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3
I. INTRODUCTION

1. THE WHEY PROBLEM

The so-called whey problem is well-known to every dairy expert. In the
Netherlards alone the annual production of whey amounts to approximately
1 million tons, only 2 per cent of which is used for human consumption. Thus a
little less than 1 million tons of whey, corresponding 1o 10° kcal of available
energy are either used as animal food or completely wasted. The efficiency
of domestic animals such as cows and pigs as ’‘food producers’ has been
estmated to amoun! to about 30 per cent of the calorific value of the fodder
supplied. Therefore even the use as animal food of a material which was, in the
form of milk, fit for human consumption involves a loss of about 70 per cent of
its total calorific value. In view of the world food shortage these losses of
valuable food energy, which are paralleled in other parts of the world, need and
receive increasing artention.

The limited use of whey for feeding purposes is due to the non-physiological
ratio,of its constituents, as shown below:

Water 93.6 %

Lactose 4.8%
Crude protein 0.9%
Sale 0.7%

If it is bome in mind that of the 9.9 per cent crude protein only 0.7 per cent can
be considered as real protein, the ratio protein: salt : lactose is approximately
1 : 1 : 7. Since the protein is the most valuable consdtuent this ratio is very
unfavourable to nutritional application,

One method of concentrating the protein is its heat denaturation and sepa.
ration. Thus the so-called lactalbumin, a rather well-known fodder constituent,
is gained as a by-product in the milk sugar industry. However, this preparation
implies serious denaturation of the protein with complete loss of many of its
valuable native characteristics.

The other method might be the removal of the less valuable components
(water, salt and to some extent lactose) from the whey, in order to increase the
protein content. This procedure is much more difficult. Nevertheless, several
attempts have been made, by ion exchange, by dialysis and by electrodialysis.
From the numerous difficulties attending upon the application of any of these
processes we mention: the zost of acid and alkali, necessary to regenerate the
ion exchange materials and the deterioration of protein which occurs during
prolonged dialysis.

In 1946 the General Technical Department of the Central National Council for
Applied Scientific Research in the Netherlands (A.T.A.-T.N.O.) started an
investigation into the electrodialytic desalting of whey. After some years this
research appeared to open fairly promising prospects. Since 1948 another study
has been undertaken into the proteins of whey in order to ascertain the possible
application of desalted whey products. The results of the latter study will be
presentad in this report.

Two preliminary communications on this work have already been published in
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The Neiherlands Milk & Dairy Jowrnal by Prof. Dr I.. SEEKLES (1951) and by the

author (1951).
For a short general review of the whey problem we refer to NIEMAN (1951).

2. THE MANUFACTURE OF FOOD 3TUFFS FROM WHEY
BY ELECTRODIALYSIS

‘The manufacturing process includes four phases of which the elecrrodialysis
may be considered the most essendal:

d. The whey is concentrated in vacuo to 50 - 60 per cent solids.

b, A pare of the lactose, crystalhzed during the concentration is separated by
centifuging. Thus the ratio protein/lactose can be adjusted.

¢» The whey concentrate is subjected to electrodialysis. By this procedure the
ratio protein/salt is regulated.

4. The remaining concentrated liquid is preserved by roller-, spray- or freeze
drying.

@ needs no further explanation

b isa pmblem in itself as will be well-known to the manufacturers of milk sugar.
However it has become more or less practicable, either before or after phase ¢,
‘This means that the ratio protein/lactose cannot be varied extensively, but the
possibilities of variation are wide enough as will appear from the analytical
data to be presented later. The lactose separated can be gained as a valuable
by-produce.

¢ The principle of elecwrodialysis may be understood from Fig. 1. The apparatus
consists of three cells, separated from each other by two membranes (e.g.
cellophane). The whey circulates through the middle section, whereas the
outer compartments are fed with two different rinsing liquids viz., a dilute

. salt solution for the anodic section and a dilute alkaline solution fot the
cathodic one. From the electrode reactions (see fig.- 1), acid and alkali
ongmate in the anode and cathode compartments respectively; so the salt
mns of the whey (M* and Z7) are removed from the middie cell, wh1le s

and OH™ icas move into this compartment where the H and OH™ mns
combme to form water. In consequence of the value of the electrolytic mob:lity :
of H+, which is higher than that of OH™, the respective quantities moving
inwards per sec. are not equal. Now by means of a proper addidion of salt
(viz. K280, or Na SO, to the anodic rinsing liquid, the transport ratio of H*
in the anodic membrane can be kept equal © that of OH™ in the cathodic
membrane. This explains the presence of the A* jons in Fig. 1.

For a more detailed description of the elecwodialytic process and its
application to whey we refer to the paper of ATEN, WEGELIN and WIECHERS
(1949), the thesis of WIECHERS (1951) and the various patents on this proce-
dure.t

1
British Patents : 637.425
Dutch Patents : 67.874, 67.868, 67.903, 68,382
French Patents : 986.196, 983.252
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Q.

+
— H

onodic: 24,0 — 4HY + 0, 4+ de
cathodic: de + dHO —= 40K + M,

Electrode reactions:

Figl. Scheme of the ol dialytic desalting "

Attention may be drawn here to the facts that the process is now executed
with absolute constancy of pH (mostly chosen about 7.5) and at a moderate
temperature {30°C). It takes only a few hours and involves rather low costs
for electrical energy.

A semi-technical installation, capable of working up a 100 litres of whey
per hour has yielded completely satisfactory results and a project for a semi-
technical plant with a capacity of 3600 1/h has been made.

With this method the variation of the ratio of protein to salt is almost
unlimited, although the necessary energy costs rise progressively as the
degree of desalting increases. By special measures the ions to be removed
can be selected according to species, Genesally the univalent ions (K*, Nat,
C17) can be removed for the greater part and besides Ca** and/or phosphate
if desirable. It is even possible to regulate the potassium - sodium ratio of
the remaining salt, if this is necessary.

The preservation of the product by drying will generally be desirable. Although
every drying method can be considered, a gentle method such as spray or
freeze drying is recommended because of the sensitiviness of the whey
proteins to heat

The following analytical figures of three different products will give an
idea of the various possibilities of the method described:

Desalted whey Average composition
aample sample 1 of dried non-treated
sample h
(%) 1% 1H (%) whey (%)
Crude protein 14 26 35 14
Lactose a3 65 54 75
Salt 3 9 11 1

A product of mild sweet taste is obtained, when B0 per cents of the salts
originally present are removed. The taste is slightly salty after removal of 50

per cents of the salts.
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3. THE BEHAVIOUR OF THE PROTEIN DURING THE ELECTRODIALYTICAL
DESALTING PROCESS

When liquid condensed whey containing about 45% solids is subjected to
electrodialysis a partial flocculation of the protein is often observed. This
phenomenon which is dependent on pH occurs only at pH wvalues less than 7.5,
The coagulum originates particularly on the cathodic membrane. This is rather
sutptising for the proteins are charged negatively at pH values above about 4,6,
the isoelectric point. Hence the fur on the membrane cannot be due to an electro-
phoretic concentration effect. Neither can it be exclusively attributed to the
effect of pH, for with ordinary dialysis against distilled water flocculation does
not occur whatever the value of the pH may be. Nor does it occur when the
dialysis is performed in the electrodialytic apparatus with the usual rinsing
liguids but without current supply. So the phenomenon must be due to the com-
bined influences of pH and electric current.

Analysis of the coagulum shows that only 16% of its solids are proteins. For
the rest it consists chiefly of calcium and some phosphate, carbonate, citrate
and lactose. It can be removed from the membrane by washing with 0.1 N acid or
0.1 N alkali, i.e. by the use of extreme pH values.

In view of these facts we suggestthe following hypothesis for the origin of the
coagulum:

In comparison with the solubility product of Caa(PO,)2 whey seems to be
considerably supersatmred with this constituent, According to recent work of
SMEETS (1952), however, most of the calcium in the ultrafiltrate of milk is
present as a complex calcium citrate jon CaCi~, where Ci stands for CoH O,

This complex is in equilibriem with the trivalent citrate ion Ci~

Ci~ ™~ + Ca*t 2 CaGi™

As a consequence of the values of the dissociation constants of citric acid
(pKs = 3.0, pK, =4.75, pK3 =5.5) it will be clear that at alkaline pH values only
the Ci~ " ion will be present. At lower values the di= and monovalent ions will
also participare in the equilibrium, but these ions are not capable of forming the
above-mentioned calcium citrate complex. Hence part of the complex ions will
decompose and Ca* *+ jons will be liberated. No Cay(PO,); will be precipitated
as the solution is acid. When an electric current is passed through the cell the
Ca*t ions will move towards the cathode, At the cathodic membrane, however,
they will enter into an alkaline layer, which has been formed by the OH™ ions
moving from the cathodic section into the middle compartment (see fig. 1). The
result will be a precipitate of Ca(OH); on the cathodic membrane. Some calcium
phosphate and calcium citrate will also be precipitated, although not to such an
extent as Ca(OH),, for the phosphate and citrate ions are gradually moving away
from this alkaline region under the influence of the electric field, In addition, it
is reasonable to expect that some protein will be entrained in the precipitate.
which is a quite usual phenomenon, as will be well-known from several depro-
teinizing methods.

If the pH of the middle compartment is kept sufficiently high there will be
nearly no Ca*t ions and the coagulum on the cathodic membrane will either be
inhibited or it will only form at a very slow rate. On the other hand 1n this case
there will be hardly any removal of Cat+t jons; for nearly all Ca** ions have
been converted into CaCi~ ions, which move towards the anodic membrane, are
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decomposed in the corresponding acid layer adjoining this membrane, whereupon
Cat*t jons move back into the bulk of the whey, There the CaCi ion is formed
again and so on.

The removal of citrate will follow its normal course. So with prolonged
electrodialysis the ’stabilizing’’ influence of the citrate will decrease and a
precipitate will be formed on the cathodic membrane towards the end of the
desalting process. This agrees quite well with the experimental facts.

Thus in our opinion the cause of the cathodic coagulum is not to be sought in
the protein but in the jonic equilibria in the ultrafiltrate,

Under conditions of extreme desalting another kind of coagulum sometimes
occurs; this is rather proteinlike and will settle on both membranes, although
preferentially on the anodic one. This may be due to the diminished stability of
the protein itself at very low salt concentrations. As is to be expected in this
case an increase of the pl will give the increase in stability needed to avoid
coagulation.

4. FORMULATION OF THE PROBLEM

In view of the facts mentioned in the preceding sections, the General Techni-
cal Department T.N.O. charged the author to make an investigation into the
following subjects:

a, The gathering of chemical and physico-chemical data on the proteins of whey
of cows’ milk and to a certain extent of human milk; this to be done by
compiling data available from literature as well as by original experimental

b. The judging of various products, prepared from whey desalted by electrodialy-
sis by the quality of its protein, and the study of the influence of the electro-
dialytc procedure on the characteristics of the protein.

c. The execution of biological and biochemical tests on the usefulness of the
products mentioned for feeding purposes, especially as a fodder for poultry,
cows and pigs. '

The General Technical Department T.N.O. was fortunate in obtaining the
co-operatior of Dr L. SEEXLES, Director of the Laboratory of Veterinary Bio-
chemisey of the State University of Utrecht, who consented to the investigation
being carried out under his supervision and in his Institute. For this most
valuable help the A.T.A.-T.N.O. and the author are very much indebted to him.

The subjects @ and b will be treated under sectionII: ’Chemical Researches’’,
subject ¢ under section III: "’Feeding experiments™’,
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II, CHEMICAL RESEARCHES

1. REVIEW OF LITERATURE

a, Genera! data on the proteins of milk whey

Whey is the yellowish green liquid that remains after the precipitation of
casein from skim milk, The nitrogen content of this liquid depends on the stage
of lactation and on the method of removing the casein. In the case of cows’
milk the infiuence of the stage of lactation is largest during the first three days,
and from then onwards the N content remains fairly constant. Hence it is possible
to give average figures for "'normal®’ cows’ milk whey by excluding the colostrum
of the first days post partum.

When the casein is clotted by means of rennet the N content amounts to
120-150 mg per 100 ml whey, whereas with acid precipitation the same samples of
milk will yield whey solutions containing 100-130 mg N per 100 ml. Apparently
the rennet has converted part of the casein into soluble protein. This derivative
of the casein fraction is unfortunately frequently denoted in the literature as
Ywhey protein®. :

Apart from this "’whey protein®’ the further N containing substances have been
differentiated into '

Atbumin

Globulin

Proteoses and Peptones
Non-protein nitrogen

The analytical figures obtained by various authors differ widely, especially
in the case of globulin and proteoses and peptones. This is mainly due to the
different methods of estimation which in turn are connected with different defi-
nitions of the above-mentioned fractions.

Since the work of SEBELIEN (1885) in the older literature (COHNHEIM, 1904;
GRIMMER, 1910) albumin and globulin have been defined with the help of the
following characteristics of their solubility:

Solvent Albumin Globulin
1. Saturated MgSO 4 soluble insoluble
2. Half saturated (NH4) 250, soluble insoluble
3. Satyrated (NH 1504 insoluble insoluhble
4. Water soluble insoluble

The classical method of separation due to OSBORNE and WAKEMANN (1918)
uses the first three criteria, whereas other methods like those of SEBELIEN and
SCHLOSSMANN (See ABDERHALDEN({1909) }use Potassium alum and Almens
redgent (tannic acid in alcohel with some acetic acid).

Unforunately the first three criteria do not agree with the fourth. According
to the former three WICHMAN (1899) and later SJOGREN and SVEDBERG (1930)
succeeded in preparing crystallized lactalbumin from a saturated solution of
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(N'1,):80, PALVER (1934), however, dialyzed an amorphous precipitate of
lactalbumin against frequent changes of distilled water for a long period. A
clear solution was obtained from which, after prolonged dialysis, he managed to
isolate a crystalline protein, nearly insoluble in salt-free water but soluble when
small amounts of electrolytes were added. According to the latter criterion this
product was a globulin, although it was obtained from the albumin fraction.
PEDERSEN (1936) identified this protein with the 3 component of the ultra-
centrifugal diagram of milk whey; hence it has been termed 3 lactoglobulin.
Thus it should be botne in mind that the greater part (60% ot more) of the classical
lactalbumin fraction comsists of B lactoglobulin which is completely different
from the classical globulin fraction. We will denote the latter fraction merely by
Pelobulin'’.

In addition to these proteins whey contains a series of N containing substan-
ces of lower molecular weight, These can be classified as proteases and non-
proteins. The non-proteins are not coagulable by any means whereas the pro-
teoses are coagulable by strong deproteinizing agents (e.g. trichloracetic acid)
bur not by heat. Some authors {e.g. KIEFERLE and GLOETZL{1931) distinguish
albumoses (coagulable by saturated ZnSO,) and peptones (coagulable by phos-
photungstic acid). There are various other coagulation methods not mentioned
here which are based on the use of other reagents at different concentrations or
temperatures. The remaining non-proteins include urea, ammonia, ¥ amino nitro-
genous compounds, creatine and creatinine and xanthine derivatives (usually
referred to as uric acid). In table 1 the average analytical figures of normal
milk are given as obtained by SHAHANI and SOMMER (1950) and by KIEFERLE
and GLOETZL (1951).

TABLE 1. Average distribution of nitrogen (mg %) in normal acid whey.

SHAHANI and KIEFERLE and
SOMMER (1950). GLOETZL (1931)
Total nitrogen 102.1 130.9
Albumin N 37.9
65.6
Globulin N 24,1
Albumoses 27.2
16.3
Peptones 18.7
Non-protein N 23.0 22.9
Urea 8.6 10.1
Creatine 3.9 2.2
Creatinine 0.5 1.7
% amino N 3.9 4.6
Ammonia 0,8 1.1
"Uric acid®’ 2.3 1.5

The higher N content of the whey samples of KIEFERLFE -and GLOETZL
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seems tc be especially due to the proteoses. llowever their heat treatment may
have been more rigorous resulting in a shift of albumin + globulin to proteoses.

NESEN! and KORPRICH (1947) studied the dependence of the amount of
total protein, casein, albumin, globulin, non-protein, fat and total solids on the
progress of lactation. The rapid fall of the globulin content during the first
days of lactadon is the most striking effect.

The amino-acid composition of various whey fractions has been the subject
of many investigations. The review of DE MAN (1949) gives figures on the
classical lactalbumin and some figures onthe whey proteins as a whole. MC MEE-
KIN & POLIS' table in their review of milk proteins {(1949) includes {3 lacto-
globulin and globulin from normal milk and from colestrum, BRAND and co-
workers (1945) give a fairly complete analysis of 3 lactoglobulin. Comparing the
figures of 3 lactoglobulin and the classical lactalbumin there are many small
but not essental differences.

The structure and properties of 3 lactoglobulin have received much attention.
Its preparation according to PALMER (1934) has been modified by BULIL &
CURRIE (1946) and by CECIL & OGSTON (1949) and its molecular weight has
been determined by various methods. The results are:

Authority Method Date Mol. Weight

PENRRSEN Sedimentation & 1934 39,000
Diffusion

CROWFOOT & RILEY X rays 1938 36.000

SENTI & WARNER X rays 1948 35.000

BULL & CURRIE Osmotic pressure 1946 35.050

CECIL & OGSTON Sedimation & 1949 35.400
Diffusion

EABL‘E(EZ:E, NUTTING Light scattering 1951 35,700

The structure of dry [ lactoglobulin has been elucidated by electron micros-

E:opy {DAWSON, 1951} with a complementary X ray diffraction study by RILEY
1951).

The dissociation curve of 3 lactoglobulin at various values of the ionic
strength has been studied by CANNAN, PALMER & KIBRICK (1942).

In an attempt to elucidate further the browning reaction in milk, FRAENKEL.-
CONRAT, COOK and FAY MORGAN (1952} examined the reaction between
8 lactoglobulin and lactose. It appeared that the reaction sets in at $3°C. The
number of SH-groups (Native: 2 groups/mole) is reduced by heating and this
reduction is independent of presence or absence of lactose,

SMITH (1946) succeeded in isolating two fractions from colostrum globulin
one of which was soluble in pure watet. Hence he introduced the names eu- and
pseudoglobulin. Both fractions are responsible for the immunological properties
of the colostrum, so the classical globulin may now also be termed immuno-
globulin.
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WEINSTEIN et al. (1951} have reported on the isolation and characterization
of a minor protein fraction in whey, capable of producing the ’’Solar-activated
flavour’’ of milk. According to their electrophoretic work this fraction is composed
of at [east two components or complexes.

Finally three general reviews on the proteins of whey have to be mentioned.
SORENSEN agd SORENSEN (1938-1941) have reviewed the literature up to 1940 in
an introduction to their extensive [ractionation study. Experimentally they
obtained 5 fractions by cautiously salting out with (N!l )80, but some of the
fractions may have been different forms of identical substances.

Little information is available in the thesis of FILLEUX (1%47) whereas a
condensed but fairly complete review has been published by PERCEAT (1959)
quoting the literature from 1852 up to 1949,

b, Electrophboretic and ultracentrifugal data on skim milk and milk whey

The application of the above-mentioned physicochemical methods of research
into the proteins of milk has opened prospects for a classification more justifi-
able than the one described in the previous section,

SVEDRBERG (1938} made an ultracentrifugal investigation into milk which
yielded nine different components characterized by the letters a- ¢, indicating
increasing sedimentation velocities. The components § - ¢ were attributed to the
casein, @ and 5 to the lactalbumin and Y to the lactoglobulin. The differentiation
of the soluble (whey) proteins into three components was due to PENERSEN
(1936). The heterogeneity of the casein fraction seems to be confirmed to some
extent by electrophoretic work (e.g. WARNER {1944) and MELLANDER (1945) ).
These results, however, have beer obtained with dialyzed casein, which is
completely different from the native form. FORD & RAMSDALL {1949) have
shown thar native casein consists of units of highly divergent molecular weights
in agreement with Svedbergs work, but in contrast to the relative homogeneity
of particle types indicated by the electrophoretic work.

HEYNDRIX and NE VLEESCHAUWER (1951) published an electrophoretic
<tudy of milk and colostrum during lactation. This study confirms and extends
the preceeding work of CRONWALL, (1945) and SMITH (1946, 1946 ¢, 1948 a).
Very clearly it shows the rise of the casein and the fall of the globulin content
during the first days of lactation.

A comparative study of the proteins of milk whey and colostrum whey was
recently published by SCHAFER (1951). In addition to the differences in the
electrophoretic curves he found that the immune globulins combine with iron in
the iron fractionation process described, whereas the lactoglobulin remains iron
free, In his opinion colostrum feeding has no advantage over the feeding of
matutre milk.

SLATTER and VAN WINKLE (1950} made an investigation into the influence
of heat treatment, pll and ionic strength on the electrophoretic pattern of skim
milk. They made the observation that the patterns of the ascending and the
descending boundary were quite different.

BISERTE and MASSE (1948) made an electrophoretic study of human milk,
especially of colostrum and prepartum milk.

SVITH and several coworkers (1946, 1946 a,b,c, 1947, 1948, 1948a,b) made an
extensive study of the globulins in milk and colostrum of normal and hyperimmun-
ized cows, Hyperimmunization was performed with a mixture of antigens: Diphte-
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ria toxin, vaccinia virus, and a killed culture of Hemophilus pertussis.

They found the serum globulin content of the calf to be closely related to the
ingestion of colostrum.

As a result of electrophoretic work on blood serum WANSEN & PHILIPS
(1947) reported an immediate increase in the blood serum Y globulins of calves
following the ingestion of either colostrum or colostrum pseudoglobulin during
the first 24 hours of life.

A comparison of the diagrams of salt-acid and saltlyophilized whey fractions
was made by STANLEY, ANDREWS and WHITNAH (1950). A shift in the ratio of
euglobulin to pseudoglobylin (names according to SMITH) was the only difference,
which may be due to the action of HCI (pH 2!} upon the immune lactoglobulins.
In a following paper the same authors (1951) compare lyophilized acid whey and
Iyophilized rennet whey at various pH values. At pH 5.8 rennet whey showed
two fast moving components which were not present in acid whey, but at higher
p'l values the difference was less pronounced. This may explain the fact that
DEUTSCT (1947), working at pH 8.6, did not observe this difference, at least
not with cows' milk. e made electrophoretic and ultracentrifugal recordings
of the whey of quite a number of animal species including man.

In the case of goat whey only, some of the fast moving components of the
usual rennet whey diagram were absent in the pattern of the acid whey, Although
this fact was not observed with any other species he prepared only rennet wheys
in his investigation. The inflaence of lactation on the pattern was qualitatively

. the same with every species. The relative globulin content decreases hence
there is some increase in the other components, In the case of cows’ milk whey
this change takes place in the course of few days and is very striking. With
human milk the effect is much smaller and it takes a long time (90 days).

In the ultracentrifugal diagrams the same course was observed viz. an in-
crease in the content of substances with low sedimentation constant and de-
crease in the content of rapid sedimentating material as lactation progressed,
The effect was markedly greater with cows’ whey than with human whey and the
relation to lactation time was similar to that which was found by electrophoresis.

BRIGGS & HULL (1945) studied the electrophoretic pattern of £ lactoglobulin
during heat denaturation. The originally homogeneous protein decomposed into
more components, but after prolonged heating at higher temperatures the material
became homogeneous again. The conclusion was drawn that denaturation will
take place in two stages of which the reaction velocities have been calculated.

LT {1946) obrained single electrophoretic diagrams of £ lactoglobulin at pH
5.3 and 5.6. At pH 4.8 and 6.5, however, there were three components, which
were repreducible even after recrystallizing the protein.

The heterogeneity of 3 lactoglobulin has been the subject of more thorough
investigations. POLIS, SHMUCKLER, CUSTER and MCMEEKIN (1950) isolated
an elecmophoretically homogeneous crystalline compound from 3 lactoglobulin;
heterogeneity was only observed with buffers on the acid side of the isoelectric
point. The pH-mobility ciirve of this new compound (B; lactoglobulin) showed
three intersection points with the cwrve of normal 3 lactoglobulin. The effect
of pH on the denaturation of 3 lactoglobulin has been evaluated by GROVES,
HIFP & MCMEEKIN (1951). Denawration was measured by optical rotation and
by insolubility at the isoelectric point in the presence of salt.

In an immunochemical study DEUTSCH (1950) too, observed marked immuno-
logical heterogeneity of crystalline 3 lactoglobulin. In addition he found in
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accordance with POLIS and coworkers (1950) electrophoretic heterogeneity at
pH 4.2 and homogeneity at pH 6.7 and 8.6, No deviations from the normal pattern
of whey could be recorded at pH 8.6, 7.7 and 6.5, but at pH 4.3 its form and the
ratio of the components had changed considerably,

In general the ultracentrifugal examination of the whey proteins has yielded
three components &, 3 and y whereas separation by electrophoresis results in
three to six components. The results of the latter method especially, depend to
a large extent an the experimental conditions chosen and on the method of
interpretation of the diagrams. This dependence has been a stimulus to the
author to pay considerable attention to the more fundamental aspects of electro-
phoresis,

In this way it is hoped that the work will lead 10 a clearer understanding of
the pecularities and anomalies of electrophoretic methods when applied to the
study of milk proteins. '

As a help to the reader we give in table 2 an arrangement of the various
components of milk whey and some characteristic data including the classi-
ficaton adopted by the author. The notation ¢, B, Y describes increasing
sedimentation constants whereas a, b, c, d, e, f, are used for the components
reported by SMITH, The grouping I, II, Ill, IV, which has arisen from the work
to be described is based on differences in ionic mobility.

The identity of the components in one column of table 2 is highly probable,
although swictly proved only in the case of [3 lactoglobulin (3, e, d, I) and
classical globulin (Y , b, a, {V),

TABLE 2. Arrangement of the protein components of whey

**Whey- Albumin Globulin
protein” | Kekwick’s Palmer’s 3| [mmuno-globulins
albumin ? {lactoglobulin
Comp. Ultracentrifuge ¢] 3
Sed. Constant {Sp0) 1.9 2.83 7.0
Nift. Constant
(Do 5 107 10.6 7.82 3.6
Mol. weight 17500 35400 160.000-190.000
pseudo- | eu-
Comp. Electrophoresis 63] c d,e globulin| globulin
(SMITH) b a
Comp. Electrophoresis I 1 I
(WEGELIN) v
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2. METHODS

a, Preparation of whey
The whey used in the wotk to be described, was prepared in the following

mannert:

Fresh whole milk was centrifuged three times, once in a continuous centri-
fuge and twice ‘in a laboratory centrifuge operating at 3000 r.p.m. The thin layer
of fat on the surface of the liquid in the centrifuge tubes was removed by suction
and the bottom layer of sediment by decantation. To each litre of skim milk 1.2
ml of a saturated solution of calcium chloride was added and the casein preci-
pitated either by means of rennet or by the addition of acid.

For rennet coagulation the milk was warmed to 35°C, 0.4 ml of a commercial
rennet soludon added and the liquid allowed to stand for 45 minutes. The reanet
activity was estimated to be 1 : 9500 (so that one part of enzyme solution would
clot 9500 parts of milk in 40 minutes at 35°C). At the end of the standing period
the curd was transferred to a Buchner funnel and the whey separated.

For acid coagulation the pH of the liquid was adjusted to 4.37 by the cautious
addition of concentrated citric acid solution with simultaneous stirring of the
milk. The separated casein was filtered. The particular value of the pH was
suggested by the wotk of MOYER (1940) who quotes this value for the isoelectric
point of casein at an ionic strength of 0.075 which corresponds to that of a milk
ultra-filtrate {cf. NORDBO (1939) ).

After both methods of casein precipitation the resultant whey was centrifuged
twice in order to obtain the clear solution which was necessary for most of the
investigations to be described. When it was necessary to study concentrated or
dried whey products it was essential that the reconstituted material was centri-
fuged at 18 000 r.p.m. in order to clarify the solution.

b. Physicockemical methods,

The examination of various solutions of whey proteins has been carried out
chiefly by means of the ultracenwrifuge and by elecuophoresis. Both methods
have been described in detail in several papers and reference books. We may
refer to the excellent reviews of PICKELS (1942) and LONGSWORTH (1942) on
both subjects. Morerecently reviews on both methods have been given by MOORE
(1949) (electrophoresis) and by NICHOLS and BAILEY (1949) (ultracentrifuge) 1n
Weisshergers **T'echnique of Organic Chemistry’’. A motor direct-drive ultracen-
trifuge, manufactured by the *’Specialized Insiruments Corporation®(*'Spinco’’),
Belmont, California, was kindly placed at our disposal by Prof, Dr J.Th.G. OVER-
BEEK at the Laboratory of Physical Chemistry of the State University of Utrecht.
Prof. Dr H.G.K. WESTENBRINK enabled us to make use of the electrophoresis
apparatus (from the Swiss firm Stibin & Co., Basel) at the Laboratory of Physio-
logical Chemistry of the same University. For their kind co-operation we are
much indebted to them as well as to Dr H. REERINK and Dr J.A. NIEMEYER
for valuable technical insttuctinn and assistance. Both pieces of equipment
were furnished with the cylindrical lens device of PHILPOT (1938) and
SVENSSON (1939, 1940) for recording the patterns, The optical arrangement has
been schematically drawn in Fig. 2. In the electrophoresis apparatus a wedge-
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shaped inclined slit of adjustable breadth was used, making it possible to reduce
the base line in favour of more accurate measurement of the areas under the
pattern. The ultracentrifugal recordings were made with the help of a bar instead
of the inclined slit. Hence the electrophotetic diagrams were light against a
dark background and those of the ultracentrifuge were dark against light. The
thickness of the ultracenwrifugal lines could not be reduced, so that the pattems
were less suitable for measurement of the respective areas.

Before inmoduction into the electrophoretic apparatus the whey solutions had
to be concentrated and dialyzed against a suitable buffer solution. Dialysis was
camied out in cellophane sausage skins at 0°C for several days with frequent
changes of the buffer solution. The concentration of the fresh whey w0 + 1.5%
protein, necessary for the electrophoresis experiments, was achieved by freezing
the filled sausage casings in the refrigerator, followed by washing off the tiny
ice crust on the outside of the casings with running tap water. By alternating
this procedure with dialysis, a gradual concentration was effected in a very
hamless way. When the concentration had become sufficiently great dialysis
was continued till equilibrium was attained, The niwogen content was then
estimated by the Kjeldahl method after which the solution was diluted with
buffer solution to exacdy 1.5%protein. The nitrogen factor was taken to be
6.44, which is, according to PERLMANN & LONGSWORTH (1948), the accurate
value for Blactoglobulin, the main constituent of whey protein.

The reliability of the nitrogen determinations was estimated by calculation
of the standard deviations from the differences found between the duplicates,
The results of 140 determinations were subdividedinto several series correspond-
ing to different materizls e.g. samples of whey, condensed whey, whey powders,
trichloracetic acid fiitrates etc. For each series the standard deviation was
calculated according to the equation

3D°
2n

in which s = standard deviation, n =number of observations in the series and A=
difference between the duplicates, This method has been recommended by the

Sz=
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Dutch Commission *’70% for Normalisation in its Draft ''V 1047’ on the Repro-
duction of Series of Observations, published by the Chief Commission for
Nomalisation in the Netherlands (ed. Waltman, Delft, 1951).

