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ABSTRACT. The recognition mode of adenophostin A at thenyainositol 1,4,5-trisphosphate [Ins(1,4,5)-

P5] receptor was investigated. Comparison of conformations of Ins(1dabs)}Padenophostin A by using

the combination of NMR and molecular mechanics (MM) calculations demonstrated that adenophostin A
adopted a moderately extended conformation regarding the distance betweépltiosghoryl group

and the 3,4""-bisphosphate motif, as suggested previously [Wilcox, R. A. et al. (18®@f) Pharmacol.
47,1204-1211]. Based on the nuclear Overhauser effect (NOE) observed betiweleang@ 1'-H and on

MM calculations, the molecular shape of adenophostin A proved to be an extended form at least in solution,
in contrast to Wilcox’s compactly folded, preliminary hairpin model. GlcdR(2,8s, an adenophostin
analogue without adenine moiety, was found to be less potent than adenophostin A and almost equipotent
to Ins(1,4,5)B. We propose the possibility that (i) the optimal spatial arrangement of the three phosphoryl
groups and/or (ii) the interaction of the adenine moiety of adenophostin A with the putative binding site,
if it exists in the vicinity of the Ins(1,4,5}binding site, might account for the exceptional potency of
adenophostin A.

It is well-recognized that the activation of phosphoinositi- OH
dase C via stimulation of an extracellular G-protein-coupled 26.PO HO
receptor results in the release ofmyaoinositol 1,4,5- 2-8 PO 0P032‘
trisphosphate [Ins(1,4,5)P Figure 1] as a second messenger. 3 OH
Ins(1,4,5)R binds to the receptor protein that contains both Ins(1.4.5)P
an Ins(1,4,5)P recognition site and a Ga channel to s(1,4.5)Ps
mobilize nonmitochondrial intracellular €ain a wide OR
variety of cell types 1). Efforts have been made to OH
understand the mode of recognition of Ins(1,435P the 2’03PO 0]
Ins(1,4,5)R receptor [Ins(1,4,54R] (2,3) and to obtain an 2'03PO’§$‘ AN
antagonist or a partial agonist designed rationally from Ins- HOOI" o N |N
(1,4,5)R (4—6). _ )YKNH
We isolated very potent Ins(1,4,5fP agonists, adeno- 2. 3 N 2
phostins A and B, from the culture broth &®enicillium O3PO \=N
brevicompactunSANK 11991 and SANK 121777¢9). The adenophostin A (R = H)
structures of adenophostins A and B are distinct from that adenophostin B (R = Ac)
of Ins(1,4,5)R except for the presence of three phosphoryl .
groups. The Ins(1,4,5)R-binding activity and C&-mobiliz- FiGURE 1. Ins(1,4,5) and adenophostins A and B.

ing activity of adenophostin A, as well as adenophostin B, . 4nnroximately 100 times more potent than those of the

natural ligand, Ins(1,4,5}%8). Moreover, adenophostins are
#This paper is part 3 of the serieszIReceptor-Ligand. resistant to Ins(1,4,5)Anetabolizing enzymes, Ins(1,4,3)P

* Corresponding author. E-mail: hotoda@shina.sankyo.co.jp. Fax: _ ; . .
481-3-5436-8570. 5-phosphatase and Ins(1,4,5)Bkinase, explaining their

$ To whom the correspondence regarding molecular modeling should Prolonged QCtiVity 8). _ -
be addressed. E-mail: miya@shina.sankyo.co.jp. Because it has the highest known affinity for the Ins(1,4,5)-
! Exploratory Chemistry Research Laboratories. PsR and it has a unique structure, adenophostin has received

U Biological Research Laboratories. . . . . -

1 Abbreviations: Ins(1,4,5¥p-mycinositol 1,4,5-trisphosphate; Ins- much attention $'nce Its d'scoverY' DeLisle e_t al. reported
(1,4,5)RR, o-myoinositol 1,4,5-trisphosphate receptor; GIcdR(Z3- that adenophostin A was able to stimulate the influx of'Ca
|(°§, i?l;(aéD{-g|EJCOSy|I)-1-d68X>%-rIbOSe5;4’g-tt)_ﬂerthSphhaéte: C§|CA|E- across the plasma membrane without inevitably emptying

