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ABSTRACT

HutZ from Vibrio cholerae is a dimeric enzyme that catalyzes degradation of heme. The
highly conserved Arg92 residue in the HutZ family is proposed to interact with an iron-bound
water molecule in the distal heme pocket. To clarify the specific role of Arg92 in the heme
degradation reaction, the residue was substituted with alanine, leucine, histidine or lysine to
modulate electrostatic interactions with iron-bound ligand. All four Arg92 mutants reacted
with hydrogen peroxide to form verdoheme, a prominent intermediate in the heme
degradation process. However, when ascorbic acid was used as an electron source, iron was
not released even at pH 6.0 despite a decrease in the Soret band, indicating that
non-enzymatic heme degradation occurred. Comparison of the rates of heme reduction, ligand
binding and verdoheme formation suggested that proton transfer to the reduced oxyferrous
heme, a potential rate-limiting step of heme degradation in HutZ, is hampered by mutation. In
our previous study, we found that the increase in the distance between heme and Trp109 from
16 to 18 A upon lowering the pH from 8.0 to 6.0 leads to activation of ascorbic acid-assisted
heme degradation by HutZ. The distance in Arg92 mutants was >19 A at pH 6.0, suggesting
that subunit-subunit interactions at this pH are not suitable for heme degradation, similar to
Asp132 and His63 mutants. These results suggest that interactions of Arg92 with heme-bound
ligand induce alterations in the distance between subunits, which plays a key role in

controlling the heme degradation activity of HutZ.



1. Introduction

Almost all bacteria require iron for survival and have developed sophisticated mechanisms to
solubilize, sequester and release iron within the cell. Most bacterial pathogens have evolved
to take advantage of heme-containing proteins as a source of iron. The ability to transport and
utilize heme is a common mechanism employed by pathogenic bacteria to establish and
maintain infection [1-6]. Exogenously acquired heme is oxidized to release iron by

heme-degrading enzymes for utilization by bacteria.

Based on the genome sequence of Vibrio cholerae and bioinformatics-based predictions,
putative genes encoding heme acquisition have been identified, termed Aut (heme utilization)
[7-9]. The Hut protein family includes outer membrane heme transport proteins (HutA and
HutR) [10-12], inner membrane heme transport proteins (HutC/HutD) and heme carrier
proteins (HutB and HutX) [13,14]. HutZ was previously identified as a heme-degrading
enzyme by our group [15]. HutZ can cleave heme to biliverdin via verdoheme, similar to the
mechanism used by human heme oxygenase (hHO). However, the cleavage site is in the 8- or
0-meso and not the a-meso position, as observed for HO [15]. An interesting feature of HutZ
is the extremely slow reaction rate at neutral or alkaline pH [15]. Specifically, the reaction

rate above pH 7.0 is significantly slower than that at pH 6.0.

Although the X-ray crystal structure of HutZ in the heme-bound form is not available,
resonance Raman data suggest that the heme environment has an unusual structure [15]. The
plots of Fe-CO (Vge.co) and C-O (vc.o) stretching modes of the CO-bound form are far off
from the line with proteins possessing neutral histidine as an axial ligand but near the line
with proteins with imidazolate as the axial ligand. The imidazolate character of the proximal
histidine with negative redox potential of heme from heme-HutZ at pH 8.0 (—176 mV) leads
to stabilization of ferric rather than ferrous heme, resulting in a slow reduction rate of heme

[16]. In addition, even if heme is reduced, oxyferrous heme is rapidly re-oxidized to ferric



heme via autoxidation. The half-life of the oxyferrous heme of HutZ at pH 8.0 is less than 10
s [15], whereas that of heme-HO is more than 1 h [17]. Accordingly, almost no heme
degradation occurs in heme-HutZ at pH values of 7.0 or above [16]. In contrast, the heme iron
at pH 6.0 is reduced faster relative to that under neutral or alkaline conditions by ~3-fold,
potentially due to lower electron donation from proximal histidine [16]. Thus, heme in the

heme-HutZ complex is efficiently degraded at pH 6.0 but not pH >7.0.

The structure of apo-HutZ was solved and its docking structure of heme predicted that
Arg92 and His63 coordinate heme [18]. However, the results of our mutational studies
suggested that His170 is a sole heme ligand, which was not coincident with the docking
model [19,20]. The crystal structure of a HutZ homologous protein HugZ from Helicobacter
pylori suggests that His170 of HutZ is the proximal heme ligand, which is within hydrogen
bonding distance of Asp132 (Fig. 1). The hydrogen bond between Asp132 and His170 could
contribute to the imidazolate characteristic of proximal His170, as observed for most
peroxidases [21-23]. To validate the importance of the proximal hydrogen bond in the heme
degradation reaction, Asp132 or His170 was substituted in a previous study by our group [20].
Notably, disruption of the hydrogen bond between His170 and Aspl32 did not affect
enzymatic activity whereas this bond was necessary for heme positioning into the appropriate

position for degradation.

The Fe-CO stretching mode of CO-bound heme (Vee.co) is also known as a sensitive
marker of electrostatic conditions within the distal heme pocket [24—27] and observed at 504
cm ' for heme-HutZ [15]. This frequency is almost identical to that of myoglobin [28],
indicating the involvement of strong positive electrostatic interactions between iron-bound
CO and distal residues in heme-HutZ. The absorption spectrum of ferric heme-WT HutZ is
typical of six-coordinate low-spin heme, suggestive of binding of OH™ ion to heme [15]. In
contrast, the protonated Fe’'-H,O form (high spin) was dominant at acidic pH. Heme

degradation activity was also pH-dependent; HutZ is active at pH 6.0, but it is inactive at pH
4



>7.0 [16]. In view of the correlation between the high-spin heme content and heme
degradation activity, we propose that heme degradation activity of HutZ is related to the

high-spin heme content [16].

The high-spin to low-spin heme ratio is associated with distal amino acid residues. Argl66
of HugZ from H. pylori, a highly conserved residue, interacts with an iron-bound azide ligand
[29]. Comparison of amino acid sequences led to the prediction that Arg92 of HutZ from V.
cholerae corresponds to Argl66 of HugZ. Considering the prediction that Arg92 is located
near the iron-bound ligand in the crystal structure of HugZ, the residue at this position is
postulated to stabilize the Fe’*-OH™ form (low spin) through electrostatic interactions under
neutral or alkaline pH, leading to enhancement of proximal hydrogen bonding between
His170 and Asp132 and decrease in heme degradation activity. In general, arginine is not an
effective residue as a catalytic center owing to its high pK, value. In most heme peroxidases,
histidine in the heme distal side acts as an acid-base catalyst [30]. In contrast, in hHO, distal
glycine is important for oxidation of the heme macrocycle and suppression of peroxidase
activity [31,32]. Based on these results, we hypothesize that Arg92 of HutZ plays an

important role in the heme degradation reaction.

