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Abstract Tetracycline (TC) and its derivatives have re-
cently been proposed as a new class of antagonists in
prion diseases as they prevent the aggregation of prion
protein peptides and their acquisition of protease resis-
tance in vitro and in vivo. Looking for relationships
between conformational flexibility and biological activ-
ity, we searched for a geometrical pharmacophore by
investigating, in aqueous solution, the conformational
behavior of 15 TCs in both the zwitterionic and the
anionic forms. For TC similar conformational flexibility
was found for the two forms and two main conforma-
tional families were detected, an extended and a folded
conformation characterized by different intramolecular
hydrogen-bond networks. On comparing the Molecular
Mechanics results with the ab initio ones and the
experimental evidence, it can be seen that the confor-
mational behavior of TC is reasonably well predicted by
the MM2 force field, whereas the conformational ener-
gies provided by the Amber force field are unreliable.
The conformational analysis of the other TC derivatives

was then performed by the MM2 force field. As a result,
their conformational behavior was similar to that ob-
served for TC itself. Despite the hydronaphthacene
moiety’s conformational flexibility, no geometrical
pharmacophore was found among the TCs, i.e. proper-
ties other than geometrical ones should play a crucial
role in determining their anti-fibrillogenic ability.
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Anti-amyloidogenic activity Æ Conformational
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Introduction

Prion diseases are transmissible neurodegenerative dis-
orders that share a similar pathogenic mechanism: the
prion protein (PrP) undergoes post-translational modi-
fication from a normal cellular isoform (PrPC) to a
specific-disease related species (PrPSc) [1–3]. Circular
dichroism (CD) and Fourier-transform infra-red (FTIR)
spectroscopy studies indicate that PrPSc is predomi-
nantly b-sheet with a lower proportional a-helical con-
tent [4, 5] with respect to PrPC. Moreover, the transition
of PrPC–PrPSc is associated with the acquisition of
abnormal chemical-physical properties, including insol-
ubility in non-denaturing detergents, partial resistance
to protease digestion and a high tendency to form
aggregates and amyloid fibrils [1, 3, 6–8]. According to
this view, PrPSc is responsible for the transmissibility
and progression of prion diseases as well as for the brain
damage, thus making it a primary target for therapeutic
strategies. The need to develop therapies for prion dis-
eases has increased notably since the new variant of
Creutzfeldt-Jakob disease (vCJD) emerged, a variant
that appears linked causally to bovine spongiform
encephalopathy (BSE) [9–11].
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Despite the large number of studies on this subject,
the molecular mechanism of conversion from PrPC to
PrPSc still remains largely unknown. On the basis of the
present knowledge on prion disease, potential thera-
peutic strategies are: to prevent the formation or induce
the degradation of amyloid aggregates; to hinder the
conversion process or bind to PrPSc; to destabilize the
PrPSc structure or interfere with the cellular uptake of
PrPC/PrPSc.

Testing has been carried out on a wide variety of
compounds for the treatment of prion diseases [12].
However, the therapeutic use of these compounds is
restricted by their intrinsic cytotoxicity and pharmaco-
kinetic properties, as well as by their limited ability to
pass the blood/brain barrier. Recently, the anti-prion
and the anti-amyloidogenic ability of the TC (TC,
compound 1 in Scheme 1) antibiotics were shown by
studies performed in vitro [13] and in vivo [12].

The TCs are a group of structurally-related antibi-
otics used to treat bacterial infections since the 1940s
[14]; in the last years they have also achieved importance
as inducers of the Tet-Repressor protein [15]. They have
very similar chemical structures, derived from a common
hydronaphthacene moiety containing four fused rings
[16, 17]. The main features required for antibacterial
activity are well established [14] and, according to these
requirements, the clinically used TCs present various

substitutions at the 5, 6 and 7 positions (Scheme 1).
These molecules have well characterized pharmacologi-
cal and pharmacokinetic properties, relatively low tox-
icity, and some of them are efficient in crossing the
blood/brain barrier if an appropriate treatment route is
used [18].

