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the CENP-A nucleosome, resulting in higher reconstitution efficiencies
on a 147-base-pair DNA.

A superimposition of CENP-A and H3 reveals a clear difference in
the loop 1 region (residues Phe 78-Phe 84 of CENP-A), where CENP-
A has two extra amino acid residues (Arg 80 and Gly 81) compared to
H3 (Fig. 2a). The CENP-A loop 1 protrudes from the CENP-A nucleo-
some, and the Arg 80 and Gly 81 residues are located at the tip of the
loop (Fig. 3 and Supplementary Fig. 11). In the free CENP-A-H4
tetramer structure, the loop 1 region is more flexible than the other
CENP-A regions, as judged from the B-factors. By contrast, in the
CENP-A nucleosome, the B-factors of the loop 1 region are similar
to those of the other regions (Supplementary Fig. 12), indicating that
CENP-A nudeosome formation may stabilize the loop 1 region. The
tip of the loop 1 region is solvent-accessible (Fig. 3), and may function
as a binding site for trans-acting factors that interact directly with the
CENP-A nucleosome. To test the functional significance of the CENP-
A Arg80 and Gly 81 residues, we co-expressed the green fluorescent
protein (GFP)-tagged CENP-A and the red fluorescent protein (RFP)-
tagged CENP-A(del), in which the Arg80 and Gly 81 residues were
deleted, in human-telomerase-immortalized retina pigment epithelial
(hTERT-RPE1) cells. Within 1 or 2 days after transfection, both GFP-
tagged CENP-A and RFP-tagged CENP-A(del) were recruited to the
centromeres, which were identified by a constitutive centromere protein,
CENP-C (Fig. 4a). This result indicates that the Arg80 and Gly 81

Figure 3 | Structural differences in the loop 1 regions between CENP-A and
H3. a, Side view of the CENP-A nucleosome. The CENP-A molecules are
shown in magenta and green. The box indicates the region enlarged in panel
b. b, Superimposition of the CENP-A (magenta) and H3 (orange) loop 1
regions. Arrows indicate the tip of the CENP-A loop 1 containing the Arg 80
and Gly 81 residues.
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residues are not essential for targeting CENP-A to the centromeres.
However, 3 days after transfection, the number of cells in which the
CENP-A(del) signals were detected at the centromeres was markedly
reduced (Fig. 4b). Concomitantly, the number of cells with the CENP-
A signal alone increased (Fig. 4b). Similar results were obtained when
the fluorescent labels were swapped between CENP-A and CENP-
A(del), showing that the phenomenon does not depend on the fusion
partner (Fig. 4c). These results indicate that CENP-A(del) is less
stably incorporated into centromeres, compared to CENP-A. In addi-
tion, two CENP-A mutants, one containing the Arg80-Gly 81 to
Ala80-Ala 81 substitution (CENP-A(A80A81)) and another with the
Val 82-Asp 83 deletion, which disrupts the Arg80-Gly 81 protrusion
(CENP-A(del82-83)), were targeted to centromeres at levels com-
parable to those of CENP-A, 1 day after transfection. The number of
cells retaining the CENP-A mutants at the centromeres also decreased,
3 days after transfection (Supplementary Fig. 13a, b). However, like
CENP-A, the CENP-A mutant containing the Val 82-Asp 83 to Ala82-
Ala83 substitution (CENP-A(A82A83)) remained at the centromeres,
3 days after transfection (Supplementary Fig. 13c). Thus, the Arg80
and Gly 81 residues and the size of the protruding loop 1 are critical for
stable CENP-A retention at centromeres.

There has been much debate over the CENP-A nucleosome struc-
ture and its role in the centromere-specific chromatin structure.
Because CENP-A has lower sequence homology to H3, compared to
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Figure 4 | Less stable association of CENP-A(del) with the centromere.

a, Fluorescence images. hTERT-RPEL cells were transfected with GFP-tagged
CENP-A and REP-tagged CENP-A(del), fixed, and stained with anti-CENP-C
(Cy5) and DAPL. Bar, 10 pm. b, Quantitative data. Using images such as those
in panel a, the numbers of transfected hTERT-RPE1 cells showing GFP-
CENP-A, REP-CENP-A(del), or both at centromeres were counted (1 > 28),
and the average percentages from three independent transfections were plotted
with the standard deviations. ¢, h\TERT-RPEL1 cells were transfected with GFP-
tagged CENP-A(del) and RFP-tagged CENP-A, and were analysed as described
in panel b (n > 20).
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other H3 variants, the possibility of a CENP-A nucleosome composed
of one of each core histone (hemisome) is an attractive proposition.
However, our findings support the octasome model for the CENP-A
nucleosome. 1t is still possible that both types of CENP-A nucleo-
somes, octasome and hemisome, coexist in the functional centromeric
chromatin in vivo. We also cannot exclude the possibility that CENP-
A hemisomes can be reconstituted under different conditions and/or
with factor(s) required for their assembly. Nevertheless, the present
structure suggests that the fundamental principles involved in nucleo-
some formation are likely to be similar among the H3 variants, includ-
ing CENP-A. The flexibility exclusively observed in the DNA regions
located at the entrance and the exit of the CENP-A nucleosome and the
loop 1 region protruding from the CENP-A nucleosome may have an
essential role in the centromeric chromatin architecture.

METHODS SUMMARY

Human CENP-A, H2A, H2B, H3.1 and H4 were overexpressed in Escherichia coli
cells, and were purified by a method described previously**~**. Details are pro-
vided in Methods. The 147-base-pair DNA used in the CENP-A nucleosome
reconstitution was prepared by self-ligation with the 71-base-pair fragment of a
human o-satellite sequence'“*, containing an extra 5-base overhang, 5'-GTAAC-3/,
for the cohesive end. The resultant 147-base-pair DNA contained the CENP-B box
near both edges, and an A:A mismatch was located at the centre of the DNA
(Supplementary Fig. 2). The preparation, crystallization and structural determina-
tion of the CENP-A nucleosome are described in Methods. Analyses of the fluor-
escent protein-tagged CENP-A or CENP-A mutant incorporation at centromeres
were performed using hTERT-RPE1 cells. Details are described in Methods.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Overexpression of human histones. Human histones H2A and H2B were pro-
duced in Escherichia coli BL21(DE3) cells, and histone H4 was produced in E. coli
JM109(DE3) cells. Human CENP-A was produced in E. coli DH5¢. cells. All
histones and CENP-A were produced in E. coli cells in the absence of T7 RNA
polymerase by omitting the addition of isopropyl-B-p-thiogalactopyranoside,
which induces the T7 RNA polymerase production in BL21(DE3) and
JM109(DE3) cells. All histones and CENP-A were produced as N-terminal
Hise-tagged proteins, as described previously”'. The Hisg tags of all histones were
removed by thrombin protease digestion, leaving a Gly-Ser-His sequence at the
N-terminal end of each histone.

For the purpose of structural determination, selenomethionine (Se-Met)-
substituted H2B was produced in E. coli B834(DE3) cells, using the pET15b vector
system (Novagen). The B834(DE3) cells were grown in 100 ml of LB medium for
4h at 37 °C. The cells were collected and transferred into 300 ml of M9 medium
(+50 ugml ™" Se-Met). After 12 h growth at 37 °C, the 300-ml culture was added
to 21 of M9 medium (+50 pgml™" Se-Met), and the culture was continued at
37 “C. When the cell density reached 0.5 (Dgg9), isopropyl-B-p-thiogalactopyranoside
(final concentration 1 mM) was added, to induce the expression of H2B. The cells
were grown further at 37 °C for 12 h.

Purification of human histones. The cells producing recombinant histones were
collected, and were resuspended in 50 ml of buffer A (50 mM Tris-HCI (pH 8.0),
500 mM NaCl, 1 mM PMSF and 5% glycerol). The cells were disrupted by two
rounds of sonication for 200 s each. The cell lysates were centrifuged at 27,216¢ for
20 minat4 °C. The supernatants were discarded, and the pellet containing the Hiss-
tagged histones was resuspended in 50 ml of buffer A, containing 7 M guanidine
hydrochloride. The samples were rotated for 12 hat 4 °C, and the supernatants were
recovered by centrifugation at 27,216g for 20 min at 4 °C. The supernatants contain-
ing the Hiss-tagged histones were combined with 4ml (50% slurry) of nickel-
nitrilotriacetic acid (Ni-NTA) agarose resin (Qiagen), and the samples were rotated
for 1 h at4 °C. The agarose beads were then washed with 100 ml of buffer B (50 mM
Tris-HCI (pH 8.0), 500 mM NaCl, 6 M urea, 5 mM imidazole, and 5% glycerol). The
Hisg-tagged histones were eluted by a 100-ml linear gradient of 5 to 500 mM
imidazole in buffer B, and the samples were dialysed against buffer C (5mM
Tris-HCI (pH 7.5) and 2 mM 2-mercaptoethanol). The N-terminal His, tags were
removed from the histones by thrombin protease treatment (1 unitmg™" of his-
tones; GE Healthcare) at room temperature for 3 h. The removal of the His, tags was
confirmed by SDS-16% polyacrylamide gel electrophoresis (PAGE); the recombin-
ant histones without the His, tag migrated faster than the His,;-tagged histones.
After the Hiss tag was uncoupled, each histone was subjected to Mono S column
chromatography (GE Healthcare). The column was washed with buffer D (20 mM
sodium acetate (pH 5.2), 200 mM NaCl, 5 mM 2-mercaptoethanol, ] mM EDTA,
and 6 M urea), and each histone was eluted by a linear gradient of 200 to 800 mM
NaCl in buffer D. The purified histones were dialysed against water, and were
freeze-dried.

Preparation of DNAs. The 147-base-pair DNA, which was used for reconstituting
the CENP-A nucleosome, is a derivative of the human o-satellite DNA (sat4)*",
The EcoRI site (GAATTC) of the sat4 sequence was replaced by a BstPI site
(GGTAACC). The 71-mer DNA fragment containing the 5 half of the satd
sequence, with the CENP-B box at the edge, was ligated in tandem in the plasmid
(p5'Sat4-24). The 71-mer DNA fragment containing an extra 5-base overhang,
5'-GTAAC-3', was prepared for self-ligation according to the method described
previously™. The 71-mer DNA fragment containing the 5-base overhang was self-
ligated, and the palindromic 147-base-pair o-satellite DNA derivative was pre-
pared. The 147-base-pair DNA sequence is: 5'-ATCCTTCGTTGGAAACG
GGATTTCTTCATTTCATGCTAGACAGAAGAATTCTCAGTAACTTCTTTG
TGCTGGTAACCAGCACAAAGAAGTTACTGAGAATTCTTCTGTCTAGCAT
GAAATGAAGAAATCCCGTTTCCAACGAAGGAT-3'.

In this palindromic 147-base-pair a-satellite DNA derivative, an A:A mismatch
was introduced at the centre of the 147-base-pair DNA fragment (underlined).
Preparation of the CENP-A nucleosome. The purified H2A-H2B (Se-Met)-
CENP-A-H4 (0.9 mg) and the 147-base-pair DNA (1 mg) were mixed in a solution
containing 2 M KCl, and the sample was dialysed against dialysis buffer (10 mM
Tris-HCI (pH 7.5), 1 mM EDTA, 1 mM dithiothreitol and 2 M KCl). After dialysis
at 4 “C for 3 h, the KCl concentration of the dialysis buffer was gradually decreased
to 250 mM with a peristaltic pump (0.8 ml min ™" flow rate). The sample was then
dialysed against 10 mM Tris-HCI buffer (pH 7.5), containing 1 mM EDTA, 1 mM
dithiothreitol and 250 mM KCl, at 4 °C for 3 h. After this dialysis step, the sample
was incubated at 55 “C for 2 h. The CENP- A nucleosome was purified from the free
DNA and histones by non-denaturing polyacrylamide gel electrophoresis, using a
Prep Cell apparatus (Bio-Rad). The purified CENP-A nucleosome was concen-
trated, and was dialysed against 20 mM potassium cacodylate buffer (pH 6.0) con-
taining 1 mM EDTA.

