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ABSTRACT 

Supervisors 

Prof. Pat Sul l ivan , Ph .D . Massey Un iversity, Palmerston North ,  New Zealand. 
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Prof. E. N. Baker, Ph .D , Auckland Un iversity, Auckland, New Zealand .  

Prof. W il l iam Mobley, MD. ,  Ph .D . ,  Stanford Un iversity, Palo Alto, Californ ia, U .S.A. 

I n  order to investigate the interactions of neurotrophins with their receptors, a number of d ifferent 

domains of the extra-cellu lar reg ions of the TrkA, TrkB and TrkC receptors were expressed and 

the interactions of neurotrophins with these domains were investigated by biosensor. The ent ire 

extracell ular domains of al l three receptors were expressed in the yeast Pichia pastoris, whi le the 

leucine-rich regions and the imm unoglobul in- l ike domains were expressed as MBP-fusion 

proteins in E. coli. Peptides representing the second leucine-rich reg ions and purported 

neurotrophin-binding domain of TrkA, TrkB and TrkC were synthes ized . Prote ins expressed in 

Pichia pastoris were purified by anion , cation and m etal chelat ing columns; proteins expressed in 

E. coli., were purified on amylose columns .  All recom binant Trk proteins were covalently 

attached , using EDC/NHS chem istry, to the methyldextran surface of a b iosensor cuvette. 

Extensive kinetics measurements of the interactions of the neurotroph ins with immobi l ized 

recombinant p roteins established a d ifference in the binding interactions of NGF w ith TrkA 

com pared with the interactions of BDNF with TrkB and NT-3 with TrkC. All NGF  interactions with 

TrkA proteins showed biphasic kinetics. Interactions of BDNF and NT-3 with TrkB and TrkC 

showed monophasic kinetics. No interaction of NGF with the imm unoglobul in- l i ke domain of TrkA 

was observed for those proteins expressed in E. coli, however the interact ion of BDNF was 

observed with the immunoglobul in- l ike domain of TrkB when expressed in E. coli. I nteraction of 

NGF and BDNF was observed with the leucine-rich domain of TrkA and TrkB respectively. These 

resu lts differ from previously reported studies, both in vivo and in vitro, of the interactions of the 

extra-cellu lar domains of the Trk receptors with neurotrophins. P revious studies have claimed to 

establish exclusive interaction of the neurotrophins with either the leucine-rich or immunog lobul in­

l i ke domains of the Trk receptors. The interaction studies reported here show a clear i nteraction 

of neurotroph ins with both leucine-rich and imm unoglobul in-l ike domains of the Trk receptors. 



These interactions have sim i lar aff in ity. This result suggests that the interactions of neurotrophin 

and receptor may be more com plex than previously suggested. lt is conceivable that 

neurotroph ins  bind in it ial ly to the leucine-rich domain of the receptor, fol lowed by movement to 

the Im m unoglobul in- l ike domain and the in itiation of phosphorylation of the intra-cel lu lar domains 

or internal ization of receptor and bound neurotrophin.  Kinetics stud ies of the synthetic peptides 

failed to show that these represent the exclusive neurotrophin-receptor interaction domain as 

previous ly  reported . These results suggest that the development of smal l  molecule m imetics of 

the neurotroph ins as a therapy for Alzheimer's and other neurolog ical diseases may be m ore 

com pl icated than previously envisioned. 
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CHAPTER 1 NEUROTROPHINS AND TH E I R  RECEPTORS 

1 .1 I ntroduction 

Neurotrophic Factors (NTFs) are prote ins that appear to be necessary for the survival 

and development of neurons. These molecules are found throughout the m am malian 

peripheral and central nervous systems. Target neurons synthesize and release NTF's, 

which are then taken up by specific receptors on projecting neurons. Cell survival, growth 

and d ifferentiation are demonstrated actions associated with NTFs. In the developing 

nervous system regulation and refinement of synapses by NTFs model the precise series 

of projections that constitute the mature nervous system (Barde 1 988, Cowan et al. 1 984, 

Hefti et al .  1 989,  Roback et al. 1 992) . Neuronal and synaptic plasticity, as well as 

neuronal survival , appear to be other activities associated with these molecules (Hefti 

1 986,  Wi l l iams et al. 1 986, Krommer et al. 1 987,  Roback et al. 1 992, Thoenen 1 995) .  

Because of their d iverse actions in the promotion of neuronal survival, NTF's have been 

considered for some t ime as possible therapies for such neurodegenerative d isorders as 

Alzheimer's, Huntington 's and some forms of Parkinson's diseases (Yuen and Mobley 

1 996) . 

One sign ificant problem associated with the appl ication of neurotrophins as a therapy, is 

molecu lar size. The blood-brain barrier prevents admin istration of neurotroph ins orally or 

intravenously and hence they can only be d ispensed by i ntracerebroventricular infus ion, 

wh ich carries a sign if icant risk of infection and pericannular tissue necros is .  A possible 

solution to this problem is deve lopment of small molecule mim ics of specif ic 

neurotroph ins; m olecules small enough to cross the blood-brain barrier. I n  order to 

develop these small molecules, a number of studies are presently underway to elucidate 

the structures of the neurotrophins, their receptors and the interactions between them . A 

number  of NTF's have been identified and these include nerve growth factor (NG F) ,  

brain-derived neurotrophic factor (BDNF),  neurotroph in-3 (NT -3) , neurotroph in-4/5 (NT-

4/5) ,  c i l iary neurotrophic factor (CNTF), gl ial cel l  l ine-derived neurotrophic factor (GDNF) 

and f ibroblast growth factor (FGF). 
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Distinct neuronal popu lations are acted upon by d ifferent neurotrophins.  All neurotrophins 

appear to act upon neurons through receptors, particularly those found at the axon foot. 

Specif ic  receptors have been identified for NGF, BDNF and NT-3. These receptors 

contain a tyrosine kinase functional element that phosphorylates accessory proteins to 

activate signal transduction pathways with in the neuron, upon the b ind ing of an 

appropriate neurotroph in .  In particular the receptors for NGF,  BDNF and NT-3 are 

designated as TrkA, TrkB and TrkC respectively. There exists some prom iscuity in 

receptor binding by neurotrophins; for example, NT-3 wi l l  b ind with lowered affinity to 

both TrkA and TrkB. In addition to TrkA, NGF wi l l  bind with lowered aff in ity to another 

receptor, namely, p75 as will both BDNF and NT -3 (Kaplan et a l .  1 991 , Klein et al . 1 991 , 

Thoenen 1 991 , lp et a l .  1 993, Raffion i 1 993, Dechant et al .  1 994, Klein 1 994, Huang and 

Reichardt 2003). 

Signaling pathways are assumed to activate a cascade of events that promote cell 

survival and growth (Kaplan and M i l ler 2000). Recent exper iments suggest that in 

addition to in itiation of an intra-cel lu lar signal ing pathway, the neurotrophin receptor is 

i nternal ized. After internalization , the receptor-neurotrophin com plex is transported to 

lysosom es where lowered pH induces separation , followed by the recycl ing of the 

receptor to the cell surface. Some  evidence exists to suggest that neurotroph in m olecu les 

are transported by m icrotubules to the cel l  body where they m ay mediate their actions 

(Grimes et al . 1 996). 

1 .2 The Structure of NGF 

NGF pur if ied from m ouse submandibular glands has been crystal l ized and an X-ray 

structure obtained with a resolution of 2 .3  A (McDonald et al .  1 99 1  ). The topology of NGF 

shows that the molecule consists of  seven �-strands, wh ich contribute to  three 

antiparallel pairs of twisted �-strands w ith the extended structure locked by a "cysteine 

knot" of three disulf ide bridges (McDonald et al .  1 991 ) .  Several regions of the structure 

show l ittle or no electron density. These poorly defined regions incl ude residues 1 - 1 0  

(amino term inus) and residues 1 1 2-1 1 8  (carboxy term inus) .  These two reg ions are 

susceptible to proteolysis ,  are flexible and solvent accessible . Several regions that are 

also poorly defined include residue 43 and residues 76-79. An average temperature 

factor of 34 N, indicates a flexible structure (McDonald et al. 1 991  ) . Two protomers 
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assemble about a two-fold axis to form the NGF dimer. The long axes of the two 

protomers are approximately paral lel and their flat faces are in contact at the dimer 

interface. Protomer contacts are general ly hydrophobic and are localized to three regions 

(McDonald et al .  1 991 ). 

1 .3 Basic Residues 

A clustering of positively charged residues occurs close to and around the �-hairpin 

Asp30-Lys34 of NGF. This region may have a role in binding NGF to the acidic p75 

receptor (Radeke et al .  1 987). At the "top" of the molecule, is a cluster of 4 of the 8 lys ine 

residues found in NGF (murine). Of thi s  lysine cluster, Lys32 is conserved in al l  NGF's 

(except platyfish) and Lys34 is  conserved in al l NGF's (except snake and mastomys), but 

neither is conserved in BDNF or NT -3. Other bas ic residues are also h ighly conserved . 

For example Lys25 is conserved in al l  neurotrophins except NT-5. I n  NT-5,  Lys25 is 

r6placed by an argin ine,  which forms a hydrogen bond to the buried G lu55. Lys95 is not 

well conserved. Other lysines, Lys57, Lys74 and Lys 1 1 5  (not def ined in the crystal 

structure) are all well conserved in the neurotroph in fami ly. 

Substitution of individual lys ine residues has shown that Lys32, Lys34 and Lys95 are 

probabl y  involved in interactions with p75 ( lbanez et al. 1 992) ,  as determined by binding 

stud ies with cells that express p75 , TrkA (or both) and neurite d ifferentiation i n  PCI2 cel ls. 

NGF (m urine) contains 7 arg in ine resid ues that are well conserved i n  the neurotrophin 

fam ily and generally found on the surface of the molecule. I n  m ouse NGF, Arg69 is 

hydrogen bonded to Asp1 6 and also form s a hydrogen bond to the conserved Thr91 . 

Modification of these two argin ine residues resulted in s ignificant loss of biolog ical activity 

that could only be partial ly reversed, ind icating that the arg in ine residues in question are 

buried with in  the molecule ( l banez et a l .  1 992) . 

Two argin ines,  namely those at posit ions 69 and 1 00 are involved in internal hydrogen 

bond ing to Asp 1 6  and Thr91 respectively. Site directed mutants of Arg1 00 and Arg1 03 

whose s ide chain hydrogen bonds to the carbonyl of Asp30, have been made ( l banez et 

al . 1 990). F rom mutation studies, these arg in ine residues appear to p lay a structural role 

and are also d i rectly involved in receptor interactions. Two of the four histid ine residues 
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found in NGF (murine), are located in the f irst 8 residues of the N-term inus. Since the N­

term inal region of NGF is not visible in the crystal structure, the effect of changing these 

h ist idines on the conformation of the N-term inus, are indeterm inable. The residue H is75 

(conserved in al l  neurotrophins except Xenopus) is found on the surface of the molecule 

and is hydrogen bonded to Asp72 (conserved in all neurotrophins).  Whi le this hist idine 

residue is l ikely to stabi l ize the m olecule, the effect site that d irected mutations of surface 

residues have on stabi l ity, is probably min imal (Eriksson et al. 1 987, Heinz et al. 1 993) 

and hence the contribution to the structure of NGF by H is75, is d ifficult to assess. 

Chem ical modif ication of h istidine residues results in loss of binding of NGF to rabbit 

superior cervical gang l ia (Dunbar et al. 1 984), without apparent conformational change,  

as judged by f luorescence spectroscopy. These results and the reversib i l ity of  the effects 

of chem ical m odif ication, suggest that one or both h istidines are involved in receptor 

b ind ing. lbanez et al. ( 1 993). Studies have shown that His84 is a constituent of the TrkA 

b ind ing region of NGF and that G lu84 in BDNF is an element of the TrkB binding region 

of BDNF. Replacement of H is75 or His84 with alan ine, resu lts in decreased affin ity for 

TrkA. However, the H75A m utant shows a 5-fold increase in aff in ity for p75 (Woo and 

Neet 1 996). S imu ltaneous replacement of both H is75 and His84 with alan ine was neither 

add itive nor synergistic. C i rcular dichroism spectra and weakened self-association of the 

m utants, suggest that H is75 and His84 may be involved i n  the stabi l ity, d imerization 

and/or fold ing of NGF (Woo and Neet 1 996). Chem ical m odification of h ist idine residues, 

His4 and H isS in the H75A/H840 double mutant resulted in abolishing neurite outgrowth, 

binding to both p75 and TrkA and phosphorylation of TrkA in PCI2 cells. These resu lts 

suggest that at least H is75 and H is84, if not all h ist id ines, although located in three 

d istinct regions, contribute to the maintenance of functional sites necessary for the 

receptor bind ing and activity of NGF (Woo and Neet 1 996) . 

1 .4 Aromatic Residues 

Aromatic res idues found in m ouse NGF include 2 tyrosine residues and 3 tryptophan 

residues all well conserved with in the neurotroph in family. Adjacent to the d imer 

i nterface, Tyr52 is involved in aromatic packing and makes contact with Phe1 01 of the 

other  protomers .  In each protomer, Tyr79 packs against Val 1 1 1 ,  but is in a position to 

interact with the N-term inus of  the second protomer. The environment of  Tyr79 is not wel l  

4 



def ined in the crystal structure. Chem ical modification of the tyrosine residues does not 

affect receptor b inding or biological activity. Al l 3 tryptophan residues are involved in 

aromatic stacking at the d imer i nterface. 

Site d i rected m utagen is is of NGF tryptophan residues was used to produce m utants 

(Dr inkwater et a l .  1 991 ). These mutants retained fu l l  biological activity but showed a 

substantial decrease in binding to p75. lt is possible that the mutations result in 

alterations of the subunit interface, a possible b inding region for p75. Additional s ite 

d i rected m utants in which each tryptophan was replaced by phenylalanine, showed fu l l  

biolog ical activity and receptor binding ( lbanez et al .  1 990), s uggesting that the native 

NGF structure tolerates aromatic res idue replacement. 

1 .5 Carboxyl G roup Modifications 

NGF (m urine) has 1 2  side chain carboxyl groups, from Asp and Glu acid side chains, but 

none appear to be d i rectly involved in receptor binding. There are three Asp residues with 

known structural roles; Asp 1 6  (s ide chain) hydrogen bonds to Arg69, Asp72 (side chain) 

hydrogen bonds to H is75 and Asp30, wh ich stabil izes the 30-34 loop. One res idue, G lu55 

which hydrogen bonds to Lys25 plays a structural role in the m olecule and is  conserved 

in all neurotrophins.  Chem ical modifications of 4-5 of the 1 2  carboxyl groups has no 

effect on receptor b ind ing or biological activity, suggesting that carboxyl groups do not 

p lay an important role in receptor binding. lbanez et al. ( 1 990 , 1 992) constructed m utants 

i n  wh ich Asp 24, Asp 30 and Glu 30 were replaced with alanine residues. A 75% 

reduction in receptor b ind ing and biological activity was found for the first m utant (Asp 

24), however, l ittle effect on receptor binding or biological activity was observed for the 

second and third m utants. 

1 .6 Summary of NGF Residues Implicated i n  Receptor Binding 

A number of am ino acids, in particular, residues 1 - 1 1 ,  2 1 -25, 28-38, 40-49, 53-54, 72, 75 , 

76, 79-88, 93-99 and 1 02 ,  have been impl icated in determ in ing the receptor specificity 

and the biolog ical activity of NGF ( lbanez 1 994, 1 995, 1 998, 2002, lbanez et al .  1 990, 
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1 991 , 1 993, Bradshaw et al .  1 994, Woo et al .  1 995, Woo and Neet 1 996, G uo et al .  

1 996, Saragovi et al .  1 998, Woo et al .  1 998) .  So many residues appear to be involved 

that it m ay be hypothesized that overal l  conformation of the NGF m olecule is more 

im portant for binding and activity, than short "active site" l ike elements ( lbanez et a l .  

1 993, P rof. W.  C.  Mobley, Stanford Un iversity, personal comm unication). 

Figure 1 .1 The amino acid structure of NGF. From McDonald et al . 

1 991 . 

Resides shown in bold, represent those conserved i n  al l NGF and NGF related 

sequences. Squares represent buried residues in the 13-NGF s ubun it ,  w ith a side 

chain solvent accessibi l ity of < 7%. Hexagons represent res idues involved i n  the 

dimer interface. The amino acid sequence of 13-NGF is g iven in Appendix I. 
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1 .7 Brain Derived Neurotrophic Factor (BDNF) 

BDNF is a 1 20 am ino acid polypeptide that has approximately 50% identity to N G F  at the primary 

structure level .  Biological responses to BDNF are mediated by the TrkB receptor, which l ike TrkA 

is a tyrosine k inase l inked second messenger system .  A number of TrkB transcripts encode 

truncated proteins that have no tyrosine kinase domains, which suggests that the binding of 

BDNF to TrkB receptors may or may not result in signal ing events. BDNF also binds to the low 

aff in ity receptor, p75. The importance of BDNF and TrkB in the developing nervous system is 

evident i n  the extensive loss of sensory neurons in m ice in which the genes for BDNF or TrkB are 

d isrupted.  In TrkB deficient m ice, there is a loss of spinal cord and facial m otor neurons (Yuen 

and Mobley, 1 996). Un l ike NGF, no crystal structure has been published of the BDNF 

homodimer, however the structure of a BDNF/NT -3 heterodimer, has been solved to a resolution 

of 2.3 A. Com pared w ith NGF only a few amino acids have been identified as being important in 

b inding to the TrkB receptor; these include: residues 26-35, 45-49, 79-88, Lys95 ,  Lys96, Arg97 

( l banez 1 995) .  

1 .8 Neurotrophin-3 (NT -3) 

As with NGF and BDNF,  NT-3 has a specific tyrosine kinase receptor (TrkC) to wh ich it b inds with 

h igh affinity. The low affinity receptor for NGF and BDNF, p75 also binds NT-3. NGF and BDNF 

b ind w ith h igh aff in ity to TrkA and TrkB respectively, however, NT-3 also binds, but  with 

d im in ished aff in ity to both TrkA and TrkB. All neurotroph ins bind as h omodimers to their 

receptors. Both NT -3 and TrkC are widely expressed in the Central and Peripheral Nervous 

Systems (Barbacid 1 994) . An X-ray structure of NT -3 has been publ ished (Butte et al . 1 998). 

Residues impl icated in binding to the TrkC receptor include: Arg8, G lu 1 0 , Tyr1 1 ,  Asp1 5 ,  Thr22, 

39-48, Tyr51 , G lu54, Arg56, Lys80, G in83, Arg1 03 ( lbanez 1 995). 

Al ignment of the sequences of NGF, BDNF and NT-3 show that there are seven regions of high 

sequence variat ion , namely, the N and C-termin i  and the regions I - IV1 ( l banez et al . 1 991 , 

Robinson et al. 1 995). Of these variable regions, only two result in large structural d ifferences 

between the protomers of NGF, BDNF and NT-3 (Robinson et al. 1 995). Region I of BDNF d iffers 

1 See Appendix II for definitions of these regions. 
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f rom the same region of NGF  and NT- 3 by having a two amino acid  insertion as a result of 

formation of a turn of an a-hel ix (Robinson et al .  1 995).  In BDNF, region I l l  has no  sequence 

insert ions or deletions, but does include a stretch of 3 10 helix. Superposition's of the a-carbon 

backbone structure of the neurotroph in molecules shows that NT-3 is structurally s im i lar to NG F.  

For  BDN F and NGF,  there is a root mean square correlation of  1 .22 A (Robinson et al .  1 995). In  

the BDN F/NT -3 heterod imer,  the 2-fold axis of NGF is for  the m ost part retained . 

Neurotroph in  residues impl icated in Trk binding do not form a spatially distinct cluster on each 

protomer. In the dimeric form, variable regions I and V of one protomer are in close proxim ity to 

variable region 11 of the other protomer. Both protomers may contribute to each receptor-binding 

s ite ( lbanez et a l .  1 992 , Robinson et al. 1 995) . 

1 .9 The TrkA Receptor 

Neurotroph in  receptors are believed to act and have a domain structure as dep icted below 

(Figure 1 .2 and Figure 1 .3) . The neurotroph in-binding domain remains controversial at this t ime 

with a n umber of  studies suggesting that neurotrophin bind ing is possible to either the Leucine 

R ich Region or Imm unoglobul in-l ike dom ains. 
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Figure 1 .2 A model of neurotrophin binding to and activation of Trk receptors. 

From Barbacid 1 994. 

The receptor consists of a cysteine rich cluster (designated as CC in the 

diagram) ,  a Leucine R ich Motif (designated as LRM) ,  two imm unoglobul in- l ike 

domains ( lg- l ike), a short transmembrane domain (TM) and an intracel lu lar 

kinase domain .  Upon binding neurotroph in ,  the Trk receptor d imerizes , 

autophosphorylat ion of Tyr residues occurs. Th is event is followed by the binding 

of intracel lu lar downstream signal ing proteins such as PLCy, Pl-3 kinase, P85 

and SHC, wh ich bind to the phosphotyrosines (Huang and Reichardt 2003). 
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Figure 1 .3 TrkA receptor subdom ains. From Barbacid 1 994. 
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As shown in  F igure 1 .2 ,  Trk receptors consist of various domains. These 

domains include; the signal peptide (SP), two cysteine clusters (CC I and CCI I ) ,  

the leucine-rich motifs (LRM), two lg-l ike- l ike reg ions ( l g l  and l g l l ) ,  the 

transmembrane reg ion (TM) and the tyrosine kinase region (TK). Six amino acids 

(VSFSPV) are found only i n  the neuronal-specific isoform of the receptor. 

Putative N-l inked g lycosylation s ites are indicated by inverted triangles. F i l led 

c i rcles represent cysteine residues in the extracel lular domain . Open c i rcles 

represent cysteine residues in the intracellu lar domain.  Closed circles represent 

Tyr residues in the extracel lular domain. The amino acid residue numbers 

f lanking each structural m otif correspond to the nonneuronal Trk receptor. 

Seq uences and structural domains for all Trk receptors are provided in Appendix 

I. 

Two isoforms of 790 and 796 amino acids are presently known for the high affinity tyrosine kinase 

receptor for NGF (Martin-Zanca et a l .  1 989, Barker et al .  1 993, Barbacid 1 994) . Both Trk A 

receptor isoforms have the structure of typical tyros ine kinase cell surface receptors, in that they 

consist of a signal peptide, an extracellular region that interacts with NGF (and NT-3) , a s ingle 

transm em brane domain and a cytoplasm ic region that includes the catalytic tyrosine kinase 

domain (Meakin and Shooter 1 992, Barbacid 1 994) . The two isoforms differ in the extracel l u lar 

domain, in that, near the transmem brane region, there is a d ifference in the 6 amino acid 

residues, VSFSVP (Barbacid, 1 994) . Cells of neuronal origin p rimarily express the 796 amino 

acid isoform , while cel ls of  non-neuronal origin express the truncated 790 amino acid form 

(Barker and Shooter 1 994, Barbacid 1 994) . 
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A number of d istinct regions are found in the extracel lu lar domain .  These include, three tandem 

repeats of 24 res idues flanked by two cysteine clusters (CCI and CCI I ) .  Two im munoglobin l i ke 

domains ( lg1  and lg2) are located between the second cysteine cluster and the transmembrane 

domain.  The receptor spans the cell membrane with a short sequence of 25 residues. Features 

un ique to the cytoplasmic domain of the neurotroph in receptors include T647 instead of the 

alan ine res idue in the h igh ly conserved HRDLAARN kinase motif found in many other tyros ine 

kinase receptors (Barbacid 1 994) . H igh affin ity neurotrophin receptors differ f rom other  tyrosine 

kinases in their kinase domains by having a tryptophan residue, W722. This residue occurs in 

place of the tyros ine found in the WEXXXXXXXPY sequence and P766 is replaced in the 

CWXXXXXXRP sequence near the C-term inus of the kinase domain (Barbacid 1 994) . A short 

carboxy-term inal tail of 1 5  amino acids includes a conserved tyros ine residue (Martin-Zanca et a l .  

1 989, Barbacid, 1 994) . 

The leucine r ich domain has three leucine rich repeats (LRR's) that are short sequence motifs 

typically cons isting  of 24 residues. A number of proteins that have diverse function and cel lu lar 

locations have been shown to contain LRR's .  From the consensus sequences of many proteins 

that contain the LRR motif, the general arrangement LRR's suggests that they are usual ly present 

in tandem and the number of this motif ranges from one, as found in platelet g lycoprotein,  to 30, 

found in chaopin (Kobe and Deisenhofer 1 994 ) .  The crystal structure of the porcine ribonuclease 

inh ibitor protein (R I ) ,  which contains 1 5  alternat ing LRM's of 28 or 29 res idues, has been 

determined (Kobe and Deisenhofer 1 991 ) .  In the RI protein , the LRR structure consists of un its, 

arranged s uch that they form a paral lel 13-sheet with one surface exposed to solvent. In addition, 

the protein adopts an unusual globular shape. 

lt has been suggested that the structure of the LRR's in RI is representative of the LRR m otif in 

other proteins (Kobe and Deisenhofer 1 99 1 ) . Those residues that p lay a key structural role  in R I ,  

i n  particular those that cluster around the 13-strand region are conserved throughout the LRR 

superfam i ly. Wh i le  the LR R's found i n  R I  are among the largest found in the  superfam i ly, i t  is 

possible that shorter repeats in other p roteins may adopt a sim i lar conformation.  The amino 

term inal structural repeat in R I  contains only 25 residues but displays the same conformation as 

that found in longer repeats (Kobe and Deisenhofer 1 991 , 1 994). In contrast to the structure of R I ,  

a recent LLR has been reported in a protein from the m icroorganism Azobacter vineland i i .  This 

protein, LRR variant, has a novel fold consisting of alternating 3whel ices arranged in  a right 

handed superhe l ix and having a com plete absence of any 13-sheet ( Peters et a l .  1 996) . 
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Al l  three Trk receptors contain 3 LRR's consist ing of 24 residues each and hence m ay adopt the 

conformation seen i n  the N-term inus of RI. Many proteins that contain the LRR m otif also have 

hom ologous reg ions f lanking the LRR domain . These homologous regions are characterized by 

four s im i larly spaced cysteines in a stretch of about 20 amino acids for the am ino-terminal 

flanking reg ion and about 50 am ino acids flanking the carboxyl-term inal flanking region (Rothberg 

et al .  1 990, F ischer et al .  1 991 , Kobe and Deisenhofer 1 994 ) .  

Al l  LRR contain ing proteins appear to be involved in protein-protein interactions or  transduction 

pathways (Kobe and Deisenhofer, 1 994) . it is therefore possible that the LRR provides a 

structural motif for the number of specif ic molecular interactions. The non-globular shape of the 

motif may facil itate protein binding to LRR's because the large surface area may result in m ore 

protein-protein interaction and increased aff in ity. A large surface area may interact read i ly with 

small globular prote ins. The neurotrophin structure, as determ ined for the NGF  homodim er,  a 

BDNF/NT-3 heterod imer and an NT-3 homodimer, is relatively com pact and somewhat globular 

and hence may interact with the extensive LRR su rface of a Trk receptor. Protein b inding by a 

LRR may be faci l itated by the large exposed surface of the paral lel 13-sheet structure. I n  the 

interior of proteins ,  paral lel 13-sheet structure is common and hel ices and other paral lel 13-sheet 

pack against them . For LRR containing proteins,  it has been proposed that the b ind ing of a l igand 

to the LRR substitutes for the packing interaction of interior 13 -sheet (Kobe and Deisenhofer 

1 994) . 

NGF binding to the LRR's and lg-l ike domains of TrkA has been studied by express ion of these 

two d istinct reg ions along with the entire extrace l lular domain and variat ions of the LRR,  in 

Escherichia coli (Windisch et al. 1 995a, b ,  c). The proteins were expressed as recom binant 

maltose b ind ing MPB-TrkA fusion proteins. Binding assays util izing iodinated NGF were 

conducted and rates of association and dissoc iation were measured with the ent ire extracel l u lar 

domain ,  the three LRRS,  various combinations of the LRR's and the two lg- l i ke- l ike domains .  In 

th is study the com plete extracel lu lar domain has an equi l ibrium dissociation constant K0 = - 1 o·9 
M.  The lg-l ike domains however, showed no binding of NGF. The com plete LRR region (three 24 

residue repeats, L 1 ,  L2 and L3) including the flanking cysteine regions, showed a K0 = - 1 o·9 M .  

Deletion of the flank ing cysteine regions had n o  effect o n  binding N G F  and th is construct had the 

same K0 as the protein encompassing the three LRR's and flanking cysteine reg ions .  Two 

proteins,  ( 1 )  N -term inal cysteine (Cl)  through the second LRR (L2) and (2) C 1 2 to the center of L2 

both showed the same K0 as the entire extracel lu lar domain.  Two additional prote ins ( 1 )  C-

Depicted as Cl in Figure 1 .3 
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term inal cysteine (C2)3 through L24 and (2) C2 to the center of L2 had the same K0 as the entire 

extracel lular domain .  These resu lts suggest that the equ i l ibr ium dissociation constant for NGF 

binding to TrkA can be  accounted for neurotrophin binding to  the second LRR (L2) only (W ind isch 

et al. 1 995a, b, c). Binding measurements of NGF to the L2 protein showed the same K0 as 

m easured for the entire extracel lu lar domain. 

In a study of the binding of BDNF to the n ine MBP-fusion proteins (Windisch et al. 1 995a), 

p roduced for TrkA, none showed detectable BDNF bind ing.  For four TrkA fus ion proteins,  the 

entire extracel lu lar domain ,  the two immunoglobin l ike domains, C1 L 1 -3C2 and L 1 -3 ,  no b ind ing 

of NT-3 was observed. In add ition to the extracel lular domains of TrkA, the entire extracel lu lar 

domain, the two lg-l ike-l ike dom ains and the domain encompassing the three LRR's and f lanking 

cysteine regions (C1 L 1 -3C2) of TrkB were expressed in  E. coli as maltose fusion proteins .  

B ind ing studies with these TrkB derivatives showed no b ind ing of  BDNF to the imm unoglobin 

domain protein .  BDNF did bind to the C1 L 1 -3C2 and the entire extracel lular domain prote ins w ith 

a K0 - 1 x1 o·9 M. No bind ing of NGF was observed for any of the TrkB proteins ,  however NT -3 

b inding was however observed with the C1 L1 -3C2 and ent ire TrkB extracel lular domain prote ins .  

An al ignment of L2 regions for mammalian TrkA and TrkB reveals the consensus sequence for 

this domain: 

TrkA (rat) 

TrkB (rat) 

TIVKSGLRFVAPDAFH FTPRLSHL 

TIVDSGLKFVAYKAFLKNGNLRH I  

The two sequences are 54% identical and as a consequence only 1 1  residues seem to  account 

for the ligand binding specificity seen for TrkA and TrkB (Windisch et al. 1 995a, b, c). The resu lts 

of this study suggest that the binding of neurotroph ins  to their receptors may be qu ite localized 

and at least requ i re the second leucine repeat region of the receptor for b inding. That the second 

LRR showed full NGF binding but no binding of BDNF or NT-3 suggests that this domain is able 

to exert neurotrophin-binding specificity. 

Scatchard plot analys is of the equil ibrium binding of NGF to the recombinant second LRR domain 

showed that the kinetics of association of the second LRR with NGF is com plex, w ith apparent 

biphasic kinetics . At low NGF concentrations (0.4 to 5 pM), the relationship between the observed 

3 Depicted as C l l  i n  Figure 1 .3 
4 The leucine rich region, LRR cons ists of 3 domains, referred to as L 1 ,  L2 and L3 
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association rate and l igand concentration is l inear, resu lting in a K0n5 of -1 x 1  07 M-1 s· 1 . At l igand 

concentrations approach ing the K0 (-1 x1 0·9 M), a situation of negative cooperativity occurred. 

This resulted in a l inear relationsh ip between the observed association rate and NGF 

concentration and in  a second Kon of - 3x1  05 M"1 s·1 (Windisch e t  a l .  1 995a, b ,  c ) .  For  the entire 

recombinant extracellular dom ain, s im ilar complex association k inetics was seen and two Kon 

values of - 7x1 06 M"1 s·1 and - 2x1 05 M"1 s· 1 were measured. 

From studies of the LRR's and lg- l ike- l ike domains of TrkA and of TrkB, it appears that the 

specific b inding of NGF to the second LRR of TrkA is establ ished. Binding studies of NGF to 

receptors expressed in whole cells provide a number of equi l ibr ium dissociation constants that 

vary between -1 x1 o·9 M and - 1 x 1  0"1 1  M depending upon the  type of  cell used . i t  is d ifficu lt to 

ascribe b ind ing in whole cell studies to binding of neurotroph in to on ly one receptor. The surfaces 

of cel ls are poorly understood and characterized and it is d ifficu lt to understand why TrkA b ind ing 

of  NGF to TrkA expressed by one cel l  type should show dramatic differences from NGF b ind ing 

to TrkA expressed by another cell type. Hence the b ind ing of  NGF to specif ic isolated domains of 

the Trk receptor, whi le adm ittedly an artificial system,  seems to offer a means of determin ing 

wh ich domains of  the receptors may be involved in binding. I n  add ition to bindi ng studies w ith the 

isolated domains of TrkA, the second LRR of TrkA appears to be further impl icated in N G F  

b ind ing b y  experiments i n  which this peptide resu lted in degradation of NGF dependent neurons 

i n  the rat brain (Wind isch et al . 1 995a, b, c) . 

1 . 1 0  The I m munoglobul in Domains and NGF Binding 

Com parative sequence analysis of the conserved regions of the extracel lu lar domain of TrkA 

shows the presence of a com bination of cel l adhesion m otifs corresponding to the conserved 

regions (Schneider and Schweiger 1 991 ) .  The three LRR's share significant sequence homology 

w ith the toll gene product of D rosophi la that mediates specific cell adhesion events. An additional 

s ign ificant reg ion found in the extracel lu lar domain of the neurotrophin receptors, consists of two 

repeats of the i mm unoglobin- l ike C2 type. These repeats are sim i lar to those found in the neural 

cell adhesion m olecu les (N-CAMs) and in platelet-derived growth factor receptor (PDG FR) 

tyrosine kinase fam i ly (Schneider and Schweiger 1 991 , Zaccaro et al .  2001 ) . i t  has been 

suggested that the two lg- l ike domains, because they are located in close the proxim ity to the 

5 For defin itions of Kinetics terminologies, see Chap 4.  
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membrane, may interact with other membrane bound proteins; i n  part icular the low aff in ity NGF 

receptor, p75 (Schneider and  Schweiger 1 991 ) .  

I n  a study of the lg-l ike domains of TrkA maltose fus ion protein expressed i n  E. coli and secreted 

into the periplasm , no binding affinity for NGF was observed, lead ing to a hypothesis that NGF 

interaction with the  receptor could be  accounted for by neurotrophin bind ing to  the  LR R of  TrkA 

exclusively (Wind isch et al. 1 995a, b ,  c). More recently, a s im ilar study (Holden et al. 1 997) 

showed that the recombinant lg- l ike domain ,  expressed in E. coli as an N-term inal H is-tagged 

protein bound NGF with nM affinity. Stud ies using radiolabeled NGF (Holden et al. 1 997) showed 

that the refolded protein bound NGF and inh ib ited the effects of NGF on A 875 cells in vivo. In 

vivo i nh ib itory effects were observed for the lg- l ike domains both as isolated protein  and when 

bound to NGF. These resu lts suggest that the lack of NGF binding to the lg- l ike domains in the 

earl ier studies (Windisch et al .  1 995a, b, c) was a consequence of the incorrect fold ing of the lg­

l ike domains during export to the periplasm (Holden et al. 1 997). 

At least two recent studies (Perez et al .  1 995, Urfer et a l .  1 995) have impl icated the lg- l ike 

dom ains of the TrkA, TrkB and TrkC receptors in neurotroph in bi nding.  Ten ch imeric receptors 

were constructed in wh ich both cyste ine clusters flanking the LRR's and lg- l ike domains, were 

exchanged between the TrkA and TrkB receptors (Perez et a l .  1 995) . The ch imeric receptors 

were expressed in 293 cel ls (human fetal kidney cel l  l ine) and the binding of radiolabeled NGF to 

the receptors was measured . In cells that expressed the ch imeric receptor in wh ich the N-term inal 

cysteine c luster of TrkB replaced the N-term inal cysteine cluster of TrkA, but retained the lg- l ike 

domains of the TrkA receptor, almost identical b inding of NGF was observed to that seen for 

native TrkA expressed in 293 cel ls .  For the chimeric receptors in wh ich the two lg- l ike dom ains of 

TrkA were exchanged for the same domains of TrkB, NGF binding sim ilar to that for native TrkA 

receptors was observed.  These results suggest that neurotrophin aff in ity and specificity is 

inherent in and dependent only on, the lg-l ike domains of the neurotrophin receptors. Other 

ch imeric receptors had NGF binding that varied between zero and - 60% of that of the native 

TrkA receptor. 

Those ch imeric receptors, in which the cysteine clusters of TrkA and TrkB were interchanged 

while retain ing the lg- l ike domains of TrkB, when expressed in 293 cel ls, showed no NGF 

binding . S im i larly, receptors with cysteine clusters and t he  N-term inal TrkA lg- l ike domain 

interchanged with those of TrkB, showed no NGF binding abi l ity. These resu lts suggest that the 
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C-term inal lg-l ike domain is responsible at least i n  part for NGF recogn ition and binding. One 

ch imera, wh ich retained the entire extracel lular domain of TrkA and the intracel lu lar domain of 

TrkB, showed less than 40% of the NGF binding abi l ity of native TrkA (Perez et a l .  1 995, Urfer et 

al . 1 995) .  However, s ince 293 cel ls are constitutively active and poorly characterized it is d ifficult 

to interpret the experimental resu lts, wh ich cal l into question the assignment of neurotrophin 

binding and specif icity to the lg- l ike domain . 

Another series of Trk domain deletions and ch imeric proteins, in wh ich domain exchanges were 

made between TrkA, TrkB and TrkC, have been analyzed for binding of d ifferent neurotroph ins 

and neurotroph in-dependent receptor activation (Urfer et al . 1 995). Al l  receptor variants were 

constructed as immunoadhesins in which the extracel lular domains were fused to the Fe portion 

of a human antibody. These proteins were expressed in 293 ce l ls and purified . In those chim eric 

receptors in wh ich the lg- l ike domain of TrkA was deleted, the binding of N G F  was abol ished . 

When the lg- l ike domain of TrkA was expressed i n  N IH  3T3 cells, in the absence of the other 

extracel lu lar domains, binding affin ity sim i lar to that seen with ful l- length receptors was retained 

(Urfer et al . 1 995) . For those TrkA proteins in wh ich the first lg- l ike domain was deleted, a 2 .3-fold 

reduction was observed in NGF binding. In the TrkA deletion protein lacking the three LRR's and 

f lanking cysteine clusters, no reduction was observed in NGF binding. These results suggest that 

the second lg- l ike domain of TrkA is the h igh aff in ity bind ing site for NGF;  however, saturation 

experiments with a TrkA variant lacking the f irst lg- l ike domain resulted in detectable specific 

NG F  bind ing  indicating the possible presence of additional elements in the three LRR's and 

flanking cysteine clusters that interact with NGF (Urfer et al .  1 995). 

Regions of NGF and NT-3 thought to be involved in receptor binding, consist of res idues in the �­

strand bundle. In NGF, the proposed TrkA binding s ite includes the six N -term inal res idues and 

certain loop residues, which are not involved in the binding of NT-3 to T rkC, suggest ing that the 

surface interactions of NGF with TrkA are more extensive than those for NT-3 with TrkC (U rfer et 

al . 1 995) . When the extracel lu lar region of TrkA encompassing the LRR's and flanking cysteines 

is deleted ,  NT-3 binding is d imin ished, whi le deletion of the second l g-l ike domain does not 

completely abol ish binding of NGF suggesting a more extensive NG F/TrkA surface interaction 

than for NT -3/TrkC (Urfer et al . 1 995). 
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1 . 1 1  The Immunoglobul in-like Domains of TrkA, TrkB and TrkC 

X-ray structures of the C-terminal lg- l ike domains (d5) of TrkA, TrkB and TrkC have revealed 

something of how th is region of the three receptors may bind thei r respective neurotrophins 

(U itsch et al .  1 999) .  These three domains share a 4 1 -44 % sequence identity and consist of two 

�-sheets, ABED and GFCC' .  A short hel ical segment is found in the loop con necting strands E 

and F (F igure 1 .4) .  Each lg-l ike domain crystal l ized as d immers, but domain swapping also 

occurred and no interaction of NGF with the d5 reg ion of TrkA was observed i n  in vitro stud ies 

(U itsch et al .  1 999 ,  Wiesmann et al .  1 999, Dr. Bart de Vos, Genentech ,  personal commun ication) . 

TrkA-d5 TrkB-d5 TrkC-d5 Telok in 

N-t  r m 
N -t r m  

E B C  

f f  E F  

C le1m \ C -t r 

Figure 1 .4 C-termina l l g-l ike-l ike domains of the Trk receptors. From U ltsch et 

al .  1 999 .  

The  general structure of  the d5 domains of  the  three receptors is s im i lar to  that 

found in the 1 -set of the immunoglobu l in  superfam ily of transmembrane receptors 

and cel l  adhesion molecules (U itsch et al. 1 999). None of the recom binant d5 

prote i ns ,  expressed in E. coli, were able to bind neurotrophins, a consequence of 

strand swapping and hence the refolded and crystal lized proteins are considered 

to be d imeric artifacts (U itsch et al. 1 999). 

1 7  



Specificity of neurotrophin binding, a characteristic of the three Trk receptors, is at least partial ly 

exp lained by the three dS structures. A hydrophobic pocket formed by res idues on the exposed 

surface of the ABED sheet in TrkA accommodates the N-term inus of NGF. The disulf ide bridge 

on the exterior of the Trk domain forms the bottom of this pocket wh i le the side-chains of residues 

Val294, Met296, P ro302 and Leu333 form the walls of the pocket. The disulfide bridge is 

conserved in TrkB and TrkC but the residues form ing the TrkA pocket wal ls are not. I n  TrkB, the 

residues found in the pocket are threon ine,  aspartic acid, prol ine and h istidine replacing 

respectively those residues found in TrkA. These residues give rise to a hydroph i l ic  pocket 

i ncapable of binding the hyd rophobic N-term inus of NGF. In TrkC-dS, the side chains of Met 296 

and Pro302 are replaced by arg in ine and glutamic acid, form ing a salt bridge on top of the 

d isu lf ide bridge and effectively f i l l ing the pocket (U itsch et al. 1 999). 

1 .1 2  Crystal Structure of NGF and the I mmunoglobulin Domain of TrkA 

A crystal structure of NGF  com plexed with the C-terminal lg- l ike dom ain of TrkA has recently 

been publ ished (Wiesmann et al. 1 999) . This structure (Figure 1 .5, Figure 1 .6) shows that the 

l igand receptor interface cons ists of two regions of s im i lar size. One region consists of the central 

�-sheet core of the NGF  homodimer and the loops formed by the C-term inal lg- l ike domain 

(domain-S; dS) of TrkA. The second region is com posed of the N-term inal region of NGF .  These 

residues (2-9) are not seen in the orig inal NGF structure (McDonald et al .  1 991 ), presumably 

because they are disordered, however, in this complex the N-terminal region of N G F  adopts a 

hel ical conformation and packs against the 'ABED' sheet (Figure 1 .4) of the C-term inal lg- l ike 

domain . 
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L3 L3 

l2 L2 

Figure 1 .5 The NGF binding domains of TrkA C-terminal lg- l ike-l ike domain .  

From Wiesmann et a l .  1 999.  

In the space-fi l l i ng m odel, the conserved and specificity reg ions of NGF are 

outl ined with circles; el l ipses denote the two sym metrical common regions. 

Regions of NGF believed to be in contact with the region of TrkA, C-terminal to 

d5 are denoted as L2 and L4 . Resid ues of NGF that are in contact with d5,  

include those of the hairpin loop L 1 and residues of the four  13-strands that form 

the central region of the molecu le. In part icu lar, the strictly conserved residue 

found in all neurotrophins, Arg 1 03 appears to be an important binding 

determinant in the i n teraction between NT-3 and TrkC (Wiesmann et al .  1 999). 

The side chain of NGF stacks against the phenyl group of Phe327 of TrkA, 

forming a hydrogen bond with the carbonyl oxygen of Asn349 bond w ith the 

carbonyl oxygen of Asn349. Residues that make contact with d5 are red for the 

com mon region and green for those that confer specificity of interaction with the 

TrkA-d5 region are g reen. 
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L3 c 

L2 

Figure 1 .6 I nteraction reg ions of NGF with d5 of TrkA. F rom Wiesmann et a l .  

1 999. 

The NGF monomers are red and blue, wh i le the TrkA d5 reg ion is g reen . The 

termin i ,  some relevant loops and the secondary structure elements are labeled ; 

loops L2 and L4 of NGF and the C-terminus of d5 (residue 382) po int towards the 

membrane. 
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Figure 1 .7 A space-f i l l ing model of the interaction reg ions of NGF with d5 of 

TrkA. 

The NGF m onomers are red and b lue ,  whi le the TrkA d5 reg ion is g reen . The 

model orientation is as shown in Fig u re 1 .6 .  The molecular coord inates were 

obtained from the Protein Data Bank and the model produced with Viewerlite 

(Accel rys , San D iego) . 

1 . 1 3  The TrkB Receptor 

The structural domains of the TrkB receptor a re s im ilar to those depicted for TrkA (Figure 1 .2 , 

F igure 1 .3) . These domains include; the signal peptide (SP) , two cysteine clusters (CC), the 

leuc ine-rich m otifs (LRM),  two lg- l ike-l i ke regions ( lg) ,  the transmembrane region (TM) and the 

tyros ine kinase reg ion (TK) . At least eight d ifferent transcripts of the trkB locus have been 

identified that encode two different types of receptor. The TrkB receptor, the h igh aff in ity receptor 

for BDNF,  is a heavi ly glycosylated molecu le of 821 am ino acids. This receptor has an 

intracel lu lar tyrosine kinase domain and is frequently designated as TrkB TK+ to d istingu ish this 

isoform from those that lack a tyrosine kinase domain.  A second class of TrkB receptors, 

designated as T rkB TK·, has the same extracel lu lar domain as TrkB TK+ but lack the ent ire tyrosine 

kinase catalytic domain (Kie in et al . 1 990, Middlemas et al. 1 99 1 , Barbacid 1 994). Two 

noncatalytic TrkB TK· receptor isoforms have been identif ied and are expressed in adult murine 

brain at comparable levels to TrkB TK+ (Kiein et al .  1 990) . The TrkB TK+ receptor has a short 
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carboxy-term inal tail of 1 5  amino acids, which includes a conserved tyrosine residue (Kiein et al .  

1 989) . 

1 . 1 4  The Leucine Rich Domain and BDNF Binding 

As w ith the TrkA receptor, the extracel lular domains of TrkB consists of a LRR flanked by 

cysteine clusters and two lg-l ike domains. Overall identity between the extracel lu lar domains of 

TrkA and TrkBTK+ is 57%, with the most hom ologous regions between the two receptors found in 

the two LRR's and the second lg-l ike domain (Schneider and Schweiger 1 99 1  ) .  A number of 

studies have impl icated the LRR domain of TrkB TK+ as the binding s ite for BDNF. F ive 

recombinant M BP-TrkB fusion proteins were expressed in E. coli, purified and ut i l ized in b ind ing 

studies with rad iolabeled NGF and BDNF (Windisch et a l .  1 995a) . The f ive fus ion proteins 

expressed were (1 ) the entire extracel lu lar domain ( residues C21 -E41 7), (2)  the LRR and two 

f lanking cyste ine clusters (construct C1 L 1 -3C2, residues L61 -L 1 32), (3), the three LRR's without 

the cysteine clusters (construct LRR ,  residues T72-L 1 43) ,  (4) the second LRR (construct L2, 

residues T86- 1 09) and (5) the 2 lg- l ike domains (residues S1 87- E41 7). Of these f ive domains,  

the complete extracel lu lar domain and the C1  L 1 -3C2 domain have a measured Ko for BDNF of -

1 x1 o·9 M (virtual ly ident ical to the same domains of TrkA for NGF with in exper imental error. 

