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SUMMARY

'H Fourier transform NMR longitudinal ( 7)) relaxation rate measurements were used to
study the interaction of the phenyl and methyl protons of acetanilide with the paramag-
netic heme iron of highly purified cytochromesP-450.m,, P-450Lm,, and bs. The relaxation
rates of the phenyl and methyl protons of acetanilide were found to increase from 0.017
and 0.028 sec™! in the absence of hemeprotein to 1.35 and 1.50 sec”’, respectively, in the
presence of P-450Lm,. The paramagnetic contribution to the enhanced relaxation rate
values was determined by converting P-450.m, to the ferrous carbonyl derivative in situ.
The difference between the relaxation rates obtained with the paramagnetic ferric form
and the diamagnetic ferrous carbonyl form of P-450Ly, yields the paramagnetic relaxation
rate value, T'7. In the presence of P-450Ly,, the T';' values of the phenyl and methyl
protons are 0.53 and 1.08 sec™’, respectively, demonstrating that methyl protons relax
almost 2-fold more rapidly than the phenyl protons as a result of the paramagnetic
interaction with the catalytic center. Addition of P-450Lm, also leads to a substantial
enhancement in the T relaxation rate of the phenyl and methyl protons of acetanilide,
but the phenyl protons relax approximately 1.7 times faster than the methyl protons as
a result of the paramagnetic interaction with the heme iron atom of this P-450.y isozyme.
In comparison, cytochrome bs; produces substantially smaller enhancements in the T}
relaxation rates. Using reduced cytochrome bs as the diamagnetic derivative, virtually
identical 7'y, values are obtained for the phenyl and methyl protons at 28 um cytochrome
bs, and a small differential effect in these values is seen at higher concentrations of the
cytochrome (84 uM). Variable temperature studies suggest that acetanilide is in rapid
exchange between free and hemeprotein-complexed environments. Distance estimates for
the approach of the phenyl and methyl protons of acetanilide to the heme iron atom of
P-450LMm, are provided, and range from 4.9 to 7.2 A for the phenyl protons and 5.3 to 8.0
A for the methyl protons. These data implicate acetanilide in specific complex formation
with P-450Lm, and P-450Lym,, and are in agreement with the specificity of the aromatic
hydroxylase activity exhibited by the respective cytochrome in metabolic studies.

INTRODUCTION

Cytochrome P-450, the major membranous enzyme of
mammalian hepatocytes, displays an extraordinary met-
abolic versatility, for in liver microsomes in the presence
of NADPH and oxygen, it catalyzes the hydroxylation or
other chemical modification of naturally occurring ste-
roids, fatty acids, and prostaglandins (3-5) as well as of
a host of xenobiotics such as drugs, insecticides, anes-
thetics, petroleum products, and carcinogens (3, 4). Many

This research was supported in part by Grants GM-27836 and GM-
28342 from the United States Public Health Service, Grant B79-32
from the Chicago Heart Association, and a Biomedical Research Sup-
port Grant from Northwestern University Medical and Dental Schools.
Preliminary reports of portions of this investigation have been pre-
sented (1, 2).
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foreign compounds are detoxified by P-450.m,' while in
other cases metabolism of these agents results in their
activation to cytotoxic, mutagenic, or carcinogenic prod-
ucts (6). As reviewed elsewhere (7, 8), numerous studies
have provided compelling evidence that the remarkably
broad substrate specificity of the hepatic microsomal
monooxygenase system(s) can be largely accounted for
by the existence of P-450.y isozymes, which have re-
cently been purified to varying extents by several inves-
tigators (cf. refs. 9 and 10). The two major isozymes of

! The abbreviations used are: P-450.y, liver microsomal cytochrome
P-450 (the various isozymes of rabbit P-450.y are numbered according
to their relative mobilities when submitted to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis); FT, Fourier transform.
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the cytochrome in rabbit liver microsomes, pheno-
barbital-inducible P-450Lm, and carcinogen-inducible
P-450Lym,, have been purified to homogeneity and shown
to be distinct proteins with different subunit molecular
weights, spin states, spectral characteristics, and immu-
nochemical and kinetic properties (7, 10-12). Further-
more, these enzymes possess different but often overlap-
ping substrate specificities (7, 8, 10), and exhibit pro-
nounced regio- and stereoselectivities both toward the
substrate and with respect to product formation (10, 13).

