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protein implies a conformational change in CYPOR upon
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Heme oxygenase-1 (HMOX1) catalyzes heme degradation utilizing reducing
equivalents supplied from NADPH-cytochrome P450 reductase (CYPOR).
Recently, we determined the complex structure of NADP*-bound open-
conformation stabilized CYPOR and heme-HMOXI1, but the resolution was
limited to 4.3 A. Here, we determined the crystal structure of the fusion pro-
tein of open-conformation stabilized CYPOR and heme-HMOXI1 at 3.25 A
resolution. Unexpectedly, no NADP* was bound to this fusion protein in the
crystal. Structural comparison of the NADP*-bound complex and the
NADP * -free fusion protein suggests that NADP* binding regulates the con-
formational change in the FAD-binding domain of CYPOR. As a result of
this change, the FMN-binding domain of CYPOR approaches heme-bound
HMOXI1 upon NADP™ binding to enhance the electron-transfer efficiency
from FMN to heme.
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Heme oxygenase (HMOX; EC 1.14.11.18) catalyzes
the degradation of heme to biliverdin, carbon monox-
ide (CO), and ferrous ion by utilizing reducing equiva-
lents supplied from NADPH-cytochrome P450
oxidoreductase (CYPOR; EC 1.6.2.4) [1-3], with bili-
verdin subsequently converted to bilirubin by biliver-
din reductase (EC 1.3.1.24). The major physiological
roles of HMOX in mammals are assigned to an induci-
ble isoform (HMOXI) and include iron recycling,
heme detoxification (as a pro-oxidant), and bilirubin
production (as a potent antioxidant). CO produced by
HMOXI1 and a constitutive isoform (HMOX2) medi-
ates various types of cell signaling, including that

Abbreviations

associated with anti-inflammation, antiapoptosis, and
vasodilatation [4,5].

The CYPOR is a member of a family of diflavin
reductases that includes methionine synthase reductase
(EC 1.16.1.8), the reductase domains of nitric oxide syn-
thase (EC 1.14.13.39) and cytochrome P450 BM3 (EC 1.
14.14.1), and the flavoprotein subunit of sulfite reduc-
tase (EC 1.8.1.2). The electron flux from NADPH to the
redox partner of CYPOR follows a linear pathway:
NADPH—-FAD—->FMN-—-heme in the redox partner.
The FAD accepts two electrons and one proton as a
hydride from NADPH, and the FMN acts as a one-elec-
tron carrier [6-8]. The CYPOR structure comprises

CYPOR, NADPH-cytochrome P450 oxidoreductase; heme-rHMOX1, rat HMOX1 in complex with heme; heme-rHMOX1-ATGEE, heme-
bound rHMOX1-ATGEE; HMOX, heme oxygenase; rHMOX1-ATGEE, fusion of rat HMOX1 and ATGEE; TCA, trichloroacetic acid; ATGEE:
heme-rHMOX1, complex of ATGEE with heme-rHMOX1; ATGEE, rat CYPOR mutant to keep the open conformation.
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three domains: an FMN-containing flavodoxin-like
domain, a ferredoxin-NADP™ oxidoreductase (FNR)-
like domain, and the domain connecting the two former
domains. The connecting domain and the FNR-like
domain form the FAD-binding domain, where the
NADPH/NADP *-binding site resides. The FAD- and
FMN-binding domains are connected by a flexible hinge
spanning 12 amino acid residues (Gly232 to Arg243) in
rat CYPOR. For electron transfer to occur, association
is required between CYPOR and its redox partners.
Recently, we determined the crystal structure of the
complex of rat CYPOR in its stabilized open conforma-
tion (ATGEE; deletion of residues Thr236 to Glu239)
[9] and heme-bound rat HMOXI1 (heme-rHMOX1) at
4.3 A resolution [10,11]. The structure showed FMN
located near the heme group, thereby enabling electron
transfer from FMN to the heme; however, the distance
between FAD and FMN was > 20 A, suggesting that
rapid electron transfer from FAD to FMN would be
difficult if the structure is maintained during the entire
electron-transfer process. To complete the cycle of the
HMOX reaction, HMOX consumes seven electrons pro-
vided by CYPOR. The wild-type rat CYPOR structure
shows a closed conformation, in which NADP*, FAD,
and FMN are located in close proximity, thereby mak-
ing this conformation suitable for intramolecular elec-
tron transfer [12]. Therefore, this suggests that a
‘closed—open transition’ of CYPOR that includes
HMOX association and dissociation must occur during
the HMOX reaction [10].

