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The interactions of the antiestrogenic drug tamoxifen with the calcium-binding protein calmodulin have been studied 
by computerized molecular modeling methods. Sites in both the N and C domains of the protein have been established, 
with one in the C domain having the highest calculated enthalpy of binding. The residues involved in the sites 
have been detailed. Modeling studies are reported for six tamoxifen derivatives, and their calculated enthalpies 
of binding are compared with the ability of the analogues to inhibit calmodulin-dependent cyclic AMP phospho
diesterase (PDE) (Rowlands et al. Biochem. Pharmacol. 1990, 40, 283-289). The poor binding properties of the 
piperazino and C-methyl derivatives are correctly predicted, whereas the superior affinity of 4-iodotamoxifen is not 
fully explained by the model. 

Introduction 
The synthetic drug tamoxifen is widely used in the 

treatment of hormone-sensitive breast cancer.1'2 It may 
also be of use as a preventative agent against breast cancer, 
as indicated by a preliminary controlled feasibility study.3 

The classic view of the mechanism of action of tamoxifen 
is that it competes with the natural hormone estradiol for 
binding to sites on the estrogen receptor.4'5 A number of 
studies have suggested that there are other macromolecules 
to which tamoxifen binds in addition to the estrogen re
ceptor, some of which probably contribute to the anti
proliferative activity6,7 by means of their involvement in 
the signaling pathways maintaining cellular viability. In 
particular, the growth inhibitory action of tamoxifen on 
human breast cell lines has been suggested to correlate 
with inhibition of the calcium-dependent regulatory pro
tein calmodulin,8"10 and possibly with other components 
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of the second messenger pathway such as protein kinase 
C.11 However, it is the calmodulin effects which were of 
particular interest to us, especially in view of the possible 
synergism between the calmodulin and estrogen-receptor 
mediated effects, reflected in the ability of calmodulin to 
stimulate phosphorylation of the estrogen receptor pro
tein.12 

The binding of tamoxifen to calmodulin has recently 
been examined in detail, with a high-affinity and a low-
affinity binding site being found.13 Structure-activity 
relationships have been examined for a series of tamoxifen 
analogues with respect to their inhibition of calmodulin-
dependent cyclic AMP phosphodiesterase,14 which has 
demonstrated a correlation with cytotoxicity in MCF-7 
cells. This study concluded that certain structural features 
of the tamoxifen molecule are important for binding, in 
particular a side chain capable of being protonated at 
physiological pH and its hydrophobic triphenylbutene 
moiety. 

The present study examines the interactions of tamox
ifen and several of its derivatives with calmodulin by 
means of molecular modeling techniques, in order to at
tempt to rationalize their binding behavior at the atomic 
level. We have examined a representative set of com
pounds that show maximal variation in substitution pat
tern and nature of side chain and for which calmodulin-
inhibitory data are available.14 We have also modeled the 
pyrrolidino analogue, for which there is as yet no data, and 
have predicted its likely activity. This approach has been 
made possible by the X-ray crystallographic analysis of 
calmodulin itself15,16 in its calcium-bound form. Several 
qualitative molecular modeling studies have been reported 
for calmodulin-drug complexes, especially of the pheno-
thiazene family,17,18 as well as NMR studies on such com-
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Table I. Molecular Mechanics Parameterization of Tamoxifen 
Analogues for AMBER (For the AMBER force field and definitions 
of symbols, see refs 22-24) 

CA-I 
CA-OS 
CT-NT 
H3-NT 

bond parameters 

K1 

450.000 
450.000 
367.000 
434.000 

% 
2.05000 
1.35500 
1.47100 
1.01000 

angle parameters 

K1 ««, 
CA-CA-I 70.000 120.000 
CA-CA-OS 70.000 124.000 
CT-CT-NT 80.000 111.200 
HC-CT-NT 35.000 109.500 
CT-NT-CT 35.000 109.500 
CA-OS-CT 100.000 110.800 
CA-OH-HO 100.000 110.800 
OH-CA-CA 70.000 124.800 

nonbonded parameters 

I 2.35000 0.40000 0.00000 

torsion parameters 
NTOR v/2 S y 

CA-CA-OS-CT ] 
CA-CA-OH-HO 1 
HO-OH-CA-CA ] 
CT-CT-NT-CT ] 
CT-NT-CT-HC ] 
HC-CT-NT-H3 ] 
CT-CT-NT-H3 1 

L 0.00000 
L 0.00000 
L 0.00000 
L 1.40000 
L 1.40000 
L 1.40000 
L 1.40000 

0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

3.000 
3.000 
3.000 
3.000 
3.000 
3.000 
3.000 

plexes.19'20 All calmodulin-binding drugs appear to have 
a hydrophobic surface in common,19,21 although the pro
peller shape of the triphenylbut-1-ene feature of tamoxifen 
suggests that it might have a distinct mode of binding. 

