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"Science is always wrong.
It never solves a problem without t:reating ten more".

George Bernard Shaw



ABSTRACT

A structural relationship between gonadotropic hormones and certain types of enzymes has

been suggested in previous studies and an investigation into the possibility of enzymatic

activity associated with the gonadotropic hormones has been the primary focus of the

research presented in this thesis.

Partial sequence homology between human chorionic gonadotropin (hCG) and c-
chymotrypsin prompted the recent proposal of a tertiary structure of hCG using c-
chymotrypsin as a folding template, which suggested the possibility of intrinsic peptidase

activity associated with hCG. Highly purified hCG (CR127) was assayed for enzymatic

activity against a range of synthetic peptide substrates and was found to exhibit Arg-specific

peptidase activity. This activity was almost completely inhibited by

diisopropylfluorophosphate (DFP), soybean trypsin inhibitor (STI), N-tosyl-t--

phenylalanine chloromethyl ketone (TPCK) and to a lesser extent by N-ct-p-tosyl-t--lysine

chloromethyl ketone (ILCK), which indicated that the observed protease activity was serine

protease-like. To establish whether this activity was intrinsic to the hormone or due to

contaminants, extensive purification procedures were carried out. Hydrophobic interaction

chromatography (HIC) and soybean trypsin inhibitor-affinity chromatography were found to

effectively separate the protease activity from the hormone, indicating the presence of
exogenous protease contaminants in the highly purified preparation of hCG. Further

analysis by [3H]-DFP labelling of hCG and SDS-PAGE of the isolated contaminants

revealed the presence of possible serine proteases with apparent molecular masses of 60 and

20 kD.

Because serine proteases are known to stimulate cAMP production in the same target cells, it
was necessary to determine the effects of the contaminating proteases on the receptor

binding of hCG and cAMP production. The presence of these contaminants was found to

have no apparent effect on the receptor binding capability of hCG, however rhe in vitro

biological activity of hCG as determined by maximal cAMP production was decreased after

HIC-HPLC purification of the hormone. These observations suggested that the serine

proteaseJike contaminants contributed to the total cAMP production, thereby innoducing

significant error in biological assays that use hCG (CRl27).

The possible intrinsic enzymatic activity of hCG against its receptor as a natural subsnate

was further investigated. A membrane-bound receptor preparation was isolated from

porcine ovaries and a receptor binding assay successfully established. The effects of hCG



binding upon the membrane-bound receptor were studied and receptor proteolysis was

observed. However, this proteolysis could not be definitively attributed to the actions of

hCG. A purified receptor was subsequently prepared by hCG-affinity chromatography and

analysed by SDS-PAGE with detection by autoradiography and silver staining. The purified

receptor was found to have undergone proteolysis during the purification procedute,

presumably following incubation with the hCG affinity matrix.

Recent reports of the presence of homologous amino acid sequences in the active site of

thioredoxin and the B-subunit of the gonadotropic hormones luteinizing hormone (LH) and

follicle stimulating hormone (FSH), and subsequent demonstration of thioredoxin-like

amivity associated with these hormones, prompted an investigation into the possibility of

thioredoxin-like activity associated with hCG. LH, FSH and hCG were all assayed for their

ability to promote reactivation of reduced and denatured RNase. Although LH was shown

to be capable of reactivating reduced RNase, the level of activity detected was significantly

lower than that previously reported, whereas FSH and hCG were not found to be capable of

this thioredoxin-like activity. These results suggested that the previously reported

thioredoxin-like activity may be due to contamination of the hormone preparation, by the

ubiquitous enzyme thioredoxin.

The possibility of LH possessing intrinsic dithiol-disulphide interchange activity was

investigated further using l3H]-iodoacetic acid. RNase/LH were incubated in an attempt to

quench a dithiol intermediate. Preliminary results suggested that the presence of LH in this

reaction increased the amount of protein radiolabelled, however, the isolation of a

radiolabelled dithiol intermediate which could be conclusively identified as LH was not

forthcoming.

Furthermore the lack of RNase reactivation activity in hCG, suggests that the putadve

thioredoxin-like activity of LH, if inrinsic, nray not be involved in receptor activation and/or

signal transduction, as hCG and LH share the same receptor and should therefore have a

similar mechanism of activation.

ltl



ACKNOWLEDGEMENTS

This thesis is not only the conclusion of three years work, but also a reflection of the great

help and support shown to me over the years by a great many people.

I would firstly like to thank my supervisor Professor A.G.C. Renwick and my co-

supervisors Dr Ken Scon and Dr Jun Hiyanra for all their guidance and support throughout

the years. A special thanks to Dr Jun Hiyanra, who was not only my co-supervisor but a

valued colleague and supportive influence throughout my studies; for all the knowledge and

experience I have acquired through your constant guidance, I am grateful.

I must thank the University Grants Committee for my post graduate scholarship which

enabled me to undertake and complete my PhD and I acknowledge the Medical Research

Council of New Zealand and the University of Auckland Graduate Research Fund for their

assistance. I would especially like to thank the Department of Biochemistry for providing

the extra support which was always needed and always welcome.

Various aspects of this work could not have been carried out without the valued help of
many people. I am grateful to Dr. David Harding for providing synthetic peptide substrates,

Dr. David Christie and Ms Catriona Knight for carrying out amino acid sequence analysis

and Dr. T. H. Ji of the Department of Molecular Biology at the University of Wyoming for

kindly performing receptor binding and cAMP assays. To Mr John Reyland and staff of the

Auckland Municipal Abattoir I am deeply indebted for all their help and for not making me

go out on the line and get the'little fellas'.

To the various staff and students both past and present of the Department of Biochemistry

(especially Ms Sue Buglass, Dr. Gerhard Weisshaar, John Soo Ping Chow, Oliver

Hofmann, Penny Sowerby, Sushila Manilal, Hugh Senior and Tim Ng), I am grateful for

your friendship and support which have made my many years as a member of this

department enjoyable (most of the time anyway!). My thanks also to David Hieber for

reading this thesis so many, many times and for providing much appreciated advice and

comments. I would also like to thank Dr. Nigel Birch and Dr. David Christie who were

always willing to help whenever I was in need.

lv



X am grateful to S,tar for allowing me to vertmy ftuouations in olay and fon being notonly a

gtr€at leacber buf also a great friend. To Lucille forftiendships newly found, Ruthf,or beihg

r,ry cosmic twin and to Ey dearost ftie.ndsKiri and Annemarie, I am truty indebtedfor all of

your suppqrt and encouragenrentn least sf all for putt-ing up with me and aill my stre$sful

moments tbrough-out the years. To Diana, l am eternally gratettrl for all the'qpiritual

guidancel buresgecially for boing my elosest ftien4 ard to Mark who had somethirig to do

w,ith gtarting this all so many yeqns ago -yoll have a lot to an$\rver for! !. To my dear friend

David for giving so generouely of your time and ftiendship, I arri eternally gntetuI. AII I
can say is drat webe sei/I talking to each othEr but rnore impor-taotly- Thank You. To Paril,

for teaching @B that one ptus oner a{[ual one, and for your support a planot,away- TDS.

tr would ,like to thank,all of my firuiily but my speciat thanks go to my mother, without

whose con$attt supBort, ensourage.nrcnt and faith in mE, thi,s day would not hane come.

For every srcp you suffered withule endforelery succe$s we celebrat€dn I am alrd always

will be eternally gratefuI. Ti ringrazia con ttttto il anare.



TABLE OF CONTENTS

Abstract
Acknowledgements
Table of contents
List of tables
List of figures
Abbreviations

Chapter One:

1.1

1.2
L.2.1
L.2.2
L.2,3

1.3

1.4
1.4.1
L.4.2

t.5
1.5.1

L5.Z
1.5.3

1.5.4

1.6

Introduction

Glycoprotein hormone function

Glycoprotein hormone structure
cr-subunit structurc

B-subunit stmcture

Putative a- and B-subunit interaction sites

Heterogeneity of glyc<lprotein hormones

Biosynthesis of glycoprotein hormones
o-subunit gene

B-subunit gene

Carbohydrate structures of glycoprotein

Carbohydrate structures of hCG

Carbohydrate su"r,rctures of LH

Carbohydrate structures of FSH

Carbohydrate structures of TSH

Functions of N-linked oligosaccharides
glycoprotein hormones

Putative enzymatic activity associated with
glycoprotein hormones

Serine protease activity

Dithiol-disulphide interchange

ii
iv
vi
x
xi
xiii

3

3

3

5

7

7

8

hormones 8

l1
13

13

14

16

16

17

14

L.7

L.7.1
L.7.2

vl



1.7.3

1.8

1.9
1.9.1

1.10

Chapter Two:

2.1

2.2
2.2.1
2.2.2
2.2.3
2.2.4
2.2.5
2.2.6
2.2.7
2.2.8
2.2.9
2.2.L0
2.2.I1
2.2.L2

2.3
2.3.1
2.3.2

2.3.3
2.3.4
2.3.5
2.3.6
2.3.7

Dithiol-disulphide interchange associated with

gonadotropic hormones

G proteins

Glycoprotein hormone receptors

Receptor binding regions in LH/hCG

Aims

Detection of protease activity associated
with human chorionic gonadotropin

Introduction

Materials and Methods

Materials

Esterase activity

Dissociation of hCG into c- and B-subunits

Reassociation of hCG o- and B-subunits

Peptidase activity

Inhibition studies

Further purification of hCG by HPLC

Effect of protease contaminants on hCG incubation

Analysis of peptidase contaminants by RP-HPLC

Receptor binding and cAMP stimulation assays

Gel elecrophoresis

Amino acid sequence analysis

Results and Discussion

Peptidase activity

Effect of hormone and substrate concentrations on

peptidase activity

Inhibition

Purification of hCG

Characterization of contaminants

Effects of protease contaminants on hCG incubation

Receptor binding and cAMP stinrulation assays

2A

2l

22

26

29

30

32

32

33

33

33

34

34

35

36

36

36

37

37

38

38

42

42

47

47

51

51

vu



Chapter Three:

3.1

3.2
3.2.1
3.2.2
3.2.3
3.2.4
3.2.5
3.2.6
3.2.7

3.2.8
3.2.9

3.3
3.3.1
3.3.2
3.3.3
3.3.4

Chapter Four:

4.1

4.2
4.2.L
4.2.2
4.2.3
4.2.4
4.2.5
4.2.6
4.2.7

The proteolytic effect of human chorionic
gonadotropin upon its receptor

Introduction

Materials and Methods

Materials

Iodination of hCC*

Isolation of mernbrane-bound hCG/LH receptor

Isolation of soluble hCG/LH receptor

Isolation of purified hCC/LH receptor

Receptor binding assay: temperature assessment

Receptor binding assay: receptor and [12sq-666*

concentration dependence

Proteolytic cleavage of the receptor/l12st] -hCG* complex

Ligand bloning

Results and Discussion

Isolation of a menrbrane-bound hCGILH receptor

Establishment of a receptor binding assay

Proteolytic action of hCC* against its receptor

Solubilization and purification of the hCG/LH receptor

Characterization of thioredoxin-like activity
associated with gonadotropic hormones

Introduction

Materials and Methods

Materials

HPLC purification of RNase

Reduction and denaturation of RNase

Reactivarion of reduced and denatured RNase

Determination of RNase activity

S-[3H] -carboxymethylation of RNase

S-[3H]-carboxymethylation of RNase/LH

55

57

57

57

58

58

58

59

59

60

60

61

61

62

66

70

75

77

77

77

77

78

78

78

79

vlu



4.3
4,3,1

4.3.2
4.3.3
4.3"4

4.3.,5

4..3.6

Chapter Five: Concluslon

Refenences:

Appendix: Publicatiom

Results and Diseussion

Re,activatisn of reduced and denarured RNase and

detemrination of RN.ase activity

$-[sH]-car-boxymethy-lation of RNas@

S-FIlI-carboxymethylation of RNas€lLH

Analysis of S-fl3FT].earb,oxymethylation of R.Nase/L'H

by SDS.PAGE

S-PHl-carboxy-methylation of RNase/LH by RP-HPLC

Future dire.ctions

81

81

85

86

89,

w
98

100

r06

LN

rK



LIST OF TABLBS

Table 2.1 Peptidase activity of various glycoprotein hormones

assayed with the substrate Bz-Phe-Val-Arg-pNA 40

Table 3.1 Purification of porcine hCG/LH receptor 7I

Tabte 4.1 N-temrinal sequence analysis of the radiolabelled

fraction isolated bv RP-HPLC 97



LIST OF FIGURES

Figure 1.1

Figure l.Z
Figure 1.3

Figure 1.4

Figure 1.5

Figure 1,6

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2,5

Figure 2.6

Figure 2.7

Figure 2.8

Figure 2.9

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Amino acid sequence of the human cr-subunit

Amino acid sequence of the human p-subunit

General structures of N-linked sugar chains

Proposed structures of the asparagine-linked

oligosaccharides of hCG

The primary sructure of protein disulphide isomerase (PDI)

Diagram representative of the hCC/LH receptor

Peptidase activity of hCG (CR127) with synthetic

peptide subsnates

Peptidase activity of reassociated hCC (CRl27)

and its subunits

Inhibition of peptidase activity associated with

hcc (cRl27)

Autoradiography of pHl-DFP labelled hCG (CR127)

Soybean brypsin inhi bitor-agarose purifi cation of

hcc (cR127)

G el-fil tration an d anion -exch an ge chromatographic

analysis of hCG and the associated peptidase activity

Purification of hCG (CR127)

HIC-HPLC purification of the contaminating proteases

Receptor binding and cAMP assay of hCG (CR127)

and hCG*

Tenrperature dependence of receptor binding assay

Receptor concentration dependence of receptor

binding assay

1 
t zs Il -hCG * concen tration dependence of receptor

binding assay

Receptor binding assay for membrane-bound receptor

A utoradiograp hy of h CG/LH recep tor proteolysi s

Receptor binding assay for soluble receptor

39

4l

M
45

4

6

9

t2
l9
25

46

48

49

50

52

64

65

67

68

72

63

XI



Figure 3.7 Autoradiography and SDS-PAGE silver stain of the

purified hCG&H receptor preparation

Reactivation of reduced and denatured RNase

The reactivation of reduced and denatured RNase as a

function of the concentrations of LH and hCG

Incorporation of [3H]-feR into RNase

Incorporation of [rg1-IA,A into RNase, LH and RNase&H

Autoradiography of [lg1-IAA labelled RNase/LH

SDS-PAGE analysis of RNase and LH

RP-HPLC analysis of RNaselLH

Analysis of [3H]-IAA incorporation into RNase and LH

by RP-HPLC

Isolation of pllltobelled protein by RP-I{PLC

73

Figure

Figure

Figure
Figure
Figure
Figure

Figure

Figure

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

82

84

87

88

90

9L

93

94

96Figure 4.9

xu



ABBREVIATIONS

IH-NMR proton nucleax magnetic resonance

BSA bovine serum albumin

cAMP adenosine 3',5'-cyclic monophosphate

cCMP cytidine 2':3'-cyclic monophosphate

cpm counts per minute

DFP diisopropylfluorophosphate

EDTA ethylenediaminetetraacetic acid

h hours

HIC hydrophobic interaction chromatography

HPLC high performance liquid chromatography

IAA iodoacetic acid

lD kilodaltons

MOPS 3-(N-Morpholino)propanesulfonic acid

PDI protein disulphide isomerase

PEG polyethylene glycol

PMSF phenylmethylsulphonyl fluoride

RNase ribonuclease A

RP reverse phase

SDS-PAGE sodium dodecyl sulphate polyacrylamide gel electrophoresis

STI soybean trypsin inhibitor

TEA triethylamine

TFA nifluoroacetic acid

TLCK N-o-p-tosyl-t--lysine chloromethyl ketone

TPCK N-tosyl-l-phenylalanine chloromethyl ketone

Tris tris (hydroxymethyl) aminomethane

wlv weight pervolume

xlll



CHAPTER ONE

INTRODUCTION

The glycoprotein hormones produced by the anterior pituitary gland belong to a complex

family of homologous glycoproteins involved in the regulation of metabolic and

reproductive processes in all vertebrates. The glycoprotein hormones of the anterior

pituitary gland include follicle stimulating hormone (FSH, folliropin),luteinizing hormone

(LH, lutropin), and thyroid stimulating hormone (TSH, thyrotropin), while human

chorionic gonadotropin (hCG), which is also a member of this family, is produced by the

placenta.

Although these hormones are closely related structurally, each has distinct physiological

functions. Their biological activities are dependent upon the interaction of each hormone

with specific membrane receptors which are located on the surface of a target cell. The

binding of the hormone to the membrane receptor initiates a chain of events whereby the

appropriate message is transduced to the interior of the cell. This process occurs by G

protein-mediated stimulation of an adenylate cyclase enzyme complex. The subsequent

stimulation of secondary chemical 'messengers' such as cAMP and/or calcium culminates in

a tissue-specific response typical of each hormone.

1.1 GLYCOPROTEIN HORMONE FUNCTION

Although chorionic gonadotropins have been identified in a variety of species including

primates, equids and rodents (Moore et al., 1980), only human chorionic gonadotropin

(hCG) and equine chorionic gonadotropin (eCG) have been studied in any detail.

hCG plays a crucial role in the maintenance of human pregnancy. During gestation the

placenta produces two principal steroid hormones, progesterone and estradiol 17B which are

responsible for the continuation of pregnancy. However the placenta does not become the

dominant source of these hormones until about the 8th week. Until then hCG, produced by

the syncytionophoblast, provides the stimulus for continued secretion of steroid hormones

by the corpus luteum, especially that of progesterone. The placental syncytiotrophoblast



lacks a regulated secretory pathway and hCG is released constitutively following synthesis.

hCG is detectable in blood or urine almost coincidentally with fertilization and reaches

maximal concentrations in the first trimester, before falling to a high plateau throughout the

remainder of gestation and until a few days poslpartum. Although the secretion of hCG is

characteristic of pregnancy, the hormone is also produced eutopically by choriocarcinoma

cells and ectopically by some tumours of nontrophoblastic origin.

FSH, LH and TSH are synthesized in the anterior pituitary gland and are stored in secretory

vesicles until their release. Upon stimulation by gonadotropin and thyronopin releasing

hormones they are selectively released into the blood stream, where they are carried to

specific receptors on the target cells. FSH and LH are known as the pimitary gonadotropins

and act synergistically in the male and female reproductive processes.

FSH acts on male and female gonads. It is required for the complete growth and

development of the ovarian follicle, while in the male it is localized primarily in the Sertoli

cells within the seminiferous tubules. As mentioned previously, it acts synergistically with

LH to promote spermatogenesis.

The thecal and granulosa cells are the major steroid-producing cells of the ovary and the site

of action of LH. LH stimulates thecal cells to produce and secrete Cs9-steroids which are

then aromatized to estradiol in the granulosa cells. lncreased plasma concenEations of LH

are also known to be responsible for luteinization, the process by which granulosa cells

differentiate into luteal cells forming the corpus luteum. The testicular Leydig cells are sites

of steroid production and are also the only cells in that tissue that have LH receptors. LH

stimulates Leydig cells to produce testosterone and in association with FSH it affects the

Sertoli cells by regulating spermiation, which is the extrusion of spermatozoa into the

tubular lumen.

TSH is synthesized and secreted by thyrotroph cells in the anterior pituitary and is

indispensable for the control of thyroid hormone secretion in both sexes. Thyroid hormones

influence most bodily functions and are necessary for virtually every facet of metabolism.

Thyroid hormone deficiencies in humans are known to produce major abnormalities in

growth, development, reproduction, behaviour and metabolism.

2



I.2 GLYCOPROTEIN HORMONE STRUCTURE

Each glycoprotein hormone is a heterodimer that consists of two non-covalently linked

subunits designated c and B, both of which are highly cross-linked by disulphide bonds and

glycosylated at specific residues. The peptide component of the cr-subunit of each

glycoprotein hormone is highly conserved from species to species and has an almost

identical amino acid sequence in each species, while the peptide component of the B-subunit

of each hormone is distinct and confers biological specificity on each hormone (Pierce and

Parsons, 1981). Isolated individual subunits possess little or no biological activity (Rayford

et al., 1972; Williams et al., 1980), while reformation of the odp heterodimer restores

biological activity (Morgan and Canfield, 1971). The formation of this biologically active

oc/B heterodimer results in conformational changes in both subunits (Parsons et al., 1985).

1.2 .I cr-Subunit Structure

The a-subunit consists of a single polypeptide chain of 90-96 amino acid residues with

carbohydrate attached to two asparagine residues (Asn 52 and Asn 78). The numbering of

amino acids in this case is based upon the human c-subunit amino acid sequence (Fig. 1.1).

It is internally crosslinked by 5 disulphide bridges of which only two (residues 7 to 31 and

10 to 32) have been assigned with certainty. The locations of the other disulphide bridges

are thought to be between residues 28 to 60, 59 to 87 and 82 to 84 (Cornell and Pierce,

1974; Giudice and Pierce, 1979; Mise and Bahl, 1980).

A'free c-subunit' which does not combine with the B-subunit has also been recognized.

This 'free cr-subunit' has a different oligosaccharide structure from that of the combined

heterodimeric form, which possibly prevents it from combining with the p-subunit (Parsons

et al., 1983; Blithe and Nisula, 1985; Corless et aL, 1987; Stannard et al., 1988; Blithe,

1990). The'free cr-subunit' isolated from bovine pituitaries has also been shown to have a

major Olinked glycosylation site at a threonine residue (Thr 43) which is lacking in urinary

'free cr' (Parsons et a|.,1983). Although no definite function for the 'free o-subunit' has

been established, it has been shown to stimulate the release of prolactin from cultured human

decidual cetls (Blithe er a1.,1991).

L.2.2 p-Subunit Structure

The p-subunit also consists of a single polypeptide chain containing between 105-150 amino

acid residues. The human and equine chorionic gonadotropin B-subunits differ from those

3



10
Ala-F rs-Asp-va1-GtN-asp-Qrs -PRo-Gr,u-cYS -Thr-

2A
IEU-G1n-G'Iu-ASN-F ro-Phe-FHE -Se r-G In-P ro-G1y-

30
AIA-FRO- f LE-LCU-GLN-CYS _MCt -GTY-CYS-CYS -PITE-

40
g.ER-AB,G-A,LA-TyR-p RO-TIIR-PRo- Leu-ARG- SER-IJy s -

50*
LY8 -TI{R-ME T-LEU-\AL-GLn-LYS-ASN-Va 1-TI[R'*SER-'

60
GLU- Ser-TIfR-CYS'-CY3-VAL-ALA-LYS -S er-Tyr-Asn-

7A
A!:'9-V8I;THR-VAL-MET-G,Y-G Iy'Phe-LV s-Va I -GIu-

*80
AgN-lII S-THR-Ala-CY9-iit s-CYS -SER-TI{B-CY$-TYR-

90
Tyr-EIS-IYS-Ser

Figure 1.[ Anino Acid Sequence of the Human c-S,ubunit

The amiu'o acid residues shown in eapital letters are inva,riant between spesics. The

atmchment of carbohy,drate is indieated by the'aslensts'at asparaginere.sidues (Asn 52 and

Asn 78) (Stockell Har,tree, 1989).
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of the other glycoprotein hormones in that they have a carboxyl terminus extension of 30

amino acid residues which are rich in proline and serine. All the B-subunits contain

carbohydrate linked to asparagine residues at one or two positions (Asn 13 and/or Asn 30),

while hCG B also contains O-linked carbohydrate at serine residues (Ser 121, 127,132 and

138) (Fig. 1.2). All the p-subunits are internally crosslinked by 6 disulphide bridges.

While there is still uncertainty concerning three of these it is generally agreed that those

berween amino acid residues 93 to 100,26 to 110 and23 toT2have been correctly assigned

(Reeve et a1.,1975; Tsunasawa et al., 1977; Mise and Bahl, 1981; Beebe et al., 1990).

1.2.3 Putative cr- and B-Subunit Interaction Sites

Although the interaction sites between individual subunits have yet to be defined accurately,

certain subunit interaction sites have been suggested. Highly conserved regions in either

subunit would appear to be candidates for subunit-subunit interaction and several studies

employing a variety of methodologies have proposed various interaction sites. The

following regions in the cr-subunit from residues 1-16, 33-58 and 51-65 (Salesse et al.,

1990; Krystek et al., 1991) and in the B-subunit from residues 1-16,34-37 which is known

as the CAGY sequence, and 93-101 which is also a receptor binding site have been

proposed (Keutmann and Rubin, 1993; Keutmann et a1.,1987; Chen and Puett, 1991).

1.3 HETEROGENEITY OF GLYCOPROTEIN HORMONES

Heterogeneity in the glycoprotein hormones is associated with their polypeptide and

carbohydrate components and results in a family of isohormones which may differ in

molecular weight, isoelectric point (pt), circulatory half-life, receptor binding and biological

activity. This heterogeneity is well recognized and is principally associated with variation in

glycosylation.

hCG exists as a heterogeneous group of molecules of different molecular sizes. Its o-

subunit shows heterogeneity in the N-terminal region (Morgan et al., 1975), while its C-

terminus is highly conserved and necessary for biological activity (Merz, 1979). Peptide

'nicking' or missing peptide linkages which are known to occur in both the cr- and B-

subunits of hCG, also contribute to its heterogeneous nature (Birken and Canfield, 1978;

Nishimura et al., 1988; Bidan et aI., 1988; Puisieux et aL, 1990; Kardana et al., l99l;
Birken et al., 1991; Cole et al., 1997). hCG is also known to show considerable charge
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hCc Ser-Lys-Glu-PRO-LEU-ARG-PRO-Arg-CYS-Arg-PRO-I1e-ASN-ALA-lhr-LEU-ALA-
hLE Ser-Arq-c1u-PRO-IEU-ARG-PRO-trp-CYS-His-PRO-I1e-ASN-ALA-I1e-!EU-AIJA-
hE SIr Asn-5er-CYS-GLU-LEU-THR-ASN-ILE-THR-ILE-AIa-
hISH PHE-CYS-ILE-PRO-THR-GLU-TYR-Thr-MET-His-

20 30*

hcc val -G1u-Lys-GLU-Gly-CYS-PRO-Va1-cYS -I1e-TttR-Va1 -Asn-THR-Thr-rLE'cYS-
hLIt Va] -Glu-Iys-GLU-GIy-CYS-PRO-VaI-CYS -I1e-lHR-Vaf -Asn-THR-Thr-ILE-CYS-
hF SH I 1e-GLU-LYS-GLU-GIu-CYS-Arg-PHE-CYS-ILE-Ser-ILE-ASN-THR-THR-TRP-CYS-
hT SH I1e-Glu-ARG-Arg-GLU-CYS-ALA-TYR-CYS-LEU-THR-I1e-ASN-Thr-THR-IIe-CYS-

40 50

hCG ALA-GLY-TYR-CYS-PRO-Thr-MET-Thr-ARG-VAL-Leu-Gln-Gly-Vaf-Leu-Pro - -
hI,II ALA-GLY-TYR-CYS-PRO-Thr-MET-MEt-ARG-VAL-LEU-G1N-A].A_VA1-LCU-PTO - -
hFsH ALA-GLY-lYR-cYs-TYR-THR-ARG-ASP-LEU-VAL-TYR-Lys-Asn-PRO-A1a-Arg - -
hT sTI AI,A_GI,Y-TYR-CYS-I,IET-THR-ARG-ASP-I Ie-ASN-GLY-LYS-LEU-PHE-LEU-PRO.LYS-

60
hCG - - AIa-Leu-pRO-GLN-Va1-VAL-CYS-Asn-TYR-Arg-Asp-VaI-Arg-PHE-GlU-SER-
hLH - - pro-Leu-PRO-cLN-Va1-VAL-CYS-Thr-TYR-Arg-Asp-Val-Arg-PHE-GLU-SER-
hFSIt - - PRO-Lys-ILE-cLN-tYS-THR-CYS-THR-Phe-Lys-GLU-LEU-VAL-TYR-GLU-THR-
hrsH TYR-ALA-LEU-SER-GLN-ASP-VAL-CYS-THR-TYR-ARG-ASP-PHE-I1e-TYR-Arg-THR-

70 80
hcc I1e-ARG-LEU-pRO-GLY-CYS-PRO-Argi-GLY-VAL-Asn-PRO-Va1-VAL-SER-Tyr-Ala-
httl Ile-ARG-LEU-pRO-GLY-CYS-PRO-Arg-GLY-VAL-Asp-PRO-VaI-VAL-SER-Phe-Pro-
hFSH VAL-Arg-VAL-PRO-GLY-CYS-ALA-HIS-HIS-ALA-ASP-SER-LEU-TYR-THR-TYR-PRo-
hTsH VaI-GI,U-ILE-pRO-GLy-CyS-PRO-Leu-HI S-VAr,-A1a-PRO-TYR-PHE-SER-Tyr-PRO-

90 100

hCG VAL-ALA-tEU-SER-CYS-Gln-CYS-A1a-Leu-CYS-Arg-Ar9-Ser-Thr-Thr-ASP-CYS-
hlII VAt-ALA-LEU-SER-CYS-Arg-CYS-Gly-Pro-CYS-Arg-Arg-Ser-lhr-Ser-ASP-CYS-
hFS11 vAL-ALA-THR-Gfn-CYS-HI S-CYS-G1y-LYS -CYS-ASP-SER-ASP-SER-THR-ASP-CYS-
hTSlf VAL-ALA-Leu-SER-CYS-LYS-CYS-GLY-LYS-CYS-Asn-THR-ASP-Tyr-SER-ASP-CYS-

110
hCG GLY-G1y-Pro-Lys -Asp-Hi s-P ro-Leu-Thr-CYS-AsP-Asp-P ro-Arg-Phe-Gln-Asp-
hLH GLy-Gly-F ro-Lys-Asp-His-P ro-Leu-Thr-CYS-Asp-Hi s-P ro-Gln-Leu-Ser-Gly-
hE SIf THR-VAL-ARG-GLY-LEU-cLy-PRO-SER-TYR-CYS-SER-PHE-GJ-y-GIu-l4et-Lys-Gln-
htsH Ile-HIS-GLU-ALA-I1e-Lys-tHR-ASN-TYR-CYS-TnR-LYS-PRO-Gln-Lys-Ser-BYR-

t20 t r130*
hCG Ser-Ser-Ser-Ser-Lys-Ala-P ro-Pro-Pro-Ser-Leu-Pro-Ser-Pro-Ser-Arg-T,eu-
hLA Leu-Leu-Phe-Leu
hFSII Tyr-Pro-Thr-Ala-Leu-Ser-Tyr

* 140
hCG Pro-Gly-Pro-Ser-Asp-lhr-Pro-I1e-Leu-Pro-Gln

Figure 1.2 Amino Acid Sequence of the Human B-Subunits

The amino acid sequence is alignedfor maximum homology. The numbering is that of the hCG B-

subunir. Residues shown in capital letters indicate invariant residues between sPecies. A'dash'

indicates a gap introduced to aid alignment. Carbohydratc attachment is indicated by an 'asterisk'.

