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NT-3 binds to TrkC (5). NT-3 can also bind TrkA and
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Nerve growth factor (NGF) is involved in the devel-
pment and maintenance of the nervous system and
as been implicated as a possible therapeutic target
olecule in a number of neurodegenerative diseases,

specially Alzheimer’s disease. NGF binds with high
ffinity to the extracellular region of a tyrosine kinase
eceptor, TrkA, which comprises three leucine-rich
otifs (LRMs), flanked by two cysteine-rich clusters,

ollowed by two immunoglobulin-like (Ig-like) do-
ains. We have expressed the second Ig-like domain

s a recombinant protein in E. coli and demonstrate
hat NGF binds to this domain with similar affinity to
he native receptor. This domain (TrkAIg2) has the
bility to sequester NGF in vitro, preventing NGF-
nduced neurite outgrowth, and in vivo, inhibiting
GF-induced plasma extravasation. We also present

he three-dimensional structure of the TrkAIg2 do-
ain in a new crystal form, refined to 2.0 Å reso-

ution. © 2001 Academic Press

Key Words: NGF/TrkA; binding domain; X-ray struc-
ure; Alzheimer’s disease,

Nerve growth factor (NGF) is one of a family of
eurotrophins involved in the development and main-
enance of the peripheral and central nervous systems.
he other members include brain-derived neurotrophic

actor (BDNF), neurotrophin-3 (NT-3) and NT-4. All
he neurotrophins bind to a common receptor p75NGFR

1). Each neurotrophin also binds to one of a homolo-
ous family of tyrosine kinase receptors: NGF binds to
rkA (2), BDNF and NT-4/5 bind to TrkB (3, 4) and

1 To whom correspondence should be addressed. Fax: 0117 928
137. E-mail alan.robertson@bristol.ac.uk.
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rkB with reduced affinity (6).
Although the overall three dimensional structure of

he TrkA extracellular region is unknown, distinct
tructural motifs in the sequence have been character-
sed (7). The Trk extracellular domain comprises three
andem leucine rich motifs (LRM), flanked by two cys-
eine cluster regions, followed by two immunoglobulin-
ike (Ig-like) domains. The three-dimensional structure
f the second Ig-like domain, TrkAIg2, has recently
een determined to 2.5 Å resolution in tetragonal space
roup P41212. The structures of the equivalent do-
ains in TrkB and TrkC were also presented (8). How-

ver, all of these structures are strand-swapped dimers
n which the N-terminal A-strand of each molecule is
eplaced by the equivalent strand of a symmetry-
elated mate. In this form, none of these Ig-like do-
ains bound their respective neurotrophin ligands.
rkAIg2 also adopts a monomeric fold, and it is this

orm which is present in the crystal structure of the
rkAIg2-NGF complex (9). In this study, a complex was
rstly formed between TrkAIg1,2 and NGF. However,
ver the time it took for the crystals to appear, the
rkAIg1,2 had been proteolysed to separate TrkAIg1

rom TrkAIg2, and the resulting crystals contained a
omplex consisting of a homodimer of NGF and two
opies of TrkAIg2. Although this complex clearly dem-
nstrates the surfaces of TrkAIg2 that interact with the
eurotrophin, from the observed association it is un-
lear whether this domain of TrkA alone accounts for
ll of its contacts with its ligand.
This uncertainty is supported by a range of studies

hat have implicated a variety of Trk receptor surfaces
n interactions with the neurotrophins. Data from

indisch et al. (10–12) suggested that the second LRM
s responsible for NGF binding, whereas other studies
0006-291X/01 $35.00
Copyright © 2001 by Academic Press
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confirm the observations from the crystal structure
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hat the Ig-like domains of the Trk receptors are cen-
ral to ligand binding and receptor activation. By cre-
ting chimeric Trk receptors, swapping different TrkA
omains for those on either TrkB or TrkC, Pérez et al.
13) concluded that both of the Ig-like domains are
mportant for the binding of NGF to TrkA. Similar
ork done by Urfer et al. (14) indicated that the second

