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In our earlier studies (1, 2), we found that
about 30% of human breast tumor prepara-
tions lacked the ability to form steroid sul-
fate esters when incubated with steroids and
radioactive sulfate. Interestingly, it was also
observed that tumors that lacked the ability
to sulfurylate steroid hormones uniformly
failed to regress after bilateral adrenalectomy
(2). This correlation between clinical and
laboratory findings led to our further investi-
gation of steroid sulfate formation in these
tumors.

Three enzymes are necessary for the
formation of steroid sulfates: Sulfate adenyl-
yltransferase (ATP:sulfate adenylyltrans-
ferase EC 2.7.7.4), adenylylsulfate kinase
(ATP:adenylylsulfate 3’-phosphotransferase,
EC 2.7.1.25), and one of two sulfotrans-
ferases, 3-B-hydroxysteroid sulfotransferase
(3’-phosphoadenylylsulfate: 3-B-hydroxy-
steroid sulfotransferase EC 2.8.2.2.) or estrone
sulfotransferase  (3’-phosphoadenylylsulfate:
estrone sulfotransferase EC 2.8.2.4).

ATP 4 80 = APS 4 PP, (pyrophosphate),
APS + ATP = PAPS (adenosine 3'-phosphate 5'-
sulfatophosphate) + ADP (adenosine diphosphate),
PAPS -} steroid — steroid sulfate 4+ PAP,

The first two enzymes are necessary for
the formation of “active sulfate,” PAPS. The
sulfotransferases are probably a family of
related enzymes that act on different hy-
droxyl groups in different steroid molecules
used as donors in our previous studies.

Lack of any one of these three enzymes
would result in the failure of steroid sulfate
formation by the tumor preparations. Results
of the present investigation demonstrate that
the tumor tissues that fail to synthesize

1 This investigation was supported by Grant CA-
08219-04 from the National Cancer Institute, NIH,
U.S. Public Health Service.
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steroid sulfates are lacking in both sulfate
adenylyltransferase and adenylylsulfate ki-
nase, but have measurable amounts of steroid
sulfotransferases.

Materials and Methods. Steroid sulfate
formation was measured as previously de-
scribed (1), except that 5 pCi of H,3550, and
0.1 umole of K»SO, were used/tube.

A crude sulfate-activating system was
purified from yeast by the method of Rob-
bins (3) with slight modification. The sul-
fate-activating enzymes were precipitated
with sodium chloride, 250 g/liter of pH 5
supernatant, rather than with ammonium sul-
fate, to ensure no contamination with sulfate
ions. The specific activity of the preparation
was 0.02 umoles of ATP degraded/mg of pro-
tein in 15 min. Five mg of yeast protein were
added to each tube in the experiments shown
in Table 1.

TABLE I. Synthesis of Steroid Sulfate in Inactive
Breast Tumor Preparations Following the Addi-
tion of Yeast Enzymes.

Synthesis of steroid sulfate

(upmole/mg of protein/hr)
Tumor

preparations DHEAS® E,S°
M.O. 35.9 31.4
R.S. 93.8 61.8
K.B. 36.6 37.7
H.0. 26.2 34.7
H.D. 36.5 36.0
AE. 29.6 35.5
D.Z. 18.2 22.6
J.P. 33.2 28.9
H.B. 53.1 54.3
M.M. 31.2 28.4
C.Z. 4.4 6.6
R.B. 3.6 5.0
G.W. 6.6 3.4

* Dehydroepiandrosterone sulfate.
® Estradiol sulfate,
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Yeast sulfate adenylyltransferase and yeast
adenylylsulfate kinase were purified by the
method of Robbins (3). The specific activity
of sulfate adenylyltransferase was 424
pmoles/mg/hr. In experiments in which sul-
fate adenylyltransferase was added, 25 pg of
protein was added to each tube. The specific
activity of adenylylsulfate kinase was 2.1
pmoles/mg/hr. In the experiments in which
adenylylsulfate kinase was added 2.5 mg of
enzyme was added to each tube.

None of the yeast preparations showed any
steroid sulfotransferase activity.

Results. Addition of veast enzymes to inac-
tive tumor preparations. When 13 inactive
tumor preparations were reassayed after the
addition of a crude PAPS-generating system
from yeast, it was found that these prepara-
tions now catalyzed the formation of signifi-
cant quantities of steroid sulfates, ranging
from 3 to 94 ppmoles/mg of protein/hr (Ta-
ble T). The amounts of steroid sulfates syn-
thesized are comparable to those formed in
the presence of tumor preparations that are
active in the absence of the yeast enzymes.

These results suggest that the defect in the
inactive tumor preparations is a lack of sul-
fate activation rather than a lack of a trans-
ferase, but the data do not indicate which
enzyme is missing. In order to answer this
question, the yeast preparation was purified
further, and the two enzymes, sulfate adeny-
lyltransferase and adenylylsulfate kinase,
were separated from one another. When each
enzyme was added separately to tumor
preparations which showed lack of steroid
sulfate formation under standard conditions,
no evidence was found for steroid sulfate
formation. However, if both yeast enzymes
were added together, both steroid sulfotrans-
ferase activities being measured became ap-
parent (Table IT). Again, these tumor prepa-
rations show the same wide range as has
previously been found in this series; namely,
6.5 to 126 pumoles/hr.

