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Abstract: Functional regulation of myoglobin (Mb) is thought to be achieved through the heme environment
furnished by nearby amino acid residues, and subtle tuning of the intrinsic heme Fe reactivity. We have
performed substitution of strongly electron-withdrawing perfluoromethyl (CF3) group(s) as heme side chain(s)
of Mb to obtain large alterations of the heme electronic structure in order to elucidate the relationship
between the O, affinity of Mb and the electronic properties of heme peripheral side chains. We have utilized
the equilibrium constant (pK,) of the “acid—alkaline transition” in metmyoglobin in order to quantitatively
assess the effects of the CF3 substitutions for the electron density of heme Fe atom (pg.) of the protein.
The pK, value of the protein was found to decrease by ~1 pH unit upon the introduction of one CF; group,
and the decrease in the pK, value with decreasing the pr, value was confirmed by density functional theory
calculations on some model compounds. The O, affinity of Mb was found to correlate well with the pK,
value in such a manner that the Ps, value, which is the partial pressure of O, required to achieve 50%
oxygenation, increases by a factor of 2.7 with a decrease of 1 pK, unit. Kinetic studies on the proteins
revealed that the decrease in O, affinity upon the introduction of an electron-withdrawing CF; group is due
to an increase in the O, dissociation rate. Since the introduction of a CF3 group substitution is thought to
prevent further Fe?*—0, bond polarization and hence formation of a putative Fe**—0,-like species of the
oxy form of the protein [Maxwell, J. C.; Volpe, J. A.; Barlow, C. H.; Caughey, W. S. Biochem. Biophys.
Res. Commun. 1974, 58, 166—171], the O, dissociation is expected to be enhanced by the substitution of
electron-withdrawing groups as heme side chains. We also found that, in sharp contrast to the case of the
O, binding to the protein, the CO association and dissociation rates are essentially independent of the pge
value. As a result, the introduction of electron-withdrawing group(s) enhances the preferential binding of
CO to the protein over that of O,. These findings not only resolve the long-standing issue of the mechanism
underlying the subtle tuning of the intrinsic heme Fe reactivity, but also provide new insights into the
structure—function relationship of the protein.

Introduction

Myoglobin (Mb), an oxygen storage hemoprotein, has long
served as a paradigm for the structure—function relationships
of metalloproteins.*? Dioxygen (O,) is reversibly bound to a
ferrous heme Fe atom in Mb, and the O, &ffinity of the protein
is generally represented by the Ps value, which is the partial
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pressure of O, required to achieve 50% oxygenation. The
structural basis for the control of the O, affinity of Mb has been
investigated exhaustively for many years.®>** The regulation
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Scheme 1. Acid—alkaline Transition in metMb
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Figure 1. Structures and numbering system for protoheme (R, = CHz, R;
= Rg = CH=CH2, R, = CH3), mesoheme (Rz =R; = CH3, R3 = Rg =
C2H5), 7-PF (R2 = CH3| R3 = Rg = Csz, R7 = CF3), 2,8-DPF (R2 = Rg
= CF3, R;=R; = CH3), and deuteroheme (Rz =R;= CH3, R;=Rg =
H).

of the Mb function is thought to be achieved through the heme
environment furnished by nearby amino acid residues, and subtle
tuning of the intrinsic heme Fe reactivity. Although the heme
environmental effects on the O, affinity of the protein have been
elucidated in some detail,* the relationship between the heme
electronic structure and Fe reactivity has remained to be clarified.
Although extensive heme modification studies have been
performed to reveal the molecular mechanisms underlying the
tuning of the Fe reactivity,>™ the relationship between the
properties of heme periphera side chains and the O, affinity of
Mb has been controversial.>™** The difficulty in these studies
was mainly two-fold; (1) the variation in the heme modification
was not large enough to alow quantitative characterization of
the structure—function relationship of Mb and (2) alack of an
appropriate parameter that quantitatively represents the effect
of the heme modification on the properties of the heme Fe atom
in the protein.

In this study, we have performed the substitution of strongly
electron-withdrawing perfluoromethyl (CFz) group(s), as heme
side chain(s), for large and stepwise dterations of the heme
electronic structure using the reported procedure.***> Mesoheme
(Mes0), 13,17-bis(2- carboxylatoethyl)-3,8-diethyl-2,12,18-tri-
methyl-7-trifluoromethyl porphyrinato-iron(l11)** (7-PF), and
13,17-bis(2-carboxyl atoethyl)-3,7-diethyl-12,18-trimethyl-2,8-
ditrifluoromethyl porphyrinato-iron(l11) (2,8-DPF (see Supporting
Information)) were incorporated into the apoprotein of Mb to
prepare reconstituted Mbs, i.e,, Mb(Meso), Mb(7-PF), and
Mb(2,8-DPF), respectively. These hemes differ in the numbers
of CF3, CH3, and C,Hs side chains (Figure 1). The use of these
hemes affords large variation in the electronic structure of the
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porphyrin moiety of the heme, which allows detailed charac-
terization of the relationship between the properties of heme
peripheral side chains and the O, affinity of Mb.

