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ABSTRACT. Bovine seminal ribonuclease (BS-RNase) is a dimer in which the subunits are cross-linked by
disulfide bonds between Cys31 of one subunit and Cys32 of the other. Dimeric BS-RNase is resistant to ribonuclease inhibitor (RI), a protein endogenous to mammalian cells, and is toxic to a variety of cell types. Monomeric
BS-RNase (like its homolog, RNase A) is bound tightly by RI and is not cytotoxic. The three-dimensional
structure of the RI ⋅ RNase A complex suggests that carboxymethylation of C32S BS-RNase (to give MCM31)
or C31S BS-RNase (MCM32) could diminish affinity for RI. We find that MCM31 and MCM32 are not only
resistant to RI but are also aspermatogenic to mice. In contrast to the aspermatogenic activity of dimeric BSRNase, that of MCM31 and MCM32 is directed only at spermatogenic layers. Intratesticular injection of MCM31
or MCM32 affects neither the diameter of seminiferous tubules nor the weight of testes. Also, in contrast to
wild-type BS-RNase, MCM31 and MCM32 are not toxic to other cell types. Direct immunofluorescence reveals
that MCM31 and MCM32 bind only to spermatogonia and primary spermatocytes. This cell specificity makes
MCM31 and MCM32 of potential use in seminoma therapy and contraception. comp biochem physiol 118B;
4:881–888, 1997.  1997 Elsevier Science Inc.
KEY WORDS. Aspermatogenic, bovine seminal ribonuclease, carboxymethylation, contraception, cytotoxic,
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INTRODUCTION
Spermatogenesis is a complex developmental process that
begins with the differentiation of male primordial germ cells
arising from the embryonic ectoderm. During embryogenesis, these cells stop dividing and remain quiescent within
the seminiferous tubules. After birth, the primordial germ
cells (which are referred to as gonocytes) differentiate into
three principal types of spermatogonia: stem cell spermatogonia, proliferative spermatogonia and differentiating spermatogonia (46). The first two types are able to undergo selfrenewal to produce differentiating spermatogonia. These
cells form the primary spermatocytes that initiate meiosis and produce secondary spermatocytes and spermatids.
Round spermatids undergo spermiogenesis, yielding morphologically and functionally distinct mature spermatozoa.
The recent generation of rat spermatozoa in mouse testes
indicates that spermatogenesis can be xenogeneic (8).
The seminal plasma and seminal vesicle fluid of bulls conAddress reprint requests to: R. T. Raines, Department of Biochemistry, University of Wisconsin, 420 Henry Mall, Madison, WI 53706-1569. Tel. 608/
262-8588; Fax 608/262-3453; E-mail: Raines@biochem.wisc.edu
Received 9 April 1997; revised 11 July 1997; accepted 23 July 1997.

