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GENERAL INTRODUCTION

From the standpoint of chemical process engineering, enzymes
have many characteristic properties which make them ideal
catalysts. They can operate under extremely mild conditions of
pH and temperature, can generally induce fast reaction rates,
and are extremely specific in the types of reaction in which
they are involved. Enzymes are able to catalyze many reactions,
which do not proceed with ordinary chemical catalysts. Their
unigue capabilities for the catalysis of extremely specific
chemical reactions have aroused the interest and challenged the
ingenuity of chemist, medical scientists and industrial processors.
During the past ten years scientists have a substaltial increase
in knowledge of enzymes and have developed new and improved
methods for the purification and handling of enzymes. Such
advances have opened new possibilities of application of reactions
catalyzed by enzymes. For example, the enzymes bound to or
entrapped within synthetic materials, immobilized enzymes, are
utilized as catalysis for industrial production [1-3], for
chemical analysis [4] and for clinical test [5]. As our knowledge
of structure and function of enzymes has increased, the idea of
preparing improved catalysis for in vitro use by modification of
known enzymes has received growing support [6]. 1In addition,
in the fields of organic and inorganic chemistry, attempts have
been made to design the synthesize compounds which are structurally
and functionally similar to the active site of enzymes [7-10].

In this manner studies of structure and function



of enzymes are expected to provide insight into intrinsic nature
of catalysis, which may suggest new approaches to industrial
chemistry.

Among enzyme molecules, enzymes containing metal ion are of
interest in connection with organometallic chemistry. These
metal components alone already possess primitive enzymatic
activity, which is greately enhanced by a protein. The typical
examples are hemoproteins. Though hemoproteins have a common
prosthetic group at the active center, each hemoprotein exhibits a
variety of biological function., They participate in electron
transfer [11], oxygen transport [121, and activations of oxygen
[13] and hydrogen peroxide [14]. One of the fascinating problems
is to clarify how subtle changes in going from one molecule to
closely related one lead to such dramatic changes in behavior.
One step in solving such a problem is to decipher the structure,
function and behavior of each type molecule in detail on the
molecular level.

This thesis deals with structure and function of peroxidase.
Peroxidases are widely distributed in plants, animals, molds
bacteria and microorganisms, and catalyze oxidation of various
molecules by hydrogen peroxide as its specific oxidizer. These
enzymes play important role in the metabolism of defence substrate
[15, 16] and hormone [17-19], and biosynthesis of lignin [20].
Among peroxidases, horseradish peroxidase (HRP) is of great

interest in the following aspects.



(1) The reaction catalyzed by HRP is the first example proposed
to proceed by free radical mechanism among biological
reactions [217].

(2) HRP has five oxidation-reduction states. Among them, two

states formed in enzymatic cycle have received much attentions,

because of their unusual ferryl state (Fe4+).

(3) Although HRP contains the iron protoporphyrin with a
coordinated histidine as an axial ligand of the heme iron in
the same way as myoglobin (Mb), ferrous HRP binds molecular
oxygen irreversibly but Mb bind it reversibly. HRP is
biclogically active in the ferric state, whereas Mb are
active in the ferrous state.

In the present work, a structural origin for the great
differences in biological functions between HRP and Mb has been
elucidated by the use of EPR spectra, flash photolysis and pulse
radiolysis methods.

CHAPTERS 1, 2 and 3 deal with the electronic structure of
NO-ferrous hemoproteins and their model compounds studied by the
use of EPR spectra. In CHAPTER 1, EPR spectra of NO-ferrous heme
nitrogen base as model compounds of hemoproteins are described,
which interpret the EPR spectra of NO-ferrous HRP. CHAPTER 2
deals with EPR spectra of NO-ferrous Mb, where pH-dependence of
EPR spectra 1s described. In CHAPTER 3, application of EPR
measurements on the NO-ferrous heme to . the synthetic polymer

systems is described, where an attempt is made



to correlate the alteration of NO-heme linkage and the
conformational change of the polymer chain.

CHAPTERS 4, 5 and 6 deal with photolysis of NO-~ferric
hemoproteins. In CHAPTER 4, photodissociability of the
various complexes of ferric hemoproteins as observed in the
ferrous state is described. CHAPTER 5 describes the kinetic
experiments on the flash photolysis of NO~ferric hemoproteins at
room temperature, of which results are compared with those
obtained by stopped flow experiments. In CHAPTER 6,
photolysis of NO-ferric hemoproteins at liquid helium temperature
is described, where optical and EPR characteristics of the
pentacoordinated heme are given.

CHAPTER 7 deals with the higher oxidation states of hemo-
pProteins studied by the use of pulse radiolysis method. Reaction

of the hydrated electron with oxyform of hemoproteins is described.
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CHAPTER 1. Electron Paramagnetic Resonance of NO-Ferrous Heme-

Nitrogen Base

1-1. Introduction

Hemoproteins such as Mb, cytochrome and HRP have a common
prosthetic group, protocheme, %t the active center. The variety of
biological function acquired by these proteins arises from the
nature of the axial ligand and the structure of the heme pocket.
The NO complexes of the ferrous hemoproteins in Fig. 1-1 serve
as paramagnetic probes which can provide considerable insight
into the nature of the trans axial ligand and the interaction of
the ligated NO with surrounding amino acid residues. For example,
the EPR absorption has been used to study the stereochemistry of
the 6th ligand [1~3]. Those were single crystal measurements,
while random oriented frozen solutions of NO-ferrous hemoproteins
have been studied extensively by many investigators. For example,
the conformational change by denaturation and that due to allosteric
effectors have also been studied by this technique [4-9]. On the
other hand, the peculiar heme-enzymes [10-14] have been studied by

the EPR absorption on the NO complex.

Fig. 1-1. Representaticn of *he MO-ferrous heme-imidazole complek.
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In this chapter, in order to interpret the EPR spectra of NO-
ferrous HRP and the related systems, the EPR spectra of NO~ferrous
heme-nitrogen base as model compounds of hemoproteins were
measured using second derivative display. An effort was made to
detect the effects of proximal basicity, steric hindrance of the

proximal base, and side chain electron donation by EPR method.

1-2. Materials and Methods

Protohemin was purchased from Sigma and used without futher
purification. Other modified porphyrins were prepared according
to the method of Caughey et al. [15]. These deuterohemin
derivatives were purified by chromatography on a sillica gel
column.

The small amount of freshly prepared hemin solution was mixed
with solvent containing various bases. Final concentrations .
of hemin and base were 10_5 and 10_2 M, respectively. After
degassing by using a conventional vacuum line, reduction of
hemin was performed by addition of a small amount of sodium
dithionite and then NO gas was introduced to yield the NO-ferrous
heme, according to the method of Kon et al. [1l6].

A Varian E-line spectrometer was used for the EPR
measurements, where, in the second derivative, 1 KHz field
modulations were employed, together with the 100 KHz field
modulation for first derivative display. Microwave power was set
to 5 mW. All the measurements were made at liquid nitrogen

temperature.



1-3. Results
1-3-1. The effect of proximal basicity on EPR spectra of NO-
ferrous heme-nitogen base

Fig. 1-2 shows the EPR spectra of NO-ferrous protoheme -
complexes with 4-cyanopyridine (1) and 4-aminopyridine (2) in
N,N'-dimethylformamide (DMF) displayed by first and second
derivativeg. The second derivative spectra show well resolved 9
lined hyperfine structure (hfs) around g, which can be
interpreted as the coupling of the nitrogen atom (I =1) of NO
and the pyridine derivatives of the 5th coorxrdinated ligand. Its
hfs in Fig. 1-2-(2) is seen more distinctly than that of Fig.
1-2-(1). In addition, Iy and gy values are found to be
also affected by 4-substitution of pyridine derivatives, as
shown in Fig. 1-2. 1In this figure, both Iy and gy values of NO-
ferrous protoheme-4-aminopyridine are smaller than those of NO -
ferrous protoheme-4-cyanopyridine.

FPig. 1-3 shows the region of the magnetic field at g, on an
expanded scale, where the hfs was observed in Fig. 1-2., From
these hfs, the coupling constants of nitrogen atom in the 6th
ligand (ANl) and the 5th ligand (AN2) were determined.
Similarly, imidazole derivatives were also used as the 5th
coordinated base. These coupling constants are summarized in

Table 1-(1). It is noted that AN and AN and g values change
1 2

significantly among NO-ferrous protoheme-4-substituted pyridine
and imidazole derivatives. These EPR parameters are plotted
against the pKa values of these pyridine derivatives in Fig. 1-

4., Both A and A increase and g_ and g_ values decrease as
Ny N, X Jy

9



the basicity of nitrogen atom (pKa values) of the 5th coordinated

base increases.

1100 6 i

Fig. 1-2. The EPR spectra of NO-ferrous protoheme-pyridine derivatives.

{1) 4-cyanopyridine; (2) 4-aminopyridine.

(1) 9= 2.006

Fig. 1-3. Second derivative EPR spectra of NO-ferrous protoheme-pyridine

derivatives. (1) 4-cyanopyridine; (2) 4-aminopyridine.
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Table 1-(1)
The pKa values for the basicity of nitrogen atom of the 5th coordinated base

and the EPR parameters of NO-ferrous protoheme-pyridine and imidazole derivatives

4-gubstituyent Principal g value Coupling constant (G) pKa
pyridine
gx gz gy AN AN
1
—NH2 2,076 2.006 1.976 21.9 6.7 9.12
—CH3 . 2,078 2.006 1.983 21.7 . 6.03
-H 2.078 2.006 1.984 21.7 5.21
—COCH3 2.079 2.006 1.987 21.5 6.2 3.51
3 6.0 1.96

-CN 2,083 2.0006 1.989 21.

l-substituent

imidazole
‘—CH3 2.074 2.006 1.976 21.9 7.0 7.33
-H 2.074 2.0006 1.976 21.9 6.9 6.95
~COCH3 2,077 2.006 1.977 21.5 6.8 3.6

2083 @
2080
°
e o
2077 @
2006 — O 0——0"0————0~
E 9,
o 1990, \0
g
3 ~
2 Q
1985 \
©
o\
1980 9, \
O~
“NH; J220
-CH A
70 -H 3
}' oo/
-COCH _ =
o CN/.' { /0 A
T . o <
<
o1 210
60 -G
2 4 6 8

Fig. 1-4. The correlation between the EPR parameters and the pKa values

of pyridine derivatives.
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1-3-2. The electron withdrawing effect on the heme ring. in EPR
spectra of NO- ferrous heme-imidazole
2,4-substitution of the heme-ring also influenced EPR’
spectrum, indicating that ivhe nucleophylicity of the porphyrin
side chain has appreciable effect on metal-ligand bond strength.

A, and A increase and g_ and g_ values decrease with changes in
Nl N2 X Y

the 2,4-substituent in the order ethyl < hydrogen < wvinyl <
acetyl (Table 1-(2)). This order is found to represent the order
of increasing electron withdrawing effect of the 2,4-substituents,
These EPR parameters are plotted against pK3, that is a measure
of relative basicities for metal-free porphyrin, as shown in

Fig. 1-5.