Methods 
Initial coordinates for calmodulin (in its calcium-bound 

form) and tamoxifen were obtained from their respective 
X-ray crystal structures as deposited in the Brookhaven 
and Cambridge databases. Atomic charges for tamoxifen 
and constructed analogues were calculated with the 
semiempirical molecular orbital program AMPAC29 assigning 
a net overall charge of +1 to all analogues. All molecular 
mechanics calculations were performed at the all-atom 
level using the program AMBER 3.I.22"24 
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Table II. Dihedral Angles (deg) and Final Steric Energies (kcal 
mol"1) for the Four Low-Energy Conformations of Tamoxifen26 

conformer 

1 
Im 
2 
2m 
crystal structure 

a 

47 
-45 
47 

-45 
50 

B 
66 

-63 
62 

-60 
64 

torsion angle0 

7 
72 

-71 
-118 

118 
-120 

S 

47 
-48 
49 

-49 
58 

energy 

-5.48 
-5.47 
-5.22 
-5.20 

"a = C8-C7-C17-C18, B = C8-C7-C1-C6, y = C7-C8-C9-C10, 
a = C7-C8-C11-C16. 

A distance-dependent dielectric constant with e = 4ri; 
was used to compensate for lack of explicit solvent and a 
9.5-A residue-based nonbonded cut-off was applied to the 
electrostatic and van der Waals interactions.25 All min
imizations were performed to an rms gradient < 0.1 kcal 
mol"1 A"1 allowing 100 cycles of steepest descent and then 
switching to conjugate gradient minimization. 

Additional parameters required for tamoxifen and its 
analogues were obtained by comparison with analogous 
existing parameters, and are given in Table I. 

All calculations were performed on an Alliant FX40/3 
computer. Graphical displays and interactive manipula
tion were performed using the molecular modeling pro
grams GEMINI30 and MMS31 running on a Silicon Graphics 
IRIS 3130 Workstation. 

A full minimization and conformational search study on 
trarw-tamoxifen26 using the molecular mechanics program 
MMP2(85) has resulted in the location of two discrete low-
energy conformations related by a 180° rotation about the 
ethyl group (conformers 1,2) together with (non-superim-
posable) mirror images (conformers lm, 2m) (Table II). 
The X-ray crystal structure of calmodulin15,16 has shown 
that there are two hydrophobic clefts, one in each half of 
the protein molecule which are thought to represent the 
sites of interaction with drug molecules. We postulated 
that there are two binding sites for tamoxifen on calmo
dulin by direct analogy with results obtained for trifluo
perazine-calmodulin binding in which it has been shown 
that two drug molecules bind to calmodulin.17 Docked 
interaction complexes between calmodulin and tamoxifen 
were constructed on the basis of this, by fitting the hy
drophobic portion of the drug into the grooves formed by 
the hydrophobic residues of calmodulin in such a way that 
the positively charged alkylamino side chain of the drug 
is in close proximity to negatively-charged acidic residues 
lining the hydrophobic pockets of the protein. 

A solvent-accessible surface27 was constructed for the 
calmodulin molecule and each of the four tamoxifen con
formers were docked into the proposed binding sites using 
interactive graphics. The docking procedure was repeated 
several times with a number of different possible initial 
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Table III. Energy Analysis for the Best Docked Models after Initial Drug Minimization (The energies here are after the second, 
constrained minimization) 

model 

Ia 
Ib 
Ic 
Id 

Ha 
lib 
Hc 
Hd 

conformer of drug 

1 
1 
1 
lm 

2 
Im 
Im 
2m 

•Etam 

33.3 
33.8 
36.7 
39.7 

34.4 
39.1 
42.4 
41.5 

-^pMt(Hm) 

0.4 
1.0 
3.8 
6.8 

0.7 
5.4 
8.7 
7.8 

E 
'-'cam 

Site I (C-terminus) 
5038.9 
5047.9 
5060.9 
5047.0 

Site II (N-terminus) 
4919.8 
4915.4 
4914.0 
4921.5 

•^pert(cam) 

-10.4 
-1.4 
11.6 
-2.3 

7.0 
2.6 
1.2 
8.7 

*, 

-6.5 
-9.9 
-8.4 

-10.6 

-5.0 
-6.4 
-4.9 
-6.3 

•^vdw 

-16.3 
-16.9 
-18.2 
-15.3 

-21.6 
-17.6 
-18.3 
-20.9 

A^binding 

-32.8 
-27.2 
-11.2 
-21.4 

-18.9 
-16.0 
-13.3 
-13.1 

orientations for each conformer in order to explore all likely 
binding geometries. This resulted in a total of twenty 
initial docked complexes, nine for the C-terminal site (of 
which there were three each for conformers 1 and 2, and 
two for conformer 2m and one for conformer lm), and 11 
for the N-terminal site (of which there were three models 
each for conformers 1, lm, and 2 and two models for con
former 2m). 

