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Abstract 

The objective of this study was to deterrnine how aIterations in the insulin

receptor trafficking pathway affect ligand-dependent cellü!ar action in Chinese hamster 

lung fibroblasts. Cellline~~ altered in their trafficking pathway were selected using a toxie 

insulin-diphtheria A ·chain molccule (DTaJ) which specifically interacts with the insulin 

rcccptor. Olle ccli variant (IV -A I-j) whieh exhibited decreased insulin binding and 

enhanced Insulin degradation did not demonstrate insulin or IGF-] dependent cell 

prohfcration. IV -A l-j cells also failed to produce an insulin-stiP-lulated tyrosine 

phosphorylaled prolcîn (pp 175). IGF-l binding, insulin-stimlllated hexose uptake, 

cpldcrmal growth factor and thrombin stimulated cell proliferation were lInaltered in IV

A 1-.1 cclls. Thcsc lesults suggest that the insulin and IGF-l receptor may share a COJl1mon 

pathway post-ligand binding for cell proliferation which does not involve EGF or 

thrombin, and that ~nhanced insulin degradation and Ioss of pp 175 may be responsible 

for the loss of insulin-stimulated cel! proliferation. 

11 



Résumé 

Dans cette étude, nous tentons de comprendre de comment lt.'s changl'Illl'ill', dall~ 

le lJansport Intracellulaire des complexes insuline-récepteur affcctent Il' ll\l;l'~\lII,mC 

d'acti(;n des ligands intracellulaires. Pour ce faire, nous avon~ 1I111is~ C\)tnllll' tl)nlll'k k~ 

fibH'Jlastcs de hamster chinois, En couplant la chaîne A de la IOXlI1e diphlh~lll)lll' (l)'!'a!) 

au rèceptellr de l'insuline, nous avons sélectionne un clone, IV-Al i, dont k\ Il'l'l'Illl'UI\ 

<ltwchent faiblement l'insuline et dans lequel le taux de dégradatloll dl' l'II1\ullIll' ,1 ... 1 

augmenté, Nous démontrons d'une part que ce clone ne peut êtrl' IIldUIl Ü PlOltll'll'l l'Il 

présence d'insuline et d'IGF-l, et d'autre part que la pré"ence d'In"uhnc C,,\ IIlcapahk 

d'induire la phosphoprotéine pp175. Nous observons de plus que l'atlaChl'llll'nf dl' 1')(11'-

1, l'incorporatIon d'hexose induite par l'insuline et la répoll<';c ploI1l01,III\'l' IIHllIltl' P,II 1,1 

thrombine et le EGF restent normales. Nos résultants sugg01l.'llt qUl' k\ 10ll'PI\'11I \ (Il' 

l'imuline et IGF-l partagent les mêmes vOies métabl)liqucs apr0s allachl'Illl'nt :1 Ull ilt!-alld 

<lutre que EGF et thrombine, et que l'augmentation de la dégradation dl' l'IIl\UIIIll' l'I la 

perte de pp175 réslIlte probablement de la perte de tOlite répnl11.,l' pro11101dllVl' il l'11l'lldllll' 
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"The important thing is to not stop questioning." 

. Alhert Ein~tl'in 
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Preface 

The thesis presented herein, is wIitten in the fOi m of original papers. The 

provisIon from the Thesis Guidelines reads as follows: "The candidate has the option, 

subjecl 10 the approval of the Department, of including as part of the thesis of the text, or 

duplicatcd published text (see below), of an original paper, or papers. ln this ca"e the 

thesis mmt still conform to ail other requirements explaincd in Guidelines COIlCCfllll1g 

TheSlS Preparation. Additional material (procedural and design data as weil as 

descnptlons of equipment) must be provided in sufficient detail (e.g. appendlccs) to 

allow a clear and precise judgement to be made of the importance and originality of the 

rcsearch reported. The thesis should be more than a mere collection of manuscripb 

publishcd or 10 be published. Il must include a e;eneral ab"tract, a full introduction. and 

litcrjlturc review and a final overall conclusion. Connecting texts which provide lopcal 

bridgc'i bctween different manuscIipts are usually desmlble 111 the interests of cohc'oion." 

"lt is acceptable for theses to includc as chapters authentic copIes of papen, 

already published, provided these are duplicated c1early on regulation thesis statlonary 

and round as an integral part of the thesis. Photographs or other materials which do not 

duplicate weil must be included in their original fonn. In slIch instances. connectlllg text<; 

are mandatory and supplementary explanatory material is aImost al ways necessary." 

"The inclusion of manuscripts co-allthored by the candidate and others IS 

acceptable but the candidate is required to make an explicit statement on who contributed 

to slich work and to what extent, and supervisors must attest to the accuracy of the 

c1aims, e.g. before the Oral Committee. Since the task of the Examiners IS made more 

difficult in these cases, it is in the canidates interest to make the responsibllitles of the 

authOl s perfectly clear. Candidates following this option must inform t~e Departlllent 

bdme it submits the lhesis fO! review." 

As a result, three original papers are presented here, ail of which have been 

submittcd for publication. Chapters 2 to 4 which contain the manuscnrt~ Iflcludc 

abstracts, introductions, materials and methods, results, and dIscussions. In accordance tn 

McGill University's thesis guidelines this thesis also incIlides a general abstract (résumé), 

daim for original work, introduction (review of the liturature), and general discus"ion. 
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Claim r·'or Original Work 

The following e1e-ments of this thesis represent daims for original work. 

1. SPOP was used as a crosslinking reagent to construct a unimolecular DTal 

molecule. The highly specifie nature of thiS molecule towards the insu lin rcccptor 

permits its use in cclI sys.ems containing both insulin and IGF-I receptors. 

2. The j:.,olation and charactcrization of DTaI-resistant/DT-sensitivc ccII vanants 

which have a defeet in their ability to grow in serum containing medium suggests 

that the insulin-receptorl pathway has components (rcgulator!'l) whlch are 

es~cntial for the functioning of other growth factor receptors. 

3. The isolation of a single DTaI-resistant mutant (IV -A I-J) and its charactcrilation 

in a hormonally-dcfined medium gives clear indication that IIlsulin and IGF-l 

share il common palhway post ·receptor bmding, and that other growth factors 

slich as EGF and THR are not related to this pathway. Previolls reports cmploying 

a homlünalIy-defined system have supported these conclusions ba~ed on 

speculations in celllines which show additive or synergistic effects wIlh dlfferent 

hormones. IV-Al-j celIs show a complete inability to grow with either insulin or 

IGF-l. 

4. In conjunction with statement 3, we have isolated a unique and naturally 

occurring mutant, which maintains its insulin modulated metabohc pathway, hut 

has a disruption in its insulin-mediated mitogenic pathway. No such mutant has 

bcen previollsly isolated. 

6 Our studics of this mutant show that a 175,000 molecular weight insulin

inducible endogenous tyrosine phosphorylated protein is not associated \Vith 

insulin-stimulated hexose uptake. but may be involved in elicitillg a mitogenic 

response specifie to insu lin and IGF-I and not EGF or THR. 

1 In.\lllin-rccepwr dcscribcs both insulin and the insulin rcccptor. 
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Chapter l. 

Review of Literature and Introduction 



( 

1.1 Preface to Chapter 1 

The purpose of this project was to study the various pathways that may be 

Involvcd in insulin action. For this, the following questions were addressed: 

The trafficking pathway for the insulin receptor (i.e. receptor expression 
ligand binding, internalization and intracellular routing) is weil 
estabhshed, yet what pans of this pathway are important in insu lin actIOn'? 

Can wc derive cellular mutants that will have defect~ at the lcvel of insuhn 
rcccptor expression, binding, internalization, or lI1tracellular rout\l1g? 

ln what way is the insulin response pathway affccted In cells cxhihiting 
alterations in the insulin-receptor trafficking pathway? Can we detenmne 
what parts (jf the insulin-receptor trafficking pathway are important for 
ehciting insulin-dependent rnetabolic and mitogemc cellular aCllon? 

The traftickmg of insulin and its receptor are fairly weil characterized, as weil H'i the 

observations seen for insulin-dependent action. Yet understanding how the il1'illlin

receptor trafficking pathway2 is cou pIed to insulin-dependent cellular effects is lackillg. 

ln ortier to better llnderstand the relationship between the insllhn-receptor pathway and 

cellular action, an approach was taken which involved the construction of an lI1slllll1-

diphtheria A-chain (DTal)' toxic molecule. In order for thIS moleclIle to praye toxic to 

the ccll, It must first enter through the insulin receptor pathway from WhICh the 

diphthcria A-cham (OTa) can be released ioto the cytoplasm and il1hibIt protein 

synthesis. Thllli, the DTaI molecule can be used as a selection age.,t to isolate D1'al

resistant cell variants. With regards to the questions cited above, the hyp,>lheI,IS is that 

cells WhICh are DTaI-resistant will have a defect in the illsuIin receptor pathway cuher at 

the level of insulin receptor expression, insulin bmd1l1g, intel nali7al1nn, or 

comp.trtmentalization, and that a defeet at one of these levels would dIsnlpt at kalit one 

lIlslIhll-dependent cellular effeet. Hence, cell variants of this nature can be used 111 

di~liectIng out the various mechanisms involved in insulin action as weil as to sllldy the 

Ielation~hIps involved between the insulin-receptor pathway and inslIlin actIon. 

! NOIe Ihal lhe lerm pathway relcrs 10 Ihe expressIon, mlernahzatlon, and fale of Ihe rcccplor and/or Ils 

hgaml. Thl'> !>hould Ilot he confuscd wIlh the lenn response patlnvay whlch IOvolve<; second Il1c,~cllgcr~ 

and hgand-(kpendanl cellular rcsposcs. 
1 Ali ahhrcvtatlOns can he round on page xiv of thls thesls. 
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This chapter covers a review of the current concepts regarding. insultn-rcccptOl 

trafficking and insulin action. A section on insulin-like growth factor type one (KiF-! ) 

and other growth factors, and their receptors i~ aiso inclm1cd (chaplcr :\)_ Sl'cllon 1 7. 

To:tic 1 nsulin Molecules and Insulin Action contains a review on diphthena 1O\ln (DT) 

(the toxin used in this project) and toxie ligand molecuks us~d for stllllylllg IIgand

depcndent action. When possible, review articles have been citcJ rather than llIdivldu:l1 

papers . 
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1.2 Insulin 

1 2 1 Introduction 

Insuhn stru\:ture is presented in this section, since it is crucial to understanding 

the rrocedure used in constructing the toxic conjugate molecule4 • In addition to thi'i a 

bricf hi'ilory towards the isolation and characterization of the insulin molecule ha~ been 

i ncludl:d. 

1 2.2 lIistory 

The fmt purification of insulin was obtained by B~lnting and Best in 1925 III. 
Th is rreparation was far l'rom being pure and it was not until 1935 that the [Irst succcs~

fuI X-ray photographs of air-dried insulin crystals were studied [541. These siudie-; along 

with Svedherg's calcuhtion of molecular weight using an ultracentnfuge gave in"lllin a 

l11a"s of 35,100 - 37,600 (551. The crystals showed a trigonal 'iymmetry, WhlCh dlvlded 

in!\llltn into a molecular weight of 12,000. Only 25 years luter dld addllional eVldenœ 

!eat! to the discovery of the amino acid sequence which then showed that 1l1~1l11l1 was 

actually a 6,000 molecular weight molecule [551. By the early 196o's, insuhn cOlild be 

synthesiled Although this eventually led to helping in the treatment of diabctic lIldlVidll

ah, 11 did Ilot help w1th elucidating the structure of the moJecule. It \Vas only bctwecn the 

yca!!', of 1960 and 1975 with improved X-ray crystallography and elcctron den"ity Illap 

analym, that lIlsuhn's structure was finally detemlined [55,76,1741. Below i'i a bner 

description of what we know about the stnJcture of the insulin molecliie. 

1.2.3 II/sI/lin Molecule Structure 

Human inslilin is synthesized as a high molecular weight peptide (pre-proinsulin), 

proccssed as an mtermediatory precursor (proinsulin), and then cleaved in two (215,2161. 

Though ll1,;uhn is solely secreted from p-cells located in the islands of Langerhans of the 

pancreas 12971, there is supporting evidence which sugge'it'i that Insulin can he 

1 AlIlhor'~ notc Pay partlcular attention to the locatIOn of the amino-termtnals and lys rc~adllc ln thc 

Hl"ultn Illokculc wlth rcgards to the msulin bindmg domain. These COnLam amino groups which were 
chl'll\ll·ally molllllcd for conjugation to the toxin mo1ccule. 
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synthesized in lung, intestine, :lnd the central nervous system 12J3,2.t ~ 1. 1 hllllan ll\"'\llln 

ha~ a molecular welght of approximately 6.000 (there arc small lh fh.'ll'\lL'l'\ het \\'l'l'Il 

specles) and consists of t\\'o chains held together by two .. ullll)'thyl bond" thPlll' 1) 1 hl' 

A chain consl"ts of 21 ami no aClù, and po.,se~ses an II1tra-"ultl\)'thyl hfl(l~l' hL't\\l'l'll 

amino acit.h 6 and 11 ThiS ar<.:a i" respom.ible for the dlf'fl'rl'l1cl''' oh:-.n\'l'd 111 tht' :t11111l11 

acid composition between "pecie .. The B-chatn l, l\Hnprisl'd of JO :l1ll1f10 al'Id, Spl'lIl'\ 

dlfferences for the B-chalO occur only at the carboxy-tenmnall'I\d Thl' onl)' llllkll'I\cl' 

belwcen humun 1I1suhn and porcme lIlsulin lies JI1 the ~uh~tI\Utl()f1 of a thll'Ol1l1lL' lor ail 

alanlllc amino acid at the carboxy-tem1inal end of the B-chall1 

The bio-active reglon of the Imulin !l1o\ecu\e ha\ hl'l'n detelll1llll'd hy ..,llld~ ln).! 

reccptor bmdl/1g by U:-'lIlg a number of m\ulin analogue .. Thl'\l' JI\Cllllk Jn\lIIJIl'" 1IIlIll 

dJl'ferent animal "pecies 1101\, chenucally or cnLymatlCaJ1y altl'Il'd In"ultl\\ 12KI, \\'11-

thelic l!Nlltn'i 1109\, mUlateu tn'>llllll~ from tn",llltn-re'll",tant patll'l1h 12JX,~()(),27 ~ 1 .• 1\ 

weil a" prom.,uhn, ItS IIltenneuJatt'<; and oth~r peptlde~ l'rom the .,al11c t.\lntly (Il' 111\111111 

Ilke growth faetor~ (lGF) one and two, s("llatomedll1\. and 1l'I.I\llll 1-101 11I~1I111\ 

molcclIlc<, modlflcd in the carboxy-tcnmnal reglon of the B-ch:lln ,hm\! th.!t thl' '(lOlll.ttIC 

ar111no aell!, from B24 10 B2fi are Important ll1 btn(h:1~ 10 Il'; reCl'plm 12X, !(l1),2()X 1 'l'lm 

also holds trllC for the amino-termmal '>cqllcnce of the À-cham Thl' ~lyL'llll' .Il pmlll()11 

Ail" directly Involved Hl receptor bllldIl\g :tm! m:lIntenancc nt the 1!l\1I1111 Illl,ktllk\ 

confirmation 119,851. Figure 2 ~how~ the structurc of the In\ultn !lI0kUtll' \\'rth 11\ 

bll1d\l1g recognitIon ~ite ba~ed on the ~tlldie, abovc In addItion to t/lI\, IIhltll/\ al\o 

appcar"i to have speclfic residue'i (reglOn) that lI1ducc both a PO\lllVl' COO\K'I allVl: 

II1tl'rae110!l between rl'cl'ptors 1731 anu negatIve coopl'ral1vlly 1721 i\nnlhl'l' Il'g)OI\ 

appears to have an alternate rcceptor bmuing reglo!1 for gmwth prol1l01JI1g allJvlt)' IINI 

FUl1her mfonnatlOn on insuhn-receptor interactIon i\ dl'icu"'icd 111 "l'Ctlon 1 ·t "\ 



J 2 4 Summary 

Insulin, secreted From the pancreas, was first isolated by Banting and Best 111 1925 

III. A/kr ncarly half a centllry. the structure of this inslilin molecule wall ellicidated Its 

6,000 molccular weight mass is comprised of an A-cha1l1 (21 amino acids) and a B-ch:lln 

00 :11111110 aClds) hcld together by two mlra- and one 1I1ter-slilfhydryl b()nd~. Lastly, stud

lell IIlvolvmg the use of m~ulm analogues have helped 111 local1ng the receptor bindlllg rc

gion of the Insulin molecule. These studies have shown that ammo aClùs 24 to 26 of the 

B-chain and the am1l10 termlllal of the A-chain are extremely Important 111 mallltaining 

the l1lo\ccule's structural integnty and hence, binding capabilitiell 
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1.3 Insulin Action 

1.3 ,1 Introduction 

This section in volves an overview of the type of effects that 1I1~1I111l can l'l1_'1l 011 a 

rell. Il should be pointed out that this section only deals wlth obscr"cd cffcL'ts and Ilot 'hl' 

mechamsms of inslIlin action, Mechanisms of inslIlin actIon are (()\,clcd III \l'ClIOll 1 (, 

Additionally, not ail cells generate the same im,ulin responsc chalactl'lI,>l1c, 1\ lat cell 

will aet differently From a liver cell, where in tum, both wIll L'xhlhl! !l'\pO!1'L'\ Il(l! 

ob~erved in insulin non-tarbet tissues such as fihroblast<;, In onkr l'or 1!I\ullll lU prodlll'l' 

an effcct Il must first specifIc?.lly bind to its receptor, 1 nfol1natlon tkalt Ilg \VII Il 1 n'lu !Ill 

binding to Jts œceptor can be found in sectIon 1.4.3. Once insulIll 15 hounli, lhl..' lll\ultn

receptor compkx will undergo a senes of steps to pw<.!uce li numlK'1 (lI phy\I()I()~llal 

rcsponses, These are extremely complex and l'an occur flOm \Vltlllll ,1 kw llllIllllt'" 10 

periods of up to 24 hours, Nonetheless, one way l!1 wlllch Ihc"l' 1l'''!lClIl\V\ l ,Ill Ill' 

classified IS at the cellular Jevel. For this, insllltn respoml'\ cali he dlVIlkd Iflto Iwo 

categories; (1) short-term mctabolic or maintenancc lCSpOn\e'i, and (2) I0l1g-Il'11ll 

mitogcnic or growth promoting responses 146,51,99,1 R2\ The~l~ Iwo cl,\'>,>IIIL'<\IIOIl\ 01 

insulin-dependent cellular rcsponses are discus~ed below. 

132 Mcta/Jo/ic Effects oflfl.\lllin Action 

One of the first observations made whtle stlldying in<;ultn's et feel on Ihe cdl wa\ 

carbohydrate metabolism. Thi'l is due 10 three ob~ervatI()m (1) aIl lIlCl'l'a ... l' III ~lllCO\l' 

metabolism, 0) a deerease in blood glucose, and (3) an InClea\e in glyco!!L'11 ... tOIC\ nI 

vanouli W,sues 11201 The most poplilar and mo<,t ~tudjcd of theo.;c ihlK'lh \Va,> the ablbt)' 

of 1l1'>ulin to 1I1crea~e the rate of glucose uptake I!1to the œil 1<)(),IO:',lhll Tllc llllll..' lOI 

this to oceur after lflsulin is rClognized by !ts rcceptnr can valy fJOm :. \() ,') 1l1IIlllIl· ... rOI 

adipocyte'i [96,161J ln 15 10 30 mInutes for human ~klll tihrohla"'h I,')(l,lml I~VL'1l 

though methods for studying thls partIcular responsc 1 111 tI ail y provcd to bl' dd Ilutl! li lie to 

the rapld rate at whieh glucme became phosphorylated and Imt IIlto thl' Lell <1\ (HIIL'I 

intermediates, sugar analogues such as 2-deoxy-D-gluco ... c (2-fXj) ami :'-O-IIlL'lltyl-D

glucose (3-0MG) have been constructed 10 overcome thls problem 1 5 ô,')() , 1 ()), \ () 1,2511 

Other insll1in-dependent effects invoive the phosphorylatHJI1 and dephO\phOl ylall<H1 of 
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various proteins within the cell. This phosphorylation occurs on serine, threonine, and to 

a Icsscr degree, tyrosine groups, the general consensus being that inslIIin would activate 

protcin phosphatases and inhibit protein kinases. Nonetheless, the type and degrce of 

phosphorylation that occllrs for cellular proteins will largely depend on the cell type. For 

example, insu lin in the liver is known to cause an increase in glycogen synthetase by a 

dcphosphorylation of the enzyme [2511. whcre the phosphorylation of phosphorylase 

causes a feedback in the degree of phosphorylation, which in turn causes the breakdown 

of glycogcn 11701. Other phosphorylated proteins are acetyl-CoA carboxylase 1231, ATP

citrate lyase 13\, and S-6 ribosomal protein [204]. Pyruvate dehydrogenase is yel anolher 

cxample of an insulin-dependent protein dephosphorylation r 143,305]. Thcsc are 

described in section 1.5.2. 

1.3.3 Mitof.!enic Ef/ects of Insu lin Action 

lnsulin has long been known to be an important growth factor for the maintenance 

of œlls in culture 1137,140,203,220,270,306,324]. The way in which insu lin may do this 

can he separated into three categories. One, the addition of insulin to the ccII causes an 

increase in amino acid transport [139,140]; two, there is increased translation of 

messenger RNA 11371~ and three, insulin causes an increase in DNA synthesis, which in 

turn, fmther increases the level of RNA and protein synthesis [137,220,234,270,306J. 

One of man y possible ways in which insulin may m~JiJ.te these effects is through the 

phosphorylation of various proteins (i.e. ribosomal-S6 kinase [58], microtubule 

associated protein (MAP) kinase [2321, and sm ail molecular weight peptides [88]). 

Section 1.5 envers this aspect in detail. Thus, not only is insulin an important peptide 

hormone for cell maintenance, but it is also appears valuable for regulatillg cell growth 

and differentiation. 
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1.3.4 Summary 

Insulin is known to produce a complex number of cellular cffects. Thesl' can he 

divided into metabolic and mitogenic cellular effects. The most cOll1monly known 

metabolic (or maintenance) effect is increased insulin-dependcnt hexose uptake. In 

addition to this, lhere are a number of other metabolic cffects \Vhlch involve tht' 

phosphorylation and dephosphorylation of various cellular protcins. At the mitogenic 

level, phosphoryalation may also be involved for insulin-depcndcnt protcin, RNA, and 

DNA synthesis. 
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1.4 Insulin Receptor 

1.4.1 Introduction 

To better understand diabetes, one area of research has been to focus on the 

insulin rcceplOr itself. This has been at the level of receptor structure, insulin-receptor 

interactions, internalization, and fate, in order to see if there are any aIterations between 

normal and diabetic cells [36,92,126,142,150,160,225,263,269,277,287 ,290J. 

The study of the inslllin receptor has not been easy, for the amount of receptor 

present in most cells constitutes less than 0.01 % of the total protein [126]. Only within 

the last 10 to 15 years have a number of photoaffinity and chemical cross-linking 

methods been developed to selectively identify, purify, and study the insulin receptor 

[92,1431. In addition to this, a number of antibodies which bind either to the a or P 
sllbllnits are available 12901. These antibodies can be llsed to deteet, isolate, and 

quantitate the 1111mber ùf il1sulin reeeptors that are present in or on celIs and tissue [126]. 

More reccntly moleeular geneties has been employed in elucidating the sequence of the 

receptor which further aids in determining its structure [1131. 

/.4.2 /lIsulin Receptor Structure 

The insulin receptor after processing and insertion into the plasma membrane 

consists of two slibunits (Figure 3). The a-subunit (125,000 - 130,000 Mr) contains the 

insulin binding domain, where the p-subunit (90,000 Mr) contains putative phosphoryla

tion sites and a tyrosine kinase activity. The a-subunit is locater. on the .!xtracellular sur

face of the plasma membrane and the ~-subllnit transverses the celI membrane. A dîmer 

of two 0.- and two ~-subunits he Id together by an inter-a-a and two inter-a-p disulfide 

bonds makes up the insuhn receptor. The a-subunit is known to possess 14 potential N

linked glycosylation sites, where the p-subunit has four such sites loeated on the 

extraccllu\ar portion of the molecule [83,287]. The insulin receptor is also known to 

contain at least one O-linked glyeosylation site as well [48]. This model currently 

supports the idea that up to two insulin molecules ean bind to each half of the insulin 

receptor giving the receptor a multivalent nature [126]. Nonetheless, it should be pointed 

out there exists other subunit stoichiometries of the insulin receptor as weIl [116]. 
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J.4.3 The [nsutin Receptor Trafficking Pathway 

The insulin receptor pathway can be divided ill10 four steps. The),\: :Ul': t \) 

synthe sis of the rectptor, (2) processing of the receptor and ilS expression at the plasma 

membrane, (3) internalization after ligand interaction, and (.f) l'l'œptol 

compartmentaIization, trafficking, and degradation. 

The human insulin receptol' (hIR) gene is locatcd on the short :11 Il) of 

chromosome 19, spans a region of greater than 120,000 base pairs, and contallls n l'xons 

[249,250,308. The S'-flanking region of the gene contains no TATA or CAAT bo;.. 

sequences [179,186,249], yet does cOlltain multiple G-C rich rcgions wl1lch l'oult! 

indicate SpI binding sites [179,186]. SpI binding sites arc round 111 a mllllhel 01 

constitutively expressed housekeeping genes indicuting that the in~llhn reœplOl l'nuld hl' 

a housekeeping protein 1113]. The cDNA of the insulin rcccptor genc encode'l a :--lllgll' 

proreceptor that consists of the a-subunit and the ~-suhllnit separated hy l'OUI ha'lll' 

amino acids (ArgLysArgArg) which are proteolytically clcavcd beforc 1I1Hkr gOlng r,ltt)' 

acylation, glycosylation and insertion into the plasma memnram: 17(), 11·., 14X 1 

Glycosylation has been shown to be important in the expression of the Il1SUllll ICCL'ptOl al 

the cell surface. For example, a dolichol phosphate intermediate is neœ\":lIy 1'01 Ihl' 

transfer of a Glc3Man9GlcNacz oligosaccharide 10 the asparagine of the ill'luhl1 Il'l'eptOl 

protein. The Glc3Man9GlcNac2 oligosaccharide undergoes a modif Icalion to a tel liaI y 

complex which initially involves the removal of three glucose moietll's. If Ihe rl'llloval 

of these glucose moieties is blocked, there is a dramatlc rcduct1o!1 III the 1111mhl'I 01 

surface-associated insulin receptors 17 ,821. The role that amide-hnkcd and cSlcr-llIlkl'd 

fatty acids play in the processing or function of the insulin rcceplnr i'l not knowIl Il ni 
Furthermore, liule is known about the role of O-linked glycosylation on the ill\lIlin 

receptor, exccpt that it is merely present 148,1131. 

In sorne instances diabetics that have extreme insulin rcsistancc 'Iuch a'i 

Ieprechaunism and Rabson-Medenhall syndrome, are known to havc a occrcase 111 the 

number of surface-associated insulin receptors 115,263,277 ,2n J. Tins can OCCLU fI Olll a 

decrease in the level insulin receptor mRNA, impaired transport of Ill'iulln rcœptor\ tn 

the surface, nonsense mutations, increased receptor degradauon, and/or Irnpaircd n:ccptor 

recycling [206,263]. Decreased levels of mRNA could be attnbutcd to mutations al the 

regulatory and intron exon regions which would affect the SpI bll1ding and impaIr RNA 

splicing, respectively. Nonsense mutations and mutations which incrca<.,c mRNA 
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degradation cou Id also cause a decrease in insulin receptor mRNA levels [206,2631. It is 

even pos~ible that structural defects in the insulin receptor could alter its trafflcking 

mechani'im after endocytosis resulting in increased degradation of ltself and/or even 

insulin. 

Once the insulin receptor is expressed on the surface of the cclI it is capable of 

binding insulin in a saturable manner. Steady-state binding experiments and Scatchard 

analysis on IM-9 lymphocytes showed that insu lin ·receptor interactions give rise to two 

types of bindlOg sites ln]; a high capacity, low affinity binding site and a low capacity 

high affmity binding site. An alternate model that supports this observation of different 

affinities is known as negative cooperativity [209], stating that the affinity for the rccep

tor towards insulin is decreased as a function of it:-, o\~cupancy. Nonetheless, the exact 

role that this cooperativity or different receptor subtypes may play in insulin-dependent 

cellular cffccts has not been established [208,209]. 

After binding, the insulin-receptor complex will undergo a conformational change 

which Icads to the autophosphorylation of the ~-subunit of the insulin receptor (11,225]. 

Whcthcr p-subunit autophosphorylation is a cause or an effect of the confol111ational 

change of the inslIlin-receptor complex is not known. At this step the complex is 

internalized into the cell {Il ,225]. At least two types of insulin-resistant patients have 

becn rcported as having defects 111 their insulin receptor function at the level of lI1s1l1in 

binding 1158,1601. The first involves a point mutation of a serine to an argll1ine for the 

last a 111 III 0 acid in the proteolytic cleavage site. This mutation does not allow for the 

c1eavage of the proinsulin receptor in its respective (X.- and ~-subunits. In this case the 

plOinslllin receptor gels inserted into the plasma membrane, but its binding affinity is 

greatly decreased r 160]. ln the second case, cultured skin fibroblasts From a patient with 

a point mutation in the (X.-subunit of the insulin receptor, have also shown dccreased 

insulin binding r 158 J. This mutation may structurally alter the 1I1sulin receptor itself 0)" its 

insertion into the plasma membrane, since solubilized receptors bind insulin normally. 

Further stlldy on this particular mutation has yet to be perfonned. 

