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ABSTRACT. The glyconucleotides adenophostin A and B are the most potent known agonists at type 1
inositol trisphosphate [Ins(1,453] receptors, although their stuctures differ markedly from that of Ins-

(1,4,5Ps.

Equilibrium competition binding with 3H]Ins(1,4,5Ps; and unidirectional**Ca&" flux

measurements were used to examine the effects of adenophostin A in hepatocytes, which express
predominantly type 2 Ins(1,4,B) receptors. Both Ins(1,4,B} (Kq = 8.65+ 0.98 nM) and adenophostin

A (Kq=0.874 0.20 nM) bound to a single class dH]Ins(1,4,5Ps-binding site and each fully mobilized

the same intracellular €a pool; although, adenophostin A (= 10.9 4+ 0.7 nM) was more potent

than Ins(1,4,99; (ECso = 153 + 11 nM). Working on the assumption that it is the phosphorylated
glucose component of the adenophostins that mimics the critical features of Ind?3,,46)synthesized
various phosphorylated disaccharide analogs containing this structure. The novel disaccharide-based
analogs, sucrose 3,4,Bisphosphate [Sucr(3,4)®3], a,o'-trehalose 3,4,34 -tetrakisphosphate [Trehal-
(3,4,3,4)P4], o,a'-trehalose 2,4,34'-tetrakisphosphate [Trehal(2,48)Ps, and methyl 3©-(a-D-
glucopyranosyl)3-p-ribofuranoside 2,34'-trisphosphate [Rib(2;3V)Ps], were all able to mobilize the

same intracellular Ga pool as Ins(1,4,3); and adenophostin A; although, none was as potent as
adenophostin A. The rank order of potency of the analogs, adenophostim#(1,4,5P; ~ Rib(2,3,4')-

Ps; > Trehal(2,4,34)Ps > Glc(2,3,4)P; ~ Trehal(3,4,34')P, > Sucr(3,4,3Ps, was the same in radioligand
binding and functional assays of hepatic Ins(1,B;5¥ceptors. Both Rib(2;3¥)Ps, which was as potent

as Ins(1,4,99;, and Trehal(2,4,3%)P, bound with significantly higher affinity 427 and ~3-fold,
respectively) than the only active carbohydrate agonist of Ins(P4/&ceptors previously examined
[Glc(2',3,4)P3]. We conclude that phosphorylated disaccharides provide novel means of developing high-

affinity ligands of Ins(1,4,9; receptors.

Inositol 1,4,5-trisphosphate [Ins(1,45B) (1), Figure 1]
is the cytosolic messenger that links activation of many
receptors in the plasma membrane to the release &f Ca
from intracellular storesl). The receptors for Ins(1,45)
are encoded by three distinct gen@} é4nd belong to the
same family of intracellular Ga channels as ryanodine
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1 Abbreviations: BSA, bovine serum albumin; CLM, cytosol-like
medium; EGo,, concentration causing half the maximal effect; FCCP,
carbonyl cyanidep-trifluoromethoxyphenylhydrazone; GI¢(2,4)Ps,
2-hydroxyethylo-p-glucopyranoside“23,4-trisphosphatdy, Hill coef-
ficient; HepesN-[2-hydroxyethyl]piperazinéN'-2-ethanesulfonic acid;
Ins(1,4,5;, p-myainositol 1,4,5-trisphosphate; Ins(1,3,47%)p-myo
inositol 1,3,4,5-tetrakisphosphate; Ins(€£5)p-myacinositol 4,5-bis-
phosphateKq, equilbrium dissociation constant; Rib(28)Ps, methyl
3-O-(o-p-glucopyranosyl)3-p-ribofuranoside 2,34 -trisphosphate; Sucr-
(3,4,3)Ps, sucrose 3,4,&risphosphate; Trehal(2,4,8)P4, o,0-tre-
halose 2,4,34'-tetrakisphosphate; Trehal(3,48)P4, a,a'-trehalose
3,4,3,4 -tetrakisphosphate.
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Ficure 1. Structures of inositol 1,4,5-trisphosphate [Ins(1,4,5)-
Ps], adenophostins A and B, and 2-hydroxyetlyb-glucopyra-
noside-2 3,4-trisphosphate [Glc(3,4)P3).

receptors §). Ryanodine and Ins(1,4B) receptors share
many structural and functional properties including their
regulation by phosphorylation, cytosolic €a and other
intracellular messengerg,(3), their association with modu-
latory proteins 4—8), and their ability to mediate the
regenerative Cd release that gives rise to intracellular’Ca
waves 0). Both pharmacological9) and immunological
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(10) techniques have been used to establish the respective
contributions of ryanodine and Ins(1,4%3)receptors in
generating the complex signals evoked in intact cells.
Molecular approaches have more recently been exploited to
suggest that the different Ins(1,4F3receptor isoforms may
fulfil different roles in intracellular C& signaling (L1, 12.
More widely applicable means of assessing the importance
of Ins(1,4,5P; receptors in CH signaling are presently
hampered by an inadequate range of selective ligands.
Heparin, the only available practicable antagonist of Ins-
(1,4,5P; receptors 13) has many additional sites of action
including ryanodine receptoré4) and G proteinsi5). Until
recently, the only synthetic ligands active at Ins(1,B55)
receptors were analogs of Ins(1,£5and, apart from some
partial agonistsX6), they have almost invariably proven to
be full agonists with lesser affinity than Ins(1,47%%)(17,

18). However, studies of these ligands have refined our
understanding of the structural determinants of inositol
phosphate activity at Ins(1,4/% receptors. In particular,

it is now clear that a structure analogous to the 4,5-bis-
(phosphate) of Ins(1,4,B} is essential for activity, while

an adjacent hydroxyl group and a third phosphate help to
enhance binding affinity1(8).

The glyconucleotides adenophostins A and B (Figure 1,
2a and2b), originally isolated fromPenicillium brevicom-
pactum(19), are the most potent agonists of Ins(1,BH)
receptors so far identified@0, 21, and yet they show little
obvious structural similarity to Ins(1,45) (22). The
adenophostins bind to the same site on the receptor as Ins-
(1,4,5P; (21 and mimic both the biphasic kinetics and
quantal pattern of G4 mobilization evoked by Ins(1,4,5)-

Ps (23). Adenophostins have the additional advantages of
not binding to Ins(1,3,4,% binding sites and of being
resistant to degradation by the enzymes that metabolise Ins-

(1,4,5P3 (21). The structure of adenophostin A has now FiGURE 2: Structures of the four synthetic disaccharide polyphos-
phates.

been confirmed by total synthesig4( 25.
Examination of the structure of adenophostin A suggests
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that its glucose '34"-bis(phosphate) structure and the synthesized the minimal structure 2-hydroxyethyip-

adjacent 2-hydroxyl group may mimic the critical 4,5-bis-
(phosphate)/6-hydroxyl triad of Ins(1,48%)(Figure 1). It

glucopyranoside'23,4-trisphosphate [GIc(3,4)Ps, (3), Fig-
ure 1] and showed it to be the first synthetic carbohydrate-

is thought that this structure constitutes the essential recogni-0ased agonist at Ins(1,4f%) receptors, with~10-fold

tion feature common to both Ins(1,4%)and the adeno- ~ réduced potency relative to Ins(1,4%)in both SH-SY5Y
phostins and that it interacts with the “anchoring domain” Cells €2) and plateletsZ7). Molecular modeling studies
of the Ins(1,4,5p; receptor binding site1?). Thus, the on 3 (22 conflr_meq that the conformationally ﬂe_xm?le
1-phosphate of Ins(1,48) and the 2phosphate group of bimethylene cha|n.d.|d not aIIO\_/v thé-phosphate to mimic
the nucleoside half in the adenophostins behave as acces@ccurately the positioning of either the 1-phosphate of Ins-
sories which enhance binding, perhaps by long-range elec-(14.5Ps or the 2-phosphate of the adenophostins. Presum-
trostatic interactions with an auxiliary domaia7j. The  @bly, this explains why binds with lesser affinity than
deletion of the 1-phosphate in Ins(1,45)o0 give Ins(4,5)-  adenophostin A and Ins(1,4{%)
P, (18) or of the 2-phosphate in the adenophosti@g)(does We have now synthesized various novel compounds
not abolish activity, but results in greatly reduced affinity incorporating the-glucopyranosyl 3,4-bisphosphate moiety
for the Ins(1,4,53p; receptor. with an a-glycosidic linkage to a second sugar containing
The finding that the presumed core pharmacophore of theone or more phosphates. These disaccharide polyphosphates
adenophostins is not based uporycinositol but upon (Figure 2) are expected to be conformationally more rigid
glucose suggested that a class of active analogs containinghan Glc(2,3,4)P;, and to place their accessory phosphate
a glucose 3,4-bisphosphate structure, together with one orgroup(s) in various positions within the receptor binding site.
more accessory phosphate groups placed elsewhere in thén the present paper, we describe the syntheses of three such
molecule, might provide novel compounds with which to molecules: sucrose 3,48isphosphate, [Sucr(3,4)Bs, (4)],
explore the structural requirements for activity at Ins(1,4,5)- o,o'-trehalose 3,4,34' -tetrakisphosphate [Trehal(3,48)-
Ps receptors. Furthermore, the much greater overall size of P4, (5)], anda,o'-trehalose 2,4,3!-tetrakisphosphate [Trehal-
the adenophostins compared to Ins(1,Bs5uggests that  (2,4,3,4)P4, (6)]. We have also recently reported elsewhere
phosphorylated disaccharides may be accommodated by thehe synthesis of another disaccharide polyphosphate, methyl
receptor binding site. We26) and others Z2) initially 3-O-(o-p-glucopyranosyl)3-p-ribofuranoside 2,34'-trispho-
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sphate [Rib(2,34')P; (7)], whose structure is more closely ice-cold buffered saline (116 mM NaCl, 5.4 mM KCI, 0.96

