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Multiphasic Zone Electrophoresis. I11. Further Analysis and

New Forms of Discontinuous Buffer Systems?

Thomas M. Jovin

ABSTRACT: In the conventional discontinuous buffer system
for analytical and preparative electrophoresis, the sample is
concentrated or “stacked” into a thin zone prior to resolution
in a supporting medium such as polyacrylamide gel. In this
paper, the theory of multiphasic zone electrophoresis de-
veloped previously is applied, first of all, to certain proce-
dures related to the stacking process: (a) the selection and use
of a tracking dye; (b) preequilibration of sample and selection
of the required length of stacking gel; (c) selective stacking of
desired components by suitable alteration of the pH and
composition of the resolving phase; (d} selective restacking of
slowly migrating bands by the generation of a new moving
boundary after separation has been effected; and (e) steady-
state stacking or isotachophoresis in which a relatively extended
stack is generated with or without the inclusion of ampholytes
as “spacers.” In subsequent sections, special topics and new
applications of the theory of multiphasic zone electrophoresis

A. Tracking Dye

It has been found useful to utilize a dye as a visible marker
for the moving boundaries s3 and 7A.! By introducing it into
phases initially, the progress of the stacking process can be
readily observed, providing the dye possesses characteristics
which lead to its being stacked between the sample and con-
stituent 2. That is

Paye™/Fas > 1 Fay o IFP < 1 (l61)

The corresponding requirement for use of the dye as a

marker of the moving boundary ) is

Fave /AT > 1 Fayo /RN < 1 (162)

T From the Abteilung Molekulare Biologie, Max-Planck-Institut fuer
Biophysikalische Chemie, 34 Goettingen, Germany. Received May 23,
1972, This work was done in part during the tenure of an Established
Investigatorship of the American Heart Association.

! Definitions of nomenclature and equations with numbers prior to
161 are found in the preceding papers of this series (Jovin, 1973a,b).
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are discussed: (a) electrophoresis in pH gradients as in the
technique of isoelectric focusing. Such gradients are created
by polymerizing a resolving gel containing a gradation of
buffer concentrations; (b) bidirectional electrophoresis in which
are used pairs of electrophoretic systems having the same
upper buffer but opposite polarity. So-called mirror systems of
this type permit the analysis of heterogeneous sample popula-
tions containing macromolecules of opposite net charge; and
(¢) cross-boundary electrophoresis with which stacking and
separation are effected in a single gel. Such systems employ a
pair of moving boundaries migrating in opposite directions.
Finally the complete analysis of two electrophoretic buffer
systems is presented, one of which is the original “Tris-
glycine” system for disc electrophoresis. The second is one of
the 4269 systems generated by computer according to the
present theory.

In systems utilizing a weak monovalent electrolyte as con-
stituent 2, it may be found that for certain dyes the second
condition in 161 is not met and hence the dye does not stack
properly. However, condition 162 may be fulfilled with the
consequence that the dye is still useful since this boundary is
the one used for the calculation of Ry values.

The practice of placing the dye with the sample is preferable
to introducing it into the entire upper buffer. In the latter
case, it does not become entirely stacked at the moving
boundary and tends to trail in phase 7, although this fact may
not be apparent to the naked eye. Thus, it is possible to deter-
mine the minimal amount of dye required for a visible sharp
band and place this in the sample or, alternatively, in the
stacking gel from which it will also become stacked.

The moving boundary mA with which the tracking dye is
associated can provide quantitative information about the
constituent mobility of a given band migrating in the 7 phase.
If the distance such a band has migrated in the 7 phase in a
certain time, relative to the corresponding excursion of the
tracking dye, is denoted by Ry, then the relative constituent
mobility of the band =RrF" and the absolute mobility can
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be estimated by multiplication with the sodium ion mobility
appropriate for the temperature and ionic strength used (Rod-
bard and Chrambach, 1971).2

B. Sample Equilibrium and Required Stacking Gel Length

The velocity of a moving boundary is directly related to the

boundary displacement by the expression

velocity (cm sec™!) = »I (163)
where 7 is the current density. Thus the ratio of velocities for
different boundaries is identical with the ratio of the corre-
sponding boundary displacements.

Consider for the moment a sample of volume y which is
equilibrated against a buffer solution identical in composition
with phase 3. It follows that

¥ = ¥ = Fflef and v = Fflo® (164)
Thus the ratio of the velocity of the upper and lower bound-
aries of phase s is given by
Vrs/l/sﬁ = 1-‘2’3/75113 (165)
The condition for complete stacking can be stated approxi-
mately as the necessity for the moving boundary s to sweep
out a volume larger by y than the volume traversed by moving
boundary sB8. That is, boundary ¢s must “catch up” to
boundary s8. Consider the volume of stacking gel required in
order for this process to take place as x. It follows that
(x + PSS = xp (166)
or x/y E 1/(?2’3/?5113 - 1).

