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SUMMARY

The crystal and molecular structures of estramustine and two of
its analogues have been determined by X-ray crystallographic
techniques (a total of three different compounds). The com-
pounds studied are estramustine [1,3,5(10)-estratriene-3,175-
diol-3-N,N-bis(2’-chloroeth te] and its monohydrate,
estromustine [17-oxo-1,3,5(10)-estratriene-3-yl-N,N-bis(2’ -chlo-
roethyl)carbamate], and 17-oxo-5-androsten-34-yi-N,N-bis(2’-
chioroethyl)carbamate. Three views of estramustine were ob-
tained from the study of its two crystal forms. The main structural
features found are as follows: (a) the geometries of the steroid
moieties are closely similar to those of the parent steroids, (b)
the bonds around the nitrogen atom of the nitrogen mustard
grouping lie approximately in a plane in each structure, (c) the
plane through the carbon atoms of the steroid A-ring lies ap-

proximately perpendicular to the plane through the carbamate
atoms in each structure, (d) the carbonyl C-O of the carbamate
points to the « side of the steroid moiety in each structure, and
(e) one chilorine atom of the mustard grouping makes a
close contact [3.13 A}, in each structure, to the nitrogen atom.
Hydrogen to the carbamate appears to occur from the
a side of the steroid; there is no hydrogen bonding to the nitrogen
atom of the carbamate group. These structural data provide
some steric explanations for the resistance of the carbamate to
enzymatic hydrolysis. The long in vivo half-life of the intact
estramustine molecule is a result of this stability. This is respon-
sible for the absence of alkylating ability and the propensity of
the drug to bind microtubule-associated proteins and express
an antimitotic mechanism of action.

Estramustine phosphate (Estracyt; Emcyt) was first synthe-
sized as a bis-2’-chloroethyl-substituted carbamate estradiol
conjugate in the mid-1960s (1) and has been used ever since,
with varying degrees of success, for the management of prostate
cancer (2-4). The prevalence of serum phosphatases in the
body ensures that the drug will be rapidly dephosphorylated in
humans (5). Estramustine and its oxidized metabolite estro-
mustine both possess long clinical half-lives (6), primarily
because of the stability of the bond between the carbonyl carbon
and the nitrogen of the mustard (7). Slow carbamate hydrolysis
does result in low circulating levels of 178-estradiol and estrone
(24, 8); however, the pharmacological properties of estramus-
tine have been found to be contingent upon the parent molecule
and independent of the putative alkylating and steroidal activ-
ities (9). The release of a nitrogen mustard would require either
esterase cleavage of the carbamate C-N bond followed by sub-
sequent decarboxylation or a proteolytic event, but neither of
these two activation steps has been demonstrated. Instead, the
parent drug has been shown to bind MAPs (high molecular
weight proteins that serve to stabilize microtubule networks in
interphase cells and mitotic spindles in dividing cells), and this

This study was supported in part by Grant CN-10M from the American Cancer
Society, Grants CA-10925, CA-06927, and DK-26546 from the National Institutes
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is the property primarily responsible for the cytotoxicity of
estramustine and estromustine (9-12).

Accumulation of the drug in the prostate is effected by
transient binding to the EMBP, which is evidenced in the
ventral prostate of rats and humans (13-16). The dissociation
constant (K,) for estramustine binding to EMBP is in the
nanomolar to micromolar range (17). This compares with a K,
value of 10-20 uM for the binding of the drug to target MAPs
(10-13). Steroids such as testosterone or androstenedione have
a low affinity for EMBP and do not bind to MAPs. Indeed, the
interaction of estramustine with cellular protein targets does
not appear to involve a steroid receptor (9). The reported
vesicular uptake of estramustine in cultured human prostate
cells, followed by the cytoskeletal and nuclear matrix binding
(17), is a function of noncovalent drug-protein interactions (9).

It was considered that a comparison of the three-dimensional
structures of estramustine and of some structurally related
compounds may lead to an empirical model of the molecular
basis for binding. Such a model might suggest which features
of estramustine should be modified in order to develop new
drugs with higher affinities for the target proteins. In order to
obtain geometric data on low energy conformations of these
flexible nitrogen mustard molecular structures, the following
nitrogen mustard steroid derivatives (formulae in Fig. 1) have

ABBREVIATIONS: MAP, microtubule-associated protein; EMBP, estramustine-binding protein.
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Fig. 1. Numbering system and structural formulae for the compounds
for which crystal structure determinations were described in this study,
la, Ib, I (estramustine), lll (estromustine), and IV.

been determined by single-crystal X-ray diffraction: 1,3,5(10)-
estratriene-3,178-diol-3-N,N-bis(2’-chloroethyl)carbamate
(estramustine) in an anhydrous form (I) and a hydrated form
(II), 17-0x0-1,3,6(10)-estratriene-3-yl-N,N-bis(2’-chloroethyl)
carbamate (estromustine) (III), and 17-0xo-5-androsten-38-yl-
N,N-bis(2’-chloroethyl)carbamate (IV). Relative binding affin-
ities for the rat EMBP are in the ratios I and I, 1.00; ITI 1.16
and; IV, 0.23 (15).

