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Abstract: In a continuing effort to determine a relationship between the biological function and the electronic
properties of steroidal and nonsteroidal estrogens by analysis of the submolecular properties, an
experimental charge density study has been pursued on the nonsteroidal phytoestrogen, genistein. X-ray
diffraction data were obtained using a Rigaku R-Axis Rapid high-power rotating anode diffractometer with
a curved image plate detector at 20(1) K. The total electron density was modeled using the Hansen—
Coppens multipole model. Genistein packs in puckered sheets characterized by intra- and intermolecular
hydrogen bonds while weaker intermolecular hydrogen bonds (O-:--H—C) exist between the sheets. A
topological analysis of the electron density of genistein was then completed to characterize all covalent
bonds, three O:-*H—0 and four O---H—C intermolecular hydrogen bonds. Two O---H—0O hydrogen bonds
are incipient (partially covalent) type bonds, while the other O--+H—0 hydrogen bond and O-:-H—C hydrogen
bonds are of the pure closed-shell interaction type. In addition, two intermolecular H---H interactions have
also been characterized from the topology of the electron density. The binding of genistein to the estrogen
receptor is discussed in terms of the electrostatic potential derived from the electron density distribution.

1. Introduction

Phytoestrogens are plant products with estrogen-like activity.
Recently, a significant amount of research has been initiated
on these compounds because of their potential health benefits
ranging from treatment of cardiovascular diseases to hormone-
dependent breast cancer.

One phytoestrogen that has generated interest is gemsteln,:,gure 1. Representation of the genistein molecile.

(Figure 1). The interest in this molecule, like other phytoestro-

gens, stems from the potential health benefits that it might treatment were first surmised by Lee ef&ivhen they found
provide3 Based on recent reports, genistein may have positive lower incidences of breast cancer in Asian women in comparison
health benefits in estrogen-related problems such as menopaust American women. Since Asian women traditionally have a
and osteoporosis,® amyloid diseases,cardiovascular dis-  diet rich in soy products, and genistein is present in many of
eases;® and even breast cané&t! where genistein has been these products, it was suggested that genistein might manifest
found to inhibit certain pathways necessary for tumor growth. some anticancer properties.

The potential positive benefits of genistein for breast cancer  Furthermore, there has been additional discussion about the
antiestrogenic properties of genistein in the last several years.
(1) Cos, P.; De Bruyne, T.; Apers, S.; Berghe, D. V.; Pieters, L.; Vlietinck, A.  Does genistein hinder or promote breast cancer cell growth?

J. Planta Med.2003 69, 589. . . .
(2) Stafford, H. A.Flavonoid MetabolismCRC Press: Boca Raton, Fl, 1990. Several studies seemed to point to both conclusions. The

(3) Dixon, R. A.; Ferreira, DPhytochemistr}2002 60, 205. _ experimental evidence, from a number of recent studies, suggests
(4) Beck, V.; Rohr, U.; Jungbauer, Al. Steroid Biochem. Mol. BioR005 L K .
94, 499. that genistein has a biphasic effect on the growth of the breast

(5) Morabito, N.; Crisafulli, A.; Vergara, C.; Gaudio, A.; Lasco, A.; Frisina, i i i
N DA, R Conrado, F. Diooiao. . A Cncotia. Mo Aavilla Do cancer cell dependlnglo.n.the concerjtratlon or dose of gen’:étleln.
lentile, R.; Squadrito, FJ. Bone Miner. Res2002, 17, 1904. We have recently initiated studies to develop correlations

(6) Crisafulli, A.; Altavilla, D.; Squadrito, G.; Romeo, A.; Adamo, E. B i H i
Marini, R.; Inferrera, M. A.; Marini, H.; Bitto, A.; D’Anna, R.; Corrado, between the electronic properties of (?OIT?pOUf_]dS that hinder or
F.; Bartolone, S.; Frisina, N.; Squadrito,JFClin. Endocrinol. Metah2004 promote breast cancer growth and their biological functi@ns.
89, 188. ; ; .

(7) Green. N. S.: Foss, T. R.: Kelly, J. WNAS2005 102, 14545, It has been previously suggest&&that the variance of activity

(8) Hwang, J.-T.; Park, 1.-.; Shin, J.-I.; Lee, Y. K,; Lee, S. K.; Baik, H. W.;

Ha, J.; Park, O. Biochem. Biophys. Res. Comm@005 338, 694. (12) Zhurova, E. A.; Matta, C. F.; Wu, N.; Zhurov, V. V.; Pinkerton, A. A.
(9) Szkudelska, K.; Nogowski, L.; Szkudelski, J. Steroid Biochem. Mol. Am. Chem. SoQ006 128 8849.
Biol. 200Q 75, 265. (13) Parrish, D. A.; Zhurova, E. A.; Kirschbaum, K.; Pinkerton, A.JAPhys.
(10) Lee, H. P.; Gourley, L.; Duffy, S. W.; Esteve, J.; Lee, J.; Day, N.dhcet Chem. B2006 110 26442.
1991 337, 1197. (14) VanderKuur, J. A.; Hafner, M. S.; Christman, J. K.; Brooks, S. C.
(11) Matsumura, A.; Ghosh, A.; Pope, G. S.; Darbre, PJ.[5teroid Biochem. Biochemistryl993 32, 7016.
Mol. Biol. 2005 94, 431. (15) VanderKuur, J. A.; Wiese, T.; Brooks, S. Biochemistryl993 32, 7002.

