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Further Characterization of Protein Sulfotransferase(s) of
Rat Brain by Alkaline Hydrolysis of Sulfated Proteins

Jaewook Ryu* and Myung-Un Choi

Department of Chemistry, College of Natural Sciences, Seoul National University, Seoul 151-742, Korea

An in vitro protein sulfation in the soluble fraction of rat brain was characterized further by
an improved method of alkaline hydrolysis and thin layer cellulose electrophoresis (TLE). The
protein sulfation was carried out in a reaction system containing [3*S]3"-phosphoadenosine-
5°-phosphosulfate (PAPS), Tris-maleate buffer (pH 8), MgCl,, and soluble proteins from rat
brain. The sulfated proteins were precipitated by acetone and alkaline hydrolysis was per-
formed to obtain sulfated amino acids. The hydrolysate was separated further by TLE and the
separated residues were identified by fluorography. The fluorography of one-dimensional TLE
showed at least nine sulfated residues including tyrosine-QO-sulfate. The other spots were not
identified yet positively. General properties of protein sulfotransferases (PST) using this method
were re-examined such as effects of concentrations of PAPS, pH, incubation temperature and
Mg?*. These results suggest a possible occurrence of several PST corresponding to each
sulfated residue in rat brain and that the sulfation can occur not only in tyrosine but also in
other residues as well.
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Recently, protein sulfation is being studied as a
kind of posttranslational modifications. There are
two types of sulfation in proteins: One is the sulfa-
tion to amino acid residues and the other is the
sulfation to carbohydrate moieties of proteins.
Nowadays, most of the protein sulfations reported
are focused mainly on the sulfation of tyrosine
residues since these sulfations are very similar to
the tyrosine phosphorylation by various protein
kinases. The sulfated tyrosine residue which was
identified first was in bovine fibrinopeptide B in
1954 (Bettelheim, 1954). Thereafter, a number of
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oligopeptides and proteins have been shown to
be sulfated in tyrosine. These are the sulfated pro-
teins of a rat pheochromocytoma cell line (Hutt-
ner, 1982; Lee and Huttner, 1983), human com-
plement component C-4 (Karp, 1983), fibronectin
(Liu and Lipmann, 1985), cholecystokinin deriva-
tives (Vargas et al., 1985), a membrane protein of
66,000 dalton (P61) in A431 cells (Liu and
Baenziger, 1986), sheep pituitary prolactin (Kohli
et al., 1988), yolk protein 2 of Drosophila melano-
gaster (Baeuerle et al., 1988; Friederich et dl,
1988), and gastrin in rat gastric mucosa (Chen et
al., 1989).

In vitro, using exogeneous substrate like acidic
polymer (Glu; Ala; Tyr), a tyrosylprotein sulfot-
ransferase activity was found in the fraction en-
riched in Golgi membrane vesicle of bovine
adrenal medulla (Lee and Huttner, 1985) and
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similar activity was also detected in the microsom-
al fraction of rat brain (Vargas and Schwartz,
1987). More recently the presence of tyrosylpro-
tein sulfotransferase in the soluble fraction of rat
adrenal gland was also observed (Kim and Choi,
1989). Generally, the function of tyrosine sulfation
in proteins are not yet understood. However,
some studies of secretory proteins implicate the
role of tyrosine sulfation as a necessary modifica-
tion in processing, sorting, or functioning of sever-
al secretory proteins (Hille et al., 1984; Huttner,
1988).

Previously, we have shown an in vitro protein
sulfation in the soluble fraction of rat brain using
[3°S]3’-phosphoadenosine-5'-phosphosulfate
(PAPS) as sulfate donor (Lee and Choi, 1990). In
this report a technique for direct identification of
sulfated residues by alkaline hydrolysis with Ba
(OH), was adopted (Huttner, 1984). And the hyd-
rolysate was further separated by thin layer cellu-
lose electrophoresis (TLE). The sulfated amino
acids separated were visualized by fluorography.
Using this improved method, unidentified but new
several sulfated residues beside of tyrosine-O-sul-
fate were observed in two dimensional TLE and
general properties of soluble protein sulfotrans-
ferases corresponding to selected indivisual sul-
fated residues were reinvestigated.