The pK3 values for metal-free derivatives of substituted deuteroporphyrin and

EPR parameters of NO- férrous substituted deuteroheme-imidazole

2,4-substituent Principal g value Coupling constant (G) pK3
deutercheme
gx gz gy AN AN
1
—CHZCH3 2.076 2.006 1.977 21.5 6.6 5.8
-H 2.075 2.006 1.977 21.5 6.7 5.5
~CH=CH, 2.074 2.006 1.976 21.9 6.9 4.8
—COCH3 2.073 2.006 1.976 22.1 7.0 3.3

12
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Fig. 1-5. The correlation between the EPR parameters and the pK3 values for

metal free derivatives of 2,4-substituted deuterchemes.
1-3-3. The effect of steric hindrance on EPR spectra of NO-
ferrous heme-nitrogen base

Fig. 1-6 shows the EPR spectra of NO-ferrous protoheme-
l-methylimidazole (1) and 2-methylimidazole (2) in DMF. The hfs
of the second derivative spectrum in Fig. 1-6-(1) is seen more
distinctly than that of Fig. 1-6-(2). This difference between
these EPR spectra is considered to be due to the steric hindrance
of 2-methylimidazole, Table 1-(3) compares ANl, AN2 and g values

of these EPR spectra. The decrease of AN from 7.0 G to 6.4 G
2

and the increase of Ay from 21.9 G to 22.5 G are seen when the
1
5th ligand was changed from l-methylimidazole to 2-methylimidazole.

The 9y and gy also increase.

13



| 200G |

Fig. 1-6. The EPR spectra of NO-ferrous protoheme-imidazole derivatives.

(1) l-methylimidazole; (2) 2-methylimidazole.

Table 1-(3)

The effect of steric hindrance of the proximal ligand on EPR parameters

Principal g value Coupling constant (G)
A
gx gz gy Nl AN2
l-methylimidazole 2,074 2.006 1.976 21.9 7.0
2-methylimidazole 2.078 2,006 1.978 22.5 6.4

When imidazole derivatives having more bulky groups at the 2

position such as 2-phenylimidazole were added to NO-ferrous heme

with a [2-phenylimidazolel/[NO-ferrous heme] molar ratio of 500,

the EPR spectra, which exhibited three hyperfine splitting, are

essentially identical to that of the pentacoordinated heme (NO-

ferrous heme). This suggests that 2-phenylimidazole does not

coordinate. On the other hand, when 2-substituted pyridine

14



derivatives such as 2-methylpyridine and 2-ethylpyridine were
used, the steric effect on EPR spectra of NO-ferrous heme-pyridine

derivatives could not discerned.

1-4. Discussion
The high resolution of the second derivative display is well
demonstrated in this chapter. Though the high resolution of the

second derivative display in EPR spectroscopy has well been

recognized, this method has been applied to biochemical systems
infrequently. This may come from mainly the poor sensitivity
arising from the low frequency (80 Hz) and fixed second modulation
amplitude employed previously, thus the small changes in the EPR
spectra of NO-ferrous heme-base caused by the basicity of the
base could not be detected [17]. Recently, Chevion et al. suggested
the usefulness of the second derivative display using third harmonic
detection in EPR studies. 1In the present experiments, the poor
sensitivity of the second derivative is almost overcome by the
use of high frequency second modulation (1 KHz). The high
resolution can be obtained by setting the second modulation
amplitude to approximately twice that of the first modulation
amplitude. Here, (first modulation, 2 G and second modulation,
5 G), the sensitivity is almost comparable to the ordinal first
derivative display.

In this chapter, it is demonstrated that EPR spectra vary
with changes of the nature of the bond between a NO-ferrous heme

and a coordinated nitrogen base. The EPR parameters determined

by the present method are compared with the bond length in.

15



Fe—Nb obtained by X ray diffraction [19-20]. The Fe-Ng bond

length in NO-ferrous heme-l-methylimidazole and NO-ferrous heme-
o (<]

4-methylpiperidine are 2.328 A and 2.463 A, respectively. The

increment of this bond length reflects the decrease of the

coupling constants from (A

g =21.9G, A, =7.0G) to (&, =

1 2 1
21.3 G, Ag = 6.3 G) and on the increase of g values from (gx
2
= 2.074,
Iy

1.976) to (g_ = 2.078, g_ = 1.980). This suggests
x y

that the longer bond length for Fe-N._ bond results in the

b

increase of g values and the decrease of AN and AN . 2-Methyl-

1 2
imidazole may also cause a elongation of Fe-Ng bond relative to the
sterically undemanding l-methylimidazole, because of the steric

interaction of the 5th ligand. The mode of this effect, however,

is different from that of basicity changes; Ay increases
1
concomitant with the decrease of AN as an effect of the steric
2
hindrance, while both A and A decrease as an effect of

Ny Ny

basicity changes. Futhermore, the change in the coupling
constants from l-methylimidazole to 2-methylimidazole is larger
than the change from l-methylimidazole to l-acethylimidazole
(Tables 1-(1) and (3)). The difference between

these effects may be due to the geometrically distortion of the
iron-histidine binding. The electron withdrawing group such as
acetyl group in N.position of the imidazole decreased the
strength of the ¢ bond at the 5th coordinated site. On the other
hand, the steric hindrance of the 2-methylimidazole led to a
decrease of the p,~d. interaction of the ironwith the 5th
ligand.

NO-ferrous hemoproteins such as Mb, cytochrome ¢ (cyt c) and

16



HRP, which are known to be consist of NO-ferrous heme-imidazole,
exhibit characteristic EPR spectra. Among these EPR spectra, it
is noted that EPR spectrum of NO-ferrous cyt c¢ could be
reproduced in the present model systems (NO-ferrous heme-
imidazole in DMF). This finding demonstrates that NO-ferrous
heme-base complexes are indeed adeguate model systems of NO-
ferrous hemoproteins, so far as the electronic structure of heme
part is considered. The differences in the EPR spectra of NO-
ferrous hemoproteins are considered to result from two possible
factors. These factors are as follows; (1) the nature of the
iron-proximal histidine binding, (2) the interaction of the
ligated NO with surrounding amino acid residues. From the values
of coupling constants, the iron-proximal histidine distance in

these NO-ferrous hemoproteins may increase in the order: Mb (AN
1

= 18.9 G, AN2 = 6.6 G) > cyt c (ANl = 21.9 G, AN2 = 6.8 G) > HRP
= 22.0 G, A = 7.0 G). Recently similar proposal has been

1 N,

offered for the Fe-—N€ (proximal histidine) streching vibration of

(AN
ferrous Mb and ferrous HRP {21]. It is unlikely, however, that
the characteristic EPR spectrum of NO-ferrous HRP originates from
the iron-proximal ligand only, because the anisotropy of g values
in NO-ferrous HRP cannot be interpreted solely by the effects of
the proximal basicity, steric hindrance of the proximal base and
side chain electron donation. In model systems, the parallel
relationships between g values and coupling constants are seen;
both Iy and gy decreased concomitant with the increase of AN2.

In the case of NO-ferrous HRP, the coupling constants are larger



than those of other hemoproteins and three principal g values are
well separated; the high field signal shifts. to the right (gy =
1.958) and the low field signal shifts to the left (gX = 1.980).
This suggests that substantially the changes in EPRspectrum of
NO-ferrous HRP may be attributed to the interaction of the NO
ligand with surrounding amino acid residues, not to the nature of
the iron-proximal histidine binding. The interaction between the
protein residue and the NO ligand may contribute to the
particular stereochemistry of the Fe-N-O0 bond, which determines
the anisotropy of g values. The Fe-N-O bond angle of ferrous
hemoproteins are different from those of model systems. For
example, in the X ray study of NO-ferrous tetraphenylporphyrin-
l-methylimidazole [22], the Fe-N-O bond angle is 140°. From the
EPR spectra of the single crystal of NO-ferrous Mb . it has

been known that the presence of the distal base can force the
ligand away from its preferred position perpendicular to the heme
plane. 1In the case of HRP, the importance of the interaction
between the distal base and heme-ligand has been indicated by
Yamazaki et al. [23, 24]. Futhermore,this is also supported by
EPR spectrum of NO-ferrous HRP at room temperature. Even at

room temperature the spectrum has a larger anisotropy as compared
with those of Mb and the model compounds, suggesting that the
rotation of NO molecule in NO-ferrous HRP is strongly restricted
by surrounding amino acid residues. It appears that Fe-N-O unit
is more bent than those of other hemoproteins. A computer
analysis to evaluate exact g and A values of EPR spectrum in NO-

ferrous HRP provides a clue.
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CHAPTER 2. The NO-Probed Detection of the Heme-Linked Ionization

of Myoglobin

2-1. Introduction

The heme-linked ionization group has been characterized
mostly by the pH dependence of the affinity towards various
ligands, together with the direct proton titration and oxidation
-reduction potential [1-4]. With Mb, the absence of Bohr effect
suggests that the lack of the tightly coupled heme-linked
ionization group with ligation in the ferrous states, in contrast
to the ferric state, where the pH-dependent changes of the
dissociation constants have been well analyzed with various
ligands [1, 2].

In this chapter, the detection of the heme linked ionization
group is attempted with NO-ferrous Mb complex, where the pH-
dependence of the hfs of the EPR spectra was examined in detail

over the wide pH-range.

2-2. Materials and Methods

Sperm whale oxymyoglobin (Mboz) was prepared from the meat
by the method of Yamazaki et al. [5]. Fresh sperm whale meat was
homogenized with 2 liters of cold water per kg of the muscle.
As the pH of the homogenate of fresh sperm whale meat is usually
below 6.0, 2 N ammonium hydroxide was added to keep the pH of the
homogenate at pH 7.5. The homogenate was sgueezed through a thick
cloth in a press, and the extract was 70 % saturated with ammonium

sulfate by addition of the solid salt; the pH was adjusted to 7.5
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with ammonium hydroxide. The resulting precipitate, which
contained mostly hemoglobin, was centrifuged down and discarded
(4000 r.p.m. for 15 minutes). The supernatant was then saturated
with ammonium sulfate, and the pH was adjusted to 7.5. The
mixture was stirred with Celite for 1/2 hour and the precipitate
collected by vacuum filtration. The precipitate obtained was
dissolved in a small volume of cold distilled water, and the
solution was dialyzed with several batches of distilled water
and then with 0.005 M Tris—HCl buffer, pH 8.4, in the cold. At
this stage more than 90 % of Mb was in the reduced form and
stable against autoxidation. The dialyzed solution was applied
to a column of DEAE-cellulose which had been equilibrated with
0.005 M Tris buffer, pH 8.4. Approximately 50 % of total Mb was
slow moving and was eluted by 0.005 M Tris buffer, while the other
50 % of Mb remained close to the top of the column under these
conditions. This fraction was eluted by 0.05 M Tris buffer.
MbO2 thus prepared was crystallized from 0.87 saturated solution
of ammonium sulfate. All other reagents were of analytical grade.

Ferrous NO-complex of Mb was obtained by use of nitrite and
sodium dithionite according to Yonetani et al. [6] or NO gas
treatment [7].

EPR spectra were measured in the same manner as described in
CHAPTER 1. The pH values at 77 K were employed as those at room

temperature [8].
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2-3. Results and Discussion

Fig. 2-1 shows the EPR spectra of NO-ferrous Mb at pH 7.5
and 10 with both first and second derivative display. Though
the hfs is hardly observed with the first derivative spectrum,
9 lines of the hfs centered at g, is clearly seen in the second
derivative display. At pH 7.5, such hfs is rather unclear

compared with that of pH 10.
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Fig. 2-1. EPR spectra of NO-ferrous Mb at pH 7.5 and 10.
Phogphate buffer (pH 7.5), 0.2 M. Tris-HC1 buffer (pH 10), 0.2 M.

