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ABSTRACT

AIM: To derive a model that could be used in drug design.  METHODS: Beta-carbolines are reported to have
antitumor activities on cultured cancer cell lines.  A comparative molecular field analysis (CoMFA) was undertaken
to elucidate the correlation of cytotoxities and structural parameters of 16 beta-carboline analogs (1-16).  The
compound 12 was finally used as a template for the other compounds in the dataset because of its highest biological
activity.  RESULTS: The CoMFA applied to the final alignment resulted in a qcv

2  of 0.656 and it showed that the
steric fields contributed 43.3 % of the model information while the electrostatic fields represented the other 56.7 %.
CONCLUSION: Three designed compounds, which were predicted to have high, moderate and low activities
respectively, were synthesized.  The IC50 values of these compounds indicated the significance of the analysis in
this study.  The model derived from the current study could be further used in design for more active compounds.

INTRODUCTION

Beta-carbolines have been reported to possess sig-
nificant antitumor activities[1,4,6,9,17], in addition these
compounds are widely studied for their bioactivity in
antibacterial, anti-radialization, anti-trypanosome, and
neural activities as well as mutagenic and co-mutagenic
properties.  Also they are potent and specific inhibitors
of cyclin-dependent kinases[2,3,5,8-10,12-17].  The extracts
containing beta-carbolines from the plant Peganum
harmala have been widely used in Northwest China as
a very potent antitumor folk medicine, in which the main
effective contents are beta-carboline alkaloids such as
harmaline, harmine, harmalol, and harman[1-5].  Aborigi-

nal in South Africa use it to ease pain and hyperkinesias[7].
Also the plant Peganum harmala is used as medicine
for cancers of digestive system[7].  Evidence shows that
beta-carbolines interact with DNA but it remains un-
clear about the way these compounds bind to the re-
ceptor and how they operate[8].

As no clear receptor-ligand interaction is available,
in this study the comparative molecular field analysis
(CoMFA) is chosen as a valuable tool to study the 3D-
QSAR[18] within a set of aligned ligands.  This tridimen-
sional grid-based QSAR technique correlates variations
of biological activities with variation of electrostatic or
steric fields.  If a validated QSAR is obtained, it is first
possible to visualize the results graphically, ie, the re-
gions where a variation of the electrostatic or steric
potentials has been correlated with a variation of the
biological activities.  The key of such a validated CoMFA
model is the ability to predict the activity of new chemi-
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cal structures in an effort to guide the synthesis of new
bioactive compounds.  Many reports have shown the
value of 3D-QSAR techniques such as CoMFA in the
design of drug molecules with unclear receptor.

The study on the structure-antitumor activity re-
lationship of beta-carbolines was initiated in the report.
Both CoMFA and QSAR programs we used were pro-
vided in the SYBYL software package version 6.5
(Tripos Co Ltd, USA).  Three designed compounds
were synthesized and tested to verify the validity of the
gained model.

MATERIALS  AND  METHODS

Chemical  The compounds of the test set were
prepared from the initial structure of harmine (scheme 1).

 A mixture of harmine (2.12 g, 10 mmol), DMF
(50 mL), and THF (50 mL) were stirred at room tem-
perature until clear, NaH (0.72 g, 30 mol) and CH3 I (4.
5 mL, 60 mmol) were added.  The mixture was re-
fluxed for 2 h, then evaporated under reduced pressure.
The resulting mixture was poured into H2O (100 mL),
and extracted with ethyl acetate (3×150 mL).  The com-
bined ethyl acetate extracts were washed with water
and brine, then dried (Na2SO4), filtered and evaporated.
After collection, the solid was dissolved in ethanol (30
mL) and added with concentrated HCl (5 mL).  Then
the mixture was evaporated and recrystallized from
acetone to give a white solid in 92 % yield.

