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A theory is formulated to provide guidelines for the quantitative interpretation of steady-state counterion ¢lectrophoretic
patterns (T.-H. Ueng and F. Bronner, Arch. Biochem. Biophys. 197 (1979) 205) in terms of intrinsic ligand-binding constant
and number of binding sites on the protein molecule. Briefly, the prescribed procedure calls for extrapolation of the
steady-state binding constant to infinite dilution of protein to obtain a quantity which is the product of a readily evaluated
kinetic factor and the intrinsic binding constant. On the other hand, extrapolation of the steady-state number of binding sites

to infinite dilution can probably be dispensed with if determined at a reasonably low protein concentration.

1. Introduction

The method of counterion electrophoresis was
originally developed by Ueng and Bronner [1] to
identify calcium-binding proteins in conventional
polyacrylamide gel disc electrophoretic patterns
and to quantitate ‘binding in terms of intrinsic
association constant and number of binding sites
on the protein molecule. The procedure is as fol-
lows: Labeled calcium (*CaCl,) is added to the
buffer in the lower (anode) chamber reservoir and
a sample of negatively charged protein is applied
to the polyacrylamide gel in the cathode chamber
reservoir. Under the influence of the applied elec-
tric field the zone(s) of protein migrates down the
gel column, and calcium is driven into and up the
column where it complexes with the protein. The
system eventually reaches a steady state in which
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calcium is uniformly distributed (apparent base-
line) along the lengths of column in front of and
behind the advancing zone of protein and its com-
plexes with calcium, the equilibrium composition
of the zone being determined by the local con-
centration of unbound calcium. The gel is sliced,
and the concentration of calcium in the slices
determined by radioactive counting. What we shall
designate as the steady-state amount of calcium
bound is determined by subtracting the apparent
baseline concentration from the total concentra-
tion of calcium in the protein zone. By varying the
concentration of calcium added to the anode
chamber reservoir, a double-reciprocal plot of
steady-state amount bound against apparent base-
line concentration is constructed, and steady-state
values of the binding constant and the maximum
amount bound determined therefrom.

While this procedure was developed to study
calcium binding, it can obviously be applied to
other cationic ligands and to anionic ones as well,
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whether the protein is negatively or positively
charged. In general, however, the steady-state
binding constant determined as described above is
not a thermodynamic equilibrium constant, be-
cause the local concentration of unbound ligand in
the protein zone is not the same as the apparent
baseline concentration [1]. Accordingly, we have
formulated a theory of counterion electrophoresis
which provides guidelines for determination of this
fundamental quantity.

2. Theory

The theory consists of two parts: (1) The com-
bined analytical application of the law of con-
servation of mass and the ligand-binding isotherm
to the counterion electrophoretic procedure de-
scribed above; and (2) numerical calculation of
counterion electrophoretic patterns. Both parts
treat the steady state eventually reached in the
electrophoresis column as a result of the continual
flux of ligand through the column under the in-
fluence of the applied electric field, and are silent
with respect 1o the approach to the steady state.

2.1. Analytical deductions
Let us start by recalling that the ligand, %,
interacts with the protein, 2, to form a number of

complexes, PYZ,... . PE,...,PZL, where n is the
maximum number of binding sites on the protein

—— Ligand —— V|

of Protein (Cp)

Zone of Protein

Constituent Concentration

Position in Electrophoresis Column (x)

Fig. 1. Diagrammatic representation of counterion electro-
phoresis.

molecule. Formation of the successive complexes
may be represented by the equilibria [2,3]

P+l PYF

PE A LR (1)

PL

n—1

+ P2 PP

It is assumed that the rates of complex formation
and dissociation are sufficiently fast that local
chemical equilibrium prevails at every instant of
electrophoresis. In general, the electrophoretic
velocities of the complexes, V, ., will differ from
the uncomplexed protein, V,, in which case the
zone of protein will migrate with the constituent
velocity of the protein in the equilibrium mixture
of # and its complexes, V,,. The constituent molar
concentration of the protein is designated by C;
concentration of protein-ligand complexes, Cows
electrophoretic velocity of unbound ligand, V,;
and concentration of unbound ligand, C,.

