
Operating conditions for the qualitative and quantitative determination of 
plasma kinins, human angiotensins, reduced and oxidized glutathiones and ohgo- 
peptides with the same amino acid residues by capillary-tube isotachophoresis using 
a potential-gradient detector have been established. 

The potential unit (PU) value is proposed as a qualitative index for capillary- 
tube isotachophoresis with a potential gradient detector. As it is m&Fe&d by 
changes in- the operating conditions, the PU value permits inter-laboratory com- 
parison of data. The.co&cient of variation of this index under the various operating 
conditions used was less than 1.69%. 

INTRODUCTI6N 

The technique of isotachophoresis, the fundamental theory of which was 
deveioped by Haglundl and Martin and Everaer&, is now attracting attention as a 
simple and rapid method of analytical separation”d. Conductivity’**, therma19, ultra- 
violetg=‘O and potential gradien@” detectors have been developed for use in iso- 
tachophoresis_- Everaerts et al_” made a detailed evaluation of the characteristics of 
these detectors. 

.A potential gradient detector (PGD) has the advantage that it is a general 
detector which can detect any charged substance, theoretically with a sensitivity as 
high .as with a conductivity detector. At present, however, the practical sensitivity 
of~the PGD is as low as one hundredth of the theoretical value. It is necessary to se!ect 
an appropriate electrolyte system, taking the chemical structures of the components 
into consideration, that gives a satisfactory separation of sample components, and 
to c&ect experimental data for reference. 

‘. Potential gradients, on which qualitative isotachophoresis is based, are 
fundamentally diRerem from the relative mobilities used in-conventionai electro- 
phoresis, and the results deviate considerably depending on the operating conditions 
and the type of apparatus used; it is difficuh to obtain universal constants for identi- 
fication.. There .are thus many problems to be solved. 

;The physiologica! actions .of physiobgically important peptides are altered 
completely when some of their amino acid. residues are changed and it is therefore 
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necesSary to separate these rc$ated s&&x& &.s: tiiej are qnpIrot& -in&_ Yf.l& 
volatility, peptides are difficult. to am&e direct@ by gas chromatography (some 
peptides with a few amino acid residues have been‘&s chromatographed after deiiva- 
tization into volatile compounds us High-perform&& liquid chromatography also 
has the disadvantage that it is necessary to exclude compounds that fluoresce and 
colouring reagents in order to achieve general detection. 

Jsotachophoresis may be suitable for the an_alytical separation of physiological 
peptides. The only application of this technique reported so far is that by Kopw&m 
et al.‘+, which refers to the qualitative determination of synthetic peptides. This paper 
describes a study of the application of isotachophoresis to the separation of oligo- 
peptides that have very similar structures. We also propose to modify the q&itative 
index proposed by Deml et aL6 to a zxew index that is unaf&ctcd by changes in the 
iuner diameter of the capillary tube or the conditions for migration, such as migration 
current. 

EX’ERIMENTAL 

Samples and reagents 
Kallidin, bradykinin, methionyllysylbradykinin (Met-lys-bradykinin). and 

human angiotensin I and II were obtained from Protein Research Foundation (Osaka, 
Japan). Reduced (GSH) and oxidized (GSSG) glutathiones were purchased from E. 
Merck (Darmstadt, G.F.R.). WIlanine (Ala), r_-alanyl-L-alanine (Ala& L-alanyl+ 
alanyl+alanine (Alas), gIycine (Gly), glycylglycine (Gly*), glycylglycylglycine (Gly,), 
L-alanyl-L-tyrosine (Ala-Tyr), L-alanyl-r.-vahne (AIa-Val), L-&any&L-ghxtamic acid 
(Ala-Glu), giycyl-r;alanine (Gly-Ala), glycyl-L-vahne (Gly-Val), glycyl-L-tyrosine 
(GIy-Tyr) and glycyl-L-leucine (Gly-Leu) were purchased from Sigma (St. Louis, MO., 
U.S.A.). 

The following reagents were used as electrolytes and in their preparation: 
barium hydroxide, L-methionine, L-glutamine, 2-amino-2-methyl-1-propanol, 2- 
amino-2-methyl-1;3-propanediol (Amediol), tris(hydroxymethyl)aminomethane (Ii-is), 
hydrogen chloride, phenol and L-/?-alar&e. Methylcellulose (25 cps) was used to 
prevent electroendosmosis. Tabfe I shows the constituents of the leading and ter- 
minating electrolytes. 

