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I. INTRODUCTION

Enzymatic hydroxylation systems capable of activating the oxygen molecule and inserting
one or two atoms into an organic substrate (RH) are of very common occurrence in animate
nature. Cytochrome P450 denotes a group of hemoproteins (mono-oxygenases) that catalyze
the oxidation reaction:

RH + O, + 2H* + 2e~ — ROH + H,0 1)

This group of hydroxylation systems has been found in bacteria, mushrooms, fish, insects,
etc. Mammals have one specific group of P450 localized in adrenal cortex mitochondria
which participates in the synthesis and displacement of steroid hormones, and another
multiple group localized in liver which protects organisms from foreign compounds such as
poisons, drugs, insecticides, carcinogens, and other xenobiotics.

Despite their great variety, cytochromes P450 have some common features. It is the
capability of all ferrous carbon monoxide complexes of P450 to produce a unique absorption
band at 450 nm"? (after which this enzyme has been named). A wonderful gift of nature
for scientists working with P450 was the finding that the active centers of all types of
cytochrome P450 contain protoporphyrin IX as a prosthetic group. This finding has opened
up the possibility to use a wide spectra of powerful physical methods (ESR, Mdssbauer
spectroscopy, magnetic circular dichroism (MCD), NMR, etc.) for the study of the structure
of the active center of cytochrome P450 (see References 3 and 4), as well as using heme-
containing systems for modeling some structural and functional characteristics of the en-
zyme.>® Among the physical methods employed to study the structure of the active center
and functions of this unique enzyme, methods of magnetic resonance, primarily ESR, along
with absorption spectroscopy in the visible region have been so far the most fruitful. The
efficiency of different versions of ESR is explained by its high sensitivity to the surrounding
ligands.” A modem theory allows for unambiguous interpretation of ESR spectra of transition
metals and their complexes and, thus, for a deep insight into mechanisms of the metal-
ligand interactions.® In addition, such techniques as spin labels and probes® can provide for
complementary information about the structure of active centers of different types of cy-
tochrome P450, the processes of electron transfer in the P450 chain, and hydrodynamic
characteristics of P450 and other microsomal proteins in natural and artificial membranes.

Magnificent advances associated with the application of the NMR method for investigation
of the structure of transition metal complexes with organic ligands in solutions' offer
optimism that with this method unique information will be gained about the structure of the
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active center of P450 and its complexes with substrates and inhibitors in physiological
conditions, i.e., when the catalytic act described by Equation 1 takes place.

In this review we shall consider the advances and difficulties associated with investigation
of the structure and functions of cytochrome P450 with the aid of ESR and NMR. Most
reviews have usually dealt with the results of the studies of systems, i.e., with what has
been done. Methodological problems are frequently neglected. We shall make an attempt
to dwell (where it is possible) on how it has been done, because the review is intended
primarily for biochemists, pharmacologists, and toxicologists, in other words, specialists
for whom the magnetic resonance methods are not as yet routine. As for scientists dealing
with NMR and ESR, we shall attempt to formulate the most interesting (as we believe) and
unsolved problems in the field under consideration where magnetic resonance methods seem
to be extremely promising.

We do not intend to comment on the works in which ESR is employed to identify radical
intermediates resulting from oxidation of some organic compounds in microsomal systems
(see, for example, Reference 11). Discussion of the works on the use of spin traps for
detection by ESR of radical oxygen species generated in microsomes'? is also beyond the
scope of the present review.

II. ESR STUDY OF THE ACTIVE CENTER OF CYTOCHROME P450

A. General Information about Monooxygenase Systems

We shall discuss in this section the problems of the structure and functions of cytochrome
P450 in (1) bacteria (Pseudomonas putida), (2) mammalian adrenal cortex mitochondria,
and (3) mammalian liver microsomes. Although the structures and functions of these systems
are essentially different, they have some common features.

In these systems, cytochrome P450 is a terminal link in the electron transfer chain con-
sisting of three or two proteins:

NADPH
-—> FP — Fe — Cytochrome P450
(NADH)

In this scheme, FP is flavoprotein; Fe is an iron-sulfur protein (putidaredoxin for system |1

and adrenodoxin for system 2 listed above). The substrates for cytochrome P450 in these

systems are

1.  Dp-camphor which is hydroxylated by cytochrome P450,,,, to the 5-exo position

2. Mitochondrial hydroxylation system which catalyzes cleavage of the side chain of
cholesterol (leading to the formation of pregnenolone) and 11#-hydroxylation of ste-
roids. It is known at the moment that 113-hydroxylation and cleavage of the side chain
of cholesterol are catalyzed by two different types of cytochrome P450: P450,,, and
P450,.. "

3.  Numerous endogenous and exogenous organic compounds

Despite the fact that the substrates for the three types of cytochrome P450 are essentially
different organic molecules, all types of P450 activate molecular oxygen and oxidize these
compounds via the route described by Equation 1. We now abstract ourselves from me-
chanistic details of oxidation of a particular organic molecule by a particular type of cyto-
chrome P450 and consider in a schematic fashion the oxidation cycle of the enzyme.'* We
proceed from the assumption that the initial state of iron ion located in the enzyme-active
center is the oxidation state:
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STRUCTURE A

As seen in the above scheme (*) (Structure A), the main states of the Fe** in the active
center are (1) initial state, (2) binding of substrate with the active center of P450, (3) reduction
of the Fe** —S complex by the first electron, (4) binding of the Fe?* —S complex to molecular
oxygen, and (5) transfer of the second electron, formation of the oxidation substrate and
the water molecule.

The ESR method is most €ffective for the situations when the Fe3* is in a paramagnetic
state. Since the Fe?* complexes with oxygen are diamagnetic, ESR is widely used to study
states 1 and 2. Nevertheless, some valuable information can also be obtained by this method
for some other states of the oxidation cycle (*) (Structure A).

B. Brief Information about Spectra of Transition Metals

We shall briefly outline structural and ESR spectral peculiarities of the Fe’* located in
the active center of P450. We restrict ourselves to the most general and qualitative data
which will be necessary for further discussion. A strict description of these aspects can be
found in a monograph by Abragam and Bleany® and in the book by Ingram'® (as applied to
metal enzymes).

The Fe?* ion has five external electrons on the 3d-orbitals. When the ligand atoms form
an octahedron (cubic symmetry) the energy of these five d-orbitals differs: the energy of
d,.and d‘z_yz increases, whereas thatof d,, d yoo and d,, somewhat decreases.'® The difference
in the energies of these two types of orbitals is a result of splitting in the ligand field, (AE).
With the arrangement of the ligand atoms other than cubic (e.g., tetrahedral), the influence
of the internal field on these d-orbitals will be opposite. ESR spectra of cytochrome P450
and of reciprocal model systems are examined at low temperatures, i.e., in a solid state.
Real complexes are not perfectly symmetric, and their classification into octahedral, tetra-
hedral, etc. structures is conventional. Therefore, when studying transition metal complexes
by ESR, they are traditionally ascribed to the predominant type of symmetry. Then the
description is improved by introducing corrections for perturbations arising in real systems.

For transition metal ions in crystalline complexes, the interaction between the magnetic
field (H) and spin (S) is known to be anisotropic. The spin-Hamiltonian has the form:

% =8HgTS @)
where g is the tensor whose angular dependence is described as:
=gl +gh+eal )

where 1,,1,,1, are direction cosines of H relative to the g,,g,,8, principal axes. For cubic

symmetry, g,, = 8,, = g, for axial symmetry, g,, = 8,, = 8,, 8., = gll and, instead in
Equation 3 one has g2 = g-cos’© + g,-sin’O, where O is an angle between the direction
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of H and axis Z. For ESR spectra of complexes with thombic symmetry, one has all three
values of g,, g,, and g,.

Investigation of the dependence of ESR spectra of single crystals of heme proteins on the
orientation relative to the external magnetic field provides valuable information about the
structural events.'> However, most ESR experiments with cytochrome P450 and its com-
plexes with substrates are carried out in frozen samples in which the paramagnetic centers
(Fe** ions) are randomly oriented relative to the external magnetic field. We are aware of
the well-developed theoretical models'®'? which, even in these cases, permit one to get
information about the type of symmetry in complexes and about the nature of the metal-
ligand interaction on the basis of ESR data. At present, it is only P450,,,, that is available
in the crystalline form. In the thesis by Devaney,'® ESR spectra of crystalline P450,,,, (with
and without camphor) have been analyzed, and orientation of g-tensors relative to crystal
axes has been determined.

The interaction with the ligands is the reason for the deviation of the g-factor of the
paramagnetic ion from that of the free electron (2.0023). The main factor that affects g-
values is the spin-orbital coupling.

In the general form, the expression for g-factor can be written as follows:

SHIRIES)

where A is the parameter characterizing the spin-orbital bond of a given atom. From the
analysis of g-factors, it is possible to find an extent of covalency of the coordination bond.
Evidently, the value of g depends both on the type of symmetry of the complex and on the
value of internal molecular electrostatic field. Blumberg and Peisach'® have employed the
method of analysis of the crystalline field proposed by Griffith* for a comparative study of
low spin hemoproteins with three values of g-factors being used for the determination of
the coefficients of two components of the crystalline field (tetragonal symmetry A and
orthorhombic symmetry v). These two values and the constant of the spin-orbital coupling,
X, determine two parameters, tetragonality A/A and rhombicity v/A. These parameters are
very sensitive to the chemical nature of axial ligands of heme, geometry of ligand atoms,
and m-bonds between the iron and ligands.

Consider now the arrangement of five electrons of the Fe** on the 3d-orbitals. Obviously,
two situations are possible which correspond to two states of the Fe**

dgt — o=
dxy (i) (i)
dyz —_
dyx e =
STRUCTURE B

where (i) S = 1/2 (low spin state) and (ii) S = 5/2 (high spin state). To analyze and interpret
ESR spectra of the low spin state, it is sufficient to consider transitions between
the states + 1/2 and — 1/2. For the high spin state, the situation is more complicated. Figure
1 illustrates a diagram of the energy levels for S = 5/2 of the heme-containing protein.'s
The value D characterizes a zero field splitting. In this case, ESR spectra are interpreted in
terms of spin-Hamiltonian:'’

#=p-H-g-S + DS - %) +ES? + 5 )
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FIGURE 1. Energy level splitting
of high spin Fe'*(§ = 5/2) (Hlz-
axis).

where E denotes the contribution of rhombic distortion to the tetragonal symmetry for which,
naturally, E = 0.

The states of Fe** with S = 1/2 and 5/2 obey the Kramers’ theory, according to which
at an odd number of electrons in an atom, internal electrostatic fields cannot eliminate
completely the degeneration of energy levels, i.e., at least a twofold degeneration occurs
which can be eliminated only by an external magnetic field. In many heme-containing
proteins,'” the internal molecular field gives rise to a very strong splitting between the energy
levels =3/2 and +5/2 such that at usual ESR frequencies transitions between them are
impossible. The only transition observed is M = = 1/2. However, at low temperatures the
situation (Figure 1) can change. The influence of temperature on the population of these
states is discussed in Reference 21.

Thus, from the above brief consideration it is seen that ESR spectra of transition metal
ions can provide information about the ligand surrounding ions, degree of the metal-ligand
bond covalency, and symmetry of surrounding.

C. Study of Ligands of Cytochrome P450, the Nature of the Fifth Ligand

To understand the mechanisms of reactions catalyzed by cytochrome P450 and of the
processes of oxygen activation by this enzyme, it is necessary to know the nature of ligands
that coordinate with the Fe3* in the enzyme active center. Evidently, the peculiarities (both
spectral and catalytic) of this enzyme depend exclusively upon the axial ligands, since in
the equatorial position its ligands are four pyrrol nitrogens of the porphyrin ring.

The ESR method was successfully employed to solve part of the problem of the nature
of axial ligands of the Fe3* in the active center of P450. A particularly significant contribution
to this success has been made by Hashimoto et al.,?*> who in their pioneering work registered
in rabbit liver microsomes at 77 K an ESR signal of the iron-containing protein (Fe,) with
anisotropic g-factors: 2.41, 2.25, and 1.91. The signal intensity was shown to decrease in
microsomes with NADPH and NADH preincubated at room temperature. Later Mason et
al.?*? discovered that microsomal P450 quantitated by Omura and Sato’s method?® at room
temperature and the Fe, pigment were the same compound. From the data on the transfor-
mation of P450 to P420 under the action of reagents modifying SH groups of proteins
(controlled by optical methods and ESR), the same authors put forward a daring hypothesis
that sulfur was the axial ligand of the native cytochrome P450.

Confirmation of this hypothesis came from the comparison of spectral parameters of
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cytochrome P450 with those of hemethiol model compounds.?”-? In earlier works, myoglobin
and hemoglobin with various sulfur-containing ligands were used (see Table 1). The close
identities of g-factors and absorption spectra of these model systems and those of P450
provide evidence that mercaptide sulfur is the ligand of the oxidized cytochrome P450.
Theoretical analysis of ESR spectra of low spin heme proteins made by Blumberg and
Peisach'® gave characteristics of the components of the crystalline fields of cytochrome P450
and of other heme proteins. The comparison of the characteristics (rhombicity and tetra-
gonality) of cytochrome P450 and of mercaptide low spin forms of hemoglobins led the
authors to conclude that mercaptide sulfur was the axial ligand of the native oxidized P450.

Model low molecular weight systems®3%37 are widely used for modeling the structure
of the active center of the oxidized cytochrome P450 and for determining the fifth ligand.
The methodology of this approach is as follows: spectral characteristics (optical and ESR)
of porphyrin complexes with various low molecular weight compounds containing residual
sulfur, nitrogen, and oxygen as donor groups to Fe(Ill) are analyzed. A comparison of
characteristics so obtained and corresponding spectra of cytochrome P450 suggests that the
presence of sulfur in the sphere of Fe(IIl) is the necessary condition for the similarity of the
ESR spectra of the compounds obtained and of the low-spin oxidized cytochrome P450 (see
Table 2).

As seen in Table 2, all complexes with the mercaptide ligand in the sphere have close g-
factors and the sixth ligand has little effect on these values. At the same time, substitution
of sulfur by nitrogen gives rise to dramatic changes in g-factors of the complexes formed
(Table 2) or does not produce ESR signals of the low spin iron at all.

Direct evidence for the presence of sulfur as the axial ligand of the low-spin cytochrome
P450 comes from the extended X-ray absorption fine structure (EXAFS) spectroscopy data. -
In these studies, model systems Fe(Ill) (PPIXDME) with pNO,~C,H,S~, Fe(TPP) with
CHS ™, and rabbit liver cytochrome P450 (low spin form) were used.* As shown, sulfur
is the ligand of P450, and the distance, r, between Fe and S is 2.19 A. At the same time,
the distance between Fe and S for Fe(Ill) (PPIXDME)/(pNO,~C,H,S~) is 2.30 A.

Thus, the above examples demonstrate that ESR along with other physical methods has
played an important part in the determination of the fifth axial ligand of cytochrome P450
in the state (i) (see also Section I1.K).

D. The Nature of the Sixth Axial Ligand of Cytochrome P450.

While the problem of the fifth ligand can be considered to be solved at the moment, the
nature of the sixth ligand of the oxidized cytochrome P450 in the absence of substrates
remains a subject of numerous studies and discussions.

By analogy with other heme-containing proteins, one can suppose that the sixth ligand,
that is, ligand trans to thiolate, in the native cytochrome P450 can be: (1) residual amine,
indole, and histidine (nitrogen donors), (2) residual thiol, thiolate (sulfur donors), or (3)
residual amide, hydroxyl, and carboxylate (oxygen donors). In addition, coordination of
water molecule in this position is also possible. ESR along with UV, MCD, and NMR were
quite useful for solving this problem. Chevion et al.** analyzed ESR spectra of various
complexes of cytochrome P450 and their synthetic models with compounds containing the
above-cited groups of ligands. For the analysis they ‘used a theory of the crystailine field.'
Their conclusion was that the sixth axial ligand in P450, i.e., ligand trans to sulfur, was
the histidine residue. The conclusion has been supported by the study on the nuclear mod-
ulation effects created by ligand groups of N'* and N'* of imidazole in the electron spin
echo of various low-spin heme proteins and P450,,,,.*° However, the conclusion that the
nitrogen atom of histidine is the ligand of the native oxidized cytochrome P450 contradicts

* Abbreviations are explained in Table 2.
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FERRIC IRON PORPHYRINE COMPLEXES - ESR

Compound

FeTPP

FePPIXDME

Fe (OEP)

FePPIXDME
FePPIXDME
FePPIXDME
FePPIXDME
FePPIXDME
FePPIXDME
FePPIXDME
FePPIXDME
FePPIXDME
FePPIXDME
FePPIXDME
FePPIXDME
FePPIXDME
FePPIXDME

Table 1
ESR PROPERTIES OF HEME
PROTEINS-THIOL COMPLEXES

Protein g
Mb/H,S 24
Mb/CH,SH 2.46
Hb/CH,SH 2.46
Hb/H,S 2.46

metMb/n-PrSH 2.39
metMb/CH,SH 2.3

propylmercaptane.

& 8«
2.3 1.91
2.24 1.94
2.24 1.93
2.25 1.92
2.24 1.94
2.25 1.94

Table 2

Volume 20, Issue 2

Ref.