Materials and Methods

Materials

Wister rats were supplied by the Animal Bleed-
ing Laboratory of Seoul National University. ATP,
inorganic pyrophosphatase, PPO, and nonradioac-
tive 3'-phosphoadenosine-5"-phosphosulfate
(PAPS) were purchased from Sigma Chemical Co.
Dimethyl POPOP was obtained from Packard.
Thin layer cellulose chromatography plastic sheets
were from Merck. Radioactive carrier free 2°S0%
(1,041 Ci/mmol) and hyper film™- 3 .. were
from Amersham. All other chemicals used in this
study were analytical grade available commer-
cially.

Preparation of Soluble Proteins
Brain of Wistar rat was obtained by decapitation
and the whole rat brain was homogenized in 3
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volumes of ice cold isotonic phosphate buffer (pH
7) by using ultra-turrax homogenizer. The
homogenate was centrifuged in the Beckman
L8-70M ultracentrifuge for 1 hour at 100,000 x
g. The supernatant was used not only as enzyme
source but also contained endogeneous substrates.
The protein concentration of the supernatant was
estimated by the Lowry method with bovine
serum albumin as a standard protein (Lowry et al.,
1951)

Preparation of Radioactive [*°S] PAPS

[%°S] PAPS was synthesized by re-optimizing
the enzymatic method of Lee (1989). The liver of
Wistar rat was excised, chilled and homogenized
by using ultra-turrax homogenizer in 5 volumes of
ice cold 0.25 M sucrose solution. The homogen-
ate was centrifuged in the Beckman L8-70M
ultracentrifuge for 1 hour at 100,000 X g. The su-
pernatant was used as an enzyme source for [*°S]
PAPS synthesis. The updated reaction mixtures
which contained 50 mM Tris-HCI buffer {pH 8},
15 mM ATP, 12 mM MgCl,, inorganic pyrophos-
phatase 10 units, 1 mCi of carrier free 3504~
and 0.4 mg/ml of the soluble proteins of rat liver
in 100 4. The resultant mixture was incubated at
30 °C for 2 hours. The reaction was quenched by
boiling for 40 seconds and the denatured proteins
were pelleted by centrifugation in a clinical centri-
fuge. The [*°S] PAPS was isolated by preparative
paper electrophoresis as before. Overall vield of
[**S] PAPS in this method is about 30%. Be-
cause the amount of nonradioactive PAPS in the
enzyme source was not known, the specific activ-
ity of [*°S] PAPS was assumed to be that of car-
rier free %°S0%" (1,041 Ci/mmol).

In Vitro Reaction Condition of Protein Sulfation

The standard reaction mixture (100 1) con-
tained 50 mM Tris-maleate buffer at pH 8, 20 mM
MgCl,, 0.25 mg of soluble protein, 1-2 pci
[3°S] PAPS with 3.3 1M of nonradioactive PAPS
(final specific activity; 6.3 Ci/mmol), which were
controled as a final concentration. The resultant
reaction mixture was incubated for 2 hours at 30
°C. Controls were mostly taken as zero-time in-
cubation but in some case enzyme-free system
was taken as control. After incubation the reaction
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mixture was cooled and immediately transferred
into an ampoule. The reaction was then stopped
by addition of 800 gl ice cold acetone (final
88%) and centrifuged to obtain protein pellet.

