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Two related aspects are explored of the frontai exclusion chromatography of proteins employing controlled-pore glass 
beads as the stationary phase. First, it is shown theoretically that, despite the absence of osmotic shrinkage effects previ- 
ously encountered with Sephadex matrices, the experimentally measurable partition coefficient of a single non-associating 
solute will be dependent on its concentraribn due to the difrering ratios of activity coefficients in mobile and stationary 
phases at different total concentrations_ The effect is demonstrated with results obtained using ovalbumin in phosphate 
buffer of pH 7-4, and is shown to be consistent (up to a solute concentration of 5 g/litre) with theoretical prediction for- 
mulated in terms of a single vkial coefficient. Secondly, it is shown for self-associating systems that it is possible to deter- 
mine the monomer concentration as a function of total concentration, provided the stationary phase is selected to ensure 
exclusion of all oligomeric species except monomer: the relation derived for this purpose accounts for the concentration- 
dependence of the partition coefficient of monomer, again as a first approximation involving one virial coefficient. Such 
information on the monomer concentration permits elucidation of the polymerization characteristics of the system in 
terms of the types of species present and the relevant equilibrium constants. The feasibility of the method, its iikely sources 
of error and the relative contribution of the non-ideality effect are investigated using bovine glutamate dehydrogenase (up 
to a total concentration of 5.4 g/litre) in phosphate buffer of pH 6.9. This system was selected since comparison was pos- 
siile with results obtained by other methods, which have established the enzyme polymerization pattern as an isodesmic 
indefinite self-association. The bodesmic equilibrium constant of 1.5 5 0.3 litre/g found in this work is in reasonable agree- 
ment with previous findings. 

I_ Introduction 

The use of gel permeation (exclusion) chromato- 
graphy for the study of protein systems comprising 
monomer in equilibrium with a single higher polymer 
h& been studied extensively [ 14] , but its use for 
systems involving several polymeric forms has re- 
ceived far less attention. Two procedures [4,5] have 
been suggested for the analysis of results obtained 
with such systems, but each requires the assignment 
of the elution volumes (or partition coefficients) of 

all polymeric species present in the equilibrium mix- 
ture_ The accuracy of any polymerization constants 

so determined thus relates directly to the reliability 
of the values assessed or assumed for these param- 
eters, a point exemplified in a previous experimental 
study [4] _ In this investigation, we consider the pos- 
sibility of selecting a stationary phase such that only 
monomer distriiutes between mobile and stationary 
phases; the chromatographic characteristics of all 

polymeric forms are thus not only defined unequiv- 
ocally but are also identical_ It is shown that the con- 



sequent simplification of the analysis leads to no loss 

ii; generality of its application to the elucidation of 
a diverse range of self-associating systems. 

This elucidation requires, for a given system, dis- 
tinction between several possible polymerization pat- 
terns and, in general, this is only possible if resuits 
have been obtained over a wide range of total sofute 
concentration. A? relatively high concentrations, OS- 
motic shrinkage of conv,sntional gel c~roma~o~r~~~~c 
media [6-S] complicates the quantitative analysis 
of association equilibria because neither the elution 
volumes of excluded polymers nor those of any par- 
titioning specie5 (monomer in the present context) 
can be regarded as invariant_ This problem of osmotic 
shrinkage may be overcome by choosing controiled- 
pore glass beads as the stationary phase, thereby guar- 
anteeing constancy of the volume of the mobile 
phase. The difficulty remains, however, that a pene- 
trating solute might still exhibit concentration-deperr- 
dent partition due to the~odyn~ic non-ideality. 
In this work, the latter point is explored theoreiical- 
iy and examined experimentGIy using ovalbumin as 
;f model non-associating solute. The findings are ex- 
tended to the consideration of a monomer (capable 
Of partition) in equilibtium with excluded polymers 
and rhe feasibility of characterizing such multiple as- 
sociation equilibria is illustrated with bovine liver 
glutamate dehydrogenase, an enzyme that undergoes 
indefinite self-association f9-II]_ 

2. Theory 

Consider the distribution of a solute, i, between 
mobile phase (y) and stationary phase (/3) in the SO- 
lute piateau region of a frontal exclusion chromato- 
graphy experiment. The condition of partition equi- 
librium is given in terms of chemical potential by eq. 
(I a), rearrangement of which yields eq. (I b). 