PARAMETERS OF MODEL

Ligands

PhS -, acetone

PhS-, THF

PhS-, N-Melm
NO,CH.S-, THF
NO,C,H,S-, DMF
NO,C,H.S-, N-Melm
N-Melm, N-Melm
(CH,),CS"~

PhS-, DMF
NO,C,H,S-,CH,Cl,
CHS-, CH.Cl,
CH,CH.S~, Im
n-C,H,S~, CH,Cl,
4-NO,-C H.S-
NO,C,H,S-, CH,OH
NO,C,H,S-, C,H,OH

C,H,00CCH,S - ,CH,OH
C,H,00CCH,S -, C,H,0H

GSH, Py

S, Py

H, Py
HOCH,S-, Im
HOC,H,S-, Bzl

2.37
2.34
2.39
2.36
2.46
2.42
2.90
2.36
2.42
2.405
2.385
2.363
2.326
2.405
2.41]
2.404
2.321
2.312
2.3718
2.418
2.41
2.445
2.48

g

2.26
2.25
2.26
2.26
2.28
2.26
2.29
2.24
2.27
2.274
2.262
2.24]
2.230
2.274
2.273
2.273
2.242
2.238
2.257
2.269
2.27
2.263
2.30

27
27
27
27
28
29

Note: Mb, myoglobin; Hb, hemoglobin; n-PrSH, n-

gK

1.94
1.96
1.93
1.94
1.90
1.91
1.57
1.94
1.92
1.925
1.936
1.937
1.954
1.925
1.926
1.927
1.945
1.94
1.931
1.903
1.90
1.902
1.88

Ref.

34
35
35
36
37
37
33
33

Note: FeTPP, Fe(lll)-tetraphenylporphyrin complex; FePPIXDME, Fe(lll)-protopor-
phyrin IX dimethy] ester complex; Fe(OEP), Fe(Ill) octacthylporhyrin complex;
Ph, phenyl; THF, tetrahydrofuran; Im, imidazole; GSH, glutathione; S,
H-Cys—-Ala—Gly-Ser-OH; H, H-Cys—-Ala-Gly-His-OH; Py, pyridine; DMF,
dimethyl formamide; N-Melm, N-methylimidazole.
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numerous experimental data obtained by different physical methods,*'*? according to which
the most probable sixth ligand of P450 is oxygen. The results obtained by the NMR method
will be discussed in Section IV of this review, and now we discuss the use of ESR for
solving the problem of interest.

ESR and absorption spectra of cytochrome P450_,,, with different oxygen-, nitrogen-, and
sulfur-containing ligands were registered.*>** A comparison of these spectra with ESR spectra

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

146 CRC Critical Reviews in Biochemistry

of the native P450 (Table 3) indicates that either the oxygen atom in the water molecule or
a hydroxyl group of the corresponding protein amino acid is the sixth ligand. Differences
in the g-factors of ESR spectra of the native P450 (Table 3) and of P450 in the presence of
potential ligands make it possible to reject some candidates for the native cytochrome P450
ligands. However, the similarity of g-factors of ESR spectra of the native P450 and of P450
in the presence of a ligand is not sufficient to assert that a given compound is the ligand of
the native P450. In fact, for the native P450,,,, and P450,,, in the presence of 2-phenylim-
idazole, propanethiole, and 1-pentanol, g-factors are nearly the same. However, a comparison
of the effects of 2-phenylimidazole and 1-pentanol on the line widths and intensities of ESR
spectra of P450,,,, (Figure 2) clearly indicates that histidine is not the ligand of the native
enzyme. pH-Dependence of ESR spectra of cytochrome P450,,, (Table 3) in the presence
of propanethiol, which is not detected in the native protein, allows one to reject propanethiol
as a possible ligand of P450. The spectral characteristics of the complexes under consideration
obtained by ESR and other methods (e.g., absorption spectroscopy and MCD) suggest that
the most probable sixth ligand of the native P450 is an oxygen-containing ligand.

In 1982, two other research groups*-** arrived at the same conclusion based on the
comparison of absorption spectra of the native cytochrome P450 and P450 in the presence
of various ligands. (Cytochromes P450 and P448 were from rabbit liver.)

ESR data on model low molecular weight systems (see Table 2) provide evidence that
the oxygen of the hydroxyl group is the sixth ligand. Additional support comes from an
empirical analysis of the ligand field parameters made by Ullrich et al.** by the procedure
described in Reference 19 for complexes modeling the structure of the active center of P450.

We should note that most authors of the works discussed here restrict themselves to
comparison of ESR spectra of P450 with those of model systems. In this instance, the works
by Sakurai et al.***" seem to be exceptional among others. The authors used ESR and
absorption spectroscopy methods to characterize hemin complexes with various thiol-con-
taining ligands and tested their hydroxylation activity toward acetanilide and aniline (sub-
strates for P450). Also, they compared the products of oxidation of the compounds obtained
in microsomal and model systermns.3¢*7-%6 These studies prove the necessity of the presence
of a thiolate ligand to achieve structural identity of a model with the active center of P450,
as well as the importance of using this ligand for modeling monooxygenase functions of
P450.

Note that in Reference 47, along with experimental results indicating that oxygen is in
the sixth ligand, some theoretical speculations are also given. According to these, such a
strong donor as imidazole cannot be a ligand trans to a strong ligand, such as thiolate, and,
consequently, the sixth ligand in P450 must be a weaker compound.

Thus, ESR in combination with other physical methods, such as M&ssbauer, UV spec-
troscopies, MCD,** and CD*® has allowed for an insight into the nature of the sixth ligand
in different cytochromes P450.

E. Study of the Interaction of Substrates and Inhibitors with Cytochrome P450

The d-orbitals of the oxidized cytochrome P450 have five electrons. As we have already
mentioned, two spin states of the Fe** jon are possible: S = 1/2 (low spin state [l.s.]) and
S = 5/2 (high spin state [h.s.]). The existence of spin equilibrium between the high and
low spin states has been found in cytochromes P450 isolated from different sources.*-*!
Spin equilibrium in hemoproteins is usually brought about by the change in the ligand state
of the heme iron: 6-coordinated state of the heme is a low spin state and 5-coordinated state
is a high spin state,'® that is, the key role in establishing the spin equilibrium is played by
axial ligands. Transitions between the states h.s. 2 L.s. in P450 are accompanied by slight
energy alterations. Therefore, the spin equilibrium is affected not only by the nature of the
ligand but also by temperature, pressure, pH of medium, concentration of salt in solution,
and other factors.3!
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Table 3
ESR PROPERTIES OF P450_,,, LIGAND COMPLEXES
Complexes g. © gy 2. Ref,

P450,,,.* 2.45 2.26 1.91 43, 52, 53
P450 other 2.39—246 2.23—2.30 1.90—1.93 33
Oxygen donors

1-Pentanol® 245 2.27 1.93 43

Cyclohexanol® 2.46 2.27 1.91 43

p-Cresol® 2.43 2.27 1.93 43

Cyclohexanone® 2.46 2.27 1.91 43
Normal nitrogen donors

1-Methylimidazole® 2.54 2.26 1.87 6

Imidazole® 2.56 2.27 1.87 53

N-Phenylimidazole® 2.47 2.26 1.90 33,53

2-Methylimidazole® 2.62 2.28 1.85 43

1-Octylamine® 2.49 2.26 1.89 6

Pyridine® 2.48 2.26 1.88 53

Metyrapone® 2.48 2.26 1.88 6
Abnormal nitrogen donors

2-Phenylimidazole* 2.41 2.25 1.91 53

Benzimidazole® 2.44 2.28 1.93 43

Indole® 241 2.26 1.93 43
Sulfur donors

Propanethiol*< 2.42 2.25 1.92 43

Dimethyl sulfide* 2.47 2.26 1.89 53

Dithiothreitol*¢ 2.42¢ 2.24° 1.93¢ 43

2.387 2.24f 1.947% 43
2.36¢ 2.24s [.9528+ 43

Camphor-free.

Camphor present.

pH = 5.5.

Examined over the pH range 7—9.

Thiol-bound form predominates at pH 7.

Major thiolate-bound form which predominates at pH 9.

¢ Minor thiolate-bound form observed at pH 9.

*  Expressed to 3 decimal places for comparison with the second g ~ 1.95 signal seen.

a n o =

-

The great interest in the spin states of cytochrome P450 is explained by the fact that its
substrates and inhibitors affect the spin equilibrium. The ESR method is not applicable for
the study of the spin states of P450 at room temperature because, due to the short time of
electron relaxation of the heme iron, ESR signals are unobservable. ESR is used to analyze
the spin states at low temperatures of liquid nitrogen or helium. For room temperatures,
optical methods are mainly used because position of the Soret band in the spectrum depends
upon the spin state of hemoprotein.* The high spin state is characterized by the maximum
of the Soret absorption at short wavelengths (390 nm) and the low spin state by the maximum
at longer wavelengths (418 nm).

Most compounds oxidized by cytochrome P450 produce a shift of the Soret absorption
to the blue region (type I substrates). Compounds having donor groups shift the Soret
absorption to the red region (type II substrates). It is assumed that these latter compounds
can interact directly with the heme iron of P450 and occupy position of the sixth ligand by
displacing a weak ligand of the native P450.

ESR spectra of cytochrome P450,,,, were shown to change in the presence of camphor

* For correspondence of results obtained with both techniques, see Section II.H.

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

148 CRC Critical Reviews in Biochemistry

Ferric P-450-CAM

- CAM FREE
=== Plus 2-Phemylimidazole

e Plus 1-Pentanol
AAS"

'l I Il

3000 3400 3800
MAGNETIC FIELD, GAUSS

FIGURE 2. ESR spectra of ferric P450,,,, P450,,, oxygen donor complex, and P450,,, ab-
normal nitrogen donor complex. Top, solid line is fermic P450,,,, 220 uM. Dashed line is the
same sample after addition of 2-phenylimidazole. Final protein concentration, 214 pM, ligand
concentration, 14.6 mM. Botiom, P450 + 1-pentanol. Protein concentration is 220 pM; ligand
concentration, 642 mM. (From Dawson, J. H., Andersson, L. A., and Sono, M., J. Biol. Chem.,
257, 3606, 1982. With permission.)

(type I substrate);*? the intensities of signals corresponding to the low spin state decreased,
and the g = 8.4 and 1.8 signals appeared (see Figure 3).** The content of the high spin
state was 60% of the total content of the enzyme. Introduction of N-phenyl imidazole caused
the disappearance of the high spin P450. The parameters of the zero field splitting were
determined for P450,,,, (D = 3.8 cm™', E = 0.33 cm~', and E'D = 0.087), and the
rhombic type of ligand surrounding the Fe** was discovered. A detailed study of P450,,,,
by ESR*’ revealed that camphor also produced a new form of the low spin P450; an unusual
low spin form having g = 2.42, 2.24, and 1.97 appeared, along with the usual form having
g = 2.45, 2.26, and 1.91. The temperature behavior of the low spin forms was different,
that is, as the temperature was varied from 2.9 to 50 K, the behavior of ESR signals of
both forms was the same and obeyed Curie’s law, whereas at temperatures above 50 K the
line intensities of g = 2.42, 2.24, and 1.97 signals decreased and fell to O at approximately
100 K. Interestingly, addition of the camphor oxidation product, 5-exohydroxycamphor, to
P450 produced P450 with other spectral characteristics: g = 2.48, 2.24, and 1.90.

Sato et al.** compared ESR spectra of high-spin Fe(IIl) porphin model systems and of
mammalian-liver microsomal P450. A comparison of g-values and line widths as functions
of temperature and microwave power saturation demonstrated that ESR characteristics of
P450 were more similar to those of Fe(IIl) porphins which had the thiolate axial ligand than
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FIGURE 3. ESR spectra of m® (P450,,,) and m™ (P450,,, + substrate). Spectra of 2 mM m™ (top) or
640 uM m" (bottom) were measured in 50 mM K* PO, buffer, pH 7.1, S = camphor, 3.5 mM. Measurement
parameters were as follows: T = 12 K, modulation amplitude = 12.5 G, modulation frequency = 100
kHz, microwave power = 0.5 mW, time constant = 0.3 sec, receiver gain = 500, scan rate = 500 G/
min. (From Lipscomb, J. D., Biochemistry, 19, 3590, 1980. With permission.)

to the other model systems in which no thiolate ligand was involved. On the other hand,
P450 was shown to have a small zero field parameter D in contrast to the relatively large
D value in thiolates. Thus, the authors concluded that the difference observed could result
from the peculiarities of the surrounding of the active center of P450.

Formation of the high spin form of cytochrome P450 in the presence of type I substrates
is typical for P450 from other sources as well. As ascertained by ESR and other optical
methods, in adrenal cortex mitochondrial cytochrome P450 in the presence of deoxycorti-
costeron, cholesterol, and other type I substrates, part of the low spin form (g = 2.24)
decreases, whereas part of the high spin form (g = 7.9) increases.***® At the same time,
type II substrates, such as pregnenolone, 20a-hydroxycholesterol, and aminoglutethimide
diminish the content of the high spin form and increase that of the low spin form.>”-* In
this case, the low spin form of P450 is different from the native low spin form (compare
g= 2.405, 2.24, 1.92 and 2.42, 2.25, 1.91). Formation of the low spin form of adrenal
cortex mitochondrial P450 in the presence of 20a-OH-cholesterol having g-values other than
those of the native P450 has also been reported by Mitani et al.%®

It should be noted that the shift of the equilibrium l.s. 2 h.s. to the high spin form of
cytochrome P450 under the action of type I substrates and stabilization of the low spin form
in the presence of type II substrates are characteristic of various types of P450 from various
sources. Kumaki et al.®' have shown by ESR and absorption spectroscopy that in the presence
of type I substrates (cyclohexane and chloroform) the content of the high spin form (g =
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8) increases and that of the low spin form (g = 2.24) decreases. At the same time, intro-
duction of the compounds which produce optical spectra of type II (octylamine and meth-
ylimidazole) into rabbit microsomes induced by B-naphthoflavone led to a decrease in the
portion of the high spin form and to an increase in that of the low spin form. A similar
behavior was revealed by the compounds which, when bound with P450, produced reverse
type I changes (acetone, ethanol, and propanol). Therefore, it is obvious that in many cases
the type 1 substrates shift the spin equilibrium to the high spin form, with the content of
this form sometimes being up to 80% of the total content of cytochrome P450, while the
type II substrates stabilize the low spin state of P450.

It should be emphasized that the use of ESR made it possible to investigate not only the
effect of substrates and inhibitors for P450 on the h.s./].s. ratio but also the effect of substrates
on the active center of P450. To our knowledge, the first work where ESR was employed
to solve this latter problem was that by Cammer and co-workers.%? They found that aniline,
aminopyrine, and hexobarbital (HB) changed the position and shape of ESR signals of liver
microsomal P450, the most sensitive being a g = 2.42 signal. ESR spectra of adrenal cortex
microsomal and mitochrondrial P450 were sensitive to substrates of a steroid nature, and
their effect was analogous to the action of aminopyrine and HB in liver microsomes and
opposite to the action of aniline.

The relative simplicity of registration of low-temperature ESR spectra of cytochromes
P450 from different sources has encouraged many scientists to use ESR for the study of the
interaction of substrates and inhibitors with P450. For instance, Estabrook et al.'*** have
registered variations in the ESR spectra of different cytochromes P450 in the presence of
ethanol, aniline, and metyrapone.

ESR spectral parameters for adrenal cortex P450 registered by Schleyer et al.**% in the
presence of various compounds capable of interacting with the active center of the enzyme
are compiled in Table 4. It is clearly seen in the table that the spectra are sensitive to such
compounds.

Currently, a vast amount of experimental data has been accumulated on the effect of
substrates, inhibitors, and their analogs on ESR spectra of different cytochromes P450.
Though theoretical models are available which allow for estimating the ligand field param-
eters from g-values,'®?' a quantitative description of interactions of individual groups of
substrates with the active center of P450 remains quite a complicated problem. Clearly, the
accumulated experimental material should be fully realized and systematized. Nevertheless,
the practical value of the method is evident: in many cases ESR is more sensitive to
interactions of P450 with substrates and inhibitors than optical methods. By way of example
of the ‘‘practical’’ applications of ESR, we may cite the works by Rendic et al.,***” who
studied the interaction of drugs such as cimetidine, ranitidine, and their synthetic analogs
with rat and rabbit liver microsomal cytochromes P450. Those compounds produced ESR
spectra of type II. ESR spectra of P450 were shown to alter upon addition of the drugs:
there appeared g = 2.53 and 2.48 signals in the presence of cimetidine and ranitidine,
respectively. Although the total integral intensity of ESR spectra did not change, i.e., there
was little effect on the spin equilibrium, appearance of new low spin signals indicated a
possible substitution of the endogenous ligand of P450 by the donor group of the substrate.
Sono and Dawson® compared the capabilities of cytochrome P450 and myoglobin to interact
with anionic ligands (CN~, Ny, RS, etc.) in the sixth ligand position. From the changes
in ESR spectra of iron, the authors concluded that the endogenous thiolate ligand to the
heme iron of P450 predominated over anionic trans ligands in determining the spin state as
well as the ESR characteristics of the resulting complexes. The dramatically lowered anionic
ligand affinity of P450 as compared to myoglobin may be ascribed to the increased electron
density of the heme iron owing to its endogenous axial ligand.
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Table 4
EFFECTS OF STEROIDS
AND OTHER AGENTS ON
THE g-TENSOR FOR P450
FROM THE ADRENAL

CORTEX®*

Addition 8. g, 8
None 2.42 2.24 1.91
DOC* 2.40 2.24 1.92
Pregnenolone 2.40 2.24 1.92
Metyrapone 2.46 2.25 1.90
Pyridine 2.52 2.25 1.88

DOC. deoxycorticosterone.

F. Is the Spin State of Cytochrome P450 Important for its Functions?

Binding of type I substrates to cytochrome P450 has been mentioned to shift the spin
equilibrium to the high spin form. Molecular structures of type I substrates preclude the
possibility of their direct binding to the heme iron of P450. The action of substrates on the
spin state seems to occur through the change in the protein conformation which, in turn,
affects the state of the heme axial ligands.

A detailed analysis of the spin equilibrium of P450*° gave quantitative thermodynamic
characteristics for room temperature (Table 5).

