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Conformational distribution of the potentially neurotoxic metabolite
of haloperidol, HPP 1, by NMR spectroscopy, X-ray crystallography
and molecular dynamics simulations
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In order to gain more insight into the mechanisms underlying mitochondrial inhibition by haloperidol
(HP) pyridinium metabolites, we have studied the three dimensional structure of these compounds. In this
paper we report the results of experimental (NMR studies in solution, X-ray diffraction) and theoretical
methods (molecular dynamics) applied to HPP 1. The chlorophenyl and pyridinium rings are found not to
be strictly coplanar and a high degree of mobility was observed in the butyroxy chain. Calculations have
shown that the most stable structures adopt conformations corresponding to either gauche or trans
rotamers. From these data, a model for the interaction of HPP 1 with electron transfer complexes in the
mitochondrial respiratory chain has been proposed.

Introduction
Haloperidol, 4-[4-(4-chlorophenyl)-4-hydroxypiperidino]-49-
fluorobutyrophenone (HP, 1), a member of the butyrophenone

class of neuroleptics, is one of the most widely prescribed drugs
used in the treatment of acute and chronic psychotic disorders.
The typical neuroleptic drugs, including HP, form the mainstay
of pharmacotherapeutic treatment of schizophrenia.1 More-
over, DesJarlais et al.2 also found that HP inhibits HIV-1 and
HIV-2 proteases in a concentration-dependent manner. Based
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on these initial findings, stable, non-peptide inhibitors of HIV
protease were developed from the HP lead 3 and efforts using
computational techniques to optimize the pharmacological
profile of HP-derived HIV protease inhibitors are still being
pursued.4 Restricting their wider clinical application in psych-
iatry and exploitation of the promising HIV protease inhibiting
effects is the fact that HP and other typical neuroleptics pro-
duce a variety of acute and chronic neurological disorders,
including tardive dyskinesia (TD), a potentially irreversible
syndrome of abnormal movements affecting in particular the
orofacial musculature.5 Some post-mortem studies in human
brain have suggested an association between TD and neuronal
damage,6 but it is generally accepted that conventional neuro-
pathologic examination of the human brain does not reveal
any gross lesions in patients with TD. Animal studies have
revealed subtle abnormalities in the brain ultrastructure after
treatment with neuroleptics,7–14 but finding unambiguous
human neuropathological correlations with TD remains
elusive.

Roberts et al.15 treated rats with HP for six months and com-
pared the differences in neuronal ultrastructure between rats
that developed a low or high number of vacuous chewing
movements (VCMs), which are used as an indicator of TD, and
untreated controls. Detailed examination of the mitochondria
in the high VCM group revealed that they were reduced in
number and that those remaining were hypertrophied. These
findings suggest that HP produces neuronal toxicity; that this is
probably mediated by its pyridinium metabolites; and that these
metabolites inhibit mitochondrial respiration in a manner simi-
lar to the structurally related pyridinium neurotoxic metabolite,
1-methyl-4-phenylpyridinium, (MPP 1, 2) of the well-estab-
lished pro-toxin, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP, 3).

We and others have demonstrated 16–18 that HP is metabolized
to the pyridinium species 4-(4-chlorophenyl)-1-[4-(4-fluoro-
phenyl)-4-oxobutyl]pyridinium (HPP 1, 4) in rodents and have
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also reported on the conversion of HP to HPP 119 and a second
more major species, 4-(4-chlorophenyl)-1-[4-(4-fluorophenyl)-
4-hydroxybutyl]pyridinium (RHPP 1, 5) in humans 20 and
baboons.21 HPP 1 was found to be more potent than MPP 1 as
an inhibitor at Complex I (NADH dehydrogenase) of the mito-
chondrial electron transport chain 22 and also to be a potent
neurotoxin.23 Very recently, we also reported the presence of a
urinary biochemical profile indicative of inhibition of mito-
chondrial respiration in the periphery, in baboons treated with
the tetrahydropyridine analog of HP, HPTP.24

In an effort to correlate the structure of pyridinium com-
pounds with inhibition of mitochondrial respiration, Nicklas
and co-workers 25–27 studied a series of 4-alkylated analogues of
MPP 1. The potencies of these compounds correlated with their

Fig. 1 View of the crystal conformation of HPP 1Cl 2 observed in the
solid state

Table 1 Crystallographic data, data collection and refinement par-
ameters for HPP1Cl2 a