Each docked interaction complex was then subjected to 
a partial minimization allowing unrestrained movement 
for tamoxifen and holding the calmodulin molecule rigid, 
500-950 cycles being required for convergence. Interaction 
energies were calculated for the drug, protein, and 
drug/protein complex and the binding energy, ABbinding, 
obtained as follows: 

^ b i n d i n g = E, vdw + -Eq + -Epwt 

where £vdw and Eq are the van der Waals and electrostatic 
contributions to the interaction energy, and E1^n is the 
perturbation energy (i.e. the difference in energy between 
the ground-state conformation of the individual molecules 
and the intramolecular energy of the complex after bind
ing). 

On the basis of their binding energies and a visual in
spection of the minimized model the best eight models 
(four from each site) were subject to further minimization 
in which now only the protein backbone atoms were con
strained. For this constrained minimization the two do
mains were treated separately, allowing unrestrained 
movement in side chains of residues 75-147, for the C-
terminal, and the side chains of residues 1-80, for the 
N-terminal, 800-2900 cycles being required for conver
gence. Interaction and binding energies were calculated 
as before (Table III). These binding energies have no 
entropic component and are thus most correctly described 
as binding enthalpies. A calculation of the interaction 
energy between tamoxifen and each residue was performed 
for each model in order to deduce which residues were 
important in binding. A minimum interaction energy of 
ca. -1.0 kcal/mol was taken as a significant contribution. 
The components (electrostastic and van der Waals) of the 
interaction were also calculated. 

The molecular structures of several analogues of ta
moxifen were also examined. These modifications com
prised side-chains variants (diethylamino, piperazino, and 
pyrrolidino in place of dimethylamino), 4-substitutions 
(iodo and hydroxyl), and replacement of the ethyl sub-
stituent by methyl (Figure 1). These were constructed 
graphically and the four dihedral angles (a, /3, y, 5) (Table 
II) rotated to give low-energy conformers equivalent to 
those obtained for trans-tamoxifen. [In the case of the 
piperazino analogue, monoprotonation was assumed on one 
of the two ring nitrogen atoms, in accordance with the 
known monoprotonation of a piperazine ring at the pH of 
the calmodulin inhibition studies (pH 7.4).14] In all cases, 

X = H; Y = NMe2; Z = Et tamoxifen 
X = H; Y = NEt2; Z = Et /V./V-diethyl derivative 

X = H; Y = N NH; Z = Et piperazino derivative 

X = H; Y -o. Z = Et pyrrolidino derivative 

X = I; Y = NMe2; Z = Et 4-iodo derivative 
X = OH; Y = NMe2; Z = Et 4-hydroxy derivative 
X = H; Y = NMe2; Z = Me C-methyl derivative 

Figure 1. The molecular formulae of the tamoxifen derivatives 
examined in this study. The four conformational angles varied 
are indicated. 

monoprotonation of the basic side chain was assumed, in 
accordance with the pH of the calmodulin-inhibition 
studies (pH 7.4).14 For the piperazino analogue, two sit
uations were modeled: protonation at either the proximal 
or terminal nitrogen atom. In addition, a number of dif
ferent conformations for the piperazino ring for both 
protonated forms were explored in order to obtain the 
lowest ground-state energy. 

Each of the analogues in the appropriate conformation 
was substituted for tamoxifen in the four best calmodu
lin/tamoxifen complexes (i.e. two from each site describing 
different orientations). The new calmodulin/drug models 
were then partially minimized as before, allowing the drug 
unrestrained movement while keeping calmodulin fixed 
(300-1500 cycles being needed for convergence depending 
on the derivatives). The binding energies and residue 
interaction energies were calculated for each complex as 
previously described (Table IV, sections a-f). 

Results 
Tamoxifen. The drug-binding sites on calmodulin in 

the active Ca2+ bound form are characterized by a well-
defined groove in each domain. Figures 2a,b shows the 
solvent-accessible surface of the cleft in each domain. In 
addition to the large groove in the C-terminal domain, 
there is a small distinct cavity formed by the side chains 
of residues metl44 and metl45. The corresponding sec
ondary cavity in the N-terminus which would be formed 
by residues met71 and met72 is not, however, clearly de
fined. The hydrophobic patches are surrounded by acidic 
residues on the edges of the dumbbells and also by those 
residues clustered around the central helix. 

