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ABSTRACT: We analyzed the vibrational frequencies of the Fe- His | pK, His o8l

bound carbon monoxide (CO) of myoglobin reconstituted witha | _ et Flea'— b S Ll Flea'— S

series of chemically modified heme cofactors possessing a heme ¢ '_‘_\H‘ o R

Fe atom with a variety of electron densities. The study revealed E"m H’ H H g N TPE

that the stretching frequency of Fe-bound CO (v¢() increases g g

with decreasing electron density of the heme Fe atom (pg,). This g \\\
finding demonstrated that the v value can be used as a sensitive mmﬁm m Prutu.ixﬁm
measure of the pg, value and that the 7 back-donation of the ol . 3sDmMD’

heme Fe atom to CO is affected by the heme z-system o T 7 8
perturbation induced through peripheral side chain modifications.

: | i

pK,

B INTRODUCTION bound OH™. Thus, this methodology is applicable only to Mbs
capable of accommodating H,O as an external ligand to the
ferric heme Fe atom under low pH conditions. Generally, in
Mbs lacking distal His64, irrespective of whether they are
naturally occurring mutants'>~'® or genetic ones,'” the sixth

Myoglobin (Mb), the oxygen (O,) storage hemoprotein, has
served as a useful model system for dehneatmg the structure—
function relationships of proteins.'~® O, binds reversibly to the

terrous heme Fe atom in Mb, and the O, binding properties of - e . )
the protein have been shown to be obtained through subtle coordination site is either partially occupied by H,O or empty.

tuning of the intrinsic heme Fe reactivity in addition to the Consequently, other physicochemical parameters are needed to
heme environment furnished by nearby amino acid residues.”’ estimate the g, values of the proteins.

The importance of the heme electronic structure, particularly fIn this study, we focused on carbonlmonoxi.de IEE O) adducts
the electron density of the heme Fe atom (pg,), in the of Mbs (MbCOs) because not only CO is known to be

regulation of the heme Fe reactmty in the protein is now inevitably bound to the proteins but also the proteins each
beginning to be realized.”® Hence, establishment of a possess a physiologically active ferrous heme Fe atomzo\/\ég
methodology for quantitative estimation of the pg, value of observed the wbre?tlonal frequencies of the Fe-bound CO,

Mb is needed to gain a deeper understanding of the molecular that is, the stre_tchmg frequency of Fe-bound CQ (vco) and the
mechanism responsible for regulation of the heme Fe reactivity Fe—C str'etchmg_ (vrec) and Fe—C—_O bendmg' frequenc.1es
through the pg, value. We previously used the equilibrium (Bkeco) in native Mb ar}d proteins reconstltu'ted ,Wlth
constant, pK,, of the so-called “acid—alkaline transition” in mesg?ine (Meso), 3,8—dlm.ethyldeuteroporphyrmatm.ron-
metmyoglobin (metMb) to estimate the pp. value of the ()= (3{8'D MD), 1;'),17—bls(2—carb0xylato.ethyl).—3,8—dlet}21;
protein (see Figure SI, Supporting Information).” MetMb yl—2,12,18—tr1methyl—7jtrlﬂuoromethylporphyrlnat.mron(III)
possessing highly conserved distal His64 has H,O and OH™ as (7-PF), and 13,17-bis(2-carboxylatoethyl)-3,7-diethyl-12,18-
coordinated external ligands under low- and high-pH
conditions, respectively.>*~'* The py, value is manifested in Received: December 26, 2012
the pK, one through its effect on the H" affinity of the Fe**- Published: February 27, 2013
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Figure 1. Schematic representation of the structures of the heme cofactors used in this study, that is, protoheme (Proto), mesoheme (Meso), 3,8-
dimethyldeuteroporphyrinatoiron(I1)**** (3,8-DMD), 13,17-bis(2-carboxylatoethyl)-3,8-diethyl-2,12,18-trimethyl-7-trifluoromethyl-
porphyrinatoiron(II1)**  (7-PE), and 13,17-bis(2-carboxylatoethyl)-3,7-diethyl-12,18-trimethyl-2,8-ditrifluoromethylporphyrinatoiron (II1)”  (2,8-

DPF). Abbreviation: P" represents —CH,CH,COOH.

