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Abstract
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Although heme insertion into proteins enables their function in bioenergetics, metabolism, and
signaling, the mechanisms and regulation of this process is not fully understood. We developed a
means to study cellular heme insertion into apo-protein targets over a 3 h time period, and then
investigated how nitric oxide (NO) released from a chemical donor (NOC-18) might influence heme
(protoporphyrin IX) insertion into seven targets that present a range of protein structure, heme
ligation, and function (three NO synthases, two cytochrome P450’s, catalase, and hemoglobin). NO
blocked cellular heme insertion into all seven apo-protein targets. The inhibition occurred at relatively
low (nM/min) fluxes of NO, was reversible, and did not involve changes in intracellular heme level,
activation of guanylate cyclase, or inhibition of mitochondrial ATP production. These aspects and
the range of protein targets suggest that NO can act as a global inhibitor of heme insertion, possibly
by inhibiting a common step in the process.
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Introduction
Heme proteins perform widespread and essential roles throughout biology, including electron
transfer, redox transformations, small molecule transport, metabolism, catabolism, and signal
transduction (1–3). To perform these roles, heme proteins have evolved into a number of
structural classes. The most common group utilizes protoporphyrin IX bound within the
proteins. Members of this group include globins like hemoglobin and myoglobin, heme thiolate
enzymes like cytochrome P450’s (CYP) and NO synthases (NOS), peroxidases, and PAS-type
signaling proteins (4–7).
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The steps of heme biosynthesis and how heme functions in proteins are well-studied (8–10).
However, with the exception of cytochrome c biogenesis (11) and some aspects of heme
acquisition and catabolism (12,13), relatively little is known about how heme is transported
within eukaryotic cells and becomes inserted into soluble protein targets, or how these
processes might be regulated. These steps are critical, given that free heme is bioactive and
potentially cytotoxic (14) and is normally kept at low intracellular levels (15). A number of
cytosolic heme-binding proteins have been described, which include liver fatty acid binding
protein (16), glutathione S-transferase (17), heme binding protein HBP23 (peroxiredoxin 1)
(18), heme binding protein HBP22 (19) and PAS-domain proteins (20,21). However, their
possible roles in heme transport or insertion reactions have not been tested. Heme insertion
into catalase was shown to possibly occur within the peroxisome (22), and myeloperoxidase
trafficking in cells was found to depend on its heme content (23). Hsp90 is required for heme
insertion into neuronal NOS (24), implying that there is an active cellular mechanism that
involves multiple proteins. Regarding regulation, a general deficiency in iron or heme can
down-regulate heme protein biosynthesis at the level of gene transcription or translation (25–
27), which is upstream from the heme insertion process.
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We previously reported that nitric oxide (NO) could block heme insertion into inducible NO
synthase (iNOS) (29). In that study, iNOS protein expression was induced in the RAW264.7
macrophage cell line by cytokine immune activation, and thus the effect involved NO that was
generated by iNOS within the cells. After some of the early-expressed iNOS protein had formed
an active dimer, the NO it produced was able to progressively antagonize heme insertion into
any subsequently-generated iNOS protein, such that by 8 h post induction, heme insertion into
any new iNOS protein was essentially blocked and the iNOS accumulated as heme-free
monomers (apo-iNOS) within the cells. A variety of experiments established that the NO did
not impact heme availability within the cells but was rather acting to prevent heme insertion
(29). Following this study, the possibility that NO has a broader role in controlling cellular
heme insertion was not pursued and is still unclear.
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To address this issue we sought to examine the effect of NO on heme insertion into several
target proteins. We first developed a cell culture method that can test the ability of NO
(generated in a controlled manner by a chemical NO donor) to inhibit cellular heme insertion
into any soluble protein target. We utilized our method to test if NO inhibits heme insertion
into iNOS and six other heme proteins that utilize protpoporphyrin IX and present a diversity
of protein structure and function, namely, two constitutively-expressed mammalian NOS
enzymes (endothelial NOS, eNOS; neuronal NOS, nNOS), two cytochrome P450 enzymes
(CYP3A4 and 2D6), catalase, and hemoglobin. We found that NO blocked cellular heme
insertion into all of these target proteins, and therefore appears capable of global effects on
cellular heme insertion. The possible mechanisms and biological impacts are discussed.