These same two domains bind NT -3 with a K0 of - 1 x1 0·9 M (Wind isch et al. 1 995a) , a value 

sim i lar to those obtained in experiments with cel ls ectopically expressing TrkB (Soppet 1 99 1 , 

Denchant et a l .  1 993, Windisch et al . 1 995c) .  

The com plete LRR m otif without the f lanking cysteines binds BDNF,  NT-3 and NT-4. Binding 

measurements of BDNF and NT-3 to the isolated second LRR resulted in essentially the same K0 

as m easured for the entire extracel lular domain and also showed an affinity for NT -4.  None of the 

TrkB fusion proteins showed an affin ity for NGF. The isolated lg- l ike domain showed no 

measurable BDNF, NT-3 or NT-4 binding. it appears from this study that TrkB neurotrophin 

binding can be isolated to the LRR reg ion . 

Fai lure to see s uch h igh  b inding aff in it ies ( i .e .  K0's - 1 0'1 1 M) for BDNF and NT -3 w ith the isolated 

extracel lu lar domain and subdomains of TrkB may be due to isolation of the receptor from the 

cellu lar environment. it is possible that upon binding of a neurotrophin ,  a conformational change 

occurs with in the receptor in the cel lu lar environment, resulting in the transfer of l igand from the 
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second LRR to a h igh affin ity binding s ite (Windisch et a l .  1 995c). High aff in ity binding may 

requ i re add itional membrane proteins or extracel lular matrix com ponents, for example,  

proteoglycans ,  wh ich m ay only be present i n  the correct stoichiometric values i n  neurons for 

which high affin ity has been measured (Windisch et al. 1 995c) .  Intact s ignal transduction 

pathways have been suggested as requ irements for generation of high aff in ity binding sites 

(Raff ion i et al. 1 993). The low affinity receptor for NGF,  BDNF, NT-3 and NT-4/5 has been 

suggested as a component, together with a Trk receptor, in form ing the h igh aff in ity receptor 

com plex (Meakin and Shooter 1 992) . 

Association and dissociation kinetics of the second LRR of TrkB b inding with BDNF and NT-3 

have revealed someth ing of the complex nature of the interaction. Bind ing on- rates occur faster 

than - 3x1 05 M-1 s-1 expected for a K0 of - 1 x1 0-9 M (Rodriguez-Tabar and Barde 1 988,  Windisch 

et al. 1 995c) . The association kinetics measurements gave Kon values of 2.7x1  07 M-1 s-1 for BDNF 

and 3.3 7x1 07 M-1 s-1 for  NT-3 corresponding w ith the kinetics of  the h igh BDNF and NT-3 

receptors (Rodriguez-Tabar and Barde 1 988, Windisch et al. 1 995c) . These results imply that a 

high aff in ity BDNF and NT-3 binding site is associated with the second LRR and that a com plex 

mechan ism may be involved in the association of neurotroph ins with their receptors. D issociation 

measurements for the second LRR gave half- l ives of - 41 .5  minutes for BDNF  and - 1 9.5  

m inutes for  NT-3; s im i lar results to those obtained us ing whole cells (Rodriguez-Tabar and Barde,  

1 988, Rodriguez-Tabar et  al .  1 992, Windisch et  al .  1 995c) . I n  stud ies of dissociation of  BDNF 

from DRG neurons and d issociation of NT-3 from sensory neurons (Rodriguez-Tabar and Barde 

1 988, Rodriguez-Tabar et al. 1 992) ,  no biphasic behavior was observed. 

Contrary to these resu lts, biphasic d issociation behavior for BDNF and NT-3 was observed with 

the recombinant TrkB extracel lu lar domain and subdomains (Windisch et al. 1 995c) . Steady state 

binding experiments corroborated the result and assigned neurotroph in binding to the 24 residue 

second LRR of TrkB ( 1 995c) .  

A synthetic pept ide corresponding to the second LRR of  TrkB was shown to b ind BDNF 

(Windisch et  al a, b ) .  Binding aff in ities of  BDNF for the  peptide were com parable with the  aff in ity 

of NGF for the second LRR of TrkA. A sim ilar binding study for NT-3 and NT-4 showed that these 

neurotrophins bind to the second LRR of TrkB, but w ith less aff in ity than BDNF. Since BDNF,  NT-

3 and NT -4 al l  b ind to the second LRR of TrkB, it appears as though this domain represents a 
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strong and complex binding site for all three neurotrophins (Windisch et al . 1 995a, c) .  Only 1 1  

residues of the second LR R appear to be responsible for specific neurotrophin recognit ion . 

Three isoforms of murine TrkB have been isolated and used in binding studies of BDNF, NT-3 

and NT-4 (N inkina et al. 1 997, Dr. N. N in kina, St. Andrews Un iversity, private communication) .  All 

three isoform s have deletions in the extracel lu lar domain while retain ing the two lg- l ike motifs. Of 

the three isoforms, variant 1 lacked the f i rst and second LRR's wh i le retain ing the f lanking 

cysteine clusters. Variant 2 lacked all th ree LRR's but retained the flanking cyste ine clusters and 

variant 3 lacked both cysteine clusters and the three LRR's. None of these three TrkB isoforms 

shows aff in ity for BDNF, NT-3 or NT-4 when com pared with wild type TrkB used as a control .  

These resu lts point to the importance of  the LRR's, in particular the f i rst two, in b ind ing 

neurotrophins, at least for TrkB, and further supports the lack of neurotrophin binding to l g- l i ke 

domains,  as reported by Windisch et al. (Windisch et al. 1 995a, b, c) .  

High affinity binding associated with a small reg ion of a large protein i s  not without precedence. 

The X-ray crystal structure of the complex between human growth hormone and the extracellular 

domain of its receptor (hGHpb) revealed that on ly about 30 side chains of the receptor and l igand 

make contact (Ciarkson and Wells 1 995) . I n  the case of hGHpb, alan ine-scanning experiments 

have revealed that a central hydrophobic core dom inated by two tryptophans accounts for more 

than th ree-quarters of the binding free energy. Less important, general ly hydroph i l ic and partial ly 

hydrated residues surround the "functional" ep itope. Only a small and com plementary set of 

contact resid ues exh ibits binding aff in ity. 

Mutational analysis of antibodies (Hawkins et al. 1 993, Kelley and O'Connel l  1 993) and protein 

antigen complexes (Davies et al .  1 990, J in  et al . 1 992, Wilson and Stanfield 1 993) has shown 

that typical ly only 1 4  to 21  residues are in contact and that only 3 to 1 0 side chains can account 

for m ost of the bind ing energy (Ciarkson and Wells 1 995). These results are supportive of 

theoretical stud ies that predict that only a few interactions in protein-protein binding, m ay be 

im portant for tight binding (Novotny et al . 1 989). Hence assignment of high binding aff in ity for 

neurotrophins to the smal l  24 res idue second LRR may not be unreasonable.  

24 



1 .1 5  The I mmunog lobulin-Like Domains and Neurotrophin Binding 

Five chimeric receptors have been constructed in wh ich the extracel lular domains of human TrkB 

and TrkC were interchanged. These domains were fused to the Fe portion of a human antibody 

and expressed in the human fetal kidney cell l ine 293 as an imm unoadhesion (Urfer et al . 1 995) . 

The following ch imeras were constructed: chimera 1 ,  consisted of the f i rst 47 residues of TrkB, 

encompass ing the f i rst cysteine cluster, exchanged for the same region of TrkC. Chimera 2,  

consisted of the three LRR's of TrkB interchanged with the same region of TrkC. Chimera 3,  

consisted of the second cysteine cluster of TrkB interchanged with the same reg ion of TrkC. 

Chimera 4, consisted of the N-term inal lg-l ike domain of TrkB exchanged for the same domain of 

TrkC. Chimera 5 ,  consisted of the C-term inal lg- l ike domain of TrkB exchanged for the same 

domain of TrkC. Competition and saturation binding assays were performed with the chimeric 

proteins and the com plete extracel lular domains of TrkB and TrkC (also expressed as 

im m unoadhesions) .  

Both TrkB and TrkC bind NT-3, w ith h igh affinity for TrkC and reduced affin ity for TrkB (Urfer et al .  

1 994). If TrkB and TrkC uti l ize the sam e structural elements for neurotroph in  binding, then a 

particu lar TrkB!frkC chimera would be expected to have reduced, but not com plete loss of 

binding aff in ity for NT-3 (Urfer et al .  1 995) . Al l  ch imeric proteins were assayed for BDNF and NT-

3 b ind ing.  Com petitive displacement assays with BDNF and TrkB resulted in an IC50 of 20.7 ± 2 .8  

pM,  whi le TrkC showed no  BDNF binding.  Chimera 5 binds BDNF with an  IC50 o f  1 6.7 ± 1 .5 pM,  a 

sim i lar aff in ity to that displayed by TrkB. In saturation binding experiments , TrkB and chimera 5 

have K0 values of 1 0.4 ± 1 .6 pM and 1 0 .9 ± 2 .3  pM respectively. Al l  other TrkB!frkC ch imeras 

and domain delet ions of TrkC showed no bind ing and this suggested that the individual TrkC 

domains did not contribute any repuls ive effects. Hence the conclusion from these experiments is 

that the second l g- l ike domain of TrkB specifies wh ich neurotroph in ,  BDNF or NT -3, binds to the 

TrkB receptor. 

All ch imeric  TrkB and TrkC receptors were assayed for NT-3 affin ity to determ ine if structural 

elements of TrkB could prevent NT-3 binding. The TrkB immunoadhesin bound NT-3 with an 

affinity sim i lar to that of TrkB expressed on N I H  3T3 cel ls (Escandon et al. 1 994) , but w ith a 

m arkedly reduced ( 1 1 .0 ± 1 .7 fold) aff in ity com pared with the native TrkC receptor. Chimera 5 

showed an almost identical loss of NT-3 aff in ity as TrkB whi le all the other chim eras were 

unaffected in their abi l ity to bind NT-3. These binding studies suggest that the cysteine clusters, 
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the LRR's and the N-terminal lg-l i ke domain or elements with in  these domains, do not prevent 

NT-3 binding or participate in neurotrophin d iscrim ination . Binding specificity for BDNF and NT-3 

appears to res ide only in the second lg- l ike domain of the TrkB receptor (Urfer et al. 1 995). 

Another series of ch im eric receptors in which the LRR's includ ing f lanking cysteine clusters and 

lg- l ike domains of TrkA and TrkB were interchanged, were expressed i n  293 cells and NGF 

b ind ing  was measured under equ i l ibr ium conditions to  the chimeric protein ( Perez et  a l .  1 995) . I n  

these studies NGF bound to TrkB at 1 0% of the affin ity of NGF for TrkA. For the chimera 

consisting of the TrkB protein with the second l g- l ike domain of TrkB exchanged for the second 

lg- l ike domain of TrkA, no NGF binding was observed. For the chimera cons isting of the TrkB 

protein  with the fi rst l g- l i ke domain of TrkB exchanged for the f irst lg- l ike dom ain of TrkA, no NGF 

b ind ing was observed. 

These results suggest that the lg-l i ke domains of the Trk receptors may be responsible for 

neurotroph in d iscr imination but th is study does not assist in discrim inat ing which lg- l ike domain is 

responsible for neurotrophin identification . For the ch imera consisting of the second lg- l ike 

domain of TrkA exchanged for the second lg-l ike domain of TrkB, no NGF bind ing was observed .  

This result suggests that the second lg- l ike domain is responsible for  neurotroph in d iscrim inat ion, 

but since no ch imera was studied in which the f i rst lg-l ike domain of TrkA is  replaced with the 

same domain of T rkB, it is difficult to assess the role of the lg-l i ke domains i n  determ in ing which 

neurotroph in b inds to a particu lar receptor. 

A study of the binding of NGF to recombinant lg- l ike domains of TrkA expressed in E. coli 

(Holden et al .  1 997) showed that the neurotroph in  binds w ith nM affinity to the domain previously 

shown to have no NGF aff in ity (W indisch et al .  1 995a, b ,  c). In contrast to the experiments of 

Windisch et al .  ( 1 995a, b, c) the lg-l ike domain p rotein was purif ied from inclus ion bod ies and 

refolded prior to b ind ing studies. 
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1 . 1 6  The TrkC Receptor 

The structural domains of the TrkB receptor is sim ilar to that depicted of TrkA (Figure 1 .2 and 

Figure 1 .3) .  At least four TrkC isoforms constituting two classes of receptor are known and al l  

have the same structural form as the TrkA and TrkB receptors. The extrace llular domains of the 

three receptors have approximately 53% identity whi le the intracel lu lar tyrosine kinase domains 

share an approximate 87% identity (Barbacid 1 994). Al l  four isoforms share an extracel lu lar 

dom ain of 430 amino acids but differ in the number of residues ( 1 4, 25, 39) that fol low the 

conserved YSTDYYR m otif, wh ich includes the two tyrosine (Y71 1 ,  Y7 1 2) residues. These 

residues have been identif ied as the presumed autophosphorylation site (Lam bal le et al .  1 993, 

Tsou lfas et al. 1 993, Valenzuela et al . 1 993, Barbacid 1 994). As with the TrkB receptor, a second 

noncatalytic class of TrkC receptor, sim ilar to TrkB TK· , is known. These receptors have the same 

extracel lular and transmembrane domains as the catalytic TrkC receptor, however they lack the 

tyrosine kinase domain .  Four d ifferent TrkCTK· receptors have been identified; all have the f i rst 74 

cytoplasm ic residues identical to those of the juxtamembrane region of the catalytic TrkC 

receptors. Residues beginn ing with 529 are derived f rom four dissim i lar alternatively spl iced 

exons (Tsoulfas et al. 1 993, Valenzuela et al. 1 993, Barbacid 1 994) . 

1 . 1 7  Neurotrophin Binding Domains of TrkC 

In contrast to the TrkA and TrkB receptors, few studies have been made of the cysteine clusters, 

LRR's, lg-l i ke domains and perm utations of these domains of TrkC to determ ine their  respective 

binding and d iscrim inatory abil ities for NT-3 and other neurotroph ins.  Expression of the 

extracel lular domain and subdomains of TrkC as maltose fusion proteins i n  E. coli has been 

reported to be highly toxic to the bacterium (Windisch et al. 1 995a). Few expression systems 

have been identified to  rel iably produce correctly folded Trk receptors and as  a result, studies of 

the extracel lu lar domains of TrkC tend to be of a very l im ited nature to date . 

Chimeric proteins consisting of domain exchanges between TrkC and regions of both TrkA and of 

TrkB were fused with the Fe portion of a human antibody and expressed as an immunoadhesin 

(Urfer et al. 1 995) .  F ive chimeras consisting of domains of TrkC replacing the same domain of 

TrkB were expressed. The following domains of TrkB were exchanged for those of TrkC: ( 1 )  N­

term inal cysteine cluster, (2) the LR R ,  (3)  C-terminal cysteine cluster, (4)  N-term inal lg- l ike 

domain and (5) the C-term inal cysteine cluster. Of these ch imeric proteins, a l l  but chimera 5 
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showed a binding aff in ity for NT -3, IC5omutfiC50wt< 3, when com pared with wi ld type TrkC. Chimera 

5 showed essentially no  aff in ity for NT-3 and had an IC5omutfiC50wt > 40. Only ch imera 5, which 

consists of the entire TrkB extracellular domain w ith the TrkC C-term inal lg-l ike domain of TrkC 

replacing that of TrkB, showed an abi l ity to b ind BDNF ( IC5omuti1C50w1< 3) ,  compared with wi ld type 

TrkB. None of the ch imeric TrkC!TrkB proteins showed any measurable bind ing of NGF. Only one 

ch imeric protein was made with TrkA and TrkC and consisted of the C-terminal lg- l i ke domain of 

TrkA replacing the same domain of TrkC. l t  showed essential ly no ab i l ity to bind NT-3 

( IC5omutiiC50wt > 40). However, th is same protein showed the sam e abi l ity to bind NGF as wi ld type 

TrkA ( ICsomutfiCsowt< 3) .  

In  addition, seven subdomains  of  the TrkC extracel lu lar d omain were also expressed as 

imm unoadhes ins in 293 cells. The seven TrkC proteins in th is study consisted of  the fol lowing 

domain deletions: ( 1 ) N-term inal . cysteine cluster, (2) entire LRR m otif, (3) C-term inal cyste ine 

cluster, (4) N-term inal lg- l ike m otif, (5) C-term inal lg-l ike m otif , (6) al l extracel lu lar domains except 

the C-term inal lg- l ike domain and (7) all extracel lu lar domains except the two lg-l ike domains.  

Only construct 5, the protein  consisting of the entire TrkC extracellular domain except the C­

terminal lg- l ike motif bound NT-3 or BDNF. A l l  the other proteins bound NT-3 with wild type TrkC 

aff in ity ( IC5omutf iC50w1< 3). These results suggest that the lg- l ike domains are requ i red for h igh 

aff in ity neurotroph in b inding for TrkA, TrkB and TrkC receptors and that the C-term inal lg- l ike 

domain is requ i red to d iscrim inate between neurotrophins and hence specifies wh ich 

neurotroph in binds to a particular receptor (Urfer et al . 1 995) . 

1 . 1 8  The p75 Receptor 

The NTF's NGF,  BDNF and NT-3 all bind w ith lowered affin ity (when compared with their  abi l ity to 

bind to TrkA, TrkB and TrkC respectively), to another receptor, namely p75, a 75 kD protein  that 

med iates programmed cell death in neurons that have been deprived of NTF's (Lee et al. 1 992 , 

1 994, Rabizadeh et al . Barrett and Bartlett 1 994, Barrett 2000, Yano and Chao 2000, H uang and 

Reichardt 2003) .  This receptor cons ists of a single polypeptide chain of approximately 400 am ino 

acids with an extracel lu lar domain and a short cytoplasm ic domain separated by a s ing le 

transmem brane domain .  Four negatively charged cysteine rich reg ions or loops in the 

extracel lu lar domain appear to be requi red for NGF binding (Van and Chao 1 991 , Baldwin  et a l .  

1 992, Meakin and Shooter, 1 992) . The p75 NGF receptor is a member of a fam i ly of related 
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proteins that include tumor necrosis factor receptors (TNFRI  and TN FRI I) and the Fas antigen 

receptor. The p75 receptor does not have sequence homology with the Trk receptors. 

Binding assays for receptors, with both h igh and low affinity, expressed on ch ick em bryon ic 

sensory neurons, have been made with NGF (Sutter et al. 1 979) , BDNF (Rodriguez-Tebar and 

Barde 1 988) and NT-3 (Rodriguez-Tabar et a l .  1 992) .  A summary of the bind ing  data of NGF,  

BDNF and NT -3 to both the h igh affinity receptors and p75, is given in Table 1 . 1 .  

Table 1 . 1 The characterization of NGF,  BDNF and NT-3 receptors on chick 

em bryonic sensory neurons by binding assays. From Meakin and Shooter 

( 1 992) .  

Two classes of  NGF receptors were originally d istinguished on chick embryon ic 

sensory neurons by binding and kinetics measurements (Sutter et al .  1 979) . The 

major population of receptors have a K0 of 1 0·9 M, whi le a m inor receptor 

popu lation have a K0 of 1 0·1 1  M. These receptors are respectively known as low 

(LNGFR) and high (HNGRF) affin ity receptors. The rates of association of 

neurotrophin to both types of receptor are s im i larly rapid, however, they d iffer i n  

that the  rate o f  dissociation i s  s low for the HNGRF and fast for the  LNG FR .  

Subsequent studies have identified LNG FR as  p75 and the  HNGFR as  TrkA. The 

binding data are from Sutter et al. 1 979, Kow et al . 1 979 and Burris et a l .  1 991 . 

NGF 

K0 of  h igh affinity binding (M) 2 .3x1 0.1 1 

Numbe r  of receptors per 1 000-3000 

neuron 

K0 of low aff in ity b ind ing (M) 1 .7x1 0.9 

Num ber of receptors per 23000-45000 

neuron 

29 

BDNF 

1 .7x1 0.1 1  

230 

1 .3x1 o·9 

3200 

NT-3 

1 .8x1 o·1 1  

1 1 000 

0.8x1 o·9 

39000 



Whi le the K0 value is essent ial ly identical for the binding of NGF,  BDNF and NT-3 to p75, the 

association and dissociation rates d iffer significantly, possibly as consequence of d ifferences in  

the structure of  the neurotrophins or d ifferences in conformational changes that may occur  on 

l igand binding (Ernfors et al. 1 990, Rodriguez-Tebar et al. 1 992, Meakin and Shooter 1 992, 

Bradshaw et al .  1 994) . TrkA has a very slow association rate with a Kon of 8x105 M-1 s-1 (at 4QC) 

and a very slow d issociation rate, suggestive of high aff in ity. Conversely, p75 has fast association 

and d issociation rates characteristic of a low aff in ity for NGF.  Since these binding propert ies for 

the two receptors are observed in both neural crest derived and non neuronal cel ls ,  it appears 

that the on and off rates are characteristic of the receptors and not of cel lu lar environment (Chao 

and Hem pstead 1 995) . eo-expression of p75 and TrkA resu lts in a 25-fold increase in the l igand 

on rate, suggest ing that both p75 and TrkA contribute to the formation of a h igh aff in ity binding 

s ite for NGF (Chao and Hempstead 1 995). 

Expression of p75 both w ith Trk receptors and independently of TrkA, TrkB or TrkC is widespread 

in many cell types , including Schwann cells, motor neurons and cerebellar Purk inje cel ls (Chao 

and Hempstead 1 995). Whi le many studies have establ ished the im portance of the Trk fam ily of 

receptors in the promotion of neurite outgrowth and cel l  survival ,  there exists l ittle evidence of 

particular roles for p75. Receptor levels in responsive neurons indicate that TrkA expression is 

l im ited whi le that of p75 is h igher; a ten-fold difference for example i n  mRNA levels i n  neonatal 

sympathetic ganglia (Chao and Hempstead 1 995) .  N G F  shows both high and low aff in ity b inding 

sites in sensory and sympathetic neurons and PC 1 2  cel ls .  I n  these cells, a small percentage of 

high affinity NGF binding s ites have been detected with these sites being assigned to TrkA and 

low aff in ity b inding sites to p75 (Kiein et al. 1 991 , J ing  et a l .  1 992, Chao and Hem pstead 1 995).  

Responsive neurons appear to have 1 0-30% of the total b ind ing of neurotrophin at h igh aff in ity 

sites (K0 - 1 0-1 1  M) ,  wh i le the remain ing binding occu rs at low aff in ity sites (K0 - 1 0-9 M) .  Under 

condit ions in wh ich p75 is  expressed in excess with respect to TrkA, a s im ilar number of high 

affin ity binding s ites are observed. Only low levels of expression of p75 compared with TrkA ( 1  : 1 0  

ratio) appears to result i n  a lowering i n  the number of h igh aff in ity NGF bind ing s ites (J ing et al .  

1 992 , Chao and Hempstead 1 995). These results suggest that the rat io of p75 to TrkA is 

important in the h igh affinity binding of NGF. Other  neurotroph ins, for example NT -3 appears to 

have few ( 1 -2% of total binding) high aff in ity b ind ing s ites when interacting with TrkC (Chao and 

Hem pstead 1 995) . 

Expression levels for p75 and TrkA influences the number of low and high aff in ity binding s ites for 

NGF in PC1 2 cells. H igh levels of TrkA result in an increased number of both low and high aff in ity 
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sites , wh i le decreased levels of p75 or inh ibition of NGF binding to p75 leads to a reduction of 

both low and high affinity binding s ites (Weskamp and Reichardt 1 991 , Benedetti et al .  1 993, 

Chao and Hempstead 1 995).  For a number of two-site binding receptors, for example interleukin-

2 ,  i nterleukin-6 and CNTF, the low aff in ity site is ten times m ore abundant than the h igh aff in ity 

s ite in vivo (Chao and Hempstead 1 995) . 

In teraction of p75 with TrkA appears to influence cell survival (Casaccia-Bonnefi l  et a l .  1 999) .  

Antibodies to p75 have no effect on the abi l ity of NGF to promote cel l  survival and neurite 

outgrowth (Weskamp and Reichardt 1 991 , Chao and Hem pstead 1 995) . A number of N G F  

m utants that do not bind to p75 but that d o  bind to TrkA, are capable of prom oting cell survival , 

suggest ing that Trk receptors m ay be able to function independently of p75 ( l banez et a l .  1 992) .  

Confusing the role of p75 i n  cell survival ,  are results of a study i n  wh ich induction of TrkA 

autophosphorylation and c-fos mRNA in PC1 2 cells is influenced by the binding of NGF to p75. 

These effects are reduced by a monoclonal antibody d i rected against an extracel lular epitope of 

p75 (Barker and Shooter 1 994, Chao and Hempstead 1 995). 

A number of studies suggest that p75 and TrkA interact to form a high affinity neurotrophin 

receptor. Another poss ible role for p75 is that of recruitment of NGF from the envi ronment and 

passage of the bound neurotrophin to i ts appropriate Trk receptor. Studies of mutant PC1 2 cel ls 

that do not express p75 suggest that p75 acts as a l igand-recruiting molecule s ince on ly i n  the 

presence of p75 are Kan values of - 1 07 M"1 s· 1 observed (Mahadeo et a l .  1 994) .  Two m odels, 

neither of wh ich reflects the measured stoich iometry of p75 and Trk receptors, have been 

suggested for p75-TrkA interactions. The f irst model proposes that NGF rapidly binds to p75 thus 

increasing the local concentration of neurotrophin in the vicinity of the Trk receptor (Mahadeo et 

a l .  1 994) . I n  this model there is no direct interaction of p75 and the Trk receptor. A second model 

suggests that a d i rect i nteraction occurs between p75 and the Trk receptor resu lt ing i n  a 

conformational change i n  the Trk receptor in the absence of l igand (Chapman and Kuntz 1 996, 

Shamovsky et a l .  1 999, Neet and Campenot 2001 ) .  

Conformational change of t he  Trk receptor i s  hypothesized to  result i n  an  increased l igand on  rate 

and hence formation of a h igh affinity binding site (Meakin and Shooter 1 992, Wolf et al. 1 995,  

Chao and Hempstead 1 995, Neiderhauser et  al .  2000) .  Both models requ i re d imerization of  Trk 

molecules following neurotroph in  binding. D i rect measurement of the interaction of p75 and Trk 

receptors has not been d i rectly demonstrated ,  although one study util izing  recovery of 
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f luorescence after photobleaching suggests that TrkA immobi l izes p75, i n  the absence of l igand, 

but only if the cytoplasmic domains of p75 and TrkA are intact (Wolf et al .  1 995, Chao and 

Hempstead 1 995). Another study uti l izing f luorescent antibod ies, appears to have establ ished an 

interaction between p75 and TrkA receptors on the surfaces of cells (Wolf et al . 1 998) .  

Whi le argument by analogy must be used with caution , particu larly when comparing prokaryotic 

and eukaryotic systems,  a study of intracel lular signaling by the E. coli aspartate receptor Tar 

(Tatsu no et a l .  1 996, Gardina and Manson 1 996), having only one cytoplasmic domain per d imer ,  

offers some suggestion as to the poss ibi l ity for signaling by a heterodimer of TrkA/p75 and also of 

fu l l  length and truncated isoforms of TrkB and TrkC. To date no heterodimers of fu l l  length and 

truncated Trk receptors have been documented, however a controversial com plex of p75 and 

TrkA has been reported (Wolf et al. 1 995). Current models hypothesize that transmem brane 

signal ing is accompl ished by dimerization of the receptors upon binding of a l igand, or by 

changing the orientation of one monomer with respect to the other in an already existing dimer. 

1 . 1 9  A Rationale for the Thesis Research 

At the beg inn ing of the 2 1
st century, humanity has entered an era when average life expectancy 

has increased from approximately 50 years in the 1 9
1h century to 70-80 years. With the advent of 

m odern m ed icine, many of the d iseases that once afflicted mankind have now been e l im inated or  

are control lable. I ncreas ingly, the diseases and consequences of advanced age have become 

apparent. I n  particular, Alzheimer's and other neurological d isorders are placing an escalat ing 

burden on the medical costs of  communities worldwide (Kandel et a l .  2000). Research to develop 

new and effective therapies for neurological d iseases has become progress ively more important. 

Neurotrophins as a treatment for Alzheimer's and Parkinson's d iseases especially, has been one 

approach in the development of new therapeutics. However, peptides as therapeutics do present 

a number of diff iculties (Kandel et al. 2000, Wil l iams and Lemke 2002). Smal l  molecule m im etics 

of neurotroph ins has been the quest of many international research efforts ( lbanez 1 998). 

However, controversy sti l l  remains as to which dom ain or domains of the Trk receptors , a 

neurotrophin binds. The research conducted for this thesis has been undertaken in an attem pt to 

further del ineate the neurotrophin binding domain(s) of their receptors. By def in ing the interaction 
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domains, it is hoped that further progress may me  made in the development of peptide and small 

m olecule m imetics of the neurotrophins. 

l t  is increasingly clear that accessory proteins such as p75 and intracel lu lar proteins play 

im portant roles in the binding of neurotroph ins to Trk receptors and of resu lting biological activity. 

Because th is thesis study was necessarily conducted in a non-biolog ical environment, i .e .  in the 

absence of p75 and accessory proteins known to bind to Trk receptors, it is im poss ible to equate 

the observations made in this authors research, with the reality of neurotrophin-Trk interactions i n  

human neurons. 

To date only one neurotroph in  exhibits real potential as a therapy for neurological d isorders, 

namely, G DNF, wh i le NGF and BDNF have exh ibited l ittle or no therapeutic value in cl in ical trials .  

New methods for peptide del ivery to the Central Nervous System via the nasal m ucosa, (Gozes 

et al. 2000, Liu et al. 2001 ) may however overcome the need to develop smal l  molecule mimetics 

of the neurotrophins and e l im inate the d iff icult ies associated with adm in istration of NGF and other 

NTF's. Ult imately stem cel l  therapies may prove to be more effective than molecular treatments 

for neurological disorders. Thus the effort to determine the binding behavior of NTF's to Trk 

receptors may ult imately have proven to be only an interest ing exercise in an ongoing scientific 

quest for new treatments to e l im inate some of the more insidious affl ictions of humankind.  
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C HAPTER 2 Trk RECEPTORS, EXPRESSION AND PURIFICATION 

2.1 I ntroduction and Aims 

The aim of this thesis project was to establish the neurotroph in binding domains of the Trk 

receptors. To conduct this study, a number of reg ions of the extracell u lar domains of TrkA, TrkB 

and TrkC, were produced in both prokaryotic and eukaryotic expression systems. A biosensor 

study of the binding of neurotroph ins to the various extracel lu lar domains of the respective Trk 

receptor was then undertaken. Although not i ntended to be exhaustive in terms of establ ishing 

absolute binding constants for each neurotroph in  and respective receptor subdom ains, the 

experimental design was sufficient to f i rm ly determ ine neurotrophin bind ing to proposed l igand 

binding reg ions of each receptor. 

A number of studies of the interactions of the neurotrophins with Trk receptors have been 

undertaken . Both in vivo and in vitro stud ies, have led to the identification of two d istinct and 

reportedly exclusive , l igand-bind ing domains on the receptors. In particu lar, in vitro binding 

stud ies (Windish et a l .  1 995a, b, c) and in vivo stud ies (N inkina 1 997) have ident ified the leucine 

rich m otif (abbreviated as LRR) of all three Trk receptors as the neurotroph in-binding domain .  

Conversely, in vitro (Holden et al . 1 997, Wiesmann et  a l .  1 999, Robertson et  a l .  2001 ) and in  vivo 

studies (U rfer et al. 1 995, 1 998, Koj ima et a l .  1 999) , have identified the i m m unoglobul in- l ike 

domain (abbreviated as lg1  + lg2) as the exclusive l igand-binding domain of the neurotroph in 

receptors. 

An attempt was m ade to express a number of Trk proteins as C-term inal H is-tagged proteins in E. 

coli. Expression systems were designed such that these proteins would cover the sam e residues 

as proteins expressed as MBP-fusion proteins in an earl ier  study (Windisch et al. 1 995a) . MBP­

fusion protein expression constructs used in a previous study (Wind isch et al . 1 995a, b, c) were 

obtained1 and these proteins were expressed for kinetics and other neurotroph in- receptor 

1 A g ift of Prof. Rainer Schneider, Un iversity of Innsbruck, Austria. 

34 



studies. J ustification for the choice of domain expressed as MBP-fusion proteins  has been 

detailed previously (Wind isch et al . 1 995a, b, c). 

Ful l - length Trk receptor extracel lu lar domains were expressed as C-terminal H is-tagged proteins 

in Pichia pastoris for th is  study. These proteins provide a set of controls, for comparison with 

those proteins expressed in E. coli (Windisch et al. 1 995a). Native T rk proteins possess several 

post-translational m od ifications (Martin-Zanca 1 989,  Watson et al. 1 999, Neet and Campenot 

2001 ). The design of the expressed proteins was determ ined by the perceived need to retain the 

cyste ines, N-terminal to the leucine rich reg ion and both Imm unoglobul in-l ike domains.  Each 

construct was designed to term inate close to the recogn ized transmembrane domain . In add it ion, 

the TrkA prote ins were designed to term inate on the same residue, namely, threonine, two 

residues (for Rattus norvengicus) before the f irst transmem brane residue. The TrkB and TrkC 

extracel lu lar domains are several am ino acids longer than the TrkA proteins and these constructs 

were designed to be of s im ilar length to TrkA and term inate one residue (for TrkB, Rattus 

norvengicus) before the transmembrane domain .  Al l the extracel lu lar residues of the fu l l- length 

TrkA and TrkB proteins are included in the E. coli constructs. 

Three TrkA proteins2 from an external source (Prof . Uri Saragovi ,  McGi l l  Un iversity) were 

obtained to provide a control for potential problems with protein expression and purification 

technique, as well as providing controls for kinetics and related studies. In add ition , three 

synthetic peptides, representing the smal lest identified neurotroph in-binding domains (Wind isch 

et al .  1 995a, b, c), were produced . With these proteins, an extensive kinetics study of the 

neurotroph in-receptor i nteraction was possible. Further, phys ical properties of the proteins in 

solution , were assessed by u ltracentrifugat ion. 

2 lg-l ike domain expressed i n  E. coli and P. pastoris. Ful l- length extracel lu lar domain expressed in 
insect cel ls. 
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Figure 2 .1  Trk Receptor Structure Adapted from Windisch et al .  (1 995a) . 

Potential neurotroph in b inding regions showing the domains expressed as MBP­

fusion and H is-tagged proteins. The extracel lu lar domain of the Trk receptor 

cons ists of two cysteine rich regions (C1 and C2) that are N and C term inal to the 

Leucine r ich domain ( LRR) respectively. The LRR domain is considered to 

consist of 3 individual regions (LRR1 , LRR2 and LRR3).  Two imm unoglobul in­

l ike domains ( lg1  and lg2) complete the def ined regions of the extracel lu lar 

dom ain.  

ED . . . . Extracel lu lar Domain lg1  + lg2 . . . . Complete Immunoglobul in- l ike domain 

LRR . . . . Leucine R ich Domain C1 and C2 . . . . N and C term inal cysteine r ich 

regions respectively LR R2 . . . .  Protein expressed as an MBP-fusion protein  

and produced as  a synthetic peptide 
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Table 2.1  TrkA extracellular domains expressed as M BP-fusion proteins. The 

Trk extracel lular domains are shown in Figure. 2 . 1 ,  wh i le the particular residues, 

expression system and protein tag are shown below. 

Domain3 

ED 

C1 LRR 

C1 LR R 1 2  

LRR 

LRR23C2 

LRRC2 

lg1 + lg2 

lg1 + lg2C2 

LRR2 

Residues 

Cys36_Giu416  

Cys36_Pro1 96 

Cys36_Leu1 2o 

Tyr72_Leu1 43 

Thr97-Pro1 96 

Tyr72 -Pro 1 96 

Ser1 97_G iu41 6  

Ser197 -Giu416 

Thr97-Leu1 20 

Species Expression System Tag 

Rat E. coli MBP 

Rat E. coli MBP 

Rat E. coli MBP 

Rat E. coli MBP 

Rat E. coli MBP 

Rat E. coli MBP 

Rat E. coli MBP 

Rat E. coli MBP 

Rat E. coli MBP 

Table 2.2 TrkA extracel lu lar domains expressed as H is-tagged proteins .  

These proteins failed to express and hence could not be used in any subsequent 

studies. 

Domain 

ED 

C1 LR R 

LRRC2 

lg1 + l g2C2 

LRR2 

Residues 

Cys36_Giu416  

Cys36_Pro1 96 

Tyr72 -Pro 1 96 

Ser197 -Giu4 16  

Thr97-Leu1 20 

Species Expression System Tag 

Rat E. coli His  

Rat E. coli H is 

Rat E. coli H is 

Rat E. coli His  

Rat E. coli H is 

3 The m olecular weights for all TrkA, TrkB and TrkC MBP-fusion proteins expressed for th is 
project are tabulated i n  the appendix.  
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Table 2.3 TrkA ful l- length extracellular domain expressed in  yeast. 

Domain Residues Species Expression System Tag 

ED  Rat P. pastoris His 

ED  Human P. pastoris His 

Table 2.4 Synthetic human TrkA peptide. This peptide representing the 24 

res idues of the second leucine rich repeat of human TrkA, was synthesized with 

a 6-H is  C-term inal tag ; purity > 95% as determ ined by MALDI m ass spectroscopy 

(Boston Biomolecu le) . 

Domain 

LRR2 

Residues 

Thr97 - leu 1 2
0 

Species 

Human 

Expression System Tag 

synthetic H is  

Table 2 . 5  TrkB extracel lular domains expressed as MBP-fus ion proteins.  The 

Trk extracellu lar dom ains are shown in Figure 2 . 1  while the particular residues, 

expression system and protein tag are shown below. 

Domain 

ED  

C1 LRR 

LRRC2 

C1 LRRC2 

LRRC2 

lg 1  + lg2 

Residues 

Cys32 -Giu424 

Cys32_ Pro185 

Leu72 - Pro1 98 

Cys32 - Pro 1 98 

Leu72 -Pro 1 98 

Ser181 - G lu424 

Species Expression System Tag 

Mouse E. coli MBP 

Mouse E. coli MBP 

Mouse E. coli MBP 

Mouse E. coli MBP 

Mouse E. coli MBP 

Mouse E. coli MBP 
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Table 2.6 TrkB extracellular domains expressed as H is-tagged proteins .  These 

proteins fai led to express and hence could not be used in any subsequent 

studies . 

Domain 

ED  

C1 LRRC2 

lg1 + l g2 

Residues 

Cys36 -G iu424 

Cys36 - Pro 1 97 

Arg1s1 
_ Glu424 

Species Expression System 

Rat E. coli 

Rat E. coli 

Rat E. coli 

Table 2.7 TrkB ful l- length extracel lular domain expressed in yeast. 

Domain Residues Species Expression System 

ED  Rat P. pastoris 

Tag 

His 

His 

His 

Tag 

H is  

Table 2.8 Synthetic human TrkB peptide. This peptide represent ing the 24 

residues of the second leucine r ich repeat of human TrkB, was synthesized with 

a 6-His C-term inal tag; purity > 95% as determ ined by MALDI mass spectroscopy 

(Boston Biomolecule) .  

Domain 

LRR2 

Residues 

Thr97 - l ie 1 2
0 

Species 

Human 
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Table 2.9 TrkC extracel lu lar domains expressed as MBP-fusion proteins.  The 

Trk extracellular domains are shown in Figure 2.1 whi le the particular res idues, 

expression system and protein tag are shown below. 

Dom ain Residues 

ED 

Species 

Rat 

Expression System 

E. coli 

Tag 

MBP 

Table 2.1 0 TrkC fu ll- length extracellular domain expressed in yeast. 

Domain Residues Species Expression System Tag 

ED Rat P. pastoris H is 

Table 2.1 1  Synthetic human TrkC peptide. This peptide representing the 24 

residues of the second leucine r ich repeat of TrkC, was synthesized with a 6-His 

C-term inal tag ; purity > 95% as determined by MALDI mass spectroscopy 

(Boston B iomolecule). 

Domain 

LRR2 

Residues 

Val97 - P ro 1 2o 

Species 

Human 
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2.5 Expression of Proteins in P. pastoris with the Vector pPICZaA 

Expression of Trk prote ins was undertaken in the yeast P. pastoris, by clon ing cDNA encoding 

the extra-cel lu lar domains for TrkA (both rat and human),  TrkB (rat) and TrkC ( rat) , into the 

expression vector pP ICZo:A ( lnvitrogen) .  The vector pPICZo:A perm its expression of the 

recom binant prote in contain ing a myc epitope (useful in following protein express ion by Western 

blot) and a polyh istidine tag capable of binding divalent cations (e.g. N i2+) .  Both the m yc epitope 

and polyh ist idine tag are C-term inal to the recombinant prote in .  

- - =  :_ 

pPICZ A,B,C 
3 .. .  l kb 

Figure 2.2 Map of pP ICZo:A (l nvitrogen P. pastoris protein expression system 

m anual) .  

2.3 Construction of Expression Vectors 

Al l  four Trk cDNA's were ampl ified by PCR to provide sufficient DNA for clon ing i nto the 

expression vector pP ICZo:A. The TrkA (human and rat) N and C-term inal ol igonucleotides were 

produced at 0.05!-IM quantity, the Trityl group was removed and the ol igonucleotides pur ified by 
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HPLC to 0.5 OD scale (Operon Technologies). Both N and C-term inal o l igonucleotides for TrkB 

and TrkC were suppl ied by Prof. Louis Reichardt (Howard Hughs Institute , San Francisco) . 

Human TrkA template DNA was suppl ied by Prof. Uri Saragovi (McGi l l  Un ivers ity) , whi le rat TrkA, 

TrkB and TrkC template DNA was provided by Prof. Louis Reichardt. 

TrkA h uman N-term inal 5'-AGA GAA TTC TGC CCC GAT GCC TGC TGC CCC CAC-3' 

TrkA human C-term inal 5' -AGA CTC TAG ACC TGT TTC GTC CTT CTT CTC CAC CGG GTC-

3' 

TrkA rat N-term inal 

TrkA rat C-term inal 

5'-AGA GAA TCC TGT CGT GAG ACC TGC TGT CCC GTG GGC-3' 

5'-AGA CTC TAG ACC TGT TTC GTC CTT CTT CTC CAC TGG GTC-3' 

For both human and rat TrkA o l igonucleotides, the N-term inal was designed to incorporate an 

EcoR I  site, whi le the C-terminal ol igonucleotide incorporates an Xbal site. This design perm itted 

d i rect l igation of the PCR product i nto the same s ites in the expression vector pP ICZaA . 

TrkB rat N-term inal 

TrkB rat C-term inal 

3' 

5'-AGA GAA TTC TGC CCC ATG TCC TGC AAA TGC-3' 

5'-AGA CTC TAG ACC CTC CCG ATT GGT TTG GTC AGC AAC ATC-

For the TrkB construct, the N-terminal ol igonucleotide was designed to incorporate an EcoR I  s ite, 

while the C-term inal ol igonucleotide incorporates an Xbal site, thus al lowing d i rect clon ing of the 

PCR product into the same sites in p P ICZaA. 

TrkC rat N-term inal 

AAG ACT-3' 

TrkC rat C-term inal 

CAC AGT-3' 

5'-AGA AGC GGC CGC TGC CCT GCA AAT TGT GTC TGC AGC 

5'-AGA CTC TAG ACC AGT GTC TTC CTC TGG TTT GTG G GT 

The N-terminal o l igonucleotide for the TrkC construct includes an Xbal site, whi le the C-term inal 

o l igon ucleotide incorporates a Notl s ite, perm itting d i rect clon ing of the PCR product into these 

s ites in pP ICZaA. 
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Al l  PCR solutions consisted of a total of 1 00111 of the following com ponents: 

65.51JI H20 

65.5 5 1J I of each of the N and C-term inal ol igonucleotides ( 1 0  iJM each) 

3 iJI of 50 m M MgCI2 

1 iJI of 1 ng/11 1 of the DNA template 

1 0  iJ I of 2 m M  dNTP 

1 0  iJ I of 1 Ox PCR buffer 

0.5 I-ll Taq polymerase (BRL} 

The following PCR condit ions using an Ericomp thermal cycler were employed to g ive the f inal 

PCR products . 

Cycles (30) 

Last cycle 

1 '  at 949C 

1 '  at 949C 

2' at 949C 

2' at 509C 

2.4 Cloning Techniques fol lowing PCR 

2' at 729C 

1 0' at 729C 

Al l  techniques for the clon ing of the four Trk extra-cel lu lar domains expressed in P. pastoris, are 

i l lustrated by the following protocols for the two TrkA protein expression systems.  Only the 

restriction enzymes used to d igest pP ICZaA for insertion of the PCR product and subsequently, 

to confirm that the correct constructs for TrkB and TrkC were l igated into pPICZaA, are d ifferent. 

An al iquot of DNA from each PCR reaction vial was run on a 1 %  agarose gel in T AE buffer 

together w ith an appropriate DNA standard (Figure 2.3) .  All PCR products ran on the gel at - 1 .2 

kB, the expected size for the DNA representing the extra-cellu lar domains of the four Trk receptor 

proteins. A l l  PCR products ( 1 1J I  of the 1 00111 reaction mixture) were l igated into the pCR2 . 1  vector 

( l nvitrogen)  at 1 5°C overn ight fol lowing the protocols for the TA clon ing kit ( lnvitrogen) .  Taq 

polymerase has a nontemplate-dependent activity, which adds a s ingle deoxyadenosine (A) to 

the 3' ends of PCR products.  
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2 3 4 5 6 7 

Figure 2.3 PCR products for human and rat TrkA extracel lular domains. 

Lane 1 is the 500bp standard (BioRad) .  Lanes 2,  3 and 4 show the PCR product 

for human TrkA. Lanes 5,6,7 show the PCR product for rat TrkA. The expected 

s ize for the cDNA for both constructs is - 1 .2kB and it can be seen that th is is the 

s ize of the DNA obtained. Essential ly the same results were obtained for the 

PCR products of TrkB rat and TrkC rat extracel lular domains.  

The l inearized pCR2.1  vector has a s ingle 3'  deoxythym idine (T) residue, thus al lowing efficient 

l igation of the PCR insert into the pCR2 . 1  vector. Following l igation , INVaF' competent E. coli 

cel ls ( lnvitrogen) were transformed by heat shock with the new construct trkff A vector. The 

transformed E. coli was plated onto an LB4 plate contain ing 1 00 11g/m I of ampici l l in and Xgal5 at a 

concentration of 40 mg/m l of m edium . After growing at 37°C overn ight, 1 0  white colonies of each 

construct were selected and grown overnight in 5ml of LB containing 1 00 !lg/m l of ampici l l in . DNA 

was extracted from each overn ight culture using a Rapid Pure Min i  Prep kit (RPM kit ,  8 101 01  ) .  A l l  

DNA was d igested by restriction enzymes, EcoR I/Xbal (all restriction enzymes and reaction 

buffers were from New England Biolabs) for the two TrkA constructs, EcoRI/ Xbal for the TrkB 

construct and Xbal/ Notl for the TrkC construct to confirm the presence of the correctly sized 

insert (e.g. F igure 2 .3) .  After enzymatic digestion (typically overn ight), each reaction m ixture was 

4 Luria Broth 
5 5'-Bromo-4-chloro-3-indolyl- [beta] -D-galactopyranoside C14H 1 5BrCIN06 
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run on a 1 %  agarose gel to determ ine which DNA was of the appropriate size to be inserted i nto 

pPICZaA (Figure 2.4) . 

KB 

4.5 
4.0 

2.0 

1 .0 

0 .5 

a b 

Figure 2.4 Agarose gels of the restriction enzyme digests of the plas m id DNA 

from the PCR constructs. Arrows indicate the correct size cDNA insert. Ge l  (a)  is  

human T rkA whi le  Gel  (b)  is rat TrkA. One colony from each analys is had the 

correct s ized i nsert .  

