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Abstract

Polypeptide hormone Nerve Growth Factor (NGF) plays a crucial role in the

development and maintenance of certain neuronal populations, both within the central

and periPheral nervous systems. NGF receptors and the hormone itself have been

attractive phannacological targets in the treatment of several neuropathologies including

Alzheimer Disease~ ischemia, brain trauma, peripheral neuropathies~ neurotoxicity

associated with chemotherapy of cancer and chronic inflammatory pain. NGF and its

receptors are also expressed in severa! non-neuronal tissues and panicipate in their

regulation. In addition NGF can be a survival or differentiation factor for human

malignancies of neuroectodermal origin. Accordingly, NGF mimetics can he developed

as anti-cancer drugs and non-invasive diagnostic agents.

Two slrUcturally distinct transmembrane proteins TrkA and p7SNTR have been

characterized as NGF receptors. Each co-receptor is capable of ligand binding and signal

transduction. however binding characteristics~ activation and signaling of each co­

receptor depend on the expression and occupancy state of the other.

Functional interactions between NGF receptors TrkA and p7SNTR have been

studied using activating anti-receptor monoclonal antibodies (mAbs) as specifie ligands

that, unlike NGF. can discriminate between the co-receptors. [t has been shown that

unbound p7SNTR
S could attenuate TrkA activation and trophic signaling, while p7SNTR

expression and binding with an activating ligand was necessary to achieve optimal

trophic signais similar to that induced by NGF. Both negative and positive TrkA

regulation occurred within the same cellular context. Il has been aIso shown that the

trophic signals of a polypeptide growth factor couid be fully mimicked by a combination

oftwo mAbs against its co-receptors.

Different artificial ligands of TrkA have been tested in functional assays alone or

in a paradigm of synergy with a selective ligand of p7SNTR
• The studied TrkA ligands

included Fab fragments of an anti-TrkA monoclonal anu1x>dy, small cyclic peptides

derived from an NGF ~-turn regjon~ and small Molecule compounds selected from a

focused ~-tum peptidomimetic library based on the pharmacophores of the anti-TrkA
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mAb and NGF peptide analogs. ln contrast to NGF, aU these three classes of NGF

mimetics are monomeric, monovalent and can bind only a single defmed epitope of the

receptor. We have found that., despite of their fundamental differences from the natural

ligand, these mimetic could induce agonistic responses in neuronal cell lines and cultured

primary neurons. These finding have considerable implications for the rational design and

development of agonistic ligands of cell surface receptors with a single transmembrane

region, particularly small molecule therapeutics with neurotrophic activity.
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Résumé

L~hormone polypeptidique NGF (Nerve Growth Factor) joue un role crucial dans

le développement et le maintient de certaines populations neuronales~ aussi bien dans le

système nerveu.x central que dans le système nerveux périphérique. Les récepteurs de

NGF aussi bien que l'hormone sont des cibles de choix pour le traitement de plusieurs

neuropathologies comme PAlzheimer~ ischémies~ traumatismes cérébraux~ neuropathies

périphériques" neurotoxicité associée à la chimiothérapie. et douleurs inflammatoires

chroniques. NGF et ses récepteurs sont aussi exprimés dans plusieurs tissus d~origine

non-neuronale et participent à leur régulation. De plus~ NGF peut être un facteur de survie

ou différentiation pour des tumeurs malignes originant du neuroectodenne. En

conséquence~ des mimétiques de NGF peuvent être développés comme traitements anti­

cancer ou agents diagnostic non-invasifs.

Deux protéines transmembranaires structuralement distinctes. TrkA et p75N~

ont été caractérisées comme étant des récepteurs pour NGF. Chaque co-récepteur peut lier

l"hormone et initier une réponse cellulaire. Cependant" les propriétés de ligation..

d"activation et de signalisation de chaque co-récepteur dépendent de 1"expression et de

1~état d"engagement de 1·autre.

Les interactions fonctionnelles entre les récepteurs TrkA et p75NTR ont été

étudiées en utilisant des anticorps monoclonaux (mAbs) anti-récepteurs capables

d"activer ces récepteurs et.. contrairement à NGF, pouvant discriminer entre les deux co­

récepteurs. Il a été démontré que p75NTR non-lié à NGF peut atténué l"activation et la

signalisation cytotrophique de TrkA. alors que l'expression de p75NTR et son

engagement avec un ligand activant sont nécessaires pour ["obtention d'une réponse

trophique optimale similaire à celle induite par NGF. Cette régulation positive et négative

de TrkA a été observée dans le même modèle cellulaire. Il a aussi été prouvé que les

sigaux trophiques d~une hormone polypeptidique peuvent être entièrement reproduits par

la combinaison de deux mAbs liant ses co-récepteurs.

Plusieurs ligands artificiels de TrkA ont été testés seuls ou en synergie avec un

ligand sélectif envers p75NTR dans des essais fonctionnels. Les ligands de TrkA étudiés
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inclus les fragments Fab du mAb anti-TrkA~ de courts peptides cycliques dérivé d'tune

boucle Jl de NGF, et de petites molécules sélectionnées à partir d'tune collection de

peptidomimétiques basés sur les phannacophores du mAb anti-TrkA et d'analogues

peptidiques de NGF. Contrairement à NGF, ces trois classes de mimétiques de NGF sont

des monomères monovalents et ne peuvent s'attacher qu'à un seul épitope défini du

récepteur. Nous avons trouvé que, malgré les différences fondamentales avec le ligand

naturel, ces mimétiques peuvent induire une réponse agonistique dans des lignées

cellulaires neuronales ainsi que dans des cultures primaires de neurones. Ces résultats ont

des implications considérables pour le développement et le design d·agonistes de

récepteurs cellulaires à région transmembranaire unique, particulièrement en tant que

petites molécules thérapeutiques ayant une activité neurotrophique.
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Contribution to original knowledge

1. [t has been shown that the trophic signaIs of a polypeptide honnone Nerve Growth

Factor (NGF) could be fully mimicked by an appropriate combination of monoclonal

antibody (mAb)-based ligands ofNGF receptors TrkA and p7SNTR
•

2. ft has been shown that when NGF receptor TrkA is activated by mAb ligands

independently from expression and activation ofp7SNTR
, there is a negative reguJation

ofTrkA activation and trophic signaIing by unliganded p7SNTRs.

3. ft has been shown that when NGF receptor TrkA is activated by mAb ligands

independently from expression and activation ofp7SNTR
, there is a positive regulation

of TrkA activation and trophic signaling by p7SNTR
S bound with an activating mAb

ligand.

4. (t has been shown that both positive and negative regulation of NGF receptors TrkA

by co-receptors p7SNTR cao occur within the same cellular context.

5. (t has been shown that monomeric and monovalent mAb-based TrkA ligands (Fabs)

cao be partial agonists.

6. [t has been shown that two classes of monomeric and monovalent small Molecule

TrkA ligands, cyclic peptides and non-peptidic NGF mimetics, can induce agonistic

responses in neuronal celllines and primary neuron cultures.
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Introduction and literature review

1. Nerve Growtb Factor receptors as pbarmacological targets

Receptors and Drugs

Drug is broadly defmed as any chemical agent that affects processes of living

organism (Goodman and Gilman, 1996). Therapeutics are drugs useful in prevention,

diagnostic and treatment of human disease. Drugs assert their therapeutic, adverse and

other etTects by the means ofdirect interactions with their receptors. A receptor for a drug

can he any functional component of the organism. While for some drugs the receptors

have not yet been clearly defined, the concept of drug-receptor interactions provide the

basis for rational drug design and their rational clinical use.

The physiological definition of receptor is not as broad as phannacological, and it

includes ooly the receptors for endogenous regulatory ligands like hormones and

neurotransminers. These receptors make the primary pharmacological targets because

they play a crucial role in a flow of information in a multicellular organism. The function

of physiologicaI receptors consists of binding the appropriate ligand and, in response,

propagating its regulatory signal in the target cell. Thus. these reeeptors coordinate

extracellular signais with cellular metabolism and provide the physical and chemical basis

for the integration ofthe function of specialized tissues in a multicellular organism.

Physiologjcal receptors have been classified into structural and functional

families. On a mechanistic level receptors act as biochemical signal amplifiers. Many

receptors are localized on a cell surface and possess extraceIlular, intracellular and

membrane spanning portions. Their ligands interaet with extracellular parts of the

receptor and their binding leads to the changes that are transmined to the intracellular

domains and trigger signal transduction cascades in the celi. Sorne hormones cao

penetrate the cell membrane and interact with their respective intracellular receptors. The

amplification abilities of signal transducing receptors are 50 effective that in most cases

12



• ligand binding and activation of ooly a few hundreds eeU surface receptors is required for

full biologieal resPOnses.

The biologieal effects of physiological reeeptor ligands are eonsidered agonistic.

Accordingly, the reeeptor-binding drugs are classified into agonistic and antagonistic.

Agonistic reeeptor binding induces biologieal resPOnses similar to that indueed by

physiological ligands. Antagonists block the binding of agonistic ligands to the reeeptor

and, therefore, abrogate their biological effects. The mechanisms of antagonistic receptor

binding can he competitive or non-competitive, reversible or irreversible.

Binding of a pure antagonist does not induce receptor activation. There are,

however, many instances when receptor ligands behave as partial agonists. They induce

maximal phannacologieal responses that are lower than responses to a full agonist. At the

same time partial agonists may antagonize a natural ligand when they are applied

together. Often the biologieal activity of a receptor ligand depends on the level of receptor

expression. cellular contest and other factors. This May create uncertainty in a ligand

designation as a full or partial agonist or antagonist (reviewed by Hoyer and Boddeke,

1993).

A separate group of receptor ligands were termed inverse agonists (reviewed by

Milligan et al., (995). The biologieal effects of inverse agonists are similar to that of an

antagonist. but their mechanism of action is different. While a pure antagonist simply

blocks the binding of a naturaI agonistic ligand, receptor binding with an inverse agonist

leads to changes in the receptor that prevent receptor activation. The most prominent

effect of inverse agonists is a reduction of signais induced by unbound receptors. The

background receptor activity in the absence of a ligand is usually associated with high

levels of receptor expression. Thus, the effects of inverse agonists may strongly depend

on the level of receptor expression.

Neurotrophins

This thesis presents studies of the Nerve Growth Factor (NGF) receptor-ligand

system. NGF is the first eharacterized member of the family of polypeptide hormones

13
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tenned Neurotrophins. Other mammalian neurotrophins are Brain Derived Neurotrophic

Factor (BDNF)., Neurotrophin-3 (NT-3) and Neurotrophin-4/5 (NT-4/5). Neurotrophins

play a crucial role in the development and maintenance of neuronal cells that form central

and peripheral nervous systems (CNS and PNS).

During the development of the vertebrate nervous system most neuronal

populations undergo a process of selective apoptotic cell death. The surviving cells fonn

complex neuronal networks that appropriately innervate target tissues. The central

principle of the Neurotrophic Factor Hypothesis is that target areas regulate their

innervation by producing limiting amounts of neurotrophic factors capable of promoting

neuronal survival and maintenance (reviewed by Levi-Montalcini., (987). Series of

classical experiments have shown that neuronal survival and growth was regulated by

their targets (Levi-Montalcini and Hamburger.. 1951. 1953; reviewed by Oppenheim..

(991) and led to the discovery and purification ofNGF (Cohen et al., 1954). Much later

other members of the Neurotrophin family were discovered and characterized (reviewed

by Barbacid. 1994). They are all closely related to NGF in their structure and can support

differentiation and survival ofcertain neuronal sub-populations.

Because of their important physiological functions neurotrophins and

neurotrophin receptors have been attractive pharmacological targets in the treatment of

several neuropathologies (reviewed by Eide el al... 1993; Saragovi and Gehring, 2000).

Neurotrophins and agonistic neurotrophic agents are considered for the treatment of such

CNS conditions as Alzheimer Disease (AD). Parkinson's Disease, ischemia and brain

trauma. ln AD the rationale for neurotrophin therapy arises from the fact that the affected

cholinergic neurons express NGF receptors and depend on NGF for their survival and for

maintenance of the cholinergic phenotype (reviewed by Oison, (993). Patients with

advaneed AD exhibit reduced numbers of NGF reeeptors on their basal forebrain

cholinergie neurons and deficient NGF transport to these ceUs (Mufson el al., 1997;

Narisawa-Saito et al., 1996). Parkinson's disease is charaeterized by the selective loss of

the nigro-striatal dopaminergic neurons that express neurotrophin receptors and can he

rescued by BDNF and., possibly, NT-3 (reviewed by Lindsay el al., (993). Neurotrophic

factors may be useful in preventing neurotoxicity associated \\ith chemotherapy ofcancer
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(Alberts and Noel; 1995). Agents with neurotrophin-like activity are highly promising as

potential therapeuties for peripheral (primarily diabetic) neuropathies (reviewed by Apfel,

1999). Neurotrophin antagonists may he useful in the treatment of chronic inflammatory

pain (reviewed by MendeU et a/., 1999).

Neurotrophins and their receptors expressed in several non-neuronal eeUs and play

important roles in their regulation. These tissues include B and T lymphocytes, insulin­

producing pancreatic celis and mast ceUs (reviewed by Saragovi and Gehring, 2000).

Aecordingly. both neurotrophin agonists and antagonists cao be used in pathologies

associated with these tissues. Several neuroectoderm-derived human neoplasias are

neurotrophin-dependent or responsive to neurotrophins. sorne of them synthesize and

utilize NGF as an autoerine factor. Thus, neurotrophins and their reeeptors make a class

ofmolecular targets for the development of anti-cancer drugs (reviewed by Ruggeri et al.,

1999: Weeraratna et aL, 2000) and non-invasive diagnostic agents (LeSauteur et al.,

1996a).

2. NGF Re~eptors

Binding Sites

NGF receptors were initially characterized on the basis oftheir affinity. NGF-binding

neurons and cell lines of neuronal ongin display at list IWo classes of binding sites with

different affinities and association-dissociation kinetics. (Suner et al., 1979; Landreth and

Shooter 1980; Schechter and Bothwell 1981). Two transmemhrane cell surface proteins

were identified as NGF reeeptors: p75 Neurotrophin Receptor (p75NTR
) (Johnson et al.,

1986; Chao et al., 1986; Radeke et aI., 1987) and Tropomyosin Receptor Kinase (later

termed TrkA) proto-oncogene product (Martin-Zanca et al., 1989; Kaplan et al., 1991).

When frrst characterized p75NTR was heterologously expressed in fibroblasts only low

affinity (~- 10-9 M) binding sites fonned (Chao et al., 1986; Radeke et al., 1987). Other

neurotrophins were also shown to bind p75NTR with similar equilibrium dissociation

constants (Rodriguez-Tebar et al., 1990; Ernforset al.~ 1990; HallbOOk et al.. 1991;
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Rodriguez-Tebar et al.~ 1992). However. the kinetic characteristics of p7SNTR binding

were found different for each neurotrophin with BDNF exhibiting the slowest and NGF

the fastest association and dissociation rates.

CeUs expressing TrkA alone can display a small number of high affinity NGF

binding sites (Klein et al.~ 1991; Jing et al.., 1992). These high affinity sites., however, are

responsible tor the very small fraction of the total binding. Majority binding sites formed
-9 -Il

by TrkA receptors display 10w to intermediate binding affinity (Kd lOto 10 Ml with

very slow rate of association (Kaplan et al.., 1991a; Klein et al.~ 1991; Meakin et al.•

1992: Jing et al.• 1992: Mahadeo et al. 1994. reviewed by Chao~ 1994).

Co-expression of TrkA and p7SNTR leads to formation of a limited number of high

affinity binding sites with Kg-I0-12 M and a faster association rate (Hempstead et al. 1991

Mahadeo et al. 1994). High affinity binding is sensitive to the presence of intact

functional p7SNTR since expression of p7SNTR deletion mutants eliminated high affinity

sites (Hempstead et a/.• 1990; Battleman et al.. (993). Formation of high attmity sites

also seems to depend on the proper ratio between numbers of TrkA and p7SNTR on the

cell surface. NGF responsive neurons and neuron derived celllines (for example PC12 rat

pheocromocytoma cells.. Greene and Tischler.. 1976) have limited levels of TrkA

expression and significantly higher levels of p7SNTR expression (reviewed by Chao and

Hempsted., 1995). These ceUs display 10-30% of ail NGF binding sites as high affmity

receptors. ln contrast.. co-expression of a low number of p7SNTR
(- 104 receptors per cell)

in fibroblasts expressing high number ofTrkA (-105 receptors per ceU) did not result in a

formation of a significaot number of the high affinity binding sites (Jing et al.., 1992).

There was also a report that p75NTR alone could form high affinity binding sites for NT-3

on chick sympathetic neurons in the presence of NGF (Dechant et al.., 1991). This finding

seems to he limited to particular cell type and/or experimental conditions since there were

no other reports ofhigh affinity neurotrophin binding to the ceUs expressing p7SNTR only.

Two other members ofTrk receptor family termed Trk.B and TrkC were discovered

and characterized (reviewed by Barbacid~ 1994; Bothwell~ 1995). Unlike p7SNTR
., Trks

bind neurotrophins selectively. TrkA preferentially binds NGF and, to the lesser degree~

16



•

•

depending on cellular context.. NT-3. TrkB binds BDNF and NT-4/S, while NT-3 is the

preferred ligand of TrkC. Like TrkA, TrkB and TrkC bind their respective neurotrophin

ligands with intermediate affinity and p7SNTR expression leads to the formation of high

affinity binding sites. There are known hormones with neurotrophic activities that

structurally do not belong to the Neurotrophin family of proteins. Among them are Basic

Fibroblast Growth Factor (bFGF).. Glial-Derived Neurotrophic Factor (GDNF) and

Ciliary Neurotrophic Factor (CNTF).

TrkA and p751\'TR

The question of the roles ofp7SNTR and Trks in transmining neurotrophic signais has

been debated ever since these receptors were identified. Trks belong to the superfamily of

receptor tyrosine kinases and their structure is similar to many other growth factor

receptors such as the Epidermal Growth Factor (EGF) and Platelet-Derived Growth

Factor (PDGF) receptors (reviewed by Ullrich and Schlessinger. 1990). Receptors of this

type can undergo autophosphorylation upon ligand binding.. phosphorylate second

messenger proteins and induce multiple signal transduction pathways leading to trophic

and mitogenic responses. p7SNTR
• on the other hand.. has no enzymatic activity and is

structurally related to the Turnor Necrosis Factor (TNF) receptor family proteins. These

receptors are better known for their pro-apoptotic rather than trophic effects.

[t was demonstrated that TrkA could mediate most of the cellular responses to NGF.

TrkA expression was sufficient for mitogenic responses to NGF and NT-3 in fibroblasts

(Cordon-Cardo et al., 1991) and for meiotic maturation of Xenopus oocytes (Nebrada et

aL.. 1991). NGF mutant that binds TrkA but not p7SNTR can induce both survivaI and

differentiation of PC 12 ceUs (Ibanez et aL, 1992). The chimeric receptor which contain

the extracellular domain of TNF receptor and the transmembrane and cytoplasmic

domains ofTrkA. induced lNF-dependent neuronal differentiation and survival in PC12

ceUs (Rovelli et al... 1993). Interestingly, similarly designed chimeras of p7SNTR and TNF

receptor~ two closely related proteins, were found nonfunctional. The studies of

phenotypes of knockout mice lacking expression of functional NGF receptors and/or
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functional NGF provided additional evidence suggesting that TrkA was a primary

mediator of NGF biological effects (reviewed by Klein 1994; Suider 1994; Patel et al.,

2000).

These and other findings led to the notion that, while Trks are functional signal

transducing neurotrophin receptors, p75NTR is a common accessory co-receptor of Trks.

The biological role of p7SNTR is complex and Many findings in this area remain

controversiaL The most studied functions of p75NTR
S are their abilities to participate in

the formation of high affinity binding sites for neurotrophins and regulate activation and

signal transduction ofTrk tyrosine kinases (further discussed in the part 5). However, the

mechanisms of these putative p7sNTRrrrk functional and.. possibly, physical interactions

remain largely unknown.

Considerable evidence has been accumulated that, apart from its cooperative actions

with Trks. p7SNTR May induce Trk-independent functional responses and that in sorne

cases these responses rnay account for apparent regulation ofTrk signais by p7SNTR
• As a

mernber ofTNF receptor family. p7SNTR has been extensively studied for its putative pro­

apoptotic effects. The findings in this direction support two seemingly opposite

hypotheses. First is that p7SNTR exerts a constitutive pro-apoptotic effect and neurotrophin

binding to the receptor May, at least in sorne cases, reverse this effect. The other

hypothesis is that neurotrophin-rnediated p7SNTR activation leads to pro-apoptotic signais.

The results of experiments with p7SNTR over-expression in TrkA-negative neuronal cell

lines (Rabizadeh et al., 1993) and p7SNTR down-regulation with anti-sense

oligonucleotides in cultured sensory neurons (Barrett and Banlett, 1994) supported the

first theory. The level of p7SNTR expression in PC12 cells correlated with the rate and

extent of cell death caused by NGF withdrawal (Barrett and Georgiou, 1996). On the

other hand, a number of studies have reported ligand-induced pro-apoptotic signais of

p7SNTR (reviewed by Casaccia-Bonnefil et a/., 1999).

Nevertheless, examples abound when p7SNTR expression and neurotrophin binding

did not induce adverse biological effects or pro-apoptotic signaling cascades (Ladiwala et

a/., 1998; Bhakar et al., 1999; Barker, 1998; Kume et a/.., 2000; also this Thesis,
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chapter 1). The studies of p75NTR deficient mice revealed evidence of both decreased

innervation and impaired neuronal apoptosis (further discussed in the part 5).

3. NGF mimetics and antagonists

NGF structure

Neurotrophins have a high degree of structural similarity both in their primary

structure (55-60%; Hallbook el al._ 1991) and in their tertiary structures (Radziejewski el

al.. 1992). Studies comparing circular dichroism and infrared spectra ofNGF~ BDNF and

NT-3 suggest that these NTs share an overall structural similarity (Narhi el al. .. 1993;

Radziejewski and Robinson_ (993). Furthermore.. heterodimers between the

neurotrophins have also been reported in vitro (Arakawa el al... 1994; Jungbluth et al...

1994). The resolved crystal structures of neurotrophin family members (McDonald et al.

1991; Holland et a/._ 1994; Fandl el al. .. 1994; Robinson et al... 1995; Robinson et al. ..

1996: Butte el al.., 1998) and of an NT-3IBDNF heterodimer (Robinson et al... 1995)

confirmed the close similarity in neurotrophin structures.

The structure of mouse NGF was resolved at 2.3A using x-ray crystallography

(McDonald et al. 1991; Hol1and et al._ 1994). The NGF Molecule was shown to he a

tightly associated non-covalent dîmer formed by two identical 118 amino acid

polypeptides (Figure 1). NGF protomers are stabilized by three conserved disulfide

bonds., which form a core similar to Transforming Growth Factor-p-2 (TGF-P-2) and

Platelet-Derived Growth Factor-p (McDonald and Hendrickson. 1993). Each protomer

features seven ~-strands fonning three anti-parallel pairs. The amino acids within these p­

strands are important for maintaining the structural motif., and are highly conserved

amongst all neurotrophins. The p-strands are linked by four exposed regions, three p­
turns (termed A'-A"., AIt-B.. and C-D) and three reverse-turns (termed B-C).
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Figure 1. Structure ofNerve Growth Factor

Backbone structure of mouse NGF was rendered based on X-ray crystallography
molecular coordinate data (McDonaid et al. 1991; Holland et al., 1994) using Rasmol 2.6
software. NGF crystallized as a symmetrical non-covalent dimer fonned by two identical
118 amino acid protomers.
Important regions are shown with arrows:
--4 ~-tum C-D corresponding to amino acids 91-99.. used in the design of TrkA­

targeting peptides (LeSauteur et al., 1995, this thesis Chapter m
_B_. ~-turn A'-A" corresponding to amino acids 29-35, , used in the design ofp7SNTR

­

targeting peptides (LeSauteur et al., 1995; Longo et al., 1997)

_C_. Carboxy termini
__0_. Amino tennini
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The p-turns and the reverse-tums in general are widespread features in

biologically active polypeptides. Unlike the a-helix and the p-sheet, the backbone

confonnation of the p-tums is highly variable. Accordingly, the p-turns are commonly

thought to act as molecular recognition sites for biological interactions (Arnzel et aL,

1974; Kabat et al.~ 1976; Chothia and Lesk. (987).

Structural features of the p-turns of NGF as weil as the amino- and carboxy­

termini make them the most attractive candidates for determining receptor binding and

specificity toward different neurotrophin receptors. These regions are flexible and solvent

accessible and can adapt variations in amine acid sequence without distorting the overall

structure of the proteine The comparison of the sequences of p-turns makes them the most

variable regions of neurotrophins. Mutagenesis studies have also implicated the p-tums of

NGF in binding to NGF receptors (reviewed by Ilag et al., 1994; Ibâiiez~ (995). The p­

turns A"-B and C-D from NGF are sufficient to impose activity when substituted ioto the

NT-3 Molecule (Ibâiiez et al., 1991; Kullander and Ebendal, 1994; Kullander et al.,

1997). Replacement of the analogous p-tums from BDNF in the corresponding regions of

NGF led to a loss ofNGF biological effects (Ibanez et al., (991). In addition, the carboxy

and amino termini of NGF also seems to be necessary for TrkA binding, while they do

not define overall structure and stability of the protein (Burton et al., 1992; Kahle et al.,

1992; Shih el al., 1994; Drinkwater et al., 1993; Woo et al., 1995).

Development of NGF mimetics and antagonists

Efforts to pharmacologjcally target NGF and NGF receptors have been made in

several directions. First, intact neurotrophins have been considered as potential

therapeutic agents. However, therapeutic usage of polypeptides is generally limited by a

number of inherent drawbacks such as paor delivery, fast clearance due to proteolysis,

potential antigenicity and other adverse side effects (reviewed by Saragovi et a/., 1992;

Saragovi and Gehring, 2000). Difficulties specific for NGF and other neurotrophins

include poor crossing of the blood brain barrier (Poduslo and Curran, 1996), potential

adverse effects mediated by p75 neurotrophin receptor (Carter and Lewin, 1991), acute
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excitation of sensory neurons and development of hyperalgesia. Accordingly, limited

clinical trials of NGF and BDNF have been generally unsuccessful despite the high

therapeutic potential of neurotrophin ligands (Oison et al., 1992; Seiger et al.., 1993; Petty

et al.. 1994; Verrai 1994; Freeman 1999; reviewed by OIson 1993; Saragovi and Burgess

1999). Recentiy anempts have been made to chemically modify NGF with polyamines in

order to advance its pharmacokinetics (Poduslo et al... 1998). The other means thought to

improve neurotrophin delivery include encapsulation, engrafting of neuronal stem ceIls.

and gene therapy (reviewed by Saragovi and Gehring, 2000).

Second.. small molecule NGF mimetics have been rationally designed based on

the NGF structure.. particularly on the structure of the NGF ~-tums and reverse-tums.

Linear peptides derived from NGF showed limited antagonistic activity in biological

assays against low suboptimal concentrations of NGF and did not affect the binding of

NGF to PC-12 cells (Romani et al.. 1987a.b; Longo et al... 1990; Rashid et al., 1995;

Estenne-Bouhtou et al., 1996). It is likely that the linear peptides were lacking the

constrain imposed by the protein backbone and did not adapt the native turn-structure

from which they were derived.

The approach of designing of small cyclic confonnationally restricted

peptidomimetics that closely mimic the three-dimensional structure of the tum regions

(reviewed by Saragovi et al... 1992) has proved to be more successful. Several small

cyclic analogs of NGF turn regions were synthesized and tested in binding and functional

assays (LeSauteur el al., 1995). Two of the analogs derived from Il-turn C-D

(corresponding to amino acids 91-99 of mouse NGF) were selected for their ability to

inhibit NGF-mediated neurite outgrowth in PC12 cell line. The effect was specifie for

NGF.. sinee the peptides did not affect similar responses mediated by ~-Fibroblast Growth

Factor, and linear or randomized eyclic peptides had no activity. The active

peptidomimeties termed C(92-96) and C(92-97) partially inhibited radiolabeled NGF

binding to the cells expressing TrkA orny or TrkA and p75NTR
• These compounds were

further shown to effeetively target TrkA-expressing tumors in an in vivo made1

(LeSauteur et al." 1996a). P75NTR -targeting cyclic peptide mimeties of NGF have also

been synthesized and tested (LeSauteur et al., 1995; Van Der Zee et al., 1996; Longo et
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al.., 1997). Their design was based on ~-turn A'-A" corresponding to amine acids 30-35

ofmouse NGF.

Third., natural and syntheùc non-peptide compounds were developed as inhibitors

of Trk receptors tyrosine kinase activity. Staurosporine-like compounds K252a and

K252b (Kase et al.., 1987; reviewed by Lazarovici et. al .., 1996) were originally sought as

protein kinase C inhibitors. It was found that these compounds could inhibit Trk receptors

enzymatic activity al high nanomolar concentrations with sorne degree of specificity. It

was also discovered that they could enhance neurotrophin-mediated signals at low

nanomolar concentrations by unclear mechanisms. These compounds have been widely

used as reagents in ceU biology and regarded as potential therapeutics for both their

neurotrophic and anti-neurotrophin activities. However. low degree of specificity and a

narrow range of therapeutic concentrations prevented their development as drugs. Efforts

are now made to generate chemically modified or sYnthetic compounds with similar

structures that would have higher specificity and. therefore. lower adverse side effects

(Camoratto et al. 1997; Kaneko et a/.. 1997; Miknyoczki et al., 1999; Pollack et aL,

1999).

Another approach to target NGF receptors involves generation of biologically

active anti-receptor antibodies (Linthicum et al 1988). Antibodies bind a receptor antigen

with high affinity. Most of the binding occurs via immunoglobulin domains tenned

Complementarity Determining Regions (CDRs). CDRs are highly variable, often have p­
turn structures and cao potentially mimic a binding site of a natural ligand. Most

antibodies are bivalent (immunoglobulin M antibodies are poly-valent) and their antigeo­

binding Fab anns are connected via a flexible hinge region (Kabat., 1976). Therefore, they

cao mimic a natural ligand in its ability to cause receptor dimerization or higher level

aggregation.

A series of monoclonal antibodies against TrkA have been reponed (Eager., 1991).,

however none of them possessed biological activity. This illustrates the fact that

oligomerization of tyrosine kinase receptors due to antibody-induced cross-linking is oot

sufficient for receptor activation (Jiang and Hunter 1999), otherwise ail anti-tyrosine
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kinase receptor antibodies would he agonistic. A polyclonal antibody against rat TrkA

blocked NGF binding to the receptor but exhibited agonistic activity in biological assays

al high (micrornolar) concentrations (Clary el al., 1994). Ligand-induced receptor cross­

linking seemed to play a crucial role in TrkA activation since monovalent Fab fragments

of this antibody demonstrated pure antagonistic properties.

Polyclonal anti-receptor antibodies are composed of Many different

immunoglobulin clones and sorne clones are likely to closely mimic a naturai ligand in its

receptor binding epitopes. Therefore, polyclonal antibodies developed against a whole

extracellular domain ofa receptor (or against receptor-expressing ceUs) are expected to he

partial agonists with low potency. Monoclonal antibodies, on the contrary, bind a defmed

epitope of a protein antigen. Accordingly, agonistic monoclonal antibodies (mAbs) are

very rare, but they are expected to be high affinity POtent receptor ligands. Only a few

agonistic anti-receptor mAbs have been reponed (Trauth el al., 1989; Stancovski et al..,

1991; reviewed by Taub and Greene 1992). A mAb against human TrkA has been

developed and characterized as a receptor agonist (LeSauteur and al., 1996b). The

antibody termed SC3 was shown to induce tyrosine phosphorylation of TrkA and

phoshatidylinositol-3 kinase (PI-3 kinase), receptor intemalization and increased cellular

transfonnation of TrkA-expressing cultured fibroblasts. It also protected TrkA-expressing

ceUs from apoptotic death in a growth factor deprivation Madel. MAb SC3 binds human

TrkA with high (nanomolar) affinity. Interestingly, it only partiaJly (-60%) blocks NGF

binding to the receptor and, conversely, mAb SC3 binding cao only he panially blocked

byNGF.

Considerable effort has been made in order to identify potential neurotrophin

receptor and neurotrophin ligands by high-throughput screening of chemicaJ libraries.

Non-peptide agents that inhibit NGF - p75NTR and NGF - TrkA interactions have been

reponed (Spiegel et al., 1995; Owolabi et al. 1999; reviewed by Saragovi and Gehring,

2000). These compounds., however, are more likely to bind to NGF itself and cause

adverse pleiotropic effects. Another approach to develop therapeutics with neurotrophic

activity is to target neurotrophin synthesis (reviewed by Saragovi and Gebring, 2000).
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Vitamin D analogs. purine-like compounds and estrogens may play a role in regulating

neurotrophin production in CNS and periphery.

4. TrkA

TrkA structure

TrkA structure is typical for a growth factor receptor. TrkA is comPOsed of an

extracellular ligand-binding domain., a single transmembrane domain and a cytoplasrnic

part with protein tyrosine kinase domain (Figure 2., reviewed by Barbacid et al., (994).

Extracellular domain (ECO) is responsible for ligand binding. lt has severa!

glycosylation sites and, when expressed in mammalian cells., bears a carbohydrate

component of -40 kOa. Enzymatic deglycosylation of soluble ECO TrkA leads to

destabilization and aggregation of the protein (Woo et al.. (998). Unglycosylated full

lengtb TrkA is constitutively active. However. it is not trafficked to the cell membrane

and., despite being enzymatically active, cannot induce downstream signaling pathways

that are localized to the membrane (Watson el al.., 1999).

ECO TrkA structure was divided into subdomains on a basis oftheir similarity in

amine acid sequence to other weil characterized proteins (Figure 2). It consists of N­

terminal leucine-rich motif (LRM) separated into 3 subdomains by two cysteine-rich

clusters. and two immunoglobulin(Ig)-like domains adjacent to the cell membrane. Both

LRMs and Ig-like domains are known as common sites of protein-protein interactions.

Mutagenesis studies mapped NGF binding to the two different epitopes of ECD TrkA.

While the authors of sorne studies concluded that a single 24-amino acid LRM mediated

NGF binding (Windisch et al., 1995; MacDonald and Meakin.. 1996), the others

suggested that the membrane-proximal Ig-like domain 2 (Ig2) was a docking site ofTrks

for their respective neurotrophin ligands (Urfer et al.. 1995; Perez et al., 1995 Urfer et al.,

1998). Taken together results of these and other studies suggest that there May he
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• multiple docking sites on Trk receptors~with [g2 domains and membrane-adjacent linker

regions playing a crucial role in specificity of the receptors for their respective

neurotrophin ligands (reviewed by Friedman and Greene. 1999; O'Connell et al., 2000;

Arevalo et al., 2000).

Figure 2. Domain structure ofTrkA

Extracellular Domain

"-.....__C-"y'-s c....y_s__.J
LRM Igl Ig2 MP

Intracellular Domain

•

Legend:

TM - transmembrane domain; LRM - leucine-rich motif; Cys - cysteine-rich clusters;
[g1, Ig2 - immunoglobulin-Iike domains 1 and 2; MP - membrane proximal region;
y 490-785 - tyrosine residues of intracellular domain important in regulation of tyrosine
kinase activity and specificity for its substrates.

The crystal structures of the 181 domains of TrkA~ TrkB and TrkC and of the

NGF- [g2 TrkA complex have been recently resolved (Ultsch el al., 1999; Wiesmannet et

al.. (999). 181 domains of all three receptors crystallized as dimers with their amino­

terminal strands replacing each other. The authors come to the conclusion that the strand

swapping was a refolding artifact. Thus, the issue of the Ig2 domain POtential for

homodimerization remains open. Two epitopes on NGF were in contact with co­

crystallized [g2 domain of TrkA. First involved LI loop (f3-tum fonned by amino acid

residues 30-35) and residues from -the central f3-sheet. The second epitope was formed by

amino terminal residues of NGF that were found disordered in the crystal structure of

unbound NGF (McDonald et al. 1991; Holland et al.~ 1994). These data contradict the

results of the stlldies showing that the L4 loop of NGF (f3-tum fonned by amino acid
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residues 91-99) plays an important role in NGF binding to TrkA and defming the ligand

specificity (Ibâiiez et al... 1991; Kullander and Ebendal., 1994; LeSauteur et al., 1995).

This controversy may indicate that the L4 loop interacts with a different epitope on TrkA.,

namely with residues on a membrane-proximal linker region that were not present in the

crystals and where L4 loop projects. These results also demonstrate the limitations of the

approach ofstudying a single receptor domain when multiple epitopes May he involved in

Ligand binding.

Lipophilic transmembrane domain stabiLizes the receptor on cell surface and plays

an important role in ligand activation of the receptor. It was shown that while substitution

of TrkA ECO with the ECO of Turnor Necrosis Factor (TNF) receptor 2 renders a fully

functional chimeric receptor., an additional substitution of transmembrane domain leads to

the loss of receptor function (Rovelli et al.. 1993).

lntracellular part of TrkA includes a protein tyrosine kinase (PTK) domain

structurally similar to kinase domains of other growth factor receptors (Ullrich and

Schlessinger.. 1990). 115 function., in turn., is regulated by phosphorylation of certain

tyrosine residues. Phosphorylation of residuesY670., Y675 and Y674 in human TrkA is

critical for receptor tyrosine kinase activity (Segal et aJ... 1996; Cunningham et al... (997).

Phosphorylation of other tyrosine residues olten serves as a regulatory signal for binding

and activation of specifie messenger proteins. Juxtamembrane domains of Trk receptors

contain a conserved KFG sequence that is necessary for activation-independent binding

of a putative messenger protein SNT (Rabin et al... 1993; Peng et al."} 1995). As other

protein kinases"} TrkA contains an ATP binding site eonsidered as a convenient target

epitope for the design of specifie PTK inhibitors.
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• Early events in TrkA a~tivatioDand signal tnDsduetioD

It is commonly accepted that the mechanisms of TrkA activation fall into the

general conventional scheme established for receptor tyrosine kinases. The tirst step is a

ligand·induced receptor dimerization or oligomerization, universal for cell surface

receptors with a single transmembrane region (reviewed by Heldin, 1995). Resulting

juxtaposition of the cytoplasmic tyrosine kinase domains in a proper relative orientation

leads to trans-phosphorylation of tyrosines in the activation loop (Cunningham et al.,

1997) and complete kinase activation. Kinase·active cytoplasmic domains are capable of

phosphorylation of specitic tyrosine residues outside of the activation loop responsible for

the binding and activation of secondary signaling proteins (Segal et al., 1996; reviewed

by Friedman and Green.. 1999).

Tyrosine residues 670, 674 and 675 in human TrkA have been demonstrated as

activation loop tyrosine in mutagenesis studies (Cunningham el al. .. 1997). Further

structure-function studies and molecular modeling based on the resolved crystal

structures of the active and inactive forms of the insulin receptor kinase domain lead the

authors to the following model (Cunningham and Green.. 1998). In an inactive state

activation loop blocks substrate access to the kinase catalytic core. Upon activation

phosphotyrosines in the activation loop fonn specifie charge pairs with nearby basic

residues. The charge pairs stabilize a functionally active conformation in which kinase

catalytic center is open to a substrate.

Several secondary signal transduction molecules rapidly become tyrosine

phosphorylated upon TrkA activation. Among them phospholipase C-gamma (PLCy)

(Ohmichi el al... 1991; Vetter et al.~ 1991), She (Obermeier et al., 1993; Stephens et al.,

1994) and FRS-2 (Kouhara et al., 1997; Meakin et al., 1999) have been shown to

associate direetly with the activated TrkA. Reeently two novel Trk substrates rAPS and

SH2-8, have been identified in developing sympathetie neurons (Qian et aL, 1998) and a

neuroblastoma cell line (Eggert et al., 2000). They are closely related to other Sre

homolog 2 (SH2) domain-containing signaling moleeules.
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Figure 3. Early events in TrkA signal transduction
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The phosphorylated tyrosine Y490 ofhuman TrkA has been identified as an out of

the activation loop residue responsible for the binding and activation of Shc (Obenneier

et al.~ 1993; Obermeier et al.., 1994; Segal et al.., 1996). Interaction of phosphorylated Shc

with Grb2-S0S complexes leads to activation of a small G-protein Ras and Ras-mediated

signaling cascades (Basu et al.~ 1994) involving Raf-l., MEK., MAP kinase and ERKs.

Unlike many other sunHar adapter proteins that interact with receptor tyrosine kinases by

the way of their Src homology 2 (SH2) domains~ Shc docks to TrkA via its

phosphotyrosine-binding (PTB) domain (Dikic et al.~ 1995). Various isoforms of Shc and

Shc analogs that become phosphorylated in response to NGF have been found in neurons

and neuronal cell lines. Among them several isoforms of ShcA and one isofonn of ShcC

in primary dorsal root ganglia (DRG) cultures and a different isoform of ShcA in PC-12

cells (Ganju et al.~ 1998). N-Shc and Sck were identified in human and rat central

nervous systems (Nakamura et a/~ 1998). The apparent diversity in Shc isoform profile

May play a role in regulation of neurotrophin-mediated signaling in different cell types

and subtypes. However it remains to be demonstrated that activation of different Shc

analogs can lead to ditTerent functional responses.

FRS-2 is a second signaling adapter protein which activation requires the

phosphorylation of tyrosine Y490 of TrkA. that competes with Shc for TrkA binding

(Meakin et al... 1999) and which activation by TrkA leads to the recruitment of Grb2

followed by initiation of Ras-mediated signaling pathways. Initially identified as a long

sought docking protein that links Fibroblast Growth Factor (FGF) receptor activation to

the Ras activation.. FRS-2 was aIso shown to Mediate Trk receptor signais (Kouhara et al.,

1997; Meakin et al... 1999; Easton et al., 1999; Ong et al.., 2000). Like Shc., FRS-2 binds

Trk.~ via ils PTB domain. In contrast to the demonstrated mechanisms of FRS-2

interaction with TrkA.. its binding to FGF receptor is independent of the receptor

activation and occurs via a specific juxtamembrane motif (XU et al.., 1998).

[t appears that there is a considerable redundancy in signaling pathways

connecting TrkA activation by NGF to the recruitment of Grb2lS0S complexes and

activation of Ras-mediated signaling (Figure 2). Besides Shc and FRS-2, the newly

identified Trk substrates rAPS and SH2-B can also bind Grb2 (Qian et al., 1998). ln
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addition to that it was recently shown that Grb2 can interact directly with the activated rat

TrkA independently of binding and activation of Shc, FRS-2, PLCgamma-1 ~ rAPS or

SH2B (MacDonald et a/.~ 2000). Interestingly, it appears that activation loop tyrosines

Y683 and Y684 ofmouse TrkA (analogous to human TrkA Y674 and Y675) along with a

carboxy-tenninal tyrosine Y794 (analogous to human TrkA Y785) participate in substrate

binding and not only in substrate activation in this case.

Crk is another adapter protein that interacts with Trk complexes upon NGF

activation and becomes tyrosine phosphorylated (Torres and Bogenmann 1996; Ribon

and Sallie1 1996). Activated Crk can engage SOS and another guanine nucleotide­

releasing protein C3G (Matsuda et al., 1994). While SOS is Iinked to the Ras pathway,

C3G can initiate a parallel cascade that involves Rap 1 and B-Raf. (York et al... 1998) and

converges with Ras pathway at the level of ERKs activation.

TYrosine Y785 in the carboxy-terminal part of human TrkA is a component of a

consensus site for the PLCy SH2 domain binding (Mohammadi el al.~1991; Larose et al.,

(993). It is required for PLCy interaction with NGF-activated TrkA and subsequent PLCy

tyrosine phosphorylation (Obenneier et al., 1993; Loeb et 01., (994). Activated PLCy

releases lipid second messengers DAO and IP3 that results in a signaling cascade leading

to phosphorylation and activation of MAP kinase. MAP kinase. in tum, is one of the

intennediates in a patbway initiated with the activation of Ras.

The same tyrosine Y785 epitope ofTrkA is responsible for binding and activation

of a recently identified regulatory messenger Csk homologous kinase (CHK) (Grgurevich

et al.. 1997: Yamashita et al.. 1999). The Csk tyrosine protein kinases phosphorylate the

carboxy-terminal tyrosine of Src-related kinases in vitro and repress their activity. Their

functions in mammalian ceUs and particularly in the nervous system are not weil studied

yet. It was. however, shown that in PC-12 ceUs CHI( is involved in neurite outgrowth in

response to NGF. It was also found tha~ similarly to PLCy, CHI( docks to TrkA via its

SH2 domain and CHK over-expression leads to enhanced activation of the MAP kinase

pathway upon NGF stimulation.

31



•

•

Another major signal transduction cascade initiated upon NGF binding to TrkA

involves the activation of phosphoinositol 3 (PI3) kinase. The TrkA epitope containing

tyrosine Y751 within the kinase domain forms a consensus sequence for PI3 kinase

binding. However.. eXPerimental evidence suggests that Y751 is not directly involved in

PI3 kinase activation but rather plays a role in stabilizing the activated conformation of

the receptor (Friedman and Green~ 1999). Thus~ it appears that PI3 kinase activation

occurs indirectly via sorne secondary messenger(s). The possible candidates for this role

are insulin receptor substrates (IRS) and IRS-like Grb-associated binder-l (Gab1)

proteins. [t was found that Gabl in NGF-stimulated PCl2 ceUs (Holgado-Madruga et al.~

1997). and [RS-l and IRS-2 in BDNF-activated cultured cortical neurons (Yamada et al.~

1997) underwent tyrosine phosphorylation leading to their association with PI3 kinase

and induction of PI3 kinase signaling cascades.

Among the other proteins that undergo rapid phosphorylation upon Trk activation

are the protein tyrosine phosphatase SHP-2 (Okada et al.., 1996; Goldsmith and Koizumi.,

1997: Yamada et al... 1999) and src family members (Sato et al.. 1998; Marcheni et al..,

1998; lwasaki et al. .. 1998). The mechanisms of their activation.. like for IRS and Gab 1.,

are unclear. AH this proteins can utilize their SH2-SH3 domains to associate directly with

Trks or \\ith known primary interactors FRS-2 and Shcs or with each other or with yet

unidentified adapter proteins.