Now let us consider the same sample of volume y equili-
brated against a buffer solution with composition equal to
that of phase ¢. In this case,

W = Fllet pF = )88 = Fljgt
It follows that the ratio of velocities of the upper and lower
boundaries of phase s is given by

vy = Pyt Rt (167)
In this case, eq 166 reduces to
xly & 1FGS R = 1) (168)

In the above discussion, 7 is the constituent mobility of the
“fastest” sample component, implying that in the stacked
sample, constituent s is adjacent to the moving boundary sg.
On the other hand, 7 refers to the “‘slowest” sample com-
ponent, that is, the one that lies adjacent to the moving
boundary {sin the stacked sample.

Equations 166 and 168 provide a rationale for determining
whether a sample of relatively large volume should be equil-
ibrated against upper buffer or phase 8 buffer. Systems in
which constituent 2 is an ion or a divalent weak electrolyte
generally will have a large value for |7?|, whereas the cor-
responding value for |F,f| may be such that

2 A, Chrambach and T. Jovin, unpublished data.

RfIFP > Pl /RS (169)
If this condition holds, then it is preferable to equilibrate the
sample against phase 3 since the ratio x/y will be smaller.
Note that in order to achieve a value of x/y < 1,itis necessary
that 7P /F° 2> 2.

In systems utilizing a monovalent weak electrolyte as con-
stituent 2, |7°| is generally relatively small, but very low
values for |F] are possible. In such a case, condition 169 may
not hold with the implication that the sample should be
equilibrated against the upper buffer in order to minimize the
required length of stacking gel.

In each specific case, the characteristics of the system and
the sample will determine the optimal procedure. It is ob-
vious that for very small sample volumes, the problem is not
critical and assuming the absence of large amounts of elec-
trolyte in the sample, it may not be necessary to preequilibrate
against any particular buffer.

It remains to point out the obvious fact that boundary
velocity calculations according to eq 163 allow estimates as to
the necessary time for each stage of the electrophoretic ex-
periment to take place, provided the current through the
system is maintained constant. A current regulated power
supply is required due to the fact that the total voltage drop
across the gel is a function of time.

total voltage drop = ID L (1)/x;

1

(170)

where L,(r) and «; are the length (time dependent) and con-
ductance, respectively, of a given phase and the summation is
over all phases, .

C. Selective Stacking

Let it be assumed that for a given system, a certain band
(component k) migrates in phase 7 with Rz = 7A"/A". In
the case of a preparative system, elution of this band may be
difficult without a large dilution factor if the Ry value is rela-
tively small. If the gel pattern is such that most of the other
sample components possess even lower Ry values, it is pos-
sible to alter the system so that the band of interest migrates
in a stacked configuration and is thereby eluted promptly and
in a concentrated form. In order to accomplish this condition,
it is first necessary to change the parameters of phase 7 so
that

(P17 = (Rp(F™ (171)
In eq 171, the subscripts 2 and 1 refer to the altered and orig-
inal system, respectively. The factor x is less than 1, i.e.,
F)o/(Fr™), <1 since the required alteration of pH™ will in
general tend to decrease the value of |7| although the
magnitude of the change in most instances will be quite small
relative to the corresponding alteration in #7. Thus the
value for x must be determined empirically for each specific
case. Initially, a suitable value might be x = 0.8.
Equation 171 is the expression, then, of the need to have
(Fe")f(F17)2 > 1 (F)ef ()2 < 1 (172)
in order to maintain component k stacked at the moving
boundary wA while the other components with lower Rz
values migrate in phase 7 and are thereby separated from the
desired substance. It is of course obvious that all other com-
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FIGURE |: Stages in the ‘‘restacking’ process. Details are given in the
text.

ponents meeting conditions 172 will also be stacked at the
moving boundary. In general, these components will corre-
spond to those with Ry values greater than that of the desired
band in the original system.

The change stipulated by eq 171 implies the necessity for re-
calculating the parameters of phases =, A, and ~. The proper
sequence of computations will now be given in a form similar
to one given previously for the entire system (Jovin, 1973b).

Phase =, Let (I'/2)," = (I'/2),"; /™(37), pH™(23), 67(28).
Other quantities are calculated in the sequence described pre-
viously for this phase.

Phase ). For constituent 2 a divalent weak electrolyte:
¢2"(71), 6*(72). For constituent 2 an ion or monovalent weak
electrolyte: 8%(133), ¢.*(21 or 26). The additional calculations
have been described previously for this phase.

Phase ~. Calculate as described previously for this phase.

The other phases («, ¢, 8, 8, €) remain unaltered except it
should be noted that the &° originally computed on the basis
of eq 1472 will no longer be equal to ¢7. If desired, phases ¢
and 3 can be altered in correspondence with the new value of
&", but from a practical standpoint, it may not be necessary
to do so.

In general, the conditions specified in 172 will be fulfilled
without providing much of a differential in the constituent
mobilities of the sample component and constituent 1. In
other words, the steady-state equilibrium which maintains the
component stacked at the moving boundary may be pre-
carious. It is therefore advisable to operate the system at rela-
tively low current levels in order to prevent disruption of the
labile equilibrium.

