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SUMMARY

The well known association of L-tryptophan with bovine serum albumin has
been studied using counter-current distribution in an aqueous-aqueous biphasic
system. Analysis of the counter-current distribution patterns according to the
previously developed model demonstrates the capabilities of the technique for the
study of interactions between two different molecules. A general procedure for the
examination of experimental results in order both to detect and to quantify a
plausible interaction between two substances is described.

INTRODUCTION

Both single-stcp partitions’-> and couster-current distribution (CCD)** in
aqueous-aqueous biphasic systems have been used successfully for the study of
interactions between different proteins. Theoretical models were therefore developed
for the description of the CCD behaviour of interacting systems of the type A + B
= ABS. The theoretical models can also describe single-step partitions, as in practice
these are a special case of CCD.

In this paper, the intention is to examine and demonstrate the experimental
capabilities of the CCD technique (and single-step partitions) for the study of
interactions between two different molecules.

Analysis of the CCD patterns of 2 well known interacting system would reveal
if the theoretical models developed are plausible. For this purpose, bovine serum
albumin (BSA) and L-tryptophan (L-Trp) were used as the association of L-Trp with
BSA has been well characterized by different methods and is known to be on a one-
tc-one molar basis® 13,

A general procedure for the analysis of experimental CCD results to obtain
partition coefficients (or ratios) of distributed substances, and for detecting and
quantifying a conceivable interaction, is also described.
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EXPERIMENTAL

All chemicals were of analytical-reagent grade, unless specified otherwise.

Fatty acid-free bovine serum albumin, fraction V, was obtained from Miles
Labs. (Slough, Great Britain), and L-tryptophan and L-[G-*H]tryptophan from
Sigma (St Louis, MO, U.5.A.) and The Radiochemical Centre (Amersham, Great
Britain), respectively. Picoflour®® was obtained from Packard Instruments (Band-
hagen, Sweden).

The polymers used for making the aqueous-aqueous biphasic system were
Dextran T500 with M, = 5-10° (Pharmacia, Uppsala, Sweden) and poly(ethylene
glycol) (PEG) with M, — 6000 (Union Carbide, New York, NY, U.S.A.).

The aqueous—aqueous biphasic system contained 8 ; (w/w) of Dextran T500,
6 % (w/w) of PEG and 25 mmol/kg of potassium phosphate buffer (pH 7.0). CCD with
29 transfers was carried out in the thin-layer CCD machine described by Alberts-
son*¢. Each chamber contained 0.74 ml of both upper and lower phase. At the
beginning of each experiment chamber zero ¢ontained these two phases and BSA
and/or L-Trp. The shaking time after each transfer was 30 sec and the time allowed
for separation between successive transfers was 5 min. All CCD experiments were
carried out at 21 - 1°C. After the experiment was completed, 1.48 ml of water were
added to each chamber to give homogeneous solutions. The contents of each cham-
ber were then collected and analysed.

The concentration of BSA was determined by measuring the absorbance at
280 nm, using a molar absorptivity of 4.4-10¢ 1 mol~fcm~—% 15, The concentration
of L-Trp was determined by measuring the absorbance at 280 nm using a molar
absorptivity of 5.01-10° 1 mol~! cm~! when L-Trp was distributed separately.

Liquid scintillation counting was used to determine the comcentration of
L-Trp when BSA was present. The samples were prepared by adding 0.2 ml of the
contents cf each chamber to 5 ml of Picoflour®.

All computations were performed on a Hewlett-Packard 9835A desk-top

COomputer,

Computations
If a homogeneous substance, S., is distributed by CCD, the fraction of

material, S;,, and the total concentration, [S.]*"", in the ith chamber after n transfers
are given by eqns. 1 and 2, respectively, assuming that the substance is initially in-

troduced only to chamber zero.

