
To the Graduate Council:

I am submitting herewith a dissertation written by Krishnadas Nandagopal entitled "The roles
of leucine 15 and histidine 16 of human epidermal growth factor in the reception and relay
of mitogenic signals by the epidermal growth factor receptor." I have examined the final
copy of this dissertation for form and content and recommend that it be accepted in partial
fulfillment of the requirements for the degree of Doctor of Philosophy, with a major in
Biomedical Sciences.

Salil K. Niyogi, Major Professor

We have read this dissertation and

recommend its acceptance:

j£>

Accepted for the Council:

Associate Vice Chancellor and

Dean of The Graduate School



THE ROLES OF LEUCINE 15 AND HISTIDINE 16 OF HUMAN EPIDERMAL

GROWTH FACTOR IN THE RECEPTION AND RELAY OF MITOGENIC

SIGNALS BY THE EPIDERMAL GROWTH FACTOR RECEPTOR

A Dissertation presented for the Doctor of Philosophy Degree

The University of Tennessee, Knoxville

Krishnadas Nandagopal

December 1997



DEDICATION

To my parents Sundari and Krishnadas for all their love and encouragement

11



ACKNOWLEDGEMENTS

I have cherished the privilege of being a member of Dr. Salil K. Niyogi's laboratory

and am grateful to him for having given me this wonderful opportunity. While nurturing my

interests in large measure, he has helped me grow as an individual and as a scientist.

Members of my thesis committee and others have given generously of their time and have

provided valuable insights in many instances. I am indebted to Drs. Audrey Stevens, John

S. Cook, John W. Koontz, Stephen J. Kennel, Margaret Terzaghi-Howe and Engin H.

Serpersu in this regard. Ms. Diana M. Popp, Mr. Joel Harp, Drs. William A. Schountz and

John A. Lamerdin are thanked for engaging discussions and their technical assistance. The

transition to life in America may have been less eventful but for the sustained support and

perceptive criticisms received from friends and colleagues. My interactions with Ms.

Margaret Y. Mack, Ms. Melissa E. Overcash, Drs. Douglas K. Tadaki, Mary B. Murray,

Stephen R. Campion, Melinda R. Hauser and Loren J. Hauser have been a source of

vmalloyed pleasure!

This research was supported by USDOE contract DE-AC05-960R22464 with

Lockheed Martin Energy Research Corporation, a graduate research assistantship from The

University of Tennessee-Oak Ridge Graduate School of Biomedical Sciences and partial

support by NSF grant BES9421774 to Dr. S. K. Niyogi through The University of Tennessee.

Ill



ABSTRACT

The solution structure of human epidermal growth factor (hEGF), as determined by

nuclear magnetic resonance (NMR) spectroscopy, indicates that L15 and H16 of hEGF are

solvent-exposed and are in spatial proximity to other residues implicated in receptor

recognition and activation. Therefore, they may be involved in receptor-ligand interactions.

Although site-specific mutagenesis does not indicate an essential role for the

imidazole functionality of HI6 in mediating biochemical and biological activity, optimal

receptor recognition may rely on hydrogen-bond donor/acceptor interactions involving a

polar, isosteric side-chain at this site. Furthermore, the increased relative affinity (272%) and

agonist activity (263%) of the H16Q mutant suggest that HI 6 could be a target for the

engineering of superagonists with therapeutic potential.

The geometry and hydrophobicity of the y-branched LI 5 side-chain ofhEGF promote

formation of a catalytically active receptor-ligand complex. The LISA mutant partially

impairs allosteric activation of the EGFR in a (Glu4,Tyr,)„ substrate phosphorylation assay

and is also defective in stimulating receptor dimerization / oligomerization in vitro. Gross

structural perturbations are not evident in the 'H-NMR spectrum of LISA compared to wild-

type, thereby indicating a functional role for LI S of hEGF in receptor-ligand interactions.

Stimulation of murine keratinocytes with either the partial agonist (LISA) or vvdld-

type hEGF reveals a lack of linear correlation between the activation of p42 MAP kinase and

levels of receptor autophosphorylation. The percentages of cells which proliferate in

response to 1 nM LISA and their rate of entry into S phase are both decreased relative to the

response elicited by 1 nM wild-type. Higher concentrations of LISA reverse this effect,

showing that LISA and wild-type differ in the number of receptors that they must activate

to induce the threshold response. Biological thresholds may be attained by cooperative

activation of pre-existing receptor dimers / oligomers by van der Waal's weak forces of

attraction. The receptor reserve in intact cells thus points to an elegant strategy in cell

survival, which ensures the mitogenic response to receptor activation by both LISA and

wild-type hEGF. This study shows that L1S of hEGF is important for the reception and relay

of mitogenic signals by the epidermal growth factor receptor (EGFR).
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Chapter I

EPIDERMAL GROWTH FACTOR AND ITS RECEPTOR

Literature survey

EOF is a 6-kDa polypeptide mitogen which interacts with the EGFR, a 170-kDa

transmembrane receptor glycoprotein expressed in epithelial and mesenchymal cell types (1).

Discovered initially as a contaminant of nerve growth factor preparations obtained from

murine submaxillary glands, mEGF was shown to induce early incisor eruption, precocious

eyelid opening (2) and keratinization of the epidermis (3). Human EGF or P-urogastrone,

which was isolated and purified from urine (4, 5), inhibits gastric acid secretion and

promotes proliferation and epithelialization of cells lining the gastrointestinal tract (5).

These studies led to the isolation and characterization of EGF from other sources including

rat, guinea pig and dog (6, 7).

Determination of the primary sequence of EGF shows that it is composed of 53 amino

acids and 3 intramolecular disulfide bonds (8). The spacing of cysteine residues (CX4.,4CX

3.gCX4.,4CXCXg.,4C, where X represents any non-cysteine residue) defines an 'EGF-like'

structural unit characteristic of polypeptides such as TGFa (9-11), amphiregulin (12, 13),

HB-EGF (14), betacellulin (15,16), epiregulin (17,18) and the pox virus family of growth

factors (19-23). These proteins are encoded by distinct genes and resemble EGF in their

sequence, disulfide bond arrangement and interaction with the EGFR. 'EGF-like' units are

also foimd in proteins that do not bind the EGFR. These include proteases (e.g., thrombin),

protease cofactors (e.g., thrombomodulin), developmental proteins (e.g.. Notch) and proteins

that mediate interactions between cells and the extracellular matrix (e.g., laminins) (24).

The gene for hEGF is present on chromosome 4 and codes for a glycosylated, membrane-

anchored precusor molecule (proEGF) consisting of 1207 amino acids (25). Other EGF-

related polypeptide precursors range from 160 to 252 amino acid residues (26-28). There are

9 'EGF-like' repeats in the extracellular domain of proEGF. Mature EGF which corresponds

to amino acids 971-1023, is derived by proteolytic processing of the 'EGF-like' unit

proximal to the membrane (26). As proEGF is capable of interacting Avith the EGFR (29),

intercellular communication may proceed via juxtacrine and/or paracrine mechanisms.



The biosynthesis and release of EGF has been studied in some detail. In the salivary gland,

mature EGF (6-kDa) is secreted after intracellular cleavage by an arginine esterase-like

activity (30,31). The predominant species released from most epithelial cells in vivo is the

160-kDa form which is found in high concentrations in urine and milk (32-34). This species

is biologically less active than the mature 6-kDa EGF (33, 34). proEGF is expressed

exclusively on the luminal surface of epithelial cells in the distal convoluted tubule of the

kidney (35-37) and on the luminal surface of alveolar cells in the mammary gland (38, 39).

The biological consequences of differential sorting and processing of proEGF have been

investigated in polarized epithelial cells where EGFRs are spatially restricted to basolateral

surfaces. There is an apical enrichment of proEGF in MDCK cells due to the activity of a

metalloprotease which preferentially cleaves the basolateral ectodomain (40). This suggests

that loss of epithelial cell polarity, as in cell transformation, may deregulate EGFR activity

as a result of direct access to ligand. Kallikreins and endoproteases release mature EGF from

high-molecular weight precursors (41) which are reservoirs of latent growth factor in the

luminal environment. Such mechanisms may permit EGF to interact with EGFR populations

distant from its site of synthesis. Altematively, proEGF itself may function as a receptor (27)

in the apical environment or may promote cell adhesion (34).

The mitogenic activity of EGF and TGFa may be only one of numerous physiological roles

ascribed to these molecules. The mRNA for EGF is maternally inherited in the ovulated,

unfertilized egg and pre-implantation mouse embryo (42). EGF and TGFa are both involved

in cavitation (blastocyst formation) and promote polarization of the trophectoderm, which

is both the first epithelium of development and the outer cell layer surrounding the inner cell

mass of the blastocyst (43). Functional EGFR activity is detectable in the skin, developing

skeletal muscle, amnion and placenta of 13-day mouse and 16-day rat fetuses (44), and

correlates with the onset of organogenesis. EGF and TGFa stimulate proliferation of

hepatocytes in vivo and in culture (45). They also inhibit differentiation of adipocyte

precursors in primary culture (46). TGFa is a chemoattractant for perioptic mesenchymal

cells in developing mouse eyes (47). Some studies indicate that intravenous infusion of EGF

in conscious rats and monkeys induces hypotension (decrease in blood pressure) with modest



tachycardia (rapid heart rate) (48).

Cloning and sequencing of the human EGFR revealed that it is a cellular homologue of the

avian v-erbB oncoprotein (49, 50). The EGFR / erbBl is a member of the superfamily of

proto-oncogenes which constitute the Class I receptor tyrosine kinases; these include

erbB2/neu, erbBS and erbB4, all of which are distinct vertebrate gene products - none are

orthologues (51). While the ligand for erbB2 has not yet been identified, erbB3 and erbB4

are activated by numerous splice variants of heregulin / neuregulin which possess 'EGF-like'

receptor recognition domains (52-54). Genetic analyses of mice lacking individual erbB

receptor genes have revealed the spectrum of targets affected in vivo. Depending on

penetrance and the genetic background, EGFR null mutants exhibit defects of the skin, gut,

lung, liver, kidney and cerebral cortex (55-57). Mice harbouring the waved-1 (wa-1) and

waved-2 (wa-2) mutations reveal eye and skin abnormalities. While TGFa and wa-1 are

allelic (58), the wa-2 phenotype results from a point mutation which leads to a V-G

substitution in the kinase domain of the EGFR (59). The neuregulins and their receptors are

involved in cardiac and neural development (60-62).

Significant progress has been made with regard to the biochemistry of EGF action. Specific

binding of EGF to the EGFR stimulates the latter's intrinsic protein-tyrosine kinase activity

(63). EGF-induced receptor dimerization (64,65) coincides with the activation process (66)

and results in receptor autophosphorylation (63). This renders the receptor competent to

interact with and phosphorylate intracellular substrates like PLC.^, (67-69), and the

GRB2/sem-5 (70) and SHC (71,72) adaptor proteins, which couple to the GTPase activating

protein of ras (ras-GAP) [73, 74]. These interactions are mediated by phosphotyrosine-

binding SH2 domains in these proteins (75). Signal transduction by the EGFR may be

subject to feed-back control by protein-tyrosine phosphatases (76,77). Downstream effector

molecules like PKC and MAP-2 kinase effect rapid receptor desensitization by

phosphorylating the EGFR on T654 and T659, respectively (78, 79). Ligand-induced

receptor intemalization (80-82) is also involved in the attenuation of EGF signaling. The

gamut of biochemical responses elicited in EGF-treated cells, includes a rise in intracellular

pH and Ca^^ levels, increased rates of glycolysis, DNA, RNA and protein syntheses (24).



