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Heme oxygenase-1 (HO-1), a stress-inducible enzyme
anchored in the endoplasmic reticulum (ER) by a single trans-
membrane segment (TMS) located at the C terminus, inter-
acts with NADPH cytochrome P450 reductase and biliverdin
reductase to catalyze heme degradation to biliverdin and its
metabolite, bilirubin. Previous studies suggested that HO-1
functions as a monomer. Using chemical cross-linking, co-im-
munoprecipitation, and fluorescence resonance energy transfer
(FRET) experiments, here we showed that HO-1 forms dimers/
oligomers in the ER. However, oligomerization was not ob-
served with a truncated HO-1 lacking the C-terminal TMS
(amino acids 266–285), which exhibited cytosolic and nuclear
localization, indicating that the TMS is essential for the self-
assembly ofHO-1 in the ER.To identify the interface involved in
the TMS-TMS interaction, residue Trp-270, predicted by
molecular modeling as a potential interfacial residue of TMS
�-helices, was mutated, and the effects on protein subcellular
localization and activity assessed. The results showed that the
W270A mutant was present exclusively in the ER and formed
oligomers with similar activity to those of the wild type HO-1.
Interestingly, the W270N mutant was localized not only in the
ER, but also in the cytosol and nucleus, suggesting it is suscepti-
ble to proteolytic cleavage.Moreover, themicrosomalHOactiv-
ity of theW270Nmutantwas significantly lower than that of the
wild type. The W270N mutation appears to interfere with the
oligomeric state, as revealed by a lower FRET efficiency. Collec-
tively, these data suggest that oligomerization, driven by TMS-
TMS interactions, is crucial for the stabilization and function of
HO-1 in the ER.

Heme oxygenase (HO)3 catalyzes the NADPH cytochrome
P450 reductase-dependent oxidative degradation of cellular
heme to biliverdin, carbonmonoxide (CO), and free iron (1, 2).
Biliverdin is subsequently converted to bilirubin by biliverdin
reductase in the cytosol. TwoHO isoforms have been identified

inmammalian systems. HO-1 is a 288 amino acid protein and is
expressed at high amounts in a variety of pathological condi-
tions associated with cellular stress. There is compelling evi-
dence that HO-1 induction represents an important cytopro-
tective defensemechanism against oxidative insults by virtue of
the anti-oxidant properties of the bilirubin and the anti-inflam-
matory effect of the CO produced (2). HO-1 is anchored in the
endoplasmic reticulum (ER) through a single transmembrane
segment (TMS) located at the C terminus, while the rest of the
molecule is cytoplasmic (3). HO-1 is sensitive to proteolytic
cleavage (4), and it was recently shown that HO-1 can be pro-
teolytically cleaved from the ER and translocated to the nucleus
under certain stress conditions (5). Although the catalytic site
in the cytoplasmic domain remains intact, the activity of soluble
HO-1 is drastically reduced (5), indicating that ER localization
is important for its full enzymatic function.
Self-assembly to form dimers and higher oligomers is a

common phenomenon in many membrane proteins (6, 7).
Numerous studies have revealed that interactions between
TMSs play an important role in the structure and function of
many membrane proteins. Examples include receptors,
enzymes, neurotransmitter transporters, and ion channels,
in which oligomerization is crucial for their proper cellular
localization and function (8). HO-1 does not contain any
cysteine residues and has therefore been assumed to func-
tion as a monomer (1). To determine whether HO-1 forms
oligomers in native membranes, in the present study, we
performed chemical cross-linking, co-immunoprecipita-
tion, and FRET analysis using fluorescent protein tags fused
to the N terminus of HO-1. The results showed that HO-1
formed dimers/oligomers in the ER and that the TMS pro-
vided the interface for the protein-protein interactions.
Interference with the TMS-TMS interaction resulted in
destabilization of HO-1 and a reduction in enzymatic
function.