D. " Restacking”

In many instances, desired components s migrate as bands
with lower Ry values than many of the other sample constitu-
ents. In these instances, elution from a preparative device is a
time consuming processand usually involves inordinate dilution
of the material. The selective stacking procedure described
above will not be applicable due to the presence of many
components with larger Ry values.

Under suitable conditions, it is possible to generate a
second moving boundary which migrates behind boundary
7\ at a fixed distance and at which the desired bands with low
mobilities will stack, thus leading to their prompt elution

3For eq | to 104, see paper I of this series (Jovin, 1973a); for eq 105
to 160 see paper IT of this series (Jovin, 1973b),
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in concentrated form. This is accomplished by removing the
original upper buffer phase « after a specified time of
migration of constituent 1 into the resolving gel, and re-
placing it with a new buffer phase 7. The brief interruption of
current flow does not lead to adverse effects since the sample
will immediately concentrate maximally when electrophoresis
isresumed.

For this procedure, it is necessary that the sample (if of
large volume) be equilibrated against phase 3 in order that the
stacking process will have progressed as far as possible toward
completion by the time constituent 1 begins to migrate into
the resolving gel.

The various stages in this procedure are shown in Figure 1.
The “‘switch™ stage corresponds to the stacking stage in
Figure 1 (Jovin, 1973b). All of the sample is in the stacking gel
but may not be completely stacked. Phase « is removed and
phase 7 substituted. In the subsequent stacking stage, phase s
has been maximally concentrated and moving boundary 7{ is
migrating in the stacking gel. The depicted resolution stage is
equivalent to that shown before, but in the reconcentration
stage, it is seen that moving boundary Y is carrying with it
those components with low R, values in the conventional
system. At the termination of the elution phase, little or no
sample material is left in the resolving gel.

From the same considerations that apply to constituent 1,
it is evident that constituent 7 must be a monovalent weak
electrolyte for which

FEFY > 1 FTRT < 1 (173)
It is already known that 7.7/7" < 1 by virtue of the fact
that the desired components s are migrating in phase = to
begin with.

In order to avoid retardation of components s due to a pH
effect, i.e., in order to have #¥/F.” 2> 1, a further condition
is

+(pH™ — pH¥) 2 0 (174)
A value for 7¥ can be stipulated on the basis of the first con-
dition in 173
FT{”FlW § (R}P)min (175)
where (Rp)uin refers to the minimal Ry value of the desired
component or components, and will simply be referred to as
Ry in the following discussion.

Taken together, conditions 174 and 175 assure the satis-
faction of steady-state conditions for the moving boundary
Y.

Condition 175 can be restated in terms of ¢-*

¢ < ReFATIr (176)

Combination of conditions 176 and 174 with eq 25 yields

=(pH" — pK:) 2 log [(r:/F"Rp) — 1] (177)

This equation supplies the basis for the selection of con-
stituent 7. However, the composition of phase ¢ is not ar-
bitrary but is determined by the characteristics of phase =. It
is therefore necessary for each potential choice of constituent
7 to compute x¥™ from eq 40, then 8% (eq 44), and thereby
é-¥ (eq 26). This computed value for ¢;¥ is checked against
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eq 176, and final selection of the constituent is made ac-
cording to the degree to which the equality condition can be
achieved in that equation.

The following is the sequence of computations for the
determination of phases ¢ and 7.

Phase Y. pK-, o, ¢:%, 8%, u¥™ are known. #&¥(40), ¢.4(28),
¥ (28), F¥(35), F¥(37b), pH¥(29), (I'/2)¥ and BV¥(29a),
a*(38), «¥(6), »*7(39).

Phase . uwT(=wp¥T), 67(44), &7(40), &(28), ¢-7(26),
¢67(28), F7(35), F"(37b), pH™(29), (T/2)" and BVT7(29a),
a"(38), k7(6), v(35).

In general, the considerations involved in the selection of
constituent 7 should ensure compliance with steady-state
moving-boundary restrictions for the boundary r¢. Confirma-
tion of the fact is readily made by reference to eq 66 and 67.
The value for (I'/2)" will tend to be quite low, giving rise to
large voltage drops and increased heat production. To coun-
teract this effect, it may be possible to utilize a more concen-
trated version of phase 7 as the upper buffer. An optimal
value can be determined empirically.

