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Abstract 

Apolipoprotein (apo) E is a 299 amino acid polypeptide that plays an important role 

in plasma lipoprotein metabolism. A major physiological fiction of apoE resides in its 

ability to be specifically recognized by cellular lowdensity-lipoprotein recepton (LDLr). 

A cornmon apoE isoform is defective in its binding to the LDLr and its inheritance can lead 

to hyperlipidernia. In addition to apoE genetic poiymorphism, apoE interaction with the 

LDLr also depends on apoE conformation. While lipid-free apoE cannot interact with the 

LDLr, upon binding to lipid, apoE undergoes a conformational change that renden it 

receptor-cornpetent. Within plasma lipoproteins, apoE is conforrnationally heterogeneous, 

with only a subppulation of apoE molecules having the ability to mediate binding to the 

LDLr. The goal of my thesis was to investigate the structural modalities that determine the 

ability of LDL to bind to the LDLr. To this end. 1 have made use of novel recombinant 

antibody rnethodologies, in order to probe the stmctural basis of the apoE-LDLr 

interaction. 1 demonstrate that a monoclonal antibody that is specific for the LDLr binding 

site on apoE resembles the LDLr in terms of fine specificity and primary structure. 

Furthemore, by in vitro mutagenesis, 1 was able to generate a series of variants that differ 

from the parental antibody in both affinity and a p E  isoform specificity. Of particular 

interest, one variant acquired the ability to recognize apolipoprotein B 100, the other ligand 

of the LDLr. I argue that this variant is an antibody mimetic of the LDLr. This panel of 

anti-apoE recombinant antibodies will be useful reagents for daermining the mechanisms 

involved in the interaction of the LDLr and its ligands. In more general terms, it offers a 

unique mode1 for studying the molecular recognition processes that occur between protein 

macromolecules. 



Prologue 

Plan the 

The human body is facd with the problem of  providing cells with the cholesterol 

that they require while. at the same tirne, mintainhg plasma cholesterol levels at 

concentrations below those that promote atherosclerosis. One mechanism by which this 

is accomplished is through ce11 surfàce teceptors that specifically bind the plasma 

lipoproteins that are responsible for the transport of lipids in tire circulation. A number of 

different recepton have been identified that are specific for the protein components of the 

lipoproteins, the apolipoproteins. Several of these recepton, including the well 

characterizeâ low density lipoprotein (LDL) receptor, bind apolipoprotein (apo) E. As a 

consequence, apoE plays a key role in plasma lipopmtein metabolism. This role for apoE 

is underscorrd by the hyperlipidemia and atherosclerosis that is seen in humans and 

experimental animals who have genctic apoE dcficiency. Inheritance of  genes encoding 

apoE variants that show reduced aftbity for ce11 s u f f i  rrceptors is also essociated with 

abnormal lipoptein profiles and premahire atherosclerosis. The principal goal of my 

Ph.D research project was to better understand the structural basis for the interaction of 

apoE with ce11 SUrfbce receptors. 1 have takm an immunocbernical approach to this 

problern. Specifically, 1 have attcmpted to prrparr, charactcrize and define the binding 

mechanisms of anti-apoE monoclonal antibodies (mAbs) that recogrb the same 



confromational epitope on apoE as is recognized by the LDL receptor. 1 refer to mAbs 

that have this property as antibody mimetics of the LDL receptor. 

As an introduction to my research., 1 present, in Chapter 1, a summary of the 

current knowledge of the structure and biology of apoE and its specific recepton, their 

roles in li poprotein metabolism and in the development of atherosclerosis. Furthemore, 

in light of the important role of antibodies in my research, 1 give an overview of the 

structure and biology of antibodies and of the most recent advances in technologies 

related to antibody production. 

Our laboratory has previously characterized two murine anti-hurnan apoE 

monoclonal antibodies (mAb), ID7 and 2E8, that can block apoE-mediated binding to 

the LDL receptor. These mAbs have proven to be excellent probes for the study of apoE 

structure and function. My first objective was to define the respective fine specificities 

of these two antibodies by determining their patterns of reactivity with a series of apoE 

variants that are defective in binding to the LDL receptor. As descnbed in Chapter II, I 

demonstrate that the epitopes of both antibodia coincide with the apoE LDL receptor- 

binding site. In particular, I show that the fine specificity of the 2E8 mAb is very similar 

to that of the LDL receptor. My second objective was, thenfore, to determine if the 

similarity in the apoE specificity of 1D7, 2E8 and the LDL receptor, reflected 

homologies in primary structure. To this end, I have cloned and detennined the sequence 

of cDNAs encoding the heavy and light c h n s  of 1 D7 and 2E8. Although they react with 

overlapping epitopes, I show that the= is liale stquence homology betwecn the antigen- 



binding sites of ID7 and 2E8. In contrast, 1 demonstrate that there is a striking similarity 

between sequences in the 2E8 heavy chain that contribute to the antigen-binding site and 

sequences within the ligand-binding domain of the LDL receptor. This suggests that 2E8 

and the LDL receptor may bind apoE by a similar rnechanism and, as a consequence, 1 

propose that 2E8 possesses characteristics that would be expected of an antibody 

mimetic of the LDL receptor. 

A third objective was to modifi the binding site of the 2E8 mAb by in vitro 

mutagenesis to M e r  increase its resemblance to that of the LDL, in order to make it a 

mie antibody mirnetic. In Chapter IV, 1 detail experiments that 1 performed to optimize 

the expression of 2E8 Fab fragments in E. colt. and to develop a purification protocol for 

the recombinant antibody. 1 show that the immunoreactivity of the recombinant Fab 

fragments are identical to that of Fab fragments produced by papain digestion of 2E8 

IgG. Chapter V, describes the production and characterization of 2E8 variants by site 

directed mutagenesis to identiQ the role of specific residues in the binding of apoE. 1 

demonstrate the importance of certain acidic residues within the 2E8 heavy chmn in 

detemining the &n.ity and fine specificity of the mAb. Other v&ants were produced to 

alter the 2E8 sequence in order for it to more closely resemble the ligand-binding domain 

of the LDL receptor. ûne of these variants showed an increased affinity for apoE, 

whenas another variant acquired cross-reactivity with apoB, and showed a selective 

i n c m  in affinity for lipid-associateci apoE, properties also shed  by the LDL rexxptor. 



1 have also cloned and expressed the cDNA encoding an antibody specific for 

human amal natriuretic factor (M), a cardiac hormone that plays an important role in 

sait and water balance, and in maintaining b l d  pressure. The goal of this subproject 

was to have a recombinant antibody that could serve as a control in the expression 

experiments for the anti-apoE mAbs and to be evenhuiliy used as an immunochemical 

probe in structural studies of ANF. Chapter III is a description of the cloning and 

characterization of the cDNA of this anti-ANF mAb. 

In Chapter VI, 1 discuss the results of my experiments in relation to the three- 

dimensional structure of the 2E8 mAb that has been recently determined through a 

collaboration with investigaton at the Gladstone I n s t i ~ e  for Cardiovascular Research of 

the University of California, San Francisco. As well, 1 present rny views on the impact of 

my research and on possible future directions. 



Chapter 1 

Overview of s e m  lipoprotein metabolism 

1. The Need for Lipid Mobilization w i t h  the Body 

As life on earth evolved from simple unicellular organisms, a vascular system 

becarne a necessity for those organisms which were differentiating into large. 

anatomically more cornplex, rnulti-organ individuals. An elaborate array of veins and 

arteries allowed for al1 tissues to have access to essential nutrients that include water- 

insoluble lipids. Our bodies, dong with those of many other species, have the capability 

of absorbing lipids from our diets, and making use of them for the subsistence of cells. 

Once ingested, dietary lipids cm serve as structurai material, as a source of direct 

chernical energy or for potential energy storage. Because cellular existence relies on the 

use of water as a solvent in which dl biochemical teactions occur. a process was needed 

for the solubilization of metabolic lipids. The system which arose in order to solve the 

problem of lipid transport within the blood, is cornrnonly referred to as the "lipoprotein 

distribution systern". with the lipoprotein king the unit cornpanent which renden lipids 

soluble within our blood (Davis, R., and Vance, J.E., 1996). 



II. S e m  Lipoproteins 

As depicted in Figure 1-1. lipoproteins are macromolecular assemblies composed 

of a neutrai lipid core. surrounded by a monolayer of phospholipid free cholesterol and 

certain specific proteins. Lipoproteins originate primarily from specialized cells in the 

liver and intestine. Intestinal mucosai cells and liver hepatocytes can assemble 

hydrophobie Iipids into water soluble lipoproteins. The physicai and chernical properties 

of any plasma lipoprotein, will differ depending on the origin of its synthesis, and to the 

extent to which it was metabolically modifieci. The protein component of the lipoprotein 

consists of various apolipoproteins, which collectively serve both structural and 

Tngl yccridc 

Figure 1- t Sebernatic d i y m  of 8 metabolic lipoprotch parti&. 

This figure depicts the chrmical composition of  a metabolic lipoprotein. Typicaiiy, lipoprotcins are 
ccmposed of a nCUtrZLi lipid core wnsining o f  cholcsterol a m  and mgiycaida. The lipid mre is 
ourrounded by a single l sya of phosphoiipid and caiain rpolipoproteins, which colleaively allow the 
lipoprotein to k d u b l e  in phma, and direct iw metaboiic fate (adaptai from Davis. R. and Vance, J E.. 
1 9%). 



hinctional roles (Methods in E~ymol .  1 28/ 1 29, 1989). Their primary purpose nsides in 

their emulsification capability, which renders the lipoprotein water soluble. In addition, 

most apolipoproteins have acquired diverse physiological functions, which greatly 

enhance the process of vascular lipid distribution. The relevance of the metabolic events 

catalyzed by the apolipoproteins. are exemplified by the clinical observations of inbom 

erron of lipoprotein metabolism. Genetic anomalies of most of the apolipoproteins have 

been documenteci, and in many cases they lead to premature atherosclerosis. 

Following their release into the circulation. lipoproteins undergo continuous 

vascular remodeling, a process cataiyzed through the action of specific lipolytic enzymes 

and lipid transfer proteins. These enzymes* which will be described later, act in concert 

within the blood in the orchestrated transformation of lipoproteins, which are either 

depleted or supplernented with structural matenal. As heterogeneous suspensions of 

lipid and protein, lipoproteins have been classified into several subhctions according to 

their inherent physical properties. Among the ctiteria that are used for the classification 

of plasma lipoproteins are their site of origin, their hydrated density and size. their 

apolipoprotein content and their electrophoretic mobility in agarose. 

III. The Major Plasma Lipoproteins. 

As indicated above, plasma lipoproteins are heterogeneous in their hydrated 

densitites, ranging from 0.93 to 1.2 1 g / ml, a property that permits their fractionation by 



equilibrium ~ltracen~fiigation in salt gradients (Gomian, J. W., 

inEnzymol. 128/129, 1989). 

Figure I-2 Chmification rad cbemicai composition of lipaproteins usiog quilibriurn 
ultmcentrifugatioo. 

This figure dqicts the clasification of s e m  Lipoproteins, foUowing their separation through 
ultnictntrifùgation. As shown by the figure, the higha the tipid to protein ratio, the loww the dcnsity of the 
particle. 'Ihus, lipid-rich chyiomicrons display thc lowcst dauity, and art rcmlveû bcfore any of the other 
Lipoproteins using this methodology. In hct, if Idt undim- chyiomicrons wiil float to the top of M y  
collccted blood, giving rise to a c r m y  layer (adapted tiom Davis,R, and Vance, J .  E.. 1996). 

High density lipoproteins (HDL) are isolated in fractions of density rangmg 

between 1.063 and 1.2 10 g / ml). The principal apolipproteins of HDL are apoAI and 

apoAII, with smalier amounts of apoCI, apoCI1, apoCiII, apoE and apoAiV. Unlike the 

other lipoprotein classes, HDL do not appear to originate from a unique cellular location. 

The rnajority of HDL particles are thought to arise in the plasma both in response to the 

catabolic shedding of surface phospholipids from TG-rich lipoproteins, and from 

cholesterol efflux from peripheral cells (Tall. A.R. and Small, D.M., 1978). ApoAi itself 

is synthesized by hepatocytes and intestinal enterocytes. HDL are well recognized as 

being involved in the delivery of cholesterol to steroidogenic tissues, a process that 



appears to be, at least in part, receptor-mediated (Steinberg, D.A, 1996). In addition, 

HDL are believed to be instrumental in the recycling of cholesterol from extrahepatic 

tissues to the liver, a process refered to as "Reverse Cholesterol Transport" (Fielding, 

C.J., and Fielding, P.E., 1995). For this reason, elevated serum levels of HDL are 

generally regarded as king protective against atherogenesis (Breslow J.L., 1996). 

A second class of s e m  lipoproteins, very low density lipoproteins (VLDL), 

which originate fiom the liver are enricheci in neutral lipid and are isolated from plasma 

at a density Fange of 0.95 and 1 .O06 g / ml. VLDL contain a single molecule of apoB 100 

as well as apoE and a complement of apols. Upon their entry into the bloodstream, 

these large triglyceride rich (TG-rich) VLDL are immediately subjected to modification 

through lipolysis and lipid ms fe r .  Owng to these processes, the lipoproteins shnnk in 

size with a concomitant increase in their buoyant density and a gradua1 enrichment in 

cholesterol esters and depletion of triglycerides. The remodeling of VLDL by lipoprotein 

lipase and lipid transfer proteins, gives rise to a series of smaller, cholesterolenriched 

lipoproteins including intermediate density lipoproteins (DL) with a density ranging 

between 1 .O06 and 1 .O 19 g / ml. and low density lipoproteins (LDL) which Boat in 

density ranges between 1 .O 19 and 1 .O63 g 1 ml. During the conversion fiom VLDL to 

LDL, there is a loss of apolipoproteins such that the sole protein component of LDL is a 

single molecule of apoB 100 (Havel. R.J., 1995). 

The chylomicrons consititute a final lipoprotein class. Chylomicrons are large 

triglyceride-rich particles which are produced in the gut, and which can be isolated in 



density ranges of les than 0.95 g I ml. They wntain a single molecule of apoB48 (a 

species of apoB that is composed of the amino terminai 48% of apoB100 and that is 

generated by a tissue specific RNA editing process (Powell, L.M. et al. 1987), as well as 

apoE, apols, apoA-1, and apoA-IV. Like VLDL, chylornicrons undergo rapid 

modification within the plasma through the activity of lipases and lipid transfer proteins 

which generates a population of lipoproteins, called chylomicron remnants, that are 

heterogeneous in terms of size and density and are relahriely enriched in cholesterol. 

Chylomicron remnants are not converted to LDL. but are rapidly cleared from the 

circulation by the liver. Defects in the metabolism and clearance of TG-rich lipoproteins, 

can lead to hyperlipidemia and premature atherogenesis (Breslow, J.L., 1996; Mahley, 

RH.. and Rall, SC. Jr., 1995). 

Section 1 

Specifics concerning lipoprotein metabolism 

As the main goal of my Ph.D. research was to define mechanisrns by which 

lipoproteins bind to the LDL receptor, 1 will describe only the metabolism of those 

lipoprotcins which directly interact with the LDL receptor. Most of the information 

pertaining to the general metabolism of TG-rich lipoproteins has b e n  obtained from the 

general references listed below. (Human physiology, 1992; Biochemistry of lipids 



lipoproteins and membranes, 1996; Methods in Enzymology vols. 128 and 129, 1989; 

The Metabolic and Molecular Bases Of Inherited Disease, 1 995). 

1.1 Metabolic pathways for triglyceride-rich lipoproteins 

With the exception of bacteria (Ingrahm. J.L. et al. 1983), most living organisms 

make use of lipids as a source of metabolic energy. The major lipids that are utilized by 

mammals are triglycerides, cholesterol and phospholipids. Triglycerides are used for 

both energy expenditure and storage. Phospholipids and cholesterol on the 0 t h  hand, 

serve mainly as building blocks for cellular membranes and are important sources of raw 

material for intra and extracellular signalling molecules. These lipid molecules share the 

properties of k i n g  miscible and metabolically linked, thus readily interconverted through 

the action of the acetylCoA enzymatic processes within the cell. Much of ou bodily 

lipid needs are derived from dietary sources, however, a substantial amount of lipid is 

synthesizcd from non-fatty material, mainly fiom carbohydrate withn the liver. 

Withm the body, there exists NO well defined pathways which partxipte in lipid 

distribution. The chylomicrons produced by the intestine and the VLDL produced by the 

liver serve as the initial vehicles in the conveyance of lipids to periphera.1 cells. The 

course travelled by the chylomicron is temed the exogenous pathway, since its lipid 

wmponent is almost exclusively of dietary origin. The VLDL metabolic course on the 

other hand, is known as the endogenous pathway, whch results in the redistribution of  

energy stores h m  within the liver. In both cases, the primary objective of these lipid 

pathways is to provide peripheral cells with a source of trigiycerides. As only a few ce11 

types, including liver hepatocytes and the adipocytes, have the ability to synthesize 



trigiyceride, it is irnperative for ail other cells of the body to have access to this 

metabolicall y essentiai molecule. A diagram depicting lipoprotein turnover and 

metabolism is show in Figure 1-3. 

1 .2 The Exogenous Lipoprotein Pathway 

Chylomicrons are exclusively synthesized by intestinal enterocytes for the 

transport of dietary fat and fat-soluble vitarnins (Hwain, M.M., et al.1996). 

Chylomicrons are very large lipproteins with a diameter of 75-1200 nm, and are 

composed ptimarily of ûiglyceride. The nascent lipoprotein contains a single molecule 

of apoB48 which rernains with the particle throughout its short metabolic existance, and 

is the ody one which is strictly required for assembly. in addttion to apoB48. nascent 

chylomicrons contain multiple copies of smaller apolipoproteins such as apoAI and 

apo AIV. 

Following a lipid-rich meal, dietary fat is hydrolyred within the lumen of the 

intestine via the action of acid pancreatic lipases. The products of fat digestion (free 

fatty acids, monoglycerides, lysolecitin, and free cholesterol) are then absorbed as mixed 

micelles by the apical face of the intestinal enterocytes. These cells then re-esterifi these 

lipids in the smooth endoplasmic reticulm as triglycerides, phospholipids, cholesteroi 

ester. and rapidly use them for the assembly of chylomicrons whch are then secreted into 

the intestinal lyrnph, through their basdateral face. Chylomicrons enter the venous 

blaodstrm following passage through the thoracic duct. Upon entering the circulation, 

chylomicrons acquire other apolipoproteins including apoE and the various apol's, by 



simple exchange with other lipoproteins, primarily HDL. As described later, the 

acquisition of apoE and apol's h m  KDL is followed by a concornmitant loss of 

apoAN. As a source of apoC's and apoE. HDL participate in the controlled metabolism 

(apoCs) as well as receptor-mediated uptake (apoE) of the TG- rich lipoproteins. 

1.3 The Endogenous Lipoprotein Pathway 

This pathway, originating in the liver. serves in the distribution of pre-existing 

lipid as well as lipid denved fiom carbohydrate. It operates wntinuously, presumably in 

order to provide the body with a constant source of TG in the fasting as well as the 

postprandial state. VLDL, assembled by human hepatocytes, contain as a major 

structural protein component, a single molecule of apoB- 100. Other apolipoproteins that 

are incorporated onto nacent VLDLs, incl ude many apol's and apoE molecules. 

Following passage through the secretory pathway of the celi, the nascent VLDL are 

released within the chyme that exists in the space of Disse. Nascent VLDL are smaller 

than chylomicrons, with an average diameter less than 80 nrn. Once released within the 

plasma, they rapidly acquire additional apoCs and apoE fiom the HDL population. The 

production rate of VLDL is regulated by the liver and c m  be induced by the consumption 

of calories. alcohol and carbohydretes in sensitive individuals (Havel, R.J., and Kane, 

J.P.. 1995) 

1.4 Cellular Assembly of Triglyceride Rich Lipoproteins 

Both the exogenous and endogenous pathways are similar in their modes of 

lipoprotein assembly and secretion into their respective spiandic circulations. The TG- 



rich lipoproteins are assembled within tk endoplasmic reticulurn (ER), where 

mglycerides synthesized from monoglycerides and fke fatty acids serve as starting 

material. In a yet undefined way, a liquid droplet of mglyceride is fabricated on the 

inner leaflet of the plasma membrane. where a segment of a newly synthesized portion 

of an apoB protein permits an association between the hydrophobie protein structure and 

the liquid core of tnglyceride (Schumaker, V., 1992; Hussain, M.M. et al. 19%). 

VLOL 
Figure 1-3 Scrum lipopmteiu metablism. 

Figwt depicting the vasarlar mtabotisrn of m m  iipoprotcins. The Utes of synthesis of al1 thme classes of 
l ipoproth are shown. in addition to thur site of final cellular uptake in addition. the figure illustrates the 
cnrymc mediatad conversion of the lipoprotans, which occurs within the biood (adapted from S humalter. 
V., 1992). 

A recently characterizcd endoplasmic reticulurn resident protein seems to serve in 

the lipidation of the nascent apoB polypeptide (Wetîerau J.R., et al. 1997). The 

microsoma1 transferase protein (MTP), has been shown to facilitate the assembly of TG- 

nch particles in cultured rat and human cells expressing recombinant forms of apoB 

(Gordon, D.R., et al. 1995). As shown in Figure 14, MTP is thought to recruit 

triglycerides and assemble hem ont0 apoB, in a CO-translational lipidation process 

(Chuck, S.L., et of. 1993, Wang, S., et ol. 1996). There is ment evidence that. 



subsequent to the translocation of apoB, additional lipidation of nascent apoB may occur. 

This process of TGc~chmen t  of primordial apoB lipoproteins has been termed the 

"Second Step of VLDL Assembly", and relies on the MTP catalyzed enrichment of 

VLDL within the endoplasmic reticulum (Wang, Y., et al. 1997). Mature VLDL particles 

then transit through the Golgi apparatus where they acquire additional phospholipids 

(Yao, Z.M, and Vance. D.E., 1989) and are packaged in secretory vesicles, exported to 

the plasma membrane and released to the space of Disse. where they gain access to the 

venous mesentnc circulation. 

RER Lumen 

Figure 14 The ruembly of rpB-contlining lipoprotcins in the endopiasmie reticulum 

This figure depicts the cellular asmbly of TG-rich lipoprotcins. As é o w n  by the figure, a single moleule 
of apoB m e s  to initiate the assembiy of the üpopmtcin, which cmcfgcs Rom within the i ~ e r  leaflct of the 
ER mmbraae. The enzyme MTP is k l i d  to play a key role in the mahiration of the lipoprotei~ by 
aiusing an active addition of tnglyceride and phospholipid. thus dlowing it to grow in s k  (adapted from 
Davis, R, and Vance, J E .  1996). 

1.5 S e m  Catabolism of Triglyceride Rich Lipoproteins 

The metabolism of TG-rich lipoproteins within the circulation, occurs to a large 

cxtent through the lipolytic activity of plasma lipases. Following an injection of heparin, 

these activities increase in the plasma, owing to the release of the lipases fiom their 



heparan proteoglycan anchored sites on the surface of the vascular endothelium. At least 

two distinct lipases are implicated. one of hepatic and one of extra-hepatic origin 

(Manzato, E., et al. 1986). As shown in Figure 1-5, biologically active lipoprotein lipase 

(LPL), which is a serine esterase, exists as a dimer attached to the glycocalyx on 

endothelial cells lining the luminal surface of the capillaries, and is of extra-hepatic 

origin (Bninzel, J.D., 1995; Zambon, A., et al. 1996). LPL is synthesized in parenchymal 

cells, primady adipose tissue and skeletai muscle, from where it is transporteci to the 

intimai surface of the vascular endotheliurn, io its sites of attachent (Pedersen, M.E.. et 

al. 1983). This enzyme requires the presence of apoCIl (LaRosa, J.C.. et al. 1970). 

which serves as a co-factor, in order to hydrolyze TG-rich lipoproteins. In addition to its 

lipolytic activity, LPL bound to the surface of lipoproteins has been found to facilitate 

their uptake by binding to the remnant lipoprotein receptor (Beisiegel, U., et al. 1991). 

Hepatic lipase (HL) on the other hand, is found exclusively attached to the endothelium 

lining the liver and certain steroidogenic tissues. It is heprin releasable and is not 

dependent on a CO-factor for activity. The role of hepatic lipase seems to be somewhat 

more elusive than that of lipoprotein lipase. In fact, hepatic lipase has been implicated in 

the hydrol ysis of phospholipids as well as triacy lg1 ycerols, thereby king directly 

involved in the generation of LDL fiom VLDL remnants (Montalto, M.B.. and 

Bensadoun, A., 1993). In addition, the activity of hepatic lipase has been demonstrated 

to greatly modulate the clearance of remnant lipoproteins from the circulation (Sultan, F., 

et ai. 1990), presurnably by causing lipoprotein-bound apoE to becorne more exposed, 

and more readily available for receptor-mediateci interaction (Brasaemle. D.L., et al. 

1993). 



Figure 1-5 Lipoprotcin lipase in the rcmoddiog of TGricb serum lipoprotcins. 

This figure illustrates the enzyme LPL which exins as a d i r n  bound to heparan sulfate protcoglycans 
associateci to  the g i y c d y n x  of the vascular endothelium The activity of the lipase is dependant on the 
presence of its cofactor. apoCII on the d a c e  of the lipoprotun. The activity of this ertzyme causes the 
near cornpletc hydrolysis of the TG within the lipoproteins. In addition, Iipoprotein-bound LPL has k n  
s h o w  to facilitate the uptake of remnant lipoproteins. by interacting spxifically with the LRP (adapted 
from Bruntel, J .  D . 1995). 

As chylomicrons and VLDL circulate in the blood, most of the TG and some of 

the surface phospholipids are hydrolyzed by LPL. This hydrolytic activity results in the 

generation of smaller particles called remnants. Concomitant with the l i  polysis of the 

core triglycerides by LPL, the surrounding tissue absorbs most of the released fatty acids 

by a direct movement into the cell, whereas the rernainder becorne bound to plasma 

albumin, and circulate in the plasma (Scow, R.O., et ul. 1979) (Figure 1-6). As 

mentioned above, the functional activity of LPL is made possible by the presence of its 

cefactor. apoCII. present on the surface of lipoproteins. 



Figure Id Piuma lipotytic coaversion of TGricb lipoprotdns; ceüuhr wsimht ioa  o f  the 
hydrotysd TG. 

This figure depins the metabolic fate of a chylomicron within the circulation Imrnediateiy following its 
entry into the blood, TG-rich Lipoproteins are rapidly converted to rcmnants through the action of LPL 
Libaated fra fatty acids are then either dircctly assimilateci by the underfying tissue. or become bound to 
plasma albumin Concorninant with TG hydrolysis is the rcduction of particlc s k ,  which induces a 
movemmt o f  apolipoproteins between the various particla The remnanis thus acquire apoE at the expense 
of the apoAs and Cs. which rcturn to the KDL With the aquisition o f  apoE. the r m t s  thus become 
compaent for uptake by apoE-specific ce11 surface receptors p r m t  in the liver, which allow for their rapid 
clearance (adaptai fiom Kane. J P , Havel, R 1 , 1995) 

This exchangeable apolipoprotein is acquired by the triglyceride-rich lipoproteins 

from the HDL population. In addition to seMng as a CO-factor for LPL, apoCII, as well 

as apoCIII, inhibit receptor-rnediated uptake of lipoproteins (Shelburne, F., et of. 1980; 

Windler, E., et al. 1980; deSilva, H.V., et ai. 1996). They do so, both by excluding apoE 

from the surface of the lipoprotein, and by resûicting its access to the LDL receptor 

through steric hindrance. As the TG-nch lipoprotein becomes progressively depleted in 

core matenal, both apoCII and apoClIl dissociate from its surface, allowing a p E  to 



readily associate with the particle and promote receptor-mediated endocytosis of the 

remnant . 

In addition to lipolysis of core lipids, LPL also hydrolyzes surface phospholipids, 

although at a rate that is much less than that of core hydrolysis (Montalto, M.B., and 

Bensadoun, A., 1993). Chylomicron remnants are characterized by a considerably 

smailer spherical sue, comprising some 4 % of the its original mas.  Following the rapid 

depletion of the core triglycerides, a substantial surplus of surface material consisting of 

phospholipid, free cholesterol and protein are generated. In fact, these TGdepleted 

lipoproteins acquire strange durnbell shapes until the excess phospholipid and cholesterol 

is rernoved. In 1979, a mechanism was proposed whereby this excess material is 

somehow lost through a budding process, and becornes associated with the HDL 

population (Tall, A. R., and Small, D. M., 1979; Redgrave, T.G., and Small, D. M., 1979). 

Remnants resulting from LPL hydrolysis retain their basic structural protein 

component; apoB-100 or 8-48, indicative of their hepatic or intestinal or&% as well as 

some apoC and apoE which they can k l y  obtain from HDL (Figure Id). Through an 

exchange process mediated by the plasma enzyme cholesteryl ester transfer protein 

(CETP), rernnants becorne progressively enriched with cholesteryl esten (Figure 1-7) 

(Tall, A.R., et al. 1997). Ln man, the majority of cholesteryl esters origmates in the 

plasma, within the HDL population through the activity of the enzyme; lecithin 

c holesterol acy 1 tram ferase (LC AT), whic h converts fiee c holestero l and excess surface 

phospholipid present in HDL into cholestery 1 esters (Glornset, J .A., 1 968). 



Figure 1-7 %mm lipopmtein rcmodcling. 

This figure depicts the metabolic consequences of plasma lipoprotein modifjnng enzymes. CETP causes the 
transfer of neutral lipids betweai the HDL and the TG-rich lipoproteiru. LCAT is instrumental in the 
gmaation of HDL. and its activity is known to be depuident on the prcme of its cofaaor. apoAl 
Finally. the activities of penphaal LPL. as well as that of l i va  restncted HL. cause the gencration of 
remnant lipoproteins (adapteci t7om Kane, J P . Havel. R.J.. 1995) 

CETP can, in turn. mediate the transfer of cholesteryl esters from HDL to VLDL with the 

reciprocal transfer of triglycende €rom VLDL to HDL. With the constant reduction in 

core triglycende, and with the acquisition of cholesterylesters. these lipoproteins 

become D L ,  and with additional loss of mglycende as well as surface apolipoproteins, 

they becorne LDL (Tall, A.R., et ai. 1997). 

The removal of remnant lipoproteins from within the plasma, occurs mainly 

through high-affinity. receptor-mediated endocytosis by liver parenchyrnal cells 

(Figure 1-6) (Mahley R. W., 1988; Havel, R.J., and Kane, J.P., et ai. 1995). It is widely 

believed that, when present in eievated levels within the plasma, remnant lipoproteins are 



atherogeneic (Havel, R.J., et al. 1995). On the other hana nascent unmodified 

chylomicron parhcles, per se, do not appear to be atherogenic. since prernature 

atherosclerosis does not occur in individuals suffering from familial deficiency of either 

lipprotein lipase or apoCn, where chylomicrons and VLDL in very hgh concentration. 

circulate for prolonged periods of time. Thus, at least some hydrolysis of chylornicrons 

appears to be necessary in order to generate "toxic" atherogenic substances. A blockade, 

or slowing at any step in remnant clearance can lead to their accumulation in plasma 

(Brunzell, J.D., 1995). An accumulation of chylomicron and I or VLDL remnants leads 

to the appearance of a subpopulation of particles called, P-VLDL, indicative of their 

electrophoretic mobility characteristic (Uttermann, G.. et ai. 1977; Mahley, R. W., 1988) 

1.6 The Space of Disse, a critical location for the fuial alteration and 
uptake of Remnant Lipoproteins 

As shown in Figure 1-8, circulating remnant lipoproteins eventually find their way 

to the space of Disse, by filtration through the fenestrations of the liver capillary 

endothelial bed, and perhaps also through transcytosis across the endothelium. Both 

nascent as well as remnant lipoproteins intermix within the spgce of Disse, and only their 

intrinsic physical properties will dictate as to their secretion into the venous mesentnc 

circulation, or to their uptake by hepatocytes. 



Figure 1-8 Sequatratioa of remnant lipoproteins in the rpacc of Disse 

This figure depicts the anatomicd location of the final alteration of the rannant lipoprotelns. which will 
allow thàr rapid clearsnce from the circulation. R a r i ~ n t s  gain accas to the space of Diue in the ha 
lobdes, due to the small fcrrestrations. Once within this location. the rcmnants becornt cnrichad in apoE 
(blue dots). and are rapidty sequ~ered by htparan sulfate proteogfycans (HSPG) associated with the 
endothelid lining. Subraquent to thcir sequestration, the remnants are then intcnralized by the HSPG. ce11 
surface rtceptors. or both (adapted fiom Mahley, R W , and Rd. S C . 1995) 

The sequestration of the remnant lipoproteins within the space of Disse may be 

the fint step in the clearance of remnants as show in Figure 1-8 (Mahley, R.W., and 

Hussain, M.M., 1991). It has been proposed that the accumulation of remnants occurs 

through their interaction with cell surface heparan su! fate proteogl ycans (HSPG ). ApoE 

is known to bind avidly to hepann (Mahley, R. W., et 02. 1979; Weisgraber, K.H.. et ul. 

1986), and especially to heparan sulfate of hepatic ongin (Ji,  Z.S., et al. 1993). In fact, it 

is well established that heparan sulfate proteoglycans form a continuous layer on the 

surface of the microvilli of hepatocytes (Stow. J.L., et al. 1985; Sanan, D.A., et al. 1997). 



The hgh local concentration of apoE within the Space of Disse (Hamilton, R.L.. 

et of. 1990) causes the remnants to become enriched in apoE. which cm mediate their 

binding to the hepatocyte ce11 surface, a mechanism known as "secretion recapture of 

apoET' (Ji, Z.S., et al. 1994). Liver derived hepatic lipase interacts with cell surface 

proteoglycans (Doolittle M.H., et al. 1987), and is known to be involved in the final 

processing of the rernnants (Bninzell J.D., 1995). in fact, the treatment of chylomicrons 

with hepatic lipase. results in a more rapid clearance of the remnants by rat liver 

(Borensztajn, J., et al. 1988; Shafi, S., et al. 1994). Furthemore, it has been 

dernonstrated that in vrvo antibdy-mediated inhibition of hepatic lipase retards 

chylomicron clearance (Sultan, F.. et al. 1990). 

Figure 1-9 The finai events in remrirot lipoprotein mctrbolum, induding tbtir apoE rad LPL 
mcdiattd intcrnrlizrition, throrigh HSPG and the LRP. 

This figure depicts the final wcnt of TG-rich lipoprotein metabolism. ApoE-auichd rannant lipoproteins 
attach to HSPGs and are then dircctly inteditedl or are passed onto the LRP for intemalization. Which 
ever way W the preûominant mode of rannant intemaikation, bath molecules secm to activdy participate in 
the clearance of the rcmnants ( adapted fiom Mahky, R W., and Rall, S.C., 1995) 

The culminating step in this metabolic process, is the apoE-mediateci uptake of 

the remnant lipoproteins by cell-surface recepton. The importance of apoE in remnant 

lipoprotein uptake is exemplified by the pathological accumulation of these lipoproteins 



in the plasma of individuais who have inherited receptordefective variant isofoms of 

apoE (Hui, D.Y.. et al. 1984). Similarly, there is an accumulation of remants in mice that 

are deficient in apoE as a result of experimentai gene targeting (Plump, A.S., er al. 1992; 

Zang, S.H.. et al. 1992). The LDL receptor is capable of mediating the uptake of apoE- 

containing remnant mcles .  While the LDL receptor binds both apB-100 and apoE, 

with afïinities of 2 . 6 ~ 1 0 ' ~  M (Pitas. R.. et al. 1980), apoE enriched rernnants bind with 

greater avidity. presurnably due to multiple interactions between the remnant and several 

sites on the recepton (Imerarity, T.L., et al. 1978; Pitas, R. et al. 1979; innerarity, T.L., 

et al. 1981). This higher avidity likely contributes to the much more rapid, apoE 

mediateci, hepatic uptake of chylomicron remnants (minutes to hours) compared to the 

apoRmediated uptake of LDL (2 to 3 days). 

In addition to the LDL receptor, there is strong evidence for the existance of a 

second "hepatic remnant lipoprotein receptor" that would recognize apoE- but not 

a p B  1 00-containing li poproteins. Hurnans and animais who geneticdly lack functional 

LDL recepton. accumulate apoB100-contaming lipoproteins, especially LDL in plasma, 

whereas chylomicron remnants are cleared nonally. in fact, apoE-e~ched remnants 

were shown to be cleared at an enhanced rate in Watanabe rabbits which do not express 

functional LDL receptors (Mahley, R.W., et al. 1988). In 1988, the low density 

lipoprotein receptor related protein or LRP was cloned, and proposed as a candidate for 

the putative remhant lipoprotein receptor (He- J.. et al. 1 988). 



1.7 The Low-Density-Lipoprotein Receptor-Related Protein (LRP), a 

candidate for the Chylomicron Receptor 

The LDL receptor-related protein or LRP, was first proposed to be a likely 

candidate for this receptor activity. on the bais of i ts striking structural similarity to the 

LDLr (Herz, J., et ai. 1988). Indeed, the LRP was s h o w  to be specific for apoEenriched 

lipoproteins (Kowal, R.C., et al. 1989; Beisiegel, U., et ai. 1989). The LRP is a member 

of the LDL receptor super gene farnily, which also includes the gp 330 receptor, and the 

VLDL receptor (Figure 1- 10). 

Figure 1-10 Tbc LDL Rcceptor super gene famüy. 

This figure depicts some of the idmtined manbers of the LDL rcceptor super g m  f d y .  All werc 
originaily identifcd through their homology to  some of the c o d  domains o f  the LDLr. The VLDLr. 
LRP and gp 330 w m  cloned owing to thar  homology to the Ligand binding domain of the LDL rcfeptor 
(adapted fiom Goldsteui. I .L . ,  et al. 1995). 



Under physiological conditions, both the LDLr as well as the LRP appear to be 

equally effective in mediating the uptake of chylomicron reITLnants within the liver. The 

LRP is an extremely large, multifunctional ce11 surface receptor. ApoE is but one of its 

many known ligands, which also include; lipoprotein lipase (Beisiegel, U., et al. 1991). 

the activated protease inhibitor az-macroglobulin (Kirstensen, T., et a!. 1990), 

plasminogen activator inhibitor (Nykjaer. A., et al. 1992). and lactofemn (Huettinger, 

M., et al. 1992). The LRP resembles the LDLr in k i n g  a chimeric protein whose gene 

appears to have been assembled by exon shuming, and includes structural domains that 

are similar to those that constitute the LDLr including 3 1 imperfect cysteine rich repeats, 

that are highly homologous to the 7 cysteine-rich repeats that constitute the ligand- 

binding domain of the LDLr. 

As show in Figure 1-9. the LRP i s  thought to work in concert with ceil-surface 

HSPGs. ApoEenriched remnants would fint associate with HSPGs that would form a 

complex with the L W ,  or transfer the remnant to the L W  for eventual intemalization by 

the hepatocytes. It would appear that this collaboration between HSPGs and the LRP is 

essential, since the LRP alone is incapable of mediating ceIl sudacc binding (Ji, S.Z., et 

al. 1993; Ji, S.Z., et al. 1994). However, it is believed that the HSPGs may by themselves 

be capable of promoting the effective plasma clearance of the chylomicrons (Mahley, 

R. W., unpublished opinions) 



Section 2 

The Low-Density-Lipoprotein Receptor 

2.1 Historical Perspectives Relating to the Discovery of the LDL- 

Receptor 

In their attempt to elucidate the molecuiar basis of the inheritable metabolic 

disorder which leads to patholo~cally elevated levels of plasma cholesterol. or familial 

hypercholesterolemia (FH), Drs. Brown and Goldstein discovered, in 1974, the major 

physiological mechanism which regulates plasma cholesterol homeostasis (Goldstein, 

J.L., and Brown, M.S., 1974). In 1953, Gould and collaborators had demonstrated the 

existence of a negative feedback mechanism in the hepatic cholesterol biosynthetic 

pathway, using experimental dogs fed with high levels of dietary cholesterol (Gould, R., 

et a!. 1953). Brown and Goldstein showed that the addition of LDL, but not HDL to the 

culture medium, could down regulate endogenous cholesterol synthesis at the level of the 

rate4 imi ting enzyme, 3-hydroxy l methy 1 gl utary 1 Co-A reductase ( M G  Co-A reductase). 

in cultured human skin fibroblasts of normal individuals. In contrast, the HMG Co-A 

reductase activity in fibroblasts from FH patients was insensitive to the presence of 

exogenous LDL. Following a series of elegant experiments, Brown and Goldstein 

showed that the dcfect in the M fibroblasts resulted from an inability to extract 



cholesterol from LDL due to the lack of a high affinity cell surface receptor for LDL. 

(Andenon, R.G.W., et al. 1976, 1977). It was shown that when LDL bound to the LDL- 

receptor (LDLr) on normal fibroblasts, it was quickly internalized and that within 60 

minutes, the protein component was completely hydrolyzed. 

2.2 The Role of the LDL- Receptor in Cholesterol Homeostasis 

The LDLr is a transmernbrane glycoprotein considing of 839 amino aciâs. This 

receptor is expressed on the surface of al1 cells of the M y ,  and has a high aff?nity for 

apoE-enriched VLDL remnants as well as for apoB-100 containing LDL (Brown, M.S., 

and Goldstein 1986; Mahley, R.W., 1988). The LDL-receptor pathway was fint 

described by Brown and Goldstein, and it is the prototype of many ligands that are taken 

up by receptor-mediated endocytosis. (Pastan. 1. H., and Willingham. M.C., 1 98 1 ; 

Bretscher, M.S., and Pearse, B.M.F.. 1984; Czekay, R.P., et al. 1997). The LDLr is 

translated as a pro-protein in the endoplasmic reticulum, where its secretory sequence is 

cleaved. This 120 kDa protein undergoes extensive glycosylation in the Golgi apparatus 

to yeld a 160 kDa mature protein. As shown in Figure 1- 1 1, following their emergence 

on the cell surface, some 45 minutes afier synthesis. the recepton quickly cluster in 

clathncoated pits (Andenon, R.G.W.. et al. 1976), whether bound to lipoprotein 

ligands or not. Within three to five minutes of their formation, the coated pits are 

internalized within the ce11 as coated endocytic vesicles, thereby removing lipoprotein- 

bound choiesterol, and other lipids from the circulation. 



Figure 1-1 1 
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This figure depicts the cellular events which chaniaaize the LDL Reccptor pathway Following their 
anergence on the oell surface. LDLn @a imo clatrin coatd pW whether bound to lipoprotans or not 
The cirutercd cornplex is hm quickiy h t d d  imo vesiclcs which becorne acidified through the action of 
proton pumps. A &op in pH causcs the wicuupling of the raeptor-ligand cornplex. with the concorninant 
catabolim of the lipoprotun and the recycling of the rezepton to the ceil surface. ïhc accumulation of  
ùnraceilular cholaterol cawe the modulation of c d n  enzyme actinties (adaptai tiom Goldstein I L..  rr 
al. 1995). 

Once internalized within the cell, the vesicles rapidly lose their clathrin coat and 

fuse with many other such newly forrned vesicles resulting in the formation of large 

irregularly shaped organelles called endosornes or "receptosomes". These organelles 

become acidified througb the action of ATPdnven proton purnps, which reside within 

the plasma membrane (Helenius, A., et al. 1983). When the intravesicular pH fdls to 

6.5, the LDLr dissociates fiom its lipoprotein ligand. The liberated recepton then 

migrate, dong with other receptors, to distal regions of the organelle, where they pinch 

off and re tm to the cell surface for further use. w h e r w  the lipoproteins are hydrolyzed 

within lysozomes. The recycling time for an LDL receptor is about ten minutes, and the 

LDLr can be reused up to 150 times, during its 10-30 hour life-span. 



The lipoproteinderived cholesterol that is delivered to the cells is then esterifieci 

to Free fatty acids, through the action of the intracellular enzyme acylcoenzyme A : 

cholesterol acyltransferase (ACAT), and stored as Iipid droplets. Such accumulation of 

cholesterol within the cell is sensed, and causes the d o m  regulation of LDLr synthesis at 

the transcriptional level. As previously mentioned, the activity of the biosynthetic 

enzyme, HMG Co-A reductase is also down-regulated in the presence of excess 

cholesterol, through complex mechanisrns that include modulation of transcription, 

mRNA stability and protein stability (Goldstein, J.L.. et of. 1985). The importance of the 

LDLr in cholesterol uptake is exemplified in hurnans who lack functional LDLr and 

consequently suffer fiom the disorder FH. as well as in animal models of the human 

disorder. 

2.3 Structure and Molecular Biology of the LDL Receptor 

The LDLr gene is a mosaic of exons which share an evolutionary history with 

exons of several other genes, suggesting that the gene was assembled by exon s h d i n g  

(Goldstein, J.L.. et al. 1985). The human gene is located on the distal short ann of 

chromosome 19. It spans 45 Kb and is divided into 18 exons and 17 introns. The protein 

is composed of five discrete functional domains, encoded by the combination of various 

exons, as depicted in Figure 1-12. Exon 1 encodes a short 5' untranslated region as well 

as the signal sequencc composed of 21 hydrophobie amino acids. Exons 2 to 6 encode 

the ligand binding region, which is composed of seven imperfact repeats of a 40 amino 

acid, cysteine-rich sequence. 
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Figure 1-12 The LDL keptor.  

This figure ilustrates the structural organization of the LDLr genc and protein. The protan is camposcd of  
suuctwal domains. which are known to contribute to the various fhctions of the protein. The ligand 
binding domain, which is madeup of seva inperféct cystane-rich scquenccs. is rcsponsible for Ligand 
binding. The EGF prcairsor fiomology domain is essential for rrceptor recycling and appears modulate 
ligand binding. The O-linked sugar domah as of yct has no clear fiinaion, but may serve in helping the 
reccptor projcct off the surface of the d l .  Finally, thue is a membrane spanning dornain and a cytoplasmic 
dornain which aIlow for clustering, interdization and rccychng respectivtly (adapted fiom Goldstein, J.L.. 
er al. 1995). 

These repeats show strong resemblance to sequences found in the blood 

complement factors: C7, C8a, C8b, and C9. All of the repeats contain six cysteines, that 

fom three intra-repeat disulfide bonds. The threedimensional structure of repeats 1 and 

2 has recently been solved using NMR spectroscopy (Daly, et ai. 1995. 1995). As well, 

the arrangements of the three disulfide bonds of one of these repeats, has also been 

determined (Bieri, S., et ai. 1995). In aqueous solution, the threedimensional structure 

contains a P-hairpin followed by a series of turns. Within the structure, the disulfide 



links were determined to consist of residues Cys 6 bonded to Cys 1 8, Cys 1 3 to Cys 3 1, 

and Cys 25 to Cys 42. At the C-terminal end of each the seven repeats, a cluster of 

negatively charged arnino acids, consisting in part of an "AspX-Ser-AspGlu" (DxSDE) 

motif is invariably present. It has been thought that these clusters of negatively charged 

residues intemct with clusten of positively charged residues on apoB-100 and apoE 

(Goldsteih J.L., et al. 1985). As will be described later. the receptor binding site on 

apoE includes a positively charged cluster of amino acids, al1 residing on the same side 

of an alpha helix, exposed to solvent (Lalazar, A, et al. 1988; Wilson, C . ,  et of. 1992). 

More recently, it has been propsed that the DXSDE motif may in fact be important in 

the formation of a calcium binding site, which appears to be essential for the proper 

folding of the repeat (Blacklow S.C., et al. 1996). In suppon of a role for calcium in 

maintaining the conformation of the LDLr ligand-binding domain, the interaction of the 

LDLr with apoB or apoE is knovm to be calciumdependent and an anti-LDLr 

monoclonal antibody has been isolated that is specific for a calcium dependent 

conformational epitope within the first cysteine-rich repeat (Biesigel, U. et d 198 1 ). 

