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ABSTRACT: Heme oxygenase-1 (HO-1) catalyzes the oxidative degradation of heme to biliverdin, carbon
monoxide, and free iron in a reaction requiring the interaction of HO-1 with NADPH-cytochrome P450
reductase (CPR). HO-1 is bound to the endoplasmic reticulum by 23 C-terminal amino acids; however,
a soluble HO-1 (sHO-1) lacking this membrane spanning region has been extensively studied. The goal
of this project was to characterize the effect of the C-terminal hydrophobic domain on formation of the
HO-1/CPR complex. Full-length HO-1 was shown to exhibit higher reaction rates than sHO-1, particularly
at subsaturating CPR, indicating that the C-terminal region influences HO-1 binding to CPR. The increased
activity of HO-1 was attributable to a time-dependent formation of a low Km HO-1/CPR complex that
was not seen with sHO1. Gel filtration analysis confirmed the formation of multiple high molecular weight
complexes in the presence and absence of the synthetic lipid dilauroylphosphatidylcholine (DLPC).
However, the largest complex appeared following a 2 h incubation of HO-1 and CPR in DLPC, suggesting
that the C-terminal region was required for the high-affinity HO-1/CPR complex formation and membrane
incorporation. These data demonstrate that the C-terminal region of HO-1 influenced complex formation
and ultimately its affinity for CPR.

The oxidative degradation of Fe-protoporphyrin IX (heme)
by microsomal heme oxygenase (HO)1 generates biliverdin,
carbon monoxide (CO), and free iron (1) in a reaction that
requires seven electrons and three molecules of oxygen (2).
In order to receive the necessary reducing equivalents for
this oxidative cleavage, HO must associate with NADPH-
cytochrome P450 reductase (CPR) (3). The cytosolic enzyme
biliverdin reductase (BVR) reduces biliverdin to bilirubin,
whichfollowingglucuronidation ismorereadilyexcreted(4,5).
Two definitive isoforms of heme oxygenase are responsible
for maintaining heme homeostasis, which is essential due
to the detrimental effects of free heme on various cell types
and tissues (6). HO-1 is induced by a variety of stimuli (7, 8)
and provides an initial defense mechanism against subsequent
inflammation (9-11) and oxidative stress (12). The cyto-
protective role of HO-1 has long been attributed to biliverdin
and bilirubin (13, 14), but recently CO has also been
described as essential to this response. Not only has CO
emerged as a potent gaseous signaling molecule similar to
nitric oxide (15, 16), but recent reports also demonstrate its

antiinflammatory effects (11). HO-2, a constitutive isoform
expressed mainly in the brain and testis, is thought to be the
major source of CO in these tissues (8, 17, 18). There have
been reports of the existence of a third HO-1 isoform;
however, the function and character of this form remain a
point of debate (19-22).

HO-1 exists largely in the spleen and liver (23) bound to
the endoplasmic reticulum membrane via its hydrophobic,
C-terminal membrane spanning region (24, 25). Recombinant
rat (26) and human (27) HO-1 (sHO-1), devoid of this
C-terminal membrane anchor, can be rapidly purified with
a superior yield compared to earlier purification procedures
(28-31). As a result, truncated rat and human HO-1 have
offered valuable insight on the mechanism and structure of
HO-1. Crystal structures of rat/human sHO-1 in the apo
form (32, 33) as well as in complex with heme (34, 35),
verdoheme (36), biliverdin-iron chelate (37), and biliverdin
(38) have been solved. Detailed kinetic studies of sHO-1
have been reported and include rate constants for heme
degradation and subsequent intermediate and product
formation (2, 39). In single turnover studies, reported by Liu
and co-workers, biliverdin release from the sHO-1 active site
is the rate-limiting step in heme degradation; however, in
the presence of BVR, the rate-limiting step becomes the
conversion of Fe2+-verdoheme to Fe3+-biliverdin (2).

