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Determination of Traces of Copper by Activation of Water-insoluble

Apopolyphenol Oxidase

By J. V. Stone and A. Townshend,* Chemistry Dept., Birmingham University, PO Box 363, Birmingham B15 2TT

Polyphenol oxidase is insolubilised by chemical bonding to polyacrylamide.

Copper is removed from the enzyme,

and the resuiting apoenzyme may be reproducibly and very selectively reactivated by incubation with 10—200 ng of

copper(ll), the extent of activation being a measure of copper concentration.

The properties of the insoluble

apoenzyme are described; the effect of other metal ions on copper activation or on the apoenzyme itself are minimal
until their concentration is more than 1000 times that of copper.

THE activation and inhibition of enzymes by metal ions
has been shown to provide an extremely sensitive means
of detecting and determining traces of metals.1® Per-
haps the main disadvantage of some of these methods is
their lack of selectivity. Although masking and separa-
tion procedures provide improvements in this respect,
another approach has recently been pioneered.%3 This
involves removal of the prosthetic metal ion from a
metallo-enzyme. The resulting apoenzyme is activated
very selectively by the prosthetic metal, and the degree
of activation is a measure of the metal ion concentration.

In some initial studies, zinc was removed from alkaline
phosphatase.4® The activation process provided a
reproducible method for the determination of as little
as 6 ng of zinc. Alkaline phosphatase, however, is not
ideal for this type of application as it is susceptible to
inhibition by many heavy metal ions and to further
activation or reversal of inhibition by other metal ions.%$
A further disadvantage of the use of apoenzymes for
analytical purposes is their time-consuming preparation
and their instability.

1 G. G. Guilbault, * Enzymatic Methods of Analysis,” Perga-
mon, Oxford, 1970.

2 A. Townshend and A. Vaughan, Talanta, 1970, 17, 299 and
references therein.

3 W. J. Blaedel and G. P. Hicks, Adv. Analyt. Chem.
Instrumen., 1964, 8, 118.

4 A. Townshend and A. Vaughan, Analyt. Chim. Acta, 1970,
49, 366.

5 A, Townshend and A. Vaughan, Talanta, 1970, 17, 289.

Here we describe a method which does not suffer
these disadvantages. A search was made for metallo-
enzymes that were relatively free from metal-ion inhibi-
tion and activation effects. One of these, a copper-
containing polyphenol oxidase (E.C.1.10.3.1) from mush-
rooms, was chosen for the present investigation. Several
workers have reported that only copper reactivates the
apoenzymes of such enzymes from plant?8 and
animal 1 sources. Moreover, it is reported that the
native enzyme is not susceptible to inhibition or activa-
tion by metalions.?? It was anticipated that insolubiliz-
ation of the enzyme would have several benefits. Re-
moval of the prosthetic metal and subsequent collection
and handling of the apoenzyme would be greatly
facilitated. The stability of the apoenzyme should be
enhanced by binding to the polymeric support. The
enzyme could be reused. Most of these advantages were
realised.

A preliminary report of this work has already been
published.1?

6 A. Townshend and A. Vaughan, Analyt. Letters, 1968, 1, 907.

7 . Kubowitz, Biochkem. Z., 1937, 292, 221.

8 7. Kubowitz, Biochem. Z., 1938, 299, 32.

9 T. H. Allen and J. H. Bodine, Science, 1941, 94, 443.

10 A, B. Lerner, T. B. Fitzpatrick, E. Calkins, and W. H.
Summerson, J. Biol. Chsem., 1950, 187, 793.

1L A. B. Lerner, Arch. Biochem. Biophys., 1952, 38, 473.

12 D, Kertész, Nature, 1951, 168, 697.

18 ], V. Stone and A. Townshend, J.C.S. Chem. Comm., 1972,
502.


