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Abstract
Free heme binds to heme oxygenase as a prosthetic group and substrate in the conversion of heme
to biliverdin, carbon monoxide, and free iron. Current methods for quantifying heme oxygenase-1
(HO-1) involve reconstitution of the enzyme with heme, followed by a hydroxyapatite column to
remove the excess heme. As a result of the hydroxyapatite chromatography, there are significant
losses of purified protein. We have developed a method which allows accurate quantitation of HO-1
using a heme titration and elimination of the final hydroxyapatite column, increasing the amount of
purified protein.

Heme oxygenase-1 (HO-1) is an inducible enzyme responsible for the oxidative cleavage of
heme to biliverdin, carbon monoxide and free iron (1). Heme is a heterocyclic porphyrin with
an iron center which serves as cofactor or prosthetic group for a number of proteins classified
as hemoproteins. The binding of heme to HO-1 is unique because heme serves as both cofactor
and substrate, and is degraded upon the addition of reducing equivalents. Recombinant HO-1
proteins from a variety of species have been expressed and purified, with human and rat most
commonly studied (2,3). The deletion of 23 C-terminal amino acids, which serve as the
membrane spanning domain (4), allowed for a swift purification of truncated human HO-1
(sHO-1) in large quantities. Standard purification procedures of sHO-1 produce a purified
protein that must be reconstituted with heme to calculate the specific HO-1 concentration (3).
Excess heme is removed from the HO-1-heme complex via passage through a final
hydroxyapatite (HA) column. The HO-1-heme spectrum includes a Soret band at 405 nm,
which is commonly utilized to quantify the complex with an extinction coefficient of 140
mM−1 cm−1 (5). The HO-1-heme complex produces a distinct absorption spectrum in
comparison to the apoprotein. This report describes an improved method to quantify HO-1
using a heme titration, eliminating the final HA column, and effectively increasing the total
purified protein.

For these studies, truncated, human HO-1 was purified by a previously described method, with
minor modifications (3). Following the expression of sHO1 in E. coli strain DH5α, the media
appeared green in color, due to the accumulation of biliverdin (6). The bacterial cell pellet
remained green throughout the purification procedure prior to the ammonium sulfate
precipitation. The increase in ionic strength forced the disassociation of the biliverdin from the
sHO-1, forming a colorless protein product. Following standard column chromatography, the
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purified apoprotein was then used to validate the heme titration method in a comparison study
with the standard procedure. A protein concentration of 0.763 mg/ml was determined using
bicinchoninic acid in a BCA kit purchased from Pierce (7). One aliquot of sHO-1 was quantified
using the heme titration and the other using heme reconstitution and subsequent HA column
chromatography. The accuracy of both methods was compared via a heme oxygenase activity
assay. NADPH-cytochrome P450 reductase (CPR) was purified as described previously (8).
Biliverdin reductase was partially purified as described by Kutty (9).

The heme titration was developed utilizing previously described properties of the HO-1-heme
complex (10). The fresh heme solution was prepared by adding 0.2 ml 0.1N NaOH to 1.63 mg
heme, which was taken up in a final volume of 1 ml of 100 mM KPO4 (pH 7.4), 1 mM EDTA,
0.1% Triton X-100, and 0.1% sodium cholate. The concentration of the heme stock solution
was 2.5 mM. At neutral pH, heme exists mainly as a dimer, but in the presence of detergent
heme remains in the monomeric form, permitting efficient binding to HO-1 (11). In general,
HO-1 has been shown to bind heme at a stoichiometric ratio of 1:1 (10). The addition of known
concentrations of heme to 100ul of sHO-1 produced a linear increase of the absorbance at 405
nm. Figure 1A illustrates the addition of 5 μM aliquots of the free heme solution, which
associates with the sHO-1 to form the sHO-1-heme complex. The absorbance at 405 nm was
recorded after each aliquot and plotted versus the known heme concentration. The protein
concentration was determined at the break point at which the increased absorbance at 405 nm
deviated from linearity. As indicated by the arrow at the intersection of the two slopes, the
concentration of sHO1 was 24 μM. Dilutions of the stock sHO-1 (2 and 4-fold) were also
included in the titration experiment to demonstrate the accuracy and range of the titration. For
the 2 and 4-fold sHO-1 dilution titrations, the heme stock concentration of 0.2 mM was added
in 1μl and 0.5μl increments, respectively. The decreased slope was attributed to the saturation
of sHO-1-heme complex formation and the accumulation of free heme, which had a lower
extinction coefficient at 405 nm. The extinction coefficient of the ferric heme-sHO-1 complex
was 140 mM−1 cm−1, which is consistent with published reports.

In order to validate the heme titration method, the purified sHO-1 was reconstituted with heme
followed by chromatography using a hydroxyapatite column to remove the excess heme and
the eluate quantified by standard spectral methods (3). A fresh heme solution (2.5 mM),
prepared as described above, was added to 1 ml (0.763 mg) of sHO-1 to a final concentration
of 0.06 mM, or approximately a 2:1 heme/sHO-1 ratio. The complex was incubated on ice for
ten minutes and applied to a 0.5 ml hydroxyapatite column, pre-equilibrated with 10 mM
KPO4, pH 7.4. The column was washed with 10-20 column volumes of the 10 mM KPO4 to
remove all excess heme and eluted with 0.6 ml 100 mM KPO4, pH 7.4. The fraction containing
the sHO-1-heme complex was red in color due to the incorporation of the heme. The sHO-1-
heme displayed typical spectral characteristics, as shown in Figure 1B. The Soret band at 405
nm is consistent with previous reports. The complex concentration was calculated to be 20
μM using the absorbance and the known extinction coefficient 140 mM−1 cm−1 at 405 nm.
The total protein was determined by BCA as described above to be 0.62 mg/ml, or 0.37 mg.
The amount of sHO-1 applied to the HA column was 0.76 mg, so approximately 50% of the
total sHO-1 was lost in the removal of excess heme.

