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Abstract: Adenyly! cyclase is 2 membrane-bound enzyme that catalyzes the conversion of ATP to cAMP upon
various hormonal stimulations.' Isoform-selectivity among forskolin derivatives that forskolin and its
derivatives are a direct activator of adenylyl cyclase, can be predigted mostly by the distribution of the

negative electrostatic potential of each derivative.

Keywords: Adenylyl cyclase, Isoform-selectivity, cAMP, Forskolin, Electrostatic potential, First pririciples calculations.

‘INTRODUCTION

Adenylyl cyclase (AC) is a membrane-bound enzyme that
catalyzes the conversion of ATP to cAMP upon stimulation
of:numerous hormonal receptors, and thus. plays an
important role in regulating function of body organs [1]. It
is known that there are at least nine isoforms (types 1-9) of
AC that differ in tissue distribution and biochemrical
properties. Forskolin is a natural plant that has been used in
traditional medicine in India [2]. Forskolin directly activates
AC and thus because of this it acts like a S-adrenergic
agonists, widely used drugs:for acute heart failure. Forskolin

increases ventricilar contractility and induces vasodilatation -

in animals in vivo, anid thus'it was once considered for the
treatiment of acute heart failure as well. Despite such
expectations, however, forskolin was never used as an
- alternative to P-adrenergic agonists in modern medicine
becaiise it hds multiple side effetts, i
from poor AC isoform~, and this organ-selectivity [2]:
. wt TR LR BT S TERRIYTL beis i dr oWt
.More recently, a new forskolin derivative, or NKH477,
has been developed ,- which lacks the side effects and is
widely used in the treatment of acute heart failure in Japan
[3]. This conipound is known to possess high selectivity to
the type 5 isoform [4], a dominant AC isoform in adult
hearts, and thus selectively activates cardiac AC, leading to
‘enhanced cardiac contractility. Accordingly, forskolin
derivatives with increased AC isoform selectivity can be
used in the treatment of diseases, in which-catecholamine
signal needs to be activated in an organ-dependent manner.

AC isoform selectivity of forskolin derivatives can be
examined, at least in part, by utilizing information from
crystallographic studies. Recent crystallographic studies have
demonstrated the molecular mechanism of forskolin-
mediated activation of AC; forskolin directly binds to AC at
the opposite end of the site, to which ATP binds within the
catalytic core [5]. Forskolin binds the two domains (C1 and

nost Of Which es_"ult;:‘ . -«rystallographic studies [6}.-.

B3 6 PR . X . . ‘ . v
-.---The above ‘analysis“was based on classical mechanics
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C2) of AC by a combination of hydrophobic and hydrogen
interactions, increasing the catalytic rate of this enzyme.
Crystallographic studies also showed that there is a»
relatively large open space between the C6 and .C7 residug’
positions of forskoliri ‘within its bindingsite ‘of AC. na

than 200 new forskolin dérivatives and have demonstrated
that the modification at the positions of C6 and C7 indeed
enhanced AC isoform selectivity [6]. For example, when the
C6 position of forskolin was modified to an o-, B-
unsaturated carbonyl group (6-(4-acrylbutyryl) forskolin),'i
selectively stimulated type.2 AC..The polar substitution a
the: C7 position as well as ‘the attachment of C-C

bonds to the ring core of forskolin (the C5 and: C6) incrs

“type 3 AC selectivity. Mechanisms of interaction between _
such derivativés‘and AC isoforms weré also confirmed by
. virtual “docking..computer: analysis using results from

using éinipirical parameters- that would reproduce in vitro
pharmacological assays, which are very labor intensive and
time consuming. In térms of accuracy of molecular
interactions, particularly for the involvement of charge
transfer and polarization, the classical molecular dynamics
analysis commonly employed in the virtual docking study
may not be always reliable. We were thus interested in
applying a quantum mechanics based analysis, or first
principles calculations, to the above process, which does not
require intensive in vitro pharmacological assays. The first
principles calculations have been used to determine the

interaction between ligand and receptor by treating full - :
- atoms within the analyzing system. However, such a system.

