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PART I: General Introduction



Almost all bacteria require iron to survive. Pathogen bacteria acquire iron from hosts upon
entry into the mammalian host. The regulation of bacterial iron metabolic system is led to inhibit
the effective bacterial growth. Recently, the Gran-negative pathogens present the most acute
threat of developing untreatable multidrug-resistant infections, posing a particular threat owing
to their dual-membrane envelope that prevents these antibiotics from accessing their targets.
Thus, development of new drugs acting on the iron metabolic system is promising for therapy
and prevention for infection
1.1 Iron Uptake by Bacteria

Iron is an essential element for bacteria because it acts as a cofactor to play key roles in
metabolic processes such as oxygen transport, electron transfer, and energy transduction. While
iron is generally required for metabolic processes in organisms ferric iron (Fe*") is extremely
insoluble and the concentration of free ferric iron is very low (10'® M) at neutral pH'. The
concentration of iron available for bacterial pathogen is even significantly lower (102* M)?
because ferric iron is sequestered by host iron-carrier proteins such as lactoferrin and transferrin
and by heme. Because iron is essential for growth and pathogenesis of bacteria even under such
low-iron conditions, invading microorganisms have developed intricate iron uptake pathways
from one or more of the diverse mammalian iron sources to overcome the iron restriction.

One way by which invading microbes acquire iron is production and secretion of small
molecular weight compounds called siderophores, which strongly and specifically chelate ferric
iron, solubilize it from mineral or organic complexes. In Gram-negative bacteria, iron-
siderophore complexes are recognized by specific outer membrane such as periplasmic protein-
dependent ABC permeases, through which iron-siderophore are delivered into cells. In addition
to siderophore secretion, iron-binding proteins directly bind** and reduce the insoluble ferric
iron to usable soluble form (Fe?")’, secreted extracellular proteinases degrade host iron-binding

proteins®’ or lethal compounds (exotoxins) that may eliminate competitors for usable iron

resources are produced®®. However, because of the strongly-limited availability of free iron
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in vertebrate hosts, acquisition of iron by siderophores, especially for pathogenic bacteria, is
insufficient. Therefore, pathogens have evolved another system in which heme (iron-
protoporphyrin IX)-containing proteins in hosts are utilized as an iron source!’.

Although heme is necessary as an iron source for some bacteria, free heme is toxic as iron.
it causes oxidative damage to cells by catalyzing formation of reactive oxygen species through
the Fenton-type reactions'!. To avoid this deleterious effect, free heme present in plasma is
rapidly sequestered by the host heme-binding proteins such as hemopexin and human serum
albumin. Under pathologic conditions, hemopexin, human serum albumin, hemoglobin and
hemoglobin-binding haptoglobin are, therefore, potential heme-iron sources to invading
bacteria'?. Because the affinity of these proteins for heme is extremely high affinity, bacteria
have developed sophisticated mechanism to sequester the heme from these sources and
transport it into the cytoplasm, where the porphyrin ring of heme is oxidized by heme-degrading
enzyme and broken to release iron'>!%,

1.2 Heme Utilization System in Vibio cholreae

Vibrio cholerae, a Gram-negative bacterium, is the causative agent of cholera, which is still
a significant public health threat in areas where clean water is not widely available. To acquire
iron from heme, V. chorela has their own heme utilization (Hut) system'>. Based on the genome
sequence of V. cholerae and bioinformatics-based predictions, proteins involved in the transport
of heme into the cell have been proposed (Fig. 1)!%. Two distinct outer membrane receptors,
HutA and HutR, specifically transport heme across the outer membrane!’. In periplasm, the
heme-binding protein, HutB, binds to heme'®, and transfer it to the inner-membrane HutC-HutD
protein complex'®. HutC/HutD in turn transfers heme into cytoplasm across the inner membrane.

In cytoplasm, HutX functions as a heme transport protein to HutZ!°, which degrades heme?.
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Fig 1 Model for heme utilization in V. cholerae. Heme crosses the outer membrane through one of two

outer membrane receptors, HutA?! and HutR??. Heme is then transport across the inner membrane most likely

by the HutBCD transport system?*. HutZ degrades heme after when HutX transports heme to HutZ in vitro.

1.3 HugZ-type Heme Degrading Enzyme

In many bacteria, heme oxygenase is required for the use of heme as a source of iron. HutZ,

15,20

from V. cholerae >, is a heme-degrading protein in spite of no homology to the human HOs

24-27

from some bacteria Homologous proteins to HutZ are recently discovered from

Campylobacter jejuni (ChuZ)?®, and Helicobacter pylori (HugZ)*-*°. HutZ is homologous to
HugZ (31% sequence identity), but not to the human HOs. Although the crystal structure of the
heme-HutZ complex are not resolved, the structure of heme-bound ChuZ and HugZ are

2830 which are distinct from human HOs

reported. They form a homodimer with split 3-barrels
(Fig. 2A). Heme is located at the intermonomer interface and is bound by two monomers. The
structure of HugZ shows that Arg166 (corresponding to Arg92 in HutZ), which is located at the
distal site of heme, acts as a hydrogen bond donor for the iron-bound O (Fig. 2B)?°. The axial
heme ligand is His245 (corresponding to His170 in HutZ), which is located within the
hydrogen-bonding distance to Asp207 (corresponding to Aspl132 in HugZ) (Fig. 2B). The

heme-degrading product of HugZ is similar to human HOs, biliverdin IX3, although the crystal

structure and heme binding site structure of HugZ is distinct from those of the HOs?’.



according to the amino acid sequence of HutZ from V,cholerae.(PDB code: 3GAS)

1.4 Heme-Degradation Mechanism by HOs

The heme degradation reaction bases on the protein’s own structures. In heme, iron is tightly
bound to the porphyrin ring, and cannot be removed by a simple reaction. Thus, the heme-
degrading enzymes catalyze the stereospecific cleavage of heme to release iron with biliverdin
and carbon monoxide (CO) by three successive self-oxygenation reaction®'. In mammalian HO,
the mechanisms of the heme degradation reactions are revealed as described below>>*3. After
the enzyme binds ferric heme (Fig. 3a), one electron is donated by the reducing substrate,
converting the heme-iron to the ferrous form (Fig. 3b). Then, O binds to the reduced 5-
coordinate heme and forms a meta-stable oxy complex (Fig. 3c). A one-electron reduction of
the oxy heme generates a ferric-hydroperoxo complex (Fig. 3d), which self-hydroxylates to
produce a-meso-carbon of the porphyrin ring (Fig. 3e)**. A spontaneous auto-oxidation of the
reactive a-meso-hydroxyheme produced verdoheme (Figs. 3e and 3f). The mechanism of the
second step remains elusive, but HO unlikely plays a critical role in it, because that
hydroxyheme immediately react with O, to afford verdoheme (Fig. 3f) even in the absence of
HO%. The second oxygenation (Figs. 3f and 3g) by verdoheme cleaves its porphyrin
macrocycle to release biliverdin (Fig. 3g) and free ferrous iron. Thus, heme-degradation

reaction is sensitive based on the structure, and molecular mechanisms. In most heme enzymes



(i.e. peroxidases) , when the heme oxidation reaction the O-O bond of hydroperoxy heme (Fig.
3d) is homolytically cleaved to generate a ferryl (Fe*'=0) intermediate called compound I or
compound II*%. In the HO’s oxidation, the OH group of hydroperoxy heme attacks to the meso-
carbon of porphyrin. The protein structure has evolved to avoid the production of compound
I or compound II*”. The HOs structure shows that the highly conserved two glycine resides
bend the O-O bond of hydroperoxy heme to attack to the meso-carbon of porphyrin®®3°.
Although the structure of HugZ-type enzyme was different from that of HO-1, however, the
HugZ-type enzymes degrade heme to biliverdin. The heme degradation mechanism and

acquisition of heme degradation ability based on the protein structure of HugZ-type enzymes

remains to be unknown

o O\\
= ) =
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# #
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OH
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(e) meso-hydroxy heme (f) verdoheme (g) biliverdin

Fig. 3 Schematic of heme oxygenase catalytic intermediates Degradation of heme by HO yields ferrous

iron, biliverdin and CO

1.5 Heme-Degradation Enzyme HutZ from V. cholerae
The heme degradation intermediates of HutZ were partly identified by spectroscopic
techniques. The absorption and resonace Raman spectra of the ferric heme (Fig. 3a) and ferrous

heme (Fig 3b) complexes are similar to those of the heme-myoglobin complex, suggesting that



the heme iron of HutZ is bound to a histidine. The oxy heme of HutZ (Fig. 3c) was unstable for
short lifetime because of the rapid autoxidation to ferric-heme. However, the oxy heme of HutZ
could be observed by the resonance Raman measurement combined with rapid-mixing
technique*’. In addition, the heme degrading products of biliverdin IXP and biliverdin IX8
were detected by LC-MS and HPLC analysis?. These products of HutZ are the same as those
of HO-1, except for the cleavage site of the meso-carbon of porphyrin. The key intermediates,
meso-hydroxyheme (Fig. 3e) and verdoheme (Fig. 3f), were not yet observed, because the
meso-hydroxyheme is immediately non-enzymatically converted to verdoheme in the aerobic
conditions, and the absorption band of verdoheme in HutZ is different from that of HO-1. Thus,
the heme-degradation intermediates of HutZ except for meso-hydroxyheme and verdoheme are
the same as those of HO-1, I predict that the heme degradation mechanism of HutZ is the same
as that of HO-1, and determine the production of key intermediates to elucidate the reaction
mechanism of HutZ-type enzymes. Next, I focus on the structural unique of HutZ, the proximal
hydrogen bond between Aspl132 and His170 (Fig. 2B), which seems to be disadvantage for
heme-degradation reaction to promote the formation of ferryl species (Fe*'=0). This hydrogen
bond is necessary for the forming ferryl species in the peroxidases. Although the wild-type
HutZ can degrade heme to biliverdin, the role of this hydrogen bound is unknown in heme
degradation by HutZ.
1.6. Study on Heme-Degradation Mechanism of HutZ-type Enzymes

In part II of chapter I, to determine the heme-degradation mechanism by HutZ, I observed
meso-hydroxyheme and characterizing verdoheme of HutZ by UV-vis spectra. The meso-
hydroxyheme was produced by mixing the ferric heme-HutZ complex with one equivalent of
H,0> under the anaerobic conditions. Although the valence of verdoheme-iron of HutZ (Fe*")
is different from other HO-1 (Fe?"), the heme degradation intermediates of HutZ are the same
as those of the canonical HOs.

The distinct active site structure of HutZ from HO-1 suggests that the hydrogen bond between
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Asp132 and His170 is unique in the heme degradation enzymes. In part II of chapter II, to
investigate the role of proximal hydrogen bonding of HutZ, I prepared Asp132Leu, Asn, Glu,
and His170Ala mutants, in which the hydrogen bond between Asp132 and His170 was cleaved.
When the proximal hydrogen bond was intact, I predicted that HutZ could not reduce heme to
ferrous heme because of strong electron donation from the proximal histidine. However,
mutations at both sites led to a significant loss of heme degrading activity and heme affinity,
except for the substitution of glutamate acid for Asp132, likely because the heme would be not
held in an appropriate position to attack the meso carbon of the porphyrin ring for heme
degradation. Only a slight modulation of the distance of hydrogen bond between His170 and
Aspl132 is a key to activate the degradation reaction of the heme-HutZ complex.

The investigation of heme degradation mechanism by HutZ, which is the same as that of HO-
1, suggests that the different molecular evolution of HutZ-type enzymes occurs from that of
HO-1 to acquire heme-degrading function. In part III, to investigate that the heme-degrading
ability of HutZ-type enzymes is evolutionally conserved, I expressed Alr5027 from
cyanobacteria, which is homologous to HutZ, in Escherichia coli and examined its heme-
binding and heme-degradation properties. Alr5027 did not bind to heme because the putative
heme ligand is not conserved. To acquire the heme degradation ability for Alr5027, introduction
of histidine at position 164 rendered the mutant with high affinity for heme (K4,neme of 240 nM)
with a stoichiometry of 1:1. Although heme was not degraded by the K164H mutant when
ascorbic acid was used as an electron source, reaction with H>O» produced verdoheme,
indicating the heme-degrading ability for the Alr5027 mutant. These findings suggest that the
members of HutZ family have acquired their heme-degradation function through molecular
evolution from a common ancestor of HutZ and Alr5027.

In part IV, to gain enzymatic information for HutZ, I tested the heme-degradation ability of
HutZ by detecting the amount of ferrous iron. When I added iron chelators to a reaction solution

containing heme-HutZ and ascorbic acid, the reaction proceeded very slowly in the presence of

8



iron chelators, indicating that iron chelators inhibit the heme-degradation reaction by HutZ.
Based on kinetic analysis of the heme-degradation reaction of HutZ, kinetic analysis of each
heme-degradation step suggested that iron chelator would inhibit the conversion of oxy heme
(Fig. 3¢) to hydorxyheme (Fig 3d). Tetracycline, which is the most effective current treatment
of the antibiotics for V. cholerae, is an inhibitor of protein synthesis as well as iron chelator.
Thus, I speculated that the tetracycline affects the heme degradation activity of HutZ. The heme
degradation reaction of HutZ was repressed in the presence of tetracycline, whereas the heme
was degraded in the presence of chloramphenicol, a representative antibiotic, suggesting that

iron-chelating agents are good candidate antibiotics for use against V. cholerae.
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Abstract

HutZ converts heme to biliverdin, suggesting that it follows the same reaction mechanism as
that of mammalian heme oxygenase. However, the key intermediates, meso-hydroxyheme and
verdoheme, have not been identified. In this chapter, I applied UV-vis absorption spectroscopy
to study the reaction of heme-HutZ complex with H>O> or ascorbic acid. First, I identified the
production of meso-hydroxyheme. The meso-hydroxyheme of HutZ was produced with 1
equivalent H20O> in anaerobic condition, because the conversion of meso-hydroxyheme to
verdoheme was non-enzymatic reaction in aerobic conditions Next, I tried to characterize
vedoheme complex. The 644 nm species was produced by reacting the ferric heme-HutZ
complex with H>O; under aerobic conditions. Compared with the verdoheme species in other
HO-1, the 644 nm species is about 20 nm shorter than that of other HO-1. When ascorbic acid
added to this reaction solution, this species shifted 644 nm to 671 nm, indicating that production
of verdoheme of HutZ by H,O, was the ferric-verdoheme, because the axial ligand His170 is
imidazolate by hydrogen bonding with Asp132. Our data supports the view that HutZ degrades
heme in a manner similar to mammalian heme oxygenase, despite their low sequence and

structural homology.
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2.1.1. Introduction

As previously shown in Part [, HutZ from Vibrio cholerae is capable of degrading the heme,
and producing verdoheme and biliverdin!, as observed in the reaction catalyzed by mammalian
heme oxygenase (HO)* ™, suggesting that HutZ follows the same reaction mechanism as that of
HO (Fig 1)°. In that mechanism, the initial step is the reduction of ferric heme to ferrous heme.
Then, Oz binds to the ferrous heme to generate oxyferrous heme (Fe?"-O,). Further reduction
and protonation of the oxyferrous heme leads to ferric hydroperoxy heme (Fe**-OOH), which
then reacts with the heme macrocycle to give meso-hydroxyheme. Subsequently, in the presence
of Oy, the hydroxylated meso-carbon is eliminated as carbon monoxide (CO) with a concomitant

formation of the verdoheme. The verdoheme is then oxygenated to generate biliverdin.

Fig. 1 Proposed heme degradation mechanism of HutZ.

(a) Fe’'—heme (b) Fe’"-heme e‘y (c) oxyheme
HO
AN
o)

HO

HO

(e) meso-hydroxyheme (f) verdoheme (9) biliverdin

The unusual self-oxygenation reactions of HO are achieved by its unique structure, namely
a water cluster in its heme distal pocket (Fig. 2A). The water cluster of HO play critical roles

in both meso-hydroxylation of heme and ring opening of verdoheme®’, whereas no such water
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molecules were found in the structure of a homologous protein, HugZ, from Helicobacter pylori
(Fig. 2B)%. The water cluster is also absent in IsdG-type heme degrading enzymes, which

produce distinct heme catabolites’!!

. Recently, an IsdG-type enzyme from Mycobacterium
tuberculosis 1s shown to degrade heme by sequential mono- and dioxygenation reactions in
contrast to the canonical three monoxygenation mechanisms of HO'?. The mechanistic diversity
prompted us to examine whether HutZ catalyzes the HO-type heme degradation in spite of their
structural dissimilarity. In this chapter, I have characterized key reaction intermediates of HutZ,

including meso-hydroxyheme and verdoheme using UV-visible absorption, thereby

determining its heme-degradation mechanism.