The 9 lined hfs can be easily attributed to the coupling of
nitrogen atom (nuclear spin, I = 1) of the imidazole group of

proximal histidine and NO molecule through the heme-iron [6,7].
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The pH-dependent changes of the spectra of NO-ferrous Mb are
shown in Fig. 2-2, where the region of high magnetic field in
Fig. 2-1 (arrowed in the figure) was recorded with the .expandéd
scale. With increasing the pH, the peaks become more distinct

than those of acidic pH.
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Fig. 2~2. pH dependence of the second derivative spectra of NO-ferrous Mb.
The region arrowed in Fig. 2-1 was recorded in the expanded scale.

The relative EPR signal amplitude is plotted in Fig. 2-3 with
the function of pH, where the data are taken from Fig. 2-2. The
pK value of this transition is found to be approximately 7. In
the region lower than pH 6 and above 11, the reproducible
results were not obtained because of the denaturation of Mb.

The high resolution of the second derivative display is

demonstrated in this chapter. Here, it is noted that the
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peaks in the second derivative display corfespond to the

slopes of the first derivative spectra, which cannot be related
directly to the spin-density. However, the above does not

conflict with the following discussion, since the pH-dependent
relative changes of the peak are only taken account (cf. Fig. 2-2).

(cf, Fig. 2-2)
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Fig. 2-3. The pH-titration cf the hfs of ferrous NO-Mb. The ratio of the

absorption at A and B in Fig. 2-2 is plotted against pH.

As is seen in Figs. 2-1 and 2-2, the pH-dependent changes of
hfs give the direct evidence of the presence of heme-linked
ionization group, which affects the electronic structure of heme
-iron and NO bond. In the ferrous ligated state, the possibility
has been proposed time to time that the hydrogen bond might be
presented between nitrogen atom of imidazole ring of distal
histidine and ligated molecule [9-12], as shown in Fig. 2-4. The
value of pK obtained from the present study may support the above
possibility. The other possibility of the proximal histidine
seems to be unlikely, since the pK value of this proton
dissociation is much more alkaline pH (=~ 12).

The presence of Bohr effect, however, may conflict with the
present results, if affinity of NO is also pH-dependent, since

pH~invariance of the affinity corresponds to the absence of the
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interaction, at present, is that the alteration of the
electronic state of heme-~iron perturbated by this proton
dissociation is very small as compared with the overall ligation.
Those results emphasized the characteristic behavior of NO-

ferrous Mb related to the bresence of distal histidine (Fig. 2-4).
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Fig. 2-4. The possible scheme for the heme-linked ionization of NO-ferrous Mb.

At acidic pH, the distal histidine becomes protonated
intensifying the hydrogen bond or pushing proton to NO molecule,
which may rather localize the unpaired electron on NO molecule.
And, at alkaline pH, the hydrogen bond is still present but
rather weak and thus the electron is delocalized into the

nitrogen atom of the proximal histidine.
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CHAPTER 3. Electron Paramagnetic Resonance Studies of NO-Ferrous

Heme-polymer Complex

3-1. Introduction

The technique of the EPR measurements on the NO-ferrous heme
complexes has proved its usefulness for elucidating the structure
-function relationship of various hemoproteins [1-3] and model
systems [4, 5]. In CHAPTERS 1 and 2, it has been shown that the
second derivative display using high fregquency modulation is
useful method, which was applied to the NO complexes of ferrous
Mb [6] and model compounds [7].

In synthetic polymer systems, the reactivity of heme-iron
towards various ligands have been accepted much interest and
subjected to the extensive works [8, 9]. In these works, it has
been believed that the electronic structure of heme iron is
altered by the conformational change of the polymer chain.
However, structural information at microscopic viewpoint has not
been elucidated directly.

In this chapter, the NO-ferrous heme-poliy{4-vinylpyridine)
(PVP) complex has been examined by EPR measurement under
various conditions together with the comparison of the monomeric
system in CHAPTER 1. An attempt is made to correlate the
alteration of NO-ferrous heme linkage and the conformational change

of the polymer chain.
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3-2. Materials and Methods

4-vVinylpyridine was polymerized by the use of azobisisobutylo-
nitrile as an initiator in methanol (MeOH). A small amount of
hemin was dissolved in DMF and added to the solution containing
PVP. The final concentrations of hemin and pyridine were varied
between 10_5z=10_4 M and 1 x 10_%: 5 x 10_l M, respectively. NO-
ferrous heme complexes were prepared in the same manner as
described in CHAPTER 1 [7].

A Varian E-line spectrometer was used for the EPR absorption

measurements in the same conditions as described in CHAPTERS 1

and 2.

3-3. Results and Discussion

Fig. 3-1 shows the EPR spectra of NO-ferrous heme-PVP
complex in DMF and MeOH, together with the spectrum of NO~ferrous
-heme~pyridine (Fig. 3-1-(1)), where DMF and MeOH are poor and
good solvents for PVP, respectively. The 9 lined hfs centered

at g, can be seen as observed in CHAPTERS 1 and 2. 1In the DMF

solution, as is shown in the expanded scale in the figure, the

hfs of polymer system (Fig. 3-1-(2)) is rather unclear compared with
that of ferrous heme-pyridine complex, which is, however, turned
into distinct one, when the solvent was changed into MeOH: (Fig. 3-1-
(3)). The EPR spectra of NO-ferrous heme-PVP was found to be
independent on the concentration of PVP. The alteration of the

EPR spectra of Figs. 3-1-(2) and (3) does not originate from the
difference of the solvent itself, since using pyridine or 4-

ethylpyridine, the solvent effect on the EPR spectra is very
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Fig. 3-1. The EPR absorption spectra of (1) NO-ferrous heme-pyridine in DMF,
(2). NO-ferrous heme-PVP in DMF, and (3) NO-ferrous heme-PVP in MeOH.

First derivative, —----- Second derivative.
small as compared with results of Figs. 3-1-(2) and -(3).

The absorption ratio arrowed as A and B is plotted against
the volume fraction of MeOH, where the reduced viscosity is also
included in the figure (Fig. 3-2). The hfs (B/A) changes
continuously with  the changes of the volume fraction of MeOH.
From the data of the reduced viscosity, it can be said that when
the polymer chain is extended, the hfs (B/A) becomes larger.

Similarly in Fig. 3-1, the ratio A to B in the spectra of
Fig. 1~2 (CHAPTER 1) is plotted against the pKa values of those

pyridine derivatives. As shown in Fig. 3~3, the extent of the
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hfs (B/A) is directly related to the basicity of nitrogen atom of

each pyridine derivatives.
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Fig. 3-2. Solvent effect on the hfs of EPR spectra of NO-ferrous heme- PVP.
(o) The ratio of the absorption at A and B,

(@) The reduced viscosity of PVP.
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Fig. 3-3. The ratio of absorption at A and B in Fig. 1-2 is plotted against
the pK_ of pyridine derivatives: 1. 4-cyanopyridine, 2. 4-acetylpyridine,
3. pyridine, 4. 4-methylpyridine, 5. 4-aminopyridine.
Here,the parameter of hfs (B/A) can be regarded as the degree of
the delocalization of the unpaired electron on the 5th coordinated
nitrogen base, since the linear relationship between the
coupling constant and hfs (B/A) was observed experimentally.
Therefore, it can be said that the increase of hfs (B/A)

corresponds to delocalization of the electron on the nitrogen

atom of the 5th ligand.
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This shows that, in Fig. 3-3, the increase of basicity accompanies
the increase of the spin-density on the nitrogen atom of pyridine
ring.

The remarkable finding of this work is that the linkage
between NO-ferrous iron-pyridine alters greatly within the
polymer-ferrous heme complex. For example, as is seen in Fig. 3-
2, the hfs (B/A) of PVP in DMF and MeOH are 0.05 and 0.4,
respectively. These values may correspond to the extrapolated
value of pKa = 0 and pKa = 10 of Fig. 3-3, which are obtained
from relationship between pKa and hfs (B/A). Thus the "apparent"
basicity of nitrogen atom of pyridine in PVP seems to be changed
more than 10 pKa unit depending on the function of extention of
polymer chain. Using pyridine itself, the solvent effect on the
EPR spectra was examined, and hfs (B/a) was found to be 0.32 and
0.37 for DMF and MeOH, respectively, which is very small as
compared with the polymer system (cf. Fig. 3-2). This suggests
that there might exist the other factors affecting the EPR spectra,
such as the polarity of heme-environment and the steric hindrance
in the polymer chain. For example, the nearly identical values
of hfs (B/A) in MeOH with both cases show that the NO-ferrous
heme-pyridine linkage in PVP behaves as similar manner to
monomeric system. With DMF, however, the fact that hfs (B/A) of
PVP is much smaller value compared with that of pyridine itself,
may suggest the absence of the interaction between the solvent

and heme-moiety enbeded in some peculiar polymer conformation.
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In summary, the present method can provide the possibility

to see directly the "event" occured in the NO- ferrous heme-

polymer system at the microscopic viewpoint.
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CHAPTER 4. Flash Photolysis Studies on NO-Ferric Hemoproteins

4-1. Introduction

The photodissociability of various hemoproteins has been applied
widely for the kinetic studies on ligand binding as the technique
of flash photolysis . [1-4]. For example, CO bound to the ferrous
hemoprotein dissociates on illumination, and subsequently the
recombination of CO to the ferrous hemoprotein occurs, as shown

in Eg. (1).

re?t-co s  Fe?t + co (1)

Therefore, by the use of this technique, the kinetic studies of
recombination of CO to the ferrousbhemoproteins can be performed.
The applica
the ferrous ligated complexes, such as CO, O2 and NO complexes,
since it has been believed that only those ferrous complexes are
photodissociable.

To extend this technigue to the ferric state, the photodisso-

ciability of the various complexes of ferric hemoproteins have

been examined.

4-2. Materials and Methods

HRP was purified from the crude material of Toyobo Co. by
DEAE~and CM-cellulose column chromatography according to the
method of Schannon et al. [5]. The crude material was dialyzed
against 0.005 M Tris, pH 8.4, and was transferred to a DEAE-

cellulose column previously equilibrated with the same buffer.
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The fraction that was not absorbed by the column was isozymes
B, C, D and E. The DEAE-cellulose column was then eluted with
a linear gradient consisting of 500 ml of 0.005 M Tris, pH 8.4,
and 500 ml of 0.005 M Tris, pH 8.4, containing 0.1 M NacCl.
Effluent fractions were monitored at 280 nm for the estimation of
protein content and 401 nm for the estimation of heme content.
These fractions were purified by repeated chromatography on
DEAE-cellulose until elution patterns indicated that each fraction
was free from other HRP fractions. These fractions were isozymes
A-1, A-2 and A-3. The fraction, which did not absorb to the
DEAE-cellulose column, was dialyzed against 0.005 M acetate, pH
4.4, and transferred to a CM-cellulose chromatographic column
previously equilibrated with the same buffer. The CM-cellulose
column was then eluted with a linear gradient consisting of 500
ml of 0.005 M acetate, pH 4.4, and 500 ml of 0.1 M acetate, pH
4.4. These fractions were isozymes B and C. The five isozymes
were tested for homogeneity by polyacrylamide disk electrophresis.
Each isozyme migrated as a single protein band with characteristic
electrophoretic mobility. The enzymes used was the main fraction
from the CM-cellulose column chromatography (isozyme C). The
ratio of absorbance at 403 nm to that at 280 nm of this sample
was 3.1.