Molecular modeling has resulted in the prediction of a 
number of possible orientations for tamoxifen in each site, 
in which the charged side chain interacts either with the 
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Table IV. Energy Analysis for the Tamoxifen Analogues 
Model E drug E1 pert(drug) E. -'pert(cam) Ea -'vdw AE1 binding 

Ia 
Ib 
IIa 
lib 

Ia 
Ib 
Ha 
lib 

Ia 
Ib 
IIa 
lib 

Ia 
Ib 
IIa 
lib 

Ia 
Ib 
IIa 
lib 

Ia 
Ib 
IIa 
lib 

Ia 
Ib 
IIa 
lib 

38.6 
36.5 
36.0 
49.0 

47.5 
46.6 
46.7 
50.0 

52.9 
52.3 
51.9 
64.8 

34.6 
33.1 
33.8 
45.4 

34.1 
32.8 
32.8 
40.6 

37.2 
31.9 
31.6 
38.2 

46.5 
44.0 
43.8 
52.4 

2.7 
0.6 
0.1 

13.1 

(a) The iV^V-Diethyl Analogue 
5038.9 -10.4 
5047.9 -1.4 
4919.9 7.1 
4915.6 2.8 

-5.7 
-8.3 
-4.0 
-5.6 

(b) The Piperazino Analogue (Proximally Protonated) 
5.2 
4.3 
4.4 
7.7 

5038.9 -10.4 
5047.9 -1.4 
4919.9 7.1 
4915.6 2.8 

-5.7 
-9.4 
-3.9 
-«.9 

The Piperazino Analogue (Terminally Protonated) 
11.9 
11.3 
10.9 
23.8 

1.7 
0.2 
0.9 

12.5 

2.1 
0.8 
0.3 
8.6 

5.2 
-0.1 
-0.4 
6.0 

4.2 
1.7 
1.5 

10.1 

5038.9 -10.4 
5047.9 -1.4 
4919.9 7.1 
4915.6 2.8 

(c) The 4-Iodo Analogue 
5038.9 -10.4 
5047.9 -1.4 
4919.9 7.1 
4915.6 2.8 

(d) The 4-Hydroxy Analogue 
5038.9 -10.4 
5037.9 -1.4 
4919.9 7.1 
4915.6 2.8 

(e) The C-Methyl Analogue 
5038.9 -10.4 
5047.9 -1.4 
4919.9 7.1 
4915.6 2.8 

(f) The Pyrrolidino Analogue 
5038.9 -10.4 
5047.9 -1.4 
4919.9 7.1 
4915.6 2.8 

-6.2 
-11.8 
-5.0 

-10.6 

-5.7 
-9.1 
-4.0 
-5.0 

-5.8 
-9.6 
-4.3 
-6.6 

-5.6 
-9.3 
-3.8 
-5.9 

-5.5 
-9.2 
-3.8 
-6.5 

-16.4 
-16.1 
-19.7 
-16.2 

-17.3 
-18.3 
-19.4 
-21.6 

-16.2 
-18.2 
-19.4 
-20.8 

-17.5 
-17.3 
-19.9 
-16.2 

-16.7 
-18.5 
-19.8 
-18.3 

-13.7 
-15.9 
-17.7 
-18.8 

-16.5 
-18.0 
-19.2 
-19.9 

-29.8 
-25.2 
-16.5 
-5.9 

-28.2 
-24.8 
-16.1 
-13.5 

-21.1 
-20.0 
-10.7 
-0.5 

-31.9 
-27.6 
-15.9 
-5.9 

-30.8 
-28.7 
-16.7 
-13.5 

-24.5 
-26.7 
-14.8 
-15.9 

-28.2 
-26.9 
-18.7 
-9.2 

Table V. Torsion Angles of Tamoxifen Conformers in 
Drug-Bound Complexes after Minimization 

model 
Ia 
Ib 
IIa 
lib 

conformer 
1 
1 
2 
Im 

a 

26 
15 
40 

-30 

angle, 

0 
47 
50 
54 

-56 

deg 

7 
66 
64 

-119 
-40 

S 

38 
29 
32 

-39 

charged residues clustered around the helix or those at the 
periphery of the dumbbell. Table III details the final 
binding energies arising from these models after mini
mization. All of the four best models in the C-terminus 
site involve conformer 1 (or its mirror image). The best 
three of these have higher A2?binding than the N-terminal 
ones, with the differences being highly significant for the 
best two models Ia, Ib, compared to the rest. 

A general feature of all low-energy interaction models 
is that the ethyl group is well-embedded in the small 
subsidiary hydrophobic cavity, and with the phenyl rings 
fitting snugly into the groove formed by the hydrophobic 
residues. The positively charged alkylamino side chain is 
then positioned in such a way as to be able to interact with 
negatively charged residues surrounding the pocket. 

