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It has been well-known that fatty acids occurring in the royal jelly of honeybees are effective towards autonomic
imbalance, perimenopausal symptoms, osteoporosis, and other conditions. These pharmacological effects of royal jelly
similar to those caused by the hormone estrogen are thought to appear due to the interaction of the fatty acids of royal
jelly with an estrogen receptor inside the human body. Although the structure of several major fatty acids present in royal
jelly has been determined experimentally, no direct evidence of the interaction of these fatty acids with the estrogen
receptor have been reported yet. In this study, we therefore give an insight into the interaction of fatty acids with the
human estrogen receptor � by quantum mechanical (QM), ONIOM, and molecular dynamics (MD) methods using a
model active site.

Royal jelly, which is secreted from the hypopharyngeal
glands in the heads of young worker honeybees (Apis melli-
fera),1,2 is the principal food for the larvae of the queen honey-
bee. All of the female larvae in a colony, including those des-
tined to become workers, are for their growth fed royal jelly
for the first three days after hatching. After the first three days,
only the queen continues to be fed royal jelly. This feeding
triggers the development of queen morphology, including the
fully developed ovaries needed to lay eggs. It is very surprising
that the life span of the queen is 2–5 years compared to the
considerably short life span of workers, 2–3 months or less.
The nutritional significance of royal jelly is the fact that the
differentiation of the female larvae is determined by the nature
of their diet in their early development stage.3 This extraordi-
nary nature of royal jelly has stirred many researchers to study
its chemical nature and pharmacological actions.

Royal jelly is now used worldwide in commercial medical
products, health foods, and cosmetics, due to its life-extend-
ing,4 antifatigue,5 antiallergic,6 antitumor,7 antihypercholester-
olemic,8 antihypertensive,9 anti-inflammatory,10 and other ef-
fects. Royal jelly is a creamy, yellow-white, and acidic sub-
stance, and its chemical composition is water, crude protein,
simple sugars, and fatty acids. It also contains a trace amount
of minerals, some enzymes, antibacterial and antibiotic com-
ponents, and vitamins. Bioactive substances such as fatty
acids,11 proteins,5,6 and antibacterial protein12 contained in
royal jelly are thought to be beneficial towards treatment of
osteoporosis and menopausal symptoms.

Several saturated and unsaturated fatty acids present in royal
jelly have been isolated and their structures have been deter-
mined. Fatty acids of royal jelly are chemically unique and
unlike those of most animal and plant materials. They have
short chains with 8–10 carbons, and most of them are hydroxy
fatty acids or dicarboxylic acid. The main fatty acids detected

from royal jelly experimentally are as follows; (E)-10-hy-
droxy-2-decenoic acid, 8-hydroxyoctanoic acid, 10-hydroxy-
decanoic acid, (E)-2-decenedioic acid, (E)-9-hydroxy-2-dece-
noic acid, and (3R)-3,10-dihydroxydecenoic acid.13 (E)-10-hy-
droxy-2-decenoic acid, which has not been found in other
natural product so far, has been reported to have some pharma-
cological activities.14–16 It is also known that the queen-pro-
duced (E)-9-hydroxy-2-decenoic acid has a swarm-stabilizing
activity.17

The pharmacological effects of the fatty acids of royal jelly
on autonomic imbalance, perimenopausal symptoms, and os-
teoporosis, similar to those caused by the hormone estrogen,
are thought to appear when fatty acids of royal jelly interact
with the estrogen receptor inside the human body. In fact, it
has been reported that (E)-10-hydroxy-2-decenoic acid and
10-hydroxydecanoic acid exhibit activity for estrogen receptor
�.18 However, there is no direct evidence of interaction of fatty
acids with estrogen receptors. No crystal structure of a fatty
acid of royal jelly binding with the estrogen receptor has been
reported yet. Therefore, we focus on the crystal structure of
genistein that binds with the human estrogen receptor �,
because genistein, which is known as a soybean isoflavone,
acts on osteoporosis as an agonist like fatty acids.19,20

In this study, we examined whether the fatty acids fit the
pocket and interact with the active site of the human estrogen
receptor � for genistein, using quantum mechanical and
ONIOM methods. We adopted a set of saturated and unsaturat-
ed hydroxy fatty acids to examine a tendency in the binding
energy. We used two kinds of model of the active site, models
A and B, constructed from the crystal structure for genistein
to examine the environmental effects on the binding of the
ligands. The molecular dynamics simulations are also per-
formed to give further insight into the interaction of the ligands
inside the pocket taking account of thermal motion.
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Computational Details

