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Studies on protein solutions performed at the Institute of Physical
Chemistry, Upsala, by means of sedimentation velocity and sedimentation
equilibrium measurements in strong centrifugal fields (19, 20, 21, 22, 23,
24) as well as diffusion (33, 7) and electrophoresis (32, 10) determina-
tions have brought to light a number of facts concerning the protein mole-
cules. The main results of this work will be reviewed below.

Details of methods and apparatus have been given on previous occa-~
sions. The technique used may briefly be summarized as follows.

SEDIMENTATION VELOCITY MEASUREMENTS

A small quantity of the solution to be studied is vacuum-tightly en-
closed in a small sectorial cell provided with plane-parallel quartz windows
and rotated at constant (or but slightly changing) temperature in hydrogen
at 20 mm. pressure. The main part of the machine—called the ultracen-
trifuge—is the chromium-nickel steel rotor (figure 1) designed on the
principle of minimum strain. It is driven by means of two small oil
turbines, one at each end of the (horizontal) shaft. To avoid vibrations
the rotor journals move in special damping bearings. Speed measure-
ment is accomplished through determining the period of an a.c. current
generated by a magnetized zone of the rotor shaft acting on a soft iron-
cored two-pole stator. The temperature of the cell is measured by means
of a thermocouple attached to a small silver dise situated close to the
rotor. Necessary temperature corrections are found by melting-point de-
terminations in the cell. Figure 2 shows the ultracentrifuge with the lid
raised, and figure 3 the work in an ultracentrifuge laboratory.

The resolving power of the ultracentrifuge is given by the expression
w?rh, where w is the angular velocity, x the distance from the center of ro-
tation, and h the height of the column of solution in the cell. High cen-
trifugal force (w?r) may be compensated, therefore, by high column of
solution and vice versa. On grounds of rotor construction the maximum

1 Presented at the Tercentenary Conference of Arts and Sciences, Harvard Uni-
versity, Cambridge, Massachusetts, September, 1936.
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value for w?ch attainable corresponds to a speed around 60,000 to 70,000
R.P.M., a rotor diameter of about 180 mm., and a height of column of solu-
tion of about 18 mm. Freedom from convection is essential for trust-
worthy measurements.

The process of sedimentation is followed (during rotation) by optical
means. Two procedures of recording the sedimentation are used, viz.,
the light absorption method and the refractive index method. In the
former pictures of the sedimenting column are taken from time to time by

Fic. 2. The ultra-
centrifuge with lid
raised.

Fie. 1. Recent rotor
type with turbines
and cell.

Fia. 3. Ultracentrifuge laboratory

light of a wave length which the solute absorbs. In the latter method
pictures of a finely ruled transparent scale are taken through the sedi-
menting column by light of a wave length which is not absorbed. The
absorption method furnishes diagrams giving the relations between con-
centration (¢) of solute and distance (z) from center of rotation. The
diagrams of the refractive index method express the concentration gradient
(de/dx) as a funetion of the distance from center of rotation. With the
former method, therefore, each molecular species is brought out as a step
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on the curve, while the latter one shows each molecular species as a maxi-
mum. The refractive index method is more accurate than the absorption
method, especially for the analysis of mixtures, but it is much more
laborious.

The sedimentation constant? (s) is calculated from the formula

1—VPO
1—-Vo

where dz/df is the observed sedimentation velocity, n and o the viscosities
of solution and of water at 20°C., V the partial specific volume of solute, p
and po the densities of solution and of water at 20°C.

If the diffusion constant?® (D) of the solute is known, the molecular weight
(M) may be calculated from the expression

RTs
= B V7) @

where R is the gas constant and T the absolute temperature.

s = da/dt-1/w’z-n/n0- 1)

M

SEDIMENTATION EQUILIBRIUM MEASUREMENTS

In this case the shape of the cell is immaterial. A centrifugal force
giving optimal concentration distribution has to be used. This force is,
for a given substance, much lower than the force needed in sedimentation
velocity determinations. The rotation has to be continued at constant
temperature until test measurements have shown that equilibrium be-
tween sedimentation and diffusion is attained (this may take from a few
days up to several weeks even for a column of solution not more than 5
mm. in height).

The molecular weight is computed from the equation

_ 2RT In (cz/c1)
(1= Vo)oi(al — )

where ¢ and ¢; are the concentrations at the distances z, and z; from the
center of rotation.