"' 4")P,, 3-O-(a-D-glucosyl)-adenosing '34'-O-bisphosphate; GlcaE- . ;

(2,3,4)P;, (2S3R)-3-O-(a-b-glucosyl)-1,4-anhydroerythritol 2,3 -O- the Ins(l’4'5)EsenS|tlve. intracellular G?i s_tores 10)
trisphosphate; 6Ac-Glcl(2,3",4")Ps, 3-O-(6-O-acetylo-D-glucosyl)- Recently, Sato et al. confirmed thatTascillations, lasting

inosine 2,3",4"-O-trisphosphate. for at leas 3 h asobserved at fertilization, were produced
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Scheme 1: Synthetic Route for GlcdR(243P;
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by a single injection of adenophostin B into oocytes,

experimental details for the synthesis of GlcdR{(2;3°; are

demonstrating the possible usefulness of adenophostins folgiven in Supporting Information. Recently, Matsuda’s group

parthenogenetic oocyte activation in the biotechnology of
animal reproduction1(1).

The total synthesis of adenophostin A has been previously
done by us 12, 13) and by van Boom’s groupl4, 15).
Several analogues of adenophostin were synthesiizgd (
26) and tested for Ca-mobilizing activity, demonstrating
the importance of the adenosine moiety of adenophostin for
the activity (L6—23).

synthesized the same compound as GlcdR@)Bs, and its
affinity to porcine cerebellar Ins(1,4,5R was determined
by us to be 25 nM (I1&) (29).

Ins(1,4,5)R Receptor-Binding Assayhe Ins(1,4,5)ER
was purified from rat cerebellum using heparin-agarose and
concanavalin A-Sepharose(j. The FH]Ins(1,4,5)RB-binding
assay was performed with the poly(ethylene glycol) precipi-
tation method 1), in which 1ug of the purified receptor

In the present paper, we report the synthesis, the Ins(1,4,5)was incubated in 10@L of 50 mM Tris-HCI, pH 8.0, 1

P;R-binding activity, and the Ga-mobilizing activity of an
adenophostin analogue lacking the adenine moiety as well
as a comparison of conformations of Ins(1,45)hd
adenophostin A elucidated using the combination of NMR
and molecular mechanics (MM) calculations. The importance
of the spatial arrangement of the three phosphoryl groups
and the putative interaction of the adenine moiety of
adenophostin in the vicinity of the Ins(1,4,%2)Binding site

on the Ins(1,4,5)fR are discussed.

MATERIALS AND METHODS

Materials. Adenophostins A and B were isolated from the
culture broth ofP. brevicompactumSANK11991 ). Ins-
(1,4,5)B was purchased from CalbiocherfH]Ins(1,4,5)R
and“*CaCb were from DuPont-New England Nuclear(B-
(a-D-Glucosyl)-1-deoxys-ribose 2,34'-O-trisphosphate
[GlcdR(2,3,4)P;] was synthesized (Scheme 1) by the
modification of the previous procedure for the total synthesis
of adenophostin AX2). Briefly, 1-deoxys-ribofuranosel
(27) was suitably protected to givefollowed by glycosy-
lation with 2-O-benzyl-3,4,6-triO-acetyla-p-glucosyl bro-
mide 28) under the influence of AgCl9and y-collidine.
After manipulations of the protecting groups of the resulting
a-linked dimer 3 and subsequent phosphorylation, the
resulting compound was deprotected to give the desired
GlcdR(2,3,4)Ps. tH NMR (DO, external TMS) 5.06 (d,

J = 3.4 Hz, 1H), 4.23 (quartef] = 8.8 Hz, 1H), 4.09 (dd,
J = 6.8 and 4.9 Hz, 1H), 3.953.40 (m, 11H); IR (KBr)
3194, 1687, 1460, 1403, 1151, 1086, 1041, 977, 938'rm
HRMS (FAB) Mz 534.9991 (M— H)~ Appm = —5.2. Full

mM EDTA, 1 mM 2-mercaptoethanol, 10 nMH]Ins(1,4,5)-
P;, and GlcdR(2,34')P; or unlabeled Ins(1,4,5)For 10 min
at 4°C. Nonspecific binding was measured in the presence
of 1 uM cold Ins(1,4,5)R.