Hydrolysis of Sulfated Proteins

In the studies of protein sulfation, alkaline hyd-
rolysis was effectively used by Huttner group to
differentiate tyrosine sulfate from carbohydrate sul-
fates (Huttner, 1984). In this study Huttner’s alka-
line hydrolysis was modified extensively and de-
veloped to simple but reproducible method. For
alkaline hydrolysis, 0.2 M Ba (OH), solution was
added to the ampoule containing protein precipi-
tate, followed by sealing in vacuum. The sealed
proteins were then hydrolyzed in an oven keeping
110 °C ~ 120 °C for 40 hours. The sample was
cooled at 4 °C and centrifuged for 10 minutes by
a clinical centrifuge. The resulting supernatant was
transfered to a test tube and the ampoule was
washed twice further with 0.5 ml water. The com-
bined supernatant was neutralized with 1 N sulfur-
ic acid using the phenol red as indicator. The sul-
furic acid was carefully added into the supernatant
until phenol red turned to yellow. In order to ad-
just pH to 7 ~ 8, the solution was titrated back
with solid BaCO; until phenol red turned to pink
color. By centrifugation the precipitate was re-
moved and the collected supernatant was freeze-
~dried. The dried sample was dissolved in 20 ,I
water and an aliquot of 5 x1 was counted to esti-
mate the total sulfated residues recovered. The
radioactivity was measured in a LKB liquid scin-
tillation counter (Model 1219-001) with a cocktail
consisted of 667 ml toluene, 333 ml! Triton
X-100, 5.5 g PPO, and 0.1 g dimethyl POPOP.
The counting efficiency was determined to be ab-
out 85%. The remaining sample solution was
used to separated sulfated residues by TLE.

Thin Layer Cellulose Electrophoresis

Samples of the hydrolysate were spotted on 20
cm X 20 cm thin layer cellulose plastic sheet up
to 10 samples per sheet. Unlabeled authentic re-
sidues of tyrosine sulfate, serine sulfate, threonine
sulfate, and cystein sulfate were used for positive
identification of sulfate amino acids. The authentic
samples were synthesized by nonenzymatic orga-
nic method (Reitz et al, 1946). The cellulose
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sheet was masked with pH 5.2 electrophoresis
buffer (10% pyridine-5% acetic acid) by using
Whatmann 3MM paper. The electrophoresis in this
buffer was carmried out for 3 hours at 400 volts.
When the marker, phenol red, migrated approx-
imately 8 ~ 85 cm from the origin, the elec-
trophoresis was stopped. After drying in air, the
sheet was used for fluorography. And at later time
the sheet was dissected out by comparing to the
fluorography and counted for any radioactive sul-
fated residues. For better separation, two dimen-
sional electrophoresis was carried out. The sample
was spotted on the site of 3 cm from both bottom
at right edges of cellulose sheet. After the cellu-
lose sheet was wetted by a mask of Whatmann
3MM paper, it was electrophoresed in pH 3.5 buf-
fer (5% acetic acid -0.5% pyridine). Then the cel-
lulose sheet was dried carefully and the pH 5.2
electrophoresis buffer (20% pyridine-10% acetic
acid) was sprayed uniformly on the sheet. The
second electrophoresis in this buffer was carried
out to the vertical direction of the first. After termi-
nating electrophoresis, the fluorography and
counting were followed as before.

Fluorography

The cellulose sheet, subjected to electrophore-
sis, was transiently socked in 20% PPO solution
dissolved in ether. The PPO coated cellulose sheet
was covered with high performance film (Hyper
film™- 8 ... and put into X-omatic cassette for
amplification. The film was kept in deep freezer of
-70 °C for 4 ~ 7 days depending on the radioac-
tivity of the samples.

Results and Discussion

Alkaline Hydrolysis of Sulfated Proteins

The advantage of alkaline hydrolysis is to eli-
minate directly the carbohydrate sulfate moiety
from the sulfated amino acid residues. It is well
known that carbohydrate sulfates are labile in
alkali while amino acid sulfates like tyrosine sulfate
is relatively stable. In this experiment, Ba (OH)»
was used as an alkaline source because it effec-
tively precipitated free SO?", generated from car-
bohydrate sulfate as form of BaSQO4 as well as it
hydrolyzed proteins. Previously, acid treatment
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which hydrolyzed preferentially the sulfated amino

acid residues had been used indirectly to diffe-
rentiate tyrosine sulfate from carbohydrate sulfate

