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Galactosemia: Alterations in Sulfate Metabolism Secondary

to Galactose-1-Phosphate Uridyltransferase Deficiency

Abstract. Cultures of nonmutant as well as galactokinase-deficient fibroblasts in-
corporate 20 percent more [3*Slsulfate when galactose is substituted for glucose in
the medium; galactose-1-phosphate uridyltransferase-deficient cells incorporate
65.5 percent less. In addition to incorporating less [*3S Jsulfate, the uridyltransferase -
deficient cells showed significant accumulation of intracellular galactose-1-phosphate
within 4 hours after galactose exposure. Under the same conditions, no difference in
[BHuridine incorporation was observed. This metabolic alteration, occurring in re-
sponse to galactose exposure, may be related to the pathophysiology of classical

galactosemia.

Galactokinase and galactose-1-phos-
phate uridyltransferase deficiencies are
well recognized autosomal recessive
forms of galactosemia (/). Lenticular
cataracts are a common symptom in both
disorders. The conversion of excess ga-
lactose to galactitol by lens aldose reduc-
tase causes an osmotic imbalance, the
underlying mechanism in cataract forma-
tion (/). Other symptoms of uri-
dyltransferase deficiency include vomit-
ing, diarrhea, hepatomegaly, and mental
retardation. This form of galactosemia
can even be fatal. The factors respon-
sible for the more severe manifestations
are not well understood (/).

Krooth and Weinberg (2) were prob-
ably the first to demonstrate that fibro-
blast cultures derived from patients with
galactosemia failed to grow in a galac-
tose medium. Uridyltransferase activity
is not detectable in cells cultured from
galactosemic patients (3), and Mayes and
Miller ¢) demonstrated that such cells
accumulate galactose-1-phosphate with-
in 2 hours after galactose exposure. The
underlying toxic mechanisms that pro-
duce the internal organ and neurological
pathology are probably secondary to the
intracellular accumulation of galactose-
1-phosphate or a manifestation of the
absence of uridyltransferase activity.
Therefore, such toxic mechanisms might
be identified by searching for biochemi-
cal alterations in cultured mutant cells
challenged with galactose.

Our report demonstrates that when
challenged with galactose, cells deficient
in uridyltransferase activity (GALT
cells) exhibit significantly reduced incor-
poration of [**S]sulfate into acid-insoluble
macromolecules.
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Five different strains of GALT cells,
one galactokinase-deficient (GALK)
strain, one Hurler strain, and eight con-
trol strains were used (5). Galactokinase
and uridyltransferase activities were
measured as in (3). Cells were grown in
minimum essential medium (MEM; Gib-
co or KC Biologicals) containing 16.6
percent fetal calf serum (Gibco or KC Bi-
ologicals) for routine passage and main-
tenance, with feeding every 3 to 4 days.
Hexose-free MEM (Gibco) was used to
prepare all experimental media. Concen-
trates (100 times) of glucose (Mallinc-
krodt) or galactose (Pfansteil) were added

through 0.22-um Millipore filters to hex-
ose-free MEM containing 16.6 percent
dialyzed fetal calf serum to yield the de-
sired final concentrations. All media con-
tained penicillin (50 U/ml) and strep-
tomycin (50 ug/ml).

Glucose, galactose, and galactose-1-
phosphate were measured enzymatically
6), using a fluorometer (Aminco model
SPF 125) with limits of detection around
0.1 pg/ml. Hexokinase, glucose-6-phos-
phate dehydrogenase, galactose dehy-
drogenase, alkaline phosphatase, oxi-
dized nicotinamide adenine dinucleotide
(NADY), and oxidized nicotinamide ade-
nine dinucleotide phosphate (NADP)
were obtained from Boehringer Mann-
heim and the Sigma Chemical Company.

