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Abstract

The neurotrophins are growth factors that are involved in the development and survival of neurons. Neurotrophin release
by a target tissue results in neuron growth along the neurotrophin concentration gradient, culminating in the eventual
innervation of the target tissue. These activities are mediated through trk cell surface receptors. We have determined the
structures of the heterodimer formed between brain-derived neurotrophic fB&diF) and neurotrophin 4NT4), as

well as the structure of homodimer of NT4. We also present the structure of the Neurotrophin 3 homodimer, which is
refined to higher resolution than previously published. These structures provide the first views of the architecture of the
NT4 protomer. Comparison of the surface of a model of the BDNF homodimer with the structures of the neurotrophin
homodimers reveals common features that may be important in the binding between the neurotrophins and their
receptors. In particular, there exists an analogous region on the surface of each neurotrophin that is likely to be involved
in trk receptor binding. Variations in sequence on the periphery of this common region serve to confer trk receptor
specificity.

Keywords: crystallography; nerve growth factor; receptor

Brain-derived neurotrophic factoiBDNF; Barde et al., 1982 although NT3 can also interact with both trkA and trkC, albeit with
originally purified from pig brain, neurotrophin \NT3; Maison-  lower affinities than with trkC. During development, neurotro-
pierre et al., 1990 and neurotrophin 4NT4; Ip et al., 1992, phins act as target-derived factors, attracting neurons to appropri-
discovered through homology cloning, together with nerve growthate tissues. By limiting the concentrations of neurotrophin, the
factor (NGF; Levi-Montalcini, 1987, constitute a family of struc- target tissue regulates the number of innervating neufoss
turally and functionally related proteins known as the neurotro-viewed in Johnson & Oppenheim, 1994utocrine mechanisms,
phins. The neurotrophins are responsible for the maintenancat least in the case of BDNfDavies & Wright, 1995, are also
proliferation, and differentiation of subsets of neurons bearing speknown to contribute to the stability of some neurons.
cific tyrosine kinase receptors, the trkseviewed in Barbacid, The trk receptors are modular, single-pass membrane proteins
1995. Trk activation by neurotrophins, possibly mediated by di- consisting of an N-terminal signal peptide followed by a cysteine-
merization of the trk receptors, promotes neuron survival througtrich domain, three leucine-rich motifs, a second cysteine-rich do-
the negation of programmed cell deatbavies, 1994 Ligand main, two immunoglobulin-like domains, a transmembrane domain,
specificity is such that both BDNF and NT4 activate trkB, NGF a juxtamembrane domain, a kinase domain, and a C-terminal tail
interacts with trkA, and NT3 is the preferred partner for trkC, (reviewed in Barbacid, 1995The C-terminal immunoglobulin-
like domain and the second leucine-rich motif have been impli-
Reprint requests to: Robert Robinson, Structural Biology Laboratory,ca_ted_ in direct interaction Wlt_h neurotrophifigrfer e.t al., 1995;_
The Salk Institute, 10010 North Torrey Pines Road, La Jolla, CaliforniaWindisch et al., 1995 There is, however, some evidence of dif-
92037; e-mail: bob@sbl.salk.edu. ferent modes of BDNF and NT4 binding to trkB, as a mutant trkB
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(bearing the single mutation C345S in the extracellular C-terminakcids that participate in the hydrophobic contacts tend to be con-
immunoglobulin-like domaincan be activated only by BDNfp served throughout the neurotrophin family. The crystal structure of
et al.,, 1993 TrkB and trkC may exist in several isoforms, as the BDNF'NT3 heterodimefRobinson et al., 1995lemonstrated
nonkinase containing cDNA clones have been identified. It haghe NGF protomer fold is typical of the neurotrophin family mem-
been suggested that these variant molecules may play a role ivers and established that the neurotrophin protomers are structur-
recruiting neurotrophins either for subsequent activation of fullally compatible as stable heterodimers. Here, we present the structure
length trk receptors or for clearance from body flui@arbacid, of a second stable neurotrophin heterodimer, BPNF, and the
1995. homodimeric structure of NT4. We also report the structure of the
A second receptor, p75, which shows no kinase activity, is alsdNT3 homodimer at a resolution of 2.15 A, which is at a slightly
able to interact with the neurotrophins. p75 has been implicated imigher resolution to that previously published 2.3 A structi@ette
retrograde transport of NT4 in dorsal root gandi@urtis et al., et al., 1998. These new structures detail the first view of the NT4
1995. Loss of p75 binding affects receptor activation for cells protomer structure and invite comparison of the BDNF, NT3, and
expressing both p75 and trkB in response to NT4, but not to BDNANT4 protomer structures from different dimer molecular environ-
(Rydén et al., 1995 Contrary to this, p75 knockout mice appear ments. From the analysis of the surface features of the neurotro-
to have a normal responsiveness to NT4, with effects limited tophins, we provide new structural insight into the receptor binding
NGF-sensitive neurond_ee et al., 1994 of these ligands, each of which is responsible for binding to both
Besides existing as homodimers, the neurotrophins, at least ia common and a specific receptor.
vitro, are capable of existing as heterodiméRadziejewski &
Robinson, 1998 The existence of neurotrophin heterodimers in
vivo has yet to be established; however, preliminary experiment&esults
have shown that co-expression of neurotrophins in several differ-
ent cell lines has resulted in neurotrophin heterodimer productiorstructure determination
(Jungbluth et al., 1994; Heymach & Shooter, 19%5eling the
speculation for a role for neurotrophin heterodimers in vivo. NGF,
BDNF, NT3, and NT4 have all been shown to form heterodimers, A - i
although those that involve NGF tend to be relatively less stableMent resulted in an unambiguous solution. The present BDNF