The NO complexes of ferric hemoproteins in-a cuvette (1 cm

light path) for 20 min with occasional stirring.
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The cuvette was evacuated and then NO gas was introduced to 1
atom. Optical absorption spectra were measured with a Cary-118
spectrometer. The concentration of HRP was determined
spectrometrically by the use of an extinction coefficient at 403
nm of 107 mM_lcm_l. The sample solution was photolyzed by the
flash phtolysis appratus consisting of a xenon flash lamp, with
a pulse width of 400 ps and an energy of 8 J, equipped with the
optical detection system. Fluctuation of flash energy was less

than 5 %. Temperature was thermostatically controlled at 20 +

0.1 °cC.

4~-3, Results and Discussion
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sorption spectra of ferric
ccomplexes with NO are shown in Fig. 4-1. The NO-ferric HRP has
the typical hemochromogen type spectrum with the absorption

maxima at 565, 538 and 422 nm.

500
WAVELENGTH {nm)

Fig. 4-1. Optical absorption spectra of ferric- and ferrous HRP and
their complexes with NO. Ferrous HRP was obtained by the addition

of small amounts of Na25204. Phosphate buffer (pH 7), 0.2 M. .

36



Fig. 4-2 shows the time course of the absorption change after
photolysis of NO-ferric HRP measured at different wavelengths.

By photolysis the absorption at 405 nm, a characteristic to

ferric HRP, increased and then decreased slowly with a half time
of 1.7 ms. A similar time course of the absorption change was
also seen at 425 nm, near the absorption maximum of NO-ferric HRP.
The ferrous HRP, however, did not appear photolyzed, as shown by
the absence of the absorption change at 435 nm. No absorption
change at 412 nm was observed, where there is the isosbestic

point between ferric HRP and its NO complex (cf. Fig. 4-~1).
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Fig. 4-2. The oscilloséope traces of absorption change by photolysis of

NO-ferric HRP. Phosphate buffer {pH 7.4), 0.2 M.
The difference spectrum obtained at 1 ms after flash is shown
in Fig. 4-3-(1). The spctrum has an absorption minimum at 422

nm and a broad peak around at 400 nm in the Soret region
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together with distinct absorption minima at 538 and 568 nm,
which is similar to the difference spectrum of NO-ferric HRP
minus ferric HRP (solid line, Fig. 4-3-(2)). Therefore,it is
concluded that the absorption changes in Fig. 4-2  are due to the
photodissociation of the NO complex into the ferric state,
followed by the recombination process of NO to ferric HRP, as
shown in Eqg. (2).

Fe3+— NO v_—ﬁ——g‘____ Fe3+ + NO (2)

s PRI N )
350 400 450 450 550 650
Wavelength {nm}

Fig. 4-3, (1) Kinetic difference spectum of flash photolysis of NO~ferric
HRP. The spectrum is taken at 1 ms after flash. (2) Difference spectra
of NO-ferric HRP minus ferric HRP (—-.) and NO-ferrous HRP minus ferrous

HRP (------).
The recombination reaction of NO with ferric¢ HRP obeys the
pseudo first order kinetics because of the high concentration of

NO. The second order rate constant is estimated to be 2 x lO5

M-l s_l, which is pH~independent, in spite of the formation of

the "alkaline" form of this enzyme above pH 11.
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The present experiment demonstrates that the NO complex of
ferric HRP is photodissociable. The product of the photo-
dissociation is the ferric state, not the ferrous state. This is
verified by the difference spectrum of Fig. 4-3. A similar
photodissociation into the ferric state was also observed in
other hemoproteins; the apparent photodissociability is in the
order of

HRP >> lactoperoxidase = Mp > hemoglobin (Hb).
Here, the relatively low energy of flash lamp was used, because
bv this energy appreciable photodissociation of ferrous-NO
complexes of these hemoproteins was not detected. This excluded the
possibility of the photodissociation of ferrous-NO complexes
formed in the sample, since NO reduces slowly the ferric state
to the ferrous state. So far, in these experimental conditions
the photodissociation of other ligand such as CN , N3" and F_
could not be observed.

It is noted that the optical absorption spectrum of NO~-ferric

HRP is a typical hemochromogen type, suggesting Fe2+—NO+ rather
than Fe3+— NO for this complex. Taken this into consideration,
a possible interpretation for the photodissociation is that the
electronic structure of NO-ferric HRP is similar to that of the
photodissociable ferrous complex, such as a CO complex. In any
case, the photodissociation of NO-ferric hemoproteins into ferric
state may give the critical argument concerning the gquantum
mechanical interpretation of this phenomenon [6].

The ability of the photodissociation of NO complexes into

the ferric state can provide a unique approach to the kinetic
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studies of ligand-binding. These are described in CHAPTER 5.
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CHAPTER 5. Kinetic Analysis of the Recombination of NO with Ferric

Hemoproteins by the Flash Photolysis Method

5-1. Introduction

The process after phtodissociation of the ferrous ligated
hemoproteins has been established [1]. The photodissociated
prbduct is the ferrous unligated state and subsequently the
photodissociated ligand recombines with this ferrous heme. In
this case, the rate constants for recombination of the ligand
with the ferrous hemoproteins obtained by the flash photolysis
and the stopped flow methods are identical with each other except
CO~Hb [2]. 1In contrast to the ferrous state, the photodissociation
of the ferric state is more complex. Thié comes from the fact
that the water molecule occupies the 6th position in the ferric
unligated state in contrast to the vacancy at this position in the
ferrous unligated state. The follwing processes can be anticipated
after photodissociation of NO-ferric hemoproteins; (1) the
formation of the pentacoordinated heme, (2) the competitive ligand
binding of NO and water molecule with the pentacoordinated heme.
This chapter describes kinetic experiments on the flash
photolysis of NO-ferric hemoproteins at room temperature, of
which results are compared with those obtained by stopped flow

experiments.

41



5-2. Materials and Methods

Sperm whale Mb was prepared in the same manner as described
in CHAPTER 2 [3]. Ferric Mb was obtained from the oxyform by the
treatment of ferricyanide, followed by DEAE-cellulose column
chromatography. HRP was purified in the same manner as described
in CHAPTER 4 [4]. The isozymes used in this study were HRP-A
and HRP-C according to the classification of Paul [5] and
Schannon [4]. The NO complexes of ferric hemoproteins were
prepared by two methods. In one method, nitrogen gas was passed over
the surface of solution of ferric hemoproteins in a small cuvette
for 20 min with occasional stirring. The cuvette was evacuated,
and then 1 atom.of- -NO gas was introduced anaerobically. In other
method, a solution of 0.1 M phosphate buffer (pH 6-8), 0.1 M Tris-
HC1 (pH 8-10) or 0.1 M glycine-NaOH (above pH 10) was deaerated
by extensive flushing with nitrogen, and then was bubbled NO gas
anaerobically for at least 20 min. A small volume of the
concentrated hemoproteins were separately deoxygenated by repeated
evacuation and flushing with nitrogen and added to the NO saturated
buffer solution. The concentration of NO in the solution was
adjusted by mixing NO and N, saturated buffer solutions. The
value of 2 mM wasrused for the saturated NO solution. Optical
absorption spectra were measured with a Cary-118 spectrometer.

The photolysis experiments were carried out as previously
described in CHAPTER 4 [6]. The stopped flow apparatus used
was a Union Giken spectrometer model RA-401. A solution of ferric
hemoprotein,which was prepared by careful equilibration with

nitogen gas, was introduced into one of the reservoirs of the

flow system. 42



5-3. Results
5~3~1. NO-ferric Mb

Fig. 5-1 shows time course of the absorption change at
different wavelengths after phtolysis of NO-ferric Mb at pH 6.
By photolysis, the absorption at 403 nm, characteristic to acid-
ferric Mb, jumped and then decreased with a half time of 7 ms.
A similar time course of absorption change was also seen at 420

nm, which is nearly an absorption maximum of NO-ferric Mb.
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Fig. 5-1. The oscilloscope traces of the absorption change by photolysis of

NO-ferric Mb. Phosphate buffer (pH67 , 0.1 M.

Fig. 5-2-(1) shows the kinetic difference spectra in the Soret
region obtained 1 ms after flash at different pHs. For comparison,
the corresponding difference spectra of NO-ferric Mb minus ferric
Mb are shown in Fig. 5-2-(2). At pH 6, the kinetic difference
spectrum has an absorption minimum at 420 nm and a broad peak
around 400 nm, and is similar to the difference spectrum of NO-
ferric Mb minus ferric Mb at pH 6. Similarly, the kinetic

difference spectrum at pH 10 equals that of NO-ferric Mb minus
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its alkaline form. The kinetic difference spectrum at pH 8.5 is
intermediate between the two. The isosbestic point of 417 nm seen
in Fig. 5-2-(1) corresponds with that between acid- and alkaline-
forms of ferric Mb (cf. Fig. 5-2-(2)). This indicates that the
acid and alkaline forms or a mixture of the two forms of ferric

Mb appeared at 1 ms after phtolysis. Therefore, it is concluded
that the absorption change in Fig. 5-1 is due to photodissociation
of the NO complex into the ferric Mb and NO, followed by the

recombination process.

(1) PIIN
+ ,‘/:/V“"a\, I 02%%
o >
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Fig. 5-2; (1) Kinetic difference spectra of flash photolysis of NO~ferric Mb>

in the Soret region. The spectra were taken at 1 ms after flash. () Phosphate
buffer (pH 6) , 0.1 M (o) Tris-HCl (pH 8.5), 0.1 M, and (o) glycine-NaOH (pH 10),
0.1 M. (2) Difference spectra of NO-ferric Mb minus ferric Mb at pH 6 (—,
8.5 (-:=:), and pH 10 (=—=).
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The recombination reaction of NO with ferric Mb obeys the pseudo
first order kinetics in the whole pH range (inset of Fig. 5-3)
because of the high concentration of NO. This shows that
equilibrium is practically attained between the acid- and
alkaline~forms at pH 8.4 and 9 during the recombination process.
Fig. 5-3 shows the pH dependence of the rate constants for the
recombination of NO with ferric Mb obtained by the flash photolysis
and the stopped flow methods. The rate constants obtained are not
different between the two methods in the whole pH range (pH 6-
10.5). The values decrease with the increase of pH and its

pH dependence gives a pK value of 8.3. This corresponds to the

pPK value for the acid-alkaline transition of ferric Mb. From the
figure, the second order rate constants for NO binding to the

acid~ and alkaline-forms of ferric Mb are calculated at 5 x 104

and 1.5 x 10% M—ls_l, respectively.
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Fig. 5-3. pH dependence of the rate constants of recombination with ferric
Mb. (@) Stopped flow method: (o) flash photolysis method. 1Inset, First order

plots of the absorption change at 403 nm by flash photolysis at different pHs.
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5-3-2. NO-ferric HRP-C

Fig. 5-4 shows pH dependence of the rate constants for the
recombination of NO with ferric HRP-C obtained by flash photolysis
and stopped flow experiments. The rate constants obtained by the
two methods are identical (1.9 x lO5 M—ls-l) in the pH range between
5 and 9. Above pH 9, however, the values determined by stopped
flow method decrease with the increase of pH, giving a pK value of
10.8. This value corresponds to the pK wvalue for acid-alkaline
transition of this enzyme. On the other hand, the values
determined by the flash photolysis remain constant until pH 11.8.
This shows that the ferric enzyme which appeared immediately after
photolysis differs from the alkaline form at above pH 8, recom-

binding with NO at the same velocity as with the acid form.
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Fig. 5-4. pH dependence of the recombination rate constants of NO with.
ferric HRP-C. The data obtained by the flash photolysis (o) and the stopped
flow (e) methods are plotted against pH.