N-linked glycosylation occurs at asparagine residues (Asn 13 and Asn 30). hCG p also has O-

linked carbohydrate attached at serine residues (Ser 121, 127, I32 and 138). The frnal seven

residues of the hLH F sequence are deduced from the nucleotide sequence and have not been

identifred from the isolated $subunit of the intact hormone (Stockell Hafiree, 1989).
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heterogeneity with up to as many as 14 isoforms, each with a slightly different isoelectric

point (pI). Of these, six major isoforms have been identified and each differs in in vivo

potency. These differences in biological potency and the different pls of the isoforms are

rhought to be related to differences in sialic acid content. The heterogeneous nature of hCG

has been reviewed by Grotjan and Cole (1989).

The o-subunit of LH also shows considerable N-terminai heterogeneity and has a highly

conserved C-terminus. The charge heterogeneity of LH is well established with the LH

isoforms being predominantly basic. LH can be separated into as many as eight isoforms

with differenr isoelectric points identified by isoelectric focusing (Reichert, l97I; Roos er

a1.,I975; Stockell Hartree er a1.,1985; Keel and Grotjan, 1989).

I.4 BIOSYNTHESIS OF GLYCOPROTEIN HORMONES

Each subunit of the glycoprotein hormones is independently encoded by a separate gene and

is independently regulated. The limiting factor in the production of the complete, intact

glycoprotein is the synthesis of the specific p-subunit. The association of the c- and B-

subunits and N-linked glycosylation begins in the rough endoplasmic reticulum (RER) with

further oligosaccharide processing and O-linked glycosylation being carried out in the Golgi

apparatus.

1.4.1 g-Subunit Gene

Each cr-subunit is encoded by a single gene which is composed of 4 exons and 3 introns

(Boothby et al., 1981). Although the positions of the introns are highly conserved among

the species that have been studied (human, bovine, rat and mouse), the size of the cr-subunit

gene varies from 8 to 16.5 kilobases. This variation in size is due to differences in size of
the first intron which is between 6.4 and 13 kilobases. The cr-subunit gene produces a

mRNA of 730 to 800 nucleotides which translates to a 24 amino acid leader peptide

followed by a 96 amino acid mature protein. This is the same for all species examined

except for the human cr-subunit where the mature protein is 92 amino acids long (Gharib er

al.,1990).
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1.4.2 B-Subunit Gene

The B-subunits of most glycoprotein hormones are encoded by a single gene. Rat, bovine

and human FSH B-subunit genes have been isoiated and in these species the FSH B-subunit

is encoded by a single gene that consists of 3 exons andZ introns (Gharib et a1.,1989; Kim

et al., 1988; Watkins et al., 1987). In contrast, the human genome has been found to

contain seven hCG p-subunit genes or pseudogenes and a single LH B-subunit gene

arranged in a cluster on human chromosome 19. The genes for the hCG and LH B-subunits

are smaller than the o genes (1.5 kilobases) and contain 3 exons and 2 inrrons. Like the

inffons of the g-subunit genss, the positions of the introns of the B-subunit genes are highly

conserved. The encoded protein has a 24 arntno acid leader sequence and the mature

polypeptide is 121 amino acid residues long. The hCG B-subunit gene is extremely similar

to the hLH p-subunit gene in terms of nucleotide and amino acid composition, however they

differ in two important features: the structue of the hCG B-subunit gene is unique amongst

the glycoprotein hormones in that it encodes a 24 amino acid C-terminal extension which is

not presenr in the LH B-subunit. The two genes also have a different transcriptional start

site which suggests that they use different promoters (Fiddes and Talmadge, 1984).

1.5 CARBOHYDRATE STRUCTURES OF GLYCOPROTEIN
HORMONES

N-linked oligosaccharides can be classified into three categories (Fig. 1.3) based upon the

additional sugar residues which are added to the shared pentasaccharide core. This core

consists of three mannose (Man) and two N-acetylglucosamine (GlcNAc) units. The three

categories are:

a) High mannose type which contains two to six additional mannose residues linked to

the pentasaccharide core.

b) Complex type which contains N-acetylglucosamine, galactose, fucose and sialic acid

attached to the core. No other mannose residues are present. There may be two, three, four

or five outer branches making the structure bi-, tri-, tetra-, or penta-antennary respectively.

c) Hybrid type which contains structural features common to both the high mannose and

complex type sugar chains. One or two mannose residues are usually linked to the Mangl-

6 arm of the core structure as in the high mannose type, while the outer chains, as found on

the complex type structure, are linked to the Mangl-3 arm of the core. The presence or
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Figure L.3 General Struetures of N-linked Sugar Chains

The asparagine-linked sugars can be classified into three categories based on the sugar

structures attached to the common pennsaccharide core. The core is enclosed in the boxed

region and the categories of high mannose type (A), complex type (B) and hybrid tlrye (C)

are illustrated (Stockell Hartree and Renwick, 1992).
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absence of o-fucose residues and a 'bisecting' N-acetylglucosamine linked B 1-4 to the B

mannose residue also provide stmctural variation within this group.

The presence of the common pentasaccharide core arises from the biosynthetic precursor

shared by all of the N-linked oligosaccharides. This is a lipid-linked oligosaccharide which

is transferre d en bloc to the nascent peptide chain and processed to form the various N-

glycans. Dolichol phosphate pol-P), is a long-chain-lipid containing approximately 20

isoprene (C5) units which acts as the oligosaccharide carrier. The terminal phosphoryl

group of this highly hydrophobic carrier is the site of attachment of the activated

oligosaccharide, that consists of two N-acetylglucosamine, nine mannose and three glucose

residues (GlcaMangGlcNAcf. The acquisition of the oligosaccharide core occurs by

sequenrial addition of monosaccharides, donated by uridine diphosphate (UDP), guanosine

diphosphate (GDP) and dolichol derivatives catalysed by a series of specific transferases.

Once fomred, the precursor oligosaccharide nray be transferred to the asparagine residue in a

tripeptide sequence of Asn-X-Thr/Ser, where X can be any of the 20 amino acids expect

proline. Attachment occurs during the transport of the peptide across the membrane of the

RER. Further processing is initiated by the removal of the glucose residues by specific

glucosidases located in the membranes of the RER. After the glucose residues ate removed,

the protein-linked oligosaccharide contains only mannose and N-acetylglucosamine. Further

trimming occurs in the Golgi apparatus to give high mannose, complex and hybrid types of

oligosaccharides. The removal of a variable number of s,l-2 mannose residues from

MangGlcNAc2 results in a high mannose oligosaccharide structure. The smallest high

mannose oligosaccharide is Man5GlcNAc2, which is an intermediate in the synthesis of
complex oligosaccharides. The removal of two mannose residues from Man5GlcNAc2 and

the addition of 'outer sugars' N-acetylglucosamine, galactose, sialic acid and fucose lead to

the formation of complex oligosaccharides (Hubbard and Ivatt, 1981; Kobata, 1997). The

absence of a template in the biosynthesis of the glycoprotein hormone sugar chains results in

the possibility of incomplete chain formation and subsequent microheterogeneity.

As previously mentioned all cr-subunits have carbohydrate attached at asparagine residues

(Asn 52 and Asn 78), while the B-subunits have oligosaccharides attached at asparagine

residues (Asn 13 and/or Asn 30). In the p-subunits of FSH and hCG both of these sites are

glycosylated, while only asparagine 30 is glycosylated in that of TSH. The B-subunit of

hLH is only glycosylated at asparagine 30 while the other mammalian lutropins are

glycosylated only at asparagine 13. Equine and human CG also contain O-linked

oligosaccharides at serine residues in their C-terminal extonsions.
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1.5.1 Carbohydrate Structures of hCG

The first carbohydrate structures of a glycoprotein hormone to be studied in detail were those

of hCG which has N-linked oligosaccharides anached to asparagine residues (Asn 52 and

Asn 78) on its cr-subunit and to asparagine residues (Asn l3 and Asn 30) on its B-subunit.

There are also O-linked oligosaccharides linked to serines 127, 127, 132 and 138 of the F-

subunit (Endo et al., 1979). Over 90Vo of the N-glycans of urinary hCG were found to be

mono- and diantennary sialylated oligosaccharides, of which a portion of the diantennary

chains were core-fucosylated; the sialic acid residues were u2-3linked to galactose. These

results were confirmed by Kessler et al., (1919), who also found fucose to be associated

only with the B-subunit. Analysis of placental hCG revealed similar sugar structures to

those of urinary hCG and the q,-subunit was found to contain monoantennary and

diantennary structures in equal amounts, while the p-subunit contained two types of

diantennary structures in equal quantities (Mizuochi and Kobata, 1980). This site-specific

glycosylation meant that monoantennary sfnrctures were only found on the cr-subunit while

diantennary fucosylated chains were only associated with the B-subunit. Proton NMR qtg-

NMR) specrroscopy at 500 MHz provided further details of the hCG structures which were

generally in agreement with previous reports (Damm et a\.,1987), except that the precise

structures of the hCG p-subunit were not identical because monoantennary chains were also

found in that component.

Using one- and two-dimensional IH-NMR spectroscopy, Weisshaar et al., (1997b)

provided further information of the oligosaccharide structures present at the N-linked

glycosylation sites on hCG. The otigosaccharides at asparagine 52 are comprised of

monosialylated monoantennary, disialyiated diantennary and two types of monosialylated

hybrid-type structures in a ratio approaching 5:2:3, whereas oligosaccharide linked to

asparagine 78 has monoantennary and diantennary structures in a ratio of approximately 2:3.

The hCG B-subunit was found to contain disialylated diantennary sEuctures which were

partially o 1-6 fucosylated at the GlcNAc residue linked to asparagine 13 and completely a

1-6 fucosylated at the GlcNAc residue linked to asparagine 30 Gig 1.a). The Olinked

stnrctures of hCG have also been identified (Damm et aI., 1987; Cole et a[., 1985).

Placental and urinary hCG are virtually identical except for a higher content of neutral

oligosaccharides in placental hCG (Mizuochi and Kobata, 1980). The carbohydrates

attached to hCG purified from healthy pregnancy urine have been shown to be different

from those isolated from women with hydatidiform mole or choriocarcinoma. This altered

glycosylation results in decreased hormonal activity @ndo et a|.,1987; Mizuochi et al.,

1983; Amano et al., 1988; Amano et al., 1990). The 'free cr-subunit' isolated from

pregnancy urine has also been shown to be different from the ct-subunit isolated from intact

l1
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Figure L4 Proposed Structures of the Asparagine-linked
Oligosaccharides of hCG

Monosialylated and monoantennary structure found at asparagine 52 and asparagine 78 on hCG

a-subunit (A), disialylated and diantennary structure found at asparagine 52 and asparagine 78 on

hCG cr-subunit, and paniatly c1-6 fucosylated at asparagine 13 and completely cr1-6 fucosylated

at asparagine 30 on the hCG p-subunit (B), and monoantennary complex type structures present

in hCG cr-subunit at asparagine 52 (C and D) (Stockell Hartree and Renwick,1992).

Mancrl

L
M

7
Manal

t2



hCG in that it contains more fucose, N-acetylglucosamine, sialic acid and galactose (Blithe,

1990).

1.5.2 Carbohydrate Structures of LH

The structures of the N-linked oligosaccharides from human, bovine and ovine LH have

been reported (Green and Baenziger, 1988a; 1988b; Weisshaar et a|.,1991a). The ovine

LH (oLH) cr-subunit is monosulphated and has predominantly hybrid-type structures at both

glycosylation sites, while the B-subunit has more than 60 7o diantennary complex-type

oligosaccharides. The N-linked oligosaccharides attached to the p-subunit were almost

completely fucosylated (Fuc cr i-6) at the reducing terminal GlcNAc, whereas those in the

oLH cr-subunit were either 50 7o fucosylated at asparagine 78 or fucosylated only to a minor

degree at asparagine 52 (Weisshaar et a|.,1990).

hLH has almost exclusively diantennary complex-type oligosaccharides attached at all three

glycosylation sites. A chain-terminating 4-sulphated GalNAc and a sulphated/sialylated

structure were present at asparagine 52 in the q,-subunit and at asparagine 30 in the p-

subunit. In addition, a disialylated structure was present at asparagine 78 of the o-subunit.

Virtually all the individual oligosaccharides in the B-subunit of hLH contained a fucose

residue linked c 1-6 to the terminal GlcNAc, while the cr-subunit oligosaccharides were

mainly non-fucosylated (Weisshaar et al., l99la).

1.5.3 Carbohydrate Structures of FSH

The stnrctures of the N-linked oligosaccharides of human FSH (hFSH) have been reported

in detail (Renwick er al., 19871' Green and Baenziger, 1988a; 1988b). Renwick et el.,

(1987) proposed that 95 Vo of the four N-linked oligosaccharides were acidic

oligosaccharides that contained between one and three sialic acid residues. The asialo sugar

chains consisted of a heterogeneous mixture of di-, tri- and tefa-antennary complex-type

oligosaccharides with and without a fucose residue linked cr l-6 to the proximal GlcNAc.

Bisecting GlcNAc was present on 30 7o of the diantennary and l5 o/o of the triantennary

sfructures. The predominant glycans were di- and triantennary and about 50 Vo of the total

oligosaccharides were core-fucosylated. Further studies on hFSH supported the proposal

that di- and triantennary complex-type chains predominated in hFSH, but their precise

structures and distribution were significantly different (Green and Baenziger, 1988a,

1988b), particularly in the case of the triantennary oligosaccharides. In contrast to hFSH,

bovine and ovine FSH (bFSH, oFSH) contained significant amounts of sulphated
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oligosaccharides and while oFSH had mostly diantennary complex-type oligosaccharides,

bFSH contained both di-and triantennary chains.

1.5.4 Carbohydrate Structures of TSH

The oligosaccharide structures of bovine and human TSH (bTSH, hTSH) have also been

reported (Green and Baenziger, 1988a; 1988b; Hiyama et al., 1992). The N-linked

oligosaccharides attached to the glycosylation sites of hTSH are mainly diantennary

complex-type structures with a common mannose o 1-3 branch terminating with a 4-O-

sulphated GalNAc residue.

The cr-subunit contains predominantly sulphated and sialylated diantennary oligosaccharides

whereas the p-subunit has disulphated core fucosylated glycans. The recently reported

presence of 3-O-sulphated galactose and peripheral fucose in the mannose s 1-6 branch of

some of the diantennary structures (Hiyama et al., L992), suggests the existence of an as yet

uncharacterized galactose-3-O-sulphotransferase in the thyrotroph cells of the human

anterior pituitary gland.

1.6 FUI\CTIONS OF N.LINKED OLIGOSACCHARIDES OF
GLYCOPROTEIN HORMONES

The fundamental importance of carbohydrate glycoconjugates is well established in

biological systems. Their roles include the stabilization of protein conformation, the

targeting of a protein to its corect destination, protection of the peptide component against

proteolytic attack, orientation of the glycoprotein within the plasma membrane, regulation of
metabolic fate in the circulation and uptake by cells. The specific presence of N-linked

oligosaccharides on gonadotropins has therefore prompted investigations of their function(s)

specifically in hormone/receptor interac tion s and si gn al tran sduction.

Initial glycosylation of each subunir is important for correct folding, disulphide bond

formation, proper subunit assembly and secretion (Strickland and Pierce, 1983; Matzuk and

Boime, 1988). The importance of terminal sialic acids in the metabolism of glycoprotein

hormones has been established for many years (Van }Jall et al., l97Ia; Braunstein et al.,

l97I). Terminal sialylation is thought to protect the horrrones from rapid clearance from the

circulation by hepatic asialoglycoprotein binding lectins (Van Hall et aL.,1971b; Van Lenten

and Ashwell,7972). Similarly, although bLH and oLH contain little or no sialic acid, their
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terminal sulphate groups have been thought to play an analogous role in their metabolic

clearance. However recent evidence suggests the existence of a specific receptor in hepatic

endothelial and Kupffer cells that specifically recognizes the LH terminal sulphated

oligosaccharide group. This could result in the rapid clearance of native LH (Fiete et al.,

1991).

Desialylated hCG was found to have reduced hormonal activity invitro but increased avidiry

for its receptor, which suggested that sialic acid not only maintains hCG in the circulation

but effects steroidogenesis (Moyle et a1.,1975; Amir et a1.,1987). In contrast, recombinant

bovine LH which contained sialylated oligosaccharides unlike native bovine LH, was found

to have increased steroidogenic activity after desialylation (Smith et a|.,1990).

The effects of N-linked glycosylation on receptor binding, adenylate cyclase activation and

steroidogenesis have been extensively studied using chemically or enzymatically

deglycosylated gonadotropins. Those deglycosylated with anhydrous hydrogen fluoride

were found to retain full or increased receptor binding activity, In contrast, the ability of

deglycosylated hormones to stimulate adenylate cyclase and steroidogenesis in whole cell or

membrane preparations was significantly reduced (Sairam and Schiller,1979; Manjunath

and Sairam, 1982; Chen er a1.,1982; Keutmann et a1.,1983). Deglycosylation of individual

subunits, followed by selective recombination, indicated that the glycosylation of the o-

subunit was most critical for signal transduction (Sairam and Bhargavi, 1985).

Recombinant hormones from glycosylated LH o-subunit and deglycosylated LH p-subunit

were active in receptor binding and adenylate cyclase stimulation, while those prepared from

the deglycosylated c-subunit and glycosylated B-subunit of LH were only active in receptor

binding. This led to the suggestion that glycosylation was not important for receptor

binding but that glycosylation, especially of the cr-subunit, was important for signal

transduction.

The increasing use of enzymatic as opposed to chemical deglycosylation, in order to reduce

the possibility of altered chemical conformation, has produced some contradictory results.

Cole et al., (L987) demonstrated that the steroidogenic activity of hLH and oLH was not

reduced following deglycosylation by endoglycosidase F. Recent work on bTSH by

Thotakura et aI., (1990) has suggested that deglycosylation with endoglycosidases does

reduce the biological activity of the hormone but not to the extent previously reported. This

result suggests that chemical deglycosylation was also detrimental to the hormone. This was

consistent with earlier findings of differences in circular dichroic spectra and subunit

dissociation between native and chemically deglycosylated hCG, confirming that chemical

deglycosylation also affects peptide structure (Merz, 1988).
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Contradictory results have also been reported for the role of oligosaccharides in the B-

subunit. Enzymatic deglycosylation of the p-subunit of bTSH was found to reduce the

adenylate cyclase stimulating activity of the hormone which suggested that glycosylation of

the p-subunit is important for signal transduction (Thotakura et al., 1992). Recombinant

techniques using site-directed mutagenesis to produce deglycosylated hormones have

provided critical evidence supponing site-specific functions of the N-glycans of hCG. The

oligosaccharide at asparagine 52 on the cr-subunit was found to be essential for

steroidogenesis and cAMP production, while removal of rhe oligosaccharide at asparagine

78 had little effect. Similarly the oligosaccharide at asparagine 13 in the B-subunit was

found to be more important in steroidogenesis than the oligosaccharide at asparagine 30

(Matzuk et a1.,1989).

1.7 PUTATIVB ENZYMATIC ACTIVITY ASSOCIATED
WITH THE GLYCOPROTETN HORMONES

1.7.I Serine Prcltease Activity

Although a considerable amount of information is available concerning the peptide and

carbohydrate components of the glycoprotein hormones, a definitive three-dimensional

structure has not been obtained, although crystals suitable for x-ray diffraction studies have

been prepared (Lustbader et al., 1989; Haris et a1.,1989). Amid speculation conceming the

three-dimensional structure of hCG, an hypothesis based upon partial sequence homology

between the cr-subunit of hCG and cr chymotrypsin was proposed by Willey and

Leidenberger (1989). This common sequence was used to predict the tertiary stnrcture of

hCG using a chymotrypsin as a folding template. The approach used was interesting in that

it could offer further insight into hormone/receptor interactions. However, certain critical

fearures did not appear to have been considered. The assignment of certain disulphide bonds

was speculative and the positions of the N-glycans in the tertiary model received little

attention. Nevertheless, the sequence homology between the cr-subunit of hCG and

chymotrypsin and the inhibition of hCG-binding to monoclonal antibodies by soybean

trypsin inhibitor (STI) allowed the authors to propose that hCG possessed intrinsic protease

activity.

The interaction of serine proteases with hCG and the hCG/receptor complex has already

been well established although the actual role of these proteases is unknown. Various serine
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proteases such as trypsin, cI, chymotrypsin, pronase and subtilisin have been shown to

mimic hCG and stimulate adenylate cyclase activity in membrane-enriched fractions of rat

ovary. Furthermore, the stimulation of adenylate cyclase by hCG has been shown to be

obviated by serine protease inhibitors (Richert and Ryan, 1977: Mcllroy et a|.,1980). On

the basis of these results, the intrinsic protease activity of the hormone could play a potential

role in rhe hormone/receptor interaction. The binding of hCG to its receptor was also

reported to cause cleavage of the receptor, an action attributed to the presence of endogenous

membrane proteases; this receptor proteolysis was dependent upon the presence of hCG.

hCG could therefore act to alter the conformation of the receptor, thus making it susceptible

ro the action of endogenous membrane proteases (Kellokumpu and Rajaniemi, 1985a;

1985b). hCG itself might act as a protease by cleaving the receptor; in which case the

receptor might act as a highly specific substrate for the putative proteolytic activity of the

hormone.

1.7.2 Dithiol-Disulphide Interchange

The hypothesis that a dithiol-disulphide interchange could play a role in receptor activation

has been proposed for many ligand-receptor interactions such as insulin (Clark and

Harrison, 1983; Saviolaskis et al., 1981; Czech, 1976), prolactin (Yamada and Donner,

1985), prostaglandins (Peterson e/ a/., 1988), and catecholamine systems (Kiihl, 1985;

Peterson et a|.,1982). Recently the prospect of disulphide isomerization as a result of

intrinsic protein disulphide isomerase activity associated with LH and FSH was suggested

by Boniface and Reichert (1990).

Thioredoxin and protein disulphide isomerase are both proteins capable of dithiol-disulphide

interchange and a search of the Protein Identification Resource (PIR) database revealed

sequence homology between the active sites of these two proteins and a sequence in the LH

and FSH B-subunits (Boniface and Reichen, 1990). This homology suggested that LH and

FSH could undergo dithiol-disulphide interchange upon receptor binding to produce the

necessary structural changes in the glycoprotein hormone receptor required for signal

transduction.

Thioredoxin

Thioredoxin is a small protein of 108 amino acids with a molecular mass of approximately

12kD; it is found in all living cells of prokaryotic and eukaryotic organisms. Thioredoxin

can exist either in a reduced form (TD-(SH)/ or in an oxidized form (TD-Sd. tt contains

two redox-active half-cystine residues at its active site with the sequence Cys32-Gly::-

Pro34-Cys35-. This active site is uniquely situated on a protrusion of the three-dimensional
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structure, in contrast to most enzymes where the active centre lies in a cleft. TD-SH2 has its

cysteine residues in a dithiol form while the cystines in the TD-Sz form an intramolecular

disulphide bridge composed of a l4-membered disulphide ring (Flolmgren, 1989).

Thioredoxin is able to participate in redox reactions through the reversible oxidation of its

active site dithiol to a disulphide, thus catalysing a dithiol-disulphide interchange reaction.

TD-S2 is reduced by NADPH and flavoprotein thioredoxin reductase, constituting the

thioredoxin system, as illusrrated in the following diagram.

Thioredoxin System

Thioredoxin reductase

Thioredoxin-S2 + NADPH + H+------- ->Thioredoxin-SH2 + NADP+

This thioredoxin system has been implicated in a wide variety of biochemical processes.

One of its primary functions is to act as a hydrogen donor for ribonucleotide reductase, in

order to reduce the four common ribonucleotides, adenylate, guanylate, uridylate and

cytidylate, to their corresponding deoxyribonucleotides which are required for DNA

synthesis de novo. This is illustrated below (Thelander and Reichard, 1979).

Thioredoxin Reaction

Ribonucleotide reductase

Thioredoxin-SH2 + ribonucleotides ---->Thioredoxin-S2 + deoxyribonucleotides

+ H2O
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P rote i n D is t tlp hide I s ome ras e

A sequence similar to the thioredoxin active site has been found in protein disulphide

isomerase (PDI). Protein disulphide isomerase is a major protein component in the lumen of

the endoplasmic reticulum which catalyses the formation of native disulphide bonds by

dithiol-disulphide interchange. These reactions involve reduced or incorrectly disulphide-

borrded proteins (Freedman, 1989; Noiva and Lennarz, L992). Protein disulphide

isomerase is a heterodimer composed of two 57 kD units which contains two homologous

regions, -cys3s-Gly36-His37-cys38- and -cys37e-Gly380-His381-Cys3AZ- (Fig. 1.5).

These regions are closely related to rhe active site of thioredoxin, Cys32-Gly33-prs34-6t535-

(Edman er a|.,1985).

Although PDI and thioredoxin are similar in that they are both active in protein dithiol-

disulphide interchange, PDI has been found to have a catalytic activity 50 times greater than

that of thioredoxin (Hawkins et a\.,1991). This difference has been attributed to the

difference in the active site amino acid sequence. When the proline residue (proline 34) of

thioredoxin was mutated to histidine, exactly mimicking the active site of PDI, the catalytic

activity of thioredoxin with respect to disulphide formation increased approxirnately 1O-fold

(Lundstrom et al.,199?; Krause et a1.,1991).

N-Terminus C-Terminus

TD-like
Active Site
.C.G-H.C.

A ^ TD-like'L' 'L' Active Site
.C.G.H-C-

Figure 1.5 'fhe Primary Structure of Protein Disulphide
Isomerase (PDI)

This diagram shows the putative thioredoxin-like active sites of PDI (Noiva and Lennarz,

1992). '-C-' are cysteine residues and the amino acid sequence is from residues 35-38 and

379-382.
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,A search of the protein database revealed nine proteins that contained the Cys-Gly-Pro-Cys

active site sequence. Of these the LH B-subunit was the only peptide sequence that was part

of a hormone. When the ability of bLH to reactivate reduced and denatured RNase was

tested, it was found to be approximately 300 times more active than thioredoxin on a molar

basis, while the oFSH preparation was approximately 60 times more active than thioredoxin

on a molar basis (Boniface and Reichert, 1990). The sequence homologies for the

glycoprotein hormones in this Cys-Gly-Pro-Cys thioredoxin active site sequence are

presented in Table 1.1.

Table 1.1 Antino Acid Sequence Homologies

Sequence alignment of the active site of thioredoxin aligned with amino acid sequences of

protein disulphide isomerase and the glycoprotein hormones. The amino acid regions are

indicated tn' brackets'. Identical residues are indicated by' daslzs' .

Thioredoxin
PDI
PDI
LH
FSH

TSH

hCG

(32-3s)
(3s-38)
(37e-382)
(e0-e3)
(e0-e3)
(e0-e3)
(e0-e3)

Cys Gly Pro Cys

His
His
Pro
Lys
Lys

Ala Leu

1.7.3 Dithiol-Disulphide Interchange Associated with Gonadotropic
Hornrones

The ability of LH and FSH to act as dithiol-disulphide interchange catalysts has led to an

hypothesis which suggests that the glycoprotein hormone receptors might act as highly

specific subsuates for their specific hormones. As the receptors contain cysteine residues

which could potentially form disulphides, any dithiol-disulphide interchange could result in

a conformational change in the receptor thereby possibly eliciting the signal transduction

process.
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This hypothesis is indeed interesting and further studies have recently been carried with

hFSH. The hFSH p-subunit possesses two receptor-binding regions located between

amino acid residues 33-53 (Santa-Colorna et al.,1990) and 81-95 (Santa-Coloma and

Reichert, 1990). The proposed receptor binding region of 81-95 also contains the

thioredoxin-like sequence Cys90-GIyel-Lys92-Cyse3. The inhibitory effect of N-

ethylmaleimide (NEM) and oxidized or reduced glutathione on FSH binding to its receptor,

verified that sulphydryl groups are involved in FSH receptor-binding (Santa-Coloma et al.,

1991). Furthermore, rhe replacement of all cysteine residues in the two FSH receptor-

binding regions with serine residues, was found to have no effect on receptor binding,

whereas signal transduction was affected as detected by estradiol synthesis in cultured rat

Sertoli cells (Santa-Coloma et al.,1992). Further studies with serine-substituted peptides

showed a marked increase in extracellular calcium influx, suggesting that the difference in

estradiol biosynthesis might be due to the ability of the serine analogues to stimulate calcium

entry (Grassa et al., L993). The implication is that although the initial binding of FSH to its

receptor may not require a cysteine residue, subsequent signal transduction may require

disulphide interchange. A three-dimensional model of FSH based upon the alignment of
both the B- and o-subunits of the glycoprotein hormones with thioredoxin has recently been

advanced by Hage-van Noort et al., (1992).

1.8 G PROTEINS

In the transmembrane signalling system, the interaction of a gonadotropin with its receptor is

the first step in a cascade of molecular events. The detection of the extracellular stimulus by

the receptor and the resulting intracellular response effected through a separate effector

protein, is mediated through a guanine nucleotide dependent regulatory protein known as a

G protein (Rodbell et al., L97l). This in turn modulates the activity of a second messenger

system, which in the case of the glycoprotein hormones is adenylate cyclase and

phospholipase C (Hunzicker-Dunn and Birnbaumer, 1985; Philp and Grollman, 1986;

Gudermann et al.,1992). This G protein is called G, because of its stimulatory effect of the

G protein on adenylate cyclase.

