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Abstract: Selective effects of transition metal cations"(on biological activities of nerve growth factor
(NGF) have recently been described. It has been suggested that four residues in NGHRigislis®¥, and

Asp'9) form a distorted square base pyramidal coordination complex {Mié)s(—O.C-Asp)], thereby inducing

a conformational transition within the NGF amino terminus (residuesMe#?), which constitutes a critical

part of the receptor binding determinant. In this report, we provide theoretical and experimental data validating
this structure and suggest a model for the selectivity of the M{IGF interaction. The structures of the
model complexes [M(NB)s(-O-CCH;z)] and [M(HNCH,)3(~O2CCHg)] (mimicking the M(I1)—NGF coordination

site) with first- and second-row divalent transition metal cations Co(ll), Ni(ll), Cu(ll), Zn(Il), Rh(ll), Pd(ll),
and Cd(ll) were studied by fully optimized ab initio molecular orbital calculations. Regardless of the chemical
nature of the neutral ligands, these cations split into three groups: (i) Ni(ll), Cu(ll), and Pd{in¢dd
metals), which prefer a square pyramidal coordination; (ii) Co(ll), Rh(if)ngetals), and Zn(ll) (thed first-

row transition metal), which prefer a triangular bipyramidal environment; and (iii) Cd(ll) heetond-row
transition metal), which has no intrinsic stereochemical preference. It should be noted, however, that
stereochemical preferences of Cu(ll) and Zn(lIl) are minor. Molecular mechanics calculations demonstrate that
particular geometric features of the MAHNGF coordination site are most suitable for metal cations of
intermediate sizes. Taken together with the intrinsic stereochemical preference of transition metal cations,
three ions (Zn(l1), Cu(ll) and Pd(Il)) are expected to be specific NGF antagonists, which is consistent with the

effects of these ions on the conformation and biological activities of NGF.

Introduction

Nerve growth factor (NGF) is one member of a family of
structurally and functionally related dimeric polypeptides (termed
neurotrophins) which are essential for the development and
maintenance of distinct neuronal populations in the central and
peripheral nervous systeris® NGF is implicated in multiple
neurologic disorders such as Alzheimer’s diséamaijepsy0-11
stroke!? and paint® The biological functions of NGF are
mediated by its interactions with two receptor types: TrkA,
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which belongs to the tyrosine kinase family and is specific for
NGF, and p758™R, a member of the tumor necrosis factor (TNF)
receptor superfamily, which binds all neurotrophfri§:1°
Although neurotrophin specificity is conventionally thought to
result from the binding selectivity of Trk receptdrsecent
experimental studies reveal important functional aspects of
p78VTR (refs 19-27). The significance of the two-receptor
recognition system for neurotrophins is poorly understood. In
a variety of cell types, interaction of NGF with TrkA receptor
mediates cell survival, whereas the NGF/75interaction may
induce apoptosis (programmed cell dedthiP-28-32 The allos-
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teric interaction of these two receptors (when they are coex- of stereochemical preference and sizé34749 Surprisingly,
pressed) results in preferential TrkA-mediated survival over different experimental studies on NGF conformation and
p75VTR-mediated apoptosi. biological activity have indicated that neither Co(ll) nor Cd(Il)

Direct interactions of Zn(ll) and other transition metal cations IS able to mimic the effects of Zn(ll) on NGF, and only Cu(ll)
with NGF and related neurotrophins, resulting in their inactiva- and Pd(ll) ions behave similarly to Zn(i#}:3 Further, it has
tion, have recently been describ&d® Neurons may be exposed  been found that these three metal cations inhibit interactions of
in vivo to significant concentrations of various transition metal NGF with both TrkA and p78™® receptors. Other transition
cations. Two transition metal cations, Zn(Il) and Cu(ll), are both Metal cations have only partial activities at best; e.g. Ni(ll)
present in the brain in significant concentrationd 00M).36:37 selectively blocks only the NGF/TrkA interaction. No transition
Elevated levels of these metals arising from changes in their metal cation which can specifically inhibit the NGF/B78
metabolism are found in pathological conditions such as cerebralinteraction without affecting the TrkA-mediated activities of
ischemia2® epilepsyl? Alzheimer’s diseas&373%Parkinson’s NGF has been identified. Because of the significance of NGF
diseasd? amyotrophic lateral sclerost8and Wilson’s disease.  in multiple neurologic disease processes and the unique selectiv-
The ability of Zn(ll) to modulate neuronal functithand ity of the NGF coordination site for transition metal cations,
modulate apoptosi&is well recognized. It has been suggested the determination of the structure of this site is an important
that Zn(ll) exerts this important regulatory role at least in part and challenging problem.
by altering neurotrophin activit§? It has been further suggested ~ In our model of the Zn(I-NGF coordination site, the cation
that Zn(ll) and Cu(ll) directly bind to a specific coordination s chelated by four NGF residues, Hiand Hig of the first
site within NGF, thereby altering the geometry of the receptor Protomer and Hi' and Asp? of the second protomer, forming
binding domains, which results in a loss of biological activittes. @ five-coordinate site (two oxygen and three nitrogen atéths).
Consequently, aberrant concentrations of Zn(ll) or Cu(ll) in Although this particular coordination environment has been
distinct populations of neurons supported by neurotrophins asfound in Zn(ll)-containing protein&}°0->3 it is rather unusual,
survival factors may induce neuronal disorders by altering the since Zn(ll) generally forms a tetrahedral coordination as
desired biological outcomes of the neurotrophins. observed in the vast majority of metalloprotefds? The

It is recognized that Zn(Il) plays two roles in metallopro- nvolvement of Hi$" and Asp® in chelating Zn(ll) has been
teins: structural and catalyti€43In a proposed mechanism of ~ €Stablished by X-ray crystallography of the NGF—8 deletion