Among the several hepatic monooxygenase activities
presently known to be associated with the genetic locus
(or loci) controlling the formation of cytochrome P-448
in mice and rats, only acetanilide 4-hydroxylase and 2-
acetylaminofluorene N-hydroxylase activities were found
to be inducible in rabbit liver by compounds of the
polycyclic aromatic hydrocarbon class (14). Both micro-
somal activities were stimulated to the same level by
pretreatment of rabbits with 5,6-benzoflavone, 3-methyl-
cholanthrene, or 2,3,7,8-tetrachlorodibenzo-p-dioxin, and
the increase in hydroxylation rates was accompanied by
a 3-fold enhancement in the specific content of cyto-
chrome P-448 (P-4501y,) (14). In accordance with these
findings, NADPH-dependent aromatic ring hydroxyl-
ation of acetanilide in the reconstituted rabbit liver mi-
crosomal enzyme system, consisting of P-450pum,
NADPH-cytochrome P-450 reductase, and phospholipid,
is catalyzed almost exclusively by P-450.m, (8),” while,
contrary to expectations (14), P-450m is devoid of ac-
etanilide p-hydroxylase activity (8).? Similar results have
been reported by Johnson and Muller-Eberhard with
partially purified cytochrome P-450 isozyme 2 (15) and
homogeneous preparations of isozyme 4 (P-450.) (15, 16)
isolated from liver microsomes of phenobarbital- and
2,3,7,8-tetrachlorodibenzo-p-dioxin-treated adult rabbits,
respectively. The latter cytochrome and P-450.m, puri-
fied from phenobarbital-, 5,6-benzoflavone-, or 3-methyl-
cholanthrene-treated rabbits are believed to be the same
protein, as judged by a number of independent criteria
(7, 8, 10, 15).

Although the mechanism of cytochrome P-450-cata-
lyzed reactions has been intensively studied in several
laboratories in the last decade (for a review see ref. 17),
the basis for the observed selectivity of individual iso-
zymes of P-450.m toward different substrates, different
sites on a given molecule, or different optical isomers of
the same substrate, remains poorly understood. In view
of its ability to detect relatively low concentrations of
material (1072-10~° M) and distinguish individual chemi-
cal sites, '"H FT NMR spectroscopy represents a powerful
technique for investigations of molecular interactions in
solution. Specifically, 'H T, relaxation rate measure-
ments are particularly sensitive and highly useful for

2 K. P. Vatsis and M. J. Coon, unpublished results.

? Recent experiments utilizing a high-pressure liquid chromatogra-
phy assay for acetanilide p-hydroxylase activity have shown that P-
450Lm, catalyzes a small amount of acetaminophen formation from
acetanilide (E. T. Morgan and M. J. Coon, personal communication).
The colorimetric assay for acetaminophen, however, has repeatedly
failed to detect product even under supraoptimal conditions (8). Thus,
P-450.m, may catalyze a small amount of acetaminophen formation
which is detectable only by high-pressure liquid chromatography.

monitoring the interaction of electronically distinct sites
of a molecule with a paramagnetic center. In this regard,
relaxation rate changes resulting from the dipolar inter-
action of an individual molecular site with a paramag-
netic metal ion are inversely proportional to the sixth
power of the distance of separation from the paramag-
netic center, thereby providing valuable information on
the distance of approach and relative orientation of the
substrate molecule in proximity to the paramagnetic
center. The present paper describes the interaction of
acetanilide with homogeneous P-450Lm,, P-450LM,, and
cytochrome bs, as studied by proton T relaxation rate
measurements. The differential changes in the paramag-
netic relaxation rates obtained for the phenyl and methyl
protons of acetanilide suggest that this substrate is ori-
ented in a manner such that the phenyl protons are
closer to the catalytic site of P-450Lm,, whereas the
methyl protons are closer to the iron atom in the heme
prosthetic group of P-450Ly, .

EXPERIMENTAL PROCEDURES

Microsomal enzymes. Homogeneous P-450Lm, and

P-450Ly,, purified from liver microsomes of phenobarbi-
tal-treated rabbits according to previously published pro-
cedures (18), were generous gifts of Professor M. J. Coon,
University of Michigan (Ann Arbor, Mich.). Both Ouch-
terlony double-diffusion analysis (7) and sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (7, 18) have
shown that P-450.m, is present in only trace amounts in
microsomes from untreated and 5,6-benzoflavone-treated
rabbits, whereas P-450.y, is present at significant levels
in microsomes from untreated and phenobarbital-treated
animals and increased to about twice as high a level by
induction with 5,6-benzoflavone. The purification of de-
tergent-solubilized (intact) cytochrome b; from liver mi-
crosomes of phenobarbital-treated rabbits was carried
out as described by Spatz and Strittmatter (19), and the
resulting preparations were homogeneous as judged by
sodium dodecyl sulfate-polyacrylamide gel electropho-
resis in the presence of S-mercaptoethanol. The proteins
were dialyzed extensively against H;O in potassium
phosphate buffer, pHow 7.5 (0.1 M with P-450Lv, and
cytochrome bs or 0.3 M with P-450Ly, ), to remove glycerol
and achieve the exchange of water and labile protons for

’H,0.

The concentration of P-450.m, before and after dialysis
in H,0, was determined from the absolute spectra of the
ferrous carbonyl complexes using absorption coefficients
of 110 mM~' cm™' at 450 nm and 119 mM~' cm™ at 448
nm for P-450Lm, and P-450Lm,, respectively (18). The
concentration of cytochrome b; was determined from the
absolute spectrum of the oxidized cytochrome using an
absorption coefficient of 117 mM™' cm™' at 413 nm (20).
Optical spectra were recorded with a Cary Model 219
double-beam recording spectrophotometer, while the
temperature was maintained at 30° by means of a Lauda
Model K-2/R constant-temperature water circulator.