InSZmments 
A Shimadzu IP-1B isotachophoietic analyzer (capillary- tube type), equipped 

with a. PGD-I potential gradient detector ‘and a counter-flow attachment (Shimadzu 
Seisakusho, Kyoto, Japan), was used. The detector cells were of I.D. 0.5 mm and 
length 0.05 mm tind I.D. 0.8 mm and length 0.5 mm. The migration currents were 
50,75, 100, 125 and 150 PA. 

REXJiXS ANi DISCUSSION 

Separation of oligopeptides with &e same amino qziri residttes 
Ala,. Ala,, Ala,, Gly, Gly2 and -Gly,.were analyzed as model compounds. The 

p&’ and p&’ values. are 2.34 2nd 9.69 for Ala, 3.30 and. S%for Ala2 art@ -3.39 and 
8.03 for .&as, respectively. Thus the pK,’ vaIue increass and the pK,’ value decreases 
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with k&&se in the -&nber of alanine residues. From these data, there would _be 
expe&d to be a useful di&ence isi their mobilities in ekctrophoresis. 

Leadkg electklytes~with various pH values were examined for their migration 
towards the anode and it was found that.acidic or neutral solutions did not give good 
~e@rations. A good separation was obtained nnder alkaline operating conditions, 
as shown’jn Table I, because the positive charge was decreased in alkaline solution. 
Fig. 1 shows the electropherogram obmined. The migration was fater at pH 9.63 
than at pH 8.97. 

min 

Fig_ l.~Isot&ophoretic separation of a mixture of 
Capi&ry tuk of I.D. 0.57 mm and detector cell 
kx~ounts injezte& Ala, 3.6yg; Alzt, 6_4pg; A&, 

Ala, .&la2 and Ala,. Conditions as in Table 

of I.D. 0.8 mm and iength 0.5 mm were 
S.6.ug. Temperature of ekctrolyte: 18”. 

I (eh 
used. 

Dipeptides and tripeptides with glycine residues were also analyzed.- The pK,’ 
and pK,’ values are 2.34 and 9.60, respectively, for Gly, 3.12 and 8.17 for Glyz and 
3.26 and 7.91 for Gly,. The same electrolytes as with the alanines were used and it 
was found to give a good separation. When the amount of sample was increased 
25fold, however, .a mixed zone was formed between Gly, and Gly,, as shown in 
Fig. 2. This mixed zone could be eliminated; as shown in Fig. 3, by allowing the 
leading electrolyte to flow at 200 pi/h for i2 min by means of 5; counter-flow attach- 
menP, and a.good separation was then achieved. 

Standard curves for these peptides were prepared by measuring each zone 
length. As shown in Fig. 4, good linearity was obtained between zone length and 
concentration. 

Next, a mixture of the three alanine and three glycine compounds was analyzed 
simultaneously. When &he pH values were 8.97 and 9.63, it was found that the peak 
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Fig. 2. Isotachopherogram of a mixture of GIy, GIyz 2nd Gly,. A mixed zone of Gly 
found. Conditions as in Fig_ 1. Amounts injected: Gly, 7.5 pg; GIyz, 33.2pg; GIy,, 
peratire of electrolyte: 25”. 

i and GIy3 was 
1911 pg. Tem- 

373 

of Ala, overlapped with that of CXy, and that only five zones were recorded. Fig. 5 
shows the isotachopherogram obtained at pH 9.63. Although higher pH values were 
used, separation into six zones was not achieved. 

Separation of .biologicalry important peptides (bradykinin, kaclidin and methionyllysyl- 
bradykinin) 

The plasmzt peptides released from kininogens in blood by plasma and glan- 
dular enzymes are bradykinin, kallidin and methionyllysylbradykinin’6-‘B. Bradykinin 
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Fig. 3. Isotachophoretic separation of k mixture of GIy, GIyz and-Gly, by using a counter-flow 
attachment. Counter electrolyte (leadkg e!ectrolyte) flowed at 2OOpl/b for 12 min. Conditions as in 
Figs. 1 and 2. 

is released by plasma kallikrein and trypsin, while kal_@n is released by glandular 
kallikrein. Both of these peptides have -important physiological roles.- As shown in 
Table If, they have similar amino acid sequences,- diEering only in the amino acid 
residues at-the N-terminal position in bradykinin. 