Zn(ll)-mediated NGF conformational change, Zn(ll) exerts a mutant4|n which the amino terminal residues ‘Siis® were
structural role by maintaining a unique geometry of the absent* Furthermore, participation of the NGF amino terminal

coordination sité3 The large majority of coordination sites in  fesidues Hisand Hig'in coordinating transition metal cations
metalloproteins recognized as structural are found to contain @S been demonstrated by spectropolarimétiyevertheless,
either Ca(ll) or zn(I)*® Since Ca(ll) does not affect NGF pred|_cted geometric features of the_l_\lGF metal C(_)ordlnatlon site
activity33 and considering the high concentrations of zn(ll) in '€mMain hypothetical. Although transition metal cations have been
brain#! we postulate that this site is particularly organized in US€d in X-ray analysis to resolve the structure of NGF, they do
nature for chelating Zn(ll). Nevertheless, as observed in many not e_I|_m|nate confo_rmatlonal flexibility inherent in the NGF
experimental studies, Zn(ll) ions can be replaced in metallo- {Mini>>°® suggesting crystal structures of the complexes of
proteins by other transition metal cations such as Co(ll), Cu- NGF with transition metal cations involving the amino terminus
(1), Ni(ll), Hg(ll), Mn(l1), Fe(ll), and Cd(I1).43-46 The metal may not presently be obtained. Consequently, the structure of

cations Co(Il) and Cd(Il) most closely resemble Zn(ll) in terms the_coordination site Wit_hin NGF shogld be determined alter-
natively by spectroscopic and theoretical methods.
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Selectiity of Nere Growth Factor

coordination site of NGF with first- and second-row transition
metal cations Co(ll), Ni(ll), Cu(ll), Zn(ll), Rh(ll), Pd(ll), and
Cd(Il) are simulated by ab initio and molecular mechanics
calculations. It is demonstrated that both stereochemistry and
size of the coordination site are most consistent with Zn(ll),
Cu(ll), and Pd(lI).

Methods

Protomer Cross-Linking of NGF. NGF has two identical pro-
tomers, each having a molecular weight of approximately 13 kDa. The
chemical cross-linking agent bis-sulfosuccinimidyl-suberatéy88ms
covalent bonds with two functional groups (likely primary amines)
belonging to different protomers of NGF, thereby connecting them into
a covalently coupled dimer with a molecular weight of about 26 kDa.
This reaction is sensitive to the distance between the functional groups,
which is dependent on NGF conformation. Consequently, those
compounds which influence NGF conformation may also affect the
ability of BS® to cross-link NGF protomers. Since NGF is a rather rigid
molecule with only its amino (Séto Set®) and carboxyl (Lett? to
Arg!8) termini being flexible domain%} 56 significant conformational
changes are most probable within these terminal regions. Thus, change
in cross-linking of NGF protomers is closely related to changes in
mutual orientation of the juxtaposed amino and carboxyl terhiit¥i.
While the ability of a metal ion to alter protomer cross-linking efficiency
indicates a change in NGF conformation, it offers no insight into what
the new conformation is.

For experimental studies on the alterations of the NGF conformation,
0.1 nM *?9-labeled NGF was incubated in the presence or absence of
transition metal cations Co(ll), Ni(ll), Cu(ll), Zn(ll), Pd(ll), and Cd-
(1) (100 uM of their Cl salts) in HKR buffer (10 mM HEPES [pH
7.35] containing 125 mM NacCl, 4.8 mM KCl, 1.3 mM CaC1.2 mM
MgSGQ;, 1.2 mM KH,PO;, 1 g/L glucose, 1 g/L BSA) fo2 h at 4°C
in a total volume of 0.1 mE Chloride salt of each metal ion was
used (either anhydrous or hydrated); it was dissolved in DMSO at a
concentration of 100 mM and then diluted in a HKR buffer to a final
concentration of 10M. For cross-linking NGF protomers, 0.4 mM
BS® was added and the mixture was incubated for 30 min at@5
The reaction was quenched with reducing SDS PAGE (sodium dodecyl
sulfate polyacrylamide gel electrophoresis) sample buffer, electrophore-
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Electron correlation was taken into account by the density functional
theory (DFT) metho®6 using Becke's three-parameter exchange
functional with the Lee-Yang—Parr’s correlation functional (B3LYP.
Geometries of the model complexes were fully optimized at the
Hartree-Fock (HF) and the DFT levels of theory, and the reliability
of the optimized structures as corresponding to the true energy minima
was proven by computations of normal frequencies. Single-point
energies of the optimized structures were then calculated at higher levels
of theory using the 6-311G(2df,2pd) extended basis sets for atoms H,
C, N, and O% Ab initio calculations were performed with the Gaussian-
94 progranf?

Molecular Modeling. The aim of the molecular modeling studies
was to predict factors which affect the integrity of the coordination
site [M(N-His)s(-O.C"-Asp)] within NGF, rather than to identify its
structural features. Molecular modeling was used in conjunction with
ab initio methods, since methods of bioinorganic molecular mechanics
are not yet sufficiently developed to provide reliable structural
predictions, particularly for metalloproteins with transition metal
cations®® The three-dimensional structures of the complexes of NGF
with selected transition metal cations @ Ni(ll), Cu(ll), Zn(ll), Pd-

(1), and Cd(ll)) were obtained by molecular mechanics calculations

g)ased on the X-ray crystallographic structure of mouse ¥&m=nd

on the geometry of the Zn(ll) coordination site as revealed by recent
molecular dynamics simulatiodéPotential energies of the complexes
were calculated within the framework of the all-atom CHARMM force
field model?® Potential energy minimizations were performed with
QUANTA-97 molecular modeling softwar@.In addition to the three-
dimensional coordinates of the chelated metal cation, the conformational
parameters of the following residues of NGF involved in formation of
the coordination site were taken into account when minimizing potential
energies of the complexé%Set to Set® (amino terminus of NGF),
Leut'? to Arg® (juxtaposed carboxyl terminus of NGF), and six
additional residues located in a close proximity to the coordination site
Thr?9, GIu®®, His**, Phéf, Arg', and Asp®. Positions of all other
atoms of NGF were fixed at their X-ray crystallographic coordin&tes.