tain an unusual ribonuclease (15,17). Bovine seminal ribonuclease (BS-RNase) has aspermatogenic activity in mice
and other animals (14,19,30). Fluorescently labeled enzyme
injected subcutaneously into sexually mature male mice appears in the seminiferous tubules of testes within 2 hr and
remains there for 24 hr (34). Cells of the spermatogenic
epithelium, including secondary spermatocytes, spermatozoa and Sertoli cells, do not attract BS-RNase (34). Instead,
BS-RNase binds to the spermatogonia and primary spermatocytes.
The aspermatogenic activity of BS-RNase appears to result from its ability to catalyze the cleavage of cellular RNA
For example, the aspermatogenic activity of BS-RNase coincides with the degradation of cellular RNA (35). Further,
the ribonucleolytic activity of BS-RNase is necessary for its
aspermatogenic activity (23).
What is the molecular basis for the toxicity of BS-RNase
to mammalian cells? The enzyme is a small protein (2 3
13.6 kDa) of known three-dimensional structure (39). To
begin our exploration, we synthesized a gene that codes for
BS-RNase, expressed this gene in Escherichia coli and isolated active dimeric enzyme (22). To illuminate the role
of the two intersubunit disulfide bonds of BS-RNase, we
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prepared C31S and C32S BS-RNase, which have only one
intersubunit disulfide bond. Replacing Cys31 or Cys32 with
a serine residue does not compromise the enzymatic activity
of dimeric BS-RNase but reduces its cytotoxicity. The loss
of cytotoxic activity correlates with the fraction of enzyme
that becomes monomeric in the reducing environment of
the cytosol. Mammalian cells contain ribonuclease inhibitor (RI) (45), a protein that binds tightly to monomeric but
not dimeric BS-RNase (24,41,42). RI appears to act as a
sentry, protecting cellular RNA from invading secretory ribonucleases (6,20). We and others therefore proposed that
one key to the cytotoxicity of BS-RNase is likely to be its
ability to evade cellular RI (7,13,21,25).
Much can be learned about BS-RNase from consideration of its monomeric homologs, bovine pancreatic ribonuclease A (RNase A) and onconase (4). RNase A is bound
tightly by RI and is not cytotoxic. Onconase resists RI and
is cytotoxic (1,52). In 1995, the three-dimensional structure
of a crystalline RI ⋅ RNase A complex was determined by
x-ray diffraction analysis (26). Confirming the results of
chemical modification studies (5), this structure shows that
extensive contacts between RI and RNase A occur in the
region near Lys31 and Ser32 of RNase A (Fig. 1). In particular, the favorable Coulombic interaction between the cationic side chain of Lys31 of RNase A and the anionic side
chain of Asp31 of RI is likely to contribute to the stability
of the RI ⋅ RNase A complex. We reasoned that placing
an anionic side chain at position 31 (or position 32) could
compromise the ability of RI to bind to monomeric BSRNase and that the resulting protein could be cytotoxic.
Here, we report the results of this study.
MATERIALS AND METHODS
Ribonuclease Preparation
Wild-type BS-RNase was isolated from bull seminal vesicle
fluid as described (14). Wild-type, C31S and C32S BSRNase were produced in E. coli strain BL21(DE3) by using
expression vector pLSR1 and were purified as described
(22,25).
The nitrogen of a lysine side chain is separated from the
main chain by four atoms. In contrast, the oxygens of an
aspartate or glutamate side chain are separated by only two
or three atoms, respectively. Thus, mutation of a lysine residue to an aspartate or glutamate residue not only exchanges
a positive for a negative charge but also changes the location of that charge. To place carboxylate oxygens, four
atoms from the main chain, we resorted to cysteine elaboration, which we had used previously to probe the role of the
active-site lysine residue in RNase A (40).
The sulfhydryl groups of BS-RNase monomers can be alkylated to prevent the dimerization of this protein. Previously, alkylation was accomplished by reacting monomers
of wild-type BS-RNase with iodoacetamide (11,25). The re-

FIG. 1. Interactions between ribonuclease inhibitor and ri-

bonucleases. (A) Interactions between residues 6, 7 and 31
of RI and residues 31 and 32 of RNase A in the RI ⋅ RNase
A complex (26). (B) Residues 31 and 32 of MCAM, MCM31
and MCM32. In human angiogenin, which like RNase A
binds tightly to RI (29), the residues analogous to 31 and 32
are both arginine.

sulting carbamoylmethylated monomers were referred to as
‘‘M’’. Here, we use the more precise ‘‘MCAM’’ to refer to
a monomer of wild-type BS-RNase with carbamoylmethyl
groups [CH2 C(O)NH 2 ] on both Cys31 and Cys32, as indicated in Fig. 1 and Table 1. We use ‘‘MCM’’ to refer to
monomers with a carboxymethyl group (CH2 CO22) on
either Cys31 or Cys32. The forms of BS-RNase listed in
Table 1 were prepared from wild-type, C31S or C32S BSRNase by procedures analogous to those described previously (11,40). The additional negative charge on MCM31
and MCM32 enabled us to use cation exchange chromatography (40) to separate these enzymes completely from any
unmodified monomers.
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TABLE 1. Forms of monomeric bovine seminal ribonuclease

Name

BS-RNase

Residue 31

Residue 32

MCAM (or M*)
MCM31
MCM32

Wild-type
C32S
C31S

S-carbamoylmethylcysteine
S-carboxymethylcysteine
Serine

S-carbamoylmethylcysteine
Serine
S-carboxymethylcysteine

*Used to denote MCAM in (11,25).

