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A series of terpene isonitriles, isolated from marine sponges, have previously been shown to
exhibit antimalarial activities. Molecular modeling studies employing 3D-QSAR with receptor
modeling methodologies performed with these isonitriles showed that the modeled molecules
could be used to generate a pharmacophore hypothesis consistent with the experimentally
derived biological activities. It was also shown that one of the modeled compounds, diisocy-
anoadociane (4), as well as axisonitrile-3 (2), both of which have potent antimalarial activity,
interacts with heme (FP) by forming a coordination complex with the FP iron. Furthermore,
these compounds were shown to inhibit sequestration of FP into â-hematin and to prevent
both the peroxidative and glutathione-mediated destruction of FP under conditions designed
to mimic the environment within the malaria parasite. By contrast, two of the modeled diterpene
isonitriles, 7-isocyanoamphilecta-11(20),15-diene (12) and 7-isocyano-15-isothiocyanatoamphi-
lecta-11(20)-ene (13), that displayed little antimalarial activity also showed little inhibitory
activity in these FP detoxification assays. These studies suggest that the active isonitrile
compounds, like the quinoline antimalarials, exert their antiplasmodial activity by preventing
FP detoxification. Molecular dynamics simulations performed with diisocyanoadociane (4) and
axisonitrile-3 (2) allowed their different binding to FP to be distinguished.

Introduction

The malaria parasite feeds by degrading hemoglobin
in an acidic food vacuole, producing as a byproduct free
heme (FP) moieties. At the pH of the food vacuole (pH
5.2),1 the FP in oxyhemoglobin is oxidized from the Fe-
(II) state to the Fe(III) state with the consequent
production of a 0.5 molar equiv of H2O2. Both FP and
H2O2 are toxic molecules that the parasite needs to
destroy or neutralize. The mature human erythrocyte
contains 310-350 mg/mL hemoglobin,2 which equates
to a concentration of FP of about 20 mM. Plasmodium
falciparum degrades at least 75% of the erythrocyte
hemoglobin during intraerythrocytic growth.3 The FP
is released within the parasite food vacuole, which
represents only 3-5% of the total volume.1 If the
released FP were allowed to accumulate within this
compartment, the intravacuolar FP level could reach
300-500 mM. Such high levels of the detergent-like FP
molecules would destroy the parasite membranes. The
parasite disposes of this FP partly by sequestration into
a crystalline form, known as hemozoin, and partly by
nonenzymatic degradation processes.3-5 None the less,
the cellular “free” FP in P. falciparum-infected eryth-
rocytes has been estimated to be 0.1-0.4 mM.3,4 If most

of this free FP is located in the food vacuole, the local
concentration may be much higher. This suggests that
the parasite is living on a “knife edge” whereby its
mechanisms for detoxifying FP may only be just suf-
ficient to prevent the toxic effects of the metabolic waste
products.

Chloroquine (1, CQ; Figure 1) and a number of other
quinoline antimalarial drugs inhibit the formation of
â-hematin (the form of FP present in hemozoin).5-9 By
contrast, epiquinine, a quinoline compound with very
low antimalarial activity, has little inhibitory effect.5 CQ
and other active quinoline antimalarial drugs are also
efficient inhibitors of the destruction of FP by reaction
with glutathione4,10 or with H2O2.3 Again, epiquinine
has little inhibitory effect on FP degradation.3 This has
led to the idea that quinoline antimalarial drugs exert
their activity by inhibiting FP detoxification, causing a
buildup of toxic FP molecules that eventually destroy
the integrity of the malaria parasite membranes.

Our understanding of the role that FP detoxification
processes play in CQ action has led to the identification
of a number of potential new antimalarial compounds.
Several series of novel bisquinolines,9,11,12 a series of FP
analogues,13,14 a series of xanthones,15 a novel class of
multidentate metal coordination complexes,16 a series
of 8-aminoquinolines,17 as well as the original synthetic
antimalarial drug, methylene blue, and derivatives18

have all been shown to have antimalarial activities that
are well-correlated with their abilities to inhibit FP
polymerization.

In an attempt to understand why a series of diterpene
isonitriles and isothiocyanates (3-17 in Table 1) iso-
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lated from the tropical marine sponge Cymbastela
hooperi had differential antiplasmodial activity19 and
also to derive a more detailed structure-activity rela-
tionship (SAR) for them, we undertook a quasi-atomistic
receptor modeling study to generate a 3D pseudorecep-
tor envelope about the molecular ensemble of interest.20

This hybrid modeling technique, combining 3D-QSAR
with receptor modeling methodologies, allowed a phar-
macophore hypothesis consistent with the experimen-
tally derived biological activities to be elaborated.
Following the modeling study, the sesquiterpene 2
(axisonitrile-3; Figure 1), isolated from the tropical
marine sponge Acanthella klethra,21 and three of the
diterpene isonitriles used in the modeling study (4, 12,
and 13), were used to gain an understanding of the
molecular basis of the antimalarial action of these
compounds. The two isonitrile compounds (2 and 4) with
potent antimalarial activity were shown to interact with
FP and prevent its destruction and conversion to â-he-
matin. By contrast, two less active compounds (12 and
13) had little inhibitory activity in these assays. A
molecular dynamics study of the complexes of com-
pounds 2 and 4 with FP resulted in a qualitative
explanation of their differentiated binding profile.

Results and Discussion
Pseudoreceptor Modeling. The concept of quasi-

atomistic receptor surface surrogates was applied in a
pseudoreceptor modeling approach which employed
virtual particles with associated physicochemical prop-
erties, such as hydrophobicity, partial charge, electro-
static potential, and hydrogen-bonding propensities, as
the most appropriate modeling tool for deriving SARs
in a 3D context for a set of 15 closely related diterpenes
(3-17), of marine origin, which have a well-differenti-
ated in vitro activity profile against malaria parasites.19

Since the direct molecular target for the diterpenes was
not known when the modeling studies were initiated,
all results elaborated from the molecular modeling
approach described in the Experimental Section relied
on the assumptions that all compounds (3-17) (i) bind
to a common molecular target and (ii) utilized a com-
parable mode of binding.

