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Selenotrisulfides. II. Cross-Linking of Reduced Pancreatic

Ribonuclease with Selenium”

H. E. Ganther and C. Corcoran

ABSTRACT: Native or reduced pancreatic ribonuclease A
having zero and eight thiol groups per mole, respectively, was
treated with selenious acid to evaluate the role of thiol groups
in the nonenzymic incorporation of inorganic selenite into
proteins. Over the pH range of 2-7, no selenium was incor-
porated into native ribonuclease A, but reduced ribo-
nuclease A treated with selenious acid at pH 2 and
4° showed rapid loss of thiol groups, spectral changes
equivalent to selenotrisulfide (RSSeSR) formation, and the
uptake of 2 moles of selenium/mole of ribonuclease A, in ac-
cord with the over-all reaction 4RSH + H.SeO; — RSSeSR +
RSSR + 3H,0. At higher pH, elemental selenium was lib-
erated during the reaction, decreasing the incorporation of
selenium to 1.41 and 0.44 moles of Se per mole of ribonuclease
A at pH 4.7 and 7, respectively, but pH 7 caused little or no re-
lease of selenium from the final reaction product. Gel filtration
and sedimentation velocity studies of the pH 2 derivative indi-

’I:e reaction of selenious acid with low molecular weight
thiols to form selenotrisulfides (RSSeSR) has previously been
characterized in this laboratory (Ganther, 1968). We also in-
vestigated the reaction with protein thiols, with the object of
creating proteins having selenotrisulfide cross-linkages. Be-
sides clarifying a nonenzymic process of selenite incorporation
into proteins, the creation of such derivatives might be useful

* From the Department of Biochemistry, University of Louisville
School of Medicine, Louisville, Kentucky 40208, Received February 13,
1969. This work was supported in part by the U, S, Public Health
Service (1-RO1-AM-10692), by a grant from the Selenium-Tellurium
Development Association, Inc., and by the National Science Foundation
undergraduate research program (C. C,) during the summer of 1966.
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cate that it is homogeneous, monomeric, and more unfolded
than native ribonuclease A. Spectral perturbations in the
280-290-mu region likewise suggest that the degree of folding
is intermediate between that of reduced and native ribonu-
clease A.

The exchange of approximately 1 mole of selenium
into ribonuclease A from the selenotrisulfide derivative of 2-
mercaptoethanol occurred with reduced ribonuclease A at 4°
at pH 2-7, with extensive liberation of elemental selenium, but
none was exchanged into native ribonuclease A. The enzyme
activity of the derivatives against yeast ribonucleic acid or 2’.-
3’-cyclic cytidylic acid equaled only a few per cent of that of
native ribonuclease A. It is concluded that selenium was incor-
porated between two sulfur atoms to form an intramolecular
selenotrisulfide linkage in place of a disulfide. Such derivatives
may be useful for a variety of protein structure—function
studies.

for other reasons: (1) the conversion of a disulfide bond into
the SSeS linkage could provide a useful analog for study of
protein structure and function; (2) the introduction at specific
sites of a selenium atom could be useful in X-ray crystallo-
graphic or electron spin resonance studies of proteins; (3)
protein selenotrisulfides might participate in catalytic pro-
cesses related to the biological functions of selenium.
Ribonuclease was chosen as a model protein for these
studies. Besides having great stability and useful solubility
properties, the native enzyme has four disulfide bonds that can
be reduced to yield four pairs of sulfhydryl groups, providing
a well-defined system for the precise study of selenium incor-
poration in the same polypeptide chain, with or without thiol
groups. There was also a reasonable chance that the selenotri-
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FIGURE 1: Combining ratio for selenious acid and the sulfhydryl
groups of reduced R Nase by the method of continuous variations. A
Zeiss PMQ 11 spectrophotometer was used, Selenious acid and re-
duced RNase (sum of selenious acid and protein thiol groups = 2
pmoles) were mixed in various proportions in 3 ml of 0.01 N HCI,
25°, final pH 2.20-2.25. The reaction was mostly completed within 3
min and the A4s then remained constant through 60 min, The final
solutions were clear and had an 4400 of approximately 0.01 or less.

sulfide derivative might possess catalytic activity, since the re-
duced enzyme can be reoxidized spontaneously with re-forma-
tion of intramolecular disulfide bonds and full recovery of
activity.