Receptor intemalization and intraceUular transport plays an important role in

neurotrophin signaling. Intemalization serves as a negative feedback mechanism in the

regulation of receptor number on the ceU surface. In the case of neurotrophins the

hormone is often secreted by a target tissue in the periphery and the signais have to he

transported along the axon to the cell body. This retrograde action is carrled out by the

means of receptor intemalization and transportation of receptor-ligand complexes

(Bhattacharyya et al.~ 1997; Grimes et al., 1997; reviewed by Mufson et al.., 1999). NGF

intemalization and transpott requires TrkA activation and signal transduction since it can

he blocked by the inhibitors of Trk protein tyrosine kinase or PI3 kinase (Reynolds et aI..,

1998; Reynolds et al., 1999). In addition it was shown that in compartmental cultures
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distally applied NGF could trigger rapid TrkA phosphorylation in the cell body before the

transport ofNGF could occur (Senger and Campenot~ (997).

Taken together these observations indicate that two distinctive features

characterize TrkA activation and signal transduction. The first is a multiplicity of primary

signaling events that can he initiated upon TrkA activation. As a resul~ even very early

events in TrkA signaling cao he regulated at numerous points that include several primary

messenger and adapter proteins, potential negative regulators like Shp·2 and CHK and

poorly studied mediators ofTrkA-NGF intemalization and trafficking.

The second feature is that these multiple signaling cascades seem to converge into

a few downstream pathways leading to activation of ERKs and PI3 kinase. The later

pathway plays a major role in promoting cell survival (Yao and Cooper~ 1995; PhilPOtt et

al.~ 1997; Crowder and Freeman~ (998)~ while the first cao mediate both survival and

differentiation signais. It has been recently shown that PI3 kinase pathway May also lead

to activation of ERKs via a small G protein Rap 1 (York et al.., 2000) This leaves open an

important question of how seemingly opposite trophic/mitogenic aod differentiation

effects of neurotrophins are so precisely regulated. One apparent answer is that there may

he yet unknO\VD or not weil studied additional signaling mechanisms. For example., Suc·

Associated Neurotrophic Factor-Induced Tyrosine Phosphorylated Target (SNn bas been

long considered as a part of Trk signaIing machinery (Rabin et al.. 1993; Peng et al..,

1995). Then.. recently cloned FRS-2 adapter protein has been characterized as being

equivalent to SNT (Kouhara et al.., 1997). However~ certain FRS-2 attributes, like

intracellular distribution and activation-independent association with Trks., do not match

known properties of SNT. This leaves viable the hYPOthesis that SNT is a separate from

FRS-2 messenger specifie for differentiation-type neurotrophin signais. The other widely

considered notion is that not ooly ERK activation on itself regulates cell growth and

differentiation~ but also the kinetics (sustained versus transient) aod the level ofactivation

can play decisive roles in cellular responses to NGF. In this case the multiple regulation

elements on the early level of TrkA signaling upstream of the points of convergence cao

provide the necessary means for the fme tuning ofceU function.
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s. p7SNTR structure, signal transduction and functions.

P75NTR neurotrophin receptor belongs to the Turnor Necrosis Factor (TNF)

receptor family. [t shares common structural features with type 1 and type Il TNF

receptors (p55TNFR and p75TNFR)" CD-40" FAS, OX40, CD30, C027, DRJ. DR4, DRS

and 4-1 BB (reviewed by Naismith and Sprang" (998). Il is a glycoprotein with a single

transmembrane domain. Extracellular part contains four cysteine-rich domains (CROs) all

of which are necessary for neurotrophin binding (Yan and Chao, 1991; Baldwin et a/.•

1992~ Baldwin and Shooter; 1994). No direct structural studies ofp75NTR ECO have been

done and the current models are based on resolved crystal structure of pSSTNFR (TNF

Receptor 1) ECD (D'Arcy et al., 1993; Banner et al.• 1993: Naismith et al., 1996a,b) and

limited mutagenesis studies (Baldwin and Shooter; 1994; Baldwin and Shooter; 1995).

Extracellular domain and neurotrophin binding

The results of mapping studies suggest that the p7SNTR binding epitopes of

neurotrophins consist of a number of juxtaposed positively charged amino acid residues.

These residues are located in the two adjacent turn regions LI (residues 30-35 in human

NGF) and L4 (residues 92-98 in hurnan NGF) (Drinkwater et al., 1991; Ibâiiez et al.,

1992: lbâiiez, 1994; Rydén et al., 1995; Rydén and lbéÜ\ez, 1996). The particular residues

crucial for p75 binding vary among neurotrophins. Loop LI residues Arg31 and His33 or

Arg34 and Arg36 Mediate binding of NT-3 and NT-415 respectively. Loop L4 residues

Lys95, Lys96 and Arg97 are critical for BDNF binding, while residues Lys32., Lys34 and

Lys95 in bath LI and L4 loops are thought to participate in NGF binding. In addition in

the case ofNGF loop L3 residues Asp72, Lys74 and His75 may fonn a second binding

epitope (Rydén and Ibâiiez, (997) and residues Trp21, Asp30., De31 Glu35, Lys88"

ArglOO and Argl03 were found to play a role in p75NTR binding. The variability in

p75NTR docking sites among neurotrophins correlates with significantly different kinetics

and biological effects ofp75NTR binding by different ligands.
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• Crystallographic studies of p55TNFR ECO and molecular modeling suggest that

cysteine-rich domains of TNF family receptors foid independently from each other and

form two modular units (Naismith and Sprang~ 1998). Two molecular modeling efforts

have been reported for neurotrophin binding to p7SNTR. The tirst study (Chapman and

Kuntz.. 1995) suggested that only CROs mand IV of p7SNTR participated in NGF binding.

This conclusion is not consistent with the results of a mutagenesis study showing a

crucial role ofCRO Il (Baldwin and Shooter; 1995). The second study resulted in a model

suggesting that p7SNTR can interact with different binding epitopes of neurotropbins via

the same set of negatively charged residues on CROs [ and lI. The later model conforms

with epitope mapping studies and to the fact that ail neurotrophins bind p7SNTR with

similar affinities. However. it does not offer an explanation for variations in biological

effects of p7SNTR binding by different ligands. Further crystallographic studies are likely

necessary in order to provide more information on the structure of p7SNTR ECO and its

binding of oeurotrophin ligands.

Intracellular domain and signal transduction

The intracellular domain (ICO) of p7S NTR cao he divided ioto two subdomains on

the basis of their sequence similarity. The membrane-proximal portion has liule

homology to the other members of TNF receptor family but highly conserved between

species (Barrett. 2000). The carboxy-terminal part is similar to the so-called death

domains of sorne TNF receptor family proteins (pSSTNFR. FAS. ORs) and intracellular

pro-apoptotic proteins such as FADO. TRADD and RIP (Chapman~ 1995). The solution

structure of p7SNTR [CD was resolved by nuclear rnagnetic resonance (NMR) (Liepinsh et

al., (997). The carboxy-terminal death domain folds into two perpendicular sets of three

helices packed into a globular structure that is generally similar but subtly different from

the resolved structure of Fas death domain (Huang et al.,! 1996). Il was also found that

unIike the death domains of known pro-apoptotic proteins., p7SNTR ICD does not self­

associate in vitro. Even though p7SNTR has been implicated in induction ofapoptosis~ il is

not clear whether its death domain participates in pro-apoptotic signaling. Homology to

35



• the death domain bas been found in diverse proteins with no demonstrated role in

regulation ofceU death (Feinstein et al.., 1995).

The precise mechanisms of p7SNTR signal transduction and participation in

neurotrophin signaling are still subjects of intense research. Nevertheless., considerable

knowledge has been accumulated on signaling pathways induced upon p7SNTR expression

and binding.

Generation of a lipid second messenger ceramide, a product of sphingomyelin

hydrolysis, in response to p7SNTR binding with NGF has been rePOrted (Dobrowsky et al.,

1994). [nterestingly. while ail neurotrophins could induce sphingomyelin hydrolysis in the

ceUs that expressed p7SNTR but not Trks, NT-3 but not NGF treatment (ed to elevation in

ceramide level in PC-12 ceUs (Dobrowsky et al., 1995). ln cultured neo-natal rat

oligodendrocytes oRly NGF but not BDNF or NT-3 treatment (ead to ceramide release

(Casaccia-Bonnefil et al.. 1996). The functional role(s) for ceramide in neurotrophin

signaling is unclear. Elevated ceramide levels have been detected in resPOnse to

activation of pro-apoptotic p55TNFR (Mathias and Kolesnick, 1993) and Fas (Tepper et al.,

1995). Thus. ceramide has been thought as an apoptosis-mediating messenger. However.,

\vell characterized pro-apoptotic pathways induced by p55TNFR and Fas do not require or

involve ceramide (reviewed by Baker and Reddy, 1998). Il is possible that ceramide

pathway cao modulate main apoptotic signaling cascades or he induced collaterally. [n the

case of neurotrophin signaling the role of ceramide seems to he complex and dependent

on cellular contexte Increase in ceramide level coincided with cell death for NGF-treated

cultured oligodendrocytes (Casaccia-Bonnefil et al., 1996). In PC-12 ceUs short-term

treatment with the celi-permeable ceramide analog C2-ceramide led to a negative

reguIation as determined by inhibition of TrkA signaling (MacPhee and Barker, 1997).

However long-term exPOsure to ceramide analogues or ceramide resulted in increased

survival of cultured sensory neurons (Ping and Barre~ 1998) and PC-12 celis (Barrett

2000).. and enhanced TrkA signaling (MacPhee and Barker, 1999). NGF treatment of

neuronal cultures from rat cerebral cortex that express p7SNTR and TrkB but not TrkA led

to production of ceramides and protected neurons from delayed cytotoxicity induced by

briefexPOsure to glutamate (Kume et al.., 2000). Interestingly., ceramide but not ceramide
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analogues eaused eell death in the presence of an inhibitor of downstream ceramide

conversion to sphingosine (Ping and Barre~ 1998). Recent studies have shown that

initiation of sphingolipid signaling pathways is often localized to caveolae, small

invaginations in ceU membrane enriched in cholesterol and cholesterol binding protein

caveolin~ or so called caveolae-like domains (CLDs) (reviewed by Dobrowsky, 2000).

Caveolae and CLDs are thought to be clustering sites of cell surface receptors and

membrane-anchored signal transduction molecules~ including both p7SNTR and TrkA

(Huang el al., 1999; Bilderback el al., 1999). Accordingly, p7SNTR-regulated ceramide

release may transduce - p7SNTR signais leading to the regulation ofTrkA function.

Activation of c-Jun N-tenninal kinase (JNK, altematively called stress-activated

terminal kinase - SAPK) has been identified as a part of signal transduction of several

cytokine receptors including TNF family receptors (Schulze-OsthotT el al., 1998). JNK is

also activated in response to different stress stimuli including heat and cold shock,

osmotic shock, ultraviolet irradiation, treatment with toxins and deprivation of growth

factors (revie\ved by Ip and Davis, 1998). JNK signaling is associated with induction of

apoptosis and JNK knockout mice exhibited reduced developmental aPOptosis (Kuan et

al.. 1999). impaired T-cell activation and aPOptosis (Dong et al.~ 1998; Sabapathy et al.,

1999) and reduced kainic acid-induced hippocampal neuron apoptosis (Vang et al.,

1997). However~ since so many stress stimuli lead to JNK activation il is expected that

the etTects of JNK activation are tightly regulated, context-specific and not always pro­

apoptotic (reviewed by Leppa and Bohmann, 1999).

JNK activation and induction of aPOptosis in resPQnse to NGF treatment has been

reported for neo-natal rat oligodendrocytes that express p7SNTR but not TrkA (Casaccia­

Bonnefi1 el al.. 1996; Yoon el al., 1998). Authors of the later study found that a

downstrearn alkaloid inhibitor of JNK blocked NGF-induced apoptosis. However, in a

ditTerent study no JNK. activation or cell death has been detected for NGF-treated adult

human oligodendrocytes (Ladiwala et al.. 1998). Il is aIso not clear whether p7SNTR
..

mediated activation of JNK can occur in the cells expressing both TrkA and p75. JNK

activation upon NGF withdrawal has been observed in cultured sensory neurons (Virdee

et al., 1997) and NGF-dependent PC 12 cells (Xia et a/., 1995). These observations
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• suggest that in certain cellular context unliganded p75NTR can activate JNI( pathway~ or

that JNK activation upon NGF withdrawal may he induced via mechanisms independent

of p7SNTR• BDNF but not NGF induced c-jun phosphorylation in cultured sympathetic

neurons that express p7SNTR and TrkA but not TrkB (Bamji et al.~ 1998). Transfection

and expression of TrkA in rat oligodendrocytes resulted in the absence of JNK activation

in response to NGF and reversed NGF effects from pro-apoptotic to trophic (Yoon el a/.,

1998). These observations led the authors to the notion that independent competitive

signaling of TrkA and p75NTR determines activation of downstream transduction

pathways leading to survival or apoptotic death.

Nuclear Factor-kappaB (NF-ICB) is a DNA-binding protein that plays an important

role in signal transduction of TNF family receptors. Receptor-induced changes in NF-ICB

phosphorylation status lead to its translocation from cytoplasm to the nucleus, binding to

specifie regulatory DNA sequences and regulation ofgene expression. NF-1CB is activated

rapidly after TNF binding to p55TNFR (reviewed by Schutze et al., 1995; Magnusson and

Vaux, (999). NF-KB activation is considcred as a trophic signal in TNF signaling,

presumably by activating a number of anti-apoptotic genes (reviewed by Van Antwerp et

a/.~ 1998). Nevertheless, some studies suggest that the effects of NF-1CB activation are

context-specific and may be pro-apoptotic in certain circumstances (reviewed by Karin,

1998; Ward et a/.• 1999; Borset et al.. 1999; Kuhnel et al., 2000; Kaltschmidt et al.,

2000).

P75NTR
., like other members of the TNF receptor family, can Mediate Nf-1CB

activation. Nuclear translocation and DNA binding of NF-ICB in response to NGF

treatment have been reported for the cultured Schwann cells and celI lines that express

p7SNTR but not TrkA (Carter et al., 1996; Gentry et al., 2000). In contrast, in a different

study NGF treatment did not activate Nf-ICB in severa! cell Iines that did not express

TrkA and transiently or stably expressed p75NTR (Bhakar et al., 1999). NGF-dependent

induction of NF-lCB was detected only after cells were subjected to severe stress, while

NGF consistently enhanced TNF-dependent Nf-1CB activation under normal growth

conditions. These results led the authors to the conclusion that the reports of direct NF-
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tcB activation through p75NTR either reflected its modulatory activity on cytokine receptor

signaling or were the results of experimental artifacts when ceUs were subjected to severe

stress prior to neurotrophin treatment. Nevertheless, p75NTR-mediated NF-lC8 activation

or enhancement ofNf-1CB activation exened anti-apoptotic effects. In the case ofcultured

neurons and neuron-like celllines that express bath TrkA and p75, NF-lC8 activation was

observed only after prolonged (24 hours) treatment (Wood, 1995) but inhibition of NF­

K8 function led to pro-apoptotic effects (Taglialatela et al., 1997; Maggirwar et a/., 1998;

Hamanoue el a/., 1999). There were.. however, reports when p7SNTR-mediated NF-ICB

activation associated with apoptosis (Casaccia-Bonnefil et al., 1996; Kuner and Henel;

1998; y oon et al. .. 1998) implying that the anti- or pro-apoptotic effects ofNF-lC8 may he

regulated by activated TrkA.

While the signaling complexes of p55TNFR and Fas with primary messenger

proteins have been described in considerable detail, until recently very little was known

about early events in p75NTR activation and signal transduction. TNF-induced signaling

complexes included TNF receptor-associated death domain protein (TRADD), Fas­

associated death domain protein (FADO), protein kinase RIP and TNF receptor­

associated factor 2 (TRAF2) (reviewed by Baker and Reddy, 1998). FADD and TRADD

contain Death Domains capable of homodimerization or heterodimerization with other

Death Domain proteins. Recruitment of FADD leads to activation of Pro-caspase-8 and

initiation of caspase-mediated pro-apoptotîc pathways. No p75NTR signaling complexes

with FADD.. TRADD or Pro-caspase-8 has been reported.

It was recently shown that human p75~TR could he immunoprecipitated first with

rat TRAF6 (Khursigara el al... 1999) and, then, with 5 other TRAF family proteins (Ye et

al., 1999). TRAF2 associated with the carboxy-terminal of p7SNTR containing death

domain. Conversely, TRAF4 and TRAF6 interacted \\<ith the juxtamembrane region of

the receptor. TRAF2, TRAF4 and TRAF6 were shown to influence cell survival and Nf­

K8 activation associated with p75NTR expression and external dimerization, while no

biological etfects of other TRAF protein interaction with p7SNTR were reported. TRAF6

and TRAF2 enhanced and TRAF4 inhibited limited NF-1C8 activation induced by p7SNTR

39



•

•

expression. Accordingly, TRAF6 protected the cells from apoptosis caused by over­

expression of unliganded p7SNTR and TRAF4 effects were pro-apoptotic However

TRAF2 co-expression with p75NTR led to enhanced ceH death in the absence of a receptor

ligand. It appears that the interaction of TRAFs with p7SNTR cao he differentially

regulated by receptor dimerization. TRAF6 and TRAF4 association with p7SNTR required

receptor binding with NGF (Khursigara et al.. 1999) or artificiaI ligands capable of

dimerizing a 18g fused with p7SNTR ICD (Ve et al.. 1999). TRAF2 preferentially

associated with unliganded p7SNTR
• While these studies show that interactions hetween

p7SNTR and TRAFs are possible. it is not known whether the observed p7SNTRrrRAF

signaling complexes are physiologicaIly relevant sinee both p7SNTR and TRAFs were

transiently over-expressed to high levels.

A novel protein tenned the Neurotrophin Receptor Interaeting Factor (NRIF) has

been isolated and characterized on the basis of its ability to interaet with p7SNTR ICD

(Casademunt et al.. 1999). ln yeast two hybrid system NRIF interacted with both amino­

tenninal juxtamembrane portion of p7SNTR ICO and earboxy-tenninaI portion containing

death domain. NRIF appears to be involved in pro-apoptotie signaling. 115 over­

expression in eultured eells led to eell death and the disruption of nrif gene resulted in

reduced apoptosis in the mouse embryonie neural retina. NRIF sequence ineludes five

zine finger motifs and a potential nuclear loealization signal. NRIF was loealized

primarily in the nuclei when it was over-expressed in 293 cells. Co-expression of p7SNTR

in the absence of the receptor ligand led to partial NRIF translocation to the eytoplasm

and ceH membrane and to reduction in ceH death caused by NRIF expression.

A second novel protein containing six zinc finger motifs was aIso identified on the

basis of i15 ability to interact with p7SNTR [CD in yeast two hybrid system (Chittka and

Chao. 1999). The protein, tenned SC-1. associated with the juxtamembrane domain of the

receptor but, unlike NRIF ~ did not interaet with the death domaine In contrast to NRIF, SC­

1 localized in the cytoplasm when p7SNTR was not expressed or expressed but unbound.

P7SNTR binding with NGF but not BDNF or NT-3 resulted in predominantly nuclear

localization of SC-l. Interestingly, serum starvation aIso led to nuclear translocation of

SC-l, indicating that there may he p7SNTR-independent regulation of SC-l. TrkA
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expression reversed SC-l distribution to mosdy cytoplasmic in both cases. Nuclear

localization of SC-l appeared to associate with growth arrest. Therefore, like in the case of

NRIF, it served as a negative regulatory factor.

Two more putative p7SNTR-interacting proteins have been recently identified in

the yeast two hybrid system. Neurotrophin receptor-interacting MAGE homolog

(NRAGE) has been shown to associate with p7SNTR and translocate to the plasma

membrane upon p7SNTR binding with NGF (Salehi et al., 2000). Authors suggest that

NRAGE can block direct interaction of p7SNTR with TrkA and Mediate NGF-dependent

cell death. p7SNTR-associated cell death executor (NADE) specifically interacted with the

death domain of p7SNTR and its co-expression with the receptor led to apoptotic cell death

induced by NGF but not BDNF, NT-3 or NT-4/S (Mukai et al., 2000).

P7Sl'TR and Trks

Apart from putative Trk-independent signaling, arguably the most prominent

effects of p7SNTR expression remain (i) taking part in the formation of high affinity

binding sites for the neurotrophins, (H) cooperation with Trk receptors in neurotrophin

signaling and (iii) regulation of the specificity of Trks for their respective neurotrophin

ligands. Examples abound when p7SNTR binding enhances biologicaI effects of

neurotrophins. When co-expressed \vith Trks in cultured fibroblasts, p7SNTR potentiated

functional responses to the corresponding neurotrophins (Hantzopoulos et al., (994).

lnterestingly.. the tnmcated form of p7SNTR with only a part of a juxtamembrane domain

of the [CD remaining was more effective in the potentiation of neurotlophin effects.

Blocking the NGF binding to p7SNTR with high doses of anti-receptor antibody or BDNF

reduced NGF binding affinity and funetional responses in PC12 cells (Barker and

Shooter, 1994). Co-expression of p7SNTR enhanced the NGF-induced tyrosine

autophosphorylation ofTrkA and neuronal differentiation in a human neuronal progenitor

eell line (Verdi.. et al., 1994). p7SNTR binding with NGF enhanced the TrkA·mediated

protein kinase activity in PC 12 ceUs (Canossa et al., 1996). A peptide mimic of the part

of the p7SNTR death domain enhanced NGF-dependent TrkA phosphorylation and

41



•

•

differentiation in cultured human neuroblastoma cells but had no effect on NGF-mediated

cell survival (Wang et al.., 1998). Antibodies that block binding of NGF to the p7SNTR

reduced the NGF survival response in cultured mouse trigeminal neurons and prevented

NGF-induced NF-lC8 activation (Hamanoue et al.., 1999).

There are examples when p7SNTR ability to potentiate trophic effects of NGF

depends on cell type and the developmental state of the cells. While p7SNTR antisense

oligonucleotides had no effect on NGF-mediated survival of cultured sensory neurons

taken from newborn or P2 mice., they blocked the ability ofNGF to rescue E1S neurons

(Barren and Banle~ 1994). The NGF mutant that binds TrkA but not p7SNTR was less

effective than wild-type NGF in promoting the survival of cultured embryonic sensory

neurons and postnatal sympathetic neurons (Horton el al... 1997). Interestingly., the NGF

mutant was equally effective as wild-type NGF in promoting the survival of embryonic

sympathetic neurons where the level of p7SNTR expression was significantly lower. In

another study.. where authors utilized the same type of p7S NTR-non-binding NGF mutant.,

they came to the conclusion that p7SNTR enhanced cell responsiveness to NGF.,

particularly when it was present at limiting concentrations and/or during development in

neurons undergoing a down-regulation ofNGF receptors (Ryden et al... 199Th).

Mice carrying a mutation of the p7SNTR gene that prevents NGF binding have

heen generated (Lee et al.. 1992). These mice had markedly decreased sensory

innervation that correlated with loss of heat sensitivity and associated with deficiency in

skin maintenance. Crossing a transgenic mice encoding human p7SNTR into the mutant

animais reversed the observed adverse etTects of p7SNTR mutation. Cultured sensory and

sympathetic neurons from p7sNTR deficient mice exhibited reduced sensitivity to NGF

but. interestingly.. not to other neurotrophins (Davies et a/... 1993; Lee et al., 1992).

P7SNTR deficient mice also displayed significant reduction of basal forebrain volume and

had a significant 10ss in number of forebrain Deurons (Peterson et al., 1999). At the sante

time., as il has been mentioned above.. a number of studies indicate that neuronal

apoptosis may he impaired in p7SNTR deficient mice (Bamji et al.., 1999; Frade and Barde.,

1999; Ferri and Bisby, 1999; Hannila and Kawaja., 1999).
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There is considerable evidence that in addition to regulating neurotrophin binding

to Trks and Trk signaling p75NTR May enhance the specificity of the Trks to their

preferred neurotrophin ligands. Fibroblasts transfected with trics responded better to non­

preferred neurotrophins compared to corresponding PC 12 transfectants that constitutively

express p7SNTR (Ip el al., 1993). Co-transfection of pï5'''TR into non-neural A293 ceUs

transfected with trkB resulted in higher specificity for BDNF comparing to NT-3 and NT­

4/5 (Bibel et al.• 1999). Overexpression of a dominant negative p75NTR mutant in PC12

ceUs or its block with antibodies led to increased responsiveness to NT-3, even though

PC12 cells express TrkA but not TrkC (Benedetti et al., 1993; Clary and Reichardt,

1994).

The questions of the mechanisms of p75NTR interaction and mutual regulation

with Trks are intriguing. [n the case of NGF one traditional explanation is that p75NTR

acts as a recruitment factor. [n this mode1 p7SNTR
S that expressed in relatively high

numbers bind NGF with fast on- and off-rates and present it to TrkA in a way that

regulates both NGF binding to TrkA and TrkA activation. The other group of models

regards possible functional interactions between TrkA and p7SNTR co-receptors. These

models, in tum, can be divided into two general groups. One supports the notion that

various biological responses to TrkA and p7SNTR activation cao be explained by

independent and ofien competitive signaling of the receptors (reviewed by Majdan and

Miller. 1999). The other concentrates on possible regulation of the co-receptor activation

and early events in signal transduction.
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6. Rationale and objectives of the researeh•

Nerve Growth Factor (NGF) receptor is an important pharmacological target in

the treatment of severa! diseases. The functional NGF receptor is a complex system

characterized by a number of distinctive features. First~ it consists of two co..receptors

TrkA and p75NTR each capable of ligand binding and signal transduction. Second~ binding

characteristics and activation of each co-receptor depend on the expression and

occupancy state of the other. The design and development of therapeutic NGF mimetics

requires detailed understanding of the structure and function of its receptors. On the other

hand. artificial ligands of NGF receptors are the necessary tools for the investigation of

their structure and function.

The studies presented in this Thesis pursued two major objectives. The fust

research objective was to investigate the molecular events required for NGF receptor

activation. The second objective was to apply the acquired knowledge to the design of

anificial NGF receptor ligands with a therapeutic potential.

There is a strong rationale for combining these objectives within the same

research project. The functional interactions between NGF co-receptors have been studied

with the artificial ligands selective to TrkA and p75NTR (Chapter O, The results allowed

us to further modify NGF receptor ligands and use them to study certain structural

requirements for agonistic NGF receptor binding (Chapter Il). That" in tum, led to the

development and characterization of small molecule agonistic ligands of TrkA with a

novel phannacological mechanism ofaction (Chapters Il and [II).
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The study presented in Chapter 1 focused mainly on putative functional

interactions between TrkA and p7SNTR NGF receptors. The experimental approach was

based on achieving separate activation ofTrkA and p7SNTR with receptor-specific ligands.

This goal was accomplished by the use of agonistic anti-receptor monoclonal antibodies.

These antibody-based ligands hound the receptors with high aftlnity independently of

each other and, unlike neurotrophin-based ligands, irrespectively of co-receptor

expression. Using this approach we asked the following major questions:

[s there a functional interaction between TrkA and p7SNTR when the co­

receptors activated independently?

•

•

•

•

Is there a negative or positive modulation ofTrkA by unbound p7SNTR?

Is there a positive or negative modulation ofTrkA by hound p7SNTR?

Does p7SNTR modulation of TrkA signais take place on the level of TrkA

activation or it is limited to downstream transduction pathways?
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Chapter 1. Maliartchouk S. and Saragovi H.U. 1997. Optimal nerve growth factor

trophie signais mediated by synergy of TrkA and p7SNTR reeeptor­

speeifie ligands. J. Neurosei. 17:6031-7
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ABSTRACT

Nerve growth tàctor (NGF) reeeptor-mediated signaling was studied using specifie

monoclonal antibodies (mAbs) as ligands that discriminate between the receptors TrkA

and p75. mAb-induced trophic signais were eompared with the signais of the natural

ligand NGF. [n ceUs expressing TrkA but no p75 receptors (TrkA~ p751.. binding ofTrkA

with mAb SC3 leads to optimal signaIs. [n eeUs expressing both TrkA and p75 (TrkA+

p75~), binding of TrkA with mAb 5C3 leads to significant but suboptimai signais, and

optimal trophic signaIs are obtained by concomitant binding ofTrkA and p75 with mAbs

SC3 and MC192. ln TrkA~p7, cells" binding ofanti-p75 mAb MC192 aIso enhances the

trophic effect of suboptimal concentrations of NGF. [n conlrast, in ceUs expressing p75

receptors singly (TrkA· p75"), binding with mAb MC 192 or NGF causes very limited or

no trophic effects. Thus, the data support the hypothesis that unbound p75 may modulate

TrkA trophic signais. lmportantly, the data aIso demonstrate for the first lime that in

multireceptor systems appropriate combinations of anti-receptor mAbs can fully mimic

the signais ofa polypeptide growth factor.

Key words: NGF: receptor: TrkA; p75: rrophic signais: agon;st; ligand: mAb

INTRODUCTION

Nerve growth factor (NGF) is a 26 kDa dimeric polypeptide that binds two

receptors characterized on the basis of their binding affinity. One NGF receptor is a 140

kDa protein (p140 TrkA) with intrinsic tyrosine kinase enzymatic activity. NGF binds
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TrkA with intermediate affmity (Kd 10.10_10.11 M) (Hempstead et al.• 1991-; Kaplan et al.,

1991; Klein et al.• 1991). Another receptor is a 75 kDa protein (P75) that is bound by

NGF and other neurotrophins such as BDNF with lower affinity (Kd -10-9 M) (Benedetti

et al., 1993).

Coexpression of TrkA and p75 on the cell surface leads to the fonnation of a

limited number of high-affinity NGF binding sites (Kd _10- 12 M). which are presumably

composed of p75-TrkA heteromers (Hempstead et al., 1991; Mahadeo et al., 1994);

however, biochemical detection ofp75 and TrkA heteromers has not been conclusive.

Although expression ofTrkA alone is sufficient for cellular responses (Nebreda et

aL, 1991; Rovelli et al.• 1993), p75 cao regulate TrkA-ligand interactions and signal

transduction (Hempstead et aL, 1989; Verdi et al.. 1994; Dobrowsky et al., 1995).

Moreover. p75 activates its own signaling pathway (for review. see Chao. 1994; also see

Canossa et al., 1996; Carter et al., 1996; Cortazzo et al... 1996). It has been suggested that

in cenain systems ligand-bound p75 receptors may activate apoptotic signais, whereas in

other systems unbound p75 receptors activate apoptosis.

One problem in elucidating the molecuJar structure of the functional NGF receptor

and in determining the individual role of each receptor and a putative cross-modulation

between TrkA and p75 has been the difficulty in obtaining high-affinity ligands that

discriminate completely between the receptors. Mutant neurotrophins that bind Trk

receptors preferentially over p75 function like wild-type neurotrophins in biological

assays (Ibâiiez et aL, 1992; Barker and Shooter, 1994; Ryden et al., 1995); however, NGF

seems to dock onto multiple sites of TrkA, [the IgG-like domain (Perez et aL, 1995)

and/or the leucine zipper domain (Windisch et al." 1995)]. Ligand binding to multiple

TrkA sites may cause signaling and may lead to p75 immobilization and p75-independent

signals (Wolf et al... 1995; Ross et al., 1996). This would he consistent with the agonistic

effect of anti-TrkA polyclonal antisera., which have multiple binding sites (Clary et al.~

1994).

We have previously described a monoclonal antibody (mAb) SC3 that binds a

restricted epitope of TrkA with high affinity and acts as a full agonist (when compared

with NGF) on cells that express TrkA but do not express p75 (LeSauteur et al., 1996). ln
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the present study, combinations of the TrkA-specific mAb 5C3 and the p75-specific mAb

MC192 (Chandler et a1.~ 1984) were used as ligands to analyze NGF receptor in

functional and biochemical assays. These mAbs maintain high binding affmîty regardless

ofexpression ofco-receptors.

The data support the hYPOthesis that NGF-trophic signais are mediated by TrkA

and that unbound p75 negatively modulates TrkA trophic function. More importantly, the

data show that optimal agonistic ligand mimicry for a multireceptor complex can be

achieved by a combination of the natural ligand and an anti-receptor antibody, or by a

combination of two antibodies against different receptors. This information will he usefui

in the design of artificial agonists in multireceptor systems.. including neurotrophin

receptors.

MATERIALS AND METHODS

Cell cullures. Rat PCl2 pheochromocytomas cells express p75 and TrkA; 8104 rat

neuroblastoma cells express -50.000 surface p75 receptorslcell and none of the Trks

(TrkA p75"'); 4-3.6 cells are B104 cells transfected with hurnan trkA cDNA and express

equal levels of surtàce p75 and TrkA (TrkA'" p75J (Bogenmann et al., 1995). The CIO

cellline is a selected subclone of 4-3.6 expressing -50,000 surface TrkA receptors but no

detectable surface p75 (TrkA+ p75). Lack of detectable surface p75 receptors on CIO

clones was assessed by FACScan analysis (with a sensitivity of <500 receptors/cell). Ail

cell lines were maintained in RPMI media (Life Technologies, Toronto, Ontario)

supplemented with 5% fetal bovine serum and antibiotics. Appropriate drug selection was

added to 4-3.6 andCIO ceUs.

Anlibodies as iVGF receptor ligands. Anti-rat p75 mAb MC 192 (IgG1) (Chandler et al.,

1984) and anti-human TrkA mAb 5C3 (IgGl) (LeSauteur et al., 1996) ascites were

purified with Protein G Sepharose (pharmacia, Baie dUrfe, Québec), dialyzed against

PBS, and stored at 20°C. mAb 5C3 is agonistic and can fully substitute for NGF in E25

ceUs expressing TrkA but not p75 (LeSauteur et al., 1996). Further characterization of

mAb SC3 is published in LeSauteur et al. (1996). Purified mAbs were characterized by
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SOS-PAGE under oonreducing or reducing (100 mM 2-mercaptoethanol) conditions to

>95% purity (data oot shown).

Binding assays with directly labeled mAbs 5C3 and MC 192 demonstrated that each

antibody binds to its receptor with relative affinity and satwation profiles regardless of

whether the other receptor is expressed and bound. For example~ mAb 5C3 binds

similarly to TrkA'" p75 celis or Trk.A+ p75+ cells regardless of whether mAb MC192 is

present (data not shown). This is not unusual or unexpected and has been reported for

other antibodies binding different subunits of multireceptor systems (Chastagner et al..,

1996; Pinkas-Kramarski et al.~ 1996).

Proteclionfrom cell dealh. Five thousand cells/well in protein-free media (PFHM-II, Life

Technologies) containing 0.1 % BSA (crystalline fraction V~ Sigma., St. Louis., MO) were

added to 96-well plates (Falcon, Mississag~ Ootario~ Canada). The cultures were

untreated or supplemented with seriai dilutions of neurotrophins (positive control), test

mAbs. or mouse IgG (negative control). The survival profile of the cells was quantitated

using the MIT colorimetrie assay (Mosmann. 1983) after 48-72 hr. Percentage protection

was standardized relative to 1 nM NGF concentrations using the MIT optical density (00

590 nm) and the following formula: [(ODtcst-ODunueated)/(OD l nM NGF-ODunlrcltcd)] x 100.

The 00 of untreated samples [serum-free medium (SFM) ooly] was -10% of 1 nM NGF

control.

Sorne survival experiments were also performed in the presence of various concentrations

of the tyrosine kinase inhibitor K252a (kindly provided by Dr. WenHua Zheng, McGill

University). The concentrations of K.252a used were reported previously (Dobrowsky et

al.., 1995; Buck and Winter, 1996).

DNA fragmentation and apoptosis. Apoptotic death was confinned by analysis of DNA

fragmentation patterns by extraction of genomic ONA as descnbed (Sambrook et al.,

1989). Equal amounts of ONA for each condition were resolved in a 1.5% agarose gel and

visualized with ethidium bromide. Note that DNA isolated from apoptotic PC12 cells
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often does not appear as a typical apoptotic ladder (Xia et al.'t 1995; Barrett and Georgiou,

1996).

Tyrosine phosphorylation assays. The tyrosine phosphorylation of TrkA was assayed

after a l5 min treatment of 4-3.6 cells with the indicated agent(s). Analysis was

perfonned by Western Blot of whole cell lysates with the enhanced chemoluminescence

detection system (ECL~ Amersham, Oakville, Ontario) as described (LeSauteur et al.,

1996), using anti-phosphotyrosine mAb 4G10 (Upstate Biotechnology, Lake Placid, NY)

or affinity-purified polyclonal antisera DF-49 recognizing phosphotyrosine PY490 of

TrkA, which fonns the Shc recognitionldocking site on TrkA (Segal et al., 1996).

Quantitation of protein loading was performed with the Bio-Rad Detergent Compatible

Protein Assay reagent (Bio-Rad Laboratories~ Mississaug~ Ontario, Canada), and by

Coomassie blue staining of gels. Bands in x-ray films were quantified by densitometry

[Scanmaster3+ scanner (Ho~1ec Inc.) and MSCAN software (Scanalytic, CSP [nc.,

Hudson, NH»). Band intensities were standardized using the relative 00 of NGF

treatment in each film as 100%. Statistical analysis of densitometry of three to five gels

was performed using paired Student's t tests.

RESULTS

Fun~tional ~onsequeD~es of NGF re~eptorbinding

Cells undergo apoptotic death when cultured in SFM (Table 1). BI04 ceUs

expressing p75 but not TrkA were not protected by p75 ligands [neurotrophins NGF and

BDNF (1anes 2-9) or by various concentrations of anti-p75 mAb MC 192 (Ianes 10 and

Il)]. Lackofsignificant p75 ligand-induced protection in SFM was independentofTrkA

expression, and apoptotic death occurred in p75+ TrkA+ PC12 ceUs (Table 1, lanes

10 and Il) and in p75+ TrkA+ 4-3.6 ceUs (Table l, lanes 6-11). ln con~ NGF binding

to TrkA protected ceUs from apoptotic death in SFM (Table t.lanes 2-5). NGF-mediated

protection of PC 12 and 4-3.6 ceUs was dose dependent and consistently suboptimal al -l­

10 pM (Table l, lanes 4 and 5). Standard cell culture conditions containing 5% serum

(Table 1~ lane 12) afford both proliferation and survival. Therefore~ higher readings are
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detected when compared with 1 nM NGF ~ which in SFM preferentially acts as a survival

factor.

Table 1. p75 binding does not proteet (rom apoptotie deatb in SFM

TREATMENT PCl2 8104 4-3.6
ADDEDTOSFM (TrkA+ p7s+) (TrkA- p7s+) (TrkA+ p7s+)

CULTURES

1 mouse [gG 0±2.3 0.5 ± 0.7 0±2.2

2 1 nMNGF 100 ± 5.1 -3 ± 2.2 100 ± 4.6

"" 100 pMNGF 80 ± 5.5 1 ± 1.9 87.4 ± 4.5.)

4 10 pMNGF 40 ± 3.4 2 ± 1.7 52.3 ±4.7

5 1 pMNGF 12 ± 1.1 -0.5 ± 1.2 IO.I±5.5

6 2nM BDNF not tested 1 ± 1.3 2.1 ± 1.7

7 200 pM BDNF not tested 2.5 ± 1.3 0.9 ± 1.2

8 20 pM BDNF not tested 1.6 ± 1.3 3.4±2.2

9 2pM BDNF not tested 0±0.7 0.5 ±3.7

10 MC 192 2 J.1g/ml 2 ± 1.2 0.7±0.8 1.2 ± 2.3

Il MC 192 0.2 J.1g/ml -1 ± 3.4 0.6±2.3 3.7 ± 3.1

12 5 % serum 157 ± 0.9 100 ± 7.7 148 ± 7.2
PCI2~ BI04. and 4-3.6 ceUs were cultured in serum-free media (SFM) supplemented with

test or control ligands as indicated. Cell protection was quantitated after 48 br by

measuring 00 using the MIT colorimetrie assay. Data were standardized relative to

optimal NGF treatment (PCI2 and 4-3.6 ceUs). 8104 ceUs do notrespond to NGF, thus in

this assay they were standardized with respect to 5% serum. A representative experiment

is sho\vo (average± SD; n = 4) from more than three independent experiments.

Next. ceUs expressing p75 and human or rat TrkA receptors were used to test

potential synergy ofmAb MCI92 as a p75 ligand and suboptimal NGF doses (5 pM) as a

preferential high-affinity ligand. MAb MC192 alone affords very limited (or insignificant)

protection in SFM (Table 1; Table 2, lanes 4-6); 5 pM NGF alone affords suboptimal cell

protection ranging frOID -30 to 50% (Table 1; Table 2, lane 3).
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• NGF (SpM) + mAb MC192 synergized to significantly increase cell protection in

SFM (Table 2, lanes 7-9). This protection was dependent on the concentration of mAb

MC 192 and was maximal at 0.2 Jlg/ml (1 nM) (Table 2, lane 8). MAb MC 192

concentrations ranging from 0.1 nM to 1 JlM were tested, but only sorne concentrations are

shown for clarity. At 2 J-lg/ml (10 nM) or higher concentrations, mAb MCl92 afforded

limited synergy (Table 2, lane 7), and al 0.02 J.1g/ml (0.1 nM) or lower concentrations it

did not synergize with NGf (Table 2, lane 9). Thus, a bell-shaped dose-resPQnse resulted

wherein low or high concentrations ofmAb do not afford synergy with 5 pM NGF.

Table 2. Concomitant p75 and TrkA binding proteets ceIls from apoptotic death

TREATMœNTADDEDTO PC12 4-3.6
SFM CULTURES (TrkA+p7n (TrkA+ p7n

1 mouse IgG o± 1.3 0±1.5

2 1 nMNGF 100 ± 6.5 100 ± 4.8

3 5 pMNGF 28 ± 8.4 48 ± 3.5

4 MC 1922 J-lglml 2 ± 1.5 1 ± 4.1

5 MC 192 0.2 J-lg/ml 6 ± 2.7 a 6±3.5 a

6 MC 192 0.02 J.lg/ml 1 ± 2.0 1 ± 4.2

7 5 pM NGF + MC 192 2 J.lg/ml 49 ± 3.3 85 ± 6.5

8 5 pM NGF + MC192 0.2 J.lg/ml 86 ± 7.4 108 ± 5.6

9 5 pM NGF + MC 192 0.02 J.lg/ml 26.2 ± 5.1 55 ± 4.5
Assays were performed as described in Table 1 legend. MAb MC 192 synergizes with

suboptimal (5 pM) NGF in protecting PC12 and 4-3.6 ceIls from apoptotic death in SFM

(lanes 7 and 8).

a the small increase in survival induced by mAb MC 192 is statistically significant.

Similar tests were performed with 4-3.6 cells (human TrkA+ p7S) and CIO cells

(a sorted subclone of 4-3.6 cells that expresses human TrkA but is p75). 4-3.6 and CIO

clones express a similar number of surface human TrkA receptors. In these ceIls il is

possible to replace NGF withmAb 5C3 as a test ligand for human TrkA (Table 3).
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Table 3. Con~omitant ligand binding of p75 and TrkA synergizes in tropbi~ signais

TREATMENT ADDED 4-3.6 CIO
TO SFM CULTURES (TrkA+ p7s+) (TrU+ p75-)

1 mouse [gG 0±3.4 O± 1.7

2 1 nMNGF 100 ± 5.3 100 ± 3.7

3 100 pMNGF 89 ± 6.6 3S ± 3.1

4 10pMNGF 52 ± 3.6 7±3.l

S 1 pMNGF 4±4.4 0±2.4

6 MC 192 1 J-lg/ml 16±S.7 a 1 ± 1.2

7 MC 192 0.1 J-lg/ml 8±4.0 O± 1.8

8 SC3 1 J.1g1ml 42 ± 3.0 79 ± S.2

9 SC3 0.1 J-lglml 20 ± 5.S 64 ± 5.3

10 SC3 1 J-lglml + MC 192 1 J.lg/ml 78 ± 2.7 73 ± 3.8 c

Il SC3 1 J.1g/ml + MC 192 0.1 J.1g1ml 118±3.1 b 59±4.9 c

12 5C3 0.1 J.lg/ml + MC 192 1 J-lg/ml 65 ± 6.8 not tested

13 5C3 0.1 J.lg/ml + MC 192 0.1 J.lg!ml 96 ± 2.3 not tested
Assays were performed as described in Table 1 legend. Binding of p7S and TrkA with

mAbs MC192 and 5C3 respectively (lanes 9-(2) synergize in protecting 4-3.6 ceUs from

apoptotic death. whereas binding of TrkA with mAb SC3 alone (lanes 8 and 9) atTords

suboptimal protection. ln contrast., CIO ceUs are better protected by binding TrkA with

mAb 5C3 alone (lanes 8 and 9).

a the small increase in survival induced by mAb MC192 is statistically significant.

b the survival higher than 100% is statistically signjficant from 1 nM NGF.

C not statistically significant from each other.

Combinations of mAbs 5C3 and MC192 afforded optimal 4-3.6 cell protection

(Table 3. lanes 10-(3)., which is comparable with that afforded byoptimal NGF (Table 3.,

lane 2). SYnergy by combination of mAbs SC3 and MC192 is demonstrated by

significantly higher protection than treatment with either mAb alone (Table 3., lanes 6-9).

Interestingly~ although binding of TrkA with mAb SC3 alone affords only -20-40%

protection to 4-3.6 eeUs., similar treatmentofClO ceUs affords 65-80% protection in SFM
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(Table 3, lanes 8 and 9). MAb SC3 concentrations ranging from 0.01 to 5 J.lglml (0.05-250

nM) were tested.. but only some concentrations are shown for clarity.

Consistent with CIO cells lacking surface p75, the combination ofmAbs MC192

and SC3 does not enhance the effect of mAb SC3 alone (Table 3, lanes 10-13). As

expected, CIO cells are less responsive to low doses of NGF than 4-3.6 ceUs (Table 3,

lanes 3-5) because they lack detectable p75. Funhermore.. no synergy was observed in

CIO cells when mAb MC 192 and S pM NGF were tested in combination (data not

shawn).

