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Abstract

In the present study a quantitative structure activity relationship (QSAR) analysis was applied to a series of 100 of 7- and 3-substituted 1,4-
dihydro-4-oxo-1-(2-thiazolyl)-1,8-naphthyridine derivatives. The Chem-X (version 2000) software was used to develop 3D QSAR models. The
steric and electrostatic interactions between a probe atom (Hþ) and a set of aligned molecules were assessed using the comparative molecular
field analysis method. Statistically relevant models were derived for both electrostatic and steric fields. A 2D model over a restricted series of
close structural analogs was derived as well. A number of conclusions on the relationship between the type and size of different substituents and
the antitumor activity of the compounds were derived.
� 2007 Elsevier Masson SAS. All rights reserved.
1. Introduction

A series of 7- and 3-substituted 1,4-dihydro-4-oxo-1-(2-
thiazolyl)-1,8-naphthyridines as novel antitumor quinolone
agents were synthesized and studied by Tomita and coworkers
[1e3]. Among the compounds, SNS-595 is a potential anti-
cancer agent and is in clinical trials. The purpose of our study
is to gain insight into the structural features related to the
anticancer activity of the compounds from the naphthyridine
series by applying the QSAR methodology.

A number of quinolone derivatives are known for their
antibacterial properties [4]. These compounds inhibit the bac-
terial DNA topoisomerase II enzymes gyrase and topoisomer-
ase IV, which participate in the division of bacterial cells [5].
The mammalian enzyme topoisomerase II (topo II) has the
ability to change the DNA topology by breaking the double
helix DNA and allowing a chain transition [6]. It is well estab-
lished that blocking of this enzyme terminates the further
process of DNA replication [7]. This mechanism was the basis
for the development of new antitumor agents, which are able
to block the topoisomerase II enzyme. A number of drugs
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were developed following this strategy. The agents that have
found clinical application include etoposide, doxorubicin,
ellipticine and amsacrine [8]. The mechanism of action of
the mammalian topo II enzyme is similar to that of bacterial
DNA gyrase/topoisomerase IV. Many antibacterial quinolones
were assessed regarding their ability to induce mammalian
topoisomerase II-mediated DNA cleavage in vitro and were
found to form a promising new class of antitumor agents
[9e17]. Different types of quinolones have been reported to
possess the activity as inhibitors of topoisomerase II. No deriv-
ative from this group has, however, reached clinical trials. The
topoisomerase II-mediated DNA cleavage in eukaryotic cells
is also the target of 6,8-difluoroquinolone derivatives
[18e20]. In vivo studies of the mechanism of action of the
most active compound from this series, 6,8-difluoro-7-(4-hy-
droxyphenyl)-1-cyclopropyl-4-quinolone-3-carboxylic acid (CP-
115,953) was examined by Elsea et al. [21]. The authors
concluded that the principal target of the quinolones as
cytotoxic agents is the topo II enzyme. These authors
also discussed that compound CP-115,953 exerts its cell
killing activity via the topo II enzyme turning it into a cell poi-
son. The derivative l-cyclopropyl-6,8-difluoro-1,4-dihydro-
7-(2,6-dimethyl-4-pyridinyl)-4-oxo-3-quinolinecarboxylic acid
(WIN57294) inhibits the mammalian topo II [22]. Similar
d.
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activity leading to DNA untwining exhibits also two quinobe-
noxazines derivatives [23,24]. Several 1,8-naphthyridines were
reported to possess antitumor activity [25e35]. Their activity
is linked to inhibition of the tubulin polymerization. Deriva-
tives of quinolin-4-one and 1,7-naphthyridin-4-one were also
reported as potential anticancer agents due to inhibition of
cdc25 phosphatase [36]. In spite of the extended studies on
quinolone based antitumor agents, so far no derivative from
this group has gone to clinical tests.

