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SUMMARY 

The separation of molecules in neutral gel and controlled-gore glass columns 
is studied on the basis of a statistical model. The theoretical results are compared 
with experimental results obtained from Sephadex gel columns. The good agreement 
between theoretical and experimental results over the whole working range enables 
complete calibration of columns with just one reference molecule and a knowledge 
of the void volume, V,. By means of the derived equation, the molecular weight can 
be calculated from the elution volume with greater accuracy. The equation also 
permits the calculation of the elution volume of aggregates of molecules which can 
assume different sterical conformations with high frictional ratios. An accurate 
functional correlation between elution volume and molecular weight applicable over 
the whole working range not only makes analytical steric chromatography less time- 
consuming but also renders it more amenable to automation_ Providing active 
transport can be neglected, the derived equation may also be valid for filtration 
across membranes and synapses. 

IN-lRODU(=IION 

Although the use of gel filtration to estimate the dimensions of macromole- 
cules was suggested by Lathe and Ruthven’ in 1956, three years elapsed before the 
work of Porath and Flodin2 on crossed-linked dextrans and the introduction of 
Sephadex opened the way to further developments. Since then, gel chromatography, 
together with sucrose density gradient centrifugation and analytical ultmcentrifuga- 
tion, has become an established technique for the characterization of macromolecular 
systems. 

As in other areas of applied science, progress on the theoretical side has not 
been as rapid as that on the practical; Many attempts have heen made to correlate 
elution volume with molecular size and shape and there exist a number of equations 
based on empirically-fitted curves, various geometrical models or statistical assump- 
tions3-9. Most of the derived equations are, however, impracticable for normal 
laboratory purposes and the implied structural features of the gels are arbitrary. One 
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l”.ll empirically-based equation has nevertheless found wide acceptance; it expresses a 
10,garithmic relationship between the elution vohrme, V,, and the molecu!ar weight, M 

v, = Cl -c~log(M) (1) 

where cl and c2 are empirical constants. Eqn. 1 is used for simplicity, although it 
cannot be applied accurately over the whole working range of dextran gels (see Fig. 6), 
an obvious drawback in establishing a valid calibration curve. 

This paper presents an equation which describes the functional correlation 
over the whole range of filtration, and which enables the influence of axial ratios 
on the elution volume to be calculated. The equation is very similar to an expression 
derived by HjertCrP: neither formula makes any assumptions as to the structure of 
the gel or the accessible space within the gel, but whereas HjertCn’s derivation rests 
on thermodynamic considerations, the present treatment is based on a statistical 
model- 

?&%- AND METHODS 

Prqaration of gel cohmns 
Columns (100 X 2 cm I.D.) were t?lled with Sephadex G-25, G-50, G-75, 

G-100 and G-200 according to the procedure described by the manufacturer and 
equilibrated with acetate btier (10 m&X CHJXONa, 60 mM KCI, 10 mM MgC12; 
pH 5.5). 

Calibration proteins 
The calibration of Sephadex gel columns was performed with the following 

moiecules: a-alaninc, phenol red, ribonuclease Tl, pancreatic ribonuclease, myoglo- 
bin, lysozyme, cytochrome c, chymotrypsinogen, crotoxin, phosphofructokinase, 
hexokinase, haemoglobin, ovalbumin, glucose-6-phosphate dehydrogenase, aldolase, 
pyruvate kinase, transferrin (ah from Boehringer, Mannheim, G.F.R.) and dextran 
blue (Pharmacia, Uppsala, Sweden). 

The extinction of the elution solvent was measured at 252 and 280 nm with 
a 8300 Uvicord II photometer, and the elution volume was determined by collecting 
1 ml fractions_ 

The measurements were repeated at least five times for each reference mole- 
cule in order to calculate the respective standard errors. 

TEIEoFLEEcAL 

Preliminaries 
Electron micrographs of swollen, frozen-etched Sephadex reveal a network of 

crossed-linked dextrans (Fig. 1). Gel Gltration a be described as a difiusional 
partitioning of solute molecules between the external liquid phase (V,) around the 
porous, bead-like particles, and the internal solvent phase (Vi), within the particles 
themselves. Molecules larger than the largest pores of the swollen Sephadex particles 
can move ordy in the volume V,. Smaller molec~tdes, however, penetrate the particles 
to an extent dependent ou their size and shape. A schematical representation of how 



Fig. 1. Electron micrograph of frozenetched swollen Sephadex G-75. 

oartitioning may occur-is illustrated in Fig. 2: the smaller molecule R, penetrates 
*he “gel matrix” by pushing the fibres aside, whereas the larger molecule p-1 is, at 
first, excIuded and has to move horizontally until it, in turn, is able to penetrate 
the matrix. 