Camphor is known to bind more strongly to the high spin state of P450 than to low spin
state. It is essential that binding of camphor to P450 changes the redox potential from — 340
mV for the oxidized cytochrome P450 to — 170 mV for the enzyme-substrate complex. The
same behavior of redox potentials has also been observed in adrenal cortex mitochondrial
cytochrome P450.% As found, the substrate, cholesterol, provides transition of P450 to the
high spin state and enhances the potential from —412 mV up to —305 mV. At the same
time, the product of cholesterol, pregnenolone, induces transition of P450 to the low spin
state and decreases the potential down to —370 mV. It is important that adrenodoxin, which
forms the complex with P450, increases part of the high spin form of P450 as suggested by
ESR data. In this case, the redox potential of the lowspin state decreases by 20 mV. This
change in the redox potential has to facilitate a subsequent step of the process, i.e., reduction
of this complex with the first electron (see scheme {*}] in Structure A).

Rein and co-workers™ have found a correlation between the content of the high spin form
of P450 LM, and the rate of reduction of P450 (fast phase). They have compared different
thermodynamic and kinetic values characteristic of the oxidation of various substrates of
cytochrome P450. According to the authors, there is a proportional correlation between the
high spin state and the oxidation rate of various substrates. Eight tertiary amines (benz-
phetamine analogs) which are substrates for P450 (phenobarbital-induced rat liver) have
been analyzed by Rein et al.”" The amines shift the spin equilibrium to the high spin state.
A correlation between the content of the high spin state and the reduction rate of P450 has
also been observed. As the content of the high spin state increases, AA_,,* corrleates with
Ve Of the formation of formaldehyde, which is the product of N-demethylation of the
above tertiary amines.

Since as we have mentioned previously, the various external factors affect the spin state
of P450, the energy barriers of the high and low spin states are low, and transitions occur
very rapidly (10~ to 107° sec),**-? indeed, it would be tempting to ascribe to them the

* AA,_,, is the maximal amplitude of spectral variations that reflects the number of molecules of P450 which
are capable of binding with the substrates.
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Table §
THERMODYNAMIC PARAMETERS OF THE
CYTOCHROME P450,,,, SPIN EQUILIBRIUM*#

—-AS -AH AG K

(eu) (kcal/mol) (kcal/mol) (20°C)
P4507 «P450, 30.2 10.3 -1.44 0.084
P450"; «*P450;* 13.8 2.5 +1.59 15

Note: Oxidized (ferric) cytochrome, P450; oxidized (ferric) cytochrome +
substrate, P450"*;eu = entropy unit.

) = [[—1;94—5507?3- = exp [~AS/R + AH/RT]

role of triggers in the entire multistep process of oxidation (scheme [*] in Structure A). It
would be valid if the reduction of cytochrome P450 by the first electron (position 2 in
Structure A) be the rate-determining step of the oxidation, as was suggested in Reference
73. However, in many cases the hydroxylation proceeds much more slowly than reduction
of P450: the rate of N-demethylation of ethylmorphine is 8.6 nmol/min/mg of the protein
and the rate of P450 reduction (under the same conditions) is 150 nmol/min/mg of the
protein.” This means that the reduction of P450 by the first electron is not the rate-deter-
mining step of the process. Note that Guengerich’ found no correlation between the oxidation
rate of a number of substrates by some forms of P450 and their redox potentials.

A possible effect of the high spin state of P450 on the overall oxidation process can be
as follows.”™ According to Wigner's rule, the total spin of the system should be preserved
during the reaction course. Since, as is known, the reduced P450 (step 3 of the scheme [*]
in Structure A) is a high spin state (S = 2),7 it is readily seen that transition of the high
spin, oxidized P450 to the high spin, reduced form is preferable:

Fe** (S = 1/2) + e (= 1/2) % Fe** (S
Fe3* (S = 5/2) + e (= 1/2) — Fe** (S

2)
2)

On the other hand, it is quite probable that thermodynamic and statistical factors play a
more important role in the preferential electron transfer on the high spin Fe** ion compared
to the low spin Fe** . Contribution of these factors has never been considered in the literature,
although the data on spin effects during recombination of radical pairs indicate the importance
of these factors.”

Thus, it is seen that despite the existing works on the subject, the functional importance
of the spin state is still unsettled.

G. ESR Spectra of Different Forms of Cytochrome P450

As mentioned previously, functions of cytochrome P450 differ depending on its locali-
zation: liver, adrenal cortex, etc. Moreover, induction in animals gives rise to isoforms of
P450 which differ in some parameters: molecular weight, primary structure, substrate spec-
ificity, etc. The ESR method was found to be useful for the determination of spectroscopic
parameters of the Fe** ion in various isoforms of P450, as well as for the assessment of
the content of high and low spin components resulting from different types of inductors.

A useful work has been done by Ebel et al.,”® who have shown that the type of buffers
can have a marked effect on ESR spectra of low spin forms of different cytochromes P450
(P450 LM [PB], P450 LM [3-MC], P450,,,). This observation requires great care be given
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to interpretation of differences in g-factors and types of symmetry of ESR signals in cyto-
chromes P450.

ESR spectral parameters of various cytochromes P450 are listed in Table 6.8°% Attention
should be given to the similarity of g-factors of the low spin forms. This can reasonably be
explained by the identity of the ligand surrounding the Fe’* in various cytochromes P450,
where a certain role is played by the endogenous thiolate axial ligand. One can naturally
suppose that different substrate specificity of isoforms of P450 is attributed to different amino
acid compositions in the region of the active center of the enzyme, different interactions of
these amino acids with the phospholipid surrounding, and, as the result, different confor-
mations of the active centers.

As is seen in Table 6, some native forms of cytochromes P450 (P448) have a high spin
state, along with a low spin state. It has been found that partial purification of the microsomal
P448 decreases percentage of the high spin state and increases that of the low spin
state.®-82 On this basis, a conclusion has been made that the high percentage of the high
spin state observable in some types of P450 is accounted for by the presence of an endogenous
substrate in the active center. However, this substrate is not covalently bound to P450, as
follows from the experiments with “C 3-MC inductors. At the same time, the substrate
specificity and enzymatic activity of P450 preparations remain unchanged after purification.
Note also that the ESR spectral parameters of various high spin states are different (see
Table 6). This fact makes it possible (in the presence of several high spin states of P450)
to follow specific interactions of substrates with each state, and the behavior of the
equilibrium h.s. 2l.s., as well as the effect of ether stress on the concentration of these
states,® etc. Kumaki et al.®' have investigated the effect of three common inductors: phen-
obarbital, B-naphthoflavone, and 3-methylcholantrene, on the h.s./l.s. ratio in liver micro-
somes obtained from five different animals. This ratio was found to depend on both the
type of animal and inductor. The common feature for all animals was that phenobarbital
induction decreased the h.s./l.s. ratio, whereas induction by B-naphthoflavone and 3-meth-
ylcholantrene increased the ratio.* The ESR method is fruitful when applied to multiple
forms of purified cytochromes P450 and P448 from rabbit microsomes.®? Induction by
methylcholantrene produced an isoform of P450 which was a high spin state, and the nonionic
detergent emulgen 913 provided transition of the protein to a low spin state. As follows
from the comparison of ESR parameters, P448 is similar to LM4 induced by B-
naphthoflavone.®’

When isolated, cytochrome P450,. can also be in different spin states. Special designations
have been proposed:** P450, . (CH) — containing cholesterol; P450,.. (SF) — containing
steroid free protein. ESR was used to study the interaction of P450_.(CH) and P450, (SF)
with various derivatives of cholesterol and with its oxidation product, pregnenolone. The
content of low spin states of both P450 for these cases can be found in Table 7.

Different effects of metyrapone and SKF-525 on low and high states of P450 in control
and phenobarbital-induced microsomes (ESR + UV spectra) allowed Grasdalen et al.®* to
propose the heterogeneity of P450 in rat liver microsomes.

Thus, the ESR method is a convenient tool to examine spectral differences in different
forms of P450. Of great practical value would be the establishment of a correlation between
the type of ESR spectra of a given form of P450 in the presence and absence of substrates
and its substrate specificity. The work in this direction has just begun.

¢  The h.s./l.s. ratio was determined from the ratio of peak intensities of ESR signals, g = (8)/g = (2.24). This
procedure is correct provided that the shape and line width of an ESR signal remain constant. In Reference
61, no data are given on the analysis of the shape of ESR signals of high and low spin states of cytochrome
P450 as a function of temperature. Therefore, for the quantitative determination of the concentration of these
states of P450, it is recommended that the method of double integration of ESR spectra and a corresponding
standard be used.**'
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Table 6
ESR PARAMETERS FOR FERRIC CYTOCHROMES P450
FROM A VARIETY OF SOURCES

Cytochrome P450 g-Values g-Values
sources (low spin) (high spin) Ref.
Microsomes

Rat liver, C 241, 2.25, 191 23
Rat liver, PB 2.417, 2.255, 1.915 80
Rat liver, 3-MC 2.417,2.248, 1912  8(7.9), 3.7, 1.7 80, 81
Rabbit liver, PB 242,225,192 79
Rabbit liver, 3-MC 242,225,193 8,37, 1.73 82

Adrenal Cortex Mitochondra

P450, 4" 2.42, 2.26, 1.91 7.9 57
P450,. 242,225, 1.92 8.2, 8.1 59
Partial purified P450, , 2.42,2.24, 191 88
Purified P450
P450,,.. 2.45, 2.26, 1.91 7.88, 3.85, 1.78 52
P450 LM2 2.43,2.25, 1.93 87
P450 LM4 2.42,2.264, 1.93 8.36, 3.84 87
P450,.. 2.414,2.24, 1.904 89
P448(rabbit)3-MC 2.42,2.23, 1.91 7.88, 3.85 92
P450(rabbit) PB 241,223, 19 92
(+2.37)

Note: C, control; PB, phenobarbital; 3-MC, 3-methylcholantrene.

in References 83 to 86.

Table 7
PERCENTAGE OF P450 PRESENT AS LOW SPIN
HEME®
Addition P450, (CH) P450,.(SF)
None 35 85
Dioxane* 38 92°
Cholesterol 40 69°
20R, 22R — dihydroxycholesterol 36 41
22 — ketocholesterol 70 104
22R — hydroxycholesterol 85 100
20a — hydroxycholesterol 83 100
228 — hydroxycholesterol 56 95¢
Pregnenolone 66 8

* This sample contains the same amount of dioxane as is used to add

steroid to the other samples.

The low spin heme species in this sample has the same g-values

and line shape as in the P450, (SF) as isolated.

¢ The low field lobe of the low spin signal overlaps the low field lobe
of the P450,.. (SF) as isolated.

Similar values of g-factors for low and high spin states of P450 were reported
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H. Correspondence Between ESR and Optical Data on Equilibrium in Cytochrome
P450

The content of high and low spin states of cytochrome P450 is usually determined by
optical methods in solution, i.e., at temperatures between 4 to 37°C, and by the ESR method
at temperatures of liquid nitrogen (low spin state) and liquid helium (high spin state). Since
the spin equilibrium of hemoproteins depends upon temperature,® the question reasonably
arises as to whether the results obtained by these two methods are in agreement. A number
of works prove that there is satisfactory agreement between the content of high and low
spin states measured in the same cytochrome P450 preparations at high and low tempera-
tures.®*® The magnetic susceptibility measurements (x) of P450,,,, have indicated that (x)
obeys Curie’s law over the temperature range from — 179 to 20°C. In this range, no tem-
perature dependence of the spin states of P450,,,, was observed, their contents being 76%
h.s. and 24% l.s. Good agreement between the high and low spin states of P450 measured
by ESR and absorption spectroscopy methods was reported (see Reference 97). A useful
comparison of the content of the low spin state of P450,.. determined by ESR at different
rates of freezing was made by Orme-Johnson et al.”* The content of the low spin state did
not change within the experimental error of 3% at a rapid (< 5 msec), moderate (<3 sec)
and slow (20 sec to 1 min) freezing of the preparations in which the low spin state was
predominant. A conclusion was made that an intermediate method of freezing (frozen by
immersion in liquid isopentane at — 140°C) can be used for accurate representation of the
spin state of P450 at room temperature. The same conclusion was made independently by
Ebel et al.”® A comparison of the contents of the spin states obtained by double integration
of ESR spectra at low temperature with the change in absorption at A,g, ., in optical spectra
of P450 at room temperature allowed the authors® to obtain different extinction coefficients
for the change of the spin state in the presence of steroids. The interaction of steroids with
adrenal cortex mitochondrial P450 was studied by ESR and optical methods in Reference
57. The values of K, determined by the two methods were nearly the same.

Thus, as follows from numerous works, the data on the content of spin states obtained
at different temperatures are in good agreement. However, a certain discrepancy between
absorption spectra of P450 from Rhizobium japonicum registered at room and low temper-
atures and ESR spectra taken at low temperatures was reported.” A comparison of optical
spectra of P450 in the presence of saturating concentrations of phenobarbital registered at
room and low (80 K) temperatures indicated that absorption at 390 and 645 nm, typical for
the high spin state, decreased at low temperatures. Neither the ESR spectra of the same
cytochrome P450 (P450c¢) in the presence of phenobarbital revealed the existence of the high
spin state at g = 8. Meanwhile, new low spin states (g = 2.47 and 1.89) were detected.
Another isoform of P450 from Rhizobium (P450b) was in the high spin state both at room
and low temperatures (optical spectra). ESR spectra also indicated the predominance of the
high spin state (approximately 90%).

From all of the above, it follows that for most cytochromes P450 studied the ESR method
gives quantitative information about the ratio between the low and high spin states, which
is reasonably compatible with the data obtained by optical methods at room temperature.

I. Cytochromes P450 and P420 — ESR Study

By many of its functional and spectral properties cytochrome P450 differs from other
heme-containing proteins. For this reason it is commonly described as ‘‘unique’’. However,
this ‘‘unique’’ protein can convert easily to the form characteristic of the majority of hemo-
proteins. When converted, this form in the ferrous carbon monoxide ligated state absorbs
at 420 nm and is known as cytochrome P420.

The conversion of P450 to P420 is brought about by various factors: treatment with SH
reagents, detergents, organic substances (e.g., acetone), pH variations, heating, and intro-
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duction of denaturating agents (guanidine chloride and urea), etc.'® Cytochrome P420 is
inactive with regard to monooxygenation and does not stimulate oxidation of NADPH. An
important question is what is a reason for the difference in the catalytic properties of P450
and P420? Several answers to this question may be given: (1) the forms have different
ligands (axial); (2) the conformation of active centers is different (in the case of P420 binding
of substrates to the active center is impossible); (3) during conversion, the interaction with
other components of the microsomal system can be different. The most reasonable seems
to be option 1 above.

Mason et al.? have shown that treatment of microsomes with SH reagents and change of
pH from neutral to 3.8 leads to some alterations in ESR spectra of microsomal P450: signal
intensity of low spin P450 decreases and a g = 6 signal appears. Under the action of
desoxycholate on adrenal cortex mitochondrial P450, the intensity of ESR signals of both
high spin (g = 7.9) and low spin (g = 2.25) states decreases and a g = 6 signal appears.*’
Introduction of potassium cyanide (KCN) into the system does not change the g = 7.9
signal. However, the g = 6.0 signal is abolished. Fluoride was shown to enhance the
intensity of the g = 6 signal and to affect slightly the g = 7.9 signal. All experiments on
the influence of ligands of the heme iron on ESR signals show evidence that the g = 6
signal belongs to cytochrome P420 having the properties typical for the high spin hemo-
proteins.*” The question of whether sulfur abandons the fifth ligand position upon conversion
of P450 to P420 is crucial for understanding the mechanism of action of P450. From the
fact that SH reagents promote conversion of P450, Mason et al.?*** have concluded that the
thiolate ligand of P450 undergoes some modification. O’Keefe et al.'®' compared the ESR
spectra of NO complexes of P420 prepared by introduction of desoxycholate into rat liver
microsomal P450 with spectra of NO complexes of denaturated hemoglobin which, in this
case, is the 5-coordinated heme protein. The ESR spectra were similar.

On the other hand, Yu and Gunsalus'® believe that during the course of conversion
thiolate remains in the iron environment. They state that the conversion of P450 to P420
occurs under the action of nonsulfhydryl reagents such as acetone and detergents. ESR
spectra of rat liver microsomal P420 prepared by treating P450 with guanidine HC] were
registered.?* A comparison of g-factors of the preparations with those of model complexes
of the type guanidine HCI (heme) mercaptoethanol, as well as determination of the crystalline
field parameters of the systems led the authors to conclude that sulfur remained as the fifth
ligand in P420. A very useful comparison of ESR and absorption spectra of P420,,,, prepared
from P450 by various methods was made by Lipscomb.3? As is seen in Table 8, three
different methods result in P420 forms differing in their spin states. Only the treatment with
acetone produces a low spin state with g-factors corresponding to those of thiolate-containing
heme proteins. The same g-factors of P420 treated with N-ethylmaleimide (NEM [SH re-
agent]) and diethylpyrocarbonate (DEP) (modifying protein groups other than SH group)
indicate the same axial ligand surrounding of the heme of P420 in these preparations.

It should be noted that the use of MCD for investigation of ligand surrounding of cyto-
chrome P420 and of synthesized model systems has not clarified the problem of ligand
surrounding in P420.'® The results of this latter work prove again the complexity of the
problem. Probably, cytochromes P420 prepared by different methods differ in their ligand
surrounding. For insight into this phenomenon, a systematic study of cytochromes P420
prepared from individual forms of P450 by various physical and chemical methods is required.
The formation of different forms of P420 from the same P450,,,, confirms the ‘‘well-known’’
thermodynamic law: ‘‘there is a single order and there are many disorders’’.

