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ABSTRACT 

2-Amino-6-0-(2-amino-2-deoxy-~-D-glucopyranosyl)-2-deoxy-D-glucose substi- 

tuted on the amino group of the reducing 2-amino-2-deoxy-D-glucose unit by a 

3-hydroxytetradecanoyl group was shown to be a major constituent of the “Lipid A” 

fragment obtained by acid hydrolysis of the Bordetella pertussis endotoxin. 

INTRODUCTION 

The disaccharide 2-deoxy-6-0-[2-deoxy-2-(3R)-3-(hydroxytetradecanamido)-P- 

D-glucopyranosyl]-2-(3R)-3-(hydroxytetradecanamido)-D-glucose (l), esterified by 

substituted phosphate groups at O-l and -4’ and fatty acids at the remaining hydroxyl 

groups, is believed to represent the hydrophobic region (“Lipid A”) of the endotoxin 

(lipopolysaccharide, LPS) of several Enterobacteria’ -3. More elaborate structures 

derived from disaccharide 1 have been found to be present in the endotoxins of 

Chromobacterium vioIaceum4, Rhodospirillum tenue’, and Vibrio cholerae’j, whereas 

a different structure containing 2,3-diamino-2,3-dideoxy-D-glucose was identified in 

the endotoxins of Rhodopseudomonas viridisl,’ and Rhodopseudomonas palustris’. 
The present paper describes the identification of disaccharide 1 in the “Lipid A” 

fragment 9 of the Bordetella pertussis endotoxin. 

RESULTS AND DISCUSSION 

The Lipid A of B. pertussis used contained about 14% of 2-amino-2-deoxy-o- 

glucose as estimated after acidic hydrolysis by the method of Rondle and MorganlO. 

When determination of the amount of reducing 2-amino-2-deoxy-o-glucose present 

in the pertussis Lipid A was attempted by the method of Reissig et al.‘l, the time of 

heating required to obtain maximal color yield was 25 min, rather than the prescribed 

3 min (Fig. 1); the values thus obtained correspond to N 55 9; of the total 2-amino-2- 

deoxy-D-glucose content of the Lipid A. As a corollary, when Lipid A, dispersed in 

aqueous potassium tetraborate of pH 9.4, was treated with sodium borohydride 
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(30 min at 100”) and then hydrolyzed. only - 35”,, of the origtnal 2-amino-2-dcouy- 

Iw&ose content survived. In the horohydride-treated Lipid A. the ratio 01‘ 2- 

amino-~-deoxy-u-giLtcclsc to -n-glucitoi was - 2. 7, Ihc relativelv Icw cnntcnt of _ 

‘7-atnino-7-d~o.*y-t~-~iltcOsc IS \cry probablv due tn incc~nlplete h~drnl~si~ and parttal 

destruction of the bugar; tt co~ild be sliou~n. by paper ~lrctr0phoresis. that at the 

point where the htghest value for I-~tmino-2-clcoxy-t)-glucvhe \\a> mcasurcd h! 

Rondlc and Morgan’< method’ “. some ‘-amino-‘-dcnx}-~,-gIucssr: phosphate ~\:ts 

still present in the h\idrolyratc. Ilneqitivocnl tdcntiiicatton of‘ ‘-~tmiilo-7-dcus!-t)- 

glucose and -@ucitoi 111 this hydrolyzate was accon!plishcd by g.1.c.~ m.s. ot 

the peracetyiatrd mtxture. 

