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1. Introduction

The gonadotropins, a family of closely related glycoprotein hormones, include follicle
stimulating-hormone (FSH) and luteinizing hormone (LH) which are produced by the same
pituitary cells, the gonadotrophs and chorionic gonadotropin (CG) which is of placental
origin. Thyroid-stimulating hormone (TSH) is a structurally related glycoprotein hormone
produced by pituitary thyrotroph cells. Gonadotropin-releasing hormone (GnRH) is a
decapeptide secreted from the pre-optic and arcuate nuclei of the hypothalamus into the
hypophyseal-portal blood vessels which transports it to the anterior pituitary. At the
anterior pituitary GnRH stimulates the secretion of LH and FSH, both of which play a
central role in ovarian function. The classical studies in sheep (conducted by the Karsch lab
in University of Michigan, Ann Arbor), that involved collection of hypophyseal portal blood
[1], have shown that pulsatile secretion of GnRH from the hypothalamus is virtually 100%
coincident with pulsatile secretion of LH from the anterior pituitary. However, increases in
serum FSH levels do not always coincide with increases in levels of LH [2], implying that
there may be other mechanisms modifying FSH secretory patterns. The growth,
development and maturation of ovarian follicles are fundamental to effective reproduction
in animals. In heifers, there are two to three periods or cycles of dominant follicle
development during the estrous cycle [3-5]. The key hormone regulating follicular growth is
FSH, while pulsatile LH appears to be involved in regulating normal follicular turnover.
Our knowledge of the chemistry of the gonadotropic hormones has greatly increased our
understanding of the mechanisms of mammalian reproduction. The structural features and
the biological properties of the gonadotropins have been under intense investigation for
many years as illustrated in several reviews [6-8]. For example, the nucleotide and the
amino acid sequences of the gonadotropins from many species are now known and there is
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extensive information regarding the composition and structure of associated carbohydrate
moieties [9-12]. Studies using deglycosylated hormones have played a critical role in the
elucidation of the functional properties of both carbohydrate and protein components of the
hormones. From these studies it has become evident that isoforms of each hormone arise
from variations in the carbohydrate moiety present in the hormone, as opposed to varying
amino acid sequences. The ability to detect and quantify levels of gonadotropins has been
central to their study. The measurement of biological responses in test animals in vivo were
the earliest assays used for these hormones. Today, a variety of in vitro bioassays [13-15]
and immunoassays [16] are in use. However, a discrepancy exists between bioassays and
immunoassays for gonadotropins: i.e. immunologically active hormone may not always
be biologically active [16]. Immunogenicity of glycoprotein hormones is, for the most part,
dependent on a peptide epitope while the carbohydrate moieties contribute to the overall
bioactivity of the hormone [9, 17, 18]. It should follow then, that isoforms of a particular
gonadotropin have different bioactivities, due to the variation in carbohydrates found
in them.

This book chapter describes the structural features of the gonadotropins, their proposed
biosynthetic pathways and the molecular basis for their heterogeneity. It is now widely
accepted that the observed heterogeneity is, to a large extent, due to the variation in the
carbohydrate component of these molecules. The nature of this carbohydrate has been
shown to influence their biopotency. For example, circulatory half-life, receptor binding
and ability to stimulate signal transduction have all been shown to be influenced by the
oligosaccharides present in the gonadotropins. The influence of various factors, such as
age, puberty, pregnancy, estradiol, GnRH and nutrition on heterogeneity patterns in
various species is also discussed.

2. Structural features of the gonadotropins

The gonadotropins are glycoprotein hormones consisting of non-covalently associated o-
and B-subunits [19, 20]. These heterodimers contain two types of oligosaccharides, N-linked
and O-linked. O-linked oligosaccharides are covalently bonded to the hydroxyl oxygen of
serine (Ser) or threonine (Thr), while N-linked are covalently bonded to the amide nitrogen
of asparagine (Asn) [21]. Both types of oligosaccharide are found in the gonadotropins;
however, the N-linked type predominate.

Within a particular species, the a-subunits of all the gonadotropins are identical in amino
acid sequence, as a single gene encodes the a-subunit [22, 23]. Target cell specificity arises
from the B-subunit [24, 25], which is encoded by a distinct gene. Although the amino acid
sequences of the B-subunits of LH, FSH, TSH and CG show some homology, they are not
identical. For example, LHB and CGp of human origin are approximately 70% homologous,
while ovine LHp and ovine FSHp are approximately 34% homologous and bovine LHf and
bovine FSHf are approximately 30% homologous. One exception to this is equine LHf and
equine CGB, which have identical amino acid sequences [26].
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The Asn-linked oligosaccharides of the a and B-subunits of the glycoprotein hormones, of
both pituitary and placental origin, consist of a heterogenous array of neutral, sialylated,
sulphated and mixed sialylated/sulphated oligosaccharides giving rise to extensive
heterogeneity in their molecular forms. Thus, while any one gonadotropin consists of two
polypeptide chains, the o and B-subunits, the heterogeneity of the attached carbohydrate
gives rise to multiple molecular forms of that particular gonadotropin [11].

3. The a-subunit

Within a given species, the amino acid sequence of the a-subunits of the various
glycoprotein hormones is identical, arising from a single mRNA. The molecular
heterogeneity generated by variations in carbohydrate content gives rise to gonadotropin
isoforms of variable bioactivity [27-29]. The amino acid sequences of the a-subunits of
human, bovine, ovine, porcine and equine gonadotropins have been published from data
obtained either by direct amino acid sequencing or from the nucleotide sequences of their
respective cDNAs [23, 24, 30]. The amino acid sequence is highly conserved across species
(Fig. 1), for example, bovine and ovine a-subunits are identical, bovine and equine are
approximately 82% homologous and bovine and human a-subunits show approximately
75% amino acid sequence homology. The human a-subunit gene has a 12 base pair deletion
that is reflected in the mature protein as having four fewer amino acids close to the N-
terminus. The positions of the ten cysteine residues in the a-subunits of various species are
highly conserved.