To assess whether trophic signais leading to cell survival in SFM were mediated

via a tyrosine kinase activity. the K252a inhibitor was used (Table 4). As expected, K252a

inhibited trophic survival induced by 1 nM NGF. K2S2a also inhibited trophic survival

induced by optimal concentrations of mAb 5C3 or by optimal combinations of mAbs 5C3

+ MC 192. Inhibition by K252a was dose dependent. The highest concentration of K252a

tested (SOO nM) was not toxic to 4-3.6 cells (data not shown). and this dose has been used

previously (Dobrowsky et al., 1995; Buck and Winter. 1996).

Table 4. 1052a Înibits NGF receptor-mediated trophic signais

K2S2a % Cell survival in SFM supplemented with
(nM)

NGF 5C3 5C3 + 192

0 100±9 50±3 112 ±4

50 60±4 32±3 67±5

500 32±4 13 ± 2 43 ±2

Assays were performed as described in Table 1 legend. 4-3.6 cell survival in SFM was

achieved by incubation with the indicated ligands. Optimal ligand concentrations were

used as per Table 3 (1 nM NGF, 5 nM SC3 mAb, and S nM SC3 + 0.5 nM MC192

mAbs). Cells were challenged with various concentrations of K252a, and % survival was

calculated using 1 nM NGF as 100% standard. K252a inhibits bath NGF and mAb­

mediated survival in a dose-dependent manner and to a similar relative degree.
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Fig. 1. Changes in apoptotic DNA degradation. Genomic DNA was extracted trom (A) 4-3.6 or
(B) PC12 ceUs cultured as indicated tor 48 he in SFM. Equal amounts tram each sample were
resolved on a 1.5% agarose gel and visualized with ethidium bromide. Standard molecular
markers (l\-I) are sho\\ln. A typical apoptotic DNA ladderis seen for 4-3.6 cells~ but PC12 DNA is
more smeared and difficult to isolate as a ladder (Xia et al.~ 1995; Barrett and Georgiou.. 1996).
Antibody concentrations were selected from optimal survival assays (e.g... Table 3).. namely 5 nM
mAb 5C3 and 0.5 nM mAb MC 192. NGF (5 pM) was suboptimal in survival assays~ and sorne
DNA laddering is expected (8). DNA laddering is ablated when NGF is combined with 0.5 nM

mAb MC 192.
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Analysis of the degradation pattern of genomic DNA confinned the apoptotic

nature of ceU death in SFM for 4-3.6 and PC12 cells (Fig. 1) and for 8-104 cells

(data not shown). The absence or presence of DNA degradation correlated conclusively

with protection or lack of protection from death for ail treatments and for all cell lines

(Tables 1-3).

ln 4-3.6 ceUs~ no DNA degradation is seen after culture with 5% serum or with

mAbs SC3 + MC192, although a small amount ofDNA degradation is seen for 4-3.6 ceUs

treated with mAb SC3 (Fig. lA). In contrast, extensive apoptotic DNA degradation is

seen when 4-3.6 ceUs are cultured \\<ith SFM or mAb MCl92 alone (Fig. lA).

In PC 12 ceUs, no DNA degradation is seen after culture with 5% serum or with 5

pM NGF + 10 nM mAb MC 192. PC 12 cells treated with 5 pM NGF aJone do have limited

DNA degradation (Fig. 1B), as expected~ because this concentration of NGF affords

suboptimal survival. PC 12 cells cultured with SFM or mAb MC 192 aJone show extensive

DNA degradation (Fig. lB).

TrkA tyrosine pbospborylation

To further analyze the signaling mechanism of the antibody-based ligand

combinations, TrkA tyrosine phosphorylation (PY) was studied. This was performed by

Western blot analysis of whole cell lysates with antibodies against phosphotyrosine (a­

PY) or with antibodies that bind phosphotyrosinylated TrkA within the Shc

recognition/docking site [phosphotyrosine 490 ofTrkA (a-PY490, DF-49 antibody)].

Initial experiments were designed to resolve the concentration of mAb SC3 that

affords optimaJ PY of TrkA (Table 5). A 15 min treatment with mAb SC3 at 1 Ilglml (5

nM) induced optimal TrkA PY and TrkA PY490 in CIO (TrkA+ p75) and 4-3.6 ceUs

(TrkA+ p75'). This was consistent with previous survival data (e.g.~ Table 3); however, 5

DM mAb SC3 was less efficient at phosphorylating TrkA when compared with 1 DM NGF

(Table 5, lane 5). This result is also consistent with previous survival data.

57



•

Table 5. TrkA tyrosine phospborylatioD in response to MAb SC3

CeUs CIO CeUs 4-3.6 CeUs

PY total PY490 PY total PY490

1 No Ligand 11 1 4 1

2 NGF 1 pM 12 1 7 5

.,
NGF 10pM 12 1 44 33.J

4 NGF 100 pM 36 45 93 61

5 NGF 1 nM 100 100 100 100

6 5C3 0.05 nM 10 1 5 1

7 5C3 0.5 nM 40 40 32 21

8 SC3 5 nM 91 71 45 43

9 5C3 50 nM 35 49 39 21

Cells were untreated (1ane 1) or treated with the indicated concentrations of NGF (lanes

2-5) or mAb 5C3 (1anes 6-9). for 15 min at 37°C. Ligand concentrations were selected on

the basis of survival assays (e.g.~ Table 3). Equal amounts of protein from whole cell

lysates were resolved by SOS-PAGE and analyzed by Western blotting with

antiphosphotyrosine (anti-PY) or with -PY490 blot (DF-49 sera) recognizing specifically

the Shc binding site of TrkA. Band intensities were analyzed by densitometry and

standardizp.d using the relative optical density of 1 nM NGF treatmentas 100%. Data from

a representative Western blot are shown.

As expected.. TrkA phosphorylation in reSPOnse to low NGF concentrations (Table

5.. lanes 2-4) was decreased in CIO ceUs compared with 4-3.6 ceUs~ because CIO ceUs do

not express p75 receptors. In contras~ TrkA phosphorylation in response to rnAb 5C3 was

always stronger in CIO ceUs compared with 4-3.6 cells (Table 5.. lane8).
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Using the optimal NGF and mAb SC3 concentrations above, we studied TrkA PY

after treatment of cells with various combinations of the ligands (Fig. 2). A 15 min

treatment of 4-3.6 cells (TrkA+ p75) with both SC3 and MC192 mAbs (Fig. 24,8, fane

5) induced TrkA PY comparable with that induced by optimal NGF doses (Fig. 24,8, fane

2). MAb 5C3 alone (Fig. 24,B, fane 3) caused significant changes in TrkA PY; however,

mAb SC3-induced TrkA PY is lower than that induced by NGF or by combinations of

mAbs SC3 and MC 192. Treatment with mAb MC 192 alone did not cause significant

changes in TrkA PY.

Other cellular proteins of sizes ranging from 40 to 125 kOa are also tyrosine­

phosphorylated in response to these ligands. Interestingly, the effect on these unidentified

suhstrates is ligand specifie. For example, NGF, mAh SC3, or 5C3 + MC 192 (but not

MC192 alone) causes the PY of a -120 kDa phosphoprotein (Fig. 24, thick dashed

arrow), whereas only NGF or mAb SC3 causes the PY of a -110 kDa phosphoprotein

(Fig. 2A .. short thin arrow). AH treatments cause the PY of a -40 kDa phosphoprotein

(Fig. 1.4 .. thin dashed arrow). With the exception of the -40 kDa phosphoprotein, mAb

MC 192 alone did not cause significant and reproducible increases in PY of other proteins

within the 15 min treatment (Fig. U. fane -1). More importantly, mAb MC192 did not

affect TrkA PY in a significant and reproducible manner (Fig. 2A.B. lane -1; see statistical

analysis in e).

Densitometry of the TrkA band of five anti-PY blots as in Figure 24 revealed a

significant increase in total PY induced bya combination of mAhs SC3 and MC 192 (91 %

of that induced by optimal NGF) (Fig. 2e). The total PY increase induced by treatment

with mAb SC3 aione (S6% of that induced by optimal NGF) is significantly higher than

untreated control (p = 0.029), and it is aiso significantly different from total PY increases

induced by mAb combinations (p = 0.022).

Densitometry of the TrkA band of five a-PY490 blots as in Figure 2B (DF-49

antibody) revealed an increase after treatment with mAb SC3 (24% of that induced by

optimal NGF), which was significant compared with untreated controis (p = 0.016) (Fig.

2C). Treatment with mAbs SC3 + MC 192 aIso increased PY490 (66% of that induced by

optimal NGF). The PY490 increases seen after treatment with mAb SC3 or mAbs
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• SC3 + MC 192 are significantly different from each other (p = 0.008). Treatmeot with

mAb MC 192 alone did oot cause a significant increase in TrkA PY490.
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Fig. 2. Optimal TrkA tyrosine phosphorylation by concomitant binding ofp75 and TrkA.

4-3.6 cells were untreated (/ane 1) or treated with 1 nM NGF (lane 2)., S nM mAb SC3

alone (/ane 3)" 0.5 nM mAb MC 192 alone (fane -1)" or a combination of both mAbs (/ane

5) for 15 min at 37°C. Ligand concentrations were selected from survival assays (e.g.,

Table 3) and pilot experiments (e.g.., Table 4). Equal amounts of protein from whole cell

lysates were resolved by SOS-PAGE and analyzed by Western blotting. A, Anti­

phosphotyrosine (anti-Pl') blot. Short thick a"ow indicates p140 TrkA. Notable changes

in tyrosine phosphorylation of other cellular proteins can he seen induced by NGF, mAb

SC3, or SC3 + MC 192 (thick dashed arrow), by NGF or mAb 5C3 only (short thin

arrow), or by all treatrnents (thin dashed arrow). B" -PY490 blot (DF-49 sera) recognizing

specifically the Shc binding site of TrkA. C., Oensitometric scanning quantification of

band intensities relative to NGF treatrnent (average ± SE; n = S).

* indicates significant difference from untreated samples (paired Student's t tests; n = S;

p < 0.03).
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DISCUSSION

Binding ofTrkA [with various concentrations ofNGF (in PC12 and 4-3.6 cells) or

with anti-human TrkA mAb SC3 (in 4-3.6 celis)] leads to significant trophic signals~ as

assessed by cell protection in SFM~ by increased receptor PY~ and by reduced apoptosis

and DNA degradation. The signais leading to cell survival in SFM are mediated by a

K252a inhibitable tyrosine kinase activity, likely TrkA.

Concomitant binding of TrkA (with the ligands above) and of p7S (with mAb

MC 192) increase trophic signals synergistically~ to levels equivalent to optimal NGF

concentrations. When mAbs SC3 and MC 192 are combined~ there is a small but

significant higher 4-3.6 cell survival over optimal NGF. This is likely attributable to the

mAbs being more stable in culture at 37°C than NGF and perhaps to receptor/ligand

recycling. The possibility of a small amount of cell division is unlikely., because BrdU

incorporation in response to mAb SC3 or NGF in SFM is undetectable (data notshown).

Synergy of mAb MC 192 and NGF in protection from apoptosis can he explained

partially by increased binding of NGF to p75 receptors (Chandler et aL., (984); however.,

several arguments suggest that affinity considerations are not the sole mechanism by

which p7S ligands modulate TrkA function. First, although NGF increases its affinity for

p75 approximately threefold in the presence of MC 192~ the functional enhancement is

-200-fold (survival with 5 pM NGF + MC [92 is nearly equivalent to 1 nM NGF). Second,

enhancement of p7S affinity by mAb MC 192 ought to sequester NGF from TrkA (Barker

and Shooter~ 1994)~ and therefore a reduclion in TrkA-mediated survival should occur

rather than the observed increase. Third., and most important~ mAb MC192 enhances the

biological and biochemical function ofTrkA stimulated with mAb SC3. Synergy between

these mAb ligands was not caused by a change in affinity or binding properties of the

mAbs., because each mAb binds its receptor regardless of, and is unaffected by~ the other

(see Materials and Methods).

Functional synergy between p75 ligands and TrkA ligands (in cells expressing

both receptors), together with decreased TrkA-mediated signais in TrkA+ p75+ ceUs

compared with TrkA+ p75- cells, suggests functional interactions. Two nonexclusive

mechanisms may account for the p75 effect. (1) Bound p75 positively enhances TrkA
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• signais directIy or indirectly, and (2) unbound p75 negatively modulates TrkA-mediated

trophic signais directly or indireetly. Our data provide stronger support for the latter

mechanism.. based on the following three arguments.

First, decreased trophic signals in response to TrkA binding by mAb 5C3 were

detected in 4-3.6 ceUs (TrkA+ p75") when compared with CIO ceUs (TrkA+ p751.

Comparable data were published using fibroblasts transfected with trkA cDNA

(LeSauteur et al., 1996).

Second, synergistic effects occur between TrkA ligands and mAb MC 192 only

when the concentration of MC 192 is optimized to achieve bivalent binding of all or most

receptors. At low concentrations (subsaturating).. mAb MC 192 does not synergize with

TrkA ligands. At very high mAb MC 192 concentrations, poor synergy is observed, likely

because of high dose inhibition (the probability of mAb binding in a monovalent fashion).

This is consistent with reports that high doses of mAb MC 192 (8 J.1g/ml; -40-fold higher

than our optimal concentrations) can antagonize the effect ofNGF on PC12 ceUs (Barker

and Shooter, 1994). The issue of monovalent versus bivalent receptor binding has also

been examined (our unpublished observations).

Third, protection from apoptotic death in SFM was very limited or undetectable

after binding of p75 alone with NGF (in BI04 cells) or with MC192 mAb (in BI04,

PC12, and 4-3.6 ceUs) and undetectable after binding with BDNF (in BI04 and 4-3.6

cells). The simplest interpretation is that detectable p75 trophic signais in SFM require

pre- or coactivation of TrkA. This would he consistent with reports of a protein kinase

that associates with p75 receptors only after TrkA activation (Canossa et al., 1996).

The mechanism by which p75 controls TrkA function probably does not involve

TrkA-p75 heterodimers, because they are not likelyto he induced by binding of the mAb­

based ligands; however, the possibility that receptor heterodimers preexist on the celI

membrane and are not ligand dependent cannot he ruled out (Wolfet al., 1995; Ross et al.,

1996). Furthermore, it is also possible that a positive modulation of hound p75 on TrkA

oecurs (Vercli et al., 1994; Canossa et al., 1996).

Previously~ polyclonal anti-TrkA antisenun was used ta achieve -70% of the

neuronal survival atforded by optimal NGF (Clary et al., 1994). The neurons expressed
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TrkA and p75~ but potential synergy on p75 binding was not studied. Our results are

consistent with and expand on that data.

Although p75 has been reported to signal in the absence of TrkA binding (for

review~ see Chao~ 1994; also see Carter et al.~ 1996; Cortazzo et al., 1996), those p75­

mediated signais do not lead to trophic responses or to increased PY of TrkA as studied

herein. Our results contrast Yiith other reports wherein unbound p75 receptors did not

modulate TrkA-mediated signais (Verdi et al., 1994)~ and p75 binding in the absence of

TrkA binding did proteet from apoptosis induced by antimitotie agents (Conazzo et al.,

1996). The different results likely are attributable to the presence of growth factors in

these other experiments. Our results also differ to some extent from a report by Rabizadeh

et al. (1993) in which p75-mediated TrkA-independent protection from apoptosis was

described in NR50 (a Hne derived from PC12 cells) and CSMI4.1 (immortalized

neuronal eells), purported to lack TrkA as assessed by Northem blot analysis. These ceUs,

however, May express very low levels of TrkA, which May help to explain the

discrepancy.

Analysis of TrkA PY, particularly the Shc docking site PY490, confinned that

higher activity is induced after concomitant binding of TrkA and p75. This likely is

attributable to increased kinase kinetics, to lower tyrosine phosphatase activity~ or to

sustained phosphorylation of PY490 (Segal et al., 1996). Any one of these alternatives

supports the hypothesis of a negative modulation of TrkA enzymatic activity by unbound

p75.

On the basis ofour Western blot experiments, the putative negative modulation by

p75 seems to he released within a few minutes. Thus, it is unlikely that this modulation

involves NF- (Carter et al., 1996) or JNK (Xia et al., 1995) transeriptional pathways.

Perhaps the regulation ofTrkA by p75 is more direct and acts via phospholipid hydrolysis

(Oobrowsky et al., 1995) or otherkinases (Canossa et al., 1996).

Important changes in the PY of cellular proteins other than TrkA are also seen

induced by ligands that afford optimal protection from apoptotic death. Sorne of these

proteins are tyrosine-phosphorylated in a ligand-specifie manner. The identification of

these phosphoproteins may reveal differences or specificities in signal transduction
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induced by NGF versus antibody-based ligands and will aid in understanding whether the

putative negative modulation of TrkA is direct or indirect via adapter or regulatory

proteins.

Very few anti-receptor mAbs with agonistic activity exist (Taub and Greene~ 1992)~

and even agonistic polyclonal antisera are rare. Thus~ given the dimerizing ability of

antibodies~ it seems that although receptor dimerization is required (Heldin~ 1995), it

alone cannot account for agonistic function. Likely~ a conformational change(s) in the

structure of the receptor must also occur (Posner et al.~ 1992;Carraway and Cerione, 1993;

Cadena et al., 1994; Arakawa et al., 1995). We predict that mAb SC3 affords TrkA

homodimerization as weIl as a partial receptor confonnational change(s) that leads to

partial agonistic signais.

Partial conformational changes are expected from the fact that mAb SC3 likely

docks onto a region of TrkA and affects the receptor differently than NGF (Perez et al.,

1995; Windisch et al.~ 1995). This is also supported by published observations that mAb

monovalent SC3 Fabs function as agonists in bioassays using fibroblasts transfected with

human TrkA (LeSauteur et al.~ 1996). Furthermore~ treatrnent of CIO cells (TrkA'" p7S)

with mAb SC3 atTords on/y -80% of the trophic survival afforded by trealment NGF,

suggesting that mAb SC3 and NGF are not identical TrkA ligands.

Structural analysis of mAb SC3-TrkA and NGF-TrkA complexes May reveal the

nature of the ditTerences and perhaps putative receptor confonnational changes that occur

on ligand binding. Furthermore, medulloblastomas engÏneered to express TrkA undergo

apoptotic death after NGF treatment (Muragaki et al., 1997), and it would he of interest to

test whether mAb SC3 affects these cells in the same manner.

An important and novel concept is the demonstration that functional agonism in a

multireceptor system could he optimally achieved by a combination of a natural ligand

and an anti-receptor antibody or by two antibodies against different constituents of the

complex. This information might he useful in the design ofartificial receptor agonists and

antagonists, particularly for neurotrophin or othermultireceptor systems.

Our work will continue using monovalent fragments of the mAbs to assess the

role of dimerization. Future work will focus on how different NGF receptor-ligand
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complexes affect early events of neurotrophin signaling, internalization, and activation of

second messengers.
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• Connection to Chapter O.

ln a study presented in Chapter 1a complex (Wo receptor system was investigated

with a usage of artificial mAb ligands that bind the co-receptors irrespectively of each

other expression~ binding and activation. Alternative approaches to achieve a selective

activation ofTrkA and p75NTR involved the use of engineered forms ofNGF incapable of

binding either co-receptor or selective blocking of TrkA and p7SNTR with an antibody

(reviewed by lbâi\e~ (994). Receptor-binding and., importantly, receptor-activating

properties ofNGF mutants can still depend on expression of co-receptors., while blocking

antibodies may display partial agonistic or inverse agonistic properties. In contras~ mAb

receptor ligands afford truly independent binding and activation ofTrkA and p7SNTR
•

The results clearly show the existence of functional interactions between TrkA

and p7SNTR
• In a model based on cultured cells., TrkA activation and trophic signais were

negatively regulated by p7SNTR expression., even though TrkA ligand binding and

occupancy state were not affected. At the same time the optimal trophic signais, similar to

that induced by NGF. were only achieved when p7SNTRs were expressed and bound with a

p7SNTR_Specific ligand. Taken together these findings point out that both negative

regulation ofTrkA by unbound p7SNTR and positive regulation ofTrkA by p7SNTR bound

with an activating ligand can take place within the same cellular context. P7SNTR

regulation of TrkA signais occurred., at least in part, directly on the level of TrkA

activation.

These findings have important implications for discovery and development of

artificial neurotrophic ligands. Firs~ it has been demonstrated that a trophic action of

NGF could be mimicked by a combination of TrkA-specific and p7SNTR-specific ligands.

ln more general terms, this study has shown that in a two-receptor system an appropriate

combination of receptor-selective artificial ligands can produce the same signais as a

polypeptide honnone. The same methodology can he adapted to other therapeutica1ly

important two- or multi-receptor complexes. The examples ofsuch systems include erb-B

receptor complexes involved in the development of several malignances, Interleukin (IL)-
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4 1 IL-13 and IL-S receptor complexes thought to he important in the development of

asthma.

The second implication is that characterization of NGF mimetics should involve

the use of models that include expression and activation of both TrkA and p7SNTR
• Il is

still unclear what molecular mechanisms are responsible for TrkA - p7SNTR interactions

and even what constitutes p7S NTR activation. However. from a practical point of view. it

is apparent that in the design and development of NGF mimetics both co-receptors must

be taken into account.

Monoclonal antibodies (mAbs) have been used as agonistic ligands of NGF

receptors. Unlike NGF. mAbs dock into a small epitope rather than interact with an

extended surface. And. unlike polyclonal aotibodies. they are capable of a single defined

mode of binding. In addition.. mAbs cao imitate bivalent neurotrophins in their ability to

fonn dimeric (or higher order) complexes. The success of this methodology made

possible to ask important questions pertinent to development of artificial neurotrophic

ligands:

• What are the valency requirements for agonistic ligands ofNGF receptors?

• [s it possible to imitate NGF binding with a small molecule ligand that. like a mAb..

docks into a single small defined epitope?

These issues are remarkably significant in the design and development of

therapeutic receptor ligands. Natural honnones are usually oligomeric and/or oligovalent

(reviewed by Heldin. 1995). Tt has been traditionally thought that external cross-linking

by an agonistic ligand was necessary for activation of cell surface receptors with a single

transmembrane region. However, from a pharmacological point of view good drug

candidates are small non-peptidic Molecules, easily bioavailable and proteolytically

stable. These compounds are likely to be monomeric. monovalent and able to interaet

ooly with a single defmed epitope ofa target receptor.

The two mentioned above questions are the main issues of the studies presented in

the Chapter fi. Monovalent and bivalent mAb-based ligands were used in order to model

monomeric or dimeric or higher order receptor complexes. Small cyclic peptides based on
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a structure of an NGF turn region were previously shown to bind TrkA and interfere with

NGF binding. In the present study they were characterized as defined monomeric and

monovalent TrkA ligands capable of inducing agonistic effects. The main focus was on

TrkA ligands since TrkA activation leads to neurotrophic biological effects. And,

importantly~ potential TrkA-binding NGF mimetics were tested in a paradigm of synergy

with an activating p7SNTR ligand.

72



•

•

Cbapter Il. Maliartebouk S., Debeir T., Beglova N., Cuello A.C., Gehring K., and

Saragovi H.U. 2000. Genuine monovalent ligands of YrkA nerve growth

factor reeepton reveal a novel pharmaeologieal meebanÎsm of action. J.

Biol. Cbem. 275:9946-56•

73



•

•

THE JOURNAL or BIOLOGICAL CHEMISTRV Vol. %75, No. ''', Issue of April 7, pp. 9946-99S6, %000
<02000 by The American Society for Biochemistry and Molecular Biology, Ine. P,Ülted ln lf..s:A.

Genuine Monovalent Ligands ofTrkA Nerve Growth Faetor Reeeptors
Reveal a Novel Pharmaeologieal Meehanism of Aetion*
(Received for publication't July 21, 1999, and in revised form, December 9, 1999)

Sergei Maliartcbouk;§, Thomas Debeir*~,Natalia Beglovall, A. Claudio Cuello:,
Kalle Gehringll**, and H. Uri Saragovi: ::§§
From the Departments of tPharmacology and Therapeutics,IIBiochemistry. and ;;Oncology and the
Cancer Center, JWc:Gi// University, Montréal, Québec H3G 1Y6, Canada

ABSTRACT

Developing small molecule agonistic ligands for tyrosine kinase receptors has been difficult

and it is generally thought that such ligands require bivalency. Moreover, multisubunit

receptors are difficult to target hecause each subunit contributes to ligand affinity, and each

subunit may have distinct and sometimes opposing functions. Here. the NGF receptor

subunits p75 and the tyrosine kinase TrkA were studied using artificial ligands that bind

specitically to their extracellular domain. Bivalent TrkA ligands afford robust signals.

However.. genuine monomeric and monovalent TrkA ligands afford partial agonism,

activate the tyrosine kinase activity.. cause receptor intemalization, and induce survival and

differentiation in cell lines and primary neurons. Monomeric and monovalent TrkA ligands

cao sYDergize with ligands that bind the p75 subunit. However the p75 ligands used in this

study must he bivalent, monovalent p75 ligands have no effect. These findings will he

useful in designing and developing screens of small molecules selective for tyrosine kinase

receptors. and indicate that strategies for designing agonists of multisubunit receptors

require consideration of the role of each subunit. Lastly, the strategy of usÎng anti-receptor

mAbs and small molecule hormone mimics as receptor ligands could he applied to the

study of many other heteromeric cell surface receptors.
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Nerve Growth Factor (NGF)l is a dimeric honnone composed of two identical

protomers. NGF binds to either or both of two receptors tenned TrkA and p75. CeUs

expressing TrkA bind NGF with intennediate affinity (~ -10-10 M) (1-3), and ceUs

expressing p75 bind NGF with lower affinity (~ -10-9 M) (4). Co-expression ofTrkA

and p75 creates high affmity NGF binding sites (~-IO-12 M) (3), indicative ofphysical

and functional interactions (5-8).

Agonists that activate TrkA afford protection from apoptotic cell death and

neuronal difTerentiation and axonal growth (9). The p75 receptor mediates apoptosis in

sorne neuronal and non-neuronal cells (reviewed in (l0, Il», but it is unclear whether

p75-mediated death is constitutive, induced by agonistic p75 ligands, or can he

antagonized by other ligands. Culture studies where Trk-specific ligands were mixed with

p75-specific ligands have shown synergy and reciprocal regulation offunction (6-8,12).

TrkA is a tyrosine kinase receptor that transduces NGF signais. The dimeric NGF

protein induces TrkA dimerization leading to activation of the kinase (13), as expected by

analogy with other receptor tyrosine kinases (14). However, dirneric ligands do not

always lead to receptor activation (15-17). Hence, the possibility that monomeric ligands

could induce confonnational changes leading to receptor dimerization or activation

remains an attractive hypothesis (18). Since no biological studies have been done with

defined and genuine monomeric ligands of TrkA or any other tyrosine kinase receptor,

this is one airn of the present study.

Functional synergy between bivalent Trk ligands and bivalent p7S ligands,

leading to enhanced Trk activation and cell survival have been reported (6,8). However,

no functional studies of synergy have been done with defmed and genuine monovalent

ligands ofp75 and TrkA. This is another aim ofthe present study.

To answer both aims, we used defined monovalent and monomeric ligands that

bind to the extracellular domain of TrkA and p75 receptors. Specifically, we asked: (1)

[ The abbreviations used are: NGF, nerve growth factor; mAb, monoclonal antibody;
DRG, dorsal coot ganglia; FPLC, fast protein liquid chromatography; N-Ac, N-acetyl;
SFM, serum-free medium; MIT, 3-(4,S-dimethylthiazol-2-yl)-2,5·diphenyltetrazolium
bromide.
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whether monovalent and monomeric ligands of TrkA can act as partial agonists; (ii)

whether monomeric ligands ofTrkA can synergize with ligands ofp75; and (;Ïl) what the

valency requirement is for p75 ligands to synergize with TrkA ligands. Three sets of

ligands that bind the extracellular domain of NGF receptors were available. Each ligand

was used in its bivalent or monovalent state, alone or in combinations. ta probe receptor

function in biological and biochemical assays.

Anti-TrkA mAb SC3 is an agonist of TrkA (19); anti-p75 mAb MC 192 can

synergize with TrkA ligands (6); and small Molecule peptide mimics of NGF. The

peptide mimics are small, confonnationally constrained analogs of a single p-turn of a

single NGF protomer. Peptides tenned C(92-96) and C(92-97) bind TrkA in vitro and

target TrkA-expressing cells in vivo (20-22). When TrkA is engaged by these peptide

analogs, binding of the natural ligand NGF is antagonized (21). but a possible intrinsic

activity of the peptide analogs upon binding TrkA had not been studied.

Biophysical characterization of C(92-96), described herein. defines it as a genuine

monomeric and monovalent TrkA ligand. We repon that genuine monovalent TrkA

ligands are partial agonists and induce TrkA activation and intemalization. and cell

survival and differentiation. Expectedly, bivalent TrkA ligands afford more robust

signals. These data challenge the exclusive notion of ligand bivalency postulated for

activation of tyrosine kinase receptors. For p75, ooly bivalent ligands afford signais that

synergize with TrkA-mediated signals. This suggests that TrkA and p75 differ in their

requisites for ligand-activation. Lastly. oligomerizing ligands afford the same signals as

homodimerizing ligands.

The insight that monovalent small Molecule ligands can he partial agonists will he

useful for screening and designing pharmacological agents. and the approach described

can he adapted to the study ofother receptors.
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MATERIALS AND METHOOS

Cel/lines

Rat PC12 ceUs express low levels of rat TrkA and 40,000-100,000 p75 receptors/ceU

(TrkA+ p75+++). 8104 rat neuroblastomas express -50,000 p75 receptorslcell but do not

express Trks (TrkA- p75+++). The 4-3.6 ceHs are 8104 ceHs stably transfected with

human trkA cDNA, and express equal surface levels of p75 and TrkA (TrkA+++ p75+++)

(23). The 6-24 cells are PC 12 ceHs stably transfected with human trlcA cDNA and

overexpressing TrkA (TrkA+++ p75+++). Cell surface expression of each of NGF

receptors was routinely controlled in aU cells by quantitative FACScan assays (Becton

Dickinson.. CA) (data not shown). These cells do not express detectable mRNA for

neurotrophins (data not shown, and reference 23), and undergo apoptosis when

neurotrophins or serum are withdrawn.

Dissociated neuronal dorsal root ganglia cultures

Fetal rat dorsal root ganglia (DRG) primary cultures were established essentially as

described (24) from Sprague Dawley day 17 rat embryos. AH ganglia were dissected and

dissociated first enzymatically with trypsin and then mechanicaUy. Dissociated cells were

cultured (100,000 cells/well) in 96 well plates pre-coated with collagen, and grown for a

total of 8 days in Neuro Basal Medium containing N2 supplement (GIBCO, Toronto),

antibiotics. and L-glutamine. These DRG cultures are -85% TrkA-expressing and are

heavily dependent on TrkA signals for survival (25~6).

Antibody andfragment preparation

The activity ofanti-human TrkA IgO mAb 5C3 and anti-rat p75 IgG mAb MC192 have

been described (6.. 19). MAbs 5C3 and MC 192 do not cross-block each other' s binding.

Purified [gGs were digested with papain (OmCO, Toronto) to Yield monovalent

fragments (Fabs). For funher purification, first papain was inactivated.. second the Fc

fragments were removed in protein O-Sepharose columns (HiTrap, Phannacia), and third

the Fabs containing kappa light chains were purified to >98% purity in KappaLock-
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Sepharose columns (Upstate Biotechnology, Lake Placid, NY) and by preparative FPLC

with sizing columns (Pharmacia). No IgG was detected in Fab preparations. FPLC

spectrometry and size exclusion analysis under native conditions did not reveal the

presence of aggregates, even at 40 J.lM Fab concentrations (bioassays use nM

concentrations). The conditions used would have detected <0.2% of Fab aggregates.

Binding competition assays between SC3 Fabs and the intact antibody indicated mat the

affinity of Fabs (Kt 10 nM) is within 5-fold of the intact IgG (Kd 2 nM). The affinity of

the MC192 Fabs were not measured directly. However, FACScan assays demonstrated

that MC192 Fabs and MCl92 (gG (Figure lA and lB), and SC3 Fabs and SC3 IgG

(Figure 1 C and 1D) bound their cellular targets in a specific and saturable fashion

indistinguishable from each other (Figure 1).

Cyclic NGF mimics

The NGF mimic C(92·96) is an N-acetylated (N-Ac) cyclic peptide with primary

sequence N·Ac-YCTDEKOCY. The NGF mimic C(92-97) is N-Ac-YCTOEKOACY.

The C(92-96) and C(92-97) peptides are cyclized by intrachain disulfide bonds (indicated

by underline) (21). These peptides are structural mimics of the C-D P-tum of NGF (27).

Linear peptides with the same sequences do not bind TrkA~ and were prepared as

controis by substituting Cys with Met (primary sequence YMTDEKQMY). The linear

peptides do not cyclize and NMR spectroscopy indîcated lack of conformation (data not

shown). The C(92·91)dimer is a tethered covalently linked dîmer of C(92..97). HPLC and

mass spectroscopy analysis confirmed the expected retention rime and mass for a dîmer.

Peptide sytllesis and cllllracteriZlltion

N-Ac peptides were SYnthesized by FMOC chemistry. Purification, quality control and

characterization of the peptides were done as described (21), and by nuclear magnetic

resonance (NMR) diffusion studies (this report). More convincingly, the full NMR.

spectra of NAc..C(92-96) were analyzed (27). Assignment of ail resonances and

distances, and resolution of the structure showed the peptide to he monomeric. Therefore

it is extremely unlikely that NAc..C(92-96) is a non-covalent dîmer. With respect to a
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possible covalent dimer. mass spectroscopy (API fi MS System~ Sciex~ Thornhill•

Ontario) by electrospray ionization quadrupole (data points every 0.1 Da) verified the

chemical composition and monomeric state of NAc-C(92-96) with 1192.3±O.3 atomic

mass units measured~ which is the theoretical mass (1192.2) for an oxidized monomer.

No trace of a covalent peptide dimer was detected even after prolonged signal averaging,

using conditions that would have detected 1% of dimer. Therefore. it is extremely

unlikely that NAc-C(92-96) is a covalent dimer

NMR spectroscopy

NMR samples contained 5 mM N-Ac-C(92-96) in distilled water at pH 5.7 containing

10% (v/v) of D!O for the deuterium lock. When D!O was used as a solvent~ the peptide

was twice lyophilized and redissolved in D20. Spectra were acquired at 500 MHz proton

frequency on a three channel Bruker DRX500 spectrometer equipped with pulsed field

gradients. Standard experimental protocols were used for the acquisition ofNMR spectra

and spectral assignments. Isotropie self-diffusion measurements used NMR pulse field

gradients at different peptide concentrations (28.29). Seventeen 1-D assays were done at

each concentration with gradient strengths from 0.67 to 63.65 G/cm. gradient duration 3.5

milliseconds. and a diffusion time of 150 milliseconds. Peptide signal decay was

measured at nine different frequencies. Data were fit to the equation 1=[Oexp(_(yôG)2('r­

ô/3)cS]. where 1 is the experimentally measured signal intensity attenuated by diffusion~ y

is 1H gyromagnetic ratio. ô is gradient duration, G is the gradient strength, 't is time

between gradient pulses, and cS is diffusion coefficient. Results were averaged.

Ligand concentrations and valency

Antibodies are defined as ·..·artificial receptor ligands" because they are specific, they bind

with high affinity, \vith saturable and reversible kinetics, and they are bioactive.

Responses to a full dose range (from pM to high J.1M) were studied previously for sorne

ligands; and the same dose range for aliligands were studied herein (data not shawn).

Usually, only optimal concentrations ofNGF mimics, mAbs. or Fabs that afford trophic

signais are shown for clarity. The NGF mimic C(92-96) is monomeric and monovalent. It
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is water soluble and does not aggregate even at 18 mM (this manuscript). The

[C(92-97)]dimer is a covalent dimer and bivalent analog of the C(92-97) NGF mimic.

Intact IgGs are dimeric and bivalent~ and Fabs are monomeric and likely monovalent.

Where indicated~ Fabs were cross-linked with goat-anti-mouse Fab antibody (a-Fab~

Sigm~ St. Louis~ MO) at a 2:1 ratio of Fab.a-Fab. This cross-linking ratio affords

optimal dimerization (one a-Fab can bind two Fabs). Higher cross-linking of Fabs using

Fab. a-Fab ratios of 1:1 or 1:5 (each Fab bound by many a-Fabs)~ leading to ligand

oligomerization. achieved results comparable as dimerizing ratios of2:1 Fab. a-Fab (data

not shawn).

ProtectionIrom apoptotic death

Primary DRG cultures: After a total of 8 days of culture with NGF (Prince Labs~

Toronto) or the indicated test or control ligands~ cell survival were studied using the

3{4.5-Dimethylthiazolyl-2)-2~5-diphenyl tetrazolium bromide colorimetric (MIT) assay

and by microscopic observation.

Cel/Unes: 5't000 cells/well in protein-free media (PFHM-II't GIBCû, Toronto) containing

0.2% bovine serum albumin (BSA) (Crystalline fraction V, Sigm~ St. Louis~ MO) were

seeded in 96 weil plates (Falcon't Mississauga. Ontario). The cultures were untreated, or

treated with the indicated test or control ligands. Cell viability was quantitated using the

MTT assay after 56-72 hours of cu1ture~ and apoptotic death was confirmed by analysis of

DNA fragmentation patterns. Percent protection was standardized from MTT optical

density (OD) readings relative to optimal NGF (l nM) = 100%. The 00 of untreated

cells were subtracted and were <15% for celllines and <30% for primarf cultures. The

higher survival of untreated primary cultures is likely due to endogenous production of

limiting amounts ofgrowth factors.

Tyrosine phosphorylalion assays

TrkA tyrosine phosphorylation was assayed after a 15 min. treatment of intact cells with

the indicated agent(s)~ and revealed by western blotting of whole celllysates as described

(6). Anti-phosphotyrosine (a-pTyr) mAb 4GI0 (UBI, NY), or antiserum a-pTyr490
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against the pTyr490 of TrkA (within the Sbc docking site) (30) were used as a primary

antibody. Bands in X-ray films were quantified by densitometry~ and intensities

standardized relative to 1 nM NGF. Densitometry of 4-5 independent gels were analyzed

statistically by paired Student t-tests with Bonferroni corrections.

TrkA interna/;zat;on measuremenls

Live 4-3.6 cells were treated as indicated for 45 min al 4°C in the presence or absence of

0.25% sodium azide. Cells were maintained at 4°C or shifted to 37°C for another 20 min

to allow ligand-induced receptor internalization (9). Then, cells were washed and

immunostained with mAb 5C3 al 4°C (PBS~ 0.5% BSA, 0.1% sodium azide), for analysis

of surface TrkA expression by FACScan immunot1uorescence as described (9). In each

assay, 5.000 cells were acquired, and the Mean channel fluorescence (MCf) of bell­

shaped histograms were analyzed (LYSIS U, Becton Dickinson.. CA). Percent inhibition

of mAb 5C3 binding was calculated as a change in MCF with respect to control uotreated

cells. Rapid loss of surface TrkA is interpreted as receptor internalization, which is

delayed or inhibited by low temperatures or sodium azide (9).

Chem;clIl cross-I;nking

Live 4-3.6 single cell suspensions were bound by the indicated Iigand(s) for 45 min at

4°C. Cells were then washed in PBS, cross-linked with 1 mM disuccinimidyl suberate

(DSS, Pierce) for 15 minutes at 15°C as described (31). Unreacted OSS was quenched

with 5 mM ammonium acetate and whole cells were lysed directiy in SOS sample buffer.

Equal amounts of protein for each sample were resolved in a 5-10% SOS-PAGE gradient,

transferred to nitrocellulose, and western bloned with anti-Trk polyclonal antibody 203 (a

gift of Dr. David Kaplan, McGill University) that recognizes the intracellular domain of

Trk. This antibody was selected because of high specificity towards Trk in western blots,

and because its epitopes are not atTected by OSS cross-linking.
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Figure 1. Binding profile ofmAb versus Fab fragments

4-3.6 cells expressing equal levels of TrkA and p75 were analyzed by FACScan

binding as described in the Methods section. Binding of intact IgG was revealed with

fluorescein (FITC)-coupled goat anti-mouse IgG. and binding of Fabs with FITC-coupled

goal anti-mouse Fab. Controls excluded the specifie primary. Saturating concentrations

are achieved al 50 nM Fabs and at 25 nM IgG. These concentrations have equal number

of receptor-binding unilS because IgGs are bivalent. Decreasing the saturating dose 5 told

results in similar immunostaining patterns for IgG and Fabs (compare A versus B. and C

versus D)~ suggesting similar binding propenies. Note that FACScan immunostaining

conditions (105 ceUs stainedltest. binding primary for 30 min at 4°C) are not identical to

the conditions used for survival assays hence saturating concentrations tor the latter can

not he extrapolated.
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RESULTS

Cell survival induced bv monovalent and bivalent TrkA ligands

Previously~ we showed that anti-human TrkA mAb SC3 significantly protected

cells from apoptosis when cultured in serum free media (SFM). but anti-p75 mAb

MC 192 did not promote cell survival. Combinations ofanti-TrkA mAb SC3 and anti-p75

mAb MC192 synergized to protect ceUs optimallY9 to levels comparable to 1 nM NGF; as

did combinations of mAb MC192 and 10 pM NGF (6). Therefore. we tested 4-3.6 cells

(human TrkA+-Ho rat p75+++) (Figure 2A) or PC 12 cels (rat TrkA+ rat p7S+++) (Figure

28) in the same paradigm.. but using putative monovalent ligands.

Significant protection was afforded by SC3 Fabs.. in a dose dependent manner.

SC3 Fabs at 1 nM-IO nM afford protection comparable to 10 pM NGF. More rohust

protection was afforded by 1-10 nM SC3 Fabeu-Fab complexes. Negative controls a-Fab

or mouse [gG did not afford survival. Positive control bivalent mAb SC3 at the optimal

concentration ofO.S nM protected -SO% of the cells. lnterestingly.. 10 nM SC3 Fabea-Fab

complexes afforded significantly higher protection than O.S nM SC3 IgG. possibly

because SC3 Fabea-Fab complexes are more flexible than IgG. or oligomerize TrkA more

efficiently.

Monovalent p7S ligands do not potentiate NGF signais

1 nM NGF protects PC12 ceUs (expressing rat TrkA+ rat p7S+++) from apoptosis

induced by culture in SFM. Low concentrations ofNGF (10 pM) as a high affinity ligand

afforded -300/0 survival. Monovalent MC192 Fabs failed to synergize with 10 pM NGF,

and protection was not significantly different than 10 pM NGF alone. Synergy did occur

with MC 192 Fabea-Fab complexes + 10 pM NGF. The effect was dependenl on the

concentration ofMCl92 Fabea-Fab complexes (data not shown) and was optimal al 1 nM

cross-linked MC 192 Fab.
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Figure 2. Trophic Protection bv Monovalent and Bivalent TrkA or p75ligands

Cells were cultured in SFM supplemented with the indicated ligands tor -68

hours. Cross-linking of Fabs was achieved with a 2 IbId molar excess of ci-Fab artibody.

Cell survival was measured in MIT assays. Protection from apoptotic death was

calculated relative to that of optimal NGF (1 nM, 100% protection). Average ± standard

error of mean (sem), n=4. Representative from at least 3 experiments. (A) 4-3.6 cells. *
significant protection compared to control mouse [gG. ** significantly higher than 0.5

nM mAb SC3. (B) PC12 cells. * significantly higher than 10 pM NGF. ** not

significantly different from 10 pM NGF. P < 0.01.
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As positive control, bivalent MC 192 synergized with 10 pM NGF increasing

protection from -30% to -90%. Synergy was dependent on the concentration of mAb~

and was optimal at 0.5 nM MC192 (data not shown). Controls a-Fab, mouse IgG,

bivalent MC 192, monovalent MC192 Fabs, and MC 192 Fab-a-Fab complexes alone did

not protect PC 12 cells substantially from apoptosis. ln all permutations of these

experiments, apoptotic cell death was confirmed by analysis of DNA fragmentation

patterns (data not shown).

Svnergv of bivalent and monovalent ligands ofNGF receptors

To analyze the valency requirement of each NGF receptor, combinations of

bivalent and monovalent antibody-based ligands were tested on 4-3.6 cells for gynergy in

protection of apoptotic cell death (Figure 3). ln these assays it was encouraging to

observe that comparable biological responses by different ligands (e.g. 1 nM cross-linked

SC3 Fabs afford the same protection as 0.5 nM SC3 bivalent (gG) also result in

equivalent receptor occupancy (e.g. 1 nM Fabs bind the same numher of receptors as 0.5

nM [gG). Positive controls of bivalent SC3 combined with bivalent MC 192 were

synergistic and afforded 100% protection. Negative controls a-Fab alone and mouse (gG

alone did not afford cell survival in SFM (data not shown).

A combination of monovalent SC3 Fab with either monovalent MC192 Fab or

with bivalent MC192 did not result in synergy; the -25% protection was not significantly

different than seen with monovalent SC3 Fab atone. However. SC3 Fab-a-Fab complexes

synergized with bivalent MC192. A combination of monovalent MC192 Fab with

bivalent SC3 did not result in synergy; the -50% protection was not significantly different

than that afforded by bivalent SC3 alone. In cootrast, MC 192 Fabs-a-Fab complexes

synergized with bivalent SC3 and afforded -110% protection. One bias in this assay is

that a-Fab cross-linking does oot occur exc1usively al MC 192 Fabs but also occurs upon

bivalent SC3, resulting in sorne multivalent SC3 oligomers. However, a-Fab cross­

linking of bivalent SC3 IgG does not enhance its activity (data not shown), therefore the

biological effect ofcross-linking occurs at the MC192 Fabs.
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Figure 3. Svnergistic trophic protection by p75 and TrkA Ligands

Experiments using 4-3.6 cells were as described in Figure 2. Cross-linking of

Fabs was achieved with a 2 fold excess of a-Fab antibody. Only optimal doses lor each

of the TrkA or p75 ligands (0.5 nM IgG and 1 nM Fabs) are shown. Protection from

apoptotic death was calculated relative to that of optimal NGF (1 nM. 100% protection).

