JOURNAL OF CHROMATOGRAPHY 173
CHROM. 5577
HIGH-VOLTAGE ELLECTROPHORESIS OF ENZYMES
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SUMMARY

Multiple enzymes may be separated by electrophoresis. Increasing the voltage
results in a decrease in separation time, but since enzymes are sensitive to heat, the
increase in voltage depends on the possibility of removing the heat produced. The
isoenzymes of lactic dehydrogenase or malic dehydrogenase can be separated for pre-
parative purposes in starch gel or polyacrylamide gel. 1f the gel is thoroughly cooled on
three sides the temperature will not exceed 25° at 35 V/cm. For analytical separations
cellulose acetate foil is very suitable for the electrophoresis. At 60 V/cm the isoenzymes
of lactic dehydrogenase are separated by a distance of 8 cm within 75 min. The large
surface area of the foil ensures removal of the heat produced, if the electrophoresis
chamber is also suitable. An evaluation of the electrophoresis can be carried out by
staining or kinetic measurements.

INTRODUCTION

Heat-stable substances of low molecular weight are often separated by high-
voltage electrophoresis, but low-voltage electrophoresis is generally used for substances
which are unstable to heat, because of the low heat production of this method. How-
ever, when high voltage is used most of the time it is kept below 20 V/cm when enzymes
are to be separated. RosaLK1! separated the isoenzymes of creatinephosphokinase
on cellulose acetate foil at a current density of 0.5 mA/cm width. SMiITH AND RUTEN-
BERG? were able to separate aminopeptidases at 0.4 mA/cm widthin 3 h. The same cur-
rent density was used by Aw3 for the separation of isoamylases. The voltage applied
was 200 V. BARKA? separated acid phosphatases by disc electrophoresis at 20 V/cm.
In 1959 WIELAND ¢t al.’ separated lactic dehydrogenase with a voltage of 30 V/cm
and described a clear separation of the five zones.

EXPERIMENTAL AND DISCUSSION

Since the migratory rate depends on the voltage, higher voltages result in a
shorter amount of time for the electroploresis. IFig. 1 shows schematically the sepa-
ration of malic dehydrogenase (MDH) on cellulose acetate foil in equal amounts of
time (75 min) and with currents of increasing voltage. At 100 V, that is 7 V/cm, the
distance between the bands is 0.7 cm; at 8oo V the distance is 3.2 cm. The bands are
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Fig. x. Electrophoresis of malic dehydrogenase, Dependence of the migratory rate of the isoen-
zymes on the voltage (period of time, 75 min).

sharply defined without any tailing. Generally the enzymes would migrate only towards
the anode under the conditions given, but since the foil has a negative charge which is
unable to migrate to the anode the HgO+ ions formed migrate towards the cathode.
This electroendoosmosis causes the apparent migration of MDH-II towards the
cathode.

Any increase in voltage during the electrophoresis is dependent on the feasibility
of removing the heat produced. For gel electrophoresis we developed the piece of
equipment shown in Fig. 2, which permits good removal of heat. It consists of a PVC
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Fig. 2. Diagram of the equipment for gel clectrophoresis.
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plate with canals ro mm in width and 7 mm deep for the gel, for example starch or
polyacrylamide gel. The canals are thoroughly cooled on three sides. If the cooling
agent is —4°, the temperature of the gel will not exceed 25° at 35 V/cm and a current
density of 7 mA/cm?2 The ionic strength of the system was 0.03. The electrode
vessels of the Camag chamber (Camag, Muttenz, Switzerland) were used for the
electrophoresis, the current being conducted by cotton strips saturated with
buffer. The gels were covered by parafilm to prevent evaporation. This equipment
is very suitable for preparative electrophoresis. However, the use of this tech-
nique for quantitative analysis is not practical because of unsatisfactory elution
of the enzyme proteins. This equipment can also be utilized for the electrophoresis
of thin tissue slices. The slices are placed between sheets of filter paper 7 X 10 mm,
which are inserted in the gel. This produces the same pattern as in normal electro-
phoresis. The positions and intensities of the enzyme activities are marked by
a specific tetrazolium staining in the usual manner. For that purpose, the gel is lifted
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Fig. 3. Positions of the jiscemzymes of LDH and MDH after electrophoresis.

Fig. 4. Diagram of the equipment wsed for electrophoresis on cellulose acetate. a —= Cooled plate;
b = cellulese acetate foil; ¢ = cottom strips; d = electrode vessels.

up by pushing a wedged PVC plate under it, and then cut by a nylon thread and
stained. Fig. 3 shows schematicaliyv the position of the bands of lactic dehydrogenase
(LDH) and of malic dehydrogemase in the gel. When tissue slices are used instead of
extracts it can be shown that the bands are sharply separated without any tailing.

For quantitative amalvtical purpeoses electrophoresis on cellulose acetate foil
proved valuable. The electrophoresis chamber used was from Camag (Fig. 4). For the
experiments in our laboratory: we wsed strips of foil 170 X 25 mm (Cello gel from
Chemetron., Milan, Italy) which were saturated with buffer. 10-20 ul of the sample
were applied by a sample applicator (Beckman Instruments Inc.) 5 cm from the
cathode end. The salts were nmot first removed by dialysis because salt ions migrate
fast in electrophorests. An advantage of the Cello gel foils is that their lower side is
impermeable. Thus the substances applied remain within the gel and do not diffuse
into the layver of water condensing on the chamber surface.