Bilirubin formation is a multistep reaction thought to
require the formation of an enzyme complex between HO-
1, CPR, and BVR (40-42). Site-specific mutagenesis, as well
as fluorescence resonance energy transfer and mass spec-
trometric experiments, has revealed what appear to be either
shared or overlapping binding sites for CPR and BVR on
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sHO-1, suggesting a potential competition between the two
reductases (43, 44). Other recent studies demonstrated that
NADP(H) increased the binding affinity of CPR for sHO-1,
which allowed CPR to compete more effectively than BVR
for the mutual binding site on HO-1 (45). Using soluble
HO-1 and CPR, devoid of the membrane binding domain,
these studies revealed that (1) a competition between CPR
and BVR for a common binding site on HO-1 exists and (2)
this competition can be influenced by cofactors such as
NADP(H).

Recently, we reported on the generation and characteriza-
tion of a full-length human HO-1 by site-directed mutagen-
esis of arginine 254 to lysine. This conservative modification
permits the retention of the C-terminal membrane spanning
region and increases the stability of the resulting protein.
HO-1 was shown to possess the same catalytic characteristics
as the wild-type full-length protein. Interestingly, HO-1
appeared to be quite different than the sHO-1, exhibiting a
significantly higher catalytic activity and more avid binding
to CPR (46).

In the present study, the catalytic characteristics of HO-1
were further examined. Our results clearly demonstrate that
retention of the C-terminal membrane spanning region not
only promoted association with the lipid membrane but also
influenced the interaction between HO-1 and CPR leading
to the formation of a complex between CPR and HO-1
having a much lower Km value when compared to soluble
HO-1. Size exclusion chromatography of HO-1 and sHO-1
along with detailed kinetic analysis has established that
retention of the hydrophobic membrane anchor supports both
the formation of high molecular weight complexes in purified
HO-1 when in solution and the efficient incorporation of the
protein into phosphatidylcholine membranes. Furthermore,
these studies also clearly illustrate that the HO-1 complexes
enhanced the association with CPR, permitting the formation
of time-dependent, high-affinity HO-1/CPR complexes. Pre-
incubation of HO-1 with CPR in a lipid environment is
required for the formation of a stable, high-affinity complex
between CPR and HO-1.

EXPERIMENTAL PROCEDURES

Materials. Heme, NADPH, EDTA, glycerol, dilauroylphos-
phatidylcholine (DLPC), and bovine serum albumin (BSA)
were purchased from Sigma. Triton X-100 was obtained from
Acros. The AKTA FPLC system and the gel filtration
columns used for size exclusion analysis (Superose 6 and
Superdex 200) were purchased from GE Healthcare Life
Sciences. All spectrophotometric analyses of HO-1 activity
were performed on a SpectraMax M5 plate reader from
Molecular Devices (Sunnyvale, CA).

Enzymes. Recombinant, full-length, human HO-1 contain-
ing the single site R254K mutation and truncated human
HO-1 (provided by Dr. Paul Ortiz de Montellano, University
of California, San Francisco), lacking the C-terminal hydro-
phobic tail, were expressed in Escherichia coli and purified
as previously described (26, 27, 46). The full-length HO-1
expression system was kindly provided by Dr. Mahin Maines
(University of Rochester) and mutated at position 254 as
described previously (46). Both HO-1 and sHO-1 were
purified in the apo form and quantified using the heme
titration method (47). In this paper, HO-1 refers to the R254K

mutant containing the C-terminal membrane binding domain
as described previously (46), whereas sHO-1 refers to the
form lacking this C-terminal region. Unless otherwise stated,
the HO-1 preparations contain heme. Recombinant rat CPR
(provided by Dr. Grover P. Miller, UAMS) with a single
amino acid mutation of K56Q was expressed in C41 cells,
purified, and quantified according to previously described
methods (48, 49). Rat liver cytosol served as the source for
partially purified biliverdin reductase (BVR) and was pre-
pared and quantified as previously reported (4, 50).