reverting back to their respective homodiméRadziejewski & NT4 model consists of residues 8-116 in BDNF and residues
Robinson, 1998 12—-63 and 69-130 in NT4. It was not possible to interpret electron

density corresponding to residues 64—68 in NT4 or for the termi-

probed in the case of BDNNT3, which was reported to be 10- nal regions of either protomer. Similarly, the NT3 model is com-
fold less active in neuronal survival assays than &B0mixture of prised of reS|due§ 11-41, 48-59, and 67113, the NT4 homodimer
BDNF and NT3 homodimer&Jungbluth et al., 1994 In an ap- molecule 1 of residues 13—44, 52-102, and 108-124 and molecule

parently conflicting report, the BDNINT3 heterodimer was found 2 of residues _12__64’ 69_193’ and 106-126. Interestingly, _Iack of
to be as active as single parent homodimers in similar neuronzﬁleetron density in loop regions correlates extremely well with the

survival assay$Arakawa et al., 1994 The reconciliation of these gbgenge of crystal contacts.in these regiohig. 3; Tgblg 2{

data may lie in that distinct, but overlapping, subpopulations ofindicating that the conformations of these loops are intrinsically
neurons are responsive to BDNF and NT3, and, indeed combindiexible and only stabilized in the presence of crystal contacts. In
tions of neurotrophins may have additive survival effects, renderih€ NT4 electron density maps, no extra elect‘ron' denS|ty. was
ing the control experiments incompatible in each study. The/NGFfounOI to accommodate the receptor mimetic peptld_e, hence, itwas
NT4 heterodimer has been shown to produce neuronal differentiatiof'lssurnecl to not have bound. W_her_e electron density is observable
in PC12 cells as effectively as NGFreanor et al., 1995To date In the models, the electron density is good throughout the length of
no biological activity studies for the BDNNT4 heterodimer have the main chain of all the models, a'tho%lgh poorin the region 52-55
been reported. Such studies may be particularly illuminating, a®f NT4 from the BDNFNT4 heterodimer with a break in the

the functions of BDNF and NT4 are both mediated through trkB._m""in'(:h‘"‘in dgnsitﬁla level) at Thr53._ In th_is regiom52_—53 a_nd
The biological role of neurotrophin heterodimers in vivo is un- " several regions from each model in which the main-chain tem-

certain. If the neurotrophin heterodimers are significantly less acberature factors rise above 66 fTable 1, the general direction of

tive than their parent homodimers, as reported by Jungbluth et af® Main chain is unambiguous; however, the peptide plane orien-

