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Adenophostin A (AdA) is a potent agonist of thenyainositol 1,4,5-trisphosphate receptor (Ins(1,43R)P
Various 2-aminopurine analogues of AdA were synthesized, all of which (guanopt®st6-
diaminopurinophosti®, 2-aminopurinophostiid, and chlorophosti®) are more potent than 2-methoxy-
Né-methyl AdA, the only benchmark of this class. The 2-amino-6-chloropurine nucle@gidiEom
Vorbriggen condensation of 2-amino-6-chloropurine with appropriately protected disaccharide, served
as the advanced common precursor for all the analogues. Alcoholysis provided the precugor for
ammonolysis at high temperature the precurso6fand ammonolysis under mild conditions the precursor
for synthesis o7 and8. For8, the debenzylation of precursor leaving the chlorine untouched was achieved
by judicious use of BGl The reduced potency of chlorophos8rand higher potency of guanophostin

5 in assays of Cd release via recombinant Ins(1,4,5%Pare in agreement with our model suggesting

a cations interaction between AdA and Ins(1,4,552 The similar potencies of 2,6-diaminopurinophostin

(6) and 2-aminopurinophostirTY concur with previous reports that the 6-piroiety contributes negligibly

to the potency of AdA. Molecular modeling of the 2-amino derivatives suggests an interaction between
the carboxylate side chain of Glu505 of the receptor and the 2-™the ligand, but for 2-methoxy-
Né-methyl AdA the carboxylate group of Glu505 is deflected away from the methoxy group. A helix-
dipole interaction between the 1-phosphate of Ins(1,4,8)fd the 2phosphate of AdA witho-helix 6

of Ins(1,4,5)RR is postulated. The results support a proposed model for high-affinity binding of AdA to
Ins(1,4,5)RR.

Introduction inositol 1,4,5-trisphosphate (Ins(1,4,5)R) from phosphatid-
In almost every animal cell, diverse extracellular stimuli lead yllnosr[o(lj.4,5-§|EphosphaﬂeThe biological effects of 'ns(l': 9P
to activation of phospholipase C and thereby to formation of &€ mediated by Ins(1,4,5Peceptors (Ins(1,4,5)R). These

T University of Bath. (1) Berridge, M. J.; Lipp, P.; Bootman, M. DNature Re. Mol. Cell
* University of Cambridge. Biol. 200Q 1, 11—21.
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are C&"-permeable channels expressed predominantly in the Purine-modified AdA analogues (predominantly at the C-6
membranes of the endoplasmic reticulum, from which they allow position) have been synthesized, but the 2-position of this base
rapid release of G4 into the cytosof The ensuing increase in  has not been explored, with the exception of 2-methN%y-
cytosolic C&" concentration, which often takes the form of methyladenophostind},’2 which is ca. 6-fold less potent than
complex C&" waves, spikes, and local &asignals, controls ~ AdA and only 2-fold more potent than Ins(1,4,5)PThis
many different aspects of cellular activity. Many analogues of suggests less steric tolerance of 2-modified analogues. However,
Ins(1,4,5)R have been synthesizédhut with the exception of our recently proposed modelof AdA-docked into the
dimeric Ins(1,4,5)B* none is more potent than Ins(1,4,5)P Ins(1,4,5)B-binding core of the Ins(1,4,5)R shows the car-

In 1993, Takahashi et al. isolated adenophosting)/AaOd B boxylate anion of Glu505 near the 2-position of the adenine.
(3) from culture broths oPenicillium bresicompacturf both This prompted us to consider that an H-bond donor or cationic
are full agonists of Ins(1,4,5)R with potencies at least 10 times  moiety (e.g., NH) at the 2-position may interact constructively
greater than Ins(1,4,5)P This has stimulated much interest to  with Glu505. To explore this possibility further, we report the
synthesize analogues of adenophostin A (AdA). These analoguessynthesis and biological evaluation of various 2-amino purine
have been useful in defining structure-activity relationships analogues3—8) of AdA. A preliminary report for one analogue
(SAR), but none of them has matched the potency of AdA has appeareth

itself.
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The adenine ring (or a surrogate) is essential for the enhanced &R El-:lg-iﬁﬁ;?:;%%f;%ﬁhogin
affinity of AdA,® but the details of its interactions with the 8.R = Cl : Chlorophostin

Ins(1,4,5)BR are not defined. The adenosine moiety may orient

the 2-phosphate in a position that strengthens its interactions Results and Discussion

with the amino acid residues that interact with the 1-phosphate ] . ] ]

of Ins(1,4,5)R, in effect allowing the 2phosphate of AdA to Vorbriggen condensation of a silylated purine with a properly

super-optimally mimic the 1-phosphate of Ins(1,445)Rlter- protected disaccharide is an ideal method for the synthesis of

native|y' the adenine moiety may itself make Supp|ementary disaccharide r]UCIeOSidé%.V\/el3 and.othery.have used this

interactions with the Ins(1,4,5)R X° Purine-modified analogues ~ Strategy successfully for the synthesis of various AdA analogues

of AdA are likely to discriminate between these alternatives. Via Vorbriggen condensation of an appropriate disaccharide with

silylated nucleobase. However, Voflggen condensation of
(2) Taylor, C. W.; da Fonseca, P. C. A.; Morris, E.TRends Biochem. guanine (or its derivatives) with acylated sugars is knévo

Sci 2004 29, 210-219. form a mixture of N-7 and N-9 regioisomers, even under

(3) (a) Potter, B. V. L.; Lampe, DAngew. ChemInt. Ed. Engl.1995 ; ; ; ;
34, 1933-1972. (b) Potter. B. V. L: Nahorski. S. R. IBrug Design thermodynamic control, and hence is not suitable for synthetic

Molecular Modeling and the Neuroscienc&®zikowski, A. P., Ed.; Raven

Press: New York, 1993; pp 383116. (c) Billington, D. C.The Inositol (10) Riley, A. M.; Correa, V.; Mahon, F.; Taylor, C. W.; Potter, B. V.
Phosphates: Chemical Synthesis and Biological Significar€H: L. J. Med. Chem2001, 44, 2108-2117.
Weinheim, 1993; pp +153. (11) Sureshan, K. M.; Trusselle, M.; Tovey, S. C.; Taylor, C. W.; Potter,
(4) Riley, A. M.; Morris, S. A.; Nerou, E. P.; Correa, V.; Potter, B. V. B. V. L. Chem. Commur2006 2015-2017.
L.; Taylor, C. W.J. Biol. Chem 2002 277, 40290-40295. (12) Efimtseva, E. V.; Mikhailov, S. NRuss. Chem. Re2004 73, 401—
(5) Takahashi, M.; Kagasaki, T.; Hosoya, T.; Takahashil. &ntibiot 414.
1993 46, 1643-1647. (13) Borissow, C. N.; Black, S. J.; Paul, M.; Tovey, S. C.; Dedos, S. G.;
(6) Takahashi, M.; Tanzawa, K.; TakahashiJSBiol. Chem1994 269, Taylor, C. W.; Potter, B. V. LOrg. Biomol. Chem2005 3, 245-252.
369-372. (14) de Kort, M.; Luijendijk, J.; van der Marel, G.; van Boom, J. H.
(7) (). Rosenberg, H. J.; Riley, A. M.; Laude, A. J.; Taylor, C. W.; Eur. J. Org. Chem200Q 3085-3092. (b) van Straten, N. C. R.; van der
Potter, B. V. L.J. Med. Chem2003 46, 4860-4871. (b) Chtéen, F.; Marel, G. A.; van Boom, J. HTetrahedron1997 53, 6509-6522. (c) de
Moitessier, N.; Roussel, F.; Mauger, J.-P.; ChapleuCitrent Org. Chem Kort, M.; Regenbogen, A. D.; Overkleeft, H. S.; Challiss, R. A. J.; lwata,

200Q 4, 513-534. (c) Marwood, R. D.; Shuto, S.; Jenkins, D. J.; Potter, Y.; Miyamoto, S.; van der Marel, G. A.; van Boom, J. Hetrahedron
B. V. L. Chem. Commur200Q 219-220. (d) Marwood, R. D.; Jenkins, 200Q 56, 5915-5928. (d) de Kort, M.; Correa, V.; Valentijn, A. R. P. M.;