In order to quantitatively assess the effects of the CF;
substitution(s) on the electron density of the heme Fe atom (pge)
in the protein, we used the equilibrium constant of the
“acid—alkaline transition” in metmyoglobin (metMb),316-27
together with density functional theory (DFT) calculations. The
heme active site of metMb exhibits characteristic pH-dependent
structure changes collectively known as the acid—alkaline
transition.® The metMb possessing highly conserved distal His
E7 (E7 represents an aphanumeric code referring to the
positions of amino acid residues in the helices and turns of Mb,
E7 representing the seventh residue in the E helix) has H,O
and OH™ as coordinated external ligands under low and high
pH conditions, respectively.?® Asillustrated in Scheme 1, the
acid—alkaline transition in the protein comprises three distinct
reactions, i.e., interconversion of the coordinated ligand between
H,O and OH™, tautomerism of the His E7 imidazole, and
deprotonation/protonation of His E7 NsH.?® Furthermore, since
the transition is associated with the deprotonation/protonation
process, its equilibrium constant is usually represented as the
pK, vaue, and this value has been shown to be highly sensitive
to the heme electronic structure of the protein.*®2 In addition,
upon the transition from the acidic form to the akaline one
(Scheme 1), the Fe-bound ligand changes from H,O to OH™,
with a concomitant change in the spin state from the ferric high
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Scheme 2. Oxygenation of deoxy Mb*
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spin (HS) one, i.e., S= 5/2, to the ferric low spin (LS) one,
i.e, S= 1/2.3 Hence, despite the difference in the oxidation
state of heme Fe, the acid—alkaline transition in metMb is
similar to oxygenation of Mb in terms of the simultaneous
changes in the heme Fe coordination and spin states. The
oxygenation of Mb results in a change of the Fe-bound ligand
from unliganded deoxy Mb to ligand-bound oxy Mb (Scheme
2), with aconcomitant change in the spin state from the ferrous
HS one, i.e,, S= 2, to the ferrous LS one, i.e.,, S= 0.

Mb(Meso), Mb(7-PF), and Mb(2,8-DPF) have aso been
subjected to detailed studies on the ligand binding properties
on the basis of not only the Psy values determined through
measurement of an oxygen equilibrium curve (OEC),3>*® but
also the association and dissociation rate constants for O,
(Kon(O2) and ky(O5), respectively) and carbon monoxide (CO)
(Kon(CO) and kq(CO), respectively), obtained using the laser
flash photolysis/stopped-flow technique,3122°3435

We report herein the results of heme electronic structure and
ligand binding studies on Mb(Meso), Mb(7-PF), and Mb(2,8-
DPF) through measurements of the pK,, Psg, kon(O2), Kott(O2),
kon(CO), and kq(CO) values. A close relationship between the
pKa value and pge Values of the proteins has been confirmed by
the results of DFT calculations. Comparison of the pK, and Psg
values among the reconstituted Mbs demonstrated that the pK,
and Psp values of the proteins correlate well with each other,
and that the former becomes smaller and the latter becomes
larger with the introduction of electron-withdrawing group(s)
to the heme as peripheral side chain(s).”° Kinetic analysis
revealed that the decrease in the O, affinity (i.e., the increase
in the Psy value) of Mb with increasing number of introduced
CF3 groups is due to the increase in the ky(O,) vaue. In
contrast, the kon(CO) and ky(CO) values were both amost
independent of the number of introduced CF; groups. These
findings not only unequivocally demonstrated that the O, affinity
of Mb decreases with a decrease in the pr. value, but also
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provided novel insights into the structure—function relationships
in oxygen binding hemoproteins.

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 was
prepared from mesoporphyrin IX dimethyl ester purchased from
Aldrich. 7-PF and 2,8-DPF were synthesized as previously de-
scribed.** O, and CO were purchased from Sumitomo Seika
Chemicals Co., Ltd. Mesoheme (Figure 1) was prepared from
mesoporphyrin IX dimethyl ester purchased from Aldrich Chemical
Co. The apoprotein of Mb was prepared at 4 °C according to the
procedure of Teale,*® and reconstitution of the apoprotein with heme
was carried out by the standard procedure.” The reconstituted Mbs
were concentrated to ~1 mM in an ultrafiltration cell (Amicon).
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 the
sample was adjusted using 0.2 M NaOH or HCI.