5 10 15 20 25 30 35 40 45 50
A A A A A A A A A A
Qvine FPDEEFTMDECPECELEENEYFSEPDARPTYQCMGCCE SRAY PT PARSEET
Bovine FPDGEFTMDGECPECELEENEYF SEPDAPTY QCMGCCE SRAY PTPARSEET
Porcine FPDGEFTMQECPECKLEENEYFSELGAPTIYQCMGCCE SRAY PTPARSERT
Equine FPDEEFTTODCPECELEENEYFFELGYVEIYOQCKGCCE SRAY PTPARSRET

Human APD-——--VODCPECTLOENPEFFESQPGAPTLOCMGCCE SRAY PTPLESEET
55 60 65 70 75 80 85 90 95
A A A A A A A A A

Ovine MLWYPENITSEATCCVARKAF TRATVMGNYRVENHTECHC 3 TCYYHES
Bovine MLWYPENITSEATCCVARKAF TRATVMGNYRVENHTECHC 3 TCYYHES
Porcine MLWVPENITSEATCCVAKAFTEATVMGNARVENHTECHCSTCYYHES
Equine MLWPENITSESTCCVAKAF IRVTVMGN IELENHTQCY¥C3TCTHHE T
Human MLV OENY TS ES TCCVARSYNRYV TVMGGFEVENHTACHCITCTYHES

Figure 1. The amino acid sequences of the mature alpha subunits of gonadotropic hormones from five
species [24, 31, 32] using single letter code (A, alanine; B, either asparagine or aspartic acid; C, cysteine;
D, aspartic acid; E, glutamic acid; F, phenylalanine; G, glycine; H, histidine; I, isoleucine; K, lysine; L,
leucine; M, methionine; N, asparagine; P, proline; Q, glutamine; R, arginine; S, serine; T, threonine; V,
valine; W, tryptophan; Y, tyrosine; Z, either glutamine or glutamic acid). Sequences are aligned with
their cysteine residues in register. There is evidence for disulphide bonds linking residue 11 with 35 and
14 with 36 but there is still uncertainty concerning the postulated bonds linking residue 30 with 64, 63
with 91 and 86 with 88 [33, 34].
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Data from Cornell and Pierce [33] and from Mise and Bahl [34] provide information for
the tentative pairings of cysteine residues in disulphide bridges indicated by the solid
lines in Fig. 1. As the positions of cysteine residues are so highly conserved across species,
this implies that the disulphide bridges found within the a-subunit are identical among a-
subunits of different species. This indicates that the folding of the a-subunits of the
different species is likely to be identical. This concept is supported by the fact that it is
possible to produce a ‘hybrid hormone’ containing the a-subunit from one species
combined with the (3-subunit of another, which displays in vitro biological activity. For
example, in studies involving hybrids made from the subunits of human CG
gonadotropin (hCG) and ovine and porcine LH, Strickland and Puett [35] have shown
that the activity of a given hybrid hormone, as measured by its ability to stimulate
steroidogenesis in vitro, has the highest correlation with that of the hormone from which
the PB-subunit is derived. Indeed, some hybrids show increased activity in in vitro
bioassays, as shown by Bousfield et al [36]. In this case, the equine LHa-porcine LHf
hybrid hormone was shown to be 49 times as active as porcine LH in stimulating
steroidogenesis by Leydig cells.

While the positions of the various cysteine residues are known, there is little agreement
between laboratories on the exact cysteine pairings [33, 34, 37-39]. The alignment of
disulphide bridges proposed by Cornell and Pierce [33] for bovine LHa and by Mise and
Bahl [34] for human CGa are in exact agreement. Owing to the clustering of cysteine
residues in the a-subunit (two groups of two, and two groups of three), definitive
identification of disulphide bridges has proven difficult. The positions of the carbohydrate
residues on the a-subunits from various species are indicated in Fig. 2. The subunits have
been aligned by their cysteine residues as these are so highly conserved. This allows for easy
comparison of the homologous regions of the hormones. Hence, the glycosylation sites in
the human a-subunit match those in all other a-subunits, even though it contains four fewer
amino acids near the N-terminus. Asn-linked glycosylation occurs co-translationally [40, 41]
when Asn is encountered in the sequence Asn-X-Ser/Thr, where X is any amino acid, except
proline, and the amino acid at the third position is either Ser or Thr. In sharp contrast to
their amino acid sequences, the Asn-linked oligosaccharides on the various a-subunits
within a species can and do differ significantly. Thus, it is the nature of the carbohydrate
residues that distinguish the a-subunits of the various gonadotropins within a species. The
a-subunits are found in two forms within the pituitary gland and placenta. These are (i) af3-
dimer-associated a-subunits, and (ii) free a-subunits not combined with a (3-subunit (free o).
Free a-subunit has been shown to contain one O-linked oligosaccharide at position Thr* [42,
43] which is not present in the a-subunit of af-dimers. Hence, the uncombined a-subunit
has a higher molecular weight than the a-subunit found in association with (3-subunit [44,
45]. Parsons and Pierce [46] have shown that a-subunits with an O-linked oligosaccharide
will not combine with $-subunits to form af3-dimers.

This is in contrast to the a-subunits lacking O-linked oligosaccharides which readily
combine with B-subunits forming dimeric structures. Post translational modification of the
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gonadotropins occurs in the endoplasmic reticulum (ER) and subsequently, further
modification occurs in the Golgi apparatus (GA) [21, 40, 41]. As af-dimerisation occurs in
the ER [47, 48] and O-linked glycosylation is thought to occur in the GA, dimerisation may
block a potential O-glycosylation site.