D. J.; Correa, V. A.; Taylor, C. W.; Potter, B. V. . Med. Chem200Q van der Marel, G. A.; Potter, B. V. L.; Taylor, C. W.; van Boom, J.H.
43, 4278-4287. (e) Shuto, S.; Horne, G.; Marwood, R. D.; Potter, B. V.L. Med. Chem?200Q 43, 3295-3303. (e) Mochizuki, T.; Kondo, Y.; Abe,
Chem. Eur. J2001, 7, 4937-4946. H.; Taylor, C. W.; Potter, B. V. L.; Matsuda, A.; Shuto,Srg. Lett 2006
(8) Correa, V. A.; Riley, A. M.; Shuto, S.; Horne, G.; Nerou, E. P.; 8, 1455-1458.
Marwood, R. D.; Potter, B. V. L.; Taylor, C. WMol. Pharmacol 2001, (15) (a) Koshkin, A. A.; Fensholdt, J.; Pfundheller, H. M.; Lomholt, C.
59, 1206-1215. J. Org. Chem2001, 66, 8504-8512. (b) Robins, M. J.; Zou, R.; Guo, Z;
(9) Wilcox, R. A.; Erneux, C.; Primrose, W. U.; Gigg, R.; Nahorski, S.  Wnuk, S. F.J. Org. Chem1996 61, 9207-9212. (c) Zhong, M.; Robins,
R. Mol. Pharmacal 1995 47, 1204-1211. M. J. Tetrahedron Lett2003 44, 9327-9330.
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SCHEME 1. Attempted Synthesis of Guanophostin (5)
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purposes. Although we have synthesized a variety of 6-modified to generate the guanine moiety toward the end of the synthetic
AdA analogues by substitution of the chlorine of 6-chloropurine plan. For this purpose, methodologies to deprotect the acetate
nucleosides with various amines, the resistance of 2-chloro groups in11 without affecting the chlorine were investigated.
derivatives to ammonolysis prevented the use of 2-chlorinated Aminolysis with n-butylamine in methanol gave a mixture of
purines for the synthesis of 2-amino purine analogues. However, C-6-substituted and unsubstituted triols along with partially
2-amino-6-chloropurined) is reported® to undergo regiospecific ~ deacylated derivatives. However, use of the comparatively less
condensation under Vorbggen conditions and, hence, we nucleophilic ammoni gave more promising results. Thus, the
decided to usé® for glycosylation with an aim to synthesize triacetate,l1on ammonolysis in methanol at room temperature
various 6-substituted 2-aminopurine nucleoside analogues byyielded the expected triol2 in 90% yield. Chemoselective
manipulating the 6-chlorine motif. Vorbggen condensation of  phosphitylatioA® followed by in situ oxidation provided the
2-amino-6-chloropurine9) and the knowf? disaccharidel0 protected trisphosphaté in very good yield. However, several
using TMSOTTf as the Lewis acid was initially investigated. The attempts to transform3 to the guanosine derivativé4 met
yields of the condensation were found to depend largely on the with failure. Attempts to hydrolyze the chlorine using 4 M
silylating agent used for the generation of persilylated purine. NaOH° failed, and13 could be recovered unchanged.

When TMSOTf was used, a mixture of the expected nucleoside  gjnce it is well-known that the 6-Cl can be substituted with
11 (27%) and a dimeric compound (23%, presumably glycoy- 5koxides, we attempted to substitute the chlorine with the
lated at N-9 and C2-Np) was obtained. Variation of the solvent 5, oyide generated from 3-hydroxypropiononitrile as the result-
or relative stoichiometry of the reactants did not show any jng aikoxy derivative will underggs-elimination to generate
improvement in the yield or product dllstnb.utlon. Similarly,  he guanine moiety. When DBYwas used as the base (for
when TMSCI-HMDS was used as the silylating ageritwas the generation of alkoxide), the reaction was sluggish, and most
obtained in very low yield. In addition, we have observed the ¢ he starting material remained unchanged even after 5 days.
formation of two isomeric nucleosides under these conditions However, when a stronger base, Niivas used, the generated

; . . .
prewogsly? Howeyer, the yield oﬂ.llcc_)uld be |mproved (9.9 alkoxide displaced the benzyl protecting groups on phosphorus
100% in various trials) wheN,O-bis-trimethylsilyl-acetamide leaving the chlorine intact. Because generation of the guanine

(BS'?‘) V\;as lrj]sed aj the s_ilylalting fagent anfd hT'\f_EOTf ?js ths moiety in unprotected form failed, we attempted to generate
catalyst for the condensation. Interference of the liberated acids, o oxo-functionality in guanine in protected form. Since the

(TftQH or H?D durin%tge sinI;’;\tioqbiln the subs]?qutint lcondt.anl-d sugar hydroxyl and phosphate groups were protected as benzyl
sation reaction cou € a plausible reason for In€ 10w YIelt oiharg gng benzyl esters, respectively,1i8 we chose to

when TMSOTY or TMS-Cl was used as the silylating agent. generate the benzyl protected guanliefrom 13. Chen et al.

Basg(il on _tlh:stargumelr(;t,bthet?l%h tylglfl Ii[hwhen tBSIA v;/as ¢ reported the displacement of chlorine in 6-chloropurine deriva-
used for silylation could be atiributed to the neutral naturé of a5 \with an alcohol in the presence 0®0s.2t Analogous

liberated acetamide. . .
Having achieved the synthesis of the versatile intermediate use of benzyl alcohol in the presence ofG0s (or NaH) in

11, we attempted to synthesize@-p-glucopyranosylguanosine

2',3" 4"-trisphosphates), “guanophostin”, the guanine analogue __(17) Brotzel, F.; Chu, Y. C.; Mayr, Hl. Org. Chem2007, 72, 3679~

of AdA _(Scheme 1). It is known that 2_—amino-6-chloropurine (18) Hayakawa, Y.; Kataoka, M. Am. Chem. S0d998 120, 12395

nucleosides can be converted to guanine nucleosides by treat12401.

ment with oxygen nucleophiles. Since the guanine oxygen can _ (19) Moon, H. R.; Kim, H. O.; Chun, M. W.; Jeong, L. S.; Marquez, V.

oy : ; ; E. J. Org. Chem1999 64, 4733-4741.
potentially interfere during further synthetic steps, we decided (20) Ashwell, M.: Bleasdale, C.: Golding, B. T.; O'Neill, I..KJ. Chem.

Soc. Chem. Commut99Q 955-956.
(16) Rosenbohm, C.; Pedersen, D. S.; Frieden, M.; Jensen, F. R.; Arent, (21) Chen, X.; Kern, E. R.; Drach, J. C.; Gullen, E.; Cheng, Y-C;
S.; Larsen, S.; Koch, TBioorg. Med. Chem2004 12, 2385-2396. Zemlicka, J.J. Med. Chem2003 46, 1531-1537.
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SCHEME 2. Synthesis of Guanophostin (5)
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SCHEME 3. Synthesis of 2,6-Diaminopurinophostin (6)
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our case, unfortunately, resulted in the loss of a phosphate To compare the effect of an additional MNigroup at the

triester from the molecule.

2-position of AdA, we synthesized 2,6-diaminopurinophostin

Having failed in various attempts to generate the guanine or (6, Scheme 3). For the synthesis @f unlike that of guano-

protected guanine moiety in the presence of phosphate triestersphostin, the chlorine has to be substituted with an amino group.
we chose to generate the guanine moiety before phosphorylationlt is well-known that chlorine in 6-chloropurine nucleosides can

To prevent the possible interference of guanine oxygen (O-6) be substituted with various amines at higher temperature, and
during the phosphorylation (guanine oxygen can potentially we have used this methodology for the synthesis of various

compete with sugar hydroxyls for phosphorylation), we decided
to generate th®-protected guanine moiety. Since the protecting

6-substituted AdA analogué3By analogy, ammonolysis of the
nucleosidell at higher temperature provided the 2,6-diami-

groups used elsewhere in the molecule are benzyl ethers (omopurine derivativel9 in very good (98%) yield. TheD-

esters), we envisioned that generation @benzyl guanine
derivative is an economical synthetic strategy, as it will reduce
the number of steps for deprotection. Treatmentlfwith
sodium benzoxide generated in situ from benzyl alcohol (6
equiv) and sodium hydride (5 equiv) in DMF at 80 provided

a mixture of16 (43%) and17 (41%). However, surprisingly,
the use of only 2 equiv of sodium hydride and BnOH as solvent
resulted in the exclusive formation a6 (88%, Scheme 2).
During the treatment of sodium benzoxide with 2-amino-6-
chloropurine, in addition to the expected formationO6-
benzylguanine, the formation of theN2benzylguanine analogue
was reported? In our case, the formation of B-benzylated
product was not observed. Trid6 on chemoselective phos-
phitylation using imidazolium triflate as catalyst followed by
in situ oxidation provided the fully protected trisphosphag

in 82% yield. Removal of benzyl protecting groups by transfer
hydrogenolysis followed by purification by ion-exchange col-
umn chromatography provided guanophossini pure form!!

(22) Frihart, C. R.; Leonard, N. J. Am. Chem. Sod 973 95, 7174
7175.

selective phosphitylation followed by in situ oxidation provided
the protected trisphosphag® in 84% vyield. Hydrogenolytic
removal of benzyl protecting groups provided the 2,6-diami-
nopurinophostin §).

The 6-NH is not essential for the enhanced biological activity
of AdA,”d and it can be substituted with alkylamines without
much loss of potency? Hence, we decided to synthesize
6-modified 2-aminopurine analogues of AdA by manipulating
the 6-CI group. 2-Aminopurine nucleosides are fluorescent, and
this makes them attractive bioanalytical proB&Sor this reason,
synthesis of 2-aminopurine nucleosides has attracted much
attention?* Active, fluorescent analogues of AdA might offer
additional opportunities to examine receptor-ligand interactions.
Hence, we undertook the synthesis of 2-aminopurinophosfin (
(Scheme 4). First, to test our theory that a catioimteraction
contributes to the increased affinity of AdA, we required

(23) Guest, C. R.; Hochstrasser, R. A.; Sowers, L. C.; Millar, D. P.
Biochemistry1991, 30, 3271-3279.