Measurement of*Ca?* ReleaseFor the cell-free study,
rat cerebellar microsomes were prepar&®) and suspended
at 0.5 mg of protein/mL in 10 mM HEPESOH, pH 7.2,
120 mM KCI, 1 mM dithiothreitol, 2 mM MgGClJ, 1 ug/mL
oligomycin, and 5«M CaCl (containing 2uCi/mL 4Ca").
EGTA was added to buffer-free €ato 100 nM @3). C&"
uptake was initiated by the addition of 1 mM ATP and an
ATP-regenerating system (10 mM phosphocreatine and 10
units/mL creatine kinase). The reaction mixture was incu-
bated at 30°C, and 100uL aliquots were removed to
determine intravesicular €acontent by a filtration assay.

Measurement ofH NMR SpectraFor the preparation of
the NMR sample, adenophostin A was dissolved at 10 mM
in 50 mM phosphate buffer itH,O at H 6.8 (isotope effect
of 0.4 was added to the pH meter reading). HDNMR
spectrum was measured at 298 K on the JNM GSX-400
spectrometer (400 MHz). NOESY spectrum was obtained
with a mixing time of 800 ms at 298 K on the Bruker AMX-
360 spectrometer (360 MHZz).

Molecular Modeling for Ins(1,4,5)Pand Adenophostin
A. All calculations were run on IRIS workstations. Geometry
optimizations in quantum mechanics calculations were
performed using the semiempirical molecular orbital method
AM1 of the MOPAC program. Single-point ab initio
calculations were then carried out using the program
SPARTAN with a STO-3G basis set to determine the
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electrostatic potential charges. As for molecular mechanics OH 1 '

calculations to find stable molecular conformations, system- 0 N3

atic conformational searches were performed using the grid H H OH .

scan technique followed by energy minimizations with the @O 0—\QOH? N= ’,“
adopted basis NewterRaphson method, within the software O o) N)fv/\\ NH,
package QUANTA/CHARMm. All calculations on Ins- d:) H O H)_N
(1,4,5R and adenophostin A were carried out on the 1-b 8

structures in which every phosphoryl group takes the
monoanion form, leading the net charge of each molecule T ] 2
equal to —3. A distance-dependent dielectric of 4r was

employed in the molecular mechanics calculations. 5 + = ~4.4
..... : i
RESULTS v b B =
3 o po 3
Binding of GlcdR(2,34')P; to Rat Cerebellar Ins(1,4,5)- ; : =
Ps ReceptorThe effect of GlcdR(2,34)P; on [PH]Ins(1,4,5)- HDO i Lao
P; binding to the Ins(1,4,54R purified from rat cerebellum : ; 8.0
was tested. As reported previous8),(adenophostins A and [
B inhibit [*H]Ins(1,4,5)R binding more potently than Ins- 2
(1,4,5)R: the 1G5 values for adenophostin A, adenophostin | 5 &
B, and Ins(1,4,5)Pare 1.3, 1.3, and 23 nM, respectively. s )| W mm
TheK;| values for adenophostins A and B are both calculated L85
to be 0.18 nM, while that of Ins(1,4,5/s 15 nM. Thus, s.rs 60 (ppm) 55 ?0

the affinity of adenophostins for the Ins(1,4,5%Pis ap- . .
. : Fic 2: NOEs across two glycosyl linkages of adenophostin A
proximately 100-fold higher than that of Ins(1,4,5)R the (1|0UrF:1EM) dissolved. in 50 ml\%)[/)hogphate Dotior H,0 o oH

present study, the affinity of GlcdR(2,8)Ps, the adeno- 8 The NOESY spectrum was measured at 360 MHz with a
phostin analogue lacking the adenine moiety, was roughly mixing time of 800 ms at 298 K.

