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There is a marked heterogeneity in the 
carbohydrate moieties of thyroglobulin ( l), 
but the role of these carbohydrates in the 
function of thyroglobulin as a substrate for 
thyroid hormone production and storage (2, 
3) is currently unclear. One sugar of the 
thyroglobulin molecule, L-fucose, is unique 
because it is a 6-deoxy sugar found at the 
nonreducing termini of a number of oligosac- 
charide chains (4). Previous studies, which 
have shown that terminal sialyl(5) or fucosyl 
(6) groups on glycoproteins can control met- 
abolic function, suggest that the terminal fu- 
cosy1 residues of thyroglobulin may in part 
control the further utilization of this reposi- 
tory for thyroid hormones. We have begun 
an examination of the enzymes involved in 
fucose metabolism with a view to determining 
whether these enzymes exert control of thy- 
roglobulin synthesis and degradation and 
hence of thyroid hormone storage and re- 
lease. The first such enzyme is fucokinase, 
which was first studied in pig liver (7) and 
which we have detected and isolated from 
canine thyroid (8). This enzyme converts L- 
fucose to p-L-fucose 1-phosphate (7,8), a first 
step in its ultimate incorporation into thyro- 
globulin (9). In this paper, we report the 
effects of hypophysectomy and TSH admin- 
istration on fucokinase activity in rat thyroid 
tissue. 

Materials and methods. Rat fucokinase was 
assayed by the disk assay used for canine 
thyroid fucokinase in which conversion of 
[ 14C]fucose to [ 14C]fucose- 1-phosphate was 
followed by absorption of the phosphorylated 
sugar on an ion-exchange disk subsequently 
counted by liquid scintillation techniques (8). 
The assay solution contained the following 
reagents in a total volume of 0.3 ml: 6 mM 
MgS04, 5 mM ATP, 8.33 mM KF, 3.33 mM 
dithiothreitol, 90 mM morpholinopropane 
sulfonic acid (MOPS) buffer, pH 6.5, and 
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26.7 pM L-[ l-14C]fucose containing 0.5 pCi of 
radioactivity per assay volume. The enzyme 
solutions were assayed for 0-, 30-, 60- and 90- 
min periods. One unit of fucokinase activity 
is defined as the amount which is required to 
catalyze the formation of 1 nmole of L-fucose- 
1-phosphate per 20 min at 37”. 

In order to establish that concentrations of 
L-fucose and ATP-Mg were at appropriate 
levels, double-reciprocal plots ( 10) were con- 
structed for the rat enzyme. K,,, values of 4.8 
x lop3 M and 2.3 X M were obtained 
for ATP and L-fucose, respectively, under the 
conditions of the assay with crude extracts 
(18,000 g supernatant solution) of enzyme or 
with enzyme passed through a Bio-Gel P-2 
column (data not shown). 

We report the results of experiments in 
which we used the following two protocols: I. 
For studies in which the thyroid fucokinase 
levels of intact, hypophysectomized, or hy- 
pophy sect omized-TSH- t reated rats were 
compared (Table I), 66 male Sprague-Daw- 
ley rats, of which 27 were intact (Sprague- 
Dawley Co., Madison, Wis.) and 39 had been 
hypophysectomized just before shipment 
(Hormone Assay Laboratories, Chicago, Ill.), 
were maintained on water and Purina chow, 
ad libitum, in an air-conditioned windowless 
room lighted from 0800 to 2000 hr. After 
maintenance for 18 days, the rats were di- 
vided into three groups, as follows: 27 intact 
rats (“intact”) and 22 hypophysectomized 
rats (“hypophysectomized”) were given injec- 
tions (i.p.) of 0.5 mlO.9% saline at 48 and 24 
hr prior to sacrifice; the remaining 17 hypo- 
physectomized rats (“hypophysectomized- 
TSH-treated”) were given injections of 1 .O 
unit of TSH (Armour Thytropar, Armour 
Pharmaceutical Co., Phoenix, Arizona) in 
0.9% saline at 48 and 24 hr prior to sacrifice. 
11. The protocol for determining the fucoki- 
nase response to TSH in intact rats is given 
in Table 11. Rats were maintained as de- 
scribed above. 
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TABLE I. THYROID FUCOKINASE ACTIVITY I N  INTACT, HYPOPHYSECTOMIZED, A N D  HYPOPHYSECTOMIZED-TSH- 
TREATED RATS 

Rat treatment“ 

Intact 0.37 f 0.02 0.20 k 0.04 100 - loo - 

H ypophysectomized 0.21 f 0.05 0.09 f 0.03 57 <0.025 45 <0.025 
Hypophysectomized TSH treated 0.70 f 0.28 0.18 f 0.04 189 NS 90 NS 

Protocol I of materials and methods. 
For each treatment, this represents the mean f SD for three groups of rats with five or more rats/group. 

‘. Determined from Student’s t test to assess difference from activity in intact rats. NS, not significant ( P > 0.05). 