It is possible to estimate the separation between the two
moving boundaries Y= and 7\ by applying the conservation
of mass principle to constituent 1. Thus, if y = separation
between the two moving boundaries 7¢ and {s in the stacking
gel, the corresponding separation x in the resolving gel will
obey the relation

X/_)' = 61(/6_1” (178)
This same consideration leads immediately to the conclusion
that the two moving boundaries have the same velocities in
both stacking and resolving gels. That is

Vr@' — V{S

= ¥ i =y (179)

In many instances, it may be desirable to elute one or more
bands from the resolving gel before the second stacking
moving boundary Y= “catches up” to them and reverses the
entire resolving phase of the experiment. One can derive an
expression relating the required length of resolving gel for
which bands with Ry values greater than a given value R will
elute before moving boundary ¥ reaches the end of the gel.
The quantity x described above provides the linear distance of
gel separating moving boundaries 77 and wA. Thus when
boundary 7 is at the instant of departure from the stacking
gel-resolving gel interface, boundary #A will have migrated
distance x into the resolving gel and a band with R = R will
have migrated a distance of Rx. If the total length of resolving
gelis L, it follows that

(L — x)/Ry™ = L/y¥" (180)
where the denominators are the displacement values for the
band in phase 7 and moving boundary Y, respectively.
Fromrelations 179, it follows that

Lix =1/1 — R) (181)

It follows, therefore, that in order to prevent merging of the
moving boundary Y7 and bands with Ry values > R

L<x/1—R) (182)

or

x>L(1 —R)

These calculations involve many assumptions and must be
employed merely to provide approximate values for the quan-
tities involved.

It should be mentioned that the physical “‘switching” oper-
ation can be avoided by placing the desired amount of phase
a (including sucrose or another nonelectrolyte) over the
sample and layering phase 7 over phase « initially.

E. Steady-Stare Sracking and Isotachophoresis

Reference is made here to procedures for (1) concentrating
dilute samples such as column eluates, and (2) creating long
stacks for analytical or preparative purposes. It is necessary to
differentiate between the use of samples without additional
components, i.e., steady-state stacking (first demonstrated by
Ornstein in 19634, and a similar procedure in which addi-
tional ampholytes are introduced for the purpose of creating
“spacer”’ zones between sample constituents, i.e., isotacho-
phoresis (Haglund, 1970; Everarerts and Routs, 1971 ; Routs,
1971 ; Chrambach er al., 1973).

Sample concentration methods do not require the develop-
ment of any new principles. In practice, the required length of
stacking gel can be determined according to the considera-
tions given in the preceding section B. Continuous elution is
not required but the preparative apparatus must possess a
chamber adjacent to the gel from which the sample can be
easily recovered after the stack has migrated out. The same
considerations apply for analytical-scale procedures in which
the aim is either to assess the effectiveness of the initial
stacking process prior to subsequent fractionation or to con-
centrate the sample for immunological, enzymatic, or other
biochemical determinations on the stack itself.

The preparative stacking procedure requires the calculation
of the necessary concentrations for phase 8 (and conse-
quently phase {) relative to the amount of sample and the geo-
metrical characteristics of the apparatus. The purpose is to
utilize the stacking process not for its concentrating potential
primarily but as a means of fractionation on the basis of dis-
tinct constituent mobilities for each component of the hetero-
geneous sample mixture. If the stacked sample achieves an
overall length L in the stacking gel and migrates at a velocity
v it will elute entirely in a period of time r = L/r. Each com-
ponent will elute in a period of time ¢, = ¢L;/L, where L, is the
length of the stack occupied by that component. Hence suc-
cessive fractions will contain the individual components with
heterogeneity only at the point of overlap. The great ad-
vantages of this procedure derive from the fact that the com-
ponents elute in concentrated form at a constant velocity, in-
cluding substances that migrate extremely slowly under the
influence of a uniform electrical field. It has been already
stated in eq 110 and its corresponding discussion that
there is a gradient in electric field strength within the stack
accounting for the unit velocity. From eq 109 it is seen that L
varies inversely with :52[’\ for a given amount of material.
Thus one must first select the proper ¢.°. This allows the cal-
culation of the required concentrations for phase ¢ (and
phase «). It is obvious, in addition, that the necessary length
of stacking gel > L. The same considerations regarding con-

4 L. Ornstein, exhibit of the Canal Industrial Corp., 47th Annual
Meeting of ‘the Federation of American Societies for Experimental
Biology, Atlantic City, N. J., April 1963,
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centrations apply to analytical procedures. In the latter in-
stance, however, there is the problem of visualizing individual
components by some functional test since by simple protein
staining, for example, only an uninterrupted column will be
observed.

The procedure of isotachophoresis represents an attempt to
separate components within the stack by addition of am-
pholytes with electrophoretic mobilities and titration curves
such that they achieve equilibrium positions within the stack.
Thus upon elution or staining, a certain degree of discrimina-
tion between sample components is achieved.

[n all cases where a relatively continuous series of compo-
nents with differing electrophoretic mobilities is present, the
stack will generally be in a labile equilibrium since the reg-
ulating process establishing and maintaining the individual
moving boundaries depends upon how large the relative steps
in mobility and electric field are. Thus while high fields
sharpen the boundaries (Ornstein, 1964), the attendant Joule
heating and thermal convection tend to produce mixing be-
tween zones. In addition, proteins at high concentrations tend
to participate in complex interactions which lead often to pre-
cipitation. This is particularly true if during the formation of
the stack, in which a pH gradient as well as a gradient in the
clectric field is established, a particular component is titrated
to its isoelectric point.

