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Abstract

Neurotrophins are a family of proteins with pleiotropic effects mediated by two distinct receptor types, namely the Trk
family, and the common neurotrophin receptor 7% Binding of four mammalian neurotrophins, nerve growth factor
(NGF), brain-derived neurotrophic factéBDNF), neurotrophin-3NT-3), and neurotrophin-%4 (NT-4/5), to p73'TR

is studied by molecular modeling based on X-ray structures of the neurotrophins and the extracellular domain of
p55™FR a homologue of p75™R. The model of neurotrophjfteceptor interactions suggests that the receptor binding
domains of neurotrophindoops | and I\V) are geometrically and electrostatically complementary to a putative binding
site of p78'TR, formed by the second and part of the third cysteine-rich domains. Geometric match of neurgtrophin
receptor binding domains in the complexes, as characterized by shape complementarity S{atsstomparable to
known proteinfprotein complexes. All charged residues within the loops | and IV of the neurotrophins, previously
determined as being critical for p?5? binding, directly participate in receptor binding in the framework of the model.
Principal residues of the binding site of p7% include Asp47, Lys56, Asp75, Asp76, Asp88, and Glu89. The additional
involvement of Arg80 and Glu53 is specific for NGF and BDNF, respectively, and Glu73 participates in binding with
NT-3 and NT-45. Neurotrophins are likely to induce similar, but not identical, conformational changes within the
p75VTR binding site.

Keywords: Alzheimer’s disease; cysteine-rich domain; molecular modeling; molecular recognition; NGF; protein
docking

The neurotrophins represent a family of structurally and function-neurotrophin-45 (NT-4/5) (Barde, 1989; Berkemeier et al., 1991;
ally related proteins conventionally considered to play a crucialBarbacid, 1993; Bradshaw et al., 1994; Chao, 1984ch neuro-
role in the development, survival, and maintenance of sympathetitrophin is capable of binding independently with the common neuro-
and sensory neurori®urves, 1988; Barde, 1989; Snider & John- trophin receptor p7%™R and a specific Trk receptor kinase, thereby
son, 1989; Thoenen, 1991; Korsching, 1993; Persson & Ibafezctivating signal transduction cascad€sao, 1992a, 1992b; Kap-
1993; Davies, 1994; Ibafez, 1999n addition to these effects, lan & Stephens, 1994; Chao & Hempstead, 1995; Ibafiez, 1995;
neurotrophins are now recognized to influence a broad range dRydén & Ibafiez, 1996 Currently, three classes of Trk receptors
biological phenomena, including apoptotic cell deé®abizadeh  are recognized, such that TrkA selectively binds to NGF, TrkB to
et al., 1993; Casaccia-Bonnefil et al., 1996; Frade et al., 1996; VaBDNF and NT-45, and TrkC to NT-3(Barbacid, 1994; |bafiez,
der Zee et al., 1996; Frade & Barde, 1998 mune cell function  1995.
(Levi-Montalcini et al., 1995 and cell migratior{fHerrmann et al., The common neurotrophin receptor P75 is a transmembrane
1993; Anton et al., 1994; Wang et al., 1999 he mammalian glycoprotein structurally related to type(p55™FR) and type Il
neurotrophin family consists of nerve growth factbtGF), brain- (p75"™FR) tumor necrosis factor receptof§NFR-1 and TNFR-2,
derived neurotrophic factdBDNF), neurotrophin-3NT-3), and respectively, FAS (CD95), CD-40 and CD27 receptofdeakin
& Shooter, 1992; Myers et al., 1994; Rydén & lbafez, 1996;
Reprint requests to: Dr. Donald F. Weaver, Department of Chemistry,’\lalsm'th & Sprang, 1998Because all neurotrophins bind to §75