10.1021/ja075211j CCC: $37.00 © 2007 American Chemical Society J. AM. CHEM. SOC. 2007, 129, 15013—15021 = 15013
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(promoting or hindering breast cancer growth) between these H(3)
compounds is the result of alterations in the molecular electro-
static potential generated by small differences in the molecular o)
structure. The differences generated by different interactions of
the phenolic oxygen and the electrons of the aromatic rings
in steroidal and nonsteroidal estrogens may determine whether
a compound will hinder or promote breast cancer. Recently,
Brooks and Skafaf have suggested, through a number of
molecular models of agonistic and antagonistic ligands com-
plexed with the estrogen receptor, that small changes in the ™
molecular conformations of the ligand may lead to altered
conformations in the estrogen receptor and therefore lead to a ~ H™ H(8)
modification in gene transcription and biological activity. It was Figure 2. ORTEP drawing of genistein at 20 K showing thermal probability
also observed that the H12 region of the estrogen rec:ep,[orelllpsmds at the 90% probability level for the non-hydrogen atoms
complexed with 4-hydroxy-estratriene{3-6l was not able to
clamp down over the ligand binding cavityThis may prevent
co-activators from binding to this complex and, thus, engender
a decrease in gene transcription. Accordingly, a number of
studies focused on _St?,midal gnd nonsteroidal 95”099”‘0 rnOI"[he VIIPP progran®*?> which uses oval integration boxes extended
ecule§ have been |n|t!ated In our grqup to experlmentally along the radial directions according to the-a. splitting. Reflections
examine the hypothesis that the details of the electrostatic i jntensities below &(1) were deemed unobservable and rejected.
potential may determine whether a compound will hinder or The program SORTA% was used to sort and average reflections and
promote breast cancé&t!3 to determine outliers. Less than 1.5% of the total number of reflections
Genistein has been chosen for charge density analysis forwere considered extreme outliers and removed. The absorption was
several chemical and crystallographic reasons. Because of itsconsidered negligiblg«(= 0.12 mnt?), and the data were scaled (max.
recent interest to the medical field, especially in the area of 2.5%) and averaged in tremmpoint group. Data reduction statistics
breast cancer research, a charge density analysis will provideand crystallographic parameters are summarized.
significant insight into the properties of the molecule as the total
electron density distribution defines all the molecular properties
in the ground staté’ including the electrostatic potential. This The genistein crystal structure has been redetermined with
analysis should lead to a better understanding of how the yhe nrogram SHELXTI28 and the results are in good agreement
genistein molecule approaches and binds to the estrogen receptqfith the previous repof® All hydrogens were found from a

thus adding another element to the larger study of breast cancekq,rier difference map. An ORTEP drawing of the genistein
related compounds using charge density measurerielits. molecule is shown in Figure 2.

Genistein is also commercially available, and the crystallization The electron densitv analvsis was based on the Hansen

methods have been documentdn addition, the genistein c ltiool 3:1@ Y XD First. th dinat

molecule is a small, nonsteroidal estrogen-like compound that oppens Multipole modeiusing AD- FIrst, the coordinates
and atomic displacement parameters for the non-hydrogen atoms

crystallizes in a centrosymmetric space group allowing us to . I 1
obtain a more reliable model for the electron density distribution were refined with high angle data_ (st - 0.7 A1), whereas .
those for the hydrogens were refined using low angle data (sin

and, hence, the electrostatic potential than for most naturally B A
0/IA < 0.7 A Y. The C-H and O-H distances were then

occurring estrogens. _
extended to the appropriate average bond lengtihs{& 1.083
2. Experimental Details A, OH = 0.967 A) as obtained from neutron diffraction data.
A local atomic coordinate system similar to the one used for

0(4')
0(4)

H(4'A)

o

in order to provide an accurate image to image scaling. The exposure
time of each frame was 300 s, and the entire measurement was
completed in less than 2 days.

The reflections were indexed using HKL2080hen integrated with

3. Refinements

Colorless crystals of genistein were prepared as previously de-
scribed!® A crystal (0.26x 0.24 x 0.11 mn3) was glued to a 0.10

mm glass capillary with epoxy resin, mounted on a Rigaku R-Axis (23) %;V;nggvglgb % Minor, W.Methods Enzymol. Macromol. Cryst. Part A
Rapid rotating anode (Mo &) diffractometer, and cooled to 20(1) (24) Zhurov, V. V.. Zhurova, E. A.; Chen, Y.-S.; Pinkerton, A. A. Appl.

K 19-21 Crystallogr. 2005 38, 827.
Intensity data were collected in three different runs for- 080 in (25) Zhurova, E. A.; Zhurov, V. V.; Tanaka, #cta Crystallogr-1999 B55

w in 4° steps, ay = 26.8, ¢ = —16.2; y = 16.£4, ¢ = —16.2; and (26) Blessing, R. HCryst. Re.. 1987, 1, 3.
(27)

- — 22 fi Space grougPbca a = 6.8384(1) Ab = 14.4900(2) Ac = 23.5088(4)
x = 0.0°, ¢ = 90.0°.22 Three similar runs offset by’An w were taken A7 8 T=20(1) K.J = 0.710 73 A, (Snfl) o = 1.33 A, total
integrated reflections= 198 896, unique reflectionss 15 481, unique

