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The stoichiometry of copper bound to dopamine-p-monooxygenase (DPM) has
been investigated by 'H NMR. The longitudinal relaxation rates of water protons
were measured as a function of Cu(II) added to the apoenzyme. The results
clearly indicate 8 Cu per tetramer, in agreement with similar experiments on
different DBM preparations. '’F NMR was applied to determine the position of
the redox equilibrium in the native protein using 0.5 M NaF as indicator. A
reasonable interpretation of these measurements had to invoke 8 rather than 4 Cu
per tetramer. The enzyme was found to exist almost exclusively in the oxy form.

Dedicated to Professor Olav Foss on his 70th birthday

Dopamine--monooxygenase is a copper-con-
taining enzyme which catalyzes the reaction:

Dopamine + ascorbate + O, —
noradrenaline + dehydroascorbate + H,O.

The general equation for the hydroxylation reac-
tion is:

RH + O, + 2e” + 2H* — ROH + H,0.

The enzyme has a molecular weight of about
290000 and is assumed to consist of four identical
subunits.! The copper content in the native pro-
tein is still a matter of dispute, the question being
whether 4 or 8 mol of Cu are bound per mol of
enzyme tetramer. In order to understand the
catalytic mechanism of the enzyme it is of vital
importance to determine the number of copper
atoms at the active sites.

Skotland er al., using liquid chromatography,?
dialysis techniques,*® and more recently a Cu(II)-
specific electrode,* claim that the tetramer con-
tains 4 Cu(II). Blackburn et al. propose, on the
basis of EPR techniques in combination with
CN~ and azide inhibition studies of the enzyme,
an active site involving two four-coordinated cop-
per atoms per subunit.” This is consistent with a
recent NMR study reported by Ash et al.,® in
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which relaxation rates (1/7,) of water protons
were measured as a function of the amount of
copper added to the enzyme. The titration curve
showed a discontinuity in the range 7-8 Cu per
tetramer.

Both the Cu(II)-specific electrode measure-
ments and the NMR results look quite convinc-
ing. One possible explanation for the discrepancy
may be found in the different methods of prepar-
ing the enzyme. DBM is a glycoprotein and exists
in two different molecular forms: an amphiphilic
form and a hydrophilic form. The enzyme used
by Ash et al. in the NMR experiment was puri-
fied from bovine chromafine granules prepared
by the method of Smith and Winkler.” The final
product contained 2.1 Cu per tetramer as deter-
mined by atomic absorption spectroscopy. No
attempt was made to prepare the apoenzyme.
Skotland et al., following a somewhat different
purification procedure,’ also prepared the apo-
enzyme for their titration experiment with the
Cu-specific electrode. The apoenzyme was pro-
duced by dialysis against EDTA® and had less
than 0.2 Cu per tetramer as determined after wet
ashing.

In the present paper we report NMR studies on
samples of holo- and apoenzymes prepared by
the Skotland method.? In this way we practically
eliminate the possibility of the discrepancies be-



ing due to the use of different sample prepara-
tions. At the outset it is difficult to rationalize
why the Cu-specific electrode measurements dis-
agree completely with the reported spectroscopic
results.

Theory

The addition of a paramagnetic ion to water pro-
duces an increase in the relaxation rates of the
solvent water protons. If a macromolecule to
which the paramagnetic ion binds is added to the
solution, a further enhancement of water proton
relaxation is observed. This proton relaxation en-
hancement (PRE) effect may be explained in the
following way:

In water, proton relaxation occurs by a dipole—-
dipole mechanism, with the interaction being
modulated by the tumbling motion of the mole-
cule. The addition of a paramagnetic ion to water
introduces the electron—-proton interaction as the
predominant relaxation mechanism. The large
magnetic moment associated with the unpaired
electron of the paramagnetic ion leads to a very
efficient relaxation.