G proteins belong to a large homologous family of trimeric proteins, each comprised of an

s-subunit of 39-46 kD, a p-subunit of 37 kD and a y-subunit of 8 kD. The B- and 1-

subunits are tightly complexed and operate as a single unit. The cr-subunit has a single high

affinity binding site for guanine nucleotides, guanosine diphosphate (GDP) or guanosine

triphosphate (GTP). In its inactive form the heterotrimer G protein has GDP bound tightly

to the cr-subunit. When a hormone binds to its receptor, the hormone/receptor complex
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inreracs with the heterotrimer. This is followed by a conformational change and

dissociation of GDP from its guanine nucleotide binding-site. The activated receptor has a

very high affinity for the G protein conformation in which the cr- and By-subunits are

associated and the guanine nucleotide binding site is empty (Wessling-Resnick et a|.,1987).

At normal cellular concentrations of guanine nucleotides however, the empty binding-site is

immediately filled by GTP and thus the affinity for the G protein by the receptor is decreased

and the two dissociate. GTP binding also reduces the affinity of the cr-subunit for the B1-

subunit complex and subunit dissociation occurs. The free cr-GTP complex is now capable

of stimulating rhe appropriate effector function by activating adenylate cyclase and possibly

phospholipase C. The G protein cr-subunit has intrinsic GTPase activity and this slowly

inacrivates the bound GTP by hydrolysis. The hydrolysis of GTP leaves GDP in the

binding site causing the g-subunit to dissociate from the effector rnolecule, effectively

turning it off. The cr-subunit then reassociates with the By-subunit complex to form the

trimeric GDP bound form of the G protein, and is ready once more to interact with a

recepror molecule (Cilman, 1987; Taylor, 1990; Jackson, 1991; Hepler and Gilman, l99Z).

1.9 GLYCOPROTEIN HORMONE RECBPTORS

The role of the glycoprotein hormones in their control of reproductive function is redundant

unless the hormone is able to interact with its specific receptor located on the cell surface. In

past years, the purification and characterization of glycoprotein hormone receptors have been

areas of intense study, however due to the low abundance of the receptor in target tissues,

its instability and its susceptibility to proteolysis upon purification, much discordant and

conflicting data have resulted.

The LH receptor was thought to be oligomeric and its subunits associated by disulphide

bridges (Ji et al., L985; Rebois et al., 1981), while other groups reported a single

glycosylated polypeptide chain with a molecular mass ranging between 85-100 kD

(Metsikk6, 1984; Kusuda and Dufau, 1986; Roche and Ryan, 1989; Minegishi et al., 1'987;

Keiniinen, 1988; Rosemblit et a1.,1988). Similarly the FSH receptor was described as an

oligomeric 240 kD structure, consisting of four subunits of similar 60 kD mass and

covalently linked by disulphide bridges (Shin and Ji, 1985). It is only since 1989 that the

cDNA clones of the LH, FSH and TSH receptors have been successfully isolated and that

their structures have been finallv established.

The LFVhCG receptor is located on the surfaces of Leydig cells, ovarian theca, granulosa,

luteal arrd interstitial cells, where it is found predominantly in regions close to capillary
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spaces (Anderson et aL,1979; Metsikko and Rajaniemi, 1981). The isolation of the cDNA

of the rar lureal LH/hCG receptor indicated a core polypeptide with a molecular mass of 75

kD, however this does not include the possibility of attached carbohydrate. There are six

potential sites for N-linked glycosylation and preliminary evidence suggests that most of

these sites are glycosylated (McFarland et a1.,1989). The rat luteal LH/hCG receptor is

thought ro have a putative signal peptide of 26 amino acids; the mature receptor is 674 amino

acids in length. The porcine testis LH/hCG receptor contains 696 amino acid residues with

a signal peptide of 27 amino acids. Low amounts of small mRNA were also detected in this

species, which corresponded to truncated receptor structures (Loosfelt et a1.,1989). These

components and the effects of endogenous proteases perhaps led earlier researchers to

suggest a receptor structure composed of nrultiple subunits.

Whether or not N-linked carbohydrates on the receptor are necessary for hormone binding

has yet to be proved. Some groups have suggested that N-linked oligosaccharides are not

essential for high affinity hormone binding (Petiijti-Repo et a1.,1991; Ji et a1.,1990; Zhang

et a|.,1991), while other workers have suggested a role for N-glycans in hormone/receptor

binding (Minegishi et a|.,1989). Recent evidence using site-directed mutagenesis supports

the view that although N-linked oligosaccharides are not required for high affinity binding,

the asparagine residue and glycosylation site at position 173 is involved directly or indirectly

in the maintenance of high affinity binding of the horrnone (I-iu et al., L993).

The LH/hCG receptor is composed of a 341 amino acid extracellular domain and an

intracellular domain of 332 amino acids (Rodriguez and Segaloff, 1990). Residues 342-606

contain seven hydrophobic membrane-spanning regions which display sequence homology

with the G protein-coupled receptor family. The C-terminal tail consists of 68 amino acids.

The extracellular N-terminal domain contains 12 cysteine residues while there are 13

cysteines in the transmembrane and C-terminal donrains. The C-terminal domain contains

potential phosphorylation sites (i.e. serine, threonine and tyrosine residues) where cellular

control of the receptor activity may occur. Removal of the last 43 amino acids from the

cytoplasmic tail of the rat LFVhCG receptor resulted in loss of the LH/hCG induced

desensitization (Sr{nchez-Yagtie et al., 1992). However, recent studies have provided

contradictory results which suggest that a portion of the C-terminus containing six serine,

two threonine and one tyrosine residue is not required for receptor desensitization. This was

revealed by the ability of a truncated murine LH receptor, which lacked the last 46 amino

acids, to stimulate adenylate cyclase and undergo rapid desensitization comparable with the

native receptor (Zhu et al., 1993). The C-terminal region also has two clusters of basic

amino acids from residues 623-625 and residues 630-632, which may be potential sites for

proteolytic cleavage (Metsikkd et a1.,1990). The dominant feature of the LfVhCG receptor

which sets it apart from the rest of the G protein-coupled receptors is the large extracellular
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domain containing the N-terminus, where ligand-binding is thought to occur (Tsai-Morris er

a1.,7990: Ji and Ji, 1991a; Xie er a1.,1990; Ji and Ji, 1991b). The most striking feature of

this domain is the presence of i4 imperfectly repeated sequences of approximately 25

residues, known as the leucine-rich motif. These leucine-rich motifs are found in various

proteins and constitute a family of leucine-rich glycoproteins (Takahashi et a|.,1985).

Members of this family are thought to interact with both hydrophobic and hydrophilic

surfaces, possibly through amphipathic helices which are formed by the repeat sequence.

The exuacellular domain of the receptor may therefore be responsible for hormone-binding

and interaction with the transmembrane domains to mediate signal transduction (Fig. 1.6).

Another interesting feature of the extracellular domain is a set of 10 residues identical with a

region presenr in soybean lectin (Vodkin et a\.,1983). It has been widely reported that

deglycosylated hormone will bind to its receptor without stimulating adenylate cyclase

(Sairam and Bhargavi, 1985). A lectin-like region in the receptor could therefore be

involved in the recognition of the glycosylated hormone.

A truncated version of the LH/hCG receptor lacking a transmembrane region has been

shown to retain its ability to bind LH. This evidence for the importance of the N-terminal

region in ligand binding is further supported by studies using chimaeric receptors which

consisted of the N-terminus of the LH/hCG receptor and the transmembrane region and

intracellular C-terminus of TSH (Nagayama et al., 1991), B-adrenergic (Moyle et al., 1991)

or FSH receptors (Braun et a\.,1991). These chimaeric receptors were found to bind LH

specifically, while the N-terminal region of FSH which contained leucine-rich repeats, when

joined ro rhe remainder of the LHlhCG receptor was specific for FSH, This evidence

suggested that specificity of binding is associated with the N-terminal domain. Such a

finding is to be expected as the transmembrane region of the glycoprotein hormones is

highly conserved and honrologous, while the extracellular domain is more divergent.

The LH/hCG receptor gene has been identified and localized to chromosome 2p2l

(Rousseau-Merck et a\.,1990). The glycoprotein hormone receptor genes appear to be

derived from the fusion of two gene families; the seven transmembrane domain region is

encoded by a single exon, most likely arising from a common ancestral G protein-coupled

recepror, while the extracellular leucine-rich repeat regions are encoded by multiple exons,

presumably from a separate ancestral gene.

Although the main area of interest in this thesis is the LHlhCG receptor, the other

glycoprotein hormone receptors deserve mention. The TSH receptor has been cloned and
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Figure 1.6 Diagram Representative of the hCG/LH Receptor

Tlte 'Roman numerals' and 'bold /ines' indicate the lcucine-rich sequence repeats. The 'black circles'

indicate the conserved amino acid sequence putatively involved in G protein coupling, and the 'black

boxes'show possible phosphorylation sites in the cytoplasmic extension. The sites which are available

for N-linked glycosylation are indicated by an 'arrow'while a putative disulphide bond is indicated by the

'-SS-'(Metsikkcj et al., 1990).
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sequenced from human (Nagayam a et a1.,1989; Misrahi et al., 1990; Libert et al,, 1989), rat

(Akanrizu et a1.,1990) and canine sources (Parmentier et al., 1989). It is comprised of a

single polypeptid e of 7 64 amino acids plus a leader sequence of 20 amino acids, with the

mature receptor having a molecular mass of 86 kD. It contains six potential N-linked

glycosylation sites and 11 cysteines in the extracellular domain, and 12 cysteines in the

transmembrane and intracellular domains. The FSH receptor from rat (Sprengel et al.,

1990) and human (Minegish et a1.,1991) sources has also been cloned. Once again it was

found to be a single polypepride of 678 amino acids plus a leader sequence with the mature

recepror having a molecular mass of approximately 75 kD. It contains four potential N-

linked glycosylation sites, 1I exnacellular cysteines and 12 transmembrane and inffacellular

cysteines.

Comparison of the primary structures of the TSH, LH/hCG and FSH human receptors has

revealed 9 conserved cysteine residues in the extracellular domain and 9 in the

transmembrane and intracellular domains. These cysteine residues are thought to be

important in folding and/or stabilization of the receptors (Dias, 1992). A11 three receptors

additionally contain potential phosphorylation sites in the cytoplasmic domain which could

be required for phosphorylation but it is not known to what extent they may be used in the

control of receptor activation.

1.9.f Receptor Binding Regions in LH/hCG

It is well established that both the cr- and B-subunits of the glycoprotein hormones are

required for full biological activity. Synthetic peptides corresponding to certain sequences in

the cr- and B-subunits were found to compete for receptor binding with the intact hormone

suggesting that both subunits must be involved in receptor binding (Bidart et al., 1987;

Keutmann et a1.,1987; Charlesworth et a1.,1987).

In the cr-subunit of the glycoprotein hormones, two regions have been identified as

importanr for receptor binding. These are the C-terminal residues 8l-92 (Charleswofih et

al., 1987; Erickson et a|.,1990) and the N-terminal residues 30-45 (Reed et a|.,1991).

Monoclonal and polyclonal antibodies raised against individual subunits recognized the B-

subunit in the hormone/receptor complex but did not react with the cx-subunit. This

suggested that the cr-subunit was in close contact with the receptor and buried within the

hormone/receptor complex, while the B-subunit was in a more exposed position and thus

recognizable immunologically (Moyle et a|.,1982; Milius et e|.,1983).
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The receptor binding sites in the B-subunit have been well characterized and can be divided

into four major regions. One of these is from residues 93-100 and is known as the

'determinant loop' sequence. The positively charged residues within this eight-residue

hydrophilic loop are the specific determinants for LH/hCG activity. This is in contrast to

FSH and TSH which contain negatively charged residues within this loop (Gordon and

Ward, 1935). A synthetic peptide fragment coresponding to this sequence in LFI/hCG was

able to inhibit the binding of intact hCG to ovarian membrane receptors (Keutmann et al.,

1989). The effect of the positive charge in this sequence has been found to be very

important, as replacement of the positively charged arginine residue (Arg 94) led to a

decrease in activity while a rearrangement of the charges, also led to decreased activity even

though the net overall charge remained the same. The disulphide iinkage between residues

93-100 was also shown ro be very important. Disruption of this linkage by replacement of

the cysteine with an alanine residue resulted in loss of activity, presumably through

disruption of the loop configuration (Chen and Puett, 1991; Chen et a1.,1991).

The largest inrer-cysteine segnrent in either subunit of LH/hCG is the sequence between

residues 38-57. In the B-subunit of hLH this was found to be the fragment most able to

inhibit the binding of intact hCG to its receptor and which inhibited the promotion of

steroidogenesis in rat Leydig cells (Keutmann et a\.,1987). This sequence has been shown

to contain an amphipathic helix between residues 4l-48 (Keutmann,1992). This is a

structure which has been implicated in the mechanism of action of many peptide hormones

and bioactive peptides (Kaiser and Kdzdy, 1984). An arginine residue (Arg 43) within this

amphipathic helix is highly conserved in LH from many species and replacement of this

residue by a neutral amino acid such as alanine or a negative amino acid such as asparagine,

resulted in the elimination of receptor binding (Keutrnann et a|.,1988).

Another binding region is found in the highly conserved residues within the inter-cysteine

loop from residues 62-72. Although this sequence has been found to be essential for

steroidogenesis in conjunction with the 38-57 residue sequence (Ramakrishnan et al.,

1978), its activity in receptor binding is unusual as at least two residues within this region

are thought to be buried within the native intact hormone and therefore not exposed to tho

receptor (Keutmann, L992; Gordon and Ward, 1985). Lastly, a highly conserved region in

the N-terminus of the p-subunit from residues 1-16 has also been shown to inhibit receptor

binding of the intact hCG (Salesse et a1.,1990).

In summary, both of the glycoprotein hormone subunits are involved in receptor binding

and although there seem to be more contact regions in the B-subunit, immunological

evidence seems to suggest that the cr-subunit is the subunit in direct contact with the
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recepror. The ability of the cr-subunit to associate more closely with the receptor than the

hormone-specific B-subunit is unexpected and has prompted a two'stage binding proposal

(Milius et a\.,19S3). In this model the binding of the B-subunit to the receptor could

primarily cause a structural change in either the receptor or the hormone. Such changes have

been documented and occur in the hormone after receptor binding. Such a conformational

change could reveal new epitopes in the hCG which would facilitate receptor binding (Moyle

et a1.,1987). Once the B-subunit had caused this primary change in stnrcture, the cr-subunit

could then bind and mediate in a stable hormone/receptor complex. This two'stage binding

model is supported by kinetic data which shows the hormone/receptor complex to be loosely

bound initially before the formation of a tightly bound complex (Katikineni et al., 1980).

The ability of certain of the gonadotropic hormones to promote dithiol-disulphide

interchange and possible confornrational change in the receptor, can now also be integrated

into this two-stage binding model.

1.10 AIMS

The mechanism by which glycoprotein hormones bind to their specific receptors and the

subsequent activation of the receptor to promote signal transduction are areas of great

interest and speculation. Although both peptide and carbohydrate components of the

glycoprotein hormones are known to play crucial roles in biological activity, the aim of the

present study was to investigate one possible mechanism of hormone/receptor interaction

using human chorionic gonadotropin.

Recent reports have ernphasized amino acid sequence homology between hCG and the

serine protease, chymotrypsin. Serine proteases have already been implicated in

hormone/receptor interactions by their ability to mimic the effects of hCG in cAMP

stimulation and by the ability of serine protease inhibitors to inhibit hCG-stimulated cAMP

production. Because of the effects that serine proteases exert upon hCG/receptor

interactions, the report by Willey and Leidenberger (1989) prompted an investigation into

possible intrinsic enzymatic activity associated with hCG.

Similarly, sequence homology between the amino acid sequence of the active site of

thioredoxin, a protein capable of dithiol-disulphide interchange and the FSH and LH
gonadotropic hormones has also been reported. Studies have revealed that FSH and LH

possess thioredoxin-like activity. It was postulated that this enzymatic activity could be

involved in receptor activation by inducing conformational changes as a result of dithiol-

disulphide interchange. As hCG and LH both bind with equal avidity to the sarne receptor,
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an investigation into the possible dithiol-disulphide interchange capability of hCG was

considered important.

On the basis of the preceding evidence, the investigation of putative enzymatic activities

associated wirh hCG was considered worthwhile, with particular reference to the

implications for receptor binding and/or signal transduction.
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CHAPTER TWO

DETECTION OF PROTEASE ACTIVITY ASSOCIATED WITH
HUMAN CHORIONIC GONADOTROPIN

2.1 INTRODUCTION

The three-dimensional structures of the glycoprotein hormones have yet to be resolved,

although hCG has been obtained in crystalline form (Lustbader et a|,,1989; Harris et al.,

1989). In the absence of crystallographic data, various models of the tertiary structures of

the glycoprotein hormones have been proposed based upon amino acid sequence homology

of the hormone with a protein whose tertiary structure has already been established.

A limited homology between the cr-subunit of hCG and the substrate pocket of a-

chymotrypsin was reported by Willey and Leidenberger (1989), which facilitated computer

simulation of the tertiary structure of the hormone. In serine proteases the precise

arrangement of the serine and histidine residues is critical for enzymatic activity. In

chymouypsin, this arrangement consists of a catalytic uiad of serine, histidine and aspartic

acid which constitute part of the substrate pocket. Willey and Leidenberger proposed that the

highly conserved hCG cr-subunit serine residue (Ser 38) and cr-subunit histidine residue

(His 83) could be analogous to rhe substrate pocket of chymotrypsin, with the aspartic acid

being contributed by the highly conserved aspartic acid residue (Asp 99) of the B-subunit.

Although this was an attractive model, various assumptions were made, especially in the

assignments of some of the disulphide bridges, which were not experimentally substantiated.

This model also failed to account fully for the effects of glycans on the tertiary structure.

However the sequence homology and the blocking effect of soybean trypsin inhibitor upon

the action of monoclonal antibodies against hCG cr- and p-subunits, raised the possibility of

intrinsic protease activity associated with hCG. The interaction of hCG with its receptor is

known to promote receptor proteolysis which was attributable to endogenous membrane

proteases (Kellokumpu and Rajaniemi, 1985a; 1985b). A putative intrinsic protease activity

associated with hCG presented an attractive hypothesis in which the hCG receptor acted as a

specific substrate for the proteolytic activity of hCG with consequent affects on signal

transduction.
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The putative intrinsic protease activity of hCG could be studied using a range of synthetic

peptide substrates. However this demands rigorous purification of the hormone under

investigation. Given the common protease-rich source of hCG, namely human pregnancy

urine, possible contamination by exogenous proteases such as urokinase, could not be

overlooked. The presence of contaminants associated with partially purified hCG, such as

epidermal $owth factor (EGF)like components (Knox et a1.,1978; Hofmann et a1.,1989),

early pregnancy factor (EPF) (Rolfe et a1.,1983; Morse et a1.,1976; Muchmore and Blaese,

1977) and a hCG/hLH binding inhibitor (Bramley et aI., 1991) has already been well

documented. In recent years there has been an increasing awareness of the presence of

contaminants in highly purifred preparations of hCG. These have been primarily restricted to

fragments of hCG itself e.g. p core fragment (Wehmann et a1.,1988; Bidart et a1.,1988;

Stockell Hartree et a1.,1983; Puisieux et a1.,1990; Birken et al., 1988; Endo et al., 1992)

and the presence of variable concentrations of nicked forms of hCG which affect receptor-

binding and steroidogenesis (Kardana et a|.,1991; Birken et aL.,1991; Cole et al., l99l).

However, Storring et aL, (1980) detected traces of peptidase activity associated with the

highly purified reference preparation hCG CRl19, and contaminants have been identified

that are not related to hCG (Moss et al., 1978).

In this chapter the detection, isolation and partial characterization of protease contaminants

which were found to be associated with the highly purified reference preparation of hCG

(CR127) are described.
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2.2 MATERIALS AND METHODS

2.2.1 Materials

Hormones

Highly purified preparations of hCG (CR127 and CR125), hCG cr (CR119 and CR mix),

hCG B (CR125), oLH (oLH-26), oTSH (oTSH-12) and oFSH (oFSH-S12) were kindly

supplied by the National Hormone and Pituitary Program (University of Maryland, School

of Medicine, Maryland, U.S.A.) and the National Institute of Diabetes and Digestive and

Kidney Diseases (NIDDK), (Bethesda, Maryland, U.S.A.). hCG (CR121) was generously

provided by Dr S. Birken (College of Physicians and Surgeons of Columbia University,

New York, U.S.A).

Peptide Suhstrates

Synthetic peptide substrates, Bz-Phe-Val-Arg-pNA, Tos-Gly-Pro-Arg-pNA, D-Leu-Pro-

Arg-pNA, D-Val-Leu-Arg-pNA, Bz-Ile-Glu-Gly-Arg-pNA, Bz-Pro-Phe-Arg-pNA, Tos-

Gly-Pro-Lys-pNA, D-Val-Leu-Lys-pNA, Suc-Ala-Gly-Pro-pNA, Suc-Tyr-Leu-Val-pNA

and Ac-Ala-Ala-Ala-pNA were generously donated by Dr D. Harding (Separation Science

Unit, Massey University, Paimerston North, New Zealand). N-a-Bz-Arg-pNA, Suc-Ala-

Ala-Pro-Phe-pNA, Suc-Phe-pNA and L-Leu-pNA were purchased from Boehringer

Mannheim, Germany.

Chemicals

Guanidine hydrochloride, dimethyl sulphoxide (DMSO), piperazine, N-tosyl-L-
phenylalanine chloromethyl ketone (TPCK), N-a-p-tosyl-L-lysine chloromethyl ketone

(TLCK), and soybean trypsin inhibitor (STI) were purchased from Sigma (St Louis,

Missouri, U.S.A.) and prepared according to the suppliers' instructions).

Diisopropylfluorophosphate (DFP) was from British Drug Houses (BDH) Chemicals

(Poole, England). Triethylamine (TEA) was an analytical grade reagent and was purchased

from Riedel-de Haen AG (Seelze-Hannover, Germany). Acetonitrile, trifluoroacetic acid

(TFA) and ammonium sulphate were all FIPLC grade reagents and were obtained from

Mallinckrodt Speciality Chemicals Co. (Paris, Kentucky, U.S.A. ), BDH Chemicals (Poole,

England) and Bio-Rad Laboratories (Richmond, California, U.S.A.) respectively. [3H]-

DFP (10.0 Ci/mmol) was from New England Nuclear (Boston, Massachusetts, U.S.A.).

Molecular weight markers used for sodium dodecyl sulphate-polyacrylamide gel

electrophoresis (SDS-PAGE) were; bovine serum albumin (66 kD), ovalbumin (45 kD),

glyceraldehyde-3-phosphate dehydrogenase (36 kD), carbonic anhydrase (29 kD),
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trypsinogen (24 kD), soybean trypsin inhibitor (20 kD) and cr-lactalbumin (14 kD) were

supplied by Sigma.

Water was purified by a Milli-Q system (Millipore, Bedford, Massachusetts, U.S.A.), and

unless otherwise stated all other chemicals were of analytical grade.

2.2.2 Esterase Activity

The esterase activity of hCG was determined with p-nitrophenyl butyrate (pNPB) (Sigma).

One volume of freshly prepared pNPB solution (100 pg/ml in 50 mM sodium acetate pH

5.0) was added to two volumes of sample (100 pg of sample in 500 mM Tris-HCl pH 7.4)

and incubated at 37 'C @iPersio et aL,1990). The p-nitrophenol released from pNPB was

followed spectrophotometrically at 405 nm for 150 min in a Shimadzu UV160

spectrophotometer and compared with spontaneous substrate hydrolysis in control

experiments.

2.2.3 Dissociation of hCG into cr- and p-Subunits

Intact hCG was dissociated into its constituent subunits by incubation in 6 M guanidine

hydrochloride in 0.1 M NaH2PO4 for 20 hours at 48 "C. The subunits were separated by

analytical reverse-phase HPLC (RP-HPLC) on a Vydac C4 column (10 x 250 mm;

Separations Group, Hesperia, California, U.S.A.) using a 40 min linear gradient from 20-

l00Vo buffer B. The buffer systems were 0.1 M TEAP (pH 6.5) (buffer A), and 0.1 M

TEAP plus 607o acetonitrile (pH 6.5) (buffer B). The flow rate was 1.6 ml/min and the

eluate was monitored at 226 nm. Peak fractions that corresponded to hCG cr and hCG B

were collected and dried under reduced pressure. Each subunit was then desalted by RP-

HPLC using a 30 min linear acetonirrile gradient from 20-1007o buffer B with 0.l,Vo TFA
(buffer A) and 0.IVo TFA plus 607o acetonitrile (buffer B). The flow rate was 1.5 ml/min

and the eluate was monitored at 280 nm. Peak fractions comesponding to each subunit were

collected, dried under reduced pressure and dissolved in water. Samples were subsequently

lyophilized and stored at -20 "C.

2.2.4 Reassociation of hCG cr- and p-Subunits.

hCG a- and B- subunits (250 ttg) were incubated in 2 ml of 0.1 M NIIaHCO3 for 12h at37

'C. After this time the intact hormone was separated from the individual subunits by
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chromatography on a TSKgel Phenyl-5PW hydrophobic interaction chromatographic (HIC)

column (0.75 x 7.5 cm; Tosoh, Tokyo, Japan). The column was equilibrated with 0.1 M

sodium phosphate buffer (pH 7.0) that contained 1.0 M (NH4)2S04 and 0.02Vo NaN3

(buffer A) and the sample was eluted with 0.1 M sodium phosphate buffer (pH 7.0) that

contained 307o isopropanol and0.02Vo NaN: (buffer B). A linear gradient from 0 to L00Vo

buffer B over 30 min was used at a flow rate of 1 mvmin. The eluate was monitorcdat226

nm. The intact hormone fraction was collected and desalted with Amicon Centricon 10

micro-concentrators (Amicon, Beverly, Massachusens, U.S.A.) and assayed for peptidase

activitv as described below.

2.2.5 Peptidase Activity

The peptidase activity of hCG, its subunits and the other glycoprotein hormone preparations

was investigated with a variety of synthetic chromogenic peptide substrates which oontain

and release p-nitroaniline (pNA) upon cleavage. Each substrate was dissolved in DMSO and

diluted dropwise with 20 mM Tris-HCl buffer (pH 7.a) to yield a stock solution of 0.2

mg/ml (final DMSO concentration was 0.O57o). A 200 pl aliquot of this stock solution was

mixed with 25 ;.rl of hormone solution (1 mg/ml) and diluted to a final volume of 1 ml (ftnal

substrate concentration was 40 prglml and final hormone concentration was 25 pg/ml). This

sample mixture was incubated at 37 'C. Aliquots were removed at appropriate intervals and

were assayed for the release of pNA over a 24 h period by measuring the absorbance at 410

nm. For each assay a control sample consisting of peptide substrate and 20 mM Tris-HCl

buffer (pH 7.a) in the absence of any hormone preparation was used. The peptide substrate

used for all subsequent assays was Bz-Phe-Val-Arg-pNA, unless otherwise stated.

2.2.6 Inhibition Studies

The effects of specific and non-specific inhibitors on the peptidase activity of hCG (CR127)

were studied using the assay described above. hCG (25 pg) was pre-treated by incubation

with a 2O-fold molar excess of inhibitor in 20 mM Tris-HCl (pH 7.a) for 6 h at 37 'C and

the peptidase activity was determined. Inhibitors used were DFP in 2To (w/v) isopropanol,

TPCK, TLCK, and STI. These were all prepared according to the suppliers' instructions.

The hCG preparation (25 pg) was also incubated with 3g-Opp under the conditions

described above. After incubation, the sample was applied to a Sephadex G25 Superfine

column (1 x 30 cm, Pharmacia) in 17o NHaHCO3 to remove any free [3H]-DFP. The flow

rate was 0.5 ml/min and the eluate was monitored at 2?6 nm. Fractions (1 ml) were
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collected and their radioactive content was determined in a liquid scintillation counter (LKB

Wallac 1209 Rackbeta). [3H]-DFP labelled hCG was analysed by SDS-PAGE and

autoradiography using sodium salicylate as the scintillant (Chamberlain, 1979).

A I ml sample of hCG (1 mg/ml) in 20 mM Tris-HCl (pH 7.a) was mixed with I mg STI-

agarose (Sigma) in 2 ml of the above buffer and incubated overnight at 4 'C. The mixture

was then packed into a 10 ml Poly Prep chromatography column (Bio-Rad) and washed with

10 x bed volume of 20 mM Tris-HCl (pH 7.a) followed by elution with l0 x bed volumes of

increasing salt concentrations (0.5 M, 1.0 M and 3.0 M NaCl) and finally with 0.1 M

sodium formate, 50 mM CaCl2 (pH 3.0). The eluate from each step was pooled, desalted on

Amicon Centriprep 10 concentrators, tested for peptidase activity and analysed by SDS-

PAGE.

2.2.7 Further Purification of hCG by HPLC

G e I fi kratto n c hr o mato grap hy .

hCG (CR127) (l mg) dissolved in I ml of 0.1 M NHaHCO3 was fractionated on a

Pharmacia Superose 12 HR 10/30 HPLC column (1 x 30 cm) in 0.1 M NI{4HCO3, at a flow

rate of 0.5 ml/min. The eluate was monitored at 226 nm. Each fraction (2 ml) was

lyophilized, redissolved in 20 mM Tris-HCl (pH 7.a) and its peptidase activity was

determined as described above.

A nio n- exc ltange c hromato g r ap hy.

hCG (CR127) (I mg) dissolved in 1 ml of starting buffer was applied to a Pharmacia Mono

Q HR 5/5 anion-exchange column equilibrated in 20 mM piperazine HCI buffer (pH 9.8) and

eluted with a linear gradient of 0 to 0.5 M NaCl in the above buffer at a flow rate of 0.5

mVmin. The eluate was monitored at 226 nm. Fractions (2 rnl) were collected, desalted with

Amicon Centricon 10 micro-concenffators and assayed for peptidase activity as described

above.

Hy dro p ln bic i nter ac tio n c hromato g rap hy .

hCG (CR127) (1mg) dissolved in 1 ml of starting buffer was fractionated on a TSKgel

Phenyl-SPW hydrophobic interaction chromatographic (HIC) column (0.75 x 7.5 cm;

Tosoh, Tokyo, Japan). The column was equilibrated with 0.1 M sodium phosphate buffer
(pH 7.0) that contained 1.0 M (NH4)zSO+ and O.OTVo NaNs (buffer A). The sample was

eluted with 0.1 M sodium phosphate buffer (pH 7.0) that contained 30Vo isopropanol and

0.02Vo NUN: (buffer B). A linear gradient from 0 ta l00%o buffer B over 30 min at a flow
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rate of 1 mVmin was used. The eluate was monitored at 226 nm. Fractions (2 ml) were

collected, desalted with Amicon Centricon 10 micro-concentrators and assayed for peptidase

activiry as described above. An aliquot of each fraction obtained was assayed for
immunoreactive hCG using an Amerlex-M p hCG RIA kit (Amersham, Bucks, U.K.).