The expression vector was digested with the appropriate restriction enzymes for  the insertion of 

the Trk DNA into pPICZaA. An enzymatic digest of one trkA!T A construct (for each of the four Trk 

proteins) ,  identified as having the correctly inserted trk cDNA, was heated at 65°C for 20 min to 

heat inactivate the restriction enzymes. An overnight l igation at 1 5°C of 1 11 1  of the d igested 

pPICZaA vector and 1 11-1 the digest of trk!T A construct was performed in a 1 0  11-1 total reaction 

volume. After l igation , 1 11- 1  of the reaction m ixture was used to transform competent DH5a E. coli 

(prepared by the CaCI2 method; Sam brook, Fritsch, Maniatis, 2
nd edit ion, 1 .82) .  The transformed 

E. coli was plated on LB plates containing 1 00 11-g/m l of ampic i l l in and grown at 3JCC overnight. 

Fifteen colon ies from the plate were selected and grown overnight at 3TC in 5 ml of LB 

conta in ing 1 00 11-9/m l of ampici l l in .  

DNA was prepared from each of the overn ight cultures by Rapid Pure Min iprep (R PM) .  DNA of an 

appropriate size ,  namely, 4 .8 kB ( 1 .2 kB trk cDNA+3.6 kB for pPICZaA) were then digested with 

EcoR I/Xbal in the case of the two trkA/ pP ICZaA constructs, the trkB/ pP ICZaA construct and 
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Xbai/Notl for the trkC/pPICZaA construct. All d igests were run on a 1 %  agarose gel together w ith 

an appropriate DNA standard .  The gel was stained with ethid ium brom ide, visual ized with UV and 

photographed. Gels of the d igested trkA/pPICZaA constructs for human and rat are shown below. 

Essential ly the same results were obtained for the constructs trkB/ pP ICZaA and trkC/pPICZaA 

(Figure 2.5 through F igure 2.8) .  

KB 

4.5 
4.0 
3.0 

2.0 

1 .0 

0.5 

2 3 4 5 6 7 8 9 1 0  

Figure 2.5 This gel shows digests of the l igated DNA of trkA (human)  cDNA 

and of  pPICZaA. The purified DNA from 5 E. coli colonies shows a plasmid of  the 

expected size ( indicated by an arrow) for the construct trkA/pPICZaA for human 

TrkA. 

46 



KB 

4.5 
4.0 

2 .0 

1 .0 

0 .5 

2 3 4 5 6 7 

Figure 2.6 This gel shows digests of the l igated DNA of trkA (rat) cDNA and of 

pPICZaA. The purified DNA from 6 of the E. coli colonies shows a plasmid of the 

expected s ize for the construct trkA/pPICZaA for rat TrkA. 

In the case of the trkA/pPICZaA constructs, additional d igests of the DNA with EcoR I!Xbal , 

EcoR I/Bam H I ,  and EcoR 1 /H ind l l l  were made to further confi rm that the correct cDNA had been 

cloned into the expression vector. No addit ional d igests were made for the trkB/ pP ICZaA and 

trkC/pPICZaA s ince the observed bands on the gels were ident ical to those obtained in a 

previous clon ing by Louis Reichardt of these two trk cDNA's, using the same PCR products and 

s im i lar protocols. DNA sequencing subsequently confirmed that the constructs contained the 

correct sequences. 
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Figure 2.7 Restriction d igests of rat TrkA/pPICZaA p lasm ids . The agarose gel 

above shows the EcoR I/Xba/BamHI  restriction enzyme digest of purified DNA 

from colonies of E. coli transformed with the rat construct trkA/pPICZaA. Lanes 

1 ,  4 and 6 show DNA of the size corresponding to t rkA. These colonies were 

picked and grown i n  LB for maxiprep purif ied D NA for sequencing and 

transformation of P. pastoris. 
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Figure 2.8 Restriction d igests of human TrkA/pPICZaA p lasm ids. The agarose 

gel above shows the EcoR I/Xba/BamHI  restriction enzyme digest of purified DNA 

from colon ies of E. coli transformed with the human construct trkA/pP ICZo:A. 

Lanes 1 and 4 show DNA of the size corresponding to trkA and these colonies 

were picked and grown in LB for maxiprep purified DNA for sequencing and 

transformation of P. pastoris. 

2.5 Transformation of P. pastoris strain X33 with trk!pPICZaA 

Expression constructs were transformed into the P. pastoris strain X33. This is a wi ld-type Pichia 

stra in  that perm its selection with the antibiotic Zeocin and exhib its large-scale growth.  

Transformation of X33 with al l four trk/pPICZo:A constructs fol lowed the protocols in the 

EasySelect™ P. ,  expression k it  ( lnvitrogen) .  Briefly, -2 1-lg of each trk!pPICZaA construct (from 

an R P M  preparation) was l inearized by d igestion overn ight with the restriction enzyme Pme l .  

Following d igestion , the l inearized DNA was precipitated with ethanol (Sambrook, Fritsch, 

Man iatis 2nd edition , E 1 2) to reduce the digestion volume from 50 �-tl to 5 111 for transformation . 

Com petent X33 cells were prepared following the protocol in the EasySelect™ Pichia expression 

kit manual .  Transformed X33 was plated in two al iquots of 50 and 1 50 111 on YPDS6 plates 

6 G rowth medium : composition details may be found in the lnvitrogen Pichia protein  expression 

manual :  2% tryptone ,  1% yeast extract, 2% g lucose, 1 M sorbitol ,  2% agar. 
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contain ing Zeocin at 1 00 11g/m l of medium.  The plates were incubated at 30°C unti l  colon ies (-30) 

were observed (3-4 days in each case) . 

Ten colonies of each transformant were selected and grown i n  5 m l  of BMGY7 medium conta in ing 

Zeocin at  25 11g/m l of  medium for 18 h r  at 30°C.  At the end of the in it ial growth period, the cells 

were gently centrifuged, the BMGY med ium poured off and replaced with MM medium contain ing 

25 11g/m l of Zeocin .  After introduction of the cel ls into MM,  a 1 00 11 1 al iquot was taken from each 

culture; this was designated as the un induced protein sample and was stored at -70°C.  G rowth of 

al l cu ltures was continued at 30°C with shaking for 96 hr. Every 24 hr ,  absolute methanol was 

added to a concentration of 5% of the total culture volume and a 1 00 11 1 al iquot was taken ,  

centrifuged and stored at  -70°C for  analysis of  protein expression . An SOS-PAG E ge l  was run of 

al l  the t imed sam ples. The gel was s i lver stained and exam ined for protein express ion . Only 2-3 

clones of each of the fou r constructs showed the presence of the putative Trk protein .  One colony 

for each was chosen for large-scale protein production trials. 

Overnight cultures of all four Trk constructs (from the best expressing clones) were grown 

overnight in 1 00 ml of BMGY medium contain ing  25 11g of Zeocin .  After reach ing an 00600 of - 2 ,  

the  yeast cells were removed by  centrifugation and then transferred to 1 00 m I of MM medium 

contain ing 25 11g of Zeocin .  These cultures were grown for 96 h r  as previously described. After 

completion of the i ncubation period , SOS-PAG E gels were run and proteins visual ized by s i lver 

stain ing .  From the gels, it was clear that for the TrkA human protein, induction could be 

continued , at least through 96 hr with l ittle or no degradation of prote in (Figure 2 .9) .  For rat TrkA, 

protein expression could be continued up to 48 hr  with few degradation products being 

observable (Figure 2 .9) .  After 48 hr ,  degradation products increase dramatically, rising to - 50% 

after 72 hr. The same observations were made for the TrkB and TrkC proteins. Hence it appears 

that the most viable protein  expression period is 96 hr for human TrkA and 48 hr for rat TrkA, rat 

TrkB and rat TrkC. 

7 BMGY is a medium for growth of bacteria. : yeast extract, 1 0  g/L; m eat peptone, 20 g/L; 1 00 

m M  potassium phosphate buffer pH 6.0;  yeast nitrogen base without amino acids, 1 3.4 g/L; 

biot in ,  400g/L; g lycerol, 1 O m i/L. 
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Fig ure 2.9 Expression of TrkA in P pastoris. Above is shown a s i lver sta ined 

4-20% grad ient gel (B iorad) of the timed expression of TrkA ( rat) . Expression is 

i nd icated before induction (t ime = 0) and at 24,  48, 72 and 96 hr after induct ion.  

The expressed protein runs  at - 70 kD on the gel . Some unknown contam inants 

are observed before induction ; poss ibly medium proteins that were degraded 

with time, or metabolized by the yeast during growth . 

2.6 Large scale protein prod uction and pu rification 

I n  order to obtain sufficient protein for further stud ies, 3 l iters of culture were produced for each of 

the four Trk p rote ins .  Prod uction techn iques followed the same methodology of the smal ler ( 1  00 

ml) cultures and optimal growth t imes for each protein were those establ ished for the smal ler tr ial 

cultu res. 

In i t ia l  purification techniques sought to exploit the C-terminal  H is-tag on each protein and the 

affin i ty of the tag for a N i2+ chelating column .  Al l  trials of this pu rification method uti l ized the 
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QIAexpress Ni-NT A protein purification system (Qiagen) .  Since the TrkB and TrkC proteins were 

avai lable for pur ification before the two TrkA proteins,  only these two proteins were used in 

test ing the viabi l ity of purification by chelating column .  After 48 hr of g rowth,  the yeast cells were 

separated by centrifugation (4000 x g) from the medium contain ing the recom binant protein . The 

3 l iters of m edium was concentrated to - 500 ml using a spiral-wound cartridge (5000 MW cutoff) 

concentrator (Am icon) .  This system was used to exchange the supernatant i nto 20 m M  Tris/HCL 

pH 8 .0  (at room temperature) containing 1 50 mM NaCI, by add ition of  the buffer after the 

supernatant volume had been reduced to - 200 m l .  Four rounds of concentration and buffer 

exchange were m ade for each protein .  

Further concentration to 50 ml  was achieved using a m iniplate concentrator (Am icon) .  Al l  

concentrations were performed at 4°C. A disposable Poly-Prep column (BioRad) was packed with 

1 m l  of N i-NTA agarose resin (Qiagen) and equi l ibrated with 20 column volumes of 20 m M  

Tris/HCL pH 8.0 contain ing 300 m M  NaCI and 0 . 1 %  Tween-20. Concentrated supernatant (5 m l) 

was added to the column .  Non-specifically bound protein was eluted from the column with the 

add it ion of 20 column volumes of 20 mM Tris/HCL pH 8 .0 contain ing 300 m M  NaCI and 0 . 1 % 

Tween-20. After th is wash procedure, specifically bound protein was eluted from the colum n by 

the addition of 1 m l  al iquots of 20 mM Tris/HCL pH 8 .0 contain ing 1 00 mM NaCI and various 

concentrations of im idazole (Sigma) . One ml fractions that eluted from the column were collected 

and stored on ice for further analysis. lm idizole concentrations varied from 1 0  m M  to 600 m M .  A 

f inal wash with 0 . 1 %  SOS was used to remove all remaining protein from the column .  All 

collected fractions were concentrated in m icrocon m icroconcentrators of 3000 mW cutoff 

(Am icon ) .  Concentrated fractions were run on a 4-1 5% SOS-PAGE gel together with a 1 0-200 kD 

protein standard . 

lt was clear from S OS-PAGE gels, that while the H is-tagged protein could be eluted from the Ni­

NTA agarose res in with im idizole, contam inant proteins consisting of - 50% of the total prote in ,  

eluted together with the Trk protein. These results suggested that purif ication of the H is-tagged 

Trk proteins would be d ifficult, if not im possible by chelating columns8 (Blanc et al. 1 998) . 

In add ition , these resu lts suggest that the s ix h istidines required for specif ic bind ing to the res in ,  

may be folded up against the body of the protein9, thus preventing strong specific b ind ing of 

8 D iff iculties with purif ication of H is-tagged proteins is well documented on Internet molecular 

biology sites. 
9 Note taken from the Oiagen H is-tag protein purification manual. 
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protein  to the Ni cations coordinated to the res in .  lt is generally accepted that six free h istidines 

are requi red for strong binding to the chelat ing column.  

2.7 P urification by ion exchange chromatography 

In an attem pt to increase the yield of Trk proteins expressed in P. pastoris, growth of the four 

transformants undertaken in a Bioflo 3000 Bioreactor (New Brunswick Scientif ic) .  An in itial starter 

culture was grown overn ight by add ing 1 0  pi of freezer stock of each transform ant to 25 m I of 

BMGY ( l nvitogen) medium contain ing 50 pg of Zeocin. The in itial starter culture was added to 

500 m l  of BMGY and then grown to an 00600 of 2 .  The final culture was centrifuged (3000xg) and 

the result ing pellet suspended in 50 ml of BMMY ( lnvitrogen) ,  which was then re-suspended i n  2 

L of BMMY in the bioreactor vessel. Absolute methanol  was added to the medium at a rate of 1 0  

m l/hr throughout the growth period. The temperature was m aintained at 30°C  whi le  the med ium 

pH was al lowed to drop from 6 .0 at the t ime of inoculation , to a pH of -4 at the end of  72 hr .  

2.8 Purification of Trk protein 

After 72 hr of growth, the medium was centrifuged (3000xg) to remove cells and the remain ing 

supernatant was appl ied at  a flow rate of  20 m l/m in w ith a peristaltic pump, to a 2 cm x 50 cm 

column of S-sepharose anion exchange resin (HS colum n ,  Pharmacia), pre-equi l ibrated to pH 4.0 

w ith 20 mM citrate buffer (F igure 2 . 1 0). On completion of the appl ication of the supernatant, the 

column was connected to a BioCAD SPR INT perfusion chrom atography system ( PerSeptive 

B iosystems) and then washed with 20 mM citrate buffer pH 4.0 at a flow rate of 1 0  m l/m in to 

remove non-specifical ly bound protein .  Specifically bound protein  was eluted from the column 

with a two-step g radient of 500 and 2000 mM NaCI ( in 20 mM citrate buffer pH 4.0) over 30 min 

at a flow rate of 1 0  m l/m in. The protein eluted with 500 mM NaCI was dialyzed in 20 mM Tris/HCL 

pH 8.0 (3 x 2 l iters). 

After exchanging i nto 20 mM Tris/HCI pH 8.0 buffer, the protein was applied at a flow rate of 5 

m l/m in to an HQ Pores cation exchange column (PerSeptive Biosystems) equi l ibrated with the 

same buffer (Figure 2 . 1 1 ) .  Non-specifically bound protein was removed from the column with a 20 
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mM Tris/HCI pH 8 .0  buffer wash .  Specifical ly bound protein  was eluted from the column with a 

two-step grad ient of NaCI, 600 and 1 000 mM in 20 m M  Tris/HCL, pH 8.0.  SDS-gel analysis of the 

protein that d id not bind to the column ,  together with e luted specifically bound protein ,  ind icates 

that the protein assumed to be the Trk recaptor, was eluted with in the 600 m M  NaCI fraction. The 

flow through fraction did not stain with Coomassie br i l l iant b lue dye, indicating that whi le th is 

fraction has high 260 and 280 nm absorbance, it probably cons ists of molecules originating from 

the growth m edium . 

Preferential b inding of h igh ly negatively charged medium molecules provides an explanation for 

the inabi l ity of both n ickel and copper chelating chromatography to d i rectly purify Trk protein from 

the growth medium . A 1 ml chelating column (Pharmacia) was charged with 1 00 m M  CuCI2 , 

attached to a BioCAD FPLC (Appl ied Biosystems) and then equi l ibrated with 20 m M  Tris/HCI pH 

7.4,  500 m M  NaCI at a flow rate of 1 m l/min .  The 600 mM NaCI fraction eluted from the cation 

exchange column (peak 2,  Figure 2. 1 1 )  was applied to the chelating res in at a flow rate of 1 

m l/m in and protein  contam inants were removed from the column by a step gradient of ammonium 

ch loride. Specifical ly bound H is-tagged protein was eluted f rom the column with 50 mM E DTA 

dissolved in the same equ i l ibration buffer. Following e lution from the chelating colum n ,  

contam inating CuCI2 , NaCI and EDT A was removed from the protein by several rounds of buffer 

exchange (20 mM Hepes pH 7 .4) in a Vivaspin concentrator ( 1 0  kD cutoff). Concentrated protein 

was stored at -80°C .  

F igures 2 . 1  0 ,  2 . 1 1 and  2 . 1 2  show typical elution profiles for the purification of a recombinant Trk 

ED on HS,  HQ and chelating columns, respectively. This procedure yielded a s ingle band of each 

p rotein  on an SOS-PAGE gel .  F igure 2 . 1 3 and Figure 2 . 1 4  show human TrkA ED and hum an 

T rkB respectively, as typical examples of the results of the purif ication protocol. lt was noted that 

the Trk ED preparations m igrate as a sl ightly d iffuse band and this may be due to 

m icrohetrogene ity in g lycosylation . 

Table 2 . 1 2  summarizes the yields of the Trk ED proteins obtained from P. pastoris. Two types of 

P. pastoris strains1 0 were used to express the Trk proteins; namely, M u( and Mut5. With the 

10 
Pich ia Strains. There are two genes i n  P. pastoris that code for alcohol oxidase, AUG 1  and 

AUG2 (alcohol uti l izing gene) (Raymond et al. 1 998) . The AUG 1  gene appears to be responsible 

for the m ajority of alcohol oxidase activity i n  the cel l .  The AUG 1  gene has been isolated and a 
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exception of the TrkB rat EO, the best results were obtained w ith the expression method using 

the M ut+ strain. The f inal  yields varied widely from 0.03 to 70.3 mg/L. The reasons for these 

d ifferences were not investigated further. This protocol of anion exchange (Poros Perspective 

Biosystems HS res in) ,  cation exchange (Poros Perspective Biosystems HQ column)  and 

chelat ing columns ( Pharmacia) proved the most consistent pur ification protocol for purifying  Trk 

proteins expressed in P. pastoris. 

plasm id-borne version of the AUG 1  promoter is used to drive expression of the gene of interest 

encod ing the desired heterologous protein (Raymond et al. 1 998). The nucleotide sequence of 

AUG2 is about 83% identical to AUG 1  and strains with an aug1  g enotype grow slowly on 

methanol. This s low growth on methanol al lows isolation of Mut5 strains (Raym ond et al .  1 998) . 

Loss of the A UG 1  gene and thus a loss of m ost of the cell 's alcohol oxidase activity, results in a 

strain that is phenotypically Mut5 (Methanol ut i l ization slow) and exh ib its poor growth on m ethanol 

med ium.  Mut (Methanol util i zation plus) refers to the wild type abil ity of strains to m etabolize 

methanol as the sole carbon source. Identifying the Mut phenotype of a P. pichia transformant 

m ay help to optim ize growth conditions. (From lnvitrogen P. pastoris expression manual ) .  
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Figure 2. 1 0  The Trk proteins expressed in P. pastoris were purif ied in a three­

step process. The f i rst purification step cons isted of elution of the prote in  f rom an 

anion exchange column .  Med ium contain ing  the P. pastoris expressed protein 

was appl ied to the column pre-equ i l ib rated to pH 4.0 with 20 mM citrate buffer. 

Bound prote in was removed from the column with a two-step NaCI grad ient (500 

and 2000 m M) .  A typical elution prof i le for the H is-tagged Trk protein (human) ,  

from the anion exchange column is  shown above. Peak 1 ,  probably consists of 

medium m olecu les that have high absorbance at 280 nm,  but do not sta in with 

Coomassie blue on an SOS-PAGE gel. Peak 2 contains the purported Trk prote in 

(as determ ined by SOS-PAGE gel) e luted with 500 m M  NaCI, between - 23 and 

- 27 m ins.  A m inor contam inant is removed from the column by 2000 m M  NaCI 

at - 28 m in .  The NaCI step gradient is shown by the blue trace. P rote in found in 

peak 2 was d ialyzed in 20 mM Tris/HCI pH 8.0,  500 mM NaCI before appl ication 

to the cation exchange column .  
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Figure 2.1 1 The second step in the Trk protein purification, cons isted of 

elution from a cation exchange column.  Protein eluted from the anion exchange 

colum n in peak 2 (Figure 2 . 1  0), was dialyzed in 20 mM Tris/HCI pH 8.0, 500 mM 

NaCI and loaded on  the column as described above. Proteins were eluted from 

the column with a step grad ient of NaCI (600, 1 000, 2000 m M) in 20 m M  Tris/HCI 

pH 8.0 .  A typical e lution profile for the H is-tagged Trk protein from the cation 

exchange column is shown above. Peak 1 ,  probably consists of m edium 

molecules that have high absorbance at 280 nm, but do not stai n with 

Coomass ie blue on an SOS-PAGE gel. Peak 2 contains the purported Trk protein 

eluted with 600 mM NaCI between - 22 m in and - 30 m in .  A m inor contam inant 

protein is removed from the column at - 35 m in  by 1 000 mM NaCI .  No further 

contam inants were removed when the NaCI gradient was raised to 2000 m M  at -

37 min .  Protein from peak 2 was dialyzed into 20 mM Tris/HCI pH 7.4, 500 m M  

NaCI and then appl ied t o  a metal chelating column after the procedures 

described above. Peak 3 is a m inor contam inant e luted with 1 000 mM NaCI.  The 

NaCI step gradient is shown by the blue trace. 
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Figure 2.1 2 The th i rd step in  the purif ication of  the H is-tagged Trk proteins 

expressed in  P. pastoris cons ists of a chelating column equ i l ibrated in  20 m M  

Tris/HCI p H  7 .4, 500 mM NaCI. Protein from peak 2 (Figure 2 . 1 1 )  was d ialyzed 

into 20 m M  Tris/HCI pH 7.4, 500 mM NaCI and loaded on the chelat ing column .  

A Step gradient o f  NH4CI (200, 400, 800, 1 000, 2000 mM) was used to  remove 

contaminat ing proteins from the Trk protein . Peak 1 ,  consists of molecules 

(medium) that have h igh absorbance at 280 n m , but do not sta in w ith Coom assie 

blue on an SOS-PAGE gel .  Peak 2 and subsequent sm al l  peaks eluted between 

- 20 m in and - 38 m in ,  are m inor contam inants. At - 37 m in  the colu m n  was 

washed with 20 mM Tris/HCI pH 7.4, 500 m M  NaCI .  Protein was eluted from the 

column with 50 mM EDTA in 20 mM Tris/HCI pH 7.4, 500 mM NaCI. Peak 3 

contains the purported Trk protein ,  eluted from the column with EDTA. The 

NH4CI2 step grad ient is shown by the blue trace. NaCI and EDT A were removed 

from the protei n  by several rounds of buffer exchange (20 mM Hepes pH 7.4) . 
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2.9 Protein Expression Results 

Table 2.1 2 Expression levels of purif ied TrkA, TrkB and TrkC proteins 

produced in P. pastoris. The protein expression level was determ ined as 

described in section 2 . 1 4. The protein yield is g iven in mg/L of growth medium . 

Construct Yield 

TrkA human Mut+ 0.07 

TrkA human Muts no expression 

TrkA rat M ut+ 3.00 

TrkA rat Muts no expression 

TrkB rat M ut+ 0.05 

TrkB rat Muts 70.3 

TrkC rat M ut+ 0.30 

TrkC rat Muts 0.03 
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Figure 2 . 1 3 A Coomassie sta ined SDS-gel o f  TrkA extrace l lu lar domain ( rat) 

expressed in P. pastoris. The protein runs as a sl ig htly d iffuse band; possibly a 

consequence of the protein being heterogeneously glycosylated . 
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Figure 2 . 1 4  A Coomassie stained SDS-gel of the T rkB extracel lu lar domain 

( rat) expressed in P. pastoris. The protein  runs as a sl ig htly diffuse band ; 

possibly a conseq uence of the protein being heterogeneously glycosylated . 
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2.1 0 Expression of Trk proteins in E. coli 

Express ion of the complete extra-cel lular domain and sub-domains of TrkA, TrkB and TrkC in E. 

coli was attempted using cDNA extracel lu lar domain constructs provided by D r. Rainer Schneider 

(Un iversity of Innsbruck) .  These constructs have been described previously (Wind isch et al .  

1 995a, b ,  c) and are al l expressed as maltose binding prote in-fusion proteins (MBP-fusion 

proteins) in the expression vector pMAL-p2 (New England Biolabs) using the E. coli strain M 1 5 .  

Although binding stud ies have been conducted using the MBP-fusion proteins, only the 

equi l ibr ium-binding constant could be determ ined by the method em ployed. With newly avai lable 

biosensor techniques, it seemed feasible to attempt to measure affin ity and d issociation 

constants for the fus ion proteins and com pare these data with the values obtained from the Trk 

extracel lu lar domain proteins produced i n  P. pastoris. 

I n it ial attem pts to express the MBP-fusion proteins in M1 51 1 
were unsuccessfu l ,  with the 

exception of the lg- l ike domain of TrkA. All subsequent expression of the fus ion proteins was 

undertaken using the E. coli strain BL21  (DE3) (Novagen). All M BP-fusion protein constructs used 

in this study are l isted in Tables 2. 1 ,  2.5 and 2.9. 

2.1 1 Expression of M BP-fusion Proteins 

Com petent BL2 1  (DE3) E. coli (Novagen) was prepared by the CaCI2 method (Sam brook, Fritsch , 

Man iatis , 2
nd 

edition, 1 .82) .  The E. coli was transformed by heat shock with each plasm id 

containing cDNA representing the different domains of the Trk receptors and grown on LB plates 

contain ing ampici l l in (200 ug/m l) at 37° C overn ight. A single colony was selected and grown i n  

50  m l  of rich medium 1 2 contain ing ampic i l l in (200 ug/ml) ,  overnight at 37°C .  The in itial 50  m l  

inoculum was added to 1 000 m l  of rich m edium contain ing am pici l l in  (200 ug/m l} equi l ibrated to 

30°C overnight in a 4-l iter flask. Growth of the trk transformed BL2 1  (DE3) was monitored at short 

intervals unt i l  the absorbance at 600 nm reached -0.3. At this t ime,  IPTG was added to a final 

concentration of 0.5 mM and growth was continued with vigorous agitation for a further 90 m in .  

1 1  The express ion vector used by Prof. Rainer Schneider. 
1 2 1 0  gm Tryptone, 5 g m  Yeast N itrogen base, 5 gm NaCI, 2 gm g lucose i n  1000 m l  of water 
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After 90 m in the supernatant was centrifuged and the resulting cel l  pel let was resuspended in 20 

ml of 20 mM Tris/HCL pH 7.4 contain ing 200 mM NaCI, 1 mM EDTA and 1 mM PMSF. The 

resuspended cells were lysed by passage (3x) through a French press and centrifuged at 

1 O,OOOxg for 30 m i n .  A 1 m l  bed volume amylose (New England Biolabs) column (2 cm diameter) 

was equi l ibrated with 20 column volumes of the lysis buffer. Centrifuged supernatant was d i luted 

with the lysis buffer to a total volume of 50 ml and appl ied at a flow rate of -0 .5  m l/m in to the 

amylose column at 4°C. 

After load ing the supernatant onto the resin, non specifical ly bound proteins were eluted by 

wash ing the column with -1 50 ml of the lysis buffer (NaCI to 500 m M) at a flow rate of -0 .5 

m l/m in .  Addit ional m ultiple 5 ml  aliquots of  the lysis buffer were added to the column after the 

in it ial wash and the level of protein and n ucleic acids eluted was mon itored by col lect ing 0.5 m l  

fractions and measurement of absorbance at 280 nm and 260 mm respectively. When the 280 

nm absorbance reached a level less than 0.001 , specifically bound protein was e luted from the 

amylose resin by the addition of 5 ml a l iquots of the lysis buffer containing 20 mM maltose 

(Sigma).  The eluate was collected in 0 .5  m l  fractions and those fractions with a 280 nm 

absorbance > 0. 1 were pooled. 

After a m easurement of the 260 nm and 280 nm absorbance of the pooled prote in ,  the sample 

was concentrated i n  a vivaspin 1 5  (1 0 kD  cutoff) concentrator (Vivascience) . Maltose rem oval 

and buffer exchange was achieved by add ition of al iquots ( 1 0 m l  total) of 20 m M  Hepes pH 7 .4  

fol lowed by further concentration . F igure 2 . 1 5  and Figure 2. 1 6  show an SOS-PAGE analys is of 

the purified MBP-fusion proteins of TrkA and TrkB respectively. The apparent m olecular weights 

of the purified proteins are consistent with the calcu lated values ( i .e . ,  MPS plus the Trk domain) .  

The yield of the MBP-fusion proteins ranged from 0.03 mg/L for the ful l  length TrkB extracel lu lar 

domain, to 1 0  m g/L for TrkA imm unogloblu l in- l ike domain. In m ost instances the yield was less 

than 0.5 m g/L, but in al l instances, sufficient protein was produced for subsequent studies. 
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Figure 2 .1 5 A Coomassie sta ined SOS-PAGE gel of the MBP-fusion proteins, 

shows the TrkA M BP-fusion proteins after pu rificat ion . Above is shown a 1 0% gel 

( Biorad) of TrkA MBP-fusion prote ins .  Lane 1 is MBP213  (New England Biolabs) .  

Lane 2 is LRR, lane 3 is C 1 LRR 1 2 , and Lane 4 is LR R23C2 . Lane 5 is C 1 LRR.  

Lane 6 is LRRC2.  Lane 7 is the lg- l ike domain .  Lane 8 i s  the lg- l ike domain  with 

the C-term inal  cysteine rich reg ion . Lane 9 is the EO. l t  appears from overloaded 

gels, that each prote in approaches 95% in  pu rity. 
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Figure 2. 1 6  A Coomassie sta ined S OS-PAGE gel of the MBP-fusion proteins ,  

shows the TrkB MBP-fusion prote ins after purification.  Lane 1 is C1 LRR, Lane 2 

is LRRC2, and Lane 3 is C 1  LRRC2 . Lane 4 is the lg-l ike domain. Lane 5 is the 

fu l l  length E O .  

M BP2 i s  attached to the N-terminus o f  a l l  MB P-fusion proteins expressed for this study. 
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Table 2.1 3 Approximate expression levels of the MBP-fusion proteins per l iter 

of culture. The yield is g iven in mg/L of culture .  

Construct 

TrkA LRR2 

TrkA LRR 

TrkA C 1 LRR 

TrkA LRRC2 

TrkA C1 LRR 1 2  

TrkA LRR23C2 

TrkA l g  

TrkA l gC2 

TrkA E O  

TrkB C 1 LRR 

TrkB LRRC2 

TrkB C 1  LRRC2 

TrkB lg  

TrkB E O  

TrkC EO 
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Yield 

0.65 

0.42 

0. 1 5  

6.25 

1 .42 

0. 1 3  

0.04 

1 0 .25 

0. 1 3  

0.07 

0.05 

0.08 

0.06 

0.03 

0.03 



2.1 2  Expression of Trk protein domains as H is-tagged proteins i n  E. coli 

Various domains of TrkA1 4, TrkB1 5  and TrkC1 6  were constructed as H is-tagged proteins in an 

attem pt to improve protein yield and for ease of purificat ion. Construction of expression vectors 

fol lowed the same techn iques as described for the production of the P. pastoris expressed 

prote ins .  The expression vector used for all constructs was pET 1 5b (Novagen) and the cDNA 

was cloned into the Bam H I ,  Xbal  s ites. 

2.1 3 Protein Expression 

A 1 00 m l  overn ight growth (at 3JCC) of a colony representing each protein was induced w ith I PTG 

to a concentrat ion of 0.2 m M  and al lowed to grow for 2 hr. After this t ime, the cells were pel leted 

and re-suspended in 2 m l  of 20 mM Hepes pH 7.4 contain ing 1 50 ug/m l of PMSF.  After 

sonication and centrifuging, the pellet was re-suspended in 1 00 �I of 80S-polyacrylam ide gel 

e lectrophoresis sample buffer and boiled for 5 m in .  This fraction constituted the insoluble p rotei n .  

The  supernatant from the son icated cel ls constituted the soluble protein fraction .  For each 

construct, an SOS-PAGE gel of un induced E. coli protein was run, together with the insoluble and 

soluble proteins obtained after i nduction . 

F rom SOS-PAG E gels it was clear that none of the proteins express wel l ,  if at a l l ,  i n  e ither as 

soluble or insoluble protein fractions (Figure 2. 1 7) .  Qual itative measurements of the soluble 

fractions of the TrkA domains were made using the IAsys B iosensor (see Chap 4 for detai ls of the 

methods). B ind ing of a molecular species from the supernatants to immobil ized NGF on the IAsys 

biosensor surface , suggested that some of the extra-cel lular lg- l ike and LRR domains were 

present in solution . Attempts to increase soluble proteins for these three dom ains, by growth at 

d ifferent temperature (30 oC) and by induction at both low and high 00600, failed to im prove the 

yields of soluble proteins. 

1 4  

1 5 

1 6  

Expression vector design b y  A Bates and Chin Shou Huang, UCSF. 

Expression vectors constructed by Shaun Lott , Massey Un iversity. 

Expression vector design by A Bates and Ch in Shou Huang, UCSF. 
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By SOS-PAGE gels, the only Trk receptor domain that expresses wel l  as His-tagged proteins is 

the lg-l ike domain for TrkA and TrkB. As reported previously, the lg- l ike domain was essentia l ly 

found only in the insoluble inclusion bodies (Holden et a l .  1 997, Dr. Shaun Lott, Massey 

University, private communication) .  These recombinant prote ins  were not studied further. 

KD 2 3 4 5 6 7 8 9 1 0  

97.4 

45 

31 

21 . 8  

Figure 2 . 1 7  A 1 2% Coomassie stained gel showing expression of the TrkA, 

TrkB and TrkC H is-tagged lg-l ike domain proteins in E. coli. Lane 1 ,  MW 

standard (BioRad) .  Lane 2 is an uninduced TrkA cu lture. Lane 3 is insoluble 

fraction TrkA. Lane 4 is soluble fraction TrkA. Lane 5 is un induced TrkB cu lture. 

Lane 6 is insoluble fraction TrkB . Lane 7 is soluble fraction TrkB. Lane 8 is 

un induced TrkC cu lture. Lane 9 is insoluble fraction TrkC. Lane 1 0  is soluble 

fraction of TrkC. The arrow ind icates the i nduced protein bands in  Lanes 3, 6 and 

9. 
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2 . 1 4  Protein Quantification 

The quantity of al l proteins expressed in  this study was determ ined by running a known amount of 

each protein preparation on a 4-20% SDS-gel (BioRad) together with known amounts of BSA. 

Each gel was stained with Sypro orange stain (BioRad) and then scanned with a phosporimager 

(Fuj i ) .  A curve was plotted from the BSA standards and the quant ity of each Trk protein was then 

determ ined by com parison with the standard curve using MacBas software (Fuj i ) .  

2. 1 5  Identification of Recombinant Proteins 

Because the MBP-fusion proteins have MBP attached to the N-term inus of the Trk proteins ,  

s imple N-term inal sequencing and molecular we ight determ i nation by either SOS-PAGE gel or 

m ass spectroscopy was deemed to provide a poor method to confirm the identification (Prof. E .  

N .  Baker, Auckland Un ivers ity, private com mun ication) 1 7 .  Mass spectroscopy of  trypsin  d igested 

MB P-fusion prote ins ,  followed by a data-bank search for the expected peptides from trypsin 

d igests of TrkA, TrkB and TrkC p roteins,  provided a more accurate method for confirm ing the 

identity of the expressed proteins.  This techn ique for identification of un known proteins, known as 

"peptide mapping" provides a method of identifying N-term inal b locked proteins and for those 

proteins where the N-term inal sequence of even a significant num ber of residues fai ls to un iquely 

identify a g iven protein (Wilkins et a l .  1 998). Western blott ing was also used to confirm identity of 

the recombinant proteins .  

2.1 6 Mass Spectroscopy 

1 7  Since the MBP-fusion protein is in essence a single protein composed of two parts, viz. , the 

non neurotrophin b ind ing domain (MBP) and the neurotrophin binding domain (Trk) , each 

construct is in reality a s ingle prote in .  Because the DNA representing each MBP-Trk construct 

was sequenced to confirm the fus ion protein, then identification of the MBP domain of each 

construct is in reality, sufficient to i dentify each Trk protein .  Further verification of correct protei n  

ident ity comes from the molecular weight determ ination of som e proteins by  u ltracentifuge,  

sequencing and by specific activity with appropriate neurotroph in .  Hence protein identificat ion 

was conducted more extensively in th is thesis than usual ly undertaken . 
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Using a standard laboratory protocol of the Mass Spectroscopy Laboratory UCSF, the 

recombinant proteins were prepared for m ass spectroscopy analys is .  MBP-fusion proteins were 

elecrtrophoresed on a 4-1 5% SOS gel to separate the MBP-fusion protein from even m inor 

contam inants. Approximately 4 IJg of each protein was appl ied to the gel .  After electrophoresis ,  

the ge ls  were stained with R350 Coomassie blue (Pharmacia) for 20 m in ,  followed by destain ing.  

The band corresponding to the expected m olecular weight for each protein was cut from the gel ,  

crushed in  a small al iquot of water, added to a 0.5 m l  si l iconized tubes (PGC Scientific), vortexed 

for 1 0  m in at room temperature and then centrifuged. After two water washes , the gel fragm ents 

were pel leted by centrifugation . A series of washes of the gel with 25 m M  amm onium bicarbonate 

in 50% ACN18 and vortexing removed the Coomassie stain from the gel fragments. After 

bleach ing, the final buffer wash was removed and the gel dried in a Speedvac (Savant) . 

Sequencing grade modified tryps in (P rom ega) digest solution was p repared by d issolving 25 

ng/IJ I of trypsin i n  25 m M  NH4HC03. Th is solution was added to just cover the dried gel .  Following 

vortexing and centrifugation, d igestion was allowed to proceed at 3JCC for four h r. 

Peptides f rom the d igest were recovered by mu ltiple extractions from the gel with 

50%ACN/5% TFA 19/H20 .  After the digest period, the supernatant was removed and replaced with 

HPLC g rade H20 (1 00 IJ I) .  The supernatant was retained in a clean eppindorf. After vortexing (1 0 

m in) and son ication ( 1 0  m in) the supernatant was removed and pooled with the supernatant from 

the d igest. The pooled supernatant fractions were lyophi l ized to -50 IJI in a Speedvac. Each 

concentrated peptide supernatant was stored at -20°C for mass spectroscopy. 

Mass Spectroscopy of digested Trk protein was undertaken by MALDI2
0 

mass spectrometry 

(Voyager-D E  STR ;  Appl ied Biosystems). A sample (1  IJL) of each d igest was m ixed with an equal 

volume of m atrix (2,5-dihydroxybenzoic acid, in 20% ACN/1 % TFA ( 1 0  m g/m l)) and appl ied to the 

sample p late of the mass spectrometer. A m ass spectrum of each d igest was collected and the 

masses of al l peaks entered into a database of trypsin-digested prote ins (Protein Prospector, 

UCSF). Collected spectra were also com pared with expected mass peaks from a theoretical 

d igest of the appropriate MBP-fusion protein (Protein Prospector, UCSF). Correct identification of 

1 8 Aceton itri le 
1 9 Trif luoroacetic acid 
20 Mass spectra and protein identification were both undertaken by Connie J imenez, 

Pharmaceutical Chem istry Department/Mass spectrometry Laboratory, UCSF. 

68 



• 

� 0 () 

each protein  was judged on the basis of at least 2 peaks of the mass spectrum being assignable 

to the appropriate Trk protein  and 2 peaks assignable to MBP. 
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Figu re 2.20 MALDI-TOF analysis of an MBP-fusion protein (TrkA MBP-LRR C2).  Peaks 

denoted by "t" arise from digestion of the Trk protein ;  whi le peaks denoted "m" ,  arise 

from MBP. The remain ing peaks are assignable to MBP, Trk and from tryps in cleavage 

with in  the fu l l  length MBP-Trk fusion protein .  
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Table 2.1 4  Mass spectroscopy of trypsin d igests was used to identify E. coli 

expressed MBP-Trk fus ion prote ins and the H is-tagged prote ins produced in P. 

pastoris. A min imum of two identifiable MBP and two identifiable Trk mass peaks 

was used for protein identification. Mass peaks arise from enzymatic digestion of 

s ites with in MBP, Trk protein and the fu l l  length MBP-fusion protein . A number of 

read i ly identifiable mass peaks arising from the trypsin d igest of each prote in are 

shown . 

P rotein Peaks from MBP Peaks from Trk Peaks from the full 
protein length fusion protein 

TrkA LRR2 
1 007. 81 63, 1 57 1 .9922 873.6744, 1 854.9877 91 5.600 1 , 1 076.59 1 0 

2055.9887 2268.2601 1 8 1 8 0054 

TrkA LRR 966.5507, 1 092 .6 1 02 1 073.601 3 , 1 899.0544 932 . 6 1 00, 1 073.7044 

1 540.0055 257 3 . 5 1 0 1  1 423. 8441 

TrkA C1 LRR 937.51 00, 1 1 30 . 1 1 02 932 .4988, 1 007. 1 255 845.4956, 1 1 50 . 1 006 
1 81 6 .991 5  1 77 1 .0553 203 1 .0006 

TrkA LRRC2 1 767.2262, 1 057.8423 1 5 1 9 .0589, 1 505.03 1 8  1 1 89.9559, 2 1 79.4843, 

2356.71 58, 21 79.4843 1 5 1 9  0589 22 1 3 .48 1 5 

TrkA C 1  LRR 1 2  1 1 89.8637, 21 1 0.2570 1 289.7548, 1 767.0763 221 3 .33 1 4, 2 1 26. 3070 
221 3 .33 1 4, 1 89 1 . 3007 1 4 04.8599, 1 563.9357 1 066. 1 94 1 ' 1 058.3903 

TrkA LRR23C2 886.4544, 1 428.8 1 1 1  1 405.44 1 2 , 2260.4347 1 057.5322, 1 556. 7 1 94,  
2446. 3444 1 892. 4 1 22 

TrkA lg 959.5382, 1 2 36.7000 960. 1 239, 2043 . 1 2 1 0  8 1 6.9993, 1 1 30 . 3 1 1 2  
1 8 1 7 . 0432 2300.70 1 2  1 444. 6 1 29 

TrkA lgC2 1 057.8438, 2 1 1 0 .4097, 959.71 29,  1 94 1 . 3935 893 . 1 889, 1 439.9285 
221 3.4649 2545.32 1 3  1 89 1 . 4487 

TrkA EO 966.6004, 1 236.7649 1 073.68 1 2 ,  1 404.91 24 903.5003, 1 065. 7 1 0 1  
1 77 1 .0046 2 1 71 . 2003 1 843.0033 

TrkB C 1 LRR 886. 5 1 1 2 , 968.5201 9 1 8.5428, 1 341 . 7 1 55 937 . 5 1 29, 1 032. 6 1 75 
1 539.9 1 64,  1 890.0 1 22 

TrkB LRRC2 1 077. 1 239, 1 388.601 2  1 583.9 1 37, 1 820. 1 037 938.0553, 1 092.54 1 7  
2 1 43.432 1 2 1 27.0978 1 460.6639 

TrkB C1 LRRC2 1 1 29.4987, 1 423.8 1 1 4 832.9943, 1 430. 2 1 1 0  1 007.6444, 1 28 1 .7437 
2538.3055 1 722.9 1 55 

TrkB lg 1 1 29.60 1 7 , 1 445. 5983 1 24 1 .832 1 ' 1 51 3. 5438 1 275.61 45, 1 6 1 4. 92 1 6  
2 7 1 2 . 7547 1 960. 876 

TrkB ED 1 007.3987' 2394.2 1 34 827. 1 246, 1 687. 1 375 832 .60 1 4, 1 1 90 . 52 1 9  
241 6. 7 1 44, 2949.89 1 2 2631 .4752 1 623.9 1 04 

T rkA ED (P . pastoris) 845.4859, 1 1 7 1 .671 0 
1 94 1 .0494 , 2043. 1 07 1  

TrkB ED (P . pastoris) 1 032.598 1 , 1 272. 7391 
1 445.60 1 8, 2251 . 1 924 
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2.1 7 Western Blotting 

I n  addition to identification by mass spectrometry, further proof of the correct identificat ion for 

each recombinant protein was undertaken by subjecting each protein  to Western blott ing us ing a 

su ite of antibod ies (Figure 2 . 1 9  through Figure 2.28). Western blott ing was conducted us ing the 

standard protocols established by the manufacturers of each Western blotting kit used (e.g. ECL 

or Vector Laboratories) .  To further increase the stringency of each antibody for its reco m binant 

protein ,  the antibod ies were appl ied to the membrane blot (PVDF, Amersham) of all proteins in 

TBST21 with NaCI ,  increased from the standard 1 50 mM to 600 mM. In order to el iminate potential 

damage to antibody epitopes by stripping, ind ividual SOS-PAGE gels were run for each ant ibody 

used in this study. Primary antibodies were used at a 1 : 1 000 d i l ution , wh i le secondary antibodies 

were d i luted to 1 :  5000. 

Approximately 1 -3 j..Jg of the Trk proteins was used in al l Western blotting experiments. Th is  level 

of protein was sufficient to verify the transfer of protein to the PVDF mem brane by sta in ing w ith 

Ponceau S. 

Because of very l im ited q uantities of the recombinant protein, antibody controls were tested f i rst 

and independent of the Trk proteins. If the antibodies that were used in identifying the 

recom binant proteins interacted with MBP, then there would have been little point in using them 

for identification of the recombinant Trk proteins. The control gels are shown in  Figure 2 . 1 9  and 

Figure 2.20. Blotting controls consisted of maltose binding protein (MBP, New England B iolabs), 

BSA (Sigma), mouse lgG (Zymed), TrkA (Uri Saragovi) and TrkB ( P. pastoris) run on an SOS gel 

and blotted to n itrocel lu lose m em brane (Amersham) .  The mem brane was stained with Ponceau S 

(S igma) to provide evidence of protein transfer. The control prote ins were then subjected to each 

primary Trk antibody in order to test for non-specific interactions between the control proteins and 

the antibodies. 

The control Western blot shows that the interactions of the antibodies with the Trk proteins were 

specific. The antibody controls show that the MBP region of each fusion protein is not recognized 

by any antibody specific to Trk protein epitopes . I n  addit ion,  the antibody to MBP does not 

recognize any Trk protein epitope. As expected, the mouse lgG is recognized by al l  antimouse 

primary and secondary ant ibodies. 
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Figure 2.1 9 SOS-PAGE and electrotransfer for the Western Blots. (a) is a 

Coomassie stained g el (4- 1 5%, BioRad) of the control proteins and (b) is a 

Ponceau S (Sigma) stained membrane after electrotransfer. Fou r Western blots 

were made to probe w ith the ind ividual antibod ies used to identify the various Trk 

prote ins expressed for this study. In (a) ,  lane 1 is a molecular weight standard 

(BioRad) ,  lane 2 is MBP, 3 is BSA, lane 4 is mouse lgG,  lane 5 is TrkA (U ri 

Saragovi)  and lane 6 is TrkB (P. pastoris). In (b) the molecular weight and lane 

designations designations are the same as for (a). The levels of protein loaded 

on the Coomassie and Western blot gels was the same and all gels were run at 

the same t ime and at identical voltages. 

Tris buffered saline solution 
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Figure 2.20 Antibody control gels. Western blots of the control proteins shown 

in Figure 2. 1 9. Western blot (a) shows the interaction of the MBP antibody with 

the control proteins .  (b) shows the interaction of the Trk polyclonal antibody (Ur i  

Saragovi) with the control proteins. (c) shows the interaction of the Trk 

monoclonal antibody (Zymed) w ith the control prote ins. (d) shows the interaction 

of the myc antibody ( lnvitrogen) with the control proteins. Lane designat ions are 

identical to those of Figure 2 . 1 9. 
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2 3 4 5 6  7 8 9 

Figure 2.21 Western blot of TrkA MBP-fusion proteins probed with a polyclonal 

antibody to MBP Lane 1 MBP, lane 2 LRR,  lane 3 C1 LR R ,  lane 4 LR R23 C2, 

lane 5 C1 LRR, lane 6 LRRC2, lane 7 lg-domain, lane 8 C21g-domain and lane 9 

is ED.  A pre-stained molecular we ight standard (B ioRad) was run on al l the gels. 

Th is gel is directly com parable with that in Figure 2 . 1 5  as each gel was run at the 

same time and are the identical prote ins .  