g-like domain closest to the transmembrane-spanning
egion (TrkAIg2) provides the main contacts for specific
eurotrophin binding, as observed in the crystal struc-
ure. Indeed, expression of a TrkC receptor consisting
f only the second Ig-like domain and the tyrosine
inase domain, was sufficient for NT3 induced auto-
hosphorylation. We have previously reported expres-
ion of recombinant TrkAIg1,2 consisting of both the
g-like domains of TrkA. This protein was sufficient to
ind NGF with a similar affinity to that of TrkA ex-
ressed on cells, could inhibit NGF induced neurite
utgrowth of PC12 cells (rat pheochromocytoma cells)
nd NGF induced plasma extravasation in vivo (15).
To further clarify the regions of TrkA responsible for

ts interactions with NGF, in this study we report a
omparative analysis of NGF binding to truncated
orms of the TrkA receptor. In addition to the TrkAIg1,2

onstruct we have previously described, we have now
lso produced a further truncated form which consists
f amino acids 285–413, encompassing only the second
g-like domain of TrkA (TrkAIg2, previously defined as
53–375), and the region that links TrkAIg2 to the
embrane. These studies confirm that the second Ig-

ike domain is the major contributor to NGF binding,
nd that single-domain recombinant forms of TrkA are
apable of binding NGF with high affinity and inhibit-
ng the biological activity of NGF in vitro and in vivo.
hese results support the feasibility of exploiting
ingle-domain truncated forms of TrkA as therapeutics
unctionally capable of sequestering NGF and evoking
iological responses. In addition, we have also deter-
ined the three dimensional crystal structure of this
rkAIg2 construct to 2.0 Å resolution. Although this
runcated form of TrkAIg2 crystallises in a different
pace group to the structures previously reported for
imilar domains from TrkA, TrkB and TrkC, it also
orms strand-swapped dimers. This is surprising as the
ecombinant form prepared in this study, unlike those
escribed previously, binds NGF with high affinity. As
he neurotrophin binding surface is occluded in the
imer. These data indicate TrkAIg2 is capable of dy-
amic transitions between active monomer and inac-
ive dimeric forms. Although it is unclear whether this
ropensity to form strand-swapped dimers is main-
ained in the full-length receptor, transitions of this
ind illustrate a potential mechanism for molecular
witching between active and inactive forms of surface
eceptors.
132
Cloning, expression, refolding, and purification of the Ig-like do-
ains. As the design of these constructs preceded availability of

he truncated TrkA crystal structures, assignment of the Ig-like
omain boundaries utilised the PredictProtein software (16) and
ethod described previously (15). The TrkAIg1,2 protein was cloned

nd expressed as described (15). The PCR product of pET15b-
rkAIg1,2 amplified with primers oligo10693 (CCGATCTCGAGT-
ATCATTCGTCCTTCTTCTCCACCGGGTC) and oligo66816 (ATC-
TATGCCGGCCAGTGTGCAGCT) was cloned into pET15b result-

ng in pET15b-TrkAIg2. TrkAIg2 was expressed in E. coli BL21 cells
ransformed with the above plasmid as previously described (15).
his construct comprises residues 253–375 of the mature protein,
nd additionally has a further 21 residues at the NH2-terminus
hich constitute the histidine expression tag and associated throm-
in cleavage sequence.
The harvested cells were resuspended in 10% glycerol, frozen at
70°C and the pellet was passed 3 times through a XPress. The

xtract was then centrifuged at 10,000 rpm, 4°C for 30 min to pellet
he insoluble inclusion bodies. The inclusion bodies were then
ashed in 500 ml 1% (v/v) Triton X-100, 10 mM Tris–HCl pH 8.0, 1
M EDTA followed by 500 ml 1 M NaCl 10 mM Tris–HCl pH 8.0, 1
M EDTA and finally 10 mM Tris–HCl pH 8.0, 1 mM EDTA. The

nclusion bodies were then solubilised in 20 mM Na phosphate, 30
M Imidazole, 8 M Urea pH 7.4 and clarified by centrifugation

efore loading on a 5 ml HisTrap column (Pharmacia). The column
as washed with 50 ml 20 mM Na phosphate, 30 mM Imidazole, 8 M
rea pH 7.4 and the purified TrkAIg2 eluted with 25 ml 20 mM Na
hosphate, 300 mM Imidazole, 8 M Urea pH 7.4.
The purified TrkAIg2 protein was adjusted to a concentration of 0.1
g/ml in 20 mM Na phosphate, 30 mM Imidazole, 8 M Urea pH 7.4,
mM b-mercaptoethanol and dialysed against 20 mM Tris–HCl, 50
M NaCl, pH 8.5 (2 3 100 volumes). The dialysed protein was

oaded onto a 1.6 ml Poros 20HQ column and eluted with a linear
radient of 0.025–1 M NaCl over 20 column volumes.