UV—Vis Absorption and NMR Spectroscopies. UV —vis
absorption spectra were recorded on 10 M protein samplesin 20
mM phosphate buffer at 25 °C using a Beckman DU 640
spectrophotometer. *H and °F NMR spectra were recorded on a
Bruker AVANCE-400 spectrometer operating at *H and °F
frequencies of 400 and 376 MHz, respectively. Typical *H and *°F
NMR spectra consisted of about 20k transients with a 100 kHz
spectral width and 16k data points. The signal-to-noise ratio of the
spectra was improved by apodization, which introduced 20—100
Hz line broadening. The chemical shifts of *H and °F NMR spectra
are given in ppm downfield from the residual *H?HO, as an internal
reference, and from trifluoroacetic acid, as an external reference,
respectively.

Oxygen Equilibrium Curves. Oxygen equilibrium curves
(OECs) of the proteins were measured with 30 M protein in 100
mM phosphate buffer, pH 7.4, and 100 mM CI~ at 20 °C, using
the previously described automatic oxygenation apparatus.®? Psy
values were determined through nonlinear |east-squares fitting of
the OEC data.*®

Kinetic Measurements. Kinetic measurements of the proteins
were carried out in 100 mM phosphate buffer, pH 7.40, at 20 °C
using the procedure reported previously.3*229343% The O, associa-
tions for Mb(Meso), Mb(7-PF), and Mb(2,8-DPF) were character-
ized through analysis of the time evolution of the absorbance at
404, 409, and 411 nm, respectively, after photolysis of their oxy
forms, in the presence of various O, concentrations ([O,]), using a
5 ns-pulse Nd:YAG laser (532 nm). The probe light (Xe-lamp) was
passed through a monochromator before a sample with adjusting a
suitable wavelength in each experiment. The fitting of the time
evolution of the absorbance to the first-order rate equation yielded
apseudo-first-order rate constant for O, association (Kyps(O2)), which
can be expressed in terms of kon(O) and kyii(O2) 8s Kops(O2) =
kon(02) x [02] + kyi(O2). Thus, kon(O2) was obtained through
analysis of the[O,] dependence of the ky,s(O,) value (see Supporting
Information). Pseudo-first-order rate constants for O, dissociation
(kott(O5)) for Mb(Meso), Mb(7-PF), and Mb(2,8-DPF) were also
measured through the analysis of the time evolution of the
absorbance at 422, 425, and 423 nm, respectively, after rapidly
mixing their oxy forms with excess sodium dithionite using a
stopped-flow apparatus (see Supporting Information).

The CO associations for Mb(Meso), Mb(7-PF), and Mb(2,8-DPF)
were similarly measured through analysis of the time evolution of
the absorbance at 409, 411, and 415 nm, respectively, after the
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Figure 2. H NMR (400 MHz) spectra of met-cyano forms of myoglobins reconstituted with mesoheme at pH 6.91 (A), 7-PF at pH 7.57 (B), 2,8-DPF at
pH 7.40 (C), and native Mb at pH 7.40 (D) in 90% H,0/10% 2H,0 at 25 °C. The assignments of heme methyl and Ile FG5%>“ proton signals are given with
the spectra, and N and R in the inset represent the normal and reversed forms of the heme, relative to the protein.** Corresponding signals are connected by

a broken line.

photolysis of their CO forms under 1 atm of CO, i.e., [CO] = 9.85
x 107* M. Since kq(CO) < kon(CO) x [CO], the kyn(CO) value
can be determined from the pseudo-first-order rate constant for CO
association (kops(CO)) through the equation, Kops(CO) = kon(CO) x
[CO].

The CO dissociation for the proteins was characterized utilizing
the following reactions which consist of the displacement of Fe-
bound CO and the oxidation of heme iron by KsFe(CN)g,*>3°

kq#(CO) Kox
MDeg)(CO) 557 Mbggyy + CO — Mbi(H20)

where Mbegiy and Mbegi)(H20) represent the deoxy and met-aguo
forms of the protein, respectively, and ko the rate constant for the
oxidation of the heme iron. Under the experimental conditions of

