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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.

11



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 w