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ABSTRACT

Supervisors

Prof. Pat Sullivan, Ph.D. Massey University, Palmerston North, New Zealand.
Prof. Uri Saragovi, Ph.D. McGill University, Montreal, Canada.

Prof. E. N. Baker, Ph.D, Auckland University, Auckland, New Zealand.

Prof. William Mobley, MD., Ph.D., Stanford University, Palo Alto, California, U.S.A.

In order to investigate the interactions of neurotrophins with their receptors, a number of different
domains of the extra-cellular regions of the TrkA, TrkB and TrkC receptors were expressed and
the interactions of neurotrophins with these domains were investigated by biosensor. The entire
extracellular domains of all three receptors were expressed in the yeast Pichia pastoris, while the
leucine-rich regions and the immunoglobulin-like domains were expressed as MBP-fusion
proteins in E. coli. Peptides representing the second leucine-rich regions and purported
neurotrophin-binding domain of TrkA, TrkB and TrkC were synthesized. Proteins expressed in
Pichia pastoris were purified by anion, cation and metal chelating columns; proteins expressed in
E. coli., were purified on amylose columns. All recombinant Trk proteins were covalently
attached, using EDC/NHS chemistry, to the methyldextran surface of a biosensor cuvette.
Extensive kinetics measurements of the interactions of the neurotrophins with immobilized
recombinant proteins established a difference in the binding interactions of NGF with TrkA
compared 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 immunoglobulin-like domain of TrkA
was observed for those proteins expressed in E. coli, however the interaction of BDNF was
observed with the immunoglobulin-like domain of TrkB when expressed in E. coli. Interaction of
NGF and BDNF was observed with the leucine-rich domain of TrkA and TrkB respectively. These
results differ from previously reported studies, both in vivo and in vitro, of the interactions of the
extra-cellular domains of the Trk receptors with neurotrophins. Previous studies have claimed to
establish exclusive interaction of the neurotrophins with either the leucine-rich or immunoglobulin-
like domains of the Trk receptors. The interaction studies reported here show a clear interaction

of neurotrophins with both leucine-rich and immunoglobulin-like domains of the Trk receptors.



These interactions have similar affinity. This result suggests that the interactions of neurotrophin
and receptor may be more complex than previously suggested. It is conceivable that
neurotrophins bind initially to the leucine-rich domain of the receptor, followed by movement to
the Immunoglobulin-like domain and the initiation of phosphorylation of the intra-cellular domains
or internalization of receptor and bound neurotrophin. Kinetics studies of the synthetic peptides
failed to show that these represent the exclusive neurotrophin-receptor interaction domain as
previously reported. These results suggest that the development of small molecule mimetics of
the neurotrophins as a therapy for Alzheimer’s and other neurological diseases may be more
complicated than previously envisioned.
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CHAPTER 1 NEUROTROPHINS AND THEIR RECEPTORS

1.1 Introduction

Neurotrophic Factors (NTFs) are proteins that appear to be necessary for the survival
and development of neurons. These molecules are found throughout the mammalian
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 differentiation 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 1988, Cowan et al. 1984,
Hefti et al. 1989, Roback et al. 1992). Neuronal and synaptic plasticity, as well as
neuronal survival, appear to be other activities associated with these molecules (Hefti
1986, Williams et al. 1986, Krommer et al. 1987, Roback et al. 1992, Thoenen 1995).
Because of their diverse actions in the promotion of neuronal survival, NTF’s have been
considered for some time as possible therapies for such neurodegenerative disorders as
Alzheimer's, Huntington's and some forms of Parkinson's diseases (Yuen and Mobley
1996).

One significant problem associated with the application of neurotrophins as a therapy, is
molecular size. The blood-brain barrier prevents administration of neurotrophins orally or
intravenously and hence they can only be dispensed by intracerebroventricular infusion,
which carries a significant risk of infection and pericannular tissue necrosis. A possible
solution to this problem is development of small molecule mimics of specific
neurotrophins; molecules small enough to cross the blood-brain barrier. In 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 (NGF),
brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), neurotrophin-4/5 (NT-
4/5), ciliary neurotrophic factor (CNTF), glial cell line-derived neurotrophic factor (GDNF)
and fibroblast growth factor (FGF).



Distinct neuronal populations are acted upon by different neurotrophins. Al neurotrophins
appear to act upon neurons through receptors, particularly those found at the axon foot.
Specific 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 within the neuron, upon the binding of an
appropriate neurotrophin. In particular the receptors for NGF, BDNF and NT-3 are
designated as TrkA, TrkB and TrkC respectively. There exists some promiscuity in
receptor binding by neurotrophins; for example, NT-3 will bind with lowered affinity to
both TrkA and TrkB. In addition to TrkA, NGF will bind with lowered affinity to another
receptor, namely, p75 as will both BDNF and NT-3 (Kaplan et al. 1991, Klein et al. 1991,
Thoenen 1991, Ip et al. 1993, Raffioni 1993, Dechant et al. 1994, Klein 1994, Huang and
Reichardt 2003).

Signaling pathways are assumed to activate a cascade of events that promote cell
survival and growth (Kaplan and Miller 2000). Recent experiments suggest that in
addition to initiation of an intra-cellular signaling pathway, the neurotrophin receptor is
internalized. After internalization, the receptor-neurotrophin complex is transported to
lysosomes where lowered pH induces separation, followed by the recycling of the
receptor to the cell surface. Some evidence exists to suggest that neurotrophin molecules
are transported by microtubules to the cell body where they may mediate their actions
(Grimes et al. 1996).

1.2 The Structure of NGF

NGF purified from mouse submandibular glands has been crystallized and an X-ray
structure obtained with a resolution of 2.3 A (McDonald et al. 1991). The topology of NGF
shows that the molecule consists of seven B-strands, which contribute to three
antiparallel pairs of twisted B-strands with the extended structure locked by a "cysteine
knot" of three disulfide bridges (McDonald et al. 1991). Several regions of the structure
show little or no electron density. These poorly defined regions include residues 1-10
(amino terminus) and residues 112-118 (carboxy terminus). These two regions 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 A? indicates a flexible structure (McDonald et al. 1991). Two protomers



assemble about a two-fold axis to form the NGF dimer. The long axes of the two
protomers are approximately parallel and their flat faces are in contact at the dimer
interface. Protomer contacts are generally hydrophobic and are localized to three regions
(McDonald et al. 1991).

1.3 Basic Residues

A clustering of positively charged residues occurs close to and around the [B-hairpin
Asp30-Lys34 of NGF. This region may have a role in binding NGF to the acidic p75
receptor (Radeke et al. 1987). At the "top" of the molecule, is a cluster of 4 of the 8 lysine
residues found in NGF (murine). Of this lysine cluster, Lys32 is conserved in all NGF'’s
(except platyfish) and Lys34 is conserved in all NGF's (except snake and mastomys), but
neither is conserved in BDNF or NT-3. Other basic residues are also highly conserved.
For example Lys25 is conserved in all neurotrophins except NT-5. In NT-5, Lys25 is
replaced by an arginine, which forms a hydrogen bond to the buried Glu55. Lys95 is not
well conserved. Other lysines, Lys57, Lys74 and Lys115 (not defined in the crystal

structure) are all well conserved in the neurotrophin family.

Substitution of individual lysine residues has shown that Lys32, Lys34 and Lys95 are
probably involved in interactions with p75 (Ibanez et al. 1992), as determined by binding
studies with cells that express p75, TrkA (or both) and neurite differentiation in PCI2 cells.
NGF (murine) contains 7 arginine residues that are well conserved in the neurotrophin
family and generally found on the surface of the molecule. In mouse NGF, Arg69 is
hydrogen bonded to Asp16 and also forms a hydrogen bond to the conserved Thr91.
Modification of these two arginine residues resulted in significant loss of biological activity
that could only be partially reversed, indicating that the arginine residues in question are
buried within the molecule (Ibanez et al. 1992).

Two arginines, namely those at positions 69 and 100 are involved in internal hydrogen
bonding to Asp16 and Thr91 respectively. Site directed mutants of Arg100 and Arg103
whose side chain hydrogen bonds to the carbonyl of Asp30, have been made (lbanez et
al. 1990). From mutation studies, these arginine residues appear to play a structural role

and are also directly involved in receptor interactions. Two of the four histidine residues



found in NGF (murine), are located in the first 8 residues of the N-terminus. Since the N-
terminal region of NGF is not visible in the crystal structure, the effect of changing these
histidines on the conformation of the N-terminus, are indeterminable. The residue His75
(conserved in all neurotrophins except Xenopus) is found on the surface of the molecule
and is hydrogen bonded to Asp72 (conserved in all neurotrophins). While this histidine
residue is likely to stabilize the molecule, the effect site that directed mutations of surface
residues have on stability, is probably minimal (Eriksson et al. 1987, Heinz et al. 1993)
and hence the contribution to the structure of NGF by His75, is difficult to assess.

Chemical modification of histidine residues results in loss of binding of NGF to rabbit
superior cervical ganglia (Dunbar et al. 1984), without apparent conformational change,
as judged by fluorescence spectroscopy. These results and the reversibility of the effects
of chemical modification, suggest that one or both histidines are involved in receptor
binding. Ibanez et al. (1993). Studies have shown that His84 is a constituent of the TrkA
binding region of NGF and that Glu84 in BDNF is an element of the TrkB binding region
of BDNF. Replacement of His75 or His84 with alanine, results in decreased affinity for
TrkA. However, the H75A mutant shows a 5-fold increase in affinity for p75 (Woo and
Neet 1996). Simultaneous replacement of both His75 and His84 with alanine was neither
additive nor synergistic. Circular dichroism spectra and weakened self-association of the
mutants, suggest that His75 and His84 may be involved in the stability, dimerization
and/or folding of NGF (Woo and Neet 1996). Chemical modification of histidine residues,
His4 and His8 in the H75A/H84Q double mutant resulted in abolishing neurite outgrowth,
binding to both p75 and TrkA and phosphorylation of TrkA in PCI2 cells. These results
suggest that at least His75 and His84, if not all histidines, although located in three
distinct regions, contribute to the maintenance of functional sites necessary for the
receptor binding and activity of NGF (Woo and Neet 1996).

1.4 Aromatic Residues

Aromatic residues found in mouse NGF include 2 tyrosine residues and 3 tryptophan
residues all well conserved within the neurotrophin family. Adjacent to the dimer
interface, Tyr52 is involved in aromatic packing and makes contact with Phe101 of the
other protomers. In each protomer, Tyr79 packs against Val111, but is in a position to

interact with the N-terminus of the second protomer. The environment of Tyr79 is not well



defined in the crystal structure. Chemical modification of the tyrosine residues does not
affect receptor binding or biological activity. All 3 tryptophan residues are involved in
aromatic stacking at the dimer interface.

Site directed mutagenisis of NGF tryptophan residues was used to produce mutants
(Drinkwater et al. 1991). These mutants retained full biological activity but showed a
substantial decrease in binding to p75. It is possible that the mutations result in
alterations of the subunit interface, a possible binding region for p75. Additional site
directed mutants in which each tryptophan was replaced by phenylalanine, showed full
biological activity and receptor binding (Ibanez et al. 1990), suggesting that the native
NGF structure tolerates aromatic residue replacement.

1.5 Carboxyl Group Modifications

NGF (murine) has 12 side chain carboxyl groups, from Asp and Glu acid side chains, but
none appear to be directly involved in receptor binding. There are three Asp residues with
known structural roles; Asp16 (side chain) hydrogen bonds to Arg69, Asp72 (side chain)
hydrogen bonds to His75 and Asp30, which stabilizes the 30-34 loop. One residue, Glu55
which hydrogen bonds to Lys25 plays a structural role in the molecule and is conserved
in all neurotrophins. Chemical modifications of 4-5 of the 12 carboxyl groups has no
effect on receptor binding or biological activity, suggesting that carboxyl groups do not
play an important role in receptor binding. Ibanez et al. (1990, 1992) constructed mutants
in which Asp 24, Asp 30 and Glu 30 were replaced with alanine residues. A 75%
reduction in receptor binding and biological activity was found for the first mutant (Asp
24), however, little effect on receptor binding or biological activity was observed for the
second and third mutants.

1.6 Summary of NGF Residues Implicated in Receptor Binding

A number of amino acids, in particular, residues 1-11, 21-25, 28-38, 40-49, 53-54, 72, 75,
76, 79-88, 93-99 and 102, have been implicated in determining the receptor specificity
and the biological activity of NGF (Ibanez 1994, 1995, 1998, 2002, Ibanez et al. 1990,



1991, 1993, Bradshaw et al. 1994, Woo et al. 1995, Woo and Neet 1996, Guo et al.
1996, Saragovi et al. 1998, Woo et al. 1998). So many residues appear to be involved
that it may be hypothesized that overall conformation of the NGF molecule is more
important for binding and activity, than short "active site" like elements (Ibanez et al.

1993, Prof. W. C. Mobley, Stanford University, personal communication).

Figure 1.1  The amino acid structure of NGF. From McDonald et al.

1991.

Resides shown in bold, represent those conserved in all NGF and NGF related
sequences. Squares represent buried residues in the B-NGF subunit, with a side
chain solvent accessibility of < 7%. Hexagons represent residues involved in the
dimer interface. The amino acid sequence of 3-NGF is given in Appendix I.



1.7 Brain Derived Neurotrophic Factor (BDNF)

BDNF is a 120 amino acid polypeptide that has approximately 50% identity to NGF at the primary
structure level. Biological responses to BDNF are mediated by the TrkB receptor, which like TrkA
is a tyrosine kinase linked 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 signaling events. BDNF also binds to the low
affinity receptor, p75. The importance of BDNF and TrkB in the developing nervous system is
evident in the extensive loss of sensory neurons in mice in which the genes for BDNF or TrkB are
disrupted. In TrkB deficient mice, there is a loss of spinal cord and facial motor neurons (Yuen
and Mobley, 1996). Unlike 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 23 A. Compared with NGF only a few amino acids have been identified as being important in
binding to the TrkB receptor; these include: residues 26-35, 45-49, 79-88, Lys95, Lys96, Arg97
(Ibanez 1995).

1.8 Neurotrophin-3 (NT-3)

As with NGF and BDNF, NT-3 has a specific tyrosine kinase receptor (TrkC) to which it binds with
high affinity. The low affinity receptor for NGF and BDNF, p75 also binds NT-3. NGF and BDNF
bind with high affinity to TrkA and TrkB respectively, however, NT-3 also binds, but with
diminished affinity to both TrkA and TrkB. All neurotrophins bind as homodimers to their
receptors. Both NT-3 and TrkC are widely expressed in the Central and Peripheral Nervous
Systems (Barbacid 1994). An X-ray structure of NT-3 has been published (Butte et al. 1998).
Residues implicated in binding to the TrkC receptor include: Arg8, Glu10, Tyr11, Asp15, Thr22,
39-48, Tyr51, Glu54, Arg56, Lys80, Gin83, Arg103 (Ibanez 1995).

Alignment of the sequences of NGF, BDNF and NT-3 show that there are seven regions of high
sequence variation, namely, the N and C-termini and the regions I-IV' (Ibanez et al. 1991,
Robinson et al. 1995). Of these variable regions, only two result in large structural differences
between the protomers of NGF, BDNF and NT-3 (Robinson et al. 1995). Region | of BDNF differs

' See Appendix II for definitions of these regions.



from 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-helix (Robinson et al. 1995). In BDNF, region Ill has no sequence
insertions or deletions, but does include a stretch of 344 helix. Superposition’s of the a-carbon
backbone structure of the neurotrophin molecules shows that NT-3 is structurally similar to NGF.
For BDNF and NGF, there is a root mean square correlation of 1.22 A (Robinson et al. 1995). In
the BDNF/NT-3 heterodimer, the 2-fold axis of NGF is for the most part retained.

Neurotrophin residues implicated in Trk binding do not form a spatially distinct cluster on each
protomer. In the dimeric form, variable regions | and V of one protomer are in close proximity to
variable region Il of the other protomer. Both protomers may contribute to each receptor-binding
site (Ibanez et al. 1992, Robinson et al. 1995).

1.9 The TrkA Receptor

Neurotrophin receptors are believed to act and have a domain structure as depicted below
(Figure 1.2 and Figure 1.3). The neurotrophin-binding domain remains controversial at this time
with a number of studies suggesting that neurotrophin binding is possible to either the Leucine

Rich Region or Immunoglobulin-like domains.
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Figure 1.2 A model of neurotrophin binding to and activation of Trk receptors.
From Barbacid 1994.

The receptor consists of a cysteine rich cluster (designated as CC in the
diagram), a Leucine Rich Motif (designated as LRM), two immunoglobulin-like
domains (lg-like), a short transmembrane domain (TM) and an intracellular
kinase domain. Upon binding neurotrophin, the Trk receptor dimerizes,
autophosphorylation of Tyr residues occurs. This event is followed by the binding
of intracellular downstream signaling proteins such as PLCy, PI-3 kinase, P85
and SHC, which bind to the phosphotyrosines (Huang and Reichardt 2003).
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Figure 1.3 TrkA receptor subdomains. From Barbacid 1994.

As shown in Figure 1.2, Trk receptors consist of various domains. These
domains include; the signal peptide (SP), two cysteine clusters (CCl and CCIl),
the leucine-rich motifs (LRM), two Ig-like-like regions (Igl and Igll), the
transmembrane region (TM) and the tyrosine kinase region (TK). Six amino acids
(VSFSPV) are found only in the neuronal-specific isoform of the receptor.
Putative N-linked glycosylation sites are indicated by inverted triangles. Filled
circles represent cysteine residues in the extracellular domain. Open circles
represent cysteine residues in the intracellular domain. Closed circles represent
Tyr residues in the extracellular domain. The amino acid residue numbers
flanking each structural motif correspond to the nonneuronal Trk receptor.
Sequences 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 al. 1989, Barker et al. 1993, Barbacid 1994). Both Trk A
receptor isoforms have the structure of typical tyrosine kinase cell surface receptors, in that they
consist of a signal peptide, an extracellular region that interacts with NGF (and NT-3), a single
transmembrane domain and a cytoplasmic region that includes the catalytic tyrosine kinase
domain (Meakin and Shooter 1992, Barbacid 1994). The two isoforms differ in the extracellular
domain, in that, near the transmembrane region, there is a difference in the 6 amino acid
residues, VSFSVP (Barbacid, 1994). Cells of neuronal origin primarily express the 796 amino
acid isoform, while cells of non-neuronal origin express the truncated 790 amino acid form
(Barker and Shooter 1994, Barbacid 1994).
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A number of distinct regions are found in the extracellular domain. These include, three tandem
repeats of 24 residues flanked by two cysteine clusters (CCl and CCIl). Two immunoglobin like
domains (Ig1 and Ig2) 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
unique to the cytoplasmic domain of the neurotrophin receptors include T647 instead of the
alanine residue in the highly conserved HRDLAARN kinase motif found in many other tyrosine
kinase receptors (Barbacid 1994). High affinity neurotrophin receptors differ from other tyrosine
kinases in their kinase domains by having a tryptophan residue, W722. This residue occurs in
place of the tyrosine found in the WEXXXXXXXPY sequence and P766 is replaced in the
CWXXXXXXRP sequence near the C-terminus of the kinase domain (Barbacid 1994). A short
carboxy-terminal tail of 15 amino acids includes a conserved tyrosine residue (Martin-Zanca et al.
1989, Barbacid, 1994).

The leucine rich domain has three leucine rich repeats (LRR’s) that are short sequence motifs
typically consisting of 24 residues. A number of proteins that have diverse function and cellular
locations have been shown to contain LRR’s. From the consensus sequences of many proteins
that contain the LRR maotif, the general arrangement LRR's suggests that they are usually present
in tandem and the number of this motif ranges from one, as found in platelet glycoprotein, to 30,
found in chaopin (Kobe and Deisenhofer 1994). The crystal structure of the porcine ribonuclease
inhibitor protein (RI), which contains 15 alternating LRM's of 28 or 29 residues, has been
determined (Kobe and Deisenhofer 1991). In the RI protein, the LRR structure consists of units,
arranged such that they form a parallel B-sheet with one surface exposed to solvent. In addition,

the protein adopts an unusual globular shape.

It has been suggested that the structure of the LRR's in Rl is representative of the LRR motif in
other proteins (Kobe and Deisenhofer 1991). Those residues that play a key structural role in R,
in particular those that cluster around the B-strand region are conserved throughout the LRR
superfamily. While the LRR's found in Rl are among the largest found in the superfamily, it is
possible that shorter repeats in other proteins may adopt a similar conformation. The amino
terminal structural repeat in Rl contains only 25 residues but displays the same conformation as
that found in longer repeats (Kobe and Deisenhofer 1991, 1994). In contrast to the structure of Rl,
a recent LLR has been reported in a protein from the microorganism Azobacter vinelandii. This
protein, LRR variant, has a novel fold consisting of alternating 31o-helices arranged in a right
handed superhelix and having a complete absence of any (3-sheet (Peters et al. 1996).
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All three Trk receptors contain 3 LRR's consisting of 24 residues each and hence may adopt the
conformation seen in the N-terminus of Rl. Many proteins that contain the LRR motif also have
homologous regions flanking the LRR domain. These homologous regions are characterized by
four similarly spaced cysteines in a stretch of about 20 amino acids for the amino-terminal
flanking region and about 50 amino acids flanking the carboxyl-terminal flanking region (Rothberg
et al. 1990, Fischer et al. 1991, Kobe and Deisenhofer 1994).

All LRR containing proteins appear to be involved in protein-protein interactions or transduction
pathways (Kobe and Deisenhofer, 1994). It is therefore possible that the LRR provides a
structural motif for the number of specific molecular interactions. The non-globular shape of the
motif may facilitate protein binding to LRR’s because the large surface area may result in more
protein-protein interaction and increased affinity. A large surface area may interact readily with
small globular proteins. The neurotrophin structure, as determined for the NGF homodimer, a
BDNF/NT-3 heterodimer and an NT-3 homodimer, is relatively compact and somewhat globular
and hence may interact with the extensive LRR surface of a Trk receptor. Protein binding by a
LRR may be facilitated by the large exposed surface of the parallel B-sheet structure. In the
interior of proteins, parallel B-sheet structure is common and helices and other parallel 3-sheet
pack against them. For LRR containing proteins, it has been proposed that the binding of a ligand
to the LRR substitutes for the packing interaction of interior § -sheet (Kobe and Deisenhofer
1994).

NGF binding to the LRR’s and Ig-like domains of TrkA has been studied by expression of these
two distinct regions along with the entire extracellular domain and variations of the LRR, in
Escherichia coli (Windisch et al. 1995a, b, c). The proteins were expressed as recombinant
maltose binding MPB-TrkA fusion proteins. Binding assays utilizing iodinated NGF were
conducted and rates of association and dissociation were measured with the entire extracellular
domain, the three LRRS, various combinations of the LRR’s and the two Ig-like-like domains. In
this study the complete extracellular domain has an equilibrium dissociation constant Kp = ~ 107
M. The Ig-like domains however, showed no binding of NGF. The complete LRR region (three 24
residue repeats, L1, L2 and L3) including the flanking cysteine regions, showed a Kp = ~ 10° M.
Deletion of the flanking cysteine regions had no effect on binding NGF and this construct had the
same Kp as the protein encompassing the three LRR’s and flanking cysteine regions. Two
proteins, (1) N-terminal cysteine (ClI) through the second LRR (L2) and (2) C12 to the center of L2
both showed the same Kp as the entire extracellular domain. Two additional proteins (1) C-

* Depicted as Cl in Figure 1.3
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terminal cysteine (C2)3 through L2* and (2) C2 to the center of L2 had the same Kp as the entire
extracellular domain. These results suggest that the equilibrium dissociation constant for NGF
binding to TrkA can be accounted for neurotrophin binding to the second LRR (L2) only (Windisch
et al. 19954, b, c). Binding measurements of NGF to the L2 protein showed the same Kp as

measured for the entire extracellular domain.

In a study of the binding of BDNF to the nine MBP-fusion proteins (Windisch et al. 1995a),
produced for TrkA, none showed detectable BDNF binding. For four TrkA fusion proteins, the
entire extracellular domain, the two immunoglobin like domains, C1L1-3C2 and L1-3, no binding
of NT-3 was observed. In addition to the extracellular domains of TrkA, the entire extracellular
domain, the two Ig-like-like domains and the domain encompassing the three LRR's and flanking
cysteine regions (C1L1-3C2) of TrkB were expressed in E. coli as maltose fusion proteins.
Binding studies with these TrkB derivatives showed no binding of BDNF to the immunoglobin
domain protein. BDNF did bind to the C1L1-3C2 and the entire extracellular domain proteins with
a Kp ~ 1x10™° M. No binding of NGF was observed for any of the TrkB proteins, however NT-3

binding was however observed with the C1L1-3C2 and entire TrkB extracellular domain proteins.

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

this domain:
TrkA (rat) TIVKSGLRFVAPDAFHFTPRLSHL
TrkB (rat) TIVDSGLKFVAYKAFLKNGNLRHI

The two sequences are 54% identical and as a consequence only 11 residues seem to account
for the ligand binding specificity seen for TrkA and TrkB (Windisch et al. 19954, b, c). The results
of this study suggest that the binding of neurotrophins to their receptors may be quite localized
and at least require the second leucine repeat region of the receptor for binding. 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 analysis of the equilibrium binding of NGF to the recombinant second LRR domain
showed that the kinetics of association of the second LRR with NGF is complex, with apparent
biphasic kinetics. At low NGF concentrations (0.4 to 5 pM), the relationship between the observed

Depicted as Cll in Figure 1.3

* The leucine rich region, LRR consists of 3 domains, referred to as L1, L2 and L3
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association rate and ligand concentration is linear, resulting in a Ko’ of ~1x10’ M s'. At ligand
concentrations approaching the Kp (~1x10° M), a situation of negative cooperativity occurred.
This resulted in a linear relationship between the observed association rate and NGF
concentration and in a second Ko, of ~3x10° M s (Windisch et al. 1995a, b, ¢). For the entire
recombinant extracellular domain, similar complex association kinetics was seen and two Kg,

values of ~ 7x10° M s™ and ~ 2x10° M s were measured.

From studies of the LRR’s and Ig-like-like domains of TrkA and of TrkB, it appears that the
specific binding of NGF to the second LRR of TrkA is established. Binding studies of NGF to
receptors expressed in whole cells provide a number of equilibrium dissociation constants that
vary between ~1x1 0°M and ~ 1x10"" M depending upon the type of cell used. It is difficult to
ascribe binding in whole cell studies to binding of neurotrophin to only one receptor. The surfaces
of cells are poorly understood and characterized and it is difficult to understand why TrkA binding
of NGF to TrkA expressed by one cell type should show dramatic differences from NGF binding
to TrkA expressed by another cell type. Hence the binding of NGF to specific isolated domains of
the Trk receptor, while admittedly an artificial system, seems to offer a means of determining
which domains of the receptors may be involved in binding. In addition to binding studies with the
isolated domains of TrkA, the second LRR of TrkA appears to be further implicated in NGF
binding by experiments in which this peptide resulted in degradation of NGF dependent neurons
in the rat brain (Windisch et al. 1995a, b, c).

1.10 The Immunoglobulin Domains and NGF Binding

Comparative sequence analysis of the conserved regions of the extracellular domain of TrkA
shows the presence of a combination of cell adhesion motifs corresponding to the conserved
regions (Schneider and Schweiger 1991). The three LRR’s share significant sequence homology
with the toll gene product of Drosophila that mediates specific cell adhesion events. An additional
significant region found in the extracellular domain of the neurotrophin receptors, consists of two
repeats of the immunoglobin-like C2 type. These repeats are similar to those found in the neural
cell adhesion molecules (N-CAMs) and in platelet-derived growth factor receptor (PDGFR)
tyrosine kinase family (Schneider and Schweiger 1991, Zaccaro et al. 2001). It has been

suggested that the two Ig-like domains, because they are located in close the proximity to the

® For definitions of Kinetics terminologies, see Chap 4.
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membrane, may interact with other membrane bound proteins; in particular the low affinity NGF
receptor, p75 (Schneider and Schweiger 1991).

In a study of the Ig-like domains of TrkA maltose fusion protein expressed in E. coli and secreted
into the periplasm, no binding affinity for NGF was observed, leading to a hypothesis that NGF
interaction with the receptor could be accounted for by neurotrophin binding to the LRR of TrkA
exclusively (Windisch et al. 1995a, b, ¢). More recently, a similar study (Holden et al. 1997)
showed that the recombinant Ig-like domain, expressed in E. coli as an N-terminal His-tagged
protein bound NGF with nM affinity. Studies using radiolabeled NGF (Holden et al. 1997) showed
that the refolded protein bound NGF and inhibited the effects of NGF on A 875 cells in vivo. In
vivo inhibitory effects were observed for the Ig-like domains both as isolated protein and when
bound to NGF. These results suggest that the lack of NGF binding to the Ig-like domains in the
earlier studies (Windisch et al. 1995a, b, c) was a consequence of the incorrect folding of the Ig-
like domains during export to the periplasm (Holden et al. 1997).

At least two recent studies (Perez et al. 1995, Urfer et al. 1995) have implicated the Ig-like
domains of the TrkA, TrkB and TrkC receptors in neurotrophin binding. Ten chimeric receptors
were constructed in which both cysteine clusters flanking the LRR’s and Ig-like domains, were
exchanged between the TrkA and TrkB receptors (Perez et al. 1995). The chimeric receptors
were expressed in 293 cells (human fetal kidney cell line) and the binding of radiolabeled NGF to
the receptors was measured. In cells that expressed the chimeric receptor in which the N-terminal
cysteine cluster of TrkB replaced the N-terminal cysteine cluster of TrkA, but retained the Ig-like
domains of the TrkA receptor, almost identical binding of NGF was observed to that seen for
native TrkA expressed in 293 cells. For the chimeric receptors in which the two Ig-like domains of
TrkA were exchanged for the same domains of TrkB, NGF binding similar to that for native TrkA
receptors was observed. These results suggest that neurotrophin affinity and specificity is
inherent in and dependent only on, the Ig-like domains of the neurotrophin receptors. Other
chimeric receptors had NGF binding that varied between zero and ~ 60% of that of the native
TrkA receptor.

Those chimeric receptors, in which the cysteine clusters of TrkA and TrkB were interchanged
while retaining the Ig-like domains of TrkB, when expressed in 293 cells, showed no NGF
binding. Similarly, receptors with cysteine clusters and the N-terminal TrkA Ig-like domain
interchanged with those of TrkB, showed no NGF binding ability. These results suggest that the
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C-terminal Ig-like domain is responsible at least in part for NGF recognition and binding. One
chimera, which retained the entire extracellular domain of TrkA and the intracellular domain of
TrkB, showed less than 40% of the NGF binding ability of native TrkA (Perez et al. 1995, Urfer et
al. 1995). However, since 293 cells are constitutively active and poorly characterized it is difficult
to interpret the experimental results, which call into question the assignment of neurotrophin
binding and specificity to the Ig-like domain.

Another series of Trk domain deletions and chimeric proteins, in which domain exchanges were
made between TrkA, TrkB and TrkC, have been analyzed for binding of different neurotrophins
and neurotrophin-dependent receptor activation (Urfer et al. 1995). All receptor variants were
constructed as immunoadhesins in which the extracellular domains were fused to the Fc portion
of a human antibody. These proteins were expressed in 293 cells and purified. In those chimeric
receptors in which the Ig-like domain of TrkA was deleted, the binding of NGF was abolished.
When the Ig-like domain of TrkA was expressed in NIH 3T3 cells, in the absence of the other
extracellular domains, binding affinity similar to that seen with full-length receptors was retained
(Urfer et al. 1995). For those TrkA proteins in which the first Ig-like domain was deleted, a 2.3-fold
reduction was observed in NGF binding. In the TrkA deletion protein lacking the three LRR’s and
flanking cysteine clusters, no reduction was observed in NGF binding. These results suggest that
the second Ig-like domain of TrkA is the high affinity binding site for NGF; however, saturation
experiments with a TrkA variant lacking the first Ig-like domain resulted in detectable specific
NGF binding indicating the possible presence of additional elements in the three LRR’s and
flanking cysteine clusters that interact with NGF (Urfer et al. 1995).