Table 1. O, and CO Binding Parameters and Autoxidation Reaction Rates for Mbs

O, binding
kon(02)" ko0 K(0,)" Py*
Mb (uM~'s7) (s (uM™) (mmHg)

Mb(Meso)® 82+ 1.6 57+ 11 14+ 04 0.38
Mb(3,8-DMD) 2+3 94+3 13402 0.50
Native Mb" 14 +3 12+2 12 + 03 0.58
Mb(7-PF)® 83+ 1.6 17+3 0.5 + 0.1 1.10
jMb(2,8-DPF)& 16+3 110 £ 22 0.15 + 0.04 2.80

CO binding
d a a e
(e Gody MY e M

0.16 + 0.02 038 + 007 0048 + 0009 7.9 +24 55 +22

0.14 + 001 016 + 007 0024 + 0007 67 +17 52 +21
0051 + 0005 051 +006 0019 + 0005 27 +8 2349
0033 + 0003 032+ 006 0032 +0006 10 +3 21 + 8
0.083 + 0.008 0.69 + 0.13 0.036 + 0.007 19+6 132 + 53

“Measured at pH 7.40 and 25 °C. bCalculated from the k.,(0,) and kg(O,) values. “Determined from the oxygen equilibrium curve at pH 7.40 and
20 °C. “Autoxidation reaction rates measured at pH 7.40 and 35 °C. “Calculated from the k,,(CO) and k,z(CO) values. M = K(CO)/K(0,).

20btained from ref 7. "Obtained from ref 30.

trimethyl-2,8-ditrifluoromethylporphyrinatoiron(III)”  (2,8-
DPF), that is, Mb(Meso), Mb(3,8-DMD), Mb(7-PF), and
Mb(2,8-DPF), respectively. These heme cofactors differ in the
numbers of CF;, CH;, and C,H; side chains (Figure 1). On the
basis of the pK, values of the proteins, these heme cofactors
could be ranked as Mb(2,8-DPF) < Mb(7-PF) < Mb(3,8-
DMD) =~ Mb(Meso) in order of increasing pg. value (see
Figure S1, Supporting Information).” We found that the v¢o
value of a protein correlates well with the pK, value in such a
manner that Mb possessing a lower pK, value exhibits a higher
Vco one. The relationship between the v and the pK, (and
hence pp,) values could be interpreted in terms of the
resonance between the two canonical forms of the Fe—CO
fragment (see below).”® The study not only revealed the
relationship between the vy and the pp, values but also
demonstrated that the vy value can be used as a sensitive
measure of the pg, one in the protein.

B MATERIALS AND METHODS

Materials and Protein Samples. All reagents and chemicals were
obtained from commercial sources and used as received. Sperm whale
Mb was purchased as a lyophilized powder from Biozyme and used
without further purification. Mesoheme (Meso) was purchased from
Frontier Scientific Co. 3,8-DMD,**** 7-PF,*® and 2,8-DPF’ were
synthesized as previously described. The apoprotein of Mb (apoMb)
was prepared at 4 °C according to the procedure of Teale*” and
reconstituted Mbs were prepared by slow addition of a synthetic heme
cofactor to the apoMb in 50 mM potassium phosphate buffer, pH 7.0,
at 4 °C.7 In order to prepare MbCO, metMb was reduced by adding
Na,5,0, (Nakalai Chemicals Ltd.) in the presence of CO gas (Japan
Air Gases), and then the protein was freed from excess reagents by
passage through a Sephadex G-10 (Sigma-Aldrich Co.) column
equilibrated with an appropriate buffer solution. The met-cyano form
of the protein was prepared by addition of potassium cyanide (Sigma-
Aldrich Co.) to metMb. The pH of each sample was measured with a
Horiba F-22 pH meter equipped with a Horiba type 6069-10c
electrode. The pH of a sample was adjusted using 0.1 M NaOH or
HCL
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Kinetic Measurements of O, and CO Binding of Mb(3,8-
DMD). Kinetic measurements of O, and CO binding of Mb(3,8-
DMD) were carried out in 100 mM phosphate buffer, pH 7.40, at 20
°C, as described previously.>”®* ' The rate constant for O, association
(kon(O,)) for the protein was determined through analysis of the time
evolution of the absorbance at 425 nm after photolysis of the oxy form
in the presence of various O, concentrations using a 5 ns pulse
Nd:YAG laser (532 nm). The pseudo-first-order rate constant for O,
dissociation (k,(O,)) for the protein was also measured through
analysis of the time evolution of the absorbance at 425 nm after rapidly
mixing the oxy form with excess Na,S,0, using a stopped-flow
apparatus (Unisoku, Co. Ltd, Osaka, Japan). The equilibrium
constants for O, binding (K(O,)) were calculated from the kinetic
data, that is, the k,,(O,) and k.(O,) values.

