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Two-Step Purification of the Major Phosphorylated Protein in

Reticulocyte 40S Ribosomal Subunits?

Virgil H. DuVernay, Jr., and Jolinda A, Traugh*

ABSTRACT: In reticulocytes, a single ribosomal protein, S13,
has been shown to be phosphorylated by the cAMP-regulated
protein kinases. The 40S ribosomal subunits were phospho-
rylated in vitro with [y-32P]ATP to facilitate the identification
of S13 during the two-step purification procedure. Total ri-
bosomal protein from the 40S subunit was fractionated by
phosphocellulose chromatography in urea, and S13 was pu-
rified to homogeneity by gel filtration on Sephadex G-100. The

Studies on the incorporation of radioactive inorganic phos-
phate into ribosomal proteins in mammalian cells have indi-
cated the major site of phosphorylation was a single 40S ri-
bosomal protein. This protein has been designated S6 in rat
liver (Gressner & Wool, 1974a) and S13 in rabbit reticulocytes
(Traugh & Porter, 1976), and has been shown to contain
multiple phosphoryl groups (Gressner & Wool, 1974a; Traugh
& Porter, 1976; Lastick et al., 1977; Treloar et al., 1977,
Roberts & Ashby, 1978). In rat liver, phosphate incorporation
into S6 was stimulated by glucagon (Blat & Loeb, 1971,
Gressner & Wool, 1976a) dibutyryl cAMP (Gressner & Wool,
1976a), cyclohexamide, puromycin (Gressner & Wool,
1976b), ethionine (Treloar et al., 1977), and under conditions
of regeneration (Gressner & Wool, 1974a). Stimulation has
also been shown in rabbit reticulocytes (Cawthon et al., 1974),
pituitary slices (Barden & Labrie, 1973), hamster islet cell
tumor (Schubart et al., 1977), and rat cerebral cortex (Roberts
& Ashby, 1978) with cAMP, and in baby hamster kidney fi-
broblasts (Leader et al., 1976), and HeLa cells (Lastick et al.,
1977) by addition of serum.

The protein, S13, which was phosphorylated intracellularly
by incubating intact reticulocytes in a nutritional medium with
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protein was identified by the radioactive phosphate, by mo-
lecular weight, and by the migration characteristics in a two-
dimensional polyacrylamide gel electrophoresis system.
Thin-layer electrophoresis of partial acid hydrolysates of S13
showed that more than one phosphorylated residue was present
in the same oligopeptide, indicating at least some of the
phosphoryl groups were clustered in the protein molecule.

radioactive inorganic phosphate, was modified in vitro by
cAMP-regulated protein kinases isolated from rabbit reticu-
locytes (Traugh & Porter, 1976). The incorporation of ra-
dioactive phosphate into S13 has been used as a means of
rapidly identifying the protein during this two-step purification
to homogeneity. The purification of S6 from rat liver has been
described previously by Wool & co-workers (Collatz et al.,
1976).

Experimental Procedures

Materials. Urea (Mallinckrodt) was purified and used fresh,
or stored in aliquots and frozen. Sodium dodecyl sulfate and
pyronine G were obtained from BDH Chemicals Ltd. The
[v-3?P]ATP was prepared as described previously (Hathaway
et al,, 1978).

Preparation of Ribosomal Subunits. Reticulocytes were
prepared from New Zealand doe rabbits, and ribosomal sub-
units were purified by zonal centrifugation as described pre-
viously (Traugh & Traut, 1974) and stored in small aliquots
at =70 °C.

Phosphorylation of 40S Ribosomal Subunits. The phos-
phorylation mixture contained in a reaction volume of 25 mL:
50 mM Tris-HC], pH 7.5; 3 mM MgCl;; 0.0014 mM cAMP;
0.14 mM {v-32P]ATP; 1.22 mg/mL of 40S subunits; protein
kinase. Phosphorylation was started by addition of 1000 en-
zyme units of type I cAMP-regulated protein kinase per mg
of 40S subunits and incubated at 30 °C for 100 min. The
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FIGURE 1: Total protein from 408 ribosomal subunits chromatographed
on phosphocellulose. Chromatography was as described in Experimental
Procedures. 32P-labeled protein (@ —@): absorbance at 280 nm (O- -0):
NaCl concentration (--).

