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ABSTRACT 

New syntheses of polyprenyl pyrophosphate sugars arc reported. Moraprenyl 
phosphate, prepared by chemical phosphorylation of a polyprenol from mulberry 
leaves, was treated with NJ’-sulfinyldi-imidazole, and the resulting imidazolidate 2 

was treated, without purification, with rl-D-gatactopyranosyl or a-r)-glucopyranosyl 
phosphate, to give the P’-moraprenyl, P”-glycosyl pyrophosphates 7 or 8. The 
method was used to prepare the biologically active, oligosaccharide polyprenyl 
derivatives 9 and 10, which are intermediates in the biosynthesis of O-specific poly- 
saccharides of Snirtronellcl serological group E. The polyprenyl pyrophosphate sugars 
were purified by ion-exchange chromato_graphy, and their structures were confirmed 

by analytical data and specific degradations. Sensitive variants of the analytical 

procedures for characterising polyprenyl pyrophosphate sugars and a modified 

procedure for purification of moraprenyl phosphate are reported_ 

lNTRODUCTIOhT 

The significance of polyprenyl pyrophosphate derivatives of mono- and oligo- 
saccharides as intermediates in the biosynthesis of carbohydrate chains of bacterial 
cell-wall or extracellular polymers and viral or eucaryotic glycoproteins is now well- 
established. Chemical synthesis of these derivatives is an important step for a more 
complete understanding of these processes, since the availability of polyprenyl pyro- 
phosphate sugars from natural sources or through enzymic reactions is very limited. 

The only reported procedure’ for the synthesis of polyprenyl pyrophosphate 
sugars is based on the interaction of P*-polyprenyl, P’-diphenyl pyrophosphates with 
fully acetylated glycosyl phosphates, followed by deprotection of the resulting pyro- 
phosphate diester. In this way, poIypreny1 pyrophosphate sugars derived from Z-D- 

galactopyranose’, a-D-mannopyranose’ , 2-acetamido-2-deoxy-z-D-glucopyranose3*’, 
and some oligosaccharides having 2-acetamido-2-deoxy-g-D-glucopyranosc at the 
reducing end of a chain were synthesised5. In most cases, this approach is very 
useful, but it is not satisfactory for the preparation of pyrophosphate derivatives in 
which HO-2 of the glycosyl residue is equatorial, i.e., is sterically suited for the forma- 
tion of 1,2-cyclic phosphate derivatives with splitting of the pyrophosphate linkage. 
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Examples include z-D-galactopyranosyl or rl-D-glucopyranosyl derivatives, and 
deacetylation of the protected pyrophosphate intermediate is then difficult, because 

of the extreme alkali-lability of the product6. 
An z-D-galactopyranosyl residue is present at the “reducing” end of oligo- 

saccharide chains in many biosynthetic polyprenyl pyrophosphate intermediates, 
particularly those involved in the biosynthesis of SalmoneI/a6-8 and Citrobacter 

O-antigens’, as well as KlebsieHa aerogenw capsular polysaccharide”. The existence 
of x-D-glucopyranosyl pyrophosphate intermediates and oligosaccharides derived 
therefrom has been demonstrated in bacteria” and plants”. 

We now report on a method for the synthesis of polyprenyl pyrophosphate 
sugars which uses unprotected @ycosyi phosphates, and the preparation of poly- 
prenyl pyrophosphate derivatives of g-o-galactopyranose, sc-D-glucopyranose, and 
di- and tri-saccharides correspondin, = to the structure of intermediates in the bio- 

synthesis of O-specific polysaccharides of Salmonella group E by this procedure_ 
We have used moraprenol, a readily available polyprenol from mulberry leaves. 
which is similar in chain length to bacterial undecaprenol but contains three instead 
of two ti-utzs-internal isoprene units13_ Ficaprenol, a polyprenol from Ficrrs leaves, 
has been used in a simiiar synthesis’-3; a recent paper’* showed that ficaprenol and 

moraprenol are identical_ Moraprenyl derivatives are good substrate analoguess9” 
for the enzymes involved in O-antigen biosynthesis in Safmonefla. Part of the material 
in this paper has been reported in preliminary formr6”‘_ 

