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ABSTRACT: Heme oxygenase-2 (HO2), an enzyme that
catalyzes the conversion of heme to biliverdin, contains three
heme regulatory motifs (HRMs) centered at Cys127, Cys26S,
and Cys282. Previous studies using the soluble form of human
HO2 spanning residues 1—288 (HO2,,) have shown that a
disulfide bond forms between Cys265 and Cys282 and that, in \\}SLB

this oxidized state, heme binds to the catalytic site of HO2;

via His4S. However, various mutational and spectroscopic

studies have confirmed the involvement of cysteine in Fe**-heme binding upon reduction of the disulfide bond. In an effort to
understand how the HRM:s are involved in binding of heme to disulfide-reduced HO2,,, in the work described here, we further
investigated the properties of Fe**-heme bound to HO2. Specifically, we investigated binding of Fe**-heme to a truncated form of
soluble HO2 (residues 213—288; HO2,,;) that spans the C-terminal HRMs of HO2 but lacks the catalytic core. We found that
HO2,,; in the disulfide-reduced state binds Fe**-heme and accounts for the spectral features observed upon binding of heme to
the disulfide-reduced form of HO2,, that cannot be attributed to heme binding at the catalytic site. Further analysis revealed that
while HO2,, binds one Fe**-heme per monomer of protein under oxidizing conditions, disulfide-reduced HO2,, binds slightly
more than two. Both Cys26S and Cys282 were identified as Fe**-heme ligands, and His256 also acts as a ligand to the Cys265-
ligated heme. Additionally, Fe**-heme binds with a much weaker affinity to Cys282 than to Cys265, which has an affinity much
weaker than that of the His4S binding site in the catalytic core. In summary, disulfide-reduced HO2 has multiple binding sites
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with varying affinities for Fe**-heme.

H eme is an iron-containing cofactor that is necessary for a
variety of cellular processes. However, because heme can
also be cytotoxic, heme levels must be carefully regulated. One
mechanism that contributes to the achievement of proper heme
homeostasis is the heme degradation pathway. The pathway
involves two enzymatic steps: the conversion of heme to
biliverdin and the subsequent conversion of biliverdin to the
more readily excreted product bilirubin." The first, and rate-
limiting, step is catalyzed by heme oxygenase (HO). HO is the
only known mammalian enzyme capable of degrading heme,
suggesting a vital role of HO in maintaining proper heme
homeostasis.

Two major isoforms of HO have been identified in
mammalian cells: heme oxygenase-1 (HO1) and heme
oxygenase-2 (HOZ).2 Human HO1 is a 288-amino acid,
inducible protein with particularly high levels in the liver and
spleen, while human HO2 is a 316-amino acid protein that is
constitutively expressed and has primarily been identified in the
brain and testes." Despite the differences in expression and
regulation, HO1 and HO2 degrade heme with similar catalytic
efficiencies® and share a high degree of homology (55%
identical and 76% similar for the human proteins). Further,
HO1 and HO2 are both tethered to the endoplasmic reticulum
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with similar C-terminal membrane-spanning regions comprised
of 20 hydrophobic amino acids.>

Fe**-heme binds similarly to HO1 and HO2 in the catalytic
regions near the N-termini. Both proteins adopt an a-helical
fold in this region of the protein (approximately residues 1—
230 of HO1 and residues 28—248 of HO2) that encompasses
the heme binding site.”* The imidazole nitrogen of a conserved
histidine (His2$ in HO1, His4$ in HO2) acts as the proximal
Fe¥*-heme iron axial ligand. On the distal side, the Fe¥-heme
iron interacts with a glycine-rich helix through an aquo (H,O)
ligand.

Differences in Fe**-heme binding between HO1 and HO2,
however, appear to emerge upon reduction of a disulfide bond
in HO2. While HO1 does not contain any cysteine residues,
HO?2 contains three (Cys127, Cys26S, and Cys282). Cys26S
and Cys282 are located in the region between the catalytic core
and the membrane-spanning region, where HO2 and HO1
sequences significantly diverge. Previous studies have demon-
strated the ability of Cys265 and Cys282 to form a disulfide
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bond with a midpoint reductlon potential of =200 mV for the
thiol/disulfide conversion.*” Further, the thiols of Cys265 and
Cys282 were shown to be 60—70% reduced under normal
growth conditions, with a higher or lower percentage of
reduced thiols observed under reducing or oxidative stress
conditions, respectively.® Thus, it appears as though the thiol/
disulfide conversion is physiologically relevant.

The relevance of the thiol/disulfide conversion to HO2
function and structure appears to relate to Fe**-heme binding.
In particular, cysteine has been suggested to coordinate to the
Fe*-heme in the disulfide bond-reduced, ie., the dithiolate,
form of HO2 (here termed HO2R) but not in the disulfide
form (here termed HO2°).” While stable coordination of the
cysteines to Fe**-heme has been questioned,® there is mounting
evidence from mutational and spectroscopic studies confirming
the involvement of cysteine, Cys265 in particular, in binding of
Fe**-heme to HO2R”>1°

Participation of the cysteines of HO2 in Fe’"-heme binding
was not completely unexpected because each of the three
cysteines of HO2 is found in heme regulatory motifs (HRMs),
short amino acid stretches containing a Cys-Pro dipeptide that
have been implicated in heme binding. While not all HRMs
necessarily bind heme, a growing number of proteins
containing HRMs have been found to bind Fe®"-heme with
varying affinity at the HRM sites via the cysteine residue. Heme
binding to the HRMs has been shown in some instances to
modulate the activity of the respective protein, including iron
regulatory proteln 2 (IRP2),"" bacterial iron response regulator
protein (Irr),""® and heme-regulated eukaryotic initiation
factor 2a [heme-regulated inhibitor (HRI)]."*"* Therefore, it is
not unreasonable to hypothesize that the HRMs of HO2 are
involved in regulating HO2 function because HRM1, centered
at Cys265-Pro266, and possibly HRM2, centered at C?rs282-
Pro283, appear to be involved in Fe**-heme binding.”

