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The theoretical isoelectric focusing behavior for rapidly reversible, bimolecular complexing between two macromolecules
depends upon the relative value of the isoelectric point of the complex. When it is intermediate in value, the transient
patterns exhibit three peaks. As equilibrium is approached the central peak of complex disappears leaving two reactant
peaks. When the isoelectric point is acidic or alkaline to both reactants, the equilibrium pattern also shows two peaks; but
in this case only one is pure reactant, the other being a reaction zone. The two cases can be distinguished by varying the
relative amounts of reactants. Transient patterns for ligand-binding exhibit a peak of unliganded protein and a reaction zone.
As the charged ligand is driven out of the focusing column the reaction zone disappears, so that the equilibrium pattern
shows only a peak of unliganded protein. In general, the isoelectric point of the complex cannot be determined from the

transient patterns.

1. Introduction

Recently [1—4] we have formulated a phenomeno-
logical theory of isoelectric focusing for systems under-
going rapidly reversible, carrier ampholyte-induced
macromolecular isomerization or associaiion-dissocia-
tion reactions, or pH-dependent conformational tran-
sitions. The calculations predict that such interactions
can give well-resolved bimodal (for certain reaction
schemes multimodal) focusing patterns in which the
peaks correspond to different equilibrivm composi-
tions and not to separated macromolecular species.
This prediction is confirmed experimentally by several
reporis [5—11] of isoelectric focusing patterns which
exhibit two or more peaks due to reversible interac-
tions as ascertained by fractionation experiments.
Thus, the implications of these new insights for con-
ventional analytical and preparative isoelectric focusing
are evident. The same concepts are also relevant to the
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application of isoelectric focusing in fundamental
studies on biochemical reactions such as protein-drug
interactions, interaction of enzymes with coenzymes
and allosteric affectors, and the interaction of macro-
moiecules with each other. Preliminary findings [12—
15] indicate that isoelectric focusing holds promise
for the study of such interactions. Qur objective in
this paper and in the accompanying communication
{16] is to expand the theoretical basis for this applica-
tion of the method.

Two classes of rapidly equilibrating reactions are
considered in this paper: Formation of a bimolecular
complex, @, between two amphoteric macrcmole-
cules, o{ and B , with different isoelectric points
(25
A+B=€, Ky, (&)

and the binding of a charged ligand molecule, .2, by
a protein, 2,

PrL=PL, K,. )
In the case of reaction (1), calculations have been made
for both pl ¢y <pl @< plegand ple<pl 4 <plgy.
For reaction (2), it is assumed that pI po<plp and
that the negative charge on the ligand is constant over
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the pH range of interest. Aside from the dependence

of the electrophoretic velocities of the macromolecular
species upon pH, neither reaction is coupled to the pH
gradient or the distribution of carrier ampholytes along
the isoelectric focusing column. This is a simplification
for some systems. Since the macromolecular reactants
and products have different pI's, the pK’s of certain
ionizable groups may be altered upon reaction. In that
event, the “equilibrium constant™, K;, would have to
incorporate the pK’s of reactant(s) and product in such
a way as to be a function of hydrogen ion concentra-
tion. We assume that the “‘equilibrium constant” would
be an insensitive function of pH, in which case it could
be considered constant in the region of the column
where the particular system focuses, given the shallow
pH gradient and the relatively small difference(s) in
pI’s.

2. Theory

Transient isoelectric focusing patterns have been
compuied by numerical solution of the simultaneous
transport equations and mass action expressions as a
function of time, ¢, thereby constructing the approach
to the equilibrium pattern. The calculations are essen-
iially as described previously [1] except for the follow-
ing two modifications: (1) The appropriate mass ac-
ticn expressions are used for recaiculation of chemical
equilibrium after each time cycle of diffusion and
driven transport. (2) The boundary conditions for the
macromolecular species correspond to reflection of
the molecules at the ends of the isoelectric focusing
column in order to assure good material balance (to
better than 4.5 X 10—4%) in the relatively short
(1.5 cm) column. This expediency does not cause
any significant accumulation of material at either end
of the column. The boundary conditions for unbound
ligand constitute a sink at each end.