2.2.8 Effect of Protease Contaminants on hCG Incubation

hCG (CR127) (100 pg) and hCG (CRl27) purified by HIC-HPLC chromatogtaphy (100

prg) were dissolved in 100 pl of 20 mM Tris-HCl (pH 7.4) and incubated at 37oC for 24h.

Aliquots (25 pl) were removed at various time intervals and treated at 37oC for t h in0.lVo

TFA (25 pl). Each sample was then analysed by RP-FIPLC on a Vydac C4 column (4.6 x

150 mm) using a 45 min linear gradient from 0-807o buffer B. The buffer systems were

0.057o TFA (buffer A) and 0.05 Vo TFA in I00 Vo acetonitrile (buffer B). The flow rate was

1 rnVmin and the eluate was monitored at 226 nm.

2.2.9 Analysis of Peptidase Contaminants by RP-HPLC

The peptidase contaminants isolated from hCG (CR127) were analysed by RP-HPLC. The

peptidase fractions isolated by HIC-HPLC were lyophilized after desalting with Amicon

Centricon 10 micro-concentrators and were applied to a Vydac C4 column (4.6 x 150 mm).

The samples were chromatographed using a 60 min linear gradient from 0-807o buffer B.

The buffer systems were O.l%o TFA (buffer A) and 0.1 Vo TFA in 7rfi Vo acetonitrile (buffer

B). The flow rate was 1 mVmin and the eluate was monitored at 226 nm.

2,2.10 Receptor Binding and cAMP Stimulation Assays

The cAMP and receptor binding assays were carried out with Eansfected Cos 7A cells which

were expressing the rat LH receptor. After transfection (48-60 h) the cells were assayed for

intracellular cAMP and [tzs11-1tCG binding in the presence of increasing concentrations of

non-radioactive hCG. Receptor binding and cAMP stimulation assays were kindly

performed by Dr T. H. Ji as previously described (Ji and Ji, 1991c).
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2.2.LI Gel Electrophoresis

SDS-PAGE was carried out by the method of Laemmli (1970), under reducing conditions on

12.5Vo slab gels. Protein bands were detected with Coomassie Blue or a silver stain (Wray

et a1.,.1981).

2.2.L2 Amino Acid Sequence Analysis

Protein sequence analysis was performed using a gas-phase sequencer (model470A). This

was equipped with on an on-line phenylthiohydantoin-amino acid analyser (1204). The

programme (03RPTH) and chemicals were supplied by the manufacturer Applied

Biosystems (Foster Ciry, California, U.S.A.). Protein sequence analysis was kindly

performed by Dr D. Christie and Ms C. Knight (Auckland Protein Sequencing Unit,

University of Auckland, Auckland, New Zealand).
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2.3 RESULTS AND DISCUSSION

2.3.1 Peptidase Activity.

In order to determine if hCG possessed intrinsic enzymatic activity, hCG and its a and p

subunits from different CR series were primarily tested for esterase activity using pNPB.

The observed hydrolysis of the substrate upon addition of hCG (CR127) was 0.41

AA4g5/min, compared with 0.39 AA4g5/min observed with spontaneous hydrolysis. From

these results it was clear that hCG (CR127) did not exhibit any.significant esterase activity.

Because of the sequence homology of hCG with chymotrypsin, a serine protease, it was

decided ro test preparations of hCG with a variety of serine-protease specific synthetic

pepride substrates. A range of synthetic peptide subsnates was investigated with different

batches of hCG, its subunits and other glycoprotein hormones. The release of pNA from

these subsrrates was monitored over a 24 h time period at appropriate intervals by measuring

the absorbance at 410 nm. Of all the glycoprotein hormones tested, only hCG exhibited

significant peptidase activity. The rate of pNA release (A e+rdtt) was linear up to 24 h with

a correlation coefficient consistently greater than 98Vo. The release of pNA from these

substrates occurred with cleavage after an arginine residue. Other substrates used had Lys,

Phe, Pro and Val as the corresponding amino acid (P1), but there was no enzymatic

hydrolysis. The substrates in descending order of reactivity were Bz-Phe-Val-Arg-pNA >

Tos-Gly-Pro-Arg-pNA)D-Leu-Pro-Arg-pNA>D-Val-Leu-Arg-pNA)Bz-Ile-Glu-Gly-
Arg-pNA ) Bz-Pro-Phe-Arg-pNA. However, when N-cr-Bz-Arg-pNA was used as a

subsuate no cleavage was observed which suggested a possible requirement for the presence

of several amino acids to form an effective substrate. It is known that the residues adjacent

ro the site of cleavage may also influence proteolytic specificity. Bz-Phe-Val-Arg-pNA,

which gave the highest activity, was the substrate of choice for all of the following peptidase

experiments (Fig. 2. 1).

Of all the hCG CR series tested, hCG (CR127) gave the highest rate of pNA release

(AAa16n6lh), against Bz-Phe-Val-Arg-pNA over a period of 24 h. The peptidase activity

shown by hCG (CRl19), (CR121) and (CR125) was 247o,37Vo and34Vo respectively of

hCG (CR127). If the observed peptidase activity was an intrinsic property of hCG one

might expect it to be detected in all hCG preparations to a similar degree. To examine this

activity more closely the cr- and B-subunits of hCG (CR127) were prepared and assayed.

Neither subunit showed any detectable peptidase activity. However, given that the biological

activity of hCG is dependent on the intact heterodimer, any putative intrinsic activity might

38



Figure 2.1 Pepticlase Activity of hCG (CR127) with Synthetic
Peptide Substrates

hCG (CRl27) (25 pg) was incubated with each substrate as described in the text. The rate

of pNA release was monitored over a24hperiod by measurement of absorbance at 410 nm.

Values which coresponded to a control sample that contained only substrate and buffer were

subtracted from those obtained with the test samples. Bz-Phe-Val Arg-pNA (r), Tos-Gly-

Fro-Arg-pNA (^), D-lru-Pro-Arg-pNA (o), D-Val-lru-Arg-pNA (o), Bz-Ile-Glu-Gly-Arg-

pNA (r), Bz-ko-Phe-Arg-pNA (a), N-cr-Bz-Arg-pNA (*). Each point represents the mean

of triplicate samples t SD.
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also require rhe same conditions. Reassociated hCG was also tested for peptidase activity

with negative results (F\9.2.2).

The absence of peptidase activity in samples of reassociated hCG was the first indication that

it was not infrinsic but due to a contaminant(s) present in preparation CRl27 and to a lesser

degree in the other preparations. The peptidase activity of oLH, oFSH and oTSH showed

variable activity according to the synthetic substrate used. However, in all cases the activity

was at least 5 times lower than that for hCG (CRl27) (Tabte 2.1).

Tabte 2.1 Peptidase Activity of Various Glycoprotein Hormones
Assayed with the Substrate Bz-Phe-Val-Arg'pNA

Each glycoprotein hormone (25 pg) was incubated with Bz-Phe-Val-Arg-pNA as the

substrate and absorbance was monitored at 410 nm as described in the text. The values

indicate the change in absorbance at 410 nm per hour per milligram of protein

(AAalsnJh/*g).

HORMONE SUBSTRATE
(AAcroo-/h/mg)

Control
hcc (cR127)

hCG (CR125)

hcc (cR121)

hCG (CR1T9)

hCG cr (CR Mix)
hCG cr (CR 119)

hcc p (cR12s)

oLH (oLH-26)

oFSH (oFSH-S12)

oTSH (oTSH-12)

0.026
0.466
0.r58
0.168
0.115
0.0 19

0.0 18

0.020

0.047
0.037
0.042
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Figure 2.2 Peptidase Activity of Reassociated hCG (CRL27) and

its Subunits

The cr-and p-subunits of hCG were isolated from the intact hormone using reverse phase

HPLC. Each subunit (25 pg) and the reassociated intact hormone (25 pg) were incubated

with Bz-Phe-Val-Arg-pNA as the substrate and absorbance was monitored at 410 nm as

described in the text. The conuol sample consisted of substrate and buffer. The rate of pNA

release was monitored over a24hperiod by measurement of absorbance at 410nm. hCG

(CR127) (r), hCG cr-subunit (O), hCG B-subunit (o), reassociated hCG (l; and conrol (a).

Each point represents the mean of triplicate samples t SD.
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2.3.2 Effect of Hormone and Substrate Concentrations on Peptidase

Activity

Peptidase activity was investigated using a range of hCG concentrations (25, 50,7 5 and 100

pdml) which resulted in a linear response. The substrate concentration was also varied (20,

40, 80, and 100 pglml) while maintaining the hormone concenffation consBnt. This also

resulted in a linear response (data not shown). On the basis of these results, all further

studies were undertaken with standard hCG and substrate concentrations of 25 p'glnn and 40

pgiml respectively.

2.3.3 Inhibition

The use of various protease inhibitors such as DFP, STI, TPCK and TLCK enabled the

further characterization of the contaminant(s) in hCG (CR127). The hormone was pre-

incubated with a 2O-fold molar excess of inhibitor and the subsequent rate of pNA release

from the substrate was determined. By expressing the peptidase activity of a control sample

of untreared hCG as 1007o with no inhibition, DFP and STI were found to inhibit the

proteolytic activity of hCG (CR127) by 92Vo and 80Vo respectively, TPCK by 79Vo and

TLCK by 45Vo (Fig. 2.3). As can be seen in Figure 2.3 the peptidase activity of hCG

(CR127) was abolished by DFP (a general serine protease inhibitor), STI (a trypsin

inhibitor) and TPCK (a chymotrypsin inhibitor), while TLCK (a trypsin inhibitor) caused

only partial inhibition.

The substrate specificity for cleavage after an arginine residue and these inhibition studies,

suggested that the contaminating protease activity was due to a serine protease(s). The

greater inhibitory action of TPCK compared with TLCK was unexpected as the

chymonypsin subsrrates Suc-Ala-Ala-Pro-Phe-pNA and Suc-Phe-pNA used in this study,

had not resulted in any detectable protease activity. In fact the substrate specificity of the

hCG contaminants seemed to indicate the presence of a rrypsin-like protease.

If the peptidase contaminants were indeed serine protease-like, as the positive inhibitory

effects of DFP and STI suggested, then these two inhibitors could be used for further

characterization studies. hCG (CR127) was incubated with [:111-DFP and subsequently

subjected to gel-filtration on a Sephadex G25 superfine column. Analysis of the collected

eluate detected radioactivity in two fractions; 0.2Vo of the total radioactivity was eluted in a

fraction that corresponded to the expected elution time of hCG, while the remaining

radioactivity was separated in a later fraction that corresponded to free [3H]-Ofp. In the

absence of hCG (CRl27), however, all of the radioactivity was detected in this latter
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fraction. Hence rhe [lg1-OFP was binding to components in the hCG (CR127) preparation.

1:gJ-DFP-treated hCG (CR127) was also analysed by SDS-PACE and autoradiography.

Autoradiography revealed a prominent radioactive band which suggested an active serine

protease at an apparent molecular mass of approximately 60 kD, while a much weaker band

was seen at approximately 20 kD (Fig. 2.4). hCG cr- and hCG p-subunits are known to

migrate at 16 and 35 kD respectively.

In order to isolate the protease contaminants, the inhibition of peptidase activity by STI was

used to facilitate the purification of hCG by affinity chromatography on a STl-agarose

column. 95 To of the protease activity was effectively separated from the hormone and was

eluted with the 0.1 M sodium formate buffer (pH 3.0). This proteolytically active fraction

was analysed by SDS-PAGE and several bands were observed after staining with

Coomassie blue. Three bands were visible in an apparent molecular mass range of
approximately 50 to 60 kD, there was another component at approximately 35 kD and a

rather prominent band was visible at approximately 14 kD (Fig. 2.5). The bands visible in

the 50 to 60 kD molecular mass range corresponded well with the 60 kD molecular mass

band seen in the autoradiograph in Figure 2.4.
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(To)
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Figure 2.3 Inhibition of Peptidase Activity Associated with hCG

(cR127)

hCG (CR1Z7) (25 pg) was incubated with a 20 molar excess of DFP, STI, TPCK and

TLCK for 6 h at 37 'C. Pepridase activity was assayed with Bz-Phe-VaI-Arg-pNA as

substrate and absorbance was monitored at 410 nm. Results are expressed as percentage

inhibition of protease acrivity. A control sample of hCG in buffer and no inhibitors was

taken as 100 vo actvlty and.0 7o inhibition. Results represent the mean of triplicate samples

t SD.
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Figure 2.:4 Autoradiography of 1391-DFP Lahefled hCG
(cR127)

hCG (CR127) was prer€atcd with a 20 molar excess of [lgl-p:FP fbr 6 h at 37'C- The

sample was loaded onto a 12,5 Eo SDS-PAGE gel and nrn under reducing conditions. The

gcl was soaked in 1.,0 lt{ sodium salicylarc for 30 min ai roool tEmpcmftre, dried and

exposed to x-ray filrn
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Figure 2.5 Soybean Trypsin Inhibitor-Agarose Purification of
hcc (cR127)

hCG (CRl27) (l mg) was incubated overnight at 4 'C with STl-agarose and packed into a

l0 ml Poly Prep chromatography column (Bio-Rad) and eluted as described in the text. The

eluate from each step was pooled, desalted on Amicon Centriprep 10 concentrators and

tested for peptidase activity. The 0.1 M sodium formate fraction was found to contain

activity and was analysed by SDS-PAGE on a 12.5 Vo gel under reducing conditions (lane 2)

and compared with hCG (CR127) (lane l). The gel was stained with Coomassie blue.
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2.3.4 Purification of hCG

In order to examine the protease contaminants associated with hCG (CRl27) more clearly,

further chromatographic purification of hCG (CR127) was attempted using a Superose 12

gel-filtration column (Fig, 2.6,4.) and a Mono Q anion-exchange column (Fig. 2.6B). In

both cases the peptidase activity was eluted in the same fractions as hCG. However, further

purification of hCG by HIC-HPLC (Fig. 2.7 A) enabled the separation of the hormone from

the pepridase activity which was resolved into two major active fractions and a minor

fraction. These active components were designated A1, AZ and A3 respectively. In order to

confirm the separation of hCG from these protease contaminants, each fraction isolated by

HIC-HPLC was subjected to analysis by radioimmunoassay (RIA). This assay confirmed

the effective separation of hCG from ttre protease contaminants Al, A2 and A3 (Ftg. 2.78).

This protease-free preparation of hCG was designated hCG*. In order to investigate the

possibility of intrinsic protease activity further, it was necessary to establish whether hCG*,

purified from contaminating proteases continued to display protease activity. hCG* was

assayed for peptidase activity against the range of synthetic peptide substrates but no

peptidase activity was observed at any time. hCG* was also treated with 1i111-DFP and

analysed by gel-filtration. However, no tritium label was incorporated into the hormone.

From these results it seemed that an hCG preparation had been obtained which was

essentially free of serine protease-like contaminants. However, the absence of any detectable

peptidase activity using the outlined assay system does not provide unequivocal evidence that

all contaminating proteases have been removed.

2.3.5 Characterization of Contaminants

Preparations of A1, A2 and .A3 isolated from hCG (CR127) were analysed by SDS-PAGE,

and several bands were observed after staining with Coomassie blue (Fig. 2.8). Both A1

and ,\3 showed a single prominent band with an apparent molecular mass of approximately

6l kD, while AZ gave 4 bands, three of which corresponded to a molecular mass range of

60-63 kD with a fourth band at approximately 55 kD. A3 also contained a 20 kD molecular

mass component. The SDS-PAGE gel was further analysed by silver staining which

revealed a sinrilar 20 kD molecular mass component in the A2 fraction. These protein bands

correlated well with the protein bands observed in the STl-agarose isolated proteolytic

fraction (Fig. 2.5), with the exception of the 20 kD molecular mass component which was

replaced by a slightly lower molecular mass component of approximately 14 kD. The

radiolabelling of hCG with [3U]-pfp also revealed components thought to be serine

proteases, with apparent molecular masses of 60 kD and 20 kD. The 60 kD band was found
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Figure 2.6 Get-Fittration and Anion-Exchange Chromatographic
Analysis of hCG and the Associated Peptidase
Activitv

hCG (CR127) (I rng) was fractionated on a Pharmacia Superose 12 HR I{PLC column (A)

and Pharmacia Mono Q HR 5/5 anion-exchange column (B) as described in the text.

Fractions (2 ml) were collected and monitored at 280 nm for protein content (tr). Each

fraction was then assayed for peptidase activity (o) using Bz-Phe-Val-Arg-pNA as the

substrate and the absorbance was monitored at 410 nm.
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Flgure 2.7 Furifieation of hCG tCnfZz)

HIC-HPLC Brofile of I mg of hCO (CR127) (A). hCC was purified by IIIGHPIC as

described in the text. The sonceilradon of hCG (ru/mt) in each fraction was determined by

RIA (s) and the peptidase activity of each fraction was deterrnined using Bz-Phe'Val-Arg-

pNA 
:t 

the subsuate (l). The ehange irr ab;sorbqncc was moni'tored at 410 nm (B).

hcG
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Figure 2.8 HIC-HPLC Purification of the Contaminating
Proteases

hCG (CRl27) (l mg) was purified by HIC-HPLC and the contaminating proteases A1, A'2

and A3 were isolated as described in the text. Each sample was analysed by SDS-PAGE on

a 12.5 Vo gel under reducing conditions. The gel was stained with Coomassie blue.
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ro closely match that of the components of AL, AZ and A'3, while the 20 kD corresponded to

the lower molecular mass band evident in A2 and A3.

Fractions Al, A2 and A3 were further analysed by M-HPLC in an attempt to obtain

samples for the determination of N-termini. Each fraction was found to consist of multiple

components. The major fractions from each peptidase contaminant were collected, assayed

and showed no detectable peptidase activity, possibly due to irreversible denaturation under

the conditions of RP-HPLC. An additional purification step was therefore incolporated in an

attempr ro separate the multiple components. A2 was applied to a Mono Q column and the

subsequent fractions were collected and assayed for peptidase activity which was eluted in

the void volume. After desalting, the fraction was analysed by RP-HPLC and a single

homogeneous component was obtained which was subjected to N-terminal sequence

analysis. However no data were collected, which suggested that the active component of A2

may have had a blocked N-terminus.

2.3.6 Effects of Protease Contaminants on hCG Incubation

Recent findings that human leukocyte elastase may act on hCG to produce nicked hCG

(Birken et a\.,1991) prompted an investigation into the proteolytic effects of these

contaminants on hCG. The possible degradative effects of the contaminating proteases upon

hCG were studied using RP-HPLC for detection. hCG* and hCG (CR127) were incubated

in buffer and after a period of 24 h analysed by RP-HPLC, at which time no change was

detected in the RP-HPLC profile of the two samples (data not shown). The absence of any

detectable proteolytic breakdown of hCG or hCG*, suggested that the contaminants did not

adversely affect hCG and that no conelation with the elastase activity could be inferred.

2.3.7 Receptor Binding and cAMP Stimulation Assays

Because the effects of hCG on its target cells are mediated by cAMP production, which is

also known to be stimulated by exogenous serine proteases (Richert and Ryan, 1977'

Mcllroy et aL, 1980), the determination of the effects of the contaminating serine proteases

on receptor binding and cAMP stimulation was crucial. hCG (CR127) and hCG* (CR127)

were both examined in receptor-binding and cAMP stimulation assays. Samples of hCG

and hCG* were first assayed by RIA, confirming that hCG and hCG* contained comparable

concentrations (mlU/mg) of the hormone. While there was no apparent difference between

the two samples of hormones in the receptor binding assay (Fig. 2.9A), there was an

apparent difference in cAMP stimulation (Fig. 2.98). The maximum cAMP production
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Figure 2.9 Receptor Binding and cAMP Assay of hCG (CR127) and
hCG*

Cos ?A cells were transfected with the rat LH receptor and 48-50 h after transfection, assayed for

receptor binding (A) and cAMP production (B). 1tzs1]-hcc binding and inuacellular cAMP

production were determined in the presence of increasing amounts of non-radioactive hCG

(CR127) (n) and hCG* (CRl27) (r). The percenrages of [125I]-hCG binding were determined on

the basis qf [t2sIJ-hCG binding in the absence of non-radioactive hCG (CR127) or hCG* (CR127)

u 1007o binding. The concentration of cAMP in each sample was measrued with ur [txU-sAIvfP

assay kit following ttre rnanufacturers' instnrctions. Each point represents the average of duplicate

assays which were reproducible witttin !4Vo-
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evoked by hCG* was2TVo lower than the control hCG. Therefore, although the removal of
protease contaminants from hCG (CR127) did not apparently affect the receptor binding

activity of hCG, the cAMP assays showed that the further purification of hCG (CRl27) led

to a significant decrease in the biological activity of the hormone as assessed by the maximal

cAMP production. The effect of serine proteases upon adenylate cyclase production is

already well documented, with serine proteases known to stimulate adenylate cyclase in

membrane-enriched fractions of the rat ovary (Richert and Ryan, 1,977). The results

presented above suggest that the exogenous serine-protease-like contaminants associated

with hCG (CR127) are in fact conrributing to the cAMP production by stimulating adenylate

cyclase.

Because the detection of cAMP stimulation is widely used as an assay system for hCG

bioacivity, the finding that hCG (CRl27) (a standard reference material) contains protease

contaminants and evokes a greater stimulation of cAMP in comparison with hCG*,

introduces a significant source of error which must be taken into consideration when

interpreting oAMP assay results. hCG is purified from pooled pregnancy urine by a two-

step chromatographic procedure, anion-exchange followed by gel filrration (Canfield and

Morgan, 1973). During the initial extraction procedure, protease inhibitors are present to

prevent proteolytic degradation of the hormone by the numerous proteases present in urine.

Although these inhibitors are effective in blocking protease activity, they do not remove

these enzymes from the source material. From the attempts in this study to remove the

contaminating peptidase activity from hCG by gel-filtration and ion-exchange

chromatography, it is clear that such purification procedures are not sufficient for the

removal of all protease contanrinants, because the proteolytic activity was eluted in

associarion with the hormone in both procedures. By contrast STI affinity chromatography

effectively separated the peptidase activity from the hormone, while hydrophobic interaction

chromatography (HIC) not only separated hCG from the contaminants but also resolved the

contaminants into three peptidase fractions.

The lack of peptidase activity of hCG* against the range of synthetic substrates and the

unsuccessful labelling of hCG* with 1:111-DFP suggested that hCG does not contain

intrinsic protease activity. However this possibility cannot be fully excluded; if the protease

activity of hCG is against its receptor, either to promote signal transduction or down-

regulation, then an amino acid and/or conformational specificity would be a strict

requirement (Kellokumpu and Rajaniemi, 1985a; 1985b; Ji and Ji, 1990). Similarly hCG

undergoes a structural change upon binding to its receptor which suggests that the active site

of free hCG may be unavailable for [3H]-nf'p labelling. In this case hCG presented to its

appropriate receptor in the correct conformation, might reveal peptidase activity. Such
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questions can only be effectively answered if an hCG-receptor complex could be used as the

starting material.

The presence of contaminants in highly purified preparations of hCG, which have been

shown to affect receptor binding, steroidogenesis and immunoassays (Kardana and Cole,

1992; Cole and Kardana ,1992), has illustrated the need for caution in the interpretation of

data obtained from bioassays which employ highly purified hCG as a reference compound.

The results of this study confirm the presence of non-hCG related contaminants, specifically

serine protease-like activity associated with the highly purified hormonal preparation, hCG

(cR127).

Serine protease inhibitors have been shown to affect the hCG stimulation of adenylate

cyclase adversely (Richert and Ryan, 1977; Mcllroy et al., 1980), and therefore the

incorporation of such inhibitors into bioassays, to counteract the presence of the exogenous

prorease contaminants, is not feasible. An alternative is the removal by STI affinity

chromatography or HIC-HPLC as demonsnated by the above results. Such a procedure

would provide a standard reference material, devoid of exogenous serine proteases, for use

in bioassays and research.

Having established a purification procedure to produce essentially protease-free hCG

subsequent experiments were carried out to investigate the possible intrinsic enzymatic

activity of hCG.
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CHAPTER THREE

THE PROTEOLYTIC EFFECT OF HUMAN CHORIONIC
GONADOTROPIN UPON ITS RECEPTOR

3.1 INTRODUCTION

As outlined in the previous chapter, the sequence homology between the cr-subunit of hCG

and the serine protease chymotrypsin prompted an investigation into the putative intrinsic

protease activity of hCG. It was subsequently hypothesized that if hCG contained protease

activity, then this could be directed against the hCG receptor acting as a highly specific

substrate.

The involvement of proteases and their subsequent proteolytic action with respect to hCG

and the hCG/receptor interaction has been well documented. Serine proteases stimulate

adenylate cyclase and must be in a proteolytically active form to function in this way (Richert

and Ryan, 1977). Furthermore, serine protease inhibitors have been shown to block hCG

stimulation of adenylate cyclase in membrane preparations of rat ovary (Mcllroy et al.,

1980).

The binding of hCG to its receptor has also been shown to promote receptor proteolysis

(Kellokumpu and Rajaniemi, 1985a; 1985b). These studies illustrated that the 90 kD hCG

receptor isolated from rat ovarian membranes, underwent proteolysis upon binding the

hormone and this induced the formation of two fragments with molecular masses of
approximately 64 and 38 kD. This proteolysis was attributed to endogenous membrane

proteases and the binding of hCG was thought to evoke a conformational change in the

receptor to expose an otherwise unavailable site, thereby allowing cleavage to occur. The

inhibition of this proteolysis by the thiol-protease inhibitor N-ethylmaleimide (NEM),

suggested that cleavage was due to a thiol-protease rather than a serine protease.

Alternatively, if the conformational or sructural change that occurred in the receptor

following hCG binding was due to disulphide interchange, then this transformation might

also be inhibited by NEM. Although the presence of hCG was necessary for receptor

proteolysis to occur, the possibility that hCG itself was responsible for cleavage was not

investigated. The ability of a protein to activate its receptor by proteolytic cleavage has

already been documented in the case of thrombin (Vu er al, l99la and 1991b).
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Therefore the possibility that hCG had intrinsic protease-like activity remained a viable

option. Although the results described in the previous chapter vitiated against this concept,

the ability of hCG* to promote receptor proteolysis in a membrane-bound receptor fraction

was considered worthy of investigation. It was also considered important to look for

enzymatic activity using a purified receptor preparation as substrate and thus characterize the

proteolytic process in the absence of membrane proteases.

In the following section the characterization of hCG* proteolysis on a membrane-bound

hCG&H receptor preparation and the further purification of the hCG receptor from porcine

ovaries is described.
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3.2 MATERIALS AND METHODS

3.2.L Materials

Carier-fres 1251.dirc (17.4 Cr/mg) was purchased from New England Nuclear (Boston,

Massachusetts, U.S.A.) and chloramine T was obtained from BDH Chemicals Ltd @oole,

England). Concanavalin A (Con-A) Sepharose and cyanogen bromide-activated Sepharose

48 were from Pharmacia (Uppsala, Sweden). t-amino-n-caproic acid, benzamidine,

pepstatin A, bovine serum albumin (BSA) and methyl a-D-glucopyranoside were purchased

from Sigma (St Louis, Missouri, U.S.A.). Phenylmethylsulfonylfluoride (PMSF) was

purchased from Boehringer Mannheim (Mannheim, Germany). Ethylenediaminetetraacetic

Acid (EDTA) was from J. T. Baker Chemical Co. (Phillipsburg, New Jersey, U.S.A) and

glycerol was from May and Baker Ltd (Dagenham, England). Polyethylene glycol 6000

was purchased from Serva Feinbiochemica (Heidelberg, Germany) and Triton X-100 was

from Mallinckrodt Speciality Chemicals Co. (Paris, Kentucky, U.S.A.). Highly purified

hCG* (CR127) was prepared as described previously.

3.2,2 Iodination of hCG*

Highly purified hCG* was iodinated using chloramine T as described by Catt and Dufau
(1975). Briefly, 50 pl of hCG (1 mg/ml) was added to 50 pl of 0.5 M phosphate buffer

$H 7.a). I mCi of carrier-free l25I was added to the mixture, followed by 25 pl of freshly

prepared chloramine T in 0.5 M phosphate buffer (1 mg/ml). The mixture was gently

shaken for 20 seconds and then applied to a Con-A Sepharose column. The entire reaction

was carried out at 4 "C. The Con-A Sepharose was packed into a 10 ml Poly Prep

chromatography column (Bio-Rad) and equilibrated with PBS containing 0.1 Vo BSA at a

flow rate of 1 ml/min. The iodination mixture was applied to the column and washed with

ten times bed volume in the above buffer. The labelled honnone was eluted with ten times

bed volume of the same buffer containing 0.2 M methyl a-D-glucopyranoside and 2 ml

fractions were collected. The radioactive content of a 10 pl sample of each fraction was

determined using a Kontron MR 480 gamma counter (Basle, Switzerland). Fractions

containing thd labelled hormone were pooled and concentrated using a Cenniprep l0
concentrator (Amicon, Beverly, Massachusetts, U.S.A.). A sample of iodinated hCG was

applied to a Pharrracia Superose 12 HR 10/30 HPLC column (1 x 30 cm) equilibrated in 0.1

7o NHaHCO3, at a flow rate of 0.8 ml/min to confirm the complete removal of free iodine.

The iodinated hCG* (t ttci/pg) was then aliquoted and stored at -20'C.
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3.2,3 Isolation of Membrane-Bound hCG/LH Receptor

The hCGILH receptor was prepared from porcine ovaries based on the methods of

Wimalasena et al., (1985); Ji et a/., (1985) and Keiniinen et al., (1987) with slight

modifications. Porcine ovaries were obtained from the Auckland City Abattoir (Auckland,

New Zealand) and transported on ice to the laboratory. All of the following steps were

carried out at 4'C. The ovaries (approximately 150 g) were dissected and homogenized

using an Ultra-Turrax homogeniser in receptor isolation buffer which consisted of PBS (pH

7.4) containing 25 Vo glycerol and a combination of the following inhibitors: 1 mM PMSF,

20 pM TLCK,5 mM caproic acid,2 mM EDTA, 100 pM benzamidine,5 pglml leupeptin

and 7 ttdml pepstatin A. The homogenate was centrifuged at 300 x g for 15 min after

which the supernatant was removed and centrifuged at 27000 x g for 30 min. The resulting

pellet was resuspended in the receptor isolation buffer and recentrifuged atn}ffi x g for 30

min. The pellet was resuspended in receptor isolation buffer and the protein content

determined using a modified Lowry protein assay with BSA as reference (Peterson, 1983).

