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ABSTRACT

A novel idea for biochemical microanalysis of heavy metal
ions in combination with flow—-injection techniques is.proposed.
The microdetermination of the cofactors based on an apoenzyme
reactivation method is reviewed exemplifying the assays for
heavy metal ions with use of several kinds of immobilized

metalloenzymes as the recognition elements for each metal ion.
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1. INTRODUCTION

During the past quarter century numerous kinds of
biosensors using biospecific materials have been developed[1].
Currently, around twenty biocanalyzers including enzyme sensors
are commercially available. However, most of the analytes have
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been 1likely to be limited to any of substrates, products,
inhibitors and activators in the enzymatic reactions so far. In
contrast we have proposed a novel bioanalytical method for
flow-injection microdetermination of cofactors based on an
apoenzyme reactivation{2-15]. Many kinds of enzymes essentially
need cofactors, e.g. nucleotides and metal ions for their
catalytic reaction. In an acitve site of a metallcenzyme
molecule heavy metal ions are coordinated and thereby, they can
function as a cofactor in the catalysis. The metal ions are
usually intrinsic to each of metalloenzymes. Therefore, the
metal-free enzymes can be regarded as the specific recognition
elements for each metal. Thus, we have tried to |wuse
cofactor-free enzymes regenerated from metalloenzymes as
recognition elements for heavy metal ions in flow streams.

In this paper, the overview of the apoenzyme-reactivation
flow-microassay of heavy metal ions is described focussing on

our research works.

2. PRINCIPLE AND CHARACTERISTICS

2.1 Principle

Heavy metal ions or nucleotides are coordinated in the
active site of the metalloenzymes or flavin enzymes and then,
these enzymes are capable of expressing their catalytic
activity. The cofactor-bound enzymes are generally called
holoenzymes, while cofactor-free enzymes are apoenzymes. The
interconversion process between the holoenzyme and the apoenzyme
is mostly reversible as schematically illustrated in Fig.1l. The
metalloenzymes bind metal ions S0 tightly(dissociation
constant:Aa<lO_8M) that the metal ions remain with the enzymes
throughout the course of purification. On the other hand
metal-activated enzymes associate metal ions loosely(/ia:m—3 to
10_8M) and then, the latter metal ions disscciate from the
metal-complexed enzymes during purification[17].

The apoenzyme lacking in its catalytic activity can be

generated by removing the metal from the holoenzyme with strong
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Fig.1 The complexing of the cofactor to the apoenzyme.

v cofactor(heévy metal ion or nucleotide}.oo: substrate—bindiug site,
AAA: catalytic site.
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Fig.2 The interconversion process between the regeneration and the reactivation

of the immobilized apoenzymes
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chelating agents. The apoenzyme is reversibly reactivated by
exposure to the metal-containing sample so that metal ions can
be taken up and trapped in the active site. The amount of the
metals complexed in the catalytic center of the enzynme
molecules, therefore, may be related to the enzyme activity
induced by the coordination and in turn proportional to the
added amount of the metals. Thus, the trace metal content can be
evaluated through measuring the expressed activity due to the
reactivation of the apoenzyme.

The metal ions complexed in the active site of the
metalloenzymes differs from the kind of the enzymes.
Consequently, selective determination of the metals can be
performed by applying the appropriate metalloenzymes in which
their catalytic sites fit in well with each of the metals.

Use of a packed column containing immobilized
metalloenzymes can make assays continuous and enhance
feasibility of handling in the process between the regeneration
and the reactivation of apoenzymes. The interconversion process
is schematically shown in Fig.2. Reusability and long-term
stability of the immobilized enzymes may be also expected.
Microassay of heavy metal ions using spectrophotometric
monitoring was reported by Townshend[18] and microdetermination
with use of high performance liquid chromatographic method was
also presented by Johansson[19] based on the similar idea,
respectively. Mattiasson presented an electrochemical
determination using an apoenzyme electrode[20].

