
oxygen consumption and did not amelio- 
rate the damage to the mTAL induced by 
amphotericin (Table 1). 

These results support the view that 
anoxic injury in cells of the mTAL is 
strongly conditioned by the rate of active 
ion transport. The traditional view of 
anoxic injury emphasizes the role of oxy- 
gen deprivation. However, in situations 
like those reported here, the conse- 
quences of anoxia may depend more on 
the rate of energy demand than on the 
degree of limitation of oxygen delivery. 
The polyenes did reduce oxygen delivery 
because of renal vasoconstriction (see 
Table 1). However, ouabain did not im- 
prove renal flow, and its protective effect 
was therefore presumably mediated en- 
tirely by a decrease in oxygen demand 
for active transport. In analogous experi- 
ments, we showed that mTAL injury 
produced by hypoxia or potassium cya- 
nide in isolated perfused kidneys is pre- 
vented by decreasing active transport 
with ouabain or furosemide or by halting 
glomerular filtration (12). 

A similar phenomenon in neurons has 
been described, in which synaptic activi- 
ty potentiates anoxic damage (16). Per- 
sisting mitochondrial activity and contin- 
ued electron flow in the absence of an 
oxygen sink may be associated with ab- 
normal handling of charges in the pro- 
cess of energy transformation, leading to 
the increased formation of free radicals, 
as suggested for other cells (17, 18). 

In summary, polyene toxicity is not a 
simple consequence of altered cell mem- 
brane permeability, since in isolated 
kidneys, polyene-induced injury to the 
mTAL depends on continued active 
transport. This injury appears to derive 
from an imbalance between limited oxy- 
gen availability and high oxygen demand 
(19). 
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Haploid Expression of a Mouse Testis a-Tubulin Gene 

Abstract. A complementary DNA clone for an a-tubulin has been isolated from a 
mouse testis complementary D N A  library. The untranslated 3' end of this comple- 
mentary D N A  is homologous to two R N A  transcripts present in postmeiotic cells of 
the testis but absent from meiotic cells and from several tissues including brain. The 
temporal expression of this a-tubulin complementary D N A  provides evidence for the 
haploid expression of a mammalian structural gene. 

Spermatogenesis in mammals is a con- 
tinuous process in which mitotic prolif- 
eration of spermatogonia is followed by 
meiosis and differentiation of haploid 
spermatids into mature spermatozoa (I). 
The major morphological changes result- 
ing in the characteristic spermatozoan 
shape occur during the haploid phase (1). 

As seen in other cellular morphogenic 
processes, the differentiating spermato- 
genic cells contain several distinct mi- 
crotubular structures. These include the 
mitotic and meiotic spindles and two 
haploid structures, the manchette and 
the flagellar axoneme. These microtubu- 
lar structures are assembled from hetero- 
dimers of a -  and P-tubulin, evolutionari- 
ly conserved proteins that have both 
developmental and tissue heterogeneity 
( 2 4 ) .  

To  determine when specific tubulin 
genes are expressed during the differen- 
tiation of the spermatozoon, we looked 
for the appearance of tubulin messenger 
RNA (mRNA) transcripts in meiotic and 
postmeiotic testicular cells. We have iso- 
lated from a mouse testis complementary 
DNA (cDNA) library an a-tubulin cDNA 
clone, the 3' end of which is homologous 

to at  least two different a-tubulin RNA 
transcripts. These transcripts are detect- 
able only during the haploid phases of 
spermatogenesis. 

A cDNA librarv was derived from 
mouse testis by priming polyadenylated 
[poly(A)+] RNA with oligothymidilic 
acid. The resulting DNA fragments were 
cloned into the Sal I and Eco RI sites of 
plasmid pUC8 by means of linkers (5). 
After screening the cDNA library by 
colony hybridization (6) with a '*P-la- 
beled 1650-base pair (bp) insert of a 
clone containing the coding sequence 
and 3' untranslated sequences from rat 
brain a-tubulin mRNA (designated PI- 
LaT1) (7), we obtained a colony contain- 
ing an insert approximately 1000 bp long 
(called pRDaTT1). Plasmid pRDaTT 1 
proved homologous by Southern hybrid- 
ization (8) to much of the rat brain clone 
pILaT1 but showed no detectable hy- 
bridization to the 3' untranslated region 
of the rat a-tubulin sequence (the 3' 
untranslated region of pILaT1 is hereaf- 
ter called pILaTII1). On the basis of 
observations by others that the 3' un- 
translated regions of tubulins hybridize 
to specific transcripts (4, 9-11), we sub- 
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cloned a 360-bp Sal I fragment contain- 
ing the 3' untranslated end of the mouse 
testicular pRDaTTl DNA into the Sal I 
site of pUC8 (5) (the resulting plasmid 
is hereafter called pRDaTT.3). The re- 
mainder of pRDaTT 1 was renamed 
pRDaTT.7. 