It appeared that in most cases the standard deviation amounted to approxi-
mately 0.2 per cent of the mean value. In a few cases where conditions were less
favourable, it was of the order of (L6 per cent.

In the case of condensed or dried whey products this concentration procedure
was of course not requited. Nor was it necessary for the ultracentrifugal expe-
riments as the optical device of this apparatus was much more sensitive and a
lower protein content was therefore adequate. In general the ultracentrifugal
experiments were carried out with the same dialyzed solutions (diluted to some
extent with buffer solution) which were subjected to electrophoresis.

For convenience in some cases concentration was achieved by precipitation
of the proteins by saturation of the whey with ammonium sulphate followed by
dissolution of the precipitate in a small amount of buffer and dialysis. The
influence of this precipitaton has been swdied in separate experiments {cf
IL.5.¢.).

Elecwophoresis was camried out at about 2.59C, i.e. approximately at the
maximum of density of dilute salt solutions, in order to avoid convectional
disturbances of the bovndaries as a consequence of the Joule energy developed
during the curtent transport, Ultracentrifugal measurements have been made at
about 20°C.

3. DISTRIBUTION OF THE N CONTAINING SUBSTANCES IN WHEY

a. The factors affecting the composition of whey,

In Il.l.a. the following classification of the N-containing substances was
prven: Albumin
Globulin
Proteoses and peptones
Non-protein nitrogen

TVutthermore the experimental data of SHAHANI and SOMMER (1950) and of
KIEFERLE and GLOETZL (1931) for normal bulked milk have been cited.
"lowever, the total composition of whey and therefore the distribution of the
N-contaming substances too may vary according to several factors, apart from
the differences in the composition of the milk of individual cows of similar
condition. The influence of the stage of lactation will be treated under &, in
comparison with some data on human milk. It will appear that in the case of
human milk this influence is quite different from the case of cows’ milk. The
rwethod of curdling the milk also influences the composition of the whey, a
subject to be treated under ¢, Besides, the results of any analysis largely
depend on the method of estimation. As has been mentioned in detail in Il 1l.a.
the various fractions cannot yet be considered as completely defined chemical
subsrances, because different m=thods yield differentresults, and even the order
in which the estimations are carried out is of influence. These influences will
be dealt with under 4, By electrophoresis data are obtained on the non-dialysable
nitrogen fraction only. Therefore in this chapter special attention will be given
to the rato of non-dialysable to dialysable (residual) nitrogen.
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b. The influence of the stage of lactation,

During the lactation period the total nitrogen content of cows’ milk decreases
from a very high value in the first colostrum (approximately 3700 mg per cent)
to the normal mean value (450 - 550 mg per cent), This decrease takes place in
a few days. Between the 3rd and the 7th month a slight increase (about 30 mg
per cent) is observed which, however, is negligible in comparison to the rapid
fall in the beginning. In Fig. 3 a graph has been plotted according to the data
of NESENI and KORPRICH (1947), in which the very f[irst values have been

l mg % nitrogen

450 - __——‘.-—-""-'-_

\T —
#= days poxt

0 25 50 75 100 M 150 178 %0 parnition

Fig. 3. Tatol nitrogen coatent of cow's milk during lactetion.

left out in view of the scale. Similar curves for the total and the albumin +
globulin nitrogen content of milk whey have been drawn in Fig. 4 (data of the
same authors), In the case of human milk, however, the dependence of the
nitrogen content on the stage of lactation is quite different. Reliable average
data on human milk are stll scarce, because of the difficulty of acquiring milk
samples from the same subjects over a long period. Nevertheless in Fig. 5 a
graph has been plotted of the total nitrogen content in human milk as a function
of the stage of lactation. For the computation of this graph data have been
compared of BELL (1928), MACY (1932) and CAMERER and SULDNER (cited
by SCHLOSSMANNand SINDLER (1925) ) and an intermediate curve has been
drawn. Now from this graph and from the literature cited it is obvious that there
is a striking difference between the curves for cows’ milk and human milk. Apart
from the well-known difference in average total nitrogen content of milk from
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both species the forms of the curves are different. In both cases {Fig. 3 and
fig. 5) there is an enormous decrease in nitrogen content during the first few
days, but from then on n the case of human milk only (Fig. 5) a gradual decrease
is observed tor about 180 days. Especially in comparison with the total nitrogen
content this decrease is considerably greater than the changes of the nitrogen
content of cows' milk during the further lactation period. Hence in contrast
with cows' milk there is hardly any question of an "average normal human milk’’,
Regarding the total whey nitrogen and the albumin nitrogen of human milk there
were no sufficient data available to give a complete graph. From some figures
of MACY (1932) a similarity in form with the total nitrogen curve appears

probable.

¢. The influence of the method of coagulation

The removal of casein from skim milk can be carried out either by rennin or
by acid coagulation. We have examinel this influence by estimating the nitrogen
content of samples of acid and rennet whey obtained from the same milk. In
addition the content of heat-coagulable nitrogen and residual nitrogen {not pre-
cipitated by 15 per cent trichloracetic acid) has been determined. All figures
have been calculated as mg N per 100 g whey. One sample of milk yielded the
following results:

Milk sample 1 Rennin, Acid
Total whey nitrogen 151 130
Residual nitrogen 27.7 25.2

The difference in total nitrogen is accounted for by the so-called ’whey-protein®’
and is related to the method of coagulation, whereas the difference in residual
nitrogen is not characteristic as will appear from the analysis of another sample

of milk:

Milk sample 2 Rennin Acid
Total whey nitrogen 131 116
Residual nitrogen 27.6 28.7
Heat-cozgulable nitrogen 78.0 67.3

From these figures the following conclusions may be drawn:

If we identify the residual nitrogen (as estimated with 15 per cent trichloracetic)
with the dialysahle nitrogen (cf. 4.), the ’whey protein’’ content amounts to
about 14-17 per cent of the total non-dialysable nitrogen in whey. This figure
will be discussed again in II.6.b. in connection with the electrophoretic analysis
of rennet whey. .

In view of the work of HOSTETTLER and RUEGGER (1950} the further
aspects of the method of ceagulation should also be of some influence. We
mention the concentrations of calcium and rennet, the temperature, pH and the
duration of the rennet action. HOSTETTLER and RUEGGER (1950), coagulating
solutions of pure (acid) casein by means of rennet obtained 'whey protein”
soluticns, containing up to 25 per cent of the original casein. In a similar experi-
ment we obtained 37 per cent. For normal rennet coagulation of milk this
percentage amounts to only 5-6 per cent of the casein originally present. Although
some objections can be made against an identification of milk and artificial
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casein solutions with respect to the action of rennet, these figures may be used
to draw attention to the accompanying reactions in the rennet coagulation.

d. The influence of the method of estimation

The treatment and experimental trial of all fractionation possibilities and
methods, some of which have been mentioned in Il.1.a. would be a research
programme in itself, Therefore we have limited ourselves to the following clas-
sification:

Real protein nitrogen (albumin + globulin) (R.P.N.)
Proteose nitregen
Non-protein nitrogen {N.P.N.)

The R.P.N. content has been calculated as the difference between the total
niwogen content and the nitrogen remaining in solution after heat treatment.
This treatment consisted in rapidly heating up to 100°C, keeping the solution
in a boiling water bath for 30 minutes, followed by rapidly cooling in tap water.
Previously the solution was brought to pH 4.7 by addition of some dilute HC1.
According to ROWLAND (1937) in the case of whey proteins the quantity which
is precipitated is largely dependent on pH and the pH - precipitation curve shows
a maximum at pH 4.7, In the estimation of the N.P.N. content two esseatially
different methods have been compared, viz. coagulation and dialysis. Coagulation
has been performed by addition of trichloracetic acid up to a final concentration
of 15 per cent. This concentration has been used also by MENEFEE, OVERMAN
and THRACY (1941). According to ROWLAND (1937) the amount of coagulable
whey protein reaches a constant value at about 6 per cent trichloracetic acid,
so a concentration of 15 per cent can be regarded as amply sufficient, After
filtration the niwogen content of the filtrate was estimated and denoted as
non-protein niwrogen.

Dialysis was performed in rotating cellophane sausage skins at 0°C for
about 10 days {(of 24 hours) against frequent changes of the buffer solution used
in the electrophoretic experiments {phosphate-citrate-KC1, pH 6.8, i = 0.15,
cf. II.S.a.). The original quantity of nitrogen inside the membranes and the
quantity that was left after dialysis were determined. The difference was taken
as dialysable nittogen, In the case of whey proteins the results of both methods
were in good agreement. A whey sample analysed for non-protein nitrogen
{expressed in per cents of total whey nimogen) yielded the following figures:

Non-coagulable nitrogen 23.9 per cent
Dialysable nitrogen 24,4 per cent

i.e. on coagulation, 98 per cent of the value obtainable by dialysis was found.
This agreement is not at all self-evident, because it depends entirely on the
material examined. [t may be interesting to mention that the same techniques,
applied to a sample of concentrated fish press water gave completely different
values, the coagulation method yielding only 51 per cent. of the figure for
dialysable nitrogen. In this report of whey proteins, however, we feel justified
in identifying the non-protein nitrogen as estimated by trichloracetic acid with
the dialysable nitrogen.
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The proteose nitrogen has been taken as total N - (R.P.N., + N.P.N,). How-
ever, the N.P.N. content, if determined in a solution after heat coagulation and
filtration of the R.P.N., appears to be higher than in the original solution. The
following figures (in mg N.P.N, per 100 g whey) will give an indication of the
differences:

Before After .
N.P.N, centent heat treatment heat treatment Nifference
Whey sample 1 (rennin) 27.7 29,9 2,2
Whey sample 2 (rennin) 27.6 31,2 3.6
Whey sample 2 {acid) 28.7 31.1 2.4

The conclusion is that during the heat treatment part of the R.P.N. or the
proteoses 1s decomposed into low-molecular substances. In computing the
nittogen distribution in whey we shall use the figures obtained before heat
treatment and thus classify this small heat-decomposable nitrogen fraction
under the proteoses.

e. Analytical daia

In order to compate the results obtainable by the methods described above
with the figures from the literature (cf. II.1.a.) we shall give some analytical
data from whey samples. The nitrogen distribution in an arbitrary sample of
rennet whey is given in table 3. In table 4 the nitrogen distributions in two
samples viz. rennet whey and acid whey from the same milk are compared.

TABLE 3. Nitrogen distribution in an arbitrary sample ot rennet whey

mg per cent per cent of total
Sample 1 of the whey whey nitrogen
Real protein nitrogen 79,1 52.4
Proteose nitrogen 44,2 29.3
Residual nitrogen 27.7 18.3
Total nitrogen 151 100

TABLE 4. Nitrogen distribution in rennet- and acid whey from the same milk sample

Hennet whey Acid whey

Sample 2 mg per cent | per cent of total | mg per cent | per cent of total
of the whey | whey nitrogen | of the whey | whey nitrogen

Heal protein nitrogen 75, 59.5 67.3 58.0
Proteose nitrogen 25.4 19.4 20.0 17.2
Residual nitrogen 27.6 21.1 28.7 24.8
Total nitrogen 131 100 116 100

In comparison with the data of SHAHANI and SOMMER (1950} and of KIEFERLE
and GLOETZL (1931} (cf. table 1, II.1.a.) many differences will be observed.
Comparing table 3 and the rennet section of table 4 it will be seen that the
individual differences between milk samples of different cows are large. In
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addition it appears from Table 4 that the "whey protein'’ (cf. IL.3.c.} must be
highly heat-coagulable {(real protein!). The increase of the proteose nitrogen
content as a result of the action of rennin is in itself plausible, although it is
also possible that it is part of the *’whey protein’ which decomposes into the
proteose form during the heat treatment, necessary for the - indirect - dererm-
ination of the proteose nitrogen, thus reducing its own figure during the
estimation.

4, THE THEORY OF ELECTROPHORESIS

a. The principle of the moving boundary

Owing to the work of TISELIUS and his school the moving boundary method
has become a widespread and much appreciated means of estimating concentra-
tions in colloid mixtures and of measuring electrolytic mobilities. It must be
emphasized, however, that in several cases it is not quite clear what concen-
tration or mobility is estimated. This is largely due to the fact that some authors
do not differentiate between the microscopic and macroscopic situations in
electrophoresis which are not at all identical.

A thorough study of the problems concerning the moving boundary method,
which has been made at this laboratory! in connection with the research on the
whey proteins has been published recently by DE WAEL and WEGELIN (1952)
and WEGCELIN and DE WAEL (1952). Nevertheless we draw the attention to
some of the essendals of this study.

Several authors, e.g. SVENSSON (1946}, have pointed out that any boundary
ina system containing n ions may divide under the influence of electrical current
transport into {n~1) boundaries, Of these (n-1) items, some are considered as
Ttrue’, i.e. with the electrolytic mobility of a definite ion, whereas others
are so-called "false’’ boundaries. Two good examples of the latter enter into
nearly every Tiselius diagram viz. the stationary boundaries (§on the ascending
side, €on the descending side). These boundaries with mobilities which are
approximately zerc, do not represent any ion species. In the case of milk protein
these stationary boundaries are fairly large and their influence on the form of
the diagram has to be considered.

A good aid w the understanding of these problems is the Kohlrausch
regulating function (1897). In a system containing anionic species A, B, C, ...
and the kations R, S, T ..., of concentrations %, B, Y.wee P, 0, T ,and mobilities
a, by .aeue 1, S, t, (concentrations and mobilities with the signs of the charges)
the regulating function ([ ) has the form:

=8P 4 e s P, 0 4 o (1)
a i g s

According to KOHLRAUSCH (1897), (who intentionally neglected the influence
of diffusion and the dependence of the transport ratios on the ionic strength)
the value of [ during electrophoresis is only dependent on the place in the

! Laboratory of Veterinary Biochemistry of the State University of Utrecht, The

Netherlands,
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electrophoresis cell where it is calculated, but independent of the time. Hence
the value of [ in the solution present at the beginning of the experiment can
not be changed by electrophoresis, even when the boundaries move. This
involves changes in the concentrations of every ion whenever one ion species
appears or disappears as a boundary moves on.

As has been discussed in detail in the above-mentioned paper (1952, DE
WAEL and WEGELIN) nomal Tiselius experiments with a homogeneous protein .
can be suitably described as experiments with a system of three ions A, R and §,
A and R representing the buffer ions and S the protein ion. Then the initial
boundary will split up into two new ones, one moving (true) boundary of the
protein, and one resting (false) boundary at the place of the initial one (Sor € ).

Consider first the anodic (ascending) side. The changes occurring have
been drawn schematically in Fig. 6. Originally the buffer-solution 1 is placed
on the protein-solution 3 which is in Donnan equilibrium with 1. Because ol

wriginal ly after slectrophoresiz
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the different composition of the solutions 1 and 3 (especially the absence and
presence of protein) two different values of | ' are fixed all over the compartments
1 (I"y) and 3 (I'3). During electrophoresis the protein ions (S) move into the
original compartment 1, thus forming a new section (2). However the value
of | remains constant, hence
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Because of the electroneutrality of the systems (i.e. @+ p + 0 =0) this can be

converted into
Pi=fPo= (aTtr/a-is')'og (2)
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Apparently the moving boundary 1.2 involves a difference in the concentrations
1 and po on either side of this boundary, which is directly proportional to
the protein-concentration Tg.

Further consideration (cf. DE WAEIL and WEGELIN, 1952} shows that the
concentrations of solution 2 are strictly proportional to those of solution 3 :

B _pPo_UO2 (3)

In addition it is shown that it is a quite reasonable approximation to formulate
the following relation between the sofutions 1 and 3 in terms of the Donnan
equilibriam.

%-P1=0h=-0qa (4)

Whereas the values of (¢~ p) of the solutions 1 and 3 are approximately equal,
that of solution 2 will be different. This means that the salt coacentration
gradient at 1.2 will be compensated by an equal concentration gradient in the
boundary 2.3.This also finds expression in the specific conductance, which
is of great importance with the calculation of the mobilities.

On the descending side a similar effect will occur. The original boundary
divides into the descending boundary and a resting (pure salt) boundary,

In Fig. 7 a schematic drawing of the specific conductance, the protein-
concentration and the refractivity gradient throughout the electrophoresis cell
ts given.
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The course of K, recorded in fig. 7 has been predicted by LONGSWORTH
and MC INNES (19497) and has been experimentally verified by LAGERCRANTZ
(1945).

In view of the considerations given above and with the help of fig. 7 the
following facts can be stated:

1) The total area (under all peaks) of the ascending pattern has to be equal
to that of the descending pattern and is proportional only to the protein-
concentration in solution 3 (fig. 6) as (2= p) has the same value in the
solutions 1 and 3.

2) The 5 gradient will always be larger than the £ gradient although the differ-
ence between the salt concentrations on either side of the O boundary is
smaller than the difference at the € boundary, The specific conductances
of the adjusted protein-solution under the ascending boundary and of the
adjusted buffer~solution under the € boundary may be widely different
from those of the original protein and buffer-solutions. This difference
depends chiefly on the ratio of protein-concentration to buffer-concentration,
and in our experiments amounts to 10 - 20% of the original values.

3)In fig. 7 the descending boundary has intentionally been drawn much
broader than the ascending boundary. This fact, which is experimentally
well-known as sharpening and blurring of the ascending and descending
boundaries respectively can be qualitively understood from the following
reasoning:

The different specific conductances on either side of the boundaries
involve different field strengths and hence different electrical velocities
for protein ions which for some reason or another (such as diffusion!)
might precede or lag behind the boundaries. Now conditions at the ascend-
ing boundary ate likely to slow down ions moving ahead, whereas at the
descending boundary such ions will be accelerated, 'lence the ascending
boundary will yield an equilibrium between the electrical sharpening effect
and diffusion (the so-called steady state), whereas the descending boundary
will be broadened more and more both by electrical and diffusioninfluences.

Now of course the question arises as to which field strength or specific
conductance deterinines the velocity of the boundaries as a whole. HENRY
and BRITTAIN (1933) have deduced that in both cases (ascending and
descending) the specific conductances of the liquids just below the
boundaries have to be used in the well-known equation for the velocity:

i i = current density
v= v = velocity (5)
u = mobiljty

Up to this point we have treated the protein as being of a single nature,
but when more than one protein component is present, it should be bome
in mind that at each moving boundary the concenwrations of all other
components are changed. Analogous to the single moving boundaries from
Fig- 7 which contain a counteracting salt gradient (cf. the curve of specific
conductance) there will also be present superimposed protein gradients
of opposite sign.

From Fig. 8 it will be obvious that in the ascending section the bounda-
ries of the most rapid moving components will be enlarged at the expense
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of the more slowly moving ones. A calculation of the errors involved is
impossible as long as equivalent weight, mobility, diffusion constant and
reciprocal influences of the individual components on each other are not
exactly known, but even if these data are available the necessary exact
trzatment of a poly-ion system will be difficult. It is estimated that the
error can be of the order of 15 per cents andit must therefore be emphasized
that data obtained from electrophoretic experiments must never be consider-
ec to give true information concerning the quantitative composition of any
protein mixtures. As a means of comparison, however, the method is most

valuable.
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Fig. 8. Concentration of fwo protein componente [0y, -0,) mnd specific conductance {X) as

function of the level {x) in the -I-:hnphm-i: call (ascending swction),

b. The analysis of electrophboretic patterns

The analysis was carried out on a great tracing of the original photograph
ona sheet of drawing paper. First the total areas under both patterns {(ascending
and descending) were measured. This was done by cutting out and weighing,
or with the help of a planimeter. Then by means of the semi-automatic method
of WIEDEMANN (1947), Gaussian curves were drawn in such a way as to fit in
with the peaks of the diagram, their areas covering the total area as closely as
possible. This is a somewhat arbitrary operation. In some cases where reason-
able separation was not possible, vertical lines were drawn according to the
method of TISELIUS and KABAT (1939). Next the areas under each peak were
measured, Then all areas were reduced to the value they would have had if the
angle of the inclined slit had been 45° during the exposure. ~ These values were
obtained by dividing the actual values by the tangent of the angle used. The
reduced total areas of ascending and descending patterns were approximately
equal and the mean value was used in the further calculation. Now each indivi-
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dual area was calculated, for the ascending diagram in comparison with the
total area minus that under the & peak and for the descending pattetn as relative
to the total area minus that under the cpeak. In several cases the separation
of the various components in the descending pattern was not sufficient for
analysis; the data were then taken from the ascending pattern only.

For the calculation of mobilities the values of the specific conductance under
the moving boundaries had to be obtained first. As most of the diagrams contained
several peaks a corresponding number of conductances had to be interpolated.
The extreme values between which interpolation was to be executed were as
shown in figs 6 and 7:

a. for the ascending pattern: The specific conductances of the adjusted protein
solution (%;) and of the original buffer solution (¥,).

b, for the descending pattem: The specific conductances of the original protein
solution (xg) and ot the adjusted buffer solution (x',).

Ky and K3 were measured in separate experiments carried out in the usual way
in the electrophoresis water bath at about 2.5°C. Every time the resistance
of the conductivity cell was first measured when filled with 0.1 N KCI and
then with the solution concerned. After that the ratio of both values was
multiplied by the specific conductance of 0,1 N KC1 at 0°C 716,10 ~%
ot cm_l), thus yielding in addition the conductances wanted at 09C, When
these values are used the mobilities calculated refer to 0°C.as has been
pointed out by TISELIUS (1937).

The specific conductance i was obtained by multiplying xg by the dilution
factor at the & boundary (gr). This dilution factor was found by the following

reasoning (cf. Fig. 7). The area of the & boundary (0 ) is due to a salt gradient
{contibuting an area 0 5 ) and a superimposed protein gradient (contributing an
q

area 0 GP).
Hence O0pc =0, + 0O
6 65 6P

Both contributions are related to the separate concentration differences
AP for the protein and Ay for the salt, (in which  stands for the ionic strength)
by two constants k4 and ko:

05 =k2-A,LL 06 =k1.r6P
s P
As the 5 boundary consists of a mere dilution with a factor 8, (defined as
8, = -% = -g-:’1 = -g%, (cf. equation 3 in IL.4.a.), we can write:
055' =kg. (1‘5:)' Ha Oﬁp =ks. (I-Sr)' [P

Hence: 0g = (l-gt) {kp. ug+k, [P3]} (6)

From this equation g was calculated after k, had been determined in a
separate experiment with a known buffer salt concentration gradient. For the
product k, [P5], which represents the total area of the diagram, the mean
value of ascending and descending pattern was available.
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The specific conductance of the adjusted buffer solution (x';) was found by
multiplying ks by the concentration factor at the ¢ boundary (g .). This factor
could have been derived from the area of the £ boundary (Og’)by a similar
equation as for g : 0E =(g&- D.ks. Uy (7)

The ¢ boundary, however, is much smaller than the & boundary and therefore
less suitable for accurate measurements. In addition the areas under the § and
the £ boundary are not independent of each other and their interrelation may be
conveniently written in the form given by LONGSWORTH (1942) :

VE 0-0 5 _ R
: - 20-0 r
in which 20 stands for the total Ediagram area. Combining this expression
with the expressions for the & and the & boundary and remembering that
50 =k, [P3), one easily obtains

8}

By - Slr ©

Thus with the help of three experimental quantities, x; , K3 and the area
under the 5 peak the other extreme xvalues could be calculated as follows:

X2 =8 - X andk'2=.gki

T
The specific conductance is, of course, not strictly proportional to the
dilution, With the help of separate experimental data on the specific conduct-
ance of various dilutions a comection can be applied as bas been described
in the paper of WEGELIN and DE WAEL (1952) in the case of [3-lactoglobulin.
In view of the many errors possible in the case of the analysis of complex
diagrams we have omitted this correction; the consequent error will not
exceed 2 per cent of the total specific conductance.

refractivity gradient
' I
o
e —
-g w Diraction of migration
: :
<&
§ 3
[
B £
lavel in the
- X alsctrophorasia cell (¥)

Fige % Intsrpolation of specific conductance according to the areas eoncerned.
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Now all through the diagram for each peak the specific conductance directly
below the boundary should be known. The closest approximation to the correct
value of % at any such a place (x) has been made by interpolation from the
quantities of protein above and below this level. This could be easily done by
means of the areas of the diagrams as may be explained with the help of
Fig. 9, which is a schematic drawing of the ascending pattern of milk whey
proteins. When for example the specific conductance ¥ direcdy below boundary
I is requited, the value of ¥; is reduced by the part of the difference wy - %
which corresponds to the ratio of the hatched area and the toral area minus
that under the O peak. This involves two suppositions which are generally
not quite true. First, the same specific refractive increment should be attri-
buted to each component and secondly, the conwmibution of each component to
the change in specific conductance of the solution should be equal.

The latter supposition implies that the value of equivalent weight (E) and
transference number of the protein ion as part of an alkali proteinate (nq)

should be the same for different protein components, which will be obvious
from the theoritical calculation given in the next section (IL4.c., cf. eq.7).
Although this supposition is doubtless the most disputable it has to be
stated that a higher value for the equivalent weight will in general be accom-
panied by a lower value for the mobility and vice versa. Therefore this interpo-
lation appears t0 us to be the nearest possible approximation to the truth and
certainly preferable to the usual neglect of any change in specific conductance.

In addition to the values of the specific conductance, the velocities of
each moving boundary were calculated from the enlarged pattern relative to the

stationary boundaries. The latter were used as reference points to eliminate
any shift of the boundaries due to leakage. The small systematic emor
involved in this relative estimation has been preferred to the uncontrollable
errors which are accepted by neglecting the effect.

The location of the boundaries was defined by the positions of the maxima
on the pattern. From a theoretical viewpoint this is less cotrect than the use
of the medians of the corresponding Gaussian curves. ilowever, the positions
of the maxima of the pattern could usually be lacated unambiguously, evzn in
the cases where a resolution of the pattern into Gaussian curves was not or at
least only arbitrarily practicable.

The current density has been calculated by dividing the actual current by
the cross sectional area of the Tiselius cell. The electrophoretic current
was determined as difference between the current sent through the cell during
the electrophoresis experiment and the residual current measured by applying
the same voltage to the apparatus while the middle section of the cell was
still displaced. After the velocity (v), current density (i) and specific conduct-
ance (¥ directly below each boundary were known the mobilities (u) belonging
to the boundaries could be calculated from the equation.

- k¥
= S
1

u (cf. equation 5 in Il.4.a.)

Calculation of the equivalent weight of colloids from the concentration changes
at the stationary boundaries.

With‘the help of equation (2), deduced in Il.4.a. it is possible to calculate
the equivalent weight of a colloid. This possibility has been described in full
detail in a separate paper (WEGELIN and DE WARL, 1952), so here the
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subject will be treated only briefly. In equation (2) the ratios of mobilities
can be denoted as transference numbers viz.

T =g _transference number of the buffer anions (R)

a-rI

2 n
a-s S

Then ecuation (2) becomes:

- transference number of the protein ions (8)

[
pi-p2=-n—R.02 (7)
S

From the electrophoresis experiment itself the mobility of the protein jon
(s) is found, hence in combination with the mobilities of the salt ions (a,r)
both transference numbers can be calculated. The value of £ {the salt
concentration in the supernatant liquid) is directly available, 05 and 05 can be
calculated from the original concentrations 05 and Oy of the protein solution,

. G,
if the dilution factor at the & boundary (g,) is known, for g, =%=%25 =6§-

Now g, can be calculated from the area under the 8 boundary with the help of

equation (6) in IL.4.b, Then all quantities, occurring in equation (7) are known,
except that Oy is not available in electrochemical equivalents because the

equivalent weight is not yet known. After substituting 0 by 4ia which Zis the

protein concentration in g/l and E the equivalent weight the latter is left as
the only unknown quantity, which now can be calculated.

This calculation is only applicable to a system of three ions i.e. two buffer
salt jons and a protein ion, a condition which can never be fulfilled. In spite
of this and several other objections which could be raised, the method has
appeared to be quite useful and applicable even when more than two salt ions
are present. The applicationto experimental work on {3 lactoglobulin (WEGELIN
and DE WAEL,{1952))has yielded results which agreed very well with data
obtained by other methods. We shall come back to this item in IL6.c. in
connection with the identification of 3 lactoglobulin in the electrophoretic
diagrams of milk whey,

Finally it should be pointed out that the size of the & boundary of any
diagram will certainly be a valuable indication as to the charge of the proteins
concemed. From equation (7) it is obvious that in the case of a three ionic
system the charge per unit of mass (reciprocal of quivalent weight) is direcdy
proportional to the concentration change at the O boundary, at least when
different proteins with equal mobilities are compared. Now in the case of a
protein mixture the comect relation will be far more complicated. When,
however, diagrams are compared containing approximately the same components
in the same ratio and with the same mobilities (as will be described further on,
cf. 1L.6.b) a considerable difference in the size of the © boundary can very
well be ascribed to a change of one or more of the components of the mixture.

This method of estimating the equivalent weight of colloids is faitly new
and may become a valuable supplement to the customary methods such as
membrane potentials, direct calculation from electrophoretic velocity and
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dissociation curve, As far as we know a similar method has been suggested
only by SVENSSON (1946) and by CHARLWOOD (1950). For a complete
description and comparison of the results, however, we refer to our papers
mentioned before.

