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PREFACE

This volume presents the proceedings of a symposium
on the "Control of the thyroid gland; regulation of its
normal function and growth," held at the National Insti-
tutes of Health, Bethesda, Maryland on March 20 and 21,
1989.

Our motivation for the organization of this symposium
was the fast development in recent years of our understan-
ding of the regulation of the thyroid - and the progress
in the field of cell regulation in general - which have
led to profound modifications of our view of the control
of the thyroid. Not so many years ago the thyroid was
thought to be controlled by one regulator, the pituitary
TSH, which with cyclic AMP in the role of second messen-
ger was considered to express or regulate most or all
processes in the gland. In the last several years it has
been well documented that hormones other than TSH and
various growth factors are involved in thyroid growth con-
trol and it has been increasingly clear that several hor-
mones and neurogenic agents are obligate participants in
the regulation of thyroid function. In addition, not only
new agonists acting on the thyroid have been revealed, but
new transducer and second messenger systems have been
discovered. In particular the interest has been - and is -
focused on the signals emanating from the hydrolysis of
the inositol ghospholipids, comprising the inositol tris-
phosphate/Ca2 pathway and the diacylglycerol/protein
kinase C pathway. Since these new signal systems must be
coordinated with the "old" systems, the regulatory network
has become very complex. Parallel with the development of
these new areas in the field of thyroid regulation our
understanding of the TSH system has been modified and es-
sentially improved with respect to the pituitary - thyroid
interrelation, the structure and function of TSH and the
structure and function of the TSH receptor.
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The proceedings deal with almost all aspects of
thyroid regulation and summarizes the current state of
our understanding of this biologically and clinically
important issue. We think that this volume will be a
valuable source of information not only to thyroid-
ologists and endocrinologists in general, but also to
researchers in other fields who are interested in cell
regulation.

The Editors
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THE THYROID AS A MODEL ENDOCRINE SYSTEM

Jacob Robbins

National Institutes of Health, Bethesda, Maryland 20892

The focus of this conference is on the regulation of growth and
differentiated function of the thyroid gland. Our expectation is that
the information and the insight that will be developed can serve as a
model for other endocrine organs and, even more broadly, might
contribute to an wunderstanding. of the growth and function of any
specialized group of cells in a multi-cellular organism. In the
vernacular of our time, we speak of communication between cells by
chemical means. We know that this form of communication occurs at all
levels of the plant and animal kingdoms, from sex factors exchanged
between single yeast cells, to pheromones exchanged between insects,
and on to endocrine organs of higher animals whose chemical signals
are called hormones, and are transported to distant targets through a
circulatory system.

The boundary that separates endocrine signals from other types of
chemical communication is certainly arbitrary and constantly open to
redefinition. Classical endocrine systems, however, are of two
general types. The first are those that consist of a group of cells
that send and receive signals without the interposition of another
regulatory organ. Examples are the parathyroids and the pancreatic

islets whose secretory products are polypeptide hormones. A
subcategory consists of endocrine organs closely allied to the nervous
system. They include the posterior pituitary, which is composed of

neurons that secrete the neuropeptides, oxytocin and vasopressin, and
the chromaffin cells of the adrenal medulla that secrete epinephrine

and norepinephrine. The latter are analogous to sympathetic
post-ganglionic cells and have their embryonic origin in the neural
crest. Also derived from the neural crest are the thyroid

parafollicular cells, whose secretory product is calcitonin. Although

1



2 J. ROBBINS

the thyroid could thus serve as a model neuroendocrine organ, this
will not be our concern in this symposium.

The second type of endocrine system, to which the thyroid
follicular cells belong, does have an interposed regulatory organ.
Besides the thyroid, these include the ovary, the testis and the
adrenal cortex and they have a number of features in common. First,
they are all wunder the control of hormones secreted by the anterior
pituitary gland, that are themselves regulated by neuropeptide
hormones derived from the central nervous system. Second, the thyroid
stimulating hormone and the gonadotropins (but not ACTH) are
glycoproteins with extensive sequence homology. Third, the hormones
that these glands secrete have relatively slow actions on growth and
development, actions that are mediated through effects on protein
synthesis. All of these hormones are small molecules - either
steroids or, uniquely in the case of the thyroid, amino acids. Their
effects on the cell nucleus are achieved through an homologous set of
DNA-binding receptor proteins that are the products of genes related
to the erb-A protooncogene.

The evolutionary implications of these homologies are still a
mystery and extend beyond these particular endocrine systems. Thus,
the pituitary gonadotropic hormones are also related to the chorionic
gonadotropin of the placenta. All of the glycoprotein hormones,
including TSH, are dimeric molecules that share an identical a subunit
but have distinct B subunits that account for their individuality. It
has been suggested that this protein family arose by gene duplication
of a primitive o chain with subsequent duplications and sequence
divergence of the B-chains during vertebrate evolution.

The extensive erb-A related protein family includes, in addition
to the receptors for all the steroid hormones and the thyroid hormone,
the receptors for vitamin D and retinoic acid as well. These receptor
molecules share a common DNA-binding region but diverge in their
hormone-binding domains. Clearly they must have a common origin. The
mystery of these kinds of relationships is certainly not unique to
endocrinology and continues to deepen as the lexicon of protein and
gene sequences expands geometrically. It motivates us to search for
analogies in previously unrecognized relationships and is certain to
lead to new insight that might not otherwise have reached a conscious
level. Hopefully this symposium will provide us with some flashes of
recognition.

The complexity of the thyroid system ensures that the subjects to
be discussed will be wide ranging. Although we are not concerned here
with the action of thyroid hormone at its distant targets, the
negative feedback at the pituitary is an important aspect of thyroid
regulation. Is the mechanism of thyroid hormone action on the
pituitary thyrotrophs analogous to its action in the periphery? There
are reasons to believe that multiple mechanisms for thyroid hormone
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action might exist and hopefully this aspect will be explored. An
interesting aspect of the negative feed-back by thyroid hormone is
that it is accomplished not by the hormone that is secreted (mainly
thyroxine) but by a metabolite (triiodothyronine) that is produced
within the pituitary cell. 1In this respect, although differing in
particulars, the thyroid resembles at 1least one other endocrine
system: testosterone must first be converted in its target cell to
dihydrotestosterone in order to exert its action. And like vitamin D,
which undergoes processing (i.e., hydroxylations) in organs other than
where it originates (i.e., in the liver and kidney) deiodination of
thyroxine also takes place in these tissues, and triiodothyronine
returns to the circulation for delivery to the target organs.

At the pituitary 1level we are also concerned with the complex
interplay of the negative feedback by thyroid hormone, the positive
influence of the hypothalamus mediated through TRH, and still other
neuropeptide modulators. The striking contrast between the relatively
steady stimulation of the thyroid gland and the more highly
oscillatory control of the ovary and testis by GnRH and the
gonadotropins, and of the adrenal by CRH and corticotropin, presumably
is related to the role of the thyroid in maintaining the status quo.

This brings us to a consideration of how TSH regulates the growth
and function of the thyroid gland. Here the thyroid can serve as a
good model for the action of glycoprotein and other polypeptide
hormones since the patterns of plasma membrane receptors and signal
transduction mechanisms have much in common. But again, we should
loock not only for commonality but for differences that might extend
our understanding of biological controls. Even in the case of TSH
itself, the relatively rapid action 1leading to thyroid hormone
secretion needs to be distinguished from the slow action that results
in thyroid cell growth. Do these different actions stem from the same
receptor? If so, are there different signaling mechanisms or
different responses to the same signal in different intracellular
loci?

In our concern for analogies between the thyroid and other
endocrine systems we must not lose sight of the ways in which the
thyroid gland is unique and thus may be a model only for itself.
Indeed, it is this specialization that makes the thyroid gland an
essential component of the vertebrate organism. A central feature of
this gland is its requirement for the trace dietary element, iodine.
This raises a new set of mysteries in evolution which still await a
solution. Jodine incorporation into proteins of algae and lower
marine animals such as sponges is widespread, but no function for this
is known. Somewhat later in evolution, thyroxine and triiodothyronine
made their appearance but their wutilization as hormones evolved
gradually. In tunicates they have no known biological role. 1In
amphibia they are essential for metamorphosis, but are apparently not
required for early fetal development in man. In teleosts, their
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function in migratory behavior is quite different from that in higher
vertebrates where they assumed key roles in growth and development of
the young animal, in energy metabolism, and in a variety of other
metabolic processes. In these animal species, including the human,
homeostatic mechanisms developed to ensure the steady availability of
thyroid hormone to the organism. These mechanisms include a trapping
system for iodide by the thyroid cell, a protein (thyroglobulin) that
can efficiently form thyroid hormone at low iodine levels, a unique
storage system in which the hormone in protein linkage is secreted
into 1lacunae for later utilization, and a hormone secretion mechanism
that begins with the ingestion of the stored thyroglobulin by the same
cells in which it had been formed. In addition to the pituitary
feedback system that we have already discussed, the thyroid cell
developed an important autoregulatory mechanism that depends on
iodine, and this also will be a subject for this symposium.

Thus we look forward to an 1illuminating program in which
knowledge about one endocrine system, the thyroid gland, will be
integrated into the general state of our wunderstanding of how
specialized organs are regulated in their growth, development and
function.



WHAT CONTROLS THYROID GROWTH -- THAT IS, THYROID SIZE?

LesTie J. DeGroot

Thyroid Study Unijt
The University of Chicago
5841 South Maryland Avenue
Chicago, IL 60637

INTRODUCTION

As an introduction to this conference, a physiologically
oriented summary of factors controling thyroid size may be of
interest, before analysis of factors controling growth at the
molecular level. I have conceived of this as a series of levels
of controls layered one on top of the other, in what might be
called the cortex-hypothalamus-pituitary-thyroid-peripheral tissue
axis.

1. Surely the first level of control is the intrinsic capa-
city of the thyroid gland to produce hormone, a function of the
number of cells multiplied by their hormone production rate.
Genetically determined functional differences in thyroid peroxidase
thyroglobulin, and no doubt many other proteins, must set the base-
line synthetic capacity of the "naive" thyroid gland.

2. The next important and independent factor is the "set-
point" of the pituitary thyrotroph. The pituitary and the thyroid
develop together during ontogeny, and the pituitary clearly con-
trols thyroid gland function through a hormonal feedback relation-
ship. But the question which intrigues me, and for which I have
no immediate answer, is: What determines the pituitary "set-point"?
The amount of hormone that the thyroid gland produces, if possible,
is the amount required to keep the pituitary equilibrated at its
"set point". Why do we function with an FTI of 8 and TSH of 1.6
pU/ml, rather than an FTI of 28? Perhaps this set point represents
some evolutionary compromise between the level of metabolic acti-
vity convenient for a certain size animal, and the food supply

5
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required to maintain the animal's mass. It is to some extent an
inverse function of size. Perhaps the set-point is related to
thermal adjustment in a generally temperate climate. Although we
can describe the phenomenon, we do not know the reason for the
particular TSH-FTI set-point.

3. The next important element in this system must be iodide
supply, since thyroid size definitely varies inversely in propor-
tion to the dietary iodide available for trapping and biosynthesis
of thyroid hormone. 1

4. The pituitary-TSH-thyroid-T4-T3 feedback system is the
major level of control. We would immediately agree that feedback
control is regulated through intrapituitary cell conversion of Ty
to T3, hormone occupancy of nuclear receptors, and binding of thy-
roid hormone receptors to response elements in the alpha and beta
TSH subunit genes.Z2>3 1In the absence of the pituitary, thyroid
growth and function are very restricted. However, feedback control,
in a broad sense, must include a variety of factors that we rarely
worry much about. For example, the T4 available to control the
pituitary must depend upon T4 fractional loss in the gut, T4 degra-
dation in tissues throughout the body, efficiency of intrapituitary
conversion to T3, and function of the T3 receptors inside the pitu-
itary cell, including down-regulation of TRH receptors. Likewise,
the efficiency of TSH stimulation of the thyroid will depend upon
a host of factors, many of which will be discussed in this meeting,
affecting the thyroid after TSH binds to its membrane receptors.

5. Hypothalamic control is added to the pituitary-thyroid
system via TRH. Again there appears to be an "intrinsic" set-
point for TRH secretion, and we know nothing about the how or why
of this. Tg and T3 may feed back upon the hypothalamus to suppress
TRH formation.4 1In addition to the positive stimulus to TSH syn-
thesis and secretion by TRH,2 negative regulation occurs through
hypothalamic production of dopamine6 and somatostatin.” It is
not clear that these factors are controlled in any feedback re-
lationship to thyroid hormone supply. Somatostatin is presumably
regulated in a feedback loop with growth hormone and its metabolic
effectors.

6. Short loop feedback control systems also are thought to
exist. For example, TSH may feed back directly on the hypothalamus
and regulate TRH production, in the kind of "short-loop" shown for
gonadotropins.9 T4 probably does feed back directly on the thyroid.
Some biochemical evidence supports this hypothesis, and thyroid
hormone receptors are abundant in thyroid tissue.lé This may involve
autocrine, paracrine, or endocrine loops, and we do not know for
certain whether the signals are positive or negative.
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7. Neural control is the next level in this progressive
sophistication of systems. A variety of "neural" factors impinge
to some extent upon thyroid function. Often the evidence for this
is best found in animal experiments. Cold stress activates the
thyroid.l1 Psychiatric stress may activate the thyroid.12 High
altitude causes stimulation of human thyroid function.13 Stress
may, by neurall4 or adrenal 1oops,15 activate the thyroid. Thyroid
function diminishes with age.l® Is this a neural, hypothalamic, or
pituitary change? An independent circadian rhythm of TSH supply,
and thus thyroid activity, is superimposed on other controls through
neural mechanisms.

8. The adrenal cortex, through the circadian variation in
cortisol secretion may play a role in controling thyroid circadian
rhythm, although this is unproven. Excessive adrenal steroids
clearly suppress the ability of TRH to stimulate the pituitary, and
may directly suppress TRH secretion.18,19

9. Secretory products of the adrenal medulla have not been
shown in man to have a significant direct influence on thyroid
function, although sympathomimetic _agonists can directly cause hor-
mone secretion in animal thyroids.20 There is also evidence that
cervical sympathetic nerve stimulation can induce thyroid activa-
tion.2l However, catecholamines activate 5' deiodinase in brown
fat, inducing thermogenesis, and thus clearly affect body metabolism
and thyroxine disposal.

10. The role of the ovary and its main secretory product,
estradiol, is unclear, although it is obvious that goitrogenesis
is much more easily induced in females than in males. No clear
explanation for this has ever been put forward, and it is not known
to be related to the important changes in TBG caused by estradiol.
Possibly recent observations of the similarity of estrogen receptor
response elements and thyroid hormone receptor response elements in
certain genes may offer _a new approach.23 It has been shown that
TR can bind to the ERE.24 Possibly estrogen receptors can bind
to thyroid hormone response elements and activate or inactivate the
same set of genes, although this has not been shown.

11. The main object of this workshop will be to survey
another set of control elements which are primarily, at least so
far as I understand, systems which do not provide "regulated"
control of thyroid function. EGF,25 insulin,26 and IGF,27 ameng
other hormones, can stimulate the thyroid cell to grow or function.
In "normal" circumstances, presumably their levels are relatively
constant and probably form a base on which the other regulated
systems impose their controls. Their importance, however, may be
great in terms of overall thyroid growth and function.
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12. After this 1ist of physiological principles comes an array
of factors including diet, drugs, and disease, which clearly can
affect thyroid size. For example, thiocyanate may occur in the diet
and is a goitrogen. Lithium is an important drug affecting thyroid
size. Starvation, illness, diabetes, acromegaly, nephrotic syndrome,
and autoimmunity affect thyroid hormone economy, thyroid gland size,
or thyroid gland secretion.

One thing I will not do is try to put all of these factors
together in one diagram. But I do wish to make the point that
there is a hierarchy of control systems which affect thyroid growth
and ultimate size, and that an impressive array of factors help
control this process.
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INTRODUCTION

The pituitary thyroid regulatory system is a
classical example of a hypothalamic-pituitary-endocrine
gland feedback loop. As one of the earliest such systems
recognized and one which has proven to be so useful
clinically, it has been widely studied. The critical
elements in the system are shown in the diagram in Figure

1. The best recognized level of feedback regulation is
that of thyroid hormone on pituitary thyrotropin (TSH)
production. However, results of recent studies reviewed

below demonstrate conclusively that there is also
feedback regulation of thyrotropin-releasing hormone
(TRH) synthesis by thyroid hormone. This complex system
is exquisitely sensitive to changes in ambient thyroid
hormone levels and serves to maintain the serum hormone
concentration in an extremely narrow range in a given
individual.

THYROID HORMONE HYPOTHALAMIC INTERRELATIONSHIPS

It is clear that normal function of the pituitary
thyrotroph requires the secretion of TRH. TRH is widely
distributed in the central nervous system as well as in
extraneural tissues. However it is the TRH specifically

11
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HYPOTHAL AMUS
TRH (+)
SRIH(-)

PITUITARY

Tq4 + T3 (=)

TSH (+)

w THYROID

Figure 1. Critical elements of the hypothalmic-pituitary
thyroid regulatory system.

synthesized in the medial parvocellular portion of the
paraventricular nuclei which regulates thyrotroph, and
therefore thyroid function. The critical role played by
TRH has been demonstrated in many ways. For example, TSH
concentrations can be measured following passive
immunization with anti-TRH antisera (1-3). One such
study is shown in Table 1 where greater than a 50%

Table 1

TRH-Ab inhibits basal TSH secretion but has
little effect on TSH secretion in hypothyroid rats

Serum TSH pU/ml

Norma | 5 Days p Tx
Time (h) 0] 0.5 2 (0] 0.5 2
TRH Ab 135 57 45 640 420 510
NRS 147 160 163 660 590 640

Harris et al, JCI 61:441, 1978 (2).
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decrease in serum TSH is found which persists at least
two hours after anti-TRH antiserum administration (2).
Normal rabbit serum has no effect. Also shown is the
fact that in the thyroidectomized rat basal TSH levels
are elevated but the infusion of TRH antisera has little
if any effect on serum TSH concentrations. Such findings
suggest that there are changes in the relative importance
of hypothalamic and pituitary factors which are
influenced by thyroid status.

