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SUMMARY

Sodium selenite has previously been shown to inhibit DNA and
RNA synthesis in both intact cells and isolated nuclei. Neverthe-
less, DNA and RNA polymerases, the enzymes responsible for
this synthesis, are insensitive to inhibition by selenite. Several
DNA and RNA polymerases have now been shown to be inhibited
by selenite in the presence of sulfhydryl compounds. This inhi-
bition is due to the reaction of selenite with the sulfhydryl
compounds to form selenotrisulfide derivatives which inhibit the

enzymes. The selenotrisulfides decrease the Vma. oOf the poly-
merase reaction and increase the apparent K, for the triphos-
phates, but do not alter the apparent K., of the enzyme for the
DNA template. There are differences in potency between selen-
otrisulfides formed from similar sulfhydryl compounds such as
mercaptoethanol and mercaptoethylamine. There are also differ-
ences in the sensitivity of different polymerases to inhibition by
the selenotrisulfides.

Selenium-containing compounds have been known for some
time to have both beneficial and toxic effects at both the
organismic and cellular levels (1, 2). Recent interest has been
focused on the anticarcinogenic activity of selenium com-
pounds, which has been demonstrated experimentally in animal
systems (1-3) and epidemiologically in human populations (4—
6). The mechanism of this anticarcinogenicity is not known,
but it could be related to a “toxic” effect of selenium com-
pounds, i.e., the inhibition of cellular proliferation (7-11).

Although the mechanism of this inhibition has not been fully
elucidated, it is known that some selenium-containing com-
pounds can inhibit cellular macromolecular synthesis. Thus,
Gruenwedel and Cruikshank (7) showed that sodium selenite
inhibits DNA, RNA, and protein synthesis in HeLa cells at
concentrations several orders of magnitude below those which
decrease cell viability (as measured by trypan blue exclusion).
Inhibition of protein synthesis by selenite has also been dem-
onstrated in rat hepatocytes (12). Abdullaev et al. (13) detected
inhibition by selenite of RNA synthesis in intact loach embryos
and also obtained evidence for inhibition of RNA polymerase
activity in isolated nuclei. Medina and Oborn (14) also observed
inhibition of DNA synthesis by selenite in mouse mammary
cells in culture. We have previously reported (15) that, in
addition to inhibiting synthesis in intact cells, selenite also
inhibits DNA and RNA synthesis in isolated HeLa nuclei. This
demonstrated that selenite does in fact inhibit the actual DNA
and RNA synthetic reactions (as opposed to precursor nucleo-
side transport and/or phosphorylation). Nevertheless, selenite
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has been shown to have little or no effect on purified DNA and
RNA polymerases (15, 16), the enzymes which catalyze cellular
nucleic acid synthesis (17). Thus, the mechanism by which
selenite inhibits nucleic acid synthesis remained unclear.

A number of biological effects of selenium compounds have
previously been shown to be influenced by sulfhydryl com-
pounds (18-26). In this report we describe our finding that,
although selenite by itself has little effect on DNA and RNA
polymerases, it does have significant inhibitory activity in the
presence of sulfhydryl compounds. The inhibition results from
the reaction of selenite with the sulfhydryl compounds to form
selenotrisulfide derivatives (27).

Experimental Procedures

Materials. Sodium selenite was purchased from Gallard-Schlesin-
ger Chemical Co. (Carle Place, NY). RNA polymerase II was extracted
from wheat germ by the method of Jendrisak and Burgess (28) and
purified by chromatography on DEAE-cellulose. Calf thymus DNA and
DNA polymerase a were obtained from Cooper Biomedical Co., (Mal-
verne, PA); Escherichia coli DNA polymerase I was obtained from New
England Nuclear (Boston, MA). Radioactive nucleoside triphosphates
were purchased from New England Nuclear, and unlabeled triphos-
phates were from PL Biochemicals (Milwaukee, WI). Mercaptoethanol
was obtained from Eastman Kodak (Rochester, NY) and mercaptoeth-
ylamine from Sigma (St. Louis, MO). 2-Hydroxyethyldisulfide and
cystamine were purchased from Aldrich Chemical Co. (Milwaukee,
WI).