(1994, then neurotrophin heterodimers may act in a neurotrophintations may be ill determined. No residues lie in disallowed regions
dominance switching mechanistRobinson et al., 1995In the  °f the Ramachandran plots of these structures.
intermediate stages, when a cell changes production from one
neurotrophin to another, the major neurotrophin would sequest
the minor one as the less active heterodimer, sharpening the switc
between neurotrophins. Alternatively, if neurotrophin heterodimersThe common fold of the BDNF, NT3, NT4, and NGF protomers
prove to be of similar activity to their parent homodimers, the (McDonald et al., 1991; Holland et al., 1994; Butte et al., 1998
existence of heterodimers may simply reflect promiscuity amongcomprises eighB-strands that contribute to four antiparallel pairs
the neurotrophins. of twistedB-strandg(Fig. 1). This extended structure is locked by
The three-dimensional crystal structure of N@fcDonald etal.,  a cystine kno{McDonald & Hendrickson, 199%Formed by three
1991; Holland et al., 1994revealed a pair of eighB-stranded  disulfide bonds. Molecular superposition of BDNF, NT3, and NT4
protomers each held together, in part, by a distinctive cystine knotdetermined from different molecular complex@&able 3; Fig. 1
The extended dimer interface consists mainly of main-chain—-mainreveals the common structural scaffold with the structural varia-
chain hydrogen bonds and of hydrophobic interactions. The amintions being displayed in loop regions of low sequence similarity

Details of the crystals, data collection statistics, and refinement
statistics are recorded in Table 1. In each case, molecular replace-

The biological activity of neurotrophin heterodimers has been

he common fold of the neurotrophins
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Table 1. Summary of crystal, data collection, and refinement statistics for BDINE, NT3, and NT4 models

BDNF/NT4 NT3 NT4

Space group P2,2,2 P2,2,2 P2

Cell a=50.7,b=105.9,c = 51.8 A a=38.3,b=523,c=67.7A a=43.8,b=50.8,c=53.0A
a=pB=y=90 a=B=vy=90 a=y=90B=109.4

Asymmetric unit 1 Heterodimer 1 Protomer 1 Homodimer

Bragg spacing 20.00-2.75 A 20.00-2.10 A 20.00-2.35 A

Reflection$ 7,858 7,414 8,334

% Date 98 82 93

Rimerge 0.060 0.047 0.031

RM 19.8 23.8 235

R-free® 27.9 30.2 33.6

Nonhydrogen atoms 1724 719 1621

Ordered waters 52 53 49

RMSD bonds 0.014 A 0.015 A 0.015 A

RMSD angles 2.00 2.15 0.048 A

Mean temperature factor 36.FA 423 R 46.3 R

Residue with main chain NT4 12-14, 45-51, 63, NT3 11-12, 58-59, NT3 11-12, 58-59, 67-77, 93-97

B-factors> 60 A? 69-76, 128-130 6777, 93-97 Mol 1 26-28, 36—44, 83—86, 108-110
BDNF 116 Mol 2 44-53, 69-72

aNumber of unique reflections.

bPercentage of theoretically possible data measured.
CRmerge(E“ - <| >V2<I >)

R (Z|Fol — [Fell/ZIFo)).

¢Based on 5% of the data.

fRMSD on 1,3 distance.

between the neurotrophirikoops I, Ill, and V). The two BDNF Molecular superposition between the different protomers of the
protomer structures, from the BDXNIRT3 and BDNENT4 het-  neurotrophin family reveals strong structural homology in the
erodimers, are particularly closely related. The BDNF protomerg-sheet regions that form the dimer interface, with slightly more
appears to be ignorant of its partner and, hence, it could be exvariation exhibited by the loop regior(§ig. 2; Table 3. These
pected that the structure will be essentially the same in the BDNRoop regions are typified by relatively high&-factors than the
homodimer. This assumption is enforced by the high structurahverageB-factors for each of the neurotrophin structures deter-
conservation, at the dimer interface between the homodimeric anthined to date, suggesting that the loops may be mobile. Indeed,
heterodimeric structures of NT3 and NT#able 3; Fig. 1. structural determinations of individual neurotrophins from dif-
ferent crystal environments show loop deviations of a similar
amplitude to those observed between different members of the
neurotrophin family(Figs. 1, 2; Holland et al., 1994ven though
these regions display strong sequence variation, suggesting that
these regions are innately flexible. Structural alignment analysis