Average ± sem. n=4. Data representative from at least 3 independent experiments. * not

significantly higher than control mouse IgG. ** significantly higher than control mouse

IgG. *** not significantly higher than SC3 Fabs alone. **** not significantly higher than

mAb SC3 atone. ***** significantly lower than aH dimeric combinations of MC192 +

SC3. p < 0.01.
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LastlY9 a-Fab cross-linking of 1 nM MC192 Fab + SC3 Fab afforded -65%

protection. This activity can be ascribed to 4 theoretical ligand mixtures: SC3 dimers

(25%)9 MC 192 dimers (2S%)9 and SC3IMC192 heterodimers (SO%). If the SC3IMC192

heterodimers are indeed fonne~ they seem to be inactive because we observed that

reducing the concentration of bivalent mAbs 5C3 and MC 192 to 0.12S nM (the

concentrations in the theoretical mixtures above) results in synergy and -65% protection

(data not shown).

While the data is suggestive that heterodimers are inactive., this is an unclear issue

because we have no evidence that the heterodimers indeed form. The putative

heterodimeric ligands can not be isolated and analyzed because they dissociate and re­

associate during purification.. nor cao they be stabilized because binding activity is lost

upon chemical cross-Linking. Additionally, it is noteworthy that more extensive cross­

linking with higher ratios of a-Fab did not increase protection although higher

oligomerization of ligands is expected (data not shown).

For clarity.. ooly nearly optimal concentrations of ligands are presented; but

responses from JlM to pM concentrations were studied (see Methods). Thus, optimal

protection is afforded by combinations that result in homodimerizing ligands., and no

increased protection is seen "ith oligomerizing ligands. [n ail permutations of these

experiments., apoptotic cell death was confinned by analysis of DNA fragmentation

patterns (data not shown). Moreover9 the ligands Mediate trophic effects in a

TrkA-dependent manner., because no concentration or combination ofNGF and antibody

could induce significant protection ofBI04 cells (TrkA-, p75+++) (data not shown).

Ligand vaIency and TrkA tyrosine phosphorylation

TrkA tyrosine phosphorylation (TrkA-pTyr) was studied as a biochemical

correlate of cell survivaI in SFM (Figure 4). Analysis was done by western blotting with

mAb 4G10 against phosphotyrosine (total pTyr)., or \vith antibodies against

phosphorylated tyrosine 490 ofTrkA (pTyr490) which is the Shc binding site ofTrkA. A

representative western blot of total pTyr is shown in Figure 4A. Statistical analysis of

densitometry for several blots oftotal TrkA-pTyr (Figure 48 upper panel), and for several
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blots of TrkA-pTyr490 (Figure 48 lower panel) were used to quantify the TrkA-pTyr

data. Western blotting with anti-TrkA antibodies, done in paraUel, demonstrated that all

lanes contained the same amount ofreceptor (data not shown).

Monovalent SC3 Fabs induced small but significant increases in TrkA-pTyr

(Figure 4A, lane 2) and TrkA-pTyr490 compared with untreated control (Figure 4A, lane

1) or MC 192 Fabs (Figure 4A, lane 4). Much higher signals were induced by SC3 Fab-a-

Fab complexes (Figure 4A, lane 3). Quantification showed that -80% of total TrkA-pTyr

and -SS% of TrkA-pTyr490 were induced compared with optimal NGF-induced signals

(Figure 48). [n contrast, no significant TrkA-pTyr or TrkA-pTyr490 were induced by p7S

ligands bivalent MC192.. MC192 Fab-a-Fab complexes, or monovalent MC192 Fabs

(Figure 4A.. lanes 10. S and 4). For quantitative statistical analysis ofthese data see Figure

48. Ali of these fmdings are consistent with the survival data.

There were no significant differences between trealments with SC3 FabS +

MC 192 Fabs (Figure 4A., lane 6) versus SC3 Fabs alone (Figure 4A.. lane 2), indicating

lack of synergy. Cross-linking of SC3 Fabs + MC 192 Fabs with a-Fab afforded an

increase in total pTyr (Figure 4A., lane 7).

Approximately 8S% of total pTyr and -6S% of pTyr490 of TrkA were induced

compared \vith optimal NGF-induced levels (Figure 48). However, the increases in TrkA

pTyr and pTyr490 induced by [SC3 Fab-MC192 Fab-a-Fabl complexes were not

statistically different From increases induced by SC3 Fab-a-Fab complexes (Figure 48).

Ali of these findings are consistent with the survival data.

Thus.. SC3 FabS are partial agonists monovalent ligands of TrkA, that induce

receptor activation and lead to trophic ceU survival. Although the evidence that mAb SC3

Fabs are indeed monomeric is compelling (see Methods) it is possible that these large Fab

molecules of-50 kOa could aggregate. Hence., other ligands were tested.
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Figure 4. Bivalent TrkA ligands induce

optimal TrkA tyrosine phosphorylation

Equal amounts of protein from whole cell

lysates were resolved by SDS-PAGE and

analyzed by western bloning with

anti-pTyr mAb 4G10 (total pTyr) or with

an antibody recognizing pTyr490 \vithin

the Shc bindiog site of TrkA (TrkA

pTyr490) (oot shown). Blot shown is

representative of at least three

independent total pTyr experiments.

A. 4-3.6 cells were untreated (lane 1) or

treated with indicated ligands for IS

min al 37°C. In lanes 3, S and 7

monovalent Fabs were cross-linked

with ck-Fab antibodies as indicated

(+). Homodimeric binding of p75 and

TrkA (lane Il) with intact IgGs

enhances TrkA pTyr over each IgG

alone (Ianes 9 and (0). Ligand

concentrations are as in Table 1B.

Asterisks (*) indicate significant

ditTerence From uotreated samples

(paired t-tests. n=6.. p<O.OS).

B. Densitometric scanning

quantification of TrkA total pTyr

(upper panel) and pTyr490 (Iower

panel) intensities relative to optimal

NGF treatment (average ± sem.. 0=6).

Filled bars indicate anti-Fab

cross-linking. Asterisks (*) indicate

significant difference trom untreated

samples (paired t-tests.. 0=6.. p<O.OS).
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Characterization of small molecule monomeric TrkA ligands

C(92-96) is a small Molecule (-1 kDa)~ cyclic and confonnationally constrained

peptide analog of the C-D p-turn region of a single NGF protomer. Therefore~ the C(92­

96) mimic ofNGF was studied as a candidate genuine monovalent and monomeric TrkA

ligand.

To address the valency of C(92-96) we detennined the solution structure of the

pharmacophore to better than 0.5 A root Mean square deviation (RMSD). NOESY and

TOCSY spectra were consistent with a monomeric~ non-aggregated state and a 5 residue

pharmacophore within a p-turn (27). Five chemical moieties are too few to bind two

receptors simultaneously as a bivalent agent, hence this ligand is monovalent.

The following criteria indicate that C(92-96) is monomeric. First~ mass

spectroscopy of C(92-96) demonstrated that there were no covalent dimers or oligomers

(see Materials and Methods). Second, the aggregation state of the peptide at mi/lim%r

concentrations in sO/lition was resolved by high resolution proton NMR spectroscopy

(Figure 5A). Third. natural [3C abundance NMR relaxation parameters were measured

for the a carbon atom. heteronuclear NOEs, and the molecular correlation time of

C(92-96) was assessed. The overall correlation lime detected of 1.76 nanoseconds at 5°C

is expected for a monomer. FOllrth.. the translational self-diffusion constant in solution

unequivocally identitied C(92-96) as monomeric.

Pulse field gradient NMR measurements of the self-diffusion coefficient (cS) were

determined al various peptide concentrations of 2, 6, or 18 mM; T=278 K. Values of ô=

LOI ± 0.07 (10-6 cm2/s); cS = 1.00 ± 0.06 (10-6 cm2/s); and cS = 1.04 ± 0.05 (10-6 cm2/s)

were measured for 18 mM, 6 mM and 2 mM samples respectively (Figure SB). These cS

values are essentially the same, indicating an identical state for the peptide. Thus, the

samples remain monomeric, and peptide aggregates are undetectable in solution even al

concentrations as high as 18 mM. We estimate that the self-association constant for any

putative aggregate cannot he larger than 10 M·l. Thus~ a 10 J.lM solution of C(92-96)

(used hereafter) could not contain >1 nM self-aggregated dimers, ifany aggregate al aiL
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Figure 5. NMR spectroscopy ofNAc(92-96) peptide mimetic.
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Small molecule monomeric and monovalent agonists ofTrkA

Four questions were addressed. First'f the genuine monovalent and monomeric

TrkA ligand C(92-96) was tested for trophic support of cells in SFM. Second, a covalent

dimeric analog of C(92-96) termed C(92-97)dimer was also evaluated to direcdy compare

the potency and efficacy of monomeric versus dimeric small Molecule TrkA ligands.

Third~ to study whether surface density of TrkA receptors influences trophic signais,

these agents were assayed in parallel on cell lines that differ only in TrkA density (PC 12

versus 6-24. and BI04 versus 4-3.6 cells). Fourth, to study whether the ligands activate

receptors in normal neurons, primary cultures of dissociated dorsal root ganglia from day

17 rat embryos were tested. These cells express TrkA and p75 receptors and their survival

and differentiation are dependent on TrkA activation. Orowth and survival were studied

tirst in MIT assays (Table 1). Differentiation was studied morphometrically (Figure 6).

The trophic response was dependent on NGF dose and was optimal to 1 nM NGF

in aIl cell types (Table 1. row 1). Better survival was seen at 10 pM NGF for 6-24 and 4­

3.6 cells (Table 1. row 3) suggesting that high TrkA expression affords better efficacy

when ligand concentrations are limiting. BI04 cells did not respond to any dose of NGF

(data not shown). Negligible survival to 10 pM NGF in DRG cultures is due to the fact

that DRG cultures are heterogeneous and secrete growth factors, masking the effect of

low concentrations ofexogenous NGF.

The C(92-96) NGF mimic did not afford significant survival of PC12" 6-24, or 4­

3.6 cells; compared to control linear peptides; but did afford significant survival of DRG

cultures (Table 1. rows 4 versus 6). This effects was dose dependent, and C(92-96) at 1

~ afforded -10% growth of DRO (data not shown). ln contrast, the C(92-97)dimer

peptide afforded good trophic support for 6-24 and 4-3.6 cells, and very low but

statistically significant support for PCI2 cells (Table 1, row 5). The 6-2.4 and 4-3.6 cells

express comparable numbers of TrkA receptors, suggesting a TrkA density-dependent

response.

MAb MC 192 aIone afforded very low or insignificant trophic support ofceU lines

(Table 1, row 7); but as a bivalent p75 ligand it synergizes with TrkA ligands (e.g. see

Figure 2). High DRG survival inresponse to mAb MC 192 alone (Table l, rows 7 and 10)
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is explained by the mAb potenttatmg endogenously produced growth factors.

Furthermore.. bivalent MC192 potentiated the activity of C(92-96) (Table 1.. row 8). In

cell Iines the combination is synergistic.. white in DRG cultures the combination is

additive due to high protection afforded by each ligand alone.

Table 1. NGF peptide mimics evoke trophic responses aJone, and in synergy with p75
dimerizing ligands.

Experiments were perfonned as described in Figure 2. Ceillines PC12 (p7S+++

TrkA+)" 6-24 (PC12 ceUs overexpressing TrkA., p7S+++ TrkA+++).. and 4-3.6 (p7S+++

TrkA+++).. or dissociated primary neuronal cultures from embryonic day 17 rat DRGs

ceUs were used. Cell lines were treated for 3 days.. and DRGs were treated for 8 days with

the indicated ligands. Cell growthlsurvival was studied by the MIT method. Growth was

caJculated relative to that of optimal NGF (1 nM.. 100% protection) subtracting the 0.0.

of untreated ceIls. % growth: mean ± sem" averaged from at least 3 independent

experiments.. each experiment n=4.

0/0 protection in serum-Cree media
TREATMENT

PC12 6-24 4-3.6 DRG

1 1 nMNGF 100 ± 1.8 100 ± 3.7 100 ± 4.2 100±6

2 500 pMNGF NT NT NT 68±4

'" 10 pMNGF 30 ± 3.6 60 ± 3.1 47 ± 2.5 7±2.J

4 C(92-96) 10~ 0±2.7 0.6 ± 3.1 0.7±0.9 38±3

5 C(92-97)dimer 10 J,lM 5 ± 1.6 23 ± 2.4 19 ± 3.1 NT

6 linear peptide 10 J.1M 1 ± 1.3 8 ± 1.2 0.3 ±2.6 0±4

7 MC192IgG 1 nM 4±2.5 7 ± 1.8 5±O.6 25±6

8 C(92-96) + MC192 28 ± 2.8 52 ± 5.2 40 ± 3.0 55±5

9 C(92-97)dimer + MC192 39 ± 6.3 72 ± 3.1 59 ± 3.2 NT

10 linear peptide + MC 192 5 ±2.0 7±3.8 2 ± 1.0 26±2

~: not tested.
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As a control., bivalent ~IC192 did not synergize with linear peptides (Table 1., row

10). Further controls using 8104 ceIls (TrkA-, p7S+++ parental to 4-3.6) demonstrated no

protection by the peptide NGF mimics., a10ne or in combination with mAb MC192 (data

not shown)., suggesting that the activity requires TrkA expression.

Monovalent TrkA ligands induce the differentiation ofembryonic DRa cultures

The differentiation of dissociated primary ORO cultures was studied (Figure 6).

Untreated ORO cultures had sparse., bipolar, and poorly differentiated neurons (Figure 6.

panel A). At 20 pM NGF the increase in the number and the leogth of neurites and

branches was very low (Figure 6. panel B); at 1 nM NGF the increase was optimal

(Figure 6. panel Cl. Treatment with control linear peptide did not induce differentiation

(not shown). Treatment with 0.5 DM MC 192 alone (Figure 6, panel D); or with 10 J.lM
C(92-96) alone (Figure 6, panel E) induced substantial differentiation. However.

treatment with a combination of 10 f.LM C(92-96) + 0.5 DM MC 192 (Figure 6, panel F)

induced higher differentiation, comparable to that induced by 1 nM NGF. These

differentiation data is consistent with synergy in survival seen for celllines and primary

cultures (see Table 1).

Monovalent TrkA ligands induce TrkA tvrosine phosphorvlation in synergy with bivalent

p75 ligands

To further assess whether the signais induced by small cyclic peptides are

mediated by TrkA., tyrosine phosphorylation of the receptor was studied in 4-3.6 cells

(Figure 7). Representative anti-pTyr western blots are shown in Figure 7A. A summary of

densitometric analysis from several blots is given in Figure 7B.
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Figure 6. Monovalent TrkA
ligands induce the
differentiation of embryonic
DRa cultures

Primary neuronal cultures

from embryonic day 17 rat

DRGs were treated with the

indicated ligands for 8 days..

and cell differentiation was

studied morphometrically.

Magnification 60x.

Data representative of 3

independent experiments.
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Figure 7. Monovalent ligands induce TrkA tvrosine phosphorvlation
Treatment and analysis of 4-3.6 ceLls was as in Fig. 4; ligand concentrations are as per
Table L
A. Cells were untreated (lane 1) or treated \vith 1 nM NGF (lane 2), 10 pM NGF (lane

3). 10 IJM C(92-96) (fane 4), 10 J.lM C(92-97)dimer (lane 5), 10 J1M control linear
peptide (lane 6), 1 nM MC 192 mAb (lane 7), 10 f.lM C(92-96) + 1 nM MC192 (lane
8), 10 JlM C(92-97)dimer + 1 nM MC192 (lane 9), or 10~ controllinear peptide + 1
nM MCI92 (lane 10).

B. Densitometric scanning quantification of band intensities relative to optimal NGF
treatment (average ± sem, n=6). Asterisks (*) indicate significant difference from
untreated sarnples (paired t-tests, n=6, p<0.05).
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C(92-96) alone did not induce an increase in TrkA-pTyr compared with untreated

ceUs" ceUs treated with control linear peptide" or bivalent MC 192 (Figure 7A, lane 4

versus 1" 6 and 7). Significant TrkA-pTyr was induced by treatment with C(92-97)dimer

(Figure 7A" lane 5). representing-30% ofthat induced by 1 nM NGF (Figure 7A, lane 2).

Combinations of mAb MC192 and C(92-96) peptide (Figure 7A, lane 8)" or mAb MC 192

and C(92-97)dimer peptide (Figure 7A. lane 9) afforded notable increases in TrkA-pTyr,

comparable to those induced by 10 pM NGF (Figure 7A, lane 3). These results are

consistent with the survival data. In contrast, treatment with a combination of bivalent

MC 192 and linear peptide controls (Figure 7A, lane 10) did not result in signifleant

increases in TrkA-pTYf. For statistics ofofdensitometric anaIysis see Figure 7B.

SmaU Molecule monovalent ligands induce TrkA receptor homodimerization

TrkA tyrosine phosphorylation leading to trophic and differentiative signaIs

require TrkA homodimerization. To study whether monovalent C(92-96) peptide induces

TrkA homodimerization. chemical cross-linking studies of the receptor were done in

4-3.6 ceUs (Figure 8). Cells were treated as indicated followed by chemical cross-linking,

and then were detergent solubilized and analyzed by western blotting with anti-Trk

polyclonai antibody 203.

A doublet consistent with previously reponed TrkA monomers of pl10 and p140

were seen in ail samples (Figure 8, arrows). Samples from NGF-treated eeUs and in C(92­

96) + MC 192-treated ceUs had a band of -280 kDa. consistent with the molecular weight

ofTrkA-TrkA homodimers (Figure 8" lanes 2 and 5). This band was also detected, albeit

weakly, in samples from ceUs treated with C(92-96) aIone (Figure 8, lane 4). A second

band of -220 kDa (that May he consistent with cross-linked p140-p75 heterodimers or

p110 homodimers) was seen in samples from NGF-treated ceUs, and more weakly in

C(92-96) + MC 192-treated ceUs (Figure 8, lanes 2 and 5). The 280 kDa and 220 kDa

bands were not seen in untreated cross-linked ceUs (Figure 8, lane 1), or in ceUs treated

with MC 192 alone (Figure 8" lane 3), or in linear peptide control with or without MC192

treatment (data not sho\\n). Similar data were obtained whether whole celllysates were
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analyzed., or cell lysates were immunoprecipitated with anti-TrkA antibodies prior to

westem blotting (data not shown).

Given that the efficiency of chemical eross-linking is <5% of the TrkA expressed

on the cell surface, we have not studied the individual components of the 280 kOa and

220 kDa bands. other than the faet that they contain TrkA. However, it is unlikely that

these bands comprise NGF because they are detected in the C(92-96)+MC192-treated

cells.

Small molecule monovalent ligands induce TrkA receptor intemalization

Next.. we assessed whether the monomeric C(92-96} peptide binds to a receptor

domain that overlaps with mAb 5C3. This study was done by attempting to block mAb

5C3 binding with C(92-96). Moreover, since agonistic ligands are expected to cause

receptor intemalization, it was of interest to study whether monomeric ligands such as

C(92-96) can induce TrkA internalization.

We studied ligand-dependent receptor intemalization as a decrease of surface

receptor density.. which cao be inhibited by low temperature or by poisons such as sodium

azide. 4-3.6 cells were treated with NGF, C(92-96} peptide, or control peptides; in the

presence or absence of sodium azide; at different temperatures. Surface TrkA receptors

were quantitated by FACScan analysis with mAb 5C3 before and after 20 min of

intemalization (Table 2). This time was selected because the tll2 for IlSI[NGF]

intemalization is -10 min (9).
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Figure 8. Monovalent ligands induce or stabilize putative TrkA homodimers

4-3.6 ceIls were untreated (fane 1) or treated with 2 nM NGF (lane 2). 1 nM MC192 (fane

3). 10 J,lM C(92-96) (1ane 4). or 10 J.1M C(9~6) + 1 nM MC192 (lane 5). Cells were

then chemically cross-linked with OSSo Iysed. resolved by SOS-PAGE and analyzed by

western blotting with anti-TrkA polyclonal anlisera.
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Table 2. NGF peptide mimics induce TrkA intemalization.

4-3.6 cells were treated with the indicated ligands or controls at 4°C in the

presence (+) or absence (-) of sodium azide. Cells were then maintained al 4°C or shifted

to 37°C to allow intemalization. Analysis was done by FACScan~ immunostaining

surface TrkA with mAb SC3. Percentage loss of binding was calculated as a change in

mean channel fluorescence (MCF) with respect to untreated cells. Average ± sem" 0=3"

SOOO cells acquired each assay.

Na % 1055 of mAb SC3
TREATMENT azide bindiDI sites

at4°C at 37°C

1 2nMNGF - 21 ± 6 46±9

2 10 JlM C(92·96) - 1 ± 7 23 ±8
~ 10 J,lM C(92-96) + 4±7 4±6"
4 10 JlM linear peptide - 4±4 3±2

S 10 J,lM 1inear peptide + S±2 8±3

C(92-96) did not black surface mAb SC3 binding sites at 4°C (Table 2" row 2).

Treatrnent with C(92-96) at 37°C caused a -23% lass of surface mAb SC3 binding sites

(Table 2" row 2). This effect was sensitive to sodium azide (Table 2" row 3). A 23% loss

of surface TrkA represents -11.000 receptors that presumably iotemalized" out of

-50.000 expressed at the surface. Similar results were obtained with C(92-91) (data not

shown). Negative control linear peptides did oot affect the number of mAb SC3 binding

sites (Table 2. rows 4 and S).

In positive control studies. treatment with NGF at 4°C blocked -21% of the

surface mAb SC3 binding sites (Table 2" row 1; also published in (19»" suggesting that

NGF panially blocks mAb 5C3. Treatment with NGF at 37°C increased loss of surface

mAb SC3 binding sites from -21% to -46% (Table 2, row 1)~ likely because of TrkA

intemalization.
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DISCUSSION

We demonstrate that artificial ligands selective for subunits of receptor complexes

cao he used to study receptor structure-activity relationships in systems where each

subunit has distinct or unclear functions. For NGF receptors~ the main novel findings of

this study are: (i) genuine monomeric and monovalent ligands of TrkA can he partial

agonists.. suggesting that bivalent ligands are not the sole mechanism for dimerizing

and/or activating tyrosine kinase receptors; (ii) the monovalent p75 ligands used in this

study do not enhance TrkA-mediated signais, suggesting that p75 ligands may require

bivalency. Lastly~ bivalent ligands that induce TrkA-TrkA and p75-p75 homodimers

afford optimal signais. Putative ligand-induced TrkA-p75 heterodimers do not seem to

afford signais.. and receptor oligomerization does not result in enhanced signais.

While il is well-established that physiological ligands activate signal transduction

by inducing receplor dimerization, allosteric models of receptor activation have also been

proposed (15..32-36). There are 2 major obstacles to study allosteric models

experimentally. First.. paucity of monovalent ligands that activate receptor tyrosine

kinases (18). Second.. the role of each subunit must he considered in the analysis of

heteromeric receptors.. and agents that bind to and affect the activity of each subunit must

he available. We postulate that the strategy of using growth factor-derived and antibody­

based artificial ligands can he easily adapted to study other multisubunit receptors.. or for

receptors where a subunit has unclear function or no defmed ligand. Also" strategies that

develop monovalent small molecule agonists that bind to the extracellular domain of

receptors ~ill he usefui tor the discovery of pharmacological agents.

Valen". avidity. and aggregation st.te of .gonÎstie ligands

Monovalent ligands SC3 Fabs and C(92-96) are partial agonists. For T cell receptor

complexes and G-coupled receptors it bas been shown that sometimes ligands with high

affinity cao overcome low avidity and lead to activation or to confonnational changes

(37-39). This does not seem to he the case for the ligands SC3 Fabs or C(92-96) because
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their affinity ranges from nM to tJM. Hence NAc-C(92-96) is a ligand of relative low

affinity and avidity that can induce or stabilize putative TrkA homodimers. Sînce receptor

dimerization alone does not necessarily cause activation (15,17) the simplest

interpretation is that the TrkA ligands induce allosteric or conformalional changes, as

shown for other receptors (16,18,35). However this report would be a case where

monomeric and monovalent ligands induce allosteric or conformational changes

Arguably SC3 Fabs could aggregate in solution as do other large peptides (40),

but this is unlikely to occur at nanomolar Fab concentrations in 0.2% BSA and did not

occur at micromo/ar Fab concentrations in related studies (41). Hence we conclude that

Fabs are monomeric. It is also unlikely that SC3 Fabs are bivalent_ and sequence analysis

of the variable complementarity determining regions of mAb SC3 excluded this

possibility (our unpubished data).

More conclusively. the genuine monomeric small peptide C(92-96) affords trophic

signais. although the dimeric C(92-97)dimer is more efficient. Monomeric C(92-96) is

monovalent because it has a 5-residue phannacophore (27)_ and could not interact with

two receptors simultaneously. The intriguing possibility that C(92-96) could dimerize

after docking is unlikely (see below), but it remains unexplored and would require

structural analysis of receptor-ligand complexes.

Ligand density al the cell surface

The optimal functional concentration of the peptide NAc-C(92-96) and of mAb

SC3 and SC3 Fabs approximates their Ki (regpectively 10 f,1M, 2 nM and 5 nM). In

contrast, the optimal functional concentration of 1 nM NGF is 2-3 orders of magnitude

above its ~ (-10-11 - 10-12 M). It is unlikely that these difTerences reflect requirements

for receptor occupancy. It is more likely that NGF, the mAbs. or the peptides have

different half lives in solution al 37°C; or that they are hound by matrix proteoglycans or

carrier proteins.

In sorne cases the local concentration ofa ligand al the cell surface can he higher than

in solution, making the ligands more propense to dimerize or to aggregate. While the
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mobility of a ligand is reduced to two dimensions when bound to a receptor, ligand

mobility within the plane of the membrane is still exclusively dependent on the receptor.

Therefore, monovalent ligands could only dimerize subsequent to inducing their receptors

ta dimerize. In addition" we estimate that a cell expressing 50,000 receptors out of which

5% are bound would achieve a local ligand concentration of -1 0 mM. This concentration

was tested by NMR for monovalent C(92-96) with no evidence of aggregation. Lastly, we

demonstrated that the monovalent ligands induce rapid receptor intemalization, which

will effectively reduce possible high local concentrations of ligand at the cell surface. It is

noteworthy that self aggregation of C(92-96) beyond the detection of NMR is unIikely to

account for the effects because C(92-97)dimer at high nM concentrations did not afford

signais.

Mechanism of action of TrkA and p75 ligands

How can conformational changes induced by monovalent ligands lead ta receptor

dimerization? While the function of the monovalent ligands is defined by comparison

with the natural ligand NGF. their mechanism of action May differ. We hypothesize three

possible mechanisms: (i) confonnational changes that favor direct dimerization; (ii) a

reduction of the rate at which preformed receptor dimers disengage; (iii) increased

receptor mobility with a consequent increase in spontaneously dimerized receptors.

The most attractive explanation is that the monovalent ligands could he inverse

antagonists (32,33). Inverse antagonists can stabilize receptor conformation(s) which are

favorable to subsequent TrkA-TrkA interactions. IndeecL one criterion for defining

inverse antagonists is that their potency increases with increased receptor density on the

cell surface; and this was observed for the activity of C(92-96) and C(92-97)dimer in

PC12 eeUs that have low TrkA numbers versus 6-24 and 4-3.6 ceUs that have high TrkA

numbers. Furthermore. an inverse antagonist would antagonize the natural agonist NGF,

and NGF blocking properties have been shown previously for C(92-96) (20,21). Lastly, as

expected~ the C(92-97)dimer affords higher signals which would he predicted for a

bivalent ligand that induced receptor dimerization directly.
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• With respect to p7S receptors~ bivalent ligands potentiate the etTects ofall bivalent

TrkA ligands (NGF~ mAb SC3~ SC3 Fab-a-Fab complexes~ and C(92-97)dimer). However,

bivalent p75 ligands did not potentiate all monovalent TrkA ligands. MAb MC192

potentiated the activity of C(92-96) but it did not potentiate the activity of SC3 Fabs.

These data suggest that these monovalent TrkA ligands likely have ditTerent mechanisms

of activation, and this possibility is supported by the fact that C(92-96) and SC3 Fabs

bind to non-overlapping sites.

We speculate that a small molecule like C(92-96) docks onto a small pocket of

TrkA and May therefore he sensitive to a documented p7S-mediated regulation (6,7) or

intemalization (9..42..43) of TrkA. Consequently, C(92-96) May he sensitive to ligands

binding p75 concomitantly; whereas larger molecules like 5C3 Fabs possess more

extended TrkA binding surfaces do not exhibit this sensitivity. Hence, two classes of

partial agonism (or inverse antagonism) by monomeric TrkA ligands May have been

uncovered in this study.

Agonistic ligand bindiDg sites

MAb SC3 and the NGF analog C(92-96) do not block each other's binding, hence

they bind to non-overlapping sites of TrkA. Ligands docking onto restricted receptor

POckets or ··hot spots'~ are presumed to he more efficient at mediating (ant)agonistic

function (34..44). Reportedly~ there are al least two activating TrkA ....hot spots" (4S-48)

encompassing the IgC-2 Iike domain and the Leucine Rich Motif (LRM).

MAb SC3 binds an epitope within the IgC-2 like domain ofTrkA.. and the epitope

is stabilized by disulfide-bonds (19). TrkA and other tyrosine kinase receptors have a

dîmer interface stabilîzed by disulfide bonds (49,SO). The agonistic ·~hot spot'~ of mAb

SC3 and 5C3 derivatives May he al the dîmer interface of this receptor. However, SC3

and C(92-96) do not block each other, hence the data suggest that C(92-96) binds

elsewhere. NGF may utilize both sites to fully activate the receptor.
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Conclusions

The screening of functional small molecule ligands that bind multisubunit

receptors may require testing ligand combinations that target all subunits. It would he of

interest to test other NGF receptor ligands or activators in this paradigm of synergy~

including peptidic small molecule p75 ligands (21) or alike peptides reproduced by others

(51 ..52); organic p75 ligands; gangliosides; and alkaloid derivatives that activate TrkA

(53-55).

With respect to NGF receptors~ our results support the hypothesis that functional

receptors consist of TrkA homodimers and p75 homodimers. Our results also

demonstrate that genuine monovalent and monomeric ligands of TrkA tyrosine kinase

receptors cao he functionally agonistic. Recently~ two small molecule ligands of other

receptors were shown to he agonistic. In one~ a mimic of granulocyte-colony-stimulating

factor CGCSF) activated the GCSF receptor (56) but no studies of the aggregation state of

the ligand were perfonned. In another~ a small molecule activated the insulin receptor

tyrosine kinase (57). However, this insulinomimetic ligand is a symmetrical lipophylic

agent.. in principle capable ofdimerizing the receptor as shown for similar ring structures

(16). Hence, our study is the first fonnal proof, to our knowledge, of genuine monovalent

ligands of the extracellular domain of a tyrosine kinase acting as partial agonists by

inducing or stabilizing receptor homodimers.

Neurotrophins and their receptors play a role in neurodegenerative diseases, pain

and neoplasias (44). Intemalizing TrkA ligands could he exploited to deliver

radioligands, toxins, oligonucleotides or membrane impermeable molecules selectively to

receptor-expressing ceUs. This study bas implications for the design and screening of

small molecules with pharmacological, diagnostic, or targeting activity for neurotrophin

receptors.
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CODDe~tioD to ChaRter ni.

It has been shown in a study presented in Coopter n that defined monovalent

ligands of TrkA NGF receptor could act as partial agonists alone or in synergy with

selective ligands of p7SNTR
• They induced TrkA activation~ TrkA intemalization and

trophic cellular responses. These findings are of significant importance for the

development of agonistic ligands of TrkA~ other Trk family neurotrophin receptors and

eell surface receptors with a single transmembrane region in general.

However~ the nature of the developed and characterized artificial ligands

(antibody fragments and small cyelic peptides) does not make them good drug candidates.

Proteins and peptides have inherent drawbacks that hinder their wide use as therapeutic

agents. They have insufficient bioavailability and must he delivered directly into the

bloodstream. Rapid proteolytic degradation reduces their half-lives to minutes and

seconds. They do not cross readily blood-brain barrier that is especially important for

neurotrophic agents. They also can be highly antigenic and are relatively expensive to

produce.

The technology of eonstructing of cyclic non-peptide mimetics of protein tum

regions have been developed and applied to different targets (Saragovi et a/.~ 1991; Chen

et al... 1992; Andrade-Gordon et a/.~ 1999; reviewed by Saragovi et al.~ 1992). These

mimetics are conformationally restricted and can incorporate amino acid residues and

amino acid-like moieties. In a study presented in Chapter nI similar technology was used

to create a focused Iibrary of macrocyclic ring-based eompounds designed to mimic a 13­
tum c-o of NGF. These compounds were screened in a paradigm of synergy with a

p7SNTR-activating ligand. This led to selection and characterization of a small

proteolytically stable compound that bound human TrkA and exhibited agonistic

properties in cellular assays.
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Abstract

A proteolytically stable small molecule f3-tum peptidomimetic., termed 03. was

identified as an agonist of the TrkA neurotrophin receptor. D3 binds the immunoglobulin­

like C2 region of the extracellular domain of TrkA., competes the binding of another

TrkA agonist.. affords selective trophic protection to TrkA-expressing cell lines and

neuronal primary cultures~ and induces the differentiation of primary neuronal cultures.

These results indicate that a small f3-tum peptidomimetic can activate a tyrosine kinase

neurotrophin receptor that normally binds a relatively large protein ligand. Agents such as

03 that bind the extracellular domain of Trk receptors will be useful pharmacological

agents to address disorders where Trk receptors play a role., by targeting populations

selectively.
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TrkA is a transmembrane tyrosine kinase receptor with bigh selectivity for the

neurotrophin nerve growth factor (NGF·). Related neurotrophins include Brain Derived

Neurotrophic Factor (BDNF) which binds TrkB receptors~ and Neurotrophin-3 (NT-3)

which prefers binding to TrkC receptors (Barbacid~ 1994).

Docking of TrkA with NGF initiates receptor dimerization~ catalytic

phosphorylation of cytoplasmic tyrosine residues on the receptor~ and a cascade of cell

signaling events (Kaplan and Stephens~ (994). These signais lead to prevention of

apoptotic cell death (Maliartchouk and Saragovi, (997)~ to promotion of cellular

differentiation and axon elongation~ and upregulation of choline acetyl transferase

(ChAn (Hefti et al., (985).

Several neuronal cell types that are implicated in important disease states express

TrkA and therefore respond to NGF, including sensory. sympathetic and cholinergie

neurons. Il has been suggested that NGF therapy may delay the onser of Alzheimer's

disease (Barinag~ 1994; Lindsay, 1996)~ and ameliorate peripheral diabetic neuropathies

(Ebadi et al.~ 1997). Other applications proposed for NGF include treatment of neuronal

damage (Hughes et al.. (997), and targeting of neuroectoderm-derived tumors (Cortazzo

et al.. 1996; LeSauteur et al., (996). For a review of disease targets see (Saragovi and

Burgess, 1999).

Despite the therapeutic potential of NGF clinical trials featuring this protein have

been disappointing (Saragovi and Burgess. 1999; Verrall. 1994). There are severa!

reasons for this: inherent drawbacks associated with the use of polypeptides applied as

drugs (Saragovi et al.. 1992), in vivo instability (Barinag~ 1994), and pleiotrophic effects

due to activation of signals that were not intentionally targeted (e.g those mediated via the

•ABBREVIATIONS: NGF. ncrve growth factor. BDNF. brain-deri",cd neurotrophic factor. BOC. lert­

butoxycarbonyl: ChAT. choline acetyl uans-ferase: DMF. dimethylformamide: DRG. dorsal root ganglia: ELISA.

enzyme-linked immunosorbent assay; FACScan. tluorescent activated ccU scanner: FITC. tluorescein isothiocyanate:

FMOC. tluorenyloxycarbony1: MCF. mean channel fluorescence: MIT. 3(4.5-dimethylthiazolyl-2)-2.5-diphcnyl

tetrazolium bromide: NT-3. neurotrophin-3: RIA. radioimmunoassay: TFA.. trifluoroacetic acid: Tn. trityl; ECO.

e.xtr3cellular domain: mAb. monoclonal antibody: HEK. human embryonic kidney: BB. binding butTer: OD. optical

density.
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low affinity NGF receptor p7s (Carter and Lewin~ 1997». Moreover~ the NGF protein is

relatively expensive to produce for medicinal applications.

For these reasons~ we aimed to design small~ proteolytically stable molecules with

neurotrophic activity, selective for ceUs expressing TrkA. However, strategies that result

in agonists of tyrosine kinase receptors have not been weil established. Previously, we

used ligand mimicry and antibody mimicry strategies (Saragovi et al., 1991; Saragovi et

al., 1992) to generate peptide analogs of two agonists directed to the extracellular domain

of TrkA: the naturalligand NGF (Debeir et al., 1999; LeSauteur et al., 1996; LeSauteur et

al., (995), and monoclonal antibody (mAb) SC3 (LeSauteur et al... 1996). TrkA binding is

mediated by discrete ~-turn regions of these ligands. Ooly certain cyclic ~-turn analogs

were active (Beglova et al ... (998)~ and other conforrners or linear peptides were inactive.

Based on the pharmacophores of the mAb SC3 and NGF peptide analogs

described above, we SYnthesized a focussed ~-tum peptidomimetic library of -60

members. We report the identification of compound 03, a small, selective, and

proteolytically stable agonist of the TrkA receptor. Funhennore, the docking site of 03

onto TrkA Was studied. Our findings support the notion that a small peptidomimetic

ligand can agonize a tyrosine kinase neurotrophin receptor that norrnally binds a relatively

large protein ligand. These agents may otTer an alternative therapeutic strategy with

phannacological agents that selectively target neuronal populations expressing specific

receptors on the ceU surface.

Materials and Metbods

Preparation of 03 and D3-biotin. Compound D3 was prepared according to methods

previously outlined for related compounds (Feng et al., 1998). FMOC-Gly, FMOC­

Hse(Trt)~ FMOC-Lys(BOC), FMOC-Glu(OtBu), then 2-tluoro-s-nitrobenzoyl chloride

were coupled (di-iso-propylcarbodiimide activation, 20 % piperidine in DMF to remove

FMOC groups) to TentaGel S PHB resin at 0.18 mmoVg loading. The supported peptide

was treated six times with 1 % TFAJ4 5 HSiiPr3 in CH2Ch for 5 min to remove ooly the

Trt-protection. Cyclization was effected by treatment with 5.0 equivalents of K2C03 in

DMF for 40 h. After 90% TFA 1 5% H20 1 5% HSiiPr3 cleavage, the rmal product was
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purified by reverse phase HPLC. D3 and ilS derivatives were soluble in water to 5 mg/ml

(the highest concentration tested).

D3-biotin was prepared in the same wayas D3, except that after the cyclization

the nitro group was reduced by treatment with 10 equivalents of SnCh.2H20 in DMF for

20 h. After reduction, FMOC-Gly~ then biotin-N-hydroxysuccinimide was coupled to the

newly fonned arylamine. The product was then cleaved from the resin. The final product

was purified by reverse phase HPLC.

Celllines: BI04 rat neuroblastomas express p75 receptors but do not express any of

the Trks (TrkA- p75+). The 4-3.6 ceUs are 8104 ceUs stably transfected with human trkA

cDNA, and express equal levels of p75 and TrkA (TrkA+ p75+) (kindly provided by Dr.

E. Bogenmann) (Maliartchouk and Saragovi~ 1997). Surface expression of each of NGF

receptor was routinely controlled in ail ceUs by quantitative FACScan assays (Becton

Dickinson, CA) (data not shown) using anti-TrkA mAb 5C3 and anti-p75 mAb MC 192.

Generation of human TrkA-rat TrkB chimeras in HEK293 cells The [gO-C2

domain of human TrkA was generated by PCR as described (Perez et al., 1995) using

unique restriction sites in the primers to allow exchange with the corresponding rat TrkB

domain. The chimeric receptors were constructed by subcloning the human TrkA IgO-C2

domain into the corresponding restriction sites of the rat trkB cONA reponed in a

previous work (Perez et aL, 1995). Chimeric constructs (kindly provided by Or. P. Perez)

were confinned by sequencing, and were cloned into the pCDNA3 expression vector that

contains a selection gene providing resistance to neomycin (0418, OIBCO). HEK293

ceUs were transfected using the lipofectamine plus method (GIBCO), selected with

neomycin (0.5 mg/ml) and at least 3 independent subclones were obtained by limiting

dilution techniques (293-TrkB/A-IgC2 chimera). Western blot analysis with polyclonal

antibody 203 directed to the Trk intracellular domain (a gift of Dr. o. Kaplan), and cell

surface FACScan analysis with polyclooal antibody 1001 directed to the TrkA

extracellular domain (our unpublished data) indicated that ail stable subclones express

comparable levels ofchimeric receptors (data oot shown).

Dissociated neuronal dorsal root ganglia cultures: Fetal rat DRG primary cultures were

established essentially as described (Kimpinski et al., 1997) from Sprague Dawley day 17
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rat embryos. AIL ganglia were dissected and dissociated first enzymatically with trypsin

and then mechanically. Dissociated ceUs were cultured (lOS cells/well) in 96 weil plates

pre-coated with collagen~ and grown for a total of 8 days in Neuro Basal Medium

containing N2 supplement (GIBCO~ Toronto)~ antibiotics~ and L-glutamine. These DRG

cultures are -85% TrkA-expressing and are heavily dependent on TrkA signais for

survival (Vogelbaum et al.~ 1998).

Septal Neuronal Cultures: Cell cultures were established from the septal area of

l7-day-old rat embryos as described (Hefti et al.~ 1985). ln briet: tissue was incubated in

PBS containing trypsin and DNase. Tissue pieces then were mechanically dissociated.

After centrifugation.. the pellet was suspended in Leibovitz's L-15 medium. CeUs were

plated onto 96-multiweU NUNC dishes (105 cells/well) coated with poly-O-lysine (5

Ilglml). Mixed cultures of septal neurons were treated 1 day after plating. Orugs, prepared

in medium.. were added directly to the cells without changing the initial medium. The

incubation continued for 8 days, at which time ChAT activity was evaluated.

D3·TrkA binding assavs.

Direct binding studies: were done as described (Saragovi et al... 1998) using 6

ng/well of recombinant baculovirus TrkA-extracellular domain protein (TrkA-ECD) or

control bovine serum albumin (BSA.. Fraction V~ Boehringer Mannheim) immobilized

onto 96-well microtest plates. Wells were blocked with binding butTer (BB: PBS with 1%

BSA) for 1 hour. Then.. 50 ng/well of biotinylated D3 were added as primary reagent in

BB for 40 min in the absence or presence of excess non-biotinylated D3 as competitor.

Wells were washed 5 limes with BB~ and horseradish peroxidase (HRP)-coupled avidin

(Sigma) was added as secondary reagent for 30 min. Plates were washed in BB~ and

peroxidase activity was determined colorimetrically using 2~2-azinobis (3­

ethylbenzthiazoLine sulfonic acid) (ABTS~ Sigma). The optical density (00) was

measured at 414 Dm in a Microplate reader (Bio-Rad). Assays were repeated at least three

rimes.. n=4.

FACScan binding assays: 4-3.6 cells (2xlOs) in FACScan binding buffer (pBS~

0.5% OSA.. and 0.1% NaN3) were immunostained as described (LeSauteur et al., 1996;

Saragovi et al... 1998). Saturating anti-TrkA mAb 5C3.. or anti-p75 mAb MC192, or

116



-11

control non-binding IgGs were added to cells for 1 hour at 4°C, in the presence or

absence of 03 as competitor. Excess primary antibody was washed off: and cells were

immunostained with fluorescinated goat-anti-mouse IgG secondary antibody. Cells were

acquired on a FACScan and mean channel fluorescence of bell-shaped histograms were

analyzed using the LYSIS n program.

Binding Competition: studies were as described for direct binding assays to TrkA­

ECO~ except that as primary reagent 50 ng anti-TrkA mAb SC3/well were added in BB,

in the presence or absence of 03 or controls as competitors as described (Saragovi et al.,

1998). Wells were washed 5 times with BB, and HRP-coupled goat anti-mouse was

added as secondary reagent for 30 min. Plates were washed in BB, and peroxidase

activity were determined. Assays were repeated at least three times, n=4.

Cell survival assays.

Primary DRG cultures: After a total of 8 days ofculture with the indicated test or

control ligands, cell survival were studied using the 3(4,5-Dimethylthiazolyl-2)-2,S­

diphenyl tetrazolium bromide colorimetric (MIT) assay~ and by microscopie observation

as described (Oebeir et al.~ 1999).

Cel/ Unes: 5.000 cells/weil in protein-free media (PFHM-I1, GffiCO, Toronto)

containing 0.2% bovine serum albumin (OSA) (Crystalline fraction V, Sigm~ St. Louis,

MO) were seeded in 96 weil plates (Falcon~ Mississauga., Ontario). The cultures were

untreated, or treated with the indicated test or control ligands. Cell viability was

quantitated using the MIT assay after 56-72 hours of culture, as described (Malianchouk

and Saragovi, 1997). Percent protection was standardized from optical density (00)

readings relative to optimal NGF (1 nM) = 100%. The OD of untreated cells were

subtracted. The higher optical density of untreated primary cultures is likely due to

cellular heterogeneity and to endogenous production of limiting amounts of growth

factors.

Measurement ofChAT Activitv. At day 8 of culture, the medium was aspirated, and

ice-cold lysis buffer (10 mM sodium phosphate9 pH 7.4/0.1% TritonX-lOO) was added.

ChAT activity assays were performed directly in the wells using Fonnumrs method

(Fonnum9 (975).
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Detection of putative TrkA-TrkA homodimers. Live 4-3.6 cells suspended in PBS

were treated with the indicated ligand(s) for 40 min at 4°C to allow binding. Cells were

then washed in PBS, cross-linked with the membrane impermeable cross-linker

disuccinimidyl suberate (DSS, Pierce; 1 mM DSS, 15 minutes at 15°C). Unreacted DSS

was quenched with 5 mM ammonium acetate. Then cells were either lysed directiy in

SOS sample buffer (whole cell lysate), or lysed in non-ionic detergent NP-40 and

immunoprecipitated with anti-Trk or anti-p75 antibodies as described (LeSauteur et al.,

1996). Similar results were obtained with either Methode For western blot analysis, equal

amounts of protein or cell equivalents for each sample were resolved in a 5-10% SDS­

PAGE gradient, transferred to nitrocellulose membranes (Xymotech Biosystems,

Montréal. Qc), and blotted with anti-Trk polyclonal antibody 203 that recognizes the

intracellular domain of Trk. Blots were visualized using the enhanced chemiluminescence

(ECL) system (New England Nuclear, Boston, MA).

