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The Apparent Shape of Protein Molecules!

By Hans NEURATH

It has been recognized for some time that the
term globular proteins does not necessarily imply
spherical shape. Measurements of the double re-
fraction of flow,?~® dielectric dispersion,®” and
viscosity®~!! of protein solutions have in many in-
stances proved that protein molecules may be
unsymmetric. Whether a protein molecule is
spherical may also be determined from combined
sedimentation and diffusion measurements, as
Svedberg!? showed many years ago. The appli-
cation of Svedberg’s theory to the calculation of
the relative dimensions of a number of representa-
tive protein molecules was described by us on a
previous occasion, incidental to a discussion of the
diffusion of proteins.!?

In the present paper, further studies are re-
ported on the relative and absolute dimensions of
protein molecules and their respective dissociation
and aggregation products. After a brief outline
of the theory and its implications and limitations,
the results are presented, and discussed from the
general viewpoint of protein structure.

Theoretical

Svedberg!®!? has introduced the term dissym-
metry constant as an indirect measure for the de-
viations of molecules from spherical shape. The
ratio f/fy, where f is the measured molar frictional
coefficient, and f, the theoretical molar frictional
coefficient for a spherical molecule of the same
molecular weight, ought to be unity for spherical
molecules, and greater than unity for elongated
molecules. The dissymmetry constant is related
to the sedimentation constant, s, the molecular
weight, A/, the diffusion constant, D, the partial
specific volume of the solute, V, and the density
of the solution, p, according to equation (1).
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From the way in which this equation was derived
it follows that, in the ideal case, f/f; must be
identical with the ratio Dy/D, where D is the ob-
served diffusion constant, and D, the diffusion
constant of a spherical molecule of the same mo-
lecular weight. Hence, f/fo may be calculated
merely from the molecular weight, the partial
specific volume, and the observed diffusion con-
stant, according to equation (2)
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where k£ is the Boltzmann constant, », the vis-
cosity of the solvent, and XN, the Avogadro num-
ber.

The strict validity of equations (1) and (2) re-
quires the use of such dilute solutions that inter-
actions between solute molecules become negli-
gible. While this requirement may be fulfilled by
sedimentation measurements, diffusion measure-
ments necessarily have to be confined to more con-
centrated solutions. It is only when the experi-
mentally determined value for f, calculated from
either sedimentation equilibrium or diffusion
measurements, is found to be independent of the
protein concentration, that an unambiguous value
may be ascribed to f/f,.1*

Difficulties also arise in assigning a true value to
fo. It is known that molecular weight data may
be in error by as much as 109,. Although the
molecular weight enters into the calculation of f;
only as the cube root, yet small variations in f/f;
may result in significant variations in shape fac-
tors calculated therefrom.

Another source of uncertainty in the calculation
of shape factors relates to the influence of hydra-
tion.!®” While the theoretical molar frictional
coefficient, f,, is calculated from the molecular
weight and partial specific volume of the unhy-

(14) Lamm and Polson,!® for instance, reported an increase of
the diffusion constants of egg albumin, hemoglobin and serum
albumin in dilute protein solutions. In the case of egg albumin,
serum albumin, insulin and pepsin, for instance, the molar frictional
coefficient calculated from diffusion, fy4, differs from that calculated
from sedimentation, f;, by about 10 p. c., whereas equation (1) as-
sumes equality of 74 and fs.
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drated molecule, the measured molar frictional
coefficient, f, is determined by the hydrated mole-
cule of higher partial specific volume, and molecu-
lar weight. If deviations of the dissymmetry
constant from unity were to be ascribed exclu-
sively to effects of hydration, a value of f/fy =
1.1 would correspond to V = 0.82 (assuming 209,
hydration), whereas higher values of f/f, would
result in V greater than unity. While it cannot
be denied that the influence of hydration would
tend to decrease the apparent dissymmetry con-
stant to some extent, it is evident that hydration
cannot account for values of f/f, greater than 1.1,
even if the high values for the partial specific
volume and hydration, suggested by Adair and
Adair,'® are used. As an approximation, we have
assumied in this paper that the influence of hydra-
tion on dissymmetry constants is of second order.
Specifically, the dissymmetry constants have been
related to the apparent shape of the uwnhydrated
protein molecules.