Each of the seven cysteine-rich repeats 1s encoded by a single exoh with the 

exception of repeats 3 , 4  and 5. which are encoded by exon 4. Since the splice junctions 

for exons 2 to 7 are in Frame, the deletion of any one exon does not dismpt the reading 

Frame of the mRNA, and permits its translation into protein. It has been shown by 

deletion mutagenesis that not al1 of these repeats contribute equally to lipoprotein 

binding, but rather seem to contribute in an independent way. Repeat one was shown to 

contribute vety little to either apoB or apoE binding. LDL binding is reduced up to 95%, 



with the deletion of any one of the remaining six repeats, whereas P-VLDL binding. 

which is mediated alrnost exclusively through apoE, is reduced by 50% with the deletion 

of the fifth repeat. but is relatively insensitive to the loss of any of the other repeats. A 

n a t d l y  occuming variant of the LDLr, which involves the loss of both the first and 

second repeats, results in normal binding to P-VLDL, however, binding to LDL is 

reduced by 29% (Esser, V., et al. 1988; Russell, D.W.. et al. 1989). The LDLr may. 

therefore, use a combination of repeats two to seven in order to bind LDL whereas, the 

use of repeat five is suficient in order to bind apoEcontaining lipoproteins. Other 

i nterpretations of the these mutagenesi s studies are, however, possible. The more 

stringent requirement for LDL versus P-VLDL binding by the receptor, creates a situation 

where an Ri individual with an exon deletion in the receptor-binding domain may have a 

selective inability to remove LDL but not VLDL (or IDL) from the circulation (Goldstein, 

J.L., el al. 1985). 

Exons 7 to 14 of the LDLr encode the 400-amino acid rpidermal gowth factor 

(EGF) precunor homology domain, thus termed due to its 33 % resemblance to a portion 

of the EGF precursor. This region includes three growth factor repeats. which consist of 

40-amino acid cysteine-rich sequences that differ fiom the cysteine-rich repeats found in 

the ligand binding domain. The two fint growth factor repeats are contiguou and are 

separated fiom the third repeat by a stretch of 280-amino acids that contains five copies 

of a conserved Tyr-Trg Thr- Asp (YWTD) motif, that is repeated once every 40 to 60 

arnino acids. The EGF precursor homology domain is required for aciddependent 

dissociation of li poproteins from the receptor in endosornes during receptor recycling. 



Presumably, it dso serves to position the ligand-binding domain so that it can bind to 

LDL on the cell surface. This domain is known to be calcium dependent for its proper 

folding, and physiological function (Downing, A., et al. 1996). Mutant foms of the 

receptor which lose the capacity to bind calcium in this domain, are incapable of 

interacting with LDL, and lead to an FH phenotype. 

Exon 15 encodes a segment comprised of 58 amino acids rich in sennes and 

thremines, many of which serve as sites of attachment for O-linked cahhydrate chains. 

While this domain of the LDLr is not essential for internalization of LDL by cultured 

fibroblasts, deletion of this exon in two families did lead to a heterozygous Ri 

phenotype, indicating a possible role for this domain in the function of the receptor 

within the liver. It has been postulated that extensive glycosylation at this site may 

permit interactions with the cell surface h e v n  proteoglycans to keep the LDLr 

extended from the surface of the cell, and accessible to circulating plasma lipproteins 

(Goldstein, J.L., er al. 1985) 

Exons 16 and the 5' end of exon 17 encode the residues of the membrane- 

spanning domain which consists of 22 hydrophobie amino acids. The remainder of exon 

17 as well as the 5' end of exon 18 code for the remaining 50 amino acids that 

correspond to the intracellular or cytoplasmic domain. This domain is divided into two 

functional halves; one of which directs the receptor to the clathrin coated pits and the 

second which targets the receptor to the sinusoidal surface of the polarized hepatocytes. 

The remainder of exon 18 encodes a 2.6 Kb 3' untranslated region. 



2.4 Regulation of the numbers of LDL-r on ceIl surfaces 

The active promoter of the LDLr is composed of a 200 bp segment located 

immediately upstream of the initiator methionine codon. This 5' flanking region 

contains most, if not all, of the necessary cis-acting DNA sequences responsible for the 

sterol-regulated expression of the gene in mammalian cells. Three imperfect direct 

repeats consisting of 16 bp each, two A / T-rich sequences and a cluster of mRNA 

initiation sites, al1 fùnction in the regulated transcription of ths gene. Two of the direct 

repeats, repeats 1 and 3, interact wiîh the positive transcription factor Spl.  However 

these sequences by themselves are not suffcient to provide high level transcription. The 

second direct repeat, which contains the conditional-positive sterol regulator element one 

or "SRE-I", is needed in addition to the Spl sites in order to give rise to high levels of 

transcription (Sudhof, T.C. et al. 1 987). 

The S E - 1  element is  a 10 bp sequence that is also found in the promoter of the 

enzyme HMG-CoA synthase which is known to be regulated by sterols, and in the 

promoters of many other biosynthetic enzymes responsible for the synthesis of cellular 

lipids. M e n  cells are grown in the absence of sterols, the SRE-1 synergizes with the Spl 

site in promoting the transcription of the LDLr, an activity it loses upon the accumulation 

of sterols. In a yet undetermined way, a family of intracellular proteins, of which there 

exist two closely related forms in addition to some splice variants. temed the SREBP-1 

and 2, or S E  binding proteins, act as intracellular sterol gauges. The SREBP-2 is by far 

the best characterized form of ths group of transcription factors, and to date a11 other 

fonns are believed to act with a certain amount of redundancy. One of the two splice 



variants originating fiom SREBP-2, termed ADD-1, is produced by pre-adipocytes which 

are actively engageci in differentiating into maNe adipocytes. Presurnably, ADD-I 

activates the transcription of certain genes i nvolved in li pid metabolism wi t h n  mature 

adipocytes (Goldstein, J.L. et al. 1995). 

In situations of cellular cholesterol abundance. SREBP-2 is asmiated with the 

membrane of the nuclear envelope and endoplasmic reticulurn, through two 

trammembrane domains. and exists as a looped stmcture directed to the cytoplasm. 

Upon cholesterol deprivation, both transmembrane domains becorne the substrate for 

proteolytic cleavage by two specific innacellular proteases. The proteases are known to 

act in an ordered sequence, with the hydrolytic activity of the one responsible for the 

initial cut being smctly regulated by the presence of cholesterol (Duncan, E.A., et al. 

1997). The SREBPs are memben of the basic-helix-loophelix-leucine zipper (bHLH- 

ZIP) family of transcription factors. Members of this fmily are known to bind DNA 

either as homodimers or heterodirnen. DNA binding is  mediated by the basic region, 

and dimerkation is mediated by the helix-loophelix and leucine Bpper structures. 

The released NH2-terminal fragment of SREBP-2, which contains a nuclear 

localization signal, then transits across the nuclear membrane and associates with SRE-1 

through its bHLH-ZIF domain, giving rise to greatly enhanced promoter activity. The 

SREBP-I and SREBP-2 are unlike al1 other members of bHLH-ZIP family in two 

important ways. Fint they are much larger, consisting of 1 147 and 1 141 amino acids 

mpectively, compared to the 160-536 amino acids for other memben of the family. 



Secondly they do not recognize palindromic sequences, but rather the SRE-1 sequence 

elernent whch contains the direct repeat of CAC (5'-TCACCCCAC-3'). 

2.5 LDL-Receptor mutations causing Familial 

Hypercholesterolemia 

Brown and Goldstein, have, over the years, assembleci a collection of cultured 

fibroblasts of some 157 unrelated FH homoygous and 13 Ri heterozygous patients in 

their laboratory, at the University of Texas South-Western Medical Center. These ceIl 

strains are designated the Dallas collection. Approximately 4 1 % of the FH homozygotes 

in this collection are tme homozygotes as detexmined by haplotype mapping as well as by 

mutational analysis. The remaining FH homozygotes are wmpound heterozygotes, 

having inhented two di fferent non-fimctional al leles. Since the same mutation has rare1 y 

been identified in unrelated individuals, the Dallas collection contains some 190 different 

mutant alleles of the LDLr. However in certain ethnic populations, a specific mutant 

allele of the LDLr has achieved a high fiequency through a founder effect Examples of 

this occurrence include the French Canadians, Afikaners. Lithuanian Jews, Fimish, and 

Christian Lebanese. 

Molecular analysis of 127 LDLr genes has b e n  very informative with respect to 

the function of the various domains of the protein in relation to its structure. In fact, al1 

of the hown mutant alleles can today be subdivided into five classes that were 

determined by the functional behavior of the mutant recepton (Figure 1-13). Class 1 

alleles fait to produce an immunoprecipitable protein (nul1 alleles). Class 2 alleles are 



produced but an not transported to the ce11 sufface. Presunably there is a problem with 

the intracellular folding of  these alleles and they are simply raained within the ce11 and 

dtimately degraded. Class 3 mutants are expressed on the ce11 s d a c e  but are incapable 

of interacting with their apolipoprotein ligands. As stated previously. the binding 

properties of the receptor are conveyed by the collective mperation of the cysteine-rich 

sequences that comprise the ligand-buiding domain. Class 4 mutants fail to cluster 

withn ciathrin cuated pits. and hence are unable to modiate the endocytosis of bound 

lipoproteins. Finally, class 5 mutant recepton fuction nomally in their intemalkation 

of bound LDL, but fail to undergo pHdependent dissociation fiorn the ligand anci, as a 

consequence, are not recycled. 

This figure depicis Ibe fh dagg of LDLr ~ O C U  tha! lad to W. C h  I mutants fül to be 
~ w h ~ ~ t w o n n i t m u f ü l t o k t r a r i f p o ~ t o t h e d a i r f . c c .  Ciass3.4and5a1uumts 
r n ~ i n d t r a a s p o r t a d t o t h e a i m o e . k t t a c h o n e ~ U i w ~ i e a n y t o A i n a i o n ~ q u a t d y L i t h e  
rcceptorcyck. C L s r 3 i a u u n u n i l t o b g d L D L . w h e r a r d u s 4 ~ b m d L D L b u t d o w t d u ~ a i m o  
cortedpiuradarciiotintanaliEed. Fii.dass5rnuuntrbindudintaniilizeLDL. but hiltor&yde( 
adsptd Emm GoIdstch, J.L, et d. 1 995). 



Section 3 

Atherosclerosis 

- -. - 

Much of this section has been written with the extensive use of the following volumes as 

a source of reference: 

-Molecular Genetics of Coronary Artery Disease 1 992. 

-Atherosclerosis Reviews volume 25 1993. 

-Atherosclerosis X {International Congres Series) 1994 

3.1 The Etiology of Atherosclerosis 

Atherosclerosis is a disease of the vascular system, which is known to arise due to 

multifactorial interactive events withn this tissue. and whose pathobiology is, as yet, 

poorly defined. The disease culminates in the obstruction of blood flow, resulting in 

ensuing cellular anoxia and death. The pathology is recognized as the progressive growth 

of an "atheroxlerotic plaque" which occurs in the ana located between the endothelial 

ce11 layer and the intemal elastic lamina, called the intima1 space or "intima" . It has 

been well established that, within the vasculature, then are certain sites which are more 

inclined to plaque deveiopment, and such locations have been termed "sites of 

predilection" (Feldman D.L., et al. 1984; Stary, H.C., 1987) that include the coronary 



arteries as well as the large artenal branches of the aorta. The consequences of 

premature atherosclerosis, in m c u l a r  my ocardial infuctions, CO llectivel y serve to place 

this disorder as the most important cause of mortality in industrialized nations. 

3.2 The Evolution of an Atherosclerotic Plaque 

The actual physical composition of an atherogenic plaque is not at al1 well 

definined in tems of ultrastxuchire. Morphologically, a plaque appears to result from the 

conversion of a faîty streak, made of dysfunctional macrophages, into a fibrous plaque 

composed of various cell types (Jonasson, L., et al. 1986), cellular debris which may 

origmate from necrosis, and chemically inert deposits formed mostly of crystallized 

cholesterol. The elucidation of certain, well established physiological rnechamsms 

which lead to the initiation and progression of an atherosclerotic plaque, have served to 

stimulate research related to the possible reversal of the disease and to the physiology of 

plaque regression. 

3.3 The Fatty Streak 

The incipient event now accepted as the ongin of an atherosclerotic plaque, is the 

fatty streak which is composed of tiny aglomerations of lipid layden smooth muscle cells 

and leukocytes within the intima which have been called foam cells. Such macrocellular 

agglomerations develop spontaneously in healthy experimental animais whch are fed 

cholesterol-rich d i a ,  and in animal models of human disorders of lipid metabolisrn 

(Rosenfeld, L., et al 1989). In facf autopsies performed an noncardiovascular related 



infant deaths reveal that, within the human populatioh the development of such lesions 

early in li fe is quite m u e n t  and, by and large is considered normal (Stary, H. C., 1987). 

3.4 The Endothelium 

The entire imer surface of the rnammalian vasculatwe is covered by a 

wntinuous, unicellular layer of endotheliai cells. The variability in the cellular 

permeability of the endothelium, is a function of the inducible ceIl surface expression of 

integnn and selectin counterrecepton, which serve to anchor leukocytes to the 

endothelium, and allow their entry, which occurs through transendothelial cell migration 

(McEver, R.P., 1993). As will be presented below, the entry of phagocytic cells into 

intima1 spaces of the vasculamire, fonns the basis of the modem concepts of lipoprotein- 

derived atherogenesis. 

3 -5 Response to Injury Model 

For almost 150 years, investigaton have known that physical or chernical injury 

to the endotbeliurn can lead to the formation of vascular lesions. The "response to 

injury" model, which describes the genesis and evolution of aîherosclerotic lesions 

within the vascuiaîure, was fint elaborated by Russell Ross and his colleagws at the 

University of Washington (Ross, R., 1986). The underlying initiator of an atherogenic 

event, as defined through this theory, is physical damage to the vascular endothelium. 

Ce11 culture experiments have demonstrated that high levels of plasma LDL, oxidized 

LDL, as well as certain idlamatory cytokines, c m  cause either direct toxicity (Steinberg, 



D., 1997). stimulation of endothelial cells, or act as chemoattractants for circulating 

monocytes (Cushing, S.D., et al. 1990). In response, endothelial cells upregulate the 

expression of a certain class of ce11 adhesion molecules (McEver, R.P.. 1993). that have 

an irnmunoglobulin-like structure, and serve as counter-receptors for leukocyte integnn 

and seiectin molecuies. 

The vascdar ce11 adhesion molecule- 1 or VCAM- 1, rapidly accumulates on 

endothelial ce11 sdaces upon sttmulation with cytokines, and has been show to be 

expressed on endothelial sudaces at sites of atheromas (Cybulsky, M.I., and Gimbome, 

M.A., 1991). The presence of this integrin receptor has been suggested to play a role in 

the pathologie recniitment of monocytes which, as will be described in section 3.3, are 

directly implicated in the oxidative modification of LDL. and which consequently lead to 

foam ce1 1 development. 

3.6 Lipoprotein Derived Atherosclerosis 

Of the various classes and types of plasma lipoproteins, LDL is the most 

atherogenic. Seemingly, the atherogenicity of lipoproteins stems directly from their 

uncontrolled cellular uptake, through a class of ce11 surface receptors temed "scavanger 

recepton" present on activated macrophages and smooth muscle cells (KreigerN., and 

Herz, J., 1994) whose normal physiological role is thought to be in non-adaptwe 

imrnunity. These scavenger receptors can recognize chernically rnodified LDL but not 

native LDL (Goldstcin, J.L, et al. 1995). While much of the LDL within the intima is 



believed to be cleared nornally through LDL receptor-mediated uptake by resident 

macrophages and smooth muscle cells, in pathological situations, LDL can be chernically 

modified by oxidative processes within the intima and thus becorne a ligand for the 

scavenger receptor. Other ceIl surface recepton that can intemalite lipoproteins in an 

uncontrolled way, including TG-rich lipoproteins, could also be implicated (Bradley, 

W.A., and Gianturco, S.H. ( 1994); Rarnprasad, M.P.. et al. 1995; Gyton, J.R., 1995). 

In response to endothelial injury, which may in fact be due to excessive plasma 

cholesterol, circulating monocytes adhere to the wounded endothelial area and infiltrate 

the intima. Once w i h n  this anatomical location, the monocytes can differentiate into 

activated macrophages, which in tum are known to generate and release oxidative 

intermediates, such as superoxide ions. It is these oxidative intermediates which are then 

believed to chemically modi@ both the protein and lipid cornponents of the LDL which 

transfomis it from a ligand for the LDLr to one for the scavenger receptor. As described 

in section 3.2, the progressive accumulation of lipid-laiden macrophages and smooth 

muscle cells within the intima, lead to the formation of fatty streaks. Progression of fatty 

streaks to atheroscleroûc lesions is a function of the individual's lipid profile, and 

particluarly, circulating LDL levels. 
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Figure 1-14 Atherosckmis devdopment 

As shown by the figure. miny factors appear to contribute to the occhsion of an May. Endotheliai tissue 
damage, which may resuit h m  various carisa, Qivcs rise to rcactive chernical substances which nipidly 
modiQ circulating LDL. The LDL. in tum. mter into the intimai space of the vasculantre. The modifiecl 
LDL act as chemoattractants to bW-borne circulating monocytes, which infiltrate the intima, and actively 
dear the rnodified LDL lipoprotcins, through a non-rcgulated rrccptor-mediated process. The a w i v e  
uptake of sich Lipoproturis, evcntually cause the macrophages to b m e  dysfunctiod 'Yoam cells" which 
accumulate and collcctivdy serve to gmaate  a component of  the occlusion. ûther componmts of the 
atherorlerotic plaque include. crystaiized cholesterol libaated h m  necrotic foarn ccils. and various fomu 
of lymphocytes (adapttd tiom Ross, R., 1986). 



Section 4 

Apolipoprotein E 

The three general references cited below were used extensively to describe the 

structural and h c t i o n a l  relationships of hwan apolipoprotein E. 

-Weisgraber, K.H., 1994. 

- Mahley, R.W.. 1988. 

- Mahley, R.W. and Rall, S.C., 1995 

4.1 Human Apolipoprotein E 

Apo E, fint discribeci by Shore and Shore in 1973 (Shore, V.G., and Shore, B., 

1973) as the arginine-rich plasma protein of VLDL, is the best understood apolipoprotein 

in terms of structure as well as function. The 3.7 kilobase apoE gene is located on 

human chromosome 19, and is cornposed of 4 exons separateci by three introns (Das, 

H.K., et al. 1985; Paik, Y.K., et al. 1985). The apoE gene lies in close proximity to the 

genes encoding the C apolipoproteins. in facf based on nucleotide homology and 



similiarities in the intron-exon organization. the genes encoding apoE the apoCs and the 

A apolipoproteins appear to constitute a multigene farnily that has arisen fTom a cornmon 

ancestral gene through gene duplicative events. Memben of the apolipoprotein gene 

farnily have, in cornmon. the amphipathic alpha-helix as part of their secondary structure, 

a property that is essential for their ability to revenably associate with lipoprotein 

particles (Segrest, J.P., et al. 1994). 

The transcription of the apoE gene is dnven by at least two enhancer elements, 

one of which is located intracistronically and seems to be active in al1 tissues expressing 

the protein, and by a second one whch functions solely in liver parenchymal ceIl and is 

located some 13 kbs 3' of the gene, and which du, controls the expression of apoC-1 

(Simonet, W.S., et al. 1993). The major site of apoE expression is in the liver, followed 

by the brain, where it is produced mostly by astrocytes (Pitas, R.E., et al. 1987). Since 

the blood-brain bamer prevents any infusion of plasma lipoproteins. apoE produced by 

astrocytes is postulateci to take part in lipid distribution within the CNS (Mahley, R.W., 

1988). Recently, it has been demonstrated that apoE directly participates in nerve 

regeneration, presumably through local lipid delivery to celis in need of cellular 

membrane ceconstruction (Mahley, R. W., and Rall, S.C., 1995). In addition to liver cells. 

which secrete almost 90% of the total plasma apoE, macrophages are known to be 

capable of producing large quantities of apoE within the intentitial spaces of various 

organs. in facf most of the apoE present withn the remaining organs of the body is 

thought to originate from infiltrating macrophages (Basu, S.K., et al. 1981, 1982). The 

presence of apoE, bath within the circulation as well as withm interstitial spaces, dlows 



it to readily associate with mgiyceride-rich remnant lipopoteins. As previously 

mentioned, lipoprotein-bound apoE facilitates their metabolic conversion to remnant 

lipoproteins, as well as their uplake via ce11 s d a c e  recepton, through the interaction 

with ceil surface recepton and proteoglycans. 

The mature messenger RNA encoding apoE is translateci into a 317 amino acid 

secreted pro-protein which is post translationally cleaved at the amino terminus, releasing 

an 18 mino acid signal sequerice. While apoE can be glycosylated on threonine 194, it 

is now believed that only a subset of cells actualiy secrete apoE as a glywprotein. This 

glycosylation imparts size and electrophoretic heterogeneity that has no obvious 

physiological consequences. Human apoE is a 34 kDa protein that exists as three 

common isofoms withn alrnom al1 ethnic populations. The isofotms are encoded by 

three separate and cwxpressed alleles termed d, €3 and €4, which occur with an 

approximate fkquency of 10, 70 and 20% fnquency, respectively, within the general 

population. 

The polymorphisms which occur at residues 112 and 158, that are resolvable by 

isoelectnc focusing (Zannis, V.I., and Bmlow, J.L., 198 1 ; Menzel, H.L., and Uttemiam, 

G., 1986). consist of cysteine and arginine interchanges (Weispkr ,  K.H., et 01. 198 1 ). 

The most cornmon isoform, apoE3, has a cysteine at position 112 and an arginine at 

position 158. As show in figure IV-15, apoE3 migrates between the the two other forms 

on an isoelectricfocusing gel, with apoE2 (cysl ", king  closest to the anode, and 

apE4 (hg1 12, Arg lS8) migrating closest to the cathode. 



This figure prcsents the cornmon 
fonns of human apoE, as rmlved 
t hrough isoelcctric focusing . 
ApoE2 containin8 two cystanes at 
the polymorphic sites. is the most 
acidic of the kforms. ApoE4 
which contauis two argininw at the 
polymorphic sites is the most basic, 
and thus migrates closer to the 
cathode. ApoE3 which has a 
cystcine at position 158 and an 
arginine 8t position 1 12 has an 
isoeldc point intermediate 
bctwccn those of apoE2 and apoE4. 
AU t h r u  major isoforms afso show 
elcctrophorctic haerogtrreity due to 
sialyfated fonns of the protans 
(adapted fiom Wasgrabcr. K. H..  
1 994). 

ApoE polymorphisms influence; apoE-mediated binding to ce11 surface recepton 

and proteogl ycans, post prandial lipemia, apoE distribution in li poprotein subhctions 

and plasma lipid levels. In addition to its established roies in lipoprotein metabolism, 

apoE is known to be irnplicated in other, apparently unrelateci, physiological events. The 

inheritance of the €4 allele has recently been shown to be highly associated with 

susceptibility to the development of the late onset form of Alzheimer's disease 

(Strittmatter. W.J., et al. 1993). The mechanisin for this association has not been 

determined but could involve apoE isofonn-specific differences in the interactions of 

apoE with either the p-amyloid pepide or with microtubule-associated proteins within 

neurons, in apoE-mediated modulation of neuronal outgrowth or in the ability of apoE to 

scavenge oxidative Free radicals (Higgins,G.A., et al. 1997). A role for apoE has also 

been proposai within the immune-system. ApoE-containing lipoproteins, as well as 



peptide fragments of apoE cm modulate lymphocyte activation by inducing lymphocytes 

to be resistant to proliferation (Curtiss and Edington 1976, 1978; Hui et al. 19804b; Pepe 

and C d s s  1986). The mode in which apoE acts as an immunoregulator is not fully 

known, but seems to involve a low uflnity ce11 surface receptor distinct from the LDLr. 

Finally, apoE is king recognized as a protein with a specific role in the blood 

coagulation process, acting as an inhibitor of platelet aggregation through the L- 

argmine:nitric oxide pathway (Riddel, D.R., et al. 1997). 

The biphasic denahiration c w e s  recorded by circular dicroism in chernical 

denaturation experiments, have indicatbd that apoE is made up of two independantly 

folded domains. The first transition is typical of many of the plasma apolipoproteins 

which have quite low energies of stabilization, whereas the second transition more 

closely resembles that of stable globular proteins (Weîteray J.R.. et al. 1988). Limited 

proteolytic digestion of apoE with the enzyme thrombin, which cleaves at residues 199 

and 215 (Innerarity, T.L., et al. 1983). yields two fragments which respectively possess 

the same two free energies of stabilization that are seen for the entire protein (Wctterau, 

J.R. et al. 1988). The amino terminal 22 kDa has the themodynarnic stability of a 

globuiar protein, whereas the carboxy terminal 10 D a  fragment has that of a typical 

apolipoprotein. Finally, the two structural domains have been shown to also represent 

fllnctional domains (Aggerbeck, L.P., et al 1988). 



The 22kDa fiangrnent exhibits low affinity for lipids but includes the midues 

responsible for interaction with the LDLr and with heparin. The C-terminal 10 kDa 

fragment, on the other hanâ, has high afinity for lipids but is unreactive with ce11 sudace 

receptors. In solution, apoE self-associates as a tetramer, a property that is imparted by 

the C-terminal domain which is postulateci to be composeci of many small amphipathic 

a-helices, a structure that is also observed in many other exchangeble apolipoproteins. 

This multi-helix structure is most likely responsible for apoE's revenible association 

with lipoproteins (Segrest, J.P.. et al. 1994). 

Although these two domains appear to exist as separate moieties in solution, and 

have distinct functional roles in lipoprotein metabolism. there is increasing evidence for 

molecular mperation between these two domains on the surface of li poproteins 

(Imerarity, T.L., et ai. 1984; Weisgraber, K.H., 1994). For example, while the carboxy- 

terminal domain is primarily responsible for interaction of apoE with lipoprotein 

surfaces, the substitution of  ~r~~~~ by Cys within the amino terminal domain in human 

apoE alters the lipoprotein class distribution of apoE (Weisgraber, K.H., 1990). In fact, a 

positively charged residue at position 112 has been show to enhance apoE affinity for 

TG-rich lipoproteins. Structural analysis has shown that the presence of an arginine 

residue at position 112 of apoE4 causes a change in the orientation of the kg6' side 

chah when compareci to that in apoE3. This change of conformation of kg6' prevents it 

fiom fomiing a natural salt-bridge with ~ 1 8 ~  in the carbaxyl terminal domain, (Dong, 

L.M., et al. 1996 , Dong, L.M., and Weisgraber, K-H., 19%). The loss of this natural 

salt-bridge is responsible for the li poprotein distri bution preference between apoE3 and 



apoE4 and, as a consequence, individuals homozygous for the E4 allele cany most of 

their apoE on VLDL and chylomicron remnants, whereas, the apoE in individuais who 

have not inherited an €4 altele, preferentially distribute to HDL. While this finding 

clearly demonstrates the biological importance of domain interactions in apoE, there may 

also be clinical implications. The apoE enrichment of TG-rich remnants in apoE4 

individuals may promote their hepatic uptake that could subsequently lead to down- 

regdation of the LDLr in hepatocytes. Inheritance of the ~4 allele has ken associateci 

with increased plasma cholesterol levels and, in some studies, increased risk of 

cardi ovasc ular di sease . 

4.3 Three dimensional structure of the 22 kDa fragment 

The structure of the 22 kDa amino terminal dornain of al1 three cornmon apoE 

isoforms, as well as a recombinant apoE2 receptor-cornpetent fom, have recently been 

solved at the atomic level (Wilson, C., et al. 199 1; Dong, L.M., et al. 1997). X-ray 

crystallographic analysis of this domain has established the spatial arrangement of at 

least 80% of the residues. The data revealed that this domain indeed resembled a stable 

globular protein, in king made-up of five helices. four of which are packed as a tight 

bundle, as shown in figure IV-16. These four unusually long helices, consisting of 19, 

28, 36, and 35 arnino acids, were fond ta be arranged in an antiparallel faduon. This 

mode of helix packing allows for hydrophobie association amongst neighboring helices, 

through leucine zipper-type interactions and are, in part, responsible for the strong 

thermodynamic stability of this domain. 



Helix 1 

Figure 1-16 The < h m  dimensionil structure o i  tbt 22 kDa fr igmta~ ofapoE. 

Ribbon model of the structure of the 22 kDa fragment of human apoE3. Four of the five helices (helices I - 
4) are arranged in an antiparallel faur helix bundle. The four-helix bundle can be viewed as a rectangle. with 
approximate dimensions of 20 x 20 x 65 A. The receptor-binding region of apoE (- residues 130- 150) is 
indicated on helix 4 (adapted from Weisgraber. K. H.. 1 994). 

Of the 199 arnino acids which make up the 22 kDa fragment of apoE, more than 

one third consist of charged residues. The crystal structure includes atomic coordinates 

for 24 basic and 24 acidic residues. The side chahs of these charged residues are solvent 

exposed and most participate in intramolecular salt btidges. Half of the intramolecular 

salt bridges are intra-heiical whereas the remainder are formed between residues on 

neighbonng helices. Together with the hydrophobie interactions dixussed above, these 



numerous strong elecîrostatic interactions between the helices of the bundle contribute to 

the high free energy of stabiiization observed for this domain ( Wetterau, J., et al. 1988). 

The residues implicated in LDL receptor binding reside on the fourth helix and 

are exposed to solvent. The side chains of these amino acids, located between residues 

136 and 150, are not implicated in any electrostatic interactions, and fotm a large area of 

positive potential on an electrostatic potential map, that extends some 15 angstroms off 

the surface of the protein. As mentioned earlier, the positively charged side chains of 

these arginine, lysine and histidine residues, may d l  take an active part in interacting 

with the negatively charged residues present in the consensus sequence repeats found in 

the ligand binding domain of the LDL receptor. Indeed. early selective chernical 

modification experiments made on apoE, demonstrated that lysyl and argmyl residues 

were important in the interaction of apoE with the LDL receptor (Mahley, R.L., et ai. 

1977; Weisgraber, K.H., et al. 1978). Uany  naturally occuring mutant forms of apoE, as 

well as variants generated by sitedirected modifications in which basic residues within 

the receptor binding site have been r ep lad  by neutrai or acidic residues, are defective in 

binding to the LDL receptor. The fact that no single replacement results in complete loss 

of receptor-binding capability, irnplies that there may be cwperative interactions 

between these basic residues and the acidic midues withn the cysteine rich repeats of 

the ligand binding domain of the LDL receptor (Mahiey, R.L., et al. 1988; Brown, M.S., 

and Goldstein, J.  L., 1 986). 



4.4 Mechanisms of ApoE 1 LDL-Receptor interaction 

ApoE3 and apoE4 are receptor competent only when associated with lipid 

(Inneianty, T.L., et al 1979). The modification of apoE tertiary structure, brought about 

by its association with lipid, is thought to expose an epitope that is absent in the lipid-fke 

state (Weisgraber, K.H., 1992). In fact, it is believed thaf even on the surface of 

circulating lipoproteins, there are actuslly two functional foms of apoE, receptor 

activdinactive. These two a p E  conformational States di ffer in their respective 

susceptibility to thrombolytic digestion (Bradley, W.A.. e! al. 1984). It has been 

postdateci that, as apoE is initially acquired by large TG-nch lipoproteins within the 

circulation, it exists as a receptor incompetent form and cm mediate binding only after 

the partde undergoes intravascular remodeling. The loss of sdace-bound apo CIII has 

been correlated witb increased apoE-mediated binding to lipoprotein receptors, 

suggesting that ap0CiI3 might act as a steric inhibitor of apoE in tems of receptor 

binding (Shelburne, F., et of. 1980; Windler, E., et al. 1980; Da Silva et al. 1996). In 

addition, the particle diameter and / or lipid composition may modulate apoE 

conformation and apoE may bewme receptor-comptent only afier the TG-nch 

lipoprotein has b e n  subjected to the action of intravascular lipases and lipid transfer 

proteins (Weisgraber, K.H., 1994). 

ApoE2 differs fiom wild-type apoE3 by having an arginine to cysteine 

substitution at position 158. This residue lies outside the receptor binding region, which 

has been daemiined to be made-up of residues 136-1 50 (Weisgaôer, K.H., et al. 1994). 

Within the receptor binding site on the fourth helix of the four helix bundle, al1 of the 



positively charged residues are found to have their side chains exposed to the solvent and 

thus free to interact with the ligand-binding domain of the LDL receptor. Since MgtsR 

lies outside of the receptor binding site, its contribution to the receptor interaction has 

been thought to be indirect (Innerarity, T.L. et al. 1984, Wilson, C., et a/. 1994). 

Recently it has been shown that the replacement of ~ r ~ ' ' '  by cysteine, as occun 

in apoE2, dismpts salt bridges which normdly exist between ~ r ~ ~ ~ ~ .  A S P ' ~  and ~ l n ?  

As a consequence, in apoE2,  AS^'^ finds a new salt bridge partner in i b g l W ,  which 

causes the side chain of kg lm to shifl out of the receptor binding region, which gives 

rise to a molecule with low afinity for the LDLr (Wilson, C., et al. 1994, Dong, L.M., et 

a/ .  1997). 

Figure 1 - 17 Corn prriron bctwetii the rpoE2 and E3 itnicturcr. 

Salt bridges in the 22-lcDa fhgment of apolipopmtcin E3 and E2. In apoE3. Arg 1 58 fonns a dt bridge (-) 
with Glu% and Aspl 54. in apoU thc los  of ArglS8 d t s  in the formation of a sait bridge bctwm 
Aspl 54 and Argl 50. Argl 50 swings out of the basic dusta of  side c h a h  in the rseptor domain to fom 
thci bond (adaptad b r n  Weisgrabcr. K.H., 1994). 

To test the hypothesis that the A S ~ ' " - A ~ ~ ' ~  salt bridge is responsible for receptor 

incornpetence of apoE2, this salt bridge was disrupted in apoE2 by mutating AsplY to an 



alanine. This replacement increased the tecepor binding activity of apoE2 to 8û% of 

normal binding activity which suggested that the disruption of the salt 

bridge allowed the arglW side chain to return to the receptor binding region. The crystal 

structure of the apoE A I ~ ' " C ~ S ' ~ ~  variant confirmeci that both the backbone structure and 

the orientation of the k g l m  side chain were essentially identical to those of apoE3 

(Figure 1-17). In both proteins. the k g l m  side chah points in a similar direction, away 

from the site of residue 154. While there are examples in the literature that exempli@ 

the functional importance of sait bridges within proteins. the case of apoE2 is unique in 

that the loss of one sdt bridge promotes the formation of a new salt bridge which, in tum, 

is responsible for the defective behavior of the isoform. 

The ability of a p E 2  to bind to cell surface recepton can be highly variable. 

ApoE2 incorporateci into discoidal DMPC vesicles is invariably defective, while the 

binding capabilities of apoE2 on spherical lipoproteins cm Vary h m  defective to near 

normal, depending on the lipid composition of the lipoprotein (Innerarity, TL., et ai. 

1979 and 1986). This variability in binding activities has been suggested to account for 

the fact that, although apoE2 is associateci with type III dyslipoproteinenia, 

homozygosity as well as additional genetic and environmental factors are netded in order 

for an individual to express the full blown disorder. Factors that predispose homozygous 

apoE2 individuals to type UI dyslipoproteinemia, such as high-fat diets and obesity, may 

alter the lipid composition of lipoproteins and thereby affect the conformation of apoE, 

and its susceptibility to form an A ~ ~ ' ' ~ - A s ~ ' "  salt bridge (Tnnemity, T.L., et of. 1986). 



Section 5 

The Antibody 

Much of the materiai covered in this section has been referenced from the 

following texbooks of immunology: 

-Immunoglobulin Genes, 1995. 

5.1 Introduction 

The antibody was discovered in 1890 by Von Behnng and Kitasato when they 

showed that the S e m  of mimals immunized with bacterial toxins wuld passively 

protect a second naive animal from a lethal dose of the same pathogen (Von Behring, 

E.A., and Kitasato, S., 1890). Bordet subsequently demonstrated that an immune 

mponse could not ody be mounted against infectious orgmisms, but specific antibodies 

wuld also be elicited by injection of non-pathogenic material and, as was later shown, 

even synthetic molecules not found in nature. The analytical study of the antibody 

molecule was begun as early as 1907, when Arrhenius coined the tenn 



"imunochemis~"  and published a series of lectures entitled, imrnunochemistry: The 

application of the principles of Physical Chemistry to the Study of the Biological 

Antibodies (Arrhenius, S., 1907). This publication rnarked the initiation of the 

mathematical study of antibody-antigen complex formation. The investigation of 

antibody recognition however, tmly began in the late 1930's, largely through the efforts 

of Dr. Karl Landsteiner who elucidated many of the fundamental principles of 

imrnunochemistry using molecular approaches (Landsteiner, K., 1945). He demonstrated 

the exquisite sensitivity of the antibody-antigen interaction and predicted that this 

specificity reflected shape and chernical complernentanty between antigen and antibody. 

This prediction was confirmai some fi@ y e a n  later with the first determinations of the 

tertiary structure of antigen-antibody complexes. 

The mynad of foreign molecular structures that can elicit a humoral immune response 

and be specifically recognized by antibodies makes the immunoglobulins the most 

divenified famiiy of proteins in the organism. To generate this extreme diversity. a 

sophisticated mechanisrn of gene assembly and somatic mutation has evolved. Although 

such a process capable of creating molecules with a wide specûum of binding 

speci ficities may provide effective protection against i nfecnious agents, i t also introduces 

the risk of generating antibodies capable of reacting with self molecules leading to 

automimmune disease. As a consequeme. immunological tolerance, a product that CO- 

evolved with adaptive imrnunity, normally ensures that immune responses are limited to 

foreign antigens. 



5.2 Antibody Structure (IgG) 

An antibody consists of two or more cysteine-linked identical heterodimm. Each 

individual heterodimer is composod of a light chain composeci of 2 10-220 amino acids, 

and a heavy chain composed of 440450 amino acids. They are assembled and generated 

within a single ce11 type, the B lymphocyte. Both the light and the heavy chains are 

composed of independently folded domains of approximately 1 1 0 amino acids. These 

domains are encoded separatcly, within the imrnunogiobulin gene locus. 

Fab 

CDR 1 

'Ihis figure iilusaat*, the structure of an antibody. An IgG is composed of two identical heavy c h a h  and 
two light chains. The heavy chains am composa! of one variable and t h  constant domaim. The light 
chaias arc composcd of one variable Md one constant domain T& variable domaino arc compod  thra 
hyp~variablc rcgjons or CD% which w t m  observeci in the thrrc dimcnsiooal structure of an Fab 
molecule, join on the surfimce of the molecule. The collective surfàcc gcncmtcd by the joining of the six 
CDRs forms the antigcn binâing site or tbe antibody parabpc (adaptai h m  Fundamental ImmunoIogy, 
1988). 



The tertiary structure of the domains is the socallecl immunoglobulin fold (Figure 1-18), 

a comrnon structural motif that is shared by many other proteins and is often associated 

with recognition processes. 

The immunoglobulin fold is best described as two antiparallel fbsheets packed 

tightly against each other forming a compressed P-banel. Both the variable as well as 

the constant regions adopt this folding pattern, albeit with varyng numben of p-strands 

within the sheets. A constant dornain forms a P-barre1 using two antiparallel B-sheets 

containing 3 and 4 P-strands, respectively, whereas variable domains of both light and 

heavy chains, fold into a f3-barre1 using two antiparallel f3-sheets containing 5 and 4 B- 

strands, respectively. The pattern of folding adopted by the immunoglobulin molecule, 

allows for this class of proteins to expose a hi& number of amphpathic as well as 

hydrophobic residues to the aqueous solvent, whch would othenvise tend to bury 

themselves within the protein interior (Padan, E., 1994). 

Within the primary sequence of both light and heavy chain variable domains, 

there are three short sequences, originally called hypervariable regons, now called 

cornpiementaritydetermining regions (CDRs), that differ greatly from one antibody to 

another. The intervening sequences between CDRs, that show much less variablity 

b e ~ e e n  antibodies, have been called the framework regions. As early as 1968. the 

CDRs of the heavy and light chains were proposed to mediate antigen binding and confer 

specificity to the antibody (Kabat, A., 1968). The first atomic structures corresponding to 



antibody Fab segments, solved through x-ray crystailography , confirmeci this earl y 

hypothesis. The framework regions of the variable domain fom the P-strands of the 

imrnunoglobulin fold with the CDRs foming distal loops that join sequential strands. 

The six CDRs loop off the scaffold composed of the fnunework regions to fom a 

continuous surface that is responsible for binding to antigen. 

The immunoglobulin light and heavy chains are composed of a single variable 

and one or more constant regions. The light chain contains only one constant region, of 

which there exist two forms or isotypes; kappa (k) and lambda (A). The heavy chan is 

composed of three to four constant domains depending on the heavy chain isotype of 

which there are nine in humans; p, y 1, y2,  y3, y4, a l , a 2 , 6  and E which in turn define the 

immunoglobulin classes and subclasses of the human humoral immune system. IgM, 

IgG1, IgG2, IgG3, IgG4. IgAl, IgA.2, IgD and IgE, respectively. The most prevalent 

immunoglobulin class in human s e m  is IgG, followed by IgM. Although the isotypic 

difference of the light chain seems to serve no purpose. the heavy chain isotypes are 

responsible for the various effector functions of the antibody. in  addition, the isotype of 

the heavy chain dictates the quatenary structure of IgM and IgA antibodies. In view of 

the hgh sequence homology among the isotypes of al1 antibody constant regions (30- 

40%), it is believed that they probably evolved nom a wmmon progenitor. through gene 

duplication mechanism. 



B lymphocytes originate from multipotential stem cells, which raide, for the 

most part, within the marrow of large bones in adult mammels. As a B ce11 matures, it 

expresses a unique antibody molecule on its ce11 surface. The surface immunoglobulin is 

the recognition unit in the process of antigen-driven selection. first described by Bumet 

in 1959 (Bumet, F.M., 1959). A complex mechamsm of genetic reorganization has 

evolved within the B cell, which permits the generation of an antibody repertoire which 

can complement the universe of foreign antigens. 

5.3 Generation of Diversity in an Antibody Response 

Since the antigen binding domain is of interest to my thesis, I will refrain frorn 

discussing the assernbly and the various effector functions of the immunoglobulin whch 

pertain to the constant regions. 1 will concentrate on the mechanisms of antibody 

divenity generation, and the techniques of modem biology that can be used to emulate 

this process, for the creation of tailor-made antibodies. 

The mechanisms which allow the creation of diversity fiom a single locus on a 

chromosome. were elucidated in the mid-1970's through the early 198O's, largely 

through the efforts of Dn. Tonegawa, Milstein, Kabat, Leder, Hood, Baltimore, Alt as 

well as many othen. Collectivety, these investigaton demonstrated that only a part of 

the diversity of the humoral immune response is encoded in the gemline and that much 

of the diversity is generated by other mechanisms that include genetic reanangement, 

non-templated nuciwtide addition and somatic mutation. 



5.4 The V-DJ Recombination System 

Much of the diversity withm the antibody repertoire, is generated by the random 

assembly of its complement of variable regions and, following antigendnven selection, 

by hypennutation or "aRinity maturation" (Milstein, C., 1990). The variable region 

genes are organized in a discontinuous manner within the germline. The processes which 

lead to the assembly of a functional variable region, begin with the selection of one of 

many V region genes fiorn within a farnily of some t h m  hundreû, in the human. in the 

case of the kappa light chain locus, one mernber of the variable region recombines, 

through a d o m  selection process, with one member of a second group of smaller 

variable segments, termed the J or joining region mini-genes. of whch there are a few 

hundred in the hurnan (Figure 1-19). As a resdt of the rearrangement, the intewening 

material is lost from the chromosome, and can be isolated as small circuîar DNA 

fragments. This V-J segment represents a complete variable light chain which is 

transfnbed and spliced to the constant region at the mRNA level. The heavy chain 

variable region, on the other han4 contains an additional element that further adds to its 

diversity. This segment is termed the D or diversity region, whch encodes primarily the 

third hypervariable reagion. There are 10 D mini-genes within the heavy chah locus. 

whch can be subdivided into 3 families (Tonegawa, S., 1983). The joining of the D and 

J segments corresponds to the earliest event of the heavy chah rearangernent, followed 

by the recombination of a variable segment with the D-J product. The random selection 

of the various segments that comprise a variable domain together with the additional 



diversity contributed by the association of heavy and light chains can potentially gwe rise 

to an estimated IO' different molecules in the human. An additional process which 

functions within B lymphocytes in order to generate antibody divenity is known to 

operate at the DNA level. (Alt, F.W., and Baltimore, D., 1982) 

Variable 
genes u J Constant regton 

rninigencs miniguies 
genes 

\ "Y- 
\/- - - DNA recombination 

mRNA splicing 

Transla ted antibody protein 

This figure illustrates the proctss of immunoglobulin genc rcamngemmt, which joins segments of the 
variable dornain at the DNA level and. through splicing of the mRNq assembla both the variable and 
constant regions. Thus a single member of the variable region famiiy of gacs is chosen to be joined with 
one of four J rninigenes. to form an entirc light chah variable region. A complcte hcavy chah variable 
region is first assembleci by joining one of four D minigencs with one of four 1 rninigcnes. The joininig 
proccss ieading to the fomtion of the DJ product is accompanied by the addition of a smail number of 
nucleotides in the junction d e d  N - t e 4  addition. The conscquenct of this process is the fiutha 
cnhancemcnt in the d i v d t y  of the antibody cornbining site, as this segment of the molccuie corresponds to 
the CDR.3. The D-J produa is thcn rerimrngdd with a unique member from within the variable region f d y  
of genes, leading to the crcation of the cntire heavy chah variable region. Upon t h a r  transcription. the 
mRNA matures into cornplae Eght and heavy chains by the splicing of the domains (adaptcd fiom 
Fundamentai Immunology, 1988). 



The enzyme terminal nucleotidyl transferase was shown to catalyze the addition of non- 

germline encoded nucleotides into the sites of recombination in the light and heavy 

chains. This non-templated addition of nucleotides at the V/J, and D/J junctions further 

increases the potential diversity of antibodies by an order of 10". The cumulative result 

of the mechanisms described above. is the generation of a large set of B lymphocytes, 

each of which expresses one antibody out of a large repertoire of antibody specificities. 

The generation of this diversity is independent of the expure  to antigen When the 

organism is axposed to a foreign antigen, those B lymphocytes which express the cognate 

irnrnunoglobulin receptor on their ce11 surface bind the antigen and are induced to 

proliferate and to diffenntate into antibody-secreting plasma cells or to memory B cells. 

The antibodies that are secreted by plasma cells following a primary exposure to antigen 

are usually of moderate affinity, typically in the micromolar range. whereas, those 

antibodies analyzed following subsequent exposure of the animal to the same antigen, are 

generally of much higher afinity, in the order of 10" to ~ o * ~ M .  This phenornenon has 

been called affinity maturation. A biological rnechanism, operating withm the B cell, but 

outside of the genetically assembled antibody information, rnust be accountable for the 

increased afinities of the antibodies of a secondary immune response. 