Bovine

Ovine k|) k|) klj Asn-linked
Porcine 56 82 Ser/Thr-linked
Equine ? er/Thr-linke
Human 52 78

Uncombined 43 56 82

Figure 2. Glycosylation sites on the alpha and uncombined alpha subunits of the gonadotropic
hormones [17, 24, 49]. Amino acid sequences are represented by solid horizontal lines. Proteins are
aligned with their cysteine residues in register. Numbers indicate the positions of the glycosylated
amino acids. For convenience, numbering is based on ovine LH.

4. The B-subunit

As the B-subunit determines the biological specificity of the gonadotropins [24], it is often
referred to as the hormone specific subunit. The amino acid sequences of the B-subunits of
various gonadotropins from several species are compared in Fig. 3. The B-subunits of LH,
FSH, TSH and CG are proteins of varying lengths, ranging from 111 amino acids in bovine
FSHP (one of the shortest), to 149 amino acids in equine CGP and equine LHf (the
longest). Human and equine CG have additional amino acids at the C-terminal [50, 51],
compared with the other hormones (Fig. 3). This C-terminal extension peptide was
originally thought to be a characteristic of CG and not of pituitary-derived glycoprotein
hormones. However, it was subsequently discovered that equine LH also has a C-terminal
extension peptide [52]. No other pituitary derived gonadotropin from any other species
has this extension peptide.

The C-terminal extension peptide is heavily glycosylated containing four O-linked
oligosaccharides in the case of human CG and five or six in the case of equine CG and
equine LH (Fig. 4). Unfortunately, there is no recognised consensus sequence to signal O-
linked glycosylation, in contrast to the Asn-X-Ser/Thr sequence which is required for N-
linked glycosylation.
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It is possible that a single gene may code for both the equine CGf and equine LH subunits,
as these have identical amino acid sequences (Fig. 3). Separate genes encode the separate {3-
subunits of the various gonadotropins in all other animal species and these genes are located
on different chromosomes with one exception, the human LH/CG B-subunit gene cluster
which is found on chromosome 19 [53]. This cluster consists of a single copy of the human
LHB gene and six copies of the human CGP gene; however, some of these are not
transcribed. In contrast to equine LHP and equine CGf, analysis of the amino acid
sequences of human LHP and human CGP shows these to have different amino acid

sequences.
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
A A A A A A A A A A A A A A A
hCG SEEPLEPRCRPINATLAVEREGCEVCITVNTTICAGYCETMTRVLOGVLPALE——OVVCHYRDVEFESIRLEGCPRG
eCG SRGPLEFLCRPINATLAAEKEACPICITFTTSICAGYCPSMVEVMEARLPATIR-—OFVCTYRELRFASIRLEGCPEG
eLH SRGPLEPLCEP INATLAAEKEACPICITFTTIICAGYCE S MVEVMEPAATLPATP-—QPVCTYRELRFASIELEPGCPEG
hLH SREPLEPWCHP INAILAVEREGCPYCITVNTTICAGYCP TMMEVLOQAYLPPLP - - OVVCTYRDVRFES IFLPGCPRG
oLH SRGPLEPLCOP INATLAAEKEACPYVCITFTTAICAGYCE A MERVLEVILPFME ——QRVC TYHELRFASVELEPGCPEG
bLH SRGPLEPLCOP INATLAAEKEACEYCITFTTIICAGYCE S MERVLEVILPFME - —QRVC TYHELRFASVELEPGCPE G
pLH SRGPLEPLCEP INATLAAENEACEVCITFTTI ICAGYCEEMREVLEAATLPEVE-—QPVCTYRELSFASIFLEPGCEPEG
eFSH ---———- N ELTNITIAVEREGCGFCITINTTWCAGECYTRDLYV K- -DPARPNIQKTC TFEELYYETVEVE GCAHH
hFSH —-———- NaCELTNITIAIEKEECRFCISINTTWCAGTCYTRDLYV I K- -~DPARPEIQKTC TFEELVYETVREVE GCAHH
oFSH --——- RECELTNITITVEREECSFCISINTTWCAGTCYTRDLVIK--DPARPNIQKACTFEELVYETVEVE GCAHH
bFSH ---———- RECELTNITITVEREECGFCISINTTWCAGEICYTRDLYVIR--DPARPNIQKTC TFEELYYETVEVE GCAHH
pFSH —————— NaCELTNITITVEREECNFC IS INTTWCAGTCYTRDLYV Y- -DPARPNIQKTC TFEELVYETVEVE GCAHH
hTSH —--—————- FCIPTEYTMHIERRECAYCLTINTTICAGTCMIRD INGELFLPEYALSQODVC TYRDF IFRTVEIPGCPLH
bTSH —--—————- FCIFTETMMHVERKECATCLTINTTVCAGTCMIRDVNGELFLPEYALSODVC TYRDFMYETAEIPGCPRH
pTS H-———- FeIPTEYMMHVERKECAY CLTINTTICAGECMTRDFNGELFLPEYALSODVC TYRDFMYETVEIPGCPHHE
80 85 90 95 100 105 110 115 120 125 130 135 140 145
A A A A A A A A A A A A A A
eCG VDIPMVSFPVALSCHCGPCOIKTTLCGVEFRDOPLACAPOASSSSKEDPPSOPL TS TS TP TP GASRRESSHPLE IKTS
hCG VHPVVSTAVALSCOCALCRRSTTDCGSPEDHFL TCDDPRFQODSSSSKAPPPSTLPSPSRLEPGPSDTE ILED
elH VIPMVSFPVALSCHCGPCQIKTTDCGVERDOPLACAPQASSSSEDPPSOPLTSTSTPTRGASRRESSHPLEF IKTS
hLH ¥DPVVSFPVALSCRCGPCRRSTSDCGGPKDHPLTCDHPOLSGLLEL
oLH ¥IDPMVIFPVALSCHCGECRLSSTDCGPGRTOPLACDHEFLEPDIL
bLH VDFMVSFPVALSCHCGPCRLSSTDCGGPRTOPLACDHPFLEDILEL
pLH YOPTV3IFPVALSCHCGPCRLEESDCGGPRAQPLACDREPLLPGLLEL
eFSH ADSLYTYPVATACHCGECHNSDSTDCTVRELGEPSYCSFGDMEE
hFSH ADSLITYPVATQUHCGECDSDSTDCTVRGLGPSYCSFEEMEE
OFSH ADSLIYTYPVATECHCGECDRDSTDCTVRGLGPSYCSFSDIRE
bFSH ADSLYTYPVATECHCSKCDIDSTDCTVRGLGEIYCIFREIKE
pFSH ADSLYTYPVATECHCGECDADSTDCTVRGLGPIYCIFIENEE
hTSH VAPYFSYPVALSCECGECHNTDYSDCIHEAIETNYCTEPQESILVGESV
bTSH VTPYFSYPVAISCECGECNTDYSDCIHEATETNYCTEPQESTMVGFST
pTSH WP YF 3 YPVAISCECGRCNTDYSDC IHEATETNYCTRFQESYVLEFSI

