
PROTE@&PRQTEIN ENiRACTiONS STUDIED BY CQUNTER-CURRENT 
DISTRIBUTION 

il. TEST OF THE THEORETKAL MODEL USING BOVINE SERUM 
ALBUMIN AN-D L-TRYPTOPHAN 

SUMMARY 

~ePiellknoHn~ztionof~-tryptophulwithbovine~erum albumin has 
been studied using counter-curre nt distribution in an aqueous-aqueous biphasic 
system- Analysis of the countercurrent 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 resuhs in order both to detect and to quantify a 
phursibIe interaction between wo substances is described. 

lNTRODUCTKON 

Both single-step partitions’-2 and countercurrent distribution (CCDp4 in 
aqueous-aqueous biphasic systems have been used successfuhy for the study of 
interactions between di&rent proteins. Theoretical models were therefore developed 
for the description of the CCD behaviour of interacting systems of the rype A i B 
z$ ABs_ The theoretical modeIs can ako describe singie-step partitions, as in practice 
theseareaspecialcaseofCCD. 

In this paper, the intention is to e xamine and demonstrate the experimental 
capabilities of the CCD technique (and single-step partitions) for the study of 
interactions between two ditkent mokcuks_ 

Analysis of the CCD patterns of a well known interacting system would reveal 
if the theoretical models developed are plausible. For this purpose, bovine serum 
albumin (BSA) and L-tryptophan (L-T@ 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- 
to-one molar basisbL3. 

A general procedure for the analysis of experimental CCD resuks to obtain 
partition coe&cients (or ratios) of distributed substances, and for detecting and 
quanti@ing a conceivable interaction, is ako described. 
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All chemicals were of analytical-reagent grade, unless specihed otherwise. 
Fatty acid-free bovine serum albumin, fraction V, was obtained from Miles 

Labs. (Slough, Great Britain), and L-tryptophan and L-[G-3H]tryptopban from 
Sigma (St Louis, MO,-U.S.A.) and The Radiochemical Centre @me&am, Great 
Britain), respectively. Picoflou?” was obtained from Packard Jnstruments (Rand- 
hagen, Sweden)_ 

The polymers used for making the aqueousxqueous bipbasic system were 
Dextran T500 with Iw, = 5- I@ (Pharmacia, Uppsala, Sweden) and poly(ethylene 
glycol) (I?EG) with M, = 6OClO (U nion 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/lcg of potassium phosphate buffer @H 7.0). CCD with 
23 transfers was carried out in the thin-layer CCD machine described by Alberts- 
sonr4. Each chamber contained 0.74 ml of both upper and lower phase. At the 
begintig of each experiment chamber zero contained these two phases and BSA 
and/or L-Trp. The shaking time after each transfer was 30 set and the time allowed 
for separation between successive transfers was 5 min. All CCD experiments were 
carried out at 21 f 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 aaalysed. 

The concentration of BSA was determined by measuring the absorbance at 
280 mu, using a molar absorptivity of 4.4. lo4 1 m01-%m-~ Is. The concentration 
of L-Trp was determined by measuring the absorbance at 280 nm using a molar 
absorptivity of 5.01-W 1 mol-r cm-r when L-Trp was distributed separately. 

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

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

If a homogeneous substance, S,, is distributed by CCD, the fraction of 
material, Sl,,,, and the total concentration, [&IL*“, 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. 

(2) 

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

G, + (3) 
I 



where $. and S1 are the fraction of S material in the upper and lower phase_ 
respectively. 

The prtitim coeiEcient, &, &tied as the ratio between the cmcentitions 
of the sumce in the upper and lowet phase, and the partition ratio are related by 

in which V, and Vr are the volumes of the upper and lower phase, respectively. 
Ail subsequent equations have been derived for the case when the volume of 

the upper phase equals that of the lower phase, i.e., 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 
’ ifl,sislc.e 

or by minkking 

where [‘S&$ and [S,]s are the experimental and calculated (accordiug to eqn. 2) 
concentrations of S, in the ith chamber, respectively. 