has an extremely high degree of complexity because the
system typically contains thousands of atoms of receptor
proteins. In the current approach, however, we have analyzed
forskolin derivatives themselves, and examined potential.
differences among six forskolin derivatives, which have been
extensively examined in our laboratory for AC isoform
selectivity [6]. We have employed both non-local and local
analyses. Non-local analysis is not dependent on the
position, such as binding energies, the first ionization

© 2007 Bentham Science Publishers Ltd.

previous study from our laboratory;. wé synthesized more -

oy
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energy, the electron affinity and the HOMO (Highest '

Occupied Molecular Orbital)}-LUMO (Lowest Unoccupied
Molecular Orbital) gaps, while local analysis includes
" dependency of the position, such as electrostatic potentials
and distribution maps of the HOMO and the LUMO for
analysis of the derivatives. We will demonstrate the
mechanisms, by the use of quantum mechanics based
analysis, that how the modification at the positions of C6
and C7 produces AC isoform selectivity, and the feasibility
of applying this method to predicting AC isoform
selectivity. . ’

MATERIALS AND METHODS
1. Forskolin and its Derivatives

We have analyzed forskolin and its derivatives that have
high AC isoform selectivity as shown in detail in a previous
study [6] (Table 1). All derivatives are modified at R6, R7
and/or R13 residues. Briefly, FD1 is 6-[N-(2-
isothiocyanatoethyl)aminocarbonyl] forskolin; the relative
potency of stimulation of FD1 versus forskolin was 219 %
for type 2, 46 % for type 3, and 21 % for type 5 AC. FD2,
6-(4-acrylbutyryl) forskolin (117 % for type 2, 59 % for type
3, and 23 % for type 5 AC); FD3, 7-deacetyl-7-

,hydroxamylforskolin (108 % for type 2, 221 % for type 3,
and 94 % for type 5 AC); FD4, 5,6-dehydroxy-7-deacetyl-7-
nicotinoylforskolin (116 % for type 2, 307 % for type 3, and
77 % for type 5 AC); FDS5, 6-[3-(dimethylamino)

Letters in Drug Design & Discovery, 2007, Vol. 4 No.6 435

propiony]forskolin (NKH477) (109 % for type 2, 72 % for
type 3, and 180% for type 5 AC); FD6, 6-[3-(dimethylamino)
propionyl]-14 15-dihydroforskolin (51 % for type 2, 22 %
for type 3, and 139 % for type 5 AC). » ’

2. Methods _of Calculation

Calculations listed below have been performed using the
PC cluster (Bestsystems, Tsukuba and Tokyo, Japan) as
parallel computing of Advanced Applied Science Department
in Ishikawajima-Harima Heavy Industries Co. Ltd. We have
used software based upon Dmol? [7] (Accelrys, San Diego,
CA, US.A)) by the use of Linux operating system of
Redhat ES 4.0 (Redhat Inc., Raleigh, NC, U.S.A.).

3. Computational Details

We have calculated forskolin and its derivatives by linear
combination of atomic orbital (LCAO) with spin polarized
calculation. We have performed all electron calculation with
double numerical basis-set including polarization function
[7, 8] using the discrete variational method (DVM) [9-11]. A,
finite basis-set cutoff of 4.0 A was used to reduce
computational time without any significant Joss.in accuracy
[12]. The local density approximation (LDA) [13].and the
generalized-gradienit approximation (GGA) by Perdew, Burke
and Emzerhof (PBE) [14] and Becke, Lee, Yang and Parr
(BLYP) [15, 16] have been applied to obtain exchange-
correlation energy functional. The GGA functionals depend -