NMR spectra. '"H FT NMR spectra were recorded
with a Varian Model CFT-20 spectrometer operating at
80 MHz and internally locked on the ?H signal of the
H,0 solvent. Irradiation of the residual HDO signal was
employed in order to reduce the residual HDO signal
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intensity and enhance the signal-to-noise ratio. Spectra
were recorded at ambient magnet temperature (29°),
except for the variable-temperature experiments in which
the sample temperature was varied from 5° to 35°. Tem-
peratures were measured directly with a thermometer
inserted into the probe. The 'H longitudinal relaxation
rates, T'1', were determined using the standard (180-7-
90), inversion-recovery sequence. The 90° pulse width
was 21 usec, and a pulse delay of 5 times the largest T
value was employed throughout the T relaxation rate
experiments.

Treatment of data. Ti', the experimentally deter-
mined longitudinal relaxation rate of the phenyl and
methyl protons of acetanilide in a solution containing P-
4501M, represents the sum of several separate contribu-
tions. These include the paramagnetic effect, which re-
sults from the interaction of acetanilide with or in prox-
imity to the heme iron atom; the diamagnetic apoprotein
contribution, which results from the interaction of the
substrate with the apoprotein moiety; and the contribu-
tions of buffer and dissolved oxygen present in the sam-
ple. Therefore, it becomes necessary to separate the
contributions to the change in T'7' which may occur as
the result of interactions involving the apoprotein, buffer,
or dissolved oxygen, from those which reflect an inter-
action occurring at or in proximity to the paramagnetic
heme iron atom. This is accomplished by converting the
hemeprotein in situ to a diamagnetic form, such as the
ferrous carbonyl complex of P-450Lm* or the reduced
(ferrous) form of cytochrome bs. In this manner, the
paramagnetic contribution to the observed relaxation
rate for P-450Lm,, P-450Lm,, and cytochrome bs may be
expressed by the following equations:

Trplrww = Tl—l:-ceo{;, - Tl—Pl-wo&—oo (1)
Tih = Titse — Tilss @)

The paramagnetic and diamagnetic contributions should
vary linearly with protein concentration, while the con-
tribution of buffer and dissolved oxygen should be inde-
pendent of this parameter in the absence of selectively
enhanced oxygen solubility by the protein. Hence, use of
the diamagnetic form of the cytochrome also permits the
selective removal of additional contributions, such as
those of the buffer and dissolved oxygen, to the enhanced
relaxation rate.

Estimation of distances. The effect of electron spin

* The ferrous carbonyl complex of P-450,.m was used as the diamag-
netic control to evaluate the paramagnetic contribution to the relaxa-
tion rate change. Conversion of oxidized P-450.m %0 the ferrous carbonyl
complex may be accompanied by protein conformational changes which
may alter the acetanilide binding site and thus contribute to the
estimated paramagnetic relaxation rate values. This possibility has
been investigated with imidazole, a nitrogenous base which is known to
coordinate directly to the heme iron atom of various hemeproteins.
The relaxation rate difference for the phenyl and methyl protons of
acetanilide seen in the presence of imidazole is identical with that
obtained for the respective group when oxidized P-450.m is converted
to the diamagnetic ferrous carbonyl complex (in the absence of imid-
azole). These data suggest that changes in protein conformation upon
reduction of ferric P-450Lm do not contribute significantly to the para-
magnetic relaxation rate values (21) (also see Discussion).

(S) and nuclear spin (I) interaction on the longitudinal
relaxation time (7)) is described by the Solomon-Bloem-
bergen equation (22-24):

1 - 2R%y 2y (SIS + 1)

Ty, 15 (r°)

37 + T7c
1+ wlrd 1+ wstd (3)
L2868+ l)A’[ Te ]

3 h® 1 + ws’r
const.

"W[f(‘rc)]

Ty, is the relaxation time of a nucleus bound in the
proximity of a paramagnetic metal ion. Here v, is the
nuclear gyromagnetic ratio, yg is the electron gyromag-
netic ratio, h is Planck’s constant divided by 27, S is the
total electron spin, r® is the length of the vector between
the nuclear-spin dipole and the electron-spin dipole, 7. is
the correlation time which describes molecular motions
that modulate the electron-nuclear dipolar coupling, and
wr and ws are the nuclear and electron precession fre-
quencies, respectively. The second part of Eq. 3 is the
contact term, or isotropic hyperfine term. A/A is the
hyperfine coupling constant, and 7. is the correlation
time for the hyperfine interaction. Since the typical value
of the hyperfine coupling constant A/A is < 1 MHz (25),
this hyperfine term of Eq. 3 is considered negligible
relative to the dipolar term for values of r < 20 A. Hence,
for the high-spin form (S = 5/2) of the ferrihemeprotein,
P-450.m,, Eq. 3 reduces to

