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PREFACE

It is indeed unfortunate for American scientists that
so many of our distinguished European visitors leave our
shores without the opportunity of giving us the pleasure
of having personal contact with them. With this in mind,
we take great pleasure in presenting these lectures to the
scientific public. The author needs no introduction to
American scientists, and it is hoped that a touch of his
personality may permeate these printed pages, making it
possible for those who have not been able to hear his
voice, to feel, nevertheless, the spirit of the man whose
mind has contributed so much to the progress of science.

The roots of every great industry are buried deeply in
the science and art of man. A few men are able to
create new industries by means of scientific discoveries;
many men are able to make discoveries which contribute
to the development and growth of industry; but many
more must take their places as part of the vast mechan-
ism without seeing the cause and purpose of it all. But
the benefits and products of industry reach every individ-
ual in the civilized world.

As I stood in the laboratory of Prof. Sgrensen at
Carlsberg, I felt that I was indeed in the presence of
those who were creating. Prof. Sgrensen I found to be
not only a great educator and scientist but a chemist
who appreciates and recognizes the value of science to
industry, and who actually applies it. 1 was animated
by the desire to give to the American public, and espe-
cially to the students and teachers of America, a vision of
what I had seen and something of the wonder I had felt.

Through the generosity and interest in science of the
late Mr. Julius Fleischmann, President of The Fleisch-
mann Company, I was enabled to extend an invitation
to Prof. S¢grensen to favor us with a visit and to give
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PREFACE

some of his time while here to the scientists and students
of America.

It is with the hope that we have contributed in extend-
ing the field of knowledge by making some of the re-
cent work of Prof. Sgrensen more easily available to
scientists, and that in addition it will be possible for
some to gain a glimpse into the science underlying great
industries, that we present these lectures to the public.
Prof. Sgrensen has honored us by giving us this opportu-
nity.

R. L. CORBY.

New York, N. Y.
March, 1925.



PREFACE

The suggestion of making a permanent record of the
lectures as given during my stay in the United States in
the autumn of 1924 marks one more beautiful thought
and expression of co-operation between science and in-
dustry and makes my pleasure all the greater in comply-
ing with this wish.

It gives me an added opportunity of expressing my
heartiest thanks to all of those, and they were many,
who extended to Mrs. Sgrensen and myself such friendly
and genuine hospitality. Our stay was really a festival
and an enlivening experience which we shall never forget.

My ever sincere thanks are due, in particular, to the
late Mr. Julius Fleischmann, President of The Fleisch-
mann Company, for the gracious and generous invita-
tion which made our journey possible, and to Mr. R. L.
Corby, Director of The Fleischmann Laboratories, for

the never tiring amiability with which he conducted the
tour for us.

S. P. L. SORENSEN.

Copenhagen,
March, 1925.
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INTRODUCTION

The great development of colloid chemistry during the
twentieth century has been of great significance for protein
research and has, in special cases, shown the way for the eluci-
dation of phenomena which hitherto had appeared incompre-
hensible.

Colloid chemistry applies particularly to behaviour which
is dependent on the physical and not on the chemical nature
of the substance in question. However, when properties and
reactions in which the chemical nature of a substance takes
part are being considered, the colloid chemical point of view
is generally ineffective for giving any satisfactory explana-
tion. As we are here concerned with a number of the most
important and in the most exact sense, characteristic, prop-
erties of the proteins, it may be said in this connection, that
colloid chemistry, frequently one-sided, has often restricted
rather than advanced the study of these proteins. This is
largely due to the conception that protein solutions, being
of a colloidal nature, are so different from ordinary true so-
lutions in their behaviour, that it is impossible to apply the
theories based on the study of true solutions to protein solu-
tions.

The research of the last ten years—not least that of Amer-
ican scientists—has effected a change in these views. It has

xvii



INTRODUCTION

become evident that in order to understand the properties and
reactions of protein solutions, the theories accepted for the
state of true solutions must be applied. The reason this view
has gained general recognition only recently may be attributed
to the many great difficulties the minute investigation of pro-
teins and of their solutions present.

Protein matter is not volatile, can only in special cases be
crystallized, and on account of its amphoteric character, has
a strong tendency toward mutual combination, with the re-
sult that purification is very difficult and the preparation of a
well defined protein substance is therefore very complicated.
Furthermore, the molecules or molecular aggregates of the
proteins are so large, that only a very small amount of base
or acid, respectively, is required to neutralize a single acidic
or basic group in this large molecule. As such neutralizations
are of the greatest significance for the properties of the pro-
tein solutions, it is essential that exact methods for the de-
termination of even slight changes in the acidic or basic char-
acter of the solutions be applied. It might further be men-
tioned that protein substances, in dissolved as well as in pre-
cipitated state, are generally present in combination with
water, the disperse phase consisting of protein matter in more
or less loose connection with larger or smaller quantities of
the dispersion medium, of which the chief constituent is water.
This water content, which differs in amount according to the
composition of the dispersion medium, and which is of essen-
tial importance for the properties of protein substances, makes
investigation still more complicated.

These difficulties in addition to several others, instability,
for example, place many obstacles in the way of an exact char-
acterization and thorough study of protein solutions. In the
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INTRODUCTION

author’s opinion, however, there is no doubt that should these
obstacles be successfully overcome, it may be effected by the
development and application of better and more exact methods
of investigation, even if these require both time and toil, and
the explanation of the results obtained may be worked out
from the same points of view as those which have been proved
applicable in the study of the behavior of true solutions.

It is from considerations of such a nature that the research
on proteins at the Carlsberg Laboratory, Copenhagen, has been
planned and carried out during the last fifteen years.

A part of these investigations on hen’s egg albumin was
published in the years 1915-1917. The lectures compiled in
the present book constitute in all essentials a continuation of
the earlier work. The research material besides egg albumin
includes albumins and globulins of horse serum.

The contents of these lectures will not be summarized here,
but certain important considerations will be indicated. It is
one of the author’s main points to emphasize strongly the im-
portance and necessity of the best possible characterization
of the protein under investigation, so that the substance in
question can be considered well defined, thereby making repe-
tition of the experiments and comparison with the results of
other investigators possible.

One of the most important means for such a characteriza-
tion, the solubility of protein substances in water and salt so-
lutions, has been closely treated in one of the lectures. This
property was studied especially for the elucidation of the
strange and complicated solubility behavior of the serum
globulins. Another lecture contributes to the enlightenment of
that all important denaturation process which is characteristic
of a number of protein substances.

xix



INTRODUCTION

In a third lecture the author has dealt with the determina-
tion of the magnitude of the protein molecules or molecular
aggregates by the measurement of the osmotic pressure of pro-
tein solutions. On the basis of such determinations it can be
decided how far differences in properties, such as different
solubilities under the same conditions, can be explained as
originating from a different degree of dispersion—the colloid
chemical point of view—or must be explained in another way.

The author is convinced that the time has now come when
it is possible to carry our knowledge of the chemistry of pro-
tein substances an important step forward, if only the neces-
sary amount of time, toil and care can be sacrificed to this end.
It is hoped that the research published in the present book may
in some measure contribute to the solution of this great and
important problem.

S. P. L. SORENSEN.
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SOLUBILITY OF PROTEINS

One of the most important questions today concerning pro-
tein studies is how far it is possible to apply to protein solu-
tions the theories derived from the study of true solutions; or
whether such colloid solutions as those of protein are so di-
verging in their behavior from ordinary real solutions that to
parallel the behavior of colloid solutions and true solutions
must be considered inadvisable, or even warned against, as
Wolfgang Ostwald has often done.

I believe there is a growing tendency to think that Ostwald
is not right in his view of the matter; that the need is simply
to make it possible, by improved technique, and particularly
by the development of more exact analytical methods, to deal
with protein solutions in accordance with general chemical and
physico-chemical principles.

We cannot at present enter upon a more particular discus-
sion of the great work already done in this direction. I must
be content to mention a few names in order to throw some
light on the nature of the researches under discussion.

The investigations of Harriette Chick and C. W. Martin® on
the coagulation of protein have demonstrated, among other
things, that the denaturation process is a monomolecular pro-

! Chick and Martin, J. Physicl., 40:404 [1910]; 43:1 [1911]; 45:61, 261
f1912].



SOLUBILITY OF PROTEINS

cess, provided that the hydrogen ion concentration be kept con-
stant.

The elaborate investigations of Wolfgang Pauli and his col-
laborators on proteins especially in acid or alkaline solutions
should also be mentioned. Pauli has succeeded in showing
that proteins form salts of the same nature and character as
simple ampholytes.

Further should be mentioned Jacques Loeb, recently and
too prematurely deceased, whose studies on the so-called “Don-
nan equilibrium™ in connection with the physico-chemical prop-
erties of protein solutions have thrown light on so many
hitherto unknown factors.

Finally, among all these examples, to which many more
might be added, I may perhaps venture to mention the in-
vestigations on hen’s egg albumin conducted at the Carlsberg
Laboratory, by which we succeeded in demonstrating that in
many and essential cases the theories derived from the study
of true solutions may also be applied to the solutions of egg-
albumin. This is true, for instance, in such important cases
as the state of equilibrium by salt precipitation, the applica-
tion of Gibbs’ phase rule, the question of the osmotic pressure
of albumin solutions, and in many more instances.

The present discussion concerns the precipitation of some
proteins and the conditions of their solubility in water and
salt solutions, these conditions being but imperfectly known
and of no small importance.

I shall first mention briefly the equilibrium conditions of
albumins when crystallized by means of ammonium sulphate,
and then discuss somewhat more fully the solubility of the
globulins of horse serum, more particularly that of euglobulin.

2



SOLUBILITY OF PROTEINS

A. PRECIPITATION OF ALBUMINS BY AMMONIUM SULPHATE

If Gibbs’ phase rule, which applies to true solutions, be
applicable also to protein solutions, a precipitation of the solu-
tion by means of a salt must result in the same state of equil-
ibrium between the precipitate and the surrounding mother
liquor, irrespective of whether the initial solution be concen-
trated or diluted, if only care be taken that at the end of the
process, the factors that influence the precipitation (tempera-
ture, salt concentration, hydrogen ion concentration) are alike
in all cases. Under such conditions much albumin should be
precipitated from a strong albumin solution; from a weak solu-
tion, on the other hand, only little; but the final albumin con-
centration in the solution must in every case be the same, pro-
vided that Gibbs’ phase rule applies.

However, according to the generally accepted view, pro-
tein solutions do not behave in accordance with the phase rule;
the general opinion being that under otherwise similar con-
ditions, the higher the initial protein concentration, the more
completely is the protein salted out. It is unnecessary to
enter on a discussion of the voluminous literature published
on this subject. The elucidation of a single example will suffice.
For this purpose the otherwise most valuable work of Harriette
Chick and C. W. Martin® on the precipitation of egg albumin
by ammonium sulphate will serve, because the conditions of
the experiments mentioned there, are analogous to those under
which our experiments were conducted. In a series of experi-
ments which are reproduced from their paper in Diagram 1,
Chick and Martin investigated the influence of the initial al-
bumin concentration on the precipitation of egg albumin by
ammonium sulphate. In all the experiments of the series, the

? Biochem. Journal 7:380 [1913].
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ratio ammonium sulphate to water was constant, namely 31:100
but the amount of albumin in the mixtures varied from 3.3
to 27.4 g. egg albumin per 100 g. water. As may be seen
from the sixth vertical column in the table, Chick and Martin
find that the albumin is precipitated more completely, the
higher the initial concentration.

Discran 1

Precipitation of Pure Egg-Albumin with Ammonium Sulphate. Influence of
Concentration of Protein.

Ratio: salt/water=31/100. Concentration of protein varying.

G. of G. of
G. of | albumin albumin
albumin | to 31 g. G. of | precipitated
in 100 g. | of salt | albumin | from 100 g. | Protein
Albumin | Water Bal of total |and 100 g.| in 100 g. | of total pptd.

G. G. G. mixture | of HsO |of filtrate| mixture %
1.90 5692 17.65 £.481 .33 1.130 1.351 54.4
1.90 536.92 11.44 | 3.775 5.14 1.115 2.660 70.4
3.79 50,85 15.76 5.383 T.45 1.159 4. 224 8.5
7.50 53.69 16,64 8.738 14.13 0.935 5.803 00.4
4.74 17.31 5.86 | 17.306 27.40 0.772 16.534 05.5

The error is due to the fact that Chick and Martin have
taken it for granted that the proportion between ammonium
sulphate and water does not change during the precipitation,
and consequently they have made no determination of the
amount of ammonium sulphate in the filtrates. It is, how-
ever, beyond doubt that an egg albumin solution behaves dur-
ing precipitation just as during crystallization. In the latter
case we have demonstrated that 1 g. of egg albumin contains
constantly 0.22 g. of water. If, however, it is clearly realized
that the egg albumin by its precipitation removes water from
the solution, it is evident that the higher the initial concentra-
tion of egg albumin, the more water will be removed from the
solution during the precipitation, and consequently the am-

4
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monium sulphate concentration of the filtrate will be higher.
As an increase of the ammonium sulphate concentration causes
a more complete precipitation of the egg albumin, this ac-
counts for the experimental results of Chick and Martin.

Our experiments made in order to throw light on this ques-
tion have proved that the amount of albumin remaining in
the mother liquor by the crystallization of egg albumin is in-
dependent of the initial protein concentration, provided care
be taken that at the end of the crystallization the ammonium
sulphate concentration of the mother liquor is the same in all
the experiments. That this is really so, must of course be
demonstrated analytically.

In Diagram 2 is shown graphically the result of one of our
series of experiments. The content of egg albumin in the
mother liquor is used as ordinate, and the crystallization time
in days as abscissa. In all the experiments the ammonium sul-
phate concentration is the same, namely 26.658 g. ammonium
sulphate per 100 g. of water, but the initial albumin concen-
tration varies in the different experiments from 2.3 to 14.1 g.
of albumin per 100 g. of water. There is a curve correspond-
ing to each experiment, and it is plainly shown in the diagram
that when the crystallization has proceeded for a few days, the
amount of albumin in all the filtrates is practically the same.
A more minute consideration of the experimental results will
show that the small discrepancies between the results point in
the opposite direction to what should be expected according to
the previously mentioned generally accepted theory; moreover
these small discrepancies can be easily explained.

From what has been stated here, as well as from another
series of experiments also including serum albumin, but which
we cannot present now for lack of time, it is apparent that

5



SOLUBILITY OF PROTEINS

the behavior of albumins when precipitated with ammonium
sulphate does not exclude the application of the phase rule in
its usual form and with its usual consequences. The state-
ments made here concerning the precipitation of albumins by
ammonium sulphate are probably also true of many other pro-
tein precipitations. When hitherto the opposite view has com-
monly been held, the cause must be sought in defective experi-
mental treatment of the subject.

But this is not all. One further step can and should be
taken: that such precipitations at different initial protein con-
centrations be employed as purity tests for the protein in ques-
tion. There is at present hardly any better evidence as to
whether one is dealing with a single protein, or with a mix-
ture of, or a compound of two or more proteins, than just such
precipitations at different initial protein concentrations and un-
der such conditions that salt concentration and hydrogen ion
concentration are the same in all the experiments after the
precipitation.

For the further elucidation of this I shall refer only to
one instance. We have tested the degree of purity of a sample
of pseudoglobulin prepared from horse serum, very care-
fully purified by repeated fractional precipitations, dialysis,
dissolving in pure water, and renewed fractional precipita-
tion. In Diagram 3 are graphically reproduced the results of
five precipitation experiments, in all of which the ammonium
sulphate concentration was 24.533 g. per 100 g. of water, and
the initial globulin concentration varied from 5.6 g. of
hydrated globulin (curve I) to 0.28 g. (curve V) per 100 g.
of water. As in the preceding diagram (Diagram 2) the pre-
cipitation time expressed in days is used as abscissa and the
globulin content of the mother liquor as ordinate. It will

6
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SOLUBILITY OF PROTEINS

be seen from the diagram that the globulin concentration of
the mother liquor is by no means lower, the higher the initial
concentration. On the contrary, the globulin concentration in
the mother liquor is higher, the higher the initial concentration;
and there is no doubt that this pseudoglobulin sample,
in spite of the careful purification and fractionation, is not a
homogenous substance but, as demonstrated by other experi-
ments, probably consists of a combination of several globulin
complexes. Possibly the small discrepancies we observed in
the experiments with egg albumin (Diagram 2) may be ex-
plained in the same way.

B. SovusirLiTy oF EucrLoBurLIN IN WATER AND WEAK
SALT SoLuTIONS

In serum there are two globulins: euglobulin, which con-
tains phosphorus, is insoluble in water but soluble in weak
salt solutions and is precipitated from its solutions by the ad-
dition of saturated ammonium sulphate solution to the extent
of half the volume of the solution; and pseudoglobulin, which
is free from phosphorus, is soluble in water and is precipitated
completely from its solution by the addition of an equal vol-
ume of saturated ammonium sulphate solution.

I shall not go into details regarding the procedure we have
adopted for the separation of euglobulin and pseudoglobulin,
but merely mention that neither fractionation nor dialysis, nor
a combination of the two methods, results in a complete separa-
tion of the two globulins, I have already mentioned an in-
stance which proved that even very carefully purified pseudo-
globulin is not a single substance and in that which follows
I shall mention a series of experiments which serve to show
that it is not possible to prepare a pure euglobulin in this

8
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SOLUBILITY OF PROTEINS

way either. In so doing I shall also have the opportunity of
thoroughly elucidating the peculiar solubility conditions of
euglobulin, which can be explained only from a viewpoint of
the inter-relation of globulins that differs from the concep-
tion hitherto accepted.

In all probability globulins occur in the serum itself as
well as in the special globulin fractions obtained from it, not
as mixtures of the two globulins, but as combinations of them.
As to the nature of the combinations between the globulins,
whether we have before us true compounds, as I am most in-
clined to think, or whether it is a question of solid solutions, or
of a reciprocal adsorption between the different globulins, I
shall at present venture no statement.