Results and Discussion

Protomer Cross-Linking of NGF. The ability of transition
metal cations to change NGF conformation was evaluated by
their ability to inhibit cross-linking of NGF protomers using

sed using a 15% acrylamide gel, and processed for autoradiographythe cross-linking agent BSas presented in Figure 1. Cations

Ab Initio Calculations. The putative coordination site [M{Nlis)s-
(TO.Cr+Asp)] of NGF was simulated with two model complexes,
[M(NH 3)3(“O.CCHj)] (complex! with sp*-hybridized nitrogen atoms)
and [M(HNCH,)3("O,CCH)] (complexlIl with sp>-hybridized nitrogen
atoms), in which ammonia or methanimine molecules mimic neutral
His residues, and a bidentate acetate anion mimics negatively charge
Asp. The methylene groups within the methanimine molecules of
complexIl were oriented toward the acetate anion to avoid possible
artifactual NH:-OC hydrogen bonding. Divalent transition metal cations
(M = Co(ll), Ni(Il), Cu(ll), Zn(I1), Rh(Il), Pd(Il), and Cd(Il)) were
described by relativistic compact effective potentt@lshich explicitly
consider the electrons in the ¢ 1)s( — 1)p(h — 1)dns shells. All-
electron 6-3%G* basis sets were utilized for H, C, N, and O atoms,
in which the split valence 6-31G basis $etsere augmented by diffuse
sp function&! and polarization six-component Cartesian d functions
on atoms C, N, and €. The importance of diffuse functions has been
demonstrated for describing the electronic structure of arfiois.
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Cu(ll), Zn(Il), and Pd(ll) considerably reduced protomer cross-
linking efficiency, which indicates that these ions bind to NGF
and change its conformation. The other cations tested (Co(ll),
Ni(ll), and Cd(ll)) were inactive. This result demonstrates a

Hnique selectivity of the coordination site within NGF which

has not been previously reported. Specifically, the NGF
coordination site is able to distinguish zZn(Il) from Co(ll) and
Cd(ll), which behave very similarly in the vast majority of
metalloproteing2:43.47-49

Ab Initio Calculations. Molecular systems with transition
metal cations having different spin states (Co(ll), Ni(ll), Rh-
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C BS® J stereochemical preference of the chelated transition metal cation.
The second structure always corresponds to a saddle-point with
NGF- - two imaginary frequencies. Table 1 presents relative energies
Dimer . . . - - . of the two structures for each metal cation at the HF/6-G%,
. B3LYP/6-31+G*, HF/6-311G(2df,2pd)//HF/6-3tG*, and
NGF- .. Saeeses B3LYP/6-311G(2df,2pd)//B3LYP/6-31G* levels of theory. As

seen, the stereochemical preference of Zn(ll) and Cd(f9 (d
e 2h o~ 24 o 24 2e 12 elements) for structuréB is insignificant at all levels, since

- - Co”Ni" Cu” Zn" Pd" Cd these particular metals have completely occupied d orbitals and
Figure 1. Changes in the conformation of NGF as demonstrated by are thus spherically symmetrical. On the contrary, all other
reduced ability of the cross-linking agent B covalently cross-link  peta|s have a definite stereochemical preference. Metals of the
NGF monomers _in the presence of indica_ted transition metal cations. d8 (Ni(Il) and Pd(Il)) and @ (Cu(ll)) groups are more likely to
In control d?Xple r'menlzé?’ no Icrcissf“nkmg agebnt Waz al\c/;lldteo: agd, adopt structuré-A , whereas @metals (Co(ll) and Rh(ll)) prefer
corresponain , NO covalent dimer was opbserved. Metals Cu- ! . e
(), ZE(”)’ a%é/ Pd(ll) significantly reduce the ability of BSto structureI.-B..The stergochemlcal preference of the transition
covalently cross-link21—NGF. metal cation is determined solely by the occupancy of its three
highest d-orbitals. With the exception of Cd(ll), if the levels
are equally occupied, the metal cation adopts coordindtidn
otherwise it prefers square pyramidal coordinatiof.

Geometry optimizations of the compléix at the Hartree

Fock level were unsuccessful for all open-shell structures
because of poor convergence properties of the self-consistent
field procedure. On the other hand, electron correlation has
completely eliminated this problem, hence further discussion
of the geometric features of compléix is based exclusively
on the B3LYP/6-3%+G* optimized structures. The minimal
energy structures of the complék (Figure 3) are strikingly
similar to those of the complex (Figure 2). The square
pyramidal coordination geometry (structuieA ) remains to
be the most stable for metals of théahd & groups, whereas
the triangular bipyramidal structuteéB is the only minimum
for metals of the dand d° groups. A specific feature of the
complex Il is that the structurdl-B with the triangular
Figure 2. Orthogonal projections of the fully optimized geometries  bipyramidal geometry corresponds to the local energy minimum
of the [M(NHs)s("O,CCHs)] coordination complexes of divalent  for the ¢ and @ metals, as demonstrated by computations of
tLa”Sitio(“ )mlg'tatl c?ti;)ns (M) obtaine%alt the BSIt_YP/ﬁKl*tIe\_/etl_ Off " normal frequencies. The stabilization of theB structure for
theory. (a) Distorted square pyramidal geometry characteristic for ; ;
= Ni(ll), Cu(ll), and Pd(ll) (structurd-A); (b) triangular bipyramidal :22 Icf_znda(:dnrﬁ té;llss:fj cutllgsr érsl %fgezséggé??oe?ﬁ égngpaggt?/vt\g:r? :