The prepared foils are put into the electrophoresis chamber. The ends of the
foils are covered by cottom strips which dip into the electrode vessels. In order to
prevent electroendoosmosis these cottom strips are placed inside a dialysis tube. The
buffer in the electrode vessels is a 0.06 3 barbiturate buffer of pH 8.6. The cellulose
acetate foils are covered by a glass plate Iving on the cotton strips. The distance between
the electrophoresis foil and the glass plate isabout ¥ mm. The advantage of using a glass
plate instead of a polvethyvlene sheet for covering is that the gel surface is not touched.
Thus, smearing of tlre bands due to capillary action between the foil and the poly-
ethylene sheet is prevented. The glass plate Is pressed to the cotton strips by an in-
flated polvethylene bag. This ensures even contact between the cotton strips and the
cellulose acetate foil. The electrophoresis chamber is cooled by a rapidly circulating
mixture of methanol-water (1 1) at 0°. In this way the heat produced by a voltage of
800 V and a current density of 1 m.Y/cm width is eliminated. We have been using the
Camag chamber for over four vears without it wearing out, but we are careful to avoid
drastic temperature changes by cooling or warming the chamber gradually-.
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The following should be pointed out, wiz. that there is mo diamuge of e emzymees:
due to heat. The isoenzymes of lactic dehydrogenase hawve diffieremt sttalbilities tho
heat. LDH-I is stable at 55° for:a long period of time, lbut aft tlhiis temppenatume TIHE-W
loses half its activity within 5 min (ref. 6). Damage by heat wwomlkd caumse @ mellattive: im-
crease of LDH-I and a relative:decrease of LIDH-V.. QOur mesults, lhomvewer;, affttes erscanm—
ining rat tissues correspond exactly with these found by (GOODFRIEND 2N I arn s
with rats of the same strain. They obtained their results by @ comyplhetielly dfififiementt
method, namely by kinetic measurements with tihe hdlp of NADH-<amallogs. Thiis s
cludes the possibility -of damage to the enzyme by the high-wolltuge clactmorplbvomesiis
used.

The most suitable period of time for the €lectrophonesis iis 75 miim.. In tihiis space:
of time the isoenzymes of lactic dehydrogenase hiawve beem sepamatted Ty @ diistamee off
8 cm and those of malic.dehydrogenase by a distance of 3 «om. Affirer ellactmoxplbromesiis tlhee:
zones of enzymatic activity .are made visible. [For ttihe qualitative ewvaluzation e foiiks
may be stained with a solution containingsubstrate, NAD), thetmazollimm sallt amd jplhem-
azine methosulphate. A second :strip of g€l iis impregnatied wiitlh staimimg solluttiom
and pressed to the electrophoresis strip. Affter imodbattion for 13 the 120 mmim att 37 e
zones of enzymatic activity are stained a blue cdlour by formudtion of imsolwibike:
formazan.

A more useful method, howewver, is that cited Iy IPrRUEMERER AW WAVCERSWTTEY,
which is applicable to enzymes measurable by :an @ptical test, Tire meiffhod! s adisam-
tageous because the positions of the enzymatic bamds @ame madie witsiblle quiicidly;, aftten
which the enzymatic .activity can be measured by the opticall thest., Afttrer «llectmogpihor
resis, a buffered solution of :substrate and NADH is sprayed om tihe «ladtmoplbvomesiis
strip. In UV light NADH is highly :absorbent and shows @ distimat flmomesasmeae. Tihe:
foil appears light in .colour. Wihere there iis enzymattic actiwity, NADH iis tmamsfonmmxexd]
to NAD and the fluorescence disappears. Tihe bands of enzymattic axcttiviity ame wiisiibike:
as dark zones.

This method is very sensitive. Lionger timnes of imadbation malke it prossiblie tho
detect zones of little activity. Forless stablesubstrates tihe time of fmxombatti omiis limiitedl.
If e.g. malic dehydrogenase istraced, oxaloacetate ismsed. Oxaloncetatte spomttameomsliy
decarboxylates and pyruvateis formed;; this mow Ibecomes tihe sulhstratte of Tacttie dhelhng—
drogenase. As aresult-of this, the zones.of lactic dehydrogemase adtivity Iheaomne wisiilbike:
after a period of time. Usually this reactiondoes mot disturib thedetection of myallic diethy-—
drogenase. After marking thepositionsofthe enzymesiitis wery @asy thoeliuthe tihe cmzyme
protein from the foil. The.enzymatic.activity is measurablein soluttiomn morw.. T emzymme
pattern can be estimated even if very little tissue is available. In these cases tie tissne
must be ground and the pulp is . applied to thecellulese:aaetate fotl Ty @ samyplle agppilica—
tor. By this method again we find that after the abowvemmentiomead «kactmoypilvomesiis
sharply separated zones without any tailing ecour. The enzyme fratthorm cmenges afftienr
measuring the zonal activities.
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