It has been obscr\ed previously that the reduction of the reducing Z-amino-? 

deoxy-D-glucose units prcscnt in rntcrobactertal Lipid A prcpar:tttonb to 2-amino-2- 

dcoxy-n-giucitol units \\\a5 difficult. l-last and Ricwhct’ troatcd such LIIYJ A prepara- 

tions nith wclium borohydrtdc for 16 h at pH JO and 50 to rc‘ducc the aldose into the 

aiditol; similar obscrvaticjns were tnade by Tharanathan c’/ (il.‘. and RI:tchc PI t/i.’ ‘: 

it was suggested that the JOM rate of’ reduction \\as due to stcric factors. WC cstab- 

lished that reduction of R.~~c~~r~rs.si~ Lipid A \\ith sodium boroh~tirtdc in the presence 

of sodium dndecyi sulfate was complete within 60 n11n at room wnperaturc. i.c~.. it 

proceeded at a rate similar to that found for ~-;tcetatnitlo-‘-dcc-,~!-~,-gluco~c. This 

tault suggests that tho slog rate of reduction observed in Ihe ;thsencc r~i’d~tzrgent 

is due to the miccll;tr nature of Liptd A prcparatton\ 117 ayuc~~us mcd~um. and rule 

out such alternative explanation as the prcsencc of BII alhnit-labtic substitucnt at 

C-l of the rcducibie 2-nmino-l-deox~-r)-glucose units. 
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TABLE I 

AMINO SUGAR COMPONENTS OF LIPID A AND DERIVATIVE@ 

Compound Total 2-amino-2- 2-Amino-2-deoxy- Reducing 2-acylamino- 
deoxy-o-glucose D-gbcitO~c 2-deoxy-D-glucosea 

b c 

Lipid A 191 805 0 476 
Reduced Lipid A 446 321 488 0 
Periodate-oxidized. reduced Lipid A 381 214 0 0 

_ _ 

aNanomol per mg of Lipid A. bMethod of Rondle and MorganlO. CAmino acid analyzer. dMethod of 
Reissig er ~1.11. 

The 2-amino-2-deoxy-D-glucitol residues formed upon treatment of Lipid A 

with sodium borohydride were degraded when the reduced material was treated with 

periodate, whereas the 2-amino-2-deoxy-D-glucose units were not (Table I). 

Treatment of the periodate-oxidized material with sodium borohydride gave 2-deoxy- 

2-(3-hydroxytetradecanamido)glycerol (3), which was isolated by t.1.c. and identified 

by g.l.c.-m.s. after methylation. This result proved that 3-hydroxytetradecanoic acid 

was bound to the amino group of the reducing 2-amino-2-deoxy-D-glucose residues 

of the Lipid A of B. perfussis, as it has been established, by deuteration, that the 

2-amino-2-deoxyglycerol fragment was derived from the alditol residues present in 

the reduced Lipid A. 

This was, indeed, the case, as shown by treating reduced Lipid Awith hydrazine3 

to remove all ester- and amide-bound fatty acids and phosphate groups. In a separate 

experiment, it was established that, under identical conditions, methyl a-D-ghCO- 

pyranoside 6-phosphate releases 75q: of its phosphate content. The water-soluble 

part of the hydrazinolyzed material was acetylated and analyzed by g.l.c.-m.s. 2- 

Acetoxyethyl 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-D-glucopyranoside was the sole 

product identified, and it represented 40 % of the 2-amino-2-deoxy-D-glucose content 

of the material as estimated by g.1.c. Co-chromatography with an authentic sample 

established that it was the B-D anomer, and it was well separated from the U-D 

anomer13. When the reduction following the periodate-oxidation step was performed 

with sodium borodeuteride, the 2-hydroxyethyl part of 2 was labeled, thus proving 

that 2 was formed as a result of the oxidative cleavage. Finally, 2-amino-6-o-(2- 

amino-2-deoxy-ll-D-glucopyranosyl)-2-deoxy-D-glucitol was isolated and identified 

as its N-acetylated, permethylated derivative by g.l.c.-m.s.; it gave a mass spectrum 

identical to that found by Jensen et a1.14; when chemical-ionisation (ammonia) was 

used the molecular peak (M + 1, m/: 553), which was not detectable by electron- 

impact ionisation14, was the base peak (421:; of the total ion-current). 