EXPERIMENTAL PROCEDURES

Plasmid Construction—cDNAs for human full-length HO-1
(HO-1-FL) and HO-1 with a 42-amino acid truncation at the C
terminus (HO-1-C�42) were amplified by the polymerase
chain reaction (PCR) and subcloned into the PLNCX2 vector.
Flag-tagged HO-1 was constructed by subcloning full-length
HO-1 cDNA into the pFLAG-CMV-2 expression vector. Full-
length HO-1 and C-terminal 24 amino acid truncated HO-1
(HO-1-C�24) with CFP or YFP fused to the N terminus were
constructed by subcloning the respective cDNAs into the
pECFP-C1 or pEYFP-C1 vector (BD Bioscience Clontech). The
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CFP or YFP fusion HO-1-W270A and HO-1-W270N mutant
constructs were prepared by site-directed mutagenesis using
PCR (9).
Cell Transfection—HEK293 cells were cultured in Dulbec-

co’s modified Eagle’s medium supplemented with 4.5 g/l glu-
cose, 10% fetal bovine serum, 100 units/ml of penicillin, and
100 �g/ml of streptomycin. The cells were cultured at 37 °C
in an environment of 5% CO2, 95% air in a humidified atmo-
sphere. Cell transfection was performed using Effectene�
transfection reagent (Qiagen) following the manufacturer’s
instructions. For confocal microscopy and FRET assay, cells
were plated on poly L-lysine-coated glass cover slips (42 mm)
(Carl Zeiss, Inc.) and transiently transfected with an equimo-
lar ratio of CFP and YFP fusion HO-1 plasmids and were
used 24 h after transfection. To examine localization of the
protein in the ER, cells were cotransfected with an equimolar
ratio of YFP fusion HO-1 plasmid and pDsRed-ER(BD Bio-
sciences Clontech), a plasmid coding for a red fluorescent
protein expressed specifically in the ER.
Subcellular Fractionation—Cells (3 � 106) were washed

twice with cold phosphate-buffered saline, scraped into 500 �l
of cold hypotonic buffer (50 mM Tris-HCl, pH 7.4, 0.32 M

sucrose, and a 1:100 dilution of protease inhibitor mixture set
III (Calbiochem), and homogenized by 30 passages through a
27-gauge needle. The lysates were centrifuged at 800 � g for
10 min at 4 °C, and the pellets washed once with hypotonic
buffer and nuclear proteins extracted for 20 min on ice using
hypotonic buffer containing 420 mM NaCl. The extracts
were then centrifuged at 13,200 � g for 10 min at 4 °C, and
the supernatants collected as the nuclear extract. The super-
natants from the first centrifugation were subjected to fur-
ther centrifugation at 227,000 � g for 1 h at 4 °C to separate
the cytosol and microsomes.
Chemical Cross-linking—The cells were rinsed twice with

phosphate-buffered saline, incubated for 30 min at room tem-
perature with 1 mM dithiobis[succinimidylpropionate] (DSP)
(Pierce), and the cross-linker quenched with 20 mM Tris-HCl,
pH 7.0. The cells were then lysed with SDS sample buffer and
subjected to electrophoresis on 10% SDS-polyacrylamide gels
in the presence or absence of 10 mM dithiothreitol, then the
proteins were transblotted onto nitrocellulosemembranes, and
immunoblotted with anti-HO-1 antibody as described previ-
ously (10).
Immunoprecipitation—HEK293 cells transfected with the

Flag-HO-1 plasmid and/or YFP-HO-1 plasmid for 24 h were
lysed with lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl,
0.5% octyl-�-D-glucopyranoside, and a 1:100 dilution of prote-
ase inhibitor mixture set III), and the lysate centrifuged at
13,200 � g for 15 min at 4 °C. The supernatant was removed,
and the Flag HO-1 was purified using ANTI-FLAG� M2Affin-
ity Gel (Sigma). Briefly, prior to the incubation with cell lysate,
the affinity gel was washed twice with 20� volume of TBS
buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl), followed by a
wash with 0.1 M glycine, pH 3.5. The gel was then washed three
times again with TBS buffer containing 0.5% octyl-�-D-gluco-
pyranoside. The cell lysate was incubated with the washed gel
overnight at 4 °C with continuous shaking. The gel was then

washed three times with lysis buffer and bound proteins eluted
by boiling in 2� SDS sample buffer for 3 min.
Confocal Microscopy—Confocal images were obtained using

a PerkinElmer Ultra-view confocal microscope (PerkinElmer
Life Sciences).
Fluorescence Resonance Energy Transfer (FRET) Measure-