Regions of NGF and NT-3 thought to be involved in receptor binding, consist of residues in the [3-
strand bundle. In NGF, the proposed TrkA binding site includes the six N-terminal residues and
certain loop residues, which are not involved in the binding of NT-3 to TrkC, suggesting that the
surface interactions of NGF with TrkA are more extensive than those for NT-3 with TrkC (Urfer et
al. 1995). When the extracellular region of TrkA encompassing the LRR’s and flanking cysteines
is deleted, NT-3 binding is diminished, while deletion of the second Ig-like domain does not
completely abolish binding of NGF suggesting a more extensive NGF/TrkA surface interaction
than for NT-3/TrkC (Urfer et al. 1995).
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1.11  The Immunoglobulin-like Domains of TrkA, TrkB and TrkC

X-ray structures of the C-terminal Ig-like domains (d5) of TrkA, TrkB and TrkC have revealed
something of how this region of the three receptors may bind their respective neurotrophins
(Ultsch et al. 1999). These three domains share a 41-44 % sequence identity and consist of two
B-sheets, ABED and GFCC'. A short helical segment is found in the loop connecting strands E
and F (Figure 1.4). Each Ig-like domain crystallized as dimmers, but domain swapping also
occurred and no interaction of NGF with the d5 region of TrkA was observed in in vitro studies

(Ultsch et al. 1999, Wiesmann et al. 1999, Dr. Bart de Vos, Genentech, personal communication).
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Figure 1.4 C-terminal Ig-like-like domains of the Trk receptors. From Ultsch et
al. 1999.

The general structure of the d5 domains of the three receptors is similar to that
found in the |-set of the immunoglobulin superfamily of transmembrane receptors
and cell adhesion molecules (Ultsch et al. 1999). None of the recombinant d5
proteins, expressed in E. coli, were able to bind neurotrophins, a consequence of
strand swapping and hence the refolded and crystallized proteins are considered
to be dimeric artifacts (Ultsch et al. 1999).
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Specificity of neurotrophin binding, a characteristic of the three Trk receptors, is at least partially
explained by the three d5 structures. A hydrophobic pocket formed by residues on the exposed
surface of the ABED sheet in TrkA accommodates the N-terminus of NGF. The disulfide bridge
on the exterior of the Trk domain forms the bottom of this pocket while the side-chains of residues
Val294, Met296, Pro302 and Leu333 form the walls of the pocket. The disulfide bridge is
conserved in TrkB and TrkC but the residues forming the TrkA pocket walls are not. In TrkB, the
residues found in the pocket are threonine, aspartic acid, proline and histidine replacing
respectively those residues found in TrkA. These residues give rise to a hydrophilic pocket
incapable of binding the hydrophobic N-terminus of NGF. In TrkC-d5, the side chains of Met 296
and Pro302 are replaced by arginine and glutamic acid, forming a salt bridge on top of the
disulfide bridge and effectively filling the pocket (Ultsch et al. 1999).

1.12 Crystal Structure of NGF and the Inmunoglobulin Domain of TrkA

A crystal structure of NGF complexed with the C-terminal Ig-like domain of TrkA has recently
been published (Wiesmann et al. 1999). This structure (Figure 1.5, Figure 1.6) shows that the
ligand receptor interface consists of two regions of similar size. One region consists of the central
B-sheet core of the NGF homodimer and the loops formed by the C-terminal Ig-like domain
(domain-5; d5) of TrkA. The second region is composed of the N-terminal region of NGF. These
residues (2-9) are not seen in the original NGF structure (McDonald et al. 1991), presumably
because they are disordered, however, in this complex the N-terminal region of NGF adopts a
helical conformation and packs against the ‘ABED’ sheet (Figure 1.4) of the C-terminal Ig-like
domain.
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Figure 1.5 The NGF binding domains of TrkA C-terminal Ig-like-like domain.
From Wiesmann et al. 1999.

In the space-filling model, the conserved and specificity regions of NGF are
outlined with circles; ellipses denote the two symmetrical 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. Residues of NGF that are in contact with d5,
include those of the hairpin loop L1 and residues of the four B-strands that form
the central region of the molecule. In particular, the strictly conserved residue
found in all neurotrophins, Arg103 appears to be an important binding
determinant in the interaction between NT-3 and TrkC (Wiesmann et al. 1999).
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 with the
carbonyl oxygen of Asn349. Residues that make contact with d5 are red for the
common region and green for those that confer specificity of interaction with the
TrkA-d5 region are green.
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Figure 1.6 Interaction regions of NGF with d5 of TrkA. From Wiesmann et al.
1999.

The NGF monomers are red and blue, while the TrkA d5 region is green. The

termini, some relevant loops and the secondary structure elements are labeled;,
loops L2 and L4 of NGF and the C-terminus of d5 (residue 382) point towards the

membrane.

20

DmoON



Figure 1.7 A space-filling model of the interaction regions of NGF with d5 of
TrkA.

The NGF monomers are red and blue, while the TrkA d5 region is green. The
model orientation is as shown in Figure 1.6. The molecular coordinates were
obtained from the Protein Data Bank and the model produced with ViewerLite
(Accelrys, San Diego).

1.13 The TrkB Receptor

The structural domains of the TrkB receptor are similar to those depicted for TrkA (Figure 1.2,
Figure 1.3). These domains include; the signal peptide (SP), two cysteine clusters (CC), the
leucine-rich motifs (LRM), two Ig-like-like regions (Ig), the transmembrane region (TM) and the
tyrosine kinase region (TK). At least eight different transcripts of the trkB locus have been
identified that encode two different types of receptor. The TrkB receptor, the high affinity receptor
for BDNF, is a heavily glycosylated molecule of 821 amino acids. This receptor has an
intracellular tyrosine kinase domain and is frequently designated as TrkB™* to distinguish this
isoform from those that lack a tyrosine kinase domain. A second class of TrkB receptors,

designated as TrkB™", has the same extracellular domain as TrkB™*

but lack the entire tyrosine
kinase catalytic domain (Klein et al. 1990, Middlemas et al. 1991, Barbacid 1994). Two
noncatalytic TrkB™ receptor isoforms have been identified and are expressed in adult murine

brain at comparable levels to TrkB™ " (Klein et al. 1990). The TrkB™* receptor has a short
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carboxy-terminal tail of 15 amino acids, which includes a conserved tyrosine residue (Klein et al.
1989).

1.14 The Leucine Rich Domain and BDNF Binding

As with the TrkA receptor, the extracellular domains of TrkB consists of a LRR flanked by
cysteine clusters and two Ig-like domains. Overall identity between the extracellular domains of
TrkA and TrkB™" is 57%, with the most homologous regions between the two receptors found in
the two LRR’s and the second Ig-like domain (Schneider and Schweiger 1991). A number of
studies have implicated the LRR domain of TrkB™* as the binding site for BDNF. Five
recombinant MBP-TrkB fusion proteins were expressed in E. coli, purified and utilized in binding
studies with radiolabeled NGF and BDNF (Windisch et al. 1995a). The five fusion proteins
expressed were (1) the entire extracellular domain (residues C21-E417), (2) the LRR and two
flanking cysteine clusters (construct C1L1-3C2, residues L61-L132), (3), the three LRR’s without
the cysteine clusters (construct LRR, residues T72-L143), (4) the second LRR (construct L2,
residues T86-109) and (5) the 2 Ig-like domains (residues S187-E417). Of these five domains,
the complete extracellular domain and the C1L1-3C2 domain have a measured Kp for BDNF of ~
1x10° M (virtually identical to the same domains of TrkA for NGF within experimental error.
These same two domains bind NT-3 with a Kp of ~ 1x10° M (Windisch et al. 1995a), a value
similar to those obtained in experiments with cells ectopically expressing TrkB (Soppet 1991,
Denchant et al. 1993, Windisch et al. 1995c).

The complete LRR motif without the flanking 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 Kp
as measured for the entire extracellular domain and also showed an affinity for NT-4. None of the
TrkB fusion proteins showed an affinity for NGF. The isolated Ig-like 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 region.

Failure to see such high binding affinities (i.e. Kp's ~ 10"''M) for BDNF and NT-3 with the isolated
extracellular domain and subdomains of TrkB may be due to isolation of the receptor from the
cellular environment. It is possible that upon binding of a neurotrophin, a conformational change

occurs within the receptor in the cellular environment, resulting in the transfer of ligand from the
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second LRR to a high affinity binding site (Windisch et al. 1995c). High affinity binding may
require additional membrane proteins or extracellular matrix components, for example,
proteoglycans, which may only be present in the correct stoichiometric values in neurons for
which high affinity has been measured (Windisch et al. 1995¢). Intact signal transduction
pathways have been suggested as requirements for generation of high affinity binding sites
(Raffioni et al. 1993). 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 forming the high affinity receptor
complex (Meakin and Shooter 1992).

Association and dissociation kinetics of the second LRR of TrkB binding with BDNF and NT-3
have revealed something of the complex nature of the interaction. Binding on-rates occur faster
than ~ 3x10° M s™ expected for a Kp of ~ 1x10° M (Rodriguez-Tabar and Barde 1988, Windisch
et al. 1995c). The association kinetics measurements gave K,, values of 2.7x10’ M s™' for BDNF
and 3.3 7x10’ M" s for NT-3 corresponding with the kinetics of the high BDNF and NT-3
receptors (Rodriguez-Tabar and Barde 1988, Windisch et al. 1995c). These results imply that a
high affinity BDNF and NT-3 binding site is associated with the second LRR and that a complex
mechanism may be involved in the association of neurotrophins with their receptors. Dissociation
measurements for the second LRR gave half-lives of ~ 41.5 minutes for BDNF and ~ 19.5
minutes for NT-3; similar results to those obtained using whole cells (Rodriguez-Tabar and Barde,
1988, Rodriguez-Tabar et al. 1992, Windisch et al. 1995¢). In studies of dissociation of BDNF
from DRG neurons and dissociation of NT-3 from sensory neurons (Rodriguez-Tabar and Barde

1988, Rodriguez-Tabar et al. 1992), no biphasic behavior was observed.

Contrary to these results, biphasic dissociation behavior for BDNF and NT-3 was observed with
the recombinant TrkB extracellular domain and subdomains (Windisch et al. 1995c). Steady state
binding experiments corroborated the result and assigned neurotrophin binding to the 24 residue
second LRR of TrkB (1995c¢).

A synthetic peptide corresponding to the second LRR of TrkB was shown to bind BDNF
(Windisch et al a, b). Binding affinities of BDNF for the peptide were comparable with the affinity
of NGF for the second LRR of TrkA. A similar binding study for NT-3 and NT-4 showed that these
neurotrophins bind to the second LRR of TrkB, but with less affinity than BDNF. Since BDNF, NT-
3 and NT-4 all bind 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. 1995a, c). Only 11

residues of the second LRR appear to be responsible for specific neurotrophin recognition.

Three isoforms of murine TrkB have been isolated and used in binding studies of BDNF, NT-3
and NT-4 (Ninkina et al. 1997, Dr. N. Ninkina, St. Andrews University, private communication). All
three isoforms have deletions in the extracellular domain while retaining the two Ig-like motifs. Of
the three isoforms, variant 1 lacked the first and second LRR’s while retaining the flanking
cysteine clusters. Variant 2 lacked all three LRR’s but retained the flanking cysteine clusters and
variant 3 lacked both cysteine clusters and the three LRR’s. None of these three TrkB isoforms
shows affinity for BDNF, NT-3 or NT-4 when compared with wild type TrkB used as a control.
These results point to the importance of the LRR’s, in particular the first two, in binding
neurotrophins, at least for TrkB, and further supports the lack of neurotrophin binding to Ig-like
domains, as reported by Windisch et al. (Windisch et al. 1995a, b, c).

High affinity binding associated with a small region of a large protein is 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 only about 30 side chains of the receptor and ligand
make contact (Clarkson and Wells 1995). In the case of hGHpb, alanine-scanning experiments
have revealed that a central hydrophobic core dominated by two tryptophans accounts for more
than three-quarters of the binding free energy. Less important, generally hydrophilic and partially
hydrated residues surround the "functional" epitope. Only a small and complementary set of
contact residues exhibits binding affinity.

Mutational analysis of antibodies (Hawkins et al. 1993, Kelley and O'Connell 1993) and protein
antigen complexes (Davies et al. 1990, Jin et al. 1992, Wilson and Stanfield 1993) has shown
that typically only 14 to 21 residues are in contact and that only 3 to 10 side chains can account
for most of the binding energy (Clarkson and Wells 1995). These results are supportive of
theoretical studies that predict that only a few interactions in protein-protein binding, may be
important for tight binding (Novotny et al. 1989). Hence assignment of high binding affinity for
neurotrophins to the small 24 residue second LRR may not be unreasonable.
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1.15 The Immunoglobulin-Like Domains and Neurotrophin Binding

Five chimeric receptors have been constructed in which the extracellular domains of human TrkB
and TrkC were interchanged. These domains were fused to the Fc portion of a human antibody
and expressed in the human fetal kidney cell line 293 as an immunoadhesion (Urfer et al. 1995).
The following chimeras were constructed: chimera 1, consisted of the first 47 residues of TrkB,
encompassing the first 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 region of TrkC.
Chimera 4, consisted of the N-terminal Ig-like domain of TrkB exchanged for the same domain of
TrkC. Chimera 5, consisted of the C-terminal Ig-like domain of TrkB exchanged for the same
domain of TrkC. Competition and saturation binding assays were performed with the chimeric
proteins and the complete extracellular domains of TrkB and TrkC (also expressed as
immunoadhesions).

Both TrkB and TrkC bind NT-3, with high affinity for TrkC and reduced affinity for TrkB (Urfer et al.
1994). If TrkB and TrkC utilize the same structural elements for neurotrophin binding, then a
particular TrkB/TrkC chimera would be expected to have reduced, but not complete loss of
binding affinity for NT-3 (Urfer et al. 1995). All chimeric proteins were assayed for BDNF and NT-
3 binding. Competitive displacement assays with BDNF and TrkB resulted in an 1Cso of 20.7 + 2.8
pM, while TrkC showed no BDNF binding. Chimera 5 binds BDNF with an ICsq0f 16.7 £ 1.5 pM, a
similar affinity to that displayed by TrkB. In saturation binding experiments, TrkB and chimera 5
have Kp values of 10.4 £ 1.6 pM and 10.9 + 2.3 pM respectively. All other TrkB/TrkC chimeras
and domain deletions of TrkC showed no binding and this suggested that the individual TrkC
domains did not contribute any repulsive effects. Hence the conclusion from these experiments is

that the second Ig-like domain of TrkB specifies which neurotrophin, BDNF or NT-3, binds to the
TrkB receptor.

All chimeric TrkB and TrkC receptors were assayed for NT-3 affinity to determine if structural
elements of TrkB could prevent NT-3 binding. The TrkB immunoadhesin bound NT-3 with an
affinity similar to that of TrkB expressed on NIH 3T3 cells (Escandon et al. 1994), but with a
markedly reduced (11.0 £ 1.7 fold) affinity compared with the native TrkC receptor. Chimera 5
showed an almost identical loss of NT-3 affinity as TrkB while all the other chimeras were

unaffected in their ability to bind NT-3. These binding studies suggest that the cysteine clusters,
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the LRR’s and the N-terminal Ig-like domain or elements within these domains, do not prevent
NT-3 binding or participate in neurotrophin discrimination. Binding specificity for BDNF and NT-3
appears to reside only in the second Ig-like domain of the TrkB receptor (Urfer et al. 1995).

Another series of chimeric receptors in which the LRR’s including flanking cysteine clusters and
Ig-like domains of TrkA and TrkB were interchanged, were expressed in 293 cells and NGF
binding was measured under equilibrium conditions to the chimeric protein (Perez et al. 1995). In
these studies NGF bound to TrkB at 10% of the affinity of NGF for TrkA. For the chimera
consisting of the TrkB protein with the second Ig-like domain of TrkB exchanged for the second
Ig-like domain of TrkA, no NGF binding was observed. For the chimera consisting of the TrkB
protein with the first Ig-like domain of TrkB exchanged for the first Ig-like domain of TrkA, no NGF
binding was observed.

These results suggest that the |g-like domains of the Trk receptors may be responsible for
neurotrophin discrimination but this study does not assist in discriminating which Ig-like domain is
responsible for neurotrophin identification. For the chimera consisting of the second Ig-like
domain of TrkA exchanged for the second Ig-like domain of TrkB, no NGF binding was observed.
This result suggests that the second Ig-like domain is responsible for neurotrophin discrimination,
but since no chimera was studied in which the first Ig-like domain of TrkA is replaced with the
same domain of TrkB, it is difficult to assess the role of the Ig-like domains in determining which

neurotrophin binds to a particular receptor.

A study of the binding of NGF to recombinant Ig-like domains of TrkA expressed in E. coli
(Holden et al. 1997) showed that the neurotrophin binds with nM affinity to the domain previously
shown to have no NGF affinity (Windisch et al. 19954, b, c). In contrast to the experiments of
Windisch et al. (1995a, b, c) the Ig-like domain protein was purified from inclusion bodies and

refolded prior to binding studies.
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1.16 The TrkC Receptor

The structural domains of the TrkB receptor is similar 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 all
have the same structural form as the TrkA and TrkB receptors. The extracellular domains of the
three receptors have approximately 53% identity while the intracellular tyrosine kinase domains
share an approximate 87% identity (Barbacid 1994). All four isoforms share an extracellular
domain of 430 amino acids but differ in the number of residues (14, 25, 39) that follow the
conserved YSTDYYR motif, which includes the two tyrosine (Y711, Y712) residues. These
residues have been identified as the presumed autophosphorylation site (Lamballe et al. 1993,
Tsoulfas et al. 1993, Valenzuela et al. 1993, Barbacid 1994). As with the TrkB receptor, a second

noncatalytic class of TrkC receptor, similar to TrkB ™, is known. These receptors have the same

extracellular and transmembrane domains as the catalytic TrkC receptor, however they lack the
tyrosine kinase domain. Four different TrkG™ receptors have been identified; all have the first 74
cytoplasmic residues identical to those of the juxtamembrane region of the catalytic TrkC
receptors. Residues beginning with 529 are derived from four dissimilar alternatively spliced
exons (Tsoulfas et al. 1993, Valenzuela et al. 1993, Barbacid 1994).

1.17  Neurotrophin Binding Domains of TrkC

In contrast to the TrkA and TrkB receptors, few studies have been made of the cysteine clusters,
LRR’s, Ig-like domains and permutations of these domains of TrkC to determine their respective
binding and discriminatory abilities for NT-3 and other neurotrophins. Expression of the
extracellular domain and subdomains of TrkC as maltose fusion proteins in E. coli has been
reported to be highly toxic to the bacterium (Windisch et al. 1995a). Few expression systems
have been identified to reliably produce correctly folded Trk receptors and as a result, studies of

the extracellular domains of TrkC tend to be of a very limited nature to date.

Chimeric proteins consisting of domain exchanges between TrkC and regions of both TrkA and of
TrkB were fused with the Fc portion of a human antibody and expressed as an immunoadhesin
(Urfer et al. 1995). Five 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-
terminal cysteine cluster, (2) the LRR, (3) C-terminal cysteine cluster, (4) N-terminal Ig-like

domain and (5) the C-terminal cysteine cluster. Of these chimeric proteins, all but chimera 5
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showed a binding affinity for NT-3, ICsomu/ICsowt< 3, when compared with wild type TrkC. Chimera
5 showed essentially no affinity for NT-3 and had an ICsomu/ICsowt > 40. Only chimera 5, which
consists of the entire TrkB extracellular domain with the TrkC C-terminal Ig-like domain of TrkC
replacing that of TrkB, showed an ability to bind BDNF (ICsomu/ICsowt< 3), compared with wild type
TrkB. None of the chimeric TrkC/TrkB proteins showed any measurable binding of NGF. Only one
chimeric protein was made with TrkA and TrkC and consisted of the C-terminal Ig-like domain of
TrkA replacing the same domain of TrkC. It showed essentially no ability to bind NT-3
(ICs0mut’!Csowt > 40). However, this same protein showed the same ability to bind NGF as wild type
TrkA (ICsomu/ICsom< 3).

In addition, seven subdomains of the TrkC extracellular domain were also expressed as
immunoadhesins in 293 cells. The seven TrkC proteins in this study consisted of the following
domain deletions: (1) N-terminal cysteine cluster, (2) entire LRR motif, (3) C-terminal cysteine
cluster, (4) N-terminal Ig-like motif, (5) C-terminal Ig-like motif, (6) all extracellular domains except
the C-terminal Ig-like domain and (7) all extracellular domains except the two Ig-like domains.
Only construct 5, the protein consisting of the entire TrkC extracellular domain except the C-
terminal Ig-like motif bound NT-3 or BDNF. All the other proteins bound NT-3 with wild type TrkC
affinity (ICsomu/ICsowi< 3). These results suggest that the Ig-like domains are required for high
affinity neurotrophin binding for TrkA, TrkB and TrkC receptors and that the C-terminal Ig-like
domain is required to discriminate between neurotrophins and hence specifies which
neurotrophin binds to a particular receptor (Urfer et al. 1995).

1.18 The p75 Receptor

The NTF's NGF, BDNF and NT-3 all bind with lowered affinity (when compared with their ability to
bind to TrkA, TrkB and TrkC respectively), to another receptor, namely p75, a 75 kD protein that
mediates programmed cell death in neurons that have been deprived of NTF's (Lee et al. 1992,
1994, Rabizadeh et al. Barrett and Bartlett 1994, Barrett 2000, Yano and Chao 2000, Huang and
Reichardt 2003). This receptor consists of a single polypeptide chain of approximately 400 amino
acids with an extracellular domain and a short cytoplasmic domain separated by a single
transmembrane domain. Four negatively charged cysteine rich regions or loops in the
extracellular domain appear to be required for NGF binding (Yan and Chao 1991, Baldwin et al.

1992, Meakin and Shooter, 1992). The p75 NGF receptor is a member of a family of related
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proteins that include tumor necrosis factor receptors (TNFRI and TNFRII) and the Fas antigen
receptor. The p75 receptor does not have sequence homology with the Trk receptors.

Binding assays for receptors, with both high and low affinity, expressed on chick embryonic
sensory neurons, have been made with NGF (Sutter et al. 1979), BDNF (Rodriguez-Tebar and
Barde 1988) and NT-3 (Rodriguez-Tabar et al. 1992). A summary of the binding data of NGF,
BDNF and NT-3 to both the high affinity receptors and p75, is given in Table 1.1.

Table 1.1  The characterization of NGF, BDNF and NT-3 receptors on chick
embryonic sensory neurons by binding assays. From Meakin and Shooter
(1992).

Two classes of NGF receptors were originally distinguished on chick embryonic
sensory neurons by binding and kinetics measurements (Sutter et al. 1979). The
major population of receptors have a Kp of 10° M, while a minor receptor
population have a Kp of 10" M. These receptors are respectively known as low
(LNGFR) and high (HNGRF) affinity receptors. The rates of association of
neurotrophin to both types of receptor are similarly rapid, however, they differ in
that the rate of dissociation is slow for the HNGRF and fast for the LNGFR.
Subsequent studies have identified LNGFR as p75 and the HNGFR as TrkA. The
binding data are from Sutter et al. 1979, Kow et al. 1979 and Burris et al. 1991.

NGF BDNF NT-3
Kp of high affinity binding (M) ~ 2.3x10™"* 1.7x10"" 1.8x10™"
Number of receptors per 1000-3000 230 11000
neuron
Kp of low affinity binding (M) 1.7x10° 1.3x10°  0.8x107°
Number of receptors per 23000-45000 3200 39000
neuron
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While the Kp value is essentially identical for the binding of NGF, BDNF and NT-3 to p75, the
association and dissociation rates differ significantly, possibly as consequence of differences in
the structure of the neurotrophins or differences in conformational changes that may occur on
ligand binding (Ernfors et al. 1990, Rodriguez-Tebar et al. 1992, Meakin and Shooter 1992,
Bradshaw et al. 1994). TrkA has a very slow association rate with a Ko, of 8x10° M s™ (at 42C)
and a very slow dissociation rate, suggestive of high affinity. Conversely, p75 has fast association
and dissociation rates characteristic of a low affinity for NGF. Since these binding properties for
the two receptors are observed in both neural crest derived and non neuronal cells, it appears
that the on and off rates are characteristic of the receptors and not of cellular environment (Chao
and Hempstead 1995). Co-expression of p75 and TrkA results in a 25-fold increase in the ligand
on rate, suggesting that both p75 and TrkA contribute to the formation of a high affinity binding
site for NGF (Chao and Hempstead 1995).

Expression of p75 both with Trk receptors and independently of TrkA, TrkB or TrkC is widespread
in many cell types, including Schwann cells, motor neurons and cerebellar Purkinje cells (Chao
and Hempstead 1995). While many studies have established the importance of the Trk family of
receptors in the promotion of neurite outgrowth and cell survival, there exists little evidence of
particular roles for p75. Receptor levels in responsive neurons indicate that TrkA expression is
limited while that of p75 is higher; a ten-fold difference for example in mRNA levels in neonatal
sympathetic ganglia (Chao and Hempstead 1995). NGF shows both high and low affinity binding
sites in sensory and sympathetic neurons and PC12 cells. In these cells, a small percentage of
high affinity NGF binding sites have been detected with these sites being assigned to TrkA and
low affinity binding sites to p75 (Klein et al. 1991, Jing et al. 1992, Chao and Hempstead 1995).
Responsive neurons appear to have 10-30% of the total binding of neurotrophin at high affinity
sites (Kp ~10"" M), while the remaining binding occurs at low affinity sites (Kp ~10° M). Under
conditions in which p75 is expressed in excess with respect to TrkA, a similar number of high
affinity binding sites are observed. Only low levels of expression of p75 compared with TrkA (1:10
ratio) appears to result in a lowering in the number of high affinity NGF binding sites (Jing et al.
1992, Chao and Hempstead 1995). These results suggest that the ratio of p75 to TrkA is
important in the high affinity binding of NGF. Other neurotrophins, for example NT-3 appears to
have few (1-2% of total binding) high affinity binding sites when interacting with TrkC (Chao and
Hempstead 1995).

Expression levels for p75 and TrkA influences the number of low and high affinity binding sites for

NGF in PC12 cells. High levels of TrkA result in an increased number of both low and high affinity
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sites, while decreased levels of p75 or inhibition of NGF binding to p75 leads to a reduction of
both low and high affinity binding sites (Weskamp and Reichardt 1991, Benedetti et al. 1993,
Chao and Hempstead 1995). For a number of two-site binding receptors, for example interleukin-
2, interleukin-6 and CNTF, the low affinity site is ten times more abundant than the high affinity
site in vivo (Chao and Hempstead 1995).

Interaction of p75 with TrkA appears to influence cell survival (Casaccia-Bonnefil et al. 1999).
Antibodies to p75 have no effect on the ability of NGF to promote cell survival and neurite
outgrowth (Weskamp and Reichardt 1991, Chao and Hempstead 1995). A number of NGF
mutants that do not bind to p75 but that do bind to TrkA, are capable of promoting cell survival,
suggesting that Trk receptors may be able to function independently of p75 (Ibanez et al. 1992).
Confusing the role of p75 in cell survival, are results of a study in which induction of TrkA
autophosphorylation and c-fos mMRNA in PC12 cells is influenced by the binding of NGF to p75.
These effects are reduced by a monoclonal antibody directed against an extracellular epitope of
p75 (Barker and Shooter 1994, Chao and Hempstead 1995).

A number of studies suggest that p75 and TrkA interact to form a high affinity neurotrophin
receptor. Another possible role for p75 is that of recruitment of NGF from the environment and
passage of the bound neurotrophin to its appropriate Trk receptor. Studies of mutant PC12 cells
that do not express p75 suggest that p75 acts as a ligand-recruiting molecule since only in the
presence of p75 are Ko, values of ~ 10’ M s™' observed (Mahadeo et al. 1994). Two models,
neither of which reflects the measured stoichiometry of p75 and Trk receptors, have been
suggested for p75-TrkA interactions. The first model proposes that NGF rapidly binds to p75 thus
increasing the local concentration of neurotrophin in the vicinity of the Trk receptor (Mahadeo et
al. 1994). In this model there is no direct interaction of p75 and the Trk receptor. A second model
suggests that a direct interaction occurs between p75 and the Trk receptor resulting in a
conformational change in the Trk receptor in the absence of ligand (Chapman and Kuntz 1996,
Shamovsky et al. 1999, Neet and Campenot 2001).

Conformational change of the Trk receptor is hypothesized to resultin an increased ligand on rate
and hence formation of a high affinity binding site (Meakin and Shooter 1992, Wolf et al. 1995,
Chao and Hempstead 1995, Neiderhauser et al. 2000). Both models require dimerization of Trk
molecules following neurotrophin binding. Direct measurement of the interaction of p75 and Trk

receptors has not been directly demonstrated, although one study utilizing recovery of
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fluorescence after photobleaching suggests that TrkA immobilizes p75, in the absence of ligand,
but only if the cytoplasmic domains of p75 and TrkA are intact (Wolf et al. 1995, Chao and
Hempstead 1995). Another study utilizing fluorescent antibodies, appears to have established an
interaction between p75 and TrkA receptors on the surfaces of cells (Wolf et al. 1998).

While argument by analogy must be used with caution, particularly when comparing prokaryotic
and eukaryotic systems, a study of intracellular signaling by the E. coli aspartate receptor Tar
(Tatsuno et al. 1996, Gardina and Manson 1996), having only one cytoplasmic domain per dimer,
offers some suggestion as to the possibility for signaling by a heterodimer of TrkA/p75 and also of
full length and truncated isoforms of TrkB and TrkC. To date no heterodimers of full length and
truncated Trk receptors have been documented, however a controversial complex of p75 and
TrkA has been reported (Wolf et al. 1995). Current models hypothesize that transmembrane
signaling is accomplished by dimerization of the receptors upon binding of a ligand, or by

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

1.19 A Rationale for the Thesis Research

At the beginning of the 21% century, humanity has entered an era when average life expectancy
has increased from approximately 50 years in the 19" century to 70-80 years. With the advent of
modern medicine, many of the diseases that once afflicted mankind have now been eliminated or
are controllable. Increasingly, the diseases and consequences of advanced age have become
apparent. In particular, Alzheimer’'s and other neurological disorders are placing an escalating
burden on the medical costs of communities worldwide (Kandel et al. 2000). Research to develop

new and effective therapies for neurological diseases has become progressively more important.

Neurotrophins as a treatment for Alzheimer’s and Parkinson’s diseases especially, has been one
approach in the development of new therapeutics. However, peptides as therapeutics do present
a number of difficulties (Kandel et al. 2000, Williams and Lemke 2002). Small molecule mimetics
of neurotrophins has been the quest of many international research efforts (Ilbanez 1998).
However, controversy still remains as to which domain or domains of the Trk receptors, a
neurotrophin binds. The research conducted for this thesis has been undertaken in an attempt to
further delineate the neurotrophin binding domain(s) of their receptors. By defining the interaction

32



domains, it is hoped that further progress may me made in the development of peptide and small
molecule mimetics of the neurotrophins.

It is increasingly clear that accessory proteins such as p75 and intracellular proteins play
important roles in the binding of neurotrophins to Trk receptors and of resulting biological activity.