Although pRDaTT.3 showed no ho- 
mology to the rat tubulin clone pILaT1, 
both pRDaTT.7 and pRDaTT.3 proved 
homologous to genomic a-tubulin genes 
of mouse (Fig. 1). When hybridized to 
mouse sperm DNA previously digested 
with Pst I, pILaTl and pRDaTT.7 yield- 
ed almost identical results, hybridizing 
to at least ten bands. This is consistent 
with the observation that a-tubulin is 
present in multiple copies in the genome 
of mammals (3,4, 7, 9-1 1). A band of 1.4 
kilobases (kb) (arrow) detected by PI- 
LaTl was not seen with pRDaTT.7, 
presumably because pRDaTT.7 is miss- 
ing its 5' end. pRDaTT.3 is homologous 
to a subset of the a-tubulins seen when 
the translated region, pRDaTT.7, is used 
as a probe as well as to three new bands 
at 4.0, 1.8, and 1.3 kb. When we hybrid- 
ized rat pILaTIII to Pst I4igested 
mouse DNA, we found homology to at 
least five a-tubulin bands but limited 
homology to those bands selected by 
pRDaTT.3, in agreement with our earlier 
observations. Similar results were seen 
when mouse sperm DNA was digested 
with restriction enzymes Bam HI or Ava 
I. 

The tissue specificity of RNA homolo- 
gous to pRDaTT.3 was analyzed by 
RNA blot hybridization (12). Plasmid 
pRDaTT.3 hybridized to transcripts of 
about 2100 and 1550 bases in poly(A)+ 
RNA from mouse testis (Fig. 2). In con- 
trast, no homologous transcripts were 
detected in 6 pg of poly(A)+ RNA from 
mouse brain [hybridizing to 3~-labeled 
polyuridylate [poly(U)] of 42,000 count1 
min (12)l. Since pRDaTT.3 can detect 
transcripts in testis RNA hybridizing to 
3~-labeled poly(U) at only 500 count1 
min, pRDaTT.3 must detect at least 84 
times as many transcripts in testis as in 
brain. The filter was washed to remove 
the DNA probe (13), and then the same 
blot was rehybridized to pILaT1, which 
is the probe for the entire rat brain a- 
tubulin mRNA. RNA sequences of 2100, 
1550, and 1650 bases were detected 
in poly(A)+ RNA from mouse testis, 
whereas poly(A)+ RNA from mouse 
brain contained two sequences of about 
2200 and 1750 bases. Hybridization with 
the mouse plasmid, pRDaTT.7, pro- 
duced identical results. Hybridization of 
15 pg of total RNA from mouse kidney, 
spleen, ovary, lung, and liver with 
pRDaTT.3 did not detect the RNA's of 
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Fig. I .  Hybridization of Pst I-digested mouse 
sperm DNA with a-tubulin cDNA clones. 
Mouse sperm DNA was isolated from epidid- 
ymal sperm and digested with Pst I .  DNA (10 
pg per lane) was subjected to electrophoresis 
in a 1 percent agarose gel; transferred to 
nitrocellulose filters (8); hybridized in 0.4M 
sodium phosphate buffer (pH 7.0), double- 
strength Denhardt's solution, and salmon 
sperm DNA (100 d m ] )  at 6S°C for 16 hours; 
washed several times in fresh 0.4M ohosohate . . 
buffer and I percent sodium dodecyl sulfate 
(SDS) at 65°C; and then washed for 1 hour in 
0.04M phosphate buffer and 1 percent SDS at 
65°C. Each lane was hybridized to a different 
"P-labeled (12) a-tubulin probe: (A) pILaT1, 
(B) pRDaTT.7, (C) pRDaTT.3, and (D) pILa- 
TIII, consisting of 195 bp of the 3' end of 
pILaTl derived by digestion with Mbo I1 (9). 

lengths 2100 and 1550 bases, transcripts 
that are readily detectable in an equiva- 
lent amount of total testis RNA. Hybrid- 
ization of up to 6 pg of poly(A)+ and 
poly(A)- RNA from mouse testis or 
mouse brain with either the pILaTl or 
pRDaTT.3 probe indicated that most of 
the a-tubulin transcripts are polyadenyl- 
ated (data not shown). 