In the case of reaction (1) most of the calculations
are for a broad (1.1 cm) initial zone of chemically equi-
librated macromolecules encompassing the pI’s. The
others are for a narrow zone (0.1 cm) containing the
same quantities of constituent macromolecules and
situated anodically to the pI’s. For reaction (2) the
initial condition is generally a narrow zone of an equi-
librated mixture of macromolecule and ligand, posi-
tioned either cathodically or anodically to the pI’s.

While the equilibrium paitern is independent of initial
conditions, the time-course of approach to equilibrium
may differ. As discussed earlier [1] the calculations
for the broad initial zone can be placed into correspond-
ence with the experimental procedure in which both
macromolecule and carrier ampholytes are distributed
uniformly throughout the isoeleciric focusing column
initially. The narrow initial zone simulates the proce-
dure in which a small sample is inserted into the pre-
formed pH gradient.

The calculations were made on the University of
Colorado’s CDC 6400 computer. The values of the
several parameters are as follows: Ax =0.01 cimn; Az =
5 s; equal molecular weights for «f and 7B in reaction
(1); diffusion coefficients of s{ ,B and €, 7.6 X107,
7.6 X 10~7 and 6.0X 10~7 cm? s—1, respectively;
diffusion coefficients of 2, P2 and £ in reaction (2),
7.6 X10-7,6 X107 and 1 X 10—5 cm2 s}, respec-
tively; driven velocity of macromolecular species 7,
V;(x) = 10~4 (g; — x), in which x is the position in the
isoelectric focusing column and g; is the location of
pl; indicated in each of the figures by a vertical arrow
for the designated species; halving the electric field
strength halves the numerical coefficient in V;(x);
values of constant driven velocity of .2 in reaction (2),
Vp=—25X10"%0r—5X 10~4cms—1,asgiven in
legends to appropriate figures.

The computed isoelectric focusing patterns are dis-
played as plois of the molar constituent concentration
of macromolecule (viz, C = C,y + Ceqg+ 2C o for reac-
tion (1) and C = Cp + C3pp for reaction (2)) against x
with the anode to the left. in several instances the con-
centrations of individuail macromolecular species (C})
and, in the case of reaction (2), unbound ligand (Cp)
are also shown. Initial consiituent concentrations of
reactants are designated as C9, 59‘3 . ECO-Z and 5_2, .

3. Results

Reaction (1), plyy < pIe < plgs. Representative
isoelectric focusing patterns computed for Reaction 1
for the case in which the pl of the complex is interme-
diate between those of the two interacting macromole-
cules, are preseated in figs. 1-—-3. The patterns in figs.

1 and 2 are for G = C&;, while those in fig. 3 are
for Cy =2C8;. The transient patterns characteristically
exhibit three peaks, a ceniral peak composed largely of
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Fig. 1. Theoretical isoelectric focusing patterns calculated for
reaction (1) with plgi <plpo< pICB A — Time course of ap-
proach to equilibrium for K1 =4 X 10°M™! and C, _? C° =
2X10™% M:a,7=3X10%s;b,4 X 10%s;¢,1 X 10 .
B — Dependence of the shape of the pattern upon initial con-
stituent concentrations atconstant =5 X 10%sforK; =2 X
105M~1:a,C% =C8a=2X 107%M; b, 1 X 107 M5 6, 1 X
1I075M.C — Time-course. of approach to equilibrium for X; =
2x10'M™ ! and G = =1X10"5M:2a,7=5X 10%5;
b,1X105s;¢,2X 105 s; 333 X 165s. D — SameasCexcept
that the eleciric field strength is halved: a, 7 =1 X 16%s;

b, 2 X 10° 55 ¢, 3 X 105 5; 4, 4 X 105 s. Ordinates: fig. lA,
10% X C; fig. 1B, 10% X C for curves a and b and 10% X C
for curve c; tigs. 1C and 1D, 105 X C. The results present in
this figure and figs. 2—4 are for a broad initial zone.