2 3 4 5 6 7 8 9 

Figure 2.22 Western blot of TrkA MBP-fusion proteins probed w ith a polyclonal 

antibody to the ED of TrkA (Uri Saragovi) .  The lanes were loaded as for Figure 

2 . 1 5 .  Th is gel is d i rect ly com parable w ith that in F igure 2 . 1 5  as each gel was run 

at the same time and are the ident ical prote ins. 
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Figure 2.23 Western blot of TrkA MBP-fusion proteins probed with a polyclonal  

pan-Trk antibody"2 (Zymed Laboratories). Lane 1 ,  lg-dom ain,  lane 2 C21g-domain 

and lane 3 EO.  This antibody detected the lg- l ike domains but gave a barely 

detectable signal with the LRR domains of TrkA. This gel is directly com parable 

with that in Figu re 2 . 1 5  as each gel was run at the same time and are the 

identical proteins .  

2 3 4 5 

Figure 2.24 Western blot of TrkB MBP-fusion proteins with a polyclonal 

antibody to MBP (Santa Cruz). Lane 1 C1  LRR ,  lane 2 LRRC2, lane 3 C1 LRRC2, 

lane 4 lg- l ike domain and lane 5 is the EO.  Th is gel is directly comparable w ith 

that in Figure 2. 1 6  as each gel was run at the same t ime and are the identical 

prote ins .  

22 This antibody was m ade to the extracel lu lar domain of TrkB, but also reacts with 

epitopes in the extracel lu lar domains of both TrkA and TrkC and may be used for 

immunoblott ing of both proteins (Zymed Laboratories technical information) .  
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Figure 2.25 Western blot of TrkB MBP-fus ion proteins with a polyclonal pan­

Trk antibody (Zymed Laboratories) . Lane 1 C1 LRR,  lane 2 LRRC2, lane 3 

C1 LRRC2, lane 4 lg-l ike domain and lane 5 is the ED. This gel is d i rectly 

comparable w ith that in Figure 2 . 1 6  as each gel was run at the same t ime and 

are the identical proteins. 

2 3 4 5 

Figure 2.26 Western blot of TrkB MBP-fusion proteins w ith a polyclonal TrkB 

antibody (Santa Cruz) . Lane 1 C1  LR R , lane 2 LRRC2 ,  lane 3 C1 LRRC2, lane 4 

lg- l ike domain and lane 5 is the ED.  This gel is d i rectly comparable w ith that in 

Figure 2 . 1 6  as each gel was run at the same time and are the identical proteins. 
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Figure 2.27 (a) Western blot of TrkC ED, MBP-fusion protein,  w ith a polyclonal 

antibody to MBP (Santa Cruz) .  (b) Western blot of TrkC ED MBP-fusion protein ,  

with a polyclonal pan-Trk antibody (Zymed Laboratories). 

2 2 
KD 

a b 

Figure 2.28 (a) Western blot of H is-tagged extracel lular domains of TrkA and 

TrkB proteins expressed in P. pastoris and probed with a polyclonal pan-Trk 

anti body (Zymed Laboratories). Lane 1 is TrkA and Lane 2 is TrkB. (b) Western 

blot of H is-tagged extrace l lular domains of TrkA and TrkB proteins expressed in 

P. pastoris and probed with a monoclonal myc antibody ( lnvitrogen). Lane 1 is 

TrkA and Lane 2 is TrkB. The myc epitope is retai ned near the C-term inal of 

each recombinant protein .  
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A suite of antibodies for MBP and against epitopes of the extracel lu lar domains of TrkA, T rkB and 

T rkC, F igure 2 . 1 9 through F igure 2.28, provides evidence for the presence of Trk protein in al l  

MBP-fus ion constructs. Antibodies also provide evidence for the expression of Trk H is-tagged 

prote ins  expressed in P. pastoris and purified using the protocol described in section 2 . 1  0. 

In instances where the MBP-fusion proteins were analyzed with an antibody to MBP (Figure 2 .22 

and F igure 2.24) , some extraneous bands that do not run at  the expected molecular weight of  the 

expressed MBP-fusion proteins are observed . These bands are not d i rectly interpretable, but  may 

result from aggregation of protein on the gel . Detection of proteins by antibodies is orders of 

magn itude more sensitive than Coomassie stained gels (ng versus IJg respectively) . On 

Coomassie stained gels the purified proteins appear to be f ree of contaminating protein ;  however 

no purification protocol can completely e l iminate all m inor contam inants. Hence, contaminants not 

detectable on the protein gels (F igure 2 . 1 5  and Figure 2. 1 6) m ay be detected by the antibody to 

MBP. Other antibodies used i n  this analysis do not detect the presence of contaminating prote ins .  

Each Trk protein runs as a sl ightly diffuse band on a protein ge l  (F igure 2 . 1 3  and Figure 2 . 1 4) ,  

poss ibly as a consequence of  the  heterogeneity of molecu lar weight, caused by  glycosylat ion.  

This molecular weight heterogeneity is seen for Trk proteins expressed in mammal ian-l ike protein 

expression systems and is attributable to sugar residues (Prof. Ken Neet, Un iversity of Ch icago, 

private comm unication). 

Supplementary data that serves to identify the recombinant proteins produced for this study com e 

from both sequencing and kinetics. The MBP-fusions proteins,  TrkA, LRR,  C1  LRR ,  C2 1 g  and EO 

were N-term inal sequenced23. Sequencing correctly identified the  MBP located at the N-terminal 

of each prote in .  The kinetics data ind icate that each Trk p rotein interacted specifical ly  with its 

appropriate neurotrophin .  No binding of NGF, BDNF or NT-3 was observed with MBP by 

b iosensor analysis,  confirm ing the observation of Windisch et a l .  (Wind isch et al. 1 995a). Insu l in  

g rowth factor24 ( IGF) a smal l  protein not expected to interact with the Trk proteins was tested for 

b inding to al l  Trk proteins immobil ized on the biosensor surface. No Trk- IGF interactions were 

observed, even at mM IGF  concentrations. All recombinant MBP-fusion proteins had been 

previously identified, sequenced and the characteristic behavior of these proteins on gels was 

provided for this study (Or. Rainer Marksteiner, Un iversity of Innsbruck, private com m un ication) .  

23 Sequenced at Massey Un iversity. 
24 Provided by Dr. Martin Spencer, Laboratory of G rowth and Development, Oavies Medical 

Center, San Francisco. The protein was > 95% pure. 
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2.1 8 Nerve Growth Factor Purification 

NGF for the studies of the interaction of with Trk receptors was purif ied from mouse submaxil lary 

g lands (Pel-freeze) . A technique, wel l established in the Mobley laboratory (UCSF/Stanford)25 to 

produce NGF for both the laboratory and for supply to Promega, was followed. Approx imately 40 

gm of Swiss Webster type (more than 60 days old) , mouse submaxi l lary glands, was 

homogen ized in 200 ml of cold water i n  a blender for 2 m in .  The homogenate was centrifuged for 

60 m in at 1 0000 x g .  The supernatant was then d ialyzed in 3500 MW cut-off tubing, for 20 hr ,  

against 20 m M  sodium phosphate buffer, pH 6.8. Four changes of  buffer were made throughout 

the d ialys is period . The dialyzed supernatant was shaken with CM52 beads (Whatm an),  

equi l ibrated in 20 mM sodium phosphate buffer at pH 6.8,  for 3 hr and then pou red into a g lass 

g ravity column.  Sod ium phosphate buffer (20 mM, pH 6.8) was f lowed through the column unt i l  

the 0 0280 fell below 0 .5 .  The eluant was dialyzed for 20 h r, against four changes of 0.25 m M  

sodium phosphate buffer, pH 6 .8 .  

Fol lowing dialysis, PMSF was added to a final concentration of 0 . 1  M and the supernatant was 

acidif ied with 0.5 M sodium acetate buffer, pH 4.0. The supernatant was centrifuged at 1 0000 x g 

for 30 m in and then appl ied to CM52 beads (in a glass gravity column) equ i l ibrated in 50 m M  

sodium acetate buffer, pH 4.0 contain ing NaCI to 0.4 M .  After loading the dialyzed supernatant, 

50 mM sodium acetate buffer, pH 4.0, 0.4 M NaCI ,  was run through the column unti l  the 00280 fel l  

below 0.01 . Three column volumes of sod ium phosphate buffer (50 mM, pH 4.0) was run through 

the column to remove the NaCI , followed by 50 mM Tris/HCI buffer, pH 9.0, unti l  the 00280 fel l  

below 0.01 . Nerve growth factor was eluted from the column with a grad ient (0-0.4 M) of NaCI in 

50 mM Tris/HCI buffer, pH 9.0. E lution was fol lowed by absorbance at 280 nm and pooled 

f ractions of 00280 greater than 0 . 1  were d ialyzed against 4 liters of 0.2% acetic acid, concentrated 

in a 3000 MW cut-off centricon (Mi l l ipore) and stored in al iquots at -85·c. Approximately 6 m g  of 

NGF was obtained f rom this purificat ion. 

An u ltracentrifuge analysis, established the molecular weight of the purif ied NGF as 24374 

Daltons ,  wh ich compares well with a molecular weight of 24398 Daltons, (also establ ished by 

ultracentrifugation) for the commercially avai lable BDNF (Amgen) used in these studies. F igure 

2.29 shows an SOS-PAGE analysis of the NGF preparation . 

25 Mobley W. C. ,  et al .  1 976 Biochem istry 1 5 , 5543. 
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F i g u re 2.29 A Coomassie stained SOS-PAG E gel of the pu rified NGF ( lane 1 ) .  

For  comparison BONF (Regeneron) is shown in lane 2 .  Non-denatu ring 4-20% 

SOS-PAGE gel (BioRad) . 

2 . 1 9  S u mmary 

Expression of TrkA (rat) and TrkB (rat) EO proteins appears to be feasible in the yeast P. 

pastoris. Reasonable expression yields ( > 3 mg/L) were obtained for both proteins . Both TrkA 

(human) and TrkC ( rat) were expressed at very low levels . A s imple pur ification scheme was 

established for the purification of the H is-tagged TrkA and TrkB proteins produced in  P. pastoris; 

however, the in itial expectation that a chelating co lumn alone would be sufficient for a one step 

purification method, proved to be un fou nded . 

Several constructs of TrkA, TrkB and TrkC extracel lu lar domain s  were expressed in E. coli as 

M BP-fusion proteins .  Only one domain (TrkA MBP-Ig) expressed well in the E. coli strain used by 

Windisch et al . ( 1 995a) .  A different E. coli species (BL2 1 (0E3) ,  Novagen) was used in  this study 

to obta in usable yields of the proteins for later studies. The expression levels of all proteins 

appear to be an order of magn itude lower than that obtained by Rainer Schneider. Th is  may be a 

consequence of the methods used for growing the bacteria, induction of expression, the E. coli 

species used and of a d i fferent m easu rement technique for total protein.  
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Experiments to f ind optimal growing conditions for E. coli expression of the MBP-fusion proteins 

were conducted ( Prof. Rainer Schneider, Un iversity of Innsbruck, private com mun ication) .  In 

order to achieve opt imal growth conditions, protein  expression needs to be followed at d ifferent 

growth temperatu res, for different medium , for d ifferent concentrations of I PTG used to induce 

protein production and for different growth periods after induction . it is u n l ikely that al l  these 

condit ions were m et by following  the protocols for the E. coli species used in  the study by 

Windisch et al. ( 1 995a, b, c) .  Why l ittle protein could be expressed by fol lowing the protocols 

(and E. coli species) of Windisch et al. remains unknown . However, protein was obtained at 

levels suff icient for the com pletion of the proposed studies and this dictated the criterion on wh ich 

further trials of the optim ization of protein  expression levels ceased. Attempts to obtain h igh ly 

purified protein undoubtedly resu lted in low yield , but qual ity rather than quantity was more 

im portant for the proposed studies. 

Expression of m any of the TrkA, TrkB and TrkC proteins produced as MBP-fusion proteins ,  was 

attempted i n  E. coli with an expression vector that resulted in a H is-tag at the C-term inus of the 

recombinant protein .  No reasonable levels of soluble protein were obtained for any of the H is­

tagged proteins.  i t  appears that the presence of e ither a large soluble protein such as MBP,  in the 

case of the Trk MBP-fusion proteins, or g lycosylation on the 1 3  potential g lycosylation s ites of the 

Trk proteins  produced in  P. pastoris, is required for soluble protein  production . Removal of the 

MBP  from the Trk fusion proteins, results in  loss of solubi l ity ( Prof. Rainer Schneider, Un iversity 

of I nnsbruck, private communication) .  Furthermore, add itional attem pts to produce the MBP­

fusion constructs as His-tagged proteins resu lted in negl igible or no soluble protein production 

(P rof. Rainer Schneider, University of I nnsbruck, private comm un ication)26 . 

26 Further attempts to express the Trk receptors (ful l  length and domains) as H is-tagged 

proteins ceased based upon this comm unication . 
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CHAPTER 3 U LTRACE NTRIF U G E  STUDIES 

3.1 I ntroduction 

I nteraction between the Trk receptor prote ins and their l igands may be investigated by 

sed imentation-diffusion studies using u ltracentrifugation (G iase l and Deutscher 1 995) .  

Sedimentation equi l ibr ium may be uti l ized to measure molecular masses over a wide range,  from 

that of small m olecules , such as sucrose, to the large molecu lar masses of viruses. Such 

i nteraction studies are nondestructive and can thus be used to determ ine the behavior of proteins 

under normal solution conditions. Analytical u ltracentrifugation is able to d iscri m i nate between 

s imple heterogeneity and reversible interactions between protei n  molecules. Since the techn ique 

is able to dist inguish between self-association of proteins to form discrete polymers (d im ers ,  

tetram ers etc) and heteroassociation , in wh ich d ifferent prote ins interact to  form a com plex, the 

method is su itable for determ ining the m olecular weights and solution stoichoimetry of the 

recom binant Trk proteins and neurotroph ins .  

An analytical ultracentrifuge is a high-speed centrifuge with an optical system that perm its 

observation of the position of sed imenting boundaries as a function of t ime.  By analyzing ,  at 

equi l ibr ium , the concentration distribution of m olecules that are self-associat ing,  hetero­

associat ing,  d issociating or non- interact ing ,  it is possible to obtain molecu lar mass averages as a 

function of concentration and position in the u ltracentrifuge sam ple cel l .  Analysis of the 

concentration d istr ibution by curve fitting to various molecular models, or by dependence of the 

m olecu lar m ass averages on concentrat ion, al lows the molecular masses of the proteins 

comprising the system , to be obtained. 

For an interacting system, it is possible to obtain the stoich iometries and equ i l ibr ium constants of 

the interacting proteins.  The sum of the forces acting on a macromolecule suspended in a buffer 

is zero and the molecule is at rest ( ignoring Brownian motion) ,  until a centrifugal force field is 

applied. In the centrifugal force field , the molecule accelerates in  the d i rection of the applied 

force, unt i l  the frictional res istance from the solvent equals the centrifugal force . At this t ime, the 
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sum of the forces acting on the molecule is again zero; the m olecule ceases to accelerate and 

continues to m ove with un iform motion . The centrifugal force Fe (dynes/mole) is the product of 

the mass of the molecule corrected for its buoyancy in water or other solvent and of the 

centrifugal acceleration w2r, where w is the angular velocity (rad ians/sec) and r is the d istance 

between the m olecule and the center of rotation for the centrifuge. 

The molar m ass M2 is the mass of the biomolecule (grams/mole) , v2 is the partial specif ic volume 

of  the molecule (cm3-g) and p is the density of the solution (g/cm-3) .  The frictional force F1  

(dynes/mole) is determ ined by the relationship :  

F1=Nfdr/dt 2 

Where f is the frictional coefficient of the sed imenting molecule (dynes-sec/cm) and N is 

Avogadro's number. When the system reaches equi l ibr ium , Fe = F1 and then : 

3 

By def in ing the sed imentation coefficient, s as the velocity per unit centrifugal force, then: 

4 

For molecu les i n  a solution , a boundary forms between the molecules as they sediment and the 

buffer left in the supernatant. As the boundary progresses down the sample cell ,  it spreads by 

diffusion while at the same t ime, the concentration of the region centrifugal to the boundary (the 

"plateau reg ion") ,  decreases with t ime. Since the rate of m ovement of the boundary is 

approx imately proport ional to time and the rate of spreading of the boundary from diffusion is 

approximately proport ional to the square root of t ime, then resolution wi l l  i ncrease with t ime, 

irrespective of d iffusion .  Molecular concentration is observed to decrease in the p lateau region as 

a consequence of d i lution that occurs as the sedimenting molecules move into the increasingly 

larger volume in the sector shaped sample cel l .  The frictional coefficient, f ,  m ay be written as: 

f = RT/ND 5 

Where D is the diffusion coefficient (cm2/sec) and T is the absolute tem perature (Kelvin) .  From 

equations 4 and 5, the Svedberg relationsh ip m ay be written :  
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6 

where s is the sedimentation coefficient in units of seconds or  Svedbergs. By determ in ing s and 

D,  it is possible to est imate the molecular mass of a protein .  A m athematical description of the 

time dependence of molecular concentration during sedimentation i n  a cyl indrical reference frame 

is g ive by the Lamm equation (Cantor and Schimmel 1 980). At equil ibrium ,  when no further 

changes in concentration is occurring, then : 

7 

where J5 and Jd are the f luxes due to sedimentation and d iffusion respectively and m ay be 

described by: 

8 

Jd = -D(8c/8r) 9 

where ac!ar is the concentration gradient and D is the d iffusion coefficient (cm2sec.1 ) .  At 

equi l ibri um ,  the f lux due to sedimentation transport equals that due to d iffusion transport, then:  

D(ac/ar) - w2rsc = o 1 0 

From equation 6 and 1 0 : 

1 1  

The slope of the plot of ln[c(r)] against (/2, where c(r) is the equ i l ibrium concentration 

distribution, g ives the m olecular mass M2 of the macromolecule with in the sam ple cel l .  If this plot 

curves upward, then the molecular system in the ce l l  is polydisperse and the tangent to the curve 

gives a m ass average (Mw) of the molecular species present provid ing that all the 

macrom olecules present have the same partial specific volume. If the p lot curves downward, 

ind icating that the m olecular weight decreases with increasing concentration , then the solution is 

non-ideal and the m olecular weight exhibits concentration dependence. 
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3.2 Methods 

Sedim entation-equi l ibr ium exper iments of all recombinant Trk proteins and neurotrophins were 

performed using an Opt ima XL-A u ltracentrifuge with scann ing  uv/vis capabi l ities (Beckman 

Coulter). The scann ing uv/vis detection system provides sensitivity for low concentration studies 

and selectivity for opt im izing detect ion based on the analytes m axim um absorbance. A 1 2  m m  

double-sector sample cell with quartz windows was used. A total of n ine protein  samples and n ine 

buffer (20 mM Hepes pH 7.4,  1 50m M NaCI) controls were measured s imu ltaneously dur ing each 

sed imentation-equ i l ibr ium experiment.  The total volume of sam ple loaded into each cell was 1 1 0  

1-J I  and the quantity of protein added to each cel l was adjusted w ith 20 m M  Hepes pH 7.4 to g ive 

an absorbance of between 0.2 and 0.4 at 280 nM,  correspond ing  to a protein concentration of -

0.3 to 0 .6  mg/m ( 

A prel im inary experiment in which absorbance was measured as a function of wavelength, 

showed that max imum absorbance was recorded at 220 nM and th is wavelength was used for al l  

subsequent measu rements. I n itial rotor speed was 8000 rpm with subsequent i ncreases to 1 5000 

rpm over a period of 96 hours. Equi l ibrium was judged to have been ach ieved when on ly s ingle 

boundaries were observed for the sedimentation velocity prof i les. Sed imentation equi l ibr ium  data 

was col lected at th ree speeds (8000, 1 0 ,000 and 1 5 ,000 rpm) ,  at 25QC. The partial specific 

volume of each protein ,  based upon the am ino acid com pos ition of each protein ,  was calculated 

w ith Sedenterp software2 (Laue et al .  1 992, Zhong et al. 2002) and data analys is was performed 

w ith Origin 4 .01 software (M icrocal). 

3.3 Data Analysis 

The utracentrifuge data was analyzed by plott ing the protein absorbance (at a particular rad ius) 

versus the rad ius, i .e. ,  the distance of the sample cell from the center of rotation .  The software 

used for this analysis (Origin 4.0 1 )  is suppl ied with the utracentrifuge, by its m an ufacturer 

2 

The protein  concentration in mg/m l may be est imated by [protein] = 1 .5 A280-0.75A260 where 

A280 and A260 refer to the absorbance at 280 and 260 nm respectively Protein Methods ,  Bollag 

DM & Edelstein SJ , pub. by Wiley-Liss. 

This program is available from J.  Ph i lo at Amgen, Thousand Oaks, California. 
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(Beckman Coulter). The software plots the Absorbance versus radius data (e .g .  Figure 3. 1 )  at the 

completion of each centrifuge run .  A perfect fit for the est imate of the molecular weight of a g iven 

protein is ind icated by the red l ine intersect ing the data point curve, all along the curve (Origin 

utracentrifuge data analys is  manual) . The accuracy of the fit may be estim ated by observation of 

the pattern of the res iduals .  Residuals are calculated by subtracting the absorbance of the fitted 

curve from the absorbance data as a function of radius .  A good fit of the data to the fitted curve is 

ind icated by random scattering of an equal number of residual data points above and below the 

curve. Residual patterns with systematic variation from the fitted curve may indicate non- ideal ity 

or the presence of an aggregating system (Origin utracentrifuge data analysis manual) .  

3.4 Results 

Typical u ltracentrifuge absorbance data is shown in Figure 3 . 1 ,  3.2 and 3.3 below. The 

absorbance data for al l  proteins studied by ultracentrifuge (Table 3. 1 )  shows the same standard 

as these examples. 
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Figure 3.1 Absorbance and statistical res idual data generated in  the 

utracentrifuge for the TrkA ED human recom binant protein expressed in  insect 

cells (Prof. Ur i  Saragovi , McGi l l  Un ivers ity) . 
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Absorbance and statistical residual data generated in the 

utracentrifuge for the T rkA lg- l ike domain recombinant protein expressed in  P. 

pastoris (Prof. Uri Saragovi, McGill University) . 
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Absorbance and statistical residual data generated in the 

utracentrifuge for  the TrkA lg- l i ke domain recombinant prote in  expressed as an 

MBP-fusion protein  in E. coli. 
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Table 3.1  Approximate molecular weights of Trk and neurotroph in  p roteins as 

determ ined by ultracentrifuge. The calcu lated molecular weights (based on 

amino acid com position) of each protein stud ied by u ltracentrifuge are shown ,  

together w ith the i r  model molecular weights as determ ined by the u ltracentrifuge 

study. The MW's are g iven in Daltons . 

P rotein Monomer MW Dimer MW Model MW 

NGF 1 3 ,538 27,076 24,374 

BDNF 1 3,909 27,8 1 8  24,398 

E D  (TrkA) 43,000 86,000 68 ,942 

I nsect cells Unglycosylated 

lg - l ike (TrkA) 60,000 1 20,000 1 08 ,300 

(P.  pastoris) 

LRR2 (TrkA) 45,41 0 90,820 
90890 

M BP-fusion 

C1 LRR (TrkA) 60,781 1 21 ,562 1 1 7,000 

M BP-fusion 

lg- l ike (TrkB) 68,883 1 37,766 1 43,400 

M BP-fusion 

89 



Table 3.2 Protein solution stoich iometry determ ined by Origin 4.01 software 

(M icrocal) .  * Expressed as MBP-fusion p rotein  in E. coli. ** Expressed in P. 

pastoris. 

Protein Solution Stoichoimetry 

NGF d im  e r  

BDNF dim er 

ED  (TrkA)* monomer  

lg- l ike (TrkA)** dim er 

lg- l ike (TrkB)* dim er 

C1 LRR (TrkA)* dim er 

LRR2 (TrkA)* dim er  

The u ltracentrifuge study showed self-association o f  NGF monomers in solution . Th is  NGF was 

purif ied, as described previously, from mouse submaxi lary g lands. From the ultracentrifuge data 

at 1 5000 rpm , the m odel fit shows that the NGF forms a dimer of MW 24,374 daltons ,  less than 

the expected MW of 27,076 daltons. The d imeric state is consistent w ith the reported solution 

structure of NGF (McDonald et a l .  1 991 ) .  

The  u ltracentrifuge study also showed the self-association of BDNF monomers i n  solution . This 

BDNF is h uman recombinant protein expressed i n  E. coli (Amgen) .  From the data at 1 5 ,000 rpm , 

the m odel fit shows that the BDNF forms a d imer of MW 24,398 daltons, less than the expected 

MW of 27,81 8 daltons. A MW of 27,273 daltons was reported by Amgen f rom the ultracentrifuge 

analysis of BDNF.  Human recombinant TrkA ED prote in ,  expressed in insect cells is h igh ly 

90 



glycosylated (Prof. U ri Saragovi, McGi l l  Un iversity, personal commun ication, Woo et al . 1 998). 

From the u ltracentrifuge data at 1 5 ,000 rpm , the m odel fit shows that the ED has a MW of 68,942 

daltons .  S i nce the calculated MW of the protein is approximately 43,000 daltons in an unmodif ied 

form , it was concluded that the protein exists in solution as a monomer and approximately 26,000 

daltons can be attr ibuted to glycosylation of the 1 3  potential glycosylation sites. 

Self-association of T rkA LRR domain molecules (C1 LRR) appears to occur in solution.  This is rat 

recombinant MBP-fusion protein expressed i n  E. coli. From the u ltracentrifuge data at 1 5,000 

rpm , the model fit showed that the C1 LRR domain formed dimers of MW 1 1 7 ,000 daltons in 

solut ion . The fusion protein has a calculated MW of approximately 60,781 daltons ;  hence the MW 

for the supposed d imer is s l ightly lower than m ight be expected. 

lt appears that the TrkA second LRR domain (LR R2) molecules also self-associate in solution. 

This is rat recombinant MBP-fusion protein expressed in E. coli. From the ultracentrifuge data at 

1 5 ,000 rpm ,  the m odel fit shows that the LRR2 domain molecules appear to be dim ers of MW 

90,890 daltons in solution . The fusion protein has a MW of approximately 45,41 0 daltons; hence 

the MW for the supposed dimer is close to that expected. 

A monomer of T rkB MBP- lg prote in has a theoretical MW of approximately 68,883 daltons, 

based on amino acid com posit ion. The ultracentrifuge data at 1 5,000 rpm showed that the lg- l ike 

domain molecules have a MW of 1 43,400 daltons in solution , close to that expected for the 

calcu lated MW of a dimer .  For the TrkB, rat lg- l ike domain,  expressed as an M B P-fusion prote in 

i n  E. coli, the m olecules appear to self-associate to form a dimer in solution. 

L ike the TrkB lg- l ike domain ,  the human recom binant TrkA lg-l ike domain also appears to self­

associate in solution . Because this protein was expressed in P. pastoris, it is possible that th is 

domain,  having a number of potential glycosylation sites, has sugar residues covalently l inked to 

i t .  The ultracentrifuge data at 1 5 ,000 rpm fits a model in which the protein has a molecular weight 

of 1 08 ,300 daltons . The purified TrkA lg-l i ke domain run on an SOS-PAGE gel  shows the 

presence of a s ingle band of -55 KD. The protein contains -25 kD of carbohydrate post­

trans lational m odifications (Prof. Uri Saragovi, McG i l l  Un iversity, personal com m unication , 

Saragovi et a l .  1 998, Woo et al .  1 998). The fu l l- length ED appears to have approximately 20-25 

kD of post-translational modifications by the u ltracentrifuge analysis; however it is not possible to 
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assign the g lycosylation to either the LRR or the l g- l ike domains exclusively as this analysis was 

beyond the scope of the study. If al l  the g lycosylation of the ED is due to the lg- l ike domain ,  then ,  

conceivably by this conjecture,  the weight of  the lg-l ike domain alone, i s  approximately 55 kD and 

hence the MW determ ined by the centrifuge for this domain would suggest that this protein exists 

as a d imer in solution . 

3.5 Summary 

Analysis of the ultracentrifuge data, allowed for the testing of models of momomer or mu ltim er  

formation of the  Trk and neurotrophin prote ins in  solution . Two variables, namely the  molecular 

weight and partial specific volume of each protein ,  calculated from sequence information, 

together with the variation of radius with absorption, form the basis of m odel predict ion. Molecular 

weights from the models are approximate, but are of sufficient accuracy to perm it the 

stoichiometry of the prote ins in solution, to be determ ined. 

This utracentrifuge study perm itted assessment of the stoichoimetry, in  solution , of the proteins  

investigated. In  this study, all TrkA proteins, with the exception of the  complete ED,  appear to  

form dimers in solution . The TrkA ED,  for an unknown reason ,  appeared by  this analysis to 

remain in  m onomeric form in solution. l t  i s  possible that the high level of glycosylat ion keeps th is 

protein  in solution as m onomers. If the MBP of the fusion proteins is removed , al l of  these 

proteins become insoluble and precipitate (Prof. Rainer Schneider, Un iversity of I nnsbruck ,  

private com m unication) .  l t  appears that the Trk proteins requ i re some modification in  the form of 

glycosylation or MBP to remain soluble. A high level of glycosylation of the ED may cause steric 

h indrance and prevent association in the absence of neurotroph in .  

Analysis o f  NGF and BDNF gave consistent resu lts, despite their qu ite different sources and  

means of purificat ion. I n  addition, the MW for BDNF (Amgen) obtained in  this study, is s im ilar to 

that obtained by u ltracentrifugation and reported by Amgen . That the molecular weights d iffer by  

approx imately 1 0% is  probably d ue to the  qual ity of the u ltracentrifuges used in the  two stud ies, 

rather than techn ique. The closeness of the two BDNF MW's provides a check of technique and 

data analys is  methodology used in th is  study. 
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TrkB l g- l ike domain gave excel lent data, but the TrkB C1 LRRC2 domain gave no absorbance at 

280 n m .  Consequently no ultracentrifuge data was collected for this protein .  For other TrkB 

proteins ,  too l ittle m aterial was avai lable for the u ltracentrifuge study. 

All T rkA and TrkB proteins l isted above were centrifuged with their respective neurotroph i n .  

Although a d ifference i n  MW between the Trk-neurotroph in  and  Trk protein alone was d iscerned, 

the avai lable analys is software proved inadequate in analyzing a m ixed species in solut ion. 

Hence the data did not conclus ively support the formation of Trk-neurotrophin com plexes and this 

analysis was ult imately abandoned . Consequently the u ltracentrifuge analysis was only used to 

support the formation in solution of dimeric forms of appropriate MW for the LRR and lg - l i ke 

domains of the T rk proteins . 

Th is result does have impl ications for the analysis of the proteins immobil ized to the biosensor 

surface. lt would appear that the LRR and lg- l ike domain proteins may immobil ize as d imers on 

the biosensor surface and hence may act in a fashion envisioned for the Trk receptor on a cel l  

surface. These constructs however represent quite artif icial entities and as such cannot be 

reasonably employed to explain Trk receptor phenomena in vivo. That the TrkA ED did not 

appear to dimerize in solution is perplexing and implies that the protein immobil izes to the 

biosensor surface as monomers. If however the density of  the monomers on the biosensor 

surface is suff ic iently large, it is possible that neurotroph in m ay bind to two close m onomers ,  

result ing in a d imeric receptor and hence produce a facsim ile of  the situation of  the Trk receptor 

on a cell surface. Additionally, it is possible that this result imp l ies that the Trk receptors exist as 

m onom ers on a cell surface, on ly form ing a dimer on the b ind ing of neurotroph in .  
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CHAPTER 4 KINETICS 

4.1 I ntroduction 

Surface Plas mon Resonance (SPR) biosensors are increas ingly becom ing the preferred 

method of studying macromolecular interact ions. SPR perm its the m olecular interactions to be 

studied in real t ime and without the use of detection labels (Cook et al .  1 997, Malmqu ist and 

Karlsson 1 997, Lipshultz et al .  2000, Myszka et al. 2000, McDonnel 2001 ) .  The abi l ity to 

analyze interactions in real t ime enables the collection of data, not on ly on the aff in ity of the 

l igand for its receptor, but also on the k inetics of the interaction . Pr ior to the introduction of SPR 

biosensors, b iomolecular interaction analysis was l im ited to b ind ing partners with su itable 

spectroscopic propert ies such as fluorescent tags or other labe ls , or of a su itably positioned 

tryptophan residue that confers a useful f luorescence spectra (Malmqu ist and Karlsson 1 997) . 

The research described in this thesis, is the most extensive study of the interactions of the 

kinetics of the interactions between Trk receptors and neurotroph ins,  conducted to date . 

4.2 The IAsys Biosensor 

Real t ime q uantitative analysis of the interactions of all recombinant Trk proteins with 

neurotrophins was undertaken with an IAsys biosensor (Affin ity Sensors) .  In using the IAsys 

biosensor, one of the reactant molecules is coupled to a surface and an evanescent field is 

used to mon itor changes in refractive i ndex , caused by molecular interactions occurr ing with in a 

few hundred nm of the sensor surface (Gush et al . 1 993). E lectromagnetic waves undergo 

refraction upon crossing the boundary between two mediums. The refractive index (n) of the 

medium (wh ich determ ines the speed of the wave) and the angles of refraction (8) are related 

by Snel l 's law; n 1 Sin81 = n2Sin82 . 
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On travel ing from a medium of h igh refractive index to a medium of low refractive index, the 

angle 82 increases relative to 81 . At a particular angle of incidence 8c (critical angle), the angle 

of the exit ing wave 82 , is 90Q and the refracted wave is d i rected along the interface between the 

two m ediums. At incident angles greater than 8c, the incident wave is no longer transm itted 

th rough the second medium and is com pletely reflected (total internal reflection). The electric 

field associated with the electromagnetic radiation penetrates into the low refractive index 

m edium, where it dies away exponential ly. The distance (Z0) that this "evanescent f ield" 

penetrates depends upon n 1 , n2 and the incident angle. 

When the incident wave is total ly internally reflected ,  the evanescent field is sensit ive to 

changes that occur only with in the distance Z0 (the d istance the field penetrates) of the 

interface; bulk m edium changes that occur beyond Z0 are not detectable. The IAsys uti l izes a 

wavegu ide (a region of h igh refractive index bounded on e ither s ide by a low refractive index 

m edium),  to constrain the incident electromagnetic wave to total internal reflections at the low 

refractive index boundaries. Wave gu idance only occurs when the " round trip" reflection is  an 

integral mu ltiple of 2rr and for a thin waveguide; this cond ition is met by only one angle 

between 8c, and 90Q. Light propagation w ith in the waveguide occurs at one reflection angle 

(8guide) and this angle is exqu is itely sensitive to changes i n  the refractive index n1 . Smal l  

changes in n1 result i n  large changes in 89uide· Changes in n 1 may for example result from a 

biomolecu lar interaction event. Prism coupling is used to introduce laser l ight into the th in  

wavegu ide and to  measure changes i n  89uide· 

The IAsys biosensor uses a h igh refractive index prism to introduce l ight into the wavegu ide. 

P rovided the pr ism is s ituated close to the wavegu ide surface , a l ight ray is totally reflected off 

the prism face parallel to the waveguide surface. If the distance between the prism face and the 

waveguide is sim i lar to sin89uide• then whi le most of the l ight is reflected, some is able to 

cont inue uninterrupted in the d i rection of the original l ight beam . If the waveguide and the prism 

have the same refractive index, then the two angles, 8guide and 8p. (where 8p is the reflection 

angle in the prism) are related by Snel l 's law; nguidesin 8guide = npsinA 8p. A plot of the intensity of 

the l ight propagated with in the waveguide versus the prism angle 8p shows a sharp peak 

corresponding to the propagation angle 8guide· In order to use the resonant m i rror principle for 

m eas u rement of biomolecular interactions, the prism is coated with a low refractive index 

coupl ing layer ( - 1 00 nm th ick) , form ing a gap between the prism and waveguide. 
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The prism forms the base of a stirred cuvette used to contain the reactants . During the 

measurement of an interaction event, l ight reflected from the inside of the resonant m irror is 

measured as a function of the incident angle. W ith the exception of l ight incident at 99uide. l ight is 

total ly reflected at the prism , coupl ing-layer interface. At resonance, the inc ident l ight 

propagates down the waveguide and with in the coupl ing layer through the evanescent f ield . 

Because the angle of excitation at resonance is sens itive to changes at the sensing surface, 

interactions at the surface may be mon itored by changes in the excitation angle. Changes in 

the excitat ion angle are measured by arbitrary un its, referred to as reaction un its (R U's) and are 

measured as "arc secs". 
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Figure 4.1 
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The arrangement of the IAsys biosensor surface and the 

components of the sensing system.  (a) shows the prism that forms the base of 

sti rred cuvette cel l .  This surface of the prism (exposed to the l iqu id in the 

cuvette) is coated with carboxymethyl dextran, to which the Trk proteins are 

covaiently attached. (b) shows the arrangement of the cuvette itself and the 

stirring m echanism . 
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4.3 Coup l i ng of Trk Proteins to the IAsys Surface 

I m m obi l ization of the MBP-fusion proteins was achieved through the carboxylate groups of the 

carboxymethyl dextran (CMD) surface of a IAsys cuvette and the primary am ino groups (N­

term inal and Lysine residues) of the Trk proteins, us ing 1 -ethyl-3-(3-dimethylam inopropyl) 

carbod im ide (EDC) and N-hydroxysucc in im ide (NHS) chem istry and protocols (Affinity 

sensors). 

The E DC/NHS chemistry (Figure 4.2) is shown below. After completion of the EDC/N HS 

activation o f  the  surface of the reaction cuvette, 20 mM ammonium acetate pH 4.2 buffer was 

added to the reaction cell (the choice of im mobil ization buffer was d ictated by the pi of the 

proteins ,  al l  of wh ich have p i 's  - 5). P rotein was then added to the cel l  and al lowed to form 

covalent bonds with the activated carboxymethyl dextran . The level of protein imm obi l ized 

never exceeded 3500 arc secs, well below the maximum level of 1 0,000 arc secs where 

spurious surface effects may be experienced (Affin ity Sensors) .  When an adequate level of 

immobi l ization was ach ieved , the remain ing activated CMD groups were blocked by the 

add ition of 1 M Tris/HCI pH 8. 

The synthetic H is-tagged peptides representing the second LRR domain of TrkA, TrkB and 

TrkC were immobi l ized to the biosensor surface using an antibody to the H is-tag (a gift of 

Aff in ity Sensors) . The antibody was covalently attached to the cuvette surface with EDC/NHS 

chem istry. 
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Table 4.1 Protein immobil ization levels ( i n  arc secs) on the biosensor surface. 

A level of p rotein immobil ization between 1 00 and 5000 arc secs wi l l  provide 

appropriate surface conditions for kinetics m easurements (Dr. Eric Hnath , Aff in ity 

Sensors, personal communication). 

Protein Level 

TrkA domains 

LRR2 synthetic peptide 850 

MBP-LR R2 660 

MBP-LRR 1 050 

MBP-C1 LRR 1 2  1 320 

MBP-LRR23C2 1438 

MBP-C1 LRR 1 680 

MBP-LRRC2 578 

lg-l ike (glycosylated) 990 

lg- l ike (unglycosylated) 736 

MBP-ED 988 

ED ( P. pastoris) 493 

TrkB domains 

LRR2 synthetic peptide 3200 

MBP-C1 LRR 790 

MBP-LRRC2 1 920 

MBP- C1  LR RC2 725 

MBP-Ig 1 095 

MBP-ED 1 021  

TrkC domains 

LR R2 synthetic peptide 1 200 

MBP-ED 950 
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4.4 Immobil ization C hemistry of Trk Proteins to IAsys Biosensor Surface 

Figure 4.2 
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4.5 Control of Non-Specific I nteractions 

Non-specific i nteractions of neurotrophin with the b iosensor surface or with the Trk prote ins,  was 

controlled by add ition of NaCI, at a concentration of 1 50 m M and of Tween-20 at a concentration 

of 0 .01  %, to the reaction buffer. The method of determ in ing the level of salt to add to the reaction 

buffe r  is shown in F igure 4 .3 .  

/ 

3 4 5 6 7 

Time (mins) 

activated s urface,  no NaCI 

BSA surface, no NaCI 

activated surface, 50 mM NaCI 

BSA surface, 50 mM NaCI 

activated surface, 1 00 mM NaCI 

BSA s urface, 1 00 mM NaCI 

activated surface, 1 30 mM NaCI 

BSA surface, 1 30 mM NaCI 
activated surface,  1 50 mM NaCI 

BSA s urface, 1 50 mM NaCI 

8 9 1 0  1 1  1 2  

Figure 4.3 To determ ine the concentration of salt t o  be  added to reaction 

buffers, sufficient to prevent non-specific interactions w ith the biosensor surfaces, 

NGF at a concentration 1 0  fold h igher than the h ighest concentration used in the 

binding stud ies, was al lowed to react with the two surfaces of an IAsys cuvette. 

Both surfaces were activated with the EDC/NHS chem istry used to immobil ize 

Trk proteins on the biosensor surface. On one surface, BSA ( - 600 arc secs) was 

immobil ized. No protein was immobil ized on the second surface. Neurotrophin 

was allowed to react with both surfaces, i n  al iquots of the reaction buffer 

contain ing varying concentrations of NaCI. From the plot above, approximately 5-

1 0 arc secs of the apparent reaction with either surface can be attributed to bulk 
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refractive index change, upon the add it ion of neurotrophin to the reaction wells. 

As shown, 1 50 mM of NaCI in the reaction buffer e l im inated all non-specific 

interaction of NGF with the cuvette surface. Sim i lar results were obtained for 

BDNF and NT -3 in buffer containing 1 50 mM NaCI . The neutotrophins showed 

no aff in ity for immobi l ized MBP (New Eng land Biolabs) , as previously reported 

(Windisch et al. 1 996a) . 

4.6 Binding Data Col lection 

300 

200 
-� 

VI 1 00 ., c 0 0 V VI 
2 0 .e. 
0.1 
"' c g_. 100 
"' •V cc 

·200 j 
-300 

0 60 100 1 50 200 
Time (minutes) 

Figure 4.4 A typical set of association and dissociation data generated from 

the biosensor study of neurotrophin b inding to an immobil ized Trk protein 1 .  

A n  example of the binding and d issociation response from the IAsys biosensor during the 

collection of a set of binding/dissociation data is shown in F igure 4.4 (TrkA MBP-C1 LRR at 

1 5QC). R is ing curves result from the binding of neurotroph in  to immobi l ized Trk protein .  

Neurotrophin of a known concentration (- 1 nM to - 5 1-JM) was added as a 5 1-J I  al iquot with a 1 0  

1-1 1 Hami lton syringe, to 5 0  1-1 1  of buffer ( 1 0  m M  Hepes pH 7.4, 1 50 m M  NaCI, 0.0 1 %  Tween 20) 

in the cuvette. Descending curves result from dissociation of bound neurotroph in  from the Trk 

This data set was amongst the first collected and wi l l  be used throughout this chapter to 

i l lustrate various points and explanations of data collection and analysis. 
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protein after the buffer contain ing neurotroph in  was removed from the reaction cuvette and 

replaced with fresh buffer. The almost vertical response from the instrument results from the 

rem oval of the buffer from the reaction cuvette and replacement with 1 0  mM HCI .  This ensured 

complete removal of any neurotrophin that remained bound to the receptor after the 

d issociation event and pr ior to the addition of a new neurotroph in concentration. Follow ing  

equ i l ib ration in fresh buffer, a new association/dissociation reaction data set was collected.  

Typical ly, association/d issociation reaction rates were measured for 10 different neurotrophin 

concentrations. 

React ion rates were measured at 3 different temperatures for each Trk protein ;  1 5, 25 and 

37QC. All buffers contained 1 50 mM NaCI .  In it ial experiments to determine the binding of the 

neurotrophins to activated carboxymethyl dextran (CMD) surfaces without immobi l ized Trk 

prote in ,  showed that 1 50 mM NaCI was an essential component of al l  buffers if electrostatic 

interaction between neurotroph in  and the CMD surface was to be completely el im inated.  

Fai lure to el iminate such non prote in-protein interactions would have severely comprom ised the 

accurate determination of the binding and dissociation constants for the Trk-neurotroph in 

interactions. 

D ifferent neurotroph in  concentrations were added to the reaction cuvette in random order, that 

is ,  the concentrations d id  not fol low a low to h igh pattern thro ughout the b ind ing assay. 

Neurotrophin concentrat ions in the reaction cuvette varied from - 1 200 nM to - 5500 nM (for 

N G F  interactions with TrkA proteins) after dilution from stock solutions. I ntermed iate 

concentrations were prepared by serial d i lution from an in itial stock solution . Each 

concentration was further analyzed by UV spectroscopy and the concentration determ ined by 

the absorbance at 280 nm using the extinction coefficient for each neurotrophin at th is 

wavelength 1 . The neurotrophin concentrations used ensured a response of >50 arc secs for the 

lowest concentration, thus increasing the accuracy of the data analysis. Stirrer speed was 

maintained at 80% of max imum throughout all experiments to e l im inate mass transport effects. 

The reaction temperature in the cuvette varied by < 0.3QC of the set temperature throughout 

each experiment. 

1 NGF = 8250 M-1 cm-1 BDNF = 6400 M-1 cm-1 

1 03 

NT-3 = 7680 M-1 cm-1 at 280 nm 



4.7 Defin itions of Kinetics Terminology 

The interactions between neurotrophin and Trk receptor were analyzed by plotting the 

measured on-rate constant, kon obtained from association analysis at a number of neurotrophin 

concentrations ,  versus neurotrophin concentration . From such plots, the eq u i l ibrium 

dissociation constant, K0 may be determ ined for each Trk protein-neurotroph in  i nteraction . A 

s ingle example of this type of analysis is shown in Figures 4.5 th rough 4 .8 .  Because of 

l im itations in the quantity of neurotrophins avai lable for this study, only one K0 for each Trk 

protein ,  at th ree d ifferent tem peratures, could be determ ined. 

Association occurs on add ition of l igate at a defined concentration to the I Asys reaction cuvette.  

On the surface of the cuvette, a putative l igand is immobi lized. The association curve obtained 

is the net response between association and d issociation events. Monophasic association 

occurs when the response, on addition of l igate, increases in an exponential manner, with only 

one distinguishable phase. The quantity of com plex formed in t ime t, namely [CL)1 is  g iven by: 

[CL]1 = [CL]eq[1 -exp( -k0nt)] ( 1 )  

where [CL]eq is the concentration of the complex at equ i l ib rium , L i s  the l igand and kon i s  the 

pseudo f i rst order rate for the molecular interaction . 

kon = kass[L) + kd i ss (2) 

where kass is the derived association rate constant obtained from the slope of the p lot of kon 

versus concentration of sample. Sim ilarly, kdiss is the derived d issociation constant obtained 

from the intercept of the plot of kon versus concentration of sample . 

Hence kon varies w ith l igand concentration . The instrum ent response R (measured in arc secs) , 

is p roportional to the mass of bound l igate, resu lt ing in :  

R1 = ( Req - Ra) [ 1  - exp( -k0nt)J + Ro (3) 

I n  th is relationship,  R1 is the instrument response at t ime t ,  Req is the maximal instrument 

response and R0 is the in it ial instrument response value. These instrument response values are 

obtained experim entally and hence the single unknown , kon at a particular concentration of 

l igate (e .g. , neurotroph in) ,  is derived. Multiple determ inations of kon for the Trk-neurotroph in  

104 



i nteraction were obtained by carrying out repeat association measurements at various 

concentrations3 of neurotroph in .  

Equation (3 )  i s  i n  the form of  a straight l ine and hence a plot of  the values of  kon derived f rom a 

complete (6-1 0 measurements) interaction experiment, against the l igate concentration at 

wh ich they were conducted ,  allows kass and kdiss to be estimated. The gradient of the l i ne  g ives 

kass, whi le the y-axis intercept al lows the value of kdiss to be estimated (F igure 4 .6) . The 

d issociation constant values often have large errors associated with them , a consequence of 

the d ifficulty in accurately estimating the intercept values for l ines that intersect the y-ax is  at 

shal low angles. 