5. ELECTROPHORESIS OF NOHMAL MILK WHEY PROTEINS

d. The choice of a suitable buffer solution

With regard to the buffer solution to be chosen as environment for the
protein during electrophoresis three items have to be reckoned with; these
are theionic strength (1), the pH and the chemical properties of the solutdon,

Regarding the ionic stength the choice is fairly limited. With the standard

Tiselius apparatus the amount of electrical energy, sent into the cell should
not exceed 8 Watts, to avoid thermal disturbances of the boundaries. Hence
the specific conductance of the buffer solution should not be too high. In
that case only a very low field swength can be applied, leading to a pro-
tracted experiment, which in its turn would needlessly complicate the
diagrams by diffusion effects. On the other hand the specific conductance
should not have a very low value. In this case the contribution of the
protein to the specific conductance would be considerable, as the protein
content has to be 1 to 2 per cent on account of the sensitiveness of the
optical device. A high contribution to the specific conductance involves
considerable boundary anomalies, which render the diagrams unfit for proper
analysis in many respects. First the calculations givenin Il.4, are applicable
only as far as the changes in ionic stength on either side of the § or &
boundary do not affect the ratios of the mobilities of the ions. Secondly the
accuracy of measuring the areas under the true (moving) buundaries is
diminished when a considerable part of the total area is due to the false
boundaries {cf. II.5.b.).
Thirdly grear differences in concentrations can result in a gravitionally
unstable order of solutions so that some or all boundaries are destroyed or
become um'eliablei A _value for the specific conductance of about
700 . 107 Q Tcm” may be called a good compromise. This involves
a value for the ionic swength of L =0.1 4 0.2,

Regarding the pH and the chemical properties of the buffer solution we
have tried to make the synthetic environment very similar to the pative one
in many respects. The pH was chosen to be 6.8 which is quite close to the
value of milk, and at the same time sufficiently far from the iso-electric
point (4.5) to ensure fairly high mobilities. As to the chemical properties
the buffers of MC ILVAINE (1921) are very similar to the buffering system
of the ultrafiltrate of mllk. To this buffer we have added KC1 although we
have intentionally cmitted any lactose. There is much evidence that many
carbohydrates can migrate electrophoretically (cf. PRAUSNITZ and REIT-
STOTTER, (1931). In view of the high coacentration which would be needed
to give any resemblance to the milk ultrafilrate the electrophoretic pattern
of the proteins would be obscured. With whey or milk proteins an ionic
strength of U =0.073 as in milk ultrafiltrate (cf. NORDBO, 1939) was not
desirable because of the above-meationed reasons, hence we have raken
about twice the pative concentrations (JL =0.15). It is of interest to mention
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that with other materials for example serum proteins, a much lower value of
the ionic swength can be applied. The composition of the buffer solution

used was:
g/1 mmol/1
NagfiPD, . 2 Htt 4.47 25,08
Citric acid.  H,0 0.913 4,35
KC1 5.59 75.00

Taking into account the pK values of all ionic equilibria:

pK
H,POT == HPO,~ ¥ qi 6.85
HoCi 1) 5= H,CI™ + i 3.08
H,Ci™ o—= HGi™~ + mt 4.75
HCi—~ z—= Gi™—~ + gt 5.49

the conceatrations and contributions of the individual ions to the
strength are:

total ionic

72/ Contribution
mmol/1 {valence to ionic meq/1
factor) stren g’.h. 103
Gi~ 4.156 4.5 18.7 12.47
HCi™ 0.194 2.0 0.4 0.39
HPO, ~ 12,12 2.0 24,2 24,24
H.POL 12.96 0.5 6.5 12.96
c1— 75.00 0.5 37.5 75.00
Na - 50.16 0.5 25.1 50.16
K~ 75.00 0.5 37.5 75.00
Total 149.9 250.22
Uan = .. _ 250.22 _
Hence |1 = 0,15 and the total salt concentration = === = 125.1 meq/1.

1} H;Ci =citric acid
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b, Numerical analysis of a Tiselius diagram

The result of the electrophoresis of rennet whey form normal cows’ milk is
shown diagrammatically in Fig. 10,

e ——
Diraction ol migration

100 Rising paitem
g =5)°

10k Deacending petiom
§=80°

Fig: 10, Eluctropharetic pattems of rennet whey ¢f nommal cow's milk
Protein concentration 1,81 ¢/ 100 ml

1 = 15,200 pac. pally
pH = 4.8 F =373 ¥/em

The necessary conceatration had been obtained by the freezing procedure
described under II.2.b. We shall now give the complete numerical analysis of
these diagtams as an example of the technique described in Il.4.a. For this
analysis the patterns were enlarged in such a way as to make the base line
28 cm long. This line corresponded to the length of the slits (8.4 cm) directly
behind the cell. The toral areas as measured by cutting out and weighing
amounted to O, = 47.15 em? and 04 =69.60 cm? for the ascending (Fig.10a) and

descending boundaries (Fig- 10b) respectively. By dividing these figures by
the tangents of the angles of the inclined slit during the exposures (50° and
60° respectively) the areas were reduced to the values at 452



0 47,15 .
tan 50° 1.192 = 3956 cm

0 69,60
_—L S eeee——t— mn 2
tan 60° 1,732 4018 em

The mean value was calculated and denoted as 2.0 = 39,87 cm 2

The peaks were numbered according to decreasing velocity I, II, II, IV, &
and ¢ respectively. The corresponding Gaussian curves were drawn (the doteed
lines in Figs. 10a and 10b) and the area under each peak was measured and
reduced to its value at 45° Between the sums of these areas and the total
area a small difference remained, which has been denoted as 'residual area’'.
The area under the ¢ peak was not measured, for from Fig. 10b it will be
obvious that the separation of the component IV and the g boundary was
not sufficient. Therefore it was preferred to calculate this area from the one
under the & peak, which could be measured accurately (cf Fig. 10a), Hence
we rewrite equation 6 (11.4.b.):

06=(1-gr) {kz bg + kg [Pa]} (6)

Remembering that k 1£ 3 = Z O this equation can be transformed into

o5 =(l-g) . 20 . {1482 (k2y}
5 f Pgl ki

The values of ky and k4 had been determined in two separate experiments
with the identical optical arrangement and adjustment of every part of the
Tiselius apparatus. The values found were:

k4 =14.0 cm? per unit of the protein concentration

ko =70.4 cm? per unir of ionic strength
Hence X2 = 5.03.
K4

From the defining equations:
The area of the protein gradient =k; . A [ 2]
The area of the salt gradient =k, . AU

it will be obvious that the ratio -E—-f—is only affected by the specific refractive

increments of protein and buffer solution respectively, and not by the arrange-
ment of the apparatus. ilence once this ratio has been determined it can be
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applied to the data of any experiment however much the apparatus may have
been altered afterwards. Substituting this value equation 6 becomes:

Og= (1-g) . 0. {14503 % (6a)
3

For the experiment under discussion the following valnes were to be substi-
tuted:

20 =39.87 cm?
Og=10.13 em?

L= 0.15
[ P3] =1.81 g/100 ml.’
Thu§ the following value for g,» the dilution factor at the & boundary, was
obtained:
8 = 0.821
This value was substituted in equation 8 (If.4.b.):
- ;g . 35 (8)
£
together with the values for 2 O and Og» which yielded
O .= 3.65 cm?

This value was then used in computing table 5, in which all the areas under
the various peaks arc given.

TABLE 5. pl‘pdi‘ll%]dua] areas (cm?) corresponding to the components in the diagrams of
igs

Ascending boundaries Descending boundaries
Component
Ares Reduced area Area Reduced area
1 6.12 5.13 11,25 6.50
I 17.54 14.71 34.99 20.20
111 3.42 2.87 7.70 4,45
v 5.27 4.42 6.14 3.55
Sresp £ 12.08 10.13 - 3.65
Residual
area _ 2.72 2.30 - 1.83
Total 47.15 39.56 69.60 40.18
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Now the areas under each peak were calculated as a percentage of the value
of 20~ Dgfor the ascending side and of 30 - O, for the descending side. Here

too the calculated value of 0€ was used., Wheace:
Z0- 05 =39.87 - 10.13 =29.74 cm ®

20 - O, =39.87 - 3.65 =36.22 cm?
The results of this calculation are given in the next table {6):

TABLE 6. Composition of whey protein by electrophoretic analysis

Ascending Descending Mean

Component boundaries (%) | boundaries (%) |- (%)
I 17.2 17,9 17.6

1I 49.5 55.8 52.6

m 96 . 12.3 11.0

Iy 14,9 9.8 12.4
Residual - 8.8 4,2 6.4
Total 100.0 190.0 : 100.0

For the computation of the ""Residual” figures the areas necessary to supple-
ment the sums of all areas to 2 O =39,87 cm? have been taken as residual
areas,

In order to obtain the mobilities the correctindividual values of the specific
conductance were first calculated. All conductances are here expressed in
19750 —cm—1, The experimental data were as follows:

Buffer solution : ¥, =698
Protein solution : x5 =670
Substitution of these values and of 8, =0.821in equations 10a and 10b yiclded:
Kz =8r « Kg =550

Kg = K:_/gl_ =850

The differences in conductance between which interpolation had to be executed
were:

148

K1 = Ka

Ké' Ka = 180
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The interpolation was performed with the help of the mean figures of table 6.
As these figures do not extend to 100 per cent, we multiplied them by a factor
100/93.6, thus spreading the error of the residual area equally over all compo-
nents {see table 7).

TABLE 7. Composition of whey protein, corrected
for residual area

Components % (Mean values)
I 18.8
11 56.2
m 11.7
v 13.3.
Total 100.0

The values of the conductance, to be used for the computation of the mobili-
ties were calculated in the following way:

Ascending pattern:

Specific !

Component Cpondluctance 10=%Q=tem —Y |
I 698 - 0.188 . 148 = 670
n 698 - 0,750 . 148 = 587
11| 698 - 0.867 . 148 = 570
v 698 - 1.000 . 148 = 550

Descending pactern:

cific !
Component %:t:::ductance (IO_EQ ~! cm _1)

1 670 + 0.000 . 180 = 670
1I 670 + 0.188 . 180 = 704
11 670 + 0.750 . 180 = 805
v 670 + 0.867 . 180 = 826

The displacements of the components in relation to the & and £bounda e
then megsu:e ; this gave the fgllowing results: uacaty were

Displacement (cm)
Component Ascending Descending
_ pattern pattern.
I 18.75 17.15
1I 17.30 13.40
I 12.90 '8.80
v 5.85 3.45.
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The equation for the calculation of the mobilities is:
u ==Y (cf equation 5 in IL4.a.)

The velocities (v) are related to the displacements (4 s) by

As B.4
v=F¢ 2/

in which the numerical factor is due to the ratio of the length of the base
line on the drawing paper and the true proportion of the slits in the diaphragm
directly behind the elecuophoretic cell. The recordings were made after
15 200 sec., which value was substituted for A t. The measured current was
30 mA, which included a leakage current of 2.5 mA. Since the cross-sectional
area of the electrophoretic cell was 0.750 cm?, the current density (i) had the
value

(3029 -5 »
5750 10 = 357 . 10 Afcm?

. ' - v -
Substituring these values in u = KT s we obtained

_ 8.4 . 1n% -5
u =k 8 s pomnt—ty——ggr - 107 -

=553 . k. As . 10_5 cm V™ sec

From this equation the mobilities were calculated with the help of the values
for x and As, given above, The results are shown in cable 8:

TABLE 8. Mobilities of the protein components of a sample of normal rennet whey

Mohility (10~ 5cm V=" sec. _1J
Compenent _ ]
Ascending Descending Mean
pattern pattern
{ 6.95 6.35 6.7
11 5.62 5.22 5.4
m 4.07 3.92 4.0
v 1.78 1.58 1.7

To check the reliability of the figures we have calculated the mobilities of
the components Il and IlI in the same way (with the use of the same conduct-
ances from two earlier recordings of the same experiment, viz. after 9200 and
after 6000 sec. The displacements of the components I and IV could not then
be measured because of insufficient separation. The results of these calcu-
lations, together with the figures for II and III from table 8 are givenin table 9.
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TABLE 9. Mobilities of the components Il and Il as estimated at different times during
the experiment

Duration of Mobility (cm? V™2 sec. )
c:;;?ﬁt Component 11 Component 11
(sec. Ascending | Descending Mean Ascending |Descendin Mean
6000 5.88 5.23 5.6 3.91 3.95 3.9
9200 5.44 5.24 5.3 4.17 3.90 4.0
15200 5.62 5.22 5.4 4.07 3.92 4,0

From this table it is obvious that the values of the mobilities remain fairly
constant during the experiment although the results will be more reliable in the
later stages.

For the sake of completeness the field strength in che buffer solution (F)
was calculated, The leakage current was neglected. This value was not used
for the computation of mobilities, but enly for characterization of the condi-
tions under which the patterns were obtained. All conductances refer to 0°C,
hence this applies to the field strengths too. The calcolation of the field
strength (F} gave the value

. -3
F ozt = ioo_-”ﬂ/@s . 107° = 5.73 Volt/cm.

A general consideration of the patterns and the numerical data obtained
from them leads to the following conclusions:

Rennet whey contains at least four components. The mobilities range from
approximately 1.5 t0 7.0 . 107° cm? Volt ~* sec. ~*. The " component’’ IV,
characterized by the lowest mobility, shows a small but very broad boundary,
which does not accurately agree with a Gaussian curve. Hence this boundary
may be due to more constituents between which we are not able to make a
clear distinction. The chief contribution to the diagram is given by component
II {mobility 5.4 . 10" % cm? Volt ~? sec. ~ Y which amounts to approximately
56 per cent ofthe total protein content. The patterns of ascending and descend-
ing diagram are highly unsymmetrical. This confirms the observations of
other workers e.g. SLATTER & VAN WINKLE (1950). The phenomenon may be
due to the presence of highly charged proteins with proportionally low mobili-
ties. According to the theory (cf II.4) it should be accompanied by great
boundary anomalies (8 and £boundary). The latter fact was actually observed.

In contrast with the mobilities the concentrations calculated from the
ascending pattern and those obtained from the descending pattern do not
agree satisfactorily. This may b= due in part to experimental errors, to the
introduction of assumptions which do not hold completely, and to the intentional
neglect of some details e.g. the influence of superimposed protein gradients.
Nevertheless in our opinion these influences cannot account eatirely for the
differences obtained. This may therefore be an indication that our under-
standing of the electrophoresis of these proteins is not yet complete,

The resolution of the diagram into Gaussian curvejis subject to great
errors, especially with reference to the separation of the components I and I7
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and the measurement of the area of component LV, the latter being very tlat in
the ascending pattern and partly obscured by the £-boundary in the descending
one,

The influence of superimposed protein gradients has been mentioned in
Il.4.a. In an examination of the signs of these errors it appears that the peak,
due to the most rapidly moving component will be enlarged in the ascending
pattern, whereas it will be diminished in the descending one, and, in the
case of the most slowly moving constitueat, vice versa. As neither component
I not component IV can be estimated with great accuracy this phenomenon
can only be observed with the data from component III, which are markedly
influenced by extra gradients, due to the large component II, They will counter-
act the true gradient III on the ascending side but they will enlarge it ar the
descending side. Indeed it appears that for this concentration smaller values
are calculated from the ascending pattern than from the descending one.

Finally the relation between the size of the & -boundary and the charge per
unit of mass has to be reviewed more accurately. It has been pointed out that
the salt concentration gradients in the stationary boundaries are counter-
balanced by equal gradients throughout the moving boundaries. The latter are
proportional to the protein concentrations of the solutions which ate moving
onwards (cf I.4.c. eq.7). Hence for the ascending boundary we can write in
terms of ionic strength:

where E = mean equivalent weight.
In addition Y4 =g, Heo =gr Hg and [ pz] =§t [ 23 ].

Hence (1 - gr) Ka x g, [—Pa——}

Therefore the quantity (l-gr) M3 muse be directly proportional to _1_, th
[P, ] B
g Py

mean charge per unit of mass.

For the experiment uander discussion the numerical value of cthis quantity turns
out to be:

1 - 0,821 0.15

0831 - Tar = 00181
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c. The influence of precipitation of the protein by salting out

The salting out of a protein by saturation of its solution with ammonium
sulphate is a usual laboratory procedure in the preparation of proteins. In -
general this procedure and the resolution of the precipitate in distilled water
are considered to be reversible, In addition it is the easiest way of achieving
a high concenmation of protein. In order to detect any possible influence of
this procedure we prepared two solutions of milk whey proteins, obtained from
the same sample of rennet whey. Sample 1 was concentrated by the freezing
procedure described under II.2.b., sample 2 by salting out with ammonium.
sulphate, followed by dialysis of the precipitate against the buffer solution,
discussed in II.5.a. Both solutions were dialyzed untill equilibrium with the
buffer solution was attained and they were then subjected to electrophoresis
on the same day viz 7 days after the coagulation of the fresh milk. The pat-
terns obtained are shown in Fig. 1T and Fig. 12. From these drawings it is
quite clear that the form of the diagrams hus changed, although very slightly.
In both cases the separation of the components I and I is not sufficient for a
satisfactory analysis to be performed. Nevertheless gradient I appears to be
somewhat larger in the case of concentration by the freezing procedure. From
the numerical analysis of the patterns it appears, however, that there is
hardly any difference. ‘

— -
Direction of migration

& ¥ m uot

Ila  Ascending pottern
8 =55°

Diraction of migration

] n n v ]
11k Descanding pottem
B = 55°
Fig. 11. Elachupharstic pottems of rennet whey i d by freazing out

Protwin concentration 1,50 9./ 100 ml

1 = 12,000 sec. u=0.15
pH= 6.8 F =673 ¥/em
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Direction of migration

& w i) n I

12a Ascending pettem
6 =559

e
Direction of migration

12b Descending pottem
a% 550

Fig. 12, Electropherstic pattems of rennst whey protwing, toncenirated by solting out with
Qontwontivsrtphote,
Protein concentration 1.41 g/ 100 ml

I = 12,000 sec. u=0.15
pH - &8 F.5.72¥/cm

In table 10 the concentrations and mobilities of the components are given
{mean values from ascending and descending patteras). In addition the values
of thedilution factor at the 5 -boundary g and the quantity (ﬂx)_f]’i have
2, Pg

been included.

TABLE 10. Analysis of the electrophoretic patterns of whey, concentrated by the
freezing procedure {fig. 11} and by salting out with ammonium sulphate

Fig. 12)
Mean concentration Mean mobility
Components (relative %) (10~ 5cm2V—sec. < %)
Fig. 11 Fig 12 Fig. 11 Fig. 12
I 6.4 6.6
I Jos.s }oat 5.4 5.6
I 14.2 16.6 3.9 4.0
v 20.0 18.7 l.6 1.6
Dilution factor at the § -boundary 0.850 0.843
Index of mean charge
l-glp
By 0.0176 00186
& [Ps
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Neither the concentration nor the mobilities show differences of any impore-
ance, although there is ne complete identity of the concentrations. The

I L-g)u
mobilities. can be regarded as unaffected. The values of g_ and ( & °
r -T_L]—
g L Pa

show a small difference. As the latter are obtained from the areas under the
$ -boundaries which can be estimat=d with fairly good accuracy the difference
should not be disregarded. It implies that after salting out the mean specific
charge of the proteins has somewhat increased. In view of the work to be
described under II.7.c-d. on the heat denaturation of the whey proteins it is
probable that this increase of charge is a symptom of incipient denaturation.

The conclusion is that although the electrophoretic patterns of whey
proteins are undeniably influenced by the process of salting out with ammonium
sulphate, this influence is only of minor importance.

This conclusion does only apply to ammonium sulphate. In the case of other
reagents a similar test should be carried out before the question whether the
protein studied is wholly or parly an artefact can be answered.

Direction of migeation

Fig. 130 Ascending pattem
f=55¢

-
Dirsttion of migration

Fig. 13 Lesconding paitem
5= 65°

Fig. 13, Elsctropharetic patterns of rennet whey proteins, concentrated by freezing out.

Protain concentration 1,50 g 100 ml
+ = tA000 3ec =015
pH= 68 F =574 V/em
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Dirsetion of migratien

.
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Fige T4a Ascending pattem
9:550
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Dirsction of migrotion

L
=

Fig. 14b Dacconding pattern
5 a 68°

Fig. 14, Elsctropharetic pattems of rennst whey proteins, concentrated by solting out with
phosphate mixture (3,5 M, pH = 6,5

Peotsin concentration 1,30 /100 ml
t = 14000 sec k=015
oH = 6.8 F=3,74 ¥V/en

Among the ather salts or salt mixtures we have also smdied the equimole-
cular mixture of mono and di-potassium phosphate (3.5 M, pH 6.5), which has
been extensively used by DERRIEN (1947) in his fractionation work by salting
out,

By analogy with the experiment involving ammonium sulphate electro-
phoretic parterns were recorded of two samples of the same whey. The first
sample was concentrated by the freezing procedure, the second by salting out
with the phosphate mixture. The patterns have Qeen drawn in Fig. 13 (freezing
procedure) and Fig. 14 (salting out). It appears that the diagrams are almost
identical, except that the velocity of the components in Fig, 13a appears
somewhat higher than that in Fig. l14a. The velocities in the descending
patterns are approximately equal. In addition in Fig. 13a, a small amount of a
very rapidly moving component {denoted as Q) is observed, which is absent
inFig. 14a.

The analysis of the patterns confirms these preliminary statements. The
only differences are to be found in the ascending patterns and hence only
these are summarized in table 11,
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and by salting out with

TABLE 11, Analysis of the eleqprop}lmgretic patterns of whey, concentrated by the

phosphate mixture

Concentration Mebility
(relative %) (10~ %cm2V—tgec. — 1)
Component i
Fig. 13 Fig, 14 Fig. 13 Fig. 14
H . - -
I } 606 }ros 5.4 5.1
i1 9.7 10.5 3.8 3.5
v 14.4 13,5 - -
Dilution factor at the & boundary 0.842 0.840
Index of mean charge
l-g. ., 0.0188 0.01%0
= T

The only difference which is confirmed in some degree by the descending
pattermns, is the difference in globulin content (componeat IV). In the ascending
patterns it amounts to 14.4 - 13.5 =0.9 per cent as against 13.9 - 13.4 =0.5
per cent in the descending patterns. Here the concentration of component IV |
has been computed by subtraction of the area corresponding with the ¢ boundary
from the area ascribed to component IV and the g gradient together. The areas
under the £ peaks were calculated from the areas under the & peaks of the
ascending patterns according to the method described in H.5.b. ThHe resultant
e areas have been bounded by dotted lines in the figs. 13b and 14b. In view of
this rather complicated procedure the difference of 0.5 per cent is negligible.
The difference in the mobilities of the components II and I!l is not great but it
may be of some importance, even though it is not found in the case of the
descending patterns. The dilution factor at the & boundary and hence the index
of mean charge has remained unaffected within the limits of error.

Therefore as a result of the experiments described in this section, it can be
stated that salting out with ammonium sulphate or with phosphates does not
produce any important change although slight effects are observed.

The number of components after prolonged electrophoresis

With every method of analysis of a protein mixture the question arises how
many different constituents can be detected. The electrophoretic experiments
described up to this point have yielded four components, but in our less
extensive ultracentrifugal investigations - to be described under IL.11. - the
presence of only three compronents could be proved.

According to DERRIEN (1947) blood serum should contain 20-30 different
constituents, which can only be detected by cautiously and gradually salting
out, a method especially developed by him. When the slope of the salting out
curve is plotted graphically against the protein concentration in solution,
a large number of small peaks is found. In a preliminary experiment the
application of this method to the proteins of milk whey also yielded a great
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many peaks. Although it is questionable whether these peaks are related to
native components, the observation has been a stimulus to us to examine if
still more components could be detected by electrophoresis.

When the electrophoresis of rennet whey is carried out for approximately
5000 szconds under the circumstances described in previous sections only
three components can be detected. After 10.000 seconds one new constituent(I)
begins to separate from the most rapidly moving component (apparently I + II)
af the three. After 15.000 seconds when the pattern has extended over the
complere length of the cell, only 4 components are visible still. Is there a
chance that after prolonged electrophoresis any new separation will occur? In
answer to this question we have carried out one experiment without bringing
the initial boundaries into the optical field before starting. Twenty thousand
seconds’ exposure to the electric field was necessary before the most rapidly
moving component reached the further end of the viewing slit. In order not to

let the elongated components be obscured in the base line an extraordinarily
high protein concentration was used viz. 2.29 g/100 ml. The latter resulted in
a very large § -boundary. In Fig. 15 the ascending pattern of this experiment
has been drawn. The descending pattetn which is of inferior resclution and
thus less suited to the purpose has not been recorded. The dotted left hand
side of the & -boundary was brought into the optical field at the end
of the experiment by the cautious injection of some liquid in the cathodic
vessel of the apparatus. It will be obvious that no characteristic new compo-
nent has separated, at least not from the main complex (I + II), Only the
elongated form of component IV suggests that it has a complex nature.
The analysis of this diagram yielded the figures recorded in table 12.

e
Direction of migration

& 4] m n

Fig 15, Elactophorstic pattern of rennet whey after prol d ol haresis (i &
bwundaories) d

Protain concentrarion 2,79 ¢/ 100 ml

1 =20.100 30c. L =0.15 6 =85°
pH = 58 F 2576 V/em
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TABLE 12, Electrophoretic analysis of rennet whey proteins after prolonged electro-
phoresis {calculated from the ascending pattern)

Concentration Mobility
Component (relative %) 10~ % cm2V " 1sec. ~ 1)
I 28.7 " 6.8
11 46.1 5.8
111 11.7 3.9
Iv 13.5 undefined
Dilution factor at the boundary (g} 0.770
Index of mean charge
(-g). lig : 0.019
& [P a]

The concentrations are rather different from the values obtained in the previous
experiments (cf IL5.b. table 7). However, the whey had been prepared from
another sample of milk, the composition of which depends on several other
factors. The mobilities are not exactly equal to the other values found, but
the differences are not great. The values obrained depend to some extent
upon the duration of the experiment chieily because of the progressive sepa-
ration of the mixture (cf IL.5.b. table 9). The dilution at the & -boundary is very
high (23%); this is due to the high protein concentration (2.29%), The '"mean
charge’ value is somewhat higher than the values obtained in the previous
experiments, but this difference may be completely due to the differences in
composition of this sample compared with the other samples of whey. In any
event the order of magnitude of the two values is the same.

The conclusion of the experiment is that even after prolonged electro-
phoresis no new constituents can be detected. This does not necessarily
exclude the possibility of their existence,

6. IDENTIFICATION OF THE COMPONENTS

The stationary boundaries

According to the theory in section IL4, stationary boundaries can be
identified by means of the following criteria:

1, They should not move or at least only very slowly.

2, They should be reduced by increasing the ratio of the ionic strength of the
buffer to the protein concentration.

3. They should be reduced, if desired even to zero, by suitable dilution of the
dialyzed protein solution with water.

The first condition was fulfilled by the peaks denoted as & and e-boundaries
in all the electrophoretic diagrams treated in this essay. However, there was a
possibility of these nearly stationary boundaries being protein gradients
characterized by extremely low mobilities. Therefore they were also tested by
their behaviour towards the effects in 2 and 3 above. The diagrams of four
experiments were compared. These latter were carried our under different
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Dirsction of mipration

s w m u o

t8a  Ascending pottevn

Diraction of mjgration

16b Dasconding patinen

Figs 16, Elacirophoretic pattems of rennet whey of normal cow's milk,
Protain concentration 2.50 gr/100 ml
lonic strangsh i = 0,10
t = 12,400 sec. F =601 ¥iem
pH = &3 A . 45°
conditions of ionic strength, protein concentration and previous dilution of the
protein solution. The patterns obtained in these experiments have been drawn
in Figs 16, 17, 18 and 19, Form each of these patterns several characteristic
guantities were calculated viz.

1. the area under the § -boundary expressed in per cents of the total area under
the ascending pattern (% 8.

2. the dilution factor (g) as calculated from the area under this supposed
6 -boundary, .
3. the function }.'_gf a s introduced in ILS.b. to give information as to
‘ & [Ps]
mean the charge of the protein mixture,
For the experiments where a previous dilution with water had been ap plied the
factor g was multiplied by the factor of previous dilution, which yielded the
total difution factor (g, total), and this factor was used in the calculation of
the function



In table 13 the necessary experimental and calculated data have been recorded
for the four experiments together, )

TABLE 13. Experimental and calculated data in connection with the patterns recorded
in Figs.16, 17, 18 and 19 on the identification of the stationary boundaries

- '

Fig. Prottflg : Tonic I %8 Factor of . (1-g) s
No. conc. 3 | strenath B previous t —]

(/100 m]) gt ‘ dilation total g (Ps
16 2,50 0,10 35.4 0.70 1.000 0.70 0,017
17 1.81 0.15 25.6 0.82 1.000 0.82 0.018
18 1.81 0.15 15.1 (.90 0.900 0.81 0.019
19 : 1.86 0.15 2.4 0.99 0.806 0.80 0.020

e B

Pirsction of migratian

17 a Ascerding pattem
8 =500

Dirsction of migration

17 b Descanding pottem
o400
Fig. 17. Elactrsghorstic patterns of rennet whey of normnl cow's milk,

Beotein concentration 1.81 ge/100 mi
jonic strangth 11 <015

+ = 15200 F =571 Viem
He 68
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The figures inserted in the cases where previous dilution had been applied
Figs. 18 and 19) denote the original values of protein concentration and ionic
strengnt before dilution. In these cases the calculation of g was complicated
by a difference in salt concentration between the buffer solution (1) and the
diluted protein solution (3). Here equation 6a (II.5.b.} was provided with an
additional correction factor in the denominatot by which the influence of the
diluticn gradient was discounted. The corrected form of the egquation was:

{1+5.03 2
05 =(-g) . 30 . N (%] ?

(U-:‘a' He)
{1 + 5.03 W}

Here L. 5 and [ P3] stand for the original values of ionic strength and protein
concentration and Ug and [ P,) ' for their real values after the dilution
preceding the experiment. This equation has been derived by analogy with the

—_—l
Direction of migration.

13 0 Ascending pottem
5 =50°

P,
Oirection of migration

i u fr v €

18 b Descanding pattem
0 - 859
Fig. 18, Electrophoretic pattemu of rennet whay of normal cew’s milk.

Original protein concentrotion 187 /100 m!
Original ionic strength 1 =0.13
Cilytiom before alectrophoresis ta 70% of the original velues

* e 14300 gec, F =573 V¥/em
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Fig: 19, Elachophoretic pattams of rennet whey of normal cow's milk.
Original protein cencantrotion 1,38 gr/100 ml
Original ionic strength 0.15

Dilution before #lectrophoresis to 30.6% of the original volues.

1 = 14000 3ec. F =5.69 ¥/em
uH = 6.8

original equations 6 (IL4.b.) and 6a (IL.5.b.). Its derivation is not given here
as it does not include any new arguments. Regarding Figs. 16, 17, 18 and 19
and table 13 the following facts can be smted.

The reduction of the ratio of protein concentration to ionic strength (cf Fig. 16
and Fig. 17) leads to a considerable decrease of the relative area occupied by
the ¥ -boundary. A similar further decrease is obtained by dilution of the protein
solution to 90 per cent of its original value (Fig.17 and Fig. 18). From the latter
pattems (obmined from samples of the same whey) the dilution necessary to
reduce the & -boundary to approximatsly zero was calculated. This dilution
(to 80.6 per cenr) was used in the experiment which yielded the patterns of

Fig. 19 where the 5 -boundary has disappeared almost completely, The value of
the function
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g, us
g [Pal

however, remains fairly constant, which means that the mean charge of the
protein mixture has not been affected. In the case of the patterns of figs, 17 and
18 the values ought to be identical; thisis correct within the limits of experiment-
al error. The small difference from the two other experiments be due to the
different origin of the whey samples. Hence it is quite clear that the peak
denoted as the & -boundary is in fact stationary. Concerning the &-boundary it
will be obvious from Figs. 16b to 19b that the most slowly moving peak’is re-
duced at the same rate as the § -boundary but not completely to zero. Apparently
the separation of the £ -boundary and the slow componeat IV is very
unsatisfacrory. For this reason we prefer the calculation of the garea from the
experimental O area to the use of any experimental € curve in the descending
patteras.

b. The so-called *'Whey protein”
In II.3.c. it has been shown that rennet whey contains a protein fraction

—
Dirwetion of migration

~

Wa Asconding pattarn

tife—
Direction of migration

0 b Descending patrermn

Flg:. 20. Electrophoretic potterns of rennet whay of normal cow’s milk (cf. Fig. 21 acid whey
from some milk sompls)

Protein concentration 1,50 ge/100 ml
lonic strength 1 =D.15

+ = 12000 sec. F 2578 ¥/em
wH = L2 9 550
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Fige 21. Elacirophoretic pattems of ocid whey of normal cew’s milk (cf. Fig. 20 rennet whey
from same wmilk somple).