Addition of veast enzymes to active tumor
preparations. To establish whether the sul-
fate-activating enzymes or the sulfotrans-
ferases were the limiting factor in determin-
ing the level of steroid-conjugating activity of
the tumor preparations that have the ability
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TABLE II. Synthesis of Steroid Sulfate in In-

active Breast Tumor Preparations Following the

Addition of Yeast Sulfate Adenylyltransferases
and Yeast. Adenylylsulfate Kinase.

Tumor
preparations Steroid + Both enzymes®
M.F. E,s 54.2
DHEA® 61.0
M.H. E, 28.8
DHEA 17.0
H.D. E, 39.9
DHEA 25.2
H.B. E, 51.3
DHEA 29.8
C.Z. E, 7.2
DHEA 6.5
H.O. E, 30.2
DHEA 16.3
J.C. B, 24.0
DHEA 17.9
N.S. E, 126.0
DHEA 77.8

¢ Estradiol-17g.
® Dehydroepiandrosterone.
° Steroid sulfate (uwmole/mg of protein/hr).

to form steroid sulfates, three such tumor
preparations were tested by the addition of
the two yeast enzymes separately and to-
gether. The results (Table IIT) strongly sug-
gest that it is the sulfate-activating enzymes,
rather than the steroid sulfotransferases, that
limit the formation of sulfate esters in not
only the inactive but also the active tumor
preparations. When either enzyme is added
alone, the activity of the tumor for the pro-
duction of either DHEA (dehydroepiandro-
sterone) sulfate or estradiol sulfate is stimu-
lated. A synergistic effect occurs, however,
when the two enzymes are added together.
From the constancy of the ratio of DHEAS
to E,S after the addition of either enzyme or
both (Table IIT), it is obvious that the rela-
tive amounts of the two sulfates formed re-
main constant upon the addition of the two
enzymes separately and together.

Discussion. The present data provide
evidence that the defect in the tumors that do
not show steroid sulfate synthesis is a lack
of both enzymes necessary to form active
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TABLE III. Synergestic Effect of Sulfate-Activating Enzymes from Yeast in Active Tumor Prepara-
tions.

Steroid sulfate synthesized (uwmoles/mg of protein/hr)

Tumor Without -+ Sulfate adenyl- -+ Adenylyl-
preparations Steroid yeast enzymes yltransferase sulfate kinase = 4 Both enzymes
HW. B, 25.8 33.7 45.5 119.2
DHEA® 7.3 10.1 13.1 23.9
DHEA:E, 0.20 0.30 0.29 0.20
ES. E, 20.5 21.8 36.2 69.8
DHEA 131 20.0 32.2 37.8
DHEA:E, 0.64 0.92 0.89 0.54
AM. E, 24.8 29.8 374 76.7
DHEA 8.4 12.3 15.8 20.9
DHEA:E, 0.34 0.34 0.41 0.27
¢ Estradiol-17g.
® Dehydroepiandrosterone.
sulfate. In all such tumor preparations DHEAS to EsS is unaffected by the addition

tested, both enzymes were completely absent
(Table II). Even so, this finding does not
necessarily mean that these enzymes are
completely lacking in the tumors in situ.
These enzymes, as obtained from other mam-
malian sources, are known to be very easily
destroyed by such mild treatment as dialysis
(4, 5). It possible that there are present in
some or all of the “inactive” tumors either
very small amounts of the sulfate-activating
enzymes which are destroyed on homogeniza-
tion, or else variant forms of these enzymes
which are much more labile to treatment
than are those found in active tumor prepara-
tions. The present data cannot distinguish
among these three possibilities; i.e., very low
level of the enzymes, variant form of the
enzymes, or absence of the enzymes. The
third possibility, complete absence of sulfate-
activating enzymes, is one which is amena-
ble to experimental determination. A compar-
ison of sulfate incorporation by slices of tu-
mor tissue and the formation of steroid sul-
fate by homogenates of these tumors should
show whether sulfate-activating enzymes are
completely absent (in this case slices should
not be able to incorporate sulfate into macro-
molecular structures) or are, for one reason
or another, easily degraded. Such a study has
been started in our laboratory.

It is interesting to note that the ratio of

of an excess of either sulfate adenylyltrans-
ferase or adenylylsulfate kinase or both. Pre-
sumably the ratio is controlled, in at least
these three cases, by the relative amounts of
the two sulfotransferases, rather than by an
effect of the steroids on the sulfate-activating
enzymes.

The possibility that sulfate metabolism in
these tumors may be related to polysac-
charide metabolism cannot be entirely ruled
out. Although human breast tumors have
never been investigated in this regard, sever-
al tumors are known to form sulfated poly-
saccharides, such as chondroitin sulfates (5,
6). The possibility that some human breast
tumors do not synthesize sulfated polysac-
charides, because they lack the sulfate-
activating enzymes, or because the level of
sulfate-activating enzymes is very low, is in-
teresting, and this possibility is being investi-
gated by this laboratory.

Summary. Preparations from human breast
tumors which are inactive in the formation
of steroid sulfates are shown to be lacking the
two sulfate-activating enzymes, sulfate ade-
nylyltransferase, and adenylylsulfate kinase,
and to have measurable amounts of 3-8-hy-
droxysteroid sulfotransferase and estrone sul-
fotransferase. The study also suggests that
the sulfate-activating enzymes are the limit-
ing factor in determining the level of steroid
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conjugating activity of the tumor prepara-
tions that have the ability to form steroid sul-
fates.
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