
SUMMARY 

fn order to perform sr requirtxi separation, 2n experimental procedure for the 
seIe&an of suitable operating conditions is suggested u;d discussed_ It is based on 
mesurements of the dependences of the relative ef%ctive mabilities of the campo- 
nents under investigation an the pH of the Ieading ehxtrafyte. The procedure was 
applied to a set of typical Krebs cycle acids and the values of the relative elective 
mabilities mmured zre given in tables and graphs. A pR of 3.8 wits selected as the 
mast suitabte. At this vslue, the acids investigated were successfulfy separated in 
less than 4 min using O.Oi I M hydrochfaric acid f &&nine as the lezding elec- 
trolyte. 

The tricarbaxyfic acid cycle is it key stage in the metabolic pathway that is 
charzcceristic of the aerobic oxidative degradation of carbohydrates, lipids and pro- 
teks in mast biological systems an the one hand, and an tie other hand it is charac- 
teristic of the biosynthesis of cellular mate;- .,& from simpfe cstrban sources under 
anaerobic conditions. The analysis of such a campier mixture of keto and hydraxy 
acids is very difficult. The decisive factors are speed, sensitivity and the resolving 
power of the selected anaIytica1 method. It is logical that most separation methods 
have been tested and certain positive results have been obt&ned by using both paper 
electrapfraresist” and thin-Iayer (e.g., ref. 51, ion-exchange (e.g., ref. 6) and recently 
also gzzsTG .znd liquidlQ.lL chromato,mphy. 

Gas chramata,oraphy has been shown to be the most promising method its far 
as resafvin_e power and sensitivity zre concerned. However, even by this method: the 
mast important acids of the metabolic cycle mentioned cannot be campteteIy sepa- 
rated. The fact that the acids, which are mostly found in aqueous solutions in practice, 
must be canvetied into sufi?cientfy valatite water-salub!e esters, remains the main 
drawback of g= chromatography. The derivative formation proceeds’ to a various 
demee with tids (9C?-100% with dimethy esters and X1-55 % with methyl znd tri- 



methyl esters) and with Eydroxy acids the formation of severa different derivatives 
from one acid often occurs. 

Therefore, further methods fiave been investigated, everr at the cost of hover 

sensitivitjj arid increased expense, such as high-perfomIance liquid chromatographylI. 

The separatioo time varies from 30 to 5-3 min at best and it wiE probably not be pos- 
sible to decrease it to below 20 min without a substantiat loss of resolution. 

Isotachophoresis, which has shown possibilities for the separation of important 
ionic species. among others, a3d also of some acids from the Krebs cycleLz--2z, has 
atttracted a great deal of atterrtion recently. Using the possibilities &at are provided 
by high-speed analytical isotacho&oresiP for both quantitative’” and qualitative” 
processing of the records obtained in XI isotachophoretic separation, we applied our 

approach also to more complex mixtures of the acids typical of the Krebs cycie. We 

obtained results that are promising as far as speed, resolving power and serisitivity 

are coRcerRed. A!so, aqueous solutions of these acids can be used directly In the anal- 
ysis. 

The successful application of iso’tichophoresis to the separation of the acids 
under investigztion requires the selection of operatrinp conditiorrs such that the acids 
dif5:r sufficieRt!y iR their effective mobilities. The p% of the ieading electrolyte is the 

main facror Ehat permits the effective mob&ties of the anions of weak acids to be 

changed over a wide range. The selection of the operating conditions ther: consists 

in the selection of the ph’ of the leading electrolyte and the selection of a suitable 
terminating electrolyte18*‘S. If ail of the required data on the dissociation constants of 
the comporrents and the absolute mobiIities of their ionic species are known .theR the 
eEeciive mobSties of *the componeRts studied iR their zones can -be determined for the 

given pH of the leading electrolyte by means of routine computer programsZe. 