Queen’s University, Kingston, Ontario, Canada K7L 3N6; e-mail: weaver@With similar affinity (Rodriguez-Tébar et al., 1990, 1992; Hallbdok
chem.queensu.ca. et al., 1991; Ibafiez, 199meurotrophin specificity is convention-
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ally thought to result from the binding selectivity of Trk receptors | (residues 23—-35and IV (residues 93-98Fig. 1B; Ibafiez et al.,
(which are differentially expressed in neuronal populations; Ibafiez1992; Ibafiez, 1994, 1995; Rydén et al., 1995; Rydén & Ibafez,
1995. However, considerable experimental data on neurotrophirf996. In NGF, residues Lys32, Lys34, and Lys95 have been found
activity reveal important functional aspects of P78 (Heldin  to participate in p78™ binding, with Lys32 making the strongest
et al., 1989; Jing et al., 1992; Herrmann et al., 1993; Barker &contact. In addition, a role for Asp30, Glu35, Arg103, Arg100,
Shooter, 1994; Dobrowsky et al., 1994; Matsumoto et al., 1995]ys88, Trp21, and lle31 in p?8R binding and biological activity
Marchetti et al., 1996; Washiyama et al., 1996; Dechant & Bardehas been demonstraté®rinkwater et al., 1991; Ibafiez et al.,
1997; Rydén et al., 1997; Ross et al., 199he common neuro- 1992; Ibafiez, 1994 Two residues of variable region | of NT-3,
trophin receptor enhances Trk-mediated functions and increasesmmely Arg31 and His33, have been found to be essential for
binding specificity of Trk receptoréBarker & Shooter, 1994; Ma- binding to p7%'™R, whereas corresponding residues Arg34 and
hadeo et al., 1994; Chao & Hempstead, 1995; Rydén & IbafiezArg36 mediate binding of NT-4. In contrast to NGF, a positively
1996. In addition, p75'™R possesses unique, Trk-independent sig-charged residue in loop IV is not critical for binding of NT-3 or
nalling properties that involve apoptogiRabizadeh et al., 1993; NT-4/5 to p78'™R (Rydén et al., 1995 In BDNF, however, only
Barrett & Bartlett, 1994; Casaccia-Bonnefil et al., 1996; Fraderesidues of loop 1V, Lys95, Lys96, and Arg97, bind to p7% and
et al.,, 1996; Van der Zee et al., 1996; Frade & Barde, 1998 compensate for the lack of positively charged residues in loop |
ceramide production through activation of the sphingomyelin cy-(Rydén et al., 19956
cle (Dobrowsky et al., 1994 and activation of the NEB tran- p75NTR belongs to a family of cell surface proteins that share a
scription factor(Carter et al., 1996 Recently, p78™R has also  common four-repeat cysteine-rich dom&®RD) in the extracel-
been demonstrated to participate in human melanoma progressidalar unit (Yan & Chao, 1991; Baldwin & Shooter, 1994X-ray
(Herrmann et al., 1993; Marchetti et al., 1998Vhile all neuro-  crystallographic studies on a related protéime soluble extracel-
trophins bind p75™R, biological effects are dependent on neuro- lular domain of TNFR-1 revealed that CRDs fold independently
trophin speciesFrade et al., 1996; Marchetti et al., 1996; Dechantfrom each other and that three conserved disulfide bonds maintain
& Barde, 1997. a specific geometry for each CRBanner et al., 1993consisting
The results of site-directed mutagenesis suggest that tH¥'$75 of two modular unitgusually loops Al and B2, Fig. 1A; Naismith
binding domains within neurotrophins consist of juxtaposed pos<t al., 1996; Naismith & Sprang, 19p4.ittle is known about the
itively charged residues located in the two adjacent hairpin loop$75V™R functional epitope and particularly about residues directly

Fig. 1. Geometric compatibility of the p?3R receptor binding domain of NGF to a putative binding site of /5 A: Generalized
geometry of a putative binding site of pY&, which consists of three modul@81(2) and B22) of the second CRD; and A3) of

the third CRO based on the X-ray structure of the extracellular domain of ¥85(Banner et al., 1993According to the classification

of modular units of CRDs suggested by Naismith and Spr@®98, A-modules have 12-17 residues and are C-shaped, whereas
B-modules have 21-24 residues and are S-shaped; the following(Higit 2) designate the number of disulfide bonds within the
module; the number in the parenthesis denotes the number of the CRD domain within the [Bepfide X-ray backbone geometry

of mouse NGF(McDonald et al., 1991; Shamovsky et al., 1996, 199&llow and green polypeptide chains denote different
protomers. The p78R binding determinantioops | and IV) is denoted. Conserved disulfide bonds are shown in ball-and-stick mode.
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participating in molecular recognition processes. All four repeats
of p75VTR are required for binding, with the second CRD being the
most importan{Baldwin & Shooter, 1995 Because of the estab-
lished importance of positively charged residues in neurotrophins
for binding to p7%'™® and considering the overall negative charge
of the p78'TR extracellular domair{lbafiez et al., 1992; Ibafiez,
1994; Rydén et al., 1995negatively charged residues within the
p75YTR binding site are expected to be critical for molecular rec-
ognition processedbarfiez et al., 1992; Ibafiez, 1994, 1998ev-
ertheless, no key negatively charged residue of‘\p?5has been
identified to date, and only the neutral residue Ser50 has been
demonstrated to be critical for binding to NGBaldwin & Shooter,
1995. This discrepancy may be a consequence of insufficient
experimental data.