There are three possible locations where the insulin receptor can bind insulin be

fore being intcrnalized. The first location which is common for most ccli types, is on mi

crovilh (i.e. cultured human lymphocytes [35], primary ral hepatocytes [33J, and 3T3-L1 

adipocytes [90,92/). Gther cclI types (i.e. human fibroblasts [5,217]) exhibit hormone 

binding on a relatively flat surface (second location) in which the receptors may or may 

not gel localized to the third location; clathrin coated pits. ln most ceU types insulin binds 
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preferentially to rer.:eptors inserted on microvillous structures, then rcdistributeu to coated 

pits before being internalized. Insulin can also be internalized from non-coatcd pits. and 

it may be that thls route of l'ntry is subjl'ct to different irwacclllliar plOl"c~sing 11 ha'> 

been suggested that there exists two separate pathways for the dcgradatlOll of ill~lIhn l'hl' 

first is known as the lysosomaI, chioroquine-sensitive route, wl\t'rc the othl"1 l'i .\ 

chloroqlline-insensitive route 118). It has aiso been observed in livcr cdls Ihal thL' 

concentration of msulin can affect the rate of insuhn-receptor imernali7.atlon, slich that al 

high concertrations, the rate of internalization increases (271. Whclhcr thls dlffcrcnLC l~ 

due to bindmg to different subpopulations of insulin receptors or the distribution alld 

localization of activated (ligand bound) insu lin receptors is lInknown 'l'hL' 11l'\1 ~Il'p 

involves internalization and endosomal compartmentalization whlch 1L'!\lIItS III Ihl' 

fonnatlOn of primary endocytlc vesicles that are approxlmately () 0:') - () OX mm 11\ 

diameter 114\ J. Thus, insulin receptor-mediated endocytosis is a ccll-dllccted llll'ch.\Il1!\1ll 

which allows the entry of insulin into the intracellular vesicular ~)".;tem 117,21.1 l)()I. 

Shortly after the fOlmation of lhese coated vesicles, large smooth polymorphlc ~tl Ul'Illle<, 

appear [17,21,132,181]. These stru~tures which are pre~ulllahly Ihl' ne>.. 1 ,>Iep 111 

endocytosis, have been classified by many terms (i.c. reccptmo1l1es Il XI, '021, 
compartment of uncoupling receptor-ligand or CURL 11051, pre-ly:-.osomal olgam'Ik'i 

1271], endosomes [1341, sorting vesicles [112\, and non-coatcd \'csicks 1114]) and aIL' 

involved in insulin-receptor complex disassociation. Uncoupling is a Pl()ce~,> Ihal OCl'lll ~ 

over the next few steps by an acidification process whkh Iowcrs thc pli to 6.0 Thi~ 

alters the affinity of the receptor to bind insulin and/or by shght chargc-rclated change" 

in the insulin rnolecule itself 1189]. At this point, the receptor can cithcr be degraded, 

sequestered within the ce Il , or recyc1ed back to the plasma mcmbranl' 1115,1721. ArtL'1 

uncoupling of insulin from ilS receptor, it appears that the insuhn molccule may or Illay 

not continue on into lysosomes, where the receptor remalm cithcr III lllultlve<,lclIlal 

bodies or enters sorne other unidentified tubuloveslcular cOl11partJl1l:nt 111 vol ved ln 

recycling 183J. Studies by Doherty et al. which involved the dcvclopel11cnt or a cciI-bec 

system to assess the degradation of (125II-insulin, showcd that endo'iornal Imulln 

degradation was inhibited by acidotropic agents (see sectIOn 1 44) \LJch a'i 11Igl'flCIJ1, 

monensin, and chloroquine or carboxylic lonophore~ (~ec!lon 1.4 4) '>uch a'i N

ethylmaleimide and dicyclohexylcarbodiimide [771. Results al"o IIldlcated that thl: 

endosomal protease(s) was insulin-specific. since both TCA precipitation and Scphadex 

G-50 chromatography where unable to detect any degradation of eithcr internali7cd 
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(12511-epidermal growth factor or internalized (125I]-prolactin. Furthermore, 

polyethylene glycol precipitation of insulin-receptor complexes showed that endosomal 

degradation enhanced the dissociation of insulin from its receptor and that only free 

insulin could serve :1S substrate to the endosomal protease(s). In sorne tissues a large 

amount of urdegraded insulin can be recycled back to the surface [79], where in some 

cells the cndosomc contains the lysosomal enzyme Cathepsin D. Thus, even though these 

vesiclcs appear to be lysosomes, they are actually involved in receptor and membrane 

rccycling 12241. The amount of degraded insulin within the celI is usually less than 5% 

for 1\ 1" tran~ported rapldly out of the cell and into the medium [1081. On the other hand, 

ln sorne cells types (i.e. hepatocyctes) surface degradation may constitute up to more than 

50% of the total amount of insulm degraded [79). A number of potential el17ymcs have 

hecn Isolated for the degradation of insulin and are described in section 1.6.3. Once 

InsulIn degradauon is initiated in the endosomes, partially degraded molecules can then 

enter othcr veslc1es (lysosomes?) for further degradation, where intact, parti ully dcgraded 

insulin, or completely degraded insulin can migrate to other parts of the cell such as the 

nucleus or endoplasmic reticulum [79,224], Naturally occurring mutant alleles that cause 

a defect in receptor internalization and compartmentalization are extremely rare, thus a 

number of biochemical techniques have becn employed which induce a wicle variety of 

mutants at this stage of the pathway (see below). Nonetheless, accelerated receptor 

dcgradation has been seen in a patient with leprechaunism [263]. In this individual 

gllltamic acid is substituted for lysine at position 460 in the a-subllnit. III vitro the 

paticnt's cells exhibited a 5-fold increase in receptor binding affinity and showed normal 

stimulation of insulin-dependant tyrosine kinase activity. Yet in vivo this patient was 

known to be insulin insensitive. This is because the mutation made the receplor more 

stable 10 changes in pH such that fewer insulin molecules become uncoupled from ils 

rcceptor. The end result was that more receptors enter the degradative pathway, ralher 

Ihan the recycling pathway [63,86,263]. 

lA A M ethods for StlUlying the Insulin Receptor Trafficking Pathway 

One approach for studying this pathway has been to block insulin-receptor 

internalization and/or cellular routing through environmental or biochemical 

condilioning. Temperature shift experiments, one example of an environmental 

alteration, has been used quite extensively for studying insulin receptor binding and 
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intemahzation [32,104,112). When cells are incubated at 37°C, lIlSlIl1Il receptOl's :\[~ 

internalized rapidly into multivesicular bodies and lysosomes. B~twccn tcmpcratllH.'~· of 

14°C to 16°C, receptors are only internalized into endosomal compartllll'nt, At 

temperatures ranging from DoC to 4°C, internalization is allllo~I, If not compklcly, 

blocked Thus for examining the bindlOg kinetics of insullll reœplors III dlffL'rclll l'l'II 

types, complications that arise from internalization are vlrtllally l..'hl11ln:ltcd hy pl'I rUI Ill

ing bindl11g studlcs at temperatures between OOC and 4°C, Envlrontncntal factO!, othcl 

than temperature also influence insu lin receptor expres,ion and mu~t he taken Înto 

comideration when performing experiments which mvolvc msulll1 bindrng and action 

For example, cells placed in serum-free medium have elevatcd Icvcl, of surfal'l.'-hol1lld 

insulin rcceptors, where confluent and logarithmically growing CUItUIL" wrll LiMer \\'I1h 

re!'.pect to insulin receptor expression 1235,2391. 

BlOchemical alterations are les'i favorable than envlronmental altel allon'- 'Inn' thl' 

fomler have more drastil' effects on the ccll's fllnctionalm:tchincI)' Olle n:lmpk I~ baci

tracin, a polypeptide antibiotic which inhibits membrane receptor 1I1tel nali/alHlll 12WI 

Although le~s preferred over temperature shlft expcnment!\, Il ha'i been lI'icd for \tlldylllg 

binding kinetics 12691. G1ycosylation inhibitors arc another ~ct of agents for analylll\g 

receptor fate and recycJing. The most popular chemical agent lIsed III thl'i catcgmy i, 

tunicamycin. an antibiotic producej by Streptomyces superij/cus Whldl inhlhlt'i thl' l'II ~t 

reaction of the lipid-linked saccharide pathway 152,283/. There are Illany dl~advanlagc~ 

to using tllnic:tmycin. The foremost is that tunicamycins with dlffcrelll l'HUy acid '>Hlc 

chains l'an be purchased. The result is that some derivative .. WIll he mOle toXIC than 

others and resuIt in the inhibition of protein synthcsis (A. Hercovic.." pCI comlllun). 

Thus, observations thou..,ht to be a consequence of p0!\Hranslational modIfIcation, lllay 

in faet be due to decreased protein synthesis of the receptor itself, or the Inhlhltion 01 

certain unknown regulatory proteins. There are many olher glyco'iylatlOll mhlhuor ... (1 l' 

glucose and mannose analogues, bromoconduritol, and showdomycm) whlch ale le", 
taxic and more specifie in illhibiting the various types (and step'i) of glyco\ylal1oJ) 1 X7! 

Yet a number of them work by unknown meehanlsrn'i and can 'luIte pO~"'lhly c1ICIl other 

effeets on the cell's physiological function. Inhibitors of vacllolar acidIfication have aJ"o 

successfully been used in studying the variolls steps of endosomal COlllp:t1I111cntalllilll0!1 

by producing blocks at the level of internalization. One set of vacllolar drug.'i known lh 
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Iysosomotropic or acidotropic agentsS 169), increase the vacuolar pH by as much as one 

or two units. These drugs (i.e. ammonium chloride, chloroquine, and methylamine) are 

wcak lipophilic bases which, when added to the culture medium, enter passively through 

the ccII mcmbrane and into vacllolar structures. Once within the acidic environment, they 

bccomc protonated and are unable to diffuse back out. The 'Jse of acidotropic agents in 

examinmg membrane receptor fate is extremely difficult since drug concentrations, 

organelle acidity, and extracellular pH are aIl contributing factor~ to their effects 1189]. 

SOllle of thesc effects include the inhibition of lysosomal degradation 1691. disruption of 

cxo Of l:ndocytO'lls 11331, and alterations in endosornal recycling and sorting 12811. Thus, 

thclr actions on the ccll's various biological mechanisms are not specifie. Furthermore, a 

nurnbcr of l1ndc~irablc ~ide-effects occur such as vacuolar swelling 13101. inhibition of 

intraccllular fusIOn events 1661. and the activation or inhIbition of variolls enzymes slich 

ali tramglutaminase 162/. Carboxylic IOnophores (i.e. monensin, nigericin, and XS 37 A) 

have a1-.o hecn usell as a means in elevating the vacuolar pH [14,2751 by the exchange of 

potas~il1m i()n~ for protons [228/. However, these exchanges have a differential effect for 

eadl organelle (I.e. golgi function is more sensitive at lower ionophore concentrations 

than other organelles (2761) for no apparent reason. Thus, acidotropic agents are 

pn:fercntially used over carboxylitic ionophores. 

For quantJfying insulin receptor expression two approaches have been used quite 

slH.:ces"flllly. The fml approach which has been extensively used in stlldying insulin

rcccptor II1tera~tions and bmding kinetics, involves the use of an insulin tracer molecule. 

The second approach involves the use of antibodies and molecular probes which 

spcciflcally bint! to the insulin receptor and RNA, respectively. As for stlldying the [ate 

of the l11~ulin receptor, morphological methods in conjunction with the insulin tracer and 

hiochemical methods which involve centrifugation techniques, have been used as 

suCCCSSflll 1001s. Each of these methods are discussed below. 

The insu lin tracer is an insulin molecule which has been modified to accommo

dale a marker which makes the hormone recognizable in sm aIl quantities. Markers that 

have been uscd are rhodamine-Iabeled lactalbumin-linked insulin (through insulin's ly

sine amino Ltcid at position B29), ferritin (B29 linked), [l4C]-labelling, [3H]-labelling, 

'i Thcsc tenns have been uscd interchangibly, but the correct terrn shoud be aCldotropic agents rather 
than lyso~omotrophlC since the effects of chloroqume can also affect cndosornal and not just Iysosornal 
cOl11partments 
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and r 125Ij-labelling. The rhodamine-Iabeled insulin denvative has a lb.:rc:lse in bindlllg. 

when compared to native insulin 1247), where ferritin-linked lII~uhn appears 10 bl'llaVl' 

identically to native insu lin both in potency and blOloglcal activlty. The lalter of tlll' 1"'0 

is useful for studying the fate of [he insulin receplor 1150,2251. Whllc radlo-Iahl'ikd 

insu lin has been employed for studying insulin-receplOf IIlteractlOns, bOlh i IICI-Ialwkd 

and [3H I-Iabeled Insulin are not able to achieve specifie actlvnies 11Igh ellough \0 

measure insulin binding, with the exception of cultured human lymphol:ytl''i 111)-1.2251 

Thus, iodmated insulin derivatives are the key choice in stllliying i1l'illhn-rl'l'l'pîlll 

interaction and fate. 

[125II-insulin has been used to study insulin receptor charal'tcri,tlc, i" two \\'.1)'''_ 

First, experimcnts are cmployt'd which cstablish the optimal ume for the lll"ulin-rL'l.'L'pIOI 

complex ta reach equllibrium (~teady-state conditions). The~e CXpl'lllllcnt'i ale Il,,ually 

performed at temperatures between 0 and 22°C to keep 112511-in'iultn dcgradal10ll al a 

minimum. Second, varying concentrations of IIlsuhn can he llsl'd to dl'tL'lllllllL' thL' 

affinity and number of surface exposed insulin receplOfs lImkr ~t~ady-!'.latt' COlldlll11ll" 

This is generally achieved by incubating cells wnh a ftxed trace alllount of 112'i11- 11l"Ultll 

(Iigand)6 in the presence of different amounts of unlabelcd il1'\111111 (ltgand) and ait 

interpreted by two types of graphie analyses; Competitive dlsplaccmcnl profIle analy~l'i 

and Scatchard analysis. A detailed discussion of these analy ... es are heyol1d lile ~COpt 01 

this text and can be reviewed elsewhere 1159,2411. 

The use of antibodies directed towards the insultn receptor ha ... greally hl'ipL'd ill 

quantitating the nllmber of l11sulin receptors expressed extracellularly and IIlllaœlllllarly 

1290J. QlIantifying the amount of lOsulin receptor antibody which btn(b 10 the receplor 

can either be analyzed by Western analysis [284) or by labeling the antibody wllh Il:!5!! 

rI52,154,290). Thus the advantages of lIsing the se anttbodies arc Iwo-fold. f-tr\t, !tacet 

molecules need not be dependant on the receptor's abllity IO blOd Ill ... ulin (1 e. in Wlllt 

cases specifie insulin binding can be as low as 3% (13,1761) and second, tracer moll'cule ... 

using anti-inslIlin receptor antibodies can be used to deteet the ~-subllntt and cxamlllc Il'1 

fate separately or with the a-subunit. It should be noted howevcr, that thc~e polyc1ollal 

antibodies do exhibit non-specifie binding, yet with the availahility of monoclonal 

6 Il should be noted that msulin is only u,>ed as an e:<amplc here Olhcr Itgand<; can he u\cd III pl,lle 01 

msulin. For ex ample [125Il-IGF-l can bc used wilh unlabcled IGF-l lo \Iudy IGr-1 \ rcccplor 

charactenstics, or 1 125I)-IGF-l can be uscd with unlabcled Insuhn lO "ludy lhe ahlllly of lII,>ulll1lo cro",,
react wllh the IGF-l receptor. 
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antibodies this problem is virtually eliminated making them useful probes for studying 

both in~ulin receptor synthesis and degradation. 

More l'rcently. with the construction of insulin receptor cDNA probes, mRNA 

kvels of the in~ulin receptor have also be monitored by Northern analysis both in 

diabetic patients and with cells treated with various stimuli (glucocorticoids, growth 

hormones) in ordcr 10 funher understand receptor processing and expression 

124,179,IX5,206,2421. Thus, From the use ofboth antibodies directed towards the insulin 

rcccptor and cDNA probes to insulin receptor mRNA, synthesis, expression, and 

degradation of the insu!m receptor can be studied in cells that have undergone 

diffcrentiation, exposed to various growth honnones, or derived from diabetic patients or 

animaIs 1179,2631 

'1'0 study IIlternalizatlon and endosomal compartmentalization (125II-Iabeled and 

photoreactIve in~ulll1 analogue~ (i.e. [2-nitro-4-azidophenylacetyl B2 ]-des-PheB l-insulin) 

have been combll1cd with morphological and centrifugation techniques [34,36,1421. A 

major drawback wlth using these analogues is that results show conjugated tracer 

molecules entering Iysosomal compartments before being recycled back to the surface 

1361. Yet it has been weil documented by other techniques that the receptor does not 

normally follow this route 117.691. Thus, ligand-receptol' covalent modifications may 

affect the normal processes of receptoT recycling by by-passing a required TOute. A 

dctailcd review Oll using these techniques for studying insulin-receptor rate can be found 

in the refercnce of Posner et al [19R5a]. 

1.4.5 SUn/mary 

The insulin receptor consists of two chains which are held together by disulfide 

bonds to fonn a tetrameric species. The <x-suhunit binds insu lin, where the ~-sllbunit is 

inserled 11110 the membrane and contains, on the intracellular side, an intrinsic tyrosine 

kinase ùomain. Once inslIlin binds to its receptor, the complex is rapidly internahzed. 

Insuhn and/or il" receptor can then be trafficked to different parts of the cell thTOugh a 

complex tubulc-vesicular system. The receptor is th en eventually recycled back to the 

cell surface or degraded. The route that insu lin takes is even less clear. Insulin and/or 

degradatcd inslIhn prodllcts may go to different parts of the cell such as the nucleus, 

mitochondria, or Golgi before being extruded from the celI either as intact or degraded 

insulin. 
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Environmental conditioning such as temperature and blOchcmical rcagl'Ilt'\ (tlle 

latter employing glycosylation inhibitors and/or acidificauon mhihltors) have tK'cn lIst'lI 

to generate blocks in the insulin-receptor pathway. The drec!'i produccd hy !hl.'\l.' 

blockage techniques have been analyzed by perfom1ing I-..inctlc ~llIlhes Wllh 1 L?'ïII- IIl '>lIll1l 

and other [125II-labeled ligands. Other techniques have involvcd the lI~e or <lntlhmllo 

directed to various parts of the lI1sulin receptor and molecula .. tcchl11quc'i have hl'l'Il u,>ed 

to study insulin receptor message RNA. Lastly, biochemical tCdHlItJUC~ lI\\'olvll\g. 

labelled substrates in conjunction with œil fractionation melhod~ have abo :lldcd III 

understanding the intracellular processing and targeting of inslllin and Ils rcrcptol 
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1.5 (GF-l , Other Growth Factors, and Their Receptors 

1 5 1 Introduction 

There arc many other key hormones that play crucial roles in regulating a cell's 

growth and differentiation process. Thcse can be divided into many subcIasses, however, 

Ihis sl~cllOn will only deal with three sets of polypeptide growth factors. These are 

insuhn-llke growth fa{:tors (lGF), epidennal growth factor (EGF)/epidermal-like growth 

factor", and platelct-derived growth factor (PDGF)/fibroblast growth factor (FGF). In 

ordcr to eIicit a cellular response, these growth factors must first bind to speciflc œil 

surface rcceptors whlch transverse the plasma membrane. These reccptors contain a 

highly glyco-;ylated extracellular ligand-binding domain and an intracellular tyrosine

k1l1asc (TK) çatalytic domain similar to the msulin receptor [ 121,301]. The exception is 

the IGF type two receptor (IGF-Il) which does not contain a tyrosine-kinase catalytic 

domalal, yet docs appear to serve as a substrate for a membrane-associated tyrosine 

kina!o.c. 

Growth factor receptors can be divided inlo 5 subcIasses. The tirst subclass (i.e. 

EGF, transforming growth factor; TGF) involves a single protem molecule WhlCh passes 

through the plasma membrane and contains two cysteine-rich regions. The second sub

c\a"s (I.e. in'\ulin and IGF-l) have two protein molecules (a- and l3-subunits) which forrn 

a tctramer\? (l3-a-a-I3). The p-subunit crosses the plasma membrane with a single 

cystcine-nch rcgLOn on Ihe extra-cellular surface of the plasma membrane The remainillg 

suhcla!o.ses (Hl· V) are single molecules which traverse the plasma membrane. Subclasses 

III (i.e. PDGFs, CSF) and IV (Le. FGFs) have an in~<"""uption in their TK domain unlikc 

the first (WO subclasses. Subc1ass III has five immùnoglobulin-like repe~lts in its receptor 

Wht'fC subcla!o.s IV receptors have only three repeats. Subclass III howcver, can exisr 111 a 

dil11cric form (I.e. PDGF-AA, AB, BB, see below). SubcIass V (I.e. IGF-JJ, mannose-6-

phosphate) con tains 15 cysteine-rich regions on the external side of the plasma 

membrane which resuIts in more than 90% of the receptor being extracellular. The 

signiflcance of the cyste1l1e-nch and immunoglobu!in-rich regions is cllITently unknown. 

The dl ftïcli Ity in understanding the mechanisms of how any particular growth 

factor wor~" lies nt two levels. Pirst, each cell line studied may have dlfferent levels of 

expression for each class of growth factor receplors, which could result in differential 

cellular effects. The classic example involved studies on BALB/c3T3 cells 
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l171 ,222,299]. These studies showed that primary exposurc to PDGF follo\\'l'd by IGF-I 

or EOF allowed these cells to traverse the celi cycle. Results I11dll:ated that 11l Ihis l'l'II 

\ine, PDOF was a competence factor which then needed a progrl''''lon factor 'llch :1, 

IGF-I or EOF to bring the celI through the entire cycle ln the ca~e of hlllllan dlplold 

fibroblasts both PDOF and EOF could bring the ceUs throllgh the l'dl cycll'. WhL'Il' J( iF-1 

could not 142J. It is entirely possible that, dcpending on the œil type. cel t:\ln glowlh 

factors can induce the ~ecretion of ~Hher groWlh factors or e-,'cn down/\Ip lt"glliall: otll,'\ 

growth factor receptors L 45, 13l. The second dlftïet:lly IS that, bl'cau'c \CCl'PIO! 

dimerization occurs shortly after ligand binding, il is possible that rcœplor..; (,f the \:11111.' 

subclass may interact with each other and become activated 12~61 A pntnc l':\:tmpk rOI 

this type of phenomeno!1 would be interactions with the lnsulin and 1(,1--1 II'CepIOI'i :1'\ 

mentioned below (section 1.4.2). 

Nonetheless, the interaction of growth factors wlIh thelr IL'œptO! sand tlll' 

responses that they produce are extremely complex. Ncxt is a brIcf lksenptloll of ~()Il1L' 

of the curren t concepts regarding IGF-l, other growth factors, and thclr rcccpt()l'~ 

1.5 2 lnsulill-like Growth Factors and Their Receptors 

The structure of iiiSulin-like growth factors tj'pe one OGr;-I) amI type Iwo (I(j\ .. 

II) are remarkably similar. They are both compo .... td of a ~ingle-chaill polypeptidL' 

molecule of an approximate molecular weight of 7500 11451. IGF-I ha, 70 amino aeld 

residues while IGF-II has 67 amino acids 12371. The primary struCtll!l' or !101h I(il'-I ,llId 

lOF-II can be grouped into four domains. Domains A and I3 are <;tl'uctlllally \!ll1JI:u to the 

insuhn molecule's A and B chams, where domain C 1<; reprcsentative 01 Ihe polypeptldc 

chain found in pro-in'lulin [145,2371. Domain!) j'i not prc~ent in lI1'\uhn. SlIt.:-direeted 

mutagenesis of IGF-I cDNA indicates that it~ binding n.~giOll to the IGF-l Iccepto! 1" 

identical to that of insulin's and that binding is partly dcpcnocnt on tlte arol11allC :lIl1ll1tl 

acids located at positions 23, 24, and 25 (38J, whcre amlllo aClth bdwcl'n [HhltIO!1'" ·1<'> 

and 51 appear to be involvcd in bindmg to the IGF-II reccptor 1371 

lOFs are of partlcular interest with regards (() sludying in'iultn action. The III l'I/ru 

cellular effec(s of IGF are clas~jfied much lrke that of insultn a<., nv,:ntlol1l:d 111 'l'ctlon 1 2 

IGFs are capable of producing both ~hon-term metabollc effeet .. (i.e. ~llgar and allllno 

acid uptake) and long-term mitogenic effects (i e protein, RNA, and DNA .. ynthe<"I<") 

[144,293]. In comparison to insulin, if appears that insulJn is potent !Il ~11tl1L11atlng 
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metabolic responses by factors ranging from 5 (in muscle) to 100 (in adipose tissue) foid 

over the IGFs, where lOFs are more potent in stimulating mitogenic effects [95,293]. It 

shouid be noted however, that the degree of stimulation one growth factor has over the 

othcr will largely depend on the cell type and the degree in which their respective 

reccptors are expressed. This is further complicated by three factors. First, competitive 

binding studies have shown that insulin and IOF-l are capable of cross-reacting with 

each others receptors (95,99,232). Second, a number of reports in the last five years 

suggest that there are man y different subtypes of insulin and IGF-I receptors, and that 

thesc two receptors may even exist as hybrid complexes [200,252,267]. The third is that 

cven though these growth factors bind specifically to their own receptors, cross

activation of the p-subunits cou Id occur, which in turn leads to cellular responses (161. 

The stage has bet'n set where one can over express either insulin, IOF-l, or insulin/lGF-l 

hybrid receptors in a number of different cell types by transfection 1167,183]. This, 

cou pIed with the use of monoclonal antibodies which can specifically inhibit the bimling 

of a ligand to its receptor (i.e. (X-IR3 for the IGF-l receptor 1164]), have helped in 

partially lInderstanding the importance of insulin and IGFs in mediating cellular 

rcsponses 151,164,2961-

Perhaps the most intriguing is IGF-II and its receptor. Il was previollsly stated 

that IGF- Il strongly resembles IGF-l. It is also known that IGF-I1 is capable of cross

rcacting with the IGF-I receptor but not the insulin receptor [57]. Yet the structure and 

function of the IGF-II receptor appears to be different from that of any other growth 

factor receptor. First as mentioned above, the lOF-II receptor is structurally different 

from the IGF-I receptor. It is a single protein molecule which does not contain a TK 

rcgloll. The second observation is that it cannot really be classified as a growtlz factor as 

slIch, since IGF-II is not known to produce a mitogenic signal through its reccptor, 

thollgh Il can serve as a substrate for a membrane-associated tryosine kinase (145,157]. 

Lastly, Il appears that lOF-II receptors do not undergo Iigand-dependent membrane 

internalization. Instead they are expressed and turned over in a constitutive manner f20'; J. 
The actual physiological relevance of lOF-II and ils receptor is cUITently unknown. Yet 

there is Teason tu believe that IGF-II/rcceptor interactions may be Involved in regulating 

the degradatiol1 of various proteins and growth hormones once they are brought into the 

ce Il 12071. It is known that insulin can induce the translocation of lOF-II receptors from 

an intracellular pool much like ilS ability to translocate insulin-sensitive glucose 

transporter pools 16]. Other growth factors such as lGF-I and EGF have also shown this 
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type of phenomenon to oceur [22]. Furthermore, IGF-II/receptor complexes may also be 

involved in regulating insu lin and/or insulin receptor degradation 11631. CHO cl'lls 

transfected with IGF-ll receptors, were found to inhibit protein dcgrudatioll whcn 

exposed to either insulin or IGF-I f163]. lt is postulated thm the translocation of KiF-II 

receptor to the cell surface alters the nonnal "flow of lysosomal cnzymcs" witlull the t'l'Il 

which, in turn, inhibits protein degradation [1631. It wou Id bc intercstillg 10 sec if the 

inhibition of protein degradation is general for aIl proteins taken into the ccli, or whcthcr 

the disruption of degradative enzymes oceurs predominantly in certain vcsicular poàcts 

indigenous to growth regulatory proteins an(Vor their receptors (I.c. an intraœlllllar 

compartment for the insulin-receptor versus an intracellular compartl11cnt for thl' 

EGF/receptor complex). 

/.5.3 Other Growth Factors and Their Receptors 

The EGF family of growth factors has been the most studied of aIl growth fa::tors 

for its effects on cell growth and differentiation [30,93). As a result it has (llOvided thl' 

basis for the CUITent knowledge and concepts of what is presently known abOli! most 

polypeptide growth factors. The EGF family consists of a number of dlffcrent gl'Owth 

factors which have been classified as EGF itself, transforming growth factor alpha 

(TGFa), amphiregulin, and certain pox virus growth factors 130,931. Both EGF and 

TGFa are the major contributors in this family and are rcsponsible for œil growth and 

differentiation. Amphiregulin on the other hand, has only recently bcen isolatcd 12611. 

The EGF precursor is the most sought after in terms of study, for it nol only cOlltains the 

native EGF sequence, but can also generate f'ight other EGF-like slibunit <,tructUICS. In 

addition, one of these EGFs contains a hydrophobic region which IS charactcmllc of 

membrane binding proteins [202]. The way in which the EGF molecules ale plOcc..,<;cd 

from the precursor molecule in currently unknown. 

