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SUMMARY 

Multiple enzymes may lx separated by electroplroresis. Increasing the voltage 
results in a decrease in separation time, but since enzymes are sensitive *o heat, &e 
increase in voltage depends on the possibility of removing the heat produced, The 
isoenzymes of lactic dehydrogenase or malic dehydrogenase can be segara*ed far pre- 
parative purposes in starch gel or polyacrylamide gel. If the gel is thoroughly cooledoun 
three sides the temperature will not esceed 25” at 35 V/cm, For analytical sepasatiions 
cellulose acetate foil is very suitable for the electrophoresis, At Go V/cm the isoenzymes 
of lactic dehydrogenase are separated by a distance of S cm within 75 anin, Till, ilange 
surface area of the foil ensures removal of the heat produced, if the electic@oresk 
chamber is also suitable. An evaluation of tile electrophoresis can be ,carrkd out by 
staining or kinetic measurements. 

INTRODUCTION 

Heat-stable substances of low molecular weight are often separated b_s kgla- 
voltage electrophoresis, but low-voltage electrophoresis is generally used forsubstanoes 
which are unstable to heat, because of the low heat production of this method- I-&xx*- 
ever, when high voltage is used most of the time it is kept below 20 V/cm whenenz~-mes 
are to be separated. ROSALKI~ separated the isoenzymes of creatinepllosplaokirmase 
on cellulose acetate foil at a current density of 0.5 mA/cm width. SBJIIT~ AX;ID RuE~(;- 
BERGS were able to separate aminopeptidases at 0.4 mA/cm width in 3 1~. F1;Jesamecur- 
rent density was used by AvP for the separation of isoamylases. The voltage appEedl 
was 200 V. BARKA~ separated acid phosphatases by disc electrophoresis :at 20 V/canx 
In 1959 WIELAND et al.6 separated lactic dehydrogenase with a voltage Iof 30 ‘5’/cmn 
and described a clear separation of the five zones. 

EXPERIMENTAL AND DISCUSSION 

Since the migratory rate depends on the voltage, higher voltages result k~ a 
shorter amount of time for the electroplioresis. Fig. 1 shows schematioal!ly the sepa- 
ration of malic dehydrogenase (MDH) on cellulose acetate foil in ‘equal amo~~~tts oh 
time (75 min) and with currents of increasing voltage. At x.00 V, that % 7 V/cm, Plloe 
distance between the bands is 0.7 cm ; at Soo V the distance is 3.2 cm, The bm,ds are 
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Fig. I. Etectrophoresis of malic clchyclrogenasc. Dcpcnclencc of the migratory rate of the isoen- 
zymes on the voltage (period of tit-nc, 75 min). 

&narpl!y defmed without any tailing. Generally the enzymes would migrate only towards 
the an;ode under the conditions given, but since the foil has a negative charge which is 
unable to, migrate to the anode the H,O+ ions formed migrate towards the cathode. 
This electroendoosmosis causes the apparent migration of MDH-II towards the 
caiihode. 

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 

Fiig, 2. Diagmm: OF the eqttipmcnt for gel clcctrophorcsis. 

@ate with canals zo mm in width and 7 mm deep for the gel, for example starch ,or 
po@acryIamide gel. The canals are thoroughly cooled on three sides. If the cooling 
agent is --$“, the tern perature of the gel will not exceed 25” at 35 V/cm and a current 
den&y of 7 mA/cm 2. The ionic strength of the system was 0.03. The electrode 
vessek of the Camag chamber (Camag, Muttenz, Switzerland) were used for the 
elkcttophoresis , the current being conducted by cotton strips saturated with 
bunBerW The gels were covered by parafilm to prevent evaporation. This equipment 
is very suitable for preparative electrophoresis. However, the use of this t,ech- 
tniqne 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 IO mm, 

wtici 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 lif&ed 



up lby pun~hinng a wedg&l PVC @ate under Et,, and then cut by a nylon thread and 
s&ainned. Fig_ 3 &KORWS scbeuna~~- tthe pktioru of the bands of lactic dehydrogenase 
((LDH) and off ma& deh#uro~se iirm the gelI- M&en tissue slices are used instead of 
ex%zwts iU ca.ur be _&ourn that tBiw ba& are sharpk; separated without any;’ tailing. 

