to generate CO, which would activate the channel.
It is likely that CO binding to the HBD would be one of the most rapid responses to the
reestablishment of normoxic conditions, which would be followed by release of heme
from the BK channel, due to its low heme affinity when the CXXC motif is in the
oxidized state. The redox-based control of the BK channel proposed here would of course
be interfaced with the many other inputs into regulation of ion channel function,
including the major roles of Ca®" and membrane potential and other modulatory
properties of the RCK domains.

In conclusion, our research provides strong evidence for a thiol/disulfide switch in
the BK channel that involves Cys residues in the CXXCH motif of a HBD. This switch
regulates affinity of the HBD for heme and CO and for HO-2. We speculate that this
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redox-linked alteration in properties of the HBD has important physiological roles,
including the ability to regulate the activity of the human BK channel in response to

intracellular hypoxic/normoxic conditions.
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FIGURE 5.14 Proposed redox regulatory mechanism of human BK channel and
HO-2 under hypoxic/normoxic condition. This figure describes a working hypothesis
for how HO-2 and the BK channel system may coordinately respond to intracellular
redox changes, e.g. hypoxia and normoxia. Under hypoxic or more reducing conditions,
the thiol/disulfide redox switches in HO-2 and the BK channel would be in the dithiol
states, with HO-2 having low affinity and BK channel having high affinity for Fe*"-heme.
The combined effects of low heme affinity and low O, concentration would decrease
HO-2 activity, resulting in an increase in heme and a decrease in CO concentrations.
Increase in heme affinity of the BK channel, combined with high heme and low CO
levels would promote closing of the channel, and depolarization of the cell membrane.
Under more oxidizing and/or normoxic conditions, the redox active thiols of HO-2 and
the BK channel would exist in oxidized states, with HO-2 having high affinity and the
BK channel having low affinity for Fe’"-heme. Furthermore, the increased O, levels
would stimulate HO-2 activity to generate CO, which would activate the channel, leading
to hyperpolarization of the cell membrane.
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5.6 Conclusion

In our work described here, a soluble 134-residue linker region, which we refer to as
the heme-binding domain (HBD), between RCK1 and RCK2 was cloned, expressed and
purified to address the heme binding properties of the human BK channel. We
characterized the HBD using EPR and UV-visible spectroscopy. Our results demonstrate
that His616 in the Cg,XXCg;sH motif serves as the axial heme ligand. The Cys residues
were shown to form a thiol/disulfide redox switch that regulates the affinities of the
channel for heme and CO. Reduction of the disulfide bond in the CXXCH motif
enhances the affinity of HBD for heme by ~14-fold. In addition, replacement of the Cys
residues by Ser decreases the CO affinity by over 50-fold. We propose that thiol/disulfide
redox modulation of the affinity for heme and CO is one way that the BK channel can

rapidly respond to the switch between hypoxic and normoxic conditions.
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Chapter 6

Ongoing Work and Future Directions

6.1 Evaluate the effect of redox states of HRMs on the enzymatic activity of HO-2
under in vitro condition

It was demonstrated in work leading to my MS degree that two Cys residues in the
C-terminal region of HO-2 that are within HRM motifs can constitute a thiol/disulfide
redox switch, regulating the affinity of human HO-2 for heme, with the oxidized protein
(K4 = 33 nM) able to bind heme 10-fold more tightly than the reduced form (Ky.reduced =
350 nM) of HO-2 (1). Since the physiological concentration of heme is approximately
0.02-0.1 uM, the reduced state of HO-2 is expected to be depleted in heme within the cell.
Furthermore, the sequences of HO-1 and HO-2 are most divergent in the C-terminus near
the HRMs (Figure 1.4), while the crystal structure of the human HO-2 core domain is
nearly identical to that of HO-1 (2) (Chapter 3). These properties indicate that the HRMs
may be responsible for the unique properties of HO-2, including its distinct regulatory
mechanism in cells. By using the oxICAT technique, the thiol-disulfide switch in HO-2
was found to respond to cellular oxidative stress and reductive conditions, with its
midpoint reduction potential at -200 mV (3) (Chapter 2). Cys residues in the thiol-
disulfide switch are 60-70% reduced under normal growth conditions. Under oxidative
stress conditions, these Cys residues in the thiol-disulfide switch exist predominantly (86-
89%) in the disulfide state, while treatment with reductants converts these Cys resides
largely (81-87%) to the reduced dithiol state. These results indicate that, at physiological
heme concentrations, HO-2 with the oxidized form of the thiol-disulfide switch will
exhibit higher HO-2 activity than the reduced protein, representing a paradigm for how
HRMs can integrate heme homeostasis to confer cytoprotective effects in cells. It is

important to test this hypothesis because often the Kq value is quite different from the K,,,
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which is the important kinetic parameter that will govern the response of HO-2 to varying
heme concentrations in the cell.

