brate enzymes, the DNA polymerases of
the insects vary. The DNA polymerase-
« in the silk glands of silkworms seems to
be a great deal larger than the vertebrate
enzyme (Fig. 1C), whereas the Drosophila
embryo DNA polymerase-a is about the
same size as the vertebrate enzyme. No
N-ethylmaleimide-resistant DNA polym-
erase activity is found in insect tissue
extracts. However, there is a low molec-
ular weight, N-ethylmaleimide-sensitive
DNA polymerase activity amounting to
about 1 percent of the total enzyme
activity in silk gland extract and about
3 percent of total enzyme activity in Dro-
sophila embryo extract. Due to the con-
ditions set for scoring an enzyme as DNA
polymerase-8, the low molecular weight
enzyme from insects must be scored
as negative although it may well be related
to the DNA polymerase-g in other eu-
karyotic organisms. Mixing of silk gland
extract and purified calf liver DNA po-
lymerase-g (4) prior to dialysis and gradi-
ent centrifugation results in complete re-
covery of calf liver DNA polymerase-g ac-
tivity in the gradient fraction, indicating
that DNA polymerase-g-like activity is
not preferentially destroyed in the extract.
DNA polymerase-g activity is found in
horseshoe crab testes and embryos, but its
properties resemble more closely those de-
scribed for the earthworm. Analysis of
DNA polymerase activities in sponge, the
simplest of the multicellular animals sur-
veyed here, show DNA polymerase-g8 ac-
tivity identical in properties to those found
in the vertebrates (Fig. 1D).

The widespread occurrence of DNA po-
lymerase-g in mammals has been noted be-
fore (2). In an earlier analysis of several
fungi (5), we were unable to find any activi-
ty resembling DNA polymerase-3. No
DNA polymerase-g has been reported in
protozoa such as Fuglena gracilis (6) and
Tetrahymena pyriformis (7). The enzyme
also appears to be absent in fresh extracts
of log phase E. coli (8) cells. There is some
controversy about DNA polymerase-3 in
plant cells, but my analysis of wheat germ
and a study of Vinca rosea (9) indicate
little or no activity of this type. The area of
principal interest for this discussion then
spans the region between the sponges and
mammals. DNA polymerase-g is com-
monly found in representatives throughout
this region of biological evolution.

The analyses presented certainly cannot
be said to represent all living organisms,
and the conditions set for analysis and in-

terpretation are major limitations on de-~

tailed arguments about relatedness of any
variants noted. Nevertheless, the presence
of a well-defined DNA polymerase-g in
sponge supports the hypothesis that DNA
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polymerase-3 evolved at the time that ani-
mal cells developed a multicellular form.
Subsequent evolutionary changes could ac-
count for some of the variations in reaction
properties observed. The in vivo role of this
enzyme in DNA synthesis and DNA repair
remains unsolved. Physiological studies
have shown that the level of the enzyme re-
mains constant throughout the life cycle of
a cell (2). The constitutive presence of the
enzyme suggests that it has a maintenance
function in cellular DNA metabolism. It is
of interest that DNA polymerase-g-like
enzyme has been conserved over half a bil-
lion years of biological evolution, from
sponge to man. This observation suggests
that the enzyme performs an important
function in multicellular animal cells.

Lucy M. S. CHANG
Department of Biochemistry,
University of Connecticut Health Center,
Farmington 06032
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Sperm Diaphorase: Genetic Polymorphism of a Sperm-Specific

Enzyme in Man

Abstract. Human sperm contains an enzyme with diaphorase activity that appears to
be unique to sperm. Electrophoretic analysis of the diaphorase activity in sperm of differ-
ent individuals reveals three phenotypic patterns. This polymorphism can be explained in
terms of two alleles segregating at an autosomal locus; the allele frequencies have been
determined to be 0.71 and 0.29. This appears to be the first reported example of a sperm-
specific genetic polymorphism in man, its existence raises a number of genetic and bio-

chemical questions.

Many blood proteins are genetically
polymorphic (/); less is known about the
extent and expression of genetic variation
in tissues other than blood. In the course of
a study on the expression of genetic varia-
tion in human semen, we have discovered
an enzyme with diaphorase activity that
appears to be both genetically polymor-
phic and specific to sperm.