Experimental Procedures
Materials
Chemicals were purchased from Sigma (St. Louis, MO) or Fischer chemicals (New Jersey).
Molecular mass markers were purchased from Biorad. Enzymes were purchased from New
England Bioloabs (Beverly, MA). PIF was provided by Dr. John Parkinson of Berlex
Biosciences. Hemin was purchased from Sigma. Stock solutions of hemin were freshly
prepared as described elsewhere (30). Mouse catalase cDNA (31) was a gift of Dr. Serpil
Ezurum (Lerner Research Institute, Cleveland Clinic). cDNAs for soluble forms of cytochrome
P450 2D6 and 3A4 (32,33) were a gift from Dr. F. Peter Guengerich (Vanderbilt University).
HEK293T cells that stably express either eNOS (34) or nNOS (35) were gifts from Drs. Bill
Sessa (Yale University) and Solomon Snyder (Johns Hopkins University), respectively.
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Human erythroid leukemia (HEL) cell line K562 were purchased from ATCC. Mouse IFN-γ
was purchased from Genentech (South San Francisco, CA).
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Antibodies
Rabbit polyclonal antibody specific to hemoglobin was purchased from Santa Cruz
biotechnology. Mouse monoclonal antibody specific to Flag was purchased from Sigma. A
monoclonal antibody specific to catalase was obtained from Santa Cruz biotechnology. AntieNOS, nNOS and iNOS antibodies were obtained from BD Transduction Laboratories. These
antibodies were used in western blots and in immunoprecipitation assays following procedures
outlined by the manufacturers.
Cell culture methods, heme depletion, and preparation of centrifuged cell lysates
All cell lines were grown in 100 mm tissue culture dishes. Mouse macrophage RAW 264.7
cells and human embryonic kidney (HEK293T) cells were cultured in DMEM containing 10%
FBS and 5000 units of penicillin-streptomycin. HEK293T cells that were stably-transfected to
express eNOS or nNOS were cultured in a 1:1 mixture of DMEM and HAM’s F-12 containing
L-glutamine and pyruvate, 4.5 g/L glucose, 5000 units/L of Pen-strep, 10% FBS, and 250 μg/
ml of Geneticin (G418). Human erythroid leukemia (HEL) K562 cells were grown in RPMI
1640 medium containing 10% FBS and 5000 units/L penicillin-streptomycin.
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To inhibit heme biosynthesis and deplete stores of intracellular heme the cell lines were cultured
with 250 μM succinyl acetone (SA) for 48 to 72 h prior to use (36). Afterward, the RAW 264.7
cells were given fresh media + SA and induced to express iNOS with Escherichia coli LPS
(50 μg/ml) and mouse IFN-γ (10 ng/ml) in the presence of 3 mM L-NAME (a NOS NO
synthesis inhibitor) as described previously (29). After 16 h of induction, the cells were given
fresh media that also contained the protein synthesis inhibitor cycloheximide (10 μg/ml),
incubated for 30 minutes, and then further incubated with the indicated concentrations of hemin
for variable times as described in the text. In some cases, the NO donor NOC-18 alone or with
hemin was also added. In other cases following iNOS induction, RAW 264.7 cells were given
Antimycin A (10 μM) or 8-Bromo-cGMP (1 mM) for 30 min prior to hemin addition. At the
point of cell harvest, the monolayers were washed twice with 4 ml cold PBS containing 1mg/
ml of glucose, and cells on each plate were collected by scraping in presence of 500μl of lysis
buffer (40 mM EPPS buffer pH 7.6, 10 % Glycerol, 3mM DTT, 150 mM NaCl and 1% NP40).
The collected cells were lysed by 3 cycles of freeze-thawing (in liquid nitrogen and at 37 °C,
respectively). The lysates were centrifuged for 30 min at 4 °C and the supernatants were
collected and stored at −70 °C. Total protein contents of the supernatants was determined using
the Bio-Rad protein assay kit. Similar procedures of culture with SA, cycloheximide, hemin,
NOC-18, and cell supernatant production and storage were utilized for the K562 (HEL),
HEK293T, and stable-transfected HEK293T cells.
Transient transfection of cells
Cultures (50–60% confluent) of SA-treated RAW 264.7 or HEK293T cells were transfected
with pTRE plasmid containing cDNA of CYP 2D6 and CYP 3A4, or pS3 plasmid containing
cDNA for human catalase, using Lipofectamine and following protocols as described by the
manufacturer (Invitrogen). The transfected cells were cultured for up to 42 h in the presence
of SA to allow for expression of the apo-proteins. Afterward, the culture medium was replaced
with fresh medium containing cycloheximide, NOC-18, L-NAME (when needed), and/or
hemin, and the cells were further processed as required in each experiment. The transfection
experiments were carried out in duplicate or triplicate plates and the experiments were repeated
at least three times.
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Confocal Microscopy
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SA-pretreated Raw 264.7 cells were cultured on glass coverslips. Cells were cytokine induced
for 16h in the continued presence of SA. PIF (1 μM) and as indicated hemin (5 M) and NOC-18
(125 M) were added to the induced cells for 3h at 37°C. Cells on coverslips were washed 3
times with PBS and distilled water and fixed with 4% formaldehyde. Coverslips were mounted