We have reported previously’ that acid hydrolysis or methanolysis demethyl- 

ated 2-deoxy-l,3,4,5,6-penta-0-methyl-2-(N-methylacetamido)hexoses at O-l and 
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yielded. after acetylation. I -O-acetyl-l-deoxy-3.4,5.6-tetra-O-methyl-I!-( h’-mcthyl- 

acctamido)hexitols. Accordingly, when reduced Lipid A was methylatcd. hydrolyzed, 

and acetylated. the sole product deriveci from ?-ar7i1no-~-dco~q’-gluc1~(~~ that could 

be identified by g.1.c. -m.s. was I .(,-dl-O-~cetyl-3-de(~~~-3.~.‘-fI-I-f3-t~~tlt(~~I-7-(.\‘- 

methylacetamido)-D-glucitol (4), and not 6-O-acctyl-7-deox!-I .?.-1.5-tl,tra-(~-l~ieth~l- 

3-(N-methylacetamido)-I,-glucitol (5). Similarly. treatment c)t‘ ?-deox!;-I .Sdi-O- 

methyl-2-[3-methoxy-( ~~-methyl)-tetradecanamidolgl!cerol (6) \\ itl: -!a,~ hydro- 

chlorlc acid for 2.5 h at 100’. in order to clca\e the amide bond, gave. t‘ollo\\ing 

acctylation. I -O-acetyl-~-cl~o?iy-3-0-mcthyl-7-( .iV-lncthyIacctan?Ido)gl~c~r~~l (7) as 

the sole amlnoglyccrol dcriv;,tivc. Thus, O-demuthylatinn tl1’ ,I prlm:trl meth> 1 

ether group adjacent to ;Ln .I~-methylamino (or- amino) group rn ;~m~nopc~lyol~ i\ 

confirmed. and this reaction appears to be characterrbtic for ti11b cI:~ss c~!‘L’oI~I~~o~IIIc~~. 

It is noteworthy. however. that only one of the prim;lry mcth!rl cthcr groups of the 

2-aminoglycerol derivative was o-demetll\ilat~d. 

EXPERIMFNTAL 

~llaf~riuls. ~~ Bacteria. grown in Cohen and Wheeler’\ liqurd medium “. newt 

harvested by centrrfugation and extracted with phcnol~~-\vater ’ 7 The endotosttt 

containing both constituent lipopnlysaccharid~s’ ’ M’;I~ isolated :I< tickbed previ- 

ousIy9. 

The “Lipid A” fragment used was that described by t.c Dur (‘I nl.“, i,tr.. ;I 
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mixture of the hydrophobic regions of LPS-1 and LPS-2 that was obtained by acid 

hydrolysis (0.25~ hydrochloric acid, 30 min, 100’) of the “glycolipid”‘. “Lipid A-l” 

(the hydrophobic region of LPS-1) was isolated by extraction of the “glycolipid” 

with acidified (by hydrochloric acid) 10: 1 (v/v) oxolane-methanol. “Lipid A-2” 

was the sediment obtained after acid hydrolysis (0.25~ hydrochloric acid, 30 min, 

100°) of the “glycolipid” from which most of the “Lipid-A-l” had been extracted”. 

Results obtained with “Lipid A” were repeated and confirmed with both “Lipid A-l” 

and “Lipid A-2”. 

Methods. - Reducing, N-acylated 2-amino-2-deoxy-D-glucose present in 

“Lipid A” preparations was estimated by the method of Reissig et aZ.l’, but with an 

incubation period of 25 min at 100” (<jI Fig. 1); synthetic2-deoxy-2-[(3R)-3-hydroxy- 

tetradecanamidol-D-glucose was used as reference. Total 2-amino-2-deoxy-D-glucose 

content was estimated on hydrolyzed (4M hydrochloric acid, 6 h, 100 “) Lipid Asamples 

by Rondle and Morgan’s method , lo but substituting 0.5M sodium carbonate for the 

0.25~ solution prescribed. The conditions of hydrolysis mentioned gave the highest 

values for hexosamine-content. Phosphorus was estimated by the method of Chen 

et aL2’. 
G.l.c.-m.s. was performed as previously described15, except that a stainless- 

steel column (3.2 x 2000 mm) packed with 3 % OV-1 on Gaschrom Q (loo-120 mesh) 

was also used; thermal conditions are specified for individual analyses. G.l.c.-m.s.c.i. 