To understand if and how the HRMs affect HO2 activity,
further investigation into how the HRMs of HO2® bind Fe'*-
heme is warranted. One hypothesis previously offered includes
a “fishhook” mechanism in which a cysteine residue from one
of the HRMs of HO2" displaces one of the ligands (His4S or
aquo) of Fe**-heme bound to the catalytic core upon reduction
of the disulfide bond.” Further, the same report offered the
observation that HO2® bound Fe*'-heme more weakly than
HO2°, suggesting a direct mechanism by which the HRMs
could be involved in modulating the activity of HO2.
Alternatively, Maines and co-workers have proposed that the
HRMs form a Fe**-heme binding site that is independent of the
catalytic site.'"® Indeed, Fe*-heme bound to HO2 at the
catalytic site is securely sandwiched between two helices,*
challenging the fishhook mechanism from a structural
perspective. Also consistent with a multiple-binding site
model is a recent spectroscopic study of HO2.” The intensity
of the electron paramagnetic resonance (EPR) signal associated
with Fe**-heme binding at the catalytic core in HO2° was
shown to remain constant in HO2® rather than decreasing,
which would be expected for conversion of the Fe**-heme from
His45/aquo to His45/Cys ligation with the fishhook
mechanism. Instead, a new signal consistent with a Cys-ligated
heme appeared on top of the signal for the His45/aquo-ligated
Fe’*-heme, suggesting an independent binding site with Cys
ligation.

In this study, we investigated the involvement of the HRMs
in the binding of Fe**-heme to HO2". The soluble form of
HO2 spanning residues 1-288 (HO2,,) and a truncated
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variant of HO2,, spanning residues 213—288 (HO2,,;), which
contains Cys265 and Cys282 but lacks the catalytic core, were
used in this study. Spectral analyses, including absorption, EPR,
and electron nuclear double resonance (ENDOR) spectros-
copies, of HO2,,; and HO2,; as well as variants of these
proteins confirm multiple binding sites on HO2" and allowed
us to identify the Fe*"-heme ligands. Further, binding affinities
were determined for each of the binding sites. In summary, the
results presented here confirm a multiple-binding site model for
HO2® in which Fe**-heme binds to the catalytic core and,
independently, to the HRMs in the C-terminal tail of HO2%.

B METHODS

Protein Expression and Purification. The soluble form
of human HO2 spanning residues 1-288 (HO2,) was
expressed from the pET28a vector in BL21(ADE3) cells
using growth conditions described previously.” HO2,,, with an
N-terminal six-His tag was purified on a Ni-nitrilotriacetic acid
affinity column (Qiagen) before the affinity tag was removed by
treatment with thrombin as described previously’ to yield
untagged HO2,, in the apo form with a disulfide bond (here
termed HO2,,°). The soluble form of human HO2 spanning
residues 1-248 (HO?2,,.) was constructed using the
QuikChange site-directed mutagenesis protocol (Stratagene)
to introduce a stop codon at amino acid 249 in pET28a/
HO?2,,. After the change had been confirmed via sequence
analysis, HO2_,, was expressed and purified as described for
HO?2,,. The soluble form of human HO2 spanning residues
213— 288 (HO2,,;) was cloned by ligation-independent
cloning'” 1nto a modified version of expression vector
pMCSG7'® contalmng the protein G Bl domain (GB1) to
enhance solubility'® (modified vector generously provided by
W. C. Brown of the High-throughput Protein Lab in the Center
for Structural Biology at the University of Michigan). GB1-
HO2,,; with an N-terminal six-His tag was expressed and
purified on a Ni-nitrilotriacetic acid affinity column as described
for HO2,,; except that tobacco etch virus protease was used to
cleave the protein at a cleavage site between the GB1 domain
and HO2,,;, as described previously,™ to yield the apo form of
HO2,,;. Variants of HO2,; were constructed using the
QuikChange site-directed mutagenesis protocol (Stratagene)
to introduce point mutations, and variants were expressed and
purified as described for wild-type HO2,,;.

Preparation and Analysis of Fe**-Heme Bound HO2.
HO2,,° and HO2,,;° were treated with a 25-fold molar excess
of tris(2-carboxyethyl)phosphine (TCEP) for 1 h in an
anaerobic chamber. The proteins were passed through two
successive Micro Bio-Spin 6 columns (Bio-Rad) that had been
pre-equilibrated in anaerobic buffer A [SO mM Tris buffer (pH
8.0) containing 50 mM KCl] to remove TCEP. The disulfide-
reduced proteins (here termed HO2,* and HO2,,;*) were
then incubated for 1 h in the anaerobic chamber with a 5-fold
molar excess of Fe*"-heme. The Fe’*-heme stock was freshly
prepared in anaerobic buffer A with 15% dimethyl sulfoxide and
0.1 M NaOH. The stock was passed through a 22 ym filter to
remove insoluble matter, and the concentration was deter-
mined by using an &3 of 584 mM™' cm™'*' After the
incubation time, the protein/Fe**-heme mixture was removed
from the anaerobic chamber and subsequently passed through a
PD-10 desalting column (GE Healthcare), which separated out
unbound heme from the Fe*'-heme-bound proteins (here
termed Fe’*-HO2 and Fe’*-HO2,,;}). The Fe’*-heme-
bound forms of HO2 and HO2,, (Fe**-HO2,° and
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Fe**-HO2,,,, respectively) were prepared as described above
except without TCEP treatment prior to incubation with Fe®'-
heme, and all steps were conducted under aerobic conditions.

Absorbance spectra of the Fe**-heme-bound proteins were
recorded at a protein concentration of S yM in buffer A at 20
°C on a Shimadzu UV-2600 UV—vis spectrophotometer. The
amount of Fe**-heme bound to the proteins was quantified
with the pyridine hemochrome assay using a difference
extinction coefficient at 556 nm of 28.32 mM~' ecm™'.*> EPR
samples were prepared at a protein concentration of 100 uM in
buffer A, and spectra were recorded on a Bruker EMX
spectrometer equipped with an Oxford ITC4 temperature
controller, a Hewlett-Packard model 5340 automatic frequency
counter, and a Bruker gaussmeter. Measurements were
performed at 10 K with a microwave power of 2 mW, a
microwave frequency of 9.39 GHz, a modulation amplitude of
10.15 G, and a modulation frequency of 100 kHz.

