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NON-ENZYMIC METHODS FOR THE 
PHOSPHORYLATION OF PROTEINS' 

ARLEN W. FRANK 
Southern Regional Research Center, Agricultural Research Service, U. S.  

Department of Agriculture, New Orleans, Louisiana 701 79 
(Received April 18, 1986) 

Non-enzymic methods for the phosphorylation of proteins are reviewed with respect to type of 
reagent, protein source, reactive site (N-, 0- or S-), extent of reaction, and effect on physical 
properties, functionality and biological properties. Experimental procedures are given to illustrate the 
most important methods. Some enzymic methods are included for comparison. The evidence for 
phosphorylation of specific amino acid residues, such as serine, threonine, histidine or lysine, is 
critically assessed. Conclusions are drawn regarding the status of phosphorylation as a synthetic 
method for modifying proteins. 

I. INTRODUCTION 

In view of the heightened awareness of the role played by phosphoproteins in 
enzyme regulation, interest is growing in the synthesis and characterization of 
proteins that have been purposely phosphorylated by chemical or enzymic 
methods. Enzymic methods were reviewed by Perlmann' in 1955, by Taborsky3 in 
1974 and by Krebs and Beavo4 in 1979. Non-enzymic methods were briefly 
reviewed by the author' in 1984. In this review the non-enzymic methods are 
discussed in greater detail, particu'wly with respect to characterization of the 
products and comparison of their properties with those of the phosphorus-free 
proteins and the natural phosphoproteins. 

11. SYNTHETIC METHODS 

A .  Non-Enzymic Methodr 

Egg albumin6.' and other proteins' combine with metaphosphoric acid to form 
insoluble precipitates that were later shown to be salts.' The first authentic 
chemical phosphorylation of a protein was reported in 1901 when Bechhold 
treated egg albumin with phosphorus oxychloride in the presence of sodium 
hydroxide and obtained a product regarded to be a true ester of phosphoric 
acid.'' The method was improved by Neuberg"*'2 and Rimingt~n '~ and has since 
been used extensively for the phosphorylation of proteins (Table I). The 
following procedure (Rimington, 1927) is still in use. 

Method 1: 

"A quantity of the protein, between 7 and 10 g, was . - - dissolved in water with 
the aid of the requisite quantity of sodium hydroxide, the total volume being 
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298 A. W. FRANK 

TABLE I 
Phosphorylation of proteins by phosphorus oxychloride/ 

sodium hydroxide (method 1) 

Percent P 
Protein Before After Reference 

Human 
Serum albumin 
Serum globulin 
Serum protein 
-, "P-labeled 
Hemoglobin 
Globin 

Bovine 
Casein 
Casein 
Casein 
-, dephosphorylated 
Lactalbumin 
/3-Lactoglobulin 
Hemoglobin, type I1 

Horse 
Serum albumin 
Serum globulin 

Serum protein 
Plasma 

Rabbit 

Chicken 
Serum protein 
Egg albumin 
Egg albumin 
Lysozyme 

Silk fibroin peptone 

Legume 
Soy protein isolate 

Unspecijled 
Blood globulin 
Witte peptone 
Gelatin 

Silkworm 

- 0.99 - 1.07 
- 1.62 
- 1.36 
- 0.92 
- 0.68 

0.85 1.76 
0.80 1.77 
0.83 1.83 
- 1.75 
- 1.01 

trace 1.28 
- 2.31 
- - 

0 2.70 
- 0.71 

- 2.72 
- 2.72 

- - 
0.06 2.71 

0 1.34 
- - 

0 10.76 

0.15 1.43 

trace 1.77 
- 3.61 
- - 

14,15 
14 
14 
16 
15 
15 

12 
13 
17 
13 
14 
11 
18,19 
20 

21 
13 

14 
14 

14 
22 
9 

17 

12 

23,24 

12 
12 
14 

See also poIy-L-Iysine.'8 

brought up to 125-150 cc. Phosphorus oxychloride (20-25 g) dissolved in eight 
times its volume of carbon tetrachloride was allowed to drop into the ice-cold, 
rapidly stirring protein solution, to which had been added phenolphthalein to 
serve as an indicator, and the reaction was kept faintly alkaline by addition of 4N 
sodium hydroxide. The addition of the oxychloride extended over 6-8 hours and 
the temperature of the reactants never rose above 5". After separating the 
aqueous layer from the carbon tetrachloride, the phosphorized protein could be 
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PHOSPHORYLATION OF PROTEINS 299 

TABLE I1 
Phosphorylation of proteins by phosphorus oxychloride 
(method 2) or phenyl phosphorodichloridate (method 3) in 

the absence of base 

Percent P 
Method Protein Before After Reference 

2 Herring Clupeine 
Unfractionated - 3.1 25 

3.2 25 YI - 
2 - 1.9 25 

See also poly-L(or DL)-serineZ6 

3 Unspecified 
Gelatin <0.02 0.50 21 
Pepsin 0.1 0.7 21 

precipitated by addition of 2N hydrochloric acid until maximum separation 
occurred. This corresponded to a pH between 3 and 4.” (Quoted with permission 
from Reference 13. Copyright 1927 by The Biochemical Society.) 