Materials and Methods

Crystal data, data collection, and data refinement details are given
in Table 1. In all cases the crystal structures were solved by use of
direct methods, with the computer program MULTAN (18). Scattering
factors were taken from International Tables for X-Ray Crystallography
(19).

X-ray diffraction data (molybdenum radiation) for compound I were
measured at a temperature of —120° on a Syntex/Nicolet/Siemens P3
diffractometer, with a variable w-20 scan rate of 1.01-58.6°/min, and a
26 range of 1.75-52°, to a maximum sin/\ value of 0.617 A~ This
yielded 5082 unique Bragg reflections, of which 2656 were observed
with I = 20(I). These were corrected for Lorentz and polarization
factors, and the absorption correction of Walker and Stuart (20) was
applied. Full-matrix least-squares refinement of compound I was car-
ried out with anisotropic thermal parameters for all 29 nonhydrogen
atoms in one molecule and 23 nonhydrogen atoms in the other molecule
(the molecule with disorder in the nitrogen mustard group). Isotropic
thermal parameters were used for the remaining nonhydrogen atoms
(in the nitrogen mustard group). The minimization function was
Tlw( | Fo | =F. | )’], where w = 1/d¢*(F,). All hydrogen atoms were
placed at idealized positions by use of the computer program CALCAT
(21) and by examination of the electron density map. The exceptions
to this were H(017) and H(017)’; their positions were calculated based
on the hydrogen bonds they form, as well as by an examination of the
electron density map.

X-ray diffraction data for compound II (molybdenum radiation)
were measured on a Syntex P3 diffractometer with a fixed scan, 3°/
min scan rate, and 26 range of 4-45°, to a maximum sinf/\ value of
0.538 A-'. This gave 2362 unique data, of which 1799 were observed
with F > 2¢(F). X-ray diffraction data (copper radiation) for III and
IV were measured on an Enraf-Nonius CAD4 diffractometer with a
variable (w-26) scan, 5-75°/min scan rate, and 26 range of 3-154°, to a
maximum sind/ value of 0.632 A~'. Of 2660 and 2889 unique diffraction
data, respectively, for III and IV, 2373 and 2592, respectively, were
considered observed by the criterion F > 20(F).

Lorentz and polarization corrections were applied, and normalized
structure factors were calculated. Hydrogen atoms (nine for II, nine
for III, and 25 for IV) were located from electron density difference
maps after the heavier (i.e., nonhydrogen) atoms had been refined to
convergence. Hydrogen atoms were placed in idealized positions (21)
when well resolved electron density corresponding to hydrogen posi-
tions of reasonable geometry were not observed. Structures I, ITI, and
IV were refined using a full-matrix least-squares technique for reflec-
tions with Fy,, > 20(F.). Hydrogen atoms were refined isotropically
and nonhydrogen atoms were refined anisotropically. Data reduction
and statistical evaluation of diffraction data and other calculations for
II, III, and IV were performed using standard computer programs (22,
23). Atomic positional and equivalent isotropic displacement parame-
ters for the four structures are listed in Tables 2-5.

Results

Four crystal structures, one of which contains two molecules
in the asymmetric unit, are reported here. Two of these crystal
structures are of estramustine itself, one a hydrated crystal and
the other an anhydrous crystal; there are two molecules in the
asymmetric unit of the anhydrous crystal. The nitrogen mus-
tard group is disordered in one of the two molecules in the
asymmetric unit of the anhydrous form. The other two crystal
structures that we report here are of an estramustine analogue
with the 17-hydroxyl group of estradiol converted to the car-
bonyl group of estrone (estromustine) and of an androgen
analogue with a carbonyl group in the 17-position. The for-
mulae of each are shown in Fig. 1. The observed conformations
of the five crystallographically independent molecules are illus-
trated in stereodiagrams in Fig. 2. These stereodiagrams show
the similarities in the overall shapes of the molecules, as well
as differences in the nitrogen mustard conformations. The

! Additional data are available from NAPS (c/o Microfiche Publications, PO
Box 3513, Grand Central Station, New York, NY 10163), (NAPS Document
04932).
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TABLE 1
Crystaliographic data for the nitrogen mustard steroids
| ] ] v
Formula C23H3,Cl.NOs C23H3,CLNO; - H.0 C23H26Cl.NO; C24H3sCILNO3
Formula weight 440.41 458.43 438.40 456.46
Growth conditions Methyl t-butylether 2:1 Acetone/H;0 2:1 Ethanol/H;0 2:1 Ethanol/H;0
or 1:1 methanol/
methyl acetate

Crystal size (mm) 0.40 x 0.28 x 0.08 0.63 x 0.14 x 0.05 0.40 x 0.20 % 0.05 0.70 x 0.70 x 0.20
Crystal system Orthorhombic Orthorhombic Orthohombic Orthorhombic
Space group P2,2,2, P2,2,2, P2,:2,2, P2,2,2,
Density (g/cm”) 1.30 1.32 1.34 1.26
Unit cell data

a(A) 21.278 (5) 13.977 (9) 8.021 (1) 12.071 (2)

b(A) 24.342 (5) 24.89 (1) 38.544 (5) 31.795 (6)

c(A) 8.7215 (17) 6.645 (4) 7.021 (1) 6.294 (1)
Volume (A%) 4517 2312 2171 2415
z 8 4 4 4
Diffractometer used Syntex P3 Syntex P3 Enraf-Nonius CAD4 Enraf-Nonius CAD4
Radiation (A, A) MoKa (0.71069) MoKa (0.71069) CuKa (1.54184) CuKa (1.54184)
F(000) 1872 976 928 976
Unique data K5082 2362 2600 2889
1>2q () 2656
F> 24 (FY 1799 2373 2592
R factor® 0.070 0.081 0.054 0.069
Weighted R factor® 0.063 0.107 0.062 0.079
Maximum residual density in final 0.23 0.73 0.31 0.49

difference map (6A~9)

Maximum shift/error in refinement 0.44 0.06 0.05 0.08

* Data used in caiculations.