In the search of novel antitumor quinolone agents target-
ing the topo II enzyme, Tomita and coworkers [1e3] synthe-
sized and studied for anticancer activity substituted at
different positions of 1,8-naphthyridine derivatives. The au-
thors found that the compounds possess from moderate to
pronounced cytotoxic activity against several murine and hu-
man cell lines. Among the series of 7-(3-aminopyrrolidinyl)
derivatives, the compound 7-((3S,4S )-3-methoxy-4-(methyla-
mino)pyrrolidin-1-yl)-4-oxo-1-(thiazol-2-yl)-1,4-dihydro-1,
8-naphthyridine-3-carboxylic acid (AG-7352, SNS-595 or
SPC-595) possesses potent cytotoxicity in both in vitro and
in vivo assays [2] (Fig. 1). The derivative shows a more po-
tent anticancer activity against human tumor cell lines than
etoposide [2]. At present SNS-595 is in clinical trials, phases
I and II. The compound showed an excellent antitumor activ-
ity against a considerable number of tumor cell lines [37].
SNS-595 possesses also antitumor activity in the cases of
human xenograft tumor models as well as murine syngeneic
models, including cases of drug resistant models [37]. It was
found that SNS-595 causes a regression of the highly meta-
static syngeneic Colo-26 tumor model, known to its resis-
tance to the main classes of cytotoxic agents [37]. It was
also found that SNS-595 could be effectively combined
with a wide variety of cytotoxic drugs, chemotherapeutic
modulators and novel agents that are active in S-phase or
regulate non-homologous end-joining (NHEJ) repair or apo-
ptosis signalling [38].

The mechanism of action of SNS-595 was studied in detail
[39e43]. It was established that SNS-595 is a novel cell cycle
modulator acting during the S-phase (the phase of DNA syn-
thesis). It causes a significant S-phase lag and irreversible
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Fig. 1. Structure of SNS-595.
G2 arrest (the gap in time between mitosis and the next cycle
of DNA synthesis) with 4N DNA content. This cell cycle ar-
rest is rapidly followed by the onset of apoptosis, which is me-
diated through p53 independent and dependent mechanisms
[37,40,41]. SNS-595 differs from the typical G2 studied ther-
apeutic arrestors and S-active compounds in causing signifi-
cant S-phase lag as well as definite G2 arrest [40]. It was
found that topoisomerase II is not the target of SNS-595
[40]. Recent investigations showed that SNS-595 is a double
strand break agent [43]. The metabolism of SNS-595 was in-
vestigated in vitro and in vivo [38]. It was found that it metab-
olises minimally and does not inhibit or induce the CYP450
enzyme system [38]. These findings characterise SNS-595 as
a promising anticancer agent.

In the present study a series of 100 compounds of 7- and 3-
substituted 1,4-dihydro-4-oxo-1-(2-thiazolyl)-1,8-naphthyri-
dines were subjected to QSAR analyses. The goal of our
research was (i) to gain further insight into the structural fea-
tures related to the anticancer activity of the compounds from
the quinolone series and (ii) to suggest new substituents or
structures with potentially enhanced anticancer activity.

2. Methods

2.1. Compounds studied and biological activity data

The compounds investigated in the present study represent
a series of 100 7- and 3-substituted 1,4-dihydro-4-oxo-1-(2-
thiazolyl)-1,8-naphthyridines. As mentioned these compounds
were synthesized and tested by Tomita and coworkers [1e3].
One compound from the series e 7-((3S,4S )-3-methoxy-
4-(methylamino)pyrrolidin-1-yl)-4-oxo-1-(thiazol-2-yl)-1,
4-dihydro-1,8-naphthyridine-3-carboxylic acid (SNS-595,
AG-7352, or SPC-595) possesses more potent cytotoxicity
against human tumor cell lines than the known anticancer
drug etoposide [2]. At present SNS-595 is considered a prom-
ising anticancer agent and it is in clinical trials, phases I and II.