Two minor modifications of this method have been proposed (Table 11). In 
method 2, the protein is dissolved in trimethyl phosphate and phosphorylated 
with phosphorus oxychloride in the absence of base for 2 to 6 days at room 
temperature; the reaction is terminated by pouring the mixture into twice the 
volume of water. This method was applied to herring sperm clupeine, converted 
to its capronate salt for enhanced solubility.” In method 3, the protein is 
phosphorylated with phenyl phosphorodichloridat~6H50P(0)C12~ither in 
the presence or absence of sodium hydroxide for 1.5 hour at 18-20°C. The phenyl 
group is cleaved off during the reaction, leaving the protein phosphate ester 
substituent-free. This method was applied to gelatin and pepsin.” Preliminary 
experiments showed that if the protein is treated with diphenyl 
phosphorochloridate-(C6H5)2P(0)CI-the second phenyl group is retained. Its 
removal could be troublesome.?s 

In 1948 Ferrel et al. reported that proteins can be phosphorylated by 
phosphoric acid containing phosphorus pentoxide (method 4).29 The application 
of this method to a variety of proteins and model substances is summarized in 
Table 111. 

Method 4: 

“The reagent was prepared by quickly weighing 75 g of phosphorus pentoxide 
into a beaker containing 1OOg of 85% orthophosphoric acid and heating the 
mixture with stirring to dissolve. Ten grams of the cooled reagent was weighed 
into a small beaker and 1OOmg of finely ground protein was dusted in with 
stirring to obtain a smooth dispersion. The beaker was then placed in a desiccator 
over phosphorus pentoxide to react for three days at room temperature. The 
reaction mixture was stirred several times during the first twenty-four hours to 
disperse any lumps formed. After seventy-two hours, the viscous reaction mixture 
was diluted by adding finely crushed ice with vigorous stirring. The diluted 
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300 A.  W. FRANK 

TABLE 111 
Phosphorylation of proteins by phosphoric 

acid/phosphorus pentoxide (method 4) 

Percent P 
Protein Before After Reference 

a,,-Casein 

Chicken 
Egg albumin 
Ovomucoid 
Ovomucoid 

Silkworm 
Silk fibroin 
Sericin 

Fish 
Salmine 
Isinglass 

Gluten 
Gliadin 
Edestin 

Cereal 

Bacterial 
Gramicidin 

Unspecified 
Gelatin 
Gelatin 
y-Globulin 
Globin 
Insulin 
Insulin 

Bovine 
Serum albumin - 

0.87 
2.97 
1.70 

4.80 
5.17 
5.57 

5.11 
11.09 

9.41; 
4.24 

4.89 
2.29 
2.97 

1.89 

4.83 

4.40 
1 .a6 
2.54 
2.35 

- 

29 
30 

29 
29 
31 

29 
29 

29 
29 

29 
29 
29 

29 

29 
32 
29 
29 
29 
33 

See also poly(g1utamic acid), polyglutamine, 
polyglycine and tyrosine-formaldehyde 
polymer.29 

* Salt-linked metaphosphate. 

mixture was then poured over more cracked ice and neutralized (pH7.5-8.0) 
with 10N sodium hydroxide, with stirring to prevent local overheating. The 
product was isolated by 0 . * dialyzing, first against ion-free water, then against 
10% sodium chloride, and finally against distilled water until free of inorganic 
phosphates.” (Quoted with permission from Reference 29. Copyright 1948 by the 
American Chemical Society .) 
In method 5 (Table IV), the protein is incubated with cyclic sodium 

trimetaphosphate in aqueous solution for 3 hours at pH11.5 and 35°C. The 
reagent is prepared by heating sodium dihydrogen phosphate for 5 hours at 
530°C. This method has been applied only to soy protein 

Proteins, like many other substrates, do not react with phosphoric acid if the 
reagent is anhydride-free. Two methods have been developed in which the 
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PHOSPHORYLATION OF PROTEINS 301 

TABLE IV 
Phosphorylation of proteins by sodium trimetaphosphate (method 5 ) ,  
phosphoric acid/urea (method 6) or phosphoric acid/coupling reagent 

(method 7) 

Method Protein Before After Reference 
Percent P 

~~ 

5 Legume 
Soy protein isolate - 0.48 34,35 

See also poly-DL-serineZ6 

6 Cereal 
Gluten - 1.57 36,37 

6 Legume 
Soy protein concentrate - 0.73 38 

7 Bovine 
@,,-Casein 
/?-Casein 
K-Casein 

0.88 1.74 39 
0.59 1.98 39 
0.12 1.46 39 

7 Fish 
Salmon protamine - 0.72 40 

40 -, 33P-labeled - - 

phosphoric acid is “activated” by another reagent (Table IV). In method 6, the 
protein is treated with phosphoric acid and urea, dried, ground to a powder and 
heated at 140°C for 30 minutes in a vacuum. This method has been applied to 
wheat gluten and to soy protein In method 7, the phosphoric 
acid is activated by a coupling reagent such as trichloroacetonitrile or dicyclohexyl 
carbodiimide. This method has been applied to salmon sperm protamine and to 
several casein  fraction^.^^.^' 

Method 7: 

“To 6 ml DMSO, containing 20 mg protamine chloride/ml, are added 15 pl 85% 
H3P04 (14.7 M), 150 pl triethylamine (7.2 M), and 150 pl trichloroacetonitrile 
(10.0 M). Upon addition of the trichloroacetonitrile, the coupling reagent, the 
reaction mixture is incubated in a 40 ml conical glass tube for 30 minutes at 37”C, 
and is then rapidly chilled by the addition of 30ml ice-cold ethanol. Phos- 
phoprotamine is allowed to precipitate for 15 minutes at O”C, and is then 
collected by centrifugation. The precipitate is dissolved in 5 ml 1N H2S04, and 
incubated for 30 minutes at 30°C. The solution is again chilled, 20ml of cold 
ethanol is added, and the precipitate again collected by centrifugation. The 
precipitated phosphoprotamine is * * * purified by passage over two 3 ml columns 
of Bio-Rad AGl-X8 C1- anion exchange resin, which was equilibrated and eluted 
with water.” (Quoted with permission from Reference 40. Copyright 1975 by 
Academic Press, Inc.). 