®R = Tl Fol — | Fcll/3I Fol, weighted R = [Iw (Il Fol — | FAi/Sw(l Fol]*, where w is the weight of each observation and Fo and Fc are observed and calculated

structure factors, respectively.

structures of I, II, and III have been superimposed in Fig. 3,
which shows the results, in stereodiagrams, of superimposing
the carbamate group (Fig. 3a) and ring C (Fig. 3b). These
diagrams were the result of a least-squares fit (24). Because the
molecules are composed of three parts, steroid, carbamate, and
nitrogen mustard, these will be described separately.

Geometry of the steroid. The magnitudes of bond lengths
and angles in the steroid rings are similar to those observed in
the parent steroids (25-27). The fused ring system greatly limits
the flexibility of the steroids. The principal source of molecular
flexibility in estra-1,3,5(10)-triene structures lies in the B-ring,
which normally ranges between an 88-sofa and 7«,88-half-chair
conformation (25, 26). Examination of the asymmetry param-
eters (25), which are a quantitative measure of the deviation of
the rings from the symmetric form, shows that the B-rings of
the four crystallographically independent molecules of the es-
tra-1,3,5(10)-triene derivatives (Ia, Ib, II, and III) each have
a sofa conformation. The phenyl C(3)-0(3) distance varies from
1.41 to 1.44 A and the ether oxygen angle C(3)-0(3)-C(20) from
116 to 118°. The ipso angle at substitution [C(2)-C(3)-C(4)] is
121-124°, except in IV, where it is 110.7° because the A-ring is
saturated.

The observation that estramustine and estromustine have
similar cytotoxic properties and bind to target proteins with
about the same affinity suggests that both molecules adopt
similar conformations. In order to examine the influence of the
nitrogen mustard substituent on the conformation of the ste-
roid nucleus, a least-squares fit of the corresponding atoms in
II and the observed structure of estradiol hemihydrate (28) was
performed using the software of the PROPHET system (29).
The least-squares fit, illustrated in Fig. 4, demonstrates that
the A-, B-, C-, and D-rings of estramustine are similar in

conformation to those observed in estradiol. This implies that
the carbamate and nitrogen mustard groups have had little
effect on the conformation of the steroid. The fact that the
androgen derivative exhibits a lower affinity for rat EMBP
could be due to steric hindrance between the 19-methyl group
and an amino acid side chain in the binding site or the phenolic
ring forming a favorable interaction in the binding site. Because
the compound exhibits a K, in the nanomolar range and other
steroids possessing 19-methyl groups (testosterone and andro-
stenedione) exhibit K, values in the micromolar range, the
nitrogen mustard moiety must contribute significantly to the
protein-ligand association.

Geometry of the nitrogen mustard group. Although the
X-ray structure determinations demonstrate flexibility in the
nitrogen mustard group, all of the structures show some com-
mon features. The average geometry of the mustard group in
four observations, Ia, II, III, and IV (Ib is omitted because of
disorder), is given in Fig. 5. Values are compared with those
obtained from a search for the carbamate group in the Cam-
bridge Structural Database (27). In all cases the bonds around
the nitrogen atom lie in a plane. The torsion angles for this
group are listed in Table 6. In four of the five crystallographi-
cally independent determinations (Ia, II, III, and IV), seven
contiguous nonhydrogen atoms, C(3), O(3), C(20), 0(20),
N(20), C(21), and C(23), are coplanar with one another. The
root mean square deviations from this plane and the angle
between this plane and the plane of the A-ring in each steroid
structure are listed in Table 7; the average angle is 78(6)°. In
Ib, carbon atoms C(21) and C(23) are twisted out of the plane
in opposite directions in the disordered fragments Ib and Ib’.

Perhaps the most significant feature of the observed confor-
mations of the mustard groups is that in Ia, II, III, and IV
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TABLE 2

Atomic coordinates for compound |: fractional positional

parameters and equivalent isotropic atomic displacement
parameters for nonhydrogen atoms, with estimated standard

deviations in parentheses

TABLE 3

Atomic coordinates for compound Il: fractional positional
parameters and equivalent isotropic atomic displacement
parameters for nonhydrogen atoms, with estimated standard
deviations in parentheses

Atom Parameters Parameters
x/elo) y/blo) Z/clo) Uudo) x/e{o) y/blo) 2/clo) Udo)
A A