Consider, with the aid of fig. 1, the steady-state
flux of constituent ligand across two transverse,
moving planes perpendicular to the electrophoresis
column, The planes, designated « and B8, move
with the constituent velocity of the protein, the
a-plane migrating down the length of column in
front of the advancing zone of protein and the
B-plane moving coincident with the center of mass
of the protein. Concentrations at the instantaneous
position of the planes are denoted by superscript «
or B. Conservation of mass requires that

(Vg’— F@)C§= (V.se" V;)C_g

+ X i(Vay — V) Chy, (2)
i=1

which, upon division by (Ve— V,) followed by
rearrangement, gives

(Véﬂ.z’.“ l—/ga)
CE=cCg—- Y i————=C5,. (3)
“ “ igl (Vy‘ ng) #4

It can be seen by inspection that for interaction of
a negatively charged protein with a cationic ligand,
CE<C2 so that the experimental value of the
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steady-state amount bound would be smaller than
the actual amount bound. Consequently, the
steady-state binding constant would be smaller
than the thermodynamic equilibrium constant; vice
versa for positively charged protein and anionic
ligand. Moreover, the higher the protein con-
centration, the larger is the effect. Elaboration of
these concepts is the crux of our investigation.

We proceed from the definition of the steady-
state number of moles of .# bound per mole of
total protein, »: For either an infinitely sharp
zone of protein or a zone broadened by diffusion
and reaction and in which C,, Cpand (Cym C2)
are distributed with the same moments about the
center of mass of the protein

where »# is the actual moles of . bound per mole
of protein at position 8. Let us consider statistical
binding to n equivalent sites with intrinsic binding
constant k, in which case the ligand-binding iso-
therm and the concentration of 2.% are given by

(2]

kCE
B TR (5)
1+ kCE
and
- n i
o (7 )(xct) ©
> (1+kcg)”

Substituting eqs. 3, 5 and 6 into eq. 4 gives

_ kG ¢ i(Vﬂi_‘_’s’),(’il)(kCg)l
1+kc8 5 (Ve—Vs) (1+kCE)"

™)

l’SS

Since »,, is an implicit function of protein con-
centration through C£, extrapolation to infinite
dilution of protein is indicated. Eq. 3 tells us that
C£ — C2 as C£ — 0. In this limit

V_ga ==

Vot ¥ (?)(kC;)ng,_g;]/(l +kCZ)" (8)

[

By substituting C& for C2 and eq. 8 for V,in eq. 7
and recalling that operationally the steady-state
binding constant, &k, is given by

ko= lr/(n—v,)}/Ce (9)

it 1s found that at infinite dilution (designated by
superscript oo)

nkZCg

Y = T¥k2CE (10)
where
= K(4=B) (11)
® A+ kCZB
in which

n

A=n(+kC)" T L (Ve Vog)( ] ) (RC2)’

B='Z;i[ éO(ng,_ sz)(j)(kc.;)j]
[(ryne] =

We now introduce the assumptions that: (1) the
binding of ligand, while changing the net charge
on the protein, has a negligible effect on its fric-
tional coefficient; and (2) each ligand molecule
bound increases the electrophoretic velocity of its
complex by the same amount, w. Under these
assumptions [4]

Vag = Vet iw (13)
in which case eq. 11 reduces to

_ (1 + nkC2)w

Vo—V,
(Vem Vo) (1+kC2)
k3= p k (14)
(V_V)_(n—l)kng
it (1+kcg)
»
Forn=1
o _ Ve Voo
k —( Vo V, )k (15)

and the double-reciprocal plot of »Y vs. C3 is
linear. It is evident that for n > 2 the double-re-
ciprocal plot is virtually linear, and £ can be
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approximated by its value at kCg =1

o (20 V)= (n+ 1
s (Z(Vy— Ve)—(n—1)w

k (16)

which introduces an error of only 0.1-0.3% de-
pending upon the value of n.

The conclusion reached is that extrapolation of
steady-state binding constants to infinite dilution
of protein does not yield the intrinsic binding
constant directly, rather the product of a kinetic
factor and the equilibrium constant,

Finally, it can also be concluded from eq. 3 that
the larger the value of k£ or n, the greater the
difference between C£ and Cg and, thus, the
greater the deviation of &k from k. This can be
seen as follows: Substituting eq. 6, eq. 8 with C4
replacing Cg, and eq. 13 into eq. 3, evaluating the
sums, and solving the resulting quadratic equation
for CE— Cg at the midpoint value, kC%=1, and
fixed C5 gives

Ccl-co= (%)[—b+(b2—4c)%]

_ [2(Ve= V) —nw + nChwk]

B [(V.z’_' Vs) ‘"W]k
négw

- [(Vs’_ V) _”W] k

(17)

C

Normalized values, (C£— C2)/CS, were com-
pared for the assignments: V=8 x10"% cm s/,
Vo=—-16x10"% w=04x10"% ¢cm s™' (mol
ligand bound)™ !, and C£ =1 x 10~° M. Thus, for
example, for n=1 and k=5x10* M, (CE-
C2)/Ce= —0.010; for k=5x10° M, —0.601.
Fork=5x10°M"'and n=1,(C£— C2)/CE=
—0.100; n =4, —0.351.