geometry characteristic for M= Co(ll), Rh(ll), zZn(ll), and Cd(Il) . e
(structurel-B). Chelating atoms of the ligand molecules are illustrated structures-A andI-B (Table 1). Because of this stabilization,

by small dark-grey spheres, transition metal cations by large light-grey Preference of Cu(ll) for thél —A structure is minor. It was not
spheres. possible to calculate the corresponding energy gap for the d

or d'® metals, since with these metals geometry optimization
(1N, and Pd(ll)) appeared to be more stable at the high-spin of 1I-A always converged t-B . Consistent with published
state (data not shown); accordingly, the high-spin states wereexperimental and theoretical data, the most stable configuration
presumed in all calculations describing those metals. Geometryof all the model structures corresponds to a coplanar location
optimizations of the coordination compléexat the HF/6-3%G* of metal cation with planar ligands (such as acetate anion or
and B3LYP/6-3%G* levels indicate that there are two types methanimine), with the carboxylic group being in bidentate
of the minimal energy structuresA andl-B, each possessing  coordinatior3.72-76
Cs point-group symmetry. StructuteA with a distorted square Optimal spacial positions of the ligands around the metal atom
pyramidal geometry is inherent in complexes with=VNi(ll), in the complexesl and Il were expressed by spherical
Cu(l1), and Pd(ll). In this structure (Figure 2a), four coordinating coordinates of the coordinating atoms, namelyradius), 6
atoms (both carboxylate oxygens of an acetate and the nitrogenglatitude), andy (longitude). Metat-ligand separations) are
of two ammonia molecules) lie in the same plane, with the fifth presented in Table 2. Orientations of metédjand bonds €
coordinating atom (nitrogen of the third ammonia) “hanging versusg) are illustrated in Figure 4. As seen in Table 2, the
over” and pulling the metal cation out of the plane. Structure metal-ligand bond lengths MN(s?) are shorter than MN(sp)
I-B with a triangular bipyramidal geometry is characteristic for roughly by 0.04 A. This bond length decrease caused by the
M = Co(ll), Zn(l1), Rh(ll), and Cd(ll). In this structure (Figure  alterations in hybridization of one of the two atoms of the bond
2b), two ammonia molecules are located symmetrically with is well-known in other systems (e.g., compare with the 0.04 A
respect to the plane formed by the carboxyl group, the metal hond length decrease when going from G{s{C(sp) to
cation and the nitrogen atom of the third ammonia. As seen in - - -
Figure 2, both of these structures are five-coordinate, and theCh(gmz? gggleslaléé:iid gggle—”é:éel._” Erlebacher, J.; Glusker, JJ.RAm.
main difference between them is the orientation of the bidentate  (73) Christianson, D. WAdv. Protein Chem1991, 42, 281—355.

carboxyl group. In structur&B, this group is turned by 90 (74) Glusker, J, PAdv. Protein Chem1991 42, 1-76.
with respect to its orientation in structuke . Lo beban. I; &gedin, P.; Gruber, KActa Crystallogr.1996 C52
The coordination complex has only one minimal energy (76) Hoang, N. N.; Valach, F.; Dunaj-JardM. Acta Crystallogr.1995

structure, eitherl-A or I-B, depending on the particular C51, 1095-1097.
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Table 1. Relative ab Initio Energies (in kJ/mol) of Two Structures, A (Square Pyramidal) and B (Triangular Bipyramidal), of the
Pentacoordinated Complexes [M(M&(~O.CCHs)] (Complex 1) and [M(HNCH)s(-O.CCH;)] (Complex Il) of Divalent Transition Metal

Cations (M)
first-row transition metals second-row transition metals
structure level Co(ll) Ni(ll) Cu(ll) Zn(l1) Rh(Il) Pd(Il) Cd(l)
Complexl
I-A HF/B12b 9.79 0.00 0.00 2.01 14.69 0.00 0.00
HF/B22¢ 10.50 0.00 0.00 2.85 18.54 0.00 0.04
B3LYP/B1¢ 20.59 0.00 0.00 2.64 26.69 0.00 0.00
B3LYP/B2 20.17 0.00 0.00 3.85 26.57 0.00 0.63
|1-B HF/B12 0.00 5.69 3.39 0.00 0.00 15.10 0.54
HF/B22 0.00 6.36 4.56 0.00 0.00 16.32 0.00
B3LYP/B1¢ 0.00 8.54 3.64 0.00 0.00 20.25 0.33
B3LYP/B2 0.00 7.32 4.73 0.00 0.00 22.80 0.00
Complexll
1-A B3LYP/B1¢ N/D 0.00 0.00 N/D N/D 0.00 N/D
B3LYP/B3"e N/D 0.00 0.00 N/D N/D 0.00 N/D
Il -B B3LYP/B1¢ 0.00 4.56 0.92 0.00 0.00 12.97 0.00
B3LYP/B3 0.00 4.61 1.07 0.00 0.00 12.46 0.00

aGeometries of the complexes were fully optimized at the HF/6G1level. ® B1 denotes the 6-31G* basis set® B2 denotes the 6-311G(2df,2pd)
basis set which was used only for single-point calculatii@eometries were fully optimized at the B3LYP/6-B&* level. ¢ B3 denotes the
6-311G(2d,2p) basis sétN/D, not determined because of convergence td It structure. The most stable structures are highlighted in bold for

clarity.

Figure 3. Orthogonal projections of the fully optimized geometries
of the [M(HNCH,)3("O.CCHg)] coordination complexes of divalent
transition metal cations (M) obtained at the B3LYP/6+&3* level of
theory. (a) Distorted square pyramidal geometry characteristic for M
= Ni(ll), Cu(ll), and Pd(Il) (structurél-A ); (b) triangular bipyramidal
geometry characteristic for M= Co(ll), Rh(ll), zZn(ll), and Cd(Il)
(structurell-B).