on the glass microscope slides with Vectashield mounting medium containing DAPI (Vector
labs) to visualize nuclei. Confocal images were taken under 63X objective lens (zoom 3) of a
Leica TCS-SP_AOSB laser confocal microscope and processed using Leica confocal software
version 2.5.
UV-visible spectroscopy
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UV-visible wavelength scans were recorded at room temperature between 350–700 nm on a
Cary or Shimadzu spectrophotometer. To measure heme incorporation into NOS or CYP
proteins the supernatants were diluted 1 to 3 fold in EPPS buffer (40 mM EPPS buffer pH 7.6,
10% glycerol and 150 mM NaCl) in a cuvette, bubbled with CO, and then reduced by adding
a small amount of dithionite. Spectra of each sample were recorded before the CO-bubbling
and after dithionite addition to obtain a calculated difference spectrum. The concentrations of
heme-containing NOS were determined from the Soret absorbance peak at 444 nm using the
extinction coefficient 74 mM−1cm−1 (37). The heme content for hemoglobin was determined
from the Soret absorption peak at 414, using the extinction coefficient of 342.5 mM−1cm−1 for
the tetramer. The heme content of CYP enzymes in cell supernatants was estimated from the
absorbance difference at 450 nm of the ferrous CO-bound and ferrous enzyme forms, using an
extinction coefficient of 91 mM−1cm−1 (38).
NO release from NOC-18
The NO-mediated conversion of oxy-hemoglobin to methemoglobin was used to determine
the rate of NO release from NOC-18 at 37 °C. Various concentrations of NOC-18 were added
to cuvettes that contained DMEM, 10% FBS, and 10 μM oxy-hemoglobin. The absorbance
gain at 401nm was recorded over a 3.5 h period. The rate of NO release was calculated using
the difference extinction coefficient of 38 mM−1cm−1 (39).
NOC-18 Dose curve
RAW264.7 cells with SA pre-treatment were induced to express iNOS with LPS and γinterferon. Cycloheximide was added 30 min prior to addition of 7.5 μM hemin and various
concentrations of NOC-18 (0, 5, 10, 25, 50, 75, 100, 125, and 150 μM). The cells were further
incubated for 3 hours. Cells were harvested, the supernatants prepared, and the concentration
of heme-containing iNOS was determined as described above.
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SDS-PAGE, Western blotting, and Heme Stain analysis
In general, 40 μg of total protein from each cell supernatant was loaded onto 8% or 12%
denaturing SDS-PAGE gels. Resolved proteins were electro-blotted onto PVDF membranes,
probed with the respective antibodies, and visualized using an ECL kit (GE-Amersham). Heme
staining of SDS-PAGE gels was performed according to Klatt et al (40). Supernatant samples
to run on these gels were prepared in 6x Laemmli loading buffer without beta-mercaptoethanol.
SDS-PAGE was performed in a cold room. Gels were washed in a methanol-sodium acetate
solution (3:7 v/v; pH 5, 0.25 M) for 10 min and incubated in a freshly-prepared solution of
methanol-sodium acetate buffer containing 6 mM o-dianisidine for 20 min. Gels were then
developed for 1 h by adding 60 mM hydrogen peroxide. After developing, the gels were washed
for 30 min for destaining in a solution of water, acetic acid, and methanol (8:1:1 v/v) and then
photographed.
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Measurement of cellular NO Synthesis
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NO synthesis by macrophage cells RAW 264.7 was estimated using a colorimetric assay for
nitrite as previously described (41).
Pyridine hemechromogen assay
Total heme in cell supernantants was measured through the formation of a pyridine heme
chromogen (29). Briefly, 60μl of the cell supernatant was mixed with 240 μl heme chromogen
reagent (40:60 pyridine:H2O, 200 mM NaOH), and the heme iron was reduced by adding a
few grains of sodium dithionite. Heme chromogen formation was detected at 556 nm and the
concentration was calculated using a molar extinction coefficient of 34.6 mM−1 cm−1.
Partial purification of hemoglobin from K562 cells
Hemoglobin was partially purified from K562 cell supernatants following a procedure derived
from earlier techniques (42). The K562 cell supernatants were loaded onto DEAE-cellulose
(Whatman DE-52) columns equilibrated with 0.2 M glycine buffer (pH 7.8). The bound
proteins were washed extensively with 0.2 M glycine buffer containing 5 mM NaCl (pH 7.8).
Hemoglobin was eluted with 0.2 M glycine buffer containing 100 mM NaCl (pH 7.8).
ATP measurement
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Cellular ATP concentrations were estimated in a 96 well luminescent plate reader, using the
ATPlite assay kit (Perkin Elmer). The ATPLite assay system is based on the production of
light caused by the reaction of ATP with added luciferase and D-luciferin.
Catalase activity assay
Catalase activity in cell supernatants was measured in a 96 well plate reader, using a catalase
activity assay kit (Cayman chemicals). The assay involves the catalase-mediated conversion
of methanol to formaldehyde in the presence of added hydrogen peroxide. The formaldehyde
is detected spectrophotometrically after its reaction with 4-amino-3-hydrazino-5mercapto-1,2,4-triazole (Purplad) (43).