The structural formulas of the compounds studied are shown
in Fig. 2. We used literature data for their in vitro cytotoxic
activity e IC50, the concentration of the agent to reduce cell
viability by 50%, against Murine P388 Leukemia [1e3]. The
values of log(1/IC50), given in Table 1, are used in the present
work.

2.2. Computational methods

The 3D QSAR analysis was performed using the molecular
field analysis method as implemented in the Chem-X software
[44] combined with weighted least squares method (WLS) for
regional mapping, visualizing the results obtained.

The FujitaeBan [45] modification of the FreeeWilson ap-
proach [46] was applied for 49 structures from the series stud-
ied in order to find a 2D QSAR model.

The simultaneous application to the same series of com-
pounds, both 2D and 3D QSAR approaches are expected
to provide internally consistent results [47]. The 2D QSAR
methods are usually faster, more automated (since they
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Fig. 2. Structures of 7- and 3-substituted 1,4-dihydro-4-oxo-1-(2-thiazolyl)-1,8-naphthyridines.
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Table 1

Measured and transformed IC50 values for the series studied

No. IC50 mol/L log(1/IC50) No. IC50 mol/L log(1/IC50) No. IC50 mol/L log(1/IC50) No. IC50 mol/L log(1/IC50)

1 6.5153 �0.8139 26 0.0957 1.0191 51 4.4339 �0.6468 76 0.0602 1.2204

2 5.4355 �0.7352 27 0.1727 0.7627 52 27.9862 �1.4469 77 0.0479 1.3197

3 27.0746 �1.4326 28 0.0531 1.2749 53 27.2933 �1.4361 78 0.0498 1.3028

4 23.7716 �1.3761 29 0.0426 1.3706 54 32.5460 �1.5125 79 0.1928 0.7149

5 3.2052 �0.5059 30 0.0746 1.1273 55 0.0280 1.5528 80 0.1595 0.7972

6 26.1611 �1.4177 31 0.1413 0.8499 56 5.6911 �0.7552 81 0.2101 0.6776

7 1.5536 �0.1913 32 0.0668 1.1752 57 2.7121 �0.4333 82 2.1575 �0.3340

8 14.6135 �1.1648 33 0.0282 1.5498 58 11.5430 �1.0623 83 1.3491 �0.1300

9 26.8562 �1.4290 34 0.1464 0.8345 59 0.5793 0.2371 84 24.7254 �1.3931

10 25.6803 �1.4096 35 5.3401 �0.7275 60 0.1251 0.9027 85 0.3348 0.4752

11 0.1310 0.8827 36 0.1677 0.7754 61 0.2304 0.6375 86 18.1187 �1.2581

12 0.6677 0.1754 37 0.0567 1.2464 62 0.0218 1.6615 87 19.3733 �1.2872

13 0.4462 0.3505 38 0.2072 0.6836 63 0.0269 1.5703 88 3.3411 �0.5239

14 2.0395 �0.3095 39 0.0429 1.3675 64 0.0512 1.2907 89 7.7366 �0.8886

15 0.1152 0.9386 40 0.2072 0.6836 65 0.0467 1.3307 90 12.7900 �1.1069

16 0.2294 0.6394 41 2.3957 �0.3794 66 0.0258 1.5884 91 0.3371 0.4722

17 0.1871 0.7279 42 0.7318 0.1356 67 0.0311 1.5073 92 0.5281 0.2773

18 0.8633 0.0638 43 0.0919 1.0367 68 0.0591 1.2284 93 0.1703 0.7688

19 0.1152 0.9386 44 0.3509 0.4548 69 0.2962 0.5284 94 0.0590 1.2292

20 0.1311 0.8824 45 0.2594 0.5860 70 0.2531 0.5967 95 0.7185 0.1436

21 26.5699 �1.4244 46 0.3681 0.4340 71 0.0519 1.2848 96 0.4836 0.3155

22 2.7981 �0.4469 47 0.2168 0.6639 72 0.0428 1.3686 97 0.0802 1.0958

23 26.7102 �1.4267 48 4.1859 �0.6218 73 0.0465 1.3326 98 0.1422 0.8471

24 140.1703 �2.1467 49 2.0768 �0.3174 74 0.0187 1.7282 99 0.1484 0.8286

25 28.6254 �1.4568 50 4.2674 �0.6302 75 0.0523 1.2815 100 0.2079 0.6822
inherently lack the alignment problem), and the obtained
cross-validated R2 values are similar or exceed those in 3D
analysis [48].