Table 2. Average MetatLigand Bond Lengths (in A) in the Most
Stable Structures of the Pentacoordinated Complexes

[M(NH 3)s("O-CCHs)] (Complex 1) and [M(HNCH)s(" O:CCH)]
(Complex 1) of Divalent Transition Metal Cations (M) Obtained by
Fully Optimized ab Initio Calculations at the B3LYP/6-8G*

Level

first-row transition metals  second-row transition metals

bond Co(ll) Ni(ll) Cu(ll) zZn(ll) Rh(@l)  Pd(l)  Cd(ll)
Complexl

M—N 2121 2.098 2.133 2116 2.286 2.282  2.357

M—-O 2138 2.058 2.028 2.165 2.285 2233 2311

average 2.128 2.082 2.091 2.136 2.286 2.262  2.339
Complexll

M—N  2.084 2.055 2.098 2.099 2.229 2.227 2.327

M—-O 2149 2.072 2.037 2158 2312 2242 2332

average 2.110 2.062 2.074 2.123 2.262 2.233 2.329

C(sp)—C(sp)). Positions of the optimal orientations of metal

type of metal atom, rather then by the type of ligand. Thus,
regardless of the chemical nature of neutral ligands, positions
of the equatorial bonds split into two clusters according to the
occupancy of three highest d orbitals of metal cations: Co(ll),
Zn(ll), Rh(ll), and Cd(Il) with equivalent, and Ni(ll), Cu(ll),
and Pd(Il) with nonequivalent occupancy. These observations
suggest thatr-orbitals of methanimine do not participate in
bonding to the metal cations, which is consistent with previous
studies which indicated that neutral ligands behave mostly as
donors® This implies that metals with nonequivalent occupancy
of the three highest d orbitals possess an “intrinsic desire” to
have any four of their ligands arranged in a square, which agrees
well with crystallographic dat& 7> 7¢including the observation
that Pd(ll) is typically found in a square planar coordination.
Thus, neutral ligands do not directly affect the stereochemical
preference of the coordinated transition metal cations, even
though this preference might be very minor, as found for Cu-
(Iry and zn(11).

As seen in Figures 2 and 3, the energy minimum structures
of the complexes posse&% symmetry, except for thé-A
structure (Figure 3a) which has no symmetry elements. In this
particular coordination state, the plane of the axial ligand, instead
of being coplanar with the plane of symmetry (which exists in
the corresponding structureA), forms an angle of ap-
proximately 48 with it for all d® and & metals. This deviation
can be easily explained by electron repulsion of doubly occupied
orbitals of metal and axial ligand (Figure 5). The two lowest
fully occupied d-orbitals (g and d,) of a transition metal, being
in a square pyramidal coordination state, create a four-fold
hindering for torsional rotation of the axial ligand around the
axis, i.e., around the single %N bond. Because of spatial
location and symmetry of the other three d orbitals of the metal,
dvy, Ok>—y?, and @, they do not create any hindrances to the
rotation of the axial ligand. Electron repulsion of orbitalg d
and d, of a transition metal from three torsional electron pairs
of an axial nitrogen atom (represented either by tlreebitals
in ammonia or by twar and onesr orbitals in methanimine)
causes particular conformational preferences of the axial ligand
in the square pyramidal coordination states. In the complex
with a tetrahedral nitrogen, the minimal energy structure

ligand bonds in both square pyramidal (Figure 4a) and triangular corresponds to a symmetric eclipsed conformation (Figure 5a).
bipyramidal (Figure 4b) environments are determined by the On the other hand, in the compléix with a trigonal nitrogen,
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(a) cﬁi_h
Ni
60
30
o
ff. 0 L 2 @Pd
o gSCu, Ni
-30 - oo
Rhg
a b
60 | Figure 5. General structure of the square pyramidal coordination states,
and the explanation for the conformational preferences of axial ligands
in structured-A andll-A based on the origin of hindrances to torsional
90 T T 1 1 T rotation of the axial ligand around tlaxis in a square pyramidal or
0 30 60 90 120 150 180 octahedral coordination environment: (a) Most stable conformation of
¢, degrees thel —A structure inherent in the compléxvith tetrahedral axial ligand
and transition metal cations of®cbr &® group; (b) most stable
%0 conformation of thdl —A structure characteristic for the compléx
(b) with trigonal axial ligand and transition metal cations &bd d® group.
General location of equatorial ligands is illustrated by double-hatched
60 cd circles, electron density of,gand g, orbitals around the metaligand
Cu, Nié bond by empty circlesy-bonds of an axial nitrogen atom by solid lines,
Rh p-orbital of an axial nitrogen atom by black 8-shaped figure.
e equatorial ligands or occupancy of three higher d orbitals of
@ transition metal or its valence state (provided the two lower d
Y 0 orbitals remain occupied). Available X-ray crystallographic data
i Zn deposited in the Brookhaven Protein Data Bank on natural
l cu metalloproteins confirm this point and indicate that the observed
30 co Ni conformation of the axial His residue in square pyramidal or
Roh b octahedral complexes of transition metal cations is indeed similar
“ to that of axial methanimine in thB-A structure (compare
-60 | Figures 6 and 5b). Surprisingly, a barrier hindering the rotation
of the axial ligand in the complel appears to be low (34
kJ/mol at the B3LYP/6-311G(2d,2p)//B3LYP/6-8BG* level),
-90 | L | | | which implies that energy of coordination sites in natural
0 30 60 90 120 150 180 metalloproteins has been carefully regulated during evolution,
¢, degrees such that rather small stereochemical preference of transition

Figure 4. Optimal sites of ligands around the pentacoordinated divalent metal Catlon_s (Table 1) repre_sent_s an important factor for a
transition metal cations in the square pyramidal (a) and triangular PrOPer function of metal coordination Sitess.