Table 2. A comparison of crystal contacts vs. the presence shows NT3 to be closest to the average structure with both proto-
of loop structure in the BDNfNT4, NT3, and NT4 models mers from BDNENT4 being distant. This pattern of structural
relatedness mirrors to some extent the activities of the neurotro-
Loop | Loop II Loop Ill Loop V' phins for the trk receptors. NT3 is able to interact with all three trk
BDNF2 Yes Yes, Yes Yes, reC(_eptors(A, B, and O, and, for this regso_n_, may exhibit a col-
NT3P Yesys NoO X NoO X Yes 1 lection of structural features found only individually on each of the
NT42 Yesy” Yes o Partials” Yes o more specific neurotrophindGF being specific for trkA, while
NT4° Yesy” No X Yes 1 No X BDNF and NT4 exhibit preference for trkBThe NT3 structure
NT4d Yesy” Yes 1~ No X No X reported here agrees well with that determined by Butte et al.
characterized by a &RMS distance of 0.55 A between the two
a8From the BDNENT4 heterodimer crystals. structures(Butte et al., 1998
bFrom the NT3 homodimer crystals. As in the structures of the NGF homodim@vicDonald et al.,
“Molecule 1 from the NT4 homodimer crystals. 1991) and the BDNFNT3 heterodimerRobinson et al., 1995

9Molecule 2 from the NT4 homodimer crystals. The loops are labeledihe BDNFNT4, NT3, and NT4 dimer interfaces are formed by

on BDNF in Figure 1. Yes and no refer to the involvement and nonin- __. - . . Lo .
volvement of a loop in a crystal contact. Ticks and crosses specify whethe ain-chain-main-chain hydrogen bonding interactions and hydro-

the particular loop is present or absent in the final models. This table showBhObiC side-chain interactions that occur primarily between resi-
these two parameters are highly correlated. dues in theB-strands(Fig. 3). Superposition of the NGF, BDNF,
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Fig. 1. Ca superpositions of the neurotrophin protomers with every tenth residue laBelBR2NF from the BDNFNT3 heterodimer

(orange compared with BDNF from the BDNINT4 heterodimefred). B: NT3 from the homodimegyellow) overlaid on the structure

of NT3 from the BDNENT3 heterodimergray). C: The three structures of NT4: moleculdfdurple and molecule Zpink) from the

NT4 homodimer and NT4 from the BDMRT4 heterodimer(sky blue. D: A schematic representation of the secondary structural
elements of the NGF protomer as a reference. There are five highly sequence variable regions of the neurotrophins, four of which form
loops, which are colored and labeled: variable regiofysink), Il (light green, Il (purple, IV (orange, and V (cyan.

NT3, and NT4 protomer structures onto each other reveals thanost strand; NT3 lacks a strand pérand 5 due to the absence
these hydrophobic residues are structurally conserved, consisteat residues 42—47 in the model, as does NT4 molecule 1, which is
with the propensity of the neurotrophins to form heterodimers. Theamissing residues 45-51; NT4 from NABDNF and from NT4
BDNF/NT4, NT3, and NT4 dimer interfaces each form a cavity molecule 2 has an additional N-terminal strand, and NT4 molecule
filled with ordered waters, which are also conserved in the NGF2 has strands 5 and 6 fused into a single strand. NT4 contains a
and BDNENT3 dimers. seven amino acid insertigresidues 64—70vhen compared to the
other neurotrophins. This insertion is accommodated by a loop
structure extending away from the bulk of the molecule in the
Structural variations between the neurotrophins BDNF/NT4 crystal (Fig. 3). The loop is involved in a crystal

Subtle variations on the general topology are observed: BDNF hasentact with a neighboring molecule in the BDN¥T4 crystals

a shorta-helix between strands 1 and 2. which accommodates émd, therefore, may be stabilized by this contact. Even so, residues
two-residue insertion; BDNF also has a break in the C-terminal-64—68 are absent from the electron density maps. The position of
Gly70 requires these missing residues to form extended loop struc-

ture out into the solvent. This loop in NT4 molecule 1 is com-
pletely visible, but takes an alternative path due to a different and
more extensive crystal contact. This loop structure from NT4 mol-
ecule 2 lacks residues 65—68 and is not stabilized by crystal con-
tacts; however, the C-terminal portion of the loop is more similar
NGF BDNF? BDNFb NT32 NT3 NT4b NTA4° NT4d to NT4 from mOIeCUle 1 than to NT4 from BDMNT4 The NT4
protomer in solution, without the stabilization of crystal contacts,
Consensus 0.59 0.44 0.81 0.34 046 0.93 048 0.86may be expected to be even more mobile in this region.

