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THE DYE BINDING OF
MILK PROTEINS

By N. P. Tarassvk, formerly professor of food science and techmology and
duiry ehemistry, and N, ABE, formerly research assistent, Californin Agri-
cubfural Ecperiment Station; and W. A, MoATS, researel chemist, Morket
Quality Reseurch 1Hvision, Agriculiurel Resewreh Service, U.S. Liepurt-
ntent of Agricalivre

INTRODUCTION

From a nutritional standpoint, the protein content of milk is of
cutstanding importance. Milk proteins are of the highest quality,
both in digestibility and in content of essential amino acids, Pro.
lein content is a reliable indication of the content of calcium and
phosphorus in milk. In addition, the protein content of milk is
the most important factor affecting the yield in cheesemaking and
is 2 major factor in determining the nutritive value and palata-
bility of nearly all other manufactured dairy products. For these
reasons, the pricing of milk can hardly be realistic if protein con-
tent is notf taken into account.

Until a few years ago no simple and practical method was
available for determining protein with sufficient accuracy to use it
in pricing milk. The Kjeldahl method, the official method of de-
termining protein, is impractical for routine use, because it iz so
costly, complicated, and time-consuming. In the last 30 years,
many approximative methods (based on diverse principles} have
been proposed; the more important ones were reviewed by Booy
and coworkers in 1962 (5).! OF all methods published, only two—
alkali steam distillation and dye binding—are accurate and simple
enough to be used on a large seale for pricing milk,

The Kofrinyi method (17}, which is based on the liberation by
alkali steam distillation of ammonia in proportion to the quantity
of protein, was found to be more relizble than the formal titration
method and was the first to be adopted for mass analysis of milk
samples for protein content (19). Now the Kofranyi method has
been superseded by the simpler dye-binding methods (21, 22).

The development of dye-binding methods, the study of which
began in 1925, has depended on the guantitative aspects of the
binding of dyes by proteins (9). Polar groups in proteins ean
bind dyes of opposite charge. Milk proteins, on the acid side of
the isoelectric point, carry an excess positive charge and act as
large cations. When 2 negatively charged dyve (an acid dye) is
introduced into the solution, it combines with protein, forming

! Italic numbers in parentheses refer to Literature Cited, p. 42,
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an insoluble protein-dye complex, Excess dye is required for the
precipitation of protein to be complete. The protein content is
estimated from the amount of free dye (not bound}, which can be
determined by measuring the optical density of the supernatant.

The dye-binding procedure appears to be a guick and reliable
method for the routine determination of protein in normal milk
(2,3, 7,22, 27 28, 36). Yet to be overcome ave some of the limi-
tations of the dye-binding method. Also, there is 2 need for stand-
ardization of the method so that the samc procedure can be used in
all laboratories. Opinions differ as to the choice of a dye. The
principal dyes used for the test have been two acid dyes, orange
G and amido black 10B. 1t has been shown that amido black
gives much more sensitive optical indication of protein content
than orange G (7). On the other hand, Ashworth and Chaudry
{2) claim that orange G shows more stoichiomeiry in its reaction
with milk proleins than amido black. The apparently greater
stoichiometry of orange G may instead reflect its lower senstivity.
Ruropean laboratories (21, 24) ave using amido black 10B for
mass protein testing, with what appears to be great success.

In Holland, the dye-binding method with amido black 10B for
protein determination has been used on a large scale since 1958,
both for milk pricing and guidance in breeding. In 1964 in the
province of Friesland, all milk produced was paid for on the basis
of protein and fat content. In other regions, milk for manufac-
turing was paid for on the basis of protein and fat, and market
milk on the basis of fat alone. Protein determinations are m:de in
large central laboratories, where the amido black test is practically
completely antomated.

The procedure used in the central laboratory of The Association -
o{lCOOperative Dairies, Zutphen, Holland, consists of the following |
phases:

(1) Pipette 1 ml. of milk {96 samples are taken simultaneously .
with an assembly of Cornwall-syringe pipettes).

(2) Add 20 mi. of amido black solution {automatic).

{3} Mix milk and dye (by introducing a stream of compressed
air for 1 min.).

{4} Separate the protein-dve complex (samples in racks are
centrifuged in a specially built, large centrifuge).

{5} Read the optical density of the supernatant and convert
the reading directly into percentage of protein. Both these steps -
are fully automated, which makes possible the protein determina- -
tion of 2,000 samples per hour. . :

Every 12th sample is a control {protein content defermined by
Kjeldahl). Twenty-five percent of all samples are run in duplicate. :
The maximum tolerance of deviation from the Kjeldahl test is
+0.12 percent. The all-inclusive cost of the test is 0.1244 guilder
per sample, which is eguivaleni to about 3.5 cents. The test is
run on producer’s composite milk samples preserved with HgClu

The Zutphen laboratory—with a personnel of 12 girls. 2 tech-
nicians with college dewrecs, and 1 supervisor—yran 3 million test
samples in a vear of 235 working days. This experience with dve
binding in Holland has been described in detail to illustrate the
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feasibility of routine, large-scale profein determination by the
dye-binding method.

This bulletin consists of a review of the literature and a detailed
study of the binding of dye by milk proteins. The topics covered
inclade an evaluation of the accuracy, reproducibility, and sensi-
tivity of the dye-binding reaction; binding by individual proteins;
effect of processing and preservatives; abnormal milks; and re-
sults from fleld tests.

LITERATURE REVIEW

With the increase in emphasis on the importance of milk pro-
tein, the demand has grown for simple and rapid methods for
protein determination. Several methods have been studied for
this purpose. Developments in this field have been reviewed
briefly by Raadsveld (24}, Dolby (7), and recently, Booy and
coworkers (5). Among the many methods, the one thought to be
the most suitable at present is dye binding.

Dyes Used

The dyes currently used for dye binding are orange G and
amido black 10B. Acid orange 12 has been recommended by Udy
{24). Figure 1 shows the structural formulas of these dyes.

In 1944, Fraenkel-Conrat and Cooper (9) reported that crange
G is bound almost quantitatively by several proieins at pH 2.2
Udy bBrst applied crange G fo determine the protein content of

Amido Black 10B

Acid Orange 12

NaO,$ N=N-_ - iy SONa
N : P B Ho_l\;/}\‘:)

NaO s -
3

Ficure 1.—Dyes most frequently used in dye binding.
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wheat (81), and later applied the method to milk and powdered
milk (82). Additional work with the orange G method has been
reported by Ashworth and coworkers (3).

The amido black method was first reported by the German sci-
entists Schober and Hetzel {27). The aceuracy of the amido black
methed for determination of the protein in milk was extensively
studied by Steinsholt (29). Raadsveld {22) and Posthumus (27)
medified the method to make it suitable and practical for mass
protein testing of producers’ milk in Holland.

The procedures of the dye-binding test used and recommended
by various workers vary greatly. These variations are briefly
reviewed here.

Amount of Sample

When using the orange G method, most workers have used for
the test 1.5 ml. of milk. Ashworth indicated, more precisely,
1.5002: 0.003 ml. (7). The dilution of millc samples is suggested
by some workevs (7, 28). When the amido black method 15 used,
it has been claimed that diluted samples give more accurate
results (7, 27, 28, 29). 1 certain type of syringe used by Raads-
veld gave good results without any dilution of milk samples (22).
The standard deviation of that syringe in measuring 0.5 ml. was
only 0.005 ml. Others have used 1 ml, (1) and 0.95 ml, {21) of
milk sample.

Buffer Solution and Dye Concentration

To make the precipitation of the protein dye complex complete,
the protein must be treated with excess dye in acidic solution.
For the results to be reproducible, the pH of the reaction mixture
must be rigidly controlled, which is accomplished by dissclving
the dye in acidie buffer solution.

Fraenkel-Conrat and Cooper (92), working with egg albumen
and several other proteins, including casein, and using citrate-
phosphate buffer, reported that protein dissociation was complete
at pH 2.2. An acid solution of lower pH cansed a breakdown of
protein. The amount of dye bound per unit amount of protein
was independent of protein or dye concentration, provided that
protein concentration was within the Mmits of 0.08 to 0.2 per-
cent and dye concentration was within .05 to 0.1 percent.

