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Glucose-6-phosphate dehydrogenase (G6PD)
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SUMMARY Sperm from normal human donors and a G6PD-A- individual were examined for X-
linked glucose-6-phosphate dehydrogenase activity and autosomally linked 6-phosphogluconate
dehydrogenase activity. With the use of fluorescence microscopy, we devised a procedure to visualise
in individual sperm cells the fluorescence of reduced coenzyme NADPH formed by each of the two
enzymes in the presence of appropriate substrates. We found significant differences in the population
distribution of sperm expressing each of the two activities, and the ratio of the two activities in sperm
homogenate is very different from the one found in erythrocyte lysates. The possibility of haploid gene
expression has been considered in interpreting these results.

Because of asymmetrical segregation of the sex chro-
mosomes in male meiosis, it is of particular interest
to know if the expression of the X-linked markers is
limited to those sperm, about a half of the total
numbers, that carry and can transmit the X-chromo-
some. In initial studies with human sperm we
detected the activities of 4 X-linked enzymes
(McKusick, 1975a): alphagalactosidase, phospho-
glyceratekinase, hypoxanthineguanine phosphori-
bosyltransferase, and glucose-6-phosphate dehydro-
genase. G6PD activity appeared to be ideally
suitable among the 4 enzymes for detecting sex-
linked expression of individual sperm cells. This
brief report presents the evidence to indicate that
the sperm G6PD is probably identical to the eryth-
rocyte enzyme (Yoshida, 1966) and a single locus in
the X-chromosome controls the expression of G6PD
in sperm as in other tissues (Linder and Gartler,
1965). With the use of fluorescence microscopy, we
devised a procedure to visualise, in individual sperm
cells, the formation of reduced coenzyme (NADPH).
Using this procedure we have determined the
population distribution characteristic of G6PD, and
autosomally linked 6PGD (6-phosphogluconate
dehydrogenase) activities in normal sperm (phenotype
G6PD-B+) and sperm from a G6PD-deficient
donor (phenotype G6PD-A-) (Yoshida et al., 1967).

Materials and methods

ENZYME ASSAY
A fluorimetric method (Estabrook and Maitra, 1962)
was used to assay the production of NADPH
Received for publication 18 October 1976

(nicotinamide adenine dinucleotide phosphate, re-
duced) from NADP in the presence of glucose-6-
phosphate (G6P) or 6-phosphogluconate (6PG).
Enzyme activities were measured in a Farrand
spectrofluorometer with 2 grating monochromators,
one to select the wavelength of excitation (365 nm)
for reduced NADPH and the other (set at 472 nm) to
receive the emitted wavelengths. In addition, the
emitted wavelengths were passed through a sharp
cut-off filter excluding the excitation wavelengths.
Continuous recording ofNADPH level was made in
Honeywell model Electronik 19; the scale was cali-
brated by a solution ofNADPH and the yeast enzyme
(Zwischenferment) was used as a standard to nor-
malize different assays. Assay mixtures contained
either 1 mm glucose-6-phosphate (G6P) or 6-phos-
phogluconate (6PG), 70 ,pM NADP, 7 mm magnesium
chloride, in 50 mm Tris buffer, pH 8-0. The ex-
traction of enzymes from sperm required the use of
0-5% noniodet P-40 in the homogenate. The de-
tergent was also added to the erythrocyte lysate to
maintain the same assay conditions for both extracts.
Three other additives were required to stabilise
enzyme activity in stored extracts, 10 gUM NADP,
1 mm ,-mercaptoethanol, and 1 mg/100 ml soybean
trypsin inhibitor. One million intact sperm cells or an
equivalent amount of extract were used for routine
assays of enzyme activity.

FLUORESCENCE MICROSCOPY OF NADPH
FORMATION
The fluorimetric principle in measuring NADPH
formation was applied in fluorescence microscopy to
visualize G6PD or 6PGD activity in individual
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sperm cells. Dark field illumination was achieved by
the use of an ultracondenser in a Zeiss microscope,
Lamp HBO 200, excitation filter BG and barrier
filter 44. Sperm suspension was made from the
pellet derived after 2 centrifugations offresh semen on
a layer of 150% sucrose in 015 M sodium chloride
solution containing 10 AlM NADP and 1 mmol
fi-mercaptoethanol. Contamination level of cells
other than sperm was in the range of0-5 to 5 %. Sperm
was finally resuspended in the assay mixture. A wet
preparation was mounted immediately on a slide
(no. 7038, Arthur Thomas) with a no. 1 coverglass.
The coverglass was sealed and the slide was incubated
at room temperature for 30 minutes before exposing
for photomicrography (Tri-X Pan, Kodak, ASA 400,
black and white film; exposure time I to 2 minutes).