To clarify the activation mechanism of HutZ and the role of conserved distal arginine, we
generated four Arg92 mutant enzymes (R92A, R92L, R92H and R92K) in this study. Arg92
appeared necessary for heme degradation when ascorbic acid was used as the electron donor,
since almost no iron was released from heme after reaction with ascorbic acid. Considering
that the mutants converted heme to verdoheme in the reaction with hydrogen peroxide (H,0,),
Arg92 may play a key role in transferring H' to a heme degradation intermediate, Fe’*-00",
presumed to be a rate-limiting step of heme degradation by HutZ [33]. In contrast to hHO,
HutZ is a dimeric protein. Recent studies by our group further showed that subunit-subunit
interactions play a key role in the heme degradation reaction [16]. The distance between heme

and Trp109, which reflects subunit-subunit orientational changes, was increased from 16—18
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A for wild-type HutZ to 23-25 A for R92A and R92L mutant enzymes, similar to data
obtained for mutants of Ala31 [16], His63 [19] and Asp132. Based on the collective results,
we propose an activation mechanism of HutZ involving conformational changes at Arg92,
which are transmitted to the heme axial ligand His170 through Ala31, His63, and Asp132,

with modulation of subunit-subunit interactions.

2. Experimental section
2.1. Materials

Chemicals 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.

2.2. Protein preparation

Mutant HutZ proteins were expressed in Escherichia coli and purified as described
previously [20]. Mutagenesis was conducted utilizing a PrimeSTAR mutagenesis basal kit
from Takara Bio (Otsu, Japan). DNA oligonucleotides were purchased from Eurofins
Genomics (Tokyo, Japan). The primers employed for mutation are listed in Supplemental
Table 1. Genes were sequenced (Eurofins Genomics) to ensure that only the desired mutations
were introduced. The protein concentration of HutZ was determined based on absorbance at
280 nm. A molar extinction coefficient (&s0) of 9.97 mM 'cm™' was obtained using the

ProtParam server (http://web.expasy.org/protparam/).

2.3. Measurement of heme binding to HutZ

Heme binding was monitored using difference spectra in the Soret region of the UV-visible
spectrum. Hemin was dissolved in 0.1 M NaOH and its concentration determined based on
absorbance at 385 nm using an extinction coefficient (&335) of 58.44 mM cm™ [34].

Successive aliquots of 0.5 mM hemin in NaOH (pH ~13) were added to both the sample



cuvette containing 10 uM apo-HutZ in 50 mM Tris-HCI and 150 mM NaCl (pH 8.0) and
reference cuvette. Spectra were recorded 3 min after the addition of each heme aliquot. No pH
changes in the medium were observed after the addition of hemin solution. Absorbance
differences at 404-409 nm were plotted as a function of heme concentration, and apparent

dissociation constants (K4 neme) calculated using a quadratic binding equation [35].

2.4. Spectroscopy

Optical spectra of purified proteins were recorded using a V-660 UV-visible
spectrophotometer (Jasco, Tokyo, Japan) at 25 °C. pH titration of heme-reconstituted HutZ in
the ferric form was conducted based on absorption spectra. The pH was altered by the
addition of small amounts of 1 N HCI to protein solution in 50 mM sodium phosphate or
borate buffer, and actual pH values measured with a micro pH electrode (Horiba, Kyoto,
Japan). Determination of pK, values was performed by curve fitting of the fraction of the

alkaline form versus pH for the given pH values in the Henderson-Hasselbalch equation.

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). The excitation wavelengths
employed were 413.1 and 441.6 nm from a krypton ion (BeamLok 2060, Spectra Physics,
Santa Clara, CA) and helium-cadmium (IK5651R, Kimmon Koha, Tokyo, Japan) lasers,
respectively. The laser power at the sample point was adjusted to ~5 mW for ferric and
ferrous forms and 0.1 mW 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 the peak positions of well-defined Raman bands was +1 cm™'. Samples for

resonance Raman experiments were prepared at a concentration of ~10 uM in 50 mM

Tris-HCl1 and 150 mM NaCl (pH 8.0).

Fluorescence spectra were recorded using a FP-8500 spectrometer (Jasco). Protein samples



were excited at 295 nm to avoid contribution from tyrosine residues. The sample
concentration was 10 uM in 50 mM Tris-HCI and 150 mM NaCl (pH 8.0). The distance (r)
between tryptophan and heme was estimated based on the efficiency (E) of Forster energy

transfer from tryptophan to heme, defined as:

R6
E=—22 1
Rg +7° M
whereby Ry represents the Forster distance and R, for heme and tryptophan is 29 A [36]. The
energy transfer efficiency, £, was calculated using the fluorescence intensity of apo-HutZ

(Flapo) and heme-HutZ (Fieme) as follows:

F_-F
E = apoF heme (2)

apo

2.5. Heme degradation activity

The heme degradation reaction of HutZ was monitored via spectrophotometry. Briefly, 1.9
mL hemin-reconstituted protein solution (final concentration, 10 uM) in 50 mM Tris-HCI and
150 mM NaCl (pH 8.0) was placed in a cuvette and the reaction initiated by adding 100 ul of
4 mM H,0, or 20 mM ascorbic acid in the same buffer at 25 °C. Spectra were recorded at 1
min intervals for 15 min for H,O, and 2 min intervals for 60 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 completion of 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 (€s¢) of
27.9 mM 'em™ [37].

Kinetic analyses of verdoheme formation were performed using a stopped-flow apparatus
(Unisoku, Osaka, Japan). The reaction was monitored immediately after mixing equal
volumes of 10 uM HutZ (50 mM Tris-HCI and 150 mM NacCl, pH 8.0) and 200 uM H,O..

Decay of absorbance at 644-647 nm was fitted using a single exponential equation.



2.6. Reduction of heme

The reduction rate of heme, k.4, was determined by monitoring changes in absorbance at
418 nm. Ferric heme-HutZ (5 uM) was reduced using 1 mM ascorbic acid. Although an
oxygen scavenging system composed of glucose, glucose oxidase and catalase was added to
the solution to maintain anaerobiosis [38], the reaction was conducted under a carbon
monoxide (CO) atmosphere to prevent oxidative cleavage of heme and/or autoxidation by
contaminated O,. The k.4 values were obtained by fitting the time-course of absorbance

change to a single or double exponential equation.

2.7. Cyanide binding rate constants

Cyanide ion (CN) binding to heme was measured by following the decrease in absorbance
at 412 nm using stopped-flow apparatus (Unisoku). In a typical CN binding experiment, one
syringe contained 5 uM HutZ (50 mM Tris-HCI and 150 mM NaCl, pH 8.0) and another
contained at least 100-fold excess CN. Three determinations were performed for each ligand
concentration. The mean of the pseudo-first-order rate constant, ks, was used to calculate the
second-order rate constants obtained from the slope of a plot of kg versus ligand

concentration (kops = kon[CN] + kofr).