In 1956 Rathlev and Rosenberg introduced potasium hydrogen 
phosphoramidate-NH,P(O)(OH)OK-as a phosphorylating agent for proteins 
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A. W. FRANK 

TABLE V 
Phosphorylation of proteins by potassium phosphoramidate (method 8) 

Percent P 
Protein Before After Reference 

Bovine 
Myelin basic protein 
Histone H4 
-, (1-23)peptide -. $38-102)-peptide 
-, ’P-labeled 
Ribonuclease 
-, unfractionated 
-, A 

Bacterial 
Protein HPr (S. aureus) 
Phosphoramidate hexose 
transferase (E.  coli), 
32P-labeled 

Unspec@ed 
Insulin 
Insulin 

0 0.35 43 
0 0.20 44 

0 - 48 

0 0.026 49 

- 0.24 41 
1 42 - 

and related substances (method 8).41s42 The reagent is prepared by the hydrolysis 
of either diphenyl ph~sphoramidate-(C,H~O)~P(O)NH~r bis(2-cyanoethyl) 
ph~sphoramidate-(NCCH~CH~O)~P(O)NH,with potassium hydroxide, and is 
stable only in neutral or alkaline solution. For ribonuclease, the preferred reagent 
is 1,3-diphosphoimidazole, which may be prepared from potassium phos- 
phoramidate by reaction with imidazole. The reagent is used in the form of its 
sodium or calcium salt at pH 8.5.43*44 The proteins that have been phosphorylated 
with these reagents are listed in Table V. 

Method 8: 

“One gram crystalline insulin and 0.22 g potassium PA [phosphoramidate] are 
dissolved at pH 7.3 in 20 ml water. After standing 24 hr, the insulin is precipitated 
by adjustment of pH to 5.2, centrifuged and again dissolved together with 0.22 g 
PA. The isoelectric precipitation and treatment with PA is repeated every day for 
about two weeks. . - . At the end of the phosphorylation period, the protein is 
completely soluble at pH 5.2 and is isolated from a solution of pH 4.4.” (Quoted 
with permission from Reference 41. Copyright 1956 by Academic Press, Inc.) 

For the record, mention should be made of the phosphorylation of proteins 
with organic phosphorus compounds of the nerve gas type, i.e. the cholinesterase 
inhibitors. These are not covered in this review for two reasons: (1) the reactions 
are not generally useful for synthetic purposes, and (2) the literature is 
voluminous. For a thorough recent review of these reagents and their mode of 
action, see E ~ O . ~ O  
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PHOSPHORYLATION OF PROTEINS 303 

B.  Enzymic Methods 

To place the foregoing methods in proper perspective, some of the more common 
enzymic methods are discussed here. 

Although it was stated above (methods 6,7) that proteins do not react with 
phosphoric acid unless the latter is “activated”, the phosphatases are exceptions. 
Alkaline phosphatase, whether derived from animal (calf intestine, bovine 

or bacterial (E .  coli, S .  murce~cern)~*~~ sources, binds up to one mol 
per mol of 6 at its active site, serine; acid phosphatase, whether derived from rat 
liver56 or human prostate5’ (but not Baker’s yeast),58 binds up to one mol per mol 
of P, at its active site, histidine. No uptake of c. occurs in either case if the 
enzyme is denatured or inhibited.5”53*57*59 

A more general method for the phosphorylation of enzymes in vitro is 
phosphorylation by ATP in the presence of a phosphorylase kinase. Because the 
phosphorus uptake is so low (<0.1%), special techniques for measuring the 
extent of reaction are necessary. The usual technique is a radioassay with 
32P-labeled ATP, as illustrated for glycogen phosphorylase (method 9). 

Method 9: 

“The following reaction mixture was used: (1) 100 ml of four times recrystallized 
AMP-free phosphorylase b solution containing 1.90 gm of the enzyme, (2) 2.5 ml 
of 2M Tris buffer adjusted so that the final reaction mixture would be at pH7.8, 
(3) 2.0 ml of phosphorylase b kinase (6 mg) in neutral 0.3M cysteine, (4) 1.0 ml of 
1.OM M ~ ( A C ) ~ ,  ( 5 )  4.0 ml of [B,Y-~~P-ATP] (31 pmoles). The labeled ATP was 
added as the last component, and the mixture was incubated at 25” [for 40 to 60 
minutes] - . After the reaction has reached completion, an equal volume of 
saturated ammonium sulfate, pH7, is added, and the precipitated protein is 
collected by centrifugation, dissolved in a minimal amount of water, and dialyzed 
as described by Illingworth and Cori6’ for the crystallization of phosphorylase 
a. . . . [The] maximal phosphate incorporation in phosphorylase b [was] 8.3 x 

pmoles P32 per mg [or] 4.1 moles P32 per mole.” (Quoted with permission 
from Reference 60. Copyright 1958 by The American Society of Biological 
Chemists, Inc.) 