Results
Method to study heme insertion into cellular proteins
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Fig. 1 diagrams the general method we developed to study heme insertion into target proteins
expressed in intact cells. Cell cultures were made heme-deficient by growing them for 2 or 3
days in the presence of SA (36), which blocks heme biosynthesis by inhibiting d-aminolevulinic
acid dehydratase, the second enzyme of the heme biosynthetic pathway. The target protein of
interest was then induced or expressed in its heme-free (apo) form in the cells over a 16–42 h
period. Hemin and cycloheximide were then added to the cell culture medium and the cells
were cultured for an additional 2 to 3 hours in the presence or absence of hemin and other
additives, followed by cell lysis and assessment of target protein expression and heme
incorporation by various methods. Advantages of this method include a relatively short time
window for monitoring heme insertion into the target protein (0 to 3 h) and the use of
cycloheximide to prevent the synthesis of new proteins (target proteins or otherwise) during
the heme incorporation period. These aspects minimize or eliminate confounding effects that
might be caused by gene induction or changes in target protein levels in the cells in response
to added heme or NO (44–47), because these effects typically require new protein synthesis
and/or cellular processes that only manifest after longer periods of exposure.
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Heme incorporation into iNOS
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Fig. 2 and Fig. S1(supplemental data) contain data from representative experiments that
examined how varying the concentration of added hemin affects cellular heme incorporation
into apo-iNOS expressed in RAW264.7 cells. We measured heme incorporation after 3 h of
hemin exposure by generating soluble cell supernatants and forming the ferrous heme-CO
complex, which absorbs at 444 nm and specifically detects only heme-containing iNOS
because no other heme-thiolate protein is expressed at detectable levels in the RAW264.7 cells.
Fig. S1 contains the UV-visible spectral traces recorded for the cell supernatants, while Fig.
2A shows the hemin dose-response curve that was derived from this data after normalizing the
concentrations of heme-replete iNOS to the total protein content of each cell supernatant. Over
the 3 h incubation period we observed a maximal heme incorporation with 7.5μM added heme,
and usually observed less heme incorporation at higher concentrations as shown (10 μM). An
optimal heme concentration range of 4 to 8 μM was observed in replica experiments (data not
shown). Fig. 2B shows that apo-iNOS accumulated in the SA-treated cells, consistent with
previous results (29) and showing that the 3 h hemin treatment did not effect total iNOS protein
expression in the cells. Heme incorporation into iNOS as determined by the P450 spectroscopic
measure was confirmed by in-gel heme staining of the iNOS protein band (Fig. 2C).
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We next performed similar experiments to determine the kinetics of heme incorporation into
apo-iNOS expressed in the SA-treated RAW 264.7 cells. Fig. 3A shows the time course for
heme incorporation into apo-iNOS, which was detectable after 20 min of cell culture and
approached a plateau after 90 to 120 min. By this point, the cells had restored an amount of
heme-replete iNOS that was equivalent to the amount of heme-containing iNOS in control cell
cultures that had not been made heme-deficient with SA before or during the induction of iNOS
protein expression (-SA, Fig. 3A). Equivalent iNOS protein was present in the cell cultures at
each harvest time (Fig. 3B), and the time course of iNOS heme insertion as determined
spectroscopically was confirmed by in-gel heme staining (Fig. 3C). The data show that cellular
heme incorporation into a target protein can be studied using exogenously added hemin over
a relatively short time frame.
Effect of NO on heme incorporation into iNOS
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In order to study how NO affects heme incorporation in a controlled manner, we chose to use
a well-characterized NO releasing chemical agent (NOC-18) (48). We first determined the rate
of NO release from NOC-18 under our cell culture conditions using the oxyhemoglobin
spectroscopic assay for NO. Fig. 4A (inset) shows that NO release from NOC-18 was linear
and concentration-dependent. We next determined what concentration of NOC-18 would
inhibit heme incorporation into apo-iNOS in our cell culture model. SA-treated, cytokineinduced RAW 264.7 cells that contained apo-iNOS were given various concentrations of
NOC-18 (0-150 μM) at the point of hemin and cycloheximide addition, were cultured 3 h
further, and then had heme incorporation into iNOS assessed. Fig. 4A shows that NOC-18
inhibited heme incorporation into iNOS in a concentration-dependent manner, with complete
inhibition requiring NOC-18 concentrations above 50 μM. On this basis, we chose to utilize
125 μM NOC-18 in our subsequent cell culture studies. At 125 μM NOC-18 the measured rate
of NO release under our culture conditions was 210 nM NO per min (Fig. 4A inset).
Results from a typical cell culture experiment that used 125 μM NOC-18 to block heme
insertion into apo-iNOS are shown in Fig. 4B. We also tested for reversibility of the NO effect
by removing the NOC-18 from a few of the cell cultures after the 3 h incubation with hemin,
and then culturing these cells for an additional 3 h in fresh media without NOC-18 or hemin
(but with cycloheximide) before lysing the cells. The data confirm that 125 μM NOC-18
blocked cellular heme incorporation into apo-iNOS over the 3 h period, and also show that the
block was significantly reversed during a subsequent 3 h culture period after removing the
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NOC-18. The NO inhibition of iNOS heme incorporation was also shown by fluorescent
microscopy using PIF (Fig. 4C), an iNOS-specific heme-binding compound (36), and by ingel heme staining (Fig. 4D). Thus, NO released from NOC-18 can inhibit cellular heme
incorporation into iNOS, much as does NO that is naturally-generated from iNOS (29), and
the NO effect on heme incorporation is reversed within a few hours after removing the NOC-18.
Potential importance of NO on cellular heme uptake, ATP level, and activation of soluble
guanylate cyclase
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We tested potential mechanisms by which NO might block heme incorporation. We measured
the heme content of the cell supernatants by the pyridine heme chromogen method (29) to
judge whether NO inhibited hemin uptake by the cells (Fig. 4E). The induced, SA-treated
RAW264.7 cells had very low intracellular levels of heme compared to induced cells that were
not treated with SA, confirming the effectiveness of the SA treatment. NOC-18 did not prevent
the cells from internalizing the exogenously added hemin. Given that heme incorporation is
likely to be an energy-requiring process, and NO can inhibit mitochondrial energy production,
we checked whether NO may act by lowering the cellular ATP content. However, the data in
Fig. 4F and 4G show that heme incorporation into apo-iNOS was insensitive to the
mitochondrial poison antimycin A, despite its lowering the cellular ATP level below what was
present in the NOC-18 treated cells. We also found that 8-bromo cGMP did not inhibit heme
insertion into apo-iNOS (Fig. 4F), indicating that the NO effect on heme insertion is
independent of its activating soluble guanylate cyclase.
Effect of NO on heme incorporation into other proteins
We adopted our cell culture and analysis procedures described above to study how NO might
impact cellular heme insertion into the two constitutive NOS, two CYP enzymes, a peroxidase,
and a globin.
eNOS and nNOS
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In these cases, we utilized stabily-transfected HEK293T cells that constitutively express either
eNOS or nNOS (34,35). The cells were pre-cultured for 2 or 3 days with or without SA to
deplete intracellular heme and to allow build up apo-eNOS or apo-nNOS. The continued
expression of eNOS and nNOS under the SA condition was verified by Western analysis (Figs.
5 and 6 panels B). The cells were then subject to culture for 3 h with cycloheximide and with
or without hemin and NOC-18. Figs. 5 and 6, panels A and Fig. S2 (supplemental data) contain
representative data demonstrating that NO released from NOC-18 inhibited heme insertion
into both eNOS and nNOS, and that the NO inhibition was partly reversed during a subsequent
3 h culture after removing the NOC-18. Equivalent eNOS or nNOS protein expression was
observed under all treatment conditions, and the heme incorporation results were confirmed
by in-gel heme staining of the cell supernatants (Figs. 5 and 6, panels B). Thus, NO inhibited
cellular heme incorporation into eNOS and nNOS.
CYP 2D6 and 3A4
We next tested if NO would effect heme insertion into cytochrome P450 enzymes, which are
five-coordinate heme-thiolate enzymes like NOS but otherwise share no primary, secondary,
or tertiary protein structural features (49,50). HEK293T cells that had been made hemedeficient by a few days culture with SA were transiently-transfected to express either of two
CYP proteins (2D6 and 3A4) that had been genetically modified at their N-termini to allow
their expression in a more soluble form (31,32). Heme incorporation was then examined after
a subsequent 3 h culture period with hemin in the presence or absence of NOC-18. Figs. 7B
and C show that the cells expressed similar levels of CYP proteins independent of the SA
treatment. Heme incorporation into the apo-CYP proteins was detectable by either UV-visible