5.5 Afinity Maturation of the Antibody 

The process of antibody afinity mahinition, which was discovered by Milstein 

and others (Bereck, C., and Milstein, C., 1987). has been shown to result from the 



somatic hypermutation of the variable region sequences of both the light and heavy 

chains. This process occurs solely in B cells selected for active antibody production 

during an immune response. Plasma cells have a short life span, and most die within 10 

days. However, a small subset of the B cells which were active in antibody generation, 

migrate to specialized locations within secondary lymphoid organs termed germinal 

centen (Kelsoe, G., 1996). Withn this specialized environment, B cells are stimulated to 

undergo limited rounds of proliferative division, with the concomitant hypermutation of 

the variable regions. Although alterations occur throughout the entire varible regton, the 

CDRs are especially susceptible to modification. While in part. this localization of 

mutations within the CDRs reflects the efTects of antigen selection, the nucleotides 

encoding the CDRs also appear to represent "mutation hotspots". 

A mechanism of error-prone replication causing point mutations within the DNA 

encoding the imrnunoglobulin variable region, results in the generation of new subclones 

of B cells that express cell surface immunoglobulin with slightly altercd antigen-binding 

sites. These amino acid substitutions can either increase or decrease affinity to antigen. 

Following this event, the B cells then egress fiom the germinal centen, and reenter the 

circulation. Upon te-exposun to the original antigen, the subpopulation of B cells that 

express immunoglobulin recepton with i n c r d  affinity for antigen will rapidly 

expancl., and differentiate into plasma cells that secrete the high affinity antibodies that 

characteriz the secondary immune response. While somatic mutations that increase the 

afinity of the antibody for the antigen are responsible for aflïinity maturation, even 



mutations that cause a decrease in aninity can potentially conmbute to the functional 

diversity of the immune system. 

5.6 Antibody-Antigen Interaction 

In the early to mid 1980s the first stnichires of CO-crystafs of antigen and Fab 

fragments were solved by X-ray ditfraction. The crystal structures of many different 

antibody-antigen complexes have now been deterrnined including those formed with 

antigens as varied as large proteins, peptides, carbohydrates and small hydrophobic 

molecules. 

Amit and collaborators in 1985 (Arnit, A.G.. et al. 1986), described the first 

structure of an Fab / protein (hen egg white lysozyme (HEL)) immune complex at the 

atomic level. The binding face fomed by al1 six CDRs of the anti-HEL Fab fragment 

was relatively flat, with a surface area of about 750 A' in contact with the antigen. More 

precisely, the CDR3 of both the light and heavy chains were located in the middle of the 

binding surface surrounded by the remaining four CDRs. Davies subsequently 

demonstrated that the specific mechanisrns used by t h m  other anti-HEL antibodies to 

bind to HEL were similar, even though the antigenic determinants on the HEL were 

different. in al1 cases there was good generd physicai complementarity between the 

interacting sUTfaces (Davies,D., 1 990). 

Although most contact residues contributed by the antibody to the cornplex are 

Iocated in the CDRs, it is now known that certain fnunework residues in ciose proximity 

to the CDRs, are almost invariantly present in al1 antibody light and heavy chains and 



contribute to the formation of an immune complex (Mian, I.S., et al. 199 1 ). In 1989, a 

group headed by C y w  Chothia proposed that several key residues in either the CDRs or 

the adjacent h e w o r k  regions largely determine the backbone conformations of the 

CDR loops. They suggested, moreover, that there are only a limited number of CDR 

backbone structures which they called canonical loops (Chothia, C. et al. 1989). These 

key residues dictate which class of canonical bop structure that an individual CDR 

adopts through their packmg and ability to participate in hydrogen bonds. Four canonical 

structures have been proposed for light chain CDR 1. one for light chain CDR2. three for 

light chah CDR3, one for heavy chah CDRl and four for heavy chain CDW. Because 

of the variability in sequence and lengîh, no canonical structures have been defined for 

heavy chain CDR3. Almost al1 CDRs whose crystal structures have been determined to 

date, conform to one of the canonical structures. 

In addition to conserved residues that determine the canonical structures of CDR 

loops, tryptophane and tyrosine have been found to be over-represented in antibody 

CDRs and :O be present, almost invariably, at certain key contact sites in antibody- 

antigen interactions (Mian, I.S., et al. 1991). The inherent chemical nature of  these two 

residues endows them with the capability of participating in rnany types of chemical 

bonding with arnino acids of the antigen, which may contribute to the plasticity of the 

interactions in an immune wmplex. Their amphipathc nature allows them, on the one 

hanci, to form hydrophobie interactions an4 on the other, to stabiliz polar and 

electrostatic counter charges with the n electron system associated with their arornatic 

i n p .  It has been suggested that these two particular midues confer the strong 



hydrophobic energy needed for the high affinity of the antibody, and that additional 

residues interspaced throughout the CDRs confer the fine tuning of the interaction, 

through ionic, van der Walis and hydrogen bond formation. 

The physico-chemical nature of the interactions which occur in antigen-antibody 

complexes, are similar to those which form the basis of protein-protein recognition in 

general (Webster, M.D., et al. 1994; Davies, D., 1997). Al1 of the noncovalent chemical 

interactions are used in antibody-antigen recognition, including hydrophobic, hydrogen, 

van der Waals, and ionic interactions. The sum of al1 the interactions that contribute to 

the immune complex determine the affinity of the antibody for a particular antigen. The 

affinity is a measure of the tendency of wmplex formation, and is constant for a given 

system, imparting the high specificity observed in the recognition process of these 

molecules. Antibody affinity can be rneasured analytically using several different 

approaches (Neri, D., et al. 1 996). 

The complementary nature of antibody binding has been wnfirmed (Lawrence, 

M.C., and Colman, P.M., 1993) and, in al1 cases, extensive use of intermolecular 

attractive forces are ernploycd (Braden, B.C., and Poljak, R.J.. 1995). In the complex 

fomed between the hapten, phosphocholine, and the antibody McPC603, several well- 

placed amino acid residues hold phosphocholine in place in the antibody binding pocket. 

The negatively charged carboxylate group of an aspartatic acid residue forms a salt 

bridge with the quatemized amine of the choline. In addition, the guanidiniurn group of 

an arginine uses both H-bonding and c hargecharge interactions wi th the negativel y- 



charged phosphate group present at the other end of the phosphocholine molecule 

(Padan, E.A. et al. 1985) 

The participation of charged residues is not always a prerequisite for a successfûi 

interaction. The Fab 26-10 - digoxin complex illustrates the importance of hydrophobic 

interactions. The digoxin molecule is composed of both a hydrophilic sugm moiety and a 

hydrophobic steroid ring. The antibody recognizes only the steroid ring while the 

hydrophilic sugar extends out of the antibody binding pocket and into solution. Hence 

the afflity expressed by Fab 26-10 stems fiom extensive contacts between the steroid 

rkg of digoxin and hydrophobic aliphatidarornatic arnino acid side chains located inside 

a highly shape-selective binding pocket. Van der Waals contacts are used extensively by 

antibodies to conform to the shape of an antigen. For instance. in the crystal structure 

between the Fab 1 F7 and a chonsrnate mutase transition state analogue, sorne 90% of the 

surface area ( 1 80 AL) of the hapten is in tight contact with arnino acid residues present in 

the antibody binding site (Haynes, M.R., et al. 1994). 

in antibody-protein complexes, interfacial contacts have been show to Vary 

between 680 and 880 A2 (Davies, D., et al. 1990; Padlan E.A., 1994). In many of these 

structures, al1 or almost dl,  water molecules have been excluded fiom the contact 

interface. This exclusion of interfacial water seems to be a common feature of antibody 

binding, and its physical consequence is the generation of the hydrophobic effect of the 

reaction. in other cases, however, water molecules have been found to remain at the 

wmplex interface, and to fom a network which actively participates in cornplex 

formation. The small size of the water molecule allows it to fil1 gaps of unmatched 



surfaces as depicted in many structures (Davies, D.. et al. 1996). Moreover, k ing  

capable of acting as both a donor and an acceptor of hydrogen bonds, water molecules 

can participate in the energetics of complex formation, by physically bridging the two 

sUTfaces. In the complex formed by the Fab Sel554 and the O-antigen from pathogenic 

Sarnoneila of subgroup B, a water molecule has b a n  s h o w  to bridge antigen and 

antibody by direct H-bonds (Cygler, M., et al. 1994). Evidence for the importance of the 

binding energy contributed by interfacial water. was exemplifieci by reducing the water 

concentration, and measuring the calorimetric value of antibody binding (Goldbaum, 

F.A., et al. 1996). Finally, interfacial solvent water molecuIes have been shown tu help 

an antibody adapt to its antigen, without having to alter the conformation of certain of its 

CDR residues (Fields. B.A., et al. 1996; Padlan E.A.. 1994). 

The careful analysis of immune complexes which occur between Fabs and their 

corresponding antigen, has revealed an often unequal usage of CDRs in the recognition 

process. For instance, it is known that antibodies cornmonly use both the light as weil as 

the heavy chah in order to recognize a protein antigen. The immune complex oflen 

occurs through the participation of residues found in al! six hypervariable regsons. 

However. in many instances, CDIU of the heavy chain has been observed to play a more 

important role in the molecular interaction due, at least in part, to its position in the 

centre of the immune complex, flarked by the other CDRs. Moreover, the length of HC 

CDR3 has been shown to be instnunental in the design of the paratope topography. In 

two instances, a short HC CDR3 has been found to generate a goove which serves to 

favorably bury a buky side chah of the conesponding antigen (Padlan, E.A., 1994). The 



pivital role played by HC CDIU does not, however, apply to ail studied cases. In one 

solved cumplex between an Fab migrnent and the reoviw, CDR2 of the light chain was 

found to contribute the largest binding energy of the complex @ruck, C., et al. 1986). 

While between 15 to 20 residues of the antibody may be in contact with antigen 

in an immune complex, there exists, what has k e n  called an "energetic", "critical" or 

"core" paratope that makes the major contribution to the binding energy. These core 

residues within the antibody parstope. are usually clustercd within the center of the 

complex, whereas those residues that contribute less to the binding energy tend to be 

situated at the periphery of the interface (Hawkins, R.E., et al. 1993). Observable 

consequences fiom such antibody paratopes, is appreciated through an antibody's ability 

to recognize and react with only a portion of its epitope, the so-called functional epitope 

(Van Regenrnortel, M.H.V., 1992). This is, in fact, the case for many antibodies which 

cari recognize denatured proteins in Western bloned polyacryiamide gels, as well as short 

linear peptides corresponding to a segment of the parent polypeptide antigen. The ability 

of an antibody to recognize such a small and perhaps distorted portion of the original 

epitope with tugh affinity, anests to that portion of the antigen king part of the 

antibody 's cntical or energetic epitope. 

Although rnost antibody-antigen complexes occur owing to solvent exclusion at 

the interface, and to subsequent complementary association and residue burial between 

the macromolecules, the existence of induced fit mechanisrns employed by certain 

antibodies, have been docurnented (Ruü, J.M., et al. 1992; Padlan E.A., 1994). The side 



chains of individual midues w i t h  CDRs can be reorienteâ, there can be movement of 

complete CDRs or displacement of the heavy chain variable region relative to that of the 

light chain in order to accomodate antigen binding (Wilson, I.A., Stanfield, R.L., 1994). 

Likewise, there can be changes in the conformation of the antigen to facilitate the 

interaction with antibody (Davies, D., 1996). The rquired energetic input allmving such 

changes in conformation have been documented not to impede complex formation. 

Lady, through the carefûl midy of the limiteci nurnber of solved immunecornplexes, it 

would appear as though the heavy chah CDR3 is the one which is the most, if not the 

only one, involved in major stmctural rearrangements. This unique feature of structural 

mobility displayed by this CDR, may well explain why no canonical structure has to this 

day been identified (Bath, T.N., et al. 1994; Padlan, E. 1994; Verdaguer. N., er al. 1996). 

The high specificity and discriminatory power of antibodies does not necessarily 

prevent them fiorn recogmzing closely related structures. Cross-reactive mAb binding is 

ofien taken as proof of structural sirnilarities between macrornolecules, and can even be 

interpreted to mean that proteins have similar fictions (Gershoni et of. 1997). In 

addition to cross-reactivity between structuially related molecule, occasionally, diflerent 

molecules that are of very differcnt origin and that share no obvious structural homology 

can be ncognizcd by a single antibody molecule. Many examples of this phenomenon 

have been describeci, some of which are responsible for auto-immune disorders. As an 

example, antibodies elicited to certain bacterial polysaccharides can cross-react with red 

ceil glywproteins and eventually provoke chronic anemia. The dispiay of an identical 

thrce-dimensional sucface on two differmt antigens generally foms the basis of such 



molecular mimicry. There are numerous examples of molecular mimicry both in nature 

and in scientifically devised systems. Most interestingiy, is the mimicry of protein 

hormone ligands by smdl peptides that correctly interact with the hormone receptor 

(Livnah, O. et al. 1996). in addition, there are examples of the primary structure of a 

ligand sequence known to interact with a specific receptor king  incorporated into the 

CDRs of an antibody. The antibody thus serves as a scaffold for presenting the specific 

binding sequence to the receptor (Smith, J. W., et al. 1994). 

5.7 Monoclonal Antibody Technology 

In 1975, Kohler and Milstein dewsed a rnethodology to immortalize specific B 

lymphocytes (Koeler, G., and Milstein, C., 1975). The immortalized cells, called 

hybridomas, could be cloned and, when either maintaineci in culture or injected into 

syngeneic mice, they wodd secrete large arnounts of homogeneous antibody. To 

generate hybridomas, spleen cells from immmized mice are fused with cells of an 

established murine plasmacytoma ceIl line. The resultant hybrid cells inherit the potential 

to secrete specific antibody from the splenic B ceIl parent and the growth charactenstics 

of the m o r  ce11 parent. Once cloned, an individual hybridoma line secretes a single 

species of antibody. Monoclonal antibocûes are now mdely used for both research and. 

in a clinical setting, as diagnostic and therapeutic reagents. 

Hybridoma technology docs have some limitations. As monoclonal antibodies 

are generally of murine origin., they are recognized as foreign antigens by the human 



immune system, a property that restricts their use as therapeutic agents. This problem 

may be overcome in the near funire through the use of mice in which the endogenous 

immunoglobulin loci have been replaced with those of the human for the generation of 

hybridomas. A second problem is the diversity of spificities of antibodia that one c m  

obtain using B lymphocytes fiom immunized mice for making hybridomas. As 

immunological tolerance will prevent the generation of antibodies which cross-react with 

self-proteins, the diversity of antibodies that one can obtain is limited. Newer 

methodologies that bypass immunization are being developed that should permit the 

production of antibodies having specificities that would not be obtained using classic 

hybridoma technology. 

5.8 Bacterial Phage Display Libtanes as a new source of mAbs 

- - - - - - - - - - - 

Much of the material described in the following sections, has been heavily 

re ferenced in the fol lowing general references: 

- Hurnan Antibodies corn Combinatonal Libraries (Burton and Barbas 1994) 

- Making Antibodies using Phage Display (Winter, O., et al. 1994) 

With the advent of molecular biology cloning techniques, plasmid vectors were 

desigmd for the expression of recombinant antibodies, both in culhired animal cells and 



within bacterial systems. These methods dlowed for the generation of !rue man-made 

antibodies (Winter, G., and Milstein, C., 199 1). Functional recognition units of an 

antibody could be produced within bacteria, without any of the restrictions imposed by 

the animal's immune system. Heterodimeric Fab molecules as well as single chah Fv 

fragments consisting of linked variable regions, could be assembled within a plasmid 

vector, expressed and recovered with binding capabilities identical to the parental 

immunogfobulin. Recombinant Fabs could be humanized, by pf t ing  the antigen 

mgnizing CDRs onto human framework regions, thereby reducing the immunogenicity 

of the antibody while still maintaining the binding capability. By mutagenesis 

techniques, the afinity and specificity characteristics of the antibody could be rnodulated 

and new effector functions wuld be introduced. 

A major advancement in antibody science was the development of phage-display 

technology. in 1985, George Smith developed the technique of peptide phage-display 

l i b d e s  (Smith, G.P., 1985). This procedure consisted of generating a physical link 

between a functional peptide and the genetic information that encodes it, just as it is 

occm within the B lymphocyte with respect to antibody production. In 1988, these 

investigators demonsttated the usefulness of this methoâology for the selection of 

functional antibody molecules (Parmley, S.F., and Smith, G.P., 1988). In 1990 and 199 1, 

two independent groups, headed by Greg Winter and Richard Lemer. modified this 

methodology for the display of bctional antibodies on the phage surface and predictd 

that this approach would eventually replace classic immunization protocols for antibody 

production ( McCafferty, J., et al. 1 99 1 ; Barbas, C., et al. 1 99 1 ). 



Antibody display on the suditce of filamentous phage can be achieved by k i n g  

one of the antibody fragments to one of several phagecoat proteins. Owing to the 

presence of a bacterial leader sequence. expressed recombinant antibody heavy and light 

chains get secreted into the periplasm, where they can assemble. Progeny phage 

extnision across the plasma membrane, following bacterial infection with M-13 helper 

phage, allows the fused antibody heavy chain to be assembled ont0 the surface of the 

phage, in company with the light chain. Subsequent to the cultivation of such a phage 

infected bacterial culture, recombinant phage particles displaying antibodies on their 

surf'ace can be isolated Frorn the media. The use of immunopanning protocols. where a 

desired antigen is fixed to plastic microtiter wells, permits the bctional isolation of 

individual phage displaymg antiboâies with desired binding characteristics. The 

availability of antibody phagedisplay libraries, today represents an altemate method to 

generate monoclonal antibodies. Conceptually, isolation of monoclonal antibodies fiom 

a phage display library by immunopanning is similar to an rn vivo immune response. 

Both the isolated phage and the B ceIl are selected through interaction of antigen with a 

specific antibody displaycd on the ce11 surface and both the phage and the B ce11 contain 

the genetic material coding for that antibody. 

5.9 Anti-Idiotypic Antibodies 

Owing to the nature of the immune systern, antibody molecules produced 

naturally in response to the stimulation of the humoral immune system, will contain 



chernical structures which in themselves will potentiaily be recognized as foreign by the 

very system which created them. As antibody CDRs are progressively altered during 

affi~nity maturation, the anribody paratope drifts m e r  away from its original germline 

encoàed sequence. thus making the resulting antibody protein a target for antibody 

recognition. Neils Jerne waî the first to propose the concept of antibodies specific to self- 

antibodies, through an interaction of the first antibodies private antigenic deteminants, 

or idiotopes. He named this cascading generation of antibody dnven antibody 

production, the idiotypic netwok (Jerne, N.K., 1974). Many have since agnted that the 

idiotypic network operated to keep the humoral immune system under a certain control, 

as natural anti-idiotypic antiboâies would prevent the idiotypic antibody from interacting 

with its antigen ( A m u i s ,  S., 1995). Notwithstanding the utility, or even the existance 

of such a regulatory mechanisrn of the humoral immune system, is the reality of anti- 

idiotypic antibody generation by vertabrates. Anti-idiotypic antibodies have long been 

thought of as king  capable of transfering the stnictural information relating to the 

original antigen, to a second anti-idiotypic antibody. Experimentally, it was found that 

an antibody specific to a viral antigen was capable of transfering the intemal immage of 

the viral protein to an anti-idiotypic antibody (Bruck, C., et of. 1986). In this case, it was 

dernonstrated that the primary structure of the anti-idiotypic antibody's light chain CDRZ 

was similar to the primaty stucture of the primary antigen. Many other cases of structurai 

information trans fer between antibody - anti-idiotypic antibody have since been 

demonstrated (Garcia, KC., et al. 1992) 



Chapter II 

Molecular characterization of two monoclonal antibodies 
specific for human apolipoprotein E 

in this chapter, 1 describe the fine specificities of the two mAbs, ID? and 2E8 

which have both been previously found to recogruze the LDL receptor-binding site of 

hurnan apolipoprotein E (apoE) (Milne et al. 1981; Weisgraber et al. 1983). Using 

various mutant forms of apoE which have amino acid substitutions within the LDL 

receptor-binding site (Lalazar et al. 1988). I show that both antibodies share a very 

similar epitope. Most apoE variants that have reduced reactivity with the LDLr also have 

reduced reactivity with the rnAbs. Interestingly, 1 have dernonstnited that mAb 2E8 but 

not 1D7, is capable of distinguishing between receptor-active apoE isoforms and the 

common teceptordefative apoEZ(Argl"4ys) isoform. 1 have exploited this property 

to demonstrate the potentid utility of 2E8 as a reagent for determination of apoE 

phenotype. 

In the second portion of this chapter, 1 describe the molecular cloning and 

characterization of the cDNAs that encode the light and heavy chains of the two anti- 



apoE rnAbs. Cornparison of the deduced amino acid sequemes of the respective light 

and heavy chains of the 1D7 and 2E8 showed that, although the two mAbs react with 

overlapping epitopes on apoE. their respective complementarity determining regions 

(CDRs), and especially those of the heavy chains, share liîtle homology. The two rnAbs, 

therefore, likely recognize different epitopes or topologies within a lirnited surface of the 

apoE molecule. There are seven acidic residues within the 2E8 heavy chain CDRs. Four 

of these negatively charged residues are located in the CDR2 and these cm be 

approximately aligned with acidic amino acids in the fifth cysteine-rich repeat of the 

ligand-binding domain of the LDLr. Based on the fine specificity and primary sequence 

of the 2E8 heavy chain, 1 propose that 2E8 and the LDLr may use a common mode of 

interaction with apoE and that it may represent a potential antibody rnimetic of the LDLr. 

Objective 

The first objective of this chapter was to determine the fine specificities of two 

mAbs which share as a common epitope, the LDL receptor-binding site of hurnan apoE. 

The second objective was to elucidate the primary stnictures of both the light and heavy 

chains of these two antibodies, the result of which would serve as a starting point for the 

analysis of the underlying rnolecular basis of their cross-reactivity and their specificity 

for the apoE LDLr-binding site. 



Introduction 

A part of the results presented in this chapter has been previously published 

(Raffai et al. 1995). As described in Chapter 1, hwnan apolipoprotein E (apoE) is a 34- 

kDa protein consisting of 299 amino acids which is a functionally important constituent 

of chylomicrons and very low. intemediate and high density lipoproteins (VLDL, DL, 

HDL) (Mahley 1988). Serving as a ligand for memben of the low density lipoprotein 

receptor (LDLr) family of cell surface lipoprotein receptors. apoE is a major modulator 

of lipoprotein metabolism. The most cornmon apoE isoforrns. apoE2, apoE3 and apoE4, 

which are distinguishable by iswlectnc focusing, are encoded by 3 codominantly 

expressed alleles. ApoE3, the most common of the three, is considered to be the wild 

type, whereas apoE2, apoE4 and the even mer  isoforms, to be variants. The most 

Frequently observed fom of apoE2 differs from apoE3 by the substitution of a cysteine 

for an arginine at residue 158, whereas apo E4 diffen from a p E 3  by the replacement of 

a cysteine by an arginine at residue 112. Variant foms of apoE. such as 

a p o ~ 2 ( ~ r g ~ 5 8 ~ y s ) ,  that show defective binding to the LDLr are, in part, mponsible 

for the expression of type III hyperlipoproteinemia (Utermann 1977; Zanis and Berslow 

1980). In addition, apoE plyrnorphisrn can influence plasma lipid levels (Davignon et 

of. 1988), postprandiai iipemia (Breminkmeijer et ai. 1987; Weintraub et ai. 1987; 

Brown and Roberts 1991), apoB metabolism (Demant et al. 1991). the lipoprotein 

subclass distribution of apoE (Gregg et al. 1986; Steinrnetz et al. 1989; Weisgraber 1990) 

and susceptibility to Alzheimer's disease (Strittmatter et al 1993, Weisgraber and Mahley, 

1996). 



The limited proteolytic digestion of apoE with the enzyme thrornbin, has shown 

that the molecule is composed of two structural dornains (Wetterau et al. 1988, 

Aggerbeck et al. 1988), a 22-kDa amineterminai domain that has relatively low affinity 

for lipid and includes the residues responsibie for binding to the LDLr and a IO-kDa 

carboxyl-terminal domain that binds lipid with high affinity (Weisgraber 1990). Several 

lines of evidence (Mahley 1988; Mahley et al. 1977; Weisgraber et al. 1978; Innemrïty et 

al. 1983; Dyer and Curtiss 199 1 ; Weisgraber et al. 1983; Lalazar et al. 1988) indicate 

that positively charged amino acids within the region of residues 136-150 directly 

participate in the interaction of apoE with the LDLr. The three-dimensional crystal 

structure of the amino-terminal 22-Da thrornbolytic fhgment of hurnan apoE has been 

solved (Wilson et al. 1991). The hgment is folded into an elongated four-helix bundle 

with the positively charged amino acids implicated in receptor-binding situated on the 

fourth helix and exposed to soivent, forming a discrete patch of positive potential, which 

extends some 15 A off the surface of the protein. 

The mAb 1 D7 is one of a group of anti-human apoE mAbs that were first reported 

in 198 1 (Milne et al. 1981). From a group of six mAbs, only ID7 is capable of blocking 

apoE-mediated binding to the LDLr (Weisgraber et al. 1983). Antibody 1D7 has 

subsequently been used as an immunochemical tool, in order to distinguish between 

apoE- and apoBmediated lipoprotein binding to ce11 sUTface recepton (Hui et al. 1984; 

Marcel et aï. 1988; Sehayek et al. 1991) in addition to seMng as a probe for the 

identification of the receptor-binding (Weisgraber et al. 1983) and hepann-binding sites 

of apoE (Weisgraber et al. 1986). ln order to define the fine specificity of 1 D7. 1 have 



determined its reactivity with a series of apoE variants which difler in their afinities for 

the LDLr. In parailel 4 t h  1D7.1 have similarly analyzed the reactivity of a second anti- 

apoE mAb, 2E8, which also blocks binding of apoE to the LDLr (I~erarity et al. 

unpublished observations). In both cases, the respective epitopes of ID7 and 2E8 appear 

to coincide with the LDLr-binding site on apoE. 

In triglyceride-rich lipoproteins, apoE appears to be heterogeneous with respect to 

its conformation or accessibility, with only a subpopulation of molecules king  capable 

of mediating binding to the LDLr (Bradley et al. 1984). It has been reported that 

expression of the ID7 epitope on very low density lipoproteins (VLDL) may correlate 

with the ability of the partde to bind to the LDLr (Sacks and Knikonis 1987). Thus, 

1D7 may be specific for a conformational state of apoE that permits interaction of apoE 

with the LDLr or may react with a subppulation of molecules whose receptor-binding 

site is exposed. My longterm goal was to identiS, or produce mAbs that would recognize 

the sarne Functional epitope on apoE that is recognized by the LDLr. These antibodies 

would then be used as conformationai probes in order to study the physical and chernical 

parameters that modulate expression of the LDL receptor-binding site of apoE. Attempts 

at achieving these goals are described in Chapter V of my thesis, when 1 describe the 

alteration of the primary structure, and consequently the binding specificity of mAb 2E8. 



Methods 

Genenl techniques of molecular biology.- For most of the gened techniques of 

molecular biology, 1 followed protocols descnbed in the laboratory teabook "Molecular 

Cloning" (Sambrook et al. second edition). Other techniques that were used and either 

differed from, or were not described in Sarnbrook et al., have been appropriately 

re ferenced. 

2.1 Isolation of hybridoma RNA.- Total RNA was isolateci From ail hybridoma ceIl 

lines according to the methodology developed by Chomcmski (Chomczmski and Sacchi 

1987). Hybridoma cells were grown in 10 cm Falcon culture dishes in Eagles modified 

DMEM media supplemented with 5% fetal bovine senim. in a hurnid incubator set at 37 

O C with 5% CO2. Ten such dishes were grown to confluency, generating on average 

some 10 x 108 hybridoma cells. The cells were collecteci fiom the dishes and placed into 

50 ml conical tube, where they were pelleted at 1 0  x g f ~ r  10 minutes. A single 

cellular pellet was formed in a conical tube which was inverted to remove al1 media. The 

pellet was then gently resuspended in 4 ml of solution D (4 M guanidine thiocyanate), 

then 1/10 of a volume of 2M sodium acetate, followed by an qua1 volume of phenol. 

The tube was then mixed n g o r o ~ ~ l y  using a vortex for 1 minute, and spun at 10 000 x g 

in a sarval R B 4 5  centrifuge for 20 minutes. The supernantant was carefully removeci in 

order to not disturb the bu@ interface. To the supernatant was added an qua1 volume 

of a 50 % phenol / chloroform solution wntaining 1 % isoamylic alcohol, and was again 

mixed vigorously and spun as previously described. Once agam the supernatant was 



removexi and to it was added an equal volume of isopropanol. The tube was then 

vortexad and chlled at -20 OC ovemight. The following morning, the tube was spun at 

15 000 x g, and inverted to remove ail traces of supernatant. The pellet was resuspended 

in 400 pl of solution D, and m f e r e d  to a rnicrocenîrifuge tube. 40 pl of 2M sodium 

acetate were then added followed by 400 pl of ice cold isupropanol. The tube was 

incubated at -20 OC for an hour to allow the RNA to precipitate. The tube was the spun at 

14 000 rpm in a microcentrifuge to pellet the RNA The supernatant was poured off, and 

the pellet was washed with 1 ml of 70 % ethanol, and re-spun to fix the pellet. Al1 traces 

of alcohol were removed and the tube was left to dry for 20 minutes at room temperature, 

afier which the RNA pellet was disolved in 500 pl of DEPC treated TE pH 7.4. The 

concentration of RNA was evaluated using spectrophotornetric analysis. The integnty of 

the RNA preparation was accessed by m i n g  a small amount of it on a 1 % agarose gel, 

and visualking intact ethidium bromide stained bands, correspondmg to the cellular 

ribosornal RNA molecules. In addition, to insure the presence of irnmunoglobulin 

mRNA, this type of gel could was analyzed using Northern Mot analysis. 

2.2 Purification of hybridoma poly (A+) mRNA.0 300 pg of hybridoma total RNA 

was heat denatund at 9 5 OC, and immediately quenched on ice. It was then applied to an 

oligo-dT w l m  (Sigma). The poly (A? mRNA was retained by the column in a hi&- 

salt buffer, and eluted in low-sait, according to the manufacturer's instructions. The 

intepity and concentration of the mRNA was determined using Northem blot analysis 

and UV absorbante. 



23 Production of hybridoma cDNA.- The production of complementary DNA 

(cDNA) From the isolated hybridoma poly (A? mRNA, was accomplished through the 

use of a cDNA synthesis kit (Arnersham). Briefly, 5 pg of poly (A? mRNA was used as 

a template in the synthesis of a first strand of DNA. The rnRNA was mixed with oligo- 

dT primen (Pharmacia) at a concentration of 0.2 @l in a tirs?-strand synthesis buffer. 

heated to 95 OC for 5 minutes and immediately quenched on ice. To the annealed 

product was adâed 1 U of Moloney Leukemia v i w  reverse transcriptase (Pharmacia), 

which was then transferred to a 37 OC incubator for 2 hours. The RNA I DNA hybrid was 

precipitated with alwhol and resuspended in 30 pl TE pH 8.0. The sample was then 

suplemented with 0.1 U of Rnase H (Pharmacia), and incubated at 17 OC for 1 hour. 

Immediately following ths incubation, 3 U of E.coli DNA polyrnerase (Pharmacia) were 

added in addition to some second strand synthesis b a e r  containing the appropriate 

deoxy-nucleotides, and the saaipie was incubated at 37 OC for 1 hou. The double 

stranded cDNA was precipitated with ethanol, and resuspended in 30 pl of TE pH 8.0. 

Cloning adaptors, consisting of short double stranded DNA containing an EcoRl site. 

were first ligated bluntcnd to the extrernities of the cDNA (Pharmacia), and then 

digested with EcoR1. The cDNA was then ethanol precipitateci, dissolved in 30 pl of TE 

pH 8.0, and evaluated for DNA concentration, using UV absorbante. 

2.4 Creation of a hybridomi cDNA 1ibriry.- A cDNA library was created by 

inserting EcoRIdigested cDNA ftagments, into an EmRl digesttd and 

dephosphorylated pUC 18 vector (Stratagene). A total of 50 ng of cDNA, was on average 

mixeû with 200 ng of pUC18, in a volume of 50 pl wntaining 2 U of T4 ligase. The 



mixture was left at 16 OC overnighf and trmsformed into comptent E.coli DHSa 

bacteria. The transforrnants were spread ont0 4 large peîri plates containg LBAT (LB- 

agar and ampicillin ( 100 pg / ml)), and grown at 37 OC ovemight. 

2.5 Prepsration of "P radiolabelleci cDNA probes.- Radiolabelled cDNA probes 

were routinely used in order to detect the presence of recombinant genes crosslinked to 

nylon membranes. The use of mouse kappa light chain and gamma (y)-  l heavy chain, 

were used to identim the presence of the cloned hybridoma cDNA in vanous settings. 

The cDNA Fragment to be used as the probe was cut out of the plasmid vector with the 

appropriate restriction endonucleases and puri fied by gel electrophoresis. Twenty ng of 

the purified fragment in a total volume of 10 pl heatdenatured and then immediately 

quenched on ice. Immediately following denaturation, 100 pl of a poolsligo mixture. 

which contained a random set of hexarners in an appropriate DNA polymerase buffer 

(Pharmacia) was added to the denatured probe. Five pi of an a-dATP phosphorous-32 

radionucleotide solution (Amenham), and 0.5 U of the Klenow fragment of E.colr DNA 

polymerase was then added to the reaction mixture. The tube was incubated for 2 hows 

at room temperature, and uninwrporated radionucleotides were removed through the use 

of Sephadex G-25 spun column chrornatography (Pharmacia). 

2.6 Screeaing of a hybridoma cDNA 1ibtary.- The cDNA library was screened for 

immunogiobulin light and heavy chahs, using the GW-22 moue kappa light cham 

constant region probe (Max et al. 1981). and the Py- 1 mouse heavy gamma 1 heavy 

chah probe (Honjo et al. 1979) which were provided by Dr. M k  Sekaly. Colony lift, 



followed by hybrihtion with the approptiate radiolabelled probe was used in order to 

isolate positive bacterial clones. A nylon filter (Nytran. Amersham) was gently applied 

to the agar plates and pierced with a synnge containing India ink to allow subsequent 

orientation of the plates. The membrane was gently lifted off the agar and then incubated 

upsidedown on a Whatmann filter pper ,  previously soaked with a DNA denaturation 

solution (0.2 N NaOH, 2% SDS) for 10 minutes. The agar plate was put back into a 37 

O C incubator for 8 houn to allow regrowth of the bacterial colonies. ïhe  filter was then 

transferred to a second ~hatrnan- filter soaked with neutraliring solution (3 M NaCI, 

0.5 Tris pH6.8), incubated for 10 minutes and dried on paper towels. The membranes 

were then exposed to U.V. irradiation for 5 minutes, and finally t-insed in water to 

remove bacterial debris and salt residues. The detection of bacterial colonies positive for 

a plasmid coding for immunoglobulin light or heavy chains, were detennined by 

incubating the membrane in a hybridization solution (6 x SSC) containing 5 ng of 

radiolabled constant region probe, ovemight at 65 OC. The following day, the membrane 

was incubated for 20 to 40 minutes in washing solution (2 x SSC) at 42 OC, which 

removed non-specifically bound radiolabled probe. The membrane was then dried on 

paper towels, and exposed to X-ray film. The following day, the film was developed and 

the positive clones appearcd as black dots on the film. 

2.7 Isolation of positive clones from a cDNA 1ibrary.- Positive clones were 

identified by superimposing the X-ray film on the agarose plate using the ink marks for 

orientation. At that point, a sterile pasteur pipette was inverted and stabbed into the agar 

which rested directly above the black spot The agar plug was then transfered to LB 



growth media, grown for 1 hour in a shaking incubator, and n-plated at low density for a 

secondary screening. Subsequent screenings were perfomed until an individual clone 

was properly isolateci and identifieci. 

2.8 Amplification of immunoglobulin gena using anchored PCR- This technique 

allowed the amplification of genes using only one specific oligonucleotide primer (Loh et 

ai. 1989). Typically, 10 pg of total hybridoma RNA was wd as template in a reverse 

transcription experiment containing an immunogiobulin 3' constant region specific 

primer cornplementary to codons 224-232 located in the hinge region (5' - AGG CTï 

ACT AGT ACA ATC CCT GGG CAC A - 3') and which contains an Spel restriction 

site indicated in bold Following the synthesis of the first strand of cDNA, the enzyme 

teminal deoxy-nucleotidyl tramferase (Pharmacia) was used in order to add a 5' 

overhang consisting of guanosine nuclwtides. A first round of amplification using an 

oligo-dC and the 3' hmge region primer, was c - e d  out and the products were separated 

on a low melting point agarose gel (FMC Bioproducts, ME). The gel containing 

fragments with molecular weights ranging fiom 300 to 800 base pain was excised and 

the products were used directly as template for a second round of PCR using the oligo-dC 

and an intemal 3' constant region primer (S1-GGC AGC AGA TCC AGG GGC-3') 

cotresponding to codons 125-130. This second amplification gave a specific 5 0 0  base 

pair product which was isolated and sub-cloneâ into pBluescript (Stratagene). 



2.9 Characterization of &NA clones by Southern blot deteetion.- Isolated 

bacterial clones which hybridized to the constant region probes were first analyzed by 

Southern bloning techniques in order to confirm the presence of an immunoglobulin 

cDNA inserted in the pUC18 veaor (Stratagene). Recombinant plasmid DNA was 

prepared and digested with the endonuclease EcaRl. and run on a 1% agarose gel. 

Following the visualization of the nleased cloned hgrnents on a U.V. transilluminator. 

the gel was soaked for one hour in denaturation buffer (0.2 N NaOH, 2 % SDS) and for 

one hour in a neutralization buf'5er (3 M NaCl, 0.5 Tris pH 6.8). and the DNA was then 

transfemd ovemight, through capillary action, onto a nylon membrane. The following 

moming, the membrane was exposed to U.V. light for 5 minuta. and rinsed in water. 

The membrane was then treated as described above for the radio-detection of 

immunoglobulin constant regions. 

2.10 Chancterization of cDNA clones through DNA sequence analysk- Following 

the identification of clones which seemed to be of large enough size to be full length. 

plasmid DNA was prepared and subjected to double strand DNA sequencing using the 

dideoxy chain termination rnethod (Sanger et al. 1977). The Universal and Reverse 

oligonucltotide primers spccific to the vector cloning site of the pBlucscript plasmid 

(Pharmacia). were used to sequence the variable and constant regions of both the light 

and heavy chains. In addition, intenial primers specific for the 5' region of the constant 

regions were wd to sequence the variable regions. 



2.11 Monoclonal antibodies - The production and characterization o f  mAbs 1D7, 

3H1 and 6C5 have been described previously (Weisgraber et al. 1983; Milne et al. 1981; 

Weisgraber et al. 1986). Hybridoma 2E8 was the product of a fusion between spleen 

cells of a m o w  immunited with purified hurnan apoE3 and the non-secreting 

plasmacytoma ce11 line SP2-0. The mAb 2E8 was characterized according to the same 

criteria that were used for the other anti-apoE mAbs (Weigraber et al. 1983). Hybridoma 

2H2 was originally producd in 1987, and is specific for the rat cardiac hornone ANF or 

atrial mtriuretic factor (Milne et al. 1987). The IgG f'raction containing the mAbs were 

purified from the ascitic fiuids of hybridoma-beanng mice, using affinity 

chromatography on ProteinG Sepharose (Pharmacia) as described below. 

2.12 Purification of mAbs using protein4 chromatogmphy.- mAbs were purified 

using ProteinG Sepharose (Pharmacia) chromatography according to the manufacturers 

rrcornmendations. Briefly, a colurnn filled with 3 ml of  recombinant Protein-G 

Sepharose was used to retain hybridoma IgG present withn the axitic fluids of a mouse 

beanng the hybridoma tumour. The ascitic fluid was passed on the column at a flow rate 

of  0.5 ml 1 min. The wlumn was then washed with PBS pH 7.8 until an 0-D.2so rn 

reading of less than 0.01. The specifically bound IgG were then eluted from the wlumn 

by using an acidic buffer (0.1 M glycine pH 3.0). Elutad IgGs were colleaed as 0.5 ml 

fractions, which were read at 0.D.280 nm. Those fiactions which gave an 0.D.2Bo nm 

reading above 0.2 were p i e d  and dialyzed against PBS pH 8.0 overnight. The protein 

concentration of  the resulting dialyzed mAb preparation was subsequently determined, 

and fiozen in 100 pi aliquotes at -20 OC. 



2.13 Radiolabelling of mAbs.- The radiolabeling of dl mAbs was performed using 

the chlonimine T method (Milne et al. 1983), using ls1 SOdium iodine (Amersham). 

Bnefly, 50 pg of the mAb was preped in a volume of 170 pl of a phosphate buffer (0.3 

M phosphate pH 7.2), and chilled on ice. Under a ventilated hime h o d ,  the reaction was 

initiated by adding 20 pl of a freshly prepared, ice-cold chioramine T solution (90 pg 

/ml) to the mAb, quickly followed by the addition of 1 pCi of sodium iodine. The 

reaction was kept on ice for 30 minutes, and was stopped by the sequential addition of 20 

pl of 1 M KI and 100 pl of 0.1% BSA. F m  iodine was removed by passage of the 

reaction mixture on a 1.5 ml Dowex AGI-XS ioncxchage chromatography column 

(BioRad), and the labeled IgG was collected in an 8 ml solution of 0.1 % BSA in PBS. 

Specific activities ranged fiom 1-2 x 10* cpm / ng protein. 

2.14 Amino acid sequence sequence analysh and cleavage with CNBr at 

methionine raidues.- Protein and peptide samples for sequencing were purifieci by 

SDS-PAGE and electroblotted onto sequencer stable PVDF membrane as described 

previousl y (Laycack et al. 1 989). Automated gas-phase sequencing was performed on an 

Applied Biosysterns 475A protein sequmcing system (Foster City, CA.) incorporating a 

mode1 470A gas phase sequencer equipped with an on-line mode1 120A PTH analysis 

module. Cleavage of peptide bonds adjacent to methionine residues was effected by 

using CNBr. F m  cirieci protein was dissolved in 500 pl of 88% (v/v) formic acid 

followed by the addition of solid CNBr. The reaction via1 was flush4 with argon, sealed 

and incubated in the darL at room temperature for 24 hours. The reagent and solvent 



were removed under a Stream of argon and the remaining material was surpmded in 

Mil1i-Q water and Ereeze dned. 

2.15 Prepamtion of apoE and production of apoE variants- ApoE3. 

apE2(ArglJ+Cys) and apoE2(Arg14J+Cys) were purified fiom plasma as reporteci by 

Weisgraber et al. (Weisgraber et al. 1981). The generation of  the apoE variants 

apoE(ArglM+Ser). apoE&bsl*-+Ala), apoE(LyslU+Ala), apoE(LeulU+Pro), 

ApoE(Argl"+Ala) and apoE(Ala"2+Pro), their expression in E.coli and their 

purification have also been describeci (Lalazar et al. 1988). For cornparison of purified 

plasma apoE and apoE produced by E.coli, purifie4 bacterially expressed apoE3 was 

included in some experiments (Vogel et al. 1985). For certain experiments, the isolated 

apoE was incorporaîed into dimynstoylphosphatidylcholine (DMPC) vesicles (Innerarity 

et al. 1984). 

2.16 Sandwich apoE rrdioimmunometric -y. - Polystyrene wells (Removawells, 

Dynatech Laboratones, Alexandria VA.) were coated by an ovemight incubation at room 

temperature with 100 pl of the capture mAb 6C5 at a concentration of 10 pg / 11 in 5 

mM glycine, pH 9.2. Mer washing with 0.15 M NaCl wntaining 0.025 % Tween 20 

(NaCl-Tween), the wells were saturated by a 30 minutes incubation with a 1 % (wh) 

solution of bovine serum albumin in phosphate-buf%ered saline (PBSBSA). The wells 

were emptied and 100 ~1 of dilutions of  apoE or apoE-DMPC complexes in PBS-BSA 

were added and allowcd ta incubate ovemight at roam temperature. Mer washing with 

NaCl-Tween the wells were filleci with 100 pI of lWID7 , izI-2E8 or W3H1 diluted to 



100 ng/d in PBS-BSA. After an oveniight incubation, the wells were washed and bound 

radioactivity was determined. The calculation of IgG m a s  bound was based on the 

speci fic activity of the 12'1-1 gG. 

2.17 Surface Plasmon Raonance. - The kinetics of 3Hl,  1 D7 and 2E8 binding to 

apoE and apoE variants were detennined by surface plasmon resonance (SPR) using a 

BIAcore biosensor system (Pharmacia Biosensor). The SPR technology uses the optical 

phenornenom of sdace plasmon resonance which detects changes in optical properties 

at the surface of a thin gold film on a g l a s  support (sensor chip). The sensor chip carries 

a de- rnatrix onto which one of the two reactants is covaiently linked, while the other 

one is introduced in a flow passing over the sUTf~ce.  The resonance angle is a hction of 

the refiactive index in the vicinity of the surface whch changes as the concentration of 

molecules on the surface is modifie4 and is expressed in resonance units (RU). A signal 

of 1 0 0  RU corresponds approximately to a surface change of 1 ng / mm2. SRP allows 

for interactions to be continuously monitored in real time and generates binding profiles. 

or sensorgram, from *ch rate constants can be derived (Jonsson and Lofas 1990). thus 

association and dissociation rate constants can be mesured, and not only the equilibrium 

afhity constant. Pnmary amine groups of apoE3 and five variants apoE(ArglM+Ser), 

apoE(HiW+Ala), apoE(Lysl4+Ala), apoE(ArglJO+Ala) and apoE(Arg1m4ys) were 

wvalently wupled to nsearch grade CM5 sensor chips (Pbamiacia Biosensor) using the 

amine coupling kit supplid by the manuf8ctwer. The proteins were diluted to 20 pg I ml 

in 10 mM sodium acetate, pH 4.5, and 40 pl aliquots were injected over the activateci 

chip surface. Umcted moietia were blocked with ethanolamine. All measurements 



w m  carrieci out in HEPES buffered saline (KBS) which contained: 10 mM HEPES pH 

7.4, 1 50 rnM NaCl, 3.4 mM EDTA 0.005% Surfatant P-20 (Phmacia). Analyses were 

performed at 25 OC and the binding of each antibody was tested at seven concentrations. 

Immobilizations and binding assays were carricd out at a flow rate of 3 ml / min. Sensor 

chip surfaces were regenerated with 100 rnM HCI and s u r f i e  integnty was penodicaily 

checked with control antibody. 

Association and dissociation rate constants were calculateci by non-linear fitting 

of the sensorgram data (O'Shannesy et al. 1993) using the BiAcvaluation 2.0 software 

(Phannacia Biosensor). The dissociation rate wnstant is derived using the equation: 

when 4 is the response at time t, % is the amplitude of the response and k, is the 

dissociation rate constant. The association rate wnstant can be denved using the 

equation: 

where R, is the response at time t.  R,- is the ntaximum response, C is the concentration 

of ligate in solution. k, is the association rate constant and L, is the dissociation rate 

constant. 



2.18 Pheaotypic determination of himin apo~2(~rg's+~ys)  in hanun plasma.- 

mAb 2E8 was used in a sandwich radioimmunometric assay, in order to detect the 

prrsence of the apo~2(~rg158+Cys) isofonn in human plasma. The plasma of 

individuals of known apoE genotype were used to deveiop the methodology (kindly 

provided by Dr. Ruth McPherson, Ottawa Heart Institute Lipid Chic). ApoE was 

quantified in kesh plasma from individuals of known apoE phenotype (E3 I W. E3 / E2 

and E2 / E2) using the solid phase sandwich immunometxic assay described above with 

6C5 and 123-3~1 as the capture and detection antibodies, respectwely. Based on this 

result, the plasmas were diluted to equivalent apoE concentrations and a secund 

modified sandwich radioirnmunometnc assay was then performed using ' % 2 ~ 8  mAb, as 

the detection antibody in order to determine the presence of the apoE2 isoform. 