(24) Garner, P.; Yoo, J. U.; Sarabu, Retrahedron1992 48, 4259~
4270.
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SCHEME 4. Syntheses of 2-Aminopurinophostin (7) and Chlorophostin (8)
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halogen-substituted AdA analogues; halogen-substituted aromat-
ics have weaker cation-interactions with a cationic residde.
Chlorine is the ideal replacement because, being similar in size
to a methyl group, it will not impose any steric hindrance. In
addition, halogen bonding, the attractive interaction between
halogen and oxygen (or nitrogen), is important in enzyme-
substrate recognitio?f, and halogen-substituted analogues of
AdA may reveal whether such interactions contribute to their
binding to InsBR. Finally, AdA analogues with chlorine at the
6-position could be of future use for further conjugation, such
as immobilization through a spacer, etc.

For the synthesis of both “chlorophostin” and “2-aminopu-
rinophostin”, the highly advanced intermedidt® was used.
Thus, hydrogenolysis 013 with Pd(OH) and cyclohexene
resulted in the formation of 2-aminopurinophostiif a single
step. The concomitant displacement of chlorine with hydrogen
under hydrogenolytic debenzylation conditions is advantageous.
Because chlorine undergoes reduction under the hydrogenolytic
conditions used to remove the benzyl protecting groups, such.
methods cannot be used to synthesize chlorophostin. However
Hanna et al. deprotected the benzyl protecting groups in
2-amino-6-chloro-9-(2,3,5-t®-benzyla-D-arabinofuranosyl)pu-
rine without affecting the chlorine using B£Y and BCk has
been used to deprotect the benzyl esters of phosphate tri€sters.

Based on these reports, we attempted to deprotect all the benzy!

groups in13 using BC. Thus, treatment ofl3 with BCl3
provided chlorophosting) in good yield.

The ability of these 2-aminopurine analogubs-8) of AdA
to stimulate C&" release via Ins(1,4,5)R was measured by
using a low-affinity C&" indicator trapped within the endo-
plasmic reticulum of DT40 cells expressing only recombinant
rat type | Ins(1,4,5)kR as previously reporteld. The results
demonstrate that each of these analogGes] is a full agonist
with a potency comparable or slightly lower than that of AdA
(Table 1).

Guanophostin is the most potent of the analogues: it is
essentially equipotent with AdA and (H85)-fold more potent
than Ins(1,4,5)R The remaining analogue$+8) are only

(25) Mecozzi, S.; West, A. P. Jr.;
Sci. U.S.A1996 93, 10566-10571.
(26) (a) Auffinger, P.; Hays, F. A.; Westhof, E.; Ho, P.oc. Natl.
Acad. Sci. U.S.A2004 101, 16789-16794. (b) Metrangolo, P.; Neukirch,

H.; Pilati, T.; Resnati, GAcc. Chem. Re005 38, 386—395.

(27) Hanna, N. B.; Ramasamy, K.; Robins, R. K.; Revankar, GJ.R.
Heterocycl. Chem1988 25, 1899-1903.

(28) (a) Kim, H. S.; Barak, D.; Harden, T. K.; Boyer, J. L.; Jacobson,
K. A. J. Med. Chem2001, 44, 3092-3108. (b) Kim, H. S.; Ohno, M.; Xu,
B.; Kim, H. O.; Choi, Y.; Ji, X. D.; Maddileti, S.; Marquez, V. E.; Harden,
T. K.; Jacobson, K. AJ. Med. Chem2003 46, 4974-4987.

(29) Laude, A. J.; Tovey, S. C.; Dedos, S. G.; Potter, B. V. L.; Lummis,
S. C. R.; Taylor, C. WCell Calcium2005 38, 45-51.

Dougherty, D. Rroc. Natl. Acad.
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TABLE 1. Stimulation of Ca?" Release via Recombinant Rat Type
1 Ins(1,4,5)R Receptor

Hill %
ECso(nM) coefficient  release
Ins(1,4,5)R8, 1 23.7+£3.7 1.30+£0.14 81+1
adenophostin A2 09+0.1 1.20+ 0.06 81+ 2
2,6-diaminopurinophostirg 22+05 1.32+0.10 80+ 2
2-aminopurinophostiryg 24+0.8 1.00+ 0.06 80+ 4
chlorophosting 3.2+1.0 1.01+ 0.02 85+ 1
guanophosting 1.3+£0.3 0.99+ 0.08 83+ 1

2 The half-maximally effective concentration (Eff; the Hill coefficient,
and the percentage of the Tastores released by a maximally effective
concentration of each ligand are shown. Results (meaB8&M) are from
six independent experiments for Ins(1,445)Rnd three independent
experiments for the other ligands, with each experiment comprising a
concentratior-effect relationship determined with three replicates.

slightly less potent than guanophostin. All of the analogues are
more potent than the 2-methoxy analoglevhich is (5.9+
0.5)-fold less potent than AdA. The latter data were determined
in a different biological assay where the type 2 58P
predominate’d and showed E&3 values of 13 nM, 14 nM, and

82 nM for N6-methyl-AdA, AdA, and 2-methoxyN8-methyl-
AdA 4, respectively. Tha6 and7 are equipotent agrees with
previous suggestions that the contribution of the 6;NHAdA
}oward Ins(1,4,5)ER recognition is negligibléd-30

The weaker activity of the 2-methoxy derivati#euggested
that the receptor close to the 2-position is sterically intolerant,
but the relatively higher potencies of the newly synthesized
2-amino derivatives show that the 2-position can accommodate
an NH; group. This suggests that, although the 2-position may
be sterically sensitive, a hydrogen bond donor/acceptor there
improves binding to the Ins(1,4,5R. This is consistent with
our model of AdA docked into the Ins(1,4,%)Binding core,
which shows the carboxylate side chain of Glu505 close to the
purine 2-positiof?Hydrogen bonding or electrostatic attraction
between the Nkland ionized COOH could be responsible for
the higher potency of the new 2-aminopurine analogbes8)
relative to the methoxy derivativ& such an interaction is not
possible for4, that could only accept a hydrogen bond. Potency
thus seems to reflect the competing effects of unfavorable steric
interactions and favorable electrostatic or hydrogen bonding
interactions with Glu505. However, it is interesting to note that
this proposed interaction does not improve the potencg of
over7 (compared t@), that might potentially be supposed could
be more potent than AdR itself, if viewed as AdA with an
additional 2-amino group. Accommodation of the 2-amino group
by the protein may modulate the overall binding in this region

(30) Takahashi, S.; Kinoshita, T.; Takahashi, M.Antibiot 1994 47,
95—-100.
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FIGURE 1. AML1 electrostatic potential energy surfaces of the purine ringd, 6f and8. Red corresponds to most positive and purple to most
negative. The EP surfaces were generated using the MOLCAD program (Tripos Associates).

relative to2 and the potencies observed in general do not vary level of theory and the corresponding electrostatic potential
greatly within the set, thus making it very hard to draw rigorous energy (EP) surfaces calculated using the AM1 semiempirical
SAR conclusions related to additivity of motifs in the absence method. To rationalize the effects of substituents on potential
of any desirable structural biology information. Purinophostin, cationst interactions between the purine rings 2f5, and 8
the parent for6 and 7 was studied earlié¥ and found to be with Arg504, the EP surfaces of the rings were generated (Figure
only ca 1.3-fold weaker than AdA, but in a different assay 1 and Supporting Information). Adenine was found to have the
system, using permeabilized hepatocytes. While the sequentialmost negative EP surface, enhanced by the 6-amino group. Like
addition of amino groups at C-Z), and at C-2 and C-66} adenine, guanine also has an amino group; however, the
leads to apparent further decreases in activity relative to AdA, inductive/mesomeric effects of this group appear to be out-
the decreases are rather small for structural interpretation. Theweighed by the effects of the oxygen at the 6-position causing
(3.5+ 1.2)-fold lesser potency of chlorophostin relative to AdA, the EP surface of guanine to be a little less negative than that
however, is interesting because introduction of an,MHthe of adenine. The 6-Cl-substituted ring exhibited the least negative
2-position (in analogueS—7) increases or retains the activity EP surface due to the deactivating halogen. This indicates that
of the parent analogue: the chlorine at the 6-position must a cations interaction involving chlorophostin would be the least
therefore be responsible for the reduced potency of chlorophos-energetically favorable (Figure 1) and, other things being equal,
tin. Chlorine is the size of a methyl group, and the 6-position might thereby provide an explanation for the lesser potency of
is sterically tolerant? the reduced potency of chlorophostin  chlorophostin that is consistent with our model for the interaction
should not, therefore, be attributable to a steric effect. of AdA with Ins(1,4,5)BR. However, the reduction in basicity
Our model of AdA binding places the adenine ring parallel of 2-NH, group, due to the electron-withdrawing effect of the
to the guanidinium side chain of Arg504, and we have suggestedchlorine atom, and the resultant reduction in the strength of the
that a cationz interaction between them may contribute to the potential interaction between 2-Ntnd Glu505 being respon-
high affinity of AdA.” Such interactions are known to make sible for the reduced potency of chlorophostin cannot be ruled
important contributions to the binding of many small ligands out.
to proteins. The most frequently observed interactions between The higher potency of guanophostin comparedtand 7
proteins and nucleobases are H bonds, hydrophobic contacts osuggests that it forms generally more favorable interactions in
m-m stacking®® However, a systematic analysis of protein addition to those suggested for the 2-Ngroup. Only in
structures with side chains bound to nucleobase ligands revealedyuanophostin could the'N motif potentially be either a H-bond
that cations interactions are more common thanr stacking donor or acceptor; in the other ligands, it could only be an

interactions. Arg-adenine is the most frequent catiopair > acceptor. The hypoxanthine analogue of adenophostin B is
A recent analysis of the structures of proteins bound to adenine-almost equipotent with AdA (measured in a different assay
based ligands suggests the coexistence of catiamd 7-7 system)2° While not a perfect comparison, the H-bond donor
stacking interaction® The strength of a cation-interaction ability of N'H is unlikely to be responsible for the increased
is very sensitive to the electron density and polarizéfiam potency of guanophostin (vide infra). An ab initio study of
the face of the aromatic rin§,with theoretical® and experi- cationsz interactions in proteir DNA complexes revealed that

mental studie¥ showing that introduction of electron-withdraw-  those involving Arg and guanine are generally more stable than
ing group$’in the aromatic partner reduces the strength of the Arg-adenine pair§238 This might account for the increased
interaction and electron-donating groups enhance the interaction.potency of guanophostin and would fit also with our suggestion
Recent computational reseafelfiound a correlation between  that a cationx interaction is responsible for the increased affinity
the binding energies of cationcomplexes calculated at a high  of AdA-like ligands?2