Gel Filtration Analysis of HO-1. Size exclusion chroma-
tography was used to verify successful incorporation of HO-1
into the DLPC membranes. DLPC liposomes had an esti-
mated molecular size of greater than 5 MDa. Samples were
injected onto a Superose 6 10/300 GL (GE Healthcare Life
Sciences) size exclusion column that had been preequilibrated
in 0.05 M KPO4, pH 7.25, 0.1 M NaCl, and 0.1 mM EDTA
at a flow rate of 0.3 mL/min. The elution profile of HO-1
that had not been preincubated in DLPC served as a control.
sHO-1 (1-2 nmol), lacking the membrane binding region,
was treated in a similar fashion as the HO-1 and injected on
the size exclusion column. HO-1 and sHO-1 were reconsti-
tuted with equimolar hemin prior to any treatment in order
to visualize the elution profile at 405 nm.

HO-1 (1 nmol) and CPR (1 nmol) that were preincubated
for 0 and 120 min in DLPC were also injected onto the size
exclusion column. sHO-1 incubated with CPR served as a
control. To demonstrate the ability of HO-1 to draw CPR
into the membrane, CPR (1 nmol) was incubated with
increasing levels of HO-1 (0, 4, and 8 nmol) in DLPC for
2 h prior to injection. Fractions were collected from the elute,
and the location of CPR was determined by monitoring the
rate of cytochrome c reduction (51).

Preparation of Reconstituted Systems. HO-1 was recon-
stituted into DLPC liposomes according to a previously
described method for P450 reconstitution (52). DLPC was
prepared in a 5 mM stock solution in 50 mM potassium
phosphate buffer, pH 7.25, containing 20% glycerol, 0.1 M
NaCl, and 5 mM EDTA (DLPC sonication buffer) (53). The
DLPC stock solution was clarified by water-bath sonication
for approximately 20 min. CPR, HO-1, and DLPC were
preincubated as a concentrated solution (in a minimal
volume) for 2 h unless otherwise stated. The molar DLPC:
HO-1 was 320:1, similar to the preincubation conditions
involving various cytochrome P450 enzymes (54). After
preincubation, the reconstituted systems were mixed with
the other assay components.

In the initial characterization experiments, the reconstituted
systems (RCS) with constant HO-1 consisted of 0.1 µM HO-
1, 0-0.5 µM CPR, and 32 µM DLPC, which incubated for
2 h at room temperature prior to the addition of the other
assay components. To determine the effects of lipid on HO-1
activity, HO-1 and CPR were incubated together with and
without DLPC for various time points (0, 20, 60, 120 min).
In the CPR-dependent complex-formation experiments, RCS
in which HO-1 or CPR were absent from the preincubation
procedure were also made; however, the omitted protein was
added just prior to initiation of the reaction. During the
reconstitution process, the HO-1 concentration was greater
than 4 µM, and each system was brought to equivalent
volume with DLPC sonication buffer to normalize CPR
concentrations, where necessary.
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Measurement of Heme Oxygenase ActiVity. HO-1 catalytic
activity was calculated by monitoring the rate of bilirubin
formation, according to previously published methods
(27, 29, 46). Subsequent to the designated preincubation time,
partially purified rat BVR (40 units/mL), heme (15 µM), and
0.1 M KPO4, pH 7.4 (0.25 mg/mL BSA), were added to the
reconstituted systems to a final volume of 0.1 mL. A 2.5
mM heme stock was prepared as previously prescribed (47).
The levels of BVR used in this assay were saturating with
either full-length HO-1 or sHO-1, based on preliminary
characterization of the assay system. The reactions were
preincubated for 2 min at 37 °C and initiated by the addition
of 0.5 mM NADPH. The increase at 468 nm corresponded
to bilirubin formation, which remained linear for at least 5
min. HO-1 activity was quantified using an extinction
coefficient of 43.5 mM-1 cm-1 and reported in nanomoles
of bilirubin per hour per nanomole of HO-1.

Other Methods. The eluted fractions from the FPLC that
were derived from incubations of the HO-1 with and without
DLPC were analyzed via immunoblotting. The samples were
separated by electrophoresis in 10% SDS-PAGE and
transferred to a nitrocellulose membrane. The membranes
were probed with a human HO-1 primary antibody from a
mouse host (U.S. Biological), blocked and treated with an
anti-mouse HRP conjugate (Sigma) as a secondary antibody,
and visualized by chemiluminescence (Pierce). Protein
concentrations were determined using a BCA protein assay
kit purchased from Pierce according to published methods
(55).