Results

Svnthesis of focussed p-turn peptidomimetic libraries

A solid phase synthesis was developed to yield a macrocyclic ring with the i + 1

and i + 2 residues of a ~-turn in the appropriate conformation. Approximately 60

compounds of this type were prepared (Feng et al... (998), with amino acid side chains

incorporated to correspond to ~-turns of NGF and mAb 5C3 implicated in docking to

TrkA (LeSauteur et al. .. 1996; LeSauteur et al., 1996; LeSauteur et al., 1995; Debeir et al.,

1999). TrkA binding is mediated by discrete ~-turn regions of these ligands. Cyclic

peptide p-tum analogs of NGF and of mAb 5C3 were active only in the appropriate

conformation (Beglova et al., 1998).

Figure 1 shows the molecular structure of D3 and that of a similar., but inactive,

Molecule called C59. C59 was used as a negative control. A biotinylated form of D3..

termed D3-biotin, was synthesized to carry out direct binding studies to TrkA. AIl ligands

were highly soluble in physiological butfers and did not require organic solvents.
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;t~~\ O(H
O~~ 2

CS9

Figure 1. Structures of 03, D3-biotin, and CS9.

D3 is a selective ligand ofTrkA

FACScan analysis featuring the secondary fluorescent agent avidin-FITC was

used to detect binding of D3-biotin to the cell surface (Table 1). The 4-3.6 cells

(p75+TrkA+) had fluorescence approximately 4 times greater for D3-biotin than for a

background control peptide-biotin. Moreover, a 10-fold molar excess of D3 abolished

binding of D3-biotin. In contrast, no specific binding was measured for BI04 cells

(p75+TrkA-). Sïnce 4-3.6 celis are 8104 cells stably transfected with TrlcA cDNA and
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these cell lines are otherwise identical, the data indicate that 03·biotin and 03 bind cell

surface TrkA.

Similar binding data for D3-biotin was obtained by ELISA using pure soluble

TrkA extracellular domain (TrkA·ECO) produced in baculovirus (data not shown~ also

see Table 3). These data further indicate that 03 binds to the extracellular domain of

TrkA, and that membrane lipids are not required.

Table 1. D3 and D3-biotin bind TrkA.

Binding of biotin-03 to B104 cells (p7S+ TrkA-) or 4-3.6 cells (p7S+ TrkA+) was

quantitated by FACScan analysis. Ligands are control·biotin (an inactive biotinylated

peptide) (row 2), D3-biotin (row 3).. or D3-biotin with a 10-fold molar excess of 03 (row

4). Ali ligands were tollowed with avidin-FITC as a fluorescent labeL Data shown are

Mean channel fluorescence (MCF) of bell-shaped histograms't 5,000 events acquired.

MCF data ± sem are averaged from 3 independent experiments.

Mer
Ligand 8104 4-3.6

untreated 10± 3 13 ±2

control·biotin 20 f.lM Il ± 1 10±3

D3·biotin 20 f.lM 10 ±4 53 ±4

D3-bio 20 f.1M + D3 200 f.1M Il ± 2 17± 7

D3 binds within an agonistic site ofTrkA

Previously.. mAb SC3 was shown to act as a full TrkA agonist. MAb SC3 binds

with I«t 2 nM (LeSauteur et al., 1996) al an epitope within the [gC2 domain ofTrkA near

the NGF binding site. This site is postulated to derme a receptor ·"hot spot'" (Wells, 1996).

We tested whether D3 and mAb SC3 bind to overlapping receptor sites.
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Table 2. D3 specifieally blocks mAb SC3 binding to eell surface TrkA•

4-3.6 cells were analyzed by FACScan for binding of anti-TrkA mAb SC3 or anti-p7S

mAb MC 192. Cells exposed to control primary mouse [gG with or without 40 J,1M D3

afford identical background staining (data not shown). For each condition 5,000 cells

were acquired. Percentage maximal bindings were calculated from the MCF of heU­

shaped histograms, using the fonnula:

(TESTMcr-backgroundMcF)* 100 / (MAXIMALMCr-backgroundMCF).

MCF ± sem are averaged from 3 independent experiments.

MAb(1 nM) Competitor Dose (f.1M) % Maximal bindiDg

1 SC3 none 0 IOO±O

2 SC3 03 0.20 9S±4

3 SC3 D3 1 80±3

4 SC3 03 5 53 ±5

S SC3 03 40 33 ±4

6 SC3 C59 control 40 97±6

7 MCI92 none 0 10O±0

8 MCI92 03 40 lOI ± 2

Two related assays tested the ability of D3 to compete for the binding of the full

TrkA agonist mAb SC3. In the first test. a FACScan-based assay using intact cells, D3­

induced a dose-dependent competitive decrease of mAb SC3-TrkA interactions (Table 2,

rows 2-5). On average, D3 exhibited an ICso of 4 JlM. From experimental conditions we

estimate a K<t -2 J.1M for 03-TrkA interactions. Blocking of5C3-TrkA interactions by 03

is selective because the binding ofmAb MC192 directed to the p75 NGF receptor subunit

was not blocked (Table 2, rows 7 vs 8). Furthermore, inactive control CS9

peptidomimetic did not inhibit the binding of either mAb SC3 (Table 2, row 6) or mAb

MC192 (data Rot shown).
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The second test used purified recombinant TrkA extracellular domain (TrkA­

ECD) immobilized onto ELISA plates to assay competitive blocking of SC3-TrkA-ECD

byD3.

Table 3. D3 inhibits Se3-TrkA interactions in vitro.

The binding of mAb SC3 (at constant 2 nM) to purified TrkA-ECD immobilized onto

ELISA plates was measured in the absence or presence of competitors. Background

(<2%) was the optical density of wells with ail reactants except immobilized TrkA-ECD.

Data are averaged from 3 experiments.. each experiment n=4.

Competitor Concentration % Binding

added (J.1M) : sem

1 - - IOO±3

2 D3 O.OS 100 ± 14

3 D3 0.2 89 ± 8

4 D3 1 64± 10

5 D3 5 43 ± 12

6 03 20 38 ± 7

7 D3 40 31 ± 4

8 CS9 40 96±9

D3 exhibited a dose-dependent inhibition of SC3-TrkA-ECO interactions.. but control

inactive C59 peptidomimetic had no effect (Table 3). Since a K<t -2 nM was measured for

5C3-TrkA interactions .. from the experimental ICso a Kct -2 flM was calculated for

D3-TrkA-ECD interactions. This caIculation is consistent with the data shown in Table U.

Interestingly.. similar ELISA and Rl.~ binding assays revealed that D3 did oot

substantially block NGF-TrkA-ECD interactions (data not shown).
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03 affords trophic activity selectively via TrkA, and is proteolytically stable

Sïnce D3 binds al or Dear an agonistic site ofTrkA~ trophic effects were probed in

cell survival assays using the quantitative MIT method (Maliartchouk and Saragovi~

1997). Several doses of D3 were tested. However, for c1arity ooly near optimal

concentrations are shown~ which approximate the estimated Kt.

Table 4. 03 proteet! TrkA-expressing primary neurons from apoptosis, and

potentiates NGF.

NGF-dependent primary neuronal cultures from embryonic rat ORGs were treated with

the indicated ligands for a total of 8 days. Cell survival was measured by MIT assays.

Protection was calculated relative to optimal NGF (1 nM~ 100% protection) with

subtraction of the 0.0. of untreated cells. Shown is the 0.0. from one experiment~ mean

± sem. n=4. % protection was averaged from 3 eXPeriments.

Treatment Optieal Oensity 0/0 Protection

1 untreated 256 ± 15 0±2

2 NGFlnM 823 ± 28 100±4

3 NGF 20 pM 316 ± Il 9±1

4 NGF 500 pM 535 ± 19 68±3

5 03 10 f.lM 405 ± 22 38±2

6 Control CS9 10 f.lM 271 ±8 O±l

7 03 10 f.lM + NGF 20 pM 471 ± 28 48±3

8 03 10 f.lM + NGF 500 pM 603 ±26 84±3

9 03 10 f.lM + NGF 1 nM 977 ± 38 120±7

Oissociated primary neuronal cultures from fetaI dorsal foot ganglia (DRO) are

dependent on TrkA agonists for survival (Vogelbaum. et al.~ 1998). Exogenous NOF
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showed a dose-dependent trophic effect (Table 4, rows 2-4). D3 alone had a significant

protective effect on ORG cultures (Table 4, row 5) but control C59 did not (Table 4, row

6). Primary cultures are heterogeneous and low levels of neurotrophins are made

endogenously (Kimpinski et al.., 1997), which explains a relatively high optical density

for untreated cultures (Table 4, row 1).

Since 03 does not block NGF binding, potential synergy hetween NGF and 03

was assessed. 03 combined with different concentrations of exogenous NGF

demonstrated an additive or potentiating effect on ORG survival (Table 4, rows 7-9).

Similar results were obtained with other neuronal cell fines, wherein 03

potentiated the effect of low NGF concentrations (Table 5). Optimal protection of 4-3.6

cells (p75+TrkA+) and HEK293-TrkB/A-IgC2 chimeras corresponded to treatment with

1 nM NGF (Table 5, row 2) whereas 10 pM NGF gave significant1y less protection (Table

5, row 3). D3 atone afforded low but significant protection (Table 5, row 4), and

protection was enhanced with a combination of 10 pM NGF + 10 JlM 03 (Table 5, row

6). The negative control C59 compound had no effect atone or in enhancing 10 pM NGF

(Table 5. rows 5 and 7).

[n other controls (data not shawn), neither 03 nor NGF protected BI04 cells, wild

type HEK293 ceIls.. or TrkB-expressing HEK293 cells from apoptosis. Hence the trophic

activity ofNGF and D3 require TrkA expression, or at least the [gG-C2 domain of TrkA.

Additionally. D3 did not enhance the trophic effect of EGF suggesting that it May he

NGF selective. Lastly, D3 enhanced NGF protection of NIH3T3 cells stably transfected

with TrkA cDNA (data not shown) but did not enhance NT-3 protection ofNIH3T3 cells

stably transfected with trkC cDNA. These data indicate that 03 selectivelyaccentuates

the trophic effect ofNGF, and that p75 expression is not required.

The proteolytic stability of 03 versus trypsin and papain was assessed. D3 was

frrst exposed ta enzymatic treatment as described previously (Saragovi et aL, 1991;

Saragovi et al., 1992), followed by gauging its biologÎcal activity on 4-3.6 cells.

Compound D3 remained fully active in trophic assays even after 1 hour of exposure to

trypsin or pepsin, whereas NGF lost all activity within minutes onder the same conditions

(data not shown).
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Table 5. 03 potentiates NGF in proteetinl TrkA-espressing eelilines from apoptosa

by binding to the fge2 domain of the reeeptor.

4-3.6 ceUs or HEK 293 ceUs expressing TrkHlTrkA IgG-C2 chimeric receptor were

treated with the indicated ligands for a total of72 hours. Survival was measured by MIT

assays. % Protection was calculated as in Table lv. Shown is the 0.0. from one

experiment" Mean ± sem" n=4. Percent protection was averaged from 6 (4-3.6 cells) or 3

(293-lgG-C2 chimera) independent experiments.

4-3.6 cells HEK 293-TrkBtrrkA ehimera

Treatment Optical % Protection Optical % Protection

Oensity Oensity

1 untreated 64±7 0±2 32±5 0±4

2 1 nMNGF 412 ± 24 100 ±6 3S0 ± 12 100± 4

3 ID pMNGF 20S ± 19 40±S 88± 8 18 ± S

4 10 JlM 03 95±9 8±2 69± 7 9±3

5 10 JlM CS9 76±4 2±1 30± 7 -1 ± 2

6 10 JlM 03 255 ± 14 55 ± 3 165 ± Il 42±5

+ 10 pMNGF

7 10 JlM C59 209± 17 41 ±4 90±9 21 ± 6

+ 10 pMNGF

03 induces differentiation ofprimary cultures of fetal ORG and fetal septal neurons

The effect of03 on TrkA-mediated cellular differentiation was assessed using!Wo

independent assays: morphometric analysis of DRG dissociated neurons and induction of

ChAT activity in septal neuronal cultures. In the first of these assays, data indicate that

ORG neuronal cultures undergo neOOte outgrowth in response to 03, and that D3

potentiates the effect ofNGF (Figure 2). In the second assay, ChAT activity was round to

increase in response to NGF (Table 6, rows 1 and 2) and to 03 alone (Table 6" rows 3-5)"

125



•

•

whereas C59 control had no effect (Table 6~ row 6). Increases in ChAT activity in

response to 2 ~ D3 alone were comparable to 10 pM exogenous NGF. Moreover,

combinations of 2 JlM D3 + 10 pM NGF markedly increased ChAT activity, and were

more effective than 400 pM NGF (Table 6~ rows 8-10).

Table 6. D3 induees ChAT syntbesis.

Septal neuronal cultures were treated as indicated for a total of 8 days. ChAT activity

(pmol Ach / min / weil ± sem) was measured at day 8. Average ± sem. Data averaged

from 3 independent experiments~ each experiment n-=4.

Treatment ChAT Aetivity Fold (ncre.se

1 10 pM NGF 0.42 ± 0.07 1.4

2 400 pMNGF 0.72 ± 0.10 2.41

3 0.2).lM D3 0.37 ± 0.05 1.23

4 2 ).lM 03 0.44 ± 0.02 1.47

5 20).lM D3 0.48 ± 0.06 1.56

6 20 f.lM C59 control 0.30 ± 0.05 1

7 untreated 0.31 ± 0.07 1

8 0.2~ 03 + 10 pM NGF 0.60 ± 0.04 2.00

9 2 f.lM 03 + 10 pM NGF 0.76± 0.03 2.53

10 20 f.lM D3 + 10 pM NGF 0.79 ± 0.04 2.63
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Figure 2. D3 induces the differentiation of embryonic DRG cultures.

Primary neuronal DRO cultures were treated as indicated for 8 days~ and cell

differentiation was studied morphometricalLy. Magnification 60x. Pictures representative

of3 independent experiments.
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D3 enhances or stabilizes putative TrkA·TrkA homodimers.

Based on the data above~ it was expected that D3 would induce or stabilize

TrkA·TrkA interactions. This hypothesis was studied biochemically in 4-3.6 cells

exposed to ligands, followed by cell surface chemical cross-linking (Figure 3).

The expected doublet consistent with previously reponed TrkA monomers of

pllO and p140 were seen in ail samples (Figure 3., thick arrow). Bands of -300 kDa.,

consistent with the molecular weight of TrkA·TrkA homodimers (Figure 3~ thin arrow)~

were seen in samples from cells treated with TrkA ligands 1 nM NGF, 10 pM NGF., or 10

pM NGF + 10 J.lM D3, and was aIse detected (alheit very wealdy) in cells treated with 10

J.lM 03 alone. The intensity of the band Mr 300 kDa, presumed to he TrkA dimers., was

analyzed densitometrically from 4 independent experiments standardized to 1 nM NGF

( 100%). There was a consistent increase in dimers after treatment with D3 a10ne (21 ±

4%) or 10 pM NGF alone (52 ± 6%), which was higher after treatment with 10 pM NGF

+ 10 J.lM 03 (77 ± 7%). Control cells cross-linked in the absence of ligand or cells

exposed to ligand but not-cross-linked (data not shown) did not have putative dimers.

TrkA homodimers are stable to SOS denaturation because of covalent cross­

linking. Given that the efficiency of chemical cross-linking is -1-4% of the total TrkA

pool., we were precluded from further biochemical characterization of the complexes,

other than the fact that they contain TrkA. The complexes may contain cross-linked NGF.

However, it is unlikely that the bands comprise p75 because immunoprecipitations with

anti-p75 antibodies did not reveal any material in the Mr ofTrkA homodimers (data not

shown). Furthermore, material of Mr 215 kDa that would comprise p75-TrkA

heterodimers was not seen consistently.
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Fi.ure 3. D3 enhances ce" surface TrU-TrU homodimers.

4-3.6 cells were exposed 10 TrkA ligands as per Table V (lanes 1-4) or no ligand (Ianes 5

and 6). and chemically cross-linked (Ianes 1-5) or not cross-linked (lane 6). Cell lysales

were western blotted Wilh anti-TrkA 203 antisera. The inlensily of the Mr 300 kDa band

was analyzed densitomelrically from 4 experiments standardized to 1 nM NGF.
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Discussion

We report on a proteolytically stable p-tum peptidomimetic small Molecule

agonist of the TrkA neurotrophin receptor. We showed that D3 binds TrkA, competes the

binding of the TrkA agonist mAb SC3, selectively potentiates trophic protection of TrkA­

expressing cell lines and neuronal primary cultures, and induces the differentiation of

primary neuronal cultures. These results indicate that a small P-turn peptidomimetic cao

activate a tyrosine kinase neurotrophin receptor that nonnally binds a relatively large

protein ligand.

Recent advances in ligand mimicry have resulted from screening large phage or

peptide libraries (Reddy et al.. 1996; Wrighton et al., 1996), natural products (Zhang et

al., 1999), or chemical libraries (Owolabi et al., 1999). However, most of the ligands

described are antagonists, or otherwise require the dimerization of relatively large

peptides, have a 2-fold axis of symmetry that resemble a dimer, or are poorly soluble in

physiological buffers. [n contrast, D3 is a small, non-symmetrical. proteolytically stable,

highly water soluble peptidomimetic that binds the extracellular domain ofTrkA.

Recently a symmetrical alkaloid-like molecule screened from fungi was found to

potentiate. at J.lM concentrations, the action of insulin presumably by binding near the

catalytic domain of insulin receptors (Zhang et al.• 1999). Hence, with regards to

agonistic activity and optimal concentration our compound 03 is analogous to the

insulinomimetic ligand. In addition., binding and ligand competition studies demonstrate

selective interaction of 03 with the extracellular domain of TrkA rather than the catalytic

domain. Hence, the water solubility and extracellular targeting of 03 mean that toxic

organic solvents are not required to permeate the cell membrane.

Mechanism of action of 03

Il is surprising that D3 is an agonist because the natural ligand NGF is a

symmetrical dîmer known to activate TrkA via homodimerization (Kaplan and Stephens,

1994). D3 is not a dîmer and, from NMR studies, it has no detectable propensity to

dimerize even at high mM concentrations in solution (data not shown). Theo, why does

03 behave as an agonist of TrkA? One hypothesis is that D3 stabilizes the signaling
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dimerization. This hypothesis is supported by the data because., as would be predicted.,

exposure to low levels of NGF enhanced D3 activity in bioassays and in receptor cross­

linking assays.

What is the role of pM concentrations ofNGF? Given the low concentrations used

in synergy with 03, it is unlikely that the effect ofNGF was mediated by docking with

the low affinity receptor p75. We speculate that NGF acts by increasing TrkA-TrkA

interactions whereas D3 stabilizes the homodimers or reduces the rate of separation of

receptor homodimers by inducing confonnational changes. Indeed., there are precedents

for ligands of serpentine receptors acting in this manner (Milligan et aL., 1995)., and recent

models of single transmembrane receptor dimerization and activation are compatible with

this view (Livnah et al... 1999; Remy et al.., 1999; Tian et al.., 1998).

ln the present study, the biological data shown are with low J.lM concentrations of

D3. which are optimal. As expected from the affinity estimated for TrkA-D3 interactions.,

lower D3 concentrations afford lower efficacy. [t is noteworthy that while NGF-TrkA

affinity is -10·( ( Mo, optimal activity requires 2 nM NGF concentrations. Hence, 03 is

optimal at concentrations that approximate its K<t while NGF is optimal at concentrations

-100 fold over its K<t. We interpret this difference to Mean that D3 is more stable in

solution.. and this notion is supported by D3 resistance to proteolysis.

Ligand binding sites

03 competitively blocks the binding of mAb 5C3 but it does not block NGF.

Moreover.. the optimal agonistic activity of mAb SC3 (Maliartchouk and Saragovi., 1997)

was inhibited by D3 in a dose-dependent manner (data not shown)., while the agonistic

effect of NGF was enhanced. These results are intriguing since previously we rePOrted

that mAb SC3 can block -500/0 of the NGF binding sites on a cell expressing TrkA., while

NGF can block -25% of the mAb SC3 binding sites (LeSauteur et al.., 1996). It is unIikely

that D3 does oot block NGF because of affinity difIereoces., because NGF-TrkA-ECD

and SC3-TrkA-ECO interactions are both in the nM range.
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Two factors could account for this result. First, both mAb SC3 and D3 dock onto a

single and continuous epitope within the IgG-C2 domain of TrkA, whereas NGF binds a

discontinuous epitope within the IgG-C1 and IgG-C2 domains of TrkA (perez et al.,

1995).. and al least one other domain (Windisch et al., 1995). This would facilitate mAb

SC3 blocking by D3 whereas NGF could bind via its second docking site. Second, mAb

SC3 and NGF bind TrkA at sites partially overlapping but not identical (LeSauteur et al.,

1996). Hence the data suggest that D3 binds TrkA at an epitope overlapping the agonistic

mAb SC3 ··hot spotn of the IgG-C2 domain of TrkA, near the NGF docking site. These

observations mayaccount for D3 synergizing with NGF and blocking mAb SC3.

The fact that D3 is bioactive and was selected from a relatively small pool of (3­

turn based compounds has broad implications for Many research initiatives involving

protein-protein interactions. Other small Molecules with neurotrophic activity have been

reported (Maroney et al.. 1998~ Steiner et al... 1997). However, the molecular targets of

these ligands are ubiquitous intracellular proteins, and the mechanisms of action are often

unclear. Thus. these other Molecules are not Trk ligands, and are not defined as

peptidomimetics of known ligands.

In contrast. we report a small Molecule peptidomimetic that binds and activates

TrkA. In the present report of 03, we show that a hybrid ofa peptide and a small organic

molecule designed to hold key amino acid residues in a turn conformation within a small

framework otIers a means to transform a peptide lead into an active organic small

Molecule. Hence, D3 represents the validation of the peptidomimetic concept for the Trk

family of tyrosine kinase receptors. This small Molecule peptidomimetic ligand of TrkA

that has neurotrophic activity May he useful to address neurodegenerative disorders, pain,

neoplasias, and other pathologies (reviewed in Saragovi and Burgess, 1999) where TrkA

receptors play a role.

Acknowledgments

We are grateful to Ors. E. Bogenmann (Children's Hospital of Los Angeles), O.R.

Kaplan (MeGill University, Canada), P. Perez (Universidad de Salamaoc~Spain) and K.

132



•

•

Mearow (Memorial University, Canada) for reagents and discussions; and to Y. Mawal,

and M. C. Zaccaro for technical help.

References

Barbacidot M (1994) The Trk Family of Neurotrophin Receptors. J. Neurobiol 25:1386­

403.

Barinagaot M (1994) Neurotrophic factors enter the clinic. Science 264:272-4.

Beglova, N" LeSauteur" L" Saragovi" H, and Gehring, K.B (1998) Solution structure and

internai motion of a bioactive peptide derived from Nerve Growth Factor. J. B;o[

Chem. 273:23652-23658.

Carter, BD., and Lewinot GR (1997) Neurotrophins Live or Let Die: Does p75NTR Decide?

J.Veliron 18: 187-90.

Cortazzo, MH" Kassis, ES, Sproul, KA, and Schor, NF (1996) Nerve Growth Factor

(NGF)-Mediated Protection of Neural Crest Cells from Antimitotic Agent-lnduced

Apoptosis: The Role of the Low-Affinity NGF Receptor. J. Neurosci. 16:3895-9.

Debeir" T, Saragovi. HU, and Cuello, AC (1999) An NGF antagonist mimetic provokes

retrieval of cortical cholinergie presynaptic boutons in the brain of the adult rat. Proc.

iVatl. Acad Sc;. (USA) 96:4067-4072.

Ebadi, M, Bashir, RM, Heidrick, ML, Hamada, FM, Refaey, HE, Hamed, A, Helal, G,

Baxi. MD, Cerutis, DR. and Lassi ot NK (1997) Neurotrophins and Their Receptors in

Nerve lnjury and Repair. Neurochem. [nt'/' 30:347-74.

Feng, Y" Wang, Z, Jin, S, and Burgess, K (1998) SNAr Cyclizations To Fonn Cyclic

Peptidomimetics ofbeta-Turns. J. Am. Chem. Soc. 120:10768-9.

Fonnum, F (1975). A rapid radiochemical method for the determination of choline

acetyltransferase. J. Neurochem.24:407-409.

Hefti, F, Hartikka- J, Eckenstein, F. Gnahnot H, Heumann, R.. and Schwab, M (1985)

Nerve growth factor increases choline acetyltransferase but not survival or fiber

outgrowth ofcultured fetal septal cholinergie neurons. Neuroscience 14:55-68.

Hughes, PE, Alexi, T, and Knusel, B (1997) Axotomized septal cholinergie neurons

rescued by nerve growth factor.1Veuroscience 78:1037.

133



•

•

Kapl~ DR" and Stephens" RM (1994) Neurotrophin Signal Transduction by the Trk

Receptor. J. Neurobiol. 25:1404-17.

IGmpinski" K" Campenot" R., and Mearow" K (1997) Effects of the neurotrophins nerve

growth factor" neurotrophin-3, and brain-derived neurotrophic factor (BDNF) on

neurite growth from adult sensory neurons in compartmented cultures. J. Neurobio/.

33:395-410.

LeSauteur, L" Cheung" N-KV, Lisbona., R" and Saragovi, HU (1996) Small Molecule

Nerve Growth Factor Analogs Image Receptors in vivo. Na/ure Biotech. 14:1120-22.

LeSauteur.. L, Maliartchouk, S, Jeune., HL, Quirion., R, and Saragovi, HU (1996) Potent

Human p140-TrkA Agonists Derived from an Anti-receptor Antibody. J. Neurosci.

16: 1308-16.

LeSauteur, L, Wei, L., Gibbs., B, and Saragovi.. HU (1995) Small Peptide Mimics of Nerve

Growth Factor Bind TrkA Receptors and Affect Biological Responses. J. Biol. Chem.

270:6564-9.

Lindsay, R (1996) Therapeutic Potential of the Neurotrophins and Neurotrophin-CNTF

Combinations in Peripheral Neuropathies and Motor Neuron Diseases. Ciba

Foundation Symposium 196:39-53.

Livnah., 0, Stura., EA, Middleton, SA, Johnson, DL, Jo11iffe., LK.. J, and Wilson, IA

(1999) Crystallographic evidence for prefonned dimers of erytrhopoietin receptor

before ligand activation. Science 283:987-990.

Maliartchouk., S, and Saragovi., HU (1997) Optimal NGF Trophic Signais Mediated by

Synergy ofTrkA and p75 Receptor-Specific Ligands. J. Neurosci. 17:6031-7.

Maroney, A. Glicksman, M., Basma., A, Walton., K, Knight., El" Murphy" C" Bartlett., B,

Finn, J, Angeles, T, Matsuda., Y, Nett N, and Dionne" C (1998) Motoneuron

apoptosis is blocked by CEP-1347 (KT 7515), a novel inhibitor of the JNK signaling

pathway. J Neurosci 18:104-11.

Mi11igan., G, Bond, RA, and Lee, M (1995) Inverse agonism: phannacological curiosity or

potential therapeutic strategy? Trends in Pharm. Sei. 16:10-13.

Owolabi., J., Rizkalla., G, Tehim., A, Ross, G, Riopelle, R., Kamboj" R, Ossipov, M" Bian"

D., Wegert., S~ Porreca, F, and Lee, D (1999) Characterization of AntiaUodynic

134



•

•

Actions of ALE-0540, a Novel Nerve Growth Factor Receptor Antagonist, in the Rat.

J Pharmaeo/ Exp Ther 289:1271-1276.

Perez, P, Coll, PM, Hempstead, Bl, Martin-Zanca, D, and Chao, MY (1995) NGF

Binding to the Trk Tyrosine Kinase Receptor Requires the Extracellular

Immunoglobulin-like Domains. Aloi. Ce//. Neurosei. 6:97-105.

Reddy, CC, Niyogi, SK.. Wells.. A.. Wiley, HS.. and Lauffenburger, DA (1996)

Engineering epidennal growth factor for enhanced mitogenic potency. Nat. Bioteeh.

14:1696-9.

Remy, 1, Wilson, lA.. and Michnick, S (1999) Erythropoietin receptor activation by

Iigand-induced conformation change. Science 283:990-993.

Saragovi.. HU, and Burgess, K (1999) Small molecule and protein-based neurotrophic

ligands: agonists and antagonists as therapeutic agents. Expert Opinion in Therapeutie

Patents 9:737-751.

Saragovi.. HU, Fitzpatrick, D.. Raktabuhr, A, Nakanishi, H.. Kahn, M, and Greene, MI

(1991) Design and synthesis of a mimetic of an antibody complementarity region.

Science 253:792-795.

Saragovi.. HU.. Greene.. MI.. Chrusciel, RA, and Kahn, M (1992) Loops and Secondary

Structure Mimetics: Development and Applications in Basic Science and Rational

Drug Design. Biotechnology 10:773-8.

Saragovi, HU, Zheng, WH, Maliartchouk, S, DiGugliemo, GM, Mawal, YR, Kamen, A,

Woo, SB.. CueHo, AC, Debeir, T, and Neet, KE (1998) A TrkA selective, fast

intemalizing Nerve Growth Factor-antibody complex induces trophic but not

neuritogenic signais. J. Biol. Chem. 274:34933-34940.

Steiner, JP. Hamilton, GS, Ross, DT, Valentine, HL, Guo, H, Connolly, MA, Liang, S,

Ramsey.. C, Li, J-HJ, Huang, W, Howorth, P, Som, R, Fuller, M, Sauer, H, Nowotnik.,

AC, and Suzkak.. PD (1997) Neurotrophic immunophilin ligands stimulate structural

and functional recovery in neurodegenerative animal models. Proc. Nall. Acad Sei.

(USA) 94:2019-24.

135



•

•

Tian~ S~ Lamb~ P~ King, A~ Miller, S, Kessler, L, Luengo~ J, AveriIl, L, Johnson, ~

Gleason, l, Pelus, L, Dillon, S, and Rosen, 1 (1998) A small" nonpeptidyl mimic of

granulocyte-colony-stimulating factor. Science 281:257-9.

Verrall, M (1994) Lay-offs follow suspension ofclinical trials of protein. Nature 370:6.

Vogelbaum, M.. Tong, J, and Rich~ K (1998) Developmental regulation of apoptosis in

dorsal root ganglion neurons. J. Neurosci. 18:8928-35.

Wells, lA (1996) Hormone Mimicry. Science 273:449-50.

Windisch, JM, Marksteiner, R, and Schneider, R (1995) Nerve Growth Factor Binding

Site on TrkA Mapped to a Single 24-Amino Acid Leucine-rich Motif. J. Bio/. Chem.

270:28133-8.

Wrighton.. Ne, Farrell, FX, Chang, R, Kashyap, AK.. Barbone, FP, Mulcahy, LS, Johnson,

DL.. Barren.. RW. lolliffe, LK, and Dower, WJ (1996) Small Peptides as Potent

Mimetics of the Protein Honnone Erythropoietin. Science 273:458-63.

Zhang. B, Salituro, G, Szalkowski. D, Li.. Z.. Zhang, Y, Royo, 1, Viiella. D, Otez, MT,

Pelaez, F.. Ruby.. C. Kendall, RL, Mao, X.. Griffin, P. Calaycay.. J, Zierath, JR, Heck,

JV. Smith. RG.. and Mo11er.. DE (1999) Discovery of a Small Molecule lnsulin

Mimetic with Antidiabetic Activity in Mice. Science 284:974-977.

Send reprint requests to: Dr. H. Uri Saragovi. McGill University, Pharmacology and

Therapeutics, 3655 Drummond St. #1320. Montréal.. Québec, CANADA, H30 1Y6.

Phone: (514) 398-3628; FAX: (514) 398-6690; emaiI: Uri(@pharma.mcgill.ca

136



•

•

Discussion

Agonistic properties of monovalent TrkA ligands.

The data presented in this Thesis demonstrated that three differenl monovalent

artificial TrkA ligands could act as partial agonists. Namely~ these are (i) monomeric Fab

fragments of an anti-TrkA monoclonal antibody (Chapters 1 and U), (ii) small cyclic

peptides derived from an NGF J3-turn (Chapter II) and (iii) a small mimetic composed of

a macrocyclic ring with incorporated side chains designed to mimic an NGF (3-turn

(Chapter III). The exact mechanisms underlying their agonistic activity yet remain to he

investigated. However. recent developments in receptor biology and receptor

phannacology can provide sorne insights into this phenomenon.

It is widely accepted that the activation of cell surface receptors with a single

transmembrane region is achieved due to external cross-linking by a ligand. This notion

has been confirmed in the results presented in this Thesis~ where the maximal TrkA

activation was induced by either bivalent NGF or monovalent anti-TrkA Fabs extemally

cross-linked by ao anti-Fab antibody. There is, nevertheless, evidence for a different

model that implies the existence of pre-formed unliganded inactive receptor dimers that

cao he activated and/or stabilized by an agonistic ligand. The direct evidence in suppon

of this hypothesis was found in the case of erythropoietin (Epo) receptor (EpoR). EpoR

belongs to a family of cytokine receptors that possess no catalytic activity but associate

with JAK tyrosine kinases via their intracellular domains. The crystal structure of the

extracellular domain of EpoR in its unIiganded form has revealed a dimeric structure.

Remarkably, the membrane-proximal domains ofreceptors were oriented away from each

other at an angle of 135°, 50 the transmembrane and intracellular domains would he

positioned too far apart to permit cross-phosphorylation by JAK.2 tyrosine kinase (Livnah

et al., 1996; Livnah et al., 1999). The relative orientation of the receptors changed to an

angled al 45° in a co-crystals with a partially activating peptide ligand and to the parallel

in a complex with EPO. Importantly't these findings were confumed in a separate study
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where authors employed in vivo protein fragment complementation assays (Remy et al.~

1999). Crystallographic studies of the tumor necrosis factor receptor p55TNFR ECOs also

indicate that these receptors, when unliganded~ May form inactive dimers (Naismith et al.,

1995; Naismith et al., 1996). The existence of pre-formed oligomeric complexes ofTNF

family receptors p55TNFR
, p75TNFR

, Fas, TRAIL receptor 1 and C0-40 on the cell surface

was recently confrrmed in studies where authors utilized chemical cross-linking and

fluorescence resonance energy transfer (FRET) techniques (Chan et al., 2000; Siegel et

al., 2000). ln the case of TNFRs the inter-receptor interactions were attributed to the so­

called pre-ligand-binding assembly domain (PLAD) of the ECO that is distinct from the

ligand-binding domain.. but is necessary and sufficient for the assembly of unliganded

TNFR complexes.

The indirect evidence in support of the existence of inactive receptor dimers on

the cell surface cornes from several observations showing that receptor dimerization is

often not enough for its activation. One of the artificial peptide ligands of EpoR can

induce receptor dimerization but exhibits pure antagonistic propenies (Livnah et a/.,

1998). NeulErbB-2IHer-2 is a tyrosine kinase growth factor receptor similar to TrkA. It

was found that a chimeric form of Neu with altered transmembrane domain formed

ligand-independent dimers but did not induce biological responses (Burke et al., 1997),

while different mutations in the transmembrane domain produce constitlitively active

receptors (Weiner et al... 1989; Burke and Stem, 1998). Insulin and insulin-like growth

factor-l (IGF-l) receptors are found as two (aJ}) subunits constitutively cross-linked by

disulfide bonds (reviewed by Lee and Pilch, 1994). Thus, these receptors could he

considered as prefonned covalent inactive dimers that are activated due to a

confonnational change upon ligand binding.

Certain observations indicate that Trk receptors May also forro ligand-independent

dimers. They, as Many other tyrosine kinase receptors~ possess a putative conserved

sequence motif in the transmembrane region that can promote dimerization (Sternberg

and Gullick, 1990). Overexpression of TrkA can lead to detectable receptor

autophosphorylation in the absence of activating ligands (Hempstead et al., 1992; also

this Thesis, chapter l, figure 2e). Glycolipids such as ganglioside GMI (Mutoh et al.,
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1995; reviewed by Ferrari and Greene) and ceramide (MacPhee and Barker., (999) can

cause autophosphorylation of unliganded TrkA and TrkA-mediated biological responses.

arguably by interacling with lypophilic transmembrane domains and stabilizing pre­

fonned receptor dimers. Recent studies have shown that TrkA tended to localize in

caveolae or caveolae-like domains (CLOs) al the plasma membrane (Huang et al., 1999;

Bilderback et al.~ 1999). Receptor aggregation in caveolae and CLOs together with

glycolipids May create more favorable conditions for TrkA-TrkA interactions, even

though il May facilitate TrkA interaction with p7SNTR
, which also is round in caveolae

and CLOs.

Taken together these observations support an idea that agonistic monovalent TrkA

ligands, while unable to directly cross-link the receptors, can induce conformational

changes that lead to receptor cross-phosphorylation and initiation of signaling cascades.

On a mechanistic level these confonnational changes can cause three types of alterations

in receptor behavior: (i) enhanced inter-receptor interactions, Le. increased probability of

a homodimer fonnation upon random encounter of two receptors; (H) increased receptor

mobility.. Le. increased probability of random receptor encounter; and (Hi) enhanced

stability of pre-formed receptor dimers due to reduced rate ofdissociation.

Mechanisms of TrkA modulation by p7SI''TR

Experimental data suggests that the regulation of TrkA-mediated signals by

p75NTR-selective ligands occurs. at least in part, on the level of TrkA activation (Chapter

1, tigure 2 and Chapter il, figure 4). There May he a number of possible points of

regulation. First., as il discussed above, the formation of unliganded inactive TrkA dimers

and conformational changes May play an essential role in TrkA activation. Interference

with TrkA conformation and TrkA-TrkA interactions may account for the negative TrkA

regulation by unbound p75NTR
• A closely related issue is that p7SNTR May reduce TrkA

mobility on the cell membrane (Wolf et al., 1998), thus reducing the probability of

random inter-receptor interactions and dimer formation. The p7SNTR-mediated release of
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ceramide (MacPhee and Barker, 1999) can serve as a mechanism for positive TrkA

regulation by ligand-activated p7SNTR
•

P7SNTR may also regulate TrkA signaIs by interfering with kinetics of TrkA

activation and with intemalization of receptor-ligand complexes. For example, we used

an anti-NGF mAb that bound NGF with 1:1 stoichiometry and abolished NGF binding to

NGF but not to TrkA (Saragovi el a/., 1998). Addition of this antibody changed the rime

course of NGF-induced TrkA activation from sustained to transient and enhanced NGF­

induced TrkA intemalizatioD. The kinetic analysis ofTrkA activation by combinations of

TrkA-specific and p7SNTR_Specific ligands (same mAb ligands as described in Chapter n
revealed that p7SNTR binding changed not only the extent but also the kinetics of TrkA

autophosphorylation (Saragovi et al., unpublished observations).

The molecular mechanisms underlying p7SNTR
- Trk interactions remain

unknown. The most plausible explanation of the requirement of both p7SNTR and Trks for

high affinity neurotrophin binding and of mutual regulation of the receptor function

would be the fonnation of molecular complexes involving both p7SNTR and Trks. Indirect

evidence for physical association between p7SNTR and TrkA cornes from co-patching

studies of fluorescently labeled receptors that show decrease in a receptor mobility due to

expression of a co-receptor (Wolf el a/., 1995; Wolf el al., 1998). However, most of the

attempts to characterize such complexes in the cells expressing p7SNTR and Trks at

physiologically relevant levels were unsuccessful (reviewed by Barrett, 2000). P75NTR
­

Trk complexes were only detected when both co-receptors had been over-expressed at

very high levels in insect ceUs and chemically cross-linked (Gargano et al., 1997) or over­

expressed in a mammalian cellline as fusion proteins with hemagglutinin tag (Bibel el

al., (999). Intracellular and extracellular domains of both co-receptors were found to

cootribute to p75NTR
- Trk interactions. In bath studies complexes were detected in the

absence of receptor ligands. Interestingly, in a later study p7SNTR
- Trk complexes could

only be immunoprecipitated from the Iysates of the ceUs co-expressing both p7SNTR and

Trks, but oot from mixtures of celllysates containing individual co-receptors. In another

study complexes containing p7SNTR and TrkA were detected following NGF binding and

chemical cross..linking but not in unliganded state (Huber and Chao, 1995). Taken
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together, these observations suggest that direct stable associations of Trks and p7SNTR in

physiologically relevant situations are unlikeLy. Nevertheless, it is possible that complex

indirect and/or transient interactions between Trks and p7SNTR take place.

DevelopmeDt of NGF mimetics.

Three different types of artificial ligands of NGF receptor TrkA have been

characterized as agonistic NGF mimetics in the studies presented in Chapters II and III of

this Thesis. First~ monovalent Fab fragments of an anti-receptor mAb SC3 have been

shown to activate agonistic trophic signals in TrkA-expressing cultured cel1s. External

cross-linking of Fabs led to further enhancement of trophic effects, however, even

without cross-linking SC3 Fabs could induce cellular responses similar to that of caused

by intact bivalent mAb SC3. SC3 Fabs exhibited agonistic properties alone or in synergy

with activating bivalent ligands ofp7SNTR
•

Second.. small cyclic peptides mimicking J3-turn C-O of NGF were characterized

as partial TrkA agonists. These peptides have been previousLy shown ta bind TrkA and

partially antagonize NGF at optimal concentrations (LeSauteur et al... 1995). However,

when tested in a paradigm of synergy with an activating of p7SNTR ligands, these peptides

exhibited agonistic properties. They induced trophic responses in neuronal cell lines and

enhaoced survival and differentiation ofprimary cuLtured neurons.

The third newly developed TrkA agonist is a small non-peptide compound termed

03 selected from a library based on the pbarmacophores of the mAb SC3 and NGF

peptide analogs. D3 bas been shown to bind membrane-proximal Ig-like domain 2 of

TrkA that is thought to he a docking site for NGF. 03 cao block TrkA interaction with

mAb SC3 but not with NGF, while mAb SC3 cao partially block NGF binding to TrkA

(LeSauteur et al., 1996b). Agonistic properties of 03 include its ability to induce trophic

responses in neuronal cell lines and enhance survival and differentiation of primary

cultured neurons.
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AU three artificial neurotrophic ligands possess common features that distinguish

them from naturaI poLypeptide hormones. First~ they are monovalent. D3 and cyclic

peptide NGF mimetics were characterized as genuine monomeric and monovalent

compounds. Anti-receptor Fabs can theoreticalLy be bivalent and/or aggregate, however it

is extremely unlikeLy~ especially within the used experimental conditions. Second, ail

three NGF mimetics cao dock onto small defined epitopes of TrkA, in contrast to natural

ligands that interact with extended surfaces of the receptor. This notion is confumed by

the fact that these ligands can onLy partially cross-block each other and NGF in TrkA

binding assays.

These finding have imponant implications for the design of neurotrophic

therapeutics and artificial receptor ligands in generai. [t has been traditionally thought that

smalt molecule compounds cao only be developed as antagonistic ligands of ceU surface

receptors with a single transmembrane domain because their docking into a small defined

epitope could only disrupt receptor binding and activation with a naturai Ligand. The

finding presented in this Thesis indicate that the interaction of small molecules with "hot

spots" of the receptor may in sorne cases Lead to receptor dimerization and activation~

possibly by inducing confonnational changes that enhance inter-receptor interactions or

activate pre-fonned inactive receptor dimers.
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Summa"

Functional interactions between NGF receptors TrkA and p7SNTR have been

studied using artificial receptor-specific mAb-based ligands. It has been shown that while

unliganded p7SNTR negatively regulated TrkA activation and trophic signaling~ p7SNTR

expression and binding with an activating ligand led to increased TrkA activation and

trophic responses. It has been also shown that the trophic signaIs of NGF could he fully

mimicked by a combination ofTrkA-specific and p7SNTR-specific ligands.

The srudy of valency requirements for NGF receptor ligands revealed that an

activating anti-TrkA mAb remained partially agonistic in its monovalent (Fab) fonn.

Further studies led to characterization of a small NGF-based cyclic peptide as a partial

TrkA agonist and to the development of a small molecule proteolytically stable NGF

mimetic with agonistic properties.

These three agonistic artificial TrkA ligands display a novel pharmacological

mechanism of action. First~ unlike naturaI polypeptide hormones and bivalent anti­

receptor antibodies.. these ligands are monomeric and monovalent. And second~ these

ligands interact with a small defined epitope of the receptor.

The characterized agonistic NGF mimetics do not yet meet requirements for good

drug candidates because of their peptide nature or low potency. Nevertheless~ they can he

used for further optimization and molecular modeling on the basis of their

pharmacophores. More importantly~ the revealed novel phannacological mechanism of

action opens new possibilities in the rational design of small Molecule agonistic mimetics

of polypeptide honnones~ particularly smal1 Molecule therapeutics with neurotrophic

activity.
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Optimal Nerve Growth Factor Trophic Signais Mediated by Synergy
of YrkA and p75 Receptor-Specific Ligands
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•

Nerve growth factor (NGF) receptor-mediated signaling was
studied using specifie monoclonal antibodies (mAbs) as ligands
that discriminate between the receptors TrkA and p75. mAb­
induced trophic signais were compared with the signais of the
naturalligand NGF. In ceUs expressing TrkA but no p75 recep­
tors (TrkA· p75 -), binding of TrkA with mAb 5C3 leads to
optimal signais. In cells expressing bath TrkA and p75 (TrkA •
p75 .), binding of TrkA with mAb 5C3 leads ta significant but
suboptimal signais, and optimal trophic signais are obtained by
concomitant binding of TrkA and p75 with mAbs 5C3 and
MC192. In TrkA· p75· ceUs. binding of anti-p75 mAb MC192

Ncrve growth factor (NGF) is a 26 kDa dimeric polypeptide that
binds two receptors characterized on the basis of thcir binding
affinity. One NGF receptor is a 140 kOa protein (p140 TrkA)
with intrinsic tvrosine kinase enzvmatic activitv. NGF binds
TrkA with inter~cdiate atfinity (KI1 "10 - IIJ.(() - Il ~,) (Hcmpstt:ad
ct al.. 1991; Kaplan ct al.. 1991; Klein et al.. 1991). Another
receptor is a 75 kDa protein (p75) that is bound by NGF and
other neurotmphins such as BDN F with lower affinity (KI1 -10 - 'j

~.) (Benedetti et aL. 1993).
Coexpression of TrkA and p75 on the cell surface Icads to the

rormation of a limited numbcr of high-affinity NGF binding sites
(KI1 -10 -1:: ~,), which arc prcsumably composed of p75.TrkA
hetcromcrs (Hempstead ct al.. 1991; Mahadco et al.. 1994); how·
cver. biochcmical detection of p75 and TrkA heteromers has not
becn conclusive.