Crystallization and structure determination. Crystals of the purified CENP-A
nucleosome were obtained by the hanging drop method, after mixing equal
volumes of the CENP-A nucleosome solution and 20 mM potassium cacodylate
buffer (pH 6.0), containing 60-96 mM KCl and 135-144 mM MnCl,. The CENP-
A nucleosome sample was equilibrated against a reservoir solution of 20 mM
potassium cacodylate (pH 6.0), 38-56 mM KCl, and 70-75 mM MnCl,. Crystals
of the CENP-A nucleosome were soaked in a cryoprotectant solution, containing
20mM potassium cacodylate (pH 6.0), 47 mM KCl, 72 mM MnCl,, 30% poly-
ethylene glycol 400, and 5% trehalose. The crystals were flash-cooled in a stream
of N gas (100 K). The CENP-A nucleosome crystals belonged to the monoclinic
space group P2, with unit cell constants of a = 65.8 A, b = 83.3 A, c = 176.8 A and
= 100.7°, and contained one nucleosome in the asymmetric unit. High-resolution
diffraction data were obtained using the synchrotron radiation source at the beam-
line BL41XU station of SPring-8, Harima, Japan.

Diffraction data of the CENP-A nucleosome were integrated and scaled with the

HKI.2000 program*. The data were processed with the CCP4 program suite™. The
structure was solved by the molecular replacement method, using the MOLREP
program®" and the human nucleosome structure (PDB accession number 3AFA)
as a search model”>. Most of the amino acid side chains were clearly visible in the
map initially calculated at 3.6 A resolution. Rigid body refinement of the obtained
solution was performed using the CNS program™. Further structural refinement
consisted of iterative rounds of energy minimization and B factor refinement using
the CNS program®, and model building using the COOT program®. The
Ramachandran plot of the final structure showed 98.7% of the residues in the
most favourable and additional allowed regions, and no residues in the disallowed
region. Summaries of the data collection and refinement statistics are provided in
Supplementary Table 1. All structure figures were created using the PyMOL
program (http://pymol.org). The atomic coordinates of the CENP-A nucleosome
have been deposited in the Protein Data Bank, with the ID code 3AN2.
Supercoiling assay. Salt-dialysis supercoiling assay. Relaxed plasmid DNA
(500ng) was mixed with 0, 125, 250, 500 and 1,000 ng of histone octamer in
5l of 20 mM Tris-HCl (pH 7.5) buffer, containing 1 mM EDTA, 0.2 mgml™
BSA, and 2 M NaCl. The samples were then incubated at 37 °C for 30 min. The
NaCl concentration of the sample was reduced to 1 M, 0.8 M, 0.67 M, and 0.2 M by
adding dilution buffer, containing 20 mM Tris-HCI (pH 7.5), | mM EDTA, 0.2 mg
ml™! BSA, 5mM MgCl,, and 0.06Upl™" calf (Invitrogen) or wheat germ
(Promega) topoisomerase I. The samples were incubated at 37 “C for 30 min in
each dilution step.
Chaperone-mediated supercoiling assay. NAP1 or sNASP (0.25, 0.5, and 1.0 uM)
was pre-incubated with H2A-H2B (150 ng) and CENP-A-H4 (150 ng) at 37 °C
for 15 min. Supercoiled plasmid DNA (100 ng), which was relaxed with a topoi-
somerase I solution (10 mM Tris-HCI (pH 8.0), 2 mM MgCl,, 5 mM dithiothreitol,
and 2 U pl ™" wheat germ topoisomerase I (Promega)), was added to the reaction
mixture. The samples were then incubated at 37 °C for 60 min in 10 mM Tris-HCl
(pH 8.0) buffer, containing 140 mM NaCl, 2 mM MgCl,, and 5 mM dithiothreitol,
followed by an incubation at 42 °C for 60 min.

In both the salt-dialysis and chaperone-mediated assays, after the reaction, the
samples were treated with 50 pl of a proteinase K solution (20 mM Tris-HCl
(pH 8.0), 20mM EDTA, 0.5% SDS, and 0.5 mg ml™! proteinase K (Roche)) at
37°C for 30 min. The DNA was extracted with phenol/chloroform. The DNA
was then precipitated by ethanol, and was analysed by one-dimensional gel elec-
trophoresis on a 1% agarose gel in 1 X TAE buffer (for the salt-dialysis assay,
13Vem™' for 155h) or 1X TBE buffer (for the chaperone-mediated assay,
13Vem™ for 15.5h). For the two-dimensional gel electrophoresis, the DNA
was electrophoresed on a 0.7% agarose gel in 1X TBE buffer (for the salt-dialysis
assay, 2Vem ™ for 7h) or a 1% agarose gel in 1X TBE buffer (for the chaperone-
mediated assay, 1.3V cm ™ for 15h) for the first dimension. The gel was then
soaked in 1 TBE buffer containing 4 mg1™" of chloroquine for 3 h. The samples
were subsequently electrophoresed in 1X TBE buffer containing 4mgl™" of
chloroquine (1.3 Vem™ for 12h (for the salt-dialysis assay) or 1.3 Vem ™! for
15h (for the chaperone-mediated assay)) for the second dimension. The DNA was
visualized by SYBR Gold (Invitrogen) staining.

Nucleosome reconstitution by the salt-dialysis method for biochemical ana-
lyses. The purified H2A-H2B-CENP-A-H4 or H2A-H2B-H3-H4 octamer was
mixed with a DNA fragment (300 g, 121-base-pair DNA or 147-base-pair DNA)
in a solution containing 2 M KCI (376 ). The amounts of histone octamers were
420 ug for the 121-base-pair DNA and 384 g for the 147-base-pair DNA.
Nucleosomes were reconstituted and prepared by the same method as described
in the ‘Preparation of the CENP-A nucleosome’ section.

Competitive nucleosome assembly assay. The purified H2A-H2B-CENP-A-
H4 octamer (14, 28, 42 or 56 ug) was incubated in the presence of both the 147-
base-pair DNA (24 pg) and 121-base-pair DNA (20 1ig), in a solution containing
2M K], and the sample was dialysed against dialysis buffer (10 mM Tris-HCl
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(pH7.5), | mM EDTA, 1 mM dithiothreitol, and 2 M KCI). After dialysis at 4 °C
for 3h, the KCI concentration of the dialysis buffer was gradually decreased to
250 mM with a peristaltic pump (0.8 mImin™" flow rate). The sample was then
dialysed against 10 mM Tris-HCl buffer (pH 7.5), containing 1 mM EDTA, 1 mM
dithiothreitol, and 250 mM KCl, at 4 °C for 3 h. The CENP-A nucleosomes were
then analysed by 6% PAGE in 0.2X TBE buffer (18 mM Tris base, 18 mM boric
acid, and 0.4 mM EDTA) at 16 Vem™! for 1h, followed by ethidium bromide
staining.

Nucleosome disruption assay. The CENP-A nucleosomes were reconstituted
with a 121-base-pair or 147-base-pair palindromic a-satellite derivative, by the
salt dialysis method. The 121-base-pair DNA lacks the 13-base-pair regions from
both edges of the 147-base-pair DNA used in the crystallography of the CENP-A
nucleosome. The rest of the 121-base-pair DNA sequence is identical to the 147-
base-pair palindromic a-satellite derivative. The CENP-A nucleosomes (150 ng)
were incubated at 37 “C, 57 °C, 67 °C, 70 °C, or 73 °C for 15 min in the presence of
supercoiled plasmid DNA (100 ng). After the incubation, the CENP-A nucleo-
somes that were not disrupted were separated by non-denaturing 6% PAGE, and
were visualized by ethidium bromide staining. The relative band intensities for the
CENP-A nucleosomes were quantified and plotted against the temperature.
Exonuclease assay. The reconstituted CENP-A or H3 nucleosomes were treated
with 3 units of Escherichia coli exonuclease I1I (Takara), in 10 pl of 50 mM Tris-
HCI (pH 8.0), 5mM MgCl,, and 1 mM DTT. After an incubation for 0, 2, 4, or
8 min at 37 °C, the reaction was stopped by the addition of 55 il of proteinase K
solution (20 mM Tris-HCI (pH 8.0), 20 mM EDTA, 0.5% SDS, and 0.5 mg ml™!
proteinase K (Roche)). After a 15 min incubation at room temperature, the DNA
was extracted with phenol/chloroform, precipitated with ethanol, dissolved in Hi-
Di Formamide (Applied Biosystems), and then analysed by 10% denaturing PAGE
with a gel containing 7 M urea in 0.5X TBE buffer (21 V cm™! for 1.5h).
Small-angle X-ray scattering (SAXS). SAXS measurements of the reconstituted
CENP-A and H3 nucleosomes, in 20 mM Tris-HCI buffer (pH7.5) containing
I mM EDTA and 1 mM DTT, were performed at the RIKEN structural biology
beam-line T (BL45XU) of SPring-8 (Iyogo, Japan)®. Scattering intensities of the
nucleosome solutions were measured with an R-AXIS V™ ¥ imaging plate
detector at 20 °C with a sample-to-detector distance of 3,529 mm, which was
calibrated by the powder diffraction from silver docosanoate. Circular averaging
of the scattering intensities was then performed to obtain the one-dimensional
scattering data I(g) as a function of g (g = 4nsin0/4), where 20 is the scattering
angle and the X-ray wavelength 4 = 0.9 A). Three successive measurements were
made for each solution, with an exposure time of 60 s. The resultant three data sets
were combined after inspections for X-ray radiation damage to the solution and
the existence of instrumental artefacts. SAXS measurements of the buffer solution
for background subtraction were performed after each measurement of the
nucleosome solutions, using the same conditions and procedure as those of the
nucleosome solutions. To correct the inter-particle interference effect, I(g) data
were collected at four protein concentrations (0.5, 0.7, 1.0 and 1.3 mgml"‘), and
extrapolated to zero concentration. The data were processed and analysed using
the software applications embedded in the ATSAS package (http://www.
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embl-hamburg.de/biosaxs/software.html). The radius of gyration, Ry, was esti-
mated by fitting the I(q) data using the Guinier approximation I(g) = I(0)
exp(—q°R,’/3), where I(0) is the forward scattering at the zero scattering angle,
in a smaller angle region of gR, << 1.3. Error of R, was estimated from the least-
squares fitting. The distance distribution function P(r) and its error were calcu-
lated by the program GNOM™. The maximum dimension Dy, was estimated
from the P(#) function as the distance 7, where P(r) = 0 (ref. 39), and its error was
estimated from the errors of the P(r) values around P(r) = 0.