ment—Epi-fluorescence images were acquired using a Zeiss
Axiovert 200 M microscope (Carl Zeiss, Inc.) equipped with a
mercury lamp and the following filter cubes (nm): (1) CFP cube:
EX 436/20, EM 480/40, DCLP 455; (2) YFP cube: EX 500/20,
EM 535/30, DCLP 515; (3) FRET cube: EX 436/20, EM 535/30,
DCLP455 (OmegaOptical). Imageswere recordedwith aCool-
View-IDI intensifier CCD (Photonic Science). The FR was
determined using the 3-cube FRET approach (11). The FR is
equal to the fractional increase in YFP emission due to FRET
and is calculated in Equation 1.

FR �
FAD

FA
�

[SFRET(DA) � RD1�SCFP(DA)]

RA1�[SYFP(DA) � RD2�SCFP(DA)]
(Eq. 1)

SCUBE(SPECIMEN) denotes the image measurement, where
CUBE indicates the filter cube (CEP, YFP, or FRET), and SPEC-
IMEN indicates whether the cell expresses the donor (D; CFP),
acceptor (A; YFP), or both (DA). RD1 � SFRET(D)/SCFP(D) �
0.50 � 0.002 (n � 21), RD2 � SYFP(D)/SCFP(D) � 0.0051 �
0.0004 (n � 21), and RA1 � SFRET(A)/SYFP(A) � 0.26 � 0.01
(n � 23) are constants predetermined from measurements on
cells expressing only YFP or CFP. The effective FRET efficiency
(FE) was determined in Equation 2.

FE � (FR � 1)[�YFP(440)/�CFP(440)] (Eq. 2)

The bracketed term is the ratio of the YFP and CFP molar
extinction coefficients scaled for the FRETcube excitation filter
(11) and was previously determined to be 0.094 (11).
Circular Dichroism (CD) Spectroscopy—The C-terminal

25-residue peptide of human HO-1 (QAPLLRW270VLTLSFL-
VATVAVGLYAM) and two peptides containing W270A and
W270N mutations, respectively, were synthesized by JPT
Peptide Technologies, Inc (Berlin, Germany) and purchased
through its distributor, Prisma Biotech Co. (Taipei, Taiwan).
Peptide purity was �91% based on HPLC analysis, and the
sequence was confirmed by mass spectrometry. CD experi-
ments were performed on an AVIV 202 SF CD spectrometer
(Lakewood, NJ) calibrated with d-10-camphorsulfonic acid at
25 °C. The synthesized wild-type peptide (20 �M) dissolved in
20 mM phosphate buffer (pH 7.0) containing 10 mM sodium
dodecyl sulfate (SDS) or dodecylphosphocholine (DPC) in a
1-mm pathlength cuvette was used for CD experiments. In
experiments comparing the wild-type and mutated peptides,
SDS was increased to 200 mM to enhance the solubility of the
mutated peptides. The steady-state CD spectra were recorded
from 180 to 260 nm at a scanning rate of 38 nm/min with a
wavelength step of 0.5 nm and time constant of 100 ms. All CD
data were obtained from an average of 3 scans with a 1-nm
bandwidth. After background subtraction and smoothing, all
the CD data were converted from the CD signal (millidegree)
into the mean residue ellipticity (deg cm2 dmol�1). The quan-
titative estimation of secondary structure content was per-
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formed using three programs, CONTIN/LL, SELCON3, and
CDSSTR, accordingly (12).
HO Activity Measurement—HEK293 cells were transfected

with indicated HO-1 plasmid constructs for 24 h. Cells were
then rinsed twice with ice-cold PBS and harvested by centrifu-
gation at 1,000 � g for 5 min at 4 °C. The whole cell lysate was
prepared and HO activity was determined as described previ-
ously (13). To determine the microsomal HO activity, the sub-
cellular fractionation was performed as described above to iso-
late microsomal fraction. 100 �g of microsomal proteins were
then used for HO activity assay. The HO activities in different
microsomal preparations were normalized to the correspond-
ing HO-1 protein levels determined by Western blotting.
Statistical Analysis—Data are expressed as the mean � S.E.

Group data were analyzed by one-way analysis of variance. A
value of p � 0.05 was considered statistically significant.