Free Radic Biol Med. Author manuscript; available in PMC 2011 June 1.

Waheed et al.

Page 8

NIH-PA Author Manuscript

spectroscopy (Fig. 7A, and Fig. S3, in the supplemental data) or by in-gel heme staining of the
cell supernatants (Fig. 7B and C). The SA treatment caused the cells to primarily express the
apo form of either CYP enzyme, and heme was incorporated into the apo-forms during
incubation of the cells with hemin. NOC-18 blocked heme incorporation into CYP 2D6 and
3A4 enzymes, and heme incorporation resumed in both cases during cell culture after removal
of the NOC-18.
Catalase
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Catalase is a heme-containing peroxidase that catalyzes the dismutation of H2O2 to water and
O2. The enzyme is a tetramer and each subunit contains a catalytically-essential, fivecoordinate heme whose iron is ligated to the protein via a tyrosine oxygen (51). We transiently
transfected SA-treated HEK293T cells with an expression vector for human catalase (31), and
then examined heme incorporation into the expressed apo-enzyme after subsequently culturing
the cells 3 h with hemin in the presence or absence of NOC-18. Fig. 8, panel A contains
representative data we obtained with cell supernatants generated under each experimental
condition. Catalase protein expression was increased in the SA-treated transfected cells, and
the level of catalase protein expression was unaffected by the 3 h NOC-18 or hemin treatments.
Corresponding in-gel heme staining of the cell supernatant samples shows that there was a very
low heme content in the catalase expressed in the SA-treated cells. However, the apo-catalase
was able to incorporate added hemin. The heme incorporation was inhibited by NOC-18, but
could be restored upon removal of the NOC-18 and further culture for 3 h. Fig. 8, panel B
shows the corresponding catalase activity levels we measured in the cell supernatant samples.
Despite an increase in total catalase protein expression, the cellular catalase activity in the
catalase-transfected, SA-treated cells did not increase above the background level (vector),
consistent with the cells expressing apo-catalase under this condition. The subsequent culture
with hemin greatly increased the cellular catalase activity, and the increase in activity was
much less in cells receiving coincident NOC-18 treatment. The catalase activity in the NOC-18
treated cells did increase after the NOC-18 was removed and the cells were cultured an
additional 3 h. These catalase activity measurements are consistent with the heme-staining
results in Panel A, and together establish that NO blocked cellular heme incorportation into
catalase in a relatively reversible manner.
Hemoglobin
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We next examined if NO could block cellular heme insertion into hemoglobin by utilizing the
human erythroid leukemia (HEL) cell line K562, which is known to express hemoglobin
(52). K562 cells that had been pre-cultured with SA were given hemin for 3 h in the absence
or presence of NOC-18, and the cell supernatants were collected and processed to determine
hemoglobin content and heme insertion. Some of the cell cultures that received hemin and
NOC-18 were washed to remove the NOC-18 and were then cultured an additional 3 h to test
for reversibility of the NO effect. Cell cultures that were only SA-treated or were not SA-treated
served as controls. Because the spectrum of hemoglobin is fairly similar to other cellular heme
proteins or non-specifically bound heme, we performed DEAE-cellulose column
chromatography on identical total protein amounts from each cell supernatant to semi-purify
the hemoglobin. This assured that we could quantify its heme content. Eluted hemoglobin
samples from each cell supernantant were scanned in a UV-visible spectrophotometer and also
resolved on SDS-PAGE to undergo Western analysis for total hemoglobin protein content and
in-gel heme staining. Aliquots of samples also underwent Western analysis for their
hemoglobin content prior to and following the semi-purification step.
The results of Western analysis (Fig. 9, upper panel, A and B) show that the various cell
treatments did not significantly alter expression of hemoglobin in the K562 cells, and also show
that equivalent amounts of hemoglobin protein were present in the eluted semi-purified samples
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following DEAE-cellulose chromatography. The absorption spectra of the semi-purified
hemoglobin samples are shown in Fig. 9, lower panel. The data confirm that the K562 cells
contained hemoglobin and show that culturing the cells with SA significantly reduced the heme
content of their hemoglobin. Heme addition to the SA-treated cells enabled heme incorporation
into the apo-hemoglobin, and NOC-18 significantly inhibited this heme incorporation.
Culturing the NOC-18 treated cells for an additional 3 h after NOC-18 removal resulted in
heme incorporation into the apo-hemoglobin. The bar graph in the lower panel inset quantifies
the spectral results based on the Soret absorbance we obtained for the semi-purified hemoglobin
samples at 414 nm. The spectroscopic results were confirmed by in-gel heme staining of the
eluted samples (Fig. 9, upper panel, C). We conclude that cellular heme insertion into
hemoglobin was inhibited by NO, but recovered after the NO donor was removed.