F.pH Gradients and Isoclectric Focusing

The basis of isoelectric focusing techniques is the use of
ampholytes which under the influence of an electric field
assume an equilibrium distribution about their isoelectric
point in a pH gradient (Svensson, 1961; Finlayson and
Chrambach, 1971). If a series of compounds with different
isoelectric points are selected, a pH gradient in the desired
range can be established.

The theory of multiphasic zone electrophoresis suggests an
alternative procedure for creating relatively stable pH gra-
dients using only simple buffers. In the conventional system de-
scribed above (Jovin, 1973b), the resolution phase = is ho-
rogeneous with respect to composition and pH. If, however,
the resolving gel, phase v, is prepared with an appropriate gra-
dient in the relative concentrations of constituent 3 and 6, the
phases \ and 7= which form subsequently will also reflect the
gradient in their properties. Consider a system with polarity —
(migration to the anode). By the methods already described
one can calculate the two compositions of phase vy required to
ultimately achieve the corresponding and desired pH’s in
phasc =, that is, during resolution. In the preparation of the
resolving gel, therefore, one merely creates a gradient by the
conventional technique of appropriately mixing two solu-
tions consisting of the components required for polymeriz-
ing the gel and the two phase v bulfers. In the case of the —
polarity system, the phase y buffer with the highest pH is at
the most distal point of the resolving gel.

In such a system. the stacking or concentration phase pro-
ceeds normally but as the 7A boundary traverses the resolving
gel, a linear gradient in pH is created and individual sample
components successively unstack and migrate to their iso-
electric or equilibrium positions in the gel. The pH gradient is
subject to degradation by diffusion and thus the gel concen-
tration will largely influence the time over which the pro-
cedure is feasible. Obviously. in such a system, it is not de-
sirable to impose the molecular sieving effect generally asso-
ciated with gel eclectrophoresis and the gel matrix can be
optimized with respect to its anticonvective function alone,
Initial experiments with this technique have been reported.”
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G. “Mirror Systems’ for Bidirectional Electrophoresis

In a heterogeneous mixture of sample components, ¢.g..
proteins, the selection of a certain system with a given pH”™
and polarity necessarily limits the range of mobilities within
which stacking and resolution are effected. Components with
isoelectric points such that they migrate in the opposite
direction at pH® will not be detected.

To overcome this limitation. particularly at neutral pH’s
where the problem is most acute, it 1s possible to generate a
complementary pair of systems by which all components will
be observed. Such systems must have the following properties:
(1) opposite polarity and (2) identical phase . i.e.. upper
stacking phase.

These conditions, if fulfilled, imply that the systems are
“mirrors” of each other in the sense that constituents 1 and 6
of the one correspond to constituents 6 and 1, respectively. of
the other. Both constituents are monovalent weak electrolytes,
and furthermore, for efficient stacking in both directions, both
must have low enough absolute values for their constituent
mobilities in phase ¢. The resolving pH™ for the two systems
can be selected at will within the limitations of each system.
Thus the procedure is to run a given sample in the two sys-
tems separately or to physically link the gels with the sample
compartment between them. For each system the selection of
constituents 2 and 3 is also made independently and ac-
cording to the criteria described previously (Jovin, 1973b).

An example of such a pair of systems out of many gencrated
by computer is given clsewhere (Jovin, 1973¢). A more ¢em-
pirical system was reported by Racusen (1967).

H. Cross-Boundury Elecirophoresis

One disadvantage of discontinuous bulffer systems is the re-
quirement for two gels with different formulations which be-
cause of diffusion cannot be prepared and stored indefinitely.
It is therefore worthwhile to consider the possibility of ap-
plying the basic principles in such a way that only one gel
need be used. It is not desirable to simply omit the stacking
gel because the concentration process due to the planned
buffer discontinuities will not fully take place before some of
the sample enters the resolving gel. One solution to this
problem is the creation of a buffer system in which o
moving boundaries with opposire directions of migration cross
and subsequently generate the desired resolving phase.® Such
a cross-boundury system is shown in Figure 2.

There is a single gel (phase 3) with constituents 2 and 6, and
upper and lower buffers (phases « and «'. respectively) with
constituent pairs 1 and 6 and 2 and 8. The sample is inter-
posed, as usual, between phases « and 3, and stacking ensues
upon application of current, with the formation of phase { in
the gel. At the same time, a moving boundary forms and
migrates in the opposite direction, creating phase {7 in the
lower half of the gel. When the boundaries meet (Figure 2)
phase 3 ceases 10 exist. Under proper conditions, a different
phase = is created as two new moving boundaries form and
migrate away from each other. Thus if phase = has the char-
acteristics described for the conventional type of system, the
sample components will unstack from the =’ boundary and
separate into bands. The origin of the resolving phase is thus
the point of crossing of the two original boundaries. denoted
by the row of stars in the last diagram of Figure 2.

i A, Chrambach, E. Hearing, J. Lunney, and D. Rodbard, submitted
for publication.
5 L. Ornstein, personal communication.
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taBLE I: Correspondence between Parameters in the Cross-
Boundary System of Figure 2 with Elements of Its Constituent
Subsystems.*

Phase Constituent
Sub- 0
system Polarity o 8 1 2 3
I =+ ¢ 8 1 2 6
I + ¢’ 8 8 6 2
111 =+ T ¢’ 1 2 8
v + T e 8 6 1

@ Each subsystem is comprised of one moving boundary
and two phases and constitutes a class II electrophoretic unit
described in Jovin (1973a), eq 54-57.

