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1. Introduction

Ceruloplasmin, a blue copper-containing protein
with a molecular weight of about 160,000 obtained
from mammalian plasma [1], shows oxidase activity
to aromatic polyamines and polyphenols [2]. The
oxidase activity has been thought to be associated
with a reversible valence change between the cupric
and the cuprous state in an approximately half of
its total 8 copper atoms, whereas the rest to be in
the cuprous state [3]. Curzon and coworkers have
found that the oxidase activity is inhibited by var-
ious substances [4], which may be classified into
two groups, one consisting of small anions such as
azide, cyanide, thiocyanate, fluoride and chloride,
and the other a series of substances which have the
structural unit >C=C{gq- , such as fumarate,
crotonate and also some benzoate derivatives. The
inhibition mechanism of the former group has been
thought to involve a direct interaction with the cu-
pric ions of ceruloplasmin [5—7]. However, little
has been known about the inhibition mechanism by
compounds belonging to the latter group, particular-
ly concerning whether or not these compounds bind
directly to the cupric ions of ceruloplasmin. To in-
vestigate this point, salicylate (o-hydroxybenzoate),
an inhibitor belonging to the latter group, has been
chosen in the present work, and its interaction with
ceruloplasmin has been studied by the high resolu-
tion nuclear magnetic resonance (NMR) method. Ex-
perimental results have indicated that salicylate does
not bind directly to the cupric ions of ceruloplasmin,
in spite of the evidence that their reduction with a
substrate is considerably inhibited by the presence of
salicylate.
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2. Experimental

Human ceruloplasmin was prepared from Cohn
Fraction IV by the method of Deutsch [8]. The
preparations used were about 88 to 92% pure, as
determined from the absorbance ratio at 610 nm
and 280 nm. Ceruloplasmin concentrations were
determined spectrophotometrically with A;ﬁ’) Lf:‘“ =
0.68 [8]. Analytical grade sodium salicylate was
obtained from Nakarai Chemicals Co. Ltd. and was
used without further purification.

NMR signals from the aromatic ring protons of
salicylate were taken with a Varian HA-100 spectro-
meter in D, O solution, pD 5.90, buffered by 0.1 M
sodium acetate and containing 50 uM EDTA. Since
the resonance lines became overlapped when broad-
ened, the width was determined by a computer si-
mulation by assuming Lorentian line shapes. The
resonance lines from para-proton H(4) of salicylate
were chosen for this purpose.

3. Results

In the absence of ceruloplasmin, a fairly well re-
solved NMR spectrum from aromatic protons of
salicylate was obtained at 25° (fig. 1a). When cerulo-
plasmin was added to the solution of salicylate, all
the proton signals became broadened rather uniform-
ly (fig. 1b, 1c). The line width increased almost pro-
portionally with increasing ceruloplasmin concen-
tration (fig. 2), and became even broader as the tem-
perature was lowered. This is expected when salicylate
is exchanged rapidly between binding sites on cerulo-
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Fig. 1. Effect of ceruloplasmin and of free cupric ion on aro-
matic proton signals in the 100 MHz NMR spectrum of sali-
cylate. The spectrum was taken at 25° with 50 mM salicylate
in the presence of (a) nothing, (b) 34.4 uM ceruloplasmin, (c)
138 uM ceruloplasmin, (d) 138 uM ceruloplasmin and excess
of ascorbic acid, and (€) 167 uM CuSOy4. The solvent was
D, O containing 0.1 M sodium acetate and 50 uM EDTA (pD
5.9), except (e) for which only D,O was used.

plasmin and the bulk solution so that the transverse
relaxation of salicylate protons is dominated by an
effective correlation time in the bound state.

To examine whether the observed line width in-
cludes the paramagnetic contribution from cupric
ions associated with ceruloplasmin, excess ascorbic
acid was added to the mixture of salicylate and
ceruloplasmin. Although, under this condition, all
cupric ions were completely reduced to the cuprous
state [9], no significant change occurred in the ob-
served line width (fig. 1d).

In contrast to the uniform broadening in the
presence of ceruloplasmin, the NMR spectrum of
salicylate in the presence of free cupric ions was
found to show a preferential broadening of the H(4)
proton (fig. 1e), indicating that a salicylate—Cu®*
complex was formed in which the unpaired electron
is transmitted preferentially to the carbon(4) atom
through delocalized m-orbitals of salicylate.