RESULTS AND DlSCUSSlON 

The need for protection of hydroxpl groups in glycosyl phosphates during the 
synthesis of polyprenyl pyrophosphate sugars is not obvious, as nucleoside diphos- 
phate sugars may be easily prepared from P’-nucleoside-5’, P2-diphenyl pyrophos- 
phates and unprotected glycosyl phosphates’*_ Nevertheless, Warren and Jeanloz 
observed’ the formation of a complex mixture of products when P’-farnesyl, Pz- 
diphenyl pyrophosphate was treated with cc-D-galactopyranosyl phosphate, probably 
because of degradation of the polyprenyi pyrophosphate esters through nucleophilic 
attack on the allylic carbon atom by the pyridine present as a catalyst for pyro- 

phosphate-linkage formation_ An efficient way to suppress this side reaction involves 
the use of activated phosphomonoester derivatives that can form pyrophosphates 

without pyridine catalysis. Polyprenyl phosphoimidazolidates seemed to be plausible 
candidates. Nucleoside 5’-phosphoimidazolidates, which have been used for the 
preparation of “nucleoside diphosphate sugars”“, may be obtained conveniently by 
the reaction of nucleoside 5’-phosphates with N,N’-carbonyldi-imidazole2’; uses of 
the more-active A’,N’-sulfinyldi-imidazole” have been reported”. 

When ammonium moraprenyl phosphate13 (1) was treated with N 3 equiv. 
of lV:N’-sulfinyldi-imidazole (prepared in situ from thionyl chloride and imidazole2’) 
in tetrahydrofuran, it was converted rapidly into a product of higher chromatographic 
mobility, presumably the moraprenyl phosphoimidazolidate 2; the reaction was 
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inhibited by traces of moisture. The product 2 was used for pyrophosphatc synthesis 
after decomposition of the excess of N,N’-sulfinyldi-imidazole with methanol, and 

without further purification because of its instability. 
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3R’= OH.RZ= Rx= h 7 R* zz OH,R’= R’= ” 

4 R’= R’= H.RZ = OH 8R’= R3= H,R3= OH 

5RT= OH.R*= H. 9 R’= OH,R’= H. 

R3= a-L-rhomnopyranosyl R’ = Ci-L-rhamnOpyrOnosyl 

6R’= OH,R2 = H. 10 R’ = OH, R’ = H. 

Rx= s-O-P-o-mannopyranosyi- R3 = 4-O-P-o-monnopyronosyl- 
-Q-L-rhamnopyrcnosyl -Q-L-rhom”O~yr(I”txyI 

r-o-Galactopyranosyl phosphate (3) was used in the preliminary cxperimcnts 
on the synthesis of moraprenyl pyrophosphate sugars. Satisfactory solubilisation 01‘ 

the reaction components was achieved by usin g tetrahydrofuran-methyl sulfosidc 
(I : 1) as the solvent and the bis(tri-octylammonium) salt of the glycosyl phosphate. 

When mixtures of 2 and 3 in the molar ratios 1 :2, 1 : I, and I :OS were incubated for 
16 h at room temperature, t.1.c. revealed, in each case, a product with RF 0.20 (solvent 

A), a simultaneous decrease or disappearance of 2, and formation of 1 and several 
by-products. The best results for formation of the slow-moving product were achieved 
in the experiment with an excess of the glycosyl phosphate. 