A quantitative relation between the relative
dimensions of proteins and the dissymmetry con-
stant may be obtained by combination of equa-
tion (2) with Perrin’s'® equation for the linear
diffusion of ellipsoidal molecules. This equation,
derived from hydrodynamic considerations, relates
the ratio of the short to long axis of a prolate ellip-
soid of revolution, a/b, to the ratio of the diffusion
constants, /D%

D _ _ (a/b)hs

Dy /T = (/b
The absolute values of the length of the short and
long axis, a and b, may be estimated by combining
equation (3) with the equation for the volume of a
prolate ellipsoid of revolution. If M is the mo-
lecular weight, V the partial specific volume of the
protein, and N the Avogadro number, then

MV = a%zN/6 4)

It has to be emphasized that the results of such
calculations may be subject to considerable error.
The true values of b/a depend on the effective
shape of the molecules, on the nature of their sur-
face, and on the extent of interaction between sol-
ute and solvent. If the surface of the solute mole-
cules is irregular and if there is marked interac-
tion between solute and solvent (hydration), there
will be, in addition to the frictional resistance due

(18) Perrin, J. phys. Radium, T, 1 (1936).

(19) A similar relation exists for flat ellipsoids of revolution, but
in all probability such a model has no significance for considerations
of protein molecules.
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to the molecular shape, a frictional resistance pro-
duced by the surface of the molecules. Perrin’s
equation is for the specific case of a molecule hav-
ing the shape of a prolate ellipsoid of revolution
and devoid of any interaction with the solvent.

Further uncertainties are due to the fact that
the dissymmetry constants recorded in the litera-
ture are exact only to one significant place, where-
as variations in the second significant place may
produce marked changes in the absolute dimen-
sions, b and a. The true values of these constants
are, in addition, largely dependent on the exact
molecular shape. Thus, if one assumes as effec-
tive shape a cylinder, for instance, the short axis
of the molecule would be one-third shorter than
that of an ellipsoid of revolution of equal length.
As, however, the shape of an ellipsoid of revolu-
tion is used for the calculation of the relative
dimensions, the use of the same model for cal-
culating the absolute dimensions will most likely
give the best results,

Calculations

In spite of these theoretical uncertainties, we
have calculated the relative and absolute dimen-
sions of a large number of proteins, with equations
(2), (3), and (4). It was felt that sufficient evi-
dence has accumulated by other experimental
methods for the belief that a physical meaning
may be ascribed to the great variations in the
observed dissymmetry constants. The limits of
the error involved in these calculations may be
appreciated by considering the assumptions dis-
cussed in the preceding paragraphs. Most of the
calculations have been based on the values for the
dissymmetry constants tabulated by Svedberg.?
In some instances these have been recalculated
from values for the molecular weight and diffusion
constant. Where marked discrepancies between
our and Svedberg’s values have been found, both
values have been listed (see Table II). For
convenience, V = 0.75 has been assumed through-
out the calculations.

In Table I, values for f/fs, b/a, b, and a, !are
given. Unless stated otherwise, they have been
calculated from f;, and from the molecular weight
as determined by diffusion and sedimentation veloc-
ity measurements, For reasons to be mentioned
in the discussion, the proteins have been arranged
according to increasing values of the short diam-
eter of the molecule, a. In Table II the corre-

(20) Svedberg, Ind. Eng. Chem., 80, 113 (1938); Kolloid .Z., 86,
119 (1938).
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sponding values for proteins and their respective
dissociation and aggregation compounds are listed.
The values for the hemocyanins have been taken
from the work by Eriksson-Quensel and Sved-
berg.?!

TABLE 1

APPROXIMATE RELATIVE AND ABSOLUTE DIMENSIONS OF
ProTEIN MOLECULES®

M = molecular weight. f/fy = dissymmetry constant.
a = short diameter. b = long diameter.