For quna.uti~ti~-e auall$tikaJl puqwes electrophoresis on cellulose acetate foil 
pucwed w&naUe_ The ellec%ro~~~ clhamher used was from Camag (Fig. 41. For the 
expeAm4anW &II our Mbo~tio~- we uwixll slirips of foil 170 x 35 mm (Cello gel from 
CEnemaetro~~ Mti, IlkI>-)) w%Gclh~ were saturated with buffer. IO--20 ,uI of the sample 
were ap,@l.ied lb>- a SZUEBII~& zaqpp~tton; @%e&man Enstruments Inc-) 5 cm from the 
cattltnfohde encat The salIts uwre mwoift tim3t remo;edi by dkl~sis because salt ion5 migrate 
ffkst iu dectropho~ Au adaxu~~ttage od the CeJ& gel foils is that their lower side is 
iun~eable_ Thus &be sulb&ta~ q@liedl remain within the gel and do not diffuse 
iultcn the kgwr off water co~eti~ err the chamber surface. 

The prwptarred fii& are putt iinttol the ekctrophoresis chamber. The ends of the 
ffoik are cxcwered by cotiorn s$rri@w wltricltu dip into the electrode vessels. In order to 
prewxnt elexcthnckesndcti ttlkw ~~MMII strips are placed inside a dialysis tube. The 
hunffer in Mne dectma3e sxzzwJs iis a~ (DL.&I _W barbiturate buffer of pH 8.6. The cellulose 
acetate ~~IA.IIs ~I.E covti by ;dl gkss @gaff e Dying on the cotton strips. The distance between 
tRne~e!cttnephl~ GIGOP~ and UiwgIas~pltzll~ekabout L mm. The advantage of using a glass 
pnaue iinll~eald off a poAyl?ulhl~~ SJhI6?& Ii&r coverin, = is that the gel surface is not touched. 
Thu!s, siuneanjirn g off the baua3.s due ttol caqp~- action between the foil and the poly- 
ethykne sheet is preveznkd_ Tlk gkaw pbte is pressed to the cotton strips by an in- 
fEated pc~llyethykrne lbag Thk erwmres ewm~ contact between the cotton strips and the 
cellanllo~~ acetate ff&L The ellletiro@h~~~&~ chamber is cooled by a rapidly- circulating 
mii..r.r cofmuieuhalnno~~~er @I x]) al4 u#_ llrm t?h& way the heat produced by a voltage of 
&UKD 37 and a current deams&~-o~f P nnA/cmnru widkh iseliminated. We have been using the 
Cannag cltnamber ffm over fiiur yeaw wMtr.c~uh iit w-eating out. but we are careful to avoid 
cllrastic tem~ture e%wm,~ iby cooGing or wrming the chamber gradually. 
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The following should be pointed out, JJ$Z.. ttlhti ti.ane iis rmo cdbunn~e co~@tfihre ESXEWWS 
due to heat. The ‘isoenzymes $of llaotiic d&Lq&qgenrase Ihra~e dliifB&entt .&a&St&~ tie) 
heat. LDH-I is stable at 35” for ;a Uung per’iiod ~fttiimnc, hmtt ;ti tthiistheramgnmr~e BJDXHI-37 
loses half its activity within ‘5 niin (reef. 16). ll&urnage T@ lheti -WOM&~ cc-e: ;um&~tiuGn~- 
crease of LDH-I and .a relative (decrease (of ILlDEll-37.. OJIW mesulltt~, lbolon\~exse~n;, :&ezxe_~u~+ 
ining rat tissues corres,pond !esact!ly :u;li;tIh timse tf&tunf3 llq Go~3r~xnr~~)~ ASX.~) ~KSSIP~~XS~ 
with rats of the same strain. They obtaiilned Mheiir meanintt-s I@ ;a ctoxmn$M.e@ dliif&n~ti 
method, namely by ,kinetic :measuaemen&s wiiti~ t&e lhdl~p cotitfAl0lEll~au~aillo~. YllWi~Itex+ 
eludes the possibility of ,damage to She en’qlinne Iby rt0oe IhSgih~-~~oXltta~e t&~tio~ilhro~~~&~ 
used. 