Figure 3. Compilation of the reported amino acid sequences of the glycoprotein hormone beta subunits
[49]. Original references are cited in several reviews [24, 31, 32]. For single letter code, see legend to Fig. 1.
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Bovine gl)
(P)Vin.e 13 k]) Asn-linked
orcine
? Ser/Thr-linked
LH
Human Y

T 77 777

Equine

Bovine

Ovine

Porcine :I;m ;I:)m) FSH
Equine

Human

Bovine

Porcine ;‘:)(23) TSH

Human

Human Y Y ? (ﬁ?
13 30 CG
Equine Y ?? cﬁ??

13

Figure 4. Glycosylation patterns on the beta subunits of the gonadotropic hormones. Proteins are
aligned with their cysteine residues in register [49]. Numbers indicate the positions of the glycosylated
amino acids and numbering is based on ovine LH. Where actual numbers differ, the positions of the
glycosylated amino acids are indicated by the numbers in parentheses.

As in the a-subunit, cysteine residues are located in highly conserved positions in all the 3-
subunits of all species with one exception, i.e. one cysteine residue from a salmon
gonadotropic hormone, (sGTHbl), is not present [26]. Again, as with the a-subunit,
alignment of the B-subunit sequences by placing their half cystines in register, allows
comparisons of highly conserved regions, although some subunits are shorter at the N-
terminus than others. For example, the B-subunits of FSH and TSH from all species are
shorter by six and seven amino acid residues, respectively, than the 3-subunits of LH. The
degree of amino acid sequence homology between [3 -subunits from different species varies.
For example, ovine and bovine LHf3 are approximately 96% homologous while equine and
human CG@ display an homology of approximately 50%.
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Each -subunit contains 12 cysteine residues making up six intra-disulphide bonds. These
12 cysteine residues are more evenly scattered through the molecule than those found in the
a-subunit. Two groups of researchers, using different methodologies, have indicated
identical disulphide bridge placements for ovine LHf and human CG [34, 54]. However,
agreement exists on only three of six disulphide bridges among all authors. As such, some
uncertainty remains as to the exact cysteine pairings in the B-subunit, but this situation is
less controversial than that in the case of the a-subunits. As with the a-subunits, the
positioning of the cysteine residues among all B-subunits is likely to lead to similar
disulphide bridge formation and therefore very similar, or identical, overall three-
dimensional structures.

5. Structural features of the Asn-linked carbohydrates

The a- and PB-subunits of the gonadotropins contain either one or two Asn-linked
oligosaccharides. The positions of the oligosaccharides on the f-subunits of the
gonadotropins are indicated in Fig. 4. The position and structure of the Asn-linked
carbohydrates found on gonadotropin subunits are varied [17, 24, 55] and consist of four
types: (i) neutral, (ii) sialylated, (iii) sulphated and (iv) mixed sialylated/sulphated types.
Oligosaccharides differ not only in their degree of sialylation or sulphation, but also in their
core structures; these differences are the basis for the microheterogeneous molecular
populations of individual hormones with varying biological activities [27, 29, 56-60]. Green
and Baenziger [9, 11] have elucidated the structures and distributions of the sulphated (5)
and sialylated (N) oligosaccharides on bovine, ovine and human pituitary glycoprotein
hormones. The sulphated, sialylated and sulphated/sialylated structures were found to be
highly heterogeneous and comprised 67-90% of the N-linked carbohydrate moieties present
in pituitary-derived gonadotropins. As the hormone samples used in these studies were
pituitary-derived, it should be borne in mind that some of the structures may represent
partially synthesised/degraded oligosaccharides and may not correspond to secreted forms
of the hormones. Nonetheless, these studies have provided a molecular basis for the
observed heterogeneity of the gonadotropins. The oligosaccharides found in the placental
gonadotropin, human CG, consist of typical neutral and sialylated di-branched structures
[61-63] found in many serum glycoproteins. However, those found in pituitary-derived
gonadotropins are more heterogeneous and complex in nature, perhaps reflecting partially
processed forms of the molecules.

6. Sulphated oligosaccharides in the pituitary glycoprotein hormones

The oligosaccharide chains of glycoprotein hormones are of the complex type, as opposed to
the mannose-rich type. The sulphated carbohydrates on bovine LH were among the first of
the pituitary-derived gonadotropins to be fully characterized [55, 64]. The structures of the
sulphated oligosaccharides found in the pituitary gonadotropins are illustrated in Fig. 5.
These oligosaccharides vary in both the number of sulphate moieties and in the composition
of the oligosaccharide structures (Fig. 5).
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Figure 5. Structures of the sulphated N-linked oligosaccharides found in the pituitary-derived
gonadotropins [11, 49]. Residues in bold italics are variably present. Both fucosylated and non-
fucosylated forms of oligosaccharide are found in the pituitary hormones.