complex and focused at its pl flanked by itwo peaks
proximate to the pI’s of the reactants. As time goes on,
the flanking peaks grow progressively in size at the
expense of the central one until at equilibrium the
pattern exhibits only two non-overlapping peaks fo-
cused at the pI’s of the reactants. In other words, at
equilibrium, all of the complex is dissociated into two
reactant peaks, each of which is pure. This behavior is
shown even by relatively weak interaciions provided
that the initial constituent concentrations of reactants
are sufficiently high, fig. 1A. The dependence of the
shape of the pattern upon concentration at constant
time of focusing is illusirated in fig. 1B which shows
that the lower the concentration, the more rapid is the
approch to equilibrium. Moreover, at the lowest con-
centration the transient patterns exhibit only two peaks
even during early stages of focusing; i.e., under these
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Fig. 2. Isoelectric focusing patterns for reaction (1), plgg <

plq< plg, with CH=C83=1x 1075 Mand K; =2 X 10°
:a,t=5X 10%s; b, 2 X 10° s; c =4 X 105 s. The pattern

for K3 =2 %X 1011 M1 at ¢ = 3 X 105 s is virtually the same

as curve a.
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Fig. 3. Isoelectric focusing patterns fc - <=action (1), pl
PIe < plgg, with G =2 X 1075 M and =1x 10~ M.
A—K1=2X%X10"M1:2,=1X%X105b,3%X105s.B—2,K1=
2X10°Mtand1=4X105s;b,2 X 1012M~ and 2X 10° s.



206 J.R. Cann, K.J. Gardiner/Isoelectric focusing of interacting systems IV

conditions the dynamics of focusing are as if the reac-
tants were noninteracting. However, increasing the
strength of the interaction (i.e., increasing K';) while
holding the initial constituent concentrations at this
low value, results once again in transient patterns ex-
hibiting three peaks with a corresponding decrease in
the rate of approach to equilibrium. (Compare pattern
¢ in fig. 1B with those in figs. 1C and 2). For suffi-
ciently large K; the rate of approach is so slow that,
for all practical times of operation, the pattern shows
virtually a single peak focussed at the pl of the com-
plex, but of course, containing unbound reactants at
very low concentiration.

The slow rate of approach to equilibrium can not
be due to intrinsically slow dissociation of the com-
plex since we have assumed instantaneous establishment
of chemical equilibrium during the focusing process.
The explanation is provided by the effect of electric
field strength, £. Comparison of figs. 1C and 1D reveals
that lowering the field strength decreases the rate of
approach, the half-time of disappearance of the central
peak varying inversely with £2. The conclusion reached
is that the rate-controlling factor is the electrical power
input (P= E2xI[A, where k is the specific conductance;
1, the length of the column, and A4, its cross-sectional
area). The power input supplies the free energy of dis-
sociation of the complex. Mechanistically, the electrical
work is used to drive unbound reactants out of the
central peak toward their respective pI’s with accom-
panying and progressive dissociation of the complex as
a result of mass action. The process continues until all
of the complex is dissociated and the reactants com-
pletely separated by being focused at their pI’s. This
explanation accounts for the dependence of the rate of
approach to equilibrium upon both the initial con-
stituent concentrations and the strength of interaction,
which exert their effects via the role of mass action in
the mechanism.

The foregoing results are for Cy = C&3 . but in prac-
tice one of the reactants might be in excess. The iso-
electnc focusing patterns presented in fig. 3 for C2 A=
2C'q3 illustrate both the variety of patterns one can
anticipate and the fact that the dynamics of focusing
are cssentially the same as described above.

These several calculations are for a broad initial zone.
Exploratory calculations for a narrow initial zone posi-
tioned anodically to the pI’s gave essentially the same
patterns as displayed in fig. 1C for the same value of K.
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Fig. 4. Isoelectric focusing patterns calculated for reaction (1)
with pl @ < plg < plcg. A — Dependence of the shape of the
pattern at 4 X 105 s upon the value of K, for & = C3
1X105M:2,K;=2X%X 107M1;b,2%X 105M2;¢,5% 104
M~1. B — Pattern at 4 X 10° s for K; = 2 X 10° M~! and cYy =
C2:=1X%X10"5M showing distribution of C (curve a), 2C@
(curve b), C_ﬂ (curve c) and Ccg (curve d). C — Same as B
except that C% =1 X 10 5M and CCB =2x 1075M.

D — Same as%lexcept that CS’( =3 X 10™5M and CCB =1X
10-5M (3 X 10% ).

