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Fatbardha Varfaj, Jed N. Lampe, and Paul R. Ortiz de Montellano1

From the Department of Pharmaceutical Chemistry, School of Pharmacy, University of California, San Francisco,
California 94158-2517

Background: Heme oxygenase-2 (HO-2) containing three cysteines is involved in signaling pathways.
Results: The cysteines in HO-2 interact with each other, but their redox state only modestly alters heme affinity.
Conclusion: Changes in the redox state of the cysteines do not significantly control heme oxidation rates.
Significance: The HO-2 cysteine residues play roles in interactions related to the role of HO-2 in regulatory processes.

Human heme oxygenases 1 and 2 (HO-1 and HO-2) degrade
heme in the presence of oxygen and NADPH-cytochrome P450
reductase, producing ferrous iron, CO, and biliverdin. HO-1 is
an inducible enzyme, but HO-2 is constitutively expressed in
selected tissues and is involved in signaling and regulatory pro-
cesses. HO-2 has three cysteine residues that have been pro-
posed to modulate the affinity for heme, whereas HO-1 has
none. Here we use site-specific mutagenesis and two-dimen-
sional NMR of L-[3-13C]cysteine-labeled proteins to determine
the redox state of the individual cysteines in HO-2 and assess
their roles in binding of heme. The results indicate that in the
apoprotein, Cys282 andCys265 are in the oxidized state, probably
in an intramolecular disulfide bond. The addition of a reducing
agent converts them to the reduced, free thiol state. Two-di-
mensional NMR of site-specific mutants reveals that the redox
state of Cys265 and Cys282 varies with the presence or absence of
other Cys residues, indicating that the microenvironments of
the Cys residues aremutually interdependent. Cys265 appears to
be in a relatively hydrophilic, oxidizable environment compared
withCys127 andCys282. Chemical shift data indicate that none of
the cysteines stably coordinates to the heme iron atom. In the
oxidized state of the apoprotein, heme is bound 2.5-fold more
tightly than in the reduced state. This small difference in heme
affinity between the oxidized and reduced states of the protein is
much less than previously reported, suggesting that it is not a
significant factor in the physiological regulation of cellular
heme levels.

Mammalian heme oxygenases are enzymes that, in the pres-
ence of O2 and NADPH cytochrome P450 reductase, degrade
Fe(III) protoporphyrin IX (heme) to biliverdin IX�, Fe2�, and
carbon monoxide (CO). The heme oxygenases are the only
enzymes in mammals that physiologically degrade heme and
are therefore essential for the maintenance of heme and iron

homeostasis. In addition, the three products generated from
heme oxygenase (HO)2 catalysis have important biological
functions. The iron is recycled because only�3%of the amount
of iron required daily is obtained from the diet. CO serves as a
signaling molecule exhibiting anti-apoptotic, anti-inflamma-
tory, and anti-proliferative properties (1–3). Finally, in mam-
mals, biliverdin is reduced by biliverdin reductase to the potent
antioxidant bilirubin, which is subsequently conjugated with
glucuronic acid and excreted.
There are two functional human HO isoforms, heme oxyge-

nase-1 (HO-1) and heme oxygenase-2 (HO-2). HO-1 is an
inducible form expressed at high levels in the liver and spleen,
whereas HO-2 is a constitutive form expressed at high levels in
the brain and testis (4). The primary physiological functions
proposed for HO-2 are O2 sensing through regulation of the
activity of the BK channel, a Ca2�-activated potassium channel
(5), and the generation of CO that serves as a neurotransmitter
(6).
Mammalian HO-1 and HO-2 share �45% sequence identity

and have very similar core structures (7, 8). Both HO isoforms
are bound to the membrane via their C-terminal region. The
major difference between these isoforms is the presence of
heme regulatory motifs (HRMs) in HO-2 but not in HO-1.
There are three HRM motifs in HO-2: HRM1, consisting of
Lys264-Cys-Pro-Phe-Tyr-Ala269; HRM2, consisting of Ser281-
Cys-Pro-Phe-Arg-Thr286; and HRM3, consisting of Gln126-
Cys-Pro-Lys-Ala-Ala131. TheHRMmotifs have been found in a
few other proteins whose functions are heme-dependent, such
as heme-regulated initiation factor 2� kinase (9, 10), yeast tran-
scription factor HAP1, which regulates the transcription of
many genes in response to oxygen availability (11), cytochrome
c heme lyase of Saccharomyces cerevisiae (12, 13) and Neuro-
spora crassa (14), human erythroid �-aminolevulinate syn-
thase, which is the rate-limiting enzyme in heme biosynthesis
(15), and Escherichia coli catalase (16). The HRM motifs in
HO-2 have been proposed to control the binding affinity of the
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protein for heme and the spin state of the heme iron (17). This
affinity was reported to be regulated by the presence or absence
of a disulfide bond betweenCys265 andCys282 located inHRM1
and HRM2, respectively (17). Reduction of this disulfide bond
reportedly resulted in an�10-fold decrease in theHO-2 affinity
for heme, suggesting a possible role for the HRMs in regulating
the cellular levels of free heme, CO, iron, and biliverdin. There
is no structural information on the region comprising Cys265
and Cys282 because it is missing in the HO-2 crystal structure
(8). Furthermore, no NMR structural data have been reported
to date. However, NMR spectroscopy has been successfully
employed in monitoring the redox state of Cys residues and
protein conformational changes upon ligand binding or bind-
ing of other proteins. The NMR chemical shift of cysteine is
sensitive to the redox state of the thiol and can be diagnostic of
disulfide bond formation (18). In this study, we utilized two-
dimensional (1H,13C) NMR spectroscopy to shed light on the
involvement of the cysteine residues of HO-2 in heme binding
and catalysis. The HO-2 protein was labeled with L-[3-13C]cys-
teine, and two-dimensional heteronuclear single quantum
coherence (HSQC)NMRspectrawere recorded in the presence
and absence of heme. Our results suggest that the Cys residues
are not directly involved in heme binding, and the presence or
absence of the intramolecular disulfide bond results in only a
2.5-fold, rather than 10-fold, difference in the binding affinity of
HO-2 for heme.