A detailed description of neurotrophireceptor interfaces is re-
quired to design specific NGF antagonists that could selectively
prevent undesirable pro-apoptotic signaling of P#upon NGF
binding without affecting other functions of NGF or the biological
activity of other neurotrophins. Elucidation of three-dimensional
structures of the neurotrophin-receptor complexes by NMR is not
currently feasible because of the large size of these dimeric pro-
teins. Furthermore, transition metal ions commonly used in X-ray
crystallography(McDonald et al., 1991; Holland et al., 1994; Bax
et al., 1997 cause conformational alterations in neurotrophins that
prevent their receptor bindin@Ross et al., 1997 suggesting that  Fig. 2. Sequence alignment of a putative binding site for neurotrophins of
useful crystal structures of the complexes may not presently be75¥™R with the corresponding region of homologous human 5%
obtained. Therefore, determination of the geometry of these con‘@'_igtﬂmte“t ‘S’aIS dohte xsli”g Jh§2°?n§§ged patte;ndog CI)_’SIt(eine residues.
plexes an.d Ildentlflcatllon of the residues involved in “ganq_dgi::e% quoNlilizrmuitrLI znd Sa:rar(g;an are :hso?/er?.r%ﬁarg}édl?ezirdrueegslo:r?t—as
receptor binding are highly relevant problems for the applicationica| for binding to the neurotrophins according to the present model are
of theoretical methods. Although molecular modeling of NGF shaded.
p75NTR binding has been reporte@hapman & Kuntz, 1995
results of that study suggesting that the second CRD is not in-
volved in receptor binding are not consistent with recent experi-
mental observationgBaldwin & Shooter, 1996 In the present  phinding determinant of NGFFig. 1). Accordingly, the 58-amino
study we report results of molecular dynamics computations of theycig fragment of human p?8R, including the second and part of

binding domains of NGF, BDNF, NT-3, and N8 juxtaposed  the third CRDS Fig. 2; from Cys39 to Ala96 has been considered

CRD. These calculations reveal three-dimensional structures of the

neurotrophins bound to the p¥B binding site and demonstrate

their geometric and electrostatic complementarity. The shape conBinding epitopes of the complexes

plementarity statisti&. has been calculated for the neurotrophin

receptor interfaces and found to be consistent with published valuehe most stable structures of the ligand—receptor complexes under
for interfaces of natural protefiprotein complexesLawrence &  study obtained by molecular dynamics computations are illustrated
Colman, 1993 All neurotrophins are predicted to induce similar in Figure 3. Table 1 presents net values of the electrostatic and van
conformational changes in the g¥% binding site, generally lo- der Waals terms of the ligand—receptor interaction energy. Tables 1
cated in the linker regions between sequential modular units withirand 2 list individual residues of the neurotrophins andJ73hat

the CRDs. significantly contribute to the intermolecular electrostatic inter-
action energy. The highlighted residues represent the functional
epitopes of the ligandsable 1) and the receptdiTable 3, whereas

the other listed residues, although being located within the binding
interfaces, do not participate in major ligand—receptor electrostatic
interactions in the particular complex. Significant contribution of a
Figure 1A illustrates the general shape of both units of the secongarticular residue to the electrostatic interaction energy indicates
CRD and the first unit of the third CRD of human p¥%& as its participation in specific electrostatic ligand—receptor inter-
revealed by crystallographic studies of the homologous™¥85  actions. Most of those residues demonstrate attractive interactions
protein(Banner et al., 1993; Naismith & Sprang, 199Bigure 2  with their counterparts except for three negatively charged neuro-
presents the sequence of this fragment and its alignment with thogeophin residuesAsp30, Asp93, Asp105 of NGF and correspond-
of the other peptides in this famidohnson et al., 1986; Radeke ing residues of other neurotrophins; Tableahd one positively

et al., 1987; Large et al., 198%ising the conserved pattern of charged residue of p?3R (Lys56; Table 2. The reason for sig-
cysteine residue€hapman & Kuntz, 1995 The size and shape of nificant repulsive interactions between the four specified residues
the concave region of p?&R are complementary with the convex and their counterparts is that their charges are of the same sign,

Module A1(2)

Module B2(2)

Module A1(3)

Results and discussion

Putative binding domains



Fig. 3. The most stable structures of the complexes of the neurotrophins with the common neurotrophin rec&pfor(a75vith NGF; (B) with BDNF; (C) with
NT-3; (D) with NT-4/5. The binding domains of the neurotrophins are shown in yellow, th&"578inding site in purple. Only residues important for discussion
are denoted.
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Table 1. Contributions of individual residues of the neurotrophins to the intermolecular interaction energy
in their complexes with the common neurotrophin receptor™)?%kcal/mol)?