Deregulation of normal expression of TGFa contributes to neoplastic transformation via

autocrine mechanisms (83, 84). The constitutively active v-erbB oncoprotein, which lacks

a ligand-binding region as well as C-terminal autophosphorylation sites, signals aberrantly

in transformed cells (85). The EGFR is also frequently over-expressed in epidermoid

carcinomas, glioblastomas, squamous lung cancers and immature melanomas (24). Thus,

it is of considerable interest to elucidate mechanisms vmderlying growth factor control over

the formation of catalytically active ligand-receptor complexes. Investigation of structure-

activity relationships would aid the rational design of EGFR antagonists.

Although high-resolution crystal stmctures for EGF or the ligand-receptor complex are not

available, the solution structure of EGF has been determined by two-dimensional NMR (86-

92). The overall conformation of EGF is defined by its two-domain structure, i.e., two anti-

parallel P-sheets (residues 19-31 and 37-45) which are linked by a tight turn of type 11

(residues 34-36) [86]. Both P-sheets have a right-handed twist (93). Conformational

dynamics suggest the existence of a motion between the two domains corresponding to the

opening and closing of the palm and thumb; the importance of this conformational flexibility

is explained in terms of the 'mitten model' (94). Structure-function analyses have identified

several residues in hEGF that participate in the recognition and activation of the EGFR.

These include Y13,123, L26, R41 and L47, all of which are solvent-exposed and lie on the

same face of the molecule (reviewed in 95-97). Double mutants involving these sites display

cumulative effects on receptor binding, indicating that each of these residues interacts

independently with the EGFR (98).

Characterization of chimeric receptor constructs of chicken/human EGFRs show that

domain 111 (residues 310-474) is a major ligand-binding region of the EGFR (99). A 40-kDa

hEGF/TGFa binding fragment (C302-R503) generated by limited proteolysis of the

extracellular domain of the EGFR, binds hTGFa with 100-fold lower affinity as compared

to the intact EGFR (100). Chemical cross-linking studies have identified YlOl (101), K336

(102) and K465 (103) as potential contact sites. Continuous epitopes (as opposed to

juxtaposed assembly or carbohydrate determinants on the EGFR) recognized by monoclonal

antibodies that are competitive with EGF have been localized to a 14 amino-acid region



(A351-D364) in the EGFR (104). The molecular determinants involved in EGFR

recognition and activation continue to be the focus of active research in many laboratories.

The clinical importance of studying EGF-EGFR interactions stems from the involvement

of EGF in pathophysiological states. In autosomal recessive polycystic kidney disease,

which is associated with overexpression and mislocalization of the EGFR, EGF in the cyst

fluid stimulates cystogenesis (105). The candidate gene for Rieger syndrome, an autosomal

dominant disorder, maps to the human chromosome 4q region and has been identified with

tight linkage to the gene for EGF (106). Interestingly, the syndrome is associated with the

absence of maxillary incisor teeth, malformations of the anterior chamber of the eye and

umbilical abnormalities (106). EGF reverses the syndrome of X-linked ectodermal dysplasia

in Tabby (Ta) mice by promoting the development of dermal ridges and functional sweat

glands (107). This finding offers promise for the cure of congenital X-linked hypohidrotic

ectodermal dysplasia; the absence of sweat glands causes hyperpyrexia (high fever), a clinical

emergency in infants. EGF also promotes wound healing and has been used in the treatment

of bums (108,109), comeal traumas (110,111) and gastric ulcers (112).

The biology of receptor tyrosine kinases and their activating ligands is unique to

metazoans. Although tyrosine kinase activities have been reported in S. cerevisiae (113),

none has been identified as a receptor tyrosine kinase. The low activity in cmde lysates has

precluded direct biochemical analyses (114). Expression of the ppbO"'®"^ oncoprotein in S.

cerevisiae is lethal and is associated with a loss of cell cycle control at the Gl/S and G2/M

checkpoints (115). Signal transducing cascades are conserved in C. elegans, D.

melanogaster and mammals. In C. elegans, vulval induction is initiated by the lin-3 gene

product (116), a molecule similar to EGF / TGFa and it acts through the let-23 gene which

is homologous to the EGFR (117). At least three ligands, similar to EGF / TGFa, can

activate the Drosophila EGFR in a tissue specific manner. These include Spitz (118),

Gurken (119) and Vein (120). Recent studies show that regulation of expression and activity

of these ligands increases the repertoire of functions associated with the Drosophila EGFR

(121,122). Not surprisingly then, mammals utilize 4 distinct 'EGFR-like' tyrosine kinases

(erbBl-4) which can interact with one another (123, 124), 6 ligands (EGF, TGFa,



amphiregulin, HB-EGF, betacellulin and epiregulin) that activate the EGFR and several

splice variants of nenregulin (125, 126) which stimulate erbB3 and erbB4. How does the

mammalian cell integrate physiological processes in terms of specificity and redundancy, as

well as regulation in time and space?

Purpose of study

Several factors merit consideration when an attempt is made to understand how a cell

elicits an EGF-dependent response. It is essential to first defme the nature of ligand-receptor

interactions. This has been addressed by the structure-function analyses of LI 5 and HI6 of

hEGF in 'cell-free' systems. The next step is to explain the link between recognition by the

ligand and subsequent receptor activation in terms of a model which is plausible both

energetically and mechanistically. The LISA mutant of hEGF has been used to glean

information in this regard. The validity of the proposed model must be examined in a

cellular context. To this end, the mitogenic response to LISA and wild-type hEGF has been

examined in murine keratinocytes (Balb/MK) which are EGF-dependent for survival. Most

importantly, this study seeks to identify variables which limit our understanding and thereby

pave the way for future experiments.
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Chapter II

HISTIDINE 16 OF HUMAN EPIDERMAL GROWTH FACTOR MEDIATES

RECEPTOR RECOGNITION BY HYDROGEN BOND DONOR / ACCEPTOR

INTERACTIONS

Introduction

The interface (comprising residues 13-16, 37 and 41-43; see Figure II-l) between the N-

and C-terminal domains of hEGF is stabilized by numerous hydrogen bonding interactions

(1). There is also evidence for significant conformational flexibility of the corresponding

region in hTGFa and it has been postulated that this region may contribute substantially to

the free energy of receptor binding (2). HI6 of hEGF is thus implicated in receptor

recognition. Sequence alignments and pH titration studies show that the corresponding

residue in hTGFa, H18, has a pK^ value of 7.6 (3). The pK^ value of H16 of hEGF is 7.2

(4). This indicates that the HI6 side-chain is solvent-exposed, -50% is protonated at

physiological pH and the residue may interact directly with the receptor protein.

Previous studies have suggested that there may be differential contributions of HI6 in

hEGF and HI 8 in hTGFa to EGFR binding. Partially purified Pseudomonas exotoxin A-

hEGF chimeras in which HI 6 was replaced with Q display reduced binding affinity (19% of

wild-type) and cytotoxic activity (5). The HI 8K hTGFa mutant retains 22% relative binding

afrinity and 7% relative mitogenic potency (6). These studies suggest a stringent requirement

for H since semi-conservative changes to either Q or K result in some loss of biological

activity. In contrast, partially purified H18A and H18E mutants of hTGFa exhibit relative

binding affinities of 30% and 84% and the H18E mutant is also more potent than vvild-type

hTGFa in a soft-agar transformation assay (7). In view of these equivocal results, the role

of HI 6 of hEGF was therefore carefully re-examined by site-directed mutagenesis. The L,

N, Q, R and Y mutants were expressed as recombinant proteins in E. coli and characterized

with regard to their native conformation, binding affinity, agonist activitiy and ability to

promote clonal growth of cells in culture. The results indicate that HI 6 of hEGF, although

not essential for biological activity, mediates receptor recognition by hydrogen-bond

donor/acceptor interactions and may share this feature with H18 of hTGFa.
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Figure II-1. Computer model illustrating the location of HI6 in the domain-domain
interface of hEGF. NMR coordinates were kindly provided by Dr. G. T.
Montelione (Rutgers University). MOLSCRIPT software [Kraulis, P. J.
(I99I) Appl.Cryst. 24, 946-950] was used by Dr. Douglas K. Tadaki to
generate the model. (B) is derived fi-om a 180° out-of-plane rotation of (A).
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Materials and Methods

Oligonucleotide-directed site-specific mutagenesis

Site-specific mutants were generated by a PGR strategy (8). Deoxyoligonucleotides

containing the desired sequences were synthesized in a Milligen/Biosearch Cyclone Plus

DNA synthesizer utilizing phosphoramidite chemistry. The sequences of the

oligonucleotides, with the mutated codons underlined and the mismatches in boldface, are

as follows: H16L, 5'-CCTGCTCGACGGTGTTTGCATG-3': H16N, 5'-

CCTGAACGACGGTGTTTGCATG; H16Q, 5'-CCTGCAAGACGGTGTTTGCATG-3';

H16R, V-CCTGCGAGACGGTGTTTGCATG-3': H16Y, 5'-

CCTGTACGACGGTGTTTGCATG-3'. Double stranded DNA of the expression vector,

pEGFl (2.9 kb), containing the hEGF insert was used as template. Each

deoxyoligonucleotide primer bearing the mutation was utilized in a "back to back"

configuration with the wild-type reverse primer 5'-CAGTACCCGTCGTGAGACAG-3'. A

thermostable DNA polymerase isolated from Pyrococcus furiosus (pju polymerase,

Stratagene) was used to incorporate the mutant primer and amplify the hEGF gene-

containing plasmid. Reactions were carried out in standard buffer (20 mM Tris-Cl, pH 8.2,

10 mM KCl, 6 mM (NH4)2S04, 2 mM MgCi, 0.1% Triton-X-100, and 10 pg/ml BSA)

supplied by the manufacturer. Final concentrations of reagents present in a 100-pl reaction

mixture were: 1 pmol each of mutant and reverse primers, 0.25 mM dNTPs, 0.01 pmol

template DNA, and 5 units of pfii polymerase. Conditions for the first PGR cycle were as

follows: denaturation at 94 °C for 3 min, annealing at 40 °C for 1 min, and primer extension

at 72 °C for 12 min. Twenty-five successive cycles were performed under the same

conditions except that the denaturation time was reduced to 1 min. The linear amplification

products were resolved on a 1% agarose gel and isolated by electroelution. The DNA

samples were treated with Klenow polymerase (New England BioLabs) to form blunted ends

and then circularized by incubation overnight at 14 °C with T4 DNA ligase (New England

BioLabs). Transformation of E. colt JM107 was according to the procedure of Hanahan (9).

All engineered mutations and the absence of any undesired genetic alterations were

confirmed by sequencing (10) the hEGF gene.
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Expression and purification of recombinant hEGF proteins

Overnight cultures of £■. colt JM107 cells harboring the pEGFl plasmids \vere grown at 37
°C to mid-log phase in LB medium containing 25 pg/ml ampicillin and then diluted 100-fold
into the same prewarmed medium. After 3 h (ODgoo^O.S-O.S) chloramphenicol was added
to a final concentration of 5 pg/ml. When the ODgoo of the cultures reached 1.2-1.4,
expression of protein was induced by the addition of isopropylthiogalactoside to a final
concentration of 1 mM. The cultures were allowed to grow until EGF production was

maximal, typically 12 h later. The hEGF protein sequestered in the periplasm was isolated
from the cell pellet by resuspension in ice-cold buffer (1 M Tris-Cl, pH 9.0, 2 mM EDTA)
and incubation on ice for 20 min. Proteins in the Tris-EDTA fi-actions were precipitated by

the gradual addition of (NH4)2S04 to 80% saturation with stirring at 4 °C for 1 h. After
centrifugation at 39,000xg for 30 min, the pellets were resuspended in and dialyzed against
25 mM sodium phosphate, pH 7.2. The wild-type or mutant hEGF analogue was fust
separated by gel filtration chromatography on a Sephadex G-75 column (1x90 cm) using 25
mM sodium phosphate, pH 7.2. Fractions containing the hEGF protein were pooled and
loaded onto a reversed-phase HPLC column (Vydac 218TPS, 4.6x250 mm). Elution
conditions, using a Waters Model 840 HPLC system, consisted of an isocratic wash of 15%

CH3CN for 15 min followed by a 15-34% CH3CN gradient in 10 mM sodium phosphate, pH
7.2, increasing linearly at a rate of 1% per min. The fractions containing each hEGF protein
were pooled, then lyophilized and stored at -80 °C.