Competitive binding assay. Purified recombinant human NGF
as radioiodinated with 125I using a lactoperoxidase method and
tilised in equilibrium binding studies with [I125]-NGF as previously
escribed (17). The binding assay used 0.23 nM [I125]-NGF, unlabeled
uman NGF (concentration range: 1026 M to 1 3 10211 M), TrkAIg1,2

concentration range: 4 3 1026 to 1 3 10211 M), and TrkAIg2 (con-
entration range 5 3 1026 to 1 3 10211 M) as previously described (15).

Surface plasmon resonance using BIACore. TrkAIg2 was immo-
ilised on a CM5 sensor chip by crosslinking the amine groups
ccording to the manufacturer’s instructions. NGF in the concentra-
ion range 1 3 1029 to 5 3 1026 M or BDNF at 1 3 1026 M passed over
t a flow rate of 20 ml/min. Data collected were analysed using
IAevaluation 3.0.

ELISA. The ELISA method has been described previously (18).
riefly, TrkAIg1,2 in Coat I Buffer (50mM NaHCO3, pH 9.6, 0.1%

w/v) NaN3) was plated onto 96-well plates and incubated overnight
t 4°C. Wells were emptied and 100ml Coat II (1% (w/v) BSA in Coat
) added to each well. After 2 h at 4°C, the plate was washed three
imes with Wash Buffer (50 mM Tris–HCl, pH 7.2, 200 mM NaCl,
.1% (v/v) Triton X-100, 0.1% (w/v) NaN3, 0.25% (w/v) gelatin). NGF
0–200 nM) was incubated at room temperature for 10 min with 2
M TrkAIg2 in Sample Buffer (1% BSA (w/v) in Wash Buffer) in a

otal volume of 50 ml. This was then added to the plate and incubated
t room temperature for 1 h and washed as above. Anti-bNGF–b-
alactosidase conjugate (Boehringer Mannheim) was then added
1:40, 50 ml per well), the plate incubated at RT for 2 h and washed
s above. The assay was then developed by addition of 50 ml 200 mM
-methyl umbelliferyl galactoside (4-MUG) in 100 mM Na phos-
hate, 1 mM MgCl2, pH 7.3. After 20 min, the fluorescent product,
-methylumbelliferone was measured using a fluorometer at excita-
ion wavelength 364 nm, emission wavelength 448 nm.



t
l
l
s

c
m
s
c
t
w

i
o
c
T
c
v
(

c
u
c
R
f
b

m
b
c
g
s
t
D
(

u
p
l

CNS (22) (using data 40–2.0 Å at all stages), with iterative cycles of
m
a
a
a
s
M
l

R

C

u
b
f
i
fi
2
t
a
a
t
f
p
T
T
t
r
s
a
I
t
d
s
w
r
s
(
P
m
t

N

f
a
p
p
t
a
t
t
a
t
T

TABLE I

R
N
R
C
R
I
R

N
N

A

S

Vol. 282, No. 1, 2001 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
Circular dichroism. CD spectra were recorded at room tempera-
ure on a Jobin Yvon CD6 instrument using a cuvette of 0.5-mm path
ength at a protein concentration of 40 mM. Ten scans were accumu-
ated with a scan speed of 0.5 nm/s. Spectra were averaged and the
mall signal arising from the buffer was subtracted.

Inhibition of neurite outgrowth of PC12 cells. Rat adrenal pheo-
hromocytoma (PC12) cells were first cultured in DMEM supple-
ented with 5% fetal calf serum, 10% horse serum, 1% penicillin/

treptomycin and 2 mM glutamine. Each dish contained 2 3 104

ells, 2 ng/ml human NGF and serial dilutions of TrkAIg2 (concen-
ration range: 2.5 3 1026 to 1.56 3 1027 M). Controls included wells
ithout TrkIg2 and also wells with and without NGF.