RESULTS

Characterization of HO-1 Using Gel Filtration. To verify
reconstitution of HO-1 into DLPC liposomes, we applied
the HO-1/heme complex to a Superose 6 size exclusion
column. The Superose 6 column has an exclusion limit of
5000000 Da, so a complex in excess of this molecular mass
would elute in the void volume, indicating reincorporation
of the protein into the lipid. In the initial experiments, we
wanted to examine the elution profile of HO-1/heme in the
absence of other proteins. As seen in Figure 1A, multiple
high molecular mass complexes ranging from ∼1000000 to

<5000000 Da existed in the HO-1 sample in an aqueous
solution regardless of incubation time (2 h incubation of
HO-1 without DLPC; Supporting Information Figure A).
When HO-1 was preincubated with DLPC for 2 h, the high
molecular mass complexes shifted into the void volume
(>5000000 Da), forming one major peak (peak 6). A smaller
peak that eluted late in both chromatograms was estimated
to have a molecular mass of ∼26-28 kDa.

The movement of HO-1 into the void volume after 2 h
was corroborated by immune blot analysis of the respective
peaks, as shown in Figure 1B. The immune blots clearly
indicated that, without prolonged incubation with DLPC, a
high concentration of HO-1 was detected in multiple high
molecular mass peaks (lanes 1-3). After the 2 h incubation
in DLPC, the void volume contained a concentrated level
of HO-1 (lane 6). The small contaminant that eluted late in
both chromatograms was shown to be degraded HO-1 (lanes
5 and 7). Degradation can be minimized by inclusion of
protease inhibitors and delicate handling of the protein.

To determine if the C-terminal binding segment of HO-1
was essential for complex formation and lipid reconstitution
into DLPC, sHO-1, which lacks the 23 amino acids compris-
ing the C-terminal hydrophobic membrane binding domain,
was used. Figure 1C illustrates the Superose 6 size exclusion
chromatogram of sHO-1 and the effect of DLPC preincu-
bation. Unlike the HO-1, there were no complexes present
in the sHO-1 sample. Also, neither the addition of DLPC
nor the preincubation procedure with DLPC caused a shift
of the sHO-1 peak into the void volume. Using a Superdex
200 column, the single peak for all three sHO-1 chromato-
grams was calculated to be ∼30 kDa, which is consistent
with the molecular mass of monomeric sHO-1. Thus,
collectively, the gel filtration results obtained for the HO-1
and sHO-1 demonstrate that the hydrophobic region of HO-1
was responsible for (1) large complex formation among
several HO-1 molecules and (2) successful incorporation of
HO-1 into the DLPC membranes.

Effect of C-Terminal Membrane Spanning Region on HO-1
ActiVity. The goal of this experiment was to compare HO-1
and sHO-1 in the presence of a lipid membrane by monitor-
ing the rate of bilirubin formation over a range of CPR

FIGURE 1: Gel filtration and Western blot analysis demonstrating the formation of high molecular weight HO-1 complexes. (A) The size
exclusion chromatogram shows HO-1 complex formation following no incubation without DLPC (s) and 2 h incubation with DLPC (---).
(B) Western blot of the peaks following gel filtration of HO-1 displayed the HO-1 in the earlier fractions (lanes 1-3) and a truncated HO-1
in the later fraction (lane 5). Following the 2 h incubation of HO-1 in DLPC only two peaks were observed. The first peak (lane 6)
contained only HO-1, whereas the later fraction consisted of truncated HO-1 (lane 7). The unmarked lane served as molecular weight
markers. (C) sHO-1 size exclusion gel filtration: no incubation (s), sHO-1 and DLPC no incubation (- -), and sHO-1 and DLPC 2 h
incubation (---).