Selected Fatty Acids Involved in Royal Jelly as Ligands.
Although not all the fatty acids occurring in royal jelly have
been clarified yet, the dominant fatty acids have been isolated
as mentioned in the Introduction. The unsaturated hydroxy
fatty acid, (E)-10-hydroxy-2-decenoic acid and (E)-9-hydroxy-
2-decenoic acid, and the saturated hydroxy fatty acid, 10-hy-
droxydecanoic acid and 8-hydroxyoctanoic acid, are mainly
included in royal jelly. On the basis of this fact, we adopted
a set of unsaturated hydroxy fatty acids with the –OH group
in different positions and of saturated hydroxy fatty acids with
different chain length as follows to examine the trend in the
binding strength at the active site of the estrogen receptor;
unsaturated fatty acids: (E)-10-hydroxy-2-decenoic acid
(10H2DA), (E)-9-hydroxy-2-decenoic acid (9H2DA), (E)-8-
hydroxy-2-decenoic acid (8H2DA), (E)-7-hydroxy-2-decenoic
acid (7H2DA); saturated fatty acids: 10-hydroxydecanoic acid
(10HDA), 9-hydroxynonanoic acid (9HNA), 8-hydroxyocta-
noic acid (8HOA). Their skeletal formulas are depicted in
Scheme 1. Of these fatty hydroxy acids, 8H2DA, 7H2DA,
and 9HNA have not been detected experimentally so far from
royal jelly. In addition to these hydroxy fatty acids, we adopted
two artificial unsaturated fatty acids, (E)-10,10-dihydroxy-2-
decenoic acid (10,10H2DA) and (E)-9,10,10-trihydroxy-2-
decenoic acid (9,10,10H2DA) to examine the effect of an addi-
tional –OH group on the binding. The abbreviations in paren-
theses are used below as the name of the ligand. GEN is used
for genistein.

Models of the Active Site. We selected the crystal struc-
ture of the estrogen receptor � that binds with the ligand gen-
istein, which is registered in the protein data bank (PDB) with
the ID code 1QKM,21 to construct a model pocket of the active
site. It is well-known that three amino acid residues, Glu, Arg,
His, and bound water play an important role in the binding of
ligands through H-bonds in the active site. We therefore cut
out these three key amino acid residues and bound water from

the crystal structure of 1QKM and constructed simple model A
as presented in Figure 1. In order to consider the environmen-
tal effects on the binding of the ligand, we constructed more
sophisticated model B presented in Figure 1. Model B includes
the additional ten amino acid residues, Leu301, Leu298,
Met296, Leu476, Ile373, Ile376, Gly472, Met340, Met336,
Leu339, which are essential amino acid residues to make the
shape of the pocket of the active site and considered to signif-
icantly affect the ligand sterically and electrostatically.

Calculation Methods. All the quantum mechanical (QM)
calculations were performed using the Gaussian03 pro-
gram.22 For model A, the geometry optimizations were per-
formed at the Hartree–Fock (HF) level of theory with the
6-31G� basis set for all the atoms. We confirmed that the
conformation of 10H2DA is well reproduced at this level as
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Figure 1. Models A and B of the active site of the human estrogen receptor � with the ligand genistein. Model A includes three
essential amino acid residues, Glu305, Arg346, and His 475, and the bound water with which genistein forms H-bonds in the crys-
tal structure. Model B includes an additional ten amino acid residues, Leu301, Leu298, Met296, Leu476, Ile373, Ile376, Gly472,
Met340, Met336, Leu339, which make the pocket and have steric and electrostatic interactions with genistein.
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mentioned in the next section. In the geometry optimizations,
the position of the �-carbon of all the amino acid residues, four
atoms attached to their �-carbon, and the oxygen of the bound
water were fixed to keep the features of the pocket of the active
site of the crystal structure. The energies were improved with
more reliable basis set 6-31G�� taking account of the electron
correlation at the B3LYP level of the density function theory
(DFT) method. The basis set super position error (BSSE) in
the interaction of the ligand with the amino acid residues
was corrected by the counterpoise method.23,24

We used the ONIOM method25–31 for the geometry optimi-
zations and the energy calculations for model B, where the en-
tire system was divided into two layers. The inner part, which
includes the ligand and three amino acid residues, Glu305,
Arg346, and His475, and the bound water, corresponds to
model A. The outer part includes the other ten amino acid
residues, Leu301, Leu298, Met296, Leu476, Ile373, Ile376,
Gly472, Met340, Met336, and Leu339. The geometry optimi-
zations were performed at the ONIOM(HF/6-31G�:PM3)
level fixing the position of the �-carbon of all the amino acid
residues, four atoms attached to their �-carbon, and the oxygen
of the bound water to keep the shape of the pocket of the
active site of the crystal structure. The energies were improved
at the ONIOM(HF/6-31G��:PM3) and ONIOM(B3LYP/
6-31G��:PM3) levels and the basis set super position error
(BSSE) in the interaction of the ligand with the amino acid
residues in the inner part was removed by the counterpoise
method. All the optimized structures for models A and B are
presented as Supporting Information.

The molecular dynamics (MD) simulations were performed
using the TINKER program32 with the MM3 force filed
parameters.33–37 The motion of the nuclei was evolved by
the Beeman algorithm38 Here, the position of the �-carbon
of all the amino acid residues, four atoms attached to their
�-carbon, and the oxygen of the bound water were fixed sim-
ilarly to keep the shape of the pocket of the active site of the
crystal structure. The simulations were run under a constant
temperature of 300K through the use of Berendsen’s velocity
scaling algorithm39 with a time step of 1 fs for 100 ps. The
average and standard deviation of the geometric parameters
and the probability of the interaction were calculated from
the data collected every 10 fs.