Inhibition of plasma extravasation. Plasma extravasation exper-
ments used anaesthetised male Wistar rats (200–350 g) as previ-
usly described (15). For coinjection experiments, all skin sites re-
eived 100 ml (i.d.) of either NGF (8 pmol) or Tyrode (with or without
rkA-Ig1,2 or TrkIg2). For pretreatment experiments, skin sites re-
eived 100 ml (i.d.) of either TrkA-Ig1,2 or TrkAIg2 (24 or 80 pmol) or
ehicle at 25 or 240 min. These sites then received 50 ml (i.d.) NGF
8 pmol) or Tyrode at start of accumulation period (0 min).

Structure determination. Expressed and purified protein was ex-
hanged into 5 mM Bis-Tris buffer, pH 6.5, 0.1% sodium azide by
ltrafiltration, and concentrated to 10 mg/ml. Initial crystallisation
onditions were identified from commercially available screens (19).
efinement of these conditions produced diffraction quality crystals

rom a 1:1 mix of protein solution with 100–300 mM NaCl solution
uffered with 100 mM Na citrate, pH 4.6–4.8.
Prior to data collection, crystals were cryoprotected by soaking in
other-liquor supplemented with glycerol. To maintain crystal via-

ility, crystals were progressively soaked for 10 min in glycerol
oncentrations of 5, 10, 15, and 20% before being washed in 25%
lycerol and immediately flash-frozen in a liquid nitrogen cold
tream. X-ray data for these crystals were collected on station X11 at
he EMBL-Hamburg outstation, DESY storage ring, to 1.93 at 100K.
ata were processed with DENZO and scaled with SCALEPACK

20). A summary of data collection is presented in Table I.
The structure of TrkAIg2 was solved by molecular replacement

sing AmoRe as implemented in CCP4 (21), and a monomer of the
reviously determined P41212 form (with the swapped-strand de-
eted from the model (PDB:1WWA)). The structure was refined with

Summary of Crystallographic Data Statistics for TrkAIg2

TrkAIg2 data

esolution range (Å, data collection) 40–1.9 (1.99–1.9)
umber of unique reflections 11 819
edundancy 7.2 (5.7)
ompleteness (%) 99.9 (99.7)
merge (%) 4.1 (23.3)

/s(I) 43.2 (4.4)
efinement
Resolution range (Å) 40–2.0 (2.09–2.0)

Rcryst (%) 23.7 (25.5)
Rfree (%) 27.6 (28.9)

rsmd, bond lengths (Å) 0.016
rsmd, bond angles (°) 1.74
umber of non-hydrogen protein atoms 838
umber of solvent sites 34 (1 glycerol and 33

water molecules)
verage B value (Å2)
Main chain 44.1
Side chain 46.5

olvent molecules 51.35
133
odel building performed with O (23). 10% of the reflections were
llocated for the Rfree calculation (24). Six cycles of rebuilding
nd refinement lowered Rcryst and Rfree to current values of 23.7
nd 27.7%, respectively. A summary of refinement statistics is
hown in Table I. The Ramachandran plot (25) as calculated with
OLEMAN2 reveals only 3 outliers, with 97% of non-glycyl residues

ying in the core regions as described in Kleywegt and Jones (26).

ESULTS

loning and Expression of the Ig-like Domains,
TrkAIg1,2 and TrkAIg2

Secondary structure analysis of the Ig-like regions
sing PredictProtein (16) showed defined stretches of
-strands. TrkAIg2 has now been confirmed to adopt a
old similar to the I-set immunoglobulin domains, both
n the work described here and by other studies. The
rst Ig-like domain, TrkAIg1, comprises residues 160–
52 in the mature extracellular domain of TrkA, while
he second, TrkAIg2 consists of residues 253–349. An
lternatively spliced form of TrkA, containing a six
mino acid insert in the proline rich domain (C-
erminal to TrkAIg2), VSFSPV, shows a higher affinity
or NT3 and therefore may be important for neurotro-
hin binding (27). This sequence is also found in rat
rkA and a similar sequence is found in the chicken
rkA. There is also an insert of polar residues in all of
he TrkB sequences (28). It is likely that this proline
ich region may contribute to ligand binding and/or
pecificity and was therefore included in the TrkAIg1,2

nd TrkAIg2 constructs. The DNA encoding the second
g-like domain was amplified by PCR and ligated into
he T7 expression vector pET15b (Novagen). After in-
uction the protein was found to be expressed in inclu-
ion bodies as with TrkAIg1,2 (15). The Trk proteins
ere refolded by dialysis to remove the denaturant and

educing reagent. Subsequently, the different folded
tates were resolved by ion exchange chromatography
Fig. 1A). TrkAIg2 elutes in three peaks and SDS–
AGE revealed that all three were of the expected
olecular weight. The most likely explanation is that

he refolding resulted in different conformations.