AU the EGF-family proteins bind to a cell surface EGF rcccptor. ThiS rcccpiol IS 

a single transmembrane protein of 170,000 Da [29,1801. 'nlC existence of nther œil 

surface re~eptors for TGFa and amphiregulin has been proposcd based on the evidcl1cc 

that these proteins can exhibit effects which differ from EGF. Aiso for TG Fa., a 

monoclonal EGF-receptor antibody can effectively block TGFa bindrng, but Ilot EGF 

binding in A431 cells [163,304]. Once the ligand binds to the EGF receplor, the rcccptor 

becomes phosphorylated and, in tum, is known to phosphorylate a numbcr of cellular 
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substrates. Sorne of these substrates include phosphoproteins of 34,000 and 39,000 

molecular weight (pp 34 and pp 39), phospholipase A2, phospholipase C-II, ra! kinase, 

MAP kinase, and guanine nucleoside triphosphatase-activating protein (GAP) [71]. A 

nurnbcr of these primary substrates also result in the formation and activation of other 

substrates such as the hydrolysis of phosphatidyl inositol 4,5-bisphosphate into inositol 

triphosphate and diaylglycerol (DAG), ras kinase by GAP, ribosom:!1-S6 kinase by MAP 

kinase, and even casein kinase II by ra! kinase which in tum activates various 

topoisomerases within the nucleus [30,71]. This area of study is extremely complex and 

is known to not only involve the EGF receptor, but al50 other receptors which contaÎn an 

intrinsic TK domain [29]. Whether aIl or some of these secondary messengers are 

rcsponsiblc for cellular growth and differentiation remains a mystery. 

PDGF is a ceIl mitogen that was originally isolated from platelets and is now 

known to exist in a nurnber of other ceIl types [128]. PDGF exists as a dirneric protein 

where the two polypeptide chains designated as A and B can exist in three isoforrns; AA, 

AB, and BB. These isoforms are known to bind two types of POGF receptors; type A 

and type B [20,1301. The type A receptor binds aIl isofomls of PDGF, where the type B 

receptor binds the AA-isofonn at a higher affinity than the AB-isoform. Binding of the 

AA-isoform to the type B receptor has not been demonstrated l20,130]. The role of 

POGF i1l vivo is not known. Yet il is suggested that PDGF may be important in cell 

growth and differentiation during development and wound healing [128J. Human 

fibroblasts are known to have both receptor types and are known to produce a PDGF

dependent mitogenic response [130]. This effect probably occurs through the type A 

reccptor since studies have shown that the type B receptor only causes chemotaxis and 

Hetin reorganization [2621. It should be noted however, that the PDGF type B receptor is 

not found in most normal tissues and that they are found only on fibroblasts once these 

cells are grown in culture [279]. The significance of this observation has yet to be 

elucidated. Once PDGF binds to its receptor, the TK domain becomes activated and 

causes various substrate phosphorylations sirnilar to ligand-activated EGF receptors 

1127,188,1991. Another growth factor which largely mimics the actions of EGF and 

rOGF IS a-thrombin (THR) [169,230]. THR is believed to have its own reeeptor for 

cellular activation in a number of cell types, including human fibroblasts [221,23IJ. It is 

widely accepted that the receptors for EGF, POGF, and THR work through similar 

mechanisms to produce a variety of cellular responses that have been classified in 

clIltured flbroblasts as c1ass one mitogens and that the presence of different receptors and 
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different receptor subtypes leads to the belief that cell growth and diffcrcntiation is under 

a process that requires fine tuning [221]. 

1.5.4 Summary 

In general, growth factor receptors appear to have an intrinsic tyrosine kinase 

suggesting the importance of cellular substrate phosphorylation to produce a glowth 

response. The exception is the IGF-II receptor which can serve as a sllbstra\~ for a 

membrane-associated tyrosine kinase [145], yet this receptor clocs not appcar to hl' 

important in eliciting mitogenic actions. The IGF-I receptor strongly rcscmhlc'i the 

insulin receplor and has been shown to bind insulin. The affinity for IGF-I 10 bllld to the 

insulin receptor, however. is not as great. AlI growth factor reccplors are capahle of 

producing short and long leml metabolic and mitogenic effects. Howevcr, the way in 

which growth factor receptors can produce these effecls is not weIl understood. ThiS is 

furlher complicated by the faet that a number of responscs are oVl!rlappcd bl!tWL'CIl 

differenl growth factors receptors and that not ail cells have idcntical rcspollscs. Âllothcr 

complication is that a number of different growth hormoncs can cross rcact with L!lfklt:nt 

receptor~. It is also possible that there exist small pools of unidentified receptOls which 

can further complicate the roles that certain growth factors and their reœptors play. 

Lastly, it should be pointed out thut the technical ability to producc large amounl'i 

of pure growth factors has only recently been accomplished. Thus. with li Illore 

stringently controlled environment, il is expected that wnhin the ncxt few ycar~ a cJearcr 

picture will be formed as to how growth factors work on creating the nUl11crous cdlular 

effects observed for maintenance, growth, and differentiation. 
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1.6 Mechanisms of Insulin Action 

/.6 ./ Introduction 

The discovery of insulin occurred more than fi ft y years ago and since then a large 

amount of research has been directed at understanding how insulin elicits its effects. 

Later, the insulin receptor was discovered and insulin-dependent cellular effects were 

extensively studied. Yet the mechanisms involved in insulin action still remain a 

tantalizing mystery in today's study of cell biology. Only in the last 5 years, with the 

development of molecular techniques, has there been any significant findings into how 

insulin may mediate its effects through the insulin receptor. This section deals with the 

potential mechanisms involved after insulin and its receptor interact and produce the 

multitude of insulin-dependent effects seen in different œIl types. As indicated in section 

1.4.3 The Insulin Receptor Trafficking Pathway, after insulin binds to its receptor the 

latter becomes phosphorylated then internalized. It is somewhere during this process of 

binding and internalization that the insulin-receptor complex can activate a variety of 

sllbstrates either on the surface of the cell or intracellularly. Thus, this section has been 

divided into three parts that look at the potential mechanisms involved in insulin action. 

The first involves the phosphorylation of the insulin receptor itself and the receptor's 

ability to phosphorylate the tyrosine, serine, and threonine sites of specifie iI1tracellular 

substrates. The second looks at the ability of the insulin-receptor complex to affect signal 

transduction by the activation of various substrates (i.e. cyclic nuc1eotides and ion 

channels). The activation of these substrates leads to the long believed theory that insulin 

mediates its effeets through second messengers 1245]. The third section describes the 

ClIrrent theDries on how intracellular routing of the insulin-receptor complex might lead 

to insultn-dependent cellular effects. 

1.6 2 AutopllOspllOrylarion and Protein Phosphorylation 

The first studies which demonstrated that insulin could stimulate insulin receptor 

phosphorylatioll were in IM-9 lymphocytes [156] and rat hepatocytes [291]. This was 

performed by pre-incubating the cells with [32p]-ortho-phosphate, lysing the cells, and 

partially purifying the insulin receptor using wheat-germ agglutinin-agarose. 

Immulloprecipitation with an antibody directed to the insulin receptor was then used to 
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further purify the insulin receptor. The insulin receptor was then subjectcd tu 

polyacrylaminde gel electrophoresis (PAGE) and analyzed by autoradiography. l'hl' l'ml 

reslilt was a 95,000 molecular weight band whose phosphorylatiol1 was stimulatcd hy 

insulin. Other studies followed using ly_32PI-ATP in a cell-free system of hoth rat hVCI 

and human placenta [10,289]. In each of these studies insulin cOlllù II1ÙllCC rcccptOl 

phosphorylation. Phosphoamino acid analysis further showed thm phosphoryla!lol1 or thl' 

inslilin receptor was occurring at serine, threonine, and tyros1I1e sltes and that the 

phosphorylated receptor could in turn cause [32p] incorporation 1I1tO the tYlosinc and 

serine amino acids of not only itself, but of other substrates slIch as casein, histollc- B2, 

and synthetic tyrosine-containing peptides [102J. Later, it was discovcrcd lhal highly 

purified insuhn receptors were only ('apable of phosphorylating tyroS1I1C-Spt'C1t'IC 'iItC'i 

and that their ability to phosphorylate serine-specifie sites occurred only in parllally 

purified inslilin receptor preparations (289). This gave rise tn the prcsent day Ihcnry that 

the ~-subllnit of the insulin receptor is a tyrosine-speeifl<: protein klllase and Ihal 111l'n.' 

exists an unidentified membrane bound serine kinase in close proximlty 10 Ihe IIlsulin 

receptor [289]. The faet that insulin can cause the activation of t\\'o independcnl ~IJl:lSCS 

(tyrosine kinase and serine/threonine kinase) gave rise to two models that may e:-..plain 

meehanisms involved in insulin action. These are the, dual s/~llallll!g hypothcS1S and thL' 

seqllemial signalling hypothesis, The former suggests that onet: il1~lIlin bllld'i to Il'i 

reeeptor, the receptor-associated tyrosine kinase is direetly rcspomiblc for the plOlllOllOI1 

of eell growth. The tyrosine kinase ean also aet on the membrane-associatcd 'iCllnC klll:l'iL' 

which is then responsible for the activation of cclI metabohsm (2X91. 'l'hi, l' an atuactive 

hypothesis since aIl kinases involved in the control of lIltcrmec.hary mctanolt"m :\1 c ),crltlc 

and threonine specifie (47]. Furthermore, more than 99.97% of thc pho'iphOlylat<:d 

amino acids within the cell are either phosphoserine or ph()~ph()lhrconlne, WhCll' 

phosphorylated tyrosine amino acids make up only 0.03% /89/. Wilh rc"pcct to the IaIlCI 

hypothesis, it suggests that both kinases are activated seqllcntially, 'iuch Ihat 111 Ih<: tïnal 

step, activation of the serine kinase is responsible for ccII metaboltsm and growlh /2X91. 

With the knowledge that the inslilin receptor aets a~ a tyro"IIlC kina'ic capahk of 

autophosphorylation and substrate phosphorylation, two separa te approache'i have bœn 

undertaken to understand how this phosphorylation ability can be lied llltO Iflsulln-depcn

dent growth and metabohc effeets. One approaeh involves looklllg al the tyrmtne 

domains of the ~-subunit of the receptor, where the olher examines the pOH.:ntial of tyro

sine-kinase aetivated slIbstrates being used as second rne'i'icngcrs. 
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The previous section dealt with the possibility that kinase activation may be 

responsible for growth factor stimulation of ecU growth and maintenance and that 

insulin and IGF-I can mimic each others responses. Thus, it is not surprising to see that 

the highest degree of homology between the insulin receptor and the IGF-I receptors lies 

in and around the tyrosine kinase domain betwecn ami no acids glycine-991 and proline-

1257 (85% homology, Figure 3) [89]. Studies examining the autophosphorylation of 

mouse insulin receptors and the transfection of human insulin receptors (hIRs) altered by 

site-directed mutagenesis into CHO ceUs have yielded interesting resuIts with regards to 

the importance of the tyrosine kinase domain [43,67,68,168,182,298]. Lane et al. 

discovered that insulin-dependent tyrosine phosphorylation of an endogenous substrate 

with a short half life required the activation (phosphorylation) of three neighboring 

tyrosine rcsidues on the p-subunit of the mouse insulin receptor (Tyr-1148, Tyr-1152, 

and Tyr-llS3) [168]. This endogenous substrate, termed ppl5, was observed by using 

oxophenylarsinc which was thought to block the turnover of potential phosphorylated 

intermcdiates. ft is believed that ppl5 resemoles the activated form of adipocyte-

442(aP2), a protein which is important in up-regulating the glucose tran~port system 

1168]. Nonetheless, more work needs to be preformed to clarify ppl5's exact role and 

importance in this system. 

Site-directed mutagenesis and transfection studies have identified four regions on 

the p-subunIt of human insulin receptor that may be important in inducing insulin-depen

dent cellular effects. The first region involves Tyr-1316 and Tyr-1322 [182,2981. 

Carboxy-truncated human insulin receptors (by 43 amino acids) exhibn normal ligand 

blllding, inslIhn-receptor complex internalization, recycling, and targeting of inslllin for 

degradation [125,178,182]. This receptor also retains its ability to autophosphorylate its 

p-subunit, but has lost its ability to prodllce any metabolic effects such as sugar uptake 

and glycogen synthesis [178 J. An interesting observation in cells expressing this 

truncatcd receptor was the receptor's apparent enhanced ability to cause an inslIlin

dcpcndent mitogenic effeet when eompared to normal receptors [1 R2,280). It has also 

bcen observcd that there exists differences in the degree and type of endogenolls 

sllbstrates tha[ are tyrosine phosphorylated between celis transfected with normal hIRs 

and trllneated hIRs 1 182,280J. For example, pp170 was phosphorylated to a lesser extent 

111 eells expressing the truncated hIR, where pp120 and pp140 proteins which nonnally 

lllldcl'go insulin-dependent dephosphorylation showed no significant changes in inslllin 

trcated carboxy-truncated hIR expressing eells [182]. 
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The second region involves the tyrosine residues al positions 1146, 1150, ami 

1151 of the hIR ~-subunit. Two approaches have been employed in studying this rcgÎon; 

(1) truncating the iosulin receptor by proteolysis which removes the lasl 70 amino acids 

(hIRL\Cf) and (2) site-directed mutagenesis which converts the tyrosine groups to 

phenylalanine residues [178,298). In both cases, it has becn reported that the rcccptor 

undergoes normal endocytosis/recycling and retains its ability to prodllcc an 111!\ulin

dependent mitogenic effect [178,298]. Yet like the hIRL\CT, an alteration 111 this Icgion 

(1146-1151) affects insulin's ability to stimulate glucose transport and glyco:'cn synthesis 

[178.2981. AIso, il was shown from these studies that the insulin reccptor W:t .. lInahk to 

phosphorylate exogenous substrates, suggesting that the receptor's prote in klna~c activity 

wa'\ abolrshed when this region was altered and that there exists li cryptlc tyroslIlc kllla~e 

activity responsible for ~-subunit autophosphorylation and mitogenic reSpOI1M~S 1()71. 

The third region is located at Tyr-953 and Tyr-960. This is a unique ~I\c Ihat 

constitutes onl)' about 10% of the total amount of phosphate that is incorpOlared În!o the 

receptor when il undergoes autophosphorylation [17XI. Antibodll's di:-ected to thls 

domain are able to inhibit protem tyrosine kinase activity [1 n /, yet a mutation at Tyr-

960 has illustrated no change in ils ability to phosphorylate exogenolls sllbstrates 130()1 

A mutation at Tyr-960 has also been shown to decrease insulin's effeel on glycogt'n 

synthesis, amino acid uptake, and DNA synthesis 129f\,3001. pp1H5 has aho been shown 

to diminish with this mutation. Whether there is a correlation betwcen pp 1 X5 and the 

mitogenic effects of insulin action still needs to be established. 

The fourth region is the ATP binding domain. In thls rcglon lysine IOIX (Lys

lOl8) has been replaced with an uncharged amino acid (alanine) by \lle-dllcclcd 

mutagenesis and transfected into CHO ceUs 1168). These reccptor'i (A/KIOIX) \Vcrt' 

virtually incapable of exhibiting any tyrosine kinase activIty [431. Altcrnatcly, they WCIC 

able to exhibit normal insulin binding, but were not capablc of lI1'ildl/1 rcn:plO/ 

autophosphorylation or insulin-receptor complex internalization Il X2, 1 X31. l'tH: ... c ccII ... 

also lost insulin-dependent metabolic responses where the loss of a mllogcllic rC'ipoll'iC 

wus both insulin-dependent and IGF-l dependent. ThIs suggcsts that only thc n11togcIlIc 

pathway, and not the metabolic pathway, is shared bctween the IIls11lrn and le!··1 

receptors [182). Substrate phosphorylation was abo examlncd in the ... e ccII., and Il \Va, 

observed that the phosphorylation of two protems, pp 170 (wlllch may he analogou ... \0 

pp185 mentioned above [1541) and pp 220, was inhibited when either In~l1hn or KiF·1 an: 

used. The phosphorylation of pp170 was not inhibited in cells tran<ifcctcd wnh normal 
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hlRs 1182/. Based on this evidence it has been proposed that the kinase activity of the 

insulin receptor is important in: (1) the autophosphorylation of the p-subunit, (2) insulin 

receptor intcrnalization, and (3) the phosphorylation of endogenous substrates pp 170 and 

pp220 which are not re~ponsible for glucose transport regulation (since IGF-l dependent 

glucose transport appears to be normal), but may be responsible for eliciting a mitogenic 

response. Whether autophosphorylation of the insulin receptor is required for receptor 

intcrnalization remains undear, for antibodies directed toward the extracellular domain 

of the insulin receptor have beera shown to induce receptor internalizaLÏon and rnimic 

insulin-depcndent cellular actions without inducing insulin receptor autophosphorylation 

1110/. In addition, other ligand receptors such as the growth hormone receptor and the 

LDL rcceptor are not phosphorylated, yet are internalized [8]. Alternatively, Lai et al. 

studied internalization and ligand-mediated autophosphorylation activity of the epidermal 

growth factor receptor in the rat liver rI65,166]. They showed that transient 

desensitization of ccII surface autophosphoryll)tion activity coincided with a diminished 

capacity for the endocytosis of 1 125I)-EGF. They also showed that the mte of endocytosis 

retllrns 10 normal afler the cell surface autophosphorylation activity is restored suggesting 

that EGF reccptor internalization and trafficking are governed by ligand-dependcnt 

receptor phosphorylation. Thus, whether insuhll receptor phosphorylation may be 

important (or the sole mechanism) for ligand-mediated internalization is still 

t)uelitionablc. 

Another approach 10 study the mechanisms involved between the Insulin 

receptor's TK domain and insulin action has been to examine which substrates the insulin 

receptor can phosphorylate directly. In a ceIl-free system a number of sllbstrates have 

becn shown to he good substrates for the insulin receptor tyrosine kinase. Sorne of these 

:Irc microtllbule-associated prote in (MAP) kinase, tubulin, calmodulin-dependent kinase, 

and calmoduhn 1154/. None of these have been found phosphorylated within the cell 

1154/. Il may be that, as with ppl5, the turnover rates of these potential second 

Illcssengers are extremely rapid and that they have not been detected with convention al 

techniques. 

Il is known that insulin can <:tiinulate a number of important proteins such as ATP 

citrate Iyasc and ribosowal-S6 protein at both serine and threonine sites [154,231). Thus, 

one possIble \Vay in which insulin can activate these proteins is by first activating 

serine/threonll1c kinases throllgh phosphorylations induced by the insulin-receptor 

tyrosine kinase 1122]. One proposed mechanism on how insulin may activate protein 
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synthesis involves a sequential activation of a cascade with involves MAP kinasl', S6 

kinase and ribosomal-S6 protein [58,154). Though the MAP kinase protein has shown 

insulin-dependent tyrosine phosphorylation, studies have not hcen slICCCSSfll1 in 

demonstrating that the insulin receptor is directly responsible for this activation 12721. 

Thus, there may be as of yet, an unidentified tyrosine kinase illvolved as an intermcdiary 

step. 

Recently, one group used okadaic acid, a specifie prote in phosphata ... c mhihllor, 

to look at the possibility that insulin may differentially phosphorylatc \..cy 

serine/threonine kinases and phosphatases required for insulin action 11361. Thc:~c StlitllL's 

showed that okadaic acid cou Id inhibit insulin-stimulatcd lipogencsis and glycogl'n 

synthesis in rat he pa toma cells as well as antilipolysis in rat adipocylcs. Okadalc and, 

howevel, had no effect on insulin-stimulated amino add uptake and ewn potcl\llatd 

insulin-stimulated glucose transport (unpublished observation by lless ft al 113(1) This 

would suggest that the mechanisms for insulin-dependent glucose and ami no acid upla\..c 

r~ay not require certain protein phosphatases that are required for olher Illctaboltc cfkcl, 

such as glycogen and lipid synthesis. This furthcr substantiatcs the idca that insullll may 

regulate at least two sets of pathways. One mvolving thc activation 01 scnnc/thlcOnilll' 

kinases and anothcr which activates serine/thrconme phosphata'c .... It ha!>. furthcr becn 

suggested that the activation of these pathways may involve cornpartl11cntalmttlon and 

trafficking mechanisms which could heIp explain why some protcim arc dlfll'/cntially 

phosphorylated over others [1361. 

Lastly, it should be mentioned that there are a numbcr of choical ca"~,, 111 wlllch 

patients with non-insulin dependent diabetes melhtus possess redllccd tnsul!n-dcpcndcnl 

tyrosine kinase activity (i.e. a single mutation in the ATP-binding rcglOn of the f3-~lIhllnlt 

[203) and a heterozygous mutation in which the entire tyrosil1e-kina,~ dOllla1l1 ha, he~1l 

omitted [274]). Receptor-mediated insulin resistance may be a C()Il~CqilC!lCC of vanOIl'i 

factors inc1uding increased serine/threonine phosphorylutton of the reccptor wlth 

decreased tyrosine phosphorylation, which leds 10 reccptor de~cJl<.,lti"\l1()n Thil." il 

would appear that insulin receptor phosphorylation and Insulin rcccptor-a....,ocJaled 

tyrosine kinase activity are important steps in eliclting sorne of the CffeCI'i oh ... crved III 

insulin action. Nonetheless, the funclions medlated by the vaflOU, phO'iphOlylatcd 

proteins observed during insulin-dependent cellular activatIon are currcntly not known Il 

may be that a number of these phosphorylated proteins have no !>.Igmflcant relevant:\: III 

mediating insulin-dependent responses and that they are phmphorylatcd only duc to thclr 
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relative proximity to the p-subunit of the insulin receptor. In order to fully understand the 

significance of these proteins they will need to be isolated so they can be examined more 

c1osely. 

/.6.3 Transmembrane Signal/ing and lnsu/in Media' "Irs 

The above section dealt with the importance of the insulin receptor having a 

fllnctional tyrosine kinase domain for its ability to produce insulin-dependent cellular 

cffccts. However, evidence supports the idea that phosphorylated slIbstrates and tyrosine

activateu regions of the insulin receptor are not the only means in which the activated 

receptor call elicit its effects. It has already been stated that antibodies directed towards 

the insuhn receptor are capable of mimicking insulin-dependent cellular effects without 

the phosphorylation of the insulin receptor's p-subunit 112,1101. Thus, it may be that 

phosphorylation of the insulin receptor is the result of a confirmational change which is 

indllced by the binding of inslilin to the a.-subunit. It can further be speculated that thlS 

conforrnational change causes perturbations in the plasma membrane which in turn, 

activate mcmbrane-associated proteins important in eliciting inslIlin-depenuent cellular 

cffccts. Within the past few yearS, a number of secolldary medlators have been 

discovercd by conventimal chromatography techniques. These mediators regulate a 

varicly of insulin-dependent enzymes such as glucose-6-phosphate dehydrogenase and 

phosphodiesterase 1149). A number of these potential secondary messengers have been 

classlfïed as having distinct inositol phosphate derivatives which are capable of attaching 

10 the intracellular and extracelllllar surface of the plasma membrane 12451. The 

purification of substances known as glycosyl-phosphatidylinositides, have been shown 10 

modify a number of i1l vitro insulin-sensitive enzymes ranging from adenylate cyclase to 

pyruvate dehydrogenase 177,178,253 for review]. Thus a proposed mechanism of action 

is ilS fol\ows: insulin binds to its receptor to produce a conformational change which 

aCllvates an insulin-specific phospholipase C, possibly through a G-binding protcin. This 

has bcen supported by the observation that penussis toxin or antibodies directed towards 

the GTP-binding ras-p21 protein can inhibit a number of insulin-dependent cellular 

effccts III R, 1621. Phospholipase C then cleaves specifie phosphatidyl inostitol molecules 

located on the lIltraeellular surface of the plasma membrane. The cleavage of 

phosphatidyl inoslitol then leads to the formation of unique diacylglycerol (DAG) 

derivativcs which can selectively aetivate variom pools of protein kinase C. The ability 

32 

1 



for the se protein kinase C molecules to produce differential insulin-dependenl cellular 

effects would depend largely on the cell type, localizatioll and inlracelllliar 

compartmentalization for activation, and substrate specifi.city. Additionally, pho~phalltlyl 

inostitol cleavage leads 10 the formation of inositol glycans. Inositol glyc:lns an.' a~ 

unique as the DAG derivatives and, when purified, have becn shown to mllnÎc SOllll' of 

insulin's actions on pyruvate kinase [4], specifie protein phosphorylatioll 121, and 

lipogenic action [246]. Perhaps the most striking observation 18 that once the lIl'\lIltn 

receptor is acthated, extracellularly anchored phosphatidyl inOsll!ols are cleavcd flOm 

the plasma membrane and act as autocrine growth regulators by bll1ding to spcciflc ~ill's 

on the plasma membrane which are then internalized 1147,245,2661. Il 1'\ CUllL'lllly 

unknown whether the release of these regulators is due to phO'ipholÎpa~c C. 'llIce 

ph()sphoiipase C is thought to reside solely on the intraccllular pmltOn of the pla'\m.1 

membrane [941. 1t may be that their release is dependent upon a sep'lI atc mt'chatmm 

[rom intracellular phosphatidyl inostitols which lIlvolvcs ail cll7ymc ICII1lcd ;l'i 

pllOSpholipase D [175]. Nonetheless, in order to establish whclhcr Ihc'ic putative 

secondary mcssengers are important in producing insllirn-depcndcnt ccllular crrc!:" III 

vivo, these proteins will necd to be isolated and produced in large ljllantities III OIdcl \0 

study each of their mechanisms separately. 

1.6.4 Intemalization and Degradation 

The raie that insulin internalization and degradation plays in elkuing in'iulin

dependent cellular effects is not weil known. Is insultn degradalÎon anù lIltcrnah/alIoll 

important in inslllin action? Evidence supports the Idea that intcrnalmltH)Jl, dcgradallol1, 

and cellular rollting are important. For example, the use of lI11\llltn-nCIIl B-cham and 

inslllin-cholera B-chain toxin molecules have been able 10 producc lIl'lllllH.lcpcndclll 

responses in cells that do not possess any extra-cellular in~llltn rcœptol' 11341 

Nonetheless, insulm degradation and cellular routmg is an extrcmcly compkx l '!--ollC , for 

WhlCh little is understood. One of the major reasons for not [ully unùer<;tand1f1g how 

inslllin internalization and degradation may be lnvolved in in'\ullll aellon stcm'i from Ihe 

problems involved in lsolating the various degradcd Insulin producls, :l'i weil a ... pUllfyl/lg 

the enzymes that are responslble for insulin (and lIlslIlin reccptor) dcgradatlon. l'hl .... 1\ 

only the first step in understanding the role that intracellular m'\ulin and/or ilS rcccpior 



may play in insulin action. Just as important is the understanding and dissection of the 

variolls vesicles that carry insulin and its receptor to various parts of th,;; cell. 

The first stcp at understanding the significance of insulin degradation and cellular 

roU\lI1g III imlulin action has been to isolate and study insulin d~grading enzymes. There 

are a nllmber of il1sulin degrading enzymes located within each cell type. The most 

studied has becn a neutral thiol metalloproteinase which has becn called on occasion, 

insu lin protease (IP) or insulinase [80,192]. IP, despite knowledge of its existence since 

1957 1192 J, has eluded investigations into its properties. This is because the insulinase is 

extrcmdy sensitive to purification techniques and is extremely unstable. As a result, 

hlcrature on IP is very confusing. Conflicting results on IPls properties include 

dlfTerences 111 ilS pH optima, molecular weight, requirements for certain metals, and 

isoeleclric point 144,223,2541. Nonetheless, a number of laboratories have reported the 

isolatIOn of the IP enzyme and have examined its ability to degrade insulin. In one 

instance, which employs a cclI-free system, it appears that IP has a selective effect on 

degl ading insulin and IGF-I1 over IGF-l and proinsulin [81]. Results also indicate that IP 

might have a selective ability to de grade the B-chain of insulin over insu lin in gcneral 

12541. However, this speciticity towards the B-chain changes with the concentration ofIP 

cmployeo. For example, at hrgh concentrations of IP the B-chain is a better substrate than 

in.;ulin, whcre the opposue is true at low IP concentrations 12541. It may be that this 

ditTen:nœ IS actllally due to contaminating substances in the purifled IP preparation and 

not duc 10 any kinetic properties of the IP enzyme itself. In addition to this, another 

insuhn dcgrading enzyme with a molecular weight similar to that of IP exists, which is 

capable of degîLldll1g insuhn and proll1sulin at the same rate l79]. However unlike IP, this 

cllIyme (()nsi~ts of a number of smaH catalytic proteins ranging in molecular weights 

t'rom 20,OO() lO 30,000 daltons, and does not show a pH optima for its activity 13091. This 

multicatalytIc IP 1'; also believed to be responsible for insulin degradation via the nOI1-

Iysmomal pathway 1791. Multi-catalytic IPls abihty tu de grade IGF-l however, has not 

hl't'n e\lel1~lvel)' ~llIdied. 

An ill vi\'o approach to studying the importance of IP has been to place antibodies 

nmed agall1st IP into the cytoplasm of hepatocytes [2531. These antlbodies were able to 

inhihit more th,1Il 50% of the total amount of insuhn that is intraccllularly degraded. Tt 

may be that a larger degree of 1I1hlbition could occur, but due to a number of factors such 

as Înstablhty of the antibodies by IIltracel1ular proteases or the inability of the anl1bodies 

ln l'cach ~rC'Clt\c mtracellular compartments, this is not possible. 
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Glutathione insulin transhydrogenase was thought to be another important insulin 

degrading enzyme, as it was believed to be responsible for reducing the insulin molcculc 

to its separate A and B chains allowing pr~~olysis by IP [781. However, more œcent 

evidence illustrates that proteolysis of insulin can occur Wilh the dlsulfide bonùs ~till 

intact [25] and that antibodies directed towards the glutathlOne msulm transhydrogenase 

enzyme are unable to render the insulin molecule resistant to degradatlon 12531 

Nonetheless, glutathione insulin tran' ~ydrogenase may play another role \\ihere it 

indirectly stabilized the IP enzyme or insulin receptor structure [2941. 