This is consistent with the fact that the kinetic difference

spectra by flash photolysis at alkaline pHs are identical to those
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at neutral and acidic pHs, and are assigned to the difference

spectrum of NO-ferric minus the acid form, but not the alkaline

form, as shown in Fig. 5-5.
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Fig. 5-5, (1) Kinetic difference spectrum of flash photolysis of NO-ferric HRP-
C at pH 11.5. The spectrum is taken at 1 ms after flash. Glycine-NaOH (pH 11.5},

0.1 M. (2) Difference spectra of NO-ferric HRP-C minus ferric HRP-C at pH 6
(—) and pH 11.5 (---).
5=3~3, NO-ferric HRP-A

Ferric HRP-A has a pK value of 8.4 for acid-alkaline
transition . The time course of the absorption change at 420 nm
after photolysis is shown in inset of Fig. 5-6. The absorption
change at pH 6 obeys the first order kinetics, from which the
second order rate constant for the NO recombination is estimated
to be 2.0 x 10° M ts7!. Above pH 9.4, however, the absorption
change after photolysis deviates from the first order kinetics
and consists of fast and slow phases (Fig. 5-6). The time
resolved kinetic difference spectra after photolysis at pH 6 and

10 are shown in Fig. 5-7. The spectra obtained at pH 6 have the
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Fig. 5-6. First order plots of absorption change at 420 nm from the traces of
inset of Fig. 5-6. Inset. The oscilloscope traces of the absorption change
after photolysis of NO-ferric HRP-A. Phosphate buffer (pH 6), 0.1 M, and
glycine~NaOH (pH 10), 0.1 M.
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Fig. 5-7. Kinetic difference spectra of flash photolysis of NO-ferric HRP-A
at pH € and pH 10. The spectra were taken at 1 ms (o), 2 ms (e) and 5 ms

(o) after flash, respectively.

43



isosbestic points at 413 and 441 nm, and resembles that of NO-ferric
HRP-A minus acid-ferric HRP~A., Thus,absorption change at pH 6
(inset of Fig. 5-6) is concluded to reflect the recombination of

NO with acid-ferric HRP-A. At pH 10, the spectra at 2 and 5 ms

do not give an isosbestic point at 441 nm. At pH 6, the absorbance
at 441 nm remained unchanged, but at pH 10, it increased with a

half time of 2 ms and then decreased slowly (Fig. 5-8-(1)).
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Fig. 5-8. (1) The oscilloscope traces of absorption change at 441 nm by
photolysis of NO-ferric HRP-A. (2) pH-dependence of the rate constants
recombination of NO with ferric HRP-A. (@) Stopped flow method, (o) Flash
photolysis method. 1Inset: First order plots of absorption change in the slow

process of Fig. 5-8-(1).



The increase of the absorption at 441 nm is attibutable to the
formation of alkaline-~form during the reaction (cf. Fig. 5-5).
The slow decrease obeys -the first order kinetics, as shown in
inset of Fig. 5-8-(1). Assuming that this absorption change
represents the recombination of NO with the alkaline form of
ferric HRP-A, the rate constant can be calculated. Fig. 5-8-(2)
shows pH dependence of the value obtained by the above procedure
and the flow method. This indicates that the slow process is
due to the recombination of NO and the alkaline form of ferric
HRP-A. The fast phase seen in Fig. 5-8-(1) thus is concluded

to involve acid-alkaline transition and recombination of NO with
the acid form. The disappearance‘of acid-ferric HRP-A was
followed at 432 nm, an isosbestic point between alkaline-ferric
HRP-A and NO-ferric HRP-A. This absorption change obeys the

first order kinetics in the whole pH-range as shown in Fig. 5-9-

(1). The reaction paths is schematized as follows:
2
3+
kl k_l / Fe~ —NO (1)
3+ 3

alkaline-Fe

Assuming that k_l'and k3 are much smaller than kl and k2, the

rate constant of the disappearance of acid form is expressed by
Eg. (2):

_ d[Acid form]
dt

= {kz[No] + kl}[Acid form] (2)
where k2 is the rate constant for the recombination of NO with
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acid form and kl is the rate constant for the conversion from
the acid form to the alkaline form. The apparent first order

rate constant (kapp) in Fig. 5-9-(1) can be expressed as

kapp = kz[NO] + kl (3)

Fig. 5-9-(2) shows the dependence of kapp upon the concentration

of NO at different pH, giving straight lines. From the slope
and intercept in Fig. 5-9, k2 and kl can be estimated. Here the
k2 values are almost constant within experimental error, which

supports the resonable basis of Eg. (3). Eg. (3} in the NO
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Fig. 5-2, (1) First order plots of absorption change at 432 nm by photolysis
of NO-ferric HRP-A. (2) The correlation between the concentration [NO] and

the first order rate constant determined at 432 nm.
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saturated solution becomes kapp = 4 x 105 s_l - kl of ferric HRP-

A and kapp = 3.8 x 105 s"l - kl of ferric HRP-C. From these

eqguation, kl values were calculated. The kl values of ferric

HRP-A and -C increased with the increase of pH. The plot of kl

vs. [OH ] exhibits a linear relationship as shown in Fig. 5-10.
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Fig. 5~10. kl vs. pPH plot in the acid-alkaline conversin of ferric HRP-A (o)
and HRP-C (e)

5-4. Discussion

Photodissociation of NO complexes into the ferric state:
can provide a unique approach for the kinetic studies of ligand
binding. The typical examples are shown in Fig. 5-2 and 5-3. The
reaction scheme is proposed in Fig. 5-11. The water molecule is
taken up into the ‘pentacoordinated form within 1 ms after
dissociation of NO by photolysis. This is confirmed by the fact
that the kinetic difference spectrum is identical with that of
acid-ferric Mb. This shows that the coordination of H20 to the

pentacoordinated ferric Mb is much faster than the recombination

of NO with ferric Mb. If the half time of the coordination
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Fig. 5-11. Schematic presentation after photodissociation of NO-ferric Mb,

of water molecule is less than 100 us, the rate constant of
coordination of HZO is greater than 102 M_ls_l.

The formation of alkaline form is also much faster than the
recombination of NO with ferric Mb. The alternative pathways for
the formation of the alkaline form after photolysis are shown in
Fig. 5-11. First, a water molecule is taken up into penta-
coordinated form to yield the acid form, and then the water

molecule dissociates a proton to form the alkaline form. Second,

the direct coordination of a hydroxylate ion occurs at the 6th

position of the pentacoordinated form. At the moment, these two

pathways cannot be discriminated. The proton transfer in

the acid-alkaline transition (iii) is very fast, i.e., in the

order of lO6 s_l. If the reaction occurs via path (i), the rate

constant should be larger than 106 M_ls—l.
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The present results demonstrate that unlike ferric Mb the
conformation of ferric HRP which appeared after photolysis of NO~
ferric HRP is identical with the acid form of ferric HRP in the
whole pH range. This is verified by the kinetic difference
spectra and by recombination rate of NO with the
enzyme. The deviation from first order kinetics in the NO
recombination at pH 10 can be explained in terms of the
competition between the NO recombination with the acid form and
the transformation from the acid form to the alkaline form. The
rate constant for the formation of the alkaline form calculated
from Eg. (3) agrees with the values obtained from the acid-
alkaline transition of ferric HRP-C and -A [7-9]. Morishima et
al. [10] have suggested that this slow rate is ascribed to the
direct exchange of the 6th ligand on the ferric heme. It is
obvious, however, that the slow rate of alkaline ionization
does not necessarily mean an involvement of a conformational
change. If an amino acid residue deprotonates in alkaline
solution with a conformational change in the protein, a saturation
effect should be observed as the hydroxide ion concentration
increases. Such a saturation effect was not observed, and the
rate increased exponentially-with the increase of pH in:Fig. 5=10.
Similar values for the acid-alkaline conversion were obtained
by the pH jump method by Araiso et al. [7], who proposed that
this process is due to abstracting a hydrogen ion from . the ligand
water molecule, and the slow rate was explained by assuming that
a strong hydrogen bond interaction between the dissociable proton

of the water molecule at the 6th position and distal base occurs.
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The results shown in Fig. 5-10 might be explained by this
mechanism, but this proposal is based on the assumption that HZO
coordinates at the 6th position of the acid form of ferric HRP.
In next chapter [11], it is proposed that acid-ferric HRP
holds a pentacoordinated structure. Therefore, the formation of
the alkaline form of ferric HRP should be explained simply by the

direct coordination of OH at the 6th position, which is vacant

at acidic and neutral pHs, as shown in Eq. (4).

- k -
re3t 4 O™ s=———DB—u—> 3t _ g (4)
Xp
5 ,~1_-1 -1
The values of k, and k_, are 6.8 x 10" M ~s and 65 s for

b b
. 4 ~1 =1 -1 .
ferric HRP-A and 7.3 x 10° M ~s and 46 s for ferric HRP-C,

respectively (Fig. 5-10).So far, examination by laser photolysis
revealed that the difference spectrum appearing 100 ns after
photodissociation of NO-ferric HRP was indistinguishable from
that of the native enzyme. There was no appreciable spectral
indication suggesting the presence of intermediates at any
wavelengths in this time scale. Therefore, even if a water
molecule coordinates at the 6th position of ferric HRP, the

recombination of a water molecule occurs in less than 100 ns.
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CHAPTER 6. Electron Paramagnetic Resonance and Optical Absorption

Spectrum of the Pentacoordinated Ferric Hemoproteins

6-1. Introduction

Except for certain M-type abnormal Hb, the penta-~-
coordinated form of the ferric state of hemoproteins has not yet
been realized.  This comes from the fact that the water molecule
occupies the 6th position in the ferric unligated state in
contrast to the wvacancy at this position in the ferrous unligated
state [2]. The recent discovery of the photodissociability of
NO-ferric hemoprotein complexes [3,4] has opened up the
possibility of observing such a pentacoordinated form of the
ferric state. It seemed possible that this might appear after
departure of NO by photolysis (i), prior to the coordination of

a water molecule (ii) at the 6th position, as shown in Eq. (1).

O H H
s N s
Ij e h\) ~ - HZO O\ e
~ N
Fe3\+ —_— Fe "t —_— Fe3t (1)
- (i) 7N (ii) - h
NO~ferric~complex pentacoordinated native-aquao-form

In CHAPTER 5, it was shown that the water molecule coordinates to
the ferric pentacoordinated Mb within 1 ms after photo-
dissociation of NO ( the step (ii) of Eg. (1) ). At cryogenic
temperatures the step (i1) does not occur. Thus, the photolysis
of NO-ferric hemoproteins at liquid helium temperature (4.2 K)
was performed, in order to generate and trap the pentacoordinated
form. Optical and EPR characteristics of this form are given in

this chapter.
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6-2. Materials and Methods

HRP and Mb were purified as previously described [5, 6].

HRP used (RZ = 3.2) was a main fraction absorbed on the CM-
cellulose column, which was a mixture of isozymes B and C
accordind to the nomenclature of Schannon et al. [6].