We have originally developed biosensing of heavy metal ions
in combination with flow-calorimetry[2]. Pioneer ﬁorks on
thermometric flow-injection analysis of biorelated componds
using a high performance semiadiabatic calorimeter and a small
column packed with immobilized enzymes have been made by Mosbach
and Danielssdn[21,22]. The measuring system is a kind of thermal
bioanalyzers and is called “Enzyme thermistor". We applied the
intrument to monitor the enzymatic activity in the reaction
cycle including the regeneration and the reactivation. The
schematic illustration of a calorimetric biosensing system(so to
say, “Apoenzyme thermistor"”) is represented in Fig.3. The enzyme
column is interchangeable and thereby, different species of
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metals are very easily determined. Furthermore, other monitoring

methods based on electrochemical and spectrophotometric

determinations are available by exchanging the thermistor with

other devices such as electrodes and photomultipliers.

2.2 Characteristics
Table 1 summarizes the characteristics of the proposed

biosensing methods. The novel sensing methods in microassay of

heavy metal ions don't need any expensive instruments based on

absorption spectrophotometry and inductively coupled
the

atomic
plasma atomic emission spectrophotometry. In addition

proposed method is free from pollution problems due to exhaust

fumes.

3. ASSAY PROCEDURE

The assay ©procedure proposed here is schematically
illustrated in Fig.4. Three rotary injection valves are
incorporated into the flow system not to be contaminated each
other. At first the catalytic activity of the reactor packed
with the immobilzed holoenzymes is monitored by injecting its
substrate solution. A sharp peak obtained in a calorimetric
system is a measure of the activity due to the holoenzymes as
shown in Fig. 5. After exposing the cofactor-complexing agent to
the reactor, a significant decrease in the activity is observed.
This means most of the cofactors coordinated in the catalytic
site of the holoenzymes are removed. Regeneration volumes of the
reactor are dependent on kinds of metalloenzymes and furthermore
conditions for the cofactor-complexing. Subsequeht addition of a
trace amount of cofactors reactivates the enzymes once
chelator-exposed. Then, the recovery of the reactor activity is
demonstrated by introducing the substrate. After sufficient
cofactors have been injected to the system,fthe miiture of the
cofactor-free and cofactor-bound enzymes can be converted to the
completely reactivated enzymes. Thus, the system is ready for
another assay. A reaction cycle usually takes 40 min to 60 min.
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Table 1 Characteristics of the Flow-injection Microdetermination of Heavy

Metal Tons Using a Colunn Packed with Imnobilized Apoenzyme Beads
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Fig.3 Schenatic presentation of response curves for a reaction cyCle
-in the flow-calorimetric biosensing of heavy metal ions.
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4. BIOSENSING OF HEAVY METAL IONS

4.1 Biosensing of zinc(l/l) ions
4.7.1 Assay with carbonic anaydrase
There are so many zinc-dependent metalloenzymes known so

far[23]. Carbonic anhydrase possesses one gram—atom of zinc per
mcl. The enzyme purified from erythrocytes(EC 4.2.1.1) has very
high turnover numbers and plays a very important role
controlling equilibrium between carbon dioxide and bicarbonate
in bloods.

Larbonic

o, + H,0 = H2C03 (1)
anfydrase

The enzyme also reveals an esterase activity as shown in
equation(2). Bovine carbonic anhydrase (EC 4.2.1.1) was
immobilized onto porous glass beads with controlled pore size
and then applied to specific determination of zinc(II) ions{2].

