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Figure 3. Proposed average carbohydrate structure for secreted mouse TSH.

figure and beyond the scope of this
discussion. The a subunit is glyco­
sylated on asparagine residues 56
and 82, while the 13 subunit is glyco­
sylated at asparagine 23. The aver­
age TSH-13 subunit oligosaccharide
moiety contains more fucose, sulfate
and sialic acid than does its counter­
part on TSH-a. The oligosaccharide
moiety on free a contains, on aver­
age, more fucose and sialic acid but
less sulfate compared to TSH-a.ln
addition, there is a carbohydrate resi­
due O-linked to threonine 43 on free
a but not on TSH-a. As noted previ­
ously, these proposed structures are
derived from experiments in a hypo­
thyroid model and may differ in the
euthyroid and other physiologic
states. Similarly, these structures for
secreted mouse TSH may differ from
the average structures of intrapitui­
tary mouse TSH. Finally, both se­
creted and intrapituitary structures
may vary among species. For exam­
ple, there is known to be more sialic
acid in human as compared to bovine
TSH purified from normal pituitaries.!

Effect of TSH·Carbohydrate
on Biosynthesis, Secretion

and Action
The carbohydrate of TSH appears

to play multiple roles in hormone as­
sembly, secretion and action (Table
2). These conclusions have been
reached by observing the effects of
inhibition of subunit glycosylation or
carbohydrate processing during bio­
synthesis, the effects of chemical de­
glycosylation of TSH on bioactivity
and metabolic clearance, as well as
the bioactivity and clearance of natu­
rally occurring TSH forms differing
in carbohydrate content:

The precursor high-mannose car­
bohydrate moiety of TSH has been
shown to perform multiple functions,
including permitting a-13 subunit
combination and minimizing intra­
cellular proteolysis and subunit ag­
gregation. l1

.l" This was shown by
experiments with tunicamycin, an
inhibitor of glycosylation, which re­
sulted in the appearance of subunits

that incorporated ['l'S]methionine but
not ["H]glucosamine and had molecu­
lar weights corresponding to those
of the a and 13 apoproteins, respec­
tively. The nonglycosylated subunits
produced by tunicamycin treatment
showed a high degree of aggregation,
especially after heating at 37°C under
nonreducing conditions. Nonglyco­
sylated subunits were 50 to 65%
degraded intracellularly before
secretion, quite distinct from nor­
mally glycosylated subunits, which
show negligible degradation. These
data suggest that the initial gly­
cosylation with high-mannose
carbohydrate units prevents intra­
cellular aggregation, decreases
degradation and enhances attain­
ment of specific conformations
necessary for TSH-a and TSH-13
combination. Recently we have
employed the antibiotic, deoxy­
nojirimycin, which inhibits the
processing of the precursor high­
mannose sugar chains to the final
mature (complex) chains at a very
early step."" This agent did not inhibit
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Table 2: Roles of Carbohydrate in
TSH Synthesis and Action*

1. High-Mannose Precursor
Carbohydrate
A. Induction of conformation neces­

sary for a-f3 subunit combination
B. Protection from intracellular pro­

teolysis and aggregation
2. Complex Final Carbohydrate

A. Secretion rate
B. Intrinsic biologic activity
C. Metabolic clearance rate

'Modified from Weintraub et al4

a and 13 subunit combination but did
inhibit TSH secretion, implying that
maturation of sugar chains is related
to intracellular TSH transport.

The final processed or complex
structure of secreted TSH carbohy­
drate appears to be important in
determining the intrinsic biologic
activity and the metabolic clearance
rate ofthe secreted, circulating hor­
mone. Various forms ofTSH from
different intrapituitary or secreted
sources were fractionated by gel
chromatography and found to have
components with widely different bi­
ologic-to-immunologic (B/I) ratios.:!'
To determine whether these forms of
TSH with competing agonisticlantag­
onistic properties differed in their
carbohydrate structure, affinity chro­
matography on concanavalin A,
wheat germ agglutinin and soybean
agglutinin was employed. The appar­
ent lower-molecular-weight form of
TSH with lower B/I contained de­
creased amounts of N-acetYlgalacto­
samine, or outer galactose or both
compared to the higher-molecular­
weight formes) with higher bioac­
tivity. These data suggest that the
complex carbohydrate moiety of
TSH may modulate its bioactivity
and that natural antagonists exist
within the heterogeneous TSH mole­
cules that are secreted by pituitary
or thyrotropic tumor tissue. Recently
we:!4 and others:!G.:!6 have demon­
strated that after deglycosylation
with anhydrous hydrogen fluoride,