To design such a system is difficult due to the complicated
interrelationships between the constituents and the properties
of the phases. In order to take advantage of the formalism
developed for the conventional systems, one may regard the
cross-boundary system as a combination of four subsystems
corresponding to class II electrophoretic units (Jovin, 1973a).
The correspondence between constituents and phases is
shown in Table I. For the usual stacking and unstacking con-
ditions to hold, of course, it is necessary that =(pH{ —
pH™) > 0, so that 7| < rmin’ (eq 107) and: 77| 2 rmax”
(eq 114).

Since it is required that stacking and resolution take place in
the same gel, certain compromises in the design of the gel
matrix must be made. Thus if a high polyacrylamide content
is desired to maximize molecular sieving effects, the stacking
process will be correspondingly difficult since the constituent
mobilities of the sample will tend to be small in magnitude.
In such cases, constituent 1 and pH® have to be chosen with
care so as to achieve the desired limit. Furthermore, because
no physical boundary demarcates the point at which the two
original boundaries cross and thus define the beginning of
phase 7, the subsequent calculation of Ry values is rendered
somewhat difficult. For a given system, however, the point of
crossing will occur at a distance from the top of the gel equal
to a certain fraction of its total length. This fraction should be
approximately equal to the ratio of the boundary displace-
ments, ¥8/5 8. It is advantageous to have this ratio as small as
possible in order to minimize the time of migration of the
stacked sample after it has achieved the final degree of con-
centration. Since the stacking conditions determine »*#, one
can only attempt to maximize » 2. By examination of eq 35
and 38, it is seen that »'# is maximized by making |r| as
large and |r.; as small as possible, through appropriate se-
lection of constituents 1 and 2.

{. Influence of Gel Structure and Inclusion of Nonconstituents

For the purpose of this discussion, all specific effects of gel
structure upon the separation of specific molecular species
can be regarded as alterations of the constituent mobilities
during stacking and resolution. The more relevant interpreta-
tion of mobilities in terms of molecular parameters such as
size and shape have been considered elsewhere (Rodbard and
Chrambach, 1971; Rodbard er a/., 1971 ; Lunney et al., 1971).

In addition to the total polyacrylamide concentration and
degree of cross-linking, profound effects on the mobility of
certain compounds can result from copolymerization of acryl-

0o
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FIGURE 2: Cross-boundary electrophoresis. Details are given in the
text and in Table I.

amide with charged monomers or other substances with the
capacity to interact in specific ways, e.g., nucleic acids.

The introduction of urea or other nonelectrolytes into the
gel also leads to complicated effects. Besides the interactions
with solute molecules, there is a perturbation of the solvent
system itself with consequent changes in relevant physical
parameters such as pK’s. Thus while the empirical approach
of simply adding urea, for example, to a calculated system
often results in success, it does not follow that the system
parameters remain unaffected. This is even more true of
charged molecules such as mercaptoacetic acid or sodium
dodecyl sulfate. Since both components participate in the
stacking process, they will not be distributed uniformly
throughout the system. It has, however, been the experience
that sodium dodecyl sulfate works well in combination with
discontinuous buffer systems (Neville, 1971; Neville and
Glossmann, 1971). To fully account for such cases, the
theory must be extended.

J. Analysis of “Tris—Glycine’ System

The original system for ““disc™ electrophoresis reported by
Ornstein and Davis (1962) has been used extensively for a
variety of purposes in both analytical and preparative equip-
ment. It is a simple matter to analyze this system according to
the general theory I have described so as to determine the
operating characteristics of every phase. This has been done
with a general computer program described elsewhere (Jovin,
1973c). Other published systems have also been analyzed
(Jovin, 1973c¢).

The input information is given in Figure 3 using the termi-
nology in the present theory. The temperature was chosen to
be 25° in this case; the analysis has also been made for 0°
with somewhat different resuits due to the temperature
dependence of the physical constants.

The complete description of the system is given in Figure 4
together with recipes for the convenient preparation of the
buffer solutions required for setting up the system. Phase = is
also specified for the sake of those users desiring to test the
stability of an enzyme or other labile biological substance
under actual conditions of separation. From the standpoint of
the stacking process, it is seen that #° is quite adequate, as
one would expect, but |7¢! is somewhat larger than desirable
according to specification 108. The value of & is in accor-
dance with the theory which predicts an approximate lower
limit of 1 for constituent 2 a divalent weak electrolyte (condi-
tion 81). It is interesting to note that the value for ¢.® differs
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SYSTER AUFGER Ornstein and Davis 1962,
INPUT (AT
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€BECICIEN CANSTITURNTS
CANGTITHENT 1 = Nn. 2@ , FLYPIAT
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CONSTITHENT MA, B0, OHLMETIAE -
CANGTITUEMT MR, 90, AHLATTAT -
'
.

