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Abstract—A series of 25 phenothiazines and structurally related compounds was investigated by QSAR (quantitative structure
activity relationship) and 3D-QSAR methods with respect to their MDR (multidrug resistance) reversing activity in P388/ADR-
murine leukemia cell line resistant to ADR (adriamycin). The objective was to outline structural properties important for the
investigated activity. Different measures for MDR reversal were used and compared. Two 3D-QSAR approaches were applied—
CoMFA (comparative molecular field analysis) and CoMSIA (comparative molecular similarity indices analysis). Both, neutral and
protonated forms of the compounds were investigated. Molecular models with good predictive power were derived using a hydro-
phobic field alone and a combination of steric, hydrophobic, and hydrogen bond acceptor fields of the compounds. In the combined
models highest contribution of the hydrogen bond acceptor field was noticed. Thus, the dominant role of the hydrophobic and
hydrogen bond acceptor fields for MDR reversing activity of the investigated compounds was demonstrated. The structural regions
responsible for the differences in anti-MDR activity were analyzed in respect to their hydrophobic, hydrogen bond acceptor and

steric nature. The results may direct design of new phenothiazines and related compounds as MDR modulators.

© 2003 Elsevier Science Ltd. All rights reserved.

Introduction

Multidrug resistance (MDR) is a major problem in
cancer chemotherapy. Usually it is multifactorial, i.e.,
multiple mechanisms of resistance can act in the same
resistant cell. The drug efflux caused by the transmem-
brane transport P-glycoprotein (Pgp) is one of the most
studied and widespread mechanisms of MDR in tumor
cells.! A large number of pharmacological agents have
been identified to reverse MDR. They are suggested to
block the anticancer drug transport by binding either to
the drug’s interaction site (competitive inhibition) or to
other binding site, leading to allosteric inhibition of the
drug outward transport.? The MDR modulators are
chemically and structurally different compounds. In
general, they are not cytotoxic and vary widely in their
main biological action - calcium channel blockers, neu-
roleptics, antidepressants, steroid hormones, etc.’>™
Many investigations have been undertaken to find out
common structural features responsible for recognition
of the compound by Pgp. Knowledge compiled from
various structure—activity studies directs to the fact that
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hydrophobicity of a molecule is important for the
interaction with Pgp. Because aromatic groups largely
contribute to the hydrophobicity, planar ring structures
seem to be characteristic of anti-MDR activity. Presence
of a basic nitrogen atom in an aliphatic chain attached
to the aromatic structure also seems to play an impor-
tant role for the interaction with Pgp.® Additionally,
presence of a hydrogen bond acceptor near the aromatic
ring system is outlined as an important feature of active
modulators.”-

Phenothiazines and structurally related compounds are
among the most studied MDR modulators. Their MDR
reversing activity has been assessed in different resistant
tumor cell lines and several structure—activity relation-
ships have been derived. Studies of Ford et al.”!* indi-
cate that -CF; or -Cl at position 2 in the nucleus, a para-
methyl substituted piperazinyl side chain, and a four-
carbon bridge between these two domains are optimum
for MDR reversing activity. In general, thioxanthene
derivatives are more hydrophobic (higher octanol/buffer
partition coefficient) than the corresponding phenothia-
zine derivatives and also more potent. Ramu et al.!!-!2
point to the positive role of the carbonyl group,
regardless of its molecular location. The first QSAR and
3D-QSAR models of phenothiazines and related
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compounds are described in the studies of Pajeva and
Wiese!*!# using phenothiazines and structurally related
compounds with MDR reversing activity estimated in
ADR (adriamycin) resistant MCF-7/ADR cell line.
Anti-MDR activity as defined by Ford®!'? (ICs, of ADR
alone, divided by ICsq of ADR plus the modifying drug
at a subinhibitory concentration (<I1C;)) is used. The
QSAR contributing features confirm the empirical
results of Ford et al.>”!® However, the 3D-QSARs point
to key role of hydrophobicity as a 3D directed molecular
property for MDR reversal.