Fraction

cAMP-regulated protein kinase was purified by chromatog-
raphy on DEAE-cellulose and phosphocellulose as described
elsewhere (Hathaway et al., 1978). In order to quantify the
amount of phosphate incorporated into 40S subunits, aliquots
of 0.02 mL were removed from the incubation mixture, and
the protein was precipitated in 10% trichloroacetic acid,
washed and counted as previously described (Traugh & Traut,
1974).

Preparation of Ribosomal Proteins. Phosphorylation of 40S
ribosomal subunits was terminated by the addition of an equal
volume of 6 M LiCl:8 M urea and kept at 4 °C overnight. The
RNA was pelleted by centrifugation at 10 000 rpm for 20 min
in a Sorvall SS-34 rotor and discarded. The supernatant was
made to 20% trichloroacetic acid and placed in an ice bath for
45 min to precipitate the proteins. The protein precipitate was
collected by centrifugation at 10 000 rpm for 20 min and
washed twice with cold ethanol:diethyl ether (1:1), and once
with diethyl ether. The pellet was dried and redissolved in 1 to
1.5 mL of 8 M urea (pH 5.0) and brought to 50 mM
NaH,PO,, 12 mM methylamine hydrochloride.

Chromatography on Phosphocellulose. A stock of cellulose
phosphate (Whatman P-11) was equilibrated with buffer I (6
M urea; 50 mM NaH,PO,4, pH 6.5; 12 mM methylamine
hydrochloride; 0.005% 2-mercaptoethanol), and a column (1
X 15 c¢m) was prepared. Chromatography was carried out
according to a modification of the procedure of Hardy et al.
(1969), with buffer I. The flow rate was 12 mL per h, and all
operations were carried out in the cold. After application of
the ribosomal protein sample, the column was washed with one
column volume of buffer [, and a linear gradient ranging from
0to0 0.6 M NaClin buffer I (total volume of 400 mL) was ap-
plied. Five-milliliter fractions were collected. Covalently bound
radioactive phosphate was detected by monitoring the tri-
chloroacetic acid precipitable counts in 0.05-mL samples of
cach fraction as described earlier. Absorbance at 280 nm was
measured on undiluted fractions using a Varian Techtron
UV-VIS spectrophotometer Model 635.

Sephadex G-100 Gel Filtration. Sephadex G-100 was
prepared as described by Pharmacia and equilibrated with
buffer I and a column (1.75 X 102 ¢m) was packed at a flow
rate of 20 mL per h. Solutions of blue dextran 2000 (4 mg/
mL), ovalbumin (10 mg per mL), and bromphenol blue
(0.01%) were used for calibration of the column.

Phosphocellulose fractions containing S13 were pooled, and
the proteins precipitated with 20% trichloroacetic acid. The
precipitate was collected by centrifugation and the pellet was
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redissolved in a minimum volume (0.5 to 1.5 mL) of 8 M urea
(pH 5.0). The sample was applied to the top of the column, and
the proteins were eluted with buffer I and collected in S-ml.
fractions.

Electrophoresis in Polyacrylamide Gels Containing Sodium
Dodecyl Sulfate. Electrophoresis in 10% polyacrylamide gels
containing sodium dodecy! sulfate was carried out according
to the procedures of Weber & Osborn (1969). Samples (0.1
mL) of the column fractions were analyzed: electrophoresis
was at 3 mA per gel for 12 to 13 h. Approximately 0.1 mg of
40S protein was run concurrently as a standard. After elec-
trophoresis, the proteins were stained with Coomassie Brilliant
Blue (Schwarz/Mann), destained, and stored in water. Cel-
lophane-wrapped gels were autoradiographed on No-Screen
Medical x-ray film.