The NO complexes of ferric hemoproteins were prepared as
previously described in CHAPTER 5. The NO-complexes thus formed
were anaerobically injected into EPR sample tubes with 0.5 mm
inner diameter and frozen rapidly with liguid nitrogen. EPR
abscorption spectra were measured with Varian E-line and JEOL ME-
2X spectromeﬁers, both of which were operated with X-band 100
KHz-field modulation units. The photodissociation experiments
were performed by illuminating the sample by a 300 W tungsten
lamp for 10 min through a window in the EPR cavity at liquid
helium temperature. The spectra of the photolyzed products
were measured after cessation of the illumination. All the
measurements were performed at liquid helium temperature (4.2 K)
except otherwise noticed according to the method of Nagai et al.
[71.

Optical absorption spectra at liguid helium temperature were
measured with a Shimazu D-40 DFS spectrometer as described by
Iizuka et al. [8]. The sample solution (NO-ferric hemoproteins)
was transfered into a twin optical cuvette assembly held in an
inner Dewar flask filled with liquid nitrogen, and frozen
quickly. After precooling the inner Dewar, liquid nitrogen was

removed and then liquid helium was transferred into the inner
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Dewar flask. The photolysis was performed by illuminating the
optical cuvette through the window of the Dewar flask with the 300
W tungsten lamp for 10 min, in a similar manner to that of EPR
measurement.

The NO complexes of ferric hemoproteins are relatively unstable
and transformed gradually to the corresponding ferrous complexes.
Thus special care must be taken during the course of sample
preparation to avoid the formation of ferrous NO complexes, which
interfere strongly both EPR and optical analyses. The absence of
the NO-ferrous hemoprotein complexes in the sample was checked by
EPR measurements in the g = 2 region where NO-ferrous complexes have
intense signals [9].

Ferric Mb was crystallized and grown in an 80 % saturated
ammonium sulfate solution at pH 6. One single crystal of ferric Mb
was placed in the bottom of a guartz sample tube with a small
quantity of mother liquid and the sample tube. Air in the sample
tube was removed by repeating gentle evacuation and flushing with
nitrogen gas. NO gas was injected into this sample tube and the
sample was kept for several hours at 4°C. The sample was frozen in
liguid nitrogen and then cooled down to liquid helium temperature.
The Dewar flask filled with liquid helium was inserted into the
cavity, and the sample tube with the crystal was placed in the center
of the Dewar flask. The sample tube mounted with the crystal was
rotated around its crystal axis by hand at 10° intervals. The
illumination was performed through the window of the cavity. The
magnetic field strength was determined by the nuclear magnetic field

resonance of protons in water.
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6-3. Results
6-3-1. Optical study

Fig. 6-1 shows the optical absorption spectra of acid-ferric
Mb, NO-ferric Mb and its photodissociated product measured at
4.2 K. On illumination with a 300 W tungsten lamp, the
absorptionas around 650, 500 and 400 nm characteristic to the
ferric high-spin state appeared with concomitant decrease of the
hemochromogen type spectrum of NO-ferric Mb. The broad
absorption from 600 to 680 nm of the photodissociated product

does not possess the twin peaks at 625 and 640 nm of native acid
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Fig. 6-1. Optical absorption spectra of acid~ferric Mb (——), NO-ferric Mb
(---), and its photodissociated product (---+) measured at liguid helium

temperature. bis-Tris buffer (pH 6), 0.2 M. 1Inset. (1) Difference spectrum
before and after illumination of NO-ferric Mb at pH 6. (2) Difference

spectrum of NO-ferric Mb minus ferric Mb.
ferric Mb, which are assigned to the charge transfer bands due
to the 6th coordination with a water molecule [101].
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The absorption change caused by illumination was saturated almost
at half-way to complete photodissociation and more than 20 min
illumination caused no futher change in the spectrum observed in
Fig. 6~1. In the inset of Fig. 6-1 the difference spectrum
caused by the illumination of NO~ferric Mb (1) is compared with
that between NO-ferric Mb and ferric Mb (2). Spectrum (1) has

a broad absorption maximum at 380 nm and a broad absorption

from 600 to 680 nm, while spectrum (2) has a maximum at 408 nm
and twin peaks around 650 nm, which are also seen in the
absolute spectrum of native ferric Mb.

'Fig. 6~2 shows results obtained from similar experiments on
ferric HRP. On illumination, the high spin absorption bands
around 400, 490 and 640 nm appeared. The difference spectrum of
ferric HRP before and after illumination, shown in inset (1) of
Fig. 6-2, is indistinguishable from that of NO-ferric HRP minus
native acid-ferric HRP at pH 6 (inset (2), Fig. 6~2). The
absorption spectrum of the photodissoeiated product obtained at
pH 11.5, where the photodissociation opecurred to a greater extent

; is identical to that at pH 6.
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Fig; 6~-2, Optical absorption spectra of ferric HRP (—), NO-ferric HRP

(-—-), and its photodissociated product at pH 6 (----) and pH 11.5 (-..-..)
measured at ligquid helium temperature. bis-Tris buffer (pH 6), 0.2 M, and
glycine-NaOH buffer (pH 11.5), 0.2 M. The spectrum of the photodissociated

product at pH 11.5 was normarized against the spectrum of NO-ferric HRP at

PH 6. Inset. (1) Difference spectrum before and after illumination of
light at pH 6. (2) Difference spectrum of NO-ferric HRP minus ferric HRP
at pH 6.

6-3-2. EPR absorption

The EPR spectra of acid-ferric Mb and photodissociated
product of NO-ferric Mb are compared in Fig. 6-3. Since NO-
ferric Mb is diamagnetic, the EPR spectrum is flat before
illumination. On illumination, a broad absorption having the
g value of 5.8 appeared, which differes clearly from that of
native acid-ferric Mb at g = 6.0 (Fig. 6-3-(2)). A very broad
absorption appeared in the range from g =4 to 2. When the
sample was photolyzed at pH 10 , a similar g = 5.8 absorption

appeared,but the low spin type EPR signal due to its alkaline~

form did not.
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(1) ; l

Fig. 6-3, (1) The change of EPR signal from NO~ferric Mb to its photolyzed
product by succesive illumination. The spectra are taken at 0 min, 1 min,
5 min, 30 min, after illumination started. bis-Tris (pH 6), 0.2 M

(2) Comparison of the EPR absorption spectra of ferric Mb at pH 6 (=v=-=)
and the photodissociated product of NO-ferric Mb after 10 min illumination
(— 1.

Fig. 6-4 shows the angular dependency of the g value of the
photodissociated product together with the acid-ferric Mb
measured with the single crystal. Fig. 6-4-(1) shows the
appearance of the g = 5.8 signal by illumination of the
crystal of ferric Mb with the ab-plane parallel to the direction
of magnetic field. The adjacent strong g = 6.0 signal is
ascribable to native acid~ferric Mb presented in the crystal.
Fig. 6-4-(2) shows the appearance of the g = 2.9 signal at.

an appropriate orientation in ac-plane of the crystal. When the

crystal was rotated in the ab-plane, for example, both signals

63



at g = 5.8 of the photodissociated product and at g = 6.0 of
acid-ferric Mb behave similarly against the degree of the

rotation of the crystal (Fig. 6-4-(4)).

+ 30

AL l
! 9=2.86 =
g=438 9=2.86
[250 G | 12006 |

Fig. 6-4. Appearance of the EPR signal of the photolyzed product measured with
a single crystal of NO-ferric Mb at 4.2 K. The dotted line was obtained after
10 min of illumination at 4.2 K. The solid line shows the EPR signal of native
ferric Mb in the single crystal, which did not combine with NO. The ab-plane
is parallel to the direction of the magnetic field in (1) and the ac-plane in
(2). (3) Angular dependent changes of the EPR spectra of the single crystal
of NO-ferric Mb after 10 min of illumination. The signal with g = 2.86 was
seen at 10° and 20° of rotation of ac-plane. (2) corresponds to the spectrum

at 20°.
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Fig. 6~4, (4) Angular dependence of the g tensor of the photolyzed product
(x-x) and native ferric Mb (o-o). The crystal was rotated in the ab-plane.
EPR measurements have also been performed with the photodisso-

ciated product of NO-ferric HRP (Fig. 6-5). As is seen in Fig.
6-5-(1), on illumination a broad EPR signal appeared at g =
3.06, whereas no EPR signal was detected in the g = 6.0
region. When the temperature of the sample was increased to 77 K
and then decreased again to 4.2 K, the broad g = 3 signal
decreased with concomitant appearance of high spin signal of:
the doublet at g = 6 formed by elevating the temperature to 77 K
is the same as that of ferric HRP at pH 6 , as shown in Fig. 6-

5-(3). Similar results were also obtained at pH 11.5.
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Fig. 6-5 (1) The changes of the EPR signal from NO-ferric HRP to its photo-
lyzed product by successive illumination of light. The spectra - 2¥€ taken at

0 min, 2 min, 5 min, and 20 min after illumination started. bis-Tris (pH 6),
0.2 M. (2) Effect of temperature on the EPR spectra of the photolyzed

product of NO-ferric HRP. The dotted line was obtained by the following
procedure: the photolyzed éample at 4.2 K (solid 1line) was dipped into a Dewar
filled with liquid nitrogen for a few minutes and then cooled again to 4.2 K,

at which teéemperature the measurement was made. (3) EPR absorption spectra of
native ferric HRP at pH 6 (—) and 11.5 (----) at 4.2 K. Glycine-NaOH buffer
(pH 11.5), 0.2 M.

6-4. Disussion

The pentacoordinated state of ferric Mb is successfully
trapped at 4.2 K by the photolysis of NO-ferric Mb. The most
characteristic feature of this state is its broad absorption
maximum at 380 nm in the Soret region. The iron atom in this
pentacoordinated high spin state might be in the in-plane of the

porphyrin ring. NO-ferric Mb gives a typical hemochromogen type
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spectrum of the ferrous low spin state, where the iron atom sits
in the in-plane of the porphyrin ring. It seems resonable to
assume that the configuration of the heme moiety remains
unchanged after departure of NO by photolysis. This contrasts
with the out-of-plane structure seen in native ferric Mb. The
broad absorption band from 600 to 690 nm, may also come from such
a unique configuration.

The EPR measurements also give the direct evidence that the
photodissociated product of NO-ferric Mb is in the ferric high
spin state, as judged from the absorption at g = 5.8 and the
coincidence in the angular dependency of the g-tensors in the
single crystal for acid-~ferric Mb and the photolyzed product.
The shift of the principal g value from 6.0 to 5.8 by the
conversion to pentacoordination is not yet well analyzed, but it
is emphasized that EPR as well as optical absorption can
discriminate between the hexacoordinated and pentacoordinated
ferric high spin states. The broad EPR signal with the g:
value of 2.86 (Fig. 6-4) is not yet characterized. It may not
originate from the ferric iron atom, since the angular dependency
of the g-tensor differed from that of the g = 5.8 signal. The g
= 3 signal 15 more intensified in the case of NO-ferric HRP.

The signal at g = 3 in low temperature photolysis has already

been reported with cobaltous substituted Mb or Hb [8].
In contrast to the case of NO-ferric Mb, it is striking that

the optical absorption spectrum of photodissociated product of
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NO-ferric HRP is identical to that of native ferric HRP. This
suggests that the iron of native ferric HRP is present in a
pentacoordinated structure. The EPR spectrum of the photo-
dissociated product becomes identical to that of ferric HRP [11]
after the temperature of the photodissociated sample was once
raised to 77 K. It shoud be noted that only broad EPR absorption
spectrum did not change. When NO-ferric HRP was illuminated at
77 K, the co-existence of signal at g = 6.46 and 5.38 and a:
broad signal at g = 3.08 was observed. This suggests : that
the failure to detect the high spin EPR absorption in the g = 6
region may come from some peculiar magnetic interaction between
the iron atom and an unidentified paramagnetic species, possibly
the photodigsociated NO molecule. The elevation of the
temperature may cause rearrangement of the conformation in the
heme crevice, resulting in elimination of such magnetic
interaction.