J. Application of the ESR Method to Study Molecular Organization of Cytochrome
P450 in Membranes

As we have already mentioned, the problem of molecular organization of the microsomal
system is extremely important for understanding the processes of electron transfer in this
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Table 8
OPTICAL AND MAGNETIC
CHARACTERISTICS OF
CYTOCHROME P420*

Causative  Soret max

reagent (nm)* g-Values®
Acetone 417 2.46, 2.25, 1.91
NEM 419 6, (6), (2)
DEP 380 6, (6). (2)

Note: Parentheses indicate probable values.
Abbreviations used: NEM, n-ethylmal-
eimide; DEP, diethylpyrocarbonate.

*  Measured at 25°C in buffer.
*  Measured at 10 K.

system and for creating artificial oxidizing systems, etc. There are two points of view on
the problem. According to one, in the microsomal membrane, cytochrome P450 exists as
strongly bound clusters that combine several cytochromes P450 and NADPH-cytochrome ¢
reductase.'® An alternative is that the microsomal proteins diffuse freely in the membrane
and the electron transfer from NADPH-cytochrome ¢ reductase 1o cytochrome P450 occurs
atrandom collisions.'® We allow ourselves not to discuss the available experimental evidence
in favor of each of these points of view. It is important to emphasize that ESR studies of
the location of the active center of P450 in the microsomal membrane can be fruitful to
determine the choice between these two alternatives of the functioning of microsomal
monooxygenase systems.

Blum et al.'® and Rich et al.'”” studied the orientation of the heme planes of adrenal
cortex mitochondrial P450 and rat liver microsomal P450 relative to the membrane surface.
With this in mind, they measured the dependence of ESR spectra of P450 located in partly
oriented hydrated multilayers on the angle between the magnetic field, H,, and the membrane
surface (the angle was varied from 0 to 90°). For both types of membranes of P450, the
heme planes were found to be parallel to the membrane surface. Note that this conclusion
is valid for both low and high spin states of P450. Interestingly, similar ESR measurements
of the microsomal cytochrome b, (g = 3.05) have shown that the plane of the heme of b,
is randomly oriented relative to the membrane surface. Naturally, it should be realized that
preparation of multilayers and their subsequent freezing may not correspond in a one-to-one
manner to the true situation in microsomes at room temperature.

A useful methodological approach has been reported’® which allows one to determine by
ESR not only the orientation of the heme plane of P450 relative to the membrane surface
but also to estimate the distance between the hydrophilic surface of the membrane and the
heme. This approach is based on the observation of the shortening of relaxation times of
nuclei in the presence of paramagnetic ions (a well-known phenomenon in NMR).'® Addition
to the microsomal membrane of paramagnetic ions (probes) which have very short times of
electron relaxation and can adsorb on the membrane surface will shorten the time of lon-
gitudinal relaxation (T,) of the Fe** in P450. Since:

T, v+h \r*/ | + 2wv)*- 72

where p.,, is effective magnetic moment of the probe, v is microwave resonance frequency,
r is the average distance between the probes and the Fe?* in P450, 1 is correlation time of
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added probes; with known T, one can estimate r from the Fe>* to the probe on the membrane
surface. The problem consists of finding T,. The latter can be determined either by methods
of stationary saturation of ESR spectra of P450'% or by pulse methods, which are preferable
in many cases.' Although the surface of the microsomal membrane has many binding sites
of the paramagnetic probes, the contribution to the observable T, is made only by neighboring
probes, which follows from a strong dependence of T, of the paramagnetic protein on r (see
Equation 6). 7. of the probe should be determined from independent experiments, which
sometimes is not an easy problem. Finally, it is necessary to examine the membrane structure
variations in the presence of paramagnetic ions.

The method of stationary saturation made it possible to estimate the distance from the
heme of P450 to the paramagnetic label Dy** for mitochrondrial P450 and to the Ni-EDTA
complex for microsomal P450 (r ~ 20 A), 108107

K. New Approaches to the Study of the Structure of Cytochrome P450 by the ESR
Method

It has been indicated that ESR is applicable for the study of cytochrome P450 in states |
and 2 (in scheme [*] in Structure A) because in other functional states of P450 ESR spectra
of Fe ions are not observed. Recently, some analogs of P450 have been prepared which
have in their active centers Co''™'"' or Mn''? ions which can serve as paramagnetic models
of cytochrome P450.

Wagner et al.''® used extraction in the acid/butanone system to obtain apoprotein of
P450,,.,, the content of residual iron being approximately 1 to 2%. Then the heme was
reconstructed to apoprotein. For this purpose, hemin with *’Fe (nuclear spin 1/2) and hemin
with **Fe (nuclear spin 0) were used. The content of P450 so reconstructed was 40% of the
initial apoprotein. ESR spectra of low spin P450,,,, (g = 1.97) were registered in the presence
of camphor. For 3'Fe P450_,,, the signal broadening was observed compared to **Fe P450
(H = 8 G) which was attributed to the hyperfine interaction with the spin *’Fe. Using the
same method, Co protoporphyrin IX was introduced into the apoprotein of P450.''¢-'!!
P450,,,, obtained was capable of binding camphor (K, = 1.5 pM) and oxidizing NADH
and camphor (2.2 and 66.7% of the ‘‘normal’’ P450,,,,, respectively). A detailed analysis
of ESR spectra of Co-substituted, reduced cytochromes P450 in the presence and absence
of oxygen and a comparison of these spectra with those of other Co-substituted hemoproteins
and model Co-porphyrin heme systems suggests that nitrogen-containing ligand does not
enter the sphere of cytochrome P450. These results show evidence in favor of thiolate axial
ligand of the reduced P450. The same conclusions can be drawn from the comparison of
the absorption spectra of complexes Mn(II)-P450-NO and Mn(II)-hemoglobin-O and Mn(1I)-
cytochrome-peroxidase-NO.'"?

Introduction into P450 of paramagnetic ions possessing the properties different from those
of iron (in particular, different times of electron relaxation) can be beneficial for the study
of the geometry of enzyme-substrate complexes by the NMR method (see Section IV).

In conclusion, let us consider two approaches which allow obtaining such information
concerning the structure and functions of P450 which cannot be provided by ‘‘conventional®’
ESR method. We speak of the method of electron nuclear double resonance (ENDOR)'?
and modulation effects of electron spin echo (ESE).''* By taking advantage of ENDOR,
from the effect of changing the frequency that corresponds to the NMR transitions on the
saturated ESR signal of the paramagnetic ion or radical, it is possible to determine the type
of nuclei interacting with paramagnetics. LoBrutto et al.''* employed this method to examine
the ligand surrounding of P450,,, in low and high spin states. As was found, P450,,,, low
spin state has in its sphere an exchangeable proton which belongs to the axial ligand. The
high spin P450 has no water and histidine in its sphere (in contrast to high spin myoglobin)
and is 5-coordinated.
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In late 1983, it was reported that the method of ESE was first used to study the geometry
of the enzyme-substrate complex.''® The enzyme was cytochrome P450_. and its substrates
were cholesterol-22,22-d,, 22-hydroxycholesterol-22-d, and 20-asocholesterol-22,22-d, deu-
terated in different positions. The effects of modulation were studied in the signal of spin
echo of the Fe** in the active center of P450,. (g = 2.24) associated with the interaction
of the unpaired electron of P450,.. with the magnetic nuclei of substrates. A comparison of
experimental and calculated spectra made it possible to evaluate the distance (r) from the
Fe** to deuterium at C22 in the complex of P450 with 22(R)-hydroxycholesterol-22-d,
which was 4 = 1 A,

L. Conclusions

The above consideration of the works on the use of the ESR method for investigation of
the structure of cytochrome P450 allows us to conclude that with the aid of the method it
was possible to (1) identify the nature of the fifth ligand in different functional states of
cytochrome P450; (2) indicate (in combination with other physical methods) a possible sixth
ligand of P450; (3) measure quantitatively the ratio between the low and high spin states of
P450; (4) reveal the differences in the spin states of different forms of P450; (5) study the
interaction of substrates and inhibitors with cytochrome P450; (6) find low molecular weight
heme-containing compounds as models of the active center of P450, some of which possess
a hydroxylation activity; and (7) determine the position of the heme plane of various cy-
tochromes P450 relative to the membrane surface.

The information obtained is valuable for the understanding of the mechanism of action
of cytochrome P450 and of the difference in substrate specificity of various forms of this
enzyme, as well as for the creation of low molecular weight models of P450 having high
oxidation selectivity.

Along with the advantages, the shortcomings of the method are also evident. Alterations
in the ESR spectra of cytochrome P450 during formation of its complexes with substrates
and inhibitors provide no information about the mutual distribution of the Fe** ion and the
oxidized molecule. Observation of many functional states of P450 is beyond the possibilities
of the method.

The accumulated wide experimental material on the influence of substrates, inhibitors,
and ligands on ESR spectra of P450 needs to be interpreted and described taking into account
available theoretical models, which in turn, will possibly require modification and
improvement.

The development of new methodological approaches (some of them have been mentioned
in Section II) seems to be very promising in the future. Among these approaches are ENDOR,
the method of introduction of paramagnetic ions other than Fe** into the active center of
cytochrome P450, the method of spin echo as applied to the study of hyperfine interactions
in the complex of P450 with substrate (inhibitor), and methods of stationary and pulse
saturation of ESR spectra of P450 and of other electron carriers in microsomes for the
determination of their mutual distribution in membranes.

III. STABLE NITROXYL RADICALS AND CYTOCHROME P450

A. Introduction

The advances in the study of the structure, properties, and functions of proteins achieved
using spin labels and spin probes® are well known. Stable nitroxy! radicals (SNR) are typically
used as spin labels and probes. We shall consider the properties of spin labels which are
important for investigation of the structure and functions of cytochrome P450. Note first
that perfectly developed methods of organic chemistry SNRs''”''8 allow (if desired) for
obtaining spin-labeled analogs of many substrates and inhibitors of various forms of P450.
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Such compounds are very useful for investigation of the structure of the active center of
P450. The ESR method, when applied for the study of the interaction of spin-labeled
compounds with cytochrome P450, has evident advantages over the conventional optical
methods: ESR spectra of the free and enzyme-bound compounds usually differ in their
characteristics, which provides for the possibility of determining from the concentrational
dependences the true binding constants and the number of sites of label fixation on the
enzyme. Upon binding the spin-labeled analogs of the substrate and inhibitor to the active
center of P450, it is possible, in principle, to find the distance between two paramagnetic
particles, namely, between the Fe** ion and the N-O- group, i.e., to obtain important
structural information. Spin labels containing chemically active groups can covalently bind
to different amino acid residues of cytochrome P450. Using spin labels covalently bound
to the enzyme it is possible to study molecular mobility of P450''® and, thus, to obtain data
on molecular organization of the microsomal system in natural and artificial membranes.
Due to covalent binding of spin-labeled analogs of substrates to the active center of P450
(affinity modification), one can get valuable information about the structure and geometry
of active centers of different types of cytochromes P450.'%°

Since stable radicals are known to easily reduce to hydroxy! amines which show no ESR
spectra, the processes of electron transfer in microsomal systems can be studied using spin
probes with different lipid solubility.'?!

It should be noted that ESR spectra of some nitroxyl radicals are sensitive to the polarity
of environment® and to pH of media.'* These parameters can, therefore, be examined in
microsomal and reconstituted systems.

In this section we shall analyze the above-mentioned possibilities of spin labels and probes
as applied to the solution of structural and functional problems for microsomal systems.

B. Study of the Interaction of Spin-Labeled Analogs of Substrates for Cytochrome
P450

To our knowledge, Reichman et al.'?? were the first to use the spin-labeled analog of the
P450 substrate. The authors synthesized isocyanide spin label I, which is a paramagnetic
analog of ethylisocyanide substrate'? characterized by type II binding to P450.

C= N<—_—>N-O'

STRUCTURE C

Compound I gives rise to alterations in the difference spectra of the microsomal cytochrome
P450 similar to those of type II substrate.'*® Upon introduction of compound I into micro-
somes, the amplitude of the ESR signal of compound I decreased. However, no broadening
ascribed to the interaction of the Fe** with N-O'— group was observed, although upon
substitution of the sixth position in the Fe** sphere by compound I, the distance between
the Fe** and N—-O- group had to be approximately 6 A. The absence of the dipole-dipole
interaction between the paramagnetic centers suggests that a decrease in the amplitude of
the ESR signal of compound I in microsomes is, most probably, related to the lowered
mobility of this compound in the lipid phase. The dipole-dipole interaction of P450 with
the analog of substrate I was reported.'

Spin-labeled analogs of metyrapone, which is a classical inhibitor of reactions catalyzed
by various cytochromes P450, were synthesized (see References 125 to 127). Metyrapone
(II) binds to P450 as type II substrate:

- The interaction of III with P450,,,, was studied in References 125 and 126. For P450,,_,
the K, values determined by ESR and absorption spectroscopy were found to be close: 1.3
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STRUCTURE D

x 1073 M and 4.3 x 103 M, respectively. In an excess P450,,., 100% of the label was
bound to the enzyme. The interaction of the label with P450 was specific: camphor and
metyrapone displaced Il from the complex. Modeling of the ESR spectrum of III with P450
using glycerol as control made it possible to estimate the distance (r) from the Fe** to N-O-
group in the complex by Leigh's method'?® (r = 6.7 to 8.8 A). Later,'”® ESR spectra of
P450.,.., compound III, and their complexes were studied at 103 K in more detail. Splitting
in the ESR spectra both of P450 and of compound III caused by the dipole-dipole interaction
of the electron spins of these paramagnetics was observed. Modeling of ESR spectra for
system P450,,,.-1I1 was made on the assumption of the dipole-dipole mechanism of the
interaction between the spins. From the comparison of the computed and experimental
spectra, the distance between the Fe** and nitroxyl group was found to be 5.7 A.

The estimated distances range from 6 to 8 A, pyridin nitrogen being, most probably, in
the position of the sixth ligand in the Fe** sphere. The competition between the spin-labeled
analog II1 and camphor for the sites of binding in the active center of P450,,,, indicates that
camphor is localized in the active center at approximately the same distances with respect
to Fe’* as analog III.

Analog IV also binds to a microsomal P450 via type II binding.'?’ In contrast to compound
111, at saturation concentrations of the label, about 30% of P450 is bound, which suggests
a possible multiplicity of the types of microsomal P450 possessing different substrate spec-
ificity. Absorption spectroscopic and ESR measurements of the constants of IV binding to
microsomal P450 yield nearly the same values (K, ~ 1073 M). From the comparison of the
ESR line intensities of analog IV in microsomes in the presence and absence of metyrapone
(this latter displaces analog IV from the P450 complex) by the method described in Reference
128, it ;(:llows that the distance between the Fe’* and N-O' — group of the label is
11 = 1A,

It is well known that paramagnetic ions in solutions significantly broaden ESR signals of
stable radicals due to the dipole-dipole and exchange interactions.'*® This approach was
used'?” to determine the depth of the penetration of the active center of P450 into the
microsomal membrane. Water soluble Fe(CN);~ was used as a broadening agent. These
ions were effective in broadening the signals of analog IV in solution (Figure 4). Within
the experimental error, the ESR signal intensity of analog IV in microsomes was independent
of the concentraion of K,Fe(CN), under the conditions of complete binding of the label with
P450. This result had allowed the authors to give the upper estimate of the distance, r,
between the N-O— group and membrane surface (r = 8 A).

HN-(CH,)7 C-NH O {CHJrNeC
1
0 o
v Vi
STRUCTURE E
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FIGURE 4. Effect of ferricianide on the ESR amplitude of the spin label
IV. EPR at — 180°C, microwave power 30 mW, modulation amplitude § G,
amplification 5 X 10*. Bound spin label: microsomes (protein 53 mg/mf)
cytochrome P450 (91 pM) with 15 puM spin label. Free spin label determined
by further addition of ~2 mg solid metyrapone. (From Ruf, H. H. and
Nastainszyk, W., Eur. J. Biochem., 66, 139, 1976. With permission.)

Other spin-labeled analogs of type Il substrates were studied by Pirrwitz et al.'*'-'*? They
examined the interaction of analogs with cytochrome P450 LM2. These compounds bind as
type 11 substrates.

Figure 5 illustrates an ESR spectrum of analog VI (n = 0 and n = 3) in the presence
of P450. Because of a strong dipole-dipole broadening, a signal of analog VI (n = 0) bound
to P450 was not observed. Using the ESR method, it is possible to determine quantitatively
the concentrations of free and bound labels. The binding curves in Scatchard coordinates
for complex VI (n = 3) — P450 are shown in Figure 6. From these curves, one casn find
both the binding constants and the number of binding sites.

For compounds V (n = 1) and VI (n = 0), the appearance of new lines in the ESR
spectra of P450 LM2 was observed. This observation shows evidence for the interaction
between the paramagnetic centers in the complex of P450 with the spin-labeled substrate
analog. However, an analysis of low-temperature ESR spectra for the determination of
distances beteeen the paramagnetic centers was not made.'»?

Spin-labeled analogs of type 1 substrates for P450, benzene, and naphthalene (VII, VIII,
IX) were first used in microsomal systems by Weiner et al.'3'33

©

viI 1x

STRUCTURE F

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

Volume 20, Issue 2 163

X4

FIGURE 5. ESR spectra of spin-labeled isocyanides VI I— (n = 0), 2 —(n = 3)in
presence of cytochrome P450 (soluble). (E)) = 1.98 X 10°* M, (S,) = 5 X 10°* M.
Microwave power: 10 mW; modulation: 4 G; T: 298 K. (From Pirrwitz, J., Lassman,
G., Rein, H., Ristau, O., Janig, G. R., and Riackpaul, K., Acta Biol. Med. Ger., 38,
235, 1979. With permission.)