GF Binding Properties of the Ig-like Domains

To determine which of the protein fractions eluting
rom the Poros 20HQ column contained NGF binding
ctivity, two methods were used: an ELISA and a com-
etitive binding assay. For the ELISA, TrkAIg1,2 was
lated on a 96-well plate to which different concen-
rations of NGF, pre-incubated with TrkAIg2, were
dded. An anti-NGF b-galactosidase conjugate was
hen added and the fluorescence measured after addi-
ion of substrate (Fig. 2A). The competitive binding
ssay makes use of A875 cells (29), which express only
he p75NGFR receptor, to bind [I125]-NGF. The competing
rkAIg domains were incubated with the cells and the
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mount of cell-bound NGF was determined. The first
eak eluting from the Poros 20HQ column for TrkAIg2

as the only one to bind NGF in the competitive bind-
ng assay. Circular dichroism (Fig. 1B) of the active
rkAIg2 shows a minimum at 218 nm and a maximum
ear 200 nm. This is typical of anti-parallel b-sheet
tructures, which display a negative Cotton effect with
minimum near 218 nm and a positive effect with a
aximum at around 195 nm (30). Similar results have

een reported for other immunoglobulin domains (31)
nd for TrkAIg1,2 (15). The TrkAIg2 showed a 40%
eduction in fluorescence by ELISA at 200 nM NGF.
imilar results were obtained by the competitive bind-

ng (data not shown). Thus it seemed likely that the
rkAIg2 was responsible for the NGF binding attrib-
ted to TrkAIg1,2 (15). Receptor binding with A875 cells

FIG. 1. (A) Elution profile of TrkAIg2 (solid line) using ion excha
aCl (dotted line). (B) Circular dichroism spectrum of TrkAIg2. The
134
hows that there is a threefold difference in the IC50 for
rkAIg2 binding to NGF compared to TrkAIg1,2 (Fig.
B). This results in a KD for this interaction of 9.9 nM.
he KD for the interaction between TrkAIg1,2 and NGF
as previously been shown to be 3.3 nM (15). Data from
urface plasmon resonance indicate that the expressed
rkAIg2 binds NGF with a KD of 11.8 nM (Rmax 5 309,
d(1/s) 5 8.66 3 1024; ka(1/Ms) 5 7.32 3 104) which is

n agreement with the KD of 9.9 nM from the compet-
tive binding data. Since the KD of ectopically ex-
ressed TrkA binding to NGF in mammalian cells was
hown to be between 0.1 and 1.0 nM (32, 33) our results
ndicate that the major contributor to NGF binding is
o be found within TrkAIg2. In addition, we found that
DNF at 1 mM did not bind to TrkAIg2 (data not
hown), indicating that TrkAIg2 is specific for NGF.

chromatography (Poros 20HQ) with a linear gradient of 0.025–1 M
lecular ellipticity (theta) as a function of wavelength.
nge
mo
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rystal Structure of TrkIg2

The TrkAIg2 construct used in this study crystallised
n space group P4322, with a single molecule in the
symmetric unit. The final model described here spans
esidues 285 to 388 of the TrkAIg2 sequence, with the
rst three residues at the N-terminus (labelled 282–
84 in the model) derived from the uncleaved histidine-
ag sequence of the expressed construct. A schematic
epresentation of the monomer is shown in Fig. 3.
wenty-five additional residues present on the C-ter-
inus in the prepared construct were not observed in

he electron density. The model contains 34 solvent
olecules (1 glycerol, and 33 water molecules).
In this new crystal form, TrkAIg2 adopts the same