r(A) = 812(T,, f(rc) (4)

where f(7.) refers to the expression in brackets in the
first term of Eq. 3.
The correlation time, 7., for the dipolar term of Eq. 3
is given by
L = i + i + i (5)
Te Tr Ts ™
where 7, is the rotational correlation time, 7, is the
electron-spin relaxation time, and 7u is the mean resi-
dence time of the species complexed to the metal ion (or
the reciprocal of the pseudo-first order dissociation rate
constant of the metal-ion complex). The components of
7. are given in Eq. (5), and it follows that the fastest
process (shortest correlation time) will contribute most
significantly to 7.. In general, 7, is on the order of 107"~
107" sec for high- and low-spin ferric hemeproteins while
7 ~ 107°-107® sec and x4 ~ 107*-107° sec (26-28). Since
7, and 7a are one to seven orders of magnitude greater
than 7,, they would be expected to contribute negligibly
to the value of 1/7.. Equation 4 then reduces to 1/7. = 1/
7,. Correlation times have been reported for ligand-
hemeprotein complexes under various conditions. The
formate-Mb complex gave 7. = 3 X 10~ sec while for the
formate-catalase complex it was 5 X 107" sec (29). Horse-
radish peroxidase and fluorohorseradish peroxidase gave
7. values of 9.0 X 107" to 2.7 X 107'° sec, respectively, as
determined from EPR linewidth measurements (30). Val-
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ues of 7. determined from extrapolated EPR linewidth
data for cytochrome P-450.am ranged from 1.5 x 107" sec
to 1.4 X 107" sec for the camphor and metyrapone
complexes, respectively (31). However, the values of 7.
determined from EPR linewidth data plotted against
reciprocal temperature were reported to be 3.0 X 107°
and 3.8 X 107" sec, respectively, for the same complexes.
Also, 7, values reported for other Fe**-containing proteins
have been approximately 107 sec (32, 33). Hence, a
reasonable estimate of 7. for substrate-P-450.m com-
plexes would be 107" < 7. < 107 sec.

For a given substrate moiety, the contribution to the
observed longitudinal relaxation rate caused by the para-
magnetic ion, T, is given by Eqgs. 1 and 2. T, may be
calculated from the following equation (34):

1 am

T 6

T, wt ™
where ay is the mole fraction of a given species com-
plexed to the paramagnetic ion. When 7y < T,,, “fast
exchange” prevails, then Ty, = anT},.

Hence the calculation of the distance from various
parts of the substrate to the paramagnetic heme iron
atom using Eq. 3 requires (a) knowledge of the spin state
of the heme paramagnetic iron atom of the hemeprotein
under ambient conditions, (b) a dissociation constant for
the substrate-hemeprotein complex (Ks), (c) a value of
the correlation time 7., and (d) a measure of the T;‘
values for the individual sites of the substrate.

Spectral dissociation constants. Difference spectra
were determined at 30° in 3.0-ml solutions containing 1.1
pM P-450pm, and 0.1 M potassium phosphate buffer (pH
7.4). Aliquots (2-40 pl) of a 1.0 M solution of acetanilide
(in methanol) were added to the sample cell, and equal
volumes of methanol were added to the reference cell.
The difference spectra were recorded (from 360 to 480
nm) with a Cary 219 spectrophotometer after the attain-
ment of equilibrium, which occurred within a few minutes
or less. The results were corrected for the effect of
dilution on the absorbance changes, and double-recipro-
cal plots of AA versus acetanilide concentration yielded
a spectral dissociation constant (K,)® of 8.4 + 0.7 mm.

P

RESULTS

The '"H FT NMR spectrum of acetanilide in buffer is
shown in the last scan of the sequence presented in Fig.
1. The proton spectrum of this compound consists of two
signals: a singlet at § = 2.0 ppm indicative of the methyl
protons, and an apparent singlet at § = 7.5 ppm ascribable
to the phenyl protons. These signals are well-defined,
relatively sharp singlets ideally suited for monitoring
intermolecular interactions by the T) relaxation rate
technique.

A typical 180-7-90 inversion-recovery sequence for ac-
etanilide, consisting of partially relaxed FT NMR spectra
employed in the calculation of T relaxation rates, is also
depicted in Fig. 1, where M., represents the peak ampli-
tude (either positive or negative) obtained at a particular
value of delay time () in the two-pulse sequence. M.
refers to the maximal signal amplitude obtained when

5R. F. Novak and K. P. Vatsis, unpublished results.

INVERSION-RECOVERY_SEQUENCE

Q
—CHs
a b Tsec
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N _L w]_&&
—— - -ty
o
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1 . ord 8.9

22
8 7 6 5§ 4 3 2 1
6(p.p.m.)

CHEMICAL SHIFT

F16. 1. 'H FT NMR spectrum and inversion-recovery sequence of
acetanilide

A solution of acetanilide (4 mM) in 0.1 M potassium phosphate buffer
(pH 7.5) was prepared (total volume, 0.4 ml), and the spectrum was
recorded at 28° as described under Experimental Procedures. The
chemical shifts of the phenyl and methyl protons of acetanilide were
7.5 and 2.0 ppm, respectively, from the internal reference DSS (sodium
2,2-dimethyl-2-silapentane-5-sulfonate).