ENDOR Spectroscopy. “N-labeled proteins were prepared
as described above except that the cells were cultured in M9
minimal medium supplemented with 1.0 g/L 15NH4CI.
Unlabeled and N-labeled Fe**-HO2,,* were prepared as
described above except that the apo form of the protein was
concentrated and then incubated in a 1:1 ratio with Fe**-heme.
Unlabeled and '*N-labeled Fe**-HO2,,° and Fe**-HO2,*
were prepared by adding Fe**-heme to the apo form of the
proteins until the ratio of the absorbance at 404 nm to that at
280 nm was constant, as described previously.” Glycerol was
subsequently added to the samples to a final concentration of
50%. EPR and ENDOR measurements were performed at 35
GHz as described previously.”

Fe3*-Heme Difference Titrations. HO2_® and HO2,,,%,
as well as its variants, were prepared with TCEP reduction
under anaerobic conditions as described above. While in the
anaerobic chamber, the proteins were diluted to the appropriate
concentration in anaerobic buffer A and transferred to a serum-
stoppered cuvette (sample). An equal volume of anaerobic
buffer A was transferred to a second serum-stoppered cuvette
(reference). Both cuvettes were titrated with small aliquots of
Fe’"-heme via a Hamilton syringe. The Fe’*-heme stock was
prepared under anaerobic conditions as described above,
diluted to ~300 M in anaerobic buffer A, and transferred to
a serum-stoppered vial. The concentration of the diluted stock
was confirmed as described above. Difference spectra were
recorded at 20 °C in a Shimadzu UV-2600 UV-—visible
spectrophotometer. Difference titrations with HO2,,, were
performed as described for the disulfide-reduced proteins
except that the protein was not treated with TCEP prior to the
experiment. The data were fit to the quadratic equation as
described previously for HO2” in GraphPad Prism 6.

Fe3*-Heme Off-Rate Measurements. Apo-H64Y/V68E-
myoglobin® was prepared using the methyl ethyl ketone
extraction method described previously®® with protein
generously supplied by J. Olson (Rice University, Houston,
TX). After extensive dialysis against S0 mM Tris (pH 7.4) and
150 mM KCI, the apoprotein was centrifuged to remove
precipitates. The protein concentration was determined using
an extinction coefficient at 280 nm of 17 mM™" cm™.*

In buffer A, 2 uM Fe**-heme-bound protein, prepared as
described above, was mixed with 20 yM apo-H64Y/V68E-
myoglobin. Spectra were recorded over time at 20 °C in a
Shimadzu UV-2600 UV—visible spectrophotometer. Data were
fit to either single- or double-exponential functions using
GraphPad Prism 6.
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Fe’*-Heme On-Rate Measurements. On-rate measure-
ments were taken using an Applied Photophysics spectropho-
tometer (SX.MV18 with the Pro-Data upgrade) in which the
sample-handling unit of the stopped-flow instrument is within
an anaerobic chamber. The optical path of the observation cell
was 1 cm, and the instrument was used in photomultiplier
mode at 20 °C while monitoring at 406 nm. Fe**-heme and the
proteins used in these experiments [HO2,,,,, HO2,,;(C282A)~,
and HO2,,!] were prepared in anaerobic buffer A as described
above. Each k,,, value represents an average of five to seven
consecutive traces fit to a single-exponential equation using the

Applied Photophysics software.

B RESULTS

Evaluation of Binding of Fe**-Heme to HO2®. HO2, ;, a
construct that spans residues 213—288 of HO2 (including the
two C-terminal HRMs but not the residues previously
identified to be important for heme binding at the catalytic
site), was investigated for its ability to bind heme. Because
Cys265 and Cys282 were previously shown to form a disulfide
bond,” HO2,,,° was treated with TCEP before being tested for
its ability to bind Fe**-heme. After separation from TCEP,
HO2,,;® was incubated with excess Fe**-heme, and unbound
Fe*"-heme was subsequently removed before further analysis.
The pyridine hemochrome assay demonstrated that Fe-
HO2,,;* bound 1.4 + 0.3 hemes per monomer of protein.
Further, the absorbance spectrum of Fe**-HO2,,;" included a
broad band at 368 nm and a shoulder at 422 nm (Figure 1A).
The spectrum is reminiscent of spectra reported for other
proteins that bind heme at HRMs, including IRP2" and Irr,"*
suggesting that HO2,,,® also binds heme at the HRMs with Cys
ligation. Heme binding to HO2,,;" was additionally confirmed
by EPR spectroscopy (Figure 1B). Fe*-HO2,,* displayed a
low-spin signal (signal Y) with rhombic g values g = [2.41, 2.26,
and 1.91], identical to the signal previously observed for Fe**-
HO2,,*7?

The ability of HO2,,® to ligate heme in a manner
independent of the catalytic binding site provided further
evidence of a multiple-binding site model in HO2,~ To
quantitatively determine the number of Fe*"-heme binding
sites, HO2,,° was treated with TCEP and, after separation
from TCEP, incubated with excess Fe**-heme. After removal of
unbound Fe’*-heme, the pyridine hemochrome assay demon-
strated that indeed Fe**-HO2,,* bound 2.1 + 0.1 hemes per
monomer of protein. Further, the absorbance spectrum of the
heme-bound form of Fe**-HO2,} included a band at 406 nm
and a shoulder at 368 nm (Figure 1A). The spectrum appears
to be a composite of the spectra of Fe**-HO2,,,,, a variant that
lacks the HRM region, and of Fe’*-HO2,,* (Figure 1A).
Therefore, the binding of heme to HO2,,;* and the binding of
2.1 hemes to HO2,,* provide strong evidence of a multiple-
binding site model in which heme binds to the core of the
protein via His4S and, in a separate binding event, to the
HRM:s.