(zn) T+ G + AL M
Sl = 5 (}) (TfT}T @

where [S.]°-° is the initial concentration in the zeroth chamber and G. is the partition
ratio, defined as

S.
G, =5 ®
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where S, and S, are the fraction of S material in the upper and lower phase,
respectively.

The partition coefficient, X, defined as the ratio between the concentrations
of the substance in the upper and lower phase, and the partition ratio are related by

G=K- 3 @

in which ¥, and V; are the volumes of the upper and lower phase, respectively.

All subsequent equations have been derived for the case when the volume of
the upper phase equals that of the lower phase, ie., when G. = K_.

When a substance is distributed alone, its partition coefficient can be deter-
mined, either by comparing the concentration in two consecutive chambers, i and
I+ 1, since

f+1l.= >
. [sc exp . i+ 1

K. — e ©)
or by minimizing
U= zf.:‘:o (s, :.x; - [SC}::DZ De.t ©

where [S.Ji% and [S. ]} are the experimental and calculated (according to egn. 2)
concentrations of S. in the ith chamber, respectively.

Examipation of several CCD curves showed that in areas form the peak
maximum all experimental curves differed frem the model (eqn. 2). This discrepancy
was interpreted as being due to both imperfections in the model and to low precision
of the concentration measurements in these areas. To compenszte for this non-ideal
behaviour a weighted least-squares criterion was used, with the weights defined by

[SIk%
Oy =+ 1
N ] [SCE;: (7)
in which [S_]J5%F is the highest experimentally observed concentration of S.. Hence,
the weights have values from ca. 1 far from a peak maximum to 2 at the peak
maximum.
If eqn. 2 is approximated by Laplace’s formula’, defined as

—({+iK.—nK)?
Sli=Bre-—X .. 2k ®)

V2K,

then non-linear regression analysis can be used to find the best fitting parameters,
K. and [S.]33, i.e., to minimize egn. 6.

For 1:1 interacting systems, pairs of theoretical CCD curves can then be
calculated according to the models described® by using the known initial concentra-
tions and the partition coefficients of both components, and assigning values to the
partition coefficient of the complex, K.mpiers @and to the association constant in the
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lower phase, K,. By comparing such theoretical pairs of curves with experimental

ones, the best fitting K na1ec 20d K can be obtained.
As the concentrations of the two components may differ significantly in
magnitude, summation of the ordinary least-squares criterion (egn. 9) was found to

be inadequate.
Uz = Z 2 ([Sc exp [Sc]:c')’:)z D¢ i (9)

c=1 =0

where [S.]i:? is the total concentration in the ith chamber calculated according to
madel 15. Therefore, the criterion was transformed to a normalized form:

2 n i,z
U3 =X X e ( [Sc]cE§ Ima[xsc Mt ) We g (10)
Clexp

The distribution factors, v; and »,, i.e., the inverted values of the relative efrors, were
included to correlate the separate CCD behaviour of both components; », and v, are
calculated from the minimum of egn. 6 using

1 _ = VU c=1,2 (11)
Vi 3 s)a
t=0

Hence, the more ideal the distribution behaviour the higher is the value of », and if
both components behave equally ideally (or non-ideally) their distribution factors
will be identical.

Thus, the best fitting K; and K.ompiex are obtained by minimizing eqn. 10.
(For further explanation, see Fig. 1.)

For comparision between association constants obtained with different phase
systems or other methods, neither the association constant in the lower phase nor
that in the upper phase is adequate. A more comparable quantity is the overall
association constant, Ky, defined by

[Complex]
[S,l]trec [SZIfrec (12)

where the concentration terms denote the total concentration of each component in
any one chamber. By the same formal procedure as before®, the overall association
coastant cae be derived in terms of the individual equilibria:

KT =

q + PKcomplex (13)
g + pKc) (¢ + PKc)

where p = V /(V, + V) and g = V(¥, + V;). If the volume of the upper phase
equals that of the lower phase, eqn. 13 becomes