Although expression of TrkA alone is sufficient for ct:llular
responses (Ncbreda ct al.. 1991; Rovelli ct al.. 1993). p75 can
rcgulate TrkA·ligand inter.lctions and signal transduction (Hemp­
stead ct al.. 1989; Verdi et al.. 1994; Dobrowsky et al.. 1995).
Moreovcr. p7S activates its own signaling pathway (for revicw. see
Chao. 1994; atso sec Canossa et al.. 1996; Carter ct al.. 1996;
Cortazzo et al.. 1996). [t has been suggested that in certain
systems ligand-bound p75 receptors may activate apoptotic sig-
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also enhances the trophic effect of suboptimal concentrations
of NGF.. In contrast. in ceUs expressing p75 receptors singly
(TrkA - p75·), binding with mAb MC192 or NGF causes very
Iimited or na trophic effects. Thus, the data support the hypoth­
esis that unbound p75 may modulate TrkA trophic signais.
Importantiy, the data also demonstrate for the first lime that in
multireceptor systems appropriate combinations of anti­
receptor mAbs can fully mimic the signais of a polypeptide
growth factor.

Key words: NGF; receptor; TrlcA; p 75; trophic signais; ago­
nist; figand; mAb

nais. whcreas in othcr systems unbound p75 receptors aetivate
apoptosis.

One problcm in ducidating the molecular structure of lhe rune­
tional NGF receptor and in dctermining the individual rolè of eaeh
recep[Or and a putative cross-modulation bctwecn TrkA and p75
has been the dilficulty in obtuining high-affinity ligand,; that dis­
criminale complctcly bctwecn the rcceptors. Mutant neurotrll­
phins that bind Trk rcceptors prefcrential1y ovcr p75 function Iikc
wild·typc ncurotrophins in biological assays ([b&ifiC'.l ct al.• 19lJ:!:
Barkcr and Shooter. 1994; Ryden ct aL. 1995); howcvcr. NGF
secms to dock onto multiple sites of TrlcA. [the IgG-like domain
(Pere-.l et al.. 1(95) and/or the leucine zipper domain (Windisch cl

aL. 1995)). ligand binding to multiple TrkA sites may cause sig­
naling and may Icad to p75 immobilization and p75-indepcndcnt
signais (Wolf et al.. 1995; Ross ct al.. (996). This would be consis­
tent with the agonistic c:tfect of anti-TrkA polyclonal antiseï.t.
which has multiple binding sites (Clary el al.• 19(4).

We have previously described a monoclonal antibody (mAh)
SC3 that binds a rcstricted cpitope ofTrkA with high affinity and
acts as a full agonist (when compared with NGF) on cel1s thal
express TrkA but do not express p75 (lcSauteur ct al.. 199b). ln
the present study. combinations of the TrkA-spccific mAb 5C3
and the p75.spccific mAb MCI92 (Chandlcr ct al.. 1(84) werc
uscd as ligands ta analyzc NGF receptor in funetional and bill­
chemical assays. Thcse mAbs maintain high binding affinity n,:.
gardless of expression of co-receptors.

The data support the hypothesis that NGF-tfophic signais arc
mediated by TrkA and that unbound p75 negatively modulates
TrkA trophic function. More importantly. the data show that
optimal agonistic ligand mimicry for a multireccptor complcx ~..:m
be achieved by a combination of the naturat ligand and an anti­
receptor antibody. or by a combination of two antibodies against
ditferent receptors. This information will be useful in the design
of artificial agonists in multireceptor systems. induding ncurotro­
phin receptors.
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MATERIALS AND METHODS
Cd/ cu/cures. Rat PCll phcochromocytomas eells express p75 and Trk.A;
BI04 rat ncuroblastoma eclls cxprcs.'i -50.000 surface p75 rcccptorslccll
and none of the Trks (TrkA - p75 -); 4-3.6 cclls arc B104 ceIls tr.lnsfcctcd
with human trkA cONA and express equal Icvels of surface p75 and
TrkA (TrkA - p75 -) (Bogcnmann ct al.• (995). The CIO ccII line is a
sclectcd subclone of 4-3.6 e:<prcssing -50.000 surface TrkA receptors but
no detcctable surface p75 (TrkA . p75 . ). Lack of detectable surface p75
receptors on CIO clones was asscssed by FACScan analysis (with a
sensitivity of <500 receptorstccll). Ali ccII lines were maintaincd in
RPMI media (Life Technologies. Toronto. OntarioJ supplemented with
5'l fetal bovine serum and amibiotics. Appropriate drug selection was
addcd to 4-3.6 and CIO cells.
Antibod;~ as NGF rr:r:eplor /igunds. Anti·rat p75 mAb MCI9! (lgG 1)

(Chandler ct al.. (984) and anti·human TrkA mAb 50 (lgGl) (LeSau·
teur et al.. (996) ascites were purified with Protein G Sepharosc (Phar­
macia. Baie d·Urfe. Québec). dialyzed against PBS. and stored at -lOGC.
mAb 50 is agonistic and C'.m fully substitute for NGF in E:!5 eells
c:<prcssing TrkA but not p75 (LeSauteur ct al.. 19'J6l. Further charac­
terization of mAb 50 is publishcd in leSautcur ct al. (1996). Purified
mAbs wcre char.!cterizcd hy SOS-PAGE under nonreducing or reducing
(100 mM 2·mercaptocthanol) conditions to >')5% purity (data not
shown).

Binding assays with directly labeled mAbs SC3 and Me19! demon·
str.ued that each antibody bindo; to its receptor with relative affinity and
saturation profiles rcgardlcss of whcther the oth~r receptur is e.~pre~d
and bound. For ex.amplc. mAb 50 binds similarly to TrkA - p75' cells
or TrkA . p75' ccIls reganJk-ss of whcther mAb MC1!):! is present (dara
nut shawn). This is not unusual or unc:<pcctcd and has been rcported for
other antibodics binding diffcrcnt subunits of multircceptor systems
(Chastagncr et al.. 1996; Pinkas·Kramarski et al.. 19')6).

Protectiun [rom ,'ell death. Five thousand cclls/well in protcîn-rrcc
meLlia (PFHM-li. Life Technologies) containing 0.1% BSA (crystallin..:
fraction V. Sigma. St. Louis. MO) were added to 96-well plates (Falcon.
Mississagua. Ontario. Canada). The cultures were untreated or supple­
mentcd wüh seriaI dilutions of neurotrophins (pusitilic cuntrul). test
mAbs. or mousc IgG (negativc control). The survival profile of the eells
was quantitated using the MIT colorimetrie as.o;ay (Musmann. 19M3)
after ~M-71 hr. Pcrccntagc prot~ctionwas standardizcd relative ta 1 n~1

NGF conccntrations using the MIT optical density (00590 nm) and the
following furmula: [(0°'<>1.0°....,..,••">/(00 1 ... :'OCil-·OO"."••'.-J>I x
100. Thc OD uf untreatcd samples [serum-frec medium (SFM) onlyl was
-10% uf 1 nM NGF control.

Some survival c'-pcriments were alsu pcrformcd in the presence of
various concentrations of the tyrosine kinase inhibitor K152a (kindly
provided by Or. WenHua Zheng. McGilI University). The conccntr.!­
tians of K252a u.scd were reported previollsly (Dobrowsky ct al.. 1995;
Buck and Winter. 1(96).

ONA [rogmenlCllion and apuptosis. Apoptutic death wa..o; conlirmed by
analysis of ONA fragmentation patterns by extr.letion of gcnomic DNA
as described (Sambrook et al•• 1'l89). Equal amounts of ONA for each
condition werc rcsolved in a l.5o/t: ag-.lrosc gel and visualized with
cthidium bromide. Note that ONA isolated from apoptotic PCI2 eeUs
oCten docs not appcar as a typical apoptotic (adder (Xia et aL. 1995;
Barrett and Gcorgiou. 19(6).

T.vrosine phusphory1ll1ion llssays. The tyrosine phosphorylation ofTrkA
was as.'klved after a 15 min treatment of 0;.3.6 ccIls with the indicatctl
agcnt(s): Analysis wa... pcrformed by Western Blot of whoh: ceU l~'Sates
with the enhanceLl chemoluminescenee deteetion system (ECL Amer­
sham. Oakvillc. Ontario) as dcscribcd (leSautcur ct aL. 19%). using
anti-phosphotyrosine mAb ~G 10 l Upstatc Biotcchnology. Lake Pladd.
N Y) or affinity·puritied polydonal anriscr.! DF-49 recogniLing phospho­
tyrosine PY490 ofTrkA. which forms the Shc recognition/docking site on
TrkA (Segal et aL 1996). Quantitation of protein loading was performcd
with thc Bio-Rad Dctcrgent Compatible Protein Assay rcagent (Bio-Rau
laboratories. Mississauga. Ontario. Canada). and by Coomassic blue
staining of gels. Bands in :<-ray films werc quantified by densitometry
[ScanmasterJ- scanner (Howtee Inc.) and MSCAN software (Scanalytie.
CSP Ine.. Hudson. N H)i. Band intensitics were standardizcd using the
relative 00 of NGF trcatmcnt in cach film as 100%. StatÎstÎeal analysis
of dcnsitometry of thrcc to live gels was pcrformetl using paired Stu­
dcnt's t tcsts.
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Table 1. p75 biDdial don IIGC protect lrum apoplOlic de.'b iD sni

Trcatment in PCIl BI04 ~-3.6

SFM cultures (TrkA - p75-) (TrkA- p75-) (TrkA - p75-)

Mousc IgG 0=2.3 0.5 = 0.7 0-=:1.1
1 1 nM NGF 100 = 5.1 -3::: 2.2 llK) -=: 4.b
3 100 p~l NGF 80::: 5.5 1 = 1.9 87.4 -=: ~.5

~ Hl p~l NGF 40 = 3.4 1 = 1.7 51.3 :::: ~.7

S 1 pM NGF 12::: 1.1 -0.5 .:: 1.1 111.1 -=: 5.5
6 :! nM BDNF Not testcd 1 .:: 1.3 1.1 :::: 1.7
7 200 pM BONF Not tcstcd 1.5 .:: 1.3 Il.9:::: 1.2
8 20 pM BDNF Not tcsted 1.6::: 1.3 3.~ -=: 2.2
') Z pM BDNF Not testcd 0=0.7 0.5 -=: 3.7

10 MCI92 10 n!lot :!::: 12 0.7 ::: n.8 1.1:::: 1.3
Il MCI92 1 n!lot -1=3.4 O.b ::: 2.3 3.7 -=: 3.1
12 Sr:é serum 157::: 0.9 LOO ::: 7.7 14M ::: 7.2

PCI!. B104. and -l.3.6 cens were cultured in serum-free media (SFM) supplcmenh:J
with lcst or control ligands ôIli Indicated. CcII prolcetiun W;Jli quantilalcd arler -lX hr
hy measuring 00 using the Mlf colorimetrie ;.....'kI!I. Data wc:n: slamJanlileJ
relalive lU 0plimal NGF trt:'4tmcnt (PCI:! and ~3.b ccll.. ). BtlW cdl.. du not roptmd
tu NGF. thu... in thi!> iL'I.'i4l!l Ih\.')1 wcrc standardized with respect lU sr;, serum. "
n:pr\.~nlalive cxpcrimcnt is shown (avcr.lgc ~ 50: n - ol) fmm mure Ihan IhTl:e
indcpcndcnt o:xperimcnlS.

AESULTS
Functional consequences of NGF receptor binding
C clis undergo apoptotie death when cultured in SFM (Table 1).
BI04 eclls exprcssing p75 but not TrkA wcre not protectcd by p75
ligands [ncurotrophins NGF and BDN F (Ianes 1-9) or by various
concentrations of anti-p75 mAb MC192 (Ianes 10 and 11)J. Lad~
of significant p75 ligand-indueed protection in SFM was indepen­
dent of TrkA expression. and apaptotie (,kath aceurred in p75 .
TrkA - PCI2 cclls (Table 1.lanes 10 and Il) and in p75' TrkA'
4-3.6 cclls (Table 1. lanes 6-11). ln cantr.lst. NGF hinding to
TrkA protected cells from apoptatie death in SFM (Table 1. lanes
1-5). NGF-mcdiatcd protection of PCll and 4-3.6 cclls was Jose
depcndcnt and consistcntly suboptimal at -1-10 pM (Tahle 1.
lanes 4 and 5). Standard ccli culture conditions containing sré
serum (Table 1. lane 11) allord bath proliferation and surviva1.
Thercforc. highcr readings are deteetcd when compared wilh 1
nM NGF. whieh in SFM prefcrcntially aels as a survival factur.

Ncxt. cells exprcssing p75 and human or rat TrkA rcecptors
were used to test potential syncrgy of mAb MCI92 as a p75 ligand
and suboptimal NGF doses (5 pM) as a prefercntial high-affinily
ligand. MAb MCI92 alone allards very Iimited (or insignificant)
protection in SFM (Table 1; Table 2.lanes 4-6); 5 pM NGF alone
affords suboptimal ccli prOlection ranging from -30 to SUCé
(Table l~ Table 2. lane 3).

NGF (5 pM) ~ mAb MCI92 synergized to significantly incre:Isc
ccII protection in SFM (Table ~ lanes 7-9). This protection was
dependent on the concentration of mAb MCl92 and was maximal
at 0.2 ILg/ml (1 nM) (Table 2.lane 8). MAb MC192 concentrations
ranging from 0.1 nM to 1 ILM were tested_ but only sorne concen­
lrations are shown for c1arity. At 1 ILg/ml (10 n:lol) or higher
concentrations. mAb MCI92 a d'orded limited synergy (Table Z.
lane 7). and at 0.02 ILg/ml (0.1 n:lol) or lower concentrations it did
not syncrgize with NGF (Table ~ lane 9). Thu~ a bell-shapcd
dose-responsc resulted wherein low or high concentrations of
mAb do not a"-ord synergy with 5 pM NGF.

Similar tests were perfonned with 4-3.6 ceIls (human TrkA .
p75 -) and CIO cells (a sortcd subclone of 4-3.6 ceUs thal ex.­
presses human TrkA but is p75 - ). 4-3.6 and CIO clones express a
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Table 1. CODcomitaat p75 aad TrkA biadiaa proteets (elh rrom
apoplotic dcatb
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Table J. CODcomitant Iipad biadial or p7S aad TrU syaeflizes in
tropbic 5iloals

Trcatmcnt addcd to
SFM cultures

PCI2
(TrkA- p75-)

4-3.6
(TrkA- p75-)

Trculmcnl addcd 10
SFM cultures

4·3.6
(TrkA' p75')

CIU
(TrkA' p75

,\Mays wcrc pcrfunncd as dOi:ribcd in Table t Icgcnd. mAb MCt92 ~yncrgizr:swith
suhoptimar (5 pMI NGF in pmtcC1ing Pel! and +'3.h ecUs from apoptollc ,kath in
SFM (Iane... 7 and Ml.
~ The small incrca.\C in survival induccd hy lT\I\b MCllJ! is stati~li,""aJly ,igOllicanL

Mouse IgG
2 1 n~t NGF
3 5 pM NGF
4 MCI92 10 nM

5 MC1921 nM

6 MCI92 0.1 n~t

7 5 pM NGF MCIlJ2 10 n~t

8 5 pM NGF MC192 1.0 nM

9 5 pM NGF MCI92 0.1 nM

0= 1.3

100 =6.5
18 =8.4
2 =1.5
6 =2.7"

1 =2.0
49 =3.3
86:= 7.4

26:=5.1

0=1.5
100 =4.8
48 =3.5

I=·U
6 =3.5"
1 =4.1

85:= 6.5

lOS =5.6
55 := 4.5

Mouse IgG
2 1 nM NGF
3 100 pM NGF

4 10 pM NGF

5 1 pM NGF
fJ 5 n~1 MCI92
7 0.5 n.... MCI92
!:l 5 nM 50
9 0.5 nM 50

10 5 nM 50 - 5 nM MCI92
li 5 nM 50 - 0.5 nM MCI92
l2 Il.5 nM 50 5 nM MCIlJ2
13 0.5 nM 50 0.5 nM MCI92

0=3.4

100 =5.3
S9 =6.6

52 =3.b
4 =-l.4

16 =5.7"

8 =4.0
42 =3.0
20 =5.5
78 =2.7

118 =3.l
b

65 =fl.8

1}6 =2.3

0=1.7
100 =3.7

35 =3.1

7 =3.1
0=2.4
1 =1.2

o =LM
79 =5..2
tH := 5.3
73 := 3.M'
5C) =-l."
1>2 := Lb'
tH = lA'

Table.a. KZ52a ioibi15 NGF ~ptor-mcdiatedImpbic l"xnals

iusays wcre pc:rfunned as dc:scribcd in Table Ilcgcnd. +'3.6 ccII survivaJ in SFM WoL'

achia-cd hy incubation with lbe indicatcd ligands. Optimal ligand concentnltiun.s
wcn: uscd as pcrTablc 3 (1 n.'\l NGF. 5 nM 50 mAb. and 5 nM 50 ~ 0.5 nM MCltr­
mAh5). CcUs wcrc challcnged with various conccntr4tions of iCS2a. and ~ ~urvi...al
was ca!cuiatcd w;ing 1 nroc NGF as 100% standard. 1C523 inhihits hoth NGF anu
mAb-mcdiated SUn'iV"4J in a dosc-dcpcndcnt manner and to a similar rclali...c
dcgrce:..

A.s....."lys wcrc p..:rfunned :L'i dcscnbcl! in Table 1 Icgcnd. Bindin~ llf p75 and Trl,,\
with lT\I\bs MCI9! and 50. rc.<;pcC1i\'c1y (Ianes 9-1!). syncrgile in prolcaing +..lh
ceUs from apoptulic dcath. whcrcas binding llf TrkA wilh mAb 50 aillne Ilancl'>)\
and IJ) alfurd.. suhuptimal pmlcetiun. tn COmrlllll. CIII c:clb arc bcncr prutcctcd try
hinding Trlv\ wilh lT\I\b 50 ajonc (Iancs li and 'JI.
~ The l'>mall inen;::1SC in sUnli\'al induccd by lT\I\b MCIIJ! is 'tati:,uCllly 'igntlicUlI.

~ The survi\'al hlghcr than IUO':è is statÎlitic;llIy signilicant fmm 1 nM NGF.
, Nut 'lalisllcally s.gniliClnt frum cach uther.

ln PCI1 cr:lIs. no DNA degradation is seen after culture wilh
5% serum or with 5 pM NGF + 10 nM mAb MC191. PC12 celts
trcatcd with 5 pM NGF 'lIane do have limited DNA dcgradatiun
(Fig. 1Bl. as cxpcctcd. bccausc this concentmtion of NGF alTonh
suboptimal survival. PCI1 cclL..; cultured with SFM or mAb
MCI92 alone show extensive DNA degradation (Fig. 18).

TrkA tyrosine phosphorylation
Ta further analyze the signaling mechanism of the antibody­
based ligand cornbinations. TrkA tyrosine phosphorylation (PY)
was studied. This was pcrformed by Wc:stem blot analysis of
whole celllysates with antibodies againsl phosphotyrosine (u-PY)
or with antibodies that bind phosphotyrosinylated TrkA wilhin
the Shc recognition/dockîng site [phosphotyrosinc 490 of TrkA
(a-PY490. DF49 antibody)).

Initial cxpcriments were designed to resolve the conccntmlion
of mAb 50 thal affords optimal PY ofTrkA (Table 5). A 15 min
trcatmenl with mAb 50 at 1 J.Lg/ml (5 nM) induced optimal TrkA
PY and TrkA PY490 in CIO (TrkA - p75 -) and 4-3.b cells
(TrkA - p75 -), This was consistent with prcvious survival dat..

112 =4
1;)7 =5
43 =1

50 - 19:!

50::: 3

32::: 3

13::: 2

50

100 =9
60 =4
32 =.1

NGF

Cé Ccii survivaJ in SFM supplcm~ntcdwith

o
50

500

K252a
(nM)

similar numbcr of surface human TrkA reccptors. In thcse eclls it
is possible to replace NGF with mAb 50 as a test ligand for
human TrkA {Table 3}.

Combinations of mAbs 50 and MC192 alfordcd optimal 4-3.6
ccII protection (Table 3. lanes 10-13). which is comparable with
that affordcd by optimal NGF (Table 3. lane 2). Synergy by
combination of mAbs SC3 and MC192 is dcmonstï..lted by signif·
icantly higher protection than trcatment with dthcr rnAb aJone
(Table 3.lanes 6-9). [nterestingly. although binding ofTrkA with
mAb 50 alone alfords only -20-40% protection ta 4-3.b ceUs.
sirnilar treatmcnt of CIO cells alfords bS-SO% protection in SFM
(Table 3. lanes 8 and 9). MAb sa concentrations ranging from
0.01 to S ,u.g/rnl (0.05-250 n~') wcre tested. but only sorne con­
centrations are shown for c1arity.

Consistent with CIO cells lacking surface p75. the combination
of mAbs MC 192 and 50 does not enhance the effect of mAb 50
alone (Table 3. lanes 10-13). As expccted. CIO ecUs are Icss
responsive to low doses of NGF than 4-3.6 cells (Table 3. lanes
3-5) because they lack detcctablc p7S. Furthermore. no synergy
was observed in ClO cells when mAb MC192 and 5 p~t NGF were
tested in combination (data not shown).

To assess whether lrophic signais leading to ccII survival in
SFM were mediated via a tyrosine kinase activity. the K2.52a
inhibitor was used (Table 4). As expected. K252a inhibitcd tra­
phic survival induced by 1 n~' NGF. K252a also inhibitcd trophic
survival induccd by optimal concentr.ltions of mAb 50 or by
optimal combinations of mAbs 50 + MC192. Inhibition by
K152a was dose dependent. The highest concentration of K2.52a
tested (SOO n~') was not toxie to 4-3.6 cells (data not shawn). and
this dose has heen used prcviously (Dobrowsky et al.. 1995: Buck
and Wintcr. [996).

AnaJysis of the degradation pattern of genomic DNA con­
firmed the apoptotic nature of ccU dealh in SFM for 4-3.6 and
pcn ceUs (Fig. 1) and for B-I04 ceUs (data not shown). The
absence or presence of DNA degradation correlated conclusively
with protection or lack of protection from death for ail treatments
and for ail celilines (Tables 1-3).

In 4-3.6 ceIls. no DNA degradation is secn after culture with
5% serum or with mAbs SC3 + MCI92. although a srnall amount
of DNA degrad3tion is seen for 4-3.6 cells treated with mAb 50
(Fig. lA). ln conlrast, extensive apoptotie DNA degradation is
seen when 4-3.6 cells are cullured wilh SFM or mAb MC192
aJone (Fig. lA).•
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• (A) 4-3.6 cells (8) PC12 cells
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Table S. TrkA tyrusine phosphorytation in rnponse to MAb 50

CIO ecus 4-3.6 CcUs

4 1

7 5
44 33
93 61

100 HM!

5 1

32 21

45 43

39 21

PV total PV-l9U

1

1

1
~5

100

1
..0

71
..9

PV..90PY total

Il
12
Il
36

100

10
40
91

3S

No ligand
NGF 1 pM
NGF 10 pM
NGF 100 pM
NGF 1 nM
500.05 nM
500.5 nM
505 nr.!

5C3 50 nM

CcUs

CcUs wcn: untrcalcd (Iane: 1) ur trcated with Ihe indicatcd cune:entr.llill~uf NliF
(Ianes ~-5) or mM SCJ (Jane:> b-9). for IS min at J7"c. Ligand .."Unccntrallllll.' \lIerc
sc:lcetc:d on Ihe basisoC surviv:d assays (e.g.. Tahle 3). Equal amounL,,"fprutcin frum
whok ccli Iy~lcs wc:rc n:solvcd hy SOS-PAGE and analY;lcd hy Western hllllung
wilh antiphospholyrusim: (anli·PY) or with <t-PY~IJO hlot (OF41J sc:r.ll rccugnilin~
spccificllly Ihe: Shc hinding site uC TrkA. Band intclbilics were anal)'lcd hy dcn.,,·
tumctry and standilrdi;lc:d u.'iing lhc rel.ui"c optieill Jen.'iity of 1 nM NGF tre;,tml:llt
as 100%. Dilla from a rcpr~'SCntati...c Weslc:rn hlut arc shown.

2

3
~

5
6
7
8
9

. . .

. . .

..,..1
::, ~ lïl'II

••• •

•

Figull! /. Changes in apoptotic DNA lIegraliation. Genomic DNA was
cxtracted from (... ) ~-3.b or (B) PCl1 eells cuhurell as inllicated for 48 hr
in SFM. Equal amounts from cach sample wcrc resolvcd on a 1.5%
agarose gel and visualLtcd with cthidium bromide. Standarll mulecular
markers (M) arc show n. A typic-.ll apoptotie DNA ladder is seen for 4-3.6
ecUs. but PCI1 DNA is more smcared and ditficult to isulate as a ladder
(Xia ct al.. 1995; Barrett and Georgiou. 1996). Antibolly concentrations
wcrc sclected from optimal survival assays (e.g.. Table 3). namc.:ly 5 nM
mAb 50 and n.5 n:\1 mAb MCI92. NGF (5 pM) was suboptimal in
survival assays. and some DNA laddering is expcctcd (B). DNA laddering
is ablatcd whcn NGF is combined with 0.5 nM mAh MC191.

(e.g., Table 3): howcver. 5 n~t mAb 50 was less efficient at
phosphorylating TrkA whcn compared with 1 n~t NGF (Table 5.
lane 5). This rcsult is also consistent with previous survival data.

As expected. TrkA phosphorylation in rcsponsc to low NGF
concentralions (Table 5. lanes 1--J) was dccreased in CIO cells
compared with 4-3.0 eells. bccause CIO cells do not express p75
receplors. [n contrasl. TrkA phosphorylation in responsc to mAb
5C3 was always stronger in CIO cells comparcd with 4-3.6 cells
(Table 5, lane 8).

Using Ihe optimal NGF and mAb 5C3 concentmlions above.
we studied TrkA PY after lrcalment of cclls with various combi­
nations of the ligands (Fig. 1). A 15 min trcatment of 4-3.6 cells
(TrkA ~ p75 ~) with both 5C3 and MCl92 mAbs (Fig. 2A.B. lane
5) induccd TrkA PY comparable with that induced by optimal
NGF doses (Fig. 2A.B. lane 2). MAb 50 alone (Fig. 2A.B, lane
3) caused signiticant changes in TrkA PY; however. mAb 5C3­
induced TrkA PY is lower than that induced by NGF or by
combinations of mAbs 5C3 and MC192. Treatment with mAb
MC192 alone did nol cause significant changes in TrkA PY.

Other cellular proteins of sizes ranging from 40 to 125 kDa are
also tyrosine-phosphorylated in response 10 these ligands. [nter­
estingly. the etIect on these unidentified substrates is ligand spe­
cifie. For example. NGF. mAb 5C3. or 50 + MC192 (but not
MC192alone) causes the PYofa -120 ltOa phosphoprotein (Fig.
2.4. thick dashed arrow). whereas only NGF or mAb 5C3 causes
the PY of a -110 kDa phosphoprotein (Fig. 2.4, short chin arrow).
Ali treatmenls cause the PY of a -40 kOa phosphoprotcin (Fig.

2A. chin dashed arrow). With the exception of the -40 kD'l
phosphoprotein. mAb MCt92 alone did not cause significant and
reproduciblc: inereases in PY of other prott:ins within the 15 min
lrcatment (Fig. 2A. lane 4). More importantly. mAb MCI92 did
not affect TrkA PY in a significant and reproduciblc manncr (Fig.
2A.B. lane 4; SeC statistiC".l1 analysis in C).

Dcnsitometry of the TrkA band of five anti·PY blots as in Figu re
2A revealed a significant increase in total PY induccd by a comhi·
nalion of mAbs 5C3 and MC192 (91 % of that induccd by optimal
NGF) (Fig. ~C). The total PY incrcase induccd by treatmcnt with
mAb 5C3 alone (56% of that induced by optimal NGF) is signifi­
cantly highcr Ihnn untreated control (p ::: 0.019), and it is ab.u
significantly dilTerent from total PY increascs induccd by mAh
combinations (p = 0.022).

Densitomelry of the TrkA band of live a·PY490 blolS as in
Figure 28 (DF49 antibody) revealed an increasc after trealmcnt
with mAb 5C3 (24% of thal induced by optimal NGF). which was
signiticant compared with untreated controls (p ::: 0.0 H)) (Fig. le).
Treatment with mAbs 50 + MC192 also incrcascd PY-J90 (tl()'+

of that indueed by optimal NGF). The PY490 incrcascs secn aftcr
lrealment with mAb 5C3 or mAbs 50 + MCl92 arc signiticmtly
dilfcrent from each other (p = 0.008). Treatment with mAh
MC192 alone did not cause a signifiC".lnt incrcasc in TrkA PY490.

DISCUSSION
Binding of TrkA [with various concentrations of NGF (in PCI2
and -J-3.6 ecUs) or with anti-human TrkA mAb 50 (in .J-3.b
cells» leads to significant trophic signais. as asscsscd hy ccli
protection in SFM, by increased receptor PY. and by n:ducc.:d
apoptosis and DNA degradation. Tht: signaIs leading to cdl
survival in SFM are mediatcd by a K252a inhibitable tyrosine
kinase activity, likcly TrkA.

Concomitant binding ofTrkA (with the ligands abovc) and of
p75 (with mAb MC192) increase trophic signais synergistically, to
levels equivalenl to optimal NGF concentrations. When mAbs
5C3 and MC192 are combined. there is a small but significant
higher 4-3.6 cell survival over optimal NGF. This is Iikely attrib­
urable to the mAbs being more stable in culture at 37"C than NGF
and perbaps ta receptor/ligand recycling. The possibility of a
small amount of cell division lS unlikely, because BrdU incorpo-
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Figure 2 Optimal TrkA tyrosine phosphorylation by concomitant binding of p75 and TrkA. 4-3.b ecUs wcrc untrcated (fune /) or treated with 1 nM NG F
(wne 2). 5 nM mAb 50 alone (fllne 3). U.5 nM mAb MC192 alonc (fllne 4). or a combination of bath mAbs (wne 5) for 15 min at 3re. Ligand
concentratiul15 wcrc selcctcd from survival assays (e.g.• Table 3) and pilot c:<perimcnts (c.g.• Table 4). Equal amounts of protcin frum wholc ccUlysales
wcre rcsolved by SOS-PAGE and analyzcd br Western blutting.A. Anli-phosphutyrosinc (unri-PY) blot. Slrart thü:k llrm.... indic:ltes pl4U TrkA. Ntllahll:
changes in tyrosine phosphorylatiun of other cellular prolcins can he secn induccd by NGf. mAb 50. or 50 - MC192 (IJrit.:k dashr:d arru,,'). by NGf
ur mAb SC3 only (lllurt Ihin urrow). or by alllreatments (IIlillliusllr:d urmw). B. a-PY4()() blol (OF-49 sera) rccogniûng spccilil.oaUy Ihe Shc hinding Sil..:
tif TrkA. C. Densittlmctric sl,.oanning quantifkation of band intensities relative 10 NGF trc:nment (average =SE;" =5).• indicales significant difft:r,,:ol:l:
from untrcatcd samples (paired Sludcnt's t tests; If = S; P < n.(3).

e
!

ration in rcsponse to mAb 5C3 or NGF in SFM is undetectablc
(data not shown).

Synergy of mAb MC 192 and NGF in protection {rom apoptosis
can be explained partially by increascd binding of NGF to p75
receptors (Chandler ct al.. 1984); howcver. sevcral arguments
suggcst that affinity considerations arc not the sole mechanism by
which p75 ligands modulatc TrkA fllnction. First. although NGF
incrcases its affinity for p75 approximately thn:cfold in the pres­
ence of MCI9~ the functional enhanccmcnt is -200-fold {sur­
vival with 5 pM NGF + MC192 is nearly equivalcnt to 1 n~1 NGF}.
Second. enhanccment of p75 affinity by mAb MC192 ought to
sequcster NGF from TrkA (Barkcr and Shooter. 1994). and
thercrore a recillcrion in TrkA-mediatcd survival should occur
rather than the observed increasc. Third. and most important.
mAb MC192 enhanccs the biologieal and biochemical function of
TrkA stimulatcd with mAb 50. Synergy betwccn these mAb
ligands was not C"dused by a change in aOinity or binding proper­
ties of the mAbs. because cach mAb binds its rcceptor regardless
of. and is unalIccted by. the other (see Materials and Methods).

Functional synergy between p75 ligands and TrkA ligands (in
cclls expressing both receptors), togcther with decrcased TrkA­
mediated signaJs in TrkA - p75 - ceUs compared with TrkA­
p75 - ceIls. suggests functional interactions. Two nonexc1usive
mechanisms may account for the p75 clfect. (I) Sound p75
positively enhances TrkA signais din:ctly or indirectly, and (2)
unbound p75 negatively modulatcs TrkA-mediated trophic sig­
nais directly or indirectly. Our data provide stronger support for
the latter meehanism. based on the following three arguments.

First. decreased trophic signais in response to TrkA binding by
mAb 50 were detected in 4-3.6 ceUs (TrkA" p75 -) when
compared with CIO ceIls (TrkA - p75-). Comparable data were
published using fibroblasts transfected with trkA cONA {LeSau­
teur et al., 1996}.

Second~ synergistic effeets occur between TrkA ligands and
mAb MC192 only when the concentration of MC192 is optimized
to achieve bivalent binding of ail or most receptors. At (ow

concentrations (subsaturating), mAb MCl92 docs not synergilc
with TrkA ligands. At very high mAb MC192 concentrations.
poor synergy is obscrved, likely bccausc of high dose inhibition
(the probability ofmAb binding in a monovalent fashion). Thi!ol i~

consistent with reports that high doses of mAb MCI9:! (~ ~g/ml:

-4o-fold higher than our optimal concentrations) can antagonile
the cffcct of NGF on PC12 ecUs (Barker and Shooter. 1994). The
issue of monovalent versus bivalent rcccptor binding has also
becn examined (our unpublished observations).

Third. protection from apoptotic death in SFM was very lim­
ited or undetcctable after binding of p75 alone with NGF (in
BI04 eclls) orwith MCI92 mAb (in B104, PCI~ and 4-3.f> ccUs)
and undetectable after binding with BON F (in B104 and 4-3.tl
cells). The simplest interpretation is that deteetablc p75 trophie
signais in SFM require prc- or coactivation of TrkA. This would
be consistent with reports of a protcin kinase that associates with
p75 rcceptors only aCter TrkA activation (Canossa ct al.. IlJ<J6).

The mechanism by which p75 contrais TrkA function probably
does not involve TrkA-p75 heterodimers, because they arc nol
likely to be induced by binding of the mAb·bascd ligands; how­
cver. the possibility that receptor heterodimers preexist on the
ccII membrane and arc nol ligand dependent cannot be rulcd out
(Wolf et al.. 1995; Ross ct al.. 1996). Furthermorc. it is also
possible that a positive modulation of bound p75 on TrkA occurs
(Verdi el al.. 1994; Canossa et al.. 1996).

Previously, polyclonal anti-TrkA antiserum was uscd 10 achievc
-70% of the neuronal survival afforded by optimaJ NGF (Clary
et al.. 1994). The neurons cxpressed TrkA and p75, but potential
synergy on p75 binding was not studied. Our results arc consistent
with and expand on that data.

Although p75 has becn reponed to signal in the absence uf
TrkA binding (for review, sec Chao. 1994; also see Carier et al..
1996; Corlazzo et al.. 1996), those p75-mediated signaIs do nol
Icad to trophic responses or to increased PY of TrkA as studicd
herein. Our results contrast with other reports wherein unbound
p75 rcceplors did not modulate TrkA-mediated signais (Verdi ct
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al., 1(94). and p75 binding in the absence of TrkA binding did
protect from apoptosis induced by antimitotic agents (Cortazzo
et al., 1996). The different results likely are allributable to the
prc:sence of growth factors in these other experiments. Our re­
sul15 also differ to sorne extent from a report by Rabizadch et al.
(1993) in which p75-mediated TrkA-independent protection from
apoptosis was described in NRSD (a line derived from PC12
cclls) and CSMI4.1 (immortalized neuronal cells). purported to
lack TrkA as assessed by Northern blot analysis. These ceIls.
however. may express very low levels of TrkA. which may hdp to
explain the discrepancy.

Analysis ofTrkA PY. particularly the Shc docking site PY490.
confirmed that higher activity is induced aCter concomitunl bind­
ing of TrkA and p75. This likely is auributable to im..-rcased
kinase kinetics. to lowcr tyrosine phosphatase activity. or to
sustained phosphorylation of PY490 (Segal et aL. (996). Any one
of thesc allcmatiws supports the hypothcsis of a ncgative mod­
ulation of TrkA enzymatic activity by unbound p75.

On the busis of our Western blot experiments. the putative
negative modulation by p75 seems to be relcascd within a few
minutes. Thus. it is unlikcly that this modulation involves NFK-13
(Carter ct aL. 19(6) or JNK (Xia et aL. 19(5) transcriptional
pathways. Perhaps the regulation of TrkA by p75 is mon: direct
and acts via phospholipid hydrolysis (Dobrowsky ct al.. 19(5) or
other kinuses (Canossa et al.. 1(96).

Important changes in the PY of cellular protcins other than
TrkA are also seen induced by ligands that aford optimal pro­
tcction from apoptotic death. Sorne of thcse protcins arc tyrosine­
phosphorylated in a ligand-specific manner. The identification of
these phosphuproteins may reveal differcnccs or speciticitics in
signal transduction induccd by NGF versus antibody-based li­
gands and will aiù in understanding whether the putative negativc
modulation ofTrkA is direct or indirect via adapter or regul'ltory
protcins.

Yery few anli-recc.:ptor mAbs wilh agonistic activily cxist (Taub
and Greene. 1992). and evcn agonistic polyclonal antiscr.L arc
rare. Thus. given the dimerizing ability of anlibodics. it secms
that although reccptordimcrization is rcquircd (Heldin. 19(5). il
alonc cannot account for agonistic function. Likcly. a conforma­
lional changees) in the structure of the receplor must also occur
(Posner ct al.. 1992; Carraway and Cerione. 1993; Cadena ct al..
1994; Arakawa ct al.. [9(5). Wc prcdict that mAb 50 atfords
TrkA homodimerization as weil as a partial receptor conforma­
tional changees) that leads to partial agonistic signais.

Partial conformational changes arc expccted from the fact thal
mAb 50 likc1y docks onto a region of TrkA and alfccts the
receptor differently than NGF (Perez et al.. 1995; Windisch et al..
1995). This is also supported by publishcd observations that mAb
monovalent 50 Fabs function as agonislS in bioassays using
fibroblaslS transfected with human TrkA (LeSautcuret al.. 1(96).
Furthermore. trcalment of CIO cells (TrkA - p75-) with mAb
50 atfords only -80% of the trophic survival afforded by treat­
ment NGF. suggesting that mAb 5C3 and NGF are not identical
TrkA ligands.

Structural analysis of mAb 5C3-TrkA and NGF-TrkA com­
plexes may reveal the nature of the diffcrences and perhaps
putative receptor conformational changes that occur on ligand
binding. Furthcrmore. medulloblastomas engineered to express
TrkA undergo apoptotic death after NGF lreatment (Muragaki et
al.. (997). and it wouId be of interest to test whether mAb 5C3
affects these cells in the same manner.

An important and novel concept is the demonstration that
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functional agonism in a multireceptor system could be optimally
achieved by a combination of a natural ligand and an anti­
receptor antibody or by two antibodies against different constit­
uenlS of the complex. This information might be useful in the
design of artificial receplor agonists and antagonists. particularly
for neurotrophin or othcr multireccptor systems.

Our work will continue using monovalent fragmcnto; of the
mAbs to assess the role of dimerization. Future work will focus on
how dilferent NGF receptor-Iigand complexes a[cct carly cvents
of neurotrophin signaling. internalization. and activation of sec­
ond messengers.
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Developinl' ....aJl molecule ..onistie Ii.anda for tyro­
sine kinase recepton hu been dillleult, and it i••ener·
ally thou.ht that lRIeh li_da requin bivaleney. More.
over. multisubunit recepton are diflicult to tarcet,
beeause eaeh subunit contributea to U....d aftinity. and
eaeh lIUbunit may have distinct and sollletillles oppoaiDC
funetions. Bere, the nerve l'J'Owth factor receptor aub­
units p75 and the tyrosine kinue TrkA were nudied
uain. artifieial lil'anet. that bind ..,eeifteally to tbeir
enr&eelluJar dOlll8in. Bivalent TrkA Iil'8ftda &fron! ra.
bust sienal.. However, cenuine Dlonolllerie and lIIonova­
lent TrkA lieanet. .trord partial apm......ctiv.te the
tyrosine kin.. aetivity. eau_ receptor iDtemalization.
and induce sornval and ditrerentiation in ceU lines and
prilll.ry neurons. Monolllerie and lIIonovaient TrkA li­
••nda can synergize with lil'ancla &bat biDd the p75 lIUb­
unit. However, the p?5 lil'anda uNd iD this audy lDuR
he bivalent, and lIIonovaient p75 U....cIa bave no efrect.
These findinga will he useful in desiping and develop'
ing seree... of small lIIolecules Rleetive for tyrosine ki­
nase recepton and indica&e tut lItrate1rie. for de8iping
..onists of lIIultisubunit reeepton require colUider­
ation of the role of eaeh subunit. Lut, the strateIY of
usinc anti-receptor mAbs and ..aU BloleeuJe bormone
lIIimics as receptor IiI'ands could he applied to the study
of lIIany other heterolllerie cell surface receptol'L

Nerve growth factor (NGF)l is a dimerie hormone composed
of two identical protomers. NGF binds to either or bath of two
rec:eptors termed TrkA and p75. Cells expressing TrkA bind
NGF with intennediate affinity (/(d _10- 10 y) (1-3). and œlIs
expressing p75 bind NGF with lower affmity (Kd -10-9 M) (4).

Co-expression ofTrkA and p75 creates high affinity NGF bind­
ingsites (K" _10- 12 M)(3). indicativeofphysical and functional
interactions <5--8>.
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Agonists that aetivate TrkA afford protection from apoptotie
ceU death and neuronal dift'erentiation and uonal growth (9).
The p75 receptor mediates apoptosis in some neuronal and
nonneuronal cells (reviewed in Refs. 10 and 11». but it is
unclear whether p75.mediated death is constitutive, induced
by agonistic p75 ligands, or can he antagonized by other li­
gands. Culture studies where Trk-specific ligands were mixed
with p75-specific ligands have shown synergy and reciprocal
regulation of funetion <6-8. 12).

TrkA is a tyrosine kinase receptor that transduces NGF
signais. The dimerie NGF protein induces TrkA dimerization
leading to activation ofthe kinase 03}. as expected byanalogy
with other receptor tyrosine kinases Cl4). However. dimerie
ligands do not always lead to reœptor activation (15-17).
Renee. the possibility that monomerie ügands couId induœ
confonnational changes leading to receptor dimerization or
activation remains an attractive hypothesis (18). Sinœ no bio­
logical studies have been done with de(ured and genuine mo­
nomerie ligands ofTrkA or any other tyrosine kinase receptor.
this is one aim of the present study.

Functional synergy between bivalent Trk ligands and biva·
lent p75 ligands. leading to enhanced Trk activation and œil
survival. have been reported (6, St Rowever. no functional
studies of synergy have been done with defined and pRuine
monovalent ligands ofp75 and TrkA. This is anotheraimoftbe
present study.

To answer bath aims. we used defined monovalent and mo­
nomerie ligands that bind to the extraœllular domain ofTrkA
and p75 reœptors. Specifically. we asked (i) whether monova­
lent and monomerie ligands ofTrkA can oct as partial agonists.
(ii) whether monomeric ligands of TrkA can synergize with
ligands ofp75, and (iij) what the valency requirement is for p75
ligands to synergize with TrkA ligands. Three sets of ligands
that bind the extracellular domain of NGF reœptors were
available. Each ligand was used in its bivalent or monovalent
state. alone or in combinations. ta probe reœptor func:tion in
biological and biochemical assays.

Anti-TrkA mAb 5C3 is an agonist ligand ofTrkA (19). Anti­
p75 mAb MC192 is a p75 ligand that can synergize with TrkA
ligands (6). Peptides termed CC92-96) and C(92-97) bind TrkA
in vitro and target TrkA-expressing cells in viuo (20-22). When
TrkA is engaged by these peptide analogs, binding of the nat­
ural ligand NGF is antagonized (21). but a possible intrinsie
activity of the peptide analogs upon binding TrkA had not been
studied.

Biophysical charaeterization of C(92-96). described herein.
defines it as a genuine monomerie and monovalent TrkA li­
gand. We report that genuine monovalent TrkA ligands are
partial agonists and induce TrkA activation and intemaliza­
tion and 0011 survival and dift'erentiation. Expectedly. bivalent
TrkA ligands aft'ord more robust signais. These data challenge
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FlG. 1. BiDdiJlC profile ormAb .,...... Fab rra....enu. 4·3.6 œlla expressingequallevela ofTJokA and p75 were analyzed by FACScan binding
as described under -Materiala and Methoda.- Binding of' intact IgO wu revealed with tluoresœin isothiocyanate-eoupled goat anti·mouse [cG and
binding of Fabs with tluorescein isothiocyanate-eoupled goat anti-moUie Fab. Controis excluded the specifie primary. Saturating concentrations
are achieved at 50 D)( Fabs and at 25 DM IgG. These concentratioDS bave equal number of receptor·binding unils beatuse IgGs are bivalent.
Decreasing the saturating dose 5-fold results in simiJar immunoetaÎnÏDg patterns for IaG and Faba (compare A l1ersus B and C uerstu Dl.
Sllii'9ting limitar binding propertiea. Note that FACScan immunoataining conditions (10& cells staÎnedltest. binding primary for 30 min at 4 'C)
are not identical ta the conditions used f'or survival assays; hence. saturating concentrations for the latter cannat be extrapolated.