(16) Brooks, S. C.; Skafar, D. Steroids2004 69, 401. reflections included in refinements ¢ 30(I) measured more than twice)
(17) Hohenberg, P.; Kohn, WRhys. Re. 1964 136 B864. = 5373, average redundansy12.7,Ri (I > 30(l)) = 0.0189, number of
(18) Breton, M.; Precigoux, G.; Courseille, C.; Hospital, Atta Crystallogr. parameters= 826,R(F?)(spherical)= 0.0555wWRx(F?)(sphericaly= 0.0949,
1975 B31, 921. R(F)(multipole)= 0.0146,R(F?)(multipole)= 0.0175wRx(F?)(multipole)
(19) Hardie, M. J.; Kirschbaum, K.; Martin, A.; Pinkerton, A. A. Appl. = 0.0323, GOF= 1.02, residual electron density —0.090/0.095 e A3,
Crystallogr. 1998 31, 815. (28) Sheldrick, G. MSHELXTL, v. 6.14; University of Gttingen: Germany,
(20) Ribaud, L.; Wu, G.; Zhang, Y.; Coppens, R.Appl. Crystallogr.2001, 2000.
34, 76. (29) Hansen, N. K.; Coppens, Rcta Crystallogr.1978 A34, 909.
(21) Kirschbaum, K.; Martin, A.; Parrish, D. A.; Pinkerton, A. A. Phys.: (30) Koritsanszky, T.; Howard, S. T.; Richter, T.; Macchi, P.; Volkov, A.; Gatti,
Condens. Matted 999 11, 4483. C.; Mallinson, P. R.; Farrugia, L. J.; Su, Z.; Hansen, NXK: A Computer
(22) The first two runs were chosen to §&° away from thec axis to minimize Program Package for Multipole Refinement and Analysis of Electron
reflection overlap and multiple scattering. The third run was at a random Densities from Diffraction DataUniversity of Berlin: Germany, 2003.
setting to complete the data set, but many reflections were rejected due to (31) Allen, F. H.; Kennard, O.; Watson, D. G.; Brammer, L.; Orpen, A. G.;
unresolved overlap. Taylor, R.J. Chem. Soc., Perkin Trans.1®87, S1.
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(a) (b)

Figure 3. Crystal packing diagram of genistein viewed (a) downakexis of the unit cell and (b) down theaxis of the unit cell, showing the hydrogen-
bonded puckered layers. Oxygen atoms are red, carbon atoms are light gray, and hydrogens are dark gray.

charge density studies of steroidal estrogens wasdseitdally, the previously reported study,with the A and C rings and
the number of refined parameters was reduced by using chemicatheir substituents coplanar and the aromatic B ring twisted by
constraints and refining only the “most important” multipotés.  53.8 with respect to A and C. We note that the distance between
For the full multipole refinement, oxygen and carbon atoms were the two hydroxyl oxygens on opposite sides of genistein in the
treated up to the hexadecapole level, and the hydrogens, to theerystalline state, O(7) and Of4is 11.9823(8)A. As shown
quadrupole level (sid/A < 1.0 A1), The scale factor was  beforel236.37 the intramolecular distance between the two
refined over all data. All constraints were released progressively, hydroxyl oxygens of estrogens that readily interact with the
and the final model was unconstrained. estrogen receptor range from10 to 12 A, therefore, the
Different contraction and expansion parameterarfd«')2° genistein molecule should enter the estrogen receptor and bind
were assigned to groups of atoms based on their atom type,in the ligand binding cavity without hindrance.
hybridization, and chemical environment. A total of nine kappa’s  Genistein packs in puckered sheets perpendiculaffigure
were implemented into the refinement. Thandx' parameters 3) characterized by intra- and intermolecular hydrogen bonds.
for the hydrogen atoms were fixed to 1.20 during the refinement, Weaker intermolecular hydrogen bonds exist between the sheets.

and all others were allowed to refide. All hydrogen bonds have been fully characterized by the
A number of different tests have been used to confirm the topological analysis of the total electron den%itys described
quality of the diffraction data and of the modé[First, the final below.

R(F?) value converged at 0.0175 for all data. Second, the 4.2. Deformation Electron Density Maps.The dynamic
residual density maps exhibit only sma#l@.1 e A-3), random model deformation electron density (Figure 4) shows peaks
features’* The differences of mean-square displacement am- associated with the covalent bonds of the genistein molecule

plitudes along the interatomic vectors w&re 8 x 1074 (A2?). and the lone pairs of the oxygens. The average maximum value
Finally, SFond=Fcalc VS resolution plotted in 0.05 & intervals of the deformation density increases as expected from weaker
was very close to unity~1.0% deviation for sitp\l < 1.0 bonds to stronger bonds. The average values for the maximum
A-1, up to ~2.5% deviation for the highest angle data). value of deformation density for the-€C double bond, the €C

aromatic bonds, and the<€C single bonds are 0.63, 0.54, and
0.52 e A3, respectively. The average values for the @C

4.1. Structural Analysis and Packing of Genistein in the bonds, C-O hydroxyl bonds, and the-©€0 carbonyl bond are
Crystalline State. The atomic coordinates and atomic displace- 0.29, 0.31, and 0.42 e &, respectively. The average values
ment factors of the crystalline structure of genistein have been for the C—H bonds and the ©H bonds are 0.48 and 0.31 e
deposited. The current structure is in very good agreement with A3,

4., Results and Discussion

(32) Kirschbaum, K.; Poomani, K.; Parrish, D. A.; Zhurova, E. A.; Pinkerton, (36) Fukuzawa, K.; Kitaura, K. Uebayasi, M.; Nakata, K.; Kaminuma, T.;

A. A. J. Appl. Crystallogr.2003 36, 1464. Nakano, T.J. Comput. Chen005 26, 1.
(33) k and«": O(1) - 0.995(3), 1.31(7); O(4) - 0.981(3), 0.91(6); O(5), O(7), (37) Brueggemeier, R. W.; Miller, D. D.; Dalton, J. T. Foye’s Principles of
O(4) - 0.986(2), 1.00(4); C(5), C(7), C(4 1.009(5), 1.01(2); C(4) - 0.994- Medicinal Chemistry 5th ed.; Williams, D. A., Lemke, T. L., Eds;
(8), 0.91(3); C(2), C(6), C(8), C[R C(3), C(B), C(6) - 0.997(3), 1.00- Lippincott Williams and Wilkins: Philadelphia, 2002.
(2); C(3), C(4A), C(8A), C(D - 1.008(3), 1.00(2); (38) Bader, R. F. W. I'Atoms in Molecules: A Quantum Thep#yalpen, J.,
(34) Maps have been deposited. Green, M. L. H., Eds.;The International Series of Monographs of
(35) Hirshfeld, F. L.Acta Crystallogr.1976 A32, 239. Chemistry Clarendon Press: Oxford, 1990.