Eamuration of several CCD cues showed that in areas form the peak f - 

maximum all experimental curves diEered frcm the model (eqn_ 2)_ This discrepancy 
was interpreted as beiig due to both imperfections in the model and to low precision 
of the concentration measurements in these areas. To compensate for this non-ideal 
‘behaviour a weighted least-squares criterion was used, with the weights defined by 

0 
CO c.l = ps f 1 (3 

in which [S&z is the highest experimentally observed concentration of S,. Hence, 
the weights have values from cu. 1 far from a peak maximum to 2 at the peak 

If eqn. 2 is approximated by Laplace’s formuW’, defined as 

then non-linear regression analysis can be used to find the best Wting parameters, 
& and [S&Y& i.e., to minimi7e eqn_ 6. 

For 1:l interacting systems, pairs of theoretical CCD curves can then be 
cakuIated according to the models descriis by using the known initial coucentra- 
tions and the partition coeEcients of both components, and assi_egig values to the 
partition coefficient of the complex, &_nl_ and to the association constant in the 
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lower phase, Kr. By comparing such theoretical pairs of curves with experimental 
ones, the best fitting iX&,Plcr and Kr can be obtained. 

As the concentrations of the two components may differ signikantiy in 
magnitude, summation of the ordinary kast-squares criterion (eqn. 9) was found to 
be inadequate. 

where [S&T is the total cOnSentration in the &h chamber ckulated according to 
model 1’. Therefore, the criterion was transformed to a normalized form : 

The distribution factors, v, and v2, i.e., the inverted values of the relative errors, were 
included to correlate the separate CCD behaviour of both components; vL and v2 are 
calculated from the minimum of eqn. 6 using 

1 G -= 
VZ .5 P&i 

c= 1,2 (ID 

l=O 

Hence, the more id4 the distribution behaviour the higher is the value of v, and if 
both components behave equally ideally (or non-ideally) their distribution factors 
will be 

Kr and Kcamplcr are obtained by minimizing eqn. 

or other methods, neither the association constant the lower 
in the upper is adequate. A is the overall 

by 

where of each component in 
any By the same as befores, 

be derived in terms the individual 

wherep= VJ(V,+ Va and q= V,(Vi f V& If the volume of the upper phase 
quds that of the Iower Fhase, eqn. 13 becomes 
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RZWL-iSANDDESCUSSION 

IQ this test case it was assumed that neither BSA nor L-Trp polymerizes, that 
no 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 L-Trp occuring in a biphasic system can be described CompIeteIy by 

Ku 
BSA, + I.-Trp, __L BSA-Ttp, 

J~KBSA drKTm .p&i*ler 
BSAl + L-Trp, ‘K BSA-Trp, 

I 

where the subscripts u and 1 refer to the upper and lower phase, respectively. 
To compute K, (or K, and KccmpleI it is necessary fist to determine KBsA and 

K -rrP. The partition coefficients of the individual components can be obtained from 
the separate CCDs of BSA and L-Trp by means of eqn. 5 or, preferably, by non-linear 
regression analysis. 

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

3.0, 

1.0, 

I-.--* 
0 5 re 15 20 25 30 

chamber number 

Fig.Z.CCD of ~-3-i-p separateIy. K,, = 0.89 was determined by non-linear regression analysis. 
Bestfittingtheoretical curve (dotted line)cakulatiaccosdingtoeqn.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 amounts of dimers and polymers of albuminL7*1g. 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. HoweveF, if the experimental conditions are 
chosen such that the initial concentration of BSA is well in excess of the initial 
concentration of L-T@ when they are distributed together, the change in the CCD 
curve of BSA due to interaction with L-T- should be negligible5. Therefore, in order 
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Fii_ 3. CCD of BSA scpamtefy. Best fitting tfieoreticai awe (dotted line) c&x&ted acaxdii to 
eqn. 2 with I&r = 029. 