system6
Knowing the full structures of (Ia) and (Ic) and also
having high-resolution i.r. and Raman spectra data for
C~S-P~X,(P~,P=C~CBU~)~ (X = C1 or Br) and trans-
PdI,(Ph,P*CiCBut), lo we attempted to assign v(Pd-N)
and v(Pd-S). The far-i.r. spectra (Table 3) allowed un-
equivocal identification of v(Pd-N) for complexes (Ia)
and (Ib). A very strong band, absent from all the
compounds cis-PdX,(Ph2P~CiCBut), (X = C1 or Br) ,
tvan~-PdX,(Ph,P*CiCBu~)~ (X = I or SCN) appeared at
277.2 (Ia) and 278-6 (Ib) cm-l. A band a t similar fre-
quency (282.7 cm-l) is present in cis-Pd(NCS) (SCN)-
( Ph,P*CiCPri), but again absent in the corresponding
halogenocompounds. This assignment places v( Pd-N)
somewhat above the range suggested by the work of
Keller et aZ.33 However it seems somewhat surprising
that the latter workers found v(Pd-N) within the nai-row
region 261-4270 cm-l for cis- and tram-complexes with
ligands differing substantially in trans-directing in-
fluence. By comparison with analogous palladium
halide complexes 37 v(Pd-N) would be expected at lower
frequency in cis-Pd(NCS),L, (L = tertiary phosphine)
than in C~S-P~(NCS)~L~ (L = tertiary amine). In
view of our result for (Ia), Burmeister's assignment for
[Pd(Et4dien)NCS)]+ may not be unreasonable. We
have found no evidence for bands due to v(Pd-S) in
(Ic), these bands being either too weak to be detected
or obscured by two medium-intensity bands at 323.1
and 309.2 cm-l.
We thank the National Research Council of Canada
for financial support (to A. J . C. and P. C. C . ) .
[2/1855 Received, 7th August, 19721
3' R. J . Goodfellow, J. G. Evans, P. L. Gaggin, and D. A.
Duddell, J . Chem. Soc. ( A ) , 1968, 604; K. Shobatake and I<.
Nakamoto, J. Ameu. Chem. SOC., 1970, 92, 3330.
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EXPERIMENTAL
Reagents. Polyphenol oxidase (from mushrooms) was

purchased from the Sigma (London) Chemical Company.
All water used in this investigation was distilled from an
all-glass apparatus.

0-2M Tris—acid wmaleate stock solution. Tris-(hydroxy-
methyl)methylamine (Tris) (24-2 g) and maleic acid (23-2 g)
were dissolved in 11 of water. 40 mM Buffer solutions were
prepared as follows.

pH 7-0. Stock solution (200 ml) and 0-2m-sodium hydr-
oxide solution (192 ml) were diluted to 1 1 with water.

pH 7-0, 0-5M in sodium chloride. Sodium chloride
(29-2 g) was dissolved in and made up to 11 with the above
pH 7-0 buffer solution.

pH 17-6. Stock solution (200 ml) and 0-2M-sodium
hydroxide solution (232 ml) were made up to 1 1 with water.

Metal ion solutions were prepared in the above pH 7-0
buffer solution from analytical grade reagents.

0:019%, Phenol solution. Phenol (15 mg) was dissolved in
water (150 ml) containing a few crystals of sodium acetate
(pH ~ 6).

0-2M Phosphate buffer solution, 0-1M in potassium cyan-
ide. Potassium cyanide (0-65 g) was dissolved in and made
up to 100 ml with 0-2m phosphate buffer solution, pH 7-0
(final pH of solution ~9).

Procedures

Adsorption of Metal Ions on Glassware.—Traces of copper 4
and other metal ions %1€ are readily adsorbed onto glass
surfaces. To minimise this problem all glassware was
routinely washed with Pyraneg detergent, soaked for
several hours in a saturated aqueous solution of disodium
EDTA, and then rinsed thoroughly with water.

As polyethylene is not so susceptible to these adsorption
effects,'” the experiment to determine the trace copper
content of 2 1 of water was carried out in a polyethylene
container.

Measurement of Catecholase Activity of Polyphenol Oxidase.
—The enzyme activity was measured by its catalysis of the
oxidation by catechol by oxygen, and was monitored by an
oxygen electrode. Enzyme samples (0-5—1 mg of soluble
enzyme in 50 pl of buffer solution or 5—10 mg of insoluble
enzyme in 0-5—1-0 ml of buffer solution) were pipetted into
the reaction vessel and made up to 1:5 ml with pH 7-0 Tris—
maleate buffer solution. Experiments to find the effect
of metal ions on the enzyme activity were carried out using
the buffer solution containing a metal ion in place of the
normal buffer solution. Samples were equilibrated at
25 °C for 10 min in the thermostatted sample container of
the oxygen measuring apparatus (Chark Electronics,
Birmingham, England), after which the oxygen electrode
was inserted and the reaction was started by the injection
of freshly prepared 37-5 mm catechol solution (pH ~ 6, 20
ul). The initial rate of oxygen uptake expressed as pl of
oxygen per min, was taken as the measure of enzymic
activity. The samples were maintained at 25°C and
magnetically stirred throughout the whole procedure.

In experiments where prolonged incubation of the enzyme
or apoenzyme with the metal ion was necessary, the mixtures
of enzyme and metal ions, in a total volume of 1-5 ml, were

14 A, Gubin, E. Hass, H. Hoffman, and W. Reinmuth, Mizt.
ver. Grosskesselbesitzer, 1955, No. 33, 436.

15 F. Leutwein, Zentralblatt f. Mineral. u. Palantol., 1940, A.
129.

18 F, K. West, P. W. West, and F. A. Iddings, Analyt. Chem.,
1966, 38, 1566.
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incubated in a water-bath at 25 °C, or at 4 °C overnight and
re-equilibrated to 25 °C, before transfer to the reaction
vessel for assay. Insoluble enzyme samples were always
stirred magnetically throughout these incubation periods.