Crystallographic data

Molecular formula
Molecular weight
Crystal size/mm
Crystal system
Space group
a, b, c/Å
α, β, γ/8
V/Å3

Z
D(calc)/g cm23

F(000)
µ(Cu-Kα)/mm22

3 [(C21H18NOClF)1Cl2]?6H2O
1266.79
0.28 × 0.1 × 0.07
Triclinic
P-1
8.201(3), 18.260(3), 21.024(4)
83.43(2), 89.60(2), 87.39(2)
3124.4(14)
2
1.347
1308
3.07

Data collection

T/K
λ (Cu-Kα)/Å
θ range for data collection
θ range for refinement
Scan type
Reference reflections
Reflections collected
Independent reflections
R(int)
Observed data [I > 2σ(I)]

293(2)
1.541 79
2.72–71.91
2.72–58.85
ω/2θ
3 (each hour)
14 418
8959 (0.9 Å resolution)
0.0341
5133

Refinement

Refinement method
Data/restraints/parameters
Goof on F 2

Final R1 [I > 2σ(I)]
Final R1 (all merged data)
wR2
w = wcalc = 1/[s2(Fo

2) 1
(0.200P)2 1 0.0000P]

∆σmax/e Å23

∆ρmax/e Å23

∆ρmin/e Å23

Extinction correction
Extinction coefficient

Full-matrix least-squares on F 2

8959/189/758
1.288
0.1046
0.1491
0.3594
where P = (Fo

2 1 2Fc
2)/3

0.200
0.970
20.840
SHELXL
0.0019(5)

a Atomic scattering factors from International Tables, vol C, Tables
4.2.6.8 and 6.1.1.4.

ability to partition between octan-1-ol and water. In mito-
chondria, increased hydrophobicity resulted in greater inhib-
ition of Complex I. Furthermore, the pyridinium charge was
found to play a major role in the inhibitory mechanism of the
pyridiniums because the potencies of these compounds were
found to be much greater than would be predicted based solely
on hydrophobicity.28–30 Very little is known about the molecular
conformation of HP pyridinium metabolites. It has been dem-
onstrated that flexible bioactive molecules may adopt con-
formations in the solid state which are usually held only in
aqueous medium through the process of hydrophobic col-
lapse.31 Due to their flexibility and the possibility of undergoing
hydrophobically induced folding,32 the pyridinium metabolites
of HP warrant study of their conformations in the solid state
and in solution in an effort to better understand their inter-
actions with electron transfer complexes in the mitochondrial
respiratory chain. Our present work details the conformational
properties of HPP 1. Initiating the study from the crystallo-
graphic data obtained from the X-ray structure and the Cam-
bridge Structural Database (CSD),33 the conformational space
of HPP 1 was explored further by high temperature molecular
dynamics computations using structural information from 1H
NMR and 2D-NOESY measurements.

Results
X-Ray analysis
In the crystal structure, the asymmetric unit contains three
HPP 1 ions (Table 1 and Fig. 1) and three chloride counter-
ions. Six additional water molecules were located by difference
Fourier maps and included in the final structure. Two ions (200
and 300) adopt almost identical conformations while the third
(100) is different. The differences in conformations were under-
scored by major changes in the torsion angles of the butyryl
chain of the molecules (Table 2).

In all three HPP 1 ions, the chlorophenyl rings were found to be
coplanar to the pyridinium ring with the carbonyl group project-
ing in the plane of the terminal fluorophenyl ring (Table 2). This
coplanarity in the crystal structure may be explained in terms of
packing constraints forcing both rings to orient in the same
plane, allowing optimal stacking of the molecules in the crystal.
An example of this phenomenon occurs in the biphenyl sub-
structure, which roughly corresponds to the phenyl–pyridyl
linkage in HP. The biphenyl fragments tend to crystallize in an
approximately planar geometry when there are no substituents in
the ortho-position,34 despite the fact that the inter-ring dihedral
angle in biphenyl in the vapor phase is reported to be 448.35

These data already suggest considerable flexibility in HPP 1.
Indeed, the flexibility of this compound may be rationalized by
the presence of a number of equi-energetic conformations cor-
responding to stable rotamers around the butyryl chain. In
solution the coexistence of several conformations of the mol-
ecule may be expected to become even more prevalent.