The rate constant for CO association (k,,(CO)) of the protein was
similarly measured through analysis of the time evolution of the
absorbance at 407 nm after photolysis of the CO form under 1 atm of
CO, that is, the concentration of CO ([CO]) = 9.85 X 10™* M. The
k,,(CO) value can be determined from the observed pseudo-first-
order rate constant for CO association (ky,(CO)) using the equation
kops(CO) = k,,(CO) because the rate constant of the CO dissociation
(k,g(CO)) is <k,,(CO) x [CO]. Then, the k,z(CO) value was
determined by analysis of displacement of Fe-bound CO and oxidation
of heme Fe by K;Fe(CN).*****! Similar to the case of the study of O,
binding, the equilibrium constants for CO binding (K(CO)) were
calculated from the kinetic data, that is, the k,,(CO) and k&(CO)
values.

Resonance Raman Spectroscopy. Resonance Raman scattering
was performed with excitation at 413.1 nm with a Kr* laser (Spectra
Physics, BeamLok 2060), dispersed with a polychromator (SPEX
1877, 1200 grooves/mm grating) and detected with a liquid-nitrogen-
cooled charge-coupled device (CCD) detector (CCD-1024 X 256-
OPEN-1LS, HORIBA Jobin Yvon).** A laser power of 1.6 mW was
used for the measurements. CO isotopes, that is, B3C1%0 and BC'®0,
were purchased from SI Science Co., Ltd., Japan. Raman shifts were
calibrated with indene as a frequency standard. The accuracy of the
peak positions of well-defined Raman bands was +1 cm™. Protein
concentrations were approximately 40 yM in 100 mM potassium

phosphate buffer, pH 7.4.
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B RESULTS

Functional Consequences of Heme Modifications. We
measured the O, and CO binding kinetics of Mb(3,8-DMD)
(see Figure S2, Supporting Information), and the results are
compared with those for other proteins reported previously’
(Table 1). The O, affinities of the proteins were also compared
with each other on the basis of the Py, value, which is the partial
pressure of O, required to achieve 50% oxygenation (Table 1).
Since 7-PF and 2,8-DPF can be considered as counterparts of
Meso and 3,8-DMD, respectively, the effects of the substitution
of one and two CF; groups on the kinetic data could be
inferred from the results of comparative studies on Mb(Meso)
and Mb(7-PF), and Mb(3,8-DMD) and Mb(2,8-DPF),
respectively. In the case of O, binding, the k,,(O,) value of a
protein was essentially independent of the number of CF;
substitution(s), while the k,z(O,) one increased by a factor of
~3 upon introduction of one CF; group. As a result, the O,
affinity of the protein decreased with increasing number of CF;
substitutions, as demonstrated previously.” On the other hand,
the effects of CF; substitution(s) on the k,,(CO) and k,z(CO)
values varied with the system. Both the k,,(CO) and the
koz(CO) values slightly decreased on substitution of one CF,
group, as demonstrated for the Mb(Meso)/Mb(7-PF) system
and, in contrast, increased on substitution of two CF; ones, as
revealed through analysis of the Mb(3,8-DMD)/Mb(2,8-DPF)
system. In addition, the CO affinity of the protein was
essentially unaltered by substitution of one CF; group but
increased by a factor of ~2.8 on substitution of two CF; ones.
The apparent lack of consistency in the effect of the number of
the CF; substitution(s) on the k,,(CO) and k,(CO) values
would be due to the presence of a significant “heme
orientational disorder”*® in Mb(7-PF) (see below).

The ability of Mb to stabilize Fe-bound O, and discriminate
against CO binding can be evaluated on the basis of the ratio of
CO to O, affinity, that is, the K(CO)/K(O,) value, which is
usually represented by the M value.** M values of the proteins
demonstrated remarkable effects of the pgp, value on the
discrimination between O, and CO (Table 1), as reported
previously.” The M value increased by a factor of ~4 on
substitution of one CF; group, as demonstrated for the
Mb(Meso)/Mb(7-PF) system, and then by a factor of ~25 on
substitution of two CF; ones, as revealed through analysis of
the Mb(3,8-DMD)/Mb(2,8-DPF) system. These results
demonstrated that the heme electronic structure plays a
significant role in the discrimination of exogenous ligands by
the protein.