Protein conceniretion F.45 gr/100 ml
lonic strength U= 0,15

* = 2000 nec. F 516 V/em
pHa 68

due to the acdon of rennin on casein. From the values of the nitrogen content
of comparable samples of rennet and acid whey it appeared that this fraction
amounted to 14-17 per ceant of the total non-dialysable nitrogen present in
rennet whey. By means of electrophoretic examination it should be possible
to decide which of the components of rennet whey can be identified as "whey
protein’’, ,

For this pumpose two samples of whey were prepared from the same milk,
one by means of rennin and the other by addition of HC1. Both samples were
concentrated by precipitation with ammonium sulphate and afterwards dialyzed
against the buffer solution. The patterns obtained are drawn in Figs.20 (rennet
whey) and 21 (acid whey). It appears that in the case of acidcoagularionof
the casein, component I has disappeared. In addition the & -boundary is
somewhat smaller inFig. 21 than in Fig. 20.

Numerical analysis of these patterns yields the figures of table 14.
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TABLE 14. Electrophoretic analysis of rennet and acid whey rom the same milk

sample
Concentrations Mobilities
(zelative %) (10~ %m2V = sec™ Y
Component Rennin Acid Rennin® Rennin Acid
1 20,6 - - 6.9 -
11 55.1 73.6 69.4 5.4 5.4
I 13.2 14,2 16.6 3.7 3.7
1v 11,1 12.2 14.0 andefined undefined
Dilution at the & -boundary 0.837 0.858
Index of mean charge 0.0195 0.0171
l-g_Us
g [P a]
——’ .
Direction of migration
22 0 Ascending poitem
A . 557
-

Direction of migration

22 b Daseending pattem
# - 43°
Fig, 22, Elecwophorstic pattems of rennet whey of nommol cow's milk (ef. Fig. 23 ocid whay
from same milk samplel .
Eliminetion of bogmnd I;
centratiens, -

by previovn ditvtion 1o B9,5% of the original con-

Original pretwin concentration 1.30 32/100 ml
Nriginet jonic strength 1 "0.1%5

t = 12000 zsc, F =572 ¥/em

pH = 6.8
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Under the heading Rennin* the values of the concentrations 11, III and IV in
renaet whey have been converted into the values that would have been tound
in the case of the complete absence of Component I, by multiplication of the
former values by a factor 100/79.4.

There is some difference from the values actually found for acid whey. As the
concentration value of Component I is highly subject to the error due to
counteracting protein gradieats, it cannot be expected that the above mentioned
conversion will lead t a satisfactory agreement between the two sets of
figures. In addition, the magnitude of the counteracting protein gradients
within the boundaries II, IIl and IV will also have changed.

The mobilities of Components II and III are equal. Those of the component
IV have not been calculated as in both patterns these boundatries could not be
located unambiguously. In any event it appears that the character of the three
remaining components is the same.

The figures for the ’mean charge’ indicate a lower value for acid whey
than for rennet whey. However, this conclusion is disputable although the
difference in dilution at the § -boundary is quite real. As has been emphasized
in Il.4.c. and IL5.b. a difference in size of the § -boundariesis only significant
if neither the mobilities nor the relative concentration values in either experi-
ment shows a difference of importance.The latter condition is not fulfilled in
the experiments under discussion.

Concerning the dilution at the O -boundary two similar experiments deserve
to be mendoned. Figs. 22 and 23 represent the patterns of rennet whey and
acid whey proteins concentrated by the freezing procedure, from the same milk
and recorded under the same circumstances. In these experiments the protein
solution was previously diluted to 88.5 per cent of the original concentrations
Now this dilution was almost sufficient to eliminate the boundary anomalies in
the case of rennet whey under the given conditions. In the case of acid whey,
however, this dilution appeared to be inadmissable. During electrophoresis
solutions were developed which were gravitationally unstable with respect to
the diluted solution present in the lower parts of the cell; hence gravitational
disturbances of the boundaries occurred, thus resultingin the distorted patterns
of fig. 23.

In view of the experiments described in this section we feel justified in
identifying Component I in the patterns of rennet whey as the so-called ’'whey
protein’’. In the sample under discussion the electrophoretic analysis yields a
concentration of approximately 20 per cent. In general values of 15-20 per cent
are found. This agrees sufficiendy with the values, mentioned in IL3.c., viz.
14-17 per cent, obtained by direct estimation of the nitrogen contents of
samples of rennet whey and acid whey.

Finally we wishto draw attention to the fact that DEUTSCH (1947), working
at pH 8.6 did not observe any difference in the patterns of rennet whey and
acid whey, prepared from cow's milk. In the case of goat's milk, however, he
recorded similar differences to those described in this section, viz. the
disappearance of the most rapidly moving component and a decrease in size of
the ¢-boundary afcer acid coagulation of the casein. Apparently there is some
similarity in the action of renner on the caseins of milk of differeat animal
species,
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Fig. 1, mw«l of acid whey of nornal cow's milk (cf. Fig. 22-rennat whey. from

Distorted patterns becouss of previous dilution to B8.5% of the criginal concentrotions.

Origing) protwin concentation 1.0 pr/ 100 ) . ¢ = 12000 sec, F =572 ¥/em
Original ionic strangth 1 =0,15 pH - 53

¢. B lactoglobulin

According to PALMER (1934) G0 per cent or more of the classical lactal-
bumin fraction should consist of {3 lactoglobulin. As the classical lactalbumin
fraction forms the greater part of the proteins in whey, [ lactoglobulin would
have to correspond with one of the major peaks of the electrophoretic parterns
of whey. In the notation adopted in this essay this would have to be component
II (cf e.g. Fig. 10, ILS.b.). The concentration of this constituent amounts to
approximazely 50 per cent of the proteins in rennet whey and its mobility

. -5 -1 =1 ; . . .
averages 5.4 x 107 "em®V” “sec” . Following the inswuctions given by
PALMER (1934), BULL and GURRIE (1946) and CECIL and OGSTON (1949)
we have prepared a solution of 3 lactoglobulin from an arbitary sample of
normal cow’s milk. As only a solution was needed we made ne special attempts
to obtain it in the crystalline form. In addition some small modifications of
the methods applied by the above-mentioned authors were introduced, The
complete method of preparation has been described in detail in the paper of
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WEGELIN and DE WAEL (1952) on the determination of the charge of {3 lacto-
globulin from which only the essentials will be quoted here.

The fraction which precipitates from skim milk between 55 per cent and 80
per cent saturation with ammonium sulphate was separated. After dissolution
and dialysis the fractionation was repeated. and the precipitate dialyzed first
against distilled water and afterwards against the electrophoretic buffer
solution (pH 6.8, |1 0.15). The material appeared to be homogeneous on electro-
phoretic as well as on ultracentrifugal examination {cf II.11.c.}). The sediment-
ation constant (520 = 2,71 Svedberg units) agreed reasonably well with the
values obtained for £ lactoglobulin by CECIL and OGSTON (1949) viz., 2.81
Svedberg units.

The dissociation curve of the protein in the solution was also determined
(pH 5-7), according to the method described by CANNAN, PALMER and
KIBRICK (1942); the results agreed almost completely with the curve obtained

by these authors.
The pattemns, obtained by electrophoresis have been drawn in Fig. 24.
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The mobilities calculated from either pattern were 4,89 x 10 ®cm?V ™ 'sec™ .

In addition the equivalent weight of {3 lactoglobulin was calculated. This
was done with the help of equation (7) according to the ptinciple treated in
II.4.c. The value was found to be 2710 (at p 6.8 and P 0.15).

The ejuivalent weight at pH 6.8 and i .15 was also calculated from the
dissociation curve. To this putpose part of the solution of B lactoglobulin was
dialyzed against 0.15 M KC1 at pH 5.18. Samples from this dialyzed solution
were mixed with increasing volumes of asolution0.13 M in KC1 and 0.02 M
in NaOH and the pH was determined. The amount of alkali necessary to reach
a given pH was converted into equivalents alkali per40 000g [3 lactoglobulin.
This quantity h was inwoduced for the sake of comparison with the data of
CANNAN, PALMER and KIBRICK (1942). It appears that the curves are almost
identical, At pH 6.8 the values of h are 12.4 and 12.7 eq./mol respectively.

(cf.Fig. 25)
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This corresponds to an eguivalent weight of 3225 or 3140, if no dissociation of
other groups takes place. With regard to the various possibilities of error
these results may be considered to agree reasonably well with the value
obtained by electtophoresis (2710). Uence the conclusion can be drawn that
the charge of the proteins is almost exclusively due to the acid and alkaline
toups.

8 When a compatison is made with the patterns of whey proteins as a whole
Fig. 10, table B, IL5.b.), it is obvious that the mobilities of B lactoglobulin
and component II of the total pattern are not equal (4.9 and 5.4 x

10" %em2v " sec™? respectively). However, the difference in mobility between
B lactoglobulin and the adjacent component IIl is considerably greater. In
addition, the conceatration of this constituent (12 per ¢ent) is not sufficient to
account for the high value of the {8 lactoglobulin content in whey mentioned in
the first paragraph of this section. Hence peak number II in the electrophoretic
patterns must be ascribed to Slactoglobulin. The difference in mobility may be
due to the other surrounding components, and to possible small alterations of
the protein during its preparation. No values of the mobility under exactly the
same circumstances were available in the literature. The values recorded by
various authors under different circumstances are very divergent as is shown
in table 15,
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From this table it will be clear that the values obtained for the mobility of
pure 3 lactoglobulin and that of component Il in the pattern of whey are
plausible. In addition it shows that accurate comparison of electrophoretic
mabilities obtained by various authors is hardly possible, as the results
depend” on so many different circumstances. In any event, the identification
of component II as [ lactoglobulin appears to us to be completely justified.

The further components

Apart from the boundaries dealt with in the preceding sections (IL6.a., b,
and c.), there are still two consdtuents left viz, those denoted as IIl and IV.

Sufficient data concerning component IV are available in literature: Accord-
ing to SMITH (1946 ¢) the content of components with low mobilities amounts
to approximately 10 per cent of the total whey proteins, e records two

constituents (mobilities - 1.7 and - 2,5, 10" %ecm2V *sec™ ' at pH 8.6) each
of which conwibuted 5 per cent to the total protein content. By repeated
precipitation with ammonium sulphate he succeededin isolating two crystalline
fractions from the classical globulin fraction of whey. One of these fractions,
which was soluble in water and was termed euglobulin, cotresponded with the

component with mobility - L7 . 10” %cm?V ™ 'sec™ . For the isoelectric
points he gives the values 5.6 and 6.05 respectively.

—_—
Cieaction of migration

Fig. 26 Elactrophoretic pattem of acid whey protsins (nermal bavine milk, descending boundor-
i} According v Smith {1946 c).

Dratein concentrotion 1,85 per cont.
iethy! borbiturate bufler 4 = 0,10,

DirecHon of migration

Immuraglsbulinz

Fig 27, Elsawaphasatic pattam afrennat whey prateing (poolad somples of bovine milk, descend-
ing beundaries)
According to Devtach (1227
Barbityrate-citrate byffer ;1 « 0.008
pH =36
F &5 V/em
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In another paper SMITH (1946) reports on the proteins of colostrum whey of
hyperimmunized cows. Here the conteat of both constituents together appeared
to be considerably higher viz. 32 per cent. After several immunological tests
he concluded that these globulins were responsible for all the immunological
propetties of the whey and denoted them as immunoglobulins.

DEUTSCH (1947) records electrophoretic data on the composition of whey
duting the complete lactation period. For the content of the slowly moving

- -1
component {mobility - 2.2 . 10~°% cm?2V !sec ) he reports 70 per cent {of
the toral protein) in the very first colostrum, and 10 per cent at the end of the
lactation period. Approximately the same fégutes were recorded for a rapidly

sertling coastituent in the ultracenuifuge (S_ = 6 Svedberg units).

The patterns obtained by SMITH (1946 ¢) and by DEUTSCH (1947) for
normal cow's milk have been drawn inFigs. 26 and 27. By comparison with
the patterns recorded in out experiments e.g. Fig. 10 (ILS.b.) it is obvious that
component IV comresponds to the globulins dealt with by these authors. We
have not subdivid ed this ’peak” into more components, although in view of its
attenuated form it is quite probable that it is heterogeneous.

In addition it is of interest to quote some more results of DEUTSCH. He
reports only small differences in the globulin content of human milk whey (at
least in the content of components with very low mobilities} during lactation,
viz. a decrease from 34 per cent in colostrum to 26 per cent after three months.
Apparently ingestion of globulin is far more essential for the new-born calf
than for the human infant. DEUTSCH (1947) suggests the interesting explana-
tion thatthis may be coanected with the differencein thickness of the placerta.
The placental structure of humans is only one cell thick. In animals like the
pig, goat and cow the placental membranes contain three or more cell lavers.
Now itis probable that the thin layer of the human placenta allows the immuno-
globulins to pass from the maternal blood to the young in utero, which will,

!mwever, be impossible in the case of the cow. Hence cow’s milk is the
indispensable source of antibody proteins for the new-born calf, which may
explain the markedly high level of immunoglobulins in bovine colostrum.

As far as we know, component III from our pattetns with mobility

-6 2 =1 .y .
40 . 107 "cm V' sec " has not yet been isolated. When in the preparation
of B lactoglobulin from whey, fractionation with ammonium sulpbate is not
repeated, the electrophoretic analysis of the solution still shows the presence

of this component (mobility 4.0 . 10~ "crn”V ™ 'sec™'), whereas the con-

sttuents I and IV are absent. The patterns of such a solution have been
drawn inFig. 28. The ratio of the concentration of 3 lactoglobulin to that of
componens {II as calculated from these diagrams, is approximately 7; whereas
in general for norma! rennet whey patterns this ratio is approximately 4,
After a second precipitation by 80 per cent saturation with ammonium sulphate
component Il disappears completely (cf Fig. 24, ILG,c.). It is obvious that
component III has remained in solution even at 80 per cent saturation. Hence
we conclude that this componentis a highly soluble albumin. From experiments
which will be described later (cf . 7.d., e. and IL 9.b.), it appeated that,
under the influence of heat, this component 1s relatively stable in comparison
with the other constituents. Its coagulation takes place at somewhat higher
temperatures and it is not denatured during the usual condensing and drying
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processes. lt is far more stable than the immunoglobulins and even more

. stable than B lactoglobulin. PEDERSEN (1936) has attributed the % component

of his ultracentrifugal whey pattern (sedimentation constant S° = 1.9 Svedberg
units} to an albumin, isolated by KEKWICK. Unfortunately the work of the
latter author has not been published, so that it is impossible to find out
whether this preparation might cotrespond to our component I1L

Comparison with the diagrams of whole milk and skim milk

The whey proteins other than component I (the tennet '’whey protein’)
should also be present in the electrophoretic patterns of the milk proteins as
a whole. Hence it was of interest to compare the diagrams of milk and whey
and ideatify some peaks of the milk patterns as whey proteins, the remaining
peaks being due to casein. In order to obtain clear solutions of milk proteins
it was necessary to remove the fat by centrifuging. In addition the casein
which in the native condition is preseat in the form of very large macromole-
cules (cf FORD and RAMSDALL, 1949) had to be brought in true solution.
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This can be achieved by dialysis against a phosphate buffer solurion as has
already bezen observed by SVEDBERG (1938). It had to be considered whether
the removal of the fat should take place before or after dialysis. In the former
case, duting the separation of the fat, part of the casein would be temoved
because of the large size of the native casein particles. This would alter the
electrophoretic pattern if the components of dialyzed casein did not egually
originate from native casein particles of different size. I dialysis should
precede the removal of the fat such changes could not occur.

We decided to follow both methods and compare the results.

The followiag caleulation could be made before the experiments: In view
of the results of the experiments treated up to this point the average composi-
tion of rennet whey could be assumed to be:

C Concentration Mobility
omponent %) _s 1 1
107 "em2 V™ “sec
I 18 6.6
11 54 5.4
I 13 4.0
v 15 1.6

The average nitrogen ditribution in milk is

total nitrogen 500 mg per cent
whey nitrogen 130 mg per cent
residual nitrogen 30 mg per cent

After subtraction of the residual nitrogen the ratio of the nitrogen contents,
comresponding with total milk proteins and toral whey proteins can be calculat-
ed. This yields: .

milk protein : whey protein = 470 : 100 = 47 : 1

Now division of the average concentrations of the components II, III and IV
in whey by 4.7 will yield the concentrations to be expected for the sathe
components in the electrophoretic analysis of milk proteins. Component I is
discarded as it should not be present in milk. This calculation yields the
data of table 16.

TABLE 16. Calculated concentrations of whey constituents in milk proteins

Concentration Vobility
Component (%) 10=%cm2V =" sec™t
I 11.5 5.4
m 3.0 _ 4.0
v 3.4 . 1.6

From these figures it will be clear that the components III and IV will be
hardly detectable in the electrophoretic patterns of milk. Only component II
(£ lactoglobulin) will give a reasonable contribution to-the total pattern.
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The elecwophoretic patterns obtained with milk proteins are given in
Figs. 29 and 30. Dialysis was performed against the citate-phosphate baffer
solution used in the previous experiments. This yielded satisfactory solution
of the casein. Fig. 29 (*'whole milk'") refers to an experimentin which dialysis
preceded the fat removal and Fig. 30 (’skim milk'’) was obtained from an
experiment with the same milk but with reversed order of these manipulations.

The patterns show many peaks which have been denoted A, B, C, D etc.
according to decreasing values of the mobility. Many parts of the diagram
areas could not be covered by Gaussian curves. For the sake of completeness
we have not eliminated these residual areas by a proportionate spreading over
the more distinct peaks so that the areas under them would total 100 per cent.
On the contraty we have treated every area as a separate component, which
will be useful for a more accurate comparison of the patterns. The mobilities
could only be calculated in the case of the more distinct peaks and the values
found are given in table 17,
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TABLE 17, Mobilities of the main components of milk proteins {mean values from
ascending and descending patterns

Mobility (IO_ECmQV"lscc'_I)
Component [" W gle milk Skim milk
(fig. 29) (fig. 30)
A 7.0 6.9
C 5.5 5.2
D 4.4 4.5
E 3.7 3.7

As was to be expected there is hardly any difference between these data.
In comparison with the mobilities included in table 16 it appears thar the
components C and II may be identical, whereas the components IIl and E
differ somewhat, although not to a great extent. In table 18 we give a com-
parison of the concentrations, obtained by analysis of the patterns of figs.
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29 and 30, with the calculated concentrations of table 16. In spite of the small
difference ‘mentioned above, we have putthe components III and E on the same
level and in addition components IV and F, the larter being completely un-
defined.

TABLE 18, Comparison of the mean concentrations of the components of milk proteins
{from skim milk and frem whole milk} with the calculated concentrations of
whey constituents

Concentration (%)
Milk component Whole milk Skim milk whey proteins | Whey component
(fig. 29) {fig. 30) (calculated)
A 54.2 52.4 -
B 8.9 8.4 -
c 13.6 14.3 11,5 I
o 4.8 5.7 -
E 12,1 13.6 3.0 I
F 6.4 5.6 3.4 ™

It is improbable that the small differences between the figures for whole
milk and skim milk are significant. The influence of centrifuging before
dialysis seems negligible. This should not lead to the conclusion that the
protein sediment after centrifuging has exactly the same composition as the
casein remaining in solution. The quantity that sertles during the centrifuging
process is too small in reiation 1o the total protein content to exert a strong
influence. Hence it is possible that the effect is not detected in these experi-
ments.

The following conclusions can be drawn concerning the whey proteins:
The identity of the constituents IT and C is highly probable. It may be possible
that peak C contains a very small casein contribution, but for the rest it is
certainly due to 3 lactoglobulin (component II). The difference in the con-
centrations obtained from milk and whey patterns can be attributed as well to
a different value of counteracting protein gradients in these two very different
cases of electrophoretic analysis.

Component III can be classified under D or E as far as the values of the
mobilities are concermed,for

D 4.4 . 10 %cm?2V ™ 'sec™?

HI 4.0. 10-.5cm2V_1sec
E 3.7. 10" "em2V ™ 'sec

-1

-1

In view of the large concentration of constituent E we are inclined to assume
that it is obscured rather more by this large peak than by constituent D which
only amounts to approximately 5 per cent.

Finally it is obvious that the immunoglobulins (IV) have to be classified
under the residual area F, Whether they are only responsible for this ateais
a gquestion which cannot be answered definitely from these single experiments.
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7. THE 3IEHAVIOUR OF WHEY PROTEINS UNDER THE INFLUENCE OF HEAT
TREATMENT

a. The temperature of visible beat denaturation

In anticipitation of more thorough physicochemical experiments it was of
interest to know at what temperature the first visible coagulation of whey
proteins occurs. This temperature depends largely on the circumstances under
which it is determined. Arranged according to decreasing importance these
circumstances are:

1. pH
2. lonic strength

3. The character of the salts and other substances present.

Some data on the influence of the pH will be given here, whereas for the
latter two items the normal conditions have been chosen, i.e. the experiments
were cartied cut with native whey.

Three samples of clear centrifuged whey were adjusted to pH 4.5, 6.0 and
8.0. The last meationed sample had to be filtered again from precipitated
calcium phosphate. :The test tubes containing the samples were placed in a
water bath at 60°C and the tempetature was raised to 90°C over a period of
35 minutes, with thorough stirring of the water. Any visible change in the
appearance of the solutions was noted (table 19),

TABLE 19. Occurrence of turbidity (t) and coagulation (c} during the heating of whey

Temperature pH of the sample

(4C) 4.5 6.0 | 8.0

48
69 t
70
71
72 [ t
73 1
74 c
75

-

—

90 c

As was to be expected the sample ar pH 4.5 was the most sensitive one.
Nevertheless it is possible that with other values of the pH some change in
the structure of the protein will occur at approximately 69°C which does not
result in a visible decrease of the solubility. Strong evidence of such changes
will be given in IL.7.d,
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b, The soluble nitrogen content as a function of the temperature of heat treatment

From the observations treated in the previous section (IL.7.a.) it is clear
that there is an interval of remperature in which the initial turbidity changes
into complete coagulation, It is to be expected that the complete process of
coagulation will extend over a wide range of temperature. ‘In order to obtain
more informatdon on the behaviour of the proteins within this interval, the
following experiment was made. .

Rennet whey prepared from centrifuged fresh milk, was divided into eight
pottions of 150 ml. Each portion was rapidly heated on the free flame to a
definite temperature with simultaneous vigorous stirring to avoid ovetheating.
The flask was then kept in a water bath at the fixed temperature for half an
hour after which it was rapidly cooled to room temperature by rumning tap
watet. The precipitate was filtered off and the nitrogen content of the filtrate
estimated by the Kjeldahl method. The nitrogen contents of the solutions
obtained by this procedure are given in table 20.

TABLE 20. Nitrogen content of whey filtrates (whey samples kept for half an hour at
the temperatures recorded)

Temperature | Nitrogen content | Nitrogen content (percent
() (g per 100 g) of original value)
18 123 100
60 122 99
635 117 95
70 108 84
75 86 70
80 70 57
85 58 47
100 54 44

The nitwogen content of the solution heated to 100°C is due to residual
nitrogen plus proteoses as has been described in IL3.4.

InFig, 31 a graph has been plotted from the data of table 20. This graph
gives a good insight into the course of the denaturation. It appears that no
marked effect can be observed at 69°C (the lowest temperature of initial
turbidity). The slope of the curve shows its maximum between 70° and 75°C.
This is the same region where clearly visible coagulation at pH 6.0 was noted
(cf. 1,7.a.). Apparently the test tube trial yields approximately this poiat of
maximum slope of the thermal coagulation curve.

From 659 to 80°C the slope is approximately constant. This involves a
long horizontal part in a plot of the first derivative of the line of Fig. 31.
Such a form is not to be expected when only one pure material is present.
This points to the presence of various constituents which differ as to their
resistance to heat treatment, In the next sections (IL7.d., e.} it will appear
evident that there are considerable differences between the various whey
proteins with regard to their resistance to heat treatment,
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Fig. 31. Nitrogen content of whey filtrate,
(Whey samples kept for half an hour of different temperatures)

At present it can only be stated that denaturation takes place between
60° and 90°C, chiefly between 65° and 85°C with a maximom from 70 ~ 75°C.

c. The electrophoretic patterns of wbey proteins dfter beat treatment up to 55°C

In this and the following section (IL7.d.), the influence of heat treatment
on the electrophoretic pattern of whey proteins will be treated. In the light
of the coagulation curve recorded in the previous section (Fig.31, IL7.b.),
we could expect no or negligible influence of temperatures uader 60°C and
great influence of temperatures from 60 - 90°C, In this section the lower
temperatures are reviewed.

The electrtophoretic pattetns of three samples (a, b and c) of the same
whey have been drawn in Fig. 32. Sample a was not heated before electro-
phoresis and samples b and ¢ were kept for half an hour at 45°C and 55°C,
respectively. Electrophoresis was carried out under exactly the same cir-
cumstances as far as possible, In all three experiments a previous dilution
with buffer solution was applied which will explain the almost negligible
small § boundaries (cf. 11.6.a.).
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The patteras are morphologically similar. For the sake of comparison
the successive patterns have been drawn accurately above each other with
the positions of the § and ¢ boundaries as common origins. Analysis of the
patterns yielded approximately the same values for the concentrations of
components I, II, IIl and IV. The expanded component IV in the ascending
patterr. shows some itregularities which however are not significant because
of the thickness of the curve on the photograph and the uncertainty of drawing
accurately the ceater of this broad line. The mobilities of the components
show a slight shifr in the patterns a, b, and c as can be seen from table 21.

‘TABLE 21. Mobilities of whey components after heat treatment at moderate tempe-

ratures
Whey sample a b c
Temperature of heat treatment
- 45 55
(C)
Component Mobility (107~ °cm? v=lsec=™)
1 5.6 5.9 6.0
1 4.4 4.7 4.9
m 3.2 3.5 3.7

Unfortunately in these preliminary experiments the curtent due to leakage
has not been measured, and hence the total curreat had to be used in comput-
ing the mobilities. This accounts for the difference with the mean values
calculated from other experiments with normal whey viz. 6.6, 5.4 and 4.0

10" cm2 y=? sec™". Therefore the possibility may not be excluded of the
observed small differences being due to accidental differences in the value
of the leakage current. Anticipating the results of the more comprehensive
experiments within the critical interval of temperawre {cf. IL7.b.) that will
be treated in the next section we feel justified to conclude that the changes,
occurring up to 55°C are only negligible.

The electropboretic patterns of whey proteins after beat treatment from 65°C
up o 100°C

To study the influence of hear treatment at temperatures at which serious
denaturation takes place six samples of one portion of rennet whey were
taken and kept at different but fixed temperatures for half an hour. After
filtration of the precipitates they were subjected to electrophoresis ar pH
6.8 and | 0.15. It was the intention to carry out the experiments under exactly
the same circumstances at a protein concentration of 1.50 g/100 ml. However,
some differences occurred as to the total protein concentration, due to in-
sufficient degree of concentration within the time available. In Fig. 33 (a, b,
c, d, e, f) the patterns have been drawn with records of the corresponding
temperatures of heat treatment and other particulars,
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As the differences that could be observed were far mote pronounced in the
ascending patterns than in the descending ones, only the ascending patterns
have been recorded. The components, as well as the residual ateas between
them, were denoted by the symbols A, B, C, D, E, F according to decreasing
mobility. For the sake of accurate comparison the residual areas were not
discarded and hence many times these symbols refer to areas which do not
resemble Gaussian corves, In addition it should be kept in mind that the
symbols A, B, C, D, E, and F do not necessarily reptesent the same materials
in the six pattems. Whether they do or do not will be decided in the later
discussion. Only in the case of the first pattern {sample a, not heated) can
it be stated that B, C, E and F refer to the components 1 (rennet "*whey
protein’’), II ({3 lactoglobulin), III (KEKWICKS albumin?) and IV (immuno-
globulin) respectively, which components have been amply discussed in
previous sections.

The mobilities will be first reviewed. They can only be calculated for
the components B, C and E which show fairly distinct peaks and the values
are given in table 22.

TABLE 22, Mobilities of the components, denoted as B, C and E in the pattemns
ol whey subjected to heat treatment {cf. Fig. 33}

Whey sample a b c d e f
Tenperature of heat treatment (°C) - |65 ] 70} 75| 80 | 100
Component Mobility {(10™%cm2 V™ *sec™?)
B 6.2 6.4 |66 ]65] - |67
c 5.2 { 5.6 [ 57| 5.3 - 5.8
E 38 4.1 3.9 138 | 4.0 | 3.9

In the case of pattern e no values for the mobilities of B and C have been
recorded as the curve shows three peaks instead of two which cannot even
approximately be separated,

From the data of this table it can be seen that the mobilities of component
E remain fairly constant. Those of components B and C show increasing
values in the range a, b, ¢, d, e, f, which, however, in some place are inter-
rupted by a lower value. Although the total increase is not great it does not
point  identity of these components in the successive patterns. For
component E such identity seems probable at least as to mobility.

Regarding the patterns of Fig. 33 it is suiking that component F (IV) has
almost disappeared after heating to only 65°C, Apparently the immunoglobulins
are fairly unstable under heat treatment. Atcthe same time component II (3 lacto~
globulin, C) has divided into two constituents, which makes it difficult to
find back the original component II in Figs. 33 b, ¢, d, e, f. Component IIl
(E) increases, possibly due to the precipitation of the other ones; at higher
temperatures it decreases again.