&+.lp =(~~)0+RTtna~=~~)o+RT3nn~, (la) 

&/czzT = exp{[f$)’ - (@*] JRT], 1 Ob) 

where ai is the thermodynamic activity of solute, i. 
Since the right hand side of eq_ (1 b) is a constant in- 

dependent of tote2 concentration at constant temper- 
ature, it f0Uows that: 

w#zere subscripts and II refer to two frontal experi- 
ments ccnducted pith different ?otal weight concen- 
trations of solute, cz_ In general, each activity coef- 
ficient Yi may be expressed [ 321 as: 

L”Yi - oiinzi t C’Y,??Z~ t-higher terms, @a) 

where m i denotes molal {assumed molar) ccmcentra- 
tions and afj and CQ~ are constants. In the y i;?lobjle) 
phase only physical interactions of i wiAth itself need 
be considered, whereupon eq. (Za) gives (ne@ecting 
the higher terms): 

WI 
Or;>, = exp C(o’iiflMi) (c&l, 

where 3fi is the molecular weight of solute i. In -he @ 
(stationary) phase, interactions with the matrix 0 as 
weU as self-interactions must be considered, where- 
upon the simitar~y truncated eq. (2a) gives: 

C$JI = exp f(~#$~l G$lI + o$~~>Ji 
@cl 

@In f exp &Y&$) (#jn + c@n$T&!.. 

With *Jle substitution [5], oi = c$/c~, combination of 
eq. (Ic), (2b) and (2~) gives: 

4 = 0: exp &ilMi) 

Derivation of eq. (33) assumes identity of the matrix 
concentrations (P.v~)~ and (??$&, which is reasonable 
for a matrix that is subject to no (or extremely fittfe) 
osmotic shrinkage. 

if r$ is now eqwted with 5:. the value of the par- 
tition coefficient at infinite dilution, it follows that 
the difference [<c~)~ - (c$)=j may be neglected, and 
eq. (3) then becomes: 

ai = 0: exp &3z&)c~f I - ui)). (4) 

Eq. (4) shows that no concentration dependence Of 
ui is predicted for the extreme uj values of zero (no 
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partition, i.e., total exdusion) and of unity (equal 
partition between phases). On the other hand, for all 
other values of oi concentration-dependent partition 
is predicted by eq. (4). This point is examined more 
fully later in relation to chromatographic results ob- 
tained with ovalbumin on a column of porous glass 
beads. From the experimental viewpoint it couId be 
noted that cri is identical with the commo~y used 
distribution coefficient parameter K, 1131, and 
hence, 

aim tKD)i = VW po)/(pt- po>, (5) 

where V denotes the ehrtion volume of species i from 
a cdumn with void volume V, and total accessible vol- 
ume V,. 

2.2. Self-associating systenzs 

Regardless of the nature of the polymerization pat- 
tern, a series of frontal chromatography experiments 
with different plateau concentrations p allows the 
determination of the concentration-dependence of 
the weight-average elution volume V;, and hence of 
the weight-average partition coefficient 0, _ The lat- 
ter quantity, which may be obtained experimentally 
via eq. (5), is defined by: 

where i = 1 denotes monomer, i I- 2 dimer, etc. Pro- 
vided that a stationary phase is chosen which excludes 
all polymers (i 3 2), it foliows that all oj (i + 1) are 
zero and hence that eq. (6a) simplifies to: 

G w = trI c;,v f (6b) 

where crI is the partition coefficient of monomer in 
an experiment with total solute concentration Fr. 
The limiting value uy may be obtained by extrapolat- 
ing the plot of o, versus Zv to infinite dilution; but 
an expression analogous to eq_ (4) is required to esti- 
mate crl at each 37 before use may be made of eq. 
(6bI. 

Formulation of the required expression is based 
on eq. (1) and (2a), which remain valid when written 
with i = 1; the resulting expressions refer to monomer, 
the only species capable of partition. In the mobile 
(y) phase only interactions between monomer and all 
other oligomer species need be considered, and hence 

from the truncated form of eq. @a) we may writer 

(7a) 

If the assumption is made that all ou/Mf = BIWI , eq. 
(?a) becomes that suggested by Adams and Fujita 1141 
and used extensively in relation to equilibrium sedi- 
mentation analysis_ With this simplification we may 
kite: 

(y;), = exp @IfI 2:); ey), = exp {BM, Cs>. (7b) 

For the stationary (/3) phase, eq. (2a) becomes: 

tin& = exP CBMlfcl:)z + Q?r$r)l], 
(7c) 