3. Results and discussion

3.1. 3D QSAR results

Each structure was drawn and converted into its three-di-
mensional counterpart using the Chem-X software [44]. Pre-
optimisation of the molecular geometry was performed using
the AMBER molecular mechanics force field as implemented
in the Chem-X package [49]. The conformational space of
each compound was searched using the systematic search
method. Automatically selected single bonds from the pro-
gram were rotated to 180 degrees using a 30 degree step. In
the case of double bonds both cis- and trans-conformers
were considered. All generated structures with improper van
der Waals contacts were excluded from the calculations. The
energy was computed using molecular mechanics with the
AMBER force field. Conformers with lowest energy were
then optimised by the MOPAC program applying AM1 semi-
empirical quantum mechanical method.

An important step for a correct 3D QSAR analysis is the
selection of a proper structure for superimposing the molecules.
According to the keyelock principle in 3D QSAR [50], the most
active compound in the series should have the geometry nearest
to optimal for the ligand-receptor interactions. For this reason
we chose compound 74 (7-((3S,4S )-3-methoxy-4-(methyla-
mino)pyrrolidin-1-yl)-4-oxo-1-(thiazol-2-yl)-1,4-dihydro-1,
8-naphthyridine-3-carboxylic acid, SNS-595) as the template
for aligning all the remaining molecules. Flexible fitting proce-
dure was employed for superimposing all molecules from the
series. Our field comparisons with flexible fitted structures are
based on calculated RMS (root mean squares) errors, where
the entire conformational space was explored in searching mol-
ecules with minimum RMS between them and molecule 74.
Only a single conformer for each molecule was used: the one
that best fits the template. The result from the alignment proce-
dure is shown in Fig. 3.

Fig. 3. Aligned structures for the series of 1,4-dihydro-4-oxo-1-(2-thiazolyl)-

1,8-naphthyridines.
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The next step was to build a 3D grid around the set of
superimposed molecules using a grid constant of 1 Å. The
probe atom is Hþ. The grid space is 4 Å bigger than the size
of the largest molecules. The steric and electrostatic interac-
tion energies between the probe atom and the set of aligned
molecules were calculated for each gridpoint using 0.95 cut-
off default for both fields.

The two-pass-PLS (partial least squares) method was used
to obtain the 3D QSAR model. The first step in this method
is to calculate the principal components and then to obtain
the model and its statistical parameters. Eleven principal
components (PCs) for both the steric and electrostatic inter-
action energies were generated. The program from the data
table constructs a separate covariance matrix. The full eigen
system of this matrix is determined by PLS using the singu-
lar value decomposition (SVD) method. The matrix is then
rewritten in a new form, and the coefficients of the trans-
formed variables (the principal component loadings) are eval-
uated and used to determine the principal component scores,
a set of new variables which best explain the variance of the
data.

For the steric and electrostatic fields the calculated PCs
cover over 80% of the data dispersion. The following param-
eters were used as criteria for the internal predictive power of
the model: the correlation coefficient, R2, the cross-validated
correlation coefficient, Q2, and the internal predictive cor-
relation coefficient, R2

pred. Q2 was computed employing the
leave-group-out procedure using randomly generated fifth
subgroups of the train series. R2

pred was computed for 20%
randomly selected molecules of the train set by the following
equation:

R2
pred ¼ 1� PRESS

SSQ
ð1Þ

PRESS¼
XP

P¼1

�
obsp � predp

�2
and SSQ¼

XP

P¼1

�
obsp � obsm

�2
;

where obsp is the observed activity for structure p, predp is the
predicted activity for structure p and obsm is the mean ob-
served activity for the omitted structures in the sample (20%
of the train set in our case).