1 + K'complez
T+ E 0+ K a4

K-r"'—‘-K"

K; =2K, -
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Fig. 1. Experimental (full lines) and theoretical (dotted lines) pairs of CCD curves of A and B for
a hypothetical case when [ARZ, » [BEZ, and vy = va. (2) The ordinary least-squares criterion (egn.
9) is mazinly dependent on the contribution from A as .§a (IALES — Al 'ou > Z(BlYS, —
[Bl!®Ymyg,,. Hence, the best fitting K, and K.ye=are. Woutld be vexy seositive to the initial concentra~
tions and mainly dependent on the fit of the component in excess. (b) This inadequacy is avoided
by first transforming the experimental and theoretical obtained concentrations to normalized values,
ie., [ALS/IAL,, IALS/TARS, [BES/BIS and [BILY[BL.,, hence making their magnitudes equal
and insensitive to the initial coocentrations and then minimizing the differences between these
normalized values. As the magnitude of the normalized valves are equal, also, under the assump-
tions made, the sum of the squares of the differences must be near equal. Thus, the best fitting K;
and Kooegrer Would be cqually depeadent on the fit of both A and B and insensitive to the initial
concentrations.
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RESULTS AND DISCUSSION

In this test case it was assumed that neither BSA nor L-Trp polymerizes, that
nc higher aggregates of the complex are formed, and that the polymers do not
interfere with the interaction. Under these assumptions the interaction between BSA
and r-Trp occuring in a biphasic system can be described completely by

K,
BSA, + L-Trp, == BSA-Trp,
Jr KBSA Jr KTK‘D Jr Keamnlex
BSA, 4 L-Trp, T BSA-Trp,

where the subscripts u and 1 refer to the upper and lower phase, respectively.

To compute K, (or K,) and K ,yp1ec it Is necessary first to determine Kpsy and
Kiep. The partition coefficients of the individual components can be obtained from
the separaie CCDs of BSA and L-Trp by means of egn. 5 or, preferably, by non-linear
regression analysis.

In Fig. 2 the distribution curve of L-Trp separately is shown. As can be seen,
L-Trp behaved like a homogeneous substance with a well defined partition coefficient,
Ko, of 0.89.

fL~Trpl
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L] L] 1} 1) 13
5.8l ]
a.al » .
1.0l i
) 's 18 15 20 as 33

chamber numbse

Fig. 2. CCD of L-Trp separately. Ky, = 0.89 was determined by non-linear regression analysis.
Best fitting theoretical curve (dotted line) calculated according to egn. 2.

Preparations of BSA are composed of two types of albumin, one devoid of
sulphydryl group and the other with a single sulphydryl group. They also contain
small amouats of dimers and polymers of albumin'’-*¥. Owing to this heterogeneity
it was not surprising that the CCD curve of BSA became broader than a single
theoretical one, as shown in Fig. 3. However, if the experimental conditions are
chosen such that the initial concenfration of BSA is well in excess of the initial
concentration of L-Trp when they are distributed together, the change in the CCD
curve of BSA due to interaction with L-Trp should be negligible®. Therefore, in order
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Fig. 3. CCD of BSA scparately. Best fitting theoretical curve (dotted line) calculated according to
<qn. 2 with KBSA = 0.29.

to simplify the forthcoming computations it seems reasonable to assume that BSA
distributes as a single homogeneous substance. Further, such an experimental
arrangement would also make the measurements of the concentration of BSA more
reliable in that £-Trp should give an exceedingly small contribution to the absorbance
at 280 nm.

Thus, from CCDs of BSA separately a best fitting partition coefiicient, Kgsa,
of 0.29 was obtained. The distribution factors, vas4 and vy,, were calculated to
be 103 and 5055, respectively. Fig. 4 shows experimental curves when BSA and L-Trp
arc distributed together. As the imitial concentration of L-Trp was increased while
that of 3SA was held constant and welil in excess, the distribution of L-Trp became
increasingly distorted and retarded.