NGF BDNF NT-3 NT-4/5

Residue EL VDW Residue EL VDW Residue EL VDW Residue EL VDW

D-30 49  -10 D-30 62 -18 D29 57 -23 D32 53 18
K-32 -202  -57 S32 01 -45 R31 -116 -76 R34  -110 -104
K-34 -168 -63  G-34 -05 -31 H-33 -78 -69 R36  -124 118
E-35 -23  -30 T35 04 -14 Q34 01 -11 D37 01 18
H-84 -78 -13 Q84 03 -24 Q83 01 -07 Q83 01 -12
F-86 -01 -01 Y86 -01 -05 Y-85 -08 -12 Y9 -2.3 0.0
K-88 -21  -01 R-88 -32  -02 R-87 146 06 R-98 -42  -02
D-93 26 -14 D93 34 -22 EO2 38 -23  D-103 04 -14
K-95 -182  -78 K95 -207 -76  N-94 00 -02 Q105 -01  -0.2
Q-96 -01  -52 K96 -145 20 K95 -120 -40 G106 -02 -06
A-97 00 -02 R97  -198 -57 L9 00 -76 R107  -92 -102
R-100 -35 -06 R-101 -148 -11 R-100 -20.1 24 R111  -137  -17
R-103  -16.9 00 R-104 -161 -16 R-103 -142 -08 R-114 -137 18
D-105 28 -02 D-106 21 -02  D-105 15 -01  D-116 11 -01
Total ~-775 -22.6 -774 -253 -708 -283 -612 —34.2
100%  51% 96%  54% 98%  52% 103%  57%
Net ~775  —44.7 -80.3 —46.7 ~725 -544 -59.4  -59.7

3L and VDW denote electrostatic and van der Waals terms of the ligand—receptor interaction energy, respectively. Dielectric
constante = 4 is used. Thet2 kcal/mol cutoff of the intermolecular electrostatic interaction energy has been used to identify the
functional epitopesgboldface. “Total” electrostatic and van der Waals contributions of these functional epitopes into the “net” values
of the intermolecular interaction energy calculated over the whole binding interface are presented. Residue numbering corresponds to
the general alignment of neurotrophifBradshaw et al., 1994

although all of them participate in local attractive ionic inter- net charges of the binding domains of neurotropHipssitively

actions within the complexedig. 3. charged and the common neurotrophin receptgregatively
Significant contributions of electrostatic interactions to the ligand—charged, which is consistent with published predictiofRydén

receptor interaction enerdyfable 1 arise primarily from opposite et al., 1995. Data presented in Tables 1 and 2 demonstrate that, on

Table 2. Contributions of individual residues of p?&R into the intermolecular interaction energy
in their complexes with neurotrophins (kgalol)?

NGF BDNF NT-3 NT-4/5

Residue EL VDW Residue EL VDW Residue EL VDW Residue EL VDW

S-46 —-3.4 0.8 S-46 -1.9 -0.9 S-46 0.0 -0.4 S-46 0.1 -0.2
D-47 -9.9 -1.9 D-47 —16.8 0.1 D-47 —10.6 -2.2 D-47 —-6.4 -3.5
E-53 —-0.8 —-0.3 E-53 —13.9 1.6 E-53 —-1.6 -0.2 E-53 -0.9 —-0.1
P-54 —2.6 -2.9 P-54 -3.4 -2.5 P-54 -3.6 -0.3 P-54 -0.6 -05
C-55 -3.1 -11 C-55 -2.1 -13 C-55 —3.6 -0.7 C-55 -3.6 0.8
K-56 7.7 —4.9 K-56 3.3 —-4.8 K-56 4.5 —4.5 K-56 1.7 -5.2
pP-57 -3.5 -15 P-57 -0.3 -05 pP-57 0.1 -0.6 P-57 0.0 -0.2
E-60 0.5 —-0.8 E-60 —-0.8 -0.1 E-60 —2.3 —-0.2 E-60 -1.8 -0.2
E-73 -1.0 -0.1 E-73 2.4 -0.2 E-73 —13.6 -05 E-73 -2.9 -0.3
D-75 —13.2 0.2 D-75 —-19.3 0.4 D-75 —16.5 —-0.4 D-75 —-14.1 —-3.4
D-76 —18.1 -04 D-76 —-5.6 —-8.4 D-76 -8.4 -3.7 D-76 -12.6 -6.9
R-80 —6.6 -4.8 R-80 0.7 -2.1 R-80 15 —-35 R-80 0.7 -4.0
D-88 —10.9 -31 D-88 -9.9 —-0.4 D-88 -9.6 0.3 D-88 —8.2 -11
E-89 -9.6 -0.1 E-89 -6.3 -6.2 E-89 -6.8 —8.8 E-89 —-8.7 —-4.6
Total -73.2 —15.7 —-76.4 —24.0 —-70.4 —233 -56.5 —27.8
94% 35% 95% 51% 97% 43% 95% 47%