Conformation of (E)-10-Hydroxy-2-decenoic Acid. Al-
though the saturated fatty acids form straight chains, the unsat-
urated fatty acids with a double bond, such as (E)-10-hydroxy-
2-decenoic acid, do not (see picture below). This is reasonably
understood by the fact that 1-butene does not take trans
conformation.40,41 We calculated the conformation energy of
1-butene ourselves at the various levels and compared it to that
of (E)-10-hydroxy-2-decenoic acid (Chart 1).

We calculated the conformation energy surface of 1-butene
varying the levels from HF/3-21G to MP2/6-31G��. As pre-
sented in Figure 2, no level changes the tendency in the energy

surface. Two minima exist at the dihedral angle � of around 0
and 120�. The energy reaches the maximum at the dihedral
angle � of around 60 and 180�. When � is about 120�, the
structure is the most stable in energy at any level. Although we
calculated the energy surface at the higher levels, CCSD(T),
QCISD(T), MP4SDQ with the basis set 6-311++G��, these
tendencies did not change at all. These relative energies of
the conformation of 1-butene are consistent with previous
computational results.40,41

A list of the values of the dihedral angle � of the most stable
equilibrium structure is presented in Table 1. For 1-butene, �
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Figure 2. Energy changes of 1-butene and (E)-10-hydroxy-
2-decenoic acid by the dihedral angle � at the various
levels. 1-Butene; a: HF/3-21G, b: HF/6-31G�, c: HF/
6-31G��, d: B3LYP/6-31G��, e: MP2/6-31G��, and (E)-
10-hydroxy-2-decenoic acid; f: HF/6-31G�.

Table 1. Optimized Dihedral Angle � at the Various Levels
for the Most Stable Equilibrium Structures of 1-Butene
and (E)-10-Hydroxy-2-decenoic Acid

Level Dihedral angle �a)

1-Butene

HF/3-21G 116.7
HF/6-31G� 119.7
HF/6-31G�� 119.8
B3LYP/6-31G�� 119.7
MP2/6-31G�� 117.7

(E)-10-Hydroxy-2-decenoic acid

HF/6-31G� 120.3
MM3 113.8

a) For dihedral angle �, see Figure 2.
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is about 117–120�. (E)-10-Hydroxy-2-decenoic acid also gives
a similar value of 120.3� at the HF/6-31G� level. We con-
firmed that the MM3 force field used for MD simulations gives
a similar � of 113.8� for (E)-10-hydroxy-2-decenoic acid.

Results and Discussion

QM Calculations for Model A. In this section, we first
discuss model A without the amino acid residue environment
to clarify the environmental effects, comparing with model B
with the amino acid residue environment in the next section.
The optimized structure for GEN is presented in Figure S3.
One of the –OH groups interacts with Arg346 and the bound
water in addition to Glu305 through a H-bond. The H-bond
with Glu305 has the shortest distance of 1.610 Å as presented
in Table 2. Hereafter, if the bond length is less than 3 Å, we
recognize its bond as a H-bond. The other –OH group forms
a H-bond with His475 with a distance of 1.932 Å. The dihedral
angle =�2–3–4–5 of 49.0� is nearly the same as that of 49.1� for
the free GEN.

The unsaturated hydroxy fatty acid, 10H2DA, also interacts
with Glu305, Aeg346, and His475 by three H-bonds, although
the –OH oxygen is a little far from a bound water hydrogen
to form a H-bond. By these interactions, the main chain of
10H2DA is deformed, as shown by two dihedral angles, =�2–
3–4–5 and =�10–9–8–7, which change by about 10� compared
to those of the free 10H2DA. On the other hand, 9H2DA forms
H-bonds only with Glu305 and His475, and the –OH group is
not allowed to form a H-bond with Arg346, because the –OH
group is shifted to the C-9 position. However, the –OH group
at the C-8 position in 8H2DA, which is located in the vicinity
of the bound water, forms a H-bond with the bound water be-
side Glu305 (See Figure S1). For 7H2DA, the –OH group at
the C-7 position is located completely separated from
Glu305, His475, and bound water. Therefore, only a –COOH
group forms a H-bond with His475. The main chain forms an-
other conformation with the dihedral angle =�2–3–4–5 of 0.6�

to keep the alkyl group away from Glu305 and reduce the ster-
ic repulsion between them.

The saturated hydroxy fatty acid, 10HDA, interacts with
Glu305, Arg346, and His475 by three H-bonds, which is sim-

ilar to the case of the unsaturated hydroxy fatty acid 10H2DA.
However, the deformation in the terminal region becomes
large as shown by the small dihedral angle =�10–9–8–7 of
�167:8�, since the carbon chain taking a straight form requires
a larger space. The shorter 9HNA reduces this deformation and
forms an additional H-bond between the –OH group and the
bound water. On the other hand, 8HOA is too short to form
H-bonds of the –OH group with Arg346 and the bound water.