The sperm diaphorase polymorphism is
readily detected by electrophoresis on
polyacrylamide gels (Fig. 1). Sperm ex-
tracts from all individuals so far tested ex-
hibit one of the three patterns of diapho-
rase activity shown in Fig. 1; the pattern
type of an individual is persistent over
time. The pattern designated type I con-
tains a pair of enzyme bands, a and c; pat-
tern type 2 contains bands b and d. All four
bands, a, b, ¢, and d, are present in the pat-
tern type designated 2-1. The composite
nature of the type 2-1 pattern was in-
dicated in an experiment in which elec-

" trophoresis of a mixture of type 1 and type

2 extracts yielded a pattern indistinguish-
able from the type 2-1 pattern. These
sperm diaphorase patterns are not affected
by varying the concentration of sperm ex-

tract applied to the gel, nor are they
affected by treatment of the sperm extract
with reducing: agents such as mercapto-
ethanol.

The individual variation in the elec-
trophoretic patterns of sperm diaphorase is
very similar to the electrophoretic patterns
given by other enzymes known to be genet-
ically polymorphic (/). For example, in the
polymorphism at the phosphoglucomu-
tase-1 locus (PGM)), both homozygote
patterns exhibit a pair of enzyme bands,
and the PGM, heterozygote pattern is the
composite of the two homozygote patterns
(2). By analogy, the electrophoretic varia-
tion of sperm diaphorase (SD) may be ex-
plained in terms of two allelic genes, SD!
and SD? such that the homozygotes,
SD'SD' and SD2SD?, give rise to the type
1 and type 2 patterns, respectively; and the
SD'SD? heterozygote gives rise to the type
2-1 pattern. The full expression of hetero-
zygosity in males would indicate that the
SD locus is autosomal.

Direct demonstration of the heritable
basis of this variation has not been
achieved because of the difficulty of per-
forming family studies. However, the dis-
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tribution of types in the population con-
forms to the distribution expected, if we as-
sume a genetic polymorphism in Hardy-
Weinberg equilibrium (Table 1). For the
sample population (N = 52), the calculated
allele frequencies are 0.71 and 0.29 for SD!
and SD?, respectively. The difference be-
tween the observed phenotype distribution
and the distribution expected under Har-
dy-Weinberg equilibrium conditions is not
statistically significant (x* for 1 d.f. =
2.326 with Yates’ correction for continu-
ity, .1 < P < .2). The allelic frequencies of
SD' and SD? place this in the category of a
common genetic polymorphism.

Electrophoretic evidence suggests that
the polymorphic sperm diaphorase may
occur only in sperm and testicular tissue.
The diaphorase can be detected in testic-
ular tissue and in sperm collected from vas
deferens, as well as in ejaculated sperm.
The enzyme is not found in the nonsperm
cellular debris of semen (3), nor is it found
in the seminal plasma of normal or vas-
ectomized males. Moreover, extensive
washing of sperm does not remove the
diaphorase activity. These observations
show that the origin of the sperm diapho-
rase is the spermatozoon itself. The sperm
diaphorase has not been detected in red
cells, white cells, heart, liver, or brain. Al-
though extracts of these tissues all have
significant diaphorase activity, none of
these tissue diaphorases have elec-
trophoretic mobility coincident to that of
the sperm diaphorase. Thus sperm diapho-
rase appears to be specifically limited in its
expression to male germ cells.

Diaphorase activity is indicated by the
reduction of various dyes with reduced
nicotinamide dinucleotide (NADH) or the
reduced dinucleotide phosphate (NADPH)
serving as electron donors. Diaphorase ac-
tivity is associated with flavoenzymes; and,
not uncommonly, the diaphorase activity
of a flavoenzyme has been characterized

Fig. 1. Electrophoretic patterns giv-
en by sperm diaphorase. Sperm
were collected from whole human
semen by centrifugation at 12,000g
for 10 minutes at 4°C. Sperm from
a single ejaculate were lysed by
freezing and thawing in 0.1 ml of
distilled water; alternatively, frozen
sperm pellets could have been ex-
tracted with water. Lysates were
separated from sperm debris by
centrifugation at 34,000g for 15
minutes at 4°C. Electrophoretic
separation of the diaphorases in 20

— B
- .- ..
-

Table 1. Distribution of sperm diaphorase types.
Semen samples were obtained from normal vol-
unteers (N = 38) and from patients attending a
fertility clinic (N = 14); the data for both popu-
lations have been pooled (7). More than 90 per-
cent of the contributors were Caucasian. Allele
frequencies (SD' = 0.71, SD? = 0.29) were de-
termined by counting the genes observed in the
sample population, The expected phenotype dis-
tribution was calculated from these allele fre-
quencies assuming Hardy-Weinberg equilibri-
um.