Appropriately diluted plasma was added in senal dilutions to mAb 6C5 coated wells, 

incubated for 1 hou and washed using NaCl-Tween '"1-2~8 mAb was then added to 

the plates in a buffer containing 1% BSA, 0.01% Tween. Following an incubation of 1 

hour, the plates were washed using NaCl-Tween, and counted on a gamma counter as 

previously described. 



Results 

1. Fine specificity of mAb ID7 - It has previously been show that mAb ID7 reacts 

with a cyanogen bromide fragment of apoE composed of residues 126-2 18 (Figure U- 1 ) 

and with a synthetic peptide that includes apoE residues 139-169 (Weisgraber et al. 

1983). To more precisely map the ID7 epitope. I have taken advantage of a panel of 

recombinant apoE variants which were produced by sitedirecteci mutagenesis and 

synthesized in a bacterial expression system (Lalanu et al. 1988) and which were kindly 

provided by Dr. Karl Weisgraber. For these studies, a solid phase apoE sandwich 

irnrnunometric assay was developed as shown in Figure i l - 1 .  The mAb 6C5 was used as 

the anchor and bound apoE was detected with either IzJI- I D7 or '251-3H 1. Elsewhere. 

evidence has k e n  presented that the epitopes for anti-apE mAbs 6C5 and 3H1 are 

entirely or partially situated between residues 1-13 and 243-272, respectively (Figure II- 

1 )  (Weispber et al. 1983, 1986). Antibocûes 6C5 and 3HI do not compete with each 

other for binding to immobilized apoE nor do they compete with 2E8 and ID7 (Milne 

and Raffar unpublished results). As the mutagenesis was confined to the receptor- 

binding region of apoE, the introduced amino acid substitutions should not influence 

binding of the variants ta either 6C5 or to "'1-3~1. Recombinant apoE3 was somewhat 

iess immunoreactive with both 1D7 and with 3Hl than was purified plasma apoE3 

(Figure LI-2). This could be attributable to some protein denaturation or a decreased 

binding of recombinant apoE to 6CS due to the presence of an amino-terminal 

methionine that is not present in mature plasma apoE. The differences in 

immunonactivity obsewed between native and recombinant apoE3 are, however, minor 



in cornparison with the decreases in ID7 immunoreactivity tbat resulted fiorn amino acid 

substitutions in apoE. Amho acid substitutions at residues 143, 144, 150 or 152 almost 

totally eliminated binding of 1D7 and, as reprted previously, the natural apoE variant 

apoE(Argl4+Cys) showed reduced 1D7 imrnunoreactivity. In contras& n o d  1D7 

reactivity was seen with apoE(Argl"+Ser) and apoE(Argl"4ys) variants 

ApoE(HisIa+Ala) showed a large decrease in ID7 binding compared to apoE3 (Figure 

II-2), however, when normdued for 3Hl binding (Figure II-3). this difference was lost. 

Whle it is possible that a substitution at residue 140 could modulate both the ID7 and 

3H1 epitopes, it is more probable that there is reduced binding to the anchor mAb, 6C5, 

perhaps as a result of denaturation or amino terminal proteolyis of the rnolecule. While 

lipid-fke apoE is not a ligand for the LDLr, binding activity is restored if the a p E  is 

incorporated into lipid vesicles (Innerarity et al. 1979). As it has been suggested that 

binding to lipid may induce a conformational change in apoE (Weisgraber et al. 1992), 

we have compared the 1 D7 immunoreactivity of the apoE variants in a lipid-free and a 

lipid-bound form. However, as shown in Figure LI-3, incorporation of the apoE into 

DMPC vesicles did not significantiy change the observed fine specificity of 1 D7. 

2. Fine apecificity of mAb 2Eû - A second anti-human apoE mAb, 2E8, has been 

identified that blocks binding of apoE to the LDLr (herar i ty  and Weisgraber, 

unpublished results). While the m n i t y  of 2E8 for apoE is lower than that of 1 D7, it can 

compte with 1D7 for binding to immobilued apoE and shows a pattern of nactivity 

similar to that of ID7 with apoE proteolytic fragments (unpublished results). We have 

used the apoE variants to determine the fine specificity of 2E8 as was done for lD7. The 



results in Figure i I 4  confirm the lower affinity of 2E8 for apoE compareci to ID7 but 

also demonstrate that, in general, the two antibodia have similar specificity with respect 

to the apoE variants One notable difference, however, is that 2E8, unlike 1D7, shows 

decreased reactivity with apoE2(Arg1s8+Cys). Antibody 2E8 does not dixriminate 

between lipid-bound and free apoE nor does incorporation of apoE into lipid vesicles 

change its relative reactivitia with apoE3 and apoE2(Argl5a+Cys) as shown in Figure U- 

5. 

3. Surface plwrnon resonance - In order to confirm the binding specificities of ID7 

and 2E8 which were determined by sandwich RIA, and to establish association and 

dissociation rate constants for the antibodies with the different mutants, we have studied 

their interactions using surface plasmon resonance (SPR). ApoE3 and the five variants, 

apoE(Arglx+Ser), apoyHisla-tAla), apoE(Lysl4J-+Ala), apoE(Argi"-+Ala) and 

apoE(Arg15a+Cys) were irnrnobilizad and were subjected to a pulse of antibody. 

Sensorgrarns depicting the binding of the antibodies to the apoE variants as a function of 

time are shown in Figure M. The control antibody 3Hl reacted well with al1 of the 

variants including ApoE(Hisl*+Ala), indicating that the reduced reactivity observeci by 

RIA may well have k n  due to a reduced capture of this mutant by the anchor antibody 

6C5. The binduig of 1D7 to the variants revealed the same fine specificity as that 

determined using the sandwich RIA. Again ID7 had reduced reactivity with 

ApoE(Lysl43+Ala) and apoE(Arg1S+Ala). In the case of 2E8, the results obtained using 

SPR were also consistant with those obained using the sandwich RIA. Notably. the 



reduced reacbvity of 2E8 with ApoE(L,ysi43+Ala), apoE(Argl*+Ala), and 

apoE( Arg W s )  have been confirmed. 

This methodology has also allowed us to determine the association and 

dissociation rate constants, as well as the affhity of the antibodies for the individual 

ApoE variants (Table II- 1 ). From Table II- 1, it is apparent that the lower affinity of 2E8 

compared to 1D7 and 3H1 for apoE3 is the result of a high dissociation rate constant. 

Moreover, the reduction of afinity of 1D7 and 2E8 for individual apoE variants c m  

reflect changes in the association and / or the dissociation rate constants. For example, 

the reduced affi~nities of ID7 for ap~E(Lysl~~+Ala) and apoE(ArglJO+Ala), cornpared to 

that for apoE3, is largely due to an increased dissociation rate constant, whereas the 

reduced affinity of 2E8 for apoE(Ly~I~~+Ala) reflects a reduced k,. Reactivity of 2E8 

with certain of the variants was too low to allow calculation of rate constants and 

afiities. As expactecl, the binding kinetics of 3H1 were similar with al1 of the apoE 

variants. 

4. mAb 2E8 as an apoE phenotyping ragent-  As 2E8 showed linle reactivity 

with the cornmon apoE2(ArglJ*+Cys) isoform, I have evaluated this mAb as a potential 

reagent to determine apoE phenotype. Human plasma was prepared fiom two a p E 3  

homozygotes, h m  two a p E 2  / E3 heteroygotes and fiom six apoE2 homoygous 

individuals who attendeci the University of Ottawa Heart uistitute Lipid Clinic. The apoE 

plasma content was then evaluated for every sarnple using a sandwhich radio- 

imrnunometric assay show schematically in Figure iI-7. and baseci on this result, the 



samples were diluted to the çame total apoE conmtration (Figure II-8). The apoE2 

phenotyping was then pedormeû using a second sandwich radioimmunometric assay 

with 6CS and 1 2 5 ~ - 3 ~ 1  as the capture! and detection antibodies. respectively. As shown in 

Figure 11-9, the radiolabeled 2E8 rnAb could clearly discriminate amongst individuals 

who were hornozygous, heterozygous or lacked the apoE2 allele. The lZ51-2~8 binding 

c w e s  that were obtained with plasma fiom apoE2 heterorygotes fell between those 

obtained with plasma fiom the apoE2 homozygotes and individuals who did not inherit 

an apoE2 allele. 

5. Molecular cloning of 1D7, 2Eû hmvy and light chsin cDNAs - Total RNA 

from 1D7, 2E8 and 2H2 hybridorna cells was extracteci according to the acid- 

guanidinium thiocyanate phenol chloroform methoci, and the integrity of fieshly isolated 

nucleic acid was accessed by subjecting a small quantity to agarose gel electrophoresis. 

Figure II40 illustrates an ethidium-bromide stained gel, showing intact 28S, 18s and 5s 

nbosomal RNA molecules. Poly(A+) mRNA was purified from total RNA pnparations 

by oligodT affinity chromatography. Noithern blot ahalysis was performed to insure the 

pmence of light and heavy chah immunoglobulins transcripts. The constant region of a 

mouse kappa light chain (Max a al. 198 1) and the first constant =@on of an IgGla 

heavy chain (Honjo et d 1 979) were wd as molecular pbes  for hybridization. Figure 

- 1  1 represents an autoradiogram depicting a Northem blot of a poly(A+) mRNA 

pcep8tation probed for ligtit and heavy chain prtsence. A unique signal was generated 

for bath the light as well as the heavy chain, with the heavy chah king correspnâingly 



larger in size. This autoradiogram represents mRNA isolateci h m  hybridoma 2H2. but 

similar results were obtained with al1 hybridoma preparations. 

6. The cloning of the light and heavy c h a h  of mAb 1D7.- In order to clone the 

entire light and heavy chains of mAb 1D7, a cDNA library was created by using 5 pg of 

poly(A+) 1D7 mRNA as template for reverse transcription with an oligo(dT) primer. 

Following the synthesis of the second stmnd, Notl I EcoRl adaptors (Pharrnacia) were 

ligated to the cDNA. The cDNA was then digested with the endonuclease EcoRI, and 

the produas were cloned into the bacterial pUC18 plasmid Recombinant plasmids were 

tramforrned into DHSa wmpetent E.coli bactena by heat shock treatment, which on 

average generated some 50 000 bacterial colonies tesistant to ampicillin, for every 200 

ng of ligated plasrnid. Colonies were screened by wlony lift hybridization using the 

same radiolabeled IgGla heavy chain and kappa light chain constant region probes that 

were used for northem analysis. Figure 11-12 is an autoradiogram that illustrates the 

identification of irnrnunoglobulin light chain positive clones by colony li ft hybridization. 

Through this screening methodology, a number of positive clones were identified for 

both the light as well as the heavy chah Plasmid DNA was prepared from 1.5 ml 

bacterial cultures and the length of the cornsponding cDNA accessed by EcoRl 

digestion followed by electrophoresis on a 1% agarose gel. The identity of the cDNA 

inserts were wnfimeâ by Southem blotting followed ûy hybridization of the replicas 

with appropnate radio-labeled probes. in total, six heavy c h i n  as well as 10 light chain 

clones, which appeand larger than 2.2 kb and I kb respectwely. and which reacted with 

the constant ngion probes in southan blot experïments, were chosen for further 



characterization. Al1 clones were subjected to double stranded DNA sequencing. A 

unique, in-frame sequence was obtained for the heavy chain, whereas a bonafide light 

chain clone was identified in addition to two clones that npresent the product of non- 

productive rearrangements at the kappa chain locus. The two non-fuactional light chah 

clones were determined to have originated from the B ce11 and the non-secreting 

myeloma fusion partner, nspectively. The latter non-huictional kappa gene has been 

previously described (Walfield et al. 198 1 ). Both had deletenous h.ame shi f k  within the 

nucleotides encoding the variable region, occurring at the junction of the rearranged V 

and J segments. The nucleotide as well as the deduced amino acid sequences of the 

genuine imrnunoglobulin clones are presented in Figures 11-13. II- 14 and Il-15, II-16 

res pecti ve l y. 

7. Cloning of the light and heavy cbains of mAb 2ES.- The cDNA encoding the 

2E8 light chain was amplified by the polymerase chah reaction (PCR) (Mullis and 

Falcona, 1987), after reverse transcription of hybridoma mRNA, using one primer 

cornplementary to the 3' end of the kappa translateci sequence (5'-GCG CCG TCT AGA 

ATT AAC ACT CAT TCC TGT TGA A-3'). and the other wrresponding to the 

nucleotides encodmg the amino terminal residues of the mature light chain (S'CCA GGT 

CCG AGC TCG TGA TGA CCC AGT CTC CA-3'). Both the 5' and 3' region pnmen 

were based on previously wmpiled sequences ( H u e  et al. 1989) and contain, 

respectwely, Sac1 and XbaI restriction sites indicated in bol4 which facilitated the 

subsequent cloning of the PCR amplified products. for eventual expression. Following 

amplification, the 700 base-pair fragments comsponding to two irnmunoglobulin 



domains wm gel purifid (Figure II-17) and subcloned, following Klenow and kinase 

treatment, into pBluexript(KS+) (Stratagene, CA) digested with SmaI (Sarnbrook et al 

1989). The 2E8 heavy chain was cloned using anchored-PCR as describeci in the 

methoâology section. However, for added clariîy, a diagram depicting the procedure is 

presented in Figurr II-1 8. Al1 the cloned cDNAs were sequenced using the dideoxy chain 

termination method. Single unique in-frame sequences were obtained for the light and 

heavy chains, respectively (Figures 1- 1 3 and 1- 1 4). 

8. Amino acid squence analysis of the light and heivy chaina of mAbs 1D7,ZE8 

and 2 8 2  - To confirm that the cloned cDNAs do encode the respective heavy and light 

chains of the 1D7 and 2E8 Fabs, we have subjected the separated heavy and light chains 

of pkfied 1D7 and 2E8 IgG to amino terminal sequencing. As show in Figure 11-19, 

amino-terminal sequence was obtained for each immunoglobulin chain with the 

exception of the 1 D7 heavy chain. Presumably, our lack of success at sequencing the 

amino terminal end the ID7 heavy chain was a consequence of pst-translational amino 

terminal modification that is 6requently observed with imrnunoglobuIin chans. We did, 

however, succeed in obtaining amim terminai sequence fiom a CNBr Fragment of the 

1 D7 heavy chain that was generated by a cleavagt following  et^ (Figure U- 19). in al1 

cases the arnino acid sequences determined by direct peptide sequencing comsponded to 

those deduced from the nucleotide sequences of the resptive cDNA clones. 



9. Identification of the variable region gene families used in mAbs 1D7, 2E8.- 

Cornpison of the variable region wuences of the three mAbs with those in the 

database of Kabat et al. (Kabat et al. 1199; Kabatman database internet m e r :  

httpdf immuno. bme. nwu. edu/scripts/subgroupP tc indicated that the reananged 1 D7 heavy 

chain is a member of the mouse heavy chah variable region subgroup 1(B) and possibly 

arose from within family IV as shown in Table Il-2. Codons 103-1 17 were determineci to 

have been derived fiom the mouse heavy chain J-minipne, M U W  (Kurosawa and 

Tonegawa 1982). Its Dminigene however could not be identified owing either to the 

incomplete tabulation of members of this farnily of genes. or due to mutations that were 

introduced during affisnity maturation of the antibody. and that rendered the segment 

unclassifiable. The 2E8 heavy chm gene is a member of the mouse heavy chah variable 

region subgroup II(C), which possibly originated from family D< (Table II-2), and 

includes sequences derived from the DSP2.2R+2 Dminigene (codons 99 to 103) 

(Kurosawa and Tonegawa 1982) and From the MUS.JH3 J-minigene (codons 106-120) 

(Kabat et al. 1991). Sequencing of the nucleutides cncoding the CH, showed that both 

heavy chains were of the y1 subclass, thus confirming serological identification. The 

ID7 and 2E8 light chains arc both memben of the mouse kappa variable subgroup V, 

and b t h  wnîain muences derived from the M U W  kappa J-minigene (Kurosawa and 

Tonegawa 1982). While the 1D7 light chah couid not be ascribed to any family within 

subgroup 5,  that of 2E8 was found to have possibly arisen From family XX. 



Both antibody light and heavy chains were found to conform to previously 

characterized murine antibody primary structures, in tems of the invariant presence of 

certain key residues. For example, both 1 D7 and 2E8 have cysteine residues at positions 

23 and 88 and at positions 22 and 92 of the light and heavy chains, respectively, which 

form intradomain disulfide linkages that help to maintain the conformation of the 

respective variable domains. in addition, the well chmcterized light chain   lu" and 

heavy chain GIU~', known to be implicated in an interdomain hydrogen bonds, are also 

present in the two immunoglobulins. Other residues, which were often found to contact 

antigen in previously solved X-ray crystal structures of immune complexes, have been 

reporteci to be present in dl variable regions. These residues are in general large 

aromatic amino acids such as tryptophan, phenyldanine and tyrosine. The side chains of 

these residues are known to possess a certain mobility, and can therefore orient 

themselves in order to accomodate the formation of a molecular complex with opposing 

residues originating from an antigen molecule (Mian et al. 1991). Indeed variable 

domains of 1D7 and 2E8 contain most of these conserveci residues that are thought to 

facilitate the interaction with antigen, and provide plasticity to the paratope. These 

residues correspond in the light chah to: Trp 35, Tyr 36 in the light cham FM, and in the 

heavy chains; Trp 36 and 46 in FR2, Tyr 57 in CDR2, Tyr 103 in CDR3 and Trp 104 in 

FR4. 

10. Analysb of the complementary dctermioing regiow (CDR).- As the two anti- 

apoE mAbs, 1D7 and 2E8, were found to have similar fine specificities, it rnay be 

expected that they share homology in the 6 hypervariable or complementarity 



determining regions (CDRs). As stated in the introduction, it has been determincd that 

the amino acids whrch comprise the 3 CDRs of the light chain and the 3 CDRs of the 

heavy c hain, interact direct1 y with the corresponding epi tope and are there fore large 1 y 

responsible for antibody specificity. Compatison of the primary structure of the light 

chahs of 1D7 and 2E8 shows considerable homology for the CDRl and CDR2, which 

display 81% and 86% amino acid sequence homology. However, both light chains share 

almost no sequence identity for their CDR3. The 1D7 light chah contains two 

negatively charged residues which are found in CDRl and CDR2 respectively, whereas 

the 2E8 light chain has no negatively-charged residues within its CDRs. There is little 

homology between the heavy chain CDRs of these two anti-apoE mAbs, and moreover 

CDR2 and CDR3 of 2E8 contain one and two additional amino acids respeztively, as 

compared to the corresponding CDRs of 1 D7. The heavy chain CDRs of 1 D7 include 4 

acidic amino acids whereas those of the 2E8 heavy chah contain 7 acidic residues. 

Lastly, as show in Table II-3, al1 of the antibody CD&. with the exception of both 

heavy chain CDR 3, could be assigneci a canonid stnictun. This assignrnent was made 

using the "Chotha SDR ternplate" program, available on the world wide web. 

(''http: www. biochem. ucl.ac. W C @ - b i n / A n 9 ) .  The defined canonical 

structures are show in Figure II-20 (taken fiom Edwards et al. 1992). 



Discussion 

In this chapter 1 have presented evidence that the epitopes of mAbs 1D7 and 2E8 

coincide with the LDLr-binding site on apoE, that is situated between residues 136 and 

150. It cannot be formally excludeci, however. that the epitopes of ID7 and 2E8 are 

located eisewhere on the molecule and may be disrupted by changes in wdormation due 

to the amino acid substitutions that characterize the different apoE variants that 1 have 

tested. Nevertheless, it should be noted that a recent study which evaluated sitedirected 

mutagenesis as a method for epitope mapping, revealed that mutations which caused a 

greater than IO-fold change in apparent antibody binding affinity (using methods 

analagous to those presented in Figure II-2) were correctly assignexi to the epitope when 

confirmed by X-ray crystallography ( P d  et ai. 1993). From results presented here and 

elsewhere (Weisgraber et al. 1983; Horie et al. 1 W2), it is very likely that Argi42, Lysld3, 

Arg14s, Lys" and ArglJO fom part of the I D7 and 2E8 epitopes. Furthemore, the lack of 

reactivity of apoE(LeulU+Pro) and apuE(Alal"+Pro) may indicate that either Leulu and 

Alal52 an also dimtiy implicatd in the epitopes or, that a local conformational change 

inducad by the introduction of a proline at these positions eliminates mAb binding. The 

relatively moderate decrease in reactivity of the apowArgMs+Cys) variant would be 

consistent with the Arg145 si& chah maLing only a minor contribution to the binding 

energy of the mAb-apoE complex in the case of both mAbs. In fact it has been shown, 

fkom the andysis of the x-ray crystal structure of apoE, that the side chain of points 



in a differcnt direction cornpared to the positively charged cluster of residues within the 

ligand binding domain (Wilson et al. 199 1 ). While the fine specificity of 2E8 is similar 

to that of 1D7, it is nevertheless notable that 2E8 and 1D7 difier in their relative 

affnities For apoE2(Argls8-*Cys) and apoE3, with 2E8 having little afinity for 

ap0E2(Argl~~Cys) (Figures II-2, II-3, II4, II-6 and Table 11-1). My results therefore 

indicate that the epitopes for mAbs 1D7 and 2E8 overlap with each other and with the 

LDLr bindmg site on apoE. 

The ability of 2E8 to differentiate betweeen apoE3 and the receptordefective, 

and clinically important isoform, apoE2 (apoE2(ArglJa+Cys)) could be potentially 

exploitai in an antibody based test for the determination of apoE phenotype (Raffaï et al. 

manuscript in preparation). As shown in Figure U-9, when plasma is normalizeâ for total 

apoE content, 2E8 can clearly discriminate between subjects who are homozygous, 

heterozygous or who have not inherited an allele encoding apoE2. Identification of an 

antibody that can differentiate between apoE2 and apoE3 should provide an irnpetus to 

generate other apoE isoform-specific antiboches. An antibody-based test for direct apoE 

isoforrn determination on plasma samples could offer advantages in tems of both time 

and expense when compared to the presently used methodologies based on 

isoelectrophoresis of isolated VLDL (Menzel and Uttermann, 1986) or PCR 

amplification of genomic DNA followed by endonuclease digestion (Hixson and Vernier, 

1990). Given the associations that have been established baween apoE genotype and 

both cardiovascular and neurological discase. it is probable that determination of apoE 

phenotype or genotype will becorne a standard clinical test. 



The LDLr binds apoE only when the latter is associated with lipid emulsions 

(lnnerarity et al. 1979). However, 1 observed that the incorporation of apoE into lipid 

particles does not change its immunoreactivity with either of the mAbs. It has been 

proposed that. in the presence of lipid, the four helix bundle of the amino terminal 

domain of apoE opens up to generate the receptor-active conformation (Weisgraber, 

1992). While this lipid-driven unfolding would represent a major alteration in apoE 

tertiary stnicture, the changes in the secondary structure of the individual a-helices may 

only be minor. Consequently. the association of the protein with lipid wodd neither 

radically change the conformation nor mask the 1D7 and 2E8 epitopes. The reactivity of 

ID7 with apoE synthetk peptides as short as 30 arnino acids (Weisgraber et al. 1983) 

would indicate that its epitope does not require elaborate tertiary structure and is not 

composed of disparate regions of apoE primary structure. in the case of 1 D7, the epitope 

rnay thus be continous or, as has been suggested uirlier (Weisgraber et al. 1983), 

composed of one face of the a-helix that consfitutes the secondary structure of this 

region. Nevertheless, it should be kept in mind that, while residues From within this helix 

may constitute the "critical epitope" that is recognized by the antibody, the antigenic 

surface in contact with antibody may be larger and include residues fiom elsewhere in 

the apoE rnolecuie. While the critical epitope, itself, has been shown to be sufficient for 

high aNnity binding to antibody (Hawkins et al. 1993), it has been predicted, based on 

size considerations alone, that antibodies will invariably contact more than one 

polypephde segment in a folded globular protein (Barlow et al. 1986). 



As described in Chapter 1, it has been d-ined that the ligand-binding domain 

of the LDLr is situated at the amino-terminus and is made-up of seven irnperfbct repeats 

of a 40-amino acid cysteine-rich sequence that is characterized by a conserved cluster of 

acidic arnino acids in the carboxy-terminai p d o n  of the repeat (Goldstein et al. 1985). 

Repeats 3 through 7 appear to contribute to apoB-mediated binding of LDL, whereas, 

ody repeat 5 appuirs to be critical for apoE-mediated bindllig of P-VLDL (Esser et al. 

1988). It is long been thought that the binding of apoE and apoB lûû to the LDLr may 

involve ionic interactions betwecn basic arnino acids of the apolipoproteins and acidic 

residues of the receptor (Brown et of. 1978; Basu et al. 1977). Chernical modifications 

of arginine and lysine residues in apoBlûû and apoE (Mahley et al. 1977; Basu et of. 

1977) and substitution of neutral arnino acids for basic residues in the putative receptor- 

binding region of apoE reduce affinity of the apolipoproteins for the LDLr. Reductive 

rnethylation of lysine residues in apoE and apoB, which maintains the positive charge of 

the modified residues, alsa eliminates binding to the LDLr. This would suggest that, not 

only the positive charge, but also the stnicnire of the basic residues contribute to the 

recognition of the ligands by the receptor. This is fûrther support& by the observation 

that cystearnine treatment of apoE(Arg"4Cy~I~~) restores a positive charge at residue 

142 without rendering the molecule capable of binding to the LDLr (Horie et al. 1992). 

Moreover, the acid-mediated dissociation between the receptor and P-VLDL is not 

dependent on a simple titration of charged residues within the ligand binding domain 

(Davis et al 1987). 



While basic residues 

the epitopes of both mAbs 

structures of the respective 

located within 

1D7 and 2E8, 

CDRs of the 

the LDLr binding site of apoE contribute to 

the lack of similarity between the primary 

two mAbs, inâicates that they recognize a 

similar region on apoE differently. Although the physical structure of the individual 

functional groups found within the two antibody CDRs are different, if considered in the 

context of a fully folded antibody combining site, they nonetheless may fonn a cornplex 

with apoE at an almost identical location. This could occur, if the antibodies use, for 

example, different relative planar angles of recognition. While it has been observed that 

orienteci dipoles rather than counter charges are preferentially used in stabiliting charged 

residues in the formation of antigen-antibody complexes (Mian et al. 1991 ), both mAbs 

do, in fact, contain acidic residues within their respective CDRs that could potentially 

wntribute to the binding energy of the antibody-antigen complex through the formation 

of salt bridges with basic residues of apoE in a manner similar to that which has k e n  

proposeci for the interaction between apoE and the LDLr. In this case. the two anti-apoE 

mAbs differ in the distribution of their negatively charged amino acids amongst their 

respective CDRs. In the case of 1D7, the 6 acidic residues are distributed in the CDRs of 

both the heavy and light chains der-, in 2E8, the 7 acidic residues are restncted to the 

heavy cham CDRs. Assuming that aspartic and glutamic residues of the two antibodies 

do make a major contribution to the binding en- of their respective immune 

complexes, this could Uidicate that 1D7 makes use of both chains for binding apoE, 

whereas, in 2E8, it is primarily the heavy chain that is responsible for antigen binding. It 

should, however, be emphasized that the surface of contact between antigen and antibody 

is  large, and hydrogen bonds, van der Waals forces as well as electrostatic interactions 



likely contribute to the binding energy. In Cbapter V, 1 describe experiments in which 1 

have used site directed mutagenesis to test the role of the acidic amino acids in CDRs of 

2E8 in binding to a p E .  

In addition to electrostatic counter charges. both antibodies possess similar 

residues at locations belived to be key for the association between an ontibody and aa 

antigen. The many tyrosines, tryptophans and pheny lalanines which have been recorded 

to be present at putativeiy cort~erved "antigen contact sites" (Mian et al. 199 1), indicate 

that the antibodia follow a general mode of association observeci by other docurnented 

immunoglobulins. Supposedly, in the immune complex, much of the binding energy 

would be provided by these bulky aromatic residues which are known to be capable of 

rotating about their main chain axis, in order to allow the proper fit of an antigen. The 

fine tuning of the complex would presumably be provided by other residues of the six 

CDRs. Moreover, it is thought that that ionic and hydrogen bonds bring nearby antigen 

and antibody molecules together so that van der Waals and hydrophobie interactions can 

occur. This mode1 of association has been proven in the protein-protein interaction 

between the enyme Barnase and its n a t d  inhibitor Barnstar. two well charactenzed 

proteins which display oppositely charged interacting sUTf8ces. A good portion of the 

high affinity of the associatcd complex, has been ascnbed to the strong electrostatic 

component. in fact, when this component was negateû, by measuring the rate of 

association of the two proteins in 1 M NaCl, the afinity of the complex dropped by four 

orders of magnitude (Schreiber and Fresht, 1996). 



A p B ,  the major protein wmponent of LDL, can wmpete with apoE for binding 

to the LDLr. Cornparison of the pnrnary structures of apoE and apoB has revealed a 

short sequence of apoB wmposed of residues 3359 and 3367 that nsembles residues 

140- 150 of apoE with respect to the relative positions of basic arnino acids ( b o n  1985). 

It has been proposeci that this characteristic distribution of basic residues could indicate 

that both apoproteins may be forming sirnilar ionic interactions in their association with 

the ligand binding site of the LDLr. 1 have made an analogous cornparison of the primary 

structures of the ligand-binding repeats of the LDLr and the CDRs of mAbs ID7 and 

2E8. Of the 7 acidic residues in the heavy chain CDRs of 2E8,4 are clustered in CDRZ. 

The spacing of the 4 aspartic and glutamic residues within CDIU of the 2E8 heavy chain 

bean some resemblance to that of the acidic residues in the ligand-binding repeats of the 

LDLr (Figure 11-19). Therefore, the CDR2 of the 2E8 heavy chain may mimic the 

postulateci ionic interaction between the consensus sequence repeats of the LDLr and 

apoE. While the overall architecture of an antibody and that of the LDL receptor are 

clearly difTerent, it is interesting to note that an anti-idotypic rnAb prepared against a 

neutralizing anti-reovinis hemagglutinin mAb recognued the mamrnalian ce11 surface 

reovinis receptor and, in ths  case, the molecular mimicry resulted fiom hornology in 

primary structure between the light chmn CDRî of the anti-idiotypic mAb and the viral 

hemagglutinin (Bruck et al 1986). in addition, it has been shown that certain anti- 

integrin antibodies which bind to the ligand binding site of platela integrin a, B, contain 

the "Arg-Gly-Asp" integrin recognition motif in their antigen binding sites (Smith et al. 

1994). Moreom. the activiîy of one such inhibitory antibodies wuld be emulated by 

synthetic peptides whose synthesis were baseâ on the primary structure of these rnAb 



CDRs, including one which done acts as a miniantibody by neutralizing human 

immunodeficiency virus type 1 in vitro (Smith et al. 1994; Williams et al. 1989; Levi et 

al. 1993) . Thus, the three dimensional structure created by an antibody CDR, may on 

some occasions provide a molecular nplicate of a structure found on an unrelated, cross- 

reacting protein. As both the antibody CDRs and the cysteine-rich repeats of the LDLr 

are composed of looped protein segments, it is possible that their identity in pnmary 

structure, may confer them with the ability to function similarily in binding to apoE. The 

concept of mimicry ôetween the 2E8 rnAb and the LDLr will be expanded in Chapter V. 

lt is interesting to compare the stnictural requirements for apoE-rnediated binding 

to the LDLr with those for 1 D7 and 2E8 imrnunoreactivity (Figure iI-2 1 ). Substitutions 

that result in the loss of a positive charge at residues 142, 143, 145, 146 or 150 produce a 

decrease in the ability of the variant to bind to both antibodies and to the receptor 

(Weispber et al. 1983; Lalazar et al. 1988; Home et al. 1992; Rall et al. 1982; Rall et 

al. 1982). Similarly. the introduction of proline residues at positions 144 and 152 

decreases both antibody and receptor binding by either the replacement of a critical 

midue for binding or by disruption of apoE sec on^ or tertiary structure (Lalazar el al 

1988). In contrast, several of the variants (eg. apoE(Argl"+Ser) and apoE(Argfia4ys)) 

are defective with respect to LDLr binding but bind to 1 D7 with high affinity (Lalazar et 

of. 1988; Rall et al. 1982). The binding o f  antibody 2E8 to ap~QArg~~~-Cys),  on the 

other han& is severely impairecl (Figure 11-6, Table II-1). It is thought that Arglss is not 

directiy implicated in binding to the LDLr but its replacement by a Cys in 

apoE(ArglJ%Cys) induces a conformational change in the raceptor binding domain, 



probably situated between residues 136 and 150 (herarity et al. 1984). In the crystal 

structure of the amino terminal domain of apoE3, ArglsVorrns salt bridges with Glu* 

and Aspl% and may help to stabilize the pairing of helices 3 and 4 (Wilson et al. 1991). 

In ap~E(Arg~~~+Cys),  Argl" forms a salt bridge with AspIY (Wilson et al. 1994). The 

putative confomational change responsible for the decrease in binding afinity of 

apoE(Aspls8+Cys) for the LDLr may result fiom these reorganized salt bridges. As was 

described in Chapter 1, the determination of the crystal structure of the apoE variant, 

apoE2(AsplY+Ala, Argls8+Cys), and the demonstration that it possessed near normal 

ability to bind to the LDLr provide strong evidence in support of this hypothesis (Dong et 

al 1997). 

LDLr-binding and ID7 irnmunoreactivity can also be distinguished by other 

criteria Rat and mouse apoE, bind with high affinity to the human LDLr but have little 

ID7 irnmunoreactivity (Weisgaber ef al. 1983; Maurice et ai. 1987). F i ~ l l y ,  as 

discussed above, only lipid-bound apoE is recognized by the LDLr (Imemrity et al 1979) 

whereas neither mAb differentiates between free and lipid-bound apoE. Thus, while the 

apoE LDLr-binding domain and the ID7 and 2E8 epitopes may coincide or overlap, the 

respective conformational elements that are recognmd by the antibodies and the receptor 

are not identical. This situation, where two mAbs share a protein epitope, may be 

analogous to that which occurs between mAbs NC 10 and NC4 1, both of which bind to an 

ovrlapping epitope on influenza virus neuraminidase. In this situation, it was found that 

both antibodies recognized the sarne protein epitope. through different CDR usage 

(Malby et al. 1994). More importantly, it was recently shown that it is possible for two 



mAbs to recognize the electrostatic surfâce of a protein in dissimilar ways (McCoy et al. 

1997). 

It appean that apoE can be present in two forms in triglyceride-rich lipoproteins, 

one of which is resistant to cleavage by proteases and is not recognized by the LDLr and 

a second that is protease-sensitive and capable of binding to the LDLr (Bradley et al. 

1984). ApoE may be converted fiom the first to the second form by either a change in 

conformation or in accessiblity that is induced by lipolysis of the particle or by both 

(Sehaye k et al. 1 99 1 ). As it has been proposed that 1 D7 may distinguish between these 

two forms (Sacks et al. 1987), it may be a usehl probe of the LDLr-binding site of apoE. 

Here 1 have identified a number of apuE residues that are critical for binding of the ID7 

and 2E8 mAbs and have demonstrated that the epitopes for both mAbs overlap with the 

LDLr-binding site on apoE. Moreover, based on bth the criteria of specificity and on 

primary structure, I have presented evidence that one of the rnAbs, 2E8, has some of the 

attributes of an antibody mimetic of the LDLr. 



rn Block LDLr binding 
rn Do not block LDLr binding 

Figure i l - 1  Epitope map of human apoE and apoE sandwich radieimmunoassay.- 
This figure depicts an epitope map of hurnan apoE. The epitope of rnAb 6C5 has 
previously ken  show to reside in the amino-terminal portion of the apoE, whereas that 
rnAb 3H1 is situated in the carboxyl-terminal portion of the protein. Finally, the epitopes 
for both mAbs 1D7 and 2E8 have been shown to overlap with the LDLr-binding site of 
apoE. These mAbs were w d  to establish solid phase sandwich radioimmunometnc 
assays to determine relative immunoreactivities of mAbs 1D7 and 2E8 with various 
LDLrdefective variant fonns of apoE. As shown in the figure, mAb 6C5 was used to 
anchor apoE in microwells as its epitope is not influenced by the substitutions which 
chanicterize the variant fonns of apoE. The relative affinities of mAbs ID7 and 2E8 
could then be assayed against a panel of apoE variants, by radio-iodinating the respective 
mAb. In al1 case, rnAb 3H1 was w d  as a control antibody, as its epitope was not 
influenced by the amino acid substitutions which chanicterized the apoE variants. 



Figure CI-2 Irnmuooreactivity of apoE variants with anti-apoE mAbs 1D7 and 

3AI.- Serial dilutions of apoE variants were incubated in polystyrene rnicrowells to 

which anti-apoE mAb 6C5 had been adsorbeci. The wells were then washed and exposed 

to either 1251-1 D7 (left) or W-3H1 (right) anci, after washing, the bound radioactivity was 

determined. The bound IWrnAb mass was calcuiated from the specific activtty of the 

labelled antibodies. Results fiom one experiment are s h o w  with essentially identical 

results having been obtained in two other experiments. 



Figure II-3 Relative reactivity of mAb 1 D7 with apoE variants. The relative 

imrnunoreactivity of apoE variants (closed bars) with mAb 1D7 was calculated from the 

results presented in Figure 11.2 according to the formula: ng apoE necessary to have 3 ng 

of W-3H 1 bound / ng apoE necessary to have 3 ng of 121-I D7 bound. Results are also 

presented from the sarne experiment for apoE variants that had been incorporated into 

DMPC vesicles (cross-hatched bars). 
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Figure 11-4 Immuooreactivity of apoE variants with aiiti-apoE mAbs 2E8. Serial 

dilutions of apoE variants were incubated in polystyrene microwells to which anti-apoE 

mAb 6C5 had been adsort>ed. The wells were then washed and exposed to 1251-2E8 an4 

afler washing, the bound radioactivity was detemined. The bound 1251-mAb mass was 

calculated fiom the specific activity of the labelied mAb. 
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Figure II-5 Relative immuaoreactivity of mAb L E 8  against lipid free venus lipid 

bound apoE.- Purified apoE was incorporated into DMPC vesicles as described in the 

Methods section. The 2E8 immunoreactivity of the lipid-bound or lipid fm apoE was 

determined by a solid phase immunometric sandwich assay. 



Figure EI-6. Sensorgrams of ApoE variants with lD7, ZE8 and 3H1 using SPR 

These sensorgrams depict the lunetics of 1D7, 2E8 and 3HI binding to apoE3. 

apoE(ArglM+Ser), apoE(HisiQ+Ala), ap~E(Lys~~~+Ala) ,  apoE(ArglSO+Ala) and 

apoE(ArglM+Cys). The association phase of each sensogram begins at approximately 

180 seconds and the dissociation phase at 850 seconds. ï h e  results that are illust~ated 

were obtained with concentrations of 150 nM, 150 nM and 50 nM for I D7,2E8 and 3HI. 
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Figure 11-7 Immunoass~y format useà for the evaluatioa of 2E8 as a reageat to 

determine the presence of the apoE2 isoform in plasma. The two rnAbs; 3H1 and 2E8 

were used in an imrnunometnc assay in order to detect the presence of apoE2. Freshly 

isolated plasma was incubated as serial dilutions, in microtiter wells coated with mAb 

6C5. The captureù plasma lipoproteins were then subjected to immunodetection by the 

addition of lZ? labelled mAb 3H1 or 2E8. As show in the hvo following Figures, mAb 

3H1 served as an indicator of total plasma apoE regardless of the iwform, whereas mAb 

2E8 served as an indicator of apoE2 presence. 
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Figure 1143 Immunodetection of buman apoE using mAb 3H1.- This F i y e  

illustrates the standardization of plasma fiom individuals of known apoE phenotype with 

respect to apoE concentration. In the solid phase sandwich assay, apoEcontaining 

lipoproteins were captured with rnAb 6C5 and detected with "'1-3~ 1 .  Neither 6C5 nor 

3H 1 discriminate between the common apoE isofons. 



1 3 5 7 9 1 1  

Dilution of apoE normalized plasma 

Figure 11-9 Determination of apoE phenotype from hurnan plasma.- Plasma of 

known apoE phenotype that had been adjusted for total apoE content wss tested in a solid 

phase sandwich immunornetric assay. ApoE-containing lipoproteins were captured using 

immobilized 6C5 and detected with '"1-2~8. Using this format the assay can 

discriminate between individuals who are homozygous. heterozygous or do not carry the 

~2 allele. 



Figure 11-10 Assessrnent of the integrity of freshly isolated hybridoma total RNA.- 

This Figure consists of a photographed agarose gel on which a small portion of freshly 

isolated total hybridoma RNA was separated, and stained with ethidium bromide. The 

presence of three well defined and undegraded bands, corresponding to the 28 S. 18 S 

and 5 S ribosomal RNA molecules, offered an indication as to the integnty of the isolated 

immunoglobulin mRNA. 



Figure Li-1 1 Deteetion of  the mRNA eaeoding the 2H2 mAb light and heevy 

chaias.- This Figure represents a Northem blot transfer of poly(~') 2H2 hybridoma 

rnRNA. A small amount of poly(~+) RNA was separated on a 1 96 agarose gel, and 

subsequently was transfered onto a nylon membrane. The membrane was then cut in 

half, and both portions were incubated either with a light chain or a heavy chain 

radiolabled constant region probe. Following appropriate washing, the two membranes 

were exposed to X-ray sensitive film. The appearance of two well defined bands 

corresponding to about 2.5 Kb and 1.5 Kb respectively. attest to the presence and to the 

integrity of the heavy and light immunoglobulin chains. 



Figure II- 12 Colony lift h y bridization detection of cloned immunoglobulin chainr- 

This Figure illustrates a photographed autoradiogram correspnding to a p n m q  

screening of bacteria transformed with the 1 D7 cDNA library. The membrane which 

served to lifi off the bacterial clones was. in this case, incubated with a radiolabllcd light 

chai n constant region probe. 



C o d o n  #l. 

AAT TGC GTG ATG ACC CAG ACT CCC AAA TTC CTG CTT GTA TCA GCA GGA 
+ * +  + * *  + + *  * * +  * * *  O C +  + * +  + C A  --- ,,- A-- TCC AC- --- -T- --- 

* * +  b t *  + e r  * * +  * + t  + t C  t h +  * * A  CTC ACT Tb- TCG -TT A-C ATT --- 

( 28 M T  GTC M T  M T  9 O T A  GCT TGG TAC C M  CAC AAA CCA GGG CAG GCT 
-A- --a O-- -C- -C- --- --C --- --T --- --- --- --- - -A --A T-- 
a- -a -m -CA T-- T-a m- --- CTG TT- --- -GG --- --C --- - T-- 

CDR2 
( 4 4 )  CCT AAA CTG CTG ATA TAC TAT GCh TCC M T  CGC TAC ACT GGA GTC CCT 

--- --- --A A-- --T --- -- O-- --- --- --O --- -0- --- --- --- 
--A --G -GC --A --C --T CM -= --T --A -= O-- T-- --- --- --- - 

GAT CGC TTC ACT GGC AGT GGA TAT GGG ACG GAT TTC TCT TTC ACC ATC --- --- --- --A --- --- --- -C- --- --A - -- - - - A-- C-- --- --- 
--C A-G --- --- --- --- --- -CA --- - -A  --- --- A-- C-G -A,& --- 

TAT CGC TCT CCT CCT TTC GGT GCT GGG ACC M G  CTG GAG CTG AAA 
A-- -A- O-- -TC --- --- --- --- --- --- --- T-- --- --- --- 

A= -AT -T- --- -Ab --- --- --- -GA --C --- --A --- --A A-C --- 

Figure II43 Nucleotide sequeoces of 1D7, 2E8 and 2 8 2  light chahs.- The 

nucleotide sequences of the variable domaiw of 1D7 (upper) and 2E8 (middle) and 2H2 

(bottom) light chains are pfesented. CDRs are indicated in bold print and negatively 

charged residues within the CDRs are uaderlined. The astensks indicate the nucleotides 

within the degenerate PCR primer that were used for cloning the 2E8 light chah cDNA. 

Codons are numbered and CDRs are identified according to Kabat et al. (Kabat et al. 

1991). 



Codon #1. 

CAC GTG CAC CTG AAG GAG TCA GGA CCT GGC CTG GTG GCG CCC TCA CAG 
G-- --T --G --- C-- C-- --T --G G-A -AG G-T --- AG- T-A G G  GCC 
e- --- --G --- C-- C-- --A GG- --A -AG CTG GTG CG- --- K G  GCC 

ACC CTG TCC ATC ACA TGC ACC GTC TCA GGG TTC TCA TTA ACC OOC TAT 
TCA G-C AAG T-G T-C --- --A -CT --T --c --- AAC A-T -M -A- --C 
TCA --T M G  --- T-C --- -AG ACT --T --T -AC --- --C --T --- --c 

CDR 2 
GGA TTC3 ATA Tût3 GCT OÛA M A  AC& TAT M T  l'CA K T  CTC --- -a- --T CCT -ru ATT --T QAT --T LA --- GTC C-G AAG T-- 
--- C-T --T M T  CCT TAC A-- --T O-T --T AC- --C --C CAT IUQ T-O 

AAA TCC AGA CTG AGC ATC AGC M G  GAC M C  TCC M G  AGC CAA GTT TTC 
C-O 00- -AG GCC -CT -TG -CT GCA --- -CA --- TCC -A- AC- -CC -A- 
--G ûG- -AG G-C -CA T-T -CT GTA --- --G --A TCC --T AC- -CC -AC 

CDR 3 
GCC AGA GAG M G  OTT GGT TAT CCC TTT GAC TAC TGG GGC CAA - 

Figure II-14 Nucleotide sequences of 1D7, 2E8 and 2BZ heavy chainr The 

nucleotide sequences of the variable domains of ID7 (upper), 2E8 (rnidûie) and 2H2 

(bottom) heavy chains are presented. CDRs are indicated in bold pnnt and negatively 

charged residues within the CDRs are underlined. Codons are numbered and CDRs are 

identified according to Kabat et al. (Kabat et al. 1991). 



(1) Asn LYS V a l  Met Thr G l n  Thr Pro Lys Phe Leu Leu V a l  Ser A l a  Gly 

~ s p  Ile ---  - - -  - - -  - - -  Ser G l n  --- --- Met Ser Thr --- V a l  - - -  

( 2 8 )  &r Va1 S r r  h n  A.p Va1 Alr T r p  T y r  Gln  G i n  Lys Pro Gly Gin A l a  

a Gly Lyr T h r  Tyr IAu A m  --- Leu Leu --- &rg --- --- --- Ser 

CDR2 
(44) Pro Lys LeuLeu I l e T y r  T y r N r  S l r b n A r g T y r T h r G l y V a l  Pro 

--- --- Arg --- --- --- ~ A U  V & l  --- Lye IAU Asp Qlr --- --- Pro 

(76) Ser Thr Val G l n  A l a  Glu Asp Leu A l a  Val Tyr Phe Cys O l n  O l n  

Asn Met --- Ser --- --- --- --- Asp --- --- --- --- --- Tyr 

--- A r g  --- G ~ U  --- --- --- --- G l y  Gly --- Tyr  --- Trp Gln G l y  

CDR3 
( 9 2 )  T y r  Arg Sœr P r o  P r o  T h r  Phe Gly A l a  Gly Thr Lys Leu Glu Leu Lys 

Srr Sœr Tyr --- m u  --- --- --- --- --- --- --- --- --- --- --- 
Thr H I s  Phm --- Gin --- --- --- cly --- --- --- --- --- Ile --- 

Figure LI45 Deduced proteia sequences of 1D7, 2Eû and 2HZ light ~bains.- The 

deduced protein sequena of the variable domains of 1D7 (upper) and 2E8 (middle) and 

2H2 (bottom) light chains are presented. As done with the tabulated nucleotide 

sequences, CDRs are indicated in bold print and negatively charged residues within the 

CDRs are underlined. Amino acid residues represented in italics were cofirmed by 

protein sequence detemination. Codons are numbered and CDRs are identified 

according to Kabat et al. (Kabat et al. 1 99 1 ). 