Reaction (1), ple < pl g < plgg. The isoelectric
focusing behavior for this case is in sharp contrast to
that just described for ply < pl e <plcg. Thus, the
transient as well as the equilibrium patterns show only
two peaks and, as we shall see shortly, only one of the
peaks corresponds to pure reactant.

The patterns displayed in fig. 4 are, for all practical
purposes, equilibrium patterns as judged by the crite-
rium that the following quantities remain constant to
four places with a maximum change of only two parts
in the fifth place between 3 X 10% and 4 X 105 sec of
focusing: C at each position in the pattern; amoung of
each species in the pattern; and the mean position and
second moment about the mean of the distribution of
C and each of the species.

The patterns for C C0 (fig. 4A) show a major
peak located between ple and pl at a position de-
pending upon the value of K; and aminor peak focused
at plag. As shown in fig. 4B the major peak is a
reaction zone containing ¢7 , ‘B and € at chemical
equilibrium and focused at the constituent pl of
the mixture (pl), while the minor peak corresponds
to pure ‘B . The bimodal distribution of B through the
pattern is particularly noteworthy. The pl of the reac-
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Fig. 5. Theoretical isoelectric focusing patterns calculated for

reaction (2), negatively charged ligand and plp 0 < plp.

A — Time-course of approach to equilibrium for K, =2 X 10®

M1, C%H =% =1.0091 X 104 Mand Vp = 2.5 X 1074

cms 12,7 =8%1035b,1.2 X 10% 53¢, 1.6 X 104 s;

d, 4 X 109 5; equilibrium is reached at 4 X 105 s by which

time the single peak has focused at plg). B —Patternbof A

showing distribution of C (curve a), Cp(curve b), Cpp

(curve c) and C O (curve d). C — Time-course of approach to

equilibrium for K> =2 X 1083 M™},C) = CS, = 1.0091 X

10%Mand Vp=—5.0X 10 cms T3, r=2.4 X 10%s;

b, 4 X10%s, c, 8 X 10%5;d, 1.6 X 105 5. These 1esults are for

a narrow initial zone positioned cathodically to the pI’s.

tion zone drifts towards pl 4 with decreasing value of
K, because, as the strength of interaction decreases,
the concentration of @ in the zone also decreases with
concomitant increase in s{ and ‘B . The nature of the
pattern remains essentially unchanged when C3. is
increased at constant CY and K (fig. 4C), the main
consequerice being an increase in the size of the peak
of B .On the other hand, increasing C.% at constant
CY; has a major effect on the profile (fig. 4D). The
pattern still shows the reaction zone, but the peak fo-
cused at plog has disappeared and is replaced by a peak
of pure of focused at its pl. The distribution of B is
now unimodal, while the distribution of ¢ shows a
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Fig. 6. Isoelectric focusing patterns for reaction (2) with Kz =
2X 10M~*,C = 1.0091 X 1073 M, Gp= 1.0091 X 1079 M,
Vp =—2.5X107% cms™! and a narrow initial zone positic-ned
anodically to the pI’s: 2,2 =8 X 103 s; b, 1.2 X 10%s; ¢, 1.6 X
10% s5;d, 2.4 X 10% s; e, 4 X 10% s. The results of control calcu-
lations for a narrow initial zone cathodic to the pI’s are the
same as in fig. 5A except for a small translation of the bimodal
patterns towards the anode and a somewhat slower approach to
equilibrium.

major peak with a strong shoulder embodied in the
reaction zone.

This behavior can be understood mechanistically as
follows: As the electric field drives s{ and B out of
the region of the isoelectric focusing column between
plo and pl 4 in the same direction toward their respec-
tive pI's, they continuously interact to form @ which,
in turn, is driven back in the direction of its pl. Thus,
the origin of the reaction zone. For 5_31 < 6919 some
of the faster migration B can escape to its pl, but
the reaction prevents formation of a peak of pure 1.
When Cg > C&3 no B can escape, and the excess
A accumulates at its pl.

These results can be transformed so as to apply to
the inverse relationship between the isoelectric points,
ple >plyy > Pl simply by rotating the patterns
180° about the center of the abscissa.