(Lee and Choi, 1990). For the comparison of
these two assay methods, the amount of carbohy-
drate sulfate estimated from the acid treatment
was compared to that of sulfated amino acid re-
sidues from the alkaline hydrolysis {Table 1). In
the acid treatment, the amount of total sulfated
proteins was estimated after 7% SDS-PAGE and
the amount of carbohydrate sulfate was found to
be about 34% of the total sulfated proteins. It left
the acid labile sulfated residues which included re-
sidues of amino acids was 66%. In the alkaline
hydrolysis, the amount of total sulfated protein
was estimated after acetone precipitation and the
amount of sulfated hydrolysate which contained
the amino acid sulfates was estimated to be about
11%. Therefore the sulfated amino acid obtained
by alkaline hydrolysis is only one-sixth of the acid
labile residues. This indicates that two assay
methods are considerably different from each
other to estimate the extents of sulfation in amino
acid residues. In the acid treatment, it was likely to
offer an overestimation of the amino acid sulfa-
tion, since it tended to wash out too much when
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the gel was soaked in the hot acid. On the other
hand, the outcome of the alkaline hydrolysis could
yield a lower limit of sulfated amino acids, since
the hydrolysis was carried out at elevated temper-
ature for a long time. However, the alkaline
method has a definite advantage over the acid
method because the sulfated amino acids are
directly recovered from the hydrolysate and the
residues are identified positively by the combina-
tion of TLE and fluorography.

Separation of Sulfated Residues by TLE

To separate the sulfated residue obtained by
alkaline hydrolysis, thin layer cellulose elec-
trophoresis was employed. A typical fluorography
pattern of one-dimensional TLE is shown in Fig.
1. The pattern revealed unexpectedly nine spots
of sulfated residues. In order to identify each sul-
fated residues, four amino acid sulfates, tyro-
sine-O-sulfate, threonine-O-sulfate, serine-O-sul-
fate, and cystein-S-sulfate were used as authentic
samples. By simple comparison, it was able to
identify positively the presence of tyrosine-O-sul-
fate at the spot migrated 10 cm from the origin.

However, the other spots were not coincided ex-
actly with the remaining authentic samples, espe-

Table 1. Comparison of assay methods for sulfated amino acids: acid treatment

vs. alkaline hydrolysis

Acid treatment

Alkaline hydrolysis

DPM ratio{%) DPM ratio(%)

SDS-PAGE 347,590 100 Acetone

(total) Precipitate 472,445 100
Acid 117,789 3¢ (ota

resistant Alkaline — (89)
Acid 229801 66 labile

labile Alkaline 51,004 11

hydrolysate

The result of acid treatment was obtained from reaction system consisted of
Tris-maleate buffer (pH 6.7), 5 »Ci [**S] PAPS (1,209 Ci/mmol), and soluble
proteins. After SDS-PAGE (7%), the sulfated proteins in the gel were acid-tre-
ated with hot 1 N HCI solution for 15 min {Lee, 1989). Then, radioactive sulfates
of the carbohydrate were determined in the gel. This was called acid-resistant
and the amount of it was regarded as that of the carbohydrate sulfates. The result
of alkaline hydrolysis was obtained from reaction system consisted of Tris-male-
ate buffer (pH 8), 3 . Ci [*®*S] PAPS, 20 mM MgCl,, and soluble prtoeins. The
procedure of alkaline hydrolysis was described in the Methods part.
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cially the two major spots of A and B which
accounted almost one half of the recovered
radioactivities were not matched. The recovered
radioactivities of A, B and tyrosine-O-sulfate were
19%, 24% and 8% of the total radioactivity, re-
spectively (Fig. 1). The spot at the migration dis-
tance of 10.6 cm was likely to be matched to
threonine-O-sulfate, but the spot was not sepa-
rated well enough to claim without reservation.