In order to investigate whether the different heme affinities between oxidized and
reduced HO-2 lead to different heme degradation rates, a new heme degradation activity
assay was established. Our standard assay for determining HO-2 activity, which measures
bilirubin synthesis (at 468 nm) at saturating heme concentrations (1,4), is unable to
distinguish between the heme degradation rates of oxidized and reduced HO-2 at
physiological heme concentrations because, although bilirubin has a relatively high
extinction coefficient (&pijirubin = 43.5 mM.cm™ at 468 nm), total conversion of 20 nM
heme (close to the Kq value) to bilirubin would give rise to an absorption change of only
0.00086. Increasing the heme concentrations to levels that will allow reproducible
activity measurements (e.g., changes in absorbance of 0.05) requires 1 uM heme, which
would be saturating for both the oxidized and reduced protein (at 100 nM range).
Furthermore, studies at physiological concentrations of heme are not amenable to steady-
state kinetic measurements ([substrate] >> [enzyme]). The extinction coefficient for HO-
2-Fe’*-heme complex at its soret peak (enon = 171.4 mM'-ecm™) (1) is 3.9-fold higher
than that of bilirubin, which indicates that the absorbance change for HO-2-Fe’*-heme
complex caused by the heme degradation would be easier to measure than that of
bilirubin.

In order to measure the activities of the oxidized and reduced states of HO-2, we
used single turnover conditions with 2 uM heme and 2 uM HO-2, and directly measured
the decrease in absorbance of the heme as it underwent conversion to biliverdin (Figure
6.1A). Biliverdin reductase is unnecessary in this assay and was omitted to simplify the
assay conditions. Because NADPH and cytochrome P450 reductase (CPR) are required
for reduction of the heme, it is important to ensure that this single-turnover assay is not
rate-limited by CPR. As shown in Figure 6.2, the rate of heme degradation is
independent of the concentration of CPR, with similar ky,s values for heme degradation
(0.0072 s - 0.0076 s') as the concentration of CPR is increased from 12 uM to 20 pM.
The physiological reductant of the disulfide bond in the HRMs of HO-2 is unknown and
we considered that CPR might serve this function. If so, CPR and NADPH would convert
the disulfide of HO-2 to the dithiol form and the measured activities would be
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indistinguishable. However, incubating HO-2 with NADPH and cytochrome P450
reductase does not alter the redox status of the Cys residues in HO-2, as measured by
titration with 5,5'-Dithiobis(2-nitrobenzoic acid) (DTNB) (Table 6.1). Only 0.27 uM
thiol groups were detected in 50 uM NADPH solution, indicating that the NADPH does
not react with DTNB. 12.8 uM thiol groups were detected for the solution containing 100
uM NADPH and 3 pM CPR, and this number increased to 23.8 uM when 10 uM
oxidized HO-2 was present in the mixture. The increase of 11 uM thiol groups after
adding HO-2 is mainly from the free thiol in HO-2 (Table 6.1) that was identified as
Cys127 in my previous research (1). Thus, the combined DTNB results demonstrate that
CPR (and NADPH) do not catalyze reduction of the disulfide bonds in the HRMs of HO-
2 and that CPR only appears to only reduce the heme. Furthermore, the physiological
reductant of the HRMs in HO-2 remains unknown, the results shown in Figure 6.2 and
Table 6.1 demonstrate that catalytic activity of HO-2 will be rate limiting and that the
oxidized or reduced forms of HO-2 will remain in their as-prepared state during the
single-turnover measurement.

When a 50 mM phosphate buffer solution containing 2 uM oxidized or reduced HO-
2, 0.1 mg/ml BSA, 80 uM NADPH and 15 uM cytochrome P450 reductase was mixed
with 2 uM Fe®*-heme, the heme absorbance spectrum was replaced with that of HO-2-
Fe’"-heme complex, which has a soret peak at 412 nm. By following the absorbance
decrease in the HO-2-Fe’"-heme complex at 412 nm, the enzymatic activity was
calculated to be 0.079 + 0.004 nmol/min/nmol. This indicates that oxidized HO-2 is 1.9-
to 2.8-fold more active than the reduced protein, which has an enzymatic activity of
0.035 £ 0.005 nmol/min/nmol. The first-order rate constant for oxidized HO-2 (kops),
obtained from a single exponential fit to the data, is 0.0071 + 0.0003 s™', which is 1.25-
fold faster than that of reduced HO-2 (0.0057 + 0.0001 s™) (Figure 6.1C). The lower
initial absorbance for the reduced HO-2 is a reflection of lowered heme affinity of the
reduced protein, as described in earlier studies (1). Compared to oxidized and reduced
HO-2, the H45A variant does not present any measurable heme degradation activity,
which is due to the lack of the heme ligand (Figure 6.1B and 6.1C).