bipyramidal (b) coordination environments obtained by fully optimized Since transition metal cations display low affinity for NGF,
correlated relativistic DFT calculations at the B3LYP/6+33* level. the function of the NGF coordination site is expected to be
Spherical coordinated (latitude) andg (longitude) of oxygen and  particularly sensitive; therefore, the intrinsic stereochemical
nitrogen atoms of the ligands were calculated assuming that the equatorpreference of the transition metal cations revealed by ab initio
is perpendicular to the plane of symmetry and passes through carboncgcyjations (Table 1) seem to be sufficient to account for
of carboxyl group which also defines “zero” of longitude. Only one of selectivity of the NGF coordination site. As shown in Table 1,

the two symmetric semispheres is showh 0¢ < 18C). For three intrinsic stereochemical preferen f the transition metal cation
asymmetric structurel$-A , the coordinate system was defined by the SiC stereochemical preierence of the transition metal cations

. ; —° ; ;
least-squares method. Empty circles and triangles denote model©f the d—d groups becomes more apparent with a decreasing
complexed andll, respectively. Black circles designate the sites of Number of d electrons and is more pronounced for the second-

carboxyl oxygens. than for the first-row transition metals. However, the carboxylate
anion of Aspg® in NGF may be sufficiently flexible to switch
this repulsion results in an asymmetric staggered conformationthe stereochemical environment of the coordination site to satisfy
in which a plane of the axial ligand is coplanar with the diagonal the intrinsic preference of the particular cation. To evaluate this
of the square (Figure 5b). It is important to note that the origin possibility, conformational flexibility of the isolated propionate
of torsional barriers of the axial ligand does not depend either anion was studied with ab initio calculations at the HF/6-G,
on the chemical nature or conformation of equatorial ligands, B3LYP/6-31+G*, HF/6-311G(2df,2pd)//HF/6-3tG*, and
or on occupancy of higher d orbitals of metal. This being the B3LYP/6-311G(2df,2pd)//B3LYP/6-3tG* levels. The minimal
case, the depicted conformational features of the axial ligandsenergy structure corresponds to the @/C—C eclipsed con-
(Figure 5) should be inherent in other molecular systems with formation at all of the considered levels of theory. Hindrances
transition metal cations located in a square pyramidal or to rotation of the carboxylate anion obtained at these levels are
octahedral coordination environment, regardless of nature of 3.01, 2.93, 4.06, and 4.85 kJ/mol, respectively, which demon-
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CHARMM molecular mechanics calculations of the coordi-
nation site [M(NHis)3("O,Cr-Asp)] of NGF with selected
transition metal cations result in similar three-dimensional
structures. In all of these structures, four coordinating atoms,
namely the carboxylate oxygens of A8% Ne of His?*, and Nb
of His®*, lie approximately within the same plane forming a
distorted square, with the fifth atomeMf His?, “hanging over”
and pulling the metal cation out of this plane. This particular
geometry resembles a square base pyramidal coordination
environment (structurdsA andlI-A ; Figures 2a and 3a) which
is very common in metalloproteirtd>0-53.77.78yhile being rather
unusual for Zn(11y#243

His218 The carboxylate group of A3ff within the complexes has
His222 the C-0O/C—C eclipsed conformation, which corresponds to the
ab initio energy minimum as predicted by the present studies
on propionate anion. Furthermore, this conformation of the
aspartate anion is very rigid in the complexes, even though the
carboxylate group itself is quite flexible within the frameworks
of both ab initio and CHARMM force field descriptions. This
conclusion is based on the energetics of the incremental rotation
of the complexed and free carboxylate anion of R8within
NGF obtained with CHARMM force field calculations. Full
structural relaxation of the coordination site (within the con-
formational space used) is taken into account for each particular
conformation of the aspartate anion. For example, the barrier
hindering the rotation of this group within the ZnHNGF
coordination site is found to be as high as 71 kJ/mol. Taking
into account the empirical nature of the bioinorganic molecular
mechanical force field, this value should not be taken literally.
The obtained high barrier hindering the rotation of A8p
demonstrates the rigidity of the coordination site such that the
intrinsic inconsistency of transition metal cations with its
particular geometry will result in its destruction, rather than in
conformational alterations in A$}¥.

The saddle-point of rotation of the aspartate anion in the
complexes corresponds to the almost perpendicular conformation
of the C-C and C-O bonds (torsional angle-&C—C—O0O is
approximately—100). In this conformation, the carboxyl group
of Asp'93, the Ne atom of Hi$, and the metal cation lie
approximately within the same plane, whereas chelating atoms
Ne of His* and Nb of His®* are located at the opposite sides of
the plane. This geometry of the coordination site resembles a
triangular bipyramidal environment (structureB andIl-B;
Figures 2b and 3b). The CHARMM potential energy decom-
position reveals that the origin of the barrier of rotation of the
aspartate anion in the complexes arises primarily from van der
Figure 6. Conformation of the axial histidine residue in square \Waals repulsions of carboxylate oxygen atom froendfl His?
pyramidal and octahedral coordination sites of divalent transition metal 3ng chelated metal cation. It is essential to note that intrinsic
cations in natural _metalloproteins according to X-ray crystallographic ctaregchemical preferences of the transition metal cations are
data: (a) neutrophil collagenaSigh) hemocyaniri? (c) carbonmonoxy- ¢ considered in the CHARMM force field, hence the predicted
myoglobin: hardening of rotation of the carboxyl anion is caused by steric
hindrances inherent in the environment of the coordination site.
Consequently, despite intrinsic flexibility of the carboxylate
anion, the aspartate anion of A8pin the coordination site of
. ; : NGF is unable to adopt the alternate conformation in response
NGF prevent th.'s rotation, which has been evaluated by to the particular steregchemical preference of transition I:r)netal
molecular modeling (discussed below). cations at reasonable temperatures.