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 t-Trp should give an exceedingly small contribution to t&e absorbance 
at 280 run_ 

Thus, from CCDs of BSA separateIy a best fitting partition coefficient, KBsA, 
of 0.29 was obtained. The distribution factors, vssA and vrtp, were cakulated to 
be 103 and 5055, respectively. Fig. 4 shows experimental curves when BSA and L-Trp 
are distributed together. As the initial concentration of L-TV was increased while 
that of 3SA was heId constant and well in excess, the distribution of ~Trp became 
increasingly distorted and retarded. 

Under the assumptions made, the distortion of the distribution behaviour of 
the component in deficit is sticient evidence of an interactions. However, if the 
initial concentrations are of the same magnitude an interaction would be indicated 
by a mutual itiuence of the CCD behaviours of both components_ 

G and Lolex were computed from the known initial concentrations of 
BSA and L-Trp using eqn. IO, and the separately determined partition coe&ients 
and distribution factors. The resulting best matching theoretical pairs of curves are 
also shown in Fig. 4. The results are s %zed in Table I. The computations 
yielded unequivocal values of both the association constant in the iower phase 
and of the partition coefficient of the complex. Hence, the described model 6%~ the 
experimental results very well, 

Undoubtedly, the presence of high concentrations of polymers in the phase 
system aiters the soivation properties of the solvent. Owing to the excluded volume 
effect in polymer solution+~*, the effective concentrations of added macromolecules, 
Le., BSA and BSA-Trp complex, can be expected to be higher than the calculated 
values. On the other hand, a 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 II, it was not surprising 
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Fig. 4. CCD of BSA (0) and ~-Tip ( x ) together. Initial concenhztions of BSA and L-Trp were 
as follows: (a) MA]:& = 0.11 mM and [~-Trp]>z = 0.67pM, (I$ ~SA~P, = 0.10 miW and h- 
Tct]“’ - 2.5 pM; (c) mAe$ = 0.10 m&f and [L-Tr-pE:; = _ =Lp - 6.7&K_ Best fitting theoretical pairs 
ofcwes(dottedlines) ~btained&giC,, = 0_29,K,, =0X9_ vBu = 103 V, = MSS.andthe 
initial a~ncentrations of BSA and L-Trp. 

TABLE I 

BEST FITTING hl;omp,e. AND & VALUES 
&st fitting & ad &molcl obtained with i&s* = 0.29, K-m = 0.89, VBSA = 103 aad +p = 5O55- 

Initid wncentratiom 

TBSAJ K,- Io-4 Kf IO-’ 

(Qfw (1 ItWl-1) (1 nwl-1) 

0.11 0.67 0.63 5.2 6.8 

0.10 0.62 0.10 2; 0.66 ii:: iti:: 
Mean: 0.64 f 0.02 Mean; 7.4 jl 1.0 
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IL,,- ICP 
(1 mot-~) 

7-4 1.1 
1.4 
21 
23 

19.1 

PK 22mperaZ~e Merkod Referme 
(“Cl 

7.0 21 w-Q=k 7.4 20 Di&sk sate F 
7.4 22 Eq&b&m dialysis 8 
7.95 24 EqlJuxiumdkIysis 9 
7.4 20 Ultnfiitratio~ 12 

9.0 25 Gel liitraion 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 behtaves like a homogeneous substance. Naturally, 
it shouid be possible to interpret the results in terms of interactions between two or 

more forms of BSA and L-Trp, but the number of nnknowns would increase, making 
the computations much more difficuk ad unreliab!e_ 

This test case has shown clearIy that (1) the interaction patterns actually follow 
the dtibed model, (2) the computations yieId unequivoczl and reproducible results 
and (3) the overall association constant obtained agrees well with association con- 
stants obtained with other methods. In other words, the CCD technique is applicable 
to the study of molecu!ar interactions_ 

Aitbougb the method has been developed primarily for t&e study of protein- 
protein interactions, for which other methods, e.g., gel filtration and equilibrium 
dialysis, are not uxful, it should have a very wide field of application. 
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