Eg

AT
5

1 2 £S,
£0

FIGURE 6. Scatchard plots from ESR spectra obtained from binding of spin-
labeled isocyanide VI (n = 3) to P450 (soluble). (From Pirrwitz, J., Lassman,
G., Rein, H., Jénig, G. R., Pecar, S. and Ruckpaul; K., Acta Biol. Med. Ger.,
38, 235, 1979. With permission.)

In fact, all these compounds bind to microsomal P450 from rat liver via type I binding, K,
being 27 pM (VII), 8.3 pM (VIID), and 10 pM (IX). Interestingly, analog VIII possesses
larger affinity for the microsomal P450 than does the true substrate for P450, namely
naphthalene, whose K, is about 100 pM.'* Such affinity for the active center of P450 can
be accounted for by the presence of four methyl hydrophobic groups in the structure (VIII).
The compound X studied in Reference 137 also binds to P450 LM2 via type I binding, the
values of K, found by optical methods and ESR being nearly the same (approximately ~15

uM).
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STRUCTURE G

Note that the presence of an amine group in the composition of compound X does not change
the type of binding to P450, which seems to be due to the presence of four hydrophobic
ethyl groups, as well as to larger molecular sizes as compared to type II substrate, namely
aniline, whose paramagnetic analog is X. Compound X inhibits N-demethylation of benz-
phetamine (type 1 substrate) more effectively than does SKF-525A, which is a classical
inhibitor of the microsomal oxidation. No paramagnetic broadening in the ESR spectra of
the complex X + P450 is observed, which indicates that individual groups of type I substrates
are significantly remote from the Fe** . Introduction of K,Fe(CN), into the system has shown
that the analog X bound to P450 is inaccessible to the interaction with this hydrophilic
reagent.

Thus, as follows from the above works, by taking advantage of the use of analogs of
P450 substrates and inhibitors, it is possible to obtain information about the size of the
hydrophobic pocket, which is the active center of P450, and quantitative information about
the interaction with the active center of P450 (binding constants, number of centers), as
well as to determine distances from the active center of P450 to the hydrophilic surface of
the membrane and of the protein itself.

C. Study of the Electron Transfer Processes in Microsomal Systems Using SNR
Stable radicals are easily reduced to diamagnetic hydroxyl amines in microsomal systems,
i.e., the following reaction can occur:;

>N-O + e~ + H* - N-OH (N

This reaction is reversible: various oxidants, such as oxygen, H,0,, and K,Fe(CN),, oxidize
hydroxylamine to the radical. If one excludes the possibility of reduction of radicals with
sulfhydryl groups of microsomal proteins and endogenous reductants, the main route of
reduction is that with flavin-containing proteins and cytochromes in the presence of NADPH
and NADH. (These cofactors by themselves do not provide reduction.)

Stier and Sackman'?' have suggested that Equation 7 be used for the study of the molecular
organization of the microsomal chain. They employed two spin probes:

-P
CHCHY ~CleHycooH PO

aiANe!
CH, N
CH, |

x1 Xr1

STRUCTURE H

XI (a spin-labeled analog of stearic acid) penetrates into the microsomal membrane, as
suggested by its strongly immobilized ESR spectra. The hydrophilic probe XII (TEMPO-
phosphate) was in the aqueous phase. As follows from the temperature dependence of the
ESR spectra of membrane-bound XI (4 to 47.5°C), in the course of melting, the phase
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transition does not occur in microsomes (Figure 7a). At the same time, the dependence of
the rate of reduction of XI upon addition of NADPH to the microsomes shows a pronounced
bending at 30°C, in contrast to the same dependence for water-soluble probe XII (Figure
7b). In this case, the activation energies of the reduction with a spin-labeled stearic acid
differ significantly before and after the phase transition. The existence of the phase transition
during the XI reduction (see Figure 7b) and its absence during melting (Figure 7a) allowed
the authors to suggest a heterogeneous type of distribution of microsomal lipids, and also
to put forward a hypothesis of a mosaic structure of the membrane wherein part of lipids
and surrounding carriers (cytochrome P450 and NADPH-cytochrome ¢ reductase) are in a
rigid quasicrystalline state. Although this pioneering work has its limitations (the role of
cytochrome bs, DT-diaphorase, and cytochrome P450 in reduction as well as that of XI and
XII probes remains unclear; the experiments were made in aerobic conditions in which a
superoxide radical O, '*® capable of penetrating across the lipid membrane'*® and partici-
pating in reduction of nitroxyl radicals is generated in the microsomal system), still it has
demonstrated a principal approach to the use of spin-labeled compounds with different
lipophilic abilities and of the electron transfer processes, which is promising for the solution
of the problems of molecular organization of microsomal systems.
Rosen and Rauckman'® have shown that the XIII radical

2.

o
STRUCTURE |

is reduced in microsomes from liver of PB-treated rats to hydroxylamine when NADPH is
added into the system. This reduction is competitively inhibited by specific inhibitors of
P450, which indicates that P450 is involved in the reduction process.

The spin-labeled VII and VIII analogs of the P450 substrates were also used to investigate
the electron transfer in microsomal system and in reconstituted systems consisting of NADPH-
cytochrome ¢ reductase and cytochrome P450 embedded in liposomes from the total mi-
crosomal lipid.'** The results obtained are listed in Table 9. The comparison of the rates of
reduction of compounds VII and VIII in different systems and of the effect of CO on the
rate of reduction led the authors to conclude that the VIII radical characterized by large
affinity for the microsomal P450 could be reduced directly on the enzyme. This fact confirms
the possibility of one-electron reduction of different electron acceptors on P450.'¢!"'** Of
special interest is a decrease in the reduction rate of VII and VIII upon addition of NADPH-
cytochrome ¢ reductase into liposomes (Table 9). This may be related to different accessibility
of its prosthetic groups (FAD and FMN) to the interaction with radicals possessing different
lipid solubility. Thus, the use of these radicals opens up wide perspectives to study electron
transfer processes in microsomal systems and, on this basis, to obtain information about
topography of active centers of microsomal electron carriers and their interaction in natural
and artificial membranes.

D. Affinity Modification of P450 by SNR

At the moment, introduction of analogs of substrates and inhibitors capable of covalently
binding to some groups of amino acids into the active centers of enzymes (affinity modi-
fication method) is a convenient means to study the structure of the enzyme active centers
and to elucidate the role of individual amino acids of residues in the catalytic act that occurs
in these centers.'**'*5 Treatment of the protein containing an affinity label with proteolytic
agents and a subsequent amino acid analysis of the labeled peptide make it possible to get
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FIGURE 7a. Temperature dependence of the
order parameter S determined from temperature
dependence of the first derivative ESR spectrum
of fatty acid label (XI) incorporated in micro-
somal vesicles. (X1) = 3.8 mM, 42 mg/m¢ pro-
tein, 0.05 M sodium phosphate buffer, pH 7.4.
(From Stier, A. and Sackman, E., Biochim. Bio-
phys. Acta, 311, 400, 1973. With permission.)
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FIGURE 7b. Reduction of the spin labels by mi-
crosomal suspensions in the presence of NADPH.
Arrhenius plot of the initial reduction rate for the
water-soluble TEMPO-phosphate label (@) and for
the lipid-soluble fatty acid label (®). (From Stier,
A. and Sackman, E., Biochim. Biophys. Acta, 311,
400, 1973. With permission.)

valuable information about the amino acid composition of the enzyme-active center. This
method is of special interest for the study of P450 in view of the multiplicity of its forms'#
which are characterized by a pronounced substrate specificity.”

Swanson and Dus'*” used a photoaffinity label, namely 1-(4-azidophenyl)imidazole (API),
to modify P450.,... API bound to P450,,, via type II binding and, in conditions of photolysis
at 313 nm, bound covalently to P450,,,,. After photolysis, a limited proteolysis with BrCN
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Table 9
REDUCTION RATES® OF VII AND
VIII RADICALS IN VARIOUS
CONDITIONS!*

Radicals
System vl vill
Purified NADPH-cytochrome ¢ 3.8 1.0
reductase in solution
NADPH-cytochrome ¢ reductase 2.2 0.61
inserted in liposomes
NADPH-cytochrome ¢ reductase 4.9 25
inserted in liposomes + cyto-
chrome P450
+ CO 4.7 0.6
Intact microsomes 10.7 8.7
+ CO 7.2 5.8

Rate, (M x min~' X [unit act}™') X 10* The
observed reduction rates of VII and V1l were cal-
culated per the activity of NADPH-cytochrome ¢
reductase. [P450] microsomal = 10 nmol per unit
activity, [P450] reconstituted = 6 nmol per unit
activity of reductase.

and a chromatographic analysis on Sephadex® G-75 were carried out. As was found, one
peptide contained 70 to 80% of the heme and label (API had radioactive tritium). Later Dus
and co-workers'“®'%° made experiments with other mercapto- and bromaceto-containing
analogs of P450 substrates and inhibitors and thus identified homologic parts in peptides in
the composition of active centers of different cytochromes P450. As was confirmed,'* in
the region of the heme in the active center of P450, there was a free SH group'*° that could
chemically interact with aklylating analogs of the substrates and inhibitors.

Compound XIV, having an alkylating group, was used for affinity modification of the
microsomal P450;'5' XIV bound to P450 via type 1 binding (Figure 8).

STRUCTURE J

This compound effectively inhibited oxidation of substrates for the microsomal P450:
aniline, naphthalene, and aminopyrine. The inhibition was not associated with the effect of
XIV on the activity of microsomal carriers; at concentrations employed, XIV did not lead
to the conversion of P450 to P420. To verify whether XIV could covalently bind to micro-
somal proteins, the microsomal fraction was divided into the protein and lipid components.
An immobilized ESR signal of XIV was detected in the protein fraction, and a nonimmo-
bilized ESR signal was observed in the lipid fraction. The substrates for P450 prevented
deactivation of the enzyme by XIV. This fact can be regarded as evidence that the observed
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FIGURE 8. Spectral changes induced by (XIV) = RT
with liver microsomes. The left-hand side of the figure
shows spectral changes induced by 50 uM (XIV) ad-
dition (~——), base line (..... ).

deactivation of cytochrome P450 results from the covalent binding of XIV to the active
center, i.e., that XIV is, indeed, an affinity inhibitor.'*' It should be noted also that in the
presence of camphor the rate of the covalent binding of P450,,,, to isobornyl bromacetate
(analog of type I substrate), which is capable of covalently binding to the active center of
P450.,,,, markedly decreased.'*® Moreover, the inhibitory effect of XIV is not attributed to
the presence of unpaired electrons in its structure as supported by control experiments with
its diamagnetic analog.'*'

The ESR method has been found to be an excellent tool to study localization of the spin- .

labeled analog of the substrate in the active center of P450.'*' The influence of microsomes
on the ESR line intensities of XIV and of its nonalkylating analogue XV is illustrated in
Figure 9.

STRUCTURE K

The slow disappearance of the ESR signal of XV can be accounted for by its reduction to
hydroxylamine (such a possibility has been shown for many nitroxyl radicals in natural
membranes). A more rapid disappearance of XIV in the presence of microsomes can be
explained by covalent binding of XIV to the active center of P450; a noticeable broadening
of the ESR signal of XIV occurs due to the spin exchange and dipole-dipole interaction of
>N-O° group with the Fe**. This idea is supported by the retardation of the disappearance
of XIV in microsomes in the presence of metyrapone and aniline (Figure 9). When frozen,
preparations of microsomes characterized by the ESR signal of XIV that had *‘disappeared”
at 303 K showed an ESR signal typical for the frozen solution of the nitroxyl! radical (Figure
10a). When freezing the preparation with the ESR signal of XV which ‘‘disappeared’’ at
303 K, no ESR signal was observed.

As mentioned previously (see Section II, Equation 6) in the presence of rapidly relaxing
P450-Fe** ion, the time of electron relaxation of the SNR becomes shorter. In particular,
this should be manifested in the shift of the saturation curve of the ESR signal intensity of
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FIGURE 9. Time evolution of the central component
(X1V) and (XV) ESR signa! in the presence of micro-
somes. (Radicals) = 10°* M, (P450) = 4 x 10~* M,
(metyrapone) = (aniline) = 10~* M at 303 K (4) (XIV)
+ microsome; (3) (XIV) + microsome + metyrapone;
(2) (XIV) + microsome + aniline; (1) (XV) +
microsome.
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FIGURE 10a. ESR signal of (XIV) in microsomes, 77 K, ESR signal
**vanished’’ at 303 K. (56 mg protein/mé, S X 10-* M P450, 2 x
10-% M spin label), microwave power | mW, modulation amplitude
4 G, amplification 5 x 10

the radical to higher microwave power values. It is seen in Figure 10b that such a shift is,
indeed, observed for XIV covalently bound to P450 as compared to the control saturation
curve of the ESR signal of the radical XIV in lipid. Based on the comparison of the saturation
curves (Figure 10b), the paramagnetic contribution of AT, to T, of the radical and then the
distance between N-O'— group of the covalently bound label and the Fe®* in P450 were
determined by the procedure and formula described in Reference 152:

AT = uz'yz{ 4 24 12}

6r'r, (5(w — ) S + ©) Sw?

where (AT,) ' is the contribution of the Fe** to the relaxation rate of the radical; p = 2.2
MB; MB = 0.93 x 102 erg per gauss is the Bohr magneton; y = 1.77 x 107 rad/sec
gauss; w = 5.78 X 10'° rad/sec (resonance frequency of the label); w, = 6.35 x 10'° rad/
sec (resonance frequency of the Fe?*); 7, = 3 x 10~°sec'?’ is the time of electron relaxation
of the Fe** at 77 K.

Radicals XVI and XVII, along with XIV, have also been used for affinity modification
of the microsomal cytochrome P450.133.!%4
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FIGURE 10b. Microwave power saturation curves of (XIV) at 77 K in microsomes. (@) — control
microsomes, (O)— 3-MC microsomes, (4) — PB microsomes, (ll) — in lipid, modulation amplitude
4G.

XVII is a paramagentic analog of parachloromercurybenzoate which is a reagent modifying
SH groups of various proteins. XVI produces variations in the optical spectra of the micro-
somal P450 similar to those of type I substrates (K, = 300 uM). The authors failed to
determine K, for XVII because of a nonlinear dependence of I/AA on the concentration of
XVI. XVI and XVII efficiently inhibited the oxidation of aniline and naphthalene in mi-
crosomes. In contrast to XVI and XIV, XVII inhibited the action of NADPH-cytochrome
¢ reductase and led to conversion of P450 to P420. The radical XVI bound covalently to
the active center of the microsomal P450, and the distance to the Fe’* found by the procedure
described in Reference 152 was approximately 12 A

From the above consideration, it follows that affinity modification of the active center of
P450 by spin-labeled analogs of the substrates does permit one to obtain structural information
about the enzyme active center. The active center of P450 modified by the radical is shown
in a schematic fashion in Figure 11. Most probably, this is a free sulfhydryl group in the
vicinity of the Fe** that is modified.

Modification of P450,,_, by the spin-labeled analog of NEM by XVIII was studied.'**
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FIGURE 11. Schematic representation of the co-
valent binding of spin-labeled analog of substrate
with SH group in the active center of cytochrome
P450.

The kinetics of modificaion of four SH groups of P450,,,, by NEM and XVIII were identical.
As suggested by ESR, the labels which are covalently bound to the protein are at different
surroundings — one SH group being on the surface of the protein and the three others being
inside the protein globule. Using a series of compounds in which a maleimide group and a
spin label were separated by alkyl chains of different lengths, the authors made an attempt
to determine the depth of the enzyme-active center.

Radical analogs of XIV and XVI were also used for comparative studies of cytochromes
P450 in control, PB, and MC microsomes.'**'** As seen in Table 10, when passing to PB
and MC microsomes, the type of binding of XIV to P450 changes, which indicates the
peculiar structures of the active centers of these isoforms of P450 (in these forms the carbonyl
group of XIV seems to bind directly to the heme). Compounds XIV and XVI inhibited
oxidation of naphthalene and aniline in three types of microsomes (Figure 12). The parameters
of the inhibition were calculated using the scheme proposed for the kinetics of affinity
modification:'*’

E+ Ra2ER—-EZ

where E is cytochrome P450; R is the radical analog of the substrate; ER is a reversible
complex of the reagent with the enzyme; and EZ is the product of modification. For such
systems, the dependence of the residual activity, 1 — EZ/e, (EZ/e, is the extent of modi-
fication) on the concentration of the substrate, r(r, > e,) has the form:

kt

In (1 — EZ/e,) = l+—K/r°
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Table 10
SPECTRAL CHARACTERISTICS OF XIV AND XVI
BINDING TO MICROSOMAL CYTOCHROMES P450'%¢

XIv XVl

Microsomes Microsomes

Control PB 3-MC Control PB 3-MC

Type of binding I I1 1 1 1 I
K, (pM) 90 26 70 300 280 300
Amas 403 422 422 390 395 402
Amin 418 ~400* ~395" 425 425 420
* Broad line.
100
Q.
\’\;\ 80 ® o-C
o, ®-PB
> 60 —_ A—3-MC
G “0 =
< s
fng
20 & 20
0.01 01 1 001 o 3
CONCENTRATION R (mM) CONCENTRATION RJ (mM)

FIGURE 12. Effects of varying concentrations of the inhibitor (XIV) = RT on the yield
of (a) p-aminophenol and (b) a-naphthol. 0.1 M Tris-HC] buffer, pH = 7.6, 5 X 10> M
MgCl,. Concentrations of P450: control microsomes — 2 X 10-% M; PB microsomes —
6 x 107¢ M; 3-MC microsomes — 3 x 10-% M.

where K is the constant of dissociation of complex ER; k is the rate constant of the
monomolecular transformation in the complex; and e, and r, are initial concentrations of
the enzyme and reagent, respectively.'*” The values of K and k for XIV and XVI in three
types of microsomes are listed in Table 11. It should be noted that XIV has a pronounced
affinity for PB P450. The distances from the Fe?* to N-O— groups of the radicals calculated
as described in Reference 152 are compiled in Table 12. From these structural data one
might conclude that the radical analog of the substrates which are covalently bound to the
active center of P450 create a sterical hindrance to the site of binding of the substrates, the
hindrance being more pronounced for PB microsomes. However, a comparison of the effect
of XIV covalently bound to P450 on the parameters of coordination of the substrates with
P450 made in Reference 156 proves that affinity of naphthalene decreases in the same
manner for control and PB microsomes. Thus, it has been concluded that in the case of PB
forms of P450, owing to structural peculiarities of its active center, the analog of the substrate
X1V affects the substrate-oxidation product exchange in the active center.