The parameter 7 is the delay time (in seconds) between the 180°
and 90° pulse. A pulse delay of 5 times the longest T, was employed,
and 25 acquisitions per spectrum were required. The data shown were
used for the calculation of the T relaxation rates (T';").

111717 1T T T
200(- -

loo—\t§‘

80 N

v ot
=

Ll

€ 60

a

N} 017 sec!
N\ . i
° N

3

b

A
()
o

20 \ —
°C A
Ty 0.28 sec!
R WS W VRS DA DU B DAY W N B
0 1 2 345 6 7 8 9 10Mmn12

F1G. 2. Semilogarithmic plot of M. — M, for the phenyl and methyl
protons of acetanilide

M, refers to the signal amplitude (either positive or negative) at time
7. M, i8 the signal amplitude obtained from the fully relaxed spectrum.
A, Phenyl protons; @, methyl protons.
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the system is allowed to relax fully between the two-
pulse sequence, i.e., when 7 is sufficiently long (5 times
the value of the longest T, in this case, that of the phenyl
protons) to allow for complete relaxation to occur. A
semilogarithmic plot of M. — M, versus 7, used for
calculating 77, is presented in Fig. 2.

The addition of a hemeprotein such as P-450m to a
buffered solution of acetanilide should result in an in-
crease in the relaxation rates of the phenyl and methyl
protons, since under these conditions interactions are
expected to occur between the substrate and the apopro-
tein moiety and/or the paramagnetic center of P-450Lm.
Figure 3 (inset) illustrates the linear dependence of T,
relaxation rates on P-450Lm, concentration. The observed
increase in T values with increasing cytochrome concen-
tration consists of a diamagnetic contribution that results
from the interaction of acetanilide with the apoprotein
moiety, as well as a paramagnetic contribution attribut-
able to the interaction of the substrate with the catalytic
heme iron atom. In order to evaluate the paramagnetic
contribution to the observed relaxation rate increase, P-
450.m, was converted in situ to the diamagnetic ferrous
carbonyl complex. Values for T';), the paramagnetic con-
tribution to the relaxation rate, were determined from
Eq. 1 and are shown as a function of P-450m1 concentra-
tion in Fig. 3. The results demonstrate that in the pres-
ence of P-450Lm,, which possesses essentially no acetan-
ilide p-hydroxylase activity, the paramagnetic relaxation
rate of the methyl protons is substantially greater than
that of the phenyl protons. The T relaxation rates of the
phenyl and methyl protons of acetanilide also display a
linear dependence on P-450Lm, concentration, as shown
in the inset to Fig. 4. In this case, however, the T;" of the

rrrvrrryrrvy T Al l L) I L I

r fsech)

L) r'

16 20 24 28 30
[P-450mz] pm

F16. 3. Paramagnetic contribution of P-450.u, to the relaxation
rates of the phenyl and methyl protons of acetanilide

Open and closed symbols represent data obtained with different P-
450Lm, preparations. A, A, phenyl protons; O, @, methyl protons.

Inset. Effect of P-450.u concentration on the relaxation rates of the
phenyl and methyl protons of acetanilide. The conditions were as
described in Fig. 1, except that P-450Lm, was also added as indicated.
Open and closed symbols represent data obtained with two different P-
450Lm, preparations (isolated at different times). A, A, Phenyl protons;
O, @, methyl protons.

24

o ) / ]
u - —
e} 3

V] =3 1 -

| % 4% 1 a i

104 P T T T -
8 1) 24

1P-450wm,) pM,

[P-a50tms] pm

F16. 4. Paramagnetic contribution of P-450Lu, to the relaxation
rate change of the phenyl and methyl protons of acetanilide

Open and closed symbols represent data obtained with different P-
450Lm, preparations; both preparations were isolated from phenobar-
bital-treated rabbits. A, A, Phenyl protons; O, @, methyl protons.

Inset. Relaxation rates of the phenyl and methyl protons of acetan-
ilide as a function of P-450Lm, concentration. Solutions contained ac-
etanilide (4 mM) and P-450.u, at the indicated final concentration in
0.3 M potassium phosphate buffer (pH 7.5). Open and closed symbols
represent data gathered with two different P-450., preparations (iso-
lated at different times). The relative contents of high-spin and low-
spin ferric heme were similar in the two preparations, which were
purified from liver microsomes of phenobarbital-treated rabbits. A, A,
Phenyl protons; O, @, methyl protons.

phenyl protons increases more rapidly than does that of
the methyl protons. As with P-450Lwm,, conversion of P-
450Lm, to the diamagnetic ferrous carbonyl complex al-
lows for an evaluation of paramagnetic contributions to
the increase in T7'. The resulting T';' values indicate a
considerably faster paramagnetic relaxation rate for the
phenyl relative to the methyl protons of acetanilide in
the presence of P-450Lm, (Fig. 4).

