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Summary 

An equilibrium method for determining macromolecular association by 
gel permeation is described. A thermodynamic description of the simplest 
case, dimerization, is presented in terms of the equilibrium constant for 
association, and equilibrium partition coefficients for species present. 
The theoretical analysis yields an equation relating the equivalents of 
monomer in the external phase to total equivalents, from which the 
equilibrium constant for association may be obtained. 

Those parameters critical in experimental design. gel swelling time, 
and centrifugal collapse point are determined for Sephadex gels of 
porosity G-25 to G-200. 

Application of the method to human hemoglobin gives a value of 
KL= 5 X 10." for dissociation of oxyhemoglobin at pH 7.0 in 0.1 M 
buffer. 

INTRODUCTION 

A common feature of many biopolymers, such as  enzymes or 
other protein molecules, is the presence of quaternary structure, i.e., 

* Presented at  the ACS Symposium on Gel Permeation Chromatography spon- 
sored by the Division of Petroleum Chemistry a t  the 159th National Meeting 
of the American Chemical Society, Houston, Texas, February, 1970. 
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21 8 CAMERON, SKLAR, GREENFIELD, AND ADLER 

the native molecule is an assembly of subunits. The hemoglobin 
molecule is a classic example, consisting of a tetramer formed from 
two pairs of similar polypeptide chains ( 1 ) .  Xumerous o:her enzymes 
have been shown to be n-mers of identical or closely similar units (2) .  

It is also well established in many cases that the molecule is in 
rapid association-dissociation equilibrium ( 3 )  , and that this dynamic 
subunit structure may be of utmost importance in an analysis of re- 
activity and structure ( 4 ) .  Hence, measurement of this equilibrium 
is of basic importance. 

Similar equilibria are also encountered in nonbiological systrms ; 
thus considerations presented here are of general application. 

The simplest case to consider is that of a monomer-dimer equilibrium 
in which rates of association and dissociation are rapid with respect 
to the technique used for measurement. 

R 
2 M e D  

where K = [D]/[MI2. 

[M]  + [D] = C (total concentration) ; then 
Let x be the fraction monomer, x = [M]/(  [M] + [D])  where 

1 - X  KC = __ 
X2 

and a plot of f ( x )  vs. C may be analyzed to obtain the value of K .  
It is possible to obtain x experimentally, since it is a direct function of 
apparent molecular weight. Such considerations have been applied by 
several investigators to the analysis of ultracentrifugation of associat- 
ing molecular systems (5-7). 

It is well established that gel permeation, or molecular sieve, chro- 
matography can also determine an apparent molecular weight (8). 
Application of this experimental method to associating systems has 
also been analyzed, especially in a series of papers by Ackers and CO- 

workers (9). Analysis of the chromatographic system is difficult how- 
ever, since it is a transport phenomenon, and a suitable theoretical 
model must be chosen. Also, there is a concentration profile within 
the column, and the relationship of elution volume to initial concen- 
tration is complex. 

An alternate method to employ gel permeation materials is in an 
equilibrium system (10). All relevant concentrations are now well 
defined and experimentally accessible. Dry gel is added to the solution 
containing the macromolecule and, as the gel takes up solvent, the 
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ANALYSIS OF MACROMOLECULAR ASSOCIATION 21 9 

macromolecular species are distributed between internal and external 
solvent spaces. The gel volume penetrated is a function of the mo- 
lecular weight of the solute bpecies. Measurement of concentration 
in the supernatant (external phase) and knowledge of the initial total 
amount allows the internal available volume to  be calculated. 

THEORY 

Consider again the simplest case as described above, a monomer- 
dimer equilibrium under conditions of gel permeation equilibrium 
partition. 

The system is essentially: 

Volume V ,  
(External phase) I 

K .  
2M='U 

Volume Vp 
(Internal phase) 

AD' 
I), F+ 1)s 

where the external phase (a) has volume V ,  and the internal phase 
( p )  volume Vg. 

The relevant equilibrium constants are defined in terms of amounts 
of the various species as  

I I 

Defining N as equivalents of rnoiiomer, N o  total equivalents; then: 

No = Nu + N.5 = M u  + 2D, + MO + 2Db (2) 
Substituting for MO and Do from Eqs. ( lb )  and ( l c ) ,  and defining 

then 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
3
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



220 CAMERON, SKLAR, GREENFIELD, AND ADLER 

Combining Eqs. ( l a )  and (4) and rearranging 

The solution of the quadratic yields, after rearrangement 

The positive sign of the radical is chosen since M, must be > O .  
Now defining 

D = p / 6  
K = Vu/2K,  

and substituting into Eq. (6) 

Consider now the external phase a, on which experimental measure- 

(9) 

ments are made: 

Nu = M, + 2Du 
From Eq. (la) and the definition of K in Eq. (7b) 

Combining Eqs. ( 8 )  and (10) and simplifying 

This final equation relates No, equivalents in the external phase a t  
equilibrium, to the total equivalents added, No.  That this expression 
correctly describes the physical situation can be shown by examining 
the behavior of this function under specific limiting conditions. 