- Molecular models of guanophostin and other analogues with
(31) Mcdonald, I. K.; Thornton, J. MJ. Mol. Biol. 1994 238 777~ the 2-endo conformation of the ribose ring were built in Sybyl

793. . . : .
(32) Biot, C.; Buisine, E.; Kwasigroch, J.-M.; Wintjens, R.; Rooman, 7.1 (Tripos Associates) and docked into the Ins(1,4:8)Rding

M. J. Biol. Chem2002 277, 40816-40822. core of the Ins(1,4,54R (PDB file no. 1N4K) using GOLF?
(33) (@) Mao, L.; Wang, Y.; Liu, Y.; Hu, XJ. Am. Chem. So2003 (Version 2.2). Details of the molecular modeling methods are

125 14216-14247. (b) Mao, L.; Wang, Y.; Liu, Y.; Hu, XJ. Mol. Biol. : ; P
2004 336, 787--807. described elsewheréThe highest scored binding mode of each

(34) Cubero, E.; Lugue, F. J.; Orozco, Froc. Natl. Acad. Sci. U.S.A.  Of these novel ligands closely resembled binding mode B of

199§ 95, 5976-5980. AdA (described in ref 7a). The known interactions of the 4,5-
(35) Hunter, C. A;; Low, C. M. R.; Rotger, C.; Vinter, J. G.; Zonta, C.
Proc. Natl. Acad. Sci. U.S./£2002 99, 4873-4876.

(36) Sorme, P.; Arnoux, P.; Kahl-Knutsson, B.; Leffler, H.; Rini, J. M; (38) Wintjens, R.; Lievin, J.; Rooman, M.; Buisine, E.Mol. Biol.200Q
Nilsson, U. JJ. Am. Chem. So@005 127, 17371743. 302, 395-410.

(37) Zhong, W.; Gallivan, J. P.; Zhang, Y.; Li, L.; Lester, H. A, (39) Jones, G.; Willett, P.; Glen, R. C.; Leach, A. R.; TaylorJRMol.
Dougherty, D. A.Proc. Natl. Acad. Sci. U.S.A998 95, 12088-12093. Biol. 1997, 267, 727-748.
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FIGURE 3. 2-Methoxy analoguel was docked into the Ins(1,4,5)-

. . . o Ps-binding core and subjected to energy minimization during which

FIGURE 2. Highest scoring docked conformation of 2,6-diaminopu-  G|y505 rotated away from the methoxy group at the 2-postion. Atoms
rinophostin forms a hydrogen bond with the carboxylate of GIu505 gnown in red represent the positions of the 2-OMe group and Glu505
(hydrogen atoms are not shown). after minimization (hydrogen atoms are not shown).

bisphosphate of Ins(1,4,5Rith the Ins(1,4,5)Rbinding core
were reproduced by the glucosg,8'-bisphosphate group of
the newly synthesized 2-aminopurine derivatives, and a cation-
interaction between the guanidinium side chain of Arg504 and
the purine was present. In addition to the interactions observed
in binding mode B of AdA, hydrogen bonding interactions were
observed between the 2-amino group of the analogues and
residue Glu505 (Figure 2). This could contribute to the potencies
of these analogues (see also the Supporting Information). We
can see no possibility for any interaction betweetHNf 5

and the receptor (and by implication also hypoxanthine) in our
model. The EP surface of chlorophosBimalso shows the 2-NH
region to be relatively less positive than thaSinwhich could

also destabilize any potential GIu505 interaction. For similar FIGURE 4. 2-Phosphate of the adenophostin analogues situated in
docks of7 and8, see the Supporting Information. close proximity to the N terminus af-helix-6 when docked into the

- . S Ins(1,4,5)Rreceptor binding core. This potentially favorable interaction
With the aim of examining the reduced potency of 2-methoxy- g’ jemonstrated above using the docked conformation of 2-aminopu-

Ns'methy|'adeU0phOSFin41 in comparisor_n to the newly syn-  rinophostin (hydrogen atoms not shown); see also the Supporting
thesized 2-amino derivativeés—8, a docking study was per-  Information.

formed on 2-methoxyN¢-methyl-AdA using the methods . . . .
described previousl? As observed in the studies &n-8, the cations W|th|n. ion ghannel@. Thg favorable interaction of a
highest scored binding mode of 2-methaX§methyl-AdA (@) charged species with an opppsﬂe]y charged helix dipole has
reproduced the ligand-binding core interactions of AdA (mode P€€n exploited in protein engineerifigFrom the structure of

B). The highest scoring binding modes of both guanophostin MS(1:4.5)B bound to the binding core of the Ins(1,4,55® it

and 2-methoxyNé-methyl-AdA were subjected to energy mini- 1S clear, although never prewousl_y remarked upon, that the
mization using the Tripos force field and the resulting structures 1-Pnosphate of Ins(1,4,5s also directed toward-helix-6.
compared. The only significant difference between the two | NiS suggests the possibility of a helix-dipole Interaction
minimized structures was the positions of the purine rings and between the 1-P of Ins(l,4,&)&nda_-6 helix of Ins(_1,4,5)ER.
Glus05, which were at a greater distance apart in the 2-methoxy-1OWever, a more general analysis of the locations of charged
NE-methyl-AdA structure (Figure 3). The side chain of Glu505 SPecies at the termini of the-helices of protein structures has
was observed to have moved away from the 2-position methoxyq”eSt'Oned the existence of such electrostatic interattiang
group with an rms deviation of 0.70 A between the two energy-
minimized structures. This suggests that a methoxy group at

(41) Hol, H. G. J.; Halie, L. M.; Sander, QNature 1981, 294, 532—

" > St ) 536.
the 2-position of the adenine ring may be sterically unfavorable,  (42) (a) Hol, W. G. JProgr. BioPhys. Mol. Bial 1985 45, 149-195.
and this may account for the reduced potencyt.of (b) Miller, J. S.; Kennedy, R. J.; Kemp, D. 8. Am. Chem. SoQ002

; i i 124, 945-962.
In all our modeling studies with AdA analogues, the 2 (43) Xu, L.; Chong, Y. H.; Hwang, 1. Y.; D'Onofrio, A.; Amore, K.:

phosphate occupies a position proximal to the axis-tielix-6 Beardsley, G. P; Li, C. L.; Olson, A. J.; Boger, D. L.; Wilson, 1. A.
of the Ins(1,4,5)Rbinding core (Figure 4). The formation of a  Biol. Chem.2007, 282, 13033-13046. ) .
macrod|p0|e in am_he“xl due to the coaxial a“gnment of the (44) van Straaten, K. E.; Barends, T. R. M.; DI]kStra, B. W.; Thunnissen,

. . . A. J. Biol. Chem2007, 282 21197-21205.
peptide groups, results in the development of a partial net charge (45) Fukunaga, R.; Yokoyama, Slature Struct. Mol. Biol2007, 14,

at the helix terminf®® and this dipolar charge distribution may 272-279.
be important in, for example, protein foldify,binding of (46) Doyle, D. A.; Cabral, J. M.; Pfuetzner, R. A.; Kuo, A.; Gulbis, J.