The most suitable period of tiime t&r tie ~dledtrr@l~~oxne&s iis z nniirm.. llrnl ttlh& qxarx\e! 
of time the isoenzymes (of lactic ~de%ydaogenase Uxa\we Ibeen ~ep~21&51Illb~ IU dii&xm~w~~orff 
8 cm and thoseof malic~dehydrogenase [by ~ai%kt~aec~~ camn.. ?Mikxrce3lcl~o~~ro~&~rc~ 
zones of enzymatic .activ?ty ,aTe imade ti.siJtAe. IEhr the qu&l&ttive cen;;2JhuW%~nu ttk fi;oZlh 

may be stained with a solution ~contaGiqg.suJb&x.&e, WAlD,, tt&rxx~oSumm .Mltt .rzrmKiu p!ihkern- 
azine methosulphate. .A second stC.p Iof gel iis iinqpxegn~tied -&it& .~%ai&imqg .~o&utiiizom 
and pressed to tlle,electcophone~is.~~.. Atf%er iirlilouTb&iionEor ~~j;tt~~~~o~rmniirm.r~~~j"$tII~_~ 
zones of enzymatic .actiGity :are staiined :a Mln9e ~ac&.wr llq &mmrndConi~ (08 iina+3ojlhnilbjlle: 
formazan. 

A more .useful method, however., iisrlj]n~cdirDodl~~~~~~))~~~~~~, 
which is applicable to lenqxnes rmeasumlble iby zun q@iicall tie&. 3l.B~ IEIR&O~ Gs .~a&~arm- 
tageous because the positions of tiie emqrnatic TbamGRs ZILR~ nmr2& -&4llAe,c@~,, &R&n- 

which the enzymatic .acWity can ibe tmeasm&l i& ttfb1.e qpttiicall tie&. &l&err tdAemo@hxo+ 
resis, a buffered solution ,of substrate zund ~.AlDlEE iis qrq&l corm t&e tdle&oq&orn& 
strip. In UV light NADH is ihighly z~!!so~%enit 3nGll .&~~\vs ;a dli&ti&crt &~~or~esufn~~c~e. 3lJh1~ 
foil .appears light ‘in cdlour.. Where there iis ~enq~y~~~~& ZK&+J~&., XAllMEU iis tt~~an&ornmt&l 
to NAD and the fluorescence ldisappears. ‘itUne lbsum& ~c+Yromq~tic ;anclt&At@ ante +iKilblht 
as dark zones. 

This method is very sensitive. iLonger ties coti iinrmuifbatioxm mnzailhe i& ~p~.oAIb& ;tbo) 
detect zones’of little~activity.. ~oraess-~t~e~~~~ttlbLeltiimmec~ff~~uoorrniisB’ -“’ 11. 
If e.g. malic dehydrogenase is &raced, wdloaacrttie iismssdl. Khihmaett;tie.~otiam~~o~ 
decarboxylatesand pyauxate is iformed;; tihiis mow ibsa~es~l.ee~e,co~~~~lc~ 
drogenase. As,aresult,of ~liis,it~le,z~les~o~na~cc~~.~~~~~~erur~~~euomme~b~~ 
after a period of time. iUsu~ll~y~isrnea~c;mcdoesrnott(~~~e(~~~~t~~~~,(~~ 
drogenase. After rnarking~~eipo~i~ionsl~f~he~~~~~~~t~~~~o)~~e~~~~ 
protein from the foil. ~he:en~~rna~c~adii~~~~mnea~mn;slltrjIeiirms~lrmttiimrmmr.o~~..~~~~ 
patternlcan besestimated:even +ifvery &iM3lett&suteiis~a~aiillalblle. lIrn&e~ecc~.~@lt~~~ 
must be ground.and the ipulp as q@hedtto tt!he&llhnllose;ac&tieEoiill~y :u~anqp&x~ 
tar, By this method ,again we find &at &txrr tie ;alb0~~1~1~emttiio~e~ t&e~o&hroxttG& 
sharply separated .zones without :an,y Saiilliing (oaourr.. ‘7.Rh.e cmqnn~~ ~aLttthclnm cemaerqge~za&o~ 
measuring the zonal actitities. 

REFERENCES 

I S. B. I~OSALKI, Natwe, .a07 !(crg63) 4~4. 
z E. IL SMITH AND A. M. ;RUXENBZRG, iVatwc, 1~g,7 !(mgcQq) Q%cm. 
3 S, E. Aw, Nature, zog .(x966) 298. 

J. Crwowltogtr,, 63 (Ig7T) Ty3-176 


