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Abstract

A 3D-QSAR investigation of 95 diaminobenzophenone yeast farnesyltransferase (FT) inhibitors selected from the
work of Schlitzer et al. showed that steric, electrostatic, and hydrophobic properties play key roles in the bioactiv-
ity of the series. A CoOMFA/CoMSIA combined model using the steric and electrostatic fields of COMFA together
with the hydrophobic field of CoMSIA showed significant improvement in prediction compared with the CoOMFA
steric and electrostatic fields model. The similarity of the 3D-QSAR field maps for yeast FT inhibition activity (from
this work) and for antimalarial activity data (from previous work) and the correlation between those activities are

discussed.
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Introduction

Human malaria, mainly caused by the apicomplexan parasite
Plasmodium falciparum, is one of the most important infec-
tious diseases in the world, leading to 300 million cases and
1.5-2.7 million deaths per year"% Existing antimalarial chem-
otherapy agents include quinolines, antifolates, atovaquone/
proguanil, artemisinins, and some more general antibiotics®*.
Just like for many other infectious diseases, most of the exist-
ing drugs are facing emerging resistance by P. falciparum,
and some of the drugs such as artemisinins and atovaquone/
proguanil are also very costly. Thus there is a great need for
novel and inexpensive antimalarial compounds®?®.

One of the promising antimalarial targets is inhibition
of protein farnesyltransferase (FT)'*!'. The heterodimeric
zinc-containing FT has been pegged as an anticancer tar-
get since it was discovered that it farnesylates Ras, which
is overexpressed in certain kinds of malignant tumors'*°.
More recently, however, evidence has shown that there must
be another, yet to be discovered, mechanism of anticancer
action since FT inhibitors also kill tumor cells which do

not overexpress Ras, so currently the mechanism of action
is unknown'**5, Several FT inhibitors have proceeded into
clinical trials for cancer chemotherapy'>"*. Meanwhile, in
the last few years, several groups have found that applica-
tion of FT inhibitors to cells infected with P. falciparum led
to a decrease in farnesylated proteins and to the associated
lysis of the parasites'®'®. The FT inhibitors were selectively
toxic against the parasite as compared to against mamma-
lian cells.

As part of our continuing effort to find novel lead com-
pounds for antimalarial drugs, we selected for analysis 95
compounds based on a 2,5-diaminobenzophenone scaffold
(Table 1), from the work of Schlitzer et al., who reported
inhibition activity data against yeast FT'***. We performed
a three-dimensional quantitative structure-activity relation-
ship (QSAR) investigation, using the CoMFA (comparative
molecular field analysis) and CoMSIA (comparative molecu-
lar similarity indices analysis) methods for the yeast FT activ-
ity data, in order to gain understanding of what factors govern
the interaction between this series of compounds and FT.

Address for Correspondence: Robert]. Doerksen, Department of Medicinal Chemistry, School of Pharmacy, University of Mississippi, University, MS 38677-1848,

USA. Tel: +1 662 915 5880. Fax: 1 662 915 5638. E-mail: rjd@olemiss.edu
(Received 7 July 2008; revised 1 January 2009; accepted 17 January 2009)

ISSN 1475-6366 print/ISSN 1475-6374 online © 2009 Informa UK Ltd
DOI: 10.3109/14756360902781389

http://www.informahealthcare.com/enz


mailto:rjd@olemiss.edu
http://www.informa.com/doifinder/10.3109/14756360902781389