A

Fig. 2 Crystal structures of (A) rat HO-1 (PDB ID 4G7L) and (B) a HutZ homologous protein HugZ
from Helicobacter pylori (3GAS). The residue numbering in (B) is based on V. cholerae HutZ. In HO-1,
Aspl40 forms a hydrogen bonding network with a water cluster, which is essential for the heme
degradation activity of the enzyme. Arg92 in HugZ forms a hydrogen bond with iron-bound azide through

a water molecule.
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2.1.2 Materials and Methods
Materials

The chemicals used in this study were purchased from Wako Pure Chemical Industries
(Osaka, Japan), Nacalai Tesque (Kyoto, Japan), or Sigma-Aldrich (St. Louis, MO, USA), and
used without further purification. 30, was purchased from Icon Isotopes (Summit, NJ, USA).

Nitrogen and %0, gas were purchased from Tech Air (White Plains, NY, USA)

Expression and Purification

HutZ was expressed in Escherichia coli and purified as described previously.! Briefly, the
hutZ gene was subcloned into pET-28b (Merck Millipore, Darmstadt, Germany) via Ndel and
EcoRI sites, and the thrombin recognition site (Leu-Val-Pro-Arg-Gly-Ser) in the pET-28b
construct was mutated to the HRV 3C protease recognition site (Leu-Glu-Val-Leu-Phe-Gln-
Gly-Pro)"3. E. coli strains transduced with HutZ expression plasmids were grown at 37 °C in
LB broth supplemented with 50 pg/mL kanamycin. Expression of His-tagged fusion protein in
E. coli BL21(DE3) was induced by adding isopropyl-B-D-thiogalactopyranoside to a final
concentration of 0.4 mM, after which cells were further incubated at 28 °C overnight. Hiss-
tagged HutZ was purified by affinity chromatography using a HisTrap HP column (GE
Healthcare, Uppsala, Sweden). After cleavage of the Hisg¢-tag, the reaction mixture was applied
to the HisTrap column. The column flow-through was collected and then applied to a gel-
filtration column (HiLoad 16/60 Superdex 200 pg, GE Healthcare) equilibrated with 50 mM
Tris-HCI and 150 mM NaCl (pH 8.0). The protein concentration was determined on the basis

of absorbance at 411 nm using extinction coefficient (&12) of 166 mM'ecm™.!4

Absorption Spectra Measurements
The reaction of HutZ with H>O> was monitored by UV-visible absorption spectrophotometer

(V-660, Jasco, Tokyo, Japan). Briefly, 1.9 mL of hemin-HutZ solution (final concentration, 10
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uM) in 50 mM Tris-HCI1 and 150 mM NaCl (pH 8.0) was placed in a cuvette, and the reaction
was started by adding H>O»> in the same buffer at 25 °C. Spectra were recorded at 1-min
intervals. Time-resolved UV-Vis absorption spectra were measured using stopped-flow
apparatus (Applied Photophysics, Surrey, U.K.). The enzyme was rapidly mixed with O»-
containing buffer. The reaction kinetics were monitored using a photodiode array detector, and

these data were analyzed with the ProK software from Applied Photophysics.

2.1.3 Results and discussion
Observation of meso-hydroxyheme-HutZ

I tried generating the meso-hydroxyheme by mixing the ferric heme-HutZ complex with one
equivalent of H,O» under an anaerobic condition'”. An anaerobic condition was essential as O
converts meso-hydroxyheme to verdoheme in a non-enzymatic fashion (see Fig. 1)!%!7. The
H»>0; reaction was monitored by UV-vis absorption spectroscopy. As shown in Fig. 4, following
the initiation of the reaction the Soret band at 405 nm decreased with time, which reached a
plateau at ~5 min. The spectral change was associated with the appearance of a weak band at
~619 nm, similar to that of the meso-hydroxyheme of HO. It has been reported that the a-, B-,
and 0-meso-hydroxyheme of HO have absorption maxima at 405 nm, with a relatively
featureless absorption band in the visible region, while the y-meso-hydroxyheme of HO has an
absorption maximum at 413 nm'®. Hence our current data support the view that the heme of
HutZ is cleaved at B- or 8-meso carbon!. Upon the exposure to O, the 405/619 nm species
immediately converted to a new species with an intense absorption at 644 nm (Fig. 3, red),

which I tentatively assign to the ferric verdoheme-HutZ complex.
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Fig. 3 Reaction of ferric heme-HutZ (10 uM) with 1 equivalent of HO» at pH 6.0. Black,
before the reaction; green and blue, 20 sec and 5 min after the reaction, respectively; red,
15 min after addition of air to the blue species. Reaction was conducted under an anaerobic

condition.
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Characterization of verdoheme-HutZ

To further confirm the assignment of the 644 nm species, redox dependence of the spectrum
was investigated. First, the 644-nm species was produced by reacting the ferric heme-HutZ
complex with H>O, under an aerobic condition (Fig. 4, green). Then, remaining H>O> was
removed by catalase, followed by anaerobic addition of ascorbic acid. The maximum of the
band shifted from 644 to 671 nm (Fig. 4, red), consistent with the formation of the ferrous -
(667-668 nm) or d-verdoheme (663-664 nm)'®!°. Further addition of CO to the ferrous
verdoheme caused a blue shift of the band to 625 nm (Fig. 4, blue), in good agreement with the
production of CO-bound B-verdoheme (623-624 nm) or §-verdoheme (624-626 nm)'®!°. These
results confirm that the 644-nm species is a ferric verdoheme as typically observed for other

HOs, not a ferrous verdoheme.

Abscrbance

300 400 500 €00 700 800

Wavelength /nm
Fig. 4 Absorption spectra of verdoheme-HutZ complex. Black, ferric heme-HutZ; green, Fe*-
verdoheme generated by reaction of ferric heme with 1 equivalent of H>O; red, Fe?*-verdoheme generated
by reaction of Fe3*-verdoheme with 1 mM ascorbic acid; blue, CO-bound Fe?*-verdoheme generated by

reaction of Fe?"-verdoheme with CO. Reaction was conducted under an anaerobic condition.

Lastly, I investigated the peroxidation activity of heme-HutZ using o-methoxyphenol
(guaiacol) as a substrate (Fig. 5). The 470 nm absorption, which is derived from the oxidized

guaiacol oligomer, showed a pronounced lag phase (<200 s) before a linear production phase
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was observed. During the first stage with negligible peroxidation, absorbance at 644-nm
increases due to formation of ferric verdoheme from heme-HutZ. This observation strongly
suggests highly efficient self-oxygenation of heme-HutZ to yield meso-hydroxyheme without
generating ferryl heme. In fact, the anaerobic reaction with one mole equivalent of H>O> (Fig.
4) yields approximately 70 % verdoheme after exposure to air as judged from the absorbance
increase at 644-nm. At the latter stage of the peroxidation assay (>200 s), the 470-nm
absorbance shows linear increase with small decrease in the 644-nm absorption, suggesting
efficient peroxidation by ferric verdoheme. It has been reported that the verdoheme complex of
HO-1 is active towards H,O> only in its ferrous state’®, because a water molecule (or OH"),
which is bound to ferric heme as the sixth ligand, inhibits the reaction with H20-. To react with
heme, H>O> must replace the water molecule. Therefore, the low reactivity of ferric verdoheme-
HO is plausibly ascribed to tight water ligation on the ferric iron, which inhibits the H>O»
binding. Accordingly, the unexpected peroxidation activity of ferric verdoheme-HutZ is

possibly a result of a weaker water coordination.

0.5-

412 gom .

Fig. 5 Reaction of ferric heme-HutZ with H>O» in the presence of 1 mM guaiacol. The inset
shows the time courses of the absorbance at 470 and 644 nm. The spectra were measured at

2-min intervals for 30 min after addition of 0.1 mM H;0Ox.
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2.1.4. Conclusions

I characterized two intermediates populated during the heme degradation reaction of HutZ
from V. cholerae: meso-hydroxyheme, and verdoheme. HutZ is found to specifically convert
the ferric heme into meso-hydroxyheme, at least in the reaction with H>O; (Fig. 3), supporting
that its active site is highly optimized as a heme-degrading enzyme. The observation that the
reaction intermediates of HutZ are similar to those observed in the HO-1 reaction indicates that
the heme degradation pathway of HutZ is the same as that of mammalian or canonical HOs,
although HutZ has a unique hydrogen bonding between Aspl32 and His170, which is

disadvantage to degrade heme.
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Chapter II: Heme Proximal Hydrogen
Bonding between His170 and Asp132 Plays an
Essential Role in the Heme-Degradation

Reaction by HutZ
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ABSTRACT

HutZ degrades heme via the same steps as HO-1, although the structure of HutZ is different
from that of HO-1. Hydrogen bonding between His170 and Aspl132 in HutZ appears to be
disfavored in heme-degrading enzymes, because it can contribute to the imidazolate character
of the axial histidine, as observed in most heme-containing peroxidases. Thus, I investigated
the role of this potential hydrogen bond in the heme degradation reaction by mutating Asp132
to Leu, Asn or Glu, and His170 to Ala. Heme degradation activity was almost completely lost
in D132L and D132N mutants, whereas verdoheme formation through reaction with H>O, was
comparable in the D132E mutant and wild-type enzyme. However, even at pH 6.0, when the
heme is in a high-spin state, the D132E mutant was inactive toward ascorbic acid owing to a
significant reduction in its affinity (Kq) for heme (4.1 uM) compared with that at pH 8.0 (0.027
uM). The heme degradation activity of the H170A mutant was also substantially reduced,
although this mutant bound heme with a K4 of 0.067 uM, despite the absence of an axial ligand.
Thus, this study showed that proximal hydrogen bonding between Asp132 and His170 plays a

role in retaining the heme in an appropriate position for oxygen-dependent heme degradation.
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2.2.1. Introduction

In Part II of chapter I, I investigated two key intermediates of HutZ, meso-hydoxyheme and
verdoheme, indicating HutZ is the same intermediates as HO-1, although the structure of HutZ
is different from that of HO-1. The structural unique point in HutZ indicates that Asp132 in
HutZ is located within hydrogen-bonding distance of the heme axial ligand His170 (Fig. 1). A
hydrogen bond between His170 and Asp132 could contribute to the imidazolate character of
the axial His, as observed in oxygen-activating heme enzymes (i.e., peroxidases)! ™. This unique
structure reflects a pH-dependence of the heme degradation activity of HutZ, indicating that
HutZ is inactive at pH 8.0, whereas it is active at pH 6.0*. Our group found that the activity is
correlated with the ratio of high-spin heme (Fe’*~H»0) to low-spin heme (Fe*'—OH")
(unpublished observations). Because of the imidazolate character of heme-HutZ, the rate of
heme reduction by ascorbic acid is quite low at pH 8.0 (unpublished observations). Thus, the
heme degradation reaction is inhibited at the step of heme reduction when ascorbic acid is used

as an electron source.

Y =

7 ¢ His170 (@)
A A\/\{\
eV )

N asprnz

Fig. 1. Crystal structure of HugZ from H. pylori (PDB ID code 3GAS). Residues are numbered according

to the amino acid sequence of HutZ from V. cholerae. o and 3 indicate the subunits.
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In mammalian HO-1, the proximal His is hydrogen bonded with Glu29>¢. However, this
hydrogen bond is not as strong as those observed in peroxidases, because the redox potential is
-65 mV’. which is far from that of most peroxidases with imidazolate as an axial ligand®.
Additionally, the Fe-His stretching mode, Vre-nis, was observed at 218 ¢cm™!,” which is almost
identical to that observed for myoglobin (220 cm™!)!®!! and hemoglobin (215 and 221 cm™)'2,
which contain a typical neutral His as an axial ligand, and is far from that of most peroxidases
1314 The weaker hydrogen bond between the proximal His and Glu29 in HO-1 seems to be
favorable for the heme degradation reaction, because it prevents the O-O bond of the
hydroperoxy species from being cleaved. Considering that the high-valent iron-oxo species has
no heme degradation activity,'> O-O bond cleavage prior to hydroxylation of a meso-carbon of
the porphyrin ring would not be preferable for heme degradation. Therefore, the role of this
weak hydrogen bonding imposed by Glu29 in HO-1 is considered to define the orientation of

the proximal His'®.

Despite the prediction of the presence of a hydrogen bond between His170 and Asp132, the
Vre-tiis of ferrous heme-HutZ is identical to that of heme-HO*!”, indicating a moderate hydrogen
bond. In contrast, on the basis of a correlation plot of vre.co versus vc.o, the hydrogen bond
between His170 and Asp132 in ferrous CO-bound heme-HutZ is predicted to be stronger than
that in other heme-degrading enzymes®*. This discrepancy seems to be attributed to the presence
of the distal heme ligand in heme-HutZ. Formation of the distal hydrogen bond between Arg92
and heme ligand (O, CO, or OH") would be coupled with formation of the proximal hydrogen

bond. The fast autoxidation rate of oxyferrous heme-HutZ supports this conclusion®.

The strong electron donation from the imidazolate group of the axial His is known to
promote heterolytic cleavage of the O-O bond to form a ferryl species (called a ‘push’ effect)'®,
Because the ferryl species is not susceptible to heme degradation'’, heme-degrading enzymes
have evolved to avoid this pathway. Therefore, the presence of a strong hydrogen bond between

the proximal His and nearby Asp in HutZ is not expected to be favored in a heme-degrading
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enzyme.

In this chapter, I employed two approaches to assess the role of hydrogen bonding between
Aspl132 and His170. In the first, I replaced Asp132 with Leu, Asn, or Glu; in the second, I
substituted Ala for His170. Mutations at both sites led to a significant loss in heme-degrading
activity, except the substitution of Glu for Asp132. When the proximal hydrogen bond was
intact, heme-HutZ was inactive, because heme could not be reduced to ferrous heme owing to
strong electron donation from the proximal His. However, disruption of the hydrogen bond did
not lead to a gain of enzymatic activity, likely because the heme was not held in an appropriate
position; thus, the proximal hydrogen bond is necessary for heme binding to HutZ. Collectively,
only a slight modulation of the strength of the hydrogen bond between His170 and Asp132 is

key to activation of the degradation reaction of heme-HutZ.
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2.1.2 Materials and Methods
Materials.

The chemicals used in this study were purchased from Wako Pure Chemical Industries
(Osaka, Japan), Nacalai Tesque (Kyoto, Japan) or Sigma-Aldrich (St. Louis, MO, USA), and

were used without further purification.

Expression and Purification of HutZ.

Mutant HutZ proteins were expressed in Escherichia coli and purified as described
previously*. The hutZ gene was subcloned into pET-28b (Merck Millipore, Darmstadt,
Germany) via Ndel and EcoRI sites, and the thrombin recognition site (Leu-Val-Pro-Arg-Gly-
Ser) in the pET-28b construct was mutated to the HRV 3C protease recognition site (Leu-Glu-
Val-Leu-Phe-GIn-Gly-Pro).!” Mutagenesis was conducted utilizing a PrimeSTAR mutagenesis
basal kit from Takara Bio (Otsu, Japan). DNA oligonucleotides were purchased from Eurofins
Genomics Inc. (Tokyo, Japan). The mutated genes were sequenced (Eurofins Genomics Inc.,

Tokyo, Japan) to ensure that only the desired mutations were introduced.

Measurement of Heme Binding to HutZ.

Heme binding was tracked by difference spectroscopy in the Soret region of the UV-visible
spectrum. Successive aliquots of 0.5 mM hemin in 0.1 M NaOH were added to both the sample
cuvette, which contained 10 uM apo-HutZ, and the reference cuvette. Spectra were recorded 3
min after the addition of each heme aliquot. The absorbance difference at 411-413 nm was
plotted as a function of heme concentration, and the dissociation constant (K4heme) Was

calculated using the quadratic binding equation,
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where [P] and [H] represent the total protein and hemin concentrations, respectively. The pH of

the protein solution was not changed by the addition of the alkaline hemin solution.

Spectroscopy.

Optical spectra of purified proteins were recorded with a UV-visible spectrophotometer (V-
660; Jasco, Tokyo, Japan) at room temperature. Resonance Raman spectra were obtained with
a single monochromator (SPEX500M; Jobin Yvon, Edison, NJ, USA) equipped with a liquid
nitrogen-cooled CCD detector (Spec-10:400B/LN; Roper Scientific, Princeton, NJ, USA).
Excitation wavelengths employed were 413.1 nm, delivered by a krypton ion laser (BeamLok
2060; Spectra Physics, Mountain View, CA, USA), and 441.6 nm, delivered by a helium-
cadmium laser (IK5651R; Kimmon Koha, Tokyo, Japan). The laser power at the sample point
was adjusted to ~5 mW for the ferric and ferrous forms; a lower power (0.1 mW) was used for
the CO-bound form to prevent photodissociation. Raman shifts were calibrated with indene,
CCly, acetone, and an aqueous solution of ferrocyanide. The accuracy of peak positions of well-
defined Raman bands was +1 cm™!. Samples for resonance Raman experiments were prepared

at a concentration of approximately 10 uM in 50 mM Tris-HC1/150 mM NaCl (pH 8.0).

