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. 
INTRODUCTLON . 

During their experiments with swollen granules of starch ten years ago, LATHE 
AND RU’I’HVEN~ found a relationship between the molecular weights and the elution 
volumes of polysaccharides and polypepticles. After the introduction of cross linked 
dextran gels (Sephadex) by PORATH AND FLODLN~, interest was focussed mainly on 
the isolation and purification of macromolecules by the so-called gel filtration (for 
further information cf. 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, e.g. the total volume (Vl) or the void volume 
(V,). The KG values, 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 r) and conical pores. As the Kd 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 Kd value and the square root of 
the molecular weight. The proportionality of molecular weight and ~2 is only true 
for the statistical treatment of flexible macromolecules with equal segments and an 
effective radius w. It is striking, that PORATH’S relation was found valid not only for 
dextran fractions497 and oligostyrenes 34 but also for globular proteinssg0gr’. 

: Using a similar model but regarding the globular structure of proteins (M w ~3) 
and avoiding the ICd value, SQUIRES* deduced a relationship between the reduced 
elution volume (V,/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 rr), which 
are infinitely long and distributed at random in the gel, and used OGSTON’S~~ equation 
for the available volume for spherical particles (radius YJ in such a system. The 
standard curves derived from that function are not linear. 

In view of a comparison between the Kg value and the equilibrium distribution 
constant, ACKER~ claimed that the mechanism of gel chromatography on Sephadex 
G-zoo 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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particles are represented by uniform cylindrical channels. He relates the STOKE radii 
(a) of macromolecules to the radius of such pores (Y) using the RENKIN equation4”. 
His standard curve connects the Kd value with a radius quotient (G/Y). It may be 
that dataQ’g& which agree with his theory very well are not very reliable as there is 
no correlation between the Kd value and the logarithm of the molecular weight, 
,1_ ~~ _~._ m_______ _ ._ 
enougn L ROMPSON and coworker&$ * nave confirmed the ACRERS’S treatment and their 
data also do not comply with the Kd - 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--3s~ss, using Sephadex gels in most cases, after GRANATH AND FLODIN~ 
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 tiil now, had any connection with this, the most frequentiy used 
relationship. * 

CALIBRATION CURVES 

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

i0giw = Mu- 
.-- _--. 

constant* ( Vo/VO) ; i0g &i = 340 - constant l Kd 

which are defined by the slope (constant) and by the point of intersection 
the M-axis (MO); we were interested to see if one could establish equations 

. 

be 

0) 

at 
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-10~12~1~~ 179 309 38~ 6% 51. This could only be d.one with precision in cases where 
elution volumes or Kd 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 II show a minimum deviation. 

G-200: log M = 6.698 - 0,987 s (V,/Vo) 

l--arc ____ lug 1Vl = 5.731 - 2.16il<& 

G-1.00: log M = 5.941 - 0.847’(V,/Vo) 

log M = 5.070- 1.35.Kd 

(14 

(Ib) 

G-75 : log M = 5.624 - 0.752’(VdV0) (I@ 

G-50 : log M = 5.415 - 0.864: (V,/Vo) , 
(14 

* Note added in proof. After the manusctipt hacl been sent to the editor, a paper by ANDERSON 
AND STODDARTGB appeared, which tries to connect the current relationships by a maChemaCica1 
treatment. 

J. Clcvomalog., 25 (19%) 303-313 



T
A

B
L

E
 I

I 

M
O

L
E

C
U

L
A

R
 

W
E

IG
H

T
S

(&
L

\
~

.)
, S
T
O
R
E
 
R
A
D
I
I
 A
N
D
 
E
L
U
T
I
O
N
 
C
O
N
S
T
A
N
T
S
O
F
P
R
O
-
C
E
I
N
S
 

s
 

~
-
 

Q
 

~
P
Y
u
k
?
i
f
r
 

N
O
.
 

r
 h
3
 

H
a
l
.
 W
C
.
 

G
-
2
0
0
 

G
-r

ao
. 

G
-7

5 
.. 

* 
x 

10
-s

 
_i

-_
_ 

rs
 

: 
K

t 
w

ll 
J&

P
 

hL
.#

 
V

ul
V

o 
K

S
 

v&
J 

- 

13
 

13
.6

 

‘7
 

0.
76

b 
o

-7
66

 
0.

w
 

P
 

: 
L 

C
yt

ac
hr

om
e 

c 
r.