Table 1. The Chemical Structure of Fo‘r'skolin and its Derivatives (6); : '_

Compound Position Selectivity |
R¢ . Ry Ri3
Forskolin ‘ H CH3 CH=CH, A Non-selective
FD1 CONHCH,CH,NCS ~ ~ CH; CH=CH, " Type2AC .
FD2 | COCH;CH,CH;EOCH=CH, . CH; CH=CH, Type 2 AC
FD3 H NHOH  CH=CH, Type3 AC
FD4 5,6-dehydoxy . —@ CH=CH, . Type3 AC
FD5 (NKH477) COCH,CHpN(CHz); ~ = = cHy " cH=cH, Type 5 AC
_FDS _ COCH,CH;NCHz), - cHs CHyCHs TypeSAC - -
Fhe abbreviation of farskolin derivatives used in the text and the, modification of their residues at R6, R7, and R13 are shown. FD1, 6-[N-(2-isothiocyanatoethyl)

aminocarbonyl] forskolin; FD2, 6-(4-acrylbutyryl)forskolin; FD3, 7-deacetyl-7-hydroxamyiforskolin; FD4, 5,6-dehydroxy-7-deacetyl-7-nicotinoylforskolin;~FDS,'~’6f[3,L
(dimethylamino)propiony}forskolin (NKH477) ;FDS, 6-[3-(dimethylamino)propionyi]-14 15-dihydrofprskolin. The structure of forskolin and the position of each-res;dge'

modified (Rg, Ry, and Ry5) are indicated.
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on both the local electron charge density and the magnitude
of its gradient. The idea of the functionals is similar between
PBE functional and BLYP furctional although PBE
functional is applied to the bulk system and BLYP
fanctional to a molecule in general.

In order to evaluate the structures of forskolin and its
derivatives, i.e. optimized structures, wavefunctions and
eigenvalues, we utilized the following methods. A molecular
structure was set according to the chemical formula of the
forskolin and its derivatives, followed by dynamic
optimization of the structure without empirical parameters.
The structural and electrical optimizations were performed by
the direct inversion in the iterative subspace (DIs) [17, 18].
The derivatives were optimized by minimizing a total energy
up to 2.7 X 104 eV and relaxed by minimizing a force
acting on an atom up to 0.54 eV/nm. After determining the
Kohn Sham equation that can approximate Schroedinger
equation; we evaluated physical and chemical properties of
these compounds through wavefunctions and eigenvalues.

" The first ionization potential and the electron affinity of a
molecule are calculated using density functional method
[19]. The method can be expressed by total energy
differences between two different states. There are,

1P =~Ex—Ey-D) )
amd
EA =~(Eys+1 - EN) @

. where IP is the first jonization potential, E4 the electron

affinity, En+1 the total energy of the molecule with the

mumber of N + 1 electrons, Ey the total energy of the
olecule with the number of N electrons and Ey.; the total
energy of the molecule with the number of N-1 electrons.
The binding energy is calculated as

gh b =:Et'd "';E:tam

where Ej, is the binding energy of the molecule, Eyy thé‘tptai -
energy of the molecule and E’4y,y, is the total energy of the ©

i isolated atom [20-26].

RESULTS _

We have analyzed forskolin and its derivatives (FD1.to ..

FD6), of which AC isoform selectivity has been studied in
detail [6]. These derivatives have been subdivided into three
groups, FD1/2, FD3/4, and FD5/6, which selectivity
stimulate type 2, type 3 and type 5 AC isoforms,
respectively [6] (Table 1).

1. AC Stimulating Activity Analysis with Non-Local
Study

We first employed non-local analysis, which does not
depend upon the position within thé molecule, but rather

G

SO

§

s

analyzés the dynamic properties of an entire molecule using

multiple parameters. The analysis does not address

properties with respect to the position, such as activities of a -

specific site in the molecule. We have determined LDA and
the generalized-gradient approximation (GGA) with respect
to the different approximation of exchange correlation
_ functional. GGA was determined by both PBE functional