The cell cultures were labeled by add-
ing H,3*SO, (New England Nuclear; 10
uCi/ml) to the experimental medium in
25-cm? disposable Corning flasks con-
taining a confluent cell sheet. The la-
beled cells were harvested by ethanol or
trichloroacetic acid (TCA) precipitation.
The ethanol precipitation method was
described by Fratantoni et al. (7). The fi-
nal washed precipitate was dissolved in
0.5 ml of 10 percent NaOH. Portions of
50 or 100 ul were counted in a Packard
scintillation spectrometer (model 3385),
10 ml of Instagel (Packard) being used as
the scintillation medium. Protein con-
centration was measured by the method
of Lowry et al. (8); bovine serum albu-
min dissolved in 10 percent NaOH was
used as the standard.

Alternatively, cultures were labeled
with [**S]sulfate or [5, 6-*H]uridine (New
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Fig. 1. Incorporation of [**S]sulfate by control and GALT cell cultures. Confluent cultures were
exposed to 10 uCi of H,**SO, per milliliter of medium after 6 days of exposure to a medium
containing no hexose (0), 100 mg/dl glucose (Glu), 100 mg/dl galactose (Gal), or 50 mg/dl of
hexose mixture (Glu/Gal). (a) The amount of isotope incorporated during 3-, 6-, and 24-hour
exposures. (b) The amount of isotope incorporated by individual cultures during a 24-hour ex-

posure.
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Table 1. Intracellular galactose-1-phosphate of normal and galactose-1-phosphate uridyltransferase-deficient (GALT) cell cultures after various
periods of galactose exposure; S.D. = standard deviation.

Galactose-1-phosphate (micrograms per milligram of protein)

g,;lel Medium Hour Day idg'alg
0 1 2 4 6 24 2 4 5 6 7 12
Normal Galactose 2.6 7.3 8.6 7.3 5.3 7.7 6.0 7.5 8.8 7.3 6.84 = 1.81
GALT  Galactose 4.0 9.6 9.6 18.6 21.6 . 23.0 18.1 17.7 26.8 16.0 17.5 38.5 18.42 + 8.92
Normal Glucose 6.5 6.1 3.5 5.2 5.33 £ 1.33
GALT  Glucose 10.2 9.0 13.5 10.2 11.8 10.94 = 1.74

England Nuclear; 5 uCi/ml) or with both,
and labeling was terminated by precipi-
tation with TCA. The cell sheet was
washed three times with cold isotonic sa-
line (0° to 4°C). One milliliter of cold 10
percent TCA was then layered over the
cell sheet, and the culture flasks were
kept at 0° to 4°C for 30 minutes. Flasks
were rinsed three times with cold 10 per-
cent TCA and drained to dryness. Next,
1 ml of 2 percent Na,COj; in 0.1N NaOH
was layered over the cell sheet and in-
cubated overnight at 37°C to completely
dissolve the cell sheet. Equal portions
were removed for scintillation counting
and protein measurement as described
above, except that protein standards

Fig. 2. Comparison of
the effects of galac-
tose and glucose on
the incorporation of
isotope into the acid-
insoluble fraction of
control and mutant
cell cultures. Each i
symbol represents the
ratio (percent) of iso-
tope incorporated on
a galactose medium to
that incorporated on a
glucose medium by =
paired cultures from
the same passage ex-
posed to an experi-
mental medium for
the same duration (4
to 6 days); O, 24-hour
[®S]sulfate exposure
terminated by TCA
precipitation (the mean
and standard devia-
tions for these values
are indicated by solid
and dotted lines, re-
spectively). The sta-
tistical difference be-
tween these data from o
eight different con-
trols and five different
GALT cell strains is
highly significant (P <
.0005 Student’s ¢-test);
@®, 24-hour [**S]sul-
fate pulse followed
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were prepared in the same Na,COs;-
NaOH solution that was used to dissolve
the cell sheet.

Each experiment was performed with
replicate cultures of normal and mutant
cells grown to confluence on mainte-
nance medium. To initiate each experi-
ment, cultures were rinsed three times
and cultured on experimental medium.
All experimental media were identical
except for the carbohydrate source of
glucose, galactose, or their mixture.

