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Chemical Phosphorylation of Bovine 3-Lactoglobulin

Susan L. Woo, Lawrence K. Creamer,! and Thomas Richardson*

Bovine B-lactoglobulin was phosphorylated with phosphorus oxychloride (POCl,) at pH 8.5 to give a
product that contained up to 14 mol of phosphorus/mol of protein. The acid lability of the phosphate
residues and the 3P NMR spectral data suggest that the protein lysine and histidine residues had been
phosphorylated. Some dimerization of the protein also occurred. Circular dichroism showed that
phosphorylation disrupted the native structure of the protein but did not denature it completely.

Whey, the principal byproduct of cheese making, is a
fluid which contains 4-5% lactose, some mineral salts, and
about 0.5% protein. The protein material can be separated
from the whey and is a valuable source of essential amino
acids such as lysine. It is soluble and stable between pH
2.5 and pH 10 and is able to form foams and gels under
appropriate conditions (Marshall, 1979). It would be de-
sirable, however, to extend the range of functional prop-
erties of whey protein, and this study was undertaken to
explore the effects of phosphorylation on the major whey
protein B-lactoglobulin as a possible prelude to the exam-
ination of phosphorylated whey protein.

Nonspecific protein phosphorylation can be accom-
plished with inexpensive reagents such as phosphoryl
chloride (POCI;) or phosphorus pentoxide dissolved in
phosphoric acid, and several such artificial phospho-
proteins have been studied (Heidelberger et al., 1941;
Mayer and Heidelberger, 1946; Ferrel et al., 1948; Salak
et al., 1965; Willmitzer and Wagner, 1975). The earlier
studies indicated that the phosphate could become atta-
ched to amino nitrogen such as in lysine or to hydroxyl
oxygen, as in serine, and that the properties of the phos-
phoprotein were not simply an extrapolation of those of
the original protein to take account of the increased neg-
ative charge.

EXPERIMENTAL SECTION

Phosphorylation. Purified 8-lactoglobulin (8% crys-
tallized; Sigma Chemical Co., St. Louis, MO) was dissolved
to give a 1% solution. Phosphoryl chloride (POCl;) was
added as small aliquots over various periods of time with
vigorous stirring at 25 °C while maintaining the pH at 8.5
by the dropwise addition of 5 M NaOH. The POCI; was

Department of Food Science and Cheese Research In-
stitute, University of Wisconsin, Madison, Wisconsin
53706.

10n leave from New Zealand Dairy Research Institute,
Palmerston North, New Zealand.

added in three different forms: (1) dissolved in light
mineral oil, (2) dissolved in CCly, and (3) neat with no
dispersing solvent. After the addition of all the POCly, the
aqueous phase was separated from the organic solvent,
where necessary, and dialyzed against 0.9% (0.15 M) NaCl
and against two changes of deionized water before being
freeze-dried. Samples of this freeze-dried material were
further purified by dissolving them in water and chro-
matographing them on a 2.5 X 30 cm column of Sephadex
G-25 in 0.10 M NaCl at a flow rate of 0.7 mL/min. The
column effluent was fractionated, and the 280-nm absor-
bances and phosphate contents of selected fractions were
determined. The fractions containing the protein peak
were bulked, dialyzed and freeze-dried, and examined
further or frozen. A control reaction involved adding 10%
POCI, dissolved in CCl, into the aqueous system without
protein for 4 h to achieve hydrolysis and /or polymerization
of the POCl;. The protein was then added, and the mix-
ture was allowed to stand overnight. Subsequently, the
control protein was purified as above for the phosphory-
lated protein. This control measured any electrostatic
interactions between any polyphosphates that might be
formed and the protein.

Poly-L-lysine (VII-B; 40000 molecular weight; Sigma,
St. Louis, MO) was phosphorylated and purified by the
above procedure using the direct addition method at a
POClg:substrate molar ratio of 4000:1.

Phosphoprotein Hydrolysis in Solution. Purified
phosphoprotein samples were dissolved in water (5 mg in
0.5 mL), and the pH was adjusted to 1.5, 4.5, 7.5, or 10.5
with 1 M NaOH or HCL. Each of these solutions was held
at 37 °C for 24 h, the pH was then adjusted to 7.5, and they
were dialyzed twice against 1-L changes of 0.05 M Tris
buffer at pH 7.5 in 24 h. The samples then had their
protein and phosphate contents determined by absorbance
at 280 nm (¢4 = 9.4; Tanford and Nozaki, 1959) and
sample digestion in 60% HCIO, followed by phosphate
analysis (King, 1952), respectively.

A second and third set of experiments included an in-
testinal alkaline phosphatase, EC 3.1.3.1 (Type VII, Sigma,
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Figure 1. Gel filtration elution pattern of phosphorylated 3-
lactoglobulin.

St. Louis, MQ), at a ratio of 16 ug of enzyme to 3.75 mg
of phosphoprotein.