Vibrational Frequencies of Fe-Bound CO. We deter-
mined the Vcg, Vpee, and Op.co values of native MbCO,
MbCO(Meso), MbCO(3,8-DMD), MbCO(7-PF), and
MbCO(2,8-DPF). The vco band of the protein contained
multiple components (Figure 2 and Figures S3—S7, Supporting
Information), and the observation of multiple ¢ bands is not
due to the heme orientational disorder, because of the
observation of similar multiple bands in the spectra of Mbs
reconstituted with C,-symmetric hemes, that is, 3,8-DMD and
2,8-DPF. We also exclude the possibility of Fermi resonance,
which is observed in the case of incidental frequency overlap
between two oscillators, that is, CO- and Fe-bound histidyl
imidazole ring. The doublets in Figure 2 are not interpreted as a
consequence of Fermi resonance, since the doublets are evident
for the five species. Consequently, the doublets in Figure 2 are
due to the presence of multiple conformational states of the
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Figure 2. High-frequency regions of visible resonance Raman spectra
of MbCO(Meso), MbCO(3,8-DMD), MbCO(7-PF), MbCO(2,8-
DPF), and native MbCO at pH 7.40 and 25 °C. Positions of the
individual component v¢q bands of the proteins determined through
fitting with Voigt profiles®® (see Figures $S3—S7, Supporting
Information) are indicated with the spectra.

Fe—CO fragment.35 Hence, the increase in number of v
bands upon substitution of CF; group(s) (see Figure S5 and
S6, Supporting Information) suggested that the number of
conformational states taken by the Fe—CO fragment increases
with decreasing pr, value, possibly due to weakening of the Fe—
CO bond. The positions of the individual component g
bands of the proteins were determined through fitting with
Voigt profiles, which are convolutions of Gaussian and
Lorentz1an functions (see Figures S3—S7, Supporting Informa-
tion),*® and the high- and low-frequency vco values (Voo
and vco() values, respectively) and the weighted-average by
the intensity of each band (Vco(ae)) were determined (Table
2). As shown in Figure 2, the vy bands of native MbCO

Table 2. Vibrational Frequencies of the Fe-Bound CO of
Mb(CO)s at pH 7.40 and 25 °C; pK, values of metMbs at 25
°C

veo® (Cm_l)

)

b

eC

d =
Vco(n) Vco(L)e Uco(ave)f (cm 1) (Cm

Mb pK,
Mb(Meso) 1943 1931 1939 515 576 9.438
Mb(3,8-DMD) 1943 1930 1940 514 576 91"
Native Mb 1947 1935 1943 512 576 8.90%
Mb(7-PF) 1950 1939 194§ 514 575 8.578
Mb(2,8-DPE) 1956 1945 1951 512 574 7418

“Stretching frequency of Fe-bound CO. PFe—C stretching frequency.
“Fe—C—O bending frequency. “vco value of the high-frequency band
(see Figures S4—S8, Supporting Information). “v¢o value of the low-
frequency band (see Figures S4—S8, Supporting Information).
Welghted average Uco value (see Figures S$4—S88, Supporting
Information). €Obtained from ref 7. "Obtained from ref 24.

! with a shoulder at 1935 cm™" (Figure

than
-1

appeared at 1947 cm™
2), and the determined values were larger by 2—3 cm™
those previously reported, that is, a main band at 1944 cm
with a shoulder near 1933 cm™.” Since the v bands were
considerably broad (see Figures S3—S7, Supporting Informa-
tion), uncertainty of 2—3 cm™! would be associated, as a

dx.doi.org/10.1021/ic3028447 | Inorg. Chem. 2013, 52, 3349—3355



Inorganic Chemistry

method-dependent variation, with determination of the
positions of the individual component bands. The v band
of the protein also appeared as unresolved multiple peaks,
possibly due to the multiple conformational states of the Fe—
CO fragment, as in the case of the vco band, and hence,
accurate determination of their positions was quite difficult. CO
isotope substitution measurements were made to estimate the
frequencies of the vpc bands of the proteins (see Figure S8,
Supporting Information). Finally, in contrast to the v¢q and
Vpec bands, the dp.co one was observed as a single component,
although the band overlapped with other unassigned porphyrin
ones. Hence, the position of the dg.co band was determined
through fitting with Voigt proﬁles36 (see Figures S9—S13,
Supporting Information).