Each of the sulphated oligosaccharides has a core region consisting of three mannose and
two N-acetylglucosamine (GIcNAc) residues [9, 55]. Additionally, each of the sulphated
structures has one similar peripheral branch consisting of the sequence SOs-N-
acetylgalactosamine-N-acetylglucosamine-manose (SOs-GalNAc-GlcNAc-Man). The second
peripheral branch always commences with a mannose residue bonded to the core mannose.
Sulphated oligosaccharides are either mono-(S-1) or di-(5-2) sulphated. The sulphated/
sialylated (S-N) structure contains both sulphate and sialic acid residues. Sulphate is always
found associated with GalNAc while sialic acid is always linked to a galactose residue. The
relative amounts of sulphated oligosaccharides varies considerably among the different
hormones [64]. For example, the bovine hormones were found to contain very little S-N (0-
2% of total oligosaccharides), while human and ovine hormones have relatively large
amounts of S-N (10% of ovine FSH and 23% of human LH oligosaccharides are of the S-N
type). However, bovine, ovine and human pituitary glycoprotein hormones display a very
similar spectrum of sulphated oligosaccharides, i.e. most of the sulphated structures shown
in Fig. 5 were isolated from each of the species’ pituitary gonadotropins. In terms of the
relative biosynthetic and secretory pathways, the presence of significant amounts of S-N on
some of the hormones is important. It demonstrates that hormones which receive SO4 and
GalNAc do not traverse a physically distinct pathway to those hormones which receive
sialic acid and galactose.
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7. Sialylated oligosaccharides in the pituitary glycoprotein hormones

In general, the terminal carbohydrate residue of gonadotropin oligosaccharides is either
sulphated or sialylated [17]. Some hormones, for example bFSH and hFSH, contain a much
greater proportion of sialic acid and galactose than sulphate and GalNAc [10, 65, 66]. The
sialylated oligosaccharides found on the gonadotropins, like the sulphated ones, consist of a
heterogeneous array of structures. Three major types of sialylated oligosaccharide exist.
These are mono-, di- and tri-sialylated oligosaccharides, containing one (N-1), two (N-2) and
three (N-3) sialic acid residues, respectively. These oligosaccharides include both di- and tri-
branched structures. The structures of the sialylated di- and tri-branched Asn-linked
oligosaccharides found in pituitary gonadotropins are shown in Fig. 6. Additional details of
all proposed structures for both sulphated and sialylated oligosaccharides are provided by
Green and Baenziger [11].

The spectrum of sialylated structures found among the different hormones varies widely, in
sharp contrast to the spectrum of sulphated oligosaccharides associated with each hormone.
The relative amounts of particular sialylated structures also varies significantly among the
various hormones. Some oligosaccharides are found exclusively associated with one
particular hormone from one species. For example, N-3(D) (Fig. 6) and an N-2 form of this
oligosaccharide are found exclusively on bovine FSH [12]. Hence, these oligosaccharides are
both hormone and species specificc. Human TSH was shown to have oligosaccharides
bearing exclusively sialic acid residues while bovine TSH does not. Bovine TSH does have
small amounts of S-N. Of all the bovine, ovine and human pituitary gonadotropins, only
human LH and human FSH contained sialylated oligosaccharides bearing a (31,4 linked
‘bisecting” GIcNAc residue attached to the core mannose (Fig. 6, N-2(C)). This implies that
the enzyme responsible for the addition of GlcNAc in this position is active only in human
and not in bovine or ovine gonadotroph cells.

Follicle-stimulating hormone contains sialylated oligosaccharides which are different to
those found on LH or TSH. The most striking difference is the presence of tri-sialylated, N-3
type, oligosaccharides on FSH but not on LH or TSH [12]. This is true for ovine, bovine and
human. Hence the study of sialylated oligosaccharide structures has highlighted several
examples of both hormone and animal species-specific differences.

The distributions of the various oligosaccharide types in the pituitary glycoprotein
hormones are illustrated in Table 1.

It is interesting to note the distribution of sulphated and sialylated structures. Bovine LH bears
exclusively sulphated oligosaccharides while, in bovine FSH, the sialylated type predominates.
Similarly, ovine LH contains very few sialylated structures while ovine FSH contains roughly
equal amounts of sulphated and sialylated oligosaccharides. This raises the question of how
different glycosylation patterns occur on LH and FSH, as both are produced by the same
pituitary cell, the gonadotroph, and both have a-subunits with identical amino acid sequences.
Thus the difference in glycosylation pattern may reflect the presence of the hormone specific 3-
subunits. Knowing the structural features and the distributions of the various types of
oligosaccharide found on the gonadotropins, what are the functions of the various
oligosaccharides and what effect, if any, do these carbohydrates have on biological activity?
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Figure 6. Structures of the sialylated dibranched and tribranched Asn-linked oligosaccharides in the
pituitary glycoprotein hormones [49]. Only the highly sialylated structures are shown; see Green and
Baenziger [11] for additional structures.

_ Glycosylation type

Gonadcrophin Neutral 51 S2 SN N1 N2 N-3
bLH 33 45 2 0 0 0 0
bESH 32 11 1 1 5 39 11
bTSH 18 32 48 2 0 0 0
oLH 26 56 13 4 1 0 0
oFSH 32 14 16 10 10 11 7
hLH 16 19 7 23 19 16 0
hFSH 10 2 0 5 19 39 25
hTSH 18 25 18 21 5 12 0

Table 1. Relative distributions of neutral, sulphated, sialylated and sulphated / sialylated
oligosaccharides expressed as a percentage of total oligosaccharides found in the pituitary glycoprotein
hormones [12, 49].



166 Gonadotropin

8. Functions of the oligosaccharide residues of the gonadotropins

The overall in vivo activity of the gonadotropins is dependent upon several distinct
characteristics: (i) their clearance rate from circulation, (ii) their ability to recognise the
correct target cell receptor and (iii) their ability to induce cell signal transduction pathways.