Protein M /1 b/a a,A. b A.
1 Zein 35000 2.0 20.1 16 322
2 Cytochrome C 15,600 1.3 5.8 18 98
3 Gliadin 26,000 1.6 11.1 18 196
4 Hordein 27,500 1.6 11.1 18 196
5 Erythrocruorin (Chiromimus)® 31,400 1.6 11.1 19 208
6 Serum albumin, urea de-
natured?? 67,100 1.98 19.4 20 359
7 Lactalbumin a 17,500 1.2 4.3 21 91
8 Erythrocruorin (Lampeira) 17,100 1.2 4.3 22 94
9 Bence—Jones 8 37,700 1.3 5.8 25 144
10 Myoglobin 17,200 1.1 2.9 24 70
11 Crotoxin 30,000 1.2 4.3 25 109
12 Concanavalin B 42,000 1.3 5.8 26 149
13 Tuberculin protein 32,000 1.2 4.3 26 112
14 Lactoglobulin 41,800 1.2 4.3 28 122
15 Pepsin 35500 1.08 2.7 31 84
16 Insulin 40,900 1.13 3.3 31 102
17 Egg albumin® 40,500 1.1 2.9 32 91
18 Hemoglobin (horse) 69,000 1.24 4.8 32 155
19 Serum albumin (horse)” 67,100 1.2 4.3 34 145
20 VYellow ferment 82,800 1.2 4.3 36 152
21 Canavalin 113,000 1.3 5.8 36 207
22 Serum globulin 167,000 1.4 7.5 37 280
23 Diphtheria toxin?? 72,000 1.2 4.3 34 145
24 Antipneumococcus serum
globulin (rabbit) 157,000 1.4 7.5 37 274
25 Antipneumococcus  serum
globulin (man) 195,000 1.5 9.2 37 338
26 Concanavalin A 96,000 1.1 2.9 43 124
27 Erythrocruorin (Arc a)b 33,600 1.0 1 43 43
28 Bence-Jones a® 35000 1.0 1 43 43
29 Catalase 248,000 1.3 5.8 46 297
30 Antipneumococcus serum
globulin (horse) 920,000 2.0 20.1 47 950
31 Phycoerythrin (Ceramium) 280,000 1.2 4.3 54 232
32 Amandin . 328,000 1.3 5.8 51 291
33 Thyroglobulin 628,000 1.5 9.2 54 498
34 Edestin 309,000 1.2 4.3 55 237
35 Excelsin 294,000 1.1 2.9 62 179
36 Urease 483,000 1.2 4.3 64 274
37 Hemocyanin (Palinurus) 446,000 1.2 4.3 62 268

¢ Unless otherwise stated, the values on which these
calculations are based have been taken from Svedberg’s
tables.??

® Calculated from sedimentation equilibrium values.

Discussion

It is striking that, with a few exceptions, pro-
tein molecules are not spherical, and most exhibit
high molecular dissymmetry.

Also it is well known that the apparent shape of
macromolecules frequently reflects in some manner
their stereo-chemical structure. If proteins are

(21) Eriksson-Quensel and Svedberg, Biol. Bull., 71, 488 (1936).

(22) Neurath and Saum, J. Biol. Chem., 128, 347 (1939).

(23) Lundgren, Pappenheimer and Williams, THis JoUrRNAL, 61,
333 (1939).
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TaBLE 11

APPROXIMATE RELATIVE AND ABSOLUTE DIMENSIONS OF
PROTEINS AND THEIR RESPECTIVE DISSOCIATION AND
AGGREGATION COMPONENTS

M = molecular weight. f/fo = dissymmetry constant.

a = short diameter of molecule. b = long diameter of

molecule. The arrows indicate the direction of cleavage:

— parallel to long axis; | parallel to short axis.

Protein M f/fh b/a oA bA
Hemoglobin

69,000 1.24% 4.8 32 155

Cleavage

Main component
Dissociation com-
ponent?

Probably
39,000 1.20¢° 4.3 28 118
Phycocyan (Ceramium)

272,000 1.26* 5.3 49 261
1.2 4.3 53 228

Main component

Dissociation com-

ponent 131,000 1.4 7.5 34 258 —

Hemocyanin (Eledone)1

Main component 2,791,000 1.4 7.4 95 715
Dissociation com-
ponent 457,000 1.92 18,2 39 707 —

Hemocyanin (Helix pomaiia)?l
Main component 6,630,000 1.2 4.3 153 660
Dissociation com- 814,000 1.66% 12.4 54 663 —
ponent 1.9 17.8 48 845
Dissociation com- 502,000 1.81% 15.7 42 661 —
ponent 1.5 9.2 50 463 }

Hemocyanin (Busycon)?

Aggregation com- 9,980,000 1,27¢ 5.4 159 922
ponent 1.3 ..
Main component 6,814,000 1.2 4.3 155 665 }

Dissociation com-

ponent 379,000 1.4 7.5 57 430

@ f/fo recalculated from the values for D and M given by
the authors.

considered to consist of polypeptide chains, folded
or fully extended, the long diameter of the mole-
cule may be thought of as being determined by the
length of the chains, whereas the short diameter
would reflect the number of chains within the
molecule. Led by such considerations, we have ar-
ranged, in Table I, the proteins according to their
absolute dimensions. The length of the short di-
ameter has been chosen as the criterion for our
classification. It is interesting to note that pro-
teins which belong to different groups as regards
their molecular weight become members of the
same group if arranged in this manner. Thus, cyto-
chrome C, gliadin, and erythrocruorin (Chironi-
mus), with the molecular weights of 15,600, 26,000
and 31,400, respectively, are found to have a com-
mon short diameter of about 18 A. Likewise pro-
teins of molecular weight 35,000, 96,000, 248,000
and 920,000, respectively, fall into one group. Al-
though the calculated absolute dimensions may
be subject to considerable error, we feel that their
value for comparative purposes is unquestionable.