3D-QSAR on farnesyltransferase inhibitors 1221

Table 1. Structure and experimental yeast farnesyltransferase inhibitory
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CoMFA and CoMSIA are commonly used 3D-QSAR meth-
ods. Based on the assumption that all the investigated com-
pounds adopt the same binding mode with the enzyme, the
CoMFA method calculates steric and electrostatic properties
according to Lennard-Jones and Coulomb potentials in the
space surrounding each of the properly aligned molecules
in the data set®. The CoMSIA approach calculates similarity
indices, including steric occupancy, electrostatic field, local
hydrophobicity, hydrogen-bond donor, and hydrogen-bond
acceptor fields, under the same conditions®. After calculat-
ing these fields for every properly aligned structure, partial
least squares (PLS) is used to correlate these properties to
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the bioactivity of the compounds. 3D-QSAR has previously
been applied to other FT inhibitor classes*-*! but not to the
FT inhibition activities of the diaminobenzophenones we
consider in this work. We previously prepared® 3D-QSAR
models for 2,5-diaminobenzophenones, but used in vitro
antimalarial activity data (P. falciparum growth inhibition)
rather than the yeast FT inhibition activity of this work.

Materials and methods

Table 1 shows the structures of the 95 compounds used
in this study and their observed anti-yeast farnesyltrans-
ferase activities (pIC,). The data set we used included 31
N-(4-tolylacetylamino-3-benzoylphenyl)-3-arylfurylacrylic
acid amides, 22 N-(4-acylamino-3-benzoylphenyl)-3-[5-(4-
nitrophenyl)-2-furyl]acrylic acid amides, 14 N-(4-acylamino-
3-benzoylphenyl)-4-nitrocinnamic ~ acid amides, four
N-(4-aminoacylamino-benzoylphenyl)-3-[5-(4-nitrophenyl)-
2-furyl] acrylic acid amides, eight 5-arylacryloylaminobenzo-
phenones, and 16 2-(aminoacylamino)benzophenones. The
compounds and their experimental activities (IC,)) against
yeast FT all originated from the same laboratory'*-**. Figure 1
shows the distribution of pIC_ for the whole data set, ranging
from 5.00 to 8.40 with a variance of 0.709.

Molecular modeling, CoMFA and CoMSIA, were
performed using Sybyl 7.2%. The putative bioactive con-
formation was the minimum energy conformation of 43
(see reference 19). Each compound in the data set was
minimized, adjusted manually to approximate the template
conformation, and then minimized again with the MMFF94
force field to obtain the final geometry used for 3D-QSAR.
Then the minimized conformations were aligned to the
template using eight reference atoms in the backbone of
the 2,5-diaminobenzophenone scaffold. Figure 2 shows the
reference atoms and alignment. Initially the whole aligned
data set was subjected to CoOMFA and CoMSIA analysis, but
compounds 4, 5, 18, 27, 35, 52, 78, 85, and 89 were iden-
tified as outliers by Grubbs’ test in both cases®. After the
nine outliers were omitted, the remaining compounds were
divided into a 69 compound training set and 17 compound
test set (bold in Table 1), choosing a matching number of
compounds from each activity range and from each com-
pound class for each set (see Figure 1).

For CoMFA and CoMSIA field calculations, a 3D cubic
lattice with 2.0 A grid spacing was created to surround the
aligned molecules®?¢. COMFA? fields were calculated using
a sp*-carbon probe atom with a van der Waals radius of 1.52
A and a charge of +1.0 to generate steric (Lennard-Jones 6-12
potential) and electrostatic (Coulombic potential) fields with
a distance-dependent dielectric at each lattice point and an
energy cutoff of 30kcal-mol~. CoMSIA calculates similarity
indices at the lattice points®. Five physicochemical proper-
ties (steric, electrostatic, hydrophobic, and hydrogen-bond
donor and acceptor) were evaluated using the similarity indi-
ces. Settings used included: probe atom radius = 1 A; charge,
hydrophobicity, and hydrogen bond donating and accepting
factors each set to 1; and attenuation factor o =0.3%.
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Figure 1. Distribution of pIC, for the data set.