Heme Degradation Activity.

The heme degradation reaction of HutZ was monitored by spectrophotometry. Briefly, 1.9
mL of hemin-reconstituted protein solution (final concentration, 10 uM) in 50 mM Tris-HC/150
mM NaCl (pH 8.0) was placed in a cuvette, and the reaction was started by adding 100 pl of 4

mM H>0; or 20 mM ascorbic acid in the same buffer at 25 °C. Spectra were recorded at 1-min
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intervals for 10 min for H>O», and at 2-min intervals for 30 min for ascorbic acid. In the case
of reactions with ascorbic acid (final concentration, 1 mM), 1 mg/mL of bovine liver catalase
was added to suppress H>O». After the reaction, ferrozine (Dojindo, Kumamoto, Japan) was
added to a final concentration of 1 mM. The amount of released iron was calculated by

measuring absorbance at 562 nm using an extinction coefficient (gs¢2) of 29 mM 'em™!.

Cyanide Binding Rate Constants.

Cyanide (CN) binding was measured using a stopped-flow apparatus (Unisoku, Osaka,
Japan) by following the decrease in absorbance at 412 nm. In a typical CN binding experiment,
one syringe contained 3 uM HutZ (50 mM Na-Pi/150 mM NaCl, pH 8.0), and second syringe
contained at least a 100-fold excess of CN. Three determinations were performed for each
ligand concentration. The mean of the pseudo-first-order rate constants, kobs, was used to
calculate second-order rate constants, obtained from the slope of a plot of kobs versus ligand

concentration (kobs = kon[CN] + kofr).
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2.2.3. Results
Purification and Heme Reconstitution of Asp132 Mutants.

Three Asp132 mutant proteins (D132L, D132N, and D132E) were purified using the same
procedure used for wild-type (WT) HutZ*. Elution profiles of gel-filtration columns showed
that all three mutants, like the WT, exist as a dimer (data not shown). Titration of the mutants
with heme was monitored using difference absorption spectra, which provided dissociation
constant (Kqheme) values 0f 0.47 +0.07, 0.15 £ 0.02, and 0.027 + 0.004 uM for D132L, D132N,
and D132E mutants, respectively (Fig. 2, insets; Table 1). A comparison of these values with
that for WT HutZ (0.052 + 0.004 uM)* showed that replacement of Asp132 with Leu or Asn
resulted in approximately a 5—10-fold decrease in heme affinity, where replacement with Glu

had little effect.
Absorption Spectra of Heme-Asp132 Mutants.

Absorption spectra of heme-Asp132 mutants are shown in Fig. 2. The Soret maximum of
the ferric heme of the heme-D132L mutant was 410 nm, which is slightly blue-shifted from the
412 nm peak for heme-WT HutZ, indicating a slight decrease in the content of low-spin heme
(Fig. 2A). Upon reduction, the Soret band shifted to 429 nm, with a Q-band of 555 nm, and
addition of carbon monoxide (CO) to the reduced heme shifted the Soret band to 418 nm, with
Q-bands of 538 and 570 nm. The absorption spectra of heme-D132N and heme-D132E were

almost the same as those for heme-WT HutZ (Fig. 2B, C).
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Table 1. Heme dissociation constant (Ka) and Kinetic constants of H202 and CN (ksoret

and kcn) for heme-WT and Asp132 mutants of HutZ

Kd heme ksoret ken Ref.
pH 8.0 pH 6.0
uM min™! mM s
WT 0.052 £ 0.004 0.13 £0.06 0.52+0.06 0.88 +£0.01 4
D132L 047 +0.07 ND*# 0.24+0.01 1.26+0.02 this study
D132N  0.15 +0.02 1.9 +£0.3 0.35+0.02 0.77+0.01 this study
D132E  0.027 +0.004 41 +£6.5 0.42+0.02 0.99+0.01 this study

IND, not determined owing to extremely weak affinity.
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Fig. 2. Absorption spectra of the heme-HutZ complex. The protein concentration was 5 uM (on a per
heme basis) in 50 mM Tris-HCI/150 mM NacCl, pH 8.0. Spectra shown are in the ferric (solid line), ferrous
(dotted line), and CO-bound (dashed line) forms. Inset: Heme-binding curve generated from difference

absorbance spectra by plotting A4 versus the molar ratios of heme to the protein. (A) Heme-D132L; (B)
heme-D132N; and (C) heme-D132E.
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Reaction of Heme-Asp132 Mutants with H20:.

The heme degradation reaction of heme-Asp132 mutants was first examined using H>O> as
an electron source. In the reaction of heme-D132L mutant with H>O», the Soret band gradually
diminished (Fig. 3A). The time course of the decrease in the Soret band for the heme-D132L
mutant yielded a rate constant (ksoret) of 0.24 min~!, which is ~2-fold smaller than that of heme-
WT (0.52 min!) (Table 1). In contrast to the reaction of heme-WT HutZ with H,O», in which
the 644-nm band derived from verdoheme increased with time*, the absorption at approximately
650 nm was increased only slightly in the heme-D132L mutant, indicating that verdoheme did
not accumulate in this mutant. Addition of pyridine to the reaction solution provided no
absorption at around 660 nm supported this conclusion (data not shown). Replacement of
Asp132 with Asn caused absorbance of the Soret band to disappear slightly faster than that of
the heme-D132L mutant in the reaction with H>O; (Fig. 3B); ksoret for the heme-D 132N mutant
was 0.35 min~! (Table 1). The 654-nm band was smaller than that of the heme-WT enzyme?,

but was slightly larger than that observed in the heme-D132L mutant (Fig. 3A).

As described above, mutation of Aspl32 to Leu or Asn led to a dramatic decrease in
verdoheme formation (Fig. 3A and 3B), indicating that the hydrogen bond between Asp132 and
His170 is important for the heme degradation reaction of HutZ. Hence, I next mutated Asp132
to Glu, which has a carboxylic acid group like the WT enzyme. In the reaction of the heme-
D132E mutant with H,O», the absorbance at 412 nm decreased with a concomitant increase in
absorbance at ~652 nm (Fig. 3C). This behavior is quite similar to that observed for heme-WT
HutZ*, but different from that of heme-D132L and heme-D132N mutants (Fig. 3A and 3B).
Accordingly, Glu at position 132 can play the same role as Asp in the heme degradation reaction

of HutZ when H»O is used as an electron donor.
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Fig. 3. Heme degradation reaction of the heme-HutZ complex with H,O; (0.2 mM) at pH 8.0. Spectra

were measured before addition of H>O», and at 1-min intervals for 15 min after addition of H,O,. Inset: Time

course of absorbance at the Soret maximum. (A) Heme-D132L; (B) heme-D132N; and (C) heme-D132E.
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Ligand Binding Rates of Heme-Asp132 Mutants.

If mutation of Asp132 induces a conformational change that inhibits the binding of H20: to
the heme, the heme degradation reaction should be slower. To determine whether these mutants
induce a conformational change, I measured their ligand-binding rates. CN ion was used as a
probe for evaluating the accessibility of ligands to the active site, and the rate of CN binding
(kon,cN) Was determined using a stopped-flow apparatus. A typical time trace for the reaction of
the heme-D132L mutant with CN ion, monitored at 407 nm, is shown in Fig. 4A. Under
conditions of excess of CN, the pseudo-first-order rate constants (kobs) obtained from single-
exponential fits increased linearly with increasing concentrations of CN (Fig. 4B). The second-
order rate constant (kon,cn) for the heme-D132L mutant obtained from the slope was 1.26 mM~
Is7! which is somewhat faster than that of heme-WT HutZ (0.88 mM~'s™!) (Table 1). Therefore,
decreased ligand accessibility to the heme does not account for the small amount of verdoheme

formation in the D132L and D132N mutants.
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Fig. 4. CN binding to the heme-D132L mutant. (A) Typical time trace of absorbance changes at 400 nm
upon mixing 5 uM protein with 1 mM CN in 50 mM Tris-HC1/150 mM NacCl (pH 8.0), and (B) plots of

calculated kobs versus CN concentration.

Reaction of Heme-Asp132 Mutants with Ascorbic Acid.

The heme degradation reaction of heme-Asp132 mutants was also examined using ascorbic
acid as an electron donor. All reactions were conducted in the presence of catalase to scavenge
H>0,. Spectral changes following addition of ascorbic acid at pH 8.0 are shown in Fig. 5. In
reactions of all three Asp132 mutants, the Soret band diminished very little, and no clear band
was observed in the 500-800 nm region derived from the products of heme degradation®’. These
spectral changes suggest that no heme degradation occurred for the heme-Asp132 mutants

under these reaction conditions, similar to previously reported results for heme-WT HutZ.*
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Fig. 5. Heme degradation reaction of the heme-HutZ complex with ascorbic acid (1.0 mM) at pH 8.0.
Spectra were measured before addition of ascorbic acid, and at 2-min intervals for 30 min after addition of

ascorbic acid. (A) Heme-D132L; (B) heme-D132N; and (C) heme-D132E
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As reported previously®, the heme degradation reaction of heme-WT HutZ with ascorbic
acid is significantly accelerated at pH 6.0. This activation is related to a change in the heme
spin-state: when the heme is in a low-spin state, the enzyme is inactive, whereas it is active
when the heme is in a high-spin state. Upon lowering the pH to 6.0, the Soret band of all three
Asp132 mutants shifted to 403 nm (Fig. 6A), indicating that some low-spin heme was converted
to high-spin heme. Additionally, the absorbance at ~370 nm was significantly enhanced,
suggesting that heme was partially released from the protein. In the reaction of the heme-D132E
mutant, which showed a similar amount of verdoheme in the reaction with H>O», the Soret band
at 401 nm was significantly diminished with ascorbic acid at pH 6.0 (Fig. 6B). To quantify the
amount of Fe?* released by the reaction, I added ferrozine to the solution after the reaction. No
increase in absorbance at 562 nm, which is derived from the Fe?'-ferrozine complex, was
observed. The yields of Fe*" for the all three Asp132 mutant were less than 10%, which is
significantly smaller than that of WT (~80%). These results indicate that the Soret band
decreased upon reaction of the D132E mutant with ascorbic acid at pH 6.0, but almost no Fe?"
was released from the heme during the reaction. A new band appeared at 430 nm in the reaction
with ascorbic acid, indicating accumulation of ferrous heme. Therefore, the heme in the Asp132
mutants was reduced and partly broken, but iron remains in the macrocycle, which suggests
that heme is degraded in a different manner from that by which WT HutZ degrades heme, owing

to the unstable heme ligation.
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Fig. 6. (A) Absorption spectra of heme-Asp132 mutants and heme-WT HutZ at pH 6.0. (B) Heme
degradation reaction of the heme-D132E mutant with ascorbic acid (1.0 mM) at pH 6.0. Spectra were
measured before addition of ascorbic acid, and at 2-min intervals for 30 min after addition of ascorbic acid.
(C) Heme-binding curve generated from difference absorbance spectra by plotting A4 versus the molar

ratios of heme to D132E mutant at pH 8.0 (a) and pH 6.0 (b)
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Resonance Raman Spectra of Heme-Asp132 Mutants.

The active site structures of Aspl132 mutants were investigated by resonance Raman
spectroscopy. Fig. 7 shows the resonance Raman spectra of these heme-Asp132 mutants. For
the heme-D132L mutant (Fig. 7A), the intensity of the band at 1490 cm™!, which is derived
from the five-coordinate high-spin heme, increased significantly at the expense of the band at
1503 cm™!' compared with that of heme-WT HutZ. The increase in the 1490 cm™! band in the
heme-D132L mutant suggests that replacement of Asp132 with Leu induces partial elimination
of the sixth ligand, probably a hydroxide ion, from the heme. The spin-state marker bands 13
for the ferric heme-D132N and heme-D132E mutants were mainly composed of a band at 1503
cm! (Fig. 7A), which is derived from the six-coordinate low-spin heme, as observed in heme-
WT HutZ. These findings indicate that the spin-state of heme remains intact in the D132N and

D132E mutants.

Fig. 7B shows the resonance Raman spectra for the ferrous form excited at 441.6 nm. It is
well known that resonance Raman spectra for proteins with ferrous five-coordinate species
contain the Fe-His stretching mode, Vrenis, at 200250 cm™'.''2! The Vrenis mode for heme-
D132L mutants was observed at 210 cm™!, which is dramatically downshifted from the 227 cm™
! value observed in the heme-WT enzyme*. This downshift implies disruption of hydrogen
bonding between the proximal His and the amino acid residue at position 132. In contrast, the
frequency of Vre.is for the heme-D132N mutant was 219 cm™!, a value much close to that of
heme-WT HutZ. This frequency of vrenis suggests that the amide group of Asn132 forms a
relatively weak hydrogen bond with His170. The frequency of Vre.nis for the heme-D132E
mutant was 227 cm ™!, a value identical to that of heme-WT HutZ, although the intensity of the

band was decreased.

Resonance Raman spectra of CO-bound heme-Asp132 mutants in the low-frequency region

are shown in Fig. 7C. For all these mutant enzymes, two isotope-sensitive bands were observed
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at 503 and 519 cm™!, both of which were assignable to the Fe-CO stretching mode (Vre-co) based
on the *C'®0 isotope shift. The frequency of 503 cm™' was almost the same as that observed
for heme-WT HutZ with six-coordinate CO-heme*, whereas that of 519 cm™ would be derived
from five-coordinate CO-heme??. In contrast, the C-O stretching mode, vc-o, was observed at
1963, 1936 and 1933 cm™! for heme-D132L, heme-D132N and heme-D132E mutants,
respectively (Fig. 8). Correlation plots of vre.co versus vco for the three Asp132 mutants are
shown in Fig. 7D. These spectra imply that replacement of Asp with Glu keeps the structure of

the heme environmental intact.

44



(A) ferric (B) ferrous

Intensity
Intensity

T L T T T
1300 1400 1500 1600 1700 200 300 400 500 600 700

Raman shift /cm”" Raman shift fcm”
(C) CO-bound (D)
540
520
2 3
2 "o 500
g g
£ L+
480
460 —
- T T T |
200 300 400 500 600 700 1900 1920 1940 1960 1980 2000

) 4 Ve.o fem”
Raman shift /cm

Fig. 7. Resonance Raman spectra of the heme-HutZ complex. The protein concentration was 10 uM in
50 mM Tris-HCI/150 mM NaCl, pH 8.0. The excitation wavelength for ferric and CO-bound forms was 413.1
nm, and that for the ferrous form was 441.6 nm. (A) Ferric form in the high-frequency region; (B) ferrous
form in the low-frequency region; (C) CO-bound form in the low-frequency region; and (D) correlation plot
of frequency of ke.co versus vco. The two solid lines correspond to correlations for proximal imidazoles
(solid black circles), proximal imidazolate (solid green triangles), and thiolate-ligated hemoproteins (solid
diamonds). Data points for oxidase superfamily members are depicted as solid squares. The data point for

heme-HutZ is presented as an open circle in red. The data shown in the vre.co versus vc.o inverse correlation

plot are taken from references 2>-2°.
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Fig. 8. Resonance Raman spectra of the heme-Asp132 mutants and heme-WT HutZ in the CO-bound

form.

Purification of the H170A Mutant.

The H170A mutant was also purified using the same procedure as used for the WT enzyme®.
The elution profile of the H1 70A mutant in gel-filtration chromatography was almost identical
to that of WT HutZ (data not shown), indicating that the mutant, like WT HutZ, also forms a
dimer. The mutant protein was purified in an apoprotein form. Titration of the mutant with heme
was monitored by difference absorption spectra as was done for the Aspl132 mutant. The
titration curve clearly indicated that the H170A mutant is capable of binding heme. The
calculated Kqneme value for the H170A mutant was 0.067 £ 0.011 uM (Fig. 9, inset), which is
comparable to that of WT HutZ*, despite removal of the proximal His. To further determine
whether heme was retained in the protein or was released from the protein into the buffer, I
conducted a gel-filtration experiment. The absorption spectrum of the heme-H170A complex
was not altered after passing over the gel-filtration column, indicating that heme in the H170A

mutant was retained in the protein, even in the absence of a heme axial ligand.
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Fig. 9 shows the absorption spectrum of purified H170A reconstituted with an equivalent
amount of hemin. The spectrum has a Soret maximum at 410 nm and absorption bands in the
visible region at 541 and 577 nm, which are almost the same as those of the heme-D132L
mutant protein (Fig. 2A). Although the peak of the Soret band was slightly blue-shifted
compared with that of the heme-WT HutZ complex®, the spectral features show that the ferric
heme-H170A mutant is mainly constituted of six-coordinate low-spin heme, as observed in
heme-WT HutZ*, despite replacement of the heme axial ligand with Ala. Upon reduction, the
Soret band was red-shifted to 433 nm, with a Q-band at 558 nm, suggesting that ferrous heme
is in a five-coordinate high-spin state. Upon addition of CO to the ferrous heme, the Soret band

shifted to 420 nm and two peaks appeared at 541 and 572 nm.
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Fig. 9. Absorption spectra of the heme-H170A mutant. The protein concentration was ~5 pM in 50 mM
Tris-HCI/150 mM NaCl, pH 8.0. Spectra shown are in the ferric (solid line), ferrous (dotted line), and CO-
bound (dashed line) forms. Inset: Heme-binding curve generated from difference absorbance spectra by

plotting AA413 versus the molar ratios of heme to the protein

His170/His63 Double Mutant.

