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SERUM PROGTEIN FRACTIONATION BY ISOTACHOPHGRESIS USING
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SUMMARY

Analvtical and preparative isotachophoresis has been carried out using amino
acids and peptides as discrete spacers in contrast to the usually employed continuous
mobility spectrum Ampholine. Analytical isotachoresis in free solution, using the
LK B Tachophor, demonstrated the separation of human serum inio distinci mobility
subgroups, 12 spacers giving rise to # — 1 protein subgroups. Preparative fractiopation
on polvacrylamide gel was carried out on the LK B Uniphor using threonine and gly-
cine as spacers. Immunoelectrophorctic analysis showed that eight out of ten proteins
assaved were clearly resolved in the three subgroups obtained, thus demonsiraiing the
sharpness of isotachophoretic resolution.

INTRODUCTION

Isotachophoresis {I'TP) is a relatively new variant of electrophoresis charac-
terized by the use of a discontinuous buffer system, the sample being introduced at
the interface formed by the so-called leading and terminaiing electrolvies’™. The
leading electrolyte shonld have co-ions with a net mobility higher than those of the
sample ions, while the terminating electrolyte co-ions should have lower net mobility,
ithere being & common counter-ion throughout the system. Under the influence of an
electric field the sample ions separate according to their net mobilities into zones with
sharp and self-stabilizing boundaries. Once steady state is achieved, 2l zones migrate
at equal velocity, i.e., the velocity of the leading ions, owing to the stepwise increase
in field strength from zone to zone, as first described by Kohlrausch®. The concen-
tration in each zone is independent of the concentration of sample applizd, and ad-
justs itself to a function of the leading ion concentration, as ailso shown by Kohl-
rausch. "

The technigue is suitable for both analvtical and preparative purposes, and
has beer applied to the separmation of low-molecular-weight components™ !, pro-
teins?3127'%, and even living cells®®,

For preparative protein separations, a unigue appeal of ITP is the high con-
centrziion of the Kohlrausch-adjusied components achieved even at low concen-
trations of icader buffer. Since in TP the separated zones zre contizguous, as there is
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20 background buifer to fill the gap between molecular species of difierent mobilities,
“t is desirable to introduce spacer molecules of intermediate mobilities. Ampholine
itrademark of L KB Produkter, Bromma, Sweden} is usually used for this purpose, as it
arovides an essentially continueus spectrum of mobilities within the mobility region
of the proeins®®, Spacing of relatively simple systems zas, for example, artificial pro-
rein mixturas!3¥ is readily obtained. With more complex mixiures, such as buman
serum, many of the components are present in too small quantities to form distinct
zones even in presence of Ampholine. Physical isolation of separated zones is further
complicated by the {requently occurring distortions in the theorstically flat ITP
bonndaries in polyacrylamide gels and the partial re-mixing inevitable during the elu-
rion process. As a resuli, relatively poor resolution was obiained on analysis of efflu-
ents from polyacrylamide gel columns®2-1". Nevertheless. ITP appears to be capable
of high resalution as shown, for example, by complex paiterns of hemoglobin obtained
oth in free solution and in gels™13-1% or the reported purifications of cholinesterase®®
and orosomucoid??,

From a theoretical point of view, the degres of resolution ebtainable by ITP
is complicated by the simultaneous presence of field strength, temperature and pH
gradients across each ITP boundary. The theoretical shape and thickness of inter-
ronal boundaries in ITP has recently been calculated for simple ionic species, but such
calculations for proteins are not available, owing to the complexity of their dissociation
characieristics®t. The use of Ampholine may further complicate the interpretztion of
resulis, as mixed Ampholine-protein steps are formed. In one mobility region there
may be an excess of Ampholine, and in another proteins may be wnresolved, owing
10 lack of sufficient spacing. In any case, the addition of Ampholine results in protein
dilution, and negessitates the eventual separation of isolated proteins from this spacer.
Thus, alternative metheds for protein spacing are called for.

The purpose of the present paper was to investigate the use of amino acids as
discrete spacers. It was first shown by Vestermark®® that amino acids have mobilities
similar to those of serum proteins, and could be used for this purpose. The use of dis-
crete spacers has several advaniages: idealiy 2 mixture of # spacers with weli defired
mobilities should separate a complex protein mixture into 7 - 1 protein subfractions
with no overlap or cross contamination across the spacer zones and no dilution of
components. Thus, a judicious choice of two such spacers shonld permit the bracket-
ing of the desired protein only, without causing any dilution of its or other protein
zones. As the spacer zones can be made as long as desired, elution is facilitated. This
approach has permitted a definitive determination of the sharpaess of resolution ob-
tainable by ITP, as will bz reported.