Because this thesis study was necessarily conducted in a non-biological environment, i.e. in the
absence of p75 and accessory proteins known to bind to Trk receptors, it is impossible to equate
the observations made in this authors research, with the reality of neurotrophin-Trk interactions in

human neurons.

To date only one neurotrophin exhibits real potential as a therapy for neurological disorders,
namely, GDNF, while NGF and BDNF have exhibited little or no therapeutic value in clinical trials.
New methods for peptide delivery to the Central Nervous System via the nasal mucosa, (Gozes
et al. 2000, Liu et al. 2001) may however overcome the need to develop small molecule mimetics
of the neurotrophins and eliminate the difficulties associated with administration of NGF and other
NTF’s. Ultimately stem cell 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 ultimately have proven to be only an interesting exercise in an ongoing scientific
quest for new treatments to eliminate some of the more insidious afflictions of humankind.
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CHAPTER 2 Trk RECEPTORS, EXPRESSION AND PURIFICATION

2.1 Introduction and Aims

The aim of this thesis project was to establish the neurotrophin binding domains of the Trk
receptors. To conduct this study, a number of regions of the extracellular domains of TrkA, TrkB
and TrkC, were produced in both prokaryotic and eukaryotic expression systems. A biosensor
study of the binding of neurotrophins to the various extracellular domains of the respective Trk
receptor was then undertaken. Although not intended to be exhaustive in terms of establishing
absolute binding constants for each neurotrophin and respective receptor subdomains, the
experimental design was sufficient to firmly determine neurotrophin binding to proposed ligand
binding regions 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 studies, have led to the identification of two distinct and
reportedly exclusive, ligand-binding domains on the receptors. In particular, in vitro binding
studies (Windish et al. 19954, b, ¢) and in vivo studies (Ninkina 1997) have identified the leucine
rich motif (abbreviated as LRR) of all three Trk receptors as the neurotrophin-binding domain.
Conversely, in vitro (Holden et al. 1997, Wiesmann et al. 1999, Robertson et al. 2001) and in vivo
studies (Urfer et al. 1995, 1998, Kojima et al. 1999), have identified the immunoglobulin-like
domain (abbreviated as Ig1+lg2) as the exclusive ligand-binding domain of the neurotrophin
receptors.

An attempt was made to express a number of Trk proteins as C-terminal His-tagged proteins in E.
coli. Expression systems were designed such that these proteins would cover the same residues
as proteins expressed as MBP-fusion proteins in an earlier study (Windisch et al. 1995a). MBP-
fusion protein expression constructs used in a previous study (Windisch et al. 1995a, b, c) were

obtained' and these proteins were expressed for kinetics and other neurotrophin-receptor

' A gift of Prof. Rainer Schneider, University of Innsbruck, Austria.
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studies. Justification for the choice of domain expressed as MBP-fusion proteins has been
detailed previously (Windisch et al. 19953, b, c).

Full-length Trk receptor extracellular domains were expressed as C-terminal His-tagged proteins
in Pichia pastoris for this study. These proteins provide a set of controls, for comparison with
those proteins expressed in E. coli (Windisch et al. 1995a). Native Trk proteins possess several
post-translational modifications (Martin-Zanca 1989, Watson et al. 1999, Neet and Campenot
2001). The design of the expressed proteins was determined by the perceived need to retain the
cysteines, N-terminal to the leucine rich region and both Immunoglobulin-like domains. Each
construct was designed to terminate close to the recognized transmembrane domain. In addition,
the TrkA proteins were designed to terminate on the same residue, namely, threonine, two
residues (for Rattus norvengicus) before the first transmembrane residue. The TrkB and TrkC
extracellular domains are several amino acids longer than the TrkA proteins and these constructs
were designed to be of similar length to TrkA and terminate one residue (for TrkB, Rattus
norvengicus) before the transmembrane domain. All the extracellular residues of the full-length
TrkA and TrkB proteins are included in the E. coli constructs.

Three TrkA proteins2 from an external source (Prof. Uri Saragovi, McGill University) 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 addition, three
synthetic peptides, representing the smallest identified neurotrophin-binding domains (Windisch
et al. 1995a, b, c), were produced. With these proteins, an extensive kinetics study of the
neurotrophin-receptor interaction was possible. Further, physical properties of the proteins in
solution, were assessed by ultracentrifugation.

2 Ig-like domain expressed in E. coliand P. pastoris. Full-length extracellular domain expressed in
insect cells.
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Figure 2.1 Trk Receptor Structure Adapted from Windisch et al. (1995a).
Potential neurotrophin binding regions showing the domains expressed as MBP-
fusion and His-tagged proteins. The extracellular domain of the Trk receptor
consists of two cysteine rich regions (C1 and C2) that are N and C terminal to the
Leucine rich domain (LRR) respectively. The LRR domain is considered to
consist of 3 individual regions (LRR1, LRR2 and LRR3). Two immunoglobulin-
like domains (Ig1 and 1g2) complete the defined regions of the extracellular
domain.

ED....Extracellular Domain Ig1+lg2....Complete Immunoglobulin-like domain
LRR....Leucine Rich Domain C1 and C2.... N and C terminal cysteine rich

regions respectively LRR2....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 MBP-fusion proteins. The
Trk extracellular domains are shown in Figure. 2.1, while the particular residues,

expression system and protein tag are shown below.

Domain® Residues Species  Expression System Tag

ED Cys®*-GIu*"®  Rat E. coli MBP
C1LRR Cys®*-Pro'®  Rat E. coli MBP
C1LRR12 Cys®*-Leu'® Rat E. coli MBP
LRR Tyr?Leu'®  Rat E. coli MBP
LRR23C2  Thr”-Pro'*®  Rat E. coli MBP
LRRC2 Tyr?-Pro'®®  Rat E. coli MBP
Ig1 + 1g2 Ser'”-Glu*"®  Rat E. coli MBP
Ig1 +1g2C2  Ser'”-GIu*"®  Rat E. coli MBP
LRR2 Thr”-Leu'™®  Rat E. coli MBP

Table 2.2 TrkA extracellular domains expressed as His-tagged proteins.

These proteins failed to express and hence could not be used in any subsequent

studies.
Domain Residues Species  Expression System Tag
ED Cys®*-Glu*"®  Rat E. coli His
CiLRR Cys®*-Pro'®  Rat E. coli His
LRRC2 Tyr?-Pro'®®  Rat E. coli His
Igl +1g2C2  Ser'”-GIu*"®  Rat E. coli His
LRR2 Thr¥-Leu'®®  Rat E. coli His

®  The molecular weights for all TrkA, TrkB and TrkC MBP-fusion proteins expressed for this

project are tabulated in the appendix.
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Table 2.3 TrkA full-length extracellular domain expressed in yeast.

Domain Residues Species Expression System Tag
ED Cys*-Glu*®  Rat P. pastoris His
ED Cys®-Tyr'  Human  P. pastoris His

Table 2.4  Synthetic human TrkA peptide. This peptide representing the 24
residues of the second leucine rich repeat of human TrkA, was synthesized with
a 6-His C-terminal tag; purity > 95% as determined by MALDI mass spectroscopy
(Boston Biomolecule).

Domain Residues Species Expression System Tag

LRR2 Thr” —1eu’™  Human  synthetic His

Table 2.5 TrkB extracellular domains expressed as MBP-fusion proteins. The
Trk extracellular domains are shown in Figure 2.1 while the particular residues,
expression system and protein tag are shown below.

Domain Residues Species  Expression System Tag

ED Cys®-Glu***  Mouse  E. coli MBP
C1LRR Cys®-Pro'™  Mouse E. coli MBP
LRRC2 Leu®-Pro'®  Mouse  E. coli MBP
C1LRRC2 Cys®-Pro'® Mouse E. coli MBP
LRRC2 Leu®Pro'  Mouse E. coli MBP
Igt +1g2  Ser®-Glu*** Mouse E. coli MBP
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Table 2.6 TrkB extracellular domains expressed as His-tagged proteins. These

proteins failed to express and hence could not be used in any subsequent

studies.
Domain Residues Species  Expression System  Tag
ED Cys*-Glu**  Rat E. coli His
C1LRRC2 Cys*-Pro'”  Rat E. coli His
Igt +1g2  Arg"¥-GIu"”** Rat E. coli His

Table 2.7 TrkB full-length extracellular domain expressed in yeast.

Domain Residues Species Expression System Tag

ED Cys®*-Arg*”*  Rat P. pastoris His

Table 2.8 Synthetic human TrkB peptide. This peptide representing the 24
residues of the second leucine rich repeat of human TrkB, was synthesized with
a 6-His C-terminal tag; purity > 95% as determined by MALDI mass spectroscopy
(Boston Biomolecule).

Domain Residues Species Expression System Tag

LRR2 Thr” —11e™®  Human synthetic His
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Table 2.9 TrkC extracellular domains expressed as MBP-fusion proteins. The
Trk extracellular domains are shown in Figure 2.1 while the particular residues,
expression system and protein tag are shown below.

Domain Residues Species Expression System Tag

ED Cys®-Thr*'®  Rat E. coli MBP

Table 2.10 TrkC full-length extracellular domain expressed in yeast.

Domain Residues Species Expression System Tag

ED Cys®*-Thr*"®  Rat P. pastoris His

Table 2.11  Synthetic human TrkC peptide. This peptide representing the 24
residues of the second leucine rich repeat of TrkC, was synthesized with a 6-His
C-terminal tag; purity > 95% as determined by MALDI mass spectroscopy
(Boston Biomolecule).

Domain Residues Species Expression System Tag

LRR2 Va® -Pro'®  Human  synthetic His
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2.5 Expression of Proteins in P. pastoris with the Vector pPICZaA

Expression of Trk proteins was undertaken in the yeast P. pastoris, by cloning cDNA encoding
the extra-cellular domains for TrkA (both rat and human), TrkB (rat) and TrkC (rat), into the
expression vector pPICZaA (Invitrogen). The vector pPICZoA permits expression of the
recombinant protein containing a myc epitope (useful in following protein expression by Western
blot) and a polyhistidine tag capable of binding divalent cations (e.g. Niz*). Both the myc epitope

and polyhistidine tag are C-terminal to the recombinant protein.

Figure 2.2 Map of pPICZaA (Invitrogen P. pastoris protein expression system

manual).

2.3 Construction of Expression Vectors

All four Trk cDNA’s were amplified by PCR to provide sufficient DNA for cloning into the
expression vector pPICZaA. The TrkA (human and rat) N and C-terminal oligonucleotides were

produced at 0.05uM quantity, the Trityl group was removed and the oligonucleotides purified by
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HPLC to 0.5 OD scale (Operon Technologies). Both N and C-terminal oligonucleotides for TrkB
and TrkC were supplied by Prof. Louis Reichardt (Howard Hughs Institute, San Francisco).
Human TrkA template DNA was supplied by Prof. Uri Saragovi (McGill University), while rat TrkA,
TrkB and TrkC template DNA was provided by Prof. Louis Reichardt.

TrkA human N-terminal 5-AGA GAATTC TGC CCC GAT GCC TGC TGC CCC CAC-3

TrkA human C-terminal 5-AGA CTC TAGACCTGTTTC GTC CTT CTT CTC CAC CGG GTC-
3

TrkA rat N-terminal 5-AGA GAA TCC TGT CGT GAG ACC TGC TGT CCC GTG GGC-3’
TrkA rat C-terminal 5-AGACTCTAGACCTGTTTCGTC CTTCTT CTC CACTGG GTC-3

For both human and rat TrkA oligonuclectides, the N-terminal was designed to incorporate an
EcoRl site, while the C-terminal oligonucleotide incorporates an Xbal site. This design permitted

direct ligation of the PCR product into the same sites in the expression vector pPICZoA .

TrkB rat N-terminal 5-AGAGAATTCTGC CCCATGTCC TGC AAATGC-3
TrkB rat C-terminal 5-AGA CTCTAGACCCTCCCGATT GGTTTG GTC AGC AAC ATC-
31

For the TrkB construct, the N-terminal oligonucleotide was designed to incorporate an EcoRl site,
while the C-terminal oligonucleotide incorporates an Xbal site, thus allowing direct cloning of the

PCR product into the same sites in pPICZoA.

TrkC rat N-terminal 5'-AGA AGC GGC CGC TGC CCT GCA AAT TGT GTC TGC AGC
AAG ACT-3
TrkC rat C-terminal 5-AGA CTC TAG ACC AGT GTC TTC CTCTGG TTT GTG GGT
CAC AGT-%¥

The N-terminal oligonucleotide for the TrkC construct includes an Xbal site, while the C-terminal
oligonucleotide incorporates a Notl site, permitting direct cloning of the PCR product into these
sites in pPICZaA.
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All PCR solutions consisted of a total of 1001l of the following components:

65.5ul H,O

65.5 5 ul of each of the N and C-terminal oligonucleotides (10 uM each)
3 pl of 50 mM MgCl,

1 ul of 1 ng/ul of the DNA template

10 pul of 2 mM dNTP

10 pl of 10x PCR buffer

0.5 ul Taqg polymerase (BRL)

The following PCR conditions using an Ericomp thermal cycler were employed to give the final
PCR products.

Cycles (30) 1" at 94°C 2 at 94°C 2" at72°C
Last cycle 1’ at 94°C 2’ at 50°C 10" at 72°C

2.4 Cloning Techniques following PCR

All techniques for the cloning of the four Trk extra-cellular domains expressed in P. pastoris, are
illustrated by the following protocols for the two TrkA protein expression systems. Only the
restriction enzymes used to digest pPICZoA for insertion of the PCR product and subsequently,
to confirm that the correct constructs for TrkB and TrkC were ligated into pPICZaA, are different.
An aliquot of DNA from each PCR reaction vial was run on a 1% agarose gel in TAE buffer
together with 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-cellular domains of the four Trk receptor
proteins. All PCR products (1ul of the 100p1 reaction mixture) were ligated into the pCR2.1 vector
(Invitrogen) at 15°C overnight following the protocols for the TA cloning kit (Invitrogen). Taq
polymerase has a nontemplate-dependent activity, which adds a single deoxyadenosine (A) to
the 3’ ends of PCR products.

43




Figure 2.3 PCR products for human and rat TrkA extracellular 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
size for the cDNA for both constructs is ~ 1.2kB and it can be seen that this is the
size of the DNA obtained. Essentially the same results were obtained for the
PCR products of TrkB rat and TrkC rat extracellular domains.

The linearized pCR2.1 vector has a single 3’ deoxythymidine (T) residue, thus allowing efficient
ligation of the PCR insert into the pCR2.1 vector. Following ligation, INVaF’ competent E. coli
cells (Invitrogen) were transformed by heat shock with the new construct trk/TA vector. The
transformed E. coli was plated onto an LB* plate containing 100 pg/ml of ampicillin and Xgal® at a
concentration of 40 mg/ml of medium. After growing at 37°C overnight, 10 white colonies of each
construct were selected and grown overnight in 5ml of LB containing 100 pg/ml of ampicillin. DNA
was extracted from each overnight culture using a Rapid Pure Mini Prep kit (RPM kit, BIO101). All
DNA was digested by restriction enzymes, EcoRlI/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. Figure 2.3). After enzymatic digestion (typically overnight), each reaction mixture was

4 Luria Broth

®  5'-Bromo-4-chloro-3-indolyl- [beta] -D-galactopyranoside Ci4H;sBrCINOs
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run on a 1% agarose gel to determine which DNA was of the appropriate size to be inserted into
pPICZaA (Figure 2.4).

Figure 2.4 Agarose gels of the restriction enzyme digests of the plasmid DNA
from the PCR constructs. Arrows indicate the correct size cDNA insert. Gel (a) is
human TrkA while Gel (b) is rat TrkA. One colony from each analysis had the

correct sized insert.

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/TA 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 ligation at 15°C of 1ul of the digested
pPICZaA vector and 1pl the digest of trk/TA construct was performed in a 10 pl total reaction
volume. After ligation, 1ul of the reaction mixture was used to transform competent DH5a E. coli
(prepared by the CaCl, method; Sambrook, Fritsch, Maniatis, 2™ edition, 1.82). The transformed
E. coli was plated on LB plates containing 100 ug/ml of ampicillin and grown at 37°C overnight.
Fifteen colonies from the plate were selected and grown overnight at 37°C in 5 ml of LB
containing 100 pig/ml of ampicillin.

DNA was prepared from each of the overnight cultures by Rapid Pure Miniprep (RPM). DNA of an
appropriate size, namely, 4.8 kB (1.2 kB trk cDNA+3.6 kB for pPICZaA) were then digested with
EcoRI/Xbal in the case of the two trkA/ pPICZaA constructs, the trkB/ pPICZoA construct and
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Xbal/Notl for the trkC/pPICZaA construct. All digests were run on a 1% agarose gel together with
an appropriate DNA standard. The gel was stained with ethidium bromide, visualized with UV and
photographed. Gels of the digested trkA/pPICZoA constructs for human andrat are shown below.
Essentially the same results were obtained for the constructs trkB/ pPICZoA and trkC/pPICZaA
(Figure 2.5 through Figure 2.8).

KB

0.5

Figure 2.5 This gel shows digests of the ligated DNA of trkA (human) cDNA
and of pPICZoA. The purified DNA from 5 E. coli colonies shows a plasmid of the

expected size (indicated by an arrow) for the construct trkA/pPICZoA for human
TrkA.

46



KB

4.5
4.0

2.0

Figure 2.6 This gel shows digests of the ligated DNA of trkA (rat) cDNA and of
pPICZoA. The purified DNA from 6 of the E. coli colonies shows a plasmid of the
expected size for the construct trkA/pPICZaA for rat TrkA.

In the case of the trkA/pPICZaA constructs, additional digests of the DNA with EcoRI/Xbal,
EcoRI/BamHI, and EcoR1/Hindlll were made to further confirm that the correct cDNA had been
cloned into the expression vector. No additional digests were made for the trkB/ pPICZaA and
trkC/pPICZoA since the observed bands on the gels were identical to those obtained in a
previous cloning by Louis Reichardt of these two trk cDNA’s, using the same PCR products and
similar protocols. DNA sequencing subsequently confirmed that the constructs contained the

correct sequences.
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Figure 2.7 Restriction digests of rat TrkA/pPICZaA plasmids. The agarose gel
above shows the EcoRI/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 trkA. These colonies were
picked and grown in LB for maxiprep purified DNA for sequencing and
transformation of P. pastoris.
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Figure 2.8 Restriction digests of human TrkA/pPICZaA plasmids. The agarose
gel above shows the EcoRI/Xba/BamHI restriction enzyme digest of purified DNA
from colonies of E. coli transformed with the human construct trkA/pPICZaA.
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 wild-type Pichia
strain that permits selection with the antibiotic Zeocin and exhibits large-scale growth.
Transformation of X33 with all four trk/pPICZoA constructs followed the protocols in the
EasySeIec'(TM P., expression kit (Invitrogen). Briefly, ~2 g of each trk/pPICZaA construct (from
an RPM preparation) was linearized by digestion overnight with the restriction enzyme Pmel.
Following digestion, the linearized DNA was precipitated with ethanol (Sambrook, Fritsch,
Maniatis 2™ edition, E12) to reduce the digestion volume from 50 i to 5 i for transformation.
Competent X33 cells were prepared following the protocol in the EasySelectWI Pichia expression

kit manual. Transformed X33 was plated in two aliquots of 50 and 150 pl on YPDS® plates

®  Growth medium: composition details may be found in the Invitrogen Pichia protein expression

manual: 2% tryptone, 1% yeast extract, 2% glucose, 1 M sorbitol, 2% agar.
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containing Zeocin at 100 ug/ml of medium. The plates were incubated at 30°C until colonies (~30)

were observed (3-4 days in each case).

Ten colonies of each transformant were selected and grown in 5 ml of BMGY’ medium containing
Zeocin at 25 ug/ml of medium for 18 hr at 30°C. At the end of the initial growth period, the cells
were gently centrifuged, the BMGY medium poured off and replaced with MM medium containing
25 ng/ml of Zeocin. After introduction of the cells into MM, a 100 ul aliquot was taken from each
culture; this was designated as the uninduced protein sample and was stored at -70°C. Growth of
all cultures 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 100 ul aliquot was taken,
centrifuged and stored at -70°C for analysis of protein expression. An SDS-PAGE gel was run of
all the timed samples. The gel was silver stained and examined for protein expression. Only 2-3
clones of each of the four 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 100 ml of BMGY medium containing 25 ug of Zeocin. After reaching an ODggo Of ~ 2,
the yeast cells were removed by centrifugation and then transferred to 100 ml of MM medium
containing 25 g of Zeocin. These cultures were grown for 96 hr as previously described. After
completion of the incubation period, SDS-PAGE gels were run and proteins visualized by silver
staining. From the gels, it was clear that for the TrkA human protein, induction could be
continued, at least through 96 hr with little or no degradation of protein (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, 10 g/L; meat peptone, 20 g/L; 100

mM potassium phosphate buffer pH 6.0; yeast nitrogen base without amino acids, 13.4 g/L;
biotin, 400g/L; glycerol, 10ml/L.
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Figure 2.9 Expression of TrkA in P. pastoris. Above is shown a silver stained
4-20% gradient gel (Biorad) of the timed expression of TrkA (rat). Expression is
indicated before induction (time = 0) and at 24, 48, 72 and 96 hr after induction.
The expressed protein runs at ~ 70 kD on the gel. Some unknown contaminants
are observed before induction; possibly medium proteins that were degraded

with time, or metabolized by the yeast during growth.

2.6 Large scale protein production and purification

In order to obtain sufficient protein for further studies, 3 liters of culture were produced for each of
the four Trk proteins. Production techniques followed the same methodology of the smaller (100
ml) cultures and optimal growth times for each protein were those established for the smaller trial

cultures.

Initial purification techniques sought to exploit the C-terminal His-tag on each protein and the

affinity of the tag for a Ni?* chelating column. All trials of this purification method utilized the
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QlAexpress Ni-NTA protein purification system (Qiagen). Since the TrkB and TrkC proteins were
available for purification before the two TrkA proteins, only these two proteins were used in
testing the viability of purification by chelating column. After 48 hr of growth, the yeast cells were
separated by centrifugation (4000 x g) from the medium containing the recombinant protein. The
3 liters of medium was concentrated to ~ 500 ml using a spiral-wound cartridge (5000 MW cutoff)
concentrator (Amicon). This system was used to exchange the supernatant into 20 mM Tris/HCL
pH 8.0 (at room temperature) containing 150 mM NacCl, by addition of the buffer after the
supernatant volume had been reduced to ~ 200 ml. Four rounds of concentration and buffer

exchange were made for each protein.

Further concentration to 50 ml was achieved using a miniplate concentrator (Amicon). All
concentrations were performed at 4°C. A disposable Poly-Prep column (BioRad) was packed with
1 ml of Ni-NTA agarose resin (Qiagen) and equilibrated with 20 column volumes of 20 mM
Tris/HCL pH 8.0 containing 300 mM NaCl and 0.1% Tween-20. Concentrated supernatant (5 ml)
was added to the column. Non-specifically bound protein was eluted from the column with the
addition of 20 column volumes of 20 mM Tris/HCL pH 8.0 containing 300 mM NaCl and 0.1%
Tween-20. After this wash procedure, specifically bound protein was eluted from the column by
the addition of 1 ml aliquots of 20 mM Tris/HCL pH 8.0 containing 100 mM NaCl and various
concentrations of imidazole (Sigma). One ml fractions that eluted from the column were collected
and stored on ice for further analysis. Imidizole concentrations varied from 10 mM to 600 mM. A
final wash with 0.1% SDS was used to remove al remaining protein from the column. All
collected fractions were concentrated in microcon microconcentrators of 3000 mW cutoff
(Amicon). Concentrated fractions were run on a 4-15% SDS-PAGE gel together with a 10-200 kD
protein standard.

It was clear from SDS-PAGE gels, that while the His-tagged protein could be eluted from the Ni-
NTA agarose resin with imidizole, contaminant proteins consisting of ~ 50% of the total protein,
eluted together with the Trk protein. These results suggested that purification of the His-tagged
Trk proteins would be difficult, if not impossible by chelating columns® (Blanc et al. 1998).
In addition, these results suggest that the six histidines required for specific binding to the resin,
may be folded up against the body of the protein®, thus preventing strong specific binding of

® Difficulties with purification of His-tagged proteins is well documented on Internet molecular
biology sites.

® Note taken from the Qiagen His-tag protein purification manual.
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protein to the Ni cations coordinated to the resin. It is generally accepted that six free histidines

are required for strong binding to the chelating column.

2.7 Purification by ion exchange chromatography

In an attempt to increase the yield of Trk proteins expressed in P. pastoris, growth of the four
transformants undertaken in a Bioflo 3000 Bioreactor (New Brunswick Scientific). An initial starter
culture was grown overnight by adding 10 ul of freezer stock of each transformant to 25 ml of
BMGY (Invitogen) medium containing 50 ug of Zeocin. The initial starter culture was added to
500 ml of BMGY and then grown to an ODgq 0f 2. The final culture was centrifuged (3000xg) and
the resulting pellet suspended in 50 ml of BMMY (Invitrogen), which was then re-suspended in 2
L of BMMY in the bioreactor vessel. Absolute methanol was added to the medium at a rate of 10
mi/hr throughout the growth period. The temperature was maintained at 30°C while the medium

pH was allowed to drop from 6.0 at the time of inoculation, to a pH of ~4 atthe 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 remaining
supernatant was applied at a flow rate of 20 ml/min with a peristaltic pump, toa 2 cm x 50 cm
column of S-sepharose anion exchange resin (HS column, Pharmacia), pre-equilibrated to pH 4.0
with 20 mM citrate buffer (Figure 2.10). On completion of the application of the supernatant, the
column was connected to a BioCAD SPRINT perfusion chromatography system (PerSeptive
Biosystems) and then washed with 20 mM citrate buffer pH 4.0 at a flow rate of 10 ml/min to
remove non-specifically bound protein. Specifically bound protein was eluted from the column
with a two-step gradient of 500 and 2000 mM NaCl (in 20 mM citrate buffer pH 4.0) over 30 min
at a flow rate of 10 ml/min. The protein eluted with 500 mM NaCl was dialyzed in 20 mM Tris/HCL
pH 8.0 (3 x 2 liters).

After exchanging into 20 mM Tris/HCI pH 8.0 buffer, the protein was applied at a flow rate of 5
ml/min to an HQ Poros cation exchange column (PerSeptive Biosystems) equilibrated with the

same buffer (Figure 2.11). Non-specifically bound protein was removed from the column with a 20
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mM Tris/HCI pH 8.0 buffer wash. Specifically bound protein was eluted from the column with a
two-step gradient of NaCl, 600 and 1000 mM in 20 mM Tris/HCL, pH 8.0. SDS-gel analysis of the
protein that did not bind to the column, together with eluted specifically bound protein, indicates
that the protein assumed to be the Trk receptor, was eluted within the 600 mM NaCl fraction. The
flow through fraction did not stain with Coomassie brilliant blue dye, indicating that while this
fraction has high 260 and 280 nm absorbance, it probably consists of molecules originating from
the growth medium.

Preferential binding of highly negatively charged medium molecules provides an explanation for
the inability of both nickel and copper chelating chromatography to directly purify Trk protein from
the growth medium. A 1 ml chelating column (Pharmacia) was charged with 100 mM CuCl,,
attached to a BioCAD FPLC (Applied Biosystems) and then equilibrated with 20 mM Tris/HCI pH
7.4, 500 mM NaCl at a flow rate of 1 ml/min. The 600 mM NaCl fraction eluted from the cation
exchange column (peak 2, Figure 2.11) was applied to the chelating resin at a flow rate of 1
ml/min and protein contaminants were removed from the column by a step gradient of ammonium
chloride. Specifically bound His-tagged protein was eluted from the column with 50 mM EDTA
dissolved in the same equilibration buffer. Following elution from the chelating column,
contaminating CuCl,, NaCl and EDTA was removed from the protein by several rounds of buffer
exchange (20 mM Hepes pH 7.4) in a Vivaspin concentrator (10 kD cutoff). Concentrated protein

was stored at -80°C.

Figures 2.10, 2.11 and 2.12 show typical elution profiles for the purification of a recombinant Trk
ED on HS, HQ and chelating columns, respectively. This procedure yielded a single band of each
protein on an SDS-PAGE gel. Figure 2.13 and Figure 2.14 show human TrkA ED and human
TrkB respectively, as typical examples of the results of the purification protocol. It was noted that
the Trk ED preparations migrate as a slightly diffuse band and this may be due to

microhetrogeneity in glycosylation.

Table 2.12 summarizes the yields of the Trk ED proteins obtained from P. pastoris. Two types of

P. pastoris strains'® were used to express the Trk proteins; namely, Mut* and Mut®. With the

' Pichia Strains. There are two genes in P. pastoris that code for alcohol oxidase, AUG1 and

AUG2 (alcohol utilizing gene) (Raymond et al. 1998). The AUG1 gene appears to be responsible
for the majority of alcohol oxidase activity in the cell. The AUGT gene has been isolated and a
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exception of the TrkB rat ED, the best results were obtained with the expression method using
the Mut” strain. The final yields varied widely from 0.03 to 70.3 mg/L. The reasons for these
differences were not investigated further. This protocol of anion exchange (Poros Perspective
Biosystems HS resin), cation exchange (Poros Perspective Biosystems HQ column) and
chelating columns (Pharmacia) proved the most consistent purification protocol for purifying Trk

proteins expressed in P. pastoris.

plasmid-borne version of the AUG1 promoter is used to drive expression of the gene of interest
encoding the desired heterologous protein (Raymond et al. 1998). The nucleotide sequence of
AUG?2 is about 83% identical to AUG1 and strains with an aug? genotype grow slowly on
methanol. This slow growth on methanol allows isolation of Mut® strains (Raymond et al. 1998).
Loss of the AUG1 gene and thus a loss of most of the cell's alcohol oxidase activity, results in a
strain that is phenotypically Mut® (Methanol utilization slow) and exhibits poor growth on methanol
medium. Mut® (Methanol utilization plus) refers to the wild type ability of strains to metabolize
methanol as the sole carbon source. Identifying the Mut phenotype of a P. pichia transformant
may help to optimize growth conditions. (From Invitrogen P. pastoris expression manual).
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Figure 2.10 The Trk proteins expressed in P. pastoris were purified in a three-
step process. The first purification step consisted of elution of the protein from an
anion exchange column. Medium containing the P. pastoris expressed protein
was applied to the column pre-equilibrated to pH 4.0 with 20 mM citrate buffer.
Bound protein was removed from the column with a two-step NaCl gradient (500
and 2000 mM). A typical elution profile for the His-tagged Trk protein (human),
from the anion exchange column is shown above. Peak 1, probably consists of
medium molecules that have high absorbance at 280 nm, but do not stain with
Coomassie blue on an SDS-PAGE gel. Peak 2 contains the purported Trk protein
(as determined by SDS-PAGE gel) eluted with 500 mM NaCl, between ~ 23 and
~ 27 mins. A minor contaminant is removed from the column by 2000 mM NaCl
at ~ 28 min. The NaCl step gradient is shown by the blue trace. Protein found in
peak 2 was dialyzed in 20 mM Tris/HCI pH 8.0, 500 mM NaCl before application
to the cation exchange column.
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Figure 2.11 The second step in the Trk protein purification, consisted of
elution from a cation exchange column. Protein eluted from the anion exchange
column in peak 2 (Figure 2.10), was dialyzed in 20 mM Tris/HCI pH 8.0, 500 mM
NaCl and loaded on the column as described above. Proteins were eluted from
the column with a step gradient of NaCl (600, 1000, 2000 mM) in 20 mM Tris/HCI
pH 8.0. A typical elution profile for the His-tagged Trk protein from the cation
exchange column is shown above. Peak 1, probably consists of medium
molecules that have high absorbance at 280 nm, but do not stain with
Coomassie blue on an SDS-PAGE gel. Peak 2 contains the purported Trk protein
eluted with 600 mM NaCl between ~ 22 min and ~ 30 min. A minor contaminant
protein is removed from the column at ~ 35 min by 1000 mM NaCl. No further
contaminants were removed when the NaCl gradient was raised to 2000 mM at ~
37 min. Protein from peak 2 was dialyzed into 20 mM Tris/HCI pH 7.4, 500 mM
NaCl and then applied to a metal chelating column after the procedures
described above. Peak 3 is a minor contaminant eluted with 1000 mM NaCl. The

NaCl step gradient is shown by the blue trace.
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Figure 2.12 The third step in the purification of the His-tagged Trk proteins
expressed in P. pastoris consists of a chelating column equilibrated in 20 mM
Tris/HCI pH 7.4, 500 mM NacCl. Protein from peak 2 (Figure 2.11) was dialyzed
into 20 mM Tris/HCI pH 7.4, 500 mM NaCl and loaded on the chelating column.
A Step gradient of NH,CI (200, 400, 800, 1000, 2000 mM) was used to remove
contaminating proteins from the Trk protein. Peak 1, consists of molecules
(medium) that have high absorbance at 280 nm, but do not stain with Coomassie
blue on an SDS-PAGE gel. Peak 2 and subsequent small peaks eluted between
~ 20 min and ~ 38 min, are minor contaminants. At ~ 37 min the column was
washed with 20 mM Tris/HCI pH 7.4, 500 mM NaCl. Protein was eluted from the
column with 50 mM EDTA in 20 mM Tris/HCI pH 7.4, 500 mM NaCl. Peak 3
contains the purported Trk protein, eluted from the column with EDTA. The
NH,4CI, step gradient is shown by the blue trace. NaCl and EDTA were removed

from the protein by several rounds of buffer exchange (20 mM Hepes pH 7.4).
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29 Protein Expression Results

Table 2.12 Expression levels of purified TrkA, TrkB and TrkC proteins
produced in P. pastoris. The protein expression level was determined as

described in section 2.14. The protein yield is given in mg/L of growth medium.