The HI70A mutant displayed a heme-binding affinity similar to that of WT HutZ, and the
shapes of absorption spectra were also comparable to those seen in heme-WT*. These results

indicate that a nearby His alternatively binds to heme as an axial ligand. A closer look at the
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crystal structure of HugZ, a homolog of HutZ, suggests that His63 is the sole possible heme
ligand (Fig. 1). To confirm the coordination of His63 to heme in the hemin-reconstituted H170A
mutant, I constructed a H63L/H170G double mutant. A heme titration experiment revealed that
this double mutant had almost completely lost the ability to bind heme (Fig. 10). These results

clearly indicate that His63 makes a coordination bond with heme in the H170A mutant.

Fig. 10. Heme titration plot of the H63L/H170G double mutant.
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Heme Degradation Reaction of the Heme-H170A Mutant.

The heme degradation reaction of the heme-H170A mutant was first monitored using H>O»
(Fig. 11A). During the reaction, the intensity of the Soret band decreased, with a moderate
increase in the absorbance at ~672 nm derived from verdoheme (ksoret = 0.58 min™"). This result
indicates that the heme-H170A mutant retains heme degradation activity. Added excess
imidazole replaces the internal heme ligand, His63, in the heme-H170A mutant. Therefore, the
same reaction was conducted in the presence of 10 mM imidazole. Under these conditions, the
Soret band decreased, with a ksoret Of 0.35 min~!, but absorption at ~670 nm was smaller than
that observed in the heme-H170A mutant in the absence of added imidazole (Fig. 11B). This
behavior is similar to that of the heme-D132N mutant, indicating that exogenous imidazole

does not help restore heme degradation activity. This characteristic is clearly different from that
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of other heme-degrading enzymes®®2%,

The heme degradation activity of the heme-H170A mutant was also examined using ascorbic
acid as an electron donor. The Soret band was only slightly diminished after addition of ascorbic
acid at pH 8.0, and no clear band was observed in the 500-800 nm region (Fig 11C). This
behavior is the same as that observed for heme-WT HutZ*. In the case of heme-WT, the enzyme
is converted to an active form at lower pH*. However, almost no heme degradation occurred in
the heme-H170A complex, even at pH 6.0, although the heme was converted to the high-spin

state (Fig. 11D). Thus, replacement of His170 with Ala eliminates pH-dependent activation.
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Fig. 11. Heme degradation reaction of the H170A mutant. Reaction with 0.2 mM H»O; at pH 8.0 in the
(A) absence and (B) presence of 2000 equivalents of imidazole. Reaction with mM ascorbic acid at (C) pH
8.0 and (D) pH 6.0.
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Resonance Raman Spectra of the H170A Mutant.

Resonance Raman spectra of the heme-H170A HutZ mutant are illustrated in Fig. 12. The
spin-state marker band, vs, for the ferric heme-H170A mutant contains three bands at 1474,
1490, and 1502 cm™! characteristic of the six-coordinate high-spin, five-coordinate high-spin,
and six-coordinate low-spin heme, respectively (Fig 12A). In the spectrum of the ferrous heme-
H170A mutant, the Vre.mis band was observed at 228 cm™ (Fig. 12B), supporting His
coordination in the heme-H170A mutant, even though the intact axial His was replaced by Ala.
The frequency of the vre-nis of the heme-H170A mutant was close to that of heme-WT HutZ
(227 em™)*. Addition of exogenous imidazole to the heme-H170A mutant enhanced Vee-nis and
slightly upshifted it to 231 cm™ (Fig. 12B), indicating that the probable heme ligand, His63, in

this mutant was replaced with the exogenous imidazole.

An isotope-sensitive band appeared at 502 cm! for the CO-bound heme-H170A mutant (Fig.
12B). On the basis of the isotope shifts, this 502 cm™!-band, which was almost the same as that
observed in the heme-WT*, was assigned to vre.co. The vc.0 mode appeared at 1955 cm™!; the

frequencies of vke.co and vc.o are plotted in Fig. 7D.
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Fig. 12: Resonance Raman spectra of the H170A mutant. The protein concentration was 10 uM in 50 mM
Tris-HC/150 mM NaCl, pH 8.0. (A) High-frequency region; (B) low-frequency region. The excitation

wavelength for ferric and CO-bound forms was 413.1 nm, and that for the ferrous form was 441.6 nm.
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2.2.4. Discussion
Role of Hydrogen Bonding Between Asp132 and His170 in Heme Degradation by HutZ.

The X-ray crystal structure of the homologous protein, HugZ, from H. pylori (Fig. 1)*°, and
a sequence alignment of HugZ with HutZ from V. cholerae raises the possibility that Asp132
of HutZ is hydrogen bonded to the heme axial ligand His170. A correlation plot of vke.co versus
vc.o for heme-WT HutZ support the presence of hydrogen bonding between Aspl132 and
His170*. This hydrogen bonding causes strong electron donation from the proximal His,
preventing the ferric heme from being reduced and resulting in inactivation of the heme
degradation reaction. In contrast, at the lower pH, proximal hydrogen bonding is weakened;
thus, the depressed electron donation from the axial His enables the ferric heme to be more
easily reduced, leading to enhanced activity.

To examine the role of the proximal hydrogen bond in the heme degradation reaction, I
constructed Asp132 mutants that disrupt this bond. Replacement of Asp132 with the aliphatic
residue Leu (D132L) caused a drastic downshift in the frequency of Vre.nis, reducing it by
17 cm™! (Fig. 7B). In addition, the correlation plot of Vre.co versus vc.o was observed to shift
from the line of proteins with neutral His as an axial ligand to that of proteins with a five-
coordinate CO-heme in the heme-D132L mutant (Fig. 7D). These results suggest that electron
donation from the proximal His is significantly reduced in the heme-D132L mutant owing to
disruption of the proximal hydrogen bond by the mutation. Therefore, it was expected that this
Asp132 mutation would lead to enhancement of heme degradation activity; instead, it resulted
in a prominent decrease in activity (Fig. 3A). Considering that the ligand-binding rate of the
heme-D132L complex was comparable to that of heme-WT HutZ (Fig. 4; Table 1), it is unlikely
that inhibition of H>O; binding to the heme-D132L mutant accounts for the inactivation. In
contrast to the heme-D132L and heme-D132N mutants, a significant amount of verdoheme was
formed by the D132E mutant in the reaction with H20O», judging from the appearance of a band

at ~652 nm (Fig. 3C). Because the frequency of vrenis of the heme-D132E mutant is close to
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that of heme-WT (Fig. 7B), proximal hydrogen bonding is likely conserved in this mutant.
These results clearly suggest that the proximal hydrogen bond between the amino acid residue
at position 132 and axial His170 is essential for the heme degradation reaction of HutZ.

The CN binding rate of the heme-D132L mutant is comparable to that of heme-WT HutZ
(Fig. 4), indicating that the rate of hydroperoxy (Fe**-OOH) formation is most likely not
affected by the mutation of Aspl132. The hydroperoxy heme is converted to the meso-
hydroxyheme, and then decays to verdoheme in HO'>**. One possible explanation for the loss
of heme-degradation activity in the heme-D132L mutant is that the OH group of the
hydroperoxy heme less efficiently attacks the meso-carbon of the heme. Without this proximal
hydrogen bond, the degrees of freedom of heme rotation inside the protein would be greater
than that in the WT enzyme. Thus, the OH group of the hydroperoxy species does not
appropriately orient for the attack, leading to reduced reactivity in the heme-D132L mutant.

Among the three Asp132 mutants, only the heme-D132E mutant was active toward H>O» at
levels comparable to that of heme-WT. However, it was inactive toward ascorbic acid, even
when the heme was in a high-spin state (Fig. 6B). The large absorption at 373 nm observed for
the heme-D132E mutant suggests partial dissociation of the heme from the protein. Furthermore,
a five-coordinate heme appeared in the CO-bound form (Fig. 13). The Kqneme of the D132E
mutant was almost identical to that of WT HutZ at pH 8.0 (Table 1), whereas the Kqheme of the
D132E mutant at pH 6.0 was 4.1 uM (Fig. 6C), a value more than 100-fold larger than that at
pH 8.0. In the case of WT HutZ, K4neme at pH 6.0 was only 2-fold larger than that at pH 8.0
(data not shown). The occurrence of a five-coordinate heme in the heme-D132E mutant
indicates that the proximal His is prone to dissociate from the heme. The fact that the other two
Asp132 mutants also exhibit a five-coordinate heme and higher Kdheme values suggests that
Aspl132 is essential for heme to coordinate to the protein, especially in the high-spin form.
Because of the weak bond between His170 and heme in the heme-Aspl132 mutants, the

proximal His can be released from the heme when O2 binds to the ferrous heme. Such breakage
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of the Fe-His bond would account for the lower activity of the heme-Asp132 mutants even in

the high-spin state.
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Fig. 13. Resonance Raman spectra of the heme-D132E mutant in the CO-bound form.

Role of His170 in Heme Degradation by HutZ.

To investigate the role of proximal hydrogen bonding in HutZ, I also replaced His170 with
Ala. A heme titration plot showed that heme bound to the H170A mutant at 1:1 ratio, and
yielded a Kqneme comparable to that of WT HutZ (Fig. 9). Absorption and resonance Raman
spectra showed that the heme in the hemin-reconstituted H170A mutant is composed of the six-
coordinate species (Fig. 12A). The appearance of the Vre-nis mode in the heme-H170A mutant
(Fig. 12B) suggests that His is coordinated to the heme, despite replacement of His170 with
Ala. A closer look at the structure of HugZ suggests that His63, which is within hydrogen bond
distance of the heme propionate, is the sole His in the putative heme-binding site (Fig. 1)%.
Additional replacement of His63 with Leu in the H170G mutant resulted in a significant loss
of heme-binding ability (Fig. 10), implying that His63 in the HI70A mutant is capable of

coordinating heme. Although the Kdheme Of the HI70A mutant is similar to that of WT HutZ
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(Fig. 9), exogenous imidazole replaced His63, considering that addition of imidazole to the
ferrous heme-H170A mutant shifted the frequency of Vrenis by 3 cm™ and significantly
enhanced it (Fig. 12B). Therefore, although His63 can bind heme, the bond strength is not

sufficient to allow exogenous imidazole to replace it.

The moderate increase in absorption at 672 nm observed in the reaction of the H170A mutant
with H2O; suggests relatively modest heme degradation activity (~60% of WT) (Fig. 11A). The
amount of verdoheme was much larger than that produced by the heme-D132L and heme-
D132N mutants, and was comparable to that produced by heme-WT HutZ and the heme-D132E
mutant (Fig. 3). The frequency of vre-nis for the heme-H170A mutant was higher than that for
the heme-D132L and heme-D132N mutants, but close to those for heme-WT HutZ and the
heme-D132E mutant (Fig. 7 and 12). Therefore, the coordination structure of His63 to the heme
is serendipitously suitable for heme degradation when H>O, is used. The proximal mutant
(H245A) of HugZ from H. pylori also bound heme and retained the heme degradation activity®,
which is in contrast to human HO?!*2, The amino acid residue corresponding to His63 of HutZ
are conserved in a HugZ family®, indicating coordination of this histidine to heme of the
H245A mutant HugZ. Thus, heme binding to the proximal heme mutant is likely to be common
in this family.

Addition of imidazole to the heme-H170A complex led to a significant decrease in the
amount of verdoheme formation (Fig. 11B). There is a possibility that imidazole binds to heme
as the sixth heme ligand, which inhibits H>O> binding to heme. Absorption and resonance
Raman spectra of ferric heme-H170A in the presence of imidazole showed that heme is in six-
coordinate low-spin state. Although it is difficult to distinguish between imidazole-bound low-
spin heme and OH -bound low-spin heme, the sixth heme ligand is OH", but not imidazole,
considering that the ferric heme converted to ferrous five-coordinate heme, not six-coordinate

heme, upon reduction. These results suggest that distal imidazole ligand is not a reason for the
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less amount of verdoheme formation in the heme-H170A mutant in the presence of imidazole
(Fig. 11B). Accordingly, the added imidazole replaced His63 and coordinated to the heme, but
could not act as an axial ligand for heme degradation. Thus, the covalent bond between the
imidazole ring of His and the protein is essential for the heme degradation activity of HutZ. In
the case of HO-1, the helix containing the axial His in the apoprotein adopts an “open”
conformation for heme binding**-**. When heme binds the protein, the helix moves to adopt a
“closed” conformation®. Although the crystal structure of heme-bound HutZ has not been
solved and no sequence homology was found between HutZ and HO, such structural changes
would occur in WT HutZ in the presence of imidazole, but would not occur in the H170A

mutant owing to loss of the covalent bond between heme and the polypeptide chain.
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2.2.5. Conclusions

In summary, I investigated the role of proximal hydrogen bonding between Aspl32 and
His170. Breakage of the proximal hydrogen bond between His170 and Asp132 destabilizes the
coordination of the proximal His to heme, leading to a drastic loss of heme degradation activity.
This proximal hydrogen bonding plays a key role in retaining the heme in an appropriate
position for the terminal oxygen of the hydroperoxy species to attack the meso-carbon of the
porphyrin ring. The structural difference between HutZ and HO-1 suggests that HutZ has
evolved from ancestral distinct from that of HOs, although their heme degradation mechanism

is conserved.
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Part III: Acquisition Mechanism for Heme-
Degradation Activity of HutZ-Type Enzymes
through the Molecular Evolution
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Abstract

HutZ from Vibrio cholerae (VcHutZ) is a dimeric protein that catalyzes oxygen-dependent
degradation of heme. The reaction mechanism is the same as that of canonical heme oxygenase
(HO), but the structure of HutZ is quite different from that of HO. Thus, I postulate that HutZ
has evolved via a different pathway from that of HO. Alr5027 from cyanobacteria Nostoc sp.
PCC7120, which would have ancestral proteins utilizing O> in enzymatic reactions, is
homologous to HutZ family proteins (67% similarity), but the heme axial ligand of HutZ is not
conserved in Alr5027. To investigate whether Alr5027 can bind and degrade heme, I expressed
wild-type (WT) and mutated Alr5027 proteins in an Escherichia coli system and purified them.
Although wild-type Alr5027 did not bind heme, replacement of Lys164, corresponding to the
heme axial ligand of VcHutZ, with histidine conferred heme-binding capability. The K164H
mutant produced verdoheme in the reaction with H>O», indicating acquisition of heme-
degradation ability. Among the histidine-substitution mutants created, the K164H mutant
produced verdoheme most efficiently. The K164H mutant did not degrade heme through
ascorbic acid, probably because of suppression of proton transfer to reduced oxyferrous heme.
An analysis of Trp103 fluorescence indicated elongation of the distance between protomers in
this mutant compared with VcHutZ—the probable cause of the inefficiency of ascorbic acid-
supported heme-degradation activity. Collectively, our findings indicate that a single lysine-to-
histidine mutation converted Alr5027 to a heme-binding protein that can form verdoheme
through H>0O., suggesting that HutZ family proteins have acquired the heme-degradation

function through molecular evolution from an ancestor protein of Alr5027.
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4.1. Introduction

The results and discussion in previous part clearly indicates the reaction mechanism of HutZ
is the same as that of HO-1, but the structure of HutZ is quite different from that of HO-1. These
observations indicate that HutZ has evolved from a different ancestor from HO-1. Thus, to
search for an ancestral protein of HutZ, I focused on cyanobacteria, which evolved ~2.7 billion
years ago from ancient phototrophic organisms that previously inhabited Earth !. These ancient
organisms had evolved two photosystems, namely the high-potential water-oxidizing
photosystem II and the low-potential ferredoxin-reducing photosystem I, resulting in oxygenic
photosynthesis. This most decisive evolutionary step marked a turning point in evolution on
Earth, opening up the era of an aerobic, oxygen-containing biosphere and atmosphere. Recent
evidence suggests that as O, molecules became integral to biochemical pathways, many
enzymatic reactions central to anoxic metabolism were effectively replaced in aerobic
organisms 2. Thus, I hypothesized that cyanobacteria, which utilize O2 molecules in their
enzymatic reactions, would have ancestral proteins. I searched for HutZ homolog proteins from
cyanobacteria Nostoc sp. PCC7120. A BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) search
revealed that Alr5027, a protein of unknown function 3, shared a high degree of homology with
V. cholerae HutZ (VcHutZ) (43% identity and 67% similarity) 4. Arg92, His170, and Asp132 in
VcHutZ are key residues in the heme-degradation reaction °. Arg92, which is located in the
distal site of heme, acts as a hydrogen-bond donor for iron-bound Oz >%. As shown in Part I of
chapter II, His170 is a heme axial ligand, which forms a hydrogen bond with Asp132 that retains
heme in an appropriate position for degradation. Although Arg92 and Aspl132 of VcHutZ,
corresponding to Arg86 and Aspl26 of Alr5027, respectively, are conserved in Alr5027,
His170 of VcHutZ is not conserved (the corresponding residue in Alr5027 is Lys164) (Fig. 1A).
A phylogenetic tree was constructed on the basis of a multiple sequence alignment of the HugZ
family by applying the maximum likelihood method using MEGA 7 7

(https://www.megasoftware.net/) (Fig. 1B). This analysis indicated that Alr5027 is situated at a
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branch that is separate from other members of the HugZ family. These findings led us to predict
that members of the HutZ family share a common ancestor protein with Alr5027. However,
whether Alr5027 is capable of binding and degrading heme was unknown.

