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In 1927, SCrensen and his collaborators showed that the phosphorus con- 
tent of crystalline ovalbumin varies somewhat with the preparation and that 
this protein can be separated by "electrodialysis" into a phosphorus-poor 
and a phosphorus-rich fraction (1). Direct evidence of the irdaomogeneity of 
this material was later reported by Longsworth (2) who found two electro- 
phoretic components, Aa and As, in the pH range of 5 to 10. In view of these 
facts LinderstrCm-Lang and Ottesen (3) suggested in 1949, that if the molecu- 
lar weight of ovalbumin is taken as 44,000, the phosphorus content does not 
correspond to an integral number of phosphorus atoms per mole of protein 
and that this lack of stoichiometry might be explained by the assumption 
that A1 contains 2 atoms of phosphorus per mole and As 1 atom. The work 
presented in this report was designed primarily to test this hypothesis by en- 
zymatic dephosphorylation of ovalbumln and to compare the phosphorus 
content of the resulting proteins with their electrophoretic behavior. As will 
be shown, these experiments confirm the suggestion of LinderstrCm-Lang 
and Ottesen. 

Materials and Methods 

Materials.--Ovalbumin was prepared according to SCrensen and HCyrup (4) and 
the thrice recrystallized samples were stored as a paste under 80 per cent saturated 
ammonium sulfate at 5°C. Salt-free solutions were obtained by exhaustive dialysis 
of a suspension of the crystals against distilled water. These solutions, generally 
containing 5 to 6 gin. of protein per 100 ml., were faltered through a Coors bacterio- 
logical filter to remove insoluble protein and possible bacterial contaminants. 

Plakalbumin was obtained as described by LinderstrCm-Lang and Ottesen (3) 
with the aid of the B. subtilis enzyme kindly furnished by Professor K. LinderstrCm- 
Lang. The protein was kept as crystals under saturated ammonium sulfate and the 
salt-free solutions were prepared in the same manner as described for ovalbumin. 

The enzyme preparations used in this research, i.e. a prostate phosphatase and 
the alkaline phosphatase from ca~ intestine, were kindly supplied by Dr. Gerhard 
Schmidt of the Boston Dispensary. Their purification has been adequately described 
elsewhere (5, 6). 

Methods.--The concentration of all protein solutions has been determined from 
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nitrogen analysis by the Pregl micro Kjeldahl method and the factor of 6.36 was 
used for the conversion of these measurements to a dry weight basis (4, 7). 

The phosphorus content was measured according to Lohmann and Jendrasslk (8). 
Preliminary to the estimation of non-protein nitrogen and of inorganic phosphate 

released by the enzymatic action, the protein solutions were mixed with an equal 
volume of 20 per cent trichloroacetic acid. The protein precipitate was then sepa- 
rated by centrifugation and aliquots of the supernatant were used for analysis. 

Electrophoresis.--The electrophoretic experiments were done in a single section 
cell of Ii.0 ml. capacity at 0.5°C. in the apparatus described by Longsworth (9). 
Unless noted otherwise, a protein concentration of 1 per cent was chosen for these 
experiments, and prior to electrophoresis, the protein solutions were dialyzed for 
2 to 3 days against liberal portions of the appropriate buffer. The concentrations of 
the electrophoreticalIy separable components were calculated from the pianimetric 
measurements of enlarged tracings. In the allocation of the area to each peak the 
method suggested by Pedersen (10) was used. The mobilities were then computed 
from the descending patterns, the boundary position being taken as that of the 
bisecting ordinate of the refractive index gradient curve, and refer to 0°C. 

Enzymatic Experiments.--AlI dephosphorylation experiments were carried out in 
salt4ree protein solutions which had been adjusted to the desired pH by the addi- 
tion of a few drops of sodium hydroxide. Unless otherwise stated, prostate, or in- 
testinal phosphatase, in concentrations of 0.2 per cent of the total protein was added 
and the mixture incubated at 37°C. for various lengths of time. A 5.0 ml. sample 
of the mixture was then deproteinized with an equal volume of 20 per cent trichlo- 
roacetic acid and after removal of the protein precipitate the inorganic phosphate 
and non-protein nitrogen determined. A second aliquot was diluted to 1 per cent 
with a sodium phosphate buffer of pH 6.8 and 0.1 ionic strength and analyzed elec- 
trophoretieally. Since the presence of inorganic phosphate at this concentration 
completely inhibits the activity of the enzyme, the use of this buffer solvent in the 
electrophoretic analysis afforded a convenient means for stopping the dephosphoryl- 
ation process. 