The clearance rate of certain gonadotropins, for example FSH, is directly affected by the
presence or absence of sialic acid. Removal of sialic acid by neuraminidase treatment
decreases the in vivo biological activity of FSH due to its rapid elimination from the
circulation by the hepatic asialoglycoprotein receptor [67, 68]. However, the in vitro
biological response is not diminished [69, 70]. Aggarwal and Papkoff [71] examined the
relationship of sialic acid residues to in vitro biological activities of the equine
gonadotropins. In this study it was found that the in vitro LH activity of desialylated equine
CG and equine LH was five and two times greater, respectively, than that of native
hormone, as measured by the ability to stimulate steroidogenesis in rat Leydig cells. In
contrast to this, Aggarwal and Papkoff [71] also showed that desialylating equine CG and
equine FSH drastically reduced the ability of these hormones to stimulate CAMP production
(FSH activity). So in the case of equine FSH at least, sialic acid appears to play an important
role in in vitro biological activity. In agreement with Aggarwal and Papkoff, a study by
West et al. [72] examined the effects of neuraminidase treated ovine pituitary FSH (reducing
its acidity) in prepubertal lambs and observed an increased clearance rate and reduced
ability to facilitate follicle development and maturation compared with more acidic FSH.
However, most data support the hypothesis that sialic acid is present to prevent rapid
clearance from circulation, and it is not essential for receptor binding or for signal
transduction.

When gonadotropins are totally deglycosylated, either by chemical or enzymic means, their
receptor binding ability is not diminished [73] in fact in some cases, it is increased compared
with native hormone. For example, Calvo et al. [74] demonstrated a three-fold increase in
the ability of deglycosylated human FSH to bind to FSH receptors of bovine testes, when
compared with native hormone. Berman et al. [75] showed that the relative binding affinity
of deglycosylated human TSH (while not a gonadotropin, is a structurally very similar
glycoprotein hormone) was six-fold higher than that of native TSH. However,
deglycosylated gonadotropins have a greatly diminished capacity for the stimulation of
cAMP production by target cells [76, 77]. Hence, a deglycosylated hormone may bind to its
receptor but fail to stimulate a biological response.

In apparent contrast to these findings, Cole et al. [78] has reported that significant
steroidogenic activity of LH is maintained after enzymatic removal of oligosaccharides.
Retention of some steroidogenic activity in the absence of CAMP production raises the
possibility that deglycosylated hormones may act through alternative signal transducing
systems and/or second messengers.

Deglycosylated hormones become antagonists of the native hormone in in vitro bioassays
[51, 79, 80]. However, some deglycosylated hormones show poor in vivo antagonism. For
example, Liu et al. [81] have shown that deglycosylated human CG is a full agonist at the
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LH/CG receptor in the primate in vivo despite being a near-complete antagonist of human
CG in vitro. Similarly, Patton et al. [82] showed that neither deglycosylated human CG, nor
deglycosylated a-intact 3-human CG, succeeded in terminating luteal cell function when
administered to healthy young women during the mid-luteal phase of their menstrual
cycles. This demonstrates that neither of these CG preparations exhibit antagonistic
properties. In this study, it was suggested that the failure to interfere with LH maintenance
of postovulatory corpora lutea is a result of residual agonist activity of the deglycosylated
human CG. Experiments carried out by deglycosylating a- or B-subunits and then
recombining the deglycosylated subunits with their native counterparts, support the
premise that it is the oligosaccharides of the a-subunit, and not those of the -subunit,
which are essential for producing a biological response [73, 80, 83]. As stated earlier,
uncombined a-subunit, which has been isolated from bovine pituitary is O-glycosylated. It
is possible that such O-linked oligosaccharides may play a role in regulating dimerisation of
pituitary gonadotropins [19]. Begeot et al. [84] demonstrated that uncombined a-subunit
induces the development of lactotropes in the pituitary of 13-day-old rat foetuses, indicating
that uncombined a-subunit may have a functional role other than that of a gonadotropin
subunit. An additional role for uncombined a-subunit has been reported by Blithe et al. [85].
Using free a molecules isolated from the urine of pregnant women, as well as purified
reference preparations of human CG a-subunit, Blithe et al. [85] have reported that free a-
molecules stimulate the release of prolactin from human decidual cells in culture.

Hence this report suggests a novel role for free a in the paracrine regulation of decidual
prolactin secretion.

The gonadotroph cells of the pituitary have the ability to segregate LH and FSH into
separate secretory granules. Baenziger and Green [86] have suggested that the
oligosaccharides present on LH and FSH may act as ‘recognition-markers’ to allow the cells
to carry out this function. The presence of predominantly sialic acid residues on FSH and
sulphate residues on LH may result in the targeting of these hormones to separate secretory
granules.

9. Biosynthesis of gonadotropins bearing Asn-linked oligosaccharides

Biosynthesis of glycoprotein hormones involves protein biosynthesis and both co and post-
translational modification by the addition of carbohydrate groups. The a- and B-subunits
of the gonadotropins are synthesised by translation of their respective mRNAs. The
transcription of a- and B-subunit genes is influenced by a number of factors including
steroid hormones such as progesterone, estradiol and testosterone. The regulation
of transcription of the gonadotropin subunit genes has been reviewed in several papers
[87, 88].

Once mRNA has been produced, protein synthesis occurs on polysomes bound to the rough
endoplasmic reticulum (RER). If gonadotropin subunit mRNA is subjected to translation
using a cell-free translation system (i.e. ribosomes, mRNA etc., but no Golgi membrane-

167



168 Gonadotropin

bound processing enzymes), then the resultant gonadotropin subunits are of slightly higher
molecular weight as the signal peptide is not removed [89-91]. Glycosylation does not occur
as the enzymes and oligosaccharides required for glycosylation are not present, while the
increased molecular weight of the subunit is due to the presence of an N-terminal signal
peptide. In vivo, this signal sequence is cleaved from the nascent polypeptide, by a signal
peptidase located on the luminal surface of the RER membrane, hence it is not present on
mature secreted protein. Elements of the signal hypothesis are reviewed by Jackson and Blobel
[92]. Immature gonadotropin subunits containing a signal sequence are termed pre-a and pre-
B subunits. Processing of pre-at and pre-f subunits to their mature forms involves two events,
i.e. the cleavage of the signal peptide and glycosylation. Signal peptide cleavage occurs co-
translationally [92] while glycosylation occurs both co- and post-translationally [24, 93].