In table 23 we give a review of the concentrations of the components
A, B, C, D, E and F, keeping in mind that thus far they still may represent
different materials in the different patterns.
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TABLE 23. Concentrations of the successive components of whey proteins after in-
creasing degree of heat treatment

Whey sample a b c d e H
Temperature of heat treatment {°C) - 635 70 75 8¢ | 100
Component Concentration (% of total protein)
A 2.9 15 3.8 3.6 - 3.5
B 19.0 | 38.9 | 30.4 | 24.0 - 49.7
C 49,2 | 37.9 | 23.9 | 55.3 - 15.6
D 2.2 3.4 7.0 2.5 - 7.8
E 12,0 { 13.9 | 28,2 | 125 13.4 | 15.6
F 14.7 4.4 6.6 2.1 3.9 7.8
B+ C 68.2 | 76.8 54.3 79.3 - 65.3

Many concentrations from sample ¢ have been left out for the same reasons
as in the case of the computation of the mobilities (table 22). The separation
of the areas, due to the components B and C was in some cases very arbitrary.
For that reason the sum of these areas has also been recorded. All data have
been taken from the ascending pawerns only (Fig. 33). As long as it is not
known whether the components from A up to and including F are the same
in the successive samples these data are not very suited for discussion.
The following calculation will give some information on this question. If it
is assumed that the comp onents are all the same in all samples’it is possible
to calculate the content of these components per 100 g whey filtrate with the
help of the data on the total nitrogen content of the filtrates (similar to those
tecorded in IL7.b.) and the residual nitrogen contents, After subtraction of
the residual nitrogen from the total nitrogen the content of non-dialysable
nitrogen is obtained (cf. 11.3.d.). By multiplication by the percentages of the
components the non-dialysable nitrogen can be divided into the contents due
to each component separately. The total non-dialysable nitrogen contents,
used for this calculation were (in mg per 100 g filtrate) 119, 86, 72, 55, 39
and 23 for the respective samples a, b, ¢, d, and e. With the use of these
figutes table 24 has been computed.
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TABLE 24, Concentrations of the successive components of whey protein after
increasing degree of heat treaiment, expressed in mg nitrogen per 100 g
whey filtrate

Whey sample a b c d e f

Temperature of heat treatment { °C} - 65 70 75 80 100
Compenent Concentration (mg nitrogen/100 g filtrate)

A 3.5 L.3 2.7 2,0 - 0.8

B 22,6 33.5 21.9 13.2 - 11.4

c 58.5 32.5 17.2 30.4 - 3.6

D 2.6 29 | 5.0 L4 - 1.8

E 143 | 12.0 | 20.4 6.9 | 5.2 3.6

F 17.5 3.8 4.8 1.2 1.5 1.8

B+C 81,1 66.0 39.1 43.6 - 15.0

From these data it appears that none of the components shows a concen-
tration, continuously decreasing with the rising of the temperature. Now
it seems 1mpossible for the content of any component to increase with progres-
sive heat treatment, unless the possibility of conversion of one native compo-
nentinto anotheris assumed. Such an assumption is non-physiological. whereas
we may expect that any chemical conversion between the native components
will take place under physiological circumstances only. Hence we conclude
that during heat treatment the components are not only gradually precipitated
but in addition the constituents remaining in solution change in character.
In other words, as the native components break down, new ones emerge. The
mobilities observed for the new constituents do not differ seriously from the
original ones. There is, however, not the least indication that for example,
the new component E should originate from the old constituent E, Therefore
it may be possible that it is only accidental that the total *mobilicy pattern®’
remains approximately the same.
Reviewing table 24 and Fig. 33 we can make the following statements:

The concentration of component 1 (B, "whey protein'”) increases already at
659, whereas component Il {C, 3 lactoglebulin) decreases at 709C wo appro-
ximately one quarter of its original value; afterwards it increases again. More
reliable are the data on I + I1 (B + C) whose concentration at 70%C falls 1o
approximately 50 per cent of the original value, rises a little at 75°C, and
then gradually decreases to approximately 20 per cent at 100%C. Up to 70°C
this points to a breakdown of the native components, at higher temperatures
the further course is obscured by the appearance of other constituents.
Component III (E) shows its first but marked increase at 70°C followed by
a pronounced decrease at 75°C and from then onwards a gradual decrease
to 100°C. In view of the constancy of the mobility of this component a slow
but' continuous denaturation of the native component can be assumed; this
is temporarily obscured by an intermediate product of denaturation of some
component.
Component IV (F) has vanished for the greater part at 65°C.
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After amrangement according to resistance to heat treatment we can say

that component III seems to be the most stable, followed by [ lactoglobulin
and the ’whey protein®’, whereas the immunoglobulins are very unstable.

It should be noted that fig. 33 f apparently represents the proteoses, for
in this case the real proteins have been precipitated, whereas the non-protein
nitrogen has been removed by the . dialysis preceding electrophoresis.
Comparison of the patterns a and f yields the conclusion that none of the
peaks of the whey pattern can be exclusively attributed to the proteoses. It
is even questionable whether the proteoses as such are present in whey.
Our experiments leave both possibilities open. If they are present their
conwribution to the patterns becomes of importance only after the precipitation
of the principal amount of the real proteins. If not, they may be the result

of the thermal breakdown of the proteins. ROWLAND (1937) records equally
high amounts of nitrogen in whey filtrates after coagulation by heat treatmeat
and after coagulation with trichloracetic acid at a concentration of 4.4 per
cent. At this concentration he observed a remarkable increase in the slope of
the coagulation curve of whey protein with increasing concentrations of
trichloracetic acid. Because of these facts he assumes that the material
precipitating from 4.4 up to 10 per cent trichloracetic acid corresponds to
the proteoses. This might be an indication of the proteoses being already
present in the original whey. Nevertheless the possibility cannot be excluded
that the breakdown under the influence of trichloracetic acid (up to 4.4 per
cent) might have the same course as the thermal denaturation. Hence we
do not feel justified in recommending either of these suppositions.

An interesting feature of the process of heat denaturation is the size of
the & boundary. From Fig. 33 it can be seen that the § boundary of the pro-
teose patterns (f) is considerably greater than that of the native whey pattern
(a). As the toral protein concentrations and the angles of the inclined slit
during the expusures have not been the same in all intermediate cases we

have calculated the values of the "index of mean charge’ l'g: Ha

"8 [Pl]

for all temperatures. These values have been tabulated in table 25.

TABLE 25, Index of mean charge of whey proteins during heat denaturation

Temperature 1 - & L
(c0) & TRy
- 0.0203
65 0.0209
70 0.0357
75 0.0174
80 0.0304
100 0.0364

Although there is no sense in a comparison of the values of this function
except in the case of patterns which show the same concentrations for compo-
nents of equal mobility, it can be applied very roughly to the patterns of
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fig. 33. In these patterns the condition mentioned above is not fulfilled but
on the other hand there is much similarity between them. The data of table
25 prove that heat denaturation is accompanied by pronounced alterations
of the charge of the proteins, Up to 65°C the charge has not yet changed
appreciably, but at bigher temperatures a great increase is observed, reaching
its maximum in the proteose pattern. For a spherical polyvalent ion the
relaticn between the radius r and the mobility u can be assumed to be (appro-
ximately)

u =f_n_
3
where [ = a proportionality *’constant’ and n = the number of charge units
per molecule. .

The wvalue of [ is subject to numerous secondary influences., These are
neglected as only similar materials are compared.

Asn = %’(M =molecular weight, E =equivalent weight) we can write

1.8 _1 £
E " M"T """'M
1 1
o Eu mﬁ =T
Now the index of mean charge is proportional to TLE_ (transference
s §

number and equivalent weight of the S ions) (cf. IL4.c. eq. 7 and IL5.b.).
Replacing the transference number by the mobility (which quantities are
indeed almost proportional in the case of proteins) we see that the index
of mean charge is approximately proportional to

1

2

This means that the higher value shown by this function in the case of the pro-
teoses points to alower average value of the radii of the particles i.e. lower
molecular weights. This is quite in agreement with the usual classification
of the proteoses between the proteins and the normal organic or inorganic
ions. The exceptional value of the function calculated for sample c¢ (heated
at 70°C) needs not point to the same cause but it may also be due to the
exceptional diswibution of the concenttations of this pattern, which is essen-
tially different from the other ones.

Finally the conclusion can be drawn that the electrophoretic pattern
proves to be a fairly sensitive criterion of the effect of heatr treatment. In
view of the changes recorded in this section, it is not surprising that many
condensed or dried whey products show considerably modified electrophoretic
patterns as will be shown in the next sections (II.7.e,, IL.9.c.).

The influence of condensing whey in an industrial vacuum pan

When the electrophoretic patterns of the proteins in various samples of
spray-dried desalted whey ate compared with the patterns of fresh whey
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proteins, considerable differences are observed. This subject will be treated
in detail in 1I.9.b. and c. By examining the successive stages of processing
of these materials, we have tried to decide to which treatment such changes
might be due. In this connection we considered it necessary to add a study
of the influence of an industrial condensing process to this chapter on the
influence of heat treatment.

For this purpose samples were taken from fresh industrial rennet whey
which was condensed immediately afterwards in an industrial vacuum pan.
From this pan samples wete taken after 2, 3 and 4% hours’ condensing at
reduced pressure at 49°C, the final concenwation being approximately ten
times its original value i.e. about 65 per cent dry matter. The experiment
has one drawback. Owing to our special request for accurate recordings of
the temperamre the condensation has doubtless received more than usual
attention. Hence it has to be realised that the samples which have been
swmdied are not fully representative of commercially prepared condensed whey.

The samples were stored in the frozen state at approximately - 20°C for
some days. They were then transported to our laboratory where they arrived
still in the frozen state and were examined at once. '

After the usual dialysis the electrophoretic pattern of the proteins was
recorded under exactdy the same circumstances for each sample. In the case
of the first sample (taken before the starting of the condensing process)
it was necessary to concentrate the solution by the freezing procedure de-
scribed in 1L.2.b. In addition the content of residual nirogen in each sample
was estimated with the help of 15 per cent trichloracetic acid and expressed
as a percentage of the total nitrogen content,

The results of the estimations have been given in table 26,

TABLE 26, Data on whey samples taken during condensation in an industrial vacuum pan

; Ratio of original . . Correspondin
Heatin & Residual nitrogen p &
Sampl - volume to actua. . A electrophoretic
mple time (h volume (in % of total nitrogen) pattemsp(Fig.34)
1 - 1:1 23.2 a
2 2 3:1 24.4 -
3 3 4:1 24.9
4 4% 10:1 26.7

It can be observed that the content of residual nitrogen rises, especially
during the period in which the final high concentration is reached. The
difference between samples 2 and 3 may not be significant for it is within
the limits of error of the estimations which are based on two separate de-
terminations of the nitrogen content. Nevertheless the gradual increase
in the content of residual nitrogen during the process is evident. In Fig.
34 the electrophoretic patterns of the samples 1, 3 and 4 have been drawn.
The descending patterns have not been shown as they were less suited
to the detection of small differences. The pattern of sample 2 was roughly
similar to those of the other samples. Owing to an accident the photograph
of this pattern has not been exposed and hence it cannot be reproduced
together with the other oaes.
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A consideration of the patrerns of Fig.34 leads to the following statements:

1. The fresh whey shows an abnormally low content of immunoglobulins
{component IV).

2. The patterns of condensed whey show no important differences with the
pattern of the original whey,

3. Only component III appears to be somewhat greater in pattern a. than in the
patterns b. and c.

These statements are confirmed by the complete analysis of the patterns.
This can be seen with the help of the tables 27 and 28.
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TABLE 27. Mobilities of the components of whey proteins subjected to condensing
in an industrial vacuum pan {(cf (Fig34)

Mobility (107 Sem?2 V"lsec":1 }
Whey sample
a b c
Component
[ 6.6 6.5 6.6
11 5.3 5.2 5.2
I 3.9 3.9 1.9

TABLE 28. Concentrations of the components of whey proteins, subjected to condens-
ing in an industrial vacuum pan (cf fig. 34)

Concentration (% of'total whey protein)
Whey sample
a b c
Component
I 25.5 27.8 24.6
11 52.9 56.1 57.1
i 15.1 9.8 11.0
v 6.5 7.3 7.3
Index of mean
charge 0,023 0.021 0.021

The mobilities bhave not changed. The mobility of component IV, which
is almost absent, has not been included as it could not be located unambi-
guously. The concentrations show a decrease of component III and an increase
in component IV and also in the sum of the components I and II after three
hours' condensing (b). After that they remain constant within the limits of
error of the analysis. The individual variations of the componentsl and II
ate due to the more or less arbitraty choice of the Gaussian curves, used
for their analysis.

For comparative purposes the average data mentioned in ILG.e, on samples
of fresh whey prepared at the laboratory may be recalled:

Component 1 il m v
Mobility (10~ %cm 2V~ sec™") 6.6 5.4 4.0 1.7
Concentration (% of total protein) 18 54 13 15

It now appears that the mobilities in the samples under discussion are quite
normal. The concenuations are, however, rather different. The content of
“whey protein’ (I} is markedly higher and that of immunoglobulin (IV) is
markedly lower. Apparently these differences are due 1o the cheese
manufacturing procedure of the factory concerned. In view of the behaviour
of whey proteins under the influence of heat treatment at approximately 65°C
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(cf I,7.d., tables 23 and 24) it is probable that these differences point to
a preheating of the milk before cheese making. If we assume that heating
of the milk exerts a similar influence on the composition of the whey proteins
as direct heat treatment of the whey, this can explain the high value of
component I and the low value of component 1V. In the case of component III
the suggestion can be made that it has been enlarged somewhat in pattern a.
because of this previous heat treatment. If this enlargement is really due to a
superimposed produce of denaturation (cf IL.7.d.) it is quite plausible that
during the condensing process this new product is coagulated, which renders
the original component III at an apparently lower level after condensing than
before. The values of the index of mean charge point in the same direction,
The original value is somewhat high, which is due to the previous heat treat-
ment of the milk. During condensing (several hours at 49°C) the depatured
products coagulate, whereas at this temperature no denaturation of native
components occuts. Hence the value of the function is reduced to the original
figure, where it remains constant during the last stage of condensing. The
difference observed in the calculation of this function is not great, hence we
need not attach oo much importance to these figures. They are in any event
not inconsistent with the conclusions drawn above.

After inquiry at the cheese factory concerned it appeared that the milk
in fact had been pasteurized at approximately 65°C. Hence it can be stated
that the electrophoretic pattern of whey can give valuable information on
previous heat treatment of the cheese milk.

In conclusion we can say that the industrial method of condensing milk
whey in a vacuum pan at 49°C for several hours does not exert a detrimental
influence on the proteins. The effect of pasteurizing the milk is far greater.
1f however the temperature of the pan is raised, considerable changes have
to be expected.

8. THE INFLUENCE OF THE ELECTRODIALYTIC DESALTING PROCESS

Experimental daia

The influence of the electrodialytic desalting process has been studied
in some special experiments.

At the semi-technical installation for electrodialysis of whey, mentioned
in I.2., samples were taken from the solution entering the apparatus and from
the tesultant desalted liquid. In addition two modifications of the electro-
dialytic procedure were compared viz. working with high and with low
circulation velocity of the liquid 1o be desalted. The ratio of the velocities
was approximately 5 : 1. This implies more or less vigorous mixing of the
liquid in the middle compartment of the apparatus. The desalting was carried
out at pH 7.5 - 8.0 and at temperatures not exceeding 32°C (average 23°C),
The salt content was decreased to approximately 25 per cent of its original
value.

The material to be desalted consisted of condensed whey from which a
great part of the crystallized lactose had been removed. The nitrogen content
was approximately 1100 mg/100g which implies that the whey had been
condensed in the ratio of approximately 10 : 1. The samples which were
examined will be denoted as follows:
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sample a : before desalting
sample b : after desalting with low circulation velocity
sample ¢ : after desalting with high circulation velocity

The samples were frozen during the night and tansported the next day to
our laboratory where they arrived still partially frozen.

After defrosting the samples were centrifuped and the sed1mcut discarded.
The clear solutions were dialyzed against frequent changes of the usual
elecmophoretic buffer solution (pH 6.8, 1 0.15, cf I.5.a.%. In each case,
the amount of solution placed in the cellophane skin was weighed and its
nitrogen content estimated. After dialysis for several days, the same
estimations were made so that the amounts of dialysable nitrogen could be
calculated. Expressed as the percentage of total nitrogen the results were:

sample a : 33.5%
sampie b : 22.4%
sample c : 18.9%

The samples were subjected to electrophoresis under the usual conditions
(protein concentration 1.50 g/100 ml, pH 6.8, 1 = 0.15) and the pattems
obtained have been drawn in Fig. 35. For the sake of comparison the three
patterns have been drawn in the same figure. The stationary boundaries have
been used as common starting points for the ascending and the descending
patterns.

Apart from the well-known components I, II, IIl and IV a small rapidly
moving component was present, as can be seen from Fig.35. We have denoted
this component as O.

Direction o4 mipration.

I n M v [
35k Desconding patterns

Pig. 35, Electrophorstic pattems of whay prateine batore ond after the slecirodialytical desalting
RmCEs.

Protein concentrations  1.30 g/ 100 ml.

1 = 12000 sec. n=0,15 -
pH =62 F=576V/cm
—— Rampls o, bafore dasalring

Somp'e b, ofter desalting with low circulation velocity
-------- Somple c, aher denalting with high circulation velority
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Accurate analysis of the patterns into all their components was impossible
owing to insufficient separation. In table 29, however, we are giving all the
data that could be calculated with reasonable accuracy.

TABLE 29. Analysis of the patterns of Fig, 35 (whey subjected to electrodialysis)

Mean values of ascending and descending patterns

Sample
a b c
Concentration component O (%) 10.9 11.3 11.2
Concentration component 1 + 1I {%) 63.6 62.5 64.8
Concentration component T + IV {%) 25.5 26.2 24.0
Mobility component O 9.0 8.7 8.9
Mobility component II 4.7 4.6 4.6
Mobility component 111 . 3.4 3.4 3.4
L- gl' | Ha .
Index of mean charge —p— — 0.033 0.030 0.081
r [ P 3]

&

The concentrations have been expressed in per cent total non-dialysable

. [ . - -1 -1 .
protein, the mobilities in 10" °cm2V™ "see” . The index of mean charge

has been ¢alculated as described in IL.5.b.

Discussion and conclusions

The data on the contents of non-dialysable nitrogen yield interesting
conclusions. First it appears that during electrodialysis approximately one
third of the dialysable nitfogen disappears. It is self evident that the electro-
dialysis is accompanied by normal dialysis due to diffusion, and the figures
mentioned confirm this logical supposition. Now ‘in addition it appears that
the loss of dialysable nitrogen also depends on the circulation velocity,
this loss being gfeéater than with low velocities. The difference is not great
(22.4 and 1B.9 per cent respectively) but it proves the stirring effect of
circulation at high speed. Hence it has to be kept in mind that although
stirring in the middle compartment is desirable in view of variations of the
pH in the layers adjoining the membranes, it will involve greater loss of dis-
solved substances, includin g some nitrogen compounds.

Reviewing the mobilities in table 29, it appears that no appreciable change
can be observed. This means that the components are qualitatively almost
unaffected by the desalting procedure. Having regard to Fig. 35 it seems
remarkable that the mobilities of component II can be the same, as the
distances to the reference point (O or € boundary) are obviously not equal,

'This is due to the fact that the differences have opposite signs in the

ascending and descending patterns and hence disappear when the mean value
is calculated. It is partly due to differences in the size of the & boundaries,
corresponding to differences in the conductances which are used in the
computation of the mobilities. '

The variations in the concentrations are within the limits of experimental
error. 'Hence in this respect we can conclude that no influence of the desalting
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procedure can be observed. However, the differences in the size of the 6
boundaries are expressed in the index of mean charge which shows a small
but not wholly negligible decrease after electrodialysis. The values for the
two modifications of the electrodialysis can be regarded as identical.

For the discussion of this effect we have to refer again to 1I.4.d., the
influence of heat treatment. After comparison with the figures reported for
the index of mean charge in table 25, Il.4.d., it can-be stated that a value
of 0.033 is abnormally high. Although we do not know the previous history
of this condensed whey in detail it is certain that the milk has been pasteuri-
zed. 'In addicion it is probable that the condensing of the whey was carried
out less carefully than in the case of the samples treated in 1I.7.d. In any
event the pattems point to some denaturing influence before electrodialysis.

After electrodialysis the value of the index decreased to- 0.030. It is
plausible to assume that during électrodialysis the small amount of denatured
material is removed (probably precipitated) which is expressed by a reverse
tendency of the index of mean charge. In view of ithe form of the parterns,
it is less plausible to assume a continued denaturation, as this would involve
further alterations of the patteras.

Summarizing the results we can describe the influence of the electro-
dialysis as follows:

The desalting procedure involves a loss of approximately one third of
the residual nirogen. The other nitrogen containing substances (proteins,
proteoses) are only slighdy affected, and possibly the coagulation of pre-
viously affected material is favoured,

9, ELECTROPHORETIC PATTERNS OF THE PROTEINS IN VARIOUS KINDS OF
SPRAY-DRIED DESALTED WHEY AND NORMAL WHEY, TO BE APPLIED IN
THE FEEDING EXPERIMENTS

Description of the various producis

In the feeding experiments six different whey powders have been tested
for their value as feeding stuffs. All of them had been previously desalted
by electrodialysis except powder VI which had been prepared from normal
whey. For the rest the preparation had been different in many respects.
The degree of desalting was not the same; an important part of the lactose
had been removed by centrifuging from some materials, from others bv filtration
and in one case no lactose removal had been carried out at all. Hence it
will be uanderstood that the chemical composition of the materials was widely
divergent.

In order to be able to correlate any effect in the feeding trials with every
possible peculiarity in the composition of the whey powders, a fairly extensive
analysis was made of each of these materials. In addition these data could
be used to find out whether the desalting procedure or the accompanying
treatments exerted a special influence on any constituent of the powders,
other than the proteins.

Estimations were made of the contents of moisture, nittogen, residual
nitrogen, ash and fat. The residue up to 100 per cent was denoted as carbo-
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hydrate. From the mineral compounds the contents of CaO, MgO and
NaO + K 0 and those of P,0g and C1 were determined. In addition the
alkalinity of the ash was determined. To check the results the contents of
all oxides have been added afrer which a correction was made for chloride,
This vielded a calculated minimal value for the ash content as no carbonates
had been included. Next the total alkalinity of the ash was interpreted as
due to CO, Afrer addition of this contribution a calculated maximal value
for the ash content was obtained. The small conuibution of other mineral
constituents e.g. SO; has been discarded. The results were in good agree-
ment with the total ash contents that were obtained experimentally.

The pH of each powder was determined in a solution coataining 140
mg N/190 ml i.e. at approximately the original dilution. Furthermore
estimations were made of the contents of thiamin, riboflavin, pyridoxin,
nicotiric acid and pantothenic acid and of the important indispensable amino
acids, me .thionine and lysine. The analyses of vitamins and amino acids were
carried out at The Central Institute for Nutritional Research T.N.O., Utrecht.
We are much indebted to Dr M. VAN EEKELEN and Dr C.G,J.M. ENGEL of
this Institute for their kind co-operation.

All these analytical data have been arranged in table 30. In addition to
the composition of the various whey powders, data from the literature are
given in the last column. They have been taken chiefly from STAEL and
KREDIET'S »’Jaarboek voor de Zuivelbereiding®’ (1951) and from HUNZIKER'S
**Condensed Milk and Milk Powder’® (1946).

'TABLE 30. Composition of whey powders used in the feeding experiments

Whey powders
Constituent Unit A‘fﬁ%‘i’{‘ugeto
1 I m v v Vi

Moisture per cent 4.6 [ 3.25] 4.5 5.35 | 4.5 3.9 6.8
Total nitrogen per cent 2.12 1 3.79 | 4.05 | 4.56 4,91 | 2,01 1.89
Residual nit*cgen per cent 0.598] 1.050| 1.146| 1.537) 1.537| ¢.706 0.473

at per ¢cent [.2 Q0.4 1.1 0.3 0.1 0.8 1.1
Carbchydrate pet cent 78 85 60.5 |54 56 75 71
Caly per cent 0.97 ] 0.43 | 0.94 | 0.39 ] 0.35 | 1,11 0.74
MgO ber cont g37 | 622 038 | 604 | 016 | 0.20 0.25
NagO + Kol per cent 751 3.9 4.9 7.0 5.1 3.9 3.8
C1 per cent 0.07 po.28 f .15 ] 0,911 0.31 ] 1.74 1.59
P05 per cent 0.0 | 1.97 | 1.15 ] 1,31 | 0.82 | 1.44 l.90
Ash caiculated {(lower limit} | per cent 2.5 6.3 7.3 8.5 6.4 7.3 7.3
Ash (expetirental per cent 2.9 7.7 8.55 |11.7 8.7 8.0 9.2
h g Bigr o | B ) B2 L6 |E5E [ (B2 |18

5 1] m,aeq,/gas . B 0 . . -

Bome  (mece | bae | 0 |00 |53 | 308 |

hiamin m 00 g 0.28 . . . 0. B 0,75
Riboflavin masio0g |27 |26 |as |25 |1k |23 3.0

yrdoxin mq/100 q 0.4 1.15 | 0.7 0.8 1,05 | 0.3 0.97
Nicotinic acid mg/100 g 2.2 3.7 3.3 2.2 3.3 1.2 1,7
FPantothante qacid mqg/ 100 g 3.5 8.5 7.6 |15.1 |18 4.7 5.4
Vitamin Bip La/100g | o8 |30 |36 |rzis |'s0 | 1.3 0.9
Methionine per cent p.24 | 0.40 | 0,53 | 0.60 | 0.64 | 0.21 0.31
Lyslne per cent 099 | 1.92 | 2.48 | 2,57 2,78 | 1.06 0.94
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Although this table yields sufficient information as to the composition
of the whey powders it is not especially suitable for quantitative comparison
of the various powders, Such comparison is more effective when the contents
are expressed in parts per 16 g nitrogen. Since no appreciable nitrogen loss
occurs during electrodialysis or centrifuging such data are approximately
representative of composition relative to a fixed amount of original whey.
In addirion the contents of amino acids are directly comparable with data
from the literatre. In this way the data of table 30 have been converted into
those of table 31.

The discussion of these figures will he given in IL.9.c., after the recording
of the electrophotetic data.

TABLE 31. Composition of whey powders expressed in parts per 1B g nitrogen

Whey powders
Constituent Unit - tﬁﬁi?&ﬁe
1 It m v v V1

Total nitrogen’ ms | 16 16 16 16 16 1% 16.

Residual nitrogen ﬁma 4,51 4.51 4,53 5.39 5.01 5.62 4.0
Fat grams 9.1 1.7 4.3 1.0 0.3 6.3 9.3
Carbohydrates grams | 538 273 239 190 13l 588 603

CaQ grams 7.3 1.8 1.7 1.4 i1 8.9 6.3
MgO qrams 1.3 0.9 1.5 0.1 0.5 1.6 2,1
Na:0 + K0 arams 5.7 16.4 19.4 24.6 16.6 1.0 32,2
Cl : 0.5 1.3 0.6 1.2 1.0 12.8 12.5
o Tome | 481 &3 4’5 46 27 | 114 163
Agh {experimental) 21 34 34 4] 28 63 78

Thiamin ma | “2a 4.9 27 | 2. | “2as| i £.3
Riboflavin mg 20.4 11.0 13.8 8.8 5.8 18.2 25.4
Pyridoxin mg 3.0 4.0 2.8 2.9 3.4 2.4 8.2
Nicotinic acld mg 16.8 15.6 13.0 7.7 10.7 9.5 14.4
Pantothenic acid g 26.4 36.7 30.0 53.0 52.5 37,3 45.8
Vitamin B 12 ) 6.0 12.2 14.2 44,2 19.5 10.3 7.6
Methionine ams 1.8 1.7 2.1 2.1 2.1 1.7 2.6
Lysine grams 7.5 a.1 9.8 9.0 8.0 8.4 8.0

Electropboretic data

The powders were dissolved in buffer solution (pH 6.8, 1L = 0.15) to a
concentration of approximately 600 mg per cent nittogen. In the case of
powders I and VI the amount of lactose was too high to permit complete
solution. Here the rest of the lactose was removed by centrifuging. From the
nitrogen content of the solutions it appeared that the proteins had been
almost completely dissolved. The other samples were also centrifuged in
order to remove impurities. All the samples were then supercentrifuged for
approximately $ minutes at a speed of 14.000 r.p.m. The solutions were
cleated considerably by this procedure. Nevertheless according to nitrogen
determinations before and after ceatrifuging the loss of nitrogen was only
apptoximately 1 per cent.
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After dialysis against the usual buffer solution {(pl 6.8, L =0.15), electro-
phoresis was carried out under the usual circumstances. The results of
electrophoresis are shown diagrammatically in Fig. 36 te 41. The patterns
are rather different from those of normal rennet whey (cf Fig, 10, IL5.a.; and
the separation of the components is unsatisfactory, especially in the case
of the descending patterns; only the ascending patterns were therefore ana-
lyzed, The areas ascribed to the various componeats have been bounded by
the dotted linesin Figs.36a to 4la. The relative concentrations, the mobilities,
and the values of the index of mean charge were ralculated. The results are
recorded in tables 32 and 33, together with the average data, reported in
11.6.e. for normal rennet whey.

Direction of migratien
——

3 a  Ascending pottern

b Descanding pattem

Fige 36. Electrophorstic pattams of whay powder |

Protein concentration 1.50 9/ 190G ml
u =015 Fe575V/cm
1 = 12000 sac. a-%°

pH - 6.3
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Dirsetion of migration
——

5 w n n 1
370 Ascending patern

Direction of migration
[ —

1 n n [3
37b  Descending pottern

Fig. 37. Elsctrophorstic potterns of whay sowder 11
Protein concentrotion 1,50 mp/ 100 m!
u =018
t = 12000 suc.
pH =43

F =575¥/cm
6607

Diraction of migration
B ——_—

& v m o I
38a  Ascending pottam

Direction of migration
———

B D;nemding partern

Fig. M. Electrophoretic pattems of whey powder I,
Protein concentration 150 mg /100 ml
w015 F=577V/cm
+ = 12000 1ec. 8 =§50
pH =48



91

Dirsction of migration
—_——

Direction of migration
B

[¢] 1 i
3%b  Dascending pottem

¥y, 39, Elactrophorstic paitems of whey powder IV,

Protein concentration 1,50 g/ 160 ml

n=a.l1s F = ST8 V/em
T = 12000 wec. =552
pH = 6.8

Dirsction of migration

m

Direction of migrotion
-—— e

o 1 n
#0b  Dwscending potiem

Mg, 40, Electrophoratiic pattermns of whey powder V.
Pratein cancantration 1,50 9./ 100 ml
L =018 FaS¥/em
t = 12000 sec. €« 65°
pH =68
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Diraction of migration
——

s &

———

-

Oivaction of migratien
-

41 Desconding pattem

Fige 41, Elnewepharatic pattems of whay powder V1.
Pratein eoncwnteation 1,50 ¢/ 100 ml

u =015 Fal7BV/em
+ = 12000 vec. =480
=68

TABLE 32. Relative concentrations (%) of the protein components in the various whey
powders, and in normal rennet whey

Whey powders
Component Normal whey
I II I v v vl
0 5.9 5.8 4.0 11.3 8.8 4.4 -
1 25.2 26.4 26.8 16.1 16.3 27.0 18
I 58.5 43.8 54.1 52.1 55.2 53.7 54
111 10.4 22,0 9.9 13.7 15.1 8.2 13
v - 2.0 5.2 6.8 4.6 6.7 15
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TABLE 33. Mobilities of the protein componelnr.s inithe various whey powders and in
normal rennet whey (10 Sem2V ™" "sec™ )

C Whey powders Normal
omaenent 1 I 1l v v Vi | “hey
0 - - - 8.7 9.0 - -
I 7.3 7.0 6.9 6.7 7.0 6.3 6.6
11 5.3 5.4 5.2 4.8 5.1 5.0 5.4
I 3.6 3.9 3.6 3.4 3.6 3.6 4.0
v - - - - - . 1.7
Index of 0.0191 ) | ) 0.0185
mean charge | 0-0187 | 0.0191 | 0.0187 | 0.0175 | 0.0183 | 0.0177 | 0.

c. Discussion and conclusions

Reviewing table 31 we can state several interesting correlations.

The degree of desalting is expressed by the various ash contents. Similar
variations can be observed in the contents of Cl and the alkali oxides. The
contents of P ,05 do not exacdly follow the same course whereas the contents
of MgC and CaO do not show any correlation with the ash contents. This
can be due to the fact that the elements Ca, Mg and P are partly present
in nom-ionized forms and on the other hand, to the interference of other
abstracting processes such as cenwifuging.