One of the most exciting new developments in the
field of thyroid pituitary regulatory physiology has been
the cloning of the rat TRH structural gene and its
promoter (4). The transcribed unit of this gene is 2.6
kb and contains 3 exons. The third exon encodes five
copies of the TRH sequence and the carboxy terminal
region of the pro-TRH molecule. Each copy of the TRH
sequence, gln-his-pro-gly, is flanked by paired basic
amino acid cleavage sites thus facilitating the release
of the TRH peptide by post-translational processing. The
availability of the cDNA coding for pro-TRH al lowed
studies of the effects of thyroid hormone on TRH
biosynthesis in the paraventricular nucleus. Studies in
two laboratories have now demonstrated that there is at
least a two-fold increase in pro-TRH mRNA in hypothyroid
animals which can be eliminated by thyroid hormone
treatment (5,6). In situ hybridization experiments
showed that the increase in the TRH mRNA occurred
exclusively in this region of the hypothalamus. If one
compares euthyroid and hypothyroid animals with specific
attention to the cell bodies in these nuclei, there may
be as much as a ten-fold increase per cell body (5).
More recently it has been demonstrated that stereotaxic
implants of crystalline 3,5,3’triiodothyronine (T3), but
not the hormonally inactive 3,5,diiodo L-thyronine, led
to a unilateral reduction in the immunostaining of these
neurons as well as a marked unilateral decrease in the
pro-TRH mRNA stalnlng (7). There was no change in the
serum TSH or T3 in these hypothyroid rats with unilateral
T3 implants. Thus it is now possible to extend the
thyroid hormone loop feedback to the regulation of
hypothalamic TRH production.

Additionally, there has been considerable evidence
of the physiological relevance of somatostatin in TSH
regulation. Passive immunization to somatostatin leads
to increases in serum TSH and hypothyroidism causes a
reduction in somatostatin production by hypothalamic
fragments (8,9). Somatostatin production can be
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increased by exposure of hypothalamic fragments to T3
(9). Thus at least two arms of the hypothalamic TSH
regulatory system are under the influence of thyroid
hormone and respond in an opposite and appropriate
fashion to thyroid hormone deprivation. The
noradrenergic, dopaminergic and other peptidergic neurons
also influence TSH release but TRH and somatostatin
appear to be the most important with respect to thyroid
hormone feedback regulation.

THYROID PITUITARY INTERRELATIONSHIPS

The effects of thyroid hormone on pituitary TSH
synthesis and secretion have been studied for decades.
Considering first the qualitative aspects of this systen,
it is well recognized that as thyroid hormone levels fall
TSH rises and vice versa. In chronically hypo- or
hyperthyroid rats these changes are due to alterations in
the rate of TSH synthesis. However, more acute studies
demonstrate that the effects of thyroid hormone on the
thyrotroph are even more complex. Table 2 shows that
when thyroid hormone is administered intravenously to
hypothyroid rats there is a decrease in serum TSH within
30 minutes (10). Also shown is the increase in pituitary
TSH concentration which accompanies this decrease
indicating that it is accounted for by an inhibition of

Table 2

The acute decrease of serum TSH in hypothyroid rats
after Tg4or T3 is due to blockade of pituitary TSH
release, not synthesisx*

Plasma TSH Pituitary TSH
(wU/ml) concentrations (mU/mg)
o) 1 hr 1 hr
controll 2300 2100 30
T4 2000 1342 46
T3 2100 1510 37

T4 dose: 1.5 pg/100 g BW, T3 dose: 0.15 pg/100 g BW
*Silva and Larsen, Endocrinology, 102:1783, 1978 (10).
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pituitary TSH release. An equally rapid effect can be
seen after T4 infusion. An effect of T3 to inhibit TRH
induced TSH release can also be demonstrated in vivo and
in vitro and is therefore independent of alterations in
TRH secretion (11-13). The acute effect of T3 is
completely blocked by actinomycin D or inhibitors of
protein synthesis (11-13). Thus this effect is extremely
rapid but requires mRNA and protein synthesis. The data
in Figure 2 demonstate that such an effect of T3 can also
be demonstrated with other TSH secretagogues besides TRH,
in this case the phorbol ester, TPA (14). This is

250
200}
150}

100¢ BASAL SECRETION 90:6

ol .
0 1o™" 107! 107 078
Ts (M)

TPA == TSH SECRETION (ng/well/25min)

Figure 2. Triiodothyronine inhibits phorbol ester (TPA)
induced TSH release (reprinted from Koenig et al, Biochem
and Biophysical Research Communications 125:357, 1984
(14) with permission from Academic Press, Inc.).

important since it has been demonstrated that thyroid
hormone can reduce the number of TRH receptors on
pituitary tumor cells (15) and thus could influence the
TRH message transduction system in a TRH-induced TSH
release experiment. However, not only is the effect of
T3 on phorbol ester induced TSH release blocked blocked
by cycloheximide (14) but also the release induced by
increased Ca2+, K+ depolarization, or Ba2+ (13). Thus
the effect of T3 to inhibit secretagogue-induced TSH
release is a general one and not specific to the stimulus
used.
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TSH is composed of two subunits, termed a and f,
which are non-covalently but tightly associated. The a
glycoprotein chain is common to FSH, LH and CG and the f§
subunit provides the receptor specificity for these
glycoprotein hormones. When cDNAs became available for
rat and mouse a and TSH f, it was possible to examine the
effects of thyroid hormone on mRNA synthesis and mRNA
content in the anterior pituitary. One extremely useful
tool in this area is the mouse thyrotroph tumor. This
has been employed with great success to study the effects
of thyroid hormone on TSH synthesis. This tumor is
maintained in hypothyroid mice and responds to thyroid
hormone administration with a rapid decrease in the rate
of transcription of both a and TSH f subunits (16,17).
This decrease is significant by 30 minutes after T3
administration and transcriptional activity continues to
fall over the next four hours until it is virtually
undetectable. As might be predicted, the effects on TSH
p transcription occur sooner than those on the a subunit
with a reduction of about 50% in the transcription rate
within 30 minutes. It is of considerable interest that
this effect of T3 is not blocked by the protein synthesis
inhibitor, cycloheximide (17). If one examines the TSH
subunit mRNA content of pituitary tumors from mice
treated in this fashion, one notes that the levels of
mRNA for a and TSH f fall much more slowly than does the
transcription rate. Assuming that the translation rate
of these mRNA’s is not affected by thyroid hormone, this
can account for the persistence or even increase in TSH
in the pituitary at a time when circulating TSH levels
are falling. It is of note that T3 does not inhibit TSH
release in the mouse thyrotroph tumor as it does in
normal rat pituitary.

Similar studies of TSH mRNA l|levels have been carried
out in hypothyroid rats given acute treatment with
thyroid hormone (18,19). One of these demonstrated a
paradoxical increase in TSH f mRNA during the first six
hours after intraperitoneal thyroid hormone
administration though by 3 days the TSH f message had
fallen to less than controls (19). At this point it is
not certain whether the apparent differences in response
between the mouse thyrotroph tumor and the hypothyroid
rat pituitary are technological or physiological.
Nonetheless, the persistence or slight increase of TSH fg
mRNA in the rat pituitary after T3 is consistent with the
previously mentioned increases in pituitary TSH during
this time period (Table 2).
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The cloning of the promoter region of the genes
coding for TSH f and a subunit have permitted an
evaluation of how the transcription of this gene might be
regulated by thyroid hormone. An intriguing finding is
the demonstration of two transcriptional start sites for
the rat and mouse TSH f but apparently only a single site
for human TSH f (20-22). These two sites are
differentially regulated by thyroid hormone with
transcription from the 3’ site influenced by thyroid
status to a much greater extent than is that from the
upstream start site. There is considerable interest in
the mechanism by which such regulation occurs. Studies
of rat growth hormone (rGH) have identified a sequence
between -189 and -165 which appears to be critically
important in conferring the positive effects of T3 on
this promoter (23-25). This site, termed the T3RE, was
first identified by methylation interference footprinting
using purified rat nuclear T3 receptor (24). These and
other studies have led to the search for similar
sequences in the genes coding for a and f TSH as well as
in TRH. It had been speculated that one such sequence
might be found in the 5’untranslated region at +13 to +23
(20) although a similar sequence in the rGH promoter has
subsequently been shown not to confer a T3 response to a
herterologous promoter (26). No sequences clearly
analogous to the T3RE of rat growth hormone in the TRH
5’flanking region have been identified although as a more
certain consensus sequence is developed such sequences
may be more readily apparent. Even if they are, it will
have to be determined why for one promoter (e.g. rGH),
transcriptional activity is enhanced by a T3RE while in
another (f TSH) it is suppressed by the presence of
thyroid hormone.

THE THYROXINE ACTIVATION PROCESS IN HYPOTHALAMIC
PITUITARY TSH REGULATION

Figure 3 demonstrates what was one of the most
intriguing and puzzling aspects of the pituitary thyroid
hormone axis subsequent to the discovery of T3 and the
development of techniques for its ready measurement.

When rats are acutely deprived of iodine, serum T4 falls
serum T3 remains constant but serum TSH rises (27).

Since T3 provides virtually all of the thyromimetic
effect of T4, it was not clear how such an apparent
inverse relationship between serum T4 and serum TSH could
occur. A similar pattern of relationships between T3,
T4, and TSH is also found in iodine deficient man as well
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Figure 3. Early effects of iodine deficiency on serum

T3, T4 and TSH in rats (data of Riesco et al,
Endocrinology 100:303, 1977 (27).

as in early hypothyroidism (28). Another example of this
phenomenon is found in constant T3 infusion studies in
thyroidectomized rats (29). When serum T3 concentrations
are maintained at pre-thyroidectomy levels by an
implanted minipump, TSH rises demonstrating the
importance of T4 in the TSH feedback process. 1In order
to maintain TSH at normal concentrations, the T3 infusion
rate had to be increased from 350 to 566 ng T3/100 gm per
day. Under these circumstances, serum T3 rose to almost
double the initial value and serum TSH remained normal.
Thus one could conclude that in order to replace the
feedback regulation of TSH due to the presence of serum
T4, an increase of 65% in the serum T3 concentration was
required.

Some years ago we performed more acute studies to
examine this paradoxical effect of T4 (10,30-32). When
smal| doses of T3 were given intravenously to hypothyroid
rats, there was a transient suppression of TSH release as
shown in Table 2. This was inversely proportional to the
peak occupancy of the nuclear T3 receptor binding sites
(31). As the serum and nuclear T3 concentrations fell
over the next few hours, the serum TSH increased. Thus,
there is a quantitative and chronological relationship
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between the degree of saturation of the pituitary nuclear
receptors and the suppression of TSH release even though
only a small fraction of hypothyroid male rat pituitary
cells are thyrotrophs. If one administers an
approximately 10 fold higher dose of T4 (0.8 pg/100 gram
body weight), we observed a rapid suppression of TSH
release to a similar degree as occurred in the case of
T3. This was accompanied by an identical degree of
nuclear T3 receptor saturation. However because the half
life of serum T4 is so much longer than that of T3, serum
TSH remained suppressed. Isotopic studies demonstrated
that the nuclear T3 present after T4 injection was
derived from intracellular T4 to T3 conversion,
presumably within the pituitary gland, by a process which
was not susceptible to inhibition by propylthiouracil
(PTU,32). A similar phenomenon of non-PTU supressible
conversion could be demonstrated in vitro in hypothyroid
pituitary fragments (33). However, if one employed the
competitive deiodinase inhibitor, iopanoic acid, to block
T4 to T3 conversion, then the effect of T4 to inhibit TSH
release was lost (34). 1In addition, T3 did not appear in
the pituitary nuclei supporting a cause and effect
relationship between those two processes. These studies
formed the basis for the identification of the so-called
Type II T4 deiodination process which is critically
important in providing T3 to the central nervous system
and pituitary gland (reviewed in 35).

One of the characteristics of the Type II deiodinase
activity is that it increases during hypothyroidism (36).
It is not known whether such changes occur
transcriptionally or post-translationally or both. For
example, Type II deiodinase activity in pituitary
homogenates increases about 10 fold as hypothyroidism

progresses (36). This would seem to be counter-
productive to the appropriate increase in TSH which
should follow the fall in serum T4. A potential

explanation of this phenomenon is that there might be
differential regulation of the deiodinase in pituitary
cell subtypes. Koenig and Watson observed that
thyrotrophs comprised only 3% of euthyroid pituitaries
and about 12% of hypothyroid male rat pituitary cells
(37). If dispersed cells are separated into different
subtypes by a metrizamide density gradient, four
fractions of pituitary cells each consisting
predominantly of thyrotrophs, somatatrophs, mammotrophs,
and gonadatrophs respectively can be prepared (37). This
separation requires that the rats be hypothyroid so that
the hyperplastic endoplasmic reticulum of the hypothyroid
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Table 3

Distribution of cell types by electron microscopy
in unfractionated anterior pituitary cells from
chronically hypothyroid rats and four pools
separated by density gradient centrifugation

% of total identifiable cells

Unfractionated Pool no.

1 2 3 4
Thyrotroph 13 42 14 6 12
Somatotroph 18 5 35 10 13
Mammotroph 32 o 14 62 27
Gonadotroph 18 10 11 13 30
Corticotroph 4 8 7 1 1
Agranular 15 34 20 8 17

Koenig and Watson, Endocrinology, 115:317, 1984 (37).

thyrotroph reduces the density of the cells. The
distribution of the various cell types among four such
pools is shown in Table 3. If these pools are placed
into primary culture and exposed to T3 for 24 hours and
conversion of T4 and T3 is then measured, one can obtain
an estimate of the responsivity of the deiodinase in each
cell population to thyroid hormone (38). By inference,
this also allows an estimate of the degree to which the
deiodinase activity has increased during hypothyroidism.
The data in Figure 4 demonstrate that the somatatroph and
mammotroph pools show the greatest T3 induced decrement
in deiodinase activity of the four, with the thyrotroph
and gonadotroph pools much less affected. Since none of
the cell preparations is pure it is conceiveable that the
differences are even more substantial. Thus, it is
possible to explain the requirement for pituitary T4 to
T3 conversion in the TSH suppression process on the
presence of the deiodinase in thyrotrophs but the absence
of an attentuation of the response of the thyrotroph to
hypothyroidism by the fact that deiodinase activity in
thyrotrophs does not increase in hypothyroidism. How
such differential regulation occurs is unknown.
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Figure 4. The influence of medium T3 concentrations on
5’-deiodinase activity was determined in cultured
enriched populations of thyrotrophs, somatotrophs,
mammotrophs, and gonadotrophs from chronically
hypothyroid rats. The cells were maintained overnight in
medium with 15% hypothyroid rat serum with or without
10-7 M T3. The following day, conversion of [125I]T4 to
[1251I]T3 was determined in serum-free medium with or
without 10-8 M T3. The results of five experiments (mean
+ SEM) are shown. (Reprinted from Koenig et al,
Endocrinology 115:324, 1984 with permission from the
Endocrine Society).

In Figure 5 are shown the sources of nuclear T3 in
various euthyroid rat tissues. Most striking is the
significant contribution of local T4 to T3 conversion via
Type II deiodinase to the nuclear T3 in the cerebral
cortex. For this reason we were quite surprised that the
paraventricular nuclei of the hypothalamus had virtually
no type II deiodinase activity (39). Also striking in
this study was the high type II deiodinase activity in
the arcuate nucleus median eminence area. In this
critical area of the hypothalamus preservation of T3
production must be especially critical although its
physiological role is unknown at the present time. The
implication of the studies showing an inverse
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Figure 5. Sources of specifically bound nuclear T3 in
various tissues of the euthyroid rat. T3(T3) is the T3
derived directly from the plasma. T3(T4) is T3 derived
from intracellular monodeiodination of T4.

relationship between TRH mRNA synthesis and T3 together
with the absence of Type II deiodinase activity in the
paraventricular nuclei is that serum T3 could be the
physiological regulator of TRH synthesis. It is
conceivable that this area of the hypothalamus receives a
supply of T3 from neighboring cells as opposed to its
generation within those nuclei but this seems unlikely.
This unexpected paradox serves to underline the
complexity of the hypothalamic pituitary regulatory
system and indicates the need for further experimentation
before the precise interrelationships between circulating
thyroid hormones and TRH and TSH synthesis can be
understood. Nonetheless, in the context of the present
conference, namely, the control of the thyroid gland, it
is clear that the thyroid-pituitary axis has the capacity
to respond not only to the active thyroid hormone, T3,
but to the prohormone thyroxine which is the principal
secretory product of this gland.
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THYROID-STIMULATING HORMONE:

STRUCTURE AND FUNCTION

James A. Magner
Michael Reese Hospital

University of Chicago, Chicago,IL 60616

INTRODUCTION

Thyroid-stimulating hormone (TSH) is a pituitary-derived glyco-
protein of molecular weight 28,000 that is composed of two noncova-
lently linked subunits, a and 8. TSH is chemically related to the
pituitary gonadotropins, luteinizing hormone (LH) and follicle-stim-
ulating hormone (FSH), as well as to placental chorionic gonadotropin
(CG). TSH is synthesized by thyrotropes of the anterior pituitary
and stored in secretory granules. TSH is released into the circu-
lation in a regulated manner, binds to thyroid cells and activates
them to release thyroid hormones.

Since Smith!, Allen? and others performed experiments in the
early 20th century suggesting that the pituitary contained a thyro-
trophic substance, the subunit structure of the glycoprotein hormones
has been determined, and the amino acid sequences of TSH subunits
from several species have been learned. In recent years great pro-
gress has been made in determining the structures of TSH a- and 8-
subunit genes and the chromosomal localizations and regulation of
those genes. These techniques of molecular biology have also pro-
vided insights into the evolution of the glycoprotein hormones. The
posttranslational processing events of TSH subunits have been eluci-
dated in some detail, and the kinetics of the oligosaccharide pro-
cessing and subcellular sites of subunit combination and processing
have been studied. Studies of the secretion, metabolic clearance and
bioactivity of TSH have demonstrated important biological roles for
the TSH oligosaccharides. Although no glycoprotein hormone has been
crystallized successfully, advanced computer techniques have allowed
tertiary structures to be postulated, and use of monoclonal antibod-
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ies and other specialized techniques have allowed the function of
domains of the subunits to be postulated.

Very sensitive radioimmunometric assays for TSH have come into
wide use, and the physiology of TSH in man and several species has
been well described. In addition to the more classic states of
hyperthyroidism and primary hypothyroidism, the status of TSH in
other states such as nonthyroidal illness, the syndrome of the inap-
propriate secretion of TSH, and central hypothyroidism has been in-
vestigated. Studies of the mechanism of action of TSH have explored
the binding of TSH to thyroid plasma membranes and the activation of
the adenylate cyclase-cyclic AMP system. TSH has dramatic effects on
thyroid morphology, as well as on the metabolism of iodine, nucleic
acids, proteins, carbohydrates and phospholipids.

