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Normal vibrational modes of heme have been analyzed
using density functional theory, to assign a new Raman band
observed at 312cm™! in the CO-bound, active form of soluble
guanylate cyclase. The conserved YxSxR motif is incorporated
into the model to reproduce the hydrogen-bonding network
around propionates. A delocalized mode that involves Arg
motions as well as pyrrole tilting and propionate bending is
found to be the most likely candidate accounting for the new
band.

Soluble guanylate cyclase (sGC) is the only known nitric
oxide (NO) sensor protein and catalyzes the conversion of
guanosine triphosphate (GTP) to cyclic guanosine monophos-
phate (cGMP), a second messenger regulating many cellular
processes.! This enzyme is composed of & and B subunits and
contains a heme, ligated by His105 in the B subunit, to sense
NO.2 NO binding to the heme ruptures the Fe—His bond due to
the strong trans effect of NO,® which has long been inferred to
trigger the enzyme activation.

Carbon monoxide (CO), being identified as a neurotrans-
mitter, also binds to the heme and activates sGC when 3-(5’-
hydroxymethyl-2’-furyl)-1-benzylindazole (YC-1), an allosteric
activator, is present.* However, in the case of synergistic
activation by CO and YC-1, the Fe-His bond remains intact in
the major species.’ This raises questions of how sGC can be
activated without the Fe-His bond cleavage and what is a (real)
factor triggering the activation.

To address these questions, resonance Raman (rR) spec-
troscopy is a powerful technique, because resonance enhance-
ment provides high sensitivity and specificity for probing
structural changes in heme and its vicinity. Although the binding
site of YC-1 remains to be identified, deletion mutagenesis
demonstrated that the o subunit is involved in YC-1 binding.®
Thus, YC-1 perturbs the structure of heme active site allosteri-
cally. An rR spectrum of His-ligated, six-coordinate (6¢) sGC—
CO in the presence of YC-1 has been reported and characterized
by strong resonance enhancement of a band at 312cm™' with
Soret excitation.’ Importantly, this band is resonance enhanced
only in the presence of YC-1, namely, only in the active form.
Therefore, assignment of this band will shed light on a key
structural change in the heme active site for the enzyme
activation. However, this band has not been assigned yet.

In this letter, we analyze low-frequency normal modes of
heme at the density functional theory (DFT) level to understand
the origin of the 312 cm~! Raman band. Since this band is not
normally observed for 6¢ heme systems, the resonance enhance-
ment of this band should arise from the protein environment
unique to sGC and may be related to the signal transduction
pathway.
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sGC belongs to a recently discovered class of H-NOX
(heme-nitric oxide/oxygen binding) proteins, which share the
conserved Tyr—Ser—Arg (YxSxR) motif that forms a hydrogen-
bonding network with heme propionates.” Although a crystal
structure of sGC is not yet available despite considerable efforts,
that of Tar4, an H-NOX family member from Thermoanaer-
obacter tengcongensis, has been solved in the O,-bound state.”
The low-frequency rR spectrum of 6¢ Tard—CO?® resembles that
of 6¢ sGC—CO with YC-1,% except that the 312cm™" band is
relatively weak and that two vinyl-bending bands at 398 and
433 cm™! are almost merged at ca. 420cm™" for Tar4. Accord-
ingly, we constructed a 6c H-NOX heme model that has a
ferrous heme with CO and imidazole (Im) as axial ligands and
includes a triad of the YxSxR motif (Tyr131, Ser133, and
Argl35) from the crystal structure of Tar4 (PDBID 1US5S5).
Iron(IT)-octamethylporphyrin with Im and CO ligation, CO-
Fe(OMP).Im, was also built as a reference system to analyze
porphyrin vibrations.

Geometry optimizations and normal mode analyses were
performed with Gaussian 09° using the B3LYP functional and
6-31G™ basis set for all the atoms except Fe and the axial CO,
for which Ahlrichs’ VTZ basis set'® was employed based on
previous studies.!! The structure of H-NOX heme model was
optimized on the condition that the C, and Cg atoms of the
amino acids were fixed. On the other hand, the structure of the
reference CO-Fe(OMP).Im was optimized under the C; sym-
metry, where the Im ring was put on the mirror plane. The spin
state of the heme fragment is low spin, and S = 0 for both the
models. Normal mode calculations yielded no imaginary
frequencies, and all of the frequency values were taken directly
from the Gaussian program without scaling.