Citrie acid buffer of pH 2.0 was used by Ashworth and co-
workers (8). Shiga and coworkers (28) used a 0.1 M HCl-sodium
citrate buffer at pH 2.2 and 23 ml. of buffer-dye solution (1.0 g.
of orange G per hiter). Dolby (7) used a 0.3 M citrie acid buffer;
his dye concentration was alse 0.1 percent, but he used 10 ml. of
buffer-dye solution,

All workers using the amido black method reported using
citrate-phosphate bufier. Schober and Hetzel (27) dissolved
0.6165 g. of amido blacik 10B in 1 liter of 0.1 M citrie acid phos-
phate buffer of pH 2.8 (12.212 g. citric acid and 11.876 g.
Na:HPO:»2H-0 dissolved in 1 liter of water}. Twenty ml of the
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buifer-dye solulicn was used in the experiments., They reported
that the protein-dyc complex precipitation was incomplete above
pH 3.5. Shiga and coworkers {28) used the same buffer-dye solu-
tion and reported that the amount of dye bound decreased slightly
with an increase in pH. When the pH was more than 4.0, precipi-
tation of the protein-dye complex was incomplete and measure-
ment of the relation between pH and the amount of dye bound
became impossible. Raadsveld (22) and other workers (71, 27)
used a bufter-dye solution in which 0.4400 g. of amido biack 10B
was dissolved into sach liter of citrate-phosphate buffer of pH
2.35 {15850 g. of citric acid and 2.078 g. of NauHPO.2H:0O
were dissolved in 1 liter of water). Vanderzant and Tennison
(83) reported using 0.8 g. of buffalo black dissolved in 1 liter of
citrate-phosphate buffer of pH 2.35. They later reported that a
dye concentration of 0.342 g. per liter of buffer solution was
enough to complete precipitabion of the protein-dye complex in 0.5

ml. of milk (26). Dolby (7) dissolved 0.6165 g. of amido black
" 108 in 0.3 M citvic acid buffer and used 10 ml. of buffer-dye solu-
tion for the precipitation of protein in a diluted milk saraple
equivalent to (.25 ml. of undiluted milk.

Herrington (73) reported that phosphoric acid buffer was
superior to citrate buffer because citrates are attacked by some
micro-crganisms, which changes the pH and causes ervors in pro-
tein determinations. Seme workers vecommended using mold
inhibitors such as thymel and propionic acid,

Commercially prepared dyes are not 100 percent pure. The best
grade of amido biack 10B available is only 88 percent pure. In
addition, it is hyproscopic and changes in moisture content on
storage. Raadsveld (2J) recommended standardizing buffer-dye
sclution by oplical-density measurements. The use of the absorb-
ancy index {absorbancy index K = 4/C, where A = absorbance
in a 1-cm. cuvette and C = dye concentration) as a criterion of
the purity of dye was suggested by Ashworth and Chaudry (2).

Method of Mixing Sample Buffer-Dye Mixtures

Fraenkel-Conrat and Cooper (9) reported that 20 hours of
shaking was necessary to complete the reaction between orange G
dye and the protein. The long reaction time was supposediy caused
by their use of a very small amount of buffer solution (only 1 ml.).
Udy {82) shortened the shaking time to 5 minutes: this method
was used by iater workers (30). Ashworth and coworkers (3)
reported shaking the mixture 15 seconds. Schober and Hetzel
(27} stirred the mixture with a mechanical stirrer for 10 minutes.
Posthumus (2r1) used air bubbling for 1 minute instead of me-
chanical stirving. Shiga and coworkers (28) added buffer-dye
solution while shaking the mixture and allowed it to stand for at
least 3 minutes. Vanderzant and Tennison (35, 36) studied this
problem move precisely and found no difference between the
shaken and unshaken mixtures. This finding indicates that the
reaction between dye and protein is fast enough so that no addi-
tional shaking ov stirring is necessary if the dye and milk are
properly mixed,
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Methoed of Separating Protein-Dye Complex

The precipitate from the reaction mixture is oblained by fiitra-
tion or cenirifugation. Most workers prefer the cenivifugation
method as mare rapid and suitable, espeeially tu testing a large
number of samples. A centrituge with a capacity of 96 samples
has been introduced in Holland (28). Various centrifuging speeds
have been reporvted, ranging from 1,500 %o 4,000 r.p.m,

Ashworth and coworlters (J) claimed that with the orange d}
method the fltralion procedure is superiov. The profein-aye com-
plex forraed is presumably of lower deasity with orange G than
with amido black and cannot always be separated completely by
centrifugation. A very small amount of dye is absovbed by the
filter paper, but the amount is so small that the difference in
results between filtration and centrifugalion is negligible (28).
The evidence that the protein-dye complex formed with amido
lack is more dense and therefore more easily separated hy cen-
Lrifugation was one of the reasons for claiming the superiority of
the amido black melhod over the orange G method (27, 29, 30).

Measurement of Oplical Density

The concentration of unused dye is defermined by measuring
the optical density of the supernatant of the protein-dye reaction
mixture,

Far optical measurement to be applicable, the solution must obey
Beer's law. The solutions of both orange G and amido black salis-
fy this requirement under the experimental conditions (3, 29, 7).

The amount of dye added to the sample is in considerable excess,
and therefore the supernatant must be diluted twentyfold or more
Tor measurcment of optical density in a vsual 1-cm. cuvette. Udy
(93} veported using a special short-light-path cell that had a light
path of 0.007 inch. With this cell he could measure the optical
density of the supernatant without any dilution. This type of cell
has been used by other workers also,

The maximum absorption of orange G has been reported to be
at 485 rmp by Udy (37), and from 430 to 480 mu by others {28).
Maximum absorption for amido black 10B is reported to be at
610 to 620 mu (7, 29).

Accuracy of Dye-Binding Method

Numerpug workers (2, 7, 22, 28, 29, 86) have compared the
accuracy of the dye-binding method against the official Kjeldahl
method. All have reported a linear relation between the two.
Table 1 gives regression equations expressing the relation between
percentage protein by the Kjeldahl method and optical density.

The cquations differ somewhat because of different experimental
nrocedures. These data would be much more valuable if different
laboratories could agree to use the same procedure. However,
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Tanwy - Comparison of dye-binding methods with
Njeldahd method for aaik profein determination

Number . Stundard  Correln-  Ref-
of Regression equedion Eguntion foe error of Lo co- erence
stmples estimate  efliciont |

Pereend
G20 0 P= 30U D7ss Amido blnek 108 +0,12 ~ LRS- 2
3 I P=-2 0N D458 Aanido blaek 1B 1) 12 -0, 942 1:22)
.. N o=AL63 PR Acnitdo Dleek 1003 =013 —0,us IR
14D =368 DasiT Amdo black 141 0,12 - L8063 £}
kit P04 X 4004 - Aanmida blaek 1083 £0.07 - (S
B¢ F =206 4025 Orange G =407 A {73
2 P 172D R0 Antido bluck 10613 . - (A2 {2

VP =perveatage of protein; D=aptical deasity; X =dye bound tehange in optienl
densily due o dye binding by proteind,

there is no doubt as to the high accuracy of either the amido black
or the orange G method, as can be seen from the numerical value
of standard deviations and corvelation coefficients. This review
of the literature of the dye-binding test has been limited almost
exclusively fo mixed samples of {resh raw milk.

Dye-B'mding Capacity

Udy {32) reported 179.5 mg. of orange G bound per gram of
the protein of whole milk, and 182 mg. for the protein of dry milk.
He indicated that the reason for the slight difference might be
denaturation of proteins by the heat {reatment. Ashworth and
Chaudry () gave the following values for orange G: 178 mg. per
gram protein for whole milk, 199 mg. for w-casein, 170 mg. for
#-casein, and 247 mg. for whey protein.

For amido black 10B, Hadland and Johnsen (71) reported 325
myg. of dye bound per gram of profcin of fresh milk, 300 mg.
for cheese whey, and 220 mg. for ripened cheese. Values obtained
by Vanderzant and Tennison {36) were 266 mg. for fresh milk,
279 mg. for w-casein, 212 mg. for d-casein, 202 my. for v-casein,
and 288 myg. for laclalbumin.

There is a considerable variation in dyve-binding capacity
(DEBC) reported by different aulhors., One of the reasons is un-
doubledly a variation in the purity of dyes used.

Rosenberg and Kiotz (25) theorized multiple equilibria in dye
binding A series of equilibrium relations must be considered
between protein and dye, and il is possible that morve than one
dye molecule can be bound {6 one prolein molecule when the con-
centration of dye present is in large oxcess.

Ashworth and Chaudvy (2) defined DBC as the milligrams of
dye bound per unit of weight of protein. According to them, DBC
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was affected by both protein concentration and free dye concen-
tration in the supe.natant solution. They stated that the reaction
between protein and dye was not a simple stoichiometric reaction.
Results were unreliable when the ratio of total dye to protein
became excessively large. Working with normal milks, Dolby (7)
reported, contrary to the finding of Ashworth and coworkers (3),
no increﬁse in the DBC of protein as the protein content of the milk
increased.

Other Factors Affecting Dye Binding

The amount of dye bound was slightly different at different
femperafures {27), but the difference was so small that the effect
of temperature could be disregarded (28). Udy (32) reported
that protein denaturation by heat treatment was the probable
reason for the difference in DBC between whole miik and pow-
dered milk. Alais and coworkers (7) also suggested that the
binding of dye might be affected by heating the milk, Vanderzant
and Tennison (56) reported no significant effect from pasteuriza-
tion by holding or by the HTST (high temperature-short time)
method.

Data are scanty and inconclusive on the accuracy of the dye-
binding test on milk from individual cows and atypical milks,
Raadsveld (23) indicated that tfesting laboratories in Holland
consider the test accurate for mixed milk as well as for milk of
individual cows. Only colostrum and milk of the very last days
of lactation gave abnormal deviations. Vanderzant and Tennison
{86) indicated that milks from cows with acute mastitis were
frequently outside of the normal deviation from results with the
Kjeldahl method.