To determine when during spermato- 
genesis the testicular a-tubulin tran- 
scripts were present, we isolated RNA 
from pachytene spermatocytes (meiotic 
cells), round spermatids (early haploid 
cells), and elongating spermatids (later 
haploid cells) that had been purified 
by unit gravity sedimentation in bovine 
serum albumin and centrifugation in 
Percoll (12). RNA homologous to 
pRDaTT.3 was detected in round sper- 
matids and elongating spermatids, but 
not in pachytene spermatocytes (Fig. 2). 
Round spermatids contained detectable 
amounts of both the 2100- and 1550-base 
transcripts and an RNA that comigrated 
with the poly(A)- form of the 2100-base 
RNA. Elongating spermatids contained 
reduced amounts of the RNA's. Rehy- 
bridization of this blot with pILaT1 and 
its overexposure confirmed that the 
2100-base transcript was absent in 
pachytene spermatocytes and present in 
round spermatids; an additional 1650- 
base transcript was present throughout 
spermatogenesis. 

To confirm the absence of the 2100- 
and 1550-base a-tubulin transcripts in 
meiotic cells, we examined testicular 
mlv(A)+ RNA from 16- to 17-dav-old - - .  . 
mice. In these animals, spermatogenesis 
had proceeded only as far as the pachy- 
tene spermatocyte (14). When the probe 
pRDaTT.3 was hybridized to 6 pg of 
prepuberal testis poly(A)+ RNA [hybrid- 
izing to 3~-labeled poly(U) of 66,000 
countlminl. neither the 2100- nor the 
1550-base;ranscripts were detected (Fig. 
2). Since 25 percent of this RNA is from 
pachytene spermatocytes, we conclude 
that the 2100- and 1550-base transcripts 
increase by a factor of at least 33 
between the prepuberal pachytene 
spermatocyte and round spermatid. 
Rehybridization with pILaT1 clearly 
showed an abundance of a-tubulin tran- 
scripts of 1650 bases in prepuberal testis 
poly(A)+ RNA. Although this obscures 

Fig. 2. Size estimate of a-tubulin mRNA recognized by mouse testicular and rat brain cDNA 
probes. RNA (6 pg per lane) was denatured with glyoxal, subjected to electrophoresis in a 1.5 
percent agarose gel, and transferred to nitrocellulose (12). Filters were hybridized to pRDaTT.3 
as described in Fig. 1 ,  washed (13), and rehybridized to pILal. The sources of RNA, all from 
mouse, were (A) total testis poly(A)+, (B) brain poly(A)+, (C) 16-day-old prepuberal testis 
poly(A)+, (Dl pachytene spermatocyte, (El round spermatid, and (F) elongating spermatid. 
Lanes A to F were hybridized to pRDaTT.3; lanes G to L were rehybridized to pILaTI. 



the detection of the 1550-base transcript 
in 16- to 17-day testis RNA, we can 
conclude that the 2100-base a-tubulin 
transcript is absent even when the gel is 
overexposed. Since the sensitivity of de- 
tection of the pILaT1 cDNA clone is 
four times that of probe pRDaTT.3, we 
conclude that the number of 2100-base 
transcripts is increased by a factor of at 
least 132 between the prepuberal pachy- 
tene spermatocyte and the round sper- 
matid. All of the a-tubulin RNA tran- 
scripts are much less abundant in elon- 
gating spermatids, and they consistently 
show a faster migration rate in agarose 
gels, as  is also seen with other haploid 
mRNA's including one encoding a prot- 
amine (12, 13). Analysis of polysomal 
and nonpolysomal testicular RNA's (13) 
reveals that both the 2100- and 1550-base 
transcripts are present on polysomes 
(data not shown). 

The absence of transcripts homolo- 
gous to pRDaTT.3 in mouse brain sug- 
gests that the testicular and brain a- 
tubulins are from different genes. This 
is substantiated by the comparison of 
Southern blots probed with pRDaTT.3 
and pILaTII1. Furthermore, pILaTIII 
hybridizes to  neither the 2100- nor the 
1550-base testicular transcripts. Multiple 
a-tubulin mRNA's are found in sea ur- 
chin testes (15), and a testis-specific p- 
tubulin is present in Drosophila (16). 
However, in contrast to  the Drosophila 
tubulin, which is expressed throughout 
spermatogenesis, we detect transcripts 
from this mouse a-tubulin gene only in 
haploid cells. Electrophoretic studies of 
the polypeptides synthesized "in vivo" 
in purified mouse spermatogenic cells 
substantiate the synthesis of multiple tu- 
bulins in haploid cells (17). 