Enzyme reactions. For RNA polymerase, the reaction mixture (0.3
ml) contained 50 mM Tris-HCI buffer (pH 7.9), 22 mM MnCl,, 100 mM
(NH,),SO,, 0.33 mM each of ATP, CTP, and GTP, 1.5 uM [5,6-*H]
UTP (final specific activity 22 Ci/mmol), and 18 ug/ml calf thymus
DNA. For DNA polymerase the reaction mixture (0.3 ml) contained 50
mM Tris-HCI buffer (pH 7.9), 10 mM MgCl,, 50 uM each of dATP,
dCTP, and dGTP, 0.5 uM [methyl-*H]dTTP (final specific activity 75
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Ci/mmol), and 33 ug/ml calf thymus DNA. After incubation for 30 min
at 37°, the reaction mixture was chilled, and 0.2 ml of salmon sperm
DNA (0.25 mg/ml) and 0.5 ml of either 7% perchloric acid (for RNA
polymerase) or 10% trichloroacetic acid (for DNA polymerase) were
added. The precipitate was collected on a Whatman GF/C filter and
washed with 6% trichloroacetic acid containing 0.1 M sodium pyro-
phosphate. The filter was dried and counted in a liquid scintillation
counter.

The enzyme preparations which we have utilized normally contain
sulfhydryl compounds at concentrations which would result in signifi-
cant concentrations in the reaction. Since, in these experiments, control
of the sulfhydryl concentration in the reaction was an obvious necessity,
it was essential that the enzymes be dialyzed and/or diluted prior to
use.

Reaction of selenite with sulfhydryl compounds. The reaction
was carried out as described by Ganther (27). In the case of the
mercaptoethanol derivative the initial concentrations were 15 mM
selenite and 60 mM mercaptoethanol. In the case of mercaptoethyl-
amine, in order to avoid decomposition of the selenotrisulfide it was
necessary to carry out the reaction with more dilute solutions: 0.33 mM
selenite and 1.33 mM mercaptoethylamine. The reactions were carried
out for 30 min at 0°, during which time the reactions went to comple-
tion.

Results

In an earlier paper (15) we reported that DNA and RNA
polymerases are resistant to inhibition by sodium selenite. We
have now found that in the presence of a sulfhydryl compound
such as mercaptoethanol, selenite is a highly potent inhibitor
of the polymerases. Fig. 1 illustrates this for RNA polymerase
II from wheat germ. In the absence of mercaptoethanol there
was no significant inhibition of the enzyme by concentrations
of selenite as high as 250 uM. However, in the presence of
mercaptoethanol (at a 4:1 molar ratio), the enzyme was in-
hibited by the selenite (with 50% inhibition at approximately
20 uM). It should be noted that the concentrations of mercap-
toethanol utilized in this experiment (as high as 1 mM) had no
effect on the activity of the enzyme in the absence of selenite.

Ganther (27) has shown that selenite can react with sulfhy-
dryl compounds to form a selenotrisulfide adduct, via the
reaction first proposed by Painter (29):
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Fig. 1. Effect of sodium selenite on the activity of RNA polymerase II.
Reactions were carried out as described in Experimental Procedures in
the presence of the indicated concentration of selenite, either alone (O)
or with a 4:1 molar ratio of 2-mercaptoethanol (@). The results are
expressed as a percentage of the synthesis in the absence of selenite.
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4 RSH + H.SeO; — RSSeSR + RSSR + 3H,0 (1)

In order to investigate whether this selenotrisulfide product is
the inhibitory species of the polymerases, we have carried out
the reaction of selenite with mercaptoethanol as described by
Ganther (27). The spectrum of the product, shown in Fig. 2, is
characteristic of the selenotrisulfide (27); based upon the molar
absorptivity determined by Ganther (27), the results indicate
essentially complete conversion of the selenite to the selenotri-
sulfide

OH—CH—CH,—S—Se—S—CH.—CH.—OH

The effect of the reaction product on the activity of RNA
polymerase II was examined. The results (Fig. 3) show that the
enzyme was inhibited, with 50% inhibition at approximately
10 uM selenotrisulfide. We have also carried out reaction 1 with
mercaptoethylamine as sulfhydryl compound, thereby forming
the selenotrisulfide

Absorbance

Waveleagth (nm)

Fig. 2. Absorbance spectrum of the product of the reaction of sodium
selenite with 2-mercaptoethanol. The reaction was carried out as de-
scribed in Experimental Procedures, and the absorbance spectrum was
determined in a Gilford spectrophotometer.
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Fig. 3. Inhibition of RNA polymerase |l by selenotrisulfides. Reactions

were carried out in the presence of the indicated concentration of the

selenotrisulfide product of the reaction of selenite with mercaptoethanol

(O) or mercaptoethylamine (@). The results are expressed as a percent-
age of the synthesis in the absence of any added compound.
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(A spectrum similar to that shown in Fig. 2 was obtained.) This
reaction product was even more potent in inhibiting the poly-
merase, with 50% inhibition at approximately 1 uM (Fig. 3).