The derivation of the function is based on the foliowing assumptions: (I) the 
fibres in the porous regions of the gel are distributed randomly; (2) the size of the 
penetrabIe area, A(r), is determined by the square of the longest axis of the largest 
molecule that can penetrate; (3) the probabiiity, l+(r), of finding an area A(r) at 
height Ir is normally distributed; and (4) the volume (V, - V,) is proportional to the 
totai area A&‘) which can be penetrated by a molecule with a radius r’. ie., the 
distribution of A(r) is the same along the whole length of the column. 

Fig. 2. Schematic representation of 2 gel f%ration process. 
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As.3 arbitrary Ganssian probability distribution of the penetrable areas A(r) 
is showa in Fig. 3; the distribution of accessible areas for a mok$xde with a rdius r’ 
is incli~&~I by hatching. 

ri 

Fig. 3. A&itrary Gaussian distribution of penetrable areas. 

The total penetrable area, A,(/), within a smalI vertical distance, Ax, for 
2 molecule with a radius r’ is the sum over all areas A(f) with r’ < r < r,, where 
f, is the radius of the largest molecule that can penetrate the gel partick. 
Thus: 

Assuming 2 continuous distribution: 

Irseting the Gaussian distribution function, eqn. 3 becomes: 

Jw? = A(J- exp [- (t - <r>)*/W] dA 

Substituting r2 = A/z and (V, - VO) cc At, we obtain 

K =k,exp - 
( 

r2 - 2pr 
2af )-k&-(=+ks 

4% 

(3) 
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where 

erf(x) = Jr exp (-t3 df, (81 

and L is a constant. 
In accordance with OncIey13, the molecular weight, M, of globular particles 

can be expressed as 

(9) 

where N is Avogadro’s number, 5 is the partial specific volume, 6 is the number of 
grams of solvent per gram of dry macromolecular material and 6, is the specific 
volume of pure solvent. 

Eqn. 5 can now be written 

V, = kl exp (- M213 za2FM1n) - k2 erf 
M’” _ @ 

42 

-I- k3 w 

where 

i; = ,I/3 
P (1 la) 

and 

For fiexible and fibrous molecules, M = @r* can be used instead of M = ar” (ref. 14). 
The value of V, has to be measured directly. A knowledge of the exclusion 

limits to the gel enable r, to be derived from eqn. 9. The parameters y and G can 
be treated as calibration constants. It is also possible, however, to estimate o, subject 
to a small error probability, from: 

Alternatively, p and G could be estimated from micrographs of Sephadex particles by 
making allowances for the extensive hydrophilic envelope surrounding each poly- 
saccharide chain. 
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As can be seen from Fig. 4, the theoretical curve calculated from eqn. 10 
agrees extremely well with the experimental results obtaked from Sephadex G-75 gel 
filtratioo of globular proteins over the complete range of M from zero to the exclusion 
limits of the gel-in other words, even for small, toMy nonexcluded molecules. 

I;ig- 4. R&&or&hip betv+ezen eluticn voIu.me v, and Iogarithm of mokudar weight for Sephadex G-75 
according to eqz 10. The empirical data are indicated by dosed chc!es_ 

An estimate of the sample mean p of the distribution function for five difkent 
types of Sephadex is given in Table I_ Calculations with various f~ show that the vaIue 
of p has a sign&ant in+luence on the theoretical results only in the range of lower 
M values. Ln the working range of the gel, therefore, y = 0 can be used for all gels. 
Thus, eqn. 10 reduce5 to 

V==k,exp(-$7 -f-k2 (13) 

where 

TABLE I 

SAMPLE MEAN OF THE DISTRIE3UTION FUNCTION w(r) FOR FIVE DEFERENT TYPES 
OF SEPHADEX 

G-25 o- lo(? 
G-SO MO-1W 
G-75 loW-3ooo 
G-W0 lw-lca3 
G-X0 0 



and the standard deviation c can be estimated by: 

owrJ3 (14cQ 

For different values of c oc Oz, the parameters kI and k2 of eqn. 13 were determined 
for Sephadex G-75, G-100 and G-260 using the method of least squares. With the 
resultant values of kI and k,, the theoretical elution vohrme V, was calculated from 
eqn. 13. The averaged deviations between the theoretical and the empirical elution 
vohm=%_L = E-%KrX~~*‘Cs, - Kmpirica a2]‘lz/n, were then plotted agairst the respec- 
tive values of c (Fig. 5) in order to ascertain the magnitude of c which yiehis the 
smallestf, value. The minima, thus determined (see Fig. 5), do not differ greatly from 
the corresponding values estimated from eqn. 14b: c:: = 429.6 (Iw = SS,tlOO), 
c:p = 882.0 (M = 250,tXIO) and e:h” = 2071-S (M = 900,000) (exclusion limits 
according to ref. IS). 