RESULTS

Biochemical Assessment of HO-1 Oligomerization—To test
the possibility that HO-1 forms oligomers in the ER, we
expressed full-length human HO-1 (HO-1-FL) and a soluble
form lacking the C-terminal 42 residues (HO-1-C�42) in
HEK293 cells. The cells were then incubated for 30min at room
temperature with a thiol-cleavable, amine-reactive cross-
linker, DSP. As shown in Fig. 1A, HO-1 dimers and higher oli-

gomerswere formed in cells expressingHO-1-FL, but not those
expressing HO-1-C�42, and the HO-1 dimers and oligomers
were reduced to monomers by dithiothreitol. Oligomerization
was observed not only in cells with high, but also moderate
levels of HO-1 expression, indicating that it was not caused by
the aggregation of overexpressed protein. HO-1 protein-pro-
tein interactions were also demonstrated in cells co-expressing
yellow fluorescent protein-tagged full-length HO-1 (YFP-HO-
1-FL) and Flag-tagged full-length HO-1 (Flag-HO-1-FL). As
shown in Fig. 1B, when Flag-HO-1-FL was immunoprecipi-
tated from these cells using anti-Flag antibody-conjugated aga-
rose, YFP-HO-1-FL was detected in the immunoprecipitate by
Western blot analysis. However, YFP-HO-1-FL was not co-im-
munoprecipitated from a mixture of cell lysates containing
either Flag-HO-1-FL or YFP-HO-1-FL, supporting the idea
that the interaction of Flag-HO-1-FL and YFP-HO-1-FL
observed in the co-expressing cells occurred prior to detergent
solubilization.
HO-1 Oligomerization Revealed by FRET Analysis—To

examine the intermolecular interactions of HO-1 in living cells,
we next performed FRET analysis using the three cube method
(11). The cyan fluorescent protein (CFP)- and YFP-tagged ver-
sions of full-length HO-1 (CFP-HO-1-FL and YFP-HO-1-FL)
and a second truncated form lacking theC-terminal 24 residues
(CFP-HO-1-C�24 and YFP-HO-1-C�24) were used in the
experiments. HEK293 cells expressing YFP and CFP were used
as the background control. The subcellular localization of the
two YFP-fused HO-1 proteins expressed in HEK293 cells was
first examined by confocalmicroscopy. Fig. 2A shows that YFP-
HO-1-FL was found exclusively in the ER, whereas YFP-HO-1-
C�24was found in the cytosol and nucleus, but not the ER. The
HO activity determined in cells overexpressing YFP-HO-1-
C�24 was significantly lower as compared with that in cells
overexpressing YFP-HO-1-FL (Fig. 2B). Fig. 2C shows the epi-
fluorescence images obtained using the CFP, YFP, or FRET
cube in cells expressing the indicated proteins and the corre-
sponding FRET ratio (FR), the fractional increase in YFP emis-
sion due to FRET. In the absence of FRET, the FR is 1, while,
when FRET increases, the FR is greater than 1 and reaches a
theoretical maximum of 12 if the fluorescence pairs undergo
FRET with 100% FRET efficiency (FE) (11). Fig. 2D shows the
averaged FR and the corresponding FE. The FR of control cells
co-expressingCFP andYFPwas 1.14� 0.04, with an FE of 1.3�
0.1%, indicating there was no interaction between free CFP and
YFP, even though bothwere overexpressed. In cells co-express-
ing CFP-HO-1-FL and YFP-HO-1-FL (“HO-1-FL”), the aver-
aged FR was 2.01 � 0.10 and the FE 9.5 � 0.1%, supporting the
idea of intermolecular interactions ofHO-1molecules in the ER
membrane. However, in cells co-expressing CFP-HO-1- C�24
and YFP-HO-1-C�24 (“HO-1- C�24”), the FR was 1.20 � 0.02
and the FE 1.9 � 0.1%, indicating that the TMS is crucial not
only for ER localization, but also for the protein-protein inter-
action of HO-1. When fluorescent proteins are overexpressed,
concentration-dependent FRETmay occur (14). BecauseHO-1
was expressed in large amounts in the ER membrane, we next
determined whether the high FR ratio observed in cells co-
expressing CFP-HO-1-FL and YFP-HO-1-FL was due to a
concentration-dependent artifact. Fig. 2E shows the relation-