G l n  V a l  His Leu L y s  G l u  Ser G l y  P r o  Gly Leu Val Ala Pro S e r  Gln 

G l u  --- Gln --- G l n  G l n  --- --- Ala G l u  V a l  --- Asg S e r  Gly A l a  

Glu --- G l n  --- Gin Gin --- --- --- G l u  --- --- L y s  --- G l y  A l a  

Ser L e u  Ser Ile T h r  Cys T h r  V a l  Ser G l y  P h e  Ser L e u  Th r  Gly Tyr 

--- V a l  L y s  Leu S e s  --- --- A l a  --- --- --- Asn I l e  L y s  A.p --- 
--- Het Lys --- Ser --- L y s  Thr --- --- T y r  --- ehe --- --- Tyr 

CDRl 
Gly Va1 Asn T r p  V a l  A r g  G l n  Pro Pro G l y  T h r  G l y  L e u  G l u  Trp l e u  

Tyr Ilr H i r  --- --- L y s  --- Arg --- Glu L y s  --- --- --- --- 1 le  

* &t --- --- --- L y s  --- S e r  His --- L y s  Asn  --- --- -..- 1 le 

CDRZ 
G l y  Xau Ilr Trp N a  5 O l y  Arg Ru A.p Tyr A m  S u  Ala U u  

--- T r p  --- Pro Glu Zlr --- --- alu --- - Va1 Pro Lys Pho 

--- --- --- &n Pro Asn G l y  --- G l y  --- * --- --- Hi. Ly. --- 

L y i  Sor A r g  Leu Scr Ile Ser L y s  Asp Asn S e r  L y s  Ser G l n  V a l  Phe 

G l n  G l y  L y s  A l a  T h r  M e t  T h r  A l a  --- Thr --- Ser A s n  T h r  A l a  Tyr 

--- Qly L y s  Val T h r  Phe T h r  V a l  --- L y s  --- Ser --- T h r  A l a  T y r  

Leu Lys M e t  Asn Ser L e u  G l n  T h r  Asp Asp T h r  A l a  A r q  T y r  T y r  C y s  

--- G l n  Leu Ser --- --- T h r  S e s  Glu --- --- --- V a l  --- --- --- 
M e t  Asp  L e u  Leu --- --- T h x  Ser Glu --- Ser --- G l y  --- --- --- 

CDR3 
Ala  A r g  Glu Oly Va1 Gly Tyr Pro Pha Amp Tyr T r p  G l y  G l n  

A s n  A l a  G l y  B i r  Arp Tyr IUp Arg G l y  Arg --- Pro --- --- --- --- 
--- A s n  T r p  A.p T r p  Glu Aap --- --- --- --- --- --- - 
G l y  T h r  T h r  L e u  T h r  V a l  Ser Ser 
--- --- L e u  V a l  --- --- --- Ala 

Figure II46 Deduced protein sequences of 1 D7, 2E8 and 2H2 heavy chainr- The 
deduccd protein sequences of the variable domains of 1 D7 (upper) and 2E8 (middie) and 
2H2 (bottom) light chains are presented. As done with thc: tabulateci nucleotide 
sequences, CDRs are indicated in bold print and negatively chargexi residues within the 
CDRs are underlined. Amino acid residues represented in italics were confirmeci by 
protein sequence determination. Codons are numbered and CDRs are identified 
according to Kabat et al. (Kabat et al. 199 1). 



Figure ïI-17 Amplification of immnoglobulin light and heavy chainr- This figure 

illutrates PCR amplified light and heavy chain immunoglobulin sequences. Al1 chains 

were amplified with their appropriate sense and anti-sense oligonucleotide primers. They 

were then resolved on a 1 % agarose gel and stained with ethidium bromide. The 

fragments could then be isulated fiom the gel and sub-cloned into a plasmid vector. 



Figure 11-1 8 Amplificatioa of an immunoglobulin fragment using anchored PCR- 

The technique of anchored PCR was applied in order to arnplify immunoglobulin 
fragments using a single homologous oligonucleotide primer. The Figure illusirates the 
steps leading to the generation of the amplifiad material. Initially, either poly(A+) of 
total RNA was subjected to reverse transcription, using an oligo dT primer. Following 
the synthesis of this first strand of cDNA, the enzyme Tenninaldeoxy-transferase (TdT) 
was used to add a 3' overhang of poly-guanosines. This first strand of cDNA, 
complemented with a 3' poly dG tail, was then used as a template for a fint round of 
PCR, using a oligodl primer and a 3' immunoglobulin constant region specific primer. 
The product of this PCR reaction resulted in a smear of DNA which could be resolved on 
a low melting point agarose gel. A section of this smear, corresponding to a range of 
molecular weights between 1 Kb and 500 bp, was cut out of the gel and used directly as a 
template for a second round of amplification. This time, the oiigo-dC was used in 
conjunction with a immunoglobulin primer specific for the 3' end of the first constant 
region. This second PCR multed in the amplification of a specific DNA species, 
corresponding to an immunoglobulin variable region. The subsequent sub-cloning of this 
amplified product. allowed for the identification of the primary structure of the 
immunoglobulin chain, which when determined, could serve to generate an appropriate 
PCR primer, which would allow the amplification of the the entin variable and first 
constant region of the gene. 



Light chains (ID7 vs 2E8 vs 2H2) 

Residue # 1 .  

Asn --- Val Met Thr Gln Thr Pro Lys Phe Leu Leu Val Ser Ala 
Asp I l e  Val Met T h r  Gln Ser G l n  Lys Phe Met Ser Thr Ser Val 

Asp Val Val Met T h r  G l n  T h r  P ro  Leu T h r  Leu Set Val T h r  Ile 

Gly Asp Arg Val Thr Ile Thr --- Lys A l a  

Gly Asp --- Val Thr 
Gly G l n  P r o  Ala 

Heavy chains (2E8 vs 282) 

Residue # 1. 

Glu Val G l n  Leu Gln Gln Ser Gly A l a  G l u  Val V a i  Arq S e r  G l y  

Glu Val G l n  Leu Gln Gln Ser G l y  Pro G l u  L e u  Val L y s  P r o  Gly 

A l a  Ser Val Lys  L e u  

Ala Ser Met Lys P n e  

ID7 heavy chah CNBr fragment 

Residue # 83. 

A s n  Ser Leu G l n  T h r  Asp A s p  Thr A l a  A r q  Tyr 

Figure II-19 Partial protein sequeme determination for mAbs 1D7,2E8 and 282.- 

The arnino-terminal protein sequences as determined for mAbs 1 D7,2E8 and 2H2 heavy 

and light chains are presented. The heavy chain sequence for the ID7 heavy c h n  

cornponds to a CNBr-generated fragment wmprised of residues 83 to 90. Spaces filled 

with -, indicate that the residue could not be accurately identified. 



Figure Il-20 Backbone conformations of the cenoaical structures for each antibody 

hypervariable bop.- This figure illustrates the conformations adopted by five of the six 

antibody hypervariable loops. These structures were compiled fiom the analysis of al1 

known antibody X-ray crystal structures. The loops are viewed such that the solvent- 

accessible sudhce is at the top. Side c h a h  important in determining the conformation 

of the loop are included, and hydrogen bonding is indicatd as dashed lines (Edwarcis et 

a!. 1992). 



LDL receptor ligand binding repeat 5 

195 21 0 

Cys Asp Gly Gly Pro Asp Cys Lys Asp Lys Ser Asp G l u  Glu Asn Cys 

Trp Ile Asp Pro Glu Ile Gly Asp Thr Cilu Tyr Val 
SO 60 

2ES heavy chain CDR2 

Figure LI-21 Cornparbon of the putative ligand binding site of the LDLr and the 

heavy chah CDRZ of ZE8.- Residue numbers 195 to 210 (cysteine-rich repeat number 

5)  of the human LDLr (upper) are compared to those present in the heavy chain CDR2 of 

mAb 2E8. Negatively charged residues are show in red. 



Figure II-22 Cornparison of apoE varianb with respect to their binding to mAbs 

ID7 and 2E8 and to the LDLr. The positions of amino acid substitutions that have 

been shown tu decrease affiinity of apoE for the LDLr are indicated with respect to their 

position in the four helix bundle that constitutes the arnino terminal 22-kDa fragment of 

apoE. Those variants that also have reduced reactivity with mAbs 1D7 and I or 2E8 are 

represented in bold italics. Of these, apoE(ArgIsa+Cys) (*) showed reduced reactivity 

with 2E8 but not with 1 D7. A ~ E ( A ~ ~ ' ~ ' + C ~ S )  and apoE(Lysi"+Gln) (**) showed 

teduceci reactivity with 1 D7 but were not tested with 2E8. 



3 . 0 ~  10)f 1 . 7 ~  lCP 
9.2 x 10' î 1.5 x 10' 
25 nu 
1.2 x 10' î 4.7 x 10' 
8.3 x 10' f 3.2 x 104 
69 nu 
6.6 x 1 0 ,  î 6.5 x IOI 
1.2 x 10' * 4.4 x 104 
18 nu 
< 1000 
5.7 x 10' f 2.0 x 104 
N.D. 
N.D. 
7.7 x 104 t 6.2 x 10) 
N.D. 
N.D. 
N.D. 
N.D. 
-- -- - - -- 

Table U-1 Association (b) and dissociation (kR) rate constants of mAbs 3H 1, 1 D7 

and 2E8 with apoE variants as detenined by surface plasmon resonance. 



Table II-2 Identification of the origin of the ID7 and 2E8 light and heavy chah 

variable region genes, from within the mouse imnoglobulin locus.- This Table 

illustrates the results of the search conducted within the Kabat database. The nucieotide 

sequences of the 1D7 and 2E8 light and heavy chah variable regions were submitted to 

the immunoglobulin "Subgrouping" service, provided by the Kabat Database Server: 

h~://immuno.brne.nw.edu/~~n~Dts/sub~~~~u~, accessible through the world wide web. 

The ID7 light ch in  was found to be a possible member of family MISC. The MISC 

family rneans thay no sequence in the reference dataset matched the sequence with a 

maximum of 34 base di fferences. 

b 

1D7 mAb / 2E8 mAb 

Subgroup 
b 

Family 
. 

Light Chah 

V / V  

MlSC / XX 
A 

- 
Heavy Chain 

1 

IB / [IC 

1 

IV / IX 

b 



1D7 Light Chain 

Table LI-3 Cinonical C l w  assignment results for the 1D7 and 2E8 light and 

heavy chiin variable region CDRs.- The assignment of the cannonical class of the 

three light chain and two first heavy chain hypervariable regions of mAbs 1D7 and 2E8, 

were detemined by subjecting the antibody protein sequences to a search on the 

"Chothia SDR template" program. This service was graciously provided by the Dr. 

Andrew Manin, at the (http:l/www. biochem. ucl .ac. Uwcgi-bidhdrewMartin/Cothi.per) 

worid wide web site. 

1D7 Heavy Cham 

2E8 Light Cham 

2E8 Havy Chain 

CDR1 

2 

1 

2 

1 

CDR2 

1 

. 

CDR3 

1 

I I 

1 

1 

Not availa ble 

1 

2 Not availa ble 



Chapter III 

Molecular characterization of a monoclonal anti body 

specific for rat atrial natriuretic factor. 

In this Chapter, I describe the molecular cloning of the i heavy chains of 

the murine mAb 2H2, which is specific for the rat cardiac hormone; atnal natriuretic 

factor (ANF) (Milne et al. 1987). The analysis of this antibody at the molecular level 

was performed for two reasons. First. the recombinant form of this antibody was to serve 

as a control for the anti-apoE rFab bacterial expression experiments described in 

Chapters IV and V. More importantly however. we hoped to use the recombinant 2H2 as 

a probe to study ANF structure and function. The primary structure of the 2H2 CD&, not 

surprisingly, showed little homology to either ID7 or to 2E8. They contain a total of 8 

acidic residues. 5 of which are located in heavy chain CD=. Revious studies have 

shown that arginine residues in ANF form part of the 2H2 epitope. As in the case of the 

2E8-apoE cornplex, ionic interactions between basic residues of antigen and acidic 

residues of the antibody may make a major contribution to the binding energy of the 

2H2-ANF complex. 



Obj ective 

The goals described in this Chapter were to clone the light and heavy chains of 

rnAb 2H2. Subsequently, the chains were to be co-expressed as recombinant Fab 

Fragments, both in a soluble as well as in a phagedisplayed f o n .  The recombinant Fab 

fragments would serve as a control for the expression of the anti-apoE recombinant 

antibodies and would be used as probes of A M  structure and as reagents for 

quantification of ANF in biological samples. 

Introducti 

Atrial natnuretic factor (ANF) is a small peptide hormone composed of 28 amino 

acids, which circulates in blood (Flynn et al. 1983) (Figure III-1). The primary site of 

ANF synthesis is the right atrium of the hart,  although it is also produced in many other 

tissues. The physiological f'unction of ANF is to reduce b l d  pressure, which it 

perfoms by causing water and salt excretion into the urine and by relaxation of blood 

vessels (de Bold A.J. 1985). Its regulatory roles in electrolyte and vaxular pressure 

maintenance have k e n  docurnented to be in direct opposition to the actions of the renin / 

angiotensin Il / aldosterone system (Brenner et al. 1990; Rosennveig and Seidman, 

1991). In fact, it is well established that the circulating levels of ANF are elevated in 

certain conditions such as congestive heart failure. It has been demonstrated that the 

physical stretch of the right amum, which can occur during congestive hem failure, 

causes the cardiac muscie cells to release incfeased amounts of the hormone into the 



blood (Bmeau et al. 1995). ANF is produceci as a 126 amino acid polypeptide pro- 

99- 126 hormone, which must be specifically cleaved to form the active ANF peptide. As 

1-126 only the prohomone ANF is found within the specific granules of amal cardiocytes, 

whereas, only the mature, biologicdly active and the amino terminal A N F ' - ~ ~  

fiagrnent are found in the circulation, it has been proposed that ANF maturation occun as 

a co-secretional event. Three distinct 120 kDa transmembrane proteins have k e n  

described as physiolo~cal recepton for ANF. AM-R 1 (Chinken et al. 1989) and ANF- 

R2 (Chang et al. 1989). which are both guanyl cyclases, mediate al1 known physiological 

actions of W .  The fùnction of the 60-70 kDa ANF-R3 receptor. is thought to be 

related to the clearance of ANF From plasma, by leading to its intemalization and 

degradation, and thus providing the hormone with a plasma half life of three minutes 

(Espiner et al. 1985). 

A rnAb specific to rat ANF 101-126 . 2H2. has been previousiy isolated (Milne et al. 

1987), and has been used to determine the tissue distribution of ANF in imrnunoassays 

(Chapeau et al.), to quanti@ ANF in tissues extracts (lhbault et al. 1989), and to study 

ANF prohormone maturation (Milne and Gutkowska 1996). The 2H2 mAb can 

neutralize the tn vivo diuretic activity of A N F  (Milne et al. 1987) and block binding of 

ANF to both the ANF-RI, ANF-2 and ANF-R3 nceptors on cultured cells (Milne and 

Gutkowska 19%). The 2H2 epitope on ANF includes ~ r ~ ' " ,  hgio2 and 1le"*. but not 

residues that compose the carboxy terminus of mature ANF (Milne et al. 1987). 



99- i 26 Native ANF is a cyclic peptide with a disulfide linkage between Cys 105 and 

CyslZl as show in Figure III-1. In aqueous solution it is inherently flexible and does 

not adopt a definable conformation (Fesik et al. 1985) and, as consequence , its structure 

has not yet been solved by nuclear magnetic resonance spectroscopy (NMR). Studies of 

ANF in DMSO solutions as well as in SDS micelles, indicated several regions having 

partially ordered stnictures (Koyarna et al. 1990; Olejniczak et al. 1988). Recently, the 

structure of a variant form of ANF in which amino acid subsitutions were introduced to 

reduce its flexibiliy in solution has been solved using two-dimensional NMR. In spite of 

the modifications to its primary structure, this ANF variant could bind to ANF-RI 

receptors indicating that it was capable of adopting a physiologically relevant 

conformation. (Fairbrother et al. 1994). 

The technique of transfemd nulear Overhauser effect (NOE) (Dyson, H.J. et al. 

1990) has been applied to the detemination of the stmcture of immune complexes. A 

prerequsite for this technique is that the dissociation of the bound antigen is fast relative 

to the TI relaxation time of the protons of the antigen and antibody, i.e. a property 

normally associated with low affinity antibodies (Anglister, J.. and Zilber, B., 1990). 

This approach 1s also facilitated by the use of small antibody Fragments, such as scFv 

fragments, that reduce the probability of low afinity secondary binding of antigen 

outside of the antibody wmbining site that can complicate the interpretation of the NMR 

spectra. In addtion, the availability of svFc f'ragments potentially permits alternative 

approaches to the determination of peptide-antibody complexes, such as isotopeedited 

NMR. With the long term goal of detemining the structure of AM: 101-126 using NMR, I 



undertook to molecularly clone and to express in E.coli, the Fab fiagment of the 2H2 

antibody. The actual NMR structural determinations will be done in collaboration with 

colleagues at the Institut de Recherches Cliniques de Montréal. 

A M e r  goal was to express the 2H2 Fab on the surface of filamentous phage. 

While 2I-D has been shown to be a useful reagent for quantimng mature (Milne et al. 

1987) or proANF (Thibault et al. 1989) in atrial tissue extracts, we have been unable to 

optirnize a 2H2-based immunoassay with a sensitivity that is suficient for the 

measurement of ANF in plasma Phage that express 2H2 monovalently on their surface 

could, in principal, be labeled to a very hgh specific activity with a minimal risk of 

modimng antibody function. Such a reagent may permit the direct measurement of ANF 

in plasma using a convenient solid phase irnmuoassay. 

Methods 

The rnethodologies used for the isolation and characterization of cDNA clones 

encoding the light and heavy chains of mAb 2H2 wen essentially identical to those 

descnbed in the previous chapter for the anti-apoE mAbs. With the exception of the 

oligonucleotide primers w d  in the PCR amplification of the heavy chain, all other 

reagents used were the same. 



Results 

1. Cloning of  the light and heavy chains of mAb 2BZ.-The cDNA encoding the 

light and heavy chains of rnAb 2H2 were cloned using the polymerase chain reaction a s  

described for the cloning of mAb 2E8. The Iight chain was amplified using the same 

primen that were used for the amplification of the 2E8 light chain. However, the heavy 

chain was amplified using a 5' primer specific for the leader (signal peptide) region 

(amino acids -20 to -13) of the immunoglobulin heevy chain mRNA, as well as by 

anchored PCR. A 3' primer cornplementary to codons 224-232 located within the hinge 

region, as previously mentioned for the cloning of the 2E8 heavy chain, (5'-AGG CTT 

ACT AGT ACA ATC CCT GGG CAC A-3') and which contains an SpeI site indicated 

in bolci, was used in combination with the leader region specific 5' primer MH-ALT. I 

(5'- ATG (GA)A(GC) lT(GC) (TG)GG (TC)T(AC) A(AG)C T(GT)G (GA)TT -3'). 

Bases in parentheses are substitutions at a gtven position; i.e., (AT) indicates that A and 

T were present in equimolar arnounts during the synthesis of the oligonucleotide. 

Following the succesN amplification of the heavy chain, the fiagrnent was cioned "blunt 

end" into pBluescnpt as described in Chapter II. Three positive clones were selected and 

their nuclwtide sequence determined as descnbed previously. 

2. CharacterizPtion of  the primary structure of the light and heavy chsin 

variable region%- The primary stnicture of the variable regions of both the light and 



heavy chains were detemined using the dideoxychain termination methoci The 

compiled nucleotide and amino acid sequences for both the light and heavy chmn, are 

presented in Figures 11- 13, II- 14, II- 15 and II- 16 in the result section of Chapter 11. 

3. Identification of the variable regioa genes familia used by mAb 2HZ.- The 

variable region sequences of both the light and heavy chains were compared with those in 

the Kabatman server (hnp://immuno.bme.nwu.edu~scripts/subgroup.tc). As shown in 

Table III-1, the light chain originates fiom within the mouse variable region subgroup 11, 

and is possibly a member of farnily VI. The nucleotides encoding codons 96 to 103 are 

from the MUSKI kappa J-minigene. The heavy chain is a member of mouse variable 

region subgroup V, and is possibly a member of farnily IV. Codons 10 1 - 1 17 were found 

to be derived from the MUS.JH.2 moue heavy chain J-minigene family (Kurosawa and 

Tonegawa 1982). Its Dminigene could not however be identified. 

4, Canonicsl class auignment of the light and heavy chah CD&- The amino 

acid sequences of both the light and heavy chains were entered into the "Chothia SDR 

Template" semer (http//www. biochem.uc1 .ac. uk/cgi-bidAndrewMmn/cothi. per), where 

they were compared to the current databank. The results obtained following sequence 

cornpanson are summerized in Table 113-2. The light chain CDRI, CDR2, and CDR3 

were found to belong to class 4, class 1 and class 1, respectively. The htavy chain CDR 1 

and CDR2 were found to belong to class 1 and class 2. respectively. 



5. AnalysW of the compkmentary determining regionr- The mAb 2H2, which 

was raised against rat ANF, was composed of light and heavy chain CDRs which, not 

surprisingly, did not bear much prirnary sequence homology to anti-apE mAbs, 1 D7 and 

2E8 (Figure 11- 15 and II- 16). Compared to 1 D7 and 2E8, the 2 H 2  light chain CDR 1 is 

u n u s d l y  long with five extra amino acids which correspond to residues 27a through 

27e. This is characteristic of antibodies having a light chain CDRl class 4 canonical 

structure. A further interesting featwe of the 2H.2 CDRs is the presence of eight acidic 

amino acids, five of which are located in the heavy chain CDIU, the remaining two in the 

light chah CDRI . 

Discussion 

The primary structure of an antibody specific to rat ANF was determined. As 

shown in Figures II. 13 through Figures II. 16, this antibody is very different from our two 

anti apoE-antibodies, in terrns of CDR homologies. Given the difference in their 

respective specificities, this is not unexpected. Of particular interest is the unusually 

long CDRl of the light chain and the presence of five acidic residues in CDR3 of the 

heavy chain. It is, thetefore, possible that acidic residues in the CDRs of 2H2 fom ionic 

bonds with basic residues of ANF. It has been previously show that Arg''' and lirgIo2 

are implicated in the 2H2 epitope (Milne et al. 1387). The affinity of 2H2 for the peptide 



ANF102-126 was only 30% of ANF 101-126 and the ANF 103- 126 and shorter amino-terminal1 y 

tnincated ANF peptides were not recognized. In addition, as 11e'" has also k e n  shown 

to be important for 2H2 binding, given their proximity, ~r~~~ and ~ r ~ " ~ .  could also 

potentially participate in the 2HZ epitope. 

In view of these previous observations, it is logical to assume that, 

notwithstanding the contribution of many other residues from the six CDRs, rnAb 2H2 

may make use of the acidic residues in LC CDRl and HC CDR3 in order to form an 

immune complex with the polypeptide. The arguments which 1 proposed for the 

interaction between mAb 2E8 and apoE in Chapter V, may justifiably be used in a 

similar context, for the association between 2H2 and ANF. Indeed, a strong electrostatic 

cornponent, of opposing poles, may well contribute to the initial association of the 

cornplex, which then, within a short p e r d  of time, rearranges itself to a correct fit. As 

ANF is flexible in solution, a non-specific electrostatic component may favour an 

initiation of the immune-complex, which would then evolve into a correct, stronger fit. 

The phenornenon of "induced fit" in some antibody / antigen interactions, has now been 

well describeci (Wilson and Stanfield, 1994). Although most of the potential antibody 

"molding" has been observed to result from a structural rearrangement of the heavy chain 

CDR3, the structure of the CDRl of some antibady light chains within an immune 

complex, has also been observed to differ slightly From their ascribed canonical structure 

(Satow et al. 1986). Investigators have noted that the tip of this CDR cm, in certain 

cases, have a certain amount of mobility and flexibility. The long light chain CDR 1 of 

2H2 may play an important structural role in the formation of the ANF I 2H2 immune 



cornplex. This CDR would be predicted to have two solvent exposed acidic residues 

near its apex. Being slightly mobile and negatively charged, this portion of the antibody 

paratope may be key to the initial association with ANF. Subsequent to cornplex 

formation, the participation of the six other acidic residues would help stabilize the 

cornplex along with the many large aromatic residues found in the heavy chah CDR3. 

Interestingly, in the solved crystal structure between Fab 13 1 and the peptide hormone 

mgiotensin II, the antibody was found to make use of residues found in its light chah 

CDR 1 and heavy chain CDR.3, whch were both unusually long. in this case, the peptide 

hormone, which was folded into a compact structure, was found to be deeply buried 

within a cavity formed by the long CDRs (Garcia, K.C., et al. 1992). 

One of the initial reasons for cloning the 2H2 cDNA was to have a non-apoE- 

specific recombinant antibody to serve as a controi for the characterization of the 1D7 

and 2E8 recombinant Fabs. 1 had hoped to evaluate the relative contributions of the 

respective heavy and light chains of ID7 and 2E8 to apoE binding by expressing 

chimenc Fab fragments in which either the heavy or light chain component of the anti- 

apoE Fab is replaced by its homologue from 2H2. For several reasons, 2H2 proved to be 

a poor choice for such a control antibody. First, during my characterization of the 

recombinant mAbs, 1 observed very significant binding of 2H2 recombinant Fab 

fragments to purifieci a p E  in solid phase irnmunoassays. This was also seen with the 

2H2 IgG purified fiom the ascitic fluid of 2H2-hybridoma-beanng mice. Othen in the 

laboratory have previously observed surprisingiy high binding of 2H2 to plasma 

lipoproteins. This apparently non-specific binding of 2H2 to apoE may reflect ionic 



interactions mediated by the highly electronegative paratope of 2H2. Secondly, the lack 

of similarity between 2HZ and the anti-apoE mAbs in tems of the predicted loop 

conformations for their respective CDRs may make the interpretation of binding results 

of chimeric molecules di fficult to interpret. 

Finally, with respect to the long tenn goal of preparing a probe to aid in solving 

the three dimensional solution structure of the ANF peptide, the characterization of the 

cDNA clones has provided some ches as to how the antibody might be modified to 

produce a variant with the appropriate binding kmetics for NMR structural analysis. I 

would propose that a 2H2 variant with the high dissociation rate required for transfered 

nuclear overhauser NMR might be obtained by replacing one or more of the acidic 

residues in the 2H2 CORS with neutral residues. 



serg9 Leu Ar< A 3  Ser Ser C y s  P h e  G l y  G l y  Arg i l e  Asp A r q  

Ile Gly A l a  Gln Ser Gly  Leu  G l y  Cys  A n s  Ser P h e  A r q  ~~r~~~ 

Figure ï I I -1 Amino acid sequeace of mature rat ANE-  The amino acid sequence of 

mature ANF found within the circulation is composeci of a 28 amino acid peptide. A 

disulfide bond exists between cysteines 1 OS and 1 24 that is necessary for ANF biological 

activity. Arginines 100 and 10 1, which are critical to 2H2 recognition of ANF are 

underlined. In addition, replacement of llel'O (underlined) by Met reduces ANF affinity 

by an order of magnitude (Milne et al. 1987). 



Table LII-1 Origio of the variable regions of both the light and heavy chains 

within the monse immunoglobulin geoe locus.- This table represents the results 

obtained following a searc h of the Kabatman database 

(http://imrnuno. bme.nwuedu/scripts/subgroup. tc). The nucleotides encoding the entire 

variable regions of both the light and heavy chains were w d  to determine the variable 

subgroups and families for the 2H2 heavy and light chahs. 



Table III-2 Canonicril structures for the hypervariable regions of the 2H2 light 

end heavy chains- This table depicts the ascribed canonical structures of the 2H2 

hypervariable regions, based on their cornpanson to the "Chothia SDR Template" server 

(http://www. biochern.ucl.ac.uk/cgi. bidAndrewmartin/Cothi.per). The entire amino acid 

sequence of both the light and heavy chains were us& for the search. All canonical 

structures are illustrated in Figure II-20. 

2Ei2 mAb 

Light Chain 

CDR2 

1 

CDRl 

4 

CDR3 

1 



Chapter IV 

Production and purification of recombinant 2E8 and 

2H2 antibody Fab fragments in 

Escherichia coli 

In this Chapter, 1 present my experience in optimizing the methodologies for the 

production in E. coli, and for the purification of  the recombinant mAbs 2E8 and 2H2, as 

well as for the many variant foms of rnAb 2E8 which I generated and which are 

describcd in Chapter V. The recombinant antibodies were produced as Fab Fragments, 

both displayed on the surface of M-13 filamentous bacteriophage and in a soluble form. 

The phagedisplayed Fabs were assayed for antigen binding activity using a biological 

rescue methodology. The soluble recombinant antibodies were purified to homogeneity, 

and assayed for antigen recognition using solid phase radio-immunoassays. 1 will 

describe how 1 have optimized expression conditions and how I have identifiai and 

overcome a number of problerns associated with the production of recombinant antibody 

fhgments using E.coli. 



Objective 

The goal of this chapter was to succeed in producing recombinant antibody Fab 

fragments derived from hybridoma cell lines, using the bacteriai host E.coli. The 

antibodies were to be produced in two forms; displayad on the surface of M-13 

filamentous bacteriophage, and in a soluble form that could be easily purified. 

Introduction 

Heterologous expression of antibody fragments 

For almost a deca.de, recombinant antibody genes have been successfully 

expressed in various eukaryotic as well as prokaryotic organisrns (Plilckthun and Skerra 

1989; Better et al. 1988; Winter and Milstein 1994; McCafferty et al. 1996). In 

eukaryotic cells, antibodies have been expressed both as secreted, as well as intracellular 

resident proteins. In the latter case. recombinant antibodies have ken used as probes for 

the ln vivo study of intracellular protein functlon. Activity-neutralizing antibodies made 

to accumulate within a cell, and targeted to various organelles, have the potential for in 

vivo inhibition of the cellular fiinction of the protein to which they are specific (Biocca et 

ai. 1994). The most cornmon use of recombinant antibody techwlogy remains, however. 

the large scale production of useM imrnunoglobulin fragments. Through the many 



available methods *ch allow their molecular remodeling, recombinant antibodies have 

the potential of becoming much more efficient as diagnostic and therapeutic reagents 

than traditional immunoglobulins. For example, the cytotoxic portion of a recombinant 

protein can be fused to a single chah Fv antibody fragment If the antibody 1s specific 

for a tumour antigen, it shouid target the toxin to diseased cetls, and decrease toxicity to 

healthy tissue. One such antibody has been constnicted that consists of a scFv specific 

for a cancer antigen fused to the bacterial superantigen, staphylococcal enterotoxin A 

(SEA). This scFv-SEA binds to many cancer ce11 lines and through its SEA subunit, 

targets them for destruction by a powerfûi T ce11 attack (Giantonio et al. 1997; Hansson 

et al. 1997; Gidlof et al. 1997). Moreover, with the advent of murine antibody 

hummization (Baca el al. 1997; Holmes and Foote 1997), one can now hilly exploit the 

antigen-binding capabilitia of xenogeneic antibodies, altered to be minirnally antigenic 

to the hurnan immune system. The tissue-infiltration capability of antibodies has also 

been improved by the production of smaller, antigen-binding Fv antibody fragments, 

which are comprised of the antigen-binding region only. With the advent of this 

technology, the wide spread therapeutic use of recombinant antibodies now seems 

imminent. 

The development of recombinant phagedisplay technology by George Smith in 

1989 (Smith, 1985). opened an entirely new avenue for the generation of monoclonal 

antibodies. As first demonstrated by McCafferty and collaborators in 1990 and then by 

Barbas and collaborators in 1991, phage-display antibody libraries allow the rapid 

isolation of recombinant antibodics without the drawbacks associated with animal 



genemted hybridoma repertoires. in fact, the potential now exists for the isolation of 

antibodies capable of reacting to almost any rnolecular structure. In addition, and as  it 

will be described in Chapter V of my thesis, extensive Ni-vitro as well as ln-vivo 

mutagenic protocols can be applied for the generation of newly desird forms of a 

defined antibody. 

Many bactenal expression vectors have been developed which allow the 

inducible production of recombinant antibodies. Such antibody fragments cm be made 

both in a soluble fom which can be isolatd fiom the organism, or as a fusion protein 

displayed on the surface of M-13 filamentous phage (McCafferty et 01. 1990; Barbas et 

a .  199 1 ) These vecton allow the direct cloning of light and heavy chain hgments, 

whch give nse to recombinant heterodimeric Fab molecules or single chain Fv 

antibodies, formed by the fuion of the variable regions of the light and heavy chains. 

Consequently, these vectors allow one to convenientiy express antibody genes obtained 

either ftom a single hybridorna clone, From an entire animal repertoire. either in an 

immunized or naive state, or from a synthetic library (Pl[Lckthun et ai. 1997). With the 

use of phagedisplay technolog-, one can generate and isolate novel antibodies having 

desirable binding properties through successive rounds of affinity selection procedures. 

hportantiy, recombinant antibody fragments isolateci through such methodologies, have 

been documentai to bind antigen with similar affinities as observeci with nahiral or 

hybridoma produced antibodies. With such methodologies, one can totally bypass the 

use of animals in the generation of antibodies an4 consequently. can avoid certain 

draWt,wks that are arsociated with classical mAb production. 



Many rnethodologies that permit rapid isolation and purification of recombinant 

antibodies have been elaborated. Of piuticular interest are afinity purification 

techniques based on the addition of a peptide tag or "Flag" engineered on one of the 

expressed antibody chahs. For example, the peptide epitope of the anti-Myc mAb 9E 10, 

has been fused to the heavy chah of recombinant antibadies. and s h o w  to eficiently 

serve as a detection marker for the expmsed protein (McCafEerty et of. 1996). In 

addition, this peptide tag is capable of s e ~ n g  as a ligand in a one-step affinity 

chromatography purification protocol, using the immobilized anti-myc mAb. A 

disadvantage associated with immunoafEnity chromatography. rests with the often harsh 

measures needed to elute the bound antigen. An alternative methodology for 

identification and purification of recombinant proteins, is based on metal chelate 

technology which exploits specific interactions between juxtaposeci histidine residues 

that are introduced into the recombinant protein, and a nickel complex. The nickel 

complex can be either linked to Sepharose beads or to enzymes such as horseradish 

peroxidase, for purification and detection of the protein, respectively (Porath, J.  1992). 

Background to methodologies used in this chapter 

The expression system for recombinant Fab fhgments that 1 have used was 

developed by Dr. Richard Lemer and his colleagues at the Scripps Research Institute. 

For additional background on the bacterial expression of recombinant antibodies, 1 refer 



the reader to a recent comprehensive review entitlcd "Human Antibodies from 

Cornbinatorial Libraries" (Burton and Barbas, 1994). 

1.1 The pComb3 antibody expression vector.- The pComp3 expression vector 

depicted in Figure IV- 1, is a M-13 type phagemid vector developed by memben of Dr. 

Richard Lemer's group in 1991 (Bahas et al. 1991). Phagemid vectors consist of a 

modified bacterial expression plasmiâ, which contain the origin of DNA replication for 

M-13 phage as well as the signal for phage assembly (McCafferty et al. 1996). This type 

of vector is carried as a double strandeû plasmid in bacteria, confemng ampicillin 

resistance, and upon infection with M-13 helper phage, is converted into single stranded 

DNA which is specifically packaged into infectious progeny phage virions. Recombinant 

progeny phage can in turn infect male E.coli bacteria carrying the F' pili, and release 

their single stranded vector which is prornptly made double stranded and camieû in a 

stable fashion. 

The pComb3 vector allows for cloned antibody light and heavy chains to be c e  

expresseci within a single bactenurn as s h o w  in Figure IV.1. The light c h a h  are 

inserted into the vector using the unique Sac1 and Xbal restriction sites. Heavy chains on 

the other hand, are inserted using the XhoI and SpeI restriction sites, which fuse the 

heavy chah with the carboxyl-terminal domain of the g3p phage mat protein. When 

cloned in this way within the plasmid, both chahs are under independent, iPTG inducible 

LacZ expression control. Both chains are producd with the pelB bacterial leader 

scquence at their amino terminus, which directs the recombinant proteins to the 



peri plasm. Consequently , the pComb3 phagemid vector allows for recombinant Fab 

fragments to be expressed on the surface of filamentous M-13 bacteriophage, through the 

heavy chamg3p fusion protein. Altemtively, the sarne vector may also be used to 

generate soluble antibodies, through the Spcl \ Mie1 endonuclease excision of the 

nucleotides encoding the heavy chain-associated g3p fusion protein, which genemtes 

compatible ends, allowing the religation of the vector. 

1.2 Expression of antibody frapents  in Ecoll, both as Fab displayed on the 

surface of M-13 bacteriophage or  as soluble Fabr Male E.coli bacteria, typically of 

the XL1-Blue or TG1 seains (Stratagene), which produce the F' sex pili ailowing for M- 

13 phage infection, are îransfonned with a phagemid constnict containing both light and 

heavy chains, and plated on LB agar plates containing ampicillin. The presence of an 

ampicillin resistance gene encoded within the vector, allows for ciansfonned bacteria to 

grow as independent colonies. Upon induction with the non-metabolic lactose-analog 

PTG, both antibody chains are expressed individually wittun the ceil. as depicted in 

Figure IV-2a The amino-terminal pelB bacterial leader sequence allows for both c h n s  

to be translated and transported to the periplasm, where it is subsequently cleaved by the 

entyme signal peptidase. The secretion of proteins containing a signal sequence into the 

periplasm, is a well known process in E.coli (Pugsley, A.P., 1993). which has been 

shown to be improved by the overexpression of the bacterial proteins secY and secE gene 

products (Pérez-P&ez et al. 1993). Wtthin the periplasm, appropriate oxidizing 

conditions allow for the antibody chains to comctly fold and assemble as heterbdimeric 



proteins, presumably with the aid of the periplasmic disulfide-foming machinery (Better 

et of. 1988; Skerra and PlOckthun 1988). 

Expressed recombinant heavy chahs. hiseci to the g3p phage protein. remain 

associated with the bacterial plasma membrane. G3p is an M-13 phagecoat protein of 

406 amino acid composed of two structural / functional domains. The amino-terminal 

domain is implicated in the infection process and interacts directly with the tip of the 

bacterial F'pili. Presumably, infection occurs as  the pili retnicts within the bactetia 

together with the bound phage. which thea associates with the outer membrane of the 

bacteria and is in te rna ld  within the cell. The second g3p domain, composed of 

residues 198-406, appears to be important in phage morphogenesis. in the virion, there 

are nonnally three to five copies of @p. Normal phage rnorphogenesis leads to the 

incorporation of the Fabg3p fusion as well as the helper phage produced g3p into the 

trailing cap of the virion, according to the vectoriai polymerization mode1 (Makowski L., 

1994). Native g3p is thus necessary for infection as the infectivity domain should not be 

present in the Fabg3p fusion. Therefore. the use of helper phage superinfection leads to 

the expression of two foms of the mat protein, which both compete for insertion into the 

virus mat. Phage that arc both infectious and display antibody on their surface must. 

therefon, express both the wild type g3p protein as well as the Fab-g3p Fusion protein. 

Mection of phagemid transformeci E.coli bacteria with M-13 helper phage. 

causes the synthesis of single Strand& phagemid DNA due to the presence of an fl origin 

of replication. in addition, the helper phage allom the phagemid to be proces4  as if it 



were me viral DNA, as show in Figure IV-2b. The Wal proteins g5 encodeci by the 

helper phage, associate in large numben with the single stranded phagemid DNA, and 

allow it to be packaged as if it were tnie viral genome. The single saandeci pComb3 

DNA is then packaged as progeny phage. which mature and extrude across the ceIl 

membrane. As the progeny phage exit the cell. they acquire some of the f u s 4  

recombinant g3pFab heavy chah hision protein as mentioned above, embedded in the 

ce11 membrane and covalently associated with the light chain. Subsequent to their 

release into the culture media, phage displaying recombinant Fabs on their sudace can 

then be concentrated through polyethylene giywl precipitation protocols, and 

resuspended in water. Convenely, soluble recombinant Fabs can also be obtained fiom 

within the periplasm of an IPTG induced bacterial culture, through mild osmotic shock 

protocols, whch selectively release periplasmic proteins. Such crude antibody 

preparations can then be purified using afinity chromatography techniques described 

below. 

Lastly. relating to the use of bacterial cells in the mas production of antibody 

molecules, it would appear that the bacterial periplasm is the ody anatomical location 

fiom which fûnctional antibodies can be dircctly isolateci, using standard strains of 

Ecoli. indeed, since al1 antibody molecules need to form a nurnber of appropriate 

disulfide bonds (one intemal bond per domain, and one for heteromolecular assembly) in 

order for them to be hinctionai and capable of antigen recognition, the cham mut be 

moved out of the cytoplasm, where the redox conditions are known to be reducing. Thus, 

with the exception of only a few specialized bacterial ce11 mains, antibody folding within 



bacteria would appear to occur ody in the periplasm where oxidinng conditions pfevail, 

presumably aided by bacteriai disulfide-fonning ellzymes. The limitations set by their 

folding requirements, makes antibody rnoiecules a class of recombinant proteins which 

require special care, both for their production as well as to their fwictional isolation 

(Pltickthun et of. 1996). 

13 Recombinant phab rescue. - The biological actinty of recombinant antibodies 

displayad on the surface of M-13 phage, called "phabs" or phage antibodies, can be 

assayed using immuo-panning methodologies as shown in Figure N.3. This first 

involves the immobilization of an appropriate antigen ont0 the surface of plystyrene 

microtiter wells. A preparation of PEG precipitated phab can then be incubated in the 

coatexi wells. Subsequent to an incubation period, non-bound phabs are washed away, and 

those that are retaineû, are eluted at pH 2.0 . Such a change in pH will cause a 

dissociation between the Fab-antigen cornplex, and wiil consequently cause the release of 

the phab. Eluted phab remain infectious and, when mixed with a culture of male E.cofi, 

transfer the phagemid vector harboring the antibody genes. Once in the host bacteria, the 

single stranded phagemid vector is rapidiy made double stranded, and subsequentiy 

carried stably as a plasmid codtng in parf for antibiotic resistance. The infected culture 

can then be plated ont0 LE3 agar supplemented with ampicillin, and resultant bacterial 

colonies picked for plasmid prepration or soluble antibody expression. This 

revolutionary protocol reflects an excellent example of biological linkage between the 

fhction of a protein and its genetic imprint; the same principle that foms the basis of the 

vertebrate humoral immune system. 



Methods 

Much of the basic methodology relating to the experimental manipulation of 

nucleic acids and cloned DNA, have been desaibed in detail in Chapter Il. 

2.1 Subcloning of light and heavy chnins of mAbs 2Eû and 2 8 2  into pComb3.- 

The bacterial expression phagemid vector pComb3 show in Figure TV. 1. is engineered 

for the cloning and expression of antibody light and heavy chains as  Fab ftapents 

(Bahas et al. 1991). Briefly, previously characterized immunoglobulin light and heavy 

chain cDNAs were amplified by PCR, using the appropriate sense / antisense primen 

described in Chapter il, which in each case, created unique restriction endonuclease sites. 

The amplified fragments were then resolved on a 1 % agarose gel. The gel was stained by 

soaking in a 0.01% ethidiurn bromide solution and visualized under a U.V. 

transilluminator. As shom in Chapter Il (Figure U-17), a 700 base pair fragment, 

wrrespnding to both light and heavy chah products of amplification, was excised from 

the gel, e m t e d  using the Qiagen extraction kit (Qiagene), and eluted in 30 pl of water. 

Eluted irnmunogiobulin DNA was subjected to digestion with a combination of 

appropriate endonuclcases in a volume of 30 pl (Sad I Xbal for the light chain, and 

Xhol / Spel for the heavy chain). Following digestion, the DNA was extracteci with 

phenol and pipitateci with ethanol. The resultant DNA was drssolved in a 40 pl 

solution of TE pH 8.0, and its concentration determined using spectrophotometric 



analysis. The phagemid vector pComp3 was similarly prepared following digestion with 

the appropnate set of endonucleases which allow for etther light or heavy chain cloning, 

and for the shuffling of the genes (Figure Nd). 

2.2 Expression of recombinant Fab on the surface of M-13 bacteriophage- A 

bacterial colony harboring 2E8 or 2H2 light and heavy chains cloned in pComb3, was 

inocuiated into 2 ml of LBA growth media, grown with vigorous agitation at 37 'C to an 

0.D.rn nm of 0.6. M-13 helper phage (5 pl of a stock solution wntaining 10" pfu) 

(Stratagene) was added to the culture and incubated for 2 h o u  at 37 'c. The culture 

was then supplemented with the antibiotic kanarnycin to a concentration of 10 pg 1 ml 

and grown overnight at 30 'C with vigorow agitation. The following day, 1 ml of the 

culture was transferred to a microcentrifuge tube and spun at 14 000 x g to pellet the 

bacteria Phage were isolated from the supernatant by adding 250 pl of a 5 x solution of 

polyethylene glycol solution (20% PEG 8000 1 2.5M NaCI). The tubes were mixed and 

stored at 4 'C for one hour to allow for phage aggregation. The tubes were then spun at 

14 000 x g for 10 minutes to collect the aggregated phage. The supernatant was removed 

by aspiration and the phage pellet dissolved in 200 pl of PBS and stored at 4 'c. 

Altematively. the phage were fiozen at -80 '%2 in a 20% glycerol soiution for long term 

storage. 

23 The titratioa of an Ml3 phage preparatioa.- The amount of active, infectious 

phage puticles present following a PEG precipitation of an infècted bacterial culture. 

was determined by titering the viral preparation on fresh E.coli. Essentially, the mahod 



consisted of diluting the initial preparation within a range of 104 to 10~'' . Serial 

dilutions of the original phage prepafatioas were prepared in 100 pl volumes of bacterial 

LBA growth buffer. To each dilution w-as addeci 50 3 of an E.coli bacterial culture in 

exponential phase (0.D.- ~1 = 0.8) and the tubes were mixed and incubated at 37 'C 

for 1 hou. The infécted bacteria were then plated onto fnsh LBA agar plates, and grown 

ovemight at 37 'c. The phage titre of the phage preparation reflects the nurnber of 

transforrned bacterial colonies and the di lution factor. 

2.4 Assessrnent of the antigen binding capobility of the recombinant 2E8 and 2 H 2  

phabs usiag radio-immunoassays and phage rescue protocok- The antigen biding 

ability of recombinant phab prepmtions were determined using both direct 

radioimmunometric detection of the bound phab by anti-M-13 specific mAbs, and the 

biological rescue procedure described in section 1.3. 

2.5 Conversion of plomb3 from a phage disphy to a soluble expression vector.- 

Typically, 50 pg of a pComb3 phagemid DNA preparation was digested with the 

endonucleases Spe 1 and Nhe 1, causing the excision of the nucleotides e n d i n g  the g3p 

phage coat protein (Figure N-4). The 600 bp fragment was sepaf8ted from the 

nrnainder of the vector as described above. A 4.9 kb Fragment corresponding to the 

vector which harbored both an antibody light and heavy chah (Figwes IV4 and N-4) 

was purified fiom the gel, and self-ligated, since the two endonucleases generate 

compatible ends which can be rejoineâ, and which destroys both original restriction sites. 