3. Results
3.1. Heme binding properties of Arg92 mutants

Four Arg92 mutants (R92A, R92L, R92H and R92K) were purified using the same
procedure as wild-type (WT) HutZ. Titration of heme into mutant proteins was conducted by
monitoring spectral changes at 404-409 nm (Fig. 2, insets). The apparent dissociation
constants (K4 peme) of R92A, R92L, R92H and R92K mutants for heme were estimated as 0.26
+ 0.02, 1.01 + 0.25, 0.46 + 0.06, and 0.029 £ 0.006 uM, respectively. Compared with WT
HutZ (0.052 = 0.004 uM) [15], all mutants of Arg92, except R92K, showed slightly reduced

affinity for heme.



3.2. Spectroscopic characterization of heme-Arg92 mutant complexes

Absorption spectra of the Arg92 mutants reconstituted with equimolar hemin are shown in
Fig. 2. The Soret peak of all four mutants in the ferric form at pH 8.0 showed a blue shift by
4-5 nm (Fig. 2, red lines), compared with heme-WT HutZ (412 nm) [15], suggesting
increased six-coordinate high-spin heme at the expense of the six-coordinate low-spin heme.
Although previous studies have reported that mutation of Arg92 to alanine does not affect the
Soret peak [39], we clearly observed blue shifts for all four Arg92 mutants, indicative of
changes in the interactions between the residue at position 92 and heme-bound water
molecules. Upon lowering the pH from 8.0 to 6.0, a further blue shift of the Soret band to 406
nm was detected in all Arg92 mutants (Fig. 2, blue line), which was almost at the same
position as that of heme-WT HutZ at pH 6.0 (Fig. 2A). As reported previously, pH
dependence of UV-vis absorption spectra is explained by ionization of water molecule
coordinated to the heme iron [15,28,40]. The pK, values of equilibrium between the Fe*™-H,0
(high spin) and Fe’-OH" (low spin) forms for heme-R92A, heme-R92L, heme-R92H and
heme-R92K mutants were estimated as 8.8, 8.7, 8.2, and 7.9, respectively (Supplemental Fig.
S1), which were ~2—3 pH units higher than that of heme-WT HutZ [15]. The significant shift
in pK, values for Arg92 mutants demonstrated the involvement of Arg92 in acid-alkaline
transition of the heme-bound water molecule. Although earlier data from a docking model of
heme and apo-HutZ and mutational studies suggest that His63 and Arg92 are heme ligands,
the changes in pK, values between high-spin and low-spin heme observed due to mutation of
Arg92 indicate that Arg92 is not a heme ligand but interacts with heme-bound water molecule
[39].

Resonance Raman spectra of the heme-Arg92 mutants in the ferric state are shown in Fig.
3A. A spin-state marker band [41], vs, of the ferric heme-R92K mutant appeared at 1502 cm ™',
characteristic of the six-coordinate low-spin heme, similar to that observed for heme-WT

HutZ [15]. For the heme-R92H mutant, the v3 band was composed of two bands with roughly
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equal intensities at 1479 and 1503 cm' corresponding to six-coordinate high-spin and
low-spin heme, respectively [41]. Resonance Raman spectra of the heme-R92A and
heme-R92L mutants closely resembled each other. The v; band of ferric heme-R92A and
heme-R92L mutants contained three bands at 1481, 1488, and 1503 cm ™', which were derived
from the six-coordinate high-spin, five-coordinate high-spin and six-coordinate low-spin
heme, respectively. The appearance of the five-coordinate species in the heme-R92A and
heme-R92L mutants indicates that the electrostatic interactions involving the positive charge

at position 92 contribute to stabilization of the coordinated water molecule to heme.

The frequencies of v» bands also reflect the spin state of heme [41]. The bands at 1558 and
1582 cm ' for heme-WT HutZ corresponded to six-coordinate high-spin and low-spin heme,
respectively (Fig. 3A). In contrast to heme-WT HutZ, the absorbance of the former band was
larger than that of the latter one in the heme-R92A, R92L and R92H mutants, indicating that
high-spin heme is dominant in these mutants, as observed in the v; bands (Fig. 3A) and
absorption spectra (Fig. 2). Although v, band of five-coordinate high-spin heme appears at
~1570 cm ' in general [41], it was not assigned in the spectra of heme-WT and Arg92 mutant
HutZ due to overlap with the 1558 and 1582 cm™' bands.

Resonance Raman spectra of the ferrous five-coordinate species with histidine
coordination revealed the Fe-His stretching mode, Veenis, at 200-250 cm' [42]. The Venis
modes of heme-R92A, heme-R92L, heme-R92H and heme-R92K mutants were observed at
225-227 cm ' (Fig. 3B), which were almost identical to that of heme-WT HutZ [15]. These
frequencies indicate that mutation of Arg92 barely affects the Fe-His stretching mode of

ferrous heme.

Resonance Raman spectra of the CO-bound heme-Arg92 mutants in the low frequency
region are shown in Fig. 3C. For heme-R92H and heme-R92K mutants, a broad band was

observed at 505 cm ™. Upon substitution with *C'*0, this band for heme-WT HutZ shifted to

11



498 cm ' and was thus assigned to the Fe-CO stretching mode (Vee.co) [15]. The frequencies
of Vee.co for heme-R92H and heme-R92K mutants were roughly similar to that for heme-WT
HutZ whereas vee.co for heme-R92A and heme-R92L mutants was downshifted to 497498
cm ' [15]. The C-O stretching modes (vc.o) for heme-R92A, heme-R92L, heme-R92H and
heme-R92K mutants were observed at 1955, 1961, 1941 and 1936 cm ', respectively (Fig.
3D). Correlation plots of Vge.co and vc.o for heme-WT enzyme indicated that these modes
were relatively uncorrelated for proteins with histidine as a heme ligand but correlated for
proteins with imidazolate [15]. The correlation plots of Vve..co and vc.o for the heme-R92K,
heme-R92L, heme-R92A and heme-R92H mutants moved towards the line of proteins with
histidine as a heme ligand in this order (Fig. 3E). Although the signal-to-noise ratio of the
Raman spectra in the high-frequency region was relatively low (Fig. 3D), the Raman spectra
of the Arg92 mutants support the idea that arginine at position 92 is essential for the

imidazolate character of the proximal histidine.