74
a 

2.
6r

b 
G

 
2 

R
ib

on
uc

le
as

e 
r-

92
9 

2.
6r

* 
h G

 
.E

 

: 
M

et
ha

em
ag

lo
bi

n 
- 

2.
4S

d 
So

yb
ea

n 
tr

yp
si

n-
in

hi
bi

to
r 

2.
~6

~ 
2
1
.
5
 

-
 

- 

5 
a-

C
hy

_m
ot

ry
ps

in
 

2.
28

s 
22

.5
 

- 
- 

%
 

6 
T

ry
ps

m
 

Z
.#

L
&

 
24

 
0.

62
e 

2
.
j
O
e
 

1 
8 7 

ac
-H

yd
ro

xy
st

er
oi

d 
Pe

ps
in

 
de

hy
dr

og
en

as
e 

--
 

35
.5

 
o.

59
* 

2.
26

6 
- 

47
 

- 
- 

2 
9 

Pe
ro

xi
da

se
-r

 
3.

02
s 

40
 

- 
- 

IO
 

O
va

lb
um

in
 

2.
80

8 
r E

 : 
P

h
o

sp
h

o
g

iy
ce

m
te

 m
u

fa
se

 
- 

:; 
- - 

2.
0s

’ 
- 

1.
00

 
0.

7o
e 

1.
04

 
- 

- 
- 

1.
20

 
- 

r.
rS

 
o.

54
b 

0.
83

 
.0

.5
4”

 
1.

40
 

- 
- 

- 

1.
50

 
- 

I-
45

’ 
o

.i
g

I 
- 

- 

I.
69

 
0.

16
” 

- 
- 

- 
- 

I.
66

 
- 

2.
14

C
 

- - I;
g

jb
 

r.
88

b 
r.

Sg
b 

1.
62

b 
1.

56
r 

r.
57

b 
- 

- o.
3s

b 
- - 6.

28
1 

0.
28

h 
0.

25
h 

- - 0
.
2
0
n
 

-
 

-
 

-
 

-
 

-
 

-
 

-
 

W
9°

 
- - 1.

65
~

 

I.
G

G
I 

i.
7l

C
 

1.
4o

c 
- 

12
 

S
er

u
m

a
lb

u
m

in
 (

b
o

v
in

e)
 

3.
6r

* 
67

 
o.

4s
d 

I .
90

* 

13
 

M
al

de
 

d
eh

y
d

ro
g

en
a

se
 

- 
1.

80
0 

I4
 

E
no

la
se

 
- 

:: 
- 03

se
 

- 

I.
5 

C
re

at
in

ep
ho

sp
ha

te
 k

in
as

e 
- 

Sr
 

- 
- 

16
 

T
ra

ns
fe

rr
in

 
4.

00
8 

88
 

0.
32

h 
- 

17
 

G
ly

ce
ra

ld
eh

yd
ep

ho
sp

ha
te

 d
eh

yd
ro

ge
na

se
 

4*
30

a 
11

7 
0.

3r
* 

1.
66

* 

18
 

Se
ru

m
al

bu
m

in
 (

di
m

er
) 

- 
‘3

4 
o-

26
* 

r-
54

* 

r9
 

A
Id

ol
as

e (
ye

as
t)

 
- 

r4
7 

w
7*

 
I-

59
* 

. . 
2
0
 

A
lc

oh
ol

 d
eh

yd
ro

ge
na

se
 

4*
55

8 
‘5

0 
- 

1.
54

’ 
2r

 
;;z

zp
 

(h
um

an
) 

5 .
22

&
 

r4
o 

0.
26

6 
I.

61
* 

22
 

- 
22

5 
- 

I.
38

1 

2
3
 

y
-G

lo
b

u
li

n
 

- 
20

0 
- 

I-
44

’ 

2 
R

ib
on

uc
le

as
e 

1.
92

s 
r3

.6
 

0.
26

 
r-

45
 

24
 

C
hy

m
ot

ry
ps

in
og

en
 A

 
- 

25
 

0.
12

 
I.

20
 

25
 

L
im

ab
ea

n 
tr

yp
si

n-
in

hi
bi

to
r 

- 
8.

4 
0.