Some preliminary results of the comparison of the distances between the Fe** and N-O-
group of the analog XIV covalently bound to a purified P450 in solution and to P450 inserted
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Table 11
INHIBITION OF OXIDATION OF
ANILINE AND NAPHTHALENE BY
SPIN-LABELED INHIBITOR XIV!5¢

Substrate Microsomes K, pM k, min-!

Aniline Control 44) 0.5
PB 51 0.53
3-MC 136 0.97
Naphthalene Control 608 0.8
PB 63 0.3
3-MC 390 0.7
Table 12

DISTANCES BETWEEN N-O' GROUP OF
COVALENTLY BOUND RADICAL X1V
AND RADICAL XVI AND Fe** FOR
MICROSOMES'*

XI1v XVl

Microsomes T, (sec™") r () T (sec™) r (A)

Control 2.5 x 10 13.5 5.7 x 10¢ 12.2
PB 9.0 x 10* 11.3 2.5 x 10¢ 13.5
3-MC 5.7 x 10* 12.2 5.7 x 10 12.2

into liposomes from the total microsomal lipid were reported.'*® The distances in the lipid
environment were found to be somewhat shorter than in solution.

The above works prove that affinity modification by analogs of substrates containing spin
labels is useful for elucidation of the structure of the active center of cytochrome P450. By
varying the distance between an alkylating group and a paramagnetic fragment it is possible
to determine the size of a hydrophobic *‘pocket’’ of P450. In principle, this method permits
one to compare the structure of active centers of different types of cytochrome P450 and to
study the conformation of the enzyme-active center in solutions and in natural and artificial
membranes.

E. Application of Spin-Labeled Analogs of the Substrates for Cytochrome P450 In Vivo
Mammalian monooxygenase systems provide deactivation and removal of many drugs
from organisms. Insect monooxygenase systems are responsible for detoxication and removal
of insecticides. There is some evidence that the high resistance of many insects to insecticides
is due to the high activity of cytochrome P450.'*° In this connection, the problem of inhibition
of this enzyme is of great practical value. P450 inhibitors, including affinity ones, were
discussed in detail in Reference 160. It is known that many inhibitors of P450 provide
prolongation of hexobarbital (HB) narcosis'®' because HB is the substrate for P450 and is
oxidized by this enzyme, producing the derivatives exhibiting no narcotic action.'s?

The possibility of action of spin-labeled analog of the substrate XIV on the functions of
cytochrome P450 in vivo has been examined by Popova et al.'®* As found, a preliminary
introduction of XIV into intraperitoneum (i.p.) of Wistar rats prolongs the HB narcosis
(Table 13). To verify whether the observed effect is, indeed, associated with inhibition of
the functions of P450 from rat liver by compound XIV, a microsomal fraction was isolated.
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Table 13
EFFECT OF ALKYLATING
ANALOG OF P450 SUBSTRATE
(XIV) ON HB-SLEEPING TIME IN
WISTAR RATS's

Treatment Sleeping time*(min)
Control 54 + 3 (42)
Treated with XIV 15 min 80 = 5 (30)

before HB injection
Treated with XIV 30 min 76 + 5(22)

before HB injection

Values in parentheses are the number of rats. The
difference from controls were significant using
student’s s-test (p< 0.01). Results are expressed
as means = SEM of HB-sleeping times.

For this fraction, an immobilized ESR signal attributed to the nitroxyl radical was registered,
and the hydroxylation activity of the microsome preparation with respect to the P450 sub-
strates (benz(a)pyrene and aniline) was measured. The activity was found to be 20 and 40%,
respectively, lower than that of the control sample.

It should be noted that introduction of the spin-labeled analog XIV, 15 and 30 min before
the HB injection had nearly the same prolongation effect of HB narcosis (Table 13). Mean-
while, a competitive inhibitor of the microsomal oxidation (compound S, which is a substance
of steroid nature)'®* was effective only when introduced 7 to 15 min before the HB injection.
When the inhibitor was introduced 25 min earlier than HB, the duration of the narcosis was
markedly shorter, which was accounted for by partial oxidation and removal of the inhibitor.
The constancy of prolongation of the HB narcosis with the radical XIV used as an inhibitor
can be explained by the covalent binding of this compound to cytochrome P450 in the same
way as it occurs in the system in vitro.'>* We may hope that investigation of various spin-
labeled affinity inhibitors of P450 that differ in structure and distance between the active
group modifying the protein and the molecule part ‘‘recognizable’” by the enzyme-active
center, etc. will make it possible to create in the future nonspin-labeled highly selective
inhibitors for P450. They might be useful for enhancing the action of insecticides and for
suppressing the resistance of insects. Also, they could be utilized for prolongation of drug
action in organisms, e.g., with the analog of the substrate XIV employed in'é® alkylate SH
groups thus producing a stable covalent bond with the protein. It seems to us that development
of such affinity inhibitors of P450 capable of forming covalent bonds with the enzyme active
centers which further dissociate (e.g., ester bond) is promising in view of the inhibition
control of the process.'®

Furthermore, the efficiency of the inhibitory action of affinity compounds capable of
covalently binding to P450 in the systems in vivo should increase significantly upon intro-
duction of these compounds into liposomes; when injected into an animal, such liposomes
are found in its liver in a short period of time'®* and the system of P450 that oxidizes
xenobiotics is also located in liver cells, therefore, affinity inhibitors of P450 are not lost
on ‘‘their way™’.

In solving these practical problems, the spin-labeled affinity inhibitors are quite fruitful
because the ESR method provides the possibility to (1) determine geometrical characteristics
of inhibitors covalently bound to P450 and to compare them with the observable inhibitory
effects and (2) determine quantitatively the content of spin-labeled inhibitors injected into
liposomes and delivered to the liver microsomal fraction.
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F. Use of SNRs to Study Hydrodynamic Characteristics of the Monooxygenase System
Components

As has been mentioned previously, molecular organization of the electron transfer chain
in monooxygenase systems is unclear at the moment. The available experimental data provide
no convincing evidence to adopt either the cluster'® or diffusion models'® of molecular
organization. In this connection, of special value are those physical methods which allow
for direct quantitative information about the mobility (rotational and lateral) of the com-
ponents of the monooxygenase system in solutions, artificial membranes, and microsomes.
Such information can be obtained with SNR because ESR spectra are quite sensitive to
rotational times.

The ESR method in its ‘‘traditional’’ form was employed to study the interaction of
adrenodoxin with NADPH-adrenodoxin reductase and with adrenal cortex mitochondrial
P450.'%¢ For this purpose, adrenodoxin was bound to the spin-labeled analogs of maleimide:

A :
TN s
N 0—N N
| \I
o 0
STRUCTURE N

XIX can covalently bind to residual tyrosine in the protein and XX modifies SH groups.
An ESR spectrum of the spin-labeled adrenodoxin with XIX was partly immobilized (1, =
2.4 x 107° sec). Complexes with NADPH-adrenodoxin reductase and cytochrome P450
produced an ESR signal of a more immobilized adrenodoxin. The stoichiometry of the
complexes under consideration found by the ESR method was constant and corresponded
to the protein ratio 1:1 (in both cases). '

The sensitivity of standard ESR spectra of nitroxyl radicals to the rotational movement
is limited by the times of rotational correlation 7, < 10~7 sec. At the same time, rotation
of macromolecules in natural and artificial membranes (in which viscosity is two to three
orders of magnitude larger than that of water) occurs at far longer 7. The technique of
registration of the second derivative of ESR spectra of the spin labels with the saturation
transfer'¢’ permits one to determine 7. in biological membranes up to 10~ sec. This technique
was employed to study mobility of several membrane proteins in membranes.'*® Also, this
technique was used by Schwarz et al.''*'*® to determine rotational mobility of cytochrome
P450 LM2 in various conditions. Rabbit liver P450 LM2 was labeled by standard maleimide
spin label. The extent of modification was one to two molecules of the spin label per one
molecule of P450. The spin-labeled P450 was inserted into liposomes from the total micro-
somal lipid. Cytochrome P450 was also labeled with the same label directly in microsomes.'*®
The analysis of SDS gel electrophoresis ('“C label) also confirmed that in this case P450
predominantly (in its different forms) was labeled. Control experiments indicated that mod-
ification of the microsomal P450 LM2 by this label did not affect its properties and that the
label did not interact with its active center, i.e., a group involved in the covalent binding
was at the periphery of the protein molecule. The times of rotational correlation of the spin-
labeled P450 LM2 in different environments are listed in Table 14. From the comparison
of 7, with the times of rotational correlation of the protein calculated by Stocks’ formula 7,
= 4qu’n/kT (the protein was assumed to be spherical, r = 24 A), we may judge that in
solution the P450 LM2 exists in the form of an oligomer consisting of 6 to 8 protein molecules.
In the lipid phase of liposomes and microsomes, the motion of P450 LM2 is anisotropic
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Table 14
OBSERVED AND CALCULATED ROTATIONAL
CORRELATION TIMES AND AGGREGATIONAL
STATES OF P450 UNDER DIFFERENT
EXPERIMENTAL CONDITIONS'"?

Character Aggregational

System T, of rotation state
P450 LM2 in buffer 21 nsec* Isotropic Monomer
solution
P450 LM2 in buffer 200 nsec Isotropic Oligomer
solution (6—8)
P450 LM2 in phos- 21 psec*  Isotropic Monomer

pholipid membranes
P450 LM2 liposomes 180 psec Anisotropic Oligomer

(from microsomal (= 8—12)
PL)

P450 LM2 in 480 psec Anisotropic Oligomer
microsomes (= 8—12)

*  Calculated assuming P450 to be a sphere of radius 24 A.

and there also exist the aggregates consisting of 8 to 12 molecules of P450. It should be
emphasized that the estimates of T, made via Stocks’ formula for the monomeric P450 in
the lipid phase are very approximate because the precise value of viscosity in the membrane
is unknown. These results can be regarded as evidence in favor of the existence of P450
clusters in the membrane.

Schwarz et al.'’ used the label VI (n = 3) to estimate the mobility of the active center
of cytochrome P450 by method of the saturation transfer. Since in this case two types of
ESR signals ascribed to the protein-bound label and to the free label were observed (in
contrast to spin labels covalently bound to the protein), the authors used a broadening agent,
namely K,Fe(CN),, in order to ‘‘remove’’ a signal from the free label.'” Thus, they suc-
ceeded in finding the time of rotation of the label (t. = 40 nsec)'™ using the method of
the saturation transfer of the ESR spectra of isocyanide label bound to the active center of
P450. This time is much shorter than 1. = 480 psec typical for rotation of the protein as
a whole.'s? Based on different behavior of 7_ of the label depending on the temperature for
complexes with purified, partly purified, and microsomal P450, the authors'’! have made a
nontrivial conclusion that such short 7. characterizes high mobility in the region of P450
binding to the substrate. In our opinion, this conclusion seems to be questionable since in
Reference 170 the possibility of additional averaging of anisotropic motion of the label bound
to the active center was not taken into account. In fact, according to Wallach,'”> when there
is a single binding site for the spin label on the protein molecule, the time of rotational
correlation of the label, 1, is expressed as:

7. = 7,11 -‘li (3cos%6, — 1)? ®

where 1, is the time of rotational correlation of polymer; 6, is the angle from the internal
rotation axis of interest to the next internal rotation axis, or, for the last internal rotation,
to the label axis of interest. In the case of the complex of the label with the Fe** ion in the
active center of P450, rotation around single bonds, which according to Equation 8 can
significantly shorten as compared to 7,, is possible.
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These works demonstrate the possibilities of the method of the saturation transfer of ESR
spectra which allow for characterization of rotational mobility of cytochrome P450 in natural
and artificial membranes and, thus, of the molecular organization of the microsomal mono-
oxygenase system.

The use of spin-labeled fatty acids and lipids makes it possible to obtain the data on the
protein-lipid interactions which largely determine the catalytic properties of P450. As an
example of such an approach, note the work by Bosterling and Stier,'” who have studied
the interaction of P450 LM2 with the spin-labeled fatty acids and lipids in liposomes and
microsomes. They have found by ESR that the protein leads to immobilization of fatty acids.
Interestingly, the reduction rate of nitroxyl groups of spin-labeled fatty acids in microsomes
is 10 to 30 times higher than that of reduction of spin-labeled phospholipids. As ascertained
by ESR, the negative charge of fatty acid plays an important role in their interaction with
P450 LM2.

G. Conclusions and Review

The works discussed in this section illustrate interesting and sometimes surprising pos-
sibilities of SNR as applied to investigation of structure and functions of cytochrome P450
and of the entire monooxygenase system. By taking advantage of SNR, it is possible to
study under physiological conditions (1) the mutual interaction of microsomal carriers and
their interaction with the lipid environment; (2) electron transfer processes in natural and
artificial systems; (3) conformation of substrates and the Fe** ion in the active center of
P450; and (4) the size and structural peculiarities of active centers of various types of P450.

The sensitivity of the isotropic coupling constant, A,, and of the hyperfine splitting of
ESR spectra of SNRs to the polarity of the environment allowed Griffith et al.'™ to construct
a profile of the polarity of the lipid barrier of the microsomal membrane using the spin-
labeled analogs of fatty acids and phospholipids containing nitroxyl groups at different
distances from the polar surface.

The recently discovered sensitivity of ESR spectra of some SNR to pH of media'**'”
and the capability of SNR to covalently bind to various proteins and lipids'™ have opened
up a new way to utilize these compounds as effective probes for determining the concentration
of protons in different zones of the microsomal membrane and also in the active center of
cytochrome P450.

In our opinion, the possibilities of spin exchange between spin-labeled microsomal proteins
and lipids which allow for obtaining quantitative data on diffusion and mutual collisions of
proteins in membranes'”’ are used, as yet, insufficiently. New ways of determining diffusional
characteristics of proteins and lipids in membranes can be accomplished on the basis of the
procedure proposed in References 178 and 179, which consists of labeling the proteins and

lipids by various nitroxy] radicals having either *N or "*N in the >N—O'— group. With this
procedure it is possible to observe simultaneously ESR spectra of spin-labeled protein and
lipid or two different proteins.

IV. NMR STUDY OF CYTOCHROME P450 AND ITS COMPLEXES WITH
SUBSTRATES

A. Introduction: Paramagnetic Perturbation of NMR Spectra

NMR is a unique method used to study the structure of active centers in metal enzymes
in solutions under physiological conditions.'®** This method is especially efficient when
applied to cytochrome P450 because it allows insight into the geometrical structure of its

*  For more details see Morris, A. T. and Dwek, R. A., Q. Rev. Biophys., 10, 421, 1977.
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complexes with substrates and inhibitors. The efficiency of NMR (like ESR) in this system
is determined by the presence of the natural paramagnetic label (the Fe** ion) in the active
center of oxidized P450.

The electron spin of the paramagnetic ion gives rise to strong local magnetic fields on
the neighboring nuclei. This leads to a shift of a NMR signal (Knight shift) and shortens
the times of longitudinal (T,) and transverse (T,) relaxation of nuclei. The paramagnetic
shift is inversely proportional to temperature (Curie’s law). The effect of the paramagnetic
ion on the relaxation times of the nucleus of a low molecular weight compound producing
a complex with this ion is described by the Solomon-Blombergen equation'® (we consider
only the expression for T):

1 2EyES(S + 1)[ 31, T ] L2868 + l)A’[ T, ] ©
Tim 15 16 1 + ot |+ it 3 A 1 + wit?

T, is the relaxation time of nuclei in the vicinity of paramagnetic ion; where v, is the
nuclear gyromagnetic ratio; s is the electron gyromagnetic ratio; S is the total electron spin
of the ion; r is the distance between the nuclear and electron spins; 7, is the correlation times
of the dipole-dipole interaction; w, and w are the nuclear and electron precession frequencies.
The second term in the equation describes the contact hyperfine interaction; A/% is the
hyperfine coupling constant; 7, is the correlation time for the hyperfine interaction. It can
easily be shown that for the true values of A (1 < MHz) and for relatively short distances
(r <20 A) the second term in Equation 9 can be neglected. Thus, Equation 9 can be rewritten
as follows:

1 const
—= f 10
T = (Te) (10)
In order to determine r in the enzyme-substrate complex (which is actually the objective of
structural studies), one has to know 1. The correlation time, 7., for the dipole-dipole
interaction of the spin of the nucleus with that of an unpaired electron is found as:

|

1 +—l +—1 an
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where 7, is the rotational correlation time in the complex; 7, is the electron spin relaxation
time of the paramagnetic ion; T, is the lifetime of the complex: ligand-(substrate)-para-
magnetic ion. Now estimate these times for the complex: ligand-(substrate)-cytochrome
P450. In case P450 exists in a monomeric form in the solution, by approximating it to the
sphere with r = 24 A, we obtain 7,, ~ 10~* sec for rotation of the protein as a whole using
the Stocks’ formula. Naturally, in the membrane where the viscosity is larger, or in the
presence of P450 oligomers, this time will be two to three orders of magnitude longer.
According to Reference 181, r, = 5 X 107'° sec for P450,,,, and T, the time of the
monomolecular, dissociation of the P450-substrate complex, is approximately 10~ *to 10~
sec (as follows from optical data). Thus for complexes of cytochrome P450, Equation 11
has the form: l/r, = l/1,.