3.3. Heme degradation reaction of heme-Arg92 mutants at pH 8.0

Heme degradation activity was examined using ascorbic acid as an electron donor since the
native electron donor of HutZ is unknown. The reaction was performed in the presence of
catalase that scavenges H,O, generated by direct reaction of ascorbic acid with molecular
oxygen. Spectral changes after the addition of 1 mM ascorbic acid at pH 8.0 are shown in Fig.
4. Addition of ascorbic acid to Heme-Arg92 mutants at pH 8.0 led to a decrease in the Soret
band, supporting the possibility that Arg92 mutants degrade heme even at pH 8.0. Thus, to
monitor the amount of Fe*" released from heme, ferrozine, which forms a complex with Fe*"
and displays strong absorption peaking at 562 nm [37], was added to the reaction solution.
Notably, no absorption peak at 562 nm was evident, indicating that Fe’" is not released from
heme in the reaction with ascorbic acid at pH 8.0 (Fig. 4, green lines). Decrease in the Soret
band without peak shift suggests that the porphyrin macrocycle is partially broken but Fe*" is

still attached to it. Loss of the Soret band without iron release was also encountered in
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mutants of Ala31 to valine or leucine [16], indicating changes in subunit-subunit interactions

as discussed below.

To confirm whether mutation of Arg92 resulted in loss of heme degradation ability,
reactions with hydrogen peroxide (H»O,) were conducted. Fig. 5 shows the absorption
spectral changes during reaction with H,0O,. Absorption at ~644 nm derived from
Fe’*-verdoheme [33] increased in parallel with loss of the Soret band, suggesting that
verdoheme is produced in the reaction with H>O,. To compare the reaction rates of the Arg92
mutants with H,O,, the time-courses of absorption changes at 646—648 nm in the reaction of 5
uM HutZ with 0.1 mM H,O, were measured and rate constants (kyerdo) Obtained by fitting the
data with a single exponential curve (Fig. 5, insets). The apparent kinetic constants obtained
for heme-R92A, heme-R92L, heme-R92H and heme-R92K mutants were 3.5 £ 0.6, 2.7 + 0.5,
3.2 + 0.4 and 0.70 + 0.05 min ', respectively, which are 1.3-6.4-fold faster than that of
heme-WT HutZ (0.55 + 0.09 min'; Table 1), probably owing to the increase in Fe’*-H,0
species (Fig. 2). We conclude that Arg92 mutants retain HO,-dependent heme degradation

ability.

3.4. Heme degradation activity of heme-Arg92 mutants at pH 6.0

The heme degradation reaction was additionally examined at pH 6.0, since the activity of
the heme-WT enzyme on ascorbic acid is pH dependent. Heme-WT HutZ is active at pH 6.0
but inactive at pH 7.0 or higher [15,16]. UV-vis absorption spectral changes after addition of
ascorbic acid at pH 6.0 are shown in Fig. 6. Absorption of the Soret band of heme-WT HutZ
was diminished with a slight increase in absorbance in the visible region, as reported earlier
[15], whereas only slight spectral changes were observed for heme-R92A, heme-R92L, and
heme-R92H and-heme-RO2 mutants. The Soret band of the heme-R92K mutant was about
half of the initial height. However, addition of ferrozine confirmed that Fe*" was not released

(Fig. 6E, green line), as observed at pH 8.0 (Fig. 4D). The decrease in the Soret band of the
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R92K mutant suggests that heme was broken, but iron is held by the broken heme macrocycle.
Thus, Fe*" was not released from Arg92 mutants in the reaction with ascorbic acid at pH 6.0,

in clear contrast to WT HutZ.

To confirm whether the mutants retain heme degradation ability at pH 6.0, reaction of the
heme-Arg92 mutants with H,O, was monitored. Spectral changes after the addition of H,O»
to heme-R92A, heme-R92L, heme-R92H and heme-R92K mutants at pH 6.0 are shown in Fig.
7. For all Arg92 mutants, absorption of the Soret band decreased rapidly with an increase in
absorption at 645—648 nm, suggestive of verdoheme formation [33], as observed at pH 8.0
(Fig. 5). However, absorbance at 645-646 nm for R92A and R92L mutants was ~40% that of
heme-WT, indicating that both mutants are less active than the wild-type enzyme. Absorption
at 648 nm of verdoheme for the R92H and R92K mutants decreased with time, suggesting
that verdoheme generated by the mutants was unstable to further oxidation. The kyergo Values
at pH 6.0 were also obtained (Fig. 7, insets). Those for heme-R92A, heme-R92L, heme-R92H
and heme-R92K mutants were 4.3 + 0.5, 5.5+ 0.4, 6.0 £ 0.2 and 5.3 £ 0.1 min ', respectively,
which were approximately 5-fold smaller than that of heme-WT HutZ (23.3 + 0.1 min ') in
spite of almost similar amounts of the high-spin species, but close to those of for heme-R92A
(3.5 + 0.6 min'; Table 1), heme-R92L (2.7 + 0.5 min ') and heme-R92H (3.2 + 0.4 min")
mutants at pH 8.0. These results suggest that heme-Arg92 mutants are less active to

verdoheme formation than heme-WT HutZ.

3.5. Reduction of heme-HutZ

The initial step of heme degradation by ascorbic acid is reduction of ferric heme
(Supplemental Fig. S2) [33]. To clarify the reason for the lower heme degradation activity of
Arg92 mutants, we measured the reduction rate (kq) of the HutZ-bound heme. Since it was
difficult to obtain the accurate reduction rates of heme in the case of HutZ owing to

successive heme degradation and/or re-oxidation caused by contaminated molecular oxygen,
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even under an anaerobic conditions, we measured the reduction rate in the presence of CO to
irreversibly trap the generated ferrous heme as a CO-bound form [16]. The absorption spectral
changes after addition of 1 mM ascorbic acid to ferric heme-HutZ are presented in
Supplemental Fig. S3. Upon reduction, the Soret band at 407—408 nm underwent a red shift to
418 nm, the same position as the Soret band of the CO-bound form. The time-course of
absorbance at 418 nm was fit to a single exponential or double exponential equation,
generating kq values for the heme-R92A, heme-R92L, heme-R92H and heme-R92K mutants
of 18.0 = 1.4/3.1 £ 0.2, 4.0 £ 0.6, 10.0 £ 1.0/2.5 + 0.5 and 6.6 = 1.3 h”', respectively, at pH
8.0 (Table 1), which were ~2—8-fold larger than that of heme-WT at pH 6.0 (2.4 £ 0.1 h'")
[16]. In addition to the results of plots of Vee.co and vc.o (Fig. 3E), the kw4 values for the
heme-Arg92 mutants also supported the decrease in electron donation from the proximal

histidine by removal of arginine at position 92.