To improve crystallographic resolution of the com-
plex structure, we constructed a fusion protein of rat
HMOXI1 and ATGEE (rHMOXI-ATGEE) based on
the complex structure and crystallized the fusion pro-
tein in complex with heme. Unexpectedly, we found
that NADP™ was not bound to the fusion protein in
the crystal. Based on our findings, we propose the

Crystal structure of a HMOX1-CYPOR fusion protein

presence of a conformation change in CYPOR associ-
ated with NADPH/NADP™ binding.

Materials and methods

Preparation of fusion enzymes

In the crystal structure of the ATGEE:heme-rHMOX1 com-
plex (PDB ID: 3WKT), the distances between the C terminus
(Glu223) of rat HMOXI1 and the N terminus (Glu66) of
ATGEE and between the C terminus (Ser674) of ATGEE
and the N terminus (Serl10) of rat HMOXI1 are similar (36
A). However, the presence of a linker between the C terminus
of ATGEE and the N terminus of rat HMOX1 might prevent
an interaction between HMOX1 and ATGEE based on the
location of the linker relative to the FAD-binding and
FMN-binding domains of ATGEE. Therefore, we prepared
fusion proteins with HMOX1 and ATGEE located on the N-
terminal and C-terminal regions, respectively. Moreover, we
prepared three types of fusion constructs with variable linker
lengths between HMOX1 and ATGEE (13, 15, and 17 resi-
dues). The linker sequences originated from the rat HMOX1
sequence (from Thr222 to Thr233, Phe235, or Arg237), and
a methionine residue was added at the last residue of the lin-
ker. To disrupt the helix located at the C terminus of
HMOX1, Thr222 was substituted with a proline residue in
all constructs (Fig. 1). Pro230 was also substituted with ala-
nine to increase the flexibility of the linker.

We used an In-Fusion HD cloning kit (Takara Bio,
Shiga, Japan) to construct the expression system for the
fusion proteins. The expression plasmid containing N-term-
inal 6 x His-tagged rat HMOXI1 (pET15b-rat HMOXI;
previously constructed [13]) was linearized by PCR with
primers 1 and 2-13aa (Table 1). Mutation of P230A was
also introduced by this PCR reaction. The open reading
frame (ORF) region was amplified by PCR from the
expression plasmid for ATGEE using primers 3 and 4
(Table 1). The linearized vector containing hmoxI was then

510 S67
(HMOX1) (ATGEE)
M1 P222 Q58 5674
(HMOX1) ~ (HMOX1)(ATGEE) (ATGEE)
oxtis \ |4 |
e HMOX1 o ATGEE
A . linker
Fig. 1. Construct of the rHMOX1-ATGEE ’ b .
fusion protein. Schematic diagram of the Thrombin site Linker sequences starting from P222
domain construct of the rHMOX1-ATGEE 13aa; PEEHKDQSASQTM
fusion protein. Filled circles show the 15aa; PEEHKDQSASQTEFM
visible regions in the crystal structures. 17aa; PEEHKDQSASQTEFLRM
The His-tag, protease cleavage site, and
amino acid sequences of the linker are P230A mutation
shown. T222P mutation
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Table 1. Primer sequences.