RESULTS 

The ovalbumin preparations used in this study are characterized by a 
marked constancy in the electrophoretic composition and in the phosphorus 
content. Thus, the patterns shown in Fig. 1, obtained after electrophoresis 
of a 1 per cent ovalbumin solution in a 0.1 ionic strength sodium phosphate 
buffer of pH 6.8 at  a potential gradient of 6.2 volts per cm., are representa- 
tive examples. In this buffer the At component of all preparations investigated 
has a mobility of --5.9 X 10 -6 cm. ~ sec. -1 volt - t  and accounts for 80 to 85 
per cent of the total protein, whereas A~, with a mobility of --4.9 )< 10 -s  

c m .  ~ sec. -1 volt -1 is present as 15 to 20 per cent. Occasionally, a small amount 
of a still slower moving component, As, is noticeable in the electrophoretic 
patterns. The phosphorus content of these preparations was found to be 8.0 
to 8.2 mg. per gin. of protein nitrogen which corresponds to 1.80 to 1.85 atoms 
per mole. 
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If such preparations are stored as a paste under saturated ammonium sul- 
fate at 3°C. for as long as 8 to 10 years, no change in the electrophoretic com- 
position occurs and the phosphorus content remains constant. Likewise, if 
bacterial contamination of a salt-free isoelectric ovalbumin solution is pre- 
vented by filtration through a bacteriological filter, it can be kept unaltered 
with respect to its electrophoretic behavior and the phosphorus both at 3 
and 37°C. At the higher temperature, however, marked surface denaturation 
occurs after several months. 

In the patterns shown in Fig. 1, the A1 component represents 85 per cent 
of the total protein and A2 15 per cent. Assuming that A1 contains 2 atoms of 
phosphorus and A9 1 atom, the phosphorus content computed from the elec- 
trophoretic composition is 2 X 0.85 + 0.15 = 1.8u. This is in good agreement 
with the chemically determined value of 1.82, and thus affords a confirmation 

Ax~ At 
FIG. 1. Electrophoretic patterns of a 1 per cent ovalbumin solution in sodium phos- 

phate buffer of pH 6.8 and ionic strength 0.1 after electrophoresis for 12,600 seconds 
at 6.2 volts per cm. 

of the suggestion of Linderstr~lm-Lang and Ottesen concerning the phos- 
phorns content of ovalbumin (3). 

Work on a direct test of this hypothesis, namely a study of the phosphorus 
content of purified At and A~ proved difficult. The similarity of the solubilities 
of these proteins has thus far prevented a fractionation by conventional chem- 
ical methods. However, a small amount of pure At was separated electro- 
phoretically in 0.1 N sodium bicarbonate as solvent and had a phosphorus 
content of 8.94 rag. per gin. of protein nitrogen, corresponding accurately to 
2 atoms of phosphorus per mole. Because of the spreading of the descending 
boundaries, preparation of pure A~ in this manner is not practicable. Conse- 
quently, the preparation of A~ and also of A3 by enzymatic dephosphoryla- 
tion of ovalbumin was undertaken. 

The Enzyme Reo~tion.--A prerequisite in the selection of the enzymes for 
this work is that the dephosphorylation process should not be accompanied 
by any other enzymatic reactions that might result from the presence of small 
amounts of impurities in even highly purified phosphatase preparations; in 



714 DEPHOSPHORYLATION OF OVALBUMIN AND PLAKALBUMIN 

particular, an extensive proteolysis has to be excluded. These considerations 
led to the choice of the prostate phosphatase active at pH 5.3 and the enzyme 
from calf intestine whose pH optimum has been reported to be at pH 9.0. 

Thus far, it had not been possible to dephosphorylate phosphoproteins, 
such as casein (5), with these enzymes. However, they act readily on oval- 
bumin (11). The presence of buffer ions, e.g. acetate in the case of the prostate 
enzyme, has an inhibitory effect on the dephosphorylation process. The re- 
sults listed in Table I illustrate clearly that the activity of the enzyme is re- 
duced if acetate is added to the system and that this effect is dependent on 
the concentration of this ion. Similarly diethylbarbiturate inhibits slightly 
the dephosphorylation of ovalbumin with the intestinal phosphatase. There- 
fore, all experiments were carried out in salt-free solutions as described under 
Methods, advantage being taken of the buffer action of the protein. 