NT4¢ 1.03 1.20 159 0.83 1.24 048 1.10

Table 3. The structural relatedness of the neurotrophin
protomers as indicated by molecular superpositions

NT4° 0.85 0.62 0.76 0.68 0.65 1.20

NT4P 109 122 164 092 1.28 Discussion

NT3 0.83 0.54 0.70 0.55

NT32 074 065 1.00 _

BDNE® 113 059 Consequences for neurotrophin structure

BDNF®  0.81 The structures of the BDNINT4 heterodimer, NT3 homodimer,

and NT4 homodimer presented here, when compared to the pre-
*The values specify @ RMS distancesA) between each pair of pro-  viously determined neurotrophin structures, shows the strong struc-
tomers based on 80 equivalencies. “Consensus” refers to the average strygprg| similarity of the neurotrophin protomers to each other
ture calculated from the eight models. Protomers labeled “a” are from th . . . oy '
BDNF/NT3 complex(Robinson et al., 1995°b” from BDNF/NT4; “c” E'partlcularly at the dimer interfaces. Within the context of these
refers to NT4 molecule 1; “d” to NT4 molecule 2. The NGF structure is Structures, the BDNF protomer structure can be used to form a

that of murine NGRMcDonald et al., 1991 model for the BDNF homodimer that exhibits no stereochemical
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Fig. 2. Superpositions of the four neurotrophirs. mouse NGHgreer), human BDNF from the BDNANT3 heterodime(red), NT3

from the BDNFNT3 heterodimer(yellow), and NT4 from the BDNANT4 heterodimerblue) in the same orientation as Figure 1.

B: Figure 2a rotated 90around the vertical. The dotted cyan line represents the unknown path of the main chain that is absent from
this NT4 structure, which is included to aid chain tracing rather than to infer three-dimensional structure.

clashes. Indeed, protomer structures of BDNF from the two hettion than the structures of NGfHolland et al., 199% NT3, and
erodimer structure$BDNF/NT4; BDNF/NT3; Robinson et al., NT4 from different crystal forms. Hence, we would expect that
1995; Fig. 1; Table Bare highly similar, showing no more varia- comparison of the protomer structure for BDNF in these hetero-

BDNF / NT4 | NT3 NT4

Fig. 3. Schematic representations of the BDINH4 heterodimer and the NT3 and NT4 homodimers. In each case the N- and
C-termini are labeled as are residues preceding and following chain bréal®DNF(red)/NT4(sky blue. The representation
highlights the cavity at the dimer interfageurple), which is not shown for NT3 and NT4 as the absent loop structure renders the cavity
open.B: NT3 (yellow and darker yellow This dimer results from crystallographic symmetry as such only one of the protomers is
labeled.C: NT4. Molecule 1 is shown in purple and molecule 2 sketched in pink.
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dimers with its structure in the homodimer, as yet not revealed,
would display only minor adjustments to residues at the dimer
interface, with the general positions of the solvent-exposed resi-
dues being unaltered by dimer composition. This exercise pro-
duces a model for the BDNF homodim@¥igs. 4, 5 that can be
compared with the determined structures of NGF, NT3, and NT4
to analyze surface features that may be involved in receptor binding.

As there are no gross structural deviations within the neurotro-
phin family, variations in specificity for receptors among the neuro-
trophins may be due largely to sequence differences. The loops in
which the majority of the reported p75 and trk binding specificity
has been locate@eviewed in Ibafiez, 199%re mobile, suggesting
that they may be molded by the receptors. This is implied by these
loops showing variable conformations in different crystal environ-
ments and are only visible when they are stabilized by direct
crystal packing Table 2; Figs. 1, B The one distinctive structural
variation that is found in the neurotrophin family is in the flexible
loop 11l of NT4 (which includes the insertion of residues 6470
This loop has yet to be shown to be important in receptor binding,
for any neurotrophir(lbafez, 1995 and in the case of NT4, its
extra bulk, flexibility, and protrusion into the solvent may preclude
receptor binding in its vicinity.