Inhibition by RI
The ability of RI to inhibit the ribonucleolytic activity of
various ribonucleases was assessed by a qualitative assay
analogous to that of Youle and coworkers (52). Briefly, a
ribonuclease (1 pmol) was added to 20 mM HEPES buffer,
pH 7.0, containing RI (0 or 60 units, where 1 unit is the
amount of RI required to inhibit the activity of 5 ng 5 0.4
pmol of RNase A by 50%) (Promega, Madison, WI), calf
liver rRNA (3.0 µg; Sigma Chemical, St. Louis, MO), NaCl
(125 mM), DTT (10 mM) and EDTA (1 mM). The reaction mixture was incubated at 25°C for 20 min. Then, an
aliquot (20 µl) of the reaction mixture was quenched by
the addition by the addition of a solution (4 µl) of sucrose
(40% w/v), bromophenol blue (0.25% w/v) and diethylpyrocarbonate (0.2% v/v). The quenched reaction mixture was
subjected to electrophoresis in an agarose (1.2% w/v) gel.

ase (50 µg). Ten days later, the mice were killed. The mice
and the isolated testes were weighed. The testes were
stained with hematoxilin and eosin and subjected to histological examination. Aspermatogenic activity was assessed
by the diameter of seminiferous tubules and the width of
spermatogenic layers and by the index weight (which is 104
3 testes weight/body weight). The degree of testicular damage was evaluated on a scale of 0–4. On this scale, 0 refers
to normal histological appearance, 1 refers to the disappearance of intratubular spermatozoa, 2 refers to the desquamation of spermatogenic layers, 3 refers to the disappearance
of spermatids and secondary spermatocytes except spermatogonia and Sertoli cells and 4 refers to the disappearance of all cells of the spermatogenic layers except spermatogonia.
In Vitro Direct Immunofluorescence

Assay for Immunosuppressive Activity
The effect of the various ribonucleases on the viability of
human lymphocytes, which had been stimulated by mixed
lymphocyte culture (MLC), was assessed as described
(23,25,49).
Assay for Antitumor Activity
The effect of the various ribonucleases on the viability of
human leukemic cell lines K-562 and HL-60 (derived from
human erythroid leukemia and human myeloid leukemia,
respectively) was assessed as described (23,25).
Assay for Embryotoxic Activity
The effect of the various ribonucleases on the viability of
6-day bovine embryos was evaluated as described (23). The
hatching ability of the embryos (that is, their ability to leave
from the zona pellucida) was assessed 90 hr after exposure
to a ribonuclease.
Assay for Aspermatogenic Activity
The effect of ribonucleases on spermatogenesis in Institute
for Cancer Research (Fox Chase Cancer Center) mice was
evaluated as described (32). Briefly, the left testes of male
mice were injected with a solution containing a ribonucle-

Direct immunofluorescence was used to identify the cells of
testicular tissue that bind to MCM31 and MCM32. IgG
from the antiserum of a rabbit twice immunized with native
BS-RNase without adjuvant was conjugated with fluorescein isothiocyanate (FITC) by the Institute of Sera and
Vaccines (Prague, Czech Republic). Six male mice were injected intratesticularly with a solution containing MCM31
or MCM32 (80 µg). Two mice were killed and their testes
examined 2, 4, and 24 hr after ribonuclease injection.
Statistical Analyses
Results in figures are reported as the mean 6 SEM. Data
were analyzed for statistical significance with Fisher’s t-test.
RESULTS
Inhibition by RI
RI is known to form a complex with RNase A having Kd
5 10215 M21 (47). RI is also known to bind more tightly to
carbamoylmethylated monomers of BS-RNase than to the
dimeric enzyme (5). Here, we assessed the ability of RI to
bind to various monomeric forms of BS-RNase. As shown in
Fig. 2, RI does not inhibit significantly the ribonucleolytic
activity of wild-type dimeric BS-RNase from either seminal
plasma (lane 2) or E. coli (lane 3). In contrast, RI does inhibit the activity of unmodified monomers of C31S BS-
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FIG. 2. Inhibition of ribonucleolytic activity by RI. Inhibition was assessed by observing the ability of a ribonuclease
to degrade rRNA in the absence (A) or presence (B) of RI.
Lane 1, no ribonuclease; lane 2, BS-RNase from seminal
plasma; lane 3, dimeric BS-RNase from E. coli, lane 4, monomeric C32S BS-RNase; lane 5, monomeric C31S BS-RNase;
lane 6, MCM31; lane 7, MCM32.

RNase (lane 4) and C32S BS-RNase (lane 5) and of RNase
A (data not shown). This inhibition of BS-RNase is decreased by carboxymethylation. RI does not inhibit significantly the ribonucleolytic activity of MCM32 (lane 6) or
MCM31 (lane 7). Thus, the binding of RI to monomers of
BS-RNase is weakened by the presence of an S-carboxymethylcysteine residue at either position 31 or 32.
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FIG. 3. Effect of various forms of BS-RNase on the prolifera-

tion in culture of MLC-stimulated human lymphocytes. Proliferation was evaluated by the incorporation of [6-3H]thymidine into cellular DNA. Values are the mean from three
cultures and are reported as a percent of the control, which
was the mean value from cultures containing no exogenous
ribonuclease. Data were recorded 6 days after addition of
ribonuclease to the culture.