Construct Yield
TrkA human Mut+ 0.07
TrkA human Muts no expression
TrkA rat Mut+ 3.00
TrkA rat Muts no expression
TrkB rat Mut+ 0.05
TrkB rat Muts 70.3
TrkC rat Mut+ 0.30
TrkC rat Muts 0.03
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Figure 2.13 A Coomassie stained SDS-gel of TrkA extracellular domain (rat)
expressed in P. pastoris. The protein runs as a slightly diffuse band; possibly a
consequence of the protein being heterogeneously glycosylated.
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Figure 2.14 A Coomassie stained SDS-gel of the TrkB extracellular domain
(rat) expressed in P. pastoris. The protein runs as a slightly diffuse band;

possibly a consequence of the protein being heterogeneously glycosylated.
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2.10 Expression of Trk proteins in E. coli

Expression of the complete extra-cellular domain and sub-domains of TrkA, TrkB and TrkC in E.
coli was attempted using cDNA extracellular domain constructs provided by Dr. Rainer Schneider
(University of Innsbruck). These constructs have been described previously (Windisch et al.
1995a, b, c) and are all expressed as maltose binding protein-fusion proteins (MBP-fusion
proteins) in the expression vector pMAL-p2 (New England Biolabs) using the E. coli strain M15.
Although binding studies have been conducted using the MBP-fusion proteins, only the
equilibrium-binding constant could be determined by the method employed. With newly available
biosensor techniques, it seemed feasible to attempt to measure affinity and dissociation
constants for the fusion proteins and compare these data with the values obtained from the Trk
extracellular domain proteins produced in P. pastoris.

Initial attempts to express the MBP-fusion proteins in M15'' were unsuccessful, with the
exception of the Ig-like domain of TrkA. All subsequent expression of the fusion proteins was
undertaken using the E. coli strain BL21(DE3) (Novagen). All MBP-fusion protein constructs used
in this study are listed in Tables 2.1, 2.5 and 2.9.

2.11 Expression of MBP-fusion Proteins

Competent BL21(DES3) E. coli (Novagen) was prepared by the CaCl, method (Sambrook, Fritsch,
Maniatis, 2™ edition, 1.82). The E. coli was transformed by heat shock with each plasmid
containing cDNA representing the different domains of the Trk receptors and grown on LB plates
containing ampicillin (200 ug/ml) at 37°C overnight. A single colony was selected and grown in
50 ml of rich medium'? containing ampicillin (200 ug/ml), overnight at 37°C. The initial 50 ml
inoculum was added to 1000 ml of rich medium containing ampicillin (200 ug/ml) equilibrated to
30°C overnight in a 4-liter flask. Growth of the trk transformed BL21(DE3) was monitored at short
intervals until the absorbance at 600 nm reached ~0.3. At this time, IPTG was added to a final
concentration of 0.5 mM and growth was continued with vigorous agitation for a further 90 min.

"' The expression vector used by Prof. Rainer Schneider.

B=yg gm Tryptone, 5 gm Yeast Nitrogen base, 5 gm NaCl, 2 gm glucose in 1000 m| of water
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After 90 min the supernatant was centrifuged and the resulting cell pellet was resuspended in 20
ml of 20 mM Tris/HCL pH 7.4 containing 200 mM NaCl, 1mM EDTA and 1 mM PMSF. The
resuspended cells were lysed by passage (3x) through a French press and centrifuged at
10,000xg for 30 min. A 1 ml bed volume amylose (New England Biolabs) column (2 cm diameter)
was equilibrated with 20 column volumes of the lysis buffer. Centrifuged supernatant was diluted
with the lysis buffer to a total volume of 50 ml and applied at a flow rate of ~0.5 ml/min to the

amylose column at 4°C.

After loading the supernatant onto the resin, non specifically bound proteins were eluted by
washing the column with ~150 ml of the lysis buffer (NaCl to 500 mM) at a flow rate of ~0.5
ml/min. Additional multiple 5 ml aliquots of the lysis buffer were added to the column after the
initial wash and the level of protein and nucleic acids eluted was monitored by collecting 0.5 ml
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 eluted from the
amylose resin by the addition of 5 ml aliquots of the lysis buffer containing 20 mM maltose
(Sigma). The eluate was collected in 0.5 ml fractions and those fractions with a 280 nm

absorbance > 0.1 were pooled.

After a measurement of the 260 nm and 280 nm absorbance of the pooled protein, the sample
was concentrated in a vivaspin 15 (10 kD cutoff) concentrator (Vivascience). Maltose removal
and buffer exchange was achieved by addition of aliquots (10 ml total) of 20 mM Hepes pH 7.4
followed by further concentration. Figure 2.15 and Figure 2.16 show an SDS-PAGE analysis of
the purified MBP-fusion proteins of TrkA and TrkB respectively. The apparent molecular weights
of the purified proteins are consistent with the calculated values (i.e., MPB plus the Trk domain).
The yield of the MBP-fusion proteins ranged from 0.03 mg/L for the full length TrkB extracellular
domain, to 10 mg/L for TrkA immunogloblulin-like domain. In most instances the yield was less

than 0.5 mg/L, but in all instances, sufficient protein was produced for subsequent studies.
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Figure 2.15 A Coomassie stained SDS-PAGE gel of the MBP-fusion proteins,
shows the TrkA MBP-fusion proteins after purification. Above is shown a 10% gel
(Biorad) of TrkA MBP-fusion proteins. Lane 1 is mBpP2' (New England Biolabs).
Lane 2 is LRR, lane 3 is C1LRR12, and Lane 4 is LRR23C2. Lane 5 is C1LRR.
Lane 6 is LRRC2. Lane 7 is the Ig-like domain. Lane 8 is the Ig-like domain with
the C-terminal cysteine rich region. Lane 9 is the ED. It appears from overloaded

gels, that each protein approaches 95% in purity.
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Figure 2.16 A Coomassie stained SDS-PAGE gel of the MBP-fusion proteins,
shows the TrkB MBP-fusion proteins after purification. Lane 1 is C1LRR, Lane 2
is LRRC2, and Lane 3 is C1LRRC2. Lane 4 is the Ig-like domain. Lane 5 is the
full length ED.

' MBP2 is attached to the N-terminus of all MBP-fusion proteins expressed for this study.
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Table 2.13 Approximate expression levels of the MBP-fusion proteins per liter

of culture. The yield is given in mg/L of culture.

Construct Yield
TrkA LRR2 0.65
TrkA LRR 0.42
TrkA C1LRR 0.15
TrkA LRRC2 6.25
TrkA C1LRR12 1.42
TrkA LRR23C2 0.13
TrkA g 0.04
TrkA 1gC2 10.25
TrkA ED 0.13
TrkB C1LRR 0.07
TrkB LRRC2 0.05
TrkB C1LRRC2 0.08
TrkB Ig 0.06
TrkB ED 0.03
TrkC ED 0.03
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2.12 Expression of Trk protein domains as His-tagged proteins in E. coli

Various domains of TrkA'® TrkB'® and TrkC'® were constructed as His-tagged proteins in an
attempt to improve protein yield and for ease of purification. Construction of expression vectors
followed the same techniques as described for the production of the P. pastoris expressed
proteins. The expression vector used for all constructs was pET 15b (Novagen) and the cDNA
was cloned into the BamHI, Xbal sites.

213 Protein Expression

A 100 ml overnight growth (at 37°C) of a colony representing each protein was induced with IPTG
to a concentration of 0.2 mM and allowed to grow for 2 hr. After this time, the cells were pelleted
and re-suspended in 2 ml of 20 mM Hepes pH 7.4 containing 150 ug/ml of PMSF. After
sonication and centrifuging, the pellet was re-suspended in 100 ul of SDS-polyacrylamide gel
electrophoresis sample buffer and boiled for 5 min. This fraction constituted the insoluble protein.
The supernatant from the sonicated cells constituted the soluble protein fraction. For each
construct, an SDS-PAGE gel of uninduced E. coli protein was run, together with the insoluble and

soluble proteins obtained after induction.

From SDS-PAGE gels it was clear that none of the proteins express well, if at all, in either as
soluble or insoluble protein fractions (Figure 2.17). Qualitative measurements of the soluble
fractions of the TrkA domains were made using the IAsys Biosensor (see Chap 4 for details of the
methods). Binding of a molecular species from the supernatants to immobilized NGF on the IAsys
biosensor surface, suggested that some of the extra-cellular Ig-like and LRR domains were
present in solution. Attempts to increase soluble proteins for these three domains, by growth at
different temperature (30 °C) and by induction at both low and high ODg,, failed to improve the
yields of soluble proteins.

'“" Expression vector design by A Bates and Chin Shou Huang, UCSF.

'* Expression vectors constructed by Shaun Lott , Massey University.

'®  Expression vector design by A Bates and Chin Shou Huang, UCSF.
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By SDS-PAGE gels, the only Trk receptor domain that expresses well as His-tagged proteins is
the Ig-like domain for TrkA and TrkB. As reported previously, the Ig-like domain was essentially
found only in the insoluble inclusion bodies (Holden et al. 1997, Dr. Shaun Lott, Massey

University, private communication). These recombinant proteins were not studied further.
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A 12% Coomassie stained gel showing expression of the TrkA,

TrkB and TrkC His-tagged Ig-like domain proteins in E. coli. Lane 1, MW

standard (BioRad). Lane 2 is an uninduced TrkA culture. Lane 3 is insoluble
fraction TrkA. Lane 4 is soluble fraction TrkA. Lane 5 is uninduced TrkB culture.

Lane 6 is insoluble fraction TrkB. Lane 7 is soluble fraction TrkB. Lane 8 is

uninduced TrkC culture. Lane 9 is insoluble fraction TrkC. Lane 10 is soluble

fraction of TrkC. The arrow indicates the induced protein bands in Lanes 3, 6 and

9.
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2.14 Protein Quantification

The quantity of all proteins expressed in this study was determined 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
(Fuji). A curve was plotted from the BSA standards and the quantity of each Trk protein was then

determined by comparison with the standard curve using MacBas software (Fuji).

2.15 Identification of Recombinant Proteins

Because the MBP-fusion proteins have MBP attached to the N-terminus of the Trk proteins,
simple N-terminal sequencing and molecular weight determination by either SDS-PAGE gel or
mass spectroscopy was deemed to provide a poor method to confirm the identification (Prof. E.
N. Baker, Auckland University, private communication)”. Mass spectroscopy of trypsin digested
MBP-fusion proteins, followed by a data-bank search for the expected peptides from trypsin
digests of TrkA, TrkB and TrkC proteins, provided a more accurate method for confirming the
identity of the expressed proteins. This technique for identification of unknown proteins, known as
“peptide mapping” provides a method of identifying N-terminal blocked proteins and for those
proteins where the N-terminal sequence of even a significant number of residues fails to uniquely
identify a given protein (Wilkins et al. 1998). Western blotting was also used to confirm identity of
the recombinant proteins.

2.16 Mass Spectroscopy

7 Since the MBP-fusion protein is in essence a single protein composed of two parts, viz., the

non neurotrophin binding domain (MBP) and the neurotrophin binding domain (Trk), each
construct is in reality a single protein. Because the DNA representing each MBP-Trk construct
was sequenced to confirm the fusion protein, then identification of the MBP domain of each
construct is in reality, sufficient to identify each Trk protein. Further verification of correct protein
identity comes from the molecular weight determination of some proteins by ultracentifuge,
sequencing and by specific activity with appropriate neurotrophin. Hence protein identification
was conducted more extensively in this thesis than usually undertaken.
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Using a standard laboratory protocol of the Mass Spectroscopy Laboratory UCSF, the
recombinant proteins were prepared for mass spectroscopy analysis. MBP-fusion proteins were
elecrtrophoresed on a 4-15% SDS gel to separate the MBP-fusion protein from even minor
contaminants. Approximately 4 ug of each protein was applied to the gel. After electrophoresis,
the gels were stained with R350 Coomassie blue (Pharmacia) for 20 min, followed by destaining.
The band corresponding to the expected molecular weight for each protein was cut from the gel,
crushed in a small aliquot of water, added to a 0.5 ml siliconized tubes (PGC Scientific), vortexed
for 10 min at room temperature and then centrifuged. After two water washes, the gel fragments
were pelleted by centrifugation. A series of washes of the gel with 25 mM ammonium bicarbonate
in 50% ACN'® and vortexing removed the Coomassie stain from the gel fragments. After
bleaching, the final buffer wash was removed and the gel dried in a Speedvac (Savant).
Sequencing grade modified trypsin (Promega) digest solution was prepared by dissolving 25
ng/ul of trypsin in 25 mM NH4HCO;, This solution was added to just cover the dried gel. Following

vortexing and centrifugation, digestion was allowed to proceed at 37°C for four hr.

Peptides from the digest were recovered by multiple extractions from the gel with
50%ACN/5%TFA"/H,0. After the digest period, the supernatant was removed and replaced with
HPLC grade H,0 (100 pl). The supernatant was retained in a clean eppindorf. After vortexing (10
min) and sonication (10 min) the supernatant was removed and pooled with the supernatant from
the digest. The pooled supernatant fractions were lyophilized to ~50 ul in a Speedvac. Each

concentrated peptide supernatant was stored at -20°C for mass spectroscopy.

Mass Spectroscopy of digested Trk protein was undertaken by MALDI*

mass spectrometry
(Voyager-DE STR; Applied Biosystems). A sample (1 pL) of each digest was mixed with an equal
volume of matrix (2,5-dihydroxybenzoic acid, in 20% ACN/1% TFA (10 mg/ml)) and applied to the
sample plate of the mass spectrometer. A mass spectrum of each digest was collected and the
masses of all peaks entered into a database of trypsin-digested proteins (Protein Prospector,
UCSF). Collected spectra were also compared with expected mass peaks from a theoretical

digest of the appropriate MBP-fusion protein (Protein Prospector, UCSF). Correct identification of

'®  Acetonitrile

9" Trifluoroacetic acid
2 Mass spectra and protein identification were both undertaken by Connie Jimenez,
Pharmaceutical Chemistry Department/Mass spectrometry Laboratory, UCSF.
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Counts

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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Figure 2.20 MALDI-TOF analysis of an MBP-fusion protein (TrkA MBP-LRRC2). Peaks
denoted by “t” arise from digestion of the Trk protein; while peaks denoted “m”, arise
from MBP. The remaining peaks are assignable to MBP, Trk and from trypsin cleavage

within the full length MBP-Trk fusion protein.
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Table 2.14 Mass spectroscopy of trypsin digests was used to identify E. coli
expressed MBP-Trk fusion proteins and the His-tagged proteins produced in P.
pastoris. A minimum of two identifiable MBP and two identifiable Trk mass peaks
was used for protein identification. Mass peaks arise from enzymatic digestion of
sites within MBP, Trk protein and the full length MBP-fusion protein. A number of
readily identifiable mass peaks arising from the trypsin digest of each protein are

shown.

Protein

TrkA

TrkA

TrkA

TrkA

TrkA

TrkA

TrkA

TrkA

TrkA

TrkB

TrkB

TrkB

TrkB

TrkB

TrkA

TrkB

LRR2

LRR
C1LRR
LRRC2
C1LRR12
LRR23C2
g

IgC2

ED
C1LRR
LRRC2
C1LRRC2
g

ED

ED (P.pastoris)

ED (P.pastoris)

Peaks from MBP

1007.8163, 1571.9922
2055.9887

966.5507, 1092.6102
1540.0055

937.5100, 1130.1102
1816.9915

1767.2262, 1057.8423
2356.7158, 2179.4843

1189.8637, 2110.2570
2213.3314, 1891.3007

886.4544, 1428.8111
2446.3444

959.56382, 1236.7000
1817.0432

1057.8438, 2110.4097,

2213.4649

966.6004, 1236.7649
1771.0046

886.5112, 968.5201
1539.9164, 1890.0122

1077.1239, 1388.6012
2143.4321

1129.4987, 1423.8114
2538.3055

1129.6017, 1445.5983
2712.7547

1007.3987, 2394.2134
2416.7144, 2949.8912
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Peaks from Trk
protein

873.6744, 1854.9877
2268.2601

1073.6013, 1899.0544
2573.5101

932.4988, 1007.1255
1771.0553

1519.0589, 1505.0318
1519 0589

1289.7548, 1767.0763
1404.8599, 1563.9357

1405.4412, 2260.4347
960.1239, 2043.1210
2300.7012

959.7129, 1941.3935
25453213

1073.6812, 1404.9124
2171.2003

918.5428, 1341.7155
1583.9137, 1820.1037
2127.0978

832.9943, 1430.2110
1722.9155

1241.8321, 1513.5438

827.1246, 1687.1375
2631.4752

845.4859, 1171.6710
1941.0494, 2043.1071

1032.5981, 1272.7391
14456018, 2251.1924

Peaks from the full
length fusion protein

915.6001, 1076.5910
1818.0054

932.6100, 1073.7044
1423.8441

845.4956, 1150.1006
2031.0006

1189.9559, 2179.4843,
2213.4815

2213.3314, 2126.3070
1066.1941, 1058.3903

1057.5322, 1556.7194,
1892.4122

816.9993, 1130.3112
1444.6129

893.1889, 1439.9285
1891.4487

903.5003, 1065.7101
1843.0033

937.5129, 1032.6175
938.0553, 1092.5417
1460.6639
1007.6444, 1281.7437
1275.6145, 1614.9216
1960.876

832.6014, 1190.5219
1623.9104



2.17 Western Blotting

In addition to identification by mass spectrometry, further proof of the correct identification for
each recombinant protein was undertaken by subjecting each protein to Western blotting using a
suite of antibodies (Figure 2.19 through Figure 2.28). Western blotting was conducted using 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 recombinant
protein, the antibodies were applied to the membrane blot (PVDF, Amersham) of all proteins in
TBST?' with NaCl, increased from the standard 150 mM to 600 mM. In order to eliminate potential
damage to antibody epitopes by stripping, individual SDS-PAGE gels were run for each antibody
used in this study. Primary antibodies were used at a 1:1000 dilution, while secondary antibodies
were diluted to 1: 5000.

Approximately 1-3 pg of the Trk proteins was used in all Western blotting experiments. This level
of protein was sufficient to verify the transfer of protein to the PVDF membrane by staining with
Ponceau S.

Because of very limited quantities of the recombinant protein, antibody controls were tested first
and independent of the Trk proteins. If the antibodies that were used in identifying the
recombinant 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 2.19 and
Figure 2.20. Blotting controls consisted of maltose binding protein (MBP, New England Biolabs),
BSA (Sigma), mouse IgG (Zymed), TrkA (Uri Saragovi) and TrkB (P. pastoris) run on an SDS gel
and blotted to nitrocellulose membrane (Amersham). The membrane was stained with Ponceau S
(Sigma) to provide evidence of protein transfer. The control proteins 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. In addition, the antibody to MBP does not
recognize any Trk protein epitope. As expected, the mouse IgG is recognized by all antimouse
primary and secondary antibodies.
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Figure 2.19 SDS-PAGE and electrotransfer for the Western Blots. (a) is a
Coomassie stained gel (4-15%, BioRad) of the control proteins and (b) is a
Ponceau S (Sigma) stained membrane after electrotransfer. Four Western blots
were made to probe with the individual antibodies used to identify the various Trk
proteins 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 IgG, lane 5 is TrkA (Uri
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 time and at identical voltages.
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Tris buffered saline solution
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Figure 2.20 Antibody control gels. Western blots of the control proteins shown

in Figure 2.19. Western blot (a) shows the interaction of the MBP antibody with
the control proteins. (b) shows the interaction of the Trk polyclonal antibody (Uri
Saragovi) with the control proteins. (c) shows the interaction of the Trk
monoclonal antibody (Zymed) with the control proteins. (d) shows the interaction
of the myc antibody (Invitrogen) with the control proteins. Lane designations are
identical to those of Figure 2.19.
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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 C1LRR, lane 4 LRR23 C2,
lane 5 C1LRR, lane 6 LRRCZ2, lane 7 Ig-domain, lane 8 C2lg-domain and lane 9
is ED. A pre-stained molecular weight standard (BioRad) was run on all the gels.
This gel is directly comparable with that in Figure 2.15 as each gel was run at the

same time and are the identical proteins.

Figure 2.22 Western blot of TrkA MBP-fusion proteins probed with a polyclonal
antibody to the ED of TrkA (Uri Saragovi). The lanes were loaded as for Figure
2.15. This gel is directly comparable with that in Figure 2.15 as each gel was run

at the same time and are the identical proteins.
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Figure 2.23 Western blot of TrkA MBP-fusion proteins probed with a polyclonal
pan-Trk antibody®® (Zymed Laboratories). Lane 1, Ig-domain, lane 2 C2lg-domain
and lane 3 ED. This antibody detected the Ig-like domains but gave a barely
detectable signal with the LRR domains of TrkA. This gel is directly comparable

with that in Figure 2.15 as each gel was run at the same time and are the
identical proteins.

Figure 2.24  Western blot of TrkB MBP-fusion proteins with a polyclonal
antibody to MBP (Santa Cruz). Lane 1 C1LRR, lane 2 LRRCZ2, lane 3 C1LRRC2,
lane 4 Ig-like domain and lane 5 is the ED. This gel is directly comparable with

that in Figure 2.16 as each gel was run at the same time and are the identical
proteins.

22

This antibody was made to the extracellular domain of TrkB, but also reacts with
epitopes in the extracellular domains of both TrkA and TrkC and may be used for

immunoblotting of both proteins (Zymed Laboratories technical information).
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Figure 2.25 Western blot of TrkB MBP-fusion proteins with a polyclonal pan-
Trk antibody (Zymed Laboratories). Lane 1 C1LRR, lane 2 LRRC2, lane 3
C1LRRC2, lane 4 Ig-lke domain and lane 5 is the ED. This gel is directly
comparable with that in Figure 2.16 as each gel was run at the same time and

are the identical proteins.

Figure 2.26 Western blot of TrkB MBP-fusion proteins with a polyclonal TrkB
antibody (Santa Cruz). Lane 1 C1LRR, lane 2 LRRC2, lane 3 C1LRRC2, lane 4
Ig-like domain and lane 5 is the ED. This gel is directly comparable with that in

Figure 2.16 as each gel was run atthe same time and are the identical proteins.
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Figure 2.27 (a) Western blot of TrkC ED, MBP-fusion protein, with a polyclonal
antibody to MBP (Santa Cruz). (b) Western blot of TrkC ED MBP-fusion protein,

with a polyclonal pan-Trk antibody (Zymed Laboratories).

KD

7 - —

49

Figure 2.28 (a) Western blot of His-tagged extracellular domains of TrkA and
TrkB proteins expressed in P. pastoris and probed with a polyclonal pan-Trk
antibody (Zymed Laboratories). Lane 1 is TrkA and Lane 2 is TrkB. (b) Western
blot of His-tagged extracellular domains of TrkA and TrkB proteins expressed in
P. pastoris and probed with a monoclonal myc antibody (Invitrogen). Lane 1 is
TrkA and Lane 2 is TrkB. The myc epitope is retained near the C-terminal of

each recombinant protein.
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A suite of antibodies for MBP and against epitopes of the extracellular domains of TrkA, TrkB and
TrkC, Figure 2.19 through Figure 2.28, provides evidence for the presence of Trk protein in all
MBP-fusion constructs. Antibodies also provide evidence for the expression of Trk His-tagged

proteins expressed in P. pastoris and purified using the protocol described in section 2.10.

In instances where the MBP-fusion proteins were analyzed with an antibody to MBP (Figure 2.22
and Figure 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 directly interpretable, but may
result from aggregation of protein on the gel. Detection of proteins by antibodies is orders of
magnitude more sensitive than Coomassie stained gels (ng versus pg respectively). On
Coomassie stained gels the purified proteins appear to be free of contaminating protein; however
no purification protocol can completely eliminate all minor contaminants. Hence, contaminants not
detectable on the protein gels (Figure 2.15 and Figure 2.16) may be detected by the antibody to
MBP. Other antibodies used in this analysis do not detect the presence of contaminating proteins.
Each Trk protein runs as a slightly diffuse band on a protein gel (Figure 2.13 and Figure 2.14),
possibly as a consequence of the heterogeneity of molecular weight, caused by glycosylation.
This molecular weight heterogeneity is seen for Trk proteins expressed in mammalian-like protein
expression systems and is attributable to sugar residues (Prof. Ken Neet, University of Chicago,

private communication).

Supplementary data that serves to identify the recombinant proteins produced for this study come
from both sequencing and kinetics. The MBP-fusions proteins, TrkA, LRR, C1LRR, C2lg and ED
were N-terminal sequencedzs. Sequencing correctly identified the MBP located at the N-terminal
of each protein. The kinetics data indicate that each Trk protein interacted specifically with its
appropriate neurotrophin. No binding of NGF, BDNF or NT-3 was observed with MBP by
biosensor analysis, confirming the observation of Windisch et al. (Windisch et al. 1995a). Insulin
growth factor®* (IGF) a small protein not expected to interact with the Trk proteins was tested for
binding to all Trk proteins immobilized 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 (Dr. Rainer Marksteiner, University of Innsbruck, private communication).

23 gequenced at Massey University.

24 Provided by Dr. Martin Spencer, Laboratory of Growth and Development, Davies Medical

Center, San Francisco. The protein was > 95% pure.
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2.18 Nerve Growth Factor Purification

NGF for the studies of the interaction of with Trk receptors was purified from mouse submaxillary
glands (Pel-freeze). A technique, well established in the Mobley laboratory (UCSF/Stanford)25 to
produce NGF for both the laboratory and for supply to Promega, was followed. Approximately 40
gm of Swiss Webster type (more than 60 days old), mouse submaxillary glands, was
homogenized in 200 ml of cold water in a blender for 2 min. The homogenate was centrifuged for
60 min at 10000 x g. The supernatant was then dialyzed in 3500 MW cut-off tubing, for 20 hr,
against 20 mM sodium phosphate buffer, pH 6.8. Four changes of buffer were made throughout
the dialysis period. The dialyzed supernatant was shaken with CM52 beads (Whatman),
equilibrated in 20 mM sodium phosphate buffer at pH 6.8, for 3 hr and then poured into a glass
gravity column. Sodium phosphate buffer (20 mM, pH 6.8) was flowed through the column until
the OD,g fell below 0.5. The eluant was dialyzed for 20 hr, against four changes of 0.25 mM

sodium phosphate buffer, pH 6.8.

Following dialysis, PMSF was added to a final concentration of 0.1 M and the supernatant was
acidified with 0.5 M sodium acetate buffer, pH 4.0. The supernatant was centrifuged at 10000 x g
for 30 min and then applied to CM52 beads (in a glass gravity column) equilibrated in 50 mM
sodium acetate buffer, pH 4.0 containing NaCl to 0.4 M. After loading the dialyzed supernatant,
50 mM sodium acetate buffer, pH 4.0, 0.4 M NaCl, was run through the column until the ODg fell
below 0.01. Three column volumes of sodium phosphate buffer (50 mM, pH 4.0) was run through
the column to remove the NaCl, followed by 50 mM Tris/HCI buffer, pH 9.0, until the OD,g, fell
below 0.01. Nerve growth factor was eluted from the column with a gradient (0-0.4 M) of NaCl in
50 mM Tris/HCI buffer, pH 9.0. Elution was followed by absorbance at 280 nm and pooled
fractions of OD,go greater than 0.1 were dialyzed against 4 liters of 0.2% acetic acid, concentrated
in a 3000 MW cut-off centricon (Millipore) and stored in aliquots at -85°C. Approximately 6 mg of
NGF was obtained from this purification.

An ultracentrifuge analysis, established the molecular weight of the purified NGF as 24374
Daltons, which compares well with a molecular weight of 24398 Daltons, (also established by
ultracentrifugation) for the commercially available BDNF (Amgen) used in these studies. Figure
2.29 shows an SDS-PAGE analysis of the NGF preparation.

* Mobley W. C., et al. 1976 Biochemistry 15, 5543.
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Figure 2.29 A Coomassie stained SDS-PAGE gel of the purified NGF (lane 1).
For comparison BDNF (Regeneron) is shown in lane 2. Non-denaturing 4-20%
SDS-PAGE gel (BioRad).

2.19 Summary

Expression of TrkA (rat) and TrkB (rat) ED 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 simple purification scheme was
established for the purification of the His-tagged TrkA and TrkB proteins produced in P. pastoris;
however, the initial expectation that a chelating column alone would be sufficient for a one step
purification method, proved to be unfounded.

Several constructs of TrkA, TrkB and TrkC extracellular domains were expressed in E. coli as
MBP-fusion proteins. Only one domain (TrkA MBP-Ig) expressed well in the E. coli strain used by
Windisch et al. (1995a). A different E. coli species (BL21(DE3), Novagen) was used in this study
to obtain usable yields of the proteins for later studies. The expression levels of all proteins
appear to be an order of magnitude lower than that obtained by Rainer Schneider. This may be a
consequence of the methods used for growing the bacteria, induction of expression, the E. coli

species used and of a different measurement technique for total protein.
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Experiments to find optimal growing conditions for E. coli expression of the MBP-fusion proteins
were conducted (Prof. Rainer Schneider, University of Innsbruck, private communication). In
order to achieve optimal growth conditions, protein expression needs to be followed at different
growth temperatures, for different medium, for different concentrations of IPTG used to induce
protein production and for different growth periods after induction. It is unlikely that all these
conditions were met by following the protocols for the E. coli species used in the study by
Windisch et al. (1995a, b, c). Why little protein could be expressed by following the protocols
(and E. coli species) of Windisch et al. remains unknown. However, protein was obtained at
levels sufficient for the completion of the proposed studies and this dictated the criterion on which
further trials of the optimization of protein expression levels ceased. Attempts to obtain highly
purified protein undoubtedly resulted in low vyield, but quality rather than quantity was more

important for the proposed studies.