MATERIALS AND METHODS

Reggenis

Cacodylic acid, tris(hydroxymetbylhamincethane (Tris), barmum hydroxide
and sucrose were obtained from Fisher Scientific (Pitisburgh, Pa., U.S. ALY, NN, N, N"-
tetramethylethyvlenediamine {TEMED) from Canzlco (Rockville, Md., L1.5.A), hy-
droxvpropylmethyicellulose (viscosity 13000 ¢P) from Pow Chemical (Midland,
Mich., U.S A} (Methocel K 15M Premium), acrylamide and N.N'-methylenebis-
serylamide from Eastman-Fodak (Bochester, N.Y_., U8 A)), ribofiavin 2nd smino
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acids from Sigma (St. Louis, Mo., U.8.A}, glycylglycine from BDH (Poole, Grezat
Britain), Ampholice from LKB Produkter, agarose {Indubiose A43) from L’Industrie
Biologique Francaise (Gennevilliers, France) and human antisera (rabbit) from Behring
Diagnostics (Somerville, N.J., LIS AL )

Sampies

Freshly drawn human serum was emploved, as well as two crude fractions of
serum. Fraction 1 was obtained by precipitation with 50 saturated ammeonivm sul-
fate. It contained less albumin than serum. An excess of albumin in the sample over-
shadows the detection of minor serum components.

Fraction 2 was obtained by precipitating the supernatant of fraction 1 ai 7539
saturation of ammonium sulfate, and coniained mainly albumin. Both were dialyzed
against the leader buifer, and recovered at a concentration of abount 49 protein for
fraction 1 and 2.53% for fraction 2.

Anaiytical ITP in free solution

The LKB 2127 Tachophor instrument was used with its ultraviolet (LiV) and
thermnal detectors. Separations were performed in free solutions using a 0.4% so-
lution of hydroxypropylmethylcellulose as stabilizer, and were carried out at 20° in
PTFE capillaries, 0.5 mm L.D. and 24 or 36 cm in length. Mostly, only the UV de-
tector (234 or 280 nm) was usad, its resolution being higher. The leading buffer was
5 mM cacodylic acid, adjusted to pH 7.4-7.5 with 1 m#M Tris, afier addition of 0.6
ml of TEMED per liter buffer. TEMED was added to preserve similarity with ITP
in gels, where it is necessary to achieve polymerization. The terminating electrolyte
was 5 mM g-alanine, brought to pH 9.2 with barium hydrexide. Prior experience has
shown that omitting the Tris counter-ion from the terminator does not affect the re-
sults, while bartum hydroxide is needed to precipitate bicarbonate ioms.

Preparative ITP in polyacrylamide gels

The separations were performed in the LKB Uniphor apparatus using the
40-cm glass column, thermostated at 12°. The gel length was 25 ¢m and contzined
the leading eclectrolyte, ie., 20 mM cadodylic acid with 1.25 ml TEFMED per liter
and sufficient Tris to bring it to pH 7.2. The gel concentration was 5%, with 3%, cross-
linking and it was photopolymerized using 5 x 10~* ¢/ riboflavin. The terminating
electrolyte was 20 mAs fJ-zlanine and 10 mAf Tris with barium hydroxide added to
pH 9.2. The sample was applied ai the boundary between the leader gel and the su-
pernatant terminator, its lavering having been facilitated by the addition of 107
sucrose. To avoid convection the sample was allowed to migrate into the gel at an ini-
tial voltage of 600 V, which was increased to 1200 V for the duration of the run. The
amperage decreased from 15 to 8 mA, and the tota! separation time includiag elution
was 26 h. The leading electroiyte was used as the elution buffer, at a fiow-rate of 15
mi/h. An approxiimate calculation indicated a three-fold dilution of the zones due o
elution. The UV absorbance of the effluent was recorded using the LK B 8300 Uvicord
IL A total of forty 2-m! fractions were collecied.