CoMFA or CoMSIA descriptors were used as independ-
ent variables, and pIC,, values were the dependent vari-
ables in PLS analysis to derive QSAR models. The statistical
quality of the models was evaluated using 7%, g%, and rzm "
which are defined using sums of squares of the residuals
between calculated and experimental activities (RSS) and
of the differences between experimental activities and their
mean (TSS) as 1 — (RSS/TSS). The sums are over training
set compounds for ? and g and over test set compounds
for r2 . 1he calculated activities are those from the QSAR
model 1tse1f for r? and rZ » Whereas for ¢° they are instead
those predicted by successwely leaving out one training set
compound®. The SAMPLS (sample-distance PLS) algorithm
was used to determine the optimal number of components
(N, given in Table2), based on how much ¢° increased as
N was increased. The optimal number of components was
then used to derive the final QSAR model. The predictive
power was tested by calculating r* _, for all models which
had ¢?>0.3. The variance was calculated as RSS/n, for n
compounds. For each model we again used Grubbs’ test to
check for outliers®.

For each CoMFA or CoMSIA model, figures depicting
coefficient contour maps for particular fields—in which the
coefficients are scaled by the standard deviation in order to
be on a percent scale—give insight into regions around the
aligned ligands in which functional group modifications will
lead to improved or worsened activity. In this work, such
properties are depicted for regions having scaled coefficients
either >80% (favored) or <20% (disfavored)®.

Results

By thorough study we found that steric, electrostatic, and
hydrophobic features are key factors that impact the bio-
activity of this series of compounds, whereas the hydro-
gen bond donor and acceptor fields have no significant
correlation with yeast FT inhibition activity. The same
three fields were found to be most important in our previ-
ous study on the in vitro antimalarial activity of a set of 92

RS 4«/
N\

Figure 2. Structure alignment of the whole data set. The eight common
backbone atoms used for alignment are circled.

2,5-diaminobenzophenones, which included 60 of the same
molecules as in this work®.

Table 2 summarizes the full investigation based on the
training set of 69 compounds. For the CoMSIA models,
statistical parameters showed significance for steric, elec-
trostatic, and hydrophobic features, but hydrogen-bond
donor or acceptor fields made insignificant contributions
to the models and hence such features are predicted not to
influence the activity of the compounds. For steric and elec-
trostatic properties, the CoMFA fields were far more inter-
pretive than the CoMSIA fields; this may be due to the high
structural diversity of the data set. Hydrophobicity (model
6) was the most interpretive factor for this series of com-
pounds (see reference 32). With ¢°=0.416 and r*, ,=0.370,
model 6 had the strongest predictive power among the
single field models (models 1, 2, 4, 5, and 6). Though the
CoMFA electrostatic field (model 2) showed similar or
even better g (0.414), r* (0.711), and F (53.25) than model
6 (0.416, 0.672, and 44.36, respectively), its very low r°
(0.172) showed that model 2 is not as reliable as models 3
(ﬁpred=0.383), 6 (r*,=0.370), and 9 (rzp,ed=0.495). In order
to take full advantage of both CoMFA and CoMSIA fields,
we made a combined CoMFA and CoMSIA model (model
9), using the steric and electrostatic field of CoOMFA plus the
hydrophobic field of CoMSIA. This model showed signifi-
cant improvement in prediction compared with separate
CoMFA or CoMSIA models (Table2). This CoMFA plus
CoMSIA model is the one we used for graphical analysis
below. Table 3 shows the residuals of the test set predic-
tions by all models.
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Table 2. Statistical parameters of COMFA (1-3), CoOMSIA (4-8), and combined CoMFA/CoMSIA (9) models.
Model
CoMFA CoMSIA
1 2 3 4 5 6 7 8 9
q° 0.392 0.414 0.443 0.312 0.309 0.416 0.147 —-0.086 0.542
Soiss 0.530 0.504 0.505 0.565 0.606 0.521 — — 0.461
r 0.675 0.711 0.667 0.616 0.915 0.672 — — 0.754
SEE 0.388 0.367 0.390 0.422 0.210 0.390 — — 0.338
F 45.10 53.25 66.19 34.77 62.32 44.36 — — 66.32
N 3 3 2 3 10 3 — — 3
Field Field contribution®
S 1.00 — 0.505 1.00 — — — — 0.365
E — 1.00 0.495 — 1.00 — — — 0.329
H — — — — — 1.00 — — 0.306
A — — — — — — 1.00 — —
D — — — — — — — 1.00 —
P 0.151 0.172 0.383 -0.196 0.108 0.370 — — 0.495
Note. Training set: n=69; test set: n=17.
“CoMFA (S+E) + CoMSIA (H).
bS, steric; E, electrostatic; H, hydrophobic; A, hydrogen bond acceptor; D, hydrogen bond donor.
Table 3. Residuals” of test set predictions for 3D-QSAR models.
Compound pIC,, Model
1 2 3 4 7 8 9

