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HutZ, one of the crucial proteins of the iron uptake system in 5 

Vibrio cholerae was purified, which binds to heme at a 
stoichiometry of 1:1. In the presence of ascorbic acid, the 
HutZ-bound heme degrades via the same intermediates 
observed in heme oxygenase, suggesting that HutZ works as a 
heme degradation enzyme. 10 

Almost all bacteria require iron for their survival. Although iron 
is the most abundant transition metal on earth, within human 
body, bacteria encounter an extremely low iron milieu, because 
the majority of iron is sequestered in iron- and heme-containing 
proteins.1 Therefore, bacterial pathogens have developed a 15 

mechanism that facilitates uptake of heme iron into their 
organism. Vibrio cholerae, the intestinal pathogen that causes 
cholera, also has an absolute requirement for iron and obtains this 
element in the human host as well as in its environmental niches. 
Based on the genome sequence, putative genes coding heme 20 

acquisition have been discerned and called as Hut (Heme 
utilization)2. However, less is known about molecular 
mechanisms of this system. In this study we focus on HutZ,2, 3 a 
putative heme degrading enzyme proposed by the sequence 
similarity with Helicobacter pylori HugZ, which is recently 25 

established as a heme degradation enzyme despite low sequence 
similarity to mammalian heme oxygenase (HO).4 We have 
overexpressed and purified HutZ and characterized it as a heme-
degrading protein. 
 The hutZ gene was amplified and cloned into pET-28b vector 30 

and expressed in BL21(DE3). The expressed HutZ was purified 
as a heme-free form. After cleavage of the His6-tag, heme 
reconstitution, and size exclusion chromatography, only one band 
was observed by SDS-PAGE with an apparent molecular mass of 
approximately 22 kDa (Fig. S1(A), ESI†), in agreement with 35 

calculated molecular mass for HutZ (21 kDa). Analysis of the 
heme-HutZ complex by size exclusion chromatography indicates 
that the protein exists as a dimer (42 kDa) (Fig. S1(B), ESI†). 
When an aliquot of hemin solution was added to HutZ at pH 8.0, 
the resultant solutions gave a Soret band at approximately 410 nm, 40 

which is clearly distinguishable from the Soret band of free 
hemin (λmax ~385 nm), suggesting that heme specifically binds to 
HutZ. Utilizing the difference of the Soret peak absorbance of 
free and HutZ-bound hemin, we determined the stoichiometry of 
the heme binding to HutZ to be 1:1 by the titration plots as shown 45 

in Fig. 1 (inset). The dissociation constant for hemin to HutZ was 
0.052 ± 0.020 µM, which is significantly lower than that of 0.84 
± 0.2 µM reported for HO-1,5 indicating that heme binds tighter 

to HutZ than to HO-1. 
  50 

 
Fig. 1 Absorption spectra of the heme-HutZ complex. The protein 
concentration is 5 µM (per heme basis) in 50 mM Tris-Cl/150 mM NaCl, 
pH 8.0. Spectra shown are in the ferric (solid line), ferrous (dotted line), 
and CO-bound forms (dashed line). (Inset) Heme-binding curve generated 55 

from the difference absorbance spectra by plotting ΔA412 vs. the molar 
ratios of hemin to the protein. 

 After incubation with free hemin followed by removal of 
excess hemin on a gel-filtration column, the protein showed the 
characteristic Soret absorption at 412 nm with the visible bands at 60 

542 and 577 nm at pH 8.0 (Fig. 1), which is almost identical to 
that reported before3. As a comparison of this spectrum to that of 
HO-1 in the alkaline form,6 the ferric heme of heme-HutZ is 
predominantly in the 6-coordinate (6c) low spin (LS) state, and 
probably a hydroxide (OH–) ion is bound to the heme with 65 

histidine ligation. The absorption spectrum of ferric HutZ was 
sensitive to pH. At acidic pH, the spectrum exhibited a Soret 
maximum at 407 nm (Fig. S2, ESI†), which progressively shifted 
to 412 nm with increasing pH. The band at 630 nm, which is 
typically considered as a high spin (HS) marker, is present at pH 70 

6, but gradually disappeared as the pH was increased. These pH-
dependent shifts are indicative of the equilibrium between HS 
(Fe3+-H2O) and LS (Fe3+-OH–) species. Although the precise 
value was not determined due to instability of the protein below 
pH 6, pKa for the deprotonation of the coordinated water is below 75 