If a euglobulin complex or molecule be designated E, and
a pseudoglobulin complex or molecule, P, and if, for a pro-
visional first guidance, we start out with the (most probably
erroneous) supposition that the respective eu- or pseudo-
globulin complexes are all alike, then such a combination may
be written EpPq. The combination is readily dissolved in
water and dilute salt solutions as long as the pseudoglobulin
is in great excess, but gradually as the pseudoglobulin is split
off by a simple dissociation process—as by diluting the solu-
tion with water—the remaining combination becomes richer
and richer in euglobulin and therefore more sparingly
soluble, and at last precipitates. Very characteristic of such
a dissociation process is the circumstance that we have here a
real reciprocal alteration of equilibrium, so that the reaction
(dilution with water for example) does not affect solely
the combinations present in the solution, but the precipi-
tate already once formed takes part in the reaction until the
new equilibrium is established between precipitate and mother

10
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liquor, corresponding to the decreased salt concentration
brought about by the addition of water. Of course, the order
of the process is reversed if the salt concentration be increased.
I shall not go further into this, but merely mention that the
behavior of precipitation with greater salt concentrations may
be explained on similar grounds.

The most elaborate researches on the solubility of euglobu-
lin have been carried out by I. Mellanby® and W. B. Hardy".
In these classical papers it is stated that the solubility of eu-
globulin in dilute neutral salt solutions increases with the salt
concentration, but it is also stated that the amount of globulin
dissolved by any given salt concentration is approximately pro-
portional to the total amount of globulin employed in the solu-
bility experiment. This highly peculiar circumstance, which
we have found corroborated by our experiments, can be ex-
plained according to our general chemical and physico-chemi-
cal theories only on the basis of the above mentioned assump-
tion that the euglobulin employed is not a single substance, but
can be dissociated by salt solutions. A brief account of a few
of our series of experiments on these peculiar solubility prop-
erties will be given.

To begin with, I would mention that we have also found
that the solubility of euglobulin increases with increased salt
concentration, at any rate as long as fairly small concentra-
tions are in question. Furthermore, a globulin obtained by
dialysis and subsequent treatment with water, after several
washings with water, showed the solubility in 0.02 N sodium
chloride solution given in Diagram 4.

Discram 4

Total globulin used, mg. N....cccceeeee. 2006 58.11 116.22
100 cec. of sat. soln. contains, mg. N.... 1095 21.75 4215

—_——

* Mellanby—J. Physiol. 33:338 [1905].
* Hardy—ibid. 33:251 [1905].
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The solubility of this well-washed sample of euglobulin is
thus very nearly proportional to the amount of globulin em-
ployed in the solubility experiment, just as stated by Mellanby

and Hardy.

A really effective purification cannot, however, be obtained
by washing with water, but only by dissolving the euglobulin
in a weak salt solution and subsequent precipitation by dilution
with water. To throw light on this question I shall mention a

DiscraM 5

Purification of the Globulin Fraction B

Solubility of the globulin fraction in
0.02 N NaCl solution

ol smcunt] Amoust
globulin | of globulin
nitrogen per | nitrogen dis- M&giﬁ“
100 cc. used | solved per |& i SRR
for the ex- | 100 cc. of Bitrogon
Nature of the Globulin Fraction periment mg.| solution mg.
B 26,58 3.%8
52 44 5.39 &
TR _66 6.89
Biv )
[Bimx dissolved in 125 cc. of Hs0 4 15 ce. 11.92 1.13 )
of N NaCl, precipitated with 1 liter of 2% 84 1.64
H.0; decantation of the mother liquor, | ‘
washing with 250 ce. of H40, decanta-
tion of the washing water and suspen-
. sion of Biv in 200 cec. of H;0). 35.76 2.05
v
[Brv dissolved in 140 cec. of HyO 4 80 cc. 20.71 0.82 )
of N NaCl, precipitated with 1 liter of
H;0; decantation of the mother liquor, 41 .42 0.87 6
washing with 200 ce. of H;0, decanta-
tion of the washing water and suspen- 62.13 1.28 |
& gion of Bv in 95 ce. of H;0].
Vi
[Bv dissolved in 45 cc. of Ho0O 4 85ce.of N 17.08 0.62 )
NaCl, precipitated with 850 cc. of H;0;
decantation of the mother liquor, wash- 54.16 0.62 : 10
ing with 190 ec. of H:0, decantation of
the washing water and suspension of 51.24 0.72 |

Bvi in 100 ce. of HiO}.
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series of experiments in which the purification of a globulin
fraction, Buw, was followed in all its details. In the experi-
ment, Bw, which was taken as the primary substance, had
already been reprecipitated once and was consequently rather
sparingly soluble. It was further reprecipitated three times
by solution in sodium chloride solution and precipitation by
water. Buw itself, as well as the products, Biv, Bv, Be, obtained
by the reprecipitations, was subjected to an analysis by which
the solubility in 0.02 N sodium chloride solution was deter-
mined, three different but known globulin amounts of each
fraction being used in the solubility determinations.

The analytical results are grouped in Diagram 5 and
graphically reproduced in Diagram 6 in which the total amount
of globulin nitrogen is used as abscissa, while the globulin-
nitrogen in 100 cc. saturated solution is used as ordinate.

From the table as well as from Diagram 6 it appears that
the purification of the globulin not only causes a decrease of
its solubility, but also makes it approximately constant and
independent of the total amount of globulin employed in the
solubility experiment. Graphically this is shown in Diagram
6 by the curves more and more approaching a parallel with
the abscissa axis.

If it were really a question of a single substance, this sub-
stance should have a constant solubility in water or in salt
solution of a given concentration, irrespective of whether the
surplus of globulin left undissolved is large or small. As just
mentioned, however, euglobulin does not behave in this manner,
neither after thorough washing with water nor after several
reprecipitations.

Euglobulin can be treated so long and so often with water
that the pseudoglobulin complexes which can be dissociated

13
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in pure water are really split off and the remaining substance
will consequently show—at least approximately—a constant
solubility in water, independent of the amount of globulin em-
ployed. Thus Edwin J. Cohn®, in a series of carefully con-
ducted and recently published experiments, has found that the
solubility of well washed euglobulin in pure water corresponds
to about 1.2 mg. globulin nitrogen per 100 cc. saturated solu-
tion. We have been able to obtain exactly similar results, but
if the purification of the globulin was continued, and was con-
ducted not only by washing with water, but also by reprecipi-
tation by means of neutral salt solutions, the reprecipitated
globulin exhibited a considerably decreased solubility in water.
Furthermore, as shown in Diagram 5, such an adequately re-
precipitated fraction Bs: exhibits an approximately constant
solubility in 0.02 N sodium chloride solution, which is lower
than the solubility in pure water stated by Cohn.

However, even a substance such as Bv: cannot be regarded
as a pure euglobulin; it exhibits indeed a fairly constant solu-
bility in water and such weak sodium chloride solutions as
0.02 N, but in stronger salt solutions, where the dissociation of
pseudoglobulin complexes can be carried still further, such a
globulin preparation as Bv shows a solubility dependent on the
amount of globulin employed. On account of lack of material,
we have unfortunately not been able to conduct such a solu-
bility experiment with B+, but we have done so with another
preparation called ows.

The globulin sample ass was purified by means of a series
of reprecipitations, and was consequently one of the most
sparingly soluble globulin fractions with which we have had
to deal. With this sample of globulin a series of solubility

*J. of Gen. Physiol. 4, 697 [1922].
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experiments was conducted in rather strong potassium chloride
solutions, and with three different quantities of globulin in
each concentration of potassium chloride. The experimental
results are grouped in Diagram 7 and graphically reproduced
in Diagram 8, in which the potassium chloride concentration is
used as abscissa, and the dissolved euglobulin in terms of
mg. nitrogen per 100 cc. saturated solution is used as ordinate.

From the table as well as from Diagram 8 it is apparent
that the solubility of e.s in these comparatively strong potassium
chloride solutions is largely dependent on the quantity of
globulin employed in the solubility experiment, so that we find
here conditions exactly similar to those indicated by solubility
determinations of less thoroughly purified euglobulin samples
in water or dilute salt solutions.

Discram 7

Solubility of the Globulin Fraction aay in Solutions of Potassium Chloride.
Equilibrium by Precipitation; 1 Day's Standing at 18°

When the total of globulin-N used for the solubility experiment
per 100 ce. was

Concentration of
potassium chloride 4.58 mg. 9.31 mg. | 18.61 meg.

The amount of globulin-N dissolved per 100 ce. solution was

0.05N 0.62 mg. 0.98 mg. 1.70 mg.
0. 10N 2.63 mg. 4.22 mg. 6.33 me.
0.20 N 4.12 mg. 7.57 mg. 12 25 mg.
0.50 N 4.17 mg. 9.27 mg. 18.07 mg.
1.00 N 4.12 mg. 9.27 mg. 18.27 mg.
2.00 N 8.91 mg. 8.18 mg. 16.00 mg.
280N 5.20 mg. 7.86 mg.
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Furthermore, in these experiments it appears that such salt
concentrations have been used that the solubility of the globulin
again decreases, no doubt owing to the precipitation of com-
binations between the globulin and the salt or one of its com-
ponents. The middle parts of the curves are dotted, because
in these cases we have hardly had wholly saturated solutions.
At any rate, in these experiments the residue was extremely
slight, and the presence of small quantities of denaturated
globulin must always be reckoned with.

We have in these experiments a striking instance of the fact
that even a highly purified euglobulin can be further split up
by dissolving it in concentrated potassium chloride solution if
the subsequent dilution with water is so slight that the precipi-
tation of the globulin is only partial; when, on the other hand,
the addition of water is abundant, all the globulin is precipi-
tated anew. By further addition of water, the precipitate first
deposited will combine with the globulin complexes present in
the solution, until a state of equilibrium corresponding to the
decreased salt concentration has been established between the
precipitate and the globulin in the solution. That such an inter-
action occurs between the precipitate first deposited and the
globulin present in the solution, and that it is not a question of
a continuous precipitation of the same compound, can be
demonstrated by a fractional precipitation with water. This
fractionation must naturally be so conducted that the first de-
posit which must contain relatively the least amount of pseudo-
globulin, and consequently be most sparingly soluble, is filtered
off before a further addition of water takes place.

Such a fractionation was conducted with aa¢, which was
dissolved in 0.5 N potassium chloride solution. From this
solution a«s1 was precipitated by the addition of a little water;
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from the filtrate of this precipitate by addition of more water,
ass1l, and finally from the filtrate of this precipitate, aas1.

The solubility curves of these globulin fractions in 0.1 N
potassium chloride solution as compared with the solubility of
the original substance aas, are given in Diagram 9.

It appears from the diagram in which the total amount of
globulin nitrogen is used as abscissa, while the dissolved
amount of globulin nitrogen per 100 cc. saturated solution is
taken as ordinate, that the three fractions had widely different
solubilities, and that—as was to be expected—especially frac-
tion 1, but alse very markedly fraction 11, showed less solubility;
fraction 111, on the other hand, showed greater solubility than
the initial material, cas.

The peculiar solubility conditions, characteristic for
euglobulin, which are mentioned here can hardly be explained
in any other way than that I have advanced, namely on the
basis of the supposition that ordinary euglobulin must be
regarded as a combination of euglobulin and pseudoglobulin,
EpPq.

I should like to discuss the solubility conditions of pseudo-
globulin as fully as I have discussed those of euglobulin, but
I must be content to point out a single circumstance which is
closely connected with what I have just stated about euglobulin.

Ordinary pseudoglobulin solution in my opinion is also
composed of a complex such as EpPq, but with a very slight
proportion of euglobulin to that of pseudoglobulin, as the
minimal content of phosphorous goes to show. When such a
solution is precipitated by ammonium sulphate solution, the
precipitate first deposited, which is richest in euglobulin, will
not remain passive during further precipitation, but will, when
the state of equilibrium is altered by renewed addition of salt,

20



SOLUBILITY OF PROTEINS

Diacram 10

-1 L] " =X
__ “ “ :
[ ]
i ; : :
- - - wl - m ‘II—I.I.I:I:I.I"-I.._._ llllllll lf...l.l..-mll:l..l.-.l.li —_——————— lﬂ
|
: ; : m
1 i !
: : : "
e o e e — o  — - -.l. Im... ||..l.l..l..l."l.l. lllllll — - l_.“. IIIIIIIIII m
; i : H
¥
_ _ . "
i L} 1 ¥
{4 [ L ¥
‘!III.I.I.-_ - . . l“ .l:l......l..l_m.l..ll.lll.ll.ll.l.il. Iq.u.l.!l.lllllll.. E
L
i - 1 ¥
H ' '
' I H '
I “ 1 i
g = SR T S e i ..II1.-1I.|...1|-1|II.|I'_ L S S S e e s E
I ] ] H
; ; _ |
1
I “ " 1
- i ———— 1 - - - + - ——— . -
I 1 1
1 1
I : d
L I - .“ll ||||||| e e —— |....“. llllllllllllllll E
_ ;
m i
. I
.li.l’i"i.lllmllr llllllllll g v e ] _ﬂ
i
L ]
i
L
L]
o ] L miscimrm R SRS oS L G R ESES RS e = . e s les smms m———- -
_ . H " 2
I I ' “
= & 3 g g -

O°H Jo @ o1 3d '3 .En._ﬁb._ urnqof<)

[NH.]a SO, g. per 100 g. of HiO

21



SOLUBILITY OF PROTEINS

combine with the pseudoglobulin of the solution. Therefore
the solution from which the precipitate is not removed, as it
is formed, on the addition of ammonium sulphate to a certain
concentration, will, after the final filtration, be poorer in globu-
lin than the same solution brought to the same salt concentra-
tion, but from which the first precipitate of globulin is re-
moved before the addition of further quantities of salt.

In Diagram 10 the bottom curve shows such a precipitation
of a pseudoglobulin solution to different ammonium sulphate
concentrations which are used as abscissas, while the ordinates
are the quantity of globulin left in the solution. The one above
the bottom curve shows the same conditions for the same
globulin solution, except that the solution has first been
precipitated to an ammonium sulphate concentration of 20 g.
per 100 g. water, whereupon the precipitate has been filtered
off, and the precipitation of the filtrate continued without the
presence of the first precipitate. It is evident from the curves
that, under otherwise equal conditions, the precipitate is greater
and the amount of globulin in the filtrate is therefore less when
the first precipitate is allowed to remain.

Some of the phenomena which I have adduced here come
under what is generally termed “mechanical carrying down”
or “adsorption”; others come under the so-called “protective
colloid” category. The reason I have left these categories out
of consideration is that I have desired to make an attempt at
approaching the question somewhat more closely than is
possible by the application of these very capacious, but not
very elucidating terms of classification.

Only by the application of purely chemical and physico-
chemical theories shall we succeed, I think, in bringing this
very important problem of serum globulins, which occupies so
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many minds but is still unsolved, one step further toward
solution.
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OSMOTIC PRESSURE OF PROTEINS

The question of the osmotic pressure of colloid solutions
has occupied many investigators, and has produced an exten-
sive literature. The comprehensive studies of the last few
years in particular have thrown light on many hitherto doubt-
ful points, but it must be admitted that no final solution of the
problem has yet been found. The reason for this lies chiefly
in the extreme difficulty of thoroughly adequate experimental
research in this field. The difficulties arise partly from the
methods required for accurate measurement of osmotic pres-
sure, and partly from the difficulty of obtaining well-defined
colloid solutions. In addition to this, the composition of such
colloid solutions, or rather, the distribution of the substances
contained between the disperse phase and the dispersion me-
dium, depend on a series of different factors often acting in
different directions. As the properties of a colloid solution—
also its osmotic pressure—alter with the composition of the
solution, the whole question is of a highly complex nature.

Consequently, only a very few of the earlier investigations
have yielded really valuable results. The great majority of
such researches present a more or less kaleidoscopic picture
from which it is hardly possible to draw any definite conclu-
sions as to the laws which hold good for this field.

It is bardly necessary to go into details here concerning
the work hitherto carried out and the discussions to which it
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has given rise. 1 will merely touch on a single important
point, the question of the influence of the electrolytes present
on the osmotic pressure of the colloid solution. It was Don-
nan’s' theoretical treatment of this question, and the theory
formulated by him on a sure thermodynamic basis, which first
rendered possible the elucidation of this point, to which the
comprehensive researches of Jacques Loeb,” whose early death
is greatly to be deplored, greatly contributed.

The essence of Donnan’s theory is best illustrated by a
simple example. Let us take a solution containing both
diffusible and indiffusible ions, a solution of protein chloride,
Prot-Cl, with the chlorine normality N. This we place in a
vessel with semipermeable membranes, a collodion tube, sur-
rounded by an electrolyte solution, dilute hydrochloric acid
of normality N. The collodion membrane may be denoted
schematically by a vertical line, and we may use the terms
“inside solution” and “outside solution” for the solution in-
side and outside the tube respectively. We can then, assum-
ing the dissociation to be complete, express such a system as
follows:

Inside Outside
Cl— [
Prot*+ Ht

Donnan now shows by a simple thermodynamic considera-
tion that this system cannot be in equilibrium, but that there
will be a diffusion of hydrochloric acid from the outside solu-
tion to the inside solution until we have, in the state of equili-
brium, the conditions of the following equation fulfilled:

? Zeitschr. f. Elektroch. 17:572 [1911].
? Proteing and the Theory of Colloidal Behavior [1922]. See also Niels Bjer-
rum: Zeitschr. physik. Chem. 110 [1924].
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(HE) X =) =0 X (L)

11s. ins. outs. outs.

The unequal distribution of the hydrogen and chlorine ions
in the inside and outside solution gives rise to a membrane
potential, the magnitude of which can be calculated when the
concentrations of the electrolytes are known. It can also be
measured by a suitable experimental arrangement.

However, it is evident that the unequal distribution of the
electrolytes between the inside and outside solutions must also
be taken into consideration in measuring the osmotic pressure
of the inside solution, as this is not due solely to the indif-
fusible protein compounds, but also to unequal distribution
of the diffusible ions.

On closer consideration of the Donnan theory and its im-
portance for the question before us at the moment, namely,
the measurement of osmotic pressure in protein solutions, we
find that the unequal distribution of the electrolytes, which of
course ultimately lies in the ability of proteins to form posi-
tively or negatively charged ions at different concentrations of
hydrogen ions, is of less importance, the greater the concen-
tration of salt, and the nearer the hydrogen ion concentration
of the solution lies to the isoelectric reaction of the protein
in question.