the same as that of Ins(1,4,3)Rhe 1G; value for GlcdR-
(2,3,4)P; was 10 nM, while that of adenophostin A as a A prefers syn (nearly close to but not high anti) orientation
control was 1.7 nM. in solution. The NOE betweeri-81 and 1'-H indicates that

Ca*-Releasing Actiity of GlcdR(2,34')Ps. The C&*- the spatial arrangement of the two sugar moieties, the ribose
releasing activity of GlcdR(2!3¥)P; from rat cerebellar ~ and the glucose of adenophostin A, with respect to a couple
microsomes was assessed. As reported previo&hﬁl’(e of crucial torsion angleS around th[ﬁ'glycosyl Iinkage is
EDs, values for adenophostin A, adenophostin B, and Ins- @s depicted in Figure 2.

(1,45)R are 1.4,1.5, and 170 nM, respectively, in our assay  Molecular Modeling for Ins(1,4,5)Pand Adenophostin
system, demonstrating that adenophostins are roughly 100-A. A conformational analysis of Ins(1,4,3)Bnd adenophos-
fold more potent than Ins(1,4,5PIn the present study, tin A was performed in order to elucidate the stable
GlcdR(2,3,4')P; was found to be less potent than adeno- conformations and the geometrical features of both mol-

phostin but still more potent than Ins(1,4,5)Rhe EDy ecules. In the initial conformation of Ins(1,4,3)Ehe inositol
value for GlcdR(2,34)P; was 28 nM, while that of ring adopted a chair conformation in which all three
adenophostin A as a control was 3.3 nM. phosphoryl groups are equatorial, as was determinediby

H NMR Analysis of Adenophostin AH NMR of NMR (35). After a geometry optimization with the semiem-
adenophostin A (10 mM) was measured in 50 mM phosphate Pirical method, a single-point ab initio calculation was carried
buffer (PH 6.8) at 25°C to confirm the conformation of ~ Out to obtain the electrostatic potential charge of each atom.
adenophostin A in solution. The proteproton coupling ~ BY using the resulting partial charges, we carried out grid
constants for the ribose moiety of adenophostin A were asscans followed by energy minimizations with molecular
follows: 3Jy 2, 33y, and3Js 4 were 6.6, 5.1, and 2.9 Hz, Mechanics in order to find stable conformations of Ins(1,4,5)-
respectively. In general, tHé; » value of the ribose moiety ~ Ps. The initial conformational search aa—7; (Figure 3) gave
reflects the ratio of C2endoform to C3-endoform, which 989 stable conformers. On the basis of the most stable
is calculated by the following equation: [G&ndd (%) = conformer thus obtained, a conformational searchyefye
[312/(3y 2 + 3Jz.4)] x 100, where¥dy » + 3Jz 4 is nearly was then performed to afford a final 303 stable conformers
10 Hz (34). Thus, the [C2endd (%) of adenophostin Ais  Of Ins(1,4,5)B. The most stable conformer of Ins(1,4,5)P
calculated to be nearly 70%, suggesting that adenophostinis shown in Figure 4l.

A prefers the type S conformer. As to the glucose moiety of  As for the initial conformation of adenophostin A, the
adenophostin A, the proterproton coupling constants were  glucose moiety adopted the chair conformation with equato-
as follows: 33y >, 33y 37, 33 4+, and3Jy 5 were 3.3, 10.3, rial 3"'- and 4'-phosphoryl groups as determined'syyNMR

9.5, and 9.5 Hz, respectively, indicating the chair conforma- study described above. After a geometry optimization with
tion with two equatorial phosphoryl groups. Next, the the semiempirical molecular orbital method, the electrostatic
NOESY spectrum of adenophostin A was measured. The potential charges of adenophostin A were determined by a
typical NOEs across the glycosyl bonds are shown in Figure single-point ab initio calculation. With the partial charges
2. The NOEs between 8-H and-H and between 8-H and  thus obtained, grid scans followed by energy minimizations
2'-H demonstrate that the adenine moiety of adenophostinwere performed in order to find stable conformations of
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Ficure 3: Torsion angles in MM calculations.