Discussion
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We found that NO inhibits cellular heme insertion into a variety of protein targets. The different
structures, heme-binding folds, and heme iron ligating residues (tyrosine, histidine, cysteine)
of the target proteins imply a global nature for the NO inhibition. NO was effective at relatively
low flux rates (nM NO/min), the inhibition took hold quickly, and was relieved fairly quickly
when the NO donor was removed. The inhibition did not involve NO effects on soluble
guanylate cyclase, gene induction or protein expression, cellular ATP content, or heme uptake.
Together, the results are consistent with NO acting on a common step during cellular heme
insertion.
Potential mechanisms of action
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NO could impact cellular heme insertion by direct or indirect means. One mechanism could
involve NO binding directly to the heme iron during its transfer or insertion. NO displays
sufficiently good affinity toward both liganded and unliganded heme (53,54). Indeed, chemical
agents that coordinate strongly to heme in cells, like the substituted imidazoles clotrimazole
and miconazole (55), are known to block cellular heme insertion into iNOS (56,57). However,
these bulky imidazoles are likely to act through a steric effect, while NO is a small ligand that
can be accommodated within the heme pocket of most heme proteins. When NO binds to the
heme, it typically reduces the strength of the axial bond formed between the heme iron and a
coordinating protein residue, and can weaken the bond or can even cause it to break (53). These
effects have been demonstrated when NO binds several heme proteins including NOS (58,
59), CYP (60–62), soluble gualylate cyclase (63,64), and hemoglobin (65,66), some of which
are target proteins in our current study. Axial ligation is only a partial energetic contributor to
heme binding in proteins, which also involves ionic and hydrophobic or van der Walls
contributions between the protein and the porphyrin ring (67–70). However, axial ligation can
be coupled to associated protein conformational changes (71–73). Thus, if NO binding to heme
iron weakens or prevents axial ligand formation and any associated protein conformational
changes, this could potentially interfere with stable heme binding to a heme carrier or target
protein, or disrupt heme transfer between them. Indeed, metalloporphyrins that do not form
stable axial ligand bonds are sometimes not inserted well into target proteins in cellular
reconstitution systems (71). NO was also proposed to release heme from CYP enzymes when
it was studied at the cell and microsomal membrane level2 (62). However, NO binding does
not typically cause heme to be released from purified heme proteins, and the literature shows
that NO binding does not release heme from any of the purified protein targets that we studied
here. In sum, NO could act by directly binding to the heme iron, which by altering the
characteristics of the protein-heme axial bond could interfere with productive heme transport
or stable heme insertion into the target apo-protein. This mechanism would be consistent with
2The ability of NO to cause heme loss from CYP was not tested in purified enzyme systems.
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NO might also inhibit cellular heme insertion by causing covalent modifications in heme
transfer proteins or in the apo-protein targets themselves. Common NO-based protein
modifications include nitrosation of cysteine residues or nitration of tyrosine or tryptophan
residues (74,75). These protein modifications require that NO be transformed into chemically
distinct nitrosating and nitrating species, respectively, which are processes that occur naturally
in most cellular systems where NO is generated by NOS or is released from a chemical NO
donor (74). Evidence indicates that protein nitrosation or nitration reactions can occur very
soon after cells become exposed to NO (76,77), and the repair or loss of these protein
modifications can also be sufficiently rapid (78,79) to potentially match what we observed
regarding the onset and relief of the NO inhibition of cellular heme insertion. Proteomic studies
show that NO-driven S-nitrosation or nitration in cells has preferred protein targets (80–83),
including hsp90 (84,85), which has been implicated in heme insertion into neuronal NOS
(24). Denitrosation of cysteine residues can occur and involve reactions that are catalyzed by
cellular enzymes including thioredoxin, glutathione SNO reductase, and protein disulfide
isomerase (78, 81, 86 and 87). Such enzymes might control the sensitivity of cellular heme
insertion to NO or the capacity of cells to recover heme insertion. Bound heme may also
facilitate protein nitration in some cases (88–90). Our current work provides a platform to
investigate these aspects and determine whether nitrosative or nitrative protein modification
impact cellular heme insertion.
Possible Biological Implications
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The proteins we identified whose heme insertion is sensitive to NO perform critical biological
functions, including oxidant removal (catalase), O2 transport (hemoglobin), cell signaling and
immuno-protection (NOS), oxidation of xenobiotics and arachidonic acid metabolism (CYP).
All of these functions depend on heme being incorporated into the proteins. Although this lends
significance to our findings, what is the likelihood that NO generated naturally by NOS
enzymes would inhibit cellular heme insertion as we observed here using NOC-18? As noted
previously, we purposely utilized NOC-18 instead of a cellular NOS enzyme in order to achieve
a standard and reproducible means to study how NO effects cellular heme insertion into
different target proteins. One issue we can consider is the NO flux (released from NOC-18)
that was required to inhibit cellular heme insertion, and whether this flux is achievable in cells
expressing NOS enzymes. A NOC-18 concentration of 50 to 100 μM completely inhibited
heme insertion in our cell cultures. This produced measured NO fluxes of between 50 and 100
nM/min in our culture condition, and based on measurements done in similar cell culture
experiments (92), would be expected to create a steady-state concentration of about 50 to 100
nM NO in the cultures. This range is comparable to the NO flux and NO concentration that is
generated in cultures of primary cells that express iNOS naturally or do so following infections
of the host animal or treatment with cytokines or bacterial lipopolysaccharide (Kuppfer cells,
tissue macrophages, lung epithelial cells) (91–93) and in several cell lines that express iNOS
(RAW 264.7 and J774 macrophage cells; CaCo and A549 epithelial cells) (94–96,106). On the
other hand, cells that express eNOS or nNOS tend to generate a much smaller NO flux that
might be too low to significantly inhibit cellular heme insertion, all else being equal. These
considerations suggest that NO is probably able to broadly inhibit heme insertion in cells or
tissues that express iNOS. Indeed, evidence in the literature already indicates or implies that
iNOS-derived NO can inhibit cellular heme insertion into four of the protein targets we studied
here, namely iNOS, hemoglobin, catalase, and CYP. This is most clearly shown for iNOS:
Inducing iNOS expression in a macrophage cell line led to NO generation that was sufficient
to inhibit heme insertion into iNOS protein that was subsequently expressed in the cells (29).
Similar data is available for hemoglobin. Malech and colleagues (52) showed that inducing
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iNOS expression in the hemoglobin-containing K562 melanoma cells (also used here) led to
much less hemoglobin spectral signal in the cells, which they attributed to a lower protein
expression and to buildup of apo-hemoglobin. Catalase activity is also down-regulated when
iNOS is expressed in a variety of cells, without causing a significant drop in the catalase protein
expression level (97). CYP enzymes deserve a special consideration due to the many reports
that show iNOS expression diminishes the activity or heme content of CYP in a variety of
settings, including whole-animal, hepatocytes, microsomes, and transfected cell lines (98–
102). In these cases, inducing iNOS expression with cytokines or through inflammation
typically meant that relatively long exposures to NO were involved (several hours or days),
which makes it difficult to rule out multiple mechanisms of action in causing their observed
changes in CYP activity or heme content. Nevertheless, in some studies the effect on CYP
activity was correlated with a diminished CYP heme spectral signal, and a significant
proportion of the lost activity was recoverable upon blocking the NO source and providing
heme (62). Interestingly, the levels of total CYP protein were often not changed much in these
studies, despite NO diminishing the CYP heme spectroscopic signals and their enzymatic
activities. This is consistent with iNOS-derived NO blocking heme insertion into the CYP
proteins and causing them to accumulate in an apo form, similar to what we observed in our
SA-treated cell cultures. Thus, our current findings highlight a new mechanism by which iNOS
induction and consequent NO release may diminish CYP and catalase activities and limit
formation of functional NOS or hemoglobin; namely, NO can broadly inhibit heme insertion
into apo-enzymes. This acute effect on heme insertion would perhaps complement and overlap
with other cellular mechanisms of NO that arise during a longer or chronic NO exposure (i.e.,
changes in gene induction, protein expression and degradation, or heme biosynthesis), or
perhaps that involve NO causing loss of previously-inserted heme (as suggested only for the
CYP enzymes). On a broader scale, the NO inhibition of cellular heme insertion might help
explain how anemia or altered drug metabolism can develop in subjects with chronic
inflammation that is associated with parasitic infections (103), alcoholism (104), or advanced
age (105). These possibilities can now be investigated.
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Figure 1. General method to study heme insertion into heme-free protein targets in cells, and the
effect of NO

