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SUMMARY

Saveral parameters that could affect the survival rate and the resolution of
cells in continuous-flow isoelectric focusing have been investigated. Cell survival at
progressively lower pHs was found to be a function of the osmolarity of the
medium: at pH 4 there was an absolute requirement for a 300 mOsm environment.
A pH-dependent interaction of the carrier ainpholytes with the cell surface has been
demonstrated. The binding was very strong at pH 4, weak at pH 35 and totally abol-
ished above pH 5. The same inferaction was obtained with pentaethylenchexamine,
the polyamino backbone of carrier ampholytes, stripped of carboxyl groups. A modet
was derived showing how at pH 4 the oligocationic carrier ampholytes, via their
nitrogen groups, would bind tc the polyanionic cell surface.

The Hannig apparatus was adapted for cell separation in 3 continwously
flowing curtain of isoelectric ampholytes. The medium osmolarity was maintained
with glycine (ApK 7.2), taurine {4pK 8.5} and tximethylaminopropionyl sulphonate
(TMAPS, ApK 11). With increasing ApX, the pH range that can be created in the
preseace of these compounds progressively widens, from a pH 4.3-7.5 range with
glycine, to pH 3.5-7.5 with taurine up to pH 3.5-9.5 with TMAPS. The 48 firactions
collected were routinely assaved for conductivity, osmolarity and pE.

INTRODUCTION

Isoelectric focusing (IEF) of cells was first introduced by Sherbet and co-
workers'=3 in 1972, by using statiopary, linear gradients of sucrose (1055 %), slycerol
(10-703)) or Ficoll (5-30%), containing 1% Ampholine, in a standard LKB 110-ml
column. In these early systems, the cells were subjected to the IEF process for as long
as 30 h. Subsequently, Just and co-workers™* introduced the method of continuous-
flow IEF scparation of cells, in a modified Hannig apparatus. In this system, the
residence time of the cells in the apparatus was only 7-10 min,

Cell focusing has also been described in several other reports. Leise and
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LeSane® reported the application of IEF to the separation of peripheral lymphocytes
of human and rabbit origin in a gradient of dextran 40; Hirsch and Gray'® described
a similar separation of rat peripheral lymphocytes in dextran gradients in isotonic
sucrose; Boitz er al.!! reported the IEF separation of Chinese hamster fibroblasts in
a Linear Ficoll density gradient made isotonic throughout by sucrose and glucose;
Manske et al.’? have described the IEF analysis of Ehrlich—Lettré mouse ascites tumor
cells, as well as rat hepatocyies, in Ficollsucrose gradients; even spermatozoz trom
boars have been isolated by IEF in a Ficoll gradient by Moore and Hibbitt'>. In the
fiald of prokaryotic cells, the IEF of bacterial cells has been reported by the Sherbet
group** and by Langton er al.'*. According to Talbot'é, viruses also seem to be
amenable to isoelectric fractionation.

Notwithstanding this large body of experimental data, isoelectric focusing of
ceils is still not established. For instance, Catsimpoolas and Grifiith!’, upon focusing
mousa spleen lymphocytes in a2 Ficoll-sucrose gradient, have reported that as soon
as the cells are focused they start to defocus and are finally lysed. They hypothesize
that, in the pf region, changes in the membrane occur that could alter the pf towards
a more acidic value so that the cells have to sezk a new p/f position. This may occur
repetitively until extensive damage to the membrane causes lysis of the cells. It 1s
a fact that, even though many workers'®!2 have claimed high cell viabilities (up to
20 %) after isoelectric focusing, as measured by dye exclusion tests, in reality viabilitics
in terms of plating efficiencies ars usually low (10-209()**, which has led many
workers to suspect that carrier ampholytes might have some degree of cytotoxicity.
Thezefore, the question of whether membrane stability and heace cell viability can
be maintained under electrofocusing conditions should be further critically analysed.
There also rermnains the question of whether the measured cell pfs are “trus” isoelectric
points, representing a balance between positive and negative groups in the cell surface.
For instance, the pf of E. coli is given 25 5.6 {(ref. 14), the same as the pf of red
blood czils (RBCs)*. However, in E. cofi, the ratio of negative to positive charges is
2:1 (2.889-10%/cm” carboxyl groups versus 1.4334-10%/cm® amino groups)'®, while
in RBCs, the ratio of negative to positive groups is 25:1 (ref. 18), i.e., enormously
higher. How these two cell types can exhibit the same pZ remains 2 mystery.

