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Abstract
The lysine residues of rat heme oxygenase-1 (HO-1) were acetylated by acetic anhydride in the
absence and presence of NADPH-cytochrome P450 reductase (CPR) or biliverdin reductase (BVR).
Nine acetylated peptides were identified by MALDI-TOF mass spectrometry in the tryptic fragments
obtained from HO-1 acetylated without the reductases (referred to as the fully acetylated HO-1). The
presence of CPR prevented HO-1 from acetylation of lysine residues, Lys-149 and Lys-153, located
in the F-helix. The heme degradation activity of the fully acetylated HO-1 in the NADPH/CPR-
supported system was significantly reduced, whereas almost no inactivation was detected in HO-1
in the presence of CPR, which prevented acetylation of Lys-149 and Lys-153. On the other hand,
the presence of BVR showed no protective effect on the acetylation of HO-1. The interaction of HO-1
with CPR or BVR is discussed based on the acetylation pattern and on molecular modeling.
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Heme oxygenase (HO, EC 1.14.99.3) is a membrane-bound microsomal enzyme that catalyzes
the degradation of heme to biliverdin, carbon monoxide (CO), and free iron [1,2]. Biliverdin
is subsequently converted to bilirubin by a soluble cytosolic enzyme, biliverdin IXα reductase
(BVR, EC 1.2.1.24) [3]. The electrons required for HO catalysis in mammals are provided by
NADPH-cytochrome P450 reductase (CPR, EC 1.6.2.4), a 78-kDa membrane-bound
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flavoprotein containing one molecule each of FAD and FMN [4]. For electron transfer, CPR
and its redox partners need to associate with each other. Indeed, the molecular surface of HO-1
surrounding the exposed δ-meso edge of heme is positively charged, and can associate, through
electrostatic interaction, with the negatively charged surface of CPR [5]. In contrast to
cytochrome P450, HO activity can be reconstructed with the soluble forms of HO-1 and CPR,
both of which are lacking their membrane binding regions, C-terminal 22 amino acids and N-
terminal 57 amino acids, respectively [6].

Thus far, crystal structures of rat and/or human HO-1 in the heme-free [7,8], heme-bound [9,
10], verdoheme-bound [11], biliverdin-iron chelate-bound [12], and biliverdin-bound forms
[13] have been reported. The crystal structures of rat CPR [5] and rat BVR [14,15] have been
also reported. However, less is known about how the HO protein interacts with these two
reductases.

Recently, using site-specific mutation and docking modeling, we found that Arg-185 and
Lys-149 of rat HO-1 are important in both the HO activity and its association with CPR [16].
In our model, the guanidino group of Arg-185 interacts electrostatically with 2′-phosphate of
NADPH bound to CPR. On the other hand, Lys-149 is close to the acidic amino acid clusters
near the FMN binding site of CPR; mutation of the acidic clusters causes reduction of the
electron transfer rates from CPR to cytochrome P450s [17]. Thus, Arg-185 and Lys-149 appear
to interact with CPR in such a way as to orient the redox partners for optimal electron transfer
from CPR to the heme of HO-1. The model also suggested that the electrons from CPR are
transferred through the distal side of the heme pocket of HO-1 to heme and that Lys-149 is
involved in the electron transfer from FMN. Moreover, Wang and Ortiz de Montellano have
reported that CPR and BVR bind competitively to human HO-1 and that several amino acid
residues involved in binding of these two reductases to human HO-1 are located not only in
the distal helices but also in the proximal helices of HO-1 [18]. However, the detailed
interacting surfaces have yet to be characterized.

The combination of chemical modification of protein functional groups and mass spectrometry
has become a powerful method for investigating molecular interfaces in protein complexes
[19]. High sensitivity, accuracy, rapid analysis and low sample consumption are great
advantages of mass spectrometry in studies on protein-protein interaction. Recently, the
interactions between CPR and cytochrome P450 17α [20] and between human replication
protein A and single-stranded DNA [21] have been investigated by a combination of chemical
modification and mass spectrometry.

In the present study, employing this approach, we identified two lysine residues crucial for the
interaction of rat HO-1 with CPR. Our results clearly show that HO-1-CPR complex formation
disturbed the modification of these residues, leading to protection of HO catalytic activity.