Ashworth and coworkers {2) studied the effect on dye binding
of the preservatives H:0:, HCHO, K:Cr0+, and HgCl:. They re-
ported that H20: had ne effect on dyc binding but could not pre-
serve the milk sample for more than 2 days at room temperature;
that HCHO lowered the apparent protein content; that KuCr:0:
increased the apparent protein content at the initial stage and then
lowered it after a week of storage at room temperature; and that
HgCly lowered the apparent protein content very slightly but was
the best preservative for the dye-binding test. Successful use of
HgCly was alse reported by others (22, 29). According to Vander-
zant and Tennison (46), milk samples could be stored for the
dye-binding test as long as 7 days at 40° to 453° F., with or without
HgCl: or KuCr:0: as preservatives.

Comparison of Orange G and Amido Black Methods

The amide black method was found to be more sensitive than the
orange G method (7, 28). The ratio of sensitivities was 4.3/1.2
{28). Moreover, the amido black reacted more quickly with the
protein, and this protein-dye complex, being more dense, was more
easily removed by centrifuging {27, 29, 36).
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EXPERIMENTAL PROCEDURES

Determination of Protein in Milk

Dye-Binding Methods
Amido Black 1868 Method

After preliminary study of several procedures, the authors
adopted the Raadsveld method (22) with minor modifications.
The principal modification was that optical density was measured
at 615 me (maximum absorption) instead of at 570 to 590 my.

Reagent.—Amido black 10B, electrophoresis grade.?

Buffer solution of pH 2.35—This solution was prepared from
1.674 g. of Na:HPO: (anhydrous) and 17.371 g. of citric acid.
H:0 per liter of solution (or 826 ml. of 0.1 M-citric acid and 58
ml. of 0.2 M-Na-BPOs and 115 ml. H:0). The pH was adjusted
carefully,

Buffer-dye solution.~0.4400 g. of amido black 10B dye was
added to 1 liter of the citrate-phosphate buffer. The solufion was
mixed thoroughly and aliowed to stand for 24 hours with occa-
sional stirring before standardization. The buffer-dye solution
was standardized by a spectrophotometer at 615 mp. A 100-t0-1
dilution of this solution has an optical density of 0.220 == 0.005
with a Coleman Junior 6A spectrophotometer {10- by 75-mm.
cuvette). This instrument was standardized at 610 my against a
Coleman No. 6-400 didymium calibration standard.

Method of analysis.—At room temperature, 0.5 ml. of milk was
transferred to a cenfrifuge tube and exactly 20 ml. of the buffer-
dye solution was added.® The mixture was stirred for 30 seconds
with a mechanical stirrer and then centrifuged for 10 minutes at
2,500 r.p.m.

Most of the supernatant from the centrifuge tube was decanted,
anc% 1 ml of this supernatant was diluted with 25 ml. of distilled
water.!

The optical density of this diluted supernatant was measured
against distilled water in a 1-em. cuvette at a wavelength of 615
g,

Orange € Method

The orange G procedure used was essentially that used by Ash-
worth, except that 0.5 ml. of milk sample and 20 ml. of buffer-dye
solution were used in place of 1.5 ml. of milk and 25 ml. of buffer-
dye. Both filiration and centrifugation were tried and compared

2 Available from E. Merck A.G. Darmstadt, Germany.

3 The buffer-dye solution was added with 2 20-ml. automatic pipet from AB
Ljungberg & Co., Stockholm, Sweden; the pipet’s standard deviation is 0.0104
{see appendix tahle 10),

* The distilled water was added with a 25-ml. antomatic pipet from AB
Ljungberg & Co., Stockholm, Sweden; this pipet's standard deviation is 0.0046
{see appendix table 10).
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for separation of the protein-dye complex. Optical density was
read at 480 mp. In another experiment, in which the sensitivity
of orange G and amido black 10B were compared, I ml. of milk
sample and 20 ml. of the orange G dye were used, giving nearly
the same protein-to-dye ratio as that used by Ashworth and co-
workers (3).

Calculation of Dye-Binding Capacity

{1} The milligrams of dye leff in the supernatant were calcu-
lated from the equation: -

L dye concentration of huffer-dye solution

Milligrams of dye—-jﬂx 100
xD. F.
where:
E, = optical density of 1:100 diluted buffer-dye solution
E. = optical density of diluted supernatant

D.F. = dilution factor
(2) Protein was calculated from Kjeldahl nitrogen wvalues as
follows:
Protein percentage = (total nitrogen -- nonprotein nitro-
gen percentage) X 6.38
Grams of protein = weight of sample X protein percentage
(3) Dye-binding capacity was calculated from the equation:
milligrams of dye in 20 ml. _  milligrams of dye left in
_ buffer-dye solution supernatant

DBC -
grams of profein

milligrams of
=dye/grams of
protein

Kjeldahl (Semi-Micro) Method

The following modification of Rowland’s Kjeldah!l method (26)
was used.

Kjeldabl Reagent

One thousand milliliters of concentrated chemically pure H=SOs
low in nitrogen was added slowly with stirring to a solution pre-
pared by dissolving 25 g. of CuS0.+5H»0 and 200 g. of anhydrous
Na=804 in 1,200 ml. of double-distilled water. After the solution
was cooled to room temperature, 20 ml. of selenic acid was added,
and the total volume was brought £o 2,500 ml. with double-distilled
water.

Receiving Solution

Ten ml. of 0.1-percent methy! red and 20 ml. of 0.1-percent
bromceresol green in ethyl aleohol were added to each 2 liters of a
2 percent boric acid solution.
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Total Nitrogen

Ten ml. of milk sample was weighed and diluted with double-
distilled water to 102 ml. in a volumetric flask. Triplicate analyses
for total nitrogen were made on 10-ml. aliguots of the diluted milk
sampiles.

Nonprotein Nitrogen

Ten ml. of milk sample was weighed into a 125-ml. Erlenmeyer
flask. Twenty ml. of 20-percent trichloroacetic acid and 10 ml
of double-distilled water were added to the sample with continuous
shaking. After the contents remained undisturbed for 5 minutes,
they were filtered through a Whatman No. 12 folded filter paper.
Three 10-mi. samples of the filtrate were pipetted into three
Kjeldahl digestion flasks. Two or three glass beads and 8 ml. of
Kjeldah] reagent were added to each flask.

Digestion of the Sample

After a few drops of antifoam were added, the samples were
digested for 1 howr on the digestion rack. Ten ml. of the double-
distilled water was added when the flasks were cooled to room
temperature.

Pistillation

After each flask received 17 mil. of 30-percent NaQOH, the con-
tents were distilled for 12 minutes. The distillate was received
into 20 ml. of receiving solution. The boric acid solution was
titrated with 0.01 N HCI solution until g faint pink color appeared.

Preparation of Protein Fractions

The butterfat was separated from mixed herd milk. All casein
fractions were prepared from the skim portion. The skim milk
was dialyzed against 3 large volume of distilled water for 72 hours
at 2° C. and then freeze-dried.

Acid Casein

Acid casein was precipitated at pH 4.6 with addition of 1 N
HCI. The precipitate was washed three times with distilled water
and then dissolved with dilute NaOH solution, raising the pH to
8.5. The casein was reprecipitated at pH 4.6. The procedure was
repeated four times, Finally, the casein precipitate was washed
three times with distilled water and dried with ethyl alcohol fol-
lowed by ethyl ether.

u-, B-, and y-caseins were prepared by the urea method of Hipp
and coworkers {14).
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1 2 3 4 5

Froure 2.—Starch-gel electrophoresis of casein fractions: 1—dialyzed freege-
dried skim milk; 2—acid-precipitated casein; 8-—c-casein; 4—f-casein; 5—
k-casein.

a-Casein

Acid casein was dissolved in 6.6 M urea, and the «-fraction was
precipitated at a urea concentration of 4.6 M by dilution with
distillied water. The u-casein was suspended in distilled water and
dialvzed against distilled water for 72 hours at 2° C. and then
freeze-dried. Starch-ge! electrophoresis in 7 M urea at pH 8.4
showed some contamination with f-casein {(fig. 2).

8-Casein

The portion that precipifated in 3.3 M urea was discarded.
B-rasein was precipitated by further dilution to a urea concentra-
tion of 1.7 M, and the pH was then adjusted to 4.7. Purification
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was done by reprecipitating twice from 4.6 M urea solution. Each
time, the portion precipitated at a concentration of 1.7 M was col-
lected. The final precipitate was washed with distilled water
three times, dialyzed, and freeze-dried. Starch-gel electrophoresis
in 7 M urez at pH 8.6 showed no contamination with other frac-
tions (fig. 2).

v-Casein

The portion soluble in 1 M urea but insoluble in 1.6 M am-
monium sulfate was collected. The precipitate was dissolved in
dilute NaOH solution and brought to a pH of 4.7 at 20° C. to pre-
cipitate the impurities. The filirate was dialyzed against distilled
water for 72 hours at 2° C. and then freeze-dried. The starch-gel
electrophoresis pattern was identical to the one for y-casein ob-

tained with Hipp's method as shown by Groves and coworkers
{10}.