J. AM. CHEM. SOC. = VOL. 129, NO. 48, 2007 15015
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expected from €C single bonds to €C double bonds. The
averagepcp values for the € C double bond, the €C aromatic
bonds, and the €C single bonds are 2.36, 2.12, and 1.90 e
A-3, respectively. The average, values for the GO—C
bonds, C-O hydroxyl bonds, and the-€0 carbonyl bond are
2.07,2.15,and 2.62 e &, respectively. The averagg, values

for the C—H aromatic bonds and the-€H hydroxyl bonds are
1.91 and 2.28 e A3, respectively. Finally, the ellipticitye] of

the bond increases with increasingcharacter from close to
zero in the C-C single bonds to~0.2 for the C-C multiple
bonds. The topological property values at the CPs are compa-
rable to those for similar types of bonds found for other
molecules reported in recently completed charge density
studies!?134+50

The properties of the (3,1) bond CPs for all hydrogen bonds
are listed in Table 2. For every hydrogen bond, the presence of
a (3-1) CP and the corresponding virial p2th? has been
confirmed. In the original paper on the crystal structure of
genistein, three strong-©H—0 hydrogen bonds were reported.
These three ©-H—O bonds are confirmed by the current
topological analysis, but in addition, four weakefr-®—C
hydrogen bonds have also been found and characterized.

Of the three strong ©-H—O hydrogen bonds, the carbonyl
oxygen, O(4), is an acceptor for two-@H—0O bonds, one of
which is an intramolecular hydrogen bond between O(4) and
H(5A)—0O(5) and the other an intermolecular hydrogen bond
between O(4) and H(7A)O(7).5% As for the last @:*H—0O
bond, the hydroxyl oxygen, O(7), acts as an acceptor when
participating in a hydrogen bond with the H#3—0(4) donor
group (Figure 5). Each of these €H—0O hydrogen bonds are
relatively short ranging from 1.748 to 1.865 A.

O---H—C type hydrogen bonds were found between O(5) and
H(2)ii—C(2)ii and between O(4) and H{8)C(8). In addition,
O(4) serves as an acceptor for two-€H—C hydrogen bonds
between H(ZY—C(2)V and H(3)—C(3)". Each of these ©-
H—C hydrogen bonds were at distances ranging from 2.303 to
2.622 A. For all hydrogen bonds, the low electron density
(compared to the covalent bonds) and a positive Laplacian at
the bond CPs are reported in Table 2.

The analysis of the local kineticg), potential ¢), and
electronic be) energie® 56 at bond CPs allows for further

(b) (41) Messerschmidt, M.; Scheins, S.; Luger,A®ta Crystallogr.2005 B61,
Figure 4. Dynamic model deformation density map of the (a) A and C “2) LCU%Q(:ET Slééo’rla_; Qﬁgﬁ,_sghﬂﬁfgé% 2 '3%;;12'?““8“ D+ Morgenroth, W.;
rings and (b) the B ring with contour intervals 0.05 e3A solid blue lines, (43) Oddershede, J.; Larsen, B.Phys. Chem. 2004 108 1057.
positive; dashed red lines, negative; and dotted black lines, zero. Fourier (44) Destro, R.; Soave, R.; Barzaghi, M.; Presti, L.Ghem—Eur. J. 2005
series are truncated at 1.0°A 11, 4621. )
) . ) (45) Guillot, R.; Muzet, N.; Dahaoui, S.; Lecomte, C.; Jelsch, Axta
4.3. Topological Analysis of the Total Electron Density. ” (éryst%[lorgr- f-:O_OFl,_ BhSZ g67. v+ Jelsch. C.: Lecomte. C.- Khmacta
A topological analysi® of the total electron density was ~*®) genapiena By Fichon-esme, V. Jelsch, C.; Lecome, €3 KhmAGtA.
performed using the WIinXPR®%° program. The (3;1) (47) Coppens, P.; Abramov, Y.; Carducci, M.; Korjov, B.; Novozhilova, I.;

. R .. . . . Alhambra, C.; Pressprich, M. R. Am. Chem. S0d.999 121, 2585.
bonding intramolecular critical points (CP) are listed in Table (48) Arnold, W. D ; SandgrS, L. K: McMahon, M. T.: V0|k%\,, A]f V. Wu, G.;

1. For the heteronuclear bonds, the CPs in the electron density gggginzsi E;OVQ/”SOH, S. R.; Godbout, N.; Oldfield,JEAm. Chem. Soc.
(pcp) are in closer proximity to the least electronegative atom (a9) wagner, A.; Flaig, R.; Dittrich, B.; Schmidt, H.; Koritsszky, T.; Luger,
indicati izati P. Chem—Eur. J.2004 10, 2977.
.. . . el, E.; Messerschmidt, M.; Dittrich, B.; Luger, ©rg. Biomol. em.
indicating polarization of the bonds as expected. For the (50) Redlel £ M bt o- Dittrich. B L A
homonuclear bonds (€C), the bond critical point is very close 2006 4, 475
(51) Bader, R. F. WJ. Phys. Chem1998 A102 7314.
to the center _Of the bond. ) L . (52) Zhurova, E. A.; Tsirelson, V. G.; Stash, A. |.; Yakovlev, M. V.; Pinkerton,
The Laplacian values at all these CPs are negative indicating " A. A. J. Phys. Chem. B004 108 20173.
; ; ; (53) Symmetry operations: (i) % X,y — Y, —z+ 5; (i) X, =y + Yo, z+ Yy;
a shared interaction (covalent) type. Thg value increases as o0 (Tiii)' XI i 1,2’\},’ G,; Jtr 1/02; (ivt) ﬁ( fd 1426 O,ZyBJg élzégfzz V) =% —y, —2.
sireison, V. Cta Crystallogr. .
(39) Stash, A. |.; Tsirelson, V. Grystallogr. Rep2005 50, 177. (55) Abramov, Y. A.Acta Crystallogr.1997, A53 264.
(40) Stash, A. |.; Tsirelson, V. Gl. Appl. Crystallogr.2002 35, 371. (56) Kirzhnits, D. A.Sa. Phys. JETP1957 5, 64.