C22) 0.0584 (1) -0.7490(1) -0.2391(3) 0.138(2) c(1) 0.0387 (7) 0.2661 (4) 0.0048 (16) 0.05(1)
CK24) 0.1959 (1) -0.9707 (1) -0.1027(2) 0.092(1) C(2) 0.0247 (7) 0.2967 (4) -—0.1573(17) 0.05(1)
o) 0.0118(2) -0.8792(2) -0.1203(4) 0.069 (2) C(3) 0.0958 (8) 0.3312(4) -0.2197(15) 0.05(1)
o(17) -0.4821 (2) -0.9607 (2) 0.1004 (4) 0.073(2) C(4) 0.1806 (7) 0.3333(4) -0.1232(16) 0.04 (1)
0(20) 0.0408 (2) -0.9357(2) -0.3124(4) 0.067 (2) C(5) 0.1948(6) 0.3013(3) 0.0491 (14) 0.03 (1)
N(20) 0.1092(2) -0.8748(2) -0.2084(4) 0.054 (3) C(6) 0.2910(8) 0.3053 (4) 0.1591 (17) 0.05(1)
Cc(1) -0.1318(2) -0.9597(2) -0.0762(6) 0.061 (3) C(@) 0.2903(7) 0.2824 (3) 0.3638 (19) 0.06 (1)
C(2) -0.0695 (3) —0.9465(2) -—0.0742(7) 0.067 (4) C(8) 0.2402 (6) 0.2279 (3) 0.3623 (14) 0.04 (1)
C(3) -0.0516 (2) -—0.8974(2) -0.1336(7) 0.068 (4) C(9) 0.1349(6) 0.2357 (3) 0.3153(13) 0.03(1)
C(4) -0.0931(3) -0.8612(2) -—0.1953(6) 0.062 (4) C(10) 0.1244 (6) 0.2674 (3) 0.1213(14) 0.03 (1)
C(5) -0.1570(2) -0.8750(2) -0.1955(6) 0.056 (3) c(11) 0.0800(6) 0.1818 (4) 0.3121 (16) 0.05(1)
g((g; —ggg;g (g; —8.%2; (g) —8.26;(?) (g) gg;g (:) g((1 g) 0.0947 (7) 0.1495(4) 0.5069 (15) 0.05 (1)

-0.2694 (2) -0.8516(2) —0.2730(6) 0.067 (4) 13) 0.2012(6) 0.1422(3)  0.5533(15) 0.04 (1)
C(8) -0.2868 (2) -—0.8865(2) —0.1347(6) 0.049 (3) C(14) 0.2472(6) 0.1976 (3 0.5671 (14) 0.04 (1
C(9) -0.2471(2) -0.9394(2) -0.1378(6) 0.051 (3) C(15) 0.3437(7) 0.1874 24; 0.6526 217; 0.06 §1;
C(10) -0.1773(2) -0.9245(2) -0.1374(6) 0.056 (4) C(16) 0.3269 (7) 0.1398 (4) 0.8045 (14) 0.04 (1)
Cc(11) -0.2658 (2) -0.9799(2) -0.0122(7) 0.061 (4) c(17) 0.2238(6) 0.1211 (3) 0.7620 (15) 0.04 (1)
c(12) -0.3374 (2) -0.9912(2) -0.0065(6) 0.058 (4) C(18) 0.2482(7) 0.1056 (3) 0.3993(15) 0.05(1)
G  oase(ny —09028( 0133 0054® G2 00769 o4lme(9 -07376(15) 005(1)

-0. -0. -0. X 0769 ( 4188 (4) —0.7376 ( .05 (
C(15)  —04044 (2) —-0.8563(2) -0.1368(7) 0.063 (4) c(22) 0.1675(9) 0.4482(4) —0.7832(17) 0.06 (1)
C(16) —-0.4649 (2) -0.8830(2) —0.0686(7) 0.064(7) C(23) —0.0266 (7) 0.4858(3) —0.5553(15) 0.04 (1)
G  oser(d 0o O0180® 0060® G2  02570() o4wee(n oseer(n 0001
C(20) 0.0534 (3) —09003(2) —-0.2237(7) 0.058 (4) C24)  00890(3) 05741(1) —06141(7) 0.10(1)
g(é;) 81%8? 8; -8.%17 (g) —3.0222 ('9/) gggg (g) g((gO) 80329 (5) 0.4373(3) -—0.5504(11) 0.04(1)

) 1 -0.7752 (3) -—0.1687 (9) . 5) ) .0831(4) 0.3622(2) -—0.3953(10) 0.05 (1)
C(23) 0.1609 (2) -—-0.8928(2) -0.3080(7) 0.064 (4) o(17) 0.2097 (5) 0.0654 (2 0.7879 (10 0.05 (1
C(24) 0.2153(3) -0.9170(3) -0.2278(8) 0.085 (5) 0(20) 0.0005 25; 0.4246 23; -0.2215((10)) 0.05 21;
o3') -0.2417(2) -0.6149(2) -0.2362(4) 0.072(2) o(1W) 0.3513(5) 0.0190(2) 0.0301 (10) 0.06 (1)
o(17') -0.7130(2) -0.7918(2) -0.2751(4) 0.076 (2) U= (/325 Uyara a8
0(0")  -0.1998(2) -0.6323(2) -0.4703(4) 0.083 (3) = (1R)L2,Uja0e a8
N(20)’ -0.1409(2) -0.6015(2) —0.2734(6) 0.091 (3)