As described by the method of Marengo and Todes-
chini for an unbiased selection of a structurally and
topologically diverse training set based on the minimum-
distance approach,22 10 compounds from the data set
were chosen for the model-building approach (training
set), while molecules 4, 9, 10, 12, and 14 were used for
validation after model refinement (test set, see Table
1). Apart from the 3D structure information on the
investigated ligand molecules, the associated biological
activities19 were translated into relative free energies
of binding [∆G ) -RT ln(IC50)] and further corrected

for desolvation effects (∆Gsolv), loss of conformational
entropy (T∆S), and internal conformational strain
(∆Estrain).23-25 After training and test set definition, a
primordial receptor surface was built about all ligands.
This envelope, consisting of 271 pseudoparticles with a
radius of 0.8 Å, served as starting configuration for
relaxation and adjustment to the topology of every
ligand diterpene. Every surface particle was weakly
restrained to the initial position represented by the
mean receptor cavity. For the training set compounds
an initial population of 200 receptor models was evolved
for 5000 crossover cycles employing the genetic algo-
rithm technology developed by Rogers and Hopfinger.26

The upper threshold for the cross-validated q2 value was
set to 0.9. After 4551 crossover events the target value
of q2 was reached. From the ensemble of 200 generated
models the best individual model is characterized by a
cross-validated q2 ) 0.964 and a classical r value for
the linear regression analysis of 0.987. The five test set
molecules were then analyzed in light of the generated
pseudoreceptor models in order to validate the model
family. For the best receptor model the predictive power
expressed as the rms deviation of the experimental and
predicted free energies of the ligand binding resulted
in 0.943 kcal‚mol-1, corresponding to a mean uncer-
tainty factor of 5.1 in the binding constant. The details
of the energetic analysis for all individual training and
test set compounds are given in Table 2.

Compound 14 displays the largest individual devia-
tion between predicted and experimental free energies
of binding with ∆∆G°exp-pred ) 1.57 kcal‚mol-1, corre-
sponding to a remarkable uncertainty factor of 14.8 in
the binding constant (Table 2). When analyzing the
average over the entire ensemble of the 200 receptor
models, a cross-validated q2 of 0.900 together with the
classical r value for linear regression of 0.967 is ob-
tained. The rms deviation of predicted and experimental
free energies of ligand binding is calculated to be 0.23
kcal‚mol-1 (uncertainty factor of 4.8 in the binding
constant) for the test set compounds. Again, a significant
deviation energy for compound 14 with ∆∆G°exp-pred )
1.495 kcal‚mol-1 which corresponds to an uncertainty
factor of 13.0 in the binding constant was observed.
Energetic details are given in Table 2. The best indi-
vidual model accommodating the superimposed test and
training set compounds is shown in Figure 2. The 271
virtual particles form a coherent pseudoreceptor surface
with associated physicochemical properties that account
for mutual physicochemical complementarity. The fact
that the construction of the pseudoreceptor family for
the marine-derived diterpenes, with antimalarial activi-
ties, yielded a model that has a relatively high predictive
power (q2 ) 0.964; r ) 0.987) supports the assumption
that the molecules described in this study are targeted
against a common receptor system and utilize a similar
mode of binding.

With 203 out of 271 pseudoreceptor particles being
hydrophobic and uncharged, the generated hypothetical
binding surface reflects the overall lipophilic nature of
the potential ligand compounds. The steric complemen-
tarity of the ligand:receptor complexes is most demand-
ing for the amphilectane ring substructure underlying
compounds 4-17. The bicyclic diterpene 3 is the only
completely inactive molecule in the series of the inves-

Figure 1. Structures of chloroquine (1, CQ) and axisonitrile-3
(2).
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tigated marine-derived natural products. The lack of
binding affinity of this molecule can be assigned to the
long aliphatic side chain which prevents the formation
of an amphilectane-type lipophilic molecular surface,
which seems to be a predominant shape element neces-
sary for tight receptor binding. The lack of activity for
the open-ring analogue 3 might therefore be due to two
effects: First the side chain might be oriented toward
receptor-excluded volumes, and second a conformational
entropy penalty has to be considered for that flexible
substituent. Even if one assumes the exocyclic C-3-C-4
bond to adopt an amphilectane-type conformation, the
methyl group attached to C-3 would then have a quasi-
axial orientation with respect to the approximated ring
plane. If this is the case, then compound 3 would be the
only molecule addressing this particular spatial area
above C-3 of the tri- or tetracyclic ring systems present

in 4-17. Consequently, the hypothetical receptor sur-
face demands a perfect steric overlap of ligands 4-17
for the ring skeleton path C-11-C-10-C-9-C-8-C-7-
C-6-C-5-C-4-C-3-C-2-C-1. The most striking result
in terms of stereoelectronic demand of the receptor
surface relates to the decoration pattern of the cyclic
terpenes with isonitrile, isocyanate, and isothiocyanate
groups. In accordance with the aforementioned steric
fit and hydrophobic complementarity of the south-
eastern part of the diterpenes, a defined receptor surface
differentiates among the functional groups equatorially
attached to C-7. A pronounced spatial and electrostatic
demand emerged for the C-7 substituent from thorough
analyses of the Quasar-derived pseudoreceptor models.
Optimal stereoelectronic fit is achieved for the isonitrile
group, as demonstrated with the two most active
compounds 7 and 4 (see Table 1). An increase of shape

Table 1. Compounds Used for Pseudoreceptor Modeling and Their Associated Biological Activities

a CSD: Cambridge Structure Database. b Antiplasmodial activity against P. falciparum strain D6. c Set type refers to whether the
molecule was used for receptor surface construction (training) or for testing its validity (test). d Manually indicates that the molecule
was constructed according to template structures of closely related compounds extracted from CSD. e CSD entry code: ICADOC. f CSD
entry code: TEKSIL. g CSD entry code: TEKSEH. h CSD entry code: ICEPAM. i CSD entry code: TEKSOR.
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and electrostatics results in a loss of activity, as
exemplified for the ligand pairs 4 f 6 (C-7-NC f C-7-
NCO; 16-fold loss in activity) and 4 f 5 (C-7-NC f C-7-
NCS; 9.6-fold loss in activity). It is interesting to note
that exchange of the isonitrile against the isocyanate
group results in a more significant drop in affinity when
compared to the -NC f -NCS exchange. This finding
can be rationalized not only by the different electrostatic
characteristics of the -NCO and -NCS groups, but also
by the more kinked geometry of the isocyanate group
(see Chart 1) when compared to the isothiocyanate
substituent. The ligand pair 14 (-NC), 16 (-NCS)
parallels this tendency.

Apart from the R-OH group attached to C-12 in 16,
the activity drops by a factor of 56.5 upon -NC f -NCS
exchange. The pseudoreceptor particles defining the
physicochemical nature in that spatial area display
positively charged properties together with hydrogen-
bond donor capacities (Figure 2, cyan-colored areas). A
further volume, remote from the C-7-NC binding area,
exhibits comparable physicochemical demand, thus ac-
counting for the complementarity in the nature of the
functional groups attached to C-20. Both ligands with
single-digit nanomolar IC50 values (4 and 7) carry an
isonitrile (4) or an isocyanate (7) in the R-orientation
at C-20. All compounds lacking this potentially interact-
ing functionality are at least 10-fold less active (see e.g.