By 1978 this method had been applied to some 21 different enzymes, and the 
number was expected to increase by two to three a year.4 The ATP can 
sometimes by replaced by other phosphate donors such as GTP62 or 1,3- 
d ipho~phoglycera te ,~~~~ and the phosphorylase kinase by other protein k i n a ~ e s . ~  

A method that is described as non-enzymic but appears to be specific for a 
single enzyme, 6-phosphogluconic dehydrogenase (C. utilis), is phosphorylation 
by acyl phosphates such as acetyl ph~sphate-CH~C(O)OP(O)(OH)~-or car- 
bamoyl phosphate-NH2C(0)OP(O)(OH),. The enzyme, dissolved in triethanol- 
amine buffer, pH 7.5, is treated with the acyl phosphate, incubated for 10 minutes 
at room temperature, and then passed through a Sephadex G-25 column to 
remove the excess reagents. No phosphorylation occurs when the phosphoryl 
donor is ATP, GTP or creatine phosphate. The method fails when applied to 
aldolase, glycerol-3-phosphate dehydrogenase or glutamic dehydrogenase .M Car- 
bamoyl phosphate, in fact, acts as a carbamylating agent toward bovine glutamic 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
5
2
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



304 A. W. FRANK 

dehydrogenase, inactivating the enzyme by reaction with the eNH2 group of 
lysine-97.@ 

These methods are distinguished from the non-enzymic methods by (1) their 
specificity for particular proteins and for particular sites within those proteins, (2) 
their low degree of substitution, being an order of magnitude lower and requiring 
special techniques for detection, and (3) the mildness of their reaction conditions. 

111. REACTIVE SITES 

The determination of which sites in proteins are phosphorylated by each of the 
foregoing methods has proven to be a formidable problem. Since few of the 
protein-phosphorus bonds are able to withstand the acid hydrolysis that is usually 
performed in amino acid analysis, other lines of evidence have been pursued to 
help solve the problem. 

Table VI lists potential sites for phosphorylation in proteins. In general, any 
-NH, - O H  or -SH group in an amino acid is capable of undergoing 
phosphorylation, and representatives of all three types are known.’ Since the 
peptide -C(O)NH- group is inert, almost half of the commonly occurring 
amino acid residues are unreactive, except where they occur as end-groups; in 
effect, glycine, alanine, proline, valine, methionine, cystine, leucine, isoleucine 
and phenylalanine residues can all be considered to be inert. 

The principal factors in the phosphorylation of amino acids are the substrate, 
the phosphorylating agent, and the reaction conditions.’ In general, acid 
conditions favor 0-substitution whereas alkaline conditions favor N- and S- 
substitution. Phosphorylation of aliphatic or aromatic hydroxyl groups is inferred 
if the phosphate groups are stable to acid and unstable to base. 0-Phosphoserine 
and -threonine are stable in neutral or acid solution but undergo /I-elimination 
in alkaline solution, giving pyruvic acid and a-ketobutyric acid, respectively. 
0-Phosphotyrosine exhibits the same behavior but regenerates tyrosine in 
alkaline solution. Conversely, phosphorylation of aliphatic or aromatic amino 
groups is inferred if the phosphoramidate groups are stable to base and unstable 
to acid. N-Phospho derivatives in which the phospho group is attached to a 

TABLE VI 
Potential sites for phosphorylation in proteins 

~ 

Site Amino acid residue 
~~ ~ 

-COzH 
-NHz 
4 O N H -  
4 H 2 0 H  
4 H O H  (aliphatic) 
4 O H  (aromatic) 
-CHzSH 
-NH (aromatic) 
4 0 N H z  
-NHC(=NH)NHZ 
--P(O)(OH)z 

Aspartic acid, glutamic acid, any C-terminal residue 
Lysine, hydroxylysine, any N-terminal residue 
All residues 
Serine 
Threonine, hydroxyproline, hydroxylysine 
Tyrosine 
Cysteine 
Histidine, tryptophan 
Asparagine, glutamine 
Arginine 
All phosphorylated residues 
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PHOSPHORYLATION OF PROTEINS 305 

TABLE VII 
Structures of phosphorylated proteins 

Amino acid residue R in [-NHCHRC(0)-1, 

n = 1, orthophosphate 
n = 2, di- or pyrophosphate 
n > 2, polyphosphate 

Serine --CH2O[P(O)OIn H 

,CH3 

'O[P(O)OI~H 
Threonine 4 H  

4 3 4 2  

Hydroxyproline 'CHOP( O)(OH), 
A H 2 '  

Tyrosine 

Histidine, N, 

Lysine 

nitrogen other than the a-amino group, such as N,(or N,)-phosphohistidine, 
N,-phospholysine or N,-phosphoarginine, are more stable than the N, 
derivatives, though still acid-sensitive.' 

The structures of the phosphorylated amino acid residues are given in Table 
VII. The evidence for each assignment is as follows. 