Molecular weights of the fractionated 408 ribosomal pro-
teins were determined with external and internal protein
standards using the following proteins: catalase (57 500),
ovalbumin (45 000), yeast alcohol dehydrogenase (37 000),
lactoglobulin (17 150}, lysozyme (14 400), trypsin (25 000).
ribonuclease A (13 600), and ribonuclease S (11 400).

Two-Dimensional Polyacrylamide Gel Electrophoresis.
The procedure for two-dimensional polyacrylamide gel elec-
trophoresis has been previously described (Traugh & Porter,
1976). The fractions containing S13 or total protein were
concentrated by precipitation with 20% trichloroacetic acid
as indicated earlier and redissolved in 0.025 mlL of 8 M urca
with | mM 2-mercaptoethanol. Approximately 0.02 to 0.03
mg of purified S13 or 0.2 mg of total 40S protein was applied
in a volume of 0.06 to 0.07 mL using pyronine G as a dye
marker. Immediately prior to electrophoresis, the sample was
adjusted to pH 8.4 with | M Tris-HCI. Electrophoresis in the
first dimension was conducted at 2 mA per gel for 10 h, and
in the second dimension for approximately 16 h at 80 V.
Electrophoresis in both dimensions was carried out at rcom
temperature, and the gels were stained and destained as de-
scribed earlier.

Partial Acid Hydrolysis. Partial acid hydrolysis of purified
phosphorylated S13 and phosvitin was carried out according
to the procedures of Traugh & Traut (1972) and Williams &
Sanger (1959). Phosvitin was phosphorylated with cAMP-
independent protein kinase, using conditions described pre-
viously for casein (Traugh & Traut, 1974).

Results

The 40S ribosomal subunits were phosphorylated in vitro
using a cAMP-regulated protein kinase partially purified from
rabbit reticulocytes and [y->2P]ATP. It has been shown pre-
viously that S13 is the major ribosomal protein modified in
vitro and upon incubation of intact reticulocytes in a nutritional
medium with radioactive phosphate (Traugh & Porter, 1976).
Under the conditions of the reaction, 1.6 mol of radioactive
phosphate was incorporated per mol of 40S ribosomal subunits.
It had previously been estimated that 1 to 2 phosphoryl groups
were already bound per subunit in the intact cell (Traugh &
Porter, 1976). Thus, the subunits contained an average of 3 mol
of phosphate after phosphorylation in vitro.

Total ribosomal protein prepared from the phosphorylated
40S subunits was fractionated by phosphocellulose chroma-
tography in urea. Figure 1 shows the elution profile from a
typical phosphocellulose chromatography run. One major peak
of radioactivity eluted near the end of the linear gradient, be-
tween 0.55 and 0.60 M NaCl. The individual fractions were
analyzed by electrophoresis in polyacrylamide gels containing
sodium dodecyl sulfate to determine the degree of purification
and to identify the proteins by molecular weight. As shown in
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FIGURE 2: Electrophoretic analysis of the phosphocellulose column fractions in polyacrylamide gels containing sodium dodecyl sulfate. Preparation of
the samples and electrophoretic conditions are described in Experimental Procedures. The numbers below each gel indicate the phosphocellulose column

fraction (from Figure 1).
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FIGURE 3: Elution profile of S13 on Sephadex G-100. Chromatography
was as described in Experimental Procedures. Arrows indicate the position
of markers used to calibrate the column. 32P-labeled protein (@ —®).

Figure 2, 28 protein bands were observed. The molecular
weight range of these proteins agreed with the previously de-
termined values ranging from 8000 to 39 000 (Howard et al.,
1975).

When the protein profile corresponding to the major peak
of radioactivity (fractions 76-80) was examined, three protein
species were detected. The slowest migrating protein band,
with an apparent molecular weight of 34 000 to 35 000, was
shown to contain the covalently bound phosphate when ana-
lyzed by autoradiography. This value agrees well with the value
of 35 000 obtained by Traugh & Porter for S13 (1976). The
lower two bands of protein, neither of which were phospho-
rylated, migrated with apparent molecular weights of 19 000
and 16 000 and were tentatively identified as S29 and S30,
respectively.