For example, from Eqs. (7b) and (11) 

This is as expected, since for K, = 03 all material is present as the 
dimer, and hence N ,  is related to N o  only by the distribution param- 
eter 8 ,  referring to this species. 

Similarly 
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ANALYSIS OF MACROMOLECULAR ASSOCIATION 22 1 

This limit is indeterminate and must be evaluated by L’Hospital’s 
rule. Taking part of the right-hand side of Eq. (11) and substituting 
for K from Eq. (7b) 

KD - 

- 2No lim (LHS) = - 
Ks-+O cc 

Combining Eqs. (7a) ,  (11 ) , and (14) 

This expression relates N a  to N o  only by the distribution parameter, 
p ,  for the monomer and agrees with the physical situation since for 
K ,  = 0 all material is present as the monomer. 

It is apparent that  the equilibrium constant K ,  may be calculated 
from the variation of N,/No with No.  All other quantities in Eq. (11) 
may be obtained independently; for example, Va may be measured 
by using as a marker a high MW molecule which cannot penetrate the 
gel matrix, ( V ,  + V,) is the total initial volume, and Vp may be ob- 
tained by difference. Some investigators have equilibrated the macro- 
molecular solution against preswollen gel (11, 12). I n  this case (V ,  + 
V,) may be measured using a low MW completely penetrant small 
molecule. The values of K~ and K , )  may be obtained from the dis- 
tribution a t  low and high total concentration, respectively, provided 
that those regions may be reached a t  which essentially pure monomeric 

* Left-hand side. 
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222 CAMERON, SKLAR, GREENFIELD, AND ADLER 

or dimeric species exist; alternatively they may be obtained by 
analysis of the experimental plot. 

Note that, from Eq. ( l l ) ,  the limit approached by N, /No  as N o  ap- 
proaches either 0 or CO is indeterminate. Again, application of 
L’Hospital’s rule is essential. 

= lim [ d--7F] -(D - 1)K (16) 
6 (KD)’+ - 

and therefore 

and 

1 D - 1  
No-0 6D 

Combining Eqs. (7a) and (17b) and simplifying 

No-rO 6lu cc 
lim [%I=:-- 1 l u - 6 = -  1 

An example is given in Fig. 1 of a calculated curve for a system 
with an association constant K O  of 1 P  for both monomer and dimer 
penetrant. 

This thermodynamic analysis of the equilibrium gel permeation 
system does not require a postulate as to mechanism of the interaction 
of the gel with the associating macromolecular system (restricted pene- 
tration, adsorption, partition, etc.). The form of the equations is 
similar to those derived for analysis of potentiometric or colligative 
property data (13, 14) with the gel acting as a ligand. The only re- 
quirement for variation of N ,  with No is that K M  and K” differ; these 
may represent distribution coefficients, binding constants, or some 
multiplicative combination of individual constants. 

EXPERIMENTAL 

Examination of the basic equation, Eq. (11) , relating N,/iV, to N o  
indicates that  for cxperiniental discriinination in evaluating k’, 
several conditions must bc optimized. First, K M  and K~ must differ 
significantly [ i f  K M  = K D ,  then, from Eqs. (3a) ,  (3b),  and (7a) ,  
D =I 1, and N , / N ,  is not a function of K,].  This implies choosing a 
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CONCENTRATION 
FIG. 1.  Variation of ec1uilit)riurn distribution with total concentration of 
a monomer-dimer system, theoretical curve. In  analogy to gel permeation 
chromatography, the quantit,y K ,  is plotted rather than N J N ,  where K ,  = 

[ I  - (NoVa/NaV#)] .  Thus K ,  varies from 1 for a completely excluded niole- 
cule to 0 for a corripletely penet>rarit molecule. Iii the symbolism usual for 
Sephades chromatography (16), K ,  = (1 - “KO”), where “ K D ”  = V , / V s ;  
V ,  is defined RS that fract.ioii of the gel voluine Vo which is penetrated by the 
molecular species considered. Thus l T p [ N ~ ]  = NO or V p N , / V ,  = I V ~  arid 
V r  = NpV, /N, .  Also, t,he variables K M  and k’u are relat,ed to those in 
Sephadex chromabgraphy; KM = M , / ( M ,  + M p i  = l / p  arid siinilarly 

K, = 1/6. 

type of gel permeation material with suitable exclusion limits based 
on molecular weights of monomer ant1 dimer. 