It is shown in this paper that selenious acid and other sele-
nium compounds are incorporated into ribonuclease in a
stable form through a reaction with the sulfhydryl groups of
the protein. The products appear to be cross-linked by sele-
notrisulfide bridges and are largely devoid of enzyme activity.

Experimental Section

Materials. Ribonuclease A from bovine pancreas (type ITI-A,
90~95 %7 homogeneous), yeast ribonucleic acid (type XI) puri-
fied by the method of Crestfield (1955), 2’,3’-cyclic cytidylic
acid, and 2-mercaptoethanol, were obtained from the Sigma
Chemical Co., St. Louis, Mo., and used without further puri-
fication. Urea (J. T. Baker) was recrystallized frequently from
95 %7 ethanol and dissolved just prior to use. Selenium dioxide
(99.9 %) was obtained from Alfa Inorganics. Radioactive sele-
nium was purchased as [73Se]H,SeO; from the Nuclear Science
and Engineering Corp. The procedures used for purifying the
radioactive selenious acid, for determining radiochemical pu-
rity, and for chemical analysis of selenious acid have been
described (Ganther, 1968).

Reduction of RNase. Ribonuclease (25 mg) was treated with
25 ul of 2-mercaptoethanol in 0.7 ml of 8 M urea at pH 8.6 for
4.5 hr at 23° under nitrogen (Anfinsen and Haber, 1961). This
mixture was then adjusted to pH 3.5 with acetic acid and
passed rapidly through a 2 X 40 cm column of Bio-Gel P-2
equilibrated with 0.1 N acetic acid, at 4°, to separate reduced
protein from the other reagents. This solution was either used
immediately or stored overnight under nitrogen in the refrig-
erator. The concentration of reduced protein in 0.1 N acetic
acid was estimated at 275.5 my using an extinction coefficient
of 8.28 X 10%1. mole~! cm™!, as determined by an analysis for
total nitrogen (Lang, 1958) and use of the calculated per cent
nitrogen (17.5) for reduced pancreatic ribonuclease A, Css-
Hg0oN1710105S15, mol wt 13,675. An extinction coefficient of
9.8 X 102 1. mole=! cm~1! at 277.5 mu was used to determine
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the concentration of native RNase in neutral solutions (Sela
and Anfinsen, 1957). The sulfhydryl content of reduced RNase
determined by the method of Ellman (1959) was close to the
expected value of eight sulfhydryl groups per molecule of
RNase provided the reduced protein was treated with the
Ellman reagent immediately after adjusting the sample to pH
8, so that a rapid spontaneous oxidation of thiol was pre-
vented.

Assay of RNase Activity. With yeast RNA as substrate, a
modification of the method of Kalnitsky ef al. (1959) was used.
Samples of enzyme to be assayed were adjusted to pH 5.0 with
sodium acetate or acetic acid. Aliquots (up to 0.2 ml) of these
solutions and native RNase controls were placed in polyprop-
ylene centrifuge tubes and 0.1 M sodium acetate buffer (pH
5.0) was added to bring the volume to 0.5 ml, followed by 0.25
ml of a 1] solution of yeast RNA previously dialyzed against
the acetate buffer. After a 4-min incubation at 30° the reaction
was stopped with 0.25 ml of 0.75% uranyl acetate in 25%, per-
chloric acid and the samples were chilled on ice. After centrif-
ugation in the cold, 0.1-ml aliquots of the supernatant fluid
were diluted with 3.0 ml of water and read at 260 my, then cor-
rected for RNase-free blanks carried through the same proce-
dure. RNase activity was calculated from the AAsgo, linearly
related to the amount of RNase up to 6 ug.

RNase activity with 2/,3’-cyclic cytidylic acid as substrate
was determined using the conditions specified by Crook et al.
(1960), with 0.275 umole of substrate, 100 umoles of Tris-HCl
buffer (pH 7.0) and enzyme in a final volume of 1.0-1.2 ml.
The initial rate (up to 0.03 AAdss) was linearly related to the
amount of RNase up to 10 ug.