MATERIALS AND METHODS
Enzymes

A soluble form of rat HO-1 lacking the 22-amino acid C-terminal hydrophobic segment
(referred to as rat HO-1) was expressed in Escherichia coli and purified as described previously
[22]. The heme-rat HO-1 complex was reconstituted with 1.2 equiv. of heme and purified by
hydroxyapatite (Bio-Rad) column chromatography as previously described [22]. A
recombinant rat liver CPR that lacks the N-terminal 57 hydrophobic amino acids was expressed
and purified as described elsewhere [6]. The purification of BVR from rat liver was carried
out according to published procedures [3].
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Chemical modification and trypsin digestion
Chemical modification was performed according to the method of Nikfarjam et al [20] with
slight modifications. Fifty picomoles of heme-rat HO-1 complex were incubated with either
CPR or BVR (150 pmol each) in a total volume of 100 μl at pH 8.0 for 1 h on ice. NADP+

(100 pmol) was also included in the incubation mixture; NADPH is the physiological electron
donor for CPR [16] and BVR [3], and is known to stabilize the interaction between heme-rat
HO-1 complex and CPR [16]. Acetylation of the lysine residues of the heme-rat HO-1 complex
was carried out with 2 μl of 15 mM acetic anhydride (Nacalai Tesque, Japan) for 15 min on
ice. The molar ratio of heme-rat HO-1 complex to acetic anhydride was 1:600 in the reaction
solution containing 20 mM potassium phosphate buffer at pH 8.0. The reaction was terminated
by the addition of 20 μ l of 0.1M NH4HCO3. The heme-acetylated rat HO-1 complex was
separated from CPR or BVR using Sulfo-Link coupling gel (PIERCE), which covalently
immobilized the sulfhydryl-containing reductases. The eluate containing the heme-acetylated
rat HO-1 complex was lyophilized and then incubated with 8 M urea in 50 mM Tris-HCl buffer
(pH 8.0) for 1hr at 37 °C. After denaturation, trypsin digestion was performed using Tosyl-
Phe Chloromethyl Ketone (TPCK)-treated trypsin (Promega) according to the manufacturer’s
instruction.

Mass spectrometry and identification of acetylated positions
MALDI-TOF peptide mass fingerprintings were performed using a Bruker Autoflex
instrument (Bruker Daltnics) with an α-cyano-4-hydroxyl-trans-cinnamic acid matrix (Sigma).
All MALDI-TOF mass spectra were calibrated externally using a standard peptide mixture
(angiotensin II (m/z 1046.5), adrenocorticotropic hormone fragment 18-39 (m/z 2465.2), and
somatostatin (m/z 3147.5)). Identification of the peptide fragments was carried out with Protein
Prospector software (http://prospector.ucsf.edu). The acetylated fragments were identified by
an increase in mass number of 42 in the fragments containing lysine residue. An error in mass
number of ±0.5 was tolerated in the identification of the modified peptides, if there were no
unmodified fragments in this error range.

Measurements of single turnover HO reaction
Single turnover HO reactions of the unmodified and the acetylated HO-1 in complex with heme
were monitored by optical absorption changes with a JASCO V-560 UV-visible
spectrophotometer at 25 °C. In general, the standard reaction mixture (100 μl) contained 5
μM of rat HO-1 or its acetylated form complexed with heme, 40 nM CPR and 25 μM NADPH
(5 molar equivalents to the heme-HO-1 complex) in 0.1 M potassium phosphate buffer (pH
7.4). The reduction rates of ferric heme complexed with unmodified and acetylated HO-1 were
measured as reported previously [16]

Computer modeling
The program Hex [23] was used to predict the structure of the complex of rat HO-1 (Protein
Data Bank Code 1DVE) and rat BVR (Protein Data Bank Code 1GCU) as described previously
[16].

RESULTS
To investigate the effect of acetylation on heme degradation activity of HO-1, we measured
absorption spectral changes of the heme-HO-1 complex during the HO reaction in air. The
NADPH/CPR-supported single-turnover reaction of the heme-unmodified rat HO-1 complex
is shown in Fig. 1A. The heme complexed with rat HO-1 immediately changed to the ferrous
oxy-form upon the addition of NADPH, and then was transformed to biliverdin as indicated
by the decrease of the Soret band and the increase of absorbance around 670 nm. The heme
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bound to rat HO-1 was completely degraded to biliverdin within 30 min under these conditions.
Fig. 1B shows the NADPH/CPR-supported single-turnover reaction of the heme-acetylated
rat HO-1. The spectrum of the heme complexed with acetylated rat HO-1 changed slowly to
its oxy-form upon addition of NADPH. Although a decrease in absorbance at 340 nm indicated
the consumption of NADPH, no biliverdin formation was observed within 30 min. To further
investigate electron transfer from CPR to HO-1, we compared the rate of reduction of the ferric
heme bound to the unmodified HO-1 with that of the acetylated form. In the NADPH/CPR-
supported system, the rate of reduction of the heme complexed with acetylated HO-1 was
decreased to 25% of that of the unmodified HO-1 (data not shown). On the other hand, it should
be noted that the heme bound to the HO-1 acetylated in the presence of CPR was converted
into biliverdin (Fig. 1C). This indicates that some acetylated lysine residues in HO-1 are
involved in the interaction with CPR and that these residues were protected from acetylation
by association with CPR.