adenophostin A. Starting geometries with @Adopuckering

as determined byH NMR were first generated by changing
the torsion angles ofy—t, Systematically, leaving the
conformation of the 3- and 4'-phosphoryl groups as it was.
Full-energy minimization of them gave 365 stable conform-
ers. While adenophostin A proved to prefer'@adoform

by means of'H NMR, the puckering of the most stable
conformer thus obtained was E&ndao The lowest-energy
conformer among the conformers with '‘@hdopuckering
was found to be less stable by 2.3 kcal/mol than the above
most stable conformer with G&ndopuckering. The final
conformational search om;—#10 did not affect the above
two conformers. Thus, the most stable conformer withC3
endopuckering (conformer A; Figure 4A; Table 1) and the
local minimum conformer with C2endo puckering (con-
former B; Figure 4B; Table 1) were obtained.

The global shape of adenophostin A as well as the position
of the 2-phosphoryl group relative to the'3l'-bisphos-
phoryl group is strongly dependent on the torsional angles
of t, and 7. The relationship between the conformational
energy and these torsional angles was investigated in detalil
by a molecular mechanics calculation. By using the most
stable conformer A, we carried out a conformational search
in 30° increments for, andz; to provide an energy contour
map with respect to these torsional angles. As shown in
Figure 5, a local minimum conformer C with the geometry Ficure4: (I) Fully energy-minimized conformer for Ins(1,4,%)P
corresponding to Wilcox’s conformer (regions,= 317° (A—C) adenophostin A: (A) the most stable conformer A with
and - B8") was found besides the most stable conformer CeniopUAng (@) e s v corier SRS
Qngeglggtﬁ ltrgk; t6hSe Eei)r(]tcé;' d; d8§h)é;:/:r\]/ls|§§{nfl(\)|r—g(l);2:)esr§eé geometry corresponding to Wilcox’s conformer.
conformer C as well as Wilcox’s conformer adopts a
compactly folded hairpin shape wigimti-N-glycoside (Figure
4, Table 1). When conformer B with G2ndo puckering
was used as the starting conformer, the map similar to that
in Figure 5 was obtained (see Supporting Information).

adenophostin is distinct from that of Ins(1,4,5¥Xcept for
the presence of three phosphoryl groups; however, the Ins-
(1,4,5)RR-binding activity and C&-mobilizing activity of
adenophostin are approximately 100 times more potent than
those of the natural ligand, Ins(1,4,3)Rs reported previ-
ously @), GIcA(3",4")P, (Figure 6) lacking the "2phosphoryl
group shows reduced affinity by three orders; however, it
Because it has the highest known affinity for the Ins(1,4,5)- still retains weak C&-mobilizing activity, indicating that
PsR and it has a unique structure, adenophostin has receivedhe 2-phosphoryl group might not be crucial but rather have
much attention since its discovery—<9). The structure of an enhancing effect like the 1-phosphoryl group of Ins(1,4,5)-

DISCUSSION
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Table 1: Conformational Data for Ins(1,4,3)&hd Adenophostin A

distance between two

conformatiol phosphorus atoms (A) AEC
compound shape 1t Tj ribose N-glycoside y (tm) 1—4(2-4")> 1-5(2-3") 4-5(3'-4") (kcal/mol)
Ins(1,4,5)R our model chair 8.1 6.9 4.1
Wilcox's modef' chair 8.0 7.3 55
crystal structure chair 8.2 7.2 4.3
adenophostin A conformer A extended °6585° C3-endo syn 57 9.2 7.3 4.1 0
conformer B extended B89 100° C2-endo syn 56° 9.6 8.2 4.1 2.3
conformer C hairpin 317 88 C3-endo anti 176 8.4 8.7 4.1 8.9
Wilcox (MD)¢  hairpin C3-endo anti 6.7-10.7 7.5-115

aPuckerings of the glucose of adenophostin models are all ¢hdirmbers in parentheses are based on adenophostiC@nformational
energies relative to the most stable conformef See refl8. € Taken from the X-ray crystal structure of the complex of spectrin PH domain with

Ins(1,4,5)RB (PDB code: 1btn). See r&o.