A comparison of the initial (Table II) and final (Table 
V) torsion angles for tamoxifen in the docked complexes 
shows an appreciable shift away from the optimum posi
tions for the drug alone. The shifts in angles shown by 
conformer 2 are not as noticeable as those for 1. Conformer 
2m, however, shows quite large shifts, especially for the y 
dihedral angle which has moved from an initial position 

away from the surface to a position in which it is able to 
interact favorably with hydrophobic residues in the binding 
site. The strong electrostatic and hydrophobic interactions 
in the bound complexes therefore overcome the effect of 
energetically unfavorable orientations of tamoxifen. This 
is then reflected in the size of the drug perturbation energy; 
when this is large (cf. model lib), the changes in confor
mation are greatest. The two best models from each do
main are described in further detail here. 

In the C-terminal domain, the binding site of model Ia 
has the hydrophobic part of the tamoxifen molecules in
teracting with the side chains of residues ile85, phe92, 
alal47, metl09, metl24, metl44, and metl45 (which con
stitute the hydrophobic pocket in calmodulin) (Figures 3 
and 4a). The charged side chain is oriented toward the 
a-helix linking the two domains of the dumbbell where it 
has interactions with glu82 and glu84. 

In model Ib (Figure 5) the tamoxifen molecule has swung 
round, allowing its side chain to interact with a number 
of different acidic residues on the edges of the dumbbell, 
i.e. glul20, glul23, glull4, glull9, and glul27. The elec
trostatic component of this interaction is more favorable 
than for model Ia. The ethyl group is still embedded in 
the small cavity, and the phenyl groups lie along the 
grooves of the pocket interacting with the side chains of 
residues phe92, metl09, metl24, metl44, and metl45. The 
calculated binding enthalpy for this model if significantly 
less than for model Ia, largely because of the latter's more 
favorable protein perturbation energy. 

In the N-terminal hydrophobic patch, the binding site 
of model IIa (Figures 6 and 4b) shows interactions of the 
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Figure 2. Solvent-accessible surfaces of the hydrophobic clefts in calmodulin (a, top) for the C-terminus domain, (b, bottom) for the 
N-terminus domain. 

Figure 3. Computer-drawn plot of the binding site of model Ia, showing the residues in contact with the tamoxifen molecule. 

hydrophobic groups of the drug with the residues phel2, 
phel9, phe68, leul8, leu39, val35, met36, and met72. The 
charged side chain of the drug interacts with glul l and 
glul4 which extend off the helix. This model (together 
with the other N-terminus models in Table III) all produce 
unfavorable protein perturbation energies, resulting in 
reduced A2Jbinding values compared to the C-terminus 
models. 

Model HB (Figure 7) again shows an alternative ar
rangement in which the charged side chain interacts with 
the acidic residues glu54, glu47, and asp50 on the edge of 
the dumbbell. The hydrophobic residues involved in the 
interaction are phel9, phe68, leu32, met36, metol, met71, 
met72, and lys75. In this case, however, in contrast to the 
C-terminal binding sites, the whole molecule has moved 
to a different location within the groove and the ethyl 
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Figure 4. Space-filling representations of two molecules of ta
moxifen bound to calmodulin, oriented to show (a, top) model 
Ia (C-terminus, bottom) and (b, bottom) model Ha (N-terminus, 
top). Tamoxifen is in yellow, the hydrophobic regions are in 
magenta, and the positively charged residues are in cyan. The 
figures were drawn with the MlDAS program (University of Cal
ifornia, San Francisco). 

Edwards et al. 

group now interacts with completely different residues. 
Tamoxifen Analogues. In each case, four models were 

examined, two each in the C- and N-termini. 
All analogue models in sites Ia, Ib, and Ha show con

sistent results on changing various groups on the original 
tamoxifen molecule. Apart from some variation in the 
position of the charged side chain, there was no appreciable 
movement in the minimized position of the hydrophobic 
portion of the drug analogues. 

There are a number of discrepancies for site Hb models 
compared to the original tamoxifen one, with minimization 
of the tamoxifen analogues showing varying shifts away 
from the original tamoxifen minimized position, indicating 
the involvement of unfavorable interactions. In view of 
this complication, we have restricted the comparison be
tween analogues in the N-terminal domain to models of 
type Ha. 

All analogues have calculated binding energies for the 
C-terminus domain that are significantly greater than for 
the N-terminus domain (Table IV, sections a-e). Contacts 
to residues are overall the same as those proposed for the 
tamoxifen models with some additional contacts being 
found in several cases. In model Ha for the iVyV-diethyl 
analogue there is interaction with met76, glu83, and asp80 
with the loss of the important interaction to glul4. This 
analogue has models Ia and Ib showing loss of interaction 
with residues metl24 and glul l9 , respectively. For the 
piperazino analogue models, in Ia there are no longer 
contacts to residues metl24, phe92, and glu82, and in 
model Ib g lu l l9 is no longer involved, but there are ad
ditional contacts to leull6 adn alal47. Model Ha no longer 
has interaction with lys75 but has instead a contact to 
met76. 