3.6. Cyanide binding to heme-Arg92 mutants

To establish the effect of mutations of Arg92 on ligand binding to heme, cyanide (CN)
binding kinetics of the heme-Arg92 mutants was investigated. The cyanide ion is generally
used as a probe for assessing the accessibility of ligands to heme iron. Using a stopped-flow
apparatus, the rate of CN binding was obtained. A typical time trace for the reaction of
heme-WT HutZ with CN at 412 nm is shown in Supplemental Fig. S4A. Under conditions of
excess cyanide, the pseudo-first-order rate constant value, ko, Was obtained from a
single-exponential fit (Supplemental Fig. S4A). The obtained ko5 value linearly increased
with CN concentration (Supplemental Fig. S4B). The slope yielded the second-order rate
constant (koncn). The value for heme-WT HutZ was 0.88 + 0.01 mM 's™' [43], while those for
heme-R92A, heme-R92L, heme-R92H, and heme-R92K mutants were 0.52 + 0.01, 0.83 +
0.03, 0.87 + 0.01, and 1.47 + 0.03 mM's ', respectively (Table 1), indicating that

replacement of Arg92 does not hamper the ligand binding property of HutZ.

15



3.7. Fluorescence spectra of heme-Arg92 mutants

A recent investigation by our group showed that the relative positioning of two protomers
is important in determining the heme degradation activity of HutZ [16]. Accordingly, we
measured fluorescence spectra of the Arg92 mutants in this study to determine quaternary
structural changes. HutZ contains tryptophan at position 109, which is predicted to be located
~21 A from heme based on the crystal structure of HugZ from H. pylori (Supplemental Fig.
S5) [29]. Quaternary structural changes were estimated by energy transfer efficiency from the
tryptophan residue to heme, which is dependent on the distance between heme and tryptophan

as described in Equation 1.

Fluorescence spectra of the apo and heme-bound R92A mutants are shown in Fig. 8A. The
fluorescence intensity of the heme-R92A mutant was ~40% of the apo form, which was
significantly larger than that of WT protein (3—5%) [16]. According to Equation 1, the
distance was calculated as 21-26 A (Fig. 8E), which was markedly larger than that of WT
enzyme (16-18 A) [16]. The same behavior was observed for the RO2L and R92K mutants
(Fig. 8B, D). In contrast, the distance of R92H mutant at pH 6—7 was relatively closer than
that of WT HutZ, whereas that at pH >8 was much longer than that of WT HutZ, indicating

that arginine at position 92 is necessary for HutZ to form an appropriate quaternary structure.

As described above, the distance was estimated as 16-17 A for heme-WT HutZ [16] and
mutation of Arg92 led to an increase in distance up to ~26 A (Table 1). Asp132 is presumed
to form a hydrogen bond with the heme axial ligand His170 from another protomer [20]. We
additionally examined changes in the distance induced by disruption of the proximal
hydrogen bond by substituting Aspl32 for leucine. Fluorescence of Trpl09 in the
heme-D132L mutant was significantly increased (Supplemental Fig. S6). The distance
between heme and Trpl09 was estimated as ~26 A, clearly indicating that mutation of
Aspl32 leads to elongation of distance. Our results collectively suggest that the proximal

hydrogen bond contributes to subunit-subunit interactions.
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4. Discussion
4.1. The spin state of heme is not a regulatory factor for the heme degradation reaction of
HutZ

As reported by our group, HutZ from V. cholerae displays heme degradation ability with
pH dependence [15,16]. The spin state of heme is also pH-dependent and HutZ is active when
heme is in the high-spin state [15,16]. The spin state of heme is considered to reflect the
protonation (Fe**-H,0) or deprotonation (Fe*-OH") state of the iron-bound water molecule
[44]. This acid-base transition is generally correlated with changes in the protonation status of
a residue near the heme-bound water ligand [45]. Since the crystal structure of HugZ suggests
that Arg92 of HutZ interacts with the heme-bound water molecule (Fig. 1), we replaced
Arg92 with alanine or leucine to disrupt interactions or histidine or lysine to preserve the
ability of the residue at this position to interact with the heme-bound ligand. Although the
side-chains of histidine and lysine are shorter than that of arginine, these residues may form a
hydrogen bond with the iron-bound water molecule. Mutation of Arg92 led to blue shift of the
Soret maximum (Fig. 2), indicating an increase in high-spin heme at pH 8.0 owing to lower
electrostatic interactions with the Fe’™-OH™ species. However, ascorbic acid-assisted heme
degradation activity of all Arg92 mutants was extremely low (Fig. 4). Thus, we conclude that
the high-spin content of heme-HutZ is not the only factor to determine ascorbic acid-assisted

heme degradation activity.

4.2. Electron donation from proximal histidine is a possible regulatory factor in the heme
degradation reaction of HutZ

Under neutral or alkaline conditions, the proximal hydrogen bond between His170 and
Asp132 enhances electron donation from the proximal histidine, leading to a slow reduction
rate of heme iron owing to stabilization of the ferric heme [20], as observed for most
peroxidases [30].
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Replacement of distal Arg92 with alanine influenced the electrostatic nature of proximal
histidine. The reduction rates of heme (k.q) in heme-Arg92 mutants were increased 4-9 fold
(Table 1), suggesting that disruption of electrostatic interactions at the heme distal site alters
the strength of the proximal hydrogen bond between His170 and Aspl132. The correlation
between Vee.co and Ve in heme-Arg92 mutants supported the conclusion that electron
donation from proximal histidine is diminished by removal of the distal hydrogen bond owing
to mutation of Arg92 (Fig. 3E). The redox potential (£,) for the heme-R92A mutant was
shifted to a value ~30 mV higher than that of heme-WT HutZ (Supplemental Fig. S7) and
closer to that of HO-1 than other peroxidases [21,46,47]. However, mutation of Arg92 did not
lead to enhancement of activity (Fig. 4).

The same trend was observed for Asp132 mutants. Replacement of Asp132 with alanine or
leucine reduced electron donation from His170 while heme degradation activity was almost
completely lost [20]. Upon substitution of Aspl132 with glutamic acid, a hydrogen bond
between Glul32 and His170 was formed and enzymatic activity retained. Mutational analysis
of Arg92 coincided with data on Aspl32 mutants. While the mutation led to lower
enhancement of electron donation from the proximal histidine, enzymatic activity remained
low. Accordingly, we conclude that electron donation from His170 is a potential determinant
of the heme degradation reaction of HutZ and altered by interactions of Arg92 with the

iron-bound ligand.

4.3. Inactivation mechanism of heme-Arg92 mutants

The inactivation of Arg92 mutants can be accounted for slow protonation of the reduced
oxyferrous heme, as discussed below. The reaction mechanism of heme degradation by HutZ
was previously determined [35] (Supplemental Fig. S2). Under our experimental conditions
whereby heme was already reconstituted with the enzyme, the first step of heme degradation
was reduction of heme iron (step A, Supplemental Fig. S2). The k;q of heme-Arg92 mutants

was increased 4-9 fold, compared with that of heme-WT HutZ (Table 1). The mutants reacted
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with H>O; to form verdoheme at the almost same rate as heme-WT HutZ (Fig. 5), indicating
that once the hydroperoxy heme (Fe*—~OOH) is formed, the heme degradation reaction
proceeds in these mutants (steps D—E, Supplemental Fig. S2). Ligand binding rates (kcn) of
the Arg92 mutants were almost identical to that of heme-WT HutZ (Table 1), suggesting that
O, binding to ferrous heme is not significantly affected by the mutation (step B, Supplemental
Fig. S2). Although the kinetic data for reduction of oxyferrous heme are not available (step C,
Supplemental Fig. S2), this step should not be slowed down by the Arg92 mutation,
considering that k.4 of the mutants was larger than that of heme-WT HutZ (Table 1).
Altogether, our data indicate that protonation of the reduced oxyferrous heme (step C,
Supplemental Fig. S2) is a putative bottleneck of the catalytic reaction of the Arg92 mutants,

as observed from inactivation of HutZ in the presence of iron chelators [43].