Ca-Sensitive and Ca-Insensitive «-Casein

Fox's method (8) was used to prepare these fractions. Purified
a-casein was dissoived with dilute NaOH (protein concentration
was about 2 percent} and the solution was cooled to 5° €. CaCl:
was added to bring the concentration of CaCl» in the solution to
0.15 M. The pH of the solution was then adjusted to 8.3. The

precipitated Ca-sensitive fraction was collected by centrifuging,
washing with water, and drying with ethyl aleohol and ethy! ether.
The supernatant was warmed to 30° C. and adjusted to pH 4.7.
The precipitated Ca-insensitive u-casein was cenirifuged, washed
twice with distilled water, and dried with organic solvents.

x-Casein

x-casein was prepared by the method of Cheeseman (6). To re-
move Ca-gensitive u-casein, 0.2 M CaCl: was added to casein solu-
tion to pH 7.0 at 4° C. The solution was warmed up to 37° C, and
then kept standing for 1 hour. The precipitate was centrifuged
out. The supernatant solution was kept overnight at 4° C. and
«-casein was precipitated af that temperature and at pH 4.6 with
acetic acid. The x-casein was washed twice with distilled water
and dried with organic sclvents. The purity of this fraction is
shown by starch-gel electrophoresis in 7 M urea at pH 8.6 (see
fig. 2).

Whey Protein

Acid whey was kept in the cold (about 0° C.) overnight at pH
4.8, and then fiitered. The fitered whey was dialyzed against a
large volume of distilled water for 72 hours in the cold and then
freeze-dried.
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Fraure 3.—Starch-gel electrophoresis of whey protein fractions: 1—whey pro-
tein; 2—globulin; 3—albumin; d4——a-lactalbumin; o—c-lactaibumin; 6—
g-lactogiobulin.

Lactoglobulin Fraction

Lactoglobulin was precipitated at half-saturation of ammonium
sulfate from acid whey at pH 6.0, The precipifate was dissolved
in (.02 M phosphate buffer of pH 7.0 and then dialyzed against
the same buffer solution for 72 hours. The dialyzed solution was
applied tc a DEAE column (9.0 by 5.5 em.} and chromatographed
by the stepwise method deseribed by Yaguchi and coworkers (48).
The cfftuent of the peak & was collected as the lactoglebulin frae-
tion, dialyzed against distilled water, and then freeze-dried. The
starch-gel electrophoresis pattern showed only one band, and it
is presumed that the fraction was pseudoglobulin (fig. 3).
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a-Lactalbumin and g-Lactoglobulin

The filtrate from the separated globulin fraction of whey was
saturated with ammonium sulfate, and the lactalbumin fraction
was precipitated. The precipitate was dissolved in phosphate
buffer of pH 7.0 (0.02 M) and dialyzed against the same buffer.
The dialyzed solution was chromatographed on a DEAE column
{8.0 by 5.% cm.) in the same manner as the globulin preparation.
The effluent of peaks ¢, d, and e, comprising primarily the «-lact-
albumin fraction,” was dialyzed against distilled water and freeze-
dried. The B-lactoglobulin fraction was prepared by treating the
effluent of peaks f and g in a similar manner. The starch-gel
electrophoresis pattern showed some contamination of «-lactalbu-
min with #-lactoglobulin, and some admixture of w-lactalbumin in
the pB-lactoglobulin preparation (fig. 3).

Starch-Gel Electrophoresis Method

Essentially the same starch-gel electrophoresis method described
by Wake and Baldwin (37) was used. The only difference was
that the stained gel was washed with 2-percent acetic acid (by
volume) instead of 10-percent glycerol.

STUDY OF FACTORS AFFECTING DYE BINDING

Spectral Absorption Curves of Amido Black 10B
and Orange G

One mi. of cach buffer-dye solution was diluted to 100 ml. with
distilled water. Optical density at each interval of 10 mu in the
range from 400 to 700 mu was measured with a Coleman 64 Jr.
spectrophotometer. Absorption was maximal between 610 and
620 mu for each amido black 10B and at 480 mp for orange G
{fig. 4). The curve for amido black shows a second small peak at
320 my. The pH of the dye solution was found to have no effect on
maximum absorption. Wavelengths of 615 and 480 my, respec-
Lively, were adopied for amido black 10 B and orange G and used
in determining optical densities in all subsequent experiments.

Comparative Sensilivily ol Amido Black 10B and
Orange G

Milk samples of high, medium, and low protein content were
diluted with distilled water lo get various protein concentrations
ranging from 2.74 to 4.02 percent. The samples ware analyzed by
three methods: (1) the amido black 108 method, (2} the orange G
centrifugation method, and (3) the arange G fltration method.
Amido black is more sensitive than orange G (fig. 5). The differ-
ence in the results from filtration and centrifugation was not
significant,

5 Obtained from R. Jenness, University of Minnesota,




16

OPTICAL DENSITY

F1

TECHNICAL BULLETIN 1368, U.S5. DEPT. AGRICULTURE

0.4 ¥ T
Amido Black 108
0.3
0.2
01
0 |
309 500 600 700
WAVELENGTH, mu
GURE 4.—Special absorption eurves, amido black 10B and orange G.

Tanue 2.—Replicated analysis of o milk sample
conlaining 8.19 percent protein (Kjeldahl)!

Protein Protein
Analysls © found with : o d? found with | d?
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 black 10B - : ;

: | | r
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P 3.0 0! 0. 3.19 0 ]
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B .40, -1 1 3.15 -4 16
T e e ammamaamoo 3.20 j 0 {0 3.19 0 0
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0 3197 ~1, 1 3.19 N 0
W ; 3.19 1 -1 1 3.19 0 0
Total. ... ... . : 3960 -4 6 ¢ 3104 | 44| 48
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Ld=[X,— X)X10?

* Regression equations used to caleulete percentuge of protein:

Wher
and

Amido binek: X = —4.4893Y +5.111
Orange G X = -34.58Y +16.23
e X =perceniage of protein
Y =pptical density.
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Fioure 5 —Relation between Kjeldah] protein and opticai d=nsity. Curves are for
amido black (1), orange G (2, centrifugation), and orange G (3, filtration).

The accuracy of the dye-binding test was not affected signifi-
cantly by whether optical density was measured by the Beckman
DU or Coleman 8A Jr. spectrophotometer. The Coleman instru-
ment, which required less time, was therefore used in all subse-
quent experiments.

Reproducibility of Amido Black 10B and Orange G
Methods

Ten separate analyses were made on the same milk sample with
amido black 10B and orange G methods. The protein content of
the sample as determined by the Kjeldahl method was 3.19 per-
cent. The resuiis are shown in table 2. Both methods gave excel-
lent reproducibility. Because of its higher sensitivity, the amido
black 10B method was used in all of the following experiments,
unless stated otherwise,
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Effect of Processing Treatments on Accuracy

and Reliability

pH of Buffer Solution

The same amount of amido black 10B (440 mg.) was dissolved
in 1-liter amounts of buffer solutions of pH 1.75, 2.00, 2.35, 2.50,
2,75, 3.00, 4.00, and 5.00. The raw skim milk sample was analyzed
with these eight different buffer-dye solutions. The protein-dye
reaction was affected greatly by pH (fig. 6). The higher the pH, the
less dye was bound by the proteins; at pH 5 almost no protein-
dye complex was fcrmed. This fact indicates that the pH of the
bufter-dye selution should be adjusted very carefully.

Fraenkel-Conrat and Cooper {#) reported that a pH below 2.2
may wause a breakdown of protein by hydrolysis. For the analysis
of milk protein, Raadsveld {22) and other workers in Europe
(11, 21, 289) chose a pH of 2.35, which appears to be optimum
for the dissociation of ionlzable protein groups without acid
hydrolysis. This pH was adopted for the procedure used in the
experiments described in this bulletin.

Time of Mixing

The milk sample was pipetied into a centrifuge tube and dye
solution was added to the milk. The sample-dye mixture was
stirred by a mechanical stirrer for 0, 4.5, 1, 2, 3, 5, 10, and 15
minutes. After the protein-dye complex was removed by centri-

o ] ) T |

OPTICAL ODENSITY

2 3 4
pH

Ficrns G.—Effeet of pH on dye binding; amido black 10B.
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Tanre 3.-—The effect of time of miving on dye binding

Uptical density of dye
. . FEINALIDIREG 10 supernaiant
Time ol mixing Lminutesi

! Amido black Orange

g8 G
L1 2 (._445 $.330
o ... e e imeimeaiaea-- 442 .331
t. e e eeammeaa 445 329
3. e e mm e 444 328
3. e S L3238
5., e e <443 L327
(L¢R e . . o L4432 .328
1

i el gl L3328

fuging, optical density was measured. The results are shown in
table 3. No significant difference in optical density was found
between unstirred samples and those stivred for 156 minutes. The
data indicate a very rapid reaction between protein and dye.
When, however, milk is added {o the dye solution instead of dye
solution added to the milk, more mixing time is required. The
volume ratio of milk in dye solution is 1:40. Under these condi-
tions, adding milk to dye solution at a pH below the iscelectric
point causes partial acid coagulation of casein. Completion of the
reaction between protein and dye requires that the coagulated
aggregates be dispersed by stirring,

Reversibility of Protein-Dye Reaction

The reversibility of the profein-dve reaction was fested by sus-
pending the precipitaled protein-dye complex in the same buffer
solution used in the bufler-dye solution and dialyzing against this
buffer for 48 hours at room temperature. No dye was dialyzed out.
This fact indicates the irveversibility of the reaction between pro-
tein and dye at the pH of the reaction. Additional experiments
with dialysis of protein-dye complex at higher pH showed that
the dye was dialyzed oul at a pH above £.0.