Eguchi et al

and BLYP functional so that we could predict the binding
energy of molecule precisely compared to that of LDA. It is
known that BLYP functional gives a quite accurate
description of hydrogen-bonded systems com#pared to PBE
functional [27-30].

a. The First Ionization Energy, the Electron Affinity and
Energy Gaps of the HOMO and the LUMO

Determination of the HOMO and the LUMO is based
upon the frontier orbital/theory, and is a method of
calculating molecular orbitals [31-35]. According to
Koopman’s theorem, the energy level of the HOMO is
directly related to the first ionization potential and the
energy level of the LUMO, in contrast, is directly related to
the electron affinity[36, 37]. The first jonization potential of
the molecule is the energy required to remove one electron in
a molecule. The electron affinity is the amount of energy
absorbed when an electron is added to a neutral molecule to
form an ion with a -1 charge (—e). It has a negative value if
energy is released. When both the HOMO and the LUMO
energies are related to the chemical interaction, those are
called as radical interactions. For example, hard
nucleophilies have a low energy HOMO; soft nucleophiles &
have a high energy HOMO; hard electrophiles have a high!

energy LUMO; and soft electrophilies have a low-energy” :

LUMO. The HOMO-LUMO gap, i.e. the difference in
energy between the HOMO and the LUMO, 'is an importart
stability-index. The reason can be explained by the absolute
hardness of a chemical species. The absolute hardness of a

__chemical potential [N, v] [38] is defined as, P
_1(om\_1[PF
n=2\N), " 2\

g v

. where 7 is the absolute hardness of a chemical species, £ the
_total enerfry, § the number of electrons, v the external
7" potential that is defined in density functional theory [19]. 7 -
>, . measures the resistance to charge redistribution after the : 3
" interactions. When hardness is small, it is easy for electrons
. to go to the others or come from the others. 7 is equivalent
" to the HOMO-LUMO gap through the finite difference
- ~approximation [19]. A large HOMO-LUMO gap implies
..»high stability for the molecule because of its lower affinity
*in chemical interactions, and a small HOMO-LUMO gap

@

implies low stability. The HOMO-LUMO gap has thus been
used as an approximation to the excitation energy of the
molecule.

We first thought that the isoform selectivity might be
determined by the gap between the HOMO and the LUMO.
We first calculated the first ionization energy and the
electron affinity for each derivative using GGA (BLYP) and
then the HOMO-LUMO gap (HOMO minus LUMO) by the
methods of LDA and GGAs (BLYP and PBE).

Table 2 shows the first ionization potential and the
electron affinity of forskolin and its derivatives with BLYP
exchange correlation potential. Those energies were variable

‘among derivatives. The first ionization potential varied from
16.379 (FD2) to 7.108 (FD4), and the electron affinity varied

from 0.240 (forskolin) to 1.576 (FD2). When FD1 and FD2
were compared, the electron affinity of FD1 was lower than
that of FD2, suggesting that FD1 can easily accepts
¢lectrons. Thé first ionization energy of FD1 was higher than
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Table 2. The First Ionization Potential and the Electron Aﬁimty (eV) of Forskolin and its Derivatives with BLYP Exchange-

Correlatlon Functional

Forskolin FD1 FD2 FD3 " FD4 - FDS *D6
Ionization potenitial (IP) . 7.101 6.380 6379 6.705. 7.108 6.496 " 6429
Electron affinity (EA) 0.240 0910 1576 1526 1.057 0336 0.585

that of FD2, suggesting that FD1 poorly gives up electrons.
FD1 may interact with type 2 AC via acceptor like
interactions, whereas FD2 may interact with type 2 AC via
donor like interactions, Similarly, FD4 may interact with
type 3 AC via acceptor like interactions, and FD3 may
interact with type 3 AC via donor like interactions. When
FD5 and FD6 were compared, the electron affinity of FD5
was slightly lower than that of FD6, and the first jonization
energy of FD5 was slightly higher than that of FD6.
Because both FD5 and FD6 contain a tertiary amine at R6,
and the amine of FD5 and FD6 has a nucleophilic ¢haracter
due to a lone electron pair of nitrogen atom, FD5 and FD6
may have lower electron affinity.