In the present study structural characteristics of phe-
nothiazines and structurally related MDR modulators
were evaluated in the ADR resistant murine leukemia
cell line, P388/ADR.!? Different measures for MDR
reversing activity were used. QSAR and two 3D-QSAR
approaches—comparative molecular field analysis
(CoMFA) and comparative molecular similarity indices
analysis (CoMSIA) were applied. The neutral and pro-
tonated forms were analyzed. Models with good pre-
dictive power were obtained with hydrophobic,
hydrogen bond acceptor and steric fields outlining in
this way the dominant role of these fields for MDR
reversing activity of the studied modulators.

Results

A representative set of 25 phenothiazines and structu-
rally related compounds was chosen from the large set
tested by Ramu and coworkers.'? The compounds were
selected to have a common parental structure and to
range in biological activity by more than two log units
so that to reduce the risk of chance correlations. The
activity parameters as evaluated in P388 sensitive and
ADR resistant murine leukemia cell line were used:

A = EDs compound  P388, uM;

B = EDs compound P388/ADR uM;

C— EDsy  compound P388/ADR
EDspcompound+0.2uM  ADR)P388/ADR

According to the reference [12] A and B represent cyto-
toxicity of the compounds in the sensitive and resistant
cell line respectively, C reflects the ability of the com-
pounds to reverse MDR. EDjs, of the compounds mea-
sured in the presence of 0.2uM ADR was calculated
from C. This effect (coded ED in the study) appears as
another measure of MDR reversing activity. In the
study the values of the above parameters were trans-
formed to logarithmic scale. The inverse values of 4, B
and ED were used to obtain higher values for the more
active compounds. The monoprotonated forms were
built and investigated considering that the basic tertiary
nitrogen in the aliphatic chain is highly protonated at
physiological pH. As there were structures with two
nitrogen atoms in the aliphatic chains, the decision

about the right protonated nitrogen was taken on the
basis of pKa values. Table 1 contains the names, struc-
tures, biological parameters and pKa values of the
studied compounds.

First, the correlations between the biological parameters
were investigated. The results showed strong correlation
between cytotoxicity of the modulators alone in the
sensitive (4) and the resistant cell line (B) (eq 1).

lg(1/B) = 0.850(£0.055)lg(1/A4) — 0.313(£0.070)
n=25 R*=0911 SEE=0.104 F=235.18 (1)

This suggests that the same cytotoxic mechanism is act-
ing in both cell lines and the observed shift in the line
can be related to a different, presumably MDR-related
mechanism. The correlations of C with 4 and B were
also studied:

1gC = 1.461(£0.210) + 0.521(£0.167)lg(1/A4)
n=25 R>=0.297 SEE=0313 F=9.732 (2)

1gC = 1.584(%£0.262) + 0.561(£0.190)lg(1/B)
n=25 R*=0274 SEE=0319 F=28.673 (3)

Much worse correlations were observed. As C is a ratio
between own cytotoxicity of the modulator in the resis-
tant cell line (B) and cytotoxicity of the modulator in
the presence of ADR (ED), the lack of linear correlation
can be due to ED, suggesting its possible use as another
measure of the modulators’ ability to overcome MDR.

Five types of indicator variables were considered in the
Free—Wilson analysis:

e A type of the ring system: RS1, RS2, RS3 and RS4
as designated in Table 1.

e A substituent on the 2nd position in the ring
system (R1): R11=-H; R12=-Cl; R13=-CFj3;
R14=-COC,H,,+; (n=2, 3); R15=-COCHz3;
R16:*802N(CH3)2

e A type of the aliphatic chain between the ring sys-
tem and the first tertiary nitrogen: Alk, normal;
Iprp, isopropyl; Ibut, isobutyl.

e A type of the tertiary nitrogen in the side chain:
Na, alkyl substituted; Np,q, belonging to a
piperidine moiety; Np,,, belonging to a piperazine
moiety.

e A substituent at the tertiary nitrogen in the
aliphatic chain (R): R1=-CHj;; R2=-COC4¢H4F;
R3=-CH,CH,OH.