Ion-exchange chromatography on DEAE-cellulose (AcO-), with a linear 
gradient of ammonium acetate in methanol, was used for further analysis of the 
reaction mixtures and preparative isolation of the products. Five phosphorus-con- 
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taining products were generally present, and the following preliminary identification 
was possible on the basis of their position of elution, calorimetric determinations of 

phosphorus and unsaturated derivatives, and t.1.c. analysis. 
(n) Two poorly resolved peaks appeared at the beginning of the salt gradient 

centered at S-10 and 1%17m~ salt, respectively. T.1.c. showed the presence of 2 

and 1, together with several minor by-products, in these peaks. When an excess of 2 

was used, an additional product was present_ 
(b) The peak centered at 40-45mhr salt contained the main reaction-product, 

R, 0_15-0_20 (solvent d); it contained 2 moles of phosphorus per moraprenyl residue_ 
The identification of this product as 7 is presented below. 

(c) The peak eluted at - 60mxt salt contained 1 mole of phosphorus per mora- 
prenyl residue and was tentatively identified as dirnoraprenyl pyrophosphate. It 
was present in significant amounts only in experiments with 2 and 3 in the molar 
ratio I : 1 or 1 :0_5. 

(c/) The last peak, centered at 75SOmv salt, contained the glycosyl phosphate 
3 and some glycosyl pyrophosphate, which was probably formed by splitting of the 
polyprenyl-phosphate linkage in 7; the presence of 7 was demonstrated by paper 
electrophoresis of the reaction mixtures prior to separation_ 

With an excess of the phosphate 3, the product present in peak (6) was readily 
isolated. in chromatographically pure form, in a yield of 47 ‘PA_ The resulting solution 
may be desalted after dilution with benzene and extraction with water or by using 
gel filtration on Sephadex LH-20 with chloroform-methanol mixtures_ The product 
was stable in methanol containing ammonium acetate and may be stored for months 
at --2O”, but decomposed quickly in desalted benzene or chloroform solutions, or 
after their evaporation. Thus, the preparation of an analytical sample was not feasible, 
and the following technique was used. The product was stored in solution after ion- 
exchange chromatography without desalting, concentration of the solutions was 
determined by using phosphate analysis, and the purity of the product was checked 
by t.1.c. To confirm the structure of the product, its solutions were desalted and 
subjected to specific degradations as outlined below. 

Brief treatment with aqueous phenol is a known method for cleaving the allylic 
phosphate bond in polyprenyl pyrophosphate sugars (see, for example, ref. 116). 
Galactosy! pyrophosphate was formed on treatment of the substance present in 
peak (b) with 400/O aqueous phenol for 10 min at 70”. When the same product was 
treated with ammonia in methanol-benzene, rapid degradation occurred, yielding 

moraprenyl phosphate and galactose 1,2-cyclic phosphate. These results confirmed 
the presence of a pyrophosphate bridge between morapreny1 and galactopyranosyl 
residues in the reaction product, and consequently proved the structure 7. 

The conditions used for the synthesis of 7 were used for the preparation of 
other moraprenyl pyrophosphate sugars. Treatment of bis(tri-octylammonium) 
ct-D-glucopyranosyl phosphate (4) with the imidazolidate 2 gave the pyrophosphate 8 

(isolated in a yield of 65%). Its structure was confirmed by calorimetric analyses 
and by specific degradations with phenol and ammonia. An analogous experiment 
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performed with sr-o-[14C]glucopyranosyl phosphate gave moraprenyl pyrophos- 

phate o-[‘“Clglucose. In this case, additional evidence for the structure of the 
reaction product was the ratio of D-[‘4C]glucose to phosphorus, which was close to 
1 :2 in accordance with the structure 8. 

The method was further applied to the synthesis of polyprenyl pyrophosphate 

oligosaccharides that contained a D-galactopyranosyl residue at the “reducing” end 

of the oligosaccharide chains. The disaccharide phosphate 5 and the trisaccharide 
phosphate 6 (ref. 23), which correspond to fragments of the O-antigens of Srr/~~zom~//~~ 
serogroup E, were used as starting materials. Due to limited availability of the 
oligosaccharide phosphates, the pyrophosphate synthesis was performed on a smaller 

scale. The pyrophosphate derivatives 9 and 10 were isolated in 2%30‘%, yields, using 
ion-exchange chromatography and an appropriately higher concentration of ammo- 
nium acetate. Their structures were confirmed by the methods described above. 