EARLY STUDIES OF TSH

Several excellent reviews are available that recount the early
attempts to define a pituitary thyrotrophic factor.3-!'? Many ac-
counts of the discovery of such a factor begin by quoting Niépce or
Rogowitsch.l3 Niépce performed autopsies on patients with cretinism,
and in 1851 noted that seven had enlarged pituitary glands. In 1888,
N. Rogowitsch performed thyroidectomies on rabbits and noted hyper-
plasia of the pituitaries. Although both studies demonstrated that
there was some relationship between the thyroid and the pituitary
gland, neither worker properly understood the phenomena. Niépce did
not elaborate on his result, whereas Rogowitsch thought that the
pituitary might be changed to take over the thyroid’s function - the
"vicarious function" hypothesis. It was not until the mid-20th cen-
tury that the concept of the pituitary-thyroid axis was well formula-
ted by Hoskins!“ and others.!5:16

In 1912, a young anatomist at Berkeley, Philip E. Smith, chose to
study amphibians (as a matter of economy) and attempted to learn the
effect of pituitary removal in frogs. By 1916 he had noted that tad-
poles without pituitaries grew slowly, had atrophied thyroid glands,
and did not metamorphose. Smith correctly attributed this failure
of metamorphosis to the atrophy of the thyroid, and not to the direct
action of the hypophysis. Working independently at the University of
Kansas, Bennet M. Allen performed hypophysectomies on tadpoles and
noted similar results. By chance, Smith and Allen met in 1916 and
discovered that each had been doing the same sort of work. Both
presented data at the same meeting of the Western Society of Natural-
ists in August 19163, and their papers were published in the same
volume of Science.!:? Smith went on to show that the pituitary se-
creted a substance that maintained thyroid size and metamorphosis in
frogs, and that injection of a crude bovine pituitary extract could
preserve the thyroid in hypophysectomized tadpoles.!? He later demo-
nstrated that injections of rat or bovine pituitary partially repair-
ed the thyroid in hypophysectomized rats.!®
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In spite of the pioneering studies by Smith and Allen, credit
for the discovery of a pituitary thyrotrophic factor is often given
to Leo Loeb of St. Louis, or Max Aron of Strasbourg. Both reported
independently in 1929 that crude extracts of bovine anterior pitui-
taries caused the thyroid glands of guinea pigs to enlarge and show
histologic signs of cell growth and secretion.!®: 29 Both referred to
Smith’s work and recognized that they were extending it to mammals;
neither claimed proof of a specific thyrotrophic substance distinct
from the growth- and gonad-stimulating activities that had been des-
cribed by others.

During the 1930's a number of workers used biochemical means to
prepare enriched samples of the thyrotrophic substance, an era when
bioassays were difficult and imprecise. The Junkmann-Schdeller
assay?!, for example, was based on histologic changes in the guinea
pig thyroid, and these were widely interpretable and difficult to
quantify. Roy O. Greep and colleagues?? noted in 1935 that by chang-
ing the precipitant conditions, the thyrotrophic activity shifted
from the LH-containing fractions to the FSH-containing fractions.
Although this demonstrated that TSH was a separate pituitary hormone,
the actual purification of TSH had to await the application of
ion-exchange column chromatography.

In 1957 Peter Condliffe and Robert Bates at the NIH used diethyl-
aminoethyl cellulose to generate enriched preparations of TSH.?23
John Pierce and colleagues, working independently at UCLA, used
ion-exchange chromatography to enrich TSH activity. Both laborator-
ies benefited by using the better McKenzie bioassay.2?% Finally, in
1969, Liao, working in Pierce’'s laboratory, prepared highly purified
TSH.25 Earlier attempts to determine the amino acid sequences of the
glycoprotein hormones had failed because the subunit structure of
these hormones had not been recognized; amino-terminal valine as
well as phenylalanine was reported.2® In 1967, Papkoff and Samy27
achieved a major advance when they recognized that ovine LH consists
of two nonidentical subunits, and that subunit combination is re-
quired for hormonal activity. 1In 1969 Condiffe?® performed gel-fil-
tration studies on reduced S-carboxymethyl TSH in which the presence
of more than one peptide chain was suspected. Unequivocal recogni-
tion of the subunit nature of TSH by Pierce and colleagues resulted
from an unusual combination of dissociation under one set of condi-
tions and fractionation under another.2?® By 1971, Pierce and col-
leagues had defined the a- and fB-subunits of TSH and their amino acid
sequences, and had demonstrated that the B-subunit determined the
biological specificity of the heterodimer.29.30

MOLECULAR BIOLOGY OF THE TSH SUBUNITS

Although it is true that the information required to produce a
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Nucleotide sequences of cDNAs encoding the a-subunit of rat,
mouse, bovine, and human glycoprotein hormones. The top nu-
cleotide sequence represents the cDNA encoding rat pre-c-
subunit, and the deduced amino acid sequence is shown dir-
ectly above the nucleotide sequence. Numbers above the pro-
tein sequence indicate amino acid residues (-24 to -1,
leader peptide; +1 to +96, a-subunit apoprotein). For com-
parison of the other sequences with that of the rat, differ-
ent bases are indicated, and a blank space is present if a
given nucleotide is identical with the corresponding one in
the rat. Underlined nucleotides in the latter three sequen-
ces denote nucleotide substitutions that also result in
amino acid substitutions. Solid arrow, site of leader pep-
tide cleavage; ***, signal for termination of translation.
The solid bar spanning 12 nucleotides in the human a-subunit
cDNA represents a deleted segment of DNA occurring late in

mammalian evolution. Reproduced with permission from
Chin. 4!



THYROID STIMULATING HORMONE: STRUCTURE AND FUNCTION 31

5.4 1. 0.6

5’ 3

RAT 3 4 }__
>3 Al 0.6

BOVINE ‘Dﬂrl‘{:}ﬂ‘) }ﬂ{ -

64 1.7 o4

w0 A

-4 6 6 +67  +68 GrY

FIG. 2. Structure of the genes that encode the a-subunits of rat,
bovine, and human glycoprotein “ormones.

particular protein is encoded in the DNA in one or more genes, recent
advances have disclosed that there may be regions of excess DNA
interspersed between the DNA regions that actually code for amino
acids in the final product.3! 32 These regions of excess DNA are
called introns, while the coding sections of a gene are called exons.
Both coding and noncoding regions are transcribed to produce a large
precursor RNA. This large mRNA must then have the introns cut out,
and the remaining segments spliced together. Additional required
modifications include polyadenylation at the 3' end of the mRNA, and
alteration of the 5' end of the mRNA, called "capping," that allows
efficient translation.?23 The mature mRNA then is released into the
cytoplasm and binds to ribosomes. Nascent secretory or membrane pro-
teins generally contain a sequence of 20 to 30 hydrophobic amino
acids termed the leader or signal sequence. This sequence may bind
to a signal recognition particle to enable the nascent protein to
move from the cytoplasmic space into the lumen of the rough endoplas-
mic reticulum.34-3%  All of these early biosynthetic events have
been described for both the @- and B-subunits of TSH in several
species. Several excellent reviews concerning the structure and ex-

pression of the thyrotropin subunit genes have appeared recently.*0-
44

THE a-SUBUNIT GENE

Fiddes and Goodman*5 first cloned and sequenced the complement-
ary DNA (cDNA) of the human a-subunit in 1979, and two years later
reported the gene structure.*® The structures of a-subunit genes
and mRNAs, and of the precursor proteins that they encode, have now
been determined in several species. The mRNAs for the a-subunits are
approximately 800 base pairs in size and each encodes a translation
product of about 14,000 molecular weight that contains 116 to 120
amino acid residues.45.47-4%  Each product contains a 24-amino-acid
residue amino-terminal signal peptide, and a 92 to 96 amino acid
residue apoprotein. Each species possesses a single gene for the
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a-subunit, which is generally expressed as a single form of mRNA in
the pituitary gland or the placenta. Godine et al.5%°, however, found
evidence for two types of mRNAs encoding the a-subunit in the human
placenta, perhaps due to the use of different promoters or alterna-
tive RNA processing.

A comparison of the cDNA sequences of rat, mouse, cow, and human
a-subunits is shown in Fig. 1. The homology varies from 76%
(human-rat) to 96% (rat-mouse).%5,47-49 Several regions are highly
conserved, especially the region that codes for amino acid residues
10 to 50, a domain of the a-subunit believed to be in contact with
the B-subunit. The human a-subunit is 4 amino acid residues smaller
than the others due to a 12-nucleotide-long deleted segment of DNA
that apparently occurred late in mammalian evolution. Chin et al.®5!
showed that this gene segment deletion occurs at the site of one of
the introns in the human a-subunit gene.

The genes encoding the a—subunits in the cow, human and rat have
been isolated and characterized.46.52-%54 the genes are large: cow
13.7 kilobases (kb), human 9.4 kb, rat 7.7 kb. The organization of
these genes is shown in Fig. 2. Non-coding sequences make up the
bulk of each gene. The placement of the introns is identical in the
a-subunit genes, although the sizes of the introns differ. One of
the introns interrupts the codon for the sixth amino acid. Examina-
tion of the 5’ flanking region of the bovine a-subunit gene revealed
characteristic promoter elements as well as an AT-rich area that may
be important in control of the gene.5%3 A cyclic AMP responsive ele-
ment, containing the core 8-bp motif T (G or T) ACGTCA required for
the induction of gene transcription by cAMP, is present in the region
of the a-subunit gene between residues <146 and -128. Recently Bokar
et al.55 studied a mechanism for cAMP-regulated transcription common
to a number of genes having the above core motif. Regulation of
these genes appears to involve a nuclear factor or factors that have
been conserved across tissue and species lines. The 3’ untranslated
region of the a-subunit contains regions that differ substantially
between mouse and rat, yet are nearly identical in human and cow.*?
The a-subunit gene has been localized to the long arm of chromosome 6
in man®€¢, and chromosome 4 in the mouse.56.57

THE MOUSE AND RAT TSH B-SUBUNIT GENES

The TSH B-subunits in several species are initially synthesized
as precursors of approximately 17,000 molecular weight.58/89% Maurer
et al.®% cloned the cDNA for the B-subunit of bovine thyrotropin.
Gurr et al.%! cloned the cDNA of mouse TSH B-subunit, and Chin et
al.®? and Croyle et al.®3 cloned the cDNA of rat TSH B-subunit.
Fig. 3 shows the cDNA and deduced protein sequences of mouse and rat
TSH B-subunit mRNAs. Each mRNA is 700 bases in size and encodes a
precursor protein of 138 amino acids with 20 residues constituting a
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Fig. 3. Nucleotide sequences of cDNAs encoding the B-subunit of rat

and mouse TSH. For notation, see legend to Fig. 1. Repro-
duced with permission from Chin.4!
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Fig. 4. Structures of the genes that encode the B-subunits of rat,
mouse, and human TSH. See text for details.
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signal peptide and 118 residues forming the B-subunit apoprotein.
Thus, the predicted B-subunit apoproteins are slightly larger than
those previously reported in other species (cow, pig and human). The
mouse and rat TSH fB-subunit cDNAs show 91% homology. There is a long
sequence from residue +9 to residue +57 that is identical, and most
of the few amino acid substitutions elsewhere are conservative in
nature.

The rat TSH B-subunit gene (Fig. 4) is approximately 5 kb in
size, and contains 3 exons and 2 introns.83:64 There are two tandem
promoters and two corresponding transcriptional start sites for the
rat B-subunit gene in contrast to a single one in the rat a-subunit
gene.®4 The TATA elements representing the promoter sites are
present in two tandem copies located 43 base pairs apart in the 5'
flanking region. Carr et al.®4,65 have provided a variety of evi-
dence that these promoters are differentially regulated by thyroid
hormones; the transcript resulting from use of the downstream start
site (mRNA 2) was more readily altered by thyroid hormones than was
the transcript derived from the first start site (mRNA 1). The mouse
TSH B-subunit gene also has dual transcriptional start sites and pro-
moters, but it is unclear whether or not there is differential thy-
roid-hormone regulation of the tramscripts in the mouse.%6.67

Carr et al.®® used several fragments of the 5' flanking and
coding regions of the rat TSH B-subunit gene to perform a dele-
tion-mutation analysis. They identified a putative thyroid-hor-
mone-responsive element (TRE) located near the downstream transcrip-
tional start site in exon 1. The region is similar to the TRE re-
cently identified in the rat growth hormone gene.®%-72 Additional
experiments using thyroid-hormone receptor binding studies are in
progress to establish this sequence as an authentic element crucial
for the inhibition of transcription by thyroid hormone.”3 The thy-
roid hormone-receptor family encoded by the c-erbAs, however, has
multiple members with varying affinities for thyroid hormone.74-77
Recently Lazar et al.”’® isolated a novel rat c-erbA cDNA, r-erbA
a-2, and its in vitro protein product. This 55,000 dalton protein
binds a putative T,-responsive sequence from the rat growth hormone
gene, but the protein does not bind T,. There appeared to be
tissue-specific production of this product, and it was particularly
abundant in brain. In future studies, Chin%4 proposes to examine the
interactions of various specific thyroid hormone receptors or related
proteins with the TRE in the rat TSH B-subunit gene.

In 1988, Gordon et al.”® reported the structure and nucleotide
sequence of the gene encoding the B-subunit of mouse thyrotropin.
The mouse TSH B-subunit gene has been localized to chromosome 3.57
The gene is 5 kb in size and consists of five exons and four in-
trons.”® The 5' untranslated region of the mRNA is encoded (except
for a single nucleotide) by exons 1, 2 and 3. The protein coding
regions are encoded by exons 4 and 5 while the 3' untranslated region
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is entirely contained in exon 5. Two transcriptional start sites,
near two TATAAA sequences, were detected, but 99% of transcripts in-
itiate at the downstream site. Transcription from both start sites
was regulated by thyroidal status. Sequences homologous with puta-
tive thyroidresponse elements and cyclic AMP-responsive elements are
present in the 5’ flanking region.

The organization of the mouse TSH B-subunit gene, with five
exons and four introns, differs from that of other species, which
have three exons and two introns (Fig. 4). A comparison between the
nucleotide sequences of the mouse and rat TSH B-subunit genes reveals
a high degree of homology, especially in the 5’ flanking region, in
which 227 of 237 nucleotides, 95.8%, are identical in the two genes.
In each rodent gene there are two sequences at positions -29 and -69
which resemble the consensus TATA box and which occur 29 bp upstream
from each of the two RNA start sites at positions +1 and -40. A pu-
tative thyroid inhibitory element is present in the mouse TSH B-sub-
unit at position -64 to -55 and consists of a 10 bp region with 80%
homology with an inhibitory element found in the rat growth hormone
gene.3% This nucleotide sequence has been conserved in the rat TSH
B-subunit gene,®3:64 but it has not yet been proven that its function
has been conserved. A putative thyroid response element is present
in the mouse TSH B-subunit gene within the first exon, positions +15
to +23. Finally, sequences in this gene at positions -191 to -183
and -593 to -584 are similar to a cyclic AMP responsive element in
the rat somatostatin gene®! and the rat phosphoenolpyruvate carboxy-
kinase gene.3%2

THE HUMAN TSH B-SUBUNIT GENE

In 1985 Hayashizaki et al.®3 reported the cloning and sequence
of a large portion of the human TSH B-subunit gene; Whitfield et
al.®* also reported a small part of the sequence. The Japanese group
reported that the deduced precursor protein consists of 138 amino
acids; a 20 amino acid signal peptide is followed by 112 amino acids
expected from previous chemical studies of human TSH B-subunit,
followed by an additional 6 hydrophobic amino acids that presumably
are eliminated posttranslationally. One intron of 460 bp was detect-
ed, but an additional intron could not be ruled out because the 5’
and 3' flanking regions were not well characterized.®?¥ Watanabe et
al.355 recently expressed the cDNAs for TSH @- and B-subunits in
Chinese hamster ovary cells, and demonstrated that the hTSH secreted
into the medium was bioactive in an in vitro adenylate cyclase assay.

In 1988 Wondisford et al.®5 more completely characterized the
gene (Fig. 4). They found three exons separated by two introns of
3.9 and 0.45 kb. Exons 2 and 3 in the mouse TSH B-subunit gene are
not found in the human gene due to a lack of consensus sequences
important in exon splicing. Moreover, exon 1 in the human gene
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contains only one transcriptional start site, unlike both the rat and
mouse genes which each contain two sites. The genomic structure of
the more 5’ TATA box has been altered in humans, and the first exon
in the human gene is longer than the corresponding exon in the mouse
due to a 9 bp insertion. The human gene appears to have a thyroid
response element at position +23 to +37 in the first exon.

Wondisford et al.®5 speculate that the location of this putative
control sequence downstream from the start of transcription may ex-
plain the down-regulation of this gene by thyroid hormone.

Miyai et al.®6.87 have recently reported an interesting clinical
application of molecular biology approaches. In 1971 Miyai et al.®3
had been the first to report a case of congenital isolated TSH defic-
iency. The proposita were two sisters with congenital nongoitrous
hypothyroidism, and were products of a consanguineous marriage.

Serum TSH, assessed by bioassay and radioimmunoassay, was undetect-
able in the patients but was normal in their parents, suggesting a
defect with autosomal recessive inheritance. Analysis of chromosome
1, the location of the human TSH B-subunit gene,®%:9° using a
high-resolution chromosome banding technique failed to show any major
alterations.®® Genomic DNA Southern blot hybridization was performed
using peripheral leukocyte DNA, but no gross abnormalities were
noted, suggesting that any mutation in the TSH B-subunit gene must
involve a very small region. Pituitary thyrotrophs were believed to
be present in these patients because serum free TSH a-subunits were
elevated in serum in the hypothyroid state, and increased after TRH
administration.

It was not until 1988, when these patients’ TSH B-subunit gene
was cloned, that the nature of the gene defect was learned.®7 A
single point mutation in the gene caused GGA to become AGA, and an
amino acid was altered from Gly to Arg at position 129. This substi-
tution is in the so-called "CAGY" region, which is conserved in all
glycoprotein hormones and may play a role in TSH biosynthesis. When
normal o and mutant B8 mRNA were injected into Xenopus oocytes, intact
TSH was not produced, unlike control experiments®! using normal o and
normal 8 mRNAs. Thus, these Japanese workers have described a type
of familial congenital hypothyroidism due to isolated TSH deficiency
which is an autosomal recessive disease due to a point mutation of
the human TSH B-subunit gene.