A. Serine 

Phosphorylation of the aliphatic hydroxyl groups of serine residues is expected for 
method 4, where the reaction conditions are acidic throughout. The amount of 
bound phosphorus remaining after extensive dialysis against 10% sodium chloride 
correlates reasonably well with hydroxyl content for a series of proteins ranging 
from 4.6 (gliadin) to 37.7 (sericin) equivalents per lo4 g. Titration, however, 
indicates that only 69-87% of the phosphate groups are in the orthophosphate 
form, compared with 100% for the naturally occurring phosphoprotein, 
p h ~ s v i t i n . ~ ~  This matter is discussed further in Section IV. Phosphorylation of 
serine residues has also been suggested for methods 1,'' 2,25 534,35 and 7,39*40 
though it was recently ruled out for method 1 on the basis of "PNMR 
evidence." Proof was obtained for methods 225 and 7@ by partial acid hydrolysis 
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306 A. W. FRANK 

of phosphorylated herring clupeine YI and salmon sperm protamine, respectively. 
O-Phosphoserine was identified in the hydrolysates by ion exchange 
chromatographp940 and confirmed by high voltage paper electrophoresis= or 
33P-radioactivity. 

B. Threonine 

Phosphorylation of threonine residues has been inferred for methods 1,17 2= and 
4,29 based on the stability of the phosphoprotein to acid. Proof was obtained for 
method 2 by partial hydrolysis of phosphorylated clupeine YI, which contains two 
threonine residues per mole. O-Phosphothreonine was identified in the hydrolys- 
ate by ion exchange chromatography and confirmed by high voltage 
electrophoresis.25 

C. Hydroxyproline 

The amount of phosphorus introduced into the hydroxyproline-rich proteins 
gelatin and isinglass by method 4 suggests that the hydroxyl group of the 
hydroxyproline residue is available for phosphorylation, but this has not been 
confirmed.29 

D. Tyrosine 

The phenolic hydroxyl groups of tyrosine residues are phosphorylated to a limited 
extent, if at all, by methods li7 and 4.29 A peak near 0 ppm in the "P NMR 
spectrum of phosphorylated lysozyme after treatment with acid could have been 
tyrosine-bound phosphate, but this was not ~onfirmed.'~ Insulin and silk fibroin 
peptone both bind phosphorus in excess of their aliphatic hydroxyl content but 
their tyrosine content, measured colorimetrically (Folin), was only reduced from 
9.0 to 8.5% and (-) to 6.0%, re~pectively.'~ 

E. Histidine 

Phosphorylation of histidine residues has been inferred for methods 1 17~18*20,23 and 
8,45*46*48 based on the stability of the phosphoprotein to base and instability to 
acid. Proof was obtained for method 8 by HPLC identification of N,- 
phosphohistidine in the potassium hydroxide digests of phosphorylated histone 
H4 and myelin basic protein." Histone H4 contains two histidine residues per 
mole, and both are phosphorylated. The 31PNMR spectrum of the protein at 
pH 7 shows a sharp peak for phosphorylated His-18 at 4.8 ppm and a broad peak 
for phosphorylated His-75 at 7.3ppm. These assignments were confirmed by 
experiments in which peptide fragments H4(1-23) and H4(38-102) were phos- 
phorylated separately, and further confirmed by chymotryptic cleavage of 
32P-labeled phosphorylated histone H4.& Protein HPr contains a single histidine 
residue, His-15, which is phosphorylated by method 8 to give a phosphoprotein 
whose 31P resonance at pH 11.8 is 5.57ppm; the phosphorylated protein, 
however, is unable to transfer phosphate and is therefore assigned the N, 
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PHOSPHORYLATION OF PROTEINS 3m 

structure to distinguish it from the enzymic phosphorylation product which is 
known to have the N, structure.@ The N-phosphohistidine isolated from 
phosphorylated bovine hemoglobin after alkaline hydrolysis was identified by ion 
exchange chromatography as the N, isomer.m 

F. Lysine 

Phosphorylation of the &-NH2 groups of lysine residues has been suggested for 
1,17,18.20,23 534.35 and 8.43 The 31P NMR spectrum of phosphorylated 

/?-lactoglobulin at pH 7.5 shows a strong signal at 0.14 ppm, close to the 1.28 ppm 
signal for phosphorylated poly-L-lysine. l8 Measurement of the acid liberated 
when phosphorylated ribonuclease is treated with Sanger’s reagent (2,4- 
dinitrofluorobenzene) suggests that &-NH2 groups are blocked excl~sively.~~ Proof 
was obtained for method 1 by partial hydrolysis of phosphorylated bovine 
hemoglobin. The N-phospholysine was identified by ion exchange chromatog- 
raphy and block zone electrophoresis, and confirmed to be the N, isomer by 
derivatization with Sanger’s reagent .20 

G. Cysteine 

Few if any of the sulfhydryl groups of egg albumin are phosphorylated by method 
4. Cysteine itself is unaffected by this reagent.29 

H .  Arginine 

Phosphorylation of the guanidyl groups of arginine residues has been considered 
for methods l I 7  and 7,41 but the acid-labile phosphate in the latter is probably 
serine polyphosphate rather than phosphoarginine.= Arginine itself requires a 
higher pH for N,-phosphorylation than those of methods 1-8.& 

I .  Tryptophan 

The indole groups of gramicidin, which contains almost 40% tryptophan residues, 
are unreactive toward method 4.29 

J .  Aspartic and Glutamic Acids 

Although aspartic acid and glutamic acid are both capable of forming 0- 
phosphoanhydrides (acyl phosphates), no phosphoprotein derivatives of this type 
are known. 