15016 J. AM. CHEM. SOC. = VOL. 129, NO. 48, 2007
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Table 1. Critical Point Properties of the Covalent Bonds in Genistein@

bond path peA) V2 (eA) 1A 1A Aae A Ri(A) a(A) & (A) €
0(4)-C(4) 2.622 —29.07 —22.578 —21.892 15.398 1.262 0.809 0.453 0.031
o(7)-C(7) 2.097 —21.82 —18.457 ~16.223 12.862 1.356 0.830 0.527 0.138
O(5)-C(5) 2.262 —24.20 —20.464 —18.630 14.893 1.347 0.805 0.542 0.098
o(4)-C(4) 2.092 ~19.60 ~17.622 ~16.432 14.458 1.363 0.813 0.550 0.072
O(1)-C(8A) 1.982 -20.13 ~17.214 -15.191 12.274 1.365 0.852 0.513 0.133
o(1)-C(2) 2.162 —24.77 —18.540 —17.966 11.739 1.345 0.826 0.519 0.032
C(7)-C(6) 2.141 -19.16 —16.958 —14.074 11.876 1.406 0.744 0.663 0.205
C(6)-C(5) 2.193 —20.74 —18.069 ~14.116 11.444 1.386 0.669 0.717 0.280
C(5)-C(4A) 1.977 ~15.72 —15.005 ~12.976 12.258 1.426 0.695 0.730 0.156
C(4A)—C(8A) 2.139 —18.08 ~16.414 —14.224 12.554 1.404 0.686 0.718 0.154
C(8A)—C(8) 2.191 —21.02 ~17.763 ~14.479 11.221 1.388 0.730 0.659 0.227
C(8)-C(7) 2.138 -18.78 —16.647 —14.033 11.898 1.395 0.688 0.708 0.186
c(1)-C(2) 2.133 ~18.52 ~16.709 —13.898 12.083 1.403 0.718 0.686 0.202
c(2)-Cc(3) 2.120 —18.40 -16.215 —13.707 11.526 1.389 0.696 0.693 0.183
C(3)-C(4) 2.065 ~16.40 ~15.835 ~12.536 11.970 1.401 0.669 0.733 0.263
C4)-C(5) 2.192 —20.40 ~17.732 —14.578 11.907 1.397 0.699 0.698 0.216
C(5)—C(6) 2.083 —17.54 —15.980 —13.058 11.495 1.398 0.682 0.717 0.224
c(6)—C(1) 2.048 ~14.79 ~14.927 ~12.325 12.459 1.401 0.710 0.691 0.211
c(3)-C(1) 1.789 ~12.76 —12.752 ~12.296 12.284 1.480 0.752 0.727 0.037
C(4)-C(3) 1.905 ~15.47 —14.148 —12.485 11.167 1.455 0.733 0.722 0.133
C(4A)—C(4) 2.009 —18.41 —15.764 —13.456 10.814 1.443 0.738 0.704 0.171
C(3)-C(2) 2.357 -23.14 ~19.027 ~15.563 11.449 1.357 0.652 0.705 0.223
(H7A)—0(7) 2.266 —40.26 —39.056 —37.621 36.416 0.967 0.208 0.760 0.038
(H5A)—0(5) 2.349 —40.67 —40.136 —38.518 37.983 0.967 0.209 0.760 0.042
H4'A)—O4) 2.239 —33.43 ~35.619 —34.748 36.937 0.967 0.220 0.747 0.025
H(6)—C(6) 1.822 ~15.62 ~16.278 ~15.682 16.341 1.083 0.405 0.678 0.038
H(2)-C(2) 1.993 —23.47 —20.558 —19.457 16.547 1.083 0.368 0.717 0.057
H(8)—C(8) 1.911 ~19.89 -18.142 -17.168 15.417 1.083 0.398 0.686 0.057
H(2)-C(2) 1.880 ~18.39 —17.437 ~16.276 15.328 1.083 0.408 0.675 0.071
H(3)-C(3) 1.880 —18.40 —19.050 ~17.852 18.503 1.083 0.351 0.733 0.067
H(5)—C(5) 1.854 —17.05 —17.063 —15.622 15.632 1.083 0.412 0.671 0.092
H(6)—C(6) 1.998 —22.87 ~19.368 ~17.510 14.012 1.083 0.425 0.659 0.106

ap is the electron densityy2p is the Laplacian wher&?p = 1; + A2 + 1s; 41, A2, and4s are the principal curvatures; andd, are the distances from
the bond critical point to atoms 1 and 2, respectiv&yis the interatomic distance;is the ellipticity, wheree = (11/22) — 1.