g;'; :gg;’:)g g; :8;331 g; :gg??,g % 8% 8; one chlorine atom makes a close contact of 3.11-3.24 A with
c@3) -0.3025(2) -0.6343(2) -0.2831(6) 0.057 (3) the nitrogen, as a result of two gauche twists in the chain
g((g:; ‘83??; g; -gg?g g; —g% g % ggg 8; connecting them. The Cl(22)-C(22)-C(21)-N(20) and C1(24)-
Ci6') —0.4641 @) —0.5735 @) —0.2843 ©) 0.063 @) C(24)-C(23)-N(20) torsion anglescmay be either gauche (£60°)
0(7') —0.5291 (2) —0.5944 (2) —-0.3363 (6) 0.057 (3) .(Ia, II, III, and IV) or trans (180 )(Ib, m, and IV), as shown
Cc(8’) —-0.5376 (2) -0.6545(2) —0.2872(5) 0.046 (3) in Table 6. The gauche conformation brings the Cl1(22) atom
g%),) -g:ggg g; —822357) g; -ggzg fg; ggg: 8; near O(3) and N(20), as shown in Table 8. In the four ordered

, = - - . structures, one chain of the nitrogen mustard has a gauche
g};; :ggggf g; :g;;}g% :8%8((-7’)) 8% g; twist that folds a chlorine atom back towards the carbonyl
c(13") —-0.6134(2) -0.7363(2) —-0.2789(6) 0.048 (3) group. The nonbonding distances between the C1(22) and O(3)
Cc(14’) -0.6033(2) -0.6761(2) -0.3266(6) 0.047 (3) are compared in Table 8. The electronegative chlorine atom is
C(15’)  -0.6622(2) -0.6470(2) -—0.2643(7) 0.065(4) probably seeking the electron-poor carbon of the carbonyl
ggg:; :gg:; g; :gsg;g g; :gg:g ((;)) gggg g; group. The second chloroethyl group is apparently flexible
c18") —0.6080 @) —0.7459 @ —-0.1057 ! 0.076 @) enough to be extended, as in II and III, or folded back, as in
C(20) -0.1948 (3) -0.6175(2) —0.3394(8)  0.065 (4) Ia. Certain features of the overall nitrogen mustard confor-
gi(éggg" -g:ggg 2:13; —gggg; g; 8:% 83 88;3 8; mation are remarkably similar in all five observations (see
Ci24A]  00120(2) —05808(1) —05324(3 0091(1)  Levle 6), considering the fact that the number of possible

_ _ conformations may be high. Because estramustine analogues
CK24B) 0.0251 (2) -0.6017 (2) -—0.4977(5) 0.055 (1) gt A .
C(21A)  -0.1407 (4) -0.5658 (4) —0.1259(11) 0.076(3)  With the chlorine replaced by hydroxyl are also active, analo-
C(21B) -0.1315(7) -0.6109(6) —0.1067 (18) 0.048 (4) gous N-..H-O interactions may occur. Thus, the chlorine is
C(22A)  -0.1322(5) —0.6046 (4) —0.0069 (14) 0.086 (3) not critical to the bioactivity of the compound but may act to
gggg; :85;38 22; :gg?g? g; :gggg ﬁ?; gggg g; stabilize the linkage.? This characteristic folding pattern may
C(23B) —0:0886 ) —0:5806 @ _0:3927 (20) 0:057 5) be relevant to the stability of the carbonyl-nitrogen linkage and
C(24A) —-0.0611(5) -0.5678(4) -—0.4274 (13) 0.081 (4) the concomitant lack of activation of the nitrogen mustard.
C(24B) -0.0299 (8) -0.6153(7) -0.3811(19) 0.062 (5)

*Usqg = (1/3)Z.Z,Uya/'as" -8, 8;.
®in this group of atoms, the A-atoms had fixed occupancies of 0.66 and the B-

atoms, 0.34. The U values for these are Us,.

2 B. Hartley-Asp, personal communication.
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TABLE 4

Atomic coordinates for compound lii: fractional positional
parameters and equivalent isotropic atomic displacement
parameters for nonhydrogen atoms, with estimated standard
deviations in parentheses
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TABLE S

Atomic coordinates for compound IV: fractional positional
parameters and equivalent isotropic atomic di

parameters for nonhydrogen atoms, with estimated standard
deviations in parentheses

Parameters Parameters
Atom Atom
x/e(o) y/blo) Z/clo) Udof x/a(o) y/blo) Z/clo) Usdo)
Iz I