If, on the other hand, we measure the osmotic pressure of
a protein solution at a concentration of hydrogen ions essen-
tially above or below that corresponding to the isoelectric reac-
tion, then only a part, and often only a small part, of the osmotic
pressure as measured will be derived from the osmolic pres-
sure of the protein particles themselves, the remainder being
due to the unequal distribution of the diffusible ions. It was
reserved for Jaques Loeb, after comprehensive experimental
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research, to make evident the important fact that the altera-
tion in osmotic pressure which takes place in a protein salt
solution on the addition of electrolytes, is, on the whole, par-
allel to the alteration in membrane potential, and, therefore,
doubtless chiefly due to an alteration in the distribution of the
electrolytes between inside and outside solutions.

In such experiments, then, the actual osmotic pressure of
the protein will, as already mentioned, only amount to a
portion of the measured osmotic pressure, and will be ob-
tained as the difference between this and the pressure corre-
sponding to the membrane potential as found. Such a de-
termination of the true osmotic pressure of the protein itself
as a difference is therefore subject to rather considerable
errors, of which Loeb himself was well aware.

In order to avoid these errors, or at any rate, reduce them
to a minimum, the measurement of osmotic pressure must be
made under such conditions that the “Donnan Effect” can be
disregarded. This again is equivalent to saying that the meas-
urement must be made at or near the isoelectric reaction of

the protein, and in solutions containing a fairly abundant quan-
tity of salt. When the measurements are carried out under
such conditions, and by a sufficiently accurate method, we may
regard the results oblained as reliable enough to afford an
estimate of the weight of molecules, or molecular ageregates,
in the protein, under the circumstances in question. Obviously
such experiments can only afford information as to the varia-
tion of molecular weight within the limits involved by the
experimental conditions, but even this is a step forward, and
may later on, when the method is further developed, be fol-
lowed by measurements under conditions where the Donnan
effect has to be taken into consideration.
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At the Carlsberg Laboratory in Copenhagen we have, dur-
ing the past ten years, carried out a series of experiments on
the osmotic pressure of hens’ egg albumin, horse serum al-
bumin, and horse serum globulin at or near the isoclectric re-
action of these proteins, which, at any rate in the case of the
two first, corresponds approximately to pH=4.8. 1 shall
describe the results of these measurements after first giving a
brief account of the methods employed. A detailed descrip-
tion of these methods, as well as of the experiments with egg
albumin, has already been published’; the experiments with
albumin and globulin from horse serum on the other hand,
have not yet been made public.

Tue MeTHOD EMPLOYED

Diagram 1 shows the apparatus we use for the measure-
ment of osmotic pressure.

The osmometer consists chiefly of a collodion tube A,
placed on a glass collar, B, into the neck of which a ground
glass tube is fitted so as to be perfectly waterticht. This glass
tube is narrowed a little above the ground part to a capillary
tube, divided into millimeters with zero at the glass collar B
as starting point. The protein solution to be measured (the
inside solution) is poured into the collodion tube, the ground
glass is fitted on, and filled by means of a capillary pipette,
until the inside solution reaches a little way up along the milli-
meter scale. The tap C is then closed and the osmometer
placed in the outside solution, which is in a Dewar vessel
standing in a cylinder glass, this again being placed in a well
regulated water thermostat. The thermostat is not shown in

! Compt. rend. Lab. Carlsherg 12, 262 [1917].
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the diagram. The outside solution is so prepared as to have
as nearly as possible the same hydrogen ion and salt concen-
tration as the dispersion medium in the inside solution, but in
order to get complete equilibrium of diffusion, the whole is
left standing from one day to the next before the first meas-
urement is made.

The measurement of osmotic pressure is a compensation
measurement, the principle of which is simply to determine
what counter pressure must be exerted on the inside solution
in the osmometer in order to maintain equilibrium with the
osmotic pressure of the solution. Now a counter pressure less
than the osmotic pressure of the inside solution will permit a
constant flow of the outer liquor through the membrane into
the inside solution, whereas a counter pressure exceeding the
osmotic pressure of the inside solution will give a flow of liquid
in the opposite direction. The object of the measurement,
then, is to determine that counter pressure at which no ex-
change of fluid takes place between the inside and outside
solution, this counter pressure answering exactly to the os-
motic pressure of the inside solution itself.

In the diagram, H represents the counter pressure ap-
paratus which contains water. By lifting or lowering the con-
tainer H, the counter pressure can be altered, and its magni-
tude in centimeters can be read off on the manometer M. The
measurement is then made by simply producing a suitable
counter pressure over the surface of the inside solution, open-
ing the tap C and then, by means of a special scale-reading
microscope, noting whether the liquid in the capillary rises or
falls, and at what rate. Thus the counter pressure P, at
which the liquid in the osmometer tube neither rises nor falls
can be found. On adding to this the difference in level be-
tween the inside and the outside solution, allowing for the capil-
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Discram 1

Apparatus for measuring osmotic pressure
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lary effect and the specific gravity of the solution, the total
osmolic pressure measured is obtained.

The accuracy of the method largely depends on keeping a
constant temperature during the measurement, as otherwise
the osmometer will act as a thermometer. We have therefore
taken care to keep the temperature as constant as possible,
by placing the osmometer in a Dewar vessel, and this again
in a well regulated thermostat. We place in the outside solu-
tion, a Beckmann thermometer, by which any alteration in
the temperature during measurement can be read off in thou-
sandths of a degree, and a slight correction made accordingly.

The measurements were repeated for several days in suc-
cession, and always until the results on two successive days
showed a difference not exceeding 0.5 cm. water pressure,

When the measurement of osmotic pressure was completed,
samples both of the inside and of the outside solution were
weighed off for analysis. One more point I must note; we in-
dicate the magnitude of the osmotic pressure, @, in centimetres
water pressure per milligram equivalent protein nitrogen per
cubic centimetre of dispersion medium.

As for the methods we have employed for purifying the
protein solutions used for the experiments, we have spared no
pains, by repeated crystallization or precipitation, fractiona-
tion and dialysis in various ways, to prepare as pure and
well-defined experimental material as possible.

Hen's Ecec ALBUMIN

I will not go too much into detail regarding the measure-
ments of osmotic pressure in egg albumin which we have al-
ready published, but will mention one or two of the results
obtained.
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We believe we have shown by these experiments, that the
osmotic pressure of an egg albumin solution is well-defined
and depends not only on the protein concentration, but also
on the concentration both of ammonium sulphate and of hydro-
gen ions in the solution. In a solution of a given composition,
however, the osmotic pressure will always be the same—that
is, within the limits of experimental error.

In proof of this I will refer to Diagram 2 showing a series
of measurements of egg albumin solutions of more or less
uniform composition. These solutions were of different sorts,
dialysed or non-dialysed, freshly prepared or kept for some
time. The experiments were carried out by three separate
investigators with five different osmometers, and with four
different collodion tubes. Nevertheless, the osmotic pressure
was, within the limits of experimental error, the same through-
out, namely, an average corresponding to m = 46.7 ¢m. water
pressure. As already mentioned, m denotes the osmotic pres-
sure per milligram equivalent protein nitrogen per cubic centi-
metre of dispersion medium.

Without going into the details of the table, I will just draw
your attention to the last two experiments noted there. We
have here a dialysed egg albumin solution, which had been
kept, saturated with toluol, in ice in an icebox for 690 days.
Now a salt-containing egg albumin solution will keep for a
very long time in ice in an icebox without any essential dena-
turation; a dialysed and therefore salt-free solution, on the
other hand, will gradually denaturate. In the case of the solu-
tion in question, after 690 days’ storage, no less than 58% of
the total quantity of albumin was denaturated, but after filter-
ing off the denaturated portion, the albumin remaining in the
solution still showed, as you will see from the table, a com-
pletely normal osmotic pressure.
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Diagram 2

Osmotic Pressure of some Egg-Albumin solutions

$05 el icanin Found on analysis
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8.60/0.044) 107.63816.272{ 17 .224( 141.47 .T8|46.24 |4-0.95—1.25 45.94
8.70/0.045| 106.42)13.811/16.170[ 132.66 18] 50.69 [—2.50|—0 .68 47.51
B.70{0.046] 100.40413.724|15.956)| 130.91 .00 50.46 |—2.58|—0.30] 47.58
8.69|0.044| 107.39{15.795/16.119| 152.39 ST7| 50.92 |40.20/—5.27] 45.85
8.69|0.045 106.65(14.330/17.042| 139.98 0| 58.41 |—1.92|—5.56| 45.94
8.68/0.043| 108.81{18.562|/17.383| 142.94 02 47.97 |+4.90(—5.42] 47.45
Mean: 46.7
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By way of illustrating how m varies with the ammonium
sulphate concentration, I will refer to Diagram 3, where the
value of & in em. water pressure is taken as ordinate, while
S, denoting grams of ammonium sulphate in the inside solu-
tion per 100 g. water, is taken as abscissa. Each of the three
curves in the diagram corresponds to a different concentration of
hydrogen ions, the middle one approximately to the isoelectric
reaction of egg albumin, the one below to a somewhat higher,
and the one above to a somewhat lower concentration respec-
tively. All the curves show that the osmotic pressure of the
egg albumin decreases greatly with increasing concentration
of ammonium sulphate. The principal reason for this is, we
think, to be found in an increasing condensation (with increas-
ing ammonium sulphate concentration) of the albumin par-
ticles by means of the divalent sulphate ion, a condensation
which ultimately results in a crystallization of the egg albumin
sulphate. And it was also found, in the two experiments
shown in Diagram 3, where S was greatest, that the inside solu-
tion, when removed from the collodion tube and stirred, pre-
cipitated a portion of the egg albumin in a crystallized state.
These solutions must then, really have been supersaturated
when the osmotic measurement was being made.

There is one more thing I must point out, and that is, that
the magnitude of m is not, as one might suppose, independ-
ent of the protein concentration. This last is usually indi-
cated by e which gives the number of milligram equivalents
of protein nitrogen per cubic centimetre of dispersion medium.
In ege albumin solutions containing ammonium sulphate, x
will increase more or less with the protein concentration, but
in egg albumin solutions without salt, the reverse will be the
case. It is hardly possible at the moment to give any exhaus-
tive explanation of these facts. I mention it, however, be-
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OSMOTIC PRESSURE OF PROTEINS

cause we have found the same thing in other substances in-
vestigated, s dependent on the protein concentration. It is
therefore necessary, for instance, in comparing the osmotic
pressure of different proteins, under uniform conditions, to
take this fact into consideration.

Horse SEruM ALBUMIN

All our investigations with egg albumin pointed to the con-
clusion that we had here to deal with a homogeneous substance,
or at any rate, one which could not be separated into fractions
with different properties by the crystallizing and purifying
processes we employed. It is a different matter with the serum
albumin,

The crystalline serum albumin, obtained in the usual man-
ner from horse serum, was found to be easily fractionable and
all the fractions crystallized more or less to the same shape
forming handsome long and flat crystals, often somewhat
pointed at the ends, but with a different degree of solubility
in ammonium sulphate solutions. In dealing with serum al-
bumin therefore, it is necessary, when characterizing the frac-
tion more precisely, to note its solubility under certain condi-
tions in ammonium sulphate solutions.

In solubility experiments with substances which take so
long to crystallize or precipitate as is generally the case with
proteins, we are hampered by the fact that a state of equili-
brium is not reached until after considerable length of time,
often several weeks. Equilibrium may be attained far more
rapidly by the opposite process, by dissolving a precipitate,
crystallized or not, by adding water or a weaker salt solution.
We have, therefore, in our experiments with serum albumin,
mostly proceeded as follows. A large portion of the solution
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to be treated is first brought to full and abundant crystalliza-
tion, and then, after distributing this mixture of crystals and
mother liquor among a series of flasks, to each of these, dilute
ammonium sulphate solution at different concentrations is
added. By so doing, a portion of the already crystallized pro-
tein was dissolved anew, and we could be sure of reaching
equilibrium in the course of a couple of days, as long as the
flasks were shaken some few times a day. As the state of
equilibrium depends not only on the concentration of ammo-
nium sulphate, but also on the temperature, the concentration
of hydrogen ions, and in the case of mixtures also on the
quantity of protein used for the experiment, all these factors
have to be taken into consideration in order to get compar-
able results. Without going into details regarding the manner
in which these solubility experiments were carried out, I will
merely note that our experiments were made at 18-19°, at a
hydrogen ion concentration corresponding to pH = 4.80, and
with a protein concentration at which the mixture of crystals
and mother liquor contained about 0.02 g. equivalent protein
nitrogen per 100 g. water.

The experiments I am about to describe were made with
three fractions, A, B and y, of which A represents the least
and y the most easily soluble fraction, B being obtained by re-
peated recrystallization of the intermediate fractions. I must
at once point out, however, that we can hardly venture to re-
gard it as certain that these fractions could not be split up
further.

Diagram 4 shows the results of the solubility experiments
with these three fractions. S, the quantity of ammonium sul-
phate in g. per 100 g. water, is used as abscissa, while the
quantity of albumin hydrate in equilibrium in the solution in
g. per 100 g. water is the ordinate. It will be clearly seen
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OSMOTIC PRESSURE OF PROTEINS

from the curves that there is an enormous difference between
the solubility of the serum albumins. At S=26 for in-
stance, A is practically insoluble, whereas B shows a consider
able, and y a very high degree of solubility.

It is therefore highly remarkable that these three albumins,
despite their widely dissimilar solubility, show the same os-
motic pressure under otherwise uniform conditions.

Diagram 5 shows the results of measurements of osmotic
pressure at different concentrations of ammonium sulphate
(Temperature 18°, pH = about 4.8). S is used as abscissa,
and m as ordinate. As the value of m depends to some ex-
tent on the protein concentration, we have drawn on the dia-
gram three curves, answering to the three protein concentra-
tions, e =1, 1.5, and 2.5. It will be seen from the diagram,
that the values found for @ at different concentrations of al-
bumin are evenly distributed about the corresponding curves,
irrespective of which albumin fraction was used for the ex-
periment. Each fraction has its own mark. Since these
three fractions, under uniform conditions, must be said to have
the same osmotic pressure within the limits of experimental
error—and must therefore also be presumed to have the same
molecular size or molecular-aggregate size, the great differ-
ence in solubility cannot be due to a difference in the degree of
dispersity—as one might be disposed to think from a colloid-
chemical point of view—but must be due to other factors, prob-
ably to a difference in chemical composition.

Horse SErum GLoBULIN

In the case of the serum globulin, the situation is even
more complicated than with the serum albumin. As I have
had occasion to point out in an earlier lecture “On the Solu-
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bility of Proteins” we have here to reckon with the fact that
the two globulin fractions obtained in the usual manner, which
we call euglobulin and pseudoglobulin, both contain euglobu-
lin complexes (E) and pseudoglobulin complexes (P) and may
therefore be written

Ep Pg.

In the ordinary euglobulin, p is greater than q, whereas the
reverse is the case with ordinary pseudoglobulin. It is mainly
the latter we shall now consider for the present. It is poor
in phosphorus, soluble in water, and comparatively difficult
to precipitate with ammonium sulphate, its precipitation limit
being generally reckoned as from (33) to (45). These fig-
ures mean that each 100 cubic centimeters of solution con-
tain 35 to 45 cubic centimeters respectively of saturated am-

monium sulphate solution.

By way of illustration, we may further consider a
fraction, M, obtained from a twice reprecipitated globu-
lin preparation by thrice repeated fractionation with ammo-
nium sulphate, the least and the most soluble fractions being
separated each time. The intermediate fraction M thus ob-
tained, corresponding approximately to the precipitation limits
(32) to (44), was used for the experiments partly as such,
partly after fractionation, either by fractionation with am-
monium sulphate with (35) as the limit, or by dialysis and sub-
sequent treatment of the remainder with water, or by using both
processes. The fractions and their designations will be under-

stood from the arrangement in Diagram 6.
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Discram 6
M. [32]-[44]
Fractionated Precipitation
| |
Ma [32]-[35] Mb [35]-[44]
Dialysis Dialysis
I | | |
Mz a Mag Mba ML S
insol. in gol. in insol. in sol.in
water water water water
M [32]-[44]
Dialysis
] |
M=z Mg
insol. in gol. in
water water

All the nine fractions obtained were used partly for analy-
ses, including phosphorus determination, partly for measure-
ments of osmotic pressure and determinations of solubility at
different ammonium sulphate concentrations. The initial con-
centration of globulin is of essential importance in solubility
determinations, and these were therefore, always carried out in
precisely the same way. Solutions were so prepared as to give
10 g. Am;S04 (S==10) and 0.02 g. equivalents of globulin
nitrogen per 100 g. water, and with a concentration of hydro-
gen ions corresponding to pH = 4.8. They were then precipitated
at 18° with an ammonium sulphate solution diluted to (70)
until the required ammonium sulfate concentration was
reached. The precipitation was effected by slow dripping with
automatic mixing and thorough stirring; then, after standing
for 5 days at 18°, with repeated shaking, the state of equilib-
rium was determined by analyses.

The results of the solubility determinations carried out
within the nine fractions are shown graphically in Diagram 7
where S is used as abscissa and the quantity of globulin hydrate
per 100 g. water in the mother liquor as ordinate.

It will be seen from the diagram that the separation of
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M into Ma and Mb really gave—as was to be expected—a frac-
tionation indicated by the different solubility of the fractions,
Ma being far less easily, and Mb far more easily, soluble than
M.

The diagram further illustrates the remarkable fact that
fractionations by means of dialysis produce quite a different
effect. Dialysis of M gives the fraction Ma, which is insoluble
in water, and M@, soluble in water, of which Ma, as was to be
expected, is the less easily soluble in ammonium sulphate so-
lutions; both fractions, however, are less easily soluble than
the initial material, M. This highly remarkable phenomenon
is also found, as will be seen from the diagram, on dialysis of
the fractions Ma and Mb.

The next question is that of the phosphorus content and
osmotic pressure of the different fractions. To illustrate this
[ have drawn Diagram 8.

The solubility data for S==20 and S =22 are taken di-
rectly from Diagram 7. The phosphorus content, expressed
in mg. phosphorus per g. globulin-N, is shown in the next
column. The figures for M, Ma, and Mb show, that fraction-
al precipitation also causes fractionation as regards the phos-
phorus content. Ma contains considerably more, and Mb con-
siderably less than M. The same was the case with another
fractionation experiment shown in the table, where I corresponds
to a and Il to b. The phosphorus fractionation, however, is
far more pronounced in dialysis. Ma containing about 50
times as much phosphorus as M and a similar state of things
was found in the other dialyses.