8-10). Even though compounds 5 and 6 possess an
isonitrile group at C-20, their activity is approximately
10-fold reduced when compared to 4 and 7. As already
mentioned above, this drop in activity is correlated with
the presence of an isocyanate and an isothiocyanate
group attached to C-7. The isocycloamphilectane frame-
work decorated with an isonitrile at C-7 (R-orientation)
and a further stereoelectronically demanding group
(-NC, -NCO) axially attached to C-20 define the
prerequisite for high-affinity binding. Aside from ligands
4 and 7, the most potent molecule is the amphilectane
14, which has a â-oriented side chain at C-1 (Figure 3).
Compound 15 is 4-fold less active, even though the only
structural difference between it and 14 results from an
exocyclic double bond becoming an endocyclic one (14:
∆11,20 exocyclic; 15: ∆11,12 endocyclic). The increased
activity of 14 over 15 can be assigned to a more negative
electrostatic potential around C-20, thus addressing the
aforementioned receptor volume. The C-20 methyl group
of 15 is not capable of a corresponding electrostatic
interaction. The spatial distribution of the uncharged
hydrophobic pseudoreceptor particles allows a lipophilic
receptor surface to be identified which accommodates
the hydrophobic side chains axially attached to C-1 in
compounds 14-16. The corresponding diterpenes with
the side chain attached equatorially (11-13) cannot
address that receptor surface above the tricyclic ring
system. This is exemplified with the closely related
analogues 14 and 12, which exhibit a 36-fold difference
in activity.

The R/â-discriminating property of the pseudoreceptor
is supported by the activity of compound 17, which
orients its side chain above the neoamphilectane ring
system, thereby reaching that lipophilic receptor sur-
face, even if the mounting point of the side chain is
shifted from C-1 in, for example, 14 to C-12 (17).
Compared to 14, the diterpene 17 is 6-fold less active.
However, when compared to 11-13, it possesses a 3-,
6-, and 5-fold increased binding affinity, respectively.

Interaction of Some Terpene Isonitriles with
FP. From the pseudoreceptor modeling study it was
possible to conclude that the ‘pharmocaphore’ has an
overall lipophilic rigid molecular core comprising at least
a tricyclic framework and carrying a functional group
in an axial orientation at C-7. An additional electrostatic
interaction close to C-20 of the common ring framework
is favorable for activity, as well as a further hydrophobic
region above the ring plane. This analysis suggests that
the ‘receptor’ for these isonitriles within the malaria
parasite is hydrophobic in nature but capable of forming
electrostatic interactions with functional groups on the
drug surface. Interestingly, it has previously been
reported that small aliphatic and aromatic isonitriles
interact with FP and hemoglobin.27-29 Moreover, CQ
and other quinoline antimalarial drugs have been
shown to exert their antimalarial activity by binding
to FP and interfering with its detoxification.30 Therefore,
we examined the ability of three of the diterpene iso-
nitriles used in the modeling study (4, 12, and 13),19 as
well as the sesquiterpene axisonitrile-3 (2), which was
isolated from A. klethra,21 to interact with FP. These
studies were based on the idea that these compounds
may exert their antimalarial activity by interfering with
FP detoxification processes within plasmodia.

Table 2. Comparison of Experimentally Found and Predicted
Relative Free Binding Energies (kcal‚mol-1) for the Best Model
and the Average Model Taken over 200 Distinct Models

compd ∆∆G°exp
a ∆∆G°pred

b ∆∆G°exp-pred
c factor in kd

Best Model
Training Set

5 -9.243 -9.151 0.092 1.2
7 -10.756 -10.640 0.116 1.2
8 -8.948 -8.733 0.215 1.4

16 -7.554 -7.584 -0.030 1.1
11 -8.031 -7.792 0.239 1.5
3 -6.058 -6.104 -0.046 1.1

13 -7.879 -8.029 -0.150 1.3
15 -8.986 -9.100 -0.114 1.2
17 -8.763 -8.671 0.092 1.2
6 -8.921 -9.334 -0.413 2.0

Test Set
10 -8.849 -8.040 0.809 4.0
12 -7.715 -7.994 -0.279 1.6
9 -8.770 -8.387 0.383 1.9

14 -9.814 -8.244 1.570 14.8
4 -10.505 -9.454 1.051 6.1

Average Over 200 Models
Training Set

5 -9.243 -8.984 0.259 1.6
7 -10.756 -10.701 0.055 1.1
8 -8.948 -8.653 0.295 1.7

16 -7.554 -7.708 -0.154 1.3
11 -8.031 -7.930 0.101 1.2
3 -6.058 -6.237 -0.179 1.4

13 -7.879 -7.948 -0.069 1.1
15 -8.986 -8.865 0.121 1.2
17 -8.763 -8.666 0.097 1.2
6 -8.921 -9.447 -0.526 2.5

Test Set
10 -8.849 -7.940 0.909 4.8
12 -7.715 -7.990 -0.275 1.6
9 -8.770 -8.415 0.355 1.8

14 -9.814 -8.319 1.495 13.0
4 10.505 -9.528 0.977 5.4

a Experimental free energy of ligand binding. b Predicted free
energy of ligand binding. c Difference between experimental and
predicted free energies of ligand binding. d Uncertainty factor in
the IC50 value.
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The chosen compounds exhibit a range of antimalarial
activities. As previously reported,19,21,31 compound 4
inhibits the growth in vitro of the CQ-sensitive D6 strain
and the CQ-resistant W2 strains of P. falciparum with
IC50 values of 14 and 13 nM, respectively. By compari-
son, CQ inhibited the growth of the D6 and W2 strains
with IC50 values of 7.4 and 98 nM. The two compounds
12 and 13, which are closely related to compound 4,
showed much lower activities against P. falciparum
with IC50 values of 1749 (D6) and 814 (W2) nM for 12
and IC50 values of 1319 (D6) and 306 (W2) nM for
13.19,21,31 Compound 2 inhibits the growth of the D6 and
W2 strains with IC50 values of 615 and 71 nM, respec-
tively.