Fmunoclectrephoretic analysis
The protein fractions collected {rom the Uniphor were analyzed using & modi-
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fied Laurell technique??. Pre-cozted glass slides, 8 x 10 cm,. were layered with 10 ml
of 0.85%, agarose, buffered to pH 7.4 with a 5 mAf HCL-Tris buffer. Most runs were
carried out with the incorporation of only (.1 ml of monospecific anti-seram per {0
ml agarose, corresponding to 185 of the concentration suggested in the original meth-
od. For more dilute samples as little as 0.02 mi antiserum per 10 ml of agarose per-
"mitted good rocket formation. Calibration curves were estzblished by analyzing se-
rum samples and serum fraction 1 at various diletions, and the data were reported as
percentage of each protein with reference to the original serum fraction 1.

Amino acid analysis

Quantitative determination of amino acids in the fractions collected from the
Uniphor was performed in the Beckman Automatic Amino Acid Analyzer Model
121 using the hydrolyzate procedure on samples deproteinized with seifoszalicylic acid.

RESULTS

The first object of this invastigation was {o confirm the possibility of using dis-
crete spacess, f.e., to find non-UV-absorbing ionic species within the mobility range
of proteins, and prove that these molecuies produce weil defined zonsgs between the
stacked proteins. Amino acids and dipeptides were the most likely prospects in accor-
dance with the original Gnding of Vestermark®® and the LK B 2127 Tachophor the most
suitable apparaius for this purpose. Only small sample guantities were reguired, of
the order of 1 #1 serum, and an analysis could be performed within 30 min. The ap-
paratus is equipped with & high resolution UV detector (siit widih 0.2 mm), which
easily discrimminates betwesn the UV absorbing protein zones and the non-UV ab-
sorbing spacer zomes as they migrate past the fizxed detector.

Fig. 1A illusirates the closely stacked protecin paitern formed by I g of serum
in absence of either Ampholine or any discrete spacers. One can obviously recognize
a major peak, presumed to be aibumin, and several globulin peaks, but the resclution
is poor and assignment of individual peaks impossible, as it is to be expected in absence
of any spacers. Fig. 1B shows the clear cut separation of the stacked proteins into five
subgroups, resulting from the addition of four discrete spacers: glycylgiycine, aspa-
ragine, threonine and glycine. The scale printed on the bhottom of each pattern illus-
trates the length of each zone in the Tachophor capillary. The spzacing caused by the
addition of the individual amino acids s of the order of 1-2 cm. which is suflicient
to permit elution of the protein subsroopps if the same is reproduced on a preparative
colnmn.

Serum albumin is responsible for the biggest peak of Fig. !, being the fastest
serum component and accounting for a2bont 687 of total protein. Thus, it oversha-
dows the many fractions in the globulin range. In order to obtain a betfer proportion
of globulins versus albumin in the starting material, the previously described fraction
1 was prepared by precipitztion of serum at 30% ammonium sulfate. ks pattern, in
presence of the four spacers, is presented in Fig. 2B, 2nd is contrasted with the patiern
in Fig. 2A obtained from fraction 2, which contains mosily altbumin. This experinent
confirmed that the spacing of the amino acids is not arbitrary, but that they do space
the compouaents of a sample according to their mobilities. The zones are arranged in
crder of decreasing mobilities from leader to terminator and it can be seen that frac-



UV abs, (280 nim}

SERUM FRACTIONATION BY ISOTACHOPHORESIS 32

B)

it

===

cacodylic acld

E]

cacodylic acid
oly

AB

Thr

Gly

L

1cm L P - . : 2 . .10 cm
1

15 6 7 = 15 6 7 B 19 26

Time {minutes)

Fig. 1. Anmalysis in the Tachophor using & 24-cm-long capillary of {A) I gl serum and (B} 1 gl serum
mixed with 1 gl of each of the four spacers: glvcylglycine, asparagine, threonine znd glycine (Z gl
ecach). Lezding ion was 5 mAf cacodylic acid {pH 7.5) and terminzating ion was f-alanine (pH 9.2).
Electrophoresis was performed at a coastant current of 100 A, the voltage increasing from 3 to
13 kV. The first sample appearad at the UV detector in 15 min.

tion 2 contains mostly proteins with high mobilities, fe., in the mobility range from
that of cacodylic acid to asparagine, whereas fraction ! is rich in componenis of low
mobility (from threonine to f-zlanine), roughly corresponding to albumin and glo-
bulins, respectively.