Insolubilisation of the Enzyme.—Synthesis of Enzacryl AA.
Enzacryl AN, a copolymer of acrylamide, 4-nitroacryl-
anilide, and NN’-methylenediacrylamide, was synthesised
as described by previous workers; !® 5 g batches of this
polymer (in fine powder form) were selectively reduced to
Enzacryl AA immediately before attachment of the enzyme.

Diazo-coupling of polyphenol oxidase to Ewnzacryl AA.
The procedure developed by previous workers 18 was slightly
modified. Enzacryl AA (1-5—2-0 g) was stirred with 2m-
hydrochloric acid (75 ml) at 0 °C for 5 min. Ice-cold 29,
sodium nitrite solution (60 ml) was added dropwise and
stirring was continued for 15 min. The nitrous acid solu-
tion was decanted off and the diazo-derivative of Enzacryl
AA was washed with ice-cold pH 7-6 buffer solution (4 x 250
ml). After decanting the final washings, a solution con-
taining polyphenol oxidase (200 mg) in pH 7-6 buffer solution
(10 ml) was added and coupling was allowed to proceed
with stirring for 65 h at 4 °C. The 0-019%, phenol solution
(150 ml) was added to couple with unreacted diazo-groups
and after 45 min the water-insoluble polyphenol oxidase
was collected by centrifugation at 4 °C for 10 min at 25,000 g
in an MSE High Speed 18 centrifuge. A control sample,
containing Enzacryl AA preswollen in pH 7-6 buffer was not
treated with nitrous acid but was put through the above
coupling procedure.

Both the water-insoluble polyphenol oxidase and the
control were washed alternately with pH 7-0 Tris-maleate
buffer solution (100 ml) and the pH 7-0 buffer solution 0-5M
in sodium chloride (100 ml). Each washing took 20 min at
0 °C with vigorous stirring. Four of these washing cycles
was necessary to wash the control to negligible catecholase
activity («<69% of that in the diazo-coupled derivative).
The diazo-coupled polyphenol oxidase derivative (1 g)
was finally suspended in pH 7-0 Tris—maleate buffer solution
(100 ml).

Deteymination of Protein Bound to Ewnzacryl AA.—
Aqueous samples (1 ml, containing ca. 10 mg of the diazo-
coupled enzyme of the non-coupled carrier control) were
lyophilised, weighed, and hydrolysed in 6m-hydrochloric
acid (5 ml) in evacuated sealed tubes for 18 h at 110 °C.
The soluble enzyme (2 mg) was also hydrolysed under
identical conditions. The small amount of insoluble residue
in the hydrolysates of coupled and non-coupled polymer was
removed by centrifugation. Aliquots of the soluble enzyme
hydrolysate (0-5 ml), the coupled polymer hydrolysate
(2-0 ml), and the non-coupled polymer hydrolysate (20 ml)
were lyophilised, then redissolved in a small volume of the
appropriate buffer solution. A complete amino-acid
separation and analysis was carried out on each of these
samples using the Technicon amino-acid analysis system.1?
By this procedure the large amount of ammonia produced
from hydrolysis of the Enzacryl AA was separated, so that
it did not interfere with the estimation of the individual
amino-acids by ninhydrin assay. The quantities of protein
bound to the polymers in the original samples were calcu-
lated by comparison of these amino-acid colour yields with

17 R. E. Thiers, Methods of Biochem. Analysis, 1957, 5, 273.

18 8. A. Barker, P. ]J. Somers, R. Epton, and J. V. McLaren,
Carbohydrate Res., 1970, 14, 287.

10 * Techniques in Amino-acid Analysis,” Technicon Monograph

No. 1, 1966, Technicon Instruments Co. Ltd., Chertsey, Surrey,
pp. 110—140.
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those obtained from analysis of the soluble enzyme hydro-
lysate. These results are given in Table 4.

Preparation of the Soluble Apoenzyme—Polyphenol
oxidase (20 mg) dissolved in 0-2m-phosphate buffer, pH 7-0
(1 ml), was dialysed for 24 h at 4 °C against the pH 7-0

"\f\/"\M

CONH
OH
+
N* CH,
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N Enzyme
G [purs
CONH
?N= N o
i
Enzyme

phosphate buffer solution, 0-1m in potassium cyanide (250
ml). The cyanide was removed by dialysis for three 3-h
periods against 3 changes (each of 1 1) of pH 70 Tris—
maleate buffer at 4°C. A control sample of polyphenol
oxidase was treated in the same way except that there was
no cyanide in the phosphate buffer solution. The protein
content of these dialysed samples was measured by the
method of Lowry ef al3® Aliquots containing 0-5 mg of
protein were used in each of the reactivation experiments.