Expression of many of the TrkA, TrkB and TrkC proteins produced as MBP-fusion proteins, was
attempted in E. coli with an expression vector that resulted in a His-tag at the C-terminus of the
recombinant protein. No reasonable levels of soluble protein were obtained for any of the His-
tagged proteins. It appears that the presence of either a large soluble protein such as MBP, in the
case of the Trk MBP-fusion proteins, or glycosylation on the 13 potential glycosylation sites 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 solubility (Prof. Rainer Schneider, University
of Innsbruck, private communication). Furthermore, additional attempts to produce the MBP-
fusion constructs as His-tagged proteins resulted in negligible or no soluble protein production
(Prof. Rainer Schneider, University of Innsbruck, private communication)®.

2 Further attempts to express the Trk receptors (full length and domains) as His-tagged

proteins ceased based upon this communication.
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CHAPTER 3 ULTRACENTRIFUGE STUDIES

3.1 Introduction

Interaction between the Trk receptor proteins and their ligands may be investigated by
sedimentation-diffusion studies using ultracentrifugation (Glasel and Deutscher 1995).
Sedimentation equilibrium may be utilized to measure molecular masses over a wide range, from
that of small molecules, such as sucrose, to the large molecular masses of viruses. Such
interaction studies are nondestructive and can thus be used to determine the behavior of proteins
under normal solution conditions. Analytical uitracentrifugation is able to discriminate between
simple heterogeneity and reversible interactions between protein molecules. Since the technique
is able to distinguish between self-association of proteins to form discrete polymers (dimers,
tetramers etc) and heteroassociation, in which different proteins interact to form a complex, the
method is suitable for determining the molecular weights and solution stoichoimetry of the
recombinant Trk proteins and neurotrophins.

An analytical ultracentrifuge is a high-speed centrifuge with an optical system that permits
observation of the position of sedimenting boundaries as a function of time. By analyzing, at
equilibrium, the concentration distribution of molecules that are seif-associating, hetero-
associating, dissociating or non-interacting, it is possible to obtain molecular mass averages as a
function of concentration and position in the ultracentrifuge sample cell. Analysis of the
concentration distribution by curve fitting to various molecular models, or by dependence of the
molecular mass averages on concentration, allows the molecular masses of the proteins

comprising the system, to be obtained.

For an interacting system, it is possible to obtain the stoichiometries and equilibrium 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 direction of the applied
force, until the frictional resistance from the solvent equals the centrifugal force. At this time, the
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sum of the forces acting on the molecule is again zero; the molecule ceases to accelerate and
continues to move with uniform motion. The centrifugal force Fc (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 w’r, where w is the angular velocity (radians/sec) and r is the distance
between the molecule and the center of rotation for the centrifuge.

Fo= My(1-v,p) wr 1

The molar mass M, is the mass of the biomolecule (grams/mole), v, is the partial specific volume
of the molecule (cm>-g) and p is the density of the solution (g/cm™®). The frictional force F;
(dynes/mole) is determined by the relationship:

F=Nfdr/dt 2

Where f is the frictional coefficient of the sedimenting molecule (dynes-sec/cm) and N is

Avogadro's number. When the system reaches equilibrium, F. = F; and then:
Nfdr/dt = My(1-vop)w?r 3
By defining the sedimentation coefficient, s as the velocity per unit centrifugal force, then:

s = dr/dt/w’r = My(1-vop)/N 4

For molecules in 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 time, the concentration of the region centrifugal to the boundary (the
"plateau region"), decreases with time. Since the rate of movement of the boundary is
approximately proportional to time and the rate of spreading of the boundary from diffusion is
approximately proportional to the square root of time, then resolution will increase with time,
irrespective of diffusion. Molecular concentration is observed to decrease in the plateau region as
a consequence of dilution that occurs as the sedimenting molecules move into the increasingly
larger volume in the sector shaped sample cell. The frictional coefficient, f, may be written as:

f=RT/ND 5

Where D is the diffusion coefficient (cm®/sec) and T is the absolute temperature (Kelvin). From
equations 4 and 5, the Svedberg relationship may be written:
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s/D= My(1-v, p)/RT 6

where s is the sedimentation coefficient in units of seconds or Svedbergs. By determining s and
D, it is possible to estimate the molecular mass of a protein. A mathematical description of the
time dependence of molecular concentration during sedimentation in a cylindrical reference frame
is give by the Lamm equation (Cantor and Schimmel 1980). At equilibrium, when no further

changes in concentration is occurring, then:
ac/ot=r'a/arlr(Js + Jg) = 0 7

where Js and Jq are the fluxes due to sedimentation and diffusion respectively and may be
described by:

Jor= w?rsc 8
Jg = -D(dc/or) 9

where dc/dr is the concentration gradient and D is the diffusion coefficient (cm?sec’™). At

equilibrium, the flux due to sedimentation transport equals that due to diffusion transport, then:
D(c/dr) — wirsc = 0 10
From equation 6 and 10:

d In(c)/d(r*/2) = w?s/D = My(1-vop)w?/RT 11

The slope of the plot of In[c(r)] against r’/2, where c(r) is the equilibrium concentration
distribution, gives the molecular mass M, of the macromolecule within the sample cell. If this plot
curves upward, then the molecular system in the cell is polydisperse and the tangent to the curve
gives a mass average (Mw) of the molecular species present providing that all the
macromolecules present have the same partial specific volume. If the plot curves downward,
indicating that the molecular weight decreases with increasing concentration, then the solution is
non-ideal and the molecular weight exhibits concentration dependence.
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3.2 Methods

Sedimentation-equilibrium experiments of all recombinant Trk proteins and neurotrophins were
performed using an Optima XL-A ultracentrifuge with scanning uv/vis capabilities (Beckman
Coulter). The scanning uv/vis detection system provides sensitivity for low concentration studies
and selectivity for optimizing detection based on the analytes maximum absorbance. A 12 mm
double-sector sample cell with quartz windows was used. A total of nine protein samples and nine
buffer (20 mM Hepes pH 7.4, 150mM NaCl) controls were measured simultaneously during each
sedimentation-equilibrium experiment. The total volume of sample loaded into each cell was 110
pl and the quantity of protein added to each cell was adjusted with 20 mM Hepes pH 7.4 to give
an absorbance of between 0.2 and 0.4 at 280 nM, corresponding to a protein concentration of ~
0.3 t0 0.6 mg/ml’.

A preliminary experiment in which absorbance was measured as a function of wavelength,
showed that maximum absorbance was recorded at 220 nM and this wavelength was used for all
subsequent measurements. Initial rotor speed was 8000 rpm with subsequent increases to 15000
rpm over a period of 96 hours. Equilibrium was judged to have been achieved when only single
boundaries were observed for the sedimentation velocity profiles. Sedimentation equilibrium data
was collected at three speeds (8000, 10,000 and 15,000 rpm), at 25°C. The partial specific
volume of each protein, based upon the amino acid composition of each protein, was calculated
with Sedenterp software® (Laue et al. 1992, Zhong et al. 2002) and data analysis was performed
with Origin 4.01 software (Microcal).

3.3 Data Analysis

The utracentrifuge data was analyzed by plotting the protein absorbance (at a particular radius)
versus the radius, i.e., the distance of the sample cell from the center of rotation. The software

used for this analysis (Origin 4.01) is supplied with the utracentrifuge, by its manufacturer

' The protein concentration in mg/ml may be estimated by [protein] = 1.5 Azgy-0.75A,60 Wwhere

Asgo and Aygg 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. Philo 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 estimate of the molecular weight of a given
protein is indicated by the red line intersecting the data point curve, all along the curve (Origin
utracentrifuge data analysis manual). The accuracy of the fit may be estimated by observation of
the pattern of the residuals. 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
indicated 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-ideality

or the presence of an aggregating system (Origin utracentrifuge data analysis manual).

3.4 Results

Typical ultracentrifuge absorbance data is shown in Figure 3.1, 3.2 and 3.3 below. The
absorbance data for all proteins studied by ultracentrifuge (Table 3.1) shows the same standard

as these examples.
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Figure 3.1 Absorbance and statistical residual data generated in the

utracentrifuge for the TrkA ED human recombinant protein expressed in insect

cells (Prof. Uri Saragovi, McGill University).
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Figure 3.2 Absorbance and statistical residual data generated in the

utracentrifuge for the TrkA Ig-like domain recombinant protein expressed in P.

pastoris (Prof. Uri Saragovi, McGill University).
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Figure 3.3 Absorbance and statistical residual data generated in the
utracentrifuge for the TrkA Ig-like domain recombinant protein expressed as an

MBP-fusion protein in E. coli.
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Table 3.1 Approximate molecular weights of Trk and neurotrophin proteins as
determined by ultracentrifuge. The calculated molecular weights (based on
amino acid composition) of each protein studied by ultracentrifuge are shown,
together with their model molecular weights as determined by the ultracentrifuge
study. The MW’s are given in Daltons.

Protein Monomer MW Dimer MW Model MW
NGF 13,538 27,076 24,374
BDNF 13,909 27,818 24,398
ED (TrkA) 43,000 86,000 68,942
Insect cells Unglycosylated

Ig-like (TrkA) 60,000 120,000 108,300

(P. pastoris)

LRR2 (TrkA) 45,410 90,820 PEogl
MBP-fusion

C1LRR (TrkA) 60,781 121,562 117,000
MBP-fusion

Ig-like (TrkB) 68,883 137,766 143,400
MBP-fusion
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Table 3.2 Protein solution stoichiometry determined by Origin 4.01 software
(Microcal). * Expressed as MBP-fusion protein in E. coli. ** Expressed in P.

pastoris.
Protein Solution Stoichoimetry
NGF dimer
BDNF dimer
ED (TrkA)* monomer
Ig-like (TrkA)** dimer
Ig-like (TrkB)* dimer
C1LRR (TrkA)* dimer
LRR2 (TrkA)* dimer

The ultracentrifuge study showed self-association of NGF monomers in solution. This NGF was
purified, as described previously, from mouse submaxilary glands. From the ultracentrifuge data
at 15000 rpm, the model fit shows that the NGF forms a dimer of MW 24,374 daltons, less than
the expected MW of 27,076 daltons. The dimeric state is consistent with the reported solution
structure of NGF (McDonald et al. 1991).

The ultracentrifuge study also showed the self-association of BDNF monomers in solution. This
BDNF is human recombinant protein expressed in E. coli (Amgen). From the data at 15,000 rpm,
the model fit shows that the BDNF forms a dimer of MW 24,398 daltons, less than the expected
MW of 27,818 daltons. A MW of 27,273 daltons was reported by Amgen from the ultracentrifuge

analysis of BDNF. Human recombinant TrkA ED protein, expressed in insect cells is highly
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glycosylated (Prof. Uri Saragovi, McGill University, personal communication, Woo et al. 1998).
From the ultracentrifuge data at 15,000 rpm, the model fit shows that the ED has a MW of 68,942
daltons. Since the calculated MW of the protein is approximately 43,000 daltons in an unmodified
form, it was concluded that the protein exists in solution as a monomer and approximately 26,000
daltons can be attributed to glycosylation of the 13 potential glycosylation sites.

Self-association of TrkA LRR domain molecules (C1LRR) appears to occur in solution. This is rat
recombinant MBP-fusion protein expressed in E. coli. From the ultracentrifuge data at 15,000
rpm, the model fit showed that the C1LRR domain formed dimers of MW 117,000 daltons in
solution. The fusion protein has a calculated MW of approximately 60,781 daltons; hence the MW
for the supposed dimer is slightly lower than might be expected.

It appears that the TrkA second LRR domain (LRR2) molecules also self-associate in solution.
This is rat recombinant MBP-fusion protein expressed in E. coli. From the ultracentrifuge data at
15,000 rpm, the model fit shows that the LRR2 domain molecules appear to be dimers of MW
90,890 daltons in solution. The fusion protein has a MW of approximately 45,410 daltons; hence

the MW for the supposed dimer is close to that expected.

A monomer of TrkB MBP- Ig protein has a theoretical MW of approximately 68,883 daltons,
based on amino acid composition. The ultracentrifuge data at 15,000 rpm showed that the Ig-like
domain molecules have a MW of 143,400 daltons in solution, close to that expected for the
calculated MW of a dimer. For the TrkB, rat Ig-like domain, expressed as an MBP—fusion protein

in E. coli, the molecules appear to self-associate to form a dimer in solution.

Like the TrkB Ig-like domain, the human recombinant TrkA I|g-like domain also appears to self-
associate in solution. Because this protein was expressed in P. pastoris, it is possible that this
domain, having a number of potential glycosylation sites, has sugar residues covalently linked to
it. The ultracentrifuge data at 15,000 rpm fits a model in which the protein has a molecular weight
of 108,300 daltons. The purified TrkA Ig-like domain run on an SDS-PAGE gel shows the
presence of a single band of ~55 KD. The protein contains ~25 kD of carbohydrate post-
translational modifications (Prof. Uri Saragovi, McGill University, personal communication,
Saragovi et al. 1998, Woo et al. 1998). The full-length ED appears to have approximately 20-25

kD of post-translational modifications by the ultracentrifuge analysis; however it is not possible to
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assign the glycosylation to either the LRR or the |g-like domains exclusively as this analysis was
beyond the scope of the study. If all the glycosylation of the ED is due to the Ig-like domain, then,
conceivably by this conjecture, the weight of the Ig-like domain alone, is approximately 55 kD and
hence the MW determined by the centrifuge for this domain would suggest that this protein exists

as a dimer in solution.

3.5 Summary

Analysis of the ultracentrifuge data, allowed for the testing of models of momomer or multimer
formation of the Trk and neurotrophin proteins 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 model prediction. Molecular
weights from the models are approximate, but are of sufficient accuracy to permit the

stoichiometry of the proteins in solution, to be determined.

This utracentrifuge study permitted 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 monomeric form in solution. It is possible that the high level of glycosylation keeps this
protein in solution as monomers. If the MBP of the fusion proteins is removed, all of these
proteins become insoluble and precipitate (Prof. Rainer Schneider, University of Innsbruck,
private communication). It appears that the Trk proteins require some modification in the form of
glycosylation or MBP to remain soluble. A high level of glycosylation of the ED may cause steric
hindrance and prevent association in the absence of neurotrophin.

Analysis of NGF and BDNF gave consistent results, despite their quite different sources and
means of purification. In addition, the MW for BDNF (Amgen) obtained in this study, is similar to
that obtained by ultracentrifugation and reported by Amgen. That the molecular weights differ by
approximately 10% is probably due to the quality of the ultracentrifuges used in the two studies,
rather than technique. The closeness of the two BDNF MW's provides a check of technique and
data analysis methodology used in this study.
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TrkB Ig-like domain gave excellent data, but the TrkB C1LRRC2 domain gave no absorbance at
280 nm. Consequently no ultracentrifuge data was collected for this protein. For other TrkB

proteins, too little material was available for the ultracentrifuge study.

All TrkA and TrkB proteins listed above were centrifuged with their respective neurotrophin.
Although a difference in MW between the Trk-neurotrophin and Trk protein alone was discerned,
the available analysis software proved inadequate in analyzing a mixed species in solution.
Hence the data did not conclusively support the formation of Trk-neurotrophin complexes and this
analysis was ultimately abandoned. Consequently the ultracentrifuge analysis was only used to
support the formation in solution of dimeric forms of appropriate MW for the LRR and Ig-like

domains of the Trk proteins.

This result does have implications for the analysis of the proteins immobilized to the biosensor
surface. It would appear that the LRR and Ig-like domain proteins may immobilize as dimers on
the biosensor surface and hence may act in a fashion envisioned for the Trk receptor on a cell
surface. These constructs however represent quite artificial 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 immobilizes to the
biosensor surface as monomers. If however the density of the monomers on the biosensor
surface is sufficiently large, it is possible that neurotrophin may bind to two close monomers,
resulting in a dimeric receptor and hence produce a facsimile of the situation of the Trk receptor
on a cell surface. Additionally, it is possible that this result implies that the Trk receptors exist as

monomers on a cell surface, only forming a dimer on the binding of neurotrophin.
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CHAPTER 4 KINETICS

4.1 Introduction

Surface Plasmon Resonance (SPR) biosensors are increasingly becoming the preferred
method of studying macromolecular interactions. SPR permits the molecular interactions to be
studied in real time and without the use of detection labels (Cook et al. 1997, Malmquist and
Karlsson 1997, Lipshultz et al. 2000, Myszka et al. 2000, McDonnel 2001). The ability to
analyze interactions in real time enables the collection of data, not only on the affinity of the
ligand for its receptor, but also on the kinetics of the interaction. Prior to the introduction of SPR
biosensors, biomolecular interaction analysis was limited to binding partners with suitable
spectroscopic properties such as fluorescent tags or other labels, or of a suitably positioned
tryptophan residue that confers a useful fluorescence spectra (Malmquist and Karlsson 1997).
The research described in this thesis, is the most extensive study of the interactions of the

kinetics of the interactions between Trk receptors and neurotrophins, conducted to date.

4.2 The |IAsys Biosensor

Real time quantitative analysis of the interactions of all recombinant Trk proteins with
neurotrophins was undertaken with an |Asys biosensor (Affinity Sensors). In using the IAsys
biosensor, one of the reactant molecules is coupled to a surface and an evanescent field is
used to monitor changes in refractive index, caused by molecular interactions occurring within a
few hundred nm of the sensor surface (Cush et al. 1993). Electromagnetic waves undergo
refraction upon crossing the boundary between two mediums. The refractive index (n) of the
medium (which determines the speed of the wave) and the angles of refraction (8) are related
by Snell's law; n;SinB; = n,Sin6,.

94



On traveling from a medium of high refractive index to a medium of low refractive index, the
angle B, increases relative to 8, At a particular angle of incidence 8, (critical angle), the angle
of the exiting wave 6,, is 902 and the refracted wave is directed along the interface between the
two mediums. At incident angles greater than 6. the incident wave is no longer transmitted
through the second medium and is completely reflected (total internal reflection). The electric
field associated with the electromagnetic radiation penetrates into the low refractive index
medium, where it dies away exponentially. The distance (Z,) that this "evanescent field"

penetrates depends upon ny, n, and the incident angle.

When the incident wave is totally internally reflected, the evanescent field is sensitive to
changes that occur only within the distance Z, (the distance the field penetrates) of the
interface; bulk medium changes that occur beyond Z, are not detectable. The IAsys utilizes a
waveguide (a region of high refractive index bounded on either side by a low refractive index
medium), to constrain the incident electromagnetic wave to total internal reflections at the low
refractive index boundaries. Wave guidance only occurs when the "round trip" reflection is an
integral multiple of 21 and for a thin waveguide; this condition is met by only one angle
between 6., and 90°. Light propagation within the waveguide occurs at one reflection angle
(Bquice) and this angle is exquisitely sensitive to changes in the refractive index n;. Small
changes in ny result in large changes in Bg,q4. Changes in n, may for example result from a
biomolecular interaction event. Prism coupling is used to introduce laser light into the thin
waveguide and to measure changes in Bgyige.

The IAsys biosensor uses a high refractive index prism to introduce light into the waveguide.
Provided the prism is situated close to the waveguide surface, a light ray is totally reflected off
the prism face parallel to the waveguide surface. If the distance between the prism face and the
waveguide is similar to sinByuq¢e, then while most of the light is reflected, some is able to
continue uninterrupted in the direction of the original light beam. If the waveguide and the prism
have the same refractive index, then the two angles, Bg,4e and 8,, (where 8, is the reflection
angle in the prism) are related by Snell's law; ng,igeSin Bguige = NESINA B, A plot of the intensity of
the light propagated within the waveguide versus the prism angle 8, shows a sharp peak
corresponding to the propagation angle Byq¢. In order to use the resonant mirror principle for
measurement of biomolecular interactions, the prism is coated with a low refractive index
coupling layer (~100 nm thick), forming a gap between the prism and waveguide.

95



The prism forms the base of a stirred cuvette used to contain the reactants. During the
measurement of an interaction event, light reflected from the inside of the resonant mirror is
measured as a function of the incident angle. With the exception of light incident at Bgige, light is
totally reflected at the prism, coupling-layer interface. At resonance, the incident light
propagates down the waveguide and within the coupling layer through the evanescent field.
Because the angle of excitation at resonance is sensitive to changes at the sensing surface,
interactions at the surface may be monitored by changes in the excitation angle. Changes in
the excitation angle are measured by arbitrary units, referred to as reaction units (RU's) and are
measured as “arc secs”.
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Figure 4.1 The arrangement of the I|Asys biosensor surface and the
components of the sensing system. (a) shows the prism that forms the base of
stirred cuvette cell. This surface of the prism (exposed to the liquid 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 mechanism.
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4.3 Coupling of Trk Proteins to the |IAsys Surface

Immobilization of the MBP-fusion proteins was achieved through the carboxylate groups of the
carboxymethyl dextran (CMD) surface of a IAsys cuvette and the primary amino groups (N-
terminal and Lysine residues) of the Trk proteins, using 1-ethyl-3-(3-dimethylaminopropyl)
carbodimide (EDC) and N-hydroxysuccinimide (NHS) chemistry and protocols (Affinity

Sensors).

The EDC/NHS chemistry (Figure 4.2) is shown below. After completion of the EDC/NHS
activation of the surface of the reaction cuvette, 20 mM ammonium acetate pH 4.2 buffer was
added to the reaction cell (the choice of immobilization buffer was dictated by the pl of the
proteins, all of which have plI's ~ 5). Protein was then added to the cell and allowed to form
covalent bonds with the activated carboxymethyl dextran. The level of protein immobilized
never exceeded 3500 arc secs, well below the maximum level of 10,000 arc secs where
spurious surface effects may be experienced (Affinity Sensors). When an adequate level of
immobilization was achieved, the remaining activated CMD groups were blocked by the
addition of 1 M Tris/HCI pH 8.

The synthetic His-tagged peptides representing the second LRR domain of TrkA, TrkB and
TrkC were immobilized to the biosensor surface using an antibody to the His-tag (a gift of
Affinity Sensors). The antibody was covalently attached to the cuvette surface with EDC/NHS
chemistry.
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Table 4.1 Protein immobilization levels (in arc secs) on the biosensor surface.
A level of protein immobilization between 100 and 5000 arc secs will provide
appropriate surface conditions for kinetics measurements (Dr. Eric Hnath, Affinity

Sensors, personal communication).

Protein Level

TrkA domains

LRR2 synthetic peptide 850
MBP-LRR2 660
MBP-LRR 1050
MBP-C1LRR12 1320
MBP-LRR23C2 1438
MBP-C1LRR 1680
MBP-LRRC2 578
Ig-like (glycosylated) 990
Ig-like (unglycosylated) 736
MBP-ED 988
ED (P. pastoris) 493
TrkB domains

LRR2 synthetic peptide 3200
MBP-C1LRR 790
MBP-LRRC2 1920
MBP- C1LRRC2 725
MBP-Ig 1095
MBP-ED 1021
TrkC domains

LRR2 synthetic peptide 1200
MBP-ED 0
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4.4 Immobilization Chemistry of Trk Proteins to IAsys Biosensor Surface

/j\«OH FIiE RIZ
CMD + N\\yN

o EDC

R2 R2
° o

Succinimide ester
activated CMD

0]

/j\(O~N % . HZN/ Ligand

° o

0
Immobilized ligand

Figure 4.2  The immobilization chemistry used in covalently linking Trk

proteins to the biosensor cuvette surface.
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4.5 Control of Non-Specific Interactions

Non-specific interactions of neurotrophin with the biosensor surface or with the Trk proteins, was
controlled by addition of NaCl, at a concentration of 150 mM and of Tween-20 at a concentration
of 0.01%, to the reaction buffer. The method of determining the level of salt to add to the reaction

®O®»wWS>S0OT ®O T

O~ Q

»w O o o;m

buffer is shown in Figure 4.3.
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Figure 4.3 To determine the concentration of salt to be added to reaction
buffers, sufficient to prevent non-specific interactions with the biosensor surfaces,
NGF at a concentration 10 fold higher than the highest concentration used in the
binding studies, was allowed to react with the two surfaces of an IAsys cuvette.
Both surfaces were activated with the EDC/NHS chemistry used to immobilize
Trk proteins on the biosensor surface. On one surface, BSA (~ 600 arc secs) was
immobilized. No protein was immobilized on the second surface. Neurotrophin
was allowed to react with both surfaces, in aliquots of the reaction buffer
containing varying concentrations of NaCl. From the plot above, approximately 5-

10 arc secs of the apparent reaction with either surface can be attributed to bulk
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refractive index change, upon the addition of neurotrophin to the reaction wells.
As shown, 150 mM of NaCl in the reaction buffer eliminated all non-specific
interaction of NGF with the cuvette surface. Similar results were obtained for
BDNF and NT-3 in buffer containing 150 mM NaCl. The neutotrophins showed
no affinity for immobilized MBP (New England Biolabs), as previously reported
(Windisch et al. 1996a).

4.6 Binding Data Collection
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An example of the binding and dissociation response from the IAsys biosensor during the
collection of a set of binding/dissociation data is shown in Figure 4.4 (TrkA MBP-C1LRR at

159C).

Neurotrophin of a known concentration (~ 1nM to ~ 5 yM) was added as a 5 pl aliquot with a 10
pl Hamilton syringe, to 50 pl of buffer (10 mM Hepes pH 7.4, 150 mM NacCl, 0.01% Tween 20)

in the cuvette. Descending curves result from dissociation of bound neurotrophin from the Trk

50 100 150 00
Time (mintes)

Figure 44 A typical set of association and dissociation data generated from

the biosensor study of neurotrophin binding to an immobilized Trk protein’.

Rising curves result from the binding of neurotrophin to immobilized Trk protein.

' This data set was amongst the first collected and will be used throughout this chapter to

illustrate various points and explanations of data collection and analysis.
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protein after the buffer containing neurotrophin was removed from the reaction cuvette and
replaced with fresh buffer. The almost vertical response from the instrument results from the
removal of the buffer from the reaction cuvette and replacement with 10 mM HCI. This ensured
complete removal of any neurotrophin that remained bound to the receptor after the
dissociation event and prior to the addition of a new neurotrophin concentration. Following
equilibration in fresh buffer, a new association/dissociation reaction data set was collected.
Typically, association/dissociation reaction rates were measured for 10 different neurotrophin

concentrations.

Reaction rates were measured at 3 different temperatures for each Trk protein; 15, 25 and
37°C. All buffers contained 150 mM NaCl. Initial experiments to determine the binding of the
neurotrophins to activated carboxymethyl dextran (CMD) surfaces without immobilized Trk
protein, showed that 150 mM NaCl was an essential component of all buffers if electrostatic
interaction between neurotrophin and the CMD surface was to be completely eliminated.
Failure to eliminate such non protein-protein interactions would have severely compromised the
accurate determination of the binding and dissociation constants for the Trk-neurotrophin

interactions.

Different neurotrophin concentrations were added to the reaction cuvette in random order, that
is, the concentrations did not follow a low to high pattern throughout the binding assay.
Neurotrophin concentrations in the reaction cuvette varied from ~ 1200 nM to ~ 5500 nM (for
NGF interactions with TrkA proteins) after dilution from stock solutions. Intermediate
concentrations were prepared by serial dilution from an initial stock solution. Each
concentration was further analyzed by UV spectroscopy and the concentration determined by
the absorbance at 280 nm using the extinction coefficient for each neurotrophin at this
wavelength1. 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 maximum throughout all experiments to eliminate mass transport effects.

The reaction temperature in the cuvette varied by < 0.3°C of the set temperature throughout

each experiment.

' NGF =8250M"'cm”’  BDNF =6400M" cm’ NT-3 =7680M7'cm”  at 280 nm
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4.7 Definitions of Kinetics Terminology

The interactions between neurotrophin and Trk receptor were analyzed by plotting the
measured on-rate constant, k., obtained from association analysis at a number of neurotrophin
concentrations, versus neurotrophin concentration. From such plots, the equilibrium
dissociation constant, Kp may be determined for each Trk protein-neurotrophin interaction. A
single example of this type of analysis is shown in Figures 4.5 through 4.8. Because of
limitations in the quantity of neurotrophins available for this study, only one Ky for each Trk
protein, at three different temperatures, could be determined.

Association occurs on addition of ligate at a defined concentration to the |Asys reaction cuvette.
On the surface of the cuvette, a putative ligand is immobilized. The association curve obtained
is the net response between association and dissociation events. Monophasic association
occurs when the response, on addition of ligate, increases in an exponential manner, with only
one distinguishable phase. The quantity of complex formed in time t, namely [CL};is given by:
[CL}i = [CLeq[1-€XP(-Kont)] (1)
where [Cl]eq is the concentration of the complex at equilibrium, L is the ligand and kon is the
pseudo first order rate for the molecular interaction.

Kon = Kass[L] + Kaiss (2
where Kyss is the derived association rate constant obtained from the slope of the plot of ken
versus concentration of sample. Similarly, kqss is the derived dissociation constant obtained

from the intercept of the plot of konversus concentration of sample.

Hence ko, varies with ligand concentration. The instrument response R (measured in arc secs),
is proportional to the mass of bound ligate, resulting in:
Ri= (Req — Ro)[1 — exp(-kont)] + Ro (3)

In this relationship, R is the instrument response at time t, Req is the maximal instrument
response and R, is the initial instrument response value. These instrument response values are
obtained experimentally and hence the single unknown, ko, at a particular concentration of

ligate (e.g., neurotrophin), is derived. Multiple determinations of ke, for the Trk-neurotrophin
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interaction were obtained by carrying out repeat association measurements at various

concentrations® of neurotrophin.

Equation (3) is in the form of a straight line and hence a plot of the values of ko, derived from a
complete (6-10 measurements) interaction experiment, against the ligate concentration at
which they were conducted, allows k,ss and kgiss t0 be estimated. The gradient of the line gives
kass, While the y-axis intercept allows the value of kyss t0 be estimated (Figure 4.6). The
dissociation constant values often have large errors associated with them, a consequence of
the difficulty in accurately estimating the intercept values for lines that intersect the y-axis at
shallow angles.

Experimentally derived association curves having an immobilized ligand and soluble ligate are
often not well described by simple monophasic kinetics. In these situations, two distinguishable
association phases are noticeable. Such biphasic kinetics may be considered to be the sum of
two distinct association processes, each of which has an apparent association rate constant,
described by the relationship:

Ry = A[1 = exp(kont)")] + B[1 — €xp(-Kon2))] + Ro (4)
Where A and B represent the two phases of the association and ken1y @nd ko are the

respective, apparent association rates.

In practice, the association curves obtained for each ligate 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 determined.

Once the molecular complex has been formed, it will eventually dissociate into its components,
namely immobilized ligand and free ligate. Simple monophasic dissociation is described by the
exponential relationship:

Rt = Roexp(-Kisst) (5)

Typically only 6 concentrations of ligate are used to determine association curves and to
estimate the equilibrium dissociation constant for a molecular interaction. For all Trk-
neurotrophin interactions, kon was determined at 10 different concentrations of neurotrophin, in
order to reduce the errors in the estimate of the dissociation constant.
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The amount of complex at time t, namely R; is dependent on the initial complex concentration
Ro and the dissociation rate constant kqss As with biphasic association, biphasic dissociation
having two phases A and B, is described by two dissociation constants Kgiss(1y and Kgissiz) SUch
that:

Rt = Aexp(-Kass(1)) + B(-Kaiss(z)) 6

4.8 Data Analysis and Error Propagation

A total of 10 association and dissociation curves were obtained for each neurotrophin-Trk

receptor interaction. Association curves for one reaction are shown in Figure 4.5.
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Figure 45 Association curves for the reaction of NGF with TrkA MBP-C1LRR
recombinant protein at 15°C. The full set of association and dissociation curves
for this reaction is shown in Figure 4.3. Only 5 of the 10 association curves are
shown for clarity.