TABLE I 
Influence of Acetate Ions on the Dephosphoryla~ion of Ovalbumin with Prostate PIwsphata~e 

Each reaction mixture contained 48.2 rag. ovalbumin, 50 #g. prostate phosphatase, and 
sodium acetate buffer of pH 5.35. Incubation was carried out at 37°C. for 90 minutes. 

Experiment No. 
(1) 

Final concentration 
of acetate 

(2) 

~ l a r  

None 
0.06 
0.12 
0.26  

Phosphorus liberated 
(3) 

~g. 

22.2 
14.7 
11.8 

8.1 

Inhibition 
(4) 

None 
33.8 
46.9 
63.5 

Depkospkorylation of Ovalbumin witk Prostate Pkospkatase.--As is shown 
in Fig. 2, in which the amount of phosphorus liberated in a given time interval 
is plotted as ordinate against the pH as abscissa, the prostate phosphatase 
dephosphorylates ovalbumin in the pI-I range of 4.6 to 6.6. However, de- 
phosphorylation stops after about 46 per cent of the total phosphorus has 
been set free. Addition of fresh enzyme does not alter this result, thus exclud- 
ing an inactivation or inhibition of the enzyme. In an ovalbumin preparation 
consisting of 85 per cent AI, each of the 2 phosphorus atoms per mole of this 
component represents 46 per cent [= 100 X 85/(2 X 85 -b 15)] of the total 
phosphorus. Therefore, the liberation of this amount suggests that the pros- 
tare phosphatase attacks only one of the two phosphate groups of the oval- 
bumln component, A1, thus transforming it into a protein with 1 phosphorus 
per mole and with an electrophoretic mobility similar to the A, component of 
the starting material. That  this is the actual case is borne out by the results 
of a typical experiment summarized in Fig. 3, in which ovalbumin was ex- 
posed to the prostate enzyme for various times. 

From the electrophoretic patterns shown in column 1 of Fig. 3, it is ap- 



~0 

o IC 

d~ 

5.0 6.0 7.0 6.0 9.0 
?H 

FIG. 2. Dephosphorylation of ovalbumin with prostate phosphatase as function 
of pH. Each reaction mixture contained 45 rag. ovalbumin and 0.1 rag. enzyme. 
Incubation was carried out at 37°C. for 5 hours. 
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FIO. 3. Dephosphorylation of ovalbumin with prostate phosphatase as function 
of time. 
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parent that the A~ component progressively increases at the expense of A1 
as the enzyme reaction proceeds. Simultaneously, the protein phosphorus of 
each sample, a value derived from the difference between the total  and in- 
organic phosphorus, decreases. If the phosphorus content is then computed 
from the electrophoretic composition of each mixture, (column 3), in the 
manner indicated above, the agreement between the chemically determined 
values, (column 5), and those derived from the electrophoretic analyses is 
excellent. After 7 hours At has been converted into a protein with an electro- 
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Fia. 4. I)ephosphorylation of ovalbumin with intestinal phosphatase as function 

of time. Each reaction mixture contained 46 mg. ovalbumin and 0.06 mg. enzyme. 
Incubation was carried out at 37°C. for 6 hours. 

phoretic behavior similar to that of the As component of the starting ma- 
terial and which contains 1 atom of phosphorus per mole of protein. Exposure 
to the enzyme for 24 or 48 hours did not alter the result. Moreover, the ab- 
sence of non-protein nitrogen in the trichloroacetic acid filtrate shows that 
this transformation involves only the removal of one phosphate group from 
A1 and thus represents a highly specific reaction. 