The proposed models for the C-methyl analogue show 
reduced interactions, largely as a result of replacing the 
C-ethyl by a methyl group, which has resulted in a decrease 
in van der Waals energy. Model Ib retains all contacts 
found for the tamoxifen model but model Ia has lost 
contacts to residues ile85 and metl24, while model l ib is 
missing contacts to residues val35, met36, and glul4; there 
are additional interactions to met76 and asp80. 

Contacts to residues in models Ia, Ib, and lib are the 
same for the pyrrolidine analogue as those observed for 
tamoxifen itself. There are additional contacts for model 
Ha, to Met76, Asp80, and Glu83. 

Analysis of the 4-iodo analogue was expected to produce 
increased binding energy due to the substitution at the 
4-position by a large hydrophobic group, iodine. This was 
not found, and binding energies obtained for these models 
are similar to that for tamoxifen, as indeed are the residue 
interactions. 

A significant decrease in binding affinity was to be ex
pected for the 4-hydroxyl derivative as a result of decreased 
hydrophobicity at the 4-position but the calculated binding 
energies do not reflect this. As with the iodo analogue, 
residues involved in the interaction are essentially the same 
as those predicted for the tamoxifen models. 

Table VI summarizes the calculated binding enthalpies 
for these analogues and compares them with the IC6O 
values for inhibition of the calmodulin-dependent cyclic 
AMP phosphodiesterase. None of the compounds gave any 
significant inhibition of the calmodulin-independent cyclic 
AMP phosphodiesterase activity when assayed at final 
concentrations of 10 and 20 ^M.14 The calculated A£biDding 

energies for the piperazino analogue models show signif
icantly different results depending on the protonation site. 
The proximally protonated analogue shows slightly re
duced A£binding values in all sites compared to tamoxifen 
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Figure 5. Computer-drawn plot of the binding site of model Ib, showing residues in contact with the drug. 

Figure 6. Plot of the binding site of model Ha. 

Figure 7. Plot of the binding site of model lib. 

Table Vl. Comparison of Binding Energies with IC60 Values for Inhibition of Calmodulin-Dependent cAMP-PDE, for the Tamoxifen 
Analogues" 

analogue 

tamoxifen 
AW-diethyl 
4-iodo 
4-hydroxy 
C-methyl 
pyrrolidine) 
piperazino (proximal protonation) 
piperazino (terminal protonation) 

Ia 
-32.8 
-29.8 
-31.9 
-30.8 
-24.5 
-28.2 
-28.2 
-21.1 

^binding ' 

Ib 
-27.2 
-25.2 
-27.6 
-28.7 
-26.7 
-26.9 
-24.8 
-20.0 

kcal/mol 
Ha 

-18.9 
-16.5 
-15.9 
-16.7 
-14.8 
-18.7 
-16.1 
-10.7 

lib 
-16.0 
-5.9 
-5.9 

-13.5 
-15.9 
-9.2 

-13.5 
-0.5 

IC60, nM 
(±SD for triplicate 

determinations) 
6.75 ± 1.06 
10.0 ± 1.2 
2.3 ± 0.42 
19.0 ± 2.85 
20.0 ± 2.0° 
6 

>50.0 
" McCague, R.; Rowlands, M. G. Personal communication. b Results not available. 

and in general lower values than those obtained from the 
pyrrolidino analogue; however, the terminally protonated 
analogue has greatly reduced A£bindin^energies, lower even 
than the C-methyl analogue, and reflecting its poor IC50 
assay value. Those for the iVJV-diethyl and C-methyl 
analogue are similarily reduced, although to a lesser extent. 

Two analogues show contradictory behavior, which does 
not fall into the overall pattern of results. The 4-hydroxyl 
has calculated A£binding values that are not significantly 
different from those of the parent compound, yet its IC50 
value is much higher, indicative of weaker binding. The 
^binding values for the 4-iodo derivative do not reflect, on 
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the other hand, its superior IC60 value. Experimental 
binding data is not as yet available for the pyrrolidine) 
analogue. Our results predict an IC50 value for it between 
that of tamoxifen itself and that for the Af,iV-diethyl 
analogue. 

Discussion 
The interaction models for tamoxifen with calmodulin, 

particularly for site I on the C-terminal domain, strongly 
suggest that the ethyl group of the drug is important for 
activity and indeed there is experimental evidence to show 
that if replaced by a methyl group there is significant loss 
of activity. This is further substantiated by the present 
molecular modeling results (Tables IV, section e, and VI). 