The membrene preparation concentration was adjusted to 5-7.5 mg/ml and stored in aliquots

at -70'c.

3.2.4 Isolation of Soluble hCG/LH Receptor

A sample of the membrane-bound receptor resuspended in receptor isolation buffer was

stired for 30 min on ice with | 7o Titon X-100. The suspension was then centrifuged at

100000 x g for 60 min at 4 "C. The clear supernatant containing the soluble receptor was

diluted to provide a final Triton X-100 concentration of 0.5 Vo. The solubilized receptor

preparation was stored at -70 "C.

3.2.5 Isolation of Purified hCG/LH Receptor

The hCGILH receptor was isolated by hCG/Sepharose affinity chromatography following

the method of Keinlnen et al. (1987). Cyanogen bromide-activated Sepharose 48 was

coupled to hCG (CR127) (5 mg hCG/ml gel) according to the manufacturer's instructions.

The soluble receptor fraction was incubated with a I/10 hCG/affinity resin overnight at 4 "C

in receptor isolation buffer. Following incubation the gel was packed into a l0 ml Poly Prep

column (Bio-Rad) and washed with receptor isolation buffer containing 0.5 Vo Triton X-100

(50 vol), followed by receptor isolation buffer with 0.1 7o Titon X-100 and 0.5 M NaCl
(50 vol) and a final wash of receptor isolation buffer with 0. I Vo Tnton X-l00 (100 vol).
The hCG/LH receptor was then eluted with 10 vol of 0.1 M sodium acetate (pH 4.0), O.l Vo
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Triton X-100 and 25 Vo glycerol. Fractions (1 ml) were collected and the eluate was

immediately neutralized with 1 M NaOH and 25 Vo glycercL Each fraction was assayed for

receptor binding. Samples were stored at -70'C.

3.2.6 Receptor Binding Assay: Temperature Assessment

Receptor binding assays were carried out based upon methods described by Dufau et al.,

(1973) and Wimalasena et al., (1985), with slight modifications. A range of experiments

was ca:ried out to determine the optimum temperature, incubation rime, receptor and [125[-

hCG* concentrations required for binding.

Aliquots (200 ttl) of the membrane-bound receptor preparation containing approximately I
mg of protein were incubated with 300 pl of PBS containing 0.L Vo BSA (or PBS

containing 0.1 Vo BSA and 0.1 Vo Triton X- 100 for solubilized and purified receptor binding

assays) and [tzs1]-hcc* (50000 cpm) at 4,25 and 37 'C for up to 30 h. Samples were

removed at appropriate time intervals and assayed forreceptor binding. AZ mdml solurion

of BSA in PBS (200 pl) (or BSA in PBS and 0.1VoTriton X-100 for solubilized and

purified receptor binding assays) and 0.5 ml of 30 Vo PEG 6000 in PBS was added to the

sample and centrifuged for 10 min at 300 x g at 4 'C. The supernatant was removed and the

pellet resuspended in 0.9 ml of a0.l7o Triton X-100 in PBS solution for 10 min at 4'C . A
further 0.5 ml of 30 Vo PEG 6000 in PBS was added and the sample recentrifuged for a

further 10 min at 300 x g. The supernatant was removed and the radioactive content of the

pellet determined by counting in a gamma counter. Non-specific binding was determined

using an excess (10 pg) of non-radioactive hCG. All samples were carried out in triplicate.

3.2.7 Receptor Binding Assay: Receptor and [12s11-hCG* Concentration
Dependence.

The standard receptor binding assay described above was repeated but the amount of
membrane-bound receptor added was varied from 50-500 prl of rcceptor preparation, while

the amount of [tzs11-hcc* added was kept constant at approximately 50000 cpm. The

experiment was then repeated with the amount of receptor preparation kept constant at 200

pl and the amount of [125I]-hCG* ranged from 25000 to 200000 cpm.

Having determined the optimal temperature, receptor concentration and saturable [125I-
hCG* concentration, the receptor binding assay was established- Using the appropriate

conditions the receptor binding assay was repeated using a constant amount of membrane-
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bound receptor and [t2s4-6CG* and an increasing range of non-radioactive hCG from 0 to

100 ng.

3.2.8 Proteolytic Cleavage of the Receptor/[12sl]-hcc* Complex

Membrane-bound receptor preparation (approximately 60 mg) in receptor buffer was

incubated with ltxq-hcG* (2 x 100 cpm) for 30 min at37 'C in duplicate (samples'A'and

'B'). A control sample was also incubated under the same conditions in the absence of

[125I]-hCGx (sample 'C'). The membranes were rinsed twice with 3 ml 0.5 M phosphate

buffer (pH 7.a) and centrifuged at n000 x g for 30 min. The resulting pellet was then

suspended in either 0.5 ml phosphate buffer containing protease inhibitors present in the

receptor isolation buffer ('A' and 'C')n or in 0.5 ml phosphate buffer without protease

inhibitors (B). Each sample was then incubated for 2 h at 37 "C. After incubation the

membranes were pelleted by centrifugation at 100000 x g for I h at 4 'C. Degradation

products present in the supernatant were then analysed by SDS-PAGE. Prior to analysis,

the samples were cross-linked with 1 mM (final concentration) of glutaraldehyde for t h at

25 "C. The reaction was terminated with I rnl of 50 mM Tris-HCl (pH 7.4) and the samples

desalted with 10 mM Tris-HCl (pH 7.4) and20 7o glycerol and concenrated using Amicon

Cenricon 3 micro-concentrators. The samples and an aliquot of 1tzs11-n"G* were then

analysed on a 10 7o SDS-PAGE gel under non-reducing conditions. The lane containing the

control sample 'C' was excised and subjected to ligand blotting. The remaining gel was

stained with Coomassie blue, dried under reduced pressure and subjected to
autoradiography for one week at -70 "C.

3.2.9 Ligand Blotting

Proteins present in the control sample 'C' prepared as described above were transferred

electrophoretically from the gel to a nitrocellulose membrane (0.2 pm Schleicher and

Schuell). The transfer buffer consisted of 25 mM Tris, 192 mM glycine and 20 7o methanol

at 50 V for 2 h. The nitrocellulose was then rinsed in PBS (pH 7.a) and the lane that

contained the molecular mass standards was excised and stained with Amido Black. The

sample lane was incubated in PBS containing 0.25 Vo gelatin, 0.1 Va BSA and l0 Vo

glycerol for 4-6 h at room temperature. The nitrocellulose was then rinsed briefly in PBS

and incubated overnight in 10 mM Tris-HCt (pH 7.4), containing I 7o BSA and 200000

cpm/ml ltzsfJ-hCG* at room temperature. The nitrocellulose was then washed 5 times in

PBS containing 0.1 Vo Triton X-100 (10 min/wash), rinsed in PBS and dried. The dried

strip was subjected to autoradiography for 2 weeks at -70'C (Keiniinen et a1.,1987).
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3.3 RESULTS AND DISCUSSION

3.3.1 Isolation of a Membrane-Bound hCG/LH Receptor

Gonadotropic hormone receptors have been readily identified in the testicular and ovarian

tissues of a variety of species. The resulting membrane fractions prepared from

homogenates of these tissues have proved to be a useful source of the hCG/LH receptor.

Although many studies have employed rat testis or ovary as a source of hCGILH receptors,

the ready availability of porcine ovaries from the local abattoir prompted their use as an

abundant source ofreceptors for this study.

A putative membrane-bound receptor was isolated from porcine ovaries based upon the

methods of Wimalasena et a/., (1985); Ji er al., (1985) and Keiniinen et al., (1987). The

isolation of gonadouopic hormone receptors has typically been hampered by low yields,

instability of the receptor and susceptibility of the receptor to proteolytic cleavage by the

extensive range of proteases present in the starting material. In order to lessen these

problems, certain factors were introduced into receptor isolation procedures. The stability

of the receptor has been shown to be greatly enhanced by the addition of glycerol to all

working solutions, while the inclusion of various protease inhibitors has prevented

proteolytic cleavage of the receptor. The incorporation of these measures into receptor

purification protocols has greatly facilitated the isolation of the hCG/LH receptor. The

receptor isolation buffer used throughout this study therefore contained 25 Vo glycerol and a

combination of protease inhibitors representing inhibitors for all the major protease groups

(serine, thiol, metallo-dependent and carboxyl).

In order to confirm the presence of the hCG/LH receptor in the membrane preparation

isolated from porcine ovaries, a receptor binding assay had to be established. Initially, an

aliquot of the membrane preparation, corresponding to approximately 1.5 mg of protein,

was incubated with approximately 50000 cpm of [125I]-hCG* in the presence and in the

absence of non-radiolabelled hCG at 25 "C for 6 h, after which this was assayed for
receptor binding. The results indicated that the [125I]-hCG* did bind to rhe membrane

preparation and that this binding was inhibited by the presence of non-radiolabelled hCG

(data not shown). This confrmed that the hCG/LH receptor had been successfully isolated

from porcine ovaries and was present in a membrane preparation.
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3.3.2 Establishment of a Receptor Binding Assay

Having established the presence of the hCG/LH receptor, appropriate conditions for

optimum receptor binding were developed. The flust stage was to determine the optimum

temperature and incubation time for the receptor binding assays. While maintaining the

membrane-bound receptor and 1tzs11-5CG* amounts as in the initial receptor binding assay

(1.5 mg of membrane-bound receptor and 50000 cpm [t2s11-hcc*), the samples were

incubated at 4,25 and 37'C over a period of 30 h. At particular time points, an aliquot was

removed and the extent of receptor binding determined (Fig. 3.1). Optimum binding was

achieved at25'C after 8 h and binding was stable for the time period tested. Although the

samples incubated at 25 "C and37 "C resulted in almost identical binding up to 6 h,25 "C

for 16 h was chosen as the optimum binding condition in order to minimize any

receptor/hormone degradation which might occur at the higher temperarure.

Having established a suitable temperature for optimum binding, the determination of the

optimum concentrations of membrane-bound receptor and [t2s11-hcc* to use was

undertaken. An increasing amount of receptor was added to a constant amount of 1tzs11-

hCG* and incubated at 25 "C for 16 h. Binding assays showed that the uptake of 1tzs11-

hCG* increased almost linearly with increased concentrations of membrane-bound receptor

(Fig. 3.2). Slight deviation from linearity was observed above a protein content of 1.5 mg.

On the basis of these results a range of membrane-bound receptor concenffation from 0.375-

1.5 mg was acceptable and 1.5 mg was chosen.

While maintaining the amount of membrane-bound receptor constant (1.5 mg), an

increasing amount of [tzs!-n"G* was added from 25000 cpm to 200000 cpm (Fig. 3.3).

From these results, although complete saturation of the receptor sites by increasing

quantities of [tzs1]-hCG* was not reached, the incorporation of [12sI]-hCG* began to

plateau above the addition of 100000 cpm. Standard receptor binding protocols @ufau er

al., L973; Wimalasenaet a1.,1985) cite 50000 cpm as an adequate amount ef [txIl-hCG to
add to the receptor binding assay. All of these studies used Jtzsll-hCG of a similar specific

activity. As can be seen from these results there is a significant increase in the uptake of

[125I]-hCG* from 25000 cpm to 50000cpm. However, for the remaining experiments in

this study 100000 cpm of [125I]-hCG* was chosen as the optimum amount of [tzs11-596*
to add, as it approached saturation levels.

Standard conditions for the receptor binding assay were derived from these preliminary

studies and were optimized at 1.5 mg of membrane-bound receptor incubated with

approximately 100000 cpm [12s1]-trCC* ar25 "C for 16 h.
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Figure 3.L Temperature Dependence of Receptor Binding Assay

Membrane-bound receptor (200 pl) was incubated with 1tx[-hCG* (approximately 50000

cpm) at different remperatures over a time coruse. The binding of [tzs1]-hCG* was

determined as described in the text. Non-specific binding was measured with a control

sample that contained 10 pg of non-radioactive hCG and this value was subtracted from the

total counts. Samples were incubated at 4 'C (o), 25"C (r), and 37 'C (o). Each point

represents the mean of triplicate samples + SD.
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Figure 3.2 Receptor Concentration Dependence of Receptor
Binding Assay

A constant amounr of [lfif]-hcc* (approximately 50000 cpm) was added to increasing

amounts of membrane-bound receptor and the samples were incubated at 25"C for 16 h.

The binding of [l2sI]-hCG* was determined as described in the text. Non-specific binding

was measured with a control sample that contained 10 pg of non-radioactive hCG and this

value was subtracted from the total counts. Each point represents the mean of triplicate

samples t SD.
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Figure 3.3 112511-696* Concentration Dependence of Receptor
Binding Assay

Increasing amounts of 1tzs1t-naG* were added ro a constant amount of membrane-bound

receptor (1.5 mg) and the samples were incubated at 25'Cfor 16 h. The binding of [125I-

hCG* was determined as described in the text. Non-specific binding was measured with a

control sample that contained 10 pg of non-radioactive hCG (o) and this value was

subtracted from the total counts (O to give a saturation curve (r).
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Following these standard conditions, a receptor binding assay was carried out in the

presence of increasing amounts of non-radiolabelled hCG from 0-100 ng (Fig. 3.4) and a

typical displacement curve was obtained upon the addition of increasing amounts of non-

radiolabelled hCG. The successful isolation of the hCG membrane-bound receptor was

therefore confirmed and an hCG receptor binding assay was established under optimal

conditions. This facilitated the identification of the hCG receptor in subsequent purification

procedures.

3.3.3 Proteolytic Action of hCG* Against Its Receptor

In order to carry out initial characterization of the potential intrinsic protease activity of hCG,

it was necessary to observe the effect of hCG* on the membrane-bound receptor. The

original aim was to verify that hCG* was responsible either directly or indirectly for the

observed receptor proteolysis as described in Kellokumpu and Rajaniemi (1985a and

1985b). On the basis of these studies, NEM was known to inhibit receptor proteolysis

while other protease inhibitors such as PMSF, leupeptin, pepstatin and EDTA had little

effect. The primary aim of this section of work was to observe the proteolytic effect of
hCG* upon the membrane-bound receptor. NEM was therefore excluded from the

combination of protease inhibitors present in the receptor isolation buffer to allow the effects

of hCG* to be detected. In order to prevent random proteolytic cleavage of the receptor by

endogenous proteases present throughout the purification procedure, a range ofprotease

inhibitors was included. These were not expected to have significant effects on hCG-

stimulated proteolysis of the receptor.

The membrane-bound receptor was incubated in the presence and absence of [tzs11-196*
and analysed by SDS-PAGE and autoradiography. Incubation of the membrane-bound

receptor with [tzs11-hcc* was carried out with and without protease inhibitors (Fig. 3.5

Ianes 1 and 2 respectively) in order to determine whether the protease inhibitors present

were causing any effect on the expected receptor proteolysis. As can be seen from these

results, there was a difference between the two samples. Both showed a prominent

radiolabelled conrponent at an approximate molecular mass of 47-57 kD and another

prominent band at approximately 29 kD. On comparison with the control sample of ltzsq-
hCG* (lane 3), the prominent bands at 47-57 kD and 29 kD must correspond to unbound

ltzsll-hCG* and the hCG* cr-subunit respectively. The iodination of hCG is known to be

confined to the tyrosine residues of the cr-subunit (Yang and Ward, 1972). From the results

shown in Figure 3.5 (lane 3) it is obvious that the ltzsIJ-hCG* has partially dissociated into
its respective s,- and p-subunits, either during the iodination process or upon storage. A

further four bands were observed at molecular masses corresponding to 145, 105, 78 and
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Figure 3.4 Receptor Binding Assay for Membrane-Bound
Receptor

Increasing amounts of non-radiolabelled hCG (0-100 ng) were added to 1.5 mg of

membrane-bound receptor and [l2sq-hcc (50000 cpm). The binding of [125[-hCG was

detemrined as described in the text. Non-specific binding was measured with a control

sample that contained 10 pg of non-radioactive hCG and this value was zubtracted from the

total counts. This displacement curve is representative of a typical receptor binding assay

observed with the membrane-bound receptor.
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Figure 3.5 Autoradiography of hCG/LH Receptor Proteolysis

Membrane-bound receptor preparation was incubated with [1251]-hCG* in the presence

(lane l) and absence (lane 2) of protease inhibitors as described in the text. Samples were

cross-linked with I mM glutaraldehyde and subjected to SDS-PAGE and autoradiography.

A control sample sf [t25tJ-hCG* is shown in lane 3.
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37 kD in the presence of protease inhibitors (Fig. 3.5 lane 1), which would theoretically be

composed of an hCG*/receptor complex or proteolytic fragments of this complex. When

the molecular mass of hCG* (47 kD) is subtracted from the first three of these components,

the resulting molecular masses correspond to 98,58, 31 kD. This conelates fairly well with

the previously reported receptor fragments of 64 kD and 38 kD and an intact receptor of 90

kD (Keltokumpu and Rajaniemi, 1985a). The observed 37 kD band which could be

attached to the hCG* cr-subunit has a molecular mass of 8 kD if the molecular mass of the

hCG* o-subunit is subtracted. It is noteworthy that under certain conditions deglycosylated

hCG will label an 8 kD polypeptide which has been postulated to correspond to the 8 kD y-

subunit of the G protein (Nishimura et a1.,1986). Whether the small labelled fragment

observed in Figure 3.5 corresponds to this polypeptide or whether it is merely a further

breakdown product of the receptor and/or hCG* is unknown. In the absence of protease

inhibitors the components at 145 and 78 kD are less visible which suggests that the presence

of protease inhibitors did serve to inhibit proteolysis to a limited degree. The decrease of the

145 kD band which was thought to be the intact receptor (98 kD) and hCG* (47 kD)

complex, indicated that the receptor had undergone more extensive proteolysis in the

absence of protease inhibitors

The observation of components in the membrane-bound receptor which were of comparable

moiecular mass to those previously reported, confumed that proteolysis of the membrane-

bound receptor had occurred. However, it remained to be seen if hCG* was rcsponsible for
this activity. In the absence of ltzsq-n"O* it was envisaged that the receptor and any

receptor fragments would be subsequently visualized by ligand blotting but this procedure

proved unsuccessful. Ligand blotting was attempted numerous times and the blot incubated

with 1tzs1l-hcC*. However, upon exposure to autoradiography no radiolabelled

components were visualized (data not shown). In the event that proteolysis did not occur in

the absence of hCG, an [tzsq-6"O/intact receptor complex should still have been detected

at a molecular mass of approximately 90 kD (Fig. 3.5). The absence of any radiolabelled

components in the ligand blot suggested a technical problem concerned with the actual

electrotransfer of the receptor or loss of the receptor from the nitrocellulose membrane once

transfer had occurred. The use of polyvinylidene difluoride membranes rather than

nitrocellulose membranes has been suggested as advantageous because of their greater

retention of the hormone/receptor complex (Roche and Ryan, 1989). It is therefore possible

that although the hormone/receptor complex may have been successfully electroblotted, it
was lost during the multiple and extensive washing employed to remove unbound labelled

hormone.

In order to observe the proteolysis of the receptor in the absence 6f [tzsll-hCG*, it might be

possible to radiolabel the receptor membrane preparation itself using periodate-tritiated
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borohydride (Metsikk0, 1984). However previous studies using tritiated sodium

borohydride indicated that the preparation and storage of tritiated sodium borohydride were

critical in the avoidance of decomposition. Therefore the presence of radiolabelled

contaminants associated with tritiated sodium borohydride was probable (Daja, 1989). It

was therefore decided to continue with the purification of the hCC/LH receptor and attempt

to characterize its proteolytic breakdown using a highly purified receptor preparation free

from membrane proteases.

3.3.4 Solubilization and Purification of the hCG/LH Receptor

The hCG/LH receptor was further purified from the membrane preparation by solubilization

and hCG affinity chromatography. The membrane-bound receptor preparation was treated

with Triton X-100 and the solubilized receptor isolated by high-speed centrifugation. The

protein content of the solubilized receptor fraction was measured and the percentage

recovery calculated (Table 3.1). The solubilized receptor preparation was further

characterized by carrying out a receptor binding assay as described previously. As can be

seen from the results presented in Figure 3.6, the inhibition of [t2s11-naG* binding to the

soluble receptor preparation by an increasing amount of hCG, confirmed the successful

isolation of a solubilized form of the hCG/LH receptor.

The purification of the hCGILH receptor was carried out using an hCG/Sepharose affrnity

column and the initial results were promising. Each fraction eluted from the hCG affinity

column at low pH, was assayed for its ability to bind with 1tzs11-hcc* in the presence and

absence of 10 pg of non-radiolabelled hCG. A receptor binding assay with increasing

amounts of non-radiolabelled hCG to give a displacement curve was not carried out, as thc

amount of putative 'purified receptor' available in each fraction was limited. A fraction

which was eluted in the first 3 column volumes showed [125I]-hCG* binding which was

inhibited by the addition of an excess of non-radiolabelled hCG.

An aliquot of this putative purified hCGILH receptor was incubated with [125I]-hCG*', in

the presence and absence of non-radiolabelled hCG and subjected to SDS-PAGE and

autoradiography (Fig.3.7A). The putative purified hCG/LH receptor fraction incubated

with [tzs11-hcc* in the absence of non-radiolabelled hCG showed several radiolabelled

bands. Prominent bands were observed once again at a molecular mass of 48-60 kD and

78-22 kD (Fig. 3.7A lane 1), which could be attributed to ltzsq-hcc* and its cr-subunit

respectively. It is noteworthy that the [tzs11-hCG* used in this experiment was almost

exclusively in the oc-subunit (Fig. 3.7A lane 3) suggesting that upon storage, rhe [tzsq-
hCGx had dissociated into its constituent subunits. However, the radiolabelling of orher
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components suggested that there was sufficient intact [l2sI]-hCGx to bind to the receptor.

A faint band was observed at an approximate molecular mass of 140 kD, while two other

bands were observed at 111 and 90 kD (Fig. 3.7A lane 1). All of these bands were absent

in the presence of an excess of non-radiolabelled hCG (Fig. 3.7A lane 2), confirming that

the fraction isolated by hCG affinity chromatography did in fact contain the hCG/LH

receptor. By subtracting the approximate molecular mass of the radiolabelled [l2sll-hcct'.
from these three bands, components of approximately 90, 60 and 40 kD resulted. These

components were of a similar mobility to those visualized in Figure 3.5 and most probably

represent the intact receptor and respective proteolytic fragments.

The hCG/LH purified receptor fraction was further analysed by SDS-PAGE and silver

staining (Fig. 3.7B). It was hoped that the intact receptor could be visualized without the

need for [lzst]-trCc* incubation. A very prominent band was detected at a molecular mass

of approximately 64 kD with several other bands visible in a range of 100-145 kD.

Although the intact hCC&H receptor could not be conclusively visualized by silver staining,

it was clear from both the autoradiograph and silver stain that the hCGILH receptor had

undergone extensive proteolysis during the purification protocol.

Table 3.1 Purification of Porcine hCG/LH Receptor

The data presented in this table are representative of a typical membrane-bound receptor

preparation and subsequent solubilization. The membrane-bound receptor fraction was

assumed to contain the total content of hCG/LH receptor and was termed 100 Vo.

determination of the protein content of the purified receptor was not done because of
inadequate amounts of nraterial for analysis.

FRACTION PROTEIN (mg) YIELD (Vo)

Crude homogenate

Membrane bound receptor

Solubilized receptor

2767

130

82

100

63

7l



(B/Box 100)

Figure 3.6 Receptor Binding Assay for Soluble Receptor

Increasing amounts of non-radiolabelled hCC (0-100 ng) were added to 200 pl of soluble

recepror and [t25q-hcG* (50000 cpm). The binding of ltzsq-hcc* was deterrrined as

described in the text. Non-specific binding was determined by a control sanlplc containing

10 pg of non-radioactive hCG and this value was subtracted from the toul counts. This

displacement curve is representative of the rcceptor binding assay observed with the soluble

receptor preparations.
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Figure 3.7 Autoradiography and SDS-PAGE Silver Stain of the
Purified hCG/LH Receptor Preparation

A purified hCC&H receptor preparation was incubated with [125I]-hCC* in the absence (A

lane l) and presence (A lane 2) of non-radiolabelled hCG as described in the text. Samples

were analysed by SDS-PAGE and autoradiography. A control sample of [l2sIJ-hCG* is

shown in lane 3 (A). The'arrows'indicate the positions of the radiolabelled components.

The purified hCG/LH rcceptor was also analysed by SDS-PAGE and silver staining (B) as

described in the text. Lane I contains high molecular mass standards while lane 2 contains

the purified hCG/LH receptor.
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It was unfortunate that any receptor proteolysis which might have occurred in the absence of
hCG was not able to be detected, thus prcventing the determination of the effects of hCG. It
was envisaged therefore, that a purified receptor freed from membrane proteases and which

could be detected by SDS-PAGE, could be used to study the effects of hCG binding. The

receptor was purified using an hCG affinity matrix in the presence of protease inhibitors and

at 4 "C. It was hoped that under these conditions, the interaction of the soluble receptor

with the hCG matrix would not result in excessivs receptor proteolysis. However, the

presence of multiple components in the purified receptor preparation which corresponded to

those attributed to hCG-induced receptor proteolysis, suggested that the use of an hCG

affinity matrix produced proteolytic degradation fragments of the intact receptor.

It is conceivable that the intact receptor isolated from the hCG affinity support could be

further purified and separated from these degradation products. However, because of low

yields this would be a difficult and highly inefficient method of receptor preparation . The

inclusion of an inhibitor such as NEM would possibly inhibit proteolysis (Kellokumpu and

Rajaniemi, 1985a) but its complete removal following purification would be critical. The

presence of residual NEM could potentially inhibit any intrinsic hCG activity in the presence

of the purified receptor. In order to eliminate possible interference by protease inhibitors,

the purification of the intact receptor would be best achieved by the use of monoclonal

antibodies to the hCGILH receptor as an affinity matrix. In this manner, a highly purified

receptor might be isolated in high yield and the interaction of the hCG receptor with hCG

during purification would be eliminated.

The use of a purified protease-free receptor should then allow the investigation of the effects

of hCG binding. If an intact purified receptor could be shown to break down in the absence

of membrane proteases upon binding hCG, then this would indicate whether or not hCG

was responsible for the protease activity.

NOTE ADDED IN PROOT.- See Appendix 2
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CHAPTER FOUR

CHARACTERIZATION OF THIOREDOXIN-LIKE ACTIVITY
ASSOCIATED WITH GONADOTROPIC HORMONES

4.I INTRODUCTION

Recent reports have described homology between an amino acid sequence present in the

glycoprotein hormones LH and FSH, and the active sites of thioredoxin and protein

disulphide isomerase (PDI) (Boniface and Reichert, 1990). The detection of sequence

homology between these hormones and thioredoxin has been used in the prediction of a

three-dimensional structure for FSH (Hage-van Noort et al., 1992), as well as to provide

insights into possibie mechanisms of gonadotropic hormone action.

Thioredoxin and PDI are both proteins known to be enzymatically active in protein dithiol-

disulphide interchange. This process is routinely measured by the ability of the protein to

reactivate reduced and denatured RNase. The active site sequence in thioredoxin consists

of -Cys32-Gly33-p1s34-Cys35-, while in PDI the proline residue is substituted by a histidine

resulting in a -Cys-Gly-His-Cys- tetrapeptide. PDI contains two such active sites from

amino acid residues 35-38 and 379-381. The enzymatic activity of PDI is approximately

50 times greater than that of thioredoxin on a molar basis (Hawkins er al., 1991) and

studies have shown that if the proline residue of the thioredoxin active site sequence is

exchanged for a histidine residue, then the thioredoxin activity is increased by

approximately l0-fold (Lundstrom et a1.,1992; Krause et a1.,1991). This suggests that the

presence of histidine is responsible for the observed increase in enzymatic activity. When

the active site sequence of thioredoxin and PDI was searched through a protein database,

LH was the only glycoprotein hormone to give an identical match with the thioredoxin

active site but FSH and TSH also displayed some homology with this tetrapeptide in their

possession of a -Cys90-61t91-1ys92-Cys93- sequence. In contrast, the corresponding

sequence -Cys90-A1391-1sr92-Cys93- in hCG does not show any homology with the

thioredoxin/PDl active site, apart from the presence of the two cysteine residues.

Boniface and Reichert (1990) investigated the ability of bLH and oFSH to reactivate

reduced and denatured RNase and concluded that bLH was approximately 300 times more

active than thioredoxin on a molar basis, while oFSH was only 60 times more active.
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Because FSH and TSH contain the same thioredoxin/PDl active site tetrapeptide, both may

be expected to display similar enzymatic activities. An investigation into the possible

enzymatic activity of TSH has not yet been reported.

An hypothesis for the mechanism of receptor activation and signal transduction can be

formulated on the putative intrinsic dithiol-disulphide interchange capability observed for

LH and FSH. It is well established that a conformational change occurs in the

glycoprotein hormones upon hormone-receptor interaction and binding (Moyle et al.,

1987). Hormone/receptor binding also becomes tighter as a function of time, possibly as a

result of this conformational change (Katikineni et a/., 1980). Recent evidence has

suggested a role for cysteine residues present in the receptor-binding regions of the B-

subunit of FSH (residues 33-53 and 81-95) in signal transduction, although not necessarily

in receptor binding. It is interesting to note that the one of these regions (81-95) includes

the Cys-Gly-Lys-Cys sequence (Santa-Coloma et al., 1992). This suggests that the

hormone binds to its receptor irrespective of the cysteine residues or observed thioredoxin-

like activity. However once bound, the intrinsic thioredoxin-like activity of the hormone

could result in dithiol-disulphide interchange. This interchange may occur within the

receptor itself or between the receptor and the hormone, resulting in a conformational

change and/or tighter hormone-receptor binding. The suggestion that dithiol-disulphide

interchange could be responsible for receptor activation and the subsequent signal

transduction is an atuactive one. Each hormone would then act as a highly specific

enzyme whose specific substrate is its own receptor-

The two glycoprotein hormones LH and hCG share the same receptor and signal

transduction pathway and elicit similar physiological responses. If the activation of the LH

receptor occurs as a result of dithiol-disulphide interchange, then one would expect that

hCG would also display similar intrinsic enzymatic activity. However the lack of any

sequence homology of hCG with the active site sequence of thioredoxin or PDI, poses two

interesting questions. Does hCG contain intrinsic enzymatic activity although it does not

share any sequence homology with the thioredoxin/PDl active site sequence, or is the

reported thioredoxin-like activity of LH and FSH not necessary for receptor activation?.