6094 J. AM. CHEM. SOC. m VOL. 132, NO. 17, 2010

high [CQO] and [K3Fe(CN)g], where a steady-state assumption can
be made for [Mbge)], @ pseudo-first-order rate constant for the
oxidation of the proteins (Kos(0X)) can be expressed in terms of a
pseudo-first-order rate constant for CO dissociation (kg (CO)),
[K3Fe(CN)g], and a constant, ¢, as Kyy(0X) = ky(CO) x [K3Fe(CN)gl/
(c + [K3Fe(CN)g]). The saturated value in plots of the Kons(0X)
values against [KsFe(CN)g] affords the ko (CO) value (see
Supporting Information). The Kq,s(0X) values for Mb(Meso), Mb(7-
PF), and Mb(2,8-DPF) in various [K3Fe(CN)g] were determined
through analysis of the time evolution of the absorbance at 531,
533, and 538 nm, respectively. The probe light (Xe-lamp) was
passed through a monochromator before a sample with adjusting a
suitable wavelength in each experiment. Prior to kinetic measure-
ments, it was confirmed in preliminary experiments using a photo
diode array detector that the reaction of a ligand-bound Mb with
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K3Fe(CN)g redlly yielded the corresponding met-aquo form without
accumulation of any intermediates.

DFT Calculation. The DFT calculations were carried out using
the Gaussian 03 program package.*® Restricted spin orbital approach
involving the B3LY P method, together with electron basis sets of
Pople's 6-31G(d), was employed. For simplification, the calculations
were performed for the 2,3,7,8,12,13,17,18-octamethylporphina-
toiron(l) complex and a series of its CFz-substitued derivatives as
models for the hemes used in this study (see Supporting Informa-
tion), in order to characterize the relationship between the pr, value
and number of the CF; groups introduced into the porphyrin.
Geometry optimization of the model compounds was carried out
in the gas phase, with a fixed CH3 or CF; group orientation, i.e.,
one C—H (or C—F) fragment was in the porphyrin plane, and the
others were pointing above and below the plane (see Supporting
Information). In addition, the oxidation, spin, and coordination states
of the heme Fe atoms of the model compounds were assumed to
be Fe(Il), S= 0, and a 6-coordinated structure with CO ligands,
respectively (see Supporting Information). Determination of the pge
value was carried out by well-known Mulliken charge analysis.

Results

'H NMR Spectra of Reconstituted Mbs. *H NMR (400 MHz)
spectra of the met-cyano forms of Mb(Meso), Mb(7-PF), and
Mb(2,8-DPF) are shown in Figure 2, in comparison with that
of native Mb. The paramagnetically shifted NMR signals arising
from heme periphera side chain protons and amino acid protons
in close proximity to the heme in the met-cyano form of the
protein have been shown to be remarkably sensitive to the heme
electronic structure and the heme active site structure, respect-
ively.**~* The heme methyl proton signals of Mb(Meso), Mb(7-
PF), and Mb(2,8-DPF) were observed in the shift region down
to ~35 ppm, indicating that the heme Fe atoms in the proteins
were in the ferric LS state. In addition, as in the case of the
spectrum of native Mb, the C,H; and CsHs; proton signals of
Ile FG5 in all the reconstituted Mbs were resolved at about —4
ppm,*?43 demonstrating that the orientations of the hemes with
respect to the polypeptide chainsin these reconstituted proteins
are similar to that in the native one. These results supported
that the hemes of the reconstituted Mbs were accommodated
properly asfor that of the native protein. Finally, the observation
of two sets of heme methyl proton signals in the spectra of
Mb(Meso) and Mb(7-PF),>” with the ratios of 1:3 and 1:2.2,
respectively, is due to the presence of well-known heme
orientational isomers,**** as depicted in the inset in Figure 2,
and the absence of heme orientational isomersin Mb(2,8-DPF),
as shown by the observation of a single set of heme methyl
proton signals in the spectrum, is simply due to the C,-
symmetric molecular structure of 2,8-DPF (see Figure 1).

Acid—Alkaline Transition of metMb(2,8-DPF). We next
determined the pK, value for the acid—alkaline transition of
metMb(2,8-DPF). The pH dependence of the absorption spectra
of metMb(2,8-DPF) at 25 °C and plots of 575-nm absorption
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Figure 3. Absorption spectra, 445—750 nm, of metMb(2,8-DPF) at 25 °C
and various pHs, 6.15—9.65, and plots of the 575-nm absorbance against
pH. A pKavalue of 7.41 + 0.05 was obtained.