aSee footnote to Table 1.
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average, the interaction between the functional epitopes is respon-
sible for 97% of intermolecular electrostatic energy but only 49%
of van der Waals interaction energy. Consequently, residues par-
ticipating in electrostatic ligand—receptor interactions represent only
part of a larger binding interface in which a significant van der
Waals contribution arises from the large number of weak contacts,
which in turn is possible only as a consequence of the geometric
complementarity of the binding domains. Interaction energies of
the complexeqTables 1, 2 cannot be directly compared with
experimentally obtained values without taking into account solva-
tion energies; nevertheless, based on van der Waals interaction
energy, the geometric complementarity in the NEHBY™R com-

plex is lower than in the otherSTable 1. This is consistent with

its fast rate of dissociation observed for this complésafiez,
1995; Dechant & Barde, 1997However, the geometric factor
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alone cannot itself explain the slowest rate of dissociation ob-
served for the BDNFp75YTR complex(lbafiez, 1995 Thus, sta-
bility of the complex arises from a combination of geometric and
electrostatic complementarities of the binding interfaces, consis-
tent with generalizations described by Clackson and W&895.
A specific feature of the neurotrophip75N™® binding interfaces =
is that they do not include substantially hydrophobic residues, so ] g7
they do not possess a hydrophobic core, which has been found in
many other protein—protein complex&lackson & Wells, 1995;
Livnah et al., 1998 The predominant interactions within the bind- Eot v (88
ing domains of the complexes under study are of salt-bridge rlal_:i 4. Schematic representation of principal ionic interactions within the
ture. This agrees well with a recently proposed model of the Cp40L negljro'tmphimpmNTR fommexes. Purr?le mc’;iety denotes a putative'J?5
CD40 interaction in which the interface of the complex is primarily pinding site made of the secot@RD-2) and beginning of the thirfCRD-3)
composed of charged residu&ngh et al., 1998 which suggests  cysteine-rich domains. Yellow moieties denote the binding determinants of
that ionic contacts may play a major role in molecular recognitionneurotrophin NGF, BDNF, NT-3, and NT-45) made of hairpin loops |
processes involving cysteine-rich domains. and .IV' Principal charged residues of the complexes are illusti@@sic,
o Lo . . blue; acidic, red

Specificity of binding of the neurotrophins to Y% is known
to be determined by charged residues within the binding domains
(Rydén et al., 1995 As seen in Figure 3, they create three-

dimensional networks in which individual residues are in contact )
with more than one residue of the opposite charge. Therefore, /U89 As seen in Table 2, module &2 forms the strongest

missing charge can destroy not only one bond, but the entire neontacts. In addition to the principal pattern of electrostatic inter-
work, i.e., the electrostatic complementarity of the binding inter-2ctions, the P78 binding site possesses specific residues for

faces (which is consistent with the experimentally observe i

d ionic interactions with particular neurotrophifiable 2; Fig. 3.
sensitivity of binding to mutations of charged residues; Ibafiez! NUS, Arg80 interacts only with Glu35 of NGF; residue Glu53
et al., 1992; Rydén et al., 1995; Rydén & Ibafiez, 1)9%oth

binds only to Lys96 of BDNF, whereas Glu73 is involved only in
ligand and receptor provide the network with positive and negative?inding with NT-3 and NT-45. Simplified general shapes of the
chargegTables 1, 2; Fig. 8 even though negative charges dom-

binding domains of neurotrophins and a putative binding site of the
inate in the receptor and positive in the ligands. This particmapeurotrophin receptor with principal charged residues participating

spatial arrangement of charge increases specificity of binding an! ionic ligand-receptor interactions as obtained by the present
decreases electrostatic repulsions within the same binding ddnelecular dynamics simulationt$ables 1, 2; Fig. Bare illustrated
mains. For example, in all the complexes, the positively charged" Figure 4. ) o L
Lys56 residue of the receptor forms intramolecular salt-bridges In addition to a major role of electrostatic interactions in binding
with negatively charged residues Asp75 and Asp76, thereby occufterfaces of p78'™, TNFR-1 (Banner et al., 1993 and CD40

pying one site of their coordination, such that only the opposite(Singh et al., 1998 there is also a striking similarity of location
sides of the latter residues remain available for intermolecula@Nd Mmodular organization of the receptor sites. Although topology

ionic interactions(Fig. 3. Negatively charged residue Asp93 of ©f the Iigands(neurotrgphins vs. TNEand CD40L, which belong
BDNF bridges two positively charged residues Arg97 and Arg101,10 the TNF gene family; Farrah & Smith, 199 very different,

such that they are both able to interact with the juxtapositioned©"responding receptor binding sites consist of the same modular
amino acids Asp75 and Asp76 of the recepitig. 3B). units, namely units A and B of the second CRD and the A unit of

Despite the differences in the binding interfaces of the com-the third CRD(Figs. 2, 4.

plexes, binding patterns of the pY® receptor are similar. All
three modules of the receptor docking siféd (2), B2(2), and
A1(3)] participate in binding(Fig. 3). The principal residues of
module AX2) are Asp47 and Lys56, those of module (BRare
Asp75 and Asp76, whereas those of modulé3)lare Asp88 and