STAINING OF ENZYME BANDS IN ACRYLAMIDE
GEL AND DISC GEL ELECTROPHORESIS
This was carried out as described previously (Howell
etal., 1972).

NEUTRALIZATION OF ENZYME ACTIVITY BY

RABBIT ANTIBODY
The fluorimetric technique was used to assay the
neutralizing activity of the rabbit antibody. The
inhibition of enzyme activity by the rabbit antibody
was almost immediate. This was titrated directly in
the fluorimeter by the decrease in the slope of the
enzyme reaction following the addition of antibody;
under these conditions, approximately 0-025 units
of G6PD activity (1 unit = 1 ,umol NADPH formed
per minute at 25 degrees) was neutralized by 5 a1
undiluted antibody. The rabbit antibody was a gift
from Dr A. Yoshida (Yoshida et al., 1967).

Results and discussion

The recovery ofG6PD activity in sperm homogenates
is highest when extracts are prepared in the presence
ofa nonionic detergent, such as noniodet P-40. It may
be that the native enzyme is in the particulate
fraction, or has a tendency to bind to lipids released
during homogenization. Given the low water content
and high lipid content of sperm it is not surprising
that the enzyme is found in an insoluble form, and can
be solubilised by extracting with a mild detergent.
The average G6PD activity of sperm is 0 002 ,umol
NADPH produced per minute per million cells or
equivalent extract, compared with 5 times that
activity in erythrocyte lysates. However, G6PD of
the sperm extracts and erythrocyte lysates migrate
to an identical position in disc gel electrophoresis:
the single band of G6PD activity, revealed by specific
staining of the acrylamide gel after disc electro-
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Fig. 1 Acrylamide gel electrophoregram ofG6PDfrom
sperm homogenate (A), erythrocyte haemolysate (B), and
mixture ofsperm homogenate and erythrocyte hemolysate
(A + B). The samples were obtainedfrom a normal
(G6PD-B+ individual). The band ofhaemoglobin (Hb)
in haemolysate is indicated in the gel. Extracts were
treated with nonionic detergent noniodet-P40 before
loadingfor electrophoresis. The gel electrophoresis and
staining were carried out as previously described (Brewer
and Dern, 1964).

phoresis of crude extracts, is shown in Fig. 1. Though
it is not a standard method of electrophoresis for
G6PD, polyacrilamide gel provides a sensitive
method for distinguishing the mutant forms of the
enzyme molecule in a heterozygote (Howell et al.,
1972). The sperm homogenate G6PD activity was
inhibited by the neutralizing antibody prepared
against the G6PD purified from erythrocyte lysate
(Yoshida et al., 1967). The neutralizing antibody was
added in the assay mixture a few minutes after the
initial rate of G6PD reaction had been established.
Addition of antibody in excess, caused immediate
inhibition of NADPH formation. In our assay
conditions, 5 ,1 antibody neutralized 0 025 units of
sperm G6PD activity. Lowered levels of G6PD were
found both in sperm and erthyrocytes of an A-
donor (Yoshida et al., 1967) who had only 150% of
normal G6PD activity. Thus it appears that a single
genetic locus linked to X chromosome controls the
activity of the 2 isoenzymes. Linder and Gartler
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Fig. 2 Fluorescence photomicrograph ofhuman sperm cells incubated to show specific dehydrogenase activities in
individual cells. Human sperm incubated (a) with glucose-6-phosphate alone without coenzyme, at room temperaturefor
25 hours; (b) with 70pM NADP, coenzyme alone, no substrate, at room temperature, 2-5 hours; (c) in assay mixture
for G6PD activity, room temperature, 30 minutes; (d) in assay mixturefor 6PGD activity, 15 minutes; (e) A- sperm in
assay mixturefor G6PD activity, 2-5 hours; (f) A- sperm in assay mixturefor 6PGD activity, 5 minutes.

(1965), from their study of different tissues in females,
arrived at the same conclusion.
The specific fluorescence ofNADPH produced by

individual sperm cells in the presence of G6P and
NADP could be visualized under fluorescence micro-
scopy. Thus, we had the opportunity of observing
the population distribution ofsperm cells with respect
to the expression of an X-linked marker. In the
early phase of this work, we noticed that washed