  A mixture of harmine (2.12 g, 10 mmol), DMF
(50 mL), and THF (50 mL) were stirred at room tem-
perature until clear, then NaH (0.72 g, 30 mol) and
C6H5CH2 I (8 mL) were added.  The mixture was re-
fluxed for 18 h, and then evaporated under reduced

pressure.  The resulting mixture was poured into ice-
water (100 mL), and adjusted to pH 3 with HCl, then
extracted with ethyl ether (2×100 mL).  The aqueous
phase was neutralized to pH 8 with saturated NaHCO3

solution, and then was extracted with ethyl acetate.  The
combined ethyl acetate extracts were washed with wa-
ter and brine, then dried (Na2SO4), filtered and
evaporated.  After collection, the solid was dissolved in
ethanol (30 mL) and 5 mL concentrated HCl.  The mix-
ture was evaporated and recrystallized from acetone to
give a white solid in 93 % yield.

 A mixture of harmine (2.12 g, 10 mmol),
DMF (50 mL), and THF (50 mL) were stirred at room
temperature until clear, and then NaH (0.72 g, 30 mol)
and HOCH2CH2 I (5 mL) were added.  The mixture was
refluxed for 6 h, then evaporated under reduced
pressure.  The resulting mixture was poured into H2O
(100 mL), and extracted with ethyl acetate (3×150 mL).
The combined ethyl acetate extracts were washed with
water and brine, then dried (Na2SO4), filtered and
evaporated.  After collection, the solid was dissolved
with ethanol (30 mL) and 5 mL concentrated HCl.  The
mixture was evaporated and recrystallized from etha-
nol resulting in a white solid in 60 % yield.

3D-QSAR

Compounds in test set have been synthe-
sized in our laboratory and their cytotoxic activities
shown as IC50 values were tested through MTT method[27].
The pIC50 values used in CoMFA were described by
Ishidda et al.  All compounds used in this study were
listed in Tab 1, and their structures were all energy-
minimized and superim-posted based on the non-hy-
drogen atoms.  Compound 17, 18, and 19 were served
as a test set for the validation of our model and there-
fore were not included in the CoMFA analysis.

Scheme 1.  Synthesis of compound 17, compound 18, and compound 19.

1) RI=CH3I compound 17 R=CH3

2) RI=C6H5CH2I compound 18 R=C6H5CH2

3) RI=HOCH2CH2I compound 19 R=HOCH2CH2
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 All the molecules were sketched on a Silicon
Graphics IRIS workstation and optimized by methods
of molecular dynamics.  Simplex method and Powell
method were used to optimize their structures in Tripos
force field.  Gasterger-Hückle charges and distance-
based permittivity were selected and the gradient termi-
nation was 0.01 kcal/mol.  Random search was used to
get the low energy conformations of the molecules.

Then the molecules were computed by methods of sys-
temic search and simulate anneal which included 10
circles and the temperature ranged from 250 K to 1000
K to get the lowest and second lowest energy
conformation.  The descriptive electrostatic and steric
components of the intermolecular interaction field were
calculated as implemented in SYBYL using Coulomb
and Lennard-Jones potentials, respectively.

Compound 10 was used as

Tab 1.  Compounds and data used in the investigation.

Compound          R1            R2                      R3             R4                          R5             R6             pIC50

  1 H OCH3 H CH3 --- H 1.756
  2 H OH H CH3 --- H 1.476
  3 H OC2H5 H CH3 --- H 1.483
  4 H OCH(CH3)2 H CH3 --- H 1.287
  5 H O(CH2)5 CH3 H CH3 --- H 2.000
  6 H OAc H CH3 --- H 1.444
  7 H OCH3 CH3 CH3 --- H 1.81
  8 H OCH3 C2H5 CH3 --- H 1.767
  9 H OCH3 C4H9 CH3 --- H 1.565
10 H H H CH3 --- H 1.249
11 Br OCH3 H CH3 --- H 1.180
12 H OCH3 H --- H 2.326