Explanation for the observed structure—function relationships

Site-directed mutagenesis studies on the'37%inding site have
suggested that mutation of any one of residues Asp75, Asp76, or
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Glu89 by Ala does not affect NGF binding, whereas mutation oflished role of Arg31 and His33 in NT-Rydén et al., 1995; Rydén
Ser50, which does not participate in principal ionic interactions,& Ibafiez, 1996 and predict the increased importance of residues
results in abolition of bindingBaldwin & Shooter, 1995 Al- Arg87 and Arg100 in NT-3 for p7%™R binding (Table 1. The
though both adjacent residues Asp75 and Asp76 are involved ibinding pattern of NT-45 is similar to that of NT-3Figs. 3C,D, 4.
ionic interactions in the B@) region with positively charged res- The increased electrostatic contribution of Arg36 with respect to
idues of neurotrophins, the presence of one of them may be suthe corresponding NT-3 residue His8Bable 1 is caused by the
ficient to retain binding affinity. Likewise, the functional role longer side chain of the former, which forms an additional salt-
of the missing residue GIu89 in module &) might be fulfilled bridge contact with distant residue Glu60 of the receptor site
by adjacent Asp88. Residue Ser50 of B7%is predicted to be (Fig. 3D).

hydrogen bonded to GIn96 of NGFig. 3A), and its mutation to

Asn, Ala, or Thr may create steric hindrances within the NGF ] )

p75VTR interface. The present model suggests that Ser50 is noph@Pe complementarity of neurotroplreceptor

important for binding of any other neurotrophin to p78  binding domains

(Fig. 3B-D). More detailed mutational studies are required to iden-The shape complementarity statistic values and the total areas
tify the key negatively charged residues of the binding site. buried in the interfaces of the obtained complexes of neurotrophins

In contrast to the highly conserved P75 binding pattern,  \ith p75VTR are presented in Table 3. Corresponding parameters
neurotrophins have only two common residues within their bind-for the experimentally determined TIFTNFR-1 interface are
ing determinants that directly interaCt Wlth the I’eceptOI’ Site, ArglOOalso tabu|ated. As seen, Shape Complementarity Of b|nd|ng do_
and Arg103. Contribution of Arg103 is significant in all the com- mains at the TNB/TNFR-1 interface(0.62 is consistent with
plexes, while Arg100 seems to be less important for NGB'™™  those of other proteifprotein complexes deposited in the Brook-
binding. haven Protein Data Bar(PDB) (with S values ranging from 0.63

As seen in Table 1, the NGF residues that are important fokg 0.76: Lawrence & Colman, 1993hape complementarity at the
binding to p75'™R in the framework of the present model are Lys32, interfaces of the computationally obtained neurotropteaeptor
Lys34, Lys95, Arg103, His84, Arg100, and Glu5, all of which complexegranging from 0.68 to 0.76thus appears to be as good
form specific ionic contacts with the charged residues ofY¥%5 a5 in other proteifprotein complexes. The area of the NGF
(Figs. 3A, 4. Involvement of Lys32, Lys34, and Lys95 in P& 575VTR interface (W) is significantly smaller than in the other
binding has been well established experimentélbaiiez et al.,  neurotrophirireceptor complexes, which could account for the low-

1992. The most important residues of the NGF binding domain,est value of the van der Waals interaction enei@gble 1.
Lys32 and Lys34Ibafez et al., 1992 are predicted to bind to the

module B22) residues of p78™R (Fig. 3A). Residue Lys88 is not
directly involved in binding to p7%™R, whereas residues Arg103 Induced conformational changes in g7%
and His84 likely make direct ionic contacts with the receptor bind-
ing site. Importance of the latter residue has not been previousl

h R 1
suggested in context of p%S* binding. The role of Asp30, Glu3s, dictions made by Bothwel[1995. Conformational motion within

Asp93, and Arg100 may be secondary, because their contribu’[ior}%oduIes A12), B2(2), and A1(3) is constrained by four disulfide

are relatively small. Hydrophpbic residues Trp21 and ”e31.‘ .WhiChbonds(Fig. 2); therefore, the most significant changes occur in the
have been suggested to be important for receptor recognition, Afker regions connecting those units consistent with predictions

not directly involved in ligand—receptor interactions, but instead(Naismith et al., 1996; Naismith & Sprang, 1998igure 5 illus-

participate in hydrophobic interactions within NGF. trates the superimposed equilibrium geometries of the free and the
In the model of BDNF binding, all three positively charged Hpenmp quiibrium g !

residues of loop IV, Lys95, Lys96, and Arg9Rydén et al., 1996
interact with negatively charged residues of the ¥5binding
site, namely Asp47, Glu53, and Asp75, respectivéligs. 3B, 4.