Additionally, three other parameters that further increase the uncertainty of
the data should be considered: (a) at the steady state, focused carrier ampholytes
represeprt 2 medium of unknown and very low “ionic strength™; (b) ampholytes for
1EF are capable of chelating doubly positively charged metal ions'?; (c) they have been
demonstrated to form complexes with polyanions, such as nucleic acids®® and sul-
phated and carboxylated polysaccharides?'~23, including polyglutzamate and poly-
aspartate?.

All of these considerations have led us to explore fusrther cell IEF and to
propose some explanations for a few observed phenomena and some aiternative
experimental approaches.

EXPERIMENTAL
Materials

Ampholine carrier ampholyies were obtzined from LKB (Bromma, Sweden),
glycine and taurine from Serva (Heidelberg, G.F.R.), sucrose, analytical-reagent
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grade, from Merck (Darmstadt, G.F.R.) and pentaethylenchexamine (E'EHA) from
Hoechst-Italia (Milan, [faly). Trimethylaminopropane sulphonate (TMAPS) was a
kind gift from Drs. L. M. Hjelmeland and A. Chrambach, N.I.H., Bethesda, MD,
JS.A.

Continvous-flow [EF

The Desaga FF48 free-fow elecirophoresis apparatus designed by Hannig was
used for the IEF experiments. This apparatus has a (.15 x 70 x 480 mm separation
chamber with 410-mm long electvodes housed on cach side of the chamber. fon-
exchange membranes isolate the clectrode chambers from the separaiion chamber.
Each electrode has a rinse pump aud reservoir. A pump at the base of the separation
chamber draws the fluid through the chamber into 48 fractions, collected in cooled
tnbes. The separation chamber is cooled from front and back by a separate circuit
of fluid. The anolyte was 5%, acetic acid and the catholyte 1.5% ethanolamine®. In
two experiments EDTA, either 1 or 5 mMf, was added to the cathode rinse. The
chamber flnid was a 1%, Ampholine solution, pH 3.5-10, with 0.1 mM EDTA. To
this standard solution was added 250 m M sucrose, 300 mM glycine, 300 mAM taurine
or 300 mM TMAPS, depending on the experiment.

The pre-focusing procedure invelved applying 2 100 V/cm field gradient o the
chamber filled with fluid, with cooling and electrode rinsing. A three-fold decresse
in current followed by stability at that level for a minimum of 10 min was used as
the criterion for focusing. The chamber pump then drew additional fluid through at
the rate of 50 mi/h or approximately I ml per fraction per h.

Osmolarities were checked with an Osmeite A apparatus from Precision
Systems (Sudbury, MA, U.5.A.), using potassium chloride standards.

Conductivities were measured with a Mode! 31 conductivity bridge from
Yellow Springs Instrument Co. (Yellow Springs, OH, U.S.A.) pH was determined
with a PHM64 Resczarch pH meter from Radiometer (Copenhagen, Denmark).

Cell survival studies

These studies were performed by incubating the cells (usually RBCs freshly
drawn from healthy adults) in 19 Ampholine solution, between pH 4 and 7, of
different osmolarities ranging from 150 to 300 mOsm. A given osmolarity was
obtaingd by dissolving in the Ampholine buffer either sodium chloride (2 mOsm =~ 1
mM), slycine, taurine, TMAPS or sucrose (1 mOsm = 1 mad). The various pHs of
incubation were obtained by using narrow-range Ampholine, adjusted to a given pH,
if needed, by mixing with a more acidic or a more alkaline pH range. Those pH
and osmolarity values of the medinm which did not produce more than 109 cell
lysis over a period of 2 h at 4 °C, as determined by measuring the adsorption of the
released free hemoglobin at 550 nm in a Beckman Acta CII spectrophotometer, were
considered adequate for cell survival.

Microscope cell electraphoresis

Cell mobility measurements were performed with 2 Rank I microcleciro-
phoresis apparatus from Rank Brothers (Cambridge, Great Britain), with the
chamber thermostated at 25°C. The standard buffer was 0.15 M sodium chloride
solution titrated to pH 6.95 with sodium hydrogen carbonate. When clectrophoresis
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was performed at lower pH values the sodium chloride solution with 0.1 m3f EDTA
was titrated to 2 given pH with citric acid (conizol runs) or with 19 Ampholine or
0.5% PEHA (with the polyamine, hydrochloric acid was added to the desired pH
value).