One approach to studying the importance of insulin degradatlon in Illsuhn action 

has been to look at the degradation products that occur with insulin degradmg enzymes 

A number of repons have looked at how IP degrades insulin both in a cell-free ~ystem 

and in vivo [9,64,80,193]. In vitro studies with purified IP have shown that the In'luhn B

chain is broken apart in at least seven different sites, where the A-chalO I~ broke!l at one 

to two sites [9,64,80]. The filst cleavage involves the breakage of the IIlsuhn B-ch,lll\ 

around the B-16 to B-18 region and occurs before endosomal acidificat10n 1191]. S tuùle\ 

using a modified insuhn molecule which is resistant to chis first cleavage have shown that 

this molecule is still susceptible to funher degradation by IP, suggestlng th<1t even though 

the first step rnay be important in the degradation pathway, Il IS not crucial 12l),:'i 1 Afta 

this first step, the B-chain is degraded into three addltlOnal fragment'\ 119i 1 [n'\lIhn 

de gradation on the extracellular surface of hepatocyte:-. has shawn a 'llIl1Ilar pattt:rn of 

degradation products, but with slightly different end producrs 1801, Whether extraœlluJ"r 

Insulin degradation IS achieved by the same IP enzyme responslble for mtracdlular 

insulm degradation is unknown. It may be that additional or dlfferent Insu!m lkgradlllg 

enzymes exist for intracellular insulin over extracellular Insulm, 

How these de gradation products may be involved 10 msulin actIon 1:-' not known 

There is strong evidence supporting the notion that degradation, or al Iea"t Intracdlular 

routing, is imponant for insuhn-dependent cellular rC'iponses 1 26,iQ, 1 ~1,2()31 l,or 

example, Kahn et al. have successfully prepared clearly delineated pla"makmrna and 

endosomal subcellular fracrlOns From rat llver which has allowed the compansol1 !Il,>uhn 

receptor kinase activity at the cell surface and in hepatlc endosomes a\ a tunctlon of ùo,>c 

and ume after injected insulin [151,152]. The tyrosine kina<,c activity of rcccptor.., 

panially purifIed by wheat germ aggluunin were mea!-.ured for rhClf abtllty to 

phosporylate poly(Glu:Tyr). It was shown thar following the injection of a lIub'iaturaung 

dose of insulin (150 ng/lOO g body welght), the plasmalemma had peak activation ln Il'> 
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tyrosine kinase activity with in half a minute, where peak activation in the endosomal 

occurred only after two minutes. Furthermore, phospoamino acid analyses of aetivated 

insulin receptors in the plasamlemma and endosomal fractions showed differences in the 

dcgrce and type of phosphorylation activity. Insulin receptors located in the 

plasmalemma fraction, were found to be autophosphorylated at both serine (55%) and 

tyrosine (45%) rcsidlles; where activated insulin receptors located in the endosomal 

fraction were phosphorylated exclusively on tyrosine resisdues. The insulin receptors in 

the endosomal fraction also illustrated an autophosphorylation specifie activity 3- to 4-

fold hlgher than that observed for the insulin receptors of the plasmalemma. This 

sllggc~ts that thcre mny exist an intracellular site of action in which the insulin receptor 

kinase can acttvatc second messengers. Studies by Eckel and Reinaller [84] have also 

illustrated that bJockage of endosomal internalization by phenylarsine oxide affects the 

early phase (R min) of insulin-activated glucose transport, where chloroqlline affects the 

late phase (30 min) of inslilin-activated gluc('se transport. With regards to insulin

dcpendcnt ccli growth, it is known that most cells require at least a 10 hour exposllre of 

insulin 1236). There have been repons stating that insulin can be trafficked to the nucleus 

1111,2651. Yet these stlldies involved either subeellular fractionation or cytochemical 

techniqucs. The appearence of insulin in the nucleus as assessed by sllbcellular 

fractionation techniques may not be entirely justified, since "leakage" may occllr from 

one subcellular cornparment to another (1. Bergeron, pero commun.). In addition, the 

arno:lI1t of insulin located with in the nucleus determined by cytochemical technics was 

Jess than 2% of the total amount of cellular inslilin r265]. Since a high degree of 

background noise occlirs with this technique, more reliable and accurate methods must be 

pursued. Nonelheless. it has also been demonstrated that inslilin has a direct effect on 

isolatcd 1l1lc\ci and that blocking the intracellular processing of insulin results in the 10ss 

of <lmino acid uptake 1111.265). ThllS, long teml insulin effects such as cell growth and 

cvcn translocation of GT to the plasma membrane may involve the activation of 

sccondary Illcsscngers in specifie intracellular compartments either by the receptor's 

active kinase or by certain insulin breakdown prodllcts. 
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/.6.5 Summary 

It is now generally thought that insulin mediates two distinct pathways (a cascade 

of tyrosine kinase-dependent phosphorylated proteins and tlte appearancc of sccondary 

mediators or modulators) that may act either independently or in unison with each olher 

[2441. The simple conclusion that insulin-receptor complex internalization IS Important 

only in regulating the turnover, expression, and degradation of insulin and/or Us reel'plot' 

is naive. Much evidence suppons the theory that compartmentalization is an importanl 

step in insulin action. Intemalization and compartmentalization allow insulin and ilS 

receptor to interact with potential intracellular secondary messengers to producc .:dlular 

effects. Compartmentalization also allows insulin to migrate to certain sites withlll the 

ce Il , suggesting that insulin or degraded products of insulin have direct cffeets on ccII 

growth (nuclei) and/or met aboli sm (intracellular hexose transporter pools for 

translocation). 
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1.7 Toxic Insulin Molecules and Insulin Action 

1.7.1 Introduction 

This section deals with the methods that have been employed for studying iosulin 

action through the use of toxie proteins linked to insulin. Two toxie proteins which have 

been lIscd widely in this field are ricin and diphtheria toxin. The first part of this section 

deals with DT. Although there are many types of bacterial and plant toxins that one can 

link to carrier proteins such as ligands and antibodies (i.e. Pseudomonas exotoxin A, 

ricin, moddcncm, gelonm, and poke weed anti-viral protein [211,212,218]), DT was the 

molcculc employed in this project. The later hait deals with the construction of toxic

ligand molecules and their uses in studying ligand-mediated cellular action. 

1.7.2 Diphtheria Toxin 

Structure and Binding 

DT is secreted from the bacterial strain Corynebacterium diphtheriae l219]. 

Whcn purified, it has a molecular weight of 60,782 which can be separated into two 

fragments upon limited proteolysis and reduction of a single sulfhydryl bond 

149,218,2191. The A fragment (MR: 23,145) is the enzymatically active part of the toxin 

1701, whcre the B fragment (MR: 39,637) is the camer portion of the protein [166]. The 

B-chain binds to a specifie celI surface receptor which is a glycoprotein of 153,000 mol. 

\Vt. 1191,229 J and allows for the internalization of the A-chain into the cytoplasm. 

Though evidence supports the fact that both the A-chain and B-chain of DT get internal

izcd into an endosomal vesicle [201 ,213], evidence also supports the idea that the B

chain, due to its containing certain hydrophobie lipid associating domains, can insert it

self into the lipid bilayer forming a channel to facilitate the entry of the A-chain [1951. 

Noncthclcss, if the A-chain is deaved from the B-chain before binding, the A-chain is 

unablc to enter the cytoplasm except through random events such as pinocytosis or 

endoc~. tosis, m: ~ing the reduced (cleaved) DT non-toxie, except at extremely high 

concentrations 11961. 
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Mechanism of Action 

The A-chain, once it enters the cell, migrates to the area of protein synthesis and 

shuts down prote in synthe sis by inactivating elongation factor-2 (EF-2) by ADP

ribosylation [50,106]. As can be seen below the A-chain of diphtheria Îs an ADP

ribosyltransferase enzyme which facilitates the transfer of the ADP-nbose mOlety [rom 

NAD+ to a novel histidine residue (diphthamide-(2,3-[carboxyamido-3-trimethylammo

nio)propyl]-histidine) found specifically in EF-2 [288). 

DTa 

NAD+ + EF-2 -\,--==----I>~ ADP-ribosyl-EF-2 + Nicotinamiùc + H+ 

ADP·nbosyltnnsfcrase 

EF-2 is responsible for the transfer of peptidyl tRNAs from the A site to the P sile on the 

ribosome, a step which is crucial for the amino acid peptide fomlation of proteins 

[107,177]. The A-chain catalyzes this reaction only on free EF-2 substrates not bound 10 

the ribosome, making them inactive. This in tum, inhibits protein synthesis (196.2181. 

Furthennore, because this is a catalytic reaction, as little as one OTa molecule can ADP

ribosylate 2000 EF-2 molecules per minute depending on the celi type (discusseù bclow). 

Thus, a single DTa molecule at the site of protein synthesis is capable of inactivating ail 

cellular EF-2 and can kill the cell [214,307J. Based on the reaction above, an exccss of 

NAD+ will allow the reaction to go to completion by using ail available EF-2. Smce this 

reaction is highly specific for EF-2, due to its novel histidine residue, the amount of 

ADP-ribose transferred from NAD+ to EF-2 will give a direct indication of the amount 

ofEF-2 present in cell extracts [196]. The rate of ADP-ribosylation can also be measured 

if an excess of both NAD+ and EF-2 are used. Thus, looking at both the amount and rate 

of DT-dependent ADP-ribosylation in a variety of celI types has he1ped in charactenzing 

species differences in sensitivity to the toxin and has aided 10 further under~tanding the 

toxin's mode of action. 

Ir has been observed for a number of cclI types that the time period for the 

inhibition of protein synthesis involves a lag period of at least 30 minutes, wherc in œil· 

free extracts, protein synthe sis inhibition is observed almost immediately [1961. This 1ag 
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is also dependent on DT concentration, indicating that the lag observed is most likely due 

10 the cell's mechanism of uptake plus the time required for the A-chain to enter the cyto

plasm. A number of species and celI types are either extremely or partially sensitive to 

DT (i.e. human diploid fibroblasts [120), primary guinea pig kidney [tOO), Chinese 

hamster ovary (CHO) (119,1981. and Chinese hamster lung (CHL) fibroblasts [119)) 

where others are not (i.e. rat (98] and primary mouse kidney and L-cells [] 97)). One 

rcason IS that the number of DT receptors per cell can vary from undetectable levels to 2 

x lO5 198,118,119,191,198]. Whether DT·resistant ceUs derived from rat or mouse 

contain any functional DT receptors is still under discussion [41,191,211]. Tt has been 

"hown however, that mouse L-cells show similar sensitivities to DT when protein 

synthesis is mOl1ltored in cell-free extracts [41,197 J. Thus the resistance muId either lie 

at the level of the rcceptor (expression or function) or at sorne step involved in carrying 

the A-chain to the site of prott>in synthesis. 

Numerous studies have been undertaken to produce mutants resistant 10 DT in 

orùcr to beltcr understand its mechanism of action [41,118,196,1971. This has been 

achicved by exposing cells to varying concentrations of DT and has resulted in the 

plOduction of mutants which can be separated into two classes. The first c1ass have a 

tlefeet either at the level of binding, internalization, or vesicular trafficking. The second 

c1ass of mutants show decreased abilities to ADP-ribosylate EF-2 or rlecreaseù 

sensitivities to DT in a cell-free system which monitors protein synthesis. V -79 (CHL 

fibroblasts) have shown a mutation frequency of 1.7 x 10-6 for spontaneous mutants and 

1.6 x 10 4 fol' cells chemically induced with 300 mg/ml ethyl-methyl-sulphonate (EMS) 

in the pn.'sence of 1 lethal fragement/ml of DT [119J. In this particular case, DT-resistant 

V -79 relis were shown to be of the second class since the specifie activity of EF-2 (pmol 

14C-ADP-ribose incorporated per milligram of protein) was <0.1 as compared to the 

value of 80.8 of DT-sensitive V-79 cells [119}. To date, V-79 cells resistant to DT as a 

dass one defect have not been reported. 

40 



1.7.3. Usillg Toxic Insu lin Mo/eculesfor Stttdying Insulin Ac/ioll 

There are a number of approaches that have been employed 10 slutty Ihl' 

mcchanisms involved in insulin action. Some of these have cmployed the ~tlldy of (db 

obtained from diabeuc patients or animaIs (263,277 ,2781. Otht~rs have llsed dK'l1l11'ais 10 

alter insulin receptor binding and processing 169,87,269), v'hile Iransfel'tioll of let'l'ptOl~ 

which have been mutagenized through site-dlrccted molecular approm:hes have hrrll 

employed [162,244,298 J. The~e have been mentioned brietly III the ahove scctlon'! and 

will not be covered here. Rather this section deals with a review on the partl\.:ulal 

approach that has becn applied la this project, i.e. the use of a toxic insulin mokclIk. 

Two successful approaches have been taken to COl1strllct IOxic lIl-:ultn hyhr rd 

molecuJes. The first approach illvolved the chemical modifical1on of IlIsullll\ car ho\)'1 

groups with cy~tamine-dihydrochloride and ethyl-3-(dimclhy!amiJloplOpyl) car !lo

diimide-hydrochloride (EDAC) [2."5,2591. The result was an activa/l'li inslllln lllokl'llk 

(cystaminyl insulin) which could bind to the reduced fortn of an en/.ymatrl'ally Hl'tiw 

protein (i.e. OTa or Ricin A) through a sulfhydryl exchange 'J II\.. llIsadvantagc to ll'!lng 

this method lies at Ihe level of producing cystaminylated in<;ulrn. This l1ll'thod gcnl'I:ltl'\ 

a number of active sites 011 the insulin molecule, such that once conjllgation Ol'ClIr\ wlth 

the selected toxin, a heterogeneous production of (toxin)n-in~llhn molecuks are lormet! 

This can be avoided by purifying ttH~ various species of cy~taminylaled ll1\llllll by DE ')2 

ion-exchange chromatography, yet the actllal yicld and trlll: pllflly lI\cd III Ihl~ 

conjllgation process is low [259J. The second approach involves conjllgallllg :l dr\ull rlk

containing toxin to the free amino groups of the insuhn molccuk hy ll'!ll1g thl' 

heterobifunctional reagent N-succinimidyl-3-(2-pyridyldnhio)-proplonatc (S PI W) 

[255,259). Prior to llsing SPDP on inslllin, the amino aCld tcrmll1al gIOUP\ of l11"llhn ail' 

blocked leaving a single internai amino group frec. The end rc\ult l~ the COll\\!lIC\!OIl 01 

an insulin molecule containing one toxin molecllie /2591 Tlm latlrr approach ha\ bl'l'II 

succcssful in constrllcting insulin-ricin A chain (insulin-RTa), EGF-nclll ;\ charn (I~( il'

RTa), and EGF-DTa molecules [39,258,259). The former approach ha<; hccll lI\cd to 

constrllct inslIlin-RTa and inslilin-DTa molecules {255,257,2591. 

RTa-linked horrnono-toxms have been successful in clicltrng toxrc effeel'" III a 

nllmber of ceUs that express the conjugate's receptor /39,256-25HI. DTa-lrnkcd hOflnono

toxins however, have not been as successful (39,255,2561. For cxarnplc, EGF-RTa ha" 
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bccn shown to be toxic to 3T3 cells, while EGF-DTa exposed to the same cell tille is 

non-toxic (39). In these particular experiments, OTa maintains its ability to ADP

ribosylate EF-2 when conjugated to EGF. EGF-OTa was also shown to interact with the 

EGF rcccptor and internalize [39J. The differences in cellular toxicity between EGF-RTa 

and EGF-DTa are not weil understood. It is known that the toxin must be linked to the 

ligand (growth factor) through a disulfide bond in order to cause cytotoxicity [210), but 

thb may not be the only necessity. RTa contains two hydrophobie regions which are 

lacking in DTa and may help facilitate its entry into the cytoplasm [97]. In addition RTa, 

unllke OTa, does not require a low pH for entry into the cytopllsm; it may even prefer a 

slightly alkaline pH (187). Thus, il is entirely possible that the endocytic route for EGF 

colljugatcd with a toxic molecule in 3T3 ceUs does not go through an acidification 

proccss bcfme the toxin is either degraded or expelled from the cell. The lack of a 

hydrophobic domain for a ligand-bound OTa molecule may also represent its sole 

dcpcndcnce on the lIgand for int';!rnalization into the ce Il , where ligand-bound RTa 

llIolecllles may l1on-specifically interaet with the cdl's plasma membrane [259]. 

The lise of insulin-DTa and insulin-RTa molecules in selecting resistant cells has 

yielded IIlteresting results with respect to insulin dependent/non-dependent growth and 

metabolism. In the case of mouse fibroblast and 3T3 pre-adipocyte cells, insulin-OTa 

resistant cells showed both decreased and enhanced abilities to bind insulin suggesting 

abllormal functioning of the insu lin receptor [257]. Insulin-OTa resistant pre-adipocytes 

also !.howed various abilities to grow in a serum-free hormonally defined medium 12571. 

Though no conclusive results were made, these ceUs were shown to be either dependent 

on inslIhn for growth, did not require insulin for growth, or unable to grow at aIl in a 

scrum-frce medium (2571. Furthermore, no correlation was made between the ability for 

thcse cclls to bind insulin and their ability to grow in a serum-free medium containing 

insuhn. Insulin-DTa resisrant H35 rat hepatoma cells also exhibited decreased insulin 

binding abilities (259]. These cell lines were not able to exhibit any insulin-dependent 

tyrosine aminotransferase (TAT) activity unlike their insulin-DTa sensitive counter parts. 

Veto both cell types were able to produce dexamethasone-induced TAT activity 1259). 

This would inlhcate that insulin may have a different mechanism than cortical sterOids in 

stnnulating TAT synthesls. Whether insuhn-dcpendent TAT synthesis is directly re1ated 

tu insuhn rcceptor activation is not known. There have been no further studles conducted 

with these ceH variants. Nonetheless, these results illustrate how the construction and 
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employment of toxie insulin hybrids on cell cultures can be lIsed in selccling cells which 

are altered at the level of inslIlin binding and insulin responsiveness. 

1.7.4 Summary 

Diphtheria toxin is a protein molecule comprised of tl receptor binding suhUllI1 

(B-chain; 40 kD) and enzymatic subunit (A-chain; 21 kD) held logether by a ~ing.k 

sulfhydryl bridge. Once DT enters the cell, the A-chain, after cntering the cytopla .... l11. 

will inhibit protein synthesis by ADP-ribosylating unbollnd cellular EF-2. Nlc\..ed DT 

(DT having undergone mild proteolysis) which has becn subjccted 10 s\llll'ydryl 

reduclion is not toxie to the cell. Only at high cOllcentrations can it show toxicllY, ~inœ 

the A-chain does not have a specifie route of entry. DT has varying dcgrecs of toxinty in 

different cells types with virtually no toxie effeet on cells denved l'rom rat or mousc. The 

difference observed between ceIl types may lie at the receptor lcvd and/or Intlacdlul:1I 

rOllting of the toxin, since DT is capable of inhibiting protein ~ynlhe~ls III a ccll-flcc 

mOllse extract. 

To conclude, toxic-ligand hybrids are lIseful 100ls in produclllg cciI vananl!-. 

which are defective in various parts of the ligand-receptor pathway. Insuhn-DTa and 

insulin-RTa conjugates have allowed the isolation of cell variants which show ,lltcJalion~ 

in insulin binding, growth, and insulin-dependent TAT activity. Little cbc ha'i becn 

lIncovered with regards to insulin action lIsing this approach. Thus, furthcr inve~llgall()n 

of ceIl variants resistant to insulin-DTa and RTa conjugates would be llsdul for 

dissecting the mechanisms involved in insulin action. 
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1.9 Figures for Chapter 1 
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The Insu lin Receptor 

Figure 1. The insu lin molecule. 

The structure respresents the three dimensional structure of the 
porcine insu lin molecule as determined by X-ray crystallography 
and molecular model computer generation. Numbers on the 
backbone molecule correspond to the amino acids numbered From 
the amino-terminal end of the protein chains. -S-S- donotes 
disulfide bridges between amino acids. The in~erted legend lists 
the amino acid sequence for both the A chain and the B chain and 
shows inter- and intra-disulfide bridges for porcine insulin 
(information obtained From reference 297). 
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Figure 2. The insulin molecule and ifs recognition site. 

This figure shows a graphical representation of the areas belIevcd 
to be responsible for receptor bmdwg, positive cooperativlly. and 
negative cooperatlvity. Regions refleci tho~e portion-. of the in,ulll1 
mo1ecule that have been shawn ta affect It<; bll1Jmg tn It, rcceplOr 
through alterations m the ammo acid ~equences (ll1fonnation 
obtained from references 71.73. and 99) . 
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Figure 3. The insulin receptor. 

This figure shows a cartoon of the insu lin receptor and its tyrosine 
kinase domain. The lower left panel illustrates the structure of the 
insu lin reeeptor inserted into the plasma membrane. Insulin ean 
bind 10 the a-subuflit (cr) of the insulin reeeptor and phosphorylate 
the p-subunit (~) al specifie tyrosine sites (numbers, upper right 
panel). Phosphorylated tyrosine sites are believed to mediate a 
number of effeets as illustrated. Lysine at postiol1 1018 (Lys-l 0 18) 
is the ATP blllding region of the receptor. See text for further 
explanalion. Numbers represenl the amino acid position From the 
amino tenninal end. Information obtained From references 43, 268, 
and 298 (Gly, glycine; Lys, lysine; Pro, proline). 
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Chapter 2 

Construction of a Highly Specifie Toxic (nsulin Molecule: Selection and P~lr.inl 
Characterization of Cells Resistant to its Killing Effccls 

63 



.( 

( 

2.1 Preface 

Bcfore presenting the next three chapters which contain original manuscripts, the 

sUllctural sctup of the project is presented here. 

Stage One: 
Stage Two: 
Stage Three: 

Conjugate constîuction and characterization 
Mutant isolation 
Mutant characterization 

The first stage was to construct the OTal molecule using SPDP as the linkc'r 

lllo1ccule and to characterize this conjugale with respect to ilS cellular loxicity and insulin 

rcceptor ~pecificity. This would indicate whether OTaI could elicit its toxic effects 

~pcl:llkally through the insulin-receptor pathway as weIl as through the interaction of 

another ~urface receptor (i.e. the IGF-l receptor). The second stage wa~ to use DTaI to 

select and isolate ccli variants which were OTal-resisrant yet still DT-sensitive. This 

would !nLiIcatc that resistance was due to an alteration in the insulin-receptor pathway 

and not at the site of DTa action. Cell variants fitting thls criteria were then used in stage 

tlm:e. Thlo.; tir'il lIlvolved a preliminary charactenzation of all DTaI-resistant mutants for 

their ~l'mJtlvity 10 the whole toxin (DT), insulin binding, and growth in serum containing 

Illcdi um. Second, it involved a more extensive characterization of one variant, IV -A l-j. 

With regards to the classification of DTaI-resistant mutants the following 

nOIlll'ndature was lIsed: 

c.g. 

where. 

IV-Al-j 

IV denotes the experiment that involved application of the DTal to 

the culture medium. 

A represents the concentration used (in this case 3 times the LD50) 

1 represents the plate number at that concentration (i.e. Al - AS) 

j represents the clone picked from that plate (thlS clone was then 

sub-cloned, yet it maintained the nomenclature after the first 

cloning) 
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This chapter looks at the construction of the OTal molecule, for which a grlll'rai 

outline of the methodology ean be found in the appendlx (figure 1.) This chartl'I al ... o 

describes the selection and isolation of DT~\l-rcSlStant ccli.. ln ail ca~l'~, the varianh 

described in this chapter were shown to be DT-sensitive at the samc conceiltratlllll~ 

observcd for the OTal-sensitive V-79 cell line. Figure 2 in the appclllh\ 1IIu"tlatl''i tlm 

sensitivity for IV -A I-j cells. 

For assessing the bindmg kinetics of these œil variants, Il wa~ nCCC"~,1I y to 

employ steady-state conditions. For this, limes courses to cstahlish CqllllIblllllll WCll' 

performcd al two different Temperatures. This is iIlustratcd in FIgure,) or the appcndl.\ 

for both V -79 and IV -A I-j cells. 

ThiS chapter looks at (1) the methnd lIsed to cnn .. trllct the DTal molccllk, (2) thl' 

ability of OTal tn speeifically elieit its effects through the in~1I11l1 Icœptor .\Ild not \hl' 

IGF-l rl'ceptor, (3) the selection and isolation of the number of DTal-IL'W,tallt, DT

sensitive clones, and (4) that characterization of these variants to (a) bind ill\lIlIll. (h) 

grow in serum containing medIUm, and (c) grow in the hormonally-tkfllwd l11l'dllllll 

where insulin is the predominant mitogen. 

AIl work was perfomled by the candidate. 
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2.2 Ahstract 

Wc have constructed an insulin-diphtheria honnono-toxin by using the 

hl!tl!robifunctlonal reagent N-succinimidyl-3-(2-pyridyldithio) proprionate (SPOP). The 

conjugale migrates as a single 29 kd band on 10% SOS polyacrylamide gel 

e1cctrophOlC~i., which corrc~ponds to a one to one molar ratio of the dlphtheria A-cham 

(23 kDa) and m~uhn (6 kOa) molecules. The diphtheria A-chain:insulin (OTal) 

hormono-to.\111 dcmonstratcs cytotoxicity in V-79 Chinese hamster cells exhlblling an 

LD50 of 1.1 x IO-H M, whlch IS 22X more potent than whole diphtheria tOXIIl. Also, 

DTal can col11petiuvely dlsplace 1 1251]-insulin with an E050 of 1.1 x JO-H M, whlch IS 

~ill1ilar to the ED50 of insulin (1.1 x 10-8 M), and showed hmited cross-reactIvity wIth 

thl' IGf-1 receplPr (Ile;{, displacemem of 1125I]-IGF-1 with a OTal concentration of 1.1 

x lO-H M). Furthermore, DTaI which has been blocked at the [tmInO terminais by citrate 

group" I~ not capable of di<;placll1g 1 125I]-insulin nor is it cytotoxlc up to a conccntratlon 

of 1 x 1")·6 M We have lI<;cd DTaI to select conjugate-resistant clone~ from the V -79 

Chl/1cSC hamster fibroblast parental cclI Enc. Conjugate-resi~tant vanant~ expre~~cd 

in'\ulln olllding lcvcl'\ langlllg from jllst below normal (H.O ± 2.0 fmoles/mg 1-) down to a 

hO(/() average decrease (3 6 ± .5 fmoles/mg P) in Insulin bll1ding \Vhen compared to the 

V -7lJ parental ccli linc (II 2 ± .2 fl'lole/mg P) Addiuonally, a numher of conJugate 

rc:-i~tant clonc'\ ~how a decrcased ablllty to grow III medium containing 5% serum and/ol 

III a !lclull1-fll:e dcfmed medium containing inslllin as the predominant mitogen. l'hl' 

aItcred ahdlly of the~c clone'i to grow in a serum or serum-free medium contailllng 

1I1'\ullll dit! not correlate dircctly with the changes obs~rved for insulin binding. Ba~ed on 

tIH.'Sl' ()b~ervatlOns wc suggest that (1) OTaI elicits its cytotoxlcologieal effeet'\ through 

the in!lullll-reccptor traftïd.mg pathway, (2) DTaI can be med to isolale cclls altered al 

the Ievd of IIlsulm hinding and/or action, and (3) mechamsms re<,;po!lsible for mediating 

IIlSullll-dcpendellt œil glOwth along the Insulin receptor trafficking pathway may also be 

~han~d by othcr growth factors. 
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2.3 Introduction 

Inslllin is known to bind a specifie eell surface rereptor whkh rcsults III 1I~ 

internalizauon, eompartmentahzation. and subsequent degradation 1 1 -J 1 DUI illg this 

process insulin can mediate its metaboJ,c and mltogenic actions. Yet, the med\al\l\l\ll\ 

that are responslble for coupling the insulin-receptor trafficking pathway tn l11\uhn al."lHln 

remain obscure. One approach towards understandmg the rela!lol\slll(l hl't"'l'l'11 tllL' 

lllsulin-receptor pathway and insullI1 action has becn to cmploy nwthod-; wluch aita the 

internalization and trafficking pathways through the use of aCldotropllll: agl'Ilh (1 t' 

ammonium l'hlonde, chlof(Xluine. and methylamine (41) and carboxyhc IOlHlphOle\ (U,' 

mone~in, nigercin. and X5.n A 15,61). Another approach has IIlvo!wd the U\C 01 \(l\iL" 

1I1slIIin mo!ecuk" wlm:h have been u" .. ù lO lI,olate varIant\ ddcctive al the !t'\l'l ni 

insulin receptor expre~"lon, binding, IIllernalization or re"pon"e 17,XI A prcv,ou ... 1 t'pOl 1 

on the l'on<;truction of such a /l1o!eclIle ha" Ylelded hcterologolll, (llotclIl\ \\'llIch l'OIlI,III1!:d 

Il1Ultlll1lTIC fonns of a Dlphthena A cham bOllnd to LI "Ingk IINtI,n lllokL"llk, d~lTl"I"ln!! 