Bovine carbonic

o Nitrophenyl acetate + H20
anfydrase
ponitrophenol + acetate (2)

Injection of 0.5 ml of prnitrophenyl acetate soclution of
various concentrations into the system with +the holoenzyme
reactor (packed volume: 0.3 ml) gave an exothermic response. A
linear relationship with a slope of 2.7 nK M_l was obtained
between the concentrations of the substrate and the changes in
temperature response. Application of the tris-HCl(pH 8.0) buffer
as the carrier provided three times higher responses than those
of phosphate buffer(0.9 nK Mnl). Normally values of the changes
in enthalpy( A4 )} for ester hydrolysis reactions are =zero.
Therefore, this exothermic change was mainly due to the
protonizing heat of acetic acid enzymatically released to the
tris carrier sclution. The relative standard deviation of thirty
repeated measurements of 3 mM substrate was about 2%. The
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cofactor-bound enzyme reactor retained 83% of the initial
activity under the condition of 303K and pH 8.0 during 60 days.
Addition of 10 mM 2,6-pyridine dicarboxylate solutiontpH
5.0) as the cofactor-complexing agent to the enzyme reactor
sufficiently saturated with zinc(II) ions caused a marked
decrease ‘in the temperature response owing toc the protonizing
heat. The residual activity after exposure to more than 5ml with
the chelating agent was almost not observed. The effect of the
pH in the chelating agent on the regeneration was examined and
no remarkable decrease. in. the enzyme activity was shown in the
basic region. Zinc(II)ions in the range from 25 pM to 250 pM

could be determined for 0.5 ml injections.

4.].?;Assay with alkaline phosphatase _ _

Use of alkaline phosphatase enabled much highly sentitive
determination of zinc(II) ions based on a couple of monitoring
methods[9-11,16] and also exhibited a considerably greater -
long-term - stability than that of the method wusing the
immobilized bovine carbonic anhydrase. The enzyme is often used
as -a label for enzyme immunoassays[24]. The following reaction
is normally utilized for monitoring the enzyme activity. .

Alkaline

o

po-Nitrophenyl phosphate + H20
phosphatase

pnitrophencl + orthophosphate (3)

- Alkaline phosphatase(from Z&scterichia col7 ; EC 3.1.3.1)
immobilized onto epoxide acrylic beads(Eupergit C: 100-200. pm
particle diameter; 40 nm pore diameter;. 180 ngf; surface area;
Rohm Pharma, Darmstad, Germany) was packed into a . small
column(0.29 ml) and then used as the recognition element.

Tris-HC1 100 mM buffer{(pH 8.0, containing 1.0 M NaCl) was
used as the carrier solution and the catalytic activity was
calorimetrically monitored by injecting 0.1 ml of 100 mM
substrate solution(gpnitrophenyl phosphate). Exposing - 20 nM
2,6-pyridine dicarboxylate solution(pH 6.0) as the chelating
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agent to the enzyme reactor preliminary saturated with zinc(II)
ions caused a considerable decrease in the temperature response
due to the protonizing heat of phosphoric acid generated by the
enzyme-catalyzed reaction. Complete regeneration was virtually
achieved by introduing 2.5 ml of the chelator to the reactor.
The reactor maintained almost constant catalytic activity before
and after the regeneration process. The effect of the pH in the
chelator on the regeneration was investigated for 0.1 to (0.5 ml
injections in the pH range of 4.0 to 8.0 and no appreciable
difference in the 1level of the sufficient regeneration was
observed over the pH region.

The recovery of the temperature response due to the
partially reactivated apoenzyme was obtained as a function of
the added amount of =zinc(II) ions. Calibration graph for
zinc(II) ions showed a sigmoid curve as illustrated in Fig.6.
Zinc(IIl) ions in the range from 0.01 to 1.0 mM could be
ultimately determined for 0.5 ml injections. The effect of pH in
zinc(II) ions solution on the reactivation of the apoenzyme was
examined in the weakly acidic pH region(from 4.0 to 6.0 in step
of 0.5). The effect turned out to be almost invariable at each
pH value. Therefore, the proposed determination of zinc(II) does
not require a pretreatment of critical pH adjustment and is
quite practical. The reactor has been repeatedly used for the
regeneration/reactivation process over 120 times during the 2
months of operation.