Preparation of the Water-insoluble Apoenzyme—The
water-insoluble enzyme was collected from 75 ml of its
suspension in pH 7-0 Tris-maleate buffer solution by centri-
fugation, and vigorously stirred with the ice-cold phosphate
buffer 0-1m in potassium cyanide (50 ml) for 30 min. After
collection by centrifugation, the insoluble enzyme derivative
was treated with more buffered cyanide solution (50 ml}
and recovered by centrifugation. The resulting insoluble
apoenzyme was washed with vigorous stirring at 0° for 20
min, six times with pH 7-0 Tris-maleate buffer (50 ml).
Finally, the insoluble apoenzyme was resuspended in pH
7-0 Tris—maleate buffer solution (60 ml). Aliquots (0-5—1-0
ml) of this suspension were used for the reactivation experi-
ments. A control sample of the water-insoluble enzyme
suspension was treated and washed as above except that
there was no cyanide in the phosphate buffer.

Collection of reactivated water-insoluble enzyme from 2 1
of solution was achieved by filtration through a 100 nm pore
diam. Millipore filter. The insoluble material was suspended
in buffer pH 7-0 (1-5 ml) for assay.

20 0. H. Lowry, N. J. Rosebrough, A. L. Farr, and R. J.
Randall, J. Biol. Chem., 1951, 193, 265.

21 D, Kertész and R. Zito, Biochen. Biophys. Acta, 1965, 96,
447,
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RESULTS

Effect of Metal Ions on the Enzymic Activity of Soluble
Polyphenol Oxidase.—Native polyphenol oxidase is re-
portedly not activated or inhibited by metal ions.12 This
has largely been confirmed in the present study. Table 1

TaBLE 1
Effect of metal ions on soluble polyphenol oxidase activity

Metal ion concn. (M) that had no effect
when incubated with the enzyme at 25 °C

Metal ion For 10 min For4h

Fell, NH,*, Call, 1 x 1073; 2 x 10°¢

Ball, VO, Cul,

Cul!
Cd™, Mgl?, Srlf, 1x 10%; 2 x 10¢ 1 x 103

Mnli, Co'f, Hg™
VO,- 2 x 10
Crliz 9 x 10%; 7 x 107
Fell 2 x 10¢ 1 x 1073
NilI, Znlt 1x 10%; 2 x 100® 1 x 103; 2 x 10°®
Ag! 1x10% 2x10¢ 2 x 10®
Hg! 3 x 104 2 x 107 1 x 101
AT 14 x 104; 7 x 1077
Pblt 9 x 104; 2 x 106

shows the concentrations of metal ions which have no effect
on the catecholase activity of polyphenol oxidase after
incubation with the soluble enzyme for the times indicated.
Chloride, nitrate, and sulphate ions up to 1073m also have
no effect.

The only metal ion found to have an inhibitory effect on
the activity of polyphenol oxidase after incubation with the
enzyme for 10 min at 25 °C was the metavanadate ion. The
effects of various concentrations of metavanadate are shown
in Figure 1. It shows that cea. 10°m-metavanadate is
required for appreciable inhibition to occur. Silver ions

Relative activity

Q
)
I

103[VO;"]/M
Figure 1 Inhibition of polyphenol oxidase by
metavanadate ions

also inhibited the enzyme, but only when they had been
incubated with the enzyme at 25° for 4 h (Figure 2). No
ions activated the enzyme.

Polyphenol oxidase contains copper(1) ions,?* which are
quite strongly bound to the enzyme. Attempts to remove
them by complexing with azide ions, EDTA, and some
1,10-phenanthroline derviatives were unsuccessful. Cyan-
ide ions, however, were very effective for this purpose.
The holoenzyme can be constituted by adding copper(n)
ions to the apoenzyme, whence the enzyme protein immedi-
ately reduces the copper(11) to copper(1).22 In the present

22 D. Kertész, Proc. 4th Int. Cong. Biochem., Vienna, 1958,
p. 65.
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study it was confirmed that both copper(1) and copper(i1)
were able to reactivate the apoenzyme preparation but only
reactivation by copper(i1) was investigated in detail.
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FI1GURE 2 Inhibition of polyphenol oxidase by silver ions

Uptake of copper(11) (8 ug) by the apoenzyme was found
to reach a maximum value within a few minutes of its being
stirred. with the apoenzyme (640 pg) at 25°C. Further
incubation up to 4 h gave no change in activity.