We ‘then compared the HOMO-LUMO gap of each
derivative (Table 3). The gap was very different between
- FD2 and FD1, and the gap of FD2 was smallest among all

between FD5 and FD6. Fig. (1] shows isosurfaces of the
HOMO and.the LUMO of FD35. The HOMO located at the
R7 residue and the LUMO at the C9, the C10 ard the C11
positions, and the modification at these residues is known to
inactivate this derivative. Fig. (2) shows isosurfaces of FDS,
which are very similar to those of FD35.

Putting together, the above findings suggest that AC
isoform selectivity is less likely to be determined by the
HOMO-LUMO gaps of these derivatives, at least determined
by the first ionization energy and the electron affinity.  :

b. Binding Energies

- We also analyzed the binding energy of each of forskolm
derivatives because it was possible that the isoform
selectivity among such derivatives might simply reflect
differences in binding energy. We have also determined: the

Table 3. The HOMO-LUMO Gaps. (eV)_of Forskolin and its Derivatives. In General, PBE Functional is Apphed to the Bulk
' System and BLYP Functional to a Molecule e
Forskolin FD1 FD2 FD3 FD4 | _¥Ds ‘FD6 ...
LDA 2914 2962 1.521 3.129 ©2.855 3104 L 2910
GGA (BLYP) 3.147 3224 1.628 3412 3.043 2.801 2908 |
GGA (PBE) 3.107 3.163 1.505 3.314 3.041 2.844 2.960

the denvatlves suggesting that FD2 is the most reactive
compound. The gap was modestly different between FD3
and.FD4 while the gap was similar between FD1 and
forskolin as well as between FD5 and FD6. The distribution
" map of the HOMO and LUMO in space was very similar

N
HsC” “CHjs

(a) HOMO

value of the water molecule as a reference, which is known
to have a very low affinity. Asshown in Table 4, these
derivatives had relatively small (below —4.425 eV/atom) and
very similar (-5.160 eV/atom ~ -5.444 eV/atom by LDA ‘and
—4.425 eV/atom ~ -4.855 eV/itom by GGA) values in the

(b) LUMO

Flg (1). Isosurface of HOMO (left) and LUMO (right) of FD5. The positive value is shown in blue and negative in yellow. Chemcal

structure of FDS5 is also shown (left).

“
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(a) HOMO

(6) LUMO

Fig. (2). Isosurface of HOMO (left) and LUMO (right) of FD6. The positive value is shown in blue and negative in yellow. Chemical

structure of FD6 is also shown (left).

binding énergy among the three groups (FD 172, FD3/4, and
FD5/6); indicating that the stability of these derivatives is

similar at least in binding. Note that the value of the water

molecule was relatively large (-3.817 eV/atom by LDA and

3.406 "~ -3.444 eV/atom by’ GGA) compared with those of
the forskolin derivatives. These data suggest that the isoform

seléctivity is less likely due to the ‘differences in binding

energy. .

* " ‘Thus, the analysis using the HOMO and the LUMO has

suggested the complexity of the mechanisms of generating

AC-isoform ‘selectivity that molecular dynamics are not
necessarily similar even between the derivatives with

compérable isoform selectivity. ,

3. ‘AG Stiritlating Activity Analysis with Local Analysis
. ’We riext einployed local atialysis, which is suitable for
looking:df local: positions of :a?molécule. The analysis
addressed propeities with ‘respect to the position, such as
ivitiés ofispecific site in the molecule.
Elecirostatic Potential
the generalized-gradient approximation
surfaces of electrostatic
ns._on - isosurfaces -of
ralized gradient calculations
with those.of LDA, we
trostatic potentials as
lectrostatic potential of
e~ siuch-potential might
ivative to a specific AC

I,¥P Functional to a Molecule

isoform. The electrostatic interaction is represented by both
the atomic charges and the positive point charges in space;
such as within a grid surrounding the molecule, and can be ¢

either attractive or repulsive. For example, an electropositive - 1

part of a forskolin derivative seeks to dock to-an
electronegative part of an AC isoform.