N Spectrophotometric moniforing of the enzyme activity
measured by detecting change in absorbance at 405 nm due to the
ponirophenol formed gave similarly sensitive Dbiosensing of
zinc(II) ions in the submicromolar levels{9,10]. Potentiometric
approach wusing the enzyme reactor in combination with a
flow-through ISFET was also made by sensing change in pH due to
phosphoric acid released in the enzymatic hydrolysis[10,11].
Thus, =zinc(II) ions were potentiometrically determined in a
range of 0.01 to 1.0 mM through the similar assay cycle.

4.2 Biosensing of copper(ll} Jons
4.2.1 Assay with ascorbarte oxidase
Most of copper-depending enzymes are involved in catalytic
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Fig.6 Calibration curve for zinc(I1) ions with use of the flow-calorinetric

biosensing systen.

Carrier: 100 m M Tris-lICl1(pll 8.0.,containing 1 M NaCl). Reactor: pdcked with

the immobilized alkaline phosphatase(0.29m1), Sample volume: 0.5

ml,

- Substrate: 100 m M pnitrophenyl phosphate(0.1 ml). Chelating agent: 20 mM

2_. 6-pyridine dicarboxylatc(pl[ 6.0).

Table 2 Flow-injection ~Microdetermination of Heavy Metal Ions Based on

,@mmemMmmmmm

Motal- Recognition elcment Monitoring mcthod/device - Range[mM]
In(11) dlikaline phosphatase Calorimetry T 0.010 - 1.0
Zu(1l) Alkaline phosphatase Potentiometry I 0.010 - 1.0
In{ll) dlkaline phosphatase Spectrophotometry P 0.0001 - 0.010
Zn(ll) JLovine carbonic anipdrase Calorime txj); ) T 0.025 - 0.25
n(l1)  Larbexppeptidase A Calorimctry T 0.1 - 0.5
Cu(ll) -dscorbacte oxidase Amperometry 0 0.0005 - 0.002
Cu(ll)  Jdscorbate oxiduase Calorimetry T 0.001L - .-0.05
Cu(ll) dscorbate oxidase Spectrophotomctry P 0.0001 - 0.010
Cu(ll) CGalactose ovidase Ampcx‘omcfry 0 0.1 <1000
Cu(ll) Gulactose oxidasc : Amperometry . I 0.01 - 10.0
Cu(ll) (Gulectose ovidase Calorimetry T 5.0 - 20.0
Co(ll) dlkaline phosphatase Calorimetry . ) T 0.04 - 1.0
Co(ll) Alkaline phosphatase Spectrophotometry P 0.001 - 0.2

T 0.005 - 0.2

Co(ll) JBovine carbonic antprirase. Calorimetry

Device: T:(tllcx.'m‘isi.:or')'. I(pll-1SFET). P¢photomultiplicr),
V ‘O(polarographic oxygen clectrode) . li(hydrogen peroxide: clectrode).
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oxidation. Ascorbate oxidase is one of the typical
copper-enzymes and catalyzes oxidation of L—ascorbate to

dehydroascorbate as follows:

dscorbate

2L—Ascorbate + O2 - >
oxrdase

2dehydroascorbate + 2H20 (4)

Oxidative reactions involving molecular oxygen are always
accompanied by a large amount of heat evolution. Ascorbate
oxidase from cucumber immobilized onto porous glass beads was
applied to the proposed calorimetric system and the catalytic
reaction was monitored. Then, considerable heat evolution was
observed with injection of L—ascorbate solution[25]. The results
was to be anticipated for highly sentitive and precise
microassay of copper(II) ions from the much exothermic response
by using the immobilized enzymes as the recognition elements.

As was anticipated, micromolar levels of copper(II) ions
could be determined.[3]. In particular, the element was not
responsive to divalent cations in 1 mM level such as Ca(II},
Co(IIl), Mg(II), Ni(II) and zinc(II) at all. Regeneration of the
apoenzymes could be achieved by exposing the packed column to 1
ml of 20 mM A/ #diethyl dithiocarbamate solution(pH 8.0)..-One
assay cycle took around 40 min. The calorimetric method was
applied to trace assay of copper in human blood sera[26] and
compared with the conventional atomic absorption
spectrophotometric method. There was satisfactory agreement
between both methods.