7 7.05 -0.30 -0.48 -0.57 -0.06 -0.17 -0.24 -0.44
11 6.85 -0.26 0.14 -0.11 -0.19 -0.03 0.24 0.23
15 6.35 0.50 0.58 0.38 0.42 0.24 0.28 0.28
21 6.15 0.50 0.40 0.32 0.64 0.11 0.74 0.44
25 7.52 -0.70 0.07 -0.27 —-0.55 -0.53 -0.83 -0.47
33 8.22 -0.90 -1.11 -0.75 -1.14 -1.11 -1.09 -0.74
37 7.24 0.31 0.24 0.31 0.16 0.05 0.12 0.32
42 7.82 -0.53 -0.61 -0.54 -0.66 -0.66 -0.20 -0.38
48 6.73 0.53 0.80 0.56 0.46 -0.21 0.56 0.65
54 8.10 -0.29 -1.13 -0.63 0.20 -1.56 -0.67 -0.62
58 6.64 0.66 -0.08 0.42 0.91 0.25 0.48 0.33
63 7.22 -0.55 -0.05 -0.46 -0.68 -0.50 -0.61 -0.54
67 6.30 0.85 0.98 0.80 1.01 0.68 0.29 0.56
71 6.48 1.30 0.35 0.95 1.78 -0.20 0.39 0.69
74 6.63 0.18 0.62 0.48 0.17 0.28 0.24 0.35
82 7.19 -0.11 0.09 -0.03 -0.21 -0.03 0.25 0.02
91 5.82 0.62 0.65 0.40 0.71 1.12 0.60 0.37

“Calculated pIC_ - experimental pIC_.

The contribution maps from the combined CoMFA and
CoMSIA model (model 9) shown in Figure 3 illustrate how
different fields affect the bioactivity of these compounds,
with the template compound as reference. These contour
maps are basically consistent with those depicted in our pre-
vious paper® on antimalarial activity of these compounds.
For the steric field, the main difference between the contour
maps was at the upper part around the furan ring; this is
because some of the structures analyzed in this work con-
tain totally different features compared to those studied in
our previous antimalarial paper®, especially in the cinnamic
acid amide derivative cluster (compounds 74-88) and other
structures without a furan ring in that position (compounds

89-95). The structural variants are shown clearly in Figure 2.
Because compounds 88 and 90-94 all have low activities
(pIC,,=5-6), the big and small blocks of yellow around
the furan ring indicate that in that area, larger substituent
groups (mainly larger rings) will result in activity loss. In the
electrostatic contour maps, the differences are also caused
by the same compounds 74-95. The activity trend for 88, 91,
94, and 95 indicates that besides the negative steric effect
on the activity of these structures, electronegative atoms
/groups on the first ring of the multi-ring R group (see
Table 1) will enhance the activity of these compounds. The
hydrophobic contour map of this work compared to the pre-
vious work® shows a difference only at the lower left part of
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Figure 3. Contour (stdev*coeff) field maps for model 9, shown around
the template compound. Left: Steric map: the green (yellow) region shows
where steric bulk increases (decreases) activity. Center: Electrostatic
map: the blue (red) region shows where electronegative (electroposi-
tive) groups increase the activity. Right: Hydrophobic map: the magenta
(cyan) region shows where hydrophobic groups increase (decrease) the
activity.

the picture: while for the previous antimalarial model there
was a small hydrophobic block and a smaller hydrophilic
block indicating the modification preferences of structures
such as 34 and 58-65, no information of this kind was pro-
duced by this study of FT inhibition. This may be attributed
to several structurally different compounds with available
FT inhibition data but not antimalarial data, such as 66-73,
distorting the field calculation in this region.