Baenziger and Green [86] have proposed the synthetic pathway, outlined in Fig. 7, for the
synthesis of the sulphated and sialylated Asn-linked oligosaccharides of the pituitary
glycoprotein hormones. This proposed pathway was based upon the established pathway
for N-linked glycosylation [41] and the structures of the oligosaccharides found in pituitary
glycoprotein hormones isolated from pituitary tissue [11].
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Figure 7. Proposed pathway for the biosynthesis of the sulphated and sialylated oligosaccharides in the
pituitary glycoprotein hormones [49, 86].
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The primary event in the process of N-linked glycosylation is the transfer of an
oligosaccharide core of GlcManGlcNAc from a dolichol phosphate donor to specific Asn
residues of the nascent polypeptide chain. As stated earlier, Asn must be in the sequence
Asn-X-Ser/Thr in order to become glycosylated. This transfer process occurs co-
translationally and is mediated by the enzyme oligosaccharyl transferase. While the
glycoprotein is still in the RER, the three peripheral glucose residues are cleaved (step 1; Fig.
7). Specifically, a-glucosidase I removes the terminal glucose and a-glucosidase II cleaves
the remaining two glucose residues. Different numbers of mannose residues, 0, 1, or 3 may
be removed in the RER by specific glycosidases [94]. Formation of disulphide bonds and af3-
dimerisation [47, 48] is also initiated in the RER. The af3-dimeric precursor of the mature
glycoprotein is packaged into transfer vesicles and transferred from the RER to the cis-
Golgi. The cis-Golgi is one of three compartmentalised areas of the organelle known as the
Golgi apparatus. It is in the Golgi that vital post-translational modification events take place
which play a pivotal role in determining the type of oligosaccharides which will be present
in the mature glycoprotein. Hence, post-translational events in the Golgi determine, to some
extent, the biological properties of the mature hormone.

In the cis-Golgi, a-1,2-mannosidase may cleave additional mannose residues yielding the
ManGIcNAc intermediate (step 1; Fig. 7). This intermediate serves as substrate for the
addition of GIcNAc by GIcNAc transferase I in the medial-Golgi, (step 2; Fig. 7). The
resulting intermediate, GIcNAcManGlcNAc, may be converted to mono sulphated hybrid
oligosaccharides (S-1(A-D)) by the sequential addition of GalNAc and sulphate (step 3; Fig.
7). Alternatively, sequential action of Golgi a-mannosidase II, which removes two mannose
residues (step 4; Fig. 7) and GlcNAc transferase II which adds GIcNAc (step 5; Fig. 7) yields
an intermediate from which all the remaining gonadotropin-associated Asn-linked
oligosaccharides can be synthesised. This key intermediate is the GIcNAcManGIcNAc
structure highlighted in Fig. 7 by a bold rectangle.

Hence this key intermediate can act as a template for the production of either sulphated,
sialylated or sulphated/sialylated oligosaccharides. If galactose and sialic acid are
sequentially added to this key intermediate, then sialylated oligosaccharides are formed
(steps 9, 10, 11; Fig. 7). Alternatively, sequential addition of GalNAc and sulphate produces
sulphated oligosaccharides (steps 6, 7; Fig. 7). Step 8 (Fig. 7) illustrates how the S-N type
carbohydrates are formed, i.e. by the addition of GalNAc and sulphate as well as galactose
and sialic acid.

Having discussed the nature of gonadotropin heterogeneity and the biosynthetic pathways
by which such a heterogeneous population of hormones may be produced, several
questions remain to be answered. For example, of all the isoforms which have been isolated
and purified from pituitary extracts, which of these correspond to forms which are actually
secreted into the blood and reach their target tissue? There is no doubt that the pituitary
gonadotropins exist as multiple isoforms within the blood and that the isoform profile of a
particular hormone in the blood does change under different physiological conditions.
However, it still remains unclear what effect, if any, such a change in isoform profile has on
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the regulation of gonadal function. The following section deals with the factors influencing
isoform profiles and suggests how the above questions may be addressed.

10. Factors influencing gonadotropin isoform profile

It is now clear that the gonadotropic hormones are secreted as multiple forms into the blood;
however, to date little work has been done to characterize the patterns of gonadotropin
isoforms in circulation of farm animals during different physiological states. Much of the
data generated to date is based on the patterns of isoforms present in the anterior pituitary
rather than in circulation or using rat sertoli or granulosa cell bioassay culture systems to
determine biological activity. Thus, further work is required to address the role of
gonadotropin heterogeneity in ovarian function and to resolve some of the apparent
incoherencies present in the literature.

In prepubertal lambs, there is a high proportion of the more acidic (typically less biopotent)
forms of FSH in serum; once lambs reach puberty, there is a shift towards the less acidic
(typically more bioactive) forms of FSH in serum [95]. This is consistent with data from rats
where an increase in bioactive forms of FSH within the pituitary was observed during the
transition through puberty [96, 97]. However, in heifers Stumpf et al. [29] failed to detect a
change in the distribution of either LH or FSH isoforms in pituitaries collected during sexual
maturation.