CSD statistical analysis of fragment conformations
To examine the coexistence of several conformations of HPP 1,
the distribution of torsion angles T2, T3, T4 of the p-butyro-
phenone (Fig. 2, fragment I) derivatives were analyzed. To
describe the different side-chains, the conformations were named
using the system of classification defined by Kyne and Prelog.36

Table 2 Main torsion angles for the three conformations of HPP 1

with esds in parentheses, for the definition of torsion angles see Fig. 2

Angle

T1
T2
T3
T4
T5

mol 100

95.7(7)
2178.7(5)

180.0(6)
77.2(7)

26.1(10)

mol 200

85.8(7)
276.9(6)

2172.5(5)
168.5(5)

4.6(10)

mol 300

87.1(7)
277.8(7)

2174.5(5)
166.5(5)
21.5(10)
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Note that this CSD search is biased by the limited structural diver-
sity of the entries containing the fragment I. MD simulations have
been used to overcome the biases of this fragmental approach.

Analysis of fragment II (Fig. 2) led to the identification of 36
conformational sets. The observed frequency of T5 established
that sets containing approximately a 308 (or symmetry related)
torsion angle represented the most prevalent conformation
[Fig. 3(a)]. Note that an extended search of the CSD allowing
for coordination of this ligand to metals yields 129 observations
with a mean at 248.

These results differ from those observed in the X-ray struc-
ture of HPP 1 where the coplanarity between the chlorophenyl
and the pyridinium rings is more marked, with the inter-ring
torsion angle approaching 08.

Analysis of the N-alkyl-substituted pyridinium fragment
(Fig. 2, fragment III) led to the identification of 50 conform-
ational sets. The T1 observation frequency established a pre-
ferred conformation at T1 ≈ 908 [Fig. 3(b)].

NMR results
We examined the conformational properties of HPP 1 in solu-
tion using NMR spectroscopy with CD3OD as solvent. The 1H
and 13C NMR signals of HPP 1 assigned and chemical shifts
and coupling constants are given in Table 3.

Through-space interactions in molecules were established by
2D-NOESY measurements. This proved particularly helpful

Fig. 2 Fragment designation of the planar structure of HPP 1 used in
the CSD search

Cl N+

O

F

T5 T1
T3

T4

T2

FRAGMENT II

FRAGMENT III

FRAGMENT I

Fig. 3(a) Frequency of observation of T5 in CSD. The REF codes
and the main characteristics of distribution are available as supplemen-
tary material from the authors. Since T5 represents a system with the
C2v symmetry, this angle is reported as asin{abs[sin(T5)]}. (h) CSD; (—)
cff91. (b) Frequency of observation of T1 in CSD. The REF codes and
the main characteristics of distribution are available as supplementary
material from the authors. (h) CSD; (—) cff91.

where the results of a typical 2D-NOESY experiment not only
verified earlier 1D assignments, but also provided important
information about the conformation of HPP 1 in solution. The
observed through-space interactions for HPP 1 are shown in
Fig. 4.

All the through-space interactions confirmed the connectiv-
ity assignments made with H,H-COSY. Of considerable interest
in the conformational analyses are the 2D-NOESY cross peaks
shown for the H16(a,b)]H20(]]H24), H14(a,b)]H10(]]H12) and
H9(]]H13)]H4(]]H6) protons.

Conformational analysis
During each MD simulation 20 conformers were stored after
subsequent minimizations. These simulations were repeated 10
times, using different starting geometries for HPP 1 to generate
200 conformations. All the conformers obtained occurred with-
in a range of 5 kcal mol 21 from the lowest energy conformer
which had a folded conformation for the bridge chain.

Three geometrical descriptors (Fig. 5) were considered in
order to quantitatively probe the conformational space of
HPP 1. From these data it is clear that HPP 1 behaves with sub-
stantial flexibility.

The most frequently observed torsion angle for T1 was
approximately 908 [Fig. 6(a)]. The same analysis was performed
for torsion angle T5 [Fig. 6(b)]. All these sets correspond to the
same family of conformers as seen in Fig. 3(a) the most
observed torsion angle of T5 being, by symmetry, equivalent to
the 308 conformation.

A cluster analysis was then performed with the Analysis
module of MSI/Biosym.37 Among the 200 conformers gener-
ated by MD, 34 families were defined on the basis of an rms fit
(rms < 0.75 Å). The results of the cluster analysis are shown in
Table 4. The population of each family is estimated by the
number of structures in the family divided by the total number
of structures in all families.