In this part, I expressed Alr5027 in Escherichia coli and examined its heme-binding and
heme-degradation properties. Alr5027 did not bind to heme, reflecting the absence of a
conserved, putative heme ligand. Replacement of leucine at position 164 with histidine
rendered the protein capable of binding to heme. When H>O> was used as an electron source,
verdoheme, an intermediate involved in heme degradation by HO, was produced. Among
mutants created with histidine substitutions at different positions, the K164H mutant produced
verdoheme most efficiently. However, heme was not degraded by the K164H mutant when
ascorbic acid was used as an electron source. An analysis of tryptophan fluorescence spectra of
Trp103 indicated that the inefficiency of ascorbic acid-assisted heme degradation was
attributable to elongation of the distance between protomers, as observed in the HutZ mutant,
in which Ala31 is replaced with valine. Consequently, our results show that the single
replacement of Lys164 with histidine converted Alr5027 to a heme-binding protein with the
ability to form verdoheme. These findings suggest that members of the HutZ family have
acquired their heme-degradation function through molecular evolution from a common

ancestor of VcHutZ and Alr5027.
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AhHutz - —————— MSERQERLONRLOPEIREFRDGCRTLOLATVDSEGNPNASYAPFVLOQEDG-YY
PsHugZ MEEDIVMTNERQERLONRLOPEIAEFRNECRTLVLATVDADGMPNVS YAPFVQLTDG-YY
HsHUtz - -————— MTATNRQEVLONRLGPEIQELKALSKTIMLATVGQDGTPNVS YAPFAISNGE -YQ
PM0299 ~  —————- MTTNRQEVLQNRLGPEIQELKAQCKTVMLATVGEDGNPNVS YAPFATNNGE -YQ
MhHUgZ - MTTNRQEVLONRLGPEIEELKQQIKTIMLAT IDKDGVEPNVS YAPFV INNGE -YQ
VcHutz --———- MDQQVKQERLQGRLEPEIKEFRQERKTLQLATVDAQGRPNVS YAPEVONQEG-YF
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PsHugZz VLISEIARHARNLOQVPRTSLMMIEDESQSROLFARKELTFDARVEEVARDTASWOELVA
HsHutz VFISTIARHARNLQEVPEVSLMLIEDESKSREIFARRELSFDATSEVIERETEEWKASIA
PM0299 VFISTIARHARNLOQEVPEVSIMLIEDESQSROIFARRELSFDAVARVVERESEEWHSGVE
MhHUgZ VLITTIARHARNLQEVPEVSLMLIEDESKSRQIFARRELTFDATVEMIERTDEEWNNSIA
VCcHutz VLISHIARHARNLEVNPQVSIMMIEDETEAKQLFARKELTFDAVASMVERDSELWCQVIA
Alr5027 IYVSGLAVHTKNIEﬁNPLVNVLFVDDEﬁKTNQIFARRPLSFDCTATLIERESQKWNQVVD
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132 170
AhHutz ALEGRFGEIVKGLSNLEKDEVLFRLEPEQGLFVEGFGQAFRVSGDELVDEFVHLVEGHERVD
PsHugZ ALEARHGDIVANLSQMADFILFEMVPEQGLYVEGFGQAFQVS SDDLVDVVHLQEGHETVS
HsHut?z VLRERHGALIDEISTYEDFYLEFSFEPIQGLEVEGFGQAFQVSNEDLV SFVHLVEGHQNT -
PM0OZ259%9 ALKARHGAILMDELSEMEDFHLFSFEPSQGLEFVEGFGQAFQVSNDDLVSEFVHLVEGHQE——
MhHUgZ ALKARHGDLVDELSNMOQDFELFSFEPTAGLEVEGFGEAFDVGVDDLINVVHLDQGHQTA-
VcHutzZ OMGERFGEITDGLSQLODEFMLFRLOPEQGLEFVEGFGQAYQVSGDDLVDFVHLEEGHRKIS
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Fig. 1. Sequence alignment of Alr5027. (A) Sequence alignment of the HutZ family and Alr5027. The
alignment was performed using ClustalW2 (http://www.ebi.ac.uk/Tools/msa/clustalw2/). The active site
arginine, aspartate, and histidine are shown in red bold type. Proteins used in the alignment are (from top to
bottom) Aeromonas hydrophila subsp. hydrophila ATCC 7966 HutZ, Plesiomonas shigelloides HugZ,
Histophilus somni HutZ, multocida stt. Pm70 PM0299, Mannheimia haemolytica PHL213 HugZ, Vibrio
cholerae HutZ, and Nostoc sp. PCC 7120 Alr5027. (B) Phylogenetic tree of Alr5027 with the HutZ family.
The tree was obtained from the sequence alignment in Fig. 1A. The maximum likelihood method was used
for tree construction and bootstrap analysis (parameter set at 1000 resampling), performed using MEGA 7

software. (C) Alignment of Alr5027 WT and mutants in the C-terminal region (163—165).
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4.2. Experimental procedures
Materials

The chemicals used in this study were purchased from Wako Pure Chemical Industries
(Osaka, Japan), Nacalai Tesque (Kyoto, Japan) or Sigma-Aldrich (St. Louis, MO), and were

used without further purification.

Expression and purification of Alr5027

The alr5027 gene, with codons optimized for E. coli expression (Eurofins Genomics, Tokyo,
Japan), was amplified by polymerase chain reaction (PCR) and cloned into a modified pET-28b
vector . The expression plasmid was transformed into the E. coli BL21(DE3) strain (Nippon
Gene, Japan) and cultured at 37 °C in LB broth supplemented with 50 pg/mL kanamycin. After
the optical density at 600 nm (ODeoo) reached 0.8, expression of the Hiss-tagged protein was
induced with 0.4 mM isopropyl B-p-thiogalactopyranoside. The cells were further grown at
20 °C overnight and harvested by centrifugation. The cell pellet was suspended in lysis buffer
containing 50 mM Tris-HCI, 500 mM NaCl (pH 8.0), 1.0% Nonidet P-40, 1 mg/mL lysozyme
and DNase, and incubated on ice for 60 min. The sample was centrifuged at 18,000 rpm for 30
min, and the supernatant was mixed with 5.0 mL of Ni-NTA agarose (Nacalai Tesque, Japan)
with gentle agitation for 1 h at 4 °C. The slurry was poured into a column and washed with lysis
buffer supplemented with 20 mM imidazole (25 mL), after which the protein was eluted with
elution buffer (50 mM Tris-HCI, 500 mM NacCl, 250 mM imidazole, pH 8.0). Eluted Alr5027
was incubated with Turbo 3C protease (Accelagen, San Diego, CA, USA) for ~16 h at 4 °C to
cleave the Hiss-tag. After cleavage, the reaction mixture was re-applied to the Ni-NTA resin,
and the flow-through fraction was collected. Tag-cleaved Alr5027 was then applied to a HiLoad
16/600 Superdex 200 gel-filtration column (GE Healthcare, Uppsala, Sweden) pre-equilibrated
with 50 mM Tris-HCI and 150 mM NacCl (pH 8.0). Protein purity, assessed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 12.5% polyacrylamide gels, was

determined to be ~95%.
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Mutations were introduced using a PrimeSTAR mutagenesis basal kit from Takara Bio (Otsu,

Japan). Primers used for construction of the clone and mutagenesis are shown in Supplementary

Table 1.

Table 1 Primer used for construction of expression vectors for mutants.

Constructs Sequence (up sense; bottom, anti-sense )
K164H F GGTGACCATGGCTGAAAGCTTGCGGCC
K164H R TCAGCCATGGTCACCGGTAATCGGAAC
D163H F ACCGGTCATAAAGGCTGAAAGCTTGCG
D163H R GCCTTTATGACCGGTAATCGGAACCAG
G165H _F GACAAACATTGAAAGCTTGCGGCCGCA
G165H R CTTTCAATGTTTGTCACCGGTAATCGG
G165HG F GACAAACATGGCTGAAAGCTTGCGCC
G165HG_R TCAGCCATGTTTGTCACCGGTAATCGG
CTE F CATCGTAAGATTTCTAAAGGCTGAAAGCTTGCG
CTE R AGAAATCTTACGATGGTCACCGGTAATCGGAAC
ERKT F CAGAACGGAAAACCGCGATCATTTCGACGATT
ERKT R CGGTTTTCCGTTCTGACTGAAACTCCTGAATGA
S24A/ERKT F ATCATTGCGACGATTAGCGAACAAGGG
S24A/ERKT R AATCGTCGCAATGATCGCCCTTTTCCG

F indicates the forward direction primer, and R indicates the reverse direction primer. The
underlined based signify the introduced mutations.

Measurement of heme binding to Alr5027

Heme binding was tracked by difference spectroscopy in the Soret region of the UV-visible
spectrum. Successive aliquots of 0.5 mM hemin in 0.1 M NaOH were added to both the sample
cuvette containing 10 uM Alr5027 and reference cuvette containing buffer only. Spectra were
recorded 3 min after the addition of each heme aliquot. The absorbance difference at 414 nm
was plotted as a function of heme concentration, and the dissociation constant (Kqneme) Was

calculated using the quadratic binding equation (equation 1):

66



Ad =

[P+ [H] K e ([P (1] Ko )| ~4{P][H]

= 2[P] M

where [P] and [H] represent the total protein and hemin concentrations, respectively; A4 is the
change in absorption difference between the sample and reference cell upon addition of hemin,;
and AAmax is the maximum of the absorption difference upon addition of hemin. The millimolar

extinction coefficient was determined using the pyridine hemochrome method °.

Spectroscopy

Optical spectra of purified proteins were recorded with a UV-visible spectrophotometer (V-
660; Jasco, Tokyo, Japan) at 25 °C. Fluorescence spectra were recorded using a FP-8500
spectrometer (Jasco). Protein samples were excited at 295 nm to avoid contribution from
tyrosine resides. The Alr5027 concentration was 5 pM in 50 mM Tris-HCI and 150 mM NaCl
(pH 8.0). The distance (7) between tryptophan and heme was estimated from the efficiency (£)
of Forster energy transfer from tryptophan to heme, defined as:

E= R§R+° . @)

where R represents the Forster distance and is 29 A for heme and tryptophan '°. The energy
transfer efficiency, £, was calculated using the fluorescence intensity of apo-Alr5027 (Fapo) and

heme-Alr5027 (Fheme):

E= apo heme (3)

Heme-degradation activity
The heme-degradation reaction of Alr5027 was monitored by spectrophotometry. Briefly, 1.9
mL of a hemin-reconstituted protein solution (final concentration, 3.0 uM) in 50 mM Tris-HCl

and 150 mM NaCl (pH 8.0) was placed in a cuvette, and the reaction was started by adding 100
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uL of 2 mM H>O» or 20 mM ascorbic acid in the same buffer at 25 °C. Spectra were recorded
at 1-min intervals for 10 min for H>O» (final concentration, 0.1 mM), and at 2-min intervals for
30 min for ascorbic acid (final concentration, 1 mM). In the case of reactions with ascorbic acid,
1 mg/mL of bovine liver catalase was added to cause H,O, dismutation. Iron liberated from
products by heme Alr5027 was obtained by adding a saturated solution of HCI (~8 M) to the
heme-degradation reaction mixture, resulting in efficient extraction of pigments from the
proteins. Solid-phase extraction of the reaction products was performed using a Supelclean LC-
18 column (Supelco, Bellefonte, PA, USA). The column-bound sample was washed with 20%
(v/v) methanol and 80% (v/v) water, and eluted with methanol. The effluents were analyzed on
an LC-2000 HPLC system (Jasco) equipped with a ZORBAX Extend-C18 column (3.0 x 150
mm, 3.5 um silica; Agilent Technologies, Palo Alto, CA, USA) using a linear gradient from
50% (v/v) methanol and 50% (v/v) 0.1 M ammonium acetate to 80% (v/v) methanol over 60
min at a flow rate of 0.5 mL/min. The eluent was monitored at 380 nm. Biliverdin dimethyl

esters standards were prepared as previously described .

Heme reduction rate

The heme reduction rate, kwd, was determined by monitoring changes in absorbance at 418
nm. The ferric heme-Alr5027 complex (10 uM) was reduced with 1 mM ascorbic acid. In
addition to an oxygen-scavenging system composed of glucose and glucose oxidase, catalase
was added to the solution to maintain anaerobic conditions '?. The reaction was conducted under
a CO atmosphere to prevent heme degradation and/or auto-oxidation by trace levels of
contaminating Oa. The krq Was obtained by fitting the time course of changes in absorbance at

418 nm to a single-exponential expression.
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4.3. Results and Discussion
Expression and purification of Alr5027

The alr5027 gene was expressed in E. coli and purified using a Hise-tag affinity column.
After cleavage of the Hiss-tag and size-exclusion chromatography, only a single band with an
apparent molecular mass of approximately 16 kDa was observed on SDS-PAGE gels (Fig. 2A),
in agreement with the calculated molecular mass of Alr5027 (18 kDa). An analysis of purified
Alr5027 by size-exclusion chromatography indicated that the protein existed as a dimer (40

kDa) (Fig. 2B), as observed for VcHutZ ° .
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Fig. 2. Purification of Alr5027. (A) SDS-PAGE gel of purified Alr5027 stained with Coomassie Brilliant

10

Blue, including molecular mass marker (lane M), whole-cell protein extracts (lane 1), purified His-tagged
Alr5027 (lane 2), purified His-tag—cleaved Alr5027 (lane 3), and purified Alr5027 after gel-filtration
chromatography (lane 4). (B) Profile of Alr5027 on a gel-filtration column pre-equilibrated with 50 mM Tris-
HCl and 150 mM NaCl (pH 8.0). The retention volumes of standard proteins were as follows: thyroglobulin,
50.0 mL; ferritin, 56.4 mL; catalase, 66.7 mL; aldose, 67.5 mL; albumin, 76.3 mL; ovalbumin, 81.8 mL;
chymotrypsinogen A, 92.5 mL; and RNase A, 97.6 mL.
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Heme-binding properties of Alr5027

The purified protein showed no absorption in the visible region, indicating that it was purified
in a pigment-free form (i.e., without heme) (Fig. 3, red line). Addition of an aliquot of hemin
solution to Alr5027 resulted in the appearance of a broad Soret band at ~389 nm (Fig. 3, blue
line), which was almost identical to that of free hemin (Fig. 3, black line). To determine whether
Alr5027 is capable of binding to heme, I performed a heme-titration experiment. The
absorbance difference at 414 nm (AAbss14), obtained by subtracting the spectrum of free hemin
at various concentrations, increased only slightly with increasing concentrations of heme (Fig.

3, inset), indicating that wild-type (WT) Alr5027 did not bind heme.
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Fig. 3. Absorption spectra of the heme-WT Alr5027 complex. Spectra are for purified apo-Alr5027 (red
line), free heme (black line), and heme-Alr5027 (blue line). The inset shows differences at 414 nm following
incremental addition of heme (2-30 puM) to Alr5027 (10 uM) in 50 mM Tris-HCI and 150 mM NaCl (pH

8.0), measured against a blank cell containing buffer alone.