As shown in Table 2, the vq, Ve, and Sp.co values were all
affected by the heme modifications. In particular, the vq value
increased dramatically with CFj substitutions (Table 2). This
finding is consistent with those of Tsubaki et al,>” who
demonstrated that the v/ value increased upon replacement of
the heme vinyl group(s) with electron-withdrawing formyl
one(s). Comparison of the 1coy) values of the proteins yielded
a difference of 7 cm™ for the Mb(Meso)/Mb(7-PF) system,
which is one-half the value, 13 cm™, for the Mb(3,8-DMD)/
Mb(2,8-DPF) one. Similarly, comparison of the vco() values
yielded a difference of 8 cm™ for the Mb(Meso)/Mb(7-PF)
system, which is also one-half the value, 15 cm™, for the
Mb(3,8-DMD)/Mb(2,8-DPF) one. These results demonstra-
ted the additive effect of the heme 7-system perturbation on the
VUco value, as reported for the formyl substitution system.*”
Furthermore, comparison of the v, bands of the proteins
yielded a difference of 1 cm™ for the Mb(Meso)/Mb(7-PF)
system, which is one-half the value, 2 cm™!, for the Mb(3,8-
DMD)/Mb(2,8-DPF) one, which also demonstrated the
additive effect of the heme z-system perturbation on the vgc
value, although the effect was rather small.

Finally, the low-frequency shift of the Jp.co value with
increasing number of CF; substitutions suggested that the
orientation of the Fe-bound CO, with respect to the heme in a
protein is affected by the pg,. value.

B DISCUSSION

Functional Consequences of Heme Modifications. We
previously found that the O, affinity of Mb is regulated by the
Pre value in such a manner that the O, affinity of a protein
decreases, due to an increase in the k4(O,) value, with a
decrease in the pg, value” The O, binding parameters
determined for Mb(2,8-DPF) indicated that, upon substitution
of two CF; groups into 3,8-DMD, the k.4(O,) value increases
by a factor of ~10 while the k,,(O,) one remains essentially
unaltered (Table 1), and hence, these results were fully
consistent with our previous findings. In the case of CO
binding, the k,,(CO) and k,4(CO) values as well as the CO
affinity increased on substitution of two CF; groups. These
results were consistent with those of Sono et al,*® who
demonstrated that substitution(s) of electron-withdrawing
formyl group(s) in heme side chain(s) results in increasing
k.n(CO) and k,(CO) values and CO affinity. In contrast,
comparison of the CO binding parameters between Mb(Meso)
and Mb(7-PF) indicated that, upon substitution of one CF,
group, the k,,(CO) and k,(CO) values as well as the CO
affinity remained nearly unaltered. The apparent discrepancy in
the effects of substitution of CF; group(s) on the CO binding
properties between the Mb(Meso)/Mb(7-PF) and the Mb(3,8-
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DMD)/Mb(2,8-DPF) systems would be due to the presence of
a significant heme orientational disorder®® in Mb(7-PF). Mb(7-
PF) at equilibrium exhibits a M form:m form (M:m (see Figure
S14, Supporting Information)) ratio of ~1.0:2.2.>° The M:m
ratio is ~9:1 in Mb(Meso),”® and there is no heme
orientational disorder in Mb(3,8-DMD) and Mb(2,8-DPF).
Studies on Mb(7-PF) with a series of M:m ratios, with highly
precise measurements, are needed for detailed elucidation of
the effects of the heme orientational disorder on the CO
binding properties of the protein, because the CO binding of
Mb(7-PF) could be analyzed using single-exponential kinetics
(see Figure S1S, Supporting Information), and the ligand
binding properties of Mb have been shown to be almost
independent of the heme orientation with respect to the
protein moiety.40

Correlation between the Vibrational Frequencies and
Electron Density of the Heme Fe Atom. As described
above, we observed additive effects of the heme z-system
perturbation on the vcg and vgc values. As shown in Table 2,
similar additively was also observed between the pK, value and
the number of CF; substitutions, that is, the pK, difference of
0.86 for the Mb(Meso)/Mb(7-PF) system is one-half the value,
1.70, for the Mb(3,8-DMD)/Mb(2,8-DPF) one. In fact, plots
of the vcoy) values of the proteins against the pK, ones can be
described by a linear function expressed as I/CO(H)/cm_l =
—6.818 X pK, + 2007, with correlation coefficient (r) =
—0.9716, and the relationship between the 1) and the pK,
values can be also represented by 1o p)/cm™ = —=7.565 X pK,
+ 2002, with r = —0.9531 (Figure 3). Similarly, the Vo (ave)