FANSTITIENT NAL 9% 4 CHLOTIRE -
CANSTITUENT MR, 12 Tere

N P

SPRECTEIL) CONCENTPATICHKSE

PHASE ALPHA(1Y - C1 < L03940 "6 = L2104 95

PRASE  RETA(2) - C2 = L03208 cs = 05840

DHASE SAMMA(TY - 07 = L3607 ty = .37782
PHASE 771 TA(10) - TLUTI¢A SUFFES

BATIR InAwI7 STOENATHS I€(13)/75(9) = 3.0

LR S .5

wAY PH - 10.5

oMacE EPSTLAN{I1Y - (CKET RUFFES
1< = .as
PRI(SY = .00

BHACE PET(5) AMNT TAU(4) - RFSTACKING PARAMETERS

PF™AY = oRO
MAX AGS{PH{S5Y - om(@)) = 2,00
FIGURE 3: Input information for the computer analysis of

the ““Tris-glycine™ electrophoretic system. Constituent numbers
and phase designations correspond to the text. The addi-
tional specification of phases in terms of numbers is for the internal
use of the computer. IS is ionic strength and RFMAX is an altered
designation of the parameter (R,).... specified in eq 175. The systems
4062 and 4192 referred to are duplicate systems found in the general
computer output (Jovin er ¢/., 1970; Jovin, 1973¢).

appreciably from the “optimal” value given by eq 79 and 80.
For phosphoric acid, H = 0.38 (eq 79} but alteration of phase
850 as to achieve this value leads only to a modest decrease in
6%, pHY, ¢.f, and thus '7%|. It is seen that pH? is considerably
higher than the value predicted by Ornstein originally and
the pH of his phase « or the upper buffer, also shown in Fig-

cyclpu aywere Ornptein,L, Davio,B.Jl.,"Disc Electro-
phoresfa,”" Dist.Prod.Ind.,Rochester,15962
DATE - Mav 372 OAMDYUTE D SveTEM NiMRLS = JayIN (4062,4152)
PALASITY = - ({PIATATION TEWATD &NC 760 TrWEFTAILRE o 25 DNEC. C.
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THE T8 .12¢ 1.047 1.237 7.8 14,1138 6,297
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PHI (2 W 229 2933
PrRIC3Y 1.c0cC
PYI LAY «327 123 386 a2 PARS! 159
RY (1 -.030 -, 0695 -.238
nw 3y .08 . 958
R¥ (3} -1.550
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TN, eTR, «0218 »0048 1722 +0152 QM9 0600
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KapD Y 0k, 149, R EJUN 58, 314, 5736,
L EER A =11 .10 AR A RE “. 131 134
3V L0024 127 011 153 4124 «118
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¥aOM A2 DEG. .Y 143, 3023, 5234, 855.

FIGURE 4: Complete description of the *‘Tris—glycine” system. The
parameter designations correspond to the nomenclature in the text.
The units of KAPPA (specific conductance) are umhos cm™ !,
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FIGURE 5: Sodium ion mobility as a function of temperature and
ionic strength, The data are calculated from conductivity and cation
transport numbers in Robinson and Stokes (1939). A functional
form expressed as a third-order polynomial is given in Figure 4 of
Jovin (1973c).

ure 4. This discrepancy Is accounted for by the fact that the
original treatment of Ornstein and Davis (1962) did not ade-
quately consider the transport of constituent 6 and the as-
sumption underlying equation 11 of their discussion? can be
shown to be at variance with the conditions imposed by the
moving-boundary equation for that constituent. This ques-
tion is of practical importance because the relative conduc-
tance of phase « is approximately one-third that of phase ¢
with the consequence that the voltage drop across the upper
buffer and heat production are three times as great as in the
optimized system. No advantage derives from the lower pH
since it has been demonstrated that phase « has no influence
on phase ¢. It has been found that with the preparative ap-
paratus described previously (Jovin er a/.. 1964), the overall
potential drop across the system is reduced by one-third
(for equal current levels) by substituting phase « with an upper
buffer having the composition of phase ¢.

The parameters X2 and X4 listed in Figure 4 correspond
to the quantities x./v and x;v in eq 156, From their
small magnitude it can be concluded that the “phase »” phe-
nomenon is not of major importance in this system. It does,
however, affect the calculation of R, values for components
with low velocities relative to the moving boundary 7. Thus,
the true Ry value can be determined by the following equation
which takes Into account the displacement of the “starting
zone” from the stacking gel-resolving gel interface.