Centromere localization of CENP-A and CENP-A mutants. hTERT-RPEI cells
were transfected with combinations of wild-type CENP-A and CENP-A(del), in
which two amino acid residues (the Arg80 and Gly 81 residues of the CENP-A
loop 1) were deleted, and tagged with either GFP or RFP, using GeneJuice (Merck)
according to the manufacturer’s instructions. h\TERT-RPE] cells were also trans-
tected with combinations of wild-type CENP-A tagged with RFP and CENP-
A(del82-83) (where the Val 82 and Asp 83 residues of the CENP-A loop 1 were
deleted), or CENP-A(A80A81) (where the Arg80 and Gly81 residues were
replaced by Ala80 and Ala81), or CENP-A(A82A83) (where the Val82 and
Asp 83 residues were replaced by Ala82 and Ala 83), tagged with GFP. The cells
were fixed with 4% paraformaldehyde 1-3 days after transfection, permeabilized,
and stained with guinea pig anti-CENP-C* and donkey Cy5-conjugated anti-
guinea pig Ig (Jackson ImmunoResearch). DNA was counterstained with 12.5 ng
ml™" DAPI. The fluorescence images were collected using an inverted microscope
(Ti-E; Nikon) with a X100 PlanApo VC numerical aperture (NA) = 1.4 oil-
immersion objective lens, or a X40 PlanApo NA = 0.95 dry lens, equipped with
an EM-CCD camera (iXon+; Andor). The numbers of transfected cells exhibiting
the GFP- or RFP-tagged protein, or both, at the centromeres were counted, and the
average percentages from three independent transfections were plotted with the
standard deviations.
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Soluble guanylate cyclase is an NO-sensing hemoprotein that
serves as a NO receptor in NO-mediated signaling pathways. It
has been believed that this enzyme displays no measurable affin-
ity for O,, thereby enabling the selective NO sensing in aerobic
environments. Despite the physiological significance, the reac-
tivity of the enzyme-heme for O, has not been examined in
detail. In this paper we demonstrated that the high spin heme of
the ferrous enzyme converted to a low spin oxyheme (Fe?*-0,)
when frozen at 77 Kin the presence of O,. The ligation of O, was
confirmed by EPR analyses using cobalt-substituted enzyme.
The oxy form was produced also under solution conditions at
—7 °C, with the extremely low affinity for O,. The low O, affinity
was not caused by a distal steric protein effect and by rupture of
the Fe**-proximal His bond as revealed by extended x-ray
absorption fine structure. The midpoint potential of the
enzyme-heme was +187 mV, which is the most positive among
high spin protoheme-hemoproteins. This observation implies
that the electron density of the ferrous heme iron is relatively
low by comparison to those of other hemoproteins, presumably
due to the weak Fe*"-proximal His bond. Based on our results,
we propose that the weak Fe?*-proximal His bond is a key deter-
minant for the low O, affinity of the heme moiety of soluble
guanylate cyclase.

Soluble guanylate cyclase (sGC)” is a well characterized NO
receptor involved in cell-cell signal transduction pathways
associated with neuronal communication and vasodilation
(1-7). Mammalian sGC is a heterodimeric («f3) hemoprotein
(8 —10) in which the B subunit binds a stoichiometric amount of
heme via a weak bond between the heme iron and His-104
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(11-14). The binding of NO to the ferrous heme cleaves the
weak Fe*" -proximal His bond, and the resultant NO complex
with 5-coordinate NO heme markedly stimulates the enzymic
production of cGMP (9, 14-17). The enzyme-heme also binds
carbon monoxide (CO) with moderate stimulation of enzyme
activity. It has been thought that the ferrous enzyme-heme in
sGC does not exhibit a measurable affinity for O, despite hav-
ing a vacant axial position on the heme (9). This is in contrast to
other hemoproteins with a Fe*"-proximal His linkage, includ-
ing globins and heme-containing oxygenases. The lack of affin-
ity for O, allows sGC to function as a selective NO-sensor even
in the presence of high concentrations of O., and prevents oxi-
dation of ferrous heme by O,,.

We have examined the reaction of the enzyme-heme in sGC
with external ligands using a rapid scan-stopped flow method
as well as EPR, resonance Raman, and an infrared spectroscopy
and established the following. (i) A 5-coordinate NO complex is
produced via 6-coordinate NO complex in the reaction with
NO (14). (ii) The ferric heme of sGC combines N3 to form a
unique 5-coordinate high spin complex with a high cyclase
activity (14). (iii) YC-1(3-(5'-hydroxymethyl-3'-furyl)-1-ben-
zylindazole), an allosteric activator, induces the coordination
changes in the CO complex from 6-coordinate CO heme to a
5-coordinate CO heme (17). Most of these anomalous heme
coordination structures are specific to soluble guanylate cyclase
among hemoproteins and seem to be associated with the weak
Fe" -proximal His bond.

X-ray Structural analyses of the H-NOX (heme-NO/oxygen
binding) or SONO (sensor of nitric oxide) domain, which share
considerable sequence homology with the sGC heme domain,
have been carried out to identify possible key determinants for
modulating the O, binding ability of sGC (18, 19). H-NOX/
SONO have a proximal His residue that is probably involved in
the signaling pathway for O, and/or NO. Spectroscopic char-
acterization revealed that the H-NOX/SONO heme sensor
domain from Thermoanaerobacter tengcongensis, an obligate
anaerobe, produced a 6-coordinate NO heme and a stable oxy-
heme (Fe?" -0,), reminiscent of globins (19, 20). By contrast,
the H-NOX/SONO protein from Clostridium botulinum
resembles mammalian and insect sGCs (21) and forms a stable
5-coordinate NO heme but not a stable oxy heme (18). The
crystal structure of the oxy form of 7. tengcongensis H-NOX
revealed that a Tyr residue on the distal side of the heme was
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involved in hydrogen bond formation with the bound O, mol-
ecule (19). However, H-NOX proteins from facultative aerobes
as well as typical NO-regulated sGCs from mammalian sources
possess an Ile residue at the position corresponding to the distal
Tyr (19). Replacement of the Tyr residue with Ile markedly
reduced the O, affinity of the heme-domain of the T. tengcon-
gensis protein, thereby substantiating the crucial role of the dis-
tal Tyr in the discrimination of O, binding in the H-NOX pro-
teins (20).

Mammalian sGC contains Ile-145 at the position homolo-
gous to the distal Tyr. Boon et al. (20) converted the Tle-145 of
sGC B-subunit homodimer to Tyr and found that the mutant
homodimer produced a stable oxy form, although the affinity
for O, was extremely low. Hence, it was hypothesized that the
absence of a hydrogen-bonding residue in the distal heme
pocket is essential for O, exclusion by sGC. Martin et al. (22)
have tested the hypothesis by employing a complete human
sGC heterodimer. However, substitution of Ile-145 with Tyr in
the B-subunit did not facilitate the binding of O, to the enzyme.
This unexpected finding may be due to the inappropriate ori-
entation of the Tyr phenolic OH group relative to the ligand.
Indeed, a recent publication revealed that an additional muta-
tion, I1149E, in the distal pocket enabled the enzyme-heme to
react with O, (23). The 1149E mutation probably induces a
repositioning of the phenolic OH group of the introduced Tyr
toward the bound O,, facilitating the formation of a hydrogen
bond. Although the above mutational study demonstrates that
a hydrogen bond in the distal pocket is one of the main factors
responsible for the stabilization of bound O,, the oxy form
of the mutant enzyme was still unstable and only detected as a
transient species. This finding implies that an additional fac-
tor(s) might be involved in the mechanism to control the reac-
tivity of the heme for O,. Despite the important implication,
detailed experiments to examine the reaction of sGC with O,
have not been reported. In the present paper we describe the
detection and characterization of the oxy form of sGC.

When ferrous sGC was frozen at 77 K, we found that the
enzyme-heme converted to a new species with an optical spec-
trum similar to that of oxyhemoglobin. The new species was
also produced under fluid conditions at —7 °C, but the amount
was remarkably small, suggesting an extremely low O, affinity
of the ferrous heme. This species was assigned to be an oxy form
by the spectral similarity with oxymyoglobin, by the inhibitory
action of isocyanide for the new species formation, and by EPR
characterization of the corresponding form of the Co** -por-
phyrin-substituted enzyme. EXAFS analyses revealed that
upon binding O, the ferrous iron in the out-of-plane position
moved toward the heme plane without rupture of the Fe**-
proximal His bond. These results indicate that the oxy form is
in a 6-coordinate state and that the low affinity for O, is not
caused by cleavage of the Fe? " -proximal His bond. Electro-
chemical analyses revealed that the enzyme-heme had the most
positive midpoint potential (+187 mV) among high spin pro-
toheme-containing hemoproteins. This result strongly sug-
gests that the electron density on the ferrous heme in sGC is
significantly lowered relative to the ferrous heme of other
hemoproteins. The decrease in the electron density, which may
be due to the weak Fe”"-proximal His bond, weakens the
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Fe?"-O, bond strength as a result of diminished electron dona-
tion from iron to O,. Our results suggest the weak Fe*" -prox-
imal His bond is a critical factor that could account for the
lower O, affinity of sGC. By contrast, the distal protein effect,
comprising steric hindrance in the distal heme pocket, had no
significant impact on the ligand binding of sGC.

EXPERIMENTAL PROCEDURES

Enzyme Purification—Fresh bovine lung (5 kg) was minced
and homogenized using a Waring blender in 15-liters of 50 mm
potassium phosphate buffer, pH 7.4, containing a mixture of
protease inhibitors (1 mm phenylmethylsulfonyl fluoride, 1 mm
benzamidine, and 1 mm EDTA) and 55 mm 3-mercaptoethanol
(14, 17, 24). Protease inhibitors and -mercaptoethanol were
included in all the buffers throughout the purification unless
stated otherwise. The successive purification steps of the
enzyme were the same as those described earlier (24). The puri-
fied enzyme preparations were stored in liquid nitrogen until
use.

Spectral Measurements—The formation of the oxy form was
examined under the solution conditions at 3 and —7 °C. The
experiments at subzero temperature were carried out in 40 mm
TEA buffer, pH 7.5, containing 10% (v/v) ethylene glycol as
antifreeze. The temperature of the cuvette holder was main-
tained at —7 °C or 3 °C by thermomodule elements. The fully
reduced sGC was added to the anaerobic buffer solution in a
septum-sealed anaerobic cuvette that was kept in an anaerobic
state by flushing with N, gas. The optical absorption spectra
under the conditions were recorded on a PerkinElmer Life Sci-
ences Lambda 18 spectrophotometer, and 5~6 scans were
averaged to improve the signal to noise ratio. After the spectra
of the ferrous enzyme were collected, the solution was kept in
two atmospheres of O, gas introduced via the septum. Optical
spectra were recorded (average of 5~6 scans) after carefully
shaking to equilibrate with O,,.

Optical spectra at 77 K were measured on a Shimadzu MPS-
2450 spectrophotometer (Shimadzu, Kyoto, Japan) equipped
with a homemade low temperature attachment consisting of a
liquid N, Dewar and twin cuvettes (light path, 1 mm) for sample
and reference solutions, as reported previously (25). To obtain a
well balanced spectrum at 77 K, the buffer containing 5% eth-
ylene glycol was employed.

EPR spectra were measured on a Varian E-12 X-band EPR
spectrometer (Varian, Palo Alto, CA) with a 100-kHz field
modulation. The sample temperature was controlled with an
Oxford ESR-900 cryostat as described previously (14, 17).

The iron K-edge EXAFS measurements were performed
using synchrotron radiation at station BLC12C of Photon Fac-
tory in the National Laboratory of High Energy Physics (Tsu-
kuba, Japan). EXAFS data were collected at 80 K as fluorescence
spectra using a 13-element germanium array detector. The
results presented in this paper are the average of multiple scans.
Data analyses were carried out as described previously (26 —28).
EXAFS, which were extracted by subtracting the background
absorption, was converted to electron momentum k space,
where kis a photoelectron wave vector. The resultant curve was
then multiplied by &° to equalize the oscillation amplitude in
the k space. Curve fittings were performed using the non-
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linear least squares program EXCURV92 on the raw data
weighted by &°. Other details, including refinement of the data,
are described elsewhere (26 —28).