In this set of experiments catecholase activity was
determined in the presence of a low concentration of catechol
(6-6 x 107°m) and a large excess of reducing agent, hydro-
quinone (9-4 x 1073M), to minimise reaction inactivation
by the quinone (see below). However, this reduces the
sensitivity of the method to copper, for the enzyme is not
working at its maximum rate (Kp = 17 X 107 mol 171).2
Consequently in all studies of the insoluble enzyme, enzymic
activity was measured in the presence of a high concentra-
tion of substrate and in the absence of hydroquinone. The
extent of reactivation of the apoenzyme was proportional
to the amount of copper(t1) added over the range 25—200 ng
copper (25 X 1077—2 x 107%m); this is illustrated in Figure
3. The enzymic activity of the fully reactivated apoenzyme

03+
Iﬁ?}g{é?‘fcloenzyd\e o4
= [4

<
K

0, consumed/p! min-!

o
=

! ! | !
04 02 03 04
Cull/ug

FIGURE 8 Activation of soluble polyphenol oxidase by copper(ir)
ions. Each sample contained 480 pg apoenzyme protein

L 7 Lyl
05 710760

was almost identical to that of an equivalent amount of
untreated holoenzyme. It is evident, therefore, that the
soluble apoenzyme could be used in a method for the deter-

J.C.S. Dalton

mination of traces of copper, especially if the sensitivity
was enhanced by use of higher concentrations of catechol,
as outlined above.

Activation of the Insoluble Apoenzyme by Copper.—The
insoluble apoenzyme achieved maximum reactivation by
small quantities of Cull after incubation of the metal ion
with the apoenzyme for several hours at 25 °C (Figure 4).
In most instances, however, it was more convenient to
incubate the metal ion overnight at 4 °C and then allow the
preparation to equilibrate to 25 °C before assay. Similar
results were obtained from both procedures. The rate of

Q
co
T

=)
=2}
T

Q
=

0O, consumed/zl min—t
I

<
)

! ] 1 | 1 |
1 2 3
Time/h
FicUure 4 Rate of uptake of 100 ng of copper(11) ions by
insoluble apopolyphenol oxidase

0, consumed/pl min~?!

1 I 1
5C 100 150 200
Cull/ng

FIGURE § Activation of insoluble apoenzyme by copper(11)
ions. (Each point is the mean of two results)

uptake of copper was markedly slower than with the
soluble apoenzyme.

The increase in enzymic activity of the apoenzyme after
16 h incubation with increasing concentrations of Cull is
shown in Figure 5. There is a linear relationship between
copper concentration and enzyme activity. Between 10
and 200 ng of copper in a total volume of 1-52 ml (1077—
2 X 107®M) could be determined accurately and reproducibly
by their activation effect.

This method has even greater potential sensitivity. A
small amount of the insolubilised apoenzyme can be exposed
to large volumes of very dilute aqueous copper(11) solutions.

3 M. A. El-Bayoumi and E. Frieden, J. Amer. Chem. Soc.,
1957, 79, 4854.
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For example, 2 ml of the apoenzyme suspension stirred
continuously in 2 1 of pH 7-0 Tris-maleate buffer solution
containing 50 ng of copper(11) ions (25 pg per ml; 4-2 X
1071%v) for 24 h collected 42 ng of the copper (849%,) as
measured by enzyme reactivation. A similar experiment
with a blank solution (containing no added copper) indicated
a background level of copper(ir) of 20 pg per ml. It is
believed that the most important source of this copper is air-
borne dust.

Effect of Metal Ions on Reactivation of the Insoluble Apo-
enzyme.—Table 2 shows that relatively large concentrations
of some metal ions reactivate the insoluble apoenzyme to
some extent after incubation overnight at 4° with the
apoenzyme. Of these, iron(i1), strontium(ir), nickel(1n),
and magnesium(11) are the most potent activators. In most
instances, however, these activators are at least 1000 times
less effective than copper(i); Fel, ZnII, Cd, MnTf,
Call, Hg™!, Ball, Agl, NH,* (all 103m), PblI (3 x 107%m),
VO,” (1-7 x 107%M), and Hg! (107*M) did not reactivate the
apoenzyme. Atthe2 x 107®mlevel, no metalion other than
copper gave any measurable reactivation.

The effects of metal ions, when added witk copper to the
apoenzyme are summarised in Table 3. Relatively large
concentrations of calcium, magnesium, barium, and lead
do not appear to affect activation by copper, but similarly

499

The reason for this effect has not been established, but it
could be that cobalt ions occupy non-active sites on the
apoenzyme in preference to copper.

At the 2 X 107%™ level, only silver ions have any effect on
activation by & X 1077 copper(u1) ions. They reduce the
activity of the regenerated enzyme by 509%,.

Oxidation of Catechol by Metal Ions.—It has been shown
that traces of metal ions, including copper, catalyse the
oxidation of catechol.* Therefore the abilities were tested
of various metal ions to catalyse the oxidation of catechol
in the absence of enzyme. At the concentrations used in
the enzyme experiments, iron(11) (1073m) was the only metal
that catalysed the oxidation of catechol to any extent.
Appropriate corrections were made, therefore, in assays
involving iron(11).