2.6 Expression and isolation of soluble recombinaat Fab fragments- A single 

colony of XL1-Blue or TG1 E-coli. bacteria, transformeci with an appropriate pComb3 

phagemid, containing antibody genes but deficient in the g3p fusion protein, was 

inocdated Urto a culture tube containing 2 ml of LBA culture media The culture was 

grown at rwm temperature (25 OC) ovemight with constant agitation and then transferred 

to a 2 L Erlenmeyer flask filled with 1 L of super broth (12 g tryptone, 24 g yeast extnict, 

4 ml glycerol per liter and supplemented with ampicilin at 100 pg / ml). The culture was 

grown at room temperature with agitation until an OD- of 0.6 was reached. It was 

then supplemented with PTG to a final concentration of either 0.1 or 1 mM, and left to 

grow for an additional &y. The following day, the culture was spun in 250 ml centrifuge 

bottles, at 5 000 x g in a Sorval SS-40 rotor. Following the spin, the centrifuge bottles 

were inverted and the rernaining growth buffer dned with tissue paper. The bacterial 

pellets were then resuspended in 200 ml of an ice-cold solution of STE buffer (20 % 

sucrose, 10 mM tr is pH 8.0.5 mM EDTA). Following a one h o u  incubation on ice, with 

an occasional inversion, the bottles were spun at 8 000 x g for 20 minutes. Again the 

supematmt was removed and this time the bacterial pellet was resuspended in 50 ml of 

icecold deionized water, and incubated for 15 minutes at 4 %. Finally, the penpiasmic 

extract, or shockate, was obtained by pelleting the bacteria at 15 000 x g for 15 minutes. 

The 50 ml periplasmic shockate was then put into a dialysis bag (SpectraPor Spectrum 

Medical Industries, Ca.) and dialyzed ovemight at 4 'C in a 4 L solution high in salt (500 

mM NaCl, 10 mM HEPES pH 7.0). nie ieftover TSE solution was also kept at 4v, and 

analyzed for the presence of rFab on a westem blot. 



2.7 Expression of soluble recombinant Fab f rapenb figged witb n histidine 

taiL- The original pComb3 phagemid vector was rnodifîed in order to permit the 

production of a carboxyl-terminal histidine tail f k d  to the antibody heavy chain. Two 

complementary oligonucleotides, Bis-1 sense (5' CT AGT CAT CAT CAT CAT CAT 

TAA GCT AGC 3') and HU-2 anti-sense (5' C TAG GCT AGC TTA ATG ATG ATG 

ATG ATG A 3') were synthesized which encoded five i n - h e  histidine residues as 

show in bold. In addition, both extremities were designed to provide compatible ends 

for directional cloning into an Spel generated site in the pComb3 vector as shown in 

Figure IV-5. 

Bnefly, both oligonucleotides dissolved in TE buffer, were mixed in equimolar 

concentrations, heated to 95 'C for 10 minutes and allowed to anneal at room 

temperature. The hybridized product was then directly cloned into the Spel / Nhel 

digested pComb3 vector by standard 1 igation. Heat-shock transformed recombinant XL 1 - 

Blue bacteria, that containad plasmid that included the sequence encoding the tive- 

histidine addition, were identified first through positive endonuclease digestion of 

isolated plasmid DNA with Spel endonuclease to yeld a single band of iinearized 

plasmid. If the vector religated without the insert, both the SpeI and NheI sites are 

destroyed and it wodd be resistant SpeI digestion. Clones identified as positive through 

restnctiondigest analysis, were subsequently subjected to DNA sequencing in order to 

confirm the integrity of the reading h e .  



2.8 Identification of the prcsence of recombinant Fabs in the bacterial 

periplasmic extract.- Western blot detection was employed in order to ascertain the 

presence of recombinant Fabs in the isolated bacterial periplasm. Typicdly, 50 pl of the 

extract was boiled in an SDS loading buffer, and nui on a 12 % SDS PAGE. The gel was 

then transferred ont0 nitrocellulose. and blocked in a solution of 1% PBS-BSA for an 

how at room temperature. The detection of antibody light chain was performed by 

incubating the membrane in a 1% PBS-BSA solution containing '=I radiolabled rabbit 

anti-mouse kappa antibodies. The blot was then washed in a PBS solution containing 

0.0 1 % Tween-100, and exposed ovemight under X-ray film. Conversely. antibody heavy 

chains were visualized by incubating the sarne blot in a solution containing an HRP- 

conjugated nickel reagent; Ni-AT (Qiagene), in an appropriate buffer (0.5 M NaCl, 0.15 

M Tris pH 7.5,0.01 % Tween-100). This product binds to the histidine tail present in the 

heavy chain, with a high affinity. The presence of the heavy chains was then revealed by 

incubating the rinstd blot with a cherniluminescent substrate (Amersham), which 

generated photons as it was converteci by horseradish peroxidase, linked to the nickel 

reagent. The wet blot was then quickly exposed to X-ray film for a very short period of 

time, and developed. 

2.9 Purification of the recombinant F a h -  Recombinant soluble antibodies were 

purified from the periplasmic shockate using metalchelate afinity chromatography. As 

mentioned above, the original pComb3 vector was modifieâ in order to fuse a histidine 

tail to the carboxyl-terminal end of the heavy chain, when the latter was produced in a 

soluble form. Upon the dialysis of the periplasmic shockate in a high salt buffer. 300 pl 



of a resuspended Ni-NTA (nitriletriacetic acid min, Qlagen) m i n  slurry was added 

directly to the extract in a 50 ml wnical Falcon tube. The tube was then incubated 

ovemight at 4 @C with constant inversion. The following moming, the periplasmic 

extract was poured into a 3 ml synnge, previously plugged with glas wool. The resin 

was then washed with 3 ml of ice-col& EDTA-free PBS pH 7.0. It was then 

progressively washed with 2 ml of ice-cold Ni-NTA wash solution (100 m M  citrate / 

phosphate) of pH 7.0, 6.5, 6.2, and finally eluted with the buffer adjusted to pH 5.0. Al1 

filtrates were collected in microcentrifuge tubes containing 20 pl of 2 M Tris, pH.8.0. 

Samples (20 pl) of each tube were then nui on a 12 % SDS-PAGE and stained with 

Coomasiee blue. Alternatively, the gel was ûansferred to nitrocellulose paper for 

irnmunodetection using radiolabeled rabbit anti-moue kappa antibodies. or through 

cherniluminescence technology using the nickel ragent, Ni-AT (Qiaex) linked to the 

enzyme horse radish peroxidase (HRP), whch detected heavy chains containing the 

histidine tai 1. 

2.10 Assessrnent of the binding cipability of the recombinant 2E8 and 282 Fab 

fragments using a solid phase radio-imrnunoassay.- Polystymie microtiter wells were 

coated with pure recombinant human apoE, or with pure rat ANF, in a volume of 100 pl 

at a concentration of 1 pg / ml ovemight. The following day they were blocked with a 

volume of 200 pl of 1 % solution of BSA-PBS for an hour, and incubated with serial 

dilutions of both the mmbihant 2E8 and 2H.2 Fab fiapents as well as the eukaryotic 

hybridoma genenited 2E8 Fab at a concentration starting at 2.5 pg I ml, for an entire day. 

The following morning, the wells were washed three tima with PBS-Tween, shaken dry 



and incubateci witb 100 pl of a solution containing 100,000 cpm of a radio-labeled rabbit 

anti-moue kappa iight chah mAb in 1% BSA-PBS (Cedariane) ovemight. The 

following &y, the wells were again weshed with PBS-Tween and counted in a gamma 

counter. 

2.11 Concentration of the purified Fab preparations.- The recombinant Fab 

fragments whch were purified through metal chelate chromatography. were subsequently 

concentrated using centrifuga1 ultrafiltration. The entire volume of the eluted Fab was 

concentrated in microsepm(~iltron, Ma.) microconcentraton spun at 6 000 x g in a fixed 

angle rotor. Usually, the final volume following concentration, was 500 pl. The 

concentration of the antibody preparation was then determineci spectrophotometricaily. at 

an 0.D.280 nm using a 1 % extinction coefficient of 13.6. 

2.12 isolation of  Fab moaomen using FPLC.- Recombinant Fab preparations were 

subjected to FPLC chromatography, in order to remove any residual impurities such as 

aggregated antibodies and cuntaminating E.coli proteins. A Superdex-75 FPLC column 

(Pharmacia) was used at a flow rate of 0.5 ml / minute, in PBS. In a11 cases. a 250 pl 

solution of concentrated recombinant Fab was injected onto the column, and the elution 

profile was monitored using a U.V. monitoring system set at O.D.,, m. Appropriate 

fractions were pooled as a hction of the elution profile. 



2.13 Ceneration of monoclonal antibodia specific for bacteriophage M-13.- A 

panel of mAbs directed against the M-13 bacteriophage were produced using the ce11 

hybridization methodology described by Milne and collaboniton (Milne et al. 1992). 

Briefly, five, 8 week old BALB/c rnice were ixnmunized intraperitoneally with 5 pl of 

stock M-13 helper phage ( 10" p h  / ml) (Stratagene), emulsified in 150 pI of complete 

Freunds adjuvant. They received two subsequent "booster" injections, which were 

administered at two week intervals, using equivalent amounts of antigen. ernulsified in 

incomplete Freunds adjuvant. Two weeks following the final immunization, sera from 

the imrnunized mice and fiom a control non-imrnunized animal were evaluated for anti- 

M-13 phage antibodies using a solid phase radioirnrnunometric assay. The assay 

consisted of coating phage antigen ont0 plastic microtiter wells, adding Freshiy isolated 

mouse s e m  in serial dilutions, and detecting bound IgG immunoglobulins using a 

radioiabeled rabbit anti-mouse antibody. Thus, following a 4 hour incubation period of 

the plasma, the wells were washed with PBS-Tween, and filled with 100 pl of a ' 2 5 ~ -  

rabbit anti-mouse IgG, in 1 % BSA-PBS. mer an overnight incubation, the wells were 

washed with PBS-Tween, and counted in a gamma counter. The animal with the highest 

titer of anti-semm was then wd for the ce11 fusion experiment. 

Three days before the fusion, the moue was boosted intravenously with a small 

dose of M- 1 3 phage suspended in 100 pI PBS. nie day of the ce11 hision experirnent, the 

mouse, under ethcr anesthesia. was killed by ceMcal dislocation, and the spleen was 

removed using aseptic techniques. in a 10 cm petrie plate, conCaining 10 ml of 

Dulbecco's modified Eagles medium @MEM), a spleen ce11 suspension was prepared by 



gently teasing the spleen ushg two 18 gauge sterile naedles. The released cells were then 

transferred into a 50 ml conical tube filled with 30 ml of warm DMEM. They were then 

pelleted at 300 x g. and were resuspended in 30 ml of fresh, warm DMEM. The cells 

were washed two subsequent times, and were finally resuspended in 2 ml of DMEM, by 

gentle tapptng of the pellet. The SP2-0 rnyeloma ce11 line was used as the fusion ce11 

partner. Rapidly growing SP2-0 cells (about 4x10' cells / ml, viability > 95%) were 

harvested, and washed twice with DMEM. Both the splenocytes and the SP2-0 cells 

were counted separately and then mixed at a splenocyte:SP24 ratio of 3:l .  The cells 

were pelleted at 300 x g for 10 minutes and the supernatant was removed. Without 

adding additional medium the pellet was Ioosened by flicking the tube and the cells were 

incubated for 1 minute at 37°C. Fusion was initiated by the slow (over 1 minute) 

addition of 1 ml of a 47 % solution of polyethylene glycol ( 1  300-1 600 Da, American 

Type Culture Collection (ATCC)) in DMEM with gentle stimng using the pipette tip. 

The cells were left for a M e r  minute before the addition of 2 ml of DMEM over a 

period of 3 minutes. The cells were then slowly pipetted into 90 ml of warm DMEM 

supplemented with 30 % fetal bovine serurn (FBS) and HAT (hypoxanthine. 

aminopterine, thymidine, lOOx pre-prepared solution fkorn ATCC). As the SP2-0 cells 

lac k the enzyme hypoxanthine guanine phosphoribosy ltransferase, they can not grow in 

HAT-supplemented medium an4 as splenocytes have a limited sumival in culture (about 

1 week), the addition of HAT selects for splenocyte-myeloma hybrids, i.e. hybridomas. 

The cells were then plated in 100 pl aliquots in 96 well microculture dishes. and placed 

into a 37 OC incubator, with an atmosphere of 5 % CO2. The following day, a fûrther 100 

pl of DMEM, containhg both 30 % FBS and HAT were added to the wells. 



When HAT-tesistant colonies occupied about 10% of the sdace of the wells (10- 

14 days after the fusion) 100 pi of the culture supernatants were removed and assayed for 

the presence of anti-M-13 antibodies using the solid phase radioimmunometric assay 

described above. Cells From wells containing positive hybridomas were plated in 96 well 

microculture plates at a density of 0.5 cells / well, and grown for two weeks and wells in 

which growth occurred were tested for anti-M-13 antibody production. Cells fiom wells 

showing the highest antibody production were expanded and subjected to two M e r  

rounds of limitingdilution subcloning. Hybtidoma clones were then slowly fiozen at a 

concentration of 1 o6 cells / ml in DMEM medium containing 10% fetal bovine serum and 

10% dimethylsulfoxide and transferred to a liquid nitrogen tank for long term storage. 

Hybridoma cells (about 5 x 106 / animal) were injecteû into the peritoneal cavity of 

BALB/c mice for the production of ascitic fluid. When the accumulation of ascitic fluid 

could be detected macroscopically, the mice were anesthetized and exsanguinated by 

cardiac punctun. The peritoneal cavity was opened and the ascitic fluid was harvened 

and mixed with the blood. The ascites / blood was incubated for 30 minutes at 37°C and 

oveniight at 4OC to allow clot retraction. AAer centrifugation the serum / ascites was 

removed and fiozen in aliquots. 



Results 

1. Subcloniug of light and heavy chains of mAbs into pComb3.- The light and 

heavy chains of mAbs 1D7, 2E8 and 2W were d l  successfuily amplified, purified and 

sub-cloned into the pComb3 expression vector. As shown in Figure IV-4, the pComb3 

phagemid vector, containing an antibody light and heavy chan, could be digested with 

the endonucleases; Sac l / Xba 1. Spe l / Xho 1 or Spe 1 / Nhe 1, which consequently caused 

it to loose a fragment, and be resolved as a 4.8 to 4.9 kb linear band on a 1% agarose gel. 

The corresponding pComb3 vecton, capable of shuffling light or heavy c h a h  fragments, 

were then excised fiom the gel, purified and used both for phage display or soluble Fab 

expression. Following their sukloning, the integnty of all newly subcloned antibody 

variable region genes were verified through DNA sequencing. 

2. Expression of the 2E8 and 2 H 2  recombinant Fabs on the surface of M-13 

bacteriophage- The presence of functional recombinant Fab on the surface of M-13 

bacteriophage was demonstrated using phab rescue experiments, as shown in Figure IV- 

3. Initially, the presence of light and heavy chain heterodimers displayed on the surface 

of M-13 phage were identified, by perfoming a phab rescue in microtiter wells 

containing irnrnobilized rabbit anti-mouse kappa light chah mAbs (Cedariane). As 

show in Figure Nd., the rescue of both 2E8 as well as 2H2 phab preparations, was 

specifically inhibitcd when kappa light chainumainhg mouse mAbs were added as 

cornpetitors of the phabs. 



3. Titering of a recombinant phab preparition.- The infectious titre of 

recombinant phab preparations, expressed in colony forming units (ch), were routinely 

determined On average, a 1.5 ml culture of E.coli infécted with M-13 helper phage, 

precipstated with PEG and resusptnded in 200 pl of water, resulted in a titer of 1 o6 to 10' 

infectious particles per ml or cf& whereas 1 0 0  ml cultures typically gave 109 to 1012 cfu. 

4. Genemtion of anti- M-13 bacteriophage mAbs.- A series of mAbs specific for M- 

13 phage were produced using the ce11 hybridization procedure. Initially, out of 1Oûû 

microwell cultures of hybridized cells screened for antigen-specific antibody expression, 

40 were selected for m e r  analysis. Following limiting dilution re-plating, the clones 

were expanded and again tested for specific antibody productuion. Of the original 40 

clones, 10 were retained and once again replated, tested for rnAb production and frozen 

in liquid nitrogen. 

5. Determination of the bindirig capability of 2Eû recombinant phab against 

apoE.- The binding ability of recombinant 2E8 Fab expressed on the surface of phage 

was determined using phage rescue and radio-immunometric assays. Figure IV-7 shows 

a histogram which corresponds to the specific inhibition of 2E8 phab rescue on apoE- 

coated microtiter wells, by the addition of increasing amounts of the ID7 mAb. A 2E8 

phab prep (1 00 pl) was added to microtiter wells wntaining increasing arnounts of the 

ID7 IgG, which is knawn to cornpete with 2E8 for binding to immobilized apoE. 

Figure N-8 shows the specific inhibition of 2E8 phab binding to immobilized apoE, in a 

radio-immunometric assay. Ln this experiment, the bound phage is detected by the 



addition of mixture of four radiolablled mouse anti - M-13 phage mAbs, as descnbed in 

section 2.4 of the methods section. In control experiments, where the same amount of 

phabs were incubated in BSAcoated wells, no signifiant binding was iecorded. 

6. Determination of the binding specificity of the 2 8 2  recombinant phab for rat 

ANFo- The functional binding capability of the 2H2 recombinant phab was also 

determined using the phage rescue protocol and the radio-immunornefric assay. The 

histogram in Figure IV-9 depicts the results of a phage rescue expriment. Figure IV. 10 

represents the results of the radio-irnmunornetric assay as described in section 2.4. 

7. Conversion of pComb3 from a phage display to a soluble expression vector.- 

The removal of the g3p (P198-S4M) fusion protein fiom al1 phage display vectors was 

successful. The digestion of the vectors with the enzymes Spel / Nhel caused the release 

of a 600 bp fragment as seen on agarose gel electrophoresis (Figure iV4). The vector. 

which migrated as a 4.9 Kb band, was cut out of the gel, purified and self ligated, then 

transfomed into E. coli for expression. 

8. Engineering of a hist idine41 io the pComb3 soluble expression vector.- In 

order to facilitate the purification of my recombinant antiboây fragments. 1 engineered 

the pComb3 soluble expression vector so as a five residue histidine tail wouid be fused to 

the carboxy tenninus of newly synthesized recombinant heavy chahs. The nucleotides 

encoding the 5 residue carboxy-terminal tail were inserted into the vector as a double- 

stranded oligonuclcotide which had at either ends, an appropriate Spel overhang as 



show in Figure N-5. As described in section 2.6 of the methods section, and depicted 

in Figure N4, the g3p fusion protein was removed by Spel / Nhel digestion, and the 

histidine constmct was inserted via the appropriately designed Spel cohesive ends. As 

shown in Figure N-il, the presence of the histidine tail in the pCornb3 soluble 

expression vector was fint identified by Spel restriction digestion analysis. As shown in 

the photographed agarose gel, lanes 4, 9 and 10 were positive for the presence of the 

histidine tail, as the rniniprep DNA was successfûlly cut with Spel. Bacterial clones 

which harbored plasmids that had not taken up the hgrnent, but had simply 

recircularized were resistant to Spel digestion, and consequently did not migrate at the 

appropriate size, but rather as a lower molecular weight band which represented uncut 

super-coileci DNA. In addition to the Spel digestion assay, positive clones were 

sequenced and determined to code for five in-frame histidine residues followad by a stop 

codon (data not shown). A nurnber of positive clones were retained, and a large scale 

plasmid preparation of the histidine vector was producd in order to sub-clone al1 of the 

light and heavy chains of mAbs 2E8 and 2H2 as well as the altered forms of the 2E8 

heavy c hain, according to previously described methods. 

9. Expression and purification of recombinant 2E3 and 2EI2 Fab from E. coli- 

Both recombinant mAbs, as well as seven heavy chain mutant forms of 2E8, were 

expressed in the E. coli. strains XL1 -Blue and TG 1 (Stratagene). The Fabs were isolateci 

from the bacteria, and identified first through westM blots detected with radiolablled 

anti-kappa rnAbs. Figure IV-12 shows a recombinant Fab preparation that had been 

eluteû fiom an nickel affinity column using a discontinuous pH gradient, separated on a 



12 % SDS PAGE and staimd with Coomassie-blue. The purified recombinant Fabs were 

dways seen to co-migrate with hybridoma Fab fragments generated by papain digestion 

of 2E8 IgG, with an apparent molecular weight of 50 kDa under non-reducing conditions. 

In fact, Figure IV42 demonstrates the specific disappearance of a bacterial protein, of 

equivalent size as a hybridoma Fab controi, fiom the periplasm which had been nin 

through the nickel affinity colurnn. The left panel of Figure IV-13 shows a Western blot 

of an SDS-PAGE gel which had served to resolve some 2E8 rFab fragments, and which 

was tmnsferred ont0 nitrocellulose, and revealed with radiolabeled ami-kappa mAb. In 

the right panel of the sarne Figure, is the sarne nitrocellulose transfer, but this time 

detected with the Ni-AT HRP conjugated cherniluminescent reagent. Of note in this 

Figure. is that the wntrol hybridoma Fab is not detected with the Ni-At reagent, but is 

detected with the radiolabled anti kappa as would be anticipated. In addition, the 30 kDa 

protein, bovine carbonic anhydrase, which is one of the molecular weight standards, was 

recognized by the Ni-AT reagenf and thus served as a convenient molecular weight 

marker in such expenments. Most preparations of Fab purified by nickelchelate 

chrornatography were contarninated with a bacterial protein that had an apparent 

molecular weight of 25 kDa on SDS-PAGE. This contaminant was seen on Coomassie 

blue-stained gels, and was ocxasionally detected on Western blots revealed with the Ni- 

At reagent, but not with '* '~ -ant i -~a~~a .  This protein may be the bacterial periplasmic 

enzyme p-lactamase, as other investigators have reportai the co-purification of this 

protein using the nickelchelate chromatography. In order to minimize the amountî of 

ths protein in my recombinant Fab preparations, 1 sequentially washed the m i n  with 

buffen adjusted to a progressively lower pH. T h i s  pH step gradient, acheved a partial 



separation of the recombinant Fab and the contaminating protein (Figure IV-12) with the 

majority of the Fab king eluted at pH 5.0. As describeci below, a homogeneous 

prepration of monomeric Fab could be obtained by subjecting the pH 5.0 fraction to size 

exclusion chrornatography. 

To estimate the amounts of an expressed recombinant antibody, the detected 

bands on a western blot were compared to a known amount of hybridoma generated Fab, 

which was aiways run on the same SDS-PAGE gel. An example of such an expriment is 

shown in Figure IV-14, where 200 ng of pure hybridoma generated Fab is compared to 

serial dilutions of crude 2E8 and 2H2 rFab preparations. As show in Table IV-1,200 to 

600 pg of purified wildtype 2E8 could be obtained from 1 L cultures of appropriately 

transformed XL 1-Blue bacteria, grown in either LB or super broth that had been induced 

with 0.1 rnM LPTG. induction with a hgher concentration of iPTG ( ImM), did not 

significantly increase the yield of antibody. Supplementing the cultures with 0.4 M 

sucrose reduced Fab production in contrast to what has been reported for the bacteriai 

expression of scFv hagments (Figure IV-1 5). Finally, as show in Table IV. 1, most of 

the rFab was found to be located in the periplasm. The STE solution, to which the 

bacteria were exposed for one hour and which caused their periplasrns to becorne 

hypertonie, contained little antibody and, with the exception of certain isolated cases, 

very small arnounts of antibody were detected in the culture medium. 



When the same expression vectors were grown in the TG1 strain of E.coli, under 

identicai growth conditions as described for the XLLBlue strain, 1 consistently obtained 

5 to 10 times more recombinant antibody (Table IV-2). With the exception of the total 

mass of expressed antibody Fab. this strain of E.coli behaved as the XLl-Blue strain with 

respect to the production of the antibody under various conditions. Thus, an increase in 

the amount of LPTG used for induction had little effect on the production rate, and the 

addition of 0.4 M sucrose to the growth media, darnpened the expression of the antibody. 

Again, with th is  strain as with XL1-Blue, rFab was primarily present in the periplasm. 

10. Isolation of rFab monomen using FPLC.- In order to puriQ the recombinant 

Fabs to homogeneity, 250 pl of a concentrated rFab preparation was injected ont0 a 

Superdex-75 FPLC column. As shown by the elution profile depicted in Figure IV-16% a 

small broad peak. consisting primarily of aggregated rFab, eluted first. Following this 

peak was the elution of a much larger and narrower peak whch corresponded to 

monomeric Fabs, ofien closely followed by a second sharp peak which corresponded to 

the 25 kDa bacterial pmtein believed to be f3-lactamase. This purification methodology 

was crucial in order for the accurate determination of the aftinity constant of the rFabs 

using surface plasmon resonance. as described in Chapter V. Figure IV-16b depicts the 

purity of the isolated rFab when nsolved on a 12 % SDS PAGE, both under reducing and 

non-reducing conditions. 



11. Loss of the histidine tail C d  to the beavy chah in the bacterial pêriplism.- 

By comparing autoradiograms of recombinant Fabs on a single western blot membrane, 

detected by the two previously described techniques, 1 observed that, on some occasions, 

rFab reactive to anti-kappa rnAbs, was not alwys detected by the nickel reagent (Figure 

I V 4 3  lane D~). The periplasmic extract which had previously been run through 

Ni-NTA resin was collecteci, and analyzed for residual rFab presence. A 100 pl sample 

was nin dong side of the purified eiuted rFab, on an SDS-PAGE that was transferred to 

125 nitrocellulose and blotted with the nickel reagent as well as with the 1-anti- kappa 

mAb. In most cases no residual rFab was observed in the flow-through periplasm, but on 

occasion there was immunoreactivity with the anti kappa mAbs but not with the nickel 

reagent. In addition, when the Coomassie biue stained gel was examineâ, there was a 

protein band which co-migrateâ with the anti kappa revealed rFab (data not show). This 

suggested that cleavage of the histidine tail occurred on a subpopuiation of molecules 

within the bacteria. 

12. Binding capability of the recombinant 2E8 Fab using a solid phase 

radioimmunometric assry.- Figure N- 17 presents the anti-apoE immunoreactivity of 

preparations of the recombinant 2E8 Fab when assayed in solid phase radio- 

imrnunometric assay. The results dernomte that the recombinant Fab displays the 

same reactivity towards apoE as does Fab prepared by papain digestion of 2E8 IgG. In 

addition to using purified apoE, fnshly isolated human VLDL were also used in 

determining the reactivity of the recombinant 2E8. Figure IV-18 depicts the reactivity 

observed for identical serial dilutions of recombinant versus parental 2E8 Fab, incubated 



in VLDL-coated microtiter wells. Again, the recombinant fom of the 2E8 Fab 

recognized apoE with an a f h i t y  similar to that of the parental hybridoma Fab. The total 

counts representing Fab binding to VLDL were consistently lower than for radio- 

immunoassays using pure apoE. This reflects the fewer apoE epitopes available in 

VLDL coated wells compared to those in apoE coated wells. This difkence was also 

seen with mAb 6C5, a high afinity mAb specific for an epitope in the amino terminus of 

apoE. 

13. Assessrnent o f  the binding capability of the recombinant 2 8 2  Fab using a 

solid phase radioimmunometric m y . -  Finally, I present in Figure IV49 the relative 

immunoreactivity of the 2H2 rFab against rat ANF. As in al1 previously described direct 

radioimmunometric assays, pure rat ANF was coated ont0 rnicrotiter wells at a 

concentration of 1 pg / ml. Following a blocking step, using 1 % BSA-PBS, appropriate 

arnounts of the pure rFab was incubated in the well ovemight As shown in Figure IV- 19, 

the rFab was found to be specific for ANF. as tt was nomeactive towards control. BSA 

coated wells. Furthemore, 2E8 rFab fragments did not bind to the ANF-coated wells. 



Discussion 

In this chapter, 1 have describec! the subcloning of the light and heavy c h a h  of 

mAbs 2E8 and 2 H 2  into the pComb3 phagemid expression vector. in addition, 1 have 

detailed the production and purification of both antibodies as rFab fragments, using 

E.cofi as a host organisrn. The recombinant Fabs were generated both as soluble 

antibodies and displsyed on the surface of filamentous bacteriophage. The antigen- 

binding capability of recombinant 2E8 was found to be identical to the Fab that was 

generated by papain digestion of 2E8 IgG. These experiments form the basis for the 

charactenuition of 2E8 variants that are presented in Chapter V. 1 have also described 

the expression of a second recombinant Fab. 2H2, that is specific for the rat cardiac 

hormone ANF. Again, the recombinant 2H2 fragments were shown to possess antigen- 

binding activity whether they were expresscd in a soluble form, or on the surface of M- 13 

filamentous phage. 

A problem that 1 noted early on during the subcloning of the antibody chains. was 

that mutations had been introduced into the cloned cDNAs in the form of single base pair 

transitions, transversion and deletions. Presurnably. these erron correspondcd to 

misincorporated as well as deleted nucleotides, due to the PCR amplification of the 

antibody genes. Omng to a lack of a 3 ' 4 '  exonuclease proof-reading activity in Taq 

polymerase, a nucleotide transition misinwrporation frequency of one every 10) to 104 

base pain wpied has been report&, with transversions occumng at a one to two orden 



of magnitude lower frequency. The infidelity of Taq polymerase is icnown to be further 

exacerbated by elevated concentrations of deoxyribonucleoside triphosphate (dNTP) 

substrates and by the replacement of magnesiurn ions by manganese equivalents, in the 

reaction mixture (Goodman M. 1995). As a consequence, efforts were always made to 

respect the appropriate levels of d N T P s  as well as the other salts within the reaction 

buffer. Nevertheless, 1 have observed a nurnber of mutations attributable to nucleotide 

misincorporation by the Taq polymemse. In particular, is the loss of an adenosine 

nucleotide at position # 33 in the 1D7 light chain, which resulted in the dismption of the 

antibody reading frame, and subsequently to the lack of production of soluble Fab. Ln 

addition, the polymerase caused the conversion of a thymidine into a guanosine at 

position # 61 leading to a change of a histidine to a glutamine in the heavy chain of 

antibody 2H2. A second clone of the 2H2 heavy chain, which was amplified using the 

leader sequence primer, was observed to have a lysine converted to an asparagine 

residue. However ths mutation was not incorporated into the 2H2 heavy chain clone 

which was used in expression studies. Finally, certain 2E8 light chain subclones were 

found to have acquired point mutations and, as a consequence, were not retained. 

Therefore, the predicted misincorporation rate of Taq polymerase was confirmed through 

the amplification of these antibody genes. 

Because of its relaûvely low fidelity of DNA replication, 1 discontinued the use of 

Taq polyrnerase when themal stable polyrnerases, with proofreading ability, such as 

Vent polymerase, became available. The increased fidelity of Vent polymerase in the 

replication of DNA, was however ammpanied by an observable reduction in the total 



yieid of the amplifieci product, in cornparison to the same PCR reactions performed with 

the use of Taq polymerase. This is consistent with the previously observed activity of 

DNA polymerases, whose exonuclease activity is known to excise some 5 to 15% of 

correctly inserted nucleotides (Clayton et al., 1979; Fenht et al. 1982). a factor that is 

known to affect PCR cycling time as well as product yields. Although my midies did 

confinn the improved fidelity of Vent polymerase, 1 nonetheless observed several cases 

where nucleotides were misincorporateci during PCR amplification. Indeed 1 have 

documentai a variant fom of the 2E8 mAb, which 1 engmeered through sitedirected 

mutagenesis, with an A to G tramversion within codon 52% which fortunately did not 

cause a change the amino acid encoded by the codon. 

1 wnsistently observed important differences in the arnounts of recombinant Fab 

that were expressed in different E-coli strains, with yïelds king 5 to 10 times higher in 

the TG1 strain of E.coli as cornpared to the XL1-Blue (Tables IV4 and IV-2). The yields 

of Fab fragments that 1 obtained using XLl -Blue and TG I bacterial cultures were similar 

to values previously reported for other Fab fragments expressed in the respective slrains 

(Kipriyanov et al. 1997, Roger MacKenPe personal communication). The reasons for 

higher levels of expression of the heterologous protein in the TG1 strain are not clear. 

Although the tnuisforxned TG1 bacteria always grew faster than XLl-Blue bacteria, the 

higher expression of Fab by the TG1 strain was not solely the result of a higher density of 

bacteria in the cultures, as the strain difierences were dso apparent whea yields were 

expressed in terms of wet bacterial mas.  



As documented by many laboratories active in the field of antibody engineering, 

it would seem that the limiting step of antibody production by prokaryotes is the folding 

of the proteins. Since the bacterial cytoplasrn is a reducing environment in most strains, 

disulfide bond formation does not occur, and heterologous Fab hgments must either be 

transported to the periplasm for proper folding and assembly, or denatured protein will 

accumulate within the cytoplasrn or in inclusion bodies. Overexpression of heterologous 

proteins cm pose an undue strain on the organism, which can tead to the death of the 

host, a phenornenon which 1 observed early in rny expression experiments, and that has 

been recently reported by others (PlQckhun et al 1996). 1 have found that this problem 

couid be largely circumvented by incubating the induced culture at room temperature 

rather than at 37 O C ,  a condition now recomrnended by many experts in the field. The 

rasons for the toxicity that occurs when bactena are induced to express recombinant 

antibodies, is at this date still unknown. However, they are likely linked to the over- 

expression of recombinant antibodies in a fast growing culture, which accumulate and 

aggregate within the cytoplasm and periplasm. Furthemore, excessive accumulation of 

folded antibody within the periplasm, may c a w  the outer membrane to leak and perhaps 

even to collapse. 

The properties which allow for recombinant antibodies to be isolated in an 

abundant and active fom within bacteria, would appear to reside with the primary 

structure of each individual antibody. In most cases, it has been determined that 

recombinant antibodies, once transported to the periplasm, can fold on their own due to 

favorable themodynamic forces. However, it is thought that the bacterial disulfide- 



forming machinery may help at this stage. U n f o ~ t e l y ,  it wodd seem that not al1 

antibodies can fold appropriately w i t h  the periplasm of E.coli, and consequently cannot 

be isolated in an active form, even when the bacterial culture is grown at room 

temperature. It has recently been show that defective folding of a particular antibody, 

can be corrected by the substitution of certain arnino acids within its framework regions. 

In a recently documented case, specific residues within the framework regions of the 

light cham, caused the antibody to fold with much better kinetics within the periplasm 

leading to enhanced arnounts of soluble antibody (Fonberg et al. 1997). Moreover, these 

investi gators demonstrated that substitutions introduced into the heavy c hain caused the 

expressed scFv fragments to be localized preferentially in either the periplasm or within 

the growth medium. Clearly, the implications of such work emphasize the inadequacies 

in our knowledge of the metabolism of expressed recombinant antibodies within bacteria. 

The bulk of soluble antibody was found in the periplasm of both TG1 and XLI- 

Blue bacteria, and both strains were relatively insensitive to a 10 fold increase in the 

inducing agent, PTG. Similarly, both strains behaved similarly when grown in media 

containing 0.4 M sucrose, in displaying a reduced amount of expressed antibody. The 

rational for supplementing the media with high concentrations of sucrose was based on 

the report that sucrose was found to promote the production of scFv hgments in E. coli 

(Kipriyanov et al. 1997). In this report, the addition of 0.4 M sucrose to the induced 

culture, multed in a 2 to 10 fold increase in expressed antibody, both in the STE solution 

as well as within the media. Previously, it had been shown that the addition of 0.4 M 

sucrose to the culture medium of E.coli transformants expressing the P-lactamase gene 



downstream of an IPTG inducible promoter and a bacterial leader quence,  caused an 

increased accumulation of the soluble product (Bowden and Georgiou, 1990). It is 

believed that sucrose infiltrates the penplasm causing it to swell due to an increased 

osmotic pressure. This enlarged periplasm would then allow more recombinant protein 

to accumulate. In contrast, 1 consistently observed lower yields of expressed soluble 

antibody when cultures of both E. coli strains were supplemented with sucrose. This 

apparent discrepancy in the effects of sucrose on antibody expression observed by myself 

and those reported by Kipriyanov et al.. could reflect both differences between 

expression of Fab and scFv fragments in bacteria and fatures inmnsic to individual 

antibodies. 

The isolation of proteins through the use of metal cheiate chromatography is an 

extremely powerful and convenient way of selectively puriQing recombinant proteins 

tagged with a ply-histidine tail. However, this methodology does have its drawbacks, in 

that certain host proteins that contain histidine-nch sequences, are known to react with 

the resin, and co-elute with the desired protein. Many of my rFab preparations eluted 

from a Ni-NTA column, were contaminated with equimolar amounts of a protein with an 

apparent rnolecdar weight of 25 kDa which likely represented P-lactamase. Many 

different methodologies were attempted in order to minimize the CO-purification of this 

and other bacterial poteins with the rFabs. Firstly, since the ability of a protein to 

interact with the Ni-NTA resin is dependent on the presence of clusten of histidine 

residues present in a non-protonated form, 1 adjusted the pH of bacterial periplasms to a 

value close to 6.4, using dialysis. A pH of this value ensured that the histidine imidatol 



groups resided close to their pKa, and thus in a physical state l e s  likely to couple 

ionically to the resin. Secondly, the resin was washed with buffers of pH vaiues which 

approached the pKa of histidine by only 0.2 unit values. Washing the resin with citrate / 

phosphate buffers adjusted to pH settings ranging from 7.0 to 6.0, permitted the removal 

of much of the undesired protein as depicted in Figure IV- 12. Whle some loss of rFab 

occurred during the washes, the major portion of the rFab was eluted with a citrate / 

phosphate buffer adjustecl to pH 5.0. The use of a shallow discontinuous pH gradient, 

improved the purity of the rFab preparations but a small arnount of the contaminating 25 

kDa protein persisted as did some aggegated Fab. Homogeneous monomeric rFab 

couid, however, be obtained by subsequent size exclusion chromatography of the 

parhally purified Fab fraction using size exclusion FPLC chromatography. 

The loss of the histidine tail, whch is fused to the heavy chain carboxyl- terminal 

when the Fab is produced in a soluble form, was observed following the purification of 

the recombinant Fab fiom bacterial periplasm. The literature repom many problems 

associated with bacteriai proteases, which often damage recombinant proteins. In 

particular, a well known proteolytic event occurs during the production of recombinant 

antibodies expresseci on the surface of M-13 phage, in association with a phage mat 

protein. It hss been documented that the recombinant antibodies are often claved off 

the surface of the phage, if left for a prolonged period of time in the bacterial supernatant 

(McCafferty et al. 1996). niis problem is only partially alleviated by polyethylene glycol 

precipitation of the phage, as the protease appean to mprecipitate with the phabs, and 

continue to cleave the recombinant proteins. For this reason preparations of phage- 



displayed antibody fragments were only stable for a short while at 4 OC, and were stored 

at -80 OC in a glycerol solution. Soluble recombinant antibodies are also known to be 

susceptible to the hydrolytic activity of certain proteases found in the periplasm. An 

EDTA-sensitive protease has been docurnented to cause the digestion of a poly-glycine 

linker whch holds recombinant single chah Fv fragments together (Roger MacKenzie. 

personal communication). The action of this protease varies from mild to almost 

complete digestion, resulting in the total dissociation of the recombinant antibody (Jelena 

Vukmirica, personal communication). The situation with the soluble recombinant 

antibodies is similar to the phage-displayed preparation. The purification of the 

antibodies by metal chelate chromatography does not seem to eliminate the presence of 

the protease which CO-purifies with the antibodies. Only m e r  purification, through the 

use of size exclusion FPLC chrornatography, ensures the integnty of the antibody 

preparations. It has k e n  recently shown that the addition of al1 known protease 

inhibitors did not prevent the degradation of the antibodies (Pliickthun et al. 1996). 

Moreover, the elimination of al1 known loci encoding for bacterial proteases. still did not 

totally resolve this problem (Meerman and Georgou. 1994). In my case. the loss of the 

histidine tail not only caused a decreased in the amount of isolatable antibody, but more 

importantly, it prevented detection of the tnincated Fab hgments with the Ni-AT 

reagent . 

The biological activity of the recombinant antibodies was assayed when they were 

expressed on the surface of M-13 phage and in a soluble fom. The binding capability of 

soluble purified recombinant 2E8 was equivalent to the parental hybndoma generated 



Fab, when tested against both lipid-free apoE lipoprotein-associated (Figures N-17 and 

IV-1 8). Similady, r2H2 Fab was show to have good binding capability to rat ANF 

(Figure IV- 19). The antibodies also showed specific binding to immobilized antigen 

when they were expressed on the sdace of filarnentous M-13 phage, when assayed by 

either phage rescue or a solid phase radio-imrnunometric assay. The recombinant phage 

could be rescued on immobilized anti-mouse kappa cham antibodies and on imrnobilized 

antigen, demonstrating the presence of antibody on the phage surface and its binding 

activity, respectively (Figures IV-7 - IV-IO). The specificity of the interaction between 

the Fabs on the surface of phage was ascertained by demonstrating that antigen-specific 

antibody could compete with the phage displayed Fab for binding to antigen. 

In conclusion, in this Chapter 1 have documented the Functional production of 

recombinant Fab fragments using E.coli. Both mAbs 2E8 and 2H2 were shown to be 

expressed on the surface of filamentous phage M-13. as well as in a soluble form. The 

soluble Fabs were puritied to homogeneity and the biological activity of antibody ZE8 

was determined to be identical to the corresponding parental hybridoma generated Fab. 

Finally, the antigen-binding capability of the 2H2 recombinant Fab was demonstrated to 

be specific for A M .  



SduMe Expression Phagemid 

Figure I V 4  The pComb3 espression phagemid vector.- The figure depicts the 

organization of the pComb3 antibody expression vector, which corresponds to a 4,2 Kb 

bacterial phagemid. The unique restriction endonuclease sites Sac 1 and Xba 1 facilitate 

light chain insertion. The Xhol and Spel sites ailow for heavy chain insertion whereas 

the SpelMhel sites permit the removal of the g3 gene which codes for the M-13 

carboxyl-terminal f'ragment of @p. Expression of the heavy chain-g3p fusion protein 

results in the Fab king displayed on the surface of the phage whereas, removal of the 

nucleotides encoding the g3p fiagrnent results in assembleci recombinant Fab k i n g  

expressed in a soluble form. As both chains are produced with an amino terminal 

bacterial leader sequence, following translation, they are directed to the petiplasrn, where 

they assemble as heterodimen. 



Figure W 2 a  Bacterial expression of recombinant antiboây fragments.- The 

phagemid vector pComb3 is represented within a bacterial cell. Both light chains as well 

as heavy chain-g3p fusion proteins are produced independently, under the IPTG- 

inducible control of Lac Z promoten. Both recombinant proteins are synthesized with 

the pefB amino-terminal leader sequence, which allows for them to be translated and 

directed to the bacterial periplasm. Once transported across the plasma membrane, the 

leader sequences are cleaved by the bacterial enzyme signal peptidase. and the anti bodies 

then fold and associate as heterodimeric Fab fragments linked through a disulfide bond, 

and remain anchored to the imer membrane. Soluble recombinant Fab fragments, 

devoid of the g3p fusion protein. can be isolated as crude periplasmic preparations, or a 

"shockate", using a gentle osmotic shock treaûnent. 



Phage DNA Phagemd 
DNA 

Figure IV-tb Assembly of recombinant sntibodies displayed on the surface of 

filamentous phage- Recombinant Fab f w d  to the g3p protein remain associated with 

the plasma membrane. Upon infection with Mi 3 helper phage. single stranded phagemid 

DNA is synthesized by a viral DNA pcdymerase, which is prornptly packaged as progeny 

phage. through the help of several phage encoded proteins. in particular g5. As the 

progeny phage mature and extrude across the plasma membrane, the recombinant Fab- 

g3p fusion protein becorne associated with. and cap the trailing extremity o f  the particles. 

As only five to six g3p proteins associate with the progeny phage extremity, there i s  a 

cornpetition between the M- 13 helper phage-encoded g3p and the Fab-g3p fusion protein 

for the phage. It has been estirnated, than on average there is one to three Fabg3p fusion 

proteins per phage particle. 



Figure IV-3 Phab rescue: Scheme depicting the biological assay of recombinant 

phab activity. Maie E.coii bacteria expressing the F'pili, transformed with a pComb3 

vector containing antibody light and heavy genes, are infected with M- 13 helper phage. 

As described in the text, the infected culture is incubated ovemight and resultant progeny 

phage are isolated and tested for antibody activity in a microtiter well coated with an 

appropriate antigen. Following the removal of unbound phage through several washes, 

the specifically-bound phage are eluted with an acidic solution. Once neutralized, the 

eluted phage are then added to a fresh culture of male Ecoli, allowed to infect the cells, 

and finally plated onto ampicilin containing LE3 agar, and placed into a 37 OC incubator 

ovemight nie resultant bacterial colonies correspond to individual "rescued phage 

particles whch have transferred their pComb3 plasrnid coding for antigen-competent 

anti body genes. 



Linear vector -b 
(4 9 kb) 

Figure T V 4  Gene sbufning in pComb3.- This figure shows the resolution of the 

pComb3 expression vector containing both a light and heavy chan, digested with the 

endonucleases Spe 1 / Nhe 1, and r u  on a 1 % agarose gel. The 1 inear band which is seen 

to migrate at position 4.9 kb 1s then cut out of the gel, and purified using the Qiaex DNA 

purification reagents. [n fact, this resolution pattern is what is always observed when the 

vector is subjected to the excision of a gene fragment, be it the light, heavy or g3 fusion 

protein, which al1 migrate with a s i x  of 600 - 700 bp. 



5'- 
His- 1 

-3' Heat and anneai 

Figure I V 4  Addition of  a carboxy-terminal histidine tail to the heavy cbaia of the 

pComb3 expression vector. The diagram depicts the methodology used in the addition 

of a five-residue histidine tail to carboxyl-terminal end of  the heavy chain cloned into 

pComb3. First, an equimolar mixture of the complementary His-1 and His-2 

oligonucleotides were denatured at 95 OC,  and let to slowly anneal in a water bath set at 

60 OC. A certain arnount of this annealed material was then rnixed with a preparation of 

pCornb3 which had previously been relieved of its 433 fusion protein. The mixture was 

supplemented with the enzyme T4 ligase, and incubated ovemight. Following the 

transformation of the ligated DNA into E.coli, isolate bacterial clones were individually 

chosen for restriction digest analysis. The enzyme Spet was used to identifi clones 

which had incorporateci the short insert. As show in Figure IV. 13, those clones which 

had acquired the insert, were cut by the endonucleasc, and migrated with the same 

molecular weight as a control soluble pComb3 vector which had been linearized. 



U 2E8 and 2H2 Phab 

Figure I V 4  Asjessment of  the presence of rFab displayed on the surface of M-13 

phage: Phab rescue using rabbit anti-mouse kappa antibodies- This Figure is 

representative of results of many phab rescue experiments, for both 2E8 as well as 2HZ 

preparations, which were carried out in order to detect the presence of rFab on the 

surface of the phage. Microtiter wells were coated with rabbit anti-mouse kappa 

antibodies, which served to retain rFab-bearing phab. The tirst bar tepresents the 

incubation of phab with no competing antibody, and thus aiways gave rise to a confluent 

lawn of bacteria. The subsequent bars represent the effect of added amounts of the 

competitor, kappacontaining mouse IgG. As increasing arnounts of the competitor were 

added, a corresponding decrease in the amount of rescued bacteria could be observed on 

the peme plate, indicating that the rescue was specific for phab. 