Immunosuppressive Activity
Previously, we reported that dimeric BS-RNase from either
seminal plasma or E. coli displayed strong immunosuppressive activity and that MCAM displayed weak activity
(23,25,48) Now, we assessed the immunosuppressive activities of MCM31 and MCM32 and the dimeric enzymes. As
shown in Fig. 3, both MCM31 and MCM32 display immunosuppressive activities that are weak, like that of MCAM.
Antitumor Activity
Dimeric BS-RNase from either seminal plasma or E. coli
inhibits the growth of mouse and human tumor cells of a
lymphoid type in culture (23,25,38,50). Here, we chose
K562 (which are sensitive to wild-type BS-RNase) and HL60 (which are less sensitive) to test the anti-proliferative
activity of MCM31 and MCM32. Neither of these enzymes
is toxic to the leukemic cells (data not shown).
Embryotoxic Activity
BS-RNase from either E. coli or seminal plasma is toxic to
6-day bovine embryos, as shown in Fig. 4. In contrast, incu-

FIG. 4. Effect of various forms of BS-RNase on the survival

of 6-day bovine embryos in culture. Each assay began with
15 embryos except for that of BS-RNase (E. coli ), which began with 7 embryos.
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FIG. 5. Effect of various forms of BS-RNase on mouse spermatogenesis. Values are an average from 13 (MCM31), 12
(MCM32), 6 (BS-RNase, seminal plasma; PBS) or 4 (BSRNase, E. coli ) injected testes and are reported as a percent
of the control, which is from the non-injected testes of the
same mice. Data were recorded 10 days after injection. Data
for MCAM are from (25).

bation with MCM31 or MCM32 is not toxic. MCM31 and
MCM32 do, however, decrease the ability of bovine embryos to hatch. After 90 hr, the fraction of embryos hatching from each incubation was PBS, 12 of 15; MCM31, 2 of
15; MCM32, 1 of 15; wild-type (E coli), 0 of 15; wild-type
(seminal plasma), 0 of 7.
Aspermatogenic Activity
Intratesticular injection of BS-RNase from either E. coli or
seminal plasma blocks spermatogenesis in male mice. As
shown in Fig. 5, the diameter of seminiferous tubules, width
of spermatogenic layers and weight of testes are all diminished substantially. In contrast to the broad antitesticular
effects of wild-type BS-RNase, MCM31 and MCM32 decrease significantly (P , 0.01) only the width of spermatogenic layers (Fig. 5). This effect is also evident in Fig. 6.
The degree of testicular damage caused by each ribonuclease
was judged to be PBS, 0; MCAM, 0; MCM31; 2–3;
MCM32; 1–3, wild-type (E. coli); 1–3; wild-type (seminal
plasma); 1–3.
Binding of MCM31 and MCM32
to Spermatogenic Cells
MCM31 and MCM32 injected into testes localize in spermatogonia and primary spermatocytes. Figure 7 shows the
fluorescence emitted from a section of testes probed with
FITC-conjugated IgG against native BS-RNase. Fluorescence was observed 2 hr (Fig. 7B) and 4 hr (data not shown)
after injection but not 24 hr after injection (data not

FIG. 6. Effect of MCM31 and MCM32 on mice testes. Images

were obtained 10 days after intratesticular injection of PBS
(A). Spermatogenic epithelium, including all spermatogenic
cells and spermatozoa, are normal. (B) MCM31 (50 mg); (C)
MCM32 (50 mg). Spermatogonia are intact but primary
spermatocytes are degenerated. Bar, 20 mm.

shown). Cells of the spermatogenic epithelium, including
spermatozoa and Sertoli cells, did not fluoresce.
DISCUSSION
BS-RNase belongs to a group of ribonucleases with special
biological activities (9,10). This enzyme, like other ribonu-
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FIG. 7. Localization of MCM31 in mouse testis. Images were

obtained by direct immunofluorescence 2 hr after injection
of MCM31 (80 mg). (A) Visualization with FITC-conjugated
normal IgG. No fluorescence is observed in the seminiferous
tubules. (B) Visualization with FITC-conjugated IgG against
BS-RNase. Fluorescence is observed in the seminiferous tubules near spermatogonia and primary spermatocytes. Bar,
20 mm.