Ils aflIl1lly for bindlllg to the lll"lIlin receptor 19, J(ll, Although tlm cOnjugale ll\1\\Ull' 11.1" 

proven fnlltful 111 :-.e\ecting m:-.ulin re~pon-.e-altl"rcd rat hl"patoma l'l'II Iml"> 19,1O\. lhl'It' 

would he ~lgl1lficant dl~advantagcs of ming a hulky selectIve ;J~'el1t WIth l'l'II IIIH.·.., 

expre..,"lI1g bOlh lI1suhn-lIke growth factor r (lGF-l) and in"ullll reœplor'i III, J:? 1 U..,II1!! 

the app/oach c1el,cribed herelll wc Itnked a ~Ingle mo!ecule of llIphthcna l\-chall1 10 li 

~Ing\e l110lcculc of inSlllm abolishing the fomllltion of hul"-y \11ullll1lCllC 'Iwele.., and 

greatly enhanclI1g it" ~peclÎïclty of Interaction with the lIm/lm rl'l"cplor \VIlh low CIo-." 

reactivity to the IGF-l reccptor. The data indlcate that tlm fl10kCllk rna~l'<' :111 l'xcl'Ik-nl 

selective agent for IsoIaung and swdyll1g cel\<; altercd 111 imulIn hllldIll); and aCllOr1 Wllldl 

contall1 normallcvels of IGF-l binding. We further pre"cnt cvidcncc wlllch "uggnl.., Ihal 

the insulin-receptor pathway is independent of and couplet! 111 pan 10 pathway~ that ale 

involved with other growth factors responsible for promoung growlh. 
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2.4 Matcrials and Mcthods 

2.4./ RlJaRellls and Radioactive Malerials 

WIId typ~ V -79 cell tines (Chu et al, 1968) were a gîft of Dr. 1. Scheffler 

(Dcpart/11cnt of RlOlogy, University of California, San Diego). B-mercaptoethanol was 

purchased trom Aldnch, acrylamide gel reagents from Biorad, N-succinimidyl-3-(2-

Pyndyldtthlo) propnonate (SPDP) from Pierce Chemicals, and Sephadex G-25 and G-75 

from Pharmacia. Diphtheria toxin (DT) (lot #0-396) was purchased [rom Connaught 

LahoralOrIl'''. Toronto. IGF-l from AMGen 8iochemicals, Thousand Oaks, Cahfornia, 

and hoth citracolllc anhydnde and bovine pancreas lOsulin were from Sigma 

Monocomponent lI1~lIhn was a gifl from Lilly Research Laboratones, Indianapolis and 

112s llNal wa .. obtamed from Amersham Corp. Apo-transferrin (Tf) was gracloll~ly 

providcd by Dr. P. Ponka (Lady Davis Institute, Montreal) and EGF was l'rom 

BiomedIcal TechnologIes Ine. (Stoughton, MA). 

2 4 2 ('l'I/ CU!lilrl' 

V -79 cells were grown in Dulbecco's modified Eagle's medium COME) containing 

esscntIal and non-essential amino adds supplemented with 5% (v/v) fetal calf serllm 

(FCS) in an atmosphere of C02 plus air (5:95) at 370C. Cells were harvest~d at 

conllul'l1Ct: 111 75-c1112 culture vessels al' ter incubation with 0.02% (w/v) EDTA and 

0.04% (\'.;fv) tryp~in (Dlfco Lah ... , DetroIt) 1131. Cells were plated In either 35-mm plastic 

pelI 1 plates or 2.t-lllullIwell plates (Falcon Co.) at a densIly of 4 x 1()4 cells/cm2 except 

WhCIC II1thcated. After 24 hours, cells were used for growth studle~ (sec below) or 

~enlln-dcpnved for 24 hours in Eagle's serum-free minimal essential medium (0% MEM) 

containing 4 mg/ml gluco<;e for receptor binding studies. 

2 A 3 PltrijicatlOli nf Diphthena Toxin A-chain (DTa) 

Purified DT (3000 lcthal fragments/ml) is first nicked by reacting the protein (1 

ml) with 1 mM lI)'psin for 30 minutes and tenninated by adding 10 mM soybean trypsin 

inhibitor (Bochringer-Mannheim). Following reduction in 5% 13-mercaptoelhanol for 30 

111\11, the mixture is placed into a hot water bath (90°C) for 5 min, then centrifuged al 

13,000 rpm in a rnierofuge (John's Scientific) for 2 min. The supernatant is removed and 

applied to a Sephadex G-25 column equilibrated with 20 mM TES buffer (pH 8.0) 
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containing 0.1 M NaCl. The void volume contains OTa which IS then added dIn .. ~tly to 

insulin linked with SPDP (see results and discussion). 

2.4.4 Synrhesis of alllll.\ulin-Toxin Conjugale 

Insulin was cross-hnked to DTa by using SPDP. The construction of an aClivatl'd 

insulin molecule (SDP-in!\ulin) was achieved with slight modifications of the IHdhod 01 

Shimizu 171, lyophilized, and directly mixed wlth a freshly prcparcd b.ltch of plII itïed 

OTa at varying molar ratios (see results). The mixture was dlalyzed agalll-;t olle hIe! 01 

20 mM TES (pH 7.8) containing 0.1 M NaCI for a minimum of 12 hour" al ..toC The 

dialysatc was then analyzed for ilS degrce of conjugalion by 10% SDS-PAGE 1 t.:ll .11ll! 

purifled by a 1 cm x 40 cm column containing Sephadex G-75 ~upcrtïnc (SF) gel IlHltrl' 

eqllllibrated with 20 mM TES (pH 7.4) containing 0.1 M NaCl. 

2.4 5 ADP-Ribosylatioll 

The ability for DT, OTa, and DTaI to ADP-ribo~ylate Elongation Factor-2 (EI-'-

2) was determined by the method of Moehring and Modmng 1151. EF-2 wa ... i"olatl'd 

from rabbn erythrocytes as previously drscribed 1161. 

2.4 6 Cyrotmicity Assay.\ 

Cells were plated at 4 x J()4 cells/cm2 and grown to 70 - 80% confluence in ellller 

35111111 plastic petri plates or 24 multiwell culture plates and rinsed tWICC wllh w,:{. MFM 

containing 4 mg/ml glucose.Varying concentr:ttion~ of ellher DT or punfll:ù DTal welt' 

addcd to the cultures and incubated at 370C for two hours Culture<; were Ihen wa"hed 

once \Vith 0% MEM medium and replaced wnh DME medium C()ntall1ln~ S'ft; H ·S. Allt:! 

24 hours œil viablhty was dctennincd usmg the method of trypan bIlle exclll~i()n or 

II1hibition of protein synthesis which was deterrmned by the Incorporation 0/ (~III

leucine mto TCA-precipilable material r 17 J. 

2.4.7 1 nsulin and IGF -1 Bl1ulill}t Assays 

Serum-deprived confluent monolayer cultures were washcd threc time ... with 3 ml 

of 20 mM Hank's-Hepes truffer (pH 7.4) with 0.2% BSA at 22°C. Cell<; were then 

incubated with 1 ml (or 0.2 ml in 24-multiwell plates) of the ~amc huffcr containing 

various concentrations of either insulin, IGF-l, or DTal. jI25I I-Iabcllcd in~ulin or IGF-I 



( 

(specifie aetlvity 200 J.lCi/J.lg) were added at a concentration of 2 nglml and incubation 

was carricd out at 220C for 2 hours. At this time point equilibrium had been reached and 

les-: than 2% of the radio-labelled ligands had been degraded as assessed by the 

appl!arallcc of TCA-soluble radioaetivity in the medium (data not shown). Cold insulin 

and IGF-I at a concentration of 40 J.lg/ml and 10 Jlg/ml, respeetively, were used ta 

(klcrrmllt! nO/Hpeclfic binding. The ability of insulin, IGF-l, and DTaI to displace 

112511-labclled in'iulin or IGF-I from their respective receptors was determined by the 

pcrœl1l of radlOactivlty remaining specifieally bound to that receptor. The percent 

speciflc hmdmg for msulin and IGF-I was 82 ± 7% and 91 ± 3% where the Hmount of 

ligand 'ipeciflcally bound was 11.2 ± 1.2 and 19.8 ± 1.2 fmoles/mg protein, respectively. 

2 4 8 Selectioll of DTal resistant clones 

ClonaI selection 1I1volved two separate procedures denoted as series IY and VI. 

The major differcnce bctwcen these two series is th ut series IY was not subjected to 

lllutagerH.'sls prior 10 OTaI exposure. Series YI eells were pre-mutagenized by 1I1cubatlllg 

cxpollentially growing V-79 ceUs to 5 x 10-5 M methyl-nitrosyl-urea for 1 houf. These 

ccliii were then transferred into DME + 5% FCS for 3 days to allow the expression of 

altrlrd phenotypes prior h> conjugate exposure. 

For both series, 5 x 108 exponentially growing cells werc washed 3 times with 

DME mllll1S !->erum and treated with purified DTaI at a concentration of 5 x 10-7 M for 

cuhel 2 hours (Senes IV) or 16 hours (Series VI). The selection medium was then 

rrmoveJ and replaced with DME + 5%FCS for 2 days. The cells were then re-exposed to 

the selection medium for the same Ume interval (2 or 16 hours), and th en repeated a thin.l 

time. Aftrr the third expo!->ure, cells were grown for 2 - 3 weeks. When individual 

colonies \Vere formed these were isolated and re-c1oned with c10ning rings. Clones were 

then tested for: (1) their sensitivity to DTaI and DT, (2) their ability to grow in serum 

containing medium, and (3) their ability to bind insulin and IGF-l (See Results and 

discussion). 
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2.4.9 Growth of cells in a serum-free medium cOIll11ining illsulin 

Cells were then seeded with 1.0 ml DME+S in 35-01111 culture plaies al a dcnsily 

of 60,000 ceUs per plate. After 24 hours the medium was replaced \\Iuh li ~erul11-flee 

medium containing DME, essential and non-essential a011l10 acids, O.2Cfr (v/v), dialY/cd 

heat inactivated serum, 60 nM Tf, and 1 nM EGF alone, with 5l',{, (v/v) FCS, or wilh two 

different concentrations of insuhn (1 and 4 ug/ml). Cells were counted on llays n, l, .1, 

and 4, and correctcd for viability as detennined by trypan blue excJlI~lon. 
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2.5 Results And Discussion 

2.5.1 Synthesis and Purification of DTal 

To cnsure that SPDP activatIon would be localized to a single amino acid located 

on the B-cham of insulin (B29-lysine), the amino-tenninal groups of insulin were 

blocked wlth citraconic anhydnde which preferentially reacts with free Œ-amino groups 

over E-amino groups 181. 
Variolls molar ratios of msulin to SPOP were used (1: 1 to 1 :20, respectively), to 

dClcflllInc the amount of SPDP required to yield a one to one molar substitution of a 2-

pyridyl dlsltlflde (Sl)P) linkage molecule to insulin. The degree of substitution \Vus 

determllled by the method of Carlmn [181. We then mixed SPDP \Vith in~uhn 

(previoll'ily capped wllh citrate groups) al a molar ratio of 1: 10, which would allow for 

IIv.! maximal ~l1bstitlltion of 2-pyridyl disulfide to the Internai B29-lysine. Cirrate groups 

werc (hen removcd hy ~Iowly lowcring the pH to 2.0 by dialyzing against water aùjusted 

to plI 20 wlth JICl for 16 hours. The pH was then gradually brought back 10 7.4 (by 

dialysl~) and the mlxtulc WU~ lyophtlized. 

For the punfication of OTa a heat precipitatIon method was used (sec materials 

and mt:lhot\,). In orùer 10 access the purily of DTa in the supematent, sLlmples 

(supernatelll and precipilalC) where applied to a 10% SDS-Poly Acrylamide Gel run 

lllHicr reduc1!lg conditions (Figure 1). Either supernates (Jane 3) were added dlrectly to a 

2X Laemmlt ~al11plc buffer (1: 1 v/v ratio), or predpitates pelleted by centrifugation (lane 

2) \Vele l'ml partwlly rccomtltuted by adding 0.5 ml of 20 mM TES (pH 7.6) containlllg 

n.l 1\1 N aCI and ihen aùdeù ro Laemmli sample buffer. Lane 2 of Figure l, represcnts the 

precipItale and ~h()ws a nllmber of different molecular weight species. Lane 3 (which 

represcnts the supernatent) depicts punfied OTa. OTa retained greater than 80% of its 

abiltty to ADP rihosylate Elongati<,o Factor-2 (J;'F-,) (183 ± 5 mol of AOP-ribose-EF-2 

fonncd/mol DTa/mmute vs 153 ± 6 mol of ADP-ribose-EF-2 formed/mol OTaI/minute). 

Complelcly redllccù OTa was then added 111 varying amounts 10 the lyophilized 

SDP-insullll. The data in fIgure 2, lane 5, iIlustrates the presence of three protein bands 

\Vith mol. \VI. of -23 kDa, -29 kDa and -48 kOa which correspond to OTa, DTaI, and a 

lhl11eric fOlm of DTa, re'\pectivcly. At a OTa to SDP-Insulin molar ratio of 1 106, the 

optimal amount of DTal \Vas formed (45 to 63 percent of total DTa used as determined 

by scanning densitornctry). At lower ratios there was an increase of dimeric DTa, where 
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• at higher ratios, the yield of DTaI remained approximutely lhe saille (-SO%, data not 

shown). The 29 kOa mol. wL band is consistent with a one to olle molar ratio of DTa ln 

insulin and as indicuteù in lane 4 of Figure 2, thc conjugateJ protell1 revcakd two dl ... tlllct 

bands and after reduction with B-mercaptocthanol, one for DTa en kDa) and the othel 

for redllccd In~ulin A and B chains (-3kDa), fC'ipectlvdy The cr li dl': (Olllug.ltl· !lm,tule 

was then apphed to a Sephadex G-75 SF column (1 x 40 CI1I, vOid volume, T2 mIL l'Iuled 

with 20 mM TES containing 0.1 M NaCI (pH 74), and 1 ml fractions weIl' tolktll'd :) 

ml prior to the exclusion of the void volume elucnt. Flgurc 3. lane'i 3 10 7, ... ho\\' thl' 

elUl10n profile of OTaI fractionated by size-excluslon chromatogr aphy by S DS- PA< il,. 

Lane 4 (fractIOn 15) gave the greatest yleld (a!'> detcnnineu hy ... canl1l1lg den"llOllll'tly III 

the comrna'i'ilC bIlle stalned gel) of DTaI with thc lowc~t degrce of DTa and dlllll'I Il' DTa 

contamination, The fall11 band at 31 Kd 11l lanc'i 3 and -l \\\\'i not Pll'''l'lll III .111 

preparations. Additlonal SOS-PAGE analysls (data not ... hOWI1) 1l1lhCaied the prl'~l'Ill'l' 01 

LillncrÎc DTa belwccn frattlon'i 6-21, OTa] belwccil fraCII{)n ... 7-Jl), DTa hl'twl'l'1l 

fractions 12-45, where 1r1'wIIl1 thd nOI appcar unIr! fraclloll "Hl RcLltl\'l'ly pllll' 

preraral10m of DTal whil:h conla1l1ed no In..,ulln (fractlon.., 11-17) \\'l'Il' nll'n..,lvl'l)' 

dlalyzed 111 \Vater, aliquoted, lyophrli7ed. and 'Itored al -2(),'C lllllll Imlhl'r lI..,C Pll'VIO\l" 

work \I\\'olvcd the conjugatlon of DTal to in"uhn hy hnkagc \l) Ihl' fllT c.\lho\yl grollp ... 

of the in~ultn moltclIll' 17J, ThiS re'lulted in the appl'arance of many hlgh lllokcul.1! 

weight protein bands on a polyacrylamlde gel, which Inùlcatcd thl' Pll'"CllCl' 01 

hCleromcnc conjugated (DTal)nI spccies [7,91. Wc lbd /lot oht.lln any hl'tl'IOllll'IIC 

conjugates \VIth our procedure. In fact, our re~lllt'i \l\thcatc that wc have li 

monosubstltutcd IIlsultn molecule (i,e. al: 1 molar ratio 01 1 Il "li 1111 DTa). II pOli 

reconstitution in PBS, OTaI retaincu gre~ltcr than 6WÏr of 11<; ADP-nho\ylattoll actlvlly 

when compared lO plIrified DTa (133 ± 9 mol of ADP-nbmc-EF-2 fOrllll'd/lllOI 

DTal/mIl1ute vs 212 ± 9 mol of ADP-ribose-EF-2 forrnc(VmoIOTa!rlllllUIl', re"'[K'ctlwly) 

2 .5.2 DTal Cy(o(oxicuy amI Di,\placemenl Profiles 

DTal's biological effects on V -79 cells were tl'sted to determine the degH~e \)f 

cytotoxicIty. This œil line is sensitive to DT and exhlbit~ an LD50 (the do .... c al whlCh 

the lethal response is 50%) of 2.45 x IO-7 M (data not lihown) and IS ln agrcemcnl wlth 

other reports [19], The LOSO for OTal was found to be l 1 x 10-X M, more than 22 lime .... 
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lower than for the whole toxin itself suggesting that the route of entry differ!> from that of 

the whole toxin. 

Next wc looked at the abihty for DTaI 10 compemively dbplace 1125Ij-mslIlin 

1 FIgure 41. The data mdicate that DTaI exhibits the same compcutJon profile a" native 

m,>ullll in (lI'>placlIlg 1125 lj-Imulin from its reccptor, mdlcating that the attachment of 

DTa 10 lhe IIl!>lIlm flloleculc re'iult~ m no slgnificam alteration m its binding to us 

recr.:ptor. The faet that OTa substitutron to the insuhn molecule doe~ not mterfere WIth 

II1,>ulll1 brmllng Îs a slgnificant advancement over prevlOus methods to obtalll slIbstitllted 
IIlSUllll moleculc" For example, rhodro.-Iactalbumin-insuhn lo~t more than 90% nf lb 

hindlllg abIlIlY, where o.-Iactalbllmm conjllgated solcly with the c-ammo aCld of inslIhn 

Imt IO(I! of J!<, bindlJ1g potential to the IIlsulin receptor 1201. FlIrthermore, the blological 

actlvlly for thr.:~c two lactaibumlll-sllb~titllted insulins were greatly dUl111mhed (751('(' and 

I(/'c, blologieal aetlVlty, respcctIvely) 1201. It i" interestmg to note howeyer. that the 

cappeL! conJugate ha~ little abllity to competiuvely displaœ 112511-m~lIhn from ih 

ICL'l"plor (rlgllrc 4) 'iub"tanuilung the imponance of the ami no termlllai glOup of the 

In!>lIhn ;\ ch:lln for in!>ulin rcceptor-ligand binding. Capped DTaI abo "hmved no tm.le 

eftl.-Ch at COIh:cntratlOnll as high as 10-6 M (data nO[ shown). 

Ncxt wc compared DTaI'~ toxicity profile to us dlsplacement profIle of 1 L'511_ 

labeled m~lIhn or IGF-l. ;\,> i11ustrated m Figure 5, the concentratIon range for DTal to 

l'IOdure !O()% killlng of Y-79 cells occurs between IO-x and 10-7 M. Similar reslllt" were 

ohtallll'd fOI the abllny of OTa 1 to inhibu protem synthesi'l as determined by the 

IIlcorporal1on of 13111-leucme into TCA-prrcipitable matcrial (data not shown). In dm 

~ame concentration range. DTal cou Id competitively displace 80% of 112511-il1~ulin from 

it~ leceptor l)ut wa~ unabIc 10 significantly displace 11 2511-IGF-1 from Hs receptor. Thu", 

the evidcncc pre"ented herein indicates that DT:!I causes cell death by gaining entry II1to 

the ccII 'ioleIy vIa its IIlteraction with the insulm receptor. This IS supported by the 

following evidence. flrst, the decrease in the L050 for OTaI versus DT suggests a 

dlfferellt route for DTaI th an for DT. It has previously been reported that this observation 

could be panly altributed 10 the differences in affinity for inslllin and DT for their 

IC"iperlIVc receptors 171. Second, the II1crease in DTal's cytotoxic effecls correlate with ils 

ability 10 (lIsplace insulin from its rec,eptor. If the toxic effects of the conjugate were 

Il1cdlated lhrough the IGF-l receptor the data presented here would ll1dicate that only a 

one to t'ive pClccnt occupancy of the IGF-l receptGf sites are needed to effectively 

trans\()L'at~: D1'a tn its SIte of action and kill the ceIls. This seems unlikely since there are 
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other factors which play important roles in detennining the cffcctiVl'ncss of DTa OIl~:1: lt 

enters an endocytic 120-221 veslclIlar apparatus. 

2.5.3 Selection of o l'al rt:SI,ilimt elo/les 

At this POlll!, we employed thls DTal tOXIC c{H1Jugatc in a sl:!cC!lon proCCdUIL' 

allowing ll~ to isolate a nlll11ber of clones resistant to DTal hut still 'iCn ... ltlvc 10 DT (data 

not shown). Our stm.hes ~how that these DTal-reslstant c1one~ cxprc'i'icd vanallOlllll thL'll 

ablltty to bind 112511-ln~uhn (Table 1). Levels of insuilIl bll1thng oh~L'rvl'd r.ln~l'd IJUIll a 

29'7(, decrea'ie (e g VI-A4-d) to a 6H% decrease (VI-AS-d and V 1-1\2-(') III addlllOIl ID 

lmulin bindmg. 11 2511-IGF-l bllllling \Va ... detcnmncd for a l1ulllha of thl"'l' donl'~ ln ail 

ca"c~ e.\amll1cd there wa" no '1lgnifieant alteratlOll ln the amoullt 01 112 'ill I(,F 1 

spcclfll'ally bound ~llggest\l1g that rCSl ... tance to DTal 1:" prohably rdatcd 10 ,1I\l'I,\llO"'" \Il 

the m~lIll1l-reccptor traftid.1I1g pathway and not at the kw! of ](,1·-) -1l'Cl'pIOr 

II1Il'ra"tlon ... (Table 1) 

2.5.J !vIuogf'lIIC' (lcllon 

OTal rC:-I ... tant clones were also stlldicd for thclr abIllly to gluw III ) )l\1r 

cont:lIl1lng Y;i rcs Out of ail the clone~ tested, two appl:aled to haVI: llolll1al d()l1hl!ll~ 

tunes \\'hl:l1 cO!l1pared 10 the parelltal cdl hile (lV-Al-J alld YI-A)-d) Thl1~ Il wUllld 

appear that even though there wa" a greatcr than 50% Jel'rca"e 111 [12'i11-lllljullll hllldlll~ 

for thcse two cclI llfles (55% and 60%, rclipectivcly), growth 111 5f!r, "erurn wa', lIlla! Il'lted 

("l'able 1). Tlm 1:" not unusual smcc in"ulm is not a major growth factor ill !etai l'ait 

serulll Yet lt II, II1tcresting to note that ~ome of the mutant'i Isolatcd dIt! OpICl," growlh 

abnormahtle~ in fetal calf serum (IV-A3-g, VI-A3-b, VI-1\4-d). Cel 1 vanallh Wllh a 

tIercct in this 1I1'1uhn-reeeptor traffIcking pathway, wllich al,o ... how a dCCle;l\cd ahrlny 10 

grow in serum mdicate that part'i of the lll'iultn-reccptor "'lgl1allll1g palhway Illay he 

shared with other growth factors in generatll1g growth pro!l1oting cftcc!'. IDI 
WC have also studied the abIllty of thcse varIant" 10 glow 1/1 a "enJln-rrce 1I1cdlUIll 

where Insultn at two dlfferent concentrations was lIsed as the predOllllI1:ln1 rl1Ilogen 

(Figure 6). Both VI-A3-b and VI-AS-d cells exlllbited In'lulm-depenuent ccII growth, 

where IV -A I-j cells did not. It is interestmg to note that l'ven though YI 1\ 1-h ccli ... 

could exhlbit msulin-dependent cel! growth. it" doubhng lIme., In .,erLlIllor 111 serum-l'rel: 

medium with insulin are nearly two limes as long as eompared 10 V -79 l'clk 

75 



( 

( 

( 

fn ~ummary, the construction of a monomeric DTaI molecule has allowed us to 

l'iolate DTal-rcslstant. DT -~ensltive ccli variants expressing defects along the insulin

rcccptor trafficking pathway. Alterations have been observed at the level of inslllin 

bll1dlng. in~llhn-dcpcndcnt ccli growth and al~o serum-dependent growth. This Wall Id 

indkalc Ihal parte., of the in~ulm-receptor traffickmg pathway are important not only for 

Ine.,lIl1f1 out for other growth factors in generating cell growth. Further examination is 

underway 10 lIndcr~land how the~e alterations affect the cell's insulin-dependent growth 

and Illetahohc fl!'iponsc characterisucs. 
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Figure 1. Purification of DTa by heat precipitation. 

1 ml samples of DT were treated with trypsin, reduced with 5% 13-

mercaptoethanol for 30 min, placed into a hot water bath (900e) for 5 min 
to enhance precipitation of DT, and centrifuged (described under materials 
and methods). Supemates (lane 3) of samples were added directly to 
sample buffer. Precipitates pelleted by centrifugation (Iane 2) were first 
partially reconstituted by adding 0.5 ml of 20 mM TES (pH 7.6) 
containing 0.1 M NaCl and then added to Laemmli sample buffer. Low 
mo!ecular weight standards (Bio-Rad) are in lane 1. Samples were then 
applied to a 10% SDS-Polyacrylamide Gel according to the method of 
Laemmli [15]. The gel was electrophorised at constant current (18 mA) 
for 1 hour, stained with 0.1 % Coomassic Blue (made fresh) for 16 hours. 
and then destained using a 1 :4:5 solution of acetic acid:methanol:water 
with an absorbent spon..ge for three hours. 
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Figure 2. Formation of the insulin-diphtheria A hormono-toxin. 

Lanes 1 to 4 contain samples which use Laemmli sample buffer with 1 % 
B-mercaptoethanol as a reducing agent. Laemmli sample buffer used for 
samples in lanes 5 to 8 did not contain a reducing agent. Procedures for 
electrophoresis and staining are the same as in Figure 1. Lanes 1 and 8 
contain low mol. WL protein standards (xlO-3), 2 and 7 cœtain DTa, 3 and 
6 contain SDP-insulin (ins), and lanes 4 and 5 contain the crude OTa! 
mixture (see text for explanation). Note: non-reduced SDP-Insulin (lanes 
5 and 6) does not absorb coomassie blue dye effectively and is mostly 
removed after 5 to 6 hours of destaining. 

(DTa)2 

OTa! 

OTa 

Ins 
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Figure 3. Elution profile of DTaI from Sephadex G-75 superfine 
column. 

The crude conjugale mixture was applied to a Sephadex 0-75 SF colurnn 
(1 x 40 cm, void volume; 72 ml), and eluted with 20 mM TES containing 
0.1 M Nael (pH 7.4). 1 ml fractions were collected from which 10 pl 
samples were added to non-reducing Laemmli sample buffrr, apphed to a 
10% SDS polyacrylamidc gel, and electrophorised under the same 
conditions employed in Figure 1. Lanes 3 to 7 correspond to fractions 
9,15,21,27, ~nd 33 collected after ihe void volume Lane 1 included low 
molecular weight protem standards (x 10-3), lane 2 comained the crude 
conjugate mixture which was applied to the colum!1. (DTah; dlmeric form 

diphtheria A fragment, DTaI, insulin-diphtheria A conjugated toxin: DTa, 
diphtheria A fragment and Ins, msulin. 
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Figure 4. Ability of insulin, DTaI or capped-DTaI to competitively 
displace [125IJ-insulin from its receptor. 

V79 cells were incubated with trace amounts of [125I}-insulin and 
increasing concentrations of either insulin, DTaI, or capped-DTaI for 2 h. 
Ceil-assoclated [l25Ij-counts where then calculated as described under 

r-.laterial and Methods. Values represent the % of [l2sl]-insulin 
specifically bound of total in the presence of increasing rnc:;lr 
concentrations of unlabeled insulin ( .. ), OTaI (<», or capped-OTaI (.). 
Each data point represents the me an ± SEM of 3 separate experirnenrs, 
with triplicate plates in each experiment. 
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Figure 5. The ability of DTaI to competitively displace (125il-in[o,ulin 
or [125I).IGF.l from their respective receptors and tn kil! V79 cdls. 

DTa! was added at increasing molar concentration<; WIth tracer amounh 01 

either [125I]-insuhn (.) or [I25I]-IGF-l (t.) to V79 cells for 2 h. Vallle'i 
represent the amount of [125I]-labeled lIgand Ctn"ulln or IGF·I) 
specifically bound of the total F~r the DTaI lOXIClty profile. V79 cell.., 
were incubated eaher in the absence or the pre"ence or ail tncrca\lIIg 
rnolar concentration of DTaI for 2 h and then counteu for cell vlabdlly 
after 24 h OTaI kilhng of V79 cells (.) was mea'iureu a'i the percent of 
viable cells remainIng from ceUs grown ln the ah~ence of DTa! a" 
deterrmned by U-YP:.ln blue exclusIOn (see methods for furrher dct~l1b) III 
all cases, values represent the mean ± SEM of 3-5 'icparate expenment'i. 
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Figure 6. The ability of insulin, IGF -1 and serum to stimuJate growth 
of V· 79 cells and DTaI resistant mutants. 