Phenotype Observed Expected
1-1 29 26.2
2-1 16 214
2-2 7 44

before the true biological substrate has
been discovered (4). In this spirit, we have
initiated a characterization of the sperm
diaphorase activity. We have used an assay
in which 25 ul of sperm lysate (prepared as
described in the legend to Fig. 1) is assayed
in a total volume of 0.5 ml containing
0.05M phosphate (pH 7.0), 0.1 percent bo-
vine serum albumin, 45 M dichlorophe-
nol-indophenol (DCIP), and 0.67 mM
NADH; the reduction of DCIP is moni-
tored spectrophotometrically at 600 nm.
The dye, DCIP, is the preferred electron
acceptor; the sperm diaphorase appears to
have no cytochrome ¢ reductase activity
and does not give reproducible assays with
potassium ferricyanide as the electron ac-
ceptor.

The enzyme has a pH optimum between
7.0 and 7.5, which corresponds to the pH
range of human semen (5). Unlike most
NADH and NADPH diaphorases, the
sperm diaphorase accepts both NADH
and NADPH as electron donors; the rate
of the reaction with NADPH is 76 percent
that of the reaction with NADH. That the
same sperm diaphorase enzyme accepts
both coenzymes was shown by substituting
NADPH for NADH in the electrophoresis

l

+
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ul of sperm lysate was performed on vertical slabs (1.5 mm thick) of polyacrylamide gel at 4°C; the
concentration of the running gel was 5 percent, and it was not necessary to use a sample gel. The dis-
continuous buffer system of Ornstein and Davis (10) was used; gels were exposed to a 30-ma constant
current until the bromphenol blue marker dye reached the bottom of the gel. The diaphorase stain
contained 0.23 mg of dichlorophenol-indophenol (DCIP), 10 mg of NADH, and 5 mg of MTT tetra-
zolium (Sigma) in 20 ml of 0.25M tris-HCI, pH 8.4; the sperm diaphorase pattern was usually
apparent within 15 to 30 minutes after staining at room temperature. Sperm diaphorase also stains
if DCIP is omitted from the staining solution but at a much slower rate (11).
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gel staining mixture. Relatively few of the
known diaphorases described are equally
active with both NADH and NADPH (6).
Of those that are active with both coen-
zymes, several, notably the DT-diapho-
rases (E.C. 1.6.99.2) from liver, are in-
hibited by dicoumarol (6). The sperm
diaphorase activity is not affected by
dicoumarol, indicating that it is distinct
from the class of diaphorases sensitive
to dicoumarol. Thus this enzymological
characterization indicates that the catalytic
properties of the sperm diaphorase are
unlike those described for other diapho-
rases in other tissues. Our findings lend
support to the electrophoretic evidence
that sperm diaphorase is unique to male
germ cells.

The sperm-specific expression of sperm
diaphorase limits the value of this poly-
morphism for population genetic studies.
However, the sperm diaphorase variation
has potential as an individualizing marker
in the analysis of semen in the investiga-
tion of sex crimes and may be useful in ge-
netic studies of infertility (7). Specific inhi-
bition of the sperm diaphorase offers an
avenue to fertility control; the development
of antibodies to sperm-specific antigens,
such as lactate dehydrogenase X, has been
suggested as an approach to contraception
®).

The existence of a sperm-specific poly-
morphism also raises a question of a more
fundamental nature. The spermatozoon
plays an essential role in the reproductive
process. Hence, one might predict that
sperm would be subject to strong selection
pressures, and, on the basis of this predic-
tion, one might expect little genetic varia-
tion among sperm proteins and enzymes.
However, in fact, at least eight common
genetic polymorphisms are expressed in
sperm (9);, the sperm diaphorase poly-
morphism adds to this number. That ge-
netic polymorphisms are maintained in
sperm suggests either that selection effects
on different phenotypes are in some way
balanced or that the selection differentials
on reproductive fitness are negligible.
Whether the sperm diaphorase poly-
morphism is in selective balance or is selec-
tively neutral must await further study.

KEVIN CALDWELL
Department of Genetics,
University of California, Berkeley 94720
EDWARD T. BLAKE, G. F. SENSABAUGH
Forensic Science Program, School of
Criminology, and School of Public
Health, University of California, Berkeley
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Lateral Preoptic Lesions in Rats Separate Urge to Drink from

Amount of Water Drunk

Abstract. Rats with bilaterally symmetrical lesions in the lateral preoptic area do not
drink after acute intracellular dehydration, but they drink normally after water
deprivation. They, like normal rats, also drink more when cellular dehydration is super-
imposed upon water deprivation. Unlike normal rats, however, rats with lesions in the
lateral preoptic area do not increase their rate of lever-pressing in response to the com-
bined stimulus. Thus, the urge to drink can be separated from the amount of fluid drunk.