106



The association rates for each reaction at a particular neurotrophin 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 k. is obtained. The data analysis
software (Affinity Sensors) returns a report of the slope of the fitted line, an error and the
correlation coefficient. For all interaction studies, the correlation coefficient was better than
0.98, indicating a good fit of the data.
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Figure 4.6 The association rate K,ss is determined by plotting the neurotrophin
concentration versus, K., the rate at which the neurotrophin interacts with the
immobilized Trk protein. The slope of the least squares fit to the data is the
association rate (data collection shown in Figure 4.4). The interaction of NGF
with TrkA MBP-C1LRR at 15°C is shown above. The gradient and correlation
coefficient report is copied from the analysis software report.

Each association (Figure 4.4) and dissociation curve may be fitted to a theoretical monophasic
or biphasic association or dissociation equation. The quality of the fit of the theoretical curves to
the actual data is judged by the excellence of the overlay to each binding, or dissociation curve,

as shown in Figure 4.7 and Figure 4.8, respectively.

107



x 102

1.54

Position (Arc s)

0:5:

0

05

1

1.5

Association Time (s)

a

2

0

x 102

x 10"

0.5}
|
|y
—_ )
n 014++—
e M
< it
g
& 051
.1 =
0

05

—

1

115

Association Time (s)

b

2

2
x 10

Figure 4.7 The quality of the fit of a binding rate equation to the association
data is shown in (a). The theoretical fit it seen as a red line, overlaying the
binding curve (red line does not transfer from the data analysis software to an
external document). Further judgment of the quality of the data fit to the
association rate theoretical model is made by examination of a plot of the error
about the line, as shown in (b). This Figure shows data analysis of a single
binding curve from Figure 4.5.

Figure 4.8
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dissociation data is shown in (a). The theoretical fit it seen as a red line,
overlaying the binding curve (red line does not transfer form the data analysis
software to an external document). Further judgment of the quality of the data fit
to the dissociation rate theoretical model is made by examination of a plot of the

error about the line, 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:

R = A(1-exp'kon(1)’) + B(1—exp’kon(2)‘), where Ryis the instrument response at timet and A is the
extent of the first phase, having an apparent “on-rate” defined as kon(1). B is the extentof the
second phase having an apparent “on-rate” of Kon).

The dissociation event is described by an equation of the form:

R: = Roexp(-kgisst), where Ry is the amount of complex formed at time t and is dependant on the
initial complex concentration Ry The dissociation constant for the complex separating into its
component proteins is given by kgss. 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 recombinant and
synthetic proteins, representing different ED regions of the TrkA receptor, are tabulated below
(Tables 42 through 4.14).

The equilibrium dissociation constant is calculated from the relationship:

KD: kdiss- kass-1

The association of NGF with all TrkA proteins was observed to be biphasic, the tabulated
kinetics below, show only a single association rate, K,ss. Only monophasic dissociation was
observed. The dissociation constant Kgss is shown in the Tables (Tables 4.4 through 4.14). The
equilibrium dissociation constant (Kp) is shown and is calculated from the values of K,ss and
kgss. It is difficult to assign a second equilibrium dissociation constant, given that monophasic

dissociation does not permit the unambiguous calculation of the constant.

A method of calculating the K,ss and kgss values for an interaction of NGF with a TrkA protein,

involves fitting a binding curve through the data shown in Figure 4.5. This method appears,
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from previous data analysis attempts, to return an average value for the two equilibrium
dissociation constants that describe biphasic protein association interactions. Hence, while the
slower association rate is reasonably obtained by this method, the faster association rate is
poorly described. Consequently, a best estimate for one K,s; was determined to provide a
single Kp.

While the rate ko, for the interaction of a neurotrophin with a Trk protein, varies with the
concentration of neurotrophin, the dissociation rate kgss Will not change (except within
experimental error). The association data was fitted to obtain only the fastest ko, rate for the
interactions of NGF with all TrkA recombinant proteins, allowing the estimate of k., as
illustrated in Figure 4.7a. The dissociation rate, kgiss, fOr the reactions is obtained from the mean
of the 10 dissociation curves (Figure 4.4 and Figure 4.8) for each interaction. The percentage
error in the value of k,ss and the percentage error in the value of kgss (Standard deviation) are
added to provide an error in the value of the equilibrium dissociation constant, Kp, for each
neurotrophin-Trk protein interaction.

From the tabulated equilibrium dissociation (Kp) data for each reaction of a neurotrophin with a
particular Trk protein (Table 4.2 through Table 4.25), it is seen that the values for the Kp’s at 3
different temperatures, are the same within the error estimates. In particular, the association
and dissociation rates increase with temperature, as illustrated in Figure 4.9 and Figure 4.10,
respectively. Many molecular interaction rates display this relationship, as described by the
Arrhenius equation (Atkins 1986) and has been seen for protein-protein interactions studied by
biosensors (Oddie et al. 1997). The increase in K, and kyss With temperature, is not
influenced by any potential mass transport effects since increasing temperatures raise the
diffusion coefficient of the protein in solution (Oddie et al. 1997).
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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 with TrkA
C1LRR (Figure 4.4).
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Figure 4.10 The dissociation rate of neurotrophins for Trk proteins, increases
with temperature. The data shown above is for the interaction of NGF with TrkA
C1LRR (Figure 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 fitting, to the binding data, an equation of the form:

R: = Req(1-exp"‘on‘), where R, is defined above, Req is the equilibrium response and ko, is the
apparent “on-rate” for a given ligand concentration. Hence the association of BDNF for all TrkB

recombinant proteins is described by a monophasic association event.

The dissociation event is described by an equation of the form:

R: = Roexp(-kgisst), where R;is the amount of complex formed at time t and is dependant on the
initial complex concentration Ry The dissociation constant for the complex separating into its
component proteins is given by kgss The dissociation of BDNF from all TrkB proteins used in
the biosensor study is monophasic.

The association and dissociation events for the interaction of BDNF with the recombinant and
synthetic proteins, representing different ED regions of the TrkB receptor, are tabulated below
(Table 4.15 through Table 4.25).
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4.9 Results

49 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.

4

OC kass(1) M.1 5‘1 kdnss S KD nM
15 5044 + 320 3.7553e-4 + 3.5589e-5 745+11.8
37 5670 + 292 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.

°C  Kassty M's'  kgss 8 Ko nM

15 10842 £+ 1062  2.6059e-4 + 3.0003e-6 24+26
25 15051 £ 1124  3.5506e-4 + 2.2392%¢-6 229+ 1.9

37 16346 + 1164  3.1563e-4 + 1.1529e-5 19.3+ 21
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Table 4.4 TrkA MBP-LRR. The measured association and dissociation rates

for the recombinant protein LRR.

C Ky M'E  kys 8 Ko nM

15 10731 £1612 2.7202e-4 £ 1.4577e-5 254 +52
25 11769+ 1039 2.5325e-4 +2.9861e-6 215=x2.2

37 12317 £ 1404 2.8657e-4 +1.5863e-5 23.3+4

Table 4.5 TrkA MBP-C1LRR12. The measured association and dissociation

rates for the recombinant protein C1LRR12.

(& kass(1) ’Vl-1 S-1 Kaiss 5-1 Ko nM

15 12582 + 1353 3.5549e-4 +4.0196e-5 283 6.2
25 14966 + 1399  2.7886e-4 +1.2902e-5 18.6+26

37 15842 + 1512 4.1805e-4 + 1.6425e-5 26.4+3.6

Table 4.6 TrkA MBP-LRR23C2. The measured association and dissociation

rates for the recombinant protein LRR23C2.

-1

°C  Kass(1) M's"  Kgss S Ko nM

15 14181 + 731 4.4739%e-4 +3.3256e-5 31.6x4
25 14974 + 1560 3.3995e-4 £+ 2.6057e-5 22.7+4

37 16103 + 1504 4.0688e-4 +5.8339e-6 252+27
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Table 4.7 TrkA MBP-C1LRR. The measured association and dissociation rates

for the recombinant protein C1LRR.

OC kass(1) M.1 3.1 kdiss 3.1 KD nM

15 13594 + 860 3.7087e-4 £ 2.3972e-5 273 +3.5
25 14202 + 1535 4.1008e-4 +2.5978e-5 289 +5

37 20825 + 902 4.6555e-4 + 3.0535e-5 224+24

Table 4.8 TrkA MBP-LRRC2. The measured association and dissociation
rates for the recombinant protein LRRC2.

°E© kass(1) M.1 3.1 Kaiss 5-1 Ko nM

15 14494 + 1511 3.6405e-4 + 4.6693e-5 251 +58
25 15978 + 680 3.5491e-4 + 1.5650e-5 222 +2
37 16290 + 1542 4.66176e-4 +8.4163e-6 286 +3.2
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Table 4.9 TrkA Ig-like domain (glycosylated). The measured association and

dissociation rates for the recombinant protein Ig-like domain. Protein expressed

in P. pastoris and provided by Prof. Prof. Uri Saragovi, McGill University, McGill

University.

°C

15
25
37

Kassy M'S™

8878 + 1297
11029 + 1264

13457 £ 1431

Koiss S

1.3165e-4 + 8.8277e-6
1.6575e-4 + 2.9817e-5

1.6902e-4 + 1.4781e-5

Kp nM

148 £ 3.2
15+ 4.4

126+24

Table 4.10 TrkA lg-like domain (unglycosylated). The measured association

and dissociation rates for the recombinant protein Ig-like domain. Protein

expressed in E. coliand provided by Prof. Uri Saragovi, McGill University.

°C

15
25
37

7260 + 1213
14185 +1806
15783 + 810

-1
kdiss S

5.7519e-5 + 4.0334e-6
1.6614e-4 + 1.9742e-5

1.9309e-4 + 3.9415e-5

Kg nM

8+19
12+1.7

12+3
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Table 4.11

for the recombinant protein ED domain.

TrkA MBP-ED. The measured association and dissociation rates

OC kass(1) MV1 5'1
15 12055 + 1168
25 15606 + 1179

37 16962 + 1698

kdiss S

-1

1.9028e-4 +2.7892e-5
2.0565e-4 +1.7915e-5

2.3934e-4 + 3.3898e-5

Kp nM

15.8 +3.9
13.2+2.2

141 +34

Table 4.12 TrkA ED (P. pastoris). The measured association and dissociation

rates for the recombinant protein ED domain.

1 A1
OC kass(ﬂ) M S

15 14795 + 1930
25 15180 + 1425
37 18228 + 565

kdiss S

-1

2.0164e-4 +2.8375e-5
2.3097e-4 + 2.1834e-5

2.1280e-4 + 2.9469e-5

Kp nM

13.6 +3.7
15.2+29

11.7x2

Table 4.13 TrkA ED (insect cells). The measured association and dissociation

rates for the recombinant protein ED domain. Protein provided by Prof. Uri

Saragovi, McGill University.

OC kass(1) M-1 5-1
15 11490 + 1648
25 17673 = 1524

37 18329 + 2094

-
Kdiss S

2.4757e-4 +2.9488e-5
2.3989e-4 + 1.8092e-5

3.3128e-4 + 1.1995e-5

KD nM

15.8+25
13.6+2

18 +£2.7
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Table 4.14 Values of the equilibrium dissociation constant (Kp) for the
interaction of NGF with recombinant and synthetic TrkA proteins, over the
temperature range of 15-37 °C.

TrkA Protein Ko nM
LRR2 synthetic peptide 71.3+46
MBP-LRR2 22125
MBP-LRR 23.4+20
MBP-C1LRR12 244+ 51
MBP-LRR23C2 265+ 4.6
MBP-C1LRR 26.2+ 34
MBP-LRRC2 253+32
Ig-like (glycosylated) 141 +13
Ig-like (unglycosylated) 10.7 £ 2.3
MBP-ED 14.4+£1.3
ED (P. pastoris) 13.5+1.8
ED (insect cells) 15.8+2.2
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Figure 4.11

The mean and standard deviations of the equilibrium dissociation

constants for the interactions of NGF with the TrkA, recombinant proteins and

synthetic peptide for the temperature range 15-37 °C

Recombinant Protein

1. LRR2 synthetic peptide
.. .. MBP-LRR2
3.......MBP-LRR

4. ... MBP-C1LRR12

5. ... MBP-LRR23C2

6....... MBP-C1LRR
7.......MBP-LRRC2

8........Ig-like domain (glycosylated)
9. Ig-like domain (unglycosylated)
10..... MBP-ED

1. ED (P. pastoris)
12...... ED (insect cells)
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Association Rate M s™
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Figure 4.12 The association rates of the individual TrkA domains are essentially
the same as for the complete ED domain of TrkA at the 3 temperatures at which
measurements are made. The data set denoted as 1, corresponds to association
rates at 15°C, set 2 corresponds to association rates at 25°C and set 3
corresponds to association rates at 37°C.
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Figure 4.13 The dissociation rates of the individual TrkA domains are
essentially the same at 15°C, 25°C and 37°C. The LRR domain has a lower
affinity for NGF (at all three temperatures) than either the Ig-like domain or the
ED domain. The data set denoted as 1, corresponds to dissociation rates at
15°C, set 2 corresponds to dissociation rates at 25°C and set 3 corresponds to

dissociation rates at 37°C.
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49b The interactions of BDNF with TrkB Proteins

Table 4.15 TrkB LRR2 synthetic peptide. The measured association and

dissociation rates for the synthetic peptide.

OC kass Mq 5-1 kdISS 3-1 KD nM

15 42292 + 4901 1.6307e-3 +2.0935e-4  38.6 + 94
25 54606 +3656  1.7514e-3 +1.8730e-4 32.1+5.6

37 60397 +5543  1.8290e-3 +2.4480e-4 30.3+6.8

Table 4.16 TrkB MBP-C1LRR. The measured association and dissociation
rates for the recombinant protein C1LRR.

CC kass M.1 3.1 kdiss 5-1 KD nM

15 45106 £+ 7274  6.4964e-4 + 9.3974e-5 144 +4.4
25 81968 + 6612  1.3982e-3 +3.4988e-4 17.1+5.7

37 88684 +£5387 1.8608e-3+4.7135e-4 21 +6.6
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Table 4.17 TrkB MBP-LRRC2. The measured association and dissociation
rates for the recombinant protein LRRC2, are tabulated above. The dissociation
data for the set of measurements at 15°C was very poor, with the consequence
that the dissociation curves could not be fitted well; hence the unusually large

error in the estimate of the dissociation rate.

°C kass M-1 5—1 kdiss 5—1 I'<D nM

15 42802 + 5757  7.3489e-4 + 4.1679%e-4 17 +12
25 71000 + 8031 1.4754e-3 +2.5603e-4 2086

37 74895 +2808 1.5885e-3 +4.3782e-4 212+6.6

Table 4.18 TrkB MBP-C1LRRC2. The measured association and dissociation

rates for the recombinant protein C1LRRC2.

°C Kass M s” Kaiss 5‘1 Ko nM

15 28898 + 693 4.8266e-4+ 2.6648e-5 16.7+1.3
25 74798 £ 6535 1.4541e-3+2.1816e-4 19.4+46

37 95355 +9889 2.0915e-3 £9.1297e-5 21.9+3.2
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Table 4.19

TrkB MBP-Ig-like domain.

dissociation rates for the recombinant protein Ig-like domain.

The measured association and

oG

15
25

37

Kass M's™

38824 + 3844
88443 + 4566

101390 + 10726

A
Kgiss S

7.3553e-4 + 2.3317e-5
1.2156e-3 + 1.9684e-4

1.5592e-3 + 7.6620e-5

Ko nM

19+25
13.7 29

154 +24

Table 4.20 TrkB MBP-ED. The measured association and dissociation rates for

the recombinant protein ED domain.

°C

15
25

37

Kass M's™

52089 + 3088
94241 + 7341

133520 + 3297

kdiss 5'1
6.2608e-4 + 1.7253e-4
7.0685e-4 + 1.2800e-4

1.0080e-3 + 7.2353e-5
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Table 4.21 TrkB ED (P. pastoris). The measured association and dissociation

rates for the recombinant protein ED domain, expressed in P. pastoris.

oC kass M-1 3-1

15 58603 + 6879
25 100038 + 6618

37 122308 + 12306

K|
kdiss S

7.3877e-4 + 1.4004e-4
8.9154e-4 + 5.6568e-5

1.5914e-3 + 3.0546e-4

KD nM

126+ 3.9
89+1.2

13+3.8

Table 4.22 Values of the equilibrium dissociation constant (Kp) for the

interaction of BDNF with recombinant and synthetic TrkB proteins, over the

temperature range of 15-37 °C.

TrkB Protein

LRR2 synthetic peptide

MBP-C1LRR

MBP-LRRC2

MBP- C1LRRC2

MBP-Ig

MBP-ED

ED (P. pastoris)

Ko nM

33.7+44

17.5+ 3.3

19.7+23

19.3+26

16.0 2.7

9.0+26

11.5+23
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Figure 4.14 The mean and standard deviations of the equilibrium dissociation
constants for the interactions of BDNF with the TrkB, recombinant proteins and

synthetic peptide for the temperature range 15-37 °C.
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Figure 4.15 The association rates of the individual TrkB domains are
essentially the same as for the complete ED domain of TrkB at the 3
temperatures at which measurements are made. The data set denoted as 1,
corresponds to association rates at 15°C, set 2 corresponds to association rates

at 25°C and set 3 corresponds to association rates at 37°C.
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Figure 4.16 The dissociation rates of the individual TrkB domains are
essentially the same as for the complete ED domain of TrkB at 15°C at which
measurements are made. For 25°C and 37°C, the dissociation rates indicate that
the complete ED domain has greater affinity for BDNF than either of the
individual LRR and Ig-like domains. The data set denoted as 1, corresponds to
dissociation rates at 15°C, set 2 corresponds to dissociation rates at 25°C and

set 3 corresponds to dissociation rates at 37°C.
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4.9 ¢ 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 peptide.

°C Kass M's! Kaiss s” Ko nM

15 33880 +3343 3.3557e-4 +8.9324e-5 99+3.6

25 47190 + 3582 5.5738e-4 +9.4018e-5 11.8+29

Table 4.24 TrkC MBP-ED. The measured association and dissociation rates for
the recombinant protein ED domain.

cC kass M-1 3-1 kdiss 5-1 KD nM

15 27266 + 1762  1.0406e-4 + 9.4438e-6 3.8 +0.6

25 57385+2432 1.4276e-4 + 3.4905e-5 25+0.7

Table 4.25 Values of the equilibrium dissociation constant (Kp), for the
interaction of NT-3 with recombinant and synthetic TrkC proteins, over the
temperature range of 15-25 °C.

TrkC Protein Ko nM
LRR2 synthetic peptide 10.9+1.3
MBP-ED 3.2+09
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Figure 4.17 The mean and standard deviations of the equilibrium dissociation
constants for the interactions of NT-3 with the TrkC, recombinant proteins and

synthetic peptide for the temperature range 15-25 °C.
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4.10 A Comparison of Neurotrophin-Receptor Interaction Studies

In addition to the thesis study, to date 3 biosensor studies of the interactions 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 directly compared with the study reported in this
thesis. In addition, a series of equilibrium binding constants have been measured for the
interaction of NGF with TrkA MBP-fusion proteins and BDNF with the TrkB MBP-fusion proteins
used in this study. The Kp's reported for all studies may be compared directly. Each Kp is
reported in nM.

e Study 1 Thetis Study.

e Study 2 Windisch et al. (1995a).
e Study3 Woo et al. (1998).

e Study 4 Robertson et al. (2001).

Studies 1, 3 and 4 were conducted using an SPR biosensor, while study 2 used a immobilized
Trk protein and radio-labeled neurotrophin It 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 Kp. In general, it
appears that the biosensor measured Kp's are an order of magnitude lower than those
measured by gravity column and labeled neurotrophin. For Studies 1 and 4, the Kp measured
for the TrkA Ig-like domain are comparable within the experimental error of Study 1. For Study
1 and 3, the Kp measured for the TrkA ED domain is different by an order of magnitude,

perhaps as a consequence of experimental technique (discussed in Chap. 5).
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Table 4.26

A comparison of the equilibrium binding constants for the

interaction of NGF with different extracellular domains of TrkA and of BDNF with

TrkB extracellular domains, expressed in different cell types for 4 different

studies.
Protein Expression system  Study 1 Study 2 Study 3 Study 4
TrkA LRR2 E. coli 221+25 1.33+0.36
TrkA C1LRR12  E. coli 244+51 0.84+0.30
TrkA LRR23C2  E. coli 265+46 1.15+0.25
TrkA LRR E. coli 234+20 097+0.22
TrkA Ig-like E. coli 10.7+2.3 nobinding o 11.8+7?
TrkA Ig-like P. pastoris 141 +1.3
TrkA C1LRRC2  E. coli 1.09 £0.24
TrkA ED E. coli 144+13 1.29+0.20
TrkAED P. pastoris 135+18
TrkA ED Insect cells 158+ 2.2 - 2.92+0.75
TrkB C1LRR E. coli 175+33 1.16+0.23
TrkB LRRC2 E. coli 19.7+23
TrkB C1LRRC2 E. coli 193+2.6 1.09+0.24
TrkB Ig-like E. coli 16.0 +2.7
TrkB ED E. coli 9.0+2.6 0.93 +0.17
TrkB ED P. pastoris 11.5+2.3
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411 Summary

As with all SPR biosensor studies, the immobilization of a protein to the surface of the cuvette
(or chip surface in the case of BlAcore instruments) is the most critical component of the
experimental design. Failure to appreciate the effects of high levels of protein immobilization
can lead to specious kinetics results. An additionally important component of the experiment
design is the method in which the protein is immobilized. 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 immobilized antibody orients the protein away from the biosensor surface. Other
methods of attachment may be used, such as the protein amino groups. However care must be
taken to ensure that any method of immobilization must not occlude the ligand-binding domain.
In reality, no method can be devised to ensure this and only ligand binding to the target protein
can be used to show the functioning of the ligand-target interaction. It is for this reason that it is
probably better to consider the biosensor as a qualitative rather than quantitative tool to show
molecular interactions, rather than attempting to use then to define absolute kinetics

parameters.

Initially for the study of the MBP-fusion proteins, a monoclonal antibody against MBP (New
England Biolabs) was attached to the carboxymethyl dextran of a IAsys cuvette. The antibody
was used to capture MBP-fusion proteins. Despite the anticipated simplicity of Trk protein
immobilization by this method, a small but measurable interaction between NGF and the
antibody was detectable, negating the suitability of MBP antibodies for immobilizing MBP-fusion
proteins. A similar binding of NGF to anti-His antibody negated the suitability of antibodies for

immobilizing His-tagged proteins produced in P. pastoris.

For the synthetic His-tagged TrkA, TrkB and TrkC peptides representing the second LRR
domain of the three receptors, immobilization to the CMD surface was accomplished by first
immobilizing an antibody to a 4-histidine sequence. This antibody proved to have a very slow
dissociation rate and did not bind neurotrophin. This antibody was hence quite suitable 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 immobilizing
proteins; in particular €-amino groups are both charged and hydrophilic. These groups are
usually found projecting from the surface of proteins and are able to be covalently linked to the
CMD surface with little possibility of denaturation, thus preserving the native conformation of
the immobilized protein. Lysine residues occur with an average frequency of 5.7% in proteins
(McCaldon and Argos 1988) and thus represent a relatively high proportion of the total amino
acids of any protein. Lysine residues are generally found to be well distributed over the surface
of proteins and for this reason, immobilization via these groups is less likely to introduce steric

hindrance which may occur with immobilization through less abundant amino acids.

To determine the suitability of this immobilization technique, MBP was immobilized on one cell
surface (150 arc secs immobilized) and TrkA MBP-LRR (295 arc sees immobilized) was
immobilized to the second cell of the double cell cuvette. Addition of various concentrations of
NGF (1 nM to 5 uM) indicated that the equilibrium dissociation constant for the MBP-TrkA LRR
protein appeared initially to be high nM and hence was similar to that measured for this
construct by immobilization to amylose resin (Windisch et al. 1995a). It appears that
immobilization of the MBP-fusion proteins through amino groups does not block the ligand
binding site. NGF showed no binding to the immobilized MBP.

With most recombinant Trk proteins, there appears to be some small variation of the
dissociation constant with 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 likely, given that no such effects have been reported for biosensors. In
general, biosensor measurement of the kinetic parameters of biomolecular interactions is
conducted at 20-25°C (Dr. Eric Hnath, Affinity Sensors, private communication) and not at
lower or higher temperatures as used in this study. Measurement of Trk protein-neurotrophin
kinetics was made at the instrument default temperature of 25°C immediately after
immobilization of each Trk protein on the biosensor surface. Before kinetics measurements at
15 and 37°C, the biosensor cuvette was stored at 4°C for periods of 24-48 hours and this may
have contributed to some degradation of the protein surface, resulting in loss in protein activity
and variability in the observed kinetics. Degradation of the protein surface, especially at 37°C,
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 limited number of measurements made is adequate to determine the interactions of
neurotrophin with any Trk protein domain at a specific temperature, although inadequate to
accurately determine the Kp of the interaction. Hence, variation in the Kp between the LRR TrkA
domain proteins for example, should not be interpreted as changes in neurotrophin affinity,
brought about by the presence or absence of flanking cysteines that are N and C-terminal to
the full-length LRR domain. The absolute effects of other modifications on neurotrophin affinity,
such as the presence or absence of one or more regions of the full-length LRR domain, should
similarly not be interpreted from the measured Kp's. The number of binding curves obtained,
namely 10 for each Trk protein, is adequate to show neurotrophin binding and to estimate an
error in each equilibrium dissociation constant.

The measurements made are sufficient to show specific neurotrophin binding to both LRR and
Ig-like domains, of both TrkA and TrkB. In another biosensor study in which 3 Kp's (n=3) were
measured for the ED domain of recombinant TrkA (Woo et al. 1998), the error in the estimate
for the equilibrium dissociation constant was 26%. This level of error would suggest that even if
more than one Kp measurement was made for each Trk protein, it is unlikely that any real
differences in neurotrophin affinity that is a consequence of modifications, of for example, the
LRR domain of TrkA or TrkB, would be detected. A further example of the large errors often
associated with biosensor measurements of equilibrium dissociation constants, may be seen in
an IAsys study of the biomolecular interactions of the DNA repair enzyme, Rad51A (De Zutter
and Knight 1999). The binding constants calculated from four repeated binding experiments,
resulted in errors of 5-30%.

For any given Trk-neurotrophin interaction; AG = -RTInKp where R is the gas constant and T
the absolute temperature. The effect of temperature on the equilibrium dissociation constant is
described by the relationship:

InKp = AH(T) (RT)' = AS(T)R"

Both enthalpy and entropy are functions of temperature and may vary widely with temperature
changes for protein-protein interactions (Hinz 1983, Lauffenburger and Linderman 1993), thus
complicating the analysis of the Trk-neurotrophin interaction at different temperatures. While
receptor-ligand binding processes are generally exothermic (AH < 0), many are driven primarily
by positive entropy changes; AS > 0 (Klotz 1985, Limbird 1986, Lauffenburger and Linderman
1993). If the entropic term dominates, only small changes in equilibrium binding will occur with
temperature. Since the equilibrium dissociation constants for all neurotrophin-Trk interactions is
essentially constant for all three temperatures at which kinetics measurements are made, it
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seems reasonable to conclude that entropy, rather than enthalpy dominates in these
interactions.

For all TrkA proteins, the rate of association is initially high, resulting in a low Kp;. A second,
considerably lower rate of association results in a Kp,, considerably greater than Kp; It is
possible that electrostatic attraction between the TrkA protein and NGF is initially significant.
With binding of NGF, a structural rearrangement of the receptor protein may occur, resulting in
lowered charge attraction between receptor and neurotrophin. The consequence of this
rearrangement may be a reduced rate of association and biphasic kinetics. As with a previous
study (Windisch et al. 1995a), no interaction of NGF with the MBP-Ig like 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 dissociation rates for neurotrophins interacting with their respective
receptor, show a general increase with temperature. Dissociation rates at physiologically
relevant temperatures, show that dissociation rate of neurotrophin from Trk recombinant protein
is in the order of LRR domain > Ig-like domain > ED domain. This suggests that neither LRR
domain nor Ig-like domain have the complete neurotrophin binding capabilities of the intact ED
domain. It is possible however, that this order of dissociation rate is a consequence of protein

folding or of immobilization to the biosensor surface.

Al TrkB and TrkC proteins show an association rate for their respective neurotrophin,
significantly greater than that exhibited by the TrkA proteins. This may be a consequence of
high electrostatic attraction between receptor and neurotrophin, without structural
rearrangement of the receptor upon ligand binding. As with the interaction of NGF with the TrkA
ED domain, the TrkB glycosylated ED domain, resulting from expression of the protein in P.
pastoris, does not show a lower BDNF association rate, when compared with the

unglycosylated, E. coli expressed protein. This suggests that glycosylation® plays no role in

* There are potentially 13-14 glycosylation sites on the ED of each Trk receptor. These

proteins, when expressed in non-prokaryotic cell are always glycosylated. Only by estimating
the molecular weight of each Trk ED from sequence data and comparing this to the molecular
weight of each Trk when run on an SDS-PAGE gel, is it possible to estimate (if rather
crudely) the level of glycosylation. 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
al. (1995a). 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 ligand binding and of
an absence of steric hindrance effects (from attached sugar chains) on structural movements.
In addition, structural changes in the neurotrophins upon binding to their respective receptor,
may also contribute to the observed kinetics. If this is the situation, then possibly NGF
undergoes greater structural rearrangements than BDNF or NT-3 upon binding to TrkA, TrkB or
TrkC respectively.

Despite variability in the equilibrium binding constants with temperature, the data collected for
each protein studied, clearly shows neurotrophin binding. In no instance is a binding interaction
at one temperature eliminated by a variation of temperature. Of equal importance is the type of
binding observed for each Trk receptor protein subset. Only biphasic kinetics is observed for all
TrkA proteins, regardless of expression system, or experimental temperature. Only monophasic
kinetics is observed for all TrkB and TrkC proteins; similarly invariant with temperature. Hence it
is reasonable to conclude from the kinetics data, that proteins representing the LRR domain
and proteins that represent the Ig-like domain, for both TrkA and TrkB receptors, bind
neurotrophin at physiologically relevant temperatures. From this result, it is possible to conclude
that previous in vitro studies that have identified only the LRR domain (Windisch et al. 19954, b,
c), or the Ig-like domain (Holden et al. 1997, Wiesmann et al. 1999), are open to interpretation.
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
interacting with NGF, BDNF and NT-3 respectively, it is clear that the TrkA peptide binds with
biphasic kinetics to NGF while the TrkB and TrkC peptides bind with monophasic kinetics to
BDNF and NT-3. Charge distributions on the surface residues of NGF, BDNF and NT-3
(Appendix 1V), produced with Grasp software (Nichols et al. 1991), show considerable
differences in distribution on the surfaces of the proteins. From an NMR® study of the TrkA and
TrkB peptides, the TrkA peptide is all random coil, while the TrkB peptide has significant a-

helical secondary structure. It is possible that the dissimilar kinetics displayed by the two

show approximately 30-40 kD of sugar residues (Prof. Uri Sargovi, McGill University, Prof.
Ken Neet, University of Chicago, personal communication).