We have recently shown26 that tamoxifen itself has two 
distinct low-energy conformers, together with their mirror 
images. The two forms differ in the orientation of the ethyl 
group, and are approximately equi-energetic with two low 
barriers to rotation between them, of 4.3 and 2.0 kcal mol"1. 
The numerous crystal structures of tamoxifen and its 
analogues (for example, ref 28) all shown just one orien
tation of the ethyl group with a y value of ca. -120°. Our 
energy calculations26 on tamoxifen, with the finding of 
alternative equi-energetic conformations, suggested that 
all should be considered in binding to a macromolecular 
site. Tables III and V show that there is clearly one 
preferred orientation for the ethyl group of tamoxifen in 
its best calmodulin binding site (Ia), and that this is not 
that observed in the crystal structures of the free drug. 
This suggests that care should be taken when deriving 
structure-activity relationships for tamoxifen analogues 
based on their crystal-structure data. 

Examination of Tables II and V show that there are 
significant decreases in the four tamoxifen torsion angles 
a-6, of up to 20°, on going from in vacuo to the bound 
state. This flattening of the molecule is a consequence of 
its snug fit into the hydrophobic grooves in all models, with 
the hydrophobic surface contacts being optimal. These 
small changes are achieved with only a very small energy 
cost (Table III), which are more than compensated for by 
increased van der Waals energy contributions. 

Experimental evidence for effective inhibition has shown 
that the aminoethoxy side chain should not be too bulky 
and should be positively charged. Results obtained from 
molecular modeling with the piperazino, pyrrolidino, and 
N^V-diethyl analogues, all show the effect of these bulkier 
groups on the binding energy and furthermore show the 
importance of the electrostatic contribution to calmodulin 
antagonism. On this basis, we would not expect the N-
oxide analogue to have a low binding energy, the negatively 
charged polar oxygen atom would necessarily be in an 
acidic environment. This compound does have low ac
tivity.14 The results obtained with the two possible pro-
tonated sites on the piperazino analogue are consistent 
with terminal nitrogen protonation occurring in solution, 
and hence in the biological assay, which gives a lower 
binding affinity for this analogue. 

The importance of hydrophobic forces has been high
lighted by experimental findings that varying the hydro-

(28) Kuroda, R.; Cutbush, S.; Neidle, S.; Leung, O.-T. Structural 
studies on some tamoxifen derivatives. J. Med. Chem. 1985, 
28, 1497-1503. 

(29) Quantum Chemistry Program Exchange, No. 506, Department 
of Chemistry, Indiana University. 

(30) Beveridge, A., available from CRC Biomolecular Structure 
Unit, The Institute of Cancer Research, Sutton, Surrey SM2 
5NG, U.K. 

(31) Dempsey, S. D., Department of Chemistry, University of 
California, San Diego, La Jolla, CA 92096. 

phobicity for the 4-substituent has a profound effect on 
the IC60 value.14 Increased hydrophobicity of the sub-
stituent led to more effective inhibition by the drug 
molecule. This is a result which our modeling studies 
cannot satisfactorily explain, with the 4-iodo derivative 
showing no significant improvement in binding energy 
compared to tamoxifen and the 4-hydroxyl derivative 
showing no significant decrease. The cause of these failures 
may lie in our treatment of solvation. We have not in
cluded explicit solvent in our calculations for reasons of 
computational expense. However, it may be that for these 
4-substituted analogues the energies associated with de
rivation are significantly different. As desolvation of the 
hydroxyl group may be expected to be less favorable than 
for an iodo group, the inclusion of such a term would tend 
to correct our calculated values. We cannot also discount 
the fact that comparisons between calculated binding en
thalpies and IC60 values are semiquantitative at best, since 
there is no direct thermodynamic or other relation between 
these quantities. The assay for tamoxifen analogues is an 
indirect one. It measures calmodulin antagonism rather 
than direct calmodulin binding, and although it is a bio
chemically functional assay and therefore a relevant one, 
factors other than pure calmodulin binding cannot be 
discounted. The fact that tamoxifen and an analogue have 
both been shown to be competitive inhibitors of calmo-
dulin-stimulated phosphodiesterase activity8-14 by means 
of double-reciprocal plot analysis strongly suggests that 
the IC50 values given here are meaningful indications of 
relative binding abilities in the absence of more direct data. 
We conclude that the comparison between experiment and 
theory (Table VI) is qualitatively satisfactory, suggesting 
that the molecular modeling approach may be useful in 
the prediction of new taxoxifen analogues with enhanced 
affinity for calmodulin, apart for 4-substituted ones (Ed
wards et al., in preparation). 

The finding in this study that tamoxifen is predicted to 
bind significantly more strongly to the C-terminus hy
drophobic domain than to the N-terminus one is entirely 
consistent with recent findings of two classes of binding 
site for the drug13 with apparent dissociation constants of 
about 5 nM and 9 /tM even though there is as yet no direct 
evidence linking these two with our assignments. The 
affinity of trifluoperazine for the C-terminus has been 
reported to be at least 1 order of magnitude greater than 
for the N-terminus,19 again consistent with our modeling 
studies. 