related to adenophostin 28). mM NaHPQ,, 0.8 mM MgSQ, 25 mM NaHCQ, 1 mM
The effects of adenophostin have so far been shown onlyEGTA, 11 mM glucose, and 5:95 G@,, pH 7.4 at 4°C).
for the Ins(1,4,99; receptors from cerebellun2, 23, 27 After excision, the liver was chopped and then homogenized

and platelets27), each of which expresses type 1 Ins(1,4,5)- in 25 mL of ice-cold buffered sucrose (250 mM sucrose, 5
P; receptors 29). In the present study, we compare the mM HEPES, and 1 mM EGTA, pH 7.4 at°€) using a 15
effects of adenophostin A, Glc(3,4)Ps; and the four novel mL glass Dounce homogenizer with 10 strokes of a loose-
disaccharide polyphosphates shown in Figure4)(on fitting plunger and three strokes with a tighter plunger. The
[®H]Ins(1,4,5P3 binding and**C&" mobilization from rat homogenate was made up to 50 mL in ice-cold buffered
hepatocytes, which express predominantly type 2 sucrose, filtered through gauze and centrifuged (3500

Ins(1,4,5P; receptors 30). min), and the pellet then resuspended in 48 mL of ice-cold
buffered sucrose containing Percoll (11.8% final v/8%)(
EXPERIMENTAL PROCEDURES The suspension was centrifuged (3500@0 min) and

membranes were harvested as a discrete fluffy band below

General Methods and Reagent$hin-layer chromatog- a fatt
y layer at the top of each tube. The membranes were
raphy (TLC) was performed on precoated plates (Merck TLC resuspended in 50 mL of ice-cold hypo-osmotic buffer (1

alum_inium sheets silica (502&) _Wit.h detection by UV light mM EGTA and 5 mM HEPES, pH 7.4 at*C) to lyse the

or W.'th phosphomolybdic acid in methanol followgq by vesicles and then centrifuged (48@)A0 min). The final
heatmg. Flash chromatography was performeq on silica gel membrane pellet was resuspended in binding medium (20
(So_rbsn C60). Tetrahydrofuran (THF) was distilled _fro_m mM Tris and 1 mM EDTA, pH 8.3 at 4C) at~20 mg of
sodium benzophenone ketyl. Dichloromethane was distilled protein/mL and stored in Ii'quid nitrogen for up to 14 days.

gi\(/a?/resphl\??\lpg?rrrzjesthp?fgt%fmei(?g\(jv;(seg:ienﬁé dnl\og?g\ljéas‘r Protein concentrations were measured using the Bradford
1 3 y . . ' assay 87) with BSA as standard. A single liver typically
H and3C NMR spectra (internal M&i as reference) were ) : "
) provided ~70 mg of membrane protein. Although this

recorded with a Jeol GX270 or EX400 FT-NMR spectrom- : )

1 X .. method produces membranes enriched in markers for plasma
eter anc®’P NMR spectra (external aq 85% phosphoric acid ;

membrane, microsomal markers are also presés)t §nd

as reference) were recorded with a Jeol EX400 or Jeol FX- the membranes are enriched in Ins(1RgSpceptors whose
90Q spectrometer. FAB mass spectra were recorded at the e P

University of Bath usingn-nitrobenzyl alcohol as the matrix. Cg‘."ll.r acéerlstr]:s are indistinguishable from those of perme-
Microanalysis was carried out by the Microanalysis Service, abilized rat hepatocyte$}, 39.

University of Bath. Melting points (uncorrected) were  [*H]Ins(1,4,5)R Binding. Liver membranes (0.4 mg of
determined using a Reichert-Jung hot stage microscopeProtein/tube) were added to binding buffer (3A0 contain-
apparatus. lon-exchange chromatography was performed orind [*H]Ins(1,4,5Ps (30 nCi, final concentratior= 1 nM)

an LKB-Pharmacia medium-pressure ion-exchange chro-and the appropriate concentration of competing ligand. After
matograph using Q-Sepharose Fast Flow resin and gradient® min at 0 °C, bound and free *H]Ins(1,4,5P; were

of triethylammonium bicarbonate (TEAB) as eluent. 4,6: separated by centrifugation (20@)® min, 0°C). Previous

4' 6-Di-O-benzylidenes,o'-trehalose was prepared from results had established that under these conditions, binding
a,o'-trehalose dihydrate according to the procedure of Baer reached equilibrium and that degradation #{]ins(1,4,5)-

and Radatus 31). (N,N-Diisopropylamino)dichlorophos- Pz was negligible 85). Total binding was typically 3500
phine was prepared by the method of Tanaka.e{@®) by dpm/tube and nonspecific binding was approximately 30%
adding 2 equiv of diisopropylamine to a solution of Rl of the total binding. JH]Ins(1,4,5)P; binding to rat cerebellar
dry ether at—=78 °C. The crude productb¢ = 166.4) was membranes was characterized as previously descr8#d (
purified by distillation under reduced pressure and reaction 45Cg2* Release from Permeabilized Rat Hepatocytes.
with 2 equiv of benzyl alcohol in the presence of 2 equiv of Hepatocytes were isolated by collagenase digestion of the

triethylamine afforded bis(benzyloxy¥;N-diisopropylami- - Jivers of male Wistar rats (206250 g), as previously
nophosphinedp = 145.24) 83) which was purified by flash  described 40), and stored at 4°C in Eagles medium
chromatography. supplemented with 26 mM NaHGQ@nd BSA (2% wi/v) for

Materials for Biological Assays[®H]Ins(1,4,5Pz (58 Ci/ up to 24 h. Cells were permeabilized by incubation with
mmol) was from Amersham (Little Chalfont, U.K.) and saponin (10ug/mL) in a cytosol-like medium (CLM, 140
45CaCh was from ICN (Thame, U.K.). Ins(1,48)was from mM KCI, 20 mM NaCl, 1 mM MgC}, 1 mM EGTA, 20
American Radiolabeled Chemicals (St. Louis, MO). Ad- mM PIPES, pH 7.0 at 37C) and subsequently loaded to
enophostin A, purified fronPenicillium brevicompactum  steady-state (2 nmol of C&*/1CF cells) by incubation (16
(19), was a generous gift from Dr. M. Takahashi (Sankyo cells/mL) for 5 min at 37°C in CLM supplemented with
Co. Ltd., Japan). Glc(B,4)Ps (26) and Rib(2,34')P; (28) CaCl (300 uM, free [C&'] = 200 nM), ATP (7.5 mM),
were synthesized as previously described. All synthetic FCCP (10uM) and #°C&* (7.5 uCi/mL). Unidirectional
analogs were accurately quantified using a modification of 45Cz* efflux from the intracellular stores was initiated by
the Briggs phosphate ass&84). Percoll (1.13 g/mL) was  diluting the cells (5-fold) into C&-containing CLM at 37
from Pharmacia (Upssala, Sweden). lonomycin was from °C supplemented with thapsigargin 4M final). After 15
Calbiochem (Nottingham, U.K.) and thapsigargin was from s, appropriate concentrations of Ins(1,#5)adenophostin
Alamone Laboratories (Jerusalem, Israel). All other reagents A or related compounds were then added, and 60 s later,
were from suppliers listed previous|$g). the45Ca* content of the intracellular stores was determined