1960
™ Mb{2,8-DPF)
-
Mb(7-PF)
1950l A
=
Q
=
>
19401
e,
19301 [ X ]
\\\
. I . I N
7 8 g 10
pK,

Figure 3. Plots of the high-frequency vco (Vco) (M), low-frequency
veo (Weow) (@)), and weighted-average oo (Vco(ae) (A)) values of
MbCOs against the pK, ones of the acid—alkaline transition in
metMbs. Plots can be represented by straight lines.

value exhibited a linear relationship with the pK, value, that is,
Veo@ey/em™ = —6.071 X pK, + 1996, with r = —0.9874
(Figure 3). These results not only demonstrated that the v¢q
value is affected by the pg, value, as the pK, value is, but also
confirmed that the effects of the heme modifications on the pg,
value are essentially independent of the oxidation state of the
heme Fe atom.

Neya et al*' demonstrated, on X-ray structural determi-
nation, that the overall protein structure and side chain
conformations of Mb reconstituted with porphine are
essentially identical to those of the native protein. Furthermore,
they also revealed that the protein structure properties of the
globin fold together with the structure of the heme active site
are inherent in its amino acid sequence and are not largely
affected by the acquired heme—protein interaction.*” In fact, as
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in the case of the "H NMR spectrum of the met-cyano form of
native Mb, the C,H and CsH; proton signals of 1le99 in all
reconstituted Mbs were resolved in ~—4 to ~—10 ppm,
confirming that the orientations of the hemes with respect to
the polypeptide chains in these reconstituted proteins are
similar to that in the native one (see Figure S16, Supporting
Information).

Hence, the differences in the vibrational frequencies among
the proteins can be attributed primarily to the electronic effects
exerted by the heme modifications. The relationship between
the vco and the pK, (and hence pg,) values could be
interpreted in terms of the resonance between the two
canonical forms of the Fe—CO fragment, represented by the
valence bond formalism (Scheme 1).2° The larger the pg, value,

Scheme 1. Resonance between the Two Canonical Forms of
the Fe—CO Fragment, Represented by the Valence Bond
Formalism?>%”

Hi|593 Hi|593
e ez:_ _Fl‘?z*_
c C
. I
o™ O

“The larger the pg, value, the better the heme Fe atom can serve as a 7
donor to CO. The stronger the Fe—CO bond, the larger will be the
bond order of the Fe—CO bond, the smaller will be the C—O bond
order, and hence the weaker will be the C—O bond.

the better the heme Fe atom can serve as a 7 donor to CO. The
stronger the Fe—CO bond, the larger will be the bond order of
the Fe—CO bond, the smaller will be the C—O bond order, and
hence the weaker will be the C—O bond. Consequently, the
strength of the Fe—CO and C—O bonds decreases and
increases, respectively, with decreasing pg. value. As a result, a
reciprocal relationship holds between the v and the vcg
values, as demonstrated previously.*> A similar vp.c—vco
reciprocal relationship was observed for the proteins considered
in the study. This finding indicated that the 7 back-donation of
the heme Fe atom to CO (Fe — CO 7z back-donation) is
affected by the in-plane electronic perturbation of the heme 7
system induced through the heme modifications.

The variation of the estimated v, values among the
proteins was small, that is, the slopes of the plots of the vk
values against the Vo), Vo, and Ueo(ave) Ones for the proteins
were smaller by factors from ~1/4 to ~1/S relative to the value
determined through studies of a variety of heme derivatives and
hemoproteins possessing diverse axial ligands.* The bonding
of CO to the heme Fe atom is thought to involve a synergic

process with donation of the lone pair electrons of the C atom
into an empty d, (d;?) orbital of the metal (Fe « CO o
donation), together with the Fe — CO x back-donation. In
contrast to the case of the Fe = CO 7 back-donation, the Fe «
CO o donation is expected to increase with decreasing pg,
value. Consequently, the small effects of the heme modifica-
tions on the vp, value might be attributed to a result of a
countervailing relationship between the effects of a change in
the pg. value on the Fe <~ CO ¢ donation and Fe - CO #
back-donation.