In the presence of urea in concentrations of 0.2 & or above, the
dye was dialyzed out at pH 2.35, the chosen optimum pH for dye-
protein complex formation. The evidence indicates that hydrogen
bonding is invoived in the formation of the dye-protein complex.

Temperature
The optical density of the supernatant was not changed sig-

nificantly by temperature changes within the range of 10° fo
42° C.
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Stability of Buffer-Dye Solution

In repeated trials no change in optical density was observed
when the buffer-dye solution was aged for one month. It is con-
cluded that the solution is stable if there is no gross environmentai
contamination by molds,

Use of Preservatives

The effect of three preservatives was tested on identical samples
of mixed-herd raw milk. Both controls and samples with added
preservative were kept at 5- C. and at room femperature. Analy-
ses were made daily for 15 days,

The preservatives and their concentrations were:

{1} Formaldehyde {36.6 percent) ; 2 drops,/200 ml. of milk,
{2) Hg(l:: 100 mg.;200 ml, of milk,
(3) KoCr:0s: 100 mg. 7200 ml. of milk.

The results were summarized in table 4, K:Cr:0r significantly
lowered initial optical density below that of the control. Since
K:Cr205 is a strong oxidizing agent, it is vevy likely that some of
the amido black was oxidized. Formaldehyde added at the rate of
1 drop 100 mi. of milk [much less than the amount recommended
by the A.0.A.C. {4} had no effect on initial optical density, but
with storage the results became erratic. Formaldehyde is known
to react with protein, and the reduction in dye bound as formalde-
hyde concenlration 1s increased (fig. 7) suggests that it may com-
pete with the dye for NHu sites of the protein., Table 4 shows
that HgCl: can be used to preserve milk for the dye-binding test,
even though added HgCl: slightly lowered the initial optical
density. The difterence was within experimental error, however.

Tanug Lo~ Lffcel of preservatives on dye binding

Optical density of dye remaining in supernubant 2
Stacge tomperst wre O U,
and G tdoyst

Nu LHCTiG HpCl, KCra0;

preservative

Sigrage al 277 (" :
. . 0,405 e (.455 cd  0.447  def . 0.426 |14

H . . oo LA def 474 ab 451 cde 433 ir
. . . P 4581 cde 432 I
i}, P £ % 4 TS & efyr
L F Y ¢ LA4T def
Storsge at 5 C,:

0. .. . 0.455 od .455  cd 0447 def  ().420 Py
3. S L4951 ede Aas o A48 ded 42K g
T Coo o EB def A0 hed L4447 def 424 Fiq
. ... . 481 ede AG2 bed B del 426 g
1 2 LCLE Th Y 452 ed .48 iy

P Avernge of Lhree samplies of .31, 3,39, and :§.3I_ pereent proiein.
® Mewns folluwed by the suwe letter wee aul sigaificundly different al the d-percent
level neeording to Duncan's multipie range test.




THE DYE BINDING OF MILK PROTEINS

OFTICAL DENSITY

0.05 0.10 0.15 0.20
HCHG/100 ML. MILK, ml.

FicUREe 7.—Effect of formaldehyde concentration on dye binding;
black 10B

Heating

Mixed-herd milk was subjected to various temperature-time
heat treatments commonly used in processing milk. The heat-
treated samples were analyzed for protein content by both the
amido black and the Kjeldahl method. No significant difference
was observed between the dye-binding capacity of heat-treated
and control samples (table 5). Thus, the dye-binding method can
be used for protein determination of pasteurized milk and milk
subjected to other common processing heat treatments.

A sterilization heat intense encugh to cause browning lowers
the DBC of the milk proteins. Skim milk samples were heated to
120° . for 10 minutes and for 8 minutes. The DBC of unsterilized
and sterilized milk samples is shown in table 6. It is well known
that the browning reaction in milk is due primarily to the Mailliard
reaction of aldo-sugars with amino groups of proteins. The lower-
ing of DBC by the browning reaction is to be expected. To study
the relation between DBC and the intensity of the brown color, 350
mi. of eondensed skim milk (32.11 percent total solids) was
diluted with 150 ml. of distilled water and heated at 120° C. for 0,
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TanLe 5.—Lffect of heal treatment on dye-binding capacily

Heal treatment E
DB 2 famido
black 18B)

Temperatuwre (° ") Time i
1 Ag. dyefg.
: : prodein
Not bested. . . o ... e e e e mmem—————— ' B38.0G5 8
7 RS- 11 I 1111« SO G 10 a
VT R, D mina.noo oo ... 339.15 n
5 Jasee oL L. ... .. 334.50 =
55 T e e eman clsee ... e wmme—iae 335,45 =
BN e e el ABminL L .. . 38 858 n

v Aversge of two milk samples,
# Means followed by the same letter are not significantly different at the 3-percent
levet, neourding to Duncan's mulliple range test.

Tanne 6.—FEffect of stertlization of milk on dye-binding capacity

Dye-binding capacity t :
' Intensity
U of brown

Bample Hented al 120° C. for— & color of
N heat b hested
ireubment ¢ gample ?

10 minutes 8 minules

Mg.ig. Mg/ Mafe |
1 e 3347 AR ... i Blight.
Dol 3.7 K 12 I S, Do.
2, 335.2 33T . Do.
d oL o o33 0 S 325.7 - Very slight.
o, e 3336 ... 326.9 Do.

UAgrnms of dye per geam of profein; amido blaek 10B.
2 Visualiy observed.

2, 4, 6, B, and 10 minutes. After the sample was cooled to room
temperature, further dilution was made to reduce the concentration
of total solids to that of norma! skim milk, The brown color was
measured by a colorimetric method with Colormaster {a differen-
tial colorimeter of Mecco Manufacturers Engineering and Equip-
ment Corp.). Figure 8 shows the straight-line relation between
reflectance and optical density at 615 mg.

Condensing

Condensed skim milk (3:1) was prepared from freshly sepa-
rated skim milk with a small milk-condensing apparatus (10-ib.
capacity) at 55° C. under a vacuum of 28 inches Hg. The con-
densed milk was diluted with distilled water tn the original skim
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FiGURE 8.—Relation between brown eolor (inversely proportional to reflectance)
and optical density.

milk concentration. Both skim milk and diluted condensed milk
were analyzed by the amido black and Kjeldahl methods. The
average DEC calculated from two independent experiments was
334.2 mg. dye per gram of protein for skim milk and 335.9 mg.
dye per gram of protein for diluted condensed milk. The process
of condensing had no effect on DEC.

Homogenization

Identical milk samples were warmed to 60° C. and homogenized
at pressures ranging from 1,500 to 4,000 p.s.i. The DBC of un-
homogenized and homogenized samples is shown in table 7. Even
at the very high homogenization pressure of 4,000 p.s.i. no change
was found in DBC.

Fat Content

1t was thought that a dye might be preferentially adsorbed on
the fat globules and form a complex with a fat globule membrane
material. If this were true, fat content would affect the DRBC.
Samples with a range of fat content were prepared by varying the
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PTanLye 7.

Effect of homogenizalion on dye-binding copacity !

Homogenization pressure (p.sd.} : DBC®
Mg, dye/g.

prolein
£ et e e e e e e m e e cmmmemm——— e ' 342.7 a
B0 e mmmma————— e 0.5 =
N L L o eeasmamemmmmmmememea——a— 342.2 n
AR . L amemacieesiaacmmsmammimmr—— - 341.0 »
0 1 341.8 »
BN a4 Miaaatmumemmmevem—— e ' HO.T &
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V Average of two milk samples, warmed to 60° C. .
? Means [ollowed by the same letter are not significantly different at the 5-percent
level, according to Duncan's muliple range test,

proportions of skim and cream taken from a single lot of milk
(table 8). The data show that the DBC of milk protein increases
slightly as fat content increases from 0 to 4.10 percent; there is
no further increase in DBC as fat content goes up to 10.50 per-
cent. At a higher concentration, some fat remains in the super-
natant after cenfrifugation and affects the optical density reading.
Normally, fat is entrapped in the protein-dye complex, leaving the
supernatant clear and free of fat.

Surface Tension

DRBC was not affected when the surface tension of skim milk
was lowered, by the addition of Tween 20, from 51.8 to 35.8
(cjlynes.r'cm. or when that of whole milk was lowered from 48 to 35

VTies, ¢in.