Table 1. pK, and Psy Values of Mbs

Mb pKa? Pso” (mmHg) ~ Pso™ © (mmHg)  log(1/Ps)
Mb(Meso) 9.43 + 0.03¢ 0.38 0.42
Mb(7-PF) 8.57 + 0.03¢ 1.10 —0.041
Mb(2,8-DF)  7.41+ 0.05 2.80 —0.447
native Mb 8.90 + 0.05° 0.58 0.69 0.24
Mb(Deutero)  9.10 + 0.05° 0.21f 0.57 0.68

@ Determined through analysis of the pH dependence of the Soret
absorption band at 25 °C. ° Determined from the oxygen equilibrium
curve at pH 7.40 and 20 °C. ©Estimated using the plots of the pK, —
log(1/Ps) relationship. © Obtained from ref 27. © Obtained from ref 18.
f Obtained from ref 3.

against pH are shown in Figure 3. Quantitative fitting of the
plots to the Henderson—Hassel bach equation yielded a pK, value
of 7.41 + 0.05. Since values of 9.43 + 0.03 and 8.57 + 0.03
have been obtained for metMb(Meso) and metMb(7-PF),
respectively (Table 1),>” comparison of the values among the
proteins indicated that the introduction of one CFs; group
decreases the pK, value by ~1 pH unit. The systematic pK,
decrease with increasing number of CF; groups could be
attributed to the withdrawa of electron density from the
porphyrin moiety of the heme toward these electron-attracting
peripheral side chains.?”

0O, Affinity. We next determined the O, affinities of the
reconstituted Mbs by measuring OECs.**** Mb(Meso), Mb(7-
PF), and Mb(2,8-DPF) exhibited Ps, values of 0.38, 1.10, and
2.80 mmHg at pH 7.40 and 20 °C, respectively (Table 1). The
Pso value increased consistently with increasing number of CF;
substitutions, indicating that the O, affinity of a protein decreases
with increasing electron-withdrawing power of its heme pe-
ripheral side chains, as previously reported.”*° Comparison of
the O, affinities among the proteins indicated that the introduc-
tion of one CF; group increases the Ps, value by a factor of
~2.8.

Kinetic Data. We finally measured the ko(O,), Ke(Oo),
Kon(CO), and ku(CO) values of the proteins using the laser flash
photolysis/stopped-flow technique.®*%2°343® The obtained val-
ues are summarized in Table 2. The equilibrium constants for
O, binding (K(O,)) calculated from the kinetic data, i.e., the
kon(O2) and ky(O,) values, agreed well, within experimental
errors, with the Ps, values of the proteins, confirming the validity
of the obtained data (see Supporting Information). Comparison
of the O, binding parameters among the proteins revealed that
the kq1(O,) value increases steadily with increasing number of
CF; groups, whereas the ko,(O,) value is affected little by the
introduction of CF3; groups. These results indicated that the
decrease in the O, affinity of Mb with increasing number of
CF; substitutions is due solely to the increase in the kq(O5)
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Table 2. O, and CO Binding Parameters for Mbs at pH 7.40 and 20 °C

0, binding CO binding
Mb kon (Oz) (uM~'s7) kot (O2) (571) K(02)* (uM™") kon (CO) (uM ~''s77) kot (CO) (s7) K(CO)” (uM™") K(CO)/K(O:)
Mb(Meso) 82416 57+11 14+04 0.38+0.07 0.048 + 0.009 79424 55422
Mb(7-PF) 83+ 16 17+3 05+0.1 0.32+0.06 0.032 + 0.006 10+3 21+8
Mb(2,8-DPF) 16+3 110+ 22 0.15+ 0.04 0.69 + 0.13 0.036 + 0.007 19+6 132 +53
Native Mb° 14+3 12+2 1.2+03 051+ 0.06 0.019 + 0.005 27+8 2349
a Calculated from the ko, (O,) and ke (O,) values. ° Calculated from the koy(CO) and ket(CO) values. © Obtained from ref 29.
value with increasing number of CF; substitutions. Finally, in 1.02
sharp contrast to the O, binding properties of the proteins, not
only the kon(CO) value but also the kqy(CO) one was essentially - A
independent of the introduction of CF; groups as heme side
chains. As aresult, the CO affinities of the proteins are almost o 1.01F CF,CF,
the same as each other and also comparable to that reported for o CF, y e e
native Mb.? o I eI MGME
DFT Calculations. In order to quantitatively assess the effect O 100} CF3 e e % we CF, ™ )
of the introduction of CF; groups as heme peripheral side chains c e % e CF5 ¥ CF,CF,
on the pge value as well as to evaluate the relationship between 2 L o e e e @ g MMe
the pre and pK, values, we have carried out DFT calculations = " % He de e " §§
for some model compounds (see Materials and Methods, and S5 0.99+ MeMe ° oF CFM ’
Supporting Information for details). The pg. value was estimated = P e
on the basis of the Mulliken charge of the heme Fe atom. The I
obtained Mulliken charge exhibited a stepwise increase with R A
increasing number of introduced CF; groups, suggesting that ot l I I ! ! T
the decrease in the pre value is almost proportional to the number 0 1 2 3 4
of CF; substitutions (Figure 4A). Although the Mulliken charges
were calculated for the ferrous model compounds, a similar Number of CF3 groups
relationship between the pge va ue and the number of CF; groups 1.00