1 CTCGAGGATCCGGCTGCTA

2-13aa TGTCTGTGAGGCACTCTGGTCTTTG

3 AGTGCCTCACAGACAATGCAAACAACGGCCCCA
4 AGCCGGATCCTCGAGCTAGCTCCACACATCTAGT
T222P-f CTGCCAGAGGAACACAAAGACC

T222P-r CAGTGCCTGCAGCTCCTC

15aa-f GAATTTATGCAAACAACGGCCCCACCCGTC

17aa-f GAATTTCTGCGTATGCAAACAACGGCCCCACC

Sequences used for mutations or insertions are underlined.
Sequences used for in-fusion reactions are in bold.

fused with ATGEFE according to manufacture protocol, and
sequences of the ORF regions in the resulting plasmids
were verified. T222P mutation and insertion along with the
15aa and 17aa linkers were carried out using a KOD site-
directed mutagenesis kit (Toyobo, Osaka, Japan) using pri-
mers T222P-f, T222P-r, 2-13aa, 15aa-f, and 17aa-f
(Table 1).

Fusion proteins were all expressed in Escherichia coli
BL21 (DE3) cells (Merck, Burlington, MA, USA) at 30 °C
using Terrific-Broth media without isopropyl B-p-1-thioga-
lactopyranoside induction, and fusion proteins were puri-
fied from the soluble extracts of each overexpressed culture.
Because the 6 x His-tag was attached at the N terminus in
all expressed fusion proteins, they were purified using Ni-
NTA agarose HP resin (Wako Pure Chemical Industries,
Ltd., Osaka, Japan) according to manufacturer protocol,
followed by additional purification with 2’,5-ADP sephar-
ose (GE Healthcare, Little Chalfont, UK) and hydroxyap-
atite (CHT-I; Bio-Rad Laboratories, Hercules, CA, USA)
columns, as reported previously [14]. NADP* was used for
elution of the fusion proteins from the sepharose column.
Typical yields of these fusion proteins were 100 mg from
0.6 L culture medium.

Size-exclusion chromatography

Each purified 6 x His-tagged rHMOXI-ATGEE fusion
was mixed with hemin at a molar ratio of 1 : 5 at 4 °C and
incubated overnight. The mixture then was applied to a
Superdex 200 10/300 GL column connected
AKTAprime plus system (GE Healthcare) following col-
umn equilibration with 20 mm Tris-HCI buffer (pH 7.4).
Proteins were eluted with the same buffer, and absorbance
at 280 nm was recorded.

to an

Crystallization and structure determination

Each monomer and oligomer fraction of the fusion protein
was concentrated to 40 mg-mL~' by ultrafiltration using
Amicon Ultra (Merck). Crystallization conditions were
screened at 20 °C by sitting-drop vapor diffusion using a JB
Classic screening kit (Jena Bioscience, Jena, Germany).
Plate-shaped orange crystals of the heme-rHMOXI1-ATGEE
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fusion protein were obtained from the oligomer fraction at
20 °C in reservoir solution containing 10% (w/v) PEG 20000
and 0.1 M MES-NaOH (pH 6.5). The length of the linker
had no apparent effect in crystallization. We ultimately opti-
mized the reservoir conditions to 8% (w/v) PEG 20000,
0.1 v MES-NaOH (pH 6.0), and 0.5% ethyl acetate. Crys-
tals were soaked in crystallization solution containing PEG
20000 up to 10% (w/v), 10% (v/v) ethylene glycol, and 10%
(w/v) sucrose for cryopreservation, followed by introduction
of liquid nitrogen. Diffraction data were collected at 100 K
using synchrotron radiation at beamline BL44XU (SPring-8,
Sayo, Japan; Proposal Nos. 2016AB6622, 2016A6700,
2017B6725, 2017AB6765, 2017A6766, and 2018AB6700),
with the wavelength of the X-ray used for structure refine-
ment at 0.9 A. Diffraction data were processed, merged, and
scaled using the XDS package [15] for the 13aa-linker variant
and HKL2000 [16] for the 15aa- and 17aa-linker variants.
Crystallographic statistics are summarized in Table 2.
Protein phases were determined by molecular replace-
ment with Molrep [17,18] using the complex structure of
ATGEE:heme-rHMOX1 (PDB ID: 3WKT) as a search
model. The model was further refined with Phenix and
adjusted with Coot [18-20]. During refinement, non-crystal-
lographic symmetry restraints between two fusion proteins
in an asymmetric unit were applied. Stereochemical evalua-
tion of the models was performed with the program
MoLPROBITY [21]. Diffraction and refinement statistics are
summarized in Table 2. The coordinates and structure fac-
tors have been deposited in the Protein Data Bank with
accession codes 6J79 (13aa), 6J71 (15aa), and 6J7A (17aa).