The chemistry of TCs in solution is quite complicated
due to their ability to adopt different conformations,
protonation states, and tautomeric forms, depending on
the conditions. Several experimental studies based on
CD [19–25] and NMR [26, 27] spectra in solution, and
on X-ray crystallographic structure, [28, 29] have shown
that TC and its derivatives present different conforma-
tions, depending on the pH, the presence of metal ca-
tions, and the solvent. The presence of several functional
groups with acid-base properties confers an amphoteric
character to the TCs [30–33]. The fully protonated form
has four dissociable proton centers, namely the C1–C3

tricarbonyl methane, the two C10–C12 keto-phenolic
hydroxyl groups, and the C4 dimethylammonium group
(Scheme 1). On the basis of the generally accepted
attribution of the pKa values to specific functional
groups, [33] TC in aqueous solution at neutral pH pre-
sents two different forms (Fig. 1): the zwitterionic (ZW)
form, in which the hydroxyl group at C3 is deprotonated
while the adjacent 4-NMe2 group is protonated, and the
anionic (ZA) form, in which also the 12-OH group is
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Scheme 1 Investigated
tetracycline derivatives (see
Table 1).

Table 1 Investigated TC derivatives (see Scheme 1)

Id. Compound Structure R1 R2 R3 R4 R5 R6 R7

1 Tetracycline I H CH3 OH H N(CH3)2 H H
2 Anhydrochlortetracycline II Cl – – H N(CH3)2 H H
3 Anhydrotetracycline II H – – H N(CH3)2 H H
4 Chlortetracycline I Cl CH3 OH H N(CH3)2 H H
5 Demeclocycline I Cl H OH H N(CH3)2 H H
6 Doxycycline I H CH3 H OH N(CH3)2 H H
7 4-Epianhydrotetracycline II H – – H H N(CH3)2 H
8 4-Epichlortetracycline I Cl CH3 OH H H N(CH3)2 H
9 4-Epioxytetracycline I H CH3 OH OH H N(CH3)2 H
10 4-Epitetracycline I H CH3 OH H H N(CH3)2 H
11 Meclocycline I Cl =CH2 – OH N(CH3)2 H H
12 Methacycline I H =CH2 – OH N(CH3)2 H H
13 Minocycline I N(CH3)2 H H H N(CH3)2 H H
14 Oxytetracycline I H CH3 OH OH N(CH3)2 H H
15 Rolitetracycline I H CH3 OH H N(CH3)2 H (R7)

a

a
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deprotonated. Moreover, for each protonation state,
different tautomers are possible and the tautomeric
equilibrium is affected by changes in the environmental
conditions [34]. Finally, TC and its analogues undergo
complex formation with a variety of the metal cations
present in biological fluids, such as Ca(II), Mg(II),
Cu(II), Co(II) and Ni(II), [19–22] and this affects
chemical as well as conformational equilibria in
solutions. Metal-ion coordination is also relevant in
determining the biological actions of TC derivatives [16,
19–22]. For instance, it has been shown that the TC
interaction with the Tet-repressor receptor involves a
TC:Mg2+ complex [35].

The anti-prion ability of the TC was shown by in in
vitro models [13] by studying the interaction of TC with
the PrP aggregates generated by synthetic peptides, ho-
mologues to the sequences spanning residues 82–146
(PrP82-146) and 106–126 (PrP106-126) of human PrP;
the prevention of PrP peptide aggregation; the reduction
of the protease resistance and the disruption of PrP
peptide aggregates; and the abolition of neurotoxicity
and astroglial proliferation induced by PrP peptides. In
an in vivo study [12], TC (1) and doxycycline (6) sig-
nificantly delayed the onset of clinical signs of disease
and prolonged survival into Syrian hamsters infected
with scrapie-infected brain homogenates. Moreover, the
reduction of resistance to proteinase K digestion of
aggregates of synthetic PrP106–126 peptides (Fig. 2) has
recently been measured [12] for the TCs 1–15 reported in
Scheme 1. Thus, TCs can be considered as candidates for
the therapy of prion diseases.

At present, the anti-fibrillogenic mechanism of action
of TC derivatives is unknown and the influence on their
activity of pH conditions and metal ions has still not
been investigated systematically. In particular, although
binding of copper and zinc to PrP106–126 has been
proposed to modulate the aggregation and neurotoxic
properties of this peptide [36], no evidence are present in
the literature about the role of cations in the anti-amy-
loidogenic action of TC derivatives.

