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In vitro screening of a number of 2-(aminoalkyl)-5-nitropyrazolo[3,4,5-feJ]acridines has previously 
indicated (Sebolt, J. S.; et al. Cancer Res. 1987,47,4299-4304) that these compounds, in general, 
exhibit selective cytotoxicity against the human colon adenocarcinoma, HCT-8, cell line, relative 
to mouse leukemia L1210 cells. Comparative molecular field analysis (CoMFA) was applied to 
HCT-8 and L1210 growth inhibition assays (ICBOS) of a series (44) of the pyrazoloacridine derivatives 
with the objective of predicting improved solid tumor selectivity. In the absence of crystallographic 
data, the 9-methoxy derivative (15), which is currently in clinical study, was selected as the template 
molecular model. Two different structural alignments were tested: an alignment of structures 
based on root mean square (RMS)-fitting of each structure to 15 was compared with an alternative 
strategy, steric and electrostatic alignment (SEAL). Somewhat better predictive cross-validation 
correlations (r2) were obtained with models based on RMS vis-a-vis SEAL alignment for both sets 
of assays. A large change in lattice spacing, e.g., 2 to 1 A, causes significant variations in the 
CoMFA results. A shift in the lattice of half of its spacing had a much smaller effect on the CoMFA 
data for a lattice of 1A than one of 2 A. The relative contribution of steric and electrostatic fields 
to both models were about equal, underscoring the importance of both terms. Neither calculated 
log P nor HOMO and/or LUMO energies contribute to the model. Steric and electrostatic fields 
of the pyrazoloacridines are the sole relevant descriptors to the structure-activity (cross-validated 
and conventional) correlations obtained with the cytotoxic data for both the L1210 and HCT-8 
cell lines. The cross-validated r2, derived from partial least-squares calculations, indicated 
considerable predictive capacity for growth inhibition of both the leukemia and solid-tumor data. 
Evidence for the predictive performance of the CoMFA-derived models is provided in the form 
of plots of actual vs predicted growth inhibition of L1210 and HCT-8 cells, respectively, by the 
pyrazoloacridines. The steric and electrostatic features of the QSAR are presented in the form 
of standard deviation coefficient contour maps of steric and electrostatic fields. The maps indicate 
that increases or decreases in steric bulk that would enhance growth inhibition of HCT-8 cells 
would likewise promote growth inhibition of L1210 cells. Contour maps generated to analyze the 
electrostatic field contributions of the pyrazoloacridines to growth inhibition provide an essentially 
similar set of results. It is apparent that steric and electrostatic fields alone are inadequate in the 
CoMFA to characterize the in vitro solid tumor selectivity of the pyrazoloacridines. This points 
to a need to supplement the cytotoxic data with results of further study that focuses on a quantitative 
comparison of the potential for differential metabolic activation of the pyrazoloacridines in the 
two cell lines. 

Introduction 
Sebolt and co-workers discovered that 9-methoxy-iV,iV-

dimethyl-5-nitropyrazolo[3,4,5-ftJ]acridine-2(6fl)-propan-
amine (Table I, 15) was one of several related pyrazolo
acridines to exhibit selective cytotoxicity for human colon 
adenocarcinoma HCT-8 cells compared to murine L1210 
leukemia cells.la-b In this study, which covered a wide 
series of 2-(aminodkyl)-5-nitropyrazolo[3,4,5-W]acridines 
(Table I, 1-44), tissue culture growth inhibition assays 
demonstrated that 29 of 46 compounds tested (63 %) were 
more active against the HCT-8 line. When compared to 
the several 9-alkoxy-substituted compounds in the series, 
the 9-methoxy derivative, 15, proved to be superior in its 
activity against a panel of human and murine tumor cell 
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lines relative to its activity against both human and murine 
leukemia cells.1" Interestingly, HCT-8 appeared to be the 
most sensitive cell line in the panel. 

During the same time period, Wozniak observed that 
15 exhibited selective cytotoxicity for solid tumor pan
creatic and colon cells of the mouse, compared to leukemia 
cells in a soft agar disk diffusion assay.2 Moreover, this 
compound proved to be highly active against several 
transplantable murine solid tumors.2-3 In vivo, this agent 
was curative against colon adenocarcinoma 38 and pan
creatic ductal adenocarcinoma 03, a finding consistent with 
the cellular cytotoxicity seen for this agent in the disk 
diffusion assay.2 On the basis of these and subsequent 
findings (vide infra), 15 has been selected for phase I clinical 
investigation. 