Experimental ly derived association curves having an immobi l ized l igand and soluble l igate are 

often not wel l described by simple monophasic kinetics. In these situations, two d istingu ishable 

association phases are noticeable. Such biphasic kinet ics may be considered to be the sum of 

two distinct association processes, each of wh ich has an apparent association rate constant, 

described by the relationship: 

Rt = A[1 - exp(-kon(1 )
t) )] + B[1 - exp(-kon(2)t)] + R0 (4) 

Where A and B represent the two phases of the association and kon(1 l and kon(2l are the 

respective , apparent association rates. 

In practice, the association curves obtained for each l igate concentration are fitted to both 

theoretical monophasic and biphasic association curves . From this analysis, the best fit of the 

association data, to either monophasic or biphasic kinetics is determ ined. 

Once the molecular complex has been formed, it wi l l  eventually d issociate into its components, 

namely immobi l ized l igand and f ree l igate. Simple monophasic d issociation is described by the 

exponential relationsh ip :  

R t  = Roexp( -kdisst) (5)  

3 Typical ly on ly  6 concentrations of  l igate are used to determ ine association curves and to 

estimate the equi l ibr ium dissociation constant for a m olecular interaction. For al l  Trk­

neurotrophin interactions, kon was determ ined at 1 0  d ifferent concentrations of neurotroph in ,  i n  

order to reduce the  errors in the estimate o f  the dissociation constant. 
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The amount of com plex at t ime t, namely R1• is dependent on the in itial complex concentration 

R0 and the dissociation rate constant kdiss As with biphasic association, b iphasic d issociation 

having two phases A and B, is described by two dissociation constants kdiss(1 ) and kdiss(2) such 

that: 

4.8 Data Analysis and Error Propagation 

6 

A total of 1 0  association and dissociation curves were obtained for each neurotroph in-Trk 

receptor interaction. Association curves for one reaction are shown in Figure 4.5 . 
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Figure 4.5 Association curves for the reaction of NGF with TrkA MBP-C1 LRR 

recombinant protein at 1 5°C .  The ful l  set of association and dissociation curves 

for this reaction is shown in Figure 4.3. Only 5 of the 1 0  association curves are 

shown for clarity. 
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The association rates for each reaction at a particular neurotroph in concentration are plotted 

against the neurotrophin concentration. This results in a data plot, as shown in Figure 4.6. From 

a least squares fit to the data, the association rate constant kass is obtained. The data analys is 

software (Affin ity Sensors) returns a report of the slope of the fitted l ine, an e rror and the 

correlation coefficient. For all interaction studies, the correlation coefficient was better than 

0.98, ind icating a good f i t  of the data. 
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Gradient = 1 3594.4 ± 859.596 Corr Coeff = 0.982479 

Figure 4.6 The association rate Kass is determ ined by plott ing the neurotroph in 

concentration versus, Kan. the rate at wh ich the neurotrophin interacts with the 

immobi l ized Trk protein .  The slope of the least squares f i t  to the data is the 

association rate (data collection shown in Figure 4.4). The interaction of NGF  

with TrkA MBP-C1 LRR at 1 5°C is shown above. The gradient and correlat ion 

coefficient report is copied from the analysis software report. 

Each association (Figure 4.4) and dissociation curve may be fitted to a theoretical m onophasic 

or biphasic association or d issociation equat ion. The qual ity of the fit of the theoretical curves to 

the actual data is  judged by the excel lence of the overlay to each binding,  or dissociation curve, 

as shown in Figure 4.7 and Figure 4.8, respectively. 
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Figure 4.7 The qual ity of the f it of a binding rate equation to the association 

data is shown in (a). The theoretical fit it seen as a red l ine ,  overlaying the 

b ind ing curve ( red l ine does not transfer from the data analysis software to an 

external document) . Further judgment of the qual ity of the data fit to the 

association rate theoretical model is made by exam ination of a plot of the error 

about the l ine, as shown in (b) . This Figure shows data analysis of a s ingle 

b ind ing curve from Figure 4.5.  

X 1 Q·2 

1 .7 
0 

X 1 0 1  

(i) 
2 
� 
c 

1 .6 (i) 
2 
� g 1 .5 ·u; e 
w 0 a. 

1 . 4 

�--�----�--�--� 2 
0 2 4 6 

Dissociation Time (s) x 1 0·2 

a 

0 2 4 6 
Dissociation Time (s) 

b 

Figure 4.8 The qual ity of the fit of a dissociation rate equation to the 

d issociation data is shown in (a). The theoretical fit it seen as a red l ine, 

overlaying the binding curve (red l ine does not transfer form the data analysis 

software to an external document). Further judgment of the qual ity of the data fit 

to the d issociation rate theoretical m odel is made by exam ination of a plot of the 

error about the l ine,  as shown in (b). This Figure shows data analysis of a single 

dissociation curve from Figure 4.4. 
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The observed association of NGF for all TrkA proteins, may be best described by fitting ,  to the 

binding data, an equation of the form : 

R1 = A(1 -exp·kon(1 )
1
) + B(1 -exp"\n(2)\ where R1 is the instrument response at t ime t and A is the 

extent of the f i rst phase, having an apparent "on-rate" defined as kon(1 ) . B is the extent of the 

second phase having  an apparent "on-rate" of kon(2). 

The d issociation event is described by an equation of the form : 

Rt = R0exp(-kdisst) , where R1 is the am ount of com plex formed at time t and is dependant on the 

in it ial com plex concentration R0. The dissociation constant for the com plex separating into its 

com ponent proteins is given by kdiss. The dissociation of NGF from all TrkA proteins used in the 

biosensor study is  monophasic. 

The association and dissociation events for the interaction of NGF with the recom binant and 

synthetic proteins, representing d ifferent ED reg ions of the TrkA receptor, are tabu lated below 

(Tables 42 through 4 . 1 4). 

The equi l ibr ium d issociation constant is calculated from the relationship: 

Ko = kdiss· kass-1 

The association of NGF with al l  TrkA proteins was observed to be biphasic, the tabulated 

kinetics below, show only a single association rate, Kass Only monophasic d issociation was 

observed. The d issociation constant Kdiss is shown in the Tables (Tables 4 .4 through 4. 1 4) .  The 

equi l ibr ium dissociation constant (K0) is shown and is calculated from the values of Kass and 

kdiss· lt is d ifficu lt to assign a second equ i l ibr ium dissociation constant, given that monophasic 

d issociat ion does not perm it the unambiguous calculation of the constant 

A method of calculating the Kass and kdiss values for an interaction of NGF  with a TrkA prote in ,  

involves f itt ing a binding curve through the data shown in F igure 4 .5 .  This method appears, 
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from previous data analysis attempts, to return an average value for the two equ i l ibrium 

dissociation constants that describe biphasic protein association interactions .  Hence, whi le the 

slower association rate is reasonably obtained by this method , the faster association rate is 

poorly described.  Consequently, a best estimate for one Kass was determ ined to provide a 

s ingle Ko. 

While the rate kon• for the interaction of a neurotroph in with a Trk protein ,  varies with the 

concentration of neurotroph in ,  the d issociation rate kdiss wi l l  not change (except with i n  

experimental error). The association data was fitted to  obtain on ly  the fastest kon rate for the 

interactions of N G F  with all TrkA recom binant proteins, al lowing the estimate of kass. as 

i l lustrated in Figu re 4.7a. The d issociation rate, kdiss. for the reactions is obtained from the mean 

of the 1 0  dissociation curves (Figure 4.4 and F igure 4.8) for each interaction . The percentage 

error in the value of kass and the percentage error in the value of kdiss (standard deviation) are 

added to provide an error in the value of the equ i l ibr ium dissociation constant ,  K0, for each 

neurotroph in-Trk protein interaction . 

From the tabulated equi l ibrium d issociation (K0) data for each reaction of a neurotroph in  with a 

part icu lar Trk protein (Table 4.2 through Table 4.25) ,  it is seen that the values for the K0's at 3 

d ifferent temperatures, are the same with in the error estimates. In particu lar, the association 

and d issociation rates increase with temperature, as i l l ustrated in Figure 4 .9 and Figure 4. 1 0 ,  

respectively. Many molecular interaction rates display this relationsh ip ,  as described by  the 

Arrhen ius equation (Atkins 1 986) and has been seen for protein-protein interactions stud ied by 

biosensors (Oddie et al . 1 997) .  The increase in Kass and kdiss with tem perature, is not 

inf luenced by any potential mass transport effects since increasing tem peratures raise the 

d iffusion coeff icient of the protein in solution (Oddie et al . 1 997) . 
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Figure 4.9 The association rate of neurotrophins for Trk proteins, increases 

with temperature. The data shown above is for the interaction of NGF w ith TrkA 

C1 LRR (F igure 4.4) . 
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The observed association of BDNF for all TrkB proteins and of NT-3 for TrkC proteins ,  can be 

described by f itt ing, to the binding data, an equation of the form: 

Rt = Req(1 -exp\n
1
) ,  where R1 is defined above, Req is the equi l ibr ium response and kon is the 

apparent "on-rate" for a g iven l igand concentration . H ence the association of BDNF for al l  TrkB 

recom binant proteins is described by a monophasic association event. 

The dissociation event is described by an equation of the form : 

Rt = R0exp(-kdisst) , where R1 is the amount of com plex formed at t ime t and is dependant on the 

in itial com plex concentration R0. The dissociation constant for the com plex separat ing into its 

com ponent proteins is g iven by kdiss. The d issociat ion of BDNF from all TrkB proteins used i n  

the  biosensor study is m onophasic. 

The association and dissociation events for the interaction of BDNF with the recom binant and 

synthetic proteins ,  represent ing different EO reg ions of the TrkB receptor, are tabulated below 

(Table 4. 1 5  through Table 4.25).  
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4.9 Results 

4.9 a The interactions of NGF with TrkA Proteins 

Table 4.2 TrkA LRR2 synthetic peptide. The measured association and 

dissociation rates for the synthetic peptide. 

1 5  5044 ± 320 

37 5670 ± 292 

Ko nM 

3.7553e-4 ± 3.5589e-5 74.5 ± 1 1 .8 

3.8543e-4 ± 2 .8262e-5 68 ± 8.5 

Table 4.3 TrkA MBP-LRR2. The measured association and dissociation rates 

for the recombinant protein LRR2. 

1 5  

25 

37 

1 0842 ± 1 062 

1 505 1 ± 1 1 24 

1 6346 ± 1 1 64 

K0 nM 

2.6059e-4 ± 3.0003e-6 24 ± 2.6 

3.5506e-4 ± 2.23929e-6 22.9 ± 1 .9 

3 . 1 563e-4 ± 1 . 1 529e-5 1 9.3 ± 2 . 1  
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Table 4.4 TrkA MBP-LRR.  The measured association and dissociation rates 

for the recombinant protein LRR.  

1 5  1 073 1 ± 1 6 1 2  

25 1 1 769 ± 1 039 

37 1 231 7 ± 1 404 

Ko nM 

2.7202e-4 ± 1 .4577e-5 25.4 ± 5.2 

2.5325e-4 ± 2 .9861 e-6 21 .5 ± 2.2 

2.8657e-4 ± 1 .5863e-5 23.3 ± 4 

Table 4.5 TrkA MBP-C1 LRR 1 2 . The measured association and d issociat ion 

rates for the recombinant protein C1  LRR 1 2 . 

1 5  1 2582 ± 1 353 

25 1 4966 ± 1 399 

37 1 5842 ± 1 5 1 2  

Ko nM 

3.5549e-4 ± 4.01 96e-5 28.3 ± 6.2 

2 .7886e-4 ± 1 .2902e-5 1 8.6 ± 2.6 

4. 1 805e-4 ± 1 .6425e-5 26.4 ± 3.6 

Table 4.6 TrkA MBP-LR R23C2. The measured associat ion and d issociation 

rates for the recom binant protein LRR23C2. 

1 5  1 41 81 ± 731 

25 1 4974 ± 1 560 

37 1 6 1 03 ± 1 504 

Ko nM 

4.4739e-4 ± 3.3256e-5 31 .6  ± 4 

3.3995e-4 ± 2.6057e-5 22.7 ± 4 

4.0688e-4 ± 5 .8339e-6 25.2 ± 2.7 
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Table 4.7 TrkA MBP-C1 LR R .  The measured association and dissociation rates 

for the recombinant protein  C1 LRR.  

oc k M-1 s·1 ass(1 ) 

1 5  1 3594 ± 860 

25 1 4202 ± 1 535 

37 20825 ± 902 

Ko nM 

3.7087e-4 ± 2.3972e-5 27.3 ± 3.5 

4. 1 008e-4 ± 2.5978e-5 28.9 ± 5 

4.6555e-4 ± 3.0535e-5 22.4 ± 2.4 

Table 4.8 TrkA MBP-LRRC2. The measured association and d issociation 

rates for the recom binant protein LRRC2. 

oc k M-1 s·1 ass(1 ) 

1 5  1 4494 ± 1 5 1 1  

25 1 5978 ± 680 

37 1 6290 ± 1 542 

k S·1 diss K0 nM 

3.6405e-4 ± 4.6693e-5 25 . 1  ± 5.8 

3.5491 e-4 ± 1 .5650e-5 22.2 ± 2 

4.661 76e-4 ± 8.41 63e-6 28.6 ± 3.2 

1 1 5  



Table 4.9 TrkA lg- l ike domain (glycosylated). The m easured association and 

dissociation rates for the recombinant protein lg- l ike domain.  Protein expressed 

in P. pastoris and provided by Prof. Prof. Uri Saragovi, McG i l l  Un iversity, McGi l l  

Un iversity. 

1 5  8878 ± 1 297 

25 1 1  029 ± 1 264 

37 1 3457 ± 1 431 

K0 n M  

1 .31 65e-4 ± 8.8277e-6 1 4.8 ± 3.2 

1 .6575e-4 ± 2 .981 7e-5 1 5  ± 4.4 

1 .6902e-4 ± 1 .4781 e-5 1 2.6 ± 2.4 

Table 4.1 0  TrkA lg-l i ke domain (unglycosylated) .  The measured associat ion 

and d issociation rates for the recom binant protein lg- l ike domain .  Protein 

expressed in E. coli and provided by Prof. U ri Saragovi , McG i l l  Un iversity. 

1 5  7260 ± 1 21 3 

25 1 41 85 ± 1 806 

37 1 5783 ± 81 0 

Ko nM 

5.  751 9e-5 ± 4.0334e-6 8 ± 1 .9 

1 .66 1 4e-4 ± 1 .9742e-5 12 ± 1 .7 

1 .9309e-4 ± 3.941 5e-5 12 ± 3 
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Table 4.1 1 TrkA MBP-ED. The measured association and d issociation rates 

for the recombinant protein ED domain .  

1 5  1 2055 ± 1 1 68 

25 1 5606 ± 1 1 79 

37 1 6962 ± 1 698 

k S·1 diss Ko n M  

1 .9028e-4 ± 2.7892e-5 1 5 .8 ± 3.9 

2.0565e-4 ± 1 .791 5e-5 1 3. 2  ± 2.2 

2.3934e-4 ± 3.3898e-5 1 4. 1  ± 3.4 

Table 4.1 2 TrkA ED ( P. pastoris) . The measured association and dissociation 

rates for the recombinant protei n  ED domain. 

oc k M.1 s·1 ass(1 )  

1 5  1 4795 ± 1 930 

25 1 5 1 80 ± 1 425 

37 1 8228 ± 565 

k S-1 diss Ko nM 

2.01 64e-4 ± 2.8375e-5 1 3.6 ± 3.7 

2.3097e-4 ± 2 . 1 834e-5 1 5.2 ± 2.9 

2 . 1 280e-4 ± 2.9469e-5 1 1 . 7  ± 2 

Table 4.1 3  TrkA E D  (insect cel ls). The measured association and d issociation 

rates for the recom binant protein ED domain .  Protein provided by Prof. Ur i  

Saragovi, McGi l l  Un iversity. 

oc k M"1 s·1 k s·1 ass( 1 )  diss Ko nM 

1 5  1 1 490 ± 1 648 

25 1 7673 ± 1 524 

37 1 8329 ± 2094 

2.4757e-4 ± 2.9488e-5 1 5 .8  ± 2.5 

2 .3989e-4 ± 1 .8092e-5 1 3.6  ± 2 

3.31 28e-4 ± 1 . 1 995e-5 1 8  ± 2 .7  

1 1 7  



Table 4 . 1 4  Values of the equ i l ibr ium d issociation constant (Ko). for the 

interaction of NGF with recombinant and synthetic TrkA proteins, over the 

temperature range of 1 5-37 °C. 

TrkA Protein Ko n M  

LRR2 synthetic peptide 71 . 3  ± 4.6 

MBP-LRR2 22.1 ± 2.5 

MBP-LRR 23.4 ± 2.0 

MBP-C1 LRR 1 2  24.4 ± 5 . 1  

MBP-LRR23C2 26.5 ± 4.6 

MBP-C1 LRR 26.2 ± 3.4 

MBP-LRRC2 25 .3 ± 3.2 

lg- l ike (glycosylated) 1 4. 1 ± 1 .3 

lg- l ike (unglycosylated) 1 0 .7  ± 2.3 

MBP-ED 1 4.4 ± 1 .3 

ED (P.  pastoris) 1 3 .5 ± 1 .8 

ED ( insect cells) 1 5 .8 ± 2.2 
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Figure 4 . 1 1 The mean and standard deviations of the equ i l ibri um d issociation 

constants for the interactions of NGF with the TrkA, recombinant prote ins and 

synthetic peptide for the temperature range 1 5-37 °C 

Recombinant Prote in  

1 . . . . . . . .  LRR2 synthetic peptide 

2 . . . . . . . MBP-LRR2 

3 . . . . . . . .  MBP-LR R  

4 . . . . . . . . MBP-C 1  LRR1 2 

5 . . . . . . . .  MBP-LRR23C2 

6 . . . . . . . . MBP-C1 LRR 

7 . . . . . . . MBP-LRRC2 

8 . .  lg- l ike domain (glycosylated) 

9 . . . . . . . .  lg- l i ke domain (ung lycosylated) 

1 0  . . . . . . MBP-EO 

1 1 . . . . . .  EO (P. pastoris) 

1 2  . . . . . .  EO ( insect cells) 
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Fig u re 4 . 1 2 The association rates of the i nd iv idual  TrkA domains are essentia l ly 

the same as for the complete EO domain of TrkA at the 3 temperatures at which 

measurements are made. The data set denoted as 1 ,  corresponds to association 

rates at 1 5°C ,  set 2 corresponds to a ssociation rates at 25°C and set 3 

corresponds to association rates at 3 7°C . 
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Figure 4. 1 3  The d issociation rates of the ind iv idual TrkA domains a re 

essentia l ly  the same at 1 5°C ,  25°C and 37°C .  The L R R  domain has a lower 

affin ity for NGF (at al l three temperatures) than either the lg- l ike domain or the 

ED domain . The data set denoted as 1 ,  corresponds to d issociation rates at 

1 5°C,  set 2 corresponds to dissociation rates at 25°C and set 3 corresponds to 

d issociation rates at 37°C . 
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4.9 b The i nteractions of BDNF with TrkB Protei ns 

Table 4.1 5 TrkB LRR2 synthetic peptide. The measured association and 

d issociation rates for the synthetic peptide. 

Ko nM 

1 5  42292 ± 4901 1 .6307e-3 ± 2 .0935e-4 38.6 ± 9.4 

25 54606 ± 3656 1 .751 4e-3 ± 1 .8730e-4 32. 1  ± 5.6 

37 60397 ± 5543 1 .8290e-3 ± 2.4480e-4 30.3 ± 6.8 

Table 4.1 6 TrkB MBP-C1 LRR. The measured association and d issociation 

rates for the recombinant protein C1 LRR.  

Ko nM 

1 5  451 06 ± 7274 6.4964e-4 ± 9.3974e-5 1 4.4 ± 4.4 

25 81 968 ± 66 1 2  1 .3982e-3 ± 3.4988e-4 1 7. 1 ± 5.7 

37 88684 ± 5387 1 .8608e-3 ± 4.71 35e-4 21 ± 6.6 
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Table 4.1 7 TrkB MBP-LR RC2. The measured association and d issociation 

rates for the recombinant protein LRRC2, are tabulated above. The d issociation 

data for the set of measurements at 1 5°C was very poor, with the consequence 

that the d issociation curves could not be fitted wel l ;  hence the unusually large 

error in the estimate of the dissociation rate. 

Ko nM 

1 5  42802 ± 5757 7.3489e-4 ± 4. 1 679e-4 1 7  ±1 2 

25 71 000 ± 8031  1 .4754e-3 ± 2.5603e-4 20.8 ± 6 

37 74895 ± 2808 1 .5885e-3 ± 4.3782e-4 21 .2 ± 6.6 

Table 4.1 8 TrkB MBP-C1 LRRC2. The measured association and dissociation 

rates for the recombinant protein C1 LRRC2. 

k M-1 8-1 ass k S·1 diss Ko nM 

1 5  28898 ± 693 4.8266e-4± 2.6648e-5 1 6.7 ± 1 .3 

25 74798 ± 6535 1 .4541 e-3 ± 2 . 1 81 6e-4 1 9.4 ± 4.6 

37 95355 ± 9889 2.091 5e-3 ± 9 . 1 297e-5 2 1 .9 ± 3.2 
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Table 4.1 9  TrkB MBP-Ig-l ike domain. The measured association and 

dissociation rates for the recombinant protein lg- l ike domain .  

Ko nM 

1 5  38824 ± 3844 7.3553e-4 ± 2.331 7e-5 1 9  ± 2.5 

25 88443 ± 4566 1 .21 56e-3 ± 1 .9684e-4 1 3.7 ± 2.9 

37 1 01 390 ± 1 0726 1 .5592e-3 ± 7 .6620e-5 1 5.4 ± 2.4 

Table 4.20 TrkB MBP-ED. The measured association and d issociation rates for 

the recombinant protein EO domain. 

k M·1 s·1 ass Ko nM 

1 5  52089 ± 3088 6.2608e-4 ± 1 .7253e-4 1 2  ± 4 

25 94241 ± 7341 7.0685e-4 ± 1 .2800e-4 7 .5 ± 1 . 9 

37 1 33520 ± 3297 1 .0080e-3 ± 7.2353e-5 7.6 ± 0.7 
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Table 4.21 TrkB EO ( P. pastoris). The measured association and d issociation 

rates for the recombinant protein EO domain ,  expressed in P. pastoris. 

Ko nM 

1 5  58603 ± 6879 7 .3877e-4 ± 1 .4004e-4 1 2.6 ± 3.9 

25 1 00038 ± 661 8 8.91 54e-4 ± 5.6568e-5 8 .9  ± 1 .2 

37 1 22308 ± 1 2306 1 .591 4e-3 ± 3.0546e-4 1 3  ± 3.8 

Table 4.22 Values of the equi l ibr ium dissociation constant (K0), for the 

interaction of BONF with recombinant and synthetic TrkB proteins, over the 

tem perature range of 1 5-37 °C. 

TrkB Protein Ko nM 

LRR2 synthetic peptide 33.7 ± 4.4 

MBP-C1 LR R 1 7 .5 ± 3.3 

MBP-LRRC2 1 9.7 ± 2.3 

MBP- C1  LRRC2 1 9.3 ± 2.6 

MBP-Ig 1 6.0 ± 2.7 

MBP-EO 9.0 ± 2.6 

EO (P. pastoris) 1 1 .5 ± 2.3 
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Figure 4 . 1 4  The mean a n d  standard deviations o f  the eq u i l ibri um d issociation 

constants for the interactions of BDNF with the TrkB , recombinant prote ins and 

synthetic peptide for the temperature range 1 5-37 °C 

1 . . . . . . . LRR2 synthetic peptide 

2 . . . . . . . MBP-C1 LRR 

3 . . . . . . .  M B P-LRRC2 

4 . . . . . . . M B P-C 1 LRR2 

5 . . . . . . . lg- l ike domain (ung lycosylated) 

6 . . . . MBP-ED 

7 . . . . . . . . EO (P. pastoris) 
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Figure 4.1 5 The association rates of the ind iv idual  TrkB domains are 

essential ly the same as for the complete EO domain of TrkB at the 3 

temperatures at which measurements are made. The data set denoted as 1 ,  

corresponds to association rates at 1 5°C ,  set 2 corresponds to association rates 

at 25°C and set 3 corresponds to association rates at 37°C . 
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measurements are made. For 25°C and 3 7°C ,  the d issociation rates ind icate that 

the complete EO domain has g reater affin ity for BDNF than either of the 

ind ivid ual  LRR and lg- l ike domains. The data set denoted as 1 ,  corresponds to 

d issociation rates at 1 5°C, set 2 corresponds to d issociation rates at 25°C and 

set 3 corresponds to d issociation rates at 3 7°C .  
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4.9 c The interactions of NT-3 with TrkC Proteins 

Table 4.23 TrkC LRR2 synthetic peptide. The measured association and 

dissociation rates for the synthetic LRR2 pept ide. 

Ko nM 

1 5  33880 ± 3343 3.3557e-4 ± 8 .9324e-5 9.9 ± 3.6 

25 471 90 ± 3582 5 .5738e-4 ± 9.401 8e-5 1 1 .8 ± 2.9 

Table 4.24 TrkC MBP-ED. The measured association and dissociation rates for 

the recombinant protein EO domain. 

K0 nM 

1 5  27266 ± 1 762 1 .0406e-4 ± 9.4438e-6 3.8 ± 0 .6 

25 57385 ± 2432 1 .4276e-4 ± 3.4905e-5 2.5 ± 0 .7 

Table 4.25 Values of the equi l ibrium dissociation constant (K0) ,  for the 

interaction of NT-3 with recombinant and synthetic TrkC proteins, over the 

tem perature range of 1 5-25 °C. 

TrkC Protein Ko nM 

LRR2 synthetic peptide 1 0.9 ± 1 .3 

MBP-ED 3.2 ± 0.9  

129 



Figure 4. 1 7  The mean and standard deviat ions of the equ i l i brium d issociation 

constants for the interactions  of NT-3 with the TrkC, recombinant prote ins and 

synthetic peptide for the tem perature range 1 5-25 °C . 

Recombinant Protein  

. LRR2 synthetic peptide 

2 . . . . . . . M BP- EO 
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4.1 0  A Comparison of Neurotrophin-Receptor Interaction Studies 

In add ition to the thesis study, to date 3 b iosensor studies of the i nteractions of Trk proteins 

with neurotrophins have been reported . Only the interactions of TrkA with NGF have been 

studied by SPR biosensors and these may be d i rectly compared w ith the study reported in th is 

thesis . I n  addition , a series of equi l ibrium binding constants have been measured for the 

i nteraction of NGF with TrkA MBP-fusion proteins and BDNF with the TrkB MBP-fusion prote ins 

used in th is study. The K0's reported for a l l  stud ies may be compared d i rectly. Each K0 is 

reported in nM. 

• Study 1 Thetis Study . 

• Study 2 Windisch et al .  ( 1 995a) . 

• Study 3 Woo et al . ( 1 998) . 

• Study 4 Robertson et al. (2001 ) . 

Stud ies 1 ,  3 and 4 were conducted using an SPR biosensor, whi le study 2 used a immobi l i zed 

Trk prote in and radio-labeled neurotrophin lt should be noted that for study 4, no details of the 

experiment are provided and neither is  an estimate of the error in the reported K0. In general, it 

appears that the biosensor measured K0's are an order of magnitude lower than those 

measured by gravity column and labeled neurotroph in .  For Studies 1 and 4, the K0 measured 

for the TrkA lg-l ike domain are comparable with in the experimental error of Study 1 .  For Study 

1 and 3, the K0 measured for the T rkA ED domain is d ifferent by an order of magnitude, 

perhaps as a consequence of experimental technique (discussed in Chap. 5). 

1 3 1 



Table 4.26 A comparison of the equ i l ibrium binding constants for the 

interaction of NGF with d ifferent extracel lular domains of TrkA and of BONF with 

TrkB extracel lu lar domains, expressed in d ifferent cell types for 4 different 

studies. 

Protein Expression system Study 1 Study 2 Study 3 Study 4 

TrkA LRR2 E. coli 22. 1  ± 2.5 1 .33 ± 0.36 

TrkA C1 LRR 1 2  E. coli 24.4 ± 5 . 1  0 .84 ± 0.30 

TrkA LRR23C2 E. coli 26.5 ± 4.6 1 . 1 5  ± 0.25 

TrkA LRR E. coli 23.4 ± 2.0 0.97 ± 0.22 

TrkA lg- l i ke E. coli 1 0 .7 ± 2.3 no binding 1 1 .8 ± ?  

TrkA lg- l ike P. pastoris 1 4 . 1 ± 1 .3 

TrkA C1 LRRC2 E. coli 1 .09 ± 0.24 

TrkA EO E. coli 1 4.4 ± 1 .3 1 .29 ± 0.20 

TrkA EO P. pastoris 1 3.5  ± 1 .8 

TrkA EO Insect cells 1 5 .8 ± 2.2 2 .92 ± 0 .75 

TrkB C1 LRR E. coli 1 7.5 ± 3.3 1 . 1 6 ± 0.23 

TrkB LRRC2 E. coli 1 9.7 ± 2.3 

TrkB C1 LR RC2 E. coli 1 9.3 ± 2.6 1 .09 ± 0.24 

TrkB lg-l ike E. coli 1 6.0 ± 2 .7 

TrkB EO E. coli 9.0 ± 2 .6 0.93 ± 0. 1 7  

TrkB EO P. pastoris 1 1 .5 ± 2 .3  
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4.1 1 Summary 

As with all SPA biosensor studies, the immobil ization of a protein to the surface of the cuvette 

(or ch ip surface in the case of B IAcore i nstruments) is the most critical component of the 

exper imental design. Failure to appreciate the effects of high levels of protein  immobi l ization 

can lead to specious kinetics results . An additionally im portant component of the experiment 

design is the m ethod in wh ich the protein is immobi l ized . Covalent attachment of an antibody to 

the protein in question is  often a route of choice. By this method, capture of the target protein 

by the immobi l ized antibody orients the protein away from the biosensor surface. Other 

methods of attachment may be used, such as the protein am ino groups. However care m ust be 

taken to ensure that any method of immobi l ization m ust not occlude the l igand-binding domain .  

I n  real ity, no m ethod can be devised to ensure this and on ly l igand binding to the target protein 

can be used to show the function ing of the l igand-target interaction . lt is for this reason that it is 

probably better to consider the biosensor as a qual itative rather than quantitative tool to show 

m olecular interactions, rather than attempting to use then to def ine absolute kinetics 

parameters. 

I n it ial ly for the study of the MBP-fusion proteins, a monoclonal antibody against MBP (New 

England B iolabs) was attached to the carboxymethyl dextran of a IAsys cuvette. The antibody 

was used to capture MBP-fusion proteins .  Despite the anticipated sim pl icity of Trk protein 

immobil ization by this method, a small but measurable interaction between NGF and the 

antibody was detectable, negat ing the suitabi l ity of MBP antibodies for immobil iz ing MBP-fusion 

proteins. A s im i lar binding of NGF to anti-His antibody negated the su itabi l ity of antibod ies for 

immobi l iz ing H is-tagged proteins produced in P. pastoris. 

For the synthetic H is-tagged TrkA, TrkB and TrkC peptides representing the second LRR 

domain of  the three receptors, immobil ization to the CMD surface was accomplished by f irst 

immobi l izing an antibody to a 4-h istidine sequence. This antibody proved to have a very slow 

d issociation rate and d id not bind neurotroph i n .  This antibody was hence qu ite su itable for the 

kinetics study of the synthetic peptides. 
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Protein amino groups have a number of features that make them suitable for immobi l izing 

proteins; in particu lar €-amino groups are both charged and hydroph i l ic. These groups are 

usually found projecting from the surface of proteins and are able to be covalently l i nked to the 

CMD surface with little possibil ity of denaturation, thus preserving the native conformation of 

the immobi l ized protein. Lysine residues occur with an average frequency of 5 .7% in proteins 

(McCaldon and Argos 1 988) and thus represent a relatively h igh proportion of the total am ino 

acids of any prote in .  Lys ine residues are generally found to be well d istributed over the surface 

of proteins and for this reason , immobi l ization via these groups is less l i kely to i ntroduce steric 

h indrance wh ich m ay occur with immobi l ization through less abundant am ino acids.  

To determ ine the su itab i l ity of this immobil ization techn ique, MBP was immobi l ized on one cell 

surface ( 1 50 arc secs immobil ized) and TrkA MBP-LRR (295 arc sees immobi l ized) was 

immobi l ized to the second cell of the double cel l cuvette. Addition of various concentrations of 

NGF ( 1  n M  to 5 IJ M) ind icated that the equi l ibr ium dissociation constant for the M BP-TrkA LRR 

protein appeared in itial ly to be h igh nM and hence was sim ilar to that measured for this 

construct by immobi l izat ion to amylose resin (Windisch et a l .  1 995a) . l t  appears that 

immobil izat ion of the MBP-fus ion proteins through am ino groups does not block the l igand 

binding site. NGF showed no binding to the imm obi l ized MBP .  

With m ost recombinant Trk proteins, there appears to  be  some small variation o f  the 

d issociation constant w ith temperature. These variations may be intrinsic to the different Trk 

protein domains. Equally possible is some complex biosensor surface effects ,  although the 

latter is probably less l i kely, given that no such effects have been reported for b iosensors. In 

general , biosensor measurement of the kinetic parameters of biomolecular interactions is 

conducted at 20-25QC (Dr .  Eric Hnath, Aff in ity Sensors, private communicat ion) and not at 

lower or  h igher temperatures as used in this study. Measurement of Trk protein-neurotroph in 

kinetics was m ade at the instrument defau lt temperature of 25QC immediately after 

immobil ization of each Trk protein  on the biosensor surface. Before kinetics m easurements at 

1 5  and 37QC, the biosensor cuvette was stored at 4QC for periods of 24-48 hours and th is may 

have contributed to some degradation of the protein surface, result ing in loss i n  p rotei n  activity 

and variabi l ity in the observed kinetics. Degradation of the protein surface, especial ly at 37QC, 

throughout the long period of data collection , may also have occurred, with obvious 

consequences for accuracy in the kinetics data. 
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The l im ited number of measurements made is adequate to determ ine the interactions of 

neurotroph in with any Trk protein domain at a specific temperature, although inadequate to 

accurately determ ine the K0 of the interaction .  Hence, variation in the K0 between the LRR TrkA 

domain proteins for example, should not be interpreted as changes in neurotrophin aff in ity, 

brought about by the presence or absence of flank ing cysteines that are N and C-term inal to 

the ful l- length LRR domain . The absolute effects of other mod if ications on neurotrophin aff in ity, 

such as the presence or absence of one or more regions of the ful l- length LRR domain ,  should 

sim ilarly not be interpreted from the measured K0's. The number of binding curves obtained, 

namely 10 for each Trk prote in ,  is adequate to show neurotrophin binding and to estimate an 

error i n  each equi l ibr ium dissociation constant. 

The m easurements m ade are sufficient to show specific neurotroph in binding to both LRR and 

lg-l ike domains, of both TrkA and TrkB. In another b iosensor study in which 3 K0's (n=3) were 

measured for the EO domain of recom binant TrkA (Woo et al. 1 998) , the error in the estimate 

for the equi l ibr ium d issociation constant was 26%. Th is  level of error would suggest that even if 

more than one K0 m easurement was made for each Trk protein,  it is un l ikely that any real 

differences in neurotrophin aff in ity that is a consequence of modifications, of for example, the 

LRR domain of TrkA or TrkB, wou ld be detected.  A fu rther example of the large errors often 

associated with biosensor measurements of equi l ibr ium dissociation constants, may be seen in  

an IAsys study o f  the b iomolecular interactions o f  the  DNA repair enzyme,  Rad51 A  ( De Zutter 

and Kn ight 1 999). The binding constants calculated f rom four repeated bind ing experiments , 

resulted in e rrors of 5-30%. 

For any given Trk-neu rotroph in  interaction ; �G = -RTinK0. where R is the gas constant and T 

the absolute temperature.  The effect of temperature on  the equi l ibr ium dissociation constant is 

described by the relationsh ip :  

lnKo = �H(T) (RT)"
1 

- .b.S(T)R-1 

Both enthalpy and entropy are functions of temperatu re and may vary widely w ith temperature 

changes for protein-prote in  interactions (H inz 1 983, Lauffenburger and Linderman 1 993), thus 

compl icat ing the analysis of the Trk-neurotroph in  interaction at different temperatures. Whi le 

receptor- l igand binding processes are general ly exotherm ic (�H < 0), many are d riven primari ly 

by positive entropy changes; �S > 0 (Kiotz 1 985, L imbird 1 986, Lauffenburger and L inderman 

1 993) . If the entrop ic term dominates, only small changes in equil ibrium binding  wil l occur with 

temperature. S ince the equi l ibrium dissociation constants for all neurotroph in-Trk interactions is 

essentially constant for al l three tem peratures at wh ich kinetics measurements are made, it 
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seems reasonable to conclude that entropy, rather than enthalpy dom inates in these 

inte ractions. 

For all TrkA proteins, the rate of association is in it ial ly h igh ,  resu lt ing in a low K01 . A second, 

considerably lower rate of association results in a K02. considerably greater than K01 .  l t  is 

possible that electrostatic attraction between the TrkA protein and NGF is in it ial ly s ign if icant. 

With binding of NGF,  a structural rearrangement of the receptor protein may occur ,  result ing in 

lowered charge attraction between receptor and neurotrophin .  The consequence of this 

rearrangement m ay be a reduced rate of association and b iphasic kinetics. As with a previous 

study (Windisch et al .  1 995a) , no interaction of NGF with the MBP- Ig  l ike domain was 

observed . However, the interaction was observed between this domain and NGF, when the 

domain was expressed in P. pastoris and insect cells. 

The association and dissociat ion rates for neurotroph ins interacting with their respective 

receptor, show a general increase with temperature .  D issociation rates at physiological ly 

relevant temperatures, show that dissociation rate of neurotrophin from Trk recombinant prote in 

is in the order of LRR domain > lg- l ike domain > ED dom ain. This suggests that neither LRR 

domain nor lg- l ike domain have the complete neurotrophin b inding capabi l ities of the i ntact ED 

domain.  lt is possible however, that th is order of d issociation rate is  a consequence of protein 

fold ing or of immobi l ization to the b iosensor surface. 

All TrkB and TrkC prote ins show an association rate for their respective neurotroph in ,  

s ign ificantly greater than t hat exhib ited by the TrkA proteins.  Th is may be a consequence of 

h igh electrostatic attraction between receptor and neurotroph in ,  without structural 

rearrangement of the receptor upon l igand binding. As with the interaction of NGF with the TrkA 

ED domain ,  the TrkB g lycosylated ED domain, resu lting f rom expression of the protein in P. 

pastoris, does not show a lower BONF association rate, when compared with the 

unglycosylated, E. coli expressed protein.  This suggests that g lycosylation4 plays no  role in 

4 There are potential ly 1 3- 1 4  glycosylation sites on the ED of each Trk receptor. These 

proteins, when expressed in non-prokaryotic cell are always g lycosylated. Only by est imating 

the molecular weight of each Trk EO from sequence data and com paring this to the m olecular 

weight of each Trk when run on an SOS-PAG E gel ,  is it possible to est imate ( i f  rather 

crudely) the level of g lycosylation. All Trk proteins expressed in P. pastoris and insect cells 
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NGF binding to TrkA or BDNF binding to TrkB as suggested by the experiments of Windish et 

a l .  ( 1 995a) .  The observed monophasic kinetics of the interaction of BDNF with TrkB may be a 

consequence of a lack of structural rearrangement of the receptor upon l igand binding and of 

an absence of steric h indrance effects (from attached sugar chains) on structural movements. 

In add it ion, structural changes i n  the neurotrophins upon binding to thei r respective receptor, 

may also contribute to the observed kinetics. If this is the s ituation , then possibly N G F  

undergoes greater structural rearrangements than BDNF o r  N T  -3 upon binding t o  TrkA, TrkB o r  

TrkC respectively. 

Despite variabi l ity in the equi l ibr ium binding constants with temperature, the data col lected for 

each p rotein studied, c learly shows neurotrophin binding. In no instance is a binding interaction 

at one temperature e l im inated by a variation of temperature. Of equal importance is the type of 

b ind ing observed for each Trk receptor protein subset. Only biphasic kinetics is observed for al l  

T rkA p roteins, regardless of expression system, or experimental temperature. Only monophasic 

k inetics is observed for all TrkB and TrkC proteins; sim ilarly invariant with temperature. Hence it 

is reasonable to conclude from the kinetics data, that proteins representing the LRR domain 

and p roteins that represent the lg- l ike domain ,  for both TrkA and TrkB receptors, b ind 

neurotrophin at  physiological ly relevant temperatures. From th is  result, i t  is possible to conclude 

that p revious in vitro stud ies that have identified only the LRR domain (Windisch et a l .  1 995a, b ,  

c) ,  o r  the lg-l ike domain (Holden et a l .  1 997, Wiesmann et a l .  1 999) , are open to i nterpretation . 

Neurotrophins, at least in vitro, bind to both domains of their  respective receptor and not 

exclusively to one. 

From the kinetics study of the three synthetic peptides of TrkA LRR2, TrkB LRR2 and LRR2 

i nteracting with NGF,  BDNF and NT -3 respectively, i t  i s  clear that the TrkA peptide binds with 

b iphasic kinetics to NGF whi le the TrkB and TrkC peptides b ind with monophasic kinetics to 

BDNF and NT-3 .  Charge d istributions on the surface residues of NGF, BDNF and NT-3 

(Appendix IV), produced with Grasp software (N ichols et a l .  1 991 ) ,  show considerab le 

d ifferences in distribution on the surfaces of the proteins. From an NMR5 study of the TrkA and 

TrkB peptides, the TrkA peptide is al l random coi l ,  whi le the T rkB peptide has significant a­

hel ical secondary structure. lt is possible that the dissim i lar kinetics d isplayed by the two 

show approximately 30-40 kD of sugar residues (Prof. U ri Sargovi, McGil l  University, P rof. 

Ken Neet, Un iversity of Ch icago, personal communication) . 

5 Spectra collected by Dr. Vlad im i r  Basus , Department of Pharmaceutical Chem istry, UCSF.  
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peptides, arises from the d ifference in charge d istribution on the surfaces of the neurotroph ins, 

as wel l  as the solution structure of the peptides. lt i s  clear from the biosensor study that the 

neurotrophin-binding domain cannot be assigned exclusively to the second LRR domain of any 

of the Trk receptors. Rather ,  i t  appears that neurotrophin b ind ing may occur over an extensive 

region of al l  neurotrophin receptors. 
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C H APTER 5 DISSCUSSION 

5.1 Introduction 

By expressing a number of domains of the extracel lu lar reg ions of the TrkA, TrkB and TrkC 

receptors in both prokaryotic and eukaryotic ce l ls ,  the binding behavior of neurotrophins with the i r  

respective receptors was amenable to systematic investigation . P revious studies of the b ind ing of  

neurotrophins to Trk receptors have been made using whole cel ls  expressing Trk receptors on 

their surfaces and as recom binant proteins. In the majority of these studies, the binding of 

radiolabeled neurotrophins was used to establ ish the equi l ibr ium binding constants of the 

neurotroph ins to their receptor. While the equi l ibr ium dissociation constant is  a reasonable 

measure o f  the l igand-binding abi l ity of the receptors and of the avid ity of the interaction , this 

constant does not provide deta i led in formation about the kinetics of interaction at the molecu lar 

leve l .  Both the rate of interaction of the l igand-binding to (as measu red by the binding rate 

constant, ken) and dissociating from (as measured by the d issociation rate constant, koff) the 

receptor a re on ly readily determined using biosensors. The interaction of the recombinant Trk 

protein domains with their respective neu rotroph in was studied in " real t ime" using a biosensor, 

thus provid ing an increased level of understanding of the interactions, not achieved in previous 

stud ies. 

A number o f  in vitro and in vivo stud ies of the interactions of neurotrophins with their respective 

receptor have been undertaken,  all of wh ich have led to different postulates of how the interaction 

occurs. To a degree, each theory of the interaction has difficulties in expla in ing al l  observed data. 

For example, the observation that a m utant TrkB receptor lacking the LRR domain , when 

expressed on cel l  surfaces ,  does not bind BDNF (N inkina et a l .  1 997) and has no biological 

function when exposed to BDNF,  is in d i rect conflict with the crystal structure of BDNF bound to 

the lg- l ike domain of TrkB (Banfield et al . 2001 ) . I n  this instance, is the in vivo study more va l id ,  

s ince a biological system is employed in investigating the neurotroph in-receptor interaction,  or is  

the isolated lg-l ike domain,  representing on ly a part of  the receptor a val id description of  the 

interaction o f  a neurotrophin with the Trk receptor? Unfortu nately personal prej udices often 

dictate preference for a model resu lting from such conflicting data . The research undertaken for 
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this thesis is presented as it was conducted and is not intended to be dogmatic in interpretat ion. 

Rather, previous studies are presented and a hypothetical model the may explain the confl ict ing 

data is offered . No single model may be adequate in describing the neurotroph in - receptor 

interaction and each may be merely a g l impse of reality. 

5.2 Recombinant P roteins, Native Proteins and C rystal Structures 

Recombinant proteins such as those produced for this study, have the potential to be m isfolded 

and consequently possess structures quite un l ike those of the proteins in their native state. 

B iophysical m easurements , such as circular d ichroism do not provide evidence of native 

conformation , only a measure of secondary structure. S ince there is no native structure for 

comparison , no m ethod wil l  unambiguously confi rm the native structure of the Trk proteins used 

in this study. Even an X-ray crystal lography structure is not a measure of native protein  

conformation . Cyclosporin is known to adopt different structures depending on  its environment at 

d ifferent locations with in a cel l  (Zeder-Lutz et al .  1 993, Altschuh et al. 1 994) . 

it is becoming increasingly clear that protein motions are essential for protein function (Zavodszky 

1 998, Faber 1 999). Some of the motions may be small structural adjustments whi le others are 

substantial (Faber 1 999) . These motions may be the consequence of interactions with other 

m olecules, but equally may resu lt from changes i n  the envi ronment. Changes in the pH and 

hydrophobic nature of the m icroenvironment, can induce considerable structural plasticity in a 

protein structure (Faber 1 999) .  The design of pharmaceutical drugs based upon crystal structures 

of target proteins is now beg inn ing to provide a basis for an understanding of how protein 

structures in crystals often provides a poor understand ing of the structure of a protein in its native 

environment (Yannawar et al. 1 995, Xu et al. 1 997, Faber 1 999). 

Hence it is un l ikely that a protein adopts a truly native conformation (for example the T rk lg-l ike 

domains) in the exotic, non -physiological conditions in which prote ins crystal l ize. Such structures 

quite probably provide only a degree of native l ike conformation. Only the binding of neurotroph ic 

factor to the Trk proteins is  avai lable to provide a measure of correct folding of the recom binant 

proteins used in this study, but this does not prove that they adopt the structure of the proteins 

expressed by neurons in the human brain .  
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Trk receptors and their sub-domains, when expressed as H is-tagged constructs i n  E. coli, resu lt 

i n  insoluble and biological ly inactive proteins (Prof. Rainer Schneider, University of I nnsbruck, 

personal com m unication, A l ien et al. 1 997, Wiesmann et a l .  1 999, 2000, Robertson et al .  2001 ) .  

I n  all instances ,  the proteins were found i n  inclusion bodies and required refold ing by  d issolution 

in urea, fol lowed by d ialysis into an appropriate buffer, in order to gain the ab i l ity to bind 

neurotroph in .  I n  contrast MBP proteins from d iverse bacteria and archaea, when used as aff in ity 

tags in p lace of polyh ist id ine, shows a remarkable abi l ity to enhance the solubi l ity of its fusion 

partner ( Fox et a l .  2003).  There appear to be no reported instances of biological i nactivation of 

the partner of MBP fusion proteins,  as a consequence of the production of a denatured product; 

i . e . ,  all M BP-fusion proteins seem to be folded suitably and able to bind thei r  appropriate l igand. 