FIGURE 1. HO-1 protein-protein interactions revealed by chemical cross-
linking and co-immunoprecipitation. A, HEK293 cells were transfected
with the indicated amounts of plasmids coding for HO-1-C�42 or HO-1-FL for
24 h, followed by cross-linking with DSP, then cell lysates were subjected to
SDS-PAGE in the presence or absence of 10 mM dithiothreitol and HO-1 pro-
tein examined by Western blot analysis. B, HEK293 cells were transfected with
plasmids carrying Flag-HO-1 or/and YFP-HO-1 cDNA for 24 h, then were sol-
ubilized with lysis buffer as described under “Experimental Procedures.”
Equal amounts of cell lysates were then subjected to immunoprecipitation
using an anti-Flag affinity gel. Both crude lysates and immunoprecipitates
from cells transfected with YFP-HO-1 cDNA (lanes 1 and 4), Flag-HO-1 cDNA
(lanes 2 and 5), or YFP-HO-1 and Flag-HO-1 cDNAs together (lanes 3 and 7)
were subjected to Western blotting using anti-HO-1 antibodies to detect the
presence of YFP-HO-1 and Flag-HO-1. Lane 6 represents the immunoprecipi-
tate from a mixture of lysates from cells transfected with Flag-HO-1-cDNA or
YFP-HO-1-cDNA alone (mixed in a 1:1 ratio).
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ship between the FR and the fluores-
cence intensity, which is propor-
tional to the protein concentration.
We found that the FR was not
higher in cells expressing higher
concentrations of CFP-HO-1-FL,
CFP-HO-1-C�24, or CFP. In addi-
tion, even though the fluorescence
intensity of CFP was as high as that
of CFP-HO-1-FL, the FR was much
lower in cells co-expressing CFP
andYFP than in those co-expressing
CFP-HO-1-FL and YFP-HO-1-FL.
These results show that the high FR
between CFP-HO-1-FL and YFP-
HO-1-FL is not a concentration-de-
pendent artifact.
Prediction of HO-1 TMS-TMS

Interaction Interface—The C-ter-
minal amino acid sequence of HO-1
is highly conserved across different
species (Fig. 3A). However, the ter-
tiary structure of theHO-1TMShas
not been determined empirically.
We synthesized the C-terminal
25-residue peptide of human HO-1
and performed CD experiments in
the presence of SDS or DPC, both of
which can form micelles and are
commonly used to mimic mem-
brane environments.We found that
the CD spectra of the peptide in the
presence of SDS or DPC were simi-
lar at different pH values (pH 3.0–
9.0) (data not shown), indicating
that the secondary structure of the
peptide was pH-independent. Also,
theCD spectra of the peptide in SDS
or DPC showed two pronounced
CD troughs at 208 and 222 nm and a
peak at 191.5 nm (Fig. 3B), showing
that the peptide was mainly in the
formof�-helix in amembrane envi-
ronment. We also used COILS (15)
and Paircoil (16) to predict whether
the human HO-1 TM helix (resi-
dues 264–288) folds as a coiled coil.
Both methods predicted heptad
repeats indicated by the a-g posi-
tions, as shown in Fig. 4A. The
amino acids at the “a” and “d” posi-
tions were hydrophobic, as in a typ-
ical coiled coil.When these residues
were placed on the helical wheel
generated by GCG (Accelrys Inc.,
San Diego), Leu-267, Leu-274, and
Val-281 were found to be in the “a”
position, whereas Trp-270, Leu-277,