Since the molecular weight difference between the phos-
phorylated and nonphosphorylated proteins appeared to be of
the order of 15 000 to 20 000, final purification of the ra-
dioactive phosphoprotein was accomplished by the use of Se-

Protein Stain

21 24

Autoradiogram

4 1 21 24

FIGURE 4: Analysis of proteins after Sephadex G-100 chromatography
by polyacrylamide gel electrophoresis. Preparation of the samples and
conditions of electrophoresis are described in Experimental Procedures.
The numbers represent the fraction numbers (from Figure 3).

phadex G-100 gel filtration in urea. A single symmetrical peak
of radioactivity was observed to elute from Sephadex G-100
in the void volume, as shown in Figure 3. The fractions were
analyzed by polyacrylamide gel electrophoresis to identify the
position of elution for the three proteins. The radioactivity was
shown to coincide with a protein with a molecular weight of
34 000 (Figure 4).

The three ribosomal proteins exhibited abnormal elution
characteristics from those expected for globular proteins. One
possible explanation is that these ribosomal proteins were el-
lipsoid in shape; thus, these molecules would appear to occupy
a larger volume and to possess a larger molecular weight on
gel filtration. Support for this argument comes from studies
with purified ribosomal proteins from E. coli. S4 was shown
to have an elongated conformation in solution, as demonstrated
by hydrodynamic methods and low angle x-ray scattering
studies (Paradies & Franz, 1976), and in the ribosome, as
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FIGURE 5: Two-dimensional polyacrylamide gel electrophoresis of the
purified 40S ribosomal phosphoprotein. Preparation of the samples and
conditions of electrophoresis are described in Experimental Procedures.

Autoradiogram

shown by electron microscopic studies of antibody-labeled 30S
subunits (Tischendorf et al., 1975; Lake et al., 1974). An
elongated conformation has also been suggested for a number
of other 30S ribosomal proteins (Engelmann et al., 1975;
Tischendorf et al., 1975; Lake et al., 1974; Lake & Kahan,
1975). An alternative explanation would be that aggregates
of the individual proteins had formed under the conditions of
purification.

The apparent homogeneity of the 40S phosphoprotein was
verified by two-dimensional polyacrylamide gel electrophoresis
(Figure 5). One spot of intensely stained protein was observed,
and the autoradiogram of this gel showed the radioactivity
coincided with the protein stain. A small amount of radioactive
protein remained at the interface and was probably due to poor
contact between the two gel systems.

The 40S ribosomal phosphoprotein was identified as S13
by electrophoresis with total protein from the 40S ribosomal
subunit by two-dimensional polyacrylamide gel electrophoresis
(data not shown). The purified protein was identified by au-
toradiography and by the intensity of the protein stain in
relation to the background of total 40S proteins. The single
radioactive protein coincides with S13.

Partial characterization of phosphorylated S13 was un-
dertaken to identify the phosphorylated amino acids and to
analyze for contiguous phosphorylated residues within the
polypeptide chain. S13 was partially hydrolyzed, and the hy-
drolysate was analyzed by thin-layer electrophoresis. The ra-
dioactivity migrated as a single spot and was identified as
phosphoserine (data not shown). To examine for the occur-
rence of runs of phosphoserine in S13, the milder hydrolysis
conditions of Williams & Sanger (1959) were used. Phosvitin,
a protein with multiple phosphorylation sites, was used as a
standard. The covalently bound radioactivity in the partially
hydrolyzed sample of phosvitin migrated as phosphoserine and
as three distinct spots which migrated between phosphoserine
and radioactive inorganic phosphate (Figure 6). These results
correspond well with those of Williams & Sanger (1959), who
reported the separation of phosphopeptides containing up to
six phosphoserine residues. The fastest phosphopeptide (4),
shown in Figure 6, apparently corresponds to a tetrapeptide
(Williams & Sanger, 1959). Accordingly, a dipeptide (2) and
a tripeptide (3) containing two and three residues of phos-
phoserine, respectively, were also detected. Thin-layer elec-
trophoresis of phosphorylated S13 yielded phosphoserine and
three phosphopeptides migrating between phosphoserine and
radioactive inorganic phosphate. Although the amount of
hydrolyzed protein was too low to permit a determination of
the amino acid composition of these peptides, the increased
mobility of these phosphopeptides, over that of phosphoserine,
suggests the presence of greater than one phosphorylated
residue per fragment. As a control, the free amino acid cysteine
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— Ser P
— ThrP