If the required data are Rot known, which is common In practice, particirlviy 

for biochemica!!y interesting szlbstances, suitable operating conditioirs must be 
established experimentally. The procedure that has been publishedzl is based OR plot- 
ting the heights of the steps of the components being investigated, read from the iso- 

tachophoretic record, against ‘&e pH of the !eadiR_g electrolyte. Aithough this proce- 
dure determines the sequence of the zorres for a given selected composition of the 

leading electrolyte, the valrres of tie step heights do Rot, however, represent the mobili- 

ties directly and, in addition, the data measured at different pH valges of the leading 
electrolyte cannot compared in simple way_ 

procedure based OR relative mo&ilities setms to used to 

in isotachophoresis in order to compare directly the mobilities a; dif&ent pK v&es. 
Usiq &is procedure, the mobilities of the components studied are related to the mo- 

bility of a suitable reference compound separated under the same conditions, the mo- 

biiity of which is virtually iRdepeRdeRt of pK. For instance, the chloride airion is a 
suitable reference component for 2Rfons1. 

In isotachophoresis, we h2vc afready reportedly the use of the relative mob& 

ties in CORR~AOR with the direct experimenta! determination of the relative mobiIities 

froa the record of the separation obtained by ~Gng 2 madient detector 2Rd app!J;ing 
these values Zo the identification of the components investig2ted in their zoRes_ This 

prccedme caR obviously atso be used fobr the selection of the optimal separation COR- 
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ditions. Ef the chloride anion is selected as a reference component and its mobility is 
represented by ucr. 2nd if tie mobiiity of the component, 5 which is separated simni- 
tarieously, is represented by ICY, then 

Eiu, = EcIucr = v = constant 

where Ei and EC1 are the ekctzic gradients in zhe retevant zones and v is the velocity 
of migrzkon of the zone. If the values of the electric gradients are recorded on the 
isotxhopherogram in the form of step heights, hi and kc{, then 

Tables or graphs of the dependences k,, /kl = f@H) can then be constructed directly. 
The ratio /tcl,/ELi gives directly the relative effective mobilities of component 5 and the 
values measured at diEerent pK values can then be compared. Operating conditions 
for performing the required separation can then easily be selpr=ted. 

A monolithic block of organic gkss (5 x 4 x 30 cm), in which electrode 
compartments, an injection device, control valves, connecting channels and a sepa- 
ration capillary are bnilt, is the &sic part of an anaIyticaaf isotxhophoreo_gaph. The 
capi&q is formed by 2 flat groove with a rectangular cross-section (&2 x 1 x 200 
mm) in the lower part of the w2IL of the monolithic block covered wirh a PTFE foil 
pressed to the whore body with a metalfic thermostzted pfate The temperature of 
the plate was 295°K. Detection \vir;is carried out by sensing the electric gradients in the 
zones separated by means of pIatinum contacts (pUnurn wires of 0.05 mm O-D., 0.05 
mm apart in the Iongitudinat direction) penetratin, = into the capiflary groove ist 2 
distance of about 16 cm from the injection compartment. A detailed description can 
be found elsewhere”*L’. 

A high-voltage power supply provided d-c. current controllable up to 4H ,uA 
2t a maximum of 16 kV. The detection device consisted of a voltmeter with a high input 
resistance, which9 at the sane time, insulated ekctricafly a high voltage se&or, of the 
measuring circuits connected to a detection cell from the circuits serving for the 
connection. of a recorder_ The recorder used was 2 Perkin-Elmer Model 1969. The 
d-c. current power supply srnd the detection device were of our ova construction and 
their descriptions can be found elsewhereI’. 

The chemicals used were of analytical-reagent glade, supplied by Lachema 
(Bmo, Czechosfovakk). The solutions of most of the components studied are UE- 
stable and substantial changes in their compositions occur within 2-4 days at labo- 
ratory temperature, due either to decomposition or to the activity of microorganisms. 
Therefore, the s&.miard soIutions aad the leading and termiaztiing electrolytes were 
kept in a refrigerator at 273 “K. The soWions kept under such coaditions lasted longer, 
but sever& solutions kept even in this w.%y (e.g.. isocitric acid, oxaloacetic acid and 
urotropine) became visibly turbid within 3-5 days and had to be freshly prepared. 