MATERIALS AND METHODS

Chemicals—Hemin chloride, NADPH, BSA, EDTA, ampicil-
lin, lysozyme, isopropyl �-D-thiogalactoside, amino acids,
nucleosides, PMSF, potassium phosphate monobasic and diba-
sic, and diamide all were purchased from Sigma-Aldrich. The
disulfide bond-reducing tris(2-carboxyethyl) phosphine solu-
tion, neutral pH (TCEP) was purchased from Thermo Scien-
tific. EDTA- and Ca2�-free protease inhibitor mixture was
purchased from Roche Applied Science. Luria-Bertani (LB)
medium was purchased from Fisher, 4-chloro-7-nitro-2,1,3-
benzoxadiazole (NBD-Cl) from Molecular Probes, and L-[3-
13C]cysteine from Cambridge Isotope Laboratories.
Enzymes—Truncated human HO-2 lacking the last 23 C-

terminal residues was expressed and purified according to the
procedure described below. Rat biliverdin reductase (19) and
human NADPH-cytochrome P450 reductase (20) were
expressed in E. coli and purified as previously described.
Lysozyme was purchased from Sigma-Aldrich.
DNA Construct of Human HO-2—The human HO-2 cDNA

utilized in this study codes for residues 1–293 and thus lacks the
23 amino acids of the C terminus membrane binding region. In
order to facilitate HO-2 protein purification, six histidine resi-
dues were inserted at the C terminus. The HO-2 mutants
C127A, C265A, C282A, C127A/C265A, C127A/C282A,
C265A/C282A, and C127A/C265A/C282A were prepared by
introducing Cys to Ala mutations using a QuikChangeTM site-
directed mutagenesis kit (Agilent Genomics, La Jolla, CA). In
addition, Met28 and Met30 were mutated to alanine in concert
withCys toAlamutations to eliminate the presence of the alter-
native truncated HO-2 species consisting of either residues
28–293 or 30–293. Translation of these truncated speciesmost

likely results from the Shine-Delgarno sequence present at res-
idues 24 and 25. Introduction of the Met to Ala double muta-
tion did not affect HO-2 binding or activity. Mutations were
introduced into the HO-2 cDNA in the pBAce cloning vector
by PCR using forward and reverse primers (Invitrogen). Finally,
theHO-2 genewas transferred into a pET21a expression vector
(Novagen).
Expression and Purification of [13C�]Cys-labeled HO-2

Mutant Proteins—The HO-2 expression construct was
transformed into the cysteine auxotroph E. coli strain
BL21(DE3)cysE51 and plated on M9 minimal medium plates
supplementedwith 100�g/ml ampicillin, 50�g/ml kanamycin,
and 50 �g/ml cysteine. A single colony was inoculated in 50 ml
of LB medium supplemented with 100 �g/ml ampicillin, 50
�g/ml kanamycin, and 50 �g/ml cysteine. The overnight cul-
ture was centrifuged at 4,000� g for 15min at 4 °C, and the cell
pellet was resuspended in M9 minimal medium supplemented
with 19 amino acids and L-[3-13C]cysteine in place of unlabeled
Cys, nucleosides, MgSO4, CaCl2, biotin, nicotinamide, thia-
mine, a trace element solution containing H3BO3, CoCl2,
CuCl2, MnCl2, ZnCl2, FeCl3, and ampicillin and kanamycin, as
described previously (21).
Cells were grown at 37 °C until an A600 nm of 0.6–0.8 was

reached. Protein expression was induced with isopropyl �-D-
thiogalactoside (final concentration of 0.5mM) for an additional
16 h at 30 °C. Cells were harvested by centrifugation at 4,000 �
g for 20 min, and the cell pellet was resuspended in 100 mM

potassium Pi, pH 7.4, buffer containing 2 mM EDTA, 2 mM

PMSF, and a protease inhibitor mixture tablet. Cell lysis was
performed by adding lysozyme (15 mg/liter) and stirring the
solution for 30min at 4 °C, followed by sonication using a Bron-
son sonicator (seven cycles, 1 min on, 1 min off at 50% power).
The cell debris was separated from the soluble protein by ultra-
centrifugation at 150,000 � g for 1 h at 4 °C. The supernatant
was filtered (0.2 �m) and loaded onto a 5-ml HisTrap column
(GEHealthcare), whichwas equilibratedwith 50mMpotassium
Pi, 1 mM EDTA, and 30 mM imidazole buffer, pH 7.4. The col-
umnwaswashedwith five column volumes of 50mMpotassium
Pi, 1 mM EDTA, and 40 mM imidazole, pH 7.4, buffer, and the
protein was eluted with 50 mM potassium Pi, pH 7.4, 1 mM

EDTA, using a 0–500mM imidazole gradient. After dialysis, the
protein was consecutively loaded onto SP-Sepharose and
Q-Sepharose columns (Amersham Biosciences), both pre-
equilibratedwith 50mMpotassiumPi, pH7.4, buffer containing
1mM EDTA. Protein was eluted from the Q-Sepharose column
with a 300-ml linear gradient of 50–400 mM potassium Pi, pH
7.4, 1mMEDTA, 400mMNaCl buffer. The elutedHO-2 protein
was subject to electrophoresis on a 4–12% SDS-polyacrylamide
gel, which was visualized by SimplyBlue gel staining (Invitro-
gen) andwas determined to be greater than 90%pure. Fractions
containing the protein were combined and concentrated using
10,000MWCOconcentrators (Millipore). The protein was fur-
ther dialyzed against 50 mM potassium Pi, pH 7.4, buffer. Pro-
tein concentration was determined using the Bradford assay.
Expression and Purification of Unlabeled HO-2 Mutant

Proteins—The HO-2 expression vector was transformed into
BL21(DE3) E. coli cells and plated on LB plates supplemented
with 100 �g/ml ampicillin. A single colony was grown in 5 ml
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and later in 3 liters of LB medium supplemented with 100
�g/ml ampicillin at 37 °C. The protein expression was induced
with isopropyl �-D-thiogalactoside (final concentration of 0.5
mM) when A600 reached 0.6–0.8. Protein expression was car-
ried out for 16 h at 30 °C. Cells were harvested by centrifugation
at 4,000 � g for 15 min at 4 °C using a Beckman Coulter centri-
fuge, and the protein was purified using the same protocol as
the 13Cys-labeled proteins described above.
HO-2 Protein Activity Assay—The activity of the HO-2

mutant proteins was determined by monitoring the rate of bil-
irubin formation at 468 nm using a Spectramax� UV-visible
plate reader (Molecular Devices, Sunnyvale, CA) as described
previously (22, 23). Reaction mixtures (200 �l) consisted of 0.4
�M HO-2, 1 �M NADPH-cytochrome P450 reductase, 4 �M

biliverdin reductase, 15 �M hemin, 0.1 M potassium Pi, pH 7.4,
buffer supplemented with 10 mg/ml BSA. The reactions were
incubated at 22 °C for 2 min prior to the addition of 400 �M