Electronic Mechanisms for O,/CO Discrimination and
Autoxidation of Mb. Elucidation of molecular mechanisms
responsible for discrimination of exogenous ligands by
hemoproteins has been one of the central issues in not only
bioinorganic chemistry but also biological science. Particularly,
the mechanism of the discrimination between O, and CO b
Mb has been investigated exhaustively for a long time.*>****
Some mechanisms have been proposed to account for the
ability of the protein to stabilize Fe-bound O, and discriminate
against CO binding. It is well documented that coordination of
O, to heme Fe atom is stabilized by a factor of ~1000 by
formation of a hydrogen bond between the Fe-bound O, and
His64, whereas the CO affinity of the protein is only slightly
affected by interaction between the Fe-bound CO and His64.”
Furthermore, a steric mechanism involving concerted motions
of the heme, the heme Fe atom, and helices E and F has been
also proposed to selectively inhibit the CO binding to the
protein.** In addition to these two mechanisms, our study
revealed that preferential binding of CO to the protein over O,
is enhanced with decreasing py, value, as can be seen from the
M values of the proteins (Table 1).” Electronic control of the M
value is achieved through the effect of a change in the pg, value
on the O, affinity, which can be interpreted in terms of the
resonance process between the Fe’*—0, and Fe**—0, -like
species45 (Scheme 2). A decrease in the pg, value is expected to
hinder formation of the Fe**—0, -like species through
obstruction of Fe—O bond polarization, resulting in a shift of
the resonance toward the Fe®*—0O, species. Since O,
dissociation from the heme Fe atom is thought to occur only
at the Fe?*—0, bond, stabilization of the Fe>*—0, bond over
the Fe>*—0, -like one with decreasing pg. value should result
in an increase in the O, dissociation rate,” which lowers the O,
affinity. On the other hand, in the case of the Fe-bound CO,
although the resonance between the two canonical forms of the
Fe—CO fragment (scheme 1) is affected by the pp, value, the
effect of a change in the pg, value on the CO aflinity was rather
small, as demonstrated in this study.

Scheme 2. Oxygenation of Mb and Reaction Mechanism for Autoxidation Proposed by Shikama*®*7#
Hi?93 0, H[is His . Hlis H,0 Hlis
Heme, Ea2+ ;) — 2 > — 3t L—> — 3 — o3
Y ¢ o-H HO |
0, : H (0 YoH HOZ o6
RS H'H,
H N Hy NN
N N NNy %N H
His64 = l\g ‘\ﬁ

“The binding of O, to the heme Fe?" is stabilized by the hydrogen bonding between the Fe-bound O, and His64,** and the third drawing is only a
proposed structure.”* Dissociation of hydroperoxyl radical HO,® from the heme Fe®*, followed by instantaneous coordination of H,O to heme Fe*,
the fourth drawing, is only a speculative process, and simultaneous accommodation of both H,O and Fe-bound O, hydrogen bonded to His64 in the

heme pocket of the protein would be possible.
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Furthermore, as demonstrated previously,® the pg, value is
also a determinant for the rate of the autoxidation (k,,), which
is spontaneous conversion of the Fe>"—0O, species to the Fe’*—
H,O one (scheme 2). According to the reaction mechanism
proposed by Shikama,***’ the acid-catalysis process occurs
through protonation of Fe**-bound O, which leads to
dissociation of hydroperoxyl radical HO,® from the active site
of the protein followed by ionization of HO,® into H" and
superoxide anion radical O,°”. Therefore, since the H* affinity
of the Fe**-bound O, is lower than that of the Fe**—0, -like
species, stabilization of the former over the latter with
decreasing the pg, value should inhibit the acid-catalysis process
for autoxidation of the protein, resulting in a decreased k,, value
(Table 1).®

B CONCLUSION

We demonstrated that the v value of Mb correlates well with
the pK, value in such a manner that a protein possessing a
lower pK, value exhibits a higher vco one. The vco—pK,
correlation could be interpreted simply in terms of the
resonance between the two canonical forms of the Fe—CO
fragment, represented by the valence bond formalism.
Furthermore, the linear correlation indicated not only that
the effects of the heme modifications on the pg, value are
independent of the oxidation state of the heme Fe atom but
also that the v/ value can be used as a sensitive measure of the
Pre value in a protein in order to gain a deeper understanding of
the molecular mechanism responsible for electronic regulation
of the heme Fe reactivity.
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