Native gel electrophoresis and immunoblotting of hEGF proteins
Each hEGF mutant protein was examined by non-discontinuous gel electrophoresis in the
absence of any detergent / denaturing agent. Samples were resolved in 10% polyacrylamide

gels buffered with 75 mM Tris-phosphate, pH 7.0, the same buffer being used for
electrophoresis at a constant 200 V for 30 min at 4 °C. Protein samples were subsequently
transferred to Immobilon-P membranes (Millipore, Inc.) in the same buffer at a constant 20

V for 16 h at 4 °C. Blots were probed with an anti-hEGF monoclonal antibody [IgGlJ

(Upstate Biotechnology, Inc.) at 1 : 2000 dilution. This high-affinity, neutralizing antibody
is specific for hEGF and does not cross react with mEGF or hTGFa. Secondary goat anti-
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mouse polyclonal antibody conjugated to HRP (Transduction Labs.) was used at 1 ; 2000

dilution as per manufacturer's protocol. ECL (Amersham, Inc.) was used for detection

purposes.

Radioreceptor Competition Assay

Membrane-bound hEGF receptors were isolated from A431 (human epidermoid carcinoma)

cells according to Akiyama et al (11) with modifications described by Campion et al. (12).

Specific binding of hEGF proteins to the EGF receptor was determined by a radioreceptor

competition assay (13). Purified membrane fractions from A431 cells were resuspended in

buffer (20 mM HEPES, pH 7.4, and 10 mM PMSF) and the total membrane protein content

was determined by the Bio-Rad Protein Assay. '^^1-hEGF was prepared by the chloramine-T

method (14) to an average specific activity of -150,000 cpm/pmol hEGF. Two pg of the

receptor preparation was incubated with 30 nM wild-type ̂ ^^"1-hEGF in a mixture containing

20 mM HEPES, pH 7.4, and 0.1% BSA, and varying concentrations of unlabeled competing

hEGF species in a total reaction volume of 100 pi. Incubation was conducted at 37 °C for

30 min. Receptor-boxmd '^T-hEGF was collected on cellulose-acetate filters (Millipore

GVWP). Unbound ligand was removed by washing filters with 20 mM HEPES, pH 7.4,

containing 0.1% BSA. Filters were dried and the radioactivity was quantitated by liquid

scintillation spectrometry.

Receptor Tyrosine Kinase Stimulation Assay

The ability of wild-type and mutant hEGF analogues to stimulate the protein-tyrosine kinase

activity of the EGF receptor was determined by measuring the incorporation of ̂̂ P from [y-

^^P]ATP into the synthetic polypeptide substrate (Glu4,Tyr,)n (Sigma Chemical Co.) as a

fimction of growth factor concentration. Solubilized and partially purified EGF receptors

from A431 cell membranes (11, 12) were preincubated with increasing concentrations of

wild-type or mutant hEGF protein for 15 min at room temperature under conditions similar

to those described by Akiyama et al. (11), with modifications by Koland and Cerione (15).

Preincubation in the absence of hEGF protein served as a control. The reaction mixture

contained 20 mM HEPES pH 7.2,250 mM NaCl, 2 mM MnClz, 10 mM MgCl^ 1 mM DTT,

250 mM (NH4)2S04, 100 pMNa3V04, 5% glycerol, 0.05% Triton X-100 and ~1 pg of total
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membrane protein. The kinase reaction was initiated by the addition of [y-^^P]ATP (1.35

Ci/mmol) and (Glu4,Tyri)n substrates to final concentrations of 75 pM and 0.5 mg/ml,

respectively, in a final reaction volume of ICQ pi. After incubation at room temperature for

10 min, the reaction was stopped by the addition of 200 pi 5% TCA containing 10 mM

sodium pyrophosphate. The acid-insoluble material was collected on 25-mm Millipore

HAWP filters which were then washed extensively with 5% TCA containing 10 mM Na-

pyrophosphate. Filters were then dried and the incorporated radioactivity was determined

by liquid scintillation spectrometry. The radioactivity incorporated in the absence of hEGF

was subtracted from hEGF-stimulated values. The kinase activities reported include the

incorporation of ̂̂ P into both the polypeptide substrate and the receptor. The contribution

of the latter, as determined by assaying the receptor in the absence of the polypeptide

substrate, was found to be less than 2% of the total activity.

Cell culture and Clonogenicity assays

C18, an EGF-dependent rat-tracheal epithelial cell line, was a kind gift from Dr. Margaret

Terzaghi-Howe, ORNL. Cell stocks were maintained at 37 °C in a humidified atmosphere

of 5% CO2, as proliferating cultures in Ham's F12 medium (GIBCO, NY) supplemented with

2% FBS (Hyclone), 0.1 pg/ml hydrocortisone (Sigma Chemical Co.), 1 pg/ml insulin (Sigma

Chemical Co.), 50 pg/ml gentamycin (GIBCO, NY) and 1 ng/ml EGF (complete medium).

For clonogenicity assays, single-cell suspensions were plated in 6-well culture dishes

(Costar) at a density of 5 x 10^ cells/well. The growth medium of experimental cultures

contained hEGF variants at the desired concentrations while control samples lacked EGF.

After a period of 5-8 days, the dishes were rinsed thoroughly with Ca^''/Mg^''-free PBS, fixed

in methanol, stained with Giemsa and visualized under the light microscope. The % cloning

efficiency was calculated from the ratio of discrete colonies scored (criterion : 32-50 cells

/ colony) to the number of cells seeded per well. The assay permits a distinction between

alterations in growth rate (colony size) and survival (colony number) in a given population.

Cultures used for these experiments were between passage numbers 26-47 and the cloning

efficiency was always compared with sample populations obtained from the same passage.
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Results

Purification, electrophoresis and immunoblotting of hEGF mutants

The yields of hEGF mutant proteins obtained after purification by reversed-phase HPLC

ranged from 30-75 pg /1. Appropriate fractions were examined by native gel electrophoresis

and immunoblotting with a neutralizing anti-hEGF monoclonal antibody. The results, shown

in Figure II-2, indicate that the H16L, H16N, H16Q and H16Y proteins co-migrate since

they possess the same net charge of -4. The altered electrophoretic mobility of the H16R

mutant derives from a net charge of -3. Antibody specificity is demonstrated by the absence

of signal in the control lane which is loaded with the N32P hEGF mutant; structural

alterations in the native N32P mutant (16), preclude antibody recognition. The immunoassay

also confirms the identity of the mutants as hEGF molecules -with no major structural

perturbations compared to wild-type hEGF.

Determination of relative affinities of hEGF mutants

Specific binding of each position 16 mutant was assessed with respect to its ability to

compete with '^^I-labeled wild-type hEGF bound to EGF receptors in membrane fractions

of A431 cells. The competition curves, presented in Figure II-3, permit the estimation of

IC50 values which indicate the concentration of competing species required for inhibition of

binding by 50%. The ratio of wild-type and mutant IC50 values was used as an index of the

relative affinity of the receptor for each mutant.

Binding data (see Table II-l) for the H16 mutants of hEGF show that their relative receptor

affinities range from 7%-272% of wild-type hEGF. Substitution of the polar H16 side-chain

with a bulky, hydrophobic residue (H16L) decreases the affinity to 13% of wild type.

Interestingly, replacement with an amphipathic tyrosyl moiety also decreases the relative

binding affinity of the H16Y mutant to a modest 32%. This suggests a role for the

aromaticity and/or hydrogen-bonding potential of HI 6 in receptor binding. The introduction

of a positively charged guanidinium moiety reduces the binding affinity of the H16R variant

to 7% of wild-type hEGF. Interactions necessary for optimal receptor recognition may be

compromised by the delocalized charge and decreased flexibility of the bulky arginine side-

chain at this site. Among this series of mutant proteins, the isosteric N and Q substitutions



23

Figure II-2. Native gel electrophoresis and immunoblotting of HI 6 hEGF mutants.
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Figure 11-3. Radioreceptor competition binding curves for H16 hEGF mutants. Varying
concentrations of each mutant were incubated at 37 °C for 30 min with
labeled wild-type hEGF (-150,000 cpm/pmol) and EGF receptor-containing
membrane fraction (20 pg/ml total protein) in 20 mM HEPES (pH 7.4) and
0.1% BSA. All curves shown represent the best fit through the average data
points of duplicate experiments.
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Table II-l. Biochemical properties of H16 hEGF mutants

Radioreceptor Tyrosine kinase
competition assay stimulation assay

hEGF IC50 (nM) Relative EC50 (nM) Relative
species binding

affinity
{%r

agonist
activity

(%)"

Wild-type 30 100 50 100

H16N 20 150 33 152

H16Q 11 272 19 263

H16Y 95 32 127 39

H16R 224 7 200 25

H16L 420 13 350 14

(a) Relative binding affinity = IC50 (wild-type)/IC5o (mutant)xlOO%
(b) Relative agonist activity = EC50 (vvild-type)/EC5o (mutant)xlOO%
Data are the representative of average values from at least two independent
Determinations. See text under Results for determination of IC50 and EC50
values.
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exhibit elevated receptor affinities (150% and 272%) compared to wild type. This indicates

that neither aromaticity nor charge but hydrogen-bonding interactions via the imidazole

nitrogen(s) of HI 6 are important for receptor binding.

Determination of relative agonist activities of hEGF mutants

Using the synthetic polymer (Glu4,Tyr,)„ as the exogenous substrate, ligand-dependent

activation of the EGFR was measured as a function of the concentration of hEGF species.

Protein concentrations required for half-maximal stimulation (ECjo) were determined from

the dose-response curves presented in Figure II-4. The ratio of the EC50 value of wild-type

compared with that obtained for each mutant was used to assess the relative agonist activity

of each mutant under the kinase assay conditions.

Activity profiles of the H16 mutants show that their EC50 values range from 14%-263%

of wild-type hEGF (Table II-1). In general, the rank order of potency correlates \vith the

relative receptor affinity of the mutants. The reduced potency of the HI6L mutant (14%)

reveals the deleterious effects of hydrophobicity at this site. While the H16R and H16Y

mutants exhibit moderate activitiy (25% and 39%), the enhanced potency of the HI6N and

HI6Q mutants (139% and 263%) shows that they bind even the detergent-solubilized

receptor with great tenacity. The differences observed in the agonist activity and binding

affinity of H16R, may reflect the assay conditions which differ in receptor micro-

environment, ionic strength, temperature and incubation time.

Clonogenic efficiencies of hEGF mutants

The mitogenic activity of HI 6 mutants of hEGF was evaluated in a clonogenic assay with

C18 cells which are EGF-dependent for growth. Table II-2 shows that HI6N, H16Q, HI6Y

and wild-type hEGF stimulate colony formation with similar efficiencies at doses of 0.9 and

2.7 ng/ml (0.15-0.44 nM). A small number (<0.01%) of colonies appear more elongated and

less adherent than cells of normal epithelial morphology, which may reflect the clonal

variation in the population. No appreciable differences in growth rates and colony survival

were discemable. Cells stimulated with 0.9 ng/ml HI6L or HI6R form ~10-I5 % fewer

colonies compared to wild-type. When the dose is increased to 2.7 ng/ml, to compensate for

their reduced potency, both H16L and H16R are similar to wild-type hEGF in their activity.
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Table II-2. Clonogenic efficiencies of H16 hEGF mutants.