13 H OCH3 H CH3 NO H2 1.085
14 H OCH3 H (CH2)7 CH3 H COOH 0.889
15 H OCH3 H CH(C2H5) C2H5 H COOH 0.939
16 0.998

17 H OCH3 CH3 CH3 --- H 1.74
18 H OCH3 C6H5CH2 CH3 --- H 1.45
19 H H C6H5CH2 H --- COOH 1.08
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a template first because of its simplest configuration.
To use it as a template, it is important that the correct
conformation state is used for the alignments.  It was
chosen by clustering and rigid body alignment of all
conformations to the studied compounds.  When CoMFA
was finished, the q2

cv was a negative one.  Based on the
CoMFA theory, it meant that the relativity was unreli-
able and the result was unreasonable.  Alternatively, the
most active compound 12 was used as a template for
all the other compounds in the dataset.

Rms (root meat square)
Fit and Field Fit were both used to fit the other com-
pounds to the template-compound 12.  When rms Fit
was used, all the atoms of the core frame were selected
as fit sites.  Based on the theory of field Fit[3], the steric
and electrostatic force fields of all the molecules were
fitted to that of the template.  The final models grained
by these two methods showed no obvious difference
from each other, perhaps because of the rigidity of each
compound structure.  When the lowest energy confor-
mation of compound 12 was used as the template, the
rms fit was applied and the best result was obtained.

The analysis was performed using an sp3

carbon probe (C.3, charge +1.0) positioned at the lat-
tice points (1 Å Increment) of a regular grid.  Column
filtering was set to 2.0 kal/mol, steric and electrostatic
cutoffs to 30.0 kal/mol with smooth transition.  The
obtained data were regressed by a partial-least-squares
(PLS) analysis to the target property pIC50 (-log IC50).
To check the statistical significance of the models,
cross-validations by the “leave-one-out” method were
performed.  The optimal number of components was
determined by the smallest standard error of prediction
sc/v.  This value, which did not necessarily correspond
to the highest q2

cv, was used to derive the final QSAR
model.  The statistical data were summarized in Tab 2,
and the plots of the predicted versus the experimental
cytotoxic activities were shown in Fig 1.

RESULTS

CoMFA  The steric and electronic force fields were
checked.  The PLS analysis of our aligned dataset yielded
a non-cross validated r2 of 0.984 and a cross-validated
q2 of 0.656 with sc/v=0.058 using 16 compounds (Tab
2).  The obtained experimental activities of the beta-
carbolines correlated well with the results of our theo-
retical CoMFA model, with residuals near zero (Fig 1).
To solve possible problems of the analysis arising from

the absolute orientation of the molecules within the grid
space, it is useful to translate and/or rotate the entire
dataset within the lattice.  This can be done manually
by using the STATIC TRANSLATE or STATIC RO-
TATE commands in SYBYL.  It was automated by pro-
viding a SPL script that systematically changed the po-
sition of all molecules in the dataset without changing
their relative orientation.  After each of 1296 reorienta-
tion steps, the PLS analysis was repeated.  For our
dataset and alignment, the translation and/or rotational
variance of the CoMFA did not improve the model when
applying a grid spacing of 1 Å.  Neither modification of
the CoMFA parameters, such as changing cutoff val-
ues for steric/electrostatic energies, nor changes of the
field types, such as H-bond field, dipole moments, mo-
lecular weight and refractivity, neither resulted in im-

Tab 2.  Summary of the CoMFA results.

      Orientation validation                      PLS (Leave-one-out)

Compounds 16
q2 (cross validation) 0.656
r2 (non-cross validation) 0.984
sc/v 0.058
F 122.747
Fraction (steric/electro)  0.433/0.567
Grid increment  1 Å

Fig 1.  Predicted versus experimental cytotoxity for the beta-
carbolines included in the dataset.  The data for the best
model after systematic orientation of the aligned molecules
within the lattice is shown.  The q2

cv value is 0.656, in the
case of the nonvalidated prediction r2=0.984, standard error
of estimate s=0.058.
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Tab 3.  Predictions of pIC50 values of test compounds com-
pared to experimental data.