is also expected for the ferrihemesin the active sites of metMbs.
In fact, as illustrated in Figure 4B, the Mulliken charges
calculated for the model compounds possessing 0, 1, and 2 CF;
groups, i.e., bis=CO complexes of 2,3,7,8,12,13,17,18-octam-
ethylporphinato-iron(ll), 2-perfluoromethyl-3,7,8,12,13,17,18-
octamethylporphinato-iron(Il), and 2,8-diperfluoromethyl-3,7,-
12,13,17,18-octamethyl porphinato-iron(I1), respectively, correlated
well with the pK, values of metMb(Meso), metMb(7-PF), and
metMb(2,8-DPF), demonstrating the remarkable sensitivity of
the pK, value to the pge value. Thus, the pK, value can be used
as a sensitive measure for the pgre value.

Discussion

Effect of CF; Substitutions on the Electron Density of the
Heme Fe Atom. Although it is readily expected, from a chemical
standpoint of view, that the substitution of electron-withdrawing
group(s) as heme side chain(s) decreases the porphyrin 7-elec-
tron density, quantitative characterization of the influence of
such substitution on the pre Value, particularly when the heme
islocated in the active site of Mb, is not an easy task. Therefore
we have carried out DFT calculations for some model com-
pounds (see Materials and Methods, and Supporting Information
for details), in order to quantitatively assess the effect of the
introduction of CF; groups as heme peripheral side chains on
the pre value. For simplification of the calculations, al the ethyl
and propionic acid side chains of the hemes studied in this study
were replaced by methyl groups in the corresponding model
compounds (Figure 4A and Supporting Information). The pge
value was estimated on the basis of the Mulliken charge of the
heme Fe atom. As illustrated in Figure 4A, the obtained
Mulliken charge exhibited a small but stepwise increase with
increasing number of introduced CF; groups, suggesting that
the decrease in the pr. value is almost proportional to the number
of CF; substitutions. Thus, the pg. value indeed decreases with
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Figure 4. (A) Mulliken charges caculated for the model compounds
possessing 0, 1, 2, 3, and 4 CF; groups as side chains, as depicted in the
figure. (B) Plots of Mulliken charges of the model compounds against
the pK, values of the proteins, with the assumption that the pg. values of
the hemes in the proteins are reflected in the Mulliken charges calcul ated
for the corresponding model compounds. The sizes of the error bars for
the pK, values are larger than the diameters of the plots. The plots can be
satisfactorily represented by a straight line.

the introduction of electron-withdrawing group(s) as heme side
chain(s) through the electronic effect on the porphyrin zz-system.
A similar relationship between the pr value and the number of
CF; substitutions is also expected for hemes in the active sites
of the proteins.

Correlation between the Electron Density of the Heme Fe
Atom and pK, Values. With the assumption that the pr. values
of the hemes in the proteins were reflected in the Mulliken



Fe Reactivity, O, Affinity, and Structure— Function of Mb

ARTICLES

1 T T
0.5 Meso |
I Native Mb ]
]
a” gof -
5 7-PF
o
050 72 8DPF ]
" 1 L 1 "
7 8 9 10
pK,

Figure 5. Plots of the pK, values against the quantity log(1/Psy) for
Mb(Meso), Mb(7-PF), and Mb(2,8-DPF), indicated by ®. The pK, values
were determined at 25 °C, while the Psy values were measured at 20 °C
and pH 7.40. The sizes of the error bars for the pK, values are larger than
those for the plots. The plots can be satisfactorily represented as a straight
line. The pK, value of 8.90 4 0.03% for native Mb yielded 0.16 4 0.03 for
thelog(1/Ps) value, indicated by O, i.e., a Ps value of 0.69 + 0.03 mmHg,
which is similar to the observed value of 0.58 mmHg at 20 °C and pH
7.40.

charges calculated for the corresponding model compounds, the
Mulliken charges were plotted against the pK, values of the
proteins (Figure 4B). The plots can be satisfactorily represented
by a straight line, which demonstrated that, with increasing
number of introduced CF; groups, the Mulliken charge increases
and the pK, value decreases, respectively. As described above,
the increase in the Mulliken charge with increasing number of
CF; substitutions can be simply attributed to the decrease in
the porphyrin s-electron density due to the introduction of
electron-withdrawing groups. Furthermore, the decrease in the
pKa value with increasing number of the CF; substitutions can
be also attributed to the effect of the CF; substitutions on the
electronic properties of the Fe-bound OH™ in the alkaline form.
The backward reaction of the acid—alkaline transition (Scheme
1) can be considered as protonation of the Fe-bound OH™. Since
the introduction of electron-withdrawing CF; groups as heme
side chainsresultsin removal of an electron from the Fe-bound
OH~ as well as the heme Fe atom, the proton affinity of the
Fe-bound OH™ is thought to decrease with increasing number
of CF; substitutions, which leads to a decrease in the pK, value.
The correlation between the Mulliken charges calculated for
the model compounds and the pK, values of the reconstituted
Mbs (Figure 4B) supported that the pre Value isindeed reflected
in the pK, value. Although the pK, value of metMb has been
shown to be affected by interaction between the heme and the
polypeptide chain in the active site of the protein, in addition
to the pge value,?” the linear plotsin Figure 4B suggest that the
heme—protein interactions in the present proteins are similar
to each other.