Results

Spectrophotometric Studies. It was shown previously (Gan-
ther, 1968) that the reaction between thiols and selenious acid
can be measured by the increase in absorption in the near
ultraviolet. The spectrophotometric method of continuous
variations (Chaberek and Martell, 1959) was therefore used to
determine the combining ratio for selenious acid and the thiol
groups of reduced RNase (Figure 1). The maximum absorp-
tion increment occurred at a mole fraction of selenium equal
to 0.2, corresponding 1o an SH-Se combining ratio of 4, thus
indicating that the thiol groups of this protein react with sele-
nious acid in a manner analogous to other thiols (Ganther,
1968) (eq 1).

4RSH + H,SeO; —> RSSeSR + RSSR + 3H;0 (1)

The data shown in Figure 1 were obtained in dilute HCI, pH
2.25; similar results were obtained at pH 4.7, but as the pH of
the reaction mixture was increased there was an increasing
tendency of the product to decompose to elemental selenium
in the presence of excess thiol, so that the turbidity of the ele-
mental selenium precluded accurate spectrophotometric anal-
ysis.

The spectra of native RNase, reduced RNase, and of re-
duced RNase treated with a stoichiometric amount (2Se/
RNase) of selenious acid are shown in Figure 2. Compared
with native RNase (curve 1), the spectrum of reduced RNase
(curve 2) is shifted to slightly shorter wavelengths and has a
somewhat deeper trough at 250 mu. A pronounced spectral
change occurred when selenious acid was added to reduced
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FIGURE 2: Ultraviolet absorption spectra of RNase and derivatives in 0.1 N acetic acid ¢s. solvent, 25°, The spectra were recorded with a
Beckman DB-G spectrophotometer coupled to a Sargent SRL recorder. Split compartment cells (Yankeelov, 1963) having a path length of
0.88 cm were used. Each cell contained 0.125 umole of protein in 1.8 ml of 0.1 N acetic acid. Curve 1, native RNase; curve 2, reduced RNase
(8.16 SH/mole); curve 3, reduced RNase plus 0.25 umole of H:SeO; (mixed at 1°, then warmed to 25° after 1.5 hr and recorded). Insert shows
difference spectra for same solutions: curve 4, native vs. reduced RNase (curve 1 vs. 2); curve 5, reduced RNase plus H.SeO3, mixed vs. un-
mixed (one compartment contained 0.125 umole of R Nase in 0.9 ml of solvent, the second compartment contained 0.25 umole of H:SeOj3 in
0.9 ml of solvent; after scanning contents ¢s. a duplicate cell to obtain base line, both cells were cooled to 1°, one cell was mixed, and after 1.5
hr both cells were warmed to 25° and spectrum of mixed was recorded vs. unmixed); curve 6, cysteine plus H;SeO3, mixed ¢s. unmixed (same
procedure as described for curve 5, except | umole of cysteine was substituted for 0.125 umole of reduced RNase); curve 7 is the sum of

curves 4 and 6.

RNase, which was complete within a short time. This deriva-
tive, Se—RNase, showed enhanced absorption throughout the
near-ultraviolet spectrum with a band extending to approxi-
mately 400 my (curve 3), suggestive of selenotrisulfide forma-
tion. In order to compare the spectral changes in Se-RNase
with those which occur during selenotrisulfide formation, at
least two effects must be considered. One effect involves the
formation of a new chromophore, SSeS. The other concerns
pertubations of existing chromophores, including tyrosine
residues, related to folding of the RNase when disulfide or
selenotrisulfide linkages are formed. The folding pertubations
are evident in curve 4, the difference spectrum for native us.
reduced RNase; the characteristic peaks at 279 and 287.5 mu
are seen, plus some enhancement at lower wavelengths as well.
The spectral change that occurs in forming the selenotrisulfide
chromophore from cysteine is shown in curve 6; a peak at 262
my and a trough at 248 myu are characteristic of this class of
compounds (Ganther, 1968). The spectral changes that occur
in forming Se—-RNase are then shown in curve 5, the differ-
ence spectrum of Se-RNase vs. reduced RNase. It shows some
degree of pertubation of the tyrosine residues, indicating a
folding effect. It shows long-wavelength absorption similar to
that of selenotrisulfides, but lacks the characteristic peak at
262 mu. The absence of the peak at 262 mu would be expected
however, if the observed difference spectrum (curve 5) is a
composite of the two effects described previously, because the
trough at 248 myu in the SSeS chromophore would be obliter-
ated by the sharp increase in absorption beginning at about
250 mu which is associated with the difference in spectrum be-
tween folded (native) and reduced RNase (curve 4). Certainly
the folding in Se-RNase is not the same as in native RNase,