Dephosphorylalion of Ovcdbumin with the Intestinal Phosphalese.--In an at- 
tempt to obtain complete dephosphorylation of ovalbumin the intestinal en- 
zyme was then tested; but as is shown in Fig. 4, this reaction is characterized 
by a greater complexity. 
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In the first attempt to obtain phosphorus-free ovalburain, intestinal phos- 
phatase was added to a salt-free ovalbumin solution of pH 9.0. As illustrated 
in Fig. 4, the protein is rapidly dephosphorylated until 46 per cent of the 
phosphorus is liberated. At this point, electrophoretic analysis reveals that 
A1 is again converted into a protein with the ¢lectrophoretic properties of A2. 
Dephosphorylation continues but at a much slower rate. This further loss of 
phosphorus is reflected by the appearance of a new component, A3, which in 
the sodium phosphate buffer of pH 6.8 and 0.1 ionic strength, migrates with 
a mobility of --4.4 X 10 -~ cm? sec. -1 volt -I. Comparison of the phosphorus 
analyses of several such mixtures with the electrophoretic patterns indicates 
that A3 does not contain phosphorus. Dephosphorylation invariably stopped, 
however, after 70 to 75 per cent of the phosphorus had been liberated. This is 
due to the fact that at pH 9.0 and 37°C. a slow but measurable denaturation 
of the protein occurs that apparently counteracts the dephosphorylation proc- 
ess. The enzyme itself remains active. 

In a further search to establish experimental conditions under which this 
reaction could be carried to completion, it was next observed that although 
intestinal phosphatase acts on low moleGular weight phosphate esters with 
-O-P- linkages at an alkaline pH only, this enzyme will liberate phosphorus 
from ovalbumin at pH 5.3 as well as at pH 9.0. As is shown in Fig. 5, two pH 
maxima exist and under the experimental conditions chosen the amount of 
phosphorus liberated at pH 5.3 is only slightly smaller than that obtained at 
the alkaline pH. 

Although ovalbumin is stable at pH 5.3 and 37°C., it has been reported 
that alkaline phosphatases are slowly inactivated at this pH (12). This ob- 
servation was confirmed, but it also was noted that in the presence of an inert 
protein, e.g. bovine serum albumin, the loss of activity in a given time is 
smaller. The stabilizing effect on the enzyme by such a protein may explain 
why a complete dephosphorylation of ovalbumin is obtained if the pH of the 
reaction mixture is controlled by the buffer action of the protein. 

This observation led to the following procedure for the preparation of 
phosphorus-free ovalbumin, A3:. Ovalbumin is dephosphorylated to the phos- 
phorus-poor protein, A~, with the prostate phosphatase and crystallized from 
ammonium sulfate. Subsequently, a salt-free solution of this protein is in- 
cubated with the intestinal enzyme at pH 5.3. Even in this salt-free solution 
a slow inactivation of the enzyme occurs, and a relatively high phosphatase 
concentration of I per cent of the total protein was necessaxy to effect com- 
plete dephosphorylation before the enzyme activity was lost. Moreover, since 
both Mg ++ (5) and Mn ++ activate this enzyme slightly, either I )< 10--3 
Mg ++ or I X I0 --4 ~ Mn 4+ was added to the solution. Under these conditions, 
the reaction goes to completion within 12 hours and a phosphorus-free oval- 
bumin is obtained. 

I t  was noticed that the dephosphorylation with the intestinal enzyme was 
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accompanied by the formation of 0.2 to 0.8 per cent non-protein nitrogen. 
Since, however, the amount of the trichloroacetic acid-soluble nitrogen varies 
(a) from one enzyme preparation to another, (b) with the time of incubation, 
and (c) with the pH of the reaction mixture, it originates most likely from 
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FIG. 5. Dephosphorylation of ovalbumin with intestinal phosphatase as function 
of pH. Each reaction mixture contained 46 mg. ovalbumin and 0.06 mg. enzyme. 
Incubation was carried out at 37°C, for 6 hours. 

traces of proteolytic enzymes present as impurity in the phosphatase prepara- 
tion. 

Properties of the Dephosphorylated Ovalbumins.--Except for the phosphorus 
content and the mobility, all three proteins, i.e. ovalbumin which is the 
naturally occurring mixture of A1, A2, and A3, the monophosphoms A2, and 
the phosphorus-free A3 have similar properties. They crystallize readily as 
needles from 60 per cent saturated ammonium sulfate in the pH range of 4.6 
to 5.6. No significant changes have thus  far been observed in their stability 
towards acid and alkali; and their electrophoretic behavior is not altered on 
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successive crystallizations. However, it has not been possible to remove from 
the As preparations the 3 to 4 per cent of a slower moving component. 