From these 34 families, the frequency of observation of the
distance d between the centroids of the fluorophenyl and pyrid-

Fig. 4 Through-space interactions observed by NOESY (HPP 1Cl2?
CD3OD)
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Table 3 13C and 1H chemical shifts for HPP 1Cl 2 in CD3OD

Chemical shift b

C/H a

2
3 or 7
4 or 6
5
8
9 or 13
10 or 12
14
15
16
17
19
20 or 24
21 or 23
22

δC

134.20
131.40
131.11
140.12
157.00
126.46
146.37
61.90
26.96
35.92

198.86
134.73
132.37
116.98
167.72

δH

7.83 (d)
8.18 (d)

8.58 (d)
9.19 (d)
4.89 (t)
2.62 (t)
3.44 (t)

8.24 (m)
7.40 (t)

JHH

8.7
8.7

7.0
7.0
7.6
7.2
6.9

8.9
8.9

a Atom position numbered as in Fig. 4. b Resonance multiplicities are
denoted as s, d, t, m for singlet, doublet, triplet and multiplet (ppm with
reference to TMS).
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inium rings was studied. This analysis suggested that there are
two types of possible conformations, i.e. folded (d < 5 Å) and
unfolded (d > 6.5 Å). The ratio of folded to unfolded structures
is approximately 1

3––2
3– (Fig. 7). For the folded structures, it was

noticeable that the interproton distances between the fluoro-
phenyl and pyridinium rings were less than 5 Å.

Fig. 5 Range of values explored for the geometrical descriptors T2 (a),
T3 (b) and T4 (c) of the butyryl chain during the MD runs simulated in
methanol

Fig. 6(a) Frequency of observation of T1 during MD simulations in
methanol. (b) Frequency of observation of T5 during MD simula-
tions in methanol. Since T5 represents a system with the C2v symmetry,
this angle is reported as asin{abs[sin(T5)]}.

Discussion

Comparison of conformational preferences derived from the
fragment approach and MD simulations
In order to assess the relevance of the high-temperature MD
protocol used to study this non-trivial system, the distribution
of geometric descriptors obtained from the CSD were com-
pared with those sampled during the MD runs.

The distribution of T5 and T1 derived from the CSD were
similar to those explored during the MD simulations. The pre-
ferred conformation for torsion angle T1 at 908, observed both
in the CSD and in our MD runs, was in good agreement with
recent results obtained at the restricted Hartree–Fock (RHF)
level of theory with the 6–31G** basis set for N-alkylpyrid-
inium.38 This study has shown the rotational barriers for
N-ethylpyridinium and N-propylpyridinium to be less than
2.5 kcal mol21 with energy minima for both these structures
occurring at 908. Energy maxima were observed at 0 and 1808
and may be attributed to steric interactions between the methy-

Fig. 7 Observed ratios of occurrence of the folded conformation
(d < 5 Å, bottom cluster) and unfolded conformation (d > 6.5 Å, top
cluster) of HPP 1

Table 4 Population of the families generated by cluster analysis and
root conformer geometries

Family
no.

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

T1/8

258.0
2117.8

56.5
114.3
118.6

2102.7
58.6

2121.6
261.2
250.8

2124.5
87.9

121.9
50.8

288.4
90.7
88.4

290.6
289.1

89.4
289.6

89.5
102.7
76.4

275.5
2102.7

99.7
279.5
299.7

79.2
87.9
91.3

2116.9
263.6

T2/8

259.2
72.8
59.0

274.2
257.7

65.1
72.7
59.0

272.6
245.7

46.0
177.6

243.1
45.7

2179.5
2179.4

179.4
179.4
179.7

2179.7
2179.7

179.7
265.1

65.1
265.2

65.1
264.1
264.1

64.1
64.1

177.6
2177.6

62.8
262.9

T3/8

78.1
241.1
278.6

41.7
79.5

176.8
241.2
278.6
41.2

248.6
49.3
52.9

246.1
48.6

264.9
264.9

64.9
64.9

175.3
2175.3
2175.2

175.3
2177.3

176.7
2177.3

176.8
176.7
176.7

2176.7
2176.6

52.9
252.9

55.2
255.1

T4/8

2118.8
275.3
120.3
75.3

2119.2
105.9

275.3
120.3
74.6

120.6
2120.6

88.7
122.5

2120.6
112.4
110.6

2110.6
2110.6

104.2
2108.3
2108.3

104.2
2101.2

106.0
2101.3

105.9
105.8
109.3

2109.3
2105.8

88.7
288.6

87.3
288.5

T5/8

154.8
16.5

2149.5
2144.3
2151.1
2140.6

23.4
14.9

2 161.8
145.5
23.8

156.0
27.7
25.3
24.0
24.1

156.5
23.8
23.7

156.1
24.0

156.7
2153.8
2155.6
2157.9

155.5
24.2

224.1
2156.1

24.2
156.0
156.1

223.8
2156.1

Population
(%)