: : : : M.; Cohen, S. L.; Chait, B. T.; MacKinnon, Sciencel998 280, 69—77.
charged species at the helical ternfifii;® and concentrating (47) (a) Nicholson, H.; Becktel, W. J.; Matthews, B.SWat?Jre1988

336, 651-656. (b) Serrano, L.; Fersht, A. Rlature1989 342 296-299.
(40) Hol, W. G. J.; van Duijnen, P. T.; Berendsen, H. INGture1978 (c) Nicholson, H.; Anderson, D. E.; Dao-Pin, S.; Matthews, B. W.
273 443-446. Biochemistry1991, 30, 9816-9828.
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another study noted that the strength of the interaction betweenexpressing only rat type 1 Ins(1,4,3/P (DT40-Ins(1,4,5)ER1)
helix dipole and charged species depends on whether the helicalvere harvested by centrifugation (650g; 2 min) and resuspended
termini are accessible to watérIn an aqueous environment,  ((2—3) x 10 cells/mL) in Hepes-buffered saline (HBS: 135 mM
the dipole is counteracted by an electrostatic reaction field Hgga,ssigl ?thzllutl:ozs emngl\ggg’s ulbilgjmwtlanct::c(f%/;/ itlrill\?ag]wuo
generated by the solvent which drastically reduces the strength - e PN X R
of the helix dipole. A recent revieW suggested that the 4AM (20 uM), Pluronic F-127 (0.05%), and bovine serum albumin

. . . . 1 mg/mL). Afte 1 h at 20°C in the dark, the Mag-fluo-4-loaded
importance of macrodipoles has sometimes been overestimateq.q) ;s \were harvested (650 g 2 min) and resuspended-? x 10°

due to the use of inadequately low values of the relevant cejis/mL) in C&*-free cytosolic-like medium (CLM: 140 mM KCl,
dielectric constant. Hence, the presence of the 1-P of Ins(134,5)P 20 mM NaCl, 2 mM MgC}, 1 mM EGTA, 20 mM Pipes, pH 7.0).
(2-phosphate in AdA analogues) near the5 helix, while The cells were permeabilized by incubation with saponin @0
notable, does not unambiguously establish the potential role of mL, 4 min at 37°C), harvested (65& g; 2 min), and resuspended
a helix-dipole interaction in Ins(1,4,5)Binding. Nevertheless, ~ in Mg#*-free CLM (140 mM KCI, 20 mM NaCl, 1 mM EGTA,
our models of AdA and other analogues position tHe 2 3754M CaCk (~200nM free [C&]), 20 mM Pipes, pH 7.0). The
phosphate closer to the-6 helix than the corresponding permeabilized cells (with Mag-fluo-4 trapped within the lumen of
crystallographic distance for the 1-P of Ins(1,45)Bo this e ER) were then attached t°096'We” plates(x 10 cells/well)
interaction could be of greater significance. However, even if coated with poly=-lysine (0.01%) and centrifuged onto the plate

L ) S (300 x g; 2 min). Immediately before an experiment, the cells were
the helix dipole does play a role in Ins(1,4,8)cognition, washed twice in Mg -free CLM to remove cytosolic Mag-fluo-4,

the slightly closer position of the'phosphate of AdA is  and the plates were then mounted in a Flexstation fluorescence plate
insufficient explanation for the increased potency of AdA and reader (Molecular Devices, Sunnyvale, CA), which allows auto-
its analogues. Further experiments are necessary to unravel thenated additions to the sample wells while recording fluorescence.
role of helix-dipole interactions in ligand recognition by Mag-fluo-4 fluorescence was monitored by excitation at 485 nm
Ins(1,4,5)R receptors. with emission detected at 520 nm. Active?Caiptake into the ER

In conclusion, we have synthesized four 2-position-modified Was initiated by addition of Mg-ATP (1.5 mM), and after 150 s,

; R ; i hen the stores had loaded to a steady-staté" Gantent
analogues of AdA and established their biological activity. In '
contrast to the previous benchmark compound of this class, thelns(l,4,5)|§was added. The amount of Zaeleased by Ins(1,4,5P

! o . e was expressed as a fraction of the totaf'Ceontent of the ER as
2-methoxy purine derivativé, 2-amino base-modified AdA  5ssessed by addition of @M ionomycin. Data are presented as

derivatives are potent agonists of Ins(1,443PThis suggests  meanst SEM means from at least three independent experiments,
that the 2-position of a purine base deserves further explorationeach performed in triplicate. Concentration-effect relationships were
for design of high affinity ligands of Ins(1,4,5R. Among the fitted to four-parameter logistic equations using nonlinear curve-
2-aminopurine analogues, the substituent at the 6-positionfitting procedures (GraphPad Prism, San Diego, CA).

slightly influenced potency. The similar potencies of 2-amino  2-Amino-6-chloro-9-[2-O-acetyl-5-O-benzyl-3-O-(3",4"-di-

and 2,6-diamino analogues agree with previous results showingO-acetyl-2',6"-di-O-benzyl-o-p-glucopyranosyl) #-p-ribofura-

that the 6-NH does not contribute to potené§3 The slightly nosyl]purine (11). A solutionlof disaccharidé0 (626 mg, 0.833
lower potency of chlorophostin and slightly higher potency of Mmmol), 2-amino-6-chloropurine (272 mg, 1.60 mmol), ai®-
guanophostin support our original model of the interaction of 2iS-Uimethylsilyl-acetamide (BSA, 1.15 mL, 4.7 mmol) in aceto-

) . . . . . nitrile (25 mL) was heated to reflux (10CC) for 30 min. When
AdA with the Ins(1,4,5)ER involving a cationz interaction” the solution became clear, the reaction mixture was cooled to room

Molecular modeling was used to gain further insight into the  temperature, and then TMSOTf (324, 1.78 mmol) was added
interactions of these novel ligands with the Ins(1,43R)PThe dropwise. Then the reaction mixture was heated to°@0and
relative difference in potency of 2-OMe and 2-Nékerivatives stirring continued at this temperature overnight. TLC showed
is mirrored by the modeling studies. The carboxylate side chain disappearance of starting material and the formation of a single
of Glu505 approaches the Nidroup in 2-aminopurine deriva-  new spot. The solution was cooled, diluted with ethyl acetate,
tives as expected, while it is deflected in the 2-methoxy Washed successively with satd aq NaHlution, water, and
derivative. Although the receptor region close to the 2-position Prine, and dried over anhyd MggQColumn chromatography with

is sterically intolerant, introduction of a smaller group that can 46% ethyl acetate54% hexane provided putel (645 mg, 90%)
interact with the carboxylate side chain Glu505 may compensate as a white solid: mp 8IC, [a]o +78.5 € 1, CHCL); *H NMR
*(400 MHz, CDC}) 6 1.90 (s, 3H, COEly), 1.96 (s, 3H, COEl),

However, modification of the 2-position with a bulkier group 5 (s, 3H, CO@l3), 3.41 (M, 2H, H-6" and H-6"), 3.60 (dd
may lead to loss of potency. It is noteworthy that both the 14, 10.3, 3.7 Hz, H-2), 3.63 (dd, 1H, 11.0, 2.9 Hz, H5), 3.71
models of these AdA analogues and the actual crystal structure(dd, 1H, 10.83, 2.64 Hz, §5), 4.01 (dt, 1H, 10.3, 3.59 Hz, H"5,
of Ins(1,4,5)R bound to its binding core suggest the possibility 4.35-4.68 (m, 7H, 3x PhCH, and H-4), 4.85 (dd, 1H, 5.29, 4.23
of a helix-dipole interaction in ligand recognition. The signifi- Hz, H-3), 5.03 (d, 1H, 3.44 Hz, H-]), 5.06 (dd, 1H, 10.3, 9.51
cance of this putative interaction awaits further investigation. Hz, H-4"), 5.19 (s, 2H, M), 5.48 (t, 1H, 9.78 Hz, H-3), 5.72 (t,

1H, 5.29 Hz, H-2), 6.20 (d, 1H, 5.55 Hz, H-}, 7.26-7.40 (m,

. . 15H, 3x Ph), 8.08 (s, 1H, H-8)!3C NMR (100 MHz, CDC}) ¢
Experimental Section 20.4 (CGCH,), 20.7 (CQCH3), 20.9 (CACHs), 67.9 (C-67), 69.0
(C-4"), 69.1 (C-3), 69.2 (C-5), 71.8 (C-3), 73.3 (PICH,), 73.5
(PhCH,), 73.7 (PICH,), 74.1 (C-2), 76.5 (C-3), 76.6 (C-2), 82.6
(C-4), 86.0 (C-1), 98.0 (C-1'), 125.5, 127.7, 127.8, 127.9, 128.0,
128.1,128.4,128.5,128.7, 137.2, 137.4, 137.6, 140.8, 151.4, 153.5,
159.1, 169.8 (GEOCHg), 170.3 (OCOCHg), 170.4 (OCOCH);

18) Chakrabart. Porowin Ena 1994 7 471474 m'z (ES) = 860.3 [(M)", 100], 861.3 [(M+ H)™, 50], 882.3 [(M
aKrapbarti, PrProtein =n y — . -+ . 3 +
E49§ Sengupta, D.; Behera, R.?\I.;Smith,J.C.; Ullimann, GSkucture + Na)*, 100]; HRMS mass calcd for &Hie**CINsO12 [M]
2005 13, 849-855.
(50) Warshel, A.; Sharma, P. K.; Kato, M.; Parson, W. Biochim. (51) Tovey, S. C.; Sun, Y.; Taylor, C. WNature Protocols2006 1,
Biophys. Acta Proteins Proteomi@906 1764 1647-1676. 259-263.