SELENOTRISULFIDE CROSS-LINKAGES

but if one adds curves 4 and 6 to obtain curve 7, a reasonable
approximation to the observed difference spectrum (curve 5)
is obtained. Furthermore, it is quite possible that the spectrum
of the S-Se-S structure, like other chromophores, may be
slightly different in a protein when compared with simple sele-
notrisulfides. For these reasons we believe that the observed
spectral changes are consistent with the formation of a sele-
notrisulfide cross-linkage in RNase.

Uptake of 7°Se by RNase. The amount of radioactive ["’Se)-
H,SeO, taken up by reduced or native RNase at pH 2, 4.7, and
7 was then investigated. Even though stoichiometric propor-
tions of protein thiol and selenious acid were used, and the reac-
tions carried out on ice, some elemental selenium was liber-
ated during the course of the reaction at pH 7, although little
was noticeable at pH 4.7 and none at pH 2. After several days
storage at 4° the reaction mixtures were passed through a
2.5 X 90 cm column of Sephadex G-75 equilibrated with 0.1 N
acetic acid, at room temperature. Figure 3 shows the resulting
distribution of selenium in relation to As. It is clear that sele-
nite becomes firmly incorporated into reduced RNase in all
cases, whereas selenite added to native RNase is completely
separated from protein by gel filtration. At pH 2, nearly all of
the selenite added to reduced RNase was present in the protein
fraction and almost none emerged at the elution volume for
free selenite. At higher pH, the amount of selenium bound to
protein decreased and the amount of free selenium increased.
The elemental selenium formed at higher pH remains on the
Sephadex column.

Besides showing that selenium was firmly associated with
RNase protein, the gel filtration studies revealed that the pro-
tein which contained selenium always emerged ahead of the
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FIGURE 3: Sephadex G-75 chromatography of RNase treated with selenious acid. To a solution containing 7.5 mg of reduced RNase (8.16
SH/mole) or native R Nase at 4° in a final volume of 25 ml was added sufficient [*Se]H,SeOs to give a molar Se/R Nase ratio of 2; solvents
used, and the final pH obtained, were 0.01 x HCI, pH 2.2; 0.1 M sodium acetate, pH 4.7; and 0.1 M sodium phosphate, pH 7.2. After 2.5 hr
aliquots of the reaction mixtures were frozen for later assay of enzyme activity (Table III). The remainder was stored at 4° and a 15-ml aliquot
subsequently chromatographed at room temperature on a 2.5 X 90 cm column of Sephadex G-75 (previously calibrated with a 15-ml aliquot
of native RNase) equilibrated with 0.1 N acetic acid and eluted with the same solvent at a flow rate of 6 ml/cm? per hr. 4y (protein was
monitored at 240 my instead of 280 mu to increase detection sensitivity, see Figure 2) and 75Se content were determined for each fraction of
approximately 3 ml (to compensate for variations in the volume of the fractions, the cumulative volume of effluent was measured; the vertical
dashed line at 240-ml marks the critical effluent volume, i.e., after Se-R Nase is mostly eluted and before native RNase is eluted). The peaks
were pooled as indicated in the figure, lyophilized, and analyzed for total nitrogen and 7*Se content (Table I).