A better understanding of the stereoelectronic fea-
tures of TCs involved in their anti-prion activity could
aid to characterize their action mechanism and lead to
the design and synthesis of new analogues with better
anti-amyloidogenic, pharmacological and financial pro-
files. Development of TC analogues with strengthened

anti-prion activity and devoid of antibiotic effects rep-
resents the general aim of our research.

As a first step, we present here an investigation of the
conformational behavior in aqueous solution of the 15
TCs of Scheme 1 in the ZW and ZA forms, with the aim
of searching for the presence of a geometrical pharma-
cophore able to explain the ability to reduce the pro-
teinase K resistance of PrP 106–126 aggregates.

Theoretical investigations by means of molecular
mechanics (MM) as well as quantum-mechanical semi-
empirical and ab initio methods have been carried out to
assess the conformational behavior of the different
forms of TCs both in vacuo [37] and in aqueous solution
[38–42]. Recently, the conformations and the tautomeric
forms of neutral TC have been investigated [38] at the
B3LYP/6-31G* and MP2/6-31G* levels in aqueous
solution by the polarizable continuum model (PCM)
[43–45]. Different tautomers were considered: the non
ZW form, the ‘‘conventional’’ zwitterion, and other
‘‘non-conventional’’ zwitterions. Six different tautomeric
forms were found to lie within 10 kcal mol�1 of the
most stable one, showing two main conformations: an
extended and a folded one (labeled as conformation 1
and 2 in reference [38]). Moreover, for each tautomer the
extended conformation was more stable than the folded
one.

These findings suggest that the results of our present
investigation, focused on the search for a geometrical
pharmacophore, should not be affected by the presence
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of different tautomers for each protonated state; there-
fore, only the tautomers highlighted in Fig. 1 will be
considered from hereon in for the ZW and ZA forms.

Although the combination of MM methods with
continuum solvation models is one of the most common
methods of establishing the possible conformations of
molecules in solution, important problems are still
present, mainly arising from the quality of the parameter
set. Thus, to test the reliability of the MM method on
this class of compounds, we will compare the MM re-
sults on TC with those obtained at ab initio level.

Material and methods

The X-ray structure taken from the Cambridge crys-
tallographic database [46] (CCD reference code tet-
cyh10 [28]) was used as the input geometry for TC. The
conformational search was carried out on the ZW and
ZA forms. The MacroModel 7.2 [47] implementations
of the original MM2 [48] and Amber [49] force fields
were used in combination with the generalized Born-
solvent accessible surface area (GB-SA) continuum
solvation model [50, 51]. The conformational space of
the ZW and ZA forms of TC was investigated by the
Monte Carlo multiple minimum (MCMM) procedure
(5,000 steps). [52, 53]. Ten inter-ring torsional angles of
the hydronaphthacene moiety were rotated from 0� to
180� with random variations. Full energy minimization
was performed for each generated conformation, dis-
carding conformations 25 kcal mol�1 above the global
minimum. Redundant conformations were removed on
the basis of the root mean square (RMS) values be-
tween the hydronaphthacene carbon atoms, because
our main interest was focused on the flexibility of the
ring system. Finally, stationary points were character-
ized as minimum energy conformations by frequency
analysis. To search for geometrical similarity among
the different conformers, the minima obtained were
submitted to a hierarchical cluster analysis (complete
linkage method, STATISTICA software package [54])
using the values of the ten inter-ring torsional angles.
The MM2 lowest energy conformation in each cluster
was fully optimized at the RHF/6-31G** level with the
Gaussian98 program [55], using the conductor like-
polarixable continuum modes (C-PCM) [43, 44], and
the united atom topological model [56] to generate the
solute cavity. Single point energy calculations were
performed on the optimized structures1 at the DFT
level, using the PBE0 functional [58], and the
6-31+G** basis sets.

On the basis of the results obtained on TC, the
MCMM conformational search of the derivatives 2–15
in the ZW and ZA forms was carried out using the
MM2/GB-SA method, using the computational proto-
col described previously.