IV. FORMATION OF POLYPHOSPHATES 

Several of the methods yield phosphoproteins that when first precipitated contain 
considerably more phosphorus than they do after work-up, particularly after 
dialysis. The presence of acid-labile phosphate in the phosphoproteins prepared 
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308 A. W. FRANK 

by methods 2 and 4 is indicative of the formation of polyphosphates. This was 
verified for phosphorylated clupeine, whose 31P NMR spectrum before acid 
treatment showed signals whose pH dependence was consistent with ortho-, pyro- 
and polyphosphate residues of serine and threonine; upon treatment with acid, 
the pyro- and polyphosphate signals disappeared." 

Serious departures from the orthophosphate structure occur in the phos- 
phorylation of the model compounds polyvinyl alcohol29 and poly-L(or DL)- 
mine.% The by-products of the latter are now believed to be polyphosphate 
esters rather than N + 0 shift products.?5 Evidence of polyphosphates in 
phosphorylated proteins has also been obtained for method l.17 

In method 5 ,  the &-NH2 groups of lysine residues in phosphorylated soy protein 
are believed to carry triphospho groups since no pyrophosphate is liberated when 
lysine itself is phosphorylated under the same  condition^.^^ 

V. PHYSICAL PROPERTIES 

The procedures used to determine the physical properties of the phosphorylated 
proteins are listed in Table VIII, except for those related to functionality. 

In most cases, sedimentation coefficients of the proteins are not affected by 
phosph~rylation.'~~~'~~~ Phosphorylation does, however, alter the self-association 
and complex formation between bovine casein components, producing significant 
changes in their sedimentation  coefficient^.^^ 

Optical properties of the proteins are altered only slightly by phosphorylation. 
Ribonuclease shows a small increase in optical rotation.43 B-Lactoglobulin shows 
a small but irreversible change, with little loss of a-helical structure as measured 
by circular dichroism. l8 In clupeine, an increase in a-helical content was ascribed 
to the solvent.= 

Phosphorylated gelatin, in contrast to gelatin itself, exhibits flow birefringence 
in acid solution.27 

Nuclear magnetic resonance (NMR) spectra have been reported for several 
phosphorylated proteins, often with inconclusive  result^.'^"^ Protein HPr is an 
exception; this protein was proven to be phosphorylated at the N, position of its 
lone histidine residue (His-15) by 31P NMR, confirmed by the behavior of the C-2 
and C-4 imidazole protons in the 'H NMR 31P NMR spectroscopy on 
histone H4 not only proves that both histidine residues (His-18 and His-75) are 
phosphorylated but also shows by the difference in line width that the former is 
much more mobile in solution than the latter.& The 3'PNMR spectra of 
phosphorylated clupeine provide evidence that the phosphorylated serine and 
threonine residues are mixtures of ortho-, pyro- and polyphosphates.= 

Gel filtration chromatography on Sephadex C-25 or G-25 is a useful method for 
separating phosphoproteins from reagents and low molecular weight by-products. 
The eluant may be wate?*25.39 or 0.1M NaCl. l8 Gel filtration chromatography has 
been used to separate phosphorylated clupeine Z from peptide fragments, and for 
separating the former into singly, doubly and triply (fully) phosphorylated 
fractions.= 

Ion exchange chromatography has been used to separate phosphorylated 
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TABLE VIII 
Physical properties of phosphorylated proteins 

Procedure Reference 
~~ 

Sedimentation Coefficient 
Human serum albumin, hemoglobin and globin 
Horse serum albumin 
asl-, fl- ,  and K-Casein 
Ribonuclease 

Optical Rotation 
Ribonuclease 

Circular Dichrobm 
fl-Lactoglobulin 
Clupeine 

Flow Birefringence 

'H NMR Spectroscopy 

31P NMR Spectroscopy 
Casein and lysozyme 
fi-Lactoglobulin 
Clupeine 
Histone H4 
Protein HPr 

Gelatin 

Protein HPr 

Gel Filtration Chromatography 
fl-Lactoglobulin 
Soy protein 
Clupeine YI and Z 
as'-, f i - ,  and K-Casein 
Salmon protamine 

Ion Exchange Chromatography 
Salmon protamine 
Ribonuclease 

Gel Electrophoresis 
Casein and lysozyme 
fl-Lactoglobulin 
Soy protein 
Histone H4 
Protein HPr 

Electrophoresis 
Human serum albumin and hemoglobin 
Horse serum albumin 
Ins u I i n 
Ribonuclease 

15 
21 
39 
43 

43 

18 
25 

27 

48 

17 
18 
25 
46 
48 

18 
23,24 
25 
39 
40 

40 
43,44 

17 
18 
24,34 
46 
48 

15 
21 
41 
43 
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enzymes from the native enzymes and from each other. Phosphorylated ribo- 
nuclease can be separated into several distinct monophosphates, believed to be 
structural isomers, by chromatography on carboxymethyl cellulose buffered to 
pH8 and eluted with a NaCl gradient.” This procedure is more suitable for 
phosphorylated ribonuclease than the Amberlite XE-64 procedure reported 
earlier.43 
SDS polyacrylamide gel electrophoresis has been applied to a number of 

phosphorylated proteins. 1733s24*34*46s48 Evidence of crosslinking by phosphoros 
oxychloride was obtained for casein,17 lysozyme’’ and 0-lactoglobulin,” and of 
dissociation by metaphosphate for soy protein.” The method has also been used 
to demonstrate the acid lability of phosphorylated histone H4.& 

Electrophoretic mobilities have been measured for phosphorylated human 
serum albumin and hemogl~bin,’~ horse serum albumin:’ insulin4’ and 
ribon~clease.~~ In every case, as expected, there was a rise in anodic mobility 
upon phosphorylation, reflecting the introduction of negative charges into the 
proteins. 