point where native RNase would emerge. For the derivative
prepared at pH 2, all of the protein and selenium behaved in
this fashion, and there was no peak corresponding to native
RNase. At pH 4.7 two protein peaks were seen, one that con-
tained selenium emerging first, followed by a peak corre-
sponding to native RNase that was practically devoid of sele-
nium. In the pH 7 sample the major peak of protein-bound
selenium corresponded to those observed at pH 2 and 4.7, with
a diffuse distribution of protein in the region of native RNase.
Preceding the main pH 7 peak was a small 44 peak having a
low content of selenium, which might be aggregated RNase
(in other experiments, insoluble material sometimes precipi-
tated from pH 4.7 mixtures during subsequent dialysis at pH
7, similar to the behavior reported for RNase aggregates;
Steinberg and Sperling, 1967). The changes in A4 near the
elution volume for selenious acid in both the native and re-
duced RNase chromatograms are artifacts related to the emer-
gence of sample buffers, with the possible exception of the pH
7 reduced RNase sample.

Although the gel filtration studies led to the preliminary con-
clusion (Ganther and Corcoran, 1969) that selenium might be
present only in dimeric RNase, further studies of such material
in the ultracentrifuge showed that this was not the case. When
reduced RNase (0.3 mg/ml) was treated with selenious acid in
0.01 ~ HCI at 4°, then brought to a concentration of 4.4 mg/
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ml in 0.1 M sodium acetate, pH 4.7, and sedimented at 59,780
rpm at 20°, an apparent sedimentation velocity of 1.5 S was
obtained, with no sign of dimeric or higher aggregates. Native
RNase run simultaneously in the opposite position of the rotor
(same buffer and protein concentration) had an apparent sed-
imentation velocity of 1.7 S. These results indicate that the
selenium derivative is a monomer of RNase, apparently more
unfolded than native RNase in view of the lower sedimenta-
tion value and the smaller elution volume on Sephadex G-75.
Crestfield ef al. (1963) have previously shown that RNase de-
rivatives in which the disulfide bonds have been ruptured are
excluded more than native RNase by Sephadex G-75 and
emerge in a position comparable with aggregates of RNase.
Both the gel filtration and the sedimentation studies indicate
that the derivative formed at pH 2 is quite homogeneous.

The peaks separated by Sephadex G-75 chromatography
were lyophilized to dryness and analyzed for nitrogen and
75Se (Table I) in order to calculate moles of selenium incor-
porated per mole of protein, which amounted to 2.07, 1.41,
and 0.44 for the major protein derivative formed at pH 2, 4.7,
and 7, respectively. A value of 1.80 moles of Se/mole of RNase
was obtained for a second preparation at pH 2. In other experi-
ments where a 10097 excess of selenious acid was used (Se/
RNase = 4), approximately 50 % of the 7*Se could be removed
by dialysis and the uptake of "°Se into total RNase was not
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TaBLE I: Selenium Content of RNase after Sephadex G-75
Chromatography of Reduced RNase Treated with Selenious
Acid.

Moles of
Total N Total 7*Se Se/Mole of
Fractione (ug) (cpm) RNase
pH2, 1 471 27,220 2.07
pH 4.7, 11 354 13,910 1.41
111 38 1,180 b
pH 7, 11 56 400 b
111 340 4,130 0.44
v 204 1,860 0.25
v 78 6,420 b

« See chromatograms in Figure 3. ® The amounts of N or
75Se are too small to permit a reliable ratio to be calculated.

appreciably increased. Since there are eight SH groups per
molecule of reduced RNase, the uptake at pH 2 is in good
agreement with the stoichiometry of the reaction determined
spectrophotometrically. At pH 7 the amount of selenium in-
corporated was only about 2077 of that at pH 2, but even this
is a very substantial amount, corresponding to 2540 ppm.

The oxidation of protein SH groups by selenious acid was
determined in another experiment. Reduced RNase treated
with a stoichiometric amount of selenious acid at pH 2, 4°,
under nitrogen, had 0.61 and 0.18 SH groups per molecule of
RNase after 30 min and 1 hr, respectively. The corresponding
values for a control sample not treated with selenious acid
were 7.26 and 7.27. Since the nearly complete oxidation of SH
groups in the presence of selenious acid occurred under an-
aerobic conditions, selenium was not catalyzing an oxidation
of SH groups by oxygen.