7 (Fig. S2, inset, ESI†). This equilibrium between HS and LS 
species would be attributed to a basic residue(s) within the distal 
pocket that might hydrogen bond to the heme-bound ligand, 
analogous to the distal histidine of globins. Although the crystal 
structure of HutZ has not been solved, that of the homologous 80 

protein, HugZ, is available.7 That structure shows that Arg166 in 
HugZ is in a position to form a hydrogen bond to the iron-bound 
water through another water molecule (Fig. S3, ESI†). As shown 
in the amino acid sequence alignment (Fig. S4, ESI†), the 
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corresponding residue in HutZ is Arg92, which would be 
involved in the distal hydrogen-bonding network. When the heme 
iron was reduced by sodium dithionite, the Soret band appeared 
at 431 nm with a replacement of the distinct 542 and 577 nm 
peaks with a broad band at 530 nm (Fig. 1). These spectroscopic 5 

changes are indicative of 5-coordinate (5c) heme as observed for 
deoxy myoglobin (Mb).8 Addition of carbon monoxide (CO) to 
the reduced heme resulted in a shift of the Soret band to 420 nm 
(Fig. 1), which is also similar to that observed in CO-bound Mb, 	 
indicating that heme of the CO-bound HutZ has histidine as an 10 

axial heme ligand.  
 Resonance Raman (RR) spectra of HutZ for the ferric, ferrous 
and CO-bound forms are depicted in Fig. 2. It has been known 
that the spin-state marker band, ν3, is observed at 1480-1510 cm-1. 
9 For the ferric state of HutZ, the ν3 band was observed at 1503 15 

cm-1 with a small band at 1474 cm-1, suggesting that ferric HutZ 
is a mixture of the 6c-LS and 6c-HS states, which is in agreement 
with the absorption spectrum (Fig. 1). For the ferrous form, the ν3 
band appeared at 1468 cm-1, which is typical of the 5c-HS heme.  
  20 

 
Fig. 2 RR spectra of the heme-HutZ complex in the low (left) and high 
frequency (right) regions. The protein concentration is 10 µM in 50 mM 
Tris-Cl, pH 8.0. Spectra shown are the ferric (A and D), ferrous (B and E), 
and CO-bound forms (C and F). The excitation wavelength for ferric and 25 

CO-bound forms is 413.1 nm, and that for ferrous form is 441.6 nm. 

 We further measured RR spectrum of the CO-bound form. An 
isotope-sensitive band appeared at 505 cm-1, which was down-
shifted by 15 cm-1 upon 13C18O isotope substitution, and assigned 
to the Fe-CO stretching mode (νFe-CO). The frequency of νFe-CO is 30 

sensitive to the nearby environment of the heme and thus can be 
used to explorer heme active site structure.10 In Mb, the presence 
of a weak electrostatic interaction between the heme-bound CO 
and distal histidine leads to νFe-CO at 507 cm-1, while removable 
of this histidine results in a downshift to 490 cm-1.10, 11 νFe-CO of 35 

505 cm-1 for HutZ is almost identical to those of Mb and HO-1 
(503 cm-1).12 This frequency of νFe-CO supports the above-
mentioned idea of hydrogen-bonding network in the distal site, by 
which the heme-bound CO is stabilized. In HmuO, a bacterial HO, 
the crystal structure of the ferrous oxy form showed that iron-40 

bound O2 is hydrogen bonded with the amide nitrogen of the 
distal glycine and the nearby H2O molecule.13 In HO-1, it has 
been proposed that the hydrogen-bonding network is designated 
for the proton transfer to the active site.14 The distal pocket 
hydrogen-bonding network seen in HutZ is also likely to be 45 

essential for its heme degrading reaction.	 
 Another CO isotope-sensitive band was observed at 1930 cm-1 
(data not shown), which is assignable to the C-O stretching mode 
(νC-O) due to the downshift by 90 cm-1 upon 13C18O-substitution. 
The frequencies of νFe-CO and νC-O typically follow a well known 50 

inverse correlation (Fig. S5, ESI†).15, 16 The inverse correlation 
line is sensitive to the proximal ligand, such that the line for 
histidine coordination species is distinct from that of thiolate-
coordinated species. Interestingly, the data point of νFe-CO and νC-

O for HutZ fell off far from the line for histidine coordination 55 

species, but near the thiolate-, and imidazolate-coordinated 
species. Although HutZ has one cysteine residue at 110, the 
possibility of the Cys110 coordination can be easily ruled out, 
because sequence alignment with HugZ shows that Cys110 is not 
conserved (Fig. S4, ESI†) and is located far from the heme 60 

binding site.7 Furthermore, absorption spectra suggest the 
histidine rather than cysteine coordination (Fig. 1). The proximal 
histidine for HugZ is His245 and the corresponding residue in 
HutZ is His170 (Fig. S4, ESI†). If His170 of HutZ is the axial 
ligand of heme, the correlation plot suggests that this histidine 65 

should have an anionic imidazolate character. 	 
 To confirm the status of the iron-coordinated histidine, we 
tried to observe the Fe-His stretching mode (νFe-His), which is 
generally observed at 200-250 cm-1 for the ferrous heme 
containing a 5c-HS heme.17, 18 Fig. 2 (spectra B, E) shows the RR 70 

spectra for the dithionite-reduced HutZ with excitation at 441.6 
nm. An intense band was observed at 228 cm-1, which is 
assignable to the Fe-His stretching mode. The νFe-His frequency of 
HutZ is higher than that of HO-1 (216, or 218 cm-1).12, 19 The νFe-