C(1) 04772(5) 0.3905(1) -—0.3575(6) 0.043(1) c(1) 0.4591 (4) 0.4881 (1) 0.2173 (7) 0.057 (1)
C(2) 0.5554 (6) 0.4024 (1) -—0.5210(6) 0.046 (1) C(2) 0.4355 (4) 0.4427 (1) 0.1610 (7) 0.066 (2)
C(3) 0.7074(6) 0.3878(1) -—0.5698(6) 0.040(1) C@) 0.5215(4) 0.4144(1) 0.2607 (8) 0.059 (1)
C(4) 0.7771(5) 0.3618(1) -—0.4664(6) 0.039 (1) C(4) 0.5219(4) 0.4194 (1) 0.5006 (7) 0.054 (1)
C(5) 0.6993(5) 0.3499(1) -0.3005(6) 0.035(1) C(5) 0.5444 (3) 0.4649 (1) 0.5580 (6) 0.044 (1)
C(6) 0.7839(5) 0.3212(1) -—0.1893(6) 0.043(1) C(6) 0.6270 (3) 0.4747 (1) 0.6915 (7) 0.047 (1)
C(@) 0.7220 (5) 0.3183 (1) 0.0157 (6) 0.036 (1) C(7) 0.6557 (3) 0.5182 (1) 0.7559 (7) 0.048 (1)
C(8) 0.5306 (4) 0.3186(1) 0.0175(6) 0.031(1) C(8) 0.5641 (3) 0.5498 (1) 0.7096 (6) 0.042 (1)
C(9) 0.4680(5) 0.3543(1) -0.0528(6) 0.034 (1) C(9) 0.5178 (3) 0.5427 (1) 0.4845 (6) 0.044 (1)
C(10) 0.5469 (5) 0.3646(1) —0.2425(6) 0.034(1) C(10) 0.4685(3) 0.4977 (1) 0.4579 (6) 0.042 (1)
C(11) 02748 (5) 0.3562(1) -0.0500(6) 0.043(1) c(1) 0.4389 (4) 0.5781 (1) 0.4143 (7) 0.060 (1)
C(12) 0.2000 (5) 0.3465 (1) 0.1453(7) 0.045(1) C(12) 0.4831(5) 0.6224 (1) 0.4459 (8) 0.066 (2)
C(13) 0.2656 (5) 0.3109 (1) 0.2093 (6) 0.036 (1) C(13) 0.5196 (4) 0.6284 (1) 0.6768 (7) 0.055(1)
C(14) 0.4583(5) 0.3122(1) 0.2134(6) 0.034 (1) C(14) 0.6063 (3) 0.5946 (1) 0.7279 (7) 0.048 (1)
C(15) 0.5089 (5) 0.2802 (1) 0.3290 (6) 0.046 (1) C(15) 0.6582 (4) 0.6095 (1) 0.9387 (8) 0.062 (1)
C(16) 0.3777(6) 0.2800(1) 0.4899 (7) 0.052(1) C(16) 0.6640 (5) 0.6576 (1) 0.9073(10) 0.078 (2)
c(17) 0.2304 (6) 0.3001 (1) 0.4149(6) 0.047 (1) c(17) 0.5844 (5) 0.6674 (1) 0.7283 (9) 0.072 (2)
C(18) 0.1937(6) 0.2815(1) 0.0848 (8) 0.054 (1) C(18) 0.4190 (4) 0.6280 (1) 0.8303 (8) 0.068 (2)
C(20) 0.9218(6) 0.4202(1) -0.7160(6) 0.041(1) C(19) 0.3530 (3) 0.4940 (1) 0.5627 (8) 0.058 (1)
C(21) 0.9052(6) 0.4222(1) -1.0690(6) 0.045(1) C(20) 0.5583(4) 0.3514(1) 0.0703 (9) 0.068 (2)
C(22) 08015(7) 0.4504(1) -1.1546(7) 0.063(2) C(21) 0.4099 (6) 0.2977 (2) 0.0971 (11)  0.092 (2)
C(23) 1.1318(5) 0.4527 (1) -0.8852(6) 0.045(1) C(22) 03158 (6) 0.2979(3) -—0.0834(19) 0.142 (4)
C(24) 1.0844 (6) 0.4900(1) -0.8561(7) 0.056(2) C(23) 0.5876(6) 0.2839(2) -0.1008(14) 0.101(3)
CK22) 06395(2) 0.4634(1) -0.9929(3) 0.106(1) C(24) 0.5701(7) 0.2890(2) -0.3247(14) 0.111(3)
Ci24) 1.2624(2) 05174(1) -0.8738(2) 0.075(1) C22) 0.3076 (2) 0.3428 (1) -—0.2183(6) 0.155(1)
N(20) 0.9830(4) 0.4300(1) -—0.8882(5) 0.039(1) CK24) 0.6534 (2) 0.2504 (1) —0.4686 (4) 0.142 (1)
0O3) 0.7844 (4) 0.3992(1) -—0.7389(4) 0.046 (1) N(20) 0.5183(4) 0.3127 (1) 0.0237 (8) 0.075 (2)
o(17) 0.1038(5) 0.3059 (1) 0.5026 (6) 0.076 (1) 03) 0.4963(3) 0.3710(1) 0.2126 (6) 0.073 (1)
0(20) 09764 (5) 0.4280(1) -—0.5644(4) 0.061(1) o(17) 0.5768 (4) 0.7013 (1) 0.6385 (8) 0.111 (2)

0(20) 0.6426 (3) 0.3657 (1) —0.0084 (7) 0.087 (1)

Ve = (1/3)212[‘/1/3/'!;"81&/.