TABLE 11. FUCOKINASE RESPONSE TO TSH I N  INTACT 
RATS 

Fucokinase 
activityh ra- 

TSH 
treated‘ 

Number of rats tio intact 

Intact 
Expt TSH 
No.“ Intact treated Sex Intact 

1 6 6 F 2.2 
2 7 6 F I .5 
3 6 6 M 2.1 

In experiments 1 and 2, each rat of the “intact-TSH- 
treated” group was injected (i.p.) with 1.67 units of TSH 
in 0.9% saline at 25, 17, and 2 hr prior to sacrifice while 
each rat of the “intact” group was injected at these times 
with 0.9% saline only. In experiment 3, each rat of the 
“intact-TSH-treated” group was injected (i.p.) with 1.0 
unit TSH in 0.9% saline at 48 and 24 hr prior to sacrifice 
while each rat of the “intact” group was injected at these 
times with 0.9% saline only. 

Thyroid fucokinase activity per animal was deter- 
mined for homogenates treated with Bio-Gel P-2 (Ma- 
terials and Methods). The fucokinase activity of intact 
rats is given in Table I. 
‘ The differences between intact and TSH-treated rats 

were significant in all cases ( P < 0.025). 

All sacrifices were made between 0900 and 
1 100 hr to minimize possible effects of diurnal 
variation on fucokinase activity. The rats 
were anesthetized with sodium pentobarbital. 
The thyroid glands were removed from the 
rats while still attached to sections of the 
trachea and were immediately dropped into 
a homogenization buffer (0.02 M MOPS, 0.25 
M sucrose, 0.005 M /3-mercaptoethanol, pH 
6.9 1). Tissues and tissue preparations were 
kept at a temperature of 2” unless noted 
otherwise. After the trachea sections had been 
collected from all animals, the thyroids were 
excised and cleaned free of fat, external blood 

vessels, membranes, and parathyroids on an 
iced watch glass under an illuminated mag- 
nifier. In order to provide sufficient enzyme 
activity (8) for assay, the thyroids from five 
or more rats of a given group were combined 
prior to homogenization in an ice-cooled Pot- 
ter-Elvehjem homogenizer containing 0.4 ml 
of the homogenization buffer. Each homog- 
enate was washed into a preweighed centri- 
fuge tube so that the final volume was 1.0 ml 
(by weight). An aliquot (0.1 ml) was stored at 
-10” for later assay of DNA by a procedure, 
adapted especially for use in thyroid tissue 
(1 I), in which we used salmon sperm DNA 
as the standard. The remaining homogenate, 
0.9 ml, was centrifuged for 15 min at 18,OOO 
g,  and the supernatant solution was decanted 
and retained. The pellet was resuspended in 
0.2 ml of the homogenization buffer, and the 
suspension was centrifuged as before. The 
18,000 g supernatants were combined, 0.1 ml 
was removed for immediate fucokinase assay, 
and the remainder was transferred to the top 
of a Bio-Gel P-2 column having a 27-ml bed 
volume. The original container and the trans- 
ferring syringe were washed with 0.2 ml of 
the homogenization buffer and the wash was 
also transferred to the top of the gel column. 
The column, which had been preequilibrated 
with the homogenization buffer, was eluted 
with the same buffer, and 1-ml fractions were 
collected. After A280 nm determination, the 
fractions containing protein were combined 
and concentrated to 0.2 ml in a Minicon B- 
15 Macrosolute Concentrator (Amicon Cor- 
poration, Lexington, Mass.). The retentate 
was transferred to a preweighed glass vial. 
The ultrafilter surface was washed with small 
aliquots of homogenization buffer, and the 
washes were combined with the retentate to 



HORMONAL CONTROL OF FUCOKINASE ACTIVITY 293 

obtain a final volume of 0.45 ml (by weight). 
This enzyme preparation was later assayed 
for fucokinase activity. The rat thyroid fuco- 
kinase preparations were made on a stand- 
ardized time schedule (min) such that each 
step was begun as follows: anesthetic injec- 
tion, 0; trachea removal, 20; thyroid excision, 
35; thyroid cleaning, 60; homogenization, 
120; 18,000 g centrifugation, 150; assay of 
fucokinase in 18,000 g supernatant solution, 
210; Bio-Gel P-2 gel filtration, 220; Minicon 
B- 15 concentration, 250; assay of fucokinase 
in Minicon retentate, 450. 