In order to appreciate fully the practical impli-
cations of the foregoing formulation, they were
evaluated numerically as described below.

2.2. Numerical transport calculations

Most of the calculations are for the reaction
P+ S PL k (18)

in which the negatively charged protein binds a
single cationic ligand molecule, but statistical

binding to two equivalent sites on the protein
molecule

P+ L= PP, 2k

P se 2, (3 (19)
was also considered. In both cases, binding of
ligand causes a change in the electrophoretic mo-
bility but not the frictional coefficient of the pro-
tein. Counterion electrophoretic patterns were
computed by numerical solution of the ap-
propriate set of transport equations and mass ac-
tions expressions. Since the form of the equations
and the numerical procedures are detailed
elsewhere for several illustrative, rapidly equi-
librating systems [S-9], only a brief description is
warranted here: (1) Both diffusional and driven
transport were assumed to be ideal; i.e., diffusion
coefficients, D, electrophoretic mobilities, g, and
electric field strength, £, invariant through the
electrophoresis column. (2) The implicit Crank-
Nicholson method [5,7,10] was used to approxi-
mate the partial differential transport equations by
finite-difference equations, correction being made
for the major fraction of the truncation error due
to the way the first spatial derivative is approxi-
mated [5,6,8,11]. (3) The difference equations were
solved in a static coordinate system, Ax = 0.0025
cm and At = 10 s, with initial and boundary condi-
tions simulating experimental procedure. (4) Initial
conditions: A thin, 0.025 ¢cm, uniform zone of 2 at
loading concentration Cg centered 0.3 cm from the
cathodic end of the electrophoresis column, and ¥
at concentration C& in the last segment at the
anodic end representing the interface between the
column and the ligand-containing electrode com-
partment. (5) Boundary conditions: For & and
PE, asink at both ends of the column; for .#, a
source of concentration Cg at the anodic end of
the column and a sink at the cathodic end; 1.e.,
infinitely large electrode compartments. (6) After
each time cycle of transport, chemical equilibrium
was recalculated by applying the appropriate mass
action expressions. (7) The overall time of electro-
phoresis was sufficient to attain the steady state as
judged by the criterion that the value of C, over a
reasonable span upstream from the migrating zone
of protein (figs. 2 and 3) should equal Cg to within
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99.5%. When this criterion was satisfied, the value
of Cgat the minimum of the trough of unbound
ligand coincident with the migrating zone of pro-
tein (figs. 2 and 3) agreed to within 99.9% with C£
calculated from eq. 3.

v, was calculated according to its operational
definition

b

S| ¥ iCou) + Col i) - G2
pss=j=a i=1 — (20)
Y Y Goul))
Jj=ai=0

where j is the segment number, the sum over the
protein zone being taken between limits  and b at
which positions C, was usually three or more
orders of magnitude (in three cases two orders of
magnitude) less than at the apex. We define the
apparent number of moles of ligand bound per
mole of protein (apparent in the sense that the
local C# Cg) as

b ”
Y Y iCru())
j=ai=1

Vapp = "% & | , | (21)
L X Gsyl())

J=a i=0

Most of the calculations are for the midpoint
value, kC%=1; and k, and the apparent binding
constant, k., were obtained respectively from eq.
9 and the analogous equation in which »,,, replaces
v... The results of other calculations were used to
construct double-reciprocal plots of v vs. C3 A
range of values for the parameters, C3 and &, was
explored.

Transport parameters were assigned the follow-
ing values: Unless indicated otherwise, Dp= Dpe
=21x1077 cm? s pp=—4x107% cm? 57!
V™ pge= —3%X107° and pay = —2X107% E
=4V cm™!, V=gE so that w=04x10"*% cm
s~! (mol ligand bound)™'; Dye=1.0X107° and
pe=2x1074

Computations were made on the University of
Colorado’s Cyber 172 electronic computer. Con-
trol calculations showed that the uncoupled species
migrated and diffused accurately. Material balance
was excellent in all cases, the electrophoresis col-

umn being sufficiently long, 4.5 cm, that an insig-
nificant amount of protein was lost to the sinks at
either end of the column. The time of electro-
phoresis required to attain the steady state was
2.25 X 10* s for all conditions considered below.
Theoretical steady-state patterns are displayed
as plots of C, and C, vs. position, x, in the
electrophoresis column. The vertical arrows labeled
# and P& at the top of the figures indicate where
the peaks in the pattern would have been located
had electrophoresis been carried out on a mixture
of two noninteracting proteins having the same
electrophoretic mobilities as # and ..