As these peptides-conAt& arginine &nd lysine residues, we &p$ied the oprating 
conditions adopted by Kocwillem er d. I4 .for their separation, but .the result was 
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1 

4 
I 

10 
* 

15 20 25nanomdes 

Fig. 4. Stan&d CIEWS for Gly (O), Gly, (e) and Giyz (x). Electrolytes as in Table 1 (e). Capillary 
tube of I.D. 0.25 mm axed length 15 cm and detector cell of I.D. 0.5 mm and Iellgth 0.05 mm were 
used..Conditions: migration current, 75 PA; integral sensitivity, 32 mV; differential sensitivity, 10 V; 
chart speed, IO mm/min; temperature of electrolyte, 22”. 

Fig. 5. Isotachophoretic separation of a mixture of Ala (5). (Alaz, G1y3) (2), Alua3 (3), Gly (4, and 
GIy, (1). Conditions a~ in Table I (0. Amounts injected: Ala, 1.1 pg; Ala?, 1.6pg; A!a,, 2.3pg; 
Gly, O.Qpg; Gh, 1.6 pg; Gly,, 2.3 pg. Temperature of electrolyte: 22”. 

unsatisfactory. Brady&n-and k&din were separated well OIL migration towards the 
cathode based on a positive charge, as shown in Fig. 6, with Ba2+ as the leading ion, 
and with the pH adjusted to 9.55, as shown in Table I. However, methionyllysyl- 
bradykinin was not separated from kalJ.idk This separation was attempted repeated- 



3% H. MIYAzAK!& ic KATOH 

AMINO 4CI.D SEQ-UENCES OF BRADYKININ, KALLIDE, MEXHIONYLLYSYLBRADY- 
KININ, ANGIOTENSIN I, ANGIOTENSIN II, REDUCED GLUTATHXONE AND OXLDKZED 
GLfTTATHIONE 

Peptide Amirz acid sequence 

Bradykinin Arg-Pro-Pro-Gly-Phil-~~Phe-Arg - 3 AcOH- 5 Hz0 
Kailidine Lys-Arg-Pro-Pro-CIy-Phe-S+r-Pro-Phe-Arg- 3 AcOH-4 Hz0 
Met-lys-bradykinin Mst-lys-bradykinii - 5 AcOH-4 Hz0 
Angiotensin L (humas) ~pArg-V~-Tyr-UaH~-~~Phe-His-Leu - 2 AcOH - 4 H,O 
Angiotensin II (Iwman) AspArg-vai-Tyr-I:~eHi~~~Phe - AcOH - 4 Hz0 
Reduced glutathione y Glu-Cys-Gly 
Oxidized glutatbione pGlu-Cys-Gly 

I 
S 

I 
S 

i 
-/-G!u-C$s-Gly 

ly, using electrolytes with lower pH values, and it was found that an electrolyte of pH 
9.25 gave a good separation, as shown in Fig. 7. Under these conditions, however, it 
was impossible to obtain an isotachopherogram on which all of these three peptides 
were separated simultaneously, because bradykinin migrated more slowly than the 
terminating ion. 

Separution of angiotensin I and II 
Kallikrein-kinin and renin-angiotensin play important physiological roles, 

because the former has the effect of lowering blood pressure and the latter of raising 
it. Angiotensin I is formed from angiotensinogen by renin, and is converted into 
angiotensin II under the influence of a converting enzymeXg. It has long been desirable, 
therefore, to develop a simple and rapid method for separating and identifying them 
in order to clarify the mechanism of homeostatis. 

As the difference between angiotensin I and IL is that the former has an L- 

leucine residue and the latter an L-phenylalanine residue at the C-terminal position, 

their separation was attempted by using an electrolyte system shown in Table I, and 
a good separation was obtained (Fig. 8). 

Potential unit (PU) value 
The qutitative index for isotachophoresis with a PGD is based on the magni- 

tude of the electric gradient, which is specific for each CornpOund. As the index -is 
greatly inlluenced by the operating c&d&ions, however, Deml et aL6 proposed the 
“inverse relative mobility” as a new qualitative index. It was found that this index has 
excellent reproducibility under identical operating &nditioti but -is. considerably 
influenced by the current, inner diameter of the capillary tube and re-preparation of 
the~ebctroiyte. The index proposed by Deml eb aL6 is therefore only as reliable as *t&e 
relative retention time in gas chromatography: it differs with the apparatus and 
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Fig. 6. Isotacbophoretic separation of kalbdin and bradykinin. Conditions as in Table I (a). Amounts 
inject&: kaUidin.3 AcOH-4 HrO, 3O.Opg; bradykinin-3 AcOHe5 H20, 20.8 ,ug. Temperature of 
eJe&olyte: 25”. 

laboratory used. Consequently, it seems to be unsuitable as a practical qualitative 
value specific to an individual compound. We therefore propose a new index that is 
relative to the leading and terminating ions, in the same manner as the methylene 
unit (MU) value*O in gas chromatography, which is the retention time relative to two 
standard substances. We have termed this new index the “PU value”. The PU value 
is defined as (PGs - PG,)/(PG, - PG,), where PGs is the potential gradient of the 
sample, PG, the potential gradient of the leading ion and PG, the potential gradient 
of the terminating ion, as illustrated in Fig. 9. 



