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SUMMARY

A comparison of the batch Sephadex method of equilibrium dialysis with the classical Visking mem-
brane method reveals that binding affinity values for the former are 20-30%; lower than for the latter
under a variety of experimental conditions in the interaction of testosterone with three batches of
crystalline human serum albumin. This discrepancy is in fact in the opposite direction to what might
have been anticipated on the basis of a demonstrated influence of protein on the partition factor,
K, for gel steroid interaction. It has also been shown that the alcohols ethanol and Tris exert an
inhibitory effect on testosterone human albumin interaction.

INTRODUCTION

The determination of binding isotherms for ligand-
protein interaction is an important procedure in ex-
perimental biochemistry. The most direct method in-
volves measurement of unbound and total ligand con-
centration on opposite sides of a semipermeable
membrane, such as Visking sausage casing, after
allowing enough time and agitation for equilibrium
to be established. Modern high flux membranes make
a rapid ultrafiltration variant of this possible[1,2]
and, in addition, direct techniques such as organic
solvent-aqueous phase partition [3], classical ultrafilt-
ration [4], frontal analysis[5] on columns and the
more recently introduced membrane-less aqueous
two-phase partition system [6] may be used. Substitu-
tion of the interface between an insoluble polymer
gel (Sephadex) and aqueous solution for the Visking
or other membrane, as in the method of Pearlman
and Crépy[7] for studying steroid—protein interac-
tion, provides a very rapid means of attaining equilib-
rium between free and bound ligand, as well as
between phases internal and external to the gel, and
an equally rapid means of separating phases while
maintaining equilibrium. In addition to many advan-
tages of simplicity and economy in materials, it suffers
from the disadvantage that only total (bound plus
free) ligand is directly determined. Free ligand concen-
tration is derived with the aid of a separately deter-
mined partition factor, K', for distribution of un-
bound ligand between gel and aqueous phase. The
latter is determined in the absence of protein and is
assumed to be unaffected by presence of protein. Thus
if A is moles of ligand added to a tube containing
a known amount of Sephadex and aqueous solution
and Yis the total moles in the external phase at equi-

* To whom reprint requests should be addressed.

librium, then K’ = Y/(4 — Y). If there is no binding
of the ligand to the gel, this number will be equal
to the ratio of the volumes of external and internal
phases. Having had reason to use this procedure for
study of steroid-protein interaction [8, 97 and having
encountered imprecision for data in unbuffered solu-
tions [10] we have been led to test both the validity
of such results, in relation to what is obtainable by
Visking equilibrium dialysis, under different experi-
mental conditions employed in our work and the
assumption that K’ is uninfluenced by protein. The
validity of results obtainable by the Sephadex method
has heretofore rested on comparison with published
values of binding parameters.

MATERIALS AND METHODS

Unlabeled testosterone was obtained from Sch-
wartz-Mann and Steraloids Inc. and purity was
checked by melting point and thin-layer chroma-
tography. ['*C]-Testosterone was obtained from
New England Nuclear Corp. and was used within 2
months. Radiochemical purity was checked occa-
sionally and found to be better than 97%;. Crystalline
lot 31, 32 and 33 human serum albumin were
obtained from Miles Laboratories. Some binding and
other data involving two of these batches, under ex-
perimental conditions different from those reported
here, have been described elsewhere [11]. Deioniza-
tion of the protein was performed as described pre-
viously [11].

Measurement of bound steroid

1. The batch Sephadex equilibrium dialysis method
of Pearlman and Crépy[7] was performed in the
manner described previously[8,9] using triplicate
tubes for each steroid concentration. Thus, 400 mg
amounts of G-25 Sephadex were equilibrated over-
night with 2 ml of either 100 mM NaCl or Tris chlor-
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ide buffer pH 8.5, I = 0.1, so as to yield 1 ml internal
phase and 1 ml external phase. Then, 2 m] of a solu-
tion of protein and steroid was added such that the
protein concentration in the 3ml external phase is
90 uM. After shaking in a water bath at 25°C for
2h the tubes are allowed to stand vertically for 1 h
and duplicate 100 ul aliquots are sampled for count-
ing in 4 ml scintillator at 2% standard error and 759
efficiency in a Nuclear Chicago Mark II Counter.
Measurements of K’ are made using the same pro-
cedure but omitting protein. Some measurements of
K’ have been made (see below) in the presence of
protein. The internal volume of gel has been found
to be fairly constant over all of the conditions used
here and there is no evidence of binding of albumin
to the gel.