The most striking difference between the three proteins is in their electro- 
phoretic properties. Thus in the sodium phosphate buffer of pH 6.8 and 0.1 
ionic strength, after electrophoresis for 12,600 seconds at a potential gradient 
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1~o. 6. (a) Superimposed tracings of the patterns of ovalbumin, A2 and As. (b) 
Pattern of a mixture of equal quantities of ovalbumin, As and As. Electrophoresis 
was carried out in sodium phosphate buffer of pH 6.8 and ionic strengh 0.1 for 12,600 
seconds at 6.1 volts per cm. 

of 6.1 volts per cm., the monophosphorus A~ and the phosphorus-free A8 give 
patterns as presented in  the superimposed tracings of Fig. 6 a, which for com- 
paxison also shows that of ovalbumin. The mobilities of UA2 ---- --5.2 X 10 -5 
and UAs ----- --4.5 X 10- 5 cm. ~ sec. -I volt -~ are but slightly more negative than 
the values reported above for the measurements on the A~ and the As com- 
ponents of ovalbumin. The different mobilities of A1, As, and As are further 
illustrated .with the patterns of Fig. 6 b which was obtained with a mixture of 
equal quantities of A1, As, and As at a total concentration of 0.75 per cent. 
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Because of these electrophoretic characteristics in the phosphate buffer, 
it seemed of interest to compare the mobilities of the three proteins at other 
pH values. As is indicated in the first column of Table II, these measurements 
were done in a series of monovalent buffers whose pH values, at room tem- 
perature, are given in the second column. The mobilities of A1, listed in column 
3, refer to the fast moving component of ovalbumin; those for A2 and As, 
columns 4 and 5, are the ones obtained after treatment with the prostate and 
intestinal enzyme, respectively. The differences accompanying the dephos- 
phorylation steps, A1 --~ A2 and A2 --~ As, are shown in columns 6 and 7. As 
previously noted (13), below pH 4 the ovalbumin components A1 and A2 have 

TABLE I I  

Mobilities of the Ooalbumin Compon~t, A1, and the Dephosphorylated Ovalbumins A~_ and 
A3 in Buffer Solutions o f Ionic Strength 0.1 

Buffer 
(1) 

0.1 N HC1-0.5 N glycine . . . . . . . . . . .  
0.02 ze NaAc-0.1 N HAc-0.08 N NaC] 
0.1 N NRAc-0.14 N HAc . . . . . . . . . .  
0.1 N NaAc-0.1 N HAc . . . . . . . . . . .  
0.1 N NaAc-0.08 N HAc . . . . . . . . . .  
0.1 N NaAc-0.01 ~ HAe . . . . . . . . . .  
0.02 ~ NaCac-0.004 N HCac-0.08 N 

NaC1 . . . . . . . . . . . . . . . . . . . . . . . . .  
0.02 N NaV-0.02 N HV-0.08 N NaC1 
0.1 N NaV-0.02 N HV . . . . . . . . . . . .  
0.1 N NaV-0.005 N HV . . . . . . . . . . .  

L05 
;.91 
t.50 
L.64 
L76 
1.65 

i.79 
' .82 
L60 
L10 

u X 101 

A~ A~ A~ 
(3) (4) (s) 

6.26 6.25 6.4o 
2.78 2.8o 2.9o 

0.70 
- 0 . 3 0  0 .0  0.4s 

- 0 . 5 0  - 0 . 2 0  
--3.56 :'-3.16 --2.74 

--5.1e --4.60 --4.1s 
--5.76 --5.20 --4.69 
--5.82 --5.23 --4.60 
--5.98 --5.40 --4.9o 

&u 

k~ --* At A2 --, A* 
(6) (7) 

0.3 0.48 
0.3 

0 . 4  0 .4  

0.56 0.42 
0.56 0.51 
0.59 0.63 
0.53 0.50 

Ac = acetate; Cac ~ cacodylate; V = diethylbarbiturate. 

the same mobility. The present work indicates that this is also true for the 
dephosphorylated proteins, A2 and As. Above that pH the mobilities diverge 
until a constant difference of about 0.6 X 10 -5 is reached in the interval of 
pH 7 to 9. 

As in the ovalbumin --* plakalbumin transformation (14), the mobility 
shifts which accompany the dephosphorylation process can be used to estimate 
a change in the net charge of the proteins. If the removal of the phosphorus 
is not accompanied by an alteration in (a) the friction coefficient of the pro- 
tein, (b) the binding of ions other than hydrogen ions, and (c) the value of 
du/de, the difference of 0.6 )< 10 -6 corresponds to a change in the net charge 
of --2. Here, du/de is the slope of the line obtained by plotting the mobility 
against the titration increment, and for ovalbumin (15) at an ionic strength 
of 0.1 has a value of 0.3 X 10- 5 (14). If this interpretation is correct, it may 
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be inferred that two ionizable hydrogens are involved in the removal of each 
phosphorus and that these are dissociated at neutral pH. 