His frequency reflects mainly the hydrogen-bonding status of Nε-H 75 

of the coordinated histidine.20 Therefore, the νFe-His frequency of 
HutZ suggests that hydrogen bonding with proximal His in HutZ 
is stronger than that in HO-1. A closer look at the crystal 
structure of HugZ revealed that heme ligand histidine is within 
hydrogen-bonding distance to Asp207,7 which is conserved in 80 

HutZ. The corresponding residue in HutZ is Asp132, which 
would enhance the imidazolate character of the proximal histidine. 
 We next evaluated an ability of HutZ to degrade heme under 
single turnover conditions. To the solution of heme-bound HutZ 
was added ascorbic acid with monitoring spectral changes 85 

between 250 and 800 nm. The reaction resulted in a loss of the 
absorbance of the Soret band (Fig. 3), and appearance of broad 
featureless absorption in the visible region. This spectral change 
is typical for the formation of a ferric-biliverdin complex, a heme 
degradation product of mammalian HO using ascorbate as a 90 

reductant.21 Such spectral changes did not occurr without HutZ 
(data not shown). These results indicate that HutZ is an enzyme 
capable for degradation of heme. 
 Heme degradation mechanism by HO has been established 
(Fig. S6, ESI†).22 The initial reduction of the ferric heme iron 95 

allows rapid O2-binding. Subsequent one-electron reduction of 
the oxy form (Fe2+-O2) generates the ferric hydroperoxy species 
(Fe3+-OOH), which self-hydroxylates the heme to yield α-meso-
hydroxyheme (Fig. S6 (e), ESI†). Hence, we first tried to trap the 
oxy form of heme-bound HutZ. Ferric heme-HutZ was reduced 100 

by sodium dithionite and gel-filtrated in an anaerobic glove box. 
Then, an approximately equimolar amount of oxygen was added 
to the reductant-free ferrous HutZ solution. Even immediate after 
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the addition of oxygen to the ferrous HutZ (approximately 10 s), 
the observed UV-vis spectrum was characteristic of ferric HutZ. 
Considering that the oxy form of rat HO-1 is highly stable (t1/2 ~ 
1.4 h),23 that of HutZ is highly susceptible to autooxidation. 
  5 

 
Fig. 3 Reaction of HutZ with ascorbic acid. The spectra were taken before 
and at 0.5, 1, 2, 3, 5, and 7 min after addition of ascorbic acid (1 mM) to 
ferric heme-HutZ (2 µM) in 50 mM MES, pH 6.0 at 25 °C. The 
progression of the spectra is indicated by the arrows. 10 

 We next examined reaction of ferric heme-HutZ with H2O2. 
H2O2 as a surrogate of oxygen and two electrons supports the 
heme hydroxylation by mammalian HO to accumulate ferric 
verdoheme because of rapid oxidation	 of meso-hydroxyheme in 
the presence of oxygen (Fig. S6 (e,f), ESI†).24 The H2O2 reaction 15 

of HutZ resulted in a significant decrease in the Soret band and 
concomitant increase in the absorption around 644 nm (Fig. S7, 
ESI†). This spectral change strongly suggests the formation of a 
verdoheme intermediate. Pyridine adduct of the reaction product 
also exhibited an absorption spectrum typical of a pyridine-20 

verdohemochrome (Fig. S8, ESI†). Absorption maximum of the 
HutZ-verdohemochrome (659 nm) is close to that of β-, or δ-
isomer among four regioisomers of the pyridine-
verdohemochrome (680, 663, 648 and 660 nm for α-, β-, γ- and 
δ-isomers, respectively),25 suggesting ring-cleavage at the β-, or 25 

δ-meso-position. While most of the HO-1 enzymes degrade heme 
to α-biliverdin,13 the HO from Pseudomonas aeruginosa is 
reported to cleave the macrocycle at the β- or δ-meso position.26	 

 In the HO catalysis, reduction of ferric verdoheme initiates the 
final O2 reaction that leads to formation of ferric-biliverdin and 30 

biliverdin (Fig. S6 (f-i), ESI†). Aerobic addition of ascorbic acid 
to the verdoheme-HutZ solution caused a Soret shift to 380 nm 
and disappearance of the sharp 644 nm band (Fig. S7, ESI†). 
Since the resulting broad featureless absorption from 500 to 800 
nm is again typical for the ferric-biliverdin complex,21 it is highly 35 

likely that the verdoheme is a reactive intermediate of the HutZ 
catalysis.  
 In summary, HutZ from V. cholerae was found to function as a 
heme-degrading enzyme. The heme degradation by HutZ appears 
to proceed through a mechanism similar to that of HO including 40 

the meso-hydroxylation of heme and the ring opening of the 
verdoheme intermediate. Only the exception seems to be the 
plausible β-, or δ-regioselectivity of HutZ, and further product 
analysis is underway. 
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