3.5
2.0
5.5
1.0
8.5
1.0
1.0
4.5
1.0
1.5
4.0
1.0
1.5
3.0
3.5
4.5
2.0
1.5
7.0
6.0
3.0
7.0
2.0
2.0
3.0
1.0
3.0
4.0
3.0
3.5
2.0
1.5
1.0
0.5
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lene groups in the side chains and the hydrogen atoms of the
pyridinium ring.

The distribution of torsion angle T5 is also in good agree-
ment with a conformational analysis performed on MPP 1

analogs.39 That study has shown that the rotation barrier
around the inter-ring bond is less than 2.5 kcal mol21 for 4-
phenylpyridine derivatives, with the minimum energy structures
corresponding to inter-ring torsion angles of 30 and 1508.
Recently, we solved the X-ray structure of the 2:1 complex of
N-cyclopentyl-4-phenylpyridinium bromide (an MPP 1 analog)
with 4-phenylpyridine.40 The observed torsion angle between
the phenyl and pyridinium rings was also found to be 308. Figs.
3(a) and (b) show that conformational preferences in the crys-
talline state are significantly correlated with conformational
energy differences calculated by molecular mechanics using the
cff91 forcefield. These data suggest that cff91 forcefield and
the high temperature MD protocol are suitable for the study of
pyridinium species such as HPP 1.

Comparison of conformers obtained from MD simulations with
experimental results
The torsion angles in the p-butyrophenone chain of HPP 1

estimated by MD simulations were compared with those
obtained in the X-ray structures. Among the conformations
generated for HPP 1, one major family of conformers derived
from the cluster analysis was related to one of the molecules
(100) observed in the crystal structure. The p-butyrophenone
chain was characterized by a trans (T2 = 2179.78), trans
(T3 = 2173.58), gauche (T4 = 2108.48) configuration (Fig. 8).

Analyses of the NMR spectra and the conformations sug-
gested by the MD runs led us to propose that the preferred
conformation of HPP 1 in solution should be unfolded despite
the fact that folded conformations usually are lower in energy.32

No NOESY cross-peaks were observed between the protons of
the fluorophenyl and pyridinium rings. The 1H NMR chemical
shift data of the aromatic protons also support an unfolded
structure because of a lack of any upfield shifts that may be
indicative of ring current shielding (Table 3) and no
fluorophenyl-pyridinium stacking was detected for HPP 1 in
CD3OD. An unfolded conformation is also in agreement with
findings indicating that the pyridinium charge plays a major
role in the inhibitory mechanism.28–30 Moreover, recent studies
performed on isoquinoline derivatives have shown that these
compounds are also inhibitors at complex I of the mitochon-
drial electron transport chain, supporting an argument favoring
a coplanar orientation of the chlorophenyl and pyridinium
rings, as observed in the X-ray structure, to be the preferred
conformation for xenobiotic interactions.41 From these data, we
have defined a hypothetical binding model for HPP 1 that
includes an ionic bond and a hydrogen bond (Fig. 9).

Conclusions
Both experimental (NMR studies in solution, X-ray diffrac-
tion) and theoretical methods (molecular dynamics runs) were
used to study the structure of the neurotoxic pyridinium
metabolite (HPP 1) of HP.

Fig. 8 Structures of the family obtained from the cluster analysis,
related to ion 100 (see Fig. 2) observed in the crystal structure

It was established that the T1 torsion angle of HPP 1 approaches
908 because this conformation was observed both in crystal-
lography and in the simulated (MD) studies. Several arguments
favor a non-strictly coplanar conformation of the chlorophen-
ylpyridinium motif (fragment II) in solution. The inter-ring
torsion angle (T5) appears to be close to 308, in contrast with what
is observed in the crystal structure where packing constraints
not present in solution restrict the angle to near coplanarity.