The binding of different quinoline antimalarial drugs
to FP has previously been shown to affect the spectral
characteristics of FP;3,32 therefore the effect of the
isonitrile compounds on the visible absorption spectrum
of FP was examined. In aqueous buffer at pH 7, FP
exhibits a Soret absorption band with a peak at 390 nm
and a shoulder at 360 nm (Figure 4A). These spectral
characteristics reflect the presence of ferric FP as a
high-spin pentacoordinate hydroxyl-liganded species.33

The isonitrile compounds, themselves, exhibit very little
absorbance in the visible region (Figure 4A and data
not shown). Mixing of FP with compounds 2 and 4
produced a marked effect on the absorption spectrum

of FP (Figure 4B). The Soret band was red-shifted to
438 nm with a shoulder at 410 nm and underwent a
significant reduction in bandwidth. For example, in the
presence of a 2-fold excess of 4, the bandwidth was
narrowed from 90 nm, in the absence of drug, to 20 nm
in the presence of drug (Figure 4B). In addition, the
interaction of the isonitrile compounds with FP was
associated with the appearance of a double peak in the
absorption spectrum with maxima at 530 and 570 nm.
The degree of reduction of absorption in the 320-400
nm region and the prominence of the shoulder at 415
nm were dependent on the ratio of the isonitrile
compound to FP (not shown). At equivalent concentra-
tions, compound 4 produced a more pronounced effect
than compound 2 (Figure 4B).

These spectral changes are indicative of the presence
of low-spin FP33,34 and are consistent with the formation
of mono- or bis-coordinated drug-FP complexes. By
contrast, two isonitrile compounds that show little
antimalarial activity, 12 and 13, also showed little effect
on the FP absorption spectrum (Figure 4B). Thus, the
ability to form a coordination complex with FP would
appear to correlate with the antimalarial activity of the
compounds suggesting that interactions with FP may
underlie the antimalarial activity of these compounds.
The interaction of the active isonitrile compounds with
oxyhemoglobin was also examined. In contrast to its
effect on free FP, compound 4 had no effect on the
intensity or absorption peak of the hemoglobin Soret
band (data not shown), suggesting that these bulky
isonitriles are probably unable to interact with FP
within the hemoglobin protein.

CQ (1) and other quinoline antimalarials have previ-
ously been shown to form complexes with FP.35-38 The
formation of the quinoline-FP complex results in a
decrease in the intensity of the 360 nm shoulder relative
to the 390 nm peak of the Soret band, as well as subtle
changes in the structure of the absorption spectrum in
the red region.3,38-40 These spectral changes are thought
to derive from π-π complexation of the porphyrin and

Figure 2. Stereoview of the superimposed training and test set molecules within the constructed pseudoreceptor surface. The
surface covers the layer of virtual particles symbolized by the network between the inner and outer surfaces. Areas populated by
hydrophobic virtual particles are shown in green, while spatial areas with positively charged properties together with hydrogen-
bond donor capacities are colored cyan.

Chart 1. Geometric Properties of Functional Groups
Derived from an Analysis within CSD
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quinoline ring systems.38 NMR and isothermal calorim-
etry studies suggest that CQ forms a complex with the
µ-oxo dimeric form of FP with a stoichiometry of 1 CQ:2
µ-oxo dimers.41,42 The more dramatic alterations in the
absorption spectrum of FP upon interaction with the
isonitrile compounds suggest a somewhat different mode
of interaction with FP to that of CQ. The data are
consistent with the suggestion that the isonitrile com-
pounds form a chelation complex with the iron center
within FP, thereby replacing the hydroxyl moiety that
is liganded to FP in hematin.

To further investigate the nature of the complex
formed between the isonitrile compounds and FP, 1:1
mixtures were subjected to electrospray ionization mass
spectrometry (ESI-MS). Under the conditions employed
(50% acetonitrile/0.1% acetic acid, pH 3), a prominent
m/z 616.4 peak was observed (Figure 5), corresponding
to unliganded FP (FP+). Mixtures of FP with 2 yielded
significant m/z 847.6 and 1078.8 peaks (Figure 5A) and
mixtures of FP with 4 yielded significant m/z 940.6 and
1264.8 peaks (Figure 5B), corresponding to 1:1 and 2:1
drug-FP complexes in each case. By contrast, no
complexes were observed with mixtures of FP and 12
(Figure 5C) or 13 (Figure 5D). ESI-MS of a 1:1 mixture
of FP with 4 added to a 1:1 mixture of FP with 2 (data

not shown) revealed a new peak at m/z 1171.6 due to a
complex of FP with both 4 and 2, produced by exchange
of 4 and 2, indicating the drug-FP interactions to be
reversible. Under these more controlled conditions,
complexes involving 4 and FP were 3-fold more abun-
dant than those involving 2 and FP, indicating 4 to
interact more strongly than 2 with FP. This is consistent
with the observation that 4 preferentially forms a 2:1
complex with FP, while 2 preferentially binds in a 1:1
complex with FP (Figure 5A,B). Species of higher
stoichiometry and signals due to free drug were not
detected with any of the mixtures.

The relative strength of binding between FP and 2
or 4 was assessed using MS/MS collisional fragmenta-
tion to measure the susceptibility to dissociation of
complexes of FP with 2 or 4. In separate experiments
(not shown), ions corresponding to 1:1 complexes of FP
with 2 or 4 were selected and collided with nitrogen at
the same collision energy (15 eV), producing an FP peak
(m/z 616.3) due to loss of drug that, relative to the
precursor peak, was 4-fold weaker with 4 than with 2.
In a similar experiment (data not shown), the m/z 1171.6
ion corresponding to a 1:1:1 complex of FP with both 2
and 4 was dissociated at 20 eV collision energy, produc-
ing a m/z 940.5 (4-FP) peak 4-fold stronger than the
m/z 847.4 (2-FP) peak. Both experiments indicate that
the 4-FP complex is 4-fold less susceptible to fragmen-
tation than the 2-FP complex.