Cells were treated with either 670 nM insulin (.), 167 nM insulin (<», 5% 
(v/v) fctai calf serum (.) or no additions in a basal medium (0) containing 
0_2% (v/v) dialyzed heat-inactivated serum, 60 nM Tf and 1 nM EGF. 
Cell counts were done on various days and the values represent the 
number of viable cells per plate in 2 to 7 separate experiments. 
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Table 1. 

lnsulin and IOF-1 binding and eeU doubling times for isolated clones 
rcsistant to an insulin-diphthcria A chain toxic conjugale 

CcII (clone) hne 

V -79 (parental) 

IV-AI-j 

IV-A3-g 

VI-A2-c 

VI-A3-b 

VI-A4-d 

VI-A5-d 

1 12Slj-ligand speciflcally bounli 

(l'moles/mg protein) 

Insliim IGF-} 

11.2 ± 1.2 }9.8±1.21 

4.0 ± 0.4 18.7 ± 2.2 

6.4 ± 0.7 18.6 ± 1.6 

3.6 ± 0.5 21.0 ± 2.2 

6.3 ± 0.7 ND 

8.0 ± 2.0 ND 

3.6 ± 0 5 19.2 ± 1.6 

DOllbling TIllles 

111 Y/'(l FCS 

(IHlUr\ ) 

LH) ± () 2 

12.6 ± () 4 

16.1 ±O,4 

15.2±O2 

20 8 1: 0,4 

18.2 ± 0.6 

13.4 ± 0.3 

Binding is representative of the total amollnts of 1125II-labelIcd ligand 
specifically bound (see Materials anet Mcthods) The hll1dmg data 
represellt the average of 3 to 5 experiments ± SEM. Doubhng tlllle,", were 
calculated by Coulltmg the Illimber of cell'i on ùay:-. 1 t() 6 The 
exponential part of the cllrve was lIseù to ùctemline the lime n:quln:d for 
the cells to ùouble III llllrnber. 
ND::.~ Not Donc 

H6 
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Chapter 3 
The {irowth Promoting Effeets of Insulin and IGF-l Oecur at a Step Post-Ligand 

ninding and are Independent of Other Growth Factors in a Chinese Hamster Lung 
Fibroblast Cell Line 
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3.1 Preface 

As was shown in chapter 2, a number of ccli variants \\crl: Illitially tcstcd al the 

level of insulin and IGF-l binding as well as cclI growth in serum or insultn. In tlm 

chaptcr, we further characterize IV -A I-j cells for their ablilly [Cl rn.pond to insullJ1. SIIKL' 

IV -A I-j cells had a decreascd abihty 10 hind insulin, \Vere unahk 10 grl)\\' ln a 

hOflnona!ly-defll1cd medium containing insulin as the predo mnanl tllltOgCtl, hu! ~llll\Vcd 

normal growlh in serum, we extended our studlCs on thl-; 1l1utanl's bdIaV)O! 10 glll\\'lh 

with other growth factors. This chapter descnbes the growth propcrlIcs of hoth V -79 and 

IV -A I-j cells with differen~ growth factors in a hormonaHy-ddincd mcdllllll. 

Ail work in this chapter was perf0n11Cd by the candidate. 



" 
3.2 Abstract 

Rccently, we have isolated a Chinese hamster ceIl varIant (IV -A! -j) resistant 10 

an imulin-diphthcria-A chain toxic conjugate. This cell line exhibits a decreased lcvel of 

in~1l1in blndlng, but normal growth in serum-containing medium whcn compared to the 

parental œil l1l1c (V -79). In this paper we further characterized thl~ variant for ils abIllly 

to grow in a hormonally-defllled medium using insulin or In<;uhn-lIk.e growth factor type 

1 (IGF-I) as rllltogens. We report that although IV -A I-j cells are capable of growing in 

.,erull1-contalllJng medlllm, they are insensitive ra the mitogenic actions of eaher insulIn 

or 1C1l·-I. In contrast, epldermal growth factor (EGF) and u-thrombin (THR) are capable 

of producmg a Illltogemc effect ln IV-Al-j cells comparable to V-79 cell.... The 

cOlllhlllatlon of EGF and/or THR with either insuhn or IGF-l lesults in an increase in V-

79 œil growth above EGF and/or THR alone. On the olher hand, Il1sulin or IGF-I In the 

prescnce of othcr mitogens did not ~timulate flJrther gmwth in IV-A I-j cells. 

From thcse observations we conclude that insulin and IGF-l have a milogclllc 

signaliIng pathway which is distinct from other growth factors and that this pathway IS 

defL'ctlvc 111 the IV-AI-J celIlinc. 
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3.3 Introduction 

The ability of insulin ta mediate gIowth throllgh its own receptor has becn a tOpl": 

of mllch debate 11-61. It is t:lOught that insulin mediates it,> cffects tlHough the 111,,\11111-

Iike growth factor type 1 (lGF-I) receptor, and that both the 1Il'i1l11ll leCepll)r alld 1(;1'-1 

receptor shan: a cornillon po:-.t-reœptor pathway neœs<;arv for mlîogl'IlIC '>1!!llalllllg 17-

10]. Chinese harmter lung (CHI.) fïbrobla'its and mUrJnc ~T3 lïbrobla..,ts have bl'en wdl 

docull1cnlcd and characterized for their ahIlity to demon:.;trate hoth In..,lIll1l and ICiI:-1 

dependcnt DNA synthesi'i 111-161. Since these celllmescontall\ hmh IIN!l1Il and I(il'-I 

growth factor receptors, lnterpretlng the importance and II1lkpendenœ of olle pathway 1',\ 

the other ha:-. proven dlfflcult. Olle way to overcol11C Iim problcJ1l 1.., to :-.tudy CI IL l'l,II.., 

Ihat have an altclcd exrre~"'JOn of imulin leœplon. hui nOI mal l'\pIL'\'>lon or !( ",-1 

lectptor~ (lV-AI-J cel!s) [17], ThIS report exarl1lne" the ab!llly of lIl'.l!lln and I(i!' 1 tu 

'itllllulatc cclI growth in IV-AI-j cclls comparcd to parental ('IlL cdb (V-71») Oillel 

growth factor'. were also u'icd with insuhn or IGF-I ln help lllllki ~1;1l111 IhL' 

lIltcrrelatinn~hip that may exi'it betwcen dlfferent c1a'i,>e.., of growth lactlll~ l'hL.' d.lla 

sllgge~t that bnth imllhn and IGF- 1 share a coml1lon mltogenic pathway WlllCh 1.., dl\lIIlCt 

l'rom :-.tlll1ulatlon WIth other growth factors ..,ince, (1) unlikc V-79 cciI.... IV-ÀI J lL.'lI" aiL.' 

unable 10 grow 1/1 hormom.lly-defined medlllIll contall111lg lIl"uhn 0\ !( 1['-1 li" 

predo1l1mant mltogen,>, (2) exposure of V-79 œlls 10 a combll1allOn 01 Imuhn and 1(/1,-1 

gave no ~iglllficant inCICa'iC over I/1cubatlon WIth eIthcr ln"'llim OI JCiF-! aJolle, alld (,) 

epHiermal gmwth factor (EGF) and/or a-thrombll1 (TI IR) ale capahlL.' or plOduCIIlt!

growth rcSrOJ1~es in both ccli Jll1e<;, The charactcrizatlon of IV -À 1- j''i glowlh Ie"'I)()Il"l' III 

hOl/llonally-defll1cd media and Il''; mablhty to lI'iC insull!l and ICil'-! a.., lHltOgt'"", lIlay 

provH1e a conveI1lcnt ~ystem for studymg the mJtogcl1Ic c<I"cade of ll1'iulJn and !C il' -1 alltl 

for understanding their interrelatio!l~hip wlth othcr ~;rowth factor Il:ceP!or 'ilgnalllll,!! 

pathways, 
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3.4 Matcrials and Methods 

3.4./ Materials 

Wild type CHL celllines (V-79) [18] were a gift of Dr. 1. Scheffler (Department 

of BlOlogy, University of California, San Diego) and IV-Al-j ceUs were selected from 

the parental V -79 for their resistance to an insulin-diphtheria-A chain toxie conjugale as 

previollsly descnbed (17). Dulbecco's modified Eagle's Medium containing 4.0 mg 

gluco'ic/ml (DME), modified Eagle's Medium cûncaining 4.0 mg glucose/ml (MEM), 

1 OOX e~sential amino acids (EAA), SOX non-essential amino acids (NEAA), and 

ethylcncdwrninctetraacetic acid (EDTA) were purchased [rom Flow Laboratories. 

Culture flasks and 35 mm culture petri plates were from Falcon Co. and trypsin was from 

Difco Lubs, Detroit. 

Bovine pancreas insulin was purehased from Sigma, IGF-l from AmGem 

Biological (Thousand Oaks, CA), and both EGF and THR were purchased from 

Biomedical Technologies Ine. (Stroughton, MA). Apo-transferrin (Tf) was graciously 

providrt! by Dr. P. Ponka (McGill University, Montreal) and fetal calf serum (FCS) was 

pllrcha~cd l'rom Flow Laboratories. 

3.4.2 Met/lOds 

V-79 and IV-Al-j eeUs were grown in T-75 culture flasks using DME 

supplemcnted with EAA, NEAA, and 5% (v/v) FCS (DME+S) in an atmosphere of C02 

plus air (5:95) al 37°C. For experiments, ceUs were harvested at confluence after 

incubation with 0.02% (w/v) EDTA and 0.04% (w/v) trypsin [19]. Cells were then 

seeded \Vith 1.0 ml DME+S in 35 mm culture plates at a density of 60,000 cells per plate. 

After 24 houl's the medium was replaced with a honnonally-defined medium (DME, 

EAA, NEAA, 0.2% (v/v) diaylized heat-inactivated serum, and 60 nM Tf; basal medium) 

containing dlfferent concentrations of insulin, IGF-l, EGF, and THR. For studies 

involvlIlg insuIin, IGF-l, and THR, the medium was supplemented with 1 DM EGF. 

Artel' variolls time intervals (1-4 days), cells were harvested using 0.02% (w/v) EDTA 

and counlet!. Except for growth curves, values are expressed as the foid stimulation from 

basal (average ± SEM), which is representative of the number of ceUs grown in the 

pre~ellCC of various 11l1togens on specifie days and divided by the number of cells present 

in the basal medium for that same day. Statistical significance was detennined by the 
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student's t-test. In ail cases, the number of cells plated in basal medium for both V -79 

and IV -A I-j were not significantly different (8.4 ± 0.5 and 8.2 ± 0.6 x 105 cells/platc, 

respectively), where cell viability was greater than 95% as dctemlincd by trypan bill': 

exclusion. 
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3.5 Results 

We recently reported that IV-Al-j eeUs exhibited a greater than 50% deerease in 

IOsulin binding (11.2 ± 1.2 vs 4 ± 0.4 fmoles insulin/mg protein, n=3), yet showed no 

diffcrences in IGF-l binding when eompared to V-79 parental cells [17]. For example, 

specifie IGF-l binding in the V -79 cell Une was 19.8 ± 1.2 fmoles/mg protein white in 

the IV -A I-j cells IGF-l binding was 18.7 ± 2.2 fmoles/mg protein, (n=3). Furthermore, 

both cell lines demonstrated the same ability to grow in DME supplemented with either 

5% or 10% FCS [171. Sinee overall growth of this cell line in semm appeared 10 be 

normal, we created a growth culture system where we eould study IV -A I-j's ability to 

grow in a hormonally-defined medium where insulin could be used as a predominant 

mirogcn. Our results indicate that while V -79 cells were capable of insulin-dependl!nt 

proliferation in a medium conlaining insulin at a concentration of 170 nM, IV -A I-j cells 

showcd no significant differences in growth hetween the basal and insulin-containing 

medium over a 4 day period (Figure 1). Further, a 4-fold higher concentration of insulin 

(i.e. 670 nM) could not stimulate any insulin-dependent ccli growth on IV-Al-j cells 

('l'able 1). IV -A I-j cells were monitored for up to 5 days with no significant increase in 

growlh above basal (data not shown). 

The data in Table 1 also show that IGF-I at a concentration of 30 nM was capable 

of producing a growth response in V -79 cells nearly 2 times the basal, while JV - A I-j 

eclls showed no apparent response to IGF-l. This latter result was surprising, since both 

ecll lines expressed similar levels of IGF-l binding. We next established dose-dependent 

profiles by incubating each cell line with different concentrations of insulin (Figure 2) or 

IGF-I (Figure 3) and performing ccli counts on day 3. Even at the lowest insulin 

concentration employed (i.e. 33 nM), V -79 cells gave a significant increase in cell 

growth (2.7 ± 0.3 fold above the basal). IV-Al-j cells, on the o~her hand, showed no 

illcrease in growth at aIl insulin concentrations tested (1.02 ± 0.12 maximum fold 

stimulation for 170 nM inslllin). A similar growth pattern was observed using IGF-I, 

sllch that the optimal IGF-I concentration for V-79 cells was between 30 and 70 nM (2.1 

± 0.2 fold above the basal) where IV -A I-j cells were unresponsive. Also, we examined 

cell growth changes for inslilin and IGF-I in combination with each other at maxinlal 

stimulating concentrations. V -79 cells showed no significant increase in ceIl growth 

when compared to either insulin or IGF-I alone (1.68 ± 0.21, 1.76 ± 0.29, 1.70 ± 0.05 

l'old stimulation over basal for insulin, IGF-I, and insulin + lGF-l, respectively). IV-
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1 A I-j cells showed no significant increase over the basal meùium (1.03 ± 0.06 l'old 

stimulation over basal for insulin + IGF-I). 

Since IV-A I-j cells showed normal growth in 5% FCS yet lacked insulin or 10F-I 

stimulated cell growth, we determined whether this deficit was specifie for insulin and 

IGF-l or a general characteristic seen for other mitogens. Thcrefore, EGF and TI IR wcn: 

used since it is thought that they aet through regulatory pathways whlch <.l1ffcr t'rom 

in'\uIin and IGF-l [211. The data in Table 2 show the dose-dependent rcsponse for V -79 

and IV-Al-j cells, with EOF. Both celllines were equally respol1sivc to EGF, whcrc .1 

maximal effect was reached at a concentration of 2 nM (1.62 ± n.os and 1.6R ± 0.09 fold 

stimulation over basal for V -79 and IV -A I-j cells, respectively). As iIIustrated in Table 

3, THR was also shown to be a good inducer of cell growth, exhibiting its maxlIl1al effcet 

at 30 nM (1.56 ± 0.09 and 1.61 ± 0.14 fold stimulation over basal of V-79 and IV-AI-j 

cells, respectively). 

We also examined insulin and IGF-I in combination with othcr growth factors 10 

determine whether the se two growth factors had any effects on functional mitogenic 

pathways in IV-Al-j cells. The data in Table 4 show that with no adthtional growth 

factors added, the effect of insulin in V-79 cells produeed half (53 ± 3%) the mitogcl\ic 

response of serum, where the effeet of IGF-l was lower (41 ± 1 % for IGF-l, data nol 

shown). IV -A 1-j cells failed to exhibit such a growth response (e.g. < 2%, for insullll). 

Both EGF and THR significantly stimlilated growth in the absence of insulin ln hOlh œil 

lines (from 32-37% for THR and 40-47% for EOF), yet lackcd any significant additive 

effect when combincd together. It is interesting to note however, that the combinatJon of 

EGF, THR and insllhn allowed V -79 cells to proliferate to the same extcnt as in serullI 

alone (lOI ± 3%), but the loss of any one of these mitogens resultcd in a sillall but 

noticeable decrease from serum (82 ± 4 and 90 ± 4 for EGF+insulin and TIIR +11l'lulill, 

respectively). With regards to IV -A I-j cells, insulin failed to stimulate growth cvcn 111 

the presence of other growth factors. Additionally, when all three growth factor ... were 

added together, IV -A I-j gave only a 42 ± 7% increase in ccli growth as compart:d to 

serum~ this can be attribllted to the addition of EGF and THR alone (45 ± 9(M)). Whcn 

IGF-l was substituted for insulin in these studies Cl similar pattern was observcd (data Ilot 

shown). 
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3.6 Discussion 

In this report, we investigated the growth of V-79 and IV-Al-j ceUs in the 

presence of insulin, IOF-l, EGF, and TIIR. It has previously been shown that IV -A I-j 

cclls, a variant derived from the parental V -79 cell line for its resistance to an insulin

diphtheria-A chain toxic conjugate, exhibited a decreased ability to bind insulin, yet 

showed no alteration in its level of IGF-1 binding or for its growth in serum containing 

medium 117J. Since insulin is known to be an important factor in regulating celI growth 

Il,3,5,7-9,22/. we examined the ability of V-79 and IV-Al-j cells to grow in a 

horrnonally-dcfined medium where insulin was the predominant mitogen. A previous 

report WhlCh employed a similar system to monitor cell growth of CC139 Chinese 

hamster tibroblasts suggested that the mitogenic ability of insulin is solely mediated 

through the IGF-l receptor 111 J. Since the level of JGF-1 binding was unaltered in IV

A I-j cells, wc expected little change in this cell's ability to mediate an insulin-dependent 

mitogenic response. Our results c1early demonstrate that insulin could not stimulate 

growth in IV -A I-j cells. Moreover, using JGF-! as a mitogen failed to cause any 

sigllifieant illcrease in cell growth for IV-Al-j cells. It was possible that JV-Al-j cells 

cOllld exhibit an alternate threshold from V -79 ceUs to produce a response, therefore we 

expande(! [he range of concentrations employed for both insu lin and IOF-l. Yet at all 

conccntrations tested, IV -A 1-j cells faiIed to show any insulin or IGF-I dependent cell 

proliferation. Since, the level ofIGF-l binding was unaffected in IV-Al-j cells, the lack 

of both an insulin or JGF-l response supports the idea that the se two mitogens might aet 

through a related post-receptor system, which is in agreement with previously related 

studies 123,241. This is further substantiated by the idea that the combination of both 

growth factors shows no significam increase in V -79 cell growth when compared to their 

abilities to work individually, and that the selection system used to obtain the IV -A 1-j 

variant involved a toxie protein which interacted specifically through the insulin, and not 

IGF-l, receptor pathway r 17). Nonetheless, the lack of both an insulin and IGF-l 

mitogcnic response does not rule out the fact that other receptor systems may be 

operative nt the level of mitogenesis, especially since both cell lines showed similar rates 

of growth in serum-containing medium. For example, il had been reported by others th Olt 

the addition 0' insulin and THR to a serum-free medium were required in order to 

produce a mitogenic response r 111. However in the absence of insulin, a 10 foid increase 

in the concentration uf THR alone could mediate an eqllivalent growth response [11). 
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Also, cultured human fibroblasts have been known to possess multiple indcpcndent 

mitogenic pathways for cell growth [21}. In order to study the relationship bctwccn 

insulin and other growth factor pathwa)'5, EGF and THR were used. The dosc-dcpclldcnl 

growth profiles for both EGF and THR were identical in both œil lilles indicallng Ihal 

these two mitogens work through similar post-receptor pathways and that these pathways 

diffcr from the insulin and IGF-I pathway. 

Sinee our results suggcsted that insulin and IGF-l work through a lh~tilll.:1 

mitogu1Ïc pathway separate from EGF or THR, we next eXdmined the relalion~hip 

between insulin and IGF-l in combination with EGF and/or THR. In V-79 cells, illsullll 

caused an additive increase in growth above that observed for EGF, TBR, or EGF and 

THR. 

ln summary, the variant IV -A I-j cell tine which IS rcsistant 10 an 

insulin-diphtheria A chain toxin, unlike the parental V -79 ccli line, is not capable 01 

growing in a hormonally-defined medium where either insulin or IGF-l is u~cd as the 

predominant mitogen. Whether this lack of responslvencss i" duc 10 a dCLTc:t'\c ln 

receptor binding or expression, an increased degradation of rcccpior complexes at il 

post-receptor level, and/or dut to altered receptor and/or sub"tralc pho"pltorylalloll 

mechanisms, has yet to be examined. Nonetheless, both cell lines arc capablc of glOwing 

in a hormonally-defined medium when either EOF and/or THR are cmp}oyeù. The~e 

results sllggest that inslilin and IGF-I share a common pathway that is indcpcl1dt'l1! 01 

other growth factors. Furthermore, insulin and IGF- 1 elicit their mitogcllIc Helions at a 

site post-ligand binding since IGF-I binding in IV -A I-J ccl1~ 1<; lInafkcttù. In 

conclusion, these two œIl lines provide us with a system for ~llIdying the 

interrelationship of insulin and IOF-l v. ith other mitogcnlc pathways. Furthcr 

investigation is ull(lerway to clarify these pathways and to bcttcr undcr 'tand the 

mechanisms involved in the unresponsive behavior of IV -A l-j cells. 
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Figure 1. Growth of V·79 and IV-Al-j eells using insulin as the 
predominant mitogen in hormonally-defined medium. 

Values represent the me an (± SEM) for the number of cells per plate 

grown for various days with serum (. :V-79; 0 :IV- Al-j), 170 nM 

insulin ( .. :V-79; ~ :IV-Al-j) or basal medium (. :V-79; 0 :IV- Al-j) 

from 4 - 5 individual experiments. 

tOO 



4 - 0 Y-79 

:; * 0 lV-Al'j 

.B * '" ,.. 
c 

3 0 * * ~ ... 
'-
c: .I 

.g 
~ * ::: 2 ,.. 
.5 -Jl 

"0 
Ô u.. 

- ~ f..:I:.. ~ 
~ 

() 

basal FCS 30 80 170 670 

Insulin concentration (nM) 

Figure 2. The effect of inwlin concentration on the growth of V· 79 
and IV.AI-j cells in hormonally-defined medium. 

Cells were treated wlth the indicated concentrations of insulin in basal 

medium for 3 days, then counted. The values represent the ratio of cells 

grown \vith dlfferent concentrations of insulin or 5% (v/v) fetal calf serum 

(FCS) over the number of cells grown in basal medium for 5 separate 

experiments. * tndicates values are significantly greater than the values 

for cells maimained in basal medium (P< .OS). 
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Figure 3. The effect of IG F -1 concentration on the growth of V -79 
and IV-Al-j cells in hormonally-defined medium. 

Cells were treated wlth the mdicated concentrallons of IGF-l Hl ha .. al 

medium for 3 days then counted. The values repre~ent fold ~tlll1ulal1on of 

cell growth over basal medium of 6 (V -79) and 7 (IV-A 1-J) expenmcnt!'> 

,fc indicates values are slgnificantly greater than the valuc'i for cdl .. 

maintained in basal medium (P< .05), (FCS; 5% ('oI/V) fetal calf serum) 
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Table 1. 

The efrect of serum, insuIin, or IGF-l on the growth of V-79 cells and IV-AI-j cells 
in a hormonally-defined medium 

number of cells (x 1O-5)/plate 

Treatment V-79 IV-Al-j 

basal 2.41 ± 0.29 2.14 ± 0.35 

serum 13.2 ± 4.2* 8.2 ± 2.2* 

170 !lM Immlin 9.0 ± 2.8* 2.40 ± 0.24 

670 nM insulin 10.0 ± 3.9* 2.48 ± 0.39 

30 !lM IGF-l 3.98 ± 0.26* 2.39 ± 0.83 

The vaIlles represent the mean ± SEM for the number of cells per plate after 3 days 

of growth In basal medIUm alone or containing either 5% (v/v) fetal calf serum 

(serum), 170 nM insulin, 670 nM insuIin, or 30 nM insulin-like growth factor type 

one OGF-1). 

Significant difference From control (P<.05), student t-test. 
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Table 2. 

The effect of serum and different concentrations of epidermal growlh factor (EGF) 
on the growth of V-79 ceUs and IV-Al-j cells in a hormonally-defincd growlh 

medium 

EGF fold stimulation of growth 

(nM) V-79 IV-AI-j 

basal 1 

0.2 1.12 ± 0.05 1.12 ± 0.()3 

1.0 1.45 ± 0.02* ].40 ± 0.06* 

2.0 1.62 ± 0.05* 1.68 ± 0.09* 

5% serum 3.49 ± 0.26* 3.37 ± 0 24.1< 

Fold stimulation of growth represent the ratio of cell number per plate ln the lrealed 
to basal state after 3 days in culture. The values represent the mcal1 ± SEM for fold 
stimulation above the basal from 3 separate experiments. 

* Significant difference from control (P<.05), student t-test. 
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Table 3. 

The effect of serum and different concentrations of a-thrombin (THR) on the 
growth of V -79 cells and IV -A I-j ceUs in a honnonally-defined growth medium 

THR fold stimulation of growth 

(nM) V-79 IV-A I-j 

basal 1 1 

15 1.49 ± 0.01 * 1.54 ± 0.11 * 

30 1.56 t 0.09* 1.61 ± 0.14* 

150 1.31 ± 0.17* 1.42 ± 0.08* 

5% serum 3.05 ± 0.13* 3.00 ± 0.05* 

Fold stimulation of growth represent the ratio of ceU number per plate in the treated 
to basal state after 3 days in culture. The values represent the me an ± SEM for fold 
stimulation above the basal from 3 separate experiments. 

* Significant difference from control (P<.05), student t-test. 
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Table 4. 
The effect of insulin in combination with other growth factors on cell 

growth. 

Cclllinc Insulin 

V-79 

+ 

IV-AJ-J 

+ 

-EGF 

o 
53 ± 3 

o 

% of scrum-~limul.llcd grllwth 

+EGF 

48± 3 

82 ±4 '" 

40±5 

39±5 

+THR 

37 ± 3 

90±4* 

32 ± 3 

34 ± 2 

EGhTIIR 

4H ±:, 

lOI ± ,* 
45 ± 9 

42 ± 7 

Insulin (170 nM) was added aJone or in combination with EOF (2 nM) or 
u-thrombin (30 nM; THR) in serum-free medium to V-79 Hnd IV-AI-j 
eeUs for three days. At this lime eeIls were eounted. The data arc flOm 
three separate experirnents (duplicate plates in each experirncnl) amI 
growth represents the increase in ceIl number above the numbcr oblaincd 
in the absence of insulin as a % of the serum-stimulated growth. 

For example, 

[(ccII numbcr+msuhn) - (basal ccli numbcr)l/(ccll numbcr+scrum) - (ba~al ccII numbcr)lx 100 = % uf scnUTI-\ttI1lUlalcd gruwlh 

Values represent the mean ± SEM and were analyzed by the studcnt's t
test. -+: Significant difference with the addition of insulin (P<.05). 
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Chapter4 

Tyrosine Phosphorylated Substrate pp175 and Insulin Degradation May Be 
Involved in Insulin and IGF-l Dependent Cell Growth in Chinese Hamster Lung 

Fibroblasts 
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4.1 Preface 

Since the mitogenic pathway for insulin action was affected in IV -A I-j cclls wc 

then looked at the metabolic pathway to see if it was similarly affccted or if the mutation 

generated in IV-Al-j celIs was working at a level which only affects the mitogclllC 

response. In addition, we examined insulin-receptor internalizatioll and routin!!, to 

determine which parts of this trafficking pathway might be important for gcnclating an 

insulin response. This was achieved by looking al insulin binding, internalization, and 

degradation. This chapter also uncovered the possible involvement of putative !>\!cond 

messengers phosphorylated at tyrosine specifie sites. 

Ali work in this chapter was performed by the candidate . 
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4.2 Abstract 

Wc have recently isolated a cell line (lV-A-j) resistant to an insuIin-diphtheria A

chain molecule (DTaJ) that shows decreased insulin binding and an inabiIity to grow in a 

hormonally-defined medium where insulin is the predominant mitogen (Leckett, B. and 

Germinario, RJ. (1991) Exp. Cell Res., in submission). In this report we have further 

characlcrized IV -A 1-j cells. Our results indicate that the decreased ability of IV -A I-j 

œlls to bind insulin is not due to an alteration in insulin receptor affinity, but rather due 

lO a dccrease in the number of insulin receptors capable of binding insulin at the cell 

surface. Time course studies using [125I]-insulin showed no differences in the 

internalization rates for both cell lines, yet there was a significant differenœ in [12511-
insulin dcgradation, such that the variant cell line exhibited a 3-fold increase in insulin 

degradation compared to V -79 ~eils :tt 15 minutes post-insulin binding. Hexose transport 

stuuics showed no differences in j.lsulin-stimulated hexose transport between IV -A I-j 

cells and V -79 cells. Lastly, pmtein tyrosine phosphorylation was studied in both ccli 

lilles using an antiphosphotyrosin~ antibody which detected an insulin-inducible 175,000 

dalton protein band (pp 175) in V -79 cells but not in IV -A I-j cells. 