(chemical ionisation with ammonia) was performed with a NERMAG R lo-10 

instrument equipped with a CP-Si15 column (25 m, 260”, isothermal). The ratio of 2- 

amino-2-deoxy-D-glucose to -D-glucitol was determined with a Beckman Multichrom 

amino acid analyzer. High-voltage electrophoresis was carried out on Whatman 

3MM paper (Savant flat-bed instrument, 75 cm) in 16 : 119 : 973 (v/v) pyridine-acetic 

acid-water buffer, pH 5. Silica gel H (Merck) was used for preparative layer-chroma- 

tography. 

Preparation and analysis of reduced Lipid A. - For the transformation of the 

reducing 2-amino-2-deoxy-D-glucose units into the corresponding alditol units, a 

solution of sodium borohydride (7.5 mg) in water (1 mL) was added to Lipid A 

(3 mg), dispersed in a potassium borate solution (0.2 mL, 244 g of K2B407 . 2 H,O/L; 

apparent pH 9.8). The mixture was boiled under reflux with magnetic stirring for 

30 min at 100”; foam formation was controlled by addition of a few drops of ether 

when necessary. Nitrogen gas was bubbled through the cooled mixture to remove 

any residual ether, and excess borohydride was destroyed by addition of acetic acid. 

Following dialysis, the retentate was lyophilized and the 2-amino-2-deoxy-D-glucose 

content estimated: 45 y0 of the initial amount was recovered. A sample of the material 

was hydrolyzed with 4M hydrochloric acid for 6 h at IOO”, the acid was removed, 

and the dry residue was acetylated. Analysis by g.l.c.-m.s. (OV-1, 200”, isothermal) 

showed peaks for the per-O-acetyl derivatives of 2-amino-2-deoxy-D-glucose (N 8.5 

min) and -D-ghCitO1 (-9.5 min). Analysis of an aliquot of the dry residue before 

acetylation by the amino acid analyzer indicated a molar ratio of alditol to aldose of 

1.5:1. 



Tratqfbrr~lation of the redwin~y Santitlo- .?-&0.\-1~-D-ghrc 0.w wiit.\ cf f’ Lipill I itito 

3-nniino-~-~lto.\-~~-n-~hlc~itol trriits in tlw prescwt~ of’ sotlim htkc~~*l 6idfhti~ To a 

sample (I 5 mg) of Lipid A was added an aqueous solutmn of sodium dodccql ~ulfatc 

t I (I,,. w/v. I.5 mL). and the mllture hcpt for 5 min at 100 . 7’hc opalcvxnt solution 

has cooled to room ternpw~turc and treated with a O.C”_, \\ \ rollltlclll of' \0d11l111 

borohydrrde (6 mL). From the well-&-red mkturc samples (I ml 1 NLI-C \\ithdra\\n 

at 40. 60. and 110 min. and l2k1 h~drcrchlorlc acid (0.5 mL) \\;I\ rmmcdlatel!, uddctf 

The samples \\ere hept for 6 h al 100 ‘. Free fatly acids \\erc rcmo\cd b! cvtl xtron 

with hexanc, the aqueow so!ution H;LS evaporated to Jrynw. ~lncl 1 lw rcslduc \\\;I\ 

acctylatrd with acetic anh]dride.-sodrum acelatc for I h at IO0 . 4ftcr rcmo\ul 01’ 

the solvents. the residue \)a~ extracted with ethyl acct;ltc ;~nd ;lnnl~~~d b> g.1.c. 