Tarte 8.—FLfTect of fal content on dye-binding capactly

Rample Fat Prutein ? DRC &

Mg, dye/g.

Percenl Percent : prolein
14 e s 1.8 3,47 303.3
B e ieeeeaiaiaian 0 3.73 285.9
UG g 1.15 3.67 . 291.4
S 2,20 3.63 2008
3. e eeeaae e 3. 10 3.62 2646
§. e e el 4,14 .48 - 300.9
7. i e 13,50 3.84 297.8

1 Skim milk prd eream, exeept as indicsted.
2 Wjeldahl.

3 Amido black 10B method.

¢ Criginal milk.

3 8kim milk,
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Proteolysis

Freshly separated skim milk was pasteurized for 15 seconds at
T5° €., adjusted to pH 7.5 with diluted NaOH, and warmed to 40°.
To 200 ml. of the skim milk was added 200 mg. of pancreatin
powder; the mixture was then stirred with a magnetic stirrer
until the pancreatin was completely dissolved. The samples were
incubated in a constant-temperature water bath at 40°, and sam-
ples were removed for analysis every 10 minuies beginning just
afi.r the pancreatin was completely dissclved in the milk. To
prevent further progress of proteolytic reaction, dye solution was
added to each sample as soon as it was removed from the water
bath. Both total nitrogen and nonprotein nitrogen were deter-
mined by the Kjeldahl method. For nonprotein nitrogen deter-
mination, 20 percent trichloroacetic acid was immediately added
to the sample. Progressive proteolysis increases DRC because of
a decrease in true protein content, as shown by the Kjeldahl pro-
tein analysis. From the results of experimenis to be deseribed
subsequently, this increased DBC is thought to be due to the
decrease in the protein-dye ratio in the reaction mixture. With
this lowering of protein content by proteolysis an increase in the
optical density of the supernatant is to be expected. This relation
is shown in figure 9.

From the data on Kjeldah! protein in this experiment, the extent
of proteolysis was much greater even after only 10 minutes of
incubation with pancreatin than would normally occur in milk
aged for as long as 2 to 3 weeks if kept af about 0° C. 1t was re-
peatedly cbserved in other experiments in this study that a very
slight proteolysis may take place when milk is aged without sig-
nificantly affecting the accuracy of the amido black 10B dye-bind-
ing test.

Stability of the Protein-Dye Bond

The stability of the protein-dye bond as affected by pH and urea
solutions was investigated in the fellowing manner.

The protein-dye complex was washed with pH 2.35 citrate-phos-
phate buffer to remove unbound dye. Different portions of the
complex were then suspended in buffer solutions (citrate-phosphate
at pH’s of 2.0, 3.0, 4.0, 4.5, 5.0, 5.5, 6.0, and 7.0} and then dialyzed
against these same buffer solutions for 48 hours at room tempera-
ture. The effect of pH on the stablity of the protein-dye complex
is indicated in the following tabulation:

»H of buffer Dye dialyzed out

[
o

cottoo o

Yes, slowly
Yes
Yes

A
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F1GURE 9.—Change in optical density, percentage of protein, and DBC with
progressive proteolysis,

The reaction butween the protein and the dye at the pH of the
reaction was irreversible, but when the pH was increased to 5.5
the dye was liberated from the protein-dye complex and dialyzed
out. When urea was added to the buffer, this liberation took place
at pH 2.35. The effect of urea on the stability of the protein-dye
complex is indicated in the following tabulation:

Uren coneentration
in pH 2.85 buffer Dye dialyzed out

1M. No
2 M. Yes
a4 M, Yes
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RELATION BETWEEN PROTEIN
MEASUREMENT BY DYE-BINDING AND
KJELDAHL METHODS

The accuracy of the dye-binding test with amido black 10B was
studied on milk from a large number of individual producers from
three different areas in California. The areas differ in climate,
feeding practices, and the protein content of the milk. A limited
study was also made on mastitic millk.

Samples of producer's milk, identical to those taken for the fat
test were refrigerated and shipped to the laboratory. At {ime of
apnalysis the samples were 2 to 4 days old. Separate experiments
established that the dye-binding test was unaffected by an increase
(up to 0.05 percent) in titratable acidity that might have taken
place during shipping. Titratable acidity was determined in all
samples suspected of having developed acidity.

Mastitic Milk

Milk from mastitis-affected udders of four cows was studied.
The mastitie infection. experimentally induced, was relatively
mild as determined by the Califernia mastitis test. The Kjeldahl
nitrogen on all samples was run in triplicate, and, when necessary,
the determinations were repeated in duplicate. The dye-binding
tests were made in duplicate,

The correlation cosfhcient between Kieldahl protein and dye
binding was only 0.681 for mastitic milk. This relatively low
corrvelation is to be expected, since the ratio of various protein
fractions, pavticularly those of whey, is guite different in mastitic
milk from that in normal mitk. Different types of proteins present
in milkk have different specific binding capacities for the dye.

Mixed-Herd Millk s

In the sample of 440 observations of mixed-herd milk from
three different aveas in California, the relation between optical
density as determined by dye-binding and protzin content as deter-
mined by Kjeldahl test was as follows:

Y = 515656 — 4.289X
R = 0.916
S.E. = = 0.093

Where Y is the protein content by Kjeldahl and X is the optical
density. This equation “explained” 91.6 percent of the variance

% This section prepared by A. C. Manchester, agricultural economist, Market-
ing Economics Division, Beonomic Rescareh Service, U.8. Department of Agri-
culture, on the basis of n statistical analysis by Eilsic I). Anderson, formerly
anaivtical statistician with the same Division.
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in the protein content by Kjeldahl, The standard ervor of esti-
mate was = 0.093 percentage points.

Both of the measures are averages of several observations—two
measurements of optical density and three of Kjeldahl nitrogen.
The measurements are not completely reproducible, of course. The
standard deviation about the mean of each sample was:

Standard deviation Mean
Optical denstty . ___ 0.0031 0.3989
Kjeldahl nitrogen_ e __ 0042 5330

In other wortls, two-thirds of the measurements would be within
one standard deviation of the mean for each sample.

The observations came from three different areas in Califor-
nia-—246 samples Trom the Sacramento area, 50 from Fernbridge,
and 144 from Petaluma. Analysis of the data from each of these
areas yielded somewhat different vesults (table 9}.

The equations for herd milk in the Fernbridge and the Petaluma
areas are homogeneous. That is to say, statistically there is no
significant difference beiween them. That for the Sacramento
avea is significantly different in a statistical sense from those for
the other two areas. The observations for the three areas are
plotted in figure 10.

In an effort to determine why different equations were obtained
in the three areas, a large number of regression analyses were
performed, including the use of various cutvilinear forms. On the

TapLe U.—Stalislical data for mixed-herd malk

Regression statistics

Coefliclent ___
Houree Samples  of deter- ’

ul sumples mingstion U Constant  Regression cocfficient Slandaed

Lerm fwith s standard error of

errar) ? estimate ?

Nuwmber Pereenl

Sreramento 2406 0.6 3.6629 - a.3440 (0. 1104 1,077
Fernbridge .. al [ aodtds ~ G50 (2 20 + 82
Pelalim:l. 1 93.0 51713 — AN 1D + 064

U Cpeflicient of tletermination is the perceninge of variation in milk protein per-
centige assovieted with varintion in aptical densify. )

T Average inerense or decrease in percentage of milk protein that oceurs with each
increase of one in optical densitv.  The figures in parentheses indicate the limits of
change to be expeeted in the regression coefficients two times ant of three from re-
peated sefs of samples. . .

8 ludientiun of the agreement expected between a pereentage of protein estimated
from the equation and the true protein percentuge, Estimuted values can be dis-
tributed ahont the true values ss follows: within ene standard eeror for two out of
three estimites, within two times the stindard error for 19 put of 20 estimates: within
three times the stundard ercor for 99 oul of 10y estimates.
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Ficure 10—Graph of regression lines for different categories of milk: from
Sacramento area (1) from individual cows (2); from Fernbridge area (8);
from Petaluma area {4} ; mastitic milk (5).

basis of the evidence that there is a difference in DBC at different
levels of protein, an analysis of the relation between optical dens-
ity and Kjeldahl protein was run at three different levels of pro-
tein and no significant differences between these profein levels
were found. None of the curvilinear forms gave better results
than the linear.

An analysis which divided all 440 observations into three groups
on the basis of the level of optical density yielded coefficients of
determination (%) of 0.646, 0.514, and 0.773 for the three groups.
The standard errors of estimates for these groups were = 0.064,
+ 0.109, and = 0.099. Thus, use of three different regressions for
different levels of optical density would yield “better” results for
only about one-third of the range at the lowest level of protein.
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More damaging than this fact, however, was the observation that
the regressions obtained by this method were not logically related.
When plottad, the three regressions would form a saw-toothed line
for which no logical explanation seems possible. Total range of
protein content was rather narrow, 94 percent of the samples
being between 3 and - percent protein, which made fitting the
data to a straight line more difficult.