RESIILTS

As cells are driven to equilibrium in a pH gradient and are supposed to have
an acidic p/, owing to their characteristic polyanionic susface, we first studied their
survival as a function of the prevailing pH of the medium and of its csmolarity. It
is well known that at pH 7 the cells can withstand a broad range of osmolarities,
from 130 to 300 mOsm, without suffening any damage or irmeversible modification.
In Fig. 1, the shaded region represents pH and osmolarity conditions of the medium
compatible with cell viability. Below pH 6, the osmolarity requirements parrow
rapidly, until at pH 4 there is an ahsolute requirement for 2 300 mQOsm environment.
Below pH 4, the cells rapidly lyse. It appears, therefore, that in the presence of
carricr ampholytes, under conditions which strictly mimic those obtainable during
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Fig. 1. Cell survival as a function of pH ard osmolacity conditions of the medium. The shaded area
represents a region of stability of the cells, enveloping those pH and osmolarity values which allow no
more thae 1094 cell Iysis upon incubation for 2 h at 4°C, Lysis was owasured as the appearaacs of
free hemoglobin in the supernatant of centrifiuged red blood cells. The various pH values were obtain-
¢d by using parrow-range 124 Ampholine. The medivm osmolarity was given by sucrose, glycine,
tavrine or TMATPS,

~
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an IEF experiment, intact red blood cclls can be obtained even down to pH 4,
provided that the proper osmolarity is maintained. The presence of Ampholine, per se,
does aot appear to alter the survival rate markedly, as essentially the same data are:
obtained when the pi of the solution is dictated by other buffering ions, such as
citric acid (not shown). The data of Fig. 1 are in general agreement with similar data
reported by Seaman (see Fig. 5 in ref. 44) on the electrokinetic bebavior of erythro-
cytes as a function of bulk pEE. In this last case, a region of metastability was
observed between pH 3 and 4.5.

We mext investigated the possibiliiy of whether or not the carrier ampholytes
could bind to the cell surface, thus generating artefactual pf values and possibly
contributing to the suspected cytotoxicity. Just and Werner™-® have recently hypoth-
esized a similar mechanism, We ntilized electrokinetic measurements by microscope
electrophoresis, as fhis expeniment does not seem feasible by eguilibrivm TEF. As
shown in Fig. 2A and B, when RBCs migrate electrophoretically in standard
buffers (either hydrogen carbonate or citrate) in the pH range 4-7, their mobilities
are essentially constant, indicating that there are no titratable groups within the
surface of shear in this pH range. These data are in excellent agreement with the
RBC titration curves of Seaman (Fig. 9 in ref. 24), which indicate a sharp drop in
mobility below pH 4, with an extrapolated isoelectric point of 1.7. However, when
the same mobility data are measpred in presence of 19 Ampholine, it can be seen
that at pH 5 and below there is a sharp drop in anedic mobility, as though negative
charpges were disappearing or positive charges were appearing on the cell surface.
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Fig. 2. Microscope electrophoresis of RBC incubatad either in 194 Ampholine (A) or in 0.5%4
PEHA (B) at different pH valuss ranging from 4 to 7. The pH in the controls was obtzined eithar with
hydrogen ecarbonate (pH 7) or citvate (pH 4, 5§ a2nd 6). In all instances the elactrophoresis hmffer
contamed 150 mAf sodium chicride. The vertical bars represent the standard deviation. Each point
reprosents mobility readings of 50 different cells in opposite directions.




178 ) F. ¥ McGEIRE et af.

That these changzs are brought about by direct interaction with carrier ampholytes
has been demopstrated by performing the same experiment in the presence of
PEHA, the polyamino backbone of carrer ampholytes, stripped free of carboxyl
groups. As shown in Fig 2B, there is a strikingly similar decrease in electrophoretic
maobility, indicating this to be due to loss of negative charges from the cefl surface,
neatralized by the bound polyamins,

Fig. 3 depicts a hypothetical model of this interaction. A segment of 2 cartder
ampholyte molecule is shown, exhibiting a strefch of four positively charged nitrogens
{at pH ) bound to four pegative charges on the cell surface. It might be argued
that because an acidic carrier ampholyte would probably have an equivalent number
of carboxyl groups, there should pot be a decrement in cell mohility, as the negative
charges lost on the cell surface, upon binding te the polyamino stretch, wauld still be
available as free carboxyls cn the Ampholine molecule (here depicied oriented
away from the cell surface). Actually, the electrokinetic behavior of RBCs seems to be
due mostly to carboxyl groups of sialic acids (pX 2.6) and a-carboxyls of proteins
(pK 2.35). On the other hand, the carboxyis of carrier ampholytes, being mostly
g- and y-groups®®, have a considerably higher pK (average pK = 4). By replacing
strong carboxyls on the cell surface with the weak earboxyls of carrier ampholytes,
the negative charge density is lowered because, at pH ~~ 4, about 589 of the
carboxyls on the Ampholine molecule are protonated.