NADPH to initiate the reaction. The initial rate of bilirubin
formation was calculated using an extinction coefficient of 43.5
mM�1 cm�1. The specific activity of theWT andmutant HO-2
proteins is expressed in nmol/min/mg.
Mass Spectrometric Analysis of [13C�]Cys-labeled HO-2

Protein—Incorporation of the [13C�]Cys-labeled amino acid
into the HO-2 protein was specifically verified for the A127/
13C265/13C282 mutant by LC/MS/electrospray ionization
mass spectrometric analysis. The protein was loaded on an
SDS-polyacrylamide gel (4–12% gradient) and visualized by gel
staining with SimplyBlue Safe Protein Stain. The HO-2 protein
bandwas excised and subjected to in-gel digestion according to
a published protocol (24, 25). The extracted tryptic peptide
mixture was separated by nano-flow liquid chromatography.
The HPLC system employed was an Eldex MicroPro pumping
system equipped with a 100 �m � 150-mm monolithic C18
column (Phenomenex Onyx). The mobile phase A consisted of
0.1% formic acid in water, whereas mobile phase B consisted of
0.1% formic acid in acetonitrile. After equilibration of the col-
umn at 5% B for 20 min, 1 �l of the extracted peptides was
injected at a flow rate of 0.5 �l/min. After loading, the peptides
were eluted by increasing the organic content linearly from 5 to
60% B over 35min and then held at 35% B for 5min. The eluent
from the reverse phase column was coupled on-line to
a microspray ion source attached to a QSTAR-XL hybrid
QqTOF mass spectrometer (Applied Biosystems) operated in
positive ion mode. MS Survey scans were acquired over anm/z
range of 400–1800 for 1 s. The most abundant, multiply
charged resonance in the survey scan was selected for collision-
induced dissociation.MS/MS spectrawere acquired for 3 s over
anm/z range from59 to 1800. Spectrawere analyzed usingData
Explorer software (Applied Biosystems, Foster City, CA).

1H,13C HSQC NMR Measurements—Two-dimensional
1H,13C HSQC spectra were acquired on a Bruker 800-MHz
spectrometer (Bruker Avance, Bremen, Germany) equipped
with a 1H/13C/15N triple resonance ColdprobeTM with actively
shielded pulse field gradients at 25 °C unless otherwise stated.
Spectra were acquired with 60 scans using spectral widths of
8385 Hz (1H) and 1600 Hz (13C), 128 complex points in 1, and a
1-s recycle time. The 13C chemical shifts were calibrated to the
reference (sodium 2,2-dimethyl-2-silapentane-5-sulfonate) indi-

rectly. Each NMR sample consisted of �300 �l of a 130–300 �M

concentrated solution of [13C]Cys-labeled HO-2 protein in a 50
mM potassium Pi, pH 7.4, buffer with 10% D2O added as a lock
solvent placed in a Shigemi tube. In the experiments with the
reduced HO-2 protein, TCEP was added to a final concentra-
tion of 10-fold relative to the HO-2 protein. For the heme titra-
tion experiments, aliquots of a heme stock solution were added
sequentially to reach the desired final concentrations for each
experiment and incubated for 30 min, and then the spectrum
was recorded. Data processing and analysis were performed
using NMRPipe software (26).
Tryptophan Fluorescence Quenching—The fluorescence

spectra were recorded on a Fluorolog 3 spectrofluorimeter
(HORIBA JobinYvon) at 22 °C. TheHO-2 protein has one tryp-
tophan residue, Trp121. The tryptophan was excited at 290 nm,
and the emission spectrumwas recorded at 310–500 nmwith a
maximum emission value at 338 nm. The excitation and emis-
sion slits were set at 8 nm. The emission spectrum of trypto-
phan fluorescence was measured at increasing concentrations
of heme ligand. The fluorescence intensity of the 338 nm emis-
sion was plotted against the concentration of heme, and the
data obtained were fitted to the quadratic equation,

IF � IF0 � �IF
�KD � Pt � Lt� � ��KD � Pt � Lt�

2 � 4LtPt

2Pt

(Eq. 1)

using non-linear least square regression analysis to calculate
the dissociation constant of HO-2 for heme, where IF is the
fluorescence intensity at a given heme concentration, IF0 is the
fluorescence intensity in the absence of ligand, �IF is
the change in fluorescence intensity on ligand binding,KD is the
dissociation constant, and Pt and Lt are the total protein and
ligand concentrations, respectively. The KD values represent
the averages of two experiments conducted with separate sam-
ples. Best fit curves were generated with GraphPad Prism
(GraphPad Software, San Diego, CA).
Anaerobic Measurements—The binding affinity of the

reducedHO-2 for hemewas determined by tryptophan fluores-
cence quenching after reduction of theCys residues. The exper-
iments were done under anaerobic conditions using a cuvette
sealed with a septum (Hellma). The HO-2 protein solution and
buffers were bubbled with argon to remove the oxygen. Fur-
thermore, buffers were kept stirring in a glove box (Unilab)
overnight prior to use. The oxygen level in the glove box was
monitored by an oxygen sensor and kept at �2 ppm. The heme
stockwas prepared in the glove box using 0.1 NNaOHand 0.1 M

potassium Pi, pH 7.4, solutions that were degassed prior to use.
The heme solution was filtered using a 0.2-�m filter (Milli-
pore), and its concentration was determined by the absorbance
value at 385 nm using an extinction coefficient of 6.22 mM�1

cm�1. The reducedHO-2 proteinwas obtained by incubating it
with 10-fold TCEP for 30 min. TCEP was later removed using
500-�l centrifugal filter units of 10,000 MWCO (Millipore).
The reduced HO-2 protein was placed in a 1-ml anaerobic
cuvette sealed with a septum in the glove box. A second sealed
cuvette containing buffer was used as a blank. The heme solu-
tion was also kept in an air-tight bottle and added to the HO-2
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protein solution using a gas-tight syringe (Hamilton, Reno,
NV). The KD values of the reduced HO-2 for heme were calcu-
lated using the samemethod as that for theHO-2 titration done
in the presence of air as described above.
Determining the Redox State of A/13C/A and A/A/13C HO-2

Proteins by NBD-Cl—The redox state of Cys residues for the
oxidized and reduced HO-2 was determined using the NBD-Cl
fluorescent probe. The latter reacts with the protein Cys-SH
group forming Cys-S-NBD and Cys-SOH forming the Cys-
S(O)-NBDproduct, both of which have a characteristic absorb-
ance at 420 and 347 nm, respectively. The reduced HO-2 pro-
teinwas obtained by incubating it with a 10-fold excess of TCEP
for 30 min in the glove box. TCEP was later removed using
0.5-ml 10,000MWCOcentrifugal filter units. Both the oxidized
and reducedHO-2 proteins (20�M)were then reactedwith 500
�M NBD-Cl (25-fold excess) for 45 min at 22 °C. The unbound
NBD-Cl was removed by buffer exchanging three times using
0.5-ml 10,000 MWCO centrifugal filter units. The absorption
spectra of the oxidized and reduced HO-2 were then recorded
under anaerobic conditions on a Cary 50 spectrophotometer
(Varian).