TSH demonstrates markedly reduced
bioactivity despite normal or in­
creased receptor binding properties,
and also acts as a competitive antag­
onist to normally glycosylated TSH.
Moreover, after intravenous injection
into normal rats, the deglycosylated
hormone had a more rapid metabolic
clearance rate than the native hor­
mone." Various naturally occurring
forms of intrapituitary and secreted
TSH derived from different physio­
logic states also show differences in
their metabolic clearance rates, pre­
sumably on the basis of differences
in carbohydrate structure.:!7

Regulation. of TSH
Bio~thems, G~co~lation.

and Secretion.
In view of the complexity of TSH

assembly and transport, there are
many potential points for regulation
of its biosynthesis, glycosylation and
secretion (Table 3). Ofthese the best
documented are the regulation of
TSH subunit transcription,""l and car­
bohydrate addition'" by thyroid hor­
mone, as well as the regUlation of
TSH secretion by thyrotropin-releas­
ing hormone (TRH) and other hy­
pothalamic factors.' Moreover, we
have recently observed that TRH also
changes the carbohydrate processing
and the average final carbohydrate
structure of secreted TSH.lH"'l:!.J) The
specific molecular mechanisms by
which these regulatory actions are
achieved are largely unknown.

We have shown that thyroid hor­
mone deficiency caused increases in
both TSH apoprotein and carbohy­
drate biosynthesis in cultured rat
pituitaries.'" In hypothyroid pitui­
taries plus media, (I'C]alanine incor­
poration in combined and free 13
subunits was 26 times normal and
considerably greater than the 3A-fold
increase seen in total protein; com­
bined and free a showed no specific
increase in apoprotein synthesis.

Other groups have recently dem­
onstrated that the effects of thyroid

Table 3: Potential Points of TSH
Regulation in the Thyrotroph

1. Subunit gene transcription
2. Subunit pre-messenger RNA

processing

3. Subunit pre-messenger or mes­
senger RNA stability

4. Subunit messenger RNA translation
5. Subunit high-mannose carbohydrate

addition

6. Subunit combination
7. TSH and subunit carbohydrate

processing

8. TSH and subunit stability
9. TSH and subunit secretion

hormone deficiency on TSH bio­
synthesis are mediated by increased
levels of a and 13 subunit messenger
RNA.:!"2" After administration ofthy­
roid hormone to hypothyroid ani­
mals, TSH subunit messenger RNA
levels decreased within hours, with
the effects on 13 being more rapid and
greater than those on a. Direct inhi­
bition of a and 13 subunit gene tran­
scription by thyroid hormone
administration has also been re­
cently demonstrated;lll.Jl

The effect of TRH on TSH bio­
synthesis has been studied in both in
vivo and in vitro models. TRH admin­
istered in vivo does not appear to
have a major effect on TSH biosyn­
thesis. Neither we:" nor others" have
observed significant changes in pitui­
tary a or 13 messenger RNA levels
after in vivo TRH administration to
normal" or hypothyroid animals",'4 or
to those in which the pituitary was
transplanted to the kidney, produc­
ing a state of hypothalamic hormone
deficiency." Under certain condi­
tions, however, it has been possible
to demonstrate that TRH admin­
istered in vitro to pituitary cells from
normal or hypothyroid rats":)G or
from dispersed thyrotropic tumor
cells JG ,16 causes small but consistent
increases in TSH biosynthesis. Sim­
ilarly, it has been shown recently that
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TSH gene transcription and messen­
ger RNA levels can be increased by
TRH administration to dispersed pi­
tuitary cells from hypothyroid rats:l7

Nonetheless, while TRH may modu­
late TSH biosynthesis, this effect ap­
pears to be less important physiolog­
ically than that exerted by thyroid
hormones.

The best documented and most
significant effects of TRH appear to
be on TSH secretion and carbohy­
drate processing. Early biosynthetic
studies suggested that TRH, in addi­
tion to promoting secretion of TSH,
increased relative [H]glucosamine
incorporation into TSH in whole lH

and dispersed m rat pituitaries. Using
subunit-specific analytic methods
and electrophoresis of TSH on SDS­
polyacrylamide gels, we have shown
that normal rat pituitaries stimulated
with TRH for 24 hours in vitro dem­
onstrate a threefold stimulation of
labeled glucosamine incorporation
into secreted TSH." The increased
relative ['H]glucosamine incorpora­
tion in the presence of TRH was ob­
served equally in TSH-ex and TSH-~,

suggesting parallel alterations in
their glycosylation.

In vivo administration ofTRH into
newly thyroidectomized rats resulted
in a specific increase in certain high­
mannose species of intracellular
TSH that also contained one residue
of glucose."' This was noted in TSH
dimer and free ~ subunits but not in
free ex subunits and may be due to a
TRH effect on the kinetics of car­
bohydrate processing, as discussed
earlier. Alternatively, TRH may stim­
ulate addition of glucose residues
post-translationally during high­
mannose processing.