Phosvitin  SI13

FIGURE 6: Analysis of phosvitin and S13 by thin-layer electrophoresis after
partial-acid hydrolysis. Approximately 0.06 mg of homogeneous S13 or
phosvitin was hydrolyzed using the Williams & Sanger technique as de-
scribed in Experimental Procedures. The dried samples were applied to
the chromatography plates with phosphoserine and phosphothreonine as
standard markers. P;, 32P-labeled inorganic phosphate; SerP, phospho-
serine; ThrP, phosphothreonine; 2, the postulated position of an oligo-
peptide with two phosphorylated residues; 3, three phosphorylated residues;
4 and 4a, oligopeptides with four phosphorylated residues. The autora-
diogram is shown.

was exposed to 12 N HCl at 37 °C for 30 h and analyzed by
thin-layer electrophoresis as indicated above to monitor the
level of cysteic acid formation. Under these conditions cysteine
is not oxidized to cysteic acid since no ninhydrin staining ma-
terial was observed to migrate towards the anode. Thus, those
peptides with mobilities greater than phosphoserine apparently
correspond to increased levels of phosphorylation with ap-
parently no contribution from the sulfonic acid group of cysteic
acid.

Discussion

Recently a number of proteins from both the 40S and 60S
ribosomal subunits from rat liver have been purified to ho-
mogeneity using different chromatographic techniques
(Westermann et al., 1971; Collatz et al., 1976, 1977; Tsurugi
et al., 1976, 1977). Purification of S6 from rat liver has been
described previously (Collatz et al., 1976). Using a procedure
adapted from Hardy et al. (1969) for ribosomal proteins from
bacteria, a two-step purification of S13 from reticulocyte 40S
ribosomal subunits we have described. This included chro-
matography on phosphocellulose at pH 6.5 followed by chro-
matography on Sephadex G-100. S13, phosphorylated by a
cAMP-regulated protein kinase and [y-32P]ATP, was rapidly
identified during purification by monitoring radioactivity.
Identification of the protein was established by two-dimen-
sional electrophoresis.

The role of the cAMP-regulated phosphorylation of S13 in
the control of protein synthesis has not been identified, al-
though increased phosphorylation has been observed in cell
cultures following serum stimulation (Leader et al., 1976;
Lastick et al., 1977), in rat liver under conditions of induced
diabetes (Gressner & Wool, 1976b), and in rat liver (Blat &
Loeb, 1971; Gressner & Wool, 1976a) and hamster islet cell
tumors (Schubart et al., 1977) by glucagon. Recently a second
component of the protein synthesizing complex, initiation
factor 3 (elF-3), has also been shown to be modified by the
cAMP-regulated protein kinases (Traugh & Lundak, un-
published results). The ability to obtain homogeneous S13
opens up a number of experimental approaches to examining
the role of cAMP in the control of protein synthesis.

Localization of the [32P]phosphoryl groups within the
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polypeptide chain of S13 was determined by partial acid hy-
drolysis. Three phosphopeptides with increased mobilities over
that of phosphoserine were identified. This suggests the pos-
sible occurrence of contiguous phosphorylated residues within
the polypeptide chain of S13. It has been assumed that the
serine residues modified in vitro by the cAMP-regulated pro-
tein kinase were the same as those modified in whole cells;
further experiments will be required to establish this fact.

A clustering of phosphate groups on S13 could enhance al-
terations in the binding of RNA, such as differential stabili-
zation of Met-tRNA; and aminoacyl-tRNA, or selection of
specific classes of mMRNA. Additionally, phosphorylation could
alter the conformation of the ribosome, or modify the associ-
ation between species of RNA.
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