Figure W-7 Assessrnent of tbe antigen-binding specificity of 2E8 phab 

preparatioar- This histogram depicts the antigen-binding specificity of ZE8 phab 

preparations, as detennined using the phage rescue procedure. ApoE coated wells were 

filled with equal amounts of freshly isolsted 2E8 phab, diluted once in 4 % BSA-PBS. 

and increasing amounts of the cross-reacting, apo-E specific mAb ID7 were added as a 

competitor. As shown by the first bar in the diagram, when no competitor rnAb was 

added, many colonies were observed. However, as increasing amounts of the 1 D7 mAb 

were added, correspondingly fewer bacteria were rescued, demonsîrating the specificity 

of the 2E8 phab interaction. This type of competition was not observed when an 

irrelevant mAb, such as mAb 3H1 was added as a competitor. 



Figure TV-8 A~ses~rnent of the antigen-binding specificity of 2E8 phab 

preparations usiag a solid phase radioimmunornetrie assay.- In order to further 

confirm the antipn specificity of the 2E8 rFab expressed on the surface of M-13, freshly 

isolated phab were assayed for apoE specificity using a solid phase radioimmunometric 

assay. lsolated phabs were incubated as serial dilutions made in 3 % BSA-PBS, in 

microtiter wells which had previously been coated with pure apoE. Following an 

ovemight incubation, the plates were washed with PBS-Tween, and were filled with 100 

pl of a mixture of four radiolabled mAbs, specific for M-13 phage. The plates were 

incubated for five hours, washed and counted in a gamma counter. To ensure the validity 

of the binding results, an quivalent serial dilution of the phab preparation was incubated 

in control, BSA coated microtiter well. 



Figure IV-9 Assessrnent of  the antigen-binding specificity of 2HZ phab 

preparationa- This histog~am depicts the antigen-binding specificity of 2H2 phab 

preparations, as detemined using the phage rescue procedure, and which has been 

described in Figure IV.9 for the 2E8 phab. ANF coated wells were filled with equal 

amounts of freshly isolated 2H2 phab, diluted once in 4 % BSA-PBS. and increasing 

amounts of the parental, ANF- specific mAb 2H2, were added as a competitor. As show 

by the first bar of the diagram, when no competitor mAb was added, many bacteria were 

rescued. However, as increasing amounts of the 2H2 rnAb were added, correspondingly 

fewer colonies were obtained, demonstrating the specificity of the 2H2 phab - ANF 

interaction. No cornpetition was seen with an irrelevant antibody. 



Figure IV-IO Assessrnent of the aotigen-bindiog specificity of 2H2 phab 

preparations using a solid phase radioimmunometrie assay.9 In order to further 

confirm the antigen specificity of the 2FI2 rFab expressed on the surface of M-13, freshly 

isolated phab were assayed for ANF binding specificity using a solid phase radio- 

immunoassay. Isolated phab were incubated as serial dilutions made in 3 % BSA-PBS, 

in microtiter wells which had previously been coated with pure rat ANF. Following an 

ovemight incubation, the plates were washed with PBS-Tween, and were filled with 100 

pl of a mixture of four radiolabled mAbs, specific for M-13 phage. The plates were 

incubated for five hours, washed and counted in a gamma counter. To ensure the validity 

of the binding results. an equivalent senal dilution of the phab preparation was incubated 

in control, BSA coated microtiter wells. 



Undigestcd 
supercoi lcd 

Figure IV41 Identification of soluble expressing pCornb3 clones positive for the 

acquisition of a histidine tail, using restriction digest anrlysk- This figure represents 

the primary secreening of bacterial clones transfonned with a soluble expressing pComb3 

vector which may have acquired a histidine tail, using restnction enzyme digest analysis. 

Plasmid rninipreps were subjected to Spel digestion and resolved on an 1 % agarose gel. 

As seen in the photographed gel, only three out of the ten clones were found positive for 

histidine tail acquisition. Indeed, clones 4, 9 and 10 al1 migrated as a linear band, with 

the same s ix  as the soluble espression vector shown in lane A, which conesponded to a 

4.8 Kb band. 



Elution (pH) 

Figure W-12 Elution profile of rFabs purified on an nickel aniaity 

chromatography co1umn.- This figure illustrates a typical elution profile of a soluble 

rFab expressed with a histidine tail purified on a nickel affinity column, resolved on a 

12% SDS PAGE and stained with coomasie blue. Lane A represents 2 pg of pure Fab 

generated by digesting IgG with papain, which was used as a visual control. Lane B 

corresponds to 10 pl of a periplasmic extract, whereas lane 3 represents the same volume 

of the extract following a single pas over the nickel afinity chromatography column. 

Lanes 4 through 10 represent the washing and finally the elution of the bound rFab, using 

a discontinuous pH gradient of a 100 rnM citrate / phosphate buffer, starting with a pH of 

7.0 and ending with pH 5.0. Exact pH values are indicated. 



Figure IV43 Western blot detection of purified rFab preparationa- This figure 

represents an identical SDS PAGE western bot, consisting of various rFab preparations 

which was detected in using a radiolabled anti mouse kappa mAb shown in the left panel, 

and in the right panel with a nickel reagent linked to the enzyme HRP. The first lane of 

the blot corresponds to a molecular weight marker which contained the 30 kDa protein 

bovine carbonic anhydrase which reacted with the nickel reagent. Lane 2 corresponded 

to 200 ng of pure Fab, which was only revealed with the radiolabled anti kappa mAb as 

expected. Lanes 3 through 7 corresponded to purifie& wild type, CDFQA, B, C and D 

recombinant Fabs. Lam 8 represents periplasmic extracts consisting of the CDR2.D rFab 

which had been passed over the nickel a n i t y  chromatography colurnn. 



Figure IV44 Titration of soluble rFab preparations for quantification purposa.- 

This figure represents an autonuhogram of two rFab preparations. 2H2 and the 2E8 

CDR 1  la mutant, which were purifed using nickel affini ty chrornatography . 

Both preparations were evaluated for antibody concentration on a 12 % SDS PAGE 

western blot as senal dilutions, and detected with a radioablled anti-mouse light chain 

mAb. Visual estimation of a known amount of papain generated Fab run alongside the 

rFabs thus provided a rough estimate as to their concentration. 



Figure I V 4 5  The effect of sucrose on rFab production.- This figure represents an 

autoradiogra.cn of an SDS-PAGE Western blot, detected with a radiolabled anti-mouse 

kappa mAb. The fint lane consists o f  250 ng of pure hybridoma Fab. Lanes A and C 

correspond to 50 pl periplasmic extracts of a 2E8 wild type and a 2H2 rFab bacterial 

culture respectively, induced with iPTG. Lanes B and C correspond to cultures identical 

to A and B, but which were supplemented with 0.4 M sucrose during the induction 

period. The autoradiogram was overexposed to emphasize the absence of antibody 

protein from both cultures supplemented with sucrose. 



Fractions 

Figure IV- 16a Purification profile of a rFab using FPLC gel filtration 

chromatography.- This figure represents the results obtained From a typical rFab 

purified using FPLC gel filtration chromatography. 250 pl of a rFab preparation. purified 

from a nickel chromatography column and concentrated using ultrafiltration, was 

injected ont0 a Superdex-75 FPLC colurnn, which was run at a flow rate of 0.5 mVminute 

in PBS buffet. The profile shows the s ep t ion  of the monomeric fom of the rFab. 

which appears as a single large and sharp pwk, from aggregated material, whch eluted 

immediately before the monomer and appeared as a broad peak. Following the elution of 

the monomeric rFab, was the appearance of a second sharp peak, which represented the 

25 kDa bacterial protein which on occasion, co-purified with the rFab on the nickel- 

affinity colurnn. 



Figure 16b. FPLC purified recombinant Fab compareci to hybridoma Fab.- This 

figure illustrates the purity and integrity of recombinant Fab preparations nin through an 

FPLC size exclusion chromatography colurnn, when resolved on a 12 % SDS-PAGE and 

stained with coomassie blue. Lanes A and B represent pure hybridoma Fab and 

recombinant Fab respectedly, which CO-migrate with an apparent molecular weight of 50 

kDa. Lane C and D represent the same material as in A and D, but run under reducing 

conditions. resulting in the sepmation of the light and heavy chains. 



+ 2E8 Fab 

+ 2Eû CFab 

Figure IV47 Relative irnmunorerctivity of pure r2E8 Fab vs hybridoma Fab 

against pure apoE.- This figure illustrates the binding abilities of equal amounts of the 

ZE8 rFab vs the parental hybridoma Fab against pure apoE. The assay consisted of a 

solid phase radio-immuoassay, with pure apoE coated ont0 microtiter wells at a 

concentration of 2pg/ml. Bound Fab was detected using radiolablled rabbit anti mouse 

kappa rnAbs. 



+2E8 Fab 

-a- 2E8 rFab 
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Figure IV-18 Relative immunoreactivity of pure r2ES Fab v3 hybridoma Fab 

against buman VLDL- This figure illustrates the binding abilities of equal amounts of 

the 2E8 rFab vs the parental hybridoma Fab against pure apoE. The assay consisted of a 

solid phase radio-immuoassay, with isolated human VLDL coated ont0 microtiter wells 

at a concentration of 30 pg/ml. Bound Fab was detected using radiolablled rabbit anti 

mouse kappa mAbs. 



+ r2H2 (ANF) 
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Figure IV-19 Relative immunoreactivity of recombinant 2H2 against rat ANF.- This 

figure depicts the antigen-binding activity of recombinant 2H2 Fab. The red curve shows 

binding of 2H2 against rat ANF coated at 1 ug/ml. whereas the blue c w e  shows its 

activity against control, bovine senun albumin coated well. The brown curve represents 

the binding of the 2E8 CDR2.A mutant Fab against rat ANF. In ail cases. the amount of 

rFab in the first well was 5ug. and al1 were revealed by a radiolabled rabbit anti-mouse 

kappa anti bodies. 



Bacterial strain IPTG Sucrose Yield of soluble Fab (mgL of culture) 
- 

rnM 0.4 M Periplasrn STE Medium Total 

Table W.1 Production levels of soluble 2E8 recombinant Fab fragments in Bcoli 

uader different conditions of growth and induction.- For dl experiments. induction 

was perfonned at room temperature. The results depicted in the table reflect the 

expression of the wild type 2E8 Fab in the pComb3 constnict using the XL1-Blue E.coli 

bacterial strain. The quantitative mesurments of recombinant antibody in each 

preparation, was performed by companng the signals obtained on a western blot detected 

with radiolabled anti-kappa mAb. In al1 cases, a standard amount of hybridoma generated 

Fab was used for cornparion. 



Bacterial strain PTG Sucrose Yield of  soluble Fab (mgL of culture) 

rnM 0.4 M Periplasm STE Medium Total 

Table W.2 Production levels of soluble 2ES recombinant Fab fragments in Ecoli 

under different conditions of growth and induction.- For al1 experiments, induction 

was performed at room temperature. The results depicted in the table reflect the 

expression of the wild type 2E8 Fab in the pComb3 construct using the TG1 E.coli 

bacterial strain. The quantitative mesurments of recombinant antibody in each 

preparation, was performed by comparing the signals obtained on a western blot detected 

with radiolabled anti-kappa mAb. In al1 cases, a standard amount of hybridoma generated 

Fab was used for cornparion. 



Chapter V 

The mutational analysis of monoclonal 

antibody 2E8 

This chapter is a preliminary analysis of the functional paratope of rnAb 2E8. To 

this end, 1 have made use of three mutational approaches to alter residues within the 

heavy chain CDRs. Initially, 1 altered the pnmary structure of the heavy chain CDR2, to 

increase its resemblance to either cysteine-rich repeat 5 ,  or to the consensus sequence for 
0 

the seven repeats of the ligand-binding dornain of the LDLr. When a single acidic 

residue was added to the heavy chain CD=, thenby incrcasing its resemblance to repeat 

5, there was a two-fold increase in its fltnity for apoE compared to the wild type Fab. 

When the heavy c h n  CDR2 was made to resemble the consensus sequence of the LDLr, 

the rFab displayed a prefefence for lipid-bound a p E ,  and gained cross-reactivity towards 

apoB. The functional consequences of these alterations would be consistent with 2E8 

k i n g  an antibody mimetic of the LDLr. The second mutational strategy was designed to 

assess the electrostatic component of the immune cornplex, through the use of ''chargeci 



to alanine" scanning mutagenesis. Prel iminary results emerging from this anal ysis, 

support the notion of an electrostatic component for the associateci cornplex. One 

variant, in which an acidic residue of CDRl was replaced with an alanine. acquired the 

ability to bind to human apoE2, a property that is not possessed by the parental antibody. 

Thus, the side chain of the targeted residue may dictate the isoform-specificity of the 2E8 

mAb. Lastiy, to m e r  identify residues that are necessary for antigen binding and to 

generate new variants with altered binding characteristics, the nucleotides that encode the 

residues of heavy chain CDIU were randomized by PCR mutagenesis. The pool of 

cDNAs tiat encode the variant 2E8 Fabs were used to constmct a phage display library. 

Clones that retain high binding affinity for apoE3 will be characterimi and the library 

will be screened for 2E8 variants that have novel binding properties. 

Objectives 

The experiments descnbed in this chapter were designed with two major 

objectives. The first was to alter the fine specificity of the anti-apoE mAb, 2E8, so that it 

is identical to that of the LDLr, i.e. convert 2E8 into an antibody mimetic of the LDLr. 

More specificaily, 1 wished to test the hypothesis that, by modifjmg the primary structure 

of the second CDR of the 2E8 heavy chain so that it would show greater homology to the 

cysteine-rich repeats of the ligand-binding domain of the LDLr, the fine specificity of the 

antibody would also be altered to more closely mimic that of the LDL receptor. The 



second objective was to identify the residues within the CDRs of the 2E8 mAb that are 

directly implicated in binding antigen Specifically, I w t e d  to test the hypothesis that 

the acidic residues within the heavy chain CDRs were important for binding to a p E ,  

possibly through electrostatic interactions with basic residues within the apoE LDL 

receptor-binding site. 

Introduction 

As was described in Chapter 1, the specificity of an antibody is dictated by the 

arnino acids that compose its CDRs as well as by certain adjacent framework residues. 

The repertoire of antibody specificities that is expresseci by an individual is in part 

encoded in the germline and in part generated during the VDJ reanangement at the 

immunoglobulin loci. Moreuver, during an immune response, a somatic hypemutation 

mechanism is activated in proliferating B cells that introduces mutations into the 

sequences encoding the variable regions of rearranged immunoglobulin genes. The 

amino acid substitutions that resuit fiom this latter process are responsible for the afinity 

maturation that characterizes a secondary immune mponse and can greatly influence 

both the affinity and specificity of antibodies. As was also described in Chapter 1. many 

investigaton have used in vitro mutagenesis of CDRs to rnodifi the binding 

characteristics of antibodies. In sorne cases the mutagenesis and selection strategies are 

analogous to the mechanisms that operatc during an immune response. 



Random or site-specific mutagenesis methodologies can be used to alter amino 

acids found within antibody CDRs. The choice of the mutagenic methodology will often 

reflect the prior understanding of the structure of the immune cornplex. The specific and 

random approaches to altering antibody specificity bear some analogy to rational and 

combinatorial approaches to drug discovery, respectively. When structural data is not 

available, a random approach is ofien taken. Mutations can be introduced by error-prone 

PCR, by passage of the plasmid in mutagenic bactena or by oligonucleotide-directed 

mutagenesis using spiked oligonucleotides. Given the importance of heavy chain CDR3 

in immune complexes, it is ofien the initial target of random oligonucleotidedirected 

mutagenesis, followed by the other CDRs. In the extreme case, the heavy chain CDR3 

can be totally randomized to generate a random singie-chain Fv CDR3 'single-pot ' phage 

display library, from which antibody clones reactive to many different antigens can be 

isolated (Nissim et al. 1994). 

When the atomic structure of an antibody-antigen complex is known or can be 

predicted using cornputer-assisted molecular modeling, one can rationally target specific 

residues within the antibody for substitution in order to test their role in detemining the 

binding characteristics of the antibody (Vakser and Aflalo, 1994). In some cases, 

aiialysis of the prirnary structure of the CDRs may suggest the possible involvement of a 

parbcu1a.r CDR or particular residws within a CDR in antigen binding. For example, 

charged residues within the CDRs may mediate binding through electrostatic interactions 

with complementarily charged residues of the epitope. (Novotny and Sharp.1992; 

McCoy et al. 1997). In addition, specific motifs within the CDRs may be identi fied as 



being ptentially implicated in binding. An Arg-Gly-Asp (RGD) tnpla is present in the 

respective heavy chah CDR3s of three anti-platelet fibrinogen receptor antibodies (Taub 

et al. 1989, Barbas et al. 1993). The RGD triplet is also present in tibrinogen and forms 

part of the epitope on fibrinogen that is recogmzed by the receptor. Thus, the antibodies 

were predicted to mimic fibrinogen in their mechanism of binding to the fibrinogen 

receptor. Mutagenesis experiments subsequently confimed the importance of the RGD 

sequence in the antibody's binding to antigen. 

In Chapter II, 1 propose that 2E8 binds to apoE through electrostatic interactions 

between acidic residues within the kavy chain CDRs and basic residues within the 

epitope. Moreov~r, as 1 have noted similarities between the heavy chain CDR2 of 2E8 

and the ligand-binding domain of the LDL receptor, 1 have proposed that 2E8 and the 

LDL receptor may bind apoE in a similar fashion. In this Chapter, 1 describe the binding 

characteristics of a series of 2E8 variants whose heavy chan CDW has been modified in 

order to enhance its resemblance to either the consensus sequence repeat or repeat five of 

the ligand binding domain of the LDLr. In order to evaluate the electrostatic component 

of the apoE I 2E8 interaction, 1 have w d  a systematic "charged-to-alanine-scaruiing" 

wtegy to substitute alanines for acidic residues present in the 2E8 heavy chain CD&. 

Finally, in order to M e r  examine the relevance of the heavy chain CDR2 in the 

immune complex beyond its electrostatic component, a CDR2 randorn library was 

generated, which cm be screened for functionai activity using a bacterial phage display 

system. The long tenn goal of these studies is to produce an antibody mimetic of the 

LDL receptor. 



Methods 

1. Site-directed mutagenesk- The mAb 2E8 heavy chah CDRs 1, 2 and 3 were 

mutatrd using splice overlap extension (SOE) PCR (Higushi et of. 1988). This 

methodology consists of PCR amplifjnng the entire gene of interest using two separate 

overlapping PCR fragments, previously arnplified with appropriate mutant 

oligonucleotide primes. In the procedure, two complementary "mutant" 

oligonucleotides, designed to create the desired alteration, are both used in conjunction 

with primers specific to the heavy chain cloned in the expression vector. As depicted in 

Figure 1. a 3' mutant primer specific for the upper coding strand, cailed "lower primer", 

is used with a 5' primer specific for vector DNA cal!ed "milne 23". The product of this 

PCR reaction generates a 700 bp fragment which will have an Xhol restriction site as 

well as a mutated 3' end. A second mutant primer, specific for the non coding strand, or 

"upper primer", is used in conjunction with an oligonuleotide specific for a saquence of 

the 3' end of the heavy chain constant region called Ymiùie 5" which has an Spel site, 

and which was used in the PCR cloning of al1 heavy chains described in Chapter n. The 

successful amplification of this product will generate a 600 base pair fragment, mutant et 

the 5' en4 and which will contain the Spe 1 endonuclease site. 

The design of al1 site-directed mutagenic prirnen was made to rninimize the 

number of mismatched base pairs, through the use of codon degeneracy. In al1 cases, 

twelve nucleotides corresponding to the correct antibody sequence, the sequence 

targetted for mutagenesis. Furthemore, the 3' end of al1 PCR desiped oligonucleotides 



were engineered to terminate with either a cytosine or guanosine, whch would favor a 

more tightly annealed primer-template hybrid, and thus generate a better substrate for 

PCR extension. Typically, the primers were used at a concentration of 0.4 pM in the 

PCR reaction mixtures. Vent DNA Polymerase (New England Biolabs) was used for 

PCR to minimize misincorporation of nucleotides as well as the non-templated addition 

of nucleotides at the 3 ' end of PCR products. The PCR protocol was identical for the 

generation of al1 sitedirected fragments, and has previously been described in the 

methods section of Chapter II. Conditions for PCR were optimized in preliminary 

expenments using a Stratagene Robocycler. 

Following the successful amplification of both antibody hgments, the sarne 

experimental conditions were applied in a larger preparative volume, typically of 500 pl. 

As described in the methods section in Chapter II, the fragments were purified using 

agarose gel electrophoresis as show in Figure V-2. The purified altered PCR products 

were in their turn used in a second round of PCR amplification. In this case, the 

fragments served as tcmplate, due to their homologous mutant site which upon 

denaturation, hybridizad and formed a splice overlap extention variant or "SOE" which 

was extended in the first round of polymerization, as show schematically in Figure V-1 . 

The subsequent rounds of PCR, initiated with the 5' primer of the upstrm fnigment and 

the 3' primer of the downstream fragment, served to gemrate large quantities of this 

product, which consequently, yielded a full length heavy chain variant that included the 

desired mutations. The DNA was ethanol precipitated and digested with the 

endonucleases Spe 1 and Xho 1. The digested material was resolved on a 1% agarose 



gel, and the appropriate 700 bp fragment isolated as shown in Figure V-3. This purifiai 

mutant DNA was finaily subcloned into the pComb3-histidine expression vector digested 

with Spel IXhoI. 

2. Random mutagenesis of the 2E8 heavy chah CDRZ.- The rnethod used to 

randomize the second hypervariable region of the 2E8 mAb, was similar to that of the 

site-specific mutagenesis described above. In this case however, two quite long 

mutagenic oligonucleotides were used in concert with the previously described 5'- 

pComb3 expression vector specific oligonucleotide "milne 23" and the heavy chain 3'- 

specific oligonucieotide "milne 5". complementary primen. Ail nucleotides encoding 

the heavy chah CDR2 (codons 49 to 65) were subjected to limited, randorn mutagenesis 

with the exception the codons corresponding to ~ r o ' ~  and ~ 1 ~ " .  whch are believed to be 

essential in the maintainance of the class 2 murine heavy chain CDR2 canonical 

structure. The oligonucleotides; "randorn-CDR2-lower" and "random-CDR2-upper" 

which both consisted of 81 nucleotides, were constmcted to contain five wild type 

codons on either end of the rnutated sequence. The sequences of both primen are show 

in Table V-3. Mutagenic olipnucleotides were synthesized to include 11.25% 

degeneracy at each position that was targeted for mutagenesis. At these positions the 

oligonucleotide synthesizer was programed to incorporate 85% of the wildtype base and 

15% of a mixture of the four nucleotides. Theoretically, when taken in the context of the 

length of the altered sequence, every single oligo thus synthesized, should posses 

anywhere fiorn O to 4 altered nucleotides, with no bias for a p r e f d  residue. As 

described above, the mutagenesis was accomplished using SOE PCR. The PCR products 



were sublcloned into the pComb3 expression vector for phage display format. The sole 

variation h m  the standard PCR protocol, which I found to be essential in order for the 

amplified products to be created, was a four fold reduction in the primer concentration. 

3. Construction of the 2E8 beavy chain CDR2 Raadom Libraryt A phage 

display library was constxucted in order to assess the functional role of the altered CDR2 

in the rFabs antigen recognition. The first step involved with the construction of the 

library, resided in the generation of a large arnount of the mutant SOE-PCR product. 

Subsequently, as described in the section conceming sitedirected mutagenesis, the SOE 

fragment was digested with the endonucleases Spel and Xhol. The appropriate gel 

purified mutant fragments were then isolated and sub-cloned into the pComb3 vector, 

which had previously been digested with the sarne endonucleases. The resultant ligations 

were then transformed into comptent XL 1 -Blue E. colt bactena, and in order to test the 

ligation efficiencies, were plated ont0 LB-agar plates supplemented with ampicillin. The 

actual phage display library consisted of an M-13 helper phage infected and transformed 

bacterial culture, which was cleared of bactena and concentrated through PEG 

precipitation protocols. 

4. isolation of human VLDL and LDL üpoproteins.- Human VLDL and LDL 

iipoproteins were isolateci using ultracentrifiigation in defined salt densities. Fresh 

human plasma was spun at 10 000 x g for an hour, in order to fint remove the 

chylomicrons which were cut away from the remainder of the tube. VLDL were isolated 

fiom the remaining plasma, which was then spun at 140 000 x g for 20 hours. The tube 



was cut just below the apparent floating lipoproteins, whch were thus collected and the 

remaining plasma was saved for density adjustment. The density of the V L D L k  

plasma was then set to 1 .O2 g/ml. using pure potassium bromide. and was resealed into 

ultracentrifuge tubes and placed in an appropriate rotor for a second 20 hour spin of 1 4 0  

000 x g. At the end of the run, the floating D L ' S  were wllected by once again cutting 

below the apparent lipoprotein flotation line. The density of the DL-fiee plasma was 

then finally set to 1 .O63 g/ml, using pure potassium brornide. and again it was resealed 

into ultracentrifuge tubes and placed in an appropriate rotor for a third 20 hour spin of 

140 000 x g. At the end of this final spin, the LDL were collecteci by once again cutting 

below the apparent lipoprotein flotation line. Fresh hurnan plasma lipoproteins were 

always immediately diaiyzed at 4 OC, against PBS set at pH 7.4 which contained O. 1 % 

sodium azide to prevent the growth of microorganism. Following extensive dialysis, the 

lipoproteins were supplemented with 0.01 M EDTA to minimize oxidation caused by 

metal ions, and were stored at 4 OC for up to two months. hotein concentration was 

determined by the rnethod of Lowry. 

5. Reductive methy latioo of hl. teà b uman 1ipoproteins.- Isolated plasma 

lipoproteins, both VLDL as well as LDL, were reductively methylated in order to modi@ 

exposed lysine residues of the apolipoproteins. Briefly, a 1 ml suspension of plasma 

lipoprotein ( 1  to 2 mg of apolipoprotein), was didyzed ovemight against 0.1 M sodium 

borate, pH 8.0. The following &y, 50 pl of  a freshly prepand 40 mg / ml solution of 

NaBi-& was added to the didyted lipoprotein suspension. The methylation reaction was 

started by the addition of 1d of a 38% aqueous solution of formaldehyde. ûver the next 



30 minutes, an additional 1 pl of 38 % formaidehyde was addexi every five minutes. 

Following the fint 30 minute incubation penod. 50 pl of the NaBK solution was again 

added, followed by the repeated addition of forrnaldehyde at the five minute intervals, for 

an additional 30 minutes. The miction was ended by extensively dialpng the 

lipoproteins against PBS set at pH 8.0 at 4 OC. 

6.  Preparation of apoE-free LDL using affmity chromatography.- In order to 

prepare apoE-free LDL lipoproteins, an afinity chrornatography column was generated 

using cyanogen bromide (CNBr) activated sepharose (Pharmacia) coupled to a panel of 

four mouse mAbs specific for apoE. Briefly, 1.5 g of the dry CNBr-sepharose was 

hydrated in water and activated by soalung in a 30 ml volume of 0.01 M HCL for one 

hour. The resin was then extensively rinsed with water and incubated overnight at 4°C 

with a 6 mg mixture of the four mAbs; 1 D7, 2E8, 3H 1 and 6C5 in 0.1 M sodium 

bicarbonate, pH 8.0. The cuupling eficiency mis estimated from the absorbance of the 

supernatant at 280 nm. The remaining active sites of the resin were then blocked by 

incubating the min  by incubation with 0.5 M ethanolamine for 2 hours. The resin was 

then extensively washed in PBS pH 8.0. and pcked into a small chromatography 

column. The wlurnn was subjected to thne cycles of washes, tach wash wnsisting of 

three column volumes of a 0.01 M HCl solution adjusted to pH 2.0, and a rinsed with five 

wlumn volumes of a PBS buffer at pH 8.0, in order to remove any noncovalently-bound 

IgG. Typically, 3 mg of hurnan LDL was applied to the anti-apoE affinity column and 

eluted in PBS by gravity. Fractions were rnonitored at 280 nm and the LDL peak was 

pooled and storeci at 4OC. The column was ngenerated with 0.01 M HCl and neutralized 



with PBS and stored at 4OC. The effectiveness of the anti-apoE column at 

depleting apoE-containing LDL from a total LDL preparation is show in Figures V-7. 

The figure depicts an SDS PAGE western blot of 20 pg of crude LDL run along side of 

20 pg of an apoEdepleted LDL prepamtion, detected with mAb 6C5. Finally, as shown 

in Figure V-8, apoEdepleated LDL preparations were subjected to a solid phase radio- 

immunoassay and compared to starting LDL for a p E  content, using the mAb 6C5 as a 

detection probe. 

7. Determination of the binding affinify of the altered 2E8 rFabs using a solid 

phase radio-imrnuooassay.- The antigen binding capability of the rFabs were tested 

against various isofoms of human apoE, as well as against isolated plasma lipoproteins. 

In al1 cases, the relative immunoreactivities of the rFabs were deterrnined using a solid 

phase radio-immunoassay, with the antigen immobilized to plastic microtiter wells. The 

antigens consisted of the purifid recombinant human apE3, apoE2, a p E 2  Arpt%-+f i  
, 

which were coated at a concentration of 2 pg/rnl. In addition, human VLDL, LDL, apE-  

depleted LDL, and finally reductively rnethylated VLDL, were also w d  as antigens, and 

were coated at a concentration of 30 pglrnl. In all cases, antigen coating was perfomed 

ovemight at 4 OC, in a 5 mM glycine solution adjusted to pH 9.0. Immediately before the 

assay, the wells were washd with PBS pH 8.0 and blocked with 200 pl of a 1 % PBS- 

BSA solution for 2 hours. The rFabs were then added in serial dilutions perfonned in 

100~1 of the 1% PBS-BSA solution, and lefi to incubate at 4 OC ovemight. The 

following moming, the wells were rinsed four times with PBS pH 8.0, and then filled 



with 100 pl of 1% PBS-BSA containhg 100,000 cpm of a 1*51-affinit~-~wified rabbit 

anti-mouse kappa light chah antibody, and lefi to incubate at room temperature 

overnight. The following moming, the wells were washed three tirnes with PBS pH 8.0, 

and the bound radioactive material was determined using a gamma counter. The counts 

were plotted directly as a function of rFab mas ,  and the curve taken as a indication of 

the relative imrnunoreactivity of the rFab for the coated antigen. 

8. Determination of the binding affhity of the recombinant 2Eû rFab as well as 

the CDR2.A rFab, using surface plasmon resonancc- Surface plasmon resonance was 

used to determine the f i n i t y  constant of the recombinant wild type 2E8 rFab as well as 

the heavy chain CDR2 structurai mutant CDR-A, for hurnan apoE3. Ths methodology 

has k e n  previously described in the methodology section of Chapter II. Bnefly, pure 

a p E 3  was chemically cross-linked to the surface of a research-grade sensor c h p  

(Pharmacia), using the coupling solutions provided by the manufacturer. The integrity 

of the apoE3 surface was assessed by passing a pulse of purified lD7, 2E8 and 3H1 

mAbs, and regenerating the surface with a 100 m M  HCl wash. Upon confirmation 

conceming the integrity of the apE3 surface, a set of 9 diffennt concentrations of the 

rFabs fkeshly purified using FPLC, ranging from 0.2 pM to 8  LM were subjected to the 

surface, and the binding data cullected and plotted as sensorgrams. Following the end of 

data collection, a pulse of either 2E8 and 1D7 IgG were again passed over the apoE3 

sUTface in order to asscss the integrity of the antigenic surface. The binding constants of 

the rFabs were determined through the c w e  fitting quaiions supplied by the 

manufacturer. 



Results 

1. Alteration of the 2ES heavy chah CDR2 with structural perspectives.- As 

show in Figure V-4. the CDR2 of the heavy chain was modified in order to increase its 

stnictunil resemblence to the cysteine-rich repeats that compose the ligand-binding 

domain of the LDLr. The alterations were based both on the sequence of repeat five. 

which appears to be critical for apoE-rnediated binding of lipoproteins by the LDLr, and 

on the consensus sequence of al1 of the cysteine-nch repeats of the LDLr. Four 2E8 

variants; 2E8 CDR2.A B, C, and D. containhg arnino acid substitutions in heavy chain 

CDR2 were produced through splice overlap PCR (SOE PCR) using the mutagenic 

oligonucleotides descnbed in Table V-1. The amplified products were subsequently 

confirmed through DNA sequencing as shown in Figure V-5. The CDR2.A mutant was 

engineered to resemble repeat five of the LDLr, by replacing T'hrS7 with glutamic acid. 

This modification resulted in the creation of the "AspGlu-Glu" sequence. a triad of 

acidic residues which is a distinguishing fe8n~e  of LDLr repeat five. Mutant CDR2.B 

was engtneered to M e r  improve the structural resemblence of mutant CDR.2 A to 

repeat five, by G I U ~ ~  +Asp. 11e54 +Lys, ~ 1 ~ 5 5  +Ser substitutions in addition to the 

~ h r S ~ + G l u  alteration. The presence of ~ e r 5 S  was of special interest, as al1 of the seven 

cysteine-rich repeats of the LDLr ligand-binding domain possess the "Ser-AspGlu" 

motif. As described in Chapter 1, these residues have been proposed to be directly 

implicated in binding to the ligand or to form a ~ a + ~ - b i n d i n ~  site. As will be discussed 

below, howwer. replacement of ~ l ? '  of 2E8 wuld potentially disrupt the backbone 



conformation of CD=. Fidly, mutants CDR2.C and CDR2.D were constructeci to 

progressively transform the heavy chain CDRî into one that would stnichurilly resemble 

the consensus sequence of the LDLr ligand-binding domain. Mutant CDR2.C was 

altered to resemble mutant CDRî-B. with the exception of ~ l u 5 ~  which was converted to 

an alanine. 'This alteration eliminated the characteristic tri-acidic arnino acid repeat that 

c haracterizes LDLr repeat five. Mutant CDR2. C did retain the potentiall y deleterious 

serine at postition 55 as describecl above for mutant CDR2.B. Mutant CDR2.D was 

simply a variant of mutant CDR2.C. but with a additional ~~s~ +Gly substitution. This 

alteration both increased the resemblance of the CDW and the LDLr consensus sequence 

and, as will be described below, introduced a residue that was compatible with the mouse 

heavy chain class 2 canonicai stnicture. Thus, CDR2.D shows homology with the 

consensus sequence of the LDLr ligand-binding domain over five consecutive amino 

acids and is compatible with the CDW canonical structure. 

2. "Chargecl-t+Alaniaew mutational analysis of the heavy chah CDRI, CDR2 

and CDR3 with functional perspectives.- In order to investigate the importance of 

electrostatic and possibly ionic interactions which may contribute to the energetic forces 

within the immune cornplex formed between the heavy chah of 2E8 and apoE, a second 

rnutagenic approach was undertaken. By SOE PCR, acidic residues of the 2E8 heavy 

chain CDRs were wnverted to alanine or, in one case, to a valine residue (Figure V-6). 

Thus, recombinant 2E8 Fab clones were generated to code for mutants: A.sp3' +Ala. 

hp9' +Ala. ~s~~~ +Ala. The mutants; k4spJ2 +Ma, GIU'~ 4/81 .  ~ s ~ % - t ~ l a  and 



~ 1 ~ 5 8 ~ 1 ~  were identified through the limited screening of the 2E8 heavy chain CDW 

random library as shown in Figure V-6, and described in Table V-4. 

3. Generation of a random 2E8 heivy chain CDR2 librery.- In order to 

investigate the relevance of al1 residues within CDR2 of the heavy chain in apoE 

recognition, and to potentially generate novel rFabs with interesting binding capabilities, 

CDR.2 was mutagenized using SOE PCR with prirners having 11.25% degeneracy at 

targeted positions. The two degenerate oligooucleotides which served in the 

radomization of CDR2 are depicted in Table V-3. As described earlier, the primen 

ailowed for every nucleotide encoding CDR2 to be randomized, with the exception of 

those that encoded the residues at positions 52a and 55 that are thought to be important in 

maintainhg the conformation of the loop. Following the successfiil amplification and 

cloning of the randomized fragment, the libfary was sampled on a small sale. by 

sequencing 48 individually transfoned E . d i  clones. Results are depicted in Tables V-4 

and V-5. Of a total of 43 isolated clones, and although most had at lest one altered 

nucleotide, 23 % had nucleotide alterations which led to no altered codon. Furthemore, 

33 % of the clones had one altered codon, 23 % resulted in two altered codons, whereas 

5 and 2 % of the clones had three and four altered codons respectedly. Finally, 14 % of 

the clones resulted in nonfunctiond antibodies. as a stop codon was generated. 

4. Assearment of the aotigea-binding capabilities of the altered 2E8 heavy chah 

CDR2 "ntructurnl mutantsv' through solid phase radio-immunoassay. in order to 

detemine the fûnctional alterations imparted to the 2E8 antibody through the 



modifications made to its heavy chah CDR2, al1 four structural mutants described in 

Figure V-3 including the wild type 2E8 rFab, were expressed and purifiecl from E-cd i .  

As shown in Figures V-9 through V-16, the antigen-binding capbility of the rFabs were 

tested against various isoforms of hurnan apoE, as well as against isolated hurnan plasma 

lipoproteins. In ail cases, the relative immunoteactivities of the rFabs were determineci 

using equivalent amounts of the Fabs in solid phase radio-immunoassays, with the 

antigen coated ont0 plastic microtiter wells. and the bound rFab detected thtough the use 

of 1251- anti-mouse kappa mAb. Figure V-9 depicts the relative affinities of the mutants 

for human apoE3. The CDR2.A Fab was consistently found to display better reactivity 

compared to the wild type rFab, followed by the CDR2.D Fab. In contrast to these rFabs, 

the CDR2.B and CDR2.C rFabs were found not to react with apoE3. Figure V-10 shows 

the reactivities of the rFabs against the LDLrdefective isofom apo~2(~rgI5' +Cys). 

Both the wild type r2E8 and the CDW-A and CDR2.B reacted poorly with apoE2. In 

contrast the CDRD rFab showed retactivity with apoE2 and thus partially lost the ability 

to distinguish between apoE isoforms. The CDR.C Fab failed to react with either apoE2 

or apoE3. When the antibodies were tested against apo~2(~splU +Ma), a recombinant 

apoE variant that retains reactivity with the LDL receptor in spite of the presence of 

cysteine at position 158 (see Chapter 1). the pattern of reactivities of the 2E8 variants 

were similar to those seen with apoE2 (Figure V-l 1). Neither the CDRZ.A, the CDR2.B 

nor CDR2.C rFabs recogntzed apo~2(~sp'Y +Na) whereas the CDR2. D rFAb displayed 

a reactivity that was as good if not better than that with apoE2. In al1 cases, the non- 

specific binding activities of thc rFabs were determined in microtiter wells wated with 

1% BSA, and were found to be very low. 



The rFabs wzre dso tested for their abiiities to bind to VLDL that had been 

isolated fiom human plasma by equiiibrium ultracentrifugation and coated ont0 

microtiter wells at a concentration of 30 pg/ml (Figures V-12). The presence of apoE on 

the surface of the VLDL was ascertaineci by the use of the hgh mnity anti-human apoE 

mAbs 6CS and 3H1. The CDR2.D variant was found to possess the best 

immunoreactivity with VLDL, followed by the CDR2.A and wild type 2E8. While the 

CDR.B and CDR.C rFabs show little reactivity with VLDL in this experiment, in other 

experiments some imrnunoreactivity was observed although it was always less than that 

observed with wild type r2E8 and the CDRî.A and CDR2.D variants. Hence, al1 of the 

rFabs were found to react to human VLDL, with the rFab CDR2.D having the highest 

activity . Interestingly, none of the rFabs recognized reductivel y methy lated VLDL (data 

not shown). This suggests that the binding of the recombinant Fabs is specific as neither 

wildtype 2E8 IgG nor the LDL receptor can bind reductively methylated VLDL. It also 

confimis the importance of lysine residues in the epitope recognized by 2E8 epitope and 

the 2E8 variants. 

Since the four heavy chain CDR2 "structural variants" were designed to increase 

their similarity to the ligand-binding domain of the LDL receptor, 1 have tested each for 

possible cross-reactivity with the second ligand of the LDL receptor, apoB- 100. LDL 

contain apoE3-100 as their predominant apolipoprotein athough they c m  also contain 

some apoE. The r2E8 Fab variants were found to bind to freshly isolated LDL in a solid 

phase radio-imrnunometric assay (results not shown). This reactivity could be indicative 

of cross-reactivity with apoB-100 or, more likely, reactivity with apoE that is present in 



the LDL. The presence of apoE in the LDL preparations was confrimed by both western 

blot analysis and by RIA experiments using anti-human apoE s p i f i c  mAbs (Figures V-7 

and V-8). In order to test the anti-apoE rFabs for cross-reactsvity with apoB, LDL was 

depleted of apoE by immunoaffinity chrornotography on imrnobilized anti-apoE mAbs 

6C5, lD7, 3H1 and 2E8 (see Figure II-1 in Chapter U for an epitope map of human 

apoE). As show in Figures V-7 and V-8, the fraction that was not retained by the anti- 

apoE Sepharose column contained immunoreactive apoB but no immunoreactive apoE. 

When apoE-fiee LDL was w d  as an antigen for the rFab mutant antibodies in a solid 

phase radio-irnmunometric assay, only mutant CDR2.D showed specific binding (Figure 

V-13). To obtain further evidence that CDR2.D had acquired binding specificity for 

apoB, it was tested for reactivity with reconsitituted lipoproteins containing apoB as their 

sole apolipoprotein. As shown in Figure V-14. CDR2.D rFAb and several anti-apoB 

mAbs reacted with the reconstituted apoBcontaining lipoproteins whereas anti-apoE 

mAb 6C5 showed no reactivity. Finally, in order to obtain direct evidence that the 

CDR2.D rFab was binding to the epitope on apoB that includes al1 or part of the apoB 

LDLr-receptor-binding site, 1 tested the rFab agamst LDL that contains an apB-100 

variant that is not recogmzed by the LDLr. In this variant, generated by Drs. Jan Borèn 

and Thomas Imerarity of the Gladstone Institute of Cardiovascular Disease in San 

Francisco using in vitro mutagenesis, the basic amino acids between residues 33 57-3367, 

were replaceci by alanine as shown in Figure V-15. In wildtype apoB. t h  sequence is 

characterimi by an e ~ c h m e n t  in arginine and lysine residues and shows some 

homology to the apoE LDLr-binding site. As shown in Figure V-16, CDRî.D did not 

discriminate between this LDLrdefective fonn of LDL and wiidtype LDL. 



5. Assessrnent of the antigen-binding capability of the 2E8 heavy chain CDR2 

'structu rai mutants*, wing surface piasmon resonancc- The technique of surface 

plasmon resonance was used in order to determine the equilibrium mnity constants of 

the rFabs for apoE. Pure a-, apoE2 as well as apo~2(~sp ' "+~ la ) .  were 

immobilized on the sensor chip as described in Chapter II. The imrnunoreactivity of the 

irnmobilized apoE was verified using mAbs 6C5 and 3H 1. Examples of the sensorgrams 

that were obtained using rFabs 2E8 and CDR2.A are shown in Figure V-17 and V-18. 

Association and dissociation rate constants as well as equilibrium dissociation constants 

were calculated from the sensorgram data as described in Chapter II. As show in 

Figures V-19 and V-20. the equilibrium dissociation constants for apoE3 of wild type 

rFab and CDRî.A were deteiined to be 4.3 uM and 2.0 uM. respectively. Of the three 

other structural mutant Fabs, only CDR2.D was found to display reactivity against apoE3, 

however, its binding constants could not be accurately determined due tu impurities in 

the rFab preparation. When the rFabs were tested against apoE2, no reactivity could be 

recorded for any of the antibodies, even at the highest Fab concentrations of 8 uM, for the 

CDR2.A and wild type rFabs respectively. Finally. when the rFabs were assayed on the 

a p o ~ 2 ( ~ s p ' Y + ~ l a )  surface, only the CDR2.D Fab was found to react with the surface 

(data not shown). 

6. Assessrnent of the antigen-binding capabilities of the 2E8 heovy chain "charged- 

t+alanine" "Functional Mutants", through solid phase radiwirnmunaassay. The 

relative imrnunoreactivity of three of the eight 2E8 heavy chah Cunctional mutants; or 

CDRl Asp"+~la, CDR3 Asp9'+~la and ~ s p ~ + ~ l a ,  were determined W n s t  the 



same panel of apoE and lipoprotein antigens as used in the analysis of the heavy chain 

CDR2 stnichiral mutants. Al1 three mutants were produced and purifieci in a soluble 

recombinant fom, and tested for antigen recongnition using a solid phase radio- 

irnmunometric assay. As s h o w  in Figure V-21, al1 three rFabs were found to be less 

reactive with apoE3 when compared to the wild type rFab. However, the CDRl 

( A S ~ " + A I ~ )  mutant was found to be more reactive than either of the two CDR3 

mutants, which essentially had comparable reactivitics. hterestingly, the A S ~ ' ' + A I ~  

subsitihition resulted in a variant that acquired reactivity with apoE2 (Figure V-22). The 

relative immunoreactivities of the three alanine mutant and wildtype rFabs were also 

determined against a p o ~ 2 ( ~ s p 1 " - + ~ a ) .  As observed with apoE2 as an antigen, only the 

CDRi ~ s ~ ~ ' + A . l a  mutant rFab could bind to a p o ~ 2 ( ~ s p ' " + ~ l a )  (Figure V-23). The 

immunoreactivities of these rFabs were then assayed against human lipoproteins 

cowisting of apoUapB-100 containing VLDL, apoEdepleted LDL as well as 

reductively methylated VLDL. As shown in Figure V-24, the imrnunoreactivity of the 

CDRI AS$' +Ala mutant for human VLDL was found to be superior to that of the wild 

type rFab and the two CDR3 mutants. When reductively methylated VLDL were used as 

antigen, only the CDRl k!sp3' +Ala mutant was found to retain a certain amount of 

irnmunoreactivity as compared to either the wild type or the CDR3 mutants, as shown in 

Figure V-25. When apoEdepleted LDL was used as an antigen. once agam, the CDRl 

A.sp3' +Ala rFab was found to react whereas none of the CDR3 variants or the wild-type 

rFab were found to react, (Figure V-26). 



Additional control experirnents were perfomied to confirm that the binding was 

apolipoprotein-specfic. The rFabs wen tested for their ability to bind to immobilized 

BSA and apoA-I - dimyristoyl phosphotidyl choline (DMPC) complexes. In this 

experiment, none of the rFabs bound to either BSA or apoA-1-DMPC coated wells (data 

not shown). 



Discussion 

The major objectives for the experiments described in this chapter were to use 

oligonucleotidedirected mutagenesis to define the molecular interactions responsible for 

the binding of 2E8 to human apoE and to convert 2E8 into a tnie antibody mimetic of the 

LDL receptor. I have used two strategies of mutagenesis. In the fint approach, I have 

introduced substitutions into the 2E8 heavy chah CDR.2 to increase its homology with 

the ligand-binding domain of the LDLr. By increasing the homology in pnmary stnicture 

between the 2E8 mAb and the ligand-binding dornain of the LDLr, 1 predicted that the 

antibody would acquire binding properties that wodd be identical to those of the LDLr 

and thus fulfill my working definition of an antibody mimetic of the LDLr. In the second 

approach, 1 have replaced specific residues in the 2E8 heavy chah CDRs and have 

determined the effect of the substitutions on the binding properties of the antibody. A 

major change in antibody afinity or specificity due to the replacement of a residue would 

indiate a direct or indirect participation of the residue in binding antigen. 