•

the exclusive notion of ligand bivalency postulated for activa­
tion oftyrosine kinase receptors. For p75, only bivalent ligands
afford signals that synergize with TrkA·mediated signaIs. This
suggests that TrkA and p75 ditTer in their requisites for ligand
activation. Last. oligomerizing ligands atTord the same signaIs
as homodimerizing ligands.

The insight that monovalent small molecule ligands can be
partial agonists wiU be useful for screening and designing
pharmacological agents. and the approach described can be
adapted ta the study ofother receptors.

MATERIALS AND METHOOS

Cell Lines

Rat PCl2 cella express low levels of rat TrkA and 40.000-100.000
p75 receptonlceU <TrkA' p75···1. B104 rut neuroblastomas express
-50.000 p75 receptorafcell but do not express Trks (TrkA p75' •• ).
The 4-3.6 cella are B104 cella stably transfected with human trAtA cDNA
and express equal surface levels of p75 and TrkA ITrkA' " p75···)
(23). The 6-24 cells are PC12 cells stably transfected with human triA
cONA and overexpressing TrkA (TrkA' .• p75···). Cell surface ex­
pression of each of the NOF receptors was routinely controlled ln all
cells by quantitative FACScan assays (Becton Dickinson) (data not
shown). These cella do not express detec:table mRNA for neurottophins
(data not shawn; Ref. 23) and undergo apoptosis when neurotrophins or
serum are withdrawn.

Dissociated Neuronal Dorsal Root Ganglia Cultures

Fetal rat donal root ganglia <DRGI primary cultures were estab­
lished essentiaUy as described (24) from Harlan Sprague-Dawley day 17
rat embryos. Ali ganglia were dissec:ted and dissocîated first enzymat­
ically with trypain and then mechanically. Dissociated cells were cul­
tured (100,000 cells/welll in 96-well plates precoated with collagen and
grown for a total of 8 days in Neuro Basal Medium containing N2
supplement <Life Technologies. IncJ. antibiotics. and L·glutamine.
These DRG cultures are -85% TrkA-expressing and are heavily de­
pendent on TrkA aignala for survival (25. 26l.

Antibody and Fragment Preparation

The activities oC anti·human TrkA (gO mAb 5C3 and anli·rat p75
IgG mAb MCl92 have been described (6. 191. mAbs 5C3 and MC192 do
not crosa·bloclt each other's binding. Purified (gGs were digested with
papain (liCe Technologies. Inc.) ta yield monovalent fragmenta (Fabs).
For t'urther purification. fint papain waa inae:tivated; second. the Fe:
fragmenta were removed ln protein c.sepharose columns (HiTrap;
Amenham Phannacia Bioteeh); and third. the Fabs containing " light
chaîna were purified ta >98% purity in KappaLock.Sepharoee columna
(Upstate Biotechnology. LaIte Placid. NY> and by preparative FPLC
with sizing columns (Amenbam Phannacia Bioteeh). No IgO wu de­
teeted in Fab preparations. FPLC spectrometry and size exclusion
analysis under native conditions did not reveal the presence of aggre­
gates. even at 40 J.CJl Fab concentrations (bioassays use nanomolar
concentrations). The conditions used would have detected <0.2% ofFab
aggregates. Binding competition assays between 5C3 Faba and the
intact antibody indicated that the affinity of Fabs IKrt 10 nM) is wîthin
ô-raid ofthe intact 19G(K;, 2 nM). The affinities orthe MCl92 Fabs were
not meaaured directly. However. FACScan assays demonstrated that
MC192 Fabs and MC192 IgG (Fig. 1. A and 8l and 5C3 Fabs and 5C3
IgG (Fig. 1. C and D) bound their cellular targets in a specific and
saturable f'ashion indistinguishable from eac:h other (Fig. lI.

Cyr:lie NGF Mimées

The NGF mimic C(92-96) is an N·acetylated IN-AcI cydic peptide
with primary sequence N-Ac-YCIDEKQCY. The NGF mimic: C(92-911
is N-Ac·YCTDEKQACY. The C(92-96) and C(92-91) peptides are cy­
clized by intrachain disuJfide bonds <indicated by the undl!rlines) (21).
These peptides are structural mimics of the CoD IJ-tum of NGF (27).
Linear peptides with the ume sequences do not bind TrkA and were
prepared as contrais by substituting Cys with Met (primary sequence
YMTOEKQMYl. The linear peptides do not cyclize. and NMR spectroa·
copy indicated a ladt oC conformation (data not shown). The C(92­
97)....... is a telhered covalently linked dimer ofC(92-97). High pressure
Hquid chromatography and mass spectroscopy analysis confirmed the
expec:ted retention time and mus for a dîmer.
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Peptide Synthesis and Characterization

N-AI; peptides were synthesized by Fmoc (N'(9-fluorenyl>methoxy­
carbonyl) ehemistry. Purification. quality control. and charac:teri%ation
of the peptides were done as described (21) and by NMR diffusion
studies (this report). More convincingly. the full NMR spec:tra of N·AI;·
C<92-96) were analyzed (27). Auilllment of all resonances and dis­
tances and resolution oC the structure showed the peptide ta be mono­
merie. Tberefore, it ÜI extremely unlikely that N·Ac-C<92-96) is a
noncovalent dimer. With respect ta a possible covl'.lent dimer. mass
spectroscopy (API Ul MS System. Sciex. Thomhill. Ontario) byelectro­
spray ionization quadrupole (data points every 0.1 Da) verified the
ehemical composition and monomeric state of N·Ac·C(92-96) with
1192.3 ~ 0.3 atomie: man unita measured. which is the theoretical mass
(1192.2) for an oxidized monomer. No trace ofa covalent peptide dimer
was detected even after prolonged signal aver&gÏng, using conditions
that would have deteeted 1~ of dimer. Therefore. it is extremely un·
Iikely that N·AI;-C(92-96) ia a covalent dimer.

NMR Spectroscopy

NMR samplea c:ontained 5 mJ( N-Ac·C(92-96) in distilled water at pH
5.7 containing1~(v/v) of 0 20 for the deuterium lock. When D20 was
used as a solvent. the peptide was tW'Ïce lyophilized and redissolved in
D20. Spectra were acquired at 5OO·MHz proton frequenc:y on a three­
channel Bruker ORXSOO spec:trometer equipped with pulsed field gra.
dients. Standard experimental protocols were used for the acquisition of
NMR spec:tra and spectral aslilllments. Isotropie: aelf-diffusion meas·
urements used NMR pu1tle field gradients at ditrerent peptide concen·
trations (28, 29). Seventeen one-dimensional assays were done at each
concentration with gradient Itrengths from 0.67 ta 63.65 G/c:m. gradi·
ent duration of 3.5 ma. and a diffWlion time of 150 ms. Peptide signal
decay was measured at nine ditrerent frequencies. Data were fit ta the
equation / = rexp<-(y8G)2(or - &'3l~). where / is the experimentally
measured lignai intenaity attenuated by diffusion, ., ÜI the IH gyromag·
netie: ratio, 6 ia gradient duration. G is the gradient atrength. 1'is time
between gradient pulses, and S ia diffusion coefficient. Reaults were
averaged.

Ligand Concentrations and Valency

Antibodies are detined as ..artificial reœptar ligands" bec:auae they
are specifie:. they bind with bigh affinity, with saturable and reversible
kinetics. and they are bioactive. Reaponses ta a full dose range (from
picomolar ta high mic:romolarl were studied previoualy for some li·
gands, and reaponses for the same dose range for all ligands were
studied herein (data not shown). Ulually, only optimal concentrations
of NGF mimies. mAbs. or Fabs that aiTord trophie: signais are shown for
clarity. The NGF mimie: C<92-96) is monomeric and monovalent. lt is
water·soluble and does not aggregate even nt 18 mM (this paper). The
C(92-97)d,_r is a covalent dimer and bivalent analog of the C(92-97l
NGF mimic. Intact IgGs are dimerie: and bivalent. and Fabs are mono­
meric and probably monovalent. Where indicated. Fabs were cross­
Iinked with goat anti·mouse Fab antibody (a·Fab; Sigma) at a 2:1 ratio
of Fab ta a·Fab. This crosa-linking ratio affords optimal dimerization
lone a-Fab can bind two Fabs}. Higher c:ross·linking of Fabs using
Fabla-Fab ratiOl of1:1 or 1:5 (each Fab bound by manya-Fabs),leading
ta ligand oligomerization, achieved results comparable with dimerizing
ratios of2:1 Fabla-Fab (data not shawn).

Protection from Apoptotic Death

Prinuuy DRG CultuTf!s-After a total of8 days ofculture with NGF
CPrince Laba, Toronto, Canada) or the indicated test or control ligands.
cell survival were studied using the 3·(4.5-dimethylthiDZol·2·yl)·2.5·
diphenyltetrazolium bromide (M'M') colorimetrie assay and by micro­
scopie observation.

CeLl Lines-5.000 celblwell in protein·free medium (PFHM-lI; Lire
Technologies. [nc.) c:ontaining 0.2% bovine serum albumin (crystalline
fraction V; Sigma) were aeeded in 96-well plates <Falcon. Mississauga.
Canada>. The cultures were untreated or were treated with the indi­
cated test or control liganda. Cell viability wu quantitated uaing the
MT1' usay after56-12 h ofculture. and apoptotic death was confirmed
by analysis of DNA fragmentation patterns. Pen:entage of protection
was standardized from MTl' OD readings relative to optimal NGF Cl
naU = l()()C1,. The OD values ofuntreated cells were subtracted and were
< 15'11 for œlllines and <3O'f, for primary cultures. The higher survival
ofuntreated primary cultures is probably due ta endogenoWi production
oflimiting amounts of growth factors.

Tyrosine Phosphorylation Assays

TrkA tyrosine phosphorylation was assayed aiter a 15·min treatment
of intact cella with the indicated agenUI) and revealed by Western
blotting of whole œil Iysates as described (6). Anti-phoaphotyrosine
(a-TyrtP)) mAb 4010 (Upstate BiotechnolOKY. Inc., Lake Placid. NY) or
antiaerum a-TyrtP1490 against the Tyr(P)4lJO of TrkA (within the Sile
doclring site) (30) was used as a primary antibody. Banda in J[·ray films
were quantified by densitometry, and intensitiea were standardized
relative ta 1 nM NGF. Densitometry orrour ta five independent gels was
analyzed statiatically by paired Student's t testa with Bonferroni
correctiona.

TrleA Intemalization Measun!menls

Live 4-3.6 cella were treated as indicated for 45 min at 4 ·C in the
presence or absence of O.25~ sodium lUide. Cells were maintained at
4·C or shifted ta 37·C for another 20 min to allow ligand.induc:ed
receptar internalization (9). Then. cella were washed and immuno­
stained with mAb SC3 at 4 ·C (pbolphate-buiTered saline. O.S~ bovine
serum albumin. 0.1~ lodium azide). for analysis of aurface TrkA ex·
pression by FACSc:an immunofluoreacence as desc:ribed (9). ln each
8888Y, S,ooo cells were ac:quired. and the Mean channel fluorescence of
bell-shaped histagrams was analyzed (LYSIS li, Becton Dickinson. CAl.
Percentage inhibition ofmAb 5C3 binding was ca1cu1ated as a change in
mean channel fluorescence with respect ta control untreated cells.
Rapid loss of aurface TrkA il interpreted as receptor intemalization.
which is delayed or inhibited by low temperatures or sodium lUide (9).

Chemical Cross·linlling

Live 4·3.6 aingle cell suspensions were bound by the indicated li­
gand(s) for 45 min at 4 ·C. Cella were then washed in phosphate­
buffered saline. crollS-linked with 1 nul disucc:inimidylsuberate (Pierœ)
for 15 min at 15 ·C as described (31). Unreacted disuccinimidyl luber­
ate was quenched with 5 nul ammonium acetate, and whole œlls were
Iysed directIy in SOS sample butrer. Equal amounta of protein for each
sampie were reaolved in a 5-1~ SOS-polyacrylamide gel electrophore­
sis gradient. transferred to nitrocellulose. and Western blotted with
llnti·Trk polyclonal antibody 203 (a gift of Dr. David Kaplan. Mc:Glll
University) that recolllizes the intraœllular domain ofTrk. 'l1Ua mti·
body was selected becauae of high lpecificity toward Tnt in Western
blots and because ita epitopes are not atrected by disuc:cinimidyl suber·
ate ao8s-linking.

RESULTS

CeU Surviual Induced by Monoualent and Bivalent TrM
Ligands-Previously, we showed that anti-human TrkA mAb
5C3 significantly protected cells from apoptasis when cultured
in serum-free medium (SFMl. but anti·p7S mAb MC192 did Dot
promote œIl survival. Combinations of anti-TrkA mAb 5C3 and
anti-p75 mAb MC192 synergized to protect cells optimally ta
levels comparable with 1 nM NGF. as did combinations of mAb
MCI92 and 10 pM NGF (6). Therefore. we tested 4-3.6 ceUs
(human TrkA'" ~... rat p7S· ..... ) <Fig_ 2A) or PC12 cels (rat
TrkA'" rat p75'" ...... ) <Fig. 28) in the same paradigm but using
putative monovalent ligands.

Significant protection was atrorded by 5C3 Fabs. in a dose­
dependent manner. 5C3 Fabs at 1-10 nM afford protection
comparable with 10 pM NGF. More robust protection was af·
forded by 1-10 nM 5C3 Fab-a-Fab complexes. Negative control
a-Fab or mouse [gG did not afTord survival. Positive control
bivalent mAb 5C3 at the optimal concentration of 0.5 DM pro­
tected -50% of the cells. [nterestingly. 10 [lM 5C3 Fab-a-Fab
complexes atrorded significantly higher protection than 0.5 nM

5C3 IgG. possibly because 5C3 Fab-a-Fab complexes are more
flexible than fgG or oligomerize TrkA more efficiently.

Monovalent p75 Ligands Do Not Potentiate NGF Signals-l
fUf NGF proteets PC12 cells (expressing rat TrkA... rat p75.......... )
from apoptosis induced by culture in SFM. Law concentrations
of NGF (10 pM) as a high affinity ligand afTorded -30% sur­
vivaL Monovalent MC192 Fabs failed ta synergize with 10 pM
NGF, and protection was not significantly difTerent than 10 pM
NGF alone. Synergy did occur with MC192 Fab-a-Fab com­
plexes plus 10 P)f NGF. The efrect was dependent on the con-
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MAb MC192 0.5 nM
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NGFlnM
NGFIOpM
a·Fab5 DM

mouse (cG 5 nM

MAb 5C3 0.05 DM
MAb 5C3 0.5 DM

MAb5C35nM

5C3 Fab 0.1 DM
SC3Fab 1 DM

SC3Fab 10 DM

50 Fab 0.1 aM + a-Fab
5C3 Fab 1 aM + a-Fab

5C3 Fab 19 DM + a-Fab

Treatment Or PC12 cells
NGFlnM

NGFIOpM ~.:..:..:..:......
a·FabSnM

mouse IgG 5 DM

B

MC192 Fab 1 DM

(MC192 Fab 1 DM + a.rab]
MCm rab 1 aM + NGF 10 pM

(MCI92 Fab 1 nM + a-Fab] + NGF 10 pM e===~~~~

Flo. 2. Trophic protection by mono­
vaient and bivalent TrkA or p'l5 li.
....d.. Cells were c:ultured in SFM sup­
plemented with the indicated ligands for
-68 b. Croas·linking of Fobs wu
ac:hieved witb a 2·fald malar exœss of
a-Fab antibody. Cell survival wu meBS­
ured in MTT usays. Protection from IIp­
optotic death was calculated relative to
that of optimal NGF (1 nM. l~ protec­
tion). Resulta shawn are the average ~

S.E.• n ,. 4. and repreaentative from at
least thtee experiments. A. 4-3.6 cells.•,
significant protection compared with con­
trol moUle (gO•••• signiticantly higher
than 0.5 nM mAb SC3. B. PC12 œlls.•,
significanùy higber than 10 pM NGF...,
not significantly different &om 10 pM
NGF. p <: 0.01.

% Survival
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centration of MC192 Fab'a-Fab complexes (data not shown)
and was optimal at l nM cross-Iinked MCl92 Fab.

As positive contrai. bivalent MC192 synergized with 10 pM
NGF increasing protection from -30 to -90%_ Synergy was
dependent on the concentration of mAb and was optimal at 0.5
11M MC192 (data not shown). Controls a-Fab. mouse (gO. biva­
lent MC192. monovalent MC192 Fabs. and MC192 Fab'a-Fab
complexes alone did not protect PC12 cells substantially from
apoptosis. In ail permutations of these experiments. apoptotic:
cell death was confirmed by analysis of DNA fragmentation
patterns (data not shown).

Synergy ofBivalent and Monovalent Ligands ofNGF Recep­
tors-To analyze the vaJency requirement ofeach NGF reœp­
tor. combinatioDS of bivalent and monovalent antibody-based
ligands were tested on 4-3.6 cells for synergy in protection of
apoptotic œll death (Fig. 3). (n these assays. it was encouraging
to observe that comparable biological responses by ditrerent
ligands (e.g. 1 lUt cross·linked SC3 Fabs afford the same pro-

tection as O.S nM 5C3 bivalent IgG) also result in equivalent
reœptor occupancy (e.g. 1 n.'\{ Fabs bind the same number of
reœptors as O.S n.\( IgG). Positive contrais of bivalent sca
combined with bivalent MC192 were synergistic and afforded
100% protection. Negati"'e contraIs a-Fab alone and mouse (gO
alone did not afford cel1 survival in SFM (data not shown).

A combination of monovalent sca Fab with either monova­
lent MC192 Fab or with bivalent MC192 did not result in
synergy; the -2S% protection was not significantly different
from that seen with monovalent 5C3 Fab alone. However. SC3
Fab-a-Fab complexes synergized with bivalent MC192. A com­
bination of monovalent MC192 Fab with bivalent SC3 did not
result in synergy; the -50% protection was not significantly
different than that afforded by bivalent sca alone. In contrast.
MC192 Fabs-o-Fab complexes synergized with bivalent 5C3
and afforded -110% protection. One bias in this assay is that
a-Fab cross-linking does not occur exclusively at MC192 Fabs
but also occurs upon bivalent sca. resulting in some multiva-



NGF Receptor Ligands and Signaling

Treatment or 4·3.6 ceUS•
9950

FIG. 3. Syne,..patic trophic protec­
tion by p71and TrkA Li...... Exper­
imenta using 4-3.6 cella wete as described
in Fig. 2. Crosa·linking of Fabs was
achieved wim a 2-fold escess ofa-Fab an­
tibody. Ooly optimal doees for eac:h of the
TrkA or p75 ligands <0.5 nA( [gO and 1 nM
Fabs) are shawn. Protection rrom spa­
ptotic death was calculated relative ta
that of optimal NGF (l lUI. l~ protec­
tion). Resulta shawn are average ~ S.E.•
n = 4. and are representative (rom at
least three independent experimenta.••
not significantly bigher than control
mouae [g(}.••• significantly bigher than
control moUM! [gO; •••• not signific:antly
higher than 5C3 Faba aIone•••••• not sig.
nificantly higher than mAb 5C3 aIone.
•••••• signific:antly 10_er than all dimeric
combinatioD5 of MCl92 and SC3. p <
0.01.
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lent SC3 oligomers. However. a-Fab cross-linking of bivalent
SC3 (10 does not enhanœ its activity (data not shown). there­
fore the biological efl'ect of cross-linking oc:curs at the MC192
Fabs.

Last, a-Fab cross-lînking of 1 nM MC192 Fab plus SC3 Fab
afl'orded -6S% protection. This aetivity can be ascribed to four
theoreticalligand mixtures: SC3 dimers (2S%). MC192 dimers
(2S9&), and SC3/MC192 heterodimers (SO%). (fthe SC3/MC192
heterodimers are indeed formed. they seem to be inactive.
because we observed that reducing the concentration of biva­
lent mAbs 5C3 and MC192 to 0.125 nM <the concentrations in
the theoretical mixtures above) results in synergy and -6S%
protection (data not shown).

While the date is suggestive that heterodimers are inactive.
this is an unclear issue, because we have no evidence that the
heterodimers indeed form. The putative heterodimeric ligands
cannot be isolated and analyzed because they dissociate and
reassociate during purification; nor can they be stabilized. be­
cause binding aetivity is lost upon chemical cross-linking. Ad­
ditional1y. it is noteworthy that more extensive cross-linking
with higber ratios of a-Fab did not increase protection. al­
though higher oligomerization of ligands is expeeted (data not
shawn).

For c1arity. only nearly optimal concentrations of ligands are
presented. but responses from micromolar to picomolar concen­
trations were studied (see "Materials and Methods"). Thus.
optimal protection is afl'orded by combinations that result in
bomodimerizing ligands. and no increased protection is seen
with oligomerizing ligands. In all permutations ofthese exper­
iments. apoptotic cell death wu confirmed by analysis of DNA
fragmentation patterns (data not shown). Moreover. the li­
gands Mediate trophic etrects in a TrkA-dependent manner.
because no concentration or combination of NGF and antibody
could induce significant protection of 8104 cells lTrkA-.
p75" .... ) (data not shown).

Ligand Valency and TrkA Tyrosine PhosphoryLation-TrkA
tyrosine phosphorylation (TrkA-Tyr(P» was studied as a bio­
cbemical corre1ate ofœil survival in SFM (Fig. ,,). Analysis was
done by Western blotting with mAb 4G10 against phosphoty­
rosine (tota! TyrlP». orwith antibodies against phosphorylated
tyrosine 490 of TrkA (Tyr(P)490>, whicb is the Shc binding site
ofTrkA. A representative Western blot oftotal Tyr(P) is shown
in Fig. <lA. Statistical analysis ofdensitometry for severa! blots
of total TrkA-Tyr(P) (Fig. 48, upper paneL). and for several

blots of TrkA_TyrlP)490 <Fig. 48, lower paneL) were use<! to
quantify the TrkA-TyrlP) data. Western blotting with anti­
TrkA antibodies, done in parallel, demonstrated that all lanes
contained the same amount of receptor (data not shown).

Monovalent SC3 Fabs induœd small but significant in­
cresses in TrkA-TyrlP) (Fig. 4A, Lane 2) and TrkA_Tyr(P)490
compared with untreated control (Fig. <lA, Lane 1) or MC192
Fabs (Fig. 4A, Lane 4). Much higher signais were induced by
SC3 Fab-a-Fab complexes <Fig. 4A, Lane 3). Quantification
showed that -80% of total TrkA-Tyr(P) and -SS% of TrkA­
Tyr<P)490 were induced compared with optimal NGF-induced
signals (Fig. 48). In contrast. no significant TrkA-Tyr(P) or
TrkA_Tyr(P)490 was induœd by p75 ligands bivalent MC192.
MC192 Fab-a-Fab complexes. or monovalent MC192 Fabs <Fig.
4A. Lanes 10. 5. and 4). For quantitative statistical analysis of
these data, see Fig. 48. AU ofthesc findings are consistent with
the survival data.

There were no significant differences between treatments
with sca Fabs plus MC192 Fabs <Fig. <lA, Lane 6) lJersus SC3
Fabs alone <Fig. 4A, Lane 2), indicating a lack of synergy.
Cross-linking of SC3 Fabs plus MCI92 Fabs with a-Fab af­
forded an increase in total Tyr(P) {Fig. 4A. Lane 7).

Approximately 85% of total Tyr(P) and -6S% ofTyr<P)490 of
TrkA were induced compared with optimal NGF-induced levels
<Fig. 4B). However. the increases in TrkA Tyr<P) and Tyr(P}490
induced by SC3 Fab-MCI92 Fab-a-Fab complexes were not
statistically difl'erent from increases induced by SC3 Fab-a-Fab
complexes <Fig. 48). AlI of these findings are consistent with
the survival data.

Thus. SC3 Fabs are partial agonist monovalent ligands of
TrkA that induce receptor activation and lead to trophic cell
survival. Although the evidence that mAb SC3 Fabs are indeed
monomeric is compelling (see "Materials and Methods"). it is
possible that these large Fab molecules of -SO kDa could
aggregate. Hence. other ligands were tested.

Characterization of Small MolecuLe Monomeric TrkA
Ligands-C(92-96) is a smal1 Molecule (- L kDa). cyclic and
confonnationally constrained peptide analog of the C-D I3-tum
region of a single NGF protomer. Tberefore. the C(92-96)
mimic ofNGF was studied as a candidate genuine monovalent
and monomeric TrkA ligand.

To address the valency ofC(92-96), we determined the solu­
tion structure of the phannacophore to better than O.S A. root
mean square deviation. Nuclear Overbauser effect and total
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FIG. 4. Bivalent TrkA lipncb induee optimal TrkA tyrosine
ph...phorylation. Equal amounts of protein from whole cell l)'lUltes
were resolved by SDS-polyacrylamide gel electrophoresis and analyzed
by Western blotting with anti-1'yr(Pl mAb 4GIO (total Tyr(P)) or with
an antibody recognizing Tyr<P}480 within the Shc: binding site ofTrkA
(TrU Tyr(P)490} (not shawn). Blot shawn is representative of at least
three independent total Tyr(Pl experiments. A. 4-3.6 cells were un­
treated (lane Il or treated with indicated ligands for 15 min at 37 ·C. [n
land 3. 5. and 1. monovalent Fabs were cross-linked with a·Fab anti­
bodies as indicated (- 1. Homodimeric: bindingofp7S and TrkA (lane 11)
\Vith intaCt IgGs enhances TrkA Tyr(P) over each rgG alone (Lanes 9 and
lOI. Ligand concentrations are as in Table I. •• significant difference from
untreated samples (paired t tests. n = 6. p < O.05l. B. densitometric:
scanning quantification ofTrkA total Tyr(Pl (upper panel) and Tyr(PydO
(lDwer parW) intensities relative ta optimal NGF treatment (average :=:
S.E.• Il ~ 61. Filhd bars indicate anti-Fab cross-tinking. -. significant
difference from untreated samples (paired t tests. n = 6. p < 0.05),

correlation spectroscopy spectra were consistent with a mono­
meric,. nonaggregated state and a five-residue pharmacophore
within a f;J-tum (27). Five chemical moieties are tao few to bind
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two receptors simultaneously as a bivalent agent. hence this
ligand is monovalent.

The following criteria indicate that C(92-96) is monomeric.
First. mass spectroscopy of C(92-96) demonstrated that there
were no covalent dîmers oroligomers (see "Materials and Meth·
00s"). Second. the aggregation state ofthe peptide at millimolar
concentrations in solution was resolved by high resolution pro­
ton NMR spectroscopy (Fig. SA). Third, natural 13C abundance
NMR relaxation parameters were measured for the a-carbon
atom. heteronuclear NOEs. and the molecular correlation time
ofC(92-96) was assessed. The overallcorrelation time detected
of 1.76 ns at 5 oC is expected for a monomer. Fourth, the
translational self-diffusion constant in solution unequivocally
identified C(92-96) as monomeric.

Pulse field gradient NMR measurements of the self-dift'usion
coefficient (a) were detennined at various peptide concentra·
tians of2. 6. or 18 mM: T = 278 le. Values of cS = 1.01 ~ 0.07
(10-6 cm2/s): a = 1.00 ~ 0.06 (10-8 em2/s): and cS = 1.04 ~ 0.05
(10-6 cm2/s) were measured for 18. 6, and 2 mM samples,
respectively (Fig. SB). These cS values are essentially the same,
indicating an identical state for the peptide. Tbus, the samples
remain monomeric. and peptide aggregates are undetectable in
solution even at concentrations as high as 18 mM. We estimate
that the self·association constant for any putative aggregate
cannat be larger than 10 M- 1

• Thus, a la loLM solution ofC<92­
96) (used hereafter) could not contain >1 DM self·aggregated
dimers. if any aggregate at an.

Small Molecule Monomeric and Monoualent Agonisu of
TrkA-Four questions were addressed. First. the genuine
monovalent and monomeric TrkA ligand C<92-96) wu te8ted
for trophic support of cells in SFM. Second, a covalent dimeric
analog ofC(92-96) termed C<92-97)düaer wu also evaluated ta
directly compare the potency and efficacy of monomeric uenus
dimeric smalt molecule TrkA ligands. Thini, to study whether
surface density of TrkA receptors influences trophic signais,
these agents were assayed in parallel on celllines that ditTer
only in TrkA density (PC12 versus 6-24, and 8104 uersru 4·3.6
cells>. Fourth. to study whether the ligands activate reœptors
in normal neurons. primary cultures ofdissociated dorsal root
ganglia from day 17 rat embryos were tested. These ceUs ex­
press TrkA and p75 r'eceptors. and their survival and differen­
tiation are dependent on TrkA activation. Growth and survival
were studied first in MT!' assays (Table n. Differentiation wu
studied morphometrically (Fig. 6).

The trophic response was dependent on NGF dose and was
optimal to 1 nM NGF in all cell types (Table l, row 1). Setter
survival was seen at 10 pM NGF for 6-24 and 4-3.6 cells (Table
l, row 3 J. suggesting that high TrkA expression atTords better
efficacy when ligand concentrations are limiting. B104 ceUs did
not respond to anY dose of NGF (data not shown)~ Negligible
survival ta 10 p}( NGF in DRG cultures is due to the fart that
DRG cultures are heterogeneous and secrete growth factoR,
masking the effect of low concentrations ofexogenous NGF.

The C(92-96) NGF mimic did not afford significant survival
of PC12. 6.24. or 4-3.6 cells compared with controllinear pep­
tides. but it did afford. significant survival of DRG cultures
(Table 1. row 4 versus row 6). This effect was dose-dependent.
and C(92-96) at 1 J.L.\( afforded -10% growth of DRG (data not
shown). ln contrast, the C(92-97)dUner peptide afforded goocl
trophic support for 6-24 and 4-3.6 cells and very low but sta­
tistically significant support for PC12 cells (Table l, row 5). The
6-2.4 and 4-3.6 cells express comparable numbers of TrkA
receptors, suggesting a TrkA density-dependent response.

MAb MC192 alone atTorded very low or insignificant trophic
support of cell lines (Table 1. row 7): but as a bivalent p75
ligand. it synergizes with TrkA ligands (e.g. see Fig. 2). High
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NGF the inerease was optimal (Fig. 6C). Treatment with con­
trol linear peptide did not induce difTerentiation (not shown),
Treatment with 0.5 o.... MC192 alone (Fig. 6D) or with 10 fj.M

C(92-96) alone <Fig. GE) induœd substantial differentiation.
However. treatment with a combination of 10 IL" C<92-96) plus
0.5 DM MC192 (Fig. 6Fl induced higher ditTerentiation. compa­
rable with that induced by 1 nM NGF. Tbese differentiation
data are consistent with synergy in survival seen for celllines
and primary cultures (see Table O.

Monovalent TrkA Ligands lnduee TrkA TyrositU! Phosplw­
rylation in SytU!rgy with Bivalent p75 Ligands-To further
assess whether the signals induced by small cyclie peptides are
mediated by TrkA. tyrosine phosphorylation of the reœptor
wu studied in 4-3.6 cells <Fig. 7). Representative anti-Tyr(P)
Western blots are shown in Fig. 7A. A summary ofdensitomet­
rie analysis from several blots is given in Fig. 78.

C(92-96) alone did not induce an increase in TrkA-Tyr(P)
c:ompared. with untreated cells or cells treated with control
linear peptide or bivalent MC192 (Fig. 7A,Lane 4 versus Janes
1,6. and 7). Significant TrkA-Tyr(P) was induced by treatment
with C(92-97)dimer <Fig. 7A.Lane 5). representing -30% ofthat
induced by 1 nM NGF <Fig. 7A. Jane 2). Combinations of mAb
MC192 and C(92-96) peptide <Fig. 7A.Jane 8) or mAb MCl92
and C(92-97)climer peptide <Fig. 7A. Lane 9} afforded. notable
increues in TrkA-Tyr(P). comparable with those induced by 10
pM NGF <Fig_ 7A.Jane 3). These results are consistent with the
sunrival data. In contrast. treatment with a combination of
bivalent MC192 and linear peptide controls <Fig. 7A, Jane 10)
did not result in significant increases in TrkA-Tyr(P). For 5ta­
tistics of densitometrie analysis. see Fig. 78.

SmaLJ Molecule Monovalent Ligands lnduee TrkA Recepto,.
Homodimerization-TrkA tyrosine phosphorylation leading to
trophic and düTerentiative signais require TrkA homodimeriza­
tion. Ta study whether monovalent C(92-96) peptide induœs
TrkA homodimerization, chemical cross-linking studies of the
receptor were done il: 4-3.6 cells <Fig. 8>' Cells were treated as
indicated. foUowed by chemical cross-linking. and then were
detergent·solubilized and analyzed by Western blotting with
anti-Trk polyclonal antibody 203.

A doublet consistent with previously reported TrkA mona.
mers ofpllO and p140 was seen in ail samples <Fig. 8, arrows).
SampIes from NGF-treated cells and in C(92-96} plus MC192­
treated cells bad a band of -280 kOa. consistent with the
molecular mus ofTrkA·TrkA homodimers (Fig. 8,Lanes 2 and
5>. This band was also detected. albeit weakly, in samples from
cells treated with C(92-96) alone <Fig. 8. Lane 4). A second band
of -220 kDa (that may be consistent with cross-linked pl40­
p75 heterodimers or pUO homodimers) was seen in samples
from NGF-treated cells and more weakly in C(92-96) plus
MC192-treated cells <Fig. 8.lanes 2 and 5). The 28o-kDa and
220·kDa bands were not seen in untreated cross-linked cells
<Fig. 8, Jane 1). in cells treated. with MC192 alone <Fig. 8, Jane
3). or in linear peptide control with or without MC192 treat­
ment (data not shown>. Similar data were obtained whether
whole œll lysates were analyzed or cell lysates were immuna.
precipitated with anti-TrkA antibodies prior ta Western blat­
ting <data not shown>.

Given that the efficiency ofchemical cross-linking is <5% of
the TrkA expressed on the cell surface, we have not studied the
individual components of the 280- and 220-kOa bands other
than the fact that they contain TrkA. However. it is unlikely
that these bands comprise NGF. because they are deteeted in
the CC92-96) plus MC192-treated cells.

Small Molecuk Monovalent Ligands [nduee TrkA &ceptor
Intemalizatian-N~we assessed whether the monomeric
C(92-96) peptide binds to a reœptor domain that overlaps with
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DRG survival in response to mAb MC 192 alone (Table l. rows
7 and 10) is explained by the mAb potentiating endogenously
produced growth factors. Furthennore, bivalent MCl92 poten­
tiated the activity ofC(92-96l (Table l. row 8). In celllines the
c:ombination is synergistic. while in DRG cultures the combi­
nation is additive due to high protection afforded by each li­
gand alone.

As a control, bivalent MC192 did not synergize with linear
peptides (Table 1. row 10). Further contraIs using 8104 cells
(TrkA-, p75+++ parental to 4-3.6) demonstrated no protection
by the peptide NGF mimics. aIone or in combination with mAb
MC192 (data not shawn). suggesting that the activity requires
TrkA expression.

Monovalent TrkA Ligands lnducf! the Difff!rentiatwn ofEm­
bryonic DRO Cultures-The difrerentiation of dissociated pri­
mary DRG cultures was studied. (Fig. 6). Untreated. DRG cul­
tures bad sparse. bipolar. and poorly differentiated neurons
<Fig. 60'\). At 20 pM NGF the increase in the number and the
length ofneurites and branches was very low <Fig. 68); at 1 Mf

1.00e.tl 2.~-.6

(1bG)l (t:-b/3l

FIG. 5. NMR ..-eetroKopy of N-Ac(92-96) peptide lDillletie. A.
one-dimensional spectrum of the monomeric Nac·C(92-96) peptide in
~O solution, pH 5.6, 278 K. B, the absence ofconœntration-dependent
aggregation 85 measured by the translations1 diffusion rate. Measure­
ments were made by the pulsed field gradient technique ofStejakai and
Tannera (reviewed in Ref. 29) at three dilTerent peptide concentrations.
The dJulted Line indicates the expected dilTusion rate for a dimeric
peptide of the lame shape as N-Ac·C(92-96I. The plot shows the atten­
uation of the signal intensity (uf!rticcl axis J as a function oC molecular
aÏ%e and shape (moDomer uersus dimerl and as s function of gradient
duration un, strength (G), diffusion delay (rt. and gyromagnetic: ratio
('Yl. The diffusion constant for the monomer is 1.02 =0.06 Je 1015 (cmz
5 li, and for the dimer it is predicted ta be 0.81 x 10-e (cmZ 5 - l).
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TABLE 1
NGF ~ptùkmimic. euou trophic t'f!SpolUil!:I alone and in syM'1/Y with p75-di1Mrizing ligands

Experimenta were Ils described in the legend ta Fig. 2. Cell lines PC12 (p75 , " TrkA'), 6-24 (PC12 cella overexpreuing TrkA. p75'"
TrkA' • ') and 4-3.6 (p75 • , • TrkA' • ') or diuociated primary neuronal cultures from embryonic day 17 rat DRGs cella were used. Celilines were
treated fo; 3 daya, and ORGs were tleated for 8 days with the indicated ligands. Cell growthIsurvival wu studied by the MTr method. Growth
wu calculated relative CO that ofoptimal NGF (1 nM, lOOtll protection) subtrac:ting the 00 of untreated cells. Resulta are Mean := S.E. averapd
from at leut three independent experimenta; for each experiment n :: 4.

Treatmenl

1. 1 nMNGF
2. 500 pM NGF
3. 10 pM NGF
4. C(92-96), 10 l'JI
5. C(92-97}..I_... 10 14-'1
6. Linear peptide. 10~
7. MCI92 IsO, l DM
8. C(92-96)'" MCI92
9. C(92-97)..I_'" MCI92

10. Linear peptide'" MC192

.. NT. not teated.

PC12

%

100:; 1.8
NT"

30:= 3.6
0:= 2.7
5:= 1.6
1 =1.3
4 =2.5

28 =2.8
39:= 6.3

5 =2.0

6-24

...
100 := 3.7

NT
60:= 3.1
0.6:::: 3.1
23:::: 2.4

8:= 1.2
7:::: 1.8

52:::: 5.2
72:::: 3.1
7:::: 3.8

4-:1.6

'Ir

100:::: 4.2
NT

47:::: 2.5
0.7 ::::0.9
19:::: 3.1

0.3 ::::2.6
5 =0.6

40 =3.0
59:::: 3.2
2:::: 1.0

ORO

'Ir

100:= 6
68 =4

7::::2
38 := 3

NT
0=4

25:::: 6
55:::: 5

NT
26:::: 2

•
FIG. 6. Monovalellt TrkA Upnds induce the differentiation oC

embryonie DRG culture.. Primary neuronal cultures from embry.
onic day 17 rat DRGs were treated with the indicated ligands for 8 days.
and cell diWerentiation was studied morphometrically. Magnification
was x GO. Data are representative oC three îndependent experiments.

mAb 5C3. This study was done by attempting ta black mAb 5C3
binding with C(92-96). Moreover, since agonistic ligands are
expected to cause reœptor internalization. it was of interest to
study whether monomeric ligands sucb as C(92-96) can induœ
TrkA intemalization.

We stumed ligand-dependent reœptor intemalization as a
decrease ofsurface reœptor density, whicb can be inhibited by
low temperature or by poisons sucb as sodium azide. 4-3.6 cells
were tl'1:!ated with NGF, C(92-96) peptide, or control peptides
in the presence or absence ofsodium azide at different temper­
atures. Surface TrkA reœptors were quantitated by FACScan
analysis with mAb 5C3 before and after 20 min of intemaliza­
tion (Table II). This time was selected because the t for
125[{NGFl internalization is -10 min (9).

C(92-96) did not black surface mAb 5C3 binding sites at 4 oC
(Table n, row 2). Treatment with C(92-96) at 37 oc caused a
-23% loss of surface mAb 5C3 binding sites (Table Il, row 2).
This efTect was sensitive to sodium azide (Table Il, row 3). A
23% loss of surface TrkA represents -11,000 reœptors that
presumably intemalized out of -50,000 expressed at the sur­
face. Sunilar results were obtained with C(92-97) (data not
shown). Negative control linear peptides did not affect the
number of mAb 5C3 binding sites (Table Il, rows 4 and 5).

ln positive control studies. treatment with NGF at 4 oC
blocked -21% of the surface mAb 5C3 binding sites (Table Il,
row 1; also publisbed in Ret: 19), suggesting that NGF partiaJly
blacks mAb 5C3. Treatment with NGF at 37 oC increased loss
ofsurface mAb 5C3 binding sites from -21 to -46% (Table Il,
row 1), probably because ofTrkA intemalization.

DISCUSSION

We demonstrate that artificialligands selective for subunits
of receptor complexes cau be used to study receptor structure­
activity relationsbips in systems where each subunit has dis­
tinct or unclear functions. For NGF receptors, the main novel
findings ofthis studyare as follows: (il pnume monomeric and
monovalent ligands ofTrkA can be partial agonists, suggesting
that bivalent ligands are not the sole mechanism for dimerizing
and/or activating tyrosine kinase reœptors; (ii) the monovalent
p75 ligands used in tbis study do not enhance TrkA-mediated
signais, suggesting that p75 ligands may require biva1ency~

and (iii) bivalent ligands that induce TrkA-TrkA and p75-p75
homodimers afford optimal signaIs. Putative ligand-induced
TrkA-p75 heterodimers do not seem to atTord signaIs, and re­
ceptor oligomerization does not resuit in enhanced signais.

While it is well establisbed tbat physiological ligands aeti­
vate signal transduction by inducing reœptor dimerization,
aUosteric models ofreœptor activation have aIso been proposed
{15. 32-36). There are two major obstacles to studying allo­
sterie models experimentally. First. there is a paucity of mono­
valent ligands tbat activate receptor tyrosine kinases (18).
Second. the raie of each subunit must be considered in the
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TrellUDent

1. 2 DM NGF
2. la"..... C(92-96)
3. 10~ C(92-961
4. 10 ltM lineor peptide
5. 10 ltM linear peptide

2 3 4 5
FIG. 8. MonovalenC Ii-randa induce or atabilize pu&aüve TrkA

homodimen. 4-3.6 cells were untreated Clane 1) or treated with 2 nM
NGF <lane 2),1 nM MCl92 Clane 3), 10~ C(92-96) (1aM 4), or 10 I&M
C(92-96) plus 1 nM MCl92 Clane St Cella were then c:hemica1ly crau­
linked with di8uccinimidyl suberate, lysed, resolved by SDS.polyacryl­
amide gel elec:trophoresis. and analyzed by Western blottinl( with anti­
TrkA polyclonal antiserum.

TABLE II
NGF peptide rnimia induœ TrM Ùltt!rnalization

. 4-3.6 cells were treated with the indicated ligands or control. at .. ·C
1ft the presence (... 1 or ablM!nce (-) of sodium azide. CeDa -ere then
maintained at 4 ·C or shifted ta 37 ·C tG allow intemalization. Analyaia
was done by FACScan, immunoataining surface TrU with mAb 5C3.
Perc:entage lOIS ofbinding was c:alculated Ba a change in mean channel
nuoreac:enœ with respect to untreated ceIls. Resulta are average =S.E.•
Il -= 3, 5000 cells were ac:quired for eac:h assay.

:z H. U. Saragovi. unpublished data.

aftinity cao overcome low avidity and lead to activation or ta
conformational changes (37-39). This dues not seem ta be the
case for the ligands 5C3 Fabs or C(92-96) because their aftinity
ranges from nanomoJar ta micromolar. Henee. N-Ac-C(92-96}
is a ligand of relative Jow affinity and avidity tbat can induœ or
stabilize putative TrkA homodimers. Sînce reœptar dimeriza­
tion alone does not necessariJy cause activation (15, 17). the
simplest interpretation is that the TrkA ligands induœ aller
sterie or eonformational changes, as shown for other rec:eptors
U6. 18,35>' However, this report would he a case where mer
nomerie and monovalent ligands induœ aIlosteric or conforma­
tional changes.

Arguably. SC3 Fabs couJd aggregate in solution as do other
large peptides (40), but this is unlikely to occur at nanomolar
Fab concentrations in 0.2% bovine serum albumin and did not
occur at micromolar Fab concentrations in related studies (41).
Hence. we conclude that Fabs are monomeric. It is aIso unlikely
tbat 5C3 Fabs are bivalent. and sequence analysis of the vari­
able c:omplementarity-detennining regions of mAb SC3 ex­
cluded this possibility.2

More conc1usively, the genuine monomeric sma11 peptide
C(92-96) affords trophic signais. although the dimeric C(92-
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.FlO. 7. Monovalent li....~ induce TrkA tyroaïne pho..-horyl­
aCaon. Treatment and analyals of 4-3.6 cells was as in Fig. 4; ligand
concentrations are as per Table 1. A. cells were untreated <lane l) or
treated with l nM NGF ([ane 2), 10 pM NGF Clane 3), 10 p.M C<92-96)
(lane 41, 10 JÜf CI92-97Idi....r Clane 5>, 10~ c:ontrollineac peptide Clane
6), 1 nM MC 192 mAb (lane 7>, 10~ C<92-96) plus 1 nM MC192 (lane 81,
10 ILM CI92-97)d....... plus l nM MC192 Clane 9), or 10~ c:ontrollinear
peptide plus l DM MCl92 Clone IOl. B. densitometrie sc:anning quanti­
fication of band intensities relative to optimal NGF trentment (aver­
age. =S.E•• ft ". 6)••• significant dift'erenœ from untreated samples
(palred t tests. ft = 6. p < 0.05).

analysis of heteromerie receptors, and agents that bind to and
affect the activity of each subunit must he available. We pos­
tulate that the strategy of using growth factor-derived and
antibody-based artificiaIligands can he easily adapted to study
other multisubunit reœptors, or for receptors where a subunit
has unelear function or no defmed ligand. AIso, strategies that
develop monovalent smail molecule agonists that bind to the
extraœllular domain of receptors will he useful for the discov­
ery of phannacological agents.