The unsaturated hydroxy fatty acid 10,10H2DA that has
the second –OH group at the C-10 position forms additional
H-bonds with the bound water. 9,10,10H2DA with the second
and third –OH groups at the C-9 and C-10 position further
forms some new H-bonds with Glu305 and Arg346. However,
one will notice that the additional H-bonds increase the defor-
mation of the terminal region of the carbon chain as shown by
the smaller dihedral angles of =�2–3–4–5 and =�10–9–8–7 in
both cases of 10,10H2DA and 9,10,10H2DA.

The interaction and binding energies and BSSE-corrected
energies of the various ligands in the case of model A at the
HF/6-31G�� and B3LYP/6-31G�� levels are presented in
Table 3. Here, we define the binding energy (BE) as the sum
of the interaction energy (INT) and relaxation energy (RLX),
as follows.

BE ¼ INTþ RLX ð1Þ

In order to assess the interaction of the hydroxy fatty acids
with the estrogen receptor, we compared their interaction
and binding energies to those of the original ligand GEN.
The interaction energy of 9HNA is as large as that of GEN.
For 10HDA, 10H2DA, and 10,10H2DA, the interaction ener-
gies are smaller by 17–25 kJmol�1. Although the interaction
energy of 9,10,10H2DA is much larger than that of GEN, it
becomes smaller when the relaxation energy is taken into
account, as mentioned below. The tendency in the interaction
energy was not changed by the BSSE correction.

The number of H-bonds is reflected in the sequence in the
interaction energy for both saturated and unsaturated hydroxy
fatty acids as follows, 10H2DA > 8H2DA > 9H2DA >
7H2DA and 9HNA > 10HNA > 8HOA. However, these ten-
dencies disappear in the binding energies, where the contribu-

Table 2. Distances of the H-Bonds of the Various Ligands with the Surrounding Amino Acid Residues and Bound Water and
the Selected Dihedral Angles of the Ligands in the Optimized Structures of Model A at the HF/6-31G� Level

Ligand Distance of the H-bonds/Å Dihedral angle/degreea)

Glu305 Arg346 Bound water His475 =�2–3–4–5 =�10–9–8–7

GEN 1.610 1.924 2.291 1.932 49.0 (49.1)

10H2DA 1.708 1.770 2.001 �130:3 (�120:3) �168:7 (�180:0)
9H2DA 1.969 1.962 �124:9 (�120:3) �170:1 (�175:8)
8H2DA 1.898 2.125 2.039 �128:0 (�120:4) �170:9 (�176:3)
7H2DA 1.969 �0:6 (�120:2) �177:3 (�176:9)

10HDA 1.723 1.755 1.944 177.8 (180.0) �167:8 (178.8)
9HNA 1.657 1.860 2.049 1.940 177.3 (179.9) �179:3 (180.0)
8HOA 2.005 1.978 �179:8 (179.8) �178:4 (179.7)

10,10H2DA 1.709 1.818 1.900 2.001 �128:7 (�120:3) �167:6 (179.8)
9,10,10H2DA 1.781/1.885 1.858/2.299/2.502 2.049 1.935 119.9 (�120:3) �155:5 (�175:1)

a) The values in the parentheses are for the optimized structures of the fee ligands.
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tion of relaxation energy is significant. Here, it should be noted
that the BSSE-corrected binding energies of 9HNA, 8HOA,
and 9H2DA are not so small compared to that of GEN.

ONIOM Calculations for Model B. In order to examine
the environmental effects on the H-bonds of the ligands with
Glu305, Arg346, His475, and the bound water, we adopted
model B with ten additional amino acid residues that surround
the ligand and form the shape of the pocket of the active site.
We optimized the structures and calculated the binding ener-
gies for model B by the ONIOM method and compared these
to those for model A to clarify the environmental effects.

The optimized geometric parameters at the ONIOM(HF/6-
31G�:PM3) level for the various ligands are listed in Table 4.
We do not find any significant difference in the dihedral angle
=�2–3–4–5 and the H-bond distances between models A and B
for GEN. However, it should be noted that the steric restriction
inside the pocket does not allow GEN to form the H-bond
with bound water found in model A. By the same reason,
the –OH group cannot form any H-bond not only for
7H2DA but also for 9H2DA and 8H2DA. Although the –OH
oxygen of 10H2DA forms two H-bonds with two NH hydro-

gen of Arg346, both distances are elongated by about 0.7 Å.
As shown in Figure S4, the carbon chain is arranged to

straight form except the –CH=CH–COOH part for all unsatu-
rated hydroxy fatty acids. This change in the carbon chain is
reflected especially in the dihedral angle =�10–9–8–7 of almost
180� for 10H2DA, 9H2DA, 8H2DA, and 7H2DA. On the other
hand, the dihedral angle =�2–3–4–5 is decreased to about �90�,
because the relaxation of His475 is restricted by a steric con-
tact with the other neighboring amino acid residues. It should
be noted that the dihedral angle =�2–3–4–5 is �89:0� even for
7H2DA (It is �0:6� in model A. See, the previous section).