FIGURE 2. C-terminal TM truncation reduces HO-1 activity and abolishes oligomerization. A, confocal
images of HEK293 cells 24 h after co-transfection with pDsRed-ER and plasmid coding for YFP-HO-1-FL or
YFP-HO-1-C�24. The ER and HO-1 images were obtained using the ER or YFP filter set, respectively. B, HO
activities in cells transfected with YFP-HO-1-FL or YFP-HO-1-C�24 plasmids were determined. Data are the
mean � S.E. of four independent experiments. *, p � 0.01 versus cells overexpressing YFP-HO-1-FL. C, epi-
fluorescent images of HEK293 cells 24 h after co-transfection with plasmids coding for CFP and YFP (CFP�YFP),
CFP-HO-1-FL and YFP-HO-1-FL (HO-1-FL), or CFP-HO-1-C�24 and YFP-HO-1-C�24 (HO-1-C�24). Images were
obtained using the CFP, YFP, or FRET cube as indicated. D, averaged FR and FE calculated using Equations 1 and
2. The number of cells quantified in each group is shown in parenthesis. ***, p � 0.005 versus control cells
transfected with CFP � YFP. E, plot of FR versus CFP cube intensity per area from cells coexpressing the
indicated proteins.
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and Gly-284 were in the “d” position (Fig. 4B).We propose that
these residues form the interface between twoHO-1TM�-hel-
ices, as shown in themanually dockedmodel (Fig. 4C). The TM
segment (residues 267–285) in eachmolecule wasmodeled as a
right-handed �-helix by the InsightII program (Accelrys Inc.
San Diego).
The Role of Trp-270 Residue in HO-1 Oligomerization—Be-

cause Trp-270, an aromatic amino acid conserved in vertebrate
HO-1s, may contribute a strong thermodynamic force in the
interface, we proposed that mutation of Trp-270might have an
impact on the oligomeric state of HO-1. To test this, two HO-1
mutants, YFP-HO-1-W270A and YFP-HO-1-W270N, were

constructed and their expression, function, and subcellular
localization in HEK293 cells examined. The W270A mutation
did not significantly affect the subcellular localization of HO-1
(Fig. 5A). Although the activity of W270A HO-1 was slightly
lower than that of wild type HO-1, the difference was not sta-
tistically significant (p� 0.102) (Fig. 5C). In contrast, YFP-HO-
1-W270Nwas localized not only in the ER, but also in the cyto-
plasm and nucleus (Fig. 5A), suggesting that this mutant is
susceptible to proteolytic cleavage. The subcellular localization
of the W270N mutant was confirmed by subcellular fraction-
ation (Fig. 5B). In addition, HO enzymatic activity in themicro-
somal fraction of cells expressing the W270N mutant was sig-
nificantly lower than that in cells expressing wild type HO-1
(Fig. 5C). To examine whether the different Trp-270mutations
have differential effects on theTMS�-helical structure, we per-
formed additional CD experiments with the synthetic C-termi-
nal peptides containing these mutations. Fig. 6 shows the CD
spectra of these peptides in the presence of SDS. We then used
three different methods, SELCON3, CONTIN/LL, and
CDSSTR, to perform the quantitative analysis of the secondary
structure content of each peptide (12). The results were sum-
marized in Table 1. It was noted that the averaged �-helix con-
tents of wild-type. W270A, and W270N peptides were about
60–70%, indicating that the �-helix remained as a main struc-
ture for the mutated peptides. This observation suggests that
the effect ofW270Nmutation onHO-1 stability and enzymatic

FIGURE 3. The CD spectra of the human HO-1 TMS. A, sequence alignment
of the last 25 amino acids in the C-terminal of vertebrate HO-1s. The red box
indicates the predicted TM �-helix. B, CD spectra of a 20 �M solution of syn-
thetic human HO-1 C-terminal 25 residue peptide in 10 mM SDS (solid line) or
DPC (dashed line) at 25 °C in 20 mM phosphate buffer (pH 7.0).

FIGURE 4. Prediction of a heptad repeat in the TM helix (residues 267–
285) of HO-1. Using the COILS and Paircoil2 methods, a heptad repeat (a-g
positions) in the TM helix was predicted, as shown in the sequence (A) or on a
helical wheel (B). The amino acids at the “a” and “d” positions are hydropho-
bic, as in a typical coiled coil. C, proposed interface between two HO-1 TM
�-helices.