Molecular Modeling. Because of limitations of the empirical The results of molecular modeling indicate that the coordina-
force field molecular modeling approach, it is difficult to tjon site within NGF possesses an inherent distorted square
accurately determine structures of coordination sites in metal- pyramidal geometry; thus, it is organized to chelate the transition

lobiomolecules based exclusively on this approach, particularly metal cations which prefer this particular coordination environ-
for transition metal cations. Nevertheless, when combined with

rigorous ab initio structural predictions, it has utility in assessing e(g) ':C?;gorgv ,\'IDéWE\-(‘girﬁc‘%%'f;gaﬁl%gE)Chemis"'y Oxford University

the size and flexibi.l?ty qf the coordination site and revealing ~(7g) Ton-That, H.; Magnus, Kerotein Data BankBrookhaven National
factors that destabilize its structure. Laboratory: Upton, NY; accession code 10XY.

(a)

His228

strate its high flexibility. Correspondingly, the barrier hindering
the rotation of the aspartate anion is also expected to be small
(around 4 kJ/mol) unless additional steric hindrances within
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ment. Since transition metal cations demonstrate low affinities Table 3. Deviations (C+C5, X) of the Structural Elements of the
for NGF, one could predict that those metals which are not [TM(N'_';_“S)3$\;|OIZC|:’/E:AStP)] le’ord'r(‘:a“o” Site d‘("'th!fI‘ dNGI"":Ffort
: : . ransituon Metal Cations from Corresponaing ea eatures

optimal for thlsle.nVIronrnent, SL!Ch as CQ(II) an.d Rh(ll).(TabIe (Inherent in Model Complexes | and 1) as Predicted by CHARMM

1), would not fit into this coordination site. This explains the Force Field Calculations

stnkln_g lack of activity of Co(ll), even tho_ugh Co(ll) has bee_n cation M radius A CLPA C2°A C39A CAcA C5/A SiA

established to closely match Zn(ll) by radius and stereochemical —

preference in various coordination environmetit&4748Fur- Ni(IT) 0.44 0-%19 0.165 0.132 0.007 0.268 0.791

thermore, the ability of Pd(ll) and Cu(ll) to change conformation cu(ln 0.57 0240 0139 0199 0006 0.354 0.939
. . - . Zn(l1) 0.60 0.226 0.147 0.175 0.013 0.322 0.885

and modulate biological activities of NGF as effectively as Zn-

- " Pd(Il) 0.64 0.269 0.131 0.220 0.017 0.362 1.000
(1)3435 can be explained by the pronounced stereochemical cd(i) 078 0302 0126 0258 0008 0412 1.105

reference of @ and @ metal cations toward the square - — — - - -
P q 2 lonic radii of transition metal cations observed in four-coordinate

pyramidal environment (Table 1). _ ~ environments in crystaf. ® C1, deviation of a base of a pyramid of
Despite being compatible with a square pyramidal environ- the square pyramidal environment of the metal from planarity;
ment (Table 1), the only two exceptions, Ni(ll) and Cd(ll), do calculated as root-mean-square (rms) deviation of coordinating atoms

not demonstrate the biochemical and biological properties f His' His* and Asp™ from the "best” planes C2, deviation of
inh in “full A h Znn. cudl d Pd carboxylate anion of ASg® from coplanarity with the metal; calculated
inherent in “fully active” ions, such as Zn(ll), Cu(ll), and Pd- ¢ msgeviation of the CGOfragment of Asp and the cation from
(1. Ni(lT) affects only the TrkA-related activities of NGF, while  the “best” planed C3, deviation of imidazole ring of Hisfrom

Cd(Il) appears to be inactivi Therefore, selectivity of the NGF  coplanarity with the metal; calculated as rms deviation of atoms of the
coordination site is governed by other factors in addition to the ::gg gfnﬂig‘]?rtgnrr?gJlrgrgrti?yewit:ﬁStLeprlggglz-%a(ljg:/lgg?jnagfrgns!%aezv?;?ion
!ntr|n5|c stereochemlca_l preference. _Recent Comprel”!e_n_swe Stud'of atoms of the ring and the metal from the “best’ plan@5, deviation
ies on effects of transition metal cations on NGF activities have of imidazole ring of Hig* from coplanarity with the metal; calculated
indicated that the “fully active” ions have intermediate radii as rms deviation of atoms of the ring and the metal from the “best”
whereas smaller and larger ions are inactv€onsistent with plane.? %, the sum of the rms deviations C1 through C5.

this concept, present ab initio calculations of the model

coordination complexes at the B3LYP/6-BG* level demon- difference in the rigidity of the coordination site possessing Ni-
strate (Table 2) that the average metiidand separation is (I_I) with respect to the o'ther metal cations was found when
minimal for Ni(ll) (2.082 and 2.062 A for complexgsand|l displacing residues HisHis®, and Asp. On the other hand,