REGULATION OF TSH SUBUNIT GENE EXPRESSION

Studies of the regulation of the TSH subunit genes have been
summarized in several recent reviews.41-44,92,98 Because the genes
for the a- and B- subunits of TSH are located on different chromo-
somes, it is clear that there must be some degree of coordinated
regulation of these genes so that intact hormone may be produced, yet
substantial evidence suggests that there is differential control of
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gene expression. The effect of thyroid status on serum TSH levels
was first studied in whole animals, but has more recently been stud-
ied in pituitary tissue, as well as in a useful model system, the
mouse transplantable thyrotropic tumor, originally developed by
Furth, et al.®%¢

Early studies in several laboratories suggested that thyrotropin
biosynthesis, as well as secretion, is augmented during hypothyroid-
ism and inhibited by excess thyroid hormone.®%-1°9° Unbalanced pro-
duction of a- and 8- subunits of TSH (as well as of other glycopro-
tein hormones) occurred in certain circumstances both in vivo and in
vitro.!01-108 Treatment of hypothyroid mice with T, caused a di-
vergent inhibition of @- and TSH B-subunits.10°

With the availability of specific cDNA probes encoding the a-
and B-subunits of mouse and rat TSH, the influence of thyroid hor-
mones on levels of subunit mRNAs was examined. Mice bearing thyro-
tropic tumors were treated with supraphysiologic doses of T; subcu-
taneously, and serum TSH levels declined rapidly within hours,110-112
TSH a- and B-subunit mRNAs declined to 40% and 20% of their basal
levels by 4 hours. Thus, T, given to these mice appeared to rapidly
lower the steady-state levels of the subunit mRNAs in the thyro-
trophs, and the effect was apparently greater on TSH B- than a-sub-
units. Negative regulation of TSH subunit mRNAs has also been re-
ported in the pituitary tissues of euthyroid and hypothyroid mice and
ratg, 111~116

Levels of mkNAs oi TSH subunits have also been evaluated during
withdrawal of thyroid hormones. 1In the rat in vivo there was a ten-
fold increase in pituitary TSH B-subunit mRNA, but only a threefold
increase in a-subunit mRNA, 14 days after thyroidectomy, and these
changes were reversed by T, treatment.!!® Similar results were also
observed after treating rats with propylthiouracil for 10 weeks.!7
A paradoxical rise in serum TSH and TSH response to TRH has been
reported in profoundly hypothyroid rats and man during the initial
treatment period with thyroid hormone.117-119 A biphasic dose-re-
sponse relationship for inhibition by thyroid hormones has also been
shown for TSH-producing cells in vitro®?, but this effect has not
been observed in some other studies.111,113,116

Because steady-state levels of mRNAs are determined by both
rates of gene transcription and mRNA turnover, nuclear "run-on"
assays were performed to determine the contribution of the former.
Shupnik et al.!!? reported that T, treatment rapidly decreased the
transcription of both a- and TSH B-subunit genes. Supraphysiologic
doses of T; reduced a- and TSH B-subunit gene transcription rates to
70% and 40% of basal levels after 30 minutes, and to 15% and 5% of
basal levels after 4h. This inhibition of transcription occurred
even in the presence of the protein synthesis inhibitor, cyclohexi-
mide, and was proportional to the degree of occupancy of nuclear
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thyroid hormone receptors, suggesting that the negative effect of T,
on TSH subunit gene transcriptional is direct.!2° Earlier studies!®?
121 122 gyggested that the suppressive effects of thyroid hormone on
TSH secretion were mediated by an inhibitory protein or a transfer-
able factor that accumulated in the medium of T3-treated cells.

Thus, a clear distinction must be made between T; effects on gene
transcription and T, effects on TSH secretion.

In 1986 Shupnik et al.!23 reported that TRH stimulated and dopa-
mine inhibited the transcription of TSH subunit genes. TRH treatment
of pituitary cells in vitro increased transcription of the a- and
B-subunit genes of TSH three- to five-fold, and cytoplasmic levels of
the mRNAs were increased. Franklyn et al.!2?4 also demonstrated a
stimulatory effect of TRH on rat TSH B-subunit mRNA levels, and also
noted a stimulatory effect of forskolin, an agent that stimulates
adenylate cyclase activity. In contrast, Lippman et al.!25 were
unable to demonstrate any effect of TRH on TSH subunit mRNA levels,
and suggested that the regulatory effects of TRH are confined to the
posttranslational processing and the release of TSH from thyrotropes.

Regulation of TSH subunit gene expression by estrogen, testos-
terone and glucocorticoids has been investigated in only a prelimin-
ary fashion. Estrogen appears to augment the inhibitory action of
thyroid hormones!2€, and testosterone appears to blunt the influence
of hypothyroidism on TSH a- and B-subunit mRNA levels.!27 The phys-
iological relevance of such observations remains uncertain.

POSTTRANSLATIONAL PROCESSING OF TSH

The outstanding feature of the glycoprotein hormones is their
relatively high carbohydrate content; the a- and B-subunits of TSH
are approximately 21% and 12% carbohydrate by weight, respectively.
In addition to the novel information gleaned by techniques of molecu-
lar biology, as reviewed in prior sections, any serious discussion of
TSH must review how the oligosaccharides are added to the subunit
precursors and how they are processed posttranslationally. In fact,
various lines of evidence indicate that the oligosaccharides of the
glycoprotein hormones modulate their biologic activity, and play
other important roles as well. In the following sections I will
review early studies of immunoactive TSH subunits, including
cell-free translation studies of subunit mRNAs as well as studies of
the biosynthesis of TSH in intact cells. Over the years a more clear
picture of the posttranslational processing of TSH has emerged, in-
cluding insights into the subcellular compartmentalization of various
processng steps, and the regulation of processing. Finally, investi-
gations into the roles played by TSH oligosaccharides will be review-
ed.
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LARGE-MOLECULAR WEIGHT FORMS OF TSH

Early observations of large-molecular weight immunoreactive
forms of TSH and gonadotropins raised the possibility that these
hormones were synthesized from a common prohormone containing both
the @- and B-subunits, analogous to proinsulin. It now seems clear
that these large forms represent molecules of uncertain physiologic
significance. Several workers had noted a variable amount of immuno-
reactive highmolecular weight forms of pituitary glycoprotein hor-
mones in both pituitary extracts and serum. Klug and Adelman!?® des-
cribed an age-related accumulation of unusually large forms of TSH in
the rat. Kourides et al.!2° described two patients with a high-mo-
lecular weight TSH-B immunoreactive material that was the predominant
form of TSH-B in the serum. Spitz et al.!27 described a clinically
euthyroid man with only a high-molecular weight form of TSH in his
serum; this TSH bound normally to receptors in vitro, but had low
bioactivity (4% of normal) documented by decreased stimulation of the
adenylate cyclase of human thyroid membranes. It is now believed
that these large forms of TSH represent aberrant forms that have
aggregated!31,132  or possibly storage forms of the hormone not
normally seen in serum.

Instances of highly unbalanced or even isolated production of a-
or B-subunits, both in vivo and in vitro, suggested that the subunits
were derived from different genes rather than from a prohormone form
of TSH analogous to proinsulin. This became even more clear when
separate mRNAs for a- and B-subunits of TSH were detected and studied
in cell-free systems.

In early studies, mRNAs were extracted from mouse thyrotropic
tumors and translated in wheat germ or reticulocyte lysate cell-free
systems that were devoid of enzymes necessary for the proteolytic
cleavage of polypeptide precursors or glycosylation. 133-138 The
major cell-free translation product, representing up to half of the
total 35S-methionine-labeled proteins synthesized, had an apparent
molecular weight of 14,000 to 17,000, depending on the conditions of
the gel electrophoresis. This protein was shown to be closely rela-
ted to standard TSH a-subunit on the basis of immunoprecipitation and
tryptic peptide analysis. Although it did not contain carbohydrate,
its molecular weight was about 3,000 daltons greater than the apopro-
tein portion of standard a-subunit, consistent with the presence of a
signal peptide. This precursor form of a-subunit could be cleaved of
the signal peptide and glycosylated when mRNA was translated in frog
oocytes, or by the addition of microsomal membranes during transla-
tion in cell-free systems. By using a variety of labeled amino acid
precursors, Giudice et al.!3% established a partial amino terminal
sequence of this precursor form of a-subunit. There were substantial
homologies noted among the signal sequences of mouse, human and
bovine a-subunits, although the signal peptidase apparently cleaved
between different amino acids in the different species.
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The identification of the TSH B-subunit Precursor in cell-free
translation mixtures of mouse tumor mRNA proved more difficult. This
difficulty arose in part because of the lesser amounts of the B-pre-
cursor synthesized as compared with a-precursor. Also, the B-precur-
sor was poorly reactive with antisera raised against standard glyco-
sylated B-subunits. Direct immunologic identification of the gB-pre-
cursor required use of an antiserum directed at determinants in the
pPrimary structure of denatured, reduced, carboxymethyl-TSH B-sub-
unit.13% Gel electrophoresis of the B-precursor disclosed an
apparent molecular weight of 15,500, or 2,500 daltons greater than
the apoprotein portion of standard TSH B-subunit, consistent with the
presence of a signal peptide. Kourides et al.136 and Chin et al.133
also successfully detected the precursor form of TSH B-subunit. Dis-
crepancies in the molecular size of the B-precursor initially report-
ed by different laboratories have now been resolved by modern molecu-
lar biology techniques, as discussed in a prior section.

BIOSYNTHESIS OF TSH IN INTACT CELL SYSTEMS

The cell-free mRNA translation studies just described were im-
portant to define the initial precursor forms of TSH subunits, since
these forms are rapidly processed in vivo. Studies of TSH biosynthe-
sis in intact cells, however, were necessary to elucidate the steps
of posttranslational processing of TSH, including the glycosylation
and combination of TSH subunits, and the sequential processing of the
oligosaccharides.

Initial studies of TSH biosynthesis in primary cultures of dis-
persed mouse thyrotropic tumor cells used gel chromatography under
nondenaturing conditions to distinguish the intact hormone from free
subunits.139 1In labeling studies using 35S-methionine, the earliest
a-subunit form identified intracellularly during a 10-minute pulse
was smaller than standard a but was converted to higher molecular
weight a forms during a 60-minute chase period with excess unlabeled
methionine; only this higher molecular weight form of a-subunit was
found in intact TSH. Excess free a-subunits and TSH, but not free
B-subunits, appeared in the media between 60 and 120 minutes of the
chase period and were slightly larger than the respective intracellu-
lar forms.

TSH biosynthesis was studied subsequently using improved tech-
niques including immunoprecipitation of TSH subunits, and analysis
using sodium dodecyl sulfate (SDS) polyacrylamide gradient gel elec-
trophoresis under reducing conditions.!40-143 After incubation of
mouse thyrotrophic tumor tissue with 33S-methionine for 10-minutes,
most a-subunits were of molecular weight 18,000, while only a few
were 21,000 daltons. When the pulse incubation was followed by chase
incubations of variable length, the 18,000 form of a-subunit was
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progressively converted to the 21,000 form. After treatment with
endoglycosidase H, both the 18,000 and 21,000 molecular weight forms
of a-subunit were converted to an 11,000 form!41,143 consistent with
the weight of the apoprotein portion of standard a-subunit. These
data suggested that the 11,000 dalton, 18,000 dalton, and 21,000
dalton forms of the a-subunit have zero, one, and two aspara-
gine-linked oligosaccharides, respectively.143

These experiments also demonstrated that 35S-methionine-labeled
B-subunits accumulated as an 18,000 dalton form that was converted to
an 11,000 dalton form after endoglycosidase H treatment. Thus, it
was concluded that the 11,000 and 18,000 dalton forms had zero and
one asparagine-linked oligosaccharide units, respectively.!43 About
20% of the B-subunits had combined with excess a-subunits after a
20-minute pulse incubation. Use of subcellular fractionation tech-
niques disclosed that combination of a- and B-subunits began in the
rough endoplasmic reticulum (RER), and combining subunits had
high-mannose, endoglycosidase H-sensitive oligosaccharides.143
Interestingly, combination of LH a- and B-subunits at very early
times of pulse labeling has been reported also, but subcellular frac-
tionation techniques were not used to isolate RER-associated hetero-
dimers.'44 TSH subunit precursors were processed slowly to forms
with "mature" complex oligosaccharides that were resistant to endo-
glycosidase H.1'41,%43 TSH and excess free a-subunits, but no free
B-subunits, were released into the medium after 60 to 240-minutes
chase. The secreted species mostly had endoglycosidase H-resistant
oligosaccharides.

Various lines of evidence had suggested that secreted free
a-subunits had a slighly higher molecular weight than the form of
a-subunit that combined with B-subunits!32,139-143  apnd this had been
noted in studies of glycoprotein hormones other than TSH as well. In
1983 Parsons et al.!%5 reported that the free a-subunit derived from
bovine pituitaries is glycosylated at an additional site, the threon-
ine at position 43. This threonine is located in a domain of the
a-subunit believed to contact the B-subunit during heterodimer forma-
tion.*% Thus, free a-subunits bearing this O-linked oligosaccharide
are no longer able to bind B-subunits. It remains unclear whether
the O-linked oligosaccharide is added to a subpoplation of a-subunits
to keep them from binding B-subunits during biosynthesis, implying a
regulatory role, or whether the 0-linked oligosaccharide is merely
added to excess a-subunits that have this domain exposed because
limiting quantities of B-subunits have been éxhausted.

Studies of hCG biosynthesis similar to those described above for
TSH have been performed using choriocarcinoma cells or human placent-
al extracts.!46-150 Bjosynthesis of the a-subunit occurs in a simi-
lar manner, including O-glycosylation. The choriogonadotropin B-sub-
unit is synthesized in a somewhat different manner because it
contains two (rather than one) asparagine-linked oligosaccharides as
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well as carboxy-terminal O-linked oligosaccharides. Another major
difference is that excess choriogonadotropin B-subunits as well as
excess a-subunits are released by cells.

HIGH-MANNOSE OLIGOSACCHARIDES OF TSH SUBUNIT PRECURSORS

A number of studies in recent years have shown that nascent TSH
subunit pepetides are cotranslationally glycosylated with precursor
oligosaccharides rich in mannose; these are subsequently trimmed and
other sugar residues are then added to make complex-type asparagine-
linked oligosaccharides. A generalized scheme for this type of post-
translational processing is illustrated in Fig. 5. 1In 1970 Behrens
and Leloir!5! demonstrated that hepatocytes contain lipid-linked
oligosaccharides that serve as intermediates in glycoprotein biosyn-
thesis. The oliosaccharide (glucose),; (mannose)y (N-acetylglucosa-
mine),, abbreviated Glc; Mang GlcNAc,, is preassembled in the RER
linked by phosphates at the reducing terminus to a long organic mole-
cule containing approximately 20 polyprene units, the dolichol phos-
phate carrier. Asparagine residues in nascent peptides destined to
become glycosylated in an N-linked fashion are present in the
sequence (asparagine)-(X)-(serine or threonine). There is a cotrans-
lational en bloc transfer of the oligosaccharide from the dolichol
carrier to the asparagine in the nascent chain.%2 The first two
glucose residues are then rapidly trimmed, followed by cleavage of
the third glucose. Mannose residues are then progressively cleaved
until a "core" unit remains, followed by addition of GlcNAc and other
residues to build complex forms.

Tunicamycin is a drug that inhibits the formation of the oligo-
saccharide-dolichol carrier precursors, and thereby prevents glycosy-
lation of asparagine residues in nascent proteins.!5% Tunicamycin in
doses of 1 to 5 ug/ml caused the appearance of new forms of TSH a-
and B-subunits of about 11,000 to 12,000 daltons!4?; these forms in-
corporated 35S-methionine but not 3H-glucosamine, confirming that
they were not glycosylated. These nonglycosylated TSH subunits were
subject to intracellular aggregation and proteolytic degradation,
presumably because the nascent peptides had not folded properly, and
correct internal disulfide bonding had not been achieved.!32.,154
Thus, nascent TSH subunits that had never been glycosylated due to
the actions of tunicamycin failed to fold properly, and a- and B-sub-
unit combination did not occur. This contrasts with the finding that
deglycosylation by enzymes or chemical means of mature secreted TSH
does not prevent subunit combination. The explanation for this
apparent paradox is that the mature subunits have already folded and
have had internal disulfide bonds stabilize their conformations to a
degree necessary for subunit binding.

In contrast to the rapid (less than 30 min) processing of many
different glycoproteins thus far studied, the high-mannose oligosacc-
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Fig. 5.
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Schematic pathway of oligosaccharide processing on newly
synthesized glycoproteins. The reactions are catalyzed by
the following enzymes: (1) oligosaccharyltransferase, (2)
a-glucosidase I, (3) a-glucosidase II, (4) ER al,2-manno-
sidase, (I) N-acetylglucosaminylphosphotransferase, (II)
N-acetylglucosamine-I-phosphodiester a-N-acetylglucosa-
minidase, (5) Golgi a-mannosidase I, (6) N-acetylglucosa-
minyltransferase I, (7) Golgi a-mannosidase II, (8) N-ace-
tylglucosaminyltransferase II, (9) fucosyltransferase, (10)
galactosyltransferase, (11) sialyltransferase. The symbols
represent: M, N-acetylglucosamine; O,mannose; &, glucose;

A, fucose; @, galactose; ¢ ,sialic acid. Reproduced with per-
mission from Kornfeld and Kornfeld.156
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harides of the TSH subunits are much more slowly processed.!32,14L
155,156 {sing mouse thyrotrophic tumor cells, Weintraub et al.132
found that after an ll-minute pulse nearly all of the intracellular
a- and TSH B-subunits were of the high-mannose type. After 30
minutes of chase only a few a-subunits in cells developed complex,
endoglycosidase H-resistant oligosaccharides. The proportion of
intracellular a-subunits of complex type increased progressively with
time, but even after 18h chase reached only 76%. There was also a
time-dependent increase in intracellular B-subunits of complex type.
Secretion of TSH and a-subunits did not begin until about 60 minutes,
and media species were predominantly of complex type.