42
 

I.
72

 
26

 
K

al
lik

re
in

-i
nh

ib
ito

r 
- 

6.
5 

o-
49

 
1.

85
 

- 
O

.I
Ih

 
I.

81
 

- 
- x

.8
9 

2.
00

 

2.
02

’ 

2.
19

 
- 

- 1.
32

b 
- 1.

29
” 

r.
2g

b 
- - 

- r.
3s

a-
 

. 
1.

2l
b

 
I.

10
0 

- - I.
a

g
b

 
- -.

 

Su
pe

rs
cr

ip
ts

: 
(a

) 
cj

. 
re

f.
 3

7;
 (

b)
 n

ew
 d

at
a 

in
cl

ud
ed

 i
n 

th
is

 p
ap

er
, 

ob
ta

in
ed

 o
n 

co
lu

m
ns

 o
f 

30
0 

to
 r

50
 m

l 
an

d 
2 

cm
 w

id
th

. T
he

 p
ro

te
in

s 
w

er
e 

ii 

ap
pl

ie
d 

in
 I

-2
 

m
l h

ug
er

 a
nd

 e
lu

te
d 

(I
O

-2
0 

m
l/h

) 
w

ith
 p

ho
sp

ha
te

 b
uf

fe
r p

H
 7

.2
 (I

 =
 0

.0
75

) f
 

0.
5 

M
 X

&
l;

 (
c)

 cf
. C

V
H

IT
A

K
E

R
~O

; 
(d

) c
j.

 W
IE

L
A

N
D

 e
t a

l.@
; 

(e
) 

c$
 A

U
R

IC
C

H
IO

 A
N

D
 B

R
~

x
I~

; 
(f

) 
cf

. 
S

Q
U

IR
E

%
 (

g
) 

C
J

 L
A

U
R

E
N

T
 A

N
D

 K
IL

L
B

N
D

E
R

 
3’

5;
 (h

) 
cf

. 
D

E
T

E
R

M
M

N
 A

N
D

 G
E

L
O

T
T

E
~

O
; (i
) 

ca
lc

u
la

te
d

 f
ro

m
 M
O
R
R
K
~
*
;
 

(k
) c

$ 
A

N
D

R
E

&
~

; 
(I

) 
&

 
L

E
X

H
 

A
N

D
 O

’S
H

E
P

; 
(m

) 
n

ew
 d

at
a 

in
cl

ud
ed

 in
 t

hi
s 

pa
pe

r,
 o

bt
ai

ne
d 

by
 t

hi
n-

la
ye

r c
hr

om
at

og
ra

ph
y (

cj
. D

E
T

E
R

M
A

N
N

 A
N

D
 

M
IC

H
E

L
L

E
) o
n

 S
ep

ha
de

x 
G

-2
00

 su
pe

rf
in

e;
 b

ed
 v

ol
um

e 
0.

05
 x

 2
0 

x
 4

0 
cm

, 
ph

os
ph

at
e 

pH
 6

.6
, I

 =
 0

.2
; 

(n
) 

c$
 

F
R

IT
Z

 e
l 

a
l.

L
S

. 



MOLECULAR WEIGHT AND ELUTION BEHAVIOUR OF PROTEINS 307 

The calculated lines are drawn in Fig. I together with the ‘data of Table II, from 
which they were derived. One sees from Fig. I that the data of different laboratories 
measured during the last three years using various batches of gel fit relatively tie11 
to a distinct straight line. Only the values of the careful investigations of ANDREW@? 
do not satisfy eqn. (Ia). This is apparently due to the extensive swelling of the 
Sephadex G-200, used by him. This was recently discussed by SIEGEL AND MONTY~*. 

26 
Y, 

1.01 ’ ’ ’ ’ ’ I I I I ,I 1 I *.,I I I I 1. 
5 7 910.103 20 30 40 60 80 100.103 200 300*103 

mol. wP. 
Fig. I. Elution dats of Table II Logcehcr with calibration curves csllculatxxl therefrom. The numbers 
refer t;o those given. in Table II. 