The first step towards answering these questions is to determine whether or not hCG is

capable of dithiol-disulphide interchange and this was undertaken by examining the action

of hCG on reduced and denatured RNase. The reported thioredoxin-like activity of LH
was used as a positive control.
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4.2 MATERIALS AND METHODS

4.2.I Materials

Thioredoxin from Spirulina sp. ribonuclease A (RNase) from bovine pancreas, 3-(N-

Morpholino)propanesulphonic acid (MOPS), cytidine Z':3'-cyclic monophosphate (cCMP)

and dithiothreitol were all purchased from Sigma (St Louis, Missouri, U.S.A.). [3H]-
Iodoacetic acid (262.9 mCi/mmol) was purchased from Amersham Life Sciences (Bucks,

U.K.). Highly purified hCG* (CRi27) was prepared as described previously and used in

conjunction with hCG (CR127). Human FSH was prepared by Dr J. Hiyama (University

of Auckland).

4.2.2 HPLC Purification of RNase

To ensure that the RNase used in subsequent experiments was essentially free of
contaminants, it was purified by RP-HPLC. RNase (25 mg) was dissolved in 1.0 ml of 0.1

Vo TFA. The sample was loaded onto a Vydac C4 column (10 x 250 mm) and eluted in a

60 min linear gradient from 20-100 7o buffer B with 0.1 Vo TFA (buffer A) and 0.1 7o TFA

in 60 Vo acetonitrile (buffer B). The flow rate was 1.6 ml/min and the eluate was

monitored at 280 nm. The peak fraction that corresponded to RNase was collected and

dried under reduced pressure. The sample was dissolved in water, lyophilized and stored

at -20 'c.

4.2.3 Reduction and Denaturation of RNase

Reduced and denatured RNase was prepared by incubating 15 mg of the purified native

RNase with 1.5 ml of 0.1 M Tris-HCl (pH 8.6) containing 6 M guanidine hydrochloride

and 0.15 M dithiothreitol, overnight at room temperature. The reduced RNase was isolated

from excess dithiothreitol and guanidine hydrochloride by chromatography on a Sephadex

G25 column (1.6 x 40 cm), equilibrated with 0.01 M HCI (pH 2.0) at a flow rate of I
ml/min. The RNase fractions were pooled and the concentration was determined using a

molar extinction coefficient of 9200 cm-l M-l at275 nm (Pigiet and Schuster, i986). An

aliquot of reduced and denatured RNase was assayed by chromatography on a Superose 12

column equilibrated with 0.5 7o NH4HCO3 (w/v) at a flow rate of 0.5 mVmin, to ensrue

complete removal of the reducing and denaturing agents. The eluate was monitored at 226

nm. Reduced and denatured RNase was stored under oxygen-free nitrogen at -20 'C.
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4.2.4 Reactivation of Reduced and Denatured RNase

Reduced and denatured RNase was diluted to a concenffation of 400 pg/ml in 0.1 M Tris-

HCI (pH 7.0) and I mM EDTA and incubated with either oLH, hFSH, hCG, hCG*,

thioredoxin or BSA. Various concentrations of protein ranging from l-10 pM were added

to the sample mixture to give a final reaction volume of I ml. The samples were sealed in

glass vials under oxygen-free nitrogen and incubated at 25'C. Fifty pl aliquots (1.4 pM

RNase) were removed at various times with a syringe and were assayed for RNase activity.

A control sample containing native RNase (non-reduced) was also assayed and used as a

reference point of 100 Vo activity (Pigiet and Schuster, 1986).

4.2.5 Determination of RNase Activitv

The activity of RNase was detemrined according to the method of Crook et al., (1960) with

slight modifications. The final assay mixture consisted of 0.44 mM cCMP in 0.1 M MOPS

(pH 7.0). Fifty pl of sample was added to 950 pl of the cCMP substrate and the

absorbance measured immediately at 284 nm using 0.1 M MOPS as the blank. The

samples were incubated for 2h at25'C and the change in absorbance was measured. This

was then expressed as percentage activity, with the native RNase sample as l0O Vo.

4.2.6 S-[3HI-CarboxymethylationofRNase

In order to determine the optimum conditions for S-l3H]-carboxymethylation of RNase,

aliquots of reduced and denatured RNase were treated with increasing amounts of llgr-
IAA which had been dissolved in water (1 mCi/ml) and stored in aliquots at -20'C. Stock

solutions of RNase were prepared as for the RNase reactivation assay described above.

Aliquots (10 pl) of this stock solution were incubated with 100 pl of 0.1 M Tris-HCI (pH

8.6) and 10, 30, 50 and 100 pCi of 1:gr-*A respectively for 45 min in the dark at room

temperature. Samples were then desalted by the addition of I ml of water and

concentrated to an approximate volume of 70 pl using Amicon Centricon 3 micro-

concentrators. A Superose 12 gel-filtration column equilibrated with 0.5 Vo NFIaHCO3 at a

flow rate 0.5 mVmin was used to separate the radiolabelled RNase and free unbound [3111-

IAA. The eluate was monitored at 226 nm. In order to determine the elution time of
unbound [3H]-IAA, an aliquot of ;rgr-tOA was incubated under the same conditions as

outlined above and loaded on the Superose 12 column. Fractions (0.5 ml) were collected

and the radioactive content of an aliquot was determined by liquid scintillation counting.
A 10 pl aliquot of each RNase sample was then applied to the Superose 12 column and
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fractions (0.5 ml) were collected and their radioactive content determined. On the basis of
these results an optimum of 30 pCi [3H]-tee was selected for S-[lg1-carboxymethylation.

4.2.7 S-l3HJ-Carboxymethylation of RNase/LH

Samples containing RNase/LH and control samples consisting of LH only or RNase only

were incubated at the same concentrations as for the RNase reactivation assay described

above. Aliquots (10 pl) were removed at 0, 6 and 24h wrd each sample was S-[3H]-

carboxymethylated as described above using 30 pCi of 1:111-t*. An aliquot of each

sample was taken at each time point and analysed by gel filtration on a Superose 12

column as described above. The remaining RNaselLH samples were loaded on a 15 7o

SDS-PAGE gel and run under reducing and non-reducing conditions. The gels were

stained with Coomassie blue, soaked in 1 M sodium salicylate (pH 7.0) for 30 min and

dried under reduced pressure. The gel was exposed to X-ray film for 5 days.

S-l3H]-carboxymethylation of RNase/LH was repeated over a period of 24 h and at each

time point the samples were desalted using Amicon Centricon 3 micro-concenffators and

loaded onto a Vydac Ca RP-FIPLC column (0.46 x 15 cm). The buffer system used was

0.1 M TEAP (pH 6.5) buffer A and 0.1 M TEAP (pH 6.5) with 50 7o acetonifrle as buffer

B. A linear gradient from 45-90 Vo baffer B over 30 min at a flow rate of 1 ml/min was

used. The eluate was monitored at 225 nm. Fractions (1 ml) were collected and the

radioactive content of an aliquot determined.

Using S-l3H]-carboxymethylation of RNase/LH after an incubation of 6 h as an optimum

reaction, the experimental procedure was repeated on a preparative scale (l0-fold
increase). The RNase/LH sarnple was loaded directly onto the RP-HPLC without prior

desalting in order to minimize protein loss. Excess free lrgi-1AA was removed under

isocratic conditions of 15 min at 45 Vo buffer B, followed by a 30 min linear gradient as

described above. The major radiolabelled fractions isolated using this TEAP buffer

system, were pooled and dried under reduced pressure to remove any acetonitrile. The

sample was incubated with I.0 Vo TFA for I h at 37 "C to facilitate the dissociation of any

LH which might be present into its respective subunits. The sample was analysed using

the same TEAP linear gradient given above. Fractions (1 ml) were collected and the

radioactive content of an aliquot determined. The radioactive fractions were pooled, the

acetonitrile removed and the sample was analysed by RP-HPLC in a buffer system of 0.1

VoTFAasbufferAand0.TVo TFAin l00Vo acetonitrileasbufferB. Alineargradient
from 20-60 Vo buffer B over 30 min at a flow rate of t mVmin was used. The eluate was

monitored at 226 nm. Fractions (1 ml) were collected and the radioactive content of an
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aliquot was determined. The radioactive fractions were pooled and subjected to N-

terminal sequence analysis.
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4.3 RESULTS AND DTSCUSSION

4.3.1 Reactivation of Reduced and Denatured RNase and Determination of RNase

Activity

This study was undertaken to see if hCG contained intrinsic thioredoxin-like activity

similar to that observed in LH and FSH, despite its lack of homology with the active site

sequence of thioredoxin/PDl

Reduced and denatured RNase was isolated from excess dithiothreitol and guanidine

hydrochloride by gel-filtration chromatography on a Sephadex G25 column. An aliquot of

the isolated RNase was re-chromatographed on Superose 12 and a single peak was

observed. This indicated that the RNase was devoid of any denaturing and reducing

agents. It was critical to establish the complete removal of the reducing agents, to ensure

that the reactivation assay of the RNase would not be modified by extraneous reactions

with added hormone and protein samples.

In order to detect RNase reactivation, the reduced and denatured RNase was incubated

with appropriate protein samples and aliquots were removed at various rime intervals. On

the basis of results reported by Boniface and Reichert (1990), a glycoprotein hormone

concentration of 1 pM bLH was sufficient to reactivate reduced RNase to nearly 700 Vo

after approximately 30 hours. In this study, howevor, it was found that I pM oLH only

reactivated reduced RNase to approximately 25 Vo over a similar time period. The

concentration was therefore increased to 10 pM oLH, hCG, hCG*, hFSH and thioredoxin,

in further tests of RNase reactivation (Fig. 4.1). As can be seen from these results, oLH is

capable of reactivating reduced RNase to almost 80 7o over a 30 h time period and is

approximately 2.5 times more active than thioredoxin on a molar basis. Although this is a

significant result, it is considerably less than that for bLH which was reported by Boniface

and Reichert to be 300 times more active than thioredoxin on a molar basis. Similarly
oFSH was reported by Boniface and Reichert to be approximately 60 times more active

than thioredoxin. However in the present study hFSH was approximately 3 times less

active than thioredoxin. The disparity in these results was surprising but could be

attributed to the different sources of substrate and reactants used in this investigation. A
fundamental difference lay in the source of thioredoxin used in both studies. In this study

the thioredoxin was from Spirulina sp. while Boniface and Reichert used Escherichia coli
thioredoxin with an unspecified specific activity. It is feasible that the two different
thioredoxins differed in specific activity and this could lead to different levels of RNase

reactivation.
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RNase
ACTTVITY (%)

Figure 4.1. Reactivation of Reduced and Denatured RNase

Reduced and denatured RNase (400 pg/ml) were incubated at 25 "C in the presence of
buffer (o), 10 pM BSA (r), thioredoxin (o), oLH (r), hCG (o), hCG* (^) or hFSH (o).

Aliquots were removed at various time intervals and the RNase activity was measured as

described in the text. Activity was expressed as a percentage of the activity of non-

reduced samples of native RNase.
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It was not possible to compare the molar ratios of hormonal activity to thioredoxin activity

in these two studies. Moreover, the LH and FSH were obtained from different sources and

were from different species. However, oLH and bLH share the same thioredoxin/PDl

active site tetrapeptide sequence, as do oFSH and hFSH. Therefore the species difference

should not have affected the levels of activitv.

Although the LH in both studies had an equivalent biological potency, the hFSH used in

this investigation was not obtained from commercial sources but was purified by Dr. J.

Hiyama in this laboratory, using both conventional and HPLC gel filtration and

hydrophobic interaction chromatography. The differences in sample purity could therefore

account for differences in results. Figure 4.1 clearly shows that hFSH was not capable of

reactivating reduced RNase and in fact had less activity than BSA. The relatively high

levels of activity associated with BSA suggested the presence of thioredoxin/PDl

contaminants in the BSA preparation.

On the basis of these results hCG and hCG* were found to be incapable of RNase

reactivation. Furthermore there was no detectable difference in the activity profile of hCG

and hCG* and hCG was therefore used in all subsequent experiments. In order to

characterize the RNase reactivation reaction further, the effect of hormone concentration

on RNase reactivation was investigated. It was expected that an increase in the

concentration of an active catalyst would result in increased RNase reactivation.

Increasing concentrations of oLH and hCG were assayed for RNase reactivation. As

expected, an increase in oLH concentration resulted in increased RNase reactivation,

whereas an increase in hCG concentration had no effect trig. a.2). These results further

confrmed that hCG is incapable of dithiol-disulphide interchange, as suggested by its lack

of sequence homology with the thioredoxin/PDl active site.

Dithiol-disulphide interchange as a result of intrinsic thioredoxin-like activity in LH and

FSH, could be a mechanism for receptor activation and signal transduction. This

hypothesis however, raises an interesting question with respect to how hCG promotes a

receptor response. LH and hCG bind to the same receptor and one might expect that the

mechanism involved in receptor activation would also be shared by both hormones. Yet

evidence suggests that whereas LH is capabie of dithiol-disulphide interchange, hCG is

not.

This discrepancy, the lack of FSH activity and the low levels of LH activity detected

appea$ to cast doubt over the atrribution of inninsic thioredoxin-like a*ivity to LH and

FSH. As shown previously the presence of contaminants in a highly purified hormone
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ACTIVITY (74)
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Figure 4.2 The Reactivation of Reduced and Denatured RNase as a
Function of the Concentrations of LH and hCG

The reactivation of reduced and denatured RNase was measured as a function of increasing

concentrations of oLH 1 pM (r), 5 ttM (s), 10 tlM (O and hCG I ItM (r) 5 pM (o), 10

pM (a). The experimental protocol is described in the text.
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preparation is possible and as such the purity of any hormone preparation must be firmly

established before one can assign intrinsic enzymatic activity with certainty.

4.3.2 S-[3H]-Carboxymethylation of RNase

A suggested mechanism of thioredoxin reactivation of RNase is illustrated in the following

diagram:

Protein Thioredoxin

If the ability of LH to reactivate RNase is due to intrinsic thioredoxin-like activity, then a

similar mechanism to the one outlined above should be followed. On the basis of this

mechanism it was assumed that at a particular point during the reactivation reaction, one or

more of the disulphides present in LH would undergo transformation to a dithiol group.

Over time this dithiol intermediate would then undergo oxidation and the native disulphide

would reform. However, it was envisaged that during an appropriate time course the

dithiol intermediate night be quenched using a radiolabelled marker.

In order to characterize the ability of oLH to reactivate RNase further and in an attempt to

provide additional evidence for the intrinsic thioredoxin-like activity of LH, the quenching

of an oLH dithiol intermediate with [3H]-IAR was attempted.

Optimum conditions for S-[:91-carboxymethylation of RNaselLH were first established

using reduced and denatured RNase alone. Unbound [3H]-ten and RNase can be

separated by gel-filtration and therefore gel-filtration on Superose 12 was used as an

appropriate method for the detection of bound and unbound [3U]-feR.
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RNase contains four disulphide bonds and therefore has eight dithiol groups per molecule

which have the potential to be radiolabelled. Increasing concentrations of [3H]-leR
corresponding to a 10, 30 , 50 and 100 molar excess of RNase were added to the RNase

samples and incubated for 45 min at room temperature. The samples were analysed by

gel-filtration and two radioactive peak fractions were detected that corresponded to

labelled RNase and unbound J:111-^A. At each [r]11-IAA concentration the radioactive

label incorporated into the RNase was calculated on the basis of disintegrations per minute

(dpm) (Fig.  .3A) and converted to a molar ratio of IAA:RNase (Fig. 4.38). These results

indicated that the optimum concentration of [3H]-ne to achieve maximal labelling of
RNase was 30 pCi. This corresponded to 4 molar excess of IAA:RNase. As there are 8

possible sites for S-[3H]-carboxymethylation per molecule, a 4 molar excess of IAA:RNase

implies a maximum incorporation rate of 50 Vo.

4.3.3 S-[3H]-Carboxymethylation ofRNase/LH

Having established optimum conditions for S-[lg1-carboxymethylation of RNase it was

necessary to ensure that LH in the absence of RNase was not radiolabelled. This was

especially important because although the molecular masses of LH and RNase are

significantly different (LH-36kD and RNase-l3kD), the difference was not enough to

enable separation by gel-filtration. LH was incubated with buffer over a period of 24h and

an aliquot was incubated with 30 prCi [3FI]-IAR at appropriate time intervals. Samples

were analysed by gel-filtration and the radioactive content of the collected fractions was

determined. All the radioactivity was found in the unbound [3H]-nR peak which

confirmed that LH was not labelled by [3H]-feA under nonnal conditions.

The RNase used in this study had been stored under oxygen-free nitrogen to decrease the

possibility of spontaneous reactivation. Earlier results obtained by RNase reacfivation

assay, confirmed that over a period of 24 h, samples containing only RNase and buffer

showed minimal reactivation. Therefore the rate of 1:11r-^A incorporation in a sample

containing only RNase and buffer, should remain constant or decrease slightly because of
minimal reactivation. In contrast, the presence of LH in the sample should decrease the

incorporation of [3U]-ne into RNase by promoting RNase reactivation. However, the

overall incorporation may be expected to increase as the LH would also be labelled. A
comparison of the results obtained after incubation of RNaselLH, RNase only and LH only

wittr 1:p11-IAA is presented in Figure 4.4. LH alone was not radiolabelled, while RNase

alone was radiolabelled to a constant degree with a slight decrease observed at 24 h, as

would be expected with minimal spontaneous refolding. In contrast the RNase&H sample
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Figure 4.3 Incorporation of [3II1-tAA into RNase

RNase (400 pglml) was incubated with increasing amounts of [3H]-I/qA and analysed by

gel-frltrarion on a Superose 12 column. Total dpm incorporated (A) and the molar ratio of

incorporation (B) were calculated and 30 pCi [:H]-ne was chssen as the opdmum

concentration.
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Figure 4.4 Incorporation of t3g1-tAA into RNase, LH and RNase/LH

RNase (N), LH (ED and RNase/LH (D samples were incubated with 0.1 M Tris-HCl (pH

7.0) over a period of 24h. At appropriate time intervals an aliquot of sample was removed

and incubated with [3H]-nn (30 trci) for 45 min in the dark at room temperature.

Samples were analysed by gel-frltration on a Superose 12 column as described in the text.

Results are the average of duplicate experiments t SD.

88



showed an increase in radiolabelling at an incubation time of 6 h, followed by a decrease at

24 h which would indicate that RNase reactivation had occurred.

4.3.4 Analysis of S-1191-6arboxymethylated RNase/LH by SDS-PAGE

The increasing rate of incorporation of p111-t* into samples containing RNaselLH as

opposed to LH or RNase, suggested that the LH and/or RNase was being radiolabelled

while undergoing a dithiol-disulphide interchange. In order to confirm which component

was radiolabelled, it was necessary to separate the hormone from the RNase. This was

first attempted using SDS-PAGE analysis. Under non-reducing conditions and on a 15 Vo

SDS-PAGE gel, LH has a relative molecular mass of approximately 47 kD, whereas that

of RNase is approximately 20 kD. Under reducing conditions, LH is dissociated into its
respective subunits both of which migrate at a position similar to that of RNase (LH a-

subunit 14 kD, LH B-subunit 15 kD, RNase 14 kD).

Samples of RNase/LH incubated for 0, 6 and 24 h and subsequently S-[t111-

carboxymethylated were analysed by SDS-PAGE under reducing and non-reducing

conditions and subjected to autoradiography (Fig. 4.5). As can been seen from these

results a prominent radiolabelled component was present at all time points at a molecular

mass ranging between 15-35 kD which was assumed to be RNase. Another radiolabelled

component was also present at all time periods that had a molecular mass of 43-57 kD.

The radiolabelling of LH should only be observed at 6 and possibly 24hand result in a
radiolabelled component visible at a molecular mass of 47 kD under non-reducing

conditions. At 0 time, LH should be in a fully non-reduced state and therefore unlabelled.

However, as can be seen from Figure 4.5 (lanes 1-6), a radiolabelled band was visible at

approximately this molecular nass at all time points and under reducing and non-reducing

conditions. The presence of this high molecular mass component at all dme points and

under reducing conditions led to the assumption that it may be a component associated

with RNase and not the result of radiolabelling LH.

In order to investigate this possibility further, samples of LH and RNase were analysed

independently by SDS-PAGE under reducing (Fig. 4.6 lanes 1 and 2) and non-reducing

conditions (Fig. a.6 lanes 3 and 4). The RNase sample was observed to contain high

molecular mass components under reducing (lane 1) and non-reducing conditions (lane 3)

which corresponded with the high molecular mass component observed in the RNase/LH 6

h time period autoradiograph (lanes 5 and 6). This suggests that the high molecular mass
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Figure 4.5 Autoradiography of 1391-1AA Labelled RNase/LH

RNase/LH samples incubated for 0 (lanes I and 2), 6 (lanes 3 and 4) and 24 h (lanes 5 and

6) were treated with 1lg1-1AA as described in the text. Samples were subjected to SDS-

PAGE under reducing (lanes l, 3 and 5) and non-reducing conditions (lanes 2,4 and 6).

The gel was soaked in 1.0 M sodium salicylate for 30 min at room temperature, dried and

exposed to x-ray film.

trl
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Figure 4.6 SDS-PAGE Analysis of RNase and LH

RNasc (lanes I and 3) and LH (lanes 2 and 4) were independently analysed by SDS-PAGE

underreducing (lanes I and 2) and non-reducing conditions (lanes 3 and 4) as described in

the text. The high molecular mass components visible in the RNase sample under both

reducing (lane l) and non-reducing conditions (lane 3) coincide with the radiolabelled

band observed in the 6 h incubation RNase/LH pq-ne samples (lanes 5 and 6).
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component seen in the RNaselLH autoradiographs was due to RNase which may have

aggregated as a result of storage.

The possible aggregation of RNase and the relative mobility of a component of similar

molecular mass to that of LH under non-reducing conditions, indicated that SDS-PAGE

could no longer be considered a viable method to differentiate between LH and RNase.

4.3.5 Analysis of S-1s111-garboxymethylated RNase/LH by RP-HPLC

Further analysis was carried out using RP-HPLC. LH and its subunits could be

chromatographically separated from reduced and carboxymethylated RNase using TEAP

and TFA buffer systems, although the respective elution times were very close (Fig. 4.7).

Samples from 0, 3, 6 and 24 h incubarions were treared with [3H]-IAA (30 pCi) and

partially desalted using Amicon Centricon 3 micro-concentrators. Each sample was then

analysed by RP-HPLC. Fractions were collected and their radioactive contents determined

by liquid scintillation counting. As can be seen from Figure 4.8, there was a definite shift

in the radioactive profile. Most of the radiolabel was associated with fractions that

corresponded to RNase (0, 3 and 24 h), whereas the radiolabel was present in the fractions

corresponding to LH at 6 h.

Although the results presented in Figure 4.8 appear to suggest that LH had been

radiolabelled, N-terminal amino acid sequence analysis of the radiolabelled fractions

would provide more conclusive evidence. The experimental procedure for the 6 h
incubation was scaled up 10-fold to allow the isolation of an adequate amount of
radiolabelled protein for amino acid analysis. Following incubation with 1:11-IAA, the

RNaselLH sample was applied directly to the RP-HPLC column under isocratic starting

conditions followed by a TEAP/acetonirile gradient. The fractions that contained

radiolabelled "LH" were isolated.

Preliminary experiments demonstrated that the incubation of LH with 0.1Vo TFA for I h at

37 'C was sufficient to dissociate LH into its constitutive subunits. The sample thought to

contain radiolabelled LH was desalted using Amicon Centricon 3 micro-concentrators to

remove some of the TEAP which would otherwise counteract the acid conditions of 0.1 Vo

TFA. However, the percentage recovery of radioactivity following this step indicated that

up to 95 Vo had been lost. In order to minimize this loss of radioactivity and possibly

protein, the RNase/LH sample was incubated with 0.L Vo TFA directly after incubation

with [3H]-IAA. It was expected that if LH had been radiolabelled as the results in Figure

4.8 suggested, then treatment with 0.1 7o TFA would dissociate the hormone into its
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Figure 4,7 RP-HPLC Analysis of RNase/LH

RNase, LH and its subunits can be successfully separated from each other using RP-HPLC

and a combination of TEAP and TFA buffer systems. Using 0.1 M TEAP (pH 6.5) buffer

A and 0.1 M TEAP (pH 6.5) with 50 ?o acetonirile as buffer B, a linear gradient from 45-90

Vo buffer B over 30 min can be used to separate RNase and LH (A). When LH and RNase

are treated with 0.1 Vo TFA the cr-subunit of LH and RNase are eluted at a very similar

position but are separated from the p-subunit (B). However, using a buffer system of 0.1

Vo TTA as buffer A and 0.1 7o TFA in 100 Va acetonitrile as buffer B and a linear gradient

from 20-60 Vo buffer B over 30 min the cr-subunit of LH can be successfully separated from

the RNase and p-subunit which are eluted at similar positions (C).
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Figure 4.8 Analysis of 1391-tAA Incorporation into RNase and LH by
RP.TTPLC

RNase/LH samples were incubated with 0.1 M Tris-HCl (pH 7.0) over a period of 24h.

An aliquot of sample was removed at appropriate time intervals and incubated wittr 1s111-

IAA (30 pCi) for 45 min in the dark at room temperature. Samples were analysed by RP-

HPLC using a C4 column as described in the text. Fractions were collected and their

radioactive contents determined by liquid scintillation counting. An 'arrow' indicates the

expected elution times of RNase and LH.
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respective subunits which could then be isolated by a two-step RP-HPLC chromatographic

procedure using TEAP followed by TFA buffer systems (Fig. 4.7B and C).

A sample of [3H]*lAA-treated RNase/LH was therefore incubated directly with 0. I Vo WA
and analysed by RP-HPLC using a TEAP linear gradient. It was expected that the

radioactivity would be present in fractions that corresponded to RNase, intact LH and/or

either of its subunits. Analysis of the radioactive profile (Fig. a.9A) revealed a major

radiolabelled component at an elution time which corresponded to that of intact LH or its
p-subunit. A very minor radiolabelled peak was observed at an elution time which

corresponded to RNase or the LH cr-subunit. Analysis of the actual RP-HPLC trace

showed a broad peak characteristic of LH at an elution time corresponding to that of LH,

which suggested that the LH might not have been fully dissociated. Because S-[3H]-

carboxymethylation was carried out at pH 8.6, the pH of the sample was checked after the

addition of 0.1 VoTFA and found to be acidic. However, the results suggested that this

might not have been sufficient to promote LH subunit dissociation.

The major radiolabelled fractions were pooled, and the samples treated with I Vo TFA in

an attempt to maintain an acidic environment. The sample was then analysed using the

same TEAP system as before. Comparison of the radioactive profile between the samples

pre- and post- 1.0 7o TFA treatment revealed a definite shift in the radioactive profile

which suggested that LH had possibly dissociated into its subunits (Fig. 4.98). If this was

the case, the radiolabel was present on what would conespond to the LH o-subunit. This

sample was desalted using RP-HPLC and a TFA buffer system. A major radiolabelled

peak was identified (Fig. a.9C) and subjected to N-terminal amino acid sequence analysis.

However the elution time of this radiolabelled component did not correspond to that of the

LH cr-subunit. N-terminal amino acid sequence analysis confirmed this finding and

revealed that the most of the protein in this sample was RNase with a minor amount of the

LH p-subunit (Tabie. 4.1).
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Figure 4.9 Isolation of l3H]-labelled Protein by RP-HPLC

RNase/LI{ samples Eearcd with FHI-IAA were isolated by RP-HPLC in TEAP and TFA buffe.r systems as described in r}re

text. Plil-IAA-treated RNase/LH incubated with 0.1 VoTFA were isolated in a TEAP system (A). Radioactive fractions

werecollectedandtreatedwithl.0VoTFAandanalysedusingthesameTEAPsystem(B). Theradioactivefractionsfrom

this sarple were then isolated using a TFA buffer system (C).

96



Table 4.1 N-terminal Sequence Analysis of the Radiolabelled
Fraction Isolated bv RP-HPLC

RNase/LH was incubated for 6 h and treated with 1:}I1-1AA. The sample was analysed by

RP-I{PLC and a radiolabelled fraction isolated as described in the text. This was subjected

to N-terminal sequence analysis and two possible sequences were obtained (A and B).

Due to a technical problem the third residue was lost. The sequences obtained are

presented with the corresponding N-temtinal sequence of RNase and the LH B-subunit. A
'dash' indicates unassigned residues.

The sequenlce corresponding to 'A' was approximately 96 o/o of the sample, while that of 'B'

was approximately 4 Vo.

RNase
tAt

LHP
tBt

Lys GIy Thr Ala Ala
- Ala Ala

Arg Gly Pro Leu

Arg - Pro Leu

Ala Lys Phe Glu Arg

Ala Lys Phe Glu Arg

Arg Pro Leu Cys Gln

Arg Pro Gln

Ser

The results obtained from the RP-HPLC analysis of 1:11r-tOA RNase/LH were equivocal.

N-terminal amino acid sequence analysis indicated that most of the isolated sample was

RNase with a small amount of the B-subunit of LH present. This agreed with the shift in

radioactivity observed between samples isolated from the second TEAP and TFA RP-

HPLC analyses (Fig. a.7 B and C, Fig. 4.9 B and C). However, the position of the

radioactive peak in the first TEAP analysis and the subsequent shift in radioactivity

observed after dissociation using L Vo TFA were contradictory. If the initial radiolabelled

peak was RNase, its position in the second chromatographic step in the same buffer system

should have remained oonstant.