Figure 1A shows the optimized structure of the H-NOX
heme model, where the heme plane is somewhat relaxed from
the distorted initial structure. Note that 6¢ Tard—O, displayed
strong out-of-plane (oop) heme bands near 700 cm™' in the rR
spectrum,® whereas 6¢ SGC-CO with YC-1 and 6¢ Tar4—CO did
not,>® which implies no significant heme distortion in the CO-
bound state. Thus, care was not taken to hold the heme distortion
during the optimization. However, a small (0.1 A), but poten-
tially important, oop tilt of the pyrrole D remains (Figure 1B)
due to two hydrogen bonds between the 7-propionate and Arg.
Consequently, this structure serves as a simple model to
investigate heme vibrations perturbed by the YxSxR motif.

The H-NOX heme model has 81 vibrational modes below
400 cm™'. The mode frequencies and polarizability derivatives
(i.e., Raman activity) in a frequency range of 200 to 400 cm™!
are shown in Figure 2A. Raman-active modes are of current
interest, but the calculated Raman activity corresponds to the
nonresonance Raman intensity. In principle, in-plane (ip)
porphyrin modes are enhanced in rR spectra of 6¢ hemes with
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Figure 1. (A) H-NOX heme model. Cyan broken lines show
hydrogen bonds. (B) Pyrrole D tilt of heme.
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Figure 2. (A) Raman activity of the H-NOX heme modes in
the 200400 cm™! region. Four Raman-active modes are marked
with arrow heads. See the text for details. (B) Vibrational vector
of the 346.7 cm™! mode.

Soret excitation. However, (normally forbidden) oop modes also
acquire TR enhancement when oop distortion is present in the
porphyrin skeleton.!? The oop pyrrole-tilting distortion occurs
in the H-NOX heme model (Figure 1B), which can enhance
resonance Raman activities of oop pyrrole-tilting modes
specifically. There exist three such modes, i.e., ¥ (A), Vie6
(Boy), and y»3 (Eg).13 Here, the symmetry representations for the
idealized Dy, porphyrin are given in parentheses. The mode
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vectors of these are well described for the reference CO-
Fe(OMP).Im (Figure S1'®). It should be noted that, due to the
asymmetric axial ligation of Im and CO in this reference system,
Fe is slightly displaced from the mean porphyrin plane toward
CO by 0.04 A (Figure S2'®). As results, ys is mixed with vg (A,
ip mode), whereas y,3 with Vs and vs; (E, ip modes), as shown
in Figure S1.!® Hence, s and 23 can be strongly enhanced with
Soret excitation via the mixing with ip modes as well as the oop
porphyrin distortion and are the most likely candidates for the
312ecm~! Raman band.

In order to extract Ys/Vs, V23/Vso, and Y»3/Vs; characters in
the H-NOX heme modes, we calculated inner products of the
porphyrin mode vectors between CO-Fe(OMP)-Im and the H-
NOX heme after superposition of the two structures using the
common porphyrin atoms and then picked up the modes that
have both a high polarizability derivative value (>5A*amu~")
and a high correlation value (>0.1) with either of the Y5/ Vg, 23/
Vsg, or ¥»3/Vs; of CO-Fe(OMP).Im. Here, the inner product
(correlation) values were normalized in a subspace composed of
the 81 modes below 400 cm™".

As a result, we found four modes that satisfied the above
conditions: 226.8 (0.119 with y4/vs, 8.3 A? amu™!), 3313
(0.102 with ,3/vso, 12.4 A*amu"), 346.7 (0.294 with 53/ s,
7.4A%mu"), and 383.3cm™' (0.138 with y53/vs0, 8.8
A*amu~"), which are marked with arrow heads in Figure 2A.
Here, the calculated frequencies are italicized for clarity. The
331.3 and 383.3cm™! modes also have correlation with
Y6/ Vs (0.086 and 0.098 correlation values, respectively). In the
rR spectrum of 6¢ sGC-CO with YC-1, strong bands also occur
at 346 and 371 cm™!, which have been assigned to vg and
propionate bending, respectively.’ The 331.3 cm™! mode should
correspond to the 346 cm™' Raman band (vg) due to its s/ Vg
character and near frequency coincidence, whereas the 383.3
cm™! mode to the 371 cm™' Raman band (propionate bending)
(Figure S3'®). Indeed, the 383.3cm™' mode contains oop
6-propionate bending as the primary component, accompanied
by oop tilting of the pyrrole A.