2. Visking membrane equilibrium dialysis was per-
formed as previously described [2, 11]. Dialysis bags
containing 4 ml of 90 uM deionized protein and two
glass beads were immersed in flasks (50 ml Erlen-
meyer with elongated necks) containing 15ml of a
solution of labeled testosterone in either 100 mM
NaCl or Tris chloride buffer, pH 8.5, I = 0.1, contain-
ing 0.19 mg streptomycin sulphate and in the absence
or presence of 19, ethanol. They were then placed
in a shaking water-bath for 48 h at 25°C. Duplicate
flasks were used for each steroid concentration. After
the 48 h period, duplicate 500 ul or 100 ul samples
from the inside and outside contents were counted
as above.

Values of K’ in presence of protein

These can be obtained using a variant of the Visk-
ing method in which Sephadex is included in the di-
alysis bag. It is necessary to maximize the percentage
of total steroid which is bound to the Sephadex in
competition with the protein, so that the volume
external to the bag must be at a minimum. Hence
600 mg of Sephadex, 5 ml of buffer solution contain-
ing protein and [!*C]-testosterone were placed in a
dialysis bag containing two glass beads and the bag
was tied. After hydration of the Sephadex, this
resulted in a volume of 1.5 ml internal to the gel and
4.5ml external. The bag was immersed in a Pyrex
test tube (i.d. 20 mm, length 175 mm) containing 6 ml
of a solution of ['*C]-testosterone and the tube was
sealed with parafilm. Duplicate tubes were used for
each concentration of steroid and protein. Measure-
ments were made at 0, 30, 50, 70, 90 uM protein and
using approximately saturated and half-saturated tes-
tosterone solutions. The tubes were mounted on a
rotator (Rugged Rotator, Kraft Corp) at a 15° angle
and equilibration allowed to take place at room temp.
for a 48 h-period. The bags were removed, the con-
tents emptied and, after allowing the gel to settle,
duplicate 500 ul aliquots of the aqueous phase inside
and outside the bag were sampled and counted in
20 ml of scintillator solution to 29, standard error
at 759, efficiency in a Nuclear Chicago Mark II
Counter.
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Pipetting

The precision of analysis is dependent on the preci-
sion of pipetting. For sampling 500 ul aliquots we
have generally used either glass transfer pipets (Fisher
Scientific) or Eppendorf polyethylene tipped pipets.
The latter are claimed to yield a precision of +0.6%
and + 19 respectively. In the case of 100 ul aliquots
used in some of the work reported here we have
found it is possible to obtain sampling precision and
accuracy of +0.25% using Micropettor (Scientific
Manufacturing Industries, Emeryville, CA) pipets,
using a single glass capillary for all sampling, as well
as rapid rinsing with the solution being measured and
calibrating the pipet with a '*C solution of known
concentration. The precision thus attainable is reflec-
ted in some of the values for K reported here.

RESULTS

Data are presented in Table 1 summarizing the
results of many experiments on the value and preci-
sion of the K’ for reversible binding of testosterone
to G-25 Sephadex over the full range of steroid con-
centrations in aqueous solution. Each value rep-
resents means from duplicate or triplicate aliquots
obtained from each tube and duplicate or triplicate
tubes were used for each concentration. It can be seen
that a high order of repeatability is obtained and that
the values are independent of testosterone concen-
tration. This is in support of previous measure-
ments [8] and contrary to the slight dependency
observed by Pearlman and Crépy[7]. The data sug-
gest that the gel has a very large, low affinity, capacity
for reversible testosterone binding. If there were no
such binding, the K’ would have a value of 3. These
values are comparable to those we have routinely
found for Tris buffer [9, 11].

The values in Table 2 represent measurements of
K’ in the presence of increasing concentration of pro-
tein. Because the uncertainty in such values for K’
is inversely related to the percentage of total steroid
bound to the gel, and the latter decreases within in-
creasing protein concentration, meaningful values can
only be obtained for 30 and 50 uM protein. Thus,
it can be shown that if X is mol unbound steroid
in the external phase, 4 total steroid in the tube and
S is the standard error of sampling then, for small
values of S, the possible standard error in K’ is ap-
proximately 4/(A — X) S. It may be seen from Table
2 that there is excellent agreement for values in the
absence of protein with those determined by the tube
method. There is furthermore a marked 329 increase
in the value of K’ in presence of 30 uM protein and
a slightly greater (419;) increase for 50 uM protein.
The trend is also obvious at higher protein concen-
trations, but uncertainty in values is much greater.
The good duplication at low protein concentration
and in absence of protein is a reflection of the preci-
sion of pipetting. The data in Table 2 would thus
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Table 1. Values for gel-buffer partition factor (K')* in the binding of testosterone
to G-25 Sephadex in 100 mM NaCl/1.25% ethanol in absence of protein