RESULTS

Characterization of [13C]Cys-labeled HO-2 Mutant Proteins—
[13C]Cys-labeled HO-2 mutant proteins were expressed in M9
minimal medium using BL21(DE3)cysE51 auxotrophic cells as
described under “Materials and Methods.” The proteins
expressed were 13C127/A265/A282 (13C/A/A), A127/13C265/
A282 (A/13C/A),A127/A265/13C282 (A/A/13C),A127/13C265/
13C282 (A/13C/13C), 13C127/13C265/A282 (13C/13C/A),
13C127/A265/13C282 (13C/A/13C), and 13C127/13C265/13C282
(13C/13C/13C), in which one, two, or three Cys residues were
13C-isotopically labeled. The other Cys residue(s) normally
present in HO-2 was mutated to an Ala. In the abbreviated
nomenclature shown, the residues at positions 127, 265, and
282 are listed, in that order, with an A for alanine and C or 13C
for unlabeled or labeled cysteine. The specific activities of these

proteins weremeasured to ensure that their structures and cat-
alytic properties were similar to those of the corresponding
unlabeled proteins. The specific activity was measured using a
coupled enzymatic assay in which the formation of bilirubin is
monitored at 468 nm, as described under “Materials andMeth-
ods.” All of the isotopically labeled mutant HO-2 proteins had
specific activities similar to those of both the WT (28 nmol/
min/mg) and the corresponding unlabeled, mutant proteins,
confirming that they are fully active (Table 1).
Incorporation of [13C]Cys intoHO-2was specifically verified

for the A/13C/13C protein by LC/MS/electrospray ionization
mass spectrometric analysis. Although the difference of only 1
mass unit between 12C and 13C isotopes poses a challenge in
accurately determining the efficiency of incorporation of the
[13C]Cys amino acid, the data clearly revealed the presence of
both the [12C]Cys and [13C]Cys amino acids in the protein, with
the latter constituting more than 50% of the mixture (data not
shown).
Redox State of the HO-2 Cys Residues by Two-dimensional

NMR Spectroscopy—To determine the redox state of the native
HO-2 apoprotein, two-dimensional NMR (1H,13C HSQC)
spectroscopic analysis of the 13C/13C/13C protein, in which all
three Cys residues are isotopically labeled, was performed. The
spectrum revealed the presence of two major resonances (Fig.
1A andTable 1): one at 13C	 40.5 ppm, 1H	 3.11 ppm and the
second at 13C	 40.5 ppm, 1H	 2.92 ppm, partially overlapping
a non-cysteine-related resonance at 13C 	 42 ppm, 1H 	 2.93
ppm. The non-cysteine-related resonance was observed in the
spectra of all [13C]Cys-isotopically labeled (Figs. 1–5) and unla-
beledHO-2proteins, including that of theA/A/AHO-2mutant
lacking all Cys residues. Therefore, none of the Cys residues is
responsible for this particular resonance. Additional control
experiments ruled out the possibility that the resonance
derived from contaminants left behind from the protein purifi-
cation. The most likely explanation is that the spurious reso-
nance at 13C 	 42 ppm, 1H 	 2.93 ppm derives from the abun-

TABLE 1
Summary of the two-dimensional NMR chemical shifts for the oxidized and reduced 
13C�Cys-labeled HO-2 apoproteins, their binding affinities
for ferric heme, and their catalytic activities
NMRchemical shifts (13C,1H) for the oxidized and reduced 
13C�Cys-labeledHO-2 apoproteins, their binding affinities for ferric heme obtained by tryptophan fluorescence
quenching, and the catalytic activities of the HO-2 variants were all obtained as described under “Materials and Methods.” The abbreviated nomenclature for the HO-2
proteins indicates the residue at positions 127, 265, and 282, in that order, with anA for alanine and 13C for labeled cysteine.ND, not determined; ppm, chemical shift in parts
per million of the spectrometer frequency.

HO-2 protein
Without TCEP With TCEP

Specific activityReduced 
13C�Cys Oxidized 
13C�Cys Kd for heme Reduced 
13C�Cys Oxidized 
13C�Cys Kd for heme

ppm ppm nM ppm ppm nM nmol/min/mg
13C/13C/13C 40.5:3.11 57 28.0:2.82 146 28

40.5:2.92
A/13C/13C 40.5:3.11 90 28.0:2.82 111 34

40.5:2.92
13C/A/A 105 ND 29
13C/A/13C 38.3:3.05 102 28.0:2.84 38.3:3.05 316 26

38.3:2.76 28.0:2.80 38.3:2.76
(doublet)

13C/13C/A 28.0:2.82 38.7:3.03 45 28.0:2.82 38.7:3.03 373 39
38.7:2.68 38.7:2.68

A/A/13C 28.0:2.84 31 28.0:2.84 26 21
28.0:2.80 28.0:2.80
(doublet) (doublet)

A/13C/A 38.7:3.04 103 28.0:2.82 77 29
38.7:2.68

A/A/A 54 47 36

Cysteine Residues and Heme Binding in Heme Oxygenase-2

35184 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 42 • OCTOBER 12, 2012



dantmethylene (CH2) groups present in the protein (27). Based
on the rules established by Sharma and Rajarathnam (18), the
position of the Cys resonance in the spectrum is an indicator of
its oxidation state, with the Cys in the oxidized state if the
chemical shift in the 13C dimension is �35 ppm and in the
reduced state if it is �32 ppm. The two resonances observed at
13C 	 40.5 ppm (Fig. 1A) suggest that two Cys residues in the
13C/13C/13C protein are in the oxidized state, probably in a
disulfide bond. To confirm that these two resonances corre-
spond to oxidized Cys residues, the 13C/13C/13C protein was
incubated with a 10-fold excess of TCEP reducing agent for 30
min prior to recording the two-dimensional NMR spectrum.
The two resonances at 13C 	 40.5 ppm disappear, and a large,
line-broadened resonance appears at 13C 	 28, 1H 	 2.82 ppm
(Fig. 1, A and B), confirming that two Cys residues in HO-2 are
indeed in the oxidized state. The appearance of a single intense
resonance in the reduced sample suggests that the two reduced
Cys residues are in a similar chemical environment. Interest-
ingly, a third distinct Cys resonance in the 13C/13C/13C protein
spectrum is missing; thus, single and double HO-2 mutants
were also examined as described below, and their NMR reso-
nances are summarized in Table 1.
The NMR spectrum of the A/13C/13C protein, in which Cys-