Dose (-) EGF

Control

wild-

type

hEGF

H16L H16N H16Q H16R H16Y

0 1.6% - - - - - -

0.9

ng/ml

- 32% 14% 38.4% 34.1% 20.2% 43%

2.7

ng/ml

- 28.8% 29.9% 28.6% 34.2% 32.5% 41.7%

The clonogenic efficiency was calculated from the ratio of discrete colonies
scored (criterion:32-50 cells/colony) to the number of cells seeded per well
as described in Materials and Methods. Data represent average values from
at least two independent determinations
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Discussion

Biological responses to EGF and TGFa are not always identical (17) and some studies have

suggested that the EGFR discriminates between bound EGF and boimd TGFa (18-22).

Furthermore, pH sensitivity of the ligand-receptor interaction dictates intracellular trafficking

(intemalization / recycling / degradation) of the EGF/TGFa superfamily (23) and may

influence long term responses to growth factor stimulation (24). Structure-function analyses

are thus essential for distinguishing between common and specific modes of receptor

recognition and activation.

Site-directed mutagenesis of HI 6 does not indicate an intrinsic structural requirement for

the imidazole functionality. The H16Q and H16N mutants exhibit increased relative binding

affinities and agonist activities in vitro, unlike the H16R mutant which is impaired in

receptor recognition. At physiological pH, the R side-chain acts only as hydrogen-bond

donor in contrast to the Q and N side-chains which may engage in hydrogen-bond

donor/acceptor interactions and thereby compensate for normal HI6 fimction. This

interpretation is consistent with NMR analyses of hEGF solution structure, which predict the

following hydrogen-bonding interactions: V34-H16(CO), H16(H®)-Y44(CO), and C6 / Ce

protons of H16 with the Ce protons of Y37 (1,25). The results from this study suggest that

this intricate network reinforces a flexible loop contributing to hEGF-receptor recognition

and activation.

The role of HI 6 in hEGF structure-function is revealed by the following:

(i) The pK^ value of H16 in hEGF is similar to that of H18 in hTGFa suggesting common

modes of EGFR recognition.

(ii) The binding data indicate a requirement for a polar, isosteric side-chain at position 16 of

hEGF that functions as both hydrogen-bond donor and acceptor.

(iii) Since the mutant proteins are similar to wild-type hEGF in their native conformation,

as determined by immunoblotting experiments, the observed loss or gain of function arises

from the differential ability of these mutant ligands to alter critical contacts essential for

optimal receptor activation. This study confirms predictions based on NMR (1,2) and

clarifies the biochemical properties of HI 6 involved in ligand-receptor interactions.
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Chapter III

FUNCTIONAL IMPORTANCE OF LEUCINE 15 OF HUMAN EPIDERMAL

GROWTH FACTOR IN RECEPTOR RECOGNITION AND ACTIVATION

Introduction

High-resolution analyses of three-dimensional structures of hEGF (1), mEGF (2, 3) and

hlGFa (4), derived from two-dimensional NMR, predict that the crucial R41 residue of

hEGF (5) lies in a hydrophobic pocket, which includes L15 and Y13, near the domain-

domain interface of hEGF (see Figure III-l). The hydrophobicity of Y13 of hEGF is

required for receptor binding (6). Thus it was of interest to define the putative receptor-

recognition epitope involving Y13, L15 and R41 of hEGF.

Sequence alignments reveal that the residue at position 15 of EGF is conserved as a leucine

in different species and as a phenylalanine for the corresponding residue (F17) in hTGFa.

This suggests that a large hydrophobic side-chain mediates receptor binding. The potential

role of size and hydrophobicity of LI 5 in hEGF structure-function was therefore evaluated

by site-directed mutagenesis. The relative affinity and agonist activity of mutant hEGF

proteins were determined by radioreceptor competition and receptor tyrosine kinase

stimulation assays, respectively. Selected mutants were examined by one-dimensional NMR

spectroscopy for possible structural perturbations introduced by specific amino acid

substitutions. These studies permit evaluation of the role of LI 5 of hEGF in ligand-receptor

interactions.

Materials and Methods

Oligonucleotide-directed site-specific mutagenesis

Deoxyoligonucleotides containing the desired mutations were synthesized in a Milligen

/ Biosearch Cyclone Plus DNA synthesizer. The sequences of the oligonucleotides, with the

mutated codons underlined and the mismatches in boldface, are as follows: LISA, 5'-

CTGCGCGCACGACGGTGTTTG-3': L15E, 5'-CTGCGAGCACGACGGTGTTTG-3':

L15F, 5'-CTGCTTCCACGACGGTGTTTGC-3'; L15R, 5'-

CTGCCGACACGACGGTGTTTGC-3'; L15V, 5'-CTGCGI:GCACGACGGTGTTTG-3';

and L15W, ■S'-CTGCTGGCACGACGGTGTTTGC-3'. A PGR strategy (7) was utilized to
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Figure III-l. Computer model depicting the Y13-R41-L15 recognition unit in hEGF.
It also shows the position of LI 5 relative to the positions of other residues in
hEGF found to be important for receptor recognition. NMR coordinates were
provided by Dr. G. T. Montelione (Rutgers University). The model was
generated by Dr. John A. Lamerdin using MOLSCRIPT software (Kraulis,
P. J. (1991) J. Appl. Cryst., 24,946-950).
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generate site-directed mutans of hEGF with high efficiency. Double stranded DNA of the

expression vector, pEGFl, containing the hEGF insert, was used as the template. Each

deoxyoligonucleotide primer bearing the mutation was utilized in a 'back to back'

configuration with the wild-type reverse primer 5'-TACCCGTCGTGAGACAGCGG-3'. The

conditions for PGR amplification and isolation of mutants have been described in

Nandagopal et al. (8) and the Materials and Methods section of Chapter II. All engineered

mutations and the absence of any undesired genetic alterations were confirmed by

sequencing the entire hEGF gene.

Expression and purification of recombinant HEGF proteins

Both mutant and wild-type hEGF proteins were expressed in E. coli and purified to

homogeneity as described in Nandagopal et al. (8) and the Materials and Methods section

of Chapter II. The fiactions containing each hEGF protein were pooled, then lyophilized and

stored at -80 °C.

Radioreceptor competition assay

The relative binding affinities of the hEGF variants were determined by a radioreceptor

competition binding assay as described in Nandagopal et al, (8) and the Materials and

Methods section of Chapter II.

Receptor tyrosine kinase stimulation assay

The ability of wild-type and mutant hEGF proteins to stimulate the protein-tyrosine kinase

activity of the EGF receptor was determined by measuring the incorporation of from [y-

^^P]ATP into the synthetic polypeptide substrate (Glu4,Tyri)n as a function of growth factor

concentration. The assay conditions have been described in Nandagopal et al. (8) and the

Materials and Methods section of Chapter II.

NMR spectroscopy

Purified protein samples were prepared for NMR experiments by repeated lyophilization and

dissolution in "HjO to a concentration of -0.96 mM in a final volume of 500 pi. All NMR

spectra were obtained on a wide-bore Bruker AMX 400 MHz spectrometer at 27 °C.

Samples were titrated fnst to pH 3.4 and then pH 7.2 (without correction for isotope effect);

spectral data were obtained at both acidic and neutral pH. One-dimensional data sets were
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collected over a spectral width of 4807 Hz with an acquisition time of 3.4 sec. Quadrature

phase detection and a 90° observation pulse (6.7-7 psec) were used. Thirty two thousand

data points of 64-128 transients were collected. The residual ̂ HO'H signal was saturated

with a low-power pulse during the relaxation delay of 3.0 sec. Data were processed with 0.5-

1 Hz line broadening before Fourier transformation. Chemical shifts were referenced to 2,2-

dimethyl-2-sila-pentane-5-sulfonate (DSS).

Results

Purification and electrophoresis of hEGF mutants

The yields of purified hEGF mutant proteins varied depending on the nature of the amino

acid substitution. L15F, L15V and L15R proteins were obtained in modest amounts (-100

pg/1) while the LISA mutant was obtained at -450 pg/1. The introduction of a strongly

absorbing (at 280 nm) tryptophan residue into the hEGF molecule increased its extinction

coefficient. This was taken into consideration while estimating the yields for the L15W

mutant (-200 pg/1). Very low yields of the L15E mutant (10 pgA) were obtained using the

same purification protocol. Variability in the yields of mutant hEGF protein may be due to

differences in the processing of these proteins, cleavage of the alkaline phosphatase signal

peptide being necessary for secretion into the periplasmic space of E. coll. Alternatively, the

stability of the native hEGF structure or of essential intermediates in the folding pathway

may be affected. The absence of polymerization, of mispairing of sulfhydryls and of gross

conformational changes from wild-type hEGF was suggested by similarities observed in

reversed-phase HPLC elution profiles (data not shown).

Appropriate fractions of each mutant hEGF protein, obtained after purification by reversed-

phase HPLC, were examined by native gel electrophoresis. The results confirm the

homogeneity of the hEGF mutant proteins and their purity is estimated to be -93-97%, based

on Coomassie staining of native gels (data not shown). The observed electrophoretic

mobilities agree with the mutations introduced. For example, the altered migration pattern

of the L15R or L15E mutant can be ascribed to the additional positive or negative charge

introduced into the hEGF molecule (data not shown).
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Determination of relative affinities of hEGF mutants

The competition binding curves, depicted in Figure III-2, were generated by measuring the

amount of receptor-bound '^T-hEGF remaining on the filters, after equilibrium binding in

the presence of increasing concentrations of competing hEGF species. The concentration of

wild-type or mutant hEGF protein required for 50% competition of vvild-type '^^I-hEGF

(IC50) was thus determined graphically for each hEGF variant. The ratio of wild-type to

mutant IC50 values provided an index of the relative receptor affinity of each hEGF mutant.

As shown in Table III-l, the relative binding affinities of the hEGF analogues range from

45% to 1.6% of wild-type hEGF. The most conservative change to a valine lowers the

binding to 18%; when the side-chain is shortened to an alanine, the binding diminishes to

2.4%. The charged amino-acid substitutions, LI5R and LI5E, are the least tolerated at this

site. While the receptor affinity of the L15R ligand is found to be 1.6% of wild-type, no

appreciable binding was detected in the case of the L15E mutant. Replacement of leucine

with tryptophan or phenylalanine, which are both bulky and hydrophobic, results in relative

binding affinities that are 26% and 45%, respectively.

Determination of relative agonist activities of hEGF mutants

The mitogenic effect of EGF is mediated through the stimulation of the receptor's intrinsic

tyrosine kinase activity. The kinase stimulation curves, depicted in Figure III-3(A & B),

represent the velocity of the EGF-dependent kinase reaction measured as a function of the

concentration of the hEGF species present in the assay. Protein concentrations required to

elicit half-maximal stimulation of the protein-tyrosine kinase activity of the receptor (EC50)

were determined for wild-type hEGF and the mutants from Figure III-3(B). The ratio of the

EC50 value of wild-type compared with that for each mutant was used to assess the relative

agonist activities of the hEGF variants.