The appearance of novel a-tubulin 
transcripts in round spermatids coin- 
cides with the formation of the man- 
chette and flagellar axoneme. Thus, the 
haploid-specific tubulin mRNA may be 
involved in these structures, both of 
which are unique to spermatogenesis. It 
is unlikely that pRDaTTl is involved in 
mitotic or meiotic spindles, neural cy- 
toskeleton, or cytoskeletal structures, 
since it is absent from brain and from 
prepuberal and meiotic testicular cells. 

The genetic implications of mRNA's 
transcribed in haploid spermatogenic 
cells are unclear because the haploid 
cells are interconnected by cytoplasmic 
bridges that could allow the interchange 
of haploid gene products. Nevertheless, 
the existence of genetic effects of haploid 
mRNA's is strongly suspected because 
of the unbalanced transmission of t al- 
leles to the progeny of male mice (18). 
The gene products of mRNA's tran- 
scribed during the haploid phase of sper- 

matogenesis could provide a means of 
selecting sperm of a particular genotype. 
The identification of specific haploid 
mRNA's (12, 13) marks a first step in 
understanding haploid gene expression 
at a molecular level. 
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Entamoeba histolytica: A Eukaryote Without 
Glutathione Metabolism 

Abstract. Entamoeba histolytica was found to grow normally without producing 
glutathione and the main enzymes of glutathione metabolism, indicating that 
glutathione is not essential for many eukaryotic processes. This parasitic amoeba is 
an unusual eukaryote whose special features may help define the crucial functions of 
glutathione in those eukaryotes that do use it. Since Entamoeba histolytica lacks 
mitochondria and the usual aerobic respiratory pathways, the finding that it grows 
without glutathione and other evidence support the hypothesis that a primary 
function of glutathione in eukaryotes involves protection against oxygen toxicity 
associated with mitochondria and suggest that eukaryotes may have acquired 
glutathione metabolism at the time that they acquired mitochondria. 

Glutathione (GSH) was once thought 
to  be present in millimolar concentra- 
tions in all cells and to be essential for 
cell function (I) ,  but the specific essen- 
tial functions of glutathione have re- 
mained elusive since Rapkine first postu- 
lated that it served to regulate cell divi- 
sion (2). Mutants of Escherichia coli 
have been isolated that are deficient in 
the synthesis of GSH but which grow 
normally (3), and many species of bacte- 

Table 1. Thiol components found in condi- 
tioned, glutathione-depleted growth medium 
and in trophozoites of the HM-I strain of 
axenic E. histolytica grown in glutathione- 
depleted medium. 

Total Trophozoites (nmoles 
Thiol ~n per lo6 cells) 
corn- me- 

ponent dium* 
(mM) Thiol Total* 

Cysteine 0.5 5.1 6.8 
GSH < 0.01 < 0.025 < 0.08 
Unidentified 0.4 1.3 3.7 

*The sample was electrolytically reduced before 
deproteinization and labeling with monobromobi- 
mane. 

ria grow without producing measurable 
GSH (4). Thus GSH does not have a 
general role in prokaryotic life. There is, 
then, a question of whether it has an 
essential function in eukaryotes. The eu- 
karyotes that have been examined pro- 
duce either GSH or its close relative 
homoglutathione (5, 6). Some mutants 
produce lower than normal amounts of 
GSH, but these residual amounts are 
usually significant (7). We examined the 
low molecular weight thiols of Entamoe- 
ba histolytica, a parasitic amoeba re- 
sponsible for widespread amoebic dis- 
ease (8), and found that this amoeba grows 
without producing or using glutathione. 
We believe this to  be the first example in 
which a eukaryote has been shown to 
grow under standard laboratory condi- 
tions without producing gluthathione. 

Entamoeba histolytica strain HM-1 
was grown on the TYI-S-33 medium of 
Gillin and Diamond (9). This medium 
contains yeast extract that is rich in 
glutathione and, since E,  histolytica in- 
corporates substantial quantities of me- 
dium through endocytosis (10, pp. 11- 
17), cells grown on this medium contain 