For the saturated hydroxy fatty acids of 9HNA, the H-bond
of the –OH group with the bound water is lost, and instead, the
–OH oxygen forms two H-bonds with the two NH hydrogens
of Arg346. The C2–C3–C4–C5 chain of all the saturated hy-
droxy fatty acids, 10HDA, 9HNA, and 8HOA, takes a gauche
conformation as shown by the dihedral angle =�2–3–4–5 of
about 60–80� due to steric restriction, which is different from
the case of model A. On the other hand, the dihedral angle
=�10–9–8–7 of the saturated hydroxy fatty acids is not deviated
much from 180�.

Table 3. Interaction and Binding Energies (kJmol�1) of the Various Ligands in Model A at the
HF/6-31G�� and B3LYP/6-31G�� (in Parentheses) Levels

Ligand INT INT+ BE BE+BSSE corr.
BSSE corr.

GEN 172.8 (206.7) 144.8 (161.5) 97.1 (125.1) 69.0 (79.9)

10H2DA 149.4 (186.6) 119.2 (137.7) 62.3 (90.8) 32.2 (41.8)
9H2DA 84.9 (101.3) 67.4 (72.4) 72.8 (87.0) 55.2 (57.7)
8H2DA 115.9 (138.5) 92.9 (101.3) 68.6 (87.4) 46.0 (49.8)
7H2DA 61.9 (73.2) 48.5 (50.6) 51.0 (63.6) 37.2 (41.0)

10HDA 157.7 (195.4) 128.4 (147.3) 64.4 (92.0) 35.1 (43.9)
9HNA 172.8 (210.0) 143.1 (161.1) 82.0 (113.0) 52.3 (64.0)
8HOA 79.9 (91.6) 65.3 (69.0) 66.5 (80.3) 51.9 (57.7)

10,10H2DA 160.2 (197.9) 128.9 (148.1) 63.6 (95.0) 31.8 (43.5)
9,10,10H2DA 252.3 (295.0) 210.0 (227.2) 94.1 (117.2) 52.3 (49.4)

Table 4. Distances of the H-Bonds of the Various Ligands with the Surrounding Amino Acid Residues and Bound
Water and the Selected Dihedral Angles of the Ligands in the Optimized Structures of Model B at the ONIOM(HF/
6-31G�:PM3) Level

Ligand Distance of the H-bonds/Å Dihedral angle/degree

Glu305 Arg346 Bound water His475 =�2–3–4–5 =�10–9–8–7

GEN 1.597 1.935 1.898 46.2

10H2DA 1.758 2.454/2.472 1.904 �90:5 �179:7
9H2DA 1.887 �89:1 �177:6
8H2DA 1.889 �91:2 179.8
7H2DA 1.891 �89:0 179.7

10HDA 1.756 2.443/2.455 1.922 �58:8 179.6
9HNA 1.759 1.980/2.955 1.916 �60:8 176.7
8HOA 1.927 1.898 �81:4 �173:7

10,10H2DA 1.872/1.887 2.013 1.904 �86:0 �147:8
9,10,10H2DA 1.734 2.024/2.554/2.648 1.854 1.897 �90:6 �177:7
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Also for 10,10H2DA, the H-bond of the –OH group with
the bound water is lost. However, the dihedral angle =�10–9–
8–7 of �147:8� is still small due to the strong interaction
between two –OH groups at the C-10 position and the two oxy-
gens of the –COO� of Glu305. For both 10,10H2DA and
9,10,10H2DA, the dihedral angle =�2–3–4–5 decreases to about
�90� due to the same steric restriction mentioned above.

The binding and interaction energies and their BSSE-cor-
rected energies for the various ligands at the ONIOM(HF/
6-31G��:PM3) and ONIOM(B3LYP/6-31G��:PM3) levels
are listed in Table 5. For GEN, the interaction energy increas-
es by 25–29 kJmol�1 in model B. The ratio of the interaction
energy of the inner part against the interaction energy of the
entire system is relatively large compared to those for the fatty
acids. When the relaxation energy is taken into account, the
interaction energy is reduced by about 84 kJmol�1 as shown
by the binding energy, which is similar to the case of model A.

Although the interaction energy of the entire system for
10H2DA is similar to that for GEN, the interaction energy
of the inner part is smaller and the interaction energy of the
outer part is larger for10H2DA than that for GEN. The binding
and BSSE-corrected binding energies for 10H2DA are also
similar to those for GEN. For 9H2DA, 8H2DA, and 7H2DA,
the binding energy as well as interaction energy is small due
to the small interaction energy of the inner part that loses
the H-bond for the –OH group. The BSSE-corrected binding
energies for the saturated hydroxy fatty acids of 10HDA,
9HNA, and 8HOA are larger than that for GEN. In particular,
it is larger by 38 kJmol�1 in the case of 9HNA. This fact
would be attributed to the difference in the interaction energy
of the outer part and in the relaxation energy between 9HNA
and GEN. The relaxation energy is smaller by 33–38 kJmol�1

for 9HNA than for GEN. This means that 9HNA fits the pocket
better compared to GEN. The interaction energy of the outer
part is about two times larger for 9HNA than for GEN, while
the interaction energy of the inner part for 9HNA is as large as
that for GEN.