192 Biochemistry, Vol. 48, No. 1, 2009 Huber et al.
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concentrations (0-0.5 µM). As shown in Figure 2, HO-1
activity under “standard” assay conditions (26, 29, 46), which
did not include preincubation of the proteins with DLPC,
was increased compared to that measured for sHO-1. In
agreement with our previous report (46), the presence of the
C-terminus of HO-1 also resulted in a lower Km for CPR.
The specific activity of full-length HO-1 in the absence of
lipid ranged from 200 to 250 nmol of bilirubin h-1 nmol-1

of HO-1, compared to 100 nmol of bilirubin h-1 nmol-1 of
sHO-1 (46).

Interestingly, when HO-1 was preincubated with DLPC
and CPR for 2 h at room temperature prior to the assay, the
overall activity was significantly increased, particularly at
subsaturating CPR levels, where protein ratios were less than
1:4 (CPR:HO-1) (Figure 2). The specific activity levels
ranged from 600 to 650 nmol of bilirubin h-1 nmol-1 of HO-
1. However, the augmented activity displayed by reconsti-
tuted HO-1 was not observed for sHO-1. sHO-1 showed a
linear response to increasing CPR levels similar to that seen
with no preincubation and had some tendency to plateau at
CPR:sHO-1 levels above 20:1. At these elevated CPR:sHO-1
levels, the reaction rates were comparable to those of full-
length HO-1 (not shown). One explanation for these results
is that retention of the membrane spanning region increased
the HO-1 affinity for CPR but also that reinsertion of the
HO-1 into DLPC facilitated efficient formation of these time-
dependent complexes. These results strongly suggest that the
overall organization of CPR and HO-1 was quite different
with full-length HO-1, but the efficiency of electron transfer
was not significantly affected.

Effects of Incubation Time and DLPC on HO-1 ActiVity.
Due to the dramatic catalytic increase following the rein-
corporation of HO-1 in DLPC, the next experiments were
designed to determine if the increase in activity was a result
of the preincubation time and/or presence of DLPC. To
examine the effect of incubation time on the RCS, HO-1
and CPR were preincubated in DLPC for times ranging from
0 to 120 min prior to the addition of the remaining assay
components. As shown in Figure 3A, longer incubation
periods resulted in a higher rate of bilirubin formation,
suggesting a time-dependent complex formation between
HO-1 and CPR mediated by reinsertion into the lipid

membrane. Interestingly, HO-1 activity also increased with
incubation time in the absence of DLPC (Figure 3B). In both
experiments, HO-1 reached its maximal catalytic efficiency
following long preincubation periods; however, there was
no further increase in activity after preincubation times
exceeding 2 h.

Although HO-1 activity showed a time-dependent increase
with and without DLPC, catalytic differences were observed
when comparing plus and minus DLPC. The addition of
DLPC to the RCS caused an immediate increase in bilirubin
formation (Figure 3A), which suggested that DLPC aug-
mented HO-1 activity, and possibly affinity for CPR, very
rapidly. Following the 2 h preincubation, HO-1 that was
reconstituted into the DLPC displayed a much lower Km for
CPR (compare panels A and B of Figure 3, open diamonds).
The HO-1 curves fit a simple hyperbolic model; the apparent
Km in the presence of DLPC (2 h preincubation) was
approximately 0.017 µM compared to 0.063 µM when DLPC
was omitted. These results suggest that HO-1 and CPR retain
the ability to associate and form a functional complex in the
absence of DLPC, but the apparent affinity of the HO-1 and
CPR complex increases when the proteins are reincorporated
into the lipid membrane.