With regard to the osmotic pressure, shown in the last ver-
tical column of the table, it is immediately evident from the
figures, and even more plainly from the diagram which follows,
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Discras 8

Globulin of horse-serum

Solubility Phosphorus | Osmotic Pressure
g. globulin-hydrate

Mark per 100 g. H,0 (10 g.[NH s SO4

10 g. globulin-

Mg. P per g. | hydrate 100

S=20 S5=9¢ globulin-N g. HO pH=4.8]

*
b | 1.02 0.48 0. 0643 11.84
Ma 0.70 0.381 0_934 10.59
Mb 1.42 0.75 0.119 14.29
M 1.02 0.48 0643 11.84
Me 0.73 0. 37 2. 040 12.19
Mg 0.02 0.44 0. 0465 12 .78
Ma .70 0.31 0.934 10,59
Maw 0. 51 0.22 2. 858 9.71
Ma g 0.68 0.33 0. 0684 12.07
Mb 1.42 0.75 0.119 14.29
Mbe 1.18 0.63 0,697

Mb g 1.30 G 0.6G8 0.0871 15.05
1 0.38 .16 1.624 9.52
11 1.09 0.46 0. 824 12.60

that fractional precipitation gives rise, not only to fractionation
of solubility and of phosphorus content, but also to fractionation
of osmotic pressure. This cannot be said to be definitely proved
in the fractionation effected by dialysis.

Diagram 9 shows how the fractionation by precipitation of
M into Ma and Mb, as well as of another globulin sample into
I and II, occasions a fractionation of the phosphorus content,
which is used as abscissa, and a decrease in the solubility and
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OSMOTIC PRESSURE OF PROTEINS

osmotic pressure with increasing phosphorus content.
Fractionation by means of dialysis, on the other hand,
which gives such an enormous fractionation of the phosphor-
us content, makes, as already mentioned, no essential altera-
tion in the solubility or osmotic pressure. The different globulin
fractions do not—under uniform conditions, of course—show
any great difference in osmotic pressure; on the whole, how-
ever, we may say that the osmotic pressure of the globulins
increases with increasing solubility. This is clearly apparent
from Diagram 10, where the solubility (for S= 20 and S=
22) of the different globulin fractions is used as abscissa and
 as ordinate. We have also made measurements of the
osmotic pressure in one or two other globulin selutions, to

which I shall briefly refer.

I must emphasize once more the importance of the phos-
phorus content of the globulins. The phophorus content is
a factor of the utmost importance with regard to the solubility
of globulins in pure water, or in very highly diluted salt solu-
tions, a point which is markedly apparent in the investigation
of euglobulin samples. Phosphorus content seems, however,
to be of subordinate importance in regard to solubility in com-
paratively strong ammonium sulphate solutions or in regard to
the osmotic pressure of the globulin in question.

The difference between the pseudoglobulin fractions, sol-
uble in water and poor in phosphorus, and the euglobulin
fractions, which are hardly soluble, or altogether insoluble, in
water, and rich in phosphorus, is therefore doubtless not due
to difference in degree of dispersity, but probably to differ-
ences of a purely chemical character.

GENERAL SURVEY

In order to give a general survey of the solubility and os-
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OSMOTIC PRESSURE OF PROTEINS

motic pressure, and a comparative view of these two factors in
the proteins we have been considering, I have drawn Dia-
grams 11 and 12 showing respectively the solubility and os-
motic pressure in their relation to concentration of ammonium
sulphate.

In Diagram 11, S is taken as abscissa, the ordinate being
the solubility at 18° and with pH = 4.8 expressed in g. pro-
tein hydrate per 100 g. water.

The solubility of egg albumin is expressed by a single
curve, running far more steeply than the curves for the three
serum albumin samples y, B and A. As examples of the solu-
bility curves for serum globulin, I have taken the curves for
four fractions, marked I, II, III and IV, representing approxi-
mately the precipitation limits (28)-(33), (33)-(35), (35)-
(38), and (38)-(45). On the whole, it must be said that the
globulins are less easily soluble than the albumins, but it is
highly characteristic that it is possible to produce a serum al-
bumin fraction so handsomely crystallized, and so hard to dis-
solve, as A.

As the solubility of egg albumin can be shown in a single
curve, it follows that an egg albumin solution can be charac-
terized merely by noting: 1) the concentration of hydrogen
ions, 2) the concentration of ammonium sulphate and 3) the
concentration of albumin in the solution. These data are not
sufficient to characterize a serum albumin or a serum globulin
solution. As far as it is possible to see at present, in the case of
these solutions, we must also note: 4) the solubility for a
certain concentration of ammonium sulphate, and finally, in the
case of serum globulins, 5) the phosphorus content.

Diagram 12 shows the variation in osmotic pressure with
the concentration of ammonium sulphate, S being used as ab-
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OSMOTIC PRESSURE OF PROTEINS

scissa and m as ordinate. The curves correspond to measure-
ments made under as nearly as possible uniform conditions
(pH=4.8-4.9; e=about 1.25). The uppermost curve
is for egg albumin, the next for serum albumin, which has
somewhat lower osmotic pressure than egg albumin; the re-
maining curves are for the various serum globulin samples.

Fraction a, corresponding to the precipitation limits (40)-
(45), and freed by dialysis from the portion insoluble in water,
was the most easily soluble globulin fraction with which we had
to deal. It has also, as you will see, the highest osmotic pres-
sure of all the globulins.

A and B are derived from a fraction (35)-(40), which
was fractionated by dialysis into a water-soluble portion, A,
and an insoluble portion, B, which, after washing with water,
was dissolved in an ammonium sulphate solution. In nice
agreement with this we find that A has a somewhat higher
osmotic pressure than B; the latter again, however, represent-
ing a fraction very little soluble in water, has an osmotic pres-
sure higher than that of the M fractions, to which we have
already referred.

If we now, on the basis of these measurements, seek to
form an idea as to the order of the size of the molecules of the
various proteins, we can, as a mere estimate, take the molecular
weight as inversely proportional to the osmotic pressure under
like conditions. In a work published in 1917, the molecular
weight of egg albumin was found to be approximately 34,000.
Taking this for granted, we should then have a somewhat
higher figure for serum albumin, about 45,000 while the
molecular weight of the serum globulins will vary from about

80,000 to about 140,000,

Of course, the material herein presented will by no means
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suffice to give a final answer to the question of osmotic pres-
sure of the albumins and globulins. I hope, however, that this
may be a good beginning on which to work further towards
the ultimate solution of a problem so important in the chem-
istry of proteins.
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COAGULATION OF PROTEINS BY HEATING

The question of the coagulation of proteins by heating is
of ancient date, and has been made the subject of numerous
researches and much speculation. Up to the present no final
and decisive answer to the question has been found, nor have
I such a one to offer. I wish to put before you merely the
results of some experiments throwing light on a single phase
of this question, which is of great importance in the chemistry
of proteins.

Coagulation consists of two distinct processes: a denatura-
tion of the protein, and subsequent precipitation or flocculation
of the denatured protein. This has already been noted by
W. B. Hardy' and later by W. Pauli and H. Handovsky,® but
this side of the question was for the first time really made clear
in the series of excellent researches by Harriette Chick and C. ].
Martin.’

Experiments we have made at the Carlsberg Laboratory,
independently of the work of Chick and Martin, and at about
the same time, as well as more recent researches by W. W.
Lepeschkin,' in all essentials confirm the results of Chick and
Martin.

']. of Physiol. 24, 182 [1899].

! Beitr. zur. Chem. Physiol. u. Pathol. 11, 425 [1908]. i

*I. of Physiol. 40, 404 [1910], 43, 1 [1911], 45, 61 and 261 [1912] ; Resume
in Kolloidchemische Beihefte V, 49 [1613].

*Kolloid-Zeit. 31, 342 [1922], 32, 42, 44 and 100 [1923]; Biochem. J. 18,
678 [1922].
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It will be natural, then to regard the latter part of the coagu-
lation,—the precipitation, or flocculation, of the denatured
protein—as proceeding, at any rate in the main, from a dis-
charging of the electrically charged particles of denaturated
protein which, after denaturation, behaves like a typical sus-
pensoid.

It is far more difficult to give an explanation, supported ex-
perimentally, of the first part of the coagulation process, the
denaturation itself. It is at once obvious that we have here
an alteration of the entire character of the protein, and it is
highly probable that it is a question, not merely of an altera-
tion in the degree of dispersity or similar physical qualities,
but also of a true chemical change in the constitution or com-
position of the protein.

What then can we imagine to be the nature of this process
in the course of which the protein is denaturated?

Chick and Martin are of the opinion that the denaturation is
brought about by a reaction between the protein and water.
They particularly stress the fact that dry, or nearly dry, pro-
teins can be heated to a degree far beyond the boiling point
of water without denaturation. But they do not venture to
express any opinion as to whether in denaturation it is a ques-
tion of hydration or dehydration, of a condensation or a de-
composition of the protein molecule. They have endeavoured
by means of formol-titrations to prove the existence of hydroly-
sis, but without success. In these experiments, they used
slightly alkaline solutions of crystallized egg albumin, or puri-
fied pseudoglobulin from horse serum. The results of these
experiments are, as we shall see later on, not altogether in agree-
ment with those of our own.

In the opinion of Lepeschkin also, everything seems to
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suggest that denaturation is an incipient, weak hydrolysis. He,
however, makes no attempt to confirm this by experiments, but
regards any demonstration of the hydrolysis by pure analysis
as impossible, owing to the size of the protein molecules.

At the Carlsberg Laboratory, we have for many years had
this problem under consideration, and in particular, we have
sought for some means of answering with experimental proof
these two questions:

1. Does the protein on denaturation give off any ammo-
nia or other nitrogenous substances?

2. Does the protein give off or take up water during the
process of denaturation?

I shall now describe the experiments we have made—for
the most part with egz albumin—with a view to finding out if
possible, an answer to these two questions.

DoEes THE PrOTEIN ON DENATURATION GIVE OFF ANY AMMONIA
orR OTHER NITROGENOUS SUBSTANCES?

a) In the work published in 1910" it was shown that an egg
albumin solution, not subjected to any purification, but acidified
with hydrochloric acid to the optimal concentration of hydro-
gen ions for coagulation, required heating for a considerable
time in a boiling water bath before the minimum value for
nitrogen content of the filtrate was reached.

[191:}?, P. L. S¢rensen and E. Jiirgensen: Compt. rend. Lab. Carlsherg 10:49
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A — 0.21 0.28 12.085 1.79 13.82 5.52
R 0.22 0.40 17.18 2.94 17.11 5.60

Table 1 shows the results of one series of our experiments.
It will be seen that the nitrogen content of the filtrate did not
reach its minimum and the coagulation thus its maximum, until
after heating three or six hours. But it will also be seen, that
the content of formol-titratable nitrogen in the filtrate—and
more or less parallel with this, the consumption of sodium
hydroxide for neutral reaction with litmus and phenolphthalein
respectively—rise steadily with the period of heating, whether
the coagulation be completed or not. The explanation must
doubtless be, that we have here a dual process, partly a precipi-
tation of coagulable proteins, and partly an hydrolysis, which
results in a re-solution of a part of the precipitated protein. It
will further be seen, from the last vertical column but one in
the table, that the quantity of formol-titratable nitrogen in.
creases far more than the total nitrogen content of the filtrate.
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This is naturally explained by the fact that it is not only the
precipitate but in all probability, specially the substances pres-
ent in the solution, which undergo further hydrolysis.

In this experiment, however, we had to deal with a mixture
of the different proteins present in the white of hens’ eggs, and
a clear answer to the question involved could hardly be ex-
pected. This would doubtless require investigations with solu-
tions of pure proteins,

b) We have therefore resumed these studies, using for the
protein solution a solution of egg albumin several times re-
crystallized by means of ammonium sulphate, and then com.
pletely freed from ammonia by washing the crystallized pre-
cipitate with a saturated solution of potassium and sodium sul-
phates, and then recrystallizing again repeatedly, with the po-
tassium-sodium sulphate solution as precipitant. Such a pro-
tein solution has the great advantage that the entire quantity
of nitrogen present should be coagulable, so that determina-
tions of the ammonia-N and the total-N in the filtrates would
give direct measurements for any decomposition taking place
on coagulation.

In several of these experiments, we had to make a quanti-
tative determination of very small amounts of nitrogen. The
analytical methods used, therefore, had to be adapted to this
purpose (ammonia determination according to Nessler, and
total nitrogen determinations according to Kjeldahl-Nessler).
Also, care had to be taken to use pure distilled water and
reagents particularly free from ammonia or as nearly so as
possible. Any quantity of ammonia or other nitrogenous mat-
ter, however slight, in the chemicals used, had also to be de-
termined by test experiments, and taken into account in the
calculations. I will not go into details regarding the manner
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of these analyses or of the coagulation experiments. One point
should be noted, however. The heating, that is, the denatura-
tion itself, was carried out at various concentrations of hydro-
gen ions, but after cooling, the hydrogen ion concentration was
brought to the optimum for flocculation, that is, pH = 4.7-4.8
This was done in the case of all the samples by adding a suit-
able solution of acetic acid and sodium acetate. The heating
was effected in conical flasks, covered with watch glasses and
placed over, not down in, a boiling water bath. The heating
conditions were, therefore, not ahsolutely uniform for all the
experiments, but nearly enough for the result to give a quanti-
tative idea.

Table 2 shows the results of a series of experiments with
different concentrations of hydrogen ions and different periods
of heating. Most of the samples, which were only heated for
one hour, were found not to have coagulated out completely.
This was shown by the fact that the filtrates turned cloudy on
adding strong sulphuric acid. The analytical results from

TanLE 2.

Each experiment contained 1.295 g. egg-albumin nitrogen.

Time of heating

Concentration of hydro-

gen ions in the solution 1 3 6 12 1 3 8 12

after heating hour | hours | hours | hours | hour | hours | hours | hours

P Ammonia-N liberated Total-N liberated
in mg. in mg.

e e e 0.18 (0.52 | 0.67 | 1.12 | 0.19 | 0.73 | 5.26 | 6.30
abt.44...............0—) | 0.44 )| 0.58 | 0.98 | —Y) 0.58 | 1.17 | 3.89
abb d88. o s = 0.54 | 0.60 | 0958 | —1) 0.63 | 1.39 | 2.98
abt. 49, ..............—') |0.50 | 065|099 | —Y) | 0.61|1.60|2.47
L o e T R R R | NS 0.8% [ 0.94 | 1.46 | —) 1.46 | 2.45 | 3.28

* Coagulation incomplete.
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these experiments, being too high, are not included in the table.

It will clearly be seen from the table that decomposition
was least in samples with hydrogen ion concentration approach-
ing the isoelectric reaction of egg albumin (pH = about 4.8);
also, that the quantity of ammonia liberated was greatest in
the least acid samples, whereas the total nitrogen content was
greatest in the most acid samples.

There can be no question of any proportionality between
time of heating and quantity of ammonia or total nitrogen.
But it will easily be seen from the figures given, that an extra-
polation would give at any rate very low values for the quanti-
ties formed in O hours’ heating. In other words, the results
obtained may easily be explained on the supposition that the
actual denaturation does not cause any formation either of am-
monia or of other nitrogenous substances, but that the decompo-
sition in question takes place by the action of the hot water
on the denaturated protein. The decomposition will therefore
be the greater the longer the heating lasts, and the more of the
denaturated protein there is in the solution, that is to say, the
more the concentration of hydrogen ions diverges from the
isoelectric reaction of egg albumin.

These experiments, however, do not give any decisive proof
that no decomposition takes place in the process of denatura-
tion itself. And we have therefore approached the problem
from another aspect.

c) A solution of egg albumin entirely similar to that above
described, was coagulated by means of 93% alcohol, which
was added to the egg albumin solution a little at a time, with
thorough shaking. The samples with alcohol were then left to
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TasLE 3.

50 cc. egg-albumin solution, containing 1.050 g. egg albumin-N, used for each
experiment: (pu = 4.7—4.8).

Coagulation with alcohol Heﬁﬁiﬂn;f“?;fi:péﬁf L
Experiment | Quantity 100 {50 of filtrate 100/500 of filtrate
No. of Standing contained Time of contained
“E::Hﬂ hrt:;ls Ammonial Total heating Ammonia | Total
e * '} e N N

; inmg. | mmg. | hours | inmg. | in mg.

Test 1. . a0 —_ 0. 04 0,07 —_ 0.01 0.04
Test II. 100 —- .04 0.07 — 0.01 0.04
| R i 50 15 0,06 0.09 1 0.05 0.14
LA o o 0,04 0.08 1 0.04 0.10
5. . &0 & 0.04 0,06 1 0.05 0.17
4., 50 32 0.05 0.0 4 0.1% 0.24
[ e 50 T2 0.05 0.06 4 0.13 0.81
|| P R 25 32 .04 0,06 18 0.29 0. 60
e 100 32 0.04 0.07 28 0.43 0.70

stand for different periods, as will be seen from Table 3, where
the results of this series of experiments were shown,

After standing, water was added to make a total volume of
300 cc. After thorough stirring, repeated and careful shak-
ing, and standing till the next day, the precipitate was filtered
off, and washed several times in cold water.

The filtrate and the washing water were then, after adding
a little dilute hydrochloric acid, concentrated in a water bath
to a small volume, in order to remove the alcohol, and the re-
mainder then diluted to 250 ce., of which 100 cc. was used
for ammonia determination, and 100 cc. for determination of
the total nitrogen content.

The washed precipitates were transferred to conical flasks
and heated with 300 cc. of water on a boiling water bath for
different lengths of time, as shown in Table 3. After being
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filtered and washed, the content of ammonia-N and total-N in
the filtrates was determined.

Simultaneously with the experiments proper, two blank ex-
periments [tests I and II] were made without egg albumin so-
lution, in order to determine the content of ammonia and total
nitrogen in the water and reagents used.

Now the experimental error in an ammonia determination
by Nessler’s method can hardly be taken as less than 0.01-0.02
mg. N. And in a Kjeldahl-Nessler determination, it will per-
haps hardly be as low as this.

We think, then, that the experimental results in the fourth
and fifth vertical columns of Table 3 clearly show that during
the coagulation of egg albumin with alcohol, neither ammonia
nor other nitrogenous substances are formed, at any rate,
not in such quantity as could be determined by the method
here employed. Taking the smallest quantity of nitrogen dem-

onstrable by this method as 0.02 mg., this would give a value
for the whole filtrate of 0.02 x 250/100 = 0.05 mg., or, in pro-
portion to the total quantity of egg albumin nitrogen used in

each experiment (that is, 1.050 g.) about 1:20,000.