With the heme-unmodified rat HO-1 complex, 16 tryptic peptide fragments derived from HO-1
protein were clearly detected in the mass spectra in the region of m/z 800-3000 (indicated by
solid arrows in Fig. 2A-a). Identified peptides in the mass spectra from heme-unmodified rat
HO-1 complex covered about 89 % of the sequence of the parent protein (indicated by bold
characters in Fig. 2B). A similar degree of sequence coverage was found for heme-acetylated
rat HO-1. Nine acetylated peptides could be detected in the MALDI-TOF mass spectrum of
the tryptic peptides of heme-acetylated rat HO-1 (indicated by dashed arrows in Fig. 2A-b).
The identified peptides and the acetylated positions are summarized in Table 1.

Without reductases, two acetylated peptides, Tyr-137-Lys-149 with one acetylated lysine
residue and Tyr-137-Lys-153 with two acetylated lysine residues were observed at m/z 1419
and 1902, respectively (Fig. 2A-b). However, when CPR was present during the acetylation
reaction, these acetylated peptides were not produced (indicated by the hollow arrows in Fig.
2A-c); instead, non-acetylated Tyr-137-Lys-149 peptide was detected at m/z 1377 (indicated
by an asterisk in Fig. 2A-c). These findings indicate that acetylation at Lys-149 and Lys-153
was prevented during the acetylation of heme-rat HO-1 complex in the presence of CPR.
Although we failed to detect the non-acetylated Tyr-137-Lys-153 peptide (m/z 1818), this was
probably due to further digestion at Lys-149 of this peptide. Indeed, non-acetylated Tyr-137-
Lys-153 peptide was not observed in the peptide fragments of heme-unmodified HO-1 (Fig.
2A-a). It should be noted that the peak at m/z 1249, corresponding to non-acetylated Tyr-137-
Lys-148 peptide, was observed irrespective of the presence or absence of CPR (Fig. 2A-b, c).
These findings are consistent with the rat HO-1 crystal structure [9] that shows that Lys-149
and Lys-153 are fully exposed on the protein surface, whereas Lys-148 is buried inside the
protein, so that it is not amenable to acetylation. On the other hand, the mass spectrum of heme-
rat HO-1 complex acetylated in the presence of BVR was similar to that of heme-rat HO-1
complex acetylated in the absence of reductase (Fig. 2A-d and Table 1).

Computational modeling was attempted to identify the surface contact regions in the complex
of HO-1 and BVR. The X-ray structure of rat HO-1 (Protein Data Bank Code 1DVE) and rat
BVR (Protein Data Bank Code 1GCU) were used as input to the program Hex [23]. The lowest
energy solution was selected from the 50 candidate docking solutions (Fig. 3A). In this model,
the distance between the heme bound to HO-1 and the substrate binding site of BVR is about
20 Å. The docking surface of HO-1 consists of the A-, B-, F- and G-helices. This is similar to
that seen in the docking model of the complex of HO-1 and CPR (Fig. 3B) as previously
reported [16]. Interestingly, although lysine residues at positions 18, 22, 39, 149, 177 and 179
in rat HO-1 are located within 5 Å from BVR, they are not close to any acidic residues of BVR.
On the other hand, Lys-149 and Lys-153 in rat HO-1 are surrounded by two acidic clusters of
CPR, Asp-207-Asp-208-Asp-209 and Glu-213-Glu-214-Asp-215 (Fig. 3B, ref 16). Thus
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Lys-149 and Lys-153 of HO-1 are crucial for association with CPR, whereas these lysine
residues of HO-1 are not very important in the interaction with BVR.

DISCUSSION
Using site-specific mutation, we have recently found that mutation of Lys-149 and Lys-153 to
Ala, i.e. K149A and K149A/K153A, caused a 7- and 9-fold decrease, respectively, in the
affinity of rat HO-1 for CPR [16]. Moreover, we and Yoshida’s group reported that replacement
of Lys-149 and Lys-153 with Ala reduced the HO activity as well as the reduction rate of the
ferric heme bound to rat HO-1 [16,24]. On the other hand, Wang and Ortiz de Montellano,
using fluorescence resonance energy transfer, reported that the mutation of Lys-149 in human
HO-1 had no significant effect on binding to CPR [18]. Thus there has been some disagreement
regarding the role of Lys-149 of HO-1.