As a reference structure the low active compound pro-
mazine (RS1, R11, Alk, N, R1) was taken. Several
runs were performed and the final regression equations
included only structural variables that were statistically
significant compared to the reference (p-level <0.05).
The models are shown by eq 4 (dependent variable IgC)
and eq 5 (dependent variable 1g(1/ED)).
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Table 1. Activity data for the compounds studied
0, L L L,
| | L I
R R R
RS1 RS2 RS3 RS4
Compound R R, g(1/4) 1g(1/B) lgC 1g(1/ED) pKa, pKa,
RS1 ,
1. Promazine ~ N —1.602 —1.778 0.477 —1.301 9.43 —
1
2. Chlorpromazine \/\/,\! - Cl —1.079 —1.301 0.398 —0.903 9.41 —
1
3. Triflupromazine \/\/,\! - CF; —1.079 —1.301 0.398 —0.903 9.40 —
1
4. A i | Q 1.477 1.653 0.748 0.905 9.41
. Acepromazine N II—CH -1 —1. . —0. . —
I
5. Promethazine /\(’;‘\ —1.778 —1.778 0.875 —0.903 8.98 —
6. A thazi "|‘ o| 1.602 1.903 0.778 1.125 8.93
. Acepromethazin -1 -1 . —1. . —
epromethazine /YI\ I—CH
/o
7. Duoperone /\/\',' CF; —1.000 —1.079 1.427 0.347 8.41 —
F
/O
ST o
8. AHR 06601 ) [ —1.000 —1.079 1.301 0.222 8.42 —
CHjy
F
. . OoH o
9. Piperacetazine TN ||_ —1.301 —1.301 0.643 —0.658 9.38 —
! CHj
10. Perazine TN N— —1.079 —1.301 0.643 —0.658 4.07 7.82
1N\ /2
M *
11. Prochlorperazine /\/\l;l N— Cl —0.653 —0.903 0.826 —0.077 4.04 7.82
T 3 *
12. Trifluoperazine /\/\l;l N— CF; —0.653 —0.903 1.000 0.097 4.04 7.81
/ \ O
13. Butaperazine /\/\l;l N— k/\ —0.653 —0.903 1.250 0.347 4.04 7.82
\_/_ CH3
M 1 *
14. Thioproperazine /\/\r;l N— SO,N(CH3), —0.903 —1.301 1.223 —0.078 4.03 7.81
. /0 N\ OH
15. Perfenazine TN N Cl —0.903 —1.000 0.699 —0.301 7.22 3.43
T\ /2
/ O\ @)
16. Acetophenazine ST TS I —1.176  —1.301  1.000 —0.301 7.22 3.43
1\ /2 CH
O
17. Carphenazine ST e \'_\ -1.079  -1.079  1.176 0.097 7.22 3.43
/2 CHs
. /0 N\ OH
18. Fluphenazine TN N N CF; —0.903 —0.903 0.602 —0.301 7.21 343
1\ /2
RS2 y
19. Oxypendyl TN O -1.778  -1.778  0.301 —1.477 7.18 3.43

(continued on next page)
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Table 1 (continued)

Compound R R, 1g(1/4) 1g(1/B) 1gC lg(1/ED) pKa, pKa,
- l
20. Prothipendyl —1.778 —1.778 0.114 —1.664 9.37 —
pendy \/\/l;l\
RS3 |
21. Imipramine ~ N —1.778 —1.778 0.477 —1.301 9.49 _
1
22. Trimipramine VK/'J‘\ —1.778 —1.778 0.778 —1.000 9.38 _
1
RS4 /\
23. cis-Thiothixene P~ TN “N— SO,N(CH3;), —1.079 —1.301 1.398 0.097 3.47 7.73
1\ /2
24. Clopenthixol TN N on Cl —1.000 —1.079 1.176 0.097 6.92 3.38
1\ /2
25. cis-Flupenthixol vt N _oH CF; —0.903 —1.079 1.176 0.097 6.92 3.39
1\ /2

1, 2 - numbering of the nitrogen atoms corresponds to the calculated pKa values.

*Nitrogen atom likely to be protonated at physiological pH.

lg C = 0.619(£0.052) + 0.417(£0.131)R14 — 0.500

x (£0.122)RS2 + 0.454(£0.113)RS4

4
+0.177(£0.080)Np,, + 0.745(£0.126)R2
n=24 R>=0.847 SEE=0.162 F=19.861
lg(1/ED) = 0.490(+0.172)R14 — 0.951
x (£0.163)RS2 + 0.365(+0.148)RS4
+0.703(£0.103)Np,, + 1.256 (5)

x (£0.169)R2 — 0.971(£0.070)

n=25 R>*=0903 SEE=0217 F=35.176

The number of the compounds included in the first
model (eq 4) was 24 because thioproperazine was eval-
uated as an outlier in the analysis. The analysis of the
structural variety revealed that thioproperazine had
relatively unique structure—SO,N(CH3), substituent on
the 2nd position in the ring system could be found only
in one more compound—cis-thiothixene, an active
thioxanthene. The remaining part of the structure
resembled the structure of relatively low active phe-
nothiazines (10, 11, 12 in Table 1). As a result biological

activity of thioproperazine was underestimated and it
was evaluated as an outlier in the analysis.