ENDOR and EPR Experiments Confirm Coordination
of the Axial Nitrogen to Fe3**-Heme in HO2. Previous EPR
experiments demonstrated that Fe**-HO2_* displayed signal Y
with rhombic g values g = [2.41, 2.26, 1.91] and a second low-
spin signal (signal X) with rhombic g values g = [2.87, 2.26,
1.63], while Fe**-HO2,,° displayed only signal X.”” Now that
we have shown here that Fe**-HO2,,;* displays signal Y and
that Fe**-HO2,® binds two Fe**-hemes per monomer of
protein, the two Fe*-HO2," signals can be explained by a
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Figure 1. Characterization of HO2 in the Fe**-heme-bound forms.
(A) Absorbance spectra of 5 uM Fe**-HO2,,,, (-), Fe**-HO2,,;* (),
or Fe*-HO2,,* (—) in 50 mM Tris (pH 8.0) and 50 mM KCl at 20
°C. (B) EPR spectra of Fe*-HO2,,,, Fe**-HO2,;*, Fe**-HO2_, and
Fe**-HO2,,(H45A)®. Samples were prepared and run as described
(see Methods). The g values are indicated above the spectra.

model in which one heme binds to the core of the protein via
His4S5/aquo (signal X) and a second heme binds to the HRMs
(signal Y). The assignment of cysteine ligation for signal Y was
presented in the previous '"H ENDOR study.” However, the
same report also demonstrates that the Fe*"-heme associated
with signal Y does not have an aquo (H,O) ligand,” leaving the
other ligand unidentified. Because the g values of signal Y are
consistent with His/Cys 11gat10n,26 7 histidine was suspected to
play a role in Fe**-heme ligation.

To confirm the histidyl ligation of signal X and identify the
second axial ligand of Y, we acquired the Davies ENDOR
spectra of Fe**-HO2 [, Fe3+-H02wl , and Fe**-HO2,,* with
both the *N- and *N-labeled polypeptide, where in all samples
the ferriheme pyrroles contain "*N (Figure 2). In the frequency
range of 4—7 MHz, the ENDOR spectra of all samples are
dominated by the '*N responses from the four in-plane pyrrole
nitrogens. At the single-crystal-like field (g1 = 2.87) for X, the
ENDOR spectra of ["*NJ-Fe**-HO2,,°, ["*N]-Fe>*-HO2f,
and ["N]-Fe**HO2,} all exhibit a quadrupole-split '*N
doublet signal from these nitrogens [splitting, 3P("*N) = 1
MHz; A(MN) ~ 6 MHz]. The spectra for both ['*N]-Fe**-
HO2,,° and ["*N]-Fe**-HO2,* show an additional "N peak
at v, = 8.7 MHz that is absent in the unlabeled (["*N]-Fe*-
HO2,,*) sample. This frequency corresponds to a hyperfine
coupling A(**N) of ~10 MHz; this coupling is mostly isotropic
[A,(**N) ~ 10 MHz] as derived from the two-dimensional
ENDOR pattern collected across the full EPR spectrum (Figure
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Figure 2. "N and N DAVIES ENDOR spectra of unlabeled and
*N-labeled Fe**-HO2 measured at the indicated g values. Spectra were
recorded of “N-labeled Fe**-HO2,,} (red), "*N-labeled Fe>*-HO2_,°
(purple), unlabeled Fe**-HO2,® (black), unlabeled Fe**-HO2,,*
(blue), and '*N-labeled Fe**-HO2,® (green). Experimental con-
ditions: MW frequency of 34.7 GHz, T of 2 K, pulse sequence
described in Methods, tp of 40 ns, 7 of 600 ns, trf of 30 us, trep of SO
ms, and 256 transients/scan.

1 of the Supporting Information). The coupling also
corresponds to an A, (**N) of ~7 MHz, as calculated from
the ratio of the nuclear g factors; lg,(**N)/g,(*N)I = 1.4 = |
A(BN)/A(*N)I. The natural-abundance [14N:| Fe3*-HO2 R
sample is not visible in the corresponding '*N response
because it is buried under the signals from the pyrroles. These
measurements demonstrate that the low-spin ferriheme of
signal X seen for the full enzyme has a nitrogenous axial ligand
in both Fe**-HO2,,° and Fe**-HO2,*, consistent with the
assignment of His4S as a Fe*"-heme ligand in the core of HO2
based on structural studies.*

The ENDOR spectra collected at the higher field of g, = 1.91
for [*N]-Fe3*-HO2_ R} and ["“N]-Fe**-HO2, R, where both X
and Y contribute to the EPR intensity, show a poorly resolved
"N signal at 6—8 MHz from the heme pyrroles of both X and
Y centers. In addition, the spectrum of [“N]-Fe*-HO2,*
shows not one but two v,(**N) features, at v,(**N) ~ 8 and
10.5 MHz. Spectra taken at multiple fields across the EPR
signal (Figure 1 of the Supporting Information) show that the
signal at v,("*N) = 10.5 MHz at g = 1.91 correlates with the
feature at g = 2.87 assigned to His45 of signal X. Moreover, this
signal is absent for [*N]-Fe**-HO2,,;%, which does not include
the region of the HO2 polypeptide that spans His4S.

The second "*N signal in the g = 1.91 ENDOR spectrum of
[SN]-Fe**-HO2,,*, at v,(**N) ~ 8 MHz (which corresponds
to a "N hyperfine coupling A of ~3—4 MHz), can then be
assigned to a nitrogenous ligand of the signal Y Fe**-heme. This
peak also is present in the ENDOR spectrum from signal Y of
[’N]-Fe**-HO2,,;*. Because Fe**-HO2,,* does not include
the region of HO2 that spans His45, this signal must be
assigned to a histidine in the tail region of HO2 (residues 213—
288). His256 is the only histidine in both Fe**-HO2,,* and
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Fe’*-HO2,,, leading us to conclude that His256 is acting as a
Fe**-heme ligand in HO2".

We note that it is not surprising that the hyperfine couplings
of the axial histidyl nitrogens in the low-spin heme sites X and
Y are not identical (His4S, 6—7 MHz; His256, 3—4 MHz),
given that these Fe’*-hemes are undoubtedly six-coordinate,
with different axial ligand “partners”. The ferric heme of X has
His45/H,O ligation, but that of Y has His256/Cys coordina-
tion. The fact that the "*N hyperfine coupling in Y is smaller
than that in X is expected, given that a small coupling was
reported previously”® for the proximal nitrogen of the histidine
of the myoglobin—mercaptoaethanol complex (Fe-His/Cys
coordination). Overall, these results thus confirm that one Fe®*-
heme binds to the core with His/H,O ligation and strongly
suggest that a second Fe3*-heme binds to the tail with His/ Cys
ligation.