Results and discussion

The MM2 conformational analysis in aqueous solution
of compound 1 provided 19 unique minimum-energy
conformations for both the ZW and the ZA forms
(Table S1 in the Supplementary Material). The Amber
force field generated many more minimum-energy con-
formations than MM2: 30 and 33 conformers for the
ZW and ZA forms, respectively.

The conformational search generated a set of con-
formers with great geometrical flexibility of the hydro-
naphthacene moiety. In general, the main
conformational variability is observed in the A and B
rings, as the A–B connection is more flexible than the B–
C one. Results of the cluster analysis, performed on both
MM2 and Amber minimum-energy conformations, are
reported as dendograms in Figs. 3 and 4 for the ZW and
the ZA forms, respectively.

Each of the six clusters identified, labeled from a to f,
contains both MM2 and Amber conformations, high-
lighting that both force fields find similar minimum en-
ergy conformations. Superimposition of the molecular
structures showed that the geometries within each clus-
ter were not significantly different, but that the geome-
tries of the different clusters themselves were dissimilar.

Dendogram analysis shows two main different con-
formational arrangements of the hydronaphthacene
moiety named, in accordance with the literature, [19] the
extended-like conformation (clusters a, b, and e) and the
folded-like conformation (clusters c, d, and f). The
molecular structure of the lowest-energy conformation
in each cluster is reported in Fig. 5.

1Due to slow convergence the optimization was, in some cases,
stopped whether convergence parameters were less than twice the
default values. For this reason, frequency analysis was not per-
formed, and the final geometries correspond to stable conforma-
tions for the chosen minimization algorithm, rather than true
minima.

Fig. 3 Dendogram of the MM2 and Amber minimum energy
conformations of the ZW form of compound 1
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In the extended conformations, the B, C, and D rings
approximately lie on a common plane and the C1, C2, C3

and amide carbons lie above this plane. The folded
conformations differ from the extended ones in that they
have a different spatial arrangement of the A-ring: the
folded conformations are formally derived from the ex-
tended ones by an interconversion process that involves
rotation around the C4a–C12a bond, causing the A-ring
to be more folded towards the B-ring.

To compare the conformational behavior of TC in
different protonation states, we took together all MM2
conformers of ZW and ZA forms and submitted the new
set to cluster analysis. Results show (Fig. 6) that con-
formations of both forms are present in each cluster, and
generally with the same original cluster label. Thus, it
can be concluded that in the two different protonated
states, the four-ring system has similar minima and
similar conformational flexibility; the same result was
found previously for neutral TC considering different
tautomeric forms [38].

A possible key to achieve maximum reading com-
prehension of the observed conformational flexibility
could be the formation of different hydrogen bond net-
works in TC. For this reason, the hydrogen-bond pat-
tern of the MM2 conformers was analyzed for each form
(Table S2 in the Supplementary Material). Indepen-
dently of the protonation state, conformations belong-
ing to the same cluster show similar hydrogen-bond
networks. Only conformations in cluster a show a
hydrogen bond between the two cis substituents of the A
ring, the hydrogen of the protonated amine at C4 and
the oxygen at the C12a center. This interaction seems to
be the most important factor in determining the ex-
tended conformation adopted by the hydronaphthacene
moiety in this cluster. Although this interaction is not
present in cluster b, the H-bond networks in clusters a

and b are similar. Thus, the H-bond between the oxygen
at C12 and the hydroxyl hydrogen at C12a is present only
in these two clusters. As a result, the conformations in
cluster b resemble those in cluster a but show a less
extended arrangement of the four-ring system, named
twisted in accordance with the literature [19]. The con-
formational characteristics of clusters c–e are deter-
mined by other hydrogen bond patterns, such as the
O1ÆÆÆH12a hydrogen bond present only in these clusters.