Data presented in Table III-l show that in general the order in which the L15F, L15W,

L15V and L15A mutants stimulate the tyrosine kinase activity follows the same order as

observed in the radioreceptor competition assay. At saturating ligand concentrations, the

maximal levels of kinase stimulation by the L15F, L15W and L15V variants are similar to

the level (Vmax) t»y wild-type hEGF. Saturating concentrations of the L15A mutant activate
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Figure 111-2. Radioreceptor competition binding curves for LI5 hEGF mutants. Varying
concentrations of each mutant were incubated at 37 "C for 30 min with '^^I-
labeled wild-type hEGF (-150,000 cpm/pmol) and EGF receptor-containing
membrane fraction (20 pg/ml total protein) in 20 mM HEPES (pH 7.4) and
0.1% BSA. All curves shown represent the best fit through the average data
points of duplicate experiments.
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Table III-l. Biochemical properties of L15 h£GF mutants

hEGF

species
Relative

receptor

affinity^

Relative

agonist
activity''

V' max

cpm X 10'^
Relative

maximal

stimulation

Wild-type 100 100 120 100

L15F 45 27 123 103

L15W 26 22 120 100

L15V 18 12 119 100

L15A 2.4 nd 5.6 4.6

L15R 1.6 4.0 64 53

L15E nd nd nd nd

"Relative receptor affinity = IC5o(wild-type)/IC5o(inutant)xlOO%
^Relative agonist activiity = EC5o(vsdld-type)/EC5o(mutant)xlOO%
"Relative maximal stimulation = Vn,3x(niutant)A^n,iu((wild-type)xlOO%
"^nd = not determined. See text under Results describing the determination
of IC50 and EC50 values.
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the receptor poorly (4.6% of wild-type and preclude estimation of an EC50 value for

this variant. This is in marked contrast to the activity profile for the L15R mutant which

elicits a significant response in terms of kinase stimulation (53% of wild-type at

saturating concentrations of the ligand. The L15E mutant could not be characterized in this

assay due to its very low affinity for the receptor; the kinase reaction is unreliable at protein

concentrations above 15-20 pM. Differences observed in the relative receptor affinities and

agonist activities for some mutants may reflect the assay conditions which differ in receptor

microenvironment, ionic strength, temperature and incubation time.

NMR spectra of selected hEGF mutants

NMR spectroscopy was utilized to evaluate potential structural changes in hEGF resulting

from site-directed mutagenesis. Aromatic residues are spread throughout the hEGF molecule

in its three-dimensional structure and the resonance frequencies and intensities of these

aromatic ring protons are sensitive to molecular conformation and solvent accessibility.

Therefore, comparisons of these parameters between wild-type and mutant proteins provide

a convenient approach for distinguishing correctly fi-om incorrectly folded mutants (9-11).

The LI 5 A and L15R hEGF mutants were chosen for NMR studies on the basis of their

differences in side-chain size and hydrophobic character and because of their extremely low

biochemical activity as compared to wild-type hEGF. The L15E variant was not examined

by NMR because of its poor yield. The aromatic regions of the 1-D 'H-NMR spectra from

5.5-9.0 ppm are shown in Figure III- 4A (pH 7.2) and Figure III-4B (pH 3.4) for wild-type,

L15A, and L15R hEGF variants. The sequence-specific resonance assignments for the wild-

type protein shown in Figure III-5 are derived from previously published data (10).

As most chemical shifts of wild-type and mutant hEGF proteins are very similar at pH 3.4

(Figure III-5), it was possible to extend resonance assignments from wild-type hEGF to the

mutant proteins. With the exception of minor shifts of the W49C2H, Y13eHyY376H

resonances (~6.8 ppm region) and the W50C4H/W49C7H/W49C6H resonances (-7.3-7.4

p.p.m. region) in the case of the L15A variant, other minor perturbations that could be

characterized were very similar in the spectra of both mutants (see Table III-2). The spectral

shifts that are common to both L15R and L15A mutants as compared to wild-type hEGF,
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Table III-2. Listing of proton resonances
exhibiting minor changes (A5 < 75 p.p.b.) in
chemical shifts between wild-type and mutant
hEGF molecules at pH 3.4

L15A L15R

W50C7H/L26HN'^''

W50C5H

W49C5H

W49C4H

W49C2H

Y37eH/Y29eH''

YSTSH/YlSeH"

Y136H

W50C7H/L26HN^''

W50C5H

W50C4HAV49C7H

AV49C6H®'''

W49C5H

W49C4H

W49C2H

Y376HA^13eH''

Y136H

Troton resonances listed together have degenerate
chemical shifts under these conditions and could not

be distinguished in the 1-D NMR spectrum.
The multiple entries for W49 and W50 reflect the
fact that these residues have several aromatic

resonances which can be identified in 1-D NMR

spectra of hEGF.
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involve residues dispersed throughout these molecules. Therefore, the spectral differences

between the L15R and L15A mutants are relatively minor and are not localized in the

structures of these mutant proteins. Spectral data obtained at pH 7.2 (Figure III-4A) reveal

that the L15A mutant protein, unlike L15R, displays an "altered" NMR profile when

compared to wild-type hEGF. Several peaks with small chemical shift differences and some

peak broadening can be observed (see Discussion). Caution was exercised with regard to

assigning the few resonances with comparatively large chemical shifts (>75 p.p.b.), changes

in lineshape or intensity relative to the corresponding resonances in wild-type hEGF.

Discussion

The importance of LI 5 of hEGF in ligand-receptor interactions is revealed by the following:

(i) Both the geometry of the amino acid side-chain and hydrophobic character of the residue

at position 15 in hEGF are important in receptor binding.

(ii) Although the LI 5A and L15R mutants have comparable relative receptor affinities, the

low Vn,ax phenotype observed with the LI5A mutant indicates that it is a partial agonist and

suggests a partial uncoupling between receptor binding and activation. The kinase data thus

implicate a functional role for L15 of hEGF in receptor activation.

(iii) One-dimensional NMR analyses of the LI5A and L15R mutants do not indicate the

presence of gross structural perturbations that could possibly explain their drastically reduced

biochemical activity compared to wild-type hEGF.

The changes observed in the relative affinities of LI 5 hEGF mutants lend credence to LI 5

being an active participant in receptor recognition along with Y13 (6), 123 (11,12), L26 (11,

13) and L47 (14, 15, 16) [see Figure III-l] by promoting hydrophobic interactions. The

hydrophobic contribution of a given residue to the conformational free energy of a protein

is proportional to the difference between the standard state accessibility and the mean solvent

accessibility. In effect, this measures the area buried by the residue upon folding (17).

Qualitative considerations of such thermodynamic parameters reveal that subtle variations

in side-chain length have profound effects on mean fractional area loss and AG°„ the Nozaki-

Tanford free energy of transfer from an aqueous to a non-aqueous environment (17).

Interestingly enough, a central hydrophobic region in the human growth hormone-receptor
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complex accounts for more than three-quarters of the binding free energy required for

optimal receptor-ligand interactions (18).

The amino group of LI5 in the N-terminal domain is also in close proximity to the

carbonyl group of R41 in the C-terminal domain (1). The non-conservative substitution of

R at position 15 may either interfere with the inter-domain hydrogen-bonding capacity of

R41 or affect the pK of the R41 "partner" on the receptor by altering the local charge

distribution. This could lead to a drastically decreased receptor affinity. The substitution

of Y13, which is located in the domain-domain interface of hEGF (1), with R also decreases

the receptor affinity to only 5.5% of wild-type hEGF (6). It can be pointed out that the

negative charge in the L15E mutant may neutralize the positive charge of R41, thereby

preventing R41 from binding complementary residues on the extracellular surface of the

EGF receptor. LI 5 of hEGF, in concert with Y13 (6), provides the guanidinium moiety of

R41 (5) a unique orientation in a hydrophobic cleft and this configuration may be conducive

to the formation of resonance-stabilized guanidinium-carboxylate ion pairs necessary for

high-affinity binding to the EGF receptor. Alternatively, planar stacking interactions (19)

between R41 and an aromatic side-chain in the receptor protein can be envisaged.

Confirmation of these predictions awaits resolution of co-crystal structures of the active

receptor-ligand complex.

The one-dimensional NMR spectra of L15 A and L15R mutant proteins obtained at pH 3.4

are similar to the spectrum of wild-type hEGF with very few peaks exhibiting significant

chemical shifts (> 75 p.p.b.) indicating no major structural changes in these mutants with

respect to wild-type hEGF conformation. In interpreting the spectral data obtained at neutral

pH, however, it is important to note that chemical shifts are extremely sensitive to even

minor conformational changes. The changes may be due to the introduction or replacement

of charged functional groups (eg., L15R). If the size of the side-chain is decreased

significantly (eg., LI5A), altered packing interactions could give rise to differences in the

internal flexibility of the protein with resultant changes in chemical shifts. The relationships

between chemical shifts and conformational changes cannot be easily interpreted in structural

terms (20). The three-dimensional structure of EGF has been reported to be largely
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independent of pH over the range 2-8 (3). Hence, the three-dimensional structures of the

L15R and Li5A mutants are considered to be similar to native hEGF structure.

Site-directed mutagenesis of LI5 in the N-terminal domain and that of L47 in the C-

terminal domain (14) indicate a stringent requirement for a y-branched "leucine-type"

residue at these positions in the hEGF molecule. Substitution with a P-branched amino-acid

residue results in a relative binding affinity of only 18% (L15V) or 17% (L47I) compared

to wild-type hEGF. Replacement with a methyl group (A for L) at either position further

decreases the relative binding affinity to 2.4% (LISA) and 1.8% (L47A). The properties of

the LI 5A mutant described in this study are consistent with the observations made by Shin

et al. (21), who reported that chemically synthesized LISA had a drastically reduced

mitogenic potency. The moderate loss of receptor affinity seen with the LISF and LISW

mutants (present study) could be partially due to steric crowding; these mutants may not fit

properly into the ligand-binding "pocket" of the EGF receptor, even though the mutations

may not greatly disturb interactions within the hEGF molecule itself. Feild et al. (22)

showed that the F17Y mutant of hTGFa retains -8% of the relative binding affinity,

although colony forming ability in a soft-agar transformation assay was not impaired. No

comparable data are available with respect to the L47 site of hEGF.

Dose-response curves for in vitro agonist activity indicate that the LI5A (present study),

I23T, L26G (23) and L47A (14,23) hEGF mutants exhibit a low phenotype. The basis

for this observation merits further investigation since it suggests partial uncoupling between

the events of receptor recognition and kinase stimulation. The genetically engineered panel

of hEGF mutants may thus be useful in deciphering the mechanism of EGFR activation. In

turn, this could lead to the rational design of EGFR antagonists with therapeutic potential.
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Chapter IV

THE L15A HUMAN EPIDERMAL GROWTH FACTOR MUTANT PARTIALLY

IMPAIRS ALLOSTERIC ACTIVATION OF THE RECEPTOR : ATTAINMENT

OF THRESHOLDS IN THE PRESENCE OF A RECEPTOR RESERVE

Introduction

The Y-branched aliphatic side-chain of LI 5 of hEGF is important in the formation of a

catalytically active ligand-receptor complex (1), as revealed by the following observations:

(i) The LISA mutant displays a binding affinity of 2.4% relative to wild-type hEGF.

(ii) A partial uncoupling between receptor recognition and activation is suggested by the

partial agonist activity of the LI 5 A mutant in an in vitro kinase assay.

(iii) The LISA mutant exhibits only minor structural alterations, as discerned from its 'H-

NMR spectrum relative to wild-type hEGF (1).

The underlying basis for the observed partial agonist activity has been examined both in

'cell-free' systems and in cell culture. Results presented here lead to the conclusion that LIS

of hEGF engages the receptor via cooperative interactions which are critical for attaining

thresholds during mitogenic signal transduction.

Materials and Methods

Cell culture

Balb/MK, an EGF-dependent murine epidermal keratinocyte cell line (2) was obtained from

Dr. Stuart Aaronson (NIH). Cell stocks were maintained at 37 °C in a humidified

atmosphere of S% COj, as proliferating cultures in low Ca^"^ EMEM (Biofluids Inc.,

Rockville, MD) containing 0.05 mM CaClj, 0.02 mM calcium pantothenate, 2 mM L-

glutamine and ICQ units/ml Penicillin-G. The medium was supplemented with 10% dialyzed

FBS (GIBCO, NY) and S ng/ml recombinant hEGF (complete medium). A431, a human

epidermoid carcinoma cell line, was obtained from the American Type Culture Collection.