Resonance Raman spectra were measured with a JASCO
NR-1800 spectrophotometer equipped with a cooled charge-
coupled device detector (Princeton Instruments, Trenton, NJ).
The excitation wavelength was 413.1 nm from a krypton ion
laser (Coherent, Innova 90). The sample was directly mounted
on an aluminum sample holder and frozen with liquid N,. The
sample holder was then inserted into the cryostat (Oxford
DN1704), and the temperature of the sample was kept at 85 K
with a temperature controller (Oxford ITC502).

Stopped-flow Measurements—The binding of alkyl isocya-
nides to the ferrous sGC was followed by a DX-18MV stopped-
flow apparatus (Applied Photophysics, Leatherhead, UK). The
anaerobic sGC solution was mixed with an anaerobic solution
containing a desired amount of z-butyl or isopropyl isocyanide
in the stopped-flow instrument at 20 °C. The reaction was per-
formed under pseudo-first order conditions, and the rate con-
stants were determined by fitting to a single exponential func-
tion using built-in software. The association rate constant (k)
and dissociation rate constant (k) were determined from the
slope and the y axis intercept, respectively, in the plot of the
observed rates versus isocyanide concentrations.

Activity Measurements—End-point assays were performed
in the cooling bath maintained at —7 °C by a Fulabo F 13 tem-
perature controller. The assay mixture contained 470 um GTP,
7 mm MgCl,, 50 mm NaCl, 10% ethylene glycol, and an appro-
priate amount of the enzyme solution in 150 ul of 40 mm TEA
buffer. When desired, 104 um YC-1 or 37 um BAY41-2272 was
added to the reaction mixture supplemented with 4% DMF to
maintain the solubility of YC-1 or BAY41-2272. The mixtures
were equilibrated in a septum-sealed anaerobic reaction vial
with 2 atmospheres of O, or N,. Reactions were started by the
addition of 1.5 uM native or deuteroheme-substituted sGC and
conducted at —7 °C for 30 min. The reaction was terminated by
the addition of 5 ul of 30% acetic acid. The amount of cGMP
formed was quantified by analysis on a C18 high performance
liquid chromatography column equilibrated with 20 mm potas-
sium phosphate buffer containing 10% methanol at a constant
flow rate of 1 ml/min.

Oxidation-Reduction (Redox) Potential Measurements—
Spectroelectrochemical apparatus originally designed by Tsu-
jimura et al. (29) was modified to enable direct monitoring of
the redox potential with a platinum indicator electrode. An
anaerobic 1-cm path length cuvette was used with a septum-
capped port for injection and a female ground glass joint at the
top that fitted to a male joint of a micro combined electrode, EA
234 (Metrohm, Herisau, Switzerland). A platinum mesh elec-
trode (52 mesh, 8 X 10 mm) and platinum wire electrode
(0.6-mm diameter) were also fixed on the inside walls of the
cuvette to act as working and counter electrodes, respectively,
in three-electrode potentiostat system. The combined elec-
trode comprised a platinum indicator and Ag " /AgCl reference
electrode that was connected to a pH meter, model Accumet
ARI15 (Fisher), to directly monitor the electrode potentials.
After the buffer solution containing mediators (1.6 ml) was
introduced into the spectroelectrochemical cuvette, the com-
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bined electrode was attached to the cuvette by fitting the joints,
thereby making an air-tight seal. The solution was purged with
purified N, for 10 min. Then, the concentrated protein sample
was introduced into the cuvette through the rubber septum
cap. The cuvette was then placed in a temperature-controlled
cell holder. The solution was constantly stirred with a magnetic
stirrer during data collection. The desired redox levels of the
protein sample were maintained by coulometric generation of
mediator-titrant that was controlled by the three-electrode
potentiostat system. The potential control by the three-elec-
trode system was achieved by using a potentiostat, model
HA-151A (Hokuto Denko Co., Tokyo, Japan). Redox potentials
are quoted relative to the normal hydrogen electrode. The
mediators used were 33 um Ru(NH,).Cl,, 33 um p-benzoqui-
none, 10 pum toluylene blue, and 20 um 3’-chloroindophenol.
Dithiothreitol included in the stored sGC solution was removed
by passing through a Superdex 200HR column (GE Healthcare)
to avoid undesired redox reactions.

Reagents—GTP, t-butyl isocyanide, and isopropyl isocyanide
were purchased from Sigma). YC-1 was purchased from
ALEXIS (San Diego, CA). Other chemicals, purchased from
Wako Chemicals Co. (Tokyo, Japan), were of the highest com-
mercial grade.

RESULTS AND DISCUSSION

Detection and Characterization of the Oxy Form at Low
Temperature—We observed that the yellowish-red-colored
sGC preparation in the air-saturated buffer changed to brilliant
red upon freezing in liquid N,, suggesting formation of a low
spin heme. We analyzed the temperature-dependent change by
low temperature optical spectroscopy at 77 K. Under anaerobic
conditions, in which dissolved O, was removed by Na, S, O, the
enzyme exhibited a spectrum corresponding to a high spin
heme with the Soret band at ~430 nm and a broad band cen-
tered at 560 nm in the visible region at 77 K (Fig. 1a). By con-
trast, the spectrum of sGC in air-saturated buffer (i.e. in the
absence of Na,S,0,) at 77 K displayed well resolved « and 8
bands at 543 and 577 nm, respectively, accompanied by blue
shift of the Soret band to 421 nm (Fig. 15). Such distinct O,,-de-
pendent spectral changes were not observed at ambient tem-
perature (298 K) where sGC exhibited a spectrum typical of
ferrous high spin heme both in the presence and absence of
Na,S,0, at 298 K (inset of Fig. 1). The new species did not
exhibit EPR signals assignable to ferric heme iron at either 15
and 5K. These findings together indicate that the species is in a
ferrous low spin state and may be assigned to an oxy form of
sGC based on the spectral similarities with that of oxyhemoglo-
bin and the absolute requirement of O, for its formation. Here-
after, we interpret experimental results by assuming that the
ferrous heme iron in the enzyme is capable of binding O,, like
the cobalt-substituted enzyme.

Although we have no available data to argue the mechanism
of the formation, it is clear that the oxy form is produced in a
course of freezing. The putative oxy form exhibited a somewhat
broad Soret band with an obvious shoulder at around 430 nm
and with a significant red-shifted Soret peak position in com-
parison with the Soret peak (417 nm) of oxyhemoglobin (Fig.
1b). These spectral properties suggested that the formation of
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FIGURE 1.Low temperature optical spectra of sGC. Optical spectra of native
sGC (7.1 um) at 77 K are summarized in the fleft panel. Trace a, native ferrous
sGC in an anaerobic buffer, in which dissolved O, was removed by the addi-
tion of Na,S$,0,, was frozen at 77 K, and then the spectrum was recorded.
Trace b, shown is the spectrum of native ferrous sGC in the air-saturated
buffer. Trace ¢, shown is native ferrous sGC in the air-saturated buffer contain-
ing YC-1 (104 um). Spectra of deuteroheme-substituted enzyme at 77 K are
shown in the right panel. Trace d, shown is deuteroheme-substituted sGC in
the anaerobic buffer with Na,S,0,. Trace e, shown is deuteroheme-substi-
tuted sGC in the air-saturated buffer. Trace d, shown is deuteroheme-substi-
tuted sGC in the air-saturated buffer containing YC-1 (104 um). The buffer
used was 40 mm TEA, pH 7.5, containing 5% (v/v) ethylene glycol and 50 mm
NaCl. In traces ¢ and f, 4% (v/v) DMF was supplemented in the above buffer to
maintain the solubility of YC-1. The addition of DMF did not changed the
spectral features both in anaerobic and aerobic conditions. In the inset, opti-
cal spectra of native sGC at 298 Kin the presence and absence of Na,$,0, are
shown.
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the oxy form was incomplete because of the low affinity of the
enzyme-heme for O,. Likewise, complete formation of the oxy
form was not observed for deuteroheme-substituted sGC
despite the large increase in O, affinity by heme substitution as
shown for myoglobin and hemoglobin (30, 31) (Fig. le). There-
fore, it is unlikely that the incomplete O, occupation is due to
the low O, affinity of the enzyme-heme. The complete forma-
tion of the oxy form was achieved by the addition of YC-1, as
shown by a blue shift of the Soret band and intensified « and 8
bands (Fig. 1, cand f). These findings seem to indicate that YC-1
converts the O,-insensitive conformation to an O, binding
conformation.

We attempted to detect O, ligation at the axial position of the
heme by resonance Raman spectroscopy at 80 K. Oxyhemoglo-
bin used as control exhibited a v, Raman band at 1380 ¢cm ™!
and a v, band at 1511 ecm ™! characteristic of 6-coordinate low
spin oxy heme (data not shown). Unlike hemoglobin, sGC fro-
zen at 80K in the air-saturated buffer exhibited only 5-coordi-
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nate high spin bands at 1358 and 1476 cm ™' without showing
any 6-coordinate low spin Raman bands either in the presence
and absence of YC-1 (data not shown). We interpreted these
spectral characteristics to be caused by conversion of the 6-co-
ordinate oxy heme to 5-coordinate heme as a result of photo-
dissociation of the bound O,. Thus, it was not possible to iden-
tify O, ligation by resonance Raman spectroscopy. Next, we
tried to detect ligation of O, at the metal center using Co®"-
protoporphyrin-substituted enzyme.

We have reported that the Co”"-protoporphyrin-substi-
tuted sGC has a weak Co”*-His bond and produces 5-coordi-
nate NO complex like the native sGC (14). The present exper-
iments further established that the metal substitution has no
effect on the structure as well as catalytic properties of the
enzyme, because there are no significant differences in the cat-
alytic and the nucleotide binding properties and in the subunit
structure and protein surface charges between the native and
the Co-substituted enzymes (supplemental Figs. 1 and 2).

The optical spectrum of Co”>"-proto sGC measured at 77 K
in the presence of Na,S,0, showed a Soret band at 403 nm and
524- and 557-nm bands in the visible region (Fig. 24). When
frozen in the air-saturated buffer, the 557-nm band of Co®"-
protoporphyrin sGC was significantly decreased in intensity
with an appearance of a new band at 574-nm and a significant
red shift of the Soret band (Fig. 2B). The addition of YC-1 aug-
mented the O,-dependent spectral change (Fig. 2C). In the
O,-saturated buffer supplemented with YC-1, the spectrum
converted to that of a single species with 420, 542, and 574
bands (Fig. 2D). These spectral features essentially agree with
those of oxy Co-proto myoglobin (32). The species showed a
free radical type EPR signal with hyperfine structure at g, ~
2.08, which results from a coupling of unpaired electron to the
Co nucleus (inset of Fig. 2). This is conclusive evidence for the
formation of the oxy form (Co® "~ O of cobalt-porphyrin (33,
34). Co?"-mesoporphyrin sGC also exhibited similar O,-
dependent spectral changes (supplemental Fig. 3).

The coordination structures of the enzyme-heme in the unli-
ganded, O,-bound, and CO-bound states were examined by the
iron K-edge EXAFS. The k*-weighted EXAFS and the corre-
sponding Fourier transforms are summarized in Fig. 3. To fit
the experimental data, His, His and O,, and His and CO were
employed as the axial ligands for the ferrous, the O,-bound, and
the CO-bound hemes, respectively. The atomic coordination of
corresponding myoglobin derivatives were employed as a start-
ing model of the curve fitting. The structural parameters that
satisfy the raw data by these approaches are summarized in
Table 1. EXAFS of the unliganded ferrous sGC, obtained in the
presence of Na,S,0, (spectrum A in the left panel Fig. 3), was
similar to that of deoxymyoglobin (28, 35). The iron in the unli-
ganded ferrous sGC was displaced relative to the heme plane
(Fe? "-Ct, distance between Fe>" and porphyrin plane center)
by 0.56 A, like deoxymyoglobin (Table 1). The displacement is
characteristic of high spin heme, because the high spin heme
iron cannot be forced into the porphyrin plane due to the large
covalent radius of high spin iron.

