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THE CORRELATION BETWEEN MOLECULAR WEIGHT AND ELUTION
BEHAVIOUR IN THE GEL CHROMATOGRAPHY OF PROTEINS
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INTRODUCTION

During their experiments with swollen granules of starch ten years ago, LATHE
AND RUTHVEN! found a relationship between the molecular weights and the elution
volumes of polysaccharides and polypeptides. After the introduction of cross linked
dextran gels (Sephadex) by PorRATH AND FLODIN?, interest was focussed mainly on
the isolation and purification of macromolecules by the so-called gel filtration (for
further information ¢f. ref. 3). Because of the expensive and complicated equipment
required for conventional methods of molecular weight determination of macro-
molecules attempts were soon made to correlate elution behaviour and molecular
weight quantitatively (cf. Table I).

In order to compare the elution volumes (V) of different columns it is expedient
to divide them by a column constant, ¢.g. the total volume (V;) or the void volume
(Vo). The K4 value8, initially introduced, does not seem to be very appropriate, since
it affords two additional measurements. This is a drawback to the very fruitful theory
of PoRATH?, based on ball-like molecules (radius #) and conical pores, As the Kg value
is proportional to the volume (#3) and the molecular weight is expressed by #2, there
is a linear correlation between the cube root of the Kq4 value and the square root of
the molecular weight. The proportionality of molecular weight and #? is only true
for the statistical treatment of flexible macromolecules with equal segments and an
effective radius ». It is striking, that PORATH's relation was found valid not only for
dextran fractions4-7 and oligostyrenes? but also for globular proteins®?.17,

Using a similar model but regarding the globular structure of proteins (M ~ 7°)
and avoiding the Kg value, SQUIRE® deduced a relationship between the reduced
elution volume (Ve/V,) and the molecular weight. Data from different authors do not
agree very well with his equations.

LAURENT AND KILLANDER® designed a simple physical model for the gel net-
work. They assumed that the dextran chains are straight rigid rods (radius »r), which
are infinitely long and distributed at random in the gel, and used OGSTON's%5 equation
for the available volume for spherical particles (radius #g) in such a system. The
standard curves derived from that function are not linear.

In view of a comparison between the K¢ value and the equilibrium distribution
constant, ACKERS® claimed that the mechanism of gel chromatography on Sephadex
G-200 or agarose was different to that on other gels. This restricted diffusion me-
chanism for G-200 gel is based on a model in which the fluid regions within the gel
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MOLECULAR WEIGHT AND ELUTION BEHAVIOUR OF PROTEINS 305
particles are represented by uniform cylindrical channéls. He relates the STOKE radii
(@) of macromolecules to the radius of such pores (») using the RENKIN equation?S.
His standard curve connects the Kg value with a radius quotient (a/7). It may be
that data%.48 which agree with his theory very well are not very reliable as there is
no correlation between the Kg4 value and the logarithm of the molecular weight,
though THoOMPSON and coworkers® have confirmed the ACKERS’s treatment and their
data also do not comply with the K4 ~ log M relationship. This latter proportionality,
between elution volume and logarithm of molecular weight of globular proteins, has,
however, been confirmed empirically in at least two dozen papers by different
authors® 10-32,35 ysing Sephadex gels in most cases, after GRANATH AND FLODINY
had derived it from their data with polysaccharides. To establish a calibration curve
one simply has to measure the elution volume of some well known proteins. We
consider it unsatisfactory, that none of the models, designed for the process of gel
chromatography up till now, had any connection with this,. the most frequently used
relationship.*

CALIBRATION CURVES

As the calibration curves are linear over a considerable range they may be
depicted by simple equations:

log M = Mg — constant-(V,/Vo); log M = Mo — constant-Kg (1)

which are defined by the slope (constant) and by the point of intersection at
the M-axis (M,); we were interested to see if one could establish equations of
general application to each type of Sephadex. If there are general equations, a
calibration curve would no longer be required. We have therefore collected data
from the literature which have been used for calibration purposes by different
authorss—10,12,14,17,36, 38, 50,51, This could only be done with precision in cases where
elution volumes or K4 values were tabulated and supplemented by column constants.
Together with some new data, these values are presented in Table II.

By compensation calculation we determined the constants for the different
gels using the method of least squares to obtain the straight lines from which all the
data of Table IT show a minimum deviation.