-set immunoglobulin domain topology previously de-

FIG. 2. NGF binding properties of the Ig-like domains: (A) Bind-
ng of NGF to TrkAIg1,2 in ELISA competition with NGF alone
triangles), or TrkAIg2 (open circles). (B) Receptor binding assay with
875 cells. Inhibition of [125I]-NGF binding by TrkAIg1,2 (closed cir-
les) and TrkAIg2 (open circles). Complete displacement by 1 mM cold
GF indicated as straight line.
135
1 1

rotein forms a strand-swapped dimer, with the NH2-
erminal A strand of each molecule forming part of the
old of the adjacent monomer (Fig. 3). In the P4322
rystals there is a single monomer in the asymmetric
nit, with the dimer being generated by one of the
-fold crystallographic axes. The P4322 monomer over-
ays on each of the two monomers of the P41212 form
ith a root mean square (rms) deviation of 0.75 and 0.6
, respectively (based on the 95 equivalent Ca posi-

ions of residues 285–379). Similarly, the arrangement
f the respective dimers is comparable, with an overall
ms deviation of 0.79 Å (based on a simultaneous over-
ay of residues 285–379 from each monomer of the two
imers). This overlay is illustrated in Fig. 3.
As described previously for the P41212 crystal form,

n the P4322 crystals the TrkAIg2 domain consists of
wo beta sheets, formed from strands ABED and CFG,
espectively. In each monomer the A strand is contrib-
ted from the adjacent polypeptide chain, with resi-
ues 295–297 forming a short crossover region between
he two domains of the dimer. There is a single disul-
hide bond in each domain (Cys 300OCys 345), ex-
osed on the protein surface and linking the B and E
trands from the same sheet. An overlay of the P41212
nd P4322 crystal structures (Fig. 3) shows there is a
ingle region in which the two structures differ sig-
ificantly—residues 378 to 386 at the carboxy-termi-
us where the chain exits and extends away from the
onfines of the Ig-domain. The construct used in this
tudy includes residues from the proline-rich region
hich connects the Ig domains to the membrane, and
s mentioned above, most of these residues are disor-
ered within the crystal lattice. Localised crystal con-
acts most likely give rise to the differing conforma-
ions of this region in the two crystal structures. The
bserved conformations of these regions in the two
rystal lattices may not reflect biologically relevant
orms in the intact receptor.

This further structure of a truncated form of TrkA
onfirms the propensity of the TrkAIg2 domain to form
trand-swapped homodimers. TrkAIg2 is unable to
ind neurotrophins in this form as the face that makes
ontact with NGF in the crystal structure of the
rkAIg2:NGF complex is buried within the dimer. Also,
he conformation of the A–B turn and the A-strand in
omodimeric TrkAIg2 are not consistent with the for-
ation of an TrkAIg2:NGF complex (illustrated in Fig.

). Nonetheless, the recombinant form of TrkAIg2 used
n this study was specifically isolated using gel-
ltration, after refolding, as a monomer. The aggrega-
ion state has been further examined using ultracen-
rifugation which confirms this species exists in
quilibrium as a mixture of monomers and dimers
data not shown). The protein is active in binding stud-
es, an indication of a monomeric state. In total, these
ata do not suggest dimerisation is an artefact of the
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rotein from inclusion bodies. It seems more likely that
nteractions between the A-strand and the remainder
f the isolated domain are inherently weak, such that
t the high protein concentrations used for crystallisa-
ion a strand-swapped dimer is energetically more sta-
le than two monomers. In addition to the extensive
nterchain contacts provided through the strand swap-
ing, dimerisation buries 1018 Å2 of surface area be-
ween the two domains. The majority of this surface
rea is provided by hydrophobic groups (719 Å2, as
alculated in QUANTA) implying an entropic advan-
age for dimer formation. Crystal structures of meta-
table, strand-swapped forms of the NH2-terminal do-
ain of CD2 have previously been described (34) and

oncentration-dependent transitions between inter-
wined forms of CD2 have also been demonstrated (35).
he CD2 NH2-terminal domain and TrkAIg2 are both
ingle immunoglobulin superfamily domains derived
rom multidomain receptors but expressed in isolation.
t is unclear whether this mode of oligomerisation can
ake place in the respective intact receptors, where
eighbouring domains may limit transitions of this
ype. Both studies illustrate a potential limitation in
he exploitation of recombinantly truncated protein
roducts for functional studies.