To evaluate the external predictive power of the model, the
dataset was divided randomly into two parts by using the rule
of the equal distribution of the biological activity data in both
train and test sets. The R2

ext was calculated.
R-square maps were generated separately for the steric

and electrostatic fields using the WLS (weighted least
squares) method. The portions of the normal coordinate
space, where the variation in mapped data values relates to
activity, were visualized. In fact map generation is a process
of discarding those points that do not correlate with the ac-
tivity, and storing the R2 values of the correlation for each
remaining point.
3.1.1. Results for steric fields
In the case of steric interaction energies, the initial dataset

consisting of 100 compounds was randomly separated into two
groups e 75 compounds for the train set and 25 compounds
for the test set. Five principal components explain 82.75%
of the data dispersion. The calculated statistical parameters
for the steric interaction field are as follows:

Train series: N¼ 75; R2¼ 0.877; R2
pred¼ 0.752;

Q2¼ 0.624; F¼ 98.47; s¼ 0.354.
Test series: N¼ 25; R2

ext¼ 0.700.

The result indicates that the model is acceptable from
statistical point of view. The correlations between the pre-
dicted and observed values of log(1/IC50) are presented in
Fig. 4 for the steric interactions in the train and test sets of
molecules.

The plane projected three-dimensional WLS map in terms
of steric interaction energy is presented in Fig. 5. Important
parts for the steric interactions around the set of super-
imposed molecules can be seen from the map. The grey con-
tours on the map show the regions, where bulky substituents
favor biological activities. In contrast, the black areas corre-
spond to steric hindrance and hence small substituents are
preferred. On the basis of 3D QSAR analysis for steric inter-
actions it can be concluded that: bulky substituents in posi-
tions 30, 40, 400, 500, 6 would increase biological activity.
More concrete, substituents above the plane in position 30

and substituents below the plane in position 40 would have fa-
vorable influence.

3.1.2. Results for electrostatic fields
Analogous approach was used for evaluating the influence

of electrostatic interactions on biological activity. In this
case six principal components that explain 86.43% of the total
variance statistical criteria for the electrostatic interactions are
the following:

Train series: N¼ 75; R2¼ 0.941; R2
pred¼ 0.813;

Q2¼ 0.643; F¼ 180.41; s¼ 0.253.
Test series: N¼ 25; R2

ext¼ 0.764.

R2 and R2
pred values are higher than those for the model of

steric interactions. The obtained R2
ext value for the test series

is also a proof for the model validity and quality. The correla-
tions between the predicted and observed values of log(1/IC50)
are presented in Fig. 6 for the electrostatic interactions in the
train and test sets of molecules. The better statistical parame-
ters include that the electrostatic interactions have more signif-
icant role in defining the observed anticancer effect of 7- and
3-substituted 1,4-dihydro-4-oxo-1-(2-thiazolyl)-1,8-naphthyri-
dines. This conclusion is in accord with the findings that SNS-
595 has phosphorylative properties [37,40,41,43]. The plain
projection of the three-dimensional map obtained from the
3D QSAR analysis of potential electrostatic interactions is
presented in Fig. 7. Black contours represent areas where
high electron density correlates with biological activity of
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Fig. 4. Predicted versus observed activities for (a) the train set and (b) test set of the steric fields.
the aligned molecules. In contrast, the grey regions correspond
to low electron density or positively charged substituents. Af-
ter careful analysis of the obtained WLS map for the electro-
static interactions the important regions for the anticancer
activity can be defined. Substituents conditioning relatively
low electron density in positions 30, 40 and 6 have favorable in-
fluence on the biological effect. Electronegative substituents in
the hydrocarbon residue in positions 20, 50, 300 and 400 would
increase the antitumor activity of the studied series of 1,8-
naphthyridine derivatives.