The results of our conformational analysis are in
agreement with available experimental data. The inter-
pretation of CD spectra [19–22, 25] has shown that, in

Fig. 5 Molecular structures of the lowest energy conformations
present: (1) in clusters a and b (extended conformations); (2) in
clusters c and d (folded conformations). Hydrogen atoms not
reported, with the exception of the 4-HN(Me)2 one

Fig. 6 Dendogram of the MM2 minimum energy conformations of
the ZW and ZA forms of compound 1

Fig. 4 Dendogram of the MM2 and Amber minimum energy
conformations of the ZA form of compound 1
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aqueous solution, TC presents two conformations, one
extended the other twisted depending on the pH. The
twisted conformation is found in the crystallographic
structure of the TC hydrated crystal [28], while the fol-
ded conformation is observed for the anhydrous crystals
of compound 14, the oxytetracycline [28, 29]. The good
superimposition of the hydronaphthacene moiety be-
tween the crystal structures and the lowest energy con-
formations of clusters b and d (RMS=0.148, 0.304 Å
respectively) supports the reliability of our results.

Tables 2 and 3 report the conformational energies in
each cluster for the ZA and ZW forms, respectively. By
considering the lowest energy conformation within each
cluster, it is evident that the two force fields provide
different energetic scales. For both forms, the MM2 se-
quence is: extended conformation a, twisted conforma-
tion b and folded conformation d. On the contrary,
Amber identifies the folded conformation d as the global
minimum, with the a and b conformations being at
highest energy.

Given the observed discrepancy in the conforma-
tional energies of the two force fields, we tested the
reliability of the MM results by ab initio calculations.
The geometry of the MM2 conformations with the
lowest relative energy within each cluster for both the
ZW and the ZA forms of TC were fully optimized by
means of ab initio methods, including solvent effects by
the PCM approach. The RMS values calculated for the
superimposition of the hydronaphthacene moiety be-
tween the structures of both force fields and the ab initio
structures are reported in Tables 4 and 5, together with
the relative conformational energies. In general, for ZW
the MM2 geometries compare well with the corre-
sponding ab initio structures, but there was poorer
agreement for ZA. As previously observed, the two force

fields give similar geometries, thus we can conclude that
the Amber geometries are also satisfactory.

As far as concerns the conformational energies, the
ab initio results show (Tables 4, 5) the twisted b con-
formation as the most stable in both the ZW and ZA
forms, while the extended a conformation and the folded

Table 2 Relative energies, DE (kcal mol�1), of conformers within
10 kcal mol�1 above the global minimum, for the ZW species of
compound 1 calculated in aqueous solution by the MM2 and the
Amber force fields

Cluster Id DE (MM2) Id DE (Amber)

a 1 0 3 2.13
3 2.35 7 4.94
8 6.07 11 6.44

b 2 1.98 2 1.39
4 3.98 12 6.55
13 9.56 15 7.89

c 5 4.15 13 6.55
9 6.26

d 6 5.04 1 0
7 5.14 4 2.87
10 6.64 5 2.93

6 3.67
18 9.52

e 11
a

6.78 8 5.10
12 8.47 14 7.74

In bold, the MM2 conformations chosen for ab initio geometry
optimization
aab initio optimization of this structure did not converged

Table 3 Relative energies, DE (kcal mol�1), of conformers within
10 kcal mol�1 above the global minimum, for the ZA species of
compound 1 calculated in aqueous solution by the MM2 and the
Amber force fields

Cluster Id DE MM2 Id DE Amber

a 1 0 6 4.10
7 4.48
8 4.54
12 7.71

b 2 0.34 3 0.56
11 8.32 4 1.18
13 9.5 5 1.21

c 3 2.91 2 0.45
5 3.88 9 4.68
8 6.77

d 4 3.56 1 0
6 5.75 11 6.63
7 5.87
12 9.19

e 9 7.98
10 8.17

In bold, the MM2 conformations chosen for ab initio geometry
optimization

Table 4 Relative energies, DE (kcal mol�1), of conformers for the
ZW form of compound 1 calculated in aqueous solution by the
MM (MM2 and Amber) and the ab initio methods, and RMS
values (Å) (see text)

Cluster PBE0/6-
31+G**

MM2 Amber

Id DE Id RMS DE Id RMS DE

a 1 2.19 1 0.178 0 3 0.158 2.13
b 2 0 2 0.062 1.98 2 0.114 1.39
c 5 3.83 5 0.192 4.15 6 0.201 3.67
d 6 5.44 6 0.118 5.04 1 0.178 0
e 12 10.42 12 0.083 8.47 8 1.019 5.10