There is as yet no detailed X-ray crystal structure of any 
drug-calmodulin complex. However, there is strong ex
perimental evidence that the model presented here is a 
reasonable one. The analysis of the native protein16 re
ported some soaking experiments with trifluoperazine; 
some electron density was seen in the region of the hy
drophobic clefts, but was too unclear to be fitted to the 
drug molecule. Comparative molecular modeling with this 
drug based on the crystal structure of troponin C17 has 
suggested that the hydrophobic rings of trifluoperazine fit 
into the grooves at the C-terminus formed by val91, vall08, 
leull2, metl09, phe92, metl44, metl45, and ala88, and at 
the N-terminus by val35, leu39, met36, leul8, met71, 
met72, phel9, and alal5. These correspond to sites Ia and 
Ha in the present study for tamoxifen. A combined NMR 
and molecular modeling study of the calmidazolium-cal-
modulin complex21 has highlighted the importance of 
residues phel2, phel9, and phe68 in the N-terminus and 
phe92, phe89, phel41, tyrl38, and tyr99 in the C-terminus. 
Again, bearing in mind the considerable structural diver
sity between this drug and tamoxifen, the binding sites are 



close to sites Ia and Ha here. 
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Quinoline Antifolate Thymidylate Synthase Inhibitors: Variation of the C2- and 
C4-Substituents 
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Modifications to the bicyclic ring system of the potent thymidylate synthase (TS) inhibitor N-[4-[iV-[(2-amino-
3,4-dmydro-4-oxo-6-qiimazolinyl)methyl]-iV-prop-2-ynylamino]benzoyl]-L-glutamic acid (1, CB3717) have led to the 
synthesis of a series of quinoline antifolates bearing a variety of substituents at the C2 and C4 positions. In general 
the synthetic route involved the coupling of the appropriate diethyl Ar-[4-(prop-2-ynylamino)benzoyl]-L-glutamate 
with a disubstituted 6-(bromomethyl)quinoline followed by deprotection using mild alkali. The compounds were 
tested as inhibitors of partially purified L1210 TS. As a measure of cytotoxicity, the compounds were tested for 
their inhibition of the growth of L1210 cells in culture. Good enzyme inhibition and cytotoxicity were found for 
compounds containing chloro, amino, or methyl substituents at the C2 position with chloro or bromo substituents 
at C4. The effect on enzyme inhibition of varying the NlO substituent of 2h was similar to that observed in the 
quinazolinone-containing antifolates, indicating that the quinoline compounds may be interacting with the enzyme 
in a similar way to the quinazolinones. Also, the introduction of a 2'-fluoro substituent into the benzoyl ring of 
several of the quinoline antifolates led to an increase in both TS inhibition and the inhibition of L1210 cell growth. 
These data demonstrate that the N3-H of the pyrimidine ring of the quinazolinone antifolates is not required for 
binding to TS if appropriate substituents are placed at the C2 and C4 positions of the bicyclic ring system. 

Introduction 
The 2-aminoquinazoline antifolate iV-[4-[iV-[(2-amino-

3,4-dihydro-4-oxo-6-quinazolinyl)methyl]-iV-prop-2-vnyl-
amino]benzoyl]-L-glutamic acid (CB3717, 1) is a potent 
inhibitor (K1 = 3 nM) of both murine and human thy
midylate synthase (TS, EC 2.1.1.45) and shows antitumor 
activity in some animal models.1"7 Phase I/II clinical 
studies with 1 demonstrated responses in patients, par
ticularly those with breast, ovarian, and liver cancer.8"14 

However, the compound caused unacceptable side effects, 
in particular, unpredictable liver and dose-limiting life-
threatening kidney toxicities. Studies indicated that at 
least the nephrotoxicity of the compound was due to the 
physicochemical properties of the compound, especially 
poor aqueous solubility, rather than an intrinsic property 
of antifolate based TS inhibitors.1516 

Several studies have been carried out in which the effects 
of modifications to various parts of 1 were investigated.17"28 

In particular, the consequences on in vitro TS inhibition 
and tumor cell growth inhibition of changing the C2-amino 
group of the bicycle have been reported.18"21,23 Replace
ment of this functional group of 1 with a hydrogen18,20,27 

or methyl19,21 substituent led to compounds with greater 
aqueous solubility, a lack of liver and kidney toxicity in 
mice, and enhanced efficacy as inhibitors of tumor cell 
growth in vitro. Subsequently a large number of com
pounds with a variety of C2 substituents have been syn
thesized and evaluated as novel cancer cell growth inhib
itors.23 The effects of modifications to the NlO substitu-

f ICI Pharmaceuticals. 
' Institute of Cancer Research. 

ent28 and the p-aminobenzoyl ring22,25,26 have also been 
studied. 
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