It can be clearly seen from the WLS maps (Figs. 5 and 7)
that position 3 does not contribute to the explanation of the
biological data. This conclusion is also supported by the
SAR analysis of Tsuzuki et al. [3] who synthesized some
additional structures with different substituents in the third po-
sition and found out that these molecules have similar biolog-
ical effect.

3.2. 2D QSAR results

The 2D QSAR analysis was performed using the Fujitae
Ban model [42]. Symmetric equations of FreeeWilson’s De

Fig. 5. WLS R2 map for the steric interactions visualized on the structure of

molecule 74.
Novo model are totally neglected in the FujitaeBan analysis
[42]. The mathematical model of the FujitaeBan analysis
can be represented by the following equation:

log BA¼
X

aixiþ m ð2Þ

where xi is the group contribution of the substituent i, ai is re-
spective coefficient for the group contribution xi. ai¼ 1, if the
substituent exists, and ai¼ 0 if does not (i.e. for H atom).
Eq. (2) was used in this work. BA is the biological activity
(1/IC50) and m is equal to log(1/IC50) calculated for the unsub-
stituted compound, i.e. the parent compound (26), Fig. 2.

Successful application of the method required a series with
constant base structure, substituted at different positions. In
the present study we carried out 2D QSAR analysis employ-
ing the ring basic structure of the most active compound
SNS-595 (compound 74). It is shown in Fig. 8. Forty-nine
compounds fall into this group (11e18, 26e40, 45, 46,
55e71, 73e79).

The method of multi-linear regression was applied for eval-
uating statistical dependence. A stepwise regression was used
to eliminate statistically insignificant variables. The following
equation was obtained:

logð1=IC50Þ ¼ 0:373ðR9�HÞ � 2:06ðR9�OHÞ
� 1:753ðR9 �NO2Þ � 1:576ðR7�OHÞ
� 1:431ðR9 �NH2Þ � 1:307ðR1� iPrÞ
� 0:735ðR2 �CH3Þ � 0:934ðR2�OCH3Þ
þ 0:355ðR7 �CH3Þ þ 0:307ðR7�OCH3Þ
� 0:761ðR9 �ClÞ þ 0:501ðHC� 1Þ
� 0:733ðR10 �CF3Þ � 0:692ðR3�CH3Þ
� 0:623ðR8 �CH3Þ � 0:413ðR4�CH2NH2Þ
� 0:468ðR10 �ClÞ þ 0:35ðHC� 2Þ þ 0:497

ð3Þ

N ¼ 49; R2 ¼ 0:93; s ¼ 0:214; F ¼ 23:51:



1190 M. Atanasova et al. / European Journal of Medicinal Chemistry 42 (2007) 1184e1192
Fig. 6. Predicted versus observed activities for (a) the train set and (b) test set of the electrostatic fields.
The positive coefficients in Eq. (3) correspond to higher
antitumor activity. Therefore, the lack of any group in posi-
tion 6 (R9¼H) would have positive influence on the biolog-
ical effect. It is also favorable if the substituent R7 in
position 30 above the plane of the ring is methyl or methoxy
group. The existence of two chiral centers in the molecule
(labeled as HC-1 and HC-2 in Eq. (3)) is also of particular
importance.

The following comparisons and considerations can be made
considering the results obtained from 2D correlation analysis
(Eq. (3)) and 3D maps for steric (Fig. 5) and electrostatic
(Fig. 7) fields.

3.2.1. Positions 30 and 40

The presence of substituents in these positions of the pyr-
rolidinyl ring of the parent structure leads to increase in the

Fig. 7. WLS R2 map for the electrostatic interactions visualized over the struc-

ture of molecule 74.
biological effect. The 2D QSAR analysis confirms that be-
cause of the positive coefficient for the substituent R7 in
Eq. (3), the steric map (Fig. 5) shows that the presence of
bulky substituents above (at position 30) and below the plane
(at position 40) of the pyrrolidinyl ring would increase the an-
ticancer activity. The electrostatic map (Fig. 7) shows that
substituents with low electron density at these positions would
have positive effect. We can summarize that relatively bulky
substituents with low electron density (for instance alkyl
groups) at positions 30 and 40 above and below the plane of
the pyrrolidinyl ring, respectively, are recommended. It is im-
portant to notice that the presence of two chiral centers in the
parent structure influences positively the biological activity.
The important chiral centers are most probably at positions
30 and 40. This statement is also confirmed by experimental
studies [1,2].