Nuclear Magnetic Resonance Measurements. Pro-
tein samples were dissolved at a concentration of 50-100
mg/mL in 0.05 M Tris buffer at pH 7.5 containing 0.002
M Na,EDTA. Spectra were obtained from a Bruker
WH-270 superconducting Fourier transform spectrometer
operating at 109.29 MHz. The external standard was
methyl phosphonate.

Circular Dichroism Measurements. Spectra were
recorded with a Jasco (Japan Spectroscopic Co., Tokyo)
Model J-41C spectropolarimeter with a spectral bandwidth
of 2 nm, a scanning rate of 1.0 nm/min, and a time con-
stant of 16 s. Between 190 and 250 nm a 1-mm cell was
used and protein concentrations near 0.1 mg/mL were
used. Molar ellipticity per residue, [6], in deg cm? deci-
mol™? was calculated from

[6] = 100dM,n"1C!

where d is the rotation in degrees per 1.0-cm path length
of solution, M, is the molecular weight of the protein
[assumed to be 18 362 for 3-lactoglobulin and phospho-3-
lactoglobulin (Whitney et al., 1976)], n is the number of
residues in the protein chain [162 for §-lactoglobulin
(Braunitzer et al., 1973)], and C is the concentration of
protein in mg/mL. Between 250 and 340 nm and 1-cm cell
was used and protein concentrations near 0.6 mg/mL were
used. The molar circular dichrosim, Ae¢, was calculated
from

Ae = 0.0304dM,C!

where the terms have the same meaning as for the earlier
equation.

The spectropolarimeter sensitivity was measured by
using a 60 mg/100 mL solution of camphor-10-d-sulfonic
acid which has a positive circular dichroism, Ae, of 2.20 (a
molar ellipticity of 7260 deg cm? decimol™?), at 290.5 nm
(Cassim and Yang, 1969).

Electrophoresis in polyacrylamide gels in 4.5 M urea-
and NaDodSO,-containing buffers (9% and 12% acryl-
amide, respectively) followed the general procedure of
Laemmli (1970).

RESULTS

Preliminary data showed that POCI; in an organic
solvent or alone could phosphorylate 8-lactoglobulin and
that higher pH favored a greater extent of phosphorylation.
It was also found that any delays in the procedure, such
as more extensive dialysis or holding samples overnight,
allowed the samples to dephosphorylate. Thus the isolated
and purified phospho-g-lactoglobulins varied in their
phosphate content. After phosphorylation and dialysis to
remove surplus low molecular weight material, the phos-

Woo, Creamer, and Richardson

Table I. Effect of POCI,:Protein Ratio on Extent
of Protein Phosphorylation®

P content,
POCI,:protein ratio, mol of P/mol
mol/mol of protein
500 5.2
1000 6.0
2000 11.3
3000 13.8
4000 13.6

¢ The POCI, was added directly to the reaction mixture
over a 45-min period.

Table II. Effect of Organic Solvents on Extent
of Protein Phosphorylation®

P content,
mol of P/mol
solvent of protein
none 6.0
mineral oil 7.8
CCl, 12.5

% The POCI, was added (a 10% v/v solution where a
solvent was used) during 45 min at a ratio of 1000 mol
of POCI,/mol of protein.

Table III. Effect of Reaction Time on Extent
of Protein Phosphorylation?®

P content,
mol of P/mol
time, min of protein
45 12.5
90 10.0
240 7.7

¢ The POCI, was dissolved in CCl, and the ratio was
1000 mol of POCI,/mol of protein.

phoprotein was purified by gel filtration chromatography
on Sephadex G-25. Figure 1 shows a typical elution pat-
tern. It can be seen that the 280-nm absorbance to
phosphate ratio is virtually constant across the main peak,
centered on a 55-mL elution volume, and that there is a
double phosphate peak at 100 and 125 mL. It seems likely
that the leading shoulder of the second peak is caused by
polyphosphates and that the second peak is ortho-
phosphate. When control samples were eluted from the
same column, no phosphorus was detectable in the protein
fractions, indicating the absence of electrostatic interac-
tions between polyphosphates and the protein.

Effect of Varying the Reaction Conditions. The
ratio of POCI; to protein was varied in the range 500:1 to
4000:1, all other conditions being held the same. The
extent of phosphorylation increased at the higher ratios
(Table I), but the limit appeared to be about 13.7 mol
phosphate/mol of protein.

When phosphorylation was carried out in a two-phase
system with the POC]; dissolved in CCl, or light mineral
oil, the extent of phosphorylation was greater (Table II),
and when the phosphorylation reaction was slowed by
making the additions of reagent in smaller aliquots (Table
III), the extent of phosphorylation decreased.

Thus the greatest phosphorylation would probably be
achieved by using POC]; dissolved in CCl, at a high ratio
(>2000:1) to protein and by rapidly intermixing the
reagents so that the total reaction time was minimal.