127 is mutated to Ala, revealed the same resonances as the
13C/13C/13C protein (Table 1), indicating that the two reso-
nances at 13C	 40.5 ppmcorrespond toCys265 andCys282. The

same resonanceswere also observed for the reduced (by 10-fold
excess TCEP) 13C/13C/13C and A/13C/13C proteins, as shown
by the presence of a resonance at 13C 	 28 ppm (Table 1),
supporting the suggestion that Cys265 and Cys282 are in the
oxidized form and are converted to the reduced state by TCEP.
The non-Cys resonance at 13C 	 42 ppm, as expected, was also
observed with both of these mutants. In efforts to separate this
resonance from the resonance at 13C 	 40.5 ppm, 1H 	 2.92
ppm deriving from the labeled Cys, the spectrum of the A/13C/
13C HO-2 protein was recorded following chemical denatur-
ation with 7 M urea. A chemical shift of �0.10 ppm up-field in
the 1H dimension was observed for all resonances, but separa-
tion of the second Cys from the spurious resonance was not
achieved. In addition, post-processing of the NMR data using
both Lorentzian and Gaussian functions did not result in their
complete separation.
Attribution of the two resonances at 13C	 40.5 ppm for both

the 13C/13C/13C andA/13C/13C proteins to Cys265 andCys282 is
confirmed by the NMR spectrum of the 13C/A/A protein in the
absence and presence of TCEP (Table 1). The spectrum of this
protein only exhibited the spurious peak at 13C 	 42 ppm,
which indicates that the resonance corresponding to Cys127 is
present at an intensity below background level. Residue 127 is
resolved in the HO-2 crystal structure, although the native Cys
was substituted with an Ala. The side chain was partially sur-
face-exposed, but this may not reflect the degree of exposure of
the native Cys127 residue. Lack of a detectable NMR signal for
Cys127 in the 13C/A/A and 13C/13C/13C proteins suggests that
its molecular motion is highly constrained.
To specifically determine which of the two resonances at

13C 	 40.5 ppm corresponds to Cys282, the two-dimensional
NMR spectrumof theA/A/13Cproteinwas obtained. The spec-
trum revealed the presence of a doublet at 13C 	 28 ppm (Fig.
2A and Table 1), suggesting that Cys282 is in the reduced state
when Cys127 and Cys265 are not present. In accord with this, no
change in the chemical shift was observed for the A/A/13C pro-
tein in the presence of TCEP (Fig. 2B and Table 1). Further-
more, the reduced state for this mutant was supported by
absorbance measurements of the oxidized and reduced protein
done in the presence and absence of NBD-Cl (data not shown).
The doublet NMR signal is due to slightly different chemical
environments for the two hydrogen atoms attached to the 13C�

carbon. Interestingly, Cys282 is in the oxidized state in the pres-
ence of a second Cys, either Cys127 (13C/A/13C) or Cys265
(A/13C/13C), or when both Cys127 and Cys265 (13C/13C/13C) are
present (Table 1). The spectrum for the 13C/A/13C protein
revealed two resonances in the oxidized Cys region at 13C 	
38.3 ppm (Fig. 3A and Table 1). These resonances are in the
same region as the resonances observed for the A/13C/A pro-
tein (Fig. 4A and Table 1). Upon the addition of TCEP to 13C/
A/13CHO-2, the intensity of the two resonances decreases with
concomitant appearance of a doublet resonance in the reduced
Cys region at 13C 	 28 ppm, which is in very close proximity to
the one observed for the reduced A/13C/13C and 13C/13C/13C
proteins. This indicates that Cys282 is oxidized in 13C/A/13C
HO-2, either forming an intramolecular disulfide bond with
Cys127 or, less likely, existing in the sulfenic acid form. Interest-
ingly, the 13C/A/13C HO-2 protein is only partially reduced by

FIGURE 1. Two-dimensional NMR spectra of 13C/13C/13C HO-2 apoprotein.
A, protein (250 �M) alone. B, protein in the presence of a 10-fold excess (2.5
mM) of TCEP. Spectra were recorded at 298 K in 50 mM potassium Pi, pH 7.4,
10% D2O buffer. ppm, chemical shift in parts per million of the spectrometer
frequency.
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TCEP, as indicated by the presence of two resonances at 13C 	
38.3 ppm and a doublet resonance at 13C 	 28 ppm (Table 1).
This may reflect a limited access of TCEP to the Cys residue(s)
or a partially irreversible oxidation of the Cys residue(s). Lim-
ited access by a reducing agent is supported by a previous study,
in which the number of free thiols for this HO-2 mutant in the
absence and presence of ureawas 0.6 and 1.37mol, respectively,
and when the protein was initially treated with DTT, this num-
ber changed to 1.57 and 1.93 mol, respectively, in the absence
and presence of urea (17). Furthermore, based on these find-
ings, it was suggested that Cys282 has some ability to form a
disulfide bond with Cys127 when Cys265 is absent (17). In order
for Cys282 and Cys127 to form an intramolecular disulfide bond,
they need to bewithin 2.05Å of each other. Because the peptide
region containing Cys265 and Cys282 is missing in the HO-2
crystal structure, the exact location of Cys282 relative to Cys127
cannot be determined, but their distance relationship can be
defined.
To identify the resonance corresponding to Cys265, the spec-

tra for all of the HO-2 proteins containing this residue, includ-
ing 13C/13C/13C, A/13C/13C, 13C/13C/A, and A/13C/A, were
compared (Table 1). Cys265 is in the oxidized state in all
instances, whether it is the only cysteine in the protein or is in
the presence of one or both of the other cysteines. The spectra
for the 13C/13C/13C and A/13C/13C proteins revealed the pres-
ence of two resonances at 13C 	 40.5 ppm that correspond to
either Cys265 or Cys282 (Table 1). These resonances are shifted