High-performance liquid chromatography
analysis

To determine NADP' content in the fusion protein,
NADP* and other coenzymes were extracted from purified
ATGEE or the fusion protein by trichloroacetic acid (TCA)
precipitation. The supernatants were immediately diluted
10-fold with running buffer [0.15 M sodium phosphate/ci-
trate buffer (pH 6.8) containing 1 mm EDTA] and analyzed
according to the same procedures reported by Aso et al.
[22], except for use of a different column (4.6 x 250 mm?;
InertSustainSwift C18 column; GL Sciences, Tokyo, Japan)
connected to a Waters Alliance ¢2695 HPLC and 2998
PDA detector system (Waters, Milford, MA, USA).

Results and Discussion

Properties of the heme-rHVIOX1-ATGEE fusion
protein

We expressed and purified the rHMOXI-ATGEE
fusion protein, with size-exclusion chromatography
demonstrating its status as a monomer. However,
upon the addition of excess amounts of hemin, we
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Table 2. Crystal structure statistics for data collection and structure refinement.

Crystal structure of a HMOX1-CYPOR fusion protein

Crystallographic dataset 13aa 15aa 17aa
Wavelength (A) 0.9000 0.9000 0.9000
Space group P2,2,24 P2,242, P2,2,2,

Unit cell (a, b, ¢; A)
Diffraction statistics®

83.4, 159.8, 189.6

Maximum resolution (A) 3.33 (3.42-3.33)

Redundancy 8.1 (7.6)

Completeness (%) 99.0 (91.4)

Mean Is/o(]) 14.0 (1.9)

Reym® (%) 9.6 (118.3)
Refinement statistics

R-factor® (%) 20.2

Riree” (%) 24.9

Number of atoms
Protein/ligands/water

Average B-factors (A2)
Protein/ligands/water

Rms deviations from ideal values

13 075/254/16

129.7/113.7/82.2

Bond lengths (A) 0.002

Bond angles (degree) 0.641
Ramachandran plot

Preferred (%) 92.9

Allowed 6.6

Disallowed (%) 0.5

PDB ID 6J79

83.2, 1568.2, 189.2

82.4, 159.6, 189.2

3.30 (3.36-3.30) 3.25 (3.31-3.25)
3.3 (3.1) 3.7 (3.4)

91.6 (88.6) 96.3 (97.0)

10.9 (2.0 13.1 (1.8)

10.8 (71.5) 8.8 (63.6)

19.2 22.8

241 24.6

13 075/254/0

65.1/44.9/none

13 016/254/3

73.7/56.4/30.6

0.005 0.002
0.727 0.662
93.7 94.3
59 53
0.4 0.4
6J71 6J7A

@ Values in parentheses correspond to the highest resolution shell.
® Roym = L AI{0kI) — <KKI) > L s l{hkI).
© Rfactor = Yyl FolhkD)| — |FolhkD|[/S nid Folhkl)].

9 R0 is the Rfactor calculated for 5% of the data not included in the refinement.

observed oligomerization of a portion of the fusion
protein (Fig. 2A). The UV-visible absorption spectrum
of the oligomer fraction showed a clear absorption
peak at 410 nm (Soret band), indicating heme binding
(Fig. 2B). Subsequent treatment of the oligomer frac-
tion with thrombin digestion to remove the N-terminal
6 x His-tag resulted in monomerization (Fig. 2A).
Therefore, this suggested that the 6 x His-tag and
hemin were involved in oligomerization likely due to
the weak binding of hemin to the 6 x His-tag. This
was also supported by the absence of oligomer forma-
tion following addition of an equimolar amount of
hemin. We have not tested the enzymatic activities of
these fusion proteins but basically these must be inac-
tive because the ATGEE mutation fixes the conforma-
tion of the CYPOR part of the fusion protein to open.
In the open conformation of CYPOR, the distance
between FAD and FMN is too long for the electron
transfer between them [10]. As shown below, the dis-
tances between FAD and FMN in the fusion proteins
are too long as in ATGEE:heme-rHMOX1 complex.