In another series of experiments the isoelectric pH values, pI, of A~ and A3 
were obtained at several ionic strengths from mobility measurements in the 
range from pH 4.5 to 5.0. The results are given in Table III,  together with 
those reported by Tiselius and Svensson for ovalbumin (column 6) (16). 

For these experiments, a protein concentration of 0.5 to 0.6 per cent was 
chosen. I t  is of interest that both the A~ and A8 preparations, although 96 to 
97 per cent homogeneous at other pH values, showed a complex behavior on 
electrophoresis at low ionic strengths just below the isoelectric pH similar 

TABLE III 
Dependence of the Isodearic pH on Ionic Strength 

(1) 

0.1 

0.05 

0.02 

0.01 

4.52 
4.76 

4.66 
4.88 

4.75 
4.87 

4.80 
4.92 

At 

u X 106 
O) 

0.6* 
--0.56 

0.3 
--1.0~ 

0.0 
--0.8o 

0.0 
--1.07 

4.64 
4.76 

4.74 
4.80 

4.75 
4.87 

4.88 
4.96 

AI 

u X I0 5 
(s) 

0.4~ 
--0.1o 

0.20 
• 0.0 

0.6 
--0.12 

0.2 
--0.90 

A t  
(0) 

4.58 

4.53 

4.68 

4.71 

pI 

AI 
(7) 

4.65 

4.70 

4.75 

4.80 

A| 
(8) 

4.74 

4,80 

4.85 

4.90 

ApI 

A - * A t  At  "-* At 
(9) ( to)  

0.07 0.09 

0.07 0.10 

0.07 0.10 

0.09 0.10 

* pH values refer to 0°C. by applying a correction of 0.02 to the values measured at 
25°C. (16). 

:~ Taken from Tiselius and Svensson (16). 

to that reported for bovine serum albumin (17). Consequently, the first mo- 
ment of the entire gradient curve was used for the computation of the mobili- 
ties reported in Table III.  The isoelectric pH at each ionic strength was then 
obtained as the point at which the straight line through the two mobility 
values intersected the pH axis. 

As is shown by the data of this table, the shift of the isoelectric pH values 
of A2 and Aa with the ionic strength parallels that observed by Tiselius and 
Svensson for ovalbumin. I t  will also be noted that a constant difference of 
0.07 pH unit was found in the A1 -+ A~ reaction, and of 0.1 in the A2 --+ Aa 
transformation (columns 9 and 10). 

Dephospt~rylalion of Plakalbumin.--In 1947 Linderstrgfm-Lang and Ottesen 
showed that a proteolytic enzyme from B. subtilis transforms ovalbumin into 
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a new protein that crystallizes as plates and was named plakalbumin (3). As 
shown by the Danish workers, the formation of plakalbumin involves the 
liberation of several amino acids, including aspartic acid (18). I t  was found 
in this laboratory that the electrophoretic components of plakalbumin, P1 
and P2, exist in the same ratio as the AI and A2 constituents of the parent sub- 
stance ovalbumin, but that the mobilities of P1 and P2 are lower (14). In the 
sodium phosphate buffer of pH 6.8 and 0.1 ionic strength, P1 has a mobility 
of -5 .5  X 10 -5 and P~ --4.3 X 10 -5 cm. ~ sec. -1 volt -1, respectively. As dis- 
cussed elsewhere this change in the mobility may be explained by the loss, 
during the A --~ P transformation, of two negatively charged groups (14). 

Inasmuch as plakalbumin has the same phosphorus content as ovalbumin 
(3, 19), it can be assumed that P1 contains 2 atoms of phosphorus per mole 
and P~ 1 atom. Thus, it also should be possible to transform enzymatically 

TABLE IV 
Comparison of the Properties of Plakalbumins and Ovalbumir~ 

Protein 

2rystal form. 
~.toms phosphorus per mole of 

protein* 

[soeleetric pH at 0.1 ~. 

Plskalbumins 

PI P: P, 

Plates Plates Plates 

2 1 0 
- 5 . 5  - -4.6 - -3.8 

4.72 4.8 

Ovalbumins 

AI A~ Aa 

Needles Needles Needles 

2 1 0 
-6.1 --5.2 --4.5 

4.58 4.65 4.74 

* Assuming a molecular weight of 44,000. 
:~ Eleetrophoresis was carried out in sodium phosphate buffer of pH 6.8 and 0.1 ionic 

strength. 