to 13C	 38.7 ppm in both A/13C/A (Fig. 4) and 13C/13C/A (Fig.
5) proteins, indicating that the chemical environment of Cys265
is altered in these single and doublemutants comparedwith the
WT HO-2 protein. The two resonances observed for the
A/13C/A protein suggest that Cys265 is either involved in an
intermolecular disulfide bond or is present as a sulfenic acid. A
control experiment with the [13C]Cys-labeled free amino acid
treated with an oxidizing agent (diamide) shows a shift of reso-
nances from the reduced Cys to oxidized Cys region (Table 2),
suggesting that the two resonances at 13C 	 40.5 ppm corre-
spond to the two � protons bound to the 13C carbon of the Cys
involved in a disulfide bond with a second Cys residue or pres-
ent in the sulfenic acid form. To determine the oxidation state
of Cys265 in the A/13C/A protein, the latter was incubated with
a 10-fold excess of TCEP for 30 min. The reduced protein
exhibited a new resonance at 13C	 28 ppmwith disappearance
of the two resonances at 13C	 38.7 ppm (Fig. 4B), demonstrat-
ing that the oxidation of Cys265 is reversible, thus excluding the
possibility of cysteine sulfinate or sulfonate forms. Further-
more, no intermolecular disulfide bond was detected in the
SDS-PAGE and native gel analyses performed in the presence
and absence of TCEP, in agreement with the published data for
the A/C/A HO-2 mutant (17). The presence of only one reso-
nance at 13C 	 28 ppm for the reduced A/13C/A protein sug-
gests that the two protons bound to the 13C� carbon experience
similar chemical environments.
Cys265 is also in the oxidized state in the 13C/13C/A protein

(Fig. 5 and Table 1), which, as observed for A/13C/A HO-2, has

FIGURE 2. Two-dimensional NMR spectra of A/A/13C HO-2 apoprotein.
A, protein alone (150 �M). B, protein in the presence of 10-fold excess (1.5 mM)
of TCEP. Spectra were recorded at 298 K in 50 mM potassium Pi, pH 7.4, 10%
D2O buffer.

FIGURE 3. Two-dimensional NMR spectra of 13C/A/13C HO-2 apoprotein.
A, protein alone (300 �M). B, protein in the presence of a 10-fold excess (3 mM)
of TCEP. Spectra were recorded at 298 K in 50 mM potassium Pi, pH 7.4, 10% D2O
buffer. ppm, chemical shift in parts per million of the spectrometer frequency.
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two resonances in the 13C 	 38.7 ppm region. Interestingly, an
additional strong resonance is observed at 13C 	 28 ppm that
corresponds to the reduced state of either Cys127 or Cys265. In
the presence of TCEP, the intensity of the reduced Cys reso-
nance is increased, whereas that of the two resonances at 13C	
38.7 ppm changes little, suggesting that either the Cys resi-
due(s) is not fully accessible to TCEP, or its oxidation is irre-
versible. The resonance at 13C	 28 ppm is in the same location
as the one observed for the A/13C/A protein (Fig. 4B and Table
1) in the presence of TCEP, consistent with the possibility that
Cys265 may be partially present in the reduced state. Compari-
son of the 13C/13C/A and A/13C/A proteins indicates that
Cys127 affects the local environment of Cys265 and ultimately its
redox state.
The redox state of Cys265 was further examined by monitor-

ing the absorbance spectrum of both the oxidized and reduced
A/13C/A proteins reacted with NBD-Cl under anaerobic con-
ditions as described under “Materials and Methods.” The
A/13C/A protein revealed an absorbance peak at 347 nm, char-
acteristic of Cys-S(O)-NBD, and at 420 nm when reduced with
TCEP, characteristic of Cys-S-NBD product (data not shown).
These results are similar to the NBD-Cl data previously
reported for this mutant (17) and confirm that Cys265 is oxi-
dized and that its oxidation is reversible by TCEP, further cor-
roborating the NMR data obtained in this study for the
A/13C/A protein.

Involvement of Cys265 in Heme Binding—Reduction of the
disulfide bond between Cys265 and Cys282 reportedly causes a
10-fold decrease in the binding affinity of HO-2 for heme (17).
In our experience, the Kd values determined using tryptophan
fluorescence quenching for single, double, and triple Cys to Ala
mutants differed by nomore than 2.5-fold between the reduced
and oxidized proteins (Fig. 6 and Table 1). Of particular inter-
est, Cys265 has been proposed to displace the His45 axial ferric
iron ligand at low temperatures when the Cys is in the reduced
state (17). The assumption that equilibrium between Cys265-
Fe3� and His45-Fe3� favored the former was supported by EPR
data obtained at 10 K for the A/C/C and A/C/A mutants. To
further test whether Cys265 is involved in heme binding, we

FIGURE 4. Two-dimensional NMR spectra of A/13C/A HO-2 apoprotein.
A, protein alone (130 �M). B, protein in the presence of a 10-fold excess (1.3
mM) of TCEP. Spectra were recorded at 298 K in 50 mM potassium Pi, pH 7.4,
10% D2O buffer.

FIGURE 5. Two-dimensional NMR spectra of 13C/13C/A HO-2 apoprotein.
A, protein alone (260 �M). B, protein in the presence of a 10-fold excess (2.6
mM) of TCEP. Spectra were recorded at 298 K in 50 mM potassium Pi, pH 7.4,
10% D2O buffer.

TABLE 2
Summary of the two-dimensional NMR chemical shifts for the

13C��Cys free amino acid in the absence and presence of diamide,
NaOH, and heme
Shown are NMR chemical shifts (13C,1H) of [13C�]Cys free amino acid (3 mg/ml) in
the absence and presence of diamide (2.5 mM), NaOH (0.1 N, pH 12), or heme (300
�g/ml, pH 12). Spectra were recorded at 298 K in 50 mM potassium Pi, pH 7.4, 10%
D2O buffer. ppm, chemical shift in parts per million of the spectrometer frequency.