As we expected, the interaction energies for 10,10H2DA

and 9,10,10H2DA are larger by 29–42 kJmol�1 than that for
GEN due to some additional H-bonds. However, when the
relaxation energies are taken into account, these interaction
energies are much reduced and then the binding energies for
both 10,10H2DA and 9,10,10H2DA become nearly the same
as that for GEN.

MD Simulations for Model B. We performed MD simu-
lations at 300K for model B in order to examine the effects of
the motion of the ligands inside the pocket on the H-bonds
qualitatively. Besides the original ligand GEN, we selected
10H2DA and 9HNA from each group of the unsaturated and
saturated hydroxy fatty acids, since both exhibited the largest
binding energy in each group (see Table 5). Before running
the MD simulations, we re-optimized the structure of model
B for GEN, 10H2DA, and 9HNA with the MM3 force field,
and confirmed that the H-bonds formed inside the pocket
between these ligands and the amino acid residues at the
ONIOM(HF/6-31G�:PM3) level are reproduced. When the
temperature was increased to 300K, the thermal motion of
the entire system affected the H-bonds of the ligands with
the amino acid residues, Glu305, Arg346, and His475 and
the bound water.

We examined probabilities of the formation of H-bonds of
the ligands with Glu305, Arg346, His475, and the bound water
in the MD simulations. The probabilities of the formation of
H-bond between the –OH hydrogen of the ligands and the
amino acid residues or the bound water are presented in
Table 6. In the case of GEN, one of the –OH hydrogens stays
not far from the –COO� group of Glu305. Nevertheless, the
–OH hydrogen hardly comes close to either oxygen of the
–COO� group. Therefore, the –COO� group of Glu305 forms
a H-bond network with the N–H of Arg346 and the bound
water. The –OH hydrogen forms the H-bond mainly with the
CO oxygen of the main chain of Lue339, the average and stan-
dard deviation of this H-bond distance being 2.217 and 0.342 Å,
respectively. This position of –OH hydrogen would be at a local
minimum lying higher in energy. This –OH group also forms a
H-bond with the bound water oxygen with a relatively high

Table 5. Interaction and Binding Energies (kJmol�1) of the Various Ligands in Model B at the ONIOM(HF/6-31G��:PM3) and
ONIOM(B3LYP/6-31G��:PM3) (in Parentheses) Levelsa)

Ligand INT INT(inner) INT(inner) INT(outer) Ratio of BE BE+BSSE corr.
+BSSE corr. INT(inner)/%

GEN 201.3 (231.4) 166.1 (196.2) 141.0 (156.1) 35.1 (35.1) 345.6 (354.8) 119.2 (143.1) 94.1 (102.9)

10H2DA 175.3 (205.0) 106.7 (136.4) 80.3 (95.0) 68.6 (68.6) 254.4 (278.2) 113.4 (136.4) 87.0 (95.0)
9H2DA 102.9 (119.2) 38.5 (54.8) 22.2 (30.1) 64.4 (64.4) 156.5 (191.6) 55.6 (77.0) 39.3 (52.3)
8H2DA 110.9 (127.6) 38.9 (55.2) 22.6 (31.0) 72.0 (72.4) 146.4 (181.6) 73.2 (94.1) 56.9 (69.5)
7H2DA 101.7 (118.4) 36.4 (53.1) 20.5 (28.9) 65.3 (65.7) 149.8 (187.0) 63.6 (84.5) 47.3 (60.7)

10HDA 189.5 (219.2) 111.7 (141.4) 84.9 (99.2) 77.4 (77.4) 247.3 (270.3) 125.5 (146.0) 98.3 (103.8)
9HNA 203.3 (232.2) 143.5 (172.4) 120.0 (132.6) 59.8 (59.8) 295.4 (310.5) 156.9 (178.2) 133.1 (138.9)
8HOA 134.3 (149.0) 81.2 (95.4) 67.4 (73.6) 53.1 (53.1) 252.7 (268.6) 122.6 (139.3) 108.8 (117.2)

10,10H2DA 231.4 (265.3) 178.2 (212.5) 145.2 (160.2) 52.7 (52.7) 322.6 (335.1) 139.7 (166.9) 106.3 (114.6)
9,10,10H2DA 233.9 (276.1) 161.9 (203.8) 129.7 (152.7) 72.0 (72.0) 289.5 (309.2) 114.6 (147.7) 82.8 (96.7)

a) INT(inner) and INT(outer) mean the interaction energy of the ligand with the amino acid residues and the bound water in the
inner part and the interaction energy of the ligand with the amino acid residues in the outer part, respectively. INT = INT(inner) +
INT(outer). The BSSE correction is taken into account only for INT(inner).
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probability. On the other hand, the other –OH hydrogen main-
tains a H-bond with His475 as shown in Table 8 with an aver-
age distance of 2.412 Å and a standard deviation of 0.450 Å.
The vibration of this H-bond, OH���N(His475) (see Figure 1),
seems to cause a small rotation of the entire GEN and moves
the position of the other –OH group slightly downward.