Preparation of Rat Lier Membranes.The liver of a male after quenching in ice-cold medium (310 mM sucrose and 1
Wistar rat (200-250 g) was perfuseih situ with 40 mL of mM trisodium citrate) and than rapid filtration through
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Scheme 1: Synthesis of Sucrose 3 4,8sphosphate4)
from Sucrosg
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mmol, 92%); p]p*® = +27 (€ = 2, CHCE). H NMR
(CDCl;, 400 MHz): 6 1.14, 1.15, 1.22,1.23,1.24 (45H, 5
s, 15 x pivaloate CH), 3.96 (1 H, dddJ = 8.2, 5.4, 24
Hz, C-83-H), 4.13 (2 H, br s, C-1H,), 4.15 (1 H, ddJ =
12.7, 5.4 Hz, C-BH,), 4.25 (1 H, dd,J = 12.7, 2.0 Hz,
C-6-Hp), 4.35 (1 H, br dJ = 9.8 Hz, C-5-H), 4.41 (1 H,
dd,J = 12.7, 2.0 Hz, C-6-k), 4.49 (1 H,ddJ=12.7, 1.5
Hz, C-6-H,), 4.77 (1 H, g*,J ~ 9.5 Hz, C-4-H), 4.825.10
(14 H, m, C-2-H, C-3-H and & CH,CgHs), 5.19 (1 H, dd,
J = 8.8, 8.3 Hz, C-3H), 5.57 (1 H, dd,J = 8.8, 8.3 Hz,
C-4-H), 5.77 (1 H, d,J = 3.9 Hz, C-1-H), 7.087.46 (30
H, m, 6 x CgsHs) (*apparent splitting pattern)*3C NMR
(CDCl;, 100 MHz): 6 26.92. 27.05, 27.09, 27.16, 27.29
(15 x pivaloate CH3), 38.62, 38.79, 38.83, 38.90 [%
pivaloate C(CHs)3], 61.58, 62.75, 63.90 (C-6, C;1C-6),
69.20 CH), 69.28-70.06 (overlapping signals witdcp
couplings, 6x CH,OP), 70.65 CH), 72.11 (cp = 3.7 Hz,
CH), 73.84 (cp = 5.5, 5.5 Hz,CH), 76.33 0cp = 5.5, 5.5
Hz, CH), 77.52 CH), 78.10 (cp = 5.5 Hz,CH), 88.53 (C-
1), 102.65 Jcp= 3.7 Hz, C-2), 128.06-128.89 (overlapping
signals,CsHs), 135.20-136.01 (overlapping signals withp
couplings, 6x POCHCgHs, ipso),176.75, 176.83, 177.69,

curves were fitted to four-parameter logistic equations using 177 78 178.05 (5¢ pivaloate G=0). 3P NMR (CDCk
a nonlinear curve-fitting program (Kaleidagraph, Synergy 1g2 MHz, 'H-coupled): 6 —0.43 (1 P, sextetd ~ 8.3 Hz),

Software, PA):

_(M-B)

2

+B

whereR, M andB are the specific, total, and nonspecific
[®H]Ins(1,4,5P; binding, respectivelyh is the Hill coef-
ficient, and K is the concentration of competing ligand
causing 50% displacement of speciftel]ins(1,4,5); bind-
ing (=ICsq) from which theKq for each ligand was computed

—2.03 (1 P, sextetd ~ 8.0 Hz),—2.36 (1 P, sextetd ~
8.8 Hz) (*apparent splitting pattern). M81/z(+ ion FAB,
relative intensity) 1544 [(M+ H)™, 60%)], 363 (40), 279 (60),
91 [(GH7)™, 100%]. MS:m/z(— ion FAB, relative intensity)
1451 [(M — C;H7)~, 90%), 277 [((GHsCH.0)%PO,)~,
100%]. Anal. Calcd for @H10:025P; (1543.58): C, 61.47;
H, 6.60. Found: C, 61.2; H, 6.56.

Sucrose 3,4,3Trisphosphate4). A solution of 9 (154
mg, 100umol) in ethanol (10 mL) was stirred vigorously
with 10% palladium on carbon (100 mg) under an atmo-
sphere of H (balloon) for 2 h. The catalyst was removed

(41). Concentration-response relationships were fitted to an by filtration and the solvents removed by evaporation under

analogous equation from which the maximal effectz&aid

reduced pressure. The residue was redissolved in deionized

h for each ligand were determined. All results are reported water (10 mL), adjusted to pH 14 with aqueous NaOH and

as meanst sem.

Synthesis of Sucrose 3,4Risphosphate4). Sucrose
2,6,1,4,6'-pentapivaloate§, Scheme 1) was synthesized by
regioselective pivaloylation of sucros#?j and recrystallized

stirred overnight at room temperature. Purification by ion-
exchange chromatography on Q Sepharose Fast Flow gave
the triethylammonium salt of which eluted between 470
and 550 mM of TEAB buffer, and was quantified by total

three times from hexane to ensure maximum purity before phosphate assay. Yiekld 57 umol, 57%; [o]p>* = +51 (c

the next step; mp 128130°C; [0]p??> = +60 (¢ = 1, MeOH)
[Literature values42): mp 120-121°C; [a]p = +61 =
1, MeOH)].

2,6,1,4,6'-Penta-O-pialoyl-sucrose 3,4,3Tris(dibenz-
ylphosphate) §). To a solution of bis(benzyloxyid,N-
diisopropylaminophosphine (1.00 g, 2.90 mmol) in dry
dichloromethane (10 mL) was addedHttetrazole (400 mg,

= 0.3, KO, pH 5, calculated for the free acidfH NMR

(CDs0D, 400 MHz): 6 3.57 (1 H, ddJ = 9.3, 3.9 Hz, C-2-
H), 3.63 (2 H, br s, C-1H), 3.68-3.77 (2 H, m, C-6-H

and C-6-Hy), 3.75-3.85 (2 H, m, C-5H, C-6-Hy), 3.90 (1
H, br, d,J ~ 10 Hz, C-5-H), 3.97 (1 H, dd) = 13.2, 2.9
Hz, C-6-H,), 4.10 (1 H, g*,J ~ 9.5 Hz, C-4-H), 4.15 (1 H,
t*, J = 8.3 Hz, C-4-H), 4.40 (1 H, g*,J = 9 Hz, C-3-H),

5.71 mmol). The mixture was stirred at room temperature 4.52 (1 H, t*,J = 8.3 Hz, C-3-H), 5.49 (1 H, d,J = 3.9

for 30 min and then the pure tri@ (500 mg, 0.655 mmol)

Hz, C-1-H) (*apparent splitting pattern)3'® NMR (162

was added. The mixture was stirred for 1 h, after which a MHz, CD;OD, *H-coupled): 6 1.60 (1P, dJ = 10.1 Hz),

3P NMR spectrum showed signalséat40.7 (singlet), 140.9
(doublet,Jpp = 5.5 Hz), and 141.8 ppm (doubl&X]pr =
5.5 Hz). The mixture was cooled t678 °C, andm-CPBA

(60% purity, 1.13 g, 3.93 mmol) was added. The mixture

1.78 (1P, d,J= 8.8 Hz), 2.48 (1P, d] = 7.9 Hz). Accurate
mass FAB: m/zcalcd for G,H240-0P5~, 581.007. Found:
581.009.

Synthesis ofi,a’-Trehalose Tetrakisphosphatésand 6).

was allowed to reach room temperature and then diluted with 4,6:4,6-Di-O-benzylidenes,a’-trehalose (2.00 g, 3.86 mmol)
ethyl acetate (50 mL). The solution was washed with 10% was subjected to regioselective dibenzylation as described

sodium sulfite solution, saturated NaHg$alution, and brine
(50 mL of each), dried (MgS%), and evaporatedh vacuo

to give an oil. Purification by column chromatography
(chloroform/acetone 20:1) gaeas a wax (929 mg, 0.602

by Vicentet al. (43). The products were separated by flash
chromatography (chloroform:acetone 10:1) giving first2,3
di-O-benzyl-4,6:46'-di-O-benzylidenea,a'-trehalose 10b,
785 mg, 1.12 mmol, 29%); mp 18387 °C (crystals from
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ethyl acetate/hexane);o]p*® +88 (c 1, CHCh)
[literature values43), syrup; pjp = +76 (€ = 1.1, CHC})].
Second to elute was the symmetrical 'ZAR2benzylated
product 2,2di-O-benzyl-4,6:46'-di-O-benzylidenes,o'-tre-
halose {0a 1.32 g, 1.88 mmol, 49%); mp 19699 °C
(crystals from ethyl acetate/hexana)]§® = +99 (¢ = 1,
CHCI) [literature values43), mp 197-199°C; [a]p = +90
(c = 2, CHCB)].
3,3-Di-O-benzoyl-2,2di-O-benzyl-4,6:4,6'-di-O-
benzylidenex,a'-trehalose 118). The symmetrical diolOa

Marchant et al.