For the nucleus of the ligand (substrate) which forms a complex with the paramagnetic
center for some period of time, the observable relaxation rate, T, "' ., is described as follows:

1 1
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where 1/T,; is the relaxation rate caused by the effect of the paramagnetic center; and 1/T,
is the relaxation rate in the absence of the paramagnetic center. T, is related to T,,, through
the equation:'®

L = _“‘P_' 13
T Tim + 7w (13)

where P is a molar part of the complex formed. Usually one disfinguishes between two
limiting cases: (1) T,,, > 7, (fast exchange) and (2) T,,, < 7, (slow exchange). In case 1,
from the relaxation time one can calculate the distance, r, via Equation 9. In case 2, the
relaxation time measured is equal to the lifetime of the complex (therefore only the upper
estimate of the distance between the nucleus and ion is possible). The choice of the exchange
mechanism is typically based on the temperature dependence of the observable relaxation
rate, T;', of the nuclei of low molecular weight compounds because T,,, and 7,, depend
differently upon the temperature.'®' )

In Section 1V.B, we shall consider the works dealt with in the study of cytochrome
P450,.., the ligand environment of various cytochromes P450, and coordination of P450
with various substrates using the proton magnetic resonance (PMR) method.

B. PMR Study of Cytochrome P450,_,,

In 1972, Keller et al.'®* published their work in which PMR of high resolution (220 MHz)
was employed to study P450,,,, in ferri- and ferro-states, as well as in the complex with
cyanide. The spectral region from 0 to — 10 ppm contained, as had been reasonably expected,
strongly overlapping signals ascribed to 2500 protons of different amino acid residues of
the protein. However, in the low field of all three forms there were registered signals
indicating delocalization of the spin density from the paramagnetic iron on the ligands, most
probably, of the porphyrin ring. The temperature dependence of the chemical shifts of these
signals obeyed Curie’s law, which proved their paramagnetic nature. Note that the broad
signals in the weak field of ferri-cytochrome P450 (& — 66.5, & — 60, 8 — 42.0, and
8 — 37.5 ppm) were abolished upon addition of KCN; instead, rather narrow peaks
(6 —22.3,8 — 14, 8 — 11.7 ppm) attributed to 3,2(3),3 protons appeared. An important
conclusion made in this work is that the ferro-P450,,,,, is paramagnetic, i.e., is a high spin
state (S = 2) at ambient temperature. The same was found to be true at low temperatures,
as shown by magnetic susceptibility measurements’® and by Mdssbauer spectroscopy.® The
signals that appreciably differed in shifts and linewidths in the presence of camphor and
KCN were ascribed to high and low spin states of P450, i.e., at ambient temperature neither
of these spin states was observed, in contrast to ESR observations at low temperatures.*?-%
The authors explained this phenomenon by the shift of the equilibrium to the high spin state
with the temperature rise. It is not excluded, however, that for ferri-cytochrome P450 at
saturation concentrations of camphor, a rapid (on the NMR time scale) exchange occurs
between the high and low spin states. In this case, an averaged signal should be observed.
On comparing a maximum difference in the chemical shifts between the signals observed
for different ferri-forms of P450 (A8 ~ 55 ppm = 1.2 X 10* Hz) with a frequency (v) of
high-to-low spin transition in P450 (v = 10° to 10° Hz) it is seen that v > A3, i.e., condition
of the fast exchange, is fulfilled. Of special interest seems to be the examination of the
concentration dependence of the paramagnetic shift on the concentration of camphor. From
Reference 183, it follows that high resolution PMR can be very useful for the analysis of
P450 spin states. Surprisingly, rapid development of NMR-Fourier, on the one hand, and
advances in purification and separation of individual forms of P450, on the other, so far
have not led to obtaining more detailed information about spin states and the transitions
between them; to date this information has not been uncovered using other methods.
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Philson et al.'*' registered PMR spectra of oxidized P450,,,, in the absence of a substrate
at 30°C (operative frequency 360 MHz). They detected two peaks (8 = —20 ppm and
8 = — 14 ppm) corresponding to two or three protons in the low field. The temperature
dependence of the shifts obeyed Curie's law. The peaks were presumably ascribed to the
two methyl groups of the porphyrin ring shifted to the low field due to delocalization of the
spin density from the Fe®*. The authors compared the line widths observed (290 and 360
Hz) with those of PMR spectra of other low spin heme proteins. The line widths of PMR
spectra of all known heme proteins were found to be far smaller. The authors thus concluded
that the large line widths were due to unusually long electron relaxation times of the low
spin P450. This conclusion is in agreement with the measurements of 7, of the Fe** using
frequency and temperature dependences, T, and T,, of water protons in the presence of
P450,,,, made by the same authors.

C. Study of the Heme Environment of P450 by Proton Relaxation Method

NMR helps to study the heme environment of metal enzymes under physiological con-
ditions. Additional information can be obtained from the assessment of relaxation times of
water protons because the molecule of water is capable of producing complexes with the
Fe** characterized by short lifetimes. It is possible that either an H,O molecule or a stronger
ligand (a protein amino acid residue) occupies the position of the sixth ligand. According
to Equation 9, in the first case (inner-sphere relaxation) the effect on proton relaxation time
is, naturally, more pronounced than in the second case (outer-sphere relaxation).

These simple ideas form the basis for investigation of proton relaxation of water in the
presence of cytochrome P450. This relaxation has been studied in P450,,,,, P450 and P448
from rat and rabbit microsomes,'8'*” and in purified P450 LM2.'®” For example, the values
of T, of water in the oxidized P450,,,, high and low spin states with and without camphor
were measured for complexes with metyrapone and 4-phenylimidazole.*' To estimate the
distances from the Fe?* to the proton via Equation 9, it is necessary to know 7, for the high
and low spin states of P450,,,, and also the type of exchange (Equation 13). The authors*'
registered the temperature dependencies, T, ', for the four cases: free P450,,,, in solution
and at saturation concentrations of camphor, metyrapone, and phenylimidazole. From the
temperature dependencies it followed that T,,, > 1, for P450 complexes with the substrates
(fast exchange), whereas 1,, > T,,, for P450_,,, without the substrates. For this latter case,
T,m was estimated at 25°C when it was commensurable with 1,,. To evaluate 7,, the tem-
perature dependencies of the linewidths of ESR signals of the low spin P450,,, with me-
tyrapone (g = 1.92) and of the high spin state with camphor (g = 8) were determined.
The room temperature extrapolation yielded identical values of 7,: 3.8 x 107 sec (l.s.)
and 3 X 107'° sec (h.s.). From the estimated distances between the Fe>* and the proton
for all four cases, the authors came to the conclusion that water was the most probable sixth
ligand of the native, oxidized cytochrome P450. In this case, the molecule of water could
be replaced by nitrogen-containing ligands or during the course of the Fe** transition to the
high spin state in the presence of camphor. Though not all the parameters estimated in
Reference 41 are correct (in particular, the calculated distance from the Fe** to the proton
in the absence of the substrates was 2.0 A, compared to the minimum admissible value
2.6 A),'® this work has demonstrated that NMR is excellently appropriate for the study of
the heme environment of P450 and has stimulated further structural investigations of the
sixth ligand of different types of cytochrome P450 by other spectroscopic methods.

Riickpaul et al.'®* compared the proton relaxation times in microsomal P450, purified
P450 in solution, and in a reconstructed system (P450 was from PB-induced rat liver). The
paramagnetic contribution to the relaxation rate was estimated by subtraction of the rates
measured on dithionite CO-reduced samples. In microsomes, the relaxation rate was two
times higher than in the purified P450. Note that addition of the purified NADPH-cytochrome
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c reductase to the purified P450 led to the proton relaxation rate equal to a microsomal one.
Hence, the authors stated that the presence of the lipid did not affect the conformation of
the active center of P450. The temperature dependence of the proton relaxation rate indicated
that the rapid exchange between protons in solution and in the complex and the paramagnetic
Fe** of P450 occurred in all systems of interest. As was shown in later works'®® with P450
LM, the type II substrate (aniline) enhanced two times the proton relaxation rate, whereas
the type I substrate (methphenethamine-HCl) showed a small effect on the relaxation rate.
The authors'®* observed higher relaxation rates for P450 as compared to methemoglobin and
myoglobin. The effect of the types I and II substrates on proton relaxation times in rat
microsomes was also analyzed by Grasdalen et al.'® Type I substrates enhanced the relax-
ation, whereas the substrates and inhibitors, whose absorption spectra indicated the type 11
binding to P450, diminished the proton relaxation rate. Using ESR at low temperatures (7
to 77 K) and absorption spectroscopy at high temperatures (4 to 45°C) the authors determined
the concentrations of high and low spin states of P450 in the presence of types I and Il
substrates, and obtained the water relaxation rates for both states. Grasdalen et al.'®¢ also
made an attempt to find the temperature dependence of the proton relaxation rates for high
and low spin states of P450. Their important conclusion was that the change in the spin
state of the Fe’* caused by its interaction with substrates and by temperature variations
should be taken into account when considering proton relaxation of P450. With spin states
taken into account and with known values of 1, corresponding to these states, one can
correctly estimate r using Equation 9.

A comparison of the proton relaxation rates in microsomal and purified cytochromes P450
and P448 from rat and rabbit livers was made by Maricic et al.'®*” They also examined the
dependence of proton relaxation rates on temperature and frequency, w, (see Equation 9).

The proton relaxation rate of P450 LM2 was found to be independent of the frequency
(range of variations 7 to 72 MHz). It was not, therefore, possible to find a precise value
of 7., an approximate estimate being 107° = 7, > 10~'° sec~'. However, for P448, 1, =
(4.1 = 0.4)-10-" sec™' was derived from the frequency dependence. This time seems to
be due to the high spin state of the Fe** which, according to optical data, comprised 50 to
60% in the sample. Note also that this 7, is one order of magnitude shorter than 7, for the
low spin P450,,,,.'%! From the temperature dependencies it followed that in all samples
studied a fast exchange was accomplished between the bound and free protons. All exper-
imental data taken together allowed the authors to evaluate the accessibility of the heme for
protons and, based on the literature and their own results, to suggest the following order of
accessibility for microsomes: P448,, < P448 ..., < P450,,, < P450,,..,; for purified samples;
P448 ... (possibly with MC) < P450_,,, < P448 , < P450,, < P450,,,,;,. These results have
demonstrated the dependence of the heme environment of P450 on the source and spin state.
Evidently, these data can be useful to explain different substrate specificities of the forms
of P450 and P448.

Investigation of temperature and frequency dependence of P450,,, proton relaxation
was undertaken by Philson et al.'®' As suggested by their temperature dependencies, a
slow exchange 1., > T,,, occurred at low temperatures (0 to 15°C), and a fast exchange oc-
curred at elevated temperatures. Using the assumption that T, ~ exp(—E/KT) and T, ~
exp(— Eg/KT), the authors found the values of E_, and E,. The hyperfine coupling constant
between the proton and the Fe**, (A/h), was estimated proceeding from the T,y to T,,,
ratio. The constants A/h obtained are in good agreement with those found by LoBrutto et
al."'s using the ENDOR method. The corresponding results are compiled in Table 15 (on
the assumption of different numbers of exchangeable protons). By comparing T, for 27.5,
100, and 220 MHz it was possible to determine 7. The distance, r, was calculated by
Equation 9 (Table 15). T,, measurements at different pH (6.4 to 8.6) indicated that the
number of protons bound to iron did not change, and the groups with a pK in this range
did not exist at the site of binding.
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Table 15
PARAMETERS DERIVED FROM WATER
RELAXATION DATE AND THE FREQUENCY
DEPENDENCE OF T,"™!

Electron spin relaxation 1, (25°C) 5.4 X 107 sec
E, 3 kcal/mol
Proton exchange 1, (25°C)(n* = 2) 1.8 X 107 sec
n=1) 0.9 X 107¢ sec
E. 15 kcal/mol
Iron-proton interaction r (n = 2) 29A
m=1) 26A
A/h (n =2) 2.2 x 10*Hz

1) 3.1 x 10°Hz

(n

* n is the assumed number of exchanging protons.

The estimate of T, for the low spin P450 (1, = 5 X 107'? sec) is in conformity with that
found from the analysis of the line widths of the high-resolution PMR spectra (1, ~ 3 X
107 '° sec). These values of 7, are unusually long in comparison with those of other known
heme proteins. The distance between the iron and proton (Table 15) is nearly the same as
the known distances, r, in metmyoglobin and methemoglobin which contain a water molecule
in the heme sphere. However, as was reasonably marked by the authors, their results do
not show evidence at all that the molecule of water is the sixth ligand of P450. In fact,
amino acids, which also possess exchangeable protons, can be the sixth ligands, along with
water. Among such amino acids are Tyr, Ser, Thr (ROH group); Lys, Arg (RNH, group);
Asp, Gln (RCONH, group). It is interesting that histidine proposed in Reference 33 as the
sixth ligand also has an exchangeable 5-N proton, however, when histidine directly coor-
dinates with the heme of P450, its proton must be at a distance of approximately 4.8 A,
which is significantly larger than that observed experimentally (2.6 A). Other amino acids
that are potential possessors of exchangeable protons cannot be considered in this instance
because of the absence of pH effect on the observable values of T,.'®!

Thus, this work ascertains the existence of a weak ligand in the sixth position which
provides a unique configuration of the active center of cytochrome P450. In conjunction
with the results obtained by the ENDOR method and with those discussed by us in Section
II of this review, the PMR data indicate that the most probable candidate for the sixth position
is oxygen either of water or of the OH group of the corresponding amino acid.

Using the affinity modification method, Rickpaul et al.'®® have obtained some evidence
in favor of the tyrosine OH group as the sixth ligand of P450. This result is in conformity
with the data of all spectroscopic methods, which, on one hand, point to the oxygen co-
ordination and, on the other, to the presence of an exchangeable proton in the sphere of the
native P450.

The above works demonstrate interesting possibilities for the proton relaxation method as
applied to the study of the heme environment of cytochrome P450. Unfortunately, researchers
are slow as yet to use this approach for investigation of the peculiarities of the heme
environment in different forms of P450.

D. Study of the Interaction of Substrates with the Active Center of Cytochrome P450

Undoubtedly, one of the most important and intriguing problems of the oxidation of
foreign compounds by cytochrome P450 is in what way P450 oxidizes its substrates. The
questions that naturally arise are (1) why is a substrate oxidized at a definite site (stereo-
specificity)?; (2) what is the mechanism of recognition of ‘‘its own’’ substrate by a given
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form of P4507; (3) what is the spatial distribution of the groups of substrates oxidized by
P450 relative to the Fe**?; and (4) how does the activated oxygen attack certain groups of
a substrate?

NMR can ideally assist in solving the structural problems. As seen in the introduction to
this section, NMR provides the possibility of getting quantitative information about the
mutual distribution of the groups of the oxidized substrate relative to the Fe** in the active
center of the enzyme. Furthermore, NMR has evident advantages over the ESR method
which requires introduction of spin labels into the molecule of a substrate or inhibitor. As
for NMR, the substrate groups themselves are natural NMR labels. Still this method has
not been widely adopted for the solution of structural problems of the interaction of P450
with substrates. Clearly, this happens for several reasons: technical difficulties, the necessity
of having large amounts of a highly purified enzyme, and, perhaps, some sluggishness in
our thinking.

Novak et al.'* %3 seem to be most active in using NMR to solve structural problems in
this area. They use PMR to study interactions of 2,6-dimethyaniline (xylidine), acetanilide,
imidazole, and some other compounds with different types of P450.

Xylidine binds to PB rat liver P450 via type II binding with K, = 4.1 X 107* M.'%°
Figure 13 illustrates a PMR spectrum of xylidine. Two well-resolved groups of protons:
methyl and pheny! groups, are clearly seen. As the concentration of P450 increases, the
relaxation rates of both groups also increase, the relaxation of phenyl protons being more
enhanced (Figure 14). Control myoglobin and hemoglobin enhance the relaxation of xylidine
protons as well. However, to achieve the effect commensurable with that of P450, the
concentrations of these heme proteins must be approximately 100 times larger than that of
P450. To estimate the paramagnetic contribution of the Fe** to the observable relaxation
time of xylidine, T, ' values of methyl and phenyl protons in the complex with ferro-CO
P450 were registered. The temperature dependence of the observable relaxation time, T,,
indicated a rapid exchange between the bound and free xylidines, i.e., 1, < T,,. Based
on some ‘‘general’’ ideas, Novak et al.'** used 1, ~ 107" sec and 10~'' sec and § = 5/2
and 1/2 in Equation 9 and thus calculated the distances from the Fe'* to methyl and pheny!
groups of xylidine. Distances so obtained were 2.44 to 5.35 A for methyl protons and 2.3
to 5.00 A for phenyl protons. This data allows one to suppose both the direct coordination
of the substrate amino group with the Fe** and the absence of such coordination. Note that
the distances from these groups of protons to iron calculated for hemoglobin were about
9 A. This indicates that xylidine in the complex with hemoglobin is more remote from the
paramagnetic ion than in the complex with P450.