His45 Is Not Necessary for Binding of Fe**-Heme to
HO2R. A previous hypothesis” had suggested a ligand exchange
event could be occurring upon reduction of the disulfide bond
in HO2,,,. In the model that was proposed, Fe**-heme would
remain bound to the catalytic core via His4S, and upon
reduction of the disulfide bond, a cysteine residue from one of
the HRMs could displace one of the Fe’"-heme ligands. The
ENDOR experiments described above, in conjunction with
those published previously,” strongly suggest Cys/His ligation
of Fe*-heme bound to HO2,". Despite the evidence
presented above for the multiple-binding site model, the
ENDOR results presented here also demonstrate nitrogen
ligation, leaving open the possibility of a Fe**-heme ligated by
His4S and Cys that could occur upon a ligand exchange event.
Therefore, the H45A variant of HO2,; was constructed to test
the ligand exchange model. The EPR spectrum of Fe''-
HO2,,(H45A)" was recorded (Figure 1B). The Fe'-
HO2,,(H45A)" displayed signal Y, identical to that of Fe''-
HO2,,*. The results confirm the role of another His in Fe>*-
heme binding and that the His/Cys binding site in the tail part
of HO2 is independent of the His45/aquo binding site.
However, the results cannot rule out the possibility that a
His45/Cys-ligated heme is transiently formed in wild-type
HO2".

Identification of Fe3**-Heme Ligands in HO2R. HO2,,
contains two cysteines, both of which (Cys26S and Cys282) are
associated with an HRM. While previous experiments have
confirmed the interaction of Cys265 with Fe’"-heme, the same
experiments were less conclusive about the interaction of
Cys282 with Fe*"-heme.” Therefore, the participation of the
two cysteines in Fe*"-heme binding was investigated. C265A
and C282A variants of HO2,,; were treated with TCEP to
ensure reduction of any cysteine sulfenate” or intermolecular
disulfide bonds and, after separation from TCEP, incubated
with excess Fe>*-heme. After removal of unbound Fe**-heme,
the protein was subjected to a pyridine hemochrome assay,
which demonstrated that the C265A and C282A variants of
Fe*-HO2,," contained 0.74 + 0.03 and 0.8 + 0.2 heme per
monomer of protein, respectively. The absorbance spectra of
the two variants were, however, very distinct (Figure 3A). The
spectrum of Fe**-HO2,,;(C265A)® displayed a broad band at
368 nm, consistent with szpectra reported for other proteins that
bind heme at a HRM."""? In contrast, the spectrum of the Fe’*-
HO2,,,(C282A) variant included a peak at 422 nm with a
shoulder at 360 nm.

The features displayed in the absorbance spectrum of Fe*'-
HO2,,,(C282A)* are reminiscent of the spectral features
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Figure 3. Absorbance spectra of wild-type Fe**-HO2,,® and its
variants. Spectra were recorded at 20 °C in 50 mM Tris (pH 8.0) and
50 mM KCl with a protein concentration of 5 uM. (A) Wild-type
Fe**HO2,,* (—), Fe’-HO02,,,(C265A)} (--+), and Fe’*-
HO2,,,(C282A)% (). (B) Fe**-HO2,,;(C282A)} (---) and Fe*-
HO2,,,(H256A/C282A)} (-—-). (C) Fe**-HO2,,,(C265A)} (---) and
Fe**-HO2,,;(H256A/C265A)® (-—).

observed for proteins in which cysteine and histidine are
important for heme ligation, including HRI,'*'S consistent with
the ENDOR results presented above. As HO2,,; contains just
one histidine (His256), HO2,,,(H256A/C282A)" was analyzed
for heme binding. The H256A/C282A variant still bound heme
(0.83 + 0.03 heme per monomer), suggesting His256 is not
necessary for heme binding. However, the spectrum of Fe'-
HO2,,,(H256A/C282A)" is very distinct from that of Fe**-
HO2,,,(C282A)%; Fe**-HO2,,;(H256A/C282A)" displayed an
absorbance peak at 368 nm rather than at 422 nm (Figure 3B).
Thus, when present, His256 and Cys265 are both involved in
coordinating heme. The spectrum of Fe**-HO2,,,(H256A/
C265A)" was indistinguishable from that of Fe®*-
HO2,,,(C265A)® (Figure 3C), suggesting no role for His256
in the binding of heme with Cys282. Further, HO2,,,(C265A/
C282A)% did not bind Fe’*-heme (data not shown),
demonstrating that His256 cannot alone bind Fe¥*-heme, ie.,
in a manner independent of Cys26S. Thus, it appears as though
there are two binding modes within HO2,,;": one with Cys265
and His256 and another with Cys282.

The EPR spectra of the variants of Fe**-HO2,," are
consistent with the ligand assignments made on the basis of
the absorbance spectra (Figure 4). The EPR spectrum of the
heme-bound form of Fe**-HO2,,,(C282A)® displays a low-spin
signal with g = [2.41, 2.26, and 1.91], identical to that observed
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Figure 4. EPR spectra of Fe**-HO2,,” variants. Samples were
prepared and run as described (see Methods). The g values are
indicated above the spectra of Fe**-HO2,,,(C265A)%, Fe’*-
HO2,,,(C282A)%, Fe’*-HO2,,,(H256A/C265A)%, and Fe’*-
HO2,,,(H256A/C282A)R,

for Fe**-HO2,,;* (signal Y). ENDOR spectroscopy confirmed
that signal Y is associated with Cys/His ligation (see above), in
agreement with the assignment of Cys265 and His256 as
ligands. In addition, upon further substitution of His256 with
alanine to create Fe**-HO2,,;(H256A/C282A)%, the low-spin
signal is shifted to g = [2.51, 2.29, 1.86]. This signal is similar
that observed for Fe**-HO2,,,;,(C265A)}® and Fe’*-
HO2,,,(H256A/C265A)} (g = [2.48, 228, and 1.89] for
both), and the values are consistent with those relported for
IRP2, another protein that binds heme at a HRM."