01; Iii = exp -Wf, (<III + 5j(7779u3, 

which is entirely analogous with eq. (2~). Combina- 
tion of eq. (lc), (7b)&and (7~) yields, in conjunction 
with the identities o, = 
(?rr?) = (ma) - 

cz’i’, {Z; - (c&~] = 0 arid 

J II’ 
o,‘=‘oT exp {3Ml(F7 - <)I. (83) 

On noting th?t 4 = o1 CT by definition and that it 
therefore equals u,F (from eq. (6b)), eq. (8a) may 
be rewritten as: 

t~~ = G: exp {E?M, Zy(l - rr,,)). 

which is consistent with eq. (4) as required_ 

@b) 

Four points may be made in relation to the assump- 
tion Inept = iBM1 F_ First, it has been shown to be 
strictly valid for association of highly charged species 
1151 and for end-to-end association of long cylinders 
[I 6 3 and of long rods f 12]_ Secondly, its use permits 
identification of the thermodynamic equilibrium con- 
stants defined as ratios of oligomeric activities with 
equivalent ratios expressed on a weight-concentration 
scale [ 14]_ Thirdly, calculations based on the associa- 
tion of uncharged spherical molecules, the most un- 
favourable case theoretically from the viewpoint of 
the approximation, have shown f12] that use of the 
Adams-Fujita approximation may still yield a reliable 
value of the thermodynamic equilibrium constant_ 
Fourthly, in exclusion chromatography the impor- 
tance of the 13iMI ~7 term as a correction for the oper- 
ation of non-ideality effects is counteracted to some 
extent (eq- (8b)) by the factor (I - CT~) which is nec- 
essarily less than unity. 
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Combination of eqs. (6b) and @b) yields an ex- 
pression for the concentration ofmonomer 3s a func- 
tion of total concentration which permits direct evalu- 
ation of CT from experimental (uw, z7) points, pro- 
vided that BMl may be estimated. Thus, 

CT = crw ?/ [crt exp @I%~ i?( I - u,)]] . (9 

The estimation of &Wl may proceed either empiricat- 
ly f 141 or by recalling that it may he equated (ap- 

proximately) with EYE 1 /Ml, where 

@,1/Jf,)= WI, +(~2/=-w~~ (10) 
and Ul I denotes the covolume of monomer, Z its va- 
lence and I the ionic strength of the medium f 123 _ 

The dete~ination of (cz. py) from measurements 

of (o,v. CT) is of value in establishing the polymeriza- 
tion pattern of the self-associating system. This may 
be exemplified by considering an isodesrnically self- 
associating system, pertinent to results to be present- 
ed later. For such an indefinitely associating system 
governed by 3 single equilib~um constant X (on a 
molar scale), it has been established that the tot31 
weight-concentration is related to monomer weight- 
concentration by the expression [ 171 

?y = c”;/{l - (Xc;f/nl,))2; (xc;&) < 1. Ula) 

This quadratic equ&ion may be solved uniquely for 
X, since only the smaller root is acceptable because 
of the requirement that (XcT/Afl) C: 3 _ Hence, 

x = (fWl c7 - Aft T)/? CT _ (1 lb) 

Clearly, eq. (1 lb) may be used to evaluate X from 
each of a series of (cl, i?) points: constancy of X 
over a range of Tr is the criterion for the validity of 
the isodesmic model. Similar closed solutions relating 
CT to ,? are available for other rypes of indetimite 
self-association [18,19] which may therefore also be 
examined in the same terms. Furthermore, the analy- 
sis may be applied to definite self-associations, where 
Er is also expressable as 3 polynomial in cz with 3 
finite number of terms. In the present context, an in- 
teresting example of such 3 system is a simple mo- 
nomer-dimer equilibrium, because it is also governed 
by a single equilibrium constant and (in exclusion 
chromatography) by two species elution volumes. For 
such a system it is readily shown that: 

023) 

x = M1 (F7 - c;)/2(cTi2 ) tI2b) 

where, as before, X is the association constant ex- 
pressed on a molar scale. Despite the qualitative sim- 
ilarities between the isodesmic and the two-state sys- 
tem, results to be presented for glutamate dehydro- 
genase serve to show that eqs. (I 1) and t.12) predict 
pronounced quantitative differences. Thus conversion 
of the isodesmic case to a two-elution-volume system 
by excluding all polymers from the stationary phase 
does uot revert the system to a compamble monomer- 
single higher polymer case. 