Reaction (2). The fundamental difference between
reactions (1) and (2) is that in the latter case one of the
reactants (namely, the ligand) is not amphoteric and
has a constant velocity, at least over the pH range en-
compassing plp and pl¢p. Consequently, their iso-
electric focusing profiles are distinctly different.
Focusing patterns for reaction (2) have been computed
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for a range of values of the several parameters, the most
provocative resulis being displayed in figs. 5 and 6. Let
us first consider those obtained for K, =2 X 106 M1,
Ve =—2.5X10~4cms~1 and €} = C% (fig. 5A).
The early transient patterns are bimodal with one of
the peaks proximate to pl and the other roughly
centered between plp and plp . As equilibrium is
approached the proximal peak grows at the expense

of the other peak until the pattern becomes unimodal
so that eventually a single peak focuses at plp. As
shown in fig. 5B the proximal peak corresponds to
essentially pure 3P, while ihe other one coniains all
three species in chemical equilibrium and is, in fact,

a somewhat overlapping reaction zone. As the electric
field drives the ligand towards the anode and out of
the focusing column, the concentration of ligand in
the reaction zone decreases progressively; £ disso-
ciates by mass action; and the 7P released from the
complex is driven towards its pl. This acounts for the
growth of the proximal peak with time. At equilibrium
the column contains only unliganded 7P focused at

its pl.

Similar results were obtained for Cg = 1059@, and
forK,=1X 106 M—1; but bimodal transient patterns
are not generated when Vp = —5X 1074 cm s—1,
because the ligand is driven out of the focusing column
too rapidly. Nor do weaker interactions, K, <5 X 10°
M1 give bimodal patterns.

For much stronger interactions (e.g., K, =2 X 108
M—1) the two peaks in the transient patterns are very
well resolved even when V0 = —5 X10~4 ¢cm s—1
(fig. 5C). The reaction zone is located close to pl 0,
since it contains a high concentration of P.£2 relative

- to the concentrations of % and .C. Because the chemical
equilibrium in the reaction zone is satisfied by concen-
trations of ? and .2 which are about one and two
orders of magnitude less than the concentration of 7.2,
respeciively, relatively small amounts of reactants are
driven out of the zone per unit time. Consequently,
the approach to equilibrium is slower than for the
weaker interaction of fig. 5A.

These results are for a narrow initial zone of maie-
tial positioned cathodically to the pI’s. When it is
anodic to the pI’s the transient patterns are still bimo-
dal, but the path to equilibrium is different (comparc
fig. 6 with fig. 5A). For the earliest time shown in
fig. 6, both peaks are in the vicinity of plp0. As fo-
cusing proceeds and ligand is driven out of the column,

the reaction zone decreases in size, remaining close to
Pl while the growing peak of 7 migrates along the
column to its pl. An intermediate type of behavior is
exhibited when the system is focused from a broad
initial zone.

Our calculations are for a negatively charged ligand,
but the patterns transform tc those for a positive ligand
and pl > plp when rotated 180° about the center
of the abscissa.

4. Discussion

The transient and equilibrium isoelectric focusing
patterns-for reaction (1), plyg < ple < plqg, find their
counterparts in the density gradient sedimentation pat-
terns computed by Kegeles et al. [17] for reaction (1)
with @ of intermediaie density, when the volume of
reaction is zero so that there is no pressure effect.
(Compare fig. 1C with their fig. 5.) In a different vein,
the focusing patterns for reaction (1), plgg <ple<
plcg or ple < pl g < plcg, are similar in shape to the
transport patterns computed by Bethune and Kegeles
[18] for the same reaction in counter-current distribu-
tion, but also applicable to partition chromatography
and zone electrophoresis. Although the similarity is
partly artifactual due to the reduced abscissal coordi-
nates used to display the transport patterns, it is also
so that some of the same principles apply. Consider,
for example, the case of zone electrophoresis in which
the electrophoretic mobility of €, pe, is intermediate
between the mobilities of 7 and B, ug <we<pg.
For sufficiently large equilibrium constant, a single peak
corresponding to € is observed during early stages of
electrophoresis; but as the zone migrates along the
column, three peaks develop, the peripheral ones cor-
responding to s and ‘B . As-electrophoresis proceeds,
the peripheral peaks grow at the expense of the central
one. This behavior can be undersiood in terms of disso-
ciation of € via mass action in response to both the
dilution which occurs during diffusional spreading of
the ceniral peak and the differential migration of the
three species in which newly formed B is left behind
and < moves out ahead of C. One would expect all of
the € to dissociate eventually, in which limit the trans-
port pattern wouid exhibit two peaks corresponding
to the separated <7 and ‘B . The point of these compa-
risons is that concepts elaborated for one method of
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protein separation can often be adapted qualitatively
to other methods. Thus, as discussed by Bethune and
Kegeles [18] for transport methods, it is possible in
isoelectric focusing to obtain information about
bimolecular complex formation by varying the relative
amounts of the reactants. As shown in figs. 1, 3 and 4
one can deduce whether the complex is of intermediate
pl or is characterized by a lower or higher pl than both
reactants.