The protein content in the first, high-mobility, subgroup is noticeably different
for the two fraciions, not only in respect to quantity, but also hroterogeneity. The
third UV pezk between asparagine and fhreonine appears, however, tc be homo-
geneous. To obtain a irue picture of heterogeneity of each subgroup, the addition of
& continuous spectrim spacer, f.e., Ampholine is necessary. This is exemplified by
patterns of the same two fractions in presence of a2 smail quantity of Ampholine (0.5
it of a 19 solution) (Fig. 3}. The previously bomogeneous peak between asparagine
and threonine has clearly separated into two peaks, and the totz! number of peaks in
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Fig. 2. Analysis it the Taechophor using a 35-cm-long capillary of {A) 1.25 g4l of secum fraction 2
(2.5 % protein) and (BY 0.75 i of seram fraction i (494 proteini in the presence of the four individual

specers {each 1 g, 2 g1} The sames bufiers as in Fig. T were used, but analysis was carrizd out at 50

i)

pA, znd the voltage inereased from 5 to 26 kV,

all the fractions becomsas comparable to that obiainable with other high-resolution
technigues such as isoelectric focusing or disc elesirophoresis. The addition of Am-
pholine causes also an overall spread of the patiern as mixed protein-Ampholine
zones a1e formed. To obtain complete separation of the still suparimposed minor peaks
greater amounts of Ampholine would be necessary.

Preparative ITP using polvacrylamide gels in the LKB Uniphor system was
performed to demonstrate the useininess of aming acids as discrete spaeers on g iarger
sczle. To prove this naoint two 2mino acids, threonine and glycine, were selected. As
starting material the albumin-impoverished fraction 1 was used. A second objective
of the experiment was to provide definitive evidence for the sharpness of isotachg-
phoretic resolution of protein components. The column was therefore loaded with 2
small quantity of protein in proportion to amino acid concentration o provide re-
Iatively long zones of spacers, thus minimizing cross-contamination dering clurion.
The samiple consisted of 3 m! of serum fracticn ! {approx. 4% protein) and 3 ml each
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of threonine and givcine (6 g/1). The leading ion was 20 mAf cacodylic acid and the
terminator F-alanine, as previously described. Constant voltage of 1200 V was appiied
during most of the run, including elution. Visual inspection of the column afier the
protein zones were resolved showed a leading yellow disc-like zone of albumin and
two simifar reddish zones, probably due to traces of hemoglobin in the sample and
its possible interaction with haptoglobin. This is iliustrated in Fig. 4. Amino acid
analysis showed that threonine was the spacer between albumin and the first reddish
zone while glycine spaced the two reddish zones. The typical zone anomalies encoun-
tered in polyacrylamide gel ITP were seen as uneven hemoglobin concentration across
the band.

The UV absorbance of the eluate reproduced in the top tracing of Fig. 5
shows the expected separation of the serum proteins into three major subaroups. A
total of foriy 2-ml fractions were obtained and analyzed by using our modification of
the Laurell technigue. Fig_ 6 shows a typical LaureH slide used for the quantitation of
individual protemns. in this case transferrin. The first four samples contained standard
dilutions of serum, while the remaining seven samples comprised representative frac-

Fig. 4A.
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tions of the elnate. The concentration of ten specific proteins, in terms of their relative
concentration in colummn eluates, versws the concentration in original fraction @ is
plotted on the bottom of Fig. 3. Albumin and «,-antitrypsin are present only in the
first subgroup. Hemopexin and transferrin are located in the second group, and the
third comprises IgA, 126G, plasminogen and «.-macrogiobulin, all of these showing
rather sharp resolution between the subgroups. Difficult to explain., however, 15 the
presence of ceruloplasmin in all three groups and haptoglobin in subgroups I and
II1. The sharpness of resolution of the other componenis excludes experimental erior
or cross-contamination during elution, and this finding can be tentatively ascribed to
protein—protein interaction amplified by the high concentration of proteins in the
Zones.