Valency, Auidity, and Aggregation State of Agonistic Li­
gands-Monovalent ligands 5C3 Fabs and C(92-96} are partial
agonists. For T œil reœptor complexes and G-coupled recep­
tors. it has been shown that sometimes ligands with high
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97)eü- is more efficient. Monomerie C<92-96) is monovalent.
because it bas a 5-residue pharmacophore (27) and could not
interact with two reœptors simultaneously. The intriguing pas­
sibility tbat C(92-96) could dimerize after docking is unlikely
(see below). but it remains unexplored and would require struc­
tural analyais of receptor-ligand complexes.

Ligand DemÏly al tM Celt Surface-The optimal functional
concentration of the peptide N-Ac-C(92-96) and of mAb SC3
and SC3 Fabs approximates their Kd (10 IJ.M, 2 nM, and 5 !lM,

respectively). In contrast. the optimal functional concentration
of 1 DM NGF is 2-3 orders of magnitude above its Kd (-10 -11 to
10-12 M). It is unlikely tbat these dit1'erences reflect require­
ments for reœptor occupancy. It is more likely that NGF, the
mAbs. or the peptides have ditTerent half-lives in solution at
37 oC or tbat they are bound by matrix proteoglycans or carrier
proteins.

ln some cases. the local concentration of a ligand at the cell
surface can be higher than in solution, making the ligands
more likely ta dimerize or to aggregate. While the mobility of a
ligand is reduced to two dimensions when bound to a reœptor,
ligand mobility within the plane of the membrane is still ex­
clusively dependent on the receptor. Therefore. monovalent
ligands could only dimerize subsequent to inducing their reœp­
tors to dimerize. In addition. we estimate that a cell expressing
50.000 receptors out of whicb 5% are bound would acbieve a
local ligand concentration of -10 mM. This concentration was
tested by NMR for monovalent C(92-96) with no evidence of
aggregation. Last. we demonstrated that the monovalent li­
gands induce rapid receptor intemalization, whicb will etTec­
tively reduce possible high local concentrations of ligand at the
cell surface. It is noteworthy that self·aggregation of C(92-96)
beyond the detection of NMR is unlikely to account for the
effects. because C(92-97)dimer at high nM concentrations did not
atTord signais.

Mech4nism of Action of TrkA and p75 Ligands-How can
conformational changes induced by monovalent ligands lead to
reœptor dimerization? While the function of the monovalent
ligands is defined by comparison with the naturalligand NGF.
their mecbanism of action may differ. We hypothesize three
possible mechanisms: (i) confonnational changes that favor
direct dimerization; (m a reduction of the rate at which pre­
formed receptof dimers disengage; and (iii) increased receptor
mobility with a consequent increase in spontaneously dimer­
ized receptors.

The most attractive explanation is that the monovalent li­
gands couId be inverse antagonists (32. 33). lnverse ant8go­
nists can stabilize receptor conformation(s) that are favorable
ta subsequent TrkA-TrkA interactions. Indeed. one criterion
for defining inverse antagonists is that their potency increases
with increased receptor density on the cell surface. and this
was observed for the activity of C(92-96) and C(92-97)dùner in
PC12 cells that have low TrkA. numbers versus 6-24 and 4-3.6
cells that have bigh TrkA numbers. Furtbermore. an inverse
antagonist would antagonize the natural agonist NGF, and
NGF block:ing properties have been shown previously for C(92­
96) (20. 21). Last. as expected. the C(92-97ldimer affords higher
signais. which would he predieted for a bivalent ligand that
induc:ed receptor dimerization directly.

With respect to p7S reœptars. bivalent ligands potentiate the
et1'ects ofall bivalent TrkA ligands (NGF. mAb 5C3. 5C3 Fab'a­
Fab complexes. and C(92-97)cUmer). However. bivalent p75 li­
gands did not potentiate all monovalent TrkA ligands. mAb
MC192 potentiated the activity of C(92-96). but it did not
potentiate the activity of SC3 Fabs. These data suggest that
these monovalent TrkA ligands probably have ditTerent mecb­
anisms of activation. and this possibility is supported by the
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fact tbat C(92-96) and 5C3 Fabs bind ta nonoverlapping sites.
We speculate that a small molecule Iike C(92-96) docks onto

a small pocket of TrkA and may tberefore be sensitive to a
documented p7S-mediated regulation (6. 7) or intemalization
(9.42.43) ofTrkA. Consequently. C(92-96) O18y he sensitive to
ligands binding p7S concomitantly. whereas larger molecules
like 5C3 Fabs possess more extended TrkA binding surfaces
and do not exhibit this sensitivity. Hence. two classes ofpartial
agonism (or inverse antagonism) by monomeric TrkA ligands
may have been uncovered in this study.

Agonistic Ligand Binding Sites-MAb SC3 and the NGF
analog C(92-96) do not black eacb others binding; hence. they
bind 10 nonoverlapping sites of TrkA. Ligands docking onto
restrieted reœptor pockets or "hot spots" are presumed to be
more efficient at mediating (ant>agonistic function (34. 44).
Reportedly, there are at least two activating TrkA '"hot spots"
(45-48) encompassing the IgC-2-like domain and the leucine­
rich motif.

mAb SC3 binds an epitope within the IgC-2·like domain of
TrkA. and the epitope is stabilized by disulfide bonds (19).
TrkA and other tyrosine kinase receptors have a dimer inter­
face stabilized by disulfide bonds (49. 50). The agonistic '"hot
spot" of mAb 5C3 and 5C3 derivatives may be at the dimer
interface of this receptar. However. 5C3 and C(92-96) do not
black each other; hence, the data suggest that C(92-96> binds
elsewhere. NGF may utilize bath sites to fully activate the
receptor.

Conclusions-The screening of functional small molecule li­
gands that bind multisubunit receptors may require teBting
ligand combinations that target all subunits. It would be of
interest ta teBt other NGF receptor ligands or activators in this
paradigm of synergy. including peptidie small molecule p75
ligands (21) or similar peptides reproduced by others (51. 52).
organic p7S ligands. gangliosides, and alkaloid derivatives that
activate TrkA (53-55).

With respect 10 NGF reœptors. our results support the hy­
pothesis that functional receptors consist ofTrkA homodimers
and p75 homodimers. Our results also demonstrate that gen­
uine monovalent and monomeric ligands of TrkA tyrosine ki­
nase receptars can be functionally agonistic. Recently. two
smatl molecule ligands of other receptors were shown ta be
agonistic. ln one. a mimic of granulocyte colony·stimuJating
factor activated the granulocyte colony-stimulating factor re­
ceptor(S6), but no ltudies ofthe aggregation state ofthe ligand
were performed. In another, a small molecuJe activated the
insulin receptor tyrosine kinase (57). However, this insulino­
mimetic ligand is a symmetricallipophylic agent, in principle
capable of dimerizing the receptor as shown for similar ring
structures (16). Rence. our study is the first formai proof, to our
knowledge. of genuine monovalent ligands of the extracellular
domain of a tyrosine kinase acting as partial agonists by in­
ducing or stabilizing receptar homodimers.

Neurotrophins and theil' receptors play a role in neurode­
generative diseases. pain, and neoplasias (44l. lntemalizing
TrkA ligands could be exploited ta deliver radioligands. tox­
ins. oligonudeotides. or membrane-impermeable molecules
selectively to receptor-expressing cells. This study has impli­
cations for the design and screening of small molecules with
pbarmacological. diagnostic. or targeting activity for neuro­
trophin receptors.
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A88REVlATIONS: NGF. nerve growth factor. BONF. brain-der1ved neurotroptlic factor. BOC. lert-butoxycarbonyl: ChAT. choline acetyl trans­
farase; DMF. dimethylformamide; ORG. dorsal root ganglia; EUSA. enzyme-linked immunosorbent assay: FACSc:an. fluorescent aetivated cell
scanner; FITC. f'Iuorescein isothiocyanale: FMOC. f1uonmyfoxycarbonyl; MCF. mean chanM fluorescence; MIT. 3(4.5-dimethylthiazotyl-2)-2.5­
diphenyi letrazolium bromide; NT-3. neurotrophin-3: RIA,. racflOimmunoassay: TFA, triftuoroacetic: acid: Trt. trityI: ECO. extrae8lulardomaïn: mAb.
monoclonat antibody; HEK. human embryonic kidney: BB. binding buffer: 00. optical density.•

ABSTRACT
A proteolytically stable small molecule ~-tum peptidomimetic,
termed 03, was identified as an agonist of the TrkA neurotro­
phin receptor. 03 binds the Ig-like C2 region of the extraceflular
domain of TrkA. competes the binding of another TrkA agonist,
affords selective trophic protection to TrkA-expressing œil
Iines and neuronal primary cultures. and induces the differen­
tiation of primary neuronal cultures. These results indicate that

TrkA is a transmembrane tyrosine kinase receptor with
high selectivity for the neurotrophin nerve growth factor
(NGF). Related neurotrophins include brain-derived Deure­
trophic factor (BDNF>. which binds TrkB reœptors, and Deu­
rotrophin-3 (NT-3). which prefers binding to TrkC receptors
(Barbacid, 1994).

Docking of TrkA with NGF initiates reœptor dimerization,
c:atalytic phosphorylation of cytoplasmic tyrosine residues on
the reœptor, and a cascade ofœl1-signaling events <Kaplan and
Stephens. 1994). These signais lead 10 prevention of apop1otic
œil death CMaliartchouk and Saragovi, 1997), promotion of
cellular differentiation and axon elongation, and up-regulation
ofcholine acetyl transferase (ChAT> (Hefti et al., 1985).

Severa! neuronal cel1 types that are implic:ated in impor­
tant disease states express TrkA and therefore respond 10
NGF. including sensory. sympathetie, and cholinergie neu­
rons. It has been suggested that NGF therapy may delay the
onset of Alzheimer's disease (Barinaga. 1994; Lindsay, 1996)
and ameliorate periphera! diabetic neuropathies (Ebadi et
al., 1997). Other applications proposed for NGF include treat­
ment ofneuronal damage (Hughes et al., 1997) and targeting

Supported bya grant orthe Medienl Rc3ean:h Couna! oCCanada (ta KU.S.)
and by Nationalln5titutes oCHealth Gr8nts GM 50772 and CA 82642 (ta K.B.I.
the Advanced Teus Research Prugram. and The Robe~ Welch FoundatiorL
H.U.5. is a ScholaroCthe Phannaceutical Manufacturer's A5s0c:iation oCCan­
ada·Medical Research Couneil of Canada.

a small l3-tum peptidomimetic can aetivate a tyrosine kinase
neurotrophin receptor that normally binds a relatively large
protein ligand. Agents such as D3 that bind the extracetlular
domain of Trk receptors will be useful pharmacologicaJ agents
to address disorders where Trk receptors play a role. by tar­
geting populations selectively.

of neuroectoderm-derived tumors (Cortazzo et al., 1996; Le­
Sauteur et al.. 1996a>' For a review of disease targets, see
Saragovi and Burgess (1999).

Despite the therapeutie potential of NGF, c1inical trials
featuring this protein have been disappointing (Verrall,
1994; Saragovi and Burgess. 1999). There are severai ressons
for this: inherent drawbacks associated with the use of
polypeptides applied as drugs (Saragovi et at, 1992>, in vivo
instability (Barinaga, 1994), and pleiotrophic effects due to
activation of signals that were not intentionally targeted
(e.g., those mediated via the low-affinity NGF receptor p75
(Carter and Lewin, 1997». Moreover, the NGF protein is
relatively expensive ta produœ for medicinal applications.

For these reasons, we aimed 10 design small, proteolyti­
cally stable molecules with neurotrophic activity, selective
for cells expressing TrkA. However. strategies that result in
agonists of tyrosine kinase receptors have not been weil
established. Previously, we used ligand mimicry and anti­
body mimicry strategies <Saragovi et al., 1991; Saragovi et
al., 1992) ta generate peptide analogs oftwo agonists directed
to the extracellular domain (ECD) of TrkA: the naturalli­
gand NGF (LeSauteur et al.• 1995; LeSauteur et al., 1996a;
Debeir et al., 1999). and monoclonal antibody (mAb) 5C3
(Le8auteur et al.• 1996b). TrkA binding is mediated by dis­
crete ~tum regions of these ligands. Ooly certain cyclie
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~tum analogs were active (Beglova et al., 1998), and other
conformera or linear peptides were inactive.

Based on the phannacophores of the mAb 5C3 and NGF
peptide analogs described above, we synthesized a focused
~tum peptidomimetic library of -60 members. W~ report
the identification oC compound D3, a small, selective, and
proteolytically stable agonist of the TrkA receptor. ~urther­

more. the docking site of D3 onto TrkA was studled. Our
rmdings support the notion that a small peptido.mimetic li­
gand can agonize a tyrosine kinase neurotrophm receptor
that normally binds a relatively large protein ligand. These
agents May oiTer an altemative therapeutic strategy with
pharmacological agents that selectively target neuronal pop­
ulations expressing specific receptors on the cell surface.

Materials and Methods
Preparation 01 D3 and D3·BiotiD. Compound D3 was prepared

ac:cording to methods previously outlined for related c:ompounds
<Feng et al., 1998). Ouorenyloxycarbonyl (FMOC)-Gly, FMOC-Hse-­
(TrU, FMOC·Lys(tert·butoxycarbonyl (BOC», FMOC-Glu(OtBu).
then 2-0uonKi.nitrobenzoyl chloride were coupled (di-iso-propyle:ar.
bodiimide activation, 20% piperidine in dimethylfonnamide (DMF)
to remove FMOC groupe) lo TentaGeI S PHB resin at 0.18 mmollg
loading. The supported peptide was treated six times with 1% trif·
luoroacetie aeid (TFAl/4% HSiiPr:s in CH2Clz for 5 min ta remove
only the trityl (Trt) protection. Cyclization was etTected by treatment
with S.O equivalents of~C03 in DMF for 40 b. Mer 90% TFA/S%
~OI5% HSiiPr3 cleavage, the final product was purified by re­
vened·pbase HPLC. D3 and ita derivatives were soluble in water ta
S mg/ml (the bighest concentration tested).

D3-biotin was prepared in the same way as 03, exc:ept that after
the c:yclization the nitro group was reduc:ed by treatment with 10
equivalenta ofSnCLz·2H20 in DMF for 20 h. After redue:tion. FMOC­
G1y, then biotin-N-hydroxysuccinimide was coupied ta the. newly
fonned arylamine. The product was then c:Ieaved from the reslD. The
final product was purified by reversed·phase HPLC.

Ceu LiDea. BI04 rat neW'Oblas1omas express p75 receptors but do
not express any of the Tru (TrkA- p7S+), The 4-3.6 c:ells are BI04
cella stably transfected with human TrkA c:DNA and express equal
levels of p7S and TrkA (TrkA+ p7S+) (kïndly provided by Dr. E.
8ogenma.nn) {Maliartchouk and Saragovi, 1997>' Surface expression
of each of NGF rec:eptor waa routinely controlled in ail cells by
quantitative fluorescenœ-aetivated cell sorter scanner CFACSc:an,
assays (B«ton Dickinson, CA) (data not sbown) usÎng anti-TrkA
mAb SC3 and anti-p7S mAb MC192.

Generation 01 Rumen TrkA·Rat TrkB Chialeras iD Rumen
Embryonic Kidaey <JIEK) 293 Cella. Tbe IgG-C2 domain of bu­
man TrkA was generated by PCR as desc:ribed <Perez et al.. 1995)
using unique restriction sites in the primers to allow exchange with
the corresponding rat TrkB domain. The chimeric: rec:eptars were
constructed by subc:loning the human TrkA 19G-C2 domain into the
corresponding restriction sites of the rat trJUJ c:DNA reported in a
previous work (Perez et al., 1995). Chimeric construe:ts (kindly pro­
vided by Dr. P. Perez) were confirmed by sequencing and were c10ned
into the pCDNA3 expression vec:tor that contains a selection gene
providing resïstance ta neomycin (0418; Lire Technologies. Rock­
ville, MD). HEK293 cells wen transfec:ted using the lipofec:tamine
plus method (Life Technologies), selec:ted with neomycin <0.5 mg(m[).
and at least three independent subclones were obtained by limiting
dilution techniques (293-Trk8lA-IgC2 c:bimera). Western blot anal­
ysis with polyelonal antibody 203 directed to the Trk intracellular
domain (a gift of Dr. D. Kaplan) and c:ell·surface FACSc:an analysis
with polyclonal antibody 1001 directed ta the TrkA-ECD (our unpub­
lished data) indieated that aU stable subdones express comparable
levela ofchimeric: recep10rs (data not shown).

DiMoci.&ed Neuronal Donal Root Gaa"ia (DRG) Cult......
Fetal rat DRG primary cultures were established esaentially as
desc:ribecl (Kimpinski et al., 1997) from Sprague-Dawley day 17 rat
embryos. Ail ganglia were dissected and dissociated fint enzymati­
cally with trypsin and then mechanie:ally. Dissoeiated cells were
cultured (l(f cellslweU> in 96-well plates precoated with c:ollagen and
grown for a total oC 8 days in Neuro Basal Medium c:ontaining N2
supplement CLife Technologies). antibiotic:s, and L-glutamine. These
DRG cultures are -85% TrkA-expressing and are beavily dependenl
on TrkA signais for survival CVogelbaum et at, 1998l.

Septal Neuro.... Cultuna. Cell cultures were establisbed from
the septal area oC 17-day-old rat embry08 as desc:ribed (Hefti et aL.
1985). ln brier. tissue was incubated in PBS c:ontaining trypsin and
DNase. Tissue pieœB then were mec:hanic:ally dissocillted. Alter cen­
trifugation, the pellet was 8uspended in Leibovitz's L-IS medium.
Cells were plated onlo 96-multiwell Nunc disbes (loa cella/wel1)
c:oated with polY-D-lysÎDe (5 IICImll. Pure cultures ofseptal neurons
were treated 1 day after plating. Drop, prepared in medium. were
added. direc:tly to the cells without changing the initial medium. The
incubation continued for 8 days, at wbic:h lime ChAT activity was
evaluated.

D30TrtcA Bincling Assays

Direct BiDclialf StudieL Direct binding studies were done as
desc:ribed (Saragovi et al•• 1998) using 6 nglwell of recombinant
baculovirus TrkA-ECD or control BSA (Fraction V; Boehringer
Mannheim, Mannheim. Germany) immobilized onta 96-well mi­
c:rotest plates. Wells were bloc:ked with binding butrer <8B: PBS with
1% BSA) for 1 b. Tben. 50 ng/well oCbiotinylated 03 was added as
primary reagent in BB (or 40 min in the absence or presence ofexeess
nonbiotinylated 03 88 competitor. Wells were washed five times with
BB. and honeradish peroxidase-coupled. avidin (Sigma. St. Louis,
MO) was added as secondary reagent for 30 min. Plates were washed
in BB, and peroxidase ae:tivity was detennined c:olorimetrically using
2.2·azinobis (3-ethylbenzthiazoline sulfonic acid) (Sigma). The opti·
cal density (OD> was measured at 414 nm in a Mic:roplate reader
(Bia.Rad, Richmond, CAl. Assays were repeated al least three times
(n = 4).

FACScan binding assays. 4-3.6 cells (2 X loa) in FACScan binding
buffer (PBS, O.S% BSA, and 0.1% NaN3) were immunostained as
desc:ribed (LeSauteur et al., 1996; Saragovi et aL, 1998). Saturating
IU1ti·TrkA mAb SC3, or anti.p7S mAb MCI92. orc:ontrol nonbinding
19Gs were added 10 cells for 1 h at 4-C. in the presence or absence of
D3 as competitor. Excesa primary antibody was washed off. and cells
were immun08tained with tluoreacinated goat-anti·mouse 19G sec­
ondary antibody. Cells were scquired on a FACScan. and mean
channel fluorescence (MCF) ofbell·shaped bistagrams were analyzed
using the LYSIS li program.

Binding competition. Binding competition studies were as de­
sc:ribed for direct binding assays to TrkA-ECD. exc:ept that as pri­
rnary reagent 50 ng anti·TrkA mAb 5C3Iwell were added in BB. in
the presence or absence of03 or controls as competitors as desc:ribed
(Saragovi et al.. 1998). Wells were washed five times with BB. and
borseradish peroxidase-coupled goat anti-mouse was added as sec:­
ondary reagent (or 30 min. Plates were wasbed in BB. and peroxi­
dase activity were detennined. Aasays were repeated at least three
times (n = 4).

Cell Survinl Asuys

Primary DRG Cultures. After a total oC 8 days of culture with
the indicated test or c:ontrolligands, cell survival were studied using
the 3(4,5-dimethylthiazolyl-2l-2.S-diphenyl tetrazolium bromide col­
orimetrie: (MTr) assay and by microscopic observation as desc:ribed
(Debeir et al.. 1999).

Celllines. A total ofS.OOO cellslwell in protein-free media <PFHM­
li; Lite Technologies) containing 0.2% BSA (crystalline &action V;
Sigma) were seeded in 96-well plates (Falcon. Mississauga. Ontario.
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Fil'. 1. Structures of 03. 03-biotin. and C59.

zyme-linked immunosorbent assay (ELISA) using pure solu·
ble TrkA-ECO produœd in baculovirus (data not shown, also
see Table 3). These data further indicate that D3 binds 10 the
ECD of TrkA and that membrane lipids are not required.

D3 Rind. Within an AaroDi8tie Site of TrkA.. Previ­
ously, mAb 5C3 was shown 10 aet as a full TrkA agonist.
Monoclonal antibody 5C3 binds with Kd 2 nM (LeSauteur et
al., 199Gb) al an epitope within the IgC2 domain ofTrkAnear
the NGF binding site. This site is postulated to define a
reœp10r "hot spot" <Wells, 1996). We tested whether 03 and
mAb SC3 bind 10 overlapping receptor sites.

TABLE 1
03 and D3·biotin bind TrkA
Binding of D3·biotin ta 8104 cells (p7S' TrkA ) or 4-3.6 cells (p7S' TrkA·) was
quantitated by f"ACScan analysis. Ligands are canual-biotin (an irulCtiYe biotinyl·
ated peptide) (row 2). D3-biotin Imw 31. or D3·biotin with a 1o-fold molareaœu of
03 Imw "1. AIl ligands were followed with avidin-FrrC .. a nuoraœnt label Data
shawn an: MCf" of bell·shaped hia~. 5000 eventa acquirecL MCF data :
S.E.Ptl are avernged from three independent eaperimenta.

Results
Synthesis of Focusecl II-Turn PeptidolllÙl1etie Li·

braries. A solid·phase synthesis was developed 10 yield a
macrocyclic ring with the i + 1 and i + 2 residues ofa l3-tum
in the appropriate conformation. Approximately 60 com·
pounds of this type were prepared (Feng et al., 1995). with
amino acid side chains incorporated ta correspond 10 #3-tums
of NGF and mAb 5C3 implicated in docking 10 TrkA (LeSau­
teur et al.. 1995; LeSauteur et al., 1996a,b; Debeir et al.•
1999). TrkA binding is mediated by discrete JJ-tum regions of
these ligands. Cyclic peptide JJ-tum analogs of NGF and of
mAb 5C3 were active only in the appropriate conformation
(Beglova et aL. 1998).

Figure 1 shows the molecular structure of 03 and that ofa
similar. but inactive, molecule called C59. CS9 was used as a
negative control. A biotinylated fonn ofD3. tenned D3-biotin,
was synthesized 10 carry out direct binding studies 10 TrkA.
AlI ligands were highly soluble in physiologieal buffers and
did not require organic solvents.

D3 Is a Selective Ligand of TrkA. FACScan analysis
featuring the secondary fluorescent agent avidin-tluorescein
isothiocyanate CFITC) was used 10 detect binding ofD3-biotin
to the cell surface (Table 1). The 4-3.6 cells (p75+ TrkA+) had
fluorescence approximately four times greater for D3-biotin
than for a background control peptide-biotin. Moreover, a
lO-fold molar exeess of D3 abolisbed binding of D3-biotin. In
contrast. no specifie binding was measured for B104 cells
(p75 ~ TrkA-). Because 4-3.6 cells are B104 cells stably trans­
fected with TrkA cDNA and these ceU lines are otherwise
identical. the data indicate that D3-biotin and 03 bind cell·
surface TrkA.

Similar binding data for D3-biotin was obtained by en·

Canada). The cultures were llDtreated or treated with the indicated
test or control ligands. eell viabüity was quantitated using the MTl'
assay alter 56 tu 72 h of culture. as described (Maliartcbouk and
Saragovi, 1997>' Percent protection wu standardized from 00 read·
inga relative to optimal NGF (l nM> = 1()()'1,. The 00 of llDtreated
cells were subtraeted. The higber 00 ofuntreated primary cultures
is likely due to cellular beterogeneity and to endogenous production
of limiting amounts of growth factors.

Meuurement oC ChAT Activity. At day 8 of culture, the me.
dium was upirated. and iCl!+COld Iysis buffer (10 mM sodium phos­
phate, pH 7.4/0.1% Triton X-l00) wu added. ChAT activity assays
were perfonned directly in the wells using Fonnum's method <Fon·
num, 1975>-

De&eetion oC Putative TrkA'TrkA Homoclimen. Live 4·3.6
cells suspended in PBS were treated with the indicated ligand(s) for
40 min at 4°C tu allow binding. Cella were then washed in PBS,
l:r08s-linked with the membrane impermeable cross-linker disuccin·
imidyl suberate (Pierce, Rockford. IL; 1 mM. 15 min at 15°C). UJ1J'e'o
acted disuccinimidyl suberate wu quenched with 5 mM ammonium
acetate. Then cells were either Iysed directly in SOS sample butTer
(whole.œll Iysate) or lysed in nonionic detergent Nonidet P-40 and
immunoprecipitated with anti·Trk or anti·p75 Bntibodies as de.
scribed (LeSauteur et al., 1996b). Similar results were obtained with
either method. For Western blot analysis, equal amounts of protein
or cell equivalents for eacb sample were resolved in a 5 to 10%
SDS·polyacrylamide gel electrophoresis gradient. transferred to ni­
trocellulose membranes <Xymotech Bi08ystems, Montréal. Quebec.
Canada). and blotted with anti·Trk polyclonal antibody 203 tbat
recognizes the intracellular domain of Trk. Blats were visualized
using the enhanœd chemiluminescence system (New England Nu·
clear, Boston. MA).

•
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mAbCl nMl Competitor Dosel~l .. Maximal Bindin~

1 5C3 None 0 100 =0
2 5C3 03 0.20 95 =4
3 5C3 03 L 80 =3

• 4 5C3 03 5 53 =5
5 5C3 D3 40 33 ="
6 5C3 CS9 control 40 97=6
7 MCI92 None 0 100 =0
8 MCl92 03 40 101 = 2

TABLE 4
03 protects TrkA-expressing primary neurons from apoptoaia and
potentiates NGF
NOF-dependent primary neuronal cultura Crom embryonic rat DRaa wen ùu&ed
with the indkaced lipneil for a total of8 clays. Cellllurvivai wu meuured by MTl'
....,.. Prolection wu calcu1aced relative to optimal NeF (1 nM. l~ Pracecûoa)
with .ub&nu:tio11 ofthe 00 ofuncreaced cella. Shawn ÎI the 00 from one eçeri.lDent"
man ~ S.E.M. (Il • U. Percentap proleCtion wu averqed from three aperimeata.

TABLE 5
D3 potentiatea NGF in ptoteetïng TrkA-expressing cel! lines from
apopwsis by binding ta the IgC2 domain of the reœptor
4-3.6 cel1s or KEK293 cella expreuinc TrkBfJ'rkA lcG-C2 chimerit: recepar Wen!

treaced with the icd.icated Iipnda (ora total of72 h. Survival wu meuwm by MTt'
auays. Pen:entap prouction wu ca1cu1aced as in Table 4. Shawn la the 00 &am
one aperiment" mean ~ S.E.M. (n = 4). Percent prutection wu avuqed &am IUt
C4-3.6 ceUsI or three C2'93-JcG-C2 chimeral independent experimenta.

0:2
100 =..

9:1
68 :3
38 =2
0=1

48 =3
84 =3

L20: 7

00

256 =L5
823 =28
316 =Li
535 =L9
405 =22
271 =8
471 =28
603 =26
977 =38

Co:rc;;titor Concentration .. Bindina ~ S.E.M.ded (~)

1 100 :3
2 D3 0.05 100: 14
3 D3 0.2 89 :8
4 D3 1 64: 10
5 D3 5 43: 12
6 D3 20 38 :7
7 D3 40 31: ..
8 CS9 40 96: 9

Treatment

1 Untreated
2 NGF InM
3 NGF20 pM
.. NGF 500 pM
5 0310~
6 Control CS9 10~
7 D3 10~ ? NGF 20 pM
8 03 10~ ~ NGF 500 pM
9 03 10~ ~ NGF 1 nM

4-3.6 Cella HEK293-TrtdVI'rkA
Chimera

Treatment

00 ~ 00 ..
Protection Protection

1 Untreated 64: 7 0=2 32 =5 0=4
21nMNGF 412 = 24 100 = 6 350 =12 100 :4
3 10 pMNGF 205 = 19 40 = 5 88 =8 18 = 5
4 10~ D3 95 =9 8=2 69 =7 9=3
5 10 ~C59 76 =4 2=1 30 =7 -1 :2
6 10~ D3 ~ 10 pM 255 = 14 55 =3 165 = 11 42: 5

NGY
7 10~ CS9 ~ 10 pM 209 : 17 41 = .. 90 = 9 21 :6

NGF

lines. wherein D3 potentiated the effect of low NGF concen­
trations (Table 5>' Optimal protection of 4-3.6 cells (p75+

TrkA+) and HEK293-TrkBlA-IgC2 chimeras corresponded to
treatment witb 1 nM NGF <Table 5, row 2), whereas 10 pM
NGF gave signiticantly less protection (Table 5. row 3). 03
alone afforded low but significant protection (Table 5, row .),
and protection wu enhanced with a combination of 10 pM
NGF plus 10 $LM D3 (Table 5, row 6). The negative control
C59 compound had no effect alone or in enhancing 10 pM
NGF (Table 5, rows 5 and 7).

ln other controls (data not shown). neither D3 nor NGF
protected 8104 cells, wild-type HEK293 ceUs, or TrkB-ex­
pressing HEK293 cells from apoptosis. Hence the trophic

TABLE 3
03 inhibits SC3 . TrkA interactions in vitro
'The billdiq ormAb 5C3 Cat consLallt 2 nM) to purified TrkA·ECO immobillzed onto
EUSA platel wu measured in the abllence or prelM!nce ofc:ompetiton. Bacqruund
«~lwu the 00 or.ella with aU n!aetanta except immobilized TrkA·ECD. Data
are averqed f"rom three experimenta (Il .. ll.

Two related 888a18 teste<! the ability of 03 to compete for
the binding of the full TrkA agonist mAb 5C3. In the tirst
test, a FACScan-based assay using intact cella, D3-induced a
dose-dependent competitive decrease ofmAb 5C3·TrkA inter­
actions (Table 2, rows 2-5). On average, 03 exhibited an IC5Q
of• ~. From experimental conditions, we estimate a K4 ....2
~ for D3·TrkA interactions. Blocking of 5C3·TrkA interac­
tions by D3 is selective because the binding of mAb MC192
directed ta the p75 NGF receptor subunit was not blocked
(Table 2, rows 7 versus 8). Furthermore, inactive control C59
peptidomimetic did not inhibit the binding ofeither mAb 5C3
(Table 2, row 6) or mAb MC192 (data not shown).

The second test used puritied recombinant TrkA-ECD im­
mobilized onto ELISA plates 10 assay competitive blocking of
5C3·TrkA-ECD by 03. 03 exhibited a dose-dependent inhi­
bition of 5C3'TrkA-ECD interactions, but control inactive
C59 peptidomimetic had no effect (Table 3). Because a Kd ....2
nM was measured for 5C3·TrkA interactions, from the exper­
imental IC50 a Kd -2 J.LM was calculated for D3'TrkA-ECD
interactions. This calculation is consistent with the data
shown in Table 2. Interestingly, similar ELISA and radioim­
munoassay (RIA> binding assays revealed that D3 did not
substantially block NGF·TrkA-ECD interactions (data not
shown).

D3 Afrord. Trophic Aeüvity Seleetively via TrkA,
and 1. Pro&eolytically Stable. Because D3 binds at or near
an agonistic site of TrkA, trophic effects were probed in cell
survival assays using the quantitative MTr method (Maliar­
tchouk and Saragovi, 1997). Severa1doses of D3 were tested.
However, for clarity ooly near optimal concentrations are
shown, which approximate the estimated Kd •

Dissociated primary neuronal cultures from fetal DRG are
dependent on TrkA agonists for survival CVogelbaum et al.,
1998). Exogenous NGF showed a dose-dependent trophic ef·
fect (Table ., roW8 2~). D3 alooe had a signiticant protective
effect on DRG cultures (Table •• row 5), but control C59 did
not (Table 4. row 6). Primary cultures are heterogeneous and
low levels ofneurotrophins are made eodogenously (Kimpin­
ski et al.. 1997). which explains a relatively higb OD for
untreated cultures (Table 4. row 1).

Because 03 does oot block NGF binding, potential synergy
between NGF and D3 was assessed. 03 combined with dif­
ferent concentrations of exogenous NGF demonstrated an
additive or potentiatingeffect on DRG survival (Table 4, rows
7-9).

Similar results were obtained with other neuronal cell

TABLE 2
03 specifically blocb mAb 5C3 binding to cell-surface TrkA
4-3.6 cel" wereaJ1al)'1ol!d by FACScan rorbindin~ofanti-TrkAmAb 5C3 oranti·p75
mAb MC192. Cella apaRd to control primary moUR reG with or without 40~ D3
dord identical badqrruund .cainin~1daLa not .hown'. For each colU6tion. 5000 cel1s
were acquiRd. Perœntqe maximal bindinp wen! calculaced from the MCF of
beU..haped hiatoerama. usine the formula lTESTwCF - bacJqrroWldWCFI )( 100(
CMAXIMALya - bacqrvundwal. PoICF : S.E.M. lin! averapd Crom thn!e inde­
pendentexperüDenbL
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• activity of NOF and 03 require TrkA expression, or at least
the 19G-C2 domain ofTrkA. Additionally, 03 did not enhanœ
the trophic etrect ofepidennal growth factor, suggesting that
it may be NOF selective. Lastly, 03 enhanced NGF protee·
tion of NIH3T3 cells stably transfected with TrkA cDNA
(data Dot shown), but did not enhance NT-3 protection of
N1H3T3 ce1ls stably transfected with trkC cDNA. These data
indicate that 03 selectively accentuates the trophic effect of
NGF, and that p75 expression is not required.

The proteolytic stability oC D3 versus trypsin and papain
was assessed. 03 was first exposed to enzymatic treatment
as described previously (Saragovi et al., 1991; Saragovi et al.,
1992). Collowed by gauging its biological activity on 4·3.6
ceDs. Compound D3 remained fully active in trophic assays
even after 1 h oCexposure ta trypsin or pepsin. whereas NGF
lost aU activity within minutes under the same conditions
<data not shown).

D3 Induea DitrereDtiaüoll of PrilDary Cultures of
Fetai DRG aad Fetal Septal Neuro.... The effect uC D3 on
TrkA·mediated œllular differentiatioD was assessed using
two independent assays: morphometric analysis of DRG dis·
sociated neuroDS and induction of ChAT activity in septal
neuronal cultures. In the first of these assays, data indicate
that ORO neuronal cultures undergo neurite outgrowth in
response 10 D3, and that D3 potentiates the etTect of NOF
(Fig. 2). In the second assay, ChAT activity was found ta
increase in response 10 NGF (Table 6, rows 1 and 2) and to 03
alone (Table 6. rows 3-5), whereas C59 control had no effect
(Table 6, row 6). Increases in ChAT activity in response to 2
~ 03 alone were comparable with 10 pM exogenous NGF.
Moreover, combinations of 2 $AM D3 plus 10 pM NGF mark·
edly increased ChAT activity and were more effective tban
400 pM NGF (Table 6, rows S-10).

D3 EnhaDces or 8tabmze. Putative TrkA-TrkA Do­
modimen. Based on the data above, it was expec:ted that D3
would induœ or stabilize TrkA·TrkA interactions. This hypoth·
esis was studied biochemically in ~.6 ceUs expœed to ligands.
foDowed by ceD-surface chemical Cl'088-linIdDg <Fig. 3).

The expected doublet consistent with previously reported
TrkA monomers of pUO and p140 were seen in ail samples
<Fig. 3, thick arrow). Bands of -300 kDa. consistent with the
molec:ular mass of TrkA·TrkA homodimers <Fig. 3. tbin ar­
row}, were seen in samples from cel1s treated with TrkA
ligands 1 nM NOF, 10 pM NOF. or 10 pM NGF plus 10~
03 and was also deteeted (albeit very more wea1dy) in cells
treated with 10 pM D3 alone. The intensity of the 300-kDa
band. presumed 10 be TrkA dimers, wu analyzed densito-­
metrically from four independent experiments standardized
10 1 nM NGF (100%). There was a consistent increase in
dimers after treatment with 03 alone (21 :!; 4%) or 10 pM
NGF alone (52 ± 6%), which was higber after treatment with
10 pM NGF plus 10~ D3 (77 :t 7%). Control cells crœs·
linked in the absence of ligand or œlls exposed 10 ligand but
not.cross·1inked (data not shown) did not have putative
dimers.

TrkA homodimers are stable 10 SDS denaturation because
of covalent cross·linking. Given that the efticiency of cbemi·
cal cross·linking is -1 10 4% of the total TrkA pool, we were
precluded from furtber biochemical characterization of the
complexes, other than the faet that they contain TrkA. The
complexes may contain cross-linked NGF. However, it is
unlikely that the bands comprise p75 because immunopre-­
cipitations with anti·p75 antibodies did not reveal any ma·
terial in the molecular mass of TrkA homodimers (data not
shown). Furthennore, material of 215 kDa that would com­
prise p75-TrkA heterodimers was not seen consistently.

•

F". 2. D3 induces the dit1"erentiation of embryoni~
DRG cultures. Primary neuronal DRG c:u1tures _ere
treated as indicated for 8 days, and œil differentia·
tion wu studied morphometrically. Magnitù:ation.
6Ox. Pictures representatlve of three independent
experimenta.



Treaunent ChAT Activity Fold fncrease

1 10 pMNGF 0.42 ~ 0.07 1.4
2400 pMNGF 0.72 ~ 0.10 2.41
3 0.2~l 03 0.37 ~0.05 1.23
" 2~D3 0.44 ~0.02 l.47
520 ,.MD3 0.48 ~ 0.06 1.56

• 6 20~ C59 control 0.30 ~ 0.05 l
7 Untreated 0.31 ~0.07 l
8 0.2~ D3 ~ 10 pM NGF 0.60 ~0.04 2.00
9 2~ 03 +- 10 pM NOF 0.76 ~ 0.03 2.53

10 20~ D3 + 10 pM NGF 0.79 ~ 0.04 2.63

•
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Discussion
We report on a proteolytically stable I3-turn pepti~omi­

metie small molecule agonist oC the TrkA neurotrophin re­
ceptor. We sbowed that D3 binds TrkA, compe~the bindin.g
of the TrkA agonist mAb 5C3, selectively potentlates trophi.e
protection of TrkA-expressing ceU. lines ~~ neuron~ pn­
mary cultures. and induces the differentiation oC pnmary
neuronal cultures. These results indicate that a smalll3-turn
peptidomimetic can activate a tyrosine kinase neuro~phi!,

reœptor that normally binds a relatively large protem li­
gand.

Recent advances in ligand mimicry bave resulted &om
sc:reening large phage or peptide libraries CReddy et al.• 1996;
Wrighton et al., 1996). natural products (Zhang et al.• 1999).
or chemica1libraries (Owolabi et al., 1999). However, most of
the ligands deseribed are antagonists, or otherwise require
the dimerization of relatively large peptides. have a 2-fold
axis ofsymmetry that resemble a dîmer. or are poorly soluble
in physiological buffers. In contrast, D3 is a small, nonsym­
metrical. proteolytica1ly stable. highly water soluble peptido­
mimetic that binds the ECD ofTrkA.

Reœntly. a symmetrical alkaloid-like molecule screened
from fungi was found ta potentiate, at micromolar concentra­
tions. the action of insulin presumably by binding neer the
catalytic domain of insulin receptars (Zhang et al., 1999).
Henee. with regards to agonistie activity and optimal concen­
tration our compound D3 is analogous to the insulinomimetic
ligand. In addition, binding and ligand competition studies
demonstrate selective interaction of D3 with the ECD of
TrkA rather than the catalytie domain. Henee. the water
solubility and extracellular targeting of D3 mean that taxie
organic solvents are not required to permeate the œil mem­
brane.

Mecbanism ofAction of03. It is surprising that D3 is an
agonist because the natural ligand NGF is a symmetrical
dîmer known to activate TrkA via homodimerization (Kaplan
and Stephens, 1994). D3 is not a dîmer and, from NMR
studîes, it has no detectable propensity to dimerize even at
high millimolar concentrations in solution (data not shown).
Theo, why does 03 behave as an agonist of TrkA? One
hypothesis is that 03 stabilizes the signaling conformation of
preformed TrkA homodimers without per se inducing effi­
cient reœptor dimerization. This hypothesis is supported by
the data because. as would he predicted, exposure to low
levels of NGF enhanced 03 activity in bioassays and in
reœptar cross-linking assays.

TABLE 6
D3 induœs ChAT synthesis
SeptaJ neuronal cultura wen! tn!ated as indicated for • total of S da)'IJ. ChAT
ae:tivity Cpmol AcMninlweJl ~ S.E.M.l wu measured at day 8. Averaae ~ S.E.M.
Data averaced from three iadependent experimenta Cn - 41.

What is the role ofpicomolar concentrations ofNGF? Given
the low concentrations used in synergy with D3. it ia unlikely
that the etTect of NGF was mediated by docking with the
low-aftinity receptor p75. We speculate that NGF act8 by
increasing TrkA'TrkA interactions wbereas D3 stabilizes the
bomodimers or reduœs the rate of separation of receptor
homodimers by inducing conformational changes. Indeed.
there are precedents for ligands of serpentine receptors act­
ing in this manner (MilUgan et al., 1995). and recent models
of single transmembrane receptor dimerization and activa­
tion are compatible with this view (Tian et al., 1998; Livnah
et al., 1999; Remy et aL, 1999).

In the present study. the biological data shown are with
low micromolar concentrations of 03, which are optimal. AB
expected from the affinity estimated for TrkA·D3 interac­
tions, lower D3 concentrations atTord lower efficacy. It is
noteworthy that whereas NGF·TrkA affinity is -10.11 M,
optimal activity requires 2 nM NGF concentrations. Henee.
03 is optimal at concentrations that approximate its Kd •

whereas NGF is optimal at concentrations -l00-fold over its
Kd • We interpret this diJTerence to mean that D3 is more
stable in solution, and this notion is supported by D3 resis­
tance ta proteolysis.

Ligand Binding Sites. D3 competitively blacks the bind·
ing of mAb SC3, but it does not block NGF. Moreover, the
optimal agonistic activity of mAb 5C3 (Maliartchouk and
Saragovi, 1997) was inhibited by D3 in a dose-dependent
manner (data not shown), whereas the agonistie eft'ect of
NGF was enhanced. These results are intriguing because
previously we reported that mAb SC3 can block-~ ofthe
NGF binding sites on a cell expressing TrkA, whereas NGF
cao black -25% of the mAb SC3 binding sites (LeSauteur et
aL. 1996b). It is unlikely that 03 does not black NGF becauae
oC affinity dîfferences, because NGF·TrkA-ECD and
SC3'TrkA-ECD interactions are bath in the nanomolarrange.

Two factors couId account for this result. First, bath mAb
5C3 and D3 dock onto a single and continuous epitope within
the IgG-C2 domain of TrkA, whereas NGF binds a discontin-

,.,
Q
+

S ~ a
1 1~ ! 8- • J- ..
~~ ~ ~

CI i C"t 0 0 0z c z ~ ~

••flll..

CtOss-llnldng + + + + +

,.TrkA dlmers 100 S2ri 2b4 T1~7 0 0

Fil'. 3. D3 enhances œll·surface TrkA-TrkA homodimers. 4-3.6 cella were
ex:posecl to TrkA ligands as per Table 5 Cl~. 1-4) or no ligand <lonu 5
cvut 6) and cbemicallycross-linked <Lana 1-5) or not crou·linked (1GM 6).
Cell Iysates were Western blotted with anti-TrkA 203 antiMra. The
intensîty of the 300-kDa band was analyz.ed densitometricaUy ftom four
experimenta standardized ta 1 nM NGF.
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uous epitope within the 19G-C1 and [gG-C2 domains ofTrkA
(Perez et al., 1995), and at least one other domain (Windisch
et al., 1995). This would facilitate mAb SCS blocking by D3,
whereas NGF could bind via its second docking site. Second,
mAb SC3 and NGF bind TrkA at sites partially overlapping
but not identical (LeSauteur et al., 1996bt Hence, the data
suggest that D3 binds TrkA at an epitope overlapping the
agonistie mAb ses "hot spot" of the [gG-C2 domain ofTrkA,
near the NOF docking site. These observations may aecount
for D3 synergizing with NGF and blocking mAb SCS.

The fact that DS is bioactive and was selected from a
relatively small pool of ~turn·basedcompounds bas broad
implications for Many research initiatives involving protein­
protein interactions. Other small molecules with neurotro­
phie actïvity bave been reported (Steiner et al.. 1997;
Maroney et al., 1998). However. the molecular targets of
these ligands are ubiquitous intracellular proteins. and the
mechanisms of action are often unclear. 'niUS. these other
molecules are not Trk ligands, and are not defined as pep­
tidomimetic:s of Imown ligands.

In contrast, we report a small molecule peptidomimetie
that binds and activates TrItA. [n the present report of D3.
we show that a bybrid of a peptide and a small organic
Molecule designed to hold key amino aeid residues in a tum
conformation witbin a small framework otTers a means to
transform a peptide lead into an active organie small mole­
cule. Hence, D3 represents the validation of the peptidomi­
metic concept for the Trk family of tyrosine kinase receptors.
This small molecule peptidomimetie ligand ofTrkA that bas
neurotrophie activity May he useful to address neurodegen­
erative disorders, pain, neoplasias, and other pathologies
(reviewed by Saragovi and Burgess. 1999) where TrkA recep­
tors play a role.
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