See text for details.

NIH-PA Author Manuscript
NIH-PA Author Manuscript
Free Radic Biol Med. Author manuscript; available in PMC 2011 June 1.

Waheed et al.

Page 19

NIH-PA Author Manuscript
NIH-PA Author Manuscript

Figure 2. Cellular heme incorporation into iNOS as a function of added hemin concentration

Raw 264.7 cells were treated with SA for 48 hours and then induced for 16 hours to express
apo-iNOS. The cells were then incubated for 3 h with the indicated concentrations of hemin,
and soluble cell supernatants were prepared for analysis. Panel A, content of heme-replete
iNOS in the cell supernatant samples as determined by difference spectroscopy of the
dithionite-reduced, CO-treated samples. Panel B, Western analysis of total iNOS protein
expression in the cell supernatant samples that contained equal total protein. Panel C, SDSPAGE of supernatant samples (equal total protein) followed by in-gel heme staining of the
iNOS protein band. Data are representative of 3 separate experiments.
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Figure 3. Time course of cellular heme insertion into iNOS

NIH-PA Author Manuscript

RAW 264.7 cells were cultured and induced to express apo-iNOS as explained in the legend
of Fig. 1. Supernatants were made from cell cultures harvested at the indicated times following
7.5 μM hemin addition. Panel A, Buildup of iNOS heme content (determined by the
spectroscopic method) versus time, with values normalized per mg total protein. Panel B,
Western analysis of total iNOS protein expression in the cell supernatant samples that contained
equal total protein. Panel C, In-gel heme staining of the iNOS protein band. Data are
representative of 3 separate experiments.
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Figure 4. Effect of NO on cellular heme incorporation into iNOS and potential importance of
cellular heme uptake, ATP level, or activation of soluble guanylate cyclase