Table 5 Relative energies, DE (kcal mol�1), of conformers for the
ZA form of compound 1 calculated in aqueous solution by the MM
(MM2 and Amber) and the ab initio methods, and RMS values (Å)
(see text)

Cluster PBE0/6-
31+G**

MM2 Amber

Id DE Id RMS DE Id RMS DE

a 1 1.57 1 0.434 0 8 0.540 4.54
b 2 0 2 0.405 0.34 3 0.490 0.56
c 3 5.30 3 0.148 2.91 2 0.211 0.45
d 4 5.90 4 0.482 3.56 1 0.305 0
e 9 7.42 9 0.169 7.98 15 0.230 11.16
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d conformation are 1.5–2.2 and 5.5–6.0 kcal mol�1

above the global minimum, respectively. The stability
sequence obtained compares well with that reported for
neutral TC [38].

In general, MM2 conformational energies show a
better agreement with those calculated ab initio, while
Amber identifies the folded d conformation as the global
minimum.2

Thus, for TC we can conclude that both force fields
provide reliable geometries, but the MM2 conforma-
tional energies are more reliable than the Amber ones.
For this reason the conformational analysis of the TC
derivatives 2–15 was carried out using the MM2 force
fields for the ZW and ZA forms.

In general, all the TC derivatives present both ex-
tended- and folded-type conformations, as already found
for TC, with a large number of conformations within

10 kcal mol�1 above the global minimum, reflecting the
conformational flexibility of the hydronaphthacene
moiety (Tables S3 and S4 in the Supplementary Mate-
rial). The anhydrous analogues 2, 3, and 7 show fewer
conformations than the other derivatives because of the
aromatic character of the C ring, which reduces the
flexibility at the B–C ring junction.

With the aim of searching for a geometrical phar-
macophore, a hierarchical cluster analysis was per-
formed on the conformations of compounds 1–15, for
both the ZW and ZA forms. The resulting dendograms
(Figs. S1, S2 in Supplementary Materials) show a clear
separation of the extended and the folded conformer
families, and the conformations of all compounds are
grouped in the same five clusters (a–e) found for TC
(Tables 6 and 7).

The TC derivatives in the ZW form present an ex-
tended conformation, analogous to the TC conformation
of cluster a, as global minimum. The exceptions are the
most active compound 15 and the less active, or inactive,
anhydrous analogues 2, 3, and 7 where the global min-
imum is a twisted conformation that resembles the TC
conformation of cluster b. In contrast, the global min-
ima of the ZA form adopt the TC twisted conformation

Table 6 Conformations of
compounds 1–15 in the ZW
form present in cluster a–e.
Cluster labels are those of the
TC conformations present in
the clusters (see Table 2)

Cluster labels a/e b/a c/e d/c d

1 1, 8, 11 2, 3, 4, 13 9, 12 5, 6, 7 10
2 5 1 2 3, 4
3 2, 1 3 4, 5
4 1, 12, 13, 15, 16, 17 2, 3, 4, 5, 7 6, 10 8, 9, 11, 14
5 1, 6, 7 2, 4, 9 3, 5, 8
6 1, 15, 16, 17, 19, 20, 21 2, 3, 4, 6, 18, 22 9, 13 5, 7, 8, 10 11, 12, 14
7 1
8 1, 2, 4, 6 3, 5, 7, 9 8, 10 11
9 1, 2, 7 3, 4, 5, 6, 8, 11, 12 9 10 13
10 1, 2, 4 3, 5
11 1, 3, 13, 14, 11 2, 7, 10, 15 5, 9, 12 4, 6, 8
12 1, 3, 11, 15, 16, 13 2, 10, 6, 12 4, 9, 14 5, 7, 8
13 1, 5, 6 2 8 3, 4 7
14 1, 19, 20, 14, 16, 18 2, 3, 4, 7, 8, 9, 17 10, 12, 13 5, 6, 15 11, 21
15 8, 16, 12, 13, 14 1, 2, 3 9, 15 4, 5, 6, 7 10, 11