In this ionic water solution, three correlation
times modulating the dipolar interaction have to
be considered: the tumbling motion relaxation
time (¢,), the electron spin relaxation time (t,),
and the lifetime of a water molecule in the coor-
dination sphere (¢,). The contributions of these
correlation times to the overall correlation time
(1) may be expressed as:

=+

If ¢, is very long on the NMR time-scale no
information will be transmitted from the metal
ion to the bulk solvent during the course of a
relaxation measurement and consequently no en-
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hancement will be observed. Only in “fast ex-
change” will an average effect on the bulk relaxa-
tion be noticeable. The addition of a macromole-
cule to the water solution changes ¢,, which is now
expected to be much larger. For metal ions at-
tached to a macromolecule the overall correla-
tion time, f,, may be about two orders of magni-
tude greater than for free ions. The larger ¢, leads
to a further relaxation enhancement.

The PRE technique can be used to study se-
veral important aspects of metal-macromolecule
interaction, '™ In the present paper the relax-
ation enhancement will be used as a titration
indicator to yield information on metal binding.
Other, more elaborate applications of the
method, yielding information on molecular mo-
tion and ion coordination number, have been
reported.'>® However, the derivation of these
parameters rests on a less firm theoretical basis.'!

Experimental

Materials. Dopamine-f3-monooxygenase was sup-
plied both as holo- and apoenzymes by Skotland.
The procedure for purifying the enzyme is de-
scribed elsewhere.!* A solution of 3.92 mg of ul-
tra-pure holoenzyme in 0.5 ml of 20 mM sodium
phosphate buffer (pH = 7.0, Ay, = 2.31) was
used. Two samples of apoenzymes were fur-
nished: one in Na-phosphate buffer and one in
MES-buffer, with A, of 4.53 and 4.30, respec-
tively. The apoenzyme was prepared by dialysis
against EDTA.® The concentrations of holo-
enzyme and apoenzyme were estimated assuming
an absorbance of 1.24 at 280 nm (10 mm light
path) for a solution containing 1 mg ml~'. The
metal salts and the ascorbate were analytical
grade reagents purchased from Merck.

NMR measurements. Proton and fluorine NMR

Fig. 1. Free Induction Decay (FID) and
corresponding FT signal for the proton
resonance of H,O in a 5 mm sample
tube.
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Fig. 2. Paramagnetically induced spin-lattice
relaxation (7;7) vs. added CuSO,. The
measurements were made at 25°C in 20 mM
MES-buffer, with dopamine-B-monooxygenase
concentration 12 uM; pH = 6. Precipitation
starts at about 4 Cu per tetramer.

spectra were recorded at 90 MHz on a Bruker
instrument operating in the Fourier transform
mode. The free induction decay over 1000 Hz
band-width contained 8K data points. Spin-lat-
tice relaxation times (7,) were determined using
a 180-t-90 pulse sequence. Usually, 15 t-values
were used and the peak intensities were fitted by
a single exponential decay curve using a tkree-
parameter least-squares program.

A standard 5 mm NMR sample tube was used
initially. However, severe distortion of the FID
was observed (Fig. 1). This phenomenon is espe-
cially pronounced for samples of high proton con-
centration, but may also be seen in T, experi-
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Fig. 4. Principle for determining the position of redox
equilibrium in the holoenzyme using '°F NMR. An
equivalent amount of ascorbate reduces
paramagnetic divalent copper to diamagnetic
monovalent copper.

ments with samples of moderate proton content.
Several experimental modifications were tried in
order to alleviate the problem. First, the gain of
the amplifier was reduced in order to eliminate
the possibility that the phenomenon was related
to saturation of the detector. Secondly, the delay
time between pulses and acquisition was varied.
Neither of these changes had any effect on the
amount of distortion. Finally, by reducing the
sample diameter from 5 mm to 1 mm an undis-
torted signal was obtained. Evidently, field in-
homogeneity and/or diffusion becomes critical
with samples of high proton content even when
normal 5 mm sample tubes are used. Conse-
quently, all proton relaxation measurements
were carried out on samples contained in 1 mm

7-1—P1/s4 T T T T T T T
1.2+

1.0
0.8+

0.6

Fig. 3. T;¢ for solvent water protons vs.
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glass capillary tubes supported in a standard
Smm NMR tube, the lock substance being
placed in the outer tube. In order to ensure
proper mixing during titration, the capillary had
to be inverted and gently centrifuged after each
addition of metal salt.