Isosurfaces of the electrostatic potential are summarized
in Fig. (3). An isosurface is a three-dimensional analog of
contour map. It can represent a surface of constant value™of -
electrostatic potential within volume. Positive potential that
takes higher value inside is shown in blue and the' negative
one that takes lower value in yellow. All isosurfaces arg,.
drawn at 5.880x10* eV in the positive and —5.880x10 eV
in the negative. . o

Positive potentials were widely. distributed over th€
molecule while the negative potentials were split into twg
regions i all derivatives. An example of forskolin is shown '’
in Fig. (3a). The distribution of positive potentials" 6f
forskolin derivatives was mostly the same ‘o that" of
forskolin, suggesting that such distribution is less Tikely to
contribute to the isoform-selectivity. However, we found
that the distribution of negative potentials was very different
among them, but was conserved, importantly, between the
derivatives with' similar AC isoform selectivity as shown in
Figs. (3b-h). FD1 and FD2, for example, which are

selective to type 2 AC, had the negative potential spreading

largely on the reverse side of the C6 and C7 positions but,

“to a smaller degree, on the front of the C7 position. The

substituent of FD1 at R6 contains an isothiocyanate, which

.act as electrophilies with carbon atom as the electrophilic

(ngét'oni)"o'f Forskolin, its Derivatives and Water. In General, PBE Functional is Applied to the

" Forskolin |- FDL FD2 ¥D3 FD4 FD5 _FD6 H,0
LDA -5.203 -5.265 5290, -5.191 -5.444 -5.201 -5.160
GGA (BLYP) 4.497 . -4.518 _4.551 4425 4.643 4472 -4.437
GGA (PBE) 4.662 -4.689 4718 ~4.600 4.855 4.634, -4.597




‘ .
Isoform-Selective Regulation of Adenylyl Cyclasé by Forskolin Derivatives

center. On the other hand, the substituent of FD2 at R6 -

contains an ¢/f unsaturated ketone, which has a polar
character. The results show FD2 of the R6 substituent
COCH=CH, out of COCH,CH;COCH=CH, had the same
character of the substituent of FD1 at the R6. This
implicated that the positive electrostatic potential of type 2
AC [27] interacts FD1 and FD2 mostly at the reverse side of
-the C6, C7 and R7 positions. FD3 and FD4 are selective to
type 3 AC and its negative potentials were entirely wrapping

-]

sl ©

(a) Forskolin (positive potential and negative potential)

(9) FDS5 (negative potential)

Fig. (3). Isosurface of electrostatic potential of forskolin and its derlvatlves The positive value is shown in blue and ne
yellow, and chemxcal structure of each derivative is also shown (left). (a) Forskolin (positive potential. and negatlve potenu , (b)
Forskolin (negative potential), (c) FD1 (negative potential), (d) FD2 (negative potentxal) (e) FD3 (negauve potentxal) (t) FD4
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the C7 position, implicating that the positive electrostatic

potential of type 3 AC interacts with FD4 at the C7 position

from any directions. FD5 and FD6 is selective to type 5 AC
and its negative potentials spread widely on the reverse side-
of the C8, the C7 position while they were weak at the C6
position, 1mp11cat1ng that the positive electrostatic potential
of type 5 AC interacts mostly with the reverse side of the
C8, the C7 positions, and the C7 position.

(b) Forskolin (negative potential)

(h)FD6(negaﬁvepotenﬁal) A ;

‘negative potential), (g) FD5 (negative potential), (h) FD6 (negative potential).

~a
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The above findings suggest that the negative electrostatic
potentials of these forskolin derivatives may interact with
the positive electrostatic potential of each AC isoform, and
that this interaction may play a potentially important role in
producing isoform-selectivity among forskolin derivatives.