A search of the Cambridge Structural Database (27) showed
that chlorambucil (30), which is clinically active as a nitrogen
mustard, contains the same mustard grouping. This compound
also contains a phenyl group attached to the nitrogen of the
mustard group, so that in both estramustine and chlorambucil
the nitrogen is attached to an sp? carbon atom. However, each
N-CH,-CH-Cl group is extended (trans). In chlorambucil the
nitrogen mustard has alkylating activity, presumably because
an aziridine ring can be formed. In estramustine, on the other
hand, the presence of a carbonyl group adjacent to the nitrogen
mustard results in the nitrogen atom being part of an amide
group (rather than an aromatic amine, as in chlorambucil).
Therefore, an aziridine ring will probably not be formed in
estramustine, because the carbonyl oxygen rather than the
nitrogen would attract the -CH,-CH,* group [C(21)-C(22) or
C(23)-C(24)] if the chloride was a leaving group.

Geometry of the carbamate group. The planar carbamate
group contains three eclipsed 1,4 interactions. The C(3)-0(3)-
C(20) == O(20) group is cis (average torsion angle, 2°) (Table
6) in each case. The cis relation of one 0(20) = C(20)-N(20)-
C(23) group with an average nonbonded distance between
0(20)- - -C(23) of 2.74(2) A opens the 0(20)-C(20)-N(20) angle
to 124.1(6)°. The C(20)-N(20)-C(21) angle opens up to
123.9(6)°, with an O(3)- - - C(21) nonbonded distance of 2.66(1)
A. The C(20)-N(20) distance in the carbamate 0(20) = C(20)-
N(20) group is considerably shorter (1.35 A) than that of the
C(21 or 23)-N(20) distances involving the chloromethyl groups

*Us = (13)Z.Z,Uya/"a;" -a,8;.

(1.45-1.45 A). This indicates some double-bond character to
this bond, as in peptide groups (31), which may account for the
planarity of the carbamate group. Average distances and angles
from this study are compared, in Fig. 5, with those from the
Cambridge Structural Database. The agreement is within ex-
pected errors.

The phenyl -O(3)-C(3) torsion angles vary from 65° and 84°
for I and IT to 106-107° for III and IV. If the four molecules
are docked on top of each other via the carbamate N(20)-C(20)-
0(20)-0(3) group, then C(3) of the steroid and the first carbon
in each -CH;-CH,Cl group lie in that same plane. The steroid
lies with its ring system in a plane roughly perpendicular to
that of the carbamate groups, with the methyl groups on the 8
side pointing away from the direction of the carbamate carbonyl
group.

Slight variation is seen in the orientation of the steroid ring
system with respect to the carbamate group. The carbamate
group forms a hydrogen bond to O(17) of another molecule (Ia
and Ib) or a water molecule (II) (see Table 9). There is no
water or hydroxyl to form this bond in molecules ITI or IV.

Discussion

Conjugates of steroids and nitrogen mustards are generally
designed to deliver the cytotoxic alkylating function to a tumor
cell population that expresses significant levels of the particular
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determinations.

Fig. 3. Stereo diagrams of least-squares fits of the carbamate group (a)
and the C-rings of la, Ib, Il (—) and lll (- - -) (b). In a (right), the upper
molecules are la and Ib and the central molecule is Il

(b)

e =

Fig. 4. Stereo diagram of a least-squares fit of ring A (a) and ring C (b)
for la (—) and estradiol hemihydrate (28) (- - -).

steroid receptor. This achieves a preferential delivery and in-
corporation of the active drug species. Drugs such as predni-
mustine (prednisolone ester of chlorambucil) exemplify this
design. Unlike estramustine, prednimustine has an ester link-

Fig. 2. Stereo diagrams of la, Ib, i, lll, and IV, from the crystal structure

CI'CHZ-CHQ 1.21 O
\45 ‘«7
1.46
N C
1.35
/45 13 1.37 1.40
1.47 35 1.4 .
CI-CH,-CHy (o) C-steroid
CI-CH»-CH, 0
\ 119 126 /
119 125
119 24
19 N———C :24
121 110
/ 121 110 \ns
17
CI-CH,-CH3 (o) C-steroid

Fig. 5. Average geometry of carbamate group in la, I, lll, and IV (lower
values), compared with values obtained by a search of the Cambridge
Structural Database (27) (upper values).