Table 7 Conformations of
compounds 1–15 in the ZA
form present in cluster a–e.
Cluster labels are those of the
TC conformations present in
the clusters (see Table 3)

Cluster labels a b c d e

1 1 2, 11, 13 3, 5, 8 4, 6, 7, 12 9, 10
2 2, 4 1, 3
3 2, 4 1, 3, 5
4 3 1, 2, 6, 7, 14 4, 8 5, 10, 11, 12, 15 9, 13
5 5, 1 3, 2, 8, 13 6, 7, 12 4, 9, 11 10
6 1, 8 2, 6 4, 5, 7, 13 3, 9, 10, 11 12
7 1, 2 3, 4
8 1, 2
9 2, 7, 5 1, 3, 4, 6, 8, 9 11, 12 10
10 2, 4 1, 3
11 7 1, 2, 5, 11, 12 4, 6 3, 8, 9, 14 10, 13
12 2, 10, 9 1, 5, 15, 16 4, 6, 13 3, 7, 8, 12, 14 11, 17
13 2 1, 4, 6, 11 5, 8 3, 7, 9 10
14 3, 9 1, 2, 5, 6 4, 7, 10 8, 11, 13 12
15 12, 13, 15 1, 2, 6, 11, 14 3, 5, 8 4, 7, 9, 10, 16 17

2The RMS values between molecular mechanics and the ab initio
relative energies highlight the agreement between MM2 and the ab
initio results, and the less satisfactory performance of Amber: for
MM2 and Amber the RMS values for ZW are 1.59 and 3.46 kcal
mol�1 respectively, and for ZA 1.68 and 4.07 kcal mol�1.
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of cluster b, with the exception of compounds 2, 3 and
compounds 5, 6 that adopt a folded d and an extended a

conformation respectively.
For both forms, cluster b always presents at least one

conformation of each compound, and thus cannot dis-
criminate between compounds with different biological
activity. On the other hand, there are no clusters con-
taining only conformations of active compounds, nor
was there a cluster containing only conformations of
poorly active or inactive compounds.

Thus the present results do not support the presence
of a geometrical pharmacophore and, despite the wide
conformational flexibility showed by the TC derivatives,
it seems that other properties play a crucial role in
determining their anti-fibrillogenic ability.

Conclusions

The MCMM protocol, in conjunction with MM
force fields, provides an exhaustive sampling of the
potential energy surface of TCs, and is able to gen-
erate different conformational families. Comparison
with ab initio results shows that the conformational
behavior of this class of compounds is reasonably well
predicted by the general-purpose MM2 force fields,
while the Amber force fields provide unreliable
conformational energies.

Overall, the present conformational study on the TC
derivatives considered has highlighted a quite relevant
conformational flexibility in aqueous solution of the
hydronaphthacene moiety. Nevertheless, all compounds
showed very similar accessible conformations and the
ZW and ZA forms present similar conformational
behavior. As a consequence, the conformational flexi-
bility of the TC derivatives is of no relevance whatsoever
to the observed activity, and no geometrical pharma-
cophore can be defined.

Other stereo-electronic properties, influenced by
protonation state, tautomeric equilibria and metal ion
complexation, should play a crucial role in determining
the anti-fibrillogenic ability of TC derivatives. The next
step of our research will thus concern the comparison of
stereo-electronic properties of TC derivatives within the
framework of a three dimensional quantitative structure
activity relationships (3D-QSAR) approach.

Unveiling of the relationship existing between
molecular properties of TCs and their anti-fibrillogenic
activity will enable us to develop more effective ana-
logues capable to cross the blood/brain barrier and de-
void of antibacterial activity.

Supplementary Material available

SuppMat-Figs.doc Dendograms from hierarchical
cluster analysis of the MM2 conformations of the ZW
(Fig. S1) and the ZA (Fig. S2) forms of compounds 1–
15.

SuppMat-Tabs.doc Total number and energy range
distribution of conformations of the ZW and ZA forms
of compound 1 (Table S1) and of the ZW (Table S3) and
ZA (Table S4) forms of compounds 1–15; hydrogen
bond pattern of MM2 conformers for the ZW and ZA
forms of compound 1 (Table S2).
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