We subsequently investigated the possibility of performing the IEF of cells in
media whose osmolarity is rot duc to the presence of sucrose, dextran or Ficoll,
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Fig. 3. Hypothetical model of the interaction of one Amphnline species with the c=li surface. A
scgocnt of 2n Amphokine molecule, represented by a stretch of four protonated nitrogens, is depicted
Boumxd to four negative charpes (possibly sialic acid residues) on the cell surface. The carboxyls Ip the
carrier ampholyte are drawn facing away from the plasma membrane. At pH 4, these weak carboxyls
(average pX = 4) would be 392 protonated. The anvature of the cell surface, over & distance of
1 nm, has been grossly exazeperzted for casy visualization. In reality, aver such a short distance, it
should be almaost planar.
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'bemgounds which useally have a high viscosity and would thus slow down the

pH | @ v 8 |

migration of charged particles toward their p7. We first ran a free curtzin of 1%

-Amgholine alone, in the Hannig apparatus, In order to find the osmolarity contribu-
tion of focused carrier ampholytes to the medinm osmolarity. Fig. 4 shows the pH

gradicnt and conductivity and osmolarity profiles of focused 1% Ampholine, pH
35K It can Be secn that the osmofanty profife is smooth and uniform throughout the
pH gradient, and amounts to a low and constant value of 3-10 mOsm. This is an
interesting finding, as it allows the caleulation of the molarity of focused casrier
ampholytes, a figure which has not previously been available in the literatiwe. In
fact, as eack carrier ampholyie molecule, spon dissolution in water, does not
dissociate into several independent ionic species, but gives rise to single polypraiic
species, the osmolarity measured here must be coincident with the molarity of the
Ampholine solution.
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Fig. 4. pH gradicnt and conductivity and osmolarity profiles of focused 194 Ampholine, pH 3.5-10,
in the Hannig apparatns, The camier ampholyte curtain, diluted in water, was focusad at 108 Viem
and eluted at a speed of 1 mi per tube per k. Abount 3 mi were collected in each tube. Even though the
focusing was im at 2°C, pH and coaductivity measerements were made at 22°C.

Fig. 5 shows the possibility of running a free curtain containing an even
distribution of the following species: glycine (Fig. 5A), taurine (Fig. 5B), TMAPS
(Fig. 5C} and sucrose {Fig. 5D). In all instances, a fairly constant value of osma!arity
is obtained centered around 296-300 mOsmi.

With the rwitterionic componnds in Fig. 5A-C, we have faken advantage of
their unwanted quality of being “poor™ carrier ampholytes, in Rilbe’s terms?. Thus,
glycine (pK, 2.35, pK; 9.6, ApK 7.2) exhibits a fiat plateau between pH 4.5 and 7.7:
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Fig. 5. pH gradient and conductivity and asmolarity profiles of focused 1 %2 Ampholine, pH 3.5-10,
in the presence of glycine (A), taurine (B), TMAPS (C) or sucross (D). All other conditions as in
Fig. 4. Thers is no osmolarity profile for TMAPS, as too little of this materizl was available. However,
a few osmolarity measurcements made at diffarent pH intsrvals by pooling several fractions gave the
expected value of 300 mOsm.

tanrine (pk, 1.1, pk; 9.6, ApK 8.5) is evenly distributed between pH 3.0 and 7.7;
TMAPS (pK; 1.1, pK;s =~ 12, 4pK 11) presents a uniform plateau over the pH range
3-10. ALl of these systems appear to be suitable for cell focusing.

DISCUSSION

Qur preliminary data indicate the following aspects of cell focusing.

Interaction between oligocationic carrier ampholytes and polyanionic cell surface