3.2.2. Positions 20 and 50

The 2D QSAR equation shows that the presence of CH3

group in positions 20 and 50 (R8 and R3, respectively) leads
to lower activity. The electrostatic 3D map shows that the
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Fig. 8. Numbering of atoms for the base structure in FujitaeBan analysis

1-(4,5-disubstituted thiazol-2-yl)-7-(2,3,3,4,4,5-hexasubstituted pyrrolidin-

1-yl)-5,6-disubstituted-4-oxo-1,4-dihydro-1,8-naphthyridine-3-carboxylic acid.
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Position:
6 – H, CH3;

2' – OCH3, COCH3;

3' (over the plane) – CH2CH3, i-Pr;

4' (under the plane) – CH(CH3)CH2CH3;

5' - COCH2CH2CH3, COCH2CH3;

3'' - COCH2CH3, COCH=CH2; or

4'' - COCH3, OCH3, NH2, NHCH3;

5'' - CH(CH2CH3)2, CH2CH(CH2CH3)2
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Scheme 1.
presence of substituents containing electronegative atom (for
example COCH3 or OCH3) at these positions would influence
favorably the anticancer effect.

3.2.3. Positions 300 and 400

The regression coefficient for position 400 (R1) in Eq. (3)
shows that bulky substituents (isopropyl in our case) lead
to decreased biological effect. The steric map from 3D
QSAR analysis confirms the preference of small groups at
these positions (Fig. 5). Having in mind the existence of
clearly expressed black areas around positions 300 and 400 in
thiazolyl ring in the 3D electrostatic map (Fig. 7), it can
be concluded that small groups, containing an electronegative
atom, will have positive effect. After a detailed analysis of
the black area shape around the thiazolyl ring, it is fascinat-
ing to propose the following cyclic substituents for positions
300 and 400:

3.2.4. Position 6
The regression coefficients in 2D QSAR equation (Eq. (3))

show that hydrogen atom in position 6 (R9) is the most favor-
able and the presence of an electronegative atom leads to a de-
creased activity. The 3D electrostatic map confirms that.
Having in mind the 3D QSAR analysis for electrostatic fields
and the resulting map (Fig. 7), it can be summarized that small
substituents with low electron density at position 6 would in-
crease the anticancer effect.

N N

N

O O

O

3'' 3''

4'' 4''
The results obtained allow proposing a number of possible
substitutions into the backbone structure that are expected to
enhance the antitumor activity of compounds from the 1,8-
naphthyridine series. Possible substitutions leading to en-
hanced activities, proposed on the basis of the relationships
found, are shown in Scheme 1.

4. Conclusions

The 2D and 3D QSAR analyses allow to derive the follow-
ing principal conclusions regarding the relationships between
chemical and electronic structure and anticancer activity for
the series of 7- and 3-substituted 1,4-dihydro-4-oxo-1-(2-thia-
zolyl)-1,8-naphthyridines:

� Substituents with low electron density and small size at the
sixth position have positive effect on the anticancer activ-
ity against Murine P388 Leukemia cells.
� The presence of substituents containing an electronega-

tive atom at positions 20 and 50 increases the antitumor
effect.
� Bulky substituents with low electron density at positions 30

(above the pyrrolydinyl ring plane) and at position 40 (be-
low the plane) enhance the antitumor activity.
� The presence of substituents with small size and having an

electronegative atom in the hydrocarbon residue at posi-
tions 300 and 400 increases the anticancer activity.
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