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The properties of natural pH gradients formed by stationary
electrolysis are analyzed and compared with those of artificial pH
gradients. The pH of a pure ampholyte solution is calculated, and
the difference between this and its isoelectric pH is used to prove
that a stationary state is characterized by mutually balancing diffu-
sional and electric mass flows. The differential equation of the con-
centration of a component contributing to a natural pH gradient is
formulated. It is shown that such components have to be defined
as acids, bases, or ampholytes, and that the mobilities or transference
numbers entering the differential equations must be ascribed to
these ion constituents of the protolytes which are not H+ or OH".
Solutions to the differential equation are presented for a one-compo-
nent system and for a trace component present in & large excess of
other components. The practical significance of the results for frac-
tionation and characterization of ampholytes is discussed. Thus it is
proved that the pH at the concentration maximum of an ampholyte
18 identical with its isoelectric point, which should be of value for
direct measurement of isoelectric points. The concentrations of acids
and bases or, more generally, of the most acidic and the most basic
components present in the system, are shown to increase steadily
towards the anode and cathode, respectively, without developing
maxima in the mathematical sense. It is shown that the electrokinetic
properties of proteins make them especially suitable to isoelectric
fractionation, whereas simple ampholytes are extremely useful as
“carrier electrolytes” in work with proteins. By a proper choice
of simple ampholytes and their concentrations, it is possible in
principle to obtain pH gradients of any desired extension and shall-
owness, but for the present a sufficient number of suitable simple
ampholytes is not available.
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Isoelectrie precipitation is a standard procedure for fractionation and puri-
fication of proteins. Isoelectric fractionation by electrical transport has
also been used for a very long time, especially for group separations of amino
acids and peptides (see the author’s?® review of 1948). However, the
resolving power of these methods has stayed far behind that obtainable by
moving boundary or zone electrophoresis using differences in electric mobility
at a constant pH. A renewed interest in isoelectric methods has now been
evoked through a series of articles by Kolin 28 and through the experiments
described by Hoch and Barr ? and by MacDonald and Williamson 8.

Isoelectric analysis and fractionation by electric transport is based on
sending a direct current through a system of electrolytes such that pH in-
creases gradually from anode to cathode. If the pH gradient can be kept
reasonably stable during the time for an experiment, proteins and other
ampholytes will be repelled from both electrodes and collect in a region where
the local pH is identical with the isoelectric point of the ampholyte. This
principle can be applied in a number of different ways depending on the nature
of the pH gradient and also on the principle selected for stabilizing the system
against remixing by uncontrolled convection.

ARTIFICIAL pH GRADIENTS

The authors just mentioned used artificial pH gradients, that is, they ap-
plied their samples in a mixing zone between two buffers of different pH’s.
Such a method puts great demands on the selection of the two buffers in order
to secure a sufficient stability of the pH gradient. Since all buffers are com-
posed of electrolytes, any artificial pH gradient is subject to changes caused
by electric migration of the buffer ions. Needless to say, the migration of the
pH gradient has to be slower than that of the components to be separated.
Since the latter retard to zero mobility in the isoelectric state, it is evident
that artificial pH gradients can never be expected to give more than quasi-
equilibrium positions of isoelectric compounds. The length of a run may
thus often be critical and difficult to predict.

The most favourable buffer systems are pairs of buffers containing the
same ion species, e.g. two acetate buffers with pH’s including the isoelectric
points of the proteins. The differences between them is a certain concentration
of excess acetic acid, which is very slightly ionized. This constituent is thus
almost stationary. According to Kohlrausch’s ® electro-migration laws, the
salt concentration also remains constant as long as the buffer reservoir suffices.
A pH gradient of this kind is consequently very stable.

Kolin used a mixture of sodium acetate and sodium barbital as the basic,
and the same solution mixed with hydrochloric acid as the acidic buffer. Hoch
and Barr used a phosphate buffer of pH 7.4 as the basic, and mono-sodium
phosphate as the acidic buffer. MacDonald and Williamson applied their
samples in a region containing only distilled water between highly conducting
anolytes containing hydrochloric or citric acid and catholytes with sodium
hydroxyde or sodium citrate.
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Artificial pH gradients, if properly selected, have the advantage that the
conductance and field strength can be freely chosen and kept constant during
the experiment.

NATURAL pH GRADIENTS

The numerous workers who have applied stationary electrolysis have allow-
ed the electric current to create the pH gradient, usually in an apparatus with
several compartments separated by membranes. The mechanism of this pro-
cedure is the following. Let us suppose that the electrolytic solution does not
contain any ions, except the water ions, that can undergo oxidation or reduc-
tion at the electrodes. This is essentially the case with sodium sulphate in low
concentrations. One then gets evolution of hydrogen at the cathode and of
oxygen at the anode (which should be of platinum or carbon), while sodium
hydroxyde collects in the catholyte and sulphuric acid in the anolyte. If
remixing is prevented in some way or other, the final result is a partial or com-
plete separation of acid and base, with or without a layer of pure water between
them, depending on the current density.