A previous study reported that the Ky of human
CYPOR for NADP ™ is 53 nM according to calorimet-
ric analysis [23], suggesting that NADP™ is usually

tightly bound to CYPOR. To confirm NADP ™ binding
to the fusion protein, we performed HPLC analysis, fol-
lowed by TCA precipitation. In the sample solution that
was passed through the size-exclusion column equili-
brated with NADP'-free buffer, we found that
NADP™ was present at almost equimolar concentra-
tions with the 13aa-linker fusion protein (Fig. 3). That
implied NADP ™ was bound to the purified fusion pro-
tein before crystallization.

Crystal structure of the heme-rHMOX1-ATGEE
fusion protein

We screened the crystallization conditions for both the
oligomer and monomer fractions of the heme-bound
6 x His-tagged rHMOXI1-ATGEE fusion protein, and
found that only the oligomer fraction was able to crys-
tallize under conditions that differed from those of the
ATGEE:heme-rHMOX1 complex [10]. Moreover, the
space group and crystal lattices of the fusion-protein
crystal also differed from those of the original complex
(Table 2).

Although we were able to crystallize the oligomer
fraction, the structure of the fusion protein appeared to

FEBS Letters 593 (2019) 868-875 © 2019 Federation of European Biochemical Societies 871
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Fig. 2. Size-exclusion chromatograms of the rHMOX1-ATGEE fusion protein in complex with heme. (A) Solid and broken lines show
chromatograms before and after 6 x His-tag cleavage, respectively. Elution peaks at 9.5 mL and at 12 mL represent the oligomer and
monomer forms, respectively. (B) UV-visible spectrum of the oligomer fraction. The oligomer is solved in the 0.1 M potassium phosphate

buffer (pH 7.4).

l Fusion protein
A L ATGEE
. L — NADP*
0 5 10 15 20 25 30

Retention time (min)

Fig. 3. High-performance liquid chromatography chromatograms of
supernatants containing the 13aa-linker-ATGEE fusion protein
treated with TCA precipitation. Chromatograms recorded at
260 nm. The peak eluted at 10.4 min contains NADP™*. Extracts
from 0.81 nmol protein or 0.8 nmol NADP* were applied to the
column. NADP™ bound in the fusion protein was almost identical
amount to that present in the ATGEE variant. Detailed elution
conditions are described in the Materials and Methods section.

be monomeric. The linker region was disordered, indi-
cating the lack of a stable conformation in this variant.
Therefore, this suggested that the linker would not pre-
vent the interaction between ATGEE and heme-
rHMOXI1. Additionally, linker lengths of at least 13aa
to 17aa did not affect the conformation of the fusion
protein. Unless otherwise stated, the structure of the