The synthetic polyprenyl pyrophosphate sugars 7,9, and 10 were active substrate 
analogues for the enzymes participatin g in the biosynthesis of S&?~oncflrr O-antigens. 
These derivatives were very unstable after removal of ammonium acetate, but the 
presence of the salt at low concentration did not interfere with assay of the glycosyla- 

tion reactions. In fact, addition of the poiyprenyl derivatives to incubation mixtures 

from solution in methanol containing ammonium acetate gave better solubilisation 
of the substrates than use of desalted solutions in non-polar solvents. The ability of 
7 to serve as an acceptor for rhamnosyl transferase in S. azzrztzztzz has been reported * ‘-“. 

The abilityI of 7, 9, and 10 to serve as substrates for enzymes catalysing consccutivc 
reactions of O-antigen biosynthesis in S. sezzftezzberg will be described in detail 
elsewhere. 

EXPERIMENTAL 

Clzrom~ztogr~_~lzic methods. - T.1.c. was performed on precoated plates of 
Silica Gel G (Merck) with chloroform-methanol-water, 60 : 2.5 : 4 (il) or IO : IO : 1 (B). 
The spray reagent described by Vaskovsky et czl.” was used to detect phosphate 

esters (blue spots after leaving at room temperature) or organic substances (dark 
spots after heating the plate). Unsaturated derivatives were detected with 1 ‘I/, potas- 
sium permanganate in 2”/, aqueous sodium carbonate. 

Anion-exchange chromatography was performed with Whatman DE-52 
DEAE-cellulose (AcO- form) equilibrated with methanol’“, and a linear gradient 
of ammonium acetate in methanol (pH 7.0) was used for elution. Fractions were 
assayed for acid-labile phosphate and moraprenol (see below)_ 

Filtrak FN-16 paper and 0.0%1 triethylammonium hydrogencarbonate (pH 8.5) 

were used for paper electrophoresis, and phosphate esters were detected with the 
Hanes-Isherwood spray2’. 

Colorimetric methods. - Acid-labile phosphate was determined by a modih- 

cationz3 of the Hess and Derr procedure2’_ A modified procedurezg for olefins was 
used to determine moraprenol in moraprenyl pyrophosphate sugars: 2.0 mL of 1.7/1~ 
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analogous reaction of S-S /rmol of 2 and 20 jcmol of bis(tri-octylammoniutn) ‘A-D- 

ghtcopyranosyl phosphate (prepared from the potassium salt of 4) was performed 

in 0-G mL of tett-ahydrofuran-methyl sulfoxide (1 : 1) for IS h. The product was 

isolated by chromatography on a column (S x 0.5 cm) of DE-52 with a gradient 

(0+100m~) of atnmonium acetate (50 mL in each vessel)_ Fractions (3 mL) S-13 

yielded 8 (5.7 ftmol, 65 y/,), R, 0.20 (A). The ratio moraprenol-acid-labile phosphate 

was 1 :2.3 (talc. i :2)_ 

Ammothm P’-tnor-ctp1-e11~1, P’-~-~-CU-‘~~~gllrcof~~.l-cnlo_s~.I p~.l-of~hosphatr. - 

The reaction of 5 fttnol of 2 and 6 ftmol ofbis(tri-octylammonium) z-D-[U-t%]gluco- 

pyranosyl phosphate (11 mCi/molc). as described for 8, gave the title product ( 1.05 

jcmol, 2 1 ‘%,), RF 0.20 (A). The ratios moraprenol-acid-labile phosphate-[‘“C]glucose 

were 1 :X.3: 1.1 (talc. 1 :2: 1). 