Although normal cells showed no dif-
ferences, GALT cells cultured with ga-
lactose exhibited noticeable changes in
density after 1 week, obvious deteriora-
tion of the cell sheet in 1 to 2 weeks, and
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by ethanol precipita-
tion (7); A, a 24-
hour-[*H]uridine ex-
posure terminated by
TCA precipitation.
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irreversible damage after 2 to 3 weeks.
After 2 weeks of galactose exposure,
damaged GALT cell sheets recovered
when they were returned to the glucose
medium; recovery was not evident after
3 weeks of exposure to galactose. The
GALT cells cultured on mixtures of glu-
cose and galactose did not show damage
until glucose was no longer detectable in
the medium. Thus, glucose appears to
prevent cell sheet damage. When con-
fluent cultures are exposed to a medium
free of hexose, survival without notice-
able deterioration continues for at least 1
to 2 weeks. Normal cells recover fully
when cultured on glucose after 2 to 4
weeks on hexose-free medium.

After 7 days, measurements of glucose
and galactose media showed that normal
cells consumed 85 to 100 percent of the
glucose and 55 to 65 percent of the galac-
tose. The GALT cells consumed 45 to 85
percent of the glucose and only 5 to 8
percent of the galactose, which presum-
ably was utilized through alternate path-
ways (/).

The data for intracellular galactose-1-
phosphate content of normal and GALT
cells cultured with glucose (100 mg/dl) or
galactose (100 mg/dl) are presented in
Table 1. These data demonstrate that
GALT cells contain nearly twice as
much galactose-1-phosphate as normal
cells, even when galactose is absent from
the medium. Within 4 hours after galac-
tose exposure, galactose-1-phosphate in
the mutant cells increased four- to five-
fold and remained at that concentration
for about 7 days. After 12 days, when de-
terioration of the cell sheet was obvious,
galactose-1-phosphate increased five- to
tenfold. The galactose-1-phosphate con-
tent of normal cells appears to be unaf-
fected by hexose or length of exposure,
and remains relatively constant.

To minimize the potential effects of
carbohydrate starvation, we studied iso-
tope incorporation between days 4 and
6 of exposure to an experimental medi-
um (when no obvious morphological
changes were evident). In the glucose
medium, GALT cells consistently incor-
porated more [*3S]sulfate than the con-
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trols did, but much less than was incor-
porated by a Hurler cell strain. When ex-
posed to an experimental medium for 6
days prior to labeling with [33S]sulfate at
3, 6, and 24 hours, GALT cells incorpo-
rated twice as much of the isotope as did
control cells when glucose was present
(by itself or mixed with galactose), and
only half as much when exposed to a ga-
lactose medium. In contrast, control
cells incorporated slightly more [*S]-
sulfate when galactose was present (see
Fig. 1a).

Exposure to media containing glucose,
galactose, or both for 4 to 6 days and
then to [**S]sulfate for 24 hours has little
effect on control cells, whereas GALT
cells consistently incorporate much less
isotope when exposed to a galactose me-
dium (see Fig. 1b).

Decreased sulfate incorporation by
GALT cells on a galactose medium is not
an effect of carbohydrate starvation.
Control and GALT cultures exposed to a
hexose-free medium for 4 to 6 days and
to [**S]sulfate for 24 hours incorporated
amounts of isotope into the acid-in-
soluble fraction that were similar to
those incorporated by replicate cultures
on a glucose medium (see Fig. 1). Thus it
is more probable that the decreased sul-
fate incorporation by GALT cells that re-
sults from exposure to galactose is a con-
sequence of galactose toxicity.

The incorporation of [*HJuridine into
the acid-insoluble fraction did not dis-
tinguish control and GALT cells, al-
though on a galactose medium, both
kinds of cell slightly decreased their in-
corporation of [*H]uridine (see Fig. 2,
triangles). Thus the two different iso-
topes are incorporated differently in the
presence of galactose.