FIGURE 5. The W270N mutation renders HO-1 susceptible to proteolysis.
A, confocal images of HEK293 cells co-transfected with YFP-HO-1-W270A or
YFP-HO-1-W270N and ER-DsRed. B, subcellular localization of HO-1 examined
by Western blot analysis of different fractions isolated from HEK293 cells 24 h
after transfection with plasmids coding for YFP-HO-1-FL, YFP-HO-1-W270N,
or YFP-HO-1-C�24. C, HEK293 cells were transfected with plasmids coding for
YFP-HO-1-FL, YFP-HO-1-W270A, or YFP-HO-1-W270N, then, 24 h later, the
microsomal fractions were prepared and HO activities measured. The activity
was normalized to the corresponding microsomal HO-1 protein level deter-
mined by Western blot analysis. The specific activity in cells expressing YFP-
HO-1-FL was taken as 100%. *, p � 0.01 versus cells expressing YFP-HO-1-FL.
n � 5 in each group.
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activity was not due to the impact on the �-helix of HO-1 TMS.
To examine whether the Trp-270 mutations affected HO-1
intermolecular interactions, FRET was performed on the YFP-
and CFP-fused mutant proteins. Fig. 7A shows the epi-fluores-
cence images obtained. Fig. 7B shows that the FR and FE in the
granular or perinuclear ER in cells expressing the W270A
mutant were not significantly different from those in cells
expressing wild type HO-1. In contrast, the FRET signal de-
tected in the ER of cells expressing the W270N mutant was
significantly lower than that in cells expressing wild type HO-1
(Fig. 7B). Moreover, the FR observed in the cytoplasm of cells
expressing the W270N mutant was close to 1 (Fig. 7B).

DISCUSSION

The present study demonstrates, for the first time, thatHO-1
can form dimers and oligomers in the ERmembrane. Although
oligomerization is a common feature ofmany proteins contain-
ing a single TMS, whether HO-1 could undergo oligomeriza-
tion was not known. To test this possibility, we first performed
chemical cross-linking on intact cells overexpressing HO-1
using a membrane permeable cross-linker, DSP. SDS-PAGE
and Western blot analysis revealed the formation of HO-1

dimers and higher oligomers, which was not influenced by the
protein concentration. The co-immunoprecipitation of Flag-
HO-1 and YFP-HO-1 from lysates of cells co-expressing these
two proteins provided support for HO-1 protein-protein inter-
actions. In addition to the biochemical assessments, we also
performed FRET analysis to examine protein-protein interac-
tions in live cells. Consistent with the biochemical results, the
FRET data provided convincing evidence to support the exist-
ence of HO-1 as preformed oligomers in the ER. Moreover, no
oligomerization was observed for the truncated HO-1 lacking
the TMS, indicating that the protein-protein interactions are
driven by the TMS. A recent study demonstrated that the TMS
is essential for the maximal catalytic activity of a recombinant
humanHO-1 in an in vitro assay (17). It has been shown that the
TMS can increase the binding ofHO-1 toNADPH-cytochrome
P450 reductase (17). The present finding demonstrates a new
role of the TMS in the formation of the quaternary structure of
HO-1 in native membranes.
The crystal structures of the soluble human and rat HO-1

lacking the TMS have been determined (18, 19), but nothing is
known about the tertiary and quaternary structures of the TMS
in HO-1. Structural studies on membrane proteins have
revealed that the TMS is often �-helical (6, 7). Using CD spec-
troscopy and molecular modeling, we predicted that the HO-1
TMS folds as an �-helix. Transmembrane helix-helix interac-
tions have been reported for several proteins with single trans-
membrane �-helices (6, 7), but information regarding the
sequence motifs required for the interactions is limited. The
human erythrocyte glycophorin A is the most characterized
membrane protein where the dimerization has been shown to
be mediated through a GXXXG motif in the transmembrane
helices (20, 21). Studies on a membrane-helix model have
revealed that the hydrogen bonds formed by polar residues,
such as Asn, Asp, or Glu, can drive the self-association ofmem-
brane helices (22–26). Moreover, a heptad repeat sequence
with a leucine zipper motif can also contribute to the lateral
interactions of TMS through van der Waals interactions (27).
The HO-1 TMS does not contain these typical interaction
motifs. However, computational modeling predicted a heptad
repeat in which the residues at the “a” and “d” positions con-
sisted of three Leu (Leu-267, Leu-274, and Leu-277), one Val
(Val-281), one Trp (Trp-270), and one Gly (Gly-284), which

FIGURE 6. The CD spectra of the HO-1 TMS containing Trp-270 mutations.
The CD spectra of 20 �M of synthetic HO-1 C-terminal peptides with wild-type
sequence (solid line), W270A (dashed line), or W270N (dotted line) mutation in
20 mM phosphate buffer (pH 7.0) containing 200 mM SDS were recorded at
25 °C.