cleases, catalyzes the transphosphorylation of RNA and the
hydrolysis of the resulting 2′, 3′-cyclic phosphodiester intermediate (31,51). In addition, BS-RNase is cytotoxic, which
gives rise to aspermatogenic, immunosuppressive, antiembryo and antitumor activities (33).
The cytotoxic activity of bovine ribonucleases has long
been associated with their dimeric form (2,3,12,13). Still,
the cytotoxicity of onconase (1,52,53) and angiogenin
(36,37), two monomeric ribonucleases, indicates that a dimeric form is not essential for a ribonuclease to be cytotoxic. The aspermatogenic activity of MCM31 and
MCM32, which are monomers, supports further the possibility that a dimeric structure is not a requirement for ribonuclease cytotoxicity. Instead, the key to ribonuclease cytotoxicity appears to be the evasion of cellular RI (24). All
data are consistent with the hypothesis that ribonucleases,
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whether monomeric or dimeric, are cytotoxic if they can
gain access to cellular RNA without being bound by RI.
Further, our finding that a noncytotoxic monomer can be
endowed with cytotoxic activity presages the creation of
new ribonucleases with useful cytotoxic activities.
The difference in the aspermatogenic activity of wildtype BS-RNase and that of MCM31 and MCM32 is substantial. The dimeric enzyme decreases the diameter of seminiferous tubules, the width of spermatogenic layers and the
weight of testes (Fig. 5). In contrast, the monomers damage
only the spermatogenic layers (Figs 5 and 6). The binding
of a cytotoxic monomer to spermatogonia and primary
spermatocytes (Fig. 7) is essentially identical to that of wildtype BS-RNase (34) This result suggests that differential
binding to a cell-surface receptor is not responsible for the
difference in cytotoxicity.
What is the molecular basis for this difference in cytotoxicity? Carboxymethylated monomers of wild-type BSRNase are susceptible to inactivation by RI but less so than
is RNase A (42). We find that adding a carboxymethyl
group to either Cys31 (in C32S BS-RNase) or Cys32 (in
C31S BS-RNase) increases the resistance of monomers to
RI (Fig. 2), consistent with a simple Coulombic depiction
of binding (Fig. 1). Different tissues have been found to
contain different concentrations of RI (29). A possible explanation for the toxicity of MCM31 and MCM32 for spermatogenic layers is that these cells do not contain enough
RI to inactivate invading MCM31 and MCM32. This explanation leads to the prediction that the susceptibility of
a cell to a cytotoxic ribonuclease correlates with its RI level.
The level of RI in spermatogenic layers is now unknown.
Nevertheless, this prediction is borne out by lymphocytes,
which are vulnerable to BS-RNase (Fig 3) and which contain a low concentration of RI (27,28). Further, angiogenin
is toxic to lymphocytes (36,37). Angiogenin appears to differ from BS-RNase and onconase both in being bound
tightly by RI (29) and in entering cells by receptor-mediated endocytosis (18,44). An influx of angiogenin may be
able to overwhelm the low RI level in lymphocytes. Similarly, a carboxymethylated monomer of wild-type BS-RNase
is cytotoxic in the presence of retinoic acid or monensin
(53), which disrupt the Golgi apparatus and could thereby
enhance access to cellular RNA.
By mutagenesis and chemical modification, we have been
able to refine the broad cytotoxicity of BS-RNase. In
MCM31 and MCM32, this toxicity is directed specifically
to the cells of spermatogenic layers. Because of this narrow
specificity, MCM31 and MCM32 may be useful in the contraceptive blocking of spermatogenesis. In addition, these
ribonucleases may serve in the treatment of seminomas
(which constitute approximately 40% of testicular cancer)
and other types of germ cell neoplasia (16,43). Finally, our
results suggest that mutations that modulate the interaction
of ribonucleases with RI may lead to new molecules with
useful cytotoxicity profiles.
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15. Dostál, J.; Matoušek, J. Purification of aspermatogenic substance (AS) from the bull seminal vesicle fluid. J. Reprod.
Fert. 31:273–275;1972.
16. Elbe, J.N. Spermatocytic seminoma. Hum Pathol. 25:1035–
1042;1994.
17. Floridi, A.; D’Alessio, G. Compartamento chromatografico
della ribonucleasi seminale. Bull. Soc. Ital. Biol. Sper. 43:32–
36;1967.
18. Harper, J.W.; Vallee, B.L. A covalent angiogenin/ribonuclease hybrid with a fourth disulfide bond generated by regional
mutagenesis. Biochemistry 28:1875–1884;1989.
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