3. Results

Representative steady-state counterion electro-
phoretic patterns calculated numerically for reac-
tion 18 are displayed in figs. 2 and 3. It is im-
mediately apparent that the patterns are in accord

105xCp (mol liter-1)

~20
\
]
£ 1.9
S B
E 18
S
R S
(=]
-
1.6l L

- - - -
.5 0.7 0.9 1.1 1.3 1.5
x (cm)

[«

Fig. 2. Effect of protein concentration on the steady-state
counterion electrophoretic patterns computed for reaction 18,
k=5%x10° M~! and kCZ=1: (a) CS=3.24x10"% M, (b)
1.62%10"% M, (c) 81073, (d) 4x107°. In this figure and
figs. 3 and 7, A is the protein pattern and B the concentration
profile of unbound ligand; migration of protein is from right to
left with ligand being driven to the right; time of ¢lectrophore-
sis, 2.25x10% s.
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105x Cp (mol liter~%
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0.9 1.1 1. 1.5
x {cm)

Fig. 3. Effect of intrinsic ligand-binding constant on the
steady-state counterion electrophoretic patterns computed for
reaction 18, k<C2=1 and Cz graded so as to scale the unbound
ligand-concentration profiles: (a) k =5x10* M, m=4, C2
—=3%107*M; (b) k=5%10° M~}, m=5, C$=1.62%x10""*
M; () k=5xX10° M~ m=6,C3=3x10""M.

with the predictions of egs. 3 and 17. Thus, there
is a trough in the concentration profile of unbound
ligand, the trough migrating coincidentally with
the zone of protein. Moreover, the depth of the
trough decreases with decreasing protein con-
centration (fig. 2) and is sensitive to the magnitude
of the intrinsic ligand-binding constant, increasing
markedly with increasing &k (fig. 3). As anticipated
these properties are reflected in the values of the
steady-state binding constant and the apparent
binding constant derived from the patterns. The
plots of k, and &, vs. Cg presented in fig. 4 for a
100-fold range of k values illustrate this point.
Extrapolation of k£ to infinite dilution of pro-
tein (fig. 4A) gives a value for k2 (=4.79 X 10™
M™! for k=5x10" M~!, m=4,5, 6) equal to
the value (4.7917 X 10™ M~ 1) predicted by eq. 15.
This result was confirmed by calculations made
for k=5x10°> M™! at the extremely low con-
centration of C3=1.25 X 10~% M, which gave k_,
= 4.7917 x 10° M~ ! independent of the half-width
of the protein zone (=0.10 or 0.16 cm at C,=

5.0r A
- 42
[]
E 4.6 \
4 O,
™
x
E 4.2~ .
o ‘ N,
3.8
—_ B
'I- S-Or *. * A3
2
e
S a6l
»
E
o g 'c 1 g b g
- 4.2 0 1 2 3 4

10*xCp (mol liter-1)

Fig. 4. Steady-state binding constants (A) and apparent binding
constants (B) calculated from theoretical steady-state counter-
ion electrophoretic patterns for reaction 18. Effect of the
magnitude of the intrinsic binding constant on the discrepancy
between these quantities and the intrinsic constant at a given
protein concentration, and extrapolation to infinite dilution of
protein: (a) k=5x10* M™!, m=4; (b) k=5%x10°> M~
m=35; (c) k=5x10° M~! m = 6. The data points in a, b and
¢ were calculated for the midpoint value KCg=1; d corre-
sponds to b in that k = 5X10° M ™', but the data points were
derived from double-reciprocal plots of » vs. C2.