It is generally accepted that the Fe**-His bond strength of
sGC is weaker than that of myoglobin due to strain at the heme
center (13, 14, 17, 36). Although the difference in the Fe?"-His
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FIGURE 2. Low temperature optical spectra of cobalt protoporphyrin-
substituted sGC. Trace A, Co*"-protoporphyrin-substituted sGC in the
anaerobic buffer in which dissolved O, was removed by Na,S,0, was frozen
at 77 K, and then the spectrum was taken. Trace B, the spectrum of Co®"-
protoporphyrin-substituted sGC in the air-saturated buffer is shown. Trace C,
the spectrum of Co* " -protoporphyrin sGC in the air-saturated buffer contain-
ing YC-1(104 pm) is shown. Trace D, the spectrum of Co?*-protoporphyrin-
substituted sGC in the O,-saurated buffer containing YC-1(104 um) is shown.
The buffer used was 40 mm TEA, pH 7.5, containing 5% (v/v) ethylene glycol
and 50 mm NaCl. Inset, X-band (9.22 GHz) EPR spectrum of Co? " -protoporphy-
rin-substituted sGC in the O,-saturated buffer was taken at 35 Kand by 100K
Hz field modulation with 1-millitesla width.

bond strength between sGC and myoglobin was thought to be
reflected in the Fe>"-His bond distance, the Fe®"-His bond
distance observed in unliganded sGC essentially agreed with
that of deoxymyoglobin (Table 1). The discrepancy may be
explained by the tilting of the Fe**-imidazole nitrogen bond
from the heme normal, because such a distortion also weakens
the Fe*"-His bond strength probably by decreasing w-bond
interaction between iron dar-orbital and imidazole nitrogen
par-orbital.

EXAFS of sGC in the presence and absence of O, were dif-
ferent, indicating binding of exogenous ligand at the axial posi-
tion (spectrum B in the left panel of Fig. 3). Placing O, at the 6th
position of the heme using the parameters listed in Table 1, the
heme iron was found to still bind the proximal His with a bond
distance of 2.13 A (Table 1). The iron displacement from the
heme plane was much reduced upon placing O, on the heme
iron (0.09 A) (Table 1). These results showed that the proximal
His moved toward the heme plane along with the movement of
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EXAFS Spectra

FT Spectra

EXAFS x °

FT Amplitude (arbitorary unit)

8 4 6
k(A" RA)
FIGURE 3. k* EXAFS spectra and their Fourier transforms of sGC. EXAFS
spectra and their Fourier transforms (FT) were depicted in the Jeft and the right
panels, respectively. Traces A and a were in the presence of Na,S$,0,. Traces B
and b were in the presence of O,. Traces C and ¢ were in the presence of CO.
The buffer used was 40 mm TEA, pH 7.5, containing 5% (v/v) ethylene glycol
and 50 mm NaCl. The enzyme concentration was 470 um as heme. The solid
lines indicate the observed EXAFS and Fourier transforms, and the dashed
lines depicted simulation curves. The analyses incorporate multiple scatter-
ing from the outer shell atoms of the porphyrin ring and axial ligand mole-
cules. Other details including refinement of data are described elsewhere
(26-28).

TABLE 1

Iron-ligand distances for soluble guanylate cyclase and myoglobin in
their unliganded, O,, and CO forms estimated by EXAFS

The parameters used to simulate the K-edge FXAFS are principally the same as
thosc by Binsted et. al. (26). Distances (R) and Debye-Waller terms of the ligand
atom coordinating iron (207) are included in the table. The abbreviations used are:
Fe**-Ct, distance of iron from the porphyrin plane center (magnitude of iron dis-
placement); Fe**-Npyr, bond distance between iron and porphyrin nitrogen atom;
Fe*"-Nim, bond distance between iron and proximal His imidazole nitrogen atom;
Fe?™-1, bond distance between iron and sixth ligand.

Fe’* Fe’*-0, Fe’*-CO
Fe?"-ligand site R 20° R 207 R 20
A A? A A? A A?
sGC
Fej" T-Ct 0.56 0.09 0.13
Fe*"-Npyr 2.09 0.004 2.09 0.002 2.05 0.003
Fe*"-Nim 2.10 0.005 2.13 0.006 2.05 0.002
Fe’"-L 1.89 0.004 1.85 0.004
Myoglobin
Fe:“' -Ct 0.48 0.00 0.02
Fe”' -Npyr 2.05 0.004 1.99 0.002 199 0.004
Fe? ' -Nim 2.11 0.003 2.02 0.005 2.09 0.003
Fe’'-L 1.85 0004  1.81  0.003

the heme iron to produce the 6-coordinate oxy form, and there-
fore, the low affinity for O, may be not caused by cleavage of the
Fe”"'-His bond. In the case of the CO complex, iron displace-
ment of the CO complex was 0.13 A. The value was somewhat
larger than that of the corresponding derivative of myoglobin
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(Fig. 3 and Table 1), but these values fall in the range of a low
spin iron.

To characterize the distal heme pocket structure, we focused
on the bond distance and angle of Fe*"-ligand coordination,
which were obtained with multiple scattering analyses of a lim-
ited narrow k range EXAFS (3-13 A1) (28). The geometries of
sGC-ligand complexes are Fe? ' -O, bond distance = 1.89 A and
Fe>"-0O-O bond angle = 120° for the oxy form, and Fe**-CO
bond distance = 1.85 A and Fe?"-C-O bond angle = 171 ° for
the CO form. The coordination geometry for myoglobin
obtained by the present curve fitting procedure was 1.85 A
(bond distance) and 104° (bond angle) for the O, form and 1.81
A and 149° for the CO form. These values for myoglobin essen-
tially agreed with those obtained by x-ray crystallographic anal-
yses (37, 38). The present method for data analyses is useful for
estimating iron-ligand geometry, although there is uncertainty
in bond angle determination of ~10°, including absolute and
fitting errors (28, 39). Therefore, the EXAFS studies on sGC
indicate that the CO moiety of the Fe*"-CO unit binds to the
heme iron with a nearly linear geometry, Such geometry implies
no steric protein effect on the distal side of the heme. Con-
versely, O, seems to accommodate on the distal pocket with
intrinsically bent Fe*" -O,, structure.

To establish whether the ligation of O, affects the cyclase
activity, we attempted to detect the oxy form under fluid con-
ditions. In these experiments the formation of the oxy form was
followed by the difference spectra against the spectrum in the
presence of N,. At —7 °C, the difference spectra exhibited a
410-nm peak and a 434-nm trough in the Soret region and
peaks at 539 and 578 nm in the visible region (trace « in Fig. 44).
The intensity of the 410-nm peak in the difference spectrum
significantly increased in the presence of YC-1 (trace b in Fig.
4A). The spectral species formed under an atmosphere of O,
was assignable to an oxy form, because these peak and trough
positions were essentially the same as those in the difference
spectrum at 77 K (Fig. 4B). The amount of oxy form produced at
—7 °C was estimated to be only 3% of total protein even in the
presence of YC-1, based on the pure oxy form obtained arith-
metically as described below. The formation of oxy form was
temperature-dependent and significantly decreased upon rais-
ing the temperature to 3 °C (data not shown).

Deuteroheme substitution has been known to increase O,
affinity (30, 31). As anticipated, the degree of oxy form formed
at —7 °C was greater than that of the native enzyme (trace c in
Fig. 4A). Nevertheless, the yield of oxy form for the deutero-
heme-substituted enzyme was still only ~4%. YC-1 signifi-
cantly increased the formation of the oxy form in the deutero-
heme-substituted enzyme to approximately ~7% of total
protein (trace d in Fig. 4A).

The effect of O, on cyclase activity was examined in the pres-
ence of YC-1 at =7 °C (Fig. 4C). The addition of NO resulted in
120-fold activation of the native enzyme, whereas the presence
of O, did not appear to enhance the cyclase activity in the
absence and presence of YC-1. Similar results were also
observed for the deuteroheme-substituted enzyme, where the
presence of O, did not enhance the cyclase activity of the sub-
stituted-enzyme in the presence of YC-1 and its derivative, BAY
41-2272  (3-(5'-hydroxymethyl-3'-furyl)-1-benzylindazole)
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FIGURE 4. Difference spectra of native and deuteroheme-substituted sGC
between anaerobic and aerobic conditions and their cyclase activities at
low temperature. In A, the difference spectra between O, and N, atmo-
sphere under fluid conditions were summarized. The enzyme samples and
temperature are indicated in the figure. The enzyme concentrations were
15.1 umin both the native and the substituted enzymes. Traces a and b were
for native sGC, and traces c and d were for deuteroheme-substituted sGC. In B,
the difference spectra between O, and N, atmosphere under frozen condi-
tions at 77 K are illustrated. The difference spectra shown were obtained by
subtracting the spectrum under N, atmosphere from that under O, atmo-
sphere. In C, activities of native and deuteroheme-substituted enzymes were
assayed in 40 mm TEA, pH 7.5, containing 10% ethylene glycol, 50 mm NaCl, 7
mm MgCl,, and 0.47 mm GTP. When the addition of YC-1 (104 um) or BAY
41-2272 (40 pum) was desired, 4% DMF was supplemented to the above buffer
to maintain the solubility. The effect of DMF on the basal and NO-stimulated
activities was negligible under the experimental conditions.

(Fig. 4C). In this connection it is interesting to note that the
cyclase activity catalyzed by Gcey-88E from Drosophila was not
stimulated by CO, NO, and O,, (40). This enzyme formed stable
6-coordinate NO and O, complex, unlike typical sGC. These
results together with the present data suggest that the ligand-
dependent stimulation may be closely coupled with the Fe*"-
His bond strength, although the detailed mechanism remains
to be elucidated.

To ask whether the exogenous heme-ligand can prevent O,
binding to the enzyme-heme, we examined the inhibitory effect
on the O, binding. As shown in Fig. 54, the O,-dependent
spectral change in the presence of BAY 41-2272 yielded the
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FIGURE 5. The effect of isocyanide on the O, binding and the spectra of
the complete oxy form. In A, the optical spectra of deuteroheme-substi-
tuted sGCinthe presence of BAY 41-2272 were illustrated. The spectra shown
by a solid and a dotted line are the spectrum of the ferrous enzyme in the
N,-saturated and in the O,-saturated buffer, respectively. The spectrum
shown by the broken line was that in the presence of isopropyl isocyanide
(170 pum). The buffer used was 40 mm TEA buffer, pH 7.5, containing 10%
ethylene glycol, 50 mm NaCl, 4% DMF, and 37 um BAY 41-2272.The difference
spectra were summarized in the inset, where trace a is a difference spectrum
by subtracting the spectrum in the N,-saturated buffer from that in the
O,-saturated buffer, and trace b was obtained by subtracting the spectrum in
the N, buffer from that in the O, buffer, of which buffers contained isopropy!
isocyanide (170 um). Trace c is the difference spectrum by subtracting the
spectrum of the isopropyl isocyanide adduct from that of the ferrous enzyme,
which is illustrated in the /10 scale. In B, the spectrum of the complete oxy
form was arithmetically obtained by subtracting the ferrous spectrum multi-
plied by a factor from the spectrum in the O,-saturated buffer. The data used
for the native enzyme were the absolute spectra (in N, and O,) used to gen-
erate trace b in Fig. 4A and for the deuteroheme-substituted enzyme the
spectra in Fig. 5A. The subtractions of the ferrous enzyme multiplied by 0.97
and 0.89 could satisfactorily eliminate the residual ferrous enzyme for the
native and the deuteroheme enzymes, respectively.

largest change observed so far (compare the solid line with the
dotted line). In contrast, the O,-dependent spectral change was
noted to be much reduced when isopropyl isocyanide was
included in the mixture (compare trace a with trace b in the
inset of Fig. 5A). The difference spectrum (trace b) does not
agree with trace a in the entire spectral region. Although the
trace b displayed the trough at 420 nm similar to that of trace c,
the bandwidth of trace b was much larger than that of trace c,
suggesting the displacement of the bound isocyanide by O,.
The nearly identical result was also observed for native sGC in
the reaction of the ¢-butyl isocyanide adduct with O, (data not
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shown). These spectral features agreed with the view that iso-
cyanide competed with the same site as O.,.