age, which is readily hydrolyzed by serum esterases. The pres-
ence of the carbamate in estramustine significantly changes
the properties of the drug, creating a biological half-life in
humans of >16 hr (6). In so doing, this stabilization has
produced a drug with an unpredicted and unexpected antimi-
crotubule mechanism of action. An overview of the structures
of many antimitotic drugs shows that an aminocarboxyalkyl
group occurs in many of them. By a series of chemical substi-
tution studies, Gupta (32) was able to show that the antimicro-
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TABLE 6
Torsion angles for the nitrogen mustard group in compounds I-1V
Torsion angles
la (AP 1By’ 1 " v
e B R T R R
O(3)-C(20)-N(20)-C(21) 0.5° -20.8° 30.1° 0.6° 5.6° 9.2°
------ C(23) 1 78.6: -1 62.6: -1 57.7: 173.0: -1 79‘9: -1 69.0:
N Caycae e e s e - e
N(20)-C(21)-C(22)-C22) 68.7° 176.0° -178.8° 61.0° -57.0° —48.6°
- - - C(23)-C(24)-C(24) 52.9° -176.6° 177.0° 90.3° -174.9° -177.1°
* Disordered nitrogen mustard group indicated by Ib(A) and Ib(B).
TABLE 7 drugs have aliphatic or aromatic ring substituents of varying
m m ‘::o ;.lano oc;t t't‘:(.:ll, 3::), C(20), O(wzg'); :(oztm’ C(21), degrees of complexity (33), indicating that binding avidity may
a ne -ring, together mean be determined not only by hydrogen bonding but also by
Squars deviations from the piane hydrophobic interactions. These properties would be consistent
Wm mmmw with the noncovalent reversible effects of estramustine on the
1 cytoskeletons of cells in culture (9). Substituents that alter the
Ia 7320 0.04 planarity and/or hydrophobicity of the ring structures can
Ib 53.8° 0.17 influence the binding constant of the drug for the target protein.
n 78.7° 0.04 The steroid ring of estramustine provides the hydrophobicity
n 72.5° 0.02 that contributes to overall binding avidity. The antimitotic
v 88.7 008 properties of diethylstilbesterol (34), although certainly not the
primary pharmacological property of this agent, also indicate
TABLE 8 the possible role of the planar hydrophobic steroid nucleus in
Intramolecular " L chiorine atoms of determining binding to microtubule structures.
the nitrogen mustard gmgp’ 0(3), and N(20) With these structure-activity relationships in mind, crystal
pranorm—— and molecular structures have been determined for three com-
pounds (five independent observations) in which a nitrogen
O2)-- -0l Oz --0F) CR4)---0f GR2)---N20) OR4)--M2)  gtard is linked to a steroid nucleus by a carbamate bridge.
A The nitrogen mustard substituent had little effect on the overall
::( AP gg? 23 %tg))’ ggl &g)) igg 8’ g;g 37)) conformation of the steroid nucleus. Only three conformations
IbB) 670  449(1) 6.13(f) 398() 4.04(f) were observed for the nitrogen mustard side chains; they were
n 4.09 338(g) 547(9) 3.15(9) 3.52(9) characterized by close Cl-Cl and Cl-N contacts, suggesting
n 548 326(g) 6.03() 3.13(9) 4.05() energetically favorable interactions between these atoms in
v 534 364(9) 606( 311(9) 40209 these structures. This favorable CI-N interaction may be im-
+9. gauche; t, trans for the N-C-C-Cl torsion angle (see Table 6). portant for the inherent stability of the parent drug. It is
) possible that the electronegativity of the Cl has an impact on
the accessibility of the carbamate-ester linkage to hydrolytic
enzymes.
CHz The structural information obtained from this investigation,
\ £ diagrammed in Fig. 6, indicates that the carbamate group, all
/"Qc/o— carbon atoms bonded directly to nitrogen of the mustard group,
Che I and C(3) of the steroid lie in a plane. The steroid ring system
\ ; in each case is approximately perpendicular to this carbamate
/C"z : plane. The carbonyl group of the carbamate group points to
o i the « side of the steroid. Because this carbamate group has
(o]

N-mustard carbamate steroid
Fig. 6. Diagram of features of the molecular structure of estramustine,

showing intermolecular interactions that may be significant in its binding
in vivo.

tubule properties of nocodazole and other benzimidazole car-
bamates were diminished or abolished if the aminocarboxyalkyl
group was altered. Many other antimicrotubule agents have
this motif in their structure, including the simplest, isopropyl-
N-phenylcarbamate. Furthermore, virtually all antimicrotubule

converted the mustard nitrogen atom from an amine to an
amide, it is not surprising that the compound does not behave
as an alkylating agent. There is a weak interaction between
one CH,-CH;-Cl group and the nitrogen and/or carbonyl group,
possibly resulting from the charge distributions in the two
groups.

The carbamate group, with a short C-N bond analogous to
that in peptides, is planar and unlikely to form an aziridine
ring. This may explain the lack of alkylating activity in estra-
mustine. It is interesting, in this context, to note that many of
the antimitotic agents that are natural products (e.g.,dolastatin
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TABLE 9
Hydrogen bonding in estramustine crystals
Diagram is in deposited material.
H bond donor H bond acceptor 0- .. .0 distance 0- - . -0 distance
A i
la 017-HO17--. .. 020 -Y2—-x,-2-y,z+ V2 2915 1.95
Ib 017’-HO17-.... 020’ x=Y2, =12 -y, -z-1 2.902 1.90
L} O17-H17B.-. .- oW xy,1+z 2.800 1.75
O1W-H1IW..... o178 Va+x,-y,z-% 2.841 1.82
ow*..... 019 Va+x,Yo—y, -2 2.819
* Hydrogen atom not located.

10) (35) are short peptides and thereby show similarities to the
carbamate bonding in estramustine.

The geometry of intermolecular interactions appears con-
sistent for all five structures studied, in that the carbamate
carbonyl group forms a hydrogen bond to the a side of the
molecule. The nitrogen atom of the carbamate group is not
involved in hydrogen bonding. This provides a model, shown
in Fig. 6, for the molecular basis of the binding of estramustine
to its intracellular targets. The structural characterization of
the estramustine molecules has offered insight into those fea-
tures of the drug responsible for its noncovalent binding to
MAPs. It should be possible to extrapolate the present findings
to other steroid-alkylating agent complexes and to other antim-
itotic drugs that have an aminocarboxyalkyl group as an inte-
gral part of their structure.
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