The relaxation rate change of the methyl and phenyl
protons of acetanilide in the presence of varying concen-
trations of homogeneous, detergent-solubilized (intact)
cytochrome b; is presented in the inset to Fig. 5. Since
cytochrome bs does not form a ferrous carbonyl complex,
the reduced (ferrous) form of this cytochrome was used
as the diamagnetic derivative in assessing the apoprotein
contributions to the increase in the T) relaxation rates
(Eq. 2). The paramagnetic contribution of cytochrome b5
to the T relaxation rates of the phenyl and methyl
protons of acetanilide is shown in Fig. 5. It may be seen
that both the phenyl and methyl protons exhibit virtually
identical paramagnetic relaxation rates at cytochrome bs
concentrations of 20-30 uM. Furthermore, the TI,‘ values
in the presence of 60-100 uM cytochrome bs are signifi-
cantly smaller than those obtained with either P-450Ly,
or P-450py, at substantially lower concentrations (5-30
uM). The apparent differential change in paramagnetic
relaxation rates at the higher cytochrome b5 concentra-
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T , -
L e A .
T 0.4 [Cytochrome b | pi _

20 40 60 80 100
[cytochrome bs | pM

F1G. 5. Effect of cytochrome bs concentration on the paramagnetic
relaxation rates of the phenyl and methyl protons of acetanilide

A, Phenyl protons; O, methyl protons.

Inset. Relaxation rates of the phenyl and methyl protons of acetan-
ilide as a function of cytochrome bs concentration. The conditions were
as described in Fig. 1, except that cytochrome b; was also added as
indicated. A, phenyl protons; O, methyl protons.

tions (>50 uM) may be attributed to incomplete reduction
of cytochrome bs, an alteration in exchange rates between
free acetanilide and that in complex with the cytochrome,
or decreased accessibility of acetanilide to cytochrome bs

54
4
T;' (sec!) 30
&
20 s

10
0.8

06

LA

T‘l =}
1plec) o4

Al

31 32 33 34 35 36

<3
+x0°

F1G. 6. Temperature dependence of the relaxation rates of the
Pphenyl and methyl protons of acetanilide in the presence of 17.3 uyM P-
450L0,

A, A, Phenyl protons; O, @, methyl protons; open symbols, temper-
ature dependence of the T, relaxation rate; closed symbols, temperature
dependence of the paramagnetic relaxation rate. The activation ener-
gies obtained for the phenyl and methyl protons of acetanilide from
T’ data (open symbols) were 2.97 and 3.38 kcal/mole, respectively.
Activation energies obtained from 7', data (closed symbols) were 6.80
and 8.64 kcal/mole for the phenyl and methyl protons of acetanilide,
respectively.

owing to aggregation of the purified protein into larger
units.

Figure 6 is an Arrhenius plot depicting the temperature
dependence of the paramagnetic relaxation rates for ac-
etanilide in the presence of 17.3 um P-450Lm,. Similar
results were obtained for acetanilide in the presence of
P-450Ly,. These data suggest that acetanilide is in rapid
exchange (34, 35) between free and hemeprotein-com-
plexed (7 <« T,,) species in solution and yield activation
energies of 6.8 and 8.6 kcal/mole for the phenyl and
methyl protons of acetanilide, respectively, in the pres-
ence of P-450Lu,. For 20 um P-450Lum,, activation energies
of 6.8 and 2.8 kcal/mole were obtained for the phenyl
and methyl protons of acetanilide, respectively.

The spectral dissociation constant, in conjunction with
the paramagnetic relaxation rate values, TIP‘, for the
acetanilide-P-450Lm, complex permits an estimation of
the distance of approach of the phenyl and methyl pro-
tons of acetanilide to the paramagnetic heme iron atom
in P-450Lum,. Since no spectral dissociation constant could
be obtained for the P-450.m -acetanilide complex, a com-
parable estimation of the distances of approach of the
phenyl and methyl protons to the heme iron atom of this
isozyme was not possible. The distance estimates ob-
tained for the acetanilide-P-450Lm, complex using Egs. 1,
3, 4, and 6 are provided in Table 1 and show that the
phenyl group approaches approximately 0.4-0.8 A closer
to the heme iron atom relative to the methyl protons.
Since the exact value of the correlation time, 7., for the
acetanilide-P-450Lm, complex is not known, a range of 7.
values was used for estimation of the distance of ap-
proach. The values of 7. used in the distance calculation
are 107'° and 107" sec, which represent the range of 7.
values determined for various ferrihemeproteins as esti-
mated from 7, or variable frequency paramagnetic relax-
ation rate studies (26-33). These values were used in
estimating the distances of approach (Table 1), and it
can be seen that one order of magnitude change in 7.
results in a difference in distances of approach to the
heme iron atom of 2.29 A and 2.68 A for the phenyl and
methyl protons of acetanilide, respectively.