Correlation between the O, Affinity (1/Psy) and pK,
Values. We finaly examined the correlation between the O,
affinity (1/Psp) and pKj, values of the proteins. Considering that
the reactivity of the heme Fe atom is regulated by its electronic
nature, it is likely that the oxygen affinity, and hence the 1/Psy
value, of Mb is affected by the pg. value. Therefore the 1/Ps
and pK, values can be related to each other through the pre vaue.
In fact, the pK, value correlated well with the quantity log(1/
Pso) in such a manner that the 1/Ps, value increased by a factor
of 2.7 with an increase of 1 pK, unit (Figure 5). Assuming a
linear relationship between pK, and log(1/Psp) (pKa — log(l/
Pso) relationship), the Psp values of Mbs could be estimated
from their pK, values. For example, in the case of metMb(7-

PF), the protein exists as a mixture of two heme orientational
isomers,* i.e., the N and R forms (see the inset in Figure 2), in
aratio of 1: 2.2, the N and R forms exhibiting pK, values of
8.32 4 0.03 and 8.62 = 0.03, respectively.?” Based on the linear
pKa — log(1/Psg) relationship, Psy values of 1.22 4+ 0.04 and
0.91 + 0.03 mmHg were estimated for the N and R forms,
respectively, from their pK, values. Furthermore, avalue of 0.69
+ 0.03 mmHg at 20 °C was estimated for the native metMb
from its pK, value of 8.90 + 0.05% at 25 °C. The estimated
value was similar to the 0.58 mmHg observed at 20 °C and pH
7.40 (Table 1). On the other hand, the Psy value of 0.57 + 0.03
mmHg estimated from the pK, value of 9.10 4 0.05' for metMb
reconstituted with deuteroheme (see structure in Figure 1)
(metMb(Deutero)) was considerably larger than the observed
value of 0.21 mmHg.® The disagreement between the estimated
and observed Ps, values for this protein suggested that the
heme—protein interaction in Mb(Deutero) is different from those
in the other Mbs characterized in this study, possibly due to
the differences in the sizes of the peripheral side chains at
positions 3 and 8 (Figure 1), as manifested in its larger Kon(O,)
value.'® Consequently, the linear pK, — 1og(1/Ps) relationship
in Figure 5 appeared to be applicable to Mbs in which
heme—protein interactions are similar to that in native Mb.
Mechanism Underlying the Effect of the Electron Density
of the Heme Fe Atom on the O, Affinity of Mb. The mechanism
underlying the effect of the electron density of the heme Fe
atom on the O, affinity of Mb is clearly manifested in the kinetic
data in Table 2. The Ky(O,)cac Value steadily increased with
increasing number of introduced CF; groups, whereas the Kqoy(O5)
value was affected little by the CF3 substitutions, demonstrating
the remarkably high sensitivity of the kq+(O,) value to the pge
value. These results demonstrated that the decrease in the O,
affinity of Mb upon the introduction of electron-withdrawing
CF; groups is due to the increase in the ky(O,) value. An
Fe™—0, -like species has been expected for the Fe?t—0O, bond
in the oxy form of the protein (Scheme 2),°°3* and hence the
withdrawal of electron density from the porphyrin moiety of
the heme toward the electron-attracting periphera side chains
is thought to hinder the formation of this Fe**—0O, -like species
through obstruction of Fe—O bond polarization. Since O,
dissociation from the heme Fe atom is thought to occur only at
the Fe?*—0, bond, the stabilization of the Fe?"—0, bond over
the Fe*"—0, -like one with increasing number of electron-
withdrawing CF; groups should result in an increase in the
kott(O2) value. In addition, the increase in the kq(O5) value with
increasing number of CF; substitutions can be also interpreted
in terms of well-known distal hydrogen-bonding, i.e., the
hydrogen-bonding between the Fe-bound O, and distal His (His
E7)* (Scheme 2). In oxy Mb, the binding of O, to the heme
iron has been shown to be stabilized significantly by distal
hydrogen-bonding.>2° The distal hydrogen-bonding is expected
to be strengthened in the Fe** —O,-like species relative to that
in the Fe?t—0, one, due to the difference in the partial negative
charge on the bound ligand. Consequently, the increase in the
kot(O2) value upon the CF; substitutions can be attributed to
the weakening of the distal hydrogen-bonding as a result of
stabilization of the Fe?*—0, species over the Fe**—0, -like
one. These mechanisms are supported by the kinetic data for
the CO binding to Mb, which demonstrate that, in sharp contrast

(43) Emerson, S. D.; La Mar, G. N. Biochemistry 1990, 29, 1545-1556.