Cells stocks were maintained at 37 °C in a humidified atmosphere of S% CO2, as

proliferating cultures in DMEM supplemented with 10% FBS (GIBCO, NY).

Recombinant hEGF purification

Wild-type and LISA mutant hEGF were purified as described in Nandagopal et al.{\) and
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in the Materials and Methods section of Chapter II. Lyophilized protein samples were

reconstituted in phosphate-buffered saline (PBS, pH 7.4) and stored at - 80 °C.

Receptor tyrosine kinase activation and ligand-induced receptor dimerization assays

Ligand-dependent activation of EGFR was measured after solubilization of A431 cell

membranes and partial purification of the kinase by wheat-germ agglutinin affinity

chromatography. The conditions, described in the Materials and Methods section of Chapter

II, were similar to those of Akiyama et al. (3), vrith modifications by Koland and Cerione (4).

Aliquots of EGFR preparations (1 pg total protein) were preincubated with varying

concentration of wild-type or mutant hEGF for 15 min at room temperature in buffer

containing 20 mM HEPES, pH 7.2, 250 mM NaCl, 2 mM MnClj, 10 mM MgC^, 1 mM

DTT, 250 mM (NH4)2S04, 100 pM NajVQ,, 5% glycerol and 0.05% Triton X-100. The

kinase reaction was initiated by the addition of [y-^^PJATP (1.35 Ci/mmol) and (Glu4,Tyri)„

[Sigma Chemical Co.] substrates to final concentrations of 75 pM and 0.5 mg/ml,

respectively, in a total volume of 100 pi. After incubation for 10 min at room temperature,

the reaction was terminated by the addition of 5% TCA containing 10 mM Na-

pyrophosphate. The acid-insoluble material was collected on 25 mm Millipore HAWP

filters, washed extensively with 5% TCA containing 10 mM Na-pyrophosphate, dried and

processed for liquid scintillation spectrometry. The radioactivity incorporated in the absence

of hEGF was subtracted from hEGF-stimulated values. The kinase activities reported here

include the incorporation of ̂^P into both the polypeptide substrate and the receptor. The

contribution of the latter, as determined by assaying the receptor in the absence of the

polypeptide substrate, was < 2% of the total activity. Curve fitting was performed vrith the

Deltagraph 4.01 software (Deltapoint Inc., Monterey, CA).

Chemical cross-linking experiments were designed to examine the ability of wild-type and

mutant hEGF proteins to induce receptor dimerization. The protocol for cross-linking has

been previously described by Canals (5). Briefly, solubilized and partially purified EGFR

(2 pg total protein) from A431 cell membranes was preincubated with varying ligand

concentration in the kinase assay buffer (described above) for 15 min at room temperature.

The cross-linking reaction was initiated by addition of 80 mM glutaraldehye (Polysciences
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Inc., Warrington, PA) and after 1 min at room temperature, quenched by addition of 2 M

glycine, pH 9, the final reaction volume being 50 pi. An equal volume of 2X Laemmli buffer

containing 0.7 M P-mercaptoethanol was added to the samples which were then denatured

at 95 °C for 3 min. The samples were resolved on 5% gels by SDS-PAGE, transferred to

Immobilon-P membranes (Millipore, MA) and processed for immunoblotting with anti-

EGFR monoclonal antibody (mAb) [Transduction Labs.], as per manufacturer's protocol.

Membranes were blocked with 3% BSA (Sigma Chemical Co.). Secondary goat-anti-mouse

polyclonal antibody conjugated to HRP was obtained from Transduction Labs., KY. The

ECL detection reagent was purchased from Amersham, IL.

Dimerization of the EGFR in intact A431 cells was examined by the protocol described in

Cochet et al. (6) with modifications. Cells were grown in 35 mm dishes to 80% confluence

in DMEM supplemented with 10% FBS. They were subsequently incubated in DMEM

containing 0.5% FBS for 48 h. Wild-type or mutant hEGF proteins were diluted in DMEM

to the desired concentrations and then added to the cells for 5 min at 37 °C. Control

incubations were carried out in the absence of inducing ligand. The cells were rapidly rinsed

with PBS and cross-linking was initiated with 15 mM EDC (Pierce Chemical Co.), buffered

with 100 mM MES, pH 6. After incubation for 7 min at 37 °C, the EDC solution was

aspirated and the reaction neutralized by addition of 1 M Tris-Cl, pH 7.6, for 5 min at 37 °C.

The monolayers were rinsed with PBS and dissolved in 100 mM Tris-Cl, pH 7.6, containing

1% SDS. The extracts were vortexed and denatured at 95 °C for 3 min to reduce sample

viscosity. After centrifugation at 12000 x g for 5 min at 4 °C, protein content of the

supematants was determined by the EGA assay (Pierce Chemical Co.). Fifteen pg aliquots

were treated with Laemmli buffer containing 0.35 M p-mercaptoethanol and denatured at 95

°C for 3 min. The samples were resolved on 5% gels by SDS-PAGE and processed for

immxmoblotting with anti-EGFR mAb as described above.

Receptor autophosphorylation assays

Balb/MK cells were plated at a density of lO'' cells/cm^ and grown to ~ 70% confluence in

60 mm dishes. The monolayers were then rinsed with PBS and incubated for 48 h in

complete medium lacking hEGF. Wild-type or mutant hEGF proteins were serially diluted
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in the same medium to the desired concentrations and added to the cells for 30 sec at 37 °C.

The experiments were terminated by aspirating the medium, rapidly rinsing the monolayer

with PBS and addition of lysis buffer (100 ntM Tris-Cl, pH 7.6 and 1% SDS). The extracts

were vortexed and denatured (95 °C for 3 min) to reduce sample viscosity. After

centrifugation at 12,000 x g for 5 min at 4 °C, protein content of the supematants was

determined by the BCA assay. The samples (750 pg) were incubated with either 4 pg anti-

EGFR mAb [IgGl] (Transduction Labs) or 4 pg normal rabbit serum protein (Sigma

Chemical Co.) for 2 h at 4 °C as per manufacturer's protocol. Two pg rabbit-anti-mouse IgG

(Sigma Chemical Co.) was added to each sample and incubated for 1 h at 4 °C with end-on

shfllcing Immime complexes were collected on protein G-Sepharose beads (Sigma Chemical

Co.) overnight and centrifuged at 12,000 x g for 15 min at 4 °C. The beads were washed

with PBS and solubilized in reducing Laemmli buffer at 95 °C for 3 min. Samples were

resolved on 7.5% gels by SDS-PAGE and processed for immunoblotting using an anti-

phosphotyrosine mAb (PY20; IgG2b)[Transduction Labs., KY] as per manufacturer's

protocol. Receptor autophosphorylation was independently verified by immimoprecipitating

tyrosyl-phosphorylated proteins in the soluble supernatant (750 pg) of denatured cell lysates

with the PY20 mAb. Samples were resolved on 7.5 % gels by SDS-PAGE and blots were

probed with the anti-EGFR mAb. Secondary antibody incubation and ECL detection

procedures were carried out as described previously.

MAP kinase assays

Balb/MK cells were plated at a density of 10" cells / cm^ and grown to ~ 70% confluence in

60 mm dishes. The monolayers were rinsed with PBS and incubated for 48 h in complete

medium lacking hEGF. Wild-type or mutant hEGF proteins were diluted to the desired

concentrations in the same medium and added to the cells for defined intervals at 37 °C. The

experiments were terminated by aspirating the medium, rapidly rinsing the monolayer with

PBS and adding lysis buffer (100 mM Tris-Cl, pH 7.6, containing 1 % SDS). The extracts

were vortexed and denatured at 95 °C for 3 min to reduce sample viscosity. After

centrifugation at 12, 000 x g at 4 °C for 5 min, protein content of the supematants was

determined by the BCA assay. Samples (750 pg) were incubated with 4 pg anti-MAP-2
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kinase mAb [IgG2b] (Transduction Labs., KY) for 2 h at 4 °C as per manufacturer's

protocol. Two pg rabbit-anti-mouse IgG was added to each sample and incubated for 1 h at

4 °C with end-on shaking. Immune complexes were collected on Protein G-Sepharose beads

overnight, centrifuged and washed thoroughly with PBS. The beads were solubilized in

reducing Laemmli buffer at 95 °C for 3 min. Resultant supematants were resolved on 10%

gels by SDS-PAGE and processed for immunoblotting using the PY20 mAb. Secondary

antibody incubation and ECL detection procedures were carried out as described previously.

Flow cytometry - sample preparation, measurements and data analysis

Balb/MK cells were seeded at a density of 10" cells per 60 mm dish in complete medium and

grown to 70% confluence. Cells were then deprived of hEGF for a period of 36 h to suspend

DNA synthesis. The resultant cultures were not, however, synchronous with respect to point

of arrest in the cell cycle. Subsequently, quiescent cultures were stimulated with wild-type

or mutant hEGF diluted in the conditioned medium and harvested at various time intervals

as indicated in Figures 4-6. Cells from triplicate dishes were trypsinized, pooled, centrifuged

(1000 rpm, 5 min, 4 °C) and fixed in ice-cold 70% ethanol. Samples were stored at 4 °C

imtil further use. For staining of DNA, samples were first resuspended in Ca^'^/Mg^'^-ffee

PBS and incubated with 50 pg/ml RNaseA for 30 min at 37 °C with rotary shaking.

Propidium iodide was then added to a final concentration of 50 pg/ml per sample. Prior to

analysis, the samples were filtered through gauze (mesh 56 pm).

DNA content was determined using a FACStar^^"® flow cytometer (Becton Dickinson

Systems, CA) equipped with a 488 nm argon laser. Propidium iodide fluorescence was

detected using a 585 / 42 nm dichroic filter. Chicken erythrocytes and calf thymus nuclei

(Becton Dickinson, CA) were used as standards to ensure the quality of DNA distribution

patterns. 10'' events / sample were acquired at a flow rate of -100 events / sec. All

parameters including pulse width and pulse height were recorded in list mode. Doublet

discrimination was used to identify artefacts due to doublets of diploid cells and single

tetraploid cells by plotting the pulse area versus pulse width on dot plots. The fractions in

GO/Gl, S and G2/M phases of the cell cycle at each time point were calculated using the

Multicycle software program (Phoenix Flow Systems, San Diego, CA) which is based on the
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analysis of DNA distributions as described in Dean and Jett (7). DNA content histograms

were generated by fixing the ratio of G2 : G1 peak channels at 1.97, constraining the

coefficient of variation (CV) in G1 and G2 to be equal, using a first order S and

incorporating a background correction for the exclusion of debris, clumping and sliced

nuclei. A chi^ value of < 10 was deemed acceptable, while a value < 5 was considered an

excellent fit of the assumed model to the experimental data when tested for statistical

significance.

Results

Apparent positive co-operativity of receptor activation and status of ligand-induced

receptor dimerization

Tyrosine kinase activity of the solubilized EGFR was measured as a function of ligand

concentration using the exogenous substrate (Glu4,Tyri)„. Kinase data pertaining to the

LISA mutant and wild-type hEGF (1) were re-evaluated in terms of the Hill equation.

Analysis of the dose-response curve for wild-type hEGF, shown in Figure IV-1(A), reveals

positive cooperativity with n^pp = 2.5 and EC50 = 0.2 pM. This suggests that the increase in

tyrosine kinase activity is due to ligand-induced receptor dimerization. Non-integral values

of rijpp may arise from contributions by receptor molecules that have been only partially

activated i.e., the allosteric transition is incomplete in such cases. The slope of the curve

indicates that a 4-fold variation in concentration of activating ligand (0.08 - 0.32 pM) shifts

the velocity from 16.7% to 83.3% thus providing exquisite control over the reaction

velocity at fixed concentration of available substrate. The activity profile of the L15A

mutant indicates lack of rate saturation with respect to (Glu4,Tyri)„ phosphorylation.