3. Experimental 

3.1. Studies of ovalbumin 

Ovalbumin (Grade V, crystallized, freezedried and 
salt-free) and bovine plasma fraction I were obtained 
from Sigma Chemical Co,, St. Louis, MO., the latter 
protein fraction being used as 3 source of fibrinogen, 
which was prepared by the method of Sturtevant et 
al. [20] _ Ovalbumin and fibrinogen samples were dis- 
solved in 0, I56 I phosphate-chloride buffer (O.OOS M 
Na2HP04-0.002 M NaH2POq-0.1 10 M KC&0.020 M 
NaCl), pH 7.4, and dialysed against the same medium 
prior to use. Concentrations of the dialysed solutions 
were determined spectrophotometrically at 280 nm 
on the basis of specific absorptivity (Ai !$,) of 6.6 
and 16.0 for ovalbumin 1211 and f%rinogen 1223 re- 
spectively. 

Solutions of ovalbumin (0.2-30 g/litre) were sub- 
jected to frontal gel chromatography [I] on a column 
(O-9 X 51 cm) of CPG-IO I20 A glass beads (Electro- 
Nucleonics, Inc., Fairfield, NJ.) which had been pre- 
treated with polyethylene glycol to minimize adsorp- 
tion effects [233 _ The cohnnn was equilibrated with 
the phosphate-chloride buffer, pH 7.4, at a ilow rate 
of 14.7 ml/h: the column eiuate was divided into 1.2 
ml fractions which were then diluted appropriately 
for spectrophotometric assay at 280 run, Bovine fi- 
brinogen was used to determine the void volume V,-, 

of the column (18.4 ml), the total acessible volume 
V, of which was taken as the elution volume of 
I$CrOd (26.6 mI)_ Elution volumes were converted 
to partition coefficients via eq. (5). 
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3.2, Studies of glutamate dehydrogenase 

L-glutamate dehydrogenase from bovine liver was 
obtained as a freeze-dried powder (type HI) from 
Sigma Chemical Co., and dissolved directly in 0.46 I 
phosphate buffer (0.13 M Na2HP04-0.07 M 
NaH-$Qe), pH 6.9, containing 10 mg/litre of sodium 
azide to prevent bacterial contamination. Before each 
experiment solutions were dialysed at 4°C for 16 h 
and subjected to membrane filtration (0.8 ~.rm pore 
size) immediately prior to exclusion chromatography 
on columns (0.9 X 62 cm) of CPG-10 170 B glass 
beads (batch mean pore diameter of IS.9 mn) which 
had also been pre-treated with polyethylene glycol. 
Two such columns, thermostatically maintained at 
25”C, were pre-equillbrated with degassed phosphate 
buffer, pH 6.9: the void volumes (determined with 
blue dextran) were 2 1.8 and 22.0 ml, and the corre- 
sponding total volumes (determined with K2Cr04) 
were 35.7 and 359 ml. Protein solution (- 30 ml) 
was applied to the column at 20 ml/h and approxi- 
mately 1 ml fractions were collected in tared tubes 
so A&at the precise volume of each fraction could be 
determined by weight: the buffer density was 1.025 
g/ml_ Concentrations of glutamate dehydrogenase 
were determined spectrophotometrically on suitably 
diluted (by weight) samples at 279 nm using a specif- 
ic absorptivity (Aism) of 9.7 [24] _ Elution volumes 
were again converted to partition coefficients via eq. 
(5). 

4. Results 

4.1. Exclusion chromatography of ovaibumin 

Results obtained from frontal gel chromatography 
of ovalbumin on CPG-10 120A equilibrated with 
0.156 I phosphate-chloride buffer, pH 7.4, are shown 
as the experimental points in fig. 1, which clearly es- 
tablish the existence of concentrarion-dependent par- 
tition. In order to compare these results with the be- 
haviour predicted by eq. (4) it is first necessary to 
evaluate I+& from eq. (10). The covolume Uii may 
be assigned a value of 500 litre/mole. 1253 and Mi = 
45 000. Comparison of the electrophoretic mobility 
cnder the present conditions with that in phosphate- 
free medium with identical pH and ionic strength 

0.55, I r I I I I 

Fig. I_ The concentration-dependence of the partition coef- 
ficient (ui) of ovalbumin found in 3 series of chromatography 
experiments performed with different plateau concentrations 
(CT, g/like) in phosphate buffer, 0.156 I, pH 7.4, 2S°C on a 
column (0.9 X 51 cm) of CPG-IO 120 A glass beads. Esperi- 
mental points and assessed error bars are &own, together 
with the theoretical curve calculated using eq. (4). 