Coapex®” " for Dp=21x10"" or 6.0 X 1077 cm?
s~ ! at constant ¢ = 2.25 X 10* s). This close agree-
ment between the numerical results and the ana-
lIytical prediction, based on certain conditions
specified early on, could be interpreted to mean
that the diffusing protein zone is still sufficiently
narrow so as to approximate an infinitely sharp
one. On the other hand, a more plausible explana-
tion may reside in the observation that the distri-
butions of #, ¥ and (C,— Cg) have about the
same positions and half-widths even at rather high
protein concentrations. Moreover, except for the
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3
b
e
1/"5'
2
1 2 [] a2 [ ] PR N g [ 2
0 2 4 [ 8
10-5 x 1/CL (mol-1liter)
1.00
F
1/n4,
B
0.95 2 1 PE—
0

1
104x C; (mol liter™")

Fig. 5. Simulation of counterion electrohoretic experiments. A:
(a) double-reciprocal plot of ¥, vs. Cg, each data point derived
from a steady-state pattern computed for reaction 18, k =5 X
105 M~! and C2 =1.62x10~* M; (b) diagrammatic plot for
the limit of infinite dilutions of protein, &% =4.7917x10°
M~ as given by eq. 15; (c) diagrammatic plot for equilibrium
dialysis experiments, k =5x10° M™!, in which the equi-
librium concentration of unbound ligand equals Cg. B: steady-
state number of binding sites on the protein molecule (reaction
18) derived from double-reciprocal plots calculated for decreas-
ing protein concentration, extrapolation to infinite dilution.

position of &, these respective properties converge
to the same values as the protein concentration is
lowered: At C3=3.24 x10"* M the position of
the apex and the half-width for 2 are 0.8775 and
0.09625 cm, respectively; for #.%, 0.8800 and
0.1050 c¢m; for %, 0.8650 and 0.1025 cm. At Cp =
1.25x 10 ¢ and 1.25 X 10~° M: for both # and
PZ, 0.9625 and 0.0975 cm; for %, 0.9475 and

0.0975 cm. Although the position of the distribu-
tion of (Ce— Cg) does not converge to that of 2
and 2%, the difference is only 0.015 cm, Whichever
explanation pertains, these results lend confidence
in the application of eq. 15 (and as we shall see
shortly, eq. 16) to experimental situations, particu-
larly since sharp zones are a characteristic feature
of disc electrophoresis.

In contrast to k., k,,, extrapolates to k at
infinite dilution (fig. 4B). Thus, if a method can be
devised to analyze selectively for the amount of
bound ligand in the protein zone, k can be de-
termined directly by extrapolation.

The data points defining lines a, b and c in fig.
4 were determined at the midpoint value of kC$ =
1, but values of k& have also been derived from
double-reciprocal plots of », vs. Cg. As antic-
ipated, the plots are curvilinear at finite protein
concentration (fig. SA) but in practice one might
be led to fit such data to a straight line. Accord-
ingly, we have fitted our data points by linear least
squares and have calculated values for n_ and &
from the intercept and slope. The resulting values
of k. are understandably smaller than those
determined at the midpoint, but as shown by line
d in fig. 4A they too extrapolate to the value of k2

5.0p
5 4.6
H
£
0 4.2
o)
-
L 1 1 3 g
3.8 (o] 1 2 3 4
104xCp

Fig. 6. Comparison of steady-state binding constants calculated
for n=1 (reaction 18) and n =2 (reaction 19), &k =5x10°
M ~!. Effect of n on the discrepancy between the steady-state
and intrinsic constant, and extrapolation to infinite dilution:
(a) n =1 with data points calculated for kC&=1, (b) n =1 with
data points derived from double-reciprocal plots of », vs. CZ,
(c) n = 2 with data point calculated for kC%=1, (d) n = 2 with
data point derived from double-reciprocal plot.
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predicted by eq. 15. As expected, linearization of
the double-reciprocal plot slightly underestimates
n_, but extrapolation to infinite dilution gives the
stoichiometric value (fig. 5B).

The foregoing calculations were extended to
include statistical binding to two sites on the pro-
tein molecule (reaction 19). The shape of the re-
sulting steady-state patterns were quite similar to
that for n =1 (reaction 18) with one exception: as
anticipated from eq. 17, the depth of the trough in
the concentration profile of unbound ligand was
much greater for the same k=5 x 10> M~!, Cg
and t. Values of &k calculated for the two systems
are compared in fig. 6. Two conclusions emerge.
First, the discrepancy between k, and k is consid-
erably greater for » = 2 than for n =1, and accord-
ing to eq. 17 the discrepancy would increase con-
tinuously with further increase in n. Second, ex-
trapolation of k for n =2 to infinite dilution of