The spectrum of the complete oxy form could be arithmeti-
cally obtained by subtracting the ferrous-enzyme spectrum
multiplied by a factor from the spectrum in the O,-saturated
buffer. In the presence of YC-1 and BAY 41-2272, as shown in
Fig. 5A, the subtractions of the ferrous enzyme multiplied by
0.97 and 0.89 could satisfactorily eliminate the residual ferrous
enzyme for the native and the deuteroheme enzyme, respec-
tively. The resultant arithmetic spectra (Fig. 5B) agree with
those of the oxy form obtained at 77K (Fig. 1). On the basis of
these results together with EXAFS and other optical spectral
studies described in this paper, we finally conclude that the
heme in sGC is capable of binding O,.

Protein Effects on Ligand Binding—Using the systematic
kinetic data, Mims et al. (41) assessed the protein effects on the
ligand binding of myoglobin. The effects are summarized as (i)
distal steric hindrance to restrict the approach of the ligand to
its final position and (ii) a protein proximal effect that con-
trols successive bond formation of the iron with ligand on
the distal side. When the bond between iron and ligand (such
as O,) is generated, the distal His residue forms a hydrogen
bond with the bound O, to stabilize the O, complex. These
mechanisms, which were originally formulated for myoglobin,
provide key clues in understanding the ligand binding of other
hemoproteins.

We have assessed the distal steric protein effect by analyzing
the reaction of the ferrous heme iron with alkyl isocyanides. As
shown in Fig. 6A, careful titration with z-butyl isocyanide
showed that the unliganded ferrous sGC converted to the iso-
cyanide adduct through one set of isosbestic points. The bind-
ing of isopropyl isocyanide also yielded nearly identical species
(data not shown). The optical spectra of these alkyl isocyanide
adducts were essentially the same as those of the corresponding
isocyanide adducts of myoglobin, demonstrating that the iso-
cyanide adducts of sGC were in a six-coordinate low spin state
(42). The dissociation constants (K ) calculated were 46 and 90
M for t-butyl isocyanide and isopropyl isocyanide (iuset of Fig.
6), respectively, indicating that the affinity for z-butyl isocya-
nide is significantly higher by comparison to that for isopropyl
isocyanide. In general, the affinities of isocyanide for the hemo-
proteins decreased with increasing size of alkyl group in the
isocyanide molecule (41). In contrast, sGC exhibited a higher
affinity for isocyanide with a larger alkyl group. The anomalous
property has also been noted for human hemeoxygenase (43).
The association rates of isocyanides with the ferrous sGC
decreased with increasing size of alkyl group in the isocyanide
molecule. The rates are 10-fold faster than the formation of the
corresponding isocyanide adducts of myoglobin (Fig. 68 and
Table 2) and nearly equivalent to those of leghemoglobin (44),
which are the highest among the globin family. Taking into
consideration these findings, we propose that there is no sub-
stantial resistance to the binding of bulky isocyanides with sGC,
in contrast to myoglobin, supporting the previous result (45).

In accordance with a previous report (22), sGC binds CO
with an association rate constant of 3.6 X 10* M~ ' s, which is
particularly slow among 5-coordinate high spin hemoproteins
(Table 2). The most striking feature is that the association rate
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FIGURE 6. Equilibrium binding and kinetic analyses of alkyl isocyanide
binding. A, shown are changes in the absorption spectra of sGC during titra-
tion with t-butyl isocyanide. B, k., values obtained from stopped-flow traces
were plotted against the final concentration of isocyanide after mixing.
Closed circles (@) are data from t-butyl isocyanide, and closed squares (M) are
data from isopropy! isocyanide. In the inset, isocyanide binding curves are
plotted as the fractional saturation versus the effective concentration of iso-
cyanide. Solid lines depicted simulated lines obtained by nonlinear regression
analyses. Equilibrium and kinetic binding experiments were done at 20 °C.
Other details are described under “Experimental Procedures.”

TABLE 2

Ligand binding properties of soluble guanylate cyclase, sperm whale
myoglobin, and soybean leghemoglobin

K, Kan K, Reference
LA w5 y
Soluble guanylate cyclase
CO 298¢ 3.6 X 10" 107 This study
Isopropyl isocyanide 90 (81%) 2.0 X 10°  16.1 This study
¢-Butyl isocyanide 48 (617) 1.3 X 10*  0.80 This study
Sperm whale myoglobin .
co 0.03% 50 X107 0.015 41
Isopropyl isocyanide 73 (87¢) 75X 10" 065 This study
L-Butyl isocyanide 836 (803%) 15X 10° 1.20 This study

Soybean leghemoglobin

[€e] 0.0013“ 13107 0.016 44
Isopropyl isocyanide  0.0073“ 4.1 X 10>  0.0030 44
t-Butyl isocyanide 0.082 2.2 X 10" 0.0018 44

@ Calculated as K, /Koy

for isopropyl isocyanide was approximately one order of mag-
nitude faster than that for CO binding, irrespective of the larger
size of the isocyanide by comparison to CO (Table 2). These
findings strongly suggest that sGC permits easy access for small
ligands, such as CO and O,, to the coordination position.
Therefore, the formation of the coordinate bond dominates the
kinetics of association, accentuating the significance of the
proximal protein effect.
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FIGURE 7. Anaerobic redox titration of sGC. The reaction mixture contained
15 umof sGC or sperm whale myoglobin and a mixture of mediators in 50 mm
Hepes buffer at pH 7.5 containing 50 mm KCl and 5% ethylene glycol. The final
volume was 1.6 ml. The cuvette was kept under an anaerobic atmosphere of
N,, at 20 °C. The desired redox levels were maintained by coulometric gener-
ation of mediator-titrant, of which potentials were controlled by a three-elec-
trode system as described in under “Experimental Procedures.” After the reac-
tion was achieved to redox equilibrium, spectra were recorded. Redox
potentials were determined by both the reductive (O) and oxidative (@) titra-
tions, in which the potentials were directly monitored by a combined micro-
electrode. In the inset, redox potentials were plotted against the degree of
reduction. Solid lines denote the theoretical lines calculated according to
Nernst equation with n = 1. Other details were described under “Experimen-
tal Procedures.” Mediators used were 17 um pyocyanine, 2 um 2,6-dichloroin-
dophenol, 6.6 um toluylene blue, and 33 um Ru(NH,;),Cl; for myoglobin and
33 uM p-benzoquinone, 33 um Ru(NH,)sCl5, 10 um toluylene blue, and 20 um
3’-chloroindophenol for sGC. NHE denotes Normal Hydrogen Electrode.

Based on quantum mechanical and molecular mechanical
analyses, it was proposed that the degree of electron density on
the heme iron might be controlled by the protein proximal
effect (46). This effect on the proximal side modulates the Fe** -
ligand bond formation on the distal side. For instance, when the
Fe?"-proximal His bond is weakened by strain imposed on
the bond, the electron density on the heme iron is reduced
relative to that of the Fe*"-His bond without strain. This might
reduce the electron donation from the iron to ligand such as O,,,
resulting in the weakening of the Fe*"-O, bond strength (46).
Thus, a weak Fe*"-His bond correlates with a weak Fe*"-O,
bond and vice versa. Such a protein effect, referred to as a pos-
itive trans effect, accounts for the unique character of the CO
and O, binding characteristics of the iron-porphyrin com-
plexes (47-50). The proximal effect derived by strain on the
Fe?"-His bond probably affects redox potential of the heme,
because the decrease in electron density at the ferrous
heme makes it more difficult to remove an electron (51). For
example, T-state hemoglobin with a more strained Fe*"-His
bond and lower O, affinity relative to R-state hemoglobin
exhibited significantly higher midpoint potentials of the heme
than R-state hemoglobin (52). The redox potential measure-
ments of sperm whale myoglobin and sGC indicated that the
electrochemical titration curves fitted to a Nernst equation
with # = 1 in both hemoproteins (Fig. 7). The ferric-ferrous
couple of myoglobin gave the midpoint potential of +58 mV, in
reasonable agreement with the reported value. The midpoint
potential of sGC, +187 mV, was considerably higher than that
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FIGURE 8. Model proposed for bindings of the ferrous sGC with O, and
CO. The heme coordination structures were depicted based on EXAFS data
(Table 1). Closed circles illustrated in the center of heme denote ferrous iron
atom. The weak Fe?"-His bond in the ferrous enzyme may decrease charge
density on the heme iron, thereby decreasing the O, affinity and elevating the
redox potential of the heme.

of myoglobin. It should be noted that the measured value was
the most positive among high spin protoheme-containing
hemoproteins, presumably because the electron density of the
heme in sGC is significantly reduced by the protein proximal
effect. Based on the above considerations and EXAFS data, the
significance of the proximal protein effect on the ligand binding
was noted as summarized in Fig. 8.

In summary, we have detected and characterized the oxy
form of sGC. To assess the crucial determinant(s) for the low O,
affinity of sGC, we have analyzed the coordination structure by
EXAFS. Our results indicate that the low affinity for O, is not
caused by cleavage of the Fe? "-proximal His bond. Among pro-
tein effects to regulate the reactivity of heme, the distal steric
hindrance could be excluded based on the kinetic studies. The
critical factor that may contribute to the low O, affinity is the
protein proximal effect, a regulatory effect caused by the weak
Fe?"-proximal His bond. Measurement of the midpoint poten-
tial of the heme also highlights the significance of the protein
proximal effect in terms of the unique low O, affinity of sGC.
Based on the findings described in this paper, we to propose
that the weak Fe”*-proximal His bond is a key factor in regu-
lating the reactivity of the heme in sGC along with the hydrogen
bond interaction in the distal pocket, which was identified pre-
viously by mutational analysis (20).
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ARTICLE

Journal of Cellular Biochemistry 113:808-814 (2012)

ABSTRACT

Smads 1/5/8 transduce the major intracellular signaling of bone morphogenetic proteins (BMPs). In the present study, we analyzed Smad1-
binding proteins in HEK293T cells using a proteomic technique and identified the protein, zinc-finger, RAN-binding domain-containing
protein 2 (ZRANB2). Zranb2 interacted strongly with Smad1, Smad5, and Smad8 and weakly with Smad4. The overexpression of Zranb2
inhibited BMP activities in C2C12 myoblasts in vitro, and the injection of Zranb2 mRNA into zebrafish embryos induced weak dorsalization.
Deletion analyses of Zranb2 indicated that the serine/arginine-rich (SR) domain and the glutamine-rich domain were required for the
inhibition of BMP activity and the interaction with Smad1, respectively. Zranb2 was found to be localized in the nucleus; however, the SR
domain-deleted mutant localized to the cytoplasm. The knockdown of endogenous Zranb2 in C2C12 cells enhanced BMP activity. Zranb2
suppressed Smad transcriptional activity without affecting Smad phosphorylation, nuclear localization, or DNA binding. Taken together,
these findings suggested that Zranb2 is a novel BMP suppressor that forms a complex with Smads in the nucleus. J. Cell. Biochem. 113: 808-
814, 2012. © 2011 Wiley Periodicals, Inc.