If now ampholytes are added to the system, they will acquire a positive
charge in the anolyte and a negative charge in the catholyte. Repulsion from
both electrodes causes them to migrate towards the center of the apparatus.
Between the acid and the alkali, they lose their charges and stop migrating.
The final positions of the various ampholytes will be according to the sequence
of their isoelectric points, the more basic ones being concentrated near the
alkali, the more acidic ones closer to the acid. The ultimate course of pH
from anode to cathode will be dictated by the isoelectric points of the ampho-
lytes and by the concentrations and buffering properties of all protolytes in
the system.

Subsequently a pH gradient thus formed will be called a natural pH
gradient because it is the type of gradient which the current itself has created.
For this reason, it is characterized by a complete stability. It is understood,
then, that every artificial pH gradient must be reshaped into the natural pH
gradient, provided that a sufficient time for electrolysis is allowed and that
the system is stabilized against remixing. It is also obvious that an artificial
pH gradient made up so as to imitate a natural one can be expected to get
a very high stabiltiy.

If the extreme pH’s given by sulphuric acid and sodium hydroxyde are not
required, there is reason to choose a salt of a weaker acid and a weaker base,
e.g. ammonium acetate, instead of sodium sulphate, provided that the acid
withstands anodic oxidation and the base cathodic reduction. The pH’s below
2 and above 12 are then not obtainable, and the whole apparatus can be better
utilized for the pH range really needed. If still more restricted pH ranges are
sufficient, it may be suitable to exclude all salts and to use only ampholytes
and /or acids and bases too weak for mutual salt formation (boric acid, phenols,
aromatic amines). For instance, for separations in the range between pH 3
and 4, a mixture of picolinic acid (isoelectric point 3.16), glutamic acid (IP
3.22), nicotinic acid (IP 3.44), anthranilic acid (IP 3.53), and m-aminobenzoic
acid (IP 3.93) is adequate. In this way restricted pH gradients of any desired
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shallowness can be created if suitable ampholytes are available. This is of
great importance for high-resolution separations and for handling greater
quantities of material.

The unlimited stability of natural pH gradients makes them very attrac-
tive, but unfortunately the method is so far hampered by some serious draw-
backs. Its most severe limitation lies in the fact that one cannot choose the
conductance throughout the system. The conductance generally becomes
extremely low round the neutral point, which results in an excessive heating
there. This limits the current that can be sent through to such a low value
that one gets only a poor separation in other pH regions. Another experi-
mental difficulty of great importance is the scarcity of suitable ampholytes
for certain pH regions. Consequently, in spite of the elegance of the method
and the simplicity of the equipment required, not much can be expected from
natural pH gradients unless one acquires a clear understanding of the reasons
for these difficulties and tries to find remedies. In this and following articles
it will be shown that it should be possible to increase the versatility and capa-
bility of natural pH gradients quite considerably. This relates to refined iso-
electric analysis in density gradients as well as to large-scale fractionation in
multi-membrane apparatuses.

METHODS FOR STABILIZATION OF ELECTROLYTIC SOLUTION

All workers who have used natural pH gradients hitherto have applied
multi-membrane equipment. In such a set-up, the separation occurs in the
pores of the membranes, and the compartments between them, which are
continuously homogenized by natural convection or mechanical stirring,
merely serve as reservoirs for scaling up the capacity. The stabilizing principle
is thus a capillary system. The same is the case in the experiments described
by Hoch and Barr 7 and MacDonald and Williamson 8, who used ordinary
paper electrophoresis equipment.

Kolin applied artificial pH gradients in vertical density gradient columns.
The use of such columns in combination with natural pH gradients has recently
" been successfully explored by the present author and will be the subject of a
forthcoming article in this series. It may be mentioned already now that such
a procedure, although subject to the difficulties mentioned above, offers
great advantages through the extreme simplicity of the equipment. Since
the electrode reactions constitute an essential part of the separation process,
special electrode vessels with comparatively large volumes of buffer are not
to be used. In principle, only a test-tube and two platinum electrodes are
required. However, since one electrode has to be at the bottom, it is also neces-
sary to have a gas-escape tube around it. Devices for cooling and for taking
fractions also have to be added if the apparatus is to be used for other than
demonstration purposes.

THE pH OF A SOLUTION OF A PURE AMPHOLYTE

The pH of a solution of a pure ampholyte is known by experience to be
approximately its isoelectric pH. A simple consideration of the electro-neutral-
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