Heme-binding properties of the K164H mutant

A sequence alignment of the HugZ family is shown in Fig. 1A. His170, the heme axial ligand
in VcHutZ, is conserved among members of the family except Alr5027. Thus, I predicted that
Alr5027 would attain heme-binding ability if histidine were introduced at the corresponding
position. To this end, I replaced Lys164 with histidine (Fig. 1C) and purified the resulting
K164H mutant using the same procedure as used for WT Alr5027. Following addition of hemin
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to the mutant, the resultant solution exhibited a Soret band at 413 nm (Fig. 4A), which was
almost identical to that of heme-HutZ °. The spectrum was clearly distinguishable from that of
WT Alr5027 with hemin (Fig. 3), suggesting that heme specifically bound to the mutant. The
apparent dissociation constant (Kgneme), calculated by fitting the data to equation 1, was
determined to be 0.24 + 0.03 uM, which is approximately 5-fold larger than that reported for
VeHutZ (0.052 £ 0.020 uM) °. These results show that the replacement of Lys 164 with histidine

converts Alr5027 into a heme-binding protein.
Heme-degradation activity of the K164H mutant

Because I found that the K164H mutant binds heme, [ next examined whether it also degrades
heme. I first used H>O» as an electron source because verdoheme, a key intermediate in the
heme-degradation reaction, is formed when heme-bound VcHutZ reacts with H2Oz °. In the
reaction of the heme-K164H mutant with H>O, the absorbance at 652 nm increased (Fig. 4B),
reaching a value approximately 72% of that for VcHutZ?2. This band did not appear following
treatment of heme-bound WT Alr5027 with H>O; (Fig. 4C). The peak position at 652 nm
corresponded to that of the verdoheme of VcHutZ >3, indicating that verdoheme was produced
in the reaction of the mutant with H>O».

A decrease in the Soret band does not always indicate heme degradation, because compound
I and compound II, which are produced by the reaction of hemoproteins with H,O», are known
to have features of a relatively weak Soret band '%!°. The reaction of myoglobin with H,0»
resulted in a decrease in the intensity of the Soret band (Fig. 5A), but absorption was restored
by the addition of o-methoxyphenol (guaiacol) (Fig. 5B). To investigate whether the decrease
in Soret absorbance in the K164H mutant (Fig. 4B) was reversible, I added guaiacol. The
intensity of the Soret band did not change after the addition of guaiacol (Fig. 5C). Collectively,
these results indicate that the heme-K164H mutant produced verdoheme, but not compound I
or compound II.

Heme can be cleaved at any one of four structurally nonidentical meso positions, producing
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four isomers of verdoheme, whose absorption spectra are different from each other '®. To
identify the oxidation site of verdoheme of the K164H mutant, [ added pyridine to the reaction
solution, which resulted in a visible band at 660 nm typical of pyridine-verdohemochrome !!
(Fig. 6A). The absorption maximum of verdohemochrome of the K164H mutant (660 nm) was
close to that of B-verdoheme (663 nm) and d-verdoheme 660 nm), but not to that of a-
verdoheme (680 nm) or y-verdoheme (648 nm) !, suggesting that the - or 5-meso position was
cleaved in the reaction of the K164H mutant with H.O,, as observed for VcHutZ °.

Once verdoheme is produced, further oxidation would lead to the production of biliverdin.
To confirm the formation of biliverdin by the K164H mutant, I treated the verdoheme of the
K164H mutant with ascorbic acid. The maximum of the visible band shifted from 652 to
672 nm within 5 min (Fig. 4D), indicating the conversion of ferric verdoheme to ferrous
verdoheme !°. Thereafter, the intensity of the 672-nm band gradually decreased. Addition of
ferrozine, which forms a stable complex with ferrous iron, to the product caused the appearance
of a new band at 562 nm, typical of the Fe**-ferrozine complex, indicating that ferrous iron was
released (Fig. 4D). To determine the regioselectivity of the heme breakage, I analyzed the
products by high-performance liquid chromatography (HPLC). Biliverdin IX ¢, IX, IX6 and
IXyisomers, produced from the reaction of free heme with ascorbic acid, corresponded to peaks
at 15.5, 21.1, 23.3, and 32.7 min, respectively, in the HPLC chromatogram (Fig. 4E). Peaks
were assigned on the basis of a previous report . In the chromatogram of the K164H mutant,
two large peaks appeared at 21.3 and 23.4 min, which corresponded to biliverdin IX and
biliverdin IX9, respectively (Fig. 4E). Thus, the cleavage site of biliverdin produced by the
K164H mutant was the B- or 8-meso position, which is the same as that of VcHutZ °.

Accordingly, verdoheme is formed during heme degradation by the K164H mutant.
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Fig. 4. Absorption spectra and chromatogram of the heme-K164H mutant. (A) Absorption spectra
of the heme-K164H mutant at pH 8.0. The inset shows differences at 414 nm following incremental addition
of heme (2-30 uM) to the mutant (10 pM) in 50 mM Tris-HCl and 150 mM NacCl (pH 8.0), measured against
a blank cell containing buffer alone. (B, C) Heme-degradation reaction of the heme-K164H mutant (B) and
heme-WT Alr5027 (C) reacted with 0.1 mM H>O, at pH 8.0. Spectra were obtained before and after the
addition of H,O at 1-min intervals over 10 min. (D) Reaction of the verdoheme-K164H mutant with 1 mM
ascorbic acid at pH 8.0. Absorption spectra in the reaction with ascorbic acid after the formation of
verdoheme (blue line) by addition of 0.1 mM H,0,. Spectra were recorded before and after the addition of
ascorbic acid at 4, 8, 16, 24, and 32 min (black line). Ferrozine (0.10 mM) was added 32 min after the reaction
(green line). (E) HPLC chromatograms of biliverdin standard (red line) and final products of the heme-

K164H mutant (blue line) monitored at 380 nm.
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Fig. 5. (A) Absorption spectra of myoglobin in a reaction containing 0.1 mM H»O: at pH 8.0. Spectra were
measured before the addition of H2O», and at 1-min intervals for 10 min after the addition of H20,. (B, C)
Reaction of myoglobin (B) and heme-K164H mutant (C) with H,O> (90 uM) in the presence of 0.45 mM

guaiacol at pH 8.0. The absorption spectrum before the reaction is shown as a black line. The reaction with

guaiacol was monitored before mixing (green line), and 1, 20 (red lines), and 30 min (blue line) after mixing.
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Fig. 6. Absorption spectra of verdoheme in aqueous pyridine. (A) K164H and (B) CTE heme-bound mutants
were reacted with H>O» under the same conditions at those in Fig. 5. Pyridine (final concentration, 33%) was

added to the reaction mixture 10 min after the reaction to liberate the product from the protein.

To demonstrate the catalytic activity of the K164H mutant, I also examined the heme-
degradation reaction of the heme-K164H mutant using ascorbic acid as an electron source. The
reaction was conducted in the presence of the H>O»z-scavenger catalase. Spectral changes
following addition of ascorbic acid at pH 8.0 are shown in Fig. 5A. The Soret band showed
very little decrease, and no clear band appeared in the 500-800 nm region, suggesting that no
heme-degradation occurred under these conditions !7. As reported previously °, the heme-
degradation reaction of heme-VcHutZ with ascorbic acid is significantly accelerated at pH 6.0.

However, lowering the pH from 8.0 to 6.0 did not promote a decrease in the Soret band,
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indicating that heme in the K164H mutant was not degraded in the reaction with ascorbic acid
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Fig. 7. Heme-degradation reaction of the K164H mutant with ascorbic acid. (A) pH 8.0 and (B) pH 6.0.
Spectra were recorded before the addition of ascorbic acid, and at 2-min intervals for 30 min after the addition

of ascorbic acid. The concentrations of the protein and ascorbic acid were 5 uM and 1.0 mM, respectively.

Heme-binding properties and degradation ability of D163H and G165H mutants

As described above, the K164H mutant bound to heme and converted it to verdoheme using
H>0», whereas it did not degrade heme in the reaction with ascorbic acid, despite possessing a
proximal histidine at position 164. I postulated that the position of the proximal histidine is not
appropriate for heme degradation. Thus, to shift the position of histidine, I replaced Asp163 or
Gly165 with histidine. The sequence of mutants in the C-terminal region (163—165) is shown
in Fig. 1C. The absorption spectrum of the D163H mutant in the presence of heme was similar
to that of WT Alr5027 (Fig. 8A), suggesting that heme did not bind to the histidine at position
163. In contrast, addition of heme to the G165H mutant resulted in the appearance of a Soret
band at 414 nm (Fig. 8B), indicating that this mutant specifically bound to heme. The K4 heme
value was 0.44 + 0.06 uM, which is similar to that of the K164H mutant (0.24 + 0.03 uM).
Thus, the introduced histidine at position 165 also coordinates with heme.

Next, I conducted the heme-degradation reaction for the heme-G165H mutant using H20:

as an electron donor. A small band from verdoheme appeared at 653 nm following addition of
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H>0: to the heme-G165H mutant (Fig. 8C). This behavior of the heme-G165H mutant was
quite similar to that of the heme-K164H mutant, but the amount of verdoheme was smaller—
approximately 34% that of VcHutZ (Fig. 4B).

In addition, I prepared the G165HG mutant, in which histidine was inserted between Lys164
and Glyl65, and examined its heme-binding ability and heme-degradation activity. The
absorption spectrum of the heme-reconstituted G165HG mutant was indistinguishable from that
of the heme-G165H mutant (Fig. 8D). Verdoheme was formed following reaction of the heme-
G165HG mutant with H>O, but the amount (52% of VcHutZ) was less than that of the K164H
mutant (Fig. 8E), suggesting that the enzymatic activity was not improved by the mutation.
These results imply that histidine at position 164 is the most favorable location for heme binding

and verdoheme formation.
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Fig. 8. Absorption spectra of the D163H, G165H, and G165HG mutants. (A, B) Absorption spectra of
heme-D163H (A) and heme-G165H (B) mutants at pH 8.0. The inset shows differences at 414 nm
following incremental addition of heme (2-30 uM) to Alr5027 (10 uM) in 50 mM Tris-HCI and 150 mM
NaCl (pH 8.0), measured against a blank cell containing buffer alone. (C) Heme-degradation reaction of the
heme-G165H mutant with H,O5 (0.1 mM) at pH 8.0. Spectra were measured before and after the addition
of H,O» at 1-min intervals for 10 min. (D) Absorption spectrum of the heme-G165HG mutant at pH 8.0.

(E) Heme-degradation reaction of the G165HG mutant with H>O». The reaction conditions were same as

those in (C).
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Heme-binding properties and degradation ability of a CTE mutant

To further improve heme-degradation activity, I next focused our attention on the C-terminal
sequence of Alr5027. The crystal structure of HugZ from H. pylori shows that the C-terminal
loop functions as a flexible portion of the active site that serves to keep the substrate heme in a
proper conformation for HO activity ®. Thus, I considered that the C-terminal region of Alr5027
is also important in improving enzymatic activity. A sequence alignment of Alr5027 with HutZ
revealed that the sequence of Alr5027 lacks amino acid residues that correspond to the C-
terminal region in VcHutZ. Accordingly, I prepared an Alr5027 mutant containing a C-terminal
extension (CTE) that mimics the C-terminal region of VcHutZ (Fig. 1A) by inserting the
sequence His-Arg-Lys-Ile-Ser between Asp163 and Lys164 (Fig. 1C). Addition of hemin to the
CTE mutant yielded a Soret band at 412 nm in the resultant solution that was indistinguishable
from that of the heme-K164H mutant (Fig. 9A). A titration curve clearly indicated that the CTE
mutant was capable of binding to heme. The calculated Kgneme for the CTE mutant was 0.31 +
0.07 uM (Fig. 7A, inset), a value comparable to that of the K164H mutant (0.24 + 0.03 uM).

After the addition of H>O; to the heme-CTE mutant, the absorbance at 652 nm increased
(Fig. 9B), indicating that verdoheme accumulated in the reaction with H>O,. Addition of
pyridine to the reaction solution caused the visible band to shift to 659 nm, suggesting that the
B- or d-meso position was cleaved (Fig. 6B), a behavior similar to that of the heme-K164H
mutant (Fig. 6A). The heme-degradation reaction of the heme-CTE mutant was also examined
using ascorbic acid as an electron source. Under these conditions, the Soret band remained after
the addition of ascorbic acid at pH 8.0 and pH 6.0 (Fig. 9C, D), indicating that heme was not

degraded in the reaction with ascorbic acid, as observed in the heme-K164H mutant (Fig. 7).
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Fig. 9. Absorption spectrum of the heme-CTE mutant. (A) Absorption spectrum of the heme-CTE mutant.
The inset shows differences at 414 nm. (B) Heme-degradation reaction of the CTE mutant with H,O» (0.1
mM) at pH 8.0. The reaction conditions in (A) and (B) were same as those in Fig. 6A and C, respectively. (C,
D) Heme-degradation reaction of the CTE mutant with 1.0 mM ascorbic acid at pH 8.0 (C) and pH 6.0 (D).
Spectra were recorded before addition of ascorbic acid, and at 2-min intervals for 30 min after addition of

ascorbic acid.

Reduction mechanism of heme-Alr5027

To investigate why the heme-K164H mutant was inactive toward ascorbic acid, I took into
account the reaction mechanism of VcHutZ. The heme-degradation reaction of VcHutZ is
mainly regulated by three key factors: (i) heme reduction >, (ii) proton transfer from water
molecules to reduced oxyferrous heme, and (iii) protomer-protomer interaction (unpublished
observation). I first focused on heme reduction [factor (i)]. The reaction of heme-HutZ with
ascorbic acid proceeds at pH 6.0, but not at pH 8.0. This is partially because the reduction rate
of heme (kreq), the first step in the heme-degradation reaction, is ~3-fold faster at pH 6.0 than at

pH 8.0. Thus, I measured the kreq of the heme-K164H mutant at pH 6.0 and 8.0. Fig. 10 shows
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the time course of absorption changes at pH 8.0 after the addition of ascorbic acid to the ferric
heme-K164H mutant in the presence of CO to prevent oxidation to ferric heme. Upon reduction,
the Soret maximum at 410 nm underwent a red shift to 418 nm, the same position of the Soret
band in the CO-bound heme. The time course of the absorption changes at 418 nm was fit to a
single exponential, yielding a kreq of 2.8 = 0.2 h™! at pH 8.0. This value was larger than that of
VcHutZ at pH 8.0 (1.1 £ 0.5 h'') and similar to that of VcHutZ at pH 6.0 (3.2 + 0.3 h''). When
measured at pH 6.0, the krea Was 4.0 £ 0.6 h™!, showing that the krea of Alr5027 at pH 6.0 and 8.0
were almost the same as that of heme-VcHutZ at pH 6.0. Thus, based on kw.q values, the
reduction rate of heme does not account for the quite small amount of ascorbic acid-assisted

heme-degradation by the heme-K164H mutant.
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Fig. 10. Determination of the reduction rate of heme. (A) Absorption spectra of heme-K164H after the
addition of 1 mM ascorbic acid at pH 8.0 under a CO atmosphere. (B) Time course of absorbance changes at

418 nm.

Heme-degradation activity through perturbation of the proton transfer pathway

To improve the heme-degradation activity of the K164H mutant, I next considered proton
transfer from water molecules to reduced oxyferrous heme [factor (ii)]. Because replacement
of Thr27 with valine substantially suppressed proton transfer to the reduced oxyferrous [Fe(III)-
OO7] species, I hypothesized that water molecules in the active site of VcHutZ, which are

potentially fixed by Thr27, act as proton sources. A sequence alignment of Alr5027 with HutZ
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revealed that the sequence of Alr5027 lacks four corresponding amino acid residues, including
Thr27 (Fig. 1A). Accordingly, I inserted a Glu-Arg-Lys-Thr (ERKT) sequence between Ser20
and Ala21 in the K164H mutant. At pH 6.0, the Soret maximum of the ferric heme of the
resulting heme-ERKT mutant was 405 nm (Fig. 11A), which was almost the same as that of the
heme-K164H mutant (Fig. 7B). The intensity of the Soret band was very little diminished after
the addition of ascorbic acid at pH 6.0, and no clear band was observed in the 500—-800 nm
region (Fig. 11A). These spectral changes suggest that the heme-ERKT mutant caused no heme-
degradation under these conditions, as observed for the heme-K164H mutant. A similar lack of

ascorbic acid-assisted heme degradation was observed at pH 8.0 (Fig. 11B).
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Fig. 11. Absorption spectrum of the heme-ERKT mutant. Heme-degradation reaction of the heme-
Alr5027 ERKT mutant with ascorbic acid at pH 6.0 (A) and pH 8.0 (B). Spectra were monitored before the

addition of ascorbic acid, and at 2-min intervals for 30 min after the addition of ascorbic acid.