Therefore it could not be analyzed by the Hill equation. To compensate for its reduced

receptor binding affinity, L15A was previously tested at concentrations which were 50-fold

greater than the EC50 value for wild-type hEGF. However, an EC sgvalue cannot be estimated

for LI 5 A since it functions as a partial agonist; even when it binds all the receptor molecules

available (~1 nM), it does not induce the same maximal response as vrild-type hEGF (1).

This analysis indicates that induction of the effective response is dependent on allosteric

activation of the receptor, a process impaired by the binding of LI 5 A to the EGFR.
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Figvire IV-1. Apparent positive cooperativity of receptor activation and the status of ligand-
induced receptor dimerization. Panel (A) depicts the relative agonist activities
in a (Glu4,Tyr,) substrate phosphorylation assay. (B) Glutaraldehyde cross-
linking of solubilized EGFR aimers. (C) Status or EGFR dimerization in
intact cells. Data are representative of at least two independent experiments.
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Ligand-induced dimerization of solubilized EGFR was examined by giutaraldehyde cross-

linking. The anti-EGFR immunoblot in Figure IV-1(B) shows that wild-type hEGF exhibits

dose-dependent stabilization of a dimeric receptor conformation that can be trapped

covalently by the cross-linker and present the receptor epitope necessary for antibody

recognition. The concentration required for half-maximal receptor dimerization is in the 0.1

- 0.4 pM range, which is similar to the ECjo value obtained for wild-type hEGF in the

(Glu4,Tyr,)„ phosphorylation assay. The band intensities of receptor dimers trapped at 0.1

and 0.4 pM wild-type are similar to those obtained at 5 and 10 pM LI 5A, respectively. The

L15 A mutant can thus induce soluble EGFR dimerization at concentrations that are relatively

ineffective in stimulating (Glu4,Tyr,)n phosphorylation [Figure IV-1(A)]. The ability of

ligated receptor dimers to attain the kinase-active conformation may additionally involve an

allosteric transition due to ligand binding.

Figure IV-1(C) reveals the status of EGFR dimerization in intact A431 cells when the

receptor is stimulated by either wild-type hEGF or the L15 A mutant. The results show that

in contrast to wild-type hEGF, LI5A is severely impaired in mediating receptor dimerization.

Whether no dimers were formed or if they were unstable during the course of the assay

cannot be distinguished unequivocally. Qualitatively, the finding is consistent with data

presented in Figure IV-1 (B). The observed differences in the giutaraldehyde and EDO cross-

linking assays may reflect the assay conditions which differ in receptor microenvironment,

ionic strength, temperature, incubation time and chemistry of the cross-linking reaction.

Tyrosine phosphorylation of the EGFR in living cells

The reduced potency of the L15 A mutant in the (Glu4,Tyr,) „ substrate phosphorylation assay

prompted investigation of receptor activation in intact cells. Solubilized EGFRs may adopt

'non-native' conformations in micelles or expose sites that may undergo spurious

phosphorylation. Such a situation is less likely in the case of EGFRs which are anchored in

the membranes of living cells. Dose-response parameters for ligand-inducible

autophosphorylation of the EGFR were therefore established in Balb/MK cells.
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The robust response to wild-type hEGF stimulation (30 sec induction at 37 °C) is shown

in Figure IV-2(A & B). Published values for receptor subclasses in Balb/MK cells

suggest that the exquisite sensitivity of EGFR tyrosine phosphorylation is mediated mainly

through the high affinity subclass which has a = 0.2 nM and ~ 4500 sites / cell under

conditions of receptor upregulation (8). The kinase data presented here indicate that the low

affinity receptor subclass (k^ = 30 nM; -18000 sites / cell under conditions of receptor

upregulation [8]) constitutes a receptor reserve/spare receptor pool of-1 pM, the presence

of which steepens the dose-response curve for wild-type-induced tyrosine phosphorylation

of the EGFR. The activity profile of the LI 5A mutant, shown in Figure IV-2(A & B), reveals

several interesting features: (i) The requirement for a higher dose is consistent with its low

affinity, (ii) L15A induces significant tyrosine phosphorylation of the EGFR in the 7.29 nM

(45.21 ng/ml) to 590.5 nM (3.67 pg/ml) concentration range, (iii) Partial agonists may elicit

maximal effects in the presence of spare receptors. The mutant phenotype observed in the

(Glu4,Tyr,)„ phosphorylation assay [Figure IV-1(A)] may be due to artificial depletion of the

receptor reserve.

Since partial agonists require spare receptors to induce maximal effects, it was of interest

to assess differences in the phosphotyrosine content of receptors activated by L15 A and wild-

type hEGF. The agonist activity of 7.29 nM wild-type hEGF relative to 590.5 nM L15A was

therefore verified by immunoprecipitation of activated EGFRs with a mAb (PY20) to

phosphotyrosine and immunoblotting with an anti-EGFR mAb. The H16Q mutant which

binds the EGFR with ~2.7-fold higher affinity relative to wild-type hEGF (9) was also tested

at a dose of 7.29 nM and served as a positive control in these experiments. Figure rV-2(C)

shows that LI 5A induces tyrosine phosphorylation of a larger fraction of receptor molecules

compared to wild-type hEGF and the ratio of total phosphotyrosine content / receptor is

-2.8-fold lower (Figure IV-2[D]) under these conditions. By inference then, these ligands

differ in the number of receptors that they must activate in order to generate the same

effective response. This interpretation is also consistent with the findings presented earlier

in Figure rV-l(A).
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Figiore IV-2. EGFR autophosphoiylation in Balb/MK cells. The dose-response curve in
panel (B) is derived ftom densitometric scanning of band intensities in (A).
The phosphotyrosine content/receptor ratio in (D) is derived from scanning
the corresponding signal intensities in panels (A) and (C). Data are
representative of two independent experiments.
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MAP kinase activation as a measure of downstream signal transduction

MAP kinases are involved in the mitogenic response to growth factors (10) and are also

implicated in the regulation of more proximal aspects of EGFR signalling (11-14). The

stimulus-response curve for MAP kinase suggests that it functions like a cooperative enzyme

with a Hill coefficient of 4-5 (15). To ascertain whether or not EGFR phosphorylation by

LI 5 A translates into biochemical responses in signaling pathways downstream of the EGFR,

the activation of p42 MAP kinase was investigated in Balb/MK cells.

The response to equivalent concentrations (7.29 nM) of either LI 5 A or wild-type hEGF

was evaluated in immunoprecipitation experiments using an anti-p42 MAP kinase mAb and

probing blots with a mAb to phosphotyrosine (PY20). As seen in Figure IV-3, both wild-

type and LI 5 A elicit a response of similar magnitude in this assay. Clearly there is a lack of

linear correlation to the levels of ligand-inducible autophosphorylation of the EGFR at these

concentrations [Figure IV-2(A)].

The kinetics of MAP kinase activation in response to equivalent concentrations (7.29 nM)

of H16Q and wild-type hEGF when compared to 590.5 nM of L15A is shown in Figure IV-

4(A & B). Under these conditions, L15A and H16Q induce a response that is greater in

magnitude compared to wild-type hEGF. The response peaks at 2-5 min, after which it

rapidly declines to near basal levels during the 10-30 min interval. These results show that:

(i) EGFRs activated by L15A are capable of genuine signal amplification, (ii) Cooperative

effects are important for signal transduction in the presence of threshold ligand

concentrations, (iii) When the induced response exceeds optimum, cells attenuate the

stimulus, probably by dephosphorylation mechanisms.

Cell proliferation analysis byflow cytometry

EGF regulates GO/Gl transition and progression through G1 into S phase of the cell cycle

in many cell types (16-18). The mitogenic response of Balb/MK cells to LI 5 A or wild-type

hEGF stimulation was monitored by flow cytometric analysis of cellular DNA content.

Three parameters were examined:

(1) The lag / kinetic interval between the time of growth factor addition and onset of S phase;

this depends on progress made in previous cycles, macromolecular syntheses related to the
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Figure IV-3. EGF-inducible tyrosine phosphorylation of p42 MAP kinase was determined
as described in Materials and Methods. Data obtained with equivalent
concentrations (7.29 nM) of ligand, are representative of at least two
independent experiments.
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Figure IV-4. Kinetics of activation / inactivation of p42 MAP kinase in Balb/MK cells.
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independent experiments.
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pre-replicative phase of the present cycle and whether or not cells were deprived of tiEGF

/serum.

(2) The rate of entry into S phase as indicated by the slope; this is determined by the fraction

of the cell population which attains threshold at any given time.

(3) The overall distribution/shape of the subpopulation in S phase which is governed by the

rate of DNA synthesis and any synchrony present.

Figure IV-5(A) shows that -75% of the cell population accumulates in GO/Gl following

hEGF withdrawal from the culture medium for 36 h. Stimulation with either 1 or 33 nM

wild-type hEGF results in a lag of 8 h, during which time -5% of the cells arrested in G2/M

or possibly even late S of the previous cycle enter GO/Gl. Cell numbers in the S and G2/M

phases register a corresponding decrease during this interval [Figure IV-5(B & C)]. Thus,

- 80% of the population is distributed through various stages of GO/Gl at the end of the 8

h lag. The minimum lag is independent of EGF concentration under these conditions.

Cells which attain threshold at the Gl/S boundary proceed into S at - 8 h, maximal

occupancy of the S phase compartment being observed at -16-18 h [Figure IV-5(A & B)].

There is no appreciable difference in the rate of exit from GO/Gl when the concentration of

inducing ligand is either 1 or 33 nM wild-type hEGF. This indicates that the threshold and

response rate per cell are similar in both cases. Furthermore, the concentration mediating the

threshold response is lower than 1 nM wild-type hEGF. Assuming that the threshold

response is proportional to receptor occupancy, these observations also suggest that spare

receptors are available for interaction with 'excess' ligand present in the culture medium.

The transition of cells through S phase is characterized by a progressive increase in cellular

DNA content due to replicative DNA synthesis. The fluorescent signal thus increases in

proportion to the propidium iodide bound stoichiometrically to DNA. The proliferating

fraction, which consists of cells in S and G2/M, is depicted in Figure IV-5(C). The

distribution of the subpopulation in various stages of S phase is similar for both 1 and 33 nM

wild-type stimulated curves [Figure IV-5(B)], suggesting that the rates of DNA synthesis are

also rather similar under these conditions. The average duration of S phase is estimated to

be -7 h, assuming that cells are in exponential growth under these conditions, a finding
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Figure IV-5. Cell proliferation in response to saturating concentrations of wild-type hEGF.
DNA content was monitored by flow cytometry and histograms were analy2ed
as described in Materials and Methods. Semi-logarithmic plots are
representative of average data points from three independent experiments.
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consistent with the observations of van Hooijdonk et al. (19).

The graphs in Figure IV-6(A, B & C) depict the differences in cell cycle kinetics when the

mitogenic response is elicited by wild-type or LI 5A hEGF at 1 nM concentration. In both

cases, cells go through GO/Gl with the same minimum lag of 8 h, before reaching S phase

[Figure IV-6(A)]. However, a larger number of wild-type stimulated cells enter S phase

more rapidly than mutant stimulated cells [Figure IV-6(A & B)]. The difference in threshold

is reflected in the slopes of the two curves. Clearly, the threshold response is not achieved

readily by cells stimulated with L15A. Thus, the fraction of ligated receptors which

transduce the threshold response are non-identical for LISA and wild-type hEGF. The

steeper slope for the wild-type stimulated curve is indicative of more efficient signal

amplification. That the response rates are different is evident from the distributions of the

respective S phase subpopulations [Figure IV-6(B)]. Cells stimulated by subthreshold

concentrations of LISA are less efficient than wild-type stimulated cells in the induction of

DNA synthesis.