    Test set         pIC50 (exptl)       pIC50 (pred)        Residual

17 1.74 1.60  0.14
18 1.45 1.67 -0.22
19 1.08 1.31 -0.23

provement of the model.
Graphical interpretation of the results  The

tridimensional representation of the CoMFA data as con-
tour plots allows the correlation of experimentally de-
termined cytotoxicity data with changes in steric (green/
yellow) or electrostatic (blue/red) properties (Fig 2).
As a guide, the template compound 12 is shown em-
bedded into the final field as a representative example.

The steric contribution to
the overall molecular field is only 43.3 % and therefore
is difficult to interpret.  The yellow surface located in
R5 and R2 parts indicates a region where steric contri-
butions are unfavored.  This can be observed in com-
pound 2 and 6.  The R2 area of compound 2 is smaller
than that of compound 6, so the pIC50 of compound 2
is higher than that of compound 6.  However, it should
be noticed that not all bulky substitutions decrease the
cytotoxic activities in case of compound 13, 14, and
15.

The electrostatic
contribution to the overall molecular field is 56.7 %.  In
R2 area of the molecules, three red regions dominate
the electrostatic field.  It means that there are regions
where a negative potential is favorable for pIC50.  This
principal behavior can be observed in compound 4, 5
and 10 whose R2 areas all are positive in potential.  In R6

area, there are two blue regions whose mean negative
potential is unfavorable for pIC50.  The principle behav-

ior can be seen in the R6 areas of compound 14 and 15.
Compound 17,

18, and 19 are synthesized and the CoMFA model was
used to predict their cytotoxic activities.  The experi-
mental versus the calculated pIC50 values were shown
in Tab 3.  The experimental values of compound 17 and
18 fitted the calculated pIC50 values well though the re-
sidual of compound 19 seemed to be a little bigger.  After
all, the overall performance of the model results in a
satisfactory prediction for the activity tendency of the
tested compounds.

DISCUSSION

3D-QSAR model was used to predict the antitu-
mor effect of beta-carboline analogs, and the CoMFA
analysis was used successful in this report.  The CoMFA
applied to the final alignment resulted in a q2

cv of 0.656

Fig 2.  Graphical representation of the final CoMFA field.  The color coding of the areas is as follows: red areas are the
regions where negative potential is favorable for the pIC50 while blue ones are the regions where negative potential is
unfavorable; green area mean steric favored and yellow area mean steric unfavored.
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and it showed that the steric fields contributed 43.3 %
of the model information while the electrostatic fields
represented the other 56.7 %.  It means that the model
is reliable and the electrostatic fields affect the
cytotoxities more to the model than the steric fields do.
Also the model shows some principles about the 3D-
QSAR of beta-carboline.  In R3 area, the model favors
sterically demanding groups.  In R5 and R2 areas, steric
contributions are unfavored.  In R2 area of the molecules,
three red regions dominate the electrostatic field, repre-
senting that negative potential in the region is favorable
for pIC50 values.  But it can not come to a conclusion
absolutely because the correlation of cytotoxities and
structural parameters is such a progress that various
factors was involved in, including electrostatic field,
steric field, hydrophobe force field and so on.

The key to the goal of this study was the design
of new compounds and, as a result, the design of the
best CoMFA model in terms of prediction.  The experi-
mentally obtained beta-carbolines correlate well with the
results of our theoretical CoMFA model, with residuals
near zero.  Compound 17, 18, and 19 are designed and
synthesized based on the model.  The modification is to
join a sterically demanding group in R3 area, or join a
negative potential group in R2 area and so on.  They all
fit the CoMFA model well.  Still the model can be fur-
ther refined by introducing more force fields into the
analysis, such as hydrophobe force field.
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