In the first trial run the paramagnetism-in-
duced relaxation rates changed in a manner
which indicated onset of precipitation of the pro-
tein at a certain metal concentration (Fig. 2). Fur-
ther tests showed the formation of precipitate to
be time-dependent. In subsequent runs, NMR
tubes each containing the same amount of pro-
tein were used. Only the apoenzyme showed
signs of instability in solution. '

Results and discussion

A plot of the paramagnetic contribution to the
spin-lattice relaxation rate (T;) of solvent water
protons vs. added CuCl, is shown in Fig. 3. The
two curves correspond to solutions containing
buffer and enzyme, and buffer alone. A compari-
son of the slopes of the curves demonstrates
clearly the PRE effect associated with the sol-
vent-protein interaction. The titration curve for
the enzyme solution shows a discontinuity at
about 8 Cu per DM tetramer. This result is con-
sistent with the stoichiometry obtained by Ash
et al.’ In their experiment, a holoenzyme con-
taining approximately 2.1 Cu per tetramer was
used as starting material for the titration. In pre-
liminary work by the same group'* a second de-

COPPER IN DOPAMINE-$-MONOOXYGENASE

flection point at a Cu:DBM ratio of 4:1 was ob-
served. This feature is not mentioned in the sub-
sequent publication.®

In our NMR experiment the precision is not
high enough to verify or rule out the existence of
a separate binding constant for the first four cop-
per ions which is only slightly larger than that for
the next four ions. The results obtained using a
Cu-specific electrode* clearly indicate four high-
affinity binding sites (K; = 11) and further bind-
ing sites of lower affinity (K; = 5-7). At the
moment it is difficult to rationalize the differ-
ences between the NMR and the electrode re-
sults.

The principle for determining the position of
redox equilibrium in the holoenzyme by ’F NMR
is shown schematically in Fig.4. The solutions
contain 0.5 M F~ ions added as NaF. The relax-
ation time (7)) is monitored as a function of
added ascorbate. The two titration curves plotted
in Fig. 5 represent the reduction profiles of holo-
enzyme and reactivated apoenzyme, respec-
tively, the latter being reactivated with 4 Cu per
tetramer. In order to explain the course of reduc-
tion one has to assume a larger content of Cu in
the holoenzyme than in the reactivated apo-
enzyme. T,-values for a second preparation of
apoenzyme reactivated with 8 Cu per tetramer
(marked as triangles) are consistent with a
scheme in which the holoenzyme contains 8 Cu
per tetramer. The plotted data indicate that the
holoenzyme exists almost exclusively in the oxy
form.

Fig. 5. T, relaxation times vs. added
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Theoretically, the curves for holoenzyme and
the reactivated apoenzyme should converge at a
common "F relaxation rate. The observed dis-
crepancy may be accounted for by invoking slight
precipitation of the more labile apoenzyme. The
formation of precipitate prohibited a complete
titration run for the sample reactivated with 8 Cu
per tetramer.

In conclusion, our proton and fluorine NMR
results are consistent with a dopamine-3-mono-
oxygenase stoichiometry of 8 Cu per tetramer.
This is also in agreement with previous NMR and
ESR experiments.>® At the moment it is difficult
to reconcile the data obtained with spectroscopic
methods and those obtained with a Cu-specific
electrode. Chemically, a model involving two Cu
atoms per subunit seems more reasonable since a
two-electron reaction has to be accomplished. A
binuclear, peroxy-bridged copper site has been
proposed to participate in the redox cycle.! Other
results indicate that only one of the two coppers
interacts directly with oxygen," accomplishing
electron transfer from the second copper through
an active site residue. This mechanism could ex-
plain the absence of magnetic coupling in the
ESR spectrum and, furthermore, imply slightly
different binding constants for the two types of
copper ions in the active site.
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