nhibition of NGF-Induced Neurite Outgrowth
in Vitro

PC12 cells express both p75NGFR and TrkA and dif-
erentiate in the presence of NGF, displaying a neuro-
al phenotype forming neurites (36). Addition of
rkAIg2 shows inhibition of NGF-induced neurite
utgrowth, suggesting that TrkAIg2 sequesters NGF,
hus preventing its binding to the cellular receptors
Fig. 5).

nhibition of NGF Induced Plasma Extravasation
in Vivo

Intradermal injection of NGF stimulates plasma ex-
ravasation, causing oedema formation (37, 38). We
ave previously shown that TrkAIg1,2 can inhibit NGF-

nduced plasma extravasation in vivo (15); here we
xamined the ability of TrkAIg2 to do the same (Fig. 6).
hen mixed and co-injected with 8 pmol NGF, 24 pmol

rkAIg1,2 and 80 pmol TrkAIg2 antagonise the effect of
GF (P 5 0.01, n 5 6 and P , 0.001, n 5 4–8 respec-

ively as assessed by ANOVA with Bonferroni’s post-
est when compared to sites receiving NGF alone)
Figs. 6A and 6B). To investigate the ability of
rkAIg1,2 and TrkAIg2 to antagonise NGF in vivo, skin
ites were pre-treated by intradermal injection of ei-
her TrkAIg1,2, or TrkAIg2. NGF was given (i.d.) 5 or 40
in later. Pre-treatment of the site with TrkAIg1,2 and
rkAIg2 showed that after 5 min, 24 pmol TrkAIg1,2
136
2

GF. After 40 min both TrkAIg1,2 and TrkAIg2 still had
significant effect only at 80 pmol (P , 0.05, n 5 4 and
, 0.001, n 5 3) (Figs. 6C–6F). Neither of the TrkAIg

roteins induced plasma extravasation when injected
lone at any doses used. Both proteins failed to inhibit
lasma extravasation induced by the neurokinin NK1

gonist GR73632, a NGF-independent mediator of
edema formation. These results clearly indicate that
rkAIg2 can act selectively to bind to and inhibit the
iological action of NGF in vivo.

ISCUSSION

The loss of cholinergic function in the basal fore-
rain, associated with memory loss, is one of the ear-
iest changes in Alzheimer’s disease. NGF is a potent
eurotrophic factor for forebrain cholinergic neurones
nd promotes the survival and differentiation of sym-
athetic and sensory neurones during development
39, 40). In animal models it has been shown that
dministration of NGF corrects the effects of cholin-
rgic atrophy in aged (41) or lesioned animals (42–47).
he success with animal studies prompted similar
tudies with patients suffering from Alzheimer’s dis-
ase (48, 49). Administration of purified mouse NGF
esulted in increased cerebral blood flow, reduced slow-
ave EEG activity and nicotinic cholinergic receptor
ensity and although clear cognitive amelioration
ould not be shown, slight improvements in the results
f neuropsychological tests were observed. This treat-
ent, however, requires expensive, invasive surgery,

s NGF cannot cross the blood-brain barrier. This will
imit the number of sufferers who could be treated and
herefore a long-term solution would be the generation
f small molecule agonists able to mimic the trophic
ctions of NGF.
Structure-based drug design of small molecule ago-

ists of NGF relies on knowledge of the interaction of
GF with the receptor, TrkA, whereas the random

creening approach requires a target molecule. It is
herefore essential to identify the domain of TrkA re-
ponsible for NGF binding and receptor activation.
Several studies have attempted to define such do-
ain(s). Thus, a fusion protein consisting of maltose

inding protein and the second LRM of TrkA has been
hown to bind NGF with a similar affinity to the entire
xtracellular domain of TrkA, and a peptide corre-
ponding to the second LRM of TrkA blocked NGF
inding to TrkA (10, 11). The second LRM of TrkB has
een shown to bind BDNF, NT3 and NT4/5 but not
GF (11, 12). Naturally occurring TrkB variants lack-

ng two or all three LRMs do not bind BDNF, NT3 or
T4/5 (50). However, further analysis of the role of
RMs in neurotrophin binding revealed that deletion
f the LRMs from TrkA does not abolish TrkA auto-
hosphorylation but does change the differentiative
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henotype in neurotrophin responsive cells, resulting
n loss of the high affinity NT3 but not NGF binding
51).