fusion protein described here contained a 17aa linker, as
that variant allowed a structure with the best resolution.
To compare the residue numbers of the fusion proteins
with those of the ATGEE:heme-rHMOX1 complex, we
described the residue number of the fusion protein
according to the corresponding numbers in ATGEE or
HMOXI1. Notably, the residue numbers of the fusion
proteins deposited in the PDB differ from those
described in this paper (i.e., GIn58 of ATGEE was
recorded as GIn235 for the 13aa-fusion protein, GIn237
for the 15aa-fusion protein, and GIn239 for the 17aa-
fusion protein in the PDB, respectively). Compared with
the previous structure of the ATGEE:heme-rHMOX1
complex, present fusion-protein structure showed an
improved crystallographic resolution from 4.3 A t03.25
A. Despite overall similarity between the fusion protein
and the previously reported complex, NADP " was not
bound by the fusion protein (Fig. 4A). As showing in
Fig. 3, NADP ™" was copurified with the fusion protein.
Also NADP ™" was bound to ATGEE during the similar
purification procedure [10]. These implied that NADP "
was bound to the fusion protein during the purification
step involving the 2/,5-ADP sepharose column as well
as ATGEE and NADP™ was subsequently released
from the fusion protein upon crystallization. Compared
with the structure of the ATGEE:heme-rHMOX]1 com-
plex, the loop between Gly627 and Asn631 (correspond-
ing to Gly631 and Asn635 in the wild-type CYPOR
structure based on the deletion of four residues from
Thr236 to Glu239 in ATGEE) was flipped due to elec-
trostatic repulsion between Asp628 (Asp632 in the
wild-type CYPOR) and the negative charge of the
pyrophosphate group of NADP'. Xia et al. [24]

872 FEBS Letters 593 (2019) 868-875 © 2019 Federation of European Biochemical Societies
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10 FMN-binding domain Connecting domain FNR-like domain
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Fig. 4. Crystal structure of the NADP*-free heme-rHMOX1-ATGEE fusion protein. Superimposition of the NADP*-bound complex of ATGEE:
heme-rHMOX1 onto the NADP*-free fusion protein was performed to minimize root-mean-square deviations in the HMOX1 region of each
model. (A) NADP*- and FAD-binding sites. The 2F,—F, map of the NADP*-free fusion protein contoured by 1.3 o superimposed onto the
fusion-protein model (yellow). Superimposition of the NADP* from the model of the ATGEE:heme-rHMOX1 complex. No corresponding
electron density for NADP* was observed in the fusion protein. (B) Superimposition of the NADP*-free fusion protein (yellow) onto the
NADP*-bound ATGEE (green)-heme-rHMOX1 (pink) complex. The invisible linker region in the fusion protein is illustrated as a broken line.
(C) Plot of the distances between Ca atoms in the fusion protein and the ATGEE:heme-rHMOX1 complex. Blue and red lines show the
distances within the HMOX1 and ATGEE regions, respectively. Solid horizontal bars indicate the domains in the ATGEE variant. (D) Close-up
view of the NADP*- and FAD-binding sites in (B). Stick models of NADP*, FAD, Trp673, and the flipped loop between Gly627 and Asn631.
For clarity, side chains in the flipped loop (except for Asp628) are not shown.

reported the introduction of an artificial disulfide bridge
into the structure of NADP *-free CYPOR in order to
maintain a closed conformation. The structural differ-
ence between the NADP-bound ATGEE:heme-
rHMOXI complex [10] and NADP " -free fusion protein
was similar that reported previously in the vicinity of

the NADP *-binding site. Although the NADP*-
dependent change in conformation was limited in the
vicinity of the NADP " -binding site in the closed con-
formation of CYPOR reported previously [24], we
observed that the conformation change spread toward
the FMN-binding domain in the open conformation of

FEBS Letters 593 (2019) 868-875 © 2019 Federation of European Biochemical Societies 873
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CYPOR (Fig. 4B,C). When NADP™ was bound, the
flipping motion of the Asp628 side chain pulled the fla-
vin ring of FAD through a pi-stacking conformation
along with Trp673 (Fig. 4D). This motion was then
transmitted throughout the connecting and FMN-bind-
ing domains (Fig. 4C), resulting in a narrowing of the
HMOX-binding cleft of ATGEE in order to adapt to
the shape of HMOX1 and move FMN toward the heme
group upon NADP* binding (Fig. 4B). We found that
the shortest distance between FMN and the heme group
changed from 8.0 A (NADP " -free fusion protein) to 5.7
A (NADP "-bound complex) although the distance
between FMN and FAD did not largely change. The
change in the distance between FMN and the heme
group suggests that this activity might enhance the effi-
ciency of electron transfer from CYPOR to the heme-
rHMOX1 complex upon NADPH/NADP ™ binding.
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