Table 2. Critical Point Properties of the Hydrogen Bonds and H--+H Interactions?

p Vp N As As Rj d; d, g v he D
bond path A3 (eA? (e A9 (e A9 (e A9 A R R (au) (au) (au) (kcal/mol)

O(4)-H(5A)—0(5) 0.288 372 —1.840 —1517 7.073 1748 1.132 0621 0.0406-0.0427 —0.0021  13.40
O(4yH(TA)-O(7) 0242 241 —-1.623 -1473 5509 1.801 1.167 0.635 0.0279-0.0308 —0.0029 9.66
O(7yH(#A)-O4)i 0181 252 —1.132 -0997 4.652 1.865 1.210 0.658  0.0243—0.0225 0.0018 7.06
O(4)-H(8)—C(8) 0.049 134 —0139 -0073 1552 2.387 1.441 0960 0.0101—0.0062 0.0039 1.95
O()~H(3)-C@B)Y 0058 117 -0.214 —0.194 1583 2.303 1.414 0908 0.0091—0.0061 0.0030 1.91
O(4)=H(2)—C2)" 0.054 096 —0.192 -0.142 1.293 2437 1465 0979 0.0076 —0.0052 0.0024 1.63

O(5y-H(2)—C(2)ii 0.026 045 —0.109 -—-0.084 0.638 2622 1589 1.055 0.0034-0.0021 0.0013 0.66
H(3)~H(3)" 0.051 0.67 —0.161 -—-0.132 0963 2179 1.089 1.089 0.0055-0.0040 0.0015 -
H(6)~H(5')" 0.033 056 —0.112 -—-0.089 0.761 2.402 1.092 1.325 0.0043-0.0027 0.0015 -

aSymmetry operators: see ref 58is the electron densityy?p is the Laplacian wherg?p = 11 + A2 + 1s; A1, A2, andAs are the principal curvatures;
d, andd; are the distances from the bond critical point to atoms 1 and 2, respectv@&ythe O--H or H---H distance, v, he are the kinetic, potential,
and total electronic energy densitfésb® D = —/2 is the dissociation energy.

classification of the hydrogen bonds in the genistein crystal. oxygen atoms with the aromatic rings (with the exception of
The first two O--H—0O bonds involving the carbonyl oxygen O(4)). For every hydrogen bond, these lone pairs almost
(Table 2) have relatively small electron density values (0.29 perfectly align with the ®@-H—0O and G--H—C bond paths.
and 0.24 e A3), v2p > 0, 1 < |v|/g < 2 andhe < 0, which Such lone pair regions and lack of conjugation of the OH group
point to an incipient (partially covalent) type of bonding. The with the aromatic ring were previously observed in the electron
rest of the hydrogen bonds hav@p > 0, but|v|/g < 1 andhe density of estrone and estradigf'3

> 0, which are indicators of a pure closed-shell interaction  An additional feature of genistein in the solid state is the

type>® These bonds, in particular those of the ®—C type, observation of two intermolecular-HH interactions between
are weaker as seen from the dissociation energy VAlues H(3) and H(3)' and between H(6) and H(%. A molecular
reported in Table 2. graph representation of the H{&nd H(3)" interaction is shown

We also note that two local concentrations of electrons in Figure 6. A (3-1) bond CP, a bond path, and corresponding
associated with lone pairs have been found around every oxygervirial path in the negative potential energy denSitywere all
atom, except for O(7) which exhibited a smeared concentration found. Such interactions have been found in other charge density
of electrons (Figure 5), indicating minimal conjugation of the studie$?5%%0where it was shown that this interaction type may

(57) Espinosa, E.; Molins, El. Chem. Phys200Q 113 5686. (59) Matta, C. F.; Herfradez-Truijillo, J.; Tang, T.-H.; Bader, R. F. \Chem—
(58) Gatti, G.Z. Kristallogr. 2005 220, 399. Eur. J.2003 9, 1940 and references therein.
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Figure 5. Laplacian maps showing the (a) O(4H(5A)—0(5), O(4)--H(7A)'—O(7), and O(4):-H(8)'—C(8) hydrogen bonds; (b) O®--H(3)*—C(3)"
and O(4):+-H(2)V—C(2)" hydrogen bonds; (c) O(FyH(4'A)—0(4) hydrogen bond; and (d) O(5)H(2)i —C(2)ii hydrogen bond. Contour intervals are
17 e A5 with solid blue lines as negative and dashed red lines as positive. For symmetry operations see ref 53.
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Figure 6. Molecular graph showing the H{3--H(3')" interaction between
two different genistein molecules in the crystalline state. TheHHbond
path is shown as a blue line while the{3,) bond critical point is shown
as a pink circle.

make a stabilizing contribution of up to 10 kcal/mol to the
molecular energy? A positive Laplacian and positive total
electronic energy density found at the bonding critical points
indicate these to be closed-shell type interactions.

4.4. Atomic Charges.The atomic charge can be defined as

q(R) = Zo — N(Q)

The experimental atomic charges sum to essentially zero
indicating an electroneutral molecule, as required. Also, the
volumes of the atomic basins were determined. On summation,
there is only a 0.2% difference between the total volume and
the value based on the volume of the unit cell divided by 8, the
number of molecules in the unit cell (Table 3).

Chemically, most of the atomic charges determined from the
AIM theory® are very reasonable (Table 3). All of the carbons
bound to oxygens are highly positive as expected due to the
polarization of the electrons toward the more electronegative
oxygen. The quantitative differences between the carbons
depend upon the type of bond they participate in with their
respective oxygen. For example, the carbons (C(2) and C(8A))
bound to the &0O—C oxygen in the C ring are the least positive
since they only form a single bond to oxygen. Conversely, the
carbon (C(4)) bound to the carbonyl oxygen contains the largest
positive charge due to the double bond character. All the other
carbons and €H hydrogens are either slightly positive or
negative indicating that these atoms have charges close to zero.
As expected, the ©H hydrogens are more positively charged
(avg. 0.60 €) than the G-H hydrogens (avg 0.05 #.
Furthermore, the atomic charges determined from the AIM

the difference between the nuclear and electronic charges intetheory8 in this study were found to be similar to those for

grated over the atomic basins defined by zero flux surfé€es:

(60) Matta, C. F.; Castillo, N.; Boyd, R. J. Phys. Chem2006 B11Q 563.
15018 J. AM. CHEM. SOC. = VOL. 129, NO. 48, 2007

molecules studied in other recent charge density stdéligg?2.52
An alternative measure of the atomic charges may be obtained

from the monopole population®() which were refined as a
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Table 3. Atomic Charges and Volumes in the Genistein Crystal@

g(Mulliken

atom G(QR)am (€7) Q) (A) q(R,) (e7) charge) (e”)
o) ~1.05 17.29 —0.26 —0.35 Side Chain H N
o(5) ~1.00 19.48 ~0.19 ~0.34 § of Glu3s3 Genistein T Ny
o(1) -0.99 15.91 —0.09 —-0.28 /G\ O - - -H _
0(4) ~1.03 16.66 -0.23 —0.42 W~ . Side Chain
o(4) -0.97 17.03 -0.21 -0.37 , of His524
c(7) 0.44 8.34 0.08 0.18 '
C(6) 0.05 10.42 —-0.07 —0.08 ! 0
c(5) 0.56 7.61 0.12 0.22 H. /H'J'“ /
C(4A) -0.12 9.26 -0.05 —-0.26 N S
C(4) 0.92 6.49 0.01 0.39 N o EHQ
c@3) —-0.01 10.05 0.02 —0.24 N
c@) 0.39 10.65 ~0.06 0.17 ‘o F\' ;
C(8A) 0.43 7.71 0.07 0.20 \\n G Peptide Backbone
c(8) 0.00 11.26 —0.05 —-0.12 HN-2 of Leu3s?
c(1) —0.05 10.08 —0.05 —0.06 - .
c2) 0.01 11.93 -0.02 ~0.01 3;‘?:;:;;“
C(3) —0.09 13.20 —-0.16 —-0.10 B
C(4) 0.41 8.84 0.06 0.16
C(5) —0.03 11.94 —0.09 —0.13
C(6) —0.03 12.66 —0.05 —0.06
H(6) —-0.02 7.05 0.03 0.12
H(2) 0.13 5.91 0.13 0.13
H(S,) 0.10 6.47 0.08 0.10 Figure 7. Representation of the hydrogen-bonding scheme of the ligand
H(2’) 0.05 7.81 0.05 0.10 binding cavity of ER and genisteir$6364red lines involve genistein, and
H(3,) 0.14 6.27 0.16 0.11 blue lines involve a water molecule considered to be an important part of
H(S,) —0.01 7.28 0.03 0.09 the receptor structure.
H(6) —-0.02 7.64 0.00 0.09
:gﬁ; 8'23 i'gg 8'31 g'gg estrogen receptor complexed with genistein confirm this argu-
H(4'A) 0.60 1.91 0.25 0.25 ment (Figure 7§3641t was shown that the negative OfAvhich
> 0.00 290.54 0.00 0 has a charge 0f0.97 € in this study, forms strong hydrogen
Ler, alP 0.0005 bonds with the positive ©H and N-H hydrogens of a solvent

max AU 0.0009 water molecule and an arginine residue in the ligand binding

a(Q) andV(Q) are atomic charges and volumes integrated over atomic domain of the estrogen receptor, respectively. Also, the very
basins, 2analrl(Pv)llizs ahcharge_ carllculated. from monopole p0pu§1ticcmse_n positive hydroxyl H(4A) hydrogen, which has a charge of 0.60
C_el(lxv'afl’ug]\'g‘/%mi 2'9V1V.1?3F?LQ is the atomic integrated Lagrangiah.® Unit e, forms strong hydrogen bonds with the carbonyl oxygens of

a glutamate residue. Finally, due to its negative charge (1.05

spherical part of the HansetCoppens multipole model. In € ): the O(7) oxygen acts as an acceptor in a hydrogen bond

general these charges reflect the same tendency as the integratetfith the N—H hydrogen of a histidine residue.
chargeq(Q), though being much lower in value as has been 4.5. Electrostat_lc Ppte.ntla_I.leen the nuclear posmons and
previously discusse®. the electron densny distribution, the electrostatic potential (ESP)
Theoretical Mulliken charges were also calculated using can be determined as follows:
Gaussiand8 on a single genistein molecule at the experimental Z,
geometry (DFT/B3LYP/6-311G(d,p)). As expected, the trends V(T) = Z _ — f
in the Mulliken charges are similar to those obtained from the IRy — T
experimental determinations with magnitudes closer to those
obtained from the monopole populations. where Z, is the charge on nucleus A located at the position
Earlier studies of the estrogen receptor and its ligands haveRa-*> The ESP, particularly on the molecular surface, gives
pointed to hydrogen bonds as the main type of bonding which indications of how the molecule will approach and bind to other
would mediate the binding of genistein to the recepté?.54 molecules or biological receptors. This approach includes
The atomic charge of each atom indicates where strong hydroger'ydrogen bonds and van der Waals interactions. As the
bonds can form to the ligand binding cavity of the estrogen intermolecular interactions in the crystal are complementary (i.e.,
receptor. For example, highly negative oxygens should act as@ molecule in a crystal may be considered to be sitting in a
acceptors when they form strong hydrogen bonds with positive cavity of complementary ESP), then this cavity must have ESP
O—H or N—H donor hydrogens of an amino acid residue, while properties similar to those of a receptor if the molecule is
the strongly positive hydroxyl hydrogens would form strong Strongly bound.
hydrogen bonds with a negative oxygen or nitrogen of an amino  1he ESP maps of genistein that were determined from

acid residue. The results from the crystal structure study of the €xperiment (molecule taken from the crystal) and theory (single
molecule calculation) are shown as isosurfaces in Figure 8a and

(61) Frisch, M. J. et alGaussian 98Gaussian, Inc.: Pittsburgh, PA, 2004. b, respectively. Although a theoretical calculation of the ESP

p(T") dr¥’

[F =7l

(62) Flensburg, C.; Madsen, Bcta Crystallogr.200Q A56, 24. B i P _

(63) Manas, E. S.; Xu, Z. B.; Unwalla, R. J.; Somers, WS8ucture2004 12, of genistein has prewously been repOﬁfEdt the gas phase
2197.