23.1 uM 46.2 yM 69.3 uM 92.4 uM
Testosterone Testosterone Testosterone ~  Testosterone
Expt. 1 1.26 (6)t 1.24 (6) 1.30 (6) 1.34 (6)
Expt. 2 1.31 (3) 1.34 (3) 1.34 (3) 1.34 (3)
1.27 (3) 1.32 (3) 1.30 (3) 1.33 (3)
1.29 (3) 1.33 (3) 1.27 (3) 1.26 (3)
Expt. 3 1.24 (2) 1.23 (2)
1.24 (2) 1.21 (2)
1.26 (2) 1.26 (2)
Expt. 4 1.23(3) 1.31 (6)
1.27 (6) 1.37 (6)
1.23 (6) 1.33 (6)
1.25 (6) 1.34 (6)
1.23 (6) 1.36 (6)
Expt. 5 1.29 (3)
1.21 (3)
1.27 (3)
125 (3)

* Measured as the ratio of ['*C]-steroid in 3 ml external phase to that in 1 ml

internal phase.

t Values given are means for each tube; figure in brackets refers to number
of aliquots of external phase samples per tube.

suggest that the erroneous assumption that K’ is unaf-
fected by the presence of protein should lead to some
overestimate of the values of nk in measurements of
binding parameters by this method. It is impossible
to know what the actual K’ value might be at 90 uM
protein. Extrapolation from the reasonable values at
30 and 50 uM protein suggest it could be as high
as 2.1, a 63%, increase.

The data of Table 3 presents a comparison of the
Sephadex and Visking membrane method for a var-
iety of experimental conditions, using three lots of
human serum albumin. The K’ value used in all calcu-

Table 2. Values for gel-buffer partition factor (K')* for
binding of testosterone to G-25 Sephadex in absence and
presence of human serum albumin in Tris chloride pH 8.0,

I=01
Albumin
Conc. 46 uM 92 uM A}
(uM) Testosterone Testosterone A — X
0 1.25% 1.30% 3.6
1.28 1.20
1.28
30 1.67 1.71 6
1.58 1.67
50 1.69 1.84 7.5
1.79 1.80
70 2.33 2.15 11
5.29 30
90 11.87 — 32
395 —

* Based on measurements made using Visking mem-
brane technique. See Methods.

+ Each value is derived from means of triplicate sam-
pling of inside and outside dialysis bag contents.

1 Factor by which standard error in K’ values may in-
crease over standard error in sampling. See Results.

lations for the Sephadex method is that measured in
the absence of protein. The variation in binding
values manifested by different preparations of crystal-
line albumin under identical conditions, as seen in
this data, has been observed previously. It may be
noted first that the data obtained in buffer solution
by the Visking method indicates that the presence
of 1% ethanol (line 2, Table 3) lowers the binding
affinity by about 25% in the case of all three batches
of albumin. This is greater than what we had pre-
viously inferred from a comparison of data with pub-
lished values [9]. When measurements are made in
unbuffered 100 mM NaCl/1% ethanol, pH 8.5, (condi-
tions we have used in pH Stat studies of this interac-
tion [10]) using the Visking method, there is an
apparent further drop (line 3, Table 3) in binding
affinity. However, these lower values are due to the
fact that such prolonged exposure in unbuffered
100 mM NacCl solutions leads to a marked drop in
pH (to 7.0). When 95 mM NaCl/1% ethanol solutions
which are lightly buffered with 5mM Tris chloride,
pH 8.5 are used, this change in pH is avoided and
a much higher binding value (lot 33) is obtained (line
5, Table 3). In fact it is only slightly lower than the
value for Tris chloride in the absence of ethanol (line
1, Table 3) and is surprisingly much higher than that
for Tris chloride/1%; ethanol (line 2, Table 3). The
highest binding affinity values were obtained for
measurements made in lightly buffered NaCl in the
absence of ethanol (line 4, Table 3). This was also
true for the Sephadex method (see below). It thus
seems that Tris exerts an inhibitory effect on testoster-
one binding. The reciprocal plots for the results for
both the lightly buffered and unbuffered solutions
(Fig. 1) are as good as those for buffered solution
(Fig. 1).
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Table 3. Comparison of values of binding parameters (nk, n) for the interaction of testosterone and 90 uM deionized
human albumin, measured by equilibrium dialysis using Visking membrane and batch Sephadex technique at pH 8.5,
I1=0.1