RAW 264.7 cultures with or without 48 h SA pretreatment were induced to express iNOS.
Cultures were then treated with 7.5 μM hemin in the absence or presence of the indicated
NOC-18 concentrations for 3 h, the cells were harvested and cell supernatants prepared. In
some cases the cultures were washed to remove NOC-18 and heme after 3 h and then were
cultured an additional 3 h before harvest. In other cases following iNOS induction, RAW 264.7
cells were pretreated for 30 min with Antimycin A (10 μM) or 8-Bromo-cGMP (1mM) prior
to hemin addition. Panel A, heme incorporation into iNOS (determined spectroscopically) as
a function of NOC-18 concentration. Inset, rates of NO release by NOC-18 under the culture
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conditions. Panel B, heme incorporation into iNOS under the indicated culture conditions and
using 125 μM NOC-18. Panel C, Cellular heme incorporation into iNOS as determined by PIF
staining and confocal fluorescence microscopy. SA-pretreated Raw 264.7 cells cultured on
glass coverslips were induced to express apo-iNOS and the effect of NOC-18 on heme
incorporation was assessed as described above. Confocal images were taken under different
conditions as indicated. Panel D, equal total protein contents from each cell supernatant
underwent SDS-PAGE analysis and were either heme-stained (the iNOS protein bands are
shown) or subject to Western analysis using an anti-iNOS antibody. Panel E, cell supernatants
were analyzed for total soluble heme content using the pyridine hemechromogen method.
Panel F, equal total protein amounts from each cell supernatant were either Western blotted
with iNOS antibody or heme-stained. Panel G, total ATP in the cell supernatants was measured
using the ATPlite assay kit, and normalized with respect to the total protein concentrations.
Results are representative of two or three trials each.
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Figure 5. Effect of NO on cellular heme incorporation in nNOS
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HEK293T cell lines stably-expressing nNOS were treated with SA for 48 h followed by 7.5
μM hemin treatment for 3 h in the absence and presence of 125 μM NOC-18. Cells were
harvested and cell supernatants prepared. Some cultures treated with hemin and NOC-18 were
washed to remove NOC-18 and heme and then cultured for 3 h longer prior to harvesting.
Panel A, Heme incorporation into nNOS under the indicated conditions (determined by the
spectroscopic method) with values normalized per mg total protein. Panel B, nNOS protein
expression in aliquots of equal total protein content for each supernatant sample, and in-gel
heme-staining of the nNOS protein bands. Results are representative of three trials.
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Figure 6. Effect of NO on cellular heme incorporation in eNOS

Similar experiments were performed with HEK293T cells stably expressing eNOS as described
in the legend of Figure 5. Panel A, Heme incorporation into eNOS under the indicated
conditions (determined by the spectroscopic method) with values normalized per mg total
protein. Panel B, eNOS protein expression in aliquots of equal total protein content for each
supernatant sample, and in-gel heme-staining of the eNOS protein bands. Results are
representative of three trials.
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Figure 7. Effect of NO on cellular heme incorporation into CYP 2D6 and 3A4

HEK293T cells were treated with SA for 48 h followed by transient transfection to initiate
CYP 2D6 or 3A4 protein expression. At 24 h post-transfection the cells were treated with 7.5
μM hemin alone or with 125 μM NOC-18 for 3 h before being harvested and supernatants
prepared. Some cell cultures were washed to remove NOC-18 and hemin and were then
cultured for an additional 3 h prior to harvesting. Panel A, Heme incorporation into the CYP
apo-enzymes under the indicated conditions (determined by the spectroscopic method) with
values normalized per mg total protein. Panels B and C, Western analysis of CYP protein
expression levels in aliquots of equal total protein content for the supernatant samples, and
corresponding in-gel heme staining of the CYP protein bands. Results are representative of
three trials.
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Figure 8. Effect of NO on cellular heme incorporation into catalase

HEK293T cells were treated with SA for 48 h followed by transient transfection of vector for
catalase expression. At 24 h post-transfection the cells were treated with 7.5 μM hemin alone
or plus 125 μM NOC-18 and were incubated for 3 h before being harvested. Some of the
cultures had their media replaced to study hemin incorporation for 3 h after NOC-18 removal.
(A) Western analysis of catalase expression in aliquots of 250μg total protein from each
indicated supernatant sample, and corresponding in-gel heme staining of the catalase bands.
(B) Catalase activity determined for aliquots of equal total protein from the indicated
supernatant samples. Results are representative of three trials.
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Figure 9. Effect of NO on cellular heme insertion into hemoglobin

Human erythroid leukemia (HEL) cell line K562 were treated with SA for 72 h and then the
cells were given 7.5 μM hemin alone or plus 125 μM NOC-18 and were incubated for 3 h
before being harvested. Some of the cultures had their media replaced to study hemin
incorporation for 3 h after NOC-18 removal. Upper panels- (A) Western analyses of
hemoglobin expression in equal total protein amounts of each cell supernatant as indicated or
(B) hemoglobin levels in the semi-purified supernatant samples, (C) the corresponding in-gel
heme stain of the semi-purified hemoglobin protein bands. Lower panel- UV-visible spectra
of semi-purified hemoglobin fractions from the various supernatants as indicated, depicting
the Soret absorption peak at 414 nm. Inset shows a bar graph depicting the heme content of
the semi-purified hemoglobin fractions based on the Soret abrobance at 414 nm. Results are
representative of three trials.
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