We have shown in a previous work that the egg albumin
molecule hardly contains more than about 380 atoms of nitro-
gen. Consequently, a simple calculation shows that the amount
of nitrogen separated, if any, in our experiments, is at any rate
less than the equivalent of one atom of nitrogen per 50 mole-
cules of egg albumin.

We think then, that these experiments warrant the con-
clusion that during the denaturation of egg albumin with alco-
hol, there is no formation of ammonia or other nitrogenous sub-
stances.
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From the last three vertical columns of Table 3 it will be
seen that as soon as the denaturated egg albumin is heated with
water, decomposition sets in, and on continued heating, the
quantity both of ammonia and of total nitrogen in the solution
increases. This is entirely in agreement with the results of the
previous series of experiments.

Under these circumstances, then, it seems to us most natural
to assume that the actual denaturation itself by heating is, like
the denaturation with alcohol, not accompanied by any decompo-
sition, but, that the decomposition is a secondary process,
whereby the egg albumin during and after denaturation is de-
composed by the action of the hot water.

d) In the case of egg albumin the decomposition which
can be supposed to take place on ordinary coagulation, as in the
quantitative determinations of egg albumin, will hardly be
perceptible. If we take, for instance, experiment No. 3 in
Table 3, we find that after the precipitate has been boiled for
one hour, the amount of total nitrogen separated is only 5 x 0.17
mg. in all, or hardly 1o/00 of the whole amount of nitrogen
present.

In the case of other proteins, however, as for instance serum
albumin and serum globulin, this source of error is not with-
out importance, and analytical determinations of these sub-
stances by heat coagulation must therefore be corrected for the
error as far as determinations not of comparative, but of abso-
lute values are concerned. It would take too long to describe in
detail the test experiments of this sort which we have made at
one time or another. I will content myself with noting the prin-
ciples on which the experiments were arranged, giving a single
example by way of illustration.

When a coagulable protein, under optimal coagulation con-
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ditions, is not completely precipitated by heating, this may be
due to the following causes:

@) That the denatured protein is not absolutely insoluble
in water, or in the salt solution in which the coagulation has
taken place, or at any rate, that the precipitation is not quanti-
tatively absolute;

B) That the heating, as we have just learned, causes a de-
composition accompanied by the formation of nitrogenous sub-
stances soluble in water and in salt solutions.

With regard to the source of error noted under (a) we have
presumed that even though the denaturated protein did not pre-
cipitate completely from the solution in which coagulation
takes place, the precipitate once deposited will in any case
not dissolve again on subsequent washing with hot water. This
assumption contains no essential error in itself, and permits us
to regard the correction originating from the source of error
here noted—x— as constant for the same protein, provided the
coagulation is always effected in the same volume, without re-
gard to the absolute quantity of protein. In our experiments,
the volume was generally 100 cc.

And with regard to the source of error noted under (8)
we have assumed—though this is only approximately correct
—that the decomposition of the protein is a process which takes
place uniformly at a constant temperature, so that the amount of
“soluble nitrogen™ will be directly proportional both to the time
of heating and to the quantity of protein nitrogen present. If
we call this last, expressed in milligrammes, p, and the period
of heating in hours, t, using y to denote the quantity, in milli-
grams, of “soluble nitrogen,” formed per milligram protein
nitrogen by one hour’s heating, then the correction for this
source of error will be p.t.y.
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The total correction, n, will then be
n=x + pty
where the values of x and y must be determined by special
test experiments with solutions of the protein in question, the
amount of “coagulable nitrogen” and the amount of “non-
coagulable nitrogen” being determined under different condi-
tions of coagulation.

In these test experiments, it must be borne in mind that
the protein solution used for them may possibly even before
the heating, already contain some non-coagulable nitrogenous
substances. Such substances are extremely easily formed from
the coagulable proteins, through the action of bacteria, or mere-
ly by allowing the solution to stand at ordinary temperature,
as for instance, in lengthy dialysis. The error originating from
this source is of course proportional to the quantity of protein
solution used in the experiment, but independent of the time
of coagulation and the volume during coagulation. It can there-
for be expressed as pz, where z denotes the quantity of “non-
coagulable nitrogen™ expressed in milligrams, contained in the
protein solution used per milligram of “coagulable nitrogen.”
In the test experiments therefore, the quantity of “non-coagul-
able nitrogen” found, m, must be expressed as follows:

m=x+ pty + pz
and by means of the value found, or given, for m, p and t, the
values for x, y and z can be calculated.

I will not go into the question of analytical methods, but
merely mention that the test experiments fall mainly into two
series. In one series, the time of heating, t, is varied, all other
factors remaining constant; in the other, the quantity of protein
p, is varied, the remaining factors being kept constant. The
first series enables us to determine y and x-+p.z, whereas the
second gives us x and z.
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Table 4 and Figure I show the results of two such series of
experiments with a readily soluble fraction of serum albumin.

It will be seen from Table 4 series I, that the quantity of
“coagulable” N found decreases, and that of “non-coagulable”
N increases with increasing time of heating. It will further be
seen, from series I, that the quantity of “non-coagulable” N
though not proportional to the quantity of protein, nevertheless
increases with the same.

TapLE 4.
Test experiments with an easily soluble fraction of serum albumin
x =011
Correction term: m = x+p.t.y+pz {y = 0.0076 (t. in hours)
% = 0.0009
Caleulated
Found correction
Total
sy m = x+p.ly +p.=
of serum

Seriesof | albumin Mon- Total

Experiments [Time of N |Coagulable coagulable | content | x |pty|pz| m
heating N N of serum
N

|mi|1t|tes mg. mg. g, mg. |mg. |mg. |mg. |\mg.
10 25.50 25.51 0.22 25.53 {I.Illﬂ.ﬂ:‘&ﬂ.ﬂiﬂ.lﬁ
15 do. 25.29 0.20 25.49 [0.11/0.05/0.020.18
I 20 do. 25.28 0.24 25.52 [0.11/0.06/0.02(0.19
Influence 25 do. 25.17 0.23 25 40 [0.11}0.08/0.02(0.21
of time of 50 do. 25.20 0.20 25.40 |0,.11/0.10(0,02/0, 23
heating 45 do. 25.10 0.30 25.40 |0.11{0.15(0.02/0.28
G0 0. 25.00 0.87 25.46 [0_11|0.190.02/0. 32
120 do. 24.89 0.55 25.44 [0.11)0.89/0.02(0.52
45 5.10 4,88 0.18 5.01 (0. 11(0.03]0.00/0. 14
do. 10.20 0. .84 0n.12 9.96 {0.11(0.06(0.01(0.18
1I do. 15.30 14.94 0.18 15.12 [0.11]0.09/0.01]|0.21
Influence do. 20.40 20,01 0.21 a0.22 (b, 11]0.12(|0.02|0.25
of quantity do. | 25.50 25.10 0.30 25.40 {0.11|0.15(D.02|0.28
of protein de, 8060 30.19 0.30 30.49 |0.11/0_17|0.03]0.81
do. 51 .00 s 0,44 — 0,110, 29(0_ 05(0. 45
do. | 102.00 — 0.76 - 0.11|0.58(0.09|0.78

Figure 1 shows the results of the experiments in graphical
form, and it is at once evident that the accuracy of these de-
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terminations is not quite so high as could be wished, the error
in some cases evidently amounting to 0.05 mg. of “non-coagul-
able” N. We do not think, however, that a higher degree of
accuracy could be obtained without great inconvenience. It is
a matter of no great difficulty, on the basis of the experimental
results, to draw the two straight lines by means of which the cal-
culation of x, y and z can be made as above described.

The calculation gives, in the present instance, x = 0.11, y =
0.0076 (for t in hours) and z=0.0009. It is evident from
Table 4, on comparing the fifth and the last vertical columns,
that the correction calculated by this formula agrees well with
the quantities of “non-coagulable” N found in the experiments.

The magnitude of the correction in proportion to the total
quantity of protein nitrogen is, as will be seen from the table,
somewhat different according to the time of heating and the
concentration of the protein. But it may easily reach a value
of 1% and at low concentrations, the correction is consider-
ably higher.

In accurate determinations of the content of “non-coagul-
able” N in the solution beside its “coagulable” N, as for in-
stance, in determining the so-called *“non protein nitrogen™ of
blood by the heat coagulation method, this source of error must
therefore be taken into consideration.

Does THE ProTeEIN GivE OrF or Take Up WaTeEr During
THE PrROCESS OF DENATURATION?

a) To the second question before us it is far more difficult
to give a definite and final answer. Direct determination of the
water content of the protein before and after denaturation can-
not be carried out, as the evaporation of a protein solution, or
the dessication of crystallized, precipitated or denaturated pro-
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tein usually results in a complete dehydration which renders it
impossible to determine whether any of the water given off —
and if so, how much,—was an original constituent of the protein.

In such cases, we are obliged to be content with indirect
methods. In this connection I will refer to the so-called “pro-
portionality method,” used at the Carlsberg Laboratory. We
have applied this method with advantage in determinations of
the water content of crystallized egg albumin' and also in the
study of the denaturation process.

I shall not go far into details regarding the principle and
application of the proportionality method. I will merely point
out that we can, by analysis both of a precipitate with its sur-
rounding mother liquor, and of the mother liquor itself without
the precipitate, gain certain information regarding the composi-
tion of the precipitate, provided the mother liquor adhering
to and surrounding the precipitate is of the same composition
as the mother liquor filtered off or otherwise removed for
analysis.

We have, for example, an albumin precipitate which has
been precipitated or crystallized out by ammonium sulphate.
The respective weights may be denoted as follows:

Ammonia nitrogen per 100 g. filtrate (mother liquor)........ a,
Ammonia nitrogen per 100 g. precipitate with adherent
mother iguer  woeai o a
Protein nitrogen per 100 g. filtrate (mother liquor).......... Pt
Protein nitrogen per 100 g. precipitate with adherent
mother liquor SR L A Ps

We can then show, that the factor, x, by which the weight of
protein nitrogen in the precipitate must be multiplied to give

18. P. L. Sgrensen and Margrethe Heyrup: Compt. rend. Lab. Carlsherg
12:164 [1917].
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the weight of the hydrated protein, may be expressed as fol-
lows:
100 {-ﬂ.t — Bb}

. —
f. Po — Bp- Pt

By means of analyses of this kind we have succeeded in
showing that x for erystallized albumin has a value independent
of the conditions of crystallization, 7.86, while the factor by
which the weight of protein nitrogen must be multiplied to give
the weight of non-hydrated egg albumin is 6.4. This means, as
a simple calculation will show, that erystallized egg albumin
contains 0.22 g of water for every gram of water-free egg al-
bumin.

The formula here used for x is valid only in cases where
the protein does indeed contain water, but has no ammonia or
ammonium sulphate in combination. In the great majority of
cases, however, we have to take into account the fact that the
protein, both in solution and as a precipitate, holds in combina-
tion some sulphate of ammonia [or other electrolytes present].
The formula then becomes more complicated. If we take z
and y respectively for the factors by which the weight of pro-
tein nitrogen must be multiplied to give the weight of protein
+ water + ammonium sulphate [factor z] in one case, and
the weight of ammonium sulphate therein [factor y] in the
other, we can apply the following formula:

z=x+y=r-+ sy
100 [ay — ay] 100 [py — pe]

where r = and s =
as. Py — 8. Pt 4.7163 [a¢. py — ap. py]

Now experiments show, as was also to be expected, that y
is always quite small in comparison with x, but y is usually not
equal to 0 and only in this case is z=x=r. On the other hand
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sy need not be small in comparison with r; sy will naturally
be of greater importance, the greater is y, or in other words,
the greater the amount of ammonium sulphate bound by the
protein, and the greater s is. This is equivalent to saying, as
examination of the formula for s will show, the lower the con-
centration of ammonium sulphate. The value found by ex-
periment for r thus will only be equal to z for y = 0, and for
the rest, it will be found to be less, the greater sy becomes, or
the smaller the ammonium sulphate content in the mother
liquor [a,] and the greater y is. Under otherwise uniform
conditions, r thus alters with a,, and the more strongly the less
a, becomes, so that from these alterations in the magnitude of r,
we may form an idea as to the magnitude of y. I will not go
further into the considerations on which this approximate de-
termination of y is based; it must suffice here to mention the
variation of r for varying values of the concentration of am-
monium sulphate.

The curves in Figure 2 show the results of some series of
experiments of various kinds which we must now consider more
closely. All the curves express the relation between the value
of r and the concentration of ammonium sulphate in the mother
liquor, r being used as ordinate, while the quantity of am-
monium sulphate S in the mother liquor per 100 g. water is
used as abscissa. The concentration of hydrogen ions in all
experiments corresponded to pH=4.7-4.8,

b) Curve I is borrowed from a previous paper” and expresses
the relation between r and S for ammonium sulphate containing
aqueous solutions of egg albumin with pH=about 4.8. In such
solutions the disperse phase, that is, the hydrated protein, cor-
responds to what we have above termed the precipitate, whereas

18, P. L. Sprensen: Comp. rend. Lab. Carlsberg, 12:362 [1917].
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the dispersion medium, the aqueous ammonium sulphate solu-
tion surrounding the disperse phase, corresponds to the adherent
mother liquor. If an egg albumin solution of this kind be placed
as “inside solution” in a collodion tube, which again is placed
in an “outside solution” of the same composition as the dis-
persion medium in the “inside solution”, then we have a sys-
tem to which we can apply the mode of consideration noted
above, and the corresponding formulae, as long as care is taken
to maintain diffusion equilibrium and osmotic equilibrium be-
tween the inside and outside solutions. It will be seen from
curve I that r at high concentrations of ammonium sulphate
is very nearly constant [about 8.4]; with a decrease in S, the
value of r falls quite slowly at first and then more and more
rapidly. The reason why r is not found constant is, as already
mentioned, that the egg albumin in a solution containing am-
monium sulphate has combined with some ammonium sulphate
with the result that a, is found to be too high, and r, calculated
from the following formula is therefore too low.
100 [a, — a;]

! b

g Pp» — 8p Pt
We can see from the shape of the curve that y must have

a value increasing with S from 0.01 to 0.05, and the maximal
value of z can therefore be calculated as about 8.7, while x will
be about 8.7-0.05 or about 8.65. As the factor by which the
weight of protein nitrogen must be multiplied to give the weight
of water-free protein is 6.40, we find that the egg albumin in
an aqueous solution under these conditions will contain, for
each gram of water-free protein,

8.65 — 6.40

6.40
or 0.35 g. of water. The question is now whether this water
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will be wholly or partly given off on denaturation or whether
a further quantity of water will be taken up by this process.

c) Before describing our denaturation experiments, I must
just mention that Curve II, which appears as a straight line
corresponding to r = 7.86, represents the crystallized egg albu-
min, the water content of which we have, as already mentioned,
found constant, independent of the concentration of ammonium
sulphate. This curve comprises only the high concentration of
ammonium sulphate, as egg albumin, of course, does not crystal-
lize out at a lower concentration. r = x =z = 7.86 corre-
sponds to a water content of 0.22 g. water per gram of water-
free egg albumin, so that even on crystallization of the egg
albumin a certain amount of water is already given off.

d) Curve III shows the results of a heat coagulation experi-
ment, in which a series of solutions, all at the same concentra-
tion of hydrogen ions corresponding to pH = 4.7, and all con-
taining the same amount of egg albumin, but with different
contents of ammonium sulphate, were coagulated by heating
for one hour in a boiling water bath with good and repeated
shaking. After standing for a couple of days, they were filtered
and samples both of the filtrate and of the precipitate with
adherent mother liquor were weighed. In the former the
amount of ammonium sulphate was determined, in the latter
both the amount of ammonia nitrogen and of egg albumin nitro-
gen, after which r was calculated according to the formula
given above. The results of the experiments are tabulated in
Table 5 and shown graphically in Curve III (Figure 2).

It will be seen from the diagram that the results of these
experiments can easily and naturally be arranged in a curve,
and there is hardly any doubt, therefore, that this curve can be
used to elucidate the question at issue. At high concentrations
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TaeLE 5.
Filtrate's
100 g. filtrate content of
Experiment contained Ammonium r Mean of
No. Ammonia-N | sulphate in g. (found)
in g. per. 100 g,
walter
af S r
1 0.1729 0.522 G.23, 6.24
2 0.3272 1.567 6.58; 6.69; 6.63; G.64
8 0.5595 2.710 G.96, 6.99, 7.08, 7.01
4 (0. 0303 4.635 T.20y V.29; T7.33; T.28
5 1.3074 6.571 T.54y T.41, 7.48; .48
i 1.4722 8.5062 T.64: T7.58, 7.47; T.58
T 2.0869 10,628 T.065s 7.60; 7.66; v.67
8 . 38382 12,693 T.07; 7.58; T.55e 7.61
L] 3.0057 17,096 7.59, .60
10 3.7563 21.530 T.6ls T.75s 7.59; T.65

of ammonium sulphate, r is very nearly constant [7.6-7.7];
with decreasing S, the value of r falls quite slowly at first, and
then faster and faster. The value of r for the coagulated egg al-
bumin is, as will be seen from the figure, still less than that for
the crystallized egg albumin and far less than that for the dis-
solved egg albumin. This may be due to the fact that the dena-
turated egg albumin contains less water than the dissolved, but it
can also be explained if we may assume that the denaturated egg
albumin has bound more ammonium sulphate than the dissolved
at the same concentration of ammonium sulphate. But a closer
examination of the formula given above shows that the quantity
of ammonium sulphate combined per gram-equivalent of egg
albumin nitrogen must be the greater, the steeper the course
of the curve. It is also very plainly evident from the figure
that Curve III is far less steep than Curve I. The experiment
shows then that the denaturated egg albumin, under otherwise
equal conditions, has bound less ammonium sulphate, and con-
tains considerably less water than the dissolved. On the other
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hand, at a fairly high concentration of ammonium sulphate,
r has a far higher value than 6.4, from which we may conclude
that only a portion of the water was lost by the denaturation
process.

e) Curve IV, Figure 2, shows some of the results from a
series of denaturation experiments with egg albumin by means

of alcohol.