(906.98): C, 71.51; H, 5.56. Found: C, 71.3; H, 5.50.
3,3-Di-O-benzoyl-2,6,26'-tetra-O-benzyle,a’-tre-
halose (23). To a solution of sodium cyanoborohydride in
THF (14 mL of a 1 Msolution, 14 mmol) containing 3 A
molecular sieves was added compouric (500 mg, 0.551
mmol). The mixture was stirred under, [dt room temper-
ature, ad a 1 Msolution of hydrogen chloride in dry ether
was added dropwise until evolution of gas ceased. TLC
(chloroform/acetone 10:1) showed the reaction to be com-
plete with total conversion of starting materid & 0.55)

(500 mg, 0.716 mmol) was benzoylated under standardto a product alR = 0.24. The mixture was diluted with

conditions. Aqueous workup followed by flash chromatog-
raphy (ethyl acetate/hexane 1:1) gaika (586 mg, 0.646
mmol, 90%) as a highly crystalline white solid; mp 230
231 °C (from ethyl acetate/hexanely]p®®° = +78 (c = 1,
CHCL). *H NMR (CDClz, 400 MHz): ¢ 3.68 (2 H, dd,J
= 10.3, 9.8 Hz, C-6/6H,y), 3.73 (2 H, t*,J = 9.8 Hz, C-4/
4'-H), 3.86 (2 H, ddJ = 9.8, 3.9 Hz, C-2/2H), 4.11 (2 H,
dd,J = 10.3, 4.9 Hz, C-6/6Hc), 4.37 (2 H, td*,J = 9.8,
4.9 Hz, C-5/5H), 4.62, 4.69 (4 H, ABqJas = 12.2 Hz,
CH,Ph), 5.28 (2 H, dJ = 3.9 Hz, C-1/1-H), 5.43 (2 H, s,
CHPh), 5.92 (2 H, t*,J = 9.8 Hz, C-3/3H), 7.17-7.46
(24 H, m, GHs), 7.56 [2 H, t,J= 7.3 Hz, OC(O)GHs para],
8.05 (4 H, d,J = 7.8 Hz, OC(O)GHs ortho) (*apparent
splitting pattern). 33C NMR (CDCk, 67.8 MHz): 6 62.95
(2 x CH), 68.84 (C-6/6, 71.65 (2x CH), 72.64 (2x
OCH,CsHs), 76.17, 79.55 (% CH), 94.79 (C-1/9), 101.61
(2 x PhCH), 126.35, 127.91, 128.02, 128.25, 128.49, 128.84,
129.86 CsHs), 130.17 [2x OC(O)CsHs ipsd], 132.84 [2x
OC(O)CeHs paral, 136.96, 137.20 (4 CgHs ipso), 165.09
(2 x C=0). MS:m/z(+ ion FAB, relative intensity) 907
[(M + H)*, 60%], 445 [~ fragment ion from cleavage of
glycosidic bond, 60%], 323(80), 91 [¢(87)", 100%]. Anal.
Calcd for GaHsqO13 (906.98): C, 71.51; H, 5.56. Found:
C, 71.6; H, 5.56.
2,3-Di-O-benzoyl-2,3-di-O-benzyl-4,6:4,6'-di-O-
benzylidenex,a’-trehalose {1b). The asymmetrical diol
10b (1.00 g, 1.43 mmol) was benzoylated as fbda

dichloromethane (50 mL), washed with water, saturated
NaHCG; solution and brine (50 mL of each), and dried over
MgSQ,. Evaporation under reduced pressure gave an oil
which was purified by flash chromatography to provide the
symmetricall2a as a white foam (404 mg, 0.443 mmol,
80%); [0]p?® = +158 € = 1, CHCE). H NMR (CDCl,
270 MHz): 6 2.99 (2 H, d,J = 6.4 Hz, DO ex., C-4/4
OH), 3.59 (4 H, narrow ABX system, C-8/61), 3.69 (4 H,
dd,J=9.8, 3.5 Hz, C-2/2H), 3.74 (2 H, m, RO ex. gives

t*, J = 9.5 Hz, C-4/4H), 4.21 (2 H, dt*,J = 10, 3.4 Hz,
C-5/5-H), 4.50 (4 H, narrow ABq, O8,CsHs), 4.57, 4.63

(4 H, ABq, Jas = 12.3 Hz, O®1,CgHs), 5.35 (2 H, dJ =

3.5 Hz, C-1/1-H), 5.63 (2 H, t*,J = 9.5 Hz, C-3/3H),
7.14-7.19 (10 H, m, CHC¢Hs), 7.24-7.29 (10 H, m,
CH,CsHs) 7.45[4 H, ddJ = 7.9, 7.1 Hz, OC(O)gHs metd,
7.59[2H,tt,J=7.1, 1.5 Hz, OC(O)EHs para], 8.04 [4 H,
dd,J= 7.9, 1.5 Hz, OC(O)gHs orthq] (*apparent splitting
pattern). 3C NMR (CDCk, 67.8 MHz): 6 68.89 (C-6/6),
69.38, 71.73, 72.52 (& CH), 73.64, 75.22 (4 OCH,C¢Hs),
76.17 (2x CH), 93.45 (C-1/1), 127.60, 127.70, 127.83,
127.89, 128.33GeHs), 129.76 [2x C(O)CsHs ipsd, 129.93

[4 x OC(O)CeHs ortho], 133.23 [2 x OC(O)CgHs pard],
137.88, 136.99 (4x CH,CeHs ipso), 167.14 (2x C=0).
MS: m/z (+ ion FAB, relative intensity) 911 [M, 40%)],
537(80), 447 { fragment ion from cleavage of glycosidic
bond, 10%), 91 [(€H;)", 100%]. MS:m/z (— ion FAB,
relative intensity) 1063 [(M+ NBA-H)~, 35%], 121

Purification by flash chromatography (ethyl acetate/hexane [(C/HsO,)~, 100%]. Anal. Calcd for €Hs4013 (911.01):

1:2) gavellb (1.13 g, 1.25 mmol, 87%) as a white foam;
[a]p?® = +148 € = 1, CHCE). H NMR (CDCl;, 270
MHz): 6 3.40 (1 H, t*,J = 10.3 Hz, C-6-H,) 3.51 (1 H,
dd,J = 10.3, 4.9 Hz, C-6-&), 3.60 (1 H, t*,J = 9.5 Hz,
C-4-H), 3.71-3.95 (4 H, C-2-H, C-4-H, C-6-Hax C-5-H),
4.12 (1 H, ddJ = 10.3, 4.9 Hz, C-6H.g), 4.33 (1 H, ddd,
J=10.1, 9.3, 4.9 Hz, C-BH), 4.43 (1 H, t*,J = 9.5 Hz,
C-3-H), 4.59, 4.68 (2 H, ABglas = 12.3 Hz, GH4,Ph), 4.83,
4.95 (2 H, ABQ,Jag = 12.3 Hz, GH,Ph), 5.21-5.28 (3 H,
m, C-1-H, C-2-H, GHPh), 5.50 (1 H, dJ = 3.84 Hz, C-1-
H), 5.58 (1 H, s, &IPh), 5.85 (1 H, t*J = 9.5 Hz, C-3-H),
7.17-7.60 (26 H, m, GHs), 8.02-8.09 (4 H, m, GHs)
(*apparent splitting pattern).’3C NMR (CDCk, 100.4
MHz): 6 63.15 (2x CH), 68.18, 68.80 (C-6, C4§ 71.45,
73.02, 75.86, 75.99, 79.11, 82.08%6CH), 72.77, 75.13 (2
x OCH,CgHs), 94.20, 94.53 (C-1, C%}, 101.11, 101.57 (2
x PhCH), 126.26, 127.56, 128.02, 127.83, 127.94, 128.02,