Consequences for p75 binding

Mutagenesis studies on the neurotrophins have identified two clus-
ters of residues that are involved in p75 receptor binding. The first
cluster of residues includes basic residues in the variable regions |
and V on NGF, BDNF, and NT8bafiez et al., 1991, 1992; Urfer

et al., 1994; Fig. 4, and shown in light green in Fig. Zae
implicated in binding this acidic receptt@stimated pl 4.4; Radeke
etal., 1987. NT4 may be expected to interact with p75 in a similar
manner because these residues are conserved. When such residut
are viewed on the structures of NGF, NT3, and NT4 and the model
of BDNF homodimer, they group in a distinctive area, which is
duplicated due to twofold symmetry within the dimer.

A more detailed inspection of this first p75 binding site reveals
that, while the putative interactive residues are located in close
proximity to each other, they are in slightly different positions and
conformations in the different neurotrophiffsg. 4). Furthermore,
analysis of the surface charge of the region implicated in binding
to the p75 receptor shows it to be highly positively charged for all
neurotrophins, but the exact arrangement of positive charges still
exhibits variation among the neurotrophins. Loop flexibility may
therefore be a factor in neurotrophin binding to a p75 receptor. p75
may be able to mold the flexible loops of the neurotrophins in an
analogous fashion to which they are modified by crystal environ-

Fig. 4. Surface representations of a region of the neurotrophins homodi-
mers demonstrated to be important in p75 binding. The left panel shows a
transparent surface on top of a wire frarfggay) of each neurotrophin.
Residues that are known to bind to p75 are displayed and their surface
contribution colored: 1le31(NGF), gold; Lys32 (NGF), Arg31 (NT3),
Arg34 (NT4), blue; Lys34(NGF), His33 (NT3), Arg36 (NT4), green;
Lys95(BDNF), orange; Lys9%NGF), Lys96(BDNF), Lys97(NT3), pink;

Arg97 (BDNF), Arg107 (NT4), purple, and GIu3§NGF), red. The right
panel shows an opaque surface charge representation of each neurotrophit
dimer in the same orientation as the left panel. Blue regions represent
positive and red denotes negative charged regions. This figure is rotated by
70° around the vertical in relation to the orientation of Figure 5.

NGF

R.C. Robinson et al.

BDNF
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A

Fig. 5. Surface representations of NGF colored to highlight the common and receptor-binding features of the neurotrophin family.
A: Residues that are known to interact with the p75 receptor. These residues cluster into two regions. Residues shown in light green
form one region, which are highlighted in Figure 4. The second region shown in gold includes residues 11, 69, 74, 114, and 115.
B: Conserved residues with surface area larger thar?20 &l of the neurotrophin structures are highlighted. Basic residues are shown

in blue, acidic residues in red, polar residues in orange, and hydrophobic residues in @elld@nconserved resides within variable

regions I(pink), II (light green, IV (orange, V (cyan, and residue 2Qpurple, which are known, in at least one neurotrophin, to
interact with the trk receptors. Residue 23 is labeled for comparisonBvith: The surface of NGF showing the contribution from

each protomer. One protomer is colored lilac the other gray.