The evidence presented here and the fact that IV-Al-j cells, unlike V-79s cells, 

are unable to grow in a hormonally-defined medium containing insu lin, ~uggests that el1-

hanced insulin degradation and pp175 are Ilot related to insulin-dependent glucose 

uptake, but may be involved in insulin-dependent eeU growth in Chinese hamster cells. 
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4.3 Introduction 

The insulin receptor is a glycoprotein which consists of two extracellular (x-slIb

units capable of binding insulin and two transmembrane ~-subunits whlch contum an 

intracellular tyrosine-specifie protein kinase 11\. Upon binding of msulin to its Jeceptor. 

the ~-subunit becomes phosphorylated at tyrosine-speciflc sites and the rcœptor/ligand 

complex is internalizéd into endosomes [2-41. Eventually insulll1 can be dcgralkd. 

sequestered within certain parts of the cell, and/or recycled back tn the ~urface 151. Il :-; 

<;omewhere during this process of insulin binding, internalizatlon, mtraccllular J'OlIling. 

and de gradation that insulin can mediate ils cellular effeets. StudJCS winch cmploy 

antibodies directed toward the tyrosine kinase (TK) domam of the inslIlin n:eeptor \6.71 
and look at receptors mlltated in this region (Lys-lOI 8/1(30) 18,9\, indicate that lIl'iulin 

receptor tyrosine kinase aetivity is crucial for mediating both the Illctabol!e erreet'i and 

the mitogenic effeets of insulin action. Interestingly, truncated insulin reccptot~ 1101 ot 

l11utated receptors lacking tyrosine-specifie phosphorylation sites on the ~-Sllhllllit 

between the TK domain and the célrboxyl-tenninal (i.e. positions 1146,1150,1151 1 J J J) 

can not mediate insulin-dependent hexose uptake, yet do show an abIlity 10 prodllce li 

mitogenic response. A more recent study showed that the mutatIon of a potL't1l1al 

tyrosine-specifie phosphorylation site upstream from the TK dornall1 (Tyr-9()O) 

diminishes the incorporation of thymidine into DNA and shows il dc~rea"cd ability \0 

phosphorylate a 185,OOO-dalton protein (pp 185) in Chinesc hamster ovary (CliO) celJ~ 

fI21. White these stlldies do not indicate that pp185 may be dircctly involvcd in the 

mitogenic signalling pathway, they do reflect the importance of the TK domalJl 10/ 

mediating inslllin action, and that there exist at least two diffcrcnt pathways for the 

activation of the insulin-dependent metabolic and mitogenic ca<;cadcs. The fact that most 

cells require at least a 10 hour exposure of insuhn to induce cell growth 1131 and that the 

inslIlin receptor-ligand eomplex maintains its TK actlvity even after bcing intcrnah7cd 

1141, strongly sllggests that cellular routing and/or degradatlon of the insulin-reccptor 

complex may be important for insulin's mitogenic actlon, posslbly throllgh thc tyro~ll1e

specifie activation of key substrates located in different parts of the cell. 

ln order to test this hypothesis, we had at our dlspo'ial a ccII linc WlllCh show'i 

resistance to a diphtheria A-chain-insulin toxic conjugate (DTa!) 1 J 51. This cclI IIne (f V

A I-j) showed a decreased ability to bind insulin when eompared to wild type ceJl~ (V-

79), yet had no alteration in its insulin-like growth factor type one (lGF-1) binding 
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ability. In addition, while IV-Al-j ceUs showed no alteration in their ability to grow in 

serum, they were unable 10 grow in a hormollally-defined medium in which insulin or 

IGF-l was usetI as a predominant mitogen. Thus, we examined, (1) the insulin bmding 

characteristics of IV -A 1-j cells, (2) the ability of the mutant cell line to mediate insulin

dcpcndent receptor internalization and insulin-stimulated hexose transport, and (3) its 

ability to phosphorylate endogenous substrates at tyrosine-specifie sites. Our results show 

that IV-Al-j cells, in eomparison to V-79 eeUs, have fewer insulin reeeptors which are 

capable of binding insulin and that these receptors are capable of mediating insulin

dcpcndcnt internalization. Furthermore, IV-Al-j cells, when compared to V-79 cells, are 

unaltcred in their a~ility to demonstrate insulin-stimulated hexose transport. 

ln contrast, lV-A1-j cells show an augmented ability to de grade insulin and are 

unable 10 phoshorylate a 175,000 molecular weight protein at tyrosine-specifie sites 

whcn exposed to insulin. In the present study, we provide further proof that both the 

mctabolic pathway and the mitogenic pathway for insulin action are mediated through 

diffcrcnt mechanisms. Wc also present evidence that enhanced insulin degradation and 

absence of ppl75 do not affect insulin-stimulated hexose transport in Chinese hamster 

lung fibroblasts, but may be involved in insulin-dependent and IGF-l-dependent ceil 

growth. 
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1 4.4 Experimental Procedures 

4.4./ Materials 

Wild type CHL cells (Y -79) [161 were a gift of Dr. I. Scheffler (Dcpartmelll of 

Biology, University of California, San Diego) and IY-A I-j cells wcre sc1ectcd l'rom Ihe 

parental Y -79 for their resistance to an insulin-diphtheria A-chain toxie conjugate (DTal) 

as previously described [151. Dulbecco's modificd Eagle's Medium containing 4.0 II1g 

glucose/ml (DME), modified Eagle's Medium containing 4.0 mg glucose/ml (MEM), 

100X essential amino acids (EAA), 50X non-essential amino aClds (NEAA), and 

ethylenediaminetetraacetic acid (EDTA) were purchased from Flow Lahoratol1cs. 

CultUle flasks and 35-mm culture petri plates were from Falcon Co. and tryp~in wa~ 

pl!rchased from Difco Labs, Detroit. 

Bovine panCleas insulin was purchased from Sigma, monocomponl'tll insulin was a 

gift from Lilly Resean.:h Laboratories, Indianapolis and 11251jNal was oblained flOlll 

Amershalll Corp. [I25J]-insulin (180-210 uCi/ug) was made by the chloramÎllc-T melhod 

1171, [3Hl-2-deoxy-D-glucose was from New England Nuc1ear Corp., Boston, tllOllSl' 

monoclonal anti-phosphotyrosine antibodies (clone PT-66) were purchased from Sigma, 

and rI251]-sheep anti-mouse antibody was graciously provided by Dr. Mark Waillberg 

(McGill University, Montreal, Canada). 

4.4.2 Cel! Culture 

DTaI-resistant IY-Al-j cells ~15] and Y·79 cells were grown JI1 Dulbccco's 

modified Eaglc's Medium (DME) supplemented with 5% (v/v) fetai calf serum (FCS) III 

an atmosphere of C02 plus air (5:95) at 37°C. To carry cultures, cells were harvestcd al 

confluence in 75-cm2 culture vessels after incubation with O'()2% (w/v) EDTA and 

0.04% (w/v) trypsin (Difco Labs, Detroit) [18J. For insulin binding and hexose lransport 

assays cells were plated in 35-mm plastic petri plates, where substrate phosphorylation 

assays involving cell extraction employed lOO-mm plastic dishes (Falcon Co.) sccdcli al 

a den~ity cf 4 x 1 ()4 cells/cm2• After 24 hours, cells were serum-depri ved for 24 hOUfS in 

0% MEM medium containing 4 mg/ml glucose for receptor binding, hexose tran'ipOl'I, 

and substrate phosphorylation studies. 
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4.4.3 Insu lin Binding Sludies 

Scrum-deprived confluent monolayer cultures were washed three times with 3 ml 

of 20 mM Hank's-Hepes buffer (pH 7.4) with 0.2% BSA at 22°C. Cells were then 

incubated with 1 ml of the same buffer containing different concentrations of insulin and 

112511-msulin at a concentration of 0.17 nM and incubations were carried out at 22°C for 

2 hours. At This lime point equilibrium had been reached for bath cell lines and less than 

2% of the radio-Iabelled ligands had been degraded as assessed by the appearance of 

TCA-soluble mdioactivity in the medium (data not shown). Non-specifie binding was 

calculated usmg 6.7 /lM of eold insulin and subtraeted from total binding. The am ou nt of 

radioactivity was assessed by solubilizing the cells with 1.2 ml of 1 N NaOH and 

counting 1 ml samples as previously described [191. Identical plates not treated with 

[l 2511-insul1n were 'iolubilized directly with 1 ml of 1 N NaOH and 0.2 ml aliquots were 

taken for protein determination [20J. 

4.4.4 Insulillllllernalizarion Studies 

Bmding experiments were perfomted as ab ove with slight modifications. Cells 

wcre pre-incubated with [125lHnsulin at 4°C for 4 hours to allow steady-state 

equilibrium. [l25II-immlin was then removed by washing the cells 4 times with 20 mM 

Hank's-Hepes buffer (pH 7.4) containing 0.2% BSA at 4°C. At zero time the medium 

was replaced with 1 ml of 37°C buffer. To stop [125I]-insulin internalization, cells were 

washed rapidly 4 times with 40C buffer and immediately placed at 4°C. Intemalized 

p25[ I-insulin was assessed by incubating the ceUs with 0.2 M acetic acid (pH 2.7) 

containing 0.5 M Nael for 6 minutes at 4°C. Under these conditions greater than 95% of 

ail surface-bound insulin was remov ... d. Cells were then solubilized with NaOH ta 

dctermine the amaunt of [1251]-insulin incorporated. The amount of surface bound [1 251]

insulin was dctermined by subtracting the amount of internalized insulin from the amount 

of total insulin bound (plates not treated with acetie acid) at each time frame. 

4.4.5 Measurement of Illsulin Degradation 

ln arder to determine the amount of [125I]-insulin that was degraded both 

intraccllularly and extracellularly, the above procedure was perfonned with two 

additional steps. First, after the indicated time points for incubation at 370C, the media 
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1 for each plate was stored in microcentrifuge tubes pre-chilled at 40C. Cells \Vere thl'Il 

rinsed and placed at 4°C as above. Second, cells which were stripped of their surface 

bound insulin were exposed to 1 ml of Triton X-lOO (Trix) for one hour. No detcctah1e 

amounts of degradation were observed on the surface of either œil line durill .... : the rntm.' 

37°C incubation time frame, nor was there any detectable increase in the amount of 

[l25II-degraded msulin in the medium during the one hour exposure to Trix (lInpliblishrd 

observation). 0.4 ml ahquots of the media were taken directly for (1~511 coullung, whclC 

an additional 004 ml was incubated with 0.4 ml of 20% TCA for one hour I!l ail 

microcentrifuge stored at 4°C. The contents were centrifuged at 14,000 RPM for IÏw 

minutes and protein pellets were counted. The amount of TCA soluble matrrial \vas 

determined by subtraction of TCA precipitable material and the total amollnt collnted in 

0.4 ml. In aIl cases, the amollnt of TCA soluble material did Ilot excecd 1 {)f'k, of the Iota! 

amount of [125{ I-insulin initially bound for aIl Ume frames. 1'0 dctermlllc the amollnt of 

TCA soluble material in the medium, 0.4 ml media aliquots were collectcd and slIbjl:t:tcd 

to the same process as for Trix soluble aliquots. 

4.4.6 Measurement of /3H/-2-Deoxy-D-Glucose 

Serum-depnved cells were washed 3 times with glucose-free phosphate buffcred 

saline, pH 7.4 (PBS) at 37°C. 0.8 ml of 0.05 mM [3HI-2-DG (specifIe activity 50 

IlCi/llmole) was then added for 2 minutes. Hexose transport has been round ln he llllear 

up to 10 minutes in both cell types for this concentration. After the reqll1red inClIhalHlI} 

time, cells were washed 4 limes with 2.0 ml of PBS (pH 7.4) containing :; pM 

cytochalasin B (Aldrich Chem. Co.) at 4°C. CeUs were then dissolved in 1 N NaOH and 

aliquots were taken for liquid scintillation counting and protein determtnatio!l 1201. 

4.4.7 Detection of Tyrosine-pllOsphory/ared Endogenolls Suh.\trates 

24 hour serum-deprived cells grown in P-100 petri plates (~15x 106 eclls per 

plate) were incubated with or without insulin (17 nM) for 10 min at 37°C. Cclls werc 

washed quickly 4 limes with 5 ml of PBS (pH 7.4), then scraped From the plates using a 

rubber policeman and 3 ml of PBS containing 200 mM NaF and 5 mM Na VO, (PBS- V). 

Samples \Vere centrifuged (500g) and cclI pellets were resll~pendcd in 0.35 ml (total 

volume) of PBS-V. 10 III aliquots were removed to determine protein, where 0.3 ml 

aliquots were added to 0.1 ml of a 4X solution of Laemmli-sample buffcr containing 3% 
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SDS and 1 % p-mercaptoethanol [21 J. The mixture was vortexed vigorously and 

sonicated at 4°C for 5 min. Lysates were applied at equal concentrations to an SDS

polyaerylamide gel (7.5%) and fractionatr-d. The proteins were then transferred onto 

nitrocellulose 1221 and the blots were exposed to a mou se monoclonal antibody specifie 

for phoshotyrosyl residues 123 J followed by [l25I]-labeled sheep anti-mouse antibody. 

Protein bands were scanned using a LKB Ultrasean XL densitometer interfaeed with an 

IBM personal computer and GelScan XL software (LKB). 
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4.5 Results 

4.5.1 lnslllin Binding and Growtlz 

In initial studies we looked at the ability for DTaI-reslstant IV-AI-j l'dIs and 

parental V-79 cells to bind both [125I)-labeled insulm and IGF-I 1241. Wc also e:\allllned 

their ability tG grow in a honnonally-defined medium whcre clthcr growth factor wa~ \hl' 

predominant mitogen. The data in Table 1 show that IV -A I-J œlb. hint! 4 0 ± O . .t l'moles 

of p2SIJ-mslilin/mg protein where V-79 cells bind 11.2 i 1 2 fmolc,,/mg proteÎn 'l'lm 

results 111 a greater then 50% decrease in insulin bindmg for IV -A 1-, ccll~, Whell' IGF-l 

bmding was essentially lInchanged in both cell types (18.7 ± 2.2 and 19.8 ± 1.21 tmole" 

of [125I}-IGF-I bound per mg protein for IV-Al-j cells and V-79 œil ... , rc~pcctlvdy). In 

addition, insulin üuled to medlate a sigmficant growth re~p()m.e for IV-AI-,] cd!... In ,\ 

hormonally-defmcd medium unlike V-79 cells (1.02 ± 0.12 vs 3.0 ± 0.2 fold <;llIllllIaIlO!1 

in œil growth over the basal for IV-AI-j cells and V-79 cells, respecllwly). ICiF-1 al"o 

failed to stimulate growth in IV -A I-j cclls, even though IV -A I-J œlls ~howed no 

alceration m their ability to bind IGF-l. 

4.5.2 Insulin Receptor Characterization 

To determine whether the decrease in b1l1ding observed for IV -A 1-J œlls wa ... dUl' 

te an altered receptor affmity or a decreased number of fllnctlOnal rcccptor'i, \12')11_ 

insulin binding was measured in the presence of differenl compeling con~cnlratlon, of 

lInlabeled insulin. Figure 1 shows the competitive displacement profJlc for IV -A 1-.1 œil-, 

and V-79 cells with insulin. In both celllines the amount of lInlabclcd lIl"ulll1 Icqullcd lO 

cause a 50% displacement in the total amount of p2SII-lI1sulin bound wa~ 05nM, 

suggesting that the affinity for the 1l1sulin receptor to bind Insulin Iii <;imllar in hoth ccII 

lines. Furthermore, 167 nM insulin was requircd !O complctcIy ùj<';placc ail 112511-l!1sulll1 

in V-79 cells, where only 17 nM insulin was reqllired 10 dlsplacc aIlI 125IJ-1Il ... ulln 111 IV

A l-j cells, indicating that the difference in binding betwecn the two ccli lincs may hc duc 

to a change in the 1111mber of functional receptors. Tlm was furthcr confln11l:d hy 

Scatchard analysis of the data [251. where the amount of insulln bound 10 hlgh al t IIl1ly 

sites was found to be 2.5 ± 0.7 x 1(}-2 and 5.8 ± 1.2 x 10-2 pmoles per mg protein for IV

A I-j and V -79 cells, respectively. 
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4.5.3 Interna/ization and Degradation of/125/j-/nsulin 

Although IV -A I-j cells were shown to express a decreased number of functional 

insulin receptors on the œil surface, this a10ne could not explain the ceIl's resistance to 

DTaI, a~ only a small number of receptors need to be occupied to cause cytotoxicity 1151· 
Thu." 111 order 10 determine whether resistance to DTaI could be attributed to a defeClive 

mcchalll ... m II1volVl/lg internalization, we next assessed the rate of insulin receptor/ligand 

mternaltzal10n III both cell types by pre-incubating the cells with 1 J25J)-insulin at 4°C for 

4 hours and monitoring lIgand uptake for various times at 37°C (Figure 2). The reslllts 

indlcate that mitially, V -79 cells bound 13.0 ± 1.1 fmoles of [J25I}-insulin/mg protein, 

wherc IV -A I-J cells only bound 4.1 ± 0.4 fmoles/mg protein. These results are consistent 

wlth the rc ... ults obtain 111 Table 1 and Figure 1. Within three minutes 50% of the total 

amOlllH of ligand bound for both cell lines is taken up into the cells. By normalizing the 

alllount of 112511-in"it.lin bOllnd between cells lines as an expression of the percent 

mternalizcù l'rom the total amollnt bOllnd (upper panel Figure 2) it can be seen that the 

ratc~ of internalin\tion are nearly Identical in both celllines. 

Since internalization appeared unaffectcd in IV -A I-j cells, it cOlild be assumed 

that DTal resistance was occurring at a site distal to insulin receptor/ligand 

intcrnalization. One possibility for this resistance was that OTaI cou Id be degraded 

beforc reaching ilS site of action. We therefore looked at [J25Il-insuIin degradation for 

variolls tllnes (figure 3). The percent of total insulin initially bound which was degraded 

al 16 1111J1utes in IV -A l-j cens was 3-fold higher than for V -79 cells (28% ± 3% versus 

7(Ït, ± 2% for IV -A I-j cel1s and V -79 cells, respectIvely). It 31so appeared that the time 

rcquircd to rcach 10% degradation was slightly longer for V-79 cells than for IV-AI-j 

cells (-16 and 5 min, respectively) which could suggest differences in cellular routing for 

insul in degradatton between the two celllines. 

-154 Stimulation of Hexose Transport by Insulin 

In a further attempt to characterize insulin-mediated cellular effects in V -79 cells 

and IV -A I-j cells we exposed the cells to varying concentrations of insulin for 2 hours 

and monitored hexose transport (Table 2). The results show that insulin can stimulate 

hexose transport in a dose-dependent manner for both eell lines and th41t the dcgree of 

stimulation observed for each concentration of insulin was not significantly different 

bctwccn cach œIl line. This suggests that the effector system for hexose transport in IV-
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A l-j cells is completely functional unlike the effector system tn producc insulll1-

dependent cell growth. 

4.5.5 Insulin-mediated Endogenous Protein Tyrosine PllOsrllOrylatlOll 

The fact that IV-Al-j cells were not able show a mitogcllIc responsc involving 

cell growth. yet showed normal coupling between insulin binding and hexose-uplake. let! 

us to test the possibility that certain key substrates for mitogcnic action rnay have altl.:lct! 

degrees of insulin-dependent tyrosine phosphorylation. Although the phY'iJOloglcal 

relevance of tyrosme phosphorylated proteins in insulin action has not been c~lahlt~hl.:d. il 

number of these proteins have been shown ta be insulm-senisnive [261. Weslern analy.;is 

using a manse monoclonal antibody that rccognizcs the phosphorylall.:o tyrosllle Il.:'ildlll'S 

of proteins was used with cell ex tracts treated with and WIthol1l In'\ullll (FIgure -t) 

Immunoblottmg with this antibody reacled with a single protCIll band of 175.000 daltom 

(pp175) which was ir.sulin-sensitive in V-79 cells (lane 13, Figurc 41\) :Ind nol IV-I\l-I 

cells (Jane D, Figure 4A), In addition, the quantitative bll1<.hng of antt-pho~photylo..,ml: 

antibodies to an insulin-sensitive protein band in the 95 to 100 kDa range wa,> dlltelcllt 

between V-79 and IV-Al-j œIl extracts (lanes Band D of Flgwc 41\. rc\pec!lvely). 

Densitometric scanning of pp95/IOO From three separate alltoradlOg.1é ms confll"lllcd that 

under basal conditions, V-79 cells had a nearly two-fold Incrca'iC over IV-ÂI-j l'l'Ils 

(Figure 4B). Under insulin-stimlliated conditions, this pp951l00 inclca\l'd ln tntcnslly 

25.6 ± 3.2 percent and 23.4 ± 4.0 percent over the basal for V-79 and IV-I\l-) celb, 

respectively, Even in insulin-treated IV-A 1-j cell exrracts, anlI-pho,>photyrosllll' 

antibodies failed to react with a 95 to 100 kDa band at an intcn<;ity l'quai or gll':ttl'r th an 

that observed for V -79 cell extracts not treated with msulin (I.e 4 1 ± 0 1 and 3 1 i () 1 

relative umts for V -79 and IV -A 1-j cells, respectlvely). Betwecn the 45 and XO k/)a 

range at least three addition al bands were found to be imulm-sell'litlve for hOlh œil !tlles 

An addition al band (~116 kDa) was observed in non-in'iulIn trcated V -70 ccii, whlch 

does not conespond to pp 175 and has not been reproduced from 4 addillOn,,1 

experiments. Whethcr this band ref1ects an artifact of the sy'iWIll IS unknowll, 
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4.6 Discussion 

4.6./ The /nsulin Receptor Pathway 

Our data suggest that the decreased ability of IV-Al-j cells to bind [125Ij-insulin 

was not due to a change In receptor affinity. Rather, the data support the idea that the 

difference in binding between the two celllines lies in the number of receptors located on 

the surface capable of binding insulin. Our data aiso illustrate that both cclI lines, despite 

the decreased number of surface receptors in IV-Al-j celIs, are capable of internalizing 

insulin at the same initial rate. Nonetheless, the resistance to DTal could not be attributed 

to the diffen:nce in the number of insulin receptors alone. The possibility that the insulin 

reccptor ln IV -A l-j ceUs has been structurally altered so that the binding affinity towards 

DTal was ehanged seemed unlikely, since (1) DTal has been shown to be highly specifie 

in displacing native insulin from its receptor, indicating little (if an y) structural 

altcrations in the binding site of the toxin-attached insulin molecule [24] and (2) the 

affinity for insulin itself, towards the insulin receptor in the DTal-resistant cell line is 

nem ly identical to the DTaI-sensitive parental cell tine. In addition, both cell lines are 

sensitive to diphtheria toxin cclI killing [15], indicating that DTal resistance in IV -A I-j 

cells oecurs somewhere along the insulin-receptor pathway post-internalization and not 

the site of action for OTa. 

Further support of a post-internalization defeet is the observation that IV -A l-j 

eells showed no alteration in their ability to bind IGF-l, but did lose their ability to 

cxhihit IGF- i -dependent cclI growth. This would suggest a growth mechanism post

rcceptor binding common to both insulin and IGF-l, possibly through a shared 

intracellular routing process [32]. Based on these speculations, DTaI-resistance of IV

A I-j cells most likely resides at a site(s) pO!o!l-receptor internalization. 

One approach to test this theory wa~ to look at insulin degradation in parental and 

mutant cells. IV-Al-j œlls at 15 minutes post-insulin binding, showed nearly a 3-fold 

incrcasc in their ability to de grade insulin over V -79 ceUs. Tt is currently not known 

whether the insulin receptor undergoes the same degree of degradation, or that insulin 

degl adation occurs at the surface of the cell and/or inside endocyric compartments. 

F'.Irthermore, the degree of degradation may be much higher than indicated, since the 

Illcthod to monitor degradation involved TCA precipitation [331. Thus, the mechanism of 

resistance cou Id illvolve enhanced degradation, which would interfere with DTa's ability 
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ta migrate to its site of action and inhibit protein synthesis [341. Thercforc ih~ fact Iha! 

the rate of insulin-receptor internalilUtion is identical in both cell lines unli"e the raie or 
insu lin degradation, suggests (hat IV -A l-j ceUs are more efficient al prescntlllg tht' 

internalized insulin 10 the ceIl's degradative enzymes, possihly through (hffcl\.'1I1 

intracellular trafficking meehanisms [28,29] 

4.6.2 Insulin Action 

Il was originally proposed that the primary purpose for inslilin inlernalizatiol1 and 

degradation was to regulate the number of insulin reœptors on the cell surface 1351. y 1.'1 

the faet that endothelial eells show no detectable amounts of II1tracellular dcgradallon 

suggested otherwise [36,371. From this li nllmber of reports were gcneralcd III !'.how Ihal 

internalization and dt-gradation of insulin were unrelated to insullll's ahllily 10 plodllCI.' 

metabolie effects (i.e. anti-receptor antibodies whieh mimic insulin aCllon ! 3X 1 and tllL' 

use of chemical reagents WhlCh inhibit internalization and intracelllllar dcgradal10ll \39 D. 
yet no direct evidence supporter the idea that these two stages of the iJ)';u1in-rcœplOl 

pathway might be Important in generating a mitogenic signal. Sincc our varIanl cell 11111.' 

showed an enhanced ability to degrade insulin, but was lacking the abillly 10 plOdllce an 

insulin-related mitogenic stimulus, we next asse!'.sed IV-A l-j cells to prodllcc il Illl"taholic 

response by monitorIng inslllin-dependent hexose uptake. Interestingly, Ihi.; œil Ill1e 

showed an identicai threshold to V-79 eells for insulin-stimlllated hexose IranSpOlI. l'hi!'. 

indicates that IV -A I-j cells had no noticeable change in its cffcctor system for glllco\e 

uptuke using illsulin as a stimulus. Therefore the enhanced degradatton ob'icrved III 1 V

A I-j cells hud no effeet on insulin-mediuted hexose uptake. This does not ruIL: oui thl" 

possibility, however, that the meehanism(s) involvcd in the mctabolic effee\) of II1,>ulm 

action cun OCCllr at a step prior to the degradation step tha! has becn cnhanœd in the IV· 

Al-j cellline. Nonetheless, the faet that IV-Al-j eeUs show an llnaltered re'ipon'ie III thelr 

ability to promole un insulin-dependent metabolic response, but nOI a 1ll1l0!!e111C 

response, sllggests lhat al least two separate mechanisms are illvolved in the'ie d kct<., 

The fuet thm IV-A I-j cells couid exhlbit differcnces betwccn the'ic two type,", nI 

responses led us to investigate the possibliity that thesc cells may be dcfective 111 thelr 

ability to promote insllhn-indllccd tyrosine phosphoryJation of cndogcl1olls ~lIh<.,trdte .... 

The rational for this approach is two fold; first, ClIO cells which exprcs,> ill'illlill 

reeeptors that are mututed al the A TP-binding site are lInable 10 pho ... phorylate 
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endogcnous substrates and have a decreased ability to produce a number of insulin 

responscs such as the stimulation of hexose uptake, glycogen synthesis, and thymidine 

incorporation into DNA 18,9,23], and second, White et al. [12] showed that a mutation in 

the Il-subunit of the insulin receptor at Tyr-960 had no effect on the receptor's ability to 

autophosphorylate or to produce tyrosine kinase activity. Yet, when cells are transfected 

with this mutated receptor, there ability to phosphorylate pp185 and to elicit insulin

activated glycogen synthesis and DNA synthesis was strongly lacking L 12]. The 

possibility for tyrosine-phosphorylated endogenous substrates playing key roles in insulin 

aCllon is cnticing, yet their functions still remain largely unknown. V -79 ceUs contain a 

nUlllbcr of insulin-sensitive protein bands which are reactive to anti-phosphotyrosine 

antibodies, one of them being a band in the 175,000 molecular range (pp175). The faet 

that wc do not see pp 175 in either insulin-treated or untreated IV -A I-j cells, suggests that 

activation of thls particuJar protein is not necessary for the insuJin-dependent 

I11cchanism(s) involved in stimulating hexose uptake, but may be involved in a mitogenic 

rcsponse. Increased auto-radiographic exposure and protein application of cell extracts to 

polyacrylamide gels have also failed to prodllce a noticeable pp 17"5 band in IV -A I-j 

cells. 

Our findings reflect those of McClain et al. r 40] who studied growth and 

metabolic signalling by insulin and IOF-1 in Rat-1-fibroblasts that have an enhanced 

expression of normal or mlltated insulin receptors (at the ATP-binding domain). They 

observed two insulin-stimuJated phospho-proteins (pp220 and pp 170) which are not 

plesent in the ccli line expressing mutated insulin receptors. In addition, cells lacking 

pp220 and pp t70 have lost their ability to produce a mitogenic response to either insulin 

or IGF-t, but mamtain their ability to promote hexose uptake. Whether pp 175 in our 

system is similar to the insulin-stimuJated tyrosine phosphorylated proteins of McClain's 

group (pp170) or White's group (ppI85) has yet to be established. Furthermore, the Jack 

in ability of the mutant ccli line to produce a 175 kDa band that is reactive with the 

antiphosphotyrosine antibody employed herein, suggests that Ihis band is not involved in 

promoting hexose uptake, but may be involved in promoting a mitogenic response. This 

is funher sllbstantiated by the fact that neither insulin nor IGF-I can promote cell growth 

in IV-At-j cells, nor can they promote the appeardnce of pp175. Nonetheless, it was 

conceivable, though less likely, that pp 175 is necessary for insulin-stimulated hexose 

lIptake, and that the amount of pp 175 to promote this response was below the resolution 

of our detection system. We also employed a different detection system which included a 
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1 secondary antibody (0 anti-phosphotyrosine antibodies and linked this complcx to 112SII_ 

labeled protein A. This system, thought to enhance the detection of anti-phosphotyrosine 

antibody-reactive proteins, also failed to detect a 175 kDa protein band in IV -A 1-j cells. 

A number of other bands were found to be differentiaUy phosphorylatcd bctwecn 

V-79 and IV-Al-j ceUs with or without the addition of insulin. Of illlcrcst is a prolcin 

band between 9S and 100 kDa. Reports suggest that this band is retlectivc of the ~

subunit phosphorylation of the insulin and IGF-l receptor 140,41 J. Both cell lincs arc 

capable of stimulating this band (pp95/l00. Figure 4), however, IV -A 1-j ceUs exhibitcd 

less expression of this protein than V-79 cells. Insulin-induced IV-A I-j ecUs al~o f:ulcd 

to express this band above the level observed in non-insulin-stinllliated V -79 eclls. 

Whether this band is indeed the insulin or IGF-I receptor ll-suhullIt or whclhcr 

differences observed are due to a quantitative differcllce in illsuhn reccptor numbcr or 

simply a decrcased ability for IV -A I-j cells to cause this phosphorylation has yCI 10 hl' 

confirmed. Furthermore, it can not be ruled out that IV -A I-j cells may have altcratiolls in 

their level of phosphotyrosine phosphatase activity. Enhanced activity could explain the 

differences seen in a number of the protein bands presented in this report. yct this can not 

explain the disappearance of pp 175 in IV -A I-j cells. 

4.6.3 Significance 

It is apparent that IV-Al-j cells have a differential degree of immlin dcgradation 

as compared to V -79 eeUs and that this eould be refleetive of a differenee in intraccllulm 

routing. The faet that IV -A I-j cells show differenees in their ability (() stimulate the 

tyrosine-specifie phosphorylation of an endogenous substrate, could reOcct one of thrce 

possibilities. First, for the cell to become resistent to DTaI, an alteralioll in the insulin

receptor trafficking pathway may have occurred. Second, an aIteration III the reccptor 

may have caused an alteration in the insulin-receptor traffiekmg pathway. Or thirù, there 

may be an alteration in the insulin receptor itself which would account for it), inahility to 

activate pp 175. An alteration III the insulin-receptor trafficking pathway could account 

for the increased degree l)f insulin degradation. In turn, this wou Id not allow the 

phosphorylated insulin-receptor compkx to enter an cndo~omal compartm~nt wtuch may 

have associated with it, messenger moleeules that in turn, necd ln be activated by erthcr 

insu lin, partially degraded insulin, and or the tyrosine-kinase activatcd reccptor. 
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Studies using adipocytes have shown that vanadate can selectively phosphorylate 

the insulin receptor and shunt insulin from a retroendocytic pathway to a degradative 

pathway (39,401. Thus, it is entirely possible that the phosphorylation of the insulin 

receptor may be important for its intracellular routing. It would be interesting to see if 

the insulin receptor in IV -A I-j ceUs has undergone any alterations which affect 

autophosphorylation, since a protein band in the vicinity of the insulin ~-subunit shows 

different intensities between V -79 and IV -A I-j ceUs. This could support sorne of the 

present concepts of receptor phosphorylation and cellular trafficking [14,39,40]. 