KEY WORDS: BMP; SMAD; ZRANB2; PROTEIN INTERACTION; SIGNAL TRANSDUCTION

11 receptors [Miyazono et al., 2005; Wan and Cao, 2005]. The BMP-
bound type II receptor phosphorylates the type I receptor. The
activated BMP type I receptor kinase subsequently phosphorylates a
serine-valine-serine (SVS) motif at the C-termini of Smad1, Smad5,

B one morphogenetic proteins (BMPs) are multifunctional
growth factors that are members of the transforming growth
factor-B family. BMPs exhibit a unique activity in bone matrix that
is characterized by ectopic bone formation in muscle tissues

in vivo [Urist, 1965]. BMPs inhibit the myogenic differentiation of
myoblasts and cause an osteogenic differentiation into osteoblastic
lineage cells in vitro [Katagiri et al., 1994]. BMPs physiologically
regulate bone formation and the development and regeneration of
various tissues in vertebrates and lower animals [Katagiri et al.,
2008]. In zebrafish and Xenopus embryos, BMP signaling plays an
important role in the determination of a dorsal-ventral axis during
development [Suzuki et al., 1994; Nakamura et al., 2007].

BMP signaling is transduced using two different transmembrane
serine/threonine kinase receptors, which are termed type I and type

and Smad8, which are the BMP receptor-regulated Smads (R-Smads)
[Katagiri, 2010]. The phosphorylated R-Smads form heteromeric
complexes with Smad4, which is a common Smad (Co-Smad), and
translocate into the nucleus to regulate the transcription of direct
target genes, such as Id1 [Katagiri et al., 2002]. A GC-rich element in
the 5" enhancer region of the Id]1 gene has been identified as the
BMP-responsive element (BRE), which is recognized by a complex of
BMP-regulated Smads and Smad4 in response to activation of the
BMP type I receptor. The overexpression of a constitutively active
Smad1, in which the SVS motif has been substituted with a DVD

Grant sponsor: Ministry of Health, Labour and Welfare of Japan; Grant number: H23-nanchi-ippan-032; Grant
sponsor: Ministry of Education, Culture, Sports, Science, and Technology of Japan; Grant numbers: 21390423,
23659732, 21890243, S0801004; Grant sponsor: Takeda Science Foundation; Grant number: 2009-Katagiri.

*Correspondence to: Takenobu Katagiri, Division of Pathophysiology, Research Center for Genomic Medicine, Saitama
Medical University, 1397-1 Yamane, Hidaka-shi, Saitama, 350-1241, Japan. E-mail: katagiri@saitama-med.ac.jp
Received 8 September 2011; Accepted 6 October 2011 e DOI 10.1002/jch.23408 e © 2011 Wiley Periodicals, Inc.
Published online 20 October 2011 in Wiley Online Library (wileyonlinelibrary.com).




sequence, activates the expression of the Id1 reporter gene and the
osteoblastic differentiation of myoblasts in the absence of BMPs
[Nojima et al., 2010]. Moreover, a chemical inhibitor of BMP type I
receptor-mediated R-Smad phosphorylation suppressed BMP re-
ceptor-mediated osteoblastic differentiation and heterotopic bone
formation [Yu et al., 2008a, b]. These findings suggest that Smads
play a critical role in BMP activities both in vitro and in vivo.
The activity of Smad proteins is regulated via interactions with
various factors, including modifying enzymes, co-activators, and
co-repressors [Miyazono et al., 2006]. The Smads are degraded by
binding to the ubiquitin-proteasome system via interactions with E3
ubiquitin ligases, such as Smad ubiquitin regulatory factors 1 and 2
(Smurf1 and Smurf2) [Zhu et al., 1999]. In addition, two distinct
phosphatases, small C-terminal domain phosphatases (SCPs) and
protein phosphatase magnesium-dependent 1A (PPM1A), have been
identified as enzymes that stimulate the dephosphorylation of
Smads [Knockaert et al., 2006; Lin et al., 2006]. In the nucleus,
Smads interact with various transcriptional co-activators, including
p300, CBP, and PCAF [Feng et al., 1998; Itoh et al., 2000], and co-
repressors, including Ski, SnoN, and YY1 [Akiyoshi et al., 1999; Wu
et al., 2002; Kurisaki et al., 2003]. Thus, the identification and
characterization of novel Smad-binding proteins are important to
understand the mechanisms of the Smad signaling pathway. In the
present study, we report the identification and characterization of a
protein, zinc-finger, RAN-binding domain containing protein 2
(Zranb2), as a factor that binds BMP-regulated R-Smads. Zranb2,
also known as Zis and Znf265, was identified previously in renal
juxtaglomerular cells [Karginova et al., 1997]. Zranb2 contains two

A;.

RanBP2-type zinc-finger domains, a glutamic acid-rich (Glu) region
and a C-terminal Ser/Arg-rich (SR) domain [Mangs and Morris,
2008]. Zranb2 is involved in the alternative splicing of RNA through
the zinc-finger domains in a reconstituted assay in vitro [Adams
et al., 2001]. The current study is the first report to demonstrate that
Zranb2 acts as a BMP inhibitor by suppressing Smad transcriptional
activity without affecting Smad phosphorylation or DNA-binding

capacity.

ZRANB2 INTERACTS WITH BMP-REGULATED SMADS

To identify novel proteins that regulate BMP signaling via the
Smads, we analyzed Smadl-binding proteins using a proteomic
technique. FLAG-Smad1 was overexpressed in HEK293T cells, and
the Smad1-binding proteins were enriched from whole-cell extracts
using immunoprecipitation with an anti-FLAG antibody. ZRANB2
was identified as a Smad1-binding protein (Fig. 1A). Myc-tagged
Zranb?2 interacted with FLAG-Smad1 and weakly interacted with
FLAG-Smad4 in HEK293T cells (Fig. 1B), and this binding capacity
of Zranb2 to Smadl was not affected by BMP-4 stimulation
(Fig. 1C). In addition, Zranb2 interacted with two other BMP-
regulated R-Smads, Smad5 and Smad8 (Fig. 1D).

ZRANB2 INHIBITS BMP ACTIVITIES VIA SMADS

We examined the effect of Zranb2 on BMP activities in C2C12
myoblasts, a well-characterized model system for studying the
biological activity of BMPs [Katagiri et al., 1994]. The ALP activity

Peptide v Observed Calculated
Sequence <t Coa Mass Chihngh Mass
AVGPASILK 138-146 428.2608 2 854.5225
YNLDASEEE """"" I
DSNK 183-195 757.3099 2 1512.6216
B C Myc-Zranb2 D
Myc : Zranb2 * FLAG-Smam. Myc : Zranb2
FLAG: GFP Smadi Smad4 BMP-4 : - + FLAG: GFP Smad5 Smad8
IP; FLAG . g A 3 i\
IB : Myc S
o [ N O
1B : FLAG
(Smads) -
IB: FLAG b
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Fig. 1.

Zranb2 interacts with Smads. A: Identification of ZRANB2 by LC-MS/MS analysis. The amino acid sequence assigned to each peptide and its position in the ZRANB2

sequence. Also indicates observed mass and charge of the peptide ion together with calculated mass. B, D: HEK293T cells were co-transfected with Myc-tagged Zranb2 and Flag-
tagged Smad1 or Smad4 (B), Flag-tagged Smad5 or Smad8 (D) constructs. Whole cell lysates were immunoprecipitated (IP) with an a~FLAG antibody and immunoblotted with
an a-Myc antibody. C: HEK293T cells were transfected with Myc-Zranb2 and Flag-Smad 1 and treated for 1 h with or without 100 ng/m| BMP-4. Whole cell lysates were IP with

an a-FLAG antibody and immunoblotted with an a-Myc antibody.
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and Osterix mRNA expression were measured as typical markers of
the osteoblastic differentiation that is induced by BMP activity. The
overexpression of Zranb2 suppressed the ALP activity and osterix
mRNA, which were induced by the transient transfection of
constitutively active BMPR-IA, BMPR-IA(Q233D), and Smadl
(Fig. 2A,B). The overexpression of Zranb2 also suppressed 1d 1WT4F
luciferase reporter activity that was driven by the BRE in the Id1
gene following BMP-4 stimulation (Fig. 2C). We observed that
Zranb2 exhibited similar suppression profiles on the BMP activity in
both osteoblastic MC3T3-E1 cells and primary osteoblasts (data not
shown). The injection of synthetic Zranb2 mRNA into Danio rerio
(zebrafish) embryos caused approximately 4.4% dorsalized embry-
os, indicating that Zranb2 has a weak BMP-inhibitory effect in
developing zebrafish (Fig. 2D,E). This result was surprising since we
likely expect approximately more than 50% phenotypic con-
sequences when target genes are mutated in zebrafish [Nakamura
et al., 2007]. These results suggest that Zranb2 acts as a suppressor of
BMP activity in mammalian cells and in Danio rerio embryos.

THE SR DOMAIN OF ZRANB2 IS ESSENTIAL FOR THE INHIBITION OF
BMP SIGNALING

The primary sequence of Zranb2 predicts several structurally
distinct domains: Two zinc-fingers (ZFs), a glutamic acid (Glu)-rich
domain, and a serine and arginine-rich (SR) domain. To identify the
domain of Zranb2 that is crucial for BMP inhibition, we generated a
series of deletion mutants of Myc-Zranb2 lacking the ZFs and/or the
Glu and/for SR domains (Fig. 3A). Our immunohistochemical
analysis using an anti-Myc antibody indicated that the AZF1,
AZF, and SR mutants were localized in the nucleus and suppressed
the BMP activity similar to the wild-type Zranb2 (Fig. 3B,C).
However, the ASR mutant was mainly localized in the cytoplasm

and showed a slight enhancement, rather than an inhibition, of BMP
signaling (Fig. 3B,C). We further examined the interactions of these
mutants with Smadl in a co-immunoprecipitation assay. Unex-
pectedly, the ASR mutant bound to Smad1 despite the loss of the
BMP inhibition (Fig. 3D). In contrast, the SR mutant did not interact
with Smad1 but suppressed BMP activity (Fig. 3D). These results
suggest that the Glu and SR domains may be required for Smad
interactions and BMP inhibition, respectively (see the Discussion
section). In addition, we demonstrated that the MH2 domain of
Smadl was a Zranb2-interacting domain (Fig. 3E).

ZRANB2 SUPPRESSES THE TRANSCRIPTIONAL ACTIVITY OF SMADS
WITHOUT INHIBITING THEIR DNA-BINDING ACTIVITY

To clarify the molecular mechanisms of Zranb2, we examined the
effect of Zranb2 on the early events that are induced by BMP
signaling, which include Smad phosphorylation and nuclear
localization. Equivalent levels of phosphorylated Smad1/5/8 that
were induced by BMPR-IA(Q233D) were detected in the presence
and absence of Zranb2 (Fig. 4A). We demonstrated that phosphory-
lated Smad1/5/8 were localized in the nuclei in Zranb2-negative and
Zranb2-overexpressing cells (Fig. 4B). Moreover, Zranb2 suppressed
the BMP-specific luciferase reporter activity that was induced by the
constitutively activated Smad1, Smad1(DVD), which activates the
transcription of target genes, regardless of the phosphorylation
status (Fig. 4C). These results suggest that the BMP receptor-
mediated phosphorylation of Smad1/5/8 is not the targeted event of
Zranb2-mediated suppression.