Al l  Trk MBP-fusion proteins (with one exception) bound its appropriate neurotroph in ,  wh i le  none 

i nteracted with an inappropriate binding partner ( IGF),  even at mM concentrations. Only the lg­

l i ke domain of TrkA showed no affinity for NGF, possib i l ity a consequence of incorrect fold ing 

( resulting in a denatured prote in ) ,  or occlusion of the neurotroph in binding s ite by MBP.  lt is  

possible that the MBP tag was too close to the NGF b ind ing s ite on the TrkA lg- l ike domain ,  

result ing in a loss of  l igand-bind ing activity. In this circumstance the prote in is not exh ibit ing 

inactivity as a consequence of a non-native structure, nor is it the consequence of a denatured 

prote in .  

I n  th is thesis study, a number of MBP-fusion proteins were expressed . No attempt was m ade to 

remove the N-term inal MBP tag, for two reasons. F i rstly, the M BP provided a conven ient m ethod 

of attach ing the Trk proteins to the b iosensor surface so there was a sign ificant probabi l ity of the 

protein  being oriented away from the sensor surface, hence reducing the possibi l ity of any region 

of the protein interacting w ith the surface. If the immobi l ized Trk protein interacted with the 

immobi l ization surface i n  any way, then there would be a d istinct possibi l ity for occlusion of the 

l igand-binding regions by the CMD surface of the biosensor. 

A second reason for not removing the MBP tag was provided by the reported experiences of 

other  researchers. Removal of tags from fusion proteins, e .g . ,  MBP,  GST and Th ioredoxin can 

result in aggregation and precip itation of the fusion partner (Prof . Rainer Schneider, Un iversity of 

Innsbruck, personal com municat ion, Dr. Steven F inkbeiner and Dr. Karl Weisgrabber, Gladstone 

Institute, personal com m un ication, Stevens 2000). Affinity tags are removed by endopeptidases,  

which have m any l im itations ,  including the presence of peptide secondary cleavage s ite activit ies, 
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result ing in proteolytically damaged products (Stevens 2000). S uccessful cleavage of a protein 

f rom its tag may even requ i re partial denaturation in order to successful ly remove a tag from the 

p rotein of i nterest (Stevens 2000) .  

I nsoluble, i nactive H is-tagged Trk proteins, may result from a lack a chaperones in E. coli that are 

needed for correct fold ing and production of soluble protei n .  MBP-fusion proteins remain in 

solution, as do the Trk proteins expressed in P. pastoris. If chaperones are not critical 

com ponents in the correct fold ing of soluble Trk proteins, then it appears that large m olecular 

components, such as oligosaccharides in the case of P. pastoris, or MBP, are necessary to 

prevent aggregation of neurotroph in  receptors and the i r  constituent domains.  Quite possibly 

ol igosaccharides and MBP may prevent the interaction of various am ino acids on the surface of 

the Trk proteins, thus inh ibit ing aggregation. 

5.3 Binding Studies and Controls 

In the thesis study, a number of equi l ibrium binding constants for the LRR and lg- l ike domains of 

both TrkA and TrkB were measured at three different temperatures (Tables 4.2 through 4 .25) .  

These measurements established that neurotroph ins b ind to both the LRR domain and the lg- l ike 

domain of the Trk receptors. A total of 1 0  TrkA and 3 TrkB LRR domain constructs were 

produced in both eukaryotic and prokaryotic express ion systems (Tables 2 . 1 , 2.2, 2.3, 2 .5 ,  2 .6 ,  

2 .7 ,  2 .9, 2 . 1  0 ) .  These constructs were tested for the i r  abi l ity to  b ind  NGF and BDNF respectively. 

S ince neurotroph in binding was tested at three different temperatures, a total of 27 LRR and 9 lg­

l ike domain-binding m easurements were made with the recom binant proteins. A total of 1 0  

b inding curves were obtained for each Trk protein at the g iven temperatures . Hence, >270 

b ind ing experiments were performed with the LRR domains and >90 binding experiments were 

performed with the lg- l ike domains. With only one exception (the T rkA lg-l ike domain expressed 

in E. colt) , specif ic b inding of neurotroph in  to Trk proteins was observed in al l instances. 

Maintaining a high salt and detergent component in the reaction buffers ensured specificity of the 

i nteraction between neurotroph in and receptor construct. Before beginning bind ing stud ies, each 

neurotrophin was tested for non-specif ic interactions with the b iosensor CMD surfaces. The two 
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surfaces of the b iosensor were activated with the same chemistry used to immobi l ize the Trk 

proteins .  One surface was left in an "activated" state, i . e . ,  ready to immobil ize Trk prote in ,  wh i le  

the second surface had BSA i mmobi l ized to i t .  Neurotroph ins at 1 Ox the h ighest concentrat ion 

used i n  the binding stud ies was al lowed to react with the b iosensor surfaces ,  in  reaction buffer 

conta i n ing various concentrat ions of NaCI .  lt was found that 1 50 mM NaCI in the reaction buffer 

e l im inated all non-specific interactions with the two control surfaces. Buffers conta in ing  1 50 m M  

NaCI were used for a l l  subsequent b i nd ing stud ies. 

In add ition ,  each neurotroph in  was tested for interaction with BSA and MBP .  Insu l in  l i ke g rowth 

factor ( I G F) ,  at mM concentrat ions,  was tested for b ind ing to all Trk proteins.  In all i nstances, no  

interactions with BSA, M B P  or I G F  were observed . Even when tested in buffers conta in ing  salt 

concentrations of 0.5 M, neurotroph in interactions with Trk prote ins were qu ite apparent. 

For al l  Trk receptor d omains,  b i nd ing of neurotrophin was both evident and specific at 1 5  
°C, 25 °C and 37 °C. 

5.4 Bind ing Data and Trk Receptor Structure 

Some variation of the equ i l ibr ium d issociation constants with temperature was noticeable with a l l  

synthetic and recombinant Trk proteins (Tables 4 .2 through  4 .25 ,  F igure 4 . 1 1 through F igure 

4 . 1 7 ) .  This variation has been noted previously (Neet and Campenot 2001 ) and should not be 

interpreted s imply as a consequence of the experimental des ign or of the measu rement 

tech n ique used in th is study .  With i n  the LRR group, variation of the equ i l ibr ium d issociation 

constants was noted (Table 4 . 1 4  ). lt may or may not be possib le to interpret these variations as a 

consequence of the presence or absence of the cysteine rich regions that flank the LRR domains .  

L imited quantities of N G F ,  B D N F  and NT-3 precluded the determination of more than one 

equ i l ibr ium d issociation constant for each LRR domain  at each of three temperatures (Tables 

4 . 1 5  through 4 .25) .  

l t  wou l d  be i nappropriate to interpret variations i n  the equ i l ibr ium d issociation constants of the lg­

l ike domains to the presence or absence of the cysteine r ich reg ions that flan k  these domains 

(Tables 4 . 1 4  and 4.22) .  The presence or absence of sugar moieties that are found on the 1 3  
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putative glycosylation sites of the Trk receptors should not be invoked to interpret the variations in 

neurotroph in b inding affinity, for the various proteins used in th is study. Establ ishment of the 

variation of equ i l ibr ium d issociations constants with receptor mod ification by g lycosylation was 

beyond the extent of this study and in fact, such a study has never been undertaken for the Trk 

receptors. 

5.4 Previous In Vivo and In Vitro Studies of Trk Receptors and Neurotrophins 

Although the kinetics of neurotroph in b ind ing and d issociation from Trk receptors expressed on 

whole cells and with the isolated recombinant Trk proteins are undoubtedly not d i rectly 

comparable, it is reasonable to view the set of recom binant proteins as a d istinct entity and to 

make a comparison between these proteins.  A s ign if icant number of conclus ions relating to the 

neurotrophin b ind ing reg ions of the Trk receptors have been derived from recombinant proteins;  

namely MBP-fusion p roteins of TrkA and TrkB (Wind isch et al .  1 995a, b, c) and the E. coli 

expressed lg- l ike domains of TrkA eo-crystal l ized with NGF (Wiesmann et al. 1 999, 2000) and of 

BDNF eo-crystal l ized with TrkB (Banfield et al .  2001 ). A consequence of these studies in 

particular, has been to magnify the confusion over wh ich of two potential l igand-b ind ing domains 

of the neurotrophin receptors, actually binds the neurotroph in .  

Equ i l ibr ium kinetic analysis w ith the TrkA and TrkB domains suggested that on ly the LRR region 

of the receptors was responsible for neurotroph in binding (W indisch et al. 1 995a) and that the lg­

l ike domains do not bind neurotrophin .  Only the LRR domain of the receptor showed aff in ity for 

neurotroph in ,  with an equ i l ibrium dissociation constant s im i lar to that measured for Trk receptors 

expressed on the surface of intact cells (Table 1 . 1 ). This thesis biosensor study, confirmed that 

the l g- l ike domain of TrkA expressed as an MBP-fusion protein ,  showed no aff in ity for NGF.  

However, the same domain expressed as a H is-tagged protein in E. coli and P. pastoris, showed 

sign ificant aff in ity for NGF (Table 4. 1 4) .  

These resu lts suggest that the MBP-fusion construct of the lg- l ike domain of  TrkA was incorrectly 

folded during express ion ( Baneyx 1 999, Wirtz and Steipe 1 999, Wiesmann et al. 1 999, 2000, 

Kurucz et a l .  2000, Qiao et al. 2001 ). Evidence for the misfolding of Trk lg-l ike domains is found 

in the crystal structure of TrkA, in complex with NGF (Wiesmann et al . 1 999). In this structure, the 
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lg- l ike domains have exchanged strands, resu lt ing in protein that cannot bind N G F  (Dr .  Bart de 

Vos, Genentech, private communication, Wiesmann et a l .  1 999, 2000) .  

Conversely, the same domain for TrkB expressed as an MBP-fusion protein i n  a d ifferent E. coli 

species than that used for the original study (Windisch et al .  1 995a) , showed fu l l  activity i n  

binding BDNF (Table 4.22) . Binding kinetics using the  biosensor, fully support the  earlier 

conclusion that the LRR domain of the Trk receptors binds neurotrophins (Windisch et al. 1 995a), 

and this domain has sim ilar binding and dissociation kinetics to those observed for both the 

complete extracel lu lar domain and the lg-l ike domain.  These results suggest that neurotrophins 

are able to bind to both the leucine-rich and lg- l ike domains of TrkB with sim i lar k inetics (Tables 

4. 1 5  through 4.22). 

An X-ray crystal lography study (Wiesmann et a l .  1 999, 2000) of the l g-l ike domain eo-crystal l ized 

with NGF has yielded a structure showing NGF bound to the C-term inal lg-l ike domain ( referred 

to as d5) .  During crystall ization , the N -term inal lg- l ike domain (referred to as d4) was lost f rom the 

expressed construct as a result of proteolysis .  In addition to the loss of d4, domain swapping 

occurred, result ing in the i nterchange of the two d5 domains of the homodimeric receptor. One 

consequence of the domain interchange is a loss of neurotroph in binding; no b inding of NGF to 

the TrkA protein used in the crystal l ization study was observed in kinetics studies (Dr Bart de 

Vos, Genentech , private communication, Wiesmann et al. 1 999, 2000) .  In  the f inal X-ray structure 

of NGF/d5, the two d5 regions are altered by molecular modeling software to produce a structure 

in which these regions are not interchanged. 

eo-crystals of interacting biomolecules may be obtained if the interaction between the m olecules 

is at least IJM (Prof. E .  N .  Baker, Auckland University, private com munication) .  Hence, if the 

affin ity of the lg- l ike domain for NGF is IJM, then it is possible that the X-ray structure of the eo­

crystal of NGF and the lg- l i ke domain, is a reasonable model for the interaction of NGF with one 

l igand-binding region of TrkA. 

Stud ies in wh ich the domains of TrkA, TrkB and TrkC are interchanged to produce chimeric 

proteins ,  suggest that only the lg- l ike domain of the receptors is exclusively responsible for 

neurotroph in  b inding (Urfer et al .  1 995, U rfer et al .  1 998, Wiesmann et al . 2000) .  These studies 

fai l  to appreciate the unknown effects of appending, for example, a TrkA domain to TrkB. lt is 
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qu ite conceivable that such i nterchanged domains result i n  propagation of secondary and tertiary 

structural changes in the resulting homodimeric receptor. Such changes of the structure could 

qu ite conceivably alter a binding s ite for the neurotroph i n  in the leucine-rich domain ,  resulting in 

el im ination of binding to th is  region , while binding is  only observed to structurally unaffected lg­

l ike domains. An add itional unknown is introduced into this study by the expression of each 

protein as imm unohesins in wh ich the extracel lular domains of the Trk proteins are fused to the Fe 

portion of a human antibody. This construct results in the production of artif icial d imers ,  wh ich 

m ay further influence the binding of neurotrophin.  

TrkB constructs with de letions in the extracel lu lar domai n ,  have been expressed in m ammalian 

cells (COS-1 )  and stud ied tor their abil ity to bind BDNF ( Koj ima et al. 1 999) . The six constructs 

consisted of ( 1 ) the entire lg- l ike domain, (2) the C-terminal lg- l i ke domain and (3) regions of the 

N-term inal lg-l i ke domain.  Only one mutant protein consisted of 1 7  residues of the L R R  domain 

and all subsequent C-term inal residues. Those mutant proteins that included the complete lg- l ike 

domain showed BDNF binding,  comparable with wi ld-type TrkB, whi le those consist ing of only the 

C-term inal lg-l ike domain showed l ittle affin ity for the l igand .  

The  construct cons isting of 17  residues of the LRR domain and a l l  subsequent C-term inal 

residues shows approxim ately 60% of the aff in ity for BDNF, when com pared to the wi ld-type 

prote in .  This result is inconsistent with studies, which claim that only the residues between the N 

and C-term inal l g- l ike domain affect the aff in ity of the proteins tor BDNF. lt is inconsistent that the 

construct consist ing of 1 7  res idues of the LRR domain and al l  subsequent C-term inal residues 

showed a reduced binding aff in ity tor BDNF. This result suggests that there is an u n identified 

problem with the experimental design. 

I n  a study of the binding of BDNF to naturally occurr ing isoforms of TrkB (each lacking the 

intracel lular tyrosine kinase domain) expressed on the surface of NIH 3T3 cel ls, the LRR domain 

of TrkB was shown to be essential for BDNF binding to the receptor (Ninkina et a l .  1 997) .  Those 

isoforms of TrkB having the enti re lg-l ike domain , but lacking the LRR domain showed no abi l ity 

to bind BDNF.  In addit ion, cells expressing these isoforms neither survive, nor undergo 

morphological transformation in response to neurotroph ins. This study appears to be 

straightforward in the experimental design and clearly shows that BDNF binding is  observed with 

the TrkB isotorm that possess both the LRR and lg- l ike domain .  Unfortunately this study did not 

determine the equi l ibr ium binding constants and hence it is not possible to assess any i nf luence 
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that accessory proteins that bind to the intracel lu lar domain, may have on the binding aff in ity of 

the receptor domains. 

The essential ly non-physiological environment in which the study is invariably conducted 

com plicates an understanding of the binding of ligands to isolated recombinant receptor prote ins .  

In  addit ion, the expression vector system and cell type in which the protein is produced can affect 

the experimental results. These problems are i l lustrated by the study of the binding of 

neurotrophins to TrkA and TrkB recombinant proteins ,  expressed as MBP-fusion proteins 

(Wind isch et al .  1 996a) . In this study, it is possible for incorrect folding of the lg- l ike domain 

during protein expression (Wiesmann et al. 1 999, 2000, Baneyx 1 999, Wirtz and Steipe 1 999, 

Neet and Campenot 2001 ) .  This domain may fold incorrectly as a consequence of the four 

cyste ine res idues found within this region (Baneyx 1 999, Wi rtz  and Steipe 1 999) and hence the 

possib i l ity of disulf ide bridge isomerization (W iesmann et a l .  1 999, 2000, Neet and Cam penot 

2001 ) . If the domain folded incorrectly, then it is possible that neurotrophin b inding is inh ib ited or 

prevented, with the consequence that the lg-l ike domain is interpreted as having no neurotroph in  

b ind ing capabi l ity. 

Conversely, the LRR domain contains no cysteines and although cyste ine rich regions that m ay 

form disulfide bridges flank th is domain, the LRR expressed as a recombinant protein h as a 

reasonable probabi l ity of being correctly folded upon expression. lt is clear from the b ind ing 

activity of the TrkA lg-l ike domain, expressed as a recombinant protein in  eukaryotic cel ls  ( P. 

pastoris) , that the cell i n  which the Trk protein is expressed, has a marked influence on its correct 

foldin g .  A consequence of not i nvestigating the folding of the M BP-Ig- l i ke proteins may have led 

to the m is interpretation of the LRR as the only active neurotrophin-binding domain in the Trk 

receptors. 

5.5 Protein Immobil ization and Kinetics Data 

One possible complication introduced into the interpretation of b iosensor kinetics data, resu lts 

from the unknown nature of the arrangement of immobi l ized protein on the biosensor surface, 

that could result in a heterogeneous system and receptor binding s ites with different bind ing 

aff in it ies for  neurotroph in .  l t  is assumed that the proteins are coup led to the biosensor surface in 

such a m anner that the l igand-bind ing domains are not occluded. Heterogeneity of the 
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immobi l ized Trk protein may arise during the immobil ization step if more than one coupl ing s ite is  

present on the Trk protein .  Complex (biphasic) kinetics for  the neurotroph in-Trk interaction could 

resu lt from a heterogeneous surface. This problem may be e l im inated by using an oriented Trk 

surface; in particular the MBP of each fusion protein provides this orientation .  Since a l l  TrkA 

proteins showed biphasic kinetics and all TrkB and TrkC proteins  showed monophasic kinetics at 

sim i lar levels of protein immobi l ization ,  it seems reasonable to conclude that heterogeneous Trk 

imm obi l ization, does not account for the observed kinetics. 

Only if a protein can be shown to bind its l igand, is it assumed that the immobil ization has not 

affected l igand-binding epitopes. Argument by analogy is the only manner in wh ich this s ituation 

m ay be addressed. Because the TrkB and TrkC proteins al l showed monophasic binding kinet ics, 

s im i lar to those previously reported for in vivo and in vitro binding  studies (Sutter et al. 1 979,  

Cohen et al .  1 980, Schechter and Bothwell 1 981 , Bernd and Greene 1 984, Layer and Shooter 

1 983, Hosang and Shooter 1 985, Woodruff and Neet 1 986, Godfrey and Shooter 1 986, Kaplan et 

al .  1 991 , Klein et al. 1 991 , Sop pet et al . 1 991 , Rodriguez-Tebar et a l .  1 992), it is p robable that the 

immobil izat ion of the recombinant proteins to the biosensor surface in th is  study d id not 

com prom ise the l igand-binding domains . 

By analogy, the TrkA proteins quite probably immobil ized in such a m anner that NGF binding was 

unaffected. Additional confidence in the immobil ization protocol for the TrkA proteins to the 

b iosensor surface, is provided by the observation of s im ilar biphasic kinetics to that obtained in 

previous in vivo and in vitro binding stud ies (Meakin and Shooter 1 991 , Meakin et a l .  1 992, 

Rodriguez-Tebar et al .  1 992, Wind isch et a l .  1 995a). 

5.7 Biosensor Kinetics 

None of the studies of isolated recom binant proteins or of the Trk receptors on the surfaces of 

eukaryotic  cells appear to completely e l im inate or support the claims of specific b ind ing of 

neurotroph in to the LRR domain or the lg- l ike dom ain exclusively. A systematic study of isolated, 

non chimeric recombinant TrkA, TrkB and TrkC proteins that are expressed in both prokaryotic 

and eukaryotic cel ls seems to have provided a reasonable approach for evaluat ing the relative 

aff in ities of the LRR and l g-l ike domains for the neurotrophins (Tables 4 .2 through 4.25) .  A l l  

studies of  these proteins were conducted with the same methodology, that is ,  a series of  kinetics 
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experiments were made in a m icroenvironment of identical pH,  temperature and ion ic strength . 

Real t ime kinetics data, col lected over a short t ime span, reduces the possib i l ity of protein  

degradation, whi le provid ing greater detai l of the association and dissociation events than are 

possible from all previous studies of the Trk receptors. 

The B iosensor system may also offer an additional advantage when compared with other assay 

systems for receptor- l igand studies. Although the receptors (or domains) are covalently l inked to 

the surface, the ligand (neurotroph in )  is unmodified and this el im inates a possible structural 

change that m ight be i ntroduced by radiolabel ing. 

Biosensors do have the demonstrated abil ity to study corn plex interactions between 

biomolecules. Conformational changes that may accompany a prote in-protein interaction have 

been observed by biosensor and have led to new theories for the mechan ism of a g iven 

interaction (De Crescenzo et al. 2000). Biphasic kinetics observed for the interaction of 

Transform ing Growth Factor a with the extracel lu lar domain of the EGF receptor, have been 

interpreted as a receptor activation mechan ism in wh ich l igand binding results in a 

conformational-driven exposure of a d imerization s ite on the receptor (De Crescenzo et al . 2000) .  

From this thesis b iosensor study, it appears reasonable to conclude that both the LRR and lg-l i ke 

domains of TrkA, bind NG F with sim ilar aff in ity (Table 4. 1 4, Figure 4 . 1 1 ) . S imi larly, the LRR and 

lg- l ike domains of TrkB bind BDNF (Table 4.22, Figure 4. 1 4). This study also i ndicated that the 

b ind ing of the TrkA proteins with NGF is quite d ifferent to the b inding of BDNF to the TrkB 

recom binant proteins and of NT-3 to the TrkC proteins. All the recombinant and synthet ic TrkA 

constructs , bound NGF with biphasic binding kinetics. Monophasic kinetics was observed in the 

bind ing of BDNF to all TrkB proteins and in the binding of NT-3 to two TrkC proteins, both 

expressed and synthetic. 

The observed association of NGF for al l the T rkA proteins, is best described by fitt ing the b ind ing 

data, an equation of the form : 

R1 = A(1 -exp\n(1 )
1
) + B( 1 -exp\n<2l\ where R1 is the instrument response at time t and A is the 

extent of the fi rst phase, having an apparent "on-rate" defined as kon(1 ). B is the extent of the 

second phase h aving an apparent "on-rate" of kon(2). This biphasic association of NGF  for TrkA 

proteins is  in contrast to the observed association of BDNF for al l TrkB proteins and of NT-3, for 

1 49 



the l im ited num ber  of TrkC proteins util ized i n  this study. The observed association of BDNF and 

NT -3 for thei r  respective receptors and the d ifferent domains of their receptors, can only be 

described by f itt ing,  the binding data, to an equation of the form : 

R1 = Req(1 -exp-k0n
1
) ,  where R1 is defined above, Req is the equi l ibr ium response and kon is the 

apparent "on-rate" for a given l igand concentration. Hence, whi le b iphasic association was 

observed for N G F  binding to TrkA proteins ,  only monophasic association was observed for the 

association of BDNF and NT -3 for their respective receptors and receptor domains. 

5.8 Biphasic Kinetics of the NGF-TrkA I nteraction 

The biphasic nature of the association of NGF  with the TrkA proteins could be a consequence of 

either poor experimental design , or of actual physical processes in the binding of NGF to TrkA 

proteins.  it is well establ ished in biosensor analysis ,  that immobi l ization of h igh levels of protein 

can resu lt in b iphasic b ind ing phenomena. For the IAsys instrument used in th is study, b iphasic 

binding may occur if proteins are immobi l ized at levels of - 1 0,000 arc secs (Aff in ity Sensors) .  

Throughout th is  study however, protein immobi l ization levels never exceeded 3,200 arc secs and 

were usually - 1 000 arc secs, well below the level at wh ich spurious associat ion effects m ight be 

expected to occur. I n  add ition, the levels of im mobil ization of all TrkB and TrkC proteins were 

w ith in 200 arc secs of the immobi l ization levels of all TrkA proteins. 

On no occasion was biphasic association of l igand for TrkB or TrkC proteins ,  observed.  This 

leads credence to the b iphasic binding of NGF for TrkA proteins,  being a "real phenomenon", 

rather than an exper imental artifact. Further support for real binding phenomena l ies in the 

observation of m onophasic dissociation . For cel ls over express ing a g iven receptor and for 

overloaded biosensor su rfaces, biphasic d issociat ion may result from the rebinding of dissociating  

l igand ( Lai  and  Guyda 1 984, Lauffenburger and  Linderman 1 993, Edwards e t  a l .  1 998, Luo e t  a l .  

2001 ) . N o  biphasic d issociation was observed i n  any  experiment, thus provid ing additional 

evidence for appropriate levels of immobi l ized Trk proteins. 

If no i ndependent in vivo or in vitro data existed for b iphasic binding of NGF to TrkA, then other 

condit ions , im posed by the biosensor itself, would need to be invoked to explain the bimodal 

kinetics observed. Artificial biphasic kinetics observed in some biosensor protein-protein 

interactions ,  have been explained on the basis of steric h indrance and conformational changes of 
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immobi l ized protein (Edwards et al .  1 995) . Biphasic kinetics could also be due to two dist inct 

populat ions of immobi l ized TrkA result ing from the coupl ing chem istry. However it seems 

reasonable to accept the biphasic b iosensor NGF-TrkA interactions,  since they have been 

previously observed for Trk-neurotroph i n  i nteractions (Meakin et al. 1 992, Windisch et al .  1 995a). 

5.9 Previously Observed Biphasic Kinetics of the NGF-TrkA I nteraction 

In a previous study of the binding of NGF  to TrkA MBP-tusion prote ins (Windisch et al. 1 995a) , 

complex biphasic association was noted, together with biphasic dissociation events. Wh i le 

biphasic association of NGF  for all TrkA recombinant proteins was observed for the exhaustive 

biosensor study, no biphasic d issociation events were observed.  The biphasic nature of the 

dissociation observed by Wind isch et a l .  ( 1 995a), may be explained by rebinding events occurr ing 

in the poorly st irred (gravity column) system in which the b ind ing of rad iolabeled NGF to 

immobi l ized TrkA proteins,  was conducted. Such rebinding events may have been el im inated in 

the biosensor experiments, by a rapidly st irred environment in which the interaction of l igand and 

receptor proteins took place. Complex association events tor NGF and TrkA proteins have also 

been reported previously (Meakin et a l .  1 992). The binding of NG F to TrkA expressed in COS 

cel ls showed b iphasic association, with two clearly d istinct association rates. 

5.1 0 Neurotrophins and Receptor Structure Influence Kinetics 

The apparent d ifferences between the binding of NGF to TrkA and of BDNF and NT-3 to their 

respective receptors, may be due to d ifferences in the neurotrophin  residues involved in b ind ing 

to Trk receptors , as wel l  as the overal l differences in structures. Whi le m any  different residues of 

NGF, BDNF and NT-3 have been identif ied as having an inf luence on the binding of these 

neurotroph ins to their respective receptor ( l banez 1 996, 1 998) , un l ike BDNF and NT -3, the N­

term inal res idues 1 - 1 1  of NGF are im portant for the binding of NG F to TrkA (Mobley, unpubl ished 

observations ,  U rfer et al. 1 994, l banez 1 996, Kul lander et al. 1 997, l banez 1 998) .  In the structure 

of the d5 domains of TrkA, TrkB and TrkC (Uitsch et al. 1 999), a s ignificant d ifference is 

noticeable when compared to the eo-crystal structure of NGF-d5 domain of TrkA (Wiesmann et 

al. 1 999, 2000). 
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I n  the eo-crystal ,  the N-term inal domain of NGF l ies in a hydrophobic pocket in the N-term inal 

region of d5 (Wiesmann et a l .  1 999, 2000). The same pocket in the d5 domain of TrkB is 

hydroph i l ic and cannot accommodate the N-term inal residues of BDNF. The d5 domain of TrkC 

has no binding pocket in which the N-term inal domains of NT-3 may bind. Thus it appears that 

the N-term inal residues of NGF bind to the TrkA receptor, almost as a dist inct (when com pared to 

BDNF and NT-3) region of the neurotrophin and well separated in distance from other amino 

acids of  the neurotrophins, identified as receptor b inding (or influencing) residues ( lbanez 1 996, 

1 998, Wiesmann et al .  1 999, 2000, Banfield et al. 2001 ). 

A recent survey of the structures of protein-protein i nteractions in eo-crystals (Chakrabarti and 

Janin ,  2002), shows that contacts in wh ich > 2000 N of surface area is buried , indicates the 

potential for structural changes upon the association of the binding partners. I n  the crystal 

structure of N G F-TrkA d5, 2220 A2 of surface area is buried. This, together  with the high 

temperature factors of the structures of the NGF (Me Don aid et al . 1 991 ) and NT -3 (Butte et a l .  

1 997) homodimers, suggest that structural rearrangements may occur upon the binding of 

neurotroph in to Trk receptor. At the very least, a sign ificant level of change m ust occur in the N­

term inal reg ion of NGF,  which is too f lexible to be seen in the NGF homodimer structure 

(McDonald et al. 1 991 ), but is observed associated with the d5 domain of TrkA, in a eo-crystal . 

Biphasic binding of NGF to TrkA may result from an in itial interaction of the N-term inal regions of 

NGF with TrkA binding domains , followed by the interaction of other regions of the neurotroph in  

w i th  the receptor. Such an interaction wou ld not occur for  BDNF and NT-3 interactions with their 

receptors. An interaction of NGF to TrkA should be seen as a b imodal event w ith a b iosensor, i f  

such a binding of N-term inal ,  followed by association with additional NGF domains, takes place . 

Structural changes may also contribute to the biphasic nature of the interaction , namely, 

cooperative allostery. 

Structural changes that may be too small to see in a crystal structure,  can contribute s ign ificantly 

to the loss or increase of binding aff in ity between protein binding partners .  Electrostatic 

interactions and hydrogen bonds contribute approx imately 5 and 1 kcal of b ind ing energy 

respectively. At 25°C,  a free energy change of only 1 .4 kcal/mol corresponds to a ten-fold 

increase in b inding affinity. A free energy change of 7-1 2 .6  kcal/mol, corresponds to a change in 

aff in ity from 1 05 to 1 09 M (Orengo et al. 1 999, Regenmortel 2001 ) . Hence it is reasonable to 

assume that even the loss of one hydrogen bond in the immobil ization of the Trk proteins may 
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dramatically influence binding of neurotrophin .  However, despite the less than predicable nature 

of the immobi l izat ion of Trk protein to biosensor surface, the inescapable hypothesis f rom the in 

vitro k inetics data is  that binding does occur to m ore than the d5 domain of each receptor. 

5.1 1 Mass Transport and Biosensor Kinetics 

In  a study by Woo et al. ( 1 998), a BIAcore instrument (B IAcore) was used to measure the 

interaction of NGF with TrkA. No biphasic NG F-TrkA interactions were observed in this study. 

Problems of mass transport, inherent with the B IAcore, were appreciated and assessed, however 

the m eans of est imat ing the effects of mass transport were sign ificantly d ifferent than those 

presently employed (Myszka 1 999, Lipshultz et al .  2000, Laich and Si m 2001 ). B IAcore l igate f low 

rates are now typically 1 00 � 1/m in compared with 5 � 1/m in previously used . Consequently the 

effects of mass transport may have been underestimated .  Mass transport effects with the 

BIAcore, have only recently been appreciated as contributing to erroneous assumptions of 

molecular interactions and estimates of binding constants (Cook et al .  1 997, Schuck 1 997, 

Myszka 1 999, Lipsh ultz et al. 2000). lt is qu ite conceivable that the equi l ibr ium d issociation 

constant m easured by Woo et al . ( 1 998), reflects contributions from mass transport effects. 

Techniques been developed to est imate mass transport effects with the B IAcore . These methods 

are quite d ifferent from those used to est imate mass transport effects in the study by Woo et a l .  

( 1 998) .  Un l ike the microflu idic l iqu id flow cells of the B IAcore, the IAsys biosensor is a stirred cel l  

and as such, mass transport effects are cons idered to pose less of a potential p roblem in the 

estimate of macromolecule binding constants (G iaser 1 993, Schuck 1 996, Sch uck and Minton 

1 996, 1 997a, b, Cook et a l .  1 997, Schuck 1 997, Myszka 1 999, Lipshultz et al. 2000). lt has been 

calculated that the stirred cell environment of the I Asys biosensor, corresponds to a flow rate of 8-

10 m l/m in in a B IAcore biosensor (Dr. Eric Hnath ,  Affin i ty Sensors, personal comm u nication) .  
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5.1 2 Biphasic and Monophasic Kinetics Observed by Biosensor 

Whi le the BIAcore study showed monophasic binding kinetics , the IAsys study shows that the 

interaction of NGF w ith the recom binant extracel lu lar TrkA domain is b iphas ic. Biphasic b ind ing 

kinetics was also observed in a study of the binding of  NGF to TrkA (Windisch et  al .  1 995a) . 

Sim i larly, biphasic interactions have been observed in in vivo binding of NGF to TrkA, expressed 

on the surface of COS cells (Meakin et al .  1 992) . 

These results point to the in vitro kinetics of the interaction between NGF and TrkA proteins ,  

observed in this biosensor study,  being simi lar to those observed in vivo. If the interaction of  N G F  

with TrkA data i s  rel iable, then the interaction between B D N F  and the TrkB proteins observed in 

this study may also be correct. These results suggest that there is a fundamental d ifference 

between the interaction kinetics of NG F-TrkA and of BDNF-TrkB. 

5.13 Biosensor Kinetics and Accuracy of Data: 

Qual itative Protein-Protein I nteraction Analysis with Biosensors 

Equi l ibrium d issociation constants determ ined for the interactions of NGF with the recombinant 

TrkA proteins expressed for this study (Table 4.2 through Table 4. 1 4) ,  are insuff ic iently accurate 

to make clear d istinctions between the effects of deletions of d ifferent residues on the binding to 

the LRR domains of the receptor (Tables 4.2 through 4.8). S im i larly, no d istinction may be m ade 

for  the binding of BDNF to  the TrkB recombinant LRR domain proteins (Table 4 . 1 5 through Table 

4.22) .  Rather this study has established that neurotrophins i nteract with both LRR and lg- l ike 

domains of the Trk receptors (Table 4.2 through Table 4.25, F igure 4 . 1 1 ,  F igure 4. 1 4, F igure 

4 . 1 7). 

The use of biosensors to demonstrate the i nteractions between m olecules, without an extensive 

determ ination of the binding constants involved by repeated m easurement ( i .e. n > 1 ) ,  is wel l  

establ ished . An example of  such a methodology is found in the demonstration of  the specific 

interaction between the eukaryotic in itiation factors, e i F4A and e i F4B in  yeast (Dominguez et a l .  

1 999). 
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In a previous study of the interactions of domains of TrkA and TrkB with NGF and BDNF 

(Windisch et al. 1 995a) , no great d ifferences could be establ ished in the binding of neurotrophins 

to d ifferent LRR domains .  Hence, any attempt to obtain equ i l ibr ium dissociation constants for the 

interactions, from mu ltiple measurement of  any g iven neurotroph in-Trk protein interaction, would 

ult imately prove unsuccessful .  Because of the large errors associated with biosensor 

measurements of binding constants, m ultiple measurements of each K0, would not serve to 

establ ish fundamental d ifferences i n  neurotrophin affinity by any given receptor domain. Rather, a 

s ingle set of stringently control led measurements of the interaction between immobi l ized Trk 

proteins and their respective neurotrophin , was uti l ized to determ ine if interactions actually occur  

and to  establ ish equ i l ibr ium dissociation constant for  each interaction (Table 4.2 through Table 

4.25) .  

5 . 1 4  The Second TrkA L R R  Domain and Ligand-binding 

lt is interest ing that the synthetic peptide representing the second LRR domain of TrkA (LRR2) 

exhib ited b iphasic k inetics on bind in g  NGF.  An NMR study of th is peptide showed it to be al l  

random coi l (Prof. Vlad imi r  Basus, UCSF, personal comm unication) and from the b ind ing 

constants it is possible to hypothesize that the b inding of NGF m ight follow an induced f i t  m odel ,  

wi th in it ial ly weak b ind ing of the neurotroph in ,  fol lowed by an i ncreased aff in ity for NGF 

subsequent to ,  or concurrent with, a structural change in the peptide or  NGF. From the biosensor 

study it appears that the aff in ity of this peptide for NGF is approximately 33% of that exh ibited by 

the com plete LRR domain and 20% of that of the ful l- length extracel lu lar domain of the TrkA 

receptor. The LRR domain expressed in E coli has an aff in ity for NGF  that is lower than that for 

the intact extracel lu lar domain .  Hence, un l ike the conclusion of the previous study (Wind isch et a l .  

1 995), it cannot be reasoned that the LRR2 is the unique binding domain of  TrkA for NGF.  

5.1 5 TrkB and TrkC Biosensor Kinetics 

All TrkB proteins have a single equi l ibr ium dissociation constant with values from - 9 nM to - 20 

nM (Table 4.22, Figure 4 . 1 4) .  The fact that these constructs have equi l ibr ium d issociation 

constants s im i lar to those obtained for the extracel lu lar domain of TrkB expressed on the 
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surfaces of whole cells engenders cons iderable confidence in the validity of the biosensor k inetics 

m easu rements for all three receptor proteins studied . 

lt m ight be expected that d issim ilar techniques used to measure equ i l ibr ium dissociation 

constants for the Trk receptors m ight lead to som e differences in the i r  values. However,  it would 

seem unreasonable to see d ifferences of one to two orders of magn itude, un less some real 

d ifferences in the binding kinetics is being measured, or the experimental techn ique is inval id. 

Addit ional ly, s im i lar biosensor kinetics results for the recombinant TrkB and TrkC extracel lu lar 

domains to those obtained in in vivo bind ing studies, suggest that the means of immobi l izing the 

recom binant prote ins to the biosensor surface, had little or no affect on the l igand-binding activity 

of the recom binant proteins (Tables 4. 1 5  through 4.25, F igure 4 . 1 4, Figure 4 . 1 7) .  Un l ike the 

synthetic LRR2 of TrkA, the same LRR2 peptides of TrkB and TrkC both show higher affinity for 

their respective neurotrophin;  s im ilar to that exhibited for the entire extracellular domain of the two 

receptors (Table 4. 1 5  and Table 4.23, Figure 4. 1 4, Figure 4 . 1 7). An N M R  spectrum of the TrkB 

peptide showed a s ign ificant level of secondary structure in the form of short a-hel ix connected by 

random coil . These two peptides show only monophasic l igand-binding and it may be specu lated 

that the h igh affinity bind ing of BDNF to the TrkB LRR2 is a consequence of the observed 

secondary structure of this peptide . lt seems reasonable to conjecture than the TrkC LRR2 m ust 

have s im i lar secondary structure to that of the TrkB peptide and does not resemble the random 

coi l  nature of the TrkA peptide. K inetics data for the three synthetic LRR2 peptides suggests that 

th is region of the th ree receptors is a binding "hot spot" for neurotrophin on the Trk surfaces. 

A summary of the equi l ibr ium binding constants obtained by d ifferent methodologies is presented 

in Table 4.26 . One possible explanation for the differences between the measured binding 

constants , as determ ined by d ifferent in vivo and in vivo measurement, may be found in the effect 

that the ion ic strength of the buffer used in an experiment may have on the measured K0. The 

equi l ibr ium d issociation constants observed for the interactions of NGF  and BDNF with TrkA and 

TrkB respectively, using the IAsys Biosensor and also reported for the B IAcore study of the TrkA 

lg- l ike dom ain (Robertson et al. 2001 ), are approximately an order of m agnitude h igher than 

observed by other  means. Measurements of the association rates of the neurotroph ins with their 

respective receptor appear to be markedly affected by the ion ic strength of the buffers used in the 

experiments. The interaction rate of NGF and BDNF for their respective receptor was very 

dependent on  the ionic strength of the buffer, im plying the importance of electrostatic interactions 

in the neurotrophin-receptor i nteraction . A B IAcore biosensor study of the Thrombin-
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Throm bomodulin interaction (Baerga-Ortiz et al .  2000) and for complement C4bC2 formation 

(Laich and Sim 2001 ) demonstrate the dramatic effect that solution ion ic strength may have on 

protein-protein interactions in which electrostatics play a role .  As small an i ncrease as 50-1 00 m M  

in the buffer ionic strength,  can readi ly change the equi l ibrium dissociation constant of a protein­

protein  i nteraction by an order of magn itude, or m ore. Hence, relatively smal l  changes of the ionic 

strength of the buffers used in the various in vivo and in vitro experimental measurements of the 

neurotrophin-receptor interaction , may account for d ifferences in measured values for the 

dissociation constants. 

5.1 6 An Hypothesis of Receptor and Ligand Interaction 

Hypotheses of the i nteractions of the neurotrophins with the Trk receptors m ay be form ulated 

from the results of the kinetics experiments of this study. In particular, the i nteraction of the 

neurotrophins with both the LRR and lg-l ike domains of the TrkA and TrkB receptor, suggests 

that the neurotrophin may bind to both domains of the intact receptor. This supposition leads to 

the possib i l ity of neurotrophin binding to both domains s imu ltaneously or b ind ing to either s ingle 

domain .  The attendant consequence of either s ituation is a m ixed receptor popu lation at the cel l  

surface; that is, at  any given t ime,  some fraction of the receptors wi l l  have neurotrophin bound to 

the LRR whi le some wi l l  have neurotroph in bound to the lg-l ike domain. 

What the biological consequences of this s ituat ion m ight be is open to specu lation. For example, 

b ind ing of neurotroph in  m ight in it ial ly occur to the lg- l ike domain followed by movement to the 

LRR domain;  subsequent actions in it iated by th is event, such as conformat ional change of the 

receptor, m ay lead to receptor- l igand internalization or intracel lu lar events such as 

phosphorylation and intracel lu lar signal ing. 

An experiment designed to test the binding of NGF to the LRR whi le inactivating the binding 

activity of the lg- l ike region of the intact extracel lu lar segment of TrkA, proved inconclusive when 

NGF was found to bind to the antibody used to block NGF binding to this domain . Hence no 

kinetics experiment incontrovertibly supports the sequential b inding of neurotroph in  to the two­

candidate l igand-binding domains of the Trk receptors. 
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5.1 7 Multivalency and Structure Changes of Receptor a nd Ligand 

Whi le the kinetics of l igand-binding to the Trk receptors suggests a mechan ism for the interaction 

from the point of view of the receptor, the interactions should also be considered by interpreting 

potential behaviors of the neurotrophins. A second hypothesis of Trk-neurotrophin inte raction may 

be m ade based on the b inding of neurotrophin to two domains of the receptors. Neurotrophins 

may be considered to be m ultivalent ligands in that are able to undergo some structural change 

upon receptor bind ing .  Because of the structural d ifferences between the LRR and lg-l ike 

domains,  it is un l ikely that the regions of the neurotrophins that bind to them are located in the 

same area of the l igand m olecule. If this prem ise is correct, then the neurotrophins are m ultivalent 

l igands that bind to m ultivalent receptors. 

From m utational analysis of neurotroph ins, it appears that a large proportion of the surface of 

neurotrophins may interact with respective receptors (Neet and Cam penot 2001 ). Hence it is 

reasonable to interpret the kinetics observed in this study as the binding of neurotrophin to the 

receptor LRR and lg- l ike domains th rough different reg ions of the l igand molecule. 

Additional support for neurotroph in structural changes being responsible for the b iphas ic bind ing 

observed for the T rkA receptor and monophasic bind ing observed for the TrkB and TrkC 

receptors, appears to be provided by the strictly monophasic dissociation of all neurotrophins 

from their respective receptor (Table 4.2 through Table 4.23).  These observations suggest that on 

b ind ing to the TrkA receptor, NGF undergoes structural changes that are observed as b iphasic 

association kinetics. BDNF and NT-3 both exhibit monophasic association kinetics, suggesting 

that these molecu les are relatively rigid and do not undergo large structural changes upon binding 

to TrkB or TrkC. Monophasic dissociation of the neurotrophins from their receptors can be 

explained on the basis ,  that on each receptor, the neurotroph in is  structurally constrained and 

does not undergo domain movements upon d issociation . 

Small synthetic peptides of less than 20 am ino acids have been shown to exhibit biphasic kinetics 

when associating w ith a large enzyme molecule ( Eto et al . 1 999). These kinetics are interpreted 

as structural changes of the interacting molecules . G iven that the TrkA synthetic peptide shows 

biphasic kinetics, whi le the TrkB and TrkC peptides both show monophas ic association ,  it may be 

reasonable to conc lude that neurotrophin domain movement provides a reasonable explanation 
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for the observed kinetics for al l  three receptors. A study of the interaction of Trk prote ins with 

neurotroph ins under condit ions of varying ionic strength , suggest that domain m ovements do 

occur with NGF, BDNF and NT-3. lt is probable that the domain movements of NGF are rapid and 

s ignif icant, compared with those for BDNF and NT-3. 

A possible resolution to the confusion in l igand-binding domain assignment for Trk receptors and 

subsequent b iolog ical effects m ay be found in the "l igand paradox" (Kenakin and Onaran 2002) .  

Stud ies of l igand-binding to the h istam ine H2 and other receptors show that l igand aff in ity and 

biolog ical consequence (efficacy) need not be related (Ruffolo et al. 1 979, Ganel l in and Du rant 

1 981 , Ruffolo and Waddel l  1 983, Black 1 996, Hestermann et al. 2000) . This paradox can be 

explained on the basis of heterogeneity in receptor tertiary conformations. S ince proteins are 

subject to constant local and regionally independent unfolding reactions (Woodward et a l .  1 982, 

1 993), different l igand-binding domains with dissim i lar pharmacological consequences may 

result. Hence it is poss ible for a l igand to bind with n M  aff inity to a receptor domain but e l ic it no  

b iological consequence, s uch as  phosphorylation o r  internal ization . Conversely a l igand with iJ M  

aff in ity for a particu lar region of the protein may produce such events (Kenakin and Onaran 

2002). 

Receptor function is more reasonably assigned to a probabil istic model of protein conformations .  

Thus the receptor function arises as a consequence of l igand-induced perturbat ion of  the 

d istribution of conformational states over conformational space (Kenakin and Onaran 2002). W ith 

th is model the possibi l ity of neurotrophin independently b inding to the LRR and lg- l ike domains, 

when expressed on the surfaces of cells becomes possible. Various b iological and physical 

events may expose d iffe rent regions of the Trk receptor to neurotroph in b ind ing.  B ind ing of 

neurotroph in to the LRR domain may produce com pletely d ifferent biological consequences to 

neurotroph in b inding to the lg- l ike domain. Hence, b ind ing of neurotrophin to each of these 

d ifferent domains may or may not cause reception d imerization, phosphorylat ion or 

i nternalization , each event being completely independent consequences of l igand and domain 

interactions. Isolated domains expressed as MBP-fusion proteins may thus each bind 

neurotrophin w ithout showing inh ibition of phosphorylation in cell based assays. B ind ing of 

neurotroph ins to Trk receptors thus may not be so readily determ ined by receptor 

phosphorylation and internal ization studies. 
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5 . 1 8  The Effect o f  Charged Residues o n  Neurotrophin-Receptor I nteractions 

Charged residues have been shown , by mutagenisis studies, to affect the binding of NGF and 

GDNF to p75 (Urfer et al .  1 994, Panayotatos et al .  1 995, Ryden and lbanez 1 996, lbanez 1 998). 

Long range electrostatic forces are probably im portant in recruiting l imit ing quantit ies of 

neurotroph ic factors avai lable in vivo and local izing them at the cell membrane ( lbanez 1 998). 

Replacement of positively charged residues by alan ine, can e l iminate b inding of NGF and GDNF 

to  p75 ( lbanez 1 998). The eo-crystal structure of TrkA d5  and NG F showed that regions of NGF 

interact with d5 .  Of particular im portance are Arg 1 03, wh ich i s  conserved in a l l  neurotroph ins 

(Wiesmann et a l .  1 999, 2000) ,  H is 4 and Arg347. 

Since these charged res idues play a role in the interaction of NGF with a single TrkA domain ,  it is 

reasonable to specu late that interactions with the region , C-term inal to d5 and other receptor 

domains, may also be influenced by charged residues in both neurotroph in and receptor. The 

dram atic affect on the binding of neurotroph in  to receptor with d ifferent salt concentrations, 

demonstrate the effect of charged residues on the interactions of NGF and BDNF with their 

respective receptor. 