The binding is typically pH dependent, being very strong at pH 4 {402/
reduction in cell mobility), weak at pH 5 and abolished at pH 6. This could be due
to the fact that at pH 4 Ampholine species would exhibii a stretch of 4-5 protonated
nitrogzus (each two methylene groups apart), while a large portion of their carboxyls
(ca. 50%)) will be protonated, thus allowing for strong, cooperative binding. At pH 6
or above, the net charge will be reversed and the anionic Ampholine will now be
repelled by the polyanionic cell surface. This type of bindiag follows a characteristic
pattern which we have demonsirated and fully explaized not only for nucleic acids®®
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and polyanions®—*? but even for acidic dyes*-**, It seems logical to conclude that the
same type of mechanism is operzting here. The bound Ampholine might change the
surface charge characteristics, thus altering the cell stability and coafributing io the
decrease in <ell viability. It is a fact that, even in early studies by the Sherbet group?,
all cells focusing around pH 5 (4.70-5.30) (Yoshida ascites, Ehslich ascites, Py cells,
HelLa cells, mormal liver cells), where binding of Ampholine is siill appreciable, were
in fact all mon-viable cells. It must be emphasized that the binding we have reported
here mmst represent only a minimum value, which might be much higher and extend
to higher pH values in the actual experimental coaditions of 1EF. In fact, our binding
data refer to electrokinetic conditions characterized by high ionic strength (150 mAM
sodium chiloride) while during IEF the medinm ionic strength is vanishingly smalil,
amounting to 0.5-1.0 mg-ion/l {ref. 29). Under IEF conditions, binding misht be
greatly enhanced, as the high fonic strength used in ceil micro-electrophoresis wonld
tend to disrupt interactions between the Ampholine and RBC surfaces that are doe
to hydrogen bonding, electrostatic interactions between opposite charges, as well as
maosaics, charge fluctvation interactions and Van der Waals forces. While binding of
oligo- or poly-cations to the RBC membrane is a well known phenomenon, an
opposite type of interaction has been recently demonstrated. Pittz ef ¢l.!® have in fact
shown that also polyanions, iota casrageenans (but not oligoanions), ¢an bind to the
RBC surfzce and aggregate the cells in rouleanx and have proposed a mechanism by
which bound carrageenans repel negatively charged and atiract positively charged
proteins. In fact, not oaly lateral diffusion® but even electrophoresis of proteins in
the plane of the cell membrang® have been demonstrated.

Binding of cairier ampholytes to the cell surface could also explain the very
high isoelectric points of most cells, reported to be in the range 6.0-6.8. On the other
hand, when focusing is performed in citrate buffer® most of the cells investigated
(rabbit spermatozoa, rat pituitary cells, rat mammary ascites tumor cells and M3-1F3
chinese hamster fibroblasts) appeared to have pf values in the pH range 3.5-4.7.
This type of focusing should be further explored, as citrate allows higher mediom
fonic strengths, prevents cell agaregation and, being oligoanionic, should not bind
to the cell surface!S.

it shounld be emphasized that, while we bave considered as 2 piobable
hypothesis for the reduced cell mobility in the presence of carrier ampholytas an
extensive binding of these compounds to iomic groups on the cell surface, thus
producing an altered ionic cloud arcund the particles, other mechanisms could also
operate here. Among these are (a) possible damage exerted on the membrane with
exposure of more negative groups; (b) dissolution of the carrier ampholvtes by the
membrane; and () a combination of the previous mechanisms or other, at present
unknown, biophysical processes operating at the level of the cell membrane.

Osmolarities via zwitterionic compounds

The results show that a proper osmolarity, adequate for cell survival, can be
obtained in the absence of sugars or polysaccharides by using compounds with a
high ApK value, such as glycine, taurine or TMAPS, As the ApK progressively in-
creases, the pH range in which these zwitterions are isoelectric widens. A pH gradient
between 4.5 and 7.7 can be obtained in prescnce of 300 mM glycine, between pH 3.0
and 7.7 with 300 mM taarine and betwesn pH 3.0 and 10 with TMAPS. From the
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point of view of cell separation, glycine or tausine should be adegeate, as they are
ispelectric in a pH reage in which moest cells should be iscelectric.

At the moment, the major problem we have with our system is aggregation and
call clamping. The ceil clumps begin to sediment quickly in the focusing chamber
and then cells are found smeared all over the collection tubes. Owing to the design
of the Hanngis chamber, it is impossible to focus in the presence of a constaat back-
ground of 1-2 mM EDTA (these levels have been found not to disrupt the focusing
process). This is due to the fact that the electrode chambers are limited by ion-
exchange membranes. Therefore the EDTA added to the catholyte can leave the
cathodic chamber but, as it approaches the anode, it is repelled by the megatively
charged anodic membraae. This results in crystallization of EDTA close to the
apcdic extremity of the chamber and distortion of the pH gradient. In the near
future, dialysis membrancs to substitute for the ion-cxchange membranes siould be
available from the manufactyrer,

CONCLUSION

Qur preliminary daia confirm that the environmment and conditions for iso-
electric focusing will be critical for the swccessful fractionation of viable cells,
especially if physico-chemical parameters, such as pf values, are to be measured. New
systems, soch as citrate pH gradients, shouid be further explored, perbaps in com-
bination with “poor™ zwitierions (glycine, taurine and TMAPS). Interestingly, cell
IEF has been successful in other areas of research, as it has finally ailowed 2 better
understanding of the focusing process itself, by permitting measurements of molar-
ity and iornic strength of focused carrier ampholytes®.
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