Enzyme Activity Retained on Insolubilisation of Polyphenol
Oxidase.—A reduction in enzymic activity per unit of
enzyme protein as a result of the insolubilisation of an
enzyme is a widely observed phenomenon. However, the
extent of the activity loss varies widely and depends on
both the method of immobilisation and the nature of the
enzyme itself. For example, Barker et al.,'® who developed
the insolubilisation method described in this paper, showed
that a-amylase retained 69, of its activity when coupled
to Enzacryl AA through a diazo-link, and 9-59% of its

TABLE 2

Reactivation of insoluble apopolyphenol oxidase by metal ions

Metal ion Cull At VOt Coll Crlix Mgit Srlt Nilt Fell

Concentration (M) 5 X107 5 x 105 2 x 10¢ 1073 3 x 104 1073 103 103 103

Relative activity 1-00 013 0-19 0-26 0-32 1-00 1:17 117 1-25

TABLE 3
Effect of other metal ions on reactivation of insoluble apopolyphenol oxidase by 5§ x 107M copper(11)

Metal ion Sell MnlIt Al Fel? VO,~ Felll NH,* Nilt Crlll VO Colt
Concentration (M) 103 103 5 x 105 103 2% 104 10733 10-3 108 3 x 10¢ 1073 10-2
Relative Activity 1-00 1-17 0-45 0-63 1-80 0-60 0-65 0-70 2-17 1-32 1-19 1-40

10-3m-Call, Ba™, Mg, and 3 x 10-*m PbI! give relative activity = 1-00.

activity = 0-0.

large concentrations of zinc, cadmium, mercury, and lead
completely prevent copper activation. Manganese(11),
vanadate(v), iron(i1), and ammonium ijons (all 10m) and
aluminium (5 X 107®M) reduce the extent of activation by
copper. As aluminium at this level has a slight activating
effect, the actual reduction in copper activation may be
greater than is apparent from the enzyme activity measured.
Strontium, iron(ir), nickel(11), and vanadium(1v) (all 1073m)
and chromium(mrr) (3 x 10™*M) in the presence of copper
give activities in excess of those measured for copper alone.
For nickel, chromium(111), and vanadium(iv), the activity
is the sum of the activities expected for activation by copper
and the other metal ion. This indicates a lack of effective
competition between copper and these particular metal
ions for enzyme sites. In the presence of strontium,
however, and also of magnesium, the activity of the re-
constituted enzyme is exactly that found in the absence of
copper possibly indicating a complete exclusion of copper
by these ions. Iron(1r) shows intermediate behaviour in
that the enzyme activity is greater than that expected for
iron or copper alone, but is less than the sum of their
activities, indicating some competition for enzyme sites.
Cobalt(i1) behaves uniquely. Although it alone does not
activate the apoenzyme, it enhances activation by copper.

10-3m-Znl, CdI1, Hgl, Ag!, and 10-'m Hgl give relative

activity when coupled through an isothiocyanato-group to
the same polymer (which couples the enzyme through its
lysine residues). Another enzyme, B-amylase, retained
only 1-59, of its activity when diazo-linked to Enzacryl AA,
and even less (0-89;) when linked through the isothio-
cyanato-group.!®

The immobilisation procedure used in the present study is
considered a suitable one for this particular polyphenol
oxidase enzyme as it is found that 259, of the soluble enzymic
activity is retained when the enzyme is covalently linked to
the carrier (Table 4). Amino-acid analysis indicated that
linkage occurs predominantly to tyrosine residues. It is
noteworthy, however, that after the extensive washing
procedures, the control sample contains a considerable
quantity of adsorbed protein, although this protein is
relatively inactive. This inactivity is probably due to the
vigorous stirring over a long period of time of the soluble
enzyme with the carrier resulting in extensive denaturation
of the enzyme, whereas diazo-linkage of the enzyme to the
polymer presumably makes the enzyme less susceptible to
this type of effect.

Prolonged storage of both the insoluble holoenzyme and
the insoluble apoenzyme in Tris—maleate buffer solution,

24 K. Bhagvat and D. Richter, Biochem. J., 1938, 32, 1397.
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pH 7:0 at 4 °C, for 3 months did not have any serious effects.
The holoenzyme lost no activity over this period, whereas
the apoenzyme could be reactivated by Cu!! to 81%, of the
maximum reactivation level of the freshly prepared apo-
enzyme. In addition, the holoenzyme and apoenzyme were
unaffected by lyophilisation. After four days storage, the
lyophilised apoenzyme could be reactivated by copper to
its original activity.
TABLE 4

Enzyme activity retained on insolubilisation of
polyphenol oxidase

Bound or

adsorbed Enzyme units ¥/

protein mg bound and 9 Activity
(mg/100 mg adsorbed retained
polymer) protein on polymer
Diazo-linked 4-2 1 550 25-2
enzyme
Enzyme-polymer 1-4 165 2.7
mixture

* Each mg of soluble enzyme contained 6 150 enzyme units.
1 unit is that which takes up 1 nmol of O, per min at 25°.