Dehydrating either the cellular (/) or the
extracellular (2) body fluid phases induces
drinking. Drinking in response to cellular
dehydration terminates upon restoration
of the cellular fluid deficit (/). Conversely,
water intake following extracellular dehy-
dration stops before the deficit is restored
(2). This is thought to reflect inhibition by
cellular overhydration, which results be-
cause approximately 70 percent of the in-
gested water gains access to the cellular
phase (3). When cellular and extracellular
phases are depleted simultaneously, the re-
sulting water intake is a simple addition of
the amounts drunk in response to each
challenge when presented alone (4). Al-
though additivity of drinking is a robust
phenomenon, the underlying mechanisms
are not known. Understanding this phe-
nomenon is vital for appreciating how be-
havior contributes to maintenance of nor-
mal fluid balance. This is especially impor-
tant when we consider that, under normal
circumstances of fluid abstinence, water is
lost from both fluid compartments.

At least three alternative hypotheses can
account for drinking additivity. (i) Additiv-
ity may reflect an augmented urge to drink
so that more water is needed to quench this
enhanced thirst. (ii) By virtue of further de-
hydration of the cellular phase, an inhib-
itory signal arising from cellular over-
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hydration may be delayed. (iii) There may
be a tonic inhibition exerted by the non-
dehydrated cellular phase over thirst sig-
nals arising from extracellular depletion,
and dehydrating the cellular phase may re-
lieve this inhibition.

These alternatives cannot be assessed in
normal rats which drink in response to
both cellular and extracellular dehydration
and reduce drinking because of cellular
overhydration before restoration of the ex-
tracellular phase. Rats with bilaterally
symmetrical lesions of the lateral preoptic
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Fig. 1. Amount drunk in 5 hours by rats with
LPO lesions and controls after the different
thirst challenges.

area (LPO), which do not drink in re-
sponse to cellular dehydration but are
indistinguishable from normal rats in their
drinking response to hypovolemia (5), are
perfectly suited to test these alternatives.
We report that the amount drunk by rats
with LPO lesions after water deprivation
and after water deprivation combined with
cellular dehydration is the same as in nor-
mal rats, but the rate at which these brain-
damaged rats work for water, unlike that
of normal rats, is not affected by super-
imposing cellular dehydration upon a pre-
existing water deprivation deficit.

Ten adult female Sprague-Dawley rats
were rendered unresponsive to cellular de-
hydration by placing bilaterally sym-
metrical lesions in the LPO (6). These rats
and an equal number of controls were al-
lowed to drink for 5 hours after acute cel-
lular dehydration (intraperitoneal in-
jections of IM NaCl, | percent of body
weight), 24 hours of water deprivation, or
the combined challenge. As seen in Fig. 1,
rats with LPO lesions, which drank noth-
ing or very little in response to the purely
cellular stimulus, drank normally after
water deprivation and, most important-
ly, drank as much as normal rats in re-
sponse to the combined challenge (7).
These data are not compatible with a theo-
ry that volume drunk reflects a simple ad-
dition of individual thirsts. However, the
results are predicted by an inhibition mod-
el, and they suggest that removal or delay
of an inhibitory cellular overhydration sig-
nal is an adequate explanation for drinking
additivity.

Can this reasoning also account for the
increased rate of operant responding seen
in normal rats with increased dehydration?
If increased lever-pressing reflects either a
delay of inhibition, resulting from cellular
overhydration, or a removal of a tonic inhi-
bition exerted by the cellular phase, then
the operant rates of rats with LPO lesions
should increase when a cellular dehy-
dration challenge is superimposed upon
water deprivation. On the other hand, if
the urge to drink mirrors the detection of
dehydration of each fluid compartment,
then the combined challenge should pro-
duce increased response rates in normal
rats, which can detect cellular dehydration,
but not in rats with LPO lesions, which
cannot detect deficits in cellular balance.

Rats with lesions and controls were
gradually trained to lever-press on a vari-
able-interval, 30-second schedule of rein-
forcement when deprived of water for 24
hours. The operant task was specifically
designed to reflect changes in the urge to
drink independent of satiety and level of
intake. Sessions were thus short (30 min-
utes) and reinforcements were small (0.04
ml); maximum intake per session was lim-
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