respectively) and maximal for Cd(ll) (2.339 and 2.329 A); i.e., detaching Hi& from the coordination site requires much less
Ni(ll) is indeed smaller while Cd(ll) is larger than the “fully ~ energy for Ni () (about 6.3 kJ/mol) than for any other
active” metal cations considered. The difference in meighnd considered metal cation (more than 14.6 kJ/mol). This suggests
separations seems to be small, but, because of the low affinitythat Hi$% cannot be tightly packed in the Ni(H)NGF
of transition metal cations for NGF, there exists high sensitivity coordination complex. This particular residue is located in the
of the affinity to all factors, particularly to the consistency of rigid domain of NGF® and therefore, it is not able to change
size (of the metal cations and the coordination site), which has its geometry enough to properly accommodate Ni(ll).
been found to be very important in hegiuest coordination Consequently, we suggest that selectivity of the NGF
chemistry?® coordination site for transition metal cations is determined by
The CHARMM molecular mechanics calculations of the (i) its distinct square pyramidal geometry and (i) its dimensions
[M(N -His)s(~O.C”-Asp)] coordination site in NGF provide the ~ Which best fit metal cations of intermediate sizes. Those
structural basis for the observed size selectivity of NGF for transition metal cations which do not fit both criteria are not
transition metal cations. Table 3 presents deviations of the €xpected to form the fully coordinated state; however, they could
optimized geometries of the coordination site from the “ideal” form a state in which one or several NGF residues are substituted
structural features characteristic for compleiasdll . As seen, by water molecules. Experimental data indicate that this may
the increase of the radius of metal cation results in multiple be the case for Ni(ll). This particular cation demonstrates
structural distortions in the coordination site, which implies that inhibitory effects toward TrkA-mediated biological activities
the coordination complexes become less stable. The planarityWithout affecting NGF protomer cross-linking nor p75-
of the base of the square pyramidal environment, and the Mediated activity> High specificity of the effects of Ni(ll)
coplanarity of metal cation with coordinating imidazole rings toward TrkA-mediated NGF activities is probably associated
of residues Hi& and Hi$* are particularly sensitive to the with the split of the NGF coordination site into two domains,
increase of ionic radius of the cation. Hence, bulky cations, such With only one of them (responsible for TrkA-mediated activities)
as Cd(Il) or Mn(I1)& do not fit to the NGF coordination site ~ P€ing affected by Ni(ll). Since the split of the NGF coordination
because they would induce significant structural deformations. Site has been predicted to be associated with the detaching of
Although the equilibrium structure of the coordination site € @mino terminus of NGF and taking into account that this
seems to be most appropriate for Ni(ll) in terms of satisfying €rMinUs cong}ggg(lasgza critical part of the TrkA receptor binding
the “ideal” geometric requirements (Table 3), the coordination determinang;>”58182we suggest that Ni(ll) binds only to
site loses its rigidity since it cannot shrink sufficiently to 'esidues Hisand Hig, thereby affecting the bioactive confor-
accommodate this ion. Considerable loss of rigidity of the Mation of the terminus for TrkA activation.
coordination site with enclosed Ni(ll) is demonstrated by Figure 7 illustrates putative conformations of free and
imposing its structural distortions followed by CHARMM ~complexed NGF obtained by CHARMM molecular modeling
energy refinement. The equilibrium distance between one of Simulations in the framework of the present model. There are
the coordinating residues and the metal cation was increasedW© essential features of this particular modetst, a putative
by 0.5 A, and then the new distance was kept fixed while NGF protomer cross-linking site (residues Send Lys*%;
optimizing the remainder of the structure. No significant (81) Kahle, P.; Burton, L. E.; Schmelzer, C. H.; Hertel JCBiol. Chem.
1992 267, 22707-22710.

(79) Cram, D. JAngew. Chem1986 25, 1039-1057. (82) Shih, A.; Laramee, G. R.; Schmelzer, C. H.; Burton, L. E.; Winslow,
(80) Shannon, R. DActa Crystallogr.1976 A32, 751-767. J. W.J. Biol. Chem1994 269, 27679-27686.
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Figure 7. Equilibrium geometries of free and complexed NGF based on X-ray crystallogfeéand molecular modeling computations: (a) free

NGF in predicted bioactive conformatiéh® (b) fully coordinated complex of NGF with Zn(ll), Cu(ll), or Pd(ll), both TrkA and p7% binding
determinants of NGF are affected and the protomer cross-linking site within NGF consisting of primary aminesasfdSeys'® is lost; (c)

partially coordinated complex of NGF with Ni(ll) in which the protomer cross-linking site remains and only the TrkA binding determinant is
affected. Yellow and blue colors designate different protomers of NGF; transition metal cations are shown as red spheres. Only residues essential

for the discussion are denoted.
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Figure 7§% is lost only in fully coordinated complexes when elements Ni(ll) and Pd(ll)); (i) those which are incompatible
the amino terminus is detached from the juxtaposed carboxyl with the square pyramidal environment @ements Co(ll) and
terminus (compare part b with parts a and c in Figure 7). Rh(ll)); and (iii) those which have no or only minor intrinsic
Second the p7%™R binding determinant (loops | and %3385 stereochemical preference® @ement Cu(ll) and ¥ elements
is altered only in fully coordinated complexes when the amino Zn(ll) and Cd(ll)). Accordingly, the intrinsic stereochemical
terminus creates steric hindrances in this area (Figure 7b). Thesgreference of Co(ll) (8 element) in the pentacoordinated
features are consistent with available experimental &ata. environment makes it inconsistent with the geometry of the
Thus, only metals which completely fit into the NGF coordina- coordination site within NGF. On the other hand, Cd(l1}°(d
tion site by their stereochemical preference and size (Zn(ll), element) and Ni(ll) (8 element), although stereochemically
Cu(ll), and Pd(ll)) display the full spectrum of biochemical and consistent with the square pyramidal coordination environment,
biological effects. Other transition metal cations display these are too large and too small to fit into the coordination site,
effects only partially at best. Remarkably, there are no examplesrespectively. Thus, the coordination site within NGF discrimi-
of metal cations which affect NGF protomer cross-linking nates transition metal cations by their size and intrinsic
without affecting its TrkA-mediated activities. Also, no metal stereochemical preference. The agreement between the observed
cation which affects NGF/pT8R binding without affecting selectivity of the NGF coordination site and theoretical predic-
TrkA-related activities has been found to date. These resultstions supports the suggested structure of this site. Because of
suggest that compounds which bind to the amino/carboxyl the extreme importance of NGF as a survival factor in nerve
terminal region of NGF may demonstrate selective TrkA effects. cells, it is of striking significance that the selectivity of the metal
coordination site within NGF is primarily limited to Zn(Il) and
Conclusions Cu(ll), i.e., to those transition metal cations which have been

A multidisciplinary approach including biochemical and fOU”‘.’ in the brain in the highest c.o.ncentr.aticlms, .mod.ulate
theoretical methods has been utilized to explain the unusual functions of nerve cells, and most efficiently inhibit biological
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