Recovery and Reuse of the Insoluble Enzyme.—After incuba-
tion of the insoluble holoenzyme with catechol (20 pl of a
37-5 mu solution per ml of suspension) at 25 °C with con-
tinuous stirring in the presence of air, the insoluble enzyme

100

80
insoluble

60k holoenzyme

insoluble

40 apoenzyme

20+

°% of original activity

| j ]
1 2 3
No. of times reused

FIGUrE 6 Variation of enzyme activity with reuse

derivative was collected by centrifugation, washed, re-
suspended in buffer, and aliquots taken for enzyme assay
by the usual method. This procedure was repeated twice,
and the activity retained after successive reuse compared
to the original activity of the suspension, after correction
for losses during washing. The results are shown in Figure
6. After reuse three times, the enzymic activity falls to
almost half its initial value.

The possibility of reusing the apoenzyme after reactivat-
ing it with copper was also investigated. An excess of
copper [2 ug of copper(11) per ml of suspension] was added
to the apoenzyme preparation and stirred overnight at
4°C. Alter incubating this reactivated enzyme with
catechol, then washing it, as described above for the holo-
enzyme, the copper was removed by treatment with cyanide,
and the apoenzyme washed, as described in the Experi-
mental section. The percentage of original activity re-
tained after the reactivation of this apoenzyme with excess
72258;.0Asimov and C. R. Dawson, J. Amer. Chem. Soc., 1950,

% 1, L. Ingraham, J. Amer. Chem. Soc., 1950, %, 2875.

27 L. L. Ingraham, J. Corse, and B. Makower, J. Amer. Chem.
Soc., 1952, 74, 2623.
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copper was determined by the usual enzyme assay after
correction for washing losses (Figure 6).

Clearly, the copper-containing insoluble enzyme can be
used several times without too much loss of activity.
However, the insoluble apoenzyme loses about two thirds of
its activity after removal and readdition of the copper for a
second time, thus limiting its useful lifespan. The suscepti-
bility of the apoenzyme to activation was also reduced, since
at non-saturating concentrations of copper, approximately
twice as much was needed to produce the same amount of
activation as with the unused apoenzyme.

DISCUSSION

Copper is by far the most powerful activator of the
apoenzyme, and therefore, as expected, is probably
bound strongly by the enzyme protein. Those other
metal ions which can cause some reactivation of the
apoenzyme (AI', VO2+ Co™, Cr™!, Mg™, Nilf, Sr'%, and
Fel) must also be bound by the apoenzyme. In addi-
tion, the fact that sufficient concentrations of metal ions
such as zinc, cadmium, mercury, and silver do not
activate the apoenzyme yet completely prevent copper-
activation, implies that these metals, too, compete with
copper for the metal-binding site on the enzyme. A
similar inhibition of the copper activation of a mam-
malian apotyrosinase in the presence of larger concentra-
tions of mercury, silver, and gold,** has been explained in
the same way.

Since silver is the only metal that exerts any effect on
copper reactivation when present in low concentrations,
this metal may be bound more strongly than any of the
other metal ions except copper. This is also suggested
by the fact that silver inhibits the holoenzyme, but only
when incubated with it for several hours. Presumably a
slow silver-copper exchange takes place when silver is
present in sufficiently high concentrations (104—10-3m).
Lower concentrations of silver have a measurable effect
only when silver and copper compete directly for a free
apoenzyme site.

Native polyphenol oxidase becomes inactive during the
oxidation of its substrate.?® Binding of the product,
quinone, to the enzyme has been shown to account for
at least part of this inhibition.3 In the present study
it was noted that on successive reuse of the insoluble
holoenzyme and on reuse of the apoenzyme, the polymer
particles became progressively darker brown. It is
possible that this darkening could be the result of binding
of the product, thus making some of the active sites of
the enzyme inaccessible to the substrate. This effect
could account partly for the reduction in activity ob-
served on reuse of the holo- and apo-enzyme prepara-
tions. Some denaturation could also have occurred.

The fact that more copper is needed to produce the
same degree of reactivation of the regenerated apoenzyme
suggests that the copper is actually bound by many of
the active sites of the enzyme, but a smaller proportion
of these sites are catalytically active in the presence of

28 W. H. Miller and C. R. Dawson, J. Amer. Ckem. Soc., 1941,
63, 3368.

2 J. M. Nelson and C. R. Dawson, Adv. Enzymol., 1944, 4, 99.

30 B. J. B. Wood and L. L. Ingraham, Nature, 1965, 205, 291.
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copper than in the original apoenzyme preparation.
Alternatively, denaturation of the enzyme may have
exposed additional, but non-active binding sites for the
copper, so that a greater copper concentration is required
to regenerate the required degree of activity.