The flexibility of the butyryl chain of HPP 1 was established
and the most stable structures were found to adopt conform-
ations corresponding either to gauche or trans rotamers. More-
over, the geometries derived from the MD simulations were in
reasonable agreement with the NMR and X-ray crystallography
data obtained for HPP 1, allowing us to use this methodology in
other conformational studies of flexible positively charged con-
jugated nitrogen-containing compounds such as the reduced
form of HPP 1 (RHPP 1) which is also a potent neurotoxin.

Experimental
Crystallography
The chloride salt of HPP 1 was synthesized as described else-
where.42 Single crystals were obtained at room temperature by
slow evaporation of a solution in BunOH. All diffraction meas-
urements were performed at 293 K and collected with an
Enraf–Nonius CAD-4 diffractometer equipped with a copper
anode. The lattice constants are listed with other relevant crys-
tal data in Table 1.‡ A complete data set was collected to a
maximum θ limit of 728, resulting in a total of 14 418 reflec-
tions. The data (12 249 unique reflections) were corrected for
Lorentz and polarization effects using the in-house program
NONIUS93.43 The structure was solved with SHELXS86.44

All non-hydrogen atoms were refined anisotropically using
the program SHELXSL93.45 Hydrogen atoms were calculated at
their standard positions and treated in a riding model. Hydro-
gen atoms were not included on the water molecules. Correc-
tion for extinction was introduced in the last steps of the
refinement. Due to the poor data: parameter ratio, bond lengths
and valence angles were restrained to be approximately equal in
the three independant molecules of the asymmetric unit with an
effective standard deviation of 0.03 Å using the stereochemical
same restraints in SHELXL93. In the final model, the rms devi-

Fig. 9 Proposed binding model of HPP 1 suggesting an ionic bond
(A 2]N 1) and an H-bond (HB). Exclusion spheres are shown above and
below the pyridinium ring.

‡ Atomic coordinates, thermal parameters, and bond lengths and
angles have been deposited with the Cambridge Crystallographic Data
Centre (CCDC). See ‘Instructions for Authors’, J. Chem. Soc., Perkin
Trans. 2, Issue 1. Any request to the CCDC for this material should
quote the full literature citation and the reference number 188/104.
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ation for these restraints was 0.020 Å. No absorption correction
was applied to the data.

Statistical analysis of fragment conformations
The planar structure of HPP 1 was divided into three fragments
(Fig. 2) which were searched 33 through the Cambridge Struc-
tural Database (CSD, vol. 5.12, October 1996). All the frag-
ments were located within the CSD. The hits were submitted to
geometrical and statistical analysis in order to derive mean
geometries and to identify the most frequently encountered
conformations for those fragments. Crystal structures that dis-
played R factors lower than 0.10 were retained. The search was
performed only on organic compounds.

NMR spectroscopy
The spectra were acquired on a Varian Unity 400 MHz NMR
spectrometer in CD3OD (Aldrich, atom 99.9% 2H enriched),
observing 1H and 13C at 399.95 and 100.58 MHz, respectively.
All samples were prepared in 5 mm tubes (Wilmad Glass Com-
pany, 528-PP grade) and were analyzed at 298 K. The samples
were purged with nitrogen gas and the tubes sealed under high
vacuum prior to the 2D-NOESY experiments. Spectra were
internally referenced to the solvent resonance.

Molecular dynamics
All calculations were carried out using the second generation
forcefield cff91 of Maple and co-workers.46,47 The Discover 95.0
simulation program within Biosym/MSI’s Insight II,37 was used
to perform the calculations. Molecular dynamics (MD) were car-
ried out using a relative permittivity (ε) of 32.63 to roughly simu-
late the conditions under which the NMR data were obtained.

For the first dynamics simulation the X-ray structure (mol
100) was used as the starting conformation and subjected to a 5
ps simulation at 600 K, after which the coordinates were stored
and velocities randomized in order to generate a new structure
for the next 5 ps simulation. The procedure was repeated 20
times in order to generate 20 structures for a total run of 100 ps.
The 20 conformers generated were submitted to an annealing
protocol in which the temperature was gradually cooled to 300
K during a 15 ps MD run and then minimized by steepest
descent and conjugate gradient to a final RMS gradient of less
than 0.001 kcal mol 21. Ten subsequent simulations were per-
formed using as starting conformations other second minimum
energy conformations generated in the first run. All the con-
formations generated in this way were grouped into families of
similar structures using the Analysis 37 module of MSI/Biosym.
All calculations were performed on the IBM RS-6000 computer
system of the Scientific Computing Facility Center of the Uni-
versity of Namur. Each run took about 3 h CPU time.
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