3)

DIFFUSION MEASUREMENTS

A cell with plane-parallel windows and provided with an arrangement
for placing a column of solvent on top of a eolumn of solution without dis-
turbing the sharpness of the boundary is kept at strictly constant tem-
perature. The change of concentration with time at the boundary be-
tween the two small—but from the point of view of diffusion—*infinitely”’

2 All sedimentation constants are expressed in units of 10713,
3 All diffusion constants are expressed in units of 1077,
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high columns of liquid is followed optically, preferably by means of the re-
fractive index method. The diffusion constant (D) is calculated from
the following equation (or from formulas derived from it)

dn/de = Ny — No .e—z2/4Dt (4)
/ 24/7Dt
where 7; and ng are the refractive index of solution and solvent, respec-
tively, and 2 is the distance from the original boundary. If the absorption
method is used the diffusion constant is found from the following equa-
tions.

D = /4% (5a)

;= Co/2 <1 - 2/A/7 ‘[’ e dy) (5b)

ELECTROPHORESIS MEASUREMENTS

In a quartz U-tube of good optical quality the solution to be studied is
placed underneath the solvent and an electric potential gradient created
over reversible electrodes. From observations on the movement of the
boundary by means of the absorption or the refractive index method the
electrophoretic mobility is derived. A plot of such data as a function of
pH furnishes two important constants, viz., the isoelectric point and the
mobility per pH unit in the isoelectric region.

The mass and shape of the protein molecule is perfectly well-defined in
spite of the often enormous size. This means that the solution of a cer-
tain protein is either homogeneous with regard to molecular weight or con-
tains a limited number of different molecular species (as a rule in equilib-
rium with each other). Mass and shape are defined by the environment
(viz., pH., concentration of protein, concentration of salts and other
solutes present) and respond stepwise by reversible dissociation-associa-
tion reactions to changes brought about in the environment. These
striking regularities justify, I think, the use of the term “molecule” for
the protein particle,

In support of the above statements the following examples of measure-
ments may be given.

If sedimentation proceeds so quickly that no appreciable diffusion takes
place during a run (e.g., with high-molecular weight proteins) the molecu-
lar homogeneity is demonstrated simply by the sharpness of the receding
boundary (figure 4).

An example of the behavior of a2 non-homogeneous high-molecular weight
substance* is given in figure 5.

¢ Stanley’s recent preparations, which have been made in a chemically milder way,
are homogeneous.
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If the sedimentation proceeds more slowly so that appreciable diffusion
takes place during a run, the homogeneity can be tested by construecting
the theoretical sedimentation—diffusion curves and comparing those with
the observed ones (figure 6).

A still more severe test consists in calculating the apparent diffusion
constant from a centrifuge run and comparing this value with the diffusion
constant determined outside the centrifuge. In the case of an inhomo-
geneity with regard to molecular weight the former value will be higher
than the latter because of the spreading of the boundary by the centrifu-
gal field.

A homogeneity test may also be performed by means of sedimentation
equilibrium measurements, The molecular weight values should be in-
dependent of distance from the center of rotation (figure 7).

A third method of testing the homogeneity consists in comparing the
observed distribution of concentration in a diffusion determination with
the theoretical ideal dispersion (figure 8).

As an example of the sedimentation analysis of a natural mixture of
several proteins, figure 9 gives the diagrams obtained for cow’s milk by
means of the refractive index method.

The pH response of a protein is exemplified by the pH stability diagram
of Helix hemocyanin given in figure 10. At the isoelectric point the pro-
tein contains only one eomponent, but on lowering or raising the pH we
arrive at points where a very small change in pH causes a great change in
the molecular state. The original molecule (s = 98.9; molecular weight
6,740,000) dissociates stepwise into halves (s = 62.0), eighths (s =
16.0), and sixteenths (s = 12.1).

The products of pH dissociation represent perfeetly homogeneous
components, as demonstrated by figure 11.

The reversibility of the pH influenced dissociation—association process
is demonstrated by the following experiment. A solution of Helix hemo-
cyanin at pH 6.8 of sedimentation constant 98.9 (molecular weight
6,740,000) was brought to pH 8.0, where it contains three components
with the sedimentation constants 98.9, 62.0, and 16.0 (molecular weights
6,740,000, 3,370,000, and 842,000). The pH was then changed back to
6.8 and a sedimentation analysis performed. It was found that all the
fragments of dissociation had completely united to form the original
component of s = 98.9 (molecular weight 6,740,000).