In the over-all reaction of various thiols or reduced RNase
with selenious acid, the reduction of Se' to the selenotrisul-
fide requires the oxidation of a second pair of sulfhydryl
groups to a disulfide. It was therefore of interest to treat re-
duced RNase with a reduced form of selenium, so that pro-
tein sulfhydryls would not have to serve as a source of reducing
equivalents. With this in mind, the selenotrisulfide derivative
of 2-mercaptoethanol was prepared as described previously
(Ganther, 1968) to see if selenium could be incorporated into
reduced RNase by a sulfhydryl-selenotrisulfide-exchange
reaction. If the over-all exchange occurred as in eq 2, one

SH SR S
. / N
protein + Se —> protein Se + 2RSH (2)
S
SH SR S

might expect to incorporate one selenium between every two
sulfurs, or 4 Se/RNase. Reduced or native RNase was there-
fore treated with [73Selselenodimercaptoethanol at 4° over a
pH range from 2.2 to 7.0 (Table II). With reduced enzyme a
reaction occurred in all cases, as shown by the appearance of
turbid elemental selenium, although the reaction proceeded
quite slowly at pH 2.2 and 3.2. There was no sign of reaction
with native RNase. After dialysis, and repeated passage of the

SELENOTRISULFIDE CROSS-LINKAGES

TABLE 1I: Exchange of Selenium from a Selenotrisulfide into

RNase.
Treatmente Moles of Se/Mole
Enzyme Form pH of RNase
Reduced 2.2 1.11
Reduced 3.2 1.09
Reduced 4.1 0.85
Reduced 7.0 1.26
Native 2.2 0.002
Native 7.0 0.002

e Reduced RNase (7.68 SH/mole) or native RNase at a
concentration of 0.3 mg/ml was treated at 4° with sufficient
["*Selselenodimercaptoethanol (Ganther, 1968) to give a
molar ratio of selenotrisulfide/RNase equalto 4; pH 2.2,0.01 N
HCI; pH 3.2, 0.1 N acetic acid; pH 4, 0.1 M sodium acetate;
and pH 7, 0.1 M sodium phosphate. Red turbidity (Se®)
appeared immediately in the reduced enzyme treated at
pH 7, and within 0.5 hr at pH 4.1; increasing turbidity de-
veloped after 1 and 24 hr at pH 3.2 and 2.2, respectively, but
none was formed with the native RNase. All samples were
dialyzed against dilute acetic acid until free of dialyzable
75Se, then passed through short columns of Bio-Gel P-2
equilibrated with 0.1 N acetic acid until free of turbidity.
The fractions were concentrated by lyophilization and an-
alyzed for nitrogen and 7’Se to determine moles of Se per
mole of RNase.

turbid samples through Bio-Gel P-2 to remove elemental sele-
nium, the samples were analyzed for nitrogen and 73Se. The
selenium content of the purified derivatives of reduced RNase
ranged from 0.85 to 1.26 moles of Se per mole of protein,
whereas native RNase took up almost no selenium. These re-
sults indicate that a substantial exchange of selenium into
RNase did occur, but the yield was lower than expected be-
cause decomposition of some reaction intermediate occurred
(stability of both the reactant and the product forms of sele-
nium under the reaction conditions was demonstrated). Other
experiments with elemental selenium (not shown) revealed
that very little of this form of selenium was incorporated into
either reduced or native RNase.

Enzyme Activity of Derivarives. The enzyme activity of re-
duced or native RNase treated with selenious acid was deter-
mined with both yeast RNA and cytidine 2’,3’-cyclic cytidylic
acid substrates (Table III). The activity of native enzyme was
not appreciably altered by the treatment but the reduced
RNase showed almost no recovery of activity when treated
with selenious acid at low pH, where selenium was incorpo-
rated stoichiometrically. Although significant activity was
present in the sample reacted at pH 7, this might have resulted
from the re-formation of a small amount of selenium-free
RNase by spontaneous oxidation, since we observed complete
recovery of activity in other experiments when reduced RNase
was allowed to reoxidize under the same conditions. The con-
dition of near neutral pH required for high spontaneous re-
covery of activity (Haber and Anfinsen, 1962) is least favorable
for high yields of the selenotrisulfide, thus we cannot say

2561



TABLE 1I: Enzymic Activity of Reduced or Native RNase
Treated with Selenious Acid at Varied pH.