My first experimental strategy was to redesign the heavy chain CDR2 of 2E8 

based on its structural homology with cysteine-rich repeat 5 of the LDLr as was described 

in Chapter II. Four HC CDR2 structural variants of the antibody were thus generateâ, 

expressed and pwified h m  E.coii, and finally appraised for their antigen-binding 

properties. In the first mutant, CDR2.A. Thr" was replaced by a glutamic acid, which 



generated an acidic triplet in CDM, " ~ s ~ ~ - G l u ~ ' ~ l u ~ ~ ~ ' .  This mplet would correspond 

to ~ s ~ ~ ~ ,  G~U~'', G ~ U ' ~  of repeat five of the LDLr. The presence of these three 

consecutive negativelycharged amino acids distinguishes repeat five From the other 

cysteine-rich repeats that compose the LDLr ligand-binding domain and may be 

responsible for the critical role for this repeat in apoE-rnediated lipoprotein binding 

(Russell ct al. 1989). The functional consequence of of the W 7 - + ~ l u  substitution was 

the generation of a rFab 2E8 variant with a two-fold higher affinity for apoE comped to 

wildtype 2E8 rFab. This enhanced afinity for antigen was displayed regardless of 

whether apoE was lipid Free or present on the surfâce of VLDL. 

The oôsewed increase in affinity displayed by this rFab could be the result of the 

increased electronegative character of the antibody paratope. This could favor enhanced 

electrostatic interactions between the antibody and its epitope on apoE whose 

electropsitive character has been established. However, without the solved crystal 

stwture of this rFab, one cannot exclude the possibility that the side chain of ~ 1 ~ 5 7  is 

actual ly buried within the paratope, and consequent1 y not available for intermolecular 

association. Moreover, one cannot assume that the increased afinity of the CDR2A 

variant is the result of any new direct chernical bonds that have been created in the 

antigen-antibody cornplex. in fact, it has been well documented that the creation of a 

hydrogen bond or a salt bridge, even if weak in character within the interface, causes the 

association constant to increase by two to three orden of magnitude (Padlan E., 1994). 

More likely, therefore, the increase in affinity seen with the CDR2.A rFab is a through a 

more subtle, indirect, efTect of the Th.?' +Glu substitution. The introduction of an 



acidic residue at position 57 may alter the topography of the paratope which could, in 

addition to providing a favorable electrostatic component, allow for an enhanced 

complementary fit, and consequently contribute a few supplementary van der Waals 

interactions to the complex. Such a rnechanism could account for the small but 

significant increase in affinity. It will be interesting to evaluate the binding kinetics of 

CDIU.A to immobilized apoE using surface plasmon resonance to determine if the 

increased affinity reflects alterations in the association or dissociation rates. 

The two subsequent structural mutanu; CDR2.B and CDRZC, resulted in rFabs 

which were almost completely devoid of apoE recognition capability. Initially, these 

results were disappointing as the heavy chain CDR2 alterations resulting in CDR2.B, 

represented a structural extension of CDR2.A so that its second hypewariable region 

would have even greater homology with cysteine-rich repeat five of the LDLr. Similarly, 

the CDR2.C rFab was conceived to resemble the consensus sequence for the ligand- 

binding domain of the LDLr. The fact that these 2E8 variants had little or no reactivity 

with apoE could indicate that our expenmental approach of modifying the 2E8 CDM to 

resemble the primary structure of ligand-binding domain of the LDLr in order to create 

an antibody mimetic of the LDLr rnay not be feasible. 

It was, therefore, very signficant that the variant CDR2.D not only retained its 

binding activity towards apoE but also showed a fine specificity which resembled that of 

the LDLr. CDR2.D differs fiom CDR2.C by a single L ~ S "  +Gly substitution. When the 

heavy chain variable regions of wildtype 2E8, and the CDR2.B and CDR2.C variants 



were submitted to homology modeling using the Swiss Mode1 program and the predicted 

structure viewed with the RASMOL rnolecular visualization program, as can be seen in 

Figure V-27, the substitutions that characterized the variants would not be predicted to 

have a major influence on the main chain conformation of any of the heavy chah CDRs. 

Nevertheless, when the requirements in primary stnicture needed to satisQ the niles 

relating to the mouse heavy chah class 2 canonical structure are considered, a potential 

reason for the loss of antigen reactivity by the CDR2.B and CDFt2.C mutants becomes 

apparent. The substitution of ~l~~~ by a serine constitutes a non-allowable replacement 

of a key residue involved in the maintenance of the "canonical" hydrogen-bonded heavy 

chain C D W ,  class 2, structure (Clothia et al. 1989). An alteration in the CDR2 loop 

conformation by the G I ~ "  +Ser substitution, that rnay not have been predicted by 

homology modeling, could have had a deletenous effect on the topography of the 

paratope. Alterations in the main chain conformation by substitutions of residues that are 

key in maintaining the canonical structure of CDR2 may also explain the restored 

reactivity of the CDR2.D variant. As the presence of glycine at either positions 54 or 55 

is compatible with the CDR2 class 2 canonical structure, the introduction of a glycine at 

position 54 in the CDR2.D variant, may have restored a CDRZ loop conformation that 

permits antigen binding. 

A second possibility is that the lleY +Lys substitution (CDRZ.B, C D R X ) ,  but 

not the lleU +Gly (CDR2.D) substitution, prevents antigen binding by a mechanism that 

is independent of the main chah conformation of the CDR.2 loop. In fact, replacement 

of a hydrophobie isoleucine residue by a positively charged lysine residue could alter 



inter-atomic interactions and side cham packing and impose greater steric constraints 

upon antigen binding than the lleY +Gly subsitution. Based on hornology modeling, 

using the Swiss Mode1 Program, L ~ S "  is predicted to be solventexposeci in CDR2.B. As 

show in Figure V-28, its side chain could potentially prevent antigen binding by steric 

inhibition or, given the proximity of its epsilon amino group to the free wboxyl group of 

 AS^'^, could possibly participate in an intrarnolecular salt bridge. Finally the 

introduction of a positively charged residue into the antigen-binding surface of the 

antibody would reduce the large patch of electromgative potential that results from the 

acidic residues, prirnarily in heavy chain CDR2. This could negatively affect antigen 

binding if, as 1 propose in Chapter II, 2E8-apoE complex formation is indeed dominated 

by electrostatic interactions. 

Whatever the mechanism. the L ~ S "  +Gly interchange that differentiates CDR2.D 

from CDR2.C caused a reversal of phenotype with respect to lipid-free apoE bindmg. 

More importantly. however, the swn of substitutions that characterize the CDR2.D 

variant also resulted in its having acquired several important binding properties that one 

would attribute to an antibody mimetic of the LDLr that were not a feature of the 

wildtype 2E8. The apparent increased reactivity of CDIU.D with lipoprotein-associated 

apoE is consistent with the proposed mimicry between the antibody and the LDLr. It is 

cunently thought that apoE undergoes a structural narrangement as it associates with 

lipoproteins (Weisgraber, K.H. 1994) that renden it reactive with the LDLr. I suggest 

that CDR2.D is specific for this receptor-active fom of apoE. The lack of reactivity of 

CDR2.D with apoA-1 - DMPC complexes and the loss of reactivity with VLDL, when 



lysine residues of the apolipoprotein were chemically modified, suggests that the binding 

of CDR2.D to VLDL is aplipoprotein-specific. At the moment, however, I cannot 

exclude that the preferential binding of CDR2.D to VLDL is not due to its recognition of 

apoB. 1 will test this directly by determining the respective binding afinities of CDR2 

with lipid-free apoE and with apoE-DMPC complexes. 

The second, and perhaps more remarkable, property of CDR2.D is i t s  apparent 

cross-reactivity with apoB, another characteristic that is shared with the LDLr. As shown 

in Figures V-13 and V-14, C D S - D ,  but not wildtype 2E8, could react with apoE- 

depleted LDL and with reconstituted LDL that contain apoB as their sole apolipoprotein. 

While there is no extensive homology in tems of primary structure between apoE and 

apoB, two short sequences of apoB (residues 3147-3157 and 335903367) have been 

identified that show some similanty to the apoE LDLr-binding site and both have been 

proposed to participate in apoB-mediated binding to the LDLr (Knott et al. 1985, Milne 

et al. 1989). Both sequences are rich in basic arnino acids and residues 3359-3367 do 

show sorne homology to the apoE LDLr-binding site. I therefore considered the 

possibility that both CDR2.D and the LDLr may recognize an epitope that is common to 

both apoE and apoB. In the case of apoB, the most probable candidate sequence would 

be residues 3359-3367. This similarity between apoB and apoE in terms of primary 

structure does not, however, appear to be responsible for the apoB-binding property of 

CDR2.D. as CDR2.D is reactive with LDL that contains an apoB variant in which al1 the 

basic residues between 3359-3367 have been replaced by alanine residues (Figure V-15). 



Thus, the structural basis for this intnguing property of CDRî.D has not yet k e n  

elucidated. 

Alteration of the 2E8 CDR2 also caused some notable changes in the isoform 

specificity of the variants Both the wildtype rFab as well as the CDW.A mutant were 

found to be meactive with apoE2 as well with the LDLr-competent mutant, 

a p o ~ 2 ( ~ s p ' "  +Ala). These results were not surpnsing as the wildtype 2E8 hybridorna- 

derived Fab is also unreactive with both forms of the protein. The CDR2.D rFab, on the 

other han& reacted with the a p o ~ 2 ( ~ s p 1 "  +Ala) variant when assayed by both a solid 

phase radio-irnmunometric assay and by surface plasmon resonance. CDR2.D also 

showed some reactivity with apoE2 in the radio-immunometric assay although this was 

not observed when binding was monitored by surface plasmon resonance. The 

antibody's gain of function towards the LDLr-competent form of apoE is remarkable, in 

that it directly implicates the alterations in the heavy chain CDR2 for ths activity. and 

would hirther support the contention that CDR2.D represents an antibody mimetic of the 

LDLr. 

It is interesting to compare the functional consequences of modification of the 

2E8 CDRZ to those that result f?om modification of the ligand-binding domain of the 

LDLr. It has been shown that substitution of conserved residues or deletion of cysteine- 

rich repeat five of the LDLr impairs both apoB- and apoE-mediated binding (Esser et al. 

1988). In contrast, modification or deletion of repeats two. three, four. six or seven 



affects only apoB-mediated binding. Che interpretation of these results is that repeat five 

is responsible for apoE-mediated binding whereas repeats two to seven al1 contribute to 

apoB-mediated binding. As discwsed above. repeat five is distinguished by three 

consecutive acidic residues located near the carboxy-terminal end of the repeat. The 

CDR2.A and CDR2.B variants were designed using repeat five as a template and include 

the acidic triad. 1 propose, therefore, that the (AspGlu-Glu) of repeat t h e  is responsible 

for its essential participation in apE-rnediated lipoprotein binding and that this same 

acidic triplet is also responsible for the increased of CDR2.A for apoE. CDR2.C 

and CDR2.D were modeled on the consensus sequence of the ligand-binding domain of 

the LDLr and the complete engineered sequence of CDR2.D is, in fact, found in the third 

repeat of the LDLr. 1 further propose that the apparent preferential binding of CDR2.D to 

lipid-associated apoE, its cross-reactivity with apoB and its isoform specificity reflect its 

similarit., in tems of primary structure, to the consensus sequence of the LDLr. 

In order to examine the role of electrostatic interactions which rnay occur 

between the 2E8 heavy chain and apoE, the technique of "charged-to-alanine" scanning 

was applied to the heavy chain CDRs. Thus, al1 of the acidic residues found within the 

CDRs of the heavy chain were individually replaced by alanine ( or, in one case, valine ). 

either by specific mutagenesis of by identification of the appropriate variants in a random 

2E8 CDR2 library. To date, only the CDRI  A AS^)* +Ala), CDW.(AS~~'  +Ala) and 

CDR~. (AS$~  +Ala) variants have been analyzed for their binding properties. 



Replacement either of the two acidic residues in the heavy chain CDR3 of 2E8 

reduced, but did not eliminate, the reactivity of the respective variants with apoE and 

both variants maintained the isoform specificity of wildtype 2E8. Thus, while the acidic 

side chains of L4spY7 is solvent exposed, in the crystal stxucture of wildtype 2E8 Fab (See 

chapter VI), it would appear haî, at least individually, hp9' and ~s~~~ make a relatively 

minor contribution to antigen binding and that the îùnctional paratope of 2E8 may reside 

elswhere than in CDR3. 

As was the case for the replacement of acid residues in CDR3 by alanine, the 

AS$' +Ala sustitution had little effect on the ability of the rFab to bind to apoE3. On 

the other hanci, the CDRl  A AS^" -+AIa) did acquire the ability to bind to both the apoE2 

isoform and the apoE2   AS^'" +Ala) variant. Surpisingly. CDR 1  A AS^" +Ala), like 

CDRî.D dso showed reactivity with apoEdepleted LDL. This change in fine specificity 

demonstrated by the CDRI.(AspM +Ala) mutant is inmguing in light of the molecular 

alterations which characterize these three apoE isoforms. The  AS^" +Ala subsitution 

may have removed a steric constraint presented by the glutamic side chain that prevented 

the wildtype 2E8 mAb from reacting with the apoE2 and a p o ~ 2 ( ~ s p M  +Ala) variants. 

There may be a very limited restnicturation of the antibody paratope due to the loss of 

the aspartic acid side chain, which may wnsequently allow this antibody to tolenite 

certain modifications withn its epitope on apoE. The small loss of reactivity towards 

apoE3, may result from an overall decreased electronegativity at the antigen-binding 

surface, rather than the loss of an important hydrogen bond or salt link. As will be 



disscussed in chapter VI, i4sP3' may be located in a strategic a m  of the antibody 

paratope, which may dictate the wildtype antibody's apoE isoform selectivity. 

In conclusion, the results generated through this initial investigation of the 

binding characteristics of a series of 2E8 variants have provided interestiltg insights into 

the antibody's usage of CDRs in recognizing apoE. 1 have demonstrated that by 

modifying the 2E8 heavy chain CDR2 to increase its resemblance to either cysteine-rich 

repeat 3 or cysteine-rich repeat 5 of the ligand-binding domain of the LDLr. the variant 

antibodies acqui re certain of the bindi ng prope~ies that c haractenze the respective 

repeats. Of particular interest, 1 have converted an apoE-specific rnAb to one which 

reacts with both apoE and apoB. These results justiQ, at least in part, my strategy of 

attempting to generate an antibody mimetic of the LDLr by a rational modification of the 

2D8 CDR based on primary structure homology with the LDLr. Secondly. I have begun 

to identib the roles of specific residues in the binding specificity of2E8. 1 have shown 

that, while acidic residues in CDRl and CDR3 make only a minor contribution to the 

binding of apoE3, kisp3' does appear to be a key residue in defining the isoform 

specificity of mAb 2E8. 

Nevertheless, a number of experiments rernain to be done to complete the 

characteriaion of this series of 2E8 mutants. Notably, CDW-D should be assessed for 

its ability to block the binding of apoEdepleted LDL to the LDLr on cultured human 

fibroblasts. I also plan to map the CDR2.D epitope within apoB structure. This will be 

accomplished by testing the ability of a large panel of well characterized anti-apoB 



mAbs, whose epitopes have been previously mapped (Milne et ai. 1989, Pease et ai. 

1990). to compte with CDR2.D for binding to irnobilized apoEdepleted LDL. The 

variants that 1 have produced and identifieci, in which the acidic residues o f  CDR2 have 

been replaced by neutral residues, will also be expressed in E.coli and their binding 

properties determined. In addition, cornplete binding kinetics of al1 of the variants will 

be established using surface plasmon resonance analysis. Finally, 1 will use the 2E8 

phage library in which the CDR2 has been randomized to select for variants that retain 

the ability to bind to antigen. These variants wiil be sequenced to identiS, those residues 

in CDR2 that are essential for antigen binding. 



Figure V-l Mutational analysis of the 2E8 heavy chiin variable region usiog 

splice overlap extension PCR- The d i a p  illustrates the site directed mutagenesis 

methodology of splice overlap extension PCR, or "SOE PCR". which was used to modiQ 

the primary structure of the 2E8 heavy chain variable region. As described in the text. the 

two red arrows represent the sense and anti-sense mutagenic oligonucleotides used in 

conjunction with either the milne-5 or milne-23 PCR primen, in s e p t e  amplification 

experirnents. Subsequent to the successful amplification of both mutant products, they 

were purified using agarose gel electrophoresis, mixed together and served as a template 

in a second PCR reaction mixture, which containeci both terminai pnmers, which resulted 

in the ampli fication of the entire heavy chain fragment with the appropriate modifications 

as well as with the Xhol and Spel restriction sites. 



Figure V-2 Fint  step of the SOE PCR mutagenais metbodology.- This figure 

illustrates the results of the fint step of the SOE PCR mutagenesis methodology 

described in Figure V- l . A I % agarose gel was used to puri@ the two mutant PCR 

products. Lane A corresponds to the product of the 2E8 heavy chah amplified with the 

mutant primen; CDR2.D-Upper and milne-5, which as see on the gel, gave nse to a 

specitic 600 base pair fragment. Lane B corresponds to the product of the sarne ternplate 

DNA, amplified this time with the mutant primen; CDR2.D-Lower and milne-23, which 

gave rise to a specific 700 base pair fragment. In both cases. a difise band of DNA is 

observed rnigrating with a size corresponding to 400 base pain. This material is likely a 

non-specific by-product of the PCR reaction, which is of no consequence to the 

speci fically amplified DNA 



Heavy chai 

Figure V-3 Second step of the SOE PCR mutagenesis methodologp This figure 

illutrates the result of the second, and final step of the SOE PCR mutagenesis 

methodology. This step involved the use of the two products of PCR amplification 

described in Figure V-2. as a ternplate for a final amplification. The figure showes the 

resolution of the intact SOE-mutant product. which migrates with a sire of 1300 base 

pairs. In addition. the figure depicts the resolution of the two fragments, when the SOE- 

product is cleaved with the endonucleases Xhol and Spel. The Xho l endonuclease 

cleaves the product almost in half, which generates a 700 base pair fragment 

corresponding to the complete heavy chain Fd portion, which is then cloned into an 

appropriately prepared pComb 3 vector. 
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Figure V-4 Mutatiooal analysis o f  the 2E8 heavy chah CDR2, with structural 

perspectivedile figure depicts the primary structure of the heavy chain CDRî 

engineered mumu forms of mAb 2E8. The sequence of part of the 2E8 heavy chain 

CDW. corresponding to residues 50-60 is compared to both the sequence of the LDLr 

repeat 5 as well as to the LDLr consensus sequence. The sequence of the heavy chain 

CDRî is written so as  to emphasize the hornology in primary structure between the 

antibody and the LDLr repeats, in ternis of acidic amino acids. The amino acids altered 

through sitedirected mutagenesis, and which correspond to mutants CDR2.A through D, 

are urideriined and witten in italics. 



2E8 Heavy Chain CDR2 Mutants 
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Figure V-5 Nucleutide sequeace of four altered forms of the 2E8 heavy chain 

CDRZ.0 This autoradiognim corresponds to the nucleotide sequence of the wild type 

2E8 heavy c b n  CDW. in addition to four altered forms of the C D S  generated through 

SOE K R  mutagenesis. Mutants CDR2.A through D correspond to the ones presented in 

Figure V-4. Nucleotide encoding residues 52 through 6 1 are indicated. 



Figure V-6 uCharged-to-Alanine" mutational aaalysb of the heavy chain CD€&- 

This figure illustrates the acidic arnino acids which were al1 convertd to an alanine 

residue, with the exception of Glu53 which was altered to a valine. The segments of the 

heavy chah appearing in green represent the residues which collectively fom the three 

CDRs. The approxirnate location of the two cysteine residues involved in an intradomain 

disultide bond are also indicated. Lastly, the portion of the heavy chain whch was 

randornized is also presented Hen, al1 o f  the nucleotides, with the exception of two 

residues involved in the CDR2 heavy chain class 2 canonical stnichire, were randornly 

r e p l d .  



Figure V-7 Irnmunodepletion of apoE-containg LDL lipoproteins from cnide 

isolates.- This autoradiogram represents an SDS PAGE western blot of 20 ug of cmde 

LDL in lane A, nin aiong side of 20 ug of an apoEdepleated LDL preparation show in 

lane B. The blot was detected with the radiolabled rnAb 6C5. A unique major band was 

consistantly observed at 34 kDa for the crude LDL preparations, indicating a substantial 

amount of apoE associated to the isolated LDLs. In contrast, no band of equivalent size 

was observed in the apoE immunodepleated preparation, indicating an efficient removal 

of the apolipoprotein from the preparation. The smaller, less abundant protein, which 

appears in both lanes A and B, presumably represents small quantities of the 22 kDa 

degradation product of apoE. 
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Figure V-8. Determination of apoE content in apoE immundepleated LDL 

preparations, using a radio-immuooassay.- This figure represents a radio- 

immunoassay of an LDL preparation which had previously been passed over an apoE 

immuno-afinity chrornatography colurnn, as described in Figure V-7. LDL preparations 

were wated onto plastic rnicrotiter well, and detected with the radiolabled rnAb 6C5. 

Consistent with the results obtained through the western blot experiment shovm in Figure 

V-8, no apoE was detected in the imrnunodepleated LDL preparations. 
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Figure V-9. Rehtive immunoreactivity of altered BC CDR2 structural mutants 

against human apoE3.- This figure depicts the binding activity of the four 2E8 CDIU 

stnictural mutants, as well as the recombinant wild type Fab, against human apoE3 

coated at 2 ug/ml in microtiter wells. The bound Fab was determined using radiolabled 

rabbit anti-mouse Kappa antibodies. 



ug pure rFab 

Figure V-IO. Relative immunorcrictivity of the 2ES CDR2 mutants against human 

apoE2.- This figure depicts the binding activity of the four 2E8 CDIU structural mutants. 

as well as the recombinant wild type Fab, against human apoE2 cuated at 2 udml in 

rnicrotiter wells. The bound Fab was determined using radiolabled rabbit anti-mouse 

Kappa antibdes. 
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Figure V-11. Relative immunoreactivity of the 2E8 CDR2 mutants against apoE2 

 AS^'"-, Ali.- This figure depicts the binding activity of the four 2E8 CDRZ structural 

mutants. as  well as the recombinant wild type Fab. a@mt hurnan apoE2  AS^'%+ Ala 

coated at 2 ug/rnl in microtiter wells. The bound Fab was detemineci using radiolabled 

rabbit anti-mouse Kappa antibodies. 



Figure V-12. Relative immanoreactivity of the CDRZ mutants against buman 

VLDL. - This figure depicts the binding activity of the four 2E8 CDRZ structural mutants, 

as well as the recombinant wild type Fab, against human VLDL coated at 30 ug/ml in 

rnicrotiter wells. The bound Fab was determined using radiolabled rabbit anti-mouse 

Kappa antibodies. 



ug pure rFab 

Figure V-13. Relative immunoreactivity of the 2E8 CDR2 mutants agaiast human 

LDL immunedepleated of apoE.- This figure depicts the binding activity of the four 

2E8 CDR2 stnictural mutants, as well as the recombinant wild type Fab, against human 

LDL depleated of apE,  coated at 30 ug/ml in microtiter wells. The bound Fab was 

determined using radiolabled rabbit anti-mouse Kappa antibodies. 
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Figure V-14. Relative immunoreactivity of recombinant 2E8 CDR2.D against 

reconstituted human apoB-100.- The figure shows the binding capability of r2E8 

CDR2.D Fab against reconstituted human apoB-100, coated at 30 ug/ml in microtitrer 

wells. As show in the figure, the amount of recombinant Fab used in the first well was 4 

ug. The immunoreactivity of control immunoglobulins are a h  shown. The two anti- 

apoB- 100 mAbs 4G3 and SE 1 l were both used as positive control antibodies. In addition, 

the anti-apoE mAb 6C5 was used as a negative control antibody. The amount of control 

antibody w d  in the fint well i s  not indicated on the figure, and in al1 cases corresponds 

to 1 ng. The binding of the antibodies was revealed through the use of a radiolabled 

rabbit anti-mouse kappa antibody. 
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Figure V-15 ApoE / ApoB receptor binding domaio homologies.- This figure 

illustrates the homology whch exists at the amino acid level, between the LDL receptor 

binding site of apoE, and residues 3357-3367 in apoB. Basic amino acids are indicated in 

blue, whereas neutral ones are shown in green. The apoB variant "ApoB B-Box", which 

was engineered to result in the substitution of every basic residue found between 

positions 3357-3367, into a neutral one, is also shown. 



Figure V-16. Immunoreactivity of the recombinant CDR2 structural mutant 2E8 

CDR2.D, against LDL receptor competent and incompetent forms of LDL.0 This 

figure depicts the binding actinty of the heavy chain CDW structural mutant 2E8.D, 

against LDL receptor competent and incompetent foms of LDL depleated of apoE, 

coated at 10 @ml In the receptordefective fom of apoB. al1 lysine residues between 

apoB-100 residues 335703367, termed the B-box, wen replaced with alanine. 
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Figure V-17 Sensorgrams of pure ApoE3 with recombinant 2E8 Fab using SPR 

These sensorgrarns depict the kinetics of the wild type recombinant 2E8 Fab associating 

to ApoE3. The results that are illustrated wen obtained with concentrations ranging fiom 

0.2 pM to 8 ph4 of rFab. 



Fab A on ApoE3 

Figure V-18 Sensorgrams of pure ApoE3 with the recombinant 2E8 CDR2.A Fab, 

using SPR These sensorgram depict the kinetics of the wild type recombinant 2E8 Fab 

associating to ApoE3. The results that are illustrated were obtained with concentrations 

rangmg from 0.2 pM to 8 p M  of rFab. 
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Figure V-19 Determination of the association constant of the wild type rFab 

against pure ApoE3.- This figure illustrates the results obtained fiom the sensorgrarns 

shown in figure V-17, and plotted in order to determine the association constant. 

Calculations were perfomed according to the Biacore analytical software. As show by 

the figure, al1 chia points fa11 ont0 a straight line. The association constant was 

determined to be 4.3 m. 



Steady state binding (RU) 

Figure V-20 Determination of the association constant of the 2E8 CDR2.A rFab 

against pure ApoE3.- This figure illustrates the results obtained frorn the sensorgrams 

show in figure V-18, and plotted in order to determine the association constant. 

Calculations were performed according to the Biacore analytical software. As show by 

the figure, al1 &ta points fa11 onto a straight line. The association constant was 

detemined to be 2.0 pbl. 
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Figure V-21 Relative immunoreactivity of the 2E8 functional mutants agaiast 

apoE3.- This figure depicts the binding activity of the three 2E8 funetional mutants. as 

well as the wild type rFab against pure apoE3 coated at 2 Wrnl in microtiter wells. The 

bound Fab was determined using radiolabled rabbit anti-mouse kappa antibodres. 
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Figure V-22 Relative immunoreactivity of the 2E8 functional mutants against 

apoE2.- This figure depicts the binding activity of the three 2E8 functional mutants. as 

well as the wild type rFab against pure apoE2 coated at 2 Wrnl in microtiter wells. The 

bound Fab was determined using radiolabled rabbit anti-mow kappa antibodies. 
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FigureV-23 Relative immunorerctivity of the 2ES functional mutants against 

apoM Asp1SbAIa.- This figure depicts the binding activity of the three 2E8 huictional 

mutants, as well as the wild type rFab against pure apoE Aspl 54-Ala coated at 2 pglml 

in microtiter wells. The bound Fab was determined using radiolabelled rabbit anti-mouse 

kappa antibodies. 
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Figure V-24 Relative immunoreactivity of the 2E8 functional mutants against 

human YLDL This figure depicts the binding activity of the three 2E8 fiinctional 

mutants, as well as the wild typc rFab against isolated human VLDL coated at 30 pglrnl 

in microtiter wells. The bound Fab was determined using radiolabelled rabbit anti-mouse 

kappa antibodies. 
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Figure V-25 Relative immuooreactivity of the 2E8 funetional mutants against 

reductively methyhted human VLDL This figure depicts the binding activity of the 

three 2E8 functional mutants, as well as the wild type rFab against reductively 

methylated hurnan VLDL coated at 30 pg/ml in microtiter wells. The bound Fab was 

detennined using radiolabled rabbit anti-mouse kappa antibodies. 
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Figure V-26 Relative immunoreactivity of the 2E8 functioaal mutants agaiast 

apoE-depleted human LDL- This figure depicts the binding activity of the three 2E8 

functional mutants, as well as the wild type rFab against apoEdepleted human D L  

coated at 30 pdml in rnicrotiter wells. The bound Fab was deterrnined using radiolabled 

rabbit anti-mouse kappa antibodies. 
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Figure V-27 Molecular mode1 of  the wild type 2E8 heavy chain compared to the 

structural 2E8 CDR2 variants CDR2.B and CDR2.C.- This figure illustrates the 

cornformations adopted by the variant antibodia as cornparrd to the wild type heavy 

chain, as modeled by the SWISS protein modeling program available on the worid wide 

web (http://expasy. hcuge.ch/swissmod/SWISSSMode1. h t m l  Modeled figures on the l e 4  

show the three heavy chah CDRs colored in yellow, green and blue respectively, with 

negatively charged residues indicated and colored red. Figures on the nght are space-fil1 

models of the sarne clones, indicated in the same way. 
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Figure V-28 Molecular model of the wild type and mutant 2E8 heavy cbain 

CDR2.- This figure illustrates the modeled structures of the 2E8 heavy chain CDR2, as 

determined by the SWISS mode1 program available through the world wide web 

( - ! S . -  Residues 53 and 54 are indicated. The 

side chah of Asp53 is show protniding into the solvent in both models. In mutant 

CDW-B, the replacement of Ile54 by a lysine, in the model is shown to be in close 

proximity to the aspartic acid, which may explain the antigen-unreactiveness of the rFab. 



5'- C m  GAA ATT GGT GAT GAA TAT GTC CCG M G  - 3 '  
3 ' -  GGT CTT TAA CCA CTA a tTT ATA CAG GGG TTC - 5 '  

5 ' - GGA TGG A' IT  GAT CCT G x  AGT GAT a GAA TAT GTC CCG M G  -3 ' 
3'- CCT ACC TAA CTA GGA = I C A  CTA CIT ATA CAG GGC TTC -5' 

5'-ATTGGATGGA'ITGAT CCT G x  A& AGT GAT GAG G m  TAT GTC CCGAAGTTC-3' 
3 ' -TAACCTACCT'AACTA GGA CTG TTT I C A  CI'A qiT ATA CAG GGCTI'CAAG- S ' 

5'-ATfGGATGGATTGAT CCT G x  E T  AGT GAT GAG G u  TAT GTC CCGAAGTTC-3' 
3'-TAACCTACCTAACTA GGA cïr; I C A  C'TA a G T  ATA CAG GGCrTTCAAG-5' 

Table V-l Nucleotide sequence of the oligonucleotide primers used in the PCR mutagenesis of 

the 2E8 heavy chiin CDR2. The mutagenic oligonucleotide primers used in the PCR mutagenesis, 

are presented as a double strarided DNA molecuie coding for the k v y  cham CDR2. In al1 cases, the 

upper oligonucleotide is the sense primer which anneais to the non-coding strand of the antibody 

DNA. The Iowa oligonucleotide is the anti-sense primer which a n n d s  to the coding strand of the 

antibody DNA. The a l ted  codons appear in bol4 whereas the altered nucleotides are underlined. 



CDRI Ala31: 

5'- TTC AAC ATT AAA GCC TAC TAT ATC CAC TGG -3' 

3 ' -  CCG AAG TZY4 TAA ?TT a ATG ATA TAG GTG -5' 

CDR3 Asp/Ala 97 and Asp/Ala 99: 

GCA CAT TAC AGG GGA 

3 ' -  CGT CCC GTA CXA ATG QIG TCC CCT GCC -5' 

Table V-2 Nucleotide sequence of the oiigooucleotide ptirnem used in the "Charged-to- 

Alanine" scanning PCR mutagenesis of the 2E8 heavy chain CDRl and CDR3. - The 

mutagenic oligonucleotide primen used in the "Chargecl-to-Alanine" PCR mutagenesis. are 

presented as a double stranded DNA molecule coding for parts of the heavy chain CDRl and 

CDR2. In al1 cases, the upper oligonucleotide is the sense primer which ameals to the non- 

coding strand o f  the antibody DNA The lower oligonucleotide is the anti-sense primer which 

anneals to the coding strand of  the antibody DNA. The altered codons appear in bolci, whereas 

the altered nucleotides are underlined. In the case of the CDR 1 oligonucleotides, the underlined 

C in codon 31 is the sole nucleotide alteration whch converts the Asp into an Ala The CDR3 

oligonucleotides were synthesized so as to generate thrœ coding sequences in a single 

amplification event, by inserting an equimolar mixture of an A/C in the sense primer, and a TIG 

in the anti-sense primer, at the two positions indicated by an underlined X, in codons 97 and 99. 



CDRZ random primen: 

5 ' - CTG GAG TGG A R  GGA TGG ATT GAT GAA A T T  f'G1 GAT ACT GAA 

GAC ACC TAA ACC TAA TAA CTA TGA 

TAT GTC CCG AAG TTC CAG GGC AAG GCC ACT ATG ACT GC - 3  ' 

ATA CAG GGC TTC AAG GTC CCG TTC CGG TGA TAC TGA -5 ' 

Table V-3 Nucleotide sequence of the oligonucleotide primen used in the random SUE 

PCR mutagenais of the 2E8 heavy chah CD=. - The degenerate mutagenic oligonucleotide 

prirners used in the random CDR2 mutagenesis, are presented as a double stranded DNA 

molecule coding for the heavy chah CDR2 region. The upper oligonucleotide is the sense primer 

which anneals to the noncoding suarid of the antibody DNA. The lower oligonucleotide is the 

anti-sense primer which anneals to the coding strand of the antibody DNA. The dtered 

nucleotides appear in bold and correspond to the entire CDRZ. which begins at residue 50 as 

indicated, whereas the unalterad nucleotides within the CDR2, encoding the two class 2 

canonicai residues, are underlimd. The nucleotides in bold npresent those that will appear in 

87.75 % of al1 cases, whereas in the other 1 1.25 % of cases, anyone of the three other nucleotides 

can be present. Of 48 transformed clones sequenced, 1 1 en& the wild type heavy chain 

CDR2, and six had aquired a non-sense mutation. 



Bacterial clone MuEetim 
Asp 52 -Ma, Glu +Asp 
Asp 52 +Asn 

GIU 5 3 + ~ a i ,  ile %+~er  
GIU S 3 + ~ a l  
Glu 53-+~al ,  Ile % 4 e r  
Glu 53+~sp ,  Tyr 5 9 + ~ s n  
GIU 53+~ia ,  GIU 5 8 + ~ i n  
Glu "+AS& Ile "+~he, Gly "+Cys 

Asp  la 
Asp % + ~ s n  

GIU  la 
Thr "-~11e, Glu  al. Phe 63+~yr, Gin %Pro 
Glu " 4 3 1 ~  
Glu % ~ l n ,  Glu j 3 + ~ l a  

Table V-4 List of 2E8 heavy chais CDR2 muûtnb restricted to one of the four acid 

residuea- This table groups four sets of heavy chan mutants, obtaincd from isolated clones 

of E.coli transfomed with the CDRZ random Library. The sets correspond to clones altered at 

residues  AS^",   lu", hpJ6 and ~ l u ?  In addition to the altered acidic residue, some clones 

wntain multiple mutations elsewhere in CDW. The classification of the individual clones 

reflects their order of initial isolation. Thus they are categorized according to the batch of A 

to D and according to their numerical order of selection. The clones are thus identified by the 

batch letter followed by the numerical value, such as for example clone 2E8 HC CDM. A6. 



Mutation 
Ile "+ Ser 

Ile "+ Met, Tyr 59+ His 
Lys 62+ Phe, Phe 63-+ Ser 
Ik %+ Asn 
Ile "+ Ser, Gly 65+ Val 

Lys "+ Asn 
Ile Val 

Ile 5'-+ Asn, [le Met 
Ile "+ Met 
Trp Leu 
11e5'+ As% Pro 6'+ Arg, GIy 65+ Leu 
Pro 6'+ Lys 
Lys 62+ IIe 

Table V-5 List of 2E8 heavy chiin CDR2 mutants aot nlated to the acidic residues at 

positions 52, 53s and 58- This table presents heavy chah mutants selected From the 

random CDW library, which are not altered at one of the four acidic residues; hpS2,  lu'^. 
 AS^% and   lu" desctibed in Table V-4. The clones are groupcd as four sets, A to D, 

according to the batch of selected E.coli transformants. As described in Table Vd, the clones 

are named according to the tmtch fonn which tky were isolated and to their numerical order. 

From a total of 42 isolated clones, 23 % had nucleotide alterations which led to no altered 

codon, while 33 % had one altered codon. 23 % resulted in two altered codons, whereas 5 and 

2 % of the clones had t h e  and four altered codons respectedly. 14 % of the clones resulted in 

nonfiinctional antibodies, as a stop codon was generated. 



Chapter VI 

General Discussion 

The study of a protein's specific structural features, which rnay form the basis of 

its functional activity, can be effectively dissected through the establishment of a panel of 

mAbs against its entire hydrated sudace. Such mAb epitope maps have been 

instrumental in the snidy of protein function, as a mAb can pinpoint areas of a protein 

which may be involved in a functional process. Consequently, mAbs capable of 

inhibiting protein function in a biological setûng represent invaluable tools in the 

biochernid study of the protein for which the antibody is specific. For exarnple, virus- 

neutralizing d b s ,  which bind to a viral coat protein and inhibit vins  / ce11 interactions, 

have helped elaborate the basis of cellular susceptibility to vinises, as well as the 

mechanistic interactions which lead to viral infeaion (Bitebard et al. 1995). Other 

examples, related to this thesis, concem mAbs capable of wmpeting with a cellular- 

receptor for its natuml protein ligand. The isolation and characterization of such mAbs, 

allows one to have in sorne instances, a privileged insight into the modalities which take 

place be- the recepor and the ligand (Amati et al. 1995; Smith et al. 1994; Taub et 

al. 1989). and to appreciate the sometimes wmplex structural rcarrangements which mey 

need to be adopted by the receptor, in order for it to becorne ligand-active (Faull et ai. 

1996). Advances in the field of molecular biology and structural chemistry have dlowed 



for the rapid expansion of knowledge concerning macromolecular interactions, which 

include the recognition processes in antibody ! antigen complexes (Jones et al. 1996; 

Davies et al 1996; Padlan E., 1994). 

Recently, it has not only been established that antibody molecules have the ability 

to emulate cellular protein receptors in their physical recognition of a protein ligand 

@ucancel et al. 1996; Monfidini et al. 1996; Smith et ai. 1994), but in addition some 

have been found to even display the selectivity which is seen to occur with a receptor and 

the many ligands which it may recognize with different finities (Kunicki et al. 1997). 

In these regards, and with the availability of two mAbs known to be specific for the LDL 

receptor-binding site of apolipoprotein E (apoE) (Milm et al. 1981; Imerarity et of. 

unpublished observations), 1 attempted to better understand the biological interactions 

which occur between these antibodies and apoE. 

The feature which best serves to characterite my Ph.D. graduate research training, 

is directiy related to the development of novet recombinant mAbs. More specifically. 

having resorted to the application of recombinant DNA technoiogy to the field of 

immunochemi~, 1 succeeded to M e r  exploit the wfulness of two precxisting 

mAbs. In fact, by altering the primary structure of a rnAb which has as epitope the LDLr 

biding site of apoE. 1 developed a series of recombinant forms of the parental antibody. 

which like the LDLr, recognize apoE in a conformation-sensitive marner. 



In Chapter V of this thesis, 1 have presented a mutational anaiysis of mAb 2E8. 

The goal of this midy was to initiate a preliminary study conceming a possible molecular 

mimicry of the LDLr by the antibody, in apoE recognition. The impetus for this study 

was the existing homology in primary structure between the heavy chain CDR2 of the 

antibody. and repeat 5 of the LDLr. As 1 demonstrated in the result section of Chapter V. 

the heavy chain CDW does conmbute significantly to apoE binding, and it appears to do 

so in a way which may be sirnilar to the way in which the LDLr recognizes apoE. In 

Chapter V, 1 demonstrated that when the sequence of this CDR was altered so as to allow 

it to more closely resemble the fiAh repeat of the LDLr, the antibody's behavior towards 

apoE changed in a way which mirrored the binding capability of the repeat in question. 

More importantiy however, was the display of a cross-reacti venes towards the LDLr ' s 

second physiological lipoprotein ligand, apoE100. when the antibody's CDR2 was 

altend to resemble the primary structure of the LDLr consensus sequence. 

As detailed in section 2 of Chapter 1, the ligand binding dornain of the LDLr is an 

ordered assembly of a repeatbd structure. This structure, often referred to as the cysteine- 

rich repeat, is now known to adopt a tertiary structure baseâ on an assembly of three 

specific loops. Indeeâ, through an ordered disulfide bond assembly which has been well 

defined (Figure VI-I), the sequence of this poljpptide addopts a conformation which. 

when in conjunaion with the other members of the domain, allows the LDLr to cross- 

react with both apoE and apoB-100. Through an exhaustive mutational analysis of ths 

domain, in addition to the availability of naturaily occurring variants, it was concluded 

that each one of these repeats functions independently of each other in binding to both 



ligands. The collective effect, resulting fiom the ad& individual contacts, results in the 

observed high mnity binding between the LDLr and its two ligands. An important 

conclusion resulting fiom the mutational analysis of the LDLr, wes the finding that repeat 

5 was instrumental in binding a p o E e ~ c h e d  lipoproteins. Hence, the structural 

difference present between this repeat and the six others, endows it with the most cross- 

reactive potential . 

With the results of the 2E8 heavy chah CDR2 mutational analysis in minci, 1 

argue in this thesis that this segment of the antibody adopts a molecular structure similar 

to the one which characterites the cysteine-rich npeats of the LDLr. Moreover, 1 

propose that the looped structure of the heavy chain CDR2, which has recently been 

solved through X-ray chrystalography (Trakanov et al. submined) (Figure VI-2). is not 

unlike the one adopted by the cysteine-rich repeat, shown schernatically in Figure VI-1. 

As the pnmary structure of the antibody CDR was made to resemble either the LDLr 

repeat most involved in apoE or apoB-100 recognitioh the phenotypic result consisted of 

an antigen-binding mimicry of the antibody for the receptor. 

As s h o w  in Figure VI-2, the sdace which characterizes the 2E8 pmtope, 

consists of a disproportionally anangeci electrostatic potential. Four negatively charged 

residues residing in the heavy chah CDR2, in association with one from the heavy chain 

CDR t and an another from the CDR3 of the sarne chain, wllectively serve to generate an 

electro-negative rim within the antibody paratope, which presumably interacts with an 

electropositive epitope on apoE (Figure VI-2). Presently, without the solved X-ray 

crystal structure of the assembled immune cornplex. 1 am unable to conclusively 



implicate this acidic portion of the paratope in apoE binding. However, owing to the 

observed phenotypic behavior of three altered forms of the antibody. which pertainad to 

the alanine substiMed acidic residues within the heavy chain CDRs, certain intelligent 

assumptions regarding the importance of these residues in the recognition process can be 

put forth. 

The reduced apoE-binding reactivities of the two CDR3 alanine mutants, imply 

that the two aspçmc acid residues contribute favorably to antigen binding. It is 

interesting that although the side chain of is not displayed on the panitope sudace, 

it nonetheless is important in conûibuting positively to apoE recognition. The l o s  of 

apoE recognition in this case may involve a slight structural rearrangernent of the 

paratope. due perbps a lost intemal interaction with another midue as 1 argued in 

Chapter V. The slight decrease in apoE binding due to the loss of the surface4isplayed 

is in favor of the importance of the electronegative character of the paratope for 

proper antigen buiding. The contribution of the acidic midues within the heavy chain 

CDR2 in apoE binding will be shortly assessed. The results relating to their contribution 

in the i m u n e  wmplex will most certainly be informative wncerning the importance of 

the electrostatic component of the ~ssaciated cornplex. 

Of marked in- for apoE is the need for its lipid association in order for it to 

interact with high affinity with the LDLr (I~erarity et al. 1979). When incorporated into 

lipid emulsion particles, b t h  of artificial or physiological origin, apoE is i m o ~  to 

undergo conformational changes in its terûary structure which, presumab1y m e  to 



render it compctent for recognition by the LDLr (Weisgraber et al. 1992). This iipid 

driven alteration of apoE's tedary structure is in some way specific, as LDLr-competent 

I incompetent foms of the protein are known to exist on the surface of circulating 

lipoproteins. The current mechanism thought to lead to the unfolding of the molecule 

when present in lipid emulsions, involves the opening of the four helix amino-terminal 

bundle, as shown in Figure VI-3. Obsemtions relating to LDLr-incomptent foms of 

lipoprotein associated apoE, testifi to the fact that not al1 lipoprotein associated apoE 

resides in an unfolded state. Alternatively, incompletely unfoldeci, or convenely, over 

unfoldeci forms of apoE may exist as subpopulations of the total lipoprotein-bound apoE. 

The state in which an apoE molecule fin& itself in, when associated to lipid, is likely to 

be subject to the influence of its specific Lipid environment. Thus, the hydrophobie 

character of the lipid emulsion surely modulates apoETs tertiary structure, in way in 

*ch it c m  be sensed by the LDLr. Interestingly, one of the recombinant forms of the 

2E8 rnAb which 1 generated by altering its heavy chain CDR2, and whch 1 have show 

to cross-react to apoB-100. also displays preference for lipid bound apoE. Tluough the 

repeated dernoastration of the preference of this rFab for lipid-bund apoE, 1 have argueci 

in Chapter V, in favor of the LDLr-mirnesism of this antibody, in apoE recognition. 

Monover, ths argument was strengthencd with the demonstretion that the rFab also 

showed a preference for a receporcompetent f o m  of apoEî, an observation also 

record4 by the LDLr. 

The exact modalities which chamterize apoE7s lipid dnven restructuration, and 

the resdting molecular structures which an generated by ths occurrence, are key to this 



protein's role in lipoprotein maabolism. Having generated a panel of recombinant mAbs 

which, unlike the parentai hybridoma Fab, recognize physiologically relevant states of  

the protein, will certainly help study the biological basis of  this protein's fùnction. 



Figure M-1 Disulfide bridges of cysteiae-rich repeat aumber 2 of the LDL 

receptor ligand-binding domain.- This figure iliustrates the disulfide bonding pattern 

which was determined to exists within one o f  the cysteine-rich repeats of the LDL 

receptor (Bien et al. 1995). As shown in the figure. this segment of the protein 1s folded 

into t h  loops, owing to the covalent linkages between cysteines 1 and 3, 2 and 5, and 

tinally 4 and 6 s h o m  in black. Acidic residues, believed to be important in lipopmtein 

binding are show in red. 
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Figure VI-2 Charge compkmentarity betwan mAb ZE8 aiid ApoE.- This figure 

illustrates the charge complernentarity which e x h  between the mAb 2E8 and apoE. The 

structure of the antibody paratope is shown as seen if looking down the paralle1 axis of 

the molecule. Residues belonging to the b e c  heavy and light chah CDRs an show as 

a space filleci model, whereas the remahder of the antibody is show as a ribbon model. 

Light and heavy chah CDRs 1,2 and 3, are colored yellow, green and blue, mpectively. 

Residues coloreci in red repCt3ent acidic amino acids, which arc appmpriately labled 

(Trakhanov et al. 1998). The 22 kDa fiagrnent of apoE is shown as a ribbon mdel .  

Basic tesidues are shom in blue, and those involved in 2E8 binding are indicated. 



Hydrophlfic Faces 

Figure VI-3 Lipid-driven molecular unfolding of apoE.- This figure depicts the 

postulated mode of molecular rearrangement which accounts for the lipiddriven 

unfolding of the 22 kDa Fragment of apoE. As the protein is moved into a hydrophobic 

environment, it is known to wifold and occupy a larger surface area (Weisgraber. K.H., 

1994). One way which would explain the protein's behavior in a hydrophobic 

environment, is shown by the figure, and would consist of the unfolding of the four-helix 

bundle. 
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