Measurement of C&" Release from Permeabilized CellsThe
effects of Ins(1,4,5)For AdA analogues on intracellular &astores
were measured using a low-affinity €aindicator trapped within
the intracellular stores of permeabilized c&A8DT40 cells stably
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860.2904, found 860.2910. Anal. Calcd forsB846CIN5O12+4C7Hg 0.3 mmol) at rt and the mixture stirred overnight and then &t@0
C, 60.86; H, 5.48; N, 7.93. Found: C, 60.60; H, 5.56; N, 7.58. for 3 h. When the TLC showed transformation of the starting
2-Amino-6-chloro-9{5'-O-benzyl-3-O-[2",6"'-di-O-benzyl-a- material into a single new spot, the mixture was diluted with
D-glucopyranosyl]f-p-ribosyl} purine (12). A solution of triacetate dichloromethane, washed with water and brine, dried over MgSO
11 (30 mg, 0.035 mmol) in methanol (2 mL) was saturated with and evaporated. Benzyl alcohol was removed by chromatography
ammonia (bubbled at rt for 5 min), and the solution was stirred at using 35% ethyl acetatehexane as eluent. Further elution with
rt. When TLC showed complete disappearance of the starting ethyl acetate methanol (95:5, v/v) gave an inseparable mixture of
material (12 h), the solvent was evaporated and the residue wastwo products. Further purification of this mixture by reversed-phase
dissolved in DCM, washed with water (3 times) to remove the column chromatography (in RP-18) using watacetonitrile as
acetamide and then with brine, and the solution dried over anhyd eluent provided the expecteld (20 mg, 43%) and the degluco-
MgSQ.. The gummy residue obtained after evaporation was sylated producii7 (11 mg, 41%).

chromatographed using ethyl acetate as eluent to atfda(@1 mg, Method B. To a solution of nucleosidél (50 mg, 0.058 mmol)
82%) as aco[orless solid. Scale up uslig380 mg) and methanol benzy! alcohol (0.5 mL) was added NaH (4.8 mg, 0.12 mmol)
(15 mL) provndeci 293 mg 012 (90.4%): mp 97°C; [o]p —73.6 at rt and the mixture stirred at 12 overnight. Usual workup in
(c 1.06, CHCY); *H NMR (400 M!'|Z' C'?Cb) 5 3.19”(br S, f" ethyl acetate followed by column chromatography (elution with
OH), 3.45-3.66 (m, 6H, H-2, H-5,, ","58 » H-4", H-62", H-65"), 35% EtOAc-hexane to remove the benzyl alcohol and then with
3.80 (dd,d’ 1H, 9.78, 4.90, 2.16 Hz, H}54.11-4.18 (m, 2H, H-3 5% MeOH in EtOAc) provided pur&6 (41 mg, 88%) as a colorless
and H-3), 4.21 (m, 1H, H-4, 4.35-4.50 (m, 6H, H-2 2"-OH gum: 'H NMR (400 MHz, CDC}) 6 3.48 (dd, 1H, 9.79, 3.43 Hz,
and 2x PhCH,), 4.83 (ABq, 2 H, 20.94, 11.55 Hz, Phi3), 4.86 H-2"), 3.51-3.62 (M, 3H, H-&', H-55', H-6,"), 3.62-3.71 (m,

(d, 1H, 3.52 Hz, H-I), 5.76 (dd, 1H, 5.09, 2.74 Hz, H'al 6.01 2H, H-4", H-GB”), 3.80-3.87 (m’ 1H, H-S), 4.08-4.19 (m’ 2H,

(d, 4.70 hz, 3-OH), 6.88 (br s, 2H, NB), 7.13-7.33 (m, 15H, 3 |} % 214 1.3 4.28-4.32 (m, 1H, H-4), 4.42-4.58 (m, 5H, H-2

x P, 7.96 (s, 1H, H-8):°C NMR (100 MHz, CDCY) 0 69.02 5, ppay,), 4.73 (ABq, 2 H, 38.64, 11.69 Hz, Phi), 4.86 (d
(C-67), 69.60 (C-4), 70.04 (C-5), 72.37 (C-8), 7251 (C-5), 114 356 Hz, H-1), 5.60 (AB q, 19.45, 2.33 Hz, c-6-0GPh),
73.65 (PICH;), 74.01 (PICH,), 75.30 (PIBH,), 77.42(C-2,79.36 & 90" (br s, 2H. NH), 6.07 (d, 1H, 6.10 Hz, HL 7.20~7.50 (m.
124.86 (C-5), 127.67, 127.77, 127.84, 127.95, 128.22, 128.33, 68 6’8 (C-6-C0,3H'2Ph) ,68 8’1 (C-é) 69.35 (C-4) 69‘96 (C-5
128.41,128.76, 128.83, 128.89, 129.21 (aromatic carbons), 135.80, 9> (C-3), 72.41 (b-Sj 73.75 (I,Dlﬁll-i ), 73.82 ’(PIG:.H ), 74 a1
137.02, 137.99 (ipso carbons), 140.29 (C-8), 151.48 (C-4 or C-6), (Pr'CHz), 7720 '(C-Z), 7936 .(C-2'), 802.8’5 (CS) 82.824’ (C-'4),
154.33 (C-6 or C-4), 159.84 (C-2)yz (FAB+) =734 2 [((MH)', g6 40 (C.1), 99.82 (C-1), 115.17 (C-5), 127.75, 127.78, 128.02,

f100], HRMS mass calcd for&Hu™CINSOo [M + H]* 734.25928, 55 5155 37 128,40, 128,64, 128.67, 129.07 (aromatic carbons),
ound 734.26378. Anal. Calcd fors@40CINsOg: C, 60.53; H, 5.49; 136.12, 136.26 (ipso carbons), 137.06 (C-8), 137.22, 137.71 (ipso
N, 9.54. Found: C, 60.30; H, 5.63; N, 9.43. e, £30.20 (I ol , bol-ec, 251 IL{IP
. 8 . carbons), 154.09 (C-4), 159.47 (C-2), 161.25 (Cfil, (ESt) =

2-Amino-6-chloro-9{ 5'-O-benzyl-2-O-(dibenzyloxyphospho- T .
ryl)-3"-O-[2",6"-cli-O-benzyl-3',4"-bis-(dibenzyloxyphosphoryl)-  co0:4[(M+ H)™, 100], 828.4 [(M+ Nay’, 80); HRMS mass calcd
Y ' A : y'oxyphosphory for CasHaNsO10 [M + H]*+ 806.3396, found 806.3404.
o-D-glucopyranosyl]#-b-ribosyl} purine (13). A solution of the ; g )
triol 12 (297 mg, 0.405 mmol), bis(benzyloxy)(diisopropylamino)- 2-Am|r'10-6-(?'-bsnz_yl-9{5 -O—be’n%yl-_z-o_-(d|benzyloxyphos-
phosphine (602 mg, 1.744 mmol), and imidazolium triflate (480 Phoryl)-3'-O-[2",6"-di-O-benzyl-3',4"-bis(dibenzyloxyphospho-
mg, 2.202 mmol) in anhydrous DCM (10 mL) was stirred at room Y})- @-D-glucopyranosyl] f-p-ribosyl} purine (18). A solution of -
temperature underNor 30 min. The reaction mixture was cooled  the triol 16 (40 mg, 0.05 mmol), bis(benzyloxy)(diisopropylami-
to —78°C, and therm-CPBA (685 mg, 66-70%) was added and no)phosphine (8_2 mg, 0.24 mmol), and |m|dazollu_m triflate (68
the mixture stirred for 45 min at this temperature and then at rt for Mg, 0.31 mmol) in anhydrous DCM (3 mL) was stirred at room
an additional 30 min. Usual workup in ethyl acetate followed by teémperature under a nitrogen atmosphere for 45 min. The reaction
column chromatography using ethyl acetatiexane-Et;N (55: mixture was cooled te-78 °C, mCPBA (84 mg) was added, and
43:2; vivIv) provided puré3 (575 mg, 94%) as a gumop +31.7 the mixture stirred for 1.5 h, gradually allowing the temperature to
(c 1.4, CHCE); *H NMR (400 MHz, CDC}) ¢ 3.48 (dd, 1H, 10.47, att_am rt. Usual workup in ethyl acetate followed by chromatography
2.56 Hz, H-5), 3.56-3.70 (m, 4H, H-2, H-5¢', H-64", H-65"), using ethyl acetatehexane-Et;N (55:43:2; v/v/v) afforded pure
3.81-3.85 (m, 1H, H-B), 4.24-4.80 (m, 11H, H-3 H-4, H-4" 18 (65 mg, 82%) as a colorless guma]p +28.8 € 1.4, CHCE);
and 4x PhCH,), 4.70-4.79 (m, 2 H, PhEl,), 4.80-5.02 (m, 9H, 'H NMR (400 MHz, CDC}) 6 3.50 (dd, 1H, 10.37, 3.02 Hz, Hs3,
H-3" and 4 x PhCHy), 5.34 (d, 1H, 3.72 Hz, H!1), 5.50 (ddd, 3.56-3.68 (m, 4H, H-§', H-2", H-6.", H-6g"), 3.80-3.86 (M,
1H, 8.61, 4.70, 6.26 Hz, HR 6.17 (d, 1H, 6.51 Hz, H'}, 6.97— 1H, H-5"), 4.32 (dd, 1H, 6.05, 3.02 Hz, H}% 4.32 (AB q, 2H,
7.40 (m, 45H, 9x Ph), 7.84 (s, 1H, H-8)13C NMR (100 MHz, 48.17, 11.88 Hz, 8,Ph), 4.35 (AB ¢, 2H, 14.04, 11.88 HzHPh),
CDCly) ¢ 66.30 (C-6), 68.93 (C-5), 68.97, 69.03, 69.19, 69.25, 4.43-4.66 (m, H, H-4, CH,Ph), 4.68 (dd, 1H, 4.75, 3.02 Hz, H)3
69.38, 69.43, 69.54, 69.59, 69.67, 69.73, 69.8%(®hCH,OP, 4.71-4.79 (m, H, ¢i,Ph), 4.84-5.04 (m, H-3, CH,Ph), 5.36 (d,
31p coupled), 69.92 (C9, 71.37 (PIEH,0C), 73.19 (PBH,0C), 1H, 3.46 Hz, H-1), 5.50 (s, 2H, El,Ph), 5.56 (ddd, 1H, 8.64,
73.46 (PICH,OC and C-3, 74.25 (C-4), 76.69 (C-2), 76.76 (C- 4.75, 6.05 Hz, H-2, 6.18 (d, 1H, 6.05 Hz, H‘), 6.96-7.50 (m,
2, 77.93 (C-3), 82.20 (C-4), 85.07 (C-1), 95.15 (C-1), 127.41, 50H, 10x Ph), 7.68 (s, 1H, H-8)}*3C NMR (100 MHz, CDC}) 6
127.53, 127.56, 127.64, 127.70, 127.78, 127.85, 127.88, 127.94,67.80 (C-6-@H,Ph), 68.18 (C-B), 68.97 (C-5), 68.91, 69.06,
127.97, 128.10, 128.17, 128.19, 128.22, 128.25, 128.32, 128.39,69.18, 69.23, 69.33, 69.39, 69.43, 69.49, 69.63, 69.69, 71.37, 73.15,
128.47, 128.55 (aromatic carbons), 134.68, 134.75, 134.83, 134.89,73.42 CH,Ph, 3P coupled), 69.87 (C'5 3P coupled), 73.33 (C-
135.47, 135.54, 135.61, 135.67, 135.94, 135.97, 136.02, 136.05 (63, 3P coupled), 74.24 (C4 3P coupled), 76.6676.71 (m, C-2
x POCHC, 3P coupled), 137.07, 137.57, 137.8243COCH,C), C-2', 3P coupled), 77.98 (C3 3P coupled), 81.91 (C'% 85.00
140.57 (C-8), 151.03 (C-4 or C-6), 153.58 (C-6 or C-4), 158.89 (C-1', 3P coupled), 95.10 (C*), 115.52 (C-5), 127.40, 127.49,
(C-2); 3P NMR (161.94 MHz, CDG)) 6 —2.04,—1.93,-1.217; 127.54, 127.63, 127.71, 127.74, 127.81, 127.91, 127.93, 127.94,
m/z (FAB+) = 1514.6 [(M + H)*, 10]; HRMS mass calcd for 128.07, 128.16, 128.17, 128.20, 128.24, 128.30, 128.33, 128.37,
C79Hgo**CINsO1gP5 [M + H]* 1514.4394, found 1514.4396. 128.40 (aromatic carbons), 134.87, 134.95, 135.02, 135.50, 135.58,