In contrast, for 10H2DA, the –OH hydrogen strongly inter-
acts with the –COO� oxygen of Glu305 and the –OH oxygen
interacts with the NH hydrogen of Arg346 as shown by the
high probabilities of their H-bond formation presented in

Tables 6 and 7. Table 6 shows the –OH group a little far
from the bound water. On the other hand, the –COOH group
stays far from His475 and sometimes comes close to His475,
which is shown by the low probability of H-bond formation
(Table 8). The –COOH group does not have any interaction
with other neighboring amino acid residues, even when the
–COOH group goes away from His475.

We also examined the change in the conformation of the
local chain consisting of four carbons during the simulation.
As presented in Table 9, for 10H2DA, the local chains with

Table 6. Probabilities (%) of the Formation of the H-Bond between the –OH Hydrogen of the Ligands and the
Amino Acid Residues or the Bound Water with the Distances of less than 3.0 and 2.5 Å in the Molecular
Dynamics Simulations for Mode B at 300K

Ligand Glu305(O1/O2, side chain) Bound water(O) Leu339(CO, main chain)

3.0 Å 2.5 Å 3.0 Å 2.5 Å 3.0 Å 2.5 Å

GEN 1.7/1.3 0.6/0.1 45.4 6.7 95.7 86.8
10H2DA 86.7/74.4 79.4/65.1 5.0 0.1 0.0 0.0
9HNA 77.1/96.5 68.1/89.1 10.1 0.2 0.0 0.0

Table 8. Probabilities (%) of the Formation of the H-Bond between the –COOH Hydrogen or –OH Hydrogen of the Ligands and the
Amino Acid Residues with the Distances of Less than 3.0 and 2.5 Å in the Molecular Dynamics Simulations for Mode B at 300K

Ligand His475(N, side chain) Leu476(NH, main chain) Gly472(CO, main chain) Leu298(CO, main chain)

3.0 Å 2.5 Å 3.0 Å 2.5 Å 3.0 Å 2.5 Å 3.0 Å 2.5 Å

GEN 93.5 73.2 1.5 0.0 0.2 0.0 0.0 0.0
10H2DA 15.9 6.0 0.3 0.0 0.2 0.0 0.0 0.0
9HNA 48.7 28.0 5.2 0.0 22.8 18.1 1.3 0.7

Table 7. Probabilities (%) of the Formation of the H-Bond between the –OH Oxygen of the Ligands and the Amino
Acid Residues or the Bound Water with the Distances of less than 3.0 and 2.5 Å in the Molecular Dynamics
Simulations for Mode B at 300K

Ligand Arg346(H1/H2, side chain) Arg346(H3/H4, side chain) Bound water(H1/H2)

3.0 Å 2.5 Å 3.0 Å 2.5 Å 3.0 Å 2.5 Å

GEN 0.0/0.0 0.0/0.0 47.5/39.6 26.0/19.6 7.0/7.8 0.3/0.7
10H2DA 10.7/3.4 2.7/0.9 33.2/13.3 37.0/18.9 11.7/9.1 4.3/0.9
9HNA 4.1/9.2 2.2/3.5 49.3/41.0 23.6/16.7 18.3/18.6 6.0/4.0

Table 9. Probabilities (%) of the Conformation of the Local Chains Consisting of Four Carbons of the Ligands, 10H2DA and 9HNA, in
the Molecular Dynamics Simulations for Model B at 300Ka)

OH

O

HO
1

2
3

4
5

6
7

8

HO OH

O

1
2

3
4

5
6

7

10H2DA

9HNA

Ligand Axis 1b) Axis 2 Axis 3c) Axis 4 Axis 5 Axis 6 Axis 7 Axis 8

trans cis trans gauche
skew cis

trans gauche trans gauche trans gauche trans gauche trans gauche
/trans /gauche

10H2DA 100.0 0.0 81.4 8.6 100.0 0.0 77.4 21.0 44.4 53.6 93.7 4.9 65.0 32.6
9HNA 65.3 8.6 80.9 17.2 27.4 71.2 96.1 2.9 96.1 2.8 96.1 2.7 46.2 52.1

a) For the axes 2–8 of the single bond, the dihedral angle of more than 140� was counted as trans, and the dihedral angle of less than
100� was counted as gauche. b) ‘‘Trans’’ means that the –OH group is trans to the carbon. The dihedral angle of more than 140� was
counted as trans, and the dihedral angle of less than 40� was counted as cis. c) For the axis 3 of 10H2DA, the dihedral angle of more
than 80� was counted as skew, and the dihedral angle of less than 40� was counted as cis.
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the axes 5, 6, and 8, which are located far from the chain 1–2–
3–4, take a gauche form with relatively high probability. On
the other hand, the local chain with the axis 3 keeps a skew
conformation. This rigid conformation of the 2–3–4–5 chain
would reduce the flexibility in the motion of the –COOH
terminal and prohibit the –COOH group from interacting with
the surrounding amino acid residues as mentioned above.