During the estrous cycle of ewes, there was little change in the pattern of LH isoforms in the
pituitary between the luteal and follicular phases [98]. However, during aestrus there was a
decrease in the proportion of basic forms of oLH and a marginal increase in the acidic forms
of LH [98]. This is in contrast to data on FSH. In rats, there is an increase in the less acidic
(more bioactive in terms of radioreceptor assay) forms of FSH in the anterior pituitary
during the pro-estrous period [99] when high concentrations of estradiol are present.
Similarly in humans, there is an increase in FSH bioactivity (and the less acidic forms of
FSH) during the late follicular phase of the menstrual cycle [28] thought to be associated
with the pro-estrus rise in estradiol. Anobile et al. [100] also observed an association
between increased estradiol and basic FSH isoforms during the menstrual cycle and
concluded that changes in gonadotropin isoforms through the human menstrual cycle are
related to changes in the prevailing steroid environment. In contrast, Kojima et al. [101]
reported no change in FSH isoform distribution in the pituitary during the follicular phase
of the estrous cycle in heifers. In agreement with this, Cooke et al. [102] also reported no
changes in circulatory FSH isoforms during the first or second follicular waves in beef
heifers, however, did identify greater amounts of less acidic FSH isoforms during the
preovulatory gonadotropin surge which was also associated with increased estradiol
concentrations. In addition, Crowe et al. [103] examined the resumption of follicular waves
post partum and identified no significant differences in FSH heterogeneity between late
pregnancy and the early post partum period.

Interestingly, a study by Timossi et al. [104] revealed the relationship between FSH isoform
and bioactivity may also be dynamic, with naturally occurring human FSH isoforms
observed exhibiting differential or even unique effects at the target cell level.
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Alexander and Irvine [105] have demonstrated a significant increase in the bioactive:
immunoactive (B:I) ratio of equine LH in serum before ovulation, compared with the B:I
ratio after ovulation. It is suggested that the change in B:I ratio may be due to a change in
the carbohydrate composition of the molecule, i.e. a change in LH isoforms. In agreement
with this observation, Adams et al. [106] also observed enhanced biopotency of equine LH
during the preovulatory period. Adams et al. [106] suggested that enhanced biological
activity of LH may be required during the preovulatory and luteal phases of the cycle to
promote ovulation and proper luteal function.

Removal of gonadal steroids by ovariectomy also demonstrates a role for steroids in
controlling gonadotropin isoform secretion. Ovariectomy of heifers causes a shift towards
the more basic isoforms of LH and FSH, while supplementation of ovariectomised heifers
with estradiol restored the LH and FSH isoform profiles to that of intact heifers [29].
However, in a further study Kojima et al. [101] failed to detect an effect of either
ovariectomy or ovariectomy with estradiol supplementation on pituitary isoforms of FSH,
while effects on LH were consistent with those of Stumpf et al. [29]. Where human patients
suffering with polycystic ovaries were injected with estradiol there was a decrease in
immunoactive FSH but not bioactive FSH resulting in an increase in serum B:I ratio,
indicating a shift towards the more basic isoforms of FSH [107, 108].

It is unclear whether the effects of estradiol are directly associated with changes in FSH
heterogeneity at the anterior pituitary or whether it acts via altered GnRH secretory
patterns. Treatment of young women during the mid-follicular [109] and post-menopause
phases [110, 111] with a GnRH antagonist dramatically suppressed bioactive FSH
concentrations but not immunoactive FSH. In contrast, attempts to alter FSH isoform
profiles directly by administering GnRH pulses (2 ng kg! body weight every 2 h for 24 h
and every 1 h for a further 12 h), using the nutritionally restricted ovariectomised model,
were unsuccessful [112]. This suggests that in the absence of a source of steroid hormones,
GnRH administration was unable to alter isoform patterns of FSH. Thus, it is possible that
the effects of GnRH on gonadotropin heterogeneity are dependant on alterations in steroid
concentrations (likely estradiol).

Alexander and Irvine [105] have suggested that increased secretion of equine LH forms with
higher biological activity during the preovulatory period occur due to the rising
concentrations of serum estradiol and increased GnRH levels which may occur at this time
[113]. Similarly, Adams et al. [106] propose that elevation of serum oestrogens may modify
the process of post-translational processing of equine LH to effect secretion of a more
biologically potent form. Alternatively, estradiol may be acting at an extra-hypophyseal site
to control enzymes involved in the removal of sialic acid residues from glycoprotein
hormones. Loss of sialic acid can affect equine LH in contrasting ways; increasing in vitro
biological activity [71], but reducing in vivo half-life.

Bioactive FSH in serum was reported to increase, indicating a shift towards the basic forms,
during pregnancy in humans (i.e. when steroid concentrations are physiologically high)
while immunoactive FSH remained low [111, 114]. However, some of this increase in FSH
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bioactivity has been questioned due to interference of high endogenous serum estradiol in
the end point measurement in sertoli cell bioassays [115].

The following conclusions can be drawn.

1.  Within a species, the a subunit is common to all the gonadotropins, while the B-subunit
determines the biological specificity of the hormones.

2. A heterogenous array of oligosaccharides are found associated with the gonadotropins,
and that variations in these oligosaccharide moieties generate the various isoforms of
the gonadotropins.

3. Carbohydrate moieties of gonadotropins may play both a functional role in the binding
of gonadotropins to their receptors but more likely play critical part in signal
transduction. The precise role of the carbohydrate residues in signal transduction is not
clearly understood; however in general, less acidic isoforms appear more bioactive than
the more acidic isoforms with recent evidence also suggesting their bioactivity may be
target specific.

4. Terminal sialic acid residues appear to be involved in increasing the circulatory half-life
of the gonadotropins.

5. Estradiol concentrations are important in stimulating a shift towards bioactive forms of
gonadotropin hormones during different physiological states; however the precise
roles, if any, of GnRH in mediating these shifts are unclear.

6. During puberty bioactive isoforms of the gonadotropins increase.

7. There is an increase in bioactive forms of FSH during the follicular phase of the rat
estrous cycle and the human menstrual cycle.

8. During pregnancy in humans there is an apparent increase in bioactive FSH
concentrations in serum.
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