To evaluate the experimental results from our heme degradation assay, the actual

data were compared to the theoretically calculated values. The K4 values of oxidized and
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reduced HO-2 for heme were determined as 33 nM and 348 nM, respectively, in my
previous research (1). Based on these Kg values, the concentration of HO-2-bound heme
in oxidized HO-2 was calculated as 1.77 uM when the assay system contains 2 uM HO-2
and 2 uM heme. This number decreased to 1.36 uM for reduced protein in the same
conditions. Based on the different concentrations of HO-2-Fe**-heme complexes with
oxidized and reduced HO-2 in the assays, the ratio of the initial absorbance of
oxidized/reduced HO-2- Fe’"-heme complexes should be close to 1.30. In addition, after
fitting the Ky values, heme and HO-2 concentrations into the Michaelis—Menten equation
(V/Vimax = s/(Kts)), the ratio of Vxidized/ Vreduced 1S calculated as 1.13. Our experimental
values are comparable to these theoretically calculated numbers. The initial absorbances
at 412 nm for oxidized and reduced HO-2-Fe’"-heme complexes in the assays are 0.224
and 0.185, respectively, so the ratio of the initial absorbance of oxidized/reduced HO-2-
Fe’"-heme complexes is 1.21. This number is comparable to 1.30, which indicates that
the heme affinities for oxidized and reduced HO-2 that we determined in our previous
studies are reliable. In addition, the kos was calculated to be 1.25-fold greater for
oxidized HO-2 (0.0071 s™) than for reduced HO-2 (0.0057 s™") in our heme degradation
assay, which is very close to what is theoretically calculated by their different heme
affinities (1.13). These combined analyses indicate that the heme degradation efficiency
is different between oxidized HO-2 and reduced HO-2.

The finding that the redox state of C-terminal HRMs in HO-2 affects enzymatic
activity provides supporting evidence for the hypothetical HRM-mediated regulatory
mechanism that we proposed in Chapter 2 (Figure 2.10). HO-2 can confer cytoprotective
effects through a HRM-mediated mechanism in response to the cellular redox
environmental changes. Cysteine residues in C-terminal HRMs of HO-2 largely exist in
the disulfide state (Figure 2.8) under oxidative conditions, which makes HO-2 catalyze
the heme degradation efficiently to generate CO, Fe*’, and biliverdin/bilirubin, activating
various cytoprotective pathways. Nevertheless, under reducing conditions, cysteine
residues in C-terminal HRMs are mainly in the dithiol state, which leads to moderate
heme degradation compared to oxidative conditions. Although the redox state variation of

C-terminal HRMs leads to different heme degradation efficiencies of HO-2, further
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experiments need to be performed under both in vitro and in vivo conditions to fully

understand the physiological roles of HRMs in cells.

TABLE 6.1 Quantification of free thiols in HO-2 heme degradation system by the
DTNB assay. Assays for all the proteins were performed in aerobically. All
measurements were performed in triplicate with different amounts of protein. The
average concentration of free thiols are presented.

Concentration of

free thiols (uM)
NADPH (50 uM) 0.27 £0.02
CPR (3 uM) 17.45 +0.05
CPR (3 uM) + NADPH (100 uM) 12.8+0.1
Oxidized HO-2 (10 uM) 9.5+0.1
Oxidized HO-2 (10 uM) + CPR (3 uM) + NADPH (100 uM) 23.8+0.6
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FIGURE 6.1 Heme degradation activities of oxidized and reduced HO-2. 2 uM HO-2,
0.1 mg/ml BSA, 80 uM NADPH and 15uM cytochrome P450 reductase were mixed in
50 mM phosphate buffer, pH 7.4. The mixture was incubated under 37 °C for 5 min
before the reaction was initiated by adding 2 uM heme. The absorbance changes at 412
nm and 410 nm, for HO-2 and the H45A variant, respectively, were recorded to calculate
the enzymatic activities. The data were fit with a single exponential equation
(f=y0+a*exp(-b*x)) to calculate kops. In the equation, x is time; b is kops; YO is the final
abs; a is the amplitude. A, representative spectra of oxidized and reduced HO-2. B,
representative spectra of the H45A variant. C, fits to data of oxidized and reduced HO-2,
and the H45A variant.
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FIGURE 6.2. The effect of NADPH-cytochrome P450 reductase on heme
degradation. To evaluate if the reaction step in which the NADPH-cytochrome P450
reductase is involved is the limiting step in heme degradation, 2 uM HO-2, 0.1 mg/ml
BSA, 80 uM NADPH and various amount of cytochrome P450 reductase (12 pM: black,
15 uM: red, 20 uM: blue) were mixed in 50 mM phosphate buffer, pH 7.4. The mixture
was incubated under 37 °C for 5 min before the reaction was initiated by adding 2 uM
heme. The absorbance changes at 412 nm were recorded to calculate the enzymatic

activities.
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