The isotope incorporation results are
presented in Fig. 2. These data were ob-
tained by calculating the ratio of isotope
incorporation by cells on the galactose
medium to that incorporated by the same
cells on the glucose medium and ex-
pressing this ratio as a percentage. The
Hurler cell strain incorporated excessive
amounts of [**S]sulfate on both the glu-
cose and galactose media. The GALK
cell cultures behaved like control cells,
demonstrating that the differences ob-
served for the GALT mutants are not ob-
vious when galactose cannot undergo
phosphorylation. The solid circles in Fig.
2 represent data obtained with the eth-
anol precipitation technique (routinely
used to detect excess sulfate uptake by
cultured cells deficient in hydrolytic en-
zymes, which degrade glycosaminogly-
cans). Although these values are highes
than those obtained with the TCA pre-
cipitation method (Fig. 2, open circles),
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the difference between control and
GALT cells is similar.

These data demonstrate that the ab-
sence of galactose-1-uridyltransferase
activity or the accumulation of intra-
cellular galactose-1-phosphate can pro-
duce secondary metabolic alterations in
sulfate metabolism. Furthermore, the
decreased incorporation of sulfate into
acid-insoluble macromolecules occurs at
a time when neither gross cellular mor-
phology nor another biochemical path-
way ([*H]Juridine incorporation) appears
to be affected. Although the alterations
reflected by reduced [*>S]sulfate incorpo-
ration remain to be defined in molecular
terms, such changes could be related to
the toxic mechanisms responsible for the
tissue pathology associated with classi-
cal galactosemia.

T. A. TEDESCO
K. L. MILLER
Genetics Laboratories,
Department of Pediatrics,
University of South Florida,
College of Medicine, Tampa 33612
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Meiotic Maturation in Xenopus laevis

Oocytes Initiated by Insulin

Abstract. Insulin can induce meiotic division in Xenopus laevis oocytes. This ef-
fect shows the specificity expected of a receptor-mediated mechanism. It is poten-
tiated by ethynylestradiol, a steroid antagonist of progesterone (the natural hormone
that provokes meiosis). The Xenopus laevis oocytes may serve as a model for the
study of the poorly understood effect of insulin on cell division.

Progesterone and other steroids can
induce meiotic maturation of amphibian
oocytes in vitro. They act at surface
membrane sites to trigger meiosis (/),
possibly by calcium movements or trans-
location from membrane stores, or both
(2-4). Either cholera toxin, which in-
creases adenosine 3’,5’'-monophosphate
(cyclic AMP) in oocytes, or cyclic AMP
derivatives injected into Xenopus laevis
oocytes hinders progesterone-induced
meiosis in vitro (5) by interfering with
the formation or activity of the matura-
tion promoting factor (MPF). This factor
develops after exposure of oocytes to
progesterone and, in turn, initiates ger-
minal vesicle breakdown (GVBD) and
related phenomena of oocyte maturation
(, 4, 6). It is now reported that insulin
can mimic the effect of progesterone on
oocyte maturation.

Full-grown oocytes free of follicle
cells were obtained from ovaries treated
with collagenase (6), and were incubated
at room temperature in Barth medium
containing insulin (monocomponent,
pork insulin, Novo). Groups of 50 oo-
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cytes were scored for GVBD after vari-
ous periods of incubation.

Studies with 35 nM to 7 uM insulin (5
mU/ml to 1 U/ml) showed a dose-effect
relationship with an apparent ED;, (50
percent effective dose) of 2 uM (Fig.
1A). The efficacy of the highest concen-
trations of insulin (up to 70 uM) re-
mained less pronounced than that of pro-
gesterone used at lower concentrations,
even when the oocytes were obtained
under various conditions of collagenase
treatment, or when the ovaries were dis-
sected manually (data not shown). It is
possible that the polysaccharide vitelline
membrane impaired access of insulin to
the oocyte surface or that insulin was
progressively degraded during incuba-
tion. We therefore added fractions of in-
sulin at different times of incubation,
such as at 0, 2, 4, and 6 hours, and found
the percentage of GVBD to be ~ 50 per-
cent larger than when the total dose of
hormone was introduced at time 0. This
suggested a progressive time-dependent
destruction of the hormone. The efficacy
of insulin still remained lower than that
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