Visking membrane

Batch Sephadext

Lot 31 Lot 32

Experimental

Lot 33

Lot 31 Lot 32 Lot 33

conditions nk n nk n

n nk n nk n nk n

1) Tris chloride 53 1 495 11

) Tris chloride 44 8 35 10
1%, ethanol

(3) 100 mM NaCl
19 ethanol

3.62 3

(4) 95 mM NaCl — e — —
SmM Tris Cl

(5) 95 mM NaCl — — — —
SmM Tris Cl
1% ethanol

6) 100 mM NaCl — — - —
1%, ethanol
10 mM CaCl,

(7 95 mM NaCl — — — —
SmM Tris Cl
1%, ethanol
10 mM CacCl,

5.02 7
356 11

239 5.0 3.0 10
2.54 5.0

6.69 6.0 — —

489 9 - - .

268 11 — — — —

rrrrr — 42 5
259 55

38% 3
3.4* 5

3.69 5.6
3.57 14
— — 6.0 1.7
3.79 6

216 5

22220

* The steroid protein mixtures were allowed to stand for 24 h before equilibration with gel in the case of the lower

of the two values.

+The K’ for the Sephadex method was that in absence of protein.

When measurements are made by means of the
Sephadex method in Tris chloride buffer, values are
obtained for lot 33 albumin (line 1, Table 3) which
are 16% lower than those for the Visking method
while in the presence of 19 ethanol the discrepancy
is of the order of 259 for all three batches (line 2,
Table 3). The observation referred to above suggests
that one might anticipate higher values—not lower—
when using the Sephadex method. Similarly when
measurements were made in 95 mM NaCl/S mM Tris
chloride/1% ethanol, pH 8.5, values were obtained for
lot 33 albumin which are only 779 of those obtained
when employing similar conditions with the Visking
method (line 5, Table 3). These Sephadex values were
in fact almost identical to those obtained in 100 mM
NaCl/1%, ethanol in the absence of Tris (line 3,
Table 3), since in contrast to measurements with the
Visking method, there is only slight change in pH
of unbuffered NaCl solutions over the time period
involved in the Sephadex method. It will be noted
that the Sephadex value for lot 33 protein in unbuf-
fered NaCl is very close to the corresponding ones
for lot 32. In the case of the latter, allowing the pro-
tein mixtures to stand for 24 h before equilibrating
with the Sephadex caused a 109, drop in binding
affinity. The Sephadex values for lot 31 were quite
variable but nevertheless the reciprocal plots for indi-
vidual experiments were surprisingly good. This vari-
ability may have been due to a lack of adequate con-
trol of the time in some of these experiments (sece
below). Similarly, comparison of the Sephadex and

Visking membrane data in 95mM NaCl/5mM Tris
chloride/1%, ethanol/t0 mM CaCl, reveals not only
the marked inhibitory effect of Ca’* on testosterone
binding previously reported by us[9] but that the
Sephadex values are only 82% of those for the Visking
method. However, lot 33 albumin is much more sensi-
tive to Ca®* than lot 24 or 25[9]. Furthermore, the
Sephadex value in 95 mM NaCl/SmM Tris chloride
in the absence of ethanol is lower than the corre-
sponding values for the Visking method. While there

3.0’—
2.5 e
.
20
L
7 1.5 /
Lo A/ ./
’
'1‘ o;{’
#
0.5 ’l:‘/

Fig. 1. Reciprocal plots of data obtained by Visking mem-
brane equilibrium dialysis for interaction of testosterone
with human serum albumin at pH 8.5, 25°C. (@——e) In
Tris chloride/19; ethanol, I =0.1; lot 31; (A——A) in
100 mM NaCl/1% ethanol; lot 31; (I ) 95mM
NaCl/5 mM Tris chloride/1%, ethanol; lot 33.
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Fig. 2. Reciprocal plots of binding data obtained by batch

Sephadex equilibrium dialysis for interaction of testoster-

one with lot 33 human serum albumin at pHS8.5, 25°

(@——®) Tris chloride/1%; ethanol, I=0.1; (A A)

100 mM NaCl/1%; ethanol; (Il M) 95 mM NaCl/5 mM
Tris chloride/1%, ethanol.

is some variability and anomaly in the extrapolation
values of n, the Sephadex values are generally lower
than those for the Visking method.