There are at least three non-mutually exclusive explanations for the slow protonation of the
reduced oxyferrous heme. A possible explanation for slow protonation of reduced oxyferrous
heme of the Arg92 mutants is difference in pK, values of the residue at position 92. The pK,
values of the side-chains of histidine, lysine and arginine were determined as 7.59, 9.74 and
10.8 [48] while those of the equilibrium between Fe’"-H,O and Fe’"-OH ™ for heme-R92H,
heme-R92K mutants and WT HutZ were 8.1, 7.9 and 6.0 [15], respectively (Supplemental Fig.
S1). The largest pK, value was obtained for arginine while that of WT HutZ (Arg92) was the
smallest. In a hydrophobic environment, such as a protein interior, the pK, value tends to shift
to neutral pH, probably owing to a local decrease in the dielectric constant [49]. Therefore, it
is possible that only Arg92 is able to act as a proton donor to reduce oxyferrous heme whereas

the side chains of His92 and Lys92 cannot act as proton donors.

There is a possibility that the introduced side chain at position 92 is not located at
appropriate position for proton transfer even though the pK, of histidine or lysine are suitable
for proton transfer. However, the frequencies of Vg..co for the heme-R92H and heme-R92K

mutants were close to that of heme-WT HutZ, indicating that both histidine and arginine in
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the mutants are located close to the heme ligand.

A close examination of the structure of HugZ around the heme revealed a cluster of water
molecules between Arg92 and Thr27 in HutZ (Fig. 9). Previously, we suggested that this
cluster is involved in proton transfer to Fe>’~0O™ (step C, Supplemental Fig. S2) [43]. Upon
replacement of Thr27 with valine, ascorbic acid-assisted heme degradation reaction proceeded
very slowly and the yield of iron release from heme decreased from 86 = 7 to 61 + 5%. In
contrast, the serine mutant of Thr27 retained the rate and amount of iron release (83 + 3%),
indicating that water molecules form hydrogen bonds with Thr27 and function as a proton
source. The importance of a water cluster as a proton source has also been demonstrated in
HO [17,50]. These results suggest that mutation of Arg92 results in perturbation of
localization of water molecules, making it difficult for Fe>’~OO™ species to accept protons

from the cluster and leading to loss of activity.

4.4. Regulatory Mechanisms of Heme Degradation by HutZ

Recently, we showed that orientation changes at the dimer interface present a key factor in
controlling heme degradation activity [16]. Thus, it is feasible that quaternary structural
changes occurring in the Arg92 mutants inactivate ascorbic acid-assisted heme degradation.
To confirm this finding, we assessed fluorescence spectra of heme-HutZ. Structural changes
at the dimer interface were estimated by measuring the distance between heme and Trp109
present in different protomers containing the axial heme ligand. The distance was calculated
using Equation 1, since the decrease in fluorescence of Trp109 caused by energy transfer to
heme depends on distance. Lowering the pH from 8.0 to 6.0 results in the increase in the
distance by <2 A, which leads to enhancement of heme degradation activity owing to
weakening the hydrogen bond between His170 and Asp132 to decrease electron donation
from His170 [16]. Upon replacement of Ala31 located at the dimer interface with valine, the

distance expanded from 16-17 A for WT HutZ to 24-27 A [16]. Since the A31V mutant was
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inactive in ascorbic acid-mediated heme degradation, we propose that the elongated dimer
orientation of the heme-A31V mutant is not appropriate for function as a heme degradation
enzyme. In the case of heme-Arg92 mutants, the distance between heme and Trp109 is greater
than that of WT HutZ (Fig. 8), similar to that observed for the heme-A31V mutant [16]. Thus,
modulation of the dimer interface in the Arg92 mutants would lead to loss of heme

degradation activity.

We have already found that this distance is determined by some amino acid residues and
related to enzymatic activity. When Asp132 was replaced with leucine (D132L), the distance
between heme and Trpl109 was greatly increased (Supplemental Fig. S6), similar to that for

the R92A and R92L mutants (Fig. 8).

Changes of the subunit-subunit interactions also occurred in the His63 mutant [19]. His63
is presumed to be located close to heme and in the same subunit containing Asp132 but a
different subunit from His170 and Arg92 (Supplemental Fig. S8). The distance between heme
and Trp109 for the H63L mutant was significantly increased to 22-32 A [19]. Accordingly,
we propose that although Arg92 is present in the distal heme pocket, its mutation influences
subunit-subunit interactions through Aspl132 and His63 located within a different subunit,

leading to increased distance between heme and Trp109 in the heme proximal site.

On the basis of these results, we propose the following scenario: Arg92 interacts with
heme-bound OH™ at neutral pH under which HutZ is inactive for ascorbic acid-assisted heme
degradation (Fig. 10). When H' binds to Fe’-OH to form high-spin heme (Fe-H,0), the
interaction between Arg92 and heme ligand is weakened (Fig. 10, 1). This change is
transmitted to the dimer interface including Ala31 (Fig. 10, 2), which leads to modulation of
subunit-subunit interactions (Fig. 10, 3). This information is further transferred to Asp132 via
His63 (Fig. 10, 4, 5). As a result, the distance between subunits is elongated, weakening the

interactions between Asp132 and His170 (Fig. 10, 6). Owing to this structural domino effect
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from Arg92 to Aspl32, electron donation from His170 to heme iron is decreased, leading to

an increased rate of heme reduction to promote heme degradation.