5 . 1 9  I nteractions of Trk Receptors and Accessory Proteins 

From a model of the interaction between receptors in endosomes and a membrane associated 

accessory molecule (Linderman and Lauffenburger 1 988), i t  is possible to postulate h ow the 

binding of neurotrophin to T rk receptors may be inf luenced by the intracel lu lar domain of the 

receptors and accessory proteins.  In this model, l igand free receptors have no aff in ity for an 

intracel lular accessory protein .  A monovalent intracel lu lar domain accessory protein may cause 

aggregation of receptors with the consequent binding of neurotrophin.  If the m obile Trk receptors 

b ind a multivalent accessory protein ,  receptor aggregation can occur with the subsequent b ind ing 

of a m ultivalent l igand. The affin ity of the accessory protein for the com plex wi l l  determ ine the 

probabi l ity of  receptor- l igand interaction. A mu ltivalent accessory protein has in th is m odel ,  a 

h igher avidity for receptor aggregates than for single receptors. Obviously, the converse scenario 

is equally plausible, that is, multivalent neurotrophins may cause the bind ing  of a m ultivalent 

accessory protein .  
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Studies of the interactions of NG F,  p75 and TrkA on cell surfaces (Ross et al. 1 996, Wolf et a l .  

1 998) have shown that the extracel lular domain of  TrkA is sufficient for  interaction with p75 .  Both 

the transmembrane and intracel lu lar domains of the receptor however have a s ign ificant inf luence 

on the interaction with p75 and the binding of NG F (Ross et a l .  1 996) .  Such results suggest that 

the h igh  equi l ibrium dissociation constants measured by in vivo m ethods, may d iffer considerably 

from the equi l ibrium dissociation constants for recombinant proteins in which the intracel lu lar 

domain of the proteins are absent. Furthermore, phosphorylat ion of mu ltiple intracel lular s ites, 

inf luences the mobi l ity (Wolf et a l .  1 998) and hence possibly, the binding of NGF to the receptor. 

In conclusion, all stud ies of the T rk receptors to date, point to a com plex chain of events in the 

b ind ing of  neurotrophin to receptor. Th is interaction is inf luenced in  many unknown ways, both by 

extracel lu lar and intracel lu lar proteins and thei r  role in the Trk receptor-neurotrophin i nteraction 

remains to be clarified . 

Recently, several new proteins that interact with the intracel lu lar  domain of TrkA and p75 have 

been identified. The protein ARMS has been shown to interact with signif icant aff in ity with both 

p75 and TrkA intracel lu lar domains (Kong et al .  2001 ). Prote ins such as ARMS may be able to 

associate with both p75 and TrkA, form ing the proposed ternary complex, result ing in high aff in ity 

receptors or changes i n  receptor populations differing in their active conformations (Lindstrom­

Lang and  Schel lman 1 959, Kenakin 1 996). 

An hypothesis result ing from th is study, is that both neurotrophins and their receptors have 

b ivalent binding properties (Table 4.2 through Table 4.25). In vivo studies of the aggregat ion of 

neurotroph in,  p75 and TrkA on the surface of cel ls (Ross et a l .  1 996, Wolf et al .  1 998), suggests 

that NGF and the low and high aff in ity neurotroph in receptors, d isplay behavior consistent w ith 

the b ivalent nature of a l igand and receptor. NGF has been shown to associate w ith TrkA on the 

surface of  cel ls, result ing in decreased mobi l ity of  the receptor w ith respect to  mobi l ity d isplayed 

in  the absence of neurotroph in .  In addition, p75 has been shown to aggregate with TrkA in the 

presence and absence of NGF ( Ross et al. 1 996) . lt is conceivable that a mu ltivalent NGF l igand ,  

achieves its high level of aff in ity, when measured in vivo, by b ind ing to the receptor through m o re 

than one binding region on s ing le Trk receptors. Such neurotroph in cross-l i nked receptors m ay 

result in a high affinity binding between l igand and receptor; h igher than observed in biosensor 

stud ies .  A consequence of this interaction wou ld be formation of aggregates of the Trk receptor 

on the cell surface, with consequent loss of receptor mobil ity. 
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The results from the IAsys biosensor study, suggests a hypothetical mechan ism of neurotroph i n  

interaction w ith the Trk receptors. Cons istent with the observed i nteraction of p75 and Trk 

receptor (Huber et al. 1 995, Ross et a l .  1 996 , Ross et al. 1 998, Bibel et al. 1 999); neurotroph i n  

bound to t h e  p75 receptor is passed to e ither the LRR or lg- l ike receptor domain ,  followed by  

translation of the neurotrophin to t he  second neurotrophin b inding region w ith consequential 

biolog ical activity. Such a mechan ism may account for the difference in the orientation of 

neurotrophin binding, with respect to the cel lu lar mem brane, suggested from theoretical models 

of p75 (Chapman and Kuntz 1 995, Shamovsky et al . 1 999) and of the orientation of N G F  

observed i n  the crystal structure of NGF bound t o  the C-terminal lg-like domain of TrkA 

(Wiesmann et al .  1 999, 2000). If passage of NGF from p75 to the LRR domain of the Trk receptor 

occurs f irst, it is possible that the orientation of NGF may be changed. In this reaction , the NG F 

m olecule oriented with the N and C term inals towards the cell mem brane is rotated, such that the 

l igand N and C term inals orient away from the membrane when bound to the LR R .  Passage of 

NGF f rom the LRR to the lg- l ike domain of TrkA could then occur  with the attendant N G F  

orientation observed in the X-ray crystal lography study (Wiesmann e t  a l .  1 999, 2000) .  
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Figure 1 0.1  Hypothetical m odels for the interaction of the Extracel lular Domains of Trk 

Receptors with Neurotroph ins. 

A n umber of models for the interaction are possible, all of wh ich account to some degree, 

for reported in vivo and in vitro experimental results. I n  Models (a) and (b), the 

neurotrophin interacts exclusively w ith the lg-l ike and LRR domains respectively, as 

observed for these two receptor reg ions in the IAsys b iosensor study. lt is bel ieved that in 

vivo, p75 recruits neurotrophins and presents them to the Trk receptor, before the 

homodimer of the receptor forms ,  as depicted in these m odels. I n  model (c), the 

neurotrophin interacts with both l g- l ike and LRR domains upon b ind ing to the Trk 

receptor. lt is also possible that the Trk receptors may exist as a cell surface m ixture of 

models (a) and (b) .  I n  addition it is  also conceivable that b inding of neurotrophin occurs 

in it ial ly as depicted in Model (a) before a m ovement of bound neurotrophin f rom the lg­

l ike domain to the LRR domain ,  result ing in Model (b). it is qu ite probable, that 

intracel lu lar accessory proteins may pay a s ignificant role i n  neurotroph in-Trk 

interactions, however, this effect cannot be assessed from in vivo and in vitro 

experiments conducted to date and no attempt to depict the complex interactions are 

shown in the m odels . 

5.20 Trk Receptor L igand-binding Domains; a role for the LRR Domain 

Based upon the results of the biosensor study and of many other studies, it is reasonable to 

postulate that the three principal l igand-binding "hot spots" of the Trk receptors, i nclude both the 

d4 and d5 lg- l ike domains and N-term inal regions encom passing the LRR domain.  Further, these 

regions part ic ipate in neurotroph in  b inding and activation of Trk receptors. it is bel ieved that the 

d5 domain is the main site binding cf NGF, BDNF and NT -3 (Wiesmann et al .  1 999, 2000, 

Saragovi and Zaccaro 2002).  The d4 site may, in some as yet undeterm ined fash ion , bind 

neurotrophins,  but act as an inh ibitory s ite (Saragovi and Zaccaro 2002) .  The LRR domain also 

mediates N G F-TrkA functionality, but is postulated to do so in vivo, only when p75 is  eo­

expressed on a ce l l  surface (Zaccaro et al . 200 1 ,  Saragovi and Zaccaro 2002). 

lt is postu lated that l igands bound to the act ivation "hot spots," are l i ke ly to be functional as 

agon ists or antagonists of the Trk receptor and as such wi l l  assist in the screen ing and 

characterization of neurotroph in m imetics (Saragovi and Zaccaro 2002) .  Ligands that bind to d5,  

may be agonistic, whi le l igands that bind d4 m ay serve as antagon ists of neurotrophin receptor 
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activity (Saragovi and Zaccaro 2002). Ligands that bind to the N-term inal LRR domains in the 

presence of p75, m ay serve to regulate recaptor activity (Saragovi and Zaccaro 2002) . 

As with other m odels of neurotrophin interaction with its low and high aff in ity receptors, the 

proposed mechanism of Zaccaro et al. (2001 ) has its deficiencies. The model requires that the 

LRR domain be exposed on the surface of the recaptor on binding neurotroph in .  I n  the 

experiment by Zaccaro et al. , the antibody did not interact with the LRR domain that should have 

been exposed if the proposed model is correct. This lack of detection was explained by the 

suggestion that the antibody does not interact with epitopes with in the LRR domain.  However, 

this sam e antibody (provided by Prof. Uri Saragovi ,  McG i l l  University) read i ly  and expl icitly 

detects the LRR domain in all MBP-LRR proteins (Figure 2 .22) .  Hence, if the m odel by Zaccaro et 

al . is correct, then the LRR surface is exposed and should have been detected by the antibody. 

That the LRR domain was not detected suggests that the proposed model resu lt ing from the 

experiment is incorrect in some fashion . 

5.21 Summary 

I n  summary, the biosensor study shows that neurotroph ins,  at least in vitro, bind to the Trk 

receptors in mu lt ip le domains and not just the lg- l ike domain as suggested previously. Complex 

biphasic association of NGF  to TrkA, stands in contrast to the monophasic association of BDNF 

and NT -3 with TrkB and TrkC respectively. I nstrument and protein l im itations prevented a more 

detai led exam ination of the b inding events m uch beyond the establishm ent of m ultiple 

neurotrophin b ind ing domains. B inding to LR R and lg- l ike domains in all three Trk receptors, is 

unaffected by tem perature and appears to be real, at least within the l im itations of the 

experimental system . 

To conduct a more extensive study, namely repeated binding assays for each Trk p rotein uti l ized 

in the study, would not have been more informative. In an earl ier study Windisch et al . ( 1 995a), 

found that the standard deviation for 3-4 repeated exper iments was in the range of 1 6-36% for 

the equ i l i brium dissociation constants. Mult iple repeated binding experiments for a typical 

biosensor study, have errors of 20-40%, far exceed ing the experimental error range necessary to 

determine accurately, binding differences between Trk recaptor domains. The IAsys biosensor, 

whi le qu ite su itable for screening the interaction of b iomolecu les, shows sign ificantly high 

standard deviations for repeated kinetics analysis .  For example, the interaction of Rad5 1 A  with 
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DNA has been m easured and reported with an error range of - 40% for 4 repeated experiments 

( De Zutter and Kn ight 1 999) . 

The error range of the experiments does not permit a d ifferentiation of the equ i l ibr ium d issociation 

constants between the bimodal interaction phases of the NGF interactions with the TrkA proteins. 

I n  add it ion, establ ishing the binding constants by in vitro assay is un l ikely to provide a real 

m easure of association ,  d issociation and equi l ibrium binding constants for Trk receptors at the 

membrane surface of neuronal cells in the human brain .  Many complex issues are involved in 

interpret ing in vivo binding from in vitro assays. 

In vivo measurement has established that the equ i l ibrium dissociation constants for the 

interactions of neurotroph ins w ith their respective receptor, is within the range of 1 0'9 to 1 0'1 1 M 

(Sutter et al. 1 979, Cohen et al .  1 980, Schechter et a l .  1 981 , Bernd and Greene 1 984, Layer and 

Shooter 1 983, Hosang and Shooter 1 985, Woodruff and Neet 1 986, Godfrey and Shooter 1 986 , 

Kaplan et al .  1 991 , Klein et al .  1 991 , Soppet et al .  1 991 , Rodriguez-Tebar et al .  1 992).  The 

biosensor study has establ ished equi l ibrium d issociation constants for the interactions of 

neurotroph ins w ith different domains of their receptors that range in value from approx imately 3 to 

25 nM. These values are 2 to 3 orders of magnitude higher than those measured in vivo. 

However, they are s im ilar to measurements made for the interaction of NGF with the extracel lu lar 

domain of TrkA (Woo et al. 1 998). In a biosensor study of the interaction of NGF with the lg- l ike 

domain of TrkA, a K0 of 1 1 .8 nM  was reported (Robertson et al .  2001 ), however ,  s ince no  

experimental detai ls and no error estimate were g iven fo r  the reported K0. i t  i s  impossible to  make 

a d irect com parison between the data col lected in the two studies. Many com plex issues are 

involved in interpreting in vivo binding using an in vitro assay. Simple and often unknown changes 

in solution ion ic strength have been shown to have dramatic influences on prote in- interactions 

(De Crescenzo et al. 2000, Laich and Sim 2001 ) and hence di rect com parison between 

experimental techn iques and results is difficult at best. 

The m easurements of the interaction of the recombinant Trk proteins and their neurotrophins i n  

th i s  study were made in vitro. These data may not accurately reflect real affin ity constants of the 

Trk-neurotroph in interaction in vivo (Table 4.2 through Table 4.25). However, it is reasonable to 

conclude that the biosensor study has shown that two distinct domains, namely, the LRR domain 

and the immunoblobu l in- l ike domain of both TrkA and TrkB both b ind NGF and BDNF 

respectively. If b ind ing of neurotrophins to the LR R and lg- l ike domains of the Trk receptors does 
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occur in vivo, then it is possible to resolve some of the conflicting binding data cited f rom m any 

previous neurotroph in-receptor interaction studies (Neet and Cam penot 2001 ) .  

Two crystal structures of  NGF  bound to a single lg- l ike region of  TrkA have been produced to 

date (Wiesmann et  al .  1 999, 2000, Robertson et  a l .  2001 ) .  One structure of BDNF bound to the 

lg- l ike region of  TrkB has also been reported (Banfield et  a l .  2001 ) .  These structures do not  prove 

that other regions of the Trk receptors interact with neurotroph ins (Neet and Cam penot 2001 ). A 

s ignif icant consequence of neurotroph in binding to both LRR and lg- l ike domains of the Trk 

receptors, is that crystal l ization of fragments of proteins in com plex with a ligand,  may well lead to 

erroneous conclusions of the functional characteristics of the proteins in the complex. A static 

picture of NGF bound to one domain of TrkA may lead to a lack of appreciation of a possible 

dynam ic movement of neurotrophin between the LRR and lg-l ike domains of the receptor. 

NGF has a m otif consist ing of residues Val-48, Pro-49 and Gln96 ,  situated in the top f3-loop, 

together with a second m otif cons isting of residues Pro-5 and Phe-7 situated i n  the prox imal part 

of the N-term inus. Together,  these domains form two topographically distinct regions of NGF  that 

have been shown to determ ine receptor specificity and activation (Kul lander et al .  1 997). The f3-

loop residues do not make any physical contacts w ith the d5 domain of TrkA in the NG F-d5 

structure (Wiesmann et al .  1 999, 2000). The residue, Phe-7 of NGF has been predicted to show a 

stereochem ical fit to a domain of the LRR domain of TrkA (Kul lander et al .  1 997) . 

lt is possible that these two dist inct motifs bind to the LRR domain and the lg- l i ke domain of TrkA, 

but it is not poss ib le to assign an NGF binding motif to either receptor domain.  Specificity of N G F  

interactions with TrkA may well b e  determ ined by at least two dist inct regions of NGF (Kul lander 

et al .  1 997) .  

The  biosensor study showed that the L RR domain of TrkA, TrkB and TrkC, b ind their respective 

neurotrophin w ith s im ilar aff in ity and kinetics as the ent ire extracel lu lar domain of the receptors 

(Table 4.2 through Table 4.25, F igure 4 . 1 1 ,  Figure 4. 1 4, F igure 4 . 1 7). lt cannot be concluded,  

based upon cel l  competit ion stud ies with the synthetic peptides representing the central 24 

residues of the LRR domain ,  that this region represents more than a binding "hot spot" for the 

neurotroph ins on the surface of the receptors. lt is possible for as few as 3 amino acids of a 

peptide to confer n M  aff in ity for a receptor (Horwel l  1 995). However, s ince the binding aff in ity of 

the synthetic peptides is sign ificantly weaker than the ful l - length LRR,  it wou ld appear that the 
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appropriate amino acids for nM  affinity to the Trk receptor may not be contained in the 24 residu e  

peptides. 

No i nh ibition of cell survival was observed in a cell com petition study using the synthetic peptides.  

The study appeared to show that the binding of neurotroph in to the ligand "hot spot'' has no 

b iolog ical consequences. Conceivably, the observed bind ing of the LRR2 domain of the receptors 

to the neurotroph in actually represents the interaction of a small charged molecule (free of steric 

h indrance of the secondary and tertiary structure of the ED), to the neurotroph ins.  If this is  indeed 

the situation , then the nul l  resu lts of the cel l  survival study w ith these peptides is more readi ly  

understandable. 

The IAsys biosensor study of neurotrophins binding to their respective receptor showed that 

complex binding phenomena may occur in the interaction of neu rotrophins with Trk receptors. A 

2-bind ing site model has to be considered, as was found for the d imeric HGH and EPO receptors , 

that have two l igand-binding sites (Saragovi and Zaccaro 2002). An alternative model is that 

p roposed for the TG F-beta type 11 i nteractions. In this case T rk and p75 would be receptor 

subtypes having overlapping l igand-binding sites at adjacent pos itions on the l igand surface 

(Saragovi and Zaccaro 2002).  

i t  is essential that in vivo data take precedence in the interpretation of in vitro data, when 

investigating biological phenomena. The best designed b iophys ical experiments, must take into 

accou nt any relevant biological experiments in explain ing observed data and in formulat ing  

hypotheses. To this end,  the  observed biphasic nature of  NGF  to TrkA receptors, expressed on  

the  surfaces of cells (Meakin et a l .  1 992), the monophasic bind ing o f  BDNF to TrkB receptors in 

cel l  based assays (Dechand et a l .  1 993) and the absence of b ind ing of BDNF to isoforms of TrkB 

lacking the LRR domain (Nink ina et al . 1 997), m ust be taken into account when interpreting the 

k inetics of  neurotroph in b inding to Trk proteins in the biosensor study. Biological experiments 

clearly support the biphasic nature of the interaction of NGF with TrkA proteins and also support 

the im portance of the LRR domain in neurotroph in  binding to thei r  receptors. 

As described above, no m odel for the binding of neurotroph ins to their low and high aff in ity 

receptors is able to fu lly explain al l the observed interactions in the many in vivo and in vitro 

stud ies that have been undertaken. W ithout exception , each m odel posses as many problems for 

the i nterpretation of the receptor-ligand interaction as it professes to explain . Hence the m ode ls 
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described in this thesis are only concepts in a pathway of discovery that wi l l  undoubtedly involve 

many iterative and novel approaches. Much more research and reflection wi l l  be needed for a fu l l  

understanding of the Trk receptors and the interactions with their  l igands. 

If the development of therapies for Alzheimer's, Parkinson's and other neurodegenerative 

d iseases is the goal , then the design of smal l  molecule agon ists and antagon ists of the 

neurotroph ins and the i r  receptors remains an unfulfi l led vis ion . While progress has been m ade in 

the understanding of the Trk-neurotrophin interactions and of the structures of these m olecules, 

the design of small molecule m im ics of the neurotrophins has ,  by com parison , been re latively 

measu red . lt remains to be seen if the screen ing of com binatorial chem ical l ibraries, a 

pharmaceutical industry approach, together with the design of cycl ic peptides and the production 

of monoclonal antibodies to receptors and l igands, the academ ic laboratory approach, wi l l  in t ime 

succeed in the elucidation of  appropriate small molecule therapies for neurodegenerative 

diseases and cancers (Saragovi and Burgess 1 999) . If indeed the neurotrophins bind to two 

distinct domains on the receptor surface and if the receptor interaction domains on the 

neurotroph i n  are spatially distinct, then it seems unl ikely that a s ingle smal l  molecu le m im ic of 

neurotroph in action is possible. Rather, i t  seems more l ikely that a cocktail of smal l  molecu les 

may offer the ultimate goal of a neurotrophin l ike molecule, sufficiently small enough to cross the 

blood-brain barrier. 

1 69 



REFERENCES 

Atkins P .W. ,  1 986, Physical Chemistry, 3rd Edit ion, W. H .  Freeman and Co. ,  Chapter 28. 

Al ien ,  S . J . ,  S. H . MacGowan , S Tyler, G . K. Wi lcock, A.G. Robertson ,  P . H . Holden , S .K .  Sm ith, 

and D . Dawbarn. 1 997 . Reduced chol inergic function in  normal and Alzheimer's d isease 

brain is associated with apol ipoprote in E4 genotype. Neurosci Lett. 239: 33-6. 

Altschuh ,  D . ,  W.  Braun ,  J. Ka l len ,  V. M ikol ,  C. Spitzfaden , J .C . Thierry, 0. Vix, M . D . Walkinshaw, 

and K.  Wuthrich. 1 994. Conformationa l  polymorphism of cyclosporin A .  Structure. 2 :963-

72 .  

Baerga-Ortiz, A . ,  A .  R .  Rezaie,  and E .A .  Komives. 2000. E lectrostatic dependence of  the 

thrombin-thrombomodu l in  interaction. J Mol Bioi. 296:651 -8. 

Ba ldwin , A . N . ,  C .M .  Bitler, A.A. Welcher, and E .M .  Shooter. 1 992 . Stud ies on the structure and 

b ind ing properties of the cysteine-rich domain of rat low affin ity nerve growth factor 

receptor (p75NGFR) .  J Bioi Chem. 267: 8352-9. 

Baneyx, F . 1 999. Recombinant protein expression in  Escherichia coli . Curr Opin Biotechnol. 

1 0  41 1 -2 1 . 

Banfield, M .J . , R . L  Naylor, A. G .  Robertson , S . J .  Al ien,  D . Dawbarn ,  and R . L . Brady. 2001 . 

Specificity in Trk receptor neurotroph i n  i nteractions: the crystal structure of TrkB-d5 in 

complex with neu rotrophi n-4/5. Structure (Camb) . 9: 1 1 91 -9 .  

Barbacid , M. 1 994 . The Trk fam i ly of neurotroph in  receptors. J Neurobiol. 25: 1 386-403. 

Barde, Y .A .  1 988. What, if anyth ing ,  is a neurotrophic factor? Trends Neurosci. 1 1 : 343-6 . 

Barker, P .A. , C .  Lomen-Hoerth , E .M .  Gensch , S .O Meakin ,  D . J . Glass,  and E .M .  Shooter. 1 993 .  

T issue-specific alternative spl ic ing generates two isoforms of the trkA receptor. J Bioi 

Chem. 268 1 5 1 50-7 . 

Barker, P .A. , and E . M. Shooter. 1 994 . D isruption of NGF bind ing to the low affin ity neurotroph in  

receptor p75LNTR red uces NGF b ind ing to TrkA on PC 1 2  cel ls .  Neuron. 1 3 :203- 1 5 . 

Barrett, G . L  2000. The p75 neurotroph in  receptor and neuronal apoptos is . Prog Neurobiol. 

6 1 :205-29 . 

Barrett, G . L . ,  and P . F. Bartlett. 1 994 . The p75 nerve growth factor receptor med iates survival or 

death depending on the stage of sensory neuron development. Proc Natl Acad Sci U S A . 

9 1 :650 1 -5 .  

Benedett i ,  M. ,  A .  Levi , and M .V .  Chao. 1 993. Differential expression of nerve growth factor 

receptors leads to altered binding affin ity and neurotrophin responsiveness. Proc Natl 

Acad Sci U S A . 90:7859-63 . 

Bernd, P . ,  and LA.  Greene. 1 984. Association of 1 251 -nerve growth factor with PC 1 2  

pheochromocytoma cells. Evidence for i nterna l ization via h igh-affin ity receptors only and 

for long-term regu lation by nerve growth factor of both h igh- and low-affin ity receptors. J 
Bioi Chem. 259 : 1 5509-1 6 . 

1 70 



Bibel ,  M . ,  E. Hoppe, and Y.A. Barde. 1 999. Biochem ical and functional interactions between the 

neurotroph in receptors trk and p75NTR .  Embo J. 1 8:61 6-22. 

Black, j. 1 996. A Personal View of Pharmacology. Ann Rev Pharmacal Toxicol. 36: 1 -33. 

Bradshaw, R .A . ,  J .  Murray-Rust, C.F. lbanez, N .Q. McDonald, R. Lapatto, and T .L. Blundel l .  

1 994. Nerve growth factor: structure/function relationships. Protein Sci. 3 : 1 901 - 1 3. 

Butte, M.J . ,  P .K .  Hwang, W.C. Mobley, and R.J .  Fletterick. 1 998. Crystal structure of 

neurotroph in-3 homodimer shows dist inct reg ions are used to bind its receptors. 

Biochemistry. 37: 1 6846-52 . 

Cantor C .R . ,  P .R .  Sch immel, 1 980 , Biophysical Chem istry, W. H .  Freeman and Co, Chap. 1 1 .  

Casaccia-Bonnef i l ,  P . ,  C .  Gu,  and M.V. Chao. 1 999. Neurotrophins in cell survival/death 

decisions. Adv Exp Med Bioi. 468:275-82. 

Chakrabart i ,  P . ,  and J. Janin. 2002. Dissecting protein-protein recogn it ion s ites . Proteins. 47:334-

43. 

Chao, M. V . ,  and B .L .  Hempstead. 1 995. p75 and Trk: a two-receptor system.  Trends Neurosci. 

1 8:321 -6. 

Chapman , B .S . ,  and I. D .  Kuntz. 1 995. Modeled structure of the 75-kDa neurotroph in receptor. 

Protein Sci. 4:1 696-707. 

Clarkson , T . , and J. Wel ls. 1 995. Science. 267:383. 

Cohen,  P . ,  A. S utter, G. Landreth, A.  Zimm ermann , and E .M.  Shooter. 1 980. Oxidation of 

tryptophan-21 alters the biolog ical activity and receptor binding characteristics of mouse 

nerve g rowth factor. J Bioi Chem. 255:2949-54. 

Cook, J .P . ,  A.J . Henry, J .M . McDonnel l ,  R .J .  Owens,  B .J .  Sutton , and H .J .  Gould. 1 997. 

Identif ication of contact res idues in the lgE binding site of human Fcepsi lon R ialpha. 

Biochemistry. 36:1 5579-88 . 

Cowan , W . M . ,  J .W. Fawcett, D .D .  O'Leary, and B.B. Stanfield. 1 984. Regressive events in 

neurogenesis. Science. 225 : 1 258-65. 

Cus h ,  R . ,  J. C ron in ,  W. Stewart, C. Maule, J .  Molloy, and M. Goddard. 1 993. Biosensors and 

Bioelectronics. 8:347. 

Davies, D .  H . ,  C .M .  H i l l ,  J .B .  Rothbard, and B .M .  Chain .  1 990. Defin ition of murine T helper cell 

determ inants in the major capsid prote in of human papi l lomavirus type 1 6. J Gen Virol. 

71 ( Pt 1 1  ) :2691 -8. 

De Crescenzo, G . ,  S .  G rothe, R. Lortie, M .T. Debanne, and M. O'Connor-McCourt. 2000. Real­

time kinetic stud ies on the interaction of transform ing growth factor alpha with the 

epidermal growth factor receptor extracel lular domain reveal a conformational change 

m odel .  Biochemistry. 39:9466-76. 

De Zutter, J . K. ,  and K .L. Knight. 1 999. The hRad51 and RecA proteins show s ignificant 

d ifferences in cooperative binding to s ingle-stranded DNA. J Mol Bioi. 293:769-80. 

Dechant, G . ,  S. B iffo, H. Okazawa, R. Kolbeck ,  J. Pottgiesser, and Y.A. Barde. 1 993. Expression 

and binding characteristics of the BDNF receptor chick trkB. Development. 1 1 9 :545-58. 

Dechant, G . , A. Rodriguez-Tebar, and Y.A. Barde. 1 994. Neurotrophin receptors. Prog Neurobiol. 

42:347-52 . 

1 71 



Dom inguez, D . ,  M .  Altmann ,  J. Benz, U .  Baumann,  and H .  Trachsel. 1 999. I nteraction of 

translat ion i n it iat ion factor e 1F4G with e iF4A in the yeast Saccharomyces cerevisiae. J 

Bioi Chem. 274:26720-6. 

Drinkwater, C. C. ,  U.  S uter, C. Angst, and E. M. Shooter. 1 991 . Mutation of tryptophan-21 i n  

mouse nerve growth factor (NGF) affects bind ing to  the fast NGF receptor but not 

induction of neurites on PC1 2  cells. Proc R Soc Land B Bioi Sci. 246:307-1 3.  

Dunbar, J . ,  G.  Tregear, and R.A. Bradshaw. 1 984. J Prot Chem. 3:349. 

Edwards, P .R . ,  A.  Gi l l ,  D .V. Pollard-Kn ight, M. Hoare, P.E. Buckle, P.A. Lowe, and R .J .  

Leatherbarrow .  1 995. Kinetics o f  protein-prote in interactions at the surface of  an  optical 

biosensor. Anal Biochem. 231 :21 0-7. 

Edwards, P .R . ,  C .H .  Maule, R.J. Leatherbarrow, and D .J .  Winzor. 1 998. Second-order k inetic 

analysis of IAsys biosensor data: its use and appl icabi l ity. Anal Biochem. 263: 1 - 1 2 .  

Erickson, J . ,  B .  G oldstein ,  D .  Holowka, and B .  Bai rd. 1 987. The effect of receptor density o n  the 

forward rate constant for binding of l igands to cel l surface receptors. Biophys J. 52:657-

62. 

Ernfors, P . ,  C .F .  l banez, T. Ebendal, L. Olson , and H. Persson . 1 990. Molecu lar c lon ing and 

neurotroph ic activities of a protein with structural s im i larities to nerve growth factor: 

developmental and topographical express ion in the brain.  Proc Natl Acad Sci U S  A. 

87:5454-8. 

Escandon, E. ,  D .  Soppet, A.  Rosenthal, J .L .  Mendoza- Ram irez, E.  Szonyi, L. E. Burton, C .E. 

Henderson ,  L .F .  Parada, and K. N ikol ics. 1 994. Regulation of neurotroph in  receptor 

express ion dur ing embryonic and postnatal development. J Neurosci. 1 4:2054-68. 

Eto, A . ,  T .C.  Saido, K. Fukushima, S .  Tom ioka, S. lmai ,  T. Nisizawa, and N .  Hanada. 1 999. 

Inh ib itory effect of a self-derived peptide on  glucosyltransferase of Streptococcus m utans.  

Possib le n ovel anticaries measures. J Bioi Chem. 274: 1 5797-802. 

Faber, G .  1 999. Pharmacology and Therapeutics. 84:327. 

F isher, L.W. ,  A.M. Heegaard, U. Vetter, W. Vogel, W. Just, J .D .  Term ine, and M . F .  Young. 1 991 . 

Human big lycan gene. Putative promoter, i ntron-exon junctions, and ch romosomal 

local ization . J Bioi Chem. 266 : 1 4371 -7. 

Fox. 2003. FEBS Left. 27:537. 

Ganel l in ,  C. ,  and G. Durant. 1 981 . Burgers Med icinal Chem istry. Wiley. 487-552 pp.  

Gard ina, P .J . ,  and M.D.  Manson. 1 996. Attractant s ignal ing by an aspartate chemoreceptor d imer 

w ith a s ingle cytoplasmic domain .  Science. 274:425-6 . 

G lasel ,  J .A .  and M . P .  Deutcher. 1 995. I ntroduction to B iophysical Methods for P rotein and 

Nucleic Acids Research. Academ ic Press. Chapter 3. 

Glaser, R .W.  1 993. Antigen-antibody binding and m ass transport by convection and d iffusion to a 

surface: a two-d imensional computer m odel of binding and d issociation k inetics. Anal 

Biochem. 2 1 3: 1 52-61 . 

Godfrey, E.W. , and E.M.  Shooter. 1 986. Nerve growth factor receptors on ch ick em bryo 

sym pathetic gangl ion cells: b inding characteristics and development. J Neurosci. 6:2543-

50. 

1 72 



Grimes, M . L. ,  J .  Zhou, E.C. Beattie, E .C. Yuen ,  D . E .  H al l ,  J .S .  Valletta, K.S. Topp, J . H .  LaVai l ,  

N .W. Bunnett, and W.C.  Mobley. 1 996. Endocytosis of activated TrkA: evidence that 

nerve growth factor induces formation of s ignal ing endosomes. J Neurosci. 1 6 :7950-64. 

Hawkins,  S . ,  S .  Russe l l ,  M. Baier, and J. Winter. 1 993. J MOl Bioi. 234:958. 

Hefti, F. 1 986. Nerve g rowth factor promotes survival of septal cholinergic neurons after f im bria! 

transections. J Neurosci. 6:21 55-62. 

Heft i ,  F . ,  J. Hartikka, and B .  Knusel. 1 989. Function of neurotrophic factors in  the adult and aging 

brain and thei r poss ible use in the treatment of  neurodegenerative diseases. Neurobiol 

Aging. 1 0 :51 5-33. 

Heinz, D .W. , W.A. Baase, F .W . Dahlqu ist, and B.W . Matthews. 1 993. How am ino-acid i nsert ions 

are allowed in an alpha-hel ix of T 4 lysozyme .  Nature. 361 :561 -4. 

Hesterm an n ,  E. V. , J .J .  Stegeman, and M .E. Hahn .  2000. Relative contributions of aff in ity and 

intr insic efficacy to aryl hydrocarbon receptor l igand potency. Toxicol Appl Pharmacal. 

1 68 : 1 60-72. 

Holden ,  P . H . ,  V. Asopa, A .G.  Robertson ,  A .R .  Clarke, S. Tyler, G .S. Bennett, S .D .  Brain ,  G .K. 

Wilcock, S .J .  Al ien , S .K.  Sm ith, and D. Dawbarn .  1 997. Imm unoglobul in- l ike domains 

define the nerve growth factor binding s ite of the TrkA receptor. Nat Biotechnol. 1 5 :668-

72 . 

Horwel l ,  D .C .  1 995. The 'peptoid' approach to the design of non-peptide , small molecule agon ists 

and antagonists of neuropeptides. Trends Biotechnol. 1 3: 1 32-4. 

Hosang, M . ,  and E .M .  Shooter. 1 985. Molecular characteristics of nerve growth factor receptors 

on PC1 2 cel ls. J Bioi Chem. 260:655-62. 

Huber, L.J . ,  and M.V. Chao. 1 995. A potential interaction of p75 and trkA NGF receptors revealed 

by aff in ity cross l ink ing and immunoprecipitat ion . J Neurosci Res. 40:557-63. 

l banez, C .F .  1 994. Structure-function relationships in the neurotrophin fam i ly. J Neurobiol. 

25: 1 349-61 . 

lbanez, C .  F. 1 995 . Neurotrophic factors: from structure-function studies to designing effective 

therapeutics. Trends Biotechnol. 1 3 :21 7-27. 

l banez, C .F .  1 998. Emerging themes in structural b iology of neurotrophic factors. Trends 

Neurosci. 21 :438-44. 

lbanez, C .F .  2002. Jekyl l -Hyde neurotrophins: the story of proNGF. Trends Neurosci. 25:284-6. 

lbanez, C .F . ,  T.  Ebendal , G .  Barbany, J .  Murray-R ust, T .L. Blundel l ,  and H. Persson .  1 992.  

Disruption of the low affinity receptor-bind ing site in NGF allows neuronal survival and 

d ifferentiation by binding to the trk gene product. Cell. 69:329-41 . 

l banez, C .F . ,  T. Ebendal , and H .  Persson . 1 991 . Ch imeric molecules with multiple neurotroph ic 

activities reveal structural elements determ in ing the specificities of NGF and BDNF .  

Embo J. 1 0:2 1 05-1 0 .  

l banez, C .F . ,  F .  Hallbook, T. Ebendal, and H.  Persson .  1 990. Structure-function stud ies of  nerve 

growth factor: functional im portance of highly conserved am ino acid  residues. Embo J. 

9: 1 477-83. 

lbanez, C .F . ,  L .L. l lag, J. Murray-Rust, and H. Persson .  1 993. An extended surface of b ind ing to 

Trk tyrosine kinase receptors in NGF and BDNF al lows the engineering of a 

m ultifunctional pan-neurotroph in .  Embo J. 1 2:2281 -93 . 

1 73 



l p ,  N .Y . ,  T .N .  Stitt, P .  Tapley, R .  Klein, D.J .  G lass ,  J .  Fand l ,  LA. Greene, M .  Barbacid, and G .D .  

Yancopoulos. 1 993. S im i larities and differences i n  the way neurotrophins interact w ith the 

Trk receptors in neuronal and nonneuronal cel ls. Neuron. 1 0 : 1 37-49. 

J i n ,  L . ,  B .M.  Fendly, and J .A .  Wel ls .  1 992. High resolution functional analysis of antibody-antigen 

interactions. J Mol Bioi. 226:851 -65. 

J ing ,  S., P .  Tapley, and M. Barbacid. 1 992. Nerve growth factor mediates signal transduction 

through trk homodimer receptors. Neuron. 9:1 067-79. 

Kandel E .R . ,  J .H . Schwartz, T .M .  Jessel l ,  2000, Principles of Neural Science, Fourth Edit ion,  Pub.  

McGraw-Hi l l , Chapters 1 ,  1 3, 58. 

Kaplan, D. ,  and T .  Hunter. 1 991 . Cell. 65:895 . 

Kap lan,  D .R . ,  B .L .  Hempstead, D .  Martin-Zanca, M.V.  Chao, and L.F.  Parada. 1 991 a. The trk 

proto-oncogene product: a signal transducing receptor for nerve growth factor. Science. 

252:554-8. 

Kaplan,  D .R . ,  D .  Martin-Zanca, and L .F .  Parada. 1 991  b. Tyrosine phosphorylation and tyrosine 

kinase activity of the trk proto-oncogene product induced by NGF. Nature. 350: 1 58-60. 

Kaplan , D.R . ,  and F .D .  Mi l ler. 2000. Neurotroph in signal transduction in the nervous system . Curr 

Opin Neurobiol. 1 0:381 -91 . 

Kel ley, R .F. ,  and M . P .  O'Connel l .  1 993. Thermodynamic analysis of an antibody functional 

epitope. Biochemistry. 32:6828-35. 

Kenakin ,  T. 1 996. TIPS. 1 7: 1 90. 

Kenakin,  T. ,  and 0.  Onaran . 2002. The l igand paradox between aff in ity and efficacy: can you be 

there and not make a d ifference? Trends Pharmacal Sci. 23:275-80 . 

Kle i n ,  R .  1 994. FASEB J. 8 :738. 

Klein,  R . ,  D .  Conway, L.F. Parada, and M. Barbacid. 1 990. The trkB tyrosine protein kinase gene 

codes for a second neurogenic receptor that lacks the catalytic kinase domain.  Cell. 

61 :647-56. 

Klein, R . ,  S.Q. J ing ,  V. Nanduri, E.  O'Rourke, and M. Barbacid .  1 991 . The trk proto-oncogene 

encodes a receptor for nerve growth factor. Cell. 65: 1 89-97 . 

Kle in ,  R . ,  L .F .  Parada, F. Coul ier ,  and M .  Barbacid. 1 989. trkB, a novel tyrosine protein k inase 

receptor expressed during m ouse neural development. Embo J. 8:3701 -9. 

Klotz, I . M .  1 985 . Ligand--receptor interactions: facts and fantasies. Q Rev Biophys. 1 8:227-59. 

Kobe,  B. ,  and J.  Deisenhofer. 1 994. The leucine-rich repeat: a versat i le binding motif. Trends 

Biochem Sci. 1 9:41 5-2 1 . 

Koj ima, S . ,  T. Nakayama, G .  Kuwaj ima,  H . Suzuki, and T. Sakata. 1 999. TrkB m utant lacking the 

amino-terminal half of the extracellular portion acts as a functional brain-derived 

neurotrophic factor receptor. Biochim Biophys Acta. 1 420:1 04- 10 . 

Kong ,  H . ,  J. Boulter, J .L. Weber, C. Lai, and M .  V. Chao. 2001 . An evolutionarily conserved 

transmembrane protein that is a novel downstream target of neurotroph in and ephrin 

receptors. J Neurosci. 21 : 1 76-85. 

Krom m er, L. 1 987. Science. 235:21 4.  

Kul lander, K. ,  D. Kaplan , and T.  Ebendal. 1 997. Two restricted sites on the surface of the nerve 

growth factor m olecule independently determ ine specific TrkA receptor binding and 

activation . J Bioi Chem. 272:9300-7. 

174 



Kurucz, 1 . ,  A. H i lbert, A. Kapus, D .  Medgyes i ,  G .  Koncz, G .  Sarmay, A. Erdei ,  and J .  Gergely. 

2000. Bacterially expressed human Fe gamma R l lb is soluble and functionally active after 

in vitro refold ing.  lmmunol Lett. 75:33-40. 

Lai, W .H . ,  and H .J .  Guyda. 1 984. Characterization and regulat ion of epidermal growth factor 

receptors in human placental cell cu ltures. J Clin Endocrinol Metab. 58:344-52. 

Laich ,  A . ,  and R.B.  Sim. 2001 . Complement C4bC2 com plex formation: an investigation by 

surface plasmon resonance. Biochim Biophys Acta. 1 544:96-1 1 2. 

Lam bal le, F . ,  P .  Tapley, and M. Barbacid. 1 993. trkC encodes m u ltiple neurotroph in-3 receptors 

w ith distinct biolog ical properties and substrate specif ic it ies. Embo J. 1 2:3083-94 . 

Lam m ,  0.  1 929. Ark Mat Astron Fys. 21 B:2.  

Lauffenburger, D.A. , and J .J . Linderman . 1 993. Receptors, Models for Binding,  Traff icking and 

S ignal ing. Oxford University Press. Chapters 1 -4 pp. 

Layer, P .G . ,  and E .M.  Shooter. 1 983. Bind ing and degradation of nerve growth factor by PC1 2  

pheochromocytoma cel ls. J Bioi Chem. 258:301 2-8. 

Lee, K .F . ,  E .  Li ,  L.J . Huber, S.C. Landis, A.H. Sharpe, M.V. Chao, and R. Jaen isch . 1 992. 

Targeted m utation of the gene encod ing the low aff in ity NGF receptor p75 leads to 

deficits in the peripheral sensory nervous system.  Cell. 69:737-49. 

L im bird ,  L. 1 986. A Short Course on Theory and Methods .  Mart inus N ijhoff, Boston. 

L inderman, J .J . , and D.A. Lauffenburger. 1 988. Analysis of intracel lu lar receptor/l igand sort ing in 

endosomes. J Theor Bioi. 1 32:203-45. 

Linstrom-Lang, K., and J. Schel lman .  1 959. Enzymes. 1 :443. 

L ipshultz, C . ,  Y.  Li, and S. Sm ith-G i l l .  2000. Methods. 20:31 0-31 8 .  

Luo ,  J . ,  J .  Zhou , W. Zou, and P .  Shen. 2001 . Antibody-antigen i nteractions measured by surface 

plasmon resonance: global fitt ing of numerical integration algorithms. J Biochem (Tokyo). 

1 30:553-9. 

Mahadeo, D . ,  L. Kaplan,  M.V. Chao, and B.L. Hempstead. 1 994. H igh aff in ity nerve growth factor 

binding displays a faster rate of association than p1 40trk binding. Impl ications for mu lti­

subunit polypeptide receptors. J Bioi Chem. 269:6884-91 . 

Malmquist, M . ,  and R .  Karlsson. 1 997. Curr Opin Chem Bioi. 1 :378. 

Mart in-Zanca, D., R. Oskam , G. Mitra, T .  Copeland, and M.  Barbacid. 1 989. Molecular and 

biochem ical characterization of the human trk proto-oncogene. Mol Cell Bioi. 9:24-33. 

McDonald, N .Q. ,  R .  Lapatto, J .  Murray-Rust, J .  Gunn ing ,  A. Wlodawer, and T.L. B lundel l .  1 991 . 

New protein fold revealed by a 2 .3-A resolution crystal structure of nerve growth factor. 

Nature. 354:41 1 -4.  

McDonnel l ,  J .M .  2001 . Surface plasmon resonance: towards an understanding of the 

mechanisms of biolog ical molecular recognit ion. Curr Opin Chem Bioi. 5:572-7. 

Meakin , S.O. ,  and E .M .  Shooter. 1 991 . Molecular investigations on the h igh-affinity nerve growth 

factor receptor. Neuron. 6 : 1 53-63. 

Meakin ,  S .O. ,  and E .M.  Shooter. 1 992. The nerve growth factor fam i ly of receptors . Trends 

Neurosci. 1 5:323-31 . 

Meakin , S .O. ,  U. Suter, C. C .  Drinkwater, A.A. Welcher, and E .  M .  Shooter. 1 992. The rat trk 

protooncogene product exh ibits properties characteristic of the slow nerve growth factor 

receptor. Proc Natl Acad Sci U S  A. 89:2374-8. 

1 75 



Middlemas, D .S . ,  R.A. Lindberg, and T. Hunter. 1 991 . trkB, a neural receptor protein-tyrosine 

k inase:  evidence for a fu l l - length and two truncated receptors . Mol Cell Bioi. 1 1 : 1 43-53. 

Myszka, D .G .  1 999. Improving biosensor analysis. J Mol Recognit. 1 2 :279-84. 

Myszka, D .G . ,  R.W. Sweet, P .  Hensley, M. Brigham-Burke, P .D .  Kwong ,  W.A. Hendrickson, R .  

Wyatt, J .  Sodroski ,  and M.L .  Doyle. 2000. Energetics o f  the H IV  gp1 20-CD4 binding 

reaction . Proc Natl Acad Sci U S  A. 97:9026-31 . 

Neet, K .E . ,  and R .B. Campenot. 2001 . Receptor binding, internalizat ion, and retrograde transport 

of neurotrophic factors. Cell Mol Life Sci. 58: 1 021 -35. 

Nichol ls ,  A . ,  K.A. Sharp, and B . Honig. 1 991 . Protein fold ing and association: insights from the 

interfacial and thermodynam ic p roperties of hydrocarbons. Proteins. 1 1 :281 -96. 

N iederhauser, 0. ,  M. Mangold , R. Schubenel, E.A. Kuszn ir ,  D .  Schm idt, and C.  Hertel. 2000. 

NGF l igand alters NGF signal ing via p75(NTR) and trkA. J Neurosci Res. 61 :263-72. 

N inkina, N . ,  M. Grashchuck, V.L .  Buchman ,  and A.M.  Davies. 1 997. TrkB variants with deletions 

in the leucine-rich motifs of the extrace l lular domain .  J Bioi Chem. 272 : 1 301 9-25. 

Novotny, J . ,  R . E. Bruccoleri , and F.A. Saul. 1 989. On the attribution of b inding energy in antigen­

antibody complexes McPC 603, 01 .3, and HyHEL-5. Biochemistry. 28:4735-49. 

Oddie , G .W. ,  L .C.  Gruen , G .A. Odgers, L.G . King, and A.A. Kortt. 1 997. Identification and 

min im ization of non ideal binding effects in BIAcore analys is :  ferritin/anti -ferritin Fab' 

interaction as a model system . Anal Biochem. 244:301 -1 1 .  

Orengo, C .A . ,  A .  E .  Todd, and J .M .  Thornton. 1 999. From protein structure to function . Curr Opin 

Struct Bioi. 9:374-82 . 

Panayotatos, N . ,  E. Radziejewska, A. Acheson, R .  Somogyi, A. Thadan i ,  W.A. Hendrickson, and 

N.Q. McDonald. 1 995. Localization of functional receptor ep itopes on the structure of 

ci l iary neurotrophic factor ind icates a conserved, function-related epitope topography 

am ong hel ical cytokines. J Bioi Chem. 270:1 4007-1 4. 

Perez, P . ,  P .M .  Coli , B.L.  Hempstead, D .  Martin-Zanca, and M. V. Chao. 1 995. NGF binding to the 

trk tyrosine kinase receptor req u ires the extracel lu lar immunoglobul in- l ike domains. Mol 

Cell Neurosci. 6 :97- 1 05. 