The ability to bind Fe**-heme at both of the C-terminal
HRMs in wild-type HO2,,;" is not, however, readily apparent in
the EPR spectra. The EPR spectra of Fe**-HO2,,;* and Fe**-
HO2,,,(C282A)" are nearly identical (signal Y), with no
apparent contribution of the spectrum of Fe’'-
HO2,,/(C265A)® to the spectrum of the wild type. Thus, the
EPR spectra could suggest that Cys265, but not Cys282, binds
heme in wild-type HO2,,,%. However, several explanations can
be offered. The intensity of the Fe*"-HO2,,,(C282A)" signal is
much greater than that of Fe’*-HO2,,,(C265A)%, suggesting
that, in the spectrum of Fe*-HO2,,;%, the contribution of Fe**-
heme bound to Cys282 may be masked by the more intense
signal of Fe**-heme bound to Cys265. In addition, temperature-
dependent changes in the absorbance spectrum of Fe®'-
HO2,,* illustrate that as the temperature is decreased, the
population of Fe**-heme bound to His256/Cys265 is increased,
which is indicated by the increase in absorbance at 422 nm
(Figure S). Therefore, the much lower temperatures at which
the EPR spectra are recorded may be low enough to completely
or, nearly so, favor Fe**-heme binding via Cys26S and His256
over binding via Cys282. Lastly, a difference in binding affinity
between the two sites could lead to preferential binding of Fe®*-
heme to one site (see below).

Fe**-Heme Binding Affinity for HO2. The data presented
above suggest that HO2,,® contains multiple heme binding
sites. A reasonable hypothesis to explain the fact that binding to
the second binding site has not been previously identified is
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Figure 5. Temperature dependence of Fe>*-HO2,,;%. The absorbance
spectrum of 5 yM Fe>*-HO2,,;* in 50 mM Tris (pH 8.0) and 50 mM
KCl was recorded at 35 (---), 20 (--), and 5 °C (—).

that there is a significant difference in the binding affinities for
the two sites. Indeed, when HO2,,, was titrated with Fe>'-
heme, a plot of the heme difference spectra revealed a Ky of
0.014 + 0.004 uM (Figure 6 and Table 1). However, Fe**-
heme difference titrations with HO2,,,;,(C282A)} and
HO2,,,(C265A)® revealed K, values of 0.09 + 0.03 and 0.9
+ 0.3 uM, respectively (Figure 6). In addition, a Fe**-heme
difference titration with HO2,,* revealed binding of Fe**-heme
to the core before a significant amount of Fe*"-heme bound to
the HRMs (Figure 6), consistent with the differences in K
values obtained for HO2,° and the variants of HO2,,.
However, the K values for each of the binding sites on HO2,,*
and HO2,,;® were difficult to determine with accuracy from the
titration data because of the complexity of the spectra.
Therefore, kinetic measurement of the on and off rates for
Fe’"-heme binding were independently measured. Given that
the K; for Fe*-heme measured by difference absorbance
spectroscopy is well below the concentration of protein in the
assay, the kinetic measurements also should provide more
accurate binding/dissociation constants.

The Fe’*-heme off rates (k_p.y,.) were measured using the
apo-H64Y /V68F-myoglobin (“green heme”) assay.”’ In this
assay, one can clearly distinguish between the spectrum of Fe*'-
heme bound to the “green” myoglobin (with extremely tight
binding) and that of Fe**-heme bound to HO2. Fe**-HO2 was
prepared as described above by incubating the oxidized or
TCEP-reduced protein with excess Fe’*-heme followed by
removal of unbound Fe**-heme. Fe'*-HO2 was subsequently
incubated with apo-H64Y/V68F-myoglobin while the increase
in the absorbance at 600 due to Fe**-heme scavenging by apo-
H64Y/V68F-myoglobin was being monitored. The results for
Fe’*-HO2,, were fit to a single-exponential association
function with a rate constant of 0.0012 + 0.00004 s~! (Table
1).

In contrast, the results for Fe*-HO2,,;* fit best to a double-
exponential function, with a fast phase of 0.0086 + 0.003 s™'
(32%) and a slow phase of 0.0023 + 0.0004 s™'. These two
phases were assigned on the basis of the results of the assay
with the C265A and C282A variants of Fe**-HO2,,;~, which
yielded off rates of 0.005S + 0.0005 and 0.0023 + 0.0001 s/,
respectively. Therefore, it appears that Fe**-HO2,,,* has a fast
off rate because of the dissociation of heme from Cys282 and a
slower off rate because of the dissociation of heme from
Cys26S. The measured off rates for the two HRM binding sites
are very similar to that reported for HRI (0.0015 s™'), another
protein that binds Fe**-heme at a HRM."

The rate constants determined for Fe’*-HO2_,, and Fe*'-
HO,,; were then used to interpret the results for Fe**-HO2*.
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HO2,,,(C282A)%, HO2,,,(C265A)%, and HO2,,~. Difference titrations were performed in 50

mM Tris (pH 8.0) and 50 mM KCI at 20 °C under anaerobic conditions with (A) 2 uM HO2,, (B) 10 uM HO2,,(C282A)%, (C) 6 uM
HO2,,;(C265A)}, or (D) 5 uM HO2,*. Insets in panels A—C are plots of the respective data at the indicated wavelength with the solid lines

representing the fits to the quadratic equation to obtain Ky values.

Table 1. Rate and Equilibrium Constants for Binding of Fe3*-Heme to HO2

k_peme (s71)
0.0012 + 0.00004
0.0023 + 0.0001

HO2,,.
HO2,,,(C282A)%

HO2,,;(C265A)" 0.0055 + 0.0005

HO2,* 0.0023 + 0.0004
0.0086 + 0.003 (32%)

HO2,,* 0.00054 + 0.00006

0.0031 + 0.0002 (62%)

“Value not determined.