¥R SO,

A

8 &

B}

TYR SO,

Fig. 1. One dimensional TLE after the alkaline hydrolysis
of all sulfated proteins. A) Fluorography; B) Sliced pat-
tern of radioactivity.

Fig. 2. Two-dimensional TLE of sulfated residues after
the alkaline hydrolysis. Tyrosine-O-sulfate and
threonine-0O-sulfate were positively identified even
though their intensity were relatively low.

Korean J. Zool.

Vol. 33, No. 4

When one-dimensional TLE was switched to
two-dimensional TLE for better resolution, the
threonine-O-sulfate was able to separate among
the nine spots, although the intensity of the
threonine spot was relatively low (Fig. 2). This
finding suggests a strong possibility of occurrence
of sulfation in other amino acid residues besides
of tyrosine-O-sulfate. And it opens up a research
avenue toward various protein sulfotransferases
corresponding to individual sulfated amino acid
residues.

Characterization of Protein Sulfotransferases
Corresponding to Individual Sulfated Residues
In the present study, the assay of protein sulfot-
ransferases (PST) was limited to the two major
spots and tyrosine-O-sulfate because A and B
were contained almost one half of the recovered
total radioactivity of the hydrolysate and tyro-
sine-O-sulfate was the only residue identified
positively in one-dimensional TLE, although its
radioactivity was relatively small (8% of the total).
The PST assay was routinely performed by
one-dimensional TLE. Fig. 3 shows the effects of
PAPS concentrations on the PST activities corres-
ponding to these three residues individually. And
each of the PST activity seems to reach its maxim-
al activity around 3 ~ 4 M of PAPS. When the
effects of pHs on the PST activities of the three
residues were examined, the optimal pH for each
activities was around 8 (Fig. 4). This pH optimum
was shifted to alkaline pH from that obtained by
the acid treatment method (Lee and Choi, 1990).
Effects of incubation temperatures for each re-
sidue differ from each other as shown in Fig. 5.
While the PST activity for unknown A showed a
broad temperature dependence with an optimal
temperature at around 20 °C, the maximali
temperature for unknown B was found to be at 30
°C. On the other hand, tyrosine-O-sulfate had an
optimal temperature of 37 °C. The effects of Mg® ™
concentration on the PST were shown in Fig. 6
and it also revealed quite different effects from
each other. The PST activity of unknown B
showed an increased activity following the addi-
tion of Mg®* ions up to 20 mM. However, the
others did not show any significant dependence
on Mg®* ion. These different properties of PST
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Fig. 3. Effects of PAPS concentration on the PST activi-
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Fig. 5. Effects of incubation temperature on the PST
activities for each residue. Unknown A (——a&—);
Unknown B (——[J]——); tyrosine-O-sulfate { —ll— ).

for each sulfated residue could be used as an in-
dicative of multiplicity of the PST activities corres-
ponding to individual sulfated residues derived
from the supernatant of rat brain.

On the basis of the improvement made in the
current assay technique of PST, a direct identifica-
tion of sulfated residue and an assay for individual
residue, the present data offer more reliable prop-
erties of PST than previous one which could not
separate the individual sulfated residues. Howev-
er, the current approach still has a handicap of
including all the sulfated protein in the reaction
mixture, thereby it offered only an average prop-
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Fig. 4. Effects of pH on the PST activities for each re-
sidue. Unknown A (——&-—-); Unknown B (—[]—
—); tyrosine-O-sulfate (——l—).
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Fig. 6. Effects of Mg®* concentration on the PST activi-

ties for each residue. Unknown A (——a&——1); Un-

known B (——[]—); tyrosine-O-sulfate (——l—).

erty of PST corresponding to each sulfated re-
sidues that may originated from different proteins.
Nonetheless the following conclusion can be
drawn safely within the context of present experi-
ment: In vitro protein sulfation using the super-
natant of rat brain demonstrates that sulfation can
occur not only in tyrosine residue but also in other
amino acid residues and there is a strong possibil-
ity of presence of more than one protein sulfot-
ransferase corresponding to each sulfated residue
in the supernatant.
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