[ p . PL

T a0 !} !
-

g (3

= L

E | A :

a 1.0
10

*
wn

% L

=

0
2.0

5

8

= 1.9p¢ = 4.8

° a 5

E B 248

-~ b o

‘: 1.8 X 4.4

© o

'0_ O a3 n

-1
1.7 L ' l10"xl); (cl:mzuc ) R
0.5 0.7 0.9 1.1 1.3 1.5
x {cm)

Fig. 7. Effect of the diffusion coefficient of the protein on the
steady-state counterion electrophoretic patterns computed for
reaction 18 with k=5x10° M~} kC2=1 and C3=1.62X
1074 M: (a) Do = 4201077 em? 572, (b) 210X 1077, (¢)1.05
%1077, Inset: effect of diffusion coefficient on the steady-state
binding constant k.

protein gives the value, 4.79 X 10> M™!, for k%
which agrees with the value, 47872 X 10° M1,
predicted by eq. 16.

To round out our calculations we have explored
the effect of diffusion on the steady-state pattern
and the value of k. As shown in fig. 7, the
smaller the diffusion coefficient of the protein, all
else held constant, the sharper is the zone of
protein and, thus, the deeper the trough in the
concentration profile of unbound ligand. Conse-
quently, the greater is the discrepancy between k
and k (fig. 7 inset).

4. Discussion

Practical assessment of the results presented
above requires consideration of the load of protein
applied to the electrophoresis column. For a cylin-
drical gel column 0.6 cm in diameter and an initial
zone 0.025 cm thick the load is 7.07C3 M pg, where
M is the molecular mass of the protein. In the
calculations for n =2 and k=5 X 10> M~ ! (lines ¢
and d in fig. 6) the maximum loading concentra-
tion considered was C3 =8 X 107> M which, for
M =5 x10* Da, corresponds to a load of 28 pug.
This is to be compared with the load of 150-200
pg used in the experiments on intestinal calcium-
binding protein {1}, M ~1x10% Da and two
calcium-binding sites with an apparent binding
constant of about 10¢ M~ !, Referring back to fig.
6, it is clear that, as practiced, the discrepancy
between k, and k would be unacceptable; con-
ceivably the difference could be, perhaps, as much
as an order of magnitude. Accordingly, k.. must
be extrapolated to infinite dilution of protein, and
k evaluated from k7 using eg. 15 or 16.

The burden of data acquisition can be lightened
by constructing a single double-reciprocal plot of
v, vs. Cg to estimate n and to guide the extrapo-
lation of k values determined at a fixed Cg close
to the midpoint of the titration. (Note that the
extrapolation will most likeiy be linear only at low
protein concentrations.) The kinetic factor in egs.
15 and 16 is evaluated from the results of indepen-
dent experiments designed to determine the several
electrophoretic velocities (note that w= (Vg —
V)/n). Although the value of the kinetic factor
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for the particular parameter assignments made in .

our calculations was close to unity (= 0.96) it
could be as small as 0.5 depending upon electro-
phoretic velocities.

Experimental application of eqs. 15 and 16 is
actually an approximation, since they were derived
assuming ideal electrophoresis while disc electro-
phoresis is nonideal, the conductance and pH
changing across the zone of protein [12,13]. Al-
though & is extrapolated to infinite dilution, the
value of £ can be expected to differ from the true
value, because the gradients of conductance and
pH do not approach zero asymptotically as the
concentration of protein is decreased [14]. How-
ever, in a related vein, the apparent composition of
a mixture of proteins determined from moving-
boundary electrophoretic patterns is also subject
to these effects but extrapolates to a value only
slightly different from the true composition [14].
This leads us to believe that the experimental k2
likewise will differ only slightly from its true value
and that the proposed procedure for determining &
is valid.

Finally, it is instructive to examine the conse-
quences of conservation of mass as expressed by
eq. 3 for isoelectric focusing and molecular sieve
chromatography. In the case of isoelectric focusing
the effect of a charged ligand on the isoelectric
point of a protein can be used to determine the
intrinsic binding constant [9]. In essence, the
method relies on analysis of steady-state patterns
attained in much the same way as in counterion
electrophoresis, the fundamental difference being
that in isoelectric focusing V= 0. Since Vog # 0,
eq. 3 tells us that there will still be a trough in the
concentration profile of unbound ligand, so that
the steady-state binding constant must be ex-
trapolated to infinite dilution [9]. In contrast, the
Hummel-Dreyer gel chromatographic method [15]
is free from this complication, because both un-
complexed and complexed protein are excluded

from Sephadex G-25 as they move down the col-
umn in the mobile phase. In other words, Ve = ¥,
and eq. 3 tells us that C&=C2.
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