PI into P2. In preliminary experiments B. s~tilis was grown in salt-free plakal- 
bumin solutions and the bacterial degradation of the protein was followed 
with phosphate determinations and electrophoretic analyses. Although the 
phosphorus content, if calculated from the electrophoretic composition of 
each mixture, correlated closely with the actual protein-phosphorus, an ap- 
preciable formation of non-protein nitrogen accompanied the dephosphoryla- 
tion process and obscured the significance of these results (19). 

Subsequently it was found that both the prostate and the intestinal phos- 
phatase dephosphorylate plakalbumin in a manner similar to their action 
on ovalbumin (11). Both the monophosphorus plakalbumin, P2, and the 
phosphorus-free Ps crystallize as plates. They differ from the corresponding 
ovalbumlns in their electrophoretic behavior and also in their solubility (3). 
The properties of these proteins upon which their identification is based are 
summarized in Table IV together with the corresponding data for the three 
ovalbumins. 
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In contrast with the ovalbumins, storage of P~ or P8 as salt-free solutions 
leads to the loss of crystallizability. No detectable changes, however, are ob- 
served if the proteins are kept as crystals under saturated ammonium sulfate. 
Moreover, it was observed that the plakalbumins are more readily denatured 
by acid than the corresponding ovalbumins. 

In the preparation of P~ and P8 described above, proteolysis preceded de- 
phosphorylation. If this order is reversed and A2 or A3 is treated with the 
proteolytic enzyme from B. subtilis, 1.2 to 1.5 per cent non-protein nitrogen is 
liberated. The resulting proteins crystallize as plates and have the same elec- 
trophoretic behavior as P2 and P8 prepared by dephosphorylation of plakal- 
bumin. 

DISCUSSION 

The results of the studies on the stepwise dephosphorylation of ovalbumin 
and plakalbumin and of the ovalbumin --> plakalbumin transformation can 
be summarized by the following scheme: 

~FeostQte o D  intestinal Intestinal 
pho~phato~e phosphatc~e 

0 v u l b u m i n .  ~ A 2 
82 ~A I (2atom~P/mo1~) A I Jooe~ 1 atom A~ 1o5e~ 1 atom 
18~A z (I ,/ . ) of pho~phoPu5 of ?ho~phoPu5 

, A 3 

:5. ~ubtili~ 
e / I zym~ 

~ - p r ~ i .  ]5. ~ubtili~ 
ni~59en enzyme appea~ 

non-p~otel n ~. subtilis 
nitr°gen eli zy~'/l e appear.~. 

non-p~oteln 
ni~Do~en 
appea~ 

P~o~tate or, intestinal 
phosphatase 

P l a k a l b u m i n  
82~oP I (2atoms~/mole) "PI ] o ~ 5  1 atom 
18~oP 2 (I " ,/ ,, ) of phosphorus 

Intest inal  
P 2  phosphatase ~ ~P3 

~P2 lose5 1 atom 
of phosphorus 

Here it is apparent that by the proper selection of three enzymes, five 
different modifications of ovalbumin are obtained, all of which are crystal- 
lizab!e. These are the monophosphorus ovalbumin, A2, the phosphorus-free 
ovalbumin, A3, both derived from the naturally occurring mixture of A1 and 
A~ by selective dephosphorylation, and the corresponding three plakalbumins. 
Although these proteins are well defined chemically and have a marked stabil- 
ity, they represent successive steps in a mild degradation, perhaps also in the 
synthesis of ovalbumin. 
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In this research, the modified ovalbumins have been identified on the basis 
of only three characteristics: (a) the electrophoretic behavior, (b) the crystal 
form, and (c) the phosphorus content. No analytical methods capable of de- 
tecting other differences have been used. I t  therefore should be borne in mind 
that such may exist; for instance, the partially dephosphorylated ovalbumin, 
designated here as As may differ from the original A~ component of oval- 
bumin by small variations in the amino acid content. Consequently, until 
such information is available the enzymaticatly modified ovalbumins cannot 
be looked upon as pure substances. The mobility increments between ,%1, 
As, Aa and P1, P,, P3, can, however, be interpreted as due to the loss of the 
charged phosphate groups. 