TaBLE 1
Acetanilide P-450.u, distances
The distances of approach of the phenyl and methyl protons of

acetanilide to the paramagnetic heme iron atom of cytochrome P-
450Lm, for two values of the correlation time, 7..

Acetanilide Te F(Fe-H)A; S = 5/2°
sec
Phenyl 10" 491 £0.13
Methyl 10" 5.32 + 0.10
Phenyl 107" 7.20 £+ 0.19
Methyl 107" 8.00 + 0.19

¢ Distances were calculated using Eqgs. 1, 3, 4, and 6. The spectral
dissociation constant was employed in calculation of the mole fraction
of complex, ax, and T',, was calculated under the assumption that rapid
exchange prevailed (i.e., T, =~ ax T),). Distances are the average values
+ standard deviation and were calculated from paramagnetic relaxation
rate values obtained at four different concentrations of P-450Lx, (10, 14,
18, and 21 uM).
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DISCUSSION

It was demonstrated in previous studies that the inter-
action of xylidine (2,6-dimethylaniline) with hemoglobin
or partially purified cytochrome P-450, isolated from liver
microsomes of phenobarbital-treated rats, gave rise to
differential paramagnetic relaxation rate changes for the
methyl and phenyl protons of this compound. Thus, with
either of these hemeproteins, the phenyl protons of 2,6-
dimethylaniline gave a paramagnetic relaxation rate
which was about 1.5-fold greater than that seen for the
methyl protons. In contrast, virtually identical T';! values
were obtained for the phenyl and methyl protons of
xylidine in the presence of myoglobin (36). These differ-
ential T;’ values for the phenyl and methyl protons of
xylidine 1n the presence of cytochrome P-450 or hemo-
globin suggested that xylidine was oriented in complex
with these hemeproteins such that the phenyl protons
most closely approached the paramagnetic heme iron
atom (36). We have presently expanded these investiga-
tions to include relaxation rate studies on the interaction
of acetanilide with P-450Lm,, P-450Lm,, and cytochrome
bs: In the reconstituted enzyme system, phenobarbital-
inducible P-4 displays no aromatic hydroxylase ac-
tivity toward acetanilide (8),> whereas P-450Ly, is the
most active of several rabbit P-450.y isozymes examined®
in converting acetanilide to acetaminophen. 'H FT NMR
T\ relaxation rate studies on the interaction of acetanilide
with P-450. have shown that the phenyl and methyl
protons of acetanilide are differentially affected by P-
450Lym, with the phenyl protons experiencing the greatest
paramagnetic effect in the presence of P-450.m, and the
methyl protons having the greatest T’ in the presence
of P-450Lm,. Attempts to obtain a spectral dissociation
constant and thus utilize the Solomon-Bloembergen (22-
24) equation to obtain distance estimates of the phenyl
and methyl protons of acetanilide to the heme iron atom
were successful only with P-450Lm,. A sufficiently high
concentration of acetanilide required to produce a sat-
urable change in the Soret band of P-450.m, could not be
achieved. Nevertheless, since the paramagnetic relaxa-
tion rate, Tfp‘, is inversely proportional to the sixth power
of the distance of separation between a given molecular
site and the paramagnetic center, it may be inferred from
these T'7, data for P-450Lu, that acetanilide is oriented
with the methyl protons most closely approaching the
paramagnetic center, whereas the phenyl protons are in
closest proximity to the heme iron atom of P-450Lum, (Fig.
7). These results are in agreement with the catalytic
specificity of P-450Lm, and P-450Lm, toward acetanilide
(8).> The virtually equivalent relaxation rate changes
obtained in the presence of 28 uM cytochrome b; suggests
that both the methyl and phenyl groups may be equidis-
tant from the heme iron atom. Furthermore, the smaller
magnitude of TIP‘ values for the methyl and phenyl
protons of acetanilide (as compared with those obtained
for P-4501.) achieved in the presence of substantially
higher concentrations of cytochrome bs suggests that the
acetanilide molecule has less affinity and/or accessibility
to the heme environment of cytochrome b5 or that the
acetanilide molecule is located at a greater distance from
the paramagnetic center.

In order to investigate whether such paramagnetic

P-450um,

P-4501M,

F16. 7. Proposed model of acetanilide-P-450.x interactions show-
ing the orientation of the molecule with respect to the paramagnetic
heme iron atom