sperm cells were permeable to phosphorylated
intermediates, so that we could measure the activities
of 2 other X-linked enzymes, phosphoglycerate
kinase (PGK) and hypoxanthine-guanine phosphori-
bosyl transferase (HGPRT) in sperm. However, these
2 and alphagalactosidase activities could not be
adapted for microscopical observation and G6PD
appeared to us to be the marker of choice for single
cell studies. Fluorescence microscopy of sperm is
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subjected to many optical artefacts: for example,
human sperm has an anisometric head structure, and
since the fluorescence is primarily in the head region,
approximately half the number of cells which lie on
their side may appear nonfluorescent; relatively low
activity of G6PD and the fact that G6PD may be
inactivated in sperm because of weeks of delay in the
passage of sperm from testis to the ejaculate may also
explain why a subpopulation of sperm is non-
fluorescent. Some of the possible artefacts of ob-
servation perhaps could be eliminated ifwe examined
the activity of an NADP dependent dehydrogenase
activity which is autosomally linked, since the
autosomes segregated symmetrically during male
meiosis and one should find such an enzyme to be
uniformly active in all cells. The enzyme, 6-phos-
phogluconate dehydrogenase (6PGD) was chosen for
this purpose (McKusick, 1975b); 6PGD is physio-
logically coupled to the activity of G6PD and also
forms reduced NADPH.
The specific fluorescence of NADPH in sperm

incubated with NADP and glucose-6-phosphate
(G6P) or 6-phosphogluconate (6PG) is shown in
Fig. 2. Incubation of sperm after a long period of
time (2 5 hours) with G6P in the absence of NADP,
indicated very low levels of specific fluorescence (Fig.
2a) which may be the result of glucose generated by
the hydrolysis of substrate; the background fluore-
scence is slightly higher after 2 5 hours with NADP
alone (Fig. 2b). However, incubation with substrate
and coenzyme results in rapid development of
fluorescence: sperm incubated with G6P and NADP
show brilliant fluorescence in 30 minutes (Fig. 2c),
and sperm become fluorescent within 15 minutes
when 6PG and NADP are added (Fig. 2d). De-
ficiency of G6PD in A- sperm produces low
fluorescence only after 2 5 hours of incubation
(Fig. 2e). However, A- sperm become quickly
fluorescent (in 5 minutes) when 6PG and NADP are
added (Fig. 2f). The relative amount of fluorescence
under the assay conditions was dependent on the
period of incubation, as judged by visualization of
cells at equal intervals over a period of time, and
serially recording fluorescence at constant photo-
graphic conditions. Longer periods ofincubation were
avoided because of an increase in background
fluorescence by NADPH escaping into the medium.
Independent fluorimetric studies on whole cells
suggest that the brightest cells were probably gene-
rating in the order of 0 001 picomole of NADPH per
minute, and the dark cells or the A-sperm may have no
more than 25% of that activity.
The heterogeniety among normal sperm in the

intensity of fluorescence was particularly apparent in
the time-lapse photography (Fig. 2c is a frame from
such a series) of cells incubated with G6PD and

Table Relative activities ofG6PD and 6PGD in
sperm and erythrocytesfrom normal and A- donor*

Type of donor Sperm Erythrocyte

Normal donor:
G6PD. 10 5-21
6PGD. 2-5 4-13

A- donor
G6PD. 0-16 0 75
6PGD. 10-05 5 03

*The rate of reaction of normal sperm G6PD is taken as unity (0-001
pico-mole NADPH produced per minute per sperm) to express the
relative activities of both G6PD and 6PGD. Both activities were
measured on the same sample by continuous recording of fluorescence
generated by sequential addition of substrates. The sequence of
addition was reversed to derive values to correct the slopes for each
activity, since the product of G6PD reaction is a substrate for 6PGD
reaction.

NADP. Sperm from 2 normal donors were scored for
the proportion of fluorescent cells under conditions
of assaying either for G6PD or 6PGD activity. Cell
fluorescence from 6PG and NADP develops very
fast, so that counting was done on prints from
photographs taken of slides (Fig. 2d). Though the
fluorescence appears uniform and present usually in
all (above 80%) cells, high activity of sperm 6PGD
may mask differences that may exist between cells.
However, the heterogeneity in the amount of fluore-
scence was apparent in cells incubated with G6P and
NADP (Fig. 2c). In this case, fluorescent sperm was
scored directly under microscope; of the 466 cells
scored from a given donor (on 4 different ocassions),
the results had a range between 36 to 58 %. Sperm from
a second donor was scored 41 % positive in a sample
of 200 cells. Thus, the difference in the population
distribution of sperm fluorescence caused by 6PGD
and G6PD activities is consistent with what would be
expected of the phenotypic expression of autosomal
and X-linked markers according to the pattern of
chromosomal segregation in male meiosis. Though
optical artefacts related to anisometry of the sperm
head could be ruled out from these assays, the results
do not exclude factors unrelated to genetic segregation,
for example, any intrinsic difference in the stability
of sperm G6PD and 6PGD which may give rise to
heterogeneity in fluorescent sperm distribution.