Peters, J .W . ,  M .H .  Stowel l ,  and D.C. Rees. 1 996. A leucine-rich repeat variant w ith a novel 

repetitive protein structural motif . Nat Struct Bioi. 3:99 1 -4. 

Qiao, Z .S . ,  Z .Y.  Guo, and Y .M .  Feng. 2001 . Putative disulf ide-form ing pathway of porcine insul in 

precursor during i ts refolding i n  vitro. Biochemistry. 40:2662-8. 

Rabizadeh , S . ,  J. Oh, L.T. Zhong, J. Yang, C.M. Bitler, L .L. Butcher, and D .E .  Bredesen .  1 993. 

Induction of apoptosis by the low-aff in ity NGF receptor. Science. 261 :345-8. 

Radeke, M .J . ,  T .P .  Misko, C. Hsu, L.A. Herzenberg, and E .M.  Shooter. 1 987. Gene transfer and 

m olecular clon ing of the rat nerve growth factor receptor. Nature. 325:593-7. 

Raff ion i ,  S . ,  R .A .  Bradshaw,  and S .E. Buxser. 1 993. The receptors for nerve growth factor and 

other  neurotroph ins.  Annu Rev Biochem. 62:823-50. 

Roback, J . ,  H. Palfrey, and B. Wainer. 1 992. Comments Dev Bioi. 1 :3 1 1 - . 

Robertson,  A .G . ,  M.J. Banfield, S.J .  Al ien, J.A. Dando, G.G.  Mason , S .J .  Tyler, G .S .  Bennett, 

S . D .  Brain, A .R .  Clarke, R .L .  Naylor, G .K. Wilcock, R . L. Brady, and D. Dawbarn . 2001 . 

Identification and structure of the nerve growth factor binding s ite on TrkA. Biochem 

Biophys Res Commun. 282 : 1 3 1 -41 . 

176 



Robinson , R .C . ,  C. Radziejewski, D. I .  Stuart, and E.Y. Jones. 1 995. Structure of the brain-derived 

neurotrophic factor/neurotrophin 3 heterodimer. Biochemistry. 34:41 39-46. 

Rodriguez-Tebar, A. ,  and Y.A. Barde. 1 988. Bind ing characteristics of brain-derived neurotrophic 

factor to its receptors on neurons from the ch ick embryo. J Neurosci. 8:3337-42. 

Rodriguez-Tebar, A . ,  G. Dechant, R . Gotz, and Y .A .  Barde. 1 992. Binding of neurotrophin-3 to its 

neuronal receptors and interactions with nerve growth factor and brain-derived 

neurotrophic factor. Embo J. 1 1  :91 7-22 . 

Ross, A .H . ,  M.C.  Daou, C.A.  McKinnon , P .J .  Condon, M.B .  Lachyankar, R .M .  Stephens, D . R. 

Kap lan ,  and D .E .  Wolf. 1 996. The neurotrophin receptor, gp75 , forms a com plex with the 

receptor tyrosine kinase TrkA. J Cell Bioi. 1 32:945-53. 

Ross, G . M . ,  I . L. Shamovsky, G .  Lawrance, M. Sole, S .M. Dostaler, D .F .  Weaver, and R .J .  

Riopel le.  1 998. Reciprocal modu lation o f  TrkA and p75NTR aff in ity states is mediated by 

d i rect receptor interactions. Eur J Neurosci. 1 0:890-8. 

Rothberg, J . M . ,  J .R .  Jacobs, C .S .  Goodman , and S. Artavan is-Tsakonas. 1 990. s l it: an 

extracel lular protein necessary for development of m id l ine g l ia and comm issural axon 

pathways contains both EGF and LRR domains. Genes Oev. 4:21 69-87. 

Ruffolo Jr, R . ,  E. Rosing, and J .  Waddel l .  1 979. Receptor interactions of im idazol ines. I. Aff in ity 

and efficacy for alpha adrenergic receptors in rat aorta. J Pharmacal Exp Ther. 209:429-

436. 

Ruffolo J r, R . ,  and J. Waddel l .  1 983. Aromatic and benzyl ic hydroxyl substitution of im iadzol ines 

and phenyletham ines: differences in activity with alpha- 1 and alpha-2 receptors. J 

Pharmacal Exp Ther. 224:559-566. 

Ryden, M . ,  and C .F .  lbanez. 1 997. A second determ inant of binding to the p75 neurotroph in  

receptor revealed by alanine-scann ing m utagenesis of a conserved loop in nerve growth 

factor. J Bioi Chem. 272:33085-91 . 

Saragovi ,  H . ,  and K. Burgess. 1 999. Exp Opin Ther Patents. 9:737. 

Saragovi ,  H . U . ,  and M.C.  Zaccaro. 2002. Small molecule peptidom imetic l igands of neurotrophin 

receptors, identifying binding sites, activation s ites and regulatory s ites . Curr Pharm Des. 

8:2201 - 1 6 .  

Schechter, A . L . ,  and M.A.  Bothwel l .  1 981 . Nerve growth factor receptors o n  PC 1 2  cells: evidence 

for two receptor classes with d iffering cytoskeletal association. Cell. 24:867-74. 

Schneider, R . ,  and M. Schweiger. 1 991 . The yeast DNA repair proteins RAD1 and RAD7 share 

s im i lar putative functional domains . FEBS Lett. 283:203-6. 

Schuck, P. 1 997a. Rel iable determination of b inding affinity and kinetics using surface plasmon 

resonance biosensors. Curr Opin Biotechnol. 8:498-502. 

Schuck, P. 1 997b. Use of surface plasmon resonance to probe the equi l ibr ium and dynam ic 

aspects of interactions between biological macromolecules. Annu Rev Biophys Biomol 

Struct. 26:541 -66. 

Schuck, P . ,  and A .P .  Minton.  1 996. Analysis of mass transport- l im ited binding kinetics in 

evanescent wave biosensors. Anal Biochem. 240:262-72. 

Shamovsky, I . L. ,  G . M .  Ross, R .J .  Riopel le ,  and D .F. Weaver. 1 999. The interaction of 

neurotrophins with the p75NTR common neurotrophin receptor: a com prehensive 

m olecu lar model ing study. Protein Sci. 8:2223-33. 

1 77 



Soppet, D . ,  E. Escandon, J .  Maragos, D.S.  Middlemas, S.W. Reid, J .  Blair, L.E. Burton ,  B .R .  

Stanton, D .R .  Kaplan, T.  H unter, and et  a l .  1 991 . The neurotrophic factors brain-derived 

neurotrophic factor and neurotrophin-3 are ligands for the trkB tyrosine kinase receptor. 

Cell. 65:895-903. 

Stevens,  R .C .  2000. Design of h igh-throughput m ethods of protein production for structural 

biology. Structure Fold Des. 8 :R1 77-85. 

Sutter, A . ,  R .J .  R iopel le, R .M .  Harris-Warrick, and E. M .  Shooter. 1 979. Nerve growth factor 

receptors. Characterization of two distinct classes of binding sites on ch ick embryo 

sensory gangl ia cells. J Bioi Chem. 254:5972-82. 

Tatsuno, 1 . ,  M. Homma, K. Oosawa, and I. Kawagish i .  1 996. Signal ing by the Escherich ia coli 

aspartate chemoreceptor Tar with a si ngle cytoplasm ic domain per dimer .  Science. 

274:423-5 . 

Thoenen, H .  1 991 . The changing scene of neurotrophic factors. Trends Neurosci. 1 4: 1 65-70. 

Thoenen, H. 1 995. Neurotroph ins and neuronal plasticity. Science. 270:593-8. 

Tsou lfas, P . ,  D .  Soppet, E.  Escandon , L. Tessarol lo, J . L. Mendoza-Ram irez, A. Rosenthal, K. 

N ikol ics, and L .F .  Parada. 1 993. The rat trkC locus encodes multiple neurogenic 

receptors that exh ibit d ifferential response to neurotrophin-3 in PC1 2 cel ls .  Neuron. 

1 0:975-90. 

U ltsch ,  M . H . ,  C .  Wiesmann, L.C. S immons, J. Henrich , M. Yang, D. Rei l ly, S .H .  Bass, and A .M.  

de Vos. 1 999. Crystal structures of the  neurotrophin-binding domain of TrkA, TrkB and 

TrkC. J Mol Bioi. 290 : 1 49-59. 

U rfer, R . ,  P .  Tsoulfas, L. O'Connel l ,  J .A. Hongo, W. Zhao, and L.G .  Presta. 1 998.  H igh resolution 

m apping of the binding site of TrkA for nerve growth factor and TrkC for neurotrophin-3 

on the second immunoglobu l in- l ike dom ain of the Trk receptors. J Bioi Chem. 273:5829-

40. 

U rfer, R . ,  P. Tsoulfas , L. O'Connel l ,  D .L. Shelton ,  L. F .  Parada, and L .G.  Presta. 1 995. An 

imm unoglobul in- l ike dom ain determ ines the specificity of neurotroph in  receptors. Embo J. 

1 4:2795-805. 

Urfer, R. ,  P .  Tsoulfas , D .  Soppet, E. Escandon , L .F .  Parada, and L.G . Presta. 1 994. The binding 

epitopes of neurotroph in-3 to its receptors trkC and gp75 and the design of a 

mu ltifunctional human neurotrophin.  Embo J. 1 3:5896-909. 

Valenzuela, D .M . ,  P .C .  Maisonpierre, D.J.  G lass , E.  Rojas, L. Nunez, Y.  Kong,  D . R .  G ies, T .N .  

Stitt, N .Y .  lp ,  and G .D .  Yancopoulos. 1 993. Alternative forms of rat TrkC with d ifferent 

functional capabi l ities . Neuron. 1 0:963-7 4. 

Van Regenmortel , M . H .  2001 . Analysing structure-function re lationsh ips with biosensors. Cell Mol 

Life Sci. 58:794-800. 

Watson, F .L . ,  M .A. Porcionatto, A.  Bhattacharyya, C .D .  Stiles, and R .A.  Segal .  1 999. TrkA 

glycosylation regulates receptor localization and activity. J Neurobiol. 39:323-36. 

Weskamp, G . ,  and L .F .  Reichardt. 1 991 . Evidence that biological activity of N G F  is  mediated 

through a novel subclass of high affinity receptors. Neuron. 6:649-63. 

Wiesmann, C., Y.  Mu ller, and A.  de Vos . 2000. Ligand-binding s ites in lg- l ike domains of receptor 

tyrosine k inases. J Mol Med. 78:247-260. 

1 78 



Wiesmann ,  C . ,  M . H .  U ltsch, S .H .  Bass, and A .M.  de Vas. 1 999. Crystal structure of nerve growth 

factor in complex w ith the ligand-binding domain of the TrkA receptor. Nature. 401 : 1 84-8. 

Wi l l iam s D.A . ,  T .L. Lemke, 2002, Foye's Principles of Medicinal Chem istry, Fifth Ed ition, Pub .  

Lippincott Wil l iams & Wilkins, Chapters 1 -6.  

Wi l l iam s, L. R . , S . Varon ,  G .M .  Peterson , K. Wictorin ,  W.  Fischer, A.  Bjorklund, and F . H .  Gage. 

1 986. Continuous infusion of nerve growth factor prevents basal forebrain neuronal death 

after fimbria fornix transection. Proc Natl Acad Sci U S  A. 83:9231 -5. 

Wilson , 1 . ,  and R . Stanfield. 1 993. Curr Opin Struct Bioi. 3: 1 1 3 .  

Windisch, J . M . ,  B .  Auer, R .  Marksteiner, M .E. Lang ,  and R .  Schneider. 1 995b. Specific 

neurotrophin b inding to leucine-rich motif peptides of TrkA and TrkB. FEBS Left. 374: 1 25-

9. 

Windisch, J . M . ,  R .  Marksteiner,  M.E .  Lang,  B. Auer, and R .  Schneider. 1 995c. Brain-derived 

neurotroph ic factor, neurotroph in-3, and neurotrophin-4 bind to a s ingle leucine-rich motif 

of TrkB. Biochemistry. 34: 1 1 256-63. 

Windisch, J . M . ,  R. Marksteiner,  and R.  Schneider. 1 995a. Nerve growth factor b inding site on 

TrkA m apped to a single 24-am ino acid leucine-rich motif. J Bioi Chem. 270:281 33-8. 

Wirtz, P., and B. Steipe. 1 999. lntrabody construction and expression I l l :  engineering hyperstable 

V(H)  domains . Protein Sci. 8:2245-50. 

Wolf, D .E . ,  C.A.  McKinnon, M.C.  Daou , R.M.  Stephens , D .R .  Kaplan, and A .H .  Ross. 1 995 . 

Interaction with TrkA im mobil izes gp75 in the h igh aff in ity nerve growth factor receptor 

complex . J Bioi Chem. 270:21 33-8. 

Wolf, D .E . ,  C .  McKinnon-Thompson , M.C.  Daou, R .M .  Stephens, D .R .  Kaplan, and A . H .  Ross . 

1 998 . Mobi l ity of TrkA is regulated by phosphorylation and interactions with the low­

affinity NGF receptor. Biochemistry. 37:31 78-86. 

Woo, S .B . ,  and K .E. N eet. 1 996. Characterization of h istidine residues essential for receptor 

b inding and activity of nerve growth factor. J Bioi Chem. 271 :24433-41 . 

Woo, S .B . ,  C. Whalen , and K .E .  Neet. 1 998. Characterization of the recombinant extracel lu lar 

domain of the neurotroph in receptor TrkA and its i nteraction with nerve growth factor 

(NGF) .  Protein Sci. 7 : 1 006- 1 6 . 

Woodruff, N . R . ,  and K . E. Neet. 1 986. Inh ibition of beta nerve growth factor bind ing  to PC1 2 cel ls 

by alpha nerve growth factor and gamma nerve growth factor. Biochemistry. 25:7967-74. 

Woodward, C .  1 993. Is the slow exchange core the protein fold ing core? Trends Biochem Sci. 

1 8:359-60. 

Woodward , C., I . S im on, and E .  Tuchsen. 1 982. Hydrogen exchange and the dynam ic structure 

of proteins .  Mol Cell Biochem. 48: 1 35-60. 

Xu. 1 997. Nature. 385 :741 . 

Yan, H . ,  and M. V. Chao. 1 991 . D isruption of cysteine-rich repeats of the p75 nerve growth factor 

receptor leads to loss of ligand binding. J Bioi Chem. 266 : 1 2099-1 04. 

Yano, H . ,  and M.  V. C hao. 2000. Neurotrophin receptor structure and interactions . Pharm Acta 

Helv. 74:253-60. 

Yennawar, N .  1 995. J Am Chem Soc. 1 1 7:577. 

Yuen, E .C . ,  and W.C.  Mobley. 1 996. Therapeutic potential of neurotrophic factors for neurological 

disorders . Ann Neural. 40:346-54. 

1 79 



Zaccaro, M.C . ,  L. lvanisevic, P. Perez, S.O. Meakin ,  and H.U .  Saragovi .  2001 . p75 Co-receptors 

regulate l igand-dependent and l igand-independent Trk receptor activation , in part by 

altering Trk docking subdomains. J Bioi Chem. 276:31 023-9. 

Zavodszky, P . ,  J. Kardos, Svingor, and G .A. Petsko. 1 998 . Adjustment of conformational f lexib i l ity 

is a key event in the thermal adaptation of proteins. Proc Natl Acad Sci U S  A. 95:7406-

1 1  . 

Zeder-Lutz, G . ,  R .  Wenger, M .H .  Van Regenmortel, and D. A ltschuh.  1 993. Interaction of 

cyclosporin A with an Fab fragment or cycloph i l in . Affin ity measurements and t ime­

dependent changes in binding. FEBS Left. 326 : 1 53-7. 

1 80 



Appendix I 

Sequences of the Trk Receptors and Neurotroph ins 

A number of recombinant TrkA, TrkB and TrkC proteins were engineered for expression i n  

bacteria and yeast. Listed below are the amino acid sequences for all mammal ian Trk species 

expressed and for the neurotroph ins .  Al l  Trk and neurotrophin sequences are from the Swiss 

P rote in  Data Bank (SwissProt) .  

NGF (Mur ine) 

1 0  2 0  3 0  4 0  5 0  6 0  
I I I I I I 

MSMLFYT L I T  AFL I GVQAEP YTDSNVPEGD SV PEAHWTKL QHS LDTALRR ARSAPTAP I A  

7 0  8 0  9 0  1 0 0  1 1 0  1 2 0  
I I I I I 

ARVTGQTRNI TVD PRLF KKR RLHSPRVLFS TQPPPTSSDT LDLDFQAHGT I P FNRTHRS K 

1 3 0  1 4 0  1 5 0  1 6 0  1 7 0  1 8 0  
I I I I I I 

R S S TH PVFHM GEFSVCDSVS VWVGDKTTAT D I KGKEVTVL AEVN I NNSVF RQYFFETKCR 

1 9 0  2 0 0  2 1 0  2 2 0  2 3 0  2 4 0  
I I I I I I 

ASNPVESGCR G I D S KHWNSY CTTTHTFVKA LTTDE KQAAW R F I R I DTACV CVLSRKATRR 

BDNF 

1 0  2 0  3 0  4 0  5 0  6 0  
I I I I I I 

M T I L F LTMVI S Y FGCMKAAP MKEAN I RGQG GLAYPGVRTH GTLESVNGPK AGSRGLTSLA 

7 0  8 0  9 0  1 0 0  1 1 0  1 2 0  
I I I I I I 

DT FEHV I EE L  LDEDQKVRPN EENNKDADLY TSRVMLSSQV PLEPPLLFLL EEYKNYLDAA 

1 3 0  1 4 0  1 5 0  1 6 0  1 7 0  1 8 0  
I I I I I 

NMSMRVRRHS DPARRGELSV CDS I S EWVTA ADKKTAVDMS GGTVTVLEKV PVS KGQLKQY 

1 9 0  2 0 0  2 1 0  2 2 0  2 3 0  2 4 0  

FYETKCNPMG YTKEGCRG I D  KRHWNSQCRT TQSYVRALTM DSKKRIGWRF I R I DTSCVCT 

1 8 1 



2 4 7  
I 

LTI KRGR 

NT-3 

1 0  2 0  3 0  4 0  5 0  6 0  
I I I I I I 

M S I LFYV I FL AYLRGI QGNN MDQRSLPEDS LNS L I I KL I Q  AD I LKNKLSK QMVDVKENYQ 

7 0  8 0  9 0  1 0 0  1 1 0  1 2 0  
I I I I I 

S TL P KAEAPR E PERGGPAKS AFQPVIAMDT ELLRQQRRYN S PRVLLSD S T  PLE P PPLYLM 

1 3 0  1 4 0  1 5 0  1 6 0  1 7 0  1 8 0  
I I I I I 

EDYVGSPWA NRTSRRKRYA E H KSHRGEYS VCDSESLWVT DKSSAI D I RG HQVTVLGE I K  

1 9 0  2 0 0  2 1 0  2 2 0  2 3 0  2 4 0  
I I I I I 

TGNS PVKQYF YE TRCKEARP VKNGCRG I DD KHWNSQCKTS QTYVRALTSE NNKLVGWRWI 

2 5 0  2 5 7  
I I 

R I DTS CVCAL S R K I GRT 

TrkA (Rattus norveg icus) 

1 0  2 0  3 0  4 0  5 0  6 0  
I I I I I I 

MLRGQRHGQL GWHRPAAGLG GLVTSLMLAC ACAASCRETC CPVGPSGLRC TRAGTLNTLR 

7 0  8 0  9 0  1 0 0  1 1 0  1 2 0  
I I I I I I 

GLRGAGNLTE LYVENQRDLQ RLEFEDLQGL GELRS LTIVK SGLRFVAPDA FHFTPRLSHL 

1 3 0  1 4 0  1 5 0  1 6 0  1 7 0  1 8 0  
I I I I 

NLSSNALE S L  SWKTVQGLSL QDLTLSGNPL HCS CALLWLQ RWEQEDLCGV YTQKLQGSGS 

1 9 0  2 0 0  2 1 0  2 2 0  2 3 0  2 4 0  
I I I I I I 

GDQ FL P LGHN NS CGVPSVKI QMPNDSVEVG DDVFLQCQVE GQALQQADWI LTELEGTATM 

2 5 0  2 6 0  2 7 0  2 8 0  2 9 0 3 0 0  
I I I I I I 

K KS GD L P S LG LTLVNVTSDL NKKNVTCWAE NDVGRAEVSV QVSVSFPASV HLGKAVEQHH 

3 1 0  3 2 0  3 3 0  3 4 0  3 5 0  3 6 0  
I I I I I I 

W C I P FSVDGQ PAPSLRWFFN GSVLNETS F I  FTQFLESALT NETMRHGCLR LNQPTHVNNG 

3 7 0  3 8 0  3 9 0  4 0 0  4 1 0  4 2 0  
I I I I I I 
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NYTLLAANPY GQAAAS I MAA FMDNPFEFNP E D P I PVS F S P  VDTNSTSRDP VEKKDETPFG 

4 3 0  4 4 0  4 5 0  4 6 0  4 7 0  4 8 0  
I I I I I I 

VSVAVGLAVS AALF LSALLL VLNKCGQRSK FGI NRPAVLA PEDGLAMSLH FMTLGGSSLS 

4 9 0  5 0 0  5 1 0  5 2 0  5 3 0  5 4 0  
I I I I I I 

PTEGKGSGLQ GH I MENPQYF SDTCVHH I KR QDI I LKWELG EGAFGKVFLA ECYNLLNDQD 

5 5 0  5 6 0  5 7 0  5 8 0  5 9 0  6 0 0  
I I I I I I 

KMLVAVKALK ETSENARQDF HREAELLTML QHQH IVRFFG VCTEGGPLLM VFEYMRHGDL 

6 1 0  6 2 0  6 3 0  6 4 0  6 5 0  6 6 0  
I I I I I I 

NRFLRSHGPD AKLLAGGEDV APGPLGLGQL LAVASQVAAG MVYLAS LHFV HRDLATRNCL 

6 7 0  6 8 0  6 9 0  7 0 0  7 1 0  7 2 0  
I I I I I I 

VGQGLW K I G  DFGM S RD I YS TDYYRVGGRT MLP I RWMPPE S I LYRKFSTE SDVWSFGWL 

7 3 0  7 4 0  7 5 0  7 6 0  7 7 0  7 8 0  
I I I I I 

W E I FTYGKQP WYQLSNTEAI E C I TQGRELE RPRACPPDVY AI MRGCWQRE PQQRLSMKDV 

7 9 0  7 9 9  
I I 

HARLQALAQA PPSYLDVLG 

TrkA (Human) 

1 0  2 0  3 0  4 0  s o  6 0  
I I I I I I 

MLRGGRRGQL GWHSWAAGPG SLLAWLI LAS AGAAPCPDAC CPHGSSGLRC TRDGALDSLH 

7 0  8 0  9 0  1 0 0  1 1 0  1 2 0  
I I I I 

HL PGAENLTE LYI ENQQHLQ HLELRDLRGL GELRNLT I V K  SGLRFVAPDA FHFTPRLSRL 

1 3 0  1 4 0  1 5 0  1 6 0  1 7 0  1 8 0  
I I I I I I 

NLS FNALE S L  SWKTVQGLSL QELVLSGNPL HCS CALRWLQ RWEEEGLGGV PEQKLQCHGQ 

1 9 0  2 0 0  2 1 0  2 2 0  2 3 0  2 4 0  
I I I I I I 

GP LAHMPNAS CGVPTLKVQV PNASVDVGDD VLLRCQVEGR GLEQAGW I LT ELEQSATVMK 

2 5 0  2 6 0  2 7 0  2 8 0 2 9 0  3 0 0  
I I I I I I 

SGGLPS LGLT LANVTSDLNR KNLTCWAEND VGRAEVSVQV NVSFPASVQL HTAVEMHHWC 

3 1 0 3 2 0  3 3 0  3 4 0  3 5 0 3 6 0  
I I I I I I 

I P FSVDGQPA PSLRWLFNGS VLNET S F I F T  E F L E PAANET VRHGCLRLNQ PTHVNNGNYT 
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3 7 0  3 8 0  3 9 0  4 0 0  4 1 0  4 2 0  
I I I I I I 

LLAANP FGQA SAS I MAAFMD NPFEFNPEDP I PVSFS PVDT NS TSGDPVEK KDETPFGVSV 

4 3 0  4 4 0  4 5 0  4 6 0  4 7 0 4 8 0  
I I I I I I 

AVGLAVFACL FLSTLLLVLN KCGRRNKFGI NRPAVLAPED GLAMSLHFMT LGGS SLS PTE 

4 9 0  5 0 0  5 1 0  5 2 0  5 3 0  5 4 0  
I I I I I I 

GKGSGLQGHI I EN PQYFSDA CVHH I KRRDI VLKWELGEGA FGKVFLAECH NLLPEQDKML 

5 5 0  5 6 0  5 7 0  5 8 0  5 9 0  6 0 0  
I I I I I I 

VAVKALKEAS ESARQDFQRE AELLTMLQHQ HIVRFFGVCT EGRP LLMVFE YMRHGDLNRF 

6 1 0  6 2 0  6 3 0  6 4 0  6 5 0  6 6 0  
I I I I I I 

LRS HGPDAKL LAGGEDVAPG PLGLGQLLAV ASQVAAGMVY LAGLHFVHRD LATRNCLVGQ 

6 7 0  6 8 0  6 9 0  7 0 0  7 1 0  7 2 0  
I I I I I I 

GLVV K I GDFG MSRD I YS TDY YRVGGRTMLP I RWMP P E S I L  YRKFTTESDV WS FGVVLWE I  

7 3 0  7 4 0  7 5 0  7 6 0  7 7 0  7 8 0  
I I I I 

FTYGKQPWYQ LSNTEAI D C I  TQGRELERPR AC P PEVYA I M  RGCWQREPQQ RHS I KDVHAR 

7 9 0  7 9 6  
I I 

LQALAQAPPV YLDVLG 

TrkB (Rattus norvegicus) 

1 0  2 0  3 0  4 0  5 0  6 0  
I I I I I I 

M S PW PRWHGP AMARLWGLCL LVLGFWRASL ACPMS CKCST TRIWCTEPSP GIVAFPRL E P  

7 0  8 0  9 0  1 0 0  1 1 0  1 2 0  
I I I I I I 

NS I D PEN I TE I L I ANQKRLE I I NEDDVEAY VGLKNLT I VD S GLKFVAYKA FLKNGNLRHI 

1 3 0  1 4 0  1 5 0  1 6 0  1 7 0  1 8 0  
I I I I I I 

NFTRNKLTSL SRRHFRHLDL SDLI LTGNPF TCSCD I MW L K  TLQETKS S PD TQDLYCLNES 

1 9 0  2 0 0  2 1 0  2 2 0  2 3 0  2 4 0  
I I I I I I 

S KNTPLANLQ I PNCGLPSAR LAAPNLTVEE GKSVT I S CSV GGDPLPTLYW DVGNLVSKHM 

2 5 0  2 6 0  2 7 0  2 8 0  2 9 0  3 0 0  
I I I I I I 

NETSHTQGSL R I T N I S SDDS GKQ I S CVAEN LVGEDQDSVN LTVHFAPT I T  FLES PTSDHH 
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3 1 0  3 2 0  3 3 0  3 4 0  3 5 0  3 6 0  
I I I I I I 

W C I P FTVRGN PKPALQWFYN GAI LNE S KY I  CTKI HVTNHT EYHGCLQLDN PTHMNNGDYT 

3 7 0 3 8 0  3 9 0 4 0 0  4 1 0  4 2 0  
I I I I I 

LMAKNEYGKD ERQI SAHFMG RPGVDYETNP NYPEVLYEDW TTPTD I GDTT NKSNE I P STD 

4 3 0  4 4  0 4 5 0  4 6 0  4 7 0  4 8 0  
I I I I I I 

VADQTNREHL SVYAVVV IAS WGFCLLVML LLLKLARHS K FGMKGPASVI SNDDDSASPL 

4 9 0 5 0 0  5 1 0  5 2 0  5 3 0  5 4 0  

HH I S NGSNTP S S S EGGPDAV I I GMTKI PVI ENPQYFG I TN SQLKPDTFVQ H I KRHN IVLK 

5 5 0  5 6 0  5 7 0  5 8 0  5 9 0  6 0 0  
I I I I I I 

RE LGEGAFGK V FLAECYNLC PEQDKI LVAV KTLKDAS DNA RKDFHREAEL LTNLQHEHIV 

6 1 0 6 2 0  6 3 0  6 4 0  6 5 0  6 6 0  
I I I I I I 

KFYGVCVEGD P L I MVFEYMK HGDLNKFLRA HGPDAVLMAE GN P PTELTQS QMLH I AQQ I A  

6 7 0  6 8 0  6 9 0  7 0 0  7 1 0  7 2 0  
I I I I I I 

AGMVYLASQH FVHRDLATRN CLVGENLLVK I GDFGMSRDV YS TDYYRVGG HTML P I RWMP 

7 3 0  7 4 0  7 5 0  7 6 0  7 7 0  7 8 0  
I I I I I 

P E S I MYRKFT TESDVWSLGV VLWEI FTYGK QPWYQLSNNE V I E C I TQGRV LQRPRTCPQE 

7 9 0  8 0 0  8 1 0  8 2 0  
I I I I 

VYELMLGCWQ RE PHTRKN I K  N I HTL LQNLA KASPVYLD I L  G 

TrkB (Mouse) 

1 0  2 0  3 0  4 0  5 0  6 0  
I I I I I I 

M S PWLKWHGP AMARLWGLCL LVLGFWRASL ACPTS CKC S S  ARIWCT E P S P  G I VAFPRLEP 

7 0  8 0  9 0  1 0 0  1 1 0  1 2 0  
I I I I I I 

N SVDPEN I T E  I L I ANQKRLE I I NE DDVEAY VGLRNLT IVD SGLK FVAYKA FLKNSNLRHI 

1 3 0  1 4 0  1 5 0  1 6 0 1 7 0  1 8 0  
I I I I I I 

N FT RNKLT S L  S R R H FRHLDL S D L I LTGN P F  TCSCDIMWLK T LQE T K S S P D TQDLYCLNES 

1 9 0  2 0 0  2 1 0  2 2 0  2 3 0  2 4 0  
I I I I I I 

S KNMPLANLQ I PNCGLP SAR LAAPNLTVEE GKSVT L S C S V  GGDPLPT LYW DVGNLVSKHM 
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2 5 0  2 6 0  2 7 0  2 8 0  2 9 0 3 0 0  
I I I I I I 

NET S HTQGSL R I TN I S S D D S  GKQ I S CVAEN LVGEDQDSVN LTVH FA P T I T  F LE S PT S DH H  

3 1 0  3 2 0  3 3 0  3 4 0  3 5 0  3 6 0  
I I I I I I 

WC I P FTVRGN P K PALQWFYN GA I LN E S KY I  CTKI HVTNHT E YHGCLQ LDN PTHMNNGDYT 

3 7 0  3 8 0  3 9 0  4 0 0  4 1 0  4 2 0  
I I I I I I 

LMAKNEYGKD ERQI SAH FMG R P GVDYETNP NYPEVLYEDW T T P T D I G DTT NKSNE I P S T D  

4 3 0  4 4 0  4 5 0 4 6 0  4 7 0  4 8 0  
I I I I I I 

VA D Q S NREHL S VYAVVV IAS VVGFCLLVML LLLKLARHSK FGMKGPASVI S N D D D SAS P L  

4 9 0 5 0 0  5 1 0  5 2 0  5 3 0  5 4 0  
I I I I I I 

HH I S N G S NT P S S S E G G P DAV I I GMTK I PV I  ENPQYFG I TN S Q L K P D T FVQ H I KRHNIVLK 

5 5 0  5 6 0 5 7 0  5 8 0  5 9 0 6 0 0  
I I I I I I 

R E L GEGAFGK V FLAECYNLC P E Q D K I LVAV KTLKDAS DNA R K D FHREAE L  L T  L H E H I V  

6 1 0  6 2 0  6 3 0  6 4  0 6 5 0  6 6 0  
I I I I I I 

K FYGVCVEG D P L I MV FEYMK H G DLNK FLRA HGP DAVLMAE GN P P T E LTQS QMLH IAQQ I A  

6 7 0 6 8 0  6 9 0  7 0 0  7 1 0  7 2 0  
I I I I I I 

AGMVYLASQH FVH R DLATRN C LVGENLLVK I G DFGMS R DV Y S T D YY RVGG HTML P I RWMP 

7 3 0  7 4 0  7 5 0  7 6 0 7 7 0  7 8 0  
I I I I I I 

P E S I MYRKFT T E S D VW S LGV VLWE I FTYGK QPWYQLSNNE V I E C I T QGRV LQRPRTCPQE 

7 9 0  8 0 0  8 1 0  8 2 0  
I I I I 

V Y E LMLGCWQ R E P H T R KN I K  S I HTL LQNLA KAS PVY L D I L  G 

TrkB (H uman) 

1 0  2 0  3 0  4 0  5 0  6 0  
I I I I I I 

MS S W I RWHGP AMARLWGFCW LVVGFWRAAF ACPTS CKCSA S R I W C S D P S P  GIVAFPRL E P  

7 0  8 0  9 0  1 0 0  1 1 0  1 2 0  
I I I I I I 

NSVDPENITE I F I ANQKRLE I I NEDDVEAY VGLRNLTIVD SGLKFVAHKA FLKNSNLQHI 

1 3 0  1 4 0  1 5 0  1 6 0  1 7 0  1 8 0  
I I I I I I 

NFTRNKLTSL SRKH FRHLDL S E L I LVGNPF TCSCD I MW I K  TLQEAKSSPD TQDLYCLNES 

1 9 0  2 0 0  2 1 0  2 2 0  2 3 0  2 4 0  
I I I I I I 
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S KN I P LANLQ I PNCGLPSAN LAAPNLTVEE GKS I TLSCSV AGDPVPNMYW DVGNLVSKHM 

2 5 0  2 6 0  2 7 0  2 8 0  2 9 0  3 0 0  
I I I I I I 

NETSHTQGSL R I TN I SSDDS GKQ I S CVAEN LVGEDQDSVN LTVHFAPT I T  FLESPTSDHH 

3 1 0  3 2 0  3 3 0  3 4 0  3 5 0  3 6 0  
I I I I I I 

W C I P FTVKGN PKPALQWFYN GA I LNE S KY I  CTKI HVTNHT EYHGCLQLDN PTHMNNGDYT 

3 7 0  3 8 0  3 9 0  4 0 0  4 1 0  4 2 0  
I I I I I I 

L I AKNEYGKD EKQ I SAHFMG WPGI DDGANP NYPDVIYEDY GTAAND I GDT TNRSNE I PST 

4 3 0  4 4 0  4 5 0  4 6 0  4 7 0  4 8 0  
I I I I 

DVTDKTGREH LSVYAVVV I A  SWGFCLLVM LFLLKLARHS KFGMKGPASV I SNDDDSASP 

4 9 0  5 0 0 5 1 0  5 2 0  5 3 0  5 4 0  
I I I I I 

LHH I SNGSNT P S S S EGGPDA VI I GMT K I PV I ENPQYFG I T  NSQLKPDTFV QH I KRHNIVL 

5 5 0  5 6 0  5 7 0  5 8 0  5 9 0  6 0 0  
I I I I I I 

KRELGEGAFG KVFLAE CYNL CPEQD K I LVA VKTLKDASDN ARKD FHREAE LLTNLQHEHI 

6 1 0  6 2 0  6 3 0  6 4 0  6 5 0  6 6 0  
I I I I I I 

V KFYGVCVEG DPL I MVFEYM KHGDLNKFLR AHGPDAVLMA EGNP PTE LTQ SQMLHIAQQI 

6 7 0  6 8 0  6 9 0  7 0 0  7 1 0  7 2 0  
I I I I I I 

AAGMVYLASQ HFVHRDLATR NCLVGENLLV KI GDFGMSRD VYSTDYYRVG GHTML P I RWM 

7 3 0  7 4 0  7 5 0  7 6 0  7 7 0  7 8 0  
P P E S I MYRKF TTESDVWSLG WLWE I FTYG KQPWYQLSNN EVI E C I TQGR VLQRPRTCPQ 

7 9 0  8 0 0  8 1 0  8 2 0  
I I I I 

EVYE LMLGCW QREPHMRKNI KG I HTLLQNL AKAS PVYLDI LG 

TrkC (Rattus norvegicus) 

1 0  2 0  3 0  4 0  5 0  6 0  
I I I I I 

MDVSLCPAKC S FWRI FLLGS VWLDYVGSVL ACPANCVCS K  TEI NCRRPDD GNLF PLLEGQ 

7 0  8 0  9 0  1 0 0  l l O  1 2 0  
I I I I I I 

D S GN SNGNAS I N I T D I S RN I  T S I H I ENWRG LHTLNAVDME LYTGLQKLTI KNSGLRN I Q P  

1 3 0  1 4 0  1 5 0  1 6 0  1 7 0  1 8 0  
I I I I I 

RAFAKNPHLR Y I NLSSNRLT TLSWQLFQTL SLRELRLEQN FFNCS CD I RW MQLWQEQGEA 
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1 9 0  2 0 0  2 1 0  2 2 0  2 3 0  2 4 0 
I I I I I I 

RLDS Q S LY C I  SADGSQLPLF RMNI SQCDLP E I SVSHVNLT VREGDNAV I T  CNGSGSPLPD 

2 5 0  2 6 0  2 7 0  2 8 0  2 9 0  3 0 0  
I I I I I I 

VDWIVTGLQS I NTHQTNLNW TNVHAINLTL VNVTSEDNGF TLTC IAENVV GMSNASVALT 

3 1 0  3 2 0  3 3 0  3 4 0  3 5 0  3 6 0  
I I I I I I 

VYYP PRVVSL VEPEVRLEHC I E FVVRGNPT PTLHWLYNGQ PLRESKI I HM DYYQEGEVSE 

3 7 0  3 8 0  3 9 0  4 0 0  4 1 0 4 2 0  
I I I I I 

GCLLFNKPTH YNNGNYT L I A  KNALGTANQT INGHFLKE P F  P E STDFFDFE SDASPTPP I T  

4 3 0  4 4 0  4 5 0  4 6 0  4 7 0  4 8 0  
I I I I I 

VTH KPEEDTF GVS I AVGLAA FACVLLVVLF I M I NKYGRRS KFGMKGPVAV I S GEEDSAS P 

4 9 0  5 0 0  5 1 0  5 2 0  5 3 0  5 4 0  
I I I I I I 

LHH I NH G I T T  P S S LDAGPDT VV I GMTR I PV I ENPQYFRQG HNCHKPDTYV QHI KRRD IVL 

5 5 0  5 6 0  5 7 0  5 8 0  5 9 0  6 0 0  
I I I I I I 

KRELGEGAFG KVFLAECYNL S PTKDKMLVA VKALKD PTLA ARKDFQREAE LLTNLQHEH I 

6 1 0  6 2 0  6 3 0  6 4 0  6 5 0  6 6 0  
I I I I I I 

VKFYGVCGDG D P L IMVFEYM KHGDLNKFLR AHGPDAM I LV DGQ PRQAKGE LGLSQMLH I A  

6 7 0  6 8 0  6 9 0  7 0 0  7 1 0  7 2 0  
I I I I I I 

S Q I A S GMVYL ASQHFVHRDL ATRNCLVGAN LLVKI GDFGM S RDVYSTDYY REGPYQKGPF 

7 3 0  7 4 0  7 5 0  7 6 0  7 7 0  7 8 0  
I I I I I I 

SVSWQQQRLA ASAAS TLFNP S GND F C I WCE VGGHTML P I R  WMPPES I MYR KFTTESDVWS 

7 9 0  8 0 0  8 1 0  8 2 0  8 3 0  8 4 0  
I I I I I I 

FGV I LWE I FT YGKQPWFQLS NTEV I E C I TQ GRVLERPRVC P KEVYDVMLG CWQREPQQRL 

8 5 0  8 6 0  
I I 

N I KE I YKI LH ALGKATP I YL D I LG 

TrkC (H uman) 

1 0  2 0  3 0  4 0  5 0  6 0  
I I I I I I 

MDVSLCPAKC S FWR I F LLGS VWLDYVGSVL AC PANCVCS K  TE I NCRRPDD GNLFPLLEGQ 
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7 0  8 0  9 0  1 0 0  1 1 0  1 2 0  
I I I I I 

DSGNS NGNAN I N I TD I SRNI T S I H I ENWRS LHTLNAVDME LYTGLQKLTI KNSGLRS I Q P  

1 3 0  1 4 0  1 5 0  1 6 0  1 7 0  1 8 0  
I I I I I I 

RAFAKNPHLR Y I NL S SNRLT TLSWQLFQTL SLRELQLEQN FFNCSCD I RW MQLWQEQGEA 

1 9 0  2 0 0  2 1 0  2 2 0  2 3 0  2 4 0  
I I I I I I 

KLNSQNLYCI NADGSQLPLF RMN I S QCDLP E I SVSHVNLT VREGDNAV I T  CNGS GS P L PD 

2 5 0  2 6 0  2 7 0  2 8 0  2 9 0 3 0 0  
I I I I I I 

VDW I VTGLQS I NTHQTNLNW TNVHAI NLTL VNVTSEDNGF TLTCI AENVV GMSNASVALT 

3 1 0  3 2 0  3 3 0  3 4 0  3 5 0  3 6 0  
I I I I I I 

VYYP P RW S L  EEPE LRLEHC I E FWRGNPP PTLHWLHNGQ PLRESKI I HV EYYQEGE I S E  

3 7 0  3 8 0  3 9 0  4 0 0  4 1 0  4 2 0  
I I I I I 

GCLLFNKPTH YNNGNYTLIA KNPLGTANQT INGHFLKE P F  PESTDN F I LF DEVS P T P P I T  

4 3 0  4 4 0  4 5 0  4 6 0  4 7 0  4 8 0  
I I I 

VTHKPEEDTF GVS I AVGLAA FACVLLWLF VMI N KYGRRS KFGMKGPVAV I S GEEDSAS P 

4 9 0  5 0 0  5 1 0  5 2 0  5 3 0  5 4 0  
I I I I I I 

LHH I NH G I T T  P S S LDAGPDT W I GMTRI PV IENPQYFRQG HNCHKPDTYV QHI KRRD IVL 

5 5 0  5 6 0  5 7 0  5 8 0  5 9 0  6 0 0  
I I I I I I 

KRELGEGAFG KVFLAECYNL S PTKD KMLVA VKALKD PTLA ARKDFQREAE LLTNLQHEHI 

6 1 0  6 2 0  6 3 0  6 4 0  6 5 0  6 6 0  
I I I I I I 

VKFYGVCGDG D P L I MVFEYM KHGDLNKFLR AHGPDAM I LV DGQPRQAKGE LGLSQMLH I A  

6 7 0  6 8 0  6 9 0  7 0 0  7 1 0  7 2 0  
I I I I I I 

S Q I ASGMVYL ASQH FVHRDL ATRNCLVGAN LLVKI GDFGM SRDVYSTDYY RLFNPSGNDF 

7 3 0  7 4 0  7 5 0  7 6 0  7 7 0  7 8 0  
I I I I I 

C I WCEVGGHT MLP I RWMPPE S I MYRKFTTE SDVWSFGV I L  WEI FTYGKQP WFQLSNTEVI 

7 9 0  8 0 0  8 1 0  8 2 0  8 3 0  8 3 9  
I I I I I I 

E C I TQGRVLE R P RVCPKEVY DVMLGCWQRE PQQRLN I KE I  YKI LHALGKA T P I YLDI LG 
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Appendix 1 1  

Based upon pred icted average hyd rophobicity and secondary structure, neurotrophin primary 

structure is d ivided into d istinct reg ions I through VI I .  These reg ions are i l lustrated below, based 

upon the primary structure of rat NGF ( l banez et al. 1 991  ). Reg ions VI and V I  I are the N and C 

term inal  reg ions respectively of the neurotroph ins .  

RSSTHPVFHM GEFSVC DSVS V�VGDKTTAT D I KGKE�TVL @EV I SVd KQYFFETKCR 

I I I  

jAPNPVESGICR G I DS KHWNISY  CTTTHTFVKjA LTTIDDKQAAjw RFI RI DTACV CVLS RKAARR 

I I I  IV  V 
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Appendix I I I  

Molecular Weig hts of M BP-fusion Proteins 

The molecu lar  weight of MBP is - 42700 Daltons 

TrkA 

LRR2 

LRR 

C 1 LRR1 2 

LRR23C2 

C1 LRR 

LRRC2 

lg1 + 1g2 

C21g 1 + 1 g2 

ED 

TrkB 

C1 LRR 

LRRC2 

C1 LRRC2 

lg1  +lg2 

ED 

TrkC 

ED 

1 9 1  

MW Daltons 

454 1 0  

5 1 0 1 9  

53253 

53437 

6078 1 

5734 1 

67028 

84484 

85086 

MW Daltons 

61 52 1 

57025 

62545 

68883 

87336 

MW Daltons 

87370 



Appendix IV 

Charged Resid ues on the surfaces of Neurotrophins 

NGF,  BDNF and NT-3, produced with Grasp software (N ichols et  a l .  1 99 1 } , show considerab le 

d ifferences in charge d istribution on the su rfaces of the proteins .  From an NMR1 study of the two 

peptides, the TrkA peptide is all random coi l ,  whi le the TrkB peptide has sign ificant a-hel ical 

secondary structure. l t  is possible that the d issimi lar kinetics d isplayed by the two peptides, arises 

from the difference in charge d istribution on the surfaces of the neurotrophins,  as well as the 

solution structure of the peptides. 

Fig u re 1 A  Charge distribution o n  the surface of NGF.  

Above is  shown the Grasp determined charge distribution on the surface of  an NGF monomer, 

determined from the homodimer structu re of NGF, (McDonald et a l .  1 99 1 ) . Positive charges are 

dep icted in blue, whi le negative charges are shown in red.  In order to make a direct comparison 

of the charge d istributions on the surfaces of all three neurotroph ins ,  the charge distribution was 

plotted with a calor range of -5 for negative charge to +5 for the positive charge.  Each 

neurotroph in  is d isplayed w ith the N-terminus oriented to the lower left and the d imer interface to 

the right 

Spectra collected by Vlad imi r  Basus , Department of Pharmaceutical Chemistry, UCSF.  
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Table 1 A  Charged Resid ues o n  the Surface of NGF .  

Positively Charged Negatively Charged 

25 Lys 1 1  G lu  

32 Lys 1 6  Asp 

34 Lys 24 Asp 

50 Arg 30 Asp 

57 Lys 35 Glu  

59 Arg 41  Glu  

69 Arg 55 Glu 

74 Lys 65 G lu  

88  Lys 72 Asp 

95 Lys 72 Asp 

1 00 Arg 84 H is  

1 1 4 Arg 93 Asp 

1 1 5 Lys 94 G lu  

1 05 Asp 

Figure 2A Charge d istri bution on the surface of BDNF monomer; modeled from an BDNF/NT-3 

heterodimer structure (Robinson et al. 1 995) .  
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Table 2A Charged Residues on the Surface of BDNF .  

Positively Charged Negatively Charged 

25 Lys 1 4  Asp 

26 Lys 24 Asp 

4 1  Lys 30 Asp 

46 Lys 40 Glu 

50 Lys 55 Glu 

57 Lys 66 Glu 

65 Lys 1 06 Asp 

69 Arg 

73 Lys 

74 Arg 

75 His 

8 1  Arg 

88 Arg 

95 Lys 

96 Lys 

97 Arg 

1 0 1 Arg 

1 04 Arg 

1 1 2 Thr 

1 1 6 Lys 
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Figure 3A Charge d istribution on the surface of NT-3 modeled from the homodimer structure of 

NT-3 (Butte et a l .  1 997) .  

Table 3A Charged Residues on the Surface of  NT-3. 

Positively C harged Negatively Charged 

24 Lys 1 0  G lu 

3 1 Arg 1 4  Glu 

49 Lys 1 5  Asp 

56 Arg 1 7  Glu  

58 Lys 23 Asp 

61  Lys 29 Asp 

64 Lys 54 Glu 

68 Arg 59 Glu 

80 Lys 72 Asp 

87 Arg 92 Glu 

95 Lys 1 05 Asp 

1 00 Arg 

1 03 Arg 

1 1 4 Arg 
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