C, 71.19; H, 5.97. Found: C, 71.0; H, 5.97.
2,3-Di-O-benzoyl-3,6,26'-tetra-O-benzyle,o'-tre-
halose (2b). Regioselective reduction of the benzylidene
acetals inl1b (400 mg, 0.441 mmol), as described faka

and purification by flash chromatography (ethyl acetate/
hexane 1:2) gave asymmetrici2b (314 mg, 0.345 mmol,
78%) as a hygroscopic white foany]p?® = +149 € =
2.5, CHC}). H NMR (CDCl, 400 MHz): 6 2.58 (1 H, d,
J= 3.4 Hz, C-4-OH), 2.73 (1 H, d] = 3.4 Hz, C-4-OH),
2.99 (1 H, ddJ = 10.7, 2.4 Hz, C-6-k), 3.07 (1 H, ddJ
=10.7, 2.4 Hz, C-6-K), 3.57 (2 H, narrow ABX system,
C-6-H), 3.68 (2 H, ddJ = 9.8, 3.4 Hz, C-2H), 3.76-3.83
(3 H, m, C-4-H, C-4H, C-5-H), 4.14-4.28 (4 H, m, C-3-
H, C-5-H, OCH,C¢Hs), 4.46-4.66 (4 H, two overlapping
AB systems, OE€l,CgHs), 4.84, 4.90 (2 H, ABgJas = 11.7
Hz, OCH,C¢Hs), 5.19 (1 H, ddJ = 10.3 Hz, 3.9 Hz, C-2-
H), 5.29 (1 H, dJ = 3.4 Hz, C-1-H), 5.47 (1 H, dJ = 3.4

128.16, 128.27, 128.35, 128.55, 128.78, 128.95, 129.74,Hz, C-1-H), 5.60 (1 H, t*J = 9.3 Hz, C-3-H), 7.09-7.62

129.85 (CgHs) 128.84, 129.99 [2x OC(O)CeHs ipsd,
133.05, 133.43 [2x OC(O)CeHs para], 136.99, 137.03,
137.29, 138.28GHs ipso), 165.47, 165.93 (X C=0). MS:
m/z(+ ion FAB, relative intensity) 907 [(Mt+ H)*, 80%],
445 [+ fragment ion from cleavage of glycosidic bond, 20%],
323(10), 91 [(GH7)*, 100%]. Anal. Calcd for €Hs¢O13

(26 H, m, GHs), 8.03-8.06 [4 H, m, OC(O)@Hs orthq|
(*apparent splitting pattern).*C NMR (CDCk, 100.4
MHz): 6 68.31, 69.29, (C-6, C*j 70.08 70.48, 70.96, 71.09

(4 x CH), 72.35, 73.43, 73.63, 75.37 (4 OCH,C¢Hs),
75.42, 75.73 79.39 (X CH), 93.49 (C-1, C-1, 127.58,
127.67, 127.71, 127.82, 127.94, 128.09, 128.18, 128.29,



Phosphorylated Carbohydrates as Ins(1,4,R&ceptor Ligands

128.36, 128.44, 128.51, 128.64LHs), 129.13, 129.66
[C(O)CsHs ipsq, 129.75, 129.96 [OC(@)Hs ortha], 133.37,
133.48 [OC(OFeHs paral, 137.27, 137.53, 137.87, 138.24
(CH.CeHs ipso), 165.47, 167.39 (& C=0). MS:m/z(+
ion FAB, relative intensity): 933 (30), 537 (40), 44%F [
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(— ion FAB, relative intensity) 1404 [2M 30%)], 869 (20),
855 [(M + NBA)~, 100%], 701 [(M— H)~, 25%].
2,6,2,6-Tetra-O-benzyh,a'-trehalose 3,4,34'-Tetrakis-
(dibenzylphosphatelfd). To a solution of bis(benzyloxy)-
N,N-diisopropylaminophosphine (550 mg, 1.59 mmol) in dry

fragment ion from cleavage of glycosidic bond, 60%], 181 dichloromethane (2 mL) was addedHttetrazole (223 mg,

(60), 91 [(GH;)™, 100%]. MS:m/z(— ion FAB, relative
intensity): 1063 [(M+ NBA—H)~, 100%]. Anal. Calcd
for Cs4Hs4043(911.01): C, 71.19; H, 5.97. Found: C, 70.8;
H, 6.12.

2,6,2,6'-Tetra-O-benzyh,a'-trehalose 13a). Sodium

3.18 mmol). The mixture was stirred at room temperature
for 10 min, and then the tetra@Ba (140 mg, 0.199 mmol)
was added. The mixture was stirred for another 1 h, after
which a3P NMR spectrum showed signals@tL40.7 and
141.1 ppm (AB systemiJep = 4.9 Hz). The mixture was

hydroxide pellets (100 mg, 2.5 mmol) were added to a cooled to—78 °C andm-CPBA (60% purity, 480 mg, 1.67

solution of12a(400 mg, 0.439 mmol) in methanol (25 mL),

mmol) was added. The mixture was allowed to reach room

and the mixture was heated at reflux for 30 min. TLC temperature and then diluted with ethyl acetate (50 mL). The
(chloroform methanol 5:1) showed complete conversion of solution was washed with 10% sodium sulfite solution, 1 M

starting material g = 0.82) to a productR = 0.50). The

HCI, saturated NaHCgsolution, and brine (50 mL of each),

solution was allowed to cool and then neutralized with solid dried (MgSQ) and evaporatedn vacuo to give an oil.
CO.. The solvents were removed by evaporation under Purification by column chromatography (chloroform/acetone
reduced pressure and the solid residue was extracted withl0:1) gaveldaas a colorless oil (315 mg, 0.181 mmol, 91%);

ethyl acetate (3x 50 mL). The combined extracts were
washed with water (100 mL), dried over MggQand

evaporated to give an oil. Purification by flash chromatog-

raphy (ethyl acetate) gavi8a (263 mg, 0.374 mmol, 85%)
as a white crystalline solid; mp 13837 °C (from ethyl
acetate/hexane)p]p'® = +127 € = 1, CHCE). 'H NMR
(CDCls, 270 MHz): ¢ 3.37 (2 H, ddJ = 9.7, 3.1 Hz, C-2/
2'-H), 3.53 (2 H, td*,J = 9.5, ~5 Hz, D,O ex. gives t*J
= 9.5 Hz, C-4/4H), 3.52-3.65 (4 H, m, C-6/6H,), 3.64,
(2 H, brd,J~ 5 Hz, D,O ex., C-4/40H), 4.02-4.12 (4 H,
m, C-3/3-H, C-5/3-H), 4.30 (2 H, br s, O ex. C-3/3
OH), 4.44-4.66 (8 H, 2x AB systems, 4x OCH,CsHs),
5.12 (2 H, d,J = 3.1 Hz, C-1/1-H), 7.22-7.27 (20 H, m,
CH,C¢Hs) (*apparent splitting pattern)*3C NMR (CDCb,
67.8 MHz): 6 69.31 (C-6/6), 70.72, 71.28, 72.41 (& CH),
72.54, 73.55 (4x OCH,CgHs), 78.09 (2x CH), 93.92 (C-
1/1),127.57, 127.66, 128.04, 128.09, 128.686Hs), 137.05,
137.96 (4x CH,CgHs ipsg). MS: m/z(+ ion FAB, relative
intensity) 703 [(M+ H)*, 10%], 685 (56), 433 (24), 343

[+ fragment ion from cleavage of glycosidic bond, 92%],

91 [(GH7)™, 100%]. MS:m/z(— ion FAB, relative intensity)
1404 [2M, 20%)], 869 (100), 855 [(M+ NBA)~, 65%],
701 [(M - H)i, 30%] Anal. Calcd for GoH46011
(702.80): C, 68.36; H, 6.60. Found: C, 68.2; H, 6.6.
2,6,3,6-Tetra-O-benzyb,o'-trehalose 13h). Removal of
the benzoyl groups fromi2b (200 mg, 0.220 mmol) as
described foll 23, followed by flash chromatography (ethyl
acetate/hexane 2:1) gat8b (140 mg, 0.199 mmol, 90%)
as a waxy solid;¢]p®® = +104 ¢ = 0.7, CHC}). *HNMR
(CDCl, 400 MHz): 6 2.65 (1 H, d,J = 4.0 Hz, DO ex.
OH), 3.04 (1 H, dJ = 6.4 Hz, DO ex. OH), 3.36 (1 H, dd,
J=9.5, 3.4 Hz, C-2-H or C-2H), 3.50-3.70 (10 H, m, 8
x CH and 2x OH), 3.94-4.07 (3 H, m, C-3-H, C-5-H,
C-5-H), 4.44-4.84 (8 H, 4x overlapping AB systems, 4
x OCH2CgHs), 5.12 (2 H, dJ = 3.7 Hz, C-1-H or C-1H),
5.21 (2 H,dJ=3.4Hz, C-1-H or C-EH), 7.20-7.36 (20
H, m, CHCeHs). 3C NMR (CDCk, 100 MHz): 6 69.31,
69.77 (C-6 and C-¢, 70.70, 70.87, 70.96, 71.10, 72.75 (6
x CH), 72.66, 73.46, 73.68, 74.36 (4 OCH,CsHs), 78.25,
82.21 (2x CH), 92.19, 94.46 (C-1 and C)1127.69, 127.82,
127.91, 127.98, 128.09, 128.40, 128.85Hs), 137.43,
137.84, 137.89, 138.66 (4 CH,C¢Hs ipsg. MS: m/z(+
ion FAB, relative intensity) 725 (90), 703 [(M- H)*, 26%],
685 (22), 437 (40), 181 (20), 91 [(B7)", 100%)]. MS:m/z