(64) Pike, A. C. W.; Brzozowski, A. M.; Hubbard, R. E.; Bonn, T.; Thorsell,  (65) Coppens, PX-ray Charge Densities and Chemical Bondir@xford
A.-G.; Engstion, O.; Ljunggren, J.; Gustafsson, J.-A.; Carlquist, BMMBO University Press, 1997.
J.1999 18, 4608. (66) Erkog F.; Erkog S. THEOCHEM2002 583 163.
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Figure 8. (a) Electrostatic potential isosurface of the genistein molecule 0.02
in the crystalline state. The blue surface represerit® e A1 while the 0.04
red surface represents0.10 e AL (b) Electrostatic potential isosurface 0.06
of a single genistein molecule from the single molecule theoretical o.07
calculation at the experimental geometry. The blue surface represéris 0.09

e A1, Negative isosurfaces are in e Runits as shown. :::

0.13
optimized geometry and using a minimal basis set, the report i 0.1s (b)

qu lacking in detail. It_WaS thu_s decided that a new CalCl_JIation Figure 9. A view of the experimental electrostatic potential mapped on
using a more extensive basis set and at the experimentalthe molecular surfaéé6® (p(r) = 0.001 au or 0.006 75 e &) (a)
geometry would be preferable to compare with the present perpendicular to the planes of the AAand C rings and (b) perpendicular to
experiment. We note that the ESPs are qualitatively similar in 1€ Plane of the B-ring. Units are e

the experimental and theoretical cases. In both cases negativéigand binding domain of ERand shows how genistein is
regions are located around the hydl’OXy' oxygens, the Carbonyl proposed to form hydrogen bonds with the estrogen recep-
oxygen, above and below the B aromatic ring, and to a lessertor 36:6364|t is argued that the negative ESP regions of genistein
extent above and below the A and C rings. In agreement with sych as the region around the Q(dxygen should be initially
some recently completed studigs?4142434%he ESP at similar  attracted to the more positive Arg394 residue in the ligand
chemical sites is quite transferable. binding cavity. Conversely, the positive ESP regions of genistein
It has previously been show@ff3.64that the hydroxyl group such as the regions surrounding the hydrogens, especially the
at the C(4) position of the B-ring of genistein mimics the  hydroxyl hydrogen H(#\), should be initially attracted to the
phenolic group of the A-ring of estrone and estradighBnd more negative Glu353 residue in the ligand binding cavity.
the O(7)-H(7A) phenolic group of genistein on the A-ring  Furthermore, it is argued that these attractions driven by the
mimics the hydroxyl group of the D-ring of estradiol{l7 ESP may provide the forces necessary to drive genistein toward
Estrone!? estradiol-1B,'% and genistein show negative ESP the estrogen receptor in order to form the hydrogen bonds
regions around the oxygens and above or below the aromaticnecessary for genistein to strongly bind to the receptor.
rings. However, the ESP above and below the genistein Aring  After the genistein approaches the estrogen receptor, thg O(4
is significantly less negative than the B ring and, in fact, is quite oxygen should participate in a hydrogen bond with the positive
comparable to that of the D ring in estradiolAl”? Negative hydrogens of the solvent water molecule and Arg394. Con-
ESP regions were not observed around O(1) in agreement withversely, H(4A) should participate in a hydrogen bond with the

a recent charge density of the furan ring in strychriinéhe oxygens of the Glu353 residue of the receptor. Finally, at the
negative regions can also be seen from the ESP mapped ontdront end of the ligand binding cavity, the negative electrostatic
the molecular surface (Figure 9a and b). region of O(7) should initially be attracted to the positive His524

As previously proposed, the experimental ESP can indicate residue and thus form a hydrogen bond with the positive
how the ligand approaches a recefigure 7 represents the  hydrogen of the histidine residue.

5. Conclusions
(67) Laaksonen, LJ. Mol. Graph 1992 10, 33.

(68) Bergman, . L.; Laaksonen, L.; LaaksonenMol. Graph. Model.1997 The electron density distribution, the topological properties
(69) Politzer, P.; Murray, J. Stheor. Chem. Ac2002 108 134. of the electron density, and the electrostatic potential of genistein
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in the crystalline state have been determined. The results from The ESP determined for genistein is in agreement with the
this analysis agree well with studies on other agonistic steroids proposed hydrogen-bonding scheme based on the crystal

such as estroAréand estradiol-17.13 structure of the genistein/ERomplex and is remarkably similar
Three relatively strong ©-H—0O hydrogen bonds, four weak to that of estradiol-177, despite the significant difference in
O---H—C hydrogen bonds, and two intermolecular- molecular structure.

interactions were characterized in this study. Based on the Acknowledgment. We thank Dr. A. Stash and Prof. V.

topological analysis, two of the ©H—O hydrogen bonds are  rgjre|son for providing thavinXPROprogram and the College
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--H interactions.

Mapping of the electrostatic potential revealed negative

Supporting Information Available: Crystallographic and
multipole refinement details, residual density plots, a plot of
regions around all the hydroxyl and carbonyl oxygens as >Fobd=FcaccVS resolution, a normal probability plot, a complete
expected from previous studig®l®41424849The negative list of .closed-s_helll mtergctlons, and completg citation for ref
regions are more pronounced and localized around the carbonylGl' This material is available free of charge via the Internet at
oxygen in comparison to the hydroxyl oxygens. Also, extensive NttP:/pubs.acs.org.
negative areas above and below the aromatic rings are observed
which are the result of tha-electrons of the aromatic ring. JA075211J
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