Both models (eqs 4 and 5) outlined one and the same
structural features responsible for MDR reversal but the
statistical significance of the second one (eq 5) was
slightly higher. In Figure 1 predicted versus observed
lg(1/ED) values obtained by eq 5 are presented. In the
figure the number of the points is less because some of
the compounds had equal experimental Ig(1/ED) and
calculated Ig(1/ED) values resulting in the same point
(compounds 1 and 21; 2, 3, 4 and 5; 11 and 14; 15,16
and 18; 23, 24 and 25 in Table 1). Clusters of points
resulted from predicting the same Ig(1/ED) value for
compounds with different observed Ig(1/ED). The first
cluster included compounds 1, 2, 3, 4, 5, 6, 9, 21, 22
(Table 1) with predicted 1g(1/ED)=—0.971. They had
no structural features significantly contributing to
anti-MDR activity that is why predicted activity was
equal to the intercept of the eq 5. The other cluster
(predicted 1g(1/ED)=—0.268) included compounds 10,
11, 12, 14, 15, 16, 18 (Table 1). They all contained
piperazine nitrogen-significant for the MDR reversal
according to the Free-Wilson model (eq 5). Thus,
despite the statistically significant Free—Wilson models
the observed clustering revealed that the selected
features did not allow us to precisely differentiate
between the compounds’ activities. To find out such
parameters 3D-QSAR was performed by CoMFA
and CoMSIA. Both measures of MDR reversing
activity were studied. Better 3D-QSAR models were
obtained with Ig (I1/ED) in comparison with IgC values
therefore ED was considered in the presented 3D-QSAR
analyses.
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Figure 1. Predicted versus observed log (1/ED) values according to eq 5.

First, the cross-validated models were obtained with all
compounds—neutral and protonated forms (Table 2).
The CoMFA and CoMSIA models revealed similar
results.

Next, the compounds were divided into a training and a
test set. The test set was formed by grouping the com-
pounds according to their anti-MDR activity into low
and high active group and subsequent random selection
of three compounds from each group. The rest of the
compounds formed the training set. The procedure was
repeated several times and similar COMFA and CoM-
SIA results were obtained for the selected training sets.
The models obtained by random selection of 1, 2, 10,
12, 13, and 16 as test compounds, are given in Table 3.

Table 4 represents non-cross-validated models and pre-
dictive Q5. of the best crossvalidated models. The

analysis of the Q2 values showed that the obtained
models had good external predictive power.

The graph of predicted versus observed anti-MDR
activity by the CoMSIA model with steric, hydrophobic
and acceptor fields (Table 4) is given in Figure 2.

The results show highest Q2 for the models with
hydrophobic fields and a combination of hydrophobic,
acceptor and steric fields. To evaluate the structural
areas where these fields have highest contributions to
anti-MDR activity, the STDEV*COEFF contour plots
were built (Figs. 3-5). The coloured regions correspond
to differences in the fields which contribute mostly
(about 80% of the signal) to the differences in investi-
gated activity. In Figure 3 the regions where more hydro-
phobicity is necessary for higher anti-MDR activity are
given in blue and regions where more hydrophilicity

Table 2. CoMFA and CoMSIA models using all compounds in neutral and protonated forms (alignment 1 and alignment 2): the models with

highest predictive ability are given in bold

Field Neutral forms alignment Protonated forms (alignment 1) Protonated forms (alignment 2)
02/ Nop/SEP 02/ Nopt/SEP v/ Nev/SEP