L L T

1a
frcakmal]

180 B8 270 0 SN0 333 130 3D

|

L ]

T

Ficure 5: Conformational energy contour map for adenophostin
A calculated starting from the most stable conformer A with respect
to rotation aroundy andz;; (a) the most stable conformer A; (b)

a local minimum conformer (extended shape) with a relative
conformational energy of 1.7 kcal/mol; and (c) conformer C with

the geometry corresponding to Wilcox’s conformer.

P; (2, 3). Thus, it is easily presumed that the',&'-
bisphosphate/2hydroxyl motif of adenophostin mimics the
crucial 4,5-bisphosphate/6-hydroxyl motif of Ins(1,4,5)P
Consequently, the'5position of adenophostin A can be
superimposed with the 3-hydroxyl group of Ins(1,44%4)P
which is relatively unimportant for Ins(1,4,5®R recognition
(3). On the other hand, the Ins(1,4,5halogues substituted
at the 3-position with substituents with steric bulk exhibited
progressively reduced affinity for Ins(1,4,5P(36—38). It
might therefore seem odd that bulky structures at the 5
positions of adenophostins A and B, gbH and CHOAc,
respectively, should be compatible with high potency. This

P;, suggesting that the high potency of adenophostin A might
due to the optimal positioning of thé-ghosphoryl group
(18). To investigate the validity of the hypothesis that the
difference of spatial arrangement of the three phosphoryl
groups between Ins(1,4,5%Bnd adenophostin A accounted
for the difference of potency, we carried out a conformation
analysis and shape comparison of Ins(1,43/®d adeno-
phostin A using the combination of NMR study and
molecular mechanics calculations.

As to the spatial arrangement of three phosphoryl groups,
the result of our calculation for Ins(1,4,5)Mas good
agreement with the X-ray crystal structure of the complex
of Ins(1,4,5)R with spectrin PH domain3Q), especially for
the distance between two phosphorus atoms at the 4- and
5-positions (Table 1). The protetproton vicinal coupling
constants for the glucose moiety of adenophostin A were
found to be consistent with those of the corresponding moiety
of Ins(1,4,5)R obtained by Cerdan et aB%), demonstrating
that the glucose moiety adopted the chair conformation with
two equatorial phosphoryl groups. In contrast to Ins(1,4,5)-
Ps;, adenophostin A has a relatively flexible skeleton and the
spatial arrangement of thé-ghosphoryl group is strongly
dependent on the rotation aroungdandt; (Figures 3 and
5). The NOE observed betweeht3 and 1'-H demonstrates
that these two protons are spatially arranged in the vicinity
in solution. The most stable conformer A (extended shape,
m = 65° and ; = 85°), formulated using molecular
mechanics, is well consistent with the above NOE result.
The proton-proton vicinal couplings for the ribose ring of
adenophostin A indicated that the ribose ring preferred the
C2-endoform. Unfortunately, however, the puckering of the
ribose of the most stable conformer A obtained by calcula-
tions was C3enda Because of rapid equilibration between
the C3-endo(N) form and C2-endo(S) form, it is difficult
to determine the actual puckering form of the ribose of
adenophostin A bound to the Ins(1,4,53P Consequently,
we speculate that conformer B, which is consistent with the

problem has been solved by Potter’s group using 6-deoxy- NOE observed between-Bl and 1'-H (extended shape,

6-hydroxymethylscyllo-Ins(1,2,4)R (Figure 6) bearing an
equatorial CHOH group at this position, demonstrating that
the CHOH group at the B-position of adenophostin A
should be tolerated by the Ins(1,4,57°(19).