A reduced and carboxymethylated RNase sample was used as reference material to
detemrine the elution positions of RNase under different RP-HPLC conditions. This

sample was eluted at a different position from that of native RNase (data not shown) and

suggested that the extent of carboxymethylation might alter the retention times of the

97



proteins. In the fteatment of RNase/LH with [3H]-IAA, the extent to which RNase and LH

have been carboxymethylated is unknown and as such the resultant elution times could be

different from those obtained with reference samples. Any conclusions based on the

elution positions of the radioactive fractions are therefore highly speculative and require

further investi gation.

The results described in this chapter have suggested that although oLH is capable of
thioredoxin-like activity, the level is significantly lower than that reported by Boniface and

Reichert (1990). Furthermore, hFSH did not display thioredoxin-like activity, which is in
direct conflict with the results reported in the American study. This discrepancy in levels

of thioredoxin-like activity could be attributed to the different sources of thioredoxin used.

However, the discordant results also indicate that the purity of hormonal preparations must

be considered. The presence of exogenous contaminants in highly purified hormone

preparations (hCG CR127) has already been demonstrated (Chapter 2; Daja et al., 1993),

however, possible contamination of LH has yet to be investigated. This is an important

factor and rigorous purification must be established before assigning a second biological

function to the same protein molecule.

4.3.6 Future Directions

Whether or not LH has intrinsic thioredoxin-like activity could be examined by quenching

a possible dithiol intermediate during incubation of the hormone with RNase. The

radiolabelled component could then be identified by N-terminal sequence analysis.

Preliminary [3H]-IAA experiments suggested that LH may have undergone dithiol-
disulphide interchange, however conclusive evidence was not obtained. Although N-

terminal sequence analysis suggested that the p-subunit of LH was also present in the

radiolabelled component, tryptic digestion for the isolation of the radioactive peptide

followed by sequence analysis is required for conclusive evidence in the identification of
the dithiol intermediate.

The possibility that LH may have inuinsic thioredoxin-like activity that may participate in
receptor activation and/or signal transduction is interesting when viewed in conjunction

with hCG. The experiments described in this thesis indicated that hCG did not contain

protein disulphide isomerase activity. However, both hormones share the same receptor

and are capable of eliciting a similar physiological response, therefore one might expect

that their receptor activation mechanisms should also be similar if not identical. The lack

of sequence homology between hCG and the active site of thioredoxinlPDl and the lack of
thioredoxin-like activity indicates that hCG is not capable of dithiol/disulphide
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interehanga This sugges,ts that either the enzy,madc ac,tivity of LtI ls intrinsic but not

involved in receptor aqtivatioR andlor signal transduetion, or that the observed thiqredoxin-

like .aetivity is not inrinsic but due to the prese,.ncs of exogenous co-nt&urinantc Such a

question can only be answered if a dithiol intermediate can be successfully identified as a

component of LII u if the thioredoxin-like aetivity can be separated ftom the hormona
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CHAPTER FIVE

CONCLUSION

Evidence suggesting a relationship between gonadotropic hormones and enzymatically active

proteases has been presented in many previous studies. The recent reports of partial

sequence homology between hCG and chymotrypsin and subsequently LH/FSH and

thioredoxin, prompted an investigation into the putative intrinsic enzymatic activity

associated with gonadonopic hormones (particularly hCG) and the subsequent implications

upon receptor binding and/or signal transduction.

Highly purified hCG (CRl27) is a reference hormonal preparation supplied internationally

by NIDDK. This hormone preparation was tested against a range of synthetic peptide

substrates in attempts to detect enzymatic activity. Preliminary results indicated that the hCG

preparation was capable of hydrolysing a limited range of substrates. The substrate

specificity of the hCG preparation indicated that cleavage occurred only after an arginine

residue and the substrate of greatest reactivity was Bz-Phe-Val-Arg-pNA, which is a typical
serine protease substrate. However, when N-cr-Bz-Arg-pNA was used as a substrate, no

cleavage was observed which suggested that several amino acids were required to form an

effective subsrate. Bz-Phe-Val-Arg-pNA was therefore used as the substrate for all of the

subsequent enzymatic assays.

Although subunit preparations of hCG did not effect proteolytic cleavage, this was not

totally unexpected as functional protease activity may have required the intact heterodimeric

form of the hormone. However, reassociated hCG was also found to be devoid of protease

activity. Although this was the first indication that the activity detecred in the hCG

prepamtions may not have been intrinsic, reassociated hCG from RP-HPLC prepared

subunits has not been shown to be biologically active and therefore the possibility that

intrinsic protease activity required a biologically active hormone remained viable.

Further characterization of the enzymatic activity associated with hCG was carried out using

various Protease inhibitors. Protease activity was effectively inhibited by DFP (a general

serine protease inhibitor), STI (a trypsin inhibitor) and TPCK (a chymotrypsin inhibitor),
while TLCK (a trypsin inhibitor) showed partial inhibition. This observation and the
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substrate specificity, strongly suggested that the protease activity associated with hCG was

serine protease-like.

The inhibition of protease activity by STI and DFP allowed further characterization of the

protease activity to be carried out. An STl-agarose affinity column was effective in
separating the activity from hCG which clearly demonstrated the presence of contaminating

proteases. The isolated proteolytically active fractions were analysed by SDS-PAGE and

three bands were visible after Coomassie blue staining. These corresponded to molecular

masses of 50-60 kD, 35 kD and 14 kD. hCG was also treated with [:111-pFP which was

expected to bind to and label serine proteases. When analysed by SDS-PAGE and

autoradiography, a prominent band was observed at 60 kD and a second weaker band was

visible at 20 kD. However, when hCG* which had been freed from the contaminating

protease activity was also treated with l:111-pFP, no radiolabel was incorporated into the

hormone.

Further purification of hCG was attempted using gel-filtration and ion-exchange

chromatography, but in both cases the protease activity remained associated with the hCG.

The use of HIC-HPLC however, was highly effective in separating hormone and

enzyme(s). In this case the protease activity was eluted in three fractions designated A1, A,2

and A3. When analysed by SDS-PACE, A1 consisted of a single component of
approximately 61 liD; 42 was composed of five components, three were in the range of 60-

63 kD, a fourth was visible at 55 kD and upon silver staining a fifth component was visible
at 20 kD; ,4'3 contained two components ar 61 kD and 20 kD. On the basis of [3H]-DFP
labelling and STIAIIC-HPLC purification, it was clear that the hCG (CR127) preparation

contained a number of contaminants which were serine-protease-like in their behaviour. At
least three of these components were in a nrolecular mass range of 50-63 kD and another

was visible at a lower molecular mass of approximately 20 kD.

The detection of cAMP production is widely used as an assay system for hCG bioactivity
but as mentioned previously, serine proteases have also been shown to stimulate cAMP
production. The presence of serine protease-like contaminants in a standard hCG reference

preparation therefore necessitated investigation into whether these contaminants had any

effect on receptor binding and cAMP production. hCG and hCG* were both assayed for
receptor binding and cAMP production and the results showed that although there was no

difference in the ability of the two preparations to bind to the receptor, purified hCGx

stripped of contaminating proteases showed a significant decrease in biological activity, as

assessed by maximal cAMP production. This suggested a contributory effect by the

exogenous serine-protease-like contaminants in the stimulation of cAMP.
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The finding that hCG (CR127) contained serine-protease-like contaminants and evoked a

greater stimulation of cAMP than hCG*, introduces a significant source of error which must

be taken into account when interpreting cAMP assay results. This work has suggested that

the use of STI affinity chromatography or HIC-HPLC can provide a purified hCG

preparation which might be of value in bioassays and research.

Although the effective removal of enzymatically active components from hCG and the lack

of [3H]-DFP labelling following this purificarion procedure srrongly suggested that hCG did

not contain intrinsic serine protease-like activity, the possibility of intrinsic hCG protease

activity directed against the hCGILH receptor still remained. The receptor would act as a

highly specific substrate with possible specific requirements for certain amino acids and a

particular conformation. In this case, the ability of llgr-OOP to label hCG* might also

require that the hCG be in a hormone/receptor complex. On this assumption the interaction

of hCG* with its receptor was investigated.

The purification of a membrane-bound hCC&H receptor preparation was undertaken to

confirm that the reported proteolytic cleavage of the membrane-bound receptor was due to

the presence of hCC. Furthermore, the isolation of a purified receptor was attempted in
order to observe the effects of hCG upon receptor proteolysis in the absence of membrane

proteases.

A membrane-bound hCGILH receptor was successfully isolated and a receptor binding
assay established. The membrane-bound receptor was then incubated with Jtzs4-hCG* and

analysed by SDS-PAGE and autoradiography. Results indicated the presence of an intact

receptor of 98 kD and proteolytic degradation products of 58 and 31 kD, which were in

agreement with those reported by Kellokumpu and Rajaniemi (1985). It was envisaged that

by incubating the membrane-bound receptor in the absence of [l2sI]-hCG* and analysing the

samples by ligand blotting, the effect of membrane-bound receptor proteolysis in the absence

of hCG could be monitored. Unfortunately ligand blotting was unsuccessful and any

conclusive results regarding the effects of hCG upon receptor proteolysis were not
forthcoming.

Further purification of the receptor was carried out in order to isolate the receptor from the

membrane proteases. A purified receptor /hormone complex could then be used to determine

whether hCG was exhibiting enzymatic activity by [3H]-DFP analysis. A solubilized and

purified receptor preparation was successfully isolated as characterized by receptor binding
assays. However, when the purified receptor was visualized by autoradiography and silver
staining, it was clear that receptor proteolysis had already occurred. Degradation products of
60 and 40 kD were visible as well as the intact receptor of 90 kD. Because the amounr of
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purified receptor isolated was very small, further purification was not considered viable.

The purification of the receptor involved incubation with an hCG-affinity matrix, which may

have been responsible for its cleavage. Such a problem could be overcome by innoducing

an inhibitor such as NEM into the receptor isolation buffer, which should inhibit receptor

proteolysis. However, the removal of NEM following purification and prior to any

investigation with hCG, would have to be meticulous in the event that NEM inhibited any

intrinsic action by hCG. It would be preferable to use monoclonal antibodies against the

receptor as an affinity support for the purification procedure. This highly specific

purification procedure would hopefully eliminate any interaction between hCG and the

receptor thereby preventing hCG-induced receptor proteolysis.

The results obtained with the membrane-bound and purified receptor preparations did not

provide any conclusive evidence regarding the enzymatic activity of hCG. Receptor

proteolysis was demonstrated but whether this was as a result of hCG binding was not

determined. Although the partial sequence homology between hCG and chymotrypsin and

the effects of serine proteases upon cAMP stimulation suggested that hCG might contain

serine protease-like activity, inhibition studies upon receptor proteolysis suggested the

presence of thiol protease activity or disulphide interchange capabilities. The prospect of
disulphide interchange as a result of hormone binding was considered interesting, especially

as recent reports indicated that LH and FSH both contained thioredoxin-like activity and

were able to promote dithiol-disulphide interchange. This prompted an investigation into
whether hCC was also capable of this activity.

The gonadotropic hormones oLH, hFSH, hCG and hCG* were all assayed for their ability
to reactivate reduced and denatured RNase. Recently, Boniface and Reichert (1990)

reported that bLH and oFSH were able to reactivate reduced and denatured RNase and were

300 and 60 times more active than thioredoxin respectively. In the present study however,

only oLH was found to be capable of reactivating reduced RNase and at a level only 2.5

times more active than thioredoxin. hFSH was considered to display negligible activity
which was approximately 3 times less than that of thioredoxin. Although the species of
hormones used in these two studies were different, they all contained the same

thioredoxin/PDl active site tetrapeptide sequence and were therefore expected to give

comparable results. Because the levels of activity were described comparative to the activity
of thioredoxin, then the significant discrepancy observed between the activity of oLH in this

study and that of bLH in the Boniface and Reichert study can be atrributed in part to the

different sources of thioredoxin used. However this does not explain the lack of activity in
hFSH. hFSH was prepared by Dr Jun Hiyama in this laboratory, by chromatographic

methods different to those of Boniface and Reichert. This snongly indicated that the method

of preparation may have also conrributed to the lack of acrivity. Both hCG and hCG* werc
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also assayed for their ability to reactivate reduced RNase and neither was found to have any

activity.

In order to characterize the thioredoxin-like activity observed in oLH further, a study

involving the possible mechanism of action was undertaken. If LH was assumed to follow a
similar mechanism of RNase reactivation as thioredoxin, then LH should form a dithiol
intermediate during the RNase reactivation process. By quenching this dithiol intermediate

with pg1-1AA, evidence to support the thioredoxin-like activity of LH could be obtained.

Preliminary results showed that at a 6 h incubation of RNase in the presence of LH, an

increase in radiolabelled protein occurred which was not evident in the absence of LH. This

suggested that the LH was being radiolabelled. The isolation of this radiolabelled

component was carried out and the separation of RNase and LH was attempted. Although a

conclusive separation could not be achieved, N-terminal sequence analysis of the isolated
radiolabelled component indicated the presence mainly of RNase and also of the LH p-

subunit.

Although these results were promising, the lack of thioredoxin-like activity associated with
hFSH and the low levels of activity observed with oLH urges one to consider the possibility

that the reported thioredoxin-like activity is not intrinsic to LH and FSH, but is due to the

effects of exogenous thioredoxin-like contaminants. Hormonal preparations are not usually

checked for thioredoxin-like activity and as thioredoxin is a ubiquitous protein it is feasible

that it could be a contaminant of the hormone preparations. The presence of contaminants

has already been demonstrated in a highly purified preparation of hCG, making the

possibility of contamination plausible. For this reason it is essential that the purity of a
hormone preparation is rigorously established especially when intrinsic protease activity is

being inferred.

However, if the thioredoxin-like activity of LH is assumed to be intrinsic and more

importantly to be involved in receptor activation and signal transduction, this raises an

interesting question when viewed in conjunction with hCG. Both hCG and LH share an

identical receptor and are capable of eliciting a similar physiological response. One might
therefore expect that hCG would activate its receptor in a sinrilar fashion. Howevern the lack

of sequence homology with the thioredoxin/PDl active site and the observed lack of
thioredoxin-like activity in hCG suggests that hCG would be incapable of activating its
receptor in such a manner. This would seem to inply that if the observed thioredoxin-like
activity of LH is intrinsic, then it is not responsible for receptor activation. Alternatively,
there could be a subtle difference in the response of rhe hCG&H receptor to an hCG or LH
stimulus. The lack of disulphide interchange in hCG could be a mechanism by which the

receptor differentiates between hCG and LH and thereby possibly elicits a slightly different
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response. However, because the full physiological effects of hCG are unknown, this is still

subject to speculation and further research.

Conclusion

Throughout this work the quesrion of whether the glycoprotein hormones are capable of
intrinsic enzymatic activity has been investigated. Preliminary studies with hCG (CRl27)

clearly demonstrated the presence of exogenous serine protease-like contaminants which

were shown to have an affect on cAMP stimulation. The presence of these contaminants in a

highly purified international reference standard, emphasized the need for determining the

purity of starting materials and the caution required when attributing enzymatic activity to a

hormone preparation.

Although a hormone preparation which was essentially protease free was isolated,

unequivocal evidence as to whether hCG was capable of intrinsic enzymatic activity was not

obtained. The lack of Jrgl-Otn labelling of hCG* would strongly suggest that hCG does

not contain intrinsic serine-protease activity, however further confirmation of this using an

hCG/purified receptor complex is warranted. A purified intact receptor free from membrane

proteases and incubated in the presence and absence of hCG would allow the effects of hCG

binding upon receptor breakdown to be fully investigated. On the basis of these results thE

existence of intrinsic enzymatic activity associated with hCG could be determined.

The investigation into the thioredoxin-like activity of hCG indicated that hCG did not conrain

intrinsic thioredoxin-like activity. This was not completely unexpected due to the lack of
sequence homology with the thioredoxin/PDl active site. However it does imply that if LH
is capable of thioredoxin-like activity and therefore dithiol-disulphide interchange, rhen rhis

is unlikely to be a mechanisnr of receptor activation and/or signal transduction, as hCG

should activate the receptor in a similar way. Conclusive evidence to establish whether the

observed thioredoxin-like activity of LH is intrinsic or not, can only be achieved if the

hormone is purified and the thioredoxin-like activity isolated, thereby indicating the presence

of contaminants. Alternatively the LH must be shown to undergo dithiol-disulphide
interchange. Future work would require further characterization of the 1s111-1* component

isolated following a 6 h incubation of RNase/LH. Tryptic digestions to produce a

radiolabelled peptide and amino acid sequence analysis of this peptide to identify the

radiolabelled residue would provide conclusive evidence as to whether LH was undergoing

dithiol-disulphide interchange and therefore capable of intrinsic thioredoxin-like activity.
This finding would then allow further speculation as to wherher hCG was also capable of
intrinsic thioredoxin-like activity and whether this activity was in fact a mechanism of
receptor activation and/or signal ffansduc ti on.
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IBSTRACT
The highly purified human CG (hCG) CR series is widely used as a

eference material in immunological and biological assays. However
hese hormone preparations, specifrcally hCG (CR127), exhibit Arg-
pecific peptidase activity rvith synthetic peptide substrates. The pu-
ative serine protease-like activity associated with hCG (CR127) was
imost completely inhibited by diisopropyllluorophosphate, soybean
rypsin inhibitor, N-tosyl-t -phenylalanine chloromethyl ketone and to
lesser extent by N-a-p-tosyl-r.-lysine chloromethyl ketone and was

iolated after hydrophobie interaction and affinity chromatography
rith soybean trypsin inhibitor, which indicated the presence of exoge-
ous protease contaminants rather than intrinsic peptidase activiqv.
H-DFP labeling and sodium dodecyl sulfate-polyacrylamide gel elec-

trophoresis of the isolated contaminants revealed two possible serine
proteases ofapparent mol wts 60,000 and 20,000.

The presence of these contaminants had no apparent effect on the
receptor binding capability of hCG, however the in uitro biological
activity of hCG determined by maximal cAMP production, was de-
creased after hydrophobic interaction chromatographic purification of
the hormone. These observations suggest that the serine protease-like
contaminants enhance cAMP production, thereby introducing a signif-
icant source oferror in biological a$says that use hCG (CR127). Furtber
purification of hCG by hydrophobic interaction and affrnity chroma-
tography is recommended before its use in bioassays or research.
( E ndocrinology 132: l7 66-77 73, 1993)

[J UVnru CG ftCG) is a heterodimeric glycoprotein
L I hormone of placental origin, consisting of noncova-
bntly associated a- and B-subunits. The peptide moiety of
fre a-subunit is common to the pituitary glycoprotein hor-
lrones, LH, FSH, and TSH, whereas the d-subunit confers
lormonal specificity ( 1 -4).

The response of a target cell to hCG is mediated by cAMP
lnd the measurement of cAMP in vitro constitutes a recog-
lized assay for the biological activity of this hormone. Var-
pus serine proteases such as trypsin, a-chymotrypsin, pron-
!e, and subtilisin have been shown to stimulate adenylate

fclase activity in a membrane-enriched fraction of rat ovary,

fhereas the stimulation of adenylate cyclase by hCG is
lbviated by serine protease inhibitors (5, 6), A structural and
[rnctional relationship between hCG and serine proteases

las been proposed by Willey and Leidenberger (7) who
pportud partial sequence homology between hCG and a-
lymotrypsin, suggesting the possibility that hCG has inhin-
fc serine protease-like activity. Evidence has also been ad-
lanced for disulfide isomerase activity associated with the
[ycoprotein hormones LH and FSH (8).

Investigation of the putative intrinsic protease activity of
CG requires rigorous purification to exclude contamination
y exogenous proteases such as urokinase, a distinct possi-

Received August 6, 1992.
Address all correspondence and requests for reprints to: A, C. C.

enwick, Department of Biochernistry, University of Auckland, Private
ag 92019, Auckland, New Zealand.

t This research was supported by the Health Research Council of
lew Zealand, the Lottery Board for Medical Research. the Research
ommittee of the University of Auckland and the former University
rants Committee.

bility given the common protease-rich source viz human
pregnancy urine. The presence of contaminants associated
with partially purified hCG, such as epidermal growth factor-
like components (9, 10), early pregnancy factor (11-13), and
an hCG/hLH binding inhibitor (14) has been well docu-
mented. In recent years however, there has been an increas-
ing awareness of the presence of contaminants in highly
purified preparations of hCG. These have been primarily
restricted to fragments of hCG itself, e.g. 6-core fragment
(15-20), and the presence of variable concentrations of
nicked forms of hCG which affect receptor binding and
steroidogenesis (21-23). In addition, contaminants have been
identified that are not related to hCG (24).

We now report that the highly purified CR series of hCG,
which is widely used as a standard reference preparation,
contains serine protease-like activity associated witf exoge-
nous proteolytic contaminants. Because certain exogenous
serine proteases stimulate adenylate cyclase, it is crucial that
hCG used in biological assays and research is devoid of such
impurities. These putative serine proteases were isolated
from hCG to assess their effects upon receptor binding and
cAMP stimulation in Cos 7A cells transfected with the LH
recePtor.

Materials and Method.s

Ho rmones and substrates

Highly purified preparations of hCG (CRl27 and CRl25), hCG a
(CRI19 and CR mix), hCG B (CR125), ovine LH (oLH-26), ovine TSH
(oTSH-12), and ovine FSH (oFSH-S12) were kindly supplied by the
National Hormone and Pituitary Program (University of Maryland
School of Medicine) and the NIDDK (Bethesda, MD).
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^, 
hqq (CRl2.1) was generousty-provided by Dr. S. Birken (College of

l'hysicians and Surgeons, Columbia University (New york, Ny). -

^ 
Synth.etic 

-peptide substrates, Bz-phe-Val-Arg-pNA, Tos-Glv-pro_

fg pl ll, o-Leu-Pro-Arg-pNA, o-Val-Leu-nrg-pNa, nz-lle-Clu-Gly-
Arg-pNA, Bz-Pro-Phe-Arg-pNA, Tos-Gly-pro-Lys-pNA, o-Val-Leu_
Lys-pNA, Suc-Ala-Cly-pro-irua. Suc-Tyi-Leu-Vit-rjrul and Ac_Ala-
Ala-Ala-pNA.were generously donated by Dr. D. Harding (Separation
Science Unit, Massey University, palmersion North, New2ealind). N-
a-Bz-Arg-pNA, Suc-Ala-Ala-Pio-Phe-pNA, Suc-phe-pNA and L_Leu-
pNA were purchased from Boehringlr Mannheim iAuckland, New
Zealand).

Esterase actiuity

The esterase activity of hCG was determined with p-nitroDhenvl
but-v:ate (pNPB)1liS*u, St. Louis, MO). One volume of freshly prepared
pNPB solution (100 pglml in 50 mr"r sodium acetate pH S.Ol iuls jaaea
to 2. vol 

.sampl_e 
(10-0 ag sample in 500 mr,,l Tris-ilCl, pH 7.4) and

incubated at 37 C (25). The p-nitrophenol released from pNpd was
followed spectrophotometrically at 4d5 nm for 150 min in a Shimadzu
UVl60 spechophotometer and compared with spontaneous substrate
hydrolysis in a control experiment.

Peptidase actiuity

The peptidase activity of hCG and the other glycoprotein hormone
preparations was investigated with a variety of synthitic chromogenic
peptide substrates which contain and release p-nitioaniline (pNA) ipon
cleavage. Each substrate was dissolved in dimethvl sulfoxide ind diluted
dropwise with 20 mr,r Tris-HCl buffer (pH 7.4) to vield a stock solution
of 0.2 mg/ml (final) dimethyl sulfoxide-concenhation was 0.05%). Two
hundred microliters of this stock solution were mixed with 25 Fl hormone
solution (l mg/ml) and diluted to a final volume of I nrl (final substrate
concentration was 40 pg/nrl and final hormone concentration was 25
pBlml). This sample mixture was incubated at 37 C. Aliquots were
removed at appropriate intervals and were assayed for the'release of
pNA over a 24-h period by measuring absorbanc'e at 410 nm. For each
assay a control sample consisting of peptide substrate and 20 mM Tris-
HCl. buffer (pH 7.a) in the absence of any hormone preparation was
used. The peptide substrate used for all subsequent assivj described in
this paper was Bz-Phe-Val-Arg-pNA, unless ofherwise specified.

Inhibition studies

p'l: ufJ:.lr^"f_t1>,*iljc and nonspecific inhibitors on the pepridase
activity of hCC (CR127) were studied using the assay described'above.
hCG (25 pt) was pretreated by incubation with a 20-fold molar excess
of inhibitor in 20 mv Tris-HCl (pH 7.9 for 6 h at 32 C and the peptidase
a(tivity was determined. Inhibitors used were diisopropylfluorophos-
phate (DFP, BDH Chemicals, Poole, England) in zVi (it/vol) soiution
in isopropanol. N-tosyl-r_-phenylalanine chloromethvl ketone (TpCK),
N-a-p-tosyl-r-lysine,chloromethyl ketone (TLCK). and soybean' trypsin
inhibitor (all from Sigma and prepared according to [he supplier,s
instructions).

_. fhu h.C!.prep:ration.(25 pg) was also incubated with 3H-DFP (10.0
Ci/mmol, New England Nuctear, Boston, MA) under the condihons
described above. After incubation, each sample was applied to a Seph_
ld"--S?i 9yp:rfine column (1 x 30 cm, pharmacia, Uppsata, Sweden),
in 1% NH4HCOT to remove any free 3H-DFP. Fractibns (1 ml) were
collected and their radioactive content was deterrnined in a liquid
scintillation counter (LKB Wallac 1209 Rackbeta, Turku, Finland). :H_
DFP labeled hCG was ana.lvsed by sodium dodecyl sulfate-polyacryl_
arnide gel.electrophoresis (SDS-PAGE) and fluorography usirirg sodirim
salicylate (26).

One milliliter of hCG (f mg/ml) in 20 mr"r Tris-HCl (pH 7.4) was
mixed with l-mg soybean trypsin inhibitor (STI) agarose'iSigm"j in Z
ml above buffer and incubated overnight at 4 C.'Th-e mixture-was then
packed into a l0 ml Bio-Rad (Richmond, CA) poly prep cfuomatography
column and washed with l0 X bed volume 20'mr"r Tris-HCt tp"ff 

'Z.dt

followed by elution with increasing salt concentrations (0.5 
", t.O u,

and 3.0 r'l NaCl) and finally 0.1 ulodium formate, 50 mv CaCII (pH

ASSOCIATED WITH hCG 1?6

3.0). The eluate from each step was pooled, desalted on Amicon Centri
plep ]0 concentrators, tested for peptidase activity, and analyzed b,
SDS.PAGE.

Further purification of hCG by HpLC
Gel filtratian chromatography. One milligram of hCG (CR12Z) dissolver
in I ml 0.1 u NHTHCOT was fractionated on a pharmacia Superose li
HR 10/30 HPLC column (t x 30 cm) in 0.1 u NHaHCO3, ai 0.S mt,
min-. Each fraction (2 ml) was lyophilized, redissolved in 20 mv Tris

lii,"ft 
7.4), and its peptidase activity was determined as describer

An.ion-exchange chromatography. One milligram of hCG (CRf2fl dis
solved.in 1 ml starting-buffer was applied io a pharmacia Mono e HI
5/5.anion-exchange column equilibrated in 20 mv piperazine HCI buffe
(pH 9.8) and eluted with a linear gradient of 0-0.5 r,i NaCt in the abovt
buffer at 0.5 ml/min. Fractions 12 ml; were collected, desalted witl
Amicon Centricon l0 microconcentrators, and assayed for peptidast
activiiy.

Hydrophobic intefiction chromatography. One milligram of hCG (CRl27
was fractionated on a TSKget Phenyl-SpW hydrophobic interactior
chromatography (HlC) column (0.25 x 7.5 cm;'Tosoh, Tokyo, Japan)
The column was equilibrateq yvit! 0 1 u sodium phosphate'buffei 1pH
7.0) that contained 1.0 v (NHa)rSOa and 0.027o NaN, (buffer A; and
the sample was eluted with 0.1 u sodium phosphate buffer (pH 7.01
that.contained 30% isopropanol and 0.022o-NaN, lbuffer f;. A tineai
gradient from 0-1007o buffer B over 30 min at I ml/min was used
Fractions (2 ml) were collected, desalted with Amicon Centricon lt
microconcentrators, and assayed for peptidase activity. An aliguot ol
each fraction obtained was assayed for immunoreactive hCG uding ar
Amerlex-M /i hCG RIA kit (Amersham, UK).

Effect of protease contanrinants on hCG incubation

. O- llh-l$ryd micrograms of hCG (CRl2z) and hCG (CR127) purified
by HIC-HPLC chromatography were dissolved in 100 gl 20 nir,.r Tris-
HCI (pH 7.4) and incubated at 37 C for 24 h. Aliquots (25 pl) were
removed at various time intervals and treated at 32 

-C 
for I h in 0.1%

trifluoroa-cetic acid (TFA) (25 pl). Each sample was then analyzed by
analytical reverse-phase HPLC (RP-HPLC) on a Vydac Ca column (30b
A 0.46 x 15. cm; Separations Group, Hesperia, CA) using a 45_min
linear acetonitrile gradient from 0-80% u;.-0I5% TFA. Th; flow rate
was I ml/min and the eluate was monitored at 226 nm (22).

Analysis of pepti.dase contaminant$ by Rp-HpLC

, The peptidase contaminants isolated from hCG (CR1Z7) were ana_

llzed bl RP-HPLC. The peptidase fractions isolated by HIC-HpLC were
lyophilized after desalting with Amicon centricon l-0 microconcentrators
and each was applied to a Vydac Cr column (300 A 0.46 x 15 cm). The
samples were chromatographed using a 60 rnin linear acetonitrile gra-
dient from 4-80Vo in 0.1Vo TFA, at a flow rate of 1 ml/min and"the
eluate was monitored at 226 nm.

Receptor bindirg and cAMP stimulation assays

-The cAMP and receptor binding assays were carried out on Cos 7A
cells which had been transfected with, and which were expressing the
rat LH receptor. After transfection (48-60 h) the cells *e.e'assavei for
intracellular cAMP and t,jl:hqG binding in the presence of increasing
concentrations of cold hCG. Receptor binding and cAMp stimulatioi
assays were kindly performed by Dr. T. H. Ji as previously described
(27).

Gel elcctrophoresis

SDS-PAGE was carried out by the method of Laemmli (2g). under
reducing conditions on l2.SVo slab gels. protein bands weie detected
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vith Coomassie blue or a silver stain (29). Mol wt markers in the range
rf 14,000-70,000 were from Sigma.

lmino acid sequence analysis

Sequence analysis was performed on an Applied Biosystems (Foster
iity, CA) gas-phase sequencer with on-line phenylthiohydantoin-amino
rcid analyzer.