One of the additional regressions fitted did seem to improve the
measurements stightly. When the butterfat percentage of the
sample was included as a separate independent variable, it in-
creased the predictive power of the equation slightly:

¥ LA26—-3.20E0 0. 144X,
R? (0.834
S, F.= 40082

Where ¥ is protein by Kjeldahl, X1 is the optical density, and X
is the butterfat percentage. The slightly curvilinear relation be-
tween protein content and butterfat content known from much
previous work appeared to improve the measurvement slightly,
This is consistent with the experimental chservation that butter-
fat content did have a small effect on DBC (table 8).

There are a number of possible sources of variation, which may
account for the somewhat unsatisfactory fit. These include season
of the year—the Sacramento area observations were from July
26 to September 2; Fernbridge, October 2 to October 16: and
Petaluma, October 16 to December 6-—and breed. The Fernbridge
area had predominantly Jersey and Guernsey; the Petaluma area
had about 50 percent Jersey and Guernsey and 50 percent Hol-
stein; and the Sacramento area had almost exclusively Holstein.
It is possible that these and other factors may cause variations in
the nonprotein nifrogen content or in the relative amounts of vari-
ous proteins that differ in dye-binding capacity.

STOICHIOMETRY OF DYE-BINDING METHODS

It has been commeonly assumed that, within certain limits of
protein and dye concentrations, the reaction between protein and
dye is stoichiometric. Dolby (7) reported no DBC change with
normal protein variation, but Ashworth and coworkers (3} found
the contrary. The data of mass protein analysis suggested that the
difference in protein content between milks from different areas
may be a signficant factor in the difference in DEC indicated by
the regression eguations for the different areas. Therefore, the
Tollowing experiment, was designed to study the relation between
DEC and protein-dye concentration in the reaction mixture.

Six samples with protein contenfs ranging from 1.011 to 6.003
percent were prepared from condensed skim milk (12.2 percent
protein concentration) by dilution with distilled water. The DBC
was determined at six levels of dye concentration. Figure 11
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FigUrRe 11.—Relation between Kjeldahi protein and DBC at various levels of
dye concentration. The dye concentration {in milligrams per liter of buffer
soletion) is constant for each curve: 1—680; 2—581.5; 3—506.5; 4—440.0;
5—341.0; 6—240.0,

shows the relation between DBC and Kjeldahl protein percentage
for this series. 1t is clearly shown that at each level of dye con-
centration, the DBC is decreased by an increase in the protein
content. However, it should be noted that at the dye concentration
level of 440 mg. liter (the concentration used in the amido black
method), the extreme difference in the protein content of normal
milk, from 2.8 to 4.5 percent, will give a difference of 10.5 mg.
of DEC, which is equivalent to about 0.12 percent protein by the
amide black 10B test.
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ficune 12.—Relation between protein-dye ratio of the reaction mixture and
DEC; amido biack.

The relation between DBC and Kjeldzhl protein is not linear,
but plotting the DBC against the protein-dye ratio of the reaction
mixture gives a fairly good linear relation, as seen in figure 12,

A study similar {o the preceding one was made with orange G
dye. DBC was determined on seven samples of protein concentra-
tion ranging from 2.15 to 5.34 percent and three levels of dye con-
centration. The relation obtained was similar to that observed
with amico black (fig. 13 and 14}.

The experiments on the relation between DBC and dye concen-
tration were vepeated with a single sample of milk of 4.34 percent
protein and different dye concentrations. Two separate tests were
made ia duplicate with each dye. The results are shown in figures
15, 16, 17, and 18. Distinct inverse linear relations were observed
between DBC and protein-dye ratic for both amido black and
orange G though the amount of dye present in the reaction mixture
was always in excess. .

Multiple equilibria in dye-binding were described by Rosenberg
and Kiotz (25). Working with one protein (serum albumin)
rather than a mixture of proteins, they found that when 1/7 is
plotted against 1/(D)}, where r is dye-binding capacity and (D)
is a free dye (dye in supernatant), a straight line can be obtained
if no interactions other than the protein-dye reaction are involved
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DBC, mg. dye g protein

3 4
KJELDAHL PROTEIN, percent

FicUReE 13.—Relation between ¥jeldahl protein and various levels of dye con-
tratien {orange G). The dye concentration (in milligrams per iiter of buffer
solution) is constant for each curve: 1—1,200; 2—1,000; 3—aiG0.

in the dye-binding reaction. The data of the preceding experi-
ments in the present study were accordingly plotted in the same
way. Meither dye showed 2 straightline relationship. One might
then conclude that in a complex system such as milk there might
be other interactions of dye besides the main reaction of dye with
protein. But that was not the case: no fractions of milk other than
protein were found to interact with amido black 10B. The infer-
pretation of Rosenberg and Klotz was based on working with a
single protein (serum albumin). Milk protein is a mixture of
different proteins that vary in dye-binding capacity, so one cannot
expect a straight-line relation between the reciprocals of DBC and
a free dye.
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DBC, mg. dye g.protein

3

PROTEIN/DYE RATIO

FiGURE 14.—Relation between protein-dye ratio of the
DBC; orange G.

360

DBC, mg. dye-g.protein

500
DYE CONCENTRATION, myg./l.

Ficvre 15.—Relation between dye concentration and DBGC; amido black 10B.
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PROTEIN/DYE RATIO

FiGURE 16 -—Relation bet“een protein/dye ratio of the reaction mixture and
DEBC,; amido biack 10B.

20 F T

DBC, mg. dye/g.protein

=
w
=

300 1,000 1,100 1,200
DYE CONCENTRATION, mg./l.

FIGURE 17 —TRelation between dye concentration and DBC; orange G.
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219

DBC, mg. dye g protein

2.0 2.2 2.4 2.%
PROTEIN/DYE RATIO

Figrre 18.—Relation between protein/dye ratic of the reaction mixture and
LBC; orange G,

DYE-BINDING CAPACITY OF VARIOUS
MILK PROTEIN FRACTIONS

Various milk protein fractions were prepared as desecribed in
Experimental Procedures. All preparations except acid casein,
Ca-sensitive u-casein, Ca-insensitive u-casein, and x-casein were
freeze-dried for use in the experiments. Starch-gel electrophoresis
was used as a criterion of purity {see fig. 2 and 3).

About 1 g. of each protein fraction was dissolved in 25 ml. of
phosphate buffer of pH 7.0 Total nitrogen of the protein solution
was determined by the semimicro-Kjeldahl method. The percent-
age of protein was calculated by multiplying the total nitrogen
value by the conversion factors given in Jenness and Patton (135,
p. 125). In the absence of the known factor, 6.38 was used. The
aliguots of each protein solution were weighed (about 0.5 g.), and
DEC was determined at eight levels of amido black 10B concen-
tration (350, 400, 450, 500, 550, 600, 650, and 700 mg./1. of buffer
solution), The resulting data are presented in figures 19 and 20.

The present data confirm findings of Ashworth and Chaudry
(2) that the DBC of whey protein is considerably greater than
that of casein. e-lactalbumin has the highest DBC of all fractions,
followed by lactalbumin and #-lactogicbulin. The DEC of globulin
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Fiovue 10.—DBC of casein fractions (amido black 10B):

Mok proteir ss x wholeo . oL oL L . -
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& - ytaseln .

G- gegasein L
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o

PV T
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mg./l.

.38 =3.23 percent;
3,38 =2 .83 pereent;
44 =3, 13 pereent;
.88 =3.00 percent;
3.40 =278 pereent;
3. 49 =103 pereent;
5.348 =2 67 percent;
3.53 =4.1Y percent,

{ pseudoglobulin} is much lower than that of other whey fractions.
Ca-sensitive u-casein is the fraction of casein with the highest
DBC, foliowed in descending order by u-casein, Ca-insensitive

u-casein, «-casein, y-casein, and B-casein.

1t is of interest to note that the DBC of «-casein and of globulin
was essentially the same at all levels of dye concentration, whereas
the DBC of all other protein fractions increased with dye concen-

tration.
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Ficvne 20-~DBC of whey protein fractions (amido black 108):

M oomilk protein g a whole., .. Lo L0 L oLL o0 TUNUXG.38 =3.23 pereent;
Poe-laetalbumin . o0 o0 0oL oo Lol L TUNOXGL U =210 pereent;
2 laetaliigmin . e e e ENUOX G 38 =3.GY pereend;

3 g-lactoglobulin, e e e ae ces IWNUXG 41 =366 pereent:

A-ewhey provein. . o0 o oL o o0 TIN.XG6.88=3,61 percent;

S--globulin. oL oo o s T.N.X6.35 =2.42 percent.
DISCUSSION

The present study investigated the quantitative aspects of dye-
binding by millk proteins to determine the limitations of dye-
binding methods for rapid, accurate estimation of the proteins in
milk. It deals primarily with amido black 10B and, to the lesser
?xtent, orange G, the two dyes used most commonly in dye-binding
ests.