Activity?
. Amt Cytidine
Treatment Assayed 2’,3’-Cyclic
Enzyme Form pH (ug) RNA Phosphate
Reduced 2.2 60 0.5 0
Reduced 4.7 60 1.8 0.8
Reduced 7 60 8.6 2.3
Native 2.2 6 93 100
Native 4.7 6 92 98
Native 7 6 120 96

s The reaction mixtures which were assayed are those
described in Figure 3. ® Activity per ug of treated RNase/
activity per ug of native RNase X 100.

whether or not the formation of such derivatives necessarily
leads to loss of enzyme activity.

Discussion

This work was undertaken with two objectives in mind. One
was to evaluate the role of SH groups in the nonenzymic in-
corporation of selenium into proteins, in order to clarify the
fate of inorganic selenite in biological systems. The second ob-
jective was to specifically insert a selenium atom between the
sulfur atoms of a protein disulfide bridge, thus creating a sele-
notrisulfide derivative useful for a variety of protein struc-
ture—-function studies.

It is clear that the nonenzymic incorporation of selenious
acid into ribonuclease involves a reaction with SH groups.
Selenium is not bound to native RNase, which lacks SH
groups, but reduced RNase treated with selenious acid shows
rapid spectral changes consistent with selenotrisulfide forma-
tion, complete loss of SH groups, and uptake of selenium in
accord with the over-all reaction

4RSH + H:SeO; —> RSSeSR + RSSR + 3H,O

At low pH this reaction stoichiometry holds precisely, whereas
at pH 7 the reaction is accompanied by extensive liberation of
elemental selenium, considerably decreasing the final sele-
nium incorporation. The fact that the final reaction product
does not liberate selenium at pH 7 and 4° indicates that ele-
mental selenium formed under such conditions arises from de-
composition of a labile intermediate. Similar effects were
noted previously in the reaction of selenious acid with the
majority of low molecular weight thiols (Ganther, 1968). It is
very unlikely that the failure of native RNase to react with
selenious acid results from folding and masking of some reac-
tive group other than sulfhydryl. The conclusion that sele-
nium is incorporated as a selenotrisulfide is based on the anal-
ogies between the reaction of selenious acid with reduced
R Nase and the previously characterized reactions of selenious
acid with low molecular weight thiols (Ganther, 1968); reac-
tion stoichiometry (determined spectrophotometrically and

GANTHER AND CORCORAN
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also by 7Se uptake), spectral changes, and chemical stability
of the compounds are very similar in both cases.

Ribonuclease was a suitable protein for pursuing the second
objective, having four disulfide linkages that can be reduced to
four pairs of SH groups, each SH group derived from a given
disulfide bond being adjacent to the other SH group derived
from the same disulfide. Under appropriate conditions (pH
7-8, low protein concentrations), reduced RNase thus can re-
oxidize spontaneously to a form which is very similar to native
RNase and which has comparable enzyme activity (Anfinsen
and Haber, 1961). A molecule of selenious acid might have
reacted with only one or two SH groups, forming derivatives

(0] (0]
w v
| i}
of the type RSSeOH or RSSeSR.

7 J

HOSeOH + RSH —> RSSeOH + H.0 3)
i 0

RSSeOH + RSH — RSSeSR + H,0 4)