5. Conclusion

In summary, disruption of electrostatic interactions of Arg92 with the heme-bound water
molecule led to loss of enzymatic activity of HutZ (Figs. 4, 6) caused by cleavage of the
hydrogen bond between the heme axial ligand His170 and Asp132 [20]. In the absence of
arginine at position 92, the distance between heme and Trpl109 was significantly increased,
indicating a change in the orientation of protomers. Such changes of subunit-subunit
interactions influence the imidazolate character of the proximal histidine (Fig. 8) and
propensity of heme reduction (Table 1). The findings that verdoheme, a characteristic
intermediate of the heme degradation process, was formed during the reaction of Arg92
mutants with H,O, (Figs. 5, 7) and kinetic parameters (kw.d, kcn) Were favorably altered to
promote heme degradation by the mutants suggest that H' transfer to the reduced oxyheme
heme cannot proceed upon removal of Arg92, as observed for Ala31 mutants [16]. Because
hHOs are monomeric and the common proximal hydrogen bond in most peroxidases is
present within the same subunit, the intersubunit hydrogen bond between His170 and Asp132
is a characteristic feature of HutZ. Furthermore, in most heme enzymes, arginine is used for
stabilization of reaction intermediates but not acid-alkaline catalysis [51,52]. However, the
pK, of the side-chain of arginine would be suitable for acid-base catalyst activity in the heme
degradation reaction of HutZ. Iron is an essential element for bacterial survival but excessive
quantities are harmful due to generation of free radicals and consequent oxidative stress,
highlighting the need for strict regulation of iron uptake. The activation mechanism of HutZ

uncovered in this study may play a critical role in iron homeostasis in V. cholerae.

Abbreviation List

HO heme oxygenase
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hHO
WT

human heme oxygenase

wild-type.
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Table 1

Heme binding and reduction properties, and estimated distance between heme and Trp109 of
WT and Arg92 mutant HutZ.

kyerdo kred ken r
min”’ h mM s A
WT 0.55 +£0.09" 0.86 £ 0.08" 0.88 £0.01 16-18
WT 24+0.1° - -
R92A 3.5+0.6° 18.0+1.4% (56 £9%) 0.52+0.01 21-25
3.1+0.2° (44 £ 9%)
R92L 2.7+0.5° 4.0+0.6" 0.83 +£0.03 23-26
R92H 3.2+04° 10.0 £1.0° (53+18%) 0.87+0.01 19-24
2.5+0.5° (47 £ 18%)
R92K 0.70 £ 0.05* 6.6 +1.3" 1.47 £0.03 17-26

"Data were measured in 50 mM Tris-HCl and 150 mM NaCl (pH 8.0). °This datum was
measured in 50 mM Na-Pi and 150 mM NacCl (pH 6.0).

Figure legends

Fig. 1. Crystal structures of a HutZ homologous protein HugZ from Helicobacter pylori
(PDB ID code 3GAS).
The residue numbering is based on V. cholerae HutZ. Arg92 in HugZ forms a hydrogen bond

with iron-bound azide through a water molecule.

Fig. 2. Absorption spectra of ferric heme-Arg92 HutZ mutants.
The protein concentration was 5 uM (on a per heme basis) in 50 mM Tris-HCI and 150 mM

28



NaCl (pH 8.0) (red line) and 50 mM sodium phosphate and 150 mM NaCl (pH 6.0) (blue
line). Insets show heme binding curve generated from the difference absorbance of the Soret

maximum by plotting AAbs vs. molar ratios of heme to protein: (A) heme-WT, (B)
heme-R92A, (C) heme-R92L, (D) heme-R92H, and (E) heme-R92K.

Fig. 3. Resonance Raman spectra of heme-Arg92 HutZ mutants.

The protein concentration was 10 uM in 50 mM Tris-HCI and 150 mM NacCl (pH 8.0). The
excitation wavelength for the 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)
CO-bound form in the high-frequency region. (E) Correlation between frequencies of Vge.co
and vco stretching modes. The two solid lines correspond to correlations for proximal
imidazoles (®), proximal imidazolate (4A), and thiolate-ligated hemoproteins (#). The data
point for heme-HutZ is presented as an open circle. Data showing an inverse correlation
between Vee.co ves Ve.o and taken from refs [24,27,53]. The protein concentration was 10 uM
in 50 mM Tris-HCI and 150 mM NaCl (pH 8.0).

Fig. 4. Heme degradation reaction of the heme-Arg92 HutZ mutants with ascorbic acid
(1.0 mM) in 50 mM Tris-HCI and 150 mM NacCl (pH 8.0).

Spectra were recorded before the addition of ascorbic acid (black line) and at 4-min intervals
for 60 min after the addition of ascorbic acid (red line). Green line showed the spectra after
addition of ferrozine 60 min after initiation of the reaction: (A) heme-R92A, (B) heme-R92L,
(C) heme-R92H, and (D) heme-R92K.

Fig. 5. Heme degradation reaction of the heme-Arg92 HutZ mutants with H,O, (0.2
mM) in 50 mM Tris-HCI and 150 mM NaCl (pH 8.0).

Spectra were recorded before the addition of H,O, and at 1-min intervals for 15 min after the
addition of H,Oy: (A) heme-R92A, (B) heme-R92L, (C) heme-R92H, and (D) heme-R92K.
The insets show the time course of absorbance at 645-648 nm after the addition of H,O,

obtained by stopped-flow measurements.

Fig. 6. Heme degradation reaction of the heme-Arg92 HutZ mutants with ascorbic acid
(1.0 mM) in 50 mM sodium phosphate and 150 mM NaCl (pH 6.0).

Spectra were recorded before the addition of ascorbic acid (black line) and at 4-min intervals
for 60 min after the addition of ascorbic acid (red line). Green line showed the spectra after
addition of ferrozine 60 min after initiation of the reaction: (A) heme-WT, (B) heme-R92A,
(C) heme-R92L, (D) heme-R92H, and (E) heme-R92K.

Fig. 7. Heme degradation reaction of the heme-Arg92 HutZ mutants with H,O, (0.2
mM) in 50 mM sodium phosphate and 150 mM NaCl (pH 6.0).

Spectra were recorded before the addition of H>O, and at 1-min intervals for 15 min after the
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addition of ascorbic acid: (A) heme-WT, (B) heme-R92A, (C) heme-R92L, (D) heme-R92H,
and (E) heme-R92K. The insets show the time course of absorbance at 644 nm after the

addition of H,O, obtained by stopped-flow measurements.

Fig. 8. Fluorescence spectra of the ferric (A) R92A, (B) R92L, (C) R92H and (D) R92K
mutant HutZ s in the absence (blue lines) and presence of heme (red lines) at pH 6.0-9.0.
Spectra were recorded with excitation at 295 nm. The sample concentration was 3 uM. (E) pH
dependence of the distance between heme and Trp109 estimated by quenching of tryptophan
fluorescence by energy transfer efficiency and the Forster distance using equation 2.

Fig. 9. Crystal structures of a HutZ homologous protein HugZ from H. pylori (PDB ID
code 3GANS).

The residue numbering is based on V. cholerae HutZ. A cluster of water molecules is formed
between Arg92 and Thr27.

Fig. 10. Proposed regulation mechanism of heme degradation by HutZ via
subunit-subunit interactions.