13C��Cys free amino acid Reduced 
13C�Cys Oxidized 
13C�Cys

ppm ppm
Alone 27.8:3.03

27.8:2.98
With diamide 40.5:3.34

40.5:3.13
With NaOH 27.8:2.98
With heme 27.8:3.02 40.0:3.30

27.8:2.93 40.0:3.07
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monitored the chemical shifts of the oxidized and reduced
A/13C/Amutant upon heme titration at 277 K, the lowest tem-
perature accessible with the Bruker 800 spectrometer used in
this study. The NMR spectrum for the A/13C/A apoprotein
recorded at 277 K revealed the presence of two resonances at
13C	 38.5 ppm (Fig. 7A) similar to those observed at 298K (Fig.
4). Upon the addition of 30 and 260�M (2-fold excess) heme, no
significant changes were observed in the chemical shifts. The
spectra of the reduced A/13C/A apoprotein in the presence of
increasing concentrations of heme (0, 50, 150, and 350 �M

(2-fold excess)) were also recorded. The protein was reduced
with 10-fold TCEP for 30 min followed by heme titration. The
reducedA/13C/Aprotein revealed a resonance at 13C	 28 ppm
that decreases in intensity with increasing concentrations of
heme (Fig. 8). Furthermore, the two resonances in the oxidized
Cys region start to reappear (Fig. 8B). This conversion of Cys265
from the reduced to the oxidized state upon heme addition
could reflect interactions of the heme iron atom with Cys or an
increase in the pH of the solution. The heme stock solution is
alkaline, and its addition (1:7 (v/v) ratio of heme to protein
solution) effectively increases the pH of the protein solution by
�2 pH units. The effect of pH increase in the Cys oxidation was
examined by monitoring the spectrum of the free [13C]Cys
amino acid (3mg/ml) upon the addition of 1:7 (v/v) 0.1 NNaOH
(pH 12), where the final pH of the amino acid solution became
�9.5. The stock solution of 0.1 N NaOH used to dissolve heme
is diluted 10-fold with potassium Pi, pH 7.4, buffer before being
titrated into the protein solution. The NMR spectrum showed
that the typical two resonances located in the reduced region
coalesced into one (Table 2), suggesting that the increase in pH
of the solution does not result in Cys oxidation. We also exam-
ined the effect of heme on Cys oxidation by monitoring the
spectrum of the free [13C]Cys amino acid (3 mg/ml) upon the
addition of one-seventh volume of heme stock solution (0.3
mg/ml final concentration). The spectrum revealed two new
resonances in the Cys oxidized region at 13C 	 40 ppm (Table
2). Thus, heme causes oxidation of a Cys residue in the HO-2

protein. The pKa of Cys265 in A/13C/AHO-2 is less than that of
a regular Cys because it is already oxidized at pH 7.4 and, when
reduced by TCEP, is quickly reoxidized even in the presence of
50 �M heme. This suggests that Cys265 is easily accessible in the
A/13C/A protein and can interact with heme.
Heme titration of the reduced 13C/13C/13C (WT) proteinwas

also performed. As mentioned previously, in the presence of
TCEP, this protein shows a change in the chemical shift of the
[13C]Cys resonances from the oxidized to the reduced Cys
region. Only one resonance for the reduced protein is observed
at 13C	 28.2 ppm (Fig. 9). Upon the addition of 50, 150, and 250
�M (2�) heme, no significant chemical shifts of the reduced
resonance is observed and, furthermore, no conversion to the
oxidized Cys region. Similar results were obtained for the
reduced A/13C/13C protein upon the addition of 50, 150, 250,
and 450�M (2�) heme (data not shown), suggesting that Cys265
and Cys282 are in slightly different chemical environments
when both residues are present in HO-2 versus the case when
only one Cys is present.

DISCUSSION

In this study, we expressed all of the possible isotopically
labeled HO-2 proteins in which one, two, or three Cys residues
were labeled with L-[3-13C]cysteine while the other Cys resi-
dues were replaced by Ala. The redox states of the Cys residues
in these HO-2 variants were determined by two-dimensional
1H,13C HSQC NMR spectroscopy in the presence and absence
of the reducing agent TCEP. In addition, the NMR spectra for
the oxidized and reduced proteins were recorded at increasing

FIGURE 6. Heme titration of the HO-2 protein at increasing concentra-
tions of heme. The tryptophan fluorescence spectra of the oxidized WT (100
nM) present in potassium Pi, pH 7.4, buffer upon the addition of 0 –1130 nM

heme is shown. The tryptophan residue was excited at the 290-nm wave-
length, and fluorescence emission spectra were recorded at 22 °C. Inset,
338-nm tryptophan fluorescence intensity versus heme concentration data
fitted to Equation 1, as described under “Materials and Methods.”

FIGURE 7. Heme titration of the oxidized A/13C/A HO-2 protein. A, oxidized
protein (130 �M) alone. B, oxidized protein in the presence of a 2-fold excess
(260 �M) of heme. The two-dimensional NMR spectra were recorded at 277 K.
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concentrations of heme to examine the involvement of Cys res-
idues in heme binding and catalysis. Finally, heme titration
experiments of the oxidized and reduced HO-2 variants using
tryptophan fluorescence quenching were performed to corre-
late the redox state of Cys residues with the affinity of each
HO-2 variant for heme, with the ultimate goal of testing the
putative involvement of anHO-2 thiol/disulfide redox switch in
regulating the affinity of the enzyme for heme.
The NMR spectra of WT HO-2 (13C/13C/13C) and the

A/13C/13C variant exhibited two resonances in the oxidizedCys
region corresponding to Cys265 and Cys282 (Table 1). These
resonances disappeared when TCEP was added, and a new res-
onance appeared in the reduced Cys region. These results indi-
cate that in the WT protein, Cys265 and Cys282 reversibly form
a disulfide bond, in accord with the results of the Ragsdale
group (17).
The NMR spectra of the single and double [13C]Cys-labeled

HO-2 mutants demonstrate that the redox state of a given Cys
residue is sensitive to the absence of one or both of the other
Cys residues. For instance, Cys282 exists in the reduced state
when it is the only Cys present, as revealed by a doublet reso-
nance at 13C 	 28 ppm (Table 1). However, in the presence of
Cys127, it switches to the oxidized state, as illustrated by the
appearance of two resonances in the oxidizedCys region for the
13C/A/13C protein (Table 1). This indicates that Cys127 can
form a disulfide bond with Cys282 when Cys265 is absent. The
formation of this disulfide bond is largely reversible because the

addition of TCEP results in the appearance of NMR resonances
in the reduced Cys region at the expense of the two resonances
in the oxidized region. Thus, Cys282 must be in close proximity
to both Cys265 and Cys127 (Scheme 1).