On comparing Curve IV with the other curves in Figure 2
it will be seen that the same ammonium sulphate concentration
gives values of r still lower for the egg albumin denaturated with
alcohol than for that denaturated by heating. The curve, how-
ever, is steeper than Curve III but less steep than I, which sug-
gests that the egg albumin denaturated by aleohol has, under
otherwise equal conditions, bound more ammonium sulphate
than the heated sample, but less than the dissolved. Curve 1V,
however, does not embrace such high concentrations of ammo-
nium sulphate that we can draw absolutely certain conclusions
from its course, but a closer study of the results of the experi-
ments leaves very little doubt that the alcohol denaturation also
has caused a considerable loss of water.

f) The main result of the experiments dealt with in this
section can then be expressed as follows:

In the denaturation of egg albumin, both by alcohol and by
heating, the egg albumin loses water, but it has not been
possible to determine how far the giving off of water extends,
or whether it is in all cases to the same extent. It must be con-
sidered as proved, however, that the denaturated egg albumin
always retains some water.

I shall not now go into the very important question of the
influence of the various electrolytes on denaturation and on
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flocculation. It is a highly complicated question, and we are
at present occupied with its investigation.

I am quite aware, as I mentioned at the beginning of my
lecture, that this important question, the problem of proteins
and their coagulation, is far from being solved by the investi-
gations I have had the honour to present. Nevertheless, I hope
I have made some slight contribution towards a better under-
standing of what takes place.
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CHARACTERIZATION OF PROTEINS

May I be permitted to express to you my hearty thanks for
the great honour you have shown me in inviting me to present
a communication to your National Academy of Sciences? I am
very glad to have this opportunity to speak to you about a ques-
tion, which has much significance for me in my studies, and
which I hope may be also of some interest to you, and this is, the
““characterization of proteins.”

The proteins are, as you know, essential constituents
of all living cells. They are a most important part of the mat-
ter derived from plants and animals, such as seeds, eggs, blood,
brain, internal glands, muscles, etc.

It is therefore not surprising that these substances have been
the subject of numerous investigations. As the result of exten-
sive research by many investigators, we have at present some
knowledge of the properties and nature of the proteins, the so-
called genuine proteins and also their decomposition products.
The main portion of these products is found to consist of amino
acids, which therefore may be regarded as the real and essential
constituents of the proteins.

Above all, in this field of protein chemistry, the qualitative
and quantitative determination of the content of the different

amino acids in the various proteins has been the subject of re-
search work on a large scale during the past thirty years.
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In addition to this work, the studies on the genuine proteins
have given us noteworthy information, and in this connection I
need only refer to Thomas B. Osborne’s excellent investigations
on the plant proteins, and the extensive work of Jacques Loeb,
of Wolfgang Pauli, of Chick and Martin, and now recently, of
Edwin J. Cohn.

In certain other branches of protein chemistry, which are
very important, it seems to me that only very slight progress has
been made. I refer here to the characterization of the different
proteins and their classification on an exact and systematic basis.
The main reason for this lack of progress may be traced, I be-
lieve, to the conception that protein solutions—being of colloidal
nature—are so different in their behaviour from ordinary true
solutions, that it is impossible to apply the theories based on the
study of true solutions to protein solutions. This conception is
in my opinion not tenable. I mean by this that the essential point
is, that with improved technique, and, particularly, by the devel-
opment of more exact analytical methods, it should be possible
to deal with protein solutions from general chemical and
physico-chemical viewpoints. I think that a consistent applica-
tion of the modern physico-chemical methods in the studies of
proteins will make it possible to give us a better characterization
of the different proteins and to elaborate a more satisfactory
classification of these substances than we have at present.

Allow me to illustrate by some simple examples:

1) All the proteins are of an amphoteric character, but the
acid and basic nature respectively are ordinarily present in a
different degree, according to which the proteins are classified
as being acid, basic or neutral proteins.

This classification and characterization of the proteins is
fundamentally sound as a principle, but it is too vaguely formu-
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lated and may be replaced by a more exact statement of the acid
and basic character of the protein in question. The final goal
of our endeavors should be to determine the constants of acid
and of basic dissociation of the proteins, but for the present we
must be content with the determination of the acid- and base-
binding capacity of the proteins at different hydrogen ion con-
centrations, and under other known and fixed conditions. Such
determinations can easily be made, and a graphic representation
of the results will give us a curve which very exactly illustrates
the acid and basic character of the protein in question, taking
for instance the pH values as abscissae and the corresponding
binding capacities as ordinates. By means of such determina-
tions we can further obtain information about the isoeletric reac-
tion of the protein, the magnitude of this latter being of the
greatest importance for the classification of the proteins.

2) In the description of some proteins, for example, the
albumins and the globulins, the temperature of coagulation has
often been stated to be a characteristic of the protein in question,

However, the denaturation, as well as the flocculation of the
denaturated protein are influenced by many other factors than
the temperature alone, for instance, by the concentration of
hydrogen ions and by the nature and the concentration of the
salts present in the solution. A simple statement of the coagula-

tion temperature without any indication of all the surrounding
conditions during the coagulation process is, therefore, of very
little value. If, on the other hand, the coagulation process is
carried out under properly controlled conditions, which must
be exactly stated, there is probably no doubt that the coagulation
temperature can be used for the characterizing of proteins.

The most exact way, however, in which to express the differ-
ence in the denaturation tendency seems to me to be the indica-

89



CHARACTERIZATION OF PROTEINS

tion of the different rate of velocity of the denaturation by the
coagulation of the different proteins under exactly equal con-
ditions. The denaturation being a monomolecular reaction—
as shown by Chick and Martin—it seems that it should be pos-
sible to find a rational term for this property, so important for
the characterizing of certain proteins,

3) As a last example I shall mention the precipitation of
proteins by means of salts. You know that such precipitations
within the usual limits of salt concentrations are ordinarily
used in characterizing, as well as in separating, the different
groups of proteins.

However, the completeness of a protein precipitation, or,
in other words, the solubility of a protein in a salt solution,
depends not only on the salt concentration, but also on a num-
ber of other factors—the temperature, the hydrogen ion con-
centration and under certain circumstances, the intital protein
concentration and the carrying out of the precipitation. By
using such a precipitation process in characterizing or separat-
ing proteins or groups of proteins, all these factors must be
taken into consideration, and the process itself must therefore
be defined much more exactly than has hitherto been the case.

We ordinarily separate the albumins and the globulins by
half saturating the solution with ammonium sulphate, the al-
bumins being considered soluble, and the globulins insoluble in
such a salt solution. In this simple form, without any indication
of the hydrogen ion concentration of the solution, the process
of separation is completely undefined, the result of the separa-
tion varying with the hydrogen ion concentration.

Further, the solubility or insolubility, respectively, in a
half-saturated ammonium sulphate solution can scarcely be
used as a general method of separation of albumins and
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globulins. It is, for instance, very easy to prepare from horse
serum a well crystallized serum albumin which at 18° C.—and
at the isoelectric reaction—is very slightly soluble in a half-
saturated ammonium sulphate solution, and in every case much
less soluble than most of the serum globulins prepared in the
usual way under equal conditions.

Other kinds of well crystallized serum-albumins are easily
soluble in half-saturated ammonium sulphate solution, and we
have in the solubility, exactly defined, and, making proper al-
lowance for the other factors which are of significance for the
state of equilibrium between the precipitate and the mother
liquor, an excellent means of characterizing the different kinds
of serum albumins.

Still more informative is a complete solubility curve show-
ing the variation of the solubility with the ammonium sulphate
concentration, all other factors of influence being kept constant.
The more or less steep shape of the curve is very characteristic
for the protein in question.

May I say one thing more? In the studies on proteins we
should always have in mind, that the protein under considera-
tion is possibly not a single substance, but a mixture or a
combination of two or several different substances. In charac-
terizing such mixtures, solubility determinations are of the
greatest value. In such cases solubility experiments at different
initial protein concentrations will give valuable information
about the character of the protein mixture. It is particularly of
significance in the use of protein mixtures in physiological,
serogical or other biological studies. In such cases an exact
characterization of the original material is of the greatest im-
portance, because it will be impossible to repeat the researches
or to compare the results with those obtained by other investi-
gators, unless the material used is exactly defined.
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There are, of course, many other questions, which I should
like to discuss, if time permitted, because they are of import-
ance in characterizing the proteins. Some of these are hydration
of protein, the size of the molecules, or the molecular-aggre-
gates, and the stability of protein solutions.

I hope however, that by these few simple examples, that
I have had the honor of bringing to your attention, I have
made evident the importance and the necessity of a more exact
characterization of the proteins and of the behaviour of their
solutions.
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BREADMAKING
HYDROGEN ION CONCENTRATION
PROTEINS

Baking has been the last branch of the fermentation in-
dustries to institute a rational and systematic scientific study
of the materials used in its work, and the processes which take
place in the preparation of those materials: the flour, the dough
and bread itself.

I do not mean to say that no labour or attention has been
devoted to flour investigation, for example; it would be quite
sufficient to mention Thomas B. Osborne and his pioneer work
in connection with the vegetable proteins, including those of
wheat and rye. What I do mean is that such work was former-
ly carried out without that close association and intimate co-
operation with the working industry which are essential if the
industry itself is to profit fully by the results obtained. And,
on the other hand, such co-operation is of the greatest im-
portance to science. The scientist, one might say, is constantly
being spurred on by the questions put to him by the masters
of industry, which force him to look further into old prob-
lems, and occasionally present him with some new ones.

The importance of this co-operation in the bakery business,
as well as in others, has during the last ten years become more
keenly appreciated throughout the world, not least in Amer-
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ica. I will not refer to individual investigators; I must, how-
ever, mention the steady and purposeful work which has al-
ready been carried out for some years at the Minnesota Agri-
cultural Experiment Station, and the work commenced both
at the American Institute of Baking and the Fleischmann
Laboratories. I might also add the Canadian Institute at
the Ontario Agricultural College at Guelph, which I understand
is being opened this year.

I venture to say that America in this respect is better
equipped than any other country, both with regard to its scien-
tists and laboratories and the organization of their work.

You will understand, then, that it was not without great
hesitation that I undertook to deliver an address to the con-
vention of the American Bakers’ Association. I thank you
heartily for the great honor you have done me in inviting me
to speak, but I cannot help thinking to myself: I have never
had anything to do with bakeries directly; what can 1 find to
tell the bakers of America? 1 feel sure that one of your own
skillful investigators could put before you much more inter-
esting matter than I am able to do myself.

However, since I am to speak, I propose to take as my sub-
ject:

Breadmaking—Hydrogen lon Concentration—Proteins
and I would ask you at the outset not to be frightened by the
title. On the other hand, I must beg your indulgence for hav-
ing to touch upon some points which many of you know well
enough already.

You all know, of course, that the degree of sourness in
flour, its acidity, affects its baking qualities, and that it is often
advisable, when preparing the dough, to add sour milk or but-
termilk. But if you ask me why it is advisable to sour the
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dough, if you want to know what part or parts of the dough
will be favorably affected by the acid—then you are posing a
difficult question. And it is just such questions that I propose
to deal with today.

That property of the flour which we have just referred to
as acidity is really, to give it a more rational, scientific term,
the concentration of the hydrogen ions it contains. We will now
consider what effect this property has on the baking quality of
the flour.

It is often thought that acidity and concentration of hydro-
gen ions are merely two different expressions, if not for one
and the same thing, at least for two parallel qualities, so close-
ly connected that it might seem unnecessary to bother one-
self—at any rate in practice—with the newer and less fami-
liar term. This, however, is altogether incorrect, and I may
as well begin by pointing out the difference between the two.

The acidity of a solution is measured, as you all know,
by titration; in other words, by finding out how much soda of a
given strength must be added to neutralize the acid. Suppose
we have a solution of hydrochloric acid, and one of vin-
egar, one of sour milk and one of an extract of flour, etc., all
requiring the same quantity of soda to neutralize the same
amount of solution, then we say that all the solutions are of the
same degree of acidity, or sourness.

But are they all equally sour? Is one as acid to the taste
as another? Not by any means. A solution of hydrochloric
acid tastes much more sour than an equally strong solution
of lactic acid or acetic acid. The reason is this. According to
the theory of the Swedish scientist, Arrhenius, different acids
differ in their tendency to throw off hydrogen ions, and it is
only these hydrogen ions that taste sour; in other words, affect
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the nerves of taste. An acid such as hydrochloric acid, for in-
stance, will at once throw off all its hydrogen ions when dis-
solved in water; lactic acid, on the other hand, and more par-
ticularly acetic acid, keep the greater part of theirs in reserve.
The hydrochloric acid, therefore, is very sour to the taste, the
other acids only slightly so, though all three are present in the
same degree of strength, the same acidity.

As with the sensation of taste, so is it with all the biologi-
cal processes, from the growth of the seed in the cornfield or
the growth of yeast in the tub or its action on the dough, to
the process of digestion and all other physiological functions
in the human organism. Throughout all these processes the
hydrogen ions play a certain part; they are indispensable, but
on the other hand, there must not be too many of them. FEach
process has its optimal concentration of hydrogen ions, the
one at which it works best. And you will understand that it
is therefore of importance, if we wish to understand the biolog-
ical process in question, that we should be able to determine
whether the concentration of hydrogen ions is as it ought to
be. There is no need for us to taste these ourselves; we can
let suitable indicators do the tasting for us. One of these in-
dicators is litmus, often used in the form of litmus paper,
which can taste whether a solution is acid or alkaline. There
are a number of these indicators, each useful in its particular
sphere, according as the solutions are strongly or slightly acid,
or strongly or slightly alkaline. You may be aware for in-
stance, that Cohn, Cathcart and Henderson have proposed and
successfully used the indicator known as methyl red for de-
termining the concentration of hydrogen ions in dough and

bread.

In measuring the concentration of hydrogen ions, the actual
magnitude is denoted by means of the fizure, pH. Its magnitude
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increases as the concentration of hydrogen ions decreases.

In Diagram 1, you will find the concentration of hydrogen
ions expressed as pH in numbers from 1 to 14. The figure 7
denotes the neutral point, those below it the acid region and
those above the alkaline region. The lower the pH of a solution,
the more sour it is: N/10 hydrochloric acid, for instance, has
its pH = about 1. The higher the pH of a solution the more
alkaline it is; N/10 soda, for instance, has a pH = about 13.

The value pH expresses the quantity of active, effective
hydrogen ions contained in a solution or mixture. The old
term, acidity, though very useful in its own way, only ex-
pressed the total content of hydrogen ions, both the active and
the inactive ions, the latter in reserve.

In all biological processes, including those we have to deal
with in the preparation of dough and the baking of bread, it
is the quantity of active hydrogen ions present that is most im-
portant; in other words, it is the pH of the dough and the bread
we have to consider.

The manner of determining pH I need not enter into here.
I will merely call your attention to the names of the indicators
shown in Diagram 1, each of which is able, in its own par-
ticular field, to “taste” as I said before, what the pH of a
given solution or mixture happens to be. Methyl orange, for
instance, turns red when the pH is about 3 and turns yellow
when the pH is about 4.5 and an intermediate shade when it
lies between 3 and 4.5. In the same way, the important in-
dicator methyl red, when dropped on a piece of dough or
bread, will turn red when the pH of the dough or bread is
about 4.5 but yellow when it is about 6, while an intermediate
pH will give an intermediate shade. The optimum pH of the
dough or bread is shown in Diagram 1 as pH = 5. It may
vary a little, but if the pH be essentially higher than 5, then
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Diacram 2
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the dough is not in the best condition. The fault in dough
when it i1s what is called “ropy” is a point which has been
specially studied by Morison and Collatz, as well as by Cohn
and his collaborators. It is generally indicated by a high
pH (5.5-6), as the rope-producing bacillus or Bacillus mesen-

tericus cannot withstand the combined effect of acidity and
heat.

I have now said enough about the concentration of hydro-
gen ions and pH in a general way. But we have then to con-
sider the preparation of the dough and the baking of the bread.
What part does pH play in these processes?

It is, I think, generally recognized nowadays that the pH
of the dough is of the highest importance in ensuring good
bread from an otherwise good dough. As an illustration of
this I have shown in Diagram 2 the results of two series of
experiments carried out by Dr. Jessen-Hansen at the Carlsbherg
Laboratory. The curves indicate the influence of the pH in
the dough upon the quality of the bread, as expressed by “char-
acters” given according to certain definite rules. Curve 1 is
for a series of experiments made in 1910 with a Danish flour
of the second class (note the high pH of the pure flour). In
the individual experiments, the dough was prepared and
treated in the same manner throughout, with the exception that
different quantities of phosphoric acid were added in the dif-
ferent experiments. As a result of this, the different batches
of dough showed different pH’s, this being, of course, propor-
tionately lower as the amount of phosphoric acid was increased.
Curve II shows, in the same way, results of experiments made
in 1922 with an unmixed Danish wheat flour, but with lactic
acid used to sour the dough.

You will see from the shape of the curves that the quality
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Diacram 3
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of the bread rises with increasing amount of acid added, un-
til pH reaches about 5, after which, any further souring again
impairs the quality of the bread.

These two series of experiments are but two of many which
have been made with the most widely dissimilar sorts of flour;
and the results arrived at in the Carlsberg Laboratory have
been confirmed by those of experiments made in many other
places, including America. It may therefore be regarded as
a proved fact, that the pH of the dough is a very important
factor in determining the quality of the bread.

The next question now is this: Why does this pH, why does
the concentration of hydrogen ions, affect the quality of the
bread? What substances in the flour, or what processes in the
preparation of dough, or the baking of bread, are affected by
an alteration in the concentration of hydrogen ions?

We shall consider two sides of the doubtless very
complicated effect produced by the concentration of hydrogen
ions and any alteration in the same. The concentration of
hydrogen ions is of essential importance; first of all, for the
enzymes of the flour and yeast, and their effect; and secondly,
for the physico-chemical condition of the substances in the
flour, especially its proteins.

HyprocEN IoN CoONCENTRATION AND ENzyME AcTION.

To illustrate this question generally, I will show you some
curves indicating the relation between pH (abscissa) and en-
zyme action (ordinate).

Diagram 3 illustrates the invertase action. Invertase is an
enzyme found in yeast, and is capable of splitting up ordinary
cane sugar into the two sugars of simpler composition, glucose
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Diacram 4

00

% ‘»\
S0 I

80

TS
:
i |

20

10

i Sl ostins

0
20 30 40 50 60 0 80 80,

Formation of maltose at various hydrogen ion concentrations
with acetate buffer.