Similar equations, valid only for their own data, have been calculated by ___ 
WI-IITAKER~~ and by ~_,EACI-I AND O%HEA~~. Our equations are of course oniy vaiid 
for a distinct range of molecular weights, which is to be found in Fig. I. Assuming 
linearity up to the upper limit, one should be able to calculate (by inserting ‘I;/@/V,, = I 

in eqn. (I) ) the exclusion limits of the different gels: 

G-50 = 35,000 G-100 = 125,ooo 

G-75 = 75,000 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. (I) will depend on.temperature; 
apparently the. differences are relatively small 10~12. Further systematic investigation 
is needed in this,respect. 

During thin-layer chromatography 179 638 54 it was found advantageous ,to use. the 
linear relationship, between the migration referred to a standard protein and the 



36 X DETERMANN, W. MXEEEL 

kqpithm of tht2 molwulw weigl~t~~58. We have made use af cytochrome c as it 
is GUI in&nsi~& t.x&~~xl calibration protein, and have tested the behaviour of some 
of the t~~ttz.i&‘show~ in Table II together with some additional enzymes on thin 

compared 

(2) 

(24 

I[h k n& ~rtGn if WS k ,an equation of universal validity, as the experiments were 
OX@ &NW w&Ia OIM lx&& of Sephades G-200, superfine, in our laboratory. 

AS ow WW~WX-S tie elution behaviour of globular proteins on gel columns with 
&& ~P~&WU&W WX~&P, systematically, it is assumed that molecules under investi- 
~WWTI WC sinaikr ia C&c&anal ratio and partial specific volume (cf. e.g. refs. 6, IO, 

0 XOD 



MOLECULAR WEIGHT AND ELUTION BENAVIOUR OF PROTEINS 

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

309 

log Y = r() - constants (V,/yb) (3) 

logr = r0 -j- constsnt~IZ,y~ (3a) 

In Fig. 3 we have compared the STORE radii from Table II with the elution constants 
(V,/V, or J&t). A linear correlation was found for Sephadex G-loo and a fairly good 
one for G-75. Concerning the proportionality between Rdl/t and log Y on Sephadex 
G-zoo, the postulate of eqn. (3a) is perfectly fulfilled. 

Fig. 3, The correlation bctwccn the clution constants (V,/V,-, or J&t) and the logarithm of the 
STOKE raclii of the cliffwcnt protcins of Tsblc II. 

MATWEMATICAL TREATMENT 

As far as the results of more than a dozen publications are concerned, one can 
assume the validity of eqn. (I) for the behaviour of globular proteins on columns of 
porous dextran gels, We have now tried to find out, if one can make ariy general 
statement about mechanisms for gel chromatography described by this equation. 
The exponential form of eqn. (I) : 

M = c0nstsLnt.e - constant. (V,/Vo) 

was differentiated. 

(4) 

.I_ 

cuw 
--- = - constant l A4 
dye./vo) 

and transformed subsequently to give 

dM -= - constsnt*d( V,/Ir,) (5a) 
M 

J. %hrOWto&, 25 (x966) SO+& 
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From eqn. (3) it follows 

dr -= - constanl*d( V,/Vo) (sb) 
Y 

Urrnn I.c\ illmcl+vn+o +hn 4nt-+ *ha+ w&kin +htx lirvri+c ni valirlifv of nnn. IT\. the relative yY= \a/ I*Ls.&~~a.cua,” m,AAU ~ea#Yl, u,aacut, V”IIILIIIL b&i” &&Ia*IYY VI . ..u”~“J ‘3”’ \-/r “--- 
+m&.oI tiolectilar size is’lineariy proportion& ‘to a change in ‘elution volume. One 
may n&G try t6 substitute’ tlie differential change in the elution constant by other 
qlti&nfities, which-are conn&ted tiith the ‘prbposed mechanism fbr the gel cliromato- 
graphy process. To date two diffixent ‘conbepts have been published as ‘discussed in 
the introduction. The kinetic mechanism by ACKERS~’ and the (quasi) equilibrium 
exclusion mechanism of all ‘other workers (cf. refs. 3, 7, 36). In the latter case it is 
considered that, dependent on ‘the size of the solutes, the separation is effected by 
a:.c8*un-“rr” :” 4.Le ~~.~:l*L:l:+ . . n$ &La mnl’.,e.s.t& :m CL- wnl mhaca /T,‘.\ u.IILGLG~L~l;iJ 11L l.UF cb”cb,JLadJIILLy TF mnlnIII*lPC nc 8 “L l,,LG ~“J.“-zI‘I. J&L 1.11-z SGL ytJ1L”au \Y 2,’ .a.& ++L”1~~K.b1L.~ “I 

certain size will only enter a fractional @art (Kd) of this volume, the elution volume 
may be replaced by this available volume (V,,). One has to use the defining equation 
of the elution volume3, Ve = V, + K&‘c =Vo+Vav. The elution constant: in eqns. (5) 
may now be substituted by a number of equivalent values: 

(6) 

For one type of molecular size the available volume’of a given gel bed (If,,) is assumed 
to consist of a number (a$) of single pores’which have the volumes A$ : 

V a, = x Ai = Vt*n*A (7) 
. 