Inhibition of the polymerase by the products of reaction 1 is
most likely due to the selenotrisulfides. However, in order to
be certain that the disulfides, R—S—S—R [which in these
cases are the compounds 2-hydroxyethyldisulfide (OH—CH,—
CH,—S—S—CH,—CH,—NH),), respectively], are not causing
the inhibition, the effect of these compounds on the polymerase
was examined. As shown in Fig. 4, neither of these compounds
had any effect on the activity of the enzyme. Thus, the most
likely inhibitory species are the selenotrisulfides.

Preliminary information as to the mechanism of the inhibi-
tion of the polymerase by the selenotrisulfides has been ob-
tained from a Michaelis-Menten kinetic study. When the re-
action rate was measured as a function of ribonucleoside tri-
phosphate concentration, the selenotrisulfide was found to
increase the apparent K,, of the enzyme for this substrate and
also to decrease the V,,,, of the reaction (Fig. 5). In contrast,
the selenotrisulfides had no significant effect on the apparent
K., of the enzyme for the DNA template (Fig. 6).

We have examined several other polymerases and have found
that inhibition by selenotrisulfides is not limited to RNA
polymerase II. As an example, the effect of the selenotrisulfides
on the activity of E. coli DNA polymerase I and calf thymus
DNA polymerase « is shown in Fig. 7. The inhibitory effect of
the two selenotrisulfides on the three enzymes is summarized
in Table 1. These results show that different polymerases
exhibit different degrees of sensitivity to these compounds.
Thus, with mercaptoethanol-selenotrisulfide, 50% inhibition

100
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Fig. 4. Effect of disulfides on RNA polymerase Il. Reactions were carried
out in the presence of the indicated concentration of 2-hydroxyethyidi-
sulfide (O) or cystamine (®) (the disulfides of mercaptoethanol and
mercaptoethylamine, respectively). The results are expressed as a per-
centage of the synthesis in the absence of any added compound.
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Fig. 5. Effect of selenotrisulfide on the reaction kinetics of RNA polymer-
ase ll. Reactions were carried out in the presence of the indicated
concentration of ATP, GTP, and CTP (with the concentration of UTP
kept constant at 1.5 uM), either with no addition (O), or in the presence
of the product of the reaction of selenite with mercaptoethanol at a
concentration of 2 uM (@) or 5 um (ll). The results are presented in the
Lineweaver-Burke form.
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Fig. 6. Effect of selenotrisulfides on the reaction kinetics of RNA poly-
merase ll. Reactions were carried out in the presence of the indicated
concentration of DNA, either with no addition (O), or in the presence of
the selenotrisulfide product of the reaction of selenite with mercaptoeth-
anol ([[J) or mercaptoethylamine (A) (each at a concentration of 2 um).
The results are presented in the Lineweaver-Burke form.

with DNA polymerase «, RNA polymerase II, and polymerase
I occurs at 1, 10, and 78 uM, respectively. Similarly, with
mercaptoethylamine-selenotrisulfide, 50% inhibition of these
enzymes occurs at 1, 1, and 38 uM, respectively. It is also
apparent that there is a significant difference in potency be-
tween the two compounds, but only with some enzymes and
not with others.

Discussion

Sulfhydryl compounds are known to be involved in the me-
tabolism of selenite (18, 19), as well as in its antagonistic effect
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Fig. 7. Effect of selenotrisulfides on the activity of DNA polymerases.
Reactions with E. coli DNA polymerase | (O, ) or with calf thymus DNA
polymerase a (O, ®) were carried out as described in Experimental
Procedures in the presence of the indicated concentration of the selen-
otrisulfide product of the reaction of selenite with mercaptoethanol (O,
O) or mercaptoethylamine (ll, @). The results are expressed as a per-
centage of the synthesis in the absence of any added compound.