100

105



BREADMAKING

and fructose. This diagram, which is taken from one of the
works published by the Carlsberg Laboratory, shows that the
enzyme in question has an optimal zone at pH ==4.5-5, its
action decreasing very strongly with decreasing pH.

Diagram 4 shows in the same way the action of malt dias-
tase with varying pH. Malt has, as we know, a starch-decom-
posing enzyme, diastase, capable of splitting up starch and
forming maltose and dextrine. You will see from Diagram 4,
which is taken from a paper by Adler, that the diastase has a
marked optimum of activity at pH = about 5.

Much the same thing is shown by Diagram 5, taken from
another paper by Adler, and indicating the relation of pH to
the so-called proteolytic enzyme in malt—that is an enzyme
which breaks up proteins. Here again we have an enzyme with
pronounced optimum of activity at pH = about 5.

Indeed, we find, that hydrogen ion concentrations of pH
== 5 or thereabouts give on the whole the best, or at any rate,
particularly good conditions for a number of enzymatic pro-
cesses, though by no means for all of them.

But now the dough—we may keep to the wheat flour dough,
by the way—what about the enzyme action which may take
place there?

The most important—or at any rate one of the most im-
portant—of enzymic processes in dough is of a diastatic char-
acter, that is, it breaks up starch, just like the diastase of malt.
By this process maltose is formed from the starch in the
dough, and the maltose again is split up by the yeast into
glucose. This in its turn is decomposed by the yeast, in the pro-
cess of alcoholic fermentation, into alecohol and carbonic acid.
The importance of this last named substance for the raising
of the dough is one into which I need not go further here.
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You realize that in order to develop the necessary quantity
of carbonic acid we must have a sufficient amount of sugar to
produce the carbonic acid by fermentation. This sugar can,
of course, be mixed with the dough, and it is often done by
an admixture either of cane sugar or of glucose. But the
best way is to have the sugar formed directly from the starch
in the dough itself, as it is consumed by the yeast, and it is
therefore important that the dough—or the flour from which
it is made—should contain a sufficient amount of the diastatic
enzyme. Bakers have realized that the dough ought to con-
tain suitable quantities of diastatic enzyme, and small quan-
tities of malt are therefore often added to the dough. There
are also a whole series of investigations as to the diastatic
properties of the flour itself, but it was not until the publica-
tion of Rumsey’s work, two years ago, that this question was
given thorough consideration from all sides.

I will not go into details here concerning this fine work,
which was published by the American Institute of Baking. I
will merely mention, that Rumsey found a similar relation be-
tween pH and diastatic power to that found by Adler and other
investigators in the case of malt diastase.

Diagram 6 shows Rumsey’s diagram, taken from his work.
At Carlsberg Laboratory, we have been working on the same
problem and arrived at precisely similar results. You will
see from the diagram that the diastase of flour has its opti-
mum at pH == about 5, or a little less. And you will under-
stand from this that in preparing the dough it is important
not only that the flour should contain sufficient diastase, but
also that the dough should be prepared with, or in the process
of fermentation attain, a concentration of hydrogen ions at
which the diastase can act as it should. You will see from

108



BREADMAKING
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the curve that at pH = 6 the effect is barely half that at pH
= 5.

I should like to take this opportunity of making just one
critical observation on Rumsey’s “Method of Measuring
Diastatic Power of Flour.” His well thought out and well
worked out method I can accept in iis entirety, but there is
one point I cannot help noting, that his experiments are car-
ried out at different concentrations of hydrogen ions, the con-
centration in each case being that which the particular sample
of flour happened to possess. The result of this method is to
determine not—in comparable units—the diastatic power, or
as we might say the diastase content, but the manner in which
this diastase content acts under the given circumstances, which
is not the same for all experiments. In the 14 flour samples
compared, the pH varies from about 5.6 (No. 1013) to about
6.2 (No. 1004). These two samples show approximately the
same diastatic power, but there can be no doubt that the latter
sample must contain far more diastase than the former, since
the effect is far weaker at pH = 6.2 than at pH = 5.6.

In order to obtain really comparable results, we must cor-
rect the values found by means of the curve in Diagram 6, or
else make use of a suitable buffer mixture in the course of
the experiments. To my mind, the best way would be, before
determining the diastatic power of the flour, to measure the
buffer value which is also an important property of the flour
itself. This would enable us to determine what amount of
acid or base should be added for the determination of diastatic
power, at, say, three different concentrations of hydrogen ions,
so that we can draw a suitable portion of the curve which shows
the diastatic power of the flour sample in question at dif-
ferent pH. This is the method we used at Carlsberg Labora-
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tory, and in comparing different flour samples we used the
values for diastatic power at pH = 6 or pH = 5.5.

You will, I hope, pardon this little digression. I have men-
tioned the point because I think it is of some importance that
we should all work on the same lines wherever we happen
to be, and thus be able to give the results obtained more weight
and more exactitude.

In the fermentation of dough there are also other enzymic
processes taking place, which I shall not have time to discuss
at present. I should like, however, to direct your attention
to fields of particular interest, and one which, as far as I am
aware, has been very little investigated as yet. And that is,
the question as to how, and to what extent, the protein of the
flour is affected during fermentation of the dough by the pro-
teolytic enzymes of the yeast.

HyproceEN IoN CONCENTRATION AND THE PHYsico-CHEMI-
cAL ProPERTIES OoF THE ProTEINS IN THE DoucH.

In wheat flour the substance known as gluten is far the
most essential part of the nitrogenous ingredients. But apart
from this there are also smaller quantities both of an albu-
min and a globulin, and of decomposition products of these
substances.

Gluten which consists of a mixture, or perhaps rather a
more or less loose association between two substances, gliadin
and glutenin is of the very greatest importance in the manu-
facture of bread. It takes up water and forms a tough, elastic
and extensible mass, able to retain the carbonic acid developed
during fermentation and thus “raising” the dough. It is there-
fore very natural that the question of the relation between
quantity and quality of the gluten on the one hand, and the
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baking value, or strength, of the flour on the other, should have
been made the subject of numerous investigations. Accord-
ing to recent work of Gortner and Sharp, and also Woodman,
the gliadin seems to be of the same composition whether ob-
tained from strong or weak flour, whereas the glutenin differs
in character from one flour sample to another. There is there-
fore every reason to follow with the greatest interest the re-
searches made with a view to studying alterations in the
physico-chemical condition of the glutenin, the gluten and the
entire dough, produced by alterations in the concentration of
hydrogen ions for example. In this field of work, a great deal
has already been done by American flour and bakery chemists,
who are unquestionably the leading experts on this question at
the moment.

I will not therefore go further into this side of the ques-
tion, but will approach another side of it which, as far as 1
am aware, has not received the attention it deserves. I refer
to the question of the coagulation and transformation of the
proteins in the dough during baking, and especially to the
part played by the hydrogen ion concentration in these pro
cesses.

In a coagulation process of this sort we must be careful to
distinguish between two different phases of the process, each
of which is affected in a different way by the concentration of
hydrogen ions. The one phase is the so-called denaturation
of the protein by heating, which occasions a chemical change
in the substance and often draws off water from it; sometimes
also an incipient decomposition takes places simultaneously
with the denaturation. The second phase is the flocculation or
precipitation of the denaturated protein. In both of these pro-
cesses, the concentration of hydrogen ions is a very important
factor. But while denaturation and the accompanying de-
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DIAGRAM 7A
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composition proceed more rapidly and strongly the higher the
concentration of hydrogen ions, it is quite a different matter
with the flocculation.

There is for each individual protein a certain character-
istic hydrogen ion concentration at which the denaturated pro-
tein is best precipitated, and in the least gelatinous form. This
hydrogen ion concentration, which for albumins lies at about
pH = 4.8, is called the isoelectric point of the protein, and
the more the concentration of hydrogen ions diverges from
this isoelectric point, the more difficult it becomes to precipi-
tate the denaturated protein, and the more gelatinous it will be.

These features are of great importance in all transforma-
tions of proteins by heating. 1 am unable to illustrate them
for you by referring to experiments made with the proteins of
flour—I do not think any have been made—but I think it would
be useful if such researches were made. 1 can, however, illus-
trate the position by describing an experiment we have made
with another protein, pure egg albumin. In so doing, I will
add a few remarks on the importance of this characteristic
feature in connection with another industry, that of the brew-
eries.

In each of the twelve test tubes in Diagram 7A, there are
placed five cubic centimetres of a pure egg albumin solution con-
taining forty to fifty milligrammes of egg albumin nitrogen and
fifteen cubic centimetres of water and hydrochloric acid to-
gether, in such a manner, that the tube on the extreme left of
the picture is given fifteen cubic centimetres of water without
hydrochloric acid, the quantity of hydrochloric acid increas-
ing until we reach the glass on the extreme right, which is
given fifteen cubic centimetres of pure n/100 hydrochloric
acid. After heating for fifteen minutes in a water bath, at a
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temperature of sixty to sixty-five degrees, the samples present
the appearance shown in Diagram 7A. Nos. 1 and 2 will be
quite clear; there is a precipitate in Nos. 3 to 6, most in No.
4, while the rest have no precipitate, but only an opalescence,
decreasing from left to right along the row. It looks, then,
as if coagulation had only taken place in the middle samples,
in which the concentration of hydrogen ions lies near the iso-
electric reaction of egg albumin. Actually, however, the case
is quite different. When the samples are filtered, Nos. 1 to 6
filter clearly and easily, the others with difficulty. On adding
a buffer mixture (sodium acetate and acetic acid) at ordinary
temperature, which brings all the filtrates to the optimal hydro-
gen ion concentration for flocculation corresponding to pH =
4.8, we get a precipitate in all the samples except Nos. 3 and
4 and most in the samples containing most acid, as shown in

Diagram 7B.

As all the samples now have the optimal concentration of
hydrogen ions for flocculation, all the denaturated ege albumin
will have been precipitated, and if we now again filter the
samples and heat the filtrates as before, any non-denaturated
egg albumin still remaining in the filtrates will now be de-

naturated and precipitated.

Diagram 7C shows that this last heating forms precipitates
only in tubes Nos. 1 to 9, and the quantity is greater in pro-
portion as the samples have had less acid.

The position then, is this. The egg albumin in the most
acid samples (those farthest on the right) was completely de-
naturated by the first heating, but no precipitation took place,
because the concentration of hydrogen ions was far higher
than the optimum for flocculation. On the other hand, the
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sample which showed most precipitate on the first heating
namely No. 4, was by no means completely denaturated, since
it yields an abundant precipitate on the second heating. But
all that was denaturated by the first heating was also precipi-
tated (see Diagram 7B) because the concentration of hydrogen
ions in this sample was at the optimum for flocculation.

Other things being equal, then, the rate of denaturation will
be greater the higher the concentration of hydrogen ions in the
solution, but the flocculation of the denaturated protein takes
place only at the isoelectric point or near it.

In the boiling of the wort at a brewery it is of the highest
importance that the coagulable protein should not only be de-
naturated, but also precipitated, as it would otherwise later on
be deposited quite slowly, and thus cloud the beer. The brewer
has therefore to see that the hydrogen ion concentration of
the wort lies somewhere near the isoelectric point. Now the
water used in brewing contains certain alkaline ingredients;
the malt, on the other hand, certain acid ingredients, which
neutralize them. During the war, when breweries were obliged
to reduce the quantity of malt, while the quantity of water
remained the same, the alkaline ingredients gained the upper
hand, and the wort became too alkaline; the precipitation of
protein therefore less complete, and the beer in consequence
less able to keep for any length of time. This difficulty, how-
ever, was obviated by slight but systematic acidulation of the
wort until it reached the desired concentration of hydrogen
ions. The method was found so excellent in its effect on the
keeping quality of the beer that it is still used in many places,
even now that normal conditions have been restored.

This is a slight digression from my subject proper, but I
wished to show you an example of how knowledge gained on
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a purely scientific basis can be adopted and applied directly
in the sphere of practical work.

I have the more reason for doing so, since practical bakers
may very reasonably ask: What is the use of all these highly
specialized scientific investigations to us? I grant at once, it
would be ever so much simpler if we could, by a single line
of research, find a method of determining the baking value
of a given sample of flour. In this connection I would direct
your attention to Bailey’s fine and valuable work on the con-
nection between the baking value of the flour and the extensi-
bility of the dough.

On the other hand, the question of the baking value of a
flour is one of so complicated a nature because the strength
probably represents the result of the co-operation of many dif-
ferent factors, of which I have here touched on only a few.
To get to the bottom of the question we shall, I think, first have
to study the importance of each factor separately. And this
means a great deal of work, and a great deal of time.

It will need, on your part, Gentlemen, as representing the
practical side, a great amount of patience. And on the part
of the scientific investigators, not only skill, but also persever-
ance. And finally, it calls for the most intimate co-operation
from both sides.

It has been a great pleasure to me to see the way in which
this co-operation has been taken up in America on a broader
basis than anywhere else. And I believe, that in the case of
such a comprehensive task as this, where individual effort
would never suffice, co-operation is the only way.

Such co-operation as has already existed for some time
past between Dr. Barnard and Dr. Morison at The American
Institute of Baking and on the other side, Dr. Bailey at The
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Division of Agricultural Biochemistry of the University of
Minnesota is, therefore, a most welcome sign.

I have no doubt that this co-operation like other great
American efforts—not least the important investigations of
flour and yeast, commenced by Mr. R. L. Corby at The
Fleischmann Laboratories—will produce a weighty contribu-
tion to the solution of the great and important question of the
baking value of flour.
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The great French chemist, Wurtz, in his well-known
“Dictionary of Chemistry,” published in 1869, prefaces in
this manner: “Chemistry is a French science. It was created
by Lavoisier”.

The German author, Hermann Kopp, in his book “The
Development of Modern Chemistry”, published four years
later, has expended more than fifty pages to prove that the
claim made by Wurtz is not in accordance with reality.

Kopp’s meaning is that chemical science has existed be-
fore Lavoisier’s time, but that the latter has effected a radical
reform therein.

There is certainly no doubt that Kopp is right, but there
is just as little doubt that Kopp entirely misunderstands
Wurtz’s proud sentence. Lavoisier, “The Father of Chemis-
try”’, who during the French Revolution suffered death at the
guillotine, has indeed not created chemistry, but he has revo-
lutionized its principles, and he has established the founda-

tion upon which modern chemistry is built.

If T should say to you today, “Microbiology is a French
science. It was created by Pasteur,” then neither would that
be in accordance with the truth, but Pasteur has revolutionized
microbiology. His life’s work has been the basis for the
whole of modern bacteriology and microbiology.
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The gigantic edifice of these sciences rests on that firm
foundation Pasteur has created—in a domain, where every-
thing before then was unstable and baseless, and as far as
these sciences and their practical application extend—from
medicine, veterinary science, antiseptics, and hygiene to agri-
culture, dairy-farming and every kind of fermentation industry
—so0 far has Pasteur’s work left its mark on our daily life.

Louis Pasteur was born on the 27th of December, 1822, in
the little town Dole in the East of France, but the family re-
moved a few years later to Arbois, the home of Pasteur’s
childhood, to which during his whole life he was greatly at-
tached.

His father, like his grandfather and great grandfather be-
fore him, was a tanner, and had taken part in the Napoleonic
wars as a member of the valiant 3rd Regiment, called brave
among the brave. Pasteur’s mother was lively and of an easily
animated disposition, while his father was of a reserved and
somewhat melancholy nature.

Little Louis had a gift for drawing, and at one time art
was seriously considered as his future career, to which his father
was quite averse. Otherwise Louis was not an ordinary “clever
boy”; as his biographer, Vallery Radot, says, his childhood
might be compared to the almost hidden source of a mighty
river.

Pasteur was trained as a chemist, and among his teachers
and patrons, Dumas, Balard and Biot can bear special mention.
His first task was therefore of a purely chemical nature, in

that his doctoral dissertation dealt with the subject of arsenic.
By far the most important of Pasteur’s purely chemical or phy-
sico-chemical work is his famous separation of racemic tartaric
acid into its two optically active forms. This work, published
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in 1848, when Pasteur was only 26 years old, has been of the
greatest significance for the development of organic chemistry.
I will not go further into the matter, except to mention that
young Pasteur himself felt that his observations were just as
significant as they were surprising, for he asked his old friend
Biot if he could do the experiments over again for him. It is
well known how Biot doubted his young colleague, how he
himself supplied the necessary chemical preparations, how he
himself did most of the work according to Pasteur’s direc-
tions, and how when the experiments completely proved the
correctness of Pasteur’s statements, he folded him in his arms
exclaiming, “My dear boy, I have loved science so much dur-
ing my life that this touches my very heart.”

In the year 1849 Pasteur became Professor of Chemistry at
Strassburg, where he won his bride, Maria Laurent, a daughter
of the Rector of the University. They were married the same
year, and Madame Pasteur throughout life was not only a most
devoted wife but also her husband’s faithful friend and co-
worker.

Pasteur continued his studies of tartaric acids in Strassburg
by taking up the action of the organism of fermentation on
these substances. It was a happy chance, one might say, that
caused Pasteur to give his mind to these studies which formed
a link between chemistry and microbiology.

It was also a happy chance that as early as 1854 Pasteur
was transferred to Lille as Professor of Chemistry and Dean
of the new Faculty of Science, for thereby he came to live in
one of the centres of the fermentation industry in France. And
finally it was a happy chance, when in 1856 a Lille vinegar
manufacturer instigated by his son, who was inspired by
Pasteur’s lectures, applied to Pasteur for advice concerning
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serious difficulties in the manufacturing of vinegar. Pasteur
obligingly complied, took up the task, and thus began the
investigations which led to a complete revolution in microbio-
logy and in the application of this science.

The position of fermentation industries was not an enviable
one at this time. One had only experience and tradition to go
by from the one generation to the other, but no one had any
comprehension of what happened during the fermentation. The
fixed methods of working generally gave the required results,
but suddenly there might occur the most peculiar irregularities,

which quite changed the character of the fermentation and occa-
sioned great loss.