Fig. 7. Is&c~&horeti~ separation of kalEa& and m&ionyllya$Gxadykiti. Conditior~~ as in Table 
I (b). Amounts &ected : kalEdin- 3 AcOH-4 H,O, 30.0 pg; Met-lys-bradykinin-5 AcOH- 5 H,O. 
24.Opg. Temperature of electtoiyte: 29.. 

The new hU .value md the index. proposed by Deml et al.9 were investigated 
by using Gly, Gly, z&d Gfy, as samples with various currentqinner d&&e& of the. 
capiilkry tubes, re-preparation of the electrolyte ‘and samples of cliff&e&t co+qqosition. 
The results (Table-I@ show t&at the indexprdposed by IBed. et aA6 is @&teticed bL 

. 
these factors, while the PU value, is almtist tm.afkted_-.The cue3icknts of variahcn 
for My, Gly, and Gly, under the above conditions we& 4.95 and 4.56 % for t&e index 
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Fig, 8. Isotxhophoretic separation of human angioteasin I and IE. Conditions as 
Aniomts injected: angiotensin I-_ 3 AcOH- 4 H,O, 25.0 pg; angiotensin II- AcOH- 
Temperaturk of ekctrotyte: 25”. 

&Deml et d6, and 1.69 and 1.30 % fqr the PU value. Table IV shows 
for all of the substances used in this work. 

in Table I (d). 
4 I-&o, 25.0 pg. 

the PU value 

Quantitative anal’yss 
The only previous report on quantitative analysis by isotachophoresis with a 

PGD .is that by Demf et ai. 6 Glutathione is knoy to exist in oxidized and reduced . 
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forms and to be related to the oxidation-reduction mechanism in the body”, and no 
conventional method can sim&aneously determine these two forms. An attempt to 
separate glutathione into the two forms was carried out successfully by the iso- 
tachophoretic technique described here. 

Glutathione in the reduced form, which has an SI-I group, is easiiy oxidized in 
slightly alkaline solution arid autoxidized in the presence of a catalyst such as Cuz* 

Fig. 9. Isotachophoretic sepmtion of reduced and oxidized glutatbione. Conditions as in Table I 
(c)_ Amounts injected: reduced glutathione, 20.7,xg; oxidized glutathione, 38.4pg. Temperature of 
electroIyte: 17”. 



Kallidin 0.4% a 
.-.0.637’ b 

Biadykkiin 0.885 a 
Met-lys-bradykinin 0.701 0 
GluQtZone (oxidized) c-. 
Glutathione (reducfd) E% c 

.~ 

Aligiotersi@ I 0.861 
,‘u!gi0tensi~ II o_-l59 .-1 
l&z 0.517 !e 

0.472 f .: 

ox6o e 
-. , 0.610 f 

Glyz 0.405 
0.357 f 

Gly, 0.506 -- 
- 0.461 f” 

Z&i-Tw 0.539 e 
f?&-Vd 0.576 e 
A!a-Glfl 0.263 e 
Gl y-Al& 0.480 e 
Gly-Val 0.557 e 
Gly-Tyr 0.568 e 
G!yLeu 0.598 e 

* See Table I. 
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_- 
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‘:. 

._..(@. 22).~A’neutiat & &&tly acidic ele&roIyte was &zd and ti good separation &as 
:obta&ed:(?+g. 9) under the oper&ng+nditioG shown in -Table I. The @-I of the 
Ie&disg &e&+ytk k&s 6.52. : : 

iis no oxid2ed form was detected ie the analys+ of pure reduced glutathione 
under the opeetig conditions Used, it was co?cIudeci that no oxidation df reduced 
ghitatgotie occurred -d&ring the- analysis. Fig. 10 shows the standard cties for 

’ gMationd in the reduced and oxidized forms. The qu&titative error of our technique 
.ys a coeffcient of variation of I.65 % (n = 36). 
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