Pioneering studies by Wilcox’s group using computer-

= 59, 7; = 100°) and has the CZndopuckering of the
ribose, is the most likely conformation of adenophostin A
at least in solution (Figure 4B, Table 1). Moreover, the
torsion angles at the N-glycosyl linkages for the conformers
A and B were both syne, (y) = 57° and 56, respectively),

aided molecular modeling for adenophostin A demonstrated indicating good agreement with the results of NOEs observed

that the position of the'Zphosphoryl group of adenophostin
A relative to the 3,4"-bisphosphate motif might be slightly

between 8-H and 'iH and between 8-H and'-H. The
comparison of the fully energy-minimized structure of Ins-

more extended than the corresponding positions of Ins(1,4,5)-(1,4,5)R and the most likely conformer B of adenophostin
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Ficure 6: Adenophostin analogues.
A solvent (water) that of Wilcox’s conformer is anti, indicating the inconsis-
tency with our NOE data observed between 8-H ah#i 1
OH and between 8-H and’-H. The conformational energy
% 20,P0 o OH contour map regarding, andz; of adenophostin A suggested
”",,,2'03PO A~ the existence of the compactly folded conformer like
crucial " ol 9 N |N Wilcox’s conformer in region ¢ of Figure 5. Thus, the
bisphosphate \g SO NH, conformer in region ¢ wittanti-N-glycoside was modeled.
2,’2'03P0 \=N After energy minimization, the local minimum conformer
opum& sy C with hairpin shape was obtained. The conformer C with
distance ;ﬁzi;i:%te Ins(1,4,5)P3R the geometry corresponding to Wilcox’s conformer has a
relative conformational energy of 8.9 kcal/mol, indicating
that conformer C is less stable by 6.6 kcal/mol than
conformer B. In Wilcox’s preliminary model as well as
B solvent (water) conformer C, moreover, two primary hydroxyl groups at the
'- and 6'-positions adopt an opposing direction. The
hydroxyl groups at these positions are presumably unim-
03PO portant because adenophostin analogues bearing substituents
OaP o N at these positions retain high potericjhus, we presume it
CTUCIal """fm--' HOon- g to be natural that the two relatively unimportant primary
bisphosphate g N N NHz hydroxyl groups at’s and &'-positions both take the same
%, OSPO \=N o direction toward the solvent, and the crucid|8'-bispho-
Ins(1,4,5)P3R - P‘t“a""i’: sphate/2-hydroxyl motif and the important'hosphate
B ohate eraction make an array to occupy the same side of the molecule, as
. . " _ found for conformers A and B but not C, to interact with
I(:if;:,giéh.Putatlve mode of recognition of adenophostin A at Ins- the Ins(1,4,5)8R (Figure 7).

The major difference that distinguishes adenophostin from
A demonstrates that adenophostin A takes moderatelyIns(1,4,5)R analogues is the presence of the adenine moiety.
extended structure with respect to the distance between theRibophostin”, having a 13-MeO group in place of adenine
2'-phosphoryl group and the' 3¥'-bisphosphate motif (Table  moiety of adenophostin A, has been reported by Potter's
1) as suggested by Wilcox's group). The resultindicates  group @0) (Figure 6). Their preliminary biological evaluation
the possibility that the relative position of the@hosphoryl  of ribophostin using permeabilized hepatocytes revealed a
group of adenophostin A is optimal for the recognition at Ca*-mobilizing potency very close to that of Ins(1,4,5)P
Ins(1,4,5)RR (Figure 7A). To elucidate the effect of the adenine moiety of adenophostin
Wilcox et al. (18) presented a representative conformation A, we examined GlcdR(2,3V)Ps (Figure 6) having no
of adenophostin A obtained from a molecular dynamics substituent at the 1-position of the ribose ring. GlcdR(Z)3
simulation. This conformation, which is compactly folded, P; was found to be a full agonist at Ins(1,4,5%Pof rat
is essentially distinct from our model, the extended conformer cerebellar microsomes. The €amobilizing activity of

B, with respect to the torsion angle of This observation GlcdR(2,3,4)P; was much lower than that of adenophostin
indicates that Wilcox’s conformer seems inconsistent with
our NOE data observed betweent8and 1'-H. Addition-

: - ' 2 Hotoda, H., Murayama, K., Takahashi, M., Kawase, Y., Tanzawa,
ally, while the N-glycosyl linkage of our conformer B is syn, K., and Kaneko, M. (to be published elsewhere).