Hydrolysis of Phospho-3-lactoglobulin. The lability
of the phosphates was investigated at several pH values
and as a result of enzyme action. When the protein was
dissolved, titrated to a set pH, held at 37 °C for 24 h,
readjusted to pH 7.5, and dialyzed against pH 7.5 0.05 M
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Effects of Formaldehyde on Protein Extraction and Quality of High- and

Low-Tannin Sorghum

Klaus H. Daiber and John R. N. Taylor*

Dilute solutions of formaldehyde were used to inactivate the tannins in high-tannin (bird-resistant)
sorghum. By means of this treatment it was shown that high- and low-tannin sorghums contain similar
proportions of the different classes of protein. The differences observed in protein yield, when high-tannin
sorghums are extracted (without pretreatment) by using the Landry and Moureaux fractionation, are
due to interactions between tannins and albumin, globulin, and prolamin proteins, the majority of these
proteins being rendered insoluble in their usual solvents. In addition, electrophoresis indicated that
those proteins which were extractable from high-tannin sorghum were bound to tannins. As formaldehyde
facilitated the quantitative extraction of proteins from high-tannin sorghum, it is suggested that it may
have a more general application in the study of proteins from plant material rich in polyphenols.

The proteins of high-tannin (bird-resistant) and low-
tannin cultivars of sorghum have been examined by a
number of workers (Jambunathan and Mertz, 1973;
Chibber et al., 1978; Guiragossian et al., 1978) using the
fractionation procedure of Landry and Moureaux (1970).
These workers found that high-tannin cultivars contain
a lower proportion of salt-soluble, albumin plus globulin,
and alcohol-soluble, prolamin, proteins than low-tannin
types. Conversely, the proportion of glutelins which are
the proteins soluble in pH 10 borate buffer containing
2-mercaptoethanol and sodium dodecyl sulfate (NaDod-
SO,) is greater in the high-tannin varieties.

Chibber et al. (1978) postulated that the lower propor-
tion of albumins, globulins, and prolamins found in high-
tannin sorghum is due to interactions between these pro-
teins and the tannins, rendering them insoluble in their
normal solvents but extractable by the glutelin solvent.
Evidence to support this theory has been obtained by
Fishman and Neucere (1980), who demonstrated the
presence of salt-soluble protein—tannin complexes in the
glutelin fraction obtained from a high-tannin sorghum
cultivar.

Daiber (1976) patented a process in which high-tannin
sorghum grain for use as malt in the brewing of sorghum
beer is treated with dilute formaldehyde solution. The
formaldehyde reacts with the tannins, thus preventing
their subsequent complexing with and inactivation of en-
zymes formed during malting. The reaction between
formaldehyde and tannins is probably similar to that which
occurs between it and phenol in the formation of
“Bakelite”, a phenol-formaldehyde resin (Morrison and
Boyd, 1966).

In this report which forms part of a larger investigation
into sorghum polyphenols (Kaluza et al., 1980; Glennie,

Sorghum Beer Unit, National Food Research Institute,
Council for Scientific and Industrial Research, Pretoria,
0001, South Africa.

Table I. Albumin plus Globulin and Prolamin Proteins
Extracted from Sorghum Grain Treated with Different
Concentrations of Formaldehyde

% of total protein

in grain
albumins +

% formaldehyde globulins  prolamins

SSK 52:¢ 0 0.6 10.4
0.04 10.4 14.5
0.08 10.4 38.5
0.16 10.3 36.6

G766 W:? 0 15.9 37.1
0.04 17.2 43.3
0.08 15.9 43.3
0.16 14.8 41.9

¢ High tannin. ? Low tannin,

1981), the effect of soaking grain in formaldehyde on the
extraction and quality of salt- and alcohol-soluble proteins
from high- and low-tannin varieties is described.

EXPERIMENTAL SECTION

Grain (30 g) of sorghum cultivars SSK 52 (high tannin)
and G 766 W (low tannin) was steeped for 6 h at room
temperature in 30 mL of the following solutions: distilled
water and 0.04, 0.08, and 0.16% formaldehyde. It was then
blotted dry and dried further at 50 °C for 16 h.

The dried grain (20 g) was ground for 2 min in a Janke
and Kunke] beater-type mill. Five grams of the resulting
flour was extracted sequentially by stirring for three 1-h
periods with 25-mL aliquots of 0.8 M NaCl at 4 °C and
then with 55% (v/v) isopropyl alcohol plus 2% (v/v) 2-
mercaptoethanol at 60 °C to extract the albumin plus
globulin and prolamin proteins, respectively. The super-
natants were dialyzed overnight against distilled water and
freeze-dried.

Protein (N X 6.25) was determined by the method of
Thomas et al. (1967). So that nitrogen recovery could be
checked, acetanilide was included with each batch of di-
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