[a]p®® = +46 (¢ = 1, CHCE). H NMR (CDCl;, 400
MHz): 6 3.28 (2 H, brdJ~ 11 Hz, C-6/6-H,), 3.47 (2 H,
dd,J = 11, 3.5 Hz, C-6/6Hy), 3.63 (2 H, ddJ = 9.8, 3.7
Hz, C-2/2-H), 4.21 (2 H, obscured by AB system, C-5/5
H), 4.20, 4.37 (4 H, ABgJas = 11.9 Hz, 2x OCHC¢Hs),
4.52,4.60 (4 H, ABgJas = 11.9 Hz, 2x OCH2CgHs), 4.70
(2 H, g*, J= 9.5 Hz, C-4/4H), 4.84-5.13 (18 H, m, G-
OP AB systems and C-3f8), 5.16 (2 H, d,J = 3.7 Hz,
C-1/1-H), 7.07-7.27 (60 H, m, 12x CgHs) (*apparent
splitting pattern). 13C NMR (CDCk, 100 MHz): 6 67.34
(C-6/6-H), 69.18 Jcp = 5.5 Hz, 4x CH,OP), 69.42 Jcp =
5.5 Hz, 2x CH,OP), 69.66 Jcp = 5.5 Hz, 2x CH,OP),
69.69 (2 x CH), 72.59 (2 x OCH,CsHs), 73.05 (2 x
OCH,CgHs), 74.07 (cp = 5.5, 3.7 Hz, C-3/3or C-4/4),
76.89 (2x CH), 78.39 §cp = 5.5, 3.7 Hz, C-3/30r C-4/
4, 93.44 (C-1/1), 127.22, 127.33, 127.46, 127.59, 127.79,
127.88, 127.93, 127.99, 128.12, 128.23, 128.28, 128.37
(CéHs), 135.69 Jcp= 7.4 Hz, 2x POCHCgHs ipso), 135.89,
136.00, 136.12 X;p = 7.3 Hz, 6 x POCHCsHs ipso),
137.33, 137.90 (4« OCH,CgHs ipso). 3P NMR (CDCk,
162 MHz,*H-decoupled):6 —1.94 (2 P),—2.20 (2 P). MS:
m/z(+ ion FAB, relative intensity) 1744 [(M- H)*, 85%],
1654 (20), 459 (40), 307 (85), 221 (50), 91 {kG)*, 100%)].
MS: m/z(— ion FAB, relative intensity) 1742 [(M- H)~,
30%], 1652 [(M— C;H7)~, 80%], 277 [((GHsCH,O),PO,)~,
100%]. Anal. Calcd for GsHgogOo3Ps (1743.71): C, 66.13;
H, 5.66. Found: C, 66.0; H, 5.75.
3,6,2,6-Tetra-O-benzyk,a’'-trehalose 2,4,34'-Tetrakis-
(dibenzylphosphatelldh). The tetraoll3b (100 mg, 0.142
mmol) was phosphitylated as describedI8a A 3P NMR
spectrum of the tetrakisphosphite triester intermediate showed
signals at 140.35 and 141.70 ppm (AB systétpp = 4.9
Hz), 140.18 and 140.97 (two singlets). Oxidation and
workup as before, followed by flash chromatography (chlo-
roform/acetone 20:1) gavk4b as a colorless oil (238 mg,
0.136 mmol, 96%);¢]p*® = +54 (c = 1, CHCk). 'H NMR
(CDCls, 400 MHz): ¢ 3.30 (1 H, ddJ ~ 11, 1.5 Hz, C-6-
Ha), 3.39 (1 H, ddJ = 11.0, 4.3 Hz, C-6-k), 3.60 (1 H, br
d, J = 11 Hz, C-6-H,), 3.67 (1 H, dd,J = 9.5, 3.7 Hz,
C-2-H), 3.86 (1 H, ddJ = 11.3, 2.1 Hz, C-BHy), 4.11 (1
H, t*, J = 9.3 Hz, C-3-H), 4.13 (1 H, m, C-5-H), 4.23
4.27 (3 H, m, C-5H and H,C¢Hs), 4.34-4.41 (3 H, m,
C-2-H and @H,C¢Hs), 4.53-4.61 (3 H, m C-4-H and
CH3C¢Hs), 4.70-5.17 (20 H, m, 9x CH,CsHs, C-3-H and
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C-4-H), 5.25 (1 H, dJ = 3.7 Hz, C-1-H), 5.35 (1 H, d,J
= 3.7 Hz, C-1-H), 7.047.28 (58 H, m, GHs), 7.38-7.40
(2 H, m, GHs) (*apparent splitting pattern).'3C NMR
(CDCl;, 100 MHz): ¢ 67.32, 67.59 C-6, C-6), 69.13
—69.62 (overlapping signals withp couplings, 8x CH,-
OP), 70.07 (2x CH), 72.62, 73.15, 73.30, 74.85 (%
OCH,C¢Hs), 73.94 (cp = 5.5 Hz, 5.5 Hz CH), 75.02 (cp
= 5.5 Hz, 5.5 Hz,CH), 75.94 (cp = 5.5 Hz,CH), 77.05,
78.13, 78.74 (3x CH), 92.79, 93.23¢-1, C-1'), 127.18-
128.53, (overlapping signal€sHs), 135.35-136.25 (over-
lapping signals withlcp couplings, 8x POCHCgHs ipso),
137.40, 137.97, 138.15, 138.28 t4OCH,CsHs ipso). 5P
NMR (CDCl;, 162 MHz,*H-decoupled):d —1.34 (P),—1.85
(P), —2.11 (2P). MS:m/z(+ ion FAB, relative intensity)
1744 [(M + H)*, 80%], 1654 (10), 459 (40), 271 (40), 91
[(C7H7)*, 100%]. MS:m/z(— ion FAB, relative intensity)
1896 (80), 1802 (25), 1652 [(M—- C:H;)~, 30%], 277
[((CGH5CH20)2POZ)7, 100%] Anal. Calcd for 6‘5H93023P4
(1743.71): C, 66.13; H, 5.66. Found: C, 65.6; H, 5.67.
o,a'-Trehalose 3,4,3'-Tetrakisphosphate5]. Depro-
tection of the tetrakisphosphate triestéda (135 mg,
77.4umol) using sodium in liquid ammonie&84) and then

Marchant et al.
RESULTS

Synthesis of Disaccharide Polyphosphat&ssaccharides
offer plenty of scope as frameworks for the synthesis of novel
polyphosphates, but the difficulties of protecting the hydroxyl
groups selectively are often much greater than those en-
countered with simple inositols. One solution is to protect
selected hydroxyl groups in two monosaccharides and then
couple the two together. This was the strategy used to
prepare Rib(2,34')P; (7) (28) and has the advantage that,
with sufficient ingenuity, any desired disaccharide polyphos-
phate can be assembled. Thuésyas designed to mimic,
as closely as possible, the structure of adenophostin A, but
with the adenine removed. This approach also allows the
glucose and ribose components to be coupled to various other
moieties or a range of monosaccharides may be coupled
combinatorially in pairs, thereby generating a number of
analogs. The chief disadvantages of this strategy are the
time taken to prepare the selectively protected intermediates
and the lack of stereospecificity in the coupling reactions.
Another solution is simply to choose an existing disaccharide
with the required anomeric configuration, selectively protect
some of its hydroxyl groups, phosphorylate the unprotected

purification by ion-exchange chromatography on Q Sepharosepositions, and then deprotect. This strategy has the dis-

Fast Flow resin gave the glassy triethylammonium sah, of
which eluted between 500 and 600 mM TEAB. Yiekl
50.5umol, 65%; ]p® = +124 € = 0.3, O, pH 5-6,
calculated for the free acid}H NMR (DO, 400 MHz, pH
7) 6 3.54-3.61 (4 H, m, C-2/2H and C-6/6-H), 3.67—
3.73 (4 H, m, C-5/5H and C-6/6-H), 3.86 (2 H, g*,J ~
9.3 Hz, C-4/4H), 4.36 (2 H, g*,J = 9.3 Hz, C-3/3H),
5.03 (2 H, br s, C-1/1H) (*apparent splitting pattern)3!P
NMR (D0, 162 MHz, pH 7H-coupled): 6 0.58 (2 P, d,
8Jwp = 8.9 Hz, 3/3-P), 0.99 (2 P, d3Jp = 10.1 Hz, 4/4P).
MS: m/z (+ ion FAB) 255 [((GHs)sN™H + NBA), 85%],
102 [(GHs)sNTH, 100%]. MS:m/z (— ion FAB) 1323
[2M~, 80%)], 661 [ M, 100%]. Accurate mass FABm/z
calcd for GoH250.3P,~: 660.974. Found: 660.982.

o,0’-Trehalose 2,4,3#'-Tetrakisphosphates]. A solution
of 14b (115 mg, 6@&mol) in methanol/water 4:1 (50 mL)
was shaken with 10% palladium on carbon (200 mg) under

advantage that a precise target structure may not be accessible
because the required disaccharide is unavailable, but it has
the advantage that the polyphosphates may be synthesized
much more rapidly from cheap and abundant starting
materials, potentially on a large scale. Given the range of
available disaccharides, the strategy may have potential for
the discovery of lead compounds with novel properties, and
for the generation of a range of structurally diverse analogs
required to provide data for molecular modeling studies. This
method was chosen for compoungiss, and 6.