ment. This would explain the variation in circular dichroism spec-and C-terminal residues, have been shown to be involved in trk
tra observed among the different neurotrophins binding to thiseceptor bindingreviewed in Ibafiez, 1995In surface represen-
receptor(Timm et al., 1994 There are two additional charged, tations, these regions are seen to be scattered mainly in the top half
conserved surface residué®-93 and R-100, NGF numberipg of the molecule and do not form a single, cohesive (dfig. 5C).
that lie just proximal to the residues already implicated in bindingThe residues implicated in trk receptor binding were generally
p75 receptorgFigs. 4, 5A,B. These residues also must be con- identified by the mutation of residues that are not conserved in the
sidered as a candidate for participation in the binding processprimary structure among the neurotrophins. Hence, these represent
Furthermore, this region is flanked by a number of conservedesidues that are involved in receptor specificity. These residues
hydrophobic residueg=ig. 5A,B), including Trp21, which is known  fall into either flexible loop regions or structurally conserved re-
to bind p75(Ibafiez et al., 1990; Drinkwater et al., 199These  gions. Therefore, the choice of amino acid, in these regions, is
hydrophobic residues may in turn contribute to the p75 bindingimportant for receptor specificity rather than for structural varia-
interface. tion between the ligands. A proportion of residues that are con-
The second cluster of p75-binding residyésfer et al., 1994  served among the neurotrophins may be expected to contribute to
is shown in gold in Figure 5A. These residues are proximal to threeshared trk-binding features. To determine whether there may be a
surface conserved residudgs-16, W-76, and H-75; Fig. 5SBwhich ~ common region for trk receptor binding, we pasted all residues that
must be considered as a potential part of this common p75-bindingre conserved among all four neurotrophins and that have an ex-
region. Again this second cluster of residues will be duplicated dugosed surface area of at least 28 dnto the surface of NGF
to twofold symmetry within the dimer. The overall duplication of (Fig. 5B). The vast majority of these residues cluster around re-
p75 binding sites might allow the symmetrical interaction of onegions that have been demonstrated to be important for trk receptor
neurotrophin dimer with two molecules of p75. The two clusters ofspecificity (Fig. 5C). Furthermore, approximately half of these
interactive residues are contributed to mainly by only one proto+esidues cluster together in an area that connects all four of the
mer from each neurotrophin dimer, with the exception of residuesegions involved in trk binding specificity. There is existing evi-
12 (conservative substitution, NGF numbering, Fig, 69 (con- dence that this surface region is involved in trk binding. Conserved
served, and potential interactive residue 16onserved There-  residues Val22, Arg100, and Arg103 on N@Bafiez et al., 1993
fore, a heterodimer might be expected to interact with p75 in aand residues Tyr51, Glu54, Arg56, and Arg103 from NTBfer
manner characteristic of both of the relevant parent homodimerset al., 1994 have been shown to bind their respective receptors.
We propose that this conserved region, consisting of residues 19,
21, 22, 24, 2531, 33, 49, 50, 52, 54, 55, 57, 58, 86, 88, 93, 99,
100, and 103(NGF numbering, presents shared elements of a
The residues implicated in trk binding fall into several spatially neurotrophin-trk binding site that is duplicated due to dimer sym-
diverse regions of neurotrophin structure. Residues within variablenetry. The surrounding, highly variable regions confer specificity
region | (NGF, BDNF, NT3; Fig. 5C, pink variable region Iiall to individual neurotrophin-trk receptor pairings. In particular, the
neurotrophins, light gregnvariable region IMNGF, BDNF, NT3;  cluster of conserved hydrophobic resid@essidues 21, 31, 33, 54,
orange, variable region V(NGF, BDNF; cyan, and residue 20 and 86 could constitute a typical protein—protein interaction in-
(purple, NGF numbering; Urfer et al., 1994s well as some N- terface(Janin & Chothia, 1990; Clackson & Wells, 199%vhich

Consequences for trk binding
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is surrounded by charged and specificity-conferring residues. Clearlynanually, and further rounds of positional refinement and simu-

there is some overlap between neurotrophin residues known tlated annealing were applied. Molecular restraints between the two

bind p75 and those that bind to the trk receptdfsy. 5. This protomers of NT4 in the NT4 homodimer were discarded once

suggests that receptor binding is either mutually exclusive or thatlear differences between the structures were observed.

the two classes of receptor may tightly abut each other to allow The program PROCHECKL.askowski et al., 1993was utilized

simultaneous binding to a single neurotrophin. to assess the quality of final structures. Secondary structural as-
The proposed common features of the trk binding site on thesignments and solvent accessibilities were calculated in the pro-

neurotrophins include residues from both protomers of the neurogram DSSRKabsch & Sander, 1983Cavities were located using

trophin dimer (Fig. 5B,D). The specificity-conferring elements a probe accessible radius of 1.2 A, and molecular surfaces were

(Fig. 5C) also are contributed by both protomers. In our trk- calculated using GRASPNicholls & Honig, 199). Final struc-

binding model, variable regions Il and V from different protomers tures were displayed using a variety of programs: FRQD@es,

will form part of each of the trk-binding sites in the dimer, whereas 1985, MOLSCRIPT (Kraulis, 1992, and O(Jones et al., 1991

variable regions | and IV from the same protomer may be expected/olecular superpositions were implemented using MNY F$Tit-

to contribute to both trk-binding sites. The implication for neuro- cliffe et al., 1987. The coordinates have been deposited in the

trophin heterodimers is that each trk-binding site will be a hybrid Brookhaven Protein Data Bank with accession codes 1B88K3

and, therefore, may be expected to display reduced but more prdtvomodime), 1B8M (BDNF/NT4 heterodimel, and 1B98(NT4

miscuous activity than observed with the parent homodimers. homodimey.
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