In addition, residues Arg88 and Arg101 play a more important rol
than corresponding residues Lys88 and Arg100 in NGdble J; Wb
they bind to the module B2) residues Asp75 and Asp76 of g7, Interface 52 (A2
thereby compensating for the absence of positively charged rest
dues within loop I. The increase of role of residue Arg88 in BDNF Computationally generated complexes

and other neurotrophins with respect to that of Lys88 in NGF NGF/p75'™™ 0.68 467

Binding of neurotrophins is predicted to induce distinct conforma-
Yional changes in the p?3R binding site, in agreement with pre-

eTable 3. Parameters of liganfteceptor interfaces

NTR
(Table 1 is permitted by a longer side chain of Arg, which results B?';‘/F/%STR g'gg 2:‘51
. . . . . -3/p .
in decreasing separations between opposite charges of ligand an T.4/5/p78\TR 0.76 637

receptor(Fig. 3). Because of missing residue His84, only the pos-

itively charged residue Arg104 binds to the modulg®Tresidues  Crystallographically resolved complex

Asp88 and GIug9 of p7§R. Human tumor necrosis fact@#p55™NFR 0.62 423
In NT-3, residues Arg31, His33, Arg100, and Arg87 interact complex(1TNR)®

with the module B22) residues of the receptor Glu73, Asp75, and

Asp76 (Figs. 3C, 4. In addition, residue Argl100 interacts with ~ ®The shape complementarity median statiSio/alues are calculated

Asp47 of module AL2) of the receptor binding site. Residue Lys95 acgsl)'gjtg‘llgalt’gal\_lsvk\)l[ﬁine%eiﬁ?geﬁg{?ﬁggz%f the complex after omitting the

of '°9p v dO?S n_ot form a“Y salt-bridge F:ontact W'_th t_he rec?ptor,1_5 A band from the periphery of the interface as described by Lawrence

consistent with its lack of importance in NT-3 bindif®ydén  and Colman1993.

et al., 1995. Thus, the present results agree well with the estab- ¢The four-letter code assigned by the Brookhaven Protein Data Bank.
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required to distinguish conformational changes within H7%
induced by different neurotrophins.

Module A1(2)
Structural variability of the binding domains

The predicted binding pattern of neurotrophins to p75is veri-
fied by comparison of the sequences of the identified binding do-
mains in different species. If the predicted binding pattern is accurate,
the principal residues of both counterparts should be conserved
throughout all species. The presented sequences of thépBid-
ing site from different speci€$-ig. 2) demonstrate that the residues
comprising the binding epitope, namely Asp47, Lys56, Asp75,
Asp76, Asp88, and Glu89, are absolutely conserved in'P75As
far as neurotrophins are concerned, because of observed structural
variability of loops | and IV in neurotrophindRydén et al., 1995
conservation of the principal residues of their binding determinants
may be established only within the same neurotrophin. The most re-
centand comprehensive sequence alignment of neurotrdirid-
shaw et al., 199%indicates that the identified functional epitopes of
the neurotrophingTable 1 are highly conserved within the same
neurotrophins even though there are some exceptions, often repre-
sented by the substitution by a similar amino acid. Arg100 and
Arg103 are the only two residues of the binding epitopes that are
Fig. 5. Conformational changes within the 75 binding site upon BDNF  apsolutely conserved throughout all neurotrophiBsadshaw
binding. Green and purple cylinders represent overall orientations of modg o 1994 Other residues within the functional epitopes maintain
ule B2(2) in free and bound p78R binding site, respectively. e - . .
specificity of binding of different neurotrophins. The present model
also permits understanding the conservation of residues that do not
directly participate in receptor binding. For example, Gly33 is ab-
- . ) o . solutely conserved in all neurotrophins yet is not involved in any
BDNF-complexed p78'™ binding site. The superimposition is specific interactions with the receptor binding site. However, within
performed by a least-squares minimization technique _usmg th?ne present model, its conservation can be understood because it is
a-carbon reference atoms of modules(@land AL3). As illus- 5 ated very closely to module A3) of the receptor and forms di-

trated, the overall orientation of module &2 with respect to the o\ an der Waals contacts with Eig. 3), such that any other res-
two flanking units is conad_ergbly;gglln_ed_upon binding. Induced jy,e will induce sterical hindrances that would destroy the ligand—
conformational changes within p binding domain are con- receptor geometric complementarity.

sistent with the model of overlapping hing@daismith & Sprang,

1998 in which connectindlinker) regions permit the structure on

either side to make considerable rigid body movements. Becausgethods

of striking similarities of the binding patterns of different neuro-

trophins to p75TR, similar, but not identical, conformational al- .