Sucrose 3,4,3Trisphosphate 4). Sucrose is the most
abundant carbohydrate, and indeed, the cheapest chiral
material available44). Unfortunately, with its eight free
hydroxyl groups and acid-labile glycosidic linkage, sucrose
presents considerable difficulties in selective protection and
manipulation. However, a comparison of the structure of
sucrose with the disaccharide part of adenophostin A
suggested that an investigation of the previously unknown

H, (50 psi) for 20 h. The catalyst was removed by filtration  g,crose 3,4!arisphosphate4) might be worthwhile if a
and the solvents removed by evaporation under reducedsygficiently concise route could be devised. A literature

pressure. The residue was redissolved in deionized watersearch revealed that an appropriately protected 8jdfigure

(2100 mL) and purified by ion-exchange chromatography on
Q-Sepharose Fast Flow resin, eluting with a gradient of
TEAB buffer (0—1 M). The glassy triethylammonium salt
of 6 eluted between 650 and 750 mM of buffer, and was
quantified by total phosphate assay. Yielb0umol (91%);
[a]p?® = +108 € = 0.4, HO, pH 5-6, calculated for the
free acid). 'H NMR (CDs;OD, 400 MHz): 6 3.63 (1 H, dd,
9.3, 3.9 Hz, C-2H), 3.73 (1 H, br d,J = 12 Hz, Hy),
3.80-3.87 (2 H, m, C-3-H and B,), 4.02-4.18 (7 H, m, 5

x CH and (Hy), 4.43 (1 H, g*,J ~ 9.3 Hz, C-3-H), 5.11

(1 H, d,J =39 Hz, C-1-H), 5.32 (1 H, d,J = 2.9 Hz,
C-1-H) (*fapparent splitting pattern)3'P NMR (109 MHz,
CD;0OD, H-decoupled):d 1.47 (1P), 1.75 (1P), 2.51 (1P),
2.67 (1P) (overlapping doublets ft-coupled spectrum).
MS: m/z(+ ion FAB) 255 [((GHs)sN*H + NBA), 10%)],
102 [(GHs)sN*H, 100%]. MS:m/z(— ion FAB) 661 [ M,
100%]. Accurate mass FABm/zcalcd for GoH2s0.3P,:
660.974. Found: 660.973.

3) was obtainable in multigram quantities directly from
sucrose by a strategy of regioselective pivaloylation, which
exploits slight differences in reactivity between the hydroxyl
groups #2). It was then straightforward to prepare the fully
protected trisphosphat®)(by phosphitylation followed by
oxidation. A two-step deprotection method, removing first
the benzyl protecting groups on phosphates and then the
pivaloyl esters from the five hydroxyl groups allowed the
isolation of pure Sucr(3,4,8; (4) in an overall yield of 52%
from 8.

Trehalose Tetrakisphosphates\ssuming that the basic
Ins(1,4,5Ps-like activity of the adenophostins originated in
their b-glucose 3,4-bis(phosphate) component, we reasoned
that the novel analodsf consisting simply of two copies of
this structure joined by an-glycosidic linkage might also
be active. Either bis(phosphate) of th%-symmetrical
molecule could (potentially) be recognized by the anchoring
domain of the Ins(1,4,% receptor binding site, leaving the
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Scheme 2: Synthesis of Symmetric8) and Asymmetrical®) o,o’-Trehalose Tetrakisphosphates frenw'-Trehalose
a, o-Trehalose

regloselectwe Protectlon\\

o
/< %n\ o K"%o
0" Ro Pph O RO

10a: R=H 10b: R=H
Eﬂa R=Bz 11b: R= Bz

double regioselective reduction of benzylidene acetals

%o/z\\z\ /%O/Z\\Z\
12a: R=Bz 12b: R=Bz
13a:R=H E13bZR=H

o

o phosphitylation/oxidation i
OBn BnO i PBn 5 (BnO),PO
ﬁ %?\ o \<OP(OBn); (\? O\L0Bn
(BnO),PO OBn O OP(0B (BnO)oPO 0Bn O
(BnO),PO l!( Me (BnO),PC Oﬁ(OB")z
I BnO O Il 14b BnO O
0 14a deprotection o)
(s: Trehal(3,4,3',4)P, ] [ 6: Trehal(2,4,3’,4’)P:]

aBn = benzyl, Bz= benzoyl, Ph= phenyl.

other phosphate groups to interact with the postulated
accessory domain. Moreovéscould be synthesized from
the readily available disacchariden’'-trehalose, a common
metabolite and energy store in a variety of bacteria, fungi,
plants and insects. Molecular dynamics studies have shown
a,a’-trehalose to be a particularly rigid disaccharide, and this
may be related to its suggested role as a protectant of 25
enzymes and membranes under conditions of heat and

desiccation 45). 0

The chosen synthetic strategy (Scheme 2) employed the a0 o 7 6 5
symmetrically protected trehalose derivatil@s, available log {[Agonist] (M)}
from o,a'-trehalose in only two stepsa the regioselective
tin-mediated dibenzylation of 4,8;8-di-O-benzylidene-
o,a'-trehalose 43). The byproduct of this reaction, the
asymmetrically protectedlOb, would lead to another,
potentially interesting, asymmetrical trehalose tetrakisphos-
phate6, in which the position of a single phosphate group
on one glucose residue is altered, leaving the other glucose
3,4-bis(phosphate) component unchanged. A comparison of 25
the biological properties 06 and 6 would enable us to
examine the biological consequences of this slight alteration 0 o
in structure. . T T —

) . . -9 -8 -7 -6
The key step in the synthesis 6fwas the simultaneous log {[Agonist] (M)

regioselective reduction of both benzylidene acetalklig FiGURE 3: Effects of Ins(L,4,5); and adenophostin A ofH]ins-
leaving the two equivalent hydroxyl groups at positions 4 (1,4,5P; binding and C& mobilization. (A) Specific tH]Ins-

and 4 exposed for later phosphorylation, and both primary (1,4,5P; binding to rat hepatic membranes is shown in the presence
hydroxyls protected as benzyl ethers. This reaction was of the indicated concentrations of Ins(1,45f0) or adenophostin

_ A (m). Results (% specific binding in the absence of competing
successfully carried out using sodium cyanoborohydride ligand) are expressed as mearsem of three or more independent

hydrogen chloride4g). It was found that, in order to obtain  eyperiments. (B) The results show the effects of the indicated
the required regioselectivity and thereby avoid a complex concentrations Ins(1,4,B} (O) or adenophostin Al) on the C&"
mixture of products, it was necessary first to protect positions content of Ins(1,4,5)%-sensitive C&" stores of permeabilized

3 and 3, adjacent to the acetals. This was easily achieved nepatocytes. Results [% Ins(1,&%)sensitive C&" stores] are
using benzoyl esters as temporary protecting groups, Wh,ChEXDFeSSEd as meah sem of 3 or more independent experiments.
were removed after the reduction step to give the symmetricaltection using sodium in liquid ammonia and ion-exchange
tetraol 13a Phosphitylation/oxidation followed by depro- chromatography on Q-Sepharose Fast Flow resin gave the

100 A

75

50

3H-InsP; bound (%)

75

50

Ca?* content (%)