For comparison, CQ (1) was mixed with FP and
desalted into 50% acetonitrile/0.1% acetic acid, pH 3.
FP-CQ complexes have a tendency to precipitate at pH
3; however spectra obtained at pH 3 (Figure 5E) were
essentially the same as spectra obtained at pH 9 (data
not shown), except that signals were much less intense
at pH 3, presumably due to aggregation of FP. A strong
m/z 320.4 peak due to monoprotonated CQ was ob-
served, along with a m/z 616.2 peak corresponding to
unliganded FP (FP+), a m/z 1231.4 peak corresponding
to a FP dimer [(FP+)2], and a m/z 1249.4 ion correspond-
ing to a dehydrated dimer of hematin (FP-O-FP]). The
mass of this latter peak is consistent with either a µ-oxo
dimer of FP or a dimer in which the propionic acid side
chain of a hematin monomer is chelated with the Fe of
an adjacent FP. An m/z 1568.6 peak was also observed,
which is consistent with a complex of CQ with a
dehydrated dimer of hematin. It is important to note
that, under the experimental conditions employed, there
was no evidence for the formation of a complex between
the isonitriles and a dimeric form of FP. Furthermore,
the isonitriles 2 and 4 bind 2:1 to FP whereas CQ does

Figure 3. Stereoview of a detail of the pseudoreceptor surface incorporating compound 14. The axially oriented substituent at
C-1 protrudes into the upper left corner of the hydrophobic pseudoreceptor surface. Areas populated by hydrophobic virtual particles
are shown in green, while spatial areas with positively charged properties together with hydrogen-bond donor capacities are
colored cyan.

Figure 4. Optical spectroscopic analysis of the interaction of
some terpene isonitriles with FP: (A) samples of (a) FP (10
µM) and (b) compound 2 (20 µM); (B) mixtures of FP (10 µM)
with (c) compound 4 (20 µM), (d) compound 2 (20 µM), (e)
compound 13 (20 µM), or (f) compound 12 (20 µM). All samples
were prepared in 200 mM HEPES, pH 7. Visible absorption
spectra were collected using a Cary 1E spectrophotometer.

878 Journal of Medicinal Chemistry, 2001, Vol. 44, No. 6 König et al.



not. Therefore the interaction of FP with the isonitriles
may involve a mode different to that with CQ.

FP can react with H2O2 to form a ferryl [Fe(IV)]
intermediate that can participate in both catalase-like
and peroxidase-like activities that regenerate the FP
molecule.43,44 In addition, transfer of electrons within
the ferryl intermediate can result in destruction of the
porphyrin ring.3,44,45 These reactions occur efficiently
under conditions that mimic the food vacuole environ-

ment, and it has been proposed that these pathways
may facilitate the destruction of H2O2 as well as
bringing about the degradation of FP.3 Chelation of the
FP moiety has been shown to prevent the formation of
the ferryl intermediate44,46 and would be expected to
decrease these enzyme-like activities of FP. We have
therefore examined the abilities of the terpene isoni-
triles to inhibit the peroxidase-like activity of FP and
the peroxidative destruction of FP. As shown in Figure

Figure 5. Mass spectrometric analysis of the interaction of some terpene isonitriles and CQ with FP. Mixtures of FP (10 µM)
and 20 µM of either (A) compound 4, (B) compound 2, (C) compound 13, (D) compound 12, or (E) CQ in 200 mM HEPES, pH 7,
were desalted into 50% acetonitrile/0.1% acetic acid, pH 3, followed by recording of positive ion ESI-MS, as shown. Uncertainties
in masses are (0.3 Da.
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6A, compounds 2 and 4 were even more potent inhibi-
tors of the peroxidase-like activity of FP than was CQ.
By contrast, the isonitrile compounds with weaker
antimalarial activity, 12 and 13, showed very little
inhibitory activity. Compounds 2 and 4 were also
efficient inhibitors of the peroxidative destruction of FP.
For example, 50% inhibition of the peroxidative destruc-
tion of a 15 µM sample of FP was achieved at a
concentration of 6 µM of compound 4. Higher concentra-
tions of compound 4 were associated with complete
inhibition of FP destruction, while CQ was only partially
effective even at the highest concentration examined.
Again, 12 and 13 showed very little inhibitory activity
in this assay.

Ginsburg et al.4 have proposed that FP, at least in
part, exits the food vacuole and is degraded by reaction
with glutathione (GSH) in the parasite cytosol. The thiol
group of GSH has been shown to bind to the FP iron
with an association constant of 3 × 104 M-1.47 The
reaction of FP with GSH has been studied in vitro4,48

and appears to lead to the release of iron and oxidation
of GSH. We have examined the abilities of the terpene
isonitriles to inhibit the GSH-mediated destruction of
FP. As shown in Figure 7, compound 4 is a potent
inhibitor of GSH-mediated FP destruction, as is com-
pound 2, albeit at a lesser but still significant level;
compounds 12 and 13 showed very little inhibitory
activity in this assay.

A prominent route for the detoxification of FP in
malaria parasites is sequestration into crystals of hemo-
zoin, the characteristic malarial pigment. It has recently
been revealed that the structure of hemozoin (and its
synthetic equivalent, â-hematin) is not a polymer as had
been proposed previously49-51 but a repeating array of
coordinated dimers, with the ferric iron of each FP
moiety chelated onto the carboxyl side chain of its
partner, held together in a crystalline matrix by hydro-
gen-bonding interactions.52 â-Hematin can be distin-
guished from other FP aggregates by its insolubility in
SDS at neutral pH.53 Bendrat et al.54 proposed that
specific lipid components in parasite preparations may
contribute to the catalysis of â-hematin formation in
vivo, and Fitch et al.55 have shown that this catalytic
activity can be mimicked in vitro using synthetic lipids.
We have examined â-hematin formation in the presence
of monooleoylglycerol. The extent of formation of the FP
crystal was monitored by resolubilizing the SDS-
insoluble â-hematin at high pH. In the absence of the
lipid catalyst, only a small amount of â-hematin is
formed in this in vitro reaction (Figure 8A). In the
presence of a 0.2 mM suspension of monooleoylglycerol,
about 15 nmol of â-hematin was formed during the 24
h incubation, i.e. a yield of about 10% of the crystalline
form from the 150 nmol of FP added to the reaction. As
previously reported,55 CQ is an efficient inhibitor of
lipid-catalyzed â-hematin formation, with almost com-
plete inhibition achieved at a concentration of 100 µM
(Figure 8A). Similarly, compounds 2 and 4 were efficient
inhibitors of â-hematin formation, while compounds 12
and 13 had very little effect (Figure 8B). Thus, the active
isonitriles appear to exert their activity by interfering
with a range of FP detoxification processes.