yields a value of -16 for Z, the protein valence: this 
estimate is based on the valence of -14 for ovalbumin 
at this pH in phosphate-free buffer [25]_ The solid 
line drawn in fig. 1 has been constructed on the basis 
of eq. (4), a value of 1300 litre/mole for “ii (= Ujj + 
Z2/21) and a c$ of 0.353. In the concentration region 
0 < CT < 5 g/htre, this theoretical curve provides an 
entirely satisfactory description of the experimental 
results: thereafter, the theoretical curve lies above the 
experimental oi because of the neglect in eq. (4) of 
higher order virial terms [7]. From the experimental 
viewpoint the agreement between experimental re- 
sults and the +&eoretical predictions on the basis of 
the truncated eq. (4) in the range 0 < CT < 5 g/litre 
lends justification to use of the similarly truncated 
eq. (7) in analysis of results obtained with glutamate 
dehydrogenase Over a similar concentration range 
(0 <ST < 5.4 g/litre). 

4.2. Association of bovine liver glutamate 
dehydrogenase 

Glutamate dehydrogenase has been selected as a 
well-characterized model system with multiple asso- 
ciation equilibria because of the accumulated evidence 
that the monomer of this enzyme undergoes indefi- 
nite association characterized by an isodesmic associa- 



tion constant (X/M,) of 1.4-2.3 litre/g [9--l 1, and 
references cited therein] _ The value ofBMl for use 
in eq. (9) may be ca&zulated as 0.023 litrelmole from 
~q.(10)withM1=309000[11],U -5400litre/ 
mole and Z = -40. The covolume &I - 11 refers to a 
right cylindrical monomer with a length of 13.3 nm 
and a radius of 4.63 nm [26] ; the charge 2 has been 
calculated from the reported electrophoretic mobili- 
ty 1241 by the method of Abramson et al. (271. Cal- 
culation of the Stokes diameter of monomer either 
from the dimensions of the cylindrical model [26] 
or from MI and the monomeric sedimentation coef- 
ficient (s!& ,v ) of 3 1.4 S [28 ] yields a value of 12.0 
MI. On the’ basis of the relationship between transla- 
tional diffusion coefficients of polymers that is used 
to assess quasielastic light scattering measurements 
on glutamate dehydrogenase (fig. 1 of [lo]) the 
Stokes diameter of dimer is then 17.2 nm. A batch 
of porous glass beads with a specified mean pore di- 
ameter of 15.9 nm has therefore been used in order 
to meet the requirement of the theory that all po- 
lymeric species be excluded from the stationary phase. 

Fig. 2 shows normalized elution profiles obtained 
by applying glutamate dehydrogenase (30 ml) at con- 
centrations of 0.01 g/litre (I) and 1.62 g/litre (0) to 
a column of CPG-1.0 170B (O-9 X 62 cm) equilibrated 
with 0.46 I phosphate buffer, pH 6.9. First it is noted 
from the profiie obtained at the higher plateau con- 
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Fig. 2. Elution profiles obtained in the chromatography of 
bovine liver giutamate dehydrogenasr in phosphate buffer, 
0.46 I, pH 6.9 at 25°C on a column (0.9 X 62 cm) of CPG-10 
170 B glass beads. The plateau concentrations, c, were O-Or 
d/litre (I) and 1.62 g/litre (o)_ The ordinate refers to the ra- 
tio of the total concentration at any point to that in the pla- 
teau (FT)_ 

centration where comparable proportions of monomer 
coexist with higher polymers that the advancing front 
is sharper than its trailing counterpart, a characteristic 
feature of profiles for systems in rapid association 
equilrbrium [1,2] _ Secondly, because of the essen- 
tially symmetrical nature of the advancing boundary 
‘&e volume at which c = C7/2 has been used rourine- 
ly as a sufficiently accurate estimate of the weight- 
average elution volume VW: check calculations using 
the latter quantity have verified that no experimen- 
tally significant error has been introduced by this ap- 
proximation. Thirdly, the two profiles clearly demon- 
strare pronounced concentration-dependence of the 
elution volume, the variation being qualitatively in 
accordance with the existence of glutamate dehydro- 
genase as a series of polymers in rapid association 
equilibrium_ This qualitative inference is given quan- 
titative significance in table 1, which presents the 
weight-average partition coefficients (column 2) ob- 
tained from a series of frontal experiments with dif- 
ferent plateau concentrations i? (column 1). Extrap- 
olation of these results to infinite dilution yields a 
value of 0.56 f 0.04 for oy- Column 3 gives the con- 