In this work, we employed a mass spectrometric protein fingerprinting method [19-21] to
search for lysine residues in rat HO-1 that are critical for binding to CPR and BVR. This method
is based on the principle that, when particular amino acid residues are located at the interacting
site with other proteins, these residues may be specifically protected from chemical
modification [20,21]. When CPR was present, Lys-149 and Lys-153 in F-helix of rat HO-1
actually escaped acetylation (Fig. 2A-c and Table 1), suggesting that these residues were
masked by CPR. Thus we could confirm the direct involvement of Lys-149 and Lys-153 in
the association with CPR. This was also supported by computer modeling of the complex of
rat HO-1 and rat CPR, wherein Lys-149 and Lys-153 of rat HO-1 are close to the acidic amino
acid clusters near the FMN binding site of CPR (Fig. 3B, ref 16).

With cytochrome P450s, it has been widely accepted that basic residues on the surface of the
proximal side of the heme pocket are involved in binding to the negatively charged region on
the CPR surface [25]. In the present study, we found that Lys-18, -22, -39, -48, -69, -148, -179
and -196 seem not to be significantly involved in the interaction with CPR. Indeed we and
Yoshida’s group have shown that replacement of Lys-18 and Lys-22 with Ala did not affect
HO activity [16,24]. These results indicate that HO-1 interacts with CPR in a fashion somewhat
different from that of cytochrome P450s.

Computer modeling of the complex of rat HO-1 and rat BVR showed Lys-18, -22, -39, -149,
-177 and -179 in rat HO-1 are located within 5 Å of the surface of BVR. The presence of BVR
during acetylation of HO-1, however, did not prevent acetylation of either of the reactive lysine
residues (Fig. 2A-d, 3A and Table 1). An earlier kinetic study reported that the release of
biliverdin from human HO-1 was accelerated in the presence of BVR [26]. Moreover, previous
studies showed that CPR and BVR compete with each other in binding to HO-1 [16,18],
suggesting that the binding sites on HO-1 for BVR and CPR partially overlap. The docking
model clearly indicates the overlapped binding site on the HO-1 for these two reductases (Fig.
3). Interestingly, the surface of HO-1 around the heme is primarily positively charged, and the
surface of CPR in the vicinity of the FMN group is predominantly negatively charged. Thus
they must electrostatically associate with each other. On the other hand, the surface of BVR at
the interface between rat HO-1 and BVR is far less electronegative compared to that of CPR.
Although the fluorescence resonance energy transfer study suggested that Lys-18, -22, -179,
-183 and -185 in human HO-1 contribute to the binding to BVR, the effects of alanine
substitution of these residues on the binding affinity for BVR is less marked compared to that
of CPR [18], suggesting that the interaction mechanism of BVR with HO-1 might be somewhat
different from that of CPR with HO-1
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Fig. 1. Absorption spectral changes of the heme-rat HO-1 complex during the NADPH/CPR-
supported single-turnover reaction
The spectra were recorded before (dotted line; ········) and after the addition of NADPH; 5
(dashed and dotted line; -·-·-), 10 (dashed line; ------) and 30 (solid line; —) min. (A)
Unmodified HO-1, (B) HO-1 acetylated in the absence of CPR, (C) HO-1 acetylated in the
presence of CPR. All reaction mixtures contained 5 μM heme-HO-1 complex, 40 nM CPR and
25 μM NADPH in 0.1M potassium phosphate buffer (pH 7.4).
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Fig. 2. Mass spectrometric analysis of the heme-rat HO-1 complex
(A) MALDI-TOF mass spectra of the tryptic peptides from rat HO-1: (a) unmodified, (b)
acetylated in the absence of the reductases, (c) acetylated in the presence of CPR, (d) acetylated
in the presence of BVR. The 16 solid arrows in (a) indicate the positions of the peptide fragment
derived from the unmodified HO-1. The dashed arrows, 9 in (b) and (d) and 7 in (c) indicate
the peaks of the acetylated peptides. The single solid-line arrows at m/z 1249 in (b), (c) and
(d) indicate the Tyr-137-Lys-148 peptide without acetylation. In (c), the peak at m/z 1377
(asterisk) indicates the Tyr-137-Lys-149 peptide without acetylation and the 2 hollow arrows
indicate the peaks, m/z 1419 and 1902, which were not detected in HO-1 acetylated in the
presence of CPR. (B) Sequence and secondary structure of rat HO-1. Identified amino acid
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sequences in the mass spectra from heme-unmodified rat HO-1 complex are indicated by bold
characters. The α-helices are shown as cylinders.
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Fig. 3. Putative docking model of rat HO-1 (PDB 1DVE) with rat BVR (1GCU) (A) and with CPR
(1AMO) (B; ref 16) calculated by the program Hex
HO-1 is represented by a ribbon (purple). Heme is shown as ball-and-sticks (olive). The side
chains of Lys-149 and Lys-153 in F helix of HO-1 are represented in stick form (red). BVR
and CPR are shown as orange and green ribbons, respectively. The cofactors of CPR are in
stick form (blue).
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