The amounts of residual nirrogen show some correlation with the ash
conrtents. The effect is in agreement with the loss of residual nitrogen during
electrodialysis, stated in IL.8.a. and b. All contents of residual nitrogen
are rather high compared with the average value in literarure. The origin
of the whey and the storage of the condensed whey will be of importance
here and the deviations of the general correlation might certainly be due
to such differences in previous history of the whey.

Awmong the minor constituents the distribution of vitamin By, is very
rematkable; in the powdeérs1 to V a faitly good correlation with the ash contents
can be observed. The degree of electrodialytic desalting is expressed by
the value of the ash contents. Highly desalted products show low vitamin B,
coatents and vice versa. This points to the elecwical removal of this vitamin.
In fact some electrolytic properties of vitamin By, have been described in
literacure. According to FANTES et al. (1949) it has an electrolytic mobility

of 1.7 . 10" "cam2V™sec™" at pH 7.0 in silica gel. This might explain
the comelation. However, the values for whey powder VI (normal whey powder)
and those found in literature for dried whey do not confirm this supposition
at all. For the occurrence of higher values in the desalted whey two possibi-
lities can be considered. Either the B, content of whey is subject to very
large seasonal variations or the vitamin is formed as a result of some fermen-
tation during the storage of the condensed whey from which the desalted
products were manufactured. Then, in the case of whey powder VI, there
could be no guestion of fermentation, as it was prepared directly from fresh
whev. The assumprion of seasonal variations is less probable because of
the relatively high B;, content of all powders. This would imply that all
of them would have been prepared from whey obtained in approximately the
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same season, which was actually not the case. Hence we are inclined to
the fermentation hypothesis. This suggests that the correlation of the other
values with the ash content will not hold accurately. A different degree of
fermentation of the condensed whey will cause intetference with the assumed
relation.

The degree of removal of undissolved substances is expressed best by
the contents of carbohydrates (lactose). The course of these values is paral-
lelled by the contents of CaO and g0 and to some extent also by those
of POy . This means that a considerable part of the Ca and Mg in condensed
whey is present in the form of fine precipitates which are centrifuged or
filtered off, along with the lactose crystals. The P 05 value in whey powder
I is low, although in this case no centrifuging ot filtration had been applied.
This is due to the prolonged desalting. Apparently the removal of phosphate
ions bad been accomplished electrically whereas removal of Ca and Mg ions
can be achieved only by precipitation.

The correlation of riboflavin with carbohydrate removal is high. This
confirms the work of LEVITON (1943, 1944) on the concentration of riboflavin
by selective adsorption by cristalline lactose.

Concerning the other constituents it can be stated that the values are
not specially influenced by any stage of the manufacturing process with the
exception of some loss of vitamins (thiamin, pyridoxin). This loss does
not seem to be due to the procedure, as the values for normal whey powder
(VD) are approximately the same and also lower than those calculated from
data in the literature,.

After considering the electrophoretic patterns (cf figs. 36 to 41) it appears
that the deviatdon from the normal whey pattern (cf fig. 10, II.5,b.) is consider-
able. The least deviation in form can be observed in the patterns of normal
whey powder (VI, fig. 41) which show a resemblance to the patternsof factory
whey, treated in IL7.e. {cf fig. 34).

The mobilities, summarized in table 33, agree reasonably with the values
for the components of fresh whey proteins. Hence there is no doubt as w0
the identity of the components I, H and IIl. Component IV is practically
absent in many parterns. From table 32 it appears that the highest quantity
observed (whey powders IV and VI) is still less than 50 per cent of the
value in normal whey. The powders IV and V appear normal with respect
to the quantities of components I, II and III. However component I has spread
over an area much wider than usual andin addition a rapidly moving component
(0) is present in quantities which are not negligible.

In comparison with fig. 33 and table 23 (IL.7.d.),; the greater part of the
deviations can be ascribed to the influence of heat treatment. The high
content of component | (whey powders I, I, IIl and IV) is obviously a first
symptom of heat denaturation, The high value of component III in whey powder
II (fig. 37a) and the widened form of the corresponding area is similar to the
deformation in fig. 33¢ (heat treatment at 70°C) although not to such an
extent. Saess should be laid upon the values of the index of mean charge
(table 33). It appears that whey powder II shows the highest value(0.0191)
which means that this powder is the nsst denaturated, although the variations
are not great. The virtal absence of component IV points to heat freatment
at 659 or higher. Finally the relatively high values of the residual nitrogen
contents might have been caused in part by previous heat treatment, as will
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be obvious from the experiments described in II.3.d. Summarizing we can say
that the varicus whey powders show several characteristics of initial denatura-
tion. These may be due chiefly to heat treatment, especially of the cheese milk
and perhaps to a smaller extent to the spray drying of the whey. There is
no indication that the electrodialytic desalting procedure involves the changes
observed in the elecwophoretic patterns of the products which have been
examined (cf I1.8.).

10. HUMAN MILK WHEY

Fresh human milk

It is well-known that the composition of human milk is essentially different
from that of cows’ milk. Although it is difficult to define an '’Average human
milk" because of the dependence of composition of the stage of lactation
(cf IL.A.b.), several differences are very marked during the greater part of
the lacration period.

With regard to proteins the ratio casein : whey protein in cows’ milk
usually has a value of approximately 4.5. For the same ratio in human milk
a value of approximately 1.0 is more generally found.

In view of the many attempts to develop artificial infant foods having
approxinately the same composition as human milk, it is of interest
to determine whether bovine whey proteins are similar to human whey proteins.
We have therefore recorded the electrophoretic patterns of whey prepared
from a sample of fresh human milk. The milk sample was obtained from the
Department of Gynaecology of the State University of Utrecht by the kind
co-operation of its Director Professor W,P. PLATE, M.D. The mitk was
centrifuged to remove the fat and coagulation of the casein was carried out
by the combined action of calcium ions, acid and rennin. For this purpose
2 ml of a saturated solution of Call, were added per 1000 ml of cenrrifuged
milk; next the pH was reduced to 4.37 by addidon of citric acid and finally
1.2 m! of rennet solution (cf IL.2.a.) were added. Precipitation took place
in approximately one hour at 37°C. The precipitate filtered slowly, but a clear
filoeate was obtained. The nitrogen contents of the milk and the filtrate were
253 and 158 mg per 100 g respectively. Dialysis against the citrate-phosphate-
KC1 buffer (u = 2,15, pH = 6.8B) was alternated with concentration by the
freezing procedure (cf II.2.a.). Dialysis was continued until equilibrium
was aetained. The final protein concentration was only 1.04 g/100 ml.

An intetesting feawure of the human casein should also be mentioned
here, Another portion of the centrifuged milk was dialysed with the additional
intention of recording the patterns of human milk as a whole. In contrast with
cows’ milk, this milk sample did not become translucent during dialysis
{cf II.6.e.). Hence it could not be used for electrophoresis. Apparentdy the
degtee of dispersion of human casein is not altered by dialysis. This points
to a different construction of the particles of casein in human and bovine
milk,

Electrophoresis was carried out under the usual conditions and the
patterns have been drawa in Fig. 4:. The ascending and descending diagrams
are very dissimilar. The ascending pattern shows four main constituents,
the descending one three, apart from the stationary boundaries.
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In table 43 the results of analysis of the patterns are summarized, together
with average dam on bovine whey.

Dirsction of migeation
—

>

420 Ascending pattem

Py 42. Elecirophorstic patierns of whey prepared from fresh humon milk.

Profein concenirotion .04 g/ 100 ml

W o013 FasViem
1 = 14000 wec. B « &8¢
e

TABLE 34. Results of the electrophoretic analysis of fresh human milk whey together with average
data on bovine whey

Human milk whey sample, Averags bovine whey
Mobility Molilit Ci -
. o= 2. =1 =2 Concentration ° -5 ¥ 2. -1 -1 tl?;tcigg
Compo- (10 em V sec ) (%} Compo- {10 cm™V sec ) { %}
nent nent
Ascending | Deseending Aslisqnd- Deﬁggnd-
- - I 6.6 13
% 6.0 5.4 9.8 11.2 I S.4 54
B 1 4,0 - 20 - - - -
8.F 2.9 - 38 - - - -
A" Bz - 3.8 se 42 111 4.0 13
. 1.8 a2 47 v 1.7 15
Inde*;z of mean Human whey Bovine whey
charge: 0.037 0.0185

The following statements can be made in the light of table 34.
luman milk whey patterns do not contain a constituent corresponding
with the rennet "whey protein’® (component I) in bovine rennet whey. This
fact will be related to differences between human and bovine casein(cfIll.a.).
Component A of the human whey pattern shows approximately the same
mobility as [ lactoglobulin in the patterns of bovine whey. The concentration

is compietely different viz, only approximately 10 per cent as against 54 per
cent in bovine whey protein.
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The main contribution to the patterns is given by the more slowly moving
constituents B and C. The diswibution of these components is, however,
very different in ascending and descending patterns. In the ascending pattern
two distinct peaks B and B, are observed. Such differentiation is impossible
in the descendiag pattern and even the ratio B : C is completely different
from tae ratio (B, + By) : C in the ascending one. We are quite aware that
the resolution of the patterns in Gaussian curves recorded in Fig. 42 is very
unsatisfactory but we ‘have not been able to give a better one, except by
the inroduction of a great many components of rather arbitrary mobilities
and concentrations, As yet we can only conclude that the separation is not
sufficient for a satisfactory analysis. Nevertheless it is certain that the
greater pact of the human milk whey proteins consists of constituents different
from the proteins of bovine whey as identified in ILG,

The values of the index of mean charge show a very marked difference.
Whether this is due to the different composition or to the different chm‘ﬁe
of the individual constituents cannot be decided; it is probably due to -the
action of both influences together.

It is outside the scope of this work to make an extensive study of various
samples of human milk whey, but it is suggested here that the index of mean
charge may become a most valuable criterion to distinguish human from
bovine whey.

The high value of the index of mean charge is connected with the large
8 boundary. Great boundary anomalies are consistent with pronounced dis-
similarity of ascending and descending patterns as recorded in Fig. 42.

Whey from lyophilized pooled buman milk,

By the courtesy of the Human Milk Bank of the Netherlands Red Cross
Society we were enabled to extend our investigations to a more standardized
product viz. pooled human milk, transformed into a stable powder by means
of a lyophilic drying process. A complete description of this process has
been given by Mr G.G.A. MASTENBROEK (1951) who kindly placed some
samples at our disposal, It should be mentioned that the treatment at the
Human Milk Bank includes pasteurization for half an hour at 67°C. In view
of our work on the sensitiveness of bovine whey proteins to heat treatment
this feature of the previous history should not be disregarded.

The powder was dissolved in water to the concentration of normal human
milk (approximately 12 per cent dry matter). After one day’s storage in the
refrigerator the cream was scparated by cenwifuging and the casein was
removed by the combined action of rennin and acid; a clear solution was
obtained. Dialysis and concentration by the freezing procedure were alternared
in the usual way. Finally electrophoresis was performed at pH 6.8, L =9,15
and a protein concentration 1.06 g/100 ml,

Although the powder could be easily suspended in water, a small amount
of nirogen contzining substances was not in fact dissolved. After centrifuging
approximately 96 per cent of the nitrogen present in the milk powder was
found in the fat free solution. In addition a rather small part of nitrogen
temained in the whey viz. approximately 58 per cent of the total nitrogen in
the milk powder. The value of the total nitrogen content was quite plausible
viz. 1635 mg/100 g. Accordingto the values found in literature (¢f BEACH et
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al., 1941) approximately 70 per cent ofthe total nitrogen ought to have remained
in the whey. We are inclined to ascribe the low value found, to partial de-
naturation of the non-casein fraction during pasteurization. The denatured
whey proteins coagulate together with the casein during the larter’s removal.
In the case of cow’s milk this phenomenon is well-known to the cheese
manufacturer. At high milk pasteurization temperatures high yields of cheese
ate obtained and vice versa.

Birection of migration
RSP, A

43a  Ascending pattem

T

43b  Descending pottam

Fig. 43. Elsctraphorstic patternt of whey preparcd from lyophilized humon mifk powder,

Protain concentration  1.06 9./ 100 m!

w018 F o574y,

t " 14000 soc, I em
- n

oH 8.8 f-g0

The results ot electrophoresis ot the soluble whey proteins are shown
diagrammatically in Fig. 43. The differences from the patterns of cow's milk
(cf Fig.10, IL5.b.} and from those of the fresh human milk sample (cf Fig. 42,
IL1.a.) arc remarkable. The results of annlysis of the patterns are given
in table 35, together with average data on bovine whey.

TABLE 33. Results of the electrophoretic analysls of whey, prepared from lyophilized humoan milk,
together with average data on bovine whey

Whey ‘;r;ﬁ‘:de%é:;’:; Igrﬁo!};l;‘hﬂlzed Average bovine whey

Compo- . Mobluty Cencentration Compo- [Mobiiity Concen-
nent - 2 =1 =1 nent ~% o -1 —1 | tratich
10 om V  sec { %) {10 com™ V sec )
Ascend- | Descend~ | Ascend- | Descend-
ing ing ing ing

- - - ! 6.6 18

A 5.8 5.5 21 20 11 5.4 54

B 4.0 4.3 29 25 111 4.0 13

c 2.1 2.2 4z 48 v 1,7 is

Human whey Bovine whey
Index of mean charge 0.041 0.0185

The statements made in ILS.a. will now be reviewed successively by
comparing table: 34 and 35 and Figures42 and 43,
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1. Neither kind of human whey contains the so-called rennet ''whey protein”’. :

2. In the sample under discussion camponent A, characterized by a mobility
similar to that of B lactoglobulin (II) shows approximately half the concen-
traticn of [3lactoglobulin in bovine whey.

3. Component B appears as a single boundary. No diffentiation into B,
and B, can be made. Its mobility is similar to that of component III in
bovine whey but its concentration is approximately twice as high. This
value is much lower than the values for B; + B, in table 34.

4. The concentration of component C is of the same order as in fresh human
milk, but its mobility is different.

The value of the index of mean charge is slightly higher than in the case
of fresh human milk. In bovine milk whey this would point to heat denatu-
ratior.

b ]

Reviewing the facts and data given in this section we conclude that
obvious differences are found between the partterns of bovine and human whey
and also between those of fresh human milk whey and whey obtained from
lyophilized human milk.

In connection with the latter differences the influence of the stage of

lactation should be mentioned. In view of the different relation between

a2

nitrogen content and stage of lacration for human and bovine milk (ef I1.3.b.)
it might be assumed that the milk obtained directly from the Department of
Gynaecology would be collected during another stage than the powder from the
Human Milk Bank The latter milk is pooled from a large number of donors.
Therefore it can be considered as representative of "Average human milk".
The former sample was obtained ftom a smaller number of subjects, but never-
theless 1t was pooled. It is, however, probable that on average this milk was
obtained in an earlier stage of lactation. According to fig. 5 (IL3.b.) its
content of soluble nitrogen (253 mg per cent} corresponds to a date of
approximately 12 days post partum. This might partly explain the differences
found between both kinds of milk.

Nevertheless in our opinion the major cause has to be sought in pasteuriza-
tion. The low nitrogen content in the whey clearly points to heat denaturation.
in addition the amount of insoluble whey proteins is small enough {4 per cent)
ta coansider the remaining soluble fraction which is the only one to be connect-
ed with the electrophoretic pattern, representative for the non-casein fraction

of the milk. . ) )
This comparison of the three kinds of whey proteins leads to the following

conclusion.

From a chemical point of view not only bovine whey proteins but even
pasteurized human whey are markedly different from the native protein mixture
of human whey. This does not necessarily involve a depreciation of either
or both kinds of proteins from the point of view of their biological value.

11, ULTRACENTRIFUGAL RECORDINGS

The principle of the uliracentrifuge

For a clear comprehension of the results of the experiments to be ueated
under b, ¢ and d we give a short description of the principle of the ultra-
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Fig. 4d, Schematic drawing ol rator of ultracentrituge

centrifuge and some special data on the apparatus used in the experiments.
For a complete weatment we refer to the reviews in literature e.g. those of
PICKELS (1942) and GUTFREUND (1950).

Ultracentrifugal analysis of a protein mixture is based on separarion of
the components according to their sedimentation velocities and a large
centrifugal force has to be applied in order to obtain reasonable velocities.
The cenmifugal field swength is proportional to (# r, where wis the angular
velocity and r is the distance from the axis of rotation. The choice of suitable
values for wand r seems rather arbitrary butit is limited by various experiment-
al factors. The experience of SVENBERG and coworkers has lead to more or
lessstandardized dimensions for a practicable type of ultracentrifuge.

In the case of the apparatus at our disposal the radial distance r was 6.5

Increase in

refractive gradient
Vae k\‘\\\\\\\\\\\‘ \ Refersnca line
e \gx\\\\ s Gradiant dus to botiom sadiment
o
inthe Liguid Sedimenting boundary
rotor
Air ( 1
T \I\\\\\\\\\\ Reterence line
T
Direction of T
sedimentation

Fige 45, Schemotic drowing of ultracentrifugal pattemn
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¢m and the angular velocity applied was approximately 6000 radians per sec.
A schematc drawing of the rotor of the ultracentrifuge used for the
experiments is given in Fig. 44. Light rays pass perpendicularly to the plane

of the drawing and are transmitted only by the sector shaped cell and the two
openings for reference in the dummy balancecell, The further optical arrange-
ment is similar to thar of the electrophoretic equipment (cf 1L.2.b. Fig.2.)
except for the substitution of the inclined open slit by an opaque strip. It
is to te expected that the patterns.obtained by this device will resemble
the one drawn schematically in Fig, 45. The distance between the reference
lines comresponds to the distance of 16 mm between the openings in the dummy

cell. Owing to the inclined opaque strip and the cylindrical lense device
a black line on a light field is obtainéd. The lines within the reference
areas .ndicate the position of zero deviation of light rays passing through
vacuum viz. the openings in the dummy cell, because the rotor is spun in
high vacuum. The cell is made airtight so that the space above the meniscus
remains filled with air. Light rays passing through this air layer will also
show approximately zero deviation. Owing to the centrifugal force the liquid
in the cell will be compressed; this involves a density gradient. The density
of the liquid layer increases almost proportionally to the distance from the
axis of rotation because the centrifugal force is proportional to this distance.
This involves a constant density gradient throughout the liquid layer which
is expressed by the straight vertical parts of the pattern at a position different
from that of zero deviation, Owing to diffusion the separation of protein
from the solution results in the well-known Gaussian curve. The sedimenting
protein accumulates at the bottom of the cell and causes a final increase
in the refractivity gradient. The final value is reached gradually because
of diffusion.

The rotor was spun at a velocity of 59.780 r.p.m., thus giving.a field
of centrifugal force of approximately 260.000 x gravity.  The experiments
were carried out at room temperature. Before and after the experiments, which
lasted 1-2 hours, the temperature of the rotor was recorded. Usually an increase
of 1-2°C was observed.

Most of the experiments were carried out at pH 6.8 and U = 0.15 with
samples of the dialyzed solutions that were used for electrophoresis, except
that a somewhat lower protein concentration was used, usually 0.75 per cent.

At first sight dialysis does not seem necessary in these experimeats,
because there is no need for a supernatant liguid as in the electrophoretic
investgations. This possibility of direct examination of native protein
solutions would be an advantage over electrophoresis. It appeared, however,
that the centrifugal force was high enough to cause even the dissolved lactose
o0 separate, Owing to the high concentration of lactose the contribution of
this gradient partly obscured the real protein gradients as will be scenin
the next section (II.11.b.), Hence it was necessary to work with dialyzed
solutions,

Native milk whey and dialyzed milk whey

In Fig. 46 the ultracenuifugal pattern of nmilk whey is shown, after one
hour’s centrifuging at 5%.780 r.p.m. The solution was a sample of the same
solution used for the electrophoretic experiment described in II.5.d, Three
components can be observed in this pattern; these have been denoted o,
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Diraction of sedimentation.

¥ B @

Fig. 46  Ultracentrifuga! pattern ot milk whaey proteins ofter one
hour's contrifuging at 59780 r.p.m.

Protein cancentration 0.75 /100 ml.
oH =6.8 u =015
and v corresponding to increasing sedimentation velocities. It appears that
the chief constituent is the {3 component. This component wa$ "identified
with P lactoglobulin by PEDERSEN (1936). The sedimentation constants
of the three components have also been reported by PEDERSEN (1936) viz,
1.9, 3.12 and 7.2 Svedberg units for the 0, P and Y components respectively.
CECIL and OGSTON (1949) report S = 2.83 Svedberg units for P lactoglobulin.
It will be clear that patterns like Fig. 46 are not very suitable for detecting
small contributions of minor constituents. Even the o component is only
expressed by an asymmetry on the curve of [ lactoglobulin. As to the identity
of the @ and Y components it is assumed that the Y component of high sedi-
mentation constant and high molecular weight (cf SVEDBERG (1938) and

PEDERSEN (1936), corresponds with the classical globulin fraction (immuno-
globulin, component IV in the electrophoretic patterns). The 0 component
has been ascribed by PEDERSEN (1936) to the albumin isolated by KEKWICK
(unpublished). After two hours’ centrifuging the separation of the ®and 3
components was still insufficient as will be seen hereafter.

The first question to be solved by means of the ultracentrifuge was whether
the dialysis, preceding electrophoretic experiments might alter the properties
of the protein mixture., To answer this question ulwracentrifugal patterns were
recorded of samples of native milk whey and samples of the same whey
dialyzed against the buffer solution of electrophoresis (pH 6.8, L =0.15,
¢f II.5.a.). In Fig.'47 b and c the patterns are shown; they were obtained with
two samples of milk whey, one after one hout’s and the other after two hours’
centrifuging. The differences between the patterns are so great that the
possibility of influences other than dialysis has to be considered. The only
notable difference in composition of native and dialyzed solutions is the
presence of a large amouit of lactose (approximately 4.8 per cent) in the
former. Hence we decided to record in addition the patterns of a lactose
solution of the same concentration. For the sake of accurate comparison
we dissolved the lactose in the same buffer solution (pH 6.8, 1 =0.15),
which yields a kind of synthetic milk ulerafiltrate. The patterns obtained
with this solution are presented in Fig. 47a. It appears that the lactose con-
centration does not remain constant throughout the cell during centrifuging.
On the contrary, the concentration falls from an iacreased value at the bottom
via the original concentration in the middle of the cell down to a reduced
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[PrE———
Direction of sedimantation,

After ane hour's Adfrer two hours'

contrifuging. centrifuging,

a) BuHer solution
conteining 4,8%
lactose {pH 6.8

4 =015

b) Dialyzed salutiens
(pH 6.8 1 =0,15)

¢) Native solutions,

Fig, 47. Jitracentritugal potterns of native and dialyzed whey and of synthetic
mifk ultrafiltrate.
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value near the meniscus. The lacrose patterns give an excellent explanation
of the differences between the patterns of figs. 47b and 47c. The latter are
approximately the sums of the lactose patterns and those of the dialyzed
solutions. After two hours’ cenmifuging the patterns are less additive as can
be seen from the shift in the places indicated as @ and [ boundaries.
Apparendy the sedimentation of the proteins is influenced by the presence
of lactose. In order to explain such influences we might assume the formation
of a weakly bound complex of proteins and lactose by analogy with the so-
called Maillard reaction during heat denaturation.

It will be obvious that the native environment of the whey proteins i.e,
the complete milk ulwafiltrate is not suitable for ultracentrifugal studies.
However, the differences observed between the patterns of native and dialyzed
solutions need not point to an essential alternation of the proteins, as they
are chiefly due to the sedimentation of lactose.

c. B lactoglobulin

In section IL6.c. the main component of the whey proteins has been
identified as {3 lactoglobulin. This was determined by the characterization

Diraction of sadimantation,

——e

a

- Fig. 48, Wtrecentrifugal patterns of Blactoglabulin,

a. Protein concentration 1.0 g/10Q ml,
pH =48, p =0,15, citrate-phosphate KC1.
(Afrer &4 minutes” centrifuging)

b. Profein concentration 0.5 /100 ml.
pH 24,8, 4 20,18, acetate.
(After 80 minutes’ centrifuging)
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of the peaks of the electrophoretic pattern by their mobilities and comparison
with the mobility of a pure § lactoglobulin preparation. To check the identity
of this preparation with the materials described in literature, we have also
recorded its ultracentrifugal pattern. Recordings were made in the usual
buffer solution {(pH 6.8, it = 0.15) at several protein concenwations. One
experiment was also made in acetate buffer (pH 4.8, L = 0.18) near the
iso-eleciric point. The material appeared to be completely homogeneons in
all the experiments. Two patterus out of the series are shown in Fig. 48,
The velocity of the boundaty was measured accurately and the sedimentation
consiant Sgo was calculated. Sgo represents the velocity the material would

have in a hypothetical medium having the density and viscosity of water at

209C and is expressed in Svedberg units (107° sec). The values obtained
are given in table 36.

TABLE 36. Sedimentation constant (S%39 of [ lactoglebulin as calculated from the

sedimentation velocities ohserved in five experiments

Protein concen- |’ pH 520 (Sved]gerg

Experiment tration (% b units
1 1.0 6.8 .15 2.59
2 0.3 6.8 0.15 2.81
3 0.1 6.8 0.15 2,68
4 0.54 6.8 0.15 2.72
5 0.5 4.8 0.18 2.71

It appears thar the results ar pH 6.8 differ only slightdy from that obtained
in the approximately iso-electric condition (pH 4.8). CECIL and OGSTON

(1949) report S:’O =2.81 Svedberg units at a protein concentration of 1 g/100 ml.
At zero protein concentration they find S‘lo= 2.83 Svedberg units. As has

been mentioned by CECIL and OGSTON (1949), differences like those recorded
here may easily originate from different methods of temperature reading etc,
It is not our intention, however, to give new accurate values of the
sedimentation constant, but only to ascertain whether the material under
discussion was really homogeneous 3 lactoglobulin. In view of the results
(fig. 48 and table 36) this is apperently the case. Hence the method of pre-
paraton of ( lactoglobulin deseribed in IL6.c. may be recommended here
for all those purposes where only a solution is needed.

The whey powders used in the feeding experimenis

A comprehensive description of the whey powders used in the feeding
experiments has been given in IL9. Several differences in composition were
stated and even the electrophoretic patterns of the proteins were not identical
(Figs.36 - 41). For the sake of completeness we have also recorded the
ultracentrifugal patterns of the proteins of these whey powders. They were
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e e Direction of sedimentation,

After one hout's
centrifuging.

After two hours'
centrifuging.

desalted whey,

Whey pawder Vi
3pray dried

non-traated whey,

I

a

!

Fig. 49, Ultacentrifugal patterns of spray dried desolted and non-treated whaey
(Whey powders | and VI).

Protein concentration 0,75 g/100 ml,

almost completely identical, but somewhat different from the pattern of fresh
whey. Therefore we will not reproduce all the patterns obtained. In Fig. 49
the patterns of the whey powders I and VI are given after one hour’s and
two hours’ cenwifuging. These powders are the most divergent from the point
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of view of electrodialytic desalting. Powder I contains only 21 g ash per 16 g
nitrogen whereas powder VI which has been prepared from non-treated whey,
contains 63 g ash per 16 g nitrogen (cf table 31, I1.9.a.). Even these patterns
are almost identical. This confirms the tesults of the electrophoretic experi-
ments described in IL8., where the influence ot the electrodialytic desalting
procedure on the electrophoretic pattern appeared to be negligibly small.

In compatison with the patterns of fresh whey Fig. 47b) some differences
can be stated. The Y component which is clearly visible in the pattern of
fresh whey after one hour's ceatrifuging, is absent in the patterns of the
whey powders. This is in agreement with the results of electrophoresis where
it appeared that component IV (immunoglobulin) was either absent or markedly
reduced in comparison with fresh whey proteins (cf table 32, IL9.b.). Further-
more the O component appears to be slightly greater in the case of the whey
powders than in fresh whey. With regard to rable 32 (I1.9.b.) it can be suggested
that the component corresponds to the rapidly moving components of electro-
phoresis (O, I}. According to SMITH (1946 c), the u« component should be
connected with Kekwicks lactalbumin., Hence it is probable that the 2 consti-
tuent also corresponds with component III. Whether this is true or sot can
only be decided by preparative work,

The conclusion of this examination of the powders prepared from processed
whey 15 that they are completely equivalent to powders from non-treated whey
with regard to the character of their proteins. There are on the other hand
differences compared with the proteins of fresh whey prepared from raw milk.
These differences can be asctibed to the pasteurizing of the cheese milk
and to heat treatment during incautious condeasing of the whey,
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12. SUMMARY

The chemical researches described in this section concern the nitrogen
diswibution in whey and the composition of the proteins. The latter was studied
especially by electrophoresis. In addition the influence of several treatments
viz, heat treatment, salting out, electrodialysis and condensing on this composi-
tion have been examined. Furthermore the detailed analyses of several whey
products, to be applied in the feeding experiments were included; this yielded
information on the total influence of the manufacturing process of these powders.
A comparison with human milk was also made. Finally some supplementary
ultracentrifugal studies were discussed.

The nitrogen diswibution in whey was reviewed. Apart from data in the
literature experimental analytical data were given on the composition of samples
of acid and tennet whey prepared from the same milk. From the figutes obtained
the following values, expressed in mg nitrogen per 100 g whey are quoted:

Rennet whey Acid whey
(1) Real protein nitrogen 78.0 67.3
(2) Proteose nitrogen 25.4 20.0
(3) Residu& nitrogen 27.6 28.7
Total nitrogen 131.0 116.0

The definitions adopted for these fraction were:
1. Precipitated by 30 minutes’ heating of the whey at 1009C and at pH 4.7
2. Precipitated by 15 per cent trichloracetic acid, but not by heat treatment.

3. Not precipitated by 15 per cent trichloracetic acid.

The sum of real protein nitrogen and proteose nitrogen appeared to be approxi-
mately equal to the content of non-dialysable nitrogen. The examination by
means of electwophoresis or in the ultracentrifuge was always preceded
by dialysis. {ence the patterns obtained by these methods do not include the
residoal nitrogen.

Electrophoretic analysis yields information on the relative concentrations
of the various components and the values of the electrolytic mobilities of these
constituents. The concentrations are expressed as percentages of the toral
Pprotein®” examined(i.e. real protein nitrogen + proteose nitrogen). The mobilities
serve as a means of characterization of the components and are expressed in

—1 —1 . .
cm?V™ "sec’ ., The average results of electrophoretic analysis of fresh rennet
whey, expressed in these units were:



109

Component Concentration Mobility
I "'Whey protein”’ 18 6.6 . 107°
11 5Lactoglebulin 54 54 . 10~°
1II Component 13 40 . 107°
IV Immunoglobulins 15 L7 . 10~°

The components mentioned above were identified as follows:

Component I represents the so~called "Whey protein’’, This is a constituent
which has originated by the action of rennin on casein during its coagulation.
It gives rise to the difference between the total nitrogen contents of rennet
and acid whey as it is not present in acid whey.