K heme (WM™ s71)

6.4
7.6
ND*
ND“

6.9

Ky (M) (k_peme/ K heme) Ky (uM) (titrations)

0.0002 0.014 + 0.004
0.0003 0.09 + 0.03
ND* 09 £03
ND* ND*

0.0004 ND“

0.00008

The time course fit best to a double-exponential function, with
a slow rate constant of 0.00054 + 0.00006 s™' and a fast rate
constant of 0.0031 + 0.0002 s™' (62%). Because the rate
constant for the slow phase approximated that observed for
HO2,,°, we presume that this reflects Fe**-heme that has
dissociated from His45 at the core of the protein. The other,
faster phase was consistent with the rate for dissociation of
heme from Cys265. A third phase, likely caused by dissociation
of heme from Cys282, was not observed. One possibility is that
the low occupancy of the Cys282 site leads to a small
absorbance change that is masked by that of the other two
binding sites of HO2. Another possibility is that dissociation of
Fe**-heme from Cys282 at such a fast rate results in locally high
concentrations of free Fe**-heme around HO2. This scenario
could provide the other binding sites on HO2 an opportunity
to bind Fe**-heme before apo-H64Y/V68F-myoglobin despite
having a weaker affinity for Fe**-heme, and the dissociation
from Cys282 would not be observed in the assay. Either way,
these results suggest that Fe>*-heme binds tightly to the core of
HO2° and HO2®, but more loosely to HRMI (His256/
Cys265) and very loosely to HRM2 (Cys282) at the tail.

To accurately determine the Ky values by kinetic measure-
ments, the Fe**-heme on rates were measured. The heme on
rates were determined by performing stopped flow spectros-
copy experiments under anaerobic conditions. The binding of
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Fe"-heme to HO2 was monitored at 406 nm with increasing
concentrations of HO2,,, HO2,,(C282A)%, or HO2,
Binding to Cys282 was not monitored in these experiments
because the absorbance of the Fe**-heme-bound species is very
low at 406 nm and its maximal absorbance at 368 nm
significantly overlaps with the spectrum of free Fe’"-heme.
For each variant analyzed, k,,, displayed a hyperbolic
dependence on apoprotein concentration (Figure 7). As
described previously for other proteins,**° the hyperbolic
dependence indicates a two-step binding process in which a
Fe**-heme—apoprotein reversible complex precedes axial
coordination (see Scheme 1). If k; and k, are much greater
than k_,4 and k_p.,. is much smaller than k.4 the
dependence of kg, on apoprotein concentration can be

described by eq 1.

k.ooralapoprotein]

kobs -

% + [apoprotein] 1)
Fits of eq 1 to the plot of k,,, versus apoprotein concentration
yielded values for k,/k; and k.oq of 14.1 + 0.3 yuM and 91 + 1
s7! for HO2,, and 14 + 4 yM and 110 + 10 s™* for
HO2,,,(C282A)Y, respectively. The apparent second-order rate
constants [K'peme & keoord/ (ko/k;)] are thus 6.4 and 7.6 uM™!
s for HO2,,,, and HO2,,;(C282A)%, respectively. The small
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Figure 7. Plot of observed rate constants as a function of the
concentration of available Fe**-heme binding sites on HO2. The apo
form of HO2,,, (V¥), HO2,,(C282A)} (@), or HO2,* (@) was
mixed at various concentrations with Fe**-heme in a stopped-flow
instrument within an anaerobic chamber. Data were collected at 20 °C
while monitoring was conducted at 406 nm. The data were fit to eq 1
as described in the text, and the resulting fits are represented as solid
lines.

Scheme 1. Binding of Fe**-Heme to HO2
ky k

coord

HO2 + Fe3*-heme == HO2:Fe3*-heme == Fe3*-HO2

2 -heme

difference in the heme on rates for the two variants was also
reflected in the results of similar analysis of the data for HO2,,*
in which we measured the k., versus the concentration of
observable binding sites available on the apoprotein (instead of
apoprotein concentration). Binding at either His4S or Cys265
results in absorbance changes at 406 nm in HO2,~, as
demonstrated by experiments with HO2_,, and
HO2,,,(C282A)%, yielding two observable binding sites per
monomer of HO2,X. The fitted values for k,/k, and k.4 were
and 9.1 + 0.7 uM and 63 + 1 s™* for HO2,,,, respectively,
yielding a single apparent second-order rate constant, k'y.pe, of
6.9 uM™' 57!, Tt therefore appears that both binding sites (at
His4$ in the core and Cys265 in the tail of HO2,,*) have very
similar heme on rates. Further, the on rates are very similar to
the rates reported for other heme binding proteins, including
HRI"® and myoglobin,®" which generally show less variation in
on rates than in off rates.

The calculated dissociation equilibrium constants (k_peme
from the apo-H64Y/V68F-myoglobin assay divided by k'nome)
are thus approximately 0.00008—0.0001 uM for binding of
Fe**-heme to the core at His45 and 0.0003—0.0004 uM for
binding of Fe’*-heme to the tail at Cys265 (Table 1). The
difference titrations suggested K values weaker than those
calculated from these experiments. However, dissociation
constants from the kinetic and equilibrium measurements
have slightly different interpretations, with the kinetic measure-
ments putting more of an emphasis on the individual events
rather than the more global perspective of events observed in
the equilibrium experiments. Regardless, the results of the
kinetic experiments suggest a 2—S5-fold difference in binding
affinity between the sites, and similarly, the Fe**-heme
difference titrations suggested an ~6-fold difference. Therefore,
the results of both methods suggest a significant difference in
binding affinity between the two sites.

Further, despite the lack of observation of a rate of
dissociation from Cys282 in the assay with Fe**-HO2,,~, the
results demonstrate the applicability of using the variants to
dissect the events occurring in the more full-length version of
the protein. For instance, the rate of dissociation assigned to
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the Cys265 site remains relatively consistent between Fe*-
HO,,;(C282A)% (0.0023 + 0.0001 s™'), Fe**-HO,;* (0.0023 +
0.0004 s7!), and Fe**-HO2_® (0.0031 + 0.0002 s7'). In
addition, the rate of dissociation assigned to the His45 site in
the core of the protein also remains relatively unchanged
between the oxidized and reduced forms of HO2, (Fe**-
HO2,, 0.0012 + 0.00004 s™%; Fe>*-HO2,~, 0.00054 =+
0.00006 s™*). In summary, the results highlight the fact that the
binding events at the core and the tail appear to be independent
of each other and occur with significantly different binding
affinities because of the rate of heme dissociation.