Molecular Dynamics Simulations. Given the ex-
perimental evidence for the interaction of the terpene
isonitriles with FP, a molecular dynamics simulation
was undertaken to allow a more detailed SAR analysis.
FP [Fe(III)] in a binary complex with compound 2 and
FP [Fe(III)] in a ternary complex with compound 4 were
generated as described in Computational Methods.
Analysis of the molecular dynamics trajectory for the
binary complex (Figure 9A) revealed a rather conserved
behavior in that only minor changes of the relative
orientation of both complex partners occurred indicating
the complex to be in a low-energy conformation and
configuration, which is mainly stabilized by the R-NC‚

Figure 6. Inhibition of the peroxidase-like activity of FP and
of the peroxidative destruction of FP by CQ and terpene
isonitriles. (A) Samples of FP (5 µM) were incubated at 20 °C
in the presence of 25 mM sodium acetate, pH 5.2, 100 mM
NaCl and increasing concentrations of inhibitory drug. Oxida-
tion of OPD was initiated by the addition of H2O2 (2 mM) and
followed spectrophotometrically at 490 nm. Data represent the
mean ( SD for triplicate measurements in a typical experi-
ment. (B) Samples of FP (15 µM) were incubated at 20 °C in
the presence of 200 mM sodium acetate, pH 5.2, 1 mg/mL BSA
and increasing concentrations of inhibitory drug. The reaction
was initiated by the addition of H2O2 (2 mM) and followed
spectrophotometrically at 400 nm. Data represent the mean
( SD for triplicate measurements in a typical experiment.

Figure 7. Inhibition of the GSH-dependent destruction of FP
by CQ and terpene isonitriles. Samples of FP (6 µM) were
incubated at 37 °C in the presence of 200 mM HEPES, pH 7,
and increasing concentrations of inhibitory drug. The reaction
was initiated by the addition of GSH (2 mM) and followed
spectrophotometrically at 400 nm. Data represent the mean
( SD for triplicate measurements in a typical experiment.
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‚‚Fe interaction. The spiro-ring system makes only
minor contacts to the FP ring since it is not a comple-
mentary flat structure capable of forming a sandwich
type complex. In contrast, simulation of the ternary
complex (Figure 9B) produced a final conformation that
showed a significant reorientation relative to the start-
ing one (Figure 10). More explicitly, one ligand remained
close to its initial orientation while the opposite ligand
performed a kind of rotation around the Fe‚‚‚CN-R
bond. Due to the disk-type overall shape of the polycyclic
core of compound 4 and the lack of any further axial
substituents on the side of the -NC, extensive inter-
molecular van der Waals contacts are established
between both ligand molecules and the central porphy-
rin template - a genuine sandwich structure. On the
basis of these results, it is evident that compound 4 is
more likely to form a stable complex with FP than
compound 2.

Conclusions

The molecular modeling study shows that the most
prominent structural determinant for receptor comple-
mentarity of the active diterpenes is the overall lipo-
philic rigid molecular core comprising at least a tricyclic
framework, carrying an axially oriented isonitrile group
at C-7. Due to the perfect alignment of all active
compounds in the south-eastern region of the molecules,
this spatial area can be assigned as the innermost part
of the binding surface (Figure 2). An additional electro-
static governed interaction close to C-20 of the common
ring framework is essential for activity. A further
hydrophobic region above the ring plane populated by
the â-oriented side chains of the amphilectanes 14-16
may also be important for the observed activities.

One suggestion that is consistent with the molecular
modeling studies is that the “receptor” is the hydropho-
bic moiety, FP, that is released from hemoglobin during
digestion by the malaria parasite. It was found that two

terpene isonitrile compounds (2 and 4) with good
antimalarial activity bind FP and are efficient inhibitors
of FP detoxification. By contrast, the two diterpenes 12
and 13, which have much weaker antimalarial activity,
show only very limited inhibition of FP detoxification
processes. The active isonitriles (2 and 4) exhibit a
similar or more potent activity than CQ (1) in the assays
examined, although they possess a somewhat less
potent activity than CQ against the growth of a CQ-
sensitive strain of P. falciparum. This may be due to a
less efficient uptake of these isonitriles into the malaria
parasite compared with the antimalarial quinolines.

Taken together, the FP detoxification studies and the
molecular dynamics simulations indicate that the “re-
ceptor” discussed in the molecular modeling part of this
study is porphyrin in nature and that all of the active
compounds that bind to this “receptor” probably have a
common way of doing so. In the case of compounds 2
and 4-7 the binding most likely occurs via a coordinate
bond between the axially oriented functionality at C-20
(-NC or -NCO) and the iron within the porphyrin. The
resultant complex(es) is(are) then further stabilized by
van der Waals-type interactions between the porphyrin
and the respective ligand(s). For compound 14, and to
a lesser extent compounds 8-10, 15, and 17, the
observed activities cannot be so easily explained unless
a bonding interaction occurs between the iron within
the porphyrin and the double bonds within these
molecules. It is also possible that these compounds may
inhibit growth of the malaria parasite by an alternative
mechanism. Further analysis of the abilities of these
drugs to inhibit FP detoxification and to be accumulated
into the malaria parasite may account for the observed
differences in activity. It is clear, however, that the
presence within the molecule of an equatorial isonitrile
group at C-7 is not enough to confer it with significant
antiplasmodial activity.

Overall, our studies suggest that the active isonitrile
compounds exert their activities in a manner analogous
to that of the quinoline antimalarials by (a) inhibiting
the decomposition of H2O2, (b) inhibiting the peroxida-
tive destruction of FP and the GSH-mediated break-
down of FP, and (c) interfering with â-hematin forma-
tion. These combined effects would lead to a buildup of
toxic moieties which would irreversibly damage proteins
and lipids within the parasite. The antimalarial activi-
ties of the isonitriles discussed in this work may be
enhanced by the addition of basic substituents that
would facilitate accumulation into the parasite food
vacuole. A number of simpler synthetic isonitriles that
interact with FP have been reported previously,27 which
could be easily derivatized. The isonitriles may therefore
represent a novel class of compounds that could poten-
tially be exploited for the development of novel antima-
larial drugs. It is important to note, however, that the
active diterpene isonitrile compounds discussed in this
work show cytotoxic activity against the human KB-3
cell line,19,21,31 indicating that less toxic analogues would
need to be identified as lead compounds for further
development.

Experimental Section
Abbreviations: FP, heme ) ferriprotoporphyrin IX [de-

pending on the conditions, FP may be present in an unliganded
state (FP+), in the form of hematin (FP-OH), as hemin chloride

Figure 8. Inhibition of â-hematin formation by CQ and
terpene isonitriles. (A) Samples of FP (300 µM) were incubated
for 24 h at 37 °C in the presence of 90 mM sodium acetate,
pH 5.0, with (b-d) or without (a) 0.2 mM monooleoylglycerol
and no (a,b) or 50 µM CQ (c) or 100 µM CQ (d). (B) Samples of
FP (300 µM) were incubated in the presence of 0.2 mM
monooleoylglycerol in the absence of any terpene isonitrile (a)
or in the presence of a 200 µM concentration of (b) compound
4, (c) compound 2, (d) compound 13, or (e) compound 12.
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(FP-Cl), as a dehydrated dimer of hematin (FP-O-FP), or as a
FP-drug complex; â-hematin is a crystal of FP dimers in
which one of the propionic acid side chains of each monomer
is chelated onto the Fe(III) of its partner]; CQ, chloroquine;
BSA, bovine serum albumin; SDS, sodium dodecyl sulfate;
OPD, o-phenylenediamine.