The foregoing discussion pertains to the interaction
between two macromolecules, but in practice one of
the reactants might be an amphoteric ligand such as a
small peptide. The same qualitative considerations would
still apply. If, however, the ligand is non-amphoteric,
distinctively different focusing profiles are predicted
by the results for reaction (2). These results provide an
explanaiion for the provocative observations of Righetti
and Drysdale [12—19] on the isoelectric focusing of
dihydrofolate reductase (species not given) and its
complexes with substrate or coenzyme. The pure
enzyme focuses as a single band with pl 6.5. A mixture
of enzyme (<€) and dihydrofolate (¥ %X, ) shows two
closely spaced bands, one corresponding to € and the
other io the € - ¥, complex. A mixture of the en-
zyme and its coenzyme shows three bands correspond-
ingto €, E-NADP* and € - N D PH, boih of
the complexes being located in the vicinity of pH 4.0.
(The bands were identified by tracer studies using
radioactive substrate and coenzyme.) The patterns of
the enzyme-ligand mixtures change with time, such
that after prolonged eleciro-focusing they show only
the band of €. This is the kind of behavior predicted
for reaction (2), but before drawing the comparison it
is necessary to note that (1) dihydrofolate reductase
binds its ligands strongly , W 1D ?? ¥ more strongly
than F ¥, %' ; (2) the rates of association and dissocia-
tion of the € - N ADPH are rapid ** compared to

#1 values of the association constant for FH 5 fall in the
range 1.4 X 10° to 5 X 10 M~! depending upon the species
and apparently the pH [20—23]; for W S{DPH, 2.6 x
105 to >108 [20—24]; and for WsTDP+ 8 x 10% to 1 X
106 M1 [20—22,24].

*2 Binding of W ADP H to dihydrofolate from a methotrex-
ate-resistant strain of L. Casei takes place in two phases
[24]): The faster characterized by an apparent bimole-
cular rate constant of about 107 M~ s~ at 25°C, the slower
by a pH-dependent, unimolecular rate constant which varies
from 0.106 to 0.012 sec™). The dissociation rate at PHG61Is
0.27s7%.

209
the time of electrofocusing *3; and (3) we estimate
that the electrophoretic mobility of WADPH is
about twice as large as for F 5. According, the ex-
perimentally observed behavior for the enzyme-sub-
strate and enzyme-cofactor mixtures can be compared
with the theoretical behavior shown in figs. 5A and
5C, respectively *%_ The agreement between theory
and experiment is quite reasonable and, thus, lends
confidence in the application of isoelectric focusing
to the detection of specific interactions of enzymes
and other proteins with ligands such as allosteric affec-
tors and drugs.

The comparison also points up an important theore-
tical prediction; namely, in general the pl of a protein-
ligand complex cannct be determined accurately using
conventional focusing procedures. It can only be as-
certained that the pl is equal to or greater than a cer-
tain value. In the accompanying communication [16]
we formulate the theory of a procedure which permits
determination of, not only the pl of such complexes,
but more importantly, the intrinsic ligand-binding
constant for weak as well as strong interactions.

*3 It has been shown [25] that conclusions concerning the sedi-
mentation behavior of associating-dissociating systems in
the limit of instantaneous establishment of equilibrium are
also valid for reactions characterized by half-times as long
as 20—60 sec.

Although Righetti and Drysdale [19] do not tell us whether
in this particular instance the narrow initial zone of mate-
rial was applied at the cathode or anode end of the focusing
column, Drysdale [12] does say that it is generally prefeY-
able to apply samples at the cathode end. We presume that
they Fave done so in the case of dihydrofolate reductase.
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