Cys265 inHO-2 is of particular interest because it exists in the
oxidized state in all the HO-2 proteins containing this residue
(Table 1). Not only is it involved in disulfide bonds with Cys282
and Cys127, but in the absence of these two Cys residues (i.e.
A/13C/A), Cys265 is still in an oxidized state. The nature of the
oxidized sulfur differs, however, as shown by a shift of its two
resonances from 13C 	 40.5 ppm in the WT protein to 13C 	
38.7 ppm in the A/13C/A variant. Nevertheless, the oxidized
thiol can be reduced, as shown by the changes in the NMR
spectrum upon the addition of TCEP. The possibility that
Cys265 forms an intermolecular disulfide bond in the absence of
the other two Cys residues was ruled out by a native gel exper-
iment, in agreementwith previous results (17). Cys265 therefore
appears to be present in the A/13C/A variant as the sulfenic
acid. The sulfenate form of a Cys residue is inherently unstable,
which suggests that the local environment surrounding Cys265
protects it from either further oxidation to the sulfinic or sul-
fonic acid or attack by nucleophiles. This sequestration may
explain the presence of two resonances for the A/13C/A pro-
tein, which presumably arise from the location of the two pro-
tons attached to the 13C� carbon in slightly different chemical
environments. The microenvironment of Cys265 is modulated
in the presence of Cys127, as indicated by the presence of an

FIGURE 8. Heme titration of the reduced A/13C/A protein. A, reduced
A/13C/A protein (175 �M) alone. Reduced protein was obtained by incubating
it with a 10-fold excess (1.75 mM) of TCEP for 30 min. B, reduced A/13C/A
protein in the presence of 150 �M heme. The two-dimensional NMR spectra
were recorded at 277 K.

FIGURE 9. Heme titration of the reduced 13C/13C/13C (WT) HO-2 protein.
A, reduced 13C/13C/13C protein (250 �M) alone. The reduced protein was
obtained by incubating it with a 10-fold excess (2.5 mM) of TCEP for 30 min.
B, reduced 13C/13C/13C protein in the presence of a 1-fold excess (250 �M) of
heme. The NMR spectra were recorded at 277 K.
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additional strong resonance at 13C	 28 ppm for the 13C/13C/A
versus A/13C/A proteins (Table 1).
The difference in the redox states of Cys265 and Cys282 when

one or the other is the only cysteine in the protein reflects dif-
ferences in their microenvironments. This includes differences
in the degree of burial of the thiol groups in a hydrophobic
environment and differences in the electrostatic effect of neigh-
boring charged groups. Charged residues can shift the pKa of
SH groups (normally 8.5) up to 5 units, with positively charged
residues decreasing it and negatively charged ones increasing it
(28). In the absence of structural information on the regions of
HO-2 that contain the cysteines, it is not possible to rationalize
the differences in redox states of the two cysteines.
Cys265 in the A/13C/A variant is easily oxidized by small

amounts of heme even in the presence of TCEP, as observed by
NMR when the protein is titrated with heme. Oxidation of the
thiol presumably involves electron transfer to the ferric heme,
although ferrous hemewas not detected in the system, presum-
ably because it is aerobically reoxidized. A much slower rate of
Cys265 oxidation was observed during heme titration of the
reduced A/13C/13C and 13C/13C/13C proteins, a finding that
confirms that the local environment of Cys265 is altered by the
absence of Cys282. Cys oxidation is caused by heme and not by
an increase in the pH of the solution, as demonstrated by NMR
studies of free, 13C-labeled cysteine incubated aerobically with
either NaOH (pH 12) or heme (pH 12). Interestingly, Cys265
was proposed to replace the His45 axial ligand in the reduced
HO-2 protein at very low temperatures (10 K) (17, 29). To
determine if this ligand exchange occurs at something closer to
physiological temperatures, we monitored the NMR spectrum
of the oxidized A/13C/A mutant at 277 K as heme was titrated
into the solution.No changeswere observed, indicating that the

thiol does not form a stable complex with the heme iron atom.
However, whenCys265 in theA/13C/Aproteinwas first reduced
by TCEP, titration with ferric heme caused the Cys265 signal in
the reduced Cys region to disappear as the two resonances in
the oxidized region appeared, consistent with some form
of transient interaction between the heme iron and the Cys265
thiol group.
Tryptophan fluorescence quenching measurements of the

binding affinity of theWT andmutant HO-2 proteins for heme
revealed an�2.5-fold difference. This difference is minor com-
pared with the 10-fold difference previously reported by the
Ragsdale group (17) based on absorbance spectroscopy. There
are twomain differences between this study and that previously
published. First, the length of HO-2 protein employed is differ-
ent, residues 1–293 followed by six His versus residues 1–288.
The measurements obtained by the two groups of the oxidized
WT HO-2 protein for heme reveal Kd values of 57 and 33 nM,
respectively. These results argue against a significant effect of
the extra 5 residues (positions 289–293) ofHO-2 in the binding
affinity. In addition, our measurements of His-tagged versus
non-tagged HO-2 proteins showed that His tag addition at the
C terminus does not affect heme binding affinity or catalysis.
The second difference is the technique used in the Kd determi-
nation: tryptophan fluorescence quenching versus absorption
spectroscopy. The main advantage of fluorescence quenching
over absorption spectroscopy is the higher signal/noise ratio,
which allows the measurements to be made with nanomolar
rather than micromolar protein concentrations. Furthermore,
accurate measurement of the binding affinity requires protein
concentrations to be at levels lower than or near the Kd value;
otherwise, all of the added ligand will form a protein-ligand
complex until saturation (30). TheHO-2 protein concentration

SCHEME 1. The redox states of Cys127, Cys265, and Cys282 in HO-2 WT (13C/13C/13C) and its Cys to Ala mutant apoproteins in the absence and presence
of TCEP. S, thiolate; SH, thiol, SOH, sulfinic acid; S–S, disulfide bond. The corresponding [13C]Cys NMR signals are indicated.
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utilized in our fluorescence quenching measurements was 100
nM rather than the 8000 nM employed in the previous work, the
former concentration being closer to the Kd value of the WT
(Kd 	 57 nM). In addition, our comparative measurements
obtained with the two techniques showed that the affinity val-
ues determined by absorption spectroscopy were indeed sever-
alfold higher than those obtained by fluorescence quenching.
In this study, we show that all three Cys residues in HO-2 are

in close proximity and interact with each other. Most impor-
tantly, we establish the presence of an intramolecular disulfide
bond between Cys265 and Cys282 in WT HO-2 and show that
the Kd of HO-2 for heme is 0.057 �M in the presence and 0.146
�M in the absence of this disulfide bond. The concentration of
“free” heme in the cell is notoriously difficult to estimate
because it is largely protein-bound, but it has been estimated to
be in the range of 0.1 �M (31), a value consistent with the Kd
values reported here. The 2.5-fold difference in heme affinity
for the proteinswith andwithout the disulfide bond is small and
would at most be responsible for a doubling of the rate of heme
oxidation. This does not convincingly argue for a role of an
HO-2 thiol/disulfide switch in regulating cellular heme and
iron levels. In view of the location of the Cys thiol groups in
HRMmotifs that in other proteins are involved in regulation or
intraorganelle transport, it is likely that the Cys residues in
HO-2 are involved in some formof protein-protein interactions
related to the signaling roles of the protein.
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