TABLE 1

Inhibition of polymerases by selenotrisulfides

The data are taken from Figs. 3 and 7. ICs, is the approximate concentration of
the compound which produces 50% inhibition of the enzyme.

ICso
Enzyme Mercaptoethano  Mercaptoethylamine-
selenotrisutfide selenotrisutfide

uM

RNA polymerase || 10 1

E. coli DNA potymerase | 78 38

Calf thymus DNA polymerase o 1 1

TABLE 2

Inhibition of polymerases by mercury compounds

Reactions were carried out as described in Experimental Procedures. ICs is the
approximate concentration of the compound which produces 50% inhibition of the
enzyme.

Enzyme Cn
Methyl mercury HgCh
2
RNA polymerase |I 15 0.15
E. coli DNA polymerase | 100 10
Calf thymus DNA potymerase a 0.7 0.5

on mercury toxicity (20-24). In addition, certain toxic effects
of selenium compounds, such as inhibition of amino acid trans-
port (12), genotoxicity (25), and inhibition of protein synthesis
(26) have been shown to be potentiated by SH compounds. We
have found that the inhibition by selenite of a variety of DNA
and RNA polymerases is also potentiated by sulfhydryl com-
pounds, via formation of selenotrisulfide adducts. Thus, the
inhibition of cellular DNA and RNA synthesis by selenite (7,
13-15) could result from the formation of selenotrisulfide de-
rivative(s) via reaction with endogenous sulfhydryl com-
pound(s). This possibility is currently under investigation.
Although the mechanism of the inhibition of the polymerases
by the selenotrisulfides is not yet clear, some preliminary
information has been obtained. First, binding of the enzyme to
the DNA template does not appear to be significantly altered
by the compounds, as evidenced by a lack of effect on the
apparent K,, of the enzyme for the DNA. There does appear,
however, to be an effect on the apparent K,, of the enzyme for
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the triphosphates, as well as on the V,,, at saturating DNA or
triphosphates. Second, there is clearly both chemical and en-
zymatic specificity in the effect, as evidenced by the differences
in potency of selenotrisulfides formed from two similar sulfhy-
dryl compounds and by the large difference in sensitivity of
different enzymes to the compounds (see Table 1).

One possible mechanism for the interaction of the selenotri-
sulfide with the enzymes is suggested by the finding of Ganther
and Corcoran (30), that addition of selenite to ribonuclease
inactivates the enzyme as a result of the formation of seleno-
trisulfides in which the Se bridges two enzyme sulfhydryls, i.e.,

N\
\Se/

It is conceivable that, in the case of the polymerases, sulfhydryl
groups of the protein are unable to react with selenite itself,
but are able to substitute for those of the added selenotrisulfide,
thereby forming the above type of adduct. This possibility is
currently under investigation.

If this mechanism of action is in fact correct, the relative
sensitivity of different enzymes to the selenotrisulfides might
be expected to parallel their relative sensitivity to SH reagents
such as mercurials. A major difficulty in assessing this stems
from the fact that the relative sensitivity of enzymes to SH
reagents can differ for different reagents (31). As an illustration
of this, Table 2 shows the sensitivity of the three polymerases
to two different mercury compounds. Because of the variation
in the effects of the two mercurials on each of the enzymes, it
is difficult to draw firm conclusions from a comparison of these
data with the sensitivity of the enzymes to selenotrisulfides, as
shown in Table 1. Nevertheless, the data are compatible with
the involvement of enzyme sulfhydryl(s) in the inhibition by
the selenotrisulfides.

Two other biological effects have been demonstrated for
selenotrisulfides. They have been shown to inhibit protein
synthesis both in vivo and in vitro (26, 32-35). They have also
been shown to inhibit the growth of tumors in vivo as well as
the proliferation of tumor cells in culture (36-38) (the latter at
concentrations as low as 0.2 uM). Our results raise the possi-
bility that this inhibitory effect on cell proliferation and, thus,
perhaps also the anticarcinogenicity of selenium, could be the
direct result of the inhibition of the DNA polymerase. If this
turns out to be the case, then the design of selenotrisulfide
compounds with selectivity for inhibition of tumor cell DNA
polymerases could prove to be a valuable approach in the search
for specific inhibitors of tumor cell proliferation. OQur finding
that there is considerable variation in the sensitivity of DNA
polymerases to selenotrisulfides (see, for example, Fig. 7) sug-
gests that this may indeed be feasible.
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