2m- 

Zl- 

L&- 

w l 
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.lll C 
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Fii. 5. ZZmpirical approximation of the c dues for different types of Sepbidex. 

Empirical (F&J and theoretical (V!p’3’; V,, ; VI2 values for the elution volumes 
of Sephadex G-75 and G-260 are compiled in Table II. In the case of VzF), the 
optimal values for kl and k2 of eqn. 13 were determined by the method of least 
squares; for V&, ki was calculated from eqn. 13 using a single standard molecule 
(M = 13,500) and kt was evaluated from eqn. 14c. The values of VI, were computed 
from the generally applied logarithmic relationship between V, and M (eqn- I), the 
parameters c, and c, being optimized by the method of least squares. 

As can be seen from Table II, there is a close similarity between V== and both 
V$F’ and Vsc, but discrepancies exist between V,, and VI,. Moreover, the good 
agreement between VtF3) and V,, -demonstrates that a cobunn could be calibrated 
accurately with only one, or maximally two (should a controI be deemed necessary), 
reference molecules, providing, of course, the void vohrme had already been 
established. The conventional calibration procedure could thus be considerably 
shortened and the efficacy of the cohnnn correspondingly enhanced. 

The calibration curves computed from a logarithmic and an exponential 
correlation between V, and M, according to eqns. L and 13, respectively, are 
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TABLE II 

ELUTION VOLUMES OF SEPHADEX G-75 AND G-ZOO 

For details see text. 

Sepidex G-75: V, = 67.2 mi, V, = 2543 ml 
ll,NKl 225.2 224.4 
13,5@0 199.6 199.0 
16,900 171.9 172.4 
zo,aoo 149-4 153.7 
24,am 133.5 133.1 
30,lmO 118.8 lI5.0 
6OmO 74.2 74.4 
75,m 67.2 67.9 

fo = io.7 ml 

Sephfix G-200: V, = 67.0 ml, V, = 259.6 ml 
25,OW 190.0 188.5 
37,500 173.2 170.6 
52,500 153.0 154.0 
5s,O00 150.0 149.6 
67,odo 137.0 142s 

123,000 112.5 113.6 
l_~,ooO 101.0 103.1 
237,oOO 98-6 89.0 

W@W@ 67.0 70.8 

f, = $1.4 ml 

225.1 222_7 209-4 
199.7 199.8 192.9 
173.2 1739 . 174.9 
154.9 1546 161.3 
134.0 1327 145.0 
116.1 113.2 128.6 
76.0 73.6 72.8 
69.7 69.3 54.8 

kO.9 ml 21.1 ml 13.6 ml 

190.1 185.1 178.1 
173.9 170-9 164.3 
158.9 156.3 152.8 
154.3 151.5 149-4 
147.5 144.3 144.5 
118.6 112.4 123.8 
107.4 100.4 115.2 
91.3 85.7 101.4 
65.9 75.1 52.3 

&1.8 ml &2-O ml i3.5 ml 

illustrated in Fig. 6; the closed circles represent empirical values. In order to 
emphasize the differences between the curves, a linear scale is used for M instead 
of the customary logarithmic_ 

if calibration is conducted with just one or two reference molecules, it is 
advisable to select the molecules from the M ranges given in Table III_ The table 
also contains a list of the most appropriate empirical c values (see also Fig. 5) for 
Sephadex G-75, G-100 and G-ZOO. In the given deviation interval i, changes in 

250 

2&l 

150 

ml 

50 I 

Fig. 6. Comparison of empirical and theoreticat data for Sephzdex G-75: - - - - -, acmrdhg to the 
s==wrrpPfiedeqn. I;---_, acccrding to eqn. 13; ---, kiccording to eqn- lb 
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TABLE iii 

BEX VALUES FOR c AND M RANGE FOR CAUBRATLON WITH hANDARD 
PROIZKNS 

Ma&erM c&i co * i Mraqqe 
few- 13) (eqn. 16) 

G-75 432 f 15 :5,700 f 1300 44x0- 50,000 
G-100 840 & 30 29,sao f 5w SOOO-100,HJo 
G-m 2050+60 !3o,Mo f 20,OOO 5oocMciO,~ 

fW are less than 0.2 ml (indicated by the dashed lines in Fig. 7) and the parameter kl 
derived from eqn. 13 is more or less constant. The larger the mean size of the dextran 
pores, the smaller is the range over which kl can be varied without significantly 
afkting the fw value; on the other hand, the more 2ccurately can k, be derived. 

to 1 -‘rn 

21 -103 

1‘1, ‘ 

/ 

-15 
ZL 

:__ _-: 
L__ _; 

a7 L- -2 

l&O Iho 15s too 220 20 260 210 4 

Fig_ 7. Variation of the parameter k, of eqn. I3 within a given intervd, according to Table ItI, for 
dii5zrerIt types of Sephadex. 