High dilution often causes dissociation. Thus hemoglobin upon dilu-
tion is partly split into half molecules (14). In a dilute solution of thyro-
globulin there are present several dissociation products. The effect is
favored by high pH and low salt concentration (figure 12).
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F1a. 4, Sedimentation pictures (a) obtained by means of the absorption method
and curves of concentration distribution (b) for the hemocyanin from Heliz pomatia
at pH 5.5 (M = 6,740,000; s = 98.9; see footnote 2); centrifugal force 45,000 times
gravity; time between exposures 5 minutes (I.-B. Ericksson-Quensel (2)).

a
F1a. 5. Sedimentation pictures (a) obtained by means of the absorption method
and curves of concentration distribution (b) for the tobacco mosaic virus protein at
pH 6.8 (mean M = 17,000,000; s = 236); centrifugal force 15,000 times gravity; time
between exposures 5 minutes (I.-B. Eriksson-Quensel (4)). The virus protein is
homogeneous in its native state and in preparations isolated in a chemiecally mild

way.

Fra. 6. Sedimentation pictures (a) obtained by means of the absorption method
and curves of concentration distribution (b) for e-lactalbumin (M = 17,600; s = 1.9;
D = 10.6; see footnote 3); the observed curves and the theoretical values (points
in the diagram) agree, showing that e-lactalbumin is homogeneous with regard to
molecular weight; centrifugal foree 310,000 times gravity; time between exposures
40 minutes (K. O. Pedersen (11)).
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Addition of an amino acid or of another protein often causes dissocia-
tion. Thus serum albumin may be split by adding clupein (figure 13).

Molecular weight
°
S oo a
| - ey woooo
150 04 °
200000

Sedimentalion equilibrium of Phycoerythrin
1n phoesphate. buffer of pH 5:8 with 1% Nacl ot 20*¢
measured ofter 108.120.132,139.155 hrs

100n

T
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50
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Fia. 7. Relation between molecular weight and distance from center of rotation
for phycoerythrin (M = 281,000) at pH 6.8; the constancy of molecular weight
throughout the whole x-region demonstrates the homogeneity of this protein (I.-B.
Eriksson-Quensel (3)).

¥
a

F1a. 8. Diffusion curves and ideal distribution points for crude gliadin (a) and for
purified gliadin (b); the ideal form of the latter curve demonstrates the homogeneity
of the substance (M = 27,000; s = 2.10; D = 6.72) (O. Lamm and A. Polson (7)).

A certain small amount of association product is formed together with
the dissociation product when clupein is added to serum albumin, This
is seen as a small maximum (C) (s = 7) in figure 13a.

High salt concentration may cause dissociation or association. In
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F1c. 10. The pH stability diagram for the hemoeyanin from Heliz pomatia. (1.-B.
Eriksson-Quensel (2))
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Fic. 11. Sedimentation pictures (a) obtained by means of the absorption method
and curves of concentration distribution (b) for the hemocyanin from Heliz pomatia
at pH 8.2; molecular weight of components 6,740,000 (s = 98.9), 3,370,000 (s = 62.0),
and 842,000 (s = 16.0); centrifugal force 60,000 times gravity; time between exposures
5 minutes (I.-B. Eriksson-Quensel (2)).
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F1c. 12. Sedimentation diagrams of a thyroglobulin solution containing besides
the normal thyroglobulin (s = 19.2) two dissociation products (s = 10.1 and 6.3)
caused by prolonged action (fourteen days) of low protein concentration (0.09 per
cent), low salt concentration (0.002 M horate buffer), and high pH (10); centrifugal
force 180,000 times gravity (H. Lundgren (8)).
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F1a. 13. Sedimentation diagram of serum albumin in 2.6 per cent clupein solution;
the rapidly sedimenting maximum, A, represents undissociated protein; the slowly
sedimenting maximum, B, is the dissociation product (sedimentation constant about
1 and molecular weight around 1/8 of that of serum albumin); the sedimentation of
the clupein itself has been subtracted from the curves (K. O. Pedersen (13)).

a
100,
=
=
Z >
(=)
L=
S E 50
3 E
< Z
‘_. L
z 2
oS
i
K 1 1 1 il
0 02 04 06 08 -0 2
DISTANCE FROM MENISCUS IN CM.
b

F1g. 14. Sedimentation pictures (a) and curves of concentration distribution (b)
for normal thyroglobulin (M = 685,000; s = 19.2); centrifugal force 120,000 times
gravity; time between exposures 5 minutes (H. Lundgren (8)).
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solutions of thyroglobulin (s = 19.2; molecular weight 685,000) the ad-
dition of 4 molar sodium chloride gives rise to a homogeneous association
product of s = 196, corresponding to a molecular weight of about 16
million (figures 14 and 15).