The ratio of V ,  to I/, should preferably be sinall (as V,y becomes 
large, T, ’ f i /T i toLi , l  approaches 1 and IV, approaches lYoj.  If the amount 
of material is limiting, total voluniea must be small. 

For aqueous systems, the gel permeation inaterials available swell 
in the solvent. It is critical that  eomp1et.e swelling occur before meas- 
urements are made. An appreciable proportion of the volume V ,  is 
within t.he swollen gel but external to  the gel grains, aiid i t  may be- 
come necessary to use suction or pressure to recover sufficient. super- 
natant for measurcmerit. If this is tlie case, tlie meclianical properties 
of the gel must be considered in experimental design, since those grades 
with higher exclusion limits are soft, and may collapse under pressure, 
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224 CAMERON, SKLAR, GREENFIELD, AND ADLER 

giving false low values for the internal volume. The collapse point 
may be as low as 309; this feature has been ignored in some published 
studies of equilibrium swelling (16). 

Materials and Methods 

Gel filtration materials used were the Sephadex series of dextran 
gels of porosity grades from G-25 to G-200 (MW exclusion limit for 
proteins of 5,000 and 800,000 respectively). Both powder and bead 
polymerized Sephadex were used without significant differences. 

Blue Dextran 2000, an artificially colored high MW dextran, was 
procured from Pharmacia Fine Chemicals. 

Gel swelling was carried out in 50 ml capped flasks in a cold room 
with continual agitation on an Eberbach reciprocating shaker. 

Centrifugal filtration was done a t  5°C in an International PR-2 
refrigerated centrifuge, using the Millipore Filterfuge tube and 5 p 

pore diameter Millipore filters. 
Spectrophotometric analysis of the supernatant was on a Zeiss 

PMQ-I1 spectrophotometer at  620 nm, the absorption maximum of 
Blue Dextran 2000. Measurement for hemoglobin was a t  540 nm, the 
maximum of cyanoferrihemoglobin. 

Hemoglobin was prepared from human blood by standard methods 
(17) .  

Swelling Time Experiments 

A weighed amount of Sephadex, 500 mg, was added to a 10-20-ml 
aliquot of 0.05% Blue Dextran in 0.1 M XaC1 (volume depending on 
gel porosity), and allowed to swell for varying times at 5" with 
shaking. The supernatant was collected by gravity filtration. Re- 
covery was low but enough for analysis; centrifugal or pressure filtra- 
tion was not used for initial experiments. After gel collapse points 
were determined (see below) , time-of-swelling experiments were re- 
peated using centrifugal filtration a t  appropriate speeds, with experi- 
mentally indistinguishable results. 

Results are summarized on Fig. 2. As swelling proceeds, the com- 
pletely nonpenetrant Blue Dextran is more concentrated in the external 
volume until a plateau is reached a t  complete swelling. The time re- 
quired ranges from 1 hr for G-25 to 48 hr for G-200 (at  5" with 
shaking). 
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Gel Collapse Experiments 

A weighed amount of Sephadex was added to  an aliquot of Blue 
Dextran and allowed to swell to equilibrium (see above). The super- 
natant was collected by centrifugal filtration a t  various speeds. I n  
this case, the gel collapse point is determined by that force a t  which 
relative dilution of the supernatant occurs due to expression of solvent 
from the swollen gel matrix. 

Results are shown in Fig. 3. Gel collapse points range from greater 
than lOOOg for G-25 to  approximately 309 for G-200. 

Macromolecular Dissociation 

A series of experiments was carried out on a hernoglobin model 
system to evaluate the utility of the gel filtration equilibrium technique 
in analysis of protein dissociation. 

Human oxyhemoglobin, a t  concentrations between 5 x lO-?  and 
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G-25 
I I 1 I I 

\G-50 

5 X le3 M in heme iron, was equilibrated in 0.1 M Na-phosphate 
buffer p H  7.0 with dry Sephadex powder. The gel was allowed to swell 
for 48 hr  a t  5" with shaking, and an aliquot of the supernatant, V,, 
was collected by centrifugal filtration a t  a force just below the gel 
collapse point. 