[V
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Table 1: Effects of Ins(1,4,8%, Adenophostin A, and 100 M A
Phosphorylated Carbohydrates 8hl]ins(1,4,5P; Binding and Ca"
Mobilizatior? 9 5
binding Ca&* mobilization "§ )
Ka (NM) h EGso (NM) h 2 501
-
adenophostin A 0.8 0.20 1.28+0.37 10.9+-0.7 2.18+ 0.39 )
Ins(1,4,5P3 8.65+0.89 0.96+ 0.04 153+11 2.25+0.20 T 254
Rib(2,3,4')P3 8.42+25 0.89+0.10 213+7.4 2.49+0.18 -
Trehal(2,4,34)P, 81.0+ 23 0.884+0.31 1271+ 46 2.53+0.43 OJ
Glc(2,3,4)P3 225+ 28 0.74+ 0.10 1867+t 64 2.76+0.10

T T T T T T
-11 -10 -9 -8 -7 -6

log {[Agonist] (M)}

Trehal(3,4,34)P, 228+ 69 0.90+ 0.26 2466+ 29 2.37+0.27
Sucr(3,4,3P3 343+ 71 0.69+ 0.08 5409+ 110 2.60+ 0.08

aExperiments similar to those shown in Figure 3 were used to
determine theky from equilibrium competition binding experiments
with [3H]Ins(1,4,5Ps and EGo from 45Ca* flux assays for each of the 100 1= B
indicated compounds. Results are expressed as mieaes of three
to seven independent experiments with duplicate determinations for
each concentration of compound in each.

4

75 A

50

Ca2?+* content (%)

target tetrakisphosphate whose structure was confirmed
by, inter alia, the presence of a symmetry element in the
H, 3P and!3C NMR spectra. Similarly, the symmetry \d
element in the spectra df0a 11a 12a and 13a made : : : a Ll
identification particularly easy. The same sequence of -8 7 -6 5 4
reactions was then applied with equal succedtmto yield log {[Agonist] (M)}

fully protected14b. Deprotection ofl4b using catalytic FiGure 4: Effects of synthetic phosphorylated carbohydrates on

hydrogenation and purification as before gave asymmetrical [*H]Ins(1,4,5pP; binding and C& mobilization. (A) Specific {H]-
6 in an overall yield of 55% fron1.0b. Ins(1,4,5P; binding to rat hepatic membranes is shown in the
presence of the indicated concentrations of adenophostil) Ar
Effects of Adenophostin A on Hepatic Ins(1,453%€cep-  Rip(2 3 4)P, (a) (meanst sem of three independent experiments).
tors. The results shown in Figure 3 demonstrate that Ins- The equivalent radioligand binding results for the other analogs,
(1,4,5P; binds to a single class of site on hepatic membranes which are not shown graphically because too many of the curves
and that the same sites bind adenophostin A witt®-fold over:Iappeﬂ, are summariz3ed in Table O1I (B) Experimﬁntsﬁsimilarf
. P to those shown in Figure 3B were used to examine the effects o
grea_ter aﬁ'?'ty (Table 1). These resu!ts are similar to thos_e Ins(1,4,5P; (O) and the following synthetic phosphorylated
obtained with cerebellar membranes in which ade”OIOhOS“”carbohydrates on the Bacontent of the Ins(1,4,B)-sensitive C&
A (Kg=0.914£ 0.08 nM,n = 5) bound with~7-fold greater  stores of permeabilized hepatocytes: Rib(ZJP, (a); Trehal-
affinity than Ins(1,4,9p; (Ks = 6.57+ 1.36 nM,n = 8).  (2,4,3,4)P, (#); Glc(2,3,4)P; (®); Trehal(3,4,34)P, (W); Sucr-
We conclude that the predominantly type 2 Ins(1,8s5) (3:413)'33(}')- Results [%f'ﬂs(l"‘v%'sef?sg've Cf stores] are
receptors of rat hepatocytea0] and the type 1 Ins(1,4,8) expressed as meansem of three or more independent experiments.

receptors of cerebellum bind adenophostin A with similar in Table 1. Each analog released the same fraction of the
affinity. : ar
A maximally effective concentration of Ins(1,4F%)(10 intracellular C&" stores as was r(.al.eased by Ins(1,4,5)-
. ' P (50 & 3%) (Table 1), and addition of Ins(1,4F%)(10uM)

'H: 0, =

#M) released 5 ) 3% (n .7.) of the intracellular CH to cells that had previously been stimulated (30s) with a

stores of saponin-permeabilized hepatocytes. The same
" X maximally effective concentration of each analog failed to

amount of C&" was released by a maximally effective

. ; . evoke further C& release (not shown). These results
concentrau_on of adenophostin A M) which evoked 102 demonstrate that Ins(1,4P)and each of the analogs release
+ 2% (h = 3) of the response evoked by Ins(1,£5) the same intracellular GA stores
Addition of Ins(1,4,5p; (10 uM) 30 s after adenophostin A '

(1 uM) evoked no further C4 release (not shown) In equilibrium competition binding studies with hepatic
confirming that each compound released the same in’tra_membranes, each of the phosphorylated carbohydrate analogs

cellular C&* store. Adenophostin A, however, wasl4- cc))mplr:etely dkisplgced specifiél-[]lns(&A,SP? bind[iné; (TabLe
L " 1). The rank order of potency of the analogs [adenophostin
fold more potent than Ins(1,4/) in evoking C& release A - Ins(1,4,5P3 ~ Rib(2,3,4)P; > Trehal(2,4,34)P, >
and, as with Ins(1,4,8%, the responses were positively ;
These results demonstrate that adenophostin A andsame |n radioligand and functlonal assays (Table 1). Both

: . Rib(2,3,4)P; and Trehal(2,4,34')P, bound with signifi-
Ins(1,4,5pP; interact with the same receptors to evoke'Ca
rele(ase, k?jt that adenophostin A binds vgi{ho-fold greater cantly greater affinity 27- and~3-fold, respectively) than

affinity. These results with hepatocytes are comparable to the only active carbohydrate agonist of Ins(1,RaEceptors

; : : previously examined [Glc(B,4)P;]. Indeed, the most potent

those obtained previously from cells expressing largely type of the carbohydrate analogs, Rib(243Ps, was as active as
1 Ins(1,4,5p5 receptors 1, 23, 2j. the endogenous agonist, Ins(1,4#5

Effects of Phosphorylated Carbohydrate Analogs on 9 9 » Ins(1.85)
Ins(1,4,5)R Receptors.Fig_ure 4 illustrates the concentration- DISCUSSION
dependent effects of five phosphorylated carbohydrate
analogs on théC&* content of the intracellular Castores All the synthetic analogs described in this paper contain
in permeabilized rat hepatocytes. The results are summarizedhe same phosphorylated glucose component, identical to that

25
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found in the adenophostins. The observed differences in Alongside a study of adenine-containing analogs, therefore,
activity must, therefore, be wholly attributable to the influ- it will also be important to investigate conformationally
ence of the second component, which bears the accesssoryestricted analogs lacking the adenine. Molecular modeling
phosphate group(s). GIc¢(3,4)Ps, the first carbohydrate  studies may aid the development of these, although simulat-
mimic of Ins(1,4,5P;, was designed to place the accessory ing the combined influence of highly charged phosphate
phosphate group two carbons away from aglycosidic groups, anomeric effects in disaccharides and the environ-
oxygen, as in the adenophostins. However, it soon becamement at the receptor binding site presents many difficulties.
clear that this was not sufficient even for Ins(1,£5lke In this respect, detailed NMR studies should be useful.
activity and that the precise orientation and position of the  In summary, we have demonstrated that adenophostin A
phosphate needed to be controlled in some way. Itis likely is a potent agonist of the type 2 Ins(1,4£5)receptor
that the bimethylene chain of GI¢(3,4)P; tends to adopt  expressed in hepatocytes and have synthesized four disac-
extended conformations, placing the phosphate group toocharide polyphosphates, all of which bind to and activate
distant from the ring, and this has been demonstrated by ahepatic Ins(1,4,%); receptors. Rib(2,3')Ps, whose struc-
molecular dynamics simulatior22). The observation that  ture is closely related to adenophostin A, is as potent as Ins-
increasing the chain length and/or inversion of anomeric (1,4,5P; and more potent than most conventional inositol-
configuration in related xylopyranoside trisphosphates further based agonists. We conclude that phosphorylated di-
reduces activity47) supports this hypothesis. saccharides provide novel opportunities to develop high
Trehal(3,4,34')P, is unique in that either half of the affinity ligands of Ins(1,4,9%; receptors.
molecule can mimic the 4,5-bis(phosphate)/6-hydroxyl of
Ins(1,4,5pPs. It undoubtedly gives greater rigidity than Glcl- REFERENCES
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