The fermentation industry could not expect help from
science, as the prevailing theory—first and foremost defended
by Liebig—held that the chemical actions taking place during
fermentation and allied changes could be explained “in terms
of molecular physics™ alone, and without “direct co-operation™
of yeast. In close connection herewith rested the whole view
of the past on the question of “generatio @quivoca,” the ques-
tion of how far living bodies, or in a narrower sense, how far
yeast or bacteria could generate “of themselves.”

When it is known that in the fermentation of grape-must or
beer wort, in the souring of milk, or the putrefaction of food-
stuffs, a great number of microbes make their appearance,
while it is not usual or possible to identify them in fresh bodies,
it can be assumed that they generate “of themselves.”

One of Pasteur’s greatest achievements was to show that all
the micro-organisms which are the cause of fermentation, putre-
faction and a great number of diseases which we now call
“infectious diseases” are to be found in the air, in the ground,
in the water and so on, in short, in the outside world sur-
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rounding us. They can therefore force themselves in every-
where and, under favorable conditions for their development,
unfold their characteristic action.

On the other hand, if such micro-organisms are kept out,
nothing happens; must does not ferment, milk does not turn
sour, meat does not putrefy, because microbes cannot generate
“of themselves.” Fermentation, decomposition, putrefaction,
all are “acts of life,” and in the absence of life do not take
place. A liquid really sterile will remain sterile forever, and,
in that condition, will neither ferment nor putrefy. Germs are
not exempt from the general law of life; they cannot come into
the world without germs, without parents like themselves.

Pasteur’s many and troublesome tasks in this domain were
carried out partly in Lille and partly in Paris, to which place
he was transferred in 1857. Pasteur’s views met with violent
opposition, and gave rise to excited debates in the French
Academy, particularly in the Academy of Medicine. To many
of the old doctors it seemed in fact to be bordering on sacrilege
that a chemist and not a medical man should be teaching them
the origin of disease. At a very early stage, about 1860,
Pasteur became fully aware that it would be exceedingly de-
sirable to make use of the experience he had reaped by the
study of the fermentation organism in order to make the origin
of the different infections evident.

Pasteur gradually overcame all opposition. He disarmed
every objection by fresh experiments, which were carried out
under the control of commissions appointed by the French
Academy. Besides, which was of even greater importance, it
came to pass that his theories could be carried out in practice.

He taught men of the fermentation industry that when the
fermentation of vinegar, wine, beer, alcohol, etc. went wrong,
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it was because the fermentation was “unclean,” viz., that foreign
ferments or bacteria, or in short, foreign micro-organisms, had
forced their way into the fermenting liquid, and these foreign
organisms developed the “disease’ in vinegar, wine, etc., against
which the manufacturers had to fight. He further showed them
how these diseases could be prevented by keeping out the in-
jurious foreign organisms as far as possible, and if they had
got in, how they could be made harmless, killed by heating,
through that process which in our time still bears the name
“Pasteurization.”

It was therefore very natural that when the silk crop in
France was threatened with destruction on account of the
steadily increasing attacks of silk worm disease that Pasteur
was applied to for help. This was in the year 1865. Pasteur
took up the question at once and with it came to the last and
indeed the most significant stage of his life’s work, the patho-
logical researches.

From 1865 to 1869 Pasteur was grappling with this prob-
lem. It was complicated by the fact that there were two
diseases, pebrine and flachery, to be investigated, and the
hostility or scepticism of the very people whom his discoveries
would benefit increased the difficulty. Pasteur identified the
two diseases, proved them to be contagious as well as hereditary
and he showed how to detect and stamp them out. Even in
March, 1869, the silk trade was still only half convinced of
the absolute value of Pasteur’s results. “They are absolute,” he
insisted, and to prove his point, sent to the sceptical Lyons silk
commission four lots of seeds. “Lot 1 is healthy,” he said, “and
will succeed; lot 2 will die of pebrine only; lot 3 will die of
flachery only; and out of lot 4 some will develop pebrine and
some flachery,” and everything he predicted came to pass.
“That is,” says one of his biographers, “the story of how the
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silk trade was saved by an “unpractical” man of science.”

I will only add that this involved a considerable sum of
money, as the disease in the course of a few years had reduced
the proceeds of the silk crop from 100 million francs to less
than 10 millions, and as it was in France, so was it in other silk
producing countries.

It was a characteristic of Pasteur’s research that with im-
pressive ease and ingenuity he so adapted his great scientific
discoveries that they could be made use of in practical life. He
is an ideal representative of co-operation between science and
practice. We have seen that his purely scientific, chemical and
biological investigations with regard to fermentation and
diseases of the silkworm gave results of the greatest importance
to practical industry.

With the same peculiar ability Pasteur was able to inves-
tigate the infectious diseases of animals and the microbes which
were the cause of the diseases and to make use of these inves-
tigations to combat them. His research in this went on without
intermission, and in the space of a few years (1880-1883)
communications were issued by Pasteur regarding methods
for battling against three widely-spread and considerable
diseases, chicken-cholera, anthrax or splenic fever, and red sick-
ness—a contagious disease of the pig.

These discoveries aroused the greatest sensation everywhere,
not only in scientific circles, but also in the minds of the public,
as many hoped that it would be possible to combat human
diseases in the same way. The hope was not disappointed, for
in 1884 at an international congress of doctors held in Copen-
hagen, Pasteur produced results which substantiated the pos-
sibility of an effectual treatment of one of the most dreaded
diseases of humanity namely hydrophobia.
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All modern vaccine and serum treatment of a number of
infectious diseases among human beings and animals is in
reality a direct consequence of Pasteur’s work, which opened
the way. Let us consider a little more in detail Pasteur’s in-
vestigation of anthrax and hydrophobia.

The anthrax or splenic fever is a dreaded disease of sheep
and of cattle, which at that time—it was in the year 1877—was
destroying five per cent of the cattle and ten per cent of the
sheep in France. The principle which Pasteur applied to com-
bat this, and the other infectious diseases mentioned, was similar
to that already previously applied by Jenner against smallpox.
Just as Jenner, by the inoculation of cow-pox rendered a person
safe against the actual smallpox, so Pasteur protected an ani-
mal against a really severe attack of the disease by inoculation
with contagious matter which had been weakened in some way,
and which only developed such a mild form of the illness that

it presented no danger. In this Pasteur was successful in the
highest degree.

To begin with, he conducted a number of splendid investi-

gations as decisive evidence that the cause of anthrax disease
was the stave-formed bacteria, Bacillus anthracis, also observed
by former scientists.

Pasteur followed this up by showing that with the help of
heat, by cultivating this microbe some few degrees above the

temperature of the blood, a weakening of the anthrax culture
could be attained, a weakening, the process of which one could

follow by inoculating animals of different size—white mice,
guinea-pigs and rabbits.

While an unenfeebled culture by inoculation under the skin
had a deadly effect on all the three classes of animals, a culture
held at a temperature of 42°-43° C, would gradually lose its
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virulence and thus its deadly capacity, first for the rabbits, next
for the guinea pigs and lastly, with a sufficiently long treatment,
for the mice.

With such an enfeebled culture Pasteur vaccinated sheep
and cattle against anthrax, and it is well known how, with an
experiment planned on a large scale in 1881 he swept away
all doubt as to the correctness of his views.

On a farm close to Melun there were collected altogether
58 sheep, 2 goats, and 10 horned cattle. The experiment began
on the 5th of May, 1881. Half of the animals were inoculated
with a greatly weakened anthrax culture, while the other half
which should serve as means of control, were not inoculated.
Twelve days later, on May 17th, the vaccinated animals were
inoculated afresh, but this time with a somewhat less weakened
culture than the first. This finished the vaccination, and a fort-
night later on May 31st its effect was tested, in that all the
animals, vaccinated and unvaccinated, were inoculated with a
fresh strong poisonous culture of anthrax bacilli. Some days
must pass before the disease broke out, and the experiment was
followed with thrilling interest, both by Pasteur’s partisans and
opponents. Already on June 2nd, Pasteur could show the result
of the experiment, before the large interested circle that had
streamed to the trial farm, and this result left nothing to be
desired in the way of plainness. All the vaccinated animals
were perfectly healthy, without a sign of disease; the un-
vaccinated sheep and goats were all dead except 3, which died
in the course of the day; the unvaccinated cows were certainly
not dead, but they were all very ill, very feverish, and were
very much swollen.

I shall not dwell on the immense significance in purely eco-
nomic respects effected by Pasteur’s anthrax vaccination inves-
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tigations, I shall only mention an enlightening fact, that ac-

cording to the statistics up to the year 1900, over 11,000,000
animals were vaccinated.

The best known and most conspicuous research of Pasteur
is his battle against rabies or hydrophobia. It will be impos-
sible here to go into details concerning these experiments which
were begun in 1880 and which were of a particularly difficult
nature, because Pasteur did not succeed, and neither has any-
one else succeeded, in isolating the causative micro-organisms.
The experiments were made still more difficult by the long in-
cubation of the disease, as several weeks elapse from the time
a person or a dog is bitten until the sickness breaks out; and
by the extraordinary large mortality from the disease. In
spite of all difficulties, however, Pasteur succeeded in finding a
mode of procedure by which he could make a dog immune to
the disease, and, also prevent the sickness from breaking out,
even if the treatment had first been begun after the dog in
question had been bitten by a mad one.

Pasteur, however, was fearful of applying his results on a
human being, even if he felt ever so safe in his treatment of
dogs. “I take two dogs,” he wrote in September, 1884, “I have
them bitten by a mad dog. I vaccinate the one and I leave the
other without treatment. The latter dies of rabies, the former
withstands it, but however I may multiply my cases of protec-
tion of dogs, I think that my hand will shake when I have to
go on to mankind.”

This anxious pondering came to an abrupt end when on the
6th of July, 1885, a mother with her nine year old, Joseph
Meister, came to the laboratory. The boy had been bitten two
days previously by a rabid dog, and the mother begged Pasteur
to save the child’s life. After most serious consideration,
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Pasteur complied, and his anxiety and uneasiness heightened
from day to day, according as the vaccine employed became
stronger and stronger, but all went well, and this first human
case was a complete success. Shortly after, a young shepherd,
Jupille, was treated. He had rescued some children from a
mad dog, and had been himself badly bitten before managing
to kill it. To make matters worse, he arrived in Paris six days
after the attack; yet inoculation saved him also.

The news of the successful treatment of these two cases rang
through the world and in the next six months 350 patients were
treated. The only failure was a little girl, Louise Pelletier, who
was brought for treatment thirty-seven days after being bitten.
In March, 1886, nineteen Russians, badly torn and mutilated
by a mad wolf, were brought by their doctor to Paris. The bite
of a mad wolf is even more deadly than that of a mad dog, and
it was fifteen days since the wounds had been inflicted. It was
almost certainly too late, but Pasteur could not deny these for-
lorn fellow creatures even the faint hope of life that his treat-
ment offered. Of the number, only three died—a really sur-
prising result, considering the conditions.

Conviction of the value of inoculation against rabies grew
steadily in the minds of unprejudiced doctors and men of
science, and a commission appointed by the Academy of
Science unanimously voted that subscriptions should be asked
for in France and abroad to found a “Pasteur Institute” in
Paris for the preventive treatment of hydrophobia.

It is well known what a success this subscription was, and
it is equally well known how the “Pasteur Institute” opened in
Paris in 1888, was followed by the establishment of similar
institutes in other parts of the world, which have continued
Pasteur’s fight against diseases of widely different natures, and
which have been a blessing to mankind.
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Pasteur was a marked man himself when he moved into the
large new institute which bears his name, and he was never
able to take an active part in the new laboratory. In 1868 he
had had a serious apoplectic stroke, the after-effect of which
never left him. He never gave up, however, but continued his
beneficial work as long as he could, with the usual “Pasteur”
energy and sense of duty. In this respect it is characteristic of
Pasteur’s view of his work for the welfare of humanity that
when a colleague once spoke to him of the danger connected
with some investigations he carried out during an epidemic of
cholera, and exclaimed “Courage is needed for this sort of
work,” Pasteur’s simple answer was “and the sense of duty.”

On September 28th, 1895, Pasteur passed peacefully away.
He rests in a crypt under the main building of the Pasteur
Institute above the entrance of which is written in gold the
few words, “Here reposes Pasteur.”

In conclusion, if we should ask what to our knowledge gives
the name of Pasteur such a special lustre, I do not think we
would give most preference to the great discoverer who has
paved new roads in science. Neither do I think we would give
our attention to the exceedingly great practical significance the
work of Pasteur has had for industrial life. I think that what
would be first and last with us would be the rich and warm
humanity in the whole of the blessed realm of Pasteur’s life
work. As the great benefactor of humanity will Pasteur’s name
be preserved throughout ages. It will be able, like a standard
emblem, to gather together all races and all classes to peaceful
co-operation for the good of humanity.

Let then this bust of Louis Pasteur we unveil today be as a
symbol, that also this branch of the fermentation industry
housed within these walls is built on the foundation Pasteur has
created. Let it stand as a symbol that the work accomplished
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here be in the same spirit as Pasteur’s, and in reverence to his
memm‘}*.
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CARLSBERG LABORATORIES

Allow me to express my heartiest thanks for the kindly
words which Mr. President has addressed to Mrs. Sgrensen
and myself. The reception which has been prepared for us in
America, not least in the circle of American Chemists, has
touched us very much. Quite especially, I express my cordial
thanks to the President and the Board of The Chicago Chemical
Club, and to all present, for the welcome opportunity given
me to make the acquaintance of so many of the chemists of
America.

I need not say, that I have had the warmest interest and
the greatest pleasure visiting the excellent institutes and the
extremely well equipped laboratories in your country. This
was not unexpected, but I may say, that what I have seen has
greatly surpassed my expectations.

However there is another matter which weighs upon my
mind and in regard to which I hope to profit by my visit in
the United States. 1 refer to the question of co-operation be-
tween science and practice. Several times in lectures at home
in Denmark, I have strongly emphasized the importance and
necessity of the most intensive co-operation between theory and
practice, and it has greatly interested me to see how far you
have accomplished this in America.

Naturally, T speak especially about that branch of indus-
try in which I have had some experience, the fermentation
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industry. I have had the best opportunity of closely studying
your technical scientific institutes for the investigation of all
the substances and all the processes which have any significance
for the manufacture of flour and bread—this branch of the
fermentation industries which only recently has taken up the
rational and systematic co-operation between science and prac-
tice.

I admire your Institute of Baking in Chicago, as well as
The Fleischmann Laboratories in New York—and I venture
to say that America is in this respect better equipped than any
other country, both with regard to its scientists and its labora-
tories, and the organization of their work.

I believe that this state of things is not without relation to
a fact which often meets us in America. Your great business
men desire to make a great deal of money, but when they have
gained this money they also know the old saying “Noblesse
oblige,” [Rank imposes obligation]. It is of the greatest im-
portance for your science, for your industry and for the pro-
gress, welfare and prosperity of this country, that it is so.
I know how to fully appreciate this, because The Carlsbherg
Institution in my homeland is founded upon the same basis.

I have had several inquiries about the nature and character
of The Carlsberg Laboratories, and therefore I think it will not
be amiss at this time to tell you a little about the Carlsberg
institutions.

The Carlsberg Brewery in Copenhagen was founded in 1847
by the brewer, Captain J. C. Jacobsen, and later on enlarged
by union with “The New Carlsberg Brewery,” founded by his
son, the “young™ Jacobsen, Carl Jacobsen. A son of Carl
Jacobsen, Vagn Jacobsen, is now a Director of The United Carls-
berg Breweries, the managing Director being P. C. Poulsen.
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The “old” Jacobsen, the Captain, was a remarkably clever
and industrious man, interested not only in his business, but also
in science and art, in humanism and politics, and he rendered
his country and his city the greatest services.

His most important contribution was the foundation of The
Carlsberg Fund and, as a part of this, The Carlsbherg Labora-
tories were established in the year 1876. The initial fortune
of The Carlsberg Fund consisted of one million Danish Crowns,
but by several gifts of Jacobsen this fortune was greatly in-
creased, and finally at his death, he bestowed upon The Carls-
berg Fund the property in full of the Carlsberg Brewery itself.
Later on his son, the great lover of the arts, Carl Jacobsen, gave
the New Carlsberg Brewery to The Carlsberg Fund, so that for
the present, The Carlsberg Fund is the owner of a capital of
about twenty million Danish Crowns and of the United Carls-
berg Breweries.

Properly speaking The Carlsberg Fund is given to, and
belongs to our Academy of Science in Copenhagen. The Board
of Directors of the Fund are chosen by “The Academy of
Science” from among its own members. Jacobsen took these
measures to secure for the Fund a governing body elected upon
a purely scientific basis.

The income of the Fund after deducting expenses for pur-
poses of enlargement and stabilization is divided into four
parts according to certain rules: part A is used for the man-
agement of The Carlsherg Laboratories; part B serves as a
fund for further scientific research work in general; part C
is used for our national historic museum at Frederiksborg
Castle, (this museum was also founded by J. C. Jacobsen);
part D is reserved for the “Carlsherg Glyptotek” founded as
a museum of art by the young Jacobsen and now directed by
his son, Helge Jacobsen.

141



CARLSBERG LABORATORIES

The Carlsberg Laboratories themselves are divided in two
departments, the physiological and the chemical department.

The first Director of the Physiological department, Emil
Chr. Hansen [1876-1909] is well known by his important re-
search work on yeast, especially on the cultivation of pure
yeast. His successor, my colleague for the present, Dr. Johannes
Schmidt, is known particularly for his investigations on the
migration of the eel.

The first director of the chemical department was Johan
Kjeldahl [1876-1900], whom you all know as the father of
the famous method for the determination of nitrogen after
Kjeldahl. Since his death in 1900, I have been the director
of this department.

You will note from this short survey of some of the work
done in the Carlsberg Laboratories, that the field of our re-
searches is not limited to the fermentation industries. The
Carlsherg Breweries themselves have their own working
laboratory.

However, even if we at The Carlsberg Laboratories have
nothing directly to do with the daily work at the Breweries, we
are—if I may say so, proud of our common name. We feel
a part of the whole Carlsberg Institution, which has had and
steadily has so great a significance for the development both
of science and of industry in our little country and for the co-
operation between them both.

Let me then finally—apologizing if I have spoken too long—
express the wish, that the excellent co-operation between science
and practice you have established here in America on a broader
basis and on a larger scale than I have seen anywhere else,
may always be inspired by the true scientific spirit for the
benefit and usefulness of your industry and for the honor of
American Science.
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