Metabolic pulse-chase labeling studies employing 3H-mannose,
rather than radiolabeled amino acids, have provided substantial new
information about TSH high-mannose oligosaccharide biosynthesis and
processing.!557157 After incubation of thyrotrophic tumor cells with
3H-mannose for 60-minutes, the lipid-linked oligosaccharides were ex-
tracted from the cells; these precursor oligosaccharides bound to
the dolichol carrier were found to be predominantly Glc,;_,Man,
GlcNAc,, Mang_gGlcNAc, and MangGlcNAc,.!5®  These species are
generally similar to lipid-linked oligosaccharides extracted from
hepatocytes and other cell types.!52,153 After short 10-minute incu-
bations of thyrotrophs with 3H-mannose, GlczMangGlcNAc, oligosaccha-
rides were detected bound to some cellular glycoproteins, but this
very early glucose-containing precursor was not found linked to
nascent TSH subunits!$5-157 guggesting either that TSH subunits were
initially glycosylated with a non-glucosylated precursor, or that the
glucose residues were very rapidly trimmed from the TSH subunits. It
was only in 1988, when Stannard et al.!%% employed the glucosidase
inhibitor 1-deoxynojirimycin that it became clear that very rapid
glucose trimming was the more likely explanation. In the earlier
studies85-187 jt was also apparent that there was differential pro-
cessing of the high-mannose units of TSH as compared to free a-sub-
units, which also differed from that of the bulk of glycoproteins in
these cells. For instance, the rate of trimming of a mannose residue
from ManygGlcNAc, to produce ManygGlcNAc, units appeared to be much
faster for free a-subunits; after a 60-minute incubation with
3H-mannose, MangGlcNAc, units predominated in free a-subunits,
whereas MangGlcNAc, units still predominated in TSH heterodimers and
in other cellular glycoproteins. This transient intermediate,
MangGlcNAc,, also seemed to accumulate to a greater degree in free
a-subunits as compared to TSH or other cellular glycoproteins. Trim-
ming the three glucose and the first mannose residues of the
high-mannose oligosaccharides clearly occurred in the rough endoplas-
mic reticulum, as documented by subcellular fractionation techni-
ques.1%% Accumulation of the transient intermediate MangGlcNAc, was
also particularly marked for free a-subunits as compared with TSH or
other cellular glycoproteins, and was best recognized in subcellular
fractions enriched in Golgi elements.!55
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It had been reported in an earlier subcellular fractionation
study by Magner et al.'43 that combination of a- and TSH B-subunits
began in the rough endoplasmic reticulum at early times, and that
these combining subunits had endoglycosidase H-sensitive, high-man-
nose oligosaccharides. 1In light of the 3H-mannose experiments in
1984, it was clear that the oligosaccharides on these combining
subunits were most likely ManygGlcNAc, and MangGlcNAc, but it was not
until 1987 that this was more rigorously demonstrated.!5° Also,
differential processing of a- versus B-subunit of the TSH heterodimer
was noted; after a 60-minute incubation with ®H-mannose, the a-sub-
units of heterodimers had both Many,GlcNAc, and MangGlcNAc, oligo-
saccharides present, whereas the B-subunits of heterodimers had
predominantly MangGlcNAc, units.!®® Man,GlcNAc, oligosaccharides
became particularly prominent on a-subunits of heterodimers after
chase incubations, or after prolonged pulse incubations, and this
phenomenon was observed in pituitaries from euthyroid and hypothyroid
mice as well as in mouse thyrotrophic tumor tissue. Although the
processing of high-mannose oligosaccharides of a-subunits of hetero-
dimes resembled that of free a-subunits more closely than that of
B-subunits of heterodimers, the differences between the oligosacchar-
ides detected on the two varieties of a-subunits remained substantial
enough to suggest that heterodimer formation did affect a-subunit
oligosaccharide processing.159

Of note, the kinetics of the high-mannose oligosaccharide proc-
essing of the a- and B-subunits of chorionic gonadotropin has also
been described. 1% Analogous to the situtation for TSH, it appears
that the tendency of the heterodimer to become enriched in
ManyGlcNAc, intemediates is explained in part by the accumulation of
that species on B-subunits. Moreover, processing of a-subunit oligo-
saccharides was found to be affected if a-subunits combined with
B-subunits.'®! A single report!®2? has described hCG subunit process-
ing in subcellular fractions of choriocarcinoma cells. Very recent-
ly, experiments employing site-specific mutagenesis to prevent glyco-
sylation at particular Asn residues have explored the roles of
specific hCG a-subunit!®3 and hCG B-subunitl®4 oligosaccharides, but
the kinetics of processing at individual glycosylation sites has not
yet been defined for hCG.

Miura et al.!®5 determined the structures of high mannose oligo-
saccharides at the individual glycosylation sites of mouse TSH.
Mouse thyrotropic tumor tissue was incubated with 3H-mannose with or
without !4C-tyrosine for 2, 3, or 6 hours, and for a 3 hour pulse
followed by a 2 hour chase. TSH heterodimers or free a-subunits were
obtained from tissue homogenates using specific antisera. After re-
duction and alkylation, subunits were treated with trypsin. Tryptic
fragments bearing labeled oligosaccharides were then separated using
reverse phase HPLC. Knowledge of the theoretical tryptic glycopep-
tides of mouse a-subunits and TSH B-subunits (Fig. 6) facilitated the
interpretation of the HPLC profiles (Fig. 7). For example, HPLC
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A. Tryptic glycopeptides of mouse a-subunits
Asn*Ile Thr Ser Glu Ala Thr Cys Cys Val Ala Lys
56 67
Val Glu Asn*His Thr Glu Cys His Cys Ser Thr Cys Tyr Tyr His Lys
80 82 95

B. Tryptic glycopeptide of mouse TSH B-subunit

Glu Cys Ala Tyr Cys Leu Thr Ile Asn*Thr Thr Ile Cys Ala Gly-

15 23 29
Tyr Cys Met Thr Arg
34

Theoretical tryptic glycopeptides of mouse TSH a-subunits
(A) and TSH B-subunits (B). The asterisks mark the posi-
tions of the oligosaccharides. Reproduced with permission
from Miura et al.165
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Reverse phase HPLC of 3H-mannose and !*C-tyrosine double
labeled tryptic fragments of free a-subunits (a) and TSH
heterodimers (b). Closed circles, 3H-mannose; open circles,

14C-tyrosine. Reproduced with permission from Miura et
al, 165
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analysis of tryptic fragments of free a-subunits showed two main
3H-mannose-labeled peaks at fractions 66 and 70 (Fig. 7a). Both of
these tryptic peptides contained 3H-mannose-labeled N-linked oligo-
saccharides, but only the second peptide contained !4C-tyrosine.

This allowed the identification of these two tryptic fragments as the
peptides bearing the oligosaccharide units linked to Asn®® and Asn82,
respectively. Analogously, HPLC analysis of the tryptic peptides of
TSH revealed three main 3H-mannose-labeled peaks (Fig. 7b). The
first and second peaks had retention times and patterns of 3H and !%C
radioactivity exactly the same as those of free a-subunits and,
therefore, must have been derived from the a-subunits of the TSH
heterodimers. The third 3H-mannose-labeled peak also comigrated with
a 14C-tyrosine peak, so that this species likely represented the
tryptic fragment from the TSH B-subunit that contained both the Asn-
linked oligosaccharide unit and tyrosine.

Having unambiguously identified the peaks of radioactivity in
the HPLC profiles in this manner, the 3H-mannose-labeled oligosaccha-
rides of each tryptic fragment were released using endoglycosidase H
and were analyzed by paper chromatography. The chromatographic pro-
files of the high mannose oligosaccharides at individual glycosyla-
tion sites of mouse free a-subunits are shown in Fig. 8, and oligo-
saccharides at individual glycosylation sites of mouse TSH are shown
in Fig. 9. MangGlcNAc, and MangGlcNAc, units predominated at each
time point and at each specific glycosylation site, but the process-
ing of high mannose oligosaccharides differed at each glycosylation
site. The processing at Asn?3 of TSH B-subunits was slower than that
at Asn5® or Asn®2? of a-subunits. The processing at Asn®? was slight-
ly faster than that at Asn®® for both a-subunits of TSH heterodimers
and free a-subunits. These differences were attributed to local
conformational differences that affected the interaction of the TSH
subunits with the cellular processing enzymes.65

This HPLC technique was employed by Miura et al.!®€® to study the
differential susceptibility to N-glycanase (peptide-N4-[N-acetyl-g-
glucosaminyl] asparagine amidase) of oligosaccharides at the indivi-
dual glycosylation sites of mouse TSH and free a-subunits. N-glyca-
nase treatment of native molecules did not cleave oligosaccharides
efficiently at Asn®f of a-subunits and Asn?3 of TSH B-subunits,
whereas oligosaccharides at Asn®? of a-subunits were more susceptible
regardless of whether or not the a-subunits were combined with g-sub-
units. Heat denaturation, reduction, and the presence of detergents
did not substantially increase the cleavage by N-glycanase of the
protected oligosaccharides, suggesting that the primary structures of
the TSH subunits influenced the efficiency of enzyme action at the
specific sites. In contrast, Ronin et al.!®7 reported that denatura-
tion of human TSH increased its sensitivity to deglycosylation, and
that native combined and free subunits were differentially suscept-
ible to a mixture of N-glycanase and endoglycosidase F. Lee et
al.'®8 in a study of bovine TSH, found that under nondenaturing
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Fig. 8. High mannose (M) oligosaccharides from individual

glycosylation sites of free a-subunits. Mouse thyrotropic
tumor tissue was incubated with 3%H-mannose for 2h (a and e),
3h (b and f), or 6h (c and g) and for a 3h pulse, 2h chase
(d and h). Tryptic fragments of free a-subunits were treated
with endoglycosidase H, and the released oligosaccharides
were analyzed by paper chromatography. Left panels (a-d)
show oligosaccharides from Asn®®, and right panels (e-h)
show oligosaccharides from Asn®2? of the free a-subunit. The
arrows mark the position of migration of the standards
MangGlcNAc and MangGlcNAc. Reproduced with permission from
Miura et al.16%
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Fig. 9. Paper chromatographic profiles of high mannose (M) oligo-

saccharides from individual glycosylation sites of TSH
heterodimers. Mouse thyrotropic tumor tissue was prepared as
described in the legend to Fig. 8. Left panels (a-d) show
oligosaccharides from Asn®® of a-subunits, middle panels
(e-h) show oligosaccharides from Asn®? of a-subunits, and
right panels (i-1) show oligosaccharides from Asn?3 of
B-subunits. The arrows mark the positions of migration of
the standards MangGlcNAc and MangGlcNAc. Reproduced with
permission from Miura et al.!®®
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conditions N-glycanase did not readily cleave one of the oligosaccha-
rides of a-subunits, and that cleavage was not substantially improved
after denaturation and reduction of the subunits. The reason for
these differences in N-glycanase susceptibility remain unclear, but
may reflect differences in the primary sequences of the subunits from
different species.

Swedlow et al.!69 studied the susceptibility of equine gonado-
tropins to N-glycanase. They reported that one of two oligosaccha-
rides of a-subunits were cleaved (although which Asn-linked unit
could not be determined), and this resulted in a gonadotropin with
only 22% of the potency of native LH in a testicular membrane assay.
If the ovine LH a-subunits behaved similarly to the mouse a-subunits
in our digestions!®®, then this leads to the prediction that the more
carboxylterminal Asn-linked oligosaccharide is the more important for
the bioactivity of the hormones.

Interestingly, our studies!65.166,170 of the individual glycosy-
lation sites of mouse TSH suggest that there is a correlation between
Asn sites that are rapidly processed posttranslationally and that are
relatively more susceptible to N-glycanase.

Matzuk and Boime!®3® employed site-specific mutagenesis of the
two Asn-linked glycosylation sites of hCG a-subunits to study the
function of the individual high mannose chains as regards a-B-subunit
assembly and hormone secretion. Absence of the oligosaccharide at
Asn’® (analogous to Asn®? of mouse a-subunit) caused hCG a-subunits
to be degraded quickly in the cell, although this mutant subunit was
partially stabilized if bound to hCG B-subunits. Absence of the
oligosaccharide at Asn3? (analogous to Asn%® of mouse a-subunit) did
not perturb the stability or transport of hCG a-subunit, but did de-
crease hCG heterodimer secretion. They concluded that there were
site-spectific functions of the a-subunit oligosaccharides. Recently
these workers reported an analogous mutagenesis study of hCG
B-subunits, and concluded that the oligosaccharides of the B-subunit
are vital for proper folding of the nascent peptides.!®% Absence of
the oligosaccharide at position 30, which is analogous to the Asn?3
oligosaccharide in TSH B-subunits, had a more profound effect than
did absence of the oligosaccharide at position 13.

Thus, these studies of the high mannose oligosaccharides of TSH
and other glycoprotein hormones suggest that the chief intracellular
roles of these carbohydrate units are to affect the folding of the
nascent peptides to facilitate proper disulfide bond formation, and
to avert proteolysis and aggregation of subunits. These high mannose
oligosaccharides are also the substrates upon which the final complex
oligosaccharides are built, and these mature structures may influence
the metabolic clearance rate and intrinsic bioactivity of the secret-
ed hormone, as will be discussed in forthcoming sections of this
chapter.
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PROCESSING OF TSH OLIGOSACCHARIDES TO COMPLEX FORMS

Much less information is available concerning the late steps as
compared to the early steps of TSH posttranslational processing. As
shown in the generalized scheme depicted in Fig. 5, the conversion of
high mannose oligosaccharides to complex oligosaccharides containing
fucose, N-acetylglucosamine, galactose, N-acetylgalactosamine, sul-
fate and sialic acid residues is believed to occur principally in the
Golgi apparatus. Techniques used to explore late processing steps
have included metabolic labeling studies employing various radio-
active sugars, use of subcellular fractionation and/or of drugs that
block intracellular transport, determination of enzymatic activities,
and analyses of TSH by lectins and a variety of other analytical
techniques.

Early studies of the carbohydrate compositions of the various
glycoprotein hormones reported significant differences in the struc-
tures of their complex oligosaccharides.!71-193 Moreover, classical
biochemical techniques, such as isoelectric focusing, had suggested
for many years that TSH was extremely heterogeneous, and that the
oligosaccharide moieties contributed significantly to this hetero-
geneity.26.194-204 Tt yags suspected that this biochemical hetero-
geneity was related to heterogeneity in hormone binding affinity,
cyclase generation, metabolic clearance and bioactivity, as will be
discussed in a later section.

STALYLATION AND SULFATION OF TSH SUBUNITS

During the 1970’s it was noted that some but not all of the TSH
heterogeneity was removed by use of neuraminidase to cleave sialic
acid residues. In 1980 a key observation was made by Parsons and
Pierce?°%, who found that some of the oligosaccharides of bovine TSH
a-subunits, bovine LH a-subunits, and human LH, but not hCG, are sul-
fated. They speculated that the negatively charged sulfate may play
some functional role comparable to that of the negatively charged
sialic acid. Shortly thereafter Hortin et al.2?°% demonstrated the
metabolic incorporation of 35S-sulfate into the oligosaccharides of
the a- and B-subunits of bovine lutropin. Anumula and Bahl2°7 ob-
tained similar results using ovine lutropin. Gesundheit et al.298
showed that mouse TSH subunits could also be metabolically labeled
with sulfate and sialic acid. Moreover, TSH secreted in the presence
of thyrotropin-releasing hormone (TRH) had a lower sulfate to mannose
ratio, and a lower sialic acid to mannose ratio, than did spontane-
ously secreted TSH, suggesting that differential sulfation and sialy-
lation may represent a point of regulation by TRH. Gesundheit et
al.2%8 gpeculated that such biochemical modulation of TSH by TRH
might explain in part the previously observed!99,209,210 yarjability
in the isoelectric point, bioactivity and metabolic clearance rate of
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TSH in different physiological states. Prior studies of pituitary
gonadotropins had demonstrated that changes in carbohydrate structure
occurred during the ovulatory cycle?!!, and that intracellular sialy-
lation increased with castration and decreased when gonadal steroids
were replaced.?!? More recently, altered sialylation of rat lutropin
has been evaluated.2?!3 Sardanons et al.2!% have reported that gona-
dotropin-releasing hormone increases the sulfation and the bioactiv-
ity of rat LH.

Because sulfate is linked to GalNAc residues whereas sialic acid
is linked to Gal residues in the oligosaccharides of the glycoprotein
hormones 215-218 Spmith and Baenziger?!® have postulated that a key
posttranslational step in pituitary tissue is the addition of GalNAc
rather than Gal to GlcNAc residues of precursor oligosaccharides
(Fig. 10). GalNAc rarely is present in the N-linked oligosaccharides
of glycoproteins other than some of the glycoprotein hormones. These
authors identified a GalNAc-transferase in bovine pituitary membranes
that specifically recognizes glycoprotein hormones.?!? Although
these workers have focused on explaining different patterns of glyco-
sylation of LH and FSH, it is likely that this enzyme also exists in
thyrotropes. Although there is presently no evidence that this GalNAc
transferase is under hormonal control, it is possible that regulation
of this enzyme could partially explain how TSH oligosaccharide struc-
tures are modulated. A pituitary sulfotransferase (not present in
placenta) is specific for the oligosaccharide sequence
GalNAc-GlcNAc-Man and does not require the peptide for recognition.

A subcellular fractionation study has directly confirmed that the
subcellular site of the sulfation of mouse TSH and free a-subunits is
the Golgi apparatus?2°, and sulfotransferase activity has been ob-
served in Golgi-derived membranes from bovine2?2! and mouse?22 pitui-
tary tissue.

Baenziger and Green?!® have determined the structures and the
distributions of sulfated and sialylated oligosaccharides on several
pituitary glycoprotein hormones (Figs. 11,12,13). For bovine TSH,
48% of the oligosaccharides contain two sulfates, 32% have one
sulfate, 18% are neutral, and 2% have one sulfate and one sialic
acid; no oligosaccharides contain sialic acid residues exclusively.
The oligosaccharides of human TSH are somewhat different: 25% have
one sulfate, 21% have one sulfate and one sialic acid, 18% are
neutral, 12% have two sialic acid residues and 5% have one sialic
acid residue. The distributions of sulfated and sialylated oligo-
saccharides of bovine LH and FSH, ovine LH and FSH, and human LH and
FSH were also reported, and each hormone had a unique spectrum of
oligosaccharide moieties. Of note, these data refer to hormones
derived from pituitary tissues, not secreted hormones. Moreover,
there may not be a "correct" distribution of structures present on a
given hormone, as the proportions may vary in different physiologic
states. Yet the identical structures are found on these hormones re-
gardless of the type of hormone or animal species.
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Concerning secreted hTSH, Miura et al.2?23 have recently studied
sera from euthyroid subjects and patients with primary and central
hypothyroidism. To assess the degree of sialylation, they analyzed
the binding of hTSH to a Gal-specific lectin, ricin (RCA,,,), after
preincubation of the hormone with or without neuraminidase. TSH in
the the sera of patients with primary hypothyroidism was more sialy-
lated than that from euthyroid or central hypothyroid patients, and
the amount of sialylation appeared to increase with the duration of
primary hypothyroidism over several months. An analogous increase in
sialylation and decrease in sulfation of secreted mouse TSH with time
over several months has also been reported by DeCherney et al.?2%
Pituitaries from euthyroid mice, or mice made hypothyroid for 3 or 12
months, were incubated with 3H-glucosamine. Labeled secreted TSH was
immunoprecipitated, a- and B- subunits were separated, and the endo-
glycosidase F-released oligosaccharides were analyzed by anion-ex-
hange HPLC. Chromatograms of the a-subunit-derived oligosaccharides
showed seven distinct species corresponding to differently sialylated
or sulfated carbohydrates. Oligosaccharides with one or two sialic
acids increased, while species with one or two sulfates decreased, as
the duration of hypothyroidism became prolonged. Moreover, hypothy-
roidism of 12 months duration caused the appearance of a new tri-
sialylated species.

Recently Murray et al.35€¢ used periodate to oxidize the side
chains of the sialic acid residues of hFSH and hCG, and then
derivatized those residues with alanine or other small molecules.

The chemically altered hormones were resistant to neuraminidase; when
injected into rats the circulating halftime was increased 7- to
10-fold. When tested in vitro for steroid production by Leydig
cells, the derivatized hFSH and hCG were less potent than the
standard hormones, although a maximum biological response could be
attained by using larger doses of the derivatives. These data
suggest that the sialic acid residues of glycoprotein hormones may
play some role in modulating their biological properties.