°  Spectra collected by Dr. Vladimir Basus , Department of Pharmaceutical Chemistry, UCSF.
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peptides, arises from the difference in charge distribution on the surfaces of the neurotrophins,
as well as the solution structure of the peptides. It is 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, it appears that neurotrophin binding may occur over an extensive

region of all neurotrophin receptors.
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CHAPTER S5 DISSCUSSION

5.1 Introduction

By expressing a number of domains of the extracellular regions of the TrkA, TrkB and TrkC
receptors in both prokaryotic and eukaryotic cells, the binding behavior of neurotrophins with their
respective receptors was amenable to systematic investigation. Previous studies of the binding of
neurotrophins to Trk receptors have been made using whole cells expressing Trk receptors on
their surfaces and as recombinant proteins. In the majority of these studies, the binding of
radiolabeled neurotrophins was used to establish the equilibrium binding constants of the
neurotrophins to their receptor. While the equilibrium dissociation constant is a reasonable
measure of the ligand-binding ability of the receptors and of the avidity of the interaction, this
constant does not provide detailed information about the kinetics of interaction at the molecular
level. Both the rate of interaction of the ligand-binding to (as measured by the binding rate
constant, k,,) and dissociating from (as measured by the dissociation rate constant, ko¢) the
receptor are only readily determined using biosensors. The interaction of the recombinant Trk
protein domains with their respective neurotrophin was studied in “real time” using a biosensor,
thus providing an increased level of understanding of the interactions, not achieved in previous
studies.

A number of in vitro and in vivo studies of the interactions of neurotrophins with their respective
receptor have been undertaken, all of which have led to different postulates of how the interaction
occurs. To a degree, each theory of the interaction has difficulties in explaining all observed data.
For example, the observation that a mutant TrkB receptor lacking the LRR domain, when
expressed on cell surfaces, does not bind BDNF (Ninkina et al. 1997) and has no biological
function when exposed to BDNF, is in direct conflict with the crystal structure of BDNF bound to
the Ig-like domain of TrkB (Banfield et al. 2001). In this instance, is the in vivo study more valid,
since a biological system is employed in investigating the neurotrophin-receptor interaction, or is
the isolated Ig-like domain, representing only a part of the receptor a valid description of the
interaction of a neurotrophin with the Trk receptor? Unfortunately personal prejudices often

dictate preference for a model resulting 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 interpretation.
Rather, previous studies are presented and a hypothetical model the may explain the conflicting
data is offered. No single model may be adequate in describing the neurotrophin-receptor

interaction and each may be merely a glimpse of reality.

5.2 Recombinant Proteins, Native Proteins and Crystal Structures

Recombinant proteins such as those produced for this study, have the potential to be misfolded
and consequently possess structures quite unlike those of the proteins in their native state.
Biophysical measurements, such as circular dichroism do not provide evidence of native
conformation, only a measure of secondary structure. Since there is no native structure for
comparison, no method will unambiguously confirm the native structure of the Trk proteins used
in this study. Even an X-ray crystallography structure is not a measure of native protein
conformation. Cyclosporin is known to adopt different structures depending on its environment at
different locations within a cell (Zeder-Lutz et al. 1993, Altschuh et al. 1994).

It is becoming increasingly clear that protein motions are essential for protein function (Zavodszky
1998, Faber 1999). Some of the motions may be small structural adjustments while others are
substantial (Faber 1999). These motions may be the consequence of interactions with other
molecules, but equally may result from changes in the environment. Changes in the pH and
hydrophobic nature of the microenvironment, can induce considerable structural plasticity in a
protein structure (Faber 1999). The design of pharmaceutical drugs based upon crystal structures
of target proteins is now beginning to provide a basis for an understanding of how protein
structures in crystals often provides a poor understanding of the structure of a protein in its native
environment (Yannawar et al. 1995, Xu et al. 1997, Faber 1999).

Hence it is unlikely that a protein adopts a truly native conformation (for example the Trk Ig-like
domains) in the exotic, non-physiological conditions in which proteins crystallize. Such structures
quite probably provide only a degree of native like conformation. Only the binding of neurotrophic
factor to the Trk proteins is available to provide a measure of correct folding of the recombinant
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 His-tagged constructs in E. coli, result
in insoluble and biologically inactive proteins (Prof. Rainer Schneider, University of Innsbruck,
personal communication, Allen et al. 1997, Wiesmann et al. 1999, 2000, Robertson et al. 2001).
In all instances, the proteins were found in inclusion bodies and required refolding by dissolution
in urea, followed by dialysis into an appropriate buffer, in order to gain the ability to bind
neurotrophin. In contrast MBP proteins from diverse bacteria and archaea, when used as affinity
tags in place of polyhistidine, shows a remarkable ability to enhance the solubility of its fusion
partner (Fox et al. 2003). There appear to be no reported instances of biological inactivation of
the partner of MBP fusion proteins, as a consequence of the production of a denatured product;
i.e., all MBP-fusion proteins seem to be folded suitably and able to bind their appropriate ligand.

All Trk MBP-fusion proteins (with one exception) bound its appropriate neurotrophin, while none
interacted with an inappropriate binding partner (IGF), even at mM concentrations. Only the Ig-
like domain of TrkA showed no affinity for NGF, possibility a consequence of incorrect folding
(resulting in a denatured protein), or occlusion of the neurotrophin binding site by MBP. It is
possible that the MBP tag was too close to the NGF binding site on the TrkA Ig-like domain,
resulting in a loss of ligand-binding activity. In this circumstance the protein is not exhibiting
inactivity as a consequence of a non-native structure, nor is it the consequence of a denatured
protein.

In this thesis study, a number of MBP-fusion proteins were expressed. No attempt was made to
remove the N-terminal MBP tag, for two reasons. Firstly, the MBP provided a convenient method
of attaching the Trk proteins to the biosensor surface so there was a significant probability of the
protein being oriented away from the sensor surface, hence reducing the possibility of any region
of the protein interacting with the surface. If the immobilized Trk protein interacted with the
immobilization surface in any way, then there would be a distinct possibility for occlusion of the

ligand-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 Thioredoxin can
result in aggregation and precipitation of the fusion partner (Prof. Rainer Schneider, University of
Innsbruck, personal communication, Dr. Steven Finkbeiner and Dr. Karl Weisgrabber, Gladstone
Institute, personal communication, Stevens 2000). Affinity tags are removed by endopeptidases,

which have many limitations, including the presence of peptide secondary cleavage site activities,
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resulting in proteolytically damaged products (Stevens 2000). Successful cleavage of a protein
from its tag may even require partial denaturation in order to successfully remove a tag from the
protein of interest (Stevens 2000).

Insoluble, inactive His-tagged Trk proteins, may result from a lack a chaperones in E. colithat are
needed for correct folding and production of soluble protein. MBP-fusion proteins remain in
solution, as do the Trk proteins expressed in P. pastoris. If chaperones are not critical
components in the correct folding of soluble Trk proteins, then it appears that large molecular
components, such as oligosaccharides in the case of P. pastoris, or MBP, are necessary to
prevent aggregation of neurotrophin receptors and their constituent domains. Quite possibly
oligosaccharides and MBP may prevent the interaction of various amino acids on the surface of
the Trk proteins, thus inhibiting aggregation.

5.3 Binding Studies and Controls

In the thesis study, a number of equilibrium binding constants for the LRR and Ig-like domains of
both TrkA and TrkB were measured at three different temperatures (Tables 4.2 through 4.25).
These measurements established that neurotrophins bind to both the LRR domain and the Ig-like
domain of the Trk receptors. A total of 10 TrkA and 3 TrkB LRR domain constructs were
produced in both eukaryotic and prokaryotic expression systems (Tables 2.1, 2.2, 2.3, 2.5, 2.6,
2.7,2.9, 2.10). These constructs were tested for their ability to bind NGF and BDNF respectively.

Since neurotrophin binding was tested at three different temperatures, a total of 27 LRR and 9 Ig-
like domain-binding measurements were made with the recombinant proteins. A total of 10
binding curves were obtained for each Trk protein at the given temperatures. Hence, >270
binding experiments were performed with the LRR domains and >90 binding experiments were
performed with the Ig-like domains. With only one exception (the TrkA Ig-like domain expressed
in E. coli), specific binding of neurotrophin to Trk proteins was observed in all instances.

Maintaining a high salt and detergent component in the reaction buffers ensured specificity of the
interaction between neurotrophin and receptor construct. Before beginning binding studies, each

neurotrophin was tested for non-specific interactions with the biosensor CMD surfaces. The two
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surfaces of the biosensor were activated with the same chemistry used to immobilize the Trk
proteins. One surface was left in an “activated” state, i.e., ready to immobilize Trk protein, while
the second surface had BSA immobilized to it. Neurotrophins at 10x the highest concentration
used in the binding studies was allowed to react with the biosensor surfaces, in reaction buffer
containing various concentrations of NaCl. It was found that 150 mM NaCi in the reaction buffer
eliminated all non-specific interactions with the two control surfaces. Buffers containing 150 mM

NaCl were used for all subsequent binding studies.

In addition, each neurotrophin was tested for interaction with BSA and MBP. Insulin like growth
factor (IGF), at mM concentrations, was tested for binding to all Trk proteins. In all instances, no
interactions with BSA, MBP or IGF were observed. Even when tested in buffers containing sait

concentrations of 0.5 M, neurotrophin interactions with Trk proteins were quite apparent.

For all Trk receptor domains, binding of neurotrophin was both evident and specific at 15
°C, 25 °C and 37 °C.

5.4 Binding Data and Trk Receptor Structure

Some variation of the equilibrium dissociation constants with temperature was noticeable with all
synthetic and recombinant Trk proteins (Tables 4.2 through 4.25, Figure 4.11 through Figure
4.17). This variation has been noted previously (Neet and Campenot 2001) and should not be
interpreted simply as a consequence of the experimental design or of the measurement
technique used in this study. Within the LRR group, variation of the equilibrium dissociation
constants was noted (Table 4.14). It may or may not be possible to interpret these variations as a
consequence of the presence or absence of the cysteine rich regions that flank the LRR domains.
Limited quantities of NGF, BDNF and NT-3 precluded the determination of more than one
equilibrium dissociation constant for each LRR domain at each of three temperatures (Tables
4.15 through 4.25).

It would be inappropriate to interpret variations in the equilibrium dissociation constants of the Ig-
like domains to the presence or absence of the cysteine rich regions that flank these domains

(Tables 4.14 and 4.22). The presence or absence of sugar moieties that are found on the 13
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putative glycosylation sites of the Trk receptors should not be invoked to interpret the variations in
neurotrophin binding affinity, for the various proteins used in this study. Establishment of the
variation of equilibrium dissociations constants with receptor modification by glycosylation 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 neurotrophin binding and dissociation from Trk receptors expressed on
whole cells and with the isolated recombinant Trk proteins are undoubtedly not directly
comparable, it is reasonable to view the set of recombinant proteins as a distinct entity and to
make a comparison between these proteins. A significant number of conclusions relating to the
neurotrophin binding regions of the Trk receptors have been derived from recombinant proteins;
namely MBP-fusion proteins of TrkA and TrkB (Windisch et al. 1995a, b, ¢) and the E. coli
expressed Ig-like domains of TrkA co-crystallized with NGF (Wiesmann et al. 1999, 2000) and of
BDNF co-crystallized with TrkB (Banfield et al. 2001). A consequence of these studies in
particular, has been to magnify the confusion over which of two potential ligand-binding domains
of the neurotrophin receptors, actually binds the neurotrophin.

Equilibrium kinetic analysis with the TrkA and TrkB domains suggested that only the LRR region
of the receptors was responsible for neurotrophin binding (Windisch et al. 1995a) and that the Ig-
like domains do not bind neurotrophin. Only the LRR domain of the receptor showed affinity for
neurotrophin, with an equilibrium dissociation constant similar to that measured for Trk receptors
expressed on the surface of intact cells (Table 1.1). This thesis biosensor study, confirmed that
the Ig-like domain of TrkA expressed as an MBP-fusion protein, showed no affinity for NGF.
However, the same domain expressed as a His-tagged protein in E. coliand P. pastoris, showed
significant affinity for NGF (Table 4.14).

These results suggest that the MBP-fusion construct of the Ig-like domain of TrkA was incorrectly
folded during expression (Baneyx 1999, Wirtz and Steipe 1999, Wiesmann et al. 1999, 2000,
Kurucz et al. 2000, Qiao et al. 2001). Evidence for the misfolding of Trk Ig-like domains is found

in the crystal structure of TrkA, in complex with NGF (Wiesmann et al. 1999). In this structure, the
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Ig-like domains have exchanged strands, resulting in protein that cannot bind NGF (Dr. Bart de
Vos, Genentech, private communication, Wiesmann et al. 1999, 2000).

Conversely, the same domain for TrkB expressed as an MBP-fusion protein in a different E. coli
species than that used for the original study (Windisch et al. 1995a), showed full activity in
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. 1995a),
and this domain has similar binding and dissociation kinetics to those observed for both the
complete extracellular domain and the Ig-like domain. These results suggest that neurotrophins
are able to bind to both the leucine-rich and Ig-like domains of TrkB with similar kinetics (Tables
4.15 through 4.22).

An X-ray crystallography study (Wiesmann et al. 1999, 2000) of the Ig-like domain co-crystallized
with NGF has yielded a structure showing NGF bound to the C-terminal Ig-like domain (referred
to as d5). During crystallization, the N-terminal Ig-like domain (referred to as d4) was lost from the
expressed construct as a result of proteolysis. In addition to the loss of d4, domain swapping
occurred, resulting in the interchange of the two d5 domains of the homodimeric receptor. One
consequence of the domain interchange is a loss of neurotrophin binding; no binding of NGF to
the TrkA protein used in the crystallization study was observed in kinetics studies (Dr Bart de
Vos, Genentech, private communication, Wiesmann et al. 1999, 2000). In the final 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.

Co-crystals of interacting biomolecules may be obtained if the interaction between the molecules
is at least pM (Prof. E. N. Baker, Auckland University, private communication). Hence, if the
affinity of the Ig-like domain for NGF is pM, then it is possible that the X-ray structure of the co-
crystal of NGF and the Ig-like domain, is a reasonable model for the interaction of NGF with one
ligand-binding region of TrkA.

Studies in which the domains of TrkA, TrkB and TrkC are interchanged to produce chimeric
proteins, suggest that only the Ig-like domain of the receptors is exclusively responsible for
neurotrophin binding (Urfer et al. 1995, Urfer et al. 1998, Wiesmann et al. 2000). These studies

fail to appreciate the unknown effects of appending, for example, a TrkA domain to TrkB. It is
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quite conceivable that such interchanged domains result in propagation of secondary and tertiary
structural changes in the resulting homodimeric receptor. Such changes of the structure could
quite conceivably alter a binding site for the neurotrophin in the leucine-rich domain, resulting in
elimination of binding to this region, while binding is only observed to structurally unaffected Ig-
like domains. An additional unknown is introduced into this study by the expression of each
protein as immunohesins in which the extracellular domains of the Trk proteins are fused to the F,
portion of a human antibody. This construct results in the production of artificial dimers, which

may further influence the binding of neurotrophin.

TrkB constructs with deletions in the extracellular domain, have been expressed in mammalian
cells (COS-1) and studied for their ability to bind BDNF (Kojima et al. 1999). The six constructs
consisted of (1) the entire Ig-like domain, (2) the C-terminal Ig-like domain and (3) regions of the
N-terminal Ig-like domain. Only one mutant protein consisted of 17 residues of the LRR domain
and all subsequent C-terminal residues. Those mutant proteins that included the complete Ig-like
domain showed BDNF binding, comparable with wild-type TrkB, while those consisting of only the

C-terminal Ig-like domain showed little affinity for the ligand.

The construct consisting of 17 residues of the LRR domain and all subsequent C-terminal
residues shows approximately 60% of the affinity for BDNF, when compared to the wild-type
protein. This result is inconsistent with studies, which claim that only the residues between the N
and C-terminal Ig-like domain affect the affinity of the proteins for BDNF. It is inconsistent that the
construct consisting of 17 residues of the LRR domain and all subsequent C-terminal residues
showed a reduced binding affinity for BDNF. This result suggests that there is an unidentified

problem with the experimental design.

In a study of the binding of BDNF to naturally occurring isoforms of TrkB (each lacking the
intracellular tyrosine kinase domain) expressed on the surface of NIH 3T3 cells, the LRR domain
of TrkB was shown to be essential for BDNF binding to the receptor (Ninkina et al. 1997). Those
isoforms of TrkB having the entire Ig-like domain, but lacking the LRR domain showed no ability
to bind BDNF. In addition, cells expressing these isoforms neither survive, nor undergo
morphological transformation in response to neurotrophins. This study appears to be
straightforward in the experimental design and clearly shows that BDNF binding is observed with
the TrkB isoform that possess both the LRR and Ig-like domain. Unfortunately this study did not

determine the equilibrium binding constants and hence it is not possible to assess any influence
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that accessory proteins that bind to the intracellular domain, may have on the binding affinity of
the receptor domains.

The essentially non-physiological environment in which the study is invariably conducted
complicates an understanding of the binding of ligands to isolated recombinant receptor proteins.
In addition, the expression vector system and cell type in which the protein is produced can affect
the experimental results. These problems are illustrated by the study of the binding of
neurotrophins to TrkA and TrkB recombinant proteins, expressed as MBP-fusion proteins
(Windisch et al. 1996a). In this study, it is possible for incorrect folding of the Ig-like domain
during protein expression (Wiesmann et al. 1999, 2000, Baneyx 1999, Wirtz and Steipe 1999,
Neet and Campenot 2001). This domain may fold incorrectly as a consequence of the four
cysteine residues found within this region (Baneyx 1999, Wirtz and Steipe 1999) and hence the
possibility of disulfide bridge isomerization (Wiesmann et al. 1999, 2000, Neet and Campenot
2001). If the domain folded incorrectly, then it is possible that neurotrophin binding is inhibited or
prevented, with the consequence that the Ig-like domain is interpreted as having no neurotrophin
binding capability.

Conversely, the LRR domain contains no cysteines and although cysteine rich regions that may
form disulfide bridges flank this domain, the LRR expressed as a recombinant protein has a
reasonable probability of being correctly folded upon expression. It is clear from the binding
activity of the TrkA Ig-like domain, expressed as a recombinant protein in eukaryotic cells (P.
pastoris), that the cell in which the Trk protein is expressed, has a marked influence on its correct
folding. A consequence of not investigating the folding of the MBP-Ig-like proteins may have led
to the misinterpretation of the LRR as the only active neurotrophin-binding domain in the Trk
receptors.

5.5 Protein Immobilization and Kinetics Data

One possible complication introduced into the interpretation of biosensor kinetics data, results
from the unknown nature of the arrangement of immobilized protein on the biosensor surface,
that could result in a heterogeneous system and receptor binding sites with different binding
affinities for neurotrophin. It is assumed that the proteins are coupled to the biosensor surface in

such a manner that the ligand-binding domains are not occluded. Heterogeneity of the
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immobilized Trk protein may arise during the immobilization step if more than one coupling site is
present on the Trk protein. Complex (biphasic) kinetics for the neurotrophin-Trk interaction could
result from a heterogeneous surface. This problem may be eliminated by using an oriented Trk
surface; in particular the MBP of each fusion protein provides this orientation. Since all TrkA
proteins showed biphasic kinetics and all TrkB and TrkC proteins showed monophasic kinetics at
similar levels of protein immobilization, it seems reasonable to conclude that heterogeneous Trk

immobilization, does not account for the observed kinetics.

Only if a protein can be shown to bind its ligand, is it assumed that the immobilization has not
affected ligand-binding epitopes. Argument by analogy is the only manner in which this situation
may be addressed. Because the TrkB and TrkC proteins all showed monophasic binding kinetics,
similar to those previously reported for in vivo and in vitro binding studies (Sutter et al. 1979,
Cohen et al. 1980, Schechter and Bothwell 1981, Bernd and Greene 1984, Layer and Shooter
1983, Hosang and Shooter 1985, Woodruff and Neet 1986, Godfrey and Shooter 1986, Kaplan et
al. 1991, Klein et al. 1991, Soppet et al. 1991, Rodriguez-Tebar et al. 1992), it is probable that the
immobilization of the recombinant proteins to the biosensor surface in this study did not

compromise the ligand-binding domains.

By analogy, the TrkA proteins quite probably immobilized in such a manner that NGF binding was
unaffected. Additional confidence in the immobilization protocol for the TrkA proteins to the
biosensor surface, is provided by the observation of similar biphasic kinetics to that obtained in
previous in vivo and in vitro binding studies (Meakin and Shooter 1991, Meakin et al. 1992,
Rodriguez-Tebar et al. 1992, Windisch et al. 1995a).

5.7 Biosensor Kinetics

None of the studies of isolated recombinant proteins or of the Trk receptors on the surfaces of
eukaryotic cells appear to completely eliminate or support the claims of specific binding of
neurotrophin to the LRR domain or the Ig-like domain exclusively. A systematic study of isolated,
non chimeric recombinant TrkA, TrkB and TrkC proteins that are expressed in both prokaryotic
and eukaryotic cells seems to have provided a reasonable approach for evaluating the relative
affinities of the LRR and Ig-like domains for the neurotrophins (Tables 4.2 through 4.25). All

studies of these proteins were conducted with the same methodology, that is, a series of kinetics

148



experiments were made in a microenvironment of identical pH, temperature and ionic strength.
Real time kinetics data, collected over a short time span, reduces the possibility of protein
degradation, while providing greater detail of the association and dissociation events than are

possible from all previous studies of the Trk receptors.

The Biosensor system may also offer an additional advantage when compared with other assay
systems for receptor-ligand studies. Although the receptors (or domains) are covalently linked to
the surface, the ligand (neurotrophin) is unmodified and this eliminates a possible structural
change that might be introduced by radiolabeling.

Biosensors do have the demonstrated ability to study complex interactions between
biomolecules. Conformational changes that may accompany a protein-protein interaction have
been observed by biosensor and have led to new theories for the mechanism of a given
interaction (De Crescenzo et al. 2000). Biphasic kinetics observed for the interaction of
Transforming Growth Factor a with the extracellular domain of the EGF receptor, have been
interpreted as a receptor activation mechanism in which ligand binding results in a

conformational-driven exposure of a dimerization site on the receptor (De Crescenzo et al. 2000).

From this thesis biosensor study, it appears reasonable to conclude that both the LRR and Ig-like
domains of TrkA, bind NGF with similar affinity (Table 4.14, Figure 4.11). Similarly, the LRR and
Ig-like domains of TrkB bind BDNF (Table 4.22, Figure 4.14). This study also indicated that the
binding of the TrkA proteins with NGF is quite different to the binding of BDNF to the TrkB
recombinant proteins and of NT-3 to the TrkC proteins. All the recombinant and synthetic TrkA
constructs, bound NGF with biphasic binding kinetics. Monophasic kinetics was observed in the
binding 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 all the TrkA proteins, is best described by fitting the binding
data, an equation of the form:

R = A(1-exp"‘0n(1)‘) + B(1-exp'k0n(2)'), where Ry is the instrument response at time t and A is the
extent of the first phase, having an apparent “on-rate” defined as kqn1). B is the extent of the
second phase having an apparent “on-rate” of ko2 This biphasic association of NGF for TrkA

proteins is in contrast to the observed association of BDNF for all TrkB proteins and of NT-3, for
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the limited number of TrkC proteins utilized in this study. The observed association of BDNF and
NT-3 for their respective receptors and the different domains of their receptors, can only be
described by fitting, the binding data, to an equation of the form:

R = Req(1-exp"‘on‘), where R, is defined above, Req is the equilibrium response and kon is the
apparent “on-rate” for a given ligand concentration. Hence, while biphasic association was
observed for NGF 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 Interaction

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 established in biosensor analysis, that immobilization of high levels of protein
can result in biphasic binding phenomena. For the IAsys instrument used in this study, biphasic
binding may occur if proteins are immobilized at levels of ~ 10,000 arc secs (Affinity Sensors).
Throughout this study however, protein immobilization levels never exceeded 3,200 arc secs and
were usually ~ 1000 arc secs, well below the level at which spurious association effects might be
expected to occur. In addition, the levels of immobilization of all TrkB and TrkC proteins were

within 200 arc secs of the immobilization levels of all TrkA proteins.

On no occasion was biphasic association of ligand for TrkB or TrkC proteins, observed. This
leads credence to the biphasic binding of NGF for TrkA proteins, being a “real phenomenon”,
rather than an experimental artifact. Further support for real binding phenomena lies in the
observation of monophasic dissociation. For cells over expressing a given receptor and for
overloaded biosensor surfaces, biphasic dissociation may result from the rebinding of dissociating
ligand (Lai and Guyda 1984, Lauffenburger and Linderman 1993, Edwards et al. 1998, Luo et al.
2001). No biphasic dissociation was observed in any experiment, thus providing additional
evidence for appropriate levels of immobilized Trk proteins.

If no independent in vivo or in vitro data existed for biphasic binding of NGF to TrkA, then other
conditions, imposed 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 hindrance and conformational changes of
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immobilized protein (Edwards et al. 1995). Biphasic kinetics could also be due to two distinct
populations of immobilized TrkA resulting from the coupling chemistry. However it seems
reasonable to accept the biphasic biosensor NGF-TrkA interactions, since they have been

previously observed for Trk-neurotrophin interactions (Meakin et al. 1992, Windisch et al. 1995a).

5.9 Previously Observed Biphasic Kinetics of the NGF-TrkA Interaction

In a previous study of the binding of NGF to TrkA MBP-fusion proteins (Windisch et al. 1995a),
complex biphasic association was noted, together with biphasic dissociation events. While
biphasic association of NGF for all TrkA recombinant proteins was observed for the exhaustive
biosensor study, no biphasic dissociation events were observed. The biphasic nature of the
dissociation observed by Windisch et al. (1995a), may be explained by rebinding events occurring
in the poorly stirred (gravity column) system in which the binding of radiolabeled NGF to
immobilized TrkA proteins, was conducted. Such rebinding events may have been eliminated in
the biosensor experiments, by a rapidly stirred environment in which the interaction of ligand and
receptor proteins took place. Complex association events for NGF and TrkA proteins have also
been reported previously (Meakin et al. 1992). The binding of NGF to TrkA expressed in COS

cells showed biphasic association, with two clearly distinct association rates.

5.10 Neurotrophins and Receptor Structure Influence Kinetics

The apparent differences between the binding of NGF to TrkA and of BDNF and NT-3 to their
respective receptors, may be due to differences in the neurotrophin residues involved in binding
to Trk receptors, as well as the overall differences in structures. While many different residues of
NGF, BDNF and NT-3 have been identified as having an influence on the binding of these
neurotrophins to their respective receptor (Ibanez 1996, 1998), unlike BDNF and NT-3, the N-
terminal residues 1-11 of NGF are important for the binding of NGF to TrkA (Mobley, unpublished
observations, Urfer et al. 1994, Ibanez 1996, Kullander et al. 1997, Ibanez 1998). In the structure
of the d5 domains of TrkA, TrkB and TrkC (Ultsch et al. 1999), a significant difference is
noticeable when compared to the co-crystal structure of NGF-d5 domain of TrkA (Wiesmann et
al. 1999, 2000).
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In the co-crystal, the N-terminal domain of NGF lies in a hydrophobic pocket in the N-terminal
region of d5 (Wiesmann et al. 1999, 2000). The same pocket in the d5 domain of TrkB is
hydrophilic and cannot accommodate the N-terminal residues of BDNF. The d5 domain of TrkC
has no binding pocket in which the N-terminal domains of NT-3 may bind. Thus it appears that
the N-terminal residues of NGF bind to the TrkA receptor, almost as a distinct (when compared to
BDNF and NT-3) region of the neurotrophin and well separated in distance from other amino
acids of the neurotrophins, identified as receptor binding (or influencing) residues (Ibanez 1996,
1998, Wiesmann et al. 1999, 2000, Banfield et al. 2001).

A recent survey of the structures of protein-protein interactions in co-crystals (Chakrabarti and
Janin, 2002), shows that contacts in which > 2000 A? of surface area is buried, indicates the
potential for structural changes upon the association of the binding partners. In the crystal
structure of NGF-TrkA d5, 2220 A? of surface area is buried. This, together with the high
temperature factors of the structures of the NGF (McDonald et al. 1991) and NT-3 (Butte et al.
1997) homodimers, suggest that structural rearrangements may occur upon the binding of
neurotrophin to Trk receptor. At the very least, a significant level of change must occur in the N-
terminal region of NGF, which is too flexible to be seen in the NGF homodimer structure

(McDonald et al. 1991), but is observed associated with the d5 domain of TrkA, in a co-crystal.

Biphasic binding of NGF to TrkA may result from an initial interaction of the N-terminal regions of
NGF with TrkA binding domains, followed by the interaction of other regions of the neurotrophin
with the receptor. Such an interaction would not occur for BDNF and NT-3 interactions with their
receptors. An interaction of NGF to TrkA should be seen as a bimodal event with a biosensor, if
such a binding of N-terminal, 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 significantly
to the loss or increase of binding affinity between protein binding partners. Electrostatic
interactions and hydrogen bonds contribute approximately 5 and 1 kcal of binding energy
respectively. At 25°C, a free energy change of only 1.4 kcal/mol corresponds to a ten-fold
increase in binding affinity. A free energy change of 7-12.6 kcal/mol, corresponds to a change in
affinity from 10° to 10° M (Orengo et al. 1999, Regenmortel 2001). Hence it is reasonable to
assume that even the loss of one hydrogen bond in the immobilization of the Trk proteins may
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dramatically influence binding of neurotrophin. However, despite the less than predicable nature
of the immobilization of Trk protein to biosensor surface, the inescapable hypothesis from the in
vitro kinetics data is that binding does occur to more than the d5 domain of each receptor.

5.11 Mass Transport and Biosensor Kinetics

In a study by Woo et al. (1998), a BlAcore instrument (BlAcore) was used to measure the
interaction of NGF with TrkA. No biphasic NGF-TrkA interactions were observed in this study.
Problems of mass transport, inherent with the BIAcore, were appreciated and assessed, however
the means of estimating the effects of mass transport were significantly different than those
presently employed (Myszka 1999, Lipshultz et al. 2000, Laich and Sim 2001). BlAcore ligate flow
rates are now typically 100 pl/min compared with 5 pl/min previously used. Consequently the
effects of mass transport may have been underestimated. Mass transport effects with the
BlAcore, have only recently been appreciated as contributing to erroneous assumptions of
molecular interactions and estimates of binding constants (Cook et al. 1997, Schuck 1997,
Myszka 1999, Lipshultz et al. 2000). It is quite conceivable that the equilibrium dissociation

constant measured by Woo et al. (1998), reflects contributions from mass transport effects.

Techniques been developed to estimate mass transport effects with the BlAcore. These methods
are quite different from those used to estimate mass transport effects in the study by Woo et al.
(1998). Unlike the microfluidic liquid flow cells of the BlAcore, the |Asys biosensor is a stirred cell
and as such, mass transport effects are considered to pose less of a potential problem in the
estimate of macromolecule binding constants (Glaser 1993, Schuck 1996, Schuck and Minton
1996, 19973, b, Cook et al. 1997, Schuck 1997, Myszka 1999, Lipshultz et al. 2000). It has been
calculated that the stirred cell environment of the |Asys biosensor, corresponds to a flow rate of 8-

10 ml/min in a BlAcore biosensor (Dr. Eric Hnath, Affinity Sensors, personal communication).
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5.12 Biphasic and Monophasic Kinetics Observed by Biosensor

While the BlAcore study showed monophasic binding kinetics, the 1Asys study shows that the
interaction of NGF with the recombinant extracellular TrkA domain is biphasic. Biphasic binding
kinetics was also observed in a study of the binding of NGF to TrkA (Windisch et al. 1995a).
Similarly, biphasic interactions have been observed in in vivo binding of NGF to TrkA, expressed
on the surface of COS cells (Meakin et al. 1992).