Effect of CPR on Time-Dependent HO-1 Complex Forma-
tion. The next set of experiments were designed to determine
if the formation of the high-affinity complex required the
preincubation of HO-1 with CPR in DLPC or if the
preincubation of HO-1 and DLPC alone would allow for
complex formation. Although HO-1 existed in a high
molecular mass membrane fraction following the 2 h
incubation, it was still unclear as to whether the high-affinity
CPR-HO-1 complex simply required the time-dependent
incorporation of HO-1 with the membrane or whether both
CPR and HO-1 needed to be together during that time. As
shown in Figure 4, the RCS system containing HO-1, CPR,
and DLPC that was preincubated for 2 h resulted in the high-

FIGURE 2: Full-length and soluble HO-1 activity as a function of
CPR concentration. The rate of bilirubin formation was monitored
at 468 nm for 0.1 µM purified, E. coli expressed HO-1 and sHO-1
at increasing CPR levels, under the following conditions: CPR was
combined with either sHO-1 (1) or full-length HO-1 (4) without
DLPC. Under these conditions HO-1 activity was measured without
preincubation. CPR was reconstituted with sHO-1 (]) or full-length
HO-1 (9) by preincubation in DLPC for 2 h. After preincubation
for 2 h with DLPC, the reconstituted system was combined with
the other components, and HO-1 activity was measured. Enzyme
assays are detailed in Experimental Procedures. Values represent
the mean ( SE of n ) 3. FIGURE 3: Effect of preincubation time and presence of DLPC on

HO-1-dependent rate of bilirubin formation. HO-1 (0.1 µM) was
incubated prior to the activity assay with various levels of CPR
ranging from 0 to 0.5 µM. Incubation times included 0 min (9),
20 min (4), 60 min (1), and 120 min (]) periods in the presence
(panel A) and absence (panel B) of DLPC. Assay conditions are
detailed in Experimental Procedures. Values represent the mean (
SE of n ) 3.

Time-Dependent HO-1/CPR Complex Formation Biochemistry, Vol. 48, No. 1, 2009 193
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affinity complex formation between HO-1 and CPR. In
contrast, when CPR was omitted from the 2 h preincubation
procedure, the activity was significantly lower and did not
saturate at 1:1 CPR:HO-1, suggesting that simply reincor-
porating HO-1 into the membrane did not result in the high-
affinity complex. Preincubation of CPR alone in DLPC
produced a similar response, showing the formation of a
lower affinity (i.e., high Km) complex. As shown here,
incorporation of HO-1 into the lipid membrane alone was
not able to speed the CPR/HO-1 complex formation; coin-
cubation with CPR was required.

Gel Filtration of HO-1/CPR Complexes. Kinetic data are
consistent with the formation of a complex between CPR
and HO-1 when preincubated for 2 h in phospholipid. To
further characterize these complexes, reconstituted systems
were prepared and examined after preincubation for 2 h using
size exclusion chromatography. When CPR and HO-1 were
combined in DLPC and immediately added to the Superose
column, the elution profile was the same as that for HO-1
alone (Figure 5A); however, following a 2 h incubation in
DLPC, the HO-1 shifted into the void volume as expected.
Interestingly, if CPR was included in the preincubation
procedure, the complex not only eluted in the void volume
but also increased the absorbance at the peak, which is
consistent with both CPR and HO-1 being incorporated into
the liposomes (Figure 5B). Our laboratory has shown that
CPR alone does not efficiently associate with DLPC (56),
suggesting that HO-1 may attract CPR into the lipid
membrane in the process of complex formation. The differ-
ences among the major peaks in Figure 5A,B are depicted
in Figure 5C. These data show that preincubation of HO-1
increased the size of the major HO-1 peak from a < 5 MDa
complex to the void volume, which is consistent with the
incorporation of HO-1 into the DLPC liposomes. Such
behavior is unique to the full-length form of HO-1, the
soluble form leading to the elution of the 30 kDa form that
is not influenced by the presence of DLPC or CPR (Figure
5D). These data further illustrate the time-dependent forma-
tion of a high-affinity complex between CPR and full-length
HO-1 when reconstituted into preformed DLPC liposomes.