Analytical Applications.—The method developed here
provides a highly selective means of detecting and
determining copper at ultra-trace levels, since other
metal ions only interfere with the determination when
present in considerably higher concentrations than
copper. The sensitivity of the method is very high, for
as little as 6-7 x 10° g Cul! per ml of sample can be
determined with reasonable accuracy and precision.
Moreover as this insoluble apoenzyme is easily collected
from large volumes of sample by filtration or centrifuga-
tion, the method can be applied to the collection from
and determination of copper in even more dilute
solutions. Preliminary investigations here show that
2-5 x 107! g Cu'! per ml in a large volume of sample may

31 K, Mosbach, Acta Chem. Scand., 1970, 24, 2084.

32 S. A. Barker, P. J. Somers, and R. Epton, Carbokydrate
Res., 1968, 8, 491.
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easily be determined, and such sensitivity could well be
increased.

The apoenzyme preparation is extremely stable both
to lyophilisation and to prolonged storage in solution.
As it has often been shown that covalent linkage of
enzymes to insoluble matrices reduces their susceptibility
to inactivation by denaturation,33* this stability is
probably at least partly the result of chemical bonding
of the apoenzyme to the insoluble polymer. Preparation
of the apoenzyme is also quicker and easier because of its
insoluble nature.
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1969, 9, 257.
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The Exchange Reaction between Rhenium Hexafluoride and Boron Tri-
chloride and Enthalpies of Formation of Rhenium Pentachloride and
Rhenium Hexafluoride
By J. Burgess, (Mrs.) C. J. W. Fraser, 1. Haigh, and R. D. Peacock,* Department of Chemistry, The University,
Leicester LE1 7RH
Enthalpies of formation of ReCI,, -86.1 f 0.8 kcal mol-l, and ReF6, -322-6 f 2.3 kcal mol-I, have been estimated
from hydrolysis measurements. The reaction of rhenium hexafluoride with boron trichloride, under various condi-
tions, has been shown to yield rhenium pentachloride as the only major solid phase; the previously reported hexa-
chloride has not been detected.
FEW data are available on the thermochemical pro-
perties of rhenium-halogen compounds, although such
information is useful in relation to discussions of stabili-
ties. An early estimate of the heat of formation of
rhenium hexafluoride was made from direct measurement
of the heat evolved on reaction of the constituent
elements; precise data are available for potassium
hexachlororhenate ( ~ v ) , K2ReC1,,2 rhenium trichloride
and tribr~mide.~ The heat of formation of rhenium
pentachloride has been estimated from that of the tri-
chloride, and thermochemical data 6 established for the
equilibrium ReCl,(c) @ ReCl,(c) + C12(g).
We report measurements of the enthalpy of hydrolysis
of rhenium hexafluoride, ReF,, and of rhenium penta-
chloride, ReCl,, from which the heats of formation of
these compounds have been estimated. We have also
0. Ruff and W. Kwasnik, 2. anorg. Chem., 1934, 220, 96.
R. H. Busey, K. H. Gayer, R. A. Gilbert, and R. B. Bevan,
3 J. P. King and J. W. Cobble, J . Amev. Chem. Soc., 1960, 82,
4 R. Colton, Nature, 1962,194, 374; D. Brown and R. Colton,
J . Phys. Chem., 1966, 70, 2609.
2111.
J . Chem. Soc., 1964, 714.
investigated the exchange reaction between rhenium
hexafluoride and boron trichloride in an attempt to
isolate ReC&, which is purported to be formed from
direct reaction of the constituent elements! Whilst
the present work was in progress, further studies were
published '3* in which the formation of ReC1, was
partially disproved ; however its preparation in good
yield from the exchange reaction between ReF, and
various non-metallic chlorides, including BCl,, has been
reported.'
EXPERIMENTAL
Preparata'ons.-Rhenium pentachloride was prepared
from the reaction of rhenium sponge (Johnson, Matthey)
with dry chlorine at 400 "C in a flow system. The metal
was reduced with hydrogen at 500 "C before use to minimise
6 Nat. Bur. Stand., Technical Note 270/4, 1969, and R. H.
Schumm, personal communication.
6 N. V. Baryshnikov and A. N. Zelikman, Izvestiya Vysshikh
Uchebnykh Zavedenii, Tsvetnaya Metallurgiya, 1962, 5, 98.
7 J. H. Canterford, T. A. O'Donnell, and A. B. Waugh,
Austral. J . Chem., 1971, 24, 243; J. H. Canterford and A. B.
Waugh, Inorg. Nuclear Chem. Letters, 1971, 7 , 395.
8 A. Guest and C. J. L. Lock, Canad. J . Chem., 1971, 49, 603.
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