((IV-I. as above). It was liwnd that rcductwn ( -SO”,, ii itllrn 30 illin J u3s coniplctc 

after 60 mm: the ratio of alditol to aldosc was I .2S . I ;tb ~~~tlrnuttd Ii 0111 the pcah 

areas. 

ldentijit~ation of thr rirliitio ,yrolrp nrhstit~rctit of tlw rtdirciti~g ~-lrllll~ll~--‘-tll~o \'l'-I>- 

glwosc wiits of’ LilGl .+I. - - A dispersion of LIpid A (IO mg) III I~(~tilGLllll borate 

(0.7 ml) was treated In the absence of sodium dadecyl rulfak \\lth &ium horo- 

hydride (2.5 mg) in water (3.5 mL) ;I\ just described The mutcrlal \\a\ dIiIl!zcJ. and 

the retentate lyophilized ( “reduced I. ipld A”). Trcatmcnt of ;I wmplc ;wcordlng to 

Reissig CI al.’ ’ gave nn color. which indicated the ah~ce (~f’rcduclnp ;Imlno sugar 

residues. A second sample wa\ hydrolyzed with &I hydrochlwc ncd. snij the ratio 01 

aldose to alditol was drtermincd with the amino acid analyzer. .4 tllr~tl wmplc ~a\ 

hydrolyzed and tht - 3-amino-l-droll-I)-glucose content ectiniatt~ii h! the method &II 

Rondlc and Morgan”’ (Table 1). 

Reduced Lipid A (IO q) was dispcrscd in IOmM aqucnus wdium period& 

(7 mL) 31 room temperature: the hineticb of the oxidation ~erc monitored b> the 

method of Avigad”’ wing XI-,uL allquots: the periodate uptahc ccilhcd after 2 h. 

Excess periodatc was destroyed by addition of 0. I M I .?-ethanediol (0.7 mL 1. The 

ratio of aldose to alditol \\a~ dctennincd with the amino xid iln;llq/Cr. and the 3- 

amino-2-deony-r>-glucose cnntcnt by the method of llondlc and \lwpan’ “: no I'- 

amino-2-deouy-D-glucitol. hut almosl all of the ?-~~rnin(~-_‘-tl~o\~-I~-gItIcosC \\a\ 

present (Table I’). The bulk of the o\iJation mlxturc H’;I~ treated \\~th ~1 large cuxss 

of sodium borohydridc (I4 mg) in wntor (7 mL). the wlution dial>/cd. itllcl the rctcn- 

tate lyophilizcd The solid rcsiduc WIS eltractcd \\lfh c~hyl iIcCt;It< (3 ** 5 mL 1. 

and the extract submitted ICI p.1.c. (200-mm plate; 41lica gel. 3 : 2. 5 ‘1. t-thy1 xc’tntc- 

ethanol). The plate was horizonlally divided into 20-mm band\ thnt u crc scraped 

off and elutcd with 3 : 2 (\ V) ethyl ac~tatc-ethanol: the t‘lt~ate\ wart c\ :~porntcti to 

dryness and methylntcd” ‘3. and the resultmg products nnalyzcd b> g.1.c m.\. 

(OV-I. ZOO-290’.. 2”;mm). The eluate of the txmd corrcspondIng to R, (1 5 0.6 ga\c 

a peak at 12.5 min (33 ): its 1x15s spectrum established the structure 33 ?-iicoxq-I .3- 

di-O-methyl-3-[(N-~ncthyl)-?-mcthoxytetradccnnam~d~~~gl~ccr~~l (6) .4cLst> Ivticm 

could not be substituted for mcth~Iat~1w. a\ the wet! I:ltcrl wl~Ju(:t ca\ c no intcr- 

pretable gas-liquid chromutogram. 
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A sample of the methylated product was treated with 4~ hydrochloric acid for 

2.5 h at lOO”, the acid was removed, and the dry residue acetylated and treated with 

ethereal diazomethane. Analysis by g.l.c.-ms. gave two peaks (OV-I, IOO-X0”, 

2”/min) corresponding to l-O-acetyl-2-deoxy-3-O-methyl-2-N-(methylacetamido)-~- 

glycerol (7) (12.5 min) and methyl 3-methoxytetradecanoate (30 min). 