There have been many discussions on the coordination
structure of HRP, especially as to the possibility of vacancy at
the 6th position. The present findings (cf. Figs. 6-3 and 6-5)

are compatible with the pentacoordinated form.
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CHAPTER 7. One electron Reduction in Oxyform of Hemoproteins

7-1. Introduction

Five oxidation-reduction states of HRP are known. These
states are ferrous, ferric, Compound I, Compound II and Compound
ITII. ©f these oxidation reduction states, Compound III of HRP
is of great interest in the following points: 1. Though Compound
IIT is known to be an oxyform structure like MbO2 and HbO2 [1-31,
its physicochemical properties differ from those of MbO2 and Hb02.
The oxyform of HRP undergoes spontaneous decay to ferric enzyme
with a half-time of several minutes [1-5], and it reacts with a
number of hydrogen donors [4-6]. These facts suggest that
molecular oxygen coordinated to heme iron of HRP is more reactive
than those of Mbo2 and HbOz. 2. Compound III also can be formed
by the reaction of Compound II with hydrogen peroxide [7],
suggesting that oxy HRP and Compound I are known to retain three
and two oxidizing equivalents, respectively, compared with the
ferric enzyme, i.e. oxy HRP is at one equivalent oxidized ‘state
above Compound I. This was supported by the work of Tamura et
al. [4], who proposed that the reduction of oxy HRP to the ferric
enzyme consists of three l-electron steps via Compound I and
Compound II as intermediates. A similar mechanism was proposed
in the reaction of oxy HRP with ferrous HRP by Phelps et al. [8].
The l-electron reduction of oxy HRP to Compound I in reaction

(1), however, has not yet observed directly.

re?t- 0, ————> Compound I (1)
e
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This difficulty comes from the fact that the reaction products,
Compound I and Compound II, futher react with reducing agents
and oxy HRP [4].

On the other hand, eaq_ is a powerful reducing agent and was
found to reduce rapidly the ferric heme of cyt ¢ [9-11],

Mb [12, 13}, HRP [14] and cytochrome P-450 [15] (k = 1010,

1011 mts7y . with the pulse radiolysis technique it is possible

to produce eaq_ within ns time scale to follow the subsequent
absorbance change spectrometrically, Therefore, one might expect
to observe the unstable intermediates after reduction and the
subsequent reaction steps.

In this chapter, the reaction of eaq— with oxyform of
hemoproteins such as MbO2 and oxy HRP was investigated, where

attempts are made to confirm the occurrence of the reaction (1) .

7-2. Materials and Methods

HRP and MbO2 were purified as described in cHAPTER 6 [16, 17].
The enzyme used (RZ = 3.2) was a main fraction absorbed on the
CM-cellulose column. Diacetyldeutero HRP was prepared by recombi-
nation of apo-HRP with diacetyldeuteroheme, followed by DEAE-
and CM-cellulose column chromatography by the method of Tamura
et al. [18]. All other reagents were obtained commercially as
the analytical grade.

A solution of 10 3M phosphate buffer (pH 6-8), or 1072y
borate buffer (pH 8-9) and 0.1 M t-butyl alcohol for scavenging

the OH radical were deaerated by extensive flushing with argon.

71



A concentrated solution of MbO2 was deoxygenated separately by
extensive flushing with nitrogen and added to the deaerated
solutions. Thereafter, the solution was . flushed very
gently for 30 min with a gas mixture of 2% O2 and 98% N,.

A CO complex (Fe2+—CO) of diacetyldeutero HRP was prepared
by the addition of 2- to 3-fold excess amounts of sodium
dithionite to the enzyme in a solution saturated with CO, and the
CO-HRP was passed through a Sephadex G-25 column to eliminate
excess sodium dithionite in the dark at 0°C. Thereafter, the
solution was photolyzed by a 500 W tungsten lamp at room
temperature for 2 min, to yield the oxy HRP. This solution
of oxy HRP was deaerated by extensive flushing with argon and
added to the deaerated solutions containing 10—3M phosphate
buffer (pH 6-8) and 0.1 M t-butyl alcohol.

The bottle containing approximately 200 ml of sample solution
was connected to the flow cell with 1 or 1.5 cm light path,
placed in the front of the accelerator. It was necessary to
replace the solution in the irradiation cell with fresh soclution
after each irradiation. The pulse radiolysis experiments were
performed with the electron linear accelerator of the Institute
of Scientific and Industrial Research, Osaka University. The
pulse-width and ehergy were 10 ns and 20 MeV, respectively.
Dosimetry was performed by measurement of eaq_ absorption. The
light source was a 1 KW xenon lamp. A Nikon monochromator was
used in conjunction with appropriate light filter to eliminate
second order components in the light. Slit width was adjusted

between 1-2.5 mm. A 1 P-28 photomultiplier was used. Photolysis
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by the analyzing light was minimized by means of an optical
shutter and selected filters.

Optical absorption spectra were measured with Cary-118
spectrometer. The absorption spectrum of Compound I of diacetyl-
deuteroHRP was measured in the stopped flow apparatus to obtain
kinetic difference spectrum. For this measurement , the ferric
diacetyldeutero HRP was mixed with 2-,3-fold excess amounts of
hydrogen peroxide to the enzyme. The stopped flow method was

measured with a Union Giken spectrometer model RA~401.

7-3. Results
7-3-1. MbO2

After an electron pulse, rapid absorption changes were
observed over the whole wavelength range from 370 to 700 nm.
Fig. 7-1-(1) shows the rapid increase in absorption at 600 nm due
to the generation of eaq— and the subsequent decrease caused by
the decay of eaq—' The decay of eaq_ accompanied the absorption
increase at 430 nm and the absorption decrease at 410 nm, as

shown in FlgS. 7—1—(2) and (3).

Fig. 7-2-(1) shows the first order plots of decay of eaq at

600 nm and the reaction of MbO, at 410 nm. First order reaction

2

kinetics are observed which is to be expected since the
concentration ratio [MbOz]/[eaq—} > 10. It is noted that the
rate of the disappearance of eaq_ is larger than that of the

reaction of MbO suggesting that a part of eaq— reacts with O,.

2I

The apparent rate constants are plotted against MbO, concentration

2
in Fig. 7-2-(2), giving the straight line.
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The pseudo-first order of the disappearance of eaq— increaseg

with increment of the concentration of MbOz. This suggests that
the absorption change of Fig. 7-1 is followed by the reaction MbO2
with eaq_' This is analyzed as follows. The rate of the
disappearance of eaq_ is expressed by Eq. (2),
~A—§£E§3:l—- = {k,[0,] + k, [MbO,1}[e_ "1 (2)
ae 1-72 2 2 ag

where kl and k2 are the rate constants of the reaction of eaq_
with 02 and MbOz, respectively. From Eg. (2), the apparent rate

constants (kapp) determined at 600 nm and 410 nm can be expressed

by Eg. (3) and (4) respectively.

Kapp 600 nm = X1[0p] + k,[MbO,] (3)
kapp 410 nm k2[Mb02] (4)
Therefore the difference between k and k
app 410 nm app 600 nm
depends on the concentration of 0,. From the slope of Fig. 7-2-
(2), k2 is estimated. The second order rate contant for the
reaction eaq— with MbO2 at pH 7.4 is 4 x 1010 M_ls_l, which is

near the diffusion controlled rate.

The difference spectrum at 8 us after the pulse, at which
time no measurable eaq_ remains, is shown in Fig. 7-3-(1). The
spectrum has an absorption maximum at 410 nm and an absorption
minimum at 430 nm in the Soret region together with distinct
absorption minima at 545 nm and 575 nm. It also has broad peaks
around 500 nm and from 600 to 700 nm. The shape of the difference

spectra were not affected by pH from 6.5 to 8.4.
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Fig. 7-3. (1) Kinetic difference spectrum of pulse radiolysis of MbO_,. The

2

spectrum is taken at 8 us after pulse raaiolysis. Phosphate buffer (pH 7.4),
_3 .
10 M. (2) Difference spectra of Mbo7 minus ferric Mb (----), ferrous Mb

(-«=+), and hydrogen peroxide-induced compound (——), respectively.

Fig. 7-3-(2) shows the difference spectra of MbO2 minus ferric Mb
(¢¢-+), ferrous Mb (-.--), and hydrogen peroxide-induced compound,
the so-called "ferryl" Mb (——), respectively at pH 7.4. It is
noted that the kinetic difference spectrum in Fig. 7-3-(1) is
similar to the difference spectrum of MbO2 minus hydrogen peroxide
—-induced compound, not ferric Mb or ferrous Mb. Therefore it is
concluded that absorption change in Fig. 7-1 is due to the

reaction of eaq— with Mb02, followed by the formation of ferryl

Mb.
7-3-2. Oxy HRP

The native oxy HRP autodecomposes into the ferric enzyme so
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rapidly (half-life at 20°C; 4 min) that the reaction oxy HRP with
eaq— could not be performed by the present method. In contrast
to native HRP, the oxyform of artificial HRP, containing 2,4
diacetyldeuterohemin in the place of protohemin IX of natural
HRP, is very stable and can be kept at room temperature for a few
hours without changes in the absorption spectrum [5]. Therefore,
oxy diacetyldeutero HRP was used in the present experiments.

The optical absorption spectra of diacetyldeutero HRP and
their derivatives are shown in Fig. 7-4. Upon addition
hydrogen peroxide to the ferric diacetyldeutero HRP, Compound IT
was formed spontaneously via Compound I and the compound thus
formed was quite stable. Because of the instability of Compound
I of diacetyldeutero HRP, its spectrum was obtained by the use of

the stopped flow technigue between the ferric diacetyldeutero HRP

and hydrogen peroxide.

400 450
WAVELENGTH (nm)

Fig. 7-4. -comparison of optical absorption spectra of ferric diacetyldeutero
HRP and its hydrogen peroxide-induced compounds. Phosphate buffer (pH 7.4),
0.1 M. Compound II was formed by the addition of 7 UM hydrogen peroxide.

The absolute spectrum of Compound I was calculated from the kinetic difference
spectrum of the reaction ferric enzyme with hydrogen peroxide.
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Fig. 7-5 shows the time course of the absorption change at
different wavelengths after an electron pulse of oxy ‘diacetyl-:
deutero HRP., The absorption at 420 nm near the absorption
maximum of oxy HRP decreased (Fig. 7-5-(2)) with the decrease of
e_~ at 600 nm (Fig. 7-5-(1)). A similar time course of

aq
absorption change was also seen at 370 nm in Fig. 7-5-(3).

(1)

¥ (2)
g

£ | 1087
é HS Ms

9_ e ——

2

0

<

(3)
T Todan

Fig. 7-5. The oscilloscope traces of the transmittance change after pulse

radiolysis of oxy diacetyldeutero HRP measured at (1) 600 nm, (2) 420 nm,

and (3). 370 nm. Phosphate buffer (pH 7.4), 10" 3u.