VI. FUNCTIONALITY 

The physical properties related to functionality are listed in Table IX. The 
attachment of anionic phosphate groups to the proteins should increase their 
hydrophilicity, but the results are often unpredictable. Water solubility increases 
upon phosphorylation of soy p r ~ t e i n ~ . ~ ~  and globin,” but decreases upon 
phosphorylation of casein ,67 ly~ozyme,~’ human serum albumin” and 
hemoglobin.” Phosphorylation shifts the PI of soy protein by about 0.8pH 
unit. 34935 

Viscosity increases upon phosphorylation of casein,17 horse serum albumin21 
and egg albumin,22 but remains unchanged upon phosphorylation of gelatin27 and 
lysozyme . 

Most of the phosphorylated proteins exhibit no tendency toward gelation, but 
there are exceptions. Human serum albumins containing 10 to 20 phosphoryl 
groups per mole form gels; those with more than 20 are insoluble at neutral pH 
whereas those with 5 or less are soluble at every pH.” Phosphorylated wheat 
gluten and many of its salts are gel f ~ r m i n g . * ~ . ~ ~ , ’ ~  Phosphorylated casein and soy 
protein both have a gel-like character even at neutral P H . ~ . ~ ’  Phosphorylated 
@lactoglobulin forms a gel upon dialysis against calcium ion.’’ The ability of 
gelatin to form gels is unchanged if the phosphorylation is done under acid 
conditions and decreases slightly if it is done under alkaline conditions.” The 
texture of phosphorylated soy protein gel resembles that of traditional Japanese 
cakes.38 

Phosphorylation of bovine casein components increases their calcium binding 
The concentrations of calcium chloride required to precipitate the 

modified asl- and 0-caseins are higher than those for the native caseins. K-Casein 
is not precipitated, whether phosphorylated or not. Phosphorylation of as’- and 
0-casein does not impair their ability to form micelles with K-casein, but the 
converse does; the phosphate content of the re-casein must be kept 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
5
2
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



PHOSPHORYLATION OF PROTEINS 

TABLE IX 
Functionality of phosphorylated proteins 

Reference Functionality 

311 

Water Solubiliry 
Human serum albumin, hemoglobin and globin 
Soy protein 
Casein and lysozyme 

Viscosity 
Casein and lysozyme 
Horse serum albumin 
Egg albumin 
Gelatin 

Gelation 
Human serum albumin 
B-Lactoglobulin 
Soy protein 
Gelatin 
Gluten 
Casein 

Coagulation 
as,-, P-, and K-Casein 

Water Absorption 
Casein and lysozyme 
Gluten 
Soy protein 

Emulsification 
Casein 
Soy protein 
Gelatin/acrylate copolymer 

Soy protein 
Whippa bility 

Nitrogen Solubility Index 
Soy protein 

15 
23,24,34,35 
67 

17 
21 
22 
27 

15 
19 
23,24,38 
27 
29,36,37 
67 

39 

17 
29,36,37 
34,35,38 

17 
23,24,34,35 
32 

34,35 

34,35 

Water absorption almost doubles upon phosphorylation of lys~zyme’~ and soy 
protein,34735 but casein unaccountably shows a slight decrease. l7 The hydration 
capacity of phosphorylated wheat gluten is about 200 g of water per g of product, 
compared to 200-300 for gluten  sulfate^.^^*^^ 

Emulsifying capacity and emulsion stability of soy protein both increase upon 
pho~phorylation,~~’~~*~~*~~ but the emulsifying activity of casein decreases sig- 
nificantly upon phosphorylation. l7 Emulsions of phosphorylated gelatin-acrylate 
or -methacrylate graft copolymers are useful for leather impregnation and 
finishing, giving leather products having good filling and tight grain in addition to 
good heat and flame re~istance.~’ 

Foam expansion and stability, which measure the whippability of soy protein 
isolate, are both improved by pho~phory la t ion .~~*~~  The nitrogen solubility index, 
which measures the extent of denaturation of the protein, is also i m p r ~ v e d . ~ ~ . ~ ’  
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312 A. W. FRANK 

VII. BIOLOGICAL PROPERTIES 

The procedures used to determine the biological properties of the phosphorylated 
proteins are listed in Table X. The properties of foremost interest are the 
digestibility of the phosphorylated proteins in comparison with the native 
proteins, and the behavior of the chemically phosphorylated proteins toward 
phosphatase enzymes in comparison with the naturally occurring 
phosphopro t eins . 