A standard HO assay (2,5), which monitored the formation of bilirubin, was used to compare
the quantitation methods. Although the two procedures generated different sHO-1-heme
complex concentrations, the specific activity of 0.01 nmole from both samples was analyzed.
The reaction mixture consisted of 0.1 μM HO-1, 15 μM heme, saturating levels of NADPH-
cytochrome P450 reductase (CPR), and an excess (50 U/ml) of partially purified biliverdin
reductase from rat liver cytosol (9). Increasing amounts of CPR were used ranging from 0.2
μM to 0.5 μM. This mixture was brought to a final volume of 100 μl with 100 mM KPO4
supplemented with bovine serum albumin (12.5 mg/ml), pH 7.4. The reaction mixture was
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preincubated for 2 minutes at 37º C in the dark prior to the addition of 100 mM NADPH to
initiate the reaction. The rate of bilirubin formation was monitored by the increase in
absorbance at 468 nm for ten minutes in the dark. The rate of bilirubin formation was calculated
from the linear increase at 468 nm, which was divided by the extinction coefficient for bilirubin
(43.5 mM−1 cm−1). As seen in Figure 2, the reaction rates for both sHO-1 samples were almost
identical at each CPR concentration. As the CPR concentration was increased, both rates
increased accordingly. The specific activity of both sHO-1 samples was the best way to contrast
the two quantitation methods because it allowed for direct comparison of a calculated protein
concentration. Regardless of the quantitation method, the specific activity of 0.01 nmole sHO1
was equal, illustrating the accuracy of the heme titration method.

The heme titration method had multiple advantages over the standard technique of HO-1
quantitation. First, the titration provided a rapid, precise procedure for determining protein
concentration using a very small amount of the total preparation. The linear increase in
absorbance at 405 nm was visualized and plotted versus the known heme concentration in each
aliquot. The protein concentration was calculated from the point where the increase in
absorbance began to deviate from linearity. Since free heme has a lower extinction coefficient
than does the sHO-1-heme complex at 405 nm, additional heme resulted in a linear increase,
but with a decreased slope. A second advantage to the heme titration allowed for the elimination
of the final HA column. Because the heme titration did not require the removal of excess heme
from the solution, the HA column was unnecessary. As shown above, the use of HA resin to
remove excess heme resulted in the loss of ~ 50% of the total protein applied to the column.
Interestingly, the heme titration only used a fraction of the preparation to determine protein
concentration and reduced the amount of protein lost during the purification procedure. A third
benefit of the heme titration involved the enzyme remaining in the apo form, excluding the
small fraction used for HO-1 quantitation. Because previous methods are limited to quantifying
only HO-1 reconstituted with heme, this required the addition of heme to the entire sample.
The heme titration allows for a majority of the HO-1 to be stored as apoprotein, which is
important for various experiments comparing catalytic characteristics of HO-1 in the presence
or absence of the substrate, heme.

The heme titration is a valuable assay that was developed to quantify HO-1 and eliminate
additional purification steps. The precision of the heme titration relies on the absorbance of
the HO-1-heme complex at 405 nm. Most of the recombinant sHO-1 was purified as an
apoprotein, hence it had very little absorbance at 405 nm prior to the addition of heme. The
heme titration can be used to quantify HO-1 from various species and sources. The procedure
described here is important not only in the ease and speed of quantitation, but also in the
increased final yield of purified protein by as much as 50%.
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Fig. 1.
(A) Quantitation of HO-1 by heme titration – A heme titration was used to quantify purified
soluble,human HO-1. Free heme dissolved in 0.1 N NaOH and 100 mM KPO4 containing
0.1% Triton X-100 and 0.1% sodium cholate, pH 7.4 was added to 0.1 ml of sHO-1 in 5 μM
aliquots. The absorbance at 405 nm increased linearly with the addition of heme. The sHO-1
concentration is determined by the point at which the absorbance increase deviates from
linearity. The concentration, shown here at the point that the two lines intersect, is calculated
to be 24 uM. Dilution of the sHO-1 stock (1:4, 1:2) demonstrates the accuracy of the titration.
(B) Spectrum of the sHO-1-heme complex – Following the addition of heme to the purified
apoprotein, the complex was passed over a hydroxyapatite column to remove excess heme
from the sample. The sHO-1-heme complex was quantified using the absorbance at 405 nm
divided by the extinction coefficient of 140 mM−1 cm−1 at 405 nm. The absorption spectrum
of sHO-1 reconstituted with heme produced a well-defined Soret band at 405 nm. In this sample
the complex is calculated to have a concentration of ~ 20 μM.
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Fig. 2.
Comparison of HO-1 activities from the heme titration and column chromatography methods
– sHO-1 was quantified by two methods in order to validate the heme titration assay. The
specific activities of sHO-1 from both methods were compared using a standard heme
oxygenase assay, which uses the rate of bilirubin formation to determine activitHO-1 was added
to a final concentration of 0.1 μM, with saturating levels of NADPH- cytochrome P450
reductase ranging from 0.2 μM to 0.5 μM. The specific activities of both samples were very
similar, indicating that the heme titration can be used as an effective and accurate method of
HO-1 quantitation.
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