Several observations reported in the literature can now be explained with 
the aid of this reaction scheme. M~tcheboeuf, S~rensen, and S~rensen (1) re- 
ported that the phosphorus content, and in certain cases also the solubility 
of some of their ovalbumin preparations, changed if the protein was stored as 
a salt-free solution. In 1944, MacPherson, Moore, and Longsworth described 
an A1 --~ As transformation which had occurred in an aged salt-free oval- 
bumin solution (20). A phosphorus-free plakalbumin was recovered by Linder- 
str~m-Lang and Ottesen from a 20 year old ovalbumin, ~ and in 1948 a plakal- 
bumin with the electrophoretic properties of P,  was found in this laboratory 
(21). Since this P2 preparation was contaminated with B. subtilis, it is quite 
clear that the changes observed by these authors at different times are the 
result of enzymatic action due to bacterial contamination and that the pro- 
teins are similar to those reported in this paper. ~ 

A few additional features of the work presented here merit comment. These 
experiments are the first successful attempts to dephosphorylate a protein 
without the simultaneous liberation of a considerable amount of non-protein 
nitrogen, using enzymes of the "classical" phosphatase type from mammalian 
tissue (12). The only work of similar nature is the dephosphorylation of phos- 
phovitin (23, 24) and casein (24) with an enzyme from citrus fruit. 

Of equal interest is the failure of the prostate phosphatase to attack the 
second phosphorus of A1. I t  is known that a phosphate group present as a 
diester resists the action of the prostate enzyme (6) and thus might account 
for the difficulty in removing the phosphorus from ,%2 and P,. The mobility 
changes observed in the A1 ~ As and As --~ A3 transformations are hardly con- 
sistent with this possibility. On the other hand, esterification of the two phos- 

1 This protein, in the sodium phosphate buffer of pH 6.8 and ionic strength 0.1, 
however, had a mobility of -4.3 X 10 -~ cm. 2 sec. -1 volt -1 which is more negative 
than that given in Table IV for P3. 

Toluene added to a protein solution does not necessarily prevent l~acterial con- 
tamhiation, but may be the factor determining whether proteolysis or a dephos- 
phorylation process prevails (22). 
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phate groups to different amino acid residues might explain the specificity 
observed with this enzyme. 

In preliminary experiments directed toward learning the points of attach- 
ment of the phosphorus, a phosphorus-containing peptide was isolated from 
a partial proteolytic hydrolysate of ovalbumin by starch column chromatog- 
raphy (25). This peptide fraction contained glutamic acid, aspartic acid, 
alanine, and serine. 3 Since serinephosphate has been isolated from hydrolysates 
of vitellinic acid (26) and casein (27), the simultaneous occurrence of phos- 
phorus and serine in one fraction makes it reasonable to suppose that part 
of the phosphorus in ovalbumin is bound to this amino acid. Moreover, it 
has been found that intestinal phosphatase dephosphorylates low molecular 
weight esters with an amide-phosphorus linkage, both at pH 5.3 and 9.0, as 
in the case of ovalbumin, but that such a substrate is not attacked by the 
prostate enzyme. This observation may perhaps be taken as an indication 
of differences in the chemical nature of the phosphate linkages in ovalbumin. 

SlYM:MARY 

I t  has been shown by the work presented in this paper that it is possible to 
carry out a stepwise dephosphorylation of ovalbumin. With the aid of a pros- 
tate phosphatase that attacks only one of the two phosphorus-containing 
groups in the major component, A1, of ovalbumin, a protein, A2, containing 
1 atom of phosphorus per mole has been prepared. Further dephosphorylation 
with an enzyme of intestinal origin gives a phosphorus-free ovalbumin, A3. 
Plakalbumin has been similarly dephosphorylated to give P2 and P3. Signifi- 

"cant changes in the electrophoretic mobility accompany each dephosphoryla- 
tion step. This, together with the phosphorus content of the proteins and the 
crystal form, has been used to characterize and study the five modifications 
of ovalbumin thus produced. 

The author is indebted to Dr. Gerhard Schmidt of the Boston Dispensary for gen- 
erous samples of the phosphatase preparations which facilitated greatly the experi- 
mental attack on this problem; to Dr. L. G. Longsworth for criticism and suggestions 
in the preparation of the manuscript. My sincere thanks go also to Mrs. Joan J. 
Berdick for her assistance. 
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