To explore the structural basis for
the apparent increase in TSH incor­
poration of sugar precursors in the
presence ofTRH, hypothyroid mouse
pituitaries were incubated with the
sugar [3H]mannose with or without
10 7 M TRH for 18 hours?) Secreted
TSH dimer was precipitated by anti­
TSH-13 antisera, digested with Pro­
nase, and the TSH glycopeptides thus
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generated were chromatographed
on concanavalin A-agarose (con A).
Glycopeptides eluted in three gen­
eral classes on con A, depending on
specific sugar structures: unbound
glycopeptides consisting of multian­
tennary complex structures; weakly
bound glycopeptides corresponding
to biantennary complex structures;
and strongly bound glycopeptides
corresponding to high-mannose or
hybrid carbohydrate structures (see
Figure 1).

Analysis of both intracellular and
secreted TSH glycopeptides revealed
a 2.5-fold increase by TRH in one spe­
cific class-secreted glycopeptides
that were weakly bound to con A.
No change was noted in any intra­
cellular glycopeptide class or in the
other two secreted glycopeptide
classes. These data suggest that TRH
affects the final structure of secreted
TSH carbohydrate, although it is not
known if this is due to activation or
inhibition of specific carbohydrate
processing enzymes or to stimulation
of specialized routes of secretion
that result in altered glycosylation.
Moreover, we have recently observed
that in vitro TRH administration to
normal and hypothyroid rat pitu­
itaries selectively increases the
bioactivity of secreted TSH as mea­
sured by adenylate cyclase stim­
ulating activity in thyroid
membranes.")

Clinical Disorders Associated
with Abnormal TSH

Biosynthesis or Regulation
A number of patients have been re­

ported with abnormalities of TSH (or
its free subunits) biosynthesis, regu­
lation or action (Table 4). However,
the molecular basis for these disor­
ders is poorly understood. Interest­
ingly, only two kindreds have been
described, both Japanese, with a syn­
drome of isolated familial TSH defi­
ciency:'''" Thus, abnormalities of
human TSH-13 subunit gene structure

or expression appear to be quite rare.
Similarly, there are no known famil­
ial syndromes of both TSH and gona­
dotropin deficiency or structure,
which should result from abnormali­
ties of the gene for the common
ex subunit of these hormones.

Increased production of the com­
mon ex subunit of TSH and gonado­
tropins has been observed in patients
with TSH-producing4:J or gonadotro­
pin-producing44 pituitary tumors. The
excess ex production from such tu­
mors has been of value in differen­
tiating patients with neoplastic from
non-neoplastic causes of TSH-in­
duced hyperthyroidism or of hy­
pogonadism:' In addition, we have
demonstrated isolated production of
ex subunit, without concomitant pro­
duction of TSH or gonadotropins, by
certain pituitary adenomas46 as well
as certain other malignant tumors.47

Elevated concentrations of an un­
usual high-molecular-weight TSH-13
subunit have been described in two
patients, one with an enlarged thy­
roid and one with an enlarged pi­
tuitary:" The TSH-13 in both cases
had a molecular weight of 160,000 to
200,000, displayed immunologic
properties different from standard
TSH-13 and was unresponsive to TRH.
Although this unusual form of TSH-13
has been partially characterized, its
significance remains unknown. More
recently, increased concentrations of
normal TSH-13 have been described
in patients with central hypothyroid­
ism:" Such increases might result
from abnormal subunit combination
secondary to aberrant glycosylation
(see below).

We have also described unusual
forms of human TSH with decreased
bioactivity. One apparently normal
subject was found to have a high-mo­
lecular-weight form ofTSH with nor­
mal receptor-binding properties but
decreased bioactivity:50 Such forms
may result from aggregated or pro­
tein-bound TSH caused by abnor­
malities of glycosylation, similar to
those noted after tunicamycin treat­
ment (see above).