Discussion

The mechanism of antimalarial activity of a representative
benzophenone was determined to be protein farnesyltrans-
ferase inhibition in P. falciparum in an experimental study
by Wiesner et al.'®, which included a marked inhibition of
farnesylation at 10nM. Since all the benzophenones used in
our 3D-QSAR analysis are structurally similar to the benzo-
phenone from reference 18 and have reported FT inhibitory
activity in yeast (pIC, range of 5-8.4), it can be hypothesized
that for all the antimalarial benzophenones, FT inhibition is
their major mode of activity against P. falciparum. As one
check of the validity of this hypothesis, attempts have been
made to see if there is a correlation between antimalarial
activity and yeast FT inhibition. In such work, yeast FT was
used as a convenient surrogate for what would be more use-
ful, Plasmodium falciparum FT (PfFT).

In one such attempt by Fucik et al.*, the antimalarial and
yeast FT inhibition activities of benzophenones were ana-
lyzed and found not to be correlated. Fucik et al. did this anal-
ysis only for 11 of the 19 compounds in their paper, excluding
eight cinnamic acid amide derivatives which exhibited poor
solubility that would limit in vitro antimalarial activity. They
suggested two possible reasons why the two activities were
not correlated: first, the permeation requirements are differ-
ent in the two assays (the antimalarial assay involves cultured
whole parasite cells, whereas for FT binding the isolated
enzyme is used); and second, the amino acid sequences are
similar but not the same in the active sites of yeast and Pf FT.

Our analysis of the 11 compounds used to check the cor-
relation by Fucik et al.* shows that indeed permeation may
play a crucial role in the antimalarial assay, whereas it would

nothave an influence in the isolated enzyme assay. This may
be the reason why a correlation between the two activities
was not obtained by Fucik et al. Their most active antima-
larial compound 4e, with a hydrophobic -CF, substituent,
has the highest Clog P (calculated log P) of 8.76, whereas
the least active compound 4b, with a polar -OH substitu-
ent, has a significantly lower Clog P of 7.21. The more polar
groups such as -OH and -NO, (IC_: 3250 and 1400nM,
respectively) limit the permeation of these compounds into
the parasites, whereas hydrophobic groups such as -CF,
and -CI (IC, : 61 and 125 nM, respectively) facilitate the per-
meation. Hence, the poor correlation between the activities
of these 11 compounds may be because of differential per-
meation in the two assays.

In another attempt to check whether antimalarial and FT
inhibition activities are correlated, Wiesner et al.*® studied
eight other benzophenones, and found no correlation. The
authors attributed this to FT species difference and limited
membrane penetration. Our analysis of their data set shows
that their compounds 1a, 1b, and 1f, with increasing hydro-
phobicity (Clog P=6.80, 7.97, and 8.73, respectively), showed
nearly identical antimalarial activities (IC_ =5.7-5.9 uM).
Interestingly, compound 1e, with a polar piperonyl replace-
ment for the hydrophobic naphthyl ring found in compound
1b, also showed the same antimalarial activity (IC, =5.8 vs.
5.7 uM), but markedly different enzyme binding (IC_ =115 vs.
6300nM, respectively). This suggests that the membrane per-
meation of the compounds in that work is of limited concern
with respect to their antimalarial activity, whereas the active
site amino acid sequence difference between yeast and PfFT
is of major concern. This is especially likely because the com-
pounds in reference 36 differ in substitution in the arylfuryl
general core of benzophenones, which occupies the far aryl
binding site in FT%. Homology models of yeast® and P. falci-
parum?® FT were built by the original authors who reported
these benzophenones. Even though overall the active site
amino acids are nearly identical, there are some subtle dif-
ferences between the FTs of the two species that may influ-
ence the ligand binding. Notably, key amino acids found in
the vicinity of the far aryl binding pocket in yeast FT (Ala47,
Arg48, and Asp43) are different in P. falciparum FT (Thr47,
Pro48, and Ile43), which can affect sterics and other specific
interactions of the benzophenones with the active site.