Because CPR did not absorb well at 405 nm, we used
cytochrome c reduction to more precisely identify the CPR-
containing fractions and to demonstrate that HO-1 attracted
CPR into the liposome. As shown in Figure 6, CPR alone
exists in a high molecular mass aggregate estimated to be

∼650000-700000 Da. When CPR was preincubated in
DLPC for 2 h, about 40% was able to associate with the
liposomal fraction, which is consistent with previous reports
(56). When HO-1, which efficiently incorporates into the
liposomes (Figure 1), was included in the preincubation
procedure at a 4:1 HO-1 to CPR ratio, ∼55% of the CPR
shifted into the void volume. The inclusion of increasing
amounts of HO-1 to the reconstituted systems (8:1 HO-1 to
CPR) only marginally increased the amount of CPR localized
to the liposomal vesicle fraction (57%). These data demon-
strate that preincubation of CPR with DLPC causes the
incorporation of some CPR with the phospholipid, and the
HO-1 increases the association of CPR with DLPC, providing
further evidence for high-affinity complex formation between
HO-1 and CPR, particularly in phospholipid vesicles.

DISCUSSION

HO-1 is one of many proteins associated with the
endoplasmic reticulum that requires an interaction with CPR
to receive the necessary reducing equivalents for catalysis,
degrading its heme cofactor into biliverdin, CO, and Fe2+.
The mechanism and structure of HO-1 have been extensively
studied using a soluble rat or human HO-1 lacking the
C-terminal membrane anchor. Mutagenesis studies involving
multiple residues on sHO-1 have provided important insight
on the location and functional significance of binding sites
on sHO-1 for constituents such as heme, NADPH, CPR, and
BVR (43-45, 57, 58). Although these structural findings
offer valuable information on HO-1, not much is known
regarding how this enzyme behaves in the lipid membrane
with other resident proteins. Previously, our laboratory
isolated and purified a recombinant, human HO-1, which
binds to CPR with a much higher affinity than sHO-1, using
commonly reported assay conditions that were performed
in the absence of a lipid membrane (46). The overall goal
of the present study was to reincorporate HO-1 into a lipid
membrane and determine if the phospholipid influenced the
catalytic characteristics of HO-1 by incorporating into
preformed DLPC liposomes.

Although HO-1 associates with membrane lipid very
rapidly following solubilization (59), we wanted to verify
that HO-1 was incorporated into the DLPC-containing
liposomes using size exclusion chromatography. The HO-1
that was incorporated into DLPC eluted as a single peak in
the void volume, indicating a high molecular mass complex
in excess of 5000000 Da. Interestingly, HO-1 without the
membrane also eluted as high molecular mass complexes
that were likely the result of aggregation of multiple HO-1
molecules due to the presence of the C-terminal hydrophobic
region; however, there was a difference in the size of the
complex when DLPC was present (Figure 5C). Because
sHO-1 lacks this membrane spanning region, no large hydro-
phobic complexes were present, nor was sHO-1 able to
associate with the DLPC membrane. When HO-1 was
pretreated with Triton X-100 prior to the gel filtration
procedure, the high molecular mass complexes disappeared,
with concomitant formation of smaller complexes (data not
shown).

Having verified that HO-1 successfully incorporated into
liposomes, the catalytic behavior of HO-1 in the DLPC
membrane was examined. Membrane-bound HO-1 activity

FIGURE 4: Effect of preincubation of HO-1 with CPR on the rate
of bilirubin formation. Reconstituted systems containing CPR and
DLPC (1), HO-1 and DLPC (4), and HO-1, CPR, and DLPC (9)
were preincubated for 2 h at room temperature prior to assay.
Proteins not included in preincubation procedure were added just
prior to the initiation of the reaction. The final HO-1 concentration
was 0.1 µM, and bilirubin production was monitored at 468 nm.
Assay details are discussed in Experimental Procedures. Values
represent the mean ( SE of n ) 3.
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was monitored using the traditional coupled assay to monitor
bilirubin formation (42). When reconstituted HO-1 was
compared to HO-1 and sHO-1 that was not preincubated, it
was clear that the preincubation procedure had a significant
influence on the Km for CPR as well as the maximal activity.
Incubation time, DLPC, and presence of CPR during
preincubation all contributed to the increased affinity of CPR
for HO-1.