CoMFA

Steric 0.768/5/0.334 0.716/6/0.380 0.567/3/0.434

Electrostatic 0.618/4/0.418 0.620/2/0.397 0.601/2/0.408

Both 0.736/6/0.366 0.693/2/0.357 0.572/3/0.432

CoMSIA

Steric 0.713/2/0.346 0.708/3/0.356 0.589/4/0.434

Electrostatic
Steric + electrostatic

0.587/3/0.424
0.690/6/0.397

Hydrophobic 0.795/4/0.306
Donor 0.019/4/0.670
Acceptor 0.656/5/0.404
Donor + acceptor 0.594/6/0.454
Steric + hydrophobic 0.827/5/0.289
Steric +acceptor 0.796/6/0.322
Hydrophobic + acceptor 0.844/5/0.274
Steric + hydrophobic + acceptor 0.850/4/0.262

0.571/5/0.455
0.669/3/0.380

0.602/5/0.438
0.629/3/0.402

0.784/4/0.314 0.710/5/0.374
0.517/6/0.495 0.550/5/0.466
0.671/7/0.421 0.498/7/0.520
0.708/7/0.396 0.560/5/0.460
0.828/4/0.280 0.720/5/0.367
0.761/7/0.359 0.660/5/0.405
0.809/6/0.311 0.710/5/0.374
0.834/6/0.290 0.707/6/0.386
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Table 3. CoMFA and CoMSIA models using training set compounds in neutral and protonated forms (alignment 1): the models with highest

predictive ability are given in bold

Field Neutral forms alignment Protonated forms (alignment 1)

2, Nopt SEP 2, Nopt SEP
CoMFA
Steric 0.715 2 0.358 0.628 2 0.409
Electrostatic 0.504 4 0.505 0.572 2 0.439
Both 0.712 2 0.360 0.691 2 0.373
CoMSIA
Steric 0.728 2 0.350 0.700 2 0.368
Electrostatic 0.576 5 0.485 0.538 3 0.471
Steric + electrostatic 0.685 3 0.389 0.652 3 0.409
Hydrophobic 0.845 5 0.293 0.777 4 0.338
Donor 0.060 5 0.722 0.556 8 0.565
Acceptor 0.632 5 0.451 0.528 5 0.512
Donor +acceptor 0.578 8 0.551 0.675 6 0.442
Steric + hydrophobic 0.804 4 0.317 0.740 4 0.366
Steric + acceptor 0.760 5 0.322 0.690 5 0.414
Hydrophobic +acceptor 0.813 5 0.322 0.761 5 0.364
Steric + hydrophobic + acceptor 0.816 4 0.307 0.766 5 0.360
Table 4. Non-crossvalidated models and Q2 of the best COMSIA crossvalidated models
Field Neutral forms alignment

R?/SEE|Fyyi0 Fraction 03,
Steric Hydrophobic Acceptor

Hydrophobic 0.989/0.078/236.864 — 1 — 0.725
Steric + hydrophobic 0.970/0.125/112.636 0.297 0.703 — 0.767
Steric + acceptor 0.969/0.131/81.436 0.295 — 0.705 0.663
Hydrophobic +acceptor 0.988/0.083/208.125 — 0.442 0.558 0.805
Steric + hydrophobic + acceptor 0.977/0.109/149.457 0.149 0.378 0.473 0.749

0.4

log (1/ED predicted

-1.6
-1.6

-1.2 -0.8 -0.4

log (1/ED) observed

0.0

0.4

Figure 2. Predicted log (1/ED) values of the test compounds obtained by steric + hydrophobic + acceptor field CoMSIA model versus observed log
(1/ED): n=6; R*>=0.858; F=30.231; SEE=0.245.
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favours activity are given in red. In Figure 4 the blue
regions correspond to hydrogen bond donor groups of
the receptor that participate in favourable interactions
with the ligands. Conversely, the red regions indicate
hydrogen bond donor groups of the receptor unfavor-
able for the interactions with the ligands. The sterically
important regions are given in blue and respectively the
sterically forbidden ones are given in red (Fig. 5). The
contouring levels of the positive and negative regions in

the plots were selected keeping the same ratio between
the contributions of the extreme positive and negative
terms as between the positive and negative terms in the
whole field.!>

Discussion

The compounds selected in the present study had the
same parent skeleton. Thus, the most important

Figure 3. CoMSIA STDEV*COEFF contour plot of hydrophobic field: the blue contours indicate regions in the molecules where higher hydro-
phobicity favors anti-MDR activity and the red contours indicate regions in the molecules where higher hydrophilicity favors anti-MDR activity.