The pyrazoloacridines, as might be expected, intercalate 
into DNA, based on measurements of the displacement of 
ethidium from DNA.3b Like other intercalating agents, 
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such as amsacrine and mitoxantrone, pyrazoloacridines 
cause protein-associated, single- and double-strand breaks 
in DNA.3b The frequency of single- and double-strand 
breaks correlated with cytotoxicity in L1210 cells, as did 
the double-strand: single-strand break ratio. 

It was suggested that the pyrazoloacridines may have 
two unrelated mechanisms of action:3 their in vitro activity 
against L1210 leukemia, which, incidentally, corresponds 
well with recent results of in vivo studies against P388 
leukemia,4 is related to protein-associated DNA breaks 
and may be mediated by DNA topoisomerase II. Other 
members of the series, which failed to manifest high-
potency L1210 cytotoxicity, are, however, active against 
solid tumors, but at higher concentrations. Additional 
evidence for two subclasses of pyrazoloacridines with 
different biochemical mechanisms derived from studies 
of the inhibition of RNA and DNA syntheses.1* 

The selectivity of the pyrazoloacridines against solid-
tumor cells is notable in light of evidence that cytotoxic 
anticancer drugs of clinical utility in the treatment of 
various leukemias and lymphomas have, in general, been 
rather ineffective against solid tumors such as colon 
adenocarcinoma, non-small-cell lung cancers, and gastric 
and pancreatic carcinomas. The variation of in vitro 
activity shown by these analogues against the human 
HCT-8 vis-a-vis murine L1210 cell lines offered the 
opportunity to determine the structural basis for solid-
tumor selectivity. 

A number of methods have been described to predict 
novel biologically active compounds on the basis of 
previously synthesized and tested compounds.6 Since its 
introduction in 1988, comparative molecular field analysis 
(CoMFA)6* has produced excellent correlations with 
enzyme and receptor data6a-d,f when utilized as a means 
to determine three-dimensional quantitative structure-
activity relationships (3D-QSAR). The successful exten
sion of CoMFA to results derived from intact biological 
structures6* prompted our interest in the application of 
the procedure to determine whether the steric and 
electrostatic properties of the pyrazoloacridines, either 
alone or together with additional physicochemical pa
rameters (e.g., partition coefficient, log P), can be related 
to differences within as well as between each set of in vitro 
cytotoxic data. 

Computational Methods 
A search of the Cambridge Structural Database at the outset 

of the present study failed to reveal data for the crystallographic 
determination of the molecular structure of a single pyrazolo-
acridine. The 9-methoxy derivative (15), an active derivative 
against HCT-8, was arbitrarily selected as the template molecular 
model.7 The structure of the latter and those, as well, of all 
analogues, each as the free base, were generated with SYBYL 
version 6.0,8 option BUILD, running on a Silicon Graphics IRIS 
(4D/GTX 310) workstation. 

The conformational space of the 2- [3-(dimethylamino)propyl] 
chain attached to the virtually planar polycyclic structure 
comprising 15 was examined with the random searching algorithm 
implemented in SYBYL. Local energy minima located for 
conformations in which the side chain was oriented toward the 
ring (C) bearing the nitro substituent, were within 2 kcal of 
corresponding minima of those where in the side chain was arrayed 
in an opposite direction, i.e., toward ring A. In the absence of 
any evidence that would reduce the uncertainties regarding 
biologically active conformations, it appeared reasonable to locate 
an energy minimum for the template molecular model in which 
the conformation of the side chain roughly bisected an angle 
subtended by the two extreme conformations. 

Upon completion of the present study, Capps et al.4 reported 
the crystallographic analysis of 17 in which the 2-(2-(diethy-

lamino)ethyl) chain is directed toward ring A. However, this 
recent spectroscopic evidence would not appear to negate the 
conformation assigned to the template molecule (15), considering 
the relatively small differences («2 kcal) in local energy minima 
associated with the 3D arrangements of the chain. 

The side chains of each of the pyrazoloacridines were then 
oriented as closely as possible to that of 15 and the charges, 
energies, final geometries of all structures were determined by 
MOPAC version 6.O94 using the AMl9b model Hamiltonian. The 
selection of AMI as the best semiempirical method for this 
particular application was confirmed only after the crystallo
graphic data on 17 became available. Thus, the root mean square 
(RMS) deviations of the solid-state conformation of this analogue 
from MOPAC geometries, as predicted by MNDO, PM3, and 
AMI are 0.961, 0.718, and 0.468, respectively. 

Alignment of structures involved rigid-body, RMS-fitting of 
carbon atoms 5a, 6a, 10a, 10c of each analogue to the corresponding 
atoms of 15. An alternative strategy of alignment, steric and 
electrostatic alignment (SEAL) ,10 which optimizes the alignment 
of three-dimensional structures using their atomic partial charges 
and steric volumes as factors in combination with a Monte Carlo 
search procedure, was utilized to provide a comparison of 
statistical data generated with the RMS alignment. 