2-Amino-6-0O-benzyl-9{5'-O-benzyl-3-O-[2",6"'-di-O-benzyl- 135.64, 135.71, 135.99, 136.08, 136.30, 137.24, 137.56, 137.88
o-D-glucopyranosyl]#-p-ribosyl} purine (16). Method A. To a (ipso carbons3P coupled), 137.78 (C-8), 153.97 (C-4), 159.03
solution of nucleosidé1 (50 mg, 0.058 mmol) and benzyl alcohol  (C-2), 160.74 (C-6)3P NMR (161.94 MHz, CDG) 6 —1.40,
(36.5uL, 0.35 mmol) in DMF (0.5 mL) was added NaH (12 mg, —1.967,—2.101;m/z (ESt+) = 1587.8 [(M+ H)*, 100]; HRMS
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6.01, 4.76 Hz, H-2, 6.17 (d, 1H, 6.30 Hz, H-], 6.98-7.36 (m,
45H, 9 x CgHs), 7.60 (s, 1H, H-8)13C NMR (100 MHz, CDCY)
5 68.2 (C-8), 69.0 (C-3), 69.1, 69.2, 69.26, 69.32, 69.4, 69.46,
69.49, 69.55, 69.71, 69.74, 69.77, 69.8, 6818 Coupled PBH,OP),
69.93 (C-5), 71.5, 73.2, 73.5 (% PhCH,OC), 73.4 (C-3, 74.3

mass calcd for gHg/NsO1oP3 [M + H], 1586.52081, found
1586.52098.

3-a-p-Glucopyranosylguanosine 23",4"-Trisphosphate (Gua-
nophostin A) (5). To a solution of protected phosphdi& (65 mg,
0.041 mmol) and cyclohexene (5 mL) in a mixture of methanol
(10 mL) and water (0.75 mL) was added Pd(@)0% on carbon, (C-4", 3P coupled, d, 5.37 Hz), 76.9 (C;2'P coupled, d, 5.37
160 mg), and the mixture was stirred at 80 overnight. After Hz), 76.96 (C-2), 78.02 (C-3, 3P coupled), 81.9 (C4 85.04
cooling, the mixture was filtered through a membrane filter washing (C-1', 3P coupled, d, 5.37 Hz), 95.2 (C4), 114.3 (C-5), 127.49,
well with water and methanol. The combined filtrate and washings 127.56, 127.59, 127.63, 127.7, 127.8, 127.95, 128.0, 128.02, 128.2,
was evaporated under diminished pressure. Purification was donel28.23, 128.26, 128.37, 128.41, 128.45, 128.47, 128.52 (aromatic
by ion-exchange column chromatography using AG resin column carbons), 135.01, 135.08, 135.15, 135.58, 135.66, 135.73, 135.8,
and 150 mM TFA (6-100% gradient elution) as eluent to obtain  136.07, 136.14, 136.15%P coupled, ipso carbons of POgPh),
very pure5 (22.2 mg, 79%):H NMR (400 MHz, D;O) ¢ 3.67— 136.6 (C-8), 137.4, 137.6, 138.0 (ipso carbons of CGR, 152.1
3.85 (m, 6H, H-B, H-6,"", H-6g", H-54", H-5g', H-2"), 4.04 (dd, (C-4), 155.7 (C-6), 159.8 (C-2§P NMR (161.9 MHz, CDGQ) ¢
1H, 16.0, 9.11 Hz, H-4), 4.37 (m, 1H, H-4, 4.40-4.45 (m, 1H, —1.265,—1.936,—2.101;m/z (ES) = 1495.8 [(M + H)*, 100];
H-3"), 4.52 (m, 1H, H-3, 5.16 (d, 1H, 3.73 Hz, H-1), 5.20- HRMS mass calcd for £HgiNgO1Ps [M] T 1494.4815, found
5.26 (m, 1H, H-2), 6.17 (d, 1H, 6.18 Hz, H-}, 9.00 (s, 1H, H-8); 1494.4795.
13C NMR (100 MHz, O) 6 60.03 (C-%), 60.47 (C-6"), 70.21 2,6-Diamino-94 3'-O-(a-p-glucopyranosyl){3-p-ribosyl} -
(C-2', 3P coupled), 71.36 (C5 3P coupled), 72.95 (C*4 3P purine 2',3",4"-Trisphosphate [2,6-Diaminopurinophostin (6)].
coupled), 73.42 (C*331P coupled), 75.39 (C:2'P coupled), 77.90 To a solution of phosphat20 (100 mg, 0.067 mmol) and cyclo-
(C-3", 3P coupled), 84.46 (C% 88.36 (C-1, 3P coupled), 98.04 hexene (3 mL) in a mixture of methanol (5.25 mL) and water (0.5
(C-1"), 108.31 (C-5), 136.53 (C-8), 149.38 (C-4), 154.84 (C-6), mL) was added 20% Pd(OKdn carbon (150 mg) and the mixture
155.18 (C-2)2P NMR (161.94 MHz, DO with excess of TEA) stirred at 80°C overnight. After cooling, the mixture was filtered
0 3.278, 3.54, 4.297m/z (ES) = 684.1 [(M — H), 100]; HRMS through a membrane filter, and the filter was washed with water
mass calcd for gH2sNsO16P3 [M — H] 684.0362, found 684.0379. and methanol. The combined filtrate and washings was concen-