FUCOSYLATION OF TSH SUBUNITS

Studies of a wide variety of glycoproteins suggested that com-
plex-type N-linked oligosaccharides may contain fucose linked a 1,6
to the innermost GlcNAc residue; a peripheral GlcNAc may contain
fucose in an a 1,3 or a 1,4 linkage or Gal may be substituted with a
fucose residue in an @ 1,2 or a 1,6 linkage.'52 Some of the trans-
ferases catalyzing the incorporation of L-fucose from GDP-B-fucose
into oligosaccharide chains have been purified, and their substrate
specificities have been characterized.225-228  Fucosidases that
cleave peripheral but not core fucose residues also have been used as
probes of complex oligosaccharide structure. Almond a-L-fucosidase I
will cleave only fucose linked a¢ 1,3 or a 1,4 to GlcNAc.22° An
a-L-fucosidase from Aspergillus niger?3°, and an a-L-fucosidase from
human serum?3!, preferentially cleave fucose linked @ 1,2 to Gal.
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Studies of hepatic subcellular fractions suggested that fucosyl-
transferoses are localized in the cis or proximal Golgi apparatus.?3?
This is consistent with the observation that 6-a-L-fucosyltransferase
("core fucosyltransferase") may use GlcNAc-terminated oligosacchar-
ides as acceptor substrates.?25.228 Thus, addition of fucose to the
core GlcNAc occurs following the action of Golgi GlcNAc-transferase I
and prior to the addition of peripheral Gal or GalNAc. Molecules
having a bisecting GlcNAc residue, or peripheral addition of Gal B1,4
or sialic acid-Gal B 1,4, are no longer substrates for the 6-a-fuco-
syltransferase.?27,228 The purpose of fucose addition to glycopro-
teins during their biosynthesis, and the roles of fucose in the
mature product, are not known for any glycoprotein.

Over the years, compositional studies of the glycoprotein hor-
mones reported a small and variable amount of fucose, often less than
one residue per hormone molecule.26.185,195,196,198,205 Tp 1980
Weintraub et al.!4° demonstrated the metabolic incorporation of
3H-fucose into mouse TSH subunits, but this study design could pro-
vide little quantitative information. Then, in 1984, Chapman et
al.?33% used a lectin affinity technique to demonstrate that chorio-
gonadotropin a-subunits synthesized by tumor cells were more highly
fucosylated than a-subunits made by nonmalignant cells. Recently,
Kobata?34 more definitively established the oligosaccharide struc-
tures of hCG, and reported increased core fucose in hCG synthesized
by malignant cells as compared to nonmalignant cells. These studies
suggest that the fucose content of a glycoprotein hormone may be
modulated under certain circumstances, presumably because of an
increase in cellular fucosyltransferase activity. Earlier autoradio-
graphic studies from Canada had suggested the peculiar finding that
fucosylation of TSH23% or gonadotropins?36 generally occurred in the
Golgi apparatus of resting pituicytes, but occurred in both the RER
and Golgi of stimulated pituicytes. Cytologists had long noted that
after thyroidectomy, thyrotropes enlarged and developed hypertrophied
RER. The autoradiographic studies suggested that the distribution of
fucosylating enzymes was being altered in stimulated thyrotropes.
More critical study of this phenomenon would prove difficult, as will
be discussed below.

Early light microscopic studies of thyrotropes suggested that
TSH was being stored not only in secretory granules, but also in
granules within hypertrophied cisternae.2?37-239 1In an early electron
microscopic study, Farquhar and Rinehart2?4? demonstrated that the
cisternae were RER and that the aldehyde fuchsin-positive granules
were dense intracisternal inclusions. The intracisternal granules
became more numerous with increasing time after thyroidectomy, and
their existence was confirmed by other investigators.241-245

To attempt to confirm that RER-associated fucosylation occurred
in stimulated mouse thyrotropes, in 1986 Magner et al.Z24® incubated
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pituitaries from hypothyroid mice with 3H-fucose and performed a sub-
cellular fractionation study using sucrose gradients. Most fucosyla-
tion occurred in Golgi elements. Although RER-enriched cell frac-
tions contained 3H-fucose-labeled TSH subunits in amounts believed to
exceed the degree of contamination with Golgi or secretory granule
elements, it was difficult to conclude definitively that RER-associ-
ated fucosylation had occurred. Granules that may have represented
the poorly understood intracisternal granules were seen in some
electron micrographs of RER-enriched gradient fractions, but these
may also have represented classical secretory granules that were
contaminating the RER-enriched fractions. Moreover, use of the drugs
monensin and CCCP in this study could provide only suggestive evi-
dence that atypical compartmentalization of oligosaccharide process-
ing enzymes were present in stimulated thyrotropes. Thus, this novel
study perhaps raised more questions than it answered. For example,
perhaps the controversial RER-associated intracisternal granules of
stimulated thyrotropes, and their possible content of fucosylated
molecules, are related to RER-associated degradation of TSH during
biosynthesis, a phenomenon reported in other cell types.

One further attempt was made to clarify the concept of RER-asso-
ciated fucosylation in thyrotropes. Miura et al.?%7 incubated mouse
thyrotropic tumor tissue with 35S-methionine for 2 to 30 min, then
tested the affinity of labeled TSH subunits for lentil lectin, which
requires the presence of a core fucose residue for glycoprotein bind-
ing.248 Although small amounts of TSH subunits bound to the lectin
at early times, further studies will be needed to determine whether
or not fucosylation may occur in the RER as well as the Golgi of
hypertrophied thyrotropes.

In 1986 Magner and Papagiannes?+® employed a double-label tech-
nique to estimate the relative fucose content of mouse TSH and free
a-subunits. Thyrotropic tumor minces were incubated simultaneously
with 35S-methionine and 3H-fucose, and TSH subunits were immunopre-
cipitated and analyzed by gel electrophoresis. Secreted free a-sub-
units were approximately five-fold richer in fucose than was TSH.
Within the TSH heterodimer the B-subunit contained about twice as
much fucose as the a-subunit, in agreement with the results of
Gesundheit et al. 250.251 Magner and Papagiannes?4? reported that a
brief incubation of the tumor tissue with 0.1 uM TRH before and
during metabolic labeling aparently did not modulate the fucose/meth-
ionine ratio, a result also confirmed by Gesundheit et al.?5! in a
study of hypothyroid mouse hemipituitaries.

STUDIES OF TSH BIOSYNTHESIS EMPLOYING INHIBITORS OF INTRACELLULAR
TRANSLOCATION

To determine the subcellular sites of TSH subunit posttransla-
tional processing, Magner and coworkers analyzed subunit precursors
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in subcellular fractions of thyrotropic tumor or pituitary tissue.!*3
185,220,246 This approach is subject to several sources of error,
however, most notably the cross-contamination of subcellular frac-
tions. An alternative approach was to study unfractionated thyro-
tropes that putatively had become enriched in subunit precursors
within certain subcellular compartments while being incubated with
drugs that inhibited the intracellular translocation of newly synthe-
sized proteins. Use of such drugs, however, raises other methodolo-
gical questions, such as the accuracy of the known site(s) of action
of the drugs. 1In spite of these questions, drugs such as monensin,
which blocks intracellular transport in middle Golgi elements?52, and
carboxyl cyanide m-chlorophenylhydrazone (CCCP), which blocks trans-
port from RER to proximal Golgi elements2?53, have been used in dozens
of recent studies of a wide variety of tissues.254-258

Ponsin and Mornex?®® were the first to study the effects of mon-
ensin on the biosynthesis of TSH. Enzymatically dispersed pituitary
cells from euthyroid rats were incubated with 3H-proline or 3H-gluco-
samine in the absence or presence of TRH and/or monensin. It was
concluded that TRH stimulated the terminal glycosylation of TSH, and
this was inhibited by 25 uM monensin. Some of these data are diffi-
cult to interpret, however, because the chosen sugar, 3H-glucosamine,
may be present in TSH oligosaccarides in either the core or the peri-
phery.

Magner et al.2?4® used monensin and CCCP to try to localize the
subcellular compartment responsible for fucosylation of TSH subunits.
They incubated pituitaries from thyroidectomized mice with 35S-meth-
ionine or 3H-fucose for 2 hours, and then chase incubated the tissue
in the absence of radioactivity for 3 hours in the presence of
monensin, CCCP or no drug. TSH and free a-subunits were immunopre-
cipitated from cell lysates and chase media and analyzed by gel elec-
trophoresis. Monensin and CCCP partially inhibited the appearance of
the 3®H-fucose-labeled subunits in the media; the distribution of the
3H-fucose-labeled subunits between lysates and media was similar to
that of the 35S-methionine-labeled subunits. These results suggested
that although some fucosylation occurred in the Golgi apparatus, at
least some of the 3H-fucose was being incorporated into TSH subunits
relatively early in the secretory pathway, proximal to the site(s) of
action of monensin and CCCP. Thus, at least some fucosylation of
subunits was occurring in the RER or very proximal Golgi apparatus.
Monensin and CCCP were employed in a similar fashion by Magner et
al.22° in a study of TSH sulfation, and it was concluded that most
sulfation occurred relatively late in the secretory pathway, distal
to the sites of action of the translocation inhibitors.

Because the drug CCCP might have diverse actions within cells
due to reductions in ATP levels, it was desirable to test an altern-
ative drug that blocked intracellular transport between RER and prox-
imal Golgi. The drug brefeldin A, a fungal metabolite of a 13-member
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macrocyclic lactone ring, appeared to be a potential candidate.Z260"
263 This drug caused dilatation of the RER in hepatocytes without
lowering cellular ATP levels. Takatsuki and Tamura26! observed that
brefeldin A caused the intracellular accumulation of vesicular stoma-
titis virus G-protein containing endoglycosidase H-sensitive oligo-
saccharides lacking capping sugars such as N-acetylglucosamine or
galactose. Misumi et al.?®2 found in rat hepatocytes that the drug
inhibited the proteolytic conversion of proalbumin to albumin and
blocked terminal glycosylation of a! protease inhibitor and hapto-
globin, yet the drug blocked neither proteolytic processing of hapto-
globin proform (an RER event), nor cellular uptake of '25I-asialofet-
uin (endocytosis). Oda et al.263 found that brefeldin A caused a
precursor form of complement C3 to accumulate within rat hepatocytes.
Thus, the results of all of these workers suggested that a major
action of brefeldin A is to block intracellular transport between the
RER and the Golgi apparatus.

Using brefeldin A kindly provided by Dr. A. Takatsuki, Magner
and Papagiannes?64 first tested this drug in an endocrine system.
When pituitary tissue from hypothyroid mice was incubated with 5 or
10 ug of brefeldin A/ml for 3.5 hours, marked dilatation of the RER
and mild swelling of the Golgi apparatus occurred in all pituitary
cell types. At 5 ug/ml the drug did not inhibit protein synthesis,
but markedly reduced protein secretion. After a 2 hour pulse with
355-methionine, followed by a 4 hour chase, brefeldin A at 5 ug/ml
reduced the release of TSH and free a-subunits into the medium by 94%
and 99%, respectively; subunits that accumulated within cells were
forms with molecular weights of 2000-4000 less than normal.
Brefeldin A also partially inhibited the release into the medium of
TSH or free a-subunits labeled with 3H-fucose or 35S-sulfate.

Subsequently, Perkel et al.265 studied the effects of brefeldin
A on the processing of the high mannose oligosaccharides of TSH, free
a-subunits, and cellular glycoproteins. Mouse pituitary thyrotropic
tumor tissue was incubated with 3H-mannose in pulse-chase fashion in
the presence or absence of 5 ug of brefeldin A/ml. TSH and free
a-subunits were obtained from cell lysates using specific antisera.
Endoglycosidase H-released 3H-oligosaccharides were analyzed by paper
chromatography. Brefeldin A inhibited the posttranslational process-
ing of TSH, free a-subunits, and cellular glycoproteins, resulting in
the accumulation of the oligosaccharides MangGlcNAc,, Man,GlcNAc,,
MangGlcNAc,, and MangGlcNAc,. Use of subcellular fractionation dis-
closed that these brefeldin A-induced changes occurred as early as
the RER compartment. The species retained within the RER under those
conditions may have been subject to ongoing processing by endoplasmic
reticulum (a,l1-2) mannosidase, resulting in the accumulation of
Mang_ GlcNAc, oligosaccharides within the RER.

Incidental to the brefeldin A data, the study by Perkel et
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al.2?65 also reported the subcellular distribution of fucosyltransfer-
ase activity, a marker enzyme rarely reported. The mean fucosyl-
transferase activities were highest in the Golgi-derived subcellular
fractions, suggesting that most fucosylation of TSH and free a-sub-
units in this tumor tissue occurred in the Golgi apparatus.

In another study Perkel et al.266¢ explored whether or not bre-
feldin A affected oligosaccharide processing at multiple subcellular
sites even though its chief action was to inhibit RER to Golgi trans-
port. Pituitaries from hypothyroid mice were incubated with
35S-methionine, 3H-mannose, 3H-galactose, 3H-fucose, 3H-N-acetylman-
nosamine, or 35S-sulfate for 2 hours in the absence or presence of 5
ug of brefeldin A/ml or 2 uM monensin. TSH and free a-subunits were
immunoprecipitated from tissue lysates and analyzed by gel electro-
phoresis, or tryptic glycopeptides of TSH were separated by HPLC.
Labeled oligosaccharides were analyzed by paper chromatography.
Brefeldin A did not prevent the initial glycosylation at any specific
asparagine site of TSH. Glucose-trimming from the very early oligo-
saccharides of glycoproteins was slowed by brefeldin A, presumably
because the distortion of the RER morphology by the drug interfered
with the efficient interaction of glucosidases with substrates. Both
monensin and brefeldin A inhibited fucosylation, sulfation,and sialy-
lation more markedly than mannose incorporation, suggesting a direct
effect on the Golgi apparatus, in agreement with a recent study by
Fujiwara et al.287

In summary, use of monensin and CCCP have provided some insights
into the subcellular localization of TSH processing, particularly
concerning fucosylation and sulfation. In turn, thyrotropic model
systems have proved useful in testing the relatively little-used in-
hibitor, brefeldin A, which potentially may be a useful drug in the
study of many endocrine and nonendocrine tissues.

ENDOCRINE REGULATION OF TSH BIOSYNTHESIS AND GLYCOSYLATION

The hormonal regulation of the TSH subunit genes has been
addressed in an earlier section of this chapter. The huge literature
concerning the regulation of TSH secretion is beyond the scope of
this chapter; only the few studies dealing directly with the regu-
lation of TSH biosynthesis and glycosylation will be reviewed here.

During the late 1960's Wilber and Utiger?2€8.269 performed
immunoassay studies of TSH in rat pituitaries, as well as metabolic
incorporation experiments using !4C-glucosamine. In 1971 Wilber270
observed a curious effect of TRH on the metabolic incorporation of a
labeled sugar and a labeled amino acid into TSH. TRH appeared to
stimulate the incorporation of glucosamine into TSH by a factor of
11.4, but only stimulated the incorporation of alanine by a factor of
1.5. A provocative implication of these data was that the processes
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of glycosylation and translation of TSH are differentially regulated
by TRH. Subsequently, Cacicedo et al.?7! and Marshall et al.2?72
employed labeled amino acids and found small effects of TRH on the de
novo biosynthesis of TSH. Some of these studies have been summarized
recently.?73 Twelve years were to pass, however, before Wilber's
intriguing glucosamine/alanine phenomenon would be further explored.

In 1983 Ponsin and Mornex?5° reported that TRH caused a select-
ive stimulation of TSH glycosylation. Using dispersed rat pituitary
cells they documented that TRH increased the relative incorporation
of 3H-glucosamine into TSH. In 1985 Taylor and Weintraub2??* incuba-
ted pituitaries from euthyroid or hypothyroid rats with !%4C-alanine
and 3H-glucosamine, and demonstrated that the hypothyroid state
caused increased relative glycosylation of a-subunits of TSH hetero-
dimers. There was little or no altered glycosylation of B-subunits
of TSH heterodimer, or of free a-subunits, that was detectable by the
methods employed. In another study?7?5 these workers incubated pitui-
taries from euthyroid rats with TRH for 24 hours in vitro and demon-
strated that glucosamine incorporation into secreted TSH increased
3-fold while alanine incorporation remained level. In this case, the
increased glucosamine incorporation was present in both the a- and
B-subunits of TSH heterodimers, but was not present in secreted free
a-subunits. Such alterations in TSH oligosaccharides might explain
the altered isoforms of rat TSH detected in different physiological
states.276-278

Taylor et al.279 also studied the effects of in vivo bolus
versus continuous TRH administration on TSH secretion, biosynthesis,
and glycosylation in normal and hypothyroid rats. The animals were
treated with TRH intermittently or continuously for 5 days, then
pituitaries were removed and incubated in vitro with 35S-methionine
and 3H-glucosamine, with or without TRH, for 6 or 24 hours. TSH was
immunoprecipitated and analyzed by gel electrophoresis. The relative
incorporation of 3H-glucosamine and 35S-methionine in TSH was signif-
icantly altered in the normal but not in the hypothyroid rats after
continuous in vivo TRH; for a-subunit of the TSH heterodimer the
glucosamine: methionine ratio increased from 0.31+0.03 to 0.53+0.04
after 4 days of TRH treatment. This change presumably reflected
altered TSH oligosaccharide structures induced by the TRH treatment.