Novak and co-workers'®"'%2, also studied the interaction of acetanilide with cytochromes
LM2 and LM4 by the PMR method:

STRUCTURE O

The interaction of acetanilide with the isoforms of P450 was found to be different: with
LM2, relaxation of methyl protons was faster than that of phenyl protons, and vice versa
in the case of LM4. From optical spectra the authors found K, = 8.4 = 0.7 mM for the
complex of acetanilide with LM4. They failed to determined K, for LM2 because, in order
to achieve the necessary changes in the optical density, large quantities of the substrate were
needed because of its weak affinity for this enzyme form. However, it is impossible to get
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FIGURE 13. NMR 'H spectrum of xylidine in 0.1 M KPi, pH = 7.5 (99.8% D,0) at 34.5°C. The tetramethy!-
ammonium phosphate reference occurs at 3.2 ppm. The phenyl protons give rise to the multiplet at =7 (signal
b) and the methyl groups give rise to a singlet (signal a). (From Novak, R. F., Kapetanovitch, I. M., and Mieyal,
Mol. Pharmacol., 13, 15, 1977. With permission.)

the required large quantities of the substrate because of its bad solubility. From the tem-
perature dependencies obtained, one may judge the accomplishment of a rapid exchange for
both forms of P450 in the complex with acetanilide. The distances from the Fe** to different
groups of acetanilide were calculated using Equation 9. For the high spin state of P450 LM4
(S = 5/2) at 7, = 10719, the distance to phenyl protons was 7.20 = .019 X and o methyl
protons was 8.00 = 0.19 A. The distances are quite large on the molecular scale, and
naturally the question arises: how does the activated oxygen attack the oxidizeable molecule
of the substrate? We shall discuss this problem a little later. The distinct difference in the
relaxation rates of methyl and phenyl protons of the complexes of acetanilide with LM2 and
LM4'%2 can be accounted for by different rates and stereospecificities of metabolisms of
acetanilide by these forms of P450.'%

Another important problem is coordination of the enzyme-active center with such P450
substrates and inhibitors which manifest themselves as type Il in optical spectra.'?* A common
idea is that these compounds coordinate directly with the Fe** by displacing the sixth ligand.
This idea is confirmed qualitatively by ESR spectra of P450 (see Section II), still a direct
experimental confirmation is needed. NMR can aid in obtaining the necessary information.

Imidazole and its derivatives produce the spectra indicating their type II binding to cy-
tochrome P450. PMR was used by Hajek and Novak'? to study the binding of imidazole
to LM2 and LM4. Using the optical spectra of P450, K, values were obtained for imidazole
complexes with both forms of P450. These latter forms were found to enhance relaxation
of H(2) and H(4,5) of imidazole protons nearly to the same extent. The distances from the
Fe’* to imidazole protons were estimated using the Solomon-Blombergen equation (Equation
9) (see Table 16). According to the authors,'®* these results confirm the possibility of direct
coordination of imidazole with the P450 heme. Note however, that these distances were
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FIGURE 14. A(I/T,) values for phenyl and methyl protons of
xylidine with increasing concentration of cytochrome P450.
A(UT)) = UT, s — VT, yune» Where A(1/T,) refers to the difference
between 1/T, of the xylidine proton moieties in the presence of a
certain hemoprotein and the I/T, value of the xylidine moieties
in the total absence of hemoprotein. (From Novak, R. F.,
Kapetanovictch, 1. M., and Mieyal, Mol. Pharmacol., 13, 15,
1977. With permission.)

obtained for 7, = 10~" sec. If one uses 7, = 5 X 107'° sec (estimated for low spin
P450_,.),'® for calculations by Equation 9, the distances are 7.3 to 7.7 A, which precludes
the possibility of direct coordination of imidazole with the heme of P450.

Woldman et al.'%*'% used PMR to examine the interaction of aminopyrine (type I substrate)
and 4-methoxypyridine (type II substrate) with the purified P450 from PB-induced rat liver.
The corresponding PMR spectra are shown in Figures 15 and 16. It is seen that in the PMR
spectra of aminopyrine and 4-methoxypyridine four and three, respectively, proton groups
are well resolved. Addition of P450 enhances relaxation of all groups, this enhancement
being approximately the same for all aminopyrine groups (Figure 17). At the same time,
for the groups of 4-methoxypyridine a distinct selectivity is observed (Figure 18). To estimate
the paramagnetic contribution to the relaxation rate, the protein was transformed to the
diamagnetic CO-reduced form and the difference was found:

= T hasoor = T1 basocoreuced (14)
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Table 16
DISTANCES OF SEPARATION OF THE H(2)
AND H(4,5) PROTONS OF IMIDAZOLE FROM
THE PARAMAGNETIC HEME IRON ATOM OF
CYTOCHROME P450 LM2 OR LM4"?

P450 LM2 P450LM4

T(sec) H2)A H4,5) A H2) A H@4,5) A

1o-" 39 4.1 3.7 39
10-'° 5.6 59 5.3 5.6
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CHy
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FIGURE 15. 'H NMR spectrum of 0.1 M aminopyrine solution in KPi-D,0
buffer (0.1 M), pH observed 7.5.
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FIGURE 16. 'H NMR spectrum of 0.1 M 4-methoxypyridine solution
in KPi-D,0 buffer (0.1 M), pH observed 7.5.

The results obtained for aminopyrine are listed in Table 17. A similar experiment was carried
out in the presence of 7 M urea, which provides complete conversion of P450 to P420
(control by optical spectra) as well as destruction of the tertiary structure of P450 (see Table
17). As follows from the comparison of the data in Table 17, T, remains quite high in the
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FIGURE 17. The relaxation rate of aminopyrine protons vs. cytochrome P450 concentration
(21°C, 0.1 M KPi-D,0 buffer, pH observed 7.5).

presence of urea. Since it is hardly probable that interactions occur with totally denaturated
and enzymatically inert protein, one may conclude that T} found by Equation 14 is not
associated with the specific interaction of the substrate solely with the enzyme. An approach
is suggested'® which permits one to determine relaxation characteristics in the complex
(T,m + T.) and the constant of association of the enzyme-substrate complex proceeding
from the dependence of T ! on the reverse concentrations of substrate, provided the enzyme
concentration is constant. These measurements were made for aminopyrine and 4-methox-
ypyridine (see Figure 19). The temperature dependence for aminopyrine indicated that in
the presence of P450 a rapid exchange occurred. The distances from the Fe’* to all four
groups of protons were calculated using Equation 9. The distances were found to be nearly
the same (~8 A). Meanwhile, as follows from the temperature dependence for 4-methox-
ypyridine (Figure 20), for a and B protons a slow exchange was accomplished and for
O-CH, a fast exchange was accomplished, hence for a protons, (T,,, + Ty) = T,. Since
the lifetime in the complex was the same for all groups of protons, T,, was subtracted from
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FIGURE 18. The relaxation rate of 4-methoxypyridine protons
vs. cytochrome P450 concentration (21°C, 0.1 M KPi-D,0 buffer,
pH observed 7.5).

Table 17
RELAXATION RATES OF AMINOPYRINE PROTONS OBSERVED IN
THE PRESENCE OF THE OXIDIZED AND CO-REDUCED P450 AND P420'**

1/T,, sec™!
P450 P450 (reduced P420 P420 (oxidized
Group (oxidized) + CO) T, (oxidized) + CO) /T,
C-CH, 1.29 1.15 0.14 1.40 1.25 0.15
N(CH,), 1.45 1.29 0.16 1.53 1.44 0.11
N(CH;) 1.09 0.93 0.16 1.2¢ 1.16 0.13
Ph 0.94 0.74 0.20 1.02 0.86 0.16

Note: (P450) = 4.8 x 107 M; (P420) = 5.6 x 10~* M; (aminopyrine) = 0.06 M, 0.05 M; KPi in D,0
pH obs. = 7.4; temperature = 21°C.

the corresponding values for B protons and O—CH,, which were used to estimate the distances
to Fe** in the enzyme active center via Equation 9. The value of 1, was 5 X 107'° sec,'®!
which seems to be a good approximation in this case because the type II substrates transform
P450 to its low spin state. The calculated and theoretical values for direct coordination of
4-methoxypyridine with Fe** are compiled in Table 18. These distances are in satisfactory
agreement and clealy indicate the possibility of direct coordination of this substrate with the
heme of P450.

It should be emphasized that the observation of a slow exchange in the substrate P450
complex'®® suggests a new way of NMR application: direct determination of the lifetime of
the substrate: P450 complex. Taking into account that the lifetime equals an inverse constant
of the monomolecular decomposition of the complex, K_,, and using an independently
determined equilibrium constant, K,, one can find independently the bimolecular constant
of the formation of the complex, K;:K, = K /K _,, which is usually determined by the stop-
flow method via a rather complicated procedure.

From all of the above it follows that, despite certain experimental difficulties, NMR
provides the possibility of obtaining quantitative characteristics and thus determining the
distances between Fe®* and different groups of the oxidizeable substrate. We should note
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FIGURE 20. The relaxation rate of 4-methoxypyridine protons vs. temperature
in Arrhenius coordinates. 1/T,q is the relaxation rate in the absence of protein,
{4-methoxypyridine) = 0.05 M, (P450) = 2.3 X 10~* M, 0.1 M K-Pi-D,0
buffer, pH observed 7.5.

large distances (r ~ 8 A) from the ion to different aminopyrine groups.'®* In the aniline-
hemoglobin complex studied by 'H relaxation method,'®’ the distance from the Fe** of
hemoglobin to protons (H2) and (H1,H3) of aniline was about § to 9 A. At the same time,
hemoglobin is capable of activating molecular oxygen and of oxidizing aniline to p-ami-
nophenol.'® Thus, we arrive at a nontrivial question: how does the oxidation of substrates
occur in the activated Fe—O~ complex? If these values are valid for the catalytically active
complex as well, it is necessary to assume a ‘‘shooting’’ of the activated oxygen to the
substrate. On the other hand, the experimental distances reflect the geometry in the oxidized
iron-substrate complex. It seems likely that upon a successive two-electron reduction of iron
some conformational rearrangements take place in the active center of the enzyme such as
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Table 18
DISTANCES BETWEEN
DIFFERENT GROUPS OF
4-METHOXYPYRIDINE
AND Fe** IN THE
ACTIVE CENTER OF
CYTOCHROME P450'*

r(H - Fe*)A

Group Experiment  Model

O-CH, 5302 6.4
B-CH 50+05 5.1
o—CH <4.6 3.0

rearrangements near Fe** and the substrate (possibly, in the real system in the presence of
the lipid and NADPH-cytochrome c reductase, the geometry of the active center may change
either). NMR measurements of distances between the Fe** and different groups of oxi-
dizeable substrates under these conditions would give answers to these questions.

Fourier Transform (FT) NMR spectroscopy makes it possible to register NMR spectra of
low molecular weight compounds on other nuclei ("*C, **N, '°F). This can provide additional
information for the P450 substrate complexes. Libor et al.'™ reported the interaction of
labeled 6->H-benz(a)pyrene with yeast P450, which they registered by tritium magnetic
resonance. *H NMR spectrum possessed a single narrow band which broadened and shifted
upon addition of P450.

E. Conclusions

From the above material it is seen that the possibilities provided by NMR for the study
of structural and functional characteristics of cytochrome P450 are very wide. In contrast
to ESR (see Section II), NMR is effective for investigation of diamagnetic forms of P450
as well. In addition, it allows for obtaining information about both the local events that
occur near the heme group and the intermolecular interactions of proteins and ligands in
microsomal systems. The advances associated with the discovery of FT NMR spectroscopy
on other nuclei has made the method even more versatile. To illustrate this idea, consider
now two examples.

Berzinis and Traylor®® studied the complexes of model iron-porphyrin systems with CO
by '*C NMR (they used 90% enriched '*CO). The chemical shift of '*CO in the complexes
with porphyrins was found to be very sensitive to the nature of the other axial ligand: in
the DMSO-heme-!>CO the shift of '*CO was 207.7 ppm, whereas upon transition to the
mercaptide-heme-">CO complex the shift was 197 ppm. At the same time, for the mercaptan-
heme-'*CO, the shift was 204.7 ppm, i.e., depending upon the charge of the thiolate, the
shift of **CO changed by 8 ppm. There were reported>® results by Metwiyoff and Philson,2!
who measured the chemical shifts of '*CO in the complex of P450 and myoglobin by '*C
NMR (200.3 ppm and 207.7 ppm, respectively). This difference in the shifts is in agreement
with the values obtained for model systems mercaptide-heme-'*CO (197 ppm) and imidazole-
proto-heme-'3CO (205.5 ppm). The complex of these results evidently testifies to the presence
of sulfur as an axial ligand in the complexes CO-P450.

Another example of the possibilities of NMR in the study of the protein-lipid interactions
in microsomal systems can be the works by Stier et al.,?°> who used *'P-NMR. The authors
recorded *'P-NMR spectra of phospholipids in multilayer liposomes prepared from the
microsomal lipid, in microsomes and in reconstructed systems including P450 LM2 and
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NADPH-cytochrome P450 reductase inserted into liposomes from egg lecithin and egg
phosphatidylethanolamine. From the analysis of *'P-NMR spectra of these samples and from
the comparison thereof with *'P-NMR spectra of reduced microsomes, the authors came to
the conclusion that part of the lipids in microsomes exist in the inverted micellar state which
results from the interaction of the lipids with the aggregates of cytochrome P450.

V. GENERAL CONCLUSIONS: PERSPECTIVES OF APPLICATION OF
MAGNETIC RESONANCE TO STUDY THE STRUCTURE AND
FUNCTIONS OF P450

The conclusions are provided at the end of each section of the review, we shall now
summarize briefly the main results obtained in the field of interest. Investigation of cyto-
chrome P450 and model compounds by methods of magnetic resonance have made it possible
to prove (certainly, in combination with other physical methods) that the fifth ligand of the
Fe'* ion in the active center of the enzyme is mercaptide. ESR and PMR methods have
provided quite convincing evidence that the sixth ligand of P450 is the oxygen-containing
ligand which has an exchangeable proton.

ESR spectra of cytochrome P450 registered at low temperatures are sensitive to the iron
spin state and, consequently, allow for investigation of the interaction of the enzyme with
substrates and inhibitors and for quantitative characterization of this interaction. Special
methods and techniques (ENDOR, ESE) permit one to clarify the distribution of cytochrome
P450 in the membrane, heme environment, and mechanism of its interaction with substrates.
However, the ESR method has some shortcomings. First of all, it operates at low and super-
low temperatures. This is not crucial for structural investigtaions but, as for functional
studies, it remains unclear what happens in physiological conditions at ambient temperature.
Furthermore, it seems to us that the possibilities of traditional ESR methods should not be
overestimated when applied to the study of the fine mechanisms of the interactions of P450
with substrates (analysis of g-factors and line intensities). Very often the scientists are only
able to state that during the course of interactions with substrates and inhibitors the ESR
spectra of P450 are sensitive to these interactions. It is impossible to draw conclusions
concerning the peculiarities of the interactions and, especially, of the oxidation of a given
compound by cytochrome P450.

Application of SNR to cytochrome P450 may prove to be even more fruitful in the future.
With SNR it is possible to study the molecular organization of both microsomal and recon-
stituted systems as well as the hydrodynamic characteristics of P450 in these systems.
Preparation of large quantities of spin-labeled analogs of drugs can lead to deeper insight
into the mechanism of their interaction with different forms of P450, this is extremely
important for pharmacology. Combination of affinity modification with the method of spin-
labeled analogs of substrates and inhibitors permits one to determine requirements of optimal
inhibitors of P450, which can be of great practical value as well. In our opinion, the capability
of SNRs of different lipophility to insert into certain places in membranes and to be reduced
by microsomal carriers is insufficiently used as yet. This approach can give additional
information about the organization of the microsomal system and about mutual distribution
of redox states of this system: FAD and FMN in reductase, Fe** in P450. The recently
proposed method of ‘‘floating molecules’’?** for the determination of the location of the
active center of P450 in the microsomal membrane can be even more informative if the
spin-labeled analogs of substrates for P450 are used at the end of the aliphatic chain.

One of the most intriguing questions in relation to separation and purification of many
isoforms of cytochrome P450 is what is the nature of the substrate specificity and stereo-
selectivity of oxidation by a given form of P4507? This specificity manifests itself in different
rates of oxidation of the same substrates (which sometimes can be several times different)
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as well as in different positions of substrates undergoing oxidation. One of the reasons can
be differences in the interactions of substrates with the active centers of different cytochromes
P450. Hence, as we believe, the leading role will be played by NMR. A well-developed
theory of NMR of paramagnetic systems (see Section [V) permits quantitative determination
of geometric parameters in the complexes of substrates with P450. The use of 'H, 'F, *C,
15N, and other isotopes enables us to obtain structural information about the location of the
whole molecule as well as of its individual groups in the active center of P450. These
characteristics are of great interest when studying various functional states of P450: reduced
state, in the presence of lipids or in complex with reductase, etc. NMR method can be very
useful for kinetic measurements: determination of lifetimes of various spin states of P450
and of the enzyme-substrate complex, etc. The elaborated methods for investigation of
protein-lipid interactions by 2H-, *'P-, '>C-NMR?* can yield very interesting results when
applied to reconstituted systems, e.g., NADPH-cytochrome P450 reductase. In combination
with the NMR data on the substrate-enzyme interactions (see above), they can aid in elu-
cidation of the effect of the phospholipid composition of reconstituted systems on the kinetics
of oxidation reactions. It is expected that the number of studies in this field with the use of
the NMR method will be increasing.

It should be understood that in this review we were not able to touch all problems or to
examine all works related to ESR and NMR application in this rapidly developing field of
science, Of great value could be a comparison of structural results obtained by ESR and
NMR and other physical methods, primarily, Mossbauer spectroscopy and MCD. We realize
that the review suffers from other shortcomings as well. Nevertheless, if some scientists of
the great army of specialists working in the field of microsomal oxidation and in related
fields (according to Prof. D.W. Nebert their number was approximately 10,000 in 19802
and by now must be even more) will show interest in the spectroscopic approaches described
here, we shall consider our task fulfilled.
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