Table 1 
The analysis of weiat-average partition coefficients of glu- 
tamate dehydrogenase 

Y 
=I 
@it+ 

CXIMI), lit=& 

iso- monomer- 
desmic dimer 

5.36 0.042 0.357 2.1 19.7 
4.07 0.067 0.446 1.5 9.1 
2.99 0.076 0.380 1.7 9.0 
1.62 0.141 0.395 1.3 3.9 
1.05 0.174 0.320 1.4 3.6 
0.845 0.199 0.296 1.4 3.1 
0.495 0.281 0.246 1.2 2.0 
0.414 0.282 0.207 I.4 2.4 
0.234 0.328 0.137 1.7 2.6 
0.177 0.421 0.133 1.0 1.3 
0.098 0.453 0.079 1.3 1.5 
0.049 0.474 0.041 1.9 2.2 
0.010 a) 0530 0.009s - - 

Average (and standard deviation) 1.5 * 0.3 5.0 * 5.3 

a) These data refer to the elution profde (I) shown in fig. 2, 
where approximately 95% of the plateau concentration is 
monomer, a proportion proh3ibiting reliable estimate of 
(Xlfi~l )- 
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centration of monomer CT calculated from each (a,,,, 
P) pair by means of eq. (9) with BM, taken as 0.023 
litre/mole. Estimation of cl has been completely in- 
dependent of the nature of the association equilibria, 
which may therefore be assessed from the dependence 
of ci upon .P_ Columns 4 and 5 present the analysis 
of each (CT, I?) pair in terms of an isodesmic inde- 
finite self-association (eq. (1 lb)) and a monomer- 
dimer system (eq. (12b)), respectively. 

Several points merit comment. (i) Description of 
the system as a monomer-dimer equilibrium is unac- 
ceptable because of the large and systematic variation 
in the calculated apparent association constant; but 
the results are consistent with the isodesmic model, 
the standard deviation amounting to an uncertainty 
of about I 7 kcal/mole in AGo_ The ability of the re- 
sults to distinguish between these two models is em- 
phasized in fig. 3, where the solid line presents the 
dependence of ov, upon F-r that is predicted for the 
isodesmic model from eq. (1 la), eq. (9) and the aver- 
age value of 1.5 litre/g for (X/Ml ): the broken line, 
calculated from eq. (12a) and eq. (9) is the corre- 
sponding curve for the monomerdimer case. Similar 
curves for the monomerdimer case based on differ- 
ent values of ~7 in the range reported also failed to 

OO 
I I 1 I I 
1 2 3 4 

S 
5 6 

(g/lit& 

Fig_ 3. The dependence of the weight-average partition coef- 
ficient (u,,,‘) of bovine liver $utamate dehydrogenase on total 
protein concentration (ET)_ (0) experimental points; solid 
curve was calculated using eqs. (lla) and (9) referring to an 
isodesmic indefmite self-association with values 0: = 056, 
(.X/iW~) = 1.5 litrelg and Bnl, = 0.023 litrefmole; broken curve 
was calculated using eqs. (9) and (12) for a monomer diner 
model using the same values of parameters, but with (X/M,) 
= 5 litre/g (table 1). 

describe satisfactorily the experimental results. In 
contrast, any deviations of the results from the theo- 
retical curve describing isodesmic association of glu- 
tamate dehydrogenase are clearly within experimen- 
tal error. (ii) Repetition of the calculations for the 
isodesmic case with BMI in eq. (9) set equal to zero 
leads to an essentially identical estimate of 1.4 + 0.3 
litre/g for (X/M, ), revealing that the result is relative- 

ly insensitive to non-ideality effects in the concenrra- 

tion range 0-S .&itre. In this connection it is noted 
that the value of 0.023 litre/mole used for BMI over- 
estimates the effect of thermodynamic non-ideality 