Evidence has also been presented that TRH might influence early
posttranslational steps of TSH oligosaccharide processing. In vivo
administration of TRH to recently thyroidectomized rats caused the
high mannose species Glc,ManyGlcNAc, and Glc;Mang,GlcNAc, to become
more predominant on intracellular TSH heterodimers and free B-sub-
units.!57 It was not clear whether this effect was due to a TRH-re-
lated alteration in the kinetics of oligosaccharide processing, or to
actual addition of glucose residues posttranslationally as has rarely
been reported.?8° Increased predominance of glucose-containing high
mannose units induced by TRH was not detected, however, in another
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study performed under somewhat different conditions.159

Because of the difficulty of applying classical biochemical
techniques to determine precisely the TSH oligosaccharide structural
changes induced by TRH, a more general approach using various lectins
has been used. A lectin is a substance that binds only one or a few
sugars with relative specificity and allows inferences to be made
about whether or not certain sugar residues or structures are present
in an oligosaccharide. As has been reviewed recently?2!,282 glyco-
peptides applied to the lectin concanavalin A (con A) are eluted in
three general classes: 1.) unbound glycopeptides that have bisect-
ing, triantennary and multiantennary complex structures, 2.) weakly
bound glycopeptides that elute with 10mM a-methylglucoside that have
biantennary complex or truncated hybrid oligosaccharides, and 3.)
strongly bound glycopeptides that elute with 500mM «-methylmannoside
that have high mannose or hybrid oligosaccharides (Fig.14).
Gesundheit et al.?5% incubated pituitaries from hypothyroid mice with
3H-mannose with or without 0.1 uM TRH for 18 hours. TSH heterodimers
were immunoprecipitated by anti-TSH B serum, digested with pronase,
and the resultant TSH glycopeptides were applied to con A-Sepharose.
In the absence of TRH, the percentages of 3H-mannose-labeled secreted
TSH glycopepetides that were unbound, weakly bound and strongly bound
to con A were 37%, 55%, and 8%, respectively; TRH caused these per-
centages to change to 26%, 68%, and 6%, respectively. Thus, TRH in
vitro promoted the secretion of TSH molecules slightly enriched in
biantennary complex or truncated hybrid oligosaccharides. TRH did
not alter the pattern of con A binding of glycopeptides from intra-
pituitary TSH. Con A-Sepharose chromatography of 3H-glucosamine- and
3H-fucose-labeled secreted TSH glycopeptides showed similar increases
in weakly bound species induced by TRH. Analyses of 3H-mannose-la-
beled TSH glycopeptides using erythroagglutinating phytohemagglutin-
in-Sepharose and leukoagglutinating phytohemagglutinin-Sepharose
disclosed no significant differences in TRH-treated vs. control sam-
ples. Presumably TRH affected the final structure of secreted TSH
oligosaccharides by activating or inhibiting specific glycosyltrans-
ferases, or by altering the intracellular secretory pathway. More-
over, this TRH-induced alteration of TSH oligosaccharides is believed
to have enhanced the hormone’s intrinsic bioactivity.?2?83

Modulation of TSH oligosaccharide structure has also been ob-
served in vivo as well as in vitro. Taylor et al.2?%¢ studied rats
with hypothalamic hypothyroidism and found altered forms of TSH. Bi-
lateral paraventricular nuclear lesions were created in adult male
rats. Two weeks later the pituitaries were incubated with 3H-glucos-
amine for 24 hours. Secreted and intrapituitary TSH was immunopre-
cipitated, digested with pronase, and the glycopeptides were analyzed
by con A chromatography. Compared to sham controls, the lesioned
animals contained a greater proportion of secreted TSH glycopeptides
that bound weakly to con A, indicating a shift from multiantennary
oligosaccharides in control rats to biantennary or truncated hybrid
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oligosaccharides in lesioned rats. In contrast, thyroidectomized
animals, compared to normal and hypothalamus-lesioned animals, had
more secreted TSH glycopeptides that did not bind con A. Thus, the
characteristics of the oligosaccharides of secreted TSH differed in
hypothalamic vs. primary hypothyroidism despite equally low serum
thyroid hormone levels in vivo. Another example of modulation of TSH
oligosaccharides in vivo was reported by Gyves et al.28%, who charac-
terized secreted TSH synthesized during maturation of the pituitary-
thyroid axis in the rat. Secreted TSH at the time of parturition
showed predominantly biantennary oligosaccharides that contained less
sialic acid by anion exchange HPLC analysis compared to adult rats.
Conversely, neonatal or adult hypothyroidism in rodents increased
sialylation and decreased sulfation of secreted TSH. Interestingly,
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in the latter study?®5, incubation of rat pituitaries with TRH in
vitro caused increases in the amount of secreted TSH glycopeptides
that bound weakly to con A, a finding apparently in conflict with the
study of the presumed TRH-deficient, hypothalamus-lesioned rats by
Taylor et al.284

The lectin binding characteristics of TSH oligosaccharides have
been investigated in a few other instances. Gesundheit et al.Z2836¢
reported that TSH and a-subunits secreted by an aggressive human
pituitary adenoma had more bisecting and multiantennary oligosaccha-
ride units than did TSH and a-subunits from a less aggressive tumor.
Joshi and Weintraub 2%4studied bovine and mouse TSH from a variety of
sources; fractionation by gel chromatography revealed multiple iso-
forms of TSH with widely different ratios of biological to immunolog-
ical activity. To determine whether these forms of TSH differed in
their oligosaccharide structures, affinity chromatography using con
A, wheat germ agglutinin and soybean agglutinin was performed. A
less bioactive form of TSH had decreased amounts of exposed N-acetyl-
galactosamine and/or B-linked galactose than did the forms with high-
er bioactivity. Lee et al.?87 have reported that patients with
severe nonthyroidal illness secrete forms of TSH with reduced con A
binding. Miura et al.?23 used ricin to delineate different degrees
of sialylation of TSH in sera of euthyroid, primary and central hypo-
thyroid subjects. TSH from hypothyroid sera was the most sialylated,
and the degree of sialylation increased with the duration of hypothy-
roidism. Perkel et al.2?88 used serial lectin affinity chromatography
to separate human TSH into subclasses. Serum from 29 primary hypo-
thyroid patients and 10 euthyroid subjects was evaluated. TSH from
these diverse patients behaved similarly when applied to con A and
lentil lectin. For the hypothyroid patients, the percentages of TSH
heterodimers that were unbound, weakly bound or strongly bound to con
A were 10.8+0.6% (mean +SEM), 37.3+1% and 52+1.2%, respectively; for
the euthyroid subjects these percentages were 13.1+1.7%, 26.7+2.6%
and 60.1+3.2%. The percentages of TSH heterodimers that bound to
lentil lectin for the hypothyroid and euthyroid patients were 52+1.6%
and 62+2.7%, respectively. Serial use of the con A and lentil
lectins allowed five major subclasses of TSH to be defined based on
the branching of the oligosaccharides, and the presence or absence of
a core fucose residue. The subclasses of TSH present in sera of
hypothyroid and euthyroid patients were similar. Manasco et al.289
reported similar data concerning the con A binding of TSH from sera
of hypothyroid patients, and analyses of TSH from sera of patients
with central hypothyroidism revealed a slight increase in forms of
TSH that failed to bind con A.

BIOACTIVITY OF TSH
Although the carbohydrate moiety is not required for the biolog-

ical activity of some glycoproteins, the oligosaccharides of the gly-
coprotein hormones appear to be important for hormone activity. As
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discussed in prior sections of this chapter, the high mannose precur-
sor oligosaccharides protect nascent TSH subunits from intracellular
proteolysis and aggregation and allow proper nascent chain folding to
occur so that correct internal disulfide bonding is facilitated,
proper subunit conformation is attained, and a-B-subunit combination
may proceed. The final complex oligosaccharides determine properties
of metabolic clearance in vivo and intrinsic biological activity in
vitro.

The relationship between glycosylation and bioactivity was first
addressed in glycoprotein hormones other than TSH. Removal of ter-
minal sialic acid residues from the glycoprotein hormone hCG caused
its plasma half-life in the rat to fall from 53 to 1 minute290-292
with concomitant loss of in vivo hormone effect, but desialylated hCG
retained about 50% of its steroidogenic potency in vitro.293.294 Re-
moval from intact hCG of galactose?®? or other residues in addition
to sialic acid by enzymatic 292,295-299 or chemical®°°-395 pmeans had
little effect on hormone binding to receptors in target tissues ipg,,
vitro292.295,296.298-305 pHyut markedly diminished cAMP generation
295,296, 298-305  gnd variably but generally reduced steroidogenesis.
295,297,299,302,308,305 peplycosylation of purified a- and B-sub-
units of hCG followed by recombination with native subunits suggested
that intact carbohydrate of both subunits is necessary for normal
cAMP generation 303.304  but that a-subunit oligosaccharides are par-
ticularly important for bioactivity in gonadal tissues?99,300 and
thyroid membranes.3°® Lutropin oligosaccharides were also thought to
influence steroidogenic activity, particularly those of the a-sub-
unit.307

In recent years the notion of gonadotropin oligosaccharide par-
ticipation in hormone bioactivity has become more complicated as it
has been recognized that the specific features of deglycosylating
agents and of hormone assay systems must be carefully considered.3°%
For example, forms of hCG that have little cAMP-generating ability in
vitro, may still cause substantial steroidogenesis in vitro30%,309
suggesting that minimal amounts of the second messenger, cAMP, are
sufficient to evoke a maximal end organ response. Forms of hCG that
act as competitive antagonists in vitro may not inhibit the effects
of native hCG in vivo as assessed by changes in uterine weight.302
Cole et al.31% used endoglycosidase F to remove the oligosaccharides
of human and ovine LH; when tested for ability to promote testoster-
one release by rat testicular interstitial cells in vitro the degly-
cosylated hormones were 2 to 3 times less potent than native LH, but
could still induce maximal testosterone responses. Thus, workers who
had used hydrogen fluoride to deglycosylate hormones and found almost
no in vitro bioactivity may have inadvertantly damaged the peptides
in addition to removing some of the carbohydrates.

Recently Patton et al.3!! demonstrated that deglycosylated hCG,
and a recombinant molecule composed of deglycosylated hCG a-subunit
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and native hCG B-subunit, had residual agonist activity in women.
Infusions of these modified hormones into women for 24 to 48 hours
produced a significant rise of serum progesterone levels in the mid-
luteal phase. Liu et al.3!2 prepared deglycosylated and desialylated
hCG and reported that although deglycosylated hCG had impaired abil-
ity to generate cAMP in vitro, the modified hormones caused a normal
short-term rise of plasma testosterone in vivo. This occurred in
spite of the fact that the desialylated and deglycosylated hCG mole-
cules were rapidly cleared from the plasma. Thus, when assessing the
contribution of oligosaccharides to the bioactivity of a glycoprotein
hormone, details concerning the method of deglycosylation, techniques
of in vitro or in vivo assay, appropriateness of biological end-
points, species differences, and other factors must be carefully
weighed.

Few studies of the relationship between TSH oligosaccharides and
hormone bioactivity have been performed. Probably the first such
study was by Webster et al.2?°° Human pituitary TSH originally pre-
pared by Dr. Anne Stockell Hartree was subjected to isoelectric
focusing covering the pH range 3-10, and immunoreactive TSH of six
subtypes was detected. The bioactivity of each of these subtypes was
tested in the McKenzie mouse assay, and the immunologic to biologic
potency ratio was determined for each. Subtypes I, II, III, IIla,
IV, and V had pI values of 7.25, 6.62, 6.08, 5.93, 5.45, and 5.18,
respectively, and the immunologic to biologic ratio was greater than
70, 64.1, 5.1, 4.6, 5.7, and 5.8, respectively. Pretreatment of TSH
with neuraminidase before isoelectric focusing caused two new forms
of TSH to appear with pI values of 8.7 and 8.1, but did not eliminate
the TSH heterogeneity, suggesting that the charge differences in the
molecules were due to residues other than sialic acid.

In 1980 Takai et al.3!3 analyzed radioiodinated bovine thyrotro-
pin by HPLC, and assayed fractions for cAMP response in monolayers of
cultured thyroid cells. Surprisingly, there was discordance between
the eluted positions of radiolabeled TSH and bioactive TSH. The same
authors confirmed this discordance using a technique other than HPLC,
namely polyacrylamide gel electrophoresis.3'% Moreover, different
preparations of TSH behaved somewhat differently. Bovine TSH partia-
11y purified in their laboratory was subjected to polyacrylamide disc
gel electrophoresis and revealed five individual protein bands, con-
firming the presence of TSH isohormones. When tested in the in vitro
cAMP-generating assay, four of the five bands had bioactivity, and
their potencies differed substantially. These authors speculated
that the biologically less active material present to various degrees
in different TSH preparations represented degradation products, TSH
components at different stages of biosynthesis, or non-TSH impuri-
ties.

Joshi and Weintraub?®* provided evidence that diverse forms of
TSH exist naturally that have different biopotencies. They examined
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the interaction of mouse tumor and bovine pituitary TSH with standard
bovine TSH on the activation of adenylate cyclase in human thyroid
membranes. Tumor extract, serum from tumor-bearing mice, culture
media from dispersed thyrotropic cell incubations, and two prepara-
tions of purified bovine TSH (Sigma and Pierce) were fractionated on
Sephadex G-100 (1.2 X 200cm). For each column fraction, immunoactiv-
ity was determined by radioimmunoassay, and TSH bioactivity was
assessed by stimulation of adenylate cyclase activity by human thy-
roid membranes. Pierce bovine TSH had multiple immunoactive compon-
ents with ratios of biological: immunological activity (B/I) of 0.59
to 1.42. Sigma bovine TSH, mouse tumor extract, mouse serum, and
culture media were even more heterogeneous with many immunoreactive
components and a lower range of B/I of 0.04 to 1.01. When single
doses of those fractions with the lowest B/I ratios were mixed with
multiple doses of Armour TSH standard (B/I = 1), there was 30-56%
inhibition of adenylate cylcase stimulation. Double reciprocal plots
showed competitive inhibition for the low B/I forms in most cases;
TSH forms in culture media had the highest inhibitory activity. To
determine the chemical differences between the different forms of
TSH, affinity chromatography using concanavalin A, wheat germ agglu-
tinin, and soybean agglutinin was performed. Compared with the
apparent higher molecular weight form with higher B/I, the apparent
lower molecular weight form with lower B/I contained decreased
amounts or availability of N-acetylgalactosamine or B-galactose.

Dahlberg et al.3!% reported the existence of naturally occurring
forms of human TSH having varying B/I ratios. TSH from sera of hypo-
thyroid patients and normal subjects was immunoaffinity purified up
to 400-fold, and then tested for cAMP generating activity using
cultured FRTL-5 rat thyroid cells. The TSH B/I ratios varied from
less than 0.25 to 1.21 among four euthyroid persons and eight pa-
tients with primary hypothyroidism. An inverse correlation was found
between B/I ratios of immunopurified basal TSH and the serum-free T,,
and Tg. B/I ratios of TSH from three hypothyroid patients before and
after acute stimulation by TRH showed no significant change, despite
major changes in serum TSH. Thus, there appeared to be an inverse
relationship between the metabolic status of an individual and the
intrinsic bioactivity of TSH. It was presumed that TSH oligosaccha-
ride structure differed in different physiologic states, providing
the basis for the differences in TSH bioactivity.

Several groups have directly tested the role of the oligosaccha-
ride moieties in thyrotropin action. Berman et al.3!® studied human
TSH treated with anhydrous hydrogen fluoride, and bovine TSH treated
with trifluoromethane sulfonic acid. Deglycosylated human TSH was
6-fold more potent than native human TSH, but was much less potent
than Pierce bovine TSH, in inhibiting !25I-TSH binding to porcine
thyroid membranes. 1In contrast, the deglycosylated bovine TSH had
greatly impaired receptor binding activity, perhaps due to damage
during deglycosylation. The ability of the several forms of TSH to
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stimulate adenylate cyclase activity in vitro was tested using thy-
roid membranes. Deglycosylated human TSH retained about 80% of its
potency, whereas the chemically-treated bovine TSH had little activ-
ity. When added to increasing concentrations of native bovine TSH
(Sigma), however, the deglycosylated human TSH antagonized the abil-
ity of bovine TSH to generate cAMP. These data suggested that al-
though the effects of TSH deglycosylation are not as dramatic as for
the gonadotropins, the oligosaccharides of TSH appear to be required
for maximal activation of adenylate cyclase by the hormone. Amir et
al.3!'7 deglycosylated highly purified bovine TSH with anhydrous
hydrogen fluoride. Amino acid and carbohydrate analyses of the
original and deglycosylated preparations indicated that 85% of the
carbohydrate originally present had been removed, and that the pro-
tein moiety was unaltered. In a TSH radioreceptor assay, native and
deglycosylated bovine TSH bound to human thyroid membranes with equal
affinity, since both caused a half-maximal inhibition of !25I-bovine
TSH binding at approximately equal concentrations (Fig. 15). The de-
glycosylated hormone displayed only about one third the activity of
native TSH, however, in stimulating adenylate cyclase activity in
human thyroid membranes. The deglycosylated hormone also antagonized
the adenylate cyclase-stimulating activity of native TSH in this
system, but only weakly, since abolition of the native TSH effect re-
quired a 40-fold excess of the deglycosylated TSH (Fig. 16). 1In
cultures of FRTL-5 rat thyroid cells the deglycosylated TSH was not
as effective as native hormone in stimulating cell growth (as judged
by 3H-thymidine incorporation) or causing release of cAMP into the
medium (Fig. 17). The deglycosylated TSH evoked a smaller response
than did native TSH in an in vivo mouse assay (Fig. 18). These
authors concluded that the ollgosaccharldes of TSH are not required
for receptor recognition, but are essential for the full expression
of biological activity. These results and conclusions are in general
agreement with those of Amr et al.3!®  who studied the activity of
chemically deglycosylated TSH using human thyroid membranes.

Although they did not employ deglycosylation, Menezes-Ferreira
et al.?83 studied the modulation of rat TSH bioactivity by thyroid
hormone and TRH. These factors presumably altered the TSH oligo-
saccharides. Normal or thyroidectomized rats were injected with TRH
in vivo for 24 hours, then rat pituitaries were incubated in vitro
for 6 hours in the absence or presence of 10mM TRH. The biological
activity of TSH in pituitary extracts and media was measured in terms
of stimulation of adenylate cyclase in human thyroid membranes. The
biocactivity of TSH from various experimental groups apparently in-
creased or decreased by about a factor of 2 compared to control.
Hypothyroidism caused TSH remaining within pituitaries to be less
bioactive, and favored the effect of TRH to cause secretion of more
bioactive hormone. TRH caused the synthesis of more bioactive forms
of TSH, and enhanced their release into the medium.

In 1987 Nissim et al.3!® reported a new sensitive TSH bioassay
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Fig. 15. Inhibition of binding of '25I-bovine TSH to human thyroid
membranes by bovine TSH or deglycosylated TSH. Reproduced
with permission from Amir et al.317

7~ 5 e
e
/ bTSH
. (100ng/0.28mi)
6 - -
bTSH
. o-
5 - \
bTSH
(25n9/0 25 mi)
4] 4

CAMP FORMED (nmoles/mg protein)

/
© ®Basal

L 1 L 1 1
o 400 800
dg-bTSH ADDED (ng/0.25ml)

o -
»
o]
@
(s}

o
bTSH (ng/70.25 ml)

dg-bTSH(ng/0.25mi) O 400 800
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based on iodide uptake in rat FRTL-5 thyroid cells. They measured
the bioactivity of TSH from various sources in the new assay, as well
as in an adenylate cyclase assay. They also enzymatically deglycosy-
lated bovine and human TSH and compared the bioactivities of these
reagents to that of native hormones in both assays. In the iodide
uptake assay, pituitary-derived TSH from different species had sub-
stantially different biopotencies; human TSH was 29- and 10-fold less
potent than bovine and rat TSH, respectively. Immunoaffinity-puri-
fied human serum TSH was tested in both bioassays. In the adenylate
cyclase bioassay, serum TSH showed increased bioactivity in patients
with primary hypothyroidism or TSH-secreting pituitary tumor compared
to that in normal subjects, but in the iodide uptake bioassay minimal
differences were detected among the different groups. Concerning
studies of deglycosylated human and bovine TSH, peptide-N-glycosidase
and endo-B-N-acetylglucosaminidase F were used to remove one oligo-
saccharide chain from TSH a-subunit, and all three chains from TSH,
respectively. The removal of one oligosaccharide chain from both
human and bovine TSH significantly decreased their biologic activity
about 2-fold in both the adenylate cyclase assay and the iodide
uptake assay. Paradoxically, removal of all three oligosaccharide
chains decreased their bioactivity only in the iodide uptake assay;
these disparate results suggested that second messengers other than
cAMP may play a role in TSH action. One lesson of this study is that
the assessment of the bioactivity of hormones is a complex business,
and is clearly assay-dependent.