Results. It is essential in a comparison of 
enzyme activities between tissues from differ- 
ent animals that any potential effector sub- 
stances that might modify enzyme activity be 
removed. Both positive and negative effectors 
of fucokinase activity have been identified 
among the nucleotides and nucleotide deriv- 
atives normally present in crude tissue ex- 
tracts ( 12). Consequently it was not surprising 
that 18,000 g supernatant extracts of thyroid 
tissue showed a nonlinear response when as- 
sayed for fucokinase activity as a function of 
enzyme concentration (Fig. 1). It was neces- 
sary, therefore, to remove these or other ef- 
fectors from the extracts in a rapid and con- 
sistent manner so that comparisons between 
tissue samples could still be drawn. This was 
accomplished by a molecular sieving proce- 
dure with a Bio-Gel P-2 column followed by 

50 t 

Ag DNA/ml ASSAY SOLUTION 

FIG. 1 .  Demonstration that the removal of small 
molecules from rat thyroid extracts provides a fucokinase 
preparation whose expressed activity (here as pmole of 
fucose- I-phosphate formed in 20 min) is a linear function 
of the quantity of extract used in the assay. (0) 18,000 g 
supernatant; (a) preparation treated with Bio-Gel P-2. 

solution concentration with an Amicon mem- 
brane concentrator (Materials and Methods). 
The result of this approach is seen in Fig. 1, 
where a linear response was observed with P- 
2-treated extracts when fucokinase activity 
was plotted as a function of enzyme concen- 
t ration. 

With these procedures, hypophysectomy 
appreciably reduced thyroid fucokinase ac- 
tivity whether the enzyme was measured di- 
rectly in 18,000 g extracts or in preparations 
treated with Bio-Gel P-2 (Table I). Fucoki- 
nase levels appeared to be approximately 45- 
55% lower after removal of the hypophysis. 
Treatment of hypophysectomized animals 
with TSH restored thyroid fucokinase activity 
essentially to normal (Table I). In intact ani- 
mals, treatment with TSH increased thyroid 
fucokinase activity significantly (Table 11). 

Discussion. These studies provide strong 
evidence that rat thyroid fucokinase is under 
hormonal control. The 45-55% decrease of 
thyroid fucokinase activity in hypophysecto- 
mized rats suggests that TSH may be respon- 
sible for maintaining appropriate fucokinase 
levels in the thyroid. The restoration of thy- 
roid fucokinase activity under TSH replace- 
ment therapy in hypophysectomized rats and 
the response of thyroid fucokinase to TSH in 
intact rats pinpoint TSH as the responsible 
hormone. Our results parallel those of Pav- 
lovic-Hournac et al. (13, 14), who observed 
that the absolute rate of thyroglobulin syn- 
thesis, but not of general thyroid protein syn- 
thesis, decreased by 50-60% after hypophy- 
sectomy and was restored by TSH to a nearly 
normal rate. Thus there is a marked correla- 
tion between changes in thyroid fucokinase 
activity and changes in thyroglobulin synthe- 
sis. This observation supports the hypothesis 
that TSH can modulate thyroglobulin syn- 
thesis by regulating the level of enzymes lead- 
ing to its synthesis. 

Only two pathways for the biosynthesis of 
GDP-fucose, the immediate precursor to the 
formation of fucosylated glycoproteins ( 15), 
have been described for mammalian tissues: 
a. GDP-D-mannose --+ GDP-4-keto-6-deoxy- 
D-mannose --+ GDP-L-fucose (16); b. L-fu- 
cose -+ P-L-fucose 1-phosphate + GDP-L- 
fucose (7, 17). Of the enzymes that catalyze 
these reactions, the only one detected and 
studied in thyroid tissue thus far is fucokinase 
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(8). It is probable that fucokinase exists in 
thyroid tissues in all species, where it serves 
to convert cellular fucose to fucose l-phos- 
phate. This cellular fucose might originate 
from exogenous sources (diet, activity of in- 
testinal flora, release from other body tissues) 
or from the action of a fucosidase (18) on 
thyroid glycoproteins such as thyroglobulin, 
which contains from 13 to 26 fucose residues 
per molecule in all of the eight species ex- 
amined (19, 20). Thus one role for thyroid 
fucokinase would be to act as a salvage en- 
zyme for fucose endogenous to the thyroid. 
A system for the de now synthesis of GDP- 
fucose, as found in some tissues (16), has not 
yet been detected in thyroid tissue, but work 
is under way to determine whether such a 
system is present and whether it contains 
responsive enzymatic steps. 

Summary. The purpose of the present in- 
vestigation was to determine whether rat thy- 
roid fucokinase is responsive to hypophysec- 
tomy and to administration of thyroid stim- 
ulating hormone (TSH). Prior to measure- 
ments of fucokinase activity in thyroid ex- 
tracts, any potential low-molecular-weight ef- 
fectors were removed from the extracts by a 
molecular sieving procedure. With this pro- 
cedure, thyroid fucokinase activity in hypo- 
physectomized rats was found to be 55% 
lower than in intact rats. Injections (i.p.) of 
TSH into the hypophysectomized rats, how- 
ever, restored the activity lost upon hypophy- 
sectomy to levels that were not significantly 
different from those of intact animals. Also, 
when intact rats were given injections (i.p.) of 
TSH, thyroid fucokinase activity was ele- 
vated significantly above that found in intact 
animals given injections of carrier only. 
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