Figure 4. CoMSIA STDEV*COEFF contour plot of hydrogen bond acceptor field: the blue contours indicate regions on the receptor where
hydrogen bond donor groups are mostly likely located and the red contours indicate regions on the receptor where hydrogen bond donor groups

should be absent.
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Figure 5. CoMSIA STDEV*COEFF contour plot of steric field: the blue contour indicates sterically favorable region in the molecules and the red

contour indicates sterically forbidden region in the molecules.

prerequisite for successful application of the Free-Wilson
analysis in drug design (congenericity within a series of
compounds) was met. The obtained model (eq 5)
evaluated the ring system RS4 (9H-thioxanthene) as a
variable with a positive contribution and the ring system
RS2 (10H-pyrido[3,2-b][1,4]benzothiazine) as a variable
with a negative contribution to anti-MDR activity of
the investigated compounds. This can be partially related
to the hydrophobic nature of the ring system. Indeed, the
logP values of the considered ring systems confirm this
suggestion: logP (9H-thioxanthene)=4.3340.26; logP
(10H-pyrido[3,2-b][1,4]benzothiazine) =2.80+0.28). So
one can conclude that presence of more lipophilic ring
system is preferable for anti-MDR activity of the com-
pounds studied. This is in agreement with previously
reported results on phenothiazines and related
drugs.!®14 Additionally the following structural frag-
ments were selected with positive contributions to anti-
MDR activity of the compounds:

e RI14,-COC,H,,+ (n=2, 3). This feature suggests
two possibilities - influence of a long flexible ali-
phatic bridge or participation of the oxygen atom
as a hydrogen bond acceptor.

e Np,, a tertiary nitrogen atom belonging to a
piperazine moiety. It can function as a hydrogen
bond acceptor or donor depending on the drug
interacting form (neutral or protonated).

e R2, —COCgH4F. A possible interpretation of the
role of this substituent follows from presence of a
bulky phenyl ring that might be involved in steric
and hydrophobic interactions with the receptor.
Another interpretation implies the role of the car-
bonyl oxygen as a hydrogen bond acceptor in
agreement with the suggestion of Ramu et al. about
the role of the carbonyl group for the formation of
intra- or intermolecular hydrogen bonds.!?

The Free—Wilson model (eq 5) correlates well the MDR
reversal activity in the investigated series of compounds.
However, as shown in Results it is not able to differ-
entiate between the structural features of some the
investigated compounds. This is a general limitation of
this approach and additional methods can be applied to
overcome it. Tmej and coworkers, for example, have
performed a combined Hansch/Free—Wilson approach
using both physicochemical parameters and sub-
structure related indicator variables for prediction of
MDR reversal ability of propafenone type MDR mod-
ulators.!® The presented here Free-Wilson analysis of
phenothiazines and structurally related compounds is
followed by 3D-QSAR analyses. Thus the role of the
structural features identified by the Free—Wilson models
is elucidated by getting insight into their spatial proper-
ties. Additionally, 3D-QSAR analyses reveal other spa-
tial features responsible for anti-MDR activity of the
studied compounds.

As seen from the hydrophobic field contour plot (Fig. 3)
there are two regions in the vicinity of the ring system
where more hydrophobicity is favorable. One is related
to the substituent on the second position, and implies
that it should be more lipophilic for higher anti-MDR
activity. The other region relates to the one of the aro-
matic rings. Obviously 10H-pyrido[3,2-b][1,4]benzothia-
zine ring system which is nitrogen containing and,
consequently, more hydrophilic is less favourable for
high MDR modulating activity. This is in agreement
with the Free-Wilson analysis’ results (eq 5) where RS2,
10H-pyrido[3,2-b][1,4]benzothiazine contributes nega-
tively to activity. In fact, oxypendyl and prothipendyl,
the compounds possessing this type ring system have
lowest anti-MDR activity (Table 1). 3D-QSAR analysis
also explained the role of -COCgH4F substituent at the
tertiary nitrogen in the aliphatic chain selected by the
Free—Wilson analysis as important for the MDR reversal.
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The blue region in the contour plot (Fig. 3) directs us to
favourable hydrophobic interactions between this sub-
stituent and the receptor. Additionally the more hydro-
phobic aliphatic chain would also increase the activity.
The well defined red signal (Fig. 3) is associated with the
nitrogen atom in the aliphatic chain and indicates that
more hydrophilic piperazine moiety is preferable. This
result explains why the nitrogen belonging to the piper-
azine has a positive contribution to anti-MDR activity
in the Free—Wilson model (eq 5).