Molecular Modeling. All simulations were performed on
a Silicon Graphics Indigo 2 workstation (R10000).

Pseudoreceptor Modeling. For the purpose of this study
the 15 diterpenes 3-17 were chosen. All of these diterpenes
are natural products of marine origin, possessing a common
underlying molecular framework which, apart from compound
3, have at least a tricyclic template structure.19,31 Distinctive
features of these molecules are the decoration pattern with
hydrophobic substituents and the isonitrile, isothiocyanate,
and isocyanate functionalities. The aforementioned common
molecular framework together with a finely balanced distribu-
tion pattern of substituents corroborates the working hypoth-
esis that these compounds address a common receptor-type
target molecule and utilize a similar binding mode. This
hypothesis is the basic assumption underlying all types of
comparative molecular modeling approaches such as 3D-QSAR
and pseudoreceptor modeling techniques. According to this
assumption, a molecular superpostion of the 3D structures of

3-17, reflecting the common binding mode for the core
structure, should enable the steric and physicochemical char-
acteristics responsible for the distinctive biological activities
to be deduced. To generate the superimposed ensemble of
compounds 3-17, the experimentally derived 3D structures
of 4, 8, 10, 12, and 14 were retrieved from the Cambridge
Structure Database (CSD). All compounds with no associated
crystallographic structure data were manually constructed
according to template structures of closely related compounds
extracted from CSD (for details see Table 1). Special emphasis
was placed on the computational treatment of the different
functional groups, i.e. the isonitrile, isothiocyanate, and iso-
cyanate functionalities. To derive sound geometric parameters
for bond lengths and bond angles of these functional groups a
thorough substructure search was performed in CSD. Based
on the results obtained, the affected bond lengths and angles
were adjusted in all compounds as shown in Chart 1, and the
internal coordinates (bond lengths and angles) were kept fixed
throughout the entire modeling procedure (Chart 1). All
compounds were then subjected to an energy minimization
using the PM3 Hamiltonian within MOPAC 6.0.56 The atomic
potential charge model (CM-1 charges) for the ligand molecules
were obtained using the AMSOL 5.4 software package.57 The
individually geometry-optimized compounds were overlaid
following an atom-based rigid body superposition in which
compound 4 served as the molecular template, thus being
comparable to a previously published study on the SAR of
these compounds.19 Atoms C-4, C-5, C-6, C-7, C-8, C-13, and
N attached to C-7 served as anchor points. At this point it
should be mentioned that this atom-based superposition only
reflects an initial overlay, since in the following pseudoreceptor
modeling approach a more refined technique, termed receptor-
mediated ligand alignment, allows for a readjustment of the
initial overlay within the 3D context of the hypothetical
receptor surface. The initial alignment of the 15 diterpene
compounds 3-17 served as input data for the quasi-atomistic
receptor modeling approach.

The superimposed ensemble of compounds 3-17 was sub-
jected to the program Quasar, version 1.2,58 as implemented
on the PrGen 2.0 platform.59 Quasar can be used to engage
biologically active ligand molecules in specific intermolecular
interactions with a sterically complementary receptor surface,
so as to mimic macromolecular environments of low-molecular
weight ligands in their target-bound state. Quasar generates
a family of receptor surface models in the light of molecular
structures and biological activities of the ligand set by means
of a genetic algorithm combined with cross-validation. In the
following, the approach used is discussed in more detail.

Construction of Individually Adapted Receptor Sur-
faces. First, an averaged receptor surface is generated by
surrounding the entire ensemble of superimposed molecules

Figure 9. Starting structures for molecular dynamics simulations of the binary complex formed by compound 2 (A) and the
ternary complex formed by compound 4 (B) with protoporphyrin IX. For reasons of clarity the surrounding water molecules have
been omitted.

Figure 10. Superposition of five snapshots of the ternary
complex taken from the trajectory after 1, 30, 50, 70, and 100
ps.
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with uncharged Lennard-Jones particles with a radius of r0

) 0.8 Å and a well depth of ε0 ) -0.024 kcal‚mol-1, thus
accounting solely for steric complementarity. After energy
minimization (100 cycles of refinement) the resulting averaged
receptor surface is used for the selection of the ligand training
set. For the purpose of validating any 3D-QSAR or pseu-
doreceptor model the ligand molecules are grouped in a
training and a test set. Training set molecules are used for
model construction, while the family of receptor models is
validated according to their ability to predict the biological
activities of the external test set compounds. To allow an
unbiased selection of the most dissimilar molecules from the
entire ensemble of compounds 3-17 to be used as the training
set for the pseudoreceptor construction, the implemented
training set selection routine of Quasar was utilized. It is of
prime importance that the training set molecules span the
parameter space homogeneously in terms of biological and
physicochemical characteristics. Within Quasar, a method
from distance-based experimental design, developed by Maren-
go and Todeschini,22 is adopted to minimize user bias during
the training set selection. Subsequently, the averaged receptor
surface is individually adapted to each of the 15 diterpenes in
distinct 1:1 ligand-receptor complexes. This allows the ini-
tially generated mean surface to adopt the specific molecular
topology of each ligand molecule. The virtual particles of the
emerging 15 individual receptor envelopes are weakly position-
restrained to their original lattice points with a harmonic
restraining potential scaled by a force constant of kpr ) 0.25
kcal‚mol-1 Å-2. On the one hand, this ensures a minimal
surface deformation, and on the other hand, that any van der
Waals repulsions between ligands and surface may be re-
solved.

Generation of an Initial Family of Parent Structures.
All lattice points representing the center of the virtual spheres
spanning the pseudoreceptor envelopes are randomly popu-
lated with atomistic properties. Hydrogen-bond interaction
sites are restricted to points on the receptor envelopes that
are in spatial proximity and at a favourable directional
orientation with respect to hydrogen-bond-interacting groups
of the ligand molecules comprising the training set. A vector
concept, based on the directionality of hydrogen bonds, is
employed for identification of lattice points on the envelope
that can be engaged in geometrically optimal intermolecular
interactions with ligand functional groups.60 This decoration
of the envelope with distinct physicochemical properties is
carried out for the 1:1 ligand-receptor complexes of the
previously selected training set molecules.