Results

)eptidase actiuity

hCG and its cr- and B-subunits from different CR series
vere tested for esterase activity using pNPB. The observed
rydrolysis of the substrate upon addition of hCG (CR127)
vas 0,41 AA+os/min, compared with 0.39 AAa65/min ob-
,erved with spontaneous hydrolysis; clearly hCG did not
:xhibit any significant esterase activity.

However, when preparations of hCG were incubated with
r variety of synthetic peptide substrates, significant peptidase
Lctivity was observed. A range of synthetic peptide sub-
'trates, which were serine-protease specific, was investigated
vith different batches of hCC, its subunits and other glyco-
rrotein hormones. Release of pNA from these substrates was
nonitored over a 24-h time period at appropriate intervals
ry measuring the absorbance at 410 nm. The rate of pNA
elease (AAqrs/h) was linear up to 24 h with a correlation
'oefficient consistently greater than 98%. The release of pNA
rom these substrates occurs with cleavage after an arginine
esidue. Other substrates used had Lvs, Phe, Pro, and Val as
he first amino acid (PI), but there was no enzymic hydrolysis.
lz-Phe-Val-Arg-pNA, which gave the highest activity, was
'hosen as the subsfrate of choice for all of the following
reptidase experiments (Fig. 1).

Of all of the hCG CR series tested, hCG (CRl27) gave the
righest rate of pNA release (AA{'0"*/h), against Bz-Phe-Val-
\rg-pNA over a periOd of 24h. The peplidase activity shown
ry hCG (CRl19), (CR121), and (CRl25) was 247o, 377o, and
,4%, respectively, of hCG (CR127), whereas the a- and 0-
ubunits tested did not elicit anv detectable peptidase activ-
ty. These results suggest that the observed peptidase activity
vas not intrinsic but was due to a contaminant(s) present in
hat batch and to a lesser degree in the other preparations.
'he peptidase activity of oLH, oFSH, and oTSH showed
'ariable activity according to the synthetic substrate used.
{owever, in all cases the peptidase activity was at least 5
imes lower than that for hCG (CR127).

iffect of hormone and substrate concentration

Peptidase activity was investigated using a range of hCG
oncentrations (25, 50, 75 and 100 pg/ml) which resulted in
linear relationship. The substrate concentration was also

aried (20, 40, 80, and 100 pg/ml) while maintaining the
,ormone concentration constant and this also resulted in a

near response (data not shown). Further studies were un-
ertaken with standard hCG and substrate concentrations of
5 pg/ml and 40 eglml respectively.
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Ftc. 1. Peptidase activity of hCG (CRl2?) with synthetic peptide
substrates. Twenty five micrograms of hCG (CR127) were incubated
with each synthetic substrate as described in the text. The rate ofpNA
release was monitored over 24 h by measurement of absorbance at 410
nm. Values which corresponded to a control sample that contained
only substrate and buffer were subtracted from those obtained with the
test samples. Bz-Phe-Val-ArC-pNA (I), Tos-Gly-Pro-Arg-pNA (A), o-
Leu-Pro-Arg-pNA (O), o-Val-Leu-Arg-pNA (tr), Bz-lle-Glu-Gly-Arg-
pNA (O), Bz-Pro-Phe-Arg-pNA (A), N-rr-Bz-Arg-pNA (+). Each point
represents the mean of triplicate samples + sD.

Inhibition

The use of various protease inhibitors viz DFP, STI, TPCK
and TLCK, enabled the further characterization of the con-
taminant(s) in hCG (CR127). The hormone was preincubated
with a 20-fold molar excess of inhibitor and the subsequent
rate of pNA release from the substrate was determined. Bv
expressing the peptidase activity of a control sample of
untreated hCG as 100% with no inhibition. DFP and STI
were found to inhibit the proteolytic activity of hCG (CRl27)
by 92Va and 80% respectively, TPCK by 79Vo and TLCK by
45o/o.

DFP and STI were used for further characterization stud-
ies. hCG (CR127) was incubated with 3H-DFP and subse-
quently analyzed by gel filtration and by SDS-PAGE and
autoradiography. The hCG (CRl27) preparation was chro-
matographed on a Sephadex G25 superfine column after
incubation with 3H-DFP. Radioactivity was detected in two
fractions; 0.2Vo of the total counts was eluted in the void
volume while the remaining radioactivity was separated in a
later fraction. In the absence of hCG (CRl27), all of the
radioactivity was detected in this one fraction. Autoradiog-
raphy revealed a prominent radioactive band which sug-
gested an active serine protease at an apparent mol wt of
approximately 60,000 while a much weaker band was seen
at approximately 20,000. The breakdown product of un-
bound'H-DFP was detected at the dye front (Fig. 2). hCG a
and hCG p migrate at 16,000 and 35.000, respectively,
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Flc. 2. Autora4iography of 3H-DFp labeled hCG (CR12T). hCG
(CRl27) and hCG' were pretreated with 3H-DFp as described in the
text. These samples and a control consisting of 3H-DFp only were then
Ioaded onto a 12.5% SDS-PAGE gel, run under reducing conditione
and exposed to x-ray film.

The inhibition of peptidase activity bv STI facilitated the
purification of hCG-by affinity chromaiography on a STI-
agarose col-umn; most of the protease activily wai effectively
separated from the hormone and was elutei with the 0.1 r,a

sodium formate buffer (pH 3.0). This proteolytically active
fraction was analyzed by SDS-PAGE and severll bands were
observed after staining with Coomassie blue. Three bands
y^"1"^::ib!1in an apparent mol wt range of approximately
50,000 to 60,000, there was another component at approxi_
mately 35,000 and a rather prominent bind was viiible at
approximately 14,000 mol wt (Fig. 3A).

Purificatinn of hCG

Further chromatographic purification of hCG (CR12Z) was
attempted with a Superose 12 gel filtration column and a
Mo19 Q anion exchange column. In both cases the peptidase
activity was eluted in the same fractions as hCG ldita not
slrown). However further purification of hCG by HIC-HpLC
(Fig. 4A), facilitated the resolution of the hormone from the
peptidase activity, which was resolved into two major active
fractions and a minor fraction. These active components were
designated A1, A2, and A3, respectively. Thi position of
hCG was confirmed by RIA, and A1, 42, and Aj contained
no hormone- This preparation of hCG was designated hCG*
(Fig. aB) and was treated with 3H-DFp; no triHrlm label was
incorporated into the hormone. hCG* was assayed for pep-
tidase activity against the range of synthetic ieptide iub-
states but no peptidase activity was observed at any time.

C haracte rization of eontaminants

Preparations Al,-A2, and A3 isolated from hCG (CRl2Z)
were analyzed by SDS-PAGE, and several bands were ob-

finally 0.1 r'vr sodium formate, b0 mru baCl, (pH 3.0). Tt."i";;;'f*;
each step was pooled, desalted on Amicon Centriprep l0 concentrator{
and tested for peptidase activity. The 0.1 rra .o&o- format€ fraction
was^{ound to contain peptidase activity and was analyzed UV SOS-
PAGE on t?.57o slab gels under reducing conditions (lane 

-2) 
and

compared with hCG (CRlz?) (lane t). Thl mol wts on the left are
those of standard mol wt markers (from the top: bovine albumin, etgalbumin, giyceraldehyde-B-phosphate dehydrogenase, .".Uo"i" 

""tlldrase, trypsinogen, soybean trypsin inhibito'r, and 
"-lactalbumi'rr.B, Fractions Al, A2, and A3 isolitid from rhe HiC-HPLC prrif,.ution

of hCG (CR127) (l_mg) 
.were analyzed by SDS-pAGE usirig the same

condrtions as specified above and compared with hCG (CR12?).

Ftc. 3. SDS-PAGE of contaminatingproteases. A, I mg hCG (CRf 2?)
w31lcr1bafe! overnight at 4 C wirh STl-agarose and p"acked il;; i0
ml.Bio-Rad Poly Prep chromarography columr, and washed *iif, iOx
bed volume of 20 mv Tris-HCl (pH ?.a) foltowed by elution withl
increasing salt concentrations (0.b M, 1.0 N4, and 3.0 ,irnr NrCff 

""1

served after staining with Coomassie blue (Fig. 3B). Both Ai
and A3 sh_owed a single prominent band wiih an apparent
mol wt of approximately 61,000, whereas eZ gave four

lir
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analysis carried out. The sample yielded no sequence data,
which suggested a possible blocked N-terminus.

Effects of protease contaminants on hCG incubation

The possible degradative effects of the contaminating pro-
teases upon hCG were studied using Rp-HpLC for detection.
hCG* and hCG (CR127) were incubated with 20 mv Tris-
HCI buffer (yH Z,+1 and after a period of 24 h no change
was detected in the RP-HPLC profile of the two sampl-es
(data not shown).

Receptor binding and cAMP stimulation assays

hCG (CRl27) and hCG* (CR12Z) were both examined in
receptor -bhltlg and cAMP stimulation assays. Samples of
hCC and hCG* were first assayed by RtA, confirming that
hCG and hCG* contained comparable concentrations lmIU/
mg) of the hormone. Whereas there was no apparent differ-
ence between the two samples of hormones in the receptor
binding assay (Fig. 5A), there was an apparent differenie in
the cAMP stimulation (Fig. 5B). The maximum cAMp pro-
duction evoked by hCG* was 27o/o lower than the control
hCG.

Discussion

The presence of contaminants in highly purified prepara-
tions of hCG, which have been shown to affect receptor
binding, steroidogenesis, and immunoassay results (30,'31),
has illustrated the need for caution in the interpretation of
data obtained from bioassays which employ hig'hly purified
hCG as a reference compound. The resuits oJ ihii studv
confirm the presence of non-hCG related contaminanti,
specifically serine protease-like activity associated with the
highly purified hormonal preparation, hCG (CRl2Z).

hCG is purified from pooled pregnancy urine by a two_
step ch-romatographic procedure, anion-exchange iollowed
by gel filtration (32). During the initial extractioriprocedure,
protease inhibitors arepresent to prevent proteolytic degra-
dation of the hormone by the numerous prbteases associated
with urine. Although these inhibitors are effective in blocking
protease activity, they do not remove these enzymes from
the source material. From our attempts to remove the con_
taminating peptidase activity from hCG by gel filtration and
ion-exchange chromatography, it is clear lhit suctr purifica-
tion procedures are not sufficient for the removil of all
protease contaminants, because the proteolytic activity was
eluted in association with the hormone in 6oth pro.ui rr"r.
HlC.effectively separated the peptidase activity from hCG,
yielding two major (A1 and A2), and a minor (A3) peptidase
fractions. Although rhe hCC collected from the HiC_Hpt_C
column (hCG*) no longer contained peptidase activity de-
tectable.in our assay system, this does not provide unequiv_
ocal evidence that all contaminating proleases had teen
removed.

Partial characterization of the contaminating proteases was
initially based upon substrate specificity and inhlbition stud_
ies. The substrates in order of greatest reactivity were Bz_
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FRACTION
Irc. 4. Purification of hCG (CRI2Z). A, HIC-HPLC trace of I mg
tCG (CR127). The column was equilibrated with 0.1 ru sodium phosl
rhatetuffer (pH 7.0) that contained 1.0 M (N&)rSO., and 0.01% ir,laNa
s buffer A. Elution was effected with a linear gradient from 0-1002o
,uffer B [0.1 rr,r sodium phosphate bulfer (ptl 2.0) containing 30Zo
ropropanol and 0,02% NaN3l over 30 min at I ml/min. n, fne
oncentration of hCG (mlU/ml) (I) for each HIC-HPLC fraction was
ssayed by RIA. The peptidase activity of each fraction was then
etermined with Bz-Phe-Val-Arg-pNA in 20 mu Tris HCI (pH ?.4) as
ubstrate, and the absorbance was measured at 410 nm (O).

'ands, three of which corresponded to a mol wt range of
0,000-63,000, whereas the fourth was approximitely
5,000. A,3 also contained a 20,000 mol wt component. Th-e
el was further analyzed by silver staining which revealed a
imilar 20,000 mol wt component in the A2 fraction.
Fractions Al, A2, and A3 were further analyzed by Rp-

IPLC and each fraction was found to consisi of multiple
rmponents. Major fractions were collected, assayed, and
nowedno detectable peptidase activity, possibly bicause of
reversible denaturation under the conditions of Rp_HpLC.
An additional purification step was incorporated to remove
proportion of these contaminating fractions using ,42 as

re starting material. ,A'2 was applied to a Mono e column,
re subsequent fractions were collected and assayed for
eptidase activity which was eluted in the void volume.
fter desalting and analysis by Rp-HpLC, a single compo_
?nt was observed. This fraction was collected and seouence
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Ftc. 5. Receptor binding and cAMP assay of hCG (CRt27) and hCG*
(CR12?). Cos ?A cells were transfected with the rat LH receptor and
48-60 h after transfection, assayed for receptorbinding (5A) and cAMP
production (58). t']5I-hCG binding and intracellular cAMP production
were determined in the presence of increasing amounts of cold hCG
(CR12?) (l) and hCG* (CR12?) (O). The percentages of 'sl-hCG
binding were determined on the basis of r'sl-hCG binding in the absence

ofcold hCG (CR12?) or hCG* (CR12?) as 100% binding- The concen-
tration of cAMP in each sample was determined with a txsI-cAMP

assay kit (Amersham Corp.) following the manufacturer's instructions'
The data represent the average of duplicate assays which are reproduc-
ible within + 15Va.

Phe-Val-Arg-pNA > Tos-Gly-Pro-Arg-pNA ) o-Leu-Pro-
Arg-pNA ) p-Val-Leu-Arg-pNA > Bz-Ile-Glu-Gly-Arg-pNA
> Bz-Pro-Phe-Arg-pNA, suggesting that the contaminating
proteases cleaved only after an Arg residue. However, when
N-a-Bz-Arg-pNA was used as substrate no cleavage was

observed which suggests a possible requirement for the pres-
ence of several amino acids to form an effective substrate. It
is known that the residues adjacent to the site of cleavage

may also influence Proteolytic sPecificity.
fhe peptidase activity of hCG (CR127) was abolished bv

r77l

DFP (a general serine protease inhibitor), soybean hypsin
inhibitor, and TPCK (a chymotrypsin inhibitor), whereas
TLCK (a trypsin inhibitor) exhibited partial inhibition. This
observation further suggested that the contaminating Pro-
tease activity was due to serine proteases and STI affinity
chromatography was subsequently successful in resolving
hCG from the contaminants. Although the aPParent sub-
strate specificity was not strictly trypsin-like, as there was no
specificity for lysine, the greater inhibitory action of TPCK
compared to TLCK was unexpected. Two of the synthetic
substrates used in this study contained phenylalanine as the
terminal amino acid viz Suc-Ala-AIa-Pro-Phe-pNA and Suc-
Phe-pNA, suggesting that, as already discussed for the argi-
nyl substrates, amino acid residues adjacent to the active site
may be a requirement for activity, and that their nature may
also influence this activity.

The apparent mol wts of the three isolated contaminant
fractions were determined by SDS-PAGE. A1 contained a

single band at a mol wt of approdmately 61,000, which was
evident in all three contaminants; A2 contained four bands
distinctly separated in the range of 55,000-63,000 mol wt
and A3 contained a component with an apparent mol wt of
20,000, which was also detected in A'2 after silver staining.
These same bands were observed in the STl-agarose isolated
proteolytic fraction, with the exception of the 20,000 mol wt
band which was replaced by a slightly lower mol wt com-
ponent of approximately 14,000. By radiolabeling the hor-
mone with 3H-DFP followed by autoradiography, two pu-
tative serine proteases were identified. The strongest incor-
poration was associated with a band of apparent mol wt ol
60,000 which closely matched that of the components of A1,
A2 and A3; another band of apparent mol wt of 20,000
corresponded to the lower molecular weight band evident in
A2 and A3.

Further purification of ,{2 by Mono Q and RP-HPLC
yielded a homogeneous fraction which was unable to be

sequenced. This suggested the presence of a blocked N-
terminus and further analysis is necessary to identify this
contaminant. Given the source of hCG (i.e. urine) and in the

absence of sequence data, a potential major contaminant is

urokina.se, which is known to exist in two forms of 55,00C

and 35,000, respectively, and which specifically cleaves aftel
arginine. However. because urokinase is also known to cleave
after lysine and is not inhibited by STI, this possiblity is

unlikely (33).
The partial sequence homology between hCG and a-

chymotrypsin would seem to suggest that peptidase activitl
should be evident in the presence of an appropriate synthetir
subsfrate. To investigate whether hCG* contained this intrin'
sic peptidase activity, hCG* was assayed against the rangt
of synthetic peptide substrates, all of which revealed nc

activity. Similarly, although DFP would be expected to binc
to the serine-protease-like substrate pocket postulated to exis'
in hCG (7), labeling of hCG* with 3H-DFP was unsuccessful
This evidence suggests that hCG" devoid of its exogenour
contaminating proteases, does not contain intrinsic peptidast
activity. However this possiblity cannot be fully excluded; i:

the putative intrinsic peptidase action of hCG is against itr
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receptor (34, 35), either to promote signal transduction or
down-regulation, then an amino acid and/or conformational
specificity would be a strict requirement. Similarly hCG
undergoes a structural change upon binding to its receptor
(36, 37) which suggests that the active site of free hCG may
be unavailable for 3H-DFP labeling. In this case hCG pre-
rented to its appropriate receptor in the correct conformatjon,
mi-ght reveal peptidase activity. Such questions can only be
:ffectively answered if an hCG-receptor complex is used as
the starting material.

We have shown that the highly purified hCG (CR12Z) acts
rpon synthetic substrates suggesting serine protease-like ac-
:ivily. However this enzymic activity is not intrinsic but is
lue to the effects of exogenous protease contaminants. Re-
:ent findings that human leukocyte elastase may act on hCG
:o produce nicked hCG (22) prompted us to investigate the
>roteolytic effects of these contaminants on hCG. Incubation
:xperiments revealed no detectable proteolvtic breakdown
rf hCG or hCG*, which suggested that the contaminants did
rot adversely affect hCG, and that no correlation with the
tlastase activity can be inferred.

The effects of hCG on its target cells are mediated by
:AMP production, which is also stimulated by exogenoui
,erine proteases (5, 6). This enzymic stimulation appears to
re independent of the hCG receptor (5), therefore-determi-
ration of the effects of the contaminating serine proteases
rn receptor binding and cAMP stimulation was crucial. The
emoval of protease contaminants from hCG (CR127) did
rot apparently affect the receptor binding activitv of hCG.
{owever, the cAMP assays showed that the further purifi-
ation of hCG (CRl27) led to a significant decrease in the
riological activity of the hormone as assessed by the maximal
AMP production, suggesting a contribution Ly exogenous
erine-protease-like contaminants in hCG (CR12n. Because
he detection of cAMP stimulation is widely used as an assav
ystem for hCG bioactivity, the finding th;t hCG (CR124 (;
tandard reference material) contains protease contaminants,
nd evokes a greater stimulation of cAMp in comparison
iith hCG*, introduces a significant source of enoi which
fust be taken into consideration when interpreting subse-
luent assay results. Although further studies are required to
etermine the effects of the isolated protease fractions in the
[.MP assays, the results of the present study point to the

leed 
for further purification of ttre Cn series of i,CG p."pu-

ltions before their use in biological studies.
Serine protease inhibitors haie been shown to affect the

CG stimulation of adenylate cyclase adversely (5, 6), and
rerefore the incorporation of such inhibitors inio'bioassavs,
) counteract the presence of the exogenous protease contam-
rants, is not feasible. As an alternative therefore, we have
emonstrated that the serine proteaselike contaminants
resent in hCG (CRl27) can be easily removed either bv STI
lfinity chromatography or HIC-HpLC providing a standard
rference material, devoid of the effects of exogenous serine
roteases, which may be preferentially used in bioassays.

Note Added in Proof

_ ltgglg, P. L 1 R E. Gaines-Das, and D. R. Bangham fl Endocrinol
t:295-310, 1980) found traces of peptidase activity in reflrence prep-
'ation CRl19 but did not examine this further.

Acknowledgments
We thank Dr. T. H. Ji of the Department of Molecular Biology at the

University of Wyoming for kindly performing the receptor binding and
cAMP assays, Dr. D. L. Christie for performing amino acid suqience
analysis, and Mr. A. D. Hieber for helpful discussions.

References

1. Pierce JG, Parsons TF 1981 Glycoprotein hormones: structure and
function. Annu Rev Biochem 501465-4gs

2. Mcllroy Pf, Ryan RI 1983 Some observahons and commentary on
the mechanism of action of gonadotropins. ln: Li CH (ed) Hormonal
Proteins and Peptides. Academic Press, vol 1l:93-133

3. Ryan RJ, Keutmann lIT, Charlesworth MC, McCormick Dt, Mil-
ius RP, Calvo FO, Vutyavanich T 1gB7 Structure-function rela_
tionshipsof gonadotropins. Recent prog Horm Res 43:3g3-429

4. Stockell Hartree A 1989 Multiple forms of pih:itary and placental
gonadotrophins. Oxf Rev Reprod Biol l1t14i-l4g

5, Richert ND, Ryan RI 1977 Protease inhibitors block hormonal
1!ty:_tiol of adenylate cyclase. Biochem Biophys Res Commun
78:799-805

6. Mcllroy PJ, Richert ND, Ryan RJ l9S0 Effects of proteinase inhib-
itors on adenylate cyclase. Biochem J 188:423-435'

7. Willey KP, Leidenberger F 1989 Functionally distinct agonist and
receptor-binding regions in human chorionic gonadotropin. J Biol
Chem 264:79716-19729

8. Boniface ff, Reichert Jr LE 1990 Evidence for a novel thioredoxin_
like catalytic propertv of gonadotropic hormones. Science 247:61-
64

9. Knox GE, Reynolds DW, Cohen S, Alford CA lgZB Alteration of
the growth of cytomegalovirus and herpes symplex virus type I by
epidermal growth factor, a contaminant of irude human ihorionk
gonadotropin preparations. J Clin Invest 6l:1635-1644

10. Hofmann L Holzel F, Hackenberg R, Schulz K-D 1989 Character_
ization of epidermal grow.th factor-related proteins from human
urinary chorionic gonadotrophin. J Endocrinol I 23:333-340

I l. Rolfe BE, Morton H, Clarke FM i983 Early pregnancv factor is an
immunosuppressive contaminant of commeicial preparitions of hu-

. - inan chorionic gonadotrophin. Clin Exp Immunol 51:45-52
12. Morse JH, Stearns G, Arden;, Agosto Gl[, Canfield RE 1976 The

effects of crude and purified human gonadotropin on in ztitro
stimulated human lymphocvte cultures. Cell tmmunol 25:17g-1gg

13. Muchmore AV Blaese RM 1977 lmmunoregulatory properties of
fractions from human pregnanqv urine: evide-nce thit'human cho-
rionic gonadotrophin is not responsible. J lmmunol 11g:ggl-gg6

t+ !19!e-y TA, Menzies GS, Williams Rf, Kinsman OS, Adams DJ
1991 Characterization of a factor(s) from partiallv purified human
gonadotrophin prepararions which inhibit(!) the binding of human
LH and human chorionic gonadotrophin to Condida"albicans. J
Endocrinol 128:139-151

15. Wehmann RE, Blithe DL, Akar AH, Nisula BC lggg d-Core
fragments are contaminants of the world health organization refer_
encepreparations of human choriogonadotrophin and its a_subunit.
J Endocrinol 177:747-152

16. Bidart fM, Puisieux A, Troalen F, Foglietti Mf, Bohuon C, Beltet
D f988 Characterization of a cleavage producf in the human cho_
riogonadotropin /l-subunit. Biochem Biophys Res Commun
754:626-632

17. Stockell Hartree A, Shownkeen C, Stevens VC, Matsuura S,
Ohashi M, Chen H-C 1983 Studies of the human chorionic gona_
dotrophin-like substance of iuman pituitary glands and its si"gnifi_
cance. J Endocrinol 96:1.75-1.26

18. Puisieux A, Bellet D, Troalen F, Razafindratsita A, Lhomme C,
Bohuon C, Bidart JM 1990 Occurrence of fragmentation of free
and combined forms of the p-subunit of humarichorionic gonado-
tropin. Endocrinology | 26:687 -69 4

19. Birken S, Armstrong EG, Gawinowicz Kolks MA, Cole LA,
Agosto GM, Krichevsky A, Vaitukaitis fL, Canfield RE 198d
Structure of the human chorionic gonadotropin beta subunit frag-

^- T"lt from pregnancv urine. Endocrinology 123:572-5gJ
20. Endo T, Nishimura R, Saito S, Kanazawi K, Nomura K, Katsuno

M, Shii K, Mukhopadhyay K, Baba S. Kobata A 1992 Carbohv-



21

22

23.

25

26.

27.

PROTEASE ACTIVITY

drate structures of d-core fragment of human chorionic gonadotro-
pin isolated from a pregnant individual. Endocrinology 130:2052-
2058
Kardana A, Elliot MM, Gawinowicz MA, Birken S, Cole LA 1991
The heterogeneity of human chorionic 6onadotropin (hCG). l. Char-
acterization of peptide heterogeneity in 13 individual preparations
of hCG. Endocrinology 129:1541 -1550
Birken S, Gawinowicz MA, Kardana A, Cole LA 1991 The het-
erogeneity of human chorionic gonadotropin (hCG). ll. Character-
istics and origins of nicks in hCG reference standards. Endocrinology
I 29: I 55 1-l 558
Cole LA, Kardana A, Andrade-Gordon P, Gawinowicz MA, Mor-
rls fC, Bergert ER, O'Connor f, Birken S l99l The heterogeneitv
of human chorionic gonadotropin (hCG). III. The occunence and
biological and immunological activities of nicked hCG. Endocrinol-
ogy 129:1559-1567
Moss l, Ross PS, Agosto G, Birken S, Canfield RE, Vaughan M
1978 Mechanism of action of choleragen and the glycopeptide
hormonesl Is the nicotinamide adenine dinucleotide tlvcohydrolase
activity observed in purified hormone preparations intrinsic to the
hormone? Endocrinology'l 02:415- 422
DiPersio LP, Fontaine RN, Hui DY 1990 ldenrification of the active
site serine in pancreatic cholesterol esterase by chemical modifica-
tion and site-specific mutagenesis. J Biol Chem 265:16801-15806
Chamberlin lP 1979 Fluorographic detection of radioactivity in
polyacrylamide gels with the water-soluble fluor, sodium salicylate.
Anal Biochem 98:1 32-135
,i l, Ji TH 1991 Asp383 in the second transmembrane domain of the
lutropin receptor is important for high affinity hormone binding
and cAMP production. J Biol Chem 266:14953-14957

ASSOCIATED WITH hCG t773

Laemrrli UK Cleavage of structural proteins during the assembll
of the head of bacteriophage T4. Nature 227:680-685
Wray W, Boulikas T, Wray VP, Hancock R 1981 Silver staining ol
proteins in polyacrylamide gels. Anal Biochem 118:197-203
Kardana A, Cole LA 1992 Polypeptide nicks cause erroneous results
in assavs of human chorionic gonadotropin free B-subunit. Cl.in
Chem 38:26-33
Cole LA, Kardana A 1992 Discordant results in human chorionic
gonadotropin assays. Clin Chem 38:263-270
Canfield RE, Morgan FI 1973 Human chorionic gonadotropin
(hCG). I. Purification and biochemical characterization. ln: Berson
SAu Yalow RS (eds) Methods in Investigative and Diagnostic Endo-
crinof ogy. North Holland, Amsterdarn, 7 27 -7 3 3
Leruft A, Terminiello I Traver ]H, Groff IL 1967 Biochemical
and biophysical studies of human urokinase. Thromb Diath Hae-
morh 18:293-294
Kellokumpu S, Raianiemi H 1985 lnvolvement of plasma mem-
brane enzymes in the proteolytic cleavage of luteinizing hormone
receptor. Endocrinology | | 6:7 07 -7 | 4
Ji l, Ii TH 1990 Differential interactions of human choriogonadotro-
pin and its antagonistic aglycosylated analog with their receptor.
Proc Natl Acad Sci USA 87:4396-4400
Moyle WR, Pressey A, Dean-Emig D, Anderson DM, Demeter
M, Lustbader f, Ehrlich P 19E7 Detection of conformational
changes in human chorionic gonadotropin upon binding to ral
gonadal receptors. J Biol Chem 262:16920-16926
Katikineni M, Davis TF, Huhtaniemi IT, Catt KJ 1980 Luteinizing
horrnone-receptor interaction in the testis: progressive decrease in
reversibility of the hormone-receptor complex. Endocrinology
107:1980-1988

28

29

30

31

32

33.

34.

JJ.

36



PROTEIN
A 

28onm

ABCDE
BUFFERS

Elution Profile of hCG Purification by STI Agarose Affinity
Chromatography

hCG (CR127) was purified by STI agarose affinity chromatography as described in the text.

The buffers used were A- 20 mM Tris-HCl (pH 7.4), B- 20 mM Tris-HCl (pH 7.4), 0.5 M
NaCl, C-20 mM Tris-HCl (pH 7.4),1.0 M NaCl, D- 20 mM Tris-HCl (pH 7.4),3.A M NaCl

and E- 0.1 M sodium formate, 50 mM CaCl2 (pH 3.0). The eluate from each step was pooled

and the protein content determined spectrophotometrically at 280nm.

From the above results it was clear that a high proportion of protein was eluted from the STI

agarose affinity column in the primary Tris HCI wash, with further protein eluting in the

presence of 0.5 M NaCl. The change in pH also was shown to elute some protein. Each

sample was assayed for peptidase activity as previously described and an aliquot from each

sample was also analysed by SDS-PAGE. The results showed that hCG was present in both the

primary Tris-HCl wash and in the 0.5 M NaCl wash. hCG was not detected in any of the other

fractions. It is interesting to note that approximately 40 Vo of the hCG (CRl27) was initially
bound to the STI affinity column and required 0.5 M NaCl to elute it. The binding of the hCG

(CR127) to STI would seem to support the earlier mention of STI/hCG interaction as reported

by Willey and Leidenberger (1989). However it is possible that the presence of the serine-

protease like contaminants associated with the hCG (CR127) could also be responsible for
binding the hCG with the STI agarose.
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