4. Discussion

For the present situation in which salicylate is
exchanged rapidly between binding sites on cerulo-
plasmin and the buik solution, the observed line

width Av . of NMR signals from salicylate protons
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Fig. 2. Observed line width of aromatic proton signais of

salicylate as a function of ceruloplasmin concentration. The

width was determined from the computer simulation of re-

sonance lines from the para-proton H(4) of salicylate by
assuming Lorentian line shapes.

will consist mainly of the following terms:

Ay obs = AVn,dipole +Ap e,dipole+ Av e,contact (1)

Here, the first term represents the intra- and inter-
molecular dipolar contribution from other nuclei
(mostly protons), whereas the second and the third
terms represent the paramagnetic contribution from
ceruloplasmin cupric ions, through the anisotropic
dipolar interaction, and through the contact and
pseudocontact interaction, respectively. The contri-
bution from other effects, such as anisotropic chemi-
cal shift, spin-rotation interaction and quadrupole
relaxation may be neglected in the present case.

Since the preferential broadening of salicylate
proton signals as observed in the salicylate-Cu®* mix-
ture does not occur in the presence of ceruloplasmin,
AVq contact N €q. (1) due to the direct transfer of un-
paired electrons to the salicylate protons from cupric
ions is considered negligible in the salicylate—cerulo-
plasmin complex. The fact that no significant change
in the electron spin resonance spectra of ceruloplas-
min was observed by addition of salicylate [10], is
consistent with the above interpretation.

On the other hand, the observation that the line
width does not change by the reduction of the cupric
ions of ceruloplasmin indicates that the contribution
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of Aue,dipole is also negligible within experimental
error, which is estimated to be less than 1.0 Hz in
the presence of 138 uM of ceruloplasmin. This re-
sult leads one to a rough estimate of the lower limit
for the distance r between a salicylate proton and
and electron spin of a cupric ion in ceruloplasmin
from the theoretical expression [11].

o 122 die
Ape,dipole = 207 7[-1 7e ﬁl ('._)6 TC R

(wy e <1,wira> 1) )

where vy, 7., Wy, We, and R represent the gyromag-
netic ratio of proton, that of electron spin, the re-
sonance frequency of nuclear spin, that of electron
spin and the ratio of the ceruloplasmin concentratior
to the salicylate concentration, respectively. The
effective correlation time in the bound state is re-
lated, in this case, to the rotational correlation time
7,, the electron spin relaxation time 7, and the life
time of the complex 7, as

As, in the present situation, 7, and 7, will be long
compared with 7, for cupric ions (~ 107° sec) [12,
13], 7, will be determined by 7,. Numerical calcula-
tion based on eq. (2) indicates that a salicylate pro-
ton is separated by at least 6 A from the electron
spin of a ceruloplasmin cupric ion.

Thus the broadening should mainly be attribu-
table to the dipolar interaction with other nuclei
(mostly protons), which is given by

l .4 1
AVn,dipole = 4_-1(— 7Hﬁ2 E (Z)6n'R'Tr
1 1

(wyr,>1) 3)

where r; and n represent the distance between the
proton under consideration and the ith nucleus
interacting with it, and the number of binding sites
on a ceruloplasmin molecule, respectively. If we
assume that the intramolecular contribution from
the nearest neighbor protons dominates in the broad-
ening of the para-proton resonance, the straight line
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of fig. 2 gives n'7, = 7.8 X 107° sec. If we assume
that salicylate binds rigidly to ceruloplasmin, 7,
will be dominated by the rotational correlation
time of ceruloplasmin itself. If we take, as the lower
limit of 7,, the slower component of the rotational
correlation time (2.6 X 107° sec) calculated from
Perrin’s equation [14] for the prolate ellipsoid-
shaped ceruloplasmin [15], this places the lower
limit for the value of #n as 3. The existence of more
than several binding sites on ceruloplasmin may
well be expected in view of the experimental evi-
dence that the protein consists of at least eight sub-
units {16], although the specific identification of
the binding site cannot be made from the present
experiment only.

The results obtained in the present work suggest
a great difference in the inhibition mechanism
between salicylate and other small anions. The most
interesting point is that salicylate does not inter-
act directly with the cupric ions associated with
ceruloplasmin, in contrast with the small anions,
although salicylate does inhibit the reduction of
the cupric ions of ceruloplasmin with a substrate
N,N-dimethyl-p-phenylenediamine, as revealed by
our separate experiment with a stopped-flow tech-
nique [10].
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