DISCUSSION
The isoform-selective stimulation of forskolin can be
potentiated through specific modifications at the C6 and/or

the C7 position of forskolin and that the combination of .
multiple modifications has additive effects in enhancing - .

selectivity [6]. It is spegulated that forskolin is a partial

activator of AC and that the modification of forskolin at the " -
C6 and the C7 positions may simply increase the maximal -

degree of AC activation. The affinity of our forskolin

derivatives (FD1-6) for AC does not depend upon the -
structure at the C6 and C7 positions -[6]. The hydrogen -

bonding with AC at the C1, the C7 and the C11 positions
played an important role in the previous report [6]. Our
analyses have revealed that the distribution of the negative
electrostatic potential on the C6 and the C7 residues may
play a role in type-specific regulation of AC by forskolin
derivatives. L e a o

Analysis of forskolin derivatives using first principles
calculations, which:is based 6n gquantum mechanic analysis,
has revealed potential echaftisms for enhanced selectivity
in yat'i\'ie_,s.f._,MOS:tf important, AC isoform-

negative, but n tive, -electrostatic’ potential of these
derivatives, suggesting “that thé’ positive electrostatic
potential of AC isoforms may play an important role in
defining the interaction with these forskolin derivatives. In
support of this concept, the negative electrostatic potential
distributing over.the €6 and .C7 positions, of which
modification selectivity; was similar
mparable AC isoform
nong derivatives with
re, presence of multiple
ACisoform selectivity was
suggested by ing the first ionization potential
and the electron affinity because these indexes were different
even between the'derivatives with comparable isoform
selectivity. Acceptor like interactions plays an important role
in AC isoform selectivity among types 2, 3 and 5 since FD1
which selectivity stimulates type 2 AC, FD4 which
selectivity stimulates type 3 AC and together with FD3
which selectivity stimulate type 5 AC tend to have the lowér
electron affinity than the other counterpart. :

Our study also demonstrated another potential advantage

selectivity, b
distinct selec i
mechanisms t¢

of employing theﬁr_st"prihqij_ales calculations to analyze '

selectivity to enzyme isoforms. The first principles
molecular dynamics has been used to determine the
interaction, for example, bétween agonist and receptor by
treating full atoms within the analyzing system. In the
current study, we have focused our efforts on analyzing only
agonists (forskolin derivatives) to examiné if such analysis
is sufficient to find properties that may correlate with AC
isoform selectivity. The method of approach employed in
our stiidy ‘was relatively simple because we did not have to
analyze the AC protein that possesses a large number of

. types of compounds that react with different effecter

forskolin derivatives, and this may be used to design new

" binding process. Our analysis also has a potential of further
.developing isoform-targeted, such as not only stimulators
‘but also inhibitors without an extremely high degree of

* “complexity calculations, such as full treatment of ligand and

"3

625. "
[4} Toya, Y.; Schwencke, C.; Ishikawa, Y. J. Mol. Cell Cardiol.,
1998, 30, 97:
[51 Zhang; G.; Liu, Y.; Ruoho, A. E.; Hurley, J. H. Nature, 1997, 386,
247-53. '

 [10]  Ellis, D. E. Int. J. Quantum Chem., 1968, 25, 35.

Eguchi et al.

atoms or utilized data from crystallographic studies. We.do
not know if the same approach can be applicable to other

enzymes. However, our approach-was indeed useful to
predict AC isoform-selectivity, at least in part, among

forskolin derivatives at the time of molecule designing in
future studies. Calculated properties like first jonization
potential, electron affinity a}ld HOMO-LUMO gaps could be
useful indices if the mechanism of action of the forskolin
and its derivatives could be related to a covalent or an ionic

ptor. By the use of a similar approach, it may be
ssiblé to analyze the interaction between this enzyme
isoform and othef inhibitors, such as P-site inhibitors [39].
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6-[N-(2-isothiocyanatoethyl)aminocarbonyl]