Along the same lines, we attempted to see if a correla-
tion exists in the available large data set of reported ben-
zophenones. We plotted the experimental pIC, of both
FT inhibition and antimalarial activities for 60 benzophe-
nones, and found that the correlation between these two
activities was greatly improved compared to the previous
reports (Figure 4). That, combined with the contour maps
analysis, thus provides some evidence that the antimalarial
activity of the benzophenones is based on the inhibition of
farnesyltransferase. However, the considerable scatter in
Figure 4 may be partly caused by differences between PfFT
and yeast FT.

We conclude that the SAR trends with respect to the in
vitro antimalarial parasite inhibitory activity in culture and
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the in vitro yeast FT inhibition assay exerted by the benzo-
phenones are correlated to some extent. This is corroborated
by the fact that we obtained almost the same property con-
tours for two different activities for a large data set of benzo-
phenones. The lack of strong correlation is due to limitations
of the experiments, including different membrane-crossing
properties of some of the compounds, and FT amino acid
sequence differences between yeast and Pf species.

Compounds 4, 5, 18, 27, 35, 52, 78, 85, and 89 were
outliers for both CoMFA and CoMSIA models. In a previ-
ous report*, the behavior of 89 was interpreted clearly by
docking study using a homology model of yeast FT, which
showed that the 2-naphthyl moiety was likely to occupy
the aryl binding site better than other substituents.
Compound 35 (which is an outlier in our QSAR modeling)
is the only reported cinnamic acid amide benzophenone
derivative containing a furylaryl moiety, and might have
suffered from solubility troubles in the antimalarial
assay medium, as predicted by the original authors®.
The outlier behavior of the other compounds is hard to
understand, especially for 4, 5, 18, and 27, even based on
previous docking study of these compounds®’; these four
compounds fit into our previous antimalarial models®
very well, so solubility issues are unlikely to be able to
explain the outlier behavior. It is possible that the outliers
result from structural differences between yeast FT and Pf
FT or are just caused by experimental error; this could be
determined through further study of farnesyltransferase
and its inhibitors.

Conclusion

To summarize, as part of our continuing effort to find novel
lead compounds for antimalarial drugs, we performed a
3D-QSAR investigation of farnesyltransferase inhibition
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activities, using the CoOMFA and CoMSIA methods, for 95
compounds based on a 2,5-diaminobenzophenone scaf-
fold selected from the work of Schlitzer ef al. By thorough
study, we found that steric, electrostatic, and hydropho-
bic features are key factors that impact the bioactivity,
whereas the hydrogen bond donor and acceptor fields had
no significant correlation with the bioactivity. For steric
and electrostatic properties, COMFA fields were far more
interpretive than CoMSIA fields. We prepared a model
which combined the steric and electrostatic fields of
CoMFA with the hydrophobic field of CoMSIA; the model
showed asignificantimprovementin prediction compared
with the CoMFA-only steric and electrostatic field model.
The steric, electrostatic, and hydrophobic fields were also
the ones found to be important in our previous study on
in vitro antimalarial activity of 92 2,5-diaminobenzophe-
nones, including some of the same compounds used in
this work, and the contour maps in this work were similar
to those in the previous work, even though the models
were for different experimental activities. Combining the
results of the contour maps with correlation analysis of
farnesyltransferase inhibition activities versus antimalar-
ial activities for 60 out of the 95 compounds, we conclude
that the yeast FT inhibition activity of the diaminoben-
zophenones is weakly correlated to their antimalarial
activity, providing some support for the hypothesis that
FT inhibition is their mechanism of action for killing P.
falciparum.
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