Structural characterization of heme-K164H and heme-ERKT mutants

Finally, I focused on protomer-protomer interaction [factor (iii)]. Our group have found that
replacement of Ala31 of VcHutZ with valine at the subunit-subunit interface results in the loss
of the ascorbic acid-assisted heme-degradation activity (unpublished observation). Thus, I
considered the possibility that the heme in K164H and ERKT mutants was not degraded by
ascorbic acid because the distance between the subunits was elongated compared with that in

VeHutZ. The distance between subunits can be inferred from the distance between heme and
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Trp103 (Fig.. 12). To estimate the distance between heme and Trp103 of the heme-K164H
mutant, I measured the fluorescence spectra of tryptophan. Following excitation at 295 nm, the
fluorescence of Trp103, which is the sole tryptophan in Alr5027, was observed at ~334 nm. The
fluorescence for the heme-bound K164H mutant was much smaller than that of the heme-
unbound K164H mutant (Fig. 13A), suggesting that the fluorescence of Trp103 was quenched
by heme. Using the intensity of the fluorescence at 334 nm for the K164H and heme-K164H
mutant, I calculated the energy transfer efficiency, £, and estimated the distance between heme
and Trp103 on the basis of Equations 2 and 3, respectively. For the K164H mutant, the distance
at pH 6.0 was estimated to be 23 A, which is much larger than that of heme-WT VcHutZ (18
A) (unpublished observation). The intensity at 333 nm for the heme-K164H mutant at pH 8.0
was almost the same as that at pH 6.0 (Fig. 13A). Thus, the decrease in the quenching of
tryptophan fluorescence by energy transfer to heme indicated that the distance between heme
and Trp103 at pH 6.0 was the same as that at pH 8.0 within 1 A (Fig. 13B). The fluorescence
of the ERKT mutant was significantly decreased upon heme binding, and the estimated distance
of 1722 A (Fig. 13B, C) was much larger than that of heme-WT VcHutZ (16-18 A)
(unpublished obsevation). These results suggest that the diminished heme-degradation activity
of the ERKT mutant when ascorbic acid is used as an electron source is related to elongation

of the distance between heme and Trp103, as observed in the heme-A31V mutant VcHutZ.
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Fig. 12. Location of Trp103 and heme on the HugZ crystal structure (PBD 3GAS). Residues are

numbered according to the amino acid sequence of Alr5027 from cyanobacteria Nostoc sp. PCC7120. Green

and cyan show each protomer. Trp103 is present in a different protomer (green) from that (cyan) containing

the nearby Asp126.
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Fig. 13. Fluorescence spectra. Fluorescence spectra of heme-K164H, heme-ERKT, and heme-

S24A/ERKT Alr5027 mutants. (A—C) Fluorescence spectra of K164H (A), ERKT (B) and S24A/ERKT (C)

mutants in the absence (red lines) and presence (blue lines) of heme. Spectra were recorded at pH 6.0, 6.2,

6.3,6.4,6.6,6.8,7.0,7.5, 8.0, 8.5 and 8.8, with excitation at 295 nm. The sample concentration was 5 [1M.

(D) pH dependence of the distance between heme and Trp103 in K164H, ERKT, and S24A/ERKT mutants.
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Heme-degradation activity following introduction of alanine at the subunit-subunit
interface

Because a sequence alignment revealed that Ser24 of Alr5027 corresponds to Ala31 in
VeHutZ (Fig. 1A), I predicted that replacement of Ser24 with alanine in the ERKT mutant
would reduce the distance between protomers at pH 6.0 and lead to enhanced heme degradation
by ascorbic acid. Accordingly, I replaced Ser24 with alanine in the ERKT mutant and measured
the fluorescence spectra of tryptophan (Fig. 13D). I also calculated the energy transfer
efficiency, E, and the distance, using the fluorescence intensity at 334 nm of heme-bound and
unbound S24A/ERKT mutant. The estimated distance was 17-23 A (Fig. 13B, D), which is
similar to that of the ERKT mutant. The heme-degradation reaction of the S24A/ERKT mutant
was also examined using ascorbic acid. The Soret band remained even after the addition of
ascorbic acid at both pH 6.0 and pH 8.0 (Fig. 14), indicating that heme was not degraded in the
reaction with ascorbic acid. This is because the distance between protomers at pH 6 was still

greater than optimal.
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Fig. 14. Heme-degradation reaction of the heme-Alr5027 S24A/ERKT mutant with ascorbic acid at pH

8.0 (A) and pH 6.0 (B). Spectra were monitored before the addition of ascorbic acid, and at 2-min intervals

for 30 min after the addition of ascorbic acid.
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4.4. Conclusions

Previous study shows that HutZ from V. cholerae has heme-degrading ability and produces
the same reaction products as HOs >!*!¥, The structure of heme-bound HugZ from H. pylori
suggests that members of the HugZ family are structurally distinct from HOs. Thus, I predicted
that the ancestor protein of HutZ is different from that of canonical HOs. In the current study, I
found that Alr5027 from Nostoc sp. PCC 7120 is homologous to HutZ (Fig. 1A) and belongs
in a phylogenetic group apart from other HutZ family members (Fig. 1B). Characterization of
the heme-binding ability and heme-degradation activity of Alr5027 showed that Alr5027 did
not bind to heme (Fig. 3), because the heme axial histidine ligand was not conserved in Alr5027
(Fig. 1A). However, introduction of histidine at position at 164 conferred heme-binding ability
on Alr5027. Although none of the mutants degraded heme with ascorbic acid because of
elongation of the distance between the subunit and subunit interface (Fig. 13), the K164H and
G165H mutants formed verdoheme with H>O». Our results indicate that a lysine-to-histidine
substitution at residue 164 was the mutation that most effectively enabled Alr5027 to bind heme
and produce verdoheme (Fig. 4). These findings suggest that pathogenic bacteria that possess
HutZ family members may have acquired heme-degradation ability from a common ancestor

of Alr5027 through molecular evolution.
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PART 1IV: Iron Chelators Inhibit Heme-
Degradation Activity of HutZ
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Abstract

I try to observe the heme-degradation reaction in the presence of the iron chelator, ferrozine,
which reduced the ratio of iron liberated from heme to the starting heme concentration by ~50%.
The chelating agents, deferoxamine and citric acid, also inhibited the reaction. To investigate
the inhibition mechanism, I measured the rate of each heme-degradation step in the presence of
iron chelators. This analysis revealed that chelators did not affect rate constants for heme
reduction, ligand binding, or verdoheme formation. Therefore, we postulated that iron chelators
inhibited the remaining step: protonation of Fe(IIT)-OO-. The candidate for this protonation is
a water molecule stabilized by the heme-binding site-proximate residue, Thr27. Mutation of
Thr27 to valine also inhibited the reaction, but mutation to serine did not. These results suggest
that water molecules hydrogen bonded to Thr27 are involved in proton transfer to Fe(III)-OO—,
and that this step is inhibited by iron chelators. Tetracycline, which is the effective antibiotics
for cholera, has iron chelating ability. Thus, I suspected that tetracycline affects the heme
degradation activity of HutZ in term of the own iron chelating ability. The ratio of released iron
from heme is reduced by ~50% in the presence of tetracycline, suggesting that this inhibition is
derived from iron chelating ability. This finding indicates that iron chelators are good candidates

as antibiotics against V. cholerae.
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3.1. Introduction

The results and discussion in previous part clearly elucidates the heme degradation reaction
mechanism of HutZ. The heme-degradation enzymes cannot report a turnover number because
the heme-degradation is a single-turnover reaction. The heme-degradation enzymes can release
biliverdin and ferrous iron from themselves in the presence of biliverdin reductase and/or iron
chelator. To estimate the enzymatic activity of heme-degradation enzymes, the detection of the
amount of biliverdin or ferrous iron is needed. In HO-1, the amount of biliverdin per unit time
is increase in the presence of iron chelators'. However, the heme-degradation activity of HutZ
remains unknown.

In this part, I observed the heme degradation activity of HutZ in the presence of ferrozine,
and serendipitously found the inhibition of heme degradation activity of HutZ. When iron
chelators were added to a reaction solution containing heme-HutZ and ascorbic acid, I found
that the reaction proceeded very slowly in the presence of iron chelators. To determine the
inhibition steps of heme-degradation reaction, I observed the rate of heme-degradation reaction
by HutZ in the presence of iron chelator, suggesting that iron chelators inhibit the protonation
of oxyheme to hydroperoxyheme. The heme-degradation activity of Thr27Val mutant also was
repressed as well as HutZ with iron chelators. This result indicates that iron chelators can inhibit
the heme-degradation reaction of HutZ. Thus, in the current study, I investigated the mechanism

by which iron chelators inhibit heme degradation.
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3.2. Experimental Produres
Materials.

The chemicals used in this study were purchased from Wako Pure Chemical Industries
(Osaka, Japan), Nacalai Tesque (Kyoto, Japan), or Sigma-Aldrich (St. Louis, MO), and used

without further purification.
Expression and Purification of HutZ.

Mutant HutZ proteins were expressed in Escherichia coli and purified as described
previously. Mutagenesis was conducted utilizing a PrimeSTAR mutagenesis basal kit from
Takara Bio (Otsu, Japan). DNA oligonucleotides were purchased from Eurofins Genomics Inc.
(Tokyo, Japan). The mutated genes were sequenced by Eurofins Genomics to ensure that only

the desired mutations were introduced.
Spectroscopy.

Optical spectra of the purified protein were recorded with UV-visible spectrophotometer (V-
660, Jasco, Tokyo, Japan) at room temperature. Resonance Raman spectra were obtained with
a single monochromator (SPEX500M; Jobin Yvon, Edison, NJ, USA) equipped with a liquid
nitrogen-cooled CCD detector (Spec-10:400B/LN; Roper Scientific, Princeton, NJ). The
excitation wavelengths employed were 413.1 and 441.6 nm from a krypton ion laser (BeamLok
2060; Spectra Physics, MO, USA) and helium-cadmium laser (IK5651R; Kimmon Koha,
Tokyo, Japan), respectively. The laser power at the sample point was adjusted to 0.1 mW for
the CO-bound form to prevent photodissociation. Raman shifts were calibrated with indene,
CCl4, acetone, and an aqueous solution of ferrocyanide. The accuracy of the peak positions of
well-defined Raman bands was +1 cm™!. Sample concentrations for resonance Raman
experiments were about 10 uM in 50 mM MES-OH 150 mM NacCl, pH 6.0. Circular dichroism
(CD) spectra were observed by a JASCO J-1500 CD spectropolarimeter operating. The sample

concentration was 5.0 uM in 50 mM sodium phosphate, 100 mM NaCl at pH 6.0
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Isothermal Titration Calorimetry.

Calorimetry measurements were performed with a NANO-ITC titration calorimeter
instrument from TA Instruments (Delaware, USA). The sample cell was filled with 30 uM of
heme-HutZ complex. The injection syringe contained 3 mM DFO, and this experiment was
performed in triplicate at 25 °C. Experiments were performed using 25 injections, a stirring
speed of 250 rpm, and a 180 seconds delay between injections. The injection volumes for the
heme-HutZ complex consisted of 2 uL each. The heat values recorded were integrated, and the

data were fit to a one-to-one binding mode.
Reduction Rate of Heme.

The reduction rate of heme, k1 (Figure S4), was determined by following changes in
absorbance at 418 nm. 10 uM of ferric heme-HutZ complex was reduced by 1 mM ascorbic
acid in the presence or absence of 0.1 mM DFO. Although an oxygen scavenging system
composed of glucose, glucose oxidase, and catalase was added to the solution to anaerobic, the
reaction was conducted under carbon monoxide (CO) atmosphere to prevent from oxidation of
heme and/or re-oxidation by contaminated O. The k1 was obtained by fitting the time course

of the absorbance change to a single exponential expression.
Cyanide Binding Rate Constants.

Cyanide binding (CN) was measured by s stopped-flow apparatus (Unisoku, Osaka, Japan)
by following the decrease of absorbance at 403 nm. In a typical cyanide binding experiment,
one syringe contained 3 uM HutZ in 50 mM MES 150 mM NaCl (pH 6.0), and another syringe
contained at least a 100-fold excess of CN. Three determinations were performed for each
ligand concentration. The mean of the pseudo-first-order rate constants, kobs, was used in the
calculation of the second-order rate constants obtained from the slope of a plot of kobs versus

ligand concentration (kobs = kon[ CN] + ko).
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3.3. Results and Discussion

Heme Degradation Reaction in the Presence of Iron Chelators

To investigate the heme-degradation activity of HutZ, I observed the heme degradation
reaction in the presence of iron chelators for the detection of amount of ferrous iron. As shown
in Fig.1, which presents spectral changes following addition of ascorbic acid to ferric heme-
HutZ, ascorbic acid caused a decrease in the Soret band at 406 nm, attributable to heme
breakdown (Fig. 1A), as previously reported’. By contrast, addition of ferrozine prior to the
reaction caused little decrease in the Soret band (Fig. 1B), and the heme-degradation ratio was
32 + 7 %, suggesting that the heme-degradation reaction is repressed by ferrozine. This change

was not caused by pH change upon addition on ferrozine to the solution and irreversible.
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Fig. 1 Heme-degradation reaction of the heme-HutZ complex with ascorbic acid (1.0 mM) in 50 mM
MES-OH/150 mM NaCl (pH 6.0) at 25 °C. To prevent nonenzymatic coupled oxidation, approximately 1
uM catalase was included (g40s = 420 mM-!' cm™! for the tetramer?). Spectra were measured before addition

of ascorbic acid and at 8-min intervals for 56 min after the addition of ascorbic acid. Ferrozine (0.10 mM)
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was added (A) 30 min after the reaction or (B) before the reaction. Dotted line in (A) is the spectrum obtained

following addition of ferrozine 60 min after initiation of the reaction.

To determine whether inhibition of heme degradation by ferrozine requires the iron-
chelating property of ferrozine or a specific interaction of ferrozine with HutZ, we monitored
the same reaction in the presence of the typical iron chelators, EDTA, citric acid, and
deferoxamine (DFO). Although EDTA did not affect the heme-degradation reaction, DFO and
citric acid, in addition to ferrozine, significantly slowed the reaction (Fig. 2). The dependence
of this inhibition on the concentration of citric acid, ferrozine, and DFO was investigated. Fig.
3 shows the relative intensity ratio of the absorbance at 406 nm at 30 min after the reaction to
the initial absorbance, where larger values indicate greater inhibition. The addition of chelators
increased this ratio, indicating that the amount of heme degradation was decreased with
increasing chelator concentration. The inhibition constant (K;) for DFO was 5.7 uM, which is
smaller than that for ferrozine (52 pM) and citric acid (6.0 x 10?> uM) (Fig. 3). The stability
constant (Kwm) of ferrous iron for DFO (~10'® M)* is higher than that of citric acid (10*® M)?,
but smaller than that of ferrozine (10'>® M)®. These results indicate that the inhibition

mechanism of iron chelators does not necessarily involve metal chelation.
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Fig. 2 Heme-degradation reaction of the heme-HutZ complex with ascorbic acid (1.0 mM) at pH 6.0.
Spectra were measured before addition of ascorbic acid, and at 2-min intervals for 30 min after addition of

ascorbic acid in the presence of (A) 0.10 mM DFO, (B) 1.0 mM citric acid, and (C) 0.10 mM EDTA.
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Fig. 3 Changes in absorbance at 406 nm during heme degradation by HutZ in the presence of DFO,
citric acid, or ferrozine. The data points in UV-vis spectra were obtained before addition of ascorbic acid (1

mM) and 30 min after addition. Abs(30 min)/Abs(0 min) values are plotted against iron chelator

concentration, and the data were fit to the Hill equation.
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Affection on the Active Site of HutZ in the Presence of Iron Chelators

The deceleration of the enzymatic reaction of HutZ by iron chelators raised the possibility
that the chelators affect the structure of the active site of heme-HutZ. To test this, we measured
UV-vis absorption and resonance Raman spectra of heme-HutZ. The Soret maximum of ferric
heme-HutZ at 406 nm remained after the addition of DFO (Fig. 4A). Moreover, resonance
Raman spectra of the CO-heme complex of HutZ revealed that the addition of DFO did not
shift Fe-CO (ke-co) or C-O (vc-0) stretching modes from their original values of 506 cm™ and
1933 cm!, respectively, measured in the absence of chelators (Fig. 4B). We also measured
circular dichroism spectra of heme-HutZ to determine whether the addition of DFO caused any
secondary structural changes. The ellipticity at 222 nm, which represents the a-helical structure,
was virtually insensitive to DFO (Fig. 4C), although that below 215 nm was slightly decreased
in the presence of DFO. This latter change likely reflects the absorption of DFO itself, which
exhibits a broad band between 200 and 240 nm (Fig. 4D). These results suggest that DFO does
not induce a detectable change in secondary structure. Thus, we postulated that the chelators do
not bind to heme-HutZ and disturb its active site. To confirm this, we applied isothermal
titration calorimetry to study the energetics of chelator binding to heme-HutZ. Indeed, no
binding heat was detected for a solution of DFO and heme-HutZ (Fig. 5), indicating that DFO

does not likely bind HutZ directly.
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Fig. 4 (A) Absorption spectra of the heme-HutZ in the absence (red) and presence of 0.1 mM DFO (blue).
(B) Resonance Raman spectra of the heme-HutZ in the CO-bound form. The protein concentration is 10 mM
in 50 mM Tris-HCI/150 mM NaCl (pH 6.0). (C) CD spectra of heme-HutZ in the absence (red) and presence
of DFO (blue). Protein concentration was 5.0 uM in 50 mM sodium phosphate/100 mM NaCl. (D)
Absorption spectra of 1.0 mM DFO in 50 mM sodium phosphate/100 mM NaCl.
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Fig. 5 ITC data for titration of 3 uM DFO into (A) buffer, and (B) 35 uM heme-HutZ. Injections (25 x 2 pL)
were made at 180 sec intervals in 50 mM Tris-HCI/150 mM NacCl (pH 8.0) at 25 °C.