Amino acid analysis using the Beckman Analyzer (Table I) shows excellent
resolution of the individual amino acids confirming the presence of only threonine
in the first spacing zone (fraction 21), glycine in the second (fraction 29), and g-

Fig. 4. Analysis in the Uniphor system of 3 mt of serum Fraction ! (494 protein) in the presence of
threonine and glycine (each 3 mil, 6 g/1). Three protein bands were visible: 2 veliow band from albumin
and two reddish bands, presumably due to trace amounts of hernoglobin in the sample. (A) shows the
sharpness of separated fractions; (B), taken from an angle, siiows typical anomalies in the zone bound-
aries resulting in ap uneven hemosglobin concentration across the band.
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Fig. 5. Fractionzation in the Unipkor systerz of 3 ml of serum fraction 1 in the presence of threonine
and glycine. Separation was performed with 20 mAf cacodyiic acid as leading ion (pH 7.2) and f-
alanine as terminator. During elution with leading elecirolyvte {15 mi/h} the current was 8 maA. The
1V shsorbance of the fraction was recordad. The analysis of ten specific proteins is scen below, The
protein conceniration is given s percenizge of the concantration of the original sample, the serum
fraction 1.

alanine in the terminator (fraction 40}, The presence of threonine in the second pro-
tein subgroup (fraction 24) and of both glycine and §-aianine in the third protein sub-
group (fraction 35) is probably due to mixing czusad by the elution of the fractions
from the columa. In fact the sharpness of the protein peaks (Fig. 4) appears to be far
greater than that indicated from the Uvicord recording (Fig. 5).
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Fig. 6. Analya s of transferrm by the Eaunrell mf‘ke technique. Reference samiples of serum at 10-,
20, 20- and B0-fold dilution were applizd in the first four holes together with seven fractions ccilected
from the Uniphor experiment at 1:1 dilution with leading electrolyte.

TABLE 1

AMING ACIDS ANALYSIS OF THE UNIPHOR FRACTIONS
— = Not detectable.

Fraction No. Threonine (mAf)  Glveine (mAf)  S-Algnine (mdf)
16 1.7 0.1 —

21 204 .1 —
22 57 2.0 —
29 — 12,9 -
35 — 46 0.9
<0 — ¢.0 30.3
DISCUSSION

The use of the amino acids as specific spacers had a iwo-fold purpose: on the
one hand, we wanted to test the hypothesis that ITP is sndeed a high-resolution meth-
od. This would have reguired a clear separation of every protein into one of the three
groups obtained by the interposition of the two amino zcids. Using Ampholine, the
minor componeiits of serum are bound to be overlapping, as they do not form suffi-
ciently long zomes to be separated individeally, uvmless a tremendous cxcess of
Armpheline is used. Thus, only discrete spacers such as amino aeids, can provide the
definitive exparimeant to evaluate the sharpness of rasolution of ITP.

On the other hand, the purpose of using discrete spacers is to eliminate some
of the obvious drawbacks of Ampholine, namely the dilution of the protein zones,
prolongation of separmation time needed for the resolution of Amphoiine, high
cost of Ampholine, ete. It is true that diserete spacers cannot separate individhaliy
all the proteins, but one would hops that with the proper choice of amino acids or
peptides, pEH and other conditions, one could specify conditions isolating the desired
protein in 2 subgroup of only one or few proteins at worst. This has been partly sub-



46 A KOPWILLER er gl

staniizted in our experiments and we have evidence that FTP does have the potential of
sharp resolution. The failure of ceruloplasmin and haptoglobin to be clearly resolved
is as yet puzzling and any explanation is bound to be hazardous.

We have demonstrated that 1TP with the use of discrete spacers provides an
exceilent method for fractionation of compiex proteins into broad subfractions z2ad
fee! that this technigue will be a significant addition to the currently available sepa-
ration methods. Its main advantage is the large capacity of the columns, since the pro-
teins iravel in highly concentrated zomes which after efution are similar in concen-
tration to the originaliy applied sampie. Although in the current experiment only 3 ml
of a 4% protein sample was applied to the Uniphor, much larger volumes appear to
be separable as judged by the sharpness of fractions shown in Fig. 4A. Furthermore,
we have shown that the LK B Tachophor is a ussful tool for preliminary screening of
discrete spacers. The identification of Tachophor peaks is not vet possible and the
sequence of individual preteins in free soluticn may be different than in gels. Never-
theless, the significantly different patierns obtained in the Tachophor for different
proiein mixtares serve to inaicate both the mobility range and the heterogeneity of
the samples and thus confirm the usefulness of analytical ITP.
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