A pure protein is perfectly homogeneous with regard to electrochemiecal
behavior, as is borne out by electrophoretic measurements. Figure 16
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F1a. 15. Sedimentation pictures (a) and concentration distribution (b) for thyro-
globulin partly associated (M = 16 million; s = 196) by standing for twenty-three
hours at 5°C. in the presence of 4 M sodium chloride; the thyroglobulin concentration
was 0.05 per cent; the pH 4.8; centrifugal force 8800 times gravity; time between
exposures 10 minutes (H. Lundgren (8)).

shows the migration of Helix hemocyanin. In this case there is very little
diffusion and curve 4, which is obtained after reversing the current, coin-
cides with curve 1. No electrophoretic separation has occurred, and the
protein is therefore electrochemically homogeneous.

Chemical inhomogeneity is easily revealed by electrophoresis measure-
ments. Figure 17 shows the migration of leucosin. Here there is a
marked spreading of the boundary from curve 1 to 2. On reversing the
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current the separation is also reversed. The small difference between
1 and 3 is due to diffusion.

If the difference in isoelectric points between the components of a
mixture is sufficiently large, steps appear on the curve. This is demon-
strated by figure 18, which gives the migration of a mixture of phyco-
erythrin (isoelectric point 4.25) and c-phycocyan (isoelectric point 4.76).
During the time between curve 1 and curve 3 considerable separation has
taken place. This is reversed when the current is commutated, so that
curves 1 and 5 differ only by a small diffusion effect.

C
>

%_

C/u’ 5 44 af 3
0

| 1 1 A

0 5 10 15 20 a5 30 mm

Fig. 16. Electrophoretic curves for the hemoeyanin from Helixz pomatia at pH 6.9
(A. Tiselius (32)).
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F1g. 17. Electrophoresis curves for leucosin (A, Tiselius (32))

A protein solution may contain molecules of different mass and still be
homogeneous in electrochemical respect. This means that it is a mixture
of different states of aggregation of a chemically homogeneous substance.
The well-defined components formed by a moderate pH change cannot be
separated by electrophoresis (figure 19).

On the other hand a protein solution may contain molecules of the
same mass but differing in electrochemical respect. This means a mix-
ture of chemically different substances in the same state of aggregation.

As already pointed out, dissociation and association take place in large
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steps and this gives rise to a relationship of simple multiples intercon-
necting the various molecular states of a certain protein. The masses of
many protein molecules—even those belonging to chemically different
substances—show a similar relationship. This remarkable regularity
points to a common plan for the building up of the protein molecules.
Certain amino acids may be exchanged for other ones and this may cause
slight deviations from the rule of simple multiples, but on the whole only a
very limited number of masses seem to be possible. Probably the pro-
tein molecule is built up by successive aggregation of definite units but

CrasCres|
CF3+CFO /%F
CFe&«CF%F
Cray
2
C
F"'/Q, 3 %4 5/M

T

(o} 5 10 15 A0 25 30 mm

F1q. 18. Electrophoresis curves for a mixture of phycoerythrin and c-phycocyan
(A. Tiselius§(32))
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Cat 3f 2 \
0 r ! 1 i |
0 5 10 15 20 25

F1a. 19. Electrophoresis curves for the hemocyanin of Heliz pomatia at pH 7.9,
There is no separation, although the solution contains three components of molecular
weight 6,740,000, 3,370,000, and 842,000 (K. O. Pedersen (11)).

in such a way that only a few aggregates are stable. The higher the molec-
ular weight the fewer are the possibilities of stable aggregation. The
steps between the existing molecules therefore become larger and larger
as the weight increases. These statements are born out by table 1 in
which are collected recent data for the various constants of protein mole-
cules as determined in Upsala.

To sum up one may state that recent work has shown protein molecules
to be better defined but also more labile than expected. The lability re-
veals itself in a number of well-defined and reversible dissociation-asso-
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ciation reactions, the causes of which are changes in the environment.
This fact opens up new possibilities for explaining the protein transport in
the living organism.
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