Component 1l is identified as 3 lactoglobulin. It constitutes the greater part
of the ‘classical lactalbumin fraction (defined as the protein precipitating between
half and full saturation with ammonium sulphate). According to PALMER (1934),
it has some characteristics of a globulin although it is completely different
from the classical globulin fraction of the milk. It is the main constituent of
whey proteins. '

Componear I which is present only in rather small amounts is a highly
soluble albumin, which has probably not yet been isolated, It may however
cottespoud with a lactalbumin isolated by KEKWICK (unpublished),

Component IV represents the classical globulin fraction of the milk (defined
as the fraction precipitated by saturation with MgSO,). From this fraction two
proteins have been isolated by SMITH (1946 ¢), which have been termed eu- and
pseudoglobulin. These fractions are connected with the immunological properties
of milk; hence the name immunoglobulins’® has been adopted. The fraction
denoted as component IV is heterogencous, but a justified analysis into its
constituent parts was impossible because of insufficient separation,

Ultracentrifugal analysis of whey proteins yields three components, &, {3 and
Y, characterized by the sedimentation constants 1.9, 2.83 and 7.0 Svedberg
units respectively, Their relation to the components detected by electrophoresis
is probably as follows:

¢ =14+ I
B -1
Yy =IV

The first relation has notr been proved. The second relation was proved by
PEDERSEN (1936} who suggested the name [ lactoglobulin for this constituent
in accordance with the notation ¢, 8, Y. The third relation is certainly true
and is proved i.a. by the work of SMITH and co-workers (1946 up to 1948), and
the results of the work described 1n this thesis.

The electrophoretic and ultracenwrifugal swdies were carried out in a special
buffer solution (pH 6.8, L =0.15) which contained sodium and potassium phos-
phates and citrates and potassium chloride in such a ratio as to resemble milk
ultrafilerare.

In view of the large boundary anomalies observed in the electrophoretic
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patterns of whey, the theory of electrophoresis was thoroughly studied. With the
"Regulating Function” of KOHLRAUSCH (1897) as the starting point the
influence of the boundary anomalies on the migration velocides of the protein
boundaries was discounted. In addition the relation between the size of the
so-called & boundary and the equivalent weight of the protein under investigation
was studied. For the case of protein mixtures a corresponding quantity, the -
"Index of mean charge” was introduced. The calculation of the equivalent
weight was applied to a homogeneous preparation of f lactoglobulin at pH 6.8
and |1 =0.15; the value found was 2710. By means of the dissociation curve of
the same solution a value of 3225 was obtained, in agreement with values
reported in the literature.

The electrophoretic patterns of milk whey were compared with those of milk
and some components of milk were identified as whey proteins.

The influence of salting out of whey proteins with ammonium sulphate or
with an equimolecular mixture of mono and di-potassium phosphate was studied
and it appeared to be small. The patterus obtained after re-solution and dialysis
were only slightly different from those of frash whey proteins.

The influence of heat treatment was studied extensively. The lowest tempera-
ture at which visible turbidity of whev occurred was 69°C at a pH of 4.5. The
precipitation of protein at increasing temperatures was examined by estimation
of the nitrogen contents of the filtrates. Precipitation occurred chiefly between
65 and 859 with a maximum between 70 and 75%C. After heat treatrient at 65°C
the classical globulin fraction has already disappeared from the electrophoretic
pattem. Heat treatment up to 55°C does not cause any change in the patterns
‘When arranged according to decreasing resistance to heat treatment the following
order of the components is found: III >11 >I >IV. The value of the index of mean
charge is highly dependent on the temperature of heat treatment.

The influence of condensing whey in an industrial vacuum pan was also
cxamined. The changes observed were small and pointed to a further coagulation
of products, initially denatured during pasteutization of the cheese milk. In this
case condensing has been carried out very cautiously at temperatures not exceed-
ing 499C. Condensing at higher temperatures was not studied but may cause
considerable alteration of the proteins.

Electrodialytic desalting of whey in the semitechnical plant developed by
the General Techpical Departmeat "T.N.0O.” is accompanied by two effects.
First, approximately one third of the coatent of residual nitrogen is removed by
diffusion, this amount being greater when thorough stirring (high circulation
velocity) is applied to the liquid to be desalted. Secondly, very slight changes
in the electrophoretic patterns are observed and possibly coagulation of previous-
ly affected materials has taken place.

The examination of whey powders obtained from various kinds of desalted
and nomal whey, yielded supplementary information as to the accompanying
effects of the electrodialytic procedure. The removal of certain minor constituents
(vitamins B, and Bi,) |appeared to be dependent on the method. Removal of
lactose is accompanied by a decrease of the vitamin By content, whereas the
possiblity of electrolytic removal of vitamin B;.is suggested. Several character-
istics of incipient denaturation of the proteins were obsetved which, however,
were chiefly due to previous heat treatment of the cheese milk.

Bovine whey proteins appeared to be essendally different from human whey
proteins in many respects from a chemical point of view. Examination of whey
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prepared from lyophilized pooled human milk yielded differences from fresh
human milk; these were ascribed to previous pasteurization.

Ultracenmifugal stwdies of native milk whey and dialyzed milk whey yielded
large differences which were ascribed to the presence of lactose, The possibility
of weakly bound complexes between proteins and lactose in native whey was
suggested. No differences could be observed between the patterns of whey
powders prepared either from normal technical milk whey or from desalted whey.
Differences with the patterns of fresh rennet whey prepared from raw milk were
consistent with similar differences between the electrophoretic patrerns. They
were ascribed to the pasteurization of the cheese milk.
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I, FEEDING EXPERIMENTS
1, INTRODUCTION

As has been mentoned in the general introduction, the subjects to be treated
in this thesis include the execution of biological and biochemical tests on the
usefulness of products manufactured from desalted whey for feeding purposes,
especially as a fodder for poultry, cows and pigs (cf L4.c.).

Feeding experiments were carried out to this end, with the whey powders
described in II.9. Some preliminary tests were carried out with rats, followed
by more extensive trials with chicks, calves and pigs. The kind co-operation
of several specialized Institutes should be mentioned here. The rats were
supplied by the Central Institute T.N.O. for the Breeding of Experimental
Animals, where the experiments were catried out. We are indebted to Prof. Dr
G.M. VAN DER PLANK and Dr W.K. HIRSCHFELD (Chairman and Director of
the Institute) not only for this co-operation but also for the execution of a trial

with chicks at the Zootechnical Institute of the State University of Utrecht,
and for valuable advice in the experiment with calves. In the case of this experi-
ment, three sets of twin calves were placed at our disposal by the kind co-
operation of the Unit for Research on Animal Husbandry T.N.O. We are much
indebted t Prof. P. HOEKSTRA D.V.M,, Mr C. VAN DER GIESSEN and Miss
A. HOETINK, Director, Secretary and Co-worker respectively of the Unit for
their valuable contribution to this research. The experiment with pigs was
executed at the Institute for Modern Live-Stock Feeding *’De Schothorst™ at
Hoogland (near Amersfoort)., Its Director De J. GRASHUJS consented to the
trial being carried out at his Institute. We are indebted to him and also to his
co-workers Dr S.T, HOFSTRA, Mr J.G. DE HEUS and Mr B. BLOM for valuable
help and assistance.

Stadstical analyses ofthe experiments were made by the Statistics Department
T.N.O. We are indebted to Mr Th.J].D. ERLEE and Dr E.F. DRION for their
valuable co-operation.

In the next four sections the experiments with rats, chicks, calves and pigs
will be treated successively.

2. FEEDING EXPERIMENTS WITH RATS

Before the experiments with chicks, calves and pigs some laboratory experi-
ments were carried out with rats. These experiments were necessary to yield
information as to the quantities of different whey powders that could be fed
without detrimental effects.

Three experiments were performed, which will be denoted as A, B and C.
Experiment A was a preliminary trial with widely divergent quantities of whey
powder. Experiment B was a repetition of A, within the limits obtained as a
result of the first feeding trial. Experiment C was carmried out with another whey
powder of higher protein content.

The animals were albino rats, obrained by breeding in of a strain from the
WistarInstitute {(London). The strain is now denoted Z.1. (Zootechnical Institute).

Experiment A
Five groups, each of five male rats (Z.1. strain) were placed on different diets
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in which approximately 0, 5, 10, 20 and 50 per cent of the protein was supplied
in the form of whey powder I. The composition of this powder has been given
in tables 30 and 31 (IL.9.a.). It is a typical example of a dried desalted whey,
without any removal of lactose. The only remarkable difference from normal whey
powder is the low ash content (2.9 per cent as against 89 per cent in normal
whey powdet).

The diets were calculated in such a way that the values of total protein,
lysine, methionine, minerals and the starch value were approximartely the same
for the five groups. In table 37 the composition of the diets is represented. In
table 38 the analyses of the mixed feeds as to the constituents mentioned above
are given, including the contents of lactose.

TABLE 37. Compositien of diets, supplied in the feeding trials A and B on rats

Control Test groups

group (Ca) 1 2 3 4
Ground corn 24 19 10 - -
Ground oats 18 18 18 18 -
Linseed meal 3 3 3 3 1
Soybean oil meal 6 8.5 8 6 1
Corn gluten feed 8 8 8 4 1
Wheat bran 5 5 6 5 1
Grass meal 6 6 & 6 -
Skim milk powder 6 - - - -
Fish meal 14 14 14 14 14
Yeast 3 3 3 3 2
’"Vital’’ (substitute for yeast) 5 5 5 5 -
Minerals 2 2 2 2 -
Vitamins A and D 0.3 0.3 0.3 0.3 0.3
Whey powder I (desalted) - 8.5 17 34 80
Total 100 100 100 100 100

TABLE 38, Analyses of diets, supplied in the feeding trials A and B on rats

Control Test groups
group (C) 1 2 3 4
Whey protein in % of total
protein - 5 10 20 47
Whey powder 1 in % of total
diet - 8.5 17 34 80
Total crude protein (%) 22.5 22.4 22.8 22.5 20.4
Lysine (%) 1,35 1.37 1.43 1.51 0.87
Methionine (%) 0.58 0.54 0.54 0.52 0.28
Starch value 68 68 68 70 86
Lactose (%) 3.0 6.6 13.3 26.5 62.4
Minerals (%) 8.5 3.4 8.5 8.9 5.7
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Diet 4 contained an extreme amount of whey powder. Therefore it was not
possible to maintain the constant values of the analysis. The high content of
lactose resulted in an increased starch value, whereas the content of minerals
was considerably lower than that of the other diets, in consequence of the low
ash content of the desalted whey.

The animals were fed ad libitum as groups and the increase in weight was
measured at the end of two weeks. The average increase per animal per week
was calculated. The values found are given in table 39.

TABLE 39. Growth of rats in feeding trial A

Groups C 1 2 3 3

Percentage of protein substitu-
& fion in the diet (B | © 5 |10 | 20 | 4

A' 3 r s
VeTage Increass al (vadn) | 182 | 19.2 | 145 | 115 | -

All the animals of group 4 died within one week, showing symptoms of severe
diarthoea. This was probably due to the excessive amount of lactose in the
diet. The growth of the other groups shows a slight maximum at 5 per cent
protein substitution. At higher percentages, lower growth values were found.
The data of this preliminary experiment have not been analyzed statistically.
Therefore they will not be discussed in detail.

Experimeni B

In this trial the same diets as used in experiment A were tested. The experi-
ment lasted 60 days and was performed with five groups, each composed of two
male and two female rats (Z.l. strain), For the composition and analyses of
the diets we refer to tables 37 and 38. In addition, every animal received 0.1 mg
thiamin per day (per os) in order to prevent a possible thiamin deficiency as a
result of intensified carbohydrate metabolism. Nevertheless the animals of
group 4 showed diarthoea and died within one week. The increases in weight
are recorded in table 40.

TABLE 40, Growth of rats in feeding trial B

Groups C 1 9 3 B

Percentages of protein
substituug:n in the diet (%) 0 5 10 20 47

Individual growth of rats L i,. Zdk ALBT AR 4 T—
R B B | e 18] - |
Tatal growth (g) 349| 295 |416]195]366 [ 275 | 243 | 233 | - -
Mean growth per rat (g) 161 153 160 119 -

Mean growth per week (g 18.7 17.8 18,7 13.9 -

Average growth of all rats in 60 days: 148.25 g,
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These results are in agreement with those recorded in table 39, as far as the
groups C, 3 and 4 are concerned. Group 2 shows better growth than in the first
experiment, whereas at 5 per cent protein substitution in group 1, no maximum
is found.

An analysis of variance was applied to the individual growth values. The
total growth of each animal (G) was assumed to be additively composed of five
components viz.:

* 1. The mean level of growth (M)
2. The influenc e of sex (S)
3. The influence of diet (D)
4. An interaction ISD representing the deviation of additivity of the S and D
effects
5. The residual variance ¢.

This scheme can be represented by the egquation
G=M+S+D+lgp+e

Whether any influence is significant or not depends on the value of the

probability of the null hypothesis being correct. In this and in the next sections
this probability will be denoted by the symbol P.
'~ It appeared thar nor only the influences of sex and diet were significant
(P < 1 per cent), but also the interaction. If, however, the same calculation
is made, group 1 being left out, the interaction is no longer significant ( P =16
per cent). The first result is probably due to the second female rat of group 1
which showed an abnormally low growth (76 g as against the mean value 148.25
g). Although it cannot be proved, it is probable that the influence of this extreme
value is too great in view of the small number of animals per group., According
to the second calculation, the differences between groups C, 2 and 3, due to
feeds were higly significant (P =0.5 per cent), which shows that 34 per centof
whey powder I in the feed is inadmissible whereas 17 per cent can be applied
without detrimental effect.

The faeces of each group of animals were collected dazily during several
weeks, and were analyzed for their content of reducing substances (*’sugars™).
The analyses were carried out according to the ferricyanide method of HAGE-
DORN and JENSEN (1923), which was preceded by deproteinization with cadmium
hydroxide according to FUJITA-INATAKE (1931). The reducing power was
calculated as glucose. In addition the content of dry matter was estimated so
that the amounts of "glucose’ could be expressed as per cents of total solids.
Furthermore the same estimations were made in the protein free filetrates afrer
inversion of complex carbohydrates to monosaccharides by one hour’s heating
at 1009C after addition of hydrochloric acid up to a final concentration of 3.2
per cent.

The results of the estimations are given in table 41.
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TABLE 4i. Total reducing power of rat’s fueces,.calculated as glucose as a percentage of the
total solids .

"*Glucose’! before inversion !*Glucose’" after Inversion

Group C 1 2 3 4 C 1 2 3 4
Date

11/7 1.03 1.29 1.44 2,54 3.09 1,22 1.7Q 1,30 3,70 3,96
12/7 - 1,66 2.38 - 4,9 - 2.50 2,568 - 7.7
13/7 1.59 2.42 2.03 2,27 3.2 1,73 3,86 2.73 3.87 8.4
14/7 1.46 1.75 1.34 1.30 B.i 2.04 2.80 1.37 .04 9.9
lg;? 1.52 1,46 1.B3 1.70 gg %Zg l.ég 2.46 %gg gel
16/7 1.19 0.99 - 1.61 . . . - . .
172/2 - 1.58 1.12 1,22 14.8 - 2,88 1.31 .77 20.0
18/7 1.21 1.30 1.37 1.03 1.62 2,04 1.69 1.15
19/7, 0.77 1.57 1.70 2.07 0.89 2.70 1.99 2.43
207 - 1.44 1.16 2.12 - 2,17 1.08 2.69
21/7 0.B5 1.28 1.15 1.90 1.27 1.47 1.52 2.47
22/7 0.89 0.85 0.99 0.92 i.40 1.29 1.45 1.37
24/7 0.75 0.85 1.06 1.74 0.98 1.30 [.51 2.00
25/7 0.99 0.91 1.55 1.02 1.05 1.32 2.00 1.25
26/7 0.49 1.54 1.77 1.94 0,55 2,57 2,47 2.49
2777 1.37 1.34 1.31 {.46 1.66 2.30 1.90 1.98
28/7 1.01 1.55 1.83 i,44 1.39 2.19 2.48 1.95
29,77 0.35 1.0G 1.37 1.29 0.40 0.84 1.63 1.85

0/7 - 1.04 1.17 0.82 - 1.30 .36 1.12

4,9 0.47 0.73 1.02 0.62 0.44 1.20 1.69 1.00

579 0,57 0.74 0.22 0.43 0.62 0.87 0,19 0.60

8,9 0.564 1.02 0.64 0.73 1,03 0.97 1.18 1.00

7,9 0.52 0.50 0.65 1.05 0,74 0.52 0.83 1.33

8/9 0.17 0,33 0.53 0,42 0.12 0.38 0.50 0.52
Mean 0.88 1,18 1,25 1.36 1.10 1.71 1.62 1.88

1
The mean values have been computed only from the observations at dates where analyses of the
faeces of ull qroups except 4 were available!

It appears that the faeces of group 4 show an abnormally high sugar content.
In general the values of the groups 3, 2 and 1 are higher than those of the control
group. In addition the values decrease in the course of the experiment. The
ratios of the values before and after inversion were also calculated but are not
represented here. There was no significant difference in these values either
between the groups or between successive periods of the experiment.

The data of the analyses were examined statistically by means of the method
of m arrangements, as described by KENDALL (1948), The differences of the
groups 3, 2 and 1 as compared to the control group were highly significant in
both cases, before and after inversion (P =0.1 per cent). In view of the relacively
small difference, between the ''glucose’ contents before inversion of group 1
and group C, in this case a special test was applied viz. that of HEMELRIJK
(1950). According to this test the difference between the groups 1 and C was
still very significant (P = 0.2 per cent), whereas the corresponding difference
between the groups 2 and 3 was not significant (P =10 per cent).

Examination of the ratios of the values before and after inversion yielded
no significant difference between the groups (probability of occurrence of the
-arrangement values found: 26 per cen),

From the results of this experiment the following conclusions can be drawn.

Feeding of 80 per cent of whey powder I is detrimental. Several authors have
reported that rations containing 62 - 100 per cent lactose cause early death in
tats (cf FISCHER and SUTTON, 1949). The ration of group 4 contained 62.4 per
cent. It can be stated that the diatrhoea observed is caused by the lactose and
is not prevented by the other constituents of this whey powder, Neither is it
prevented by oral administration of thiamin, A ration containing 34 per cent
whey powder I (26.5 per cent lactose ) does not cause death but results inre-
tardation of growth, probably in consequence of a slight diarrhoea. This confirms
the observation of RIGGS and BEATY (1947) who report the lowest lactose level



122

causing diarthoea in weanling rats (Sprague-Dawley strain) to be 20 per cent.
Rations containing 17 per cent whey powder orless do not cause any retardation
of growth but still involve an increased *’sugar’’ content in the faeces. Metabolic
breakdown of lactose to monosaccharides is accomplished in all cases at the
same rate, for no difference. was observed in the ratic of reducing power of the
faeces between the groups, before and after inversion.

Experiment C

In view of the difficulties encountered in the previous experiments because
of the high levels of lactose in the rations, another experiment was carried out
with a whey powder containing a more favourable ratio of protcin to lactose.
The powder used was whey powder II which has been described in section 11.9.

TABLE 42, Composition of diets, supplied in feeding trial C on rats

Contr&!n Test groups
ou
group 1 2 3
Ground corn 24 20.7 17.3 14
Ground oats 17 14.7 12.3 10
Soy bean oil meal 6 5.3 4.7 4
Com gluten feed 8 7.7 7.3 7
Wheat bran 5 4.3 3.7 3
Fish meal 16 14 12 10
Peanut oil meal 5 4.3 3.7 3
Linseed meal 3 3 3 3
Grass meal 6 6 6 6
Yeast 3 3 3 3
*Vital”’ (substitute for yeast) 5 5 5 5
Minerals 2 2 2 2
Vitamins A and 0.3 0.3 0.3 0.3
Whey powder II (desalted) - 10 20 30
Total 100 100 100 100
TABLE 43. Analyses of diets, supplied iy feeding trial C on rats
Control Teat groups
group {C) I P 3
Whey protein as % of total
rotein - 10 20 30
Whey powder I as g of : -
total diet - 10 20 30
Total crude protein (%) 24.0 24.0 24.0 24,0
Lysine (%) 1,40 1,45 1.50 1,55
Methionine (%) 0.57 0.56 0.54 0.52
Starch value 68 69 70 71
Lactose S%) - 6.5 13 19.5
Minerals (%) 8.8 8.9 9.0 .
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lhe degree of desalting is somewhat lower than in whey powder I but its protein
content is approximately twice as high because of the removal of lactose {cf
tables 30 and 31, 1L.9.a.). With the help of this powder, diets were composed in
which 19, 20 and 30 per cent of the total protein was supplied as whey protein.
Nevertheless even with 30 per cent protein substitution, the lactose content
of the diet did not exceedthe 20 per cent level of RIGGS and BEATY (1947).

The -ompositions and analyses of the feeds are represented in tables42 and
43, together with the same data on the ration of the control group. .

From these tables it is obvious that this whey powder is more suited to the
composition of well-balanced diets. .

The experiment was carried out for five weeks with four groups each composed
of 4 male and 6 female white rats (Z.1. strain). The feed was supplied ad libitum
to each group,

Weight recordings were made each week and the faeces were collected each
two days and analyzed for reducing power as described in experiment B. After
five wecks, the average increase in weight per animal per week of each group
was calculated. Five animals, distributed over the groups C, I and 3, had died
and were left out. In addition 7 other animals were intentionally left out of the
calculation although the choice within each group and sex was made at random.
This was done to make the experiment orthogonal and more accessible to the
application of an analysis of variance. In this way equal numbers of males and
females per group were left. The growth values are given in table 44,

TABLE 44. Growth of rats in feeding trial C

Groups C I z 3

Percentage of protein substitu(ti%g:: (i&)the 0 10 20 30

i i ight imal
Average increase in welggmg/‘p;zrei?xm 15.8 16.6 15.2 4.4

_The analysis of variance of the individual growth values of the selected
28 apimals was camied out in the same way as described under experiment B.
There appeared to be no interaction of the influences of sex and diet. The
influence of sex was very significant (P =90.01 per cent) whereas the influence
of the diets was not significant (P =78 per cent).

In addition the course of growth was analyzed. In fig. 50 the average weights
of the animals of each group have been plotted. The curves are fairly similar.
More exact information was obtained by application of the method of m arrange-
ments (KENDALL, 1948) to the individual weekly increases of weight. Here
only the dead rats wete left out as the application of this method does nbt
require orthogonality. A first arrangement of the data of the 35 animals together
yielded a probability value of only 0.8 per cent. This value, however, may be
due to the influence of sex, which is alteady very marked in the case of total
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growth. When separate arrangements were made for the males and the females
the probabilities of occurring were 45 and 85 per cent respectively. This proves
that the differences between the groups are not significant either in total growth
or in the rate of growth.

The analyses of the faeces for reducing power yielded a general decrease
in the course of the experiment, and a constancy of the ratio before and after
inversion. No significant differences between the groups could be obsetved
either in the '""glucose’’ contents before or after inversion or in the ratios of
the two values. This was found by application of the method of m arrangements
to the data from the analyses, In table 45, the average data per group are given,
together with the probability of finding a similar arrangement of the individual
differences by chance.
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TABLE 45. Mean reducing power of faeces of rats in feeding trial C per group, calculated
as glucose and expressed as percentage of the total solide (aversges of
ohservations in the course of 5 weeks -

Groups "Probability of cccurring
C 1 9 3 by chance
Glucose before inversion 0,79 ] 0.701 0.73 | 0.75 95%
Glucose after inversion 0.90 ] 0.85 1 0.8% | 0.86 98%
Ratic after/before 1.13 ] 1.19} 1.22 | 1.22 40%

Hence there is no significant difference in reducing power of the faeces of
the four groups.

‘Reviewing the experiments with rats, we can state that the feeding of whey
powder is limited by the lactose level of the diet. At levels over 20 per cent
retardation of growth and diarthoea are observed. Substitution of 30.per cent
.of the protein in the feed by whey protein does not give rise to any difficulty
if the laciose content remains below 20 per cent of the diet. It is remarkable
that in experiment B, an increase of the reducing power of the facces was
observed with dicts containing 8.5 and 17 per cent lactose respectively, whereas
in experiment C such an increase was not observed, even with 19 per cent
lactose in the diet.

3. FEEDING EXPERIMENTS WITH CHICKS

The rate of growth of chicks, fed on a diet containing whey protein (W) was
compared with that of chicks on two control diets, one containing animal proteins
(A) and one containing plant proteins (P).

. The source of whey protein was whey powder 1II, described in IL.9. From
the analysis of this powder {tables 30 and 31, IL.9.a.) it appears that the degree
of desalting is the same as in whey powder Il, which was used in feeding trial
C with rats; the coatent of lactose however is somewhat lower. Therefore a
substituticn of 35 per cent of the protein by whey protein was carried out. This
involved a lactose content of 18 per cent of the diet, which was still below the
20 per cent level observed in the experiments with rats. On the other hand it
also implied that all animal protein in the diet A could be amply replaced by
whey protein without the 20 per cent lactose level being exceeded. In this way
the possible influence of minor constituents such as vitamin By, and/or the
so-called ''whey factor’” would be expressed in the results of the experiment,
The control diets A and P would show the influence of presence or absence
of the Animal Protein Factor (A.P.F.) as diet A contained 10 per cent fish meal.

The compositions and analyses of the diets supplied to the three groups are
given in the tables 46 and 47.
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TABLE 46. Composition of diets, snpplied in the feeding trial with chicks

w A P
Ground com 15.0 32,0 35.0
Ground cats 7.5 17.5 12.5
Soybean oil meal 10.0 17.0 27.0
Mixed bran 18.0 13.0 10,0
Extracted sunflower seed 5.0 - -
Peanut oil meal 4,0 - 5.0
Fish meal - 10.0 -
Yeast 3.0 3.0 3.0
'Vital”’ {substitute for yeast) 5.0 5.0 5.0
Minerals 2.0 2,0 2.0
Vitamins A and D 0.4 0.4 0.4
Whey powder 11 30.0 - -
Total 100 100 100

W =Diet containing whey powder
A =Dlet containing animal protein
P =Diet containing plant proteins

TABLE 47. Analyses of diets, supplied in the feeding trial with chicks

w A P
Whey powder as % of 1otal protein 35 - -
Whey powder Il as % of total diet 30 - -
Tozal crude protein (%) 2L.5 21.3 22.1
Lysine (%} ) 1.43 1.27 1.10
Methionine (%) 0.48 (.49 0.44
Starch value 69 68 71
Lactose (%) 18.2 - -
Minerals (%) 7.7 7.3 5.7

It is worth mentioning that the starch value and the mineral content of diet
W remained on a normal level in spite of the high content of whey powder. The
lysine contents are far above the norm according to ALMQUIST (1948) viz.
0.9 per cent, whereas the 'methionine contents are exactly up to the norm
(0.45 - 0.50 per cenr),

The experiment was carried out with three groups, each composel of 100
White [.eghomm newly hatched chicks { & ¢ ). The animals were housed in
electrically heated cages with raised screen floors, each cage containing 25
birds. The chicks were weighed at one day old and distributed over the groups
at random. After that weights were recorded at weekly intervals. In the course
of the experiment some chicks died and two of them turned out to he females
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and were removed. After four weeks the chicks were transported into three
nomal chicken-runs. Unformnately they became infected with coccidiosis,
which became evident two weeks after moving; this caused an increased mortality
in the last weeks of the experiment. The numbers of dead birds in both periods
of the experiment are recorded in table 48.

TABLE 48. Number of chicks that died in the course of the experiment

Groups
W A P
First 4 weeks (before coccidiosis) 11 4 2
Last 5 weeks (after coccidiosis) 11 3 |18
Total 22 7 20

The mortality in the group which was fed animal protein is lower than in the
W and P groups. At the end of the experiment 249 chicks were left, viz. 77 in
the whey zroup, 80 in the vegetable protein group and 92 in the animal protein
group. Growth data will be reported on these birds oanly. During the first four
weeks, facces of each cage of 25 birds were collected separately at weekly
intervals and analyzed for reducing power before and after inversion. The method
of analysis was the same as reported in sectionlll.2. Feed and water were
supplied ad libitum. The general appearance of the chicks of group A (animal
protein was the best, although almost the same as that of the animals of group P
(plant protein). The appearance of the*birds of group W (whey protein) was
somewhat poorer. The group consumed much more water than the other groups
and the birds were less clean. Obvious diarthoea was not observed.

The average growth of the chicks of the three groups was slightly divergent.
When the average weights of the surviving birds were plotted against the time,
there appeared to be no change in the slopes and the relative positions of the
curves after the fourth week. Apparently the interference due to the outbreak
of coccidiosis is not very important. Therefore the results of the experiment ate
represented completely. In any eveat these curves can be considered to be
completely reliable with tespect to the first four weeks of life. The small differ-
ences in growth become more pronounced when the average weights per animal
of each group are expresséd as a percentage of the average weights of one of
the groups at comresponding dates. In this way the graph represented in Fig. 51
has been plotted, with the weights of group A as 100 per cent level. Hence it
has to be realized that fluctuations of the growth of the control group will
will result in simultaneously occurring peaks or valleys of the curves of the
other groups. The corresponding average weights of the birds of each groupare
given in table 49. '
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TABLE 49. Average weights (g} of chicks which were fed animal (A), plant (P) or whey
(W) protein, during 9 successive weeks

Grou
Weeks E

w A P
1] 38.9 39,3 39.1
1 72.4 - 777 73.6
2 25 137 32
3 186 196
4 272 306 291
3 371 411 385
6 470 513 464
7 1 635 575
8 664 722 678
9 764 862 789

Statistical analysis of the data was carried out with the help of the method
of m arrangements. No significant differences could be proved when the method
was applied to the average weekly increases in weight of the birds of four
cages within one group. The probability values found for the groups W, A and P
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were 24, 46 and 79 per cent respectively. Hence the arrangements found can
be ascribed to chance, which means that the chicks formed a homogeneous
batch of material. The average weekly increases in weight of the birds of the
three groups were then calculated. A probability value of 2.4 per cent was
obtained by the method of m arrangements. Hence the data show an obvicus
significance. The mean values of the average weekly increases in weight during
the experiment were:

W 80.5 g/week
A 91.4 g/week
P 83.3 g/week

This significance was chiefly due to the higher growth values of the A
group. With regard to Fig. 51 the same conclusion could be logically expected,

The weekly analyses of the faeces during the first four weeks of the experi-
ment yielded the average results represented in table 50.

TABLE 5C. Average reducing power of chickd’ faeces before and after inversion,
calculated as glucose and expressed as percentages of the total solids

- Group
; w A P
*’Glucose’ before inversion (%) 2.47 | 0.74 0.81
""Glucose’® after inversion (%) 5.52 | 2.60 | 2.42
Ratio after/before 2.31 3.58 3.09

By application of the method of m arrangements to the weekly data, there
ippeared to be a significant difference between the rteducing power before
inversion (P = 0.4 per cent) and that after inversion (P = 0.25 per cent). The
arrangement of the values of the ratio '’after/before’ appeared to be almost
significant (P = 7 per cent). The significance is due to the higher values of the
reducing power of group W (whey protein). There is certainly no significant
difference between the groups A and P. The higher reducing power of the faeces
of the whey group was to be expected. It is remarkable, however, that the values
of the ravo in the case of the whey group, is almost significaady lower than
those of the P and A groups, whereas in the experiments with rats, no differences
between these values were observed.