Rp(true) = {d. — 0.028y)/(d., — 0.028y) (183)
where . = distance of migration from the stacking gel-
resolving gel interface for the particular band: ., = dis-

tance of migration from the gel interface for the moving
boundary, /.e., tracking dye: » = length of stacking gel. It
is evident from eq 183 that the correction can be appreciable
for large values of y. No implication is made to the effect that
sample components cannot be found at or within 0.028y of
the gel interface. The effect of the gel matrix on certain sub-
stances may be such that they exhibit very low velocities in the
resolving gel and do not remain stacked when phase s migrates
into the gel. The above correction does assume that the band
under consideration remains stacked until the annihilation of

7 This point is discussed by Ornstein (1964).



NEW FORMS OF DISCONTINUOUS BUFFER SYSTEMS
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FIGURE 6: Further computer generated analysis of the “Tris-glycine”
system, Details are given in the text.

phase » is completed. In view of the value for 7 and 7", this
condition may hold only for bands with Ry values greater
than 0.095/0.24 = 0.4. Hence in actuality, it is rarely necessary
to utilize eq 183 unless very long stacking gels relative to the
resolving gels are used, such as for very dilute samples, e.g.,
column eluates.

The mobility of the Na* ion as a function of ionic strength
and temperature is given in Figure 5. These values are re-
quired for the computation of relative conductances ac-
cordingtoeq 5.

More information about the system is given in the last page
of the computer output, shown in Figure 6. Various possibil-
ities for elution buffers (phase §) are given at the top of the
page, followed by the lower buffer (phase ¢) with character-
istics specified in the input. The table of stacking and un-
stacking ranges indicates to what degree the system can be
varied and still fulfill the steady-state moving-boundary re-
strictions.

Columns 6 to 10 give data about phase 8, notably the pH?
and 7 corresponding to the indicated concentrations of con-
stituents 2 and 6. In columns 1-5 along a given line are the
data for the phase {, generated under the influence of the
particular phase 3 shown on the same line. Thus it is a simple
matter to determine the necessary stacking gel buffer for any
desired conditions in phase ¢, e.g., higher or lower ,Flf{ or
pHf. Columns 11-13 give information about the lower gel
buffer, phase v. Information about phase = is also available
in columns 1-6. Thus, if one desires a specific pH™ or 7",
the appropriate line in columns 1-6 is sought. Then the com-
position of phase v required to achieve this phase = appears
on the same line in the last three columns of the table (the
presence of 0’s implies the condition is impossible). In sum-
mary, it is possible to generate subsystems with the same con-
stituents within a rather large range of pH and mobility con-
ditions, thereby greatly enhancing the utility of the method.
The parameters which are kept constant in all cases are &f
and (I'/2)".

The last item in Figure 6 gives information about restacking
possibilities, as described in section D of this paper. The com-

SYSTIM AUMSEER 223TM
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FIGURE 7: Description of a computer generated system in which
constituent 6 is an ion. Details are given in the text.

puter program identifies buffer 40 (y-aminobutyric acid) as a
possible candidate for constituent 7. Phase 7 is given at the
right and phase y at the left. It can be seen that [Fl“] equals
0.093 and pH¥ is 9.79, as compared to the corresponding
values in phase =: }Fl’“\ = 0.236 and pH 9.43 (Figure 4).
Such conditions should be quite favorable for achieving the
objectives of the restacking procedure.

The experimental verification of the parameters given in
Figure 5 is reported elsewhere.3

K. Analysis of a Newly Generated Buffer System

With the computer program referred to in section J, a
library of 4269 buffer systems for 0 and 25° and for pH’s in
the range 2.5-11 has been generated (Jovin er al., 1970).

A representative system (2237 M) from this library is shown
in Figures 7 and 8. Its most notable feature is the use of the
ion K* as constituent 6. In addition to simplifying the system,
it has been found that the pH difference between phases ¢ and
8 is generally smaller using K+ than in the case of a mono-
valent weak electrolyte as constituent 6. In fact, system 2237
is an example of what one might term an “iso pH” system
since there are conditions under which all the pH’s in the
various phases are virtually the same (lines 5, 10, and 13 of the
table in Figure 8). If the molecular sieving effect of the re-
solving gel upon the macromolecules in the sample is greater
than upon the buffer ions, as will generally be the case, and if
the differential effect is large enough so that the sample con-
stituent mobilities |7s"| are less than |7."|, unstacking can take
place without the usual programmed change in pH from pH®
to pH™. Thus phase ¢ and = can be made identical by setting
phase 3 the same as phase .

The stacking and unstacking conditions in this system are
quite suitable for most purposes and the resolving pH™ of 8.5
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7.88
7.54
7.60
T.66
7.73
7.80
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FIGURE 8: Table of stacking and unstacking ranges for the system described in Figure 7.

is more appropriate for labile substances than the high pH of
the Tris~glycine system described in section J (the pH™ of

which is 10.7 at 0°). The extensive table of stacking and un-

stacking ranges (Figure 8) indicates the great flexibility char-

acteristic of this type of system in which constituent 2 is a

monovalent weak electrolyte.

No elution or lower buffers are given in Figure 8 since any

potassium salt can be used at an appropriate ionic strength.

It is also seen that no constituent 7 was found which could

fulfill the restacking requirements for this particular system.
Relative disadvantages are the small magnitudes of BV™ and

»™ due to the lack of buffering by constituent 6 and the high
mobility of the Na* ion, respectively.
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