2,6-Diamino-9-[3-0O-benzyl-3-0-(2",6"-di-O-benzyl-o-b-glu- trated, and the crude product thus obtained was purified by ion-
copyranosyl)$-p-ribofuranosyl]purine (19). A solution of11 (300 exchange column chromatography, using AG resin column and 150
mg, 0.349 mmol) in ethanol in a pressure tube was bubbled with mM TFA as eluent as described above, to afford 2-aminoadeno-
ammonia at O°C for 0.5 h and then heated at 7Q for 5 days. phostin6 (37 mg, 81%):H NMR (400 MHz, D,O) ¢ 3.62-3.75
The solvents were evaporated, and the residue thus obtained or(m, 6H, H-3', H-6,"", H-6g", H-51", H-5¢', H-2"), 4.00 (dd, 1H,
chromatographic purification using ethyl acetateethanot-Et;N 18.78, 9.39 Hz, H-4), 4.27 (m, 1H, H-4, 4.40 (dd, 1H, 18.39,
(93:6:1; v/viv) provided the required9 (244 mg, 98%) as a 9.0 Hz, H-3'), 4.47 (dd, 1H, 4.70, 3.13 Hz, H)35.12-5.17 (m,
colorless solid: mp 185C; [a]p —26.2 € 1.3, CHC}); IH NMR 2H, H-1" and H-2), 6.02 (d, 1H, 6.26 Hz, H-}, 8.04 (s, 1H, H-8);
(400 MHz, CDC}) 6 3.41-3.45 (m, 2H, H-%' and H-2), 3.50 13C NMR (100 MHz, BO) 6 60.07 (C-6), 60.93 (C-5), 70.32
(dd, 1H, 10.3, 2.01 Hz, H), 3.55 (t, 1H, 9.55 Hz, H-4), 3.62 (C-2', 3P coupled), 71.43 (C'5 3P coupled), 73.0 (C‘4 3P
(dd, 1H, 10.55, 4.77 Hz, H:8), 3.67 (dd, 1H, 10.8, 2.26 Hz,  coupled), 73.86 (C33P coupled), 75.14 (C*2'P coupled), 77.92
H-6g"), 3.77-3.80 (m, 1H, H-8), 3.97 (br s, 1H, H-3, 4.09 (m, (C-3", 3P coupled), 84.10 (C1 86.75 (C-1, 3P coupled), 98.11
1H, H-3), 4.24 (t, 1H, 9.55 Hz, H-'3, 4.32 (dd, 1H, 8.04, 4.27  (C-1"), 111.19 (C-5), 140.66 (C-8), 149.85 (C-6), 150.84 (C-4),
Hz, H-2), 4.42 (ABq, 2 H, 19.48, 11.69 Hz, Ph{3), 4.47 (s, 2H, 152.16 (C-2);3P NMR (161.94 MHz, RO) ¢ 0.101, —0.302,
PhH,), 4.78 (ABq, 2 H, 27.89, 12.31 Hz, Pk{3), 4.80 (d, 1H, —0.808;m/z (ES)= 683.1 [(M — H), 100]; HRMS mass calcd for
3.52 Hz, H-1), 5.66 (d, 1H, 8.04 Hz, H‘}, 7.13-7.32 (m, 15H, Ci6H26N6O18P3 [M — H] 683.05164, found 683.05179.
3 x Ph), 7.70 (s, 1H, H-8)}3C NMR (100 MHz, CDC}) 6 69.22 2-Amino-9-3'-O-(a-p-glucopyranosyl){3-b-ribosyl} purine
(C-6"), 69.74 (C-4), 70.05 (C-5), 71.68 (C-3), 72.83 (C-B), 2',3",4"-Trisphosphate [2-Aminopurinophostin] (7). To a solution
73.56 (PItH,), 73.80 (PICH,), 73.85 (PICH,), 77.26 (C-2), 78.89 of protected phosphate3 (80 mg, 0.0528 mmol) and cyclohexene
(C-27), 81.58 (C-3), 82.72 (C-4), 86.0 (C-1), 100.51 (C-1), (2.1 mL) in a mixture of MeOH (4 mL) and water (0.3 mL) was
113.22 (C-5), 127.7, 127.85, 128.15, 128.40, 128.62, 128.68, added Pd(OH)(20% on carbon, 200 mg), and the mixture was
128.72, 129.10 (aromatic carbons), 135.34 (C-8), 136.13, 137.34,stirred at 80°C overnight. The mixture was filtered through a
138.01 (ipso carbons), 152.45 (C-4 or C-6), 155.55 (C-6 or C-4), membrane filter and washed with water and methanol. The
160.16 (C-2),wz (FAB+) = 715.1 [(M+ H)™, 100]; HRMS mass combined filtrate was purified by chromatography on a reversed-
calcd for G/H43NgOg [M + H]* 715.30915, found 715.30995. phase column (RP-18) using 0.05 M TEABIeCN eluent system

2,6-Diamino-9{5'-O-benzyl-2-O-(dibenzyloxyphosphoryl)-3- to get pure 2-aminopurinophostih(32 mg, 90%):*H NMR (400
O-[2",6"-di-O-benzyl-3',4"-bis-(dibenzyloxyphosphoryl)-a.-p- MHz, D;O) 6 1.22 (t, 7.35 Hz, CHlof TEA), 3.14 (q, 7.35 Hz,
glucopyranosyl]-p-ribosyl} purine (20). A solution of the triol CH, of TEA), 3.71-3.89 (m, 6H, H-8, H-6,", H-65", H-51", H-5¢/,

19 (70 mg, 0.098 mmol), bis(benzyloxy)(diisopropylamino)-
phosphine (135 mg, 0.39 mmol), and imidazolium triflate (85 mg,
0.39 mmol) in anhydrous DCM (6 mL) was stirred at room
temperature under Nor 1 h. Then the mixture was then cooled to
—78 °C, andm-CPBA (34 mg) was added and stirred for 30 min

H-2"), 4.00 (dd, 1H, 19.02, 9.64 Hz, H 4.42 (dd, 1H, 6.34,
3.30 Hz, H-4), 4.46 (dd, 1H, 17.75, 9.13 Hz, H:} 4.63 (dd, 1H,
5.07, 3.04 Hz, H-3, 5.31 (d, 3.80 Hz, H-1), 5.31-5.35 (m, 1H,
H-2), 6.20 (d, 1H, 6.59 Hz, H“), 8.25 (s, 1H, H-8 or H-6), 8.58
(s, 1H, H-6 or H-8);13C NMR (100 MHz, D,O) 6 8.11 (CH3 of

at this temperature and then at rt for an additional 1 h. The mixture TEA), 46.5 CH; of TEA), 60.22 (C-5), 61.28 (C-6), 70.98 (C-

was then diluted with DCM and washed successively with NaglCO

2", 3P coupled), 71.85 (C5 3P coupled), 72.28 (C‘4 31p

solution, water, and brine. The concentrated organic layer was coupled), 73.67 (C‘3%'P coupled), 74.44 (C-2'P coupled), 77.08

chromatographed to give pure phosph2fe(123 mg, 84%) as a
colorless gum: ¢]p +30.0 € 1, CHCk); H NMR (400 MHz,
CDCl) 6 2.33 (br s, 2H, exchangeable, MH3.52 (dd, 1H, 10.77,
3.01 Hz, H-%"), 3.56-3.66 (m, 4H, H-@", H-6g", H-55" and H-2'),
3.83 (ddd, 1H, 10.02, 4.01, 2.51 Hz, H)54.25-4.47 (m, 6H,
H-4" and 2.5x PhCH,), 4.51-4.77 (m, 9H, H-3 H-4" and 3.5x
PhCH,), 4.86-5.04 (m, 7H, H-3 and 3x PhH.), 5.34 (d, 3.51
Hz, H-1"), 5.49 (br s, 2H, exchangeable, BH5.58 (ddd, 1H, 8.77,

(C-3", 3P coupled), 84.16 (C*% 86.89 (C-1, 3P coupled), 97.96
(C-17), 127.37 (C-5), 143.58 (C-8), 148.86 (C-6), 152.78 (C-4),
159.33 (C-2);%P NMR (161.94 MHz, RO) 6 1.156, 0.875,
—0.235;m/z (ES)= 668.1 [(M — H), 100]; HRMS mass calcd for
Ci6H26N5018P5 [M — H] 668.0413, found 668.0412.
2-Amino-6-chloro-94 3'-O-(a-b-glucopyranosyl)3-b-ribosyl} -
purine2',3",4"-Trisphosphate [Chlorophostin] (8). To a solution
of protected phosphat&3 (60 mg, 0.04 mmol) in DCM (4 mL)
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was added BGI(400uL) at —78 °C, and the mixture was stirred ~ 159.48 (C-2);3'P NMR (161.94 MHz, RO) ¢ TEA salt —2.10,
at this temperature for 2 h. The reaction mixture was then —1.60,—1.25;m/z (ES)= 702.1 [(M — H), 100]; HRMS mass
neutralized with aqueous ammonia, and then the solvents werecalcd for GgH2sCINsO16P; [M — H], 702.0023, found 702.0036.
evaporated. The residue thus obtained was purified by ion-exchange

chromatography using AG resin column and 150 mM TFA as eluent  Acknowledgment. We thank the Wellcome Trust for Pro-
(0—100% gradient elution) to provide pure chlorophosi(20.6 gramme Grant support (082837 and 072084 to B.V.L.P. and

mg, 74%): *H NMR (400 MHz, D,O) 6 1.22 (t, 7.39 Hz, Chiof C.W.T.) and Dr. Andrew Riley for useful discussions.
TEA), 3.14 (g, 7.39 Hz, Chlof TEA), 3.74-3.90 (m, 6H, H-5,

H-64", H-65"", H-54", H-5g', H-2"), 4.08 (m, 1H, H-4), 4.42 (m,
1H, H-4), 4.51 (m, 1H, H-3), 4.61-4.69 (m, 1H, H-3, 5.29 (d,
3.45 Hz, H-1'), 5.28-5.32 (m, 1H, H-2), 6.20 (d, 1H, 5.91 Hz,
H-1'), 8.41 (s, 1H, H-8)13C NMR (100 MHz, 3x0) 6 8.11 (CH;
of TEA), 46.54 CH, of TEA), 60.17 (C-6), 61.07 (C-5), 70.53
(C-2', 3P coupled), 71.58 (C5 3P coupled), 72.77 (C*4 3P

Supporting Information Available: 13C NMR data for inter-
mediates and target compounsts8; computational modeling of
7 and8 docked to the Ins(1,4,5)R showing various interactions
between the ligand and the receptor; electrostatic potential energy
surfaces of the purine rings; NMR spectra of all new compounds.

coupled), 73.87 (C:3%P coupled), 74.73 (C:2P coupled), 77.71 'Ih'trzsl/gwuagtsergzls |§rgavallable free of charge via the Internet at
(C-3", 3P coupled), 84.15 (C*% 87.32 (C-1, 3P coupled), 98.06 ' T
(C-1"), 123.58 (C-5), 143.10 (C-8), 150.52 (C-6), 153.10 (C-4), JO702617C
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