[29 J , since VI 1 represents an upper limit of the co- 
volume term (see fig. 1 of [26]). (iii) A potentially 
greater source of error in the present chromatographic 
procedure is the extrapolation required in the estima- 
tion of 0: (see fig_ 3). However, use of the extreme 
values of 0.52 and 0.60 for oy yielded isodesmic as- 
sociation constants of 1.2 f 0.3 litre/g and 1.8 ? 0.4 
litrejg, respectively: clearly, the value of 1.5 rt 0.3 
litre/g reported in table 1 encompasses these values. 
(iv) The magnitude of (X/M,) is in very good agree- 
ment with the Literature reports of 1.4 litre/g [IO] , 
1.7 litre/g [29], 2.0-2.1 litre/g [26,28] and 2.25 
litre/g [l l] _ 

5. Discussion 

The basic point -.vhich emerges from this work is 
that the concentration of monomer in self-associating 
protein systems of any type may readily be evaluated 
as a function of total protein concentration from 
weight-average partition coefficients determined in 
frontal chromatography in which all polymers are ex- 
cluded from the stationary phase. This conclusion 
follows directly from eq. (6b) which predicts a simple 
linear relationship between weight-average partition 
coefficient and weight-fraction of monomer (cl/F-r) 
in the event that non-ideality effects are negligibie 
and hence, that the partition coefticient of monomer 
may be taken as a constant (a:). Even when first- 
order non-ideality effects require consideration, eq. 
(9) together with an assessment of the second virial 
coefficient (eq. (IO)) provides a pathway (illustrated 
in table 1) for the interpretation of chromatographic 
results in these terms. This type of information on the 
weight-fraction of monomer is basic to the thermo- 



dynamic characterization of self-association patterns 
[l&19,30] and is zvailable from other types of study; 
for example, from sedimentation equiliirhum where 
it emerges from analysis of derived weight-average 
molecular weights j18] or more directly from the 
recently developed Q(r) method [31] _ In this sense, 
‘&e present chromatographic procedure is complemen- 
tary to other established methods, and, in the elucida- 
tion of certain systems, may offer little advantage 
except in simplicity of experimental design. On ‘he 
other hand, situations have been encountered [32,33] 
where the ability to employ low plateau concentra- 
tions (D) and to monitor the elution profiie by en- 
zymic assay has proven essential to the detection of 
interactions governed by large association constants_ 
For such systems, the present chromatogr2phic ap- 
preach does offer advantage in quantitative charac- 
terization by a means which does not require assess- 
ment of the partition coefficients of individual poly- 
mers_ Moreover, with the elimination of osmotic 
shrinkage effects [3,8] by the use of glass beads as 
the stationary phase, the potential is offered of study- 
ing self-associating systems at relatively high total 
concentrations. In the latter instance, as exemplified 
by the results on ov2lbumin (fig_ 1) it would be nec- 
essary to utilize an expression accounting for non- 
ideality effects: in the absence of osmotic shrinkage 
effects, eq. (9) is certainly more appropriate for this 
purpose than the linear relation previously suggested 
[30], but even it may need to be expanded to include 
higher order virial coefficients [7] in the event that 
very high plateau concentrations 2re employed_ In 
this connection, the finding is encouraging that the 
Value of the isodesmic association constant for glu- 
tamate dehydrogenase found by the chromatographic 
method was relatively insensitive to the non-ideality 
correction, w_hich includes (eq. (9)) the factor (1 - 
ov,,)< 1. 

Finally, particular attention is drawn to the work 
of Chun et al. [30], which also discussed the inter- 
pretation of weight-average partition coefficients of 
glutamate dehydrogenase. These workers chose to 
employ a stationary phase (Sepharose 43) which en- 
sured that the partition coefficients of oligomeric 
species differed and, in contrast to the present study; 
did not in their initial analysis evaluate the weight- 
fraction of monomer from u, values. Instead, they 
utilized information on the self-association pattern 

derived from previous weight-average molecular weight 
studies, to examine possible models which empirical- 
ly might govern the relationship between the parti- 
tion coefficient of monomer 2nd other oi (i > 2). 
Their chromatogmphic studies were therefore expli- 
citly directed toward elucidation of poljrmer geome- 
try (linear indefinite association in this case) rather 
than toward elucidation of the type of self-associa- 
tion itself. It follows that, in the investigation of sys- 
tems of unknown polymerization pattern, two types 
of exclusion chromatography are sseful. First, choice 
of a stationary phase which allows partition of only 
monomer would permit thermodynamic characteriza- 
tion of the polymerization pattern, 2s established in the 
present study. Secondly, complementary investigation 
employing 2 stationary phase which ensures differences 
in the partition coefficients of most oligomeric species 
provides a basis for comment on polymer geometry 
in terms of assumed models 1303 _ 
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whom we express our gratitude_ 

References 

[l] D.3. Winzor and H.A. Scheraga, Biochemistry 2 (1963) 
1263. 