(44) La Mar, G. N.; Budd, D. L.; Viscio, D. B.; Smith, K. M.; Langry,
L. C. Proc. Natl. Acad. Sci. U. S A. 1978, 75, 5755-5759.

(45) Phillips, S. E.; Schoenborn, B. P. Nature 1981, 5818, 81-2.
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to the case of the O, binding to the protein, not only the ko,(CO)
value, but aso the ky(CO) one is essentially independent of
the pre Value (Table 2). Although the electronic nature of the
Fe-CO bond of the CO form of the protein is aso expected to
be perturbed to some extent on ateration of the pr. vaue, the
present results demonstrate that such electronic perturbation of
the Fe-CO bond is not sharply reflected in the kinetics of the
CO binding to Mb, as was pointed out previously.* Thus, the
O, and CO bhinding properties of the proteins are different from
each other in terms of the relation to the pg value. These results
further supported our conclusion that the O, affinity of the
protein is regulated by the electronic properties of heme
peripheral side chains through their effects on the ky(O,) value.
This finding not only resolves the long-standing issue of the
relationship between the O, affinity of Mb and the electronic
properties of heme peripheral side chains but also provides new
insights into the structure—function relationship of the protein.
Molecular Mechanism Responsible for Discrimination
between O, and CO. We finaly discuss the effects of the
introduction of electron-withdrawing CF; group(s) to the heme
as peripheral side chain(s) on the ligand discrimination between
O, versus CO. As described above, the O, and CO éffinities of
the protein were found to be affected quite differently by the
CF; substitutions, i.e.,, the former decreases steadily with
increasing number of substitutions, whereas the latter is affected
little. As a result, the introduction of electron-withdrawing
group(s) enhances preferential binding of CO to the protein over
0O, i.e., the K(CO)/K(O,) value increases with increasing number
of CF3 substitution (Table 2). Thus, changes in the electron-
withdrawing ability of heme peripheral side chains can prefer-
entially inhibit or enhance O, binding relative to CO binding.
This finding provides new insights into how heme peripheral
side chains regulate the ligand discrimination of the protein.

Conclusion

In summary, using the pK, value as a sensitive and quantita-
tive measure of the effect of heme periphera side chain
modification on the electron density of the heme Fe atom, we
have confirmed that the introduction of electron-withdrawing
group(s) to the heme as periphera side chain(s) leads to a
decrease in the electron density of the heme Fe atom, which in
turn decreases the O, binding affinity of Mb.”® Kinetic studies
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on reconstituted Mbs possessing various numbers of CF; groups
as heme side chains revealed that the decrease in the O, affinity
of Mb upon the introduction of CF; substitutions is due solely
to an increase in the ky:(Oy) value. A Fe**—0, -like speciesis
expected for the F&?*—0O, bond in the oxy form of the
protein, >3 and the formation of this Fe>*—O,-like speciesis
hindered by the prevention of further polarization of the Fe—O
bond due to the withdrawal of electron density from the heme
Fe atom toward the electron-attracting heme peripheral side
chains. Consequently, the increase in the kqy(O,) value with
increasing number of CF; substitutions was attributed to the
stabilization of the Fe"—0O, bond over the Fe**—0O, -like one
upon the introduction of the electron-withdrawing groups as
heme side chains. Furthermore, since distal hydrogen-bonding,
which stabilizes the binding of O, to the heme iron, is thought
to be stronger in a Fe**—0O,-like species than in a Fe?™—0,
one, the stabilization of the latter species over the former one
upon CF3; substitutions also contributes to the increase in the
Kott(O5) value. In addition, we demonstrated that the linear pK,
— log(1/Ps) relationship is useful for analyzing the tuning of
intrinsic heme Fe reactivity through the electronic properties
of heme peripheral side chains. Finaly, we found that the O,
affinity of the protein decreases steadily with increasing number
of CF; substitutions, whereas the CO one is affected little. As
a result, the introduction of electron-withdrawing group(s)
enhances the preferential binding of CO to the protein over O..
Thus, the electronic properties of heme peripheral side chains
were found to play a crucial role in ligand discrimination.
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