FDI =
forskolin
FD2 = 6-(4-acrylbutyryl) forskolin

7-deacetyl-7-hydroxamylforskolin
= -'5_;6ffiqhydroxy-7-deacetyl—7-nicotinoylforskolin
= 64[3{dime&ylmho)propiony]fomkoﬁn

6. = 6-[3-(dimethylamino)propionyl]-14 15-dihydro-
. - forskolin
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Abstract: Retinoic acid analogs containing an aromatic ring fixed between the 5 and 8 positions of retinoic
acid, were synthesized by a palladium-catalyzed cross-coupling reaction between boronic acid and an
alkenyltriflate or alkenyliodide. The biological activities of the retinoic acid analogs were evaluated.

Keywords: Heteroarotinoid, Boronic acid, Coupling reaction, RAR, RXR.

INTRODUCTION

Retinoic acid receptors (RAR, B, and 7) and retinoid X
receptors (RXRa, B, and ¥) are members of the nuclear
receptor superfamily [1]. These receptors are ligand-
dependent transcription factors that play important rolesin a
myriad of biological functions including cell differentiation,
cell proliferation, and embryonic development [1,2].
Retinoids are natural or synthetic analogs of retinoic acid
that act as signaling molecules by binding to RARs and
RXRs. The natural ligand all-E-retinoic acid (ATRA, 1)

Scheme 1. Structures of retinoic acid and analog.

binds with high affinity to RARs but does not bind to
RXRs. However, 9Z-retinoic acid (9CRA, 2) exhibits nealy
the same binding affinity for RARs and RXRs [3,4]. RXRs
play important roles in heterodimeric complexes with other
nuclear receptor proteins such as RARs, the thyroid hormone
receptor (TR), the vitamin D receptor (VDR), and
peroxisome proliferator-activated receptors (PPARs). Great
efforts have been made to prepare a receptor-selective
retinoids in order to define the functions of each receptor and
to develop therapeutic agents [5]. We have demonstrated that
the retinoic acid analog 3 (Scheme 1), in which the
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Chemistry for Life Science, Kobe Pharmaceutical University, 4-19-1,
Motoyamakita-machi, Higashinada, Kobe 658-8558, Japan; Tel: +81-78-
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1, Motoyamakita-machi, Higashinada, Kobe 658-8558, Japan;
E-mail: t-okano@kobepharma-u.ac.jp

1570-1808/07 $50.00+.00

activity relationship of retinoic acid analogs having a hetero-

cyclohexene and the adjacent C6-7 double bond of 9Z-
retinoic acid is replaced with a benzofuran ring, causes 3
increased binding of RXR to the retinoid X responsive,
element (RXRE), despite having no. biological activitigs :
(antiproliferative, differentiation-inducing, or apoptosis-
inducing) in HL-60 cells [6]. Recently, Michellys et al.
reported that the analogs having benzofuran or ¢
benzothiophen ring exhibited good RXR selectivity [5i]. &
These findings prompted us to investigate the structure-

N
° T
3

AN

aromatic ring (heteroarotinoids). This manuscript describes
the preparation and the receptor-binding activities of new
heteroarotinoids having furan, benzothiophene; and
thiophene rings.

RESULTS AND DISCUSSION
Chemistry ‘

Heteroarotinoids 9 and 9° were synthesized using two’
types of highly stereroselective reactions for carbon-carbon
bond formation (Scheme 2). The first reaction is a Suzuki
cross-coupling-reaction of alkenyltriflate or alkenyliodide
with boronic acid. This reaction is well known to proceed
with retention of the double bond in the coupling
components [7]. The reaction of boronic acids (4) with E- %
alkenyltriflate (5) or Z-alkenyliodide (5°) in the presence of 3
tris(dibenzylideneacetone)dipalladium [Pdy(dba)s), triphenyl- 3
arsine (AsPh3), and sodium hydroxide afforded the coupling ]
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