It is worth mentioning that vg and the propionate bending
are well known because they normally give strong intensities in
Soret-rR spectra of various heme proteins. We found that, when
the heme iron is ligated by CO and His, vg is mixed with ¥, as
exhibited in CO-Fe(OMP)-Im (Figure S1A'®). In addition, the
mode correlation analysis elucidates that this mode is further
mixed with ¥»3/Vso when the pyrrole ring is tilt. This complexity
has never been recognized because heme band assignments have
been usually made based on the conventional mode classifica-
tion using 4c nickel(IT)-porphyrins,'* where ip and oop modes
are essentially isolated. The mode correlation analysis also
elucidates that the propionate bending is mixed with y,3/vs¢ and
Y6/ Vs. Such mixing with porphyrin vibrations must be the origin
of the rR enhancement of the propionate mode.

The rest mode located at 346.7cm™! is assignable to the
312cm™! Raman band, though the order of the three bands
is different from the experiment. Vibrational vector of the
346.7cm™! mode is shown in Figure 2B. The motion of this
mode is fairly delocalized over the heme and residues, involving
pyrrole tilting and propionate bending as well as CO and Im
tilting and Fe translation. Arg NH,-rocking and twisting are also
seen. The calculated frequency (346.7cm™') of this mode is
somewhat deviated from the experimental value (312cm™"),
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presumably due to the limitation of our current model for protein
environments. This mode may be more delocalized over the
protein moiety, which causes a frequency downshift. The
systematic computation error in (harmonic) frequency analysis
is also a partial reason for the deviation, which is often corrected
by a scaling factor.!®

It should be noted that a possibility of the 7 (Ay,)
assignment to the 312cm~! band, as noted previously,!® is
unlikely. ¥ is methine wagging (Figure SIE'S), usually
enhanced in 5c domed heme spectra. Moreover, the H-NOX
heme mode correlated with 37 (0.735 correlation) at 358.4 cm™!
does not have a high polarizability derivative value (2.5
A*amu~") or the mixing with any ip mode (Figure S3C'®).

In summary, we have identified a delocalized mode,
including oop ()43) and ip (Vsp) porphyrin motions, as the most
likely candidate for the newly observed Raman band enhanced
in active sGC—CO. This assignment suggests that binding of
YC-1 induces a displacement of the YxSxR residues, pulling
down the pyrrole ring out of the plane through the propionate,
which results in the 3,3/Vsp mode enhancement in the rR
spectrum. We propose that such a displacement of the conserved
residues is involved in the signaling.

The displacement of the YxSxR motif alters not only the
heme planarity but also the 77-back donation from Fe to CO
through the hydrogen bonds with propionates, which induces
frequency shifts of the Fe-CO stretching (Vge_co) and C-O
stretching (Vc_o) modes. When propionates are more neutralized
(stronger hydrogen-bonding occurs), Vg co shifts down and
Vc_o shifts up.'"® Previous Raman and FTIR studies revealed
that YC-1 shifts Vpeco from 475 to 488cm™! and v from
1987 to 1972cm~'.>!7 These experimental data are consistent
with our proposal that YC-1 displaces the YxSxR motif, which
lengthens the hydrogen bonds between Arg and the propionate.

Finally, it would be interesting to note that the delocalized
mode includes both Arg and Im motions. Although the proximal
heme environment is not fully incorporated into the current
model, a coupling motion between the YxSxR motif and the
proximal His may be important in light of the Fe-His bond
cleavage in the case of NO binding.

This work was supported by a Grant-in-Aid for Young
Scientists (A) Nos. 22685003 (to Y.S.) and 23685040 (to M.K.)
from JSPS.
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