Furhtermore, amperometric monitoring of the reaction using
an polarographic oxygen electrode was also separately performed
and then, more sentitive assay for copper(II) ions(0.5 to 2.0
uM) could be realized[4]. The electrochemical sensing method was
positively applied to determine the copper(II) content in cocoa
powder.

In addition, the amount of L—ascorbate consumed during the
reaction was traced by the measurement of decrease in absorbance
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at 265 nm. Copper(II) ions determined photometrically ranged
from 0.1 to 10.0 pM. Thus, the validity and practical use of
microdetermination of  copper(II) ions using immobilized
ascorbate oxidase as the recognition element were clarified.

4.2.2 Assay with galactose oxidase
Galactose oxidase(EC 1.1.3.9) has one gram atom of copper

per mol and catalyzes the following reaction.

Galactose -

D-Galactose + .02 T
oxidase .

p-&alactohexodialdose + H,0  (5)

The apoenzyme f'rom Bacfj'jj'um dendroides can be readily
obtained under the condition of the water-soluble state, but it
takes longer time to reactivate the apoenzyme. The calorimetric
biosensing with use of the immobil_i_zed enzymes onto porous glass
beads gave less sensitive and time-consuming assay of copper(II)
ions, since remarkable heat evolution was not accompanied[12].
On the contrary, electrochemical methods using an oxygen and a
hydrogen peroxide electrode as. a monitoring device reduced the
measuring time, and yet the lower detection limit of the methods
were 0.1 mM[8]. Therefore, the less sensitivity may arise in not
the transducers per se, but the characteristics of the enzyme

element.

4.3 Biosensing of cobalt(ll) ions
4. 3.1 dAssay with carbonic anlydrase _

Zinc(II) ions coordinated .in the catalytic site of some
zinc-enzymes can be reversibly substituted with cobalt(II) ions
and then +the cobalt-complexed enzymes  express still their
catalytic activity. We tried to exchange the cobalt(II) ions
with zinc(II) ions to.be trapped in the active site of the
bovine carbonic anhydrase[5]. Regeneration of a reactor packed
with the immobilized carbonic anhydrase was positively niade by
exposing to less volume of 2,6-pyridine carboxylate solution{pH
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6.0, 2.5 ml). The calibration in the calorimetric monitoring

covered a range from 50 to 200 B

4.3.2 Assay with alkaline phosphatase

Cobalt-substituted alkaline phosphatase can also retain the
estarase activity. The alkaline phosphatase immobilized on
oxirane-acrylic beads were also applicable to the flow-injection
photometric biosensing of cobalt(II} ions[15]. Cobalt(II) ions
were determined in 1.0 to 200 uM. Repeated use of the reactor
packed with the cobalt-substituted enzymes via
regeneration/reactivation process performed at 303K has been
possible over 230 times during 3 months of operation.
Flow-calorimetric determination of cobalt(II) using the same
immobilized preparations as the sensing elements was separately
performed and thereby, the calibration range from 0.04 to 1.0 mM

was monitored.

3. CONCLUSIONS

Flow-injection microdetermination of heavy metal ions based
on apoenzyme reactivation method with wuse of immobilized
metalloenzymes beads was demonstrated. Table 2 summarizes the
results. The versatile and sensitive measurements of the enzyme
activity could be achieved with calorimetric monitoring of the
heat evolution due to the reactivated apoenzymes. The concept of
the proposed method is readily applied to microassay of heavy
metal ions in any analytical fields. Selective determination of
heavy metals may be led by choosing appropriate metalloenzymes
as the recognition element, in which its corresponding metal ion
is complexed in its catalytic site.

Further developmental studies are currently in progress
toward establishing the generality and versatility of the
analitical techniques with use of immobilized apoenzyme systen

in flow streams.
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