In general, the digestibility of the proteins is not adversely affected by 
phosphorylation. In vitro tests with pepsin, pancreatin, trypsin and LY- 

chymotrypsin have been carried out on a number of phosphorylated proteins. 
Phosphorylation produces a significant decrease in the initial rate of hydrolysis of 
casein, though the extent of hydrolysis after 24 hours is the same.17 For 
ribonuclease, the initial rate is faster but not significantly Phosphorylation 
inactivates 90% of the trypsin inhibitor activity of ovom~coid .~~ In several cases it 
has been established that peptic, tryptic or chymotryptic digestion solubilizes the 
protein before any inorganic phosphate is liberated."-'3.46 

In a bioassay of protein suitable for mammal use, the organism Tetruhyrnenu 
thermophili was found to grow as well on phosphorylated casein as on 
Hammarsten casein.17 

Acid phosphatase and bone phosphatase have no action on the phosphorylated 
 protein^,".^.^^ unless the proteins are first subjected to tryptic hydroly~is.'~ 
Alkaline phosphatase removes all of the phosphate from native or phosphory- 
lated casein39 but is only partially effective with phosphorylated /3-lactoglobulin1' 
and clupeine YI,= removing 25 or 34%, respectively, of the phosphorus as 
inorganic phosphate. It has no action on phosphorylated poly-DL-lysine.26 The 
alkaline medium destroys phosphorylated t r y p ~ i n . ~ ~  

Phosphorylated salmon sperm protamine, in contrast, has been used as a 
substrate for the assay of phosphatase activity in rat tissue, using 33P-labeled 
phosphoric acid as the phosphorylating agent. The distribution of phosphatase 
varies from tissue to tissue, but parallels that measured by enzymically phos- 
phorylated protamine.''" 

The immunological properties of some of the phosphorylated proteins have 
been tested against rabbits. The specificity of egg albumin changes radically upon 
phosphorylation, without loss of antigenic properties.m The serological reactivity 
of horse serum albumin (SA) with anti-SA serum is reduced in proportion to the 
phosphorus content.21 Anti-SA from phosphorylated human SA reacts strongly 
with the latter but not with phosphorylated rabbit or chicken serum  protein^.'^ 
The "P-labeled proteins are quickly removed from the blood stream.16 

Phosphorylated insulin is reported to be biologically active when injected into 
rabbits,"l but in the mouse convulsion assay it loses 62% of its hormonal 
activity . 33 

The introduction of a single phosphate group into beef pancreatic ribonuclease 
is sufficient to bring about nearly complete inactivation of the enzyme.44 Protein 
HPr, a component of the phosphotransferase system of S. aureus, is no longer 
able to function as a phosphocarrier when phosphorylated at the N, position of its 
lone histidine residue.48 
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TABLE X 
Biological properties of phosphorylated proteins 

Procedure Reference 

Pepsin Digestion 
Egg albumin 
Lactalbumin 
Blood globulin, silk fibroin peptone and 

Casein 
Horse serum globulin 
Soy protein 

Witte peptone 

Pancreatin Digestion 
Lactalbumin 
Soy protein 

Trypsin Digestion 
Blood globulin, silk fibroin peptone and 
Witte peptone 

Casein 
Horse serum globulin 
Ovomucoid 
Ribonuclease 

a-Chymotrypsin 
Casein 
32P-Histone H4 

Pronase E 
Soy protein 

Aminopeptidase- Prolidase 
Soy protein 

T. thermophili 
Casein 

Bone Phosphatase 
Casein and horse serum globulin 

Alkaline Phosphatase 
B-Lactoglobulin 
Clupeine YI 
Poly-DL-serine 
Pepsin 
as,-, P-, and K-Casein 

Acid Phosphatase 
Pol y-DL-serine 
Pepsin 

Rat Tissue Phosphatases 
33~-Salmon protamine 

Immunological Properties 
Human serum protein 
Horse serum albumin 
Egg albumin 

Other Properties 
Insulin 
Ribonuclease 
Protein HPr 

10 
11 

12 
12,13 
13 
23,24,34 

11 
23,24,34,3.5 

12 
12,13,17 
13 
31 
43 

17 
46 

23,24 

23,24 

17 

13 

18 
25 
26 
27 
39 

26 
27 

40 

14,16 
21 
22 

33,41 
43,44 
48 
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314 A. W. FRANK 

VIII. SUMMARY AND CONCLUSIONS 

A variety of methods have been developed for the phosphorylation of proteins by 
chemical reagents. These methods have been applied to approximately fifty 
proteins and to a few related peptides and model compounds. The phosphorus 
contents of the products vary from 0.02 to 11.0%, but are usually of the order of 
1 to 2%. Methods that employ acid conditions favor 0-substitution whereas those 
that employ alkaline conditions favor N-substitution. The principal sites of 
reaction are the aliphatic OH of serine and threonine residues, the terminal NH2 
of lysine residues, and the aromatic NH of histidine residues, but they vary in 
unpredictable fashion from one protein to another. 

The physical properties, functionality and biological properties of the proteins 
are altered in some respects, but these too are often unpredictable. In general, 
phosphorylation alters the solubility characteristics of the proteins without 
adversely affecting their digestibility. In some cases, the products differ in 
behavior from those phosphorylated by enzymic methods. 
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Note added in proof 
Since this paper was written, Hirotsuka et a168s69 have extended their 

in~est igat ion”~~~ of the phosphorylation of soy protein isolate and Whitaker et 
al” have reported the phosphorylation of zein by method 1. 
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