relaxation rate data may indeed be associated with a
specific preparation and hence be of limited generalized
value, we also elected to investigate the effect of two
different samples of P-450Lm, and P-450Lm, (purified on
separate dates) on the methyl and phenyl relaxation
rates of acetanilide. The results of these studies were
consistent with those obtained using the initial samples
of P-450Lm, and P-450.m, utilized in the investigation.
The values of Tl‘p' for the phenyl and methyl protons
of acetanilide are less in the presence of P-450Lm, than in
the presence of an identical concentration of 15-4501.}4‘,
possibly because the latter is high-spin as compared with
P-450Lm,, which is low-spin.® In order to preclude the
effects of heme iron anisotropy associated with the high-
and low-spin forms of P-450Lm as being completely re-
sponsible for the differential paramagnetic relaxation
rate values of the phenyl and methyl protons, a prepa-
ration of P-450Ly, which contained a substantially greater
proportion (approximately 50%) of the low-spin form was
also used.® Again, the differential paramagnetic relaxa-
tion rate values were observed with T';' phenyl > T7)
methyl, but the absolute magnitudes of the 7;' values
were smaller owing to the greater percentage of i’-450uw‘
in the low-spin form.® Variable temperature studies con-
ducted over the range 4-35° suggest that acetanilide was
in rapid exchange between the pool of uncomplexed
substrate and that which was in complex with either P-
450Lm, or P-4501m,. Hence, it appears that acetanilide
maintains a reasonable degree of dynamic accessibility
to the binding site in proximity to the heme iron atom.
Recent experiments have also shown that the H(2),
H(4,5) protons of imidazole yield virtually identical val-
ues of T'7! in the presence of equivalent concentrations
of P-4501m, and P-450Lm, (37), and that addition of im-
idazole to a solution of acetanilide and P-450Lm, or P-
450Lm, results in a decrease in the relaxation rate of
solvent and of the phenyl and methyl protons of acet-
anilide (21, 37, 38). These data imply that imidazole

¢ A major difference between P-450.m, and P-450Ly, relates to their
spin state. As isolated, P-450Lu, i8 low-spin and P-450Lu, is high-spin.
The relative proportion of high- and low-spin states may vary in
different P-450Lm, preparations and with experimental conditions (18).
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experiences virtually identical heme environments in P-
450Lm, or P-4501m,, and that imidazole either prevents
the interaction of acetanilide with P-450.m or, in a dy-
namic sense, renders the paramagnetic heme iron atom
inaccessible to the substrate (21, 37, 38).

The paramagnetic contribution to the P-450.m-en-
hanced relaxation rate of the phenyl and methyl protons
of acetanilide was evaluated using the diamagnetic fer-
rous carbonyl derivative of the respective P-450Lm iso-
zyme. The change in hemeprotein oxidation state from
ferric to ferrous form may well result in conformational
changes of the apoprotein, and such alterations in qua-
ternary or tertiary structure of the apoprotein may be
reflected in the paramagnetic relaxation rate value. We
have recently demonstrated that addition of imidazole
(8 mmMm) to solutlons of acetanilide and P-450Lm, or P-
450Lm, results in T'7! 1, values virtually identical with those
obtained with the ferrous carbonyl derivatives. These
results are in agreement with distance estimates for the
acetanilide-P-450Lm, complex (Table 1) and further dem-
onstrate that alterations in apoprotein structure contrib-
ute negligibly to the paramagnetic relaxation rate values
determined using the ferrous carbonyl derivative of the
hemeprotein. In addition, the results of experiments us-
ing imidazole with acetanilide and P-450Lm, suggest that
the acetanilide binding site for this hemeprotein may
also lie within the distance estimates for acetanilide-P-
450Lm, (i.e., 5-8 A from the heme iron atom).

The results of the above experiments further suggest
that imidazole, in decreasing the interaction of acetani-
lide with P-450Lm, or P-450Lm,, should serve as a noncom-
petitive inhibitor of cytochrome P-450-catalyzed oxida-
tion reactions. We have recently confirmed that imid-
azole is an effective noncompetitive inhibitor of cyto-
chrome P-450-catalyzed N-demethylation, O-dealkyla-
tion, and p-hydroxylation reactions in uninduced, phe-
nobarbital-induced, and 5,6-benzoflavone-induced rabbit
liver microsomes (39).

The NMR relaxation rate approach to the study of
substrate-P-450Lv interactions as illustrated herein is
capable of providing specific information regarding
hemeprotein structure via dynamic accessibility as evi-
denced by substrate orientation in proximity to the cat-
alytic center. This approach may also be expanded to
include investigations of the effects of the individual
components (lipid, NADPH-cytochrome P-450 reduc-
tase) of the reconstituted enzyme system upon substrate
orientation and accessibility. Preliminary experiments
performed in this laboratory indicate that dilauroylphos-
phatidylcholine causes a comparable enhancement in the
paramagnetic relaxation rates of the phenyl and methyl
protons of acetanilide when added to P-450Lm (40).

Further efforts may be directed to studies of interac-
tions occurring between the isolated components in order
to understand more fully the molecular basis of substrate
specificity exhibited by the different isozymes of cyto-
chrome P-450 from the same species as well as a com-
parison of data with similar isozymes isolated and puri-
fied from different animal species. The combination of
such molecular level results with those obtained from
metabolic studies using the reconstituted enzyme system
or microsomal suspensions may well provide a composite

view of the basis for the substrate specificity of cyto-
chrome P-450-catalyzed oxidation reactions and the rel-
ative interactions among the various individual compo-
nents of the system. Such molecular level studies may
also provide a basis for predicting the effects of other
drugs (i.e., inhibitors) on cytochrome P-450-catalyzed
oxidation reactions.
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