terations take place in the receptor binding site in the (:omplexeg/lc“ecu'.alr modeling of the neurotrophireceptor
. . . . . . nteractions

under investigation. This result is consistent with the observe

changes in circular dichroisCD) spectra upon binding of the Molecular modeling of the ligand-receptor complexes has been

neurotrophins to the extracellular domain of 78 (Timm et al.,  performed to demonstrate the stereochemical fit of the binding

1994 and further suggests that the observed effects are mainlgomains of neurotrophins to a single putative binding site within

associated with specific conformational alterations within the re-p75YTR rather than to comprehensively explore the conformational

ceptor. The magnitude of the CD changes correlates with the arespaces. Geometric features of the complexes of single protomers of

of the binding interfaceW; Table 3, i.e., the largest and the neurotrophins with the p?78R binding site have been obtained by

smallest spectral changes have been observed for NT-3 and NGRultiple independent molecular dynamics runs of 200-300 ps at

respectively(Timm et al., 1994 Consequently, spectral changes constant temperatures between 300 and 380 K, followed by local

increase with the increase of the protein—protein contact area. Aenergy refinements. The QUANTA-97 molecular modeling pro-

cording to the model, the driving force for the conformational gram(Molecular Simulations Inc., San Diego, Califorpisith the

transitions arises from the salt-bridge interactions of the moduleinited-atom CHARMM potential energy terrtBrooks et al., 1988

B2(2) residues in the receptor binding site, Asp75 and Asp76, withhas been used. Solvent has not been included in the molecular

positively charged residues of the neurotrophins; spatial positiongdynamics calculations because the binding interfaces within the

of the flanking A1(2) and A1(3) modules are fixed by ionic inter- neurotrophinp75N™R complexes are not expected to involve sol-

actions of their residues Asp47, Lys56, Asp88, and Glu89 withvent molecules.

corresponding residues in the neurotrophiffigs. 3, 4. Thus, Initial geometries of individual components of the complexes

structural variability of neurotrophins does not preclude them fromwere based upon the X-ray crystallographic coordinates of NGF

inducing similar conformational changes within the binding site (McDonald et al., 1991, BDNF and NT-3(from the BDNFNT-3

of the common neurotrophin receptor. Further investigation isheterodimer; Robinson et al., 199and the p55NFR extracellular

Module A1(3)
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domain(Banner et al., 1993; Chapman & Kuntz, 199%hich is  those used by Lawrence and Coln{d893, we have validated the
homologous to p78"™R. Geometry of NT-3 monomer derived from reliability of our algorithm by evaluating the parameters for two
the BDNF/NT-3 heterodimer has recently been shown to be veryproteirn/protein interfaces tabulated by Lawrence and Colman
similar to that from the NT-3 homodimer, particularly in the re- (1993. The N9 neuraminidase subunit interfd@ookhaven PDB
ceptor binding regiongButte et al., 1998 Geometry of the NT- code 1NCA is found to be characterized & = 0.71 andW =

4/5 monomer was constructed from the X-ray structure of NT-31,945 R (published values are 0.71 and 1,947, ﬁespectively
(Robinson et al., 1995Because of remarkable geometric similar- while those parameters for the tern N9 neuraminidase-NC41 Fab
ity of all the neurotrophins that reveals their overall high rigidity complex interface ar& = 0.64 andW = 1,149 & (published
(Butte et al., 1998 the molecular motions of the neurotrophins values are 0.63 and 1,212 Arespectively. This is in agreement
were restricted by imposing the following atom constraints. First,with the predicted relative insensitivity of th® statistic to the
the neurotrophin peptide backbones were fixed at their crystalloatomic radii usedLawrence & Colman, 1993and demonstrates
graphic coordinates. Second, conformations of the amino acid sid#ne ability of our particular interpretation of the algorithm to re-
chains of the neurotrophins were restricted except for those locategroduce published data. All calculations were performed on a
within or in the vicinity of loops | and IV(the p73'™R binding 200 MHz Indigo-2 Silicon Graphics Workstation.

determinant Specifically, amino acid side-chain motions were

allowed for residues 23-35 and 93-@8GF numbering as well L .

as for eight additional neighboring residues, namely Hisg4 of NGFSUPPorting information

(GIn in other neurotrophins Phe86(Tyr in other neurotrophins  Full atomic coordinatesin PDB formal of the complexes are

Lys88 (Arg in other neurotrophins Trp99, Arg100, PhelOLTrp  available in the WWW site: httg/www.chem.queens.¢éaculty/
in NT-3 and NT-45), Arg103, and Asp105. The flexible amino and weaveyweaverpub.html.

carboxyl termini of the neurotrophins were excluded to avoid non-
relevant hindrances for receptor docking. The artefactual charges )
on the terminal amino and carboxyl groups of the binding siteNote added in proof

arising from truncation of the flanking peptide bonds in §7% Reference to Van der Zee et 41998 is being retracted.
and the neurotrophins were neglected.
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