The following explanation is suggested. By inversion of lactose the reducing
power increases to approximately twice its original value. In the case of rats’
faeces, the value of the ratio was lower than 2 for the control diet. Hence the
presence of lactose might cause the total value of the ratio to increase; this
was not ohserved, so that no presence of [actose could be assumed, In the case
of chicks’ faeces, the normal value of the same ratio appears to be higher than 2
(3.58-3.09 in our experiment). Hence in this case the presence of monosaccharides
and even that of laccose mignt cause me value w decrease. No significant time
variation of the values was observed.

The presence of an increased amount of sugars, including lactose, in the
faeces of the birds which were fed the whey powder diet, may be connected with
the relatively small intestinal tract of chicks. Apparently the feed and especially
the lactose is not completely digested in the short time available. This may
explain the retardation of growth.

According toMONSON et al, (1950} the rate of growth of chicks fed on diets
containing dextrine, glucose, sucrose or lactose, was most retarded in the case
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of lactwse. Attention should be drawn to their observation that diets with a
carbohydrate consisting of 50 per cent dextrin and 50 per cent lactose did not
involve the difficulties attendant upon the feeding of lactose, such as diarrhoea,
short excretion time and low rate of growth.

According to FRENS and UBBELS (1950) who also experimented with chicks,
the role of 8 per cent dried whey in the diets was not clear. They cbserved better
growth when the whey powder was substituted by vegetable materials (corn meal
and wheat bran) and some chalk, although the level reached by a conuol group,
which was fed animal protein, was not attained.

The general practical experience in the Netherlands with such percentages
of whey powder in mixed feeds for chicks is favourable,

The adequacy of whey protein as compared to vegetable proteins is completely
confirmed in our experiment. Nevertheless in comparison with diets containing
animal protein, the results are less favourable.

The experiment leads to the conclusion that the diet W containing whey powder
cannot be recommended as poultry feed. This may be due to the influence of the
lactose in the diet. Hence several possibilities can be suggested for an improve-
ment of the results., We mention the feeding of smaller amounts of whey powder,
of whey powders containing less lactose, or a feed composition in which the
detrimental effects of lactose are suppressed by the presence of other substances
such as dextrin.
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4. FEEDING EXPERIMENT WITH TWIN CALVES

All over the world attention is given to the possibility of rearing calves with
limited amounts of whole and skim milk or without it. We refer for example to
the experiments of CONVERSE (1949), to the review on the nutrition of calves
given by SAVAGE and MC CAY (1942) and to the recent Dutch experiments of
DAMMEES, DIJKSTRA and FRENS (1951). The feeding of dry calf starters is
studied and also the substitution of skim milk by milk whey or condensed whey.
In that respect we refer to the experiments of DE MAN (19492, 1950).

The expertiment to be described in this section gives a comparison between
two calf smzrrers, one of which contained dried desalted whey.

The calf starter to be tested contained 15 per cent of whey powder IV,
described in IL9. Owing to cenuifuging and desalting, the whey from which
the powder was prepared showed lactose and ash contents reduced to approxi-
mately 30 and 60 per cent of their original values respectively. The main differ-
ences between the composition of the two calf starters were the substitution
of 5 per cent blood meal and 2.5 per cent fish meal in the control diet by 15 per
cent of whey powder in the test diét. The blood and fish meal mentioned above
formed the only source of animal protein in the diet. According to the experi-
ment of RUSOFF and HAG {(1951) vitamin B4, is not essential to the growth
of calves weaned art aa early age, so that this substitution did not imply a great
risk. In order to obtain reascnably equal values for the most imporrant chemical
constituents, this substitution in the test diet was accompanied by an extra
amount of 5 per cent soybean oil meal and 4.5 per cent linseed meal and a
decrease of the amount of ground oats by 6 per cent, ground barley by 6 per cent
and ground com by 5 per cent. Both mashes contained 10 per cent of ordinary
whey powder. The analyses of the resulting mixtures are given in table 51.

TABLE 51. Analyses of calf starter meals, used in the feeding experiment on twin calves

Test group | Control group

Whey powder IV (% of total protein) 15 -
Whey protein {% of total protein) 29.5 6.7
Crude protein (%) 18.5 17.4
Digestible protein (%) 15.7 14.0
Lysine (%) 1.14 1.08
Methionine (%) 0.33 0.33
Minerals (%) 7.7 6.7
Starch valae 70 69
Crude fibre (%) 5.6 6.8
Lactose {%) 15.6 7.5
Crude fat (%) 2.4 3.0

It will be clear that the addition of 15 per cent whey powder IV constiwuted
a marked conwibution of whey protein to the total protein, whereas the lactose
content of the diet increased only to twice the value of the control feed. Although
cow’s milk contains lactose as the only source of carbohydrate for the young
calf the percentage of lactose in the diet should not reach too high a level.
ROJAS et al. (194B) report that doubling the lactose content of whale milk or
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Fig. 52, Twin calves of the red and white ""Mevse, Rnine and Ysel breed” Left: Test calf (A)
Pair A Right: Centrol calf { o)
Age: 19 weeks
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skim milk fed to calves results in an increase of the excretion of galactose in
the faeces and in diarrhoea. Therefore the lactose contents of the calf starters
should not be too high. There are several small differences berween the protein
and mineral contents of the two diets, although they were designed to vield
equal values for these constituents.

The experiment was carried out on three sets of monozygotic twin calves,
which will be denoted A @, B S and C Y respectively, the Roman capitals refer-
ring to the animals of the test group and the Greek symbols to the control calves.
The pairs B B and C Y were black and white Friesian calves, whereas the pair
A 0 was of the red and white *’Meuse, Rhine and Ysel Breed’’. Six photographs
of the calves A and ¢ are shown in Fig.-52. The resemblance of the calves can
be clearly seen from these pictures, although there are certainly some minor
differences, The twins were examined by several expetts and found to be
materially identical. On the first day of the experiment (July 315%) the ages
were 13, 22 and 23 weeks for the A @, B [ and C Y calves respectively. The
calves (A, B and C) were kept in one cow shed and the animals ., Band Y in
another. They were fed in groups. Water was supplied ad libitum, The supply
of mash and roughage is tabulated in the feeding scheme given in table 52.

TABLE 52, Feeding scheme of mash and roughage (Rations are given in kg per animal

per day)
Weeks of the experiment | Calf starter meal Hay Fodder heets
0.7 2 2.4 -
137 13 2 48 :
13%4 - 184 3 4.0 5

Although it was decidedthat the supply of hay should be ad libitum, during
the first period an insufficient amount was provided. This shortcoming in the
care of the animals was corrected after seven weeks. The intake of hay in-
creased immediately to about twice the previous amount. The consumption of
hay was lower in the last weeks, due to the feeding of fodder beets and an
increased amount of calf starter meal.

The growth curves of the calves are shown in Fig. 53. During the first 10
days the calves gradually became accustomed to the new fodder. In this period
and especially in the next weelk remarkable increases in weight were observed.
After that growth was very slight, probably as a result of the shortage of hay.
After seven weeks the curves again become steeper, The utilisation of energy
and protein of the® calf’s ration is influenced among other things by vitamin D,
as has been pointed out by COLOVOQS et al. {1951). To be sure chat the diminish-
ed growth from the second up to the tenth week was not due to a vitamin defi-
ciency, one of the sets (A @ ) reccived an exwa amount of *’Dobyfral

ofl"” (vitamins A and D) during the lawter part of the experiment. It appeared,
however, that the growth of the other sets improved to the same extent following
the increased supply of hay. The appearance of the animals was quite good
although they were somewhat pot-bellied, a condition which seems to be unavoid-
able with calf starter feeding. It will be obvious from Fig. 33 that the diets do
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not differ as to their influence on the growth. Application of the method of m
arrangements to the individual increases in weight of the six calves proved
the prebability of chance effects o be high (32 per cent) which means that the
observed differences are not significant. The greatest difference between the
total increases in weight during the experiment was observed in the case of the
AQ pair viz. 16 kg. By applying Student’s t test to the differences between
the weekly increases in weight of the A X calves it appeared that this value
was not significant (probability of occutence by chance was 15 per cent).

This is caused by the large fluctuations of the weekly increases in weight
of the calves around the mean values of each pair at each day. This may be
shown by calculation of the mean standard deviations of the weekly increases
in weight of each pair. The equation used was:

5. & G4 %)
o7 - t k-1
n

in which X represents the increase in weight of calf j during the week i, ;i

the mean increase in weight of the two calves in this week, k the number of
calves (2) and n the number of weeks (18).
The values found for the three pairs were:
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B B 2.4lkg
Cy 3.65 kg

The same quantity was calculated for the results of one group of another experi-
ment performed at the Zootechnical Institute. The data concemed were those
from a control group of three calves, which was fed the same diet as our coatrol
diet, at approximately the same age. In this case the standard deviation was
found to have the value 2,74 kg. Appatently the fluctuations between the twins
of one set are of the same order of magnitude as those within the ser of three
arbitrary calves. From a theoretical point of view this might be ascribed to
the difference between the diets. In practice this is highly improbable as no
special flucmations in appetite or digestion were observed. Hence with respect
to the weekly increases in weight we have to conclude that the twin calves
did not behave more homogeneously than an arbitrary set of comparable calves.

The average total increase in weight during the experiment was 83.0 kg
for the calves of the test group and 89.7 kg for those of the control group. The
amounts of feed used in this period by each calf were:

Calf starter meal 300 kg
Hay 473 kg
Fodder beets 175 kg

Hence the consumption of calf starter meal per kg of growth was:
Test group 3.61 kg/kg
Control group 3.34 kg/kg

Of the consumption of crude protein per kg of growth, only a very rough estimation
can be made as the amounts of hay were not weighed accurately. The crude
protein content of the hay was estimated in seven samples taken at different
intervals. The values found ranged between 6 and 8 per ceat with an average
of 7.1 per cent. The protein content of the beets was taken to be 1.3 per cent.
With the use of these data the following values for the crude protein consumption
per kg of growth were obtained:

Test group 1.10 kg/kg
Control group 0.98 kg/kg

These values are fairly high compared with the usual values (0.6 - 0.8 kg/kg).
This is doubtless due to the diminished growth during the week of insufficient
hay supply. The differences between test and control calves are chiefly due to
the corresponding differences in total growth. As the latter differences are not
significant (at least, it cannot be proved that they are) the same has to be said
for the differences in food utilisation,

In conclusion we can say that no significant influence of the diets on growth
rate has been proved. This means that approximately 30 per cent of the protein
in the calf starter can be supplied in the form of whey protein in the absence
of any other source of animal protein. In view of this result the possibility may
be suggested of saving fodder constituents with high protein content (blood
meal, fish meal, tankage, soybean oil meal) by the use of whey protein concen-
trates, obrained by removal of minerals and lactose from condensed whey.
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5. FEEDING EXPERIMENT WITH PIGS

Feeding of skim milk and milk whey is common practice in the fattening
of pigs. It is even possible to replace the greater part of skim milk by milk
whey, as has been reported by KRISTENSEN (1951). In the absence of milk
the supply of 10 per cent of the dry fodder in the form of fish meal or tankage
seems to be necessary as a source of animal prorein. GODDEN (1949) reports
that this value may be lowered to 7 per cent, together with a lowering of the
total content of digestible crude protein. According to DE MAN (1950) 50 per
cent of the animal proteinin the normal rations can be substituted by whey protein
in the form of condensed whey. Feeding of greater amounts of condensed whey
is unprofitable. In our opinion this might be due to the unbalanced composition
of the whey rather than to the feeding of whey proteins as such. This question
could be examined with the help of whey products with increased protein contents.
For this purpose the experiment, described hereafter, was designed.

Six groups, each containing seven pigs, were fed on six different diets.
The control diet (group I) contained 10 per cent fish meal in the first period
and 10 per cent tankage in the last period of the experiment, which was necessary
«with a view to the gquality of the meat of the pigs. For the groups Il and III
diets were designed in which 60 and 75 per cent of the animal protein was
supplied in the form of dried normal whey viz, whey powder VI. This product
has been desctibed extensively in IL9. The groups 1V, V and VI received diets
in which 60, 75 and 100 per cent of the animal protein was substituted by whey
protein in the form of whey powder V (see IL9,). This was a whey powder of high
protein content, as approximately one third of the salts and the lactose of the
original whey had been removed by electrodialytic desalting and centrifuging
respectively. The complete analysis of these powders can be found in tables 30
and 31 in section 1.9, Two sets of similar diets were calculated, one based
on the control diet with fish meal and one on the control diet with tankage.
The compositions and analyses of the diets are given in tables 53, 54, 55 and 56.

TABLE 33, Compositiens of diets supplied te the young pigs (first period)

Groups
1 1 11 1v v VI
Ground corn 1 24 10 7.5 24 23.6 24
Ground barley 50 35.7 30.8 43.5 41 3o.1
Grass meal 5 5 5 5 5 5
Wheat bran 10 10 10 10 10 10
Fish meal 10 4 2.5 4 2.5 -
Whey powder VI - 29.7 37.1 - - -
Whey powder V - - - 11.2 15,2 18.6
Sunflower seed without
hulls (extracted) - 5.6 7.1 1.3 1.7 2.3
Minerals 1.0 - - 1.0 1.0 1.5
Total 100 100 100 100 100 100
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TABLE 54. Compositions of diets supplied to the older pigs (second period)

Groups
I I 1II v v VI
Ground ccrn 20 9 6.5 20 20 20
Ground barley 22.5 22.5 20 16.5 18.4 20.2
Ground rye grain 23.5 20 17.1 24 2.2 19.3
Cassava ineal 12.5 - - 8.5 7 4.7
grass meal 5 S 5 5 5 5
oconut oil meal 5 5 5 5 5 5
Tanka 10 4 2.5 4 2.5 -
Fhey powder VI - 30.7 38.4 - - -
Whe5 powder V - - - 11.5 14.4 19.3
Sunflower seed without .
hulls (extracted) - 2.8 4.5 4 4 5
Minerals 1.5 1.0 1.0 1.5 1.5 L5
Total 100 100 100 100 100 100
TABLE 55. Analyses of diets supplied to the young pigs (first period)
Groups
I 11 j$1 v v VI
% substitution of -
apimal protein by whey
Erotein - 60 75 6 75 100
hey powder V (%) - - . 11.2 15.2 18.6
Whey powiler VI (%) 29,7 37.1 - - -
Wheir protein (% of
tota prOIEil}) - 25.7 3L.9 23.4 32.2 39.4
Crude protein (%) 15.8 14.5 14.6 14.7 14.5 14.5
Digesuble crude protein 14.4 13.8 13.8 13.8 14,0 13.7
Lysine (%) 3.85 0.81 .80 0.84 0.86 0.43
Methionine {%) 0.29 0.32 0.30 (.29 0.29 0.29
Crude fibre %} 6.3 5.6 5.7 5.4 5.3 5.1
Crude fat % 3.2 2.4 2.2 3.1 3.0 2.8
Starch value 69 70 71 69 69 69
Lactose (%) - 22,2 27.8 6.3 8.5 10.4
Minerals (% 5.6 6.0 6.2 5.3 5.4 5.2
Sodium c?l oride (%) 0.48 1.12 1,22 (.48 0.52 0.59
Calciam (%) 1.12 0,71 0.65 0.73 0.70 0.62
Phosphorus (%) 0.72 0.76 0.72 0.67 0.60 0.56
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TABLE 56. Analyses of the diets supplied to the older pigs (second period)

Groups
I IH 1)} v v Vi
% SubSti,tuti(iln of animal €0 75 75 100
rotein whey protein - 60
%‘hey pou?der ‘P’(%) - - - 11.5 14.4 19.3
Whey powder Y1 (%) - 30.7 38.4 - - -
Whey protein (% of total
rotein - 28.6 35.7 25.2 32.3 43.9
rade protein (% 14.3 13.5 13.5 14.0 13.7 13.5
Digestible crude protein
A 12,7 12.6 13.1 12.7 12.6 12.7
Lysine (%) 0.70 0.74 0.76 0.82 0.80 0.83
Methionine (%) 0,23 0.25 0.27 0.26 0.25 0.26
Crude fibr S%) 4.3 4.2 4.2 4.3 4.0 4.0
Crude fat (% 33 | 2% 23 28 | 26 2.6
Starch value 71 72 73 71 71 71
Lactose (%) - 23.1 28.8 6.4 8.1 10.8
Minerals (%) 4,9 6.0 5.9 4.5 4.3 3.0
Sodinm chloride (%) 1.00 1.36 1.65 0.72 0.67 0.64
Calcium (%)« 0.80 0.73 0,70 0.60 . 0.64 0.58
Phosphorus (%) 0.51 0.58 0.58 0.49 0.50 0.48

The 'minerals” were a standard mixwure, generally used at ""De Schothorst’’
and composed of chalk, bone meal, NaCl, KI, FeSO,, CuS0, and MnSO,. This
mixture is described by GRASHUIS and VAN VLIET (1950) in their maaual on
the feeding of pig and swine. In the cases where the mineral mixtre was left
out the minor elements were supplied to the diets separately. In addition the
rations were provided with a sufficient amount of Dohyfral oil (vitamins A and D).

In tables 55 and 56 the special possibilities of whey products like whey
powder V as compared with normal whey powder are clearly expressed. Consider
able substtution of animal protein by whey protein is easily accomplished by
a relatively small amount of whey powder V, and does not involve high lactose
or ash contents. In the case of normal whey powder VI the values of the ash
contents cannot be kept on the same level and the contents of lactose become
considerable.

The lysine and methionine contents of the various diets are almost equal,
They are somewhat lower than the values suggested by SHELTON et al. (1951,
1951 a) fur the requirements of weaaling pigs. They report 1.0 per cent lysine
and 0.3 per cent methionine (in the presence of 0.3 per cent cystine) to be the
minimum values. The control diets I are recommended by the Institute for Modern
Live-stock Feeding ’'De Schothorst’’ and have found general application. As
fas as we know it has never appeared that these diets were deficieat in any
respect.

The animals were obtained from seven litters, each composed of six pigs.
They were distibuted in groups in such a way that each group contained one
animal of each litter. In addition the sexes were evenly distributed so that the
groups contained either three males and four females or three females and four
males. On the day of arrival at the Institute they were approximately 10 weeks
old and their weights averaged 21 kg, For two weeks the conuwol diet I (tables
53 and 55) was fed to all the animals. After that they were weighed again and
the groups separated. Apart from the considerations mentioned above the
groups were designed in such a way as to make the total weights of each group
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almost equal, not only at the first bur also at the second weighing (146 and
180 kg respectively). From then onwards the six different diets described in
tables 53 and 55 were fed (first period). After twelve weeks, when the weights
of the pigs averaged approximately 65 kg, the diets described in tables 54 and
56 were fed until slaughter weight (90 kg) was reached (second peried). Most
of the animals reached this weight four weeks later i,e. after 16 weeks of feeding.
Weight recordings were made every two wecks., No animals died, nor did any

special case of disease occur. The average weights of the pigs of each group
have been plotted in Fig. 54.

———————  Grouwp |  [Control group)
— g e Groun 11 {$0% Normal whiey powder}
e ae Gmoup 1l (5% Normal whey powder)
——e——  Group IV  [60% Dvind devoited whey}
Avemoge waight e gmiwmaa  Gbup V(7% Oried denalted whey)
kg  ———— Growp Y1 (100% Dried desolind whey)

0 2 4 ] 3 0 17 M Y

Fig. 54. Avaroge waights of pigs ot sach grews wasks
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It will be clear that the differences between the groups are small. Therefore
in fig. 55 the same data are plotted, expressed as percentages of the values
of the control group at each date.
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The differences are now more pronounced. Apparently Groups II and III
(normal whey powder) lag behind, while Group IV (60% substitution by desalted
whey powder) appears to grow as much as the control group, and the pigs of
Group V (75% substitution) only a little less. Group VI (100% substitution) held
an intermediate position. The retardation of Groups V and VI is due chiefly to
lower growth during the first four weeks. From then enwards the growth parallels
that of the control group.

When the method of m amangements was applied to the weekly increases
in weight of the six groups, the results were not significant, although a rather
low probability value was found (2 per cent)., This was an indication that some
significant influence might be present although it was noc yet clearly detected.
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Therefore the following grouping was examined:
A Groupl {Control group)
B Groups Il + III (Normal whey powder, 60 and 75%)
C  Groups IV + V (Desalted whey powder, 60 and 75%)
D  Group VI {Desalted whey powder, 100%)

When the increases in weight of these four groups were examined with the
help of the method of m arrangements the probability value amounted to only
0.6 per cent., This was clearly due to group B (normal whey powder) which on
an average showed the lowest increases in weight. No significant differences
between the other groups could be proved. Hence we can conclude that retardation
of growth of pigs to which any form of whey is fed is due to the accompanying
constituents of the whey, but not to the protein.The whey proteins themselves
are the equal of any other source of animal protein.

The data on feed consumption and utilisation per group are given in table 57.

"TABLE 57. Feed consumption and utilisation per group of pigs

Groups

1 I HI v v Vi
Kilogrammes consumed: '
Mash | (First periad} 944 903 903 944 944 944
Mash If (Second period) 790 935 788 790 790 790
T atal 1734 1838 1791 1734 1734 1734
Total gowth (kg) 464.5 447 429 473.5 465 441
kg mash/kg growth 3.73 4.11 4.17 3.66 3.73 3.93
kg crude protein /kE

growt 0.564 0.575 0,555 0.527 0.527 0.527

Average growth Eer
animal per day (kg) 0.64 0.58 0.59 0.65 0.64 0.61

Although the differences are not great it is clear that the Groups II and III
are slighdy inferior to the other groups. The differences between Groups 1 and
III or between Groups I, IV, V and VI are very small and often have opposite
signs with respect to different criteria so that we cannot consider them to be
significant.

Finally all the animals were transported to the abattoir and after one day's
fasdng they were weighed and slaughtered. The Dutch Commission of Super-
intendance of Testing Stations has kindly judged the slaughtered animals and
we herewith express our thanks to the Commission for this conwibution. The
results of their judgements were averaged per group and the averages are
summarized in table 58,
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TABLFE 58, Average results of Judgment of the slaughtered qnimals

Groups
I I [I1 v v VI
Final living weight (kq) 86.2 86.3 83.0 BS.1
Slaughter weight {kg 67.0 66.7 62.4 §7.7 87:0 8
Slaughter loss (%) 22 23 25 24 24 24’
Number of animals in Class [ ) B & 5 7 1
Number of animals in Class II | 1 0 1 0 0
Number of dnimals {in Claas I 1] 0 1 1 0 0
Trunk length {cm) 79 79 77 79 79 75
T hickness of shoulder bacon (em) 4.6 4,5 4.3 4.6 4.4 4.4
Thickness of doraal bacon (cm) 2.5 2.3 2.4 2.6 2.5 2.8
Thicknes= of lumbar bacon (cm) 3.5 3.5 3.4 3.5 3.5 1.5
Judgment in points; *) *
Length ] a B 8 7 a
Firmneas of bacon 7 ] 7 ? a )
Fleshedness 6 € -] [ 8 B
Shoulder 5 5 5 ] 5 H
Thickness and distribution of i
orsal bacon ] 6 7 6 7 5
Form and thickness of belly
bacon 6 ] 6 7 [y 7
Form and thickness of hams ¢} [} 6 7 8 7
Fineness of skin 7 7 ] 7 8 8
Heaviness of skelston 7 7 8 ? ] 7"
Type [+ ] S -] [ 6

From this table it is obvious that no important differences were found in
any respect. [he different rates of growth are not reflected in the quality of
the meat of the animals.

The results of this experiment lead to the following conclusion and summary.
Whey, from which the water, two thirds of the salts and two thirds of the lactose

are removed, forms an excelleat replacement for fish meal or tankage in the
fattening of pigs. Substitution of 60 or 75 per cent of the animal protein by this
form of whey protein yielded exacdy the same results as are obtained trom a good
standard diet. Substitution of all the animal protein produced a very small
rewardation of growth, which, however, could not be proved significant. Similar
results could not be obtained with normal whey powder fed at levels of 65 and
75 per cent. Apparently the substitution may not exceed the limit of 50 per cent.
This difference between normal and purified whey is only connected with growth
for the slaughter quality of the meat of the pigs is the same in all cases. The
retardation of growth by feeding high quantities of normal whey powder is not
due to the whey proteins but it has to be ascribed to the accompanying salts
and/or lactose. The whey proteins themselves are an excellent form of animal
protein.

*)Scale: a =10, ab =8 b*=7 b =6 b =5 bc =4 c =2
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6. SUMMARY

A description is given of several feeding experiments with various kinds of
dried desalted and centrifuged whey. The intention was to test the products
mentioned with regard to their usefulness for feeding purposes, especially for
poultry, cows and pigs. In addition it was possible to compare whey proteins
with other proteins.

In three preliminary trials with rats it appeared that the feeding of whey
powder to rats is limited by the lactose level of the diet. At levels over 20
per cent retardation of growth and diarthoea were observed. This was not prevent-
ed by an increased dosage of thiamin. A level of 62 per cent lactose caused
early death. In the experiments with lactose levels under 20 per cent no
retardation of growth was observed, whatever amounts of whey protein were
provided,

With the whey powders used for the experiments on rats 30 per cent of the
total protein in the diet could be substituted by whey protein without exceeding
the 20 per cent lactose level. Addition of dried whey to the test diets was
made chiefly at the expense of the amounts of corn, oats, fish meal, soybean
oil meal, peanut oil meal and bran in the control diet. Hence these trials prove
that whey protein is equivalent to the mixmre of proteins in the fodder consti-
tuents mentioned above. In several cases an increased '’sugar’’ coetent in
the faeces was observed, as estimated by means of their reducing power. Meta-
bolic breakdown of lactose to monosaccharides was accomplished in all cases
at the same rate, as no differences between the groups were observed in the
tatio of reducing power of the faeces before and after inversion.

In an experiment with chicks a diet in which 35 per cent of the protein was
replaced by whey protein was compared with a diet containing vegetable proteins
only and a diet which included animal protein (fish meal). The replacement was
made chiefly at the expense of the amounts of cotn, oats and soybean oil meal
in both cenuol diets and the addition of the fish meal to the animal protein diet.
The experiment lasted nine weeks. After 4 weeks the chicks became accidentally
infected by coccidiosis which makes the results of the next five weeks less
reliable, although the relative position of the growth curves remained the same.
The group to which a dietr containing animal protein was fed showed the best
results as to prowth, general appearance and resistance to coccidiosis. No
significanr differences were observed between the groups to which diets contain-
ing whey protein or vegetable proteins were fed. The reducing power of the
faeces of the whey group appeared to be higher than that in the other groups.
The ratic of the reducing power before and after inversion was also different
from that found with the other groups. This was ascribed to insufficient digestion
of lactase, resulting in increased amounts of sugars in the faeces. It is suggested
that the less favourable results obtained with the whey protein diet should not
be considered to be due to the protein but to the lactose coantent of the diet,
which was still fairly high (18 per cent).

Another experiment was carmried out with three sets of twin calves aged
13 - 23 weeks. This trial lasted 4 months. The test calves received 30 per
cent of the total protein in the diets in the form of whey protein. This was
accomplished chiefly at the expense of the animal protein (fish and bleed meal)
and of the amounts of oats, batley and corn in the control diet. The fodder was
supplied in the form of calf starter mash. In addition the calves received hay
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and fodder beets. No significant differences were observed either in growth

or in general appearance of the calves. The consumption and utilisation of feed
were rather unfavourable. This was ascribed to insufficient supply of roughage
during part of the experiment.

In a feeding trial on pigs six different diets were prepared. The control diet
(I) contained 10 per cent fish meal during the first period.and 10 per cent tankage
during the last weeks before the animals were slaughtered. This was the only
source of animal protein. In two other diets (I and III) 60 and 75 per cent of
the animal protein was replaced by whey protein which was supplied in the
form of dried normal whey. The three remaining groups (IV, V, VI) received
amounts of whey protein, corresponding to 60, 75 and 100 per cent respectively
of the animal protein in the diets. This whey protein was supplied in the form
of dried desalted centrifuged whey. The growth of the pigs of Groups 1l and HI
was less than that of the other groups. The experiment was carried on until
slaughter weight was reached. The result of judgements of the slaughtered
animals was that no influence of the different diets upon the quality of the
meat could be stated. The animals of all groups gained approximately the same
marks. As to growth and feed consumption, howevet, the pigs to which normal
whey powder was fed were inferior to those of the other groups. This backward-
ness is obviously caused by the accompanying constitvents of normal whey
viz. lactose and/o;r the salts. Hence it was concluded that the whey proteins
themselves are an excellent form of animal protein.
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SUMMARY

This communication ferms part of an extensive research programme for new
methods of utilizing milk whey and improving its properties. This programme
is sponsored by the General Technical Department of the Central National
Council for Applied Scientific Research in the Netherlands (T.N.O.). In this
communication a special study of the proteins of milk whey has been made. The
study was camied out at the Laboratory of Veterinary Bicochemistry of the State
University of Utrecht under supervision of Dr L. Seekles, Professor of Veterinary
Biochemistry at the University.

In Part I (Inwoduction) the so-called whey problem is reviewed first. Then
the working method, developed by the General Technical Department T.N.O.
is treated, a method which consists of removing the salts by elecwrodialysis
and the lactwse by cenwrifugal force. Some peculiarities observed during this
process are mentioned and a formulation of the questions, to be treated in this
communication is given.

In Part I (Chemical Researches) the whey proteins are reviewed as a chemical
problem. Attention is given chiefly to examination of the proteins by means
of electrophoresis. A review of the literature is given. The nitrogen disaibution
in whey is treated and the way it depends on stage of lactation, on the method
of precipitating the casein and other influences is described. The theory of
elecmophoresis is swdied and a special method of interpretation of the patteras
is developed, A great many electrophoretic patterns of several kinds of fresh
and processed whey are recorded. The individual protein constituents are identi-
fied and reviewed. The influences of heat weatment and of electrodialytic
desalting are discussed. A comparison of bovine milk whey and human milk whey
(fresh and lyophilized) is given. Finally ultracentrifugal pattems of many of
the materials studied by means of electropheresis are recorded and discussed.

In Parc III (Feeding experiments) a description is given of various feeding
trials with the whey powders described in part II. After three preliminary trials
with rats, experiments were carried out on chicks, calves and pigs. It appeared
that these powders were fairly suitable for use in calf starters and fodders for
pigs and it has been concluded thatit will be possible to compose diets applicable
to poultey breeding. Feeding of whey or whey powder has certain drawbacks,
which are oot connected with the whey proteins which appeared to be of high
biological value.

More derwailed summaries of the chemical researches and the feeding mizls
are given at the end of Part II and Part III respectively.
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