G-200: log M = 6.698 — 0.987(V¢/Vo)

(1a)
log M = 5.731 — 2.16- Ky
G-100: log M = 5.041 — 0.847:(Ve/V0)
(zb)
log M = 5.070 — 1.35'Kg
G-75: log M = 5.624 — 0.752"(V¢/V0) A : ' ' (zc)
G-50: log M = 5.415 — 0.864"(V¢/Vo) | S ' (xd)

* Note added in proof. After the manuscript had been sent to the editor, a paper by ANDERSON
AND STODDART!® appeared, which tries to connect the current relationships by a mathematical
treatment. o t
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MOLECULAR WEIGHT AND ELUTION BEHAVIOUR OF PROTEINS 307

The calculated lines are drawn in Fig. 1 together with the ‘data of Table II, from
which they were derived. One sees from Flg’ I that the data of different laboratories
measured during the last three years using various batches of gel fit relatively well
to a distinct straight line. Only the values of the careful investigations of ANDREWS?2L
do not satisfy eqn. (1a). This is apparently due to the extensive swelling of the
Sephadex G-200, used by him. This was recently discussed by SIEGEL AND MoNTY%4,

Ve/Vo i

[\
[a]
1

~ 26

25

1.5

1.0 b 1.1 L P
5 7 910- 103 20 30 40 60 80 100- 103 200 300-108

mol. wt,

Fig. 1, Elution data of Table II together with calibration curves calculated therefrom. The numbers
refer to those given in Table II.

Similar equations, valid only for their own data, have been calculated by
WHITAKERY? and by LeEAcH AND O’SHEA!2, Our equations are of course only wvalid
for a distinct range of molecular weights, which is to be found in Fig. 1. Assuming
linearity up to the upper limit, one should be able to calculate (by inserting V,/V =1
in eqn. (1)) the exclusion limits of the different gels:

G-50 = 35,000 ‘ G-100 = 125,000

G-75 = 45,000 G-200 = 500,000

These values correlate relatively well with the values from experiments with globular
proteins. It is probable that the constants of eqn. (1) will depend on-temperature;
appa,rently the differences are relatively smalli0,12, Further systematlc mvestlgatlon
is needed in this.respect.

During thin-layer chromatography??: 53,54 it was found advantageous to use the
linear relationship between the migration referred to a standard protein and the

J. Chvomatog., 25 (1966) 303—-313
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308 H. DETERMANN, W. MICHEL

logarithm of the molecular weight5!.52. We have made use of cytochrome c as it
is an intensively coloured t.ahbratmn protein, and have tested the behaviour of some
of the proteins shown in Table II together with some additional enzymes on thin
layers of Sephadex G-200. The result is an improved diagram (Fig. 2) as compared
with an older ane (¢f. Fig. 5 in ref. 52). By analogy to eqn. (1) it follows

log A = log M -~ constant: Rey (2)
and by compensation calculation:

logy X == 3.008 -+ 1.002° Reye (za)
It &s not certain if this is an equation of universal validity, as the experiments were
only done with one batch of Sephadex G-200, superfine, in our laboratory.

As one compares the elution behaviour of globular proteins on gel columns with

thelr molacular weight, svstematically, it is assumed that molecules under investi-
Satkon are stmuitar i frictional ratio and partial specific volume (¢f. e.g. refs. 6, 10,
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MOLECULAR WEIGHT AND ELUTION BEHAVIOUR OF PROTEINS 3090

of the radius, which transforms eqns. (1) and (2) to

log ¥ = »g— constant:(Ve/Vo) . (3)

log ¥ = #p -+ constant-Rey | (3a)

In Fig. 3 we have compared the STOXE radii from Table II with the elutlon constants
(Ve/V o Or Reye). A linear correlation was found for Sephadex G-100 and a fairly good
one for G-75. Concerning the proportlonahty between Rgy and log » on Sephadex
G-200, the postulate of eqn. (3a) is perfectly fulfilled.

Yo/l or
Reyt
2.0
" P Vo/ Vo ~ log r
1.5}~
i . . 6-200
sutidatastosdoect ottt : 1 a 1 " L 1 : | ) 1 1
19g 3 7 3 2 o IEmp

Fig. 3. The correlation between the elution constants (Ve/Vy or Rgy) and the loga.nthm of the
SToKE radii of the different proteins of Table II.

MATHEMATICAL TREATMENT

As far as the results of more than a dozen publications are concerned, one can
assume the validity of eqn. () for the behaviour of globular proteins on columns of
porous dextran gels. We have now tried to find out, if one can make any general

statement about mechanisms for gel chromatography described by this equation.
The exponential form of eqn. (1):

M = constant-e—constant-(V ¢/ Vo) : (4)

was differentiated

'RV

dM
—————— = -—constant-M
dA(Ve/Ve)

and transformed subsequently to give

%ﬁ" — — constant-d(Ve/Vo) | o y (52)

J. Chvomatog., 25 (1966) 303~313



310 o S . . H. DETERMANN, W. MICHEL

From eqn. (3) it follows

dv o
-;’—’ = - constant-d(V¢/ Vo) : ' (5Db)

hat within the limits of validity of eqn. (1), the relative
change ‘of molecular size is lmearly proportional to a change in elution volume. One
may now try to substitute the differential change in the elution constant by other
quantities, which-are connected with the proposed mechanism for the gel chromato-
graphy process. To date two different concepts have been published as discussed in
the introduction. The kinetic mechanism by ACKERs? and the (quasi) equilibrium
exclusion mechanism of all other workers (¢f. refs. 3, 7, 36). In the latter case it is
considered that dependent on the size of the solutes, the separation is effected by
-differences in the avalla.biht'y' of the solvent in the gel phu.ae (I’;) If mcleC"1°‘= of a
certain size will only enter a fractional part (Kg) of this volume, the elution volume
may be replaced by this available volume (V4y). One has to use the deﬁning equation
of the elution volume3, Vo=V -~ KgV;=V ;- Vay. The elution constant in eqns. (5)
may now be substituted by a number of equivalent values:

Ve Ve Va

o~y o~ Ka= o (6)

UL

For one type of molecular size the available volume of a given gel bed (V4y) is assumed
to consist of a number (%;) of single pores which have the volumes 4;:

= 2 A= VynA (7)
The average volume of an individual pore (4) is connected to a real pore by A =

SinyAs/ng; Ve is the total volume of the gel bed; # represents the number of individual
pores per unit of volume. Combination of eqns. (6) and (%) yields

V"u Vt ‘ Ve . .
| v, =7, 1A = constant-»-4 —I/_’;J (8)
and R -
‘ AaM : '
ST —constant.n-d4 : (9)

Since #» is also constant for a given gel, it may be combined with the former constant
to give a new value; in this case it follows that d(V¢/V,) ~ dA. As % is the number of
available average pores, combined with V;/V; it is a function of the gel density d,
which is tabulated for the Sephadex gels in the advertising technical brochures and
is easily estimated with the aid of a pycnometer?. The most simple connection be-
tween (constant-#) and 4 would also be a linear proportionality:

constant:n = Constant —constant.d (x0)

assumlng an equlvalent pore size distribution in all gels. The negative sign represents
the aemeasmg available volume by increasing the density. Eqn. (9) then becomes

aM/M = — (constant—constant-d)-dA == —(constant—‘constan’t-d)-d(Ve/Vo)

J. Chvomatog., 25 (1966) 303~313



MOLECULAR WEIGHT AND ELUTION BEHAVIOUR OF PROTEINS 3rI
By an analogous integration and logarithmic process one finds: -
Ve - , : ..
log M = M, — (constant— constant-d) 7 ‘ (t1)

equivalent to eqn. (x). Eqn. (x1), within its empirical limits would be of general
validity. Indeed the constants can be calculated from eqns. (xa—xc). Fig. 4 relates the

Ay G-200
tana |.
o.op
) (G-50)
L G-100 .
Q.8
G-75
et b S
e TeE T oY
d(g/m)

Fig. 4. Re]atxon bctween the slope of the lmes of Fig. 1 and the gel dens ty.

slope of the eqns. (1) with the wet density d of the pertinent gel. The data for
Sephadex G-200, G-100 and G-735 lie well on a straight line, whereas the values for the
G-50 do not. The reason may be that we used only llmlted data, from one laboratory
to establish egn. (xd). But if this value is authentic, it m .uusuu be based on a different
pore size distribution in the denser gel. The line in Fig. 4 is described by the equation
tan o = constant == 6,062 —5.00 'd. Insertion in eqn. (1) results in

log M = Mo — (6.062—5.00" d) Vo (x1a)
valid for the Sephadex gels in the range G-200 to G-75. Eqn. (x1a) describes thwsse
elution behaviour of globular proteins as a function of the gel density d. The estimation

of the molecular weight of an unknown globular protein with a bed of porous gel

of known density is now performed very easily, simply by comparing its reduced
elution volume (V¢/V,) with that of one known protein. In view of the fact that there

is one equation, describing the elution of macromolecules from the Sephadex gels
G-75 to G-200, it is very likely, that the separation in the three gels with different
density is governed by the same mechanism. This seems to be a severe ob]ectmn to
the ACKERS concept¥.

The general validity of eqn. (II) which was derived without any geometrlc
model concerning the microstructure in the gel can be taken as a proof of the only
basic assumption during its derivation: é.e. that onlv a fraction of the gel phase is
available to a molecule of given 51ze

SUMMARY

Nearly thirty papers in the literature, concernlng the chromatographlc be-
haviour of macromolecules on columns of porous gels demonstrate a linear relation

J. Chvomatog., 25 (1966) 303313



312 K, DETERMANN, W, MICHEL

between the elution volume and the logarithm of the molecular weight. The current
theoretical treatments of gel chromatography do not explain this relationship.

Data from ten recent papers were collected, recalculated and, together with
some new data, it was found that the behaviour of globular proteins on Sephadex
gels can be described by the special equations:

I

G-75: log M 5.624 —0.752(Ve/Vo)

G-100: log M

I

5.941—0.847(Ve/Vo)
G-200: log M = 6.698 —0.987(V./Vq)

A mathematical treatment of the gel chromatography process, based on these
empirical equations and avoiding assumptions about the microstructure of the gel,
strengthens the concept of the exclusion mechanism. It results in the general equation:

log M = log Mg — (6.062~5.,00+d)« (V¢/V0)

covering the field of very porous gels (Sephadex G-75 to G-200). From experiments
with globular proteins on colums of any gel their molecular weight may be determined,
if—besides the void volume (V,)—the wet density of the gel (d) and the elution
pattern of only one test protein is known.
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