Another approach to the investigation of the biological function
of the oligosaccharides of the glycoprotein hormones is to use tech-
niques of molecular biology to create mutant hormone subunits that
lack asparagine glycosylation sites, as has been discussed earlier
for the case of hCG.163.,164 However, deglycosylation of mature
hormone might theoretically be a more suitable technique because a
mutant hormone that is never glycosylated during biosynthesis likely
would have aberrant folding and incorrect internal disulfide bond
formation, and therefore might be a poor candidate molecule for
assessing the role of the oligosaccharides in bioactivity. Neverthe-
less, in a recent elegant study Matzuk et al.3%% used site-directed
mutagenesis to create hCG molecules lacking oligosaccharides at
certain sites, and reported that the carbohydrate at Asn®%? of the
a-subunit was particularly important for bioactivity in an in vitro
assay measuring progesterone production by MA-10 cells. An alterna-
tive approach would be to use monoclonal antibodies to study the
relationship between the immunologic structure and the bioactivity of
TSH. In a recent interesting study, Costagliola €t al.32° employed
monoclonal antibodies to the peptide portions of TSH, but did not
test antibodies to the oligosaccharides. Twenty-four monoclonal
antibodies to 11 different antigenic regions of human TSH were tested
for both binding to TSH and inhibition of TSH stimulation of adeny-
late cyclase in human thyroid membranes. Using various antibodies,
biopotency was inhibited 3-92%. This technique extends prior studies
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of the effects of chemical modifications of TSH. Monoclonal antibod-
ies directed to human and equine chorionic gonadotropins were pre-
pared by Bidart et al.32?!, and were used as probes for the topograph-
ic analysis of epitopes on the human a-subunit. Certain amino acid
residues in separate regions of the primary sequence were postulated
to be topographically adjacent.

Evaluation of TSH bioactivity in certain clinical settings has
also been informative. 1In 1979 Faglia et al.322? studied TSH levels
in plasma of 89 patients with hypothyroidism due to various hypothal-
amicpituitary disorders. Basal TSH was slightly elevated in about
25% of the patients, suggesting that the hormone had inappropriately
low bioactivity in these patients. The serum T, response to TRH was
absent or low in 40 out of 53 patients in whom it was evaluated.
Administration of T, (100ug/day for 3 days) reduced both basal and
TRH-stimulated TSH levels. TSH was of normal size by gel chromatog-
raphy. Plasma TSH values determined by cytochemical bioassay of both
basal and TRH-stimulated samples from five patients were markedly
lower than those obtained by radioimmunoassay. Thus, it was believed
that some patients with central hypothyroidism secreted forms of TSH
with low bioactivity. In a follow-up study in 1983223 g-subunit and
B-subunit of TSH were measured in the sera of five patients with
idiopathic central hypothyroidism, in seven normal persons, and in
five patients with primary hypothyroidism both before and after ad-
ministration of TRH. Patients with central hypothyroidism had an
excess of circulating TSH B-subunits. One patient with central hypo-
thyroidism was given oral TRH (40 mg/day for 4 weeks). This
patient’s serum free T, level rose from 9 pmol/l at the start of the
study to 27 pmol/l at 2 weeks, and was 18 pmol/l at 4 weeks; at the
end of the trial the serum TSH was about 0.5 ng/ml, only slightly
higher than at the start, suggesting that TRH caused a more bioactive
form of TSH to be synthesized. Presumably a qualitatively different
form of TSH was made after chronic exposure to TRH.

In a study of TSH from seven patients with hypothalamic hypothy-
roidism, Beck-Peccoz et al.32% evaluated the adenylate cyclase-stimu-
lting bioactivity and the receptor-binding activity of the immunoaf-
finity purified hormone. The TSH of each patient was defective in
both activities as compared with TSH from normal persons. After
long-term administration of TRH for 20 to 30 days, both activities of
TSH returned to normal in six of the seven patients, and resulted
clinically in enhanced serum thyroid hormone levels. Thus, in some
cases of hypothalamic hypothyroidism, secreted TSH lacks biologic
activity because of impaired binding to its receptor; TRH treatment
can correct these defects. TRH regulates both the secretion of TSH
and, presumably, specific structural features required for hormone
action. Recently, Miura et al.223 have reported qualitative differ-
ences in the structure of TSH from euthyroid, primary hypothyroid,
and central hypothyroid patients.
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In 1981 Spitz et al.325 reported the case of a healthy 29 year-
old man with a very high serum level of a qualitatively abnormal TSH.
The serum levels of T,, T; resin uptake and T, were normal, but the
TSH was 75 uU/ml. Sephacryl G-200 gel chromatography of the
patient’s serum showed that the TSH immunoreactivity eluted near the
void volume (mol. wt. greater than 200,000 daltons). The function of
the TSH was studied in both a radioreceptor and adenylate cyclase
assay. The thyroid membrane binding properties of this large TSH
were relatively normal, but the potency in the adenylate cyclase
assay was only 4% that of TSH from controls. Although the precise
biochemical nature of this abnormal TSH remains unknown, it
represents a clear example of a naturally occurring form of TSH with
normal ability to bind to the receptor but decreased ability to stim-
ulate second messenger. In contrast, a form of TSH with increased
bioactivity was reported by Beck-Peccoz et al.32%4 They described a
40 year-old man with acromegaly and hyperthyroidism who had elevated
total and free thyroid hormone levels in the blood, but a TSH of
1.2-1.5 uU/ml. High levels of serum free ea-subunit were present.

Six months after pituitary adenomectomy, serum thyroid hormone levels
and the patient’s clinical status were normal, and the basal TSH was
0.4 uU/ml. Gel filtration of serum TSH prior to surgery revealed an
appearent mol. wt. of about 29,000 daltons, slightly smaller than
that of TSH from control sera. After surgery, TSH in the patient’s
serum appeared to be of normal mol. wt. When tested in vitro in an
adenylate cyclase assay, the biological to immunological ratio of the
patient’s abnormal TSH was significantly higher than that of control
TSH, with B/I of 6.9-0.2 vs. 4.4-1.1. When cultured in vitro, adeno-
ma fragments actively secreted growth hormone and TSH. Immunostain-
ing of the tumor showed that all cells were positive for growth
hormone and a-subunits, but only a very few cells had TSH B-subunits.
This case illustrates that a small amount of TSH with increased bio-
logical activity is capable of producing hyperthyroidism if the
hormone is secreted autonomously. Although the biochemical nature of
the abnormal TSH remains unknown, it is possible that differences in
the oligosaccharide moieties may have been responsible for the alter-
ed bioactivity.

METABOLIC CLEARANCE STUDIES OF TSH

One of the potential roles of the oligosaccharides of TSH is the
modulation of the hormone’s metabolic clearance rate (MCR). One
could postulate that, if it is true that these oligosaccharide struc-
tures are influenced by endocrine stimuli in various physiologic
states, then qualitatively different forms of TSH might be secreted
having intrinsic bioactivity (as might be measured in vitro), MCR,
and in vivo bioactivity (that might reflect both in vitro bioactivity
and MCR) appropriate for a particular physiologic_;tate.

Early studies326-339 jpvestigating the MCR and distribution of
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TSH in the rat and other species have used both radioactively labeled
and unlabeled TSH, and have quantified the unlabeled hormone by var-
ious means, including in vivo and in vitro bioassays and RIA. 1In
these cases the TSH preparations tested were derived from the pitui-
taries of euthyroid animals, and thus included heterogeneous forms of
TSH, including precursor forms. In 1962 Bakke and Lawrence33°
studied the disappearance rate and distribution of bovine, rat and
human TSH after intravenous injection into euthyroid rats. The rates
of disappearance did not differ substantially for TSH of different
species, and the half-life was about 12 minutes. In agreement with
other workers of that era, they found that the kidney cleared a
substantial portion of the TSH. In 1978 Silva and Larsen335
carefully studied the peripheral metabolism of homologous radioiodin-
ated TSH in euthyroid and hypothyroid rats. They carefully checked
the validity of following TSH disappearance by using RIA by also
evaluating trichloroacetic acid (TCA)-precipitable activity, and by
immunoprecipitating TSH. The disappearance rate of TCA-precipitable
1257 (tl/2 = 28 min) was significantly longer than that of immunopre-
cipitable 1251 (t1/2=22 min), although other workers in the next
decade who purified iodinated TSH more carefully using longer columns
did not find this discrepancy. The disappearance rate of immunopre-
cipitable iodinated TSH was identical to that of noniodinated rat TSH
and of the TRH-induced TSH increment in euthyroid rats. The dis-
appearance rate of suppressible TSH (after T, treatment) in hypothy-
roid animals was only slightly longer than the rate of disappearance
of immunoprecipitable iodinated TSH (40 vs. 36 min) in the same rats.
The calculated MCR of TSH was slightly lower in hypothyroid rats
(18.343.0 m1/h/100g BW, mean +SD) than it was in euthyroid rats
(22.6+2.1). Other studies have reported that the MCR of TSH is
slightly reduced in hypothyroidism334-33€ but Connors et al.349 re-
ported that MCR decreased as a function of age but was not decreased
by severe hypothyroidism.

In 1986 Constant and Weintraub3%! investigated whether TSH from
different sources and from different physiological states might have
different metabolic clearance characteristics. They also studied the
effects of chemical deglycosylation of TSH on MCR, as well as the
targeting and distribution of radiolabeled pituitary TSH. They com-
pared purified pituitary rat TSH, TSH from crude pituitary extracts
of normal and hypothyroid rats, TSH from hypothyroid rat sera, and
TSH secreted by hypothyroid rat pituitaries incubated in vitro.

After intravenous injection into euthyroid rats, 125I-labeled rat TSH
was determined by acid precipitation in serum and various organs, and
unlabeled TSH was measured by RIA. The MCR of TSH from normal pitui-
tary extracts (0.53+0.02 ml/min) was similar to that of unlabeled
purified rat TSH (0.52+0.03), while those from hypothyroid pituitary
extracts (0.32+0.03) and hypothyroid sera (0.33+0.01) were decreased.
The reduced MCR of TSH from hypothyroid pituitaries was due to a
decreased distribution volume (8.4+0.6 ml) compared to that from
normal pituitaries (11.440.7). The decreased MCR of circulating TSH
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from hypothyroid sera reflected an increase in its tl/2 (12.640.5
min) vs. that from both normal (5.140.5) and hypothyroid (5.7+0.4)
pituitaries. The tl/2 of in vitro secreted TSH was intermediate
between those of circulating and pitutiary forms of TSH from hypo-
thyroid rats. These investigators also compared the clearances of
native and deglycosylated bovine TSH; the MCR were 0.59+0.02 ml/min
and 0.71+0.02 ml/min, respectively, and the tl/2 were 4.7+0.02 min
and 3.8+0.1 min, respectively. Thus, the metabolic clearance of TSH
differed between pituitary and serum forms of TSH, and varied with
the physiological state of the animal from which the TSH was derived.
Because chemical deglycosylation increased the clearance of TSH, it
was speculated that the basis for changes in TSH clearance was re-
lated to the oligosaccharide structures of the TSH. This conjecture
is consistent with what is known about the clearance of glycoproteins
in general342-344  although Lefort et al.3%5 have downplayed the role
of the hepatic galactose receptor in the normal clearance of hCG, and
Blithe and Nisula3®4® have reported that free a-subunits and a-sub-
units from hCG heterodimers have similar clearance rates in spite of
differences in sialic acid content, perhaps because exposed galactose
residues in both types of subunits are actually present in similar
amounts. Rosa et al.347 clearly showed, however, that desialylated
hCG had a markedly accelerated clearance rate in humans as compared
to intact hCG. Only future invesigations will determine with cer-
tainty whether or not modulation of oligosaccharide structures of the
glycoprotein hormones is a physiologic mechanism for adjusting the
MCR of these hormones.

RECENT STRUCTURE-FUNCTION STUDIES EMPLOYING SYNTHETIC PEPTIDES

During the 1970's, chemical modifications were made to glycopro-
tein hormone subunits to gain insight into functional domains of the
molecules; these studies have been reviewed elsewhere. 40,348,349
Most such studies have concerned the gonadotropins rather than TSH.
For example, lysine-49 in the a-subunit must lie near the B-subunit
of bovine lutropin because it can be cross-linked to Asp-111 in B by
carbodiimide35°; modification of lysine-49 in the a-subunit inhibits
subunit combination. Interestingly, the Asp-111 present in LH B-sub-
unit is replaced by threonine or serine in TSH and FSH, respectively.
Tyrosine-41 in the a-subunit cannot be iodinated or nitrated in the
heterodimer, but can be affected in the free a-subunit, suggesting
that it lies in the contact domain. Crosslinking experiments using LH
and its receptor suggest that both the a- and the B-subunit interact
with the plasma membrane receptor.

Comparison of a-subunit sequence data from several species has
permitted an analysis of conserved regions that may have functional
importance. Ten half-cystine residues in the a-subunit have been
conserved. The amino-terminal region up to the first half-cystine is
heterogeneous and is probably less important for heterodimer forma-
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tion or receptor binding. Residues 27 to 67 are highly conserved, as
are residues 82 to 92 in the carboxyl-terminus. Chemical modifica-
tion studies*0.343,349 have suggested that these two regions of the
a-subunit are important for receptor binding. For example, deriva-
tization of Arg-35 and Arg-42 in the native hormone using 1,2-cyclo-
hexanedione causes loss of biological activity.348 Nitration of the
tyrosines in the carboxyl-terminus of hCG a-subunit, or enzymatic
cleavage of two to five amino acids from this region, reduces the
affinity of receptor binding.+4°

Chemical modification studies, however, may be misleading due to
poor definition of the precise residue that was modified, the pres-
ence of unreacted hormone, and unanticipated effects on secondary and
tertiary structure. To avoid these pitfalls, a synthetic peptide
strategy has recently been employed by Ryan et al.193,351-383 A
series of short peptides replicating the entire amino acid sequence
of human a-subunit was synthesized by Merrifield solid phase methods;
the peptides were designed to be "overlapping" (replicating a-subunit
residues 1-15, 11-25, 21-35, etc.). They also prepared a series of
monoclonal antibodies from mice immunized with hCG a-subunit; some
monoclonals inhibited the binding of hCG and hlH to rat ovarian mem-
branes. Finally, certain of the synthetic peptides were found to
inhibit binding of 125I-hCG to these monoclonals, and some of the
synthetic peptides could directly inhibit hCG or LH binding to ovar-
ian receptors. Regions of the a-subunit between residues 26 and 46,
and between 76 and 92 were found to be important for receptor bind-
ing, in agreement with prior chemical modification studies.

Peptides from these same two regions also inhibited !25I-bovine
TSH binding to human thyroid membranes and FRTL-5 rat thyroid cells
and stimulation by TSH of adenylate cyclase activity in FRTL-5 cells>®?
Peptide 26-46 also inhibited this stimulation by serum from ten
patients with Graves'’' disease. Analogous studies have been performed
by these authors using synthetic peptides replicating sequences in
the hCG and hLH B-subunits, but thus far not with TSH S-subunits.

A MODEL OF ALPHA-SUBUNIT STRUCTURE

Although there is no crystallographic information available for
the glycoprotein hormones, Ryan et al.35! have used computer tech-
niques to model the structure of the a-subunit and of the hCG B-sub-
unit. Regions of the a-subunit amino acid sequence were assumed to
have particular secondary structures (a-helix, B-sheet, B-turn and
random coil), and bond angle information and the amino acid sequence
was entered into MAKEPOLYPEPTIDE, a computer program available on the
PROPHET system. The resultant atomic coordinates were then download-
ed to MOGLI, a molecular graphics program. The model was adjusted to
bring together half-cystines forming well-established disulfide bonds
(Cys-11-35, and 14-36), and then the remaining disulfides were accom-
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modated (Cys-32-64, 63-91, and 86-88). Disulfides were placed at the
surface of the molecule near the B-subunit interface surface. The
models are constantly being updated and the final structures have not
been solved. 1In a 1988 version, however, residues Tyr°2, Try®3, and
Phe?! were placed on the surface away from the subunit interface,
while Leu3° was placed in the interior. Oligosaccharide-linked
residues, Asn®® and Asn®2?, as well as all His and Arg residues, were
located at the surface. Two regions thought to be receptor binding
domains (residues 34-49 and residues 80-96) appear to be in separate
loops in the molecule. Two residues thought to be in the subunit
interface (Try41 and Lys49) are located in an overlap region; it is
possible that a receptor binding domain lies very near a B-subunit
binding domain. Future studies will be required to further clarify
a—-subunit structure.

CONCLUDING COMMENTS

TSH is an extraordinarily complicated molecule, being about 200
times larger than thyroxine, the thyroid product whose secretion it
controls. It would seem that a much smaller peptide could have acted
as a unique signal to travel from the pituitary thyrotrope to the
thyroid. Apparently, the emergence of the family of the glycoprotein
hormones through the ages, by gene duplication or other mechanisms,
resulted in a complicated thyrotrophic hormone that may have unusual
control mechanisms. The hormone’s qualitative structure as well as
the amount of hormone secreted appear to be regulated. Unlike most
glycoproteins, the oligosaccharides of TSH appear to play vital func-
tional roles. Precursor forms of the oligosaccharides allow nascent
subunits to fold properly during biosynthesis and prevent subunit
degradation and aggregation. Mature oligosaccharides influence the
hormone’s metabolic clearance rate and biological activity. Some
studies suggest that the structures of the oligosaccharides may be
regulated by endocrine factors during TSH biosynthesis so that quali-
tatively different forms of TSH are secreted in different physiologic
states. Aberrant clinical states exist in which TSH has inappropri-
ately low or high biological activity. Thus, TSH may be a prototype
of a new class of physiologically vital glycoproteins whose biologi-
cal functions depend critically on proper oligosaccharide structures.
Perhaps improper carbohydrate structures on such glycoproteins may
explain some currently poorly understood endocrine and nonendocrine
disease states.
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