It appeared to us while examining sperm for 6PGD
activity under fluorescence microscopy, that the cells
become more rapidly fluorescent, indicating re-
latively higher activity of 6PGD compared to G6PD.
The average ratios of 6PGD: G6PD activities in
sperm and erythrocyte homogenates are shown in
the Table. The rate ofreaction ofnormal sperm G6PD
is taken as unity to express the relative slopes of
other activities. The ratio in sperm is approximately
twice higher than that in erythrocyte; a higher ab-
solute level of 6PGD in sperm is consistent with the
more rapid development ofNADPH fluorescence in
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sperm incubated with 6-phosphogluconate than those
with glucose-6-phosphate. The activity of 6PGD in
A- sperm is even higher, which was not in accordance
with the 6PGD levels that have been reported in
G6PD deficient individuals (Brewer and Dern, 1964;
Parr and Fitch, 1967). It would be interesting to
investigate whether all A- donors have extraordi-
narily high levels of 6PGD in their sperm; such high
6PGD levels suggest that the reduced coenzyme

levels in sperm (Mann, 1964) are perhaps controlled
by a pathway different from what is known in
erythrocyte.
Although many lines of evidence suggest that the

condensed XY bivalent is genetically inactive during
male meiosis (Monesi, 1971; Moore, 1972) (even
deficiencies caused by autosomal mutations or

deletions are not limiting for sperm maturation
(Hancock, 1972), the possibility of haploid gene

expression for an X-linked enzyme cannot be
excluded on this basis. Thus we attempted to test the
possibility of haploid gene activity for X-linked
locus. For example, one would expect that those
sperm with low levels of G6PD activity should have
Y and not the X chromosome. We incubated unfixed
sperm preparations with added quinacrine in the
reaction mixture for G6PD activity. Staining with
quinacrine alone shows the Y chromosome in 30 to

1:1

6PGD:G6PD

2:2 2:0.5

4:2.5

Fig. 3 A schematic model to explain the proportions of
6PGD:G6PD activity to befound in cells after chromo-
some segregation in spermatogenesis. Autosomes are

indicated by the letter A and sex chromsomes by Xand Y.
The principal assumption is that enzyme synthesis is
dependent on the presence ofchromosomes which remain
active during postmeiotic development.
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43 % of cells, a value slightly lower than that of fixed
cells. Results from the doubly stained cells were
inconclusive because of technical constraints. The
emission spectra of quinacrine and NADPH have
considerable overlap which could not be separated
by the choice of optical filters. Similarly, the X
chromosome could not be identified in sperm so that
the high G6PD activity could not be correlated with
its presence. The relative rates of 2 activities shown
in the Table are however consistent with enzyme
synthesis during haploid phase of sperm maturation.
The expected ratios on each meiotic step, on the
basis of relative levels in erythrocyte, are shown in
Fig. 3. In haploid segregants of Y chromosomes,
there will be dilution of pre-existing G6PD activity
since it can no longer be made in the absence of
X chromosome, thus the ratio of 6PGD:G6PD
should be 2:05; in contrast, in the X chromosome
segregants the ratio should be equal to 1 or less than
1 (range 0 7 to 1 -0) as it is found in the normal
erythrocyte (Linder and Gartler, 1965; Brewer and
Dern, 1964; Parr and Fitch, 1967). The overall
expected ratio of 2 enzyme activities as shown in
Fig. 3 is compatible with the observed activities
(Table).

Evidence for gene specific phenotypic variations in
individual sperm, as we have presented here for
sperm G6PD, will not alone be sufficient to establish
whether genetic expression takes place in haploid
spermatids. Our interest in studying X-linked
enzyme activities in sperm was because these
enzymes may provide an alternative selective
procedure for or against a subpopulation of sperm
compared with the antigen-antibody system applied
by previous workers (Bennett and Boyse, 1973).
For example, incubating sperm with guanine
analogues or alternatively deoxyglucose-6-phosphate,
as a substrate analogue instead of glucose-6-phos-
phosphate, may preferentially inactivate the class of
sperm with high levels of HGPRT or G6PD activity.
Treated sperm could then be used in artificial in-
semination to test for distortion of sex ratio in the
progeny. Mouse sperm which probably would be the
ideal material for such experiments gave serious
technical problems in fluorescence microscopy and
was unsuitable for this type of study; however, both
HGPRT and G6PD activities are likely to be sex-
linked in mice, and mouse sperm can be used to
derive progeny from sperm population preselected
on the basis of presence or absence of a specific sex-
linked enzyme activity.
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grants from the Rockefeller Foundation and the
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grant no. GM17702 from the National Institutes of
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