A tmioni~m P ’ -nm-c:pwr~~*l, P’-~-O-~-~-r-frctriino~~~~~~rrn~~s~~l-~/.-~-gcrkrctop~~r-ttrio.~~~l 

]Jj*r-opflospfirrte (9). - The reaction of 2 ~tniol of 2 and 4 ~tniol of the bis(tri-octyl- 

ammonium) salt of the phosphate 5 (pt-eparcd’3 from triethylammonium 5 with the 

use of pyridinium Dowex-50) in 0-S mL of tetrahydrofuran-methyl sulfoxidc (1 : 1). 

essentially as described for 7. gave 9 (0.5 ~tmol, 25 ‘:i,), RF 0.10 (J). The ratio morn- 

prenol-acid-labile phosphate was 1 : I .S (talc. 1 : 2). 
Atmroltitrnr P ‘-tnorqn-cvtyl, ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

fro.s~-I)-2-D-,on/ictop~.~~ftlos~/ J~_l.~oJ~/zosJ~hnte (IO). - The rcactiotl of 5 jtmol of 2 and 

IO /tmol of rhe bis(tri-octylammoniutn) salt of6 (prcparcd from the triethylammonium 

saV3 of 6 as above) in 0-S mL of tetrahydrofuran-methyl sulfosidc wnr pcrfot-med 

as described for 7. The product was isolated ‘by ion-cxchan~c chromatography on a 

column (15 x 1 cm) of DE-52 with a gradient (03 12Omst) of ammonium acetate 

(100 mL in each vessel: 6-mL fractions)_ Fractions 23-29 yielded 10 (1.5 jtmol, 30”<). 

R, 0.05 (A), 0.60 (B). The ratio moraprenol-acid-labile phosphate was 1 : 1 .S (talc. 

1 :2). 

Dmdting of’ SdlrticNis of po~~~we~i_i~~ prr-oJ~ho.sJ~hcrtc srrgm-s. - (0) ~ortiotls 

(0.3-0.5 mL) of the fractions after ion-exchange chromatography, containing 7-10. 

were each diluted with benzene (2 tnL), and ammonium acetate was extracted with 

water (5 x 0.3 mL). The resultin E benzene solution was used for phenol or ammonia 

degradations. 

(h) Combined fractions, after ion-exchange chromatography. containing 4 Jcmol 

of 8 were concentrated, and a solution of the residue in chloroform (0.2 mL) was ap- 

plied to a column (30 x 1 cm) of Sephadex LH-20 equilibrated with chloroform- 

methanol (15 : 1). The column was eluted (20 mL/h) with the same mixture: after the 

void volume of the column, fractions (1 mL) were collecred and assayed for con- 

ductivity and acid-labile phosphate. The pyrophosphate 8 (3.5 jttnol) was present in 

tiactions 4-7, separated from ammonium acetate. 

Degruhtiotl of pol~‘pret~~~l pyr-ophosphate SllgCirs with phe~lof. - A desalted 

solution of each of the pyrophosphates 7-10 (0.3 jtmol) in benzene (0.3 mL) was 

treated with SO% aqueous phenol (50 /tL) and concentrated. Water (50 /IL) was 

added, the mixture was heated for IO min at 70’ and then cooled, and the aqueous 
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Iayer was separated, washed with carbon tetrachloride, and analysed by paper electro- 

phoresis. Rc,c_l-P values for glycosyl pyrophosphates: 0.78 (from 7 and S), 0.75 
(from 9), and 0.71 (from 10). 

Degrahtiorr of poIypre@ pyropllospllate mgars witJ1 anu?lonia:z--- A desalted 

solution of each of the pyrophosphates 7-10 (0.3 irmol) in benzene (0.3 mL) was 

treated with cont. aqueous ammonia (0.1 mL), and methanol was added until 
homogeneity. After 40 min at room temperature, the solution was concentrated to 

0.1 mi and extracted with chloroform (3 x 50 /rL). Each chloroform layer was 
analysed by t.1.c.; moraprenyl phosphate (RF 0.45) was present as a main product- 
Each aqueous layer was analysed by paper electrophoresis. RG,c_l_P values for glycosyl 
cyclophosphates: 0.63 (from 7 and S), 0.60 (from 9), and 0.55 (from 10). 
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