The results are shown in Fig. 4. For a Sephadex grade which ex- 
cludes the protein, there is no variation of distribution with total 
concentration. However, on G-200 which allows hernoglobin (MW 
67,000) to  penetrate, the distribution coefficient KD (defined in the 
legend to Fig. 1 )  falls with dilution. Theoretically, a t  complete 
protein dissociation, K p  should reach another plateau characteristic 
of the distribution of the half-molecule; in the experiments shown 
this level of dilution was not reached. 

The dissociation constant for human hernoglobin, conventionally 
expressed as 

K: 
(Y~/&F= Zap; KL = 5 X 10-6 M 

may be obtained from Fig. 4. 
Lacking data for low concentrations, this value is subject to an un- 

certainty of about *50%. I t  agrees well with estimates of this equi- 
librium constant obtained by restricted diffusion (9), molecular sieve 
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I G-50 A x x RATIO 
0- RATIO 

G - 2 T T  

G-50 x x  X x K  

DILUTION 

FIG. 4. Equilibrium gel partition on Sq)hades G-50 srid G-200 of 
hrirnan osyhrrnoglohin, stock solution 5 X W 3  M in heme iron. The 
qunnt,ity K is identical to K p  as d(,finrd in the legend to Fig. 1, RATIO 
is the 0.  D. ratio defined in the legend to Fig. 2 under the specific ex- 

pe'rinit~ntal renditions employed. 

chromatography (IS), osmotic pressure (3) , or ultracentrifugation 
(19). 

Acknowledgments 

This research was supported in part by Grant #66l from the 
Council for Tobacco Kesearch--C. S. A. and by Project E-364 of 
the Connrcticut Heart Association. One of us (BFC) held an Ad- 
vanced Research Fellowship from the American Heart Association 
and is presently an Investigator of the Howard Hughes Medical In- 
stitute; another. ( IS)  was a National Science Foundation Summer 
Student Fellow a t  the New England Institute. 

We wish to thank the Blood Bank, Divisioii of Laboratories, 
Danbury IIospital, Danbury, Conn., for the human blood used in 
the dissociation experiments. 

Special thanks are due to Miss Joy Judell, who aided in com- 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
3
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



228 CAMERON, SKLAR, GREENFIELD, AND ADLER 

puter programming, and Mrs. Yolanda Capo, who struggled with 
unfamiliar mathematical notation in preparation of this rnanu- 
script for publication. 

REFERENCES 

1 .  W. A. Schroeder, Progr. Clrem. Org. Nat. Prod., 17, 321 (1959). 
2. I€. Gutfreund and J. R. Knowles, Essays Biochem., 3, 25 (1967). 
3. G .  Guidotti, J. Riol. Chem., 252, 3673 (1967). 
4. I). E. Koshland, G. Semethy. and D. Filmier, Biochemistry, 5, 365 (1966). 
5. G. A. Gilbert, Proc. Roy. Soc. (London), 250A, 377 (1959). 
6. E. T. Adams, Jr., Biochemistry, 6, 1864 (1967). 
7. D. E. Roark and D. A. Yphantis, Ann.  N .  Y .  Acad. Sci., 164, 245 (1969). 
8. J.  R. Whitaker, Anal. Chem., 35, 1950 (1963). 
9. G. K. Ackers and T. E. Thompson, Proc. Nat.  h a d .  Sci., U .  S., 53, 342 (1965). 
10. G. X. Ackers, Biochemistry, 3, 723 (1964). 
11. M. J. Stone and H.  Metzger, J .  Biol. Chem., 243, 5049 (1968). 
12. I<. H. Altgelt and J. C. Moore, in Polymer Praclionation (M. J. R. Cantow, 

13. A. D. Adler, Dissertation, University of Pennsylvania, 1960. 
14. A.  D. Adler, J. A. O’Malley, and A .  J. Herr, Jr., J. Phys. Chem., 71, 2896 

15. P. Flodin, Dissertation, AI3 Pharniacia, Uppsala, 1962. 
16. 1. Vavruch, Kolloid-2. 2. Polym. 227, 47 (1968). 
17. B. F. Cameron and P. George, Biochim. Biophys. Acta, 194, 16 (1969). 
18. E. Chiancone, L. M. Gilbert, G .  A .  Gilbert, and G. L. Kellett, J. Biol. Chem., 

19. M. Perutz, J. Mol. Biol., 13, 646 (1965). 

ed.), Academic, New York, 1967. 

(1967). 

243, 1212 (1968). 

Received by editor M a y  18, 1970 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
3
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1