The hydrogen bond acceptor field contour plot (Fig. 4)
involves blue contours, indicating regions on the recep-
tor where the presence of hydrogen bond donor groups
is favourable for the binding. They are close to the car-
bonyl and hydroxyl groups in the substituent attached
to the tertiary nitrogen in the aliphatic chain of the
investigated compounds. That means that the presence
of hydrogen bond acceptors is preferable in these posi-
tions. Favourable hydrogen bond acceptor group is
registered also at the second position of the ring system.
That is why —COC,H», 1 and —COCgH4F substituents
are selected to have positive contributions to activity in
the Free—Wilson analysis. The red contour reveals
region of the receptor where hydrogen bond donor
should be absent. Therefore for the compounds with
RS2 type ring system (Table 1) the interaction of the
nitrogen atom in the aromatic ring as a hydrogen bond
acceptor is not favourable. This implies indirectly that
the more lipophilic ring system, the higher MDR reversal
can be expected.

The blue region in Figure 5 indicates preferable presence
of a bulky substituent bound to the tertiary nitrogen in
the aliphatic chain. The red (sterically forbidden) region
in the cyclic system might be related to the more bulky
imipramine ring system. In fact, imipramine and
trimipramine are low active compounds.

The analyzed contour plots were built on the basis of
the best 3D-QSAR models derived with hydrophobic
field and combinations of hydrophobic, hydrogen bond
acceptor and steric field. The role of hydrophobicity as
a 3D directed molecular property for the anti-MDR
activity of phenothiazines and structurally related com-
pounds has been suggested in previous investigations.!#
In the same study it has been shown that the steric field
also contribute significantly to the MDR reversal. The
steric field has also been underlined in the study of Kim
where substituted imidazoles had been investigated as
MDR modulators and the best COMFA and CoMSIA
models had been derived with steric and electrostatic
fields.!” This investigation revealed that the highly pre-
dictive models also included hydrogen bond acceptor
field. Moreover, in the combined fields’ models (Table
4) the hydrogen bond acceptor field had the biggest
fraction. This pointed to the important role of the
hydrogen bond acceptor field together with the hydro-
phobic and steric ones for activity of phenothiazine type
MDR modulators.

The discussed above models use MDR reversing activity
measured in an animal cell line.!? Although a different

cell line and activity measures are used, the identified
structural features important for MDR reversal are
similar to those reported for human cell lines!3!*
pointing to similar mechanism of MDR reversal by the
studied drugs.

As reviewed in the Introduction the basic nitrogen is
supposed to have impact on activity of MDR mod-
ulators. However, it is not clear if its interaction with
the receptor is ionic or not. According to Ecker and
coworkers it is nonionic and determined by electron
donor capability.'® Models of Pgp functioning'®-?° sug-
gest interaction between the drug and the protein bind-
ing site in the membrane that supposes involvement of
the neutral form of the drug. In confirmation of the
opposite hypothesis quaternary propafenone analogues
has been identified as P-gp substrates.?!

As it was not clear if the phenothiazines did act as neu-
tral or protonated, both were analyzed. Comparison
between the spatial structures revealed very similar
geometries of the neutral and charged forms (RMS
values of the fit between the centroids of the aromatic
rings and the first nitrogen atom in the aliphatic chain
was in range 0.012-0.210). Analysis of the protonated
forms in the CoOMSIA models (Tables 2 and 3) revealed
that the hydrogen bond donor field did not contribute
significantly to anti-MDR activity. On the basis of the
above considerations and the slightly better models
obtained for the neutral forms (Tables 2 and 3) one can
speculate that the neutral functional state of the inves-
tigated compounds is the preferable one for the studied
activity.

Conclusion

In summary, 3D-QSAR models with moderate to high
predictive ability of phenothiazine type MDR mod-
ulators were derived. The role of hydrophobicity as a
3D property was confirmed'* and also hydrogen bond
acceptor interactions were found to contribute to anti-
MDR activity. The obtained models may help design of
new active phenothiazine type MDR modulators.