We also investigated the role of endogenous Zranb2 on the BMP
activity in C2C12 cells. Transfection of two types of siRNAs against
mouse Zranb2 but not scramble siRNA reduced the Zranb2 protein
levels and enhanced the Id1WT4F luciferase reporter activity

[] Vector |l Zranb2
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Fig. 2.

Zranb2 inhibits BMP activity. A, B: ALP activity (A) or Osterix mRNA expression (B) was induced by the overexpression of constitutively active BMPR-IA (Q233D) with
Smad1 in the presence or absence of Zranb2 in C2C12 cells. C: IdWT4F-luc activity was induced by BMP-4 (5 ng/ml) in C2C12 cells that were transfected with or without

© | Zranb2.D, E:Zranb2 induces weak dorsalization of the zebrafish embryo; synthetic Zranb2 mRNA (200 pg) was injected into the embryos. Results are presented as the mean =+ SD

(n=3), “P<0.05 and **P< 0.01 compared with control,
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Fig. 3. The SR domain of Zranb2 is important for the inhibition of BMP activity. A: Construction of the deletion mutants of Zranb2. ZF1 and ZF2, zinc finger domains; Glu, a
glutamic acid-rich domain; and SR, a serine and arginine-rich domain. B: Cellular localization of the Zranb2 mutants. C2C12 cells were transfected with one of the Zranb2
mutants followed by immunofluorescent staining with an a-Myc antibody. Original magnification, x40. C: The SR domain suppressed the BMP activity. The ALP activity was
induced by the overexpression of BMPR-IA(Q233D) and Smad1 in the presence or absence of Zranb2 in C2C12 cells. D: Analysis of the binding capacities of the Zranb2 mutants
to Smad1. HEK293T cells were co-transfected with FLAG-tagged Smad1 and one of the Myc-tagged Zranb2 constructs. Whole-cell lysates were immunoprecipitated with an
«~FLAG antibody and immunoblotted with an a~-Myc antibody. E: The analysis of the binding capacities of the MH1 and MH2 domains of Smad1 to Zranb2. HEK293T cells were
co-transfected with Myc-tagged Zranb2 and Flag-tagged Smad1(AMH1) or Smad1(AMH2). Whole cell lysates were immunoprecipitated with an a~FLAG antibody and
immunoblotted with an a-Myc antibody. Results are presented as the mean +SD (n=3), *P< 0.05 and **P< 0.01 compared with control.

(Fig. 4D,E). These results suggest that Zranb2 physiologically
suppresses BMP activity. However, equivalent amounts of phos-
phorylated Smad1/5/8 were bound to the BRE in a DNA-
precipitation assay in the presence and absence of Zranb2 siRNAs.
These results suggest that Zranb2 does not block the DNA-binding
capacity of Smads (Fig. 4D). In addition, Zranb2 itself was not found
to interact with the BRE (Fig. 4D).

In the present study, we identified Zranb2 as a novel inhibitor of
BMP activity via interactions with BMP-specific Smads. Zranb2
suppressed the BMP activity in mammalian cells in vitro and
zebrafish embryos in vivo. These results suggest that Zranb2 may act
as an inhibitor of BMP activity in vertebrates. This is the first report
demonstrating interactions between Zranb2 and BMP signaling.

Zranb2 is an SR domain-containing nuclear protein that is
ubiquitously expressed in various tissues and is conserved from
nematodes to mammals [Karginova et al., 1997; Mangs and Morris,
2008]. The SR proteins are splicing factors that contain a C-terminal
SR domain and an N-terminal RNA recognition ZF motif [Shen and
Green, 2006). Zranb2 recognizes RNA via its N-terminal ZF motifs
and regulates alternative splicing in a reconstituted model in vitro
[Loughlin et al., 2009]. However, our deletion study showed that the
ZF motifs were not essential for BMP inhibition or Smad1 binding.
These results suggest that the alternative splicing of RNA may not be
involved in Zranb2-mediated inhibition of BMP activity. In contrast,
the SR domain of Zranb2 was essential for the nuclear localization
and the inhibition of BMP activity. However, this SR domain did not
interact with Smad1. The Glu-rich domain may be involved in
interactions with the Smad1 MH2 domain. Although ZRANB1 and
ZRANB3 share conserved ZF motifs with ZRNAB2, their amino acid
sequences do not show a significant similarity with the Glu-rich
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Smad1/5/8 or a-Myc antibodies. Original magnification, x40. C: Zranb2 inhibited the BMP-specific IdWT4F-luc activity that was induced by the constitutively activated
Smad1, Smad1DVD. D, E: Effects of Zranb2 siRNA knockdown on the BMP activity and DNA binding of Smads. C2C12 cells were transfected with Zranb2 siRNA or scrambled
siRNA. D: Nuclear extracts were affinity precipitated using the BRE and immunoblotted with a-phospho-Smad1/5/8 or a~Zranb2 antibodies. E: BMP-specific luciferase activity
was induced by BMP-4. Results are presented as the mean + SD (n=3), *P< 0.05 and **P< 0.01 compared with control.

domain, SR domain, or other regions of ZRANB2 [Evans et al., 2001;
Wiemann et al., 2001]. The Glu-rich and SR domains are important
for the Zranb2-mediated inhibition of BMP signaling. Therefore, we
hypothesized that the inhibition of BMP signaling may be unique to
Zranb2 among these ZF motif-containing proteins.

Zranb2 inhibited the BMP-induced osteoblastic differentiation of
the C2C12 cells and the BMP-specific luciferase reporter activity that
was driven by the BRE in the IdI gene. However, Zranb2 did not
affect the phosphorylation levels or nuclear localization of the
Smads. Moreover, the DNA-binding capacity of Smads in response
to BMP stimulation was not changed by the presence or absence of
Zranb2, suggesting that another mechanism is involved in Zranb2-
mediated inhibition. According to our results, Zranb2 interacts with
the Smadl MH2 domain, which is important for interactions with
other co-activators and co-repressors, such as Smad4, p300/CBP, c-
Ski, and YY 1. A previous study has reported that Zranb2 co-localizes
with p300 and YY1 in the nucleus [Adams et al., 2001]. Thus, it may
be possible that Zranb2 outcompetes a co-activator that is essential
for the transcription of target genes or recruits a co-repressor to the
Smad-DNA complex on the BRE. We showed that Zranb2 was not
detected on the BRE in a DNAP assay. This result supports the
possibility of competition between Zranb2 and co-activators.
Further studies are needed to identify and elucidate the detailed

molecular mechanisms, including the critical target molecules of
Zranb2 that mediate Zranb2-dependent BMP inhibition.

In conclusion, Zranb2 is a novel BMP suppressor that forms a
complex with Smads in the nucleus. Our findings provide new
insight into the molecular mechanisms of BMP signaling.

MATERIAL AND METHODS

Immunopurification and mass spectrometry. The FLAG-tagged
Smad1 plasmid that is described below was transfected into
HEK293T cells. The cytosolic extraction and immunoprecipitation
procedures were performed as previously described [Komatsu et al.,
2004]. The eluates from the immunoprecipitates were analyzed
using nanoscale LC-MS/MS system as described previously
[Natsume et al., 2002].

Plasmid constructs. Plasmids encoding the wild-type Smads,
constitutively active BMPR-IA(Q233D), constitutively active
Smad1(DVD), and IdWT4F-luc have been previously described
[Nojima et al., 2010], [Fukuda et al., 2008]. The wild-type and
mutated mouse Zranb2 (Accession number NM_017381) derivatives
were obtained using standard RT-PCR techniques with PrimeStar HS
DNA polymerase (TaKaRa, Shiga, Japan) and cloned into a pcDEF3
expression vector [Goldman et al., 1996]. All of the final constructs
were confirmed by sequencing.
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Cell culture, transfection, ALP assay, and the luciferase
reporter assay. HEK293T human kidney cells, C2C12 mouse
myoblasts, C3H10T1/2 mouse fibroblasts, and MC3T3-E1 mouse
osteoblasts were maintained as previously described [Kokabu et al.,
2011; Ohte et al., 2011]. The cells were transfected with the indicated
plasmids using Lipofectamine 2000 (Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions. The ALP activity was
measured as a marker of osteoblast differentiation as previously
described [Kodaira et al., 2006]. The luciferase reporter assay was
performed using IdWT4F-luc and phRL-SV40 (Promega, Madison,
WI) with the Dual-Glo Luciferase Assay system (Promega) as
previously described [Katagiri et al., 2002].

Immunohistochemistry, western blot, and immunoprecipi-
tation. The following antibodies were used for the immunohis-
tochemistry, immunoprecipitation, and western blot analysis: «-
FLAG (clone M2, Sigma, St Louis, MO), polyclonal a-Myc (Medical
& Biological Laboratories, Nagoya, Japan), a-V5 (clone V5005,
Nacalai Tesque, Kyoto, Japan), polyclonal «-phosphorylated
Smad1/5/8 (Cell Signaling Technology, Beverly, MA), polyclonal
a-ZNF265(Zranb2) (E-16, Santa Cruz Biotechnology, Heidelberg,
Germany), and o-MHC (clone MF-20, Developmental Studies
Hybridoma Bank, Iowa City, IA). For the immunohistochemical
analysis, the target proteins were visualized using the Alexa488- or
Alexa594-conjugated secondary antibodies (Invitrogen). The west-
ern blot analysis was performed as previously described [Fukuda
et al., 2009]. The target proteins were immunoprecipitated for 3 h at
4°C using M2-agarose beads (Sigma).

Injection of synthetic RNA into zebrafish embryos. The full-
length Zranb2 sequence was cloned into the pCS2+ expression
vector, and RNA was synthesized from Notl-digested pCS2+
plasmids using the SP6 mMessage mMachine kit (Ambion, Austin,
TX). Phenol red (0.1%) was added to the RNA solution as a tracer,
and the RNA (200 pg) was injected into 1-2 cell-stage embryos.
Following the injection, the embryos were cultured in aquatic
system water and imaged as previously described [Nakamura et al.,
2007].

DNA affinity precipitation. The DNA affinity precipitation was
performed as previously described, with some modifications [Suzuki
et al., 1993]. Nuclear extracts from the C2C12 cells were prepared
using the ProteoJET cytoplasmic and nuclear protein extraction kit
(Fermentas, Glen Burnie, MD). The biotinylated DNA probes were
prepared using PCR with biotin-conjugated primers. The biotiny-
lated DNA probe (1 ug) and nuclear extracts (100 g of protein) were
incubated for 30 min on ice in a volume (500 wl) of a solution
containing 20 mM HEPES-KOH (pH 7.9), 80 mM KCl, 1 mM MgCl,,
0.2mM EDTA, 0.5mM DTT, 5%(v/v) glycerol, protease inhibitor
cocktail (Roche Diagnostics GmbH, Mannheim, Germany), and
phosphatase inhibitor (Nacalai Tesque). Dynabeads M-280 strepta-
vidin (Invitrogen) were added and mixed by rotation for 1h at 4°C.
The collected proteins were subjected to western blot analysis as
described above.

Reverse transcriptase PCR and real-time PCR analysis. Total
RNA was isolated using TRIzol (Invitrogen) and reverse-transcribed
into cDNA using Superscript III (Invitrogen). The cDNA was
amplified using PCR with specific primers for Osterix, Alp,
Osteocalcin, and Atp5f1 (TaKaRa). Atp5f1 was used as control.

SYBR green-based real-time PCR was performed in a 96-well plate
format SYBR Premix Ex Taq (TaKaRa) and a Thermal Cycler Dice
Real-time system TP800 (TaKaRa).

Statistical analysis. An unpaired Student’s t-test was used for
the comparisons. The data are expressed as the mean & SD, and the
statistical significance is indicated as P < 0.05 and **P <0.01.
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