The relative effective nobilities of the components studied were measured 
by using the leading efectrofytes given in Table I. The chloride 2niotz ws used 2s the 
leading ion in 2ll ZnsLzces. Its concentration was kept constant in order to suppress 
the efkt of the variation of the ionic mobitities wMx concentr2tion 2s much as pos- 
sible. The p$E range 3.2-7.1 was selected 2s it lies inside the so-czfledzo “safe region” 
of isotacbophoresis in aquecus media, Le., the pH range where the contributions of 
Ht 2nd OH- ions to the tot2al conductivity of zones c2n be neglected and, additional- 
ly, where the inteKerence of carbonaks is snbs%ntiaIIy srrpprcssed. The termizlating 
electrolyte w2.s always sekcted at a given pH such that it ~2s welt separated fron the 
other components of the sample a~3 permitted the use of the highest possible driviirg 
current 2nd thus also the at+&inmect of the shortest possible separation time. The 
value of t&e &vvlr;g current corresponds to the murim-iim voltage of the source used 
(I 6 kV) and to the corzductivky of the terminator, or it is limited by the maximum of 
the stabf!ised current, Le., ~O,L&. 

The measurement of the relzttve efktive mobiiities of the components in- 
vestigated ~2s carried out in so& a way that the components were injected sepwately 
while the concentrations of tbc soIntions were 3-8 - 10-’ 34 2nd the amounts injected 
we:e sppro_rinately 48 ,.a!. The relative effective nxobilities were calculated from the 
measured step heights 2nd their vEfues are fisted in T2bIe IT. 

In order to sekcct the most suitable pH for the separation of 211 of the com- 
po:zents considered, it is zdvantageous to plot the dependences on 2 graph, as shown 
in Tig. 1_ The con;pozxents inves&2ted, with the exception of oxalate, have very simikr 
effkcctive raobiEties. The numerous intersections on the cmes repzesect ins’$xxes 
wile= difkent conponer?ts have the same effective mobifities at 2 given pH, w’rrich 
restits in the formation of WdesirabZe stable mixed zones when the separatiorr of 
the components is impossible. 

The probkm of interference by carbonates that ze present ir; the sampIe and 
in UP i e:ectrolytes usti ox&g to the absorption of atmospheric carbon dioxide is an 
import2zt aspect for t&e setecfion or .a ppf suitibfe for a given separation. The effec- 
tivz nabiE~ of carbonate is &so‘ shoxvx in Fig. 1. From f&e course of its curve, the 
mobility of the carbonate ion is obvfonsly pezter tkao the mobifity of IacMe at pIi 
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T-ABLE EL 

E?XL.ATlVE EFFECTIVE MOBILLTLEZZ OF THE SPECEES IN 
SYSTEMS 

IO1 

VARIOUS OPERATING 

Chloride rm 1.00 rm t.00 l.08 f.00 I.00 
Oxatate 0.4g 0.67 0.79 0.83 a.&? 0.89 0.89 
O~X2iO2C&ite 0.36 0.52 0.54 0.55 a.7i 0.78 0.78 
Fmmrate 0.30 0.45 Cl.63 (1.74 0.74 0.74 0.74 
a-Ketoglutarate 0.36 0.41 0.55 0.66 0.7I 0.72 0.72 
Citrate 0.25 0.37 0.53 0.65 0.69 0.69 0.69 
rbmate 0.23 0.36 0.54 0.64 O_70 0.7L 0.72 
Esocitme 0.23 0.34 0.51 0.64 0.70 0.72 cr.73 
Swxhate 0.12 0.27 0-M 0.56 0.67 0.70 0.72 
Lzcfzte 0.22 0.32 C-46 0.47 0.48 0.48 0.48 