The average volume of an individual pore (A) is connected to a real pore by A = 
Cn~A&~; Vt is the total iroluine of the gel bed; 71 represents the number of individual 
pores per unit of volume. Combination of eqns. (6) and (7) yields 

v,, vt V = --.n.A Vt? 

and 
VI v.1 

= constant.n.A l - 
vo 

,’ dM 
- = -constant*n*dA 

‘: M 

(8) 

(9) 

Since’ n 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(Ve!V,) - dA. As ‘yt is the number of 
available average pores, combined with Vt/Vg 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 L7. The m&t simple connection be- 
tween (cons$ant l 92) and d would also be a linear proportionality : 

conslzant~ 92 = constant -constant. d (10) 

assuming an equivalent pore size distribution in all gels. The negative sign represents 
the decreasing, avaiiabie voiume by increasing the density. Eqn. (9) then becomes 

dMfM =‘I- (constant--con&a& l d) . dA = - (cons&t-constant l d) l d(V,/Vo) 
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MOLECULAR WELGNT AND ELUTION BEH’AVLOUR OF PROTEINS 3x1 

By an analogous integration and logarithmic process one finds: 

1ogM = MO - (constant: - constant l d) 5 
vo 

: (rxj 

equivalent to eqn. (I). Eqn. (II), within its empirical limits would be of general 
validity. Indeed the constants can be calculated from eqns. (za-Ic), Fig. 4 relates the 

0.71 ’ ’ ’ 0 ’ ’ ’ ’ ’ 
1 1.01 1.03 1.05 1.07 

d (g/ml) 

Fig. 4. Relation botwccn the slope of the lines of Fig. I ancl the go1 dens ty. 

slo’pe of the eqns. (I) with the wet density d of the pertinent gel. ,The data for 
Sephadex G-zoo, G-100 and G-75 lie well on a straight line, whereas the values for the 
G-50 do not. The reason may be that we used only limited data from one laboratory 
A.- ,_A..,ll:,L _-_ /.._.I\ d..L :E +I..:, ,.,l.., :, . . ..+LAU+.” :4. -:r&c 1.11. l.ntT~a I\” n Axccb,*,* 
lxJ I=scaullsIL cqu. (IU). YUL 1L LlllJ VcLl.UG ,a CLLLLLIGULIb, 1L r,uCjrrl. UF “LW~LL “IL cl8 u.llJ.xa.~~Lb 

pore size distribution in the denser gel. The line in Fig. 4 is described 
tan a= constant = 6.062 -_5.00 *a? Insertion in eqn. (I) results in 

VC? log N = MO - (6.062~5,00* a) I’ 
0 

by the equation 

valid for the Sephadex gels in the range G-zoo to G-75. Eqn. (II&) describes the 
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 SeQhadex 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 objection to 
the A&ER~ concept?, 

The general validity of eqn. (XI) 

model concerning the microstructure in 
hqsic ~.ssumation during its derivation : -cd--- c---___ c----- ---mm~” 
available to a molecule of given siie. 

which ‘was derived without any geometric 
the gel can be taken as a proof, of the only 
i.e. that only a fraction of .the gel phase is 

:. 

.i . 

. 
SUMMARY 

Nearly thirty papers in the literature, concerning the chromatographic, be- 
haviour of macromolecules on columns of porous gels demonstrate a linear reMion 

J. Chromato~., 25 ($966) 303”313 
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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: 

G-75 : log M = 5.424 - 0.752 ’ (V,/Vo) 

G-100: log M = 5.941 -o.S47*(VIc/Vo) 

G-200: log M = G.GgS - 0.987 a (V,/Vo) 

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 = logM0 - (6.062-5.oo*d) l (t',Jl/o) 

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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