Under the assumptions made, the distortion of the distribution behaviour of
the component in deficit is sufficient evidence of an interaction®. However, if the
initial concentrations are of tiic same magnitude an interaction would be indicated
by a mutual infiuence of the CCD behaviours of both components.

K, and K., Were computed from the known initial concentrations of
BSA and t-Trp using eqn. 10, and the separately determined partition coefficients
and distribution factors. The resulting best matching theoretical pairs of curves are
also shown in Fig. 4. The results are summarized in Table I. The computations
yielded unequivocal values of both the association constant in the lower phase
and of the partition coefficient of the compliex. Hence, the described modetl fits the
experimental results very well.

Undoubtedly, the presence of high concentrations of polymers in the phase
system alters the solvation properties of the solvent. Owing to the excluded volume
effect in polymer solutions'®-2°, the effective concentrations of added macromolecules,
i.e., BSA and BSA-Trp complex, can be expected to be higher than the calculated
values. On the other hand, 2 decrease in the effective concentration of L-Trp can
be expected, at least, in the presence of PEG?®. Thus, the measured association
constant for the binding of L-Trp to BSA is probably higher in the presence than in
the absence of polymers. Therefore, as shown in Table H, it was not surprising
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Fiz. 4. CCD of BSA (O) and L-Tsp (x) together. Initial concentrations of BSA and L-Tip were
as follows: (a) [BSAZ2 = 0.11 mAf and [L-Trpllih = 0. 67 ulM; () [BSARS = 0.10 mAM and [e-
Trold = 2.5 zM; (©) [BSARS — 0.10 mM and [r-Trpldid = 6.7 M. Best fitting theoretical pairs
of curv&e (dotted lines) obtained using Kasa = 0.29, Kr,, — 0.89, vgsa = 103 vg, = 5055, and the
initial concentrations of BSA and L-Trip.

TABLE 1
BEST FITTING Ko AND K; VALUES
Best ﬁtting K[ and Keumplex obtained with Kgsa = 0.29, KTm = 0.89, VBsSA = 103 and Yop — 5055.

Initial eoncentrations

[BSA] [-Trp] Keomptex K- 10~ Ky-10-¢
(mM) (M) (fmal™Y (I mal~%)
0.11 0.67 0.63 5.2 6.8
0.10 25 0.62 50 6.6
0.10 6.7 0.66 6.4 8.8

Mean: 0.64 + 0.02 Mean:74 = 1.0
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TABLE

ASSOCIATION CONSTANTS (X..) FOR THE INTERACTION BETWEEN BSA AND L-ITRP
OBTAINED WITH VARIOUS METHODS

As the binding is pH dependent® the pH of the buffers used are given.

Koo 1074 pH Temperature Method Refererce
(! mcl~t) (°C)
7.4 7.0 21 CCD This work
1.1 7.4 20 Dialysis rate 10
1.4 74 22 Equilibrium dialysis 8
21 795 24 Equilibrium dialysis 9
23 7.4 290 Ultrafiltration 12
19.1 9.0 25 Gel filtration 7

that the overall association constant obtained with the CCD technique was higher
than those determined with other methods. Another reason for the disparity probably
lies in the assumption that BSA behaves like a homogencous substance. Naturally,
it should be possible to interpret the results in terms of interactions between two or
more forms of BSA and L-Trp, but the number of unknowns would increase, making
the computations much more difficult 2nd unreliable.

This test case has shown clearly that (1) the interaction patterns actually follow
the described model, (2) the computations yield unequivocal and reproducible resulis
and (3) the overall association coastant obtained agrees well with association con-
stants obtained with other methods. In other words, the CCD technique is applicable
to the study of molecular interactions.

Although the method has been developed primarily for the study of protein—
protein interactions, for which other methods, e.g., gel filtration and equilibrium
dialysis, are not useful, it should have a very wide ficld of application.
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