These results point to the in vitro kinetics of the interaction between NGF and TrkA proteins,
observed in this biosensor study, being similar to those observed in vivo. If the interaction of NGF
with TrkA data is reliable, then the interaction between BDNF and the TrkB proteins observed in
this study may also be correct. These results suggest that there is a fundamental difference
between the interaction kinetics of NGF-TrkA and of BDNF-TrkB.

5.13 Biosensor Kinetics and Accuracy of Data:

Qualitative Protein-Protein Interaction Analysis with Biosensors

Equilibrium dissociation constants determined for the interactions of NGF with the recombinant
TrkA proteins expressed for this study (Table 4.2 through Table 4.14), are insufficiently accurate
to make clear distinctions between the effects of deletions of different residues on the binding to
the LRR domains of the receptor (Tables 4.2 through 4.8). Similarly, no distinction may be made
for the binding of BDNF to the TrkB recombinant LRR domain proteins (Table 4.15 through Table
4.22). Rather this study has established that neurotrophins interact with both LRR and Ig-like
domains of the Trk receptors (Table 4.2 through Table 4.25, Figure 4.11, Figure 4.14, Figure
4.17).

The use of biosensors to demonstrate the interactions between molecules, without an extensive
determination of the binding constants involved by repeated measurement (i.e. n >1), is well
established. An example of such a methodology is found in the demonstration of the specific
interaction between the eukaryotic initiation factors, elF4A and elF4B in yeast (Dominguez et al.
1999).
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In a previous study of the interactions of domains of TrkA and TrkB with NGF and BDNF
(Windisch et al. 1995a), no great differences could be established in the binding of neurotrophins
to different LRR domains. Hence, any attempt to obtain equilibrium dissociation constants for the
interactions, from multiple measurement of any given neurotrophin-Trk protein interaction, would
ultimately prove unsuccessful. Because of the large errors associated with biosensor
measurements of binding constants, multiple measurements of each Kp, would not serve to
establish fundamental differences in neurotrophin affinity by any given receptor domain. Rather, a
single set of stringently controlled measurements of the interaction between immobilized Trk
proteins and their respective neurotrophin, was utilized to determine if interactions actually occur
and to establish equilibrium dissociation constant for each interaction (Table 4.2 through Table
4.25).

5.14 The Second TrkA LRR Domain and Ligand-binding

It is interesting that the synthetic peptide representing the second LRR domain of TrkA (LRR2)
exhibited biphasic kinetics on binding NGF. An NMR study of this peptide showed it to be all
random coil (Prof. Viadimir Basus, UCSF, personal communication) and from the binding
constants it is possible to hypothesize that the binding of NGF might follow an induced fit model,
with initially weak binding of the neurotrophin, followed by an increased affinity for NGF
subsequent to, or concurrent with, a structural change in the peptide or NGF. From the biosensor
study it appears that the affinity of this peptide for NGF is approximately 33% of that exhibited by
the complete LRR domain and 20% of that of the full-length extracellular domain of the TrkA
receptor. The LRR domain expressed in E coli has an affinity for NGF that is lower than that for
the intact extracellular domain. Hence, unlike the conclusion of the previous study (Windisch et al.
1995), it cannot be reasoned that the LRR2 is the unique binding domain of TrkA for NGF.

5.15 TrkB and TrkC Biosensor Kinetics

All TrkB proteins have a single equilibrium dissociation constant with values from ~ 9 nM to ~ 20
nM (Table 4.22, Figure 4.14). The fact that these constructs have equilibrium dissociation
constants similar to those obtained for the extracellular domain of TrkB expressed on the
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surfaces of whole cells engenders considerable confidence in the validity of the biosensor kinetics

measurements for all three receptor proteins studied.

It might be expected that dissimilar techniques used to measure equilibrium dissociation
constants for the Trk receptors might lead to some differences in their values. However, it would
seem unreasonable to see differences of one to two orders of magnitude, unless some real

differences in the binding kinetics is being measured, or the experimental technique is invalid.

Additionally, similar biosensor kinetics results for the recombinant TrkB and TrkC extracellular
domains to those obtained in in vivo binding studies, suggest that the means of immobilizing the
recombinant proteins to the biosensor surface, had little or no affect on the ligand-binding activity
of the recombinant proteins (Tables 4.15 through 4.25, Figure 4.14, Figure 4.17). Unlike the
synthetic LRR2 of TrkA, the same LRR2 peptides of TrkB and TrkC both show higher affinity for
their respective neurotrophin; similar to that exhibited for the entire extracellular domain of the two
receptors (Table 4.15 and Table 4.23, Figure 4.14, Figure 4.17). An NMR spectrum of the TrkB
peptide showed a significant level of secondary structure in the form of short a-helix connected by
random coil. These two peptides show only monophasic ligand-binding and it may be speculated
that the high affinity binding of BDNF to the TrkB LRR2 is a consequence of the observed
secondary structure of this peptide. It seems reasonable to conjecture than the TrkC LRR2 must
have similar secondary structure to that of the TrkB peptide and does not resemble the random
coil nature of the TrkA peptide. Kinetics data for the three synthetic LRR2 peptides suggests that
this region of the three receptors is a binding “hot spot” for neurotrophin on the Trk surfaces.

A summary of the equilibrium binding constants obtained by different methodologies is presented
in Table 4.26. One possible explanation for the differences between the measured binding
constants, as determined by different in vivo and in vivo measurement, may be found in the effect
that the ionic strength of the buffer used in an experiment may have on the measured Kp. The
equilibrium dissociation constants observed for the interactions of NGF and BDNF with TrkA and
TrkB respectively, using the IAsys Biosensor and also reported for the BIAcore study of the TrkA
Ig-like domain (Robertson et al. 2001), are approximately an order of magnitude higher than
observed by other means. Measurements of the association rates of the neurotrophins with their
respective receptor appear to be markedly affected by the ionic 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, implying the importance of electrostatic interactions

in the neurotrophin-receptor interaction. A BlAcore biosensor study of the Thrombin-
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Thrombomodulin interaction (Baerga-Ortiz et al. 2000) and for complement C4bC2 formation
(Laich and Sim 2001) demonstrate the dramatic effect that solution ionic strength may have on
protein-protein interactions in which electrostatics play a role. As small an increase as 50-100 mM
in the buffer ionic strength, can readily change the equilibrium dissociation constant of a protein-
protein interaction by an order of magnitude, or more. Hence, relatively small 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 differences in measured values for the

dissociation constants.

5.16 An Hypothesis of Receptor and Ligand Interaction

Hypotheses of the interactions of the neurotrophins with the Trk receptors may be formulated
from the results of the kinetics experiments of this study. In particular, the interaction of the
neurotrophins with both the LRR and Ig-like 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 possibility of neurotrophin binding to both domains simultaneously or binding to either single
domain. The attendant consequence of either situation is a mixed receptor population at the cell
surface; that is, at any given time, some fraction of the receptors will have neurotrophin bound to

the LRR while some will have neurotrophin bound to the Ig-like domain.

What the biological consequences of this situation might be is open to speculation. For example,
binding of neurotrophin might initially occur to the Ig-like domain followed by movement to the
LRR domain; subsequent actions initiated by this event, such as conformational change of the
receptor, may lead to receptor-ligand internalization or intracellular events such as
phosphorylation and intracellular signaling.

An experiment designed to test the binding of NGF to the LRR while inactivating the binding
activity of the Ig-like region of the intact extracellular 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 binding of neurotrophin to the two-
candidate ligand-binding domains of the Trk receptors.
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5.17 Multivalency and Structure Changes of Receptor and Ligand

While the kinetics of ligand-binding to the Trk receptors suggests a mechanism 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 interaction may
be made based on the binding of neurotrophin to two domains of the receptors. Neurotrophins
may be considered to be multivalent ligands in that are able to undergo some structural change
upon receptor binding. Because of the structural differences between the LRR and Ig-like
domains, it is unlikely that the regions of the neurotrophins that bind to them are located in the
same area of the ligand molecule. If this premise is correct, then the neurotrophins are multivalent

ligands that bind to multivalent receptors.

From mutational analysis of neurotrophins, it appears that a large proportion of the surface of
neurotrophins may interact with respective receptors (Neet and Campenot 2001). Hence it is
reasonable to interpret the kinetics observed in this study as the binding of neurotrophin to the

receptor LRR and Ig-like domains through different regions of the ligand molecule.

Additional support for neurotrophin structural changes being responsible for the biphasic binding
observed for the TrkA receptor and monophasic binding 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
binding to the TrkA receptor, NGF undergoes structural changes that are observed as biphasic
association kinetics. BDNF and NT-3 both exhibit monophasic association kinetics, suggesting
that these molecules 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 neurotrophin is structurally constrained and

does not undergo domain movements upon dissociation.

Small synthetic peptides of less than 20 amino acids have been shown to exhibit biphasic kinetics
when associating with a large enzyme molecule (Eto et al. 1999). These kinetics are interpreted
as structural changes of the interacting molecules. Given that the TrkA synthetic peptide shows
biphasic kinetics, while the TrkB and TrkC peptides both show monophasic association, it may be

reasonable to conclude that neurotrophin domain movement provides a reasonable explanation
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for the observed kinetics for all three receptors. A study of the interaction of Trk proteins with
neurotrophins under conditions of varying ionic strength, suggest that domain movements do
occur with NGF, BDNF and NT-3. It is probable that the domain movements of NGF are rapid and
significant, compared with those for BDNF and NT-3.

A possible resolution to the confusion in ligand-binding domain assignment for Trk receptors and
subsequent biological effects may be found in the “ligand paradox” (Kenakin and Onaran 2002).
Studies of ligand-binding to the histamine H2 and other receptors show that ligand affinity and
biological consequence (efficacy) need not be related (Ruffolo et al. 1979, Ganellin and Durant
1981, Ruffolo and Waddell 1983, Black 1996, Hestermann et al. 2000). This paradox can be
explained on the basis of heterogeneity in receptor tertiary conformations. Since proteins are
subject to constant local and regionally independent unfolding reactions (Woodward et al. 1982,
1993), different ligand-binding domains with dissimilar pharmacological consequences may
result. Hence it is possible for a ligand to bind with nM affinity to a receptor domain but elicit no
biological consequence, such as phosphorylation or internalization. Conversely a ligand with uM
affinity for a particular region of the protein may produce such events (Kenakin and Onaran
2002).

Receptor function is more reasonably assigned to a probabilistic model of protein conformations.
Thus the receptor function arises as a consequence of ligand-induced perturbation of the
distribution of conformational states over conformational space (Kenakin and Onaran 2002). With
this model the possibility of neurotrophin independently binding to the LRR and Ig-like domains,
when expressed on the surfaces of cells becomes possible. Various biological and physical
events may expose different regions of the Trk receptor to neurotrophin binding. Binding of
neurotrophin to the LRR domain may produce completely different biological consequences to
neurotrophin binding to the Ig-like domain. Hence, binding of neurotrophin to each of these
different domains may or may not cause reception dimerization, phosphorylation or
internalization, each event being completely independent consequences of ligand and domain
interactions. Isolated domains expressed as MBP-fusion proteins may thus each bind
neurotrophin without showing inhibition of phosphorylation in cell based assays. Binding of
neurotrophins to Trk receptors thus may not be so readily determined by receptor
phosphorylation and internalization studies.
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5.18 The Effect of Charged Residues on Neurotrophin-Receptor Interactions

Charged residues have been shown, by mutagenisis studies, to affect the binding of NGF and
GDNF to p75 (Urfer et al. 1994, Panayotatos et al. 1995, Ryden and Ibanez 1996, Ibanez 1998).
Long range electrostatic forces are probably important in recruiting limiting quantities of
neurotrophic factors available in vivo and localizing them at the cell membrane (Ibanez 1998).
Replacement of positively charged residues by alanine, can eliminate binding of NGF and GDNF
to p75 (Ibanez 1998). The co-crystal structure of TrkA d5 and NGF showed that regions of NGF
interact with d5. Of particular importance are Arg 103, which is conserved in all neurotrophins
(Wiesmann et al. 1999, 2000), His 4 and Arg347.

Since these charged residues play a role in the interaction of NGF with a single TrkA domain, it is
reasonable to speculate that interactions with the region, C-terminal to d5 and other receptor
domains, may also be influenced by charged residues in both neurotrophin and receptor. The
dramatic affect on the binding of neurotrophin to receptor with different salt concentrations,
demonstrate the effect of charged residues on the interactions of NGF and BDNF with their
respective receptor.

5.19 Interactions 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 1988), it is possible to postulate how the
binding of neurotrophin to Trk receptors may be influenced by the intracellular domain of the
receptors and accessory proteins. In this model, ligand free receptors have no affinity for an
intracellular accessory protein. A monovalent intracellular domain accessory protein may cause
aggregation of receptors with the consequent binding of neurotrophin. If the mobile Trk receptors
bind a multivalent accessory protein, receptor aggregation can occur with the subsequent binding
of a multivalent ligand. The affinity of the accessory protein for the complex will determine the
probability of receptor-ligand interaction. A multivalent accessory protein has in this model, a
higher avidity for receptor aggregates than for single receptors. Obviously, the converse scenario
is equally plausible, that is, multivalent neurotrophins may cause the binding of a multivalent
accessory protein.
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Studies of the interactions of NGF, p75 and TrkA on cell surfaces (Ross et al. 1996, Wolf et al.
1998) have shown that the extracellular domain of TrkA is sufficient for interaction with p75. Both
the transmembrane and intracellular domains of the receptor however have a significant influence
on the interaction with p75 and the binding of NGF (Ross et al. 1996). Such results suggest that
the high equilibrium dissociation constants measured by in vivo methods, may differ considerably
from the equilibrium dissociation constants for recombinant proteins in which the intracellular
domain of the proteins are absent. Furthermore, phosphorylation of multiple intracellular sites,
influences the mobility (Wolf et al. 1998) and hence possibly, the binding of NGF to the receptor.
In conclusion, all studies of the Trk receptors to date, point to a complex chain of events in the
binding of neurotrophin to receptor. This interaction is influenced in many unknown ways, both by
extracellular and intracellular proteins and their role in the Trk receptor-neurotrophin interaction
remains to be clarified.

Recently, several new proteins that interact with the intracellular domain of TrkA and p75 have
been identified. The protein ARMS has been shown to interact with significant affinity with both
p75 and TrkA intracellular domains (Kong et al. 2001). Proteins such as ARMS may be able to
associate with both p75 and TrkA, forming the proposed ternary complex, resulting in high affinity
receptors or changes in receptor populations differing in their active conformations (Lindstrom-
Lang and Schellman 1959, Kenakin 1996).

An hypothesis resulting from this study, is that both neurotrophins and their receptors have
bivalent binding properties (Table 4.2 through Table 4.25). In vivo studies of the aggregation of
neurotrophin, p75 and TrkA on the surface of cells (Ross et al. 1996, Wolf et al. 1998), suggests
that NGF and the low and high affinity neurotrophin receptors, display behavior consistent with
the bivalent nature of a ligand and receptor. NGF has been shown to associate with TrkA on the
surface of cells, resulting in decreased mobility of the receptor with respect to mobility displayed
in the absence of neurotrophin. In addition, p75 has been shown to aggregate with TrkA in the
presence and absence of NGF (Ross et al. 1996). It is conceivable that a multivalent NGF ligand,
achieves its high level of affinity, when measured in vivo, by binding to the receptor through more
than one binding region on single Trk receptors. Such neurotrophin cross-linked receptors may
result in a high affinity binding between ligand and receptor; higher than observed in biosensor
studies. A consequence of this interaction would be formation of aggregates of the Trk receptor
on the cell surface, with consequent loss of receptor mobility.
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The results from the IAsys biosensor study, suggests a hypothetical mechanism of neurotrophin
interaction with the Trk receptors. Consistent with the observed interaction of p75 and Trk
receptor (Huber et al. 1995, Ross et al. 1996, Ross et al. 1998, Bibel et al. 1999); neurotrophin
bound to the p75 receptor is passed to either the LRR or Ig-like receptor domain, followed by
translation of the neurotrophin to the second neurotrophin binding region with consequential
biological activity. Such a mechanism may account for the difference in the orientation of
neurotrophin binding, with respect to the cellular membrane, suggested from theoretical models
of p75 (Chapman and Kuntz 1995, Shamovsky et al. 1999) and of the orientation of NGF
observed in the crystal structure of NGF bound to the C-terminal Ig-like domain of TrkA
(Wiesmann et al. 1999, 2000). If passage of NGF from p75 to the LRR domain of the Trk receptor
occurs first, it is possible that the orientation of NGF may be changed. In this reaction, the NGF
molecule oriented with the N and C terminals towards the cell membrane is rotated, such that the
ligand N and C terminals orient away from the membrane when bound to the LRR. Passage of
NGF from the LRR to the Ig-like domain of TrkA could then occur with the attendant NGF
orientation observed in the X-ray crystallography study (Wiesmann etal. 1999, 2000).
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Figure 10.1 Hypothetical models for the interaction of the Extracellular Domains of Trk
Receptors with Neurotrophins.

A number of models for the interaction are possible, all of which account to some degree,
for reported in vivo and in vitro experimental results. In Models (a) and (b), the
neurotrophin interacts exclusively with the Ig-like and LRR domains respectively, as
observed for these two receptor regions in the IAsys biosensor study. It is believed that in
vivo, p75 recruits neurotrophins and presents them to the Trk receptor, before the
homodimer of the receptor forms, as depicted in these models. In model (c), the
neurotrophin interacts with both Ig-like and LRR domains upon binding to the Trk
receptor. It is also possible that the Trk receptors may exist as a cell surface mixture of
models (a) and (b). In addition it is also conceivable that binding of neurotrophin occurs
initially as depicted in Model (a) before a movement of bound neurotrophin from the Ig-
like domain to the LRR domain, resulting in Model (b). It is quite probable, that
intracellular accessory proteins may pay a significant role in neurotrophin-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 models.

5.20 Trk Receptor Ligand-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 ligand-binding “hot spots” of the Trk receptors, include both the
d4 and d5 Ig-like domains and N-terminal regions encompassing the LRR domain. Further, these
regions participate in neurotrophin binding and activation of Trk receptors. It is believed that the
d5 domain is the main site binding cf NGF, BDNF and NT-3 (Wiesmann et al. 1999, 2000,
Saragovi and Zaccaro 2002). The d4 site may, in some as yet undetermined fashion, bind
neurotrophins, but act as an inhibitory site (Saragovi and Zaccaro 2002). The LRR domain also
mediates NGF-TrkA functionality, but is postulated to do so in vivo, only when p75 is co-

expressed on a cell surface (Zaccaro et al. 2001, Saragovi and Zaccaro 2002).

It is postulated that ligands bound to the activation “hot spots,” are likely to be functional as
agonists or antagonists of the Trk receptor and as such will assist in the screening and
characterization of neurotrophin mimetics (Saragovi and Zaccaro 2002). Ligands that bind to d5,

may be agonistic, while ligands that bind d4 may serve as antagonists of neurotrophin receptor
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activity (Saragovi and Zaccaro 2002). Ligands that bind to the N-terminal LRR domains in the
presence of p75, may serve to regulate receptor activity (Saragovi and Zaccaro 2002).

As with other models of neurotrophin interaction with its low and high affinity 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 receptor on binding neurotrophin. In 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 within the LRR domain. However,
this same antibody (provided by Prof. Uri Saragovi, McGill University) readily and explicitly
detects the LRR domain in all MBP-LRR proteins (Figure 2.22). Hence, if the model 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 resulting from the

experiment is incorrect in some fashion.

5.21 Summary

In summary, the biosensor study shows that neurotrophins, at least in vitro, bind to the Trk
receptors in multiple domains and not just the Ig-like 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. Instrument and protein limitations prevented a more
detailed examination of the binding events much beyond the establishment of multiple
neurotrophin binding domains. Binding to LRR and Ig-like domains in all three Trk receptors, is
unaffected by temperature and appears to be real, at least within the limitations of the
experimental system.

To conduct a more extensive study, namely repeated binding assays for each Trk protein utilized
in the study, would not have been more informative. In an earlier study Windisch et al. (1995a),
found that the standard deviation for 3-4 repeated experiments was in the range of 16-36% for
the equilibrium dissociation constants. Multiple repeated binding experiments for a typical
biosensor study, have errors of 20-40%, far exceeding the experimental error range necessary to
determine accurately, binding differences between Trk receptor domains. The IAsys biosensor,
while quite suitable for screening the interaction of biomolecules, shows significantly high

standard deviations for repeated kinetics analysis. For example, the interaction of Rad51A with
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DNA has been measured and reported with an error range of ~ 40% for 4 repeated experiments
(De Zutter and Knight 1999).

The error range of the experiments does not permit a differentiation of the equilibrium dissociation
constants between the bimodal interaction phases of the NGF interactions with the TrkA proteins.
In addition, establishing the binding constants by in vitro assay is unlikely to provide a real
measure of association, dissociation and equilibrium binding constants for Trk receptors at the
membrane surface of neuronal cells in the human brain. Many complex issues are involved in
interpreting in vivo binding from in vitro assays.

In vivo measurement has established that the equilibrium dissociation constants for the
interactions of neurotrophins with their respective receptor, is within the range of 10°to 10" M
(Sutter et al. 1979, Cohen et al. 1980, Schechter et al. 1981, Bernd and Greene 1984, Layer and
Shooter 1983, Hosang and Shooter 1985, Woodruff and Neet 1986, Godfrey and Shooter 1986,
Kaplan et al. 1991, Klein et al. 1991, Soppet et al. 1991, Rodriguez-Tebar et al. 1992). The
biosensor study has established equilibrium dissociation constants for the interactions of
neurotrophins with different domains of their receptors that range in value from approximately 3 to
25 nM. These values are 2 to 3 orders of magnitude higher than those measured in vivo.
However, they are similar to measurements made for the interaction of NGF with the extracellular
domain of TrkA (Woo et al. 1998). In a biosensor study of the interaction of NGF with the Ig-like
domain of TrkA, a Kp of 11.8 nM was reported (Robertson et al. 2001), however, since no
experimental details and no error estimate were given for the reported Kp itisimpossible to make
a direct comparison between the data collected in the two studies. Many complex issues are
involved in interpreting in vivo binding using an in vitro assay. Simple and often unknown changes
in solution ionic strength have been shown to have dramatic influences on protein-interactions
(De Crescenzo et al. 2000, Laich and Sim 2001) and hence direct comparison between

experimental techniques and results is difficult at best.

The measurements of the interaction of the recombinant Trk proteins and their neurotrophins in
this study were made in vitro. These data may not accurately reflect real affinity constants of the
Trk-neurotrophin 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 immunoblobulin-like domain of both TrkA and TrkB both bind NGF and BDNF

respectively. If binding of neurotrophins to the LRR and Ig-like 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 from many

previous neurotrophin-receptor interaction studies (Neet and Campenot 2001).

Two crystal structures of NGF bound to a single Ig-like region of TrkA have been produced to
date (Wiesmann et al. 1999, 2000, Robertson et al. 2001). One structure of BDNF bound to the
Ig-like region of TrkB has also been reported (Banfield et al. 2001). These structures do not prove
that other regions of the Trk receptors interact with neurotrophins (Neet and Campenot 2001). A
significant consequence of neurotrophin binding to both LRR and Ig-like domains of the Trk
receptors, is that crystallization of fragments of proteins in complex 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

dynamic movement of neurotrophin between the LRR and Ig-like domains of the receptor.

NGF has a motif consisting of residues Val-48, Pro-49 and GIn96, situated in the top B-loop,
together with a second motif consisting of residues Pro-5 and Phe-7 situated in the proximal part
of the N-terminus. Together, these domains form two topographically distinct regions of NGF that
have been shown to determine receptor specificity and activation (Kullander et al. 1997). The -
loop residues do not make any physical contacts with the d5 domain of TrkA in the NGF-d5
structure (Wiesmann et al. 1999, 2000). The residue, Phe-7 of NGF has been predicted to show a

stereochemical fit to a domain of the LRR domain of TrkA (Kullander et al. 1997).

It is possible that these two distinct motifs bind to the LRR domain and the Ig-like domain of TrkA,
but it is not possible to assign an NGF binding motif to either receptor domain. Specificity of NGF
interactions with TrkA may well be determined by at least two distinct regions of NGF (Kullander
etal. 1997).

The biosensor study showed that the LRR domain of TrkA, TrkB and TrkC, bind their respective
neurotrophin with similar affinity and kinetics as the entire extracellular domain of the receptors
(Table 4.2 through Table 4.25, Figure 4.11, Figure 4.14, Figure 4.17). It cannot be concluded,
based upon cell competition studies 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
neurotrophins on the surface of the receptors. It is possible for as few as 3 amino acids of a
peptide to confer nM affinity for a receptor (Horwell 1995). However, since the binding affinity of
the synthetic peptides is significantly weaker than the full-length LRR, it would appear that the
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appropriate amino acids for nM affinity to the Trk receptor may not be contained in the 24 residue
peptides.

No inhibition of cell survival was observed in a cell competition study using the synthetic peptides.
The study appeared to show that the binding of neurotrophin to the ligand “hot spot” has no
biological consequences. Conceivably, the observed binding of the LRR2 domain of the receptors
to the neurotrophin actually represents the interaction of a small charged molecule (free of steric
hindrance of the secondary and tertiary structure of the ED), to the neurotrophins. If this is indeed
the situation, then the null results of the cell survival study with these peptides is more readily
understandable.

The IAsys biosensor study of neurotrophins binding to their respective receptor showed that
complex binding phenomena may occur in the interaction of neurotrophins with Trk receptors. A
2-binding site model has to be considered, as was found for the dimeric HGH and EPO receptors,
that have two ligand-binding sites (Saragovi and Zaccaro 2002). An alternative model is that
proposed for the TGF-beta type Il interactions. In this case Trk and p75 would be receptor
subtypes having overlapping ligand-binding sites at adjacent positions on the ligand surface
(Saragovi and Zaccaro 2002).

It is essential that in vivo data take precedence in the interpretation of in vitro data, when
investigating biological phenomena. The best designed biophysical experiments, must take into
account any relevant biological experiments in explaining observed data and in formulating
hypotheses. To this end, the observed biphasic nature of NGF to TrkA receptors, expressed on
the surfaces of cells (Meakin et al. 1992), the monophasic binding of BDNF to TrkB receptors in
cell based assays (Dechand et al. 1993) and the absence of binding of BDNF to isoforms of TrkB
lacking the LRR domain (Ninkina et al. 1997), must be taken into account when interpreting the
kinetics of neurotrophin binding 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 importance of the LRR domain in neurotrophin binding to their receptors.

As described above, no model for the binding of neurotrophins to their low and high affinity
receptors is able to fully explain all the observed interactions in the many in vivo and in vitro
studies that have been undertaken. Without exception, each model posses as many problems for

the interpretation of the receptor-ligand interaction as it professes to explain. Hence the models
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described in this thesis are only concepts in a pathway of discovery that will undoubtedly involve
many iterative and novel approaches. Much more research and reflection will be needed for a full
understanding of the Trk receptors and the interactions with their ligands.

If the development of therapies for Alzheimer’s, Parkinson’s and other neurodegenerative
diseases is the goal, then the design of small molecule agonists and antagonists of the
neurotrophins and their receptors remains an unfulfilled vision. While progress has been made in
the understanding of the Trk-neurotrophin interactions and of the structures of these molecules,
the design of small molecule mimics of the neurotrophins has, by comparison, been relatively
measured. It remains to be seen if the screening of combinatorial chemical libraries, a
pharmaceutical industry approach, together with the design of cyclic peptides and the production
of monoclonal antibodies to receptors and ligands, the academic laboratory approach, will in time
succeed in the elucidation of appropriate small molecule therapies for neurodegenerative
diseases and cancers (Saragovi and Burgess 1999). If indeed the neurotrophins bind to two
distinct domains on the receptor surface and if the receptor interaction domains on the
neurotrophin are spatially distinct, then it seems unlikely that a single small molecule mimic of
neurotrophin action is possible. Rather, it seems more likely that a cocktail of small molecules
may offer the ultimate goal of a neurotrophin like molecule, sufficiently small enough to cross the

blood-brain barrier.
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Appendix I
Sequences of the Trk Receptors and Neurotrophins
A number of recombinant TrkA, TrkB and TrkC proteins were engineered for expression in
bacteria and yeast. Listed below are the amino acid sequences for all mammalian Trk species

expressed and for the neurotrophins. All Trk and neurotrophin sequences are from the Swiss
Protein Data Bank (SwissProt).
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Appendix 11

Based upon predicted average hydrophobicity and secondary structure, neurotrophin primary
structure is divided into distinct regions 1 through V1 1. These regions are illustrated below, based
upon the primary structure of rat NGF (lbanez et al. 1991). Regions VI and V11 are the N and C

terminal regions respectively of the neurotrophins.
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Appendix III

Molecular Weights of MBP-fusion Proteins

The molecular weight of MBP is ~ 42700 Daltons

TrkA MW Daltons
LRR2 45410
LRR 51019
C1LRR12 53253
LRR23C2 53437
C1LRR 60781
LRRC2 57341
Ig1+lg2 67028
C2lg1+ig2 84484
ED 85086

TrkB MW Daltons
C1LRR 61521
LRRC2 57025
C1LRRC2 62545
Ig1+1g2 68883
ED 87336

TrkC MW Daltons
ED 87370
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Appendix 1Iv

Charged Residues on the surfaces of Neurotrophins

NGF, BDNF and NT-3, produced with Grasp software (Nichols et al. 1991), show considerable
differences in charge distribution on the surfaces of the proteins. From an NMR' study of the two
peptides, the TrkA peptide is all random coil, while the TrkB peptide has significant a-helical
secondary structure. It is possible that the dissimilar kinetics displayed by the two peptides, arises
from the difference in charge distribution on the surfaces of the neurotrophins, as well as the

solution structure of the peptides.

Figure 1A Charge distribution on the surface of NGF.

Above is shown the Grasp determined charge distribution on the surface of an NGF monomer,
determined from the homodimer structure of NGF, (McDonald et al. 1991). Positive charges are
depicted in blue, while negative charges are shown in red. In order to make a direct comparison
of the charge distributions on the surfaces of all three neurotrophins, the charge distribution was
plotted with a color range of -5 for negative charge to +5 for the positive charge. Each
neurotrophin is displayed with the N-terminus oriented to the lower left and the dimer interface to
the right.

' Spectra collected by Vladimir Basus , Department of Pharmaceutical Chemistry, UCSF.
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Table 1A Charged Residues on the Surface of NGF.

Positively Charged Negatively Charged

25 Lys 11 Glu
32 Lys 16 Asp
34 Lys 24  Asp
50 Arg 30 Asp
57 Lys 35 Glu
59 Arg 41 Glu
69 Arg 55 Glu
74  Lys 65 Glu
88 Lys 72  Asp
95 Lys 72  Asp
100 Arg 84 His
114 Arg 93 Asp
115 Lys 94 Glu

105 Asp

Figure 2A Charge distribution on the surface of BDNF monomer; modeled from an BDNF/NT-3

heterodimer structure (Robinson et al. 1995).
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Table 2A Charged Residues on the Surface of BDNF.

Positively Charged Negatively Charged

25
26
41
46
50
57
65
69
73
74
75
81
88
95
96
97
101
104
112
116

Lys
Lys
Lys
Lys
Lys
Lys
Lys
Arg
Lys
Arg
His
Arg
Arg
Lys
Lys
Arg
Arg
Arg
Thr
Lys

14 Asp
24  Asp
30 Asp
40 Glu
55 Glu
66 Glu
106 Asp
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Figure 3A Charge distribution on the surface of NT-3 modeled from the homodimer structure of
NT-3 (Butte et al. 1997).

Table 3A Charged Residues on the Surface of NT-3.

Positively Charged Negatively Charged

24  Lys 10 Glu
31 Arg 14  Glu
49  Lys 15  Asp
56 Arg 17  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 105 Asp
100 Arg

103 Arg

114  Arg
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