9HNA as well as 10H2DA show strong interaction with
Glu305 through the H-bond of the –OH group with the
–COO� oxygen, as shown by the high probability of H-bond
formation in Table 6. The –OH oxygen also forms H-bonds
with the NH of Arg346 and the bound water hydrogen
(Table 7). On the other hand, the –COOH hydrogen does not
always interacts with His475, which is similar to the case of
10H2DA. However, in contrast to the case of 10H2DA, even
if the –COOH hydrogen goes away from His475, the –COOH
hydrogen interacts with other neighboring amino acid residues,
i.e., the CO oxygen of the main chain of Gly472, the NH nitro-
gen of the main chain of Leu476, and the CO oxygen of the
main chain of Leu298, as shown by both Figure 3 and Table 8.
It should be noted that besides the local chain with axis 7,
the local chains with the axes 2 and 3, which are located on
the right hand side of the skeletal formula, take a gauche
conformation with a high probability (Table 9). In addition,
the –COOH group rotates around the axis 1. This flexible
motion of the carbon chain on the –COOH side for a saturated
fatty acid 9HNA, which was not found for an unsaturated fatty
acid 10H2DA, would be an advantage in the interaction with
the active site of the estrogen receptor.

Conclusion

The pharmacological effects of royal jelly similar to those
caused by the hormone estrogen are thought to appear as a

result of important fatty acids present in royal jelly acting as
an agonist towards an estrogen receptor inside the human
body. However, any direct evidence suggesting the interaction
of the fatty acids with the estrogen receptor has not been re-
ported yet. In this study, we therefore examined the interaction
of a set of hydroxy fatty acids with a model pocket of the
active site of the human estrogen receptor � using quantum
mechanical (QM), ONIOM, and molecular dynamics (MD)
methods.

Both QM and ONIOM methods showed that both saturated
and unsaturated hydroxy fatty acids can fit the pocket and
interact with the active site of the estrogen receptor. The termi-
nal –OH and –COOH groups of the fatty acids interact with
three essential amino acid residues, Glu305, Arg346, and
His475, and the bound water of the active site through H-
bonds. The other surrounding amino acid residues significantly
affect the H-bonds of the ligand with these three amino acid
residues and the bound water. The sterically restricted space
of the pocket controls the interaction of the ligands. The bind-
ing energy of 84–126 kJmol�1 similar to that for the original
ligand genistein (GEN) was calculated for the unsaturated hy-
droxy fatty acids, (E)-10-hydroxy-2-decenoic acid (10H2DA),
(E)-10,10-dihydroxy-2-decenoic acid (10,10H2DA), and (E)-
9,10,10-trihydroxy-2-decenoic acid (9,10,10H2DA), and the
saturated hydroxy fatty acids, 10-hydroxydecanoic acid
(10HDA), 9-hydroxynonanoic acid (9HNA), and 8-hydroxyoc-
tanoic acid (8HOA). The contribution of the electrostatic inter-
action with the amino acid residues environment excluding
Glu305, Arg346, and His475 to the interaction energy was
about 20–30% for these fatty acids. The MD simulations also
gave additional interesting information concerning the thermal
motion of the ligand inside the pocket.

Thus, our calculations suggest that the fatty acids involved
in royal jelly can interact with the human estrogen receptor.
The calculated large binding energy for 9HNA, 10,10H2DA,
and 9,10,10H2DA, which have not been detected from royal
jelly so far, will stimulate the experimentalists to search for
new ingredients in royal jelly and give important information
for design of new ligands.

TM and MA were supported in part by grants from the Min-
istry of Education, Culture, Sports, Science and Technology of
Japan.

Supporting Information

Figures S1–S6 presenting models A and B optimized with
the ligands, genistein (GEN), (E)-10-hydroxy-2-decenoic acid
(10H2DA), (E)-9-hydroxy-2-decenoic acid (9H2DA), (E)-8-hy-
droxy-2-decenoic acid (8H2DA), (E)-7-hydroxy-2-decenoic acid
(7H2DA), 10-hydroxydecanoic acid (10HDA), 9-hydroxynonanoic
acid (9HNA), 8-hydroxyoctanoic acid (8HOA), (E)-10,10-dihy-
droxy-2-decenoic acid (10,10H2DA), and (E)-9,10,10-trihydroxy-
2-decenoic acid (9,10,10H2DA), at the HF/6-31G� and ONIOM-
(HF/6-31G�:PM3) levels, Table S1 presenting the H-bond dis-
tances of the ligands, genistein (GEN), (E)-10-hydroxy-2-deceno-
ic acid (10H2DA), and 9-hydroxynonanoic acid (9HNA), in the
optimized structures of model B at the MM3 level, Table S2 pre-
senting the interaction energies of the ligands, genistein (GEN),
(E)-10-hydroxy-2-decenoic acid (10H2DA), and 9-hydroxynona-
noic acid (9HNA), in model B at the MM3 level, and listings
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Figure 3. Changes in the distances of the selected H-bonds
in the MD simulation of model B at 300K for 9-hydroxy-
nonanoic acid (9HNA). The color of the lines represents
the distances as follows; green: the distance between the
–COOH hydrogen and His475, blue: the distance between
the –COOH hydrogen and the NH nitrogen of the main
chain of Leu476, and red: the distance between the
–COOH hydrogen and the CO oxygen of the main chain
of Gly472.
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giving the Cartesian coordinates of these optimized structures.
This material is available free of charge on the Web at http://
www.csj.jp/journals/bcsj/.
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