CoMFA was performed with the QSAR option of SYBYL. 
The requisite three-dimensional lattice, with 2-A spacings in the 
x, y, and z directions, generated automatically by the software, 
was utilized with both the SEAL and RMS alignments. This 
grid region overlapped all entered molecules and extended beyond 
their volumes by at least 4 A along all axes. The statistical findings 
derived from L1210 and HCT-8 data were then compared to 
results obtained, using both methods of alignment and a grid 
region of the same size, but with spacings of 1 A. Steric and 
electrostatic interactions at lattice intersections of both grids 
were generated with a probe atom that had the van der Waals 
properties of sp3 carbon and a charge of +1.0. 

The linear expression of the CoMFA results was calculated 
with the partial least-squares analysis (PLS) algorithm in 
conjunction with the cross-validation procedure. The calculation 
provides (inter alia) a determination of the optimal number of 
components, i.e., that which yields the optimally predictive model 
as indicated by the highest correlation (predictive r2) value. PLS 
analysis of the descriptors with the same number of components 
but without cross-validation, afforded conventional r2 values. 

Chemistry and Biological Data 

The syntheses of all the pyrazoloacridines employed in 
this study (Table I) have been reported previously.lb 

Likewise, the results of in vitro assays of 1-3 as growth 
inhibitors of L1210 and HCT-8 cells, which are reproduced 
in Table I, were disclosed in earlier publications.2"'13 

Results 

Molecular alignment is recognized as the most important 
determinant of success in a CoMFA study.6* Indeed, a 
low cross-validated r2 value11 may indicate a misaligned 
compound. Accordingly, we sought validation of CoMFA 
data derived via RMS-fit (see below), using an alternative 
strategy of alignment. Key considerations in the decision 
to use SEAL include the fact that, in contrast to RMS fit, 
no preassigned atom-atom alignments are specified by 
the user. Therefore, counterintuitive alignments are not 
ignored. Also, the method is automatic and exhaustive, 
precluding thereby, the possibility of missed alignments. 

The CoMFA-derived QSARs for L1210 and HCT-8, 
respectively, are summarized in Tables II and III. A 
comparison of the data indicates that with lattice spacings 
of 2.0 A the RMS fit alignment produced somewhat better 
cross-validated r2 values for both cell lines than those 
generated with the SEAL method. It is apparent that the 
latter afforded r2 values approaching those obtained with 
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Table II. Comparison of CoMFA Statistics on L1210 and 
HCT-8" 
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Table III. Comparison of CoMFA Statistics on L1210 and 
HCT-80 
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the RMS fit, but only with the alignment function 
parameter a of SEAL set at values of 0.470 and 0.525 (2-A 
lattice spacings) for the analysis of the L1210 and HCT-8 
data, respectively. 

Cramer and co-workers noted that large changes in 
lattice spacings impacted on the final CoMFA results.68 

Nonetheless, their cross-validated r2 values indicated that 
a spacing of 2 A between lattice points was a good choice 
for steroid molecules. By contrast, Tables II and III show 
that with either method of alignment, a large change in 
lattice spacing, e.g., 2 to 1 A, causes significant variations 
in the CoMFA results. A shift in the lattice of half of its 
spacing had a much smaller effect on the CoMFA data for 
a lattice of 1 A than one of 2 A (Table II). Again, the 
cross-validated r2 values obtained with the SEAL method 
approach those derived with the RMS alignment, but only 
with optimum values for a. In any case, the reduced 
spacing between lattice points would seem to be appro
priate for the pyrazoloacridines. However, it is important 
to note that the reduction required a 40-60-fold increase 
in total computational time to obtain the CoMFA results. 

From Table II it is evident that the CoMFA-derived 
QSARs manifested good cross-validated r2 and indicating 
thereby a considerable predictive and correlative capacity 
for growth inhibition of both the leukemia and solid tumor 
data. The relative contributions of the steric and elec
trostatic fields to both QSAR models were about equal. 
Indeed, elimination of either term from models for the 
QSAR of L1210 or HCT-8 decreased the cross-validated 
r2 for both (data not shown). Inclusion of frontier orbital 
(HOMO and/or LUMO) energies decreased the signifi
cance of the model (data not shown). 

It would be expected that the cytotoxicities of the 
pyrazoloacridines should be influenced by their pharma
cokinetic parameters, i.e., transport and distribution, in 

Actual Activity flog( 1/IC50)] 

Figure 1. Predicted vs actual growth inhibition (ICs0, MM) of 
L1210 leukemia cells by pyrazoloacridine structures 1-44. 