I21 G.K Ackers and T-E. Thompson, Proc. Nat. Acad. Sci. 
U.S.A. 53 (1965) 342. 

[3] D_3_ Winzor, 3-P. Loke and L-W_ Nichol, 3. Phys. Chem. 
71 (1967) 4492. 

[4] E. Chiancone, L.M. Gilbert, G.A. Gilbert and G.L. Kel- 
lett, 3. Biol. Chem. 243 (1968) 1212. 

I51 G.K. Ackers, 3. Biol. Chem. 243 (1968) 2056. 
163 E. Edmond, S. Farquhar, 3-R. Dunstone and A.G. Og- 

ston, Biochem. 3. 108 (1968) 755. 
[7] A.G. Ogston and P. Silpananta, Biochem. 3. 116 (1970) 

171. 
[SI P.A. Baghurst, L.W. Nichol, A.G. Ogton and D-3. Win- 

zor, Biochem. 3. 147 (1975) 575. 
[S] H. Eisenberg and G.M. Tomkins, 3. Mol. Biol. 31 (1968) 

37_ 
[lo] AI. Jullien and D. Thusius, 3. Mol. Biol. 101 (1976) 397. 
[Ill R-3. Cohen, 3.A. 3edziniak and G-B. Benedek, 3. Mol. 

Biol. 108 (1976) 179. 
[12] A-G. Ogston and DJ- Winzor, 3. Phys. Chem. 79 (1975) 

2496. 
1333 B. Gelotte, 3. Chromatog. 3 (1960) 330. 
1141 E-T Adams 3r. and H. Fujita, in: Ultracentrifugl anal- 

ysis in theory and experiment, ed. 3.X’_ Williams (Aca- 
demic Press, New York, 1963), p_ 139. 



L.-W_ iVi&ol ef aLjchromarography of pdymerizing systems 55 

[15] E. Braswell, 3. Phys. Chem. 72 (1968) 2477. [25] P-D. Jeffrey, L-W. Nichol, D.R. Turner and DJ. Winzor, 
[16] B.H. Zimm. 3. Chem. Phys. 14 (1946) 164. J. Phys. Chem. 81 (1977) 776. 
1171 K.E. Van Holde and GP. Rossetti, Biochemistry 6 [26] E. Reisler and H. Eisenberg, Biochemistry 10 (1971) 

(1967) 2189. 2659. 
[18] E.T. Adams Jr., WE. Ferguson, PE. Wan, 3-L. Sarquis 

and B.M_ Escott, Sep. Sci. 10 (1975) 175. 
[19] P.D. Jeffrey, B-K. Milthorpe and L.W. Nichol, Biochem- 

istry 15 (1976) 4660. 

1271 H.A. Abramson, L.S. Moyer and M-H- Gorin, Electro- 
phoresis of proteins (Reinhold Publishing Corp. New 
York, 1942) p. 152. 

1203 3X_ Sturtevant, M. Laskowski Jr., T-H. Donnelly and 
H.A. Scheraga, 1. Am. Chem. Sot. 77 (1955) 6168. 

1211 3-L. Crammer and A. Neuberger, Biochem. J. 37 (1943) 
302. 

[28] E. Reisler, J. Pouyet and H. Eisenberg, Biochemistry 9 
(1970) 3095. 

[ZS] P-W. Chun, SJ. Kim, J.D. Williams. W-T. Cope, L.H. 
Tang and E.T. Adams Jr., Biopolymers 11 (1972) 197. 

1221 8 Ebrenpreis and HA. Scheraga, J. Biol. Chem. 227 
(1957) 1043. 

[30] P-W~Chun, S.J. Kim, CA. Stanley and G-K. Ackers, 
Biochemistry 8 (1969) 1625. 

[23 ] G.L. Hawk, 3-A. Cameron and L.B. Dufault, Prep. Bio- 
them. 2 (1972) 193. 

1311 B.K. Mihhorpe. P.D. Jeffrey and L-W. Nichol, Biophys. 
Chem. 3 (1975) 169. 

(321 L.W. Nichol and A.B. Roy, Biochemistry 4 (1965) 386. 
i33] DJ. Winzor, Biochim. Biophys. Acta 200 (1970) 423. (241 3-A. Olson andC.B. Anfmsen, 3. Biol. Chem. 197 (1952) 

67. 