The numbers show the sequence of events occurred during conversion from inactive to active
forms of HutZ.
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Fig. 1. Crystal structures of a HutZ homologous protein HugZ from
Helicobacter pylori (PDB ID code 3GAS). The residue numbering is
based on V. cholerae HutZ. Arg92 in HugZ forms a hydrogen bond with
iron-bound azide through a water molecule.
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Fig. 3. Resonance Raman spectra of heme-
Arg92 HutZ mutants. The protein concentration
was 10 uM in 50 mM Tris-HCI and 150 mM NaCl
(pH 8.0). The excitation wavelength for the 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
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the high-frequency region. (E) Correlation between
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The two solid lines correspond to correlations for
proximal imidazoles (®), proximal imidazolate
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data point for heme-HutZ is presented as an open
circle. Data showing an inverse correlation
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Fig. 4. Heme degradation reaction of the heme-Arg92 HutZ mutants with ascorbic
acid (1.0 mM) in 50 mM Tris-HCI and 150 mM NaCl (pH 8.0). Spectra were recorded
before the addition of ascorbic acid (black line) and at 4-min intervals for 60 min after the
addition of ascorbic acid (red line). Green line showed the spectra after addition of
ferrozine 60 min after initiation of the reaction: (A) heme-R92A, (B) heme-R92L, (C)

heme-R92H, and (D) heme-R92K.
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Fig. 5. Heme degradation reaction of the heme-Arg92 HutZ mutants with H,O, (0.2
mM) in 50 mM Tris-HCI and 150 mM NaCl (pH 8.0). Spectra were recorded before the
addition of H,0O, and at 1-min intervals for 15 min after the addition of H,O,: (A) heme-
R92A, (B) heme-R92L, (C) heme-R92H, and (D) heme-R92K. The insets show the time
course of absorbance at 645-648 nm after the addition of H,O, obtained by stopped-flow
measurements.
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Fig. 6. Heme degradation reaction of the heme-Arg92 HutZ mutants with ascorbic
acid (1.0 mM) in 50 mM sodium phosphate and 150 mM NaCl (pH 6.0). Spectra were
recorded before the addition of ascorbic acid (black line) and at 4-min intervals for 60 min
after the addition of ascorbic acid (red line). Green line showed the spectra after addition of
ferrozine 60 min after initiation of the reaction: (A) heme-WT, (B) heme-R92A, (C) heme-
R92L, (D) heme-R92H, and (E) heme-R92K.
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Fig. 7. Heme degradation reaction of the heme-Arg92 HutZ mutants with H,O, (0.2
mM) in 50 mM sodium phosphate and 150 mM NaCl (pH 6.0). Spectra were recorded
before the addition of H,O, and at 1-min intervals for 15 min after the addition of ascorbic
acid: (A) heme-WT, (B) heme-R92A, (C) heme-R92L, (D) heme-R92H, and (E) heme-
R92K. The insets show the time course of absorbance at 644 nm after the addition of H,O,
obtained by stopped-flow method.
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Fig. 8. Fluorescence spectra of the ferric (A) R92A, (B) R92L, (C) R92H and (D)
R92K mutant HutZ s in the absence (blue lines) and presence of heme (red lines) at
pH 6.0-9.0. Spectra were recorded with excitation at 295 nm. The sample concentration
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quenching of tryptophan fluorescence by energy transfer efficiency and the Forster
distance using equation 2.



Fig. 9. Crystal structures of a HutZ homologous protein HugZ from H. pylori
(PDB ID code 3GAS). The residue numbering is based on V. cholerae HutZ. A
cluster of water molecules is formed between Arg92 and Thr27.
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Fig. 10. Proposed regulation mechanism of heme degradation by HutZ via
subunit-subunit interactions. The numbers show the sequence of events occurred
during conversion from inactive to active forms of HutZ.
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Supplemental Table 1: Oligonucleotides used for construction of expression

vectors for mutants. The underlined bases signify the introduced mutations.

Mutants Primers (up, sense; bottom, anti-sense)

R92A 5' —-CGTAAAGCGCTGACCTTTGATGCGGTTG-3'
5' ~GGTCAGCGCTTTACGGGCGAAAAGTTG-3 '
R92L 5' —-CGTAAACTGCTGACCTTTGATGCGGTTG-3'
5' ~GGTCAGCAGTTTACGGGCGAAAAGTTG-3 '
R92H 5' -CGTAAACATCTGACCTTTGATGCGGT-3 '
5' ~GGTCAGATGTTTACGGGCGAAAAGTTG-3 '
R92K 5' -CGTAAAAAACTGACCTTTGATGCGGT-3 '
5'—-GGTCAGTTTTTTACGGGCGAAAAGTTG-3 '
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Figure S1. pH dependence of the Soret bands at 406-407 nm for the heme-R92A, heme-
R92L, heme-R92H and heme-R92K mutants. The dotted lines show the pK, value of
equilibrium between high-spin and low-spin heme.



(b) ferrous heme (c) ferrous oxy heme

(d) hydroperoxy heme (e) p-meso-hydroxyheme (f) ferric-verdoheme

(g) ferrous-verdoheme (h) ferric-biliverdin (i) biliverdin

Figure S2. Proposed heme degradation mechanism of HutZ.
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Yeh, S.-R., and Ishimori, K. (2017) Reaction intermediates in the heme degradation
reaction by HutZ from Vibrio cholerae. Dalton Trans. 46, 8104—-8109
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Figure S3. Determination of reduction rates of the ferric heme-Arg92 HutZ mutants. Time
course of absorbance changes at 418 nm after the addition of ascorbic acid (final
concentration, 1 mM) to ferric heme-HutZ in 50 mM Tris-HCI and 150 mM NaCl (pH 8.0)
under a CO atmosphere: (A) heme-R92A, (B) heme-R92L, (C) heme-R92H and (D) heme-
R92K.
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Figure S5. Location of Trpl09 and heme on the HugZ crystal
structure (PBD ID code 3GAS). Residues are numbered according
to the amino acid sequence of HutZ from V. cholerae. Green and
cyan show each protomer. Trp109 is present in a different protomer
(green) from that (cyan) containing nearby Asp132.
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Figure S6. Fluorescence spectra of the ferric D132L HutZ mutants in the
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titration curve for the heme-HutZ complex monitored by optical
spectroscopy at 25 °C; WT (blue line) and R92A mutant (red line). The
ratio of reduced to oxidized heme was determined by changes in
absorbance at 426 nm. The solid line represents a fit of experimental
points to the Nernst equation. Reduction potentials are reported relative
to standard hydrogen electrode (SHE). The protein concentration was 30
uM in 50 mM Tris-HCl and 150 mM NaCl (pH 8.0).
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Figure S8. Crystal structure of HugZ from Helicobacter pylori (PDB ID code
3GAS). Residues involved in the heme degradation reaction of HutZ are
shown. Amino acid residues are numbered according to the sequence of HutZ
from V. cholerae. o and P indicate the subunits. The number 6 and 7 shows the
position of the propionate groups. The nearest distance between His63 and
propionate 7 is 2.8 A.