Experimental

Compounds and activity data

The investigated phenothiazines and structurally related
compounds are shown in Table 1. The ability of a com-
pound to ameliorate MDR was evaluated by Ramu and
coworkers'? by comparing the EDs, values obtained in
P388/ADR cells incubated in the absence versus the
presence of 0.2uM ADR. This ADR dose was just
below the concentration that produced a detectable
growth-inhibitory effect on these cells.!?

QSAR methods

The Free—Wilson analysis (Fujita-Ban modification)
was applied.?> The structures of the compounds were



2898 1. M. Tsakovska | Bioorg. Med. Chem. 11 (2003) 2889-2899

coded by indicator variables for presence/absence of a
given substituent at a given position and the con-
tributions of the structural fragments to biological
activity of the drugs were evaluated by multiple lin-
ear regression.

Molecular modeling methods

Molecular modeling was performed on a Silicon Gra-
phics workstation with SYBYL 6.7 molecular modeling
software.”®> Molecular mechanics (Tripos force field,
Powell method, no electrostatics, 0.05 kcal/mol*A con-
vergence criteria) and quantum chemistry method AM1
(MOPAC V 6.0) were used for geometry optimization
and calculations of the atomic charges. COMFA and
CoMSIA were used for 3D-QSAR analysis. Default
characteristics of the grid region and the carbon probe
atom were used. Steric, electrostatic and both CoMFA
fields were calculated. The standard energetic field cut-
off value of 30kcal/mol with no electrostatic interac-
tions at bad steric points was used. Preliminary
investigations indicated no significant influence of the
threshold column filtering 6., therefore the defaut o,
of 2 kcal/mol was used. COMSIA calculations were done
with a defaut attenuation factor 0.3. Steric, electrostatic,
hydrophobic and hydrogen-bond donor and acceptor
similarity indices were calculated.?*

Calculation of physicochemical properties

ACD/Labs V 5.0 software was used to calculate pKa
and logP values.”® ‘Apparent constants’ method for
pKa calculation was used. The algorithm automatically
protonates the sketched-in molecule by ‘adding’ protons
to the molecule in order in which the molecule would
normally be protonated in solution. The method
was chosen as it mimics the experimental situation in
solution.

Statistical methods

Multiple linear regression in STATISTICA V5.0 was
used in the Free—Wilson analysis. Each model was esti-
mated by correlation coefficient, R?, standard error of
estimate SEE, and the F-value. The CoMFA and
CoMSIA QSAR equations were derived by the PLS
method. The leave-one-out cross-validation procedure
was applied. The models were estimated by the cross-
validated R?, Q2,, the optimal number of components,
Nopt, and the standard error of prediction, SEP,. The
optimal number of components, Ny, corresponded to
maximum Q2. Noncross-validated models (character-
ized by the correlation coefficient, R?, standard error of
estimate, SEE, and F-value) were obtained with Ngp.
The models were validated by prediction of test com-
pounds using the models obtained by noncross-vali-
dation with Nyp.. The predictive R?, 07, was calculated
for the test set compounds using the equation:
Qf)r = (SD — PRESS)/SD, where SD= X (Yact - Ymean)’
and PRESS=%(Yaet - Ypred)® Yact and Ypeq are the
actual and predicted activities, respectively, of the test
set compounds and Y., is the mean activity of the
training set compounds.

Geometry optimization and alignment of molecules

The local energy minimum structures of some com-
pounds (numbers 1, 2, 3, 11, 12,18, 21, 24 and 25 in
Table 1) as obtained in'* were used and the remaining
structures were built from them. The starting geometries
were optimized by Tripos force field, keeping the tri-
cyclic ring system as an aggregate, and the final optimi-
zation was done with AM1 semiempirical method using
the key words ‘Precise’ and ‘XYZ’. The optimized
structures were superimposed by the RMS fit alignment
technique. The so called ‘shape’ alignment was used by
fitting the centroids of the two aromatic rings in the tri-
cyclic system and the first tertiary nitrogen in the ali-
phatic chain.'* Two types alignment of the
monoprotonated forms were used. The first one
involved the centroids of the aromatic rings and the first
nitrogen in the aliphatic chain without considering its
protonation state. This alignment was coded as align-
ment 1 and resembled the alignment of the neutral
forms. The second one was based on the centroids of the
two aromatic rings and the protonated nitrogen atom in
the aliphatic chain according to the calculated pKa
values (Table 1). It was coded as alignment 2.
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