Fig. 7-6 shows the first order plots of the decay of eaq_ at 600

nm and the reaction of oxy HRP at 420 nm. The rate of the

disappearance of eaq_ is found to be almost identical to that of

the reaction of oxy HRP., The second order rate constant for the
. - . . -1_-1

reaction eaq with oxy HRP at pH 7.4 is 4 x 1010 M ls . As

ferrous HRP is not formed in the deaerated solution [19], the

concentration of dissolved oxygen molecule was less than 10_6 M.

Therefore,the reaction 02 with oxy HRP can be ruled out.
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Fig. 7-6. First order plots calculated from the traces of Fig. 7-5; e, data

obtained at 600 nm, and o, at 420 nm.

The difference spectrum obtained at 10 u after an electron
pulse is shown in Fig. 7-7-(1). The spectrum, which has an
absorption minimum around 390 nm, is similar to the difference
spectrum of oxy diacetyldeutero HRP minus Compound I of this

enzyme only. Therefore, it is concluded that oxy HRP reacts with

e_ ~ to form Compound I.
aq
T el : (1)
.o \

o 1, 2 l\ 1. 1 ’l
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Fig. 7-7. (1) Kinetic difference spectrum of pulse radiolysis of oxy diacetyl-

deutero HRP. The spectrum is taken at 8 us after pulse radiolysis. Phosphate

buffer (pH 7.4), 0.1 M. (2) Difference spectra of oxy diacetyldeuterc HRP
(-+-), Compound I (—), and Compound ITI (----). Phosphate buffer (pH 7.4),
0.1 M.
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7—-4. Discussion

In the presence of oxygen, eaq— reduces O, to form O, with

2 2
10 ,,-1 -1
the rate constant of 2 x 10 M s [20], and H202 can be
generated by the disproportionation of 02_ with the rate constant
of 3 x 10° M ts7! at PH 7.4 [21], as shown by reactions (5) and
(6).
- -
eaq + O2 —_—> O2 (5)
- - +
O2 + O2 + 2ZH —4m—> H202 (6)

Therefore, in the case of MbO the alternative reaction of Mbo2

2!
with 02_ or H202 may be taken into account. This possibility,

however, can be excluded by the following reasons.

(1) The pseudo first order rate of the disappearance of eaq_
increased with the increament of the concentration of MbO2 as
shown in Fig. 7-2, suggesting that a considerable part of

e reacts with MbO.,.
ag 2

(2) Under the oxygen-saturated condition, any reactions MbO, with

02— or H2O2 were not observed in the us time scale.

Futhermore, the reactivity of O2 or H202 with Mb02 was examined.

It was found that 02—, which is produced by the xanthine .oxidase-

catalyzed oxidation of xanthine, is very unreactive with MbO2 and
disappears as a reésult of interaction with each other (reaction

(6)), as observed in the reaction HbO,, with 0, "[22]. 1In static

2
experiments, H202 was found to react slowly with MbO2 to generate
the optical spectrum of ferryl Mb, as observed in the reaction

leghemoglobin with H2O2 [23]. This reaction, however, took more

than 1 min, to reach completion. Therefore, it can be said that
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under the conditions employed here 02— does not contribute to the
reduction of MbOz.

In the reaction eaq— with both MbO2 and oxy HRP, eaq— reduces
apparently the redox site of oxyheme in a direct reaction. These
reactions, however, can be interpreted by the following sequence

events as reaction (7):

- + - .
e + Fe2 -0, —> Fe2+—0 > > > final product (7)
aq 2 ’ 2 ’
k1 k,

An initial step is the formation of Fe2+—02_. Then the inter-
molecular electron transfer from heme iron to the ligand forming

+ - - , .
Fe3 -022 or Fe4+— 023 , and rapid association of H+ and a loss

of water molecule would lead to the observed final product. At
low concentration of oxyhemoproteins, kl’ is rate-determing, while
at the higher concentration it may be anticipated that k2’ becomes
rate-determing (kz' < ki’[Fe2+—02J). To examine this possibility,
at high concentration of MbO2 (> 100 uM) the reaction time course
of MbO2 was measured in the range between 500 and 700 nm. In this
case, however, there was no obvious spectral indications of
intermediates at any wavelength. This suggests that the process

from Fe2+—0 " to the final product occurs long before 70 ns, i.e.

2
the rate constant of k2’ would be greater than 107 s—l.

Yamazaki et al. [24] have proposed a general scheme of five
oxidation-reduction states, which exist in the oxidative function
of HRP. In this scheme, the reaction from oxy HRP to Compound I
(reaction (1)) could be observed directly by the use of the pulse

radiolysis technique. This reaction is considered to correspond

to change of "effective oxidation states" from 46 to +5. The general
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scheme in HRP proposed by Yamazaki et al. [24] is expanded here to

oxidation-reduction states of Mb. MbO2 is considered to be at the

oxidation state +6. As ferryl Mb has been believed to be at the
oxidation state +4, it seems as if the reaction of Fig. 7-1 was
2-electron reduction of MbO2 (+6) to ferryl Mb (+4) via the +5
state. This possibility, however, can be ruled out by the
following reasons. The ratio 0.01 for [eaq_]/ [Mb02] is too

small to permit a significant amount of 2-electron reduction to

take place. Futhermore, the second order kinetics, as shown in

Fig. 7-2, are not compatible with 2-electron reduction. 1In

addition, the shape of difference spectra in Fig. 7-3-(1) were

not affected by the ratio [eaq-]/[Mbbzl. Therefore this reaction
is considered to be l-electron reduction. The oxidation state
+5, which corresponds to Compound I of HRP, was not detected. In
this case the fate of one more equivalent is not known. At
present, two possible reaction mechanisms for the formation of
ferryl Mb are considered as follows.

(1) The first initial formation of a +5 oxidation state is the
rate determing step, which then undergoes extremely rapid
reduction to ferryl Mb by a reducing group, e.g. an amino
acid residue {25, 26]. Any such intermediates, however,
could not be detected in the present experiments. Therefore
if +5 oxidation state of Mb, which is similar to Compound I
of HRP, exists, the life time of this compound is shorter
than 70 ns.

(2) The electron transfer from the heme iron to molecular oxygen
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.gives:rise-to -OH as the reduction product of bound dioxygen,
as Eg. (8).

4+

e
o, —29 5 pe*T-o0m” + -OH (8)

+
Fe2 -

In the oxidation of ferric Mb by H202, the production of -OH,
which is similar to the ferrous ion reaction, the so-called
Fenton-like reaction, was suggested by George et al; [27]1.
If the latter mechanism occurs, the +5 oxidation state of Mb
does not exist.
The reaction of oxyheme with eéq_ is analogous to that
proposed for the oxidation of substrate by cytochrome P-450
[28, 29],and for hydroxylation of o methene bridge of heme in the
heme oxygenase reaction [30, 31]. The identity of l-electron
reduction state in the oxygenated cytochrome P-450 has been
received much attention. Recently, organic hydroperoxide could
replace NADPH and molecular oxygen in supporting the hydroxylation
of various substrates [32-35]. From these studies, it was
proposed that the higher oxidation state of cytochrome P-450,
which corresponds to Compound I or Compound II of HRP, is the
common "active oxygen" species in these hydroxylations. This
proposal, however, has not been proven directly. The present
observation suggests that the l-electron reduction state of the

oxygenated cytochrome P-450 may be also the ferryl state of this

enzyme.
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CONCLUSTION

The purpose of this study is to clarify structure origin of
great differences in biological function between Mb and HRP by
several physico-chemical methods.

Ferrous hemoproteins

CHAPTERS 1, 2 and 3 deal with the electronic structure of the
ferrous hemoproteins and their model systems. Because of the
diamagnetic nature of the ferrous state, NO radical was used as
a probe for elucidating the structure of the heme environment of
hemoproteins. In these studies, the second derivative
technique was employved for detecting the small changes of the
spectra, which are hardly quantitized in the normal first
derivative display.

In CHAPTER 1, in order to interpret the EPR spectra for the
NO complex of the ferrous hemoproteins, the EPR spectra of NO-
ferrous heme-nitrogen base (pyridine and imidazole derivatives)
were measured. From the analysis of EPR parameters, the change
in EPR pattern of NO-ferrous HRP can = be attributed to the NO
ligand with surrounding amino acid residues, not to the nature of
the iron-proximal histidine. It appears that the Fe-N-O unit is
more bent than those of Mb and model compounds.

In CHAPTER 2, the pH-dependence of the EPR spectra of NO-
ferrous Mb was examined, and the heme-linked ionization group
having pK = 7 was detected with NO-ferrous Mb. The possible
participation of the distal histidine was discussed for this

ionization group.
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In CHAPTER 3, the technique of the EPR measurement on the
NO complex was applied to the synthetic polymer systems. It was
demonstrated that the linkage between NO and ferrous heme iron
was altered by the expansion of polymer chain.

Ferric hemoproteins

CHAPTERS 4, 5 and 6 deal with the kinétic analysis and the
structure of ferric hemoproteins.

It has been believed that only ferrous complexes are photo-
dissociable. In CHAPTER 4, however, photodissociation phenomenon
has firstly been observed with the ferric NO complex.

The ability of the photodissociation of NO complexes into the
ferric state was applied to the kinetic studies of ligand binding
in CHAPTER 5. The kinetic difference spectra of NO-ferric Mb
showed that the native ferric Mb (aquao form) appeared within 1
ms after photodissociation on NO by photolysis. This was
confirmed by the kinetic analysis of the recombination of NO with
ferric Mb. In contrast to NO-ferric Mb, NO-ferric HRP gave
different kinetics of NO binding for the flash photolysis and
the stopped flow methods at alkaline pH. The kinetic difference
spectra showed that the acid form, but not the alkaline férm,
appeared first upon photolysis of NO-ferric HRP even at alkaline
pH. The data obtained here were compatible with the assumption
that the formation of the alkaline form of the enzyme is the
coordination of OH at the 6th position, which is vacant at
acidic pHs.

In CHAPTER 6, in order to generate and trap the penta-
coordinated ferric heme, the photolysis of NO-ferric hemoproteins
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was perfomed at liquid helium temperature (4.2 K). As the
recombination process cannot occur at such low temperature,
optical and EPR spectra of the pentacoordinated form can be
measured. The optical and EPR spectra of the photolyzed product
of NO-ferric Mb were different from those of native ferric Mb in
both acid and alkaline forms. Taking account of the fact that
the water molecule coordinates at the 6th position in the native
ferric Mb, it was concluded that the photodissociated product of
NO-ferric Mb at 4.2 K is present in the pentacoordinated form.
In contrast to the results of NO-ferric Mb, any significant
difference in optical and EPR spectra between the photodissociated
product of NO-ferric HRP and the native ferric HRP could not be
detected. This indicates that the 6th position of the heme iron
of native ferric HRP is vacant.

Higher oxidation states of hemoproteins

CHAPTER 7 deals with the higher oxidation states of

hemoproteins by the use of pulse radiolysis technique. Attention
was focussed on the presence or absence of Compound I in Mb.

The reaction of eaq_’ which is generated by the pulse radiolysis
in agqueous solution, with oxyform of hemoproteins was performed.
In these studies, the l-electron reduction of oxy HRP to
Compound I was observed directly. In contrast to oxy HRP, MbO2
was reduced by eaq_ to form the hydrogen peroxide-induced
compound (ferryl Mb), and the oxidation state, which corresponds
to Compound I of HRP, was not detected. From these results,

it was considered that the oxidation state of Compound I in Mb

does not exist.
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