FXIEi~2tO~ 0.08 0.20 0.35 0.37 0.40 0.42 0.42 

acetate glutamate ascorbate 

I , 
I I f I I 

3 4 J S 7 8 
PJf 

Frg I. Dependence of the relative efkttive mobiiiti- ril of the species on the pK of the Ieading 
ektrofS?e_ chloride was used 2s the reference spcies, rrcr = I.CB, independent of the pH_ 



above ca. 6.5 and the isotachophoretic migration of the factate zone is obviorrsly af- 
fected. it-t pEi betow 6.2, the mobility of the carbonate ion is veiy IOU* gower than the 
mob&ty of the terminaror), which means that it does not create ifs own isotachopho- 
retie zone in the given system and that its interference is virtrtaIly eliminated. 

Et is further necessary to consider the fact that the substances separate more 
easily, the greater is the relative difference in their mobiMies’L. It c2n be further seen 
from Fig. 1 that the nob%ties decrease with decreasing pH, white their absolute 
differences (parallel course of the curves) were main+ained in a number of instances. 
At lower pH, the relative differences in the mobifities increase. For instance, the msbi- 
Iities of citrate 2r;d malate are 0.69 2nd 0.50 2~ pK 6.0, Le., their difference @.Ol) 
is 1.4%. At pH 3.5, the nxobilities are 0.37 and 0.36, Le., tie samz difEerence of 0.01 
unit represents 2.7 %. 

If the conditions are known for such a separation, in which the composition 
of the leading electrolyte is the main factor, a suitable terminator must be setecEed, 
the basic criterion for which is rhai its mobility should be suEcientiy lower than that 
of any component of the sample. Another requirement that should be MElfed, which 
is particularly impprtint in practice, originztes fro= the fact &at the conductivity of 
the terminating zone is a limiting factor for the increase ir the driving curreot and 
tihus also a Iititin~ fac:or for the reduction of the anaiyds eime. The maximu_m rtsable 
current is given by the mtimom vcI+a ge of the Dower supply and by the conductivity 
of the terminating zone. From this viewpoint, -a tern&&or should be selected that 
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separates wefl from the other components of the sample smd, at the same time, -whose 
mobility is as h&h as possible. 

Sased on these. considerations, a pH of 3.8 was sefected as the most suitable 
for the separation of the components under study, Le., a leading electrolyte with the 
composition 0.01 t M hydrochloric acid plus &aianine; O.OOG M acetic acid was used 
as f&e terminator. Fig. 2 shows the record of the separation of the nine components 
typic& of Krebs cycle acids and the operating conditions in seater de’ail. TE is obvious 
that the selected pH of the leading eIectroIyte was suitable and that afl of the compo- 
nents can be separated successfully. Also, it can be seen that a comptete separation 
of the mixture can be achieved in less than 4 min, which proves the suitabitity of 
acetate as the terminator. 

The selection of suitable operating conditions for carrying out the separation 
in question WEI be performed experimentally by measuring the dependences of the 
relative mobilities 0x1 the pH of the leading ekctrotyte. The _mdient detector is ad- 
vantageous for such measurements as the relative mobilities can be measured directly 
as the ratios of the step heights on the record. 

This procedure was applied to a set of acids typical of the Krebs cycle. It was 
found that the refative effkctive mobiiities of these acids are very dependent on pH 
and that they are very similar. A pH of 3.8 was selected from the retion of pEi values 
(3.2-7.4) measured as being suitable for the separation. The components studied were 
separated successfully at this pH by using 0.01 I M hydrochloric acid + p-alanine as 
the leading electrolyte. B-Manine ako has the advantage of a good stabifity of its 
stock soEutfons (longer than t month). 

The formation of stabIe mixed zones can be expected at pK values outside this 
range, and at pH above 6 interference with the separation can be expected from car- 
bonates preser,t in the solutions. 
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