< 

I 

Actual Activity POg(IZIC50)] 

Figure 2. Predicted vs actual growth inhibition (IC50, MM) of 
HCT-8 cells by pyrazoloacridine structures 1-32, 34, 39, 40, and 
42-44. 

addition to effects occurring as a consequence of drug-
receptor interactions. However, regression analyses of 
partition coefficients for the pyrazoloacridines in the form 
of calculated log P values,12 a measure of relative lipo-
philicity that is associated with transport and distribution, 
vs corresponding log(l/ICso) failed to show a correlation 
in either cell line (L1210, r2 = -0.108; HCT-8, r2 = -0.122). 
Moreover, the inclusion of log P in CoMFA calculations, 
understandably, decreased the significance of the model. 

Evidence for the predictive performance of the CoMFA-
derived models is provided in Figures 1 and 2 which show 
plots of actual versus predicted growth inhibition [log-
(1/IC50)] by the pyrazoloacridines of Ll210 (44 compounds) 
and HCT-8 (38 compounds), respectively. The potencies 
of the pyrazoloacridines against the two cell lines are 
predicted surprisingly well by models which, in the absence 
of experimental evidence, were based on hypothetical 
alignment. 

The major steric and electrostatic features of the QSAR 
are represented in Figures 3 and 4 in the form of three-
dimensional contour maps, displayed as semitransparent, 
shaded surfaces. The surfaces at the top of Figure 3 
indicate areas in space around the template molecule (15) 
where increases (yellow region) and/or decreases (cyan 
region) in steric bulk would enhance growth inhibition of 
L1210. Surprisingly, essentially the same changes in steric 
interactions are indicated (at the bottom of this same 
Figure) to promote growth inhibition of HCT-8 cells. 
Contour maps of the electrostatic field contributions 
provided a similar set of results. Thus, the surfaces in 
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Figure 3. Overlay of structure 15 and steric CoMFA maps (upper left, L1210; lower right, HCT-8). Yellow contours (level -0.003) 
surround regions where increases in steric bulk would enhance growth inhibition. Cyan contours (level +0.003) encompass regions 
where decreases in steric interactions would improve growth inhibition. 

Figure 4. Overlay of structure 15 and electrostatic CoMFA maps, displayed as indicated in legend to Figure 3. Yellow contours 
encompass regions where a more negative electrostatic interaction would improve growth inhibition. Cyan contours surround regions 
of positive electrostatic interaction would enhance growth inhibition. Levels are as indicated in Figure 3. 

Figure 4 indicate common spatial areas where modifica
tions in 15, leading to increases or decreases in electrostatic 

potential, would be favorable to growth inhibition of both 
L1210 (top) and HCT-8 (bottom) cell lines. 
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Conclusions 
The detailed modeling of the anticancer activities of 

the pyrazoloacridines presented in the previous section 
provides the basis for some speculation regarding struc
ture/property correlations. Firstly, the predictive utility 
of the respective CoMFA-derived models is evident in the 
good results of Figures 1 and 2. Surprisingly, neither 
calculated log P, which complements CoMFA descriptors 
by correlating with the phenomena of transport and 
distribution (pharmacokinetics), nor HOMO and/or LUMO 
energies, that reflect the transition state of donor-receptor 
interactions, contribute to the model. Clearly, the steric 
and electrostatic fields of the pyrazoloacridines are the 
sole relevant descriptors to the structure-activity (cross-
validated and conventional) correlations obtained with 
the cytotoxic data for both the L1210 and HCT-8 cell lines. 
Indeed, the pertinence of these explanatory properties to 
the correlations of both sets of biological data is manifest 
in the coefficient contour maps (Figures 3 and 4). It was, 
however, surprising to find that modifications in the 
pyrazoloacridines, leading to increases or decreases in 
electrostatic as well as steric interactions that enhance or 
are, simply, unfavorable to growth inhibition of L1210 
cells have corresponding effects on HCT-8 cells. Thus, 
for reasons that are not apparent, the physical parameters 
that comprise CoMFA are inadequate to characterize in 
the vitro solid tumor selectivity of the pyrazoloacridines. 
This points to a need to supplement the cytotoxic data of 
the CoMFA with results of further study that focuses on 
a quantitative comparison of the potential for differential 
metabolic activation of the pyrazoloacridines in the two 
cell lines. The proposed study might explain why 12,15, 
17, and 40, each of which includes an alkoxy group at the 
9-position, are solid-tumor selective,2 whereas the corre
sponding hydroxy derivative, 2, is more cytotoxic (more 
potent) but not solid-tumor selective in either the Sebolt 
or Wozniak assay. Thus, it is distinctly possible that 
O-demethylation may occur more efficiently in cells of 
solid tumors than in either leukemia or normal cells. 
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