Inhibition Steps of Heme Degradation Reaction by Iron Chelators

To clarify how chelators cause inhibition, we focused on the heme-degradation mechanism
of HutZ, which is a multistep reaction, as shown in Fig. 6>7%. Accordingly, we next sought to
determine which step is inhibited by the chelators. First, we measured the reduction rate of
heme, k1, the first step of heme degradation (Fig. 6). Fig. 7 shows the time course of absorption
changes after the addition of ascorbic acid to ferric heme-HutZ, in the presence of CO to prevent
oxidation to ferric heme. Upon reduction, the Soret maximum at 406 nm underwent a red shift
to 418 nm—the same position of the Soret band in CO-bound heme?. The time course of
absorbance changes at 418 nm in the absence of DFO was fit to a single exponential, which

yielded a k1 of 0.052 + 0.005 min™'. In the presence of DFO, the k1 was 0.045 £ 0.008 min™,
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showing that DFO does not affect this step.

(a) Fe*'—heme (b) Fe>'-heme e‘y (c) oxyheme
Ho,_ k,

HO

HO—=0

(e) meso-hydroxyheme (f) verdoheme (9) biliverdin

Fig. 6 Heme degradation mechanism in HutZ
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Fig. 7 Determination of reduction rate of heme. (A) UV-vis spectra of heme-HutZ after addition of ascorbic
acid (1 mM) in the presence of DFO at pH 6.0 under CO atmosphere. (B) Time course of absorbance change
at 418 nm in the presence (red, left axis) and absence (blue, right axis) of DFO.

The second step in heme degradation is O binding to ferrous heme (Fig. 6). It is difficult to
obtain the rate constant for this step (k2), because O2-bound heme-HutZ is rapidly autoxidized
to ferric heme?, or converted to hydroperoxy heme, leading to degradation of heme. Therefore,
we measured the cyanide (CN) ion-binding rate (k2’) instead of k>. A typical time course for the
reaction of heme-HutZ with CN using a stopped-flow apparatus is shown in Fig. 8A. Under
conditions of excess of CN, a pseudo-first rate constant (kobs) was obtained from the single-
exponential fit. The obtained kobs values increased linearly with increasing concentrations of
CN (Fig. 8). The second-order rate constant, k>’, obtained from the slope of this relation, was

0.88 £ 0.01 mM's! in the absence of DFO and only slightly smaller (0.76 + 0.01 mMs!) in
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the presence of DFO. Therefore, the step involving ligand binding to heme is unlikely to be
inhibited by DFO. Finally, the rate constant for the formation of verdoheme, k4 (Fig. 9), was
compared. In the reaction with H>O», the Soret band disappeared with a concomitant increase
in a band at 644 nm? (Fig. 9). The value of k4 obtained by fitting the data at 644 nm to a single
exponential curve, was 0.38 s™!', which is approximately equal to that in the presence of DFO

(0.39 s).
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Fig. 8 Cyanide binding to heme-HutZ. (A) typical time trace of the absorbance change at 403 nm upon mixing
3.0 uM of heme-HutZ with 1.0 mM CN~ in 50 mM MES-NaOH/150 mM NaCl (pH 6.0). (B) Plots of kobs

versus CN~ concentrations.
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Fig. 9 Heme-degradation reaction of heme-HutZ with H>O, (0.10 mM) at pH 6.0 in the presence (A), and
absence of DFO (B). Spectra were measured before addition of H2O», and at 1-min intervals for 5 min after

addition of H,O,. Inset: Time course of absorbance at 644 nm.

As described above, the rates for heme reduction (k1), ligand binding (k2), and verdoheme
formation (k4) were unaffected by the addition of iron chelators. The remaining step is
conversion of oxyheme to hydroperoxy heme, with a rate constant of 43 (Fig. 6). However, it is
difficult to directly measure k3 owing to the extremely short lifetime of hydroperoxy heme. This
step is divided into two steps: the one-electron reduction of oxyheme to Fe(IlI)-OO~, and
protonation of Fe(IlI)-OO™ to hydroperoxy heme. Considering that the addition of DFO does
not change ki, it would also not alter the redox potential of heme-HutZ, indicating that the rate
of one-electron reduction of oxyheme would not be affected. Thus, we postulated that DFO

inhibits the second step: protonation of Fe(Ill)-OO™.
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Reaction Step on the Protonation of Fe(III)-OO- Species by HutZ

In mammalian heme oxygenase (HO), X-ray crystal structure and other biochemical and
biophysical studies suggest that protonation of oxyheme is mediated by distal water molecules,
which serve as proton sources (Fig. 10)®°!°. However, it is not clear whether HutZ also contains
such water molecules in the active site. To investigate whether water molecules are needed for
hydroxylation of oxyheme, we monitored the heme-degradation reaction in D,O buftfer. The
time courses of absorbance changes at 406 nm in reactions with ascorbic acid in H20 and D-O
buffer are illustrated in Fig. 11. The relative absorption at 406 nm for DO 30 min after initiation
of the reaction was higher than that of H>O, implying that heme degradation in DO is slower
than that in H20, suggesting that water molecules are involved in the process of proton transfer

to Fe(II1)-O0", as observed in HO!13,

Asp140 f\
e

L <

Fig. 10 Crystal structure of HO-1 form rat in the Oz-bound form (PDB ID code 4G7L).
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Fig. 11 Isotope effect of the heme-degradation reaction by HutZ. Time course of absorbance change at

406 nm in the reaction with ascorbic acid in HO/D,O buffer at pH 6.0.

This isotope effect on heme-degradation by HutZ suggests that a proton source is required
for protonation of the Fe(III)-OO™ species. In HO-1, the terminal oxygen atom of the heme-
bound O» interacts with a water molecule, which is stabilized by Asp140 (Fig. 10)'*!5.
Replacement of Asp140 with alanine substantially suppresses proton transfer to Fe(III)-OO™ in
HO-1 because of displacement and/or fluctuations of the water molecules'®!®. The distal
Aspl140 allows water molecules in the distal pocket to interact with heme-bound O,'"".
Although the heme complex of HutZ has not been crystallized, the crystal structure of a
homologous protein, HugZ, from Helicobacter pylori suggests that Thr27 of HutZ is present in
the active site (Fig. 12)*°. Thus, we predicted that Thr27 plays a role in protonation of Fe(III)-
OO analogous to that of Aspl40 in HO-1. To investigate whether the hydroxyl group at
position 27 is essential for protonation of the iron-bound O, we replaced Thr27 with valine or
serine, and examined the heme-degradation activity of the resulting mutants. The time course
of the decrease in the Soret band revealed that the heme-degradation rate was significantly
slower for the heme-HutZ T27V mutant than for heme-HutZ wild-type (WT) (Fig. 13). In

addition, mutation of Thr27 to valine caused a 2-fold decrease in the amount of liberated ferrous

iron (Table 1). To investigate the step inhibited in the T27V mutant, we measured the rate
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constants for heme-degradation (Fig. 6). The values for k1, k2, and k4 for the heme-HutZ T27V
mutant were almost the same as those for heme-HutZ WT (Table 2). In contrast, for the T27S
mutant, in which the hydroxyl group at position 27 is retained, the heme-degradation rate and
amount of iron released from heme were almost identical to those of heme-HutZ WT (Fig. 13,

Table 1). These results suggest that the OH group of Thr27 is involved in protonation of
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Fig. 13 Changes in absorbance intensity at 406 nm in reactions of heme-HutZ WT, and heme-HutZ
T27V and T27S mutants with ascorbic acid (1 mM).
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Table 1 Heme-degradation ratio determined from the amount of ferrous iron in heme-HutZ wild-type
(WT) and heme-HutZ T27V and T27S mutants.

Protein Iron yield (%)
WT 86+ 7
WT + ferrozine 32+7
T27V 61+5
T27S 83+3
WT +tetracycline 49+ 4
WT + chloramphenicol 83+3

Table 2 Rate constants of heme reduction (k1), CN binding (k2'), and H,0: reaction (ks) for heme-HutZ

Protein ki (min™") ky (mM™'s™) ks (sec™h)

WT +DFO 0.045 £ 0.008 0.76 £ 0.01 0.392 £ 0.002
WT-DFO 0.052 +0.005 0.88 +0.01 0.389 +0.001
T27V 0.045 £ 0.000 1.09 £0.01 0.396 £ 0.001
T27S 0.048 + 0.000 0.93+0.00 0.401 £0.001

107



Proposed Inhibition Mechanism by Iron Chelators

These observations indicate that iron chelation perturbs proton transfer from water
molecules to Fe(III)-OO~, and Thr27 contributes to the presence of water molecules in the
active site. A proposed mechanism for inhibition by iron chelators is illustrated in Fig. 14.
According to this model, iron chelators inhibit the heme-degradation reaction by perturbing
localization of the proton source—water molecules—making it difficult for HutZ to form the
Fe(IIT)-OOH species. The exothermic heat of interaction of DFO with distal water molecules
would be canceled by the endothermic heat of disruption of the interaction with bulk water

molecules (Fig. 5).

Thi2?.__ Thre?
oM. H OH..O\,H
b N
¥ )
A o
— O H” “H
0" +47 “H _
o’ P
||_. 34 chelator, c|)
—Ie— —F o 3
N N
! 0
\ }
Asp132 Asp132

Fig. 14 Proposed mechanism for inhibition of heme-degradation reaction by iron chelators.

Heme Degradation Reaction in the Presence of Antibiotics

The inhibition of HutZ by iron chelators prompted me to investigate the possibility of using
antibiotics as inhibitors of HutZ, because tetracycline, which is the most effective current
treatment for cholera, is an inhibitor of protein synthesis as well as an iron chelator*'. The
spectral changes that follow addition of ascorbic acid in the presence of antibiotics are shown
in Fig. 15. In the presence of chloramphenicol, a representative antibiotic, ascorbic acid caused

a decrease in the Soret band at 405 nm, attributable to heme breakdown (Fig. 15A). Addition
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of ferrozine 60 min after the reaction resulted in the appearance of a new band at 562 nm that
reflected the formation of a ferrozine-iron complex®?. The heme-degradation ration, defined as
the ration of iron concentration captured by ferrozine, to the initial heme concentration, was 83
+ 3 %, which is similat to that of heme-HutZ (86 + 7 %) (Fig. 2A). In contrast, the Soret band
diminished very little in the presence of tetracycline (Fig. 15B). The heme-degradation ratio
was 49 + 4 %, indicating that the heme-degradation reaction was repressed in the presence of
tetracycline. These observations support the conclusion that substrates possessing an iron-

chelating ability could be possible treatments for cholera.
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Fig. 15 Heme-degradation reaction of the heme-HutZ complex with ascorbic acid (1.0 mM) at pH

6.0 (A) in the presence of 50 uM chloramphenicol and (B) 50 uM tetracycline. Spectra were
measured before addition of ascorbic acid and at 8-min intervals for 56 min after addition of ascorbic

acid. Tetracycline caused a large absorption below 400 nm.
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3.4. Conclusions

HutZ is needed for the efficient use of heme as an iron source. Most effective treatment for
cholera is the utilization of antibiotics. Tetracycline is an inhibitor of protein synthesis as well
as an iron chelator. Thus, I predicted that tetracycline affects the heme degradation activity of
HutZ. The spectroscopy experiment showed that iron chelators inhibit the heme degradation
activity of HutZ (Fig. 1). Based on the kinetic analysis (Table 2), I found that iron chelators are
able to inhibit the heme-degradation reaction of HutZ by perturbing proton transfer to Fe(IlI)-
OO from water molecules in the distal cavity (Fig. 14). This mechanism suggests that iron

chelators are good candidate antibiotics for use against V. cholerae.
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PART V: Conclusions
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One of the ways through which V. cholerae acquires iron is by deploying the Aut (heme
utilization) system which constitutes cell surface receptors, HutA and HutR, a periplasmic heme
binding protein HutB, ATP-dependent permease proteins, HutC/HutD, and cytoplasmic
proteins, HutZ/HutX'?. Once in the cytosol, the heme is degrade by heme degrading enzyme
to release iron that is then available to the bacteria as an essential nutrient. Although the
structure of HutZ is different from that of HO-1, both heme degradation enzymes can produce
bliverdin from heme?, suggesting that HutZ has evolved from ancestral distinct from that of
HO-1. However, the heme-degradation mechanism of HutZ-type enzymes have not been fully
understood. In this study I investigated the heme degradation mechanism and a common
ancestral protein of HutZ-type enzymes by using the structural and kinetic analyses, the various
spectroscopic techniques. The results and conclusions drawn on the basis experimental data are
summarized below.

HutZ can converts heme to biliverdin via the same steps as HO-1. (Part II of chapter I)

In this part, I focused on the heme degradation mechanism of HutZ-type enzymes because
the structure of HutZ is different from that of HO-1. To characterize reaction intermediates of
HutZ, I observed UV-vis spectra for meso-hydroxyheme and verdoheme. The heme degradation
intermediates of HutZ are the same as that of HO-1, although the valence of verdoheme of HutZ
is different from that of HO-1 because the structure of HutZ is unique in the presence of
proximal hydrogen bond.

Role of heme proximal side hydrogen bonding is appropriate position for heme to attack
the meso-carbon of porphyrin. (Part II of Chapter II)

As revealed in previous chapter, the proximal hydrogen bond between Asp132 and His170
is unique in the heme degradation enzymes because this hydrogen bond is disadvantage to
convert hydoxyheme to meso-hydoroxyheme. To determine the role of hydrogen bond between
Asp132 and His170, the heme degradation activity of mutants of mutating Asp132 to leucine,

asparagine, glutaminate acid, or His170 to alanine was measured. The hydrogen bond between
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Asp132 and His170 destabilizes the coordination of the proximal histidine to heme, leading to
a drastic loss of heme degradation activity. The role of proximal hydrogen bond is necessary
for HutZ to bind heme and form verdoheme, likely because heme is held in an appropriate
position for heme degradation.

HutZ is a different ancestral protein from that of HO-1. (Part III)

HutZ, which can convert heme to biliverdin via the same steps as HO-1, is the different
structure from that of HO-1 (Part II). I predicted that the ancestral protein of HutZ-type enzymes
is distinct from that of HO-1. To investigate the ancestral protein of HutZ-type enzymes, I focus
on Alr5027 from cyanobacteria Nostoc sp. PCC7120, which is acquired for the heme binding
and degradation ability by mutating of Lys164 to histidine. Introduction of His at position 164
rendered the mutant with high affinity for heme. Although heme was not degraded by the
K164H mutant when ascorbic acid was used as an electron source, it was degraded by H,O; to
produce verdoheme. Fluorescence spectra suggested that the inefficient heme-degradation
activity of the K164H mutant by ascorbic acid is due to an elongation of distance between each
protomers containing Asp132 and His170 (Part II of chapter II). Therefore, a single replacement
of Lys164 with His in Alr5027 converts non-heme binding protein to a heme-degradation
protein, suggesting that the HutZ-type enzymes acquire for the function of the heme-
degradation from a common ancestor of Alr5027 through molecular evolution.

Iron chelators can act as inhibitor for HutZ. (Part IV)

To detect the amount of ferrous iron by the heme-degradation reaction, I tried to observe the
heme-degradation reaction in the presence of iron chelators, and I found that iron chelators
inhibit the heme degradation ability of HutZ. Based on kinetic analysis of the heme degradation
reaction pathway of HutZ, iron chelator is likely to inhibit the proton transfer from water
molecules fixed by Thr27 in the active site to reduced oxyferrous heme by the interaction with
the water molecules. Thus, the results of various spectroscopic measurements in this part

suggested that iron chelators are the candidate for antibiotics of V. cholerae.
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As summarized above, spectroscopic and kinetic analyses in Part II, IIT and IV, I found that
HutZ-type enzymes are a unique structural heme-degrading enzyme, which is distinct from
other HOs family, and the pathogen bacteria would acquire HutZ-type enzymes through
molecular evolution from a common ancestor of Alr5027. The mammalian organisms express
HO-1, whose structure is different from that of HutZ. Thus, HutZ-type enzymes have become
the drug target for cholera by inhibiting only pathogen bacteria. Recently, to inhibit the some
pathogen bacterial heme-degradation enzymes, heme analogues such as metal-substituted
protoporphyrins showed antibacterial activity**. However, there is a risk to replace the cofactor
of mammalian heme enzymes with these metal-substituted protoporphyrins. On the other hand,
small iron chelators does not inhibit the heme-degrading enzymes except for HutZ. In this thesis,
I believe that study on HutZ-type enzymes paves the way for the development of more effective

medicines.
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