Table 4: Clinical Disorders Associated with
Abnormal TSH Synthesis or Regulation

1. Abnormalities of TSH or Subunit Synthesis
A. Central hypothyroidism without TRH response ("pituitary")

(1) TSH deficiency (isolated or multihormonal)
a. Congenital (familial or sporadic)
b. Acquired

B. Increased production of a subunit
(1) TSH or gonadotropin-producing pituitary tumors
(2) Other pituitary tumors
(3) Nonpituitary malignant tumors

C. Increased production of TSH-f3 subunit
(1) High molecular weight (pituitary or thyroid disease)
(2) Normal molecular weight (central hypothyroidism)

D. Abnormal TSH bioactivity
(1) Decreased TSH bioactivity

a. High molecular weight (euthyroid patient)
b. Normal molecular weight (central hypothyroidism)

(2) Increased TSH bioactivity
a. TSH-producing pituitary tumors

2. Abnormalities of TSH Regulation
A. Increased ("inappropriate") TSH secretion, despite high thyroid

hormone levels
(1) TSH-producing pituitary tumors
(2) Generalized resistance to the action of thyroid hormone
(3) Selective pituitary resistance to the action of thyroid hormone

B. Decreased TSH secretion, despite low thyroid hormone levels
(1) Central hypothyroidism with TRH response ("hypothalamic"), isolated

or multihormonal
a. Congenital
b. Acquired

Early studies had suggested that
certain cases of idiopathic central
hypothyroidism might result from
the secretion of biologically inactive
TSH.5

1 To investigate this possibility
and to define the mechanism of
defective hormone action, we
measured the adenylate cyclase­
stimulating bioactivity (B) and
receptor-binding (R) activity of
immunoreactive (I) TSH, which was
affinity purified from the serum of
seven selected patients with central
hypothyroidism.52 These patients
(five idiopathic, two tumor) dis­
played normal or increased levels of
immunoactive TSH that was highly
responsive to TRH (see below). We
found a strikingly decreased R/I ratio
(<0.15) in patients compared to con­
trols (0.6-2.7), and a similarly de-

creased B/I ratio «0.2 vs 2.8-5.6).
After acute TRH injection (200 ILg
IV), the R/I ratio increased in two of
three patients while the B/I nor­
malized in only one patient. After
chronic TRH administration (40 mg/
day orally for 20 days), both ratios
normalized in all but one patient,
who showed apparent desensitiza­
tion. The increased bioactivity of the
secreted TSH after chronic TRH
therapy resulted in increased secre­
tion of serum thyroid hormones in all
patients studied, with restoration of
clinical euthyroidism.

We conclude that, in certain cases
of central hypothyroidism, the se­
creted TSH lacks biologic activity
because of impaired binding to its re­
ceptor; TRH treatment can correct
both TSH defects. These data imply

that TRH regulates not only TSH se­
cretion, but also its specific molec­
ular and conformational features
required for hormone action. In view
of the results presented above show­
ing that TRH causes a selective
change in TSH glycosylation;32,33 it
seems likely that these conforma­
tional changes result from altera­
tions in carbohydrate structure.
However, other alterations in apo­
protein structure or unknown post­
translational modifications cannot be
excluded.

We have also observed TSH with
increased bioactivity in certain pa­
tients with TSH-producing pituitary
tumors."3 This observation explains
the fact that many such tumors cause
extreme thyroidal hyperfunction de­
spite immunoactive TSH concentra­
tions in the normal or minimally
elevated range.

In addition to qualitative abnor­
malities in TSH or subunit synthesis,
there are a variety of clinical syn­
dromes associated with quantitative
abnormalities of TSH regulation. In­
appropriate secretion of TSH despite
elevated concentrations of total and
free thyroid hormones has been de­
scribed in patients with TSH-secret­
ing pituitary tumors, generalized
target organ resistance to the action
of thyroid hormone and selective
pituitary resistance!5 Decreased TSH
secretion has been observed in cen­
tral forms of hypothyroidism either
unresponsive or responsive to ex­
ogenous TRH (see review by Dr. M.
D. Jackson, Thyroid Today, Vol. VI,
No.6, 1983). The unresponsive vari­
ants have been termed "pituitary"
hypothyroidism and the responsive
variants "hypothalamic" hypothy­
roidism, although these designa­
tions do not always correlate with
the anatomic site of the lesions. As
described above, many patients (at
least 30 to 40%) with central hypothy­
roidism of the TRH-responsive type
actually display normal or slightly
elevated concentrations of immu­
noreactive TSH with decreased
bioactivity.5~
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Glossary of Terms
Complex oligosaccharides: late aspara­
gine-linked carbohydrate structures
that have undergone processing
(Figure I).

Concanavalin A: a glycoprotein and
lectin, isolated from the jack bean,
that is able to bind other glycopro­
teins and oligosaccharides if specific
sugar structures are present.

Cotranslational: an event occurring at
the time of the translation of messen­
ger RNA into protein such as cleavage
of the signal peptide and addition of
high-mannose oligosaccharides.

Dolichol-phosphate: a lipid-soluble
molecule, consisting of multiple, re­
peating isoprene units, that serves
as the donor for the common oligo­
saccharide (glucose)3-(mannose)g-
(N-acetylglucosamine)2 to eligible
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