Earlier results [10], containing considerable impre-
cision, had led to the suggestion that apparent devi-
ations from linearity in the reciprocal plots at high
values of ¥ might be due to ligand-induced conforma-
tional change. More extensive results reported here
for data obtained both by the Sephadex and Visking
methods, not only in strongly buffered Tris, but
lightly buffered Tris/NaCl/ethanol, or unbuffered
NaCl/ethanol support this suggestion. While the reci-
procal plots do not show as much deviation at the
high binding levels (see Figs. 1 and 2) as observed
in previous measurements, Hill plots (not shown) of
such data yield straight lines with a slope of 1.0 up
to a level of v ~ 2. Above this level the plots deviate
in the manner indicated previously [10], suggestive of
an induced conformation change driven by the bind-
ing energy of the altered form. That such an altered
state of the protein may be unstable in NaCl is seen
in the results of an experiment in which two stock
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solutions of albumin—testosterone complex in 100 mM
NaCl, with v = 0.2 and 24 respectively, were kept
at room temperature for 72h and measurements of
v were made using the Sephadex method at different
time intervals. From data in Table 4 it can be seen
that even in unbuffered NaCl the values of ¥ are un-
changing up to 4h. At 24 h the low value decreases
by 5% and the high value by 15%, whereas at 72h
the former has decreased by 8% but the latter by
46%,. However, the pH was not monitored in this ex-
periment. In lightly buffered solutions, however, the
values remain constant over the 72 h period at both
binding levels.

DISCUSSION

In the above data it may be seen that the assumption
that the K' used in measurements with the batch
Sephadex method is independent of the presence of
protein is invalid. However, the discrepancy between
results obtained in parallel experiments using both
methods is in the opposite direction to what might
be anticipated on this basis, the Sephadex values
being about 20-30%;, lower. Results of studies in pro-
gress lead us to believe that this may be due to a
related, opposite, but overcompensating effect arising
out of an influence of protein on solubility of un-
bound steroid. The latter is known to vary with ex-
perimental conditions in the absence of protein [12].
We will report elsewhere on the influence of protein.
Nevertheless these investigations provide evidence,
not hitherto available, that the batch Sephadex
method can yield data for measurements in buffered
solution which are analytically as precise as those of
the Visking method in spite of the systematic discre-
pancy in the binding affinity values of the order of
20-30%.

Variations in binding affinity for steroid albumin
interaction for different batches of crystailine albumin
have been referred to previously [9, 11, 13]. It is evi-
dent from the data here that this may depend on
the conditions of measurement. Thus the Visking data

Table 4. Stability of testosterone-albumin complex in 100 mM NaCl/1%; ethanol and 95 mM
NaCl/5 mM Tris chloride/1% ethanol at pH 8.5, 25°C

100 mM NaCl/1%; ethanol

95 mM NaCl/5 mM Tris/19, ethanol

Time Solution I Solution II Solution 111 Solution IV

() K % v Yo v % v %

0 0.203 100 2.39 100 0.302 100 224 100

2 0.199 98 24 100 0.293 96 2.31 103

4 0.195 96 2.36 99 0.291 96 2.31 103
215 0.195 96 — — — — — —
22 — — 21 88 — — — —
24 0.192 94.5 — — 0.299 99 227 101
26 — — 2,04 85 — — — —
48 — -— — — 0.304 100 237 105
7 — — 1.26 54 — — — —
72 — o — — 0.303 100 2.33 104
98 0.187 92 — — — — — —




234

for Tris chloride indicate identical nk values for lot
32 and lot 33 albumin which are only 6% lower than
that for lot 31. However, in Tris chloride/1%, ethanol
the discrepancy is 25% both in the Visking and
Sephadex data. Furthermore, in the equilibrium dialy-
sis data of lot 33 protein, the values for 95mM
NaCl/5 mM Tris chloride are much higher than those
for Tris chloride I = 0.1 by both methods in the pres-
ence and absence of ethanol. This is also true for
all of the data of the Sephadex method for lot 32,
33, both in the presence and absence of ethanol. It
is thus only possible to make comparisons of binding
data for steroid albumin interaction using identical
conditions and (preferably) a single albumin prep-
aration.
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