B DISCUSSION

HRMs, short amino acid stretches containing a Cys-Pro
dipeptide, are increasingly found to be involved in modulating
the activity of heme binding proteins through the binding of
heme. HO2 contains three HRMs, and mounting mutational
and spectroscopic evidence confirms that the cysteines found in
the HRMs of HO2® are involved in Fe**-heme ligation.
Therefore, it is of great interest to determine if and how the
HRMs are involved in HO2 function.

Insight into the relationship between the HRMs and HO2
function can be garnered by determining how the HRMs of
HO2"® bind Fe**-heme. Previous models include a fishhook
mechanism in which a cysteine residue from one of the HRMs
could displace one of the ligands (His4S or aquo) of Fe**-heme
bound to the catalytic core upon reduction of the disulfide
bond.” Alternatively, Maines and co-workers have proposed a
multiple-binding site model in which the HRMs form a Fe**-
heme binding site that is independent of the catalytic site.'® A
recent spectroscopic study of HO2 favored the multiple-
binding site model.” Now, the results presented here offer
confirmation of this model, provide insights into the role(s) of
the multiple binding sites on HO2", and distinguish HO2 from
HO1, which lacks HRMs and binds only a single heme.

Here, we demonstrate the existence of a redox-regulated
second Fe*"-heme binding site on HO2 that is available only
upon reduction of a disulfide bond between Cys265 and
Cys282. Both HO2,,;® and HO2,,(H45A)* were shown to
bind Fe*"-heme despite not having access to the key ligand at
the catalytic site because of the truncation of the protein and
mutation of the catalytic site histidine necessary for Fe**-heme
ligation, respectively. Fe**-HO2 ;(H45A)® and Fe**- HO2,,*
share the same spectral features, suggesting that both constructs
bind Fe**-heme with the same ligands at a site that is
independent of the catalytic site. Fe>*-HO2_* exhibits these
same spectral features but, in addition, has signals that are the
same as Fe>-HO2,,°. The fact that Fe**-HO2,,} has both sets
of features offers support for the multiple-binding site model.

Also demonstrated here, and further supporting the multiple-
binding site model, is the ability of Fe**-HO2" to bind 2.1 +
0.1 hemes per monomer of protein. A previous study had
suggested that HO2,,® binds only one heme per monomer of
protein, leading to the proposal of the fishhook mechanism.”
However, the calculation was based a Fe*-heme difference
titration of HO2,* rather than a direct quantification. Indeed,
using the same analysis used previously (monitoring the change
in absorbance at 406 nm), the Fe**-heme difference titration of
HO2,} presented here would also indicate one Fe**-heme per
monomer. However, binding of Fe’*-heme to the HRMs does
not significantly alter the absorbance at 406 nm, suggesting that
previous experiments may not have detected the other binding
events. Further, although the spectral changes occurring upon
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ligation of heme to HO2,,,* are quite prominent, the changes
are at 370 nm where they could have readily been mistaken for
the accumulation of unbound heme (maximal absorbance at
385 nm) rather than identified as another binding event.
Tryptophan fluorescence quenching has also been used to
determine the binding affinity of HO2,* and similarly
suggested the binding of one Fe**-heme.® While this method
detected binding of Fe**-heme to the catalytic site, it appears to
be ineffective in observing binding of Fe**-heme to the HRM
sites. This may in part be due to the fact that the construct used
in that study (spanning residues 1—293) contained only one
tryptophan, Trpl21. Trpl21 is located in the core of the
protein, so it may not have been able to detect a binding event
at the HRMs because of their location in the highly mobile tail
region of HO2.

In the characterization of the HRM binding sites, binding of
Fe’"-heme to Cys265 and Cys282 was expected on the basis of
previous studies. However, the participation of His256 in Fe**-
heme binding had not been predicted. His256 is outside the
region (residues 262—271, human HO2 numbering) encom-
passed by the C215265-c0ntaining peptide studied by Maines
and co-workers.'® The Cys265-containing peptide displayed an
absorbance maximum of 369 nm upon incubation with Fe®'-
heme in the Maines study, while the absorbance spectrum of
Fe*-HO2,," reported here included a shoulder at 422 nm in
addition to a broad band at 368 nm. The differences between
the spectra are slight, and the work presented here using
mutagenesis and spectroscopic techniques was required to
identify the participation of His256 in Fe"-heme ligation.
Interestingly, Cys265 can ligate Fe’*-heme both with and
without His256. This scenario is reminiscent of that described
for HRI in which Fe**-heme ligates to the Cys of an HRM both
with and without a His residue located in a completely different
domain of the protein.'*"* In the case of HRI, heme regulation
of the protein is due to global structural changes induced by
Fe’*-heme ligation with residues from different domains.
Structural changes have also been recently suggested for HO2
as the HRM-containing region is proposed to dock to the core
of the protein upon Fe**-heme binding.” The docking model
has not yet been shown to be dependent on His256, however,
so the role of His256 in relation to HO2 function is not
immediately evident.

Clearly, there is a redox component to the function of the
HRMs because the disulfide bond must be reduced before
heme can bind. In addition, heme bound to the HRMs could be
used as a sensor of gaseous molecules such as NO or CO. The
HRMs have previously been implicated in NO sensing.**
Another possibility is that the HRM sites are involved in heme
sensing. The differing affinities among the three potential sites
on HO2 (His45/aquo, His256/Cys265, and Cys282) would
poise HO2 to sense varying heme levels, perhaps even acting as
storage sites for Fe>"-heme before being degraded by HO2. In
fact, it has recently been noted that the highly mobile region of
HO?2 in which the HRMs are located may dock to the core of
the protein,” providing a fairly reasonable mechanism for the
direct transfer of Fe**-heme from the HRMs to the core. Even
if it is not a direct transfer mechanism, the binding of heme to
these sites has the potential to keep local concentrations of
Fe**-heme high, facilitating rapid turnover by the catalytic core
of HO2.

The results presented here implicate the HRMs as an
important factor in HO2 function. Given that HOI1 lacks
HRMs, or in fact any Cys residues, it also indicates that redox
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regulation of heme binding is a feature unique to HO2. Further
investigation into the exact nature of the role the HRM binding
sites will perhaps offer more clarity into what distinguishes
HO?2 from HOI1 and the role of each in heme homeostasis.
Further, the findings could contribute to a more general
understanding of HRMs of other heme binding proteins and
their potential link to the redox state of the cell.
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