DISCUSSION 

In the present paper, eqn. 13 is derived which permits 2 more accurate calibra- 
tion of molecular sieve columns than that afforded by the conventional logarithmic 
relationship between V’ 2nd M (eqn. I). An optimal calibration can be achieved by 
employing the method of least squares to determine the unknown parameters; alter- 
natively, the latter can be ascertained by adopting the less time-consuming, but 
slightly less exact, procedure of measuring the V, and V, values of at least one 
reference molecule (the M value of which should lie within the range given in 
Table III). 

The derived equation might also provide a better understanding of the theore- 
tical implications underlying the processes of filtration across membranes 2nd 
synapses, dw2ys assuming, of course, that active transport can be neglected. The 
parameter c is a constant and well-defined characteristic of the fWation medium 2nd 
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the solute, the precision of its determination being such, for example, that small 
productivity changes in 1965, designed to improve the quality of Sephadex G-25, 
G-50 and G-75, were readiIy detectabte. The next step would obviously seem to be 
the compiIation of a table of c values covering aJ.l the di&rent filtration media and 
isochemical substances: the c values could be calculated from a consideration of the 
exclusion limits of the molecular sieve material and the partial speci& voIume, 8, of 
the molec=ules, although a more accurate procedure would be to evaIuate c using the 
method of least squares. 

For globular molecules with low frictional ratios, the elution volume and 
molecular weight can be determined from * 

V' - V, = k exp ( -P/c) (Isa) 

v&&t more ffexible and elliptical molecules, with Mccr* (ref_ 14), will obey, 
accerding to eqn. 5: 

V, - V, = Kexp ( --M/co) (16a) 

As can be seen from Table II, the elution volumes (VZL,') calculated frsm eqn. I6a are 
very similar to those obtained empirically (see also Fig. 6). The ‘rest c values for 
Sephadex G-75, G-100 and G-200 are listed in Table III. 

Eqns. 15a and 16a can also be used to estimate M v&es directly from 
logarithmic calibration curves simply by rewriting them in the form 

-log( V, - Vo) = 4.Wi3 + Bl (W 

and 

--Iog (V, - V,) = A2M + B2 (16b) 

It is interesting to note that eqns. 15b and LBb, derived from a statistical model, are 
analogous to eqns. 20 and 19, respectively, derived by Hjert&P on the basis of 
thermodynamic considerations. The coefficients Al and A2 in the present equations 
are essentially dependent on the partial specSc volume E of the solute and the 
standard deviation (r of the penetrable areas A(r); cr itself is determined by the 
distribution of the interfaces between the solute particles and the gel, and the 
pressure brought to bear on the system. Similarly, the corresponding coefficients c2 
and C, in Hjerten’s equations are mainly dependent on the partial specific volume 
ii of the solute, the interfacial tension, y, and the pressure, p_ 

Finally, the molecular weights of rod-like molecules or awegates of molecules 
with high frictional ratios can be calculated from the respective ehuion vohnnes with 
greater accuracy than that provided by conventional methods, by a statistical con- 
sideration of the orientation of the axes of symmetry of the molecular structures to 
the gel “network”. The theoretical procedure can be simplified by assuming that 
molec-alar structures which attempt to penetrate the gel obliquely will orientate 
themselves either pare1 or perpendicular to the “network” depending on the angle 
of approach. The total penetrabIe area accessible to such molecular structures can be 
expressed by 

A,@&) = QsA&) f o,A,(b) (I?) 



MOLECULAR SIEVE EFFECFS 295 

where a,b = lengths of the two longest axes of symmetry, and (rt = the probabili@ 
of axis a or b entering the gel parallel to the “aetwork” (Zq = 1). The parameter 
a, is known from investigations OQ the rotation of rigid rod-shaped partkks in a 
solution and its treatment is therefore subject to probability theory. The basic equation 
describing the distribution of particulate orientations was derived by Petertin and 
StWUP. 
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