Reactions 3 and 4 would lead to the uptake of 8 and 4 moles of
selenium, respectively, per mole of reduced RNase. These pos-
sibilities are clearly ruled out by the reaction stoichiometry,
which shows that only 2 moles of selenium are incorporated
per mole of RNase. It appears that such derivatives, if formed,
have a strong tendency to undergo further reduction to the
selenotrisulfide. The necessary reducing equivalents presum-
ably arise by oxidation of a second pair of SH groups to a di-
sulfide. Although intermolecular cross-linking was expected to
occur, and was observed in some cases, the derivative formed
at pH 2 appears to be a monomer on the basis of sedimentation
behavior, even though it is excluded to a greater extent than
native RNase on Sephadex G-75. It is possible to arrange a
structural model of RNase so that two sets of four juxtaposed
SH groups are present, by pairing certain pairs of sulfur atoms
already known to be associated in the specifically folded en-
zyme. This could explain the fact that an average of two atoms
of selenium are present in each molecule of RNase derivative,
but is not a necessary condition, because one RNase molecule
might donate reducing equivalents to another molecule
without intermolecular bond formation. Attempts to increase
the number of selenotrisulfide bridges to four per molecule by
using reduced forms of selenium were unsuccessful, but did
show that a sulfhydryl-selenotrisulfide exchange of some type
can take place, even at pH 2.2, where sulfhydryl-disulfide
interchange is minimal. The fact that the presence of selenium
between two sulfur atoms confers a much greater sensitivity
(compared with disulfides) to attack by thiols may be of great
importance in connection with disulfide interchange phe-
nomena and the biological role of selenium.

It remains to be determined whether or not the insertion of a
selenium atom between the sulfur atoms of disulfide bridges
necessarily leads to loss of enzyme activity. In simple com-
pounds containing the C-S-S-C structure, the dihedral angle
between the two C-S bonds is very nearly 90°, apparently to
avoid overlap between the unshared p electrons on the two
sulfur atoms (Calvin, 1954). In CSSeSC, similar considerations
would cause the C-S bonds to be in nearly parallel planes,
slightly offset. By changing the length and especially the ge-
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ometry of the original cross-linkage, the selenotrisulfide modi-
fication might be expected to alter the protein conformation so
much that enzyme activity would be lost. We found that the
activity of RNase treated with selenious acid at low pH, where
incorporation of selenium was stoichiometric, was indeed low.
Unfortunately, however, the recovery of enzyme activity in
the reoxidation of reduced R Nase is markedly dependent upon
pH (Haber and Anfinsen, 1962), and the condition of low pH
that is most favorable for producing the selenotrisulfide deriv-
ative in high yield is least favorable for the recovery of en-
zyme activity. Steinberg and Sperling (1967) reported on the
cross-linking of reduced RNase with mercuric chloride,
forming linear S-Hg-S bonds. Although the slightly length-
ened bonds thus obtained might have distorted the conforma-
tion only minimally, no catalytic activity could be detected.
Their derivative was prepared at pH 4.6, however, and these
authors failed to consider that the absence of activity may have
been due in large part to the effect of pH on conformation,
causing incorrect pairing of the sulfur atoms.

Although our results provide what is probably the most
conclusive evidence for selenotrisulfide formation in proteins,
Holker and Speakman (1958) were the first to investigate such
a reaction. They demonstrated that cysteine residues, gen-
erated by the reduction of disulfide bridges in wool, reacted
with selenious acid with loss of SH groups and incorporation
of large amounts of selenium into the protein, but the stoi-
chiometric relationships were uncertain. Jenkins (1968),
working with proteins labeled in vitro or in vivo with only trace
amounts of 75Se, also obtained evidence of selenotrisulfide
formation. Cummins and Martin (1967), however, assumed
that selenious acid was simply adsorbed to proteins because
protein-bound 7*Se could be removed by dialysis at pH 11, but
this treatment would have decomposed any selenotrisulfide
originally present in the protein and caused the selenium to be
oxidized back to selenite by atmospheric oxygen.

While it is clear that selenium can be incorporated into pro-
teins as a selenotrisulfide bridge, other forms may also occur.
When radioactive selenite of high specific activity is used, it is
obvious that radioactivity equivalent to only traces of sele-
nium may be adsorbed to proteins, but this would have little
significance chemically. There is little doubt that species ca-
pable of converting inorganic sulfur to sulfur amino acids also
utilize inorganic selenite for the biosynthesis of selenoamino
acids that are incorporated into proteins. Even in species in-
capable of the reductive utilization of sulfur, the greater chem-
ical reactivity of selenium may lead to the formation of re-
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duced selenides which find their way into the amino acid resi-
dues of proteins, perhaps in part by nucleophilic displacement
(Theodoropoulos et al., 1967) of groups such as the hydroxyl
residues of serine.
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