Phospholipids have been shown to influence the activity
and conformation of other CPR-dependent enzymes, includ-
ing multiple P450 enzymes (60, 61). Lipid reconstitution is
not required for HO-1 activity, but the presence of the lipid
binding domain alone increases the affinity for CPR (46)
and, as a consequence, has a significant influence on the
catalytic behavior of this enzyme. Taken together with the
subtle increase in the apparent molecular mass of the HO-1
complex to >5 MDa after preincubation with phospholipid,
it is reasonable to conclude that HO-1 reconstitutes into the
membrane in a time-dependent manner and undergoes a
conformational change that allows for more avid CPR
binding. Although a similar trend was seen in the absence
of lipid, comparison of the time courses for reconstitution
of HO-1 activity illustrated that the DLPC allowed for the
formation of a more avid complex. Thus, optimal complex
formation required a 2 h preincubation and the presence of

DLPC, which significantly affected the catalytic behavior
of this enzyme.

DLPC vesicles containing HO-1 alone could not be
combined with separate CPR-containing DLPC vesicles to
produce the significant stimulation seen when the two
proteins were preincubated together in DLPC (data not
shown). In a report describing the binding sites of CPR and
BVR on HO-1, Wang and Ortiz de Montellano (43) speculate
that reinsertion of the HO-1 and CPR may effectively
concentrate the proteins, altering the ability of BVR to
compete for the binding site shared by CPR on HO-1.
Clearly, our results demonstrate that the membrane environ-
ment significantly affects the ability of CPR to interact with
HO-1 and supports a potential alteration in the relative ability
of BVR to compete with CPR for the HO-1 binding site.
These studies are currently in progress.

In conclusion, the results illustrate the importance of the
C-terminal binding region of heme oxygenase-1, not only
for its membrane binding characteristics but also for its
catalytic behavior. The presence of the C-terminal region
leads to the incorporation of HO-1 into the liposomal
membrane and to the efficient colocalization of reductase
into the membrane. Additionally, catalytic characterization
shows that preincubation of both CPR and HO-1 leads to
the formation of a high-affinity complex and that the affinity
of this complex is increased when incorporated into pre-
formed DLPC vesicles. Additional studies are required to
further characterize full-length HO-1 function in the membrane.
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SUPPORTING INFORMATION AVAILABLE

The data in Figure 1 of this paper show a comparison of
the characteristics of HO-1 when using standard conditions,
which are used throughout the literature (no DLPC and no

FIGURE 5: Gel filtration analysis of HO-1/CPR complex formation in reconstituted systems. HO-1 or HO-1/CPR were reconstituted with
DLPC, and the effect on complex formation was examined by Superose 6 gel filtration chromatography. The HO-1/heme complex was
monitored at 405 nm. (A) HO-1 (1 nmol) in the absence (s) and presence (---) of CPR (1 nmol) was combined with DLPC and immediately
applied to the gel filtration column. (B) HO-1 (1 nmol) in the absence (s) and presence (---) of CPR (1 nmol) was combined with DLPC,
preincubated at room temperature for 2 h prior to loading onto the Superose 6 column. (C) The void volume regions of panels A and B
showing differences in elution volumes depending on incubation conditions: HO-1 no incubation (s), HO-1/CPR no incubation (---), HO-1
2 h incubation (- - -), and HO-1/CPR 2 h incubation (- -). (D) sHO-1 (1 nmol) was added to DLPC and incubated for 2 h with (---) and
without (s) CPR.

FIGURE 6: Effect of HO-1 on the incorporation of CPR in DLPC-
containing liposomes. CPR (1 nmol) was injected onto a Superose
6 size exclusion column following no preincubation (9), 2 h
preincubation in DLPC (4), 2 h preincubation in DLPC and 4 nmol
of HO-1 (1), and 2 h preincubation in DLPC and 8 nmol of HO-1
(]). Fractions were collected and assayed for the presence of CPR
by measuring the rate of cytochrome c reduction.
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preincubation), to our conditions where the full-length protein
was incorporated into DLPC. Supplemental Figure 1 shows
that preincubation of HO-1 for 2 h at room temperature in
the absence of the phospholipid DLPC does not affect the
size distribution of the HO-1 aggregates as measured by gel
filtration. This material is available free of charge via the
Internet at http://pubs.acs.org.
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