Evolution of a Model Family. The initial family of
receptor models is further evolved using crossover and muta-
tion events following a genetic algorithm described by Rogers
and Hopfinger.26 The initial number of parents was set to 200,
the number of evolutions to 5000. The evolution process is
propagated until an upper threshold for the target value q2

(cross-validated r2) of 0.9 or, alternatively, the maximum
number of crossover steps is reached. For estimating relative
free energies of ligand binding a combined approach based on
the methods of Blaney et al.,23 Still et al.,24 and Searle and
Williams25 is implemented in Quasar. This accounts not only
for ligand solvation energy corrections but also for changes in
conformational entropy of the ligand molecules upon receptor
binding. The explicit functional form for approximating the
binding energy is given in eq 1:

For determination of the ligand-receptor interaction energy
(Eligand-receptor) the Yeti force field is used.60 The free energies
of ligand binding, ∆G0

predicted, are obtained by means of a linear
regression between ∆G0

experimental (obtained from the IC50

values) and calculated Ebinding using the ligand molecules of
the training set.

Analyses of the Model Family. At this point the receptor
models are validated by their ability to predict relative free
binding energies of the external set of test molecules not
included in the model construction procedure. The predictive
power is analyzed on the basis of the average over all of the
200 generated models, as well as for the best model derived
from the training set.

Biochemical Materials. Fresh human erythrocytes were
obtained from the Red Cross Transfusion Service, Melbourne,
Australia. CQ (1), OPD, BSA (essentially fatty acid free),
1-monooleoyl-rac-glycerol and FP (bovine hematin) were ob-
tained from Sigma Chemical Co. (St. Louis, MO). Stock
solutions of FP were prepared daily in 50 mM NaOH. Axisoni-
trile-3 (2), diisocyanoadociane (4), 7-isocyanoamphilecta-11-
(20),15-diene (12) and 7-isocyano-15-isothiocyanoamphilecta-
11(20)-ene (13) were isolated as described previously.21,31

Peroxidase-like Activity of FP. The peroxidase-like
activity of FP was monitored by following the oxidation of OPD.
Aliquots (200 µL) of 5.5 mM OPD, 25 mM sodium citrate, pH
5.2, 100 mM NaCl, 5 µM FP with or without 1 mg/mL BSA
were added to the wells of a 96-well plate. The reaction was
started by the addition of H2O2 (2 mM). Plates were incubated
at 20 °C and oxidation of OPD was measured at 490 nm after
addition of 50 µL of 3 M HCl.

FP Decomposition. The peroxidative and GSH-mediated
pathways for decomposition of FP were monitored by measur-
ing the decrease in absorption of FP at the Soret band (400
nm). For peroxidative decomposition, aliquots (0.2 mL) of 15
µM FP in 200 mM sodium acetate, pH 5.2, 1 mg/mL BSA were
equilibrated at 20 °C and the reaction was initiated by the
addition of H2O2 to a final concentration of 2 mM. Assays of
the glutathione (GSH)-mediated destruction of FP were per-
formed as described by Ginsburg et al.4 Briefly, aliquots (1 mL)
of 6 µM FP in 200 mM HEPES, pH 7, were equilibrated at 37
°C and the reaction was initiated by the addition of GSH to a
final concentration of 2 mM.

â-Hematin Formation. Studies of the formation of crystals
of â-hematin were performed as described by Fitch et al.55 A
suspension of monooleoylglycerol (0.2 mM) in 90 mM sodium
acetate, pH 5, was prepared by sonication and aliquots (0.5
mL) were mixed with FP from a stock in 50 mM NaOH to a
final concentration of 300 µM. Samples were incubated at 37
°C for 24 h with gentle rotation. Following incubation, the
samples were centrifuged at 27000g, 15 min, 4 °C. The pellet
was resuspended in 10 mM sodium phosphate, pH 7.4,
containing 2.5% SDS and vortexed for 10 min, 20 °C and
repelleted four times. The remaining pellet was resuspended
in 950 µL of 2.5% SDS in phosphate buffer and 50 µL aliquot
of 1 M NaOH was added to dissociate and dissolve the
crystallized â-hematin. The concentration of FP was deter-
mined by measuring the absorbance at 404 nm, assuming a
molar extinction coefficient of 9.08 × 104 cm-1 M-1 (Asakura
et al.).61

Drug Studies. Compound 1 was added from a stock
solution in water. Compounds 2, 4, 12 and 13 were added from
stock solutions in dimethyl sulfoxide. Controls contained equal
amounts of the relevant solvent. Mixtures of drugs and FP
were made prior to addition to the FP activity assays.

Mass Spectrometry. Mixtures of compounds 1, 2, 4, 13 or
14 with FP in 200 mM HEPES, pH 7, were desalted using
C18 sample preparation tips (Millipore “ZipTip”) and eluted
in either 50% acetonitrile/0.1% acetic acid, pH 3, or 0.1% NH4-
OH, pH 9. Positive ion mass spectra were recorded on a Perkin-
Elmer API-300 triple quadrupole electrospray ionization mass
spectrometer. MS/MS collisional fragmentation spectra of ions
selected by the first quadrupole were obtained by scanning
the third quadrupole, using nitrogen collision gas (4 mTorr)
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in the second quadrupole collision cell and collision energies
of 10-30 eV.

Molecular Dynamics Simulations: Computational
Methods. The program INSIGHT II, version 98.0,62 was used
for model-building procedures and as a graphical interface.
Force-field parameters were taken from the INSIGHT residue
library. For compound 2, a binary complex was constructed,
and a ternary one was constructed for compound 4. For
generation of the starting configurations X-ray structures
taken from the Cambridge Crystallographic Database (CSD)
served as templates (CSD entry codes: CHEMIN, VACXOM;
compound 2 ) AXISNT). The ligands coordinate iron perpen-
dicular to the ring plane of FP [Fe(III)] through their axially
oriented isonitrile substituent (Fe‚‚‚CN d ) 1.92 Å). The
molecular assemblies were then surrounded by a water box
containing 2000 H2O molecules. Energy minimizations and
molecular dynamics simulations using periodic boundary
conditions were carried out with the DISCOVER simulation
package implemented in INSIGHT II, using the cvff force field
without cross and Morse terms on a Silicon Graphics, Indigo
2 workstation. After relaxation of the systems by energy
minimization over 100 iterations applying the conjugate
gradient algorithm, the molecular dynamics simulations were
conducted over 100 ps with a time step for integration of 1 fs,
writing a structure every picosecond, thus yielding 100 con-
formations.
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