(24) Steinhardt, J. Biol. Chem., 128, 543 (1938).
(25) Eriksson-Quensel, Biochem. J., 32, 585 (1938).
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The importance of such considerations becomes
even more apparent if the dimensions of protein
are compared with those of their respective dis-
sociation and aggregation components.? From
Table II it may be seen that dissociation of phyco-
cyan (Ceramium) for instance, affects only the
length of the short axis, when the molecular weight
is halved. Similarly, dissociation of hemocyanin
(Eledone) only decreases the short axis when the
molecular weight drops from 2,790,000 to 457,000.
Such data immediately suggest that these mole-
cules split in the direction parallel to the major
molecular axis. In other cases, only the major
axis is shortened during dissociation indicating
that splitting takes place at right angles to
the major axis. In Table II, the apparent direc-
tion of splitting is indicated by arrows, a horizon-
tal arrow indicating cleavage along the major axis,
and a vertical arrow cleavage along the minor axis.?

Comparison of the absolute dimensions of the
anti-pneumococcus serum globulins indicates a
similar relationship. These proteins seem to differ
chiefly in respect to the length of the molecule, if
the species from rabbit, man, and horse are com-
pared with each other (Table I). An exact inter-
pretation of the molecular dimensions in terms of
chemical configuration would be premature at
present. Only in a few isolated cases, such as

(26) Here the influence of hydration is most likely the same for
the undissociated protein and its respective dissociation products.

(27) In the case of the dissociation of hemoglobin by urea, this
regularity does not seem to hold exactly. It appears from such con-
siderations, as well as from others,? that the value for the dissym-
metry constant of this protein is somewhat too low.

(28) Neurath, Symposia Quant. Biol., 6, 23 (1938).
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zein,” or hemoglobin,® has yet a satisfactory
agreement between the shape factors determined
by different independent methods been estab-
lished. Further experimental work is needed
before the values recorded in Tables I and II can
be accepted as exact values.

The work of Astbury?®® and of Bergmann and
Niemann?! has furnished much evidence for the
hypothesis that the difference between fibrous and
globular proteins is merely a quantitative one.
The data presented in this paper likewise illus-
trate the fibrous character of the globular pro-
teins, thus lending support to the theory that both
types of proteins are structurally closely related.

Summary

A method for the estimation of the relative and -
absolute dimensions of protein molecules from the
dissymmetry constant and Perrin’s diffusion
equation is outlined and its limitations discussed.
The data indicate that most proteins are unsym-
metric in shape. A certain regularity exists, inde-
pendent of the molecular weight, when proteins
are grouped on the basis of their molecular dimen-
sions. Comparison of the dimensions of proteins
with those of their respective dissociation and ag-
gregation products indicates that cleavage occurs
only in directions parallel to either the major or
minor molecular axis.

(29) Arrhenius, Physik. Z., 89, 559 (1938).

(30) Astbury, Nature, 140, 968 (1937).

(31) Bergmann and Niemann, J. Biol. Chem., 118, 77 (1936);
118, 301 (1937).
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The Hydroxylation of Unsaturated Substances.

V. The Catalytic Hydroxylation of

“Certain Unsaturated Substances with Functional Groups

By NicuHoLAs A. MiLas, SIDNEY SUSSMAN AND HowARD S. MAsoN

Further application of the recent hydroxylation
method developed in this Laboratory! has led to
the production of a number of useful products
which hitherto have been rather difficult to pro-
cure in satisfactory yields. Of particular interest
along this line is the production of glycolaldehyde
from divinyl ether in yields as high as 96%.
Furthermore, it has been found possible to add

(1) Milas and Sussman, THis JOURNAL, 58, 1302 (1936): B9, 2345
(1937).

hydroxyl groups to substances containing double
bonds adjacent to carbonyl groups. Boeseken,?
for example, has found that ethyl fumarate and
ethyl maleate were not appreciably oxidized with
perbenzoic acid, and in the case of unsaturated
ketones having the same arrangement of groups
he reports® oxidation of the ketones without the
formation of epoxy derivatives but with cleavage

(2) Boeseken, Rec. trav. chim., 48, 838 (1926).
(3) Boeseken and co-workers, ibid., 50, 827 (1931); 52, 874
(1933); 68, 786 (1936).