TABLE 1
Secondary structure contents of wild type and mutated TMS peptides estimated from CD spectra acquired at pH 7.0 and 25 °C using three
different methods as described under “Experimental Procedures”

TMS Method H(r)a H(d)b S(r)c S(d)d Trne Unrdf �-Helix content (%)

Wild type SELCON3 0.473 0.220 0.003 0.014 0.057 0.274 69.3
CONTIN/LL 0.481 0.194 0.005 0.028 0.063 0.229 67.5
CDSSTR 0.574 0.199 0.052 0.010 0.034 0.133 77.3

W270A SELCON3 0.510 0.229 0.000 0.006 0.047 0.248 73.9
CONTIN/LL 0.488 0.131 0.043 0.033 0.075 0.230 61.9
CDSSTR 0.433 0.194 0.051 0.071 0.077 0.176 62.7

W270N SELCON3 0.392 0.200 0.015 0.031 0.096 0.299 59.2
CONTIN/LL 0.435 0.167 0.008 0.037 0.090 0.262 60.2
CDSSTR 0.476 0.196 0.054 0.045 0.046 0.186 67.2

a H(r), regular �-helix.
b H(d), distorted �-helix.
c S(r), regular �-strand.
d S(d), distorted �-strand.
e Trn, turns.
f Unrd, unordered.
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may serve as the interface for the helix-helix interaction
through aliphatic side-chain packing. Because Trp has been
shown to stabilize the self-association of helices through aro-
matic ring �-� interactions (28, 29), we proposed that Trp-270
may have an impact on the lateral interactions between TMSs.
The W270A mutation did not significantly affect HO-1 ER
localization and oligomerization, indicating that the aromatic�
interaction of Trp was not required for the TMS-TMS interac-
tion. Although Asn residues in two transmembrane �-helices
can theoretically form interhelical hydrogen bonds, which
might contribute to dimer formation (22, 23), the W270N
mutation resulted in weaker oligomerization, as revealed by the
lower FRET efficiency. BecauseW270Nmutation did not affect
the �-helix structure as shown in CD experiment, we specu-
lated that the polar interactions introduced by Asn in theHO-1
TMS somehow decreased the packing effects of other interfa-
cial residues. More studies are required to clarify this issue.
Interestingly, the W270N mutation significantly increased the
susceptibility of HO-1 to proteolysis without affecting its inte-
gration in the ER membrane. These observations clearly sup-
port the importance of oligomerization in the proper organiza-
tion and stabilization of HO-1 in the ERmembrane. Moreover,

the activity of microsomal W270N HO-1 was significantly
lower than that of the wild type HO-1, suggesting that the oli-
gomeric state may have an impact on the catalytic function of
HO-1 in the ER. A previous study showed that NADPH-cyto-
chromeP450 reductase and biliverdin reductase bind to soluble
human HO-1 at sites, which are partially overlapping or allo-
stericallymodulated (30, 31). It is conceivable that oligomeriza-
tion may allow the simultaneous binding of these two proteins
on different HO-1 monomers and facilitate the cooperative
reaction needed for heme degradation and subsequent biliru-
bin production. We noticed that the activity of W270A HO-1
was also slightly lower than that ofwild typeHO-1, although the
difference was not statistically significant. The possibility that
Trp-270mutations to other amino acidsmight affect to various
extents the interaction betweenHO-1 TMS andNADPH-cyto-
chrome P450 reductase (17) cannot be completely ruled out in
the present study. Further work is required to clarify this issue.
In conclusion, the present study demonstrates that the TMS

of HO-1 not only functions as a membrane anchor, but also
drives the self-association which is crucial for the stabilization
and function of HO-1 in the ER. Given the importance of HO-1
in various pathophysiological states associated with cellular
stress, genetic variations affecting TMS-TMS interactions may
have a significant impact on disease progression. Moreover,
whether the oligomeric state can be altered under specific cel-
lular contexts, such as oxidative stress and hypoxia, remains to
be explored. Although our data support the importance of Trp-
270 in the TMS-TMS interaction, the roles of other residues
require further investigation. To gain further insights into the
structural framework of helix-helix interactions, studies are
currently in progress to determine the structure of HO-1 TMS-
TMS dimers in detergent micelles by high resolution nuclear
magnetic resonance.
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