9240 Biochemistry, Vol. 38, No. 29, 1999

and roughly equal to that of Ins(1,4,3)Recently, Matsuda’s
group reported that GlcaE(2,8)P; (Figure 6), lacking both
the adenine moiety and thé H,OH group of adenophostin
A, proved to be equipotent to Ins(1,4,53)Bsing porcine

Hotoda et al.
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. 3 o
cerebellar microsomes28).2 Since the above analogues SUPPORTING INFORMATION AVAILABLE

lacking the adenine moiety are all less potent than adeno-
phostin A and almost equipotent to Ins(1,4.5XRe adenine

Full experimental procedures for the synthesis of GlcdR-

moiety of adenophostin A appears to be an important factor (2,3,4')P;, 1D-'H NMR spectrum (Figure 1), and NOESY
that accounts for the high potency of adenophostin A. For spectrum (Figure 2) for adenophostin A, and conformational
instance, the adenine moiety of adenophostin A might energy contour map starting from conformer B (Figure 3).

possibly interact in the vicinity of Ins(1,4,53®inding site

This material is available free of charge via the Internet at

on Ins(1,4,5)ER (Figure 7B). Since the inosine-type analogue http://pubs.acs.org.

of adenophostin B, '6Ac-Glul(2,3",4")P; (Figure 6), has

been reported to retain high potency against Ins(1,4%6)P REFERENCES

(9), the 6-NH group of adenophostin A is not involved in
the putative interaction between adenine moiety and Ins-
(1,4,5)RR. To identify the putative adenine-binding site, if

it exists in the vicinity of Ins(1,4,5)fbinding site, one should
examine an adenophostin analogue having a photoaffinity
probe such as 2- or 8-azido-adenine grodf) (n place of

the adenine group. A benzophenone group, which has been
successfully employed for the Ins(1,4,5)&erivatives by
Prestwich’s group41, 42), may be useful as a photoaffinity
probe if the putative interaction is a hydrophobic one. There
still remains an alternative possibility explaining the effect
of the adenine moiety. In general, both 1-deoxyribose and
1-3-MeO-ribose are known to strongly prefer the'@ado
form (43). Actually, the puckering of the ribose ring of
ribophostin is the C3endoform (3J;, = 0 Hz) (20), while
adenophostin A prefers the G@ndoform (conformer B),
which is more extended with respect to the distance between
the 2-phosphoryl group and the'3’'-bisphosphate motif
than the corresponding G8ndoform (conformer A) (Table

1). Accordingly, the effect of the adenine moiety might be
to direct the puckering propensity toward the/ @adoform

with highly extended phosphoryl groups; this might be
optimal for the interaction at Ins(1,4,5®.

In conclusion, we propose two possibilities that could
explain the exceptionally high potency of adenophostin A.
The first one is that adenophostin A takes a moderately
extended structure that might be optimal for the recognition
at Ins(1,4,5)BR with respect to the distance between the 2
phosphoryl group and the''3!'-bisphosphate motif. The
second one is that the adenine moiety of adenophostin A
directly interacts in the vicinity of the Ins(1,4,5Binding
site on the Ins(1,4,5¥R, resulting in high affinity and strong
Ca&"-mobilizing activity. From the viewpoint of the effect
of the adenine moiety, there is an alternative possibility that
the adenine moiety might direct the puckering propensity
toward the C2endoform with highly extended phosphoryl
groups; this might be optimal for the interaction at Ins(1,4,5)-
PsR as discussed in the former case.

It was found that adenophostin A adopted extended
conformation with C2endopuckering of the ribose and syn
orientation at the N-glycosyl linkage in solution. We could
propose a novel model for the conformation of adenophostin
A by the combination of NMR study and molecular mechan-
ics calculations.

3 Very recently, Potter’s group also reported the synthesis of GlcaE-
(2,3,4)Ps. See ref44.
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