Other evidence suggests that binding of the neuro-
rophins to their high affinity Trk receptors is medi-
ted predominantly through interaction with the Ig-

FIG. 3. (A) Schematic representation of the TrkAIg2 monomer, w
verlay of the dimeric forms of TrkAIg2. In green/cyan is the previo
escribed here. Figure prepared with MOLSCRIPT (52) and RASTE

FIG. 4. Ca-trace stereoview of the TrkAIg2:NGF complex (NGF m
onomer is omitted for clarity. Shown overlaid on the TrkAIg2 monom

cyan). Residues from the “swapped-strand” are shown as dots in bot
onformation of the A–B turn in the homodimeric TrkAIg2 form are no
nd RASTER3D (53).
137
ike domains. Transiently transfected cells expressing
himeric proteins, in which both Ig-like domains of
rkB were replaced with those of TrkA, are able to
ind NGF with the same affinity as cells expressing
ild type TrkA (13). Similar results were obtained by

eplacing the same domains in TrkC with those of

the beta-sheets that make up the Immunoglobulin fold labelled. (B)
determined P41212 crystal form, and in blue/red is the P4322 form

D (53).

omers in green/blue, TrkAIg2 monomer in red). The second TrkAIg2

are the coordinates of one half of the TrkAIg2 strand-swapped dimer
rkAIg2 structures. Both the position of the swapped strand and the
nsistent with NGF binding. Figure prepared with MOLSCRIPT (52)
ith
usly
R3
on
er

h T
t co
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rkA (14). Furthermore, this group showed that ex-
ression of truncated TrkA and TrkC receptors, con-
isting of only the second Ig-like domain and tyrosine
inase domain, was sufficient for specific neurotrophin
inding and for phosphorylation of the truncated TrkC
y NT3.
Recently the structure of NGF bound to the TrkAIg2

omain has been elucidated (9). The structures of

FIG. 5. PC12 cells neurite outgrowth assay. (A) Untreated PC12
ells grown in the presence of 2 ng/ml NGF and TrkAIg2 at 5 mM (C
138
rkAIg2, TrkBIg2 and TrkCIg2 have been published
8) and all form strand-swapped dimers. These pro-
eins were therefore biologically inactive. For the co-
rystallisation study (9) TrkAIg1,2 was mixed with
GF and the subsequent crystals revealed that
rkAIg1 domain had been proteolysed away leaving
nly the TrkAIg2 domain bound to NGF. This data did
ot therefore show definitively that TrkAIg2 on its own

s. (B) PC12 cells grown in the presence of 2 ng/ml NGF. (C–F) PC12
.25 mM (D), 0.325 mM (E), 0.039 mM (F), and 0.009 mM (G).
cell
), 1
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an bind to NGF. We have previously shown that the
g-like domains of TrkA, expressed as recombinant
rotein can bind NGF with a similar affinity to that of
he native receptor, expressed on the cell surface (15).
he data we present here shows conclusively that
rkAIg2 binds NGF with an affinity similar to that of
he entire extracellular domain. We have produced
rkAIg2 as a recombinant protein and have deter-
ined its structure, confirming it as an I-type immu-

FIG. 6. Plasma extravasation with NGF injected. Inhibition of p
rkAIg2 (B). Inhibition of plasma extravasation with 5 min pret
xtravasation with 40 min. pretreatment with TrkAIg1,2 (E) and Trk
) TrkAIg1,2 (closed square) (B, D, and F) TrkAIg2 (closed square). Fo
4 pmol TrkAIg1,2 (C and E) and with 24 pmol TrkAIg2 (F) is shown
139
oglobulin domain that forms a strand-swapped ho-
odimer under the crystallisation conditions used.
lthough it remains unclear whether strand-swapping
an occur in the intact TrkA extracellular domains, if
his was the case dimerisation could act as a molecular
witch regulating the binding activity of the receptor.
sing a combination of the results from these binding

tudies and the crystal structures of the TrkAIg2 do-
ains available, we aim to utilise TrkAIg2 as a target

ma extravasation with increasing concentration of TrkAIg1,2. (A) or
tment with TrkAIg1,2 (C) and TrkAIg2 (D). Inhibition of plasma
2 (F). Vehicle (open circle), GR73632, 30 pmol (triangle). (A, C, and

omparison, the response induced by 8 pmol 7S NGF coinjected with
the filled bar.
las
rea
AIg
r c
by
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olecule NGF analogues.
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