In summary, this approach to studying the insulin-receptor pathway and its 

reIationship to insulin action has allowed us to separate parts of the mitogenic and 

metabolic signalling pathways. The study of this œllline should allow us to better define 

the pathways involved in insulin action and intracellular trafticking. 
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Figure 1. Competitive diplacement profile of insulin binding for V· 79 
cells and IV-Al-j cells. 

The values represent the amount of [l25I]-insulin bound (fmoles per mg of 
protein) to V-79 (e) and IV-Al-j (0) cells in the presence of increasing 
concentrations of unlabeled insulin. Error bars for points with error less 
th an 0.3 fmoles/mg prote in have been omitted. Mean ± SEM of 4 to 7 
experiments, triplicate plates per experiment. 
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Figure 2.lnternalization of [125IHnsulin into V.79 and IV-Al-j cens. 

Cells were preincubated in the presence of tracer amounts of insulin 
(O.16nM) for 4 hours at 4°C. Unbound [125I]-jnsulin was then removed by 
washing and bound [125I]-insulin was monitored at 370C for the times 
indicated. Surface bound insulin (filled symbols) was calculated by 
subtracting the amount of acid wash-insensitive (125I]-insulin (open 
symbols) from total binding for each time point (see text for explanation). 
The values represent the average taken from three separa te experiments 
for '/-79 eelIs (circles) and IY-Al-j ceUs (diamonds) (triplicate plates in 
each experiment). In aB cases, the error was found to be less than 10% for 
each point. The upper right panel represents the percent of [125I]-insulin 
internalized as a percent of the total bound at time zero . 
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Figure 3. [125I]-Însulin degradation profiles for V -79 and IV -A J-j 
cells. 

Cells preincubated with [l25I1-insulin were washed and monitored at 37°C 
for the times indicated. At the end of each time point, the media was 
removed and assessed for [l25I]-insulin de!,'Tadation by ca1culauon of the 
amount of TCA-soluble material. Cells were also a~sessed for dcgrada
tion (see text). The values represent the amount of TCA-solllble [125} 1 

counts both in the media and in the cells as a percentage of the total 
amount bound for V -79 cells (.) and IV -A I-j cells ( 0). Mean ± SEM of 
2 to 4 separate experiments, tnphcate plates per experiment. 
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Figure 4. Insulin-stimulated tyrosine phosphorylation of endogenous 
substrates. 

24-hour serum-deprived V -79 ceUs (right) or IV -A I-j ceUs (Jeft) were 
incubated with ( + ) or without ( - ) insulin (17 nM) for 10 min at 370C, 
lysed, and fractlonated on a 7.5% SDS-gel. Protein concentrations were 
equivalent for each sample applied (120 Jlg/lane) and immunoblotted 
using a mouse monoclonal anubody directed towards the phosphotyrosyl 
resldues of proteins. Values (right) represent the position of molecular 
weight markers in kilodaltons. Two phosphoprotein bands (left) are 
indicated (pp 175 and pp 95/1 (0). Insen B shows the densitometric 
readings for pp95/l00 from 3 separate expenments (RSU; relative 
scanning units). 
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Table 1. 

[l25Ij-labeled ligand binding andgrowth forV-79 and IV-Al-j cclls wilh 
insu lin and IGF-l. 

hormone 

insulin 

IGF-l 

[125{] binding a growth b 

V-79 IV-A l-j V-79 IV-A I-j 

11.2 ± 1.2 

19.8 ± 2.2 

4.0 ± 0.4* 3.0 ± 0.2 ,) 1.0 ± 0.1 

18.7 ± 2.2 2.1 ± 0.2 D 1.1 ± 0.1 

a. values represent the amount of 1 125I1-labeled ligand bOllnd (mean ± 
SEM) ta cells nt steady state (fmoles/mg protein) flOm 3 to 5 sep:u ale 
expeIiments. 

b. values represent the fold stimulation in growth for the numher of <.:ells 
grown for 3 days in a hormonally-defined medium containing cithcr 
growth factor as the predominant mltogen over the number of cells i/l 
defined medium withollt the respective nutogen for that samc day (me an ± 
SEM of 3 tn 4 experiments) 115,241. 

* indicates a significant difference from V-79 ccli binding 
o indicates a signiflcant stimulation in cell growth 
P <.05, Student t-test. 
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Table 2. 

The effect of insulin concentration and serum on the hexose transport in V -79 
and IV-Al-j ceUs. 

2-DG Uptake (fold stimulation from basal) 
Insulin (nM) V-79 IV-Al-j 

0 1.0 1.0 

6.7 1.25 ± 0.04 1.35 ± 0.01 

66.7 1.49 ± 0.02 1.49 ± 0.02 

667 1.53 ± 0.25 1.65 ± 0.20 

5%FCS 1.50 ± 0.19 1.73 ± 0.01 

The values represent the fold stimulation in hexose uptake over the basal (mean 
± SEM) for 8 individual experiments. The average basal uptake value'! were 
2145 ± 204 and 2066 ± 256 for V-79 ceUs and IV-Al-j cells, respectively 
(picomoles 2-DG/mg protein/5 min). AIl values show a significant increase in 
hexose uptake above basal (P <0.05), where no significant differences in hexose 
uptake were observed between V -79 cells and 1 V-A I-j cells (P >.05), as 
determined by Student t-test. 
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5.1 Discussion 

5.1.1 Advantages, Significant Findings, and Speculations 

The first stage of this project was to construct a toxic DTaI molecule that would 

specifically interact with the insulin receptor and not the IGF-l receptor. The purpose of 

this approach was to generate a number of cell variants defective in a part of the pathway 

rc~ponsible for insulin binding, internalization, cellular compartmentalization, and 

degradation. We could then examine, as based on our hypothesis, how a defect in the 

insltlin-reœptor pathway can alter insulin's ability to produce a cellular response. 

Therc are many advantages as to why we chose this approach. First, our system 

docs not employ the use of drugs to alter the insulin-receptor pathway. Acidotropic 

agents and carboxylic ionophores have a diverse number of side-effects rI ,2) which 

complicate the interpretations of reslllts in studying the insulin-receptor pathway and 

insulin action. Second, though transfection studies using truncated [3] or single-site

altered 14.5/lIlsuhn receptors have aided in understanding what roles the ~-subunit of the 

in~ulll1 n:ct?ptor has in producing cellular effects, they do have serious drawbacks. one 

Dring the introduction of "foreign" cDNA to express mutated inslllin receptors [3-5]. ]n 

order to study the effect of mlltated receptors in the cell system, a control involving the 

transfcction of unaltered receptors must be used for comparison. Furthermore, 

comparisons shollld be performed with cclI-types that are expressing the same number of 

rcccptors. In addition, when the transfected receptors are studied for their ability to 

plOduce tnsulin-dependent responses, the degree of the response does not necessarily 

enrrelate with the number of receptors expressed. Whether this is due to expressed 

n:CL'ptors havlIlg an inefficient coupling mechanism to the response pathway or due to 

IllllIling amounts of response-producing substrates is left open to speculation. Defects 

that occur III our system are not chemically induced or forcibly expressed by molecular 

technics. Wc merely provide the cells a selection pressure in an environment whele these 

dcfcct'i ran he expr"'''·;cd. Third. the study of cells obtained [rom diabetic individuals has 

hdped in studying the cellular mechanisms associated with non-inslllin dependent 

diabetes mellitlls 16.71. However, (1) it is not always possible to obtain enollgh of the se 

relis for study. (2) sometlmes it is difficult assess the problems associated with these 

ceUs due to the lack of a proper control, and (3) there may be some extreme cases of 

insulin resistanœ that are highly lethal and are not expressed in the normal population 
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(i.e. only heterozygous mutations involving the TK region of the inslilin reœptor have 

been reportt!d in individuals 171). Oefects of this nature could be expresscd in illlhvidlial 

cell lines maintained in culture. Our approach isolates spontaneous, naturally O\:CUrt mg 

mutants (i.e. IV ·Al-j cells) that rnay arise as defects associated with diabetes. Defeet~ 

which nomlally oecur at low frequency in the gene pool. A .,'unh adv:llllage i" thal \VI.' 

can exercise sorne control in our system by looking speclflcally at the insulin-receptOl 

pathway _ Any defects seen in other growth factor pathways or their abilltles 10 genl'I ale a 

cellular response are a consequence of an alteration crcated in the IIlsuhn-reccplOl 

pathwa:J. Thus, the mter-relationship between insulin and other growth factor, l'an hl' 

studied in our system. 

With this long list of advantages wc set out to construct a DTal mo\ecull' that 

would specifically interact with the insulin receptor. Previous fepOtls 10 plOduCl' tl\l~ 

toxin involved rnodifying the insuhn molecule at cyslamine ~ites IH,91. Thi" wou Id 

produce a heteroge/leous population of (DTa)nl molecules which coliid have a low 

degree of specificlty towaf(~ the insulin receptor. Whlle thl~ tOXi.l proved fnlltful 111 

studying H35 rat hepatoma cells 110), we were lI1terested in studying a ccli llllc wlHeh 

also contatned the IGF-I receptor. Another procedure involved the CO!l"truct!on of a (lne 

to one molar ratio of RTa to insulin through a single amil10 group (Bn) on the JI1\ull/l 

molecule. RTa, however, did not suit our purpose. First, RTa contaim two hydrophohle 

regions which may uid in its ability to nonspecifically bllld a cell's pla~ma memhrane 

1101. OTa does not contain this region, which suggests that the sole method of cnu y fOI 

DTaI would be dependent on binding to the insulin receptor. Second, the Rlcm pathway 

involved in ccll killing does not require an acidification stage, unlikc the mecharll\ll1 

employe-d for DT 111]. Since part of the insulin-receptor pathway Im()IVl'~ ail 

acidification proces'l, lt was III our best ll1terest to employ the U\C of DTa The faet that 

both the inslilin-reccptor pathway and OT pathway reqll1re an aCllhflcatlon ... tep may 

indicate a similarity in thelr processing pathways. The reslIlt was that wc constrllctcd and 

purified a OTaI molecule which contains a one 10 one molar ratio of DTa to lI1"ulin Wc 

also modified the punfication step of OTa. Rather than use a conventlonal si7e-exclu<;1011 

chromatography technic to pllrify OTa (a technic that u<;ually IOvolves two day~ of 

work), OUf method llsing heat precipitation, generates a >95% pure OTa fragment wlth in 

3 hours which maintains its ADP-ribosylation activIty. 

Characterization of the OTaI molecule showed that it specifically interactcd wllh 

the mSlilin receptor and not the IGF-l receptof 10 cause cytotoxicity. Thcrc have bccn no 



,f .. 

previous reports on this kind of specificity of a substituted insulin to the insulin receptor. 

Noncthcless, thls data suggests that DTaI-resistant cell variants will have defects which 

arc directcd toward the insulin-receptor pathway. 

We isolated and cloned a number of DTaI-resistant ceU variants. Some had a 

large decrease in their ability to bind insulin (>50%)7 where others had only slight 

alterations, or none at ail. A number of these cclI variants also showed no change in their 

ability 10 blOd IGF-l, further suggesting the specificity of the OTaI molecule to intentet 

spcciflcally to the insulin receptor. Additionally, our results showed that there was no 

correlation bctween a variant's ability to bind insulin and ils ability to grow in a medium 

containing 5% or 10% serum. For example, IV -A I-j cells show a >50% decrease in thelr 

abllity 10 bind insuhn, yet showed no change in their growth properties. VI-A3-b cells 

however, showed no alteration in their binding ability, but were greatly affected in their 

ability 10 proliferate. The fom1er observation was not surprising since it is thought that 

other growth factors can take the place of insu lin in producing a growth response [12,131. 

The second observation is stanling, however. Since DTaI interacts specifically along the 

insulin-receptor pathway, this mutant must have a defect post-insulin-receptor binding. 

The fact that this cell line does not grow properly in a 5% serum containing medium, 

suggests that the insulin-receptor pathway is somehow cou pIed to mechanisms involved 

with other gmwth factors to induce proliferation. Cell variants of thls nature definitdy 

warrant future study. 

We ncxt developed a hormonally-defined medium where various growth factors 

could be studled for their effects on cclI growth in CHL cells. Studies on V -79 cells 

showed that inslilin or IGF couid work in conjunction with EGF or THR to stimulate ccli 

proliferation. Insulin and IGF-I stimulated growth separately, yet when added together, 

faitcd to show any additive increase. This suggests that insulin and IGF-l may be 

workll1g throllgh similar mechanisms. In addition to this information, IV -A I-j cells 

gcneratcd the most compelling evidence that insulin and IGF-l share a common pathway 

for œIl proliferatIon. IV -A I-j cells lost their ability to proliferate in hormonally-defined 

medium contall1ing either insulin or IGF-l. Yet, they showed no changes in their ability 

to grow with EGF or THR. This cclI line provides us with an important tool for studying 

7 Note: In all lIlSUIIlCCS, whcn t.1lking about various effcclS (Le. decrea<;ed bindrng, an altcrallon III 

growth. unaffcctcd mClabohc responl\CS. etc .. ), the sc rcsponses are in rcfcrencc to the rcsponscs obscrvcd 
ln the p:ucnt4.ll DTal-scnslllve cellline (V-79). 
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the inter-relationship of various growth factors with each other. The faet that this œil IUIl' 

is unresponsive to IOF-l further suggests that whatever aIterations have on:urlcu along 

the insulin-receptor pathway are also related to the IGF-l pathway. 

Another discovery was that IV-Al-j cells could produœ normal Illsulin

stimulated hexose uptake. This indlcated two distlllct pathways whlch arc respol1~lhk lor 

growth and maintenance, Further characterizatÎon of IV -Â I-j ccll-; showcd Ihal IhclI 

decreased binding was due to a decrease in the number of inslIlin reccptors capablc of 

binding insulin and not due to an affinity change towards inslilin. Wllh regard \0 1 >TaI 

resistance, the ùecrcase in reœptor nllmber alone cou Id not cxplam why IV -Â 1-) l'l'I'..; 

were able to survive, since in V -79 cens only a small :lmount of intl'mali/cd DT"I 1-: 

needed to kil! the cell. One coula speculate that wL " Ihe IIlsuhn reccptors (,r IV -/\ I-J 

œlls showed no alteration In their affin~ty towartls insulin, tberr cmlld still he an aflllllly 

change towards DTal. How 0 ver, since DTal can cOl11pctltivc!y di-:place \I\\llhn al IOllll-hly 

the sarne concentration as insllhn itsclf. this would II1dicale thal IIH're .'> bIlle, 11 ally, 

structural change in the cor.jugatcd insu lin molecule's bll1ding ~itc Th u~, ally a/Il/Illy 

changes towards DTal would also affect insulin. 

To determine further what defects may have occllrrcd III the lll\lllin-ICl'l'l)IOI 

pathway, inslilin-receptor Il1ternalizatio/1 and IIlsulin degradatton wele 'itlldied IV -A. 1-) 

cells showed no loss III their ability to internalize Illsulin, yet <.tld ... how cnhanccd 11l~1I1.1l 

degradation. Thus, if DTal enters the same degradattvc pathway, thcn DTa <-,oult! hl' 

destroyed befme gomg tn its site of action. The fact that DT cOlild cause cytolO\IClly 

(Appendix, Figure 2) indicated that the mcchanism'i involwd 111 in\uhn dCgl adalt()Il .1It..' 

indigenolls to the in'lulin-receptor pathway, The eVldcnce prc~enlcd hele \1!()Il~.dy 

suggests that whatever mutation is causing cnhanccd degradalloll, Il d()c~ Ilol .II/l'CI 

insulin-stimlilated hexose uptake. It does reflee!, howevcr, that whalevcr IllL'Lha!lI\lm :lIC 

involved in prodllcing insllltn- or IGF-l- dependent mitogcnlc re~pOlN:'>, they may he 

interrupted by the enhanced insulin-degradatlon pathway. It would he IllterC\\I!l)! tu 

examine IGF-l degradauo/1 ln the~c cclls (sec beJow) 

The eharacterization of IV-Al-j cells aho involvcd StudYlllg thelr ahtllly 10 

phosphorylate endogenous substratcs at tyrmll1e-spcclfic 'iitc'i. pp 17.\ an trl\ttllrl 

sensitive band found În V-79 cells, wa<; not present in IV-A. I-j cd\<.. Ba\eLl on OUI le\ult\, 

and the resuIts of others 114,151 pp175 may be important in regulatIng the ccII'", !!l"ullll 

and IGF-l mitogenic effects. The faet that Insuhn and IOF-1 can ,tirnulate hex()\i~ uptakc 

further suggests that thls protem band may not be involvcd 111 Ih.,> latter rc"'pOIl\e. 



Interestingly, we have recently shown that pp 175 can be stimulated with IGF-l in V -79 

cells but not in IV-A I-j ceUs. This could further support the above speculations. 

We have shown that a cell Une resistant to DTaI will have a defect somewhere 

along ils inslllin-receptor pathway. We have also shown that a defect in this pathway 

cOllld lead to an aIteratÎon in the cell's ability to respond to insu lin. In the case of DTaI

resistant IV -A I-j cells, these cells show an alteration in their ability to bind insulin and 

have an enhanced insulin degradative pathway. As a consequence, they are unable to 

respond to insulin in a hormonally-defined medium, yet exhibit a nonnal insu lin

depcndcnt hexose lIptake profile. The exciting part is that, though the selection system 

cmployed was aimcd speciflcally at the insuJin-receptor pathway, IGF-l also failed to 

producc a growth response in these cells. Thus, this and the fact that IV -A 1-j cells exhiHt 

normal IGF-I bmdmg, gives us a clear indication that the two pathw~ys for insulin and 

IGfo-I ovcrlap at a site post-ligand binding. 

From the information cited above, a theoretical scheme on the relationship 

betwcen the insulin-receptor, IGF-l/receptor, and response pathways can be presented 

(Figure 1). First insulin will bind to its receptor, induce autophosphorylation of its ~

subunit, and get internalizec; into an endosomal compartment (Figure l.a,b). At this point 

the phosphorylated ~-sllbunit is facing ip.to the cytoplasm and may trigger certain 

substrales which regulate tht:. intracellular trafficking of the insulin-reccptor complex (c). 

The endosomal pathway for the IGF-l receptor may also follow a similar or identical 

route (d). The complex (or part of) then goes to other parts of the ccli either by 

lrafticking (e) and/or endosomal fusion with other vesicIes (f,g). Eventually, insulin will 

elltel' il p.ühway which causes ùegradation (h). Based on our evidence, it wou Id seem 

logical to conclude that the mechanisms necessary to mediate insulin-dependent hexose 

uptake occur at stcps prior to the mechanisms that are involved in cell growth. For 

initialing a mctabolic response, Ihis could result from the activation of messengers 

available to both illslIlin and IGF-I receptors located in the plasma membrane (i) or at 

sites wllhin the cell shortly after internalization (j). For insulin and IGF~ 1 dependent cel! 

proliferation, certain proteins need to be activated in order to cause œIl growth (pp 175'!), 

for example, substrates which are only located in certain parts of the cell and are 

hypa!'ised in IV-A l-j cells (k). Similarly, it may be that this pathway is also rcsponslble 

for delivering inslIlin to the nucleus in order to aid in producing celI growth (1). The fact 

thui diffcrcntial phosphorylation is seen between V -79 cells and IV -A I-j cells could also 

suggcst that the reœptor plays a key role in insulin action. Based on the degree of ~-
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1 phosphorylation, it may be that the insu lin receptors of V -79 cells have a greater chance 

to activate certain trafficking proteins (via ils tyrosine kinase or tyrosine phosphorylated 

regions of the receptor?) over IV -A I-j cells, which in turn, may be requircd to push tilt' 

insulin-receptor complex into a growth promoting pathway. As for EGF and TI IR thclI 

mechanisms are different and involve pathways that are not rclated to cithcr insulin or 

IGF-l. Il should be pointed 01\t, however, that this is a simplistlc intcrprctatioll of how 

the insulin-receptor pathway may be involved in insulin action bascd on the anove 

results. A number of approaches can be taken to assess the exact mechanisms that may be 

involved in the differentÏ'll regulation of insulin degradation, mitogcnic, and t11ctahollc 

responses belween V-79 cells and IV -A I-j cens (see next .. ection). Noncthclcs .. , the 

information presented here gives new and exciting insights 011 the relationship hetwccn 

the insulin-receptor pathway, IGF-1, and cellular responsiveness. 

5./.2 Future Prospects 

The selection system presented in this thesis has shown to he a useful tool fOI 

isolating cellular mutants which have defects along their insulin-rrceptor pathway The 

generation of one particular mutant (IV -A I-j) has helped in locating sorne or the 

important steps that are involved in the mitogenic action of insulin. With Ihis unique 

mutant, man y other approaches can be used to generate pertinent information which will 

be crucial in understanding mechanisrn(s) in insulin re~ponse. This sec lion hr;cily 

describes sorne the approaches that can be taken in studying IV -A I-j cells. 

One approach would be to look at insulin degrading enzymes, more partlcularly, 

IP and multi-catalytic IP. It may be the simple fact that the enzymatlc Icvel or lllL' 

accesslbility for these enzymes to aet on insulin (and IGF-I) may he elcvatcd in (or 011 

the surface ot) IV-AI-j cells. If this were the case, then mecharmm"i involvlI1g the 

regulation of these enzymes can be studied. In addition, il would be Important tn 

determine whether insulin degradation occur~ at the surface of the ccII and/or In'\ltk 

endocytic compartments. The insulin degrudation profiles could also hc cxamltlcd for the 

various compartments, where the amount and type of degradation can he assc~<ied by 

llsing Sephadex G-50 chromatography 116). More Importantly 1'> to look at the 

degradation profile for IGF-1. If IGF-l follows the same route ali in"iulin then thclr 

profiles should he the same. This could explain why both hormoncs arc unablt.: to 
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produce a growth response. If the profiles are different, such that IOF-l shows a normal 

degradation pattern, this would suggest a great dependence on insulin, its receptor, and/or 

its pathways for IGF-I-dependent cell growth. Such an observation could lead to sorne 

startling new discoveries. Lastly, it would also be interesting to look at lOF-II and its 

reccptor, since it is thought that this receptor may function as a regulator for protein 

dcgradatIon r 171 

Another approach would be to study insulin receptor phosphorylation. As stated 

above, p-subunit phosphorylation may he essential in signalling not only second 

mcsscngcrs for insulin action, but also key substrates required for trafficking vesicles 

containing insulin-receptor (and IOF-lIreceptor) complexes (i.e. trafficking to a location 

which contains inactivated proteins required in cell growth). Similarly, a Tyr-960 

Illutation is know 10 suppress the formation of a phosphotyrosine band of 185 kDa. This 

Illutation also inhibits !nsulin-stimulated DNA synthesis [5,14]. It would be interesting to 

scc if IV -A I-j ceUs were lacking the ability to phosphorylate at this site. 

Conventional techniques could look at the trafficking of insulin-receptor and IGF-

1 l'cceptor complexes to see if they are indeed altered in any significant way from control 

cells. Studies could also involve looking at the turnover rate of the insulin and IGF-l 

reccptOl's themselves. This could help explain why IV -A 1-j cells have fewer receptors 

th an V-79 cell~ on the cell surface. Another approach would be to look at insulin rcceptor 

message. Pcrhaps the altered pathway in IV-Al-j cells has a unique affect on insulin 

l'cccptor mRN A expression. 

Lastly, it would be important to study glycosylation and processil1g of the insulin 

reccptor. One possibility that should be studied is that the insulin receptor may contain a 

mutation in an important part of its structure. If this affected glycosylation, it cou Id 

geh~rate another explanation for the decreased expression of receptors capable of binding 

msuhn. Antibodies directed towards the insulin receptor could also be, used to 

substantiatc the idea that IV-Al-j cells have fewer receptors expressed on the external 

face of the plasmamembrane. A receptor mutation could affect its ability to 

autophosphorylate (i.e. p-subunit), phosphorylate endogenous substrates (Le. pp 175), and 

traffic the insulin-receptor complex to proper vesicles before degradation. With relation 

10 Ihe IGF-I receptor, 1t has been showfl that this receptor and the insulin receptor can 

cross-phosphorylate each others p-subunits [181. If we could speculate that the IGF-l· 

receptor pathway is unaffected, yet IGF-l can not stimulate cell proliferation, then 

perhaps transactive phosphorylation with the insulin receptor is necessary to generate a 
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perhaps transactive phosphorylation with the insulin receptor is necessary 10 gcncrale a 

signal slrong enough to initiale the mechanisms requircd for cell growlh. Thcsc arc ail 

speculations, none of which have been proven. Then llgaill, we never hall a ccll system to 

prove (hem in. 

5.1.3 Summary 

As a quick summary, this work has involved the construction of a DTal mob:uk 

which effects its toxicity through the insulin receptor. A numbcr of DTal-rcsisl:lnl l'l'II 

variants have been isolated, ofwhich one has beefl studied in detail. This ccII vananl (IV

A I-j) has exhibited the following properties differcnt from its parent V -79 œil hm" (1) 

fewer receptors capable of binding insulin, (2) an inability to use eilhcr lI1suhn or I(lF-1 

as proliferation factors, (3) an !:nhanced ability to degrade insulin, (4), a !\lIPpll's"l'd 

ability to phosphorylatc endogenous substrates at tyrosine specifie sllrs, and (:) an 

inabllity 10 produce a phosphotyrosine pp175 protein. Alternativdy. IV-A 1-) cl'll-; 

showed no change in their ability to (1) bind IGF-l. (2) use EGF or TI IR ali prolllcl:llion 

factors, and (3) exhibit insulill-stimulated hexose uptake. 

With these observations, relatiorlships between the In'ililin-rcceplOf pathway and 

insulin/IGF-l action have been proposcd (Figure 1). Nonethekss, there are Illany 

questions lcft unanswered. How i'l degradation rdated to a decrea<;cd abdity for IV-AI-) 

cells to bind insulin? What is the mechanism for dccrcased dcgradation" Jo, Ihl\ 

degradation the result of an increase in insulin degrading enzyme" and/or 1'\ Il dul' 10 

differential compartmentalization of the ligandlreceptor complcx" Whal I!\ the Iole (lI 

pp175? What are the mechamsms involved between an enhanced degradallOll pathway, 

expression of pp175, and the ability for cells to respond ln insulin? A llulllbcr 01 

conclusions have been drawn from the studies perfomled in this proJcct Now many morl' 

questions are raised. Fortunately we have uncovered a system which can addres ... Ihc'\c 

questions, and more. 
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'. 5.2 Concluding Remarks 

A concise understanding of how insulin can mediate diversified effects though its 

receptor is far from being achieved. From the work constituted in this project we have at 

our disposai a method which will help us understand sorne of the relationships between 

the insulin-receptor pathway and insulin action. We have also generated a number of 

cellular mutants, one of which provides us with infonnation leading towards our global 

understanding of insulin action. Just this cellline alone can be characterized at a number 

of different levels, sorne of which have been mentioned above and would fllrther 

contribute to our knowledge of insulin action. Remernber, other mutants have been 

isolated which can be characterized. This project has opened a new door in studying 

insulin action and has helped us step inside. Unfortunately, much more needs ta be donc 

berore we can close the door behind us. 
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A diagramatic representation of the insulin-receptor 

The above diagrarn illustrates sorne of the possible routes thm insuhn 
and/or its receptor may take in order to activate intraceIJular subtratcs 
necessary 10 elicit li5and-dependent cellular effect. See section 5.1.3 for 
explanation. 
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Figure 1. Construction of an insulin-diphtheria A-chain toxÏ<.' 
conjugate using SPDP as the hcterobifunctional reagcnt. 

Diphtheria toxm was cleaved usmg ~-mercaptoethanol The A-cham of 
diphtheria (DTa) was then separated from the B-cham (DTb) by heal, 
which resulted in the precipitation of the B- cham. TIlt! tmultn mo!ecllk 
was first treated with cltracomc anhydride to allow the blockmg of al11lnO 

terminal groups (NH2) with citrate (Ot). SPDP wa.., then adJ eu to the 
capped insulin molecule to form a linkage molecule. In~uhn wa" then 
added to reduced OTa. After 24 hours, thl~ resulted In the fonnatlOn of a 
1: 1 moJar ratio of OTa to insuhn with the reJease of pynJwc-2-thlone 
which has a umque absorbance at 343 nM. (-SH. expo~cd ~ulf11ydryl 
group) 
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Figure 2. The toxicity profiles for DT and DTaI killing in V -79 and 
IV·A l-j ce Us. 

DT or DTaI was added at increasing molar concentrations to serum
deprived V-79 and IV-Al-j cells for 2 hours. Cell counts and viability 
\Vere measured after 24 ho urs using trypan bIue. DT (triangles) and DTaI 
(diamonds) cell kIlling was measured as a percent of viable cells 
remaining from eells grown in the abs~:.:;e of either protem. Values 
represent the mean ± SEM of three separat~~ experiments. 
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Figure 3. Equilibrium binding studies using [1251]-insulin for V -79 
and IV.AI.j cells. 

Serum-deprived V -79 (tnangles) and IV -A I-j (dlamonds) ccII" wcrc 
incubated with trace amounts of [125I]-insulin for the mdlcared pcnods of 
time either at 40C ("",,) or 22°C (-). Values (fmoles of /125Ij-Imuhn 
boundlmg protein) were corrected for non-specifie bindmg and respresent 
the me an ± SEM of 3 to 7 separate expenments (triplicate p)ate~ in each 
experiment). 
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