Below their iscelectric points, milk proteins bind negatively
charged dyes. Since pH governs the number of positively charged
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protein groups, the amount of dye bound depends on the pH of
the reaction mixture of dye and protein. The relation between
pH and the amount of amido black 10B was found to he linear
within the range of pH 1.75 to 4.0. A pH of 2.35 was chosen for
the standard buffer-dye solution. This is near the opiimum pH
for a maximum positive charge on the protein melecules without
a breakdown of protein by acid hydrolysis.

Different workers have reported different wavelengths at which
the optical density of the supernatant {unbound dye) was deter-
mined. In our work, spectral analysis of amideo black showed the
maximum absorption peak between 610 and 620 myg, and a much
smaller peak at 320 mgp. For orange G the maximum absorption
was at 480 mpu. Therefore the wavelengths chosen for defermina-
tion of the optical density of the supernatant from the reaction
mixture were 815 mpu for amido black and 480 mpu for orange G.
It wes confirmed that in the concenfrations used in the tests both
dves obey the Beer-Lambert law,

Sensitivity and reproducibility are the two basic eriteria of any
analytical method. The data of figure 5 show that the amido black
method is more sensitive than the orange G method: the differ-
ence of 0.01 in optical density corresponds to 0.05 percent protein
for amido black and 0.16 percent protein for orange G. These data
are in agreement with results of Shiga and coworkers (28) and
Deolby (7). Reproducibility for the methods of both dyes is very
good {see table 2). Ten separate analyses of the same sample of
milk gave standard deviations of optical densities of 0.0017 and
0.0005 for amido black and orange G, respectively. These values
correspond to 0.0095 and 0.008 percent protein. Standard devia-
tion for the Kjeldahl method has been reported to be 0.008 percent
protein (26).

Other controversial points in the literature have been the time
and method of mixing dye and milk. The observation of Richard-
son {24} that the procedure of adding buffer-dye solution to milk
is preferable was confirmed. When dye and milk were mixed in
this manner, the optical density of the svpernatant did not change
even after it was stirred for 15 minutes with a mechanical stirrer
{see table 8.) The volume proportions of milk to dye solution are
1:40. If, in contrast, milk is added fo the dye solution (pH 2.35},
a partial acid coagulation of casein takes place and at least 30 sec-
onds of stivring is required to disperse the coagulated proteins.

Of three commonly used preservatives—HgCle, K:Cr:0s, and
HCHO—only HeCl» was found to have no significant effect on the
dye-binding test. K.Cr:0: lowered optical density by partially
oxidizing the dye and thus increasing the apparent protein con-
tent; HCHO reacted with NHat groups of protein in competition
with the dye, resulting in an apparent lowering of the protein
content.

The effect of common processing treatments on the DBC of milk
protein was studied. Homogenizing up to 4,000 p.s.i., condensing,
and heating for 15 minutes up to 90° C. did not affect the DBEC
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of milk protein. With coneentrated milk, it is essential to dilute
the sample to a concentration of protein equal to that of normal
milk before a sample is taken for the test. It is of interest thut
although 15 minutes at 90° denatured whey proteins almost com-
pletely, it did not affect DBC. Denaturation of serum albumin
destroys its dye-binding ability (26). Denaturation of many other
proteins enhances this property (20), and DBC has been used as
a sensitive criferion of denaturation (72). It is possible but not
likely, that DBC is enhanced in some denatured whey proteins
and destroyed in others in such a way that the net effect is nil.
The probable reason is that whey proteins are always denatured
under conditions of the test by acid environment (pH of reaction
mixture is 2.35) and/or by breaking of hydrogen bonding by
amido black 10B. Kronman and coworkers (18) have ohserved
the aggregation of e-lactalbumin at a pH below 4.0 and concluded
that this is consequence of a “denaturation-like” conformational
change at the molecular surface,

It was shown that heating milk enough to induce browning
decreases DBC. This would be expected because of the interaction
of the amino groups with the aldehyde groups of sugar in the
browning reaction. The velations between intensity of browning
and DBC is linear (see fig. 8).

Extensive proteolysis of milk increases DBC (fig. 9). This is
interpreted as not the effect of proteolysis per se but rather the
effect of the decrease in the protein-dye ratio that results from the
test procedure. With a decrease in true protein content by prote-
clysis the optical density of the supernatant is increased (fip. 9),
as would be expected. The increase in optical density would be
somewhat greater if it were not for an increase in DBC result-
ing from the increase in protein-dye ratio with a progressive
proteolysis,

Mass protein analyses of producers’ milks from three different
areas of California by dye-binding (amido black 10B) and Kjel-
dahl methods confirmed the high accuracy of amido black methods.
Standard errors of estimate for the regression lines for milk of
each area were 0.077, 0.082, and 0.064 percent. The linear regres-
sion equations relating Kjeldahl percentage of milk protein to
optical density were statistically homogeneous for two areas, but
that of the third was statistically significantly different frrom the
other two. Figures 9, 11, 13, 15, and 17 show that the reaction of
protein with dye is not entirely stoichiometric and that the DBEC
changes with the protein-dye vatio in the reaction mixture; a
straight-line inverse relation is obtained (fig. 12, 14, 16, 18} when
DBC is plotted against the protein-dye ratio. This limitation of
the dye-binding methods is not serious, because the most extreme
variation in protein content in normal milk is from 2.8 to 4.5
percent, a difference of 1.7 percent, which in the amido blacl test
would cause an error of approximately = 0.12 percent protein.
The probable explanation for the variation in DBC with protein-
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dye ratio is that it is possible for more than one dye molecule
to be bound by a nrotein molecule, and hence the interaction
between protein and dye is a multiple-equilibria reaction (25)
dependent upon the concentration of free dye. Furthermore, there
may bhe interaction among bound dyve molecules,

The data on the DE(C of various profein fractions {figs. 19, 20)
showed that all proteins of milk differ in DBC. The DEC of whey
proteins exeept psendoglobulin is considerably higher than the
DEC of casein fractions. e-Lactalbumin has the highest DBEC.
Similar to milk protem as a whole, the DEC of each protein frac-
tion, exeepl x-casein and giobulin fraction (pseudoglobulin), varies
inversely with protein-dye vatio in the reaction mixture,

SUMMARY

Factors affecting determination of milk proteins by dye-binding
procedures were studicd. OF the two dyes moest commonly used
for protein determination, amido black 10B and orange G, amide
black 10B was judged to be more suitable because it gives a
greoater change in optical density per unit of protein. The study is
therefore mainly coencerned with this dye.

Of three commonly used preservatives—HgCly, K:Cr20s, and
HCHO—only HgCl: was found te have no significant effeet on
the dyc-binding lest. Homogenizing, condensing, and heating to
90 - C. for 15 minutes did not affect the dye-binding capacity
(DECY of milk protein. Heating sufficient to cause browning did
reduce DOC. Extensive proteolysis inereased DEBEC. The slight
hydrolysis that may take piace in storage had no effect on DBC,

A slight increase in DEC was observed with inereasing butter-
fat content through the 0- to {.1-percent range. with no further
effect at higher levels of butterfat. The DEC decreased linearly
as the protein-dye ratio in the solution increased. The resulting
arror wotld, however, be only approximately = 0.12 percent for
samples within the normal vaviation of protein content of mill
(2.8 to 1.5 percent).

Data on the DR{! of various protein fractions showed consider-
able vaviations. Thease differences in DBC exelude the possibility
of using the dye-binding protein test on atypical milk sueh as
colostrum, mastitic milk, and milk of very late lactation. Tests
with mastitic milk did show poor correlation between protein by
Kjeldahl and protein by dye binding.

Mass protein analysis by the amido black method of producets
miik from three diffevent areas of California showed standard
crrors of estimate of 0.077, 0.082, and 0.064 percent protein com-
pared with Kjeldahl protein. Two areas gave regression equations
that were statistically homogeneous with one another but that were
significantly different from the third area. Reasons for the dif-
ferences are not clear; however, mitk from the third area is
mostly from brecds different from those in the first two areas.
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TanvLg 10, --slecuracy of aulomalic pipels’

20 ml, pipet 2 25 ml, pipet *
T'rizl ' . [
Weight o i Weight d T
ol water of water
{{rams (irams _
1 14,5973 +78 0,004 RESETIR 4 462 LN
2 LY. RTEO - L35 18,225 21T 421 414 |
3 1984970 +75 h, 025 24 _H16T -+l 3,72
o 143, 807G Hhd 7,0a0 2L 4120 -1} B
3 19, 857495 - 1 10,000 i ubs -35 1,225
& 19,8750 =~ {45 L1 02s 20034 =42 N, o4
N 1O b -+ 103 LI, S 24,9116 ~ I} [{0)
5. O s G 4,741 20 0117 -1 =l
0. 14, 8754 G 11,236 24 0107 - 1) 3G
10 i), S0pY 474 5,070 24,9151 425 2h
Tatal L4 8040 -1 100,513 2491262 -2 18,8408
Avernge . LDLESUS 29 44126
Mo =001 S0, =0,0040

U The speeified volume was measured ten times with each pipet and the delivered
volume wos weighed each time,
=X, - KX
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