The mitogenic response to 33 nM wild-type or LISA illustrates the dose-dependence of

the threshold effect [Figure IV-7(A, B & C)]. The slopes of the curves indicate that cells

stimulated by mutant or wild-type hEGF exit GO/Gl at similar rates following the 8 h lag

[Figure IV-7(A)]. The increased concentration of the mutant compensates for its reduced

potency and thereby permits more cells in the population to attain thresholds. Consequently,

the response rates are similar in cells stimulated by the LI5A mutant and wild-type hEGF.

Inspection of the curves shown in Figure IV-7(B & C) indicates that at the 11 h interval,

—13% of the population stimulated by LI5A remains in the G2/M compartment of the

previous cycle compared to -5% of the cells stimulated by wild-type hEGF. Reasons for this

observation are not clear and merit further investigation. The distribution of cells in transit

through the cell cycle is otherwise similar for both wild-type and LISA stimulated curves.
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as described in Materials and Methods. Semi-logarithmic plots are
representative of average data points from three independent experiments.
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Discussion

The aggregation state of cell surface receptors can regulate transmission of signals by various

growth factors and cytokines (20,21). For the EGF/EGFR paradigm, however, structural and

functional components that mechanistically relate receptor aggregation to tyrosine kinase

activation remain unresolved. This study addresses the role of hEGF in mediating this

process and shows that L15 of hEGF engages the receptor via cooperative interactions that

are critical for mitogenic signal transduction. The experimental findings in support of this

conclusion are as follows:

(i) Induction of the effective response is dependent on allosteric activation of the EGFR.

(ii) The relationship between ligand binding and receptor activation in the (Glu4,Tyr,)n

phosphorylation assay appears cooperative due to agonist-induced receptor dimerization /

oligomerization.

(iii) The LI5A mutation in hEGF partially impairs dimerization and allosteric activation of

the EGFR in vitro. LI5A induces significant autophosphorylation of the EGFR in the

presence of a receptor reserve.

(iv) p42 MAP kinase activation, a measure of downstream signal amplification, does not

reveal a linear correlation between receptor autophosphorylation and the effective response.

(v) Wild-type hEGF and LI5A differ in the threshold concentrations required for entry of

cells into S phase following the exit from GO/Gl of the cell cycle, indicating that allosteric

activation of pre-existing receptor dimers / oligomers may dictate the rate at which thresholds

are attained.

The description of cooperative binding of hEGF to the EGFR under the in vitro kinase

assay conditions is consistent with the sedimentation analyses of Sherrill and Kyte (22) who

reported that binding of EGF to solubilized EGFR is sigmoidal (nH= 1.7). The inability of

the LI5A mutant to maximally activate the EGFR in the substrate phosphorylation assay,

provokes the question as to what promotes the allosteric transition. Stable receptor-ligand

'bonds' are formed by van der Waal's weak forces of attraction which are both non-covalent

and saturable (23). Steric complementarity permits the y-branched LI 5 side-chain of hEGF

to form multiple van der Waal's bonds simultaneously and thereby confers specificity of
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interaction during an allosteric transition. Such an opportunity would not present itself to

the smaller side-chain of the LI 5 A mutant and may account for its reduced potency as an

agonist.

There have been numerous reports describing EGF-induced dimerization of EGFRs (5, 6,

22,24-27). Some studies have implicated the monomeric EGFR as the active kinase (4,28-

30) while others have attributed the activity to the dimer (5, 6,22,24,25). However, these

studies have examined the involvement of receptor ̂ gregation without resolving the role(s)

of ligand-receptor interactions in tyrosine kinase activation.

Kinase and chemical cross-linking data presented in Figure IV-1(A & B) strongly suggest

that the apparent cooperativity between ligand binding and receptor activation derives from

ligand-induced receptor dimerization. This interpretation is supported by previous reports

that have shown the specific activity of monomeric EGFR as a kinase to be lower than that

of the dimeric species (5, 31). The activity profiles of the LI 5A mutant suggest an obligate

requirement for allosteric conformational change(s) in addition to receptor dimerization,

which is plausible both energetically and mechanistically (32). The statistical probability that

membrane proteins in vivo would oligomerize, is a million-fold greater than the probability

that these proteins would exist in isolated states (33). Thus, EGF receptors which pre-exist

as oligomers (34), covalently-linked homodimers (31) or are co-expressed as heterodimers

in intact cells (35), bind ligand and function as kinases only when they also xmdergo the

necessary allosteric transition.

The demonstration of a receptor reserve for EGFR activation and its importance in

mediating threshold reponses to EGF stimulation, as described in this study, extends the

earlier observations of Soler et al. (36), who demonstrated potent SHC tyrosine

phosphorylation in EGF-treated MK cells at low receptor density. MAP kinase activation

in response to threshold ligand concentrations probably proceeds along this pathway. The

LI5A hEGF mutant is not a partial agonist for mitogenesis, although it is so for receptor

autophosphorylation. Interestingly, mutation of all the major autophosphorylation sites in

the receptor (Y->F) does not abrogate the mitogenic response to wild-type EGF (37-39).

Assuming that receptor autophosphorylation then reflects the extent of conformational
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change induced by ligand binding, the presence ofa receptor reserve ensures that threshold

concentrations of LI 5A can engage enough suboptimally activated receptors in order to

stimulate the maximal mitogenic response. The experimental data of Zendegui et al. (8),

suggest that maximal and sustained cell proliferation of Balb/MK cells by wild-type hEGF

is regulated by -500 high affinity EGFRs per cell! Studies with fibroblasts have also shown

that spare receptors exist for the mitogenic response and receptor down regulation (40,41).

Therefore, it is of interest to investigate temporal changes in receptor reserve in future

experiments.

Given that high-affmity receptors in intact cells pre-exist as dimers / oligomers (34),

allosteric activation of this receptor subpopulation presents several advantages for attaining

biological thresholds as a result of cooperative effects. Fewer receptors with enhanced

intrinsic kinase activity can engage the agonist for longer duration, especially if the ligand

concentration is limiting or when signal intensity dictates choice of cell fate in vivo (42,43).

Existence of a receptor reserve combined with the flexibility afforded by intemalization /

recycling mechanisms may have been essential to the evolution of the EGF/EGFR

superfamily of receptor-ligand systems in development. Survival strategies of this nature

may be preferred over a mechanism that necessitated a selective growth factor for each type

of target cell.
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Chapter V

CONCLUDING REMARKS AND FUTURE DIRECTIONS

The link between reception and relay of mitogenic signals by the EGF / EGFR system has

been examined from a reductionist perspective. Nonetheless, tangible clues have emerged

from the experimental results presented in this dissertation. While they offer new insights,

they also pose new questions!

What controls the rate and extent of EGF action? Equilibrium analyses (e.g., Scatchard

plots) have identified both high and low affinity receptor binding sites, suggesting that these

are discrete entities. Little is known about EGFR densities in the membrane. However, there

is evidence that in response to EGF, the high affinity receptor binding sites associate with

the cytoskeleton through actin (1-3) and are sufficient for signal transmission (4,5). Since

the high affinity sites represent ~2-20% of the total sites, their properties have not been easy

to study. No information is available as to whether or not the system exists in two or more

kinetically distinguishable states. Since it is not known if ligand binding is rapid relative to

conformational change or vice versa, the possibility of binding to a preferred conformation

rather than inducing a change in receptor conformation caimot be addressed at present.

Time-resolved fluorescence imaging microscopy has shown that the high affinity EGFRs

in intact cells are present in a predimerized / oligomerized state and that stereochemical

reorientation may be necessary for receptor activation (6). Studies on the stoichiometry of

EGF-EGFR binding have shown that 1:1 (7) or 2:2 complexes (8) can be formed. The

present study extends these earlier observations by suggesting that van der Waal's forces

induce cooperative reorientation and activation of the EGFR in the context of pre-existing

dimers / oligomers. In terms of membrane deformation, such a mechanism would involve

far less expenditure of energy as compared to the disruption of alpha-helical structures or

covalent bond scission / formation. It also provides a rationale as to why sensitivity, which

is a local property, is maximal at threshold and decreases with an increase in the stimulus.

This is consistent with findings which indicate that a receptor occupancy of < 1% triggers

a reversible reduction in the affinity of cell surface EGFRs by 10 min (t,/2 = 2-2.5 min) and

a maximal response requires only 5% occupancy (9). The surface EGFRs remain in the low
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affinity state as long as EGF is present (9). It is not clear, however, whether the signals

which mediate these transitions are independent of changes in receptor phosphorylation

status, the increase in intracellular pH and/or Ca^"^ levels.

Is the proposed model of EGFR activation applicable to receptor heterodimerization?

Although the stoichiometry of EGF binding to other members of the erbB family is

unresolved, betacellulin - an EGF homologue, is capable of binding both the erbB 1 and

erbB4 receptors (10). Cooperative interactions in the context of pre-existing heterodimers

are yet to be demonstrated. The LI5A hEGF mutant characterized in this study is being

further investigated with regard to its role in receptor heterodimerization and signalling

specificity by Dr. Mary B. Murray, a post-doctoral fellow in Dr. S. K. Niyogi's laboratory,

in collaboration with Dr. Donna E. Davies at the CRC Cancer Research Institute,

Southampton, UK.

The idea of a receptor reserve, as introduced in this thesis, helps explain the basis for the

partial agonist activity of L15A and also the response efficacy of activated EGFRs in

biochemical and biological contexts. It is of interest to know if the processes of EGFR

overexpression and/or heterodimerization simply increase the receptor reserve for 'EGF-like'

agonists. Spare receptors are known to influence response efficacy in diverse systems and

may be a general feature of receptor biology. Some examples include the response to choline

derivatives at the motor end-plate (11), production of cAMP and corticosterone by variants

of adrenocorticotropic hormone (12), a2 / P-adrenergic receptor function in fat cells (13),

prediction of the clinical utility of D1 dopamine receptor agonists (14) and the partial agonist

activity of oxytocin at vasoconstrictor vasopressin receptors on human uterine arteries (15).

Based on computer simulations, it has also been suggested that ligand binding is

augmented by 'a diffusive entrapment effect' (16). In this scenario, low affinity receptors

or proteoglycan coreceptors are predicted to trap ligand molecules and 'funnel' them to the

less abundant, spatially restricted high affinity receptors (17,18). Though no direct evidence

is as yet available to support this hypothesis, it presents an alternate view of the dynamics

of receptor-ligand interactions.
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The emergent theme in this dissertation is that of cooperative effects mediating the

threshold response. In this regard, the Balb/MK model can be further utilized to investigate

the status of tyrosyl phosphatases, e.g., SHPTP2 (19), tumor suppressors, e.g., p27KIPl (20),

cyclins, cyclin-dependent kinases and replication licensing proteins (21) in promoting EGF-

dependent cell cycle progression. Furthermore, the effects of other signal transducers e.g.,

PI-3 kinase (22) can be examined and/or novel substrates of mitogenic signals may be

identifiable. Also of interest is whether signalling components are compartmentalized in

structures such as caveolae (23) in epithelial cells.

Structure-function analyses of hEGF suggest that hydrophobic interactions (favoured

entropically) are the major driving force in receptor binding. Given the dynamics of

receptor-ligand interactions, the importance of electrostatic forces, hydrogen-bonding

interactions and van der Waal's forces derives from the formation of complexes of small net

stability! Molecular determinants of these forces remain unresolved at the level of the

receptor. Therefore, rational design of EGFR inhibitors, superagonists and receptor mutants

by protein engineering will be feasible when co-crystal structures and algorithms for the

computational chemistry of receptor-ligand interactions become available.
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