Determination of the point ?f substitutiorz qf the 2-amino-2-deo.vyD-glucitol units 

preserzt in reduced Lipid A. - Reduced Lipid A (9 mg), dried in the presence of 

phosphorus pentaoxide, was dissolved (ultrasonic bath) rn dimethyl sulfoxide (3 mL) 

and methylated. The solution was diluted with water (15 mL) and dialyzed. The 

retentate was lyophilyzed. the residue was hydrolyzed with dhl hydrochloric acid for 

6 h at IGO”, and the acid was removed. The aqueous solution ofthe residue was passed 

through a column (5 x 1 cm) of Dowex 50 (H+ 1 cation-exchange resin, the column 

was washed with 1 : 5 (v/v) methanol-water (20 mL) and eluted with 1 : 5 (v/v) 

methanol-M hydrochloric acid (20 mL). The eluate was evaporated, the residue 

acetylated, and the product analyzed by g.l.c.-m.s. (SE-30. 14&270”, 2”/min). The 

main product (1.5 min, 170”) was I,6-di-O-acetyl-2-deoxy-3,4,5-tri-O-methyl-2- 

(N-methylacetamido)-D-glucitol (4); it was identified by comparison of its retention 

time and mass spectrum with those of an authentic sample obtained as described 

in the next paragraph. 

1,6-Di-O-acet~~l-2-deos).-3,4,5-tri-O-met~~~~l- 2- (N -meth~~lacetamido)- D-glucitol 

(4). - Chlorotriphenylmethane (I 50 mg) was added to 2-acetamido-2-deoxy-D- 

glucitol(50 mg) dried in the presence of phosphorus pentaoxide in vacua and dissolved 

in anhydrous pyridine (1 mL). The mixture was kept for 48 h at 20”; the solvent was 

removed, and the 1,6-bis(triphenylmethy1) ether recovered by p.1.c. (silica gel; 3 : 2, 

v/v, ethyl acetate-ethanol). The product was methylated22~z3, and the crude product, 

recovered from the chloroform solution, detritylated with 50’?,, aqueous acetic acid 

(1.5 mL, 1 h, loo’-). The mixture was eva_porated to dryness, and toluene was added to 

and evaporated from the residue several times. The residue was acetylated with 

acetic anhydride-sodium acetate for I h at 100”. After removal of the solvent, the 

residue was extracted with ethyl acetate, and the concentrated extract analyzed by 

g.l.c.-m.s. as just described; mass spectrum: m/z ( ‘:,,) 364 (,M + 1) (0.6) 303 (12.6), 

290 (0.9), 288 (2.2) 272 (2.8). 271 (1.7) 258 (1.7), 236 (4.8), 214 (7.3) 202 (13.5) 

183 (1.3), 173 (4.7) 161 (7.3). 158 (21.7), 142 (IS), 117 (20). 116 (25.3), 101 (13.5), 

99 (24.6), 98 (100). 88 (5.1), 87 (3) 74 (6.8), and 43 (33). 

Identification qf the substituent at O-6 of the 2-amitro-2-deo.vy-D-ghcitol units 

of reduced Lipid A. - A sample (2 mg) of reduced Lipid A was treated with sodium 

periodate and then with sodium borodeuteride as described earlier. The dry residue 

was treated with hydrazine hydrate (0.3 mL) for 60 h at 100”. Acetone (0.3 mL) was 

added to the cooled mixture, which was then evayor.ated in vacua; the residue was 

extracted with water (2 x 5 mL). Water was evaporated from the extract, the residue 

(dried in the presence of phosphorus pentaoxide) acetylated, and the product analyzed 

by g.l.c.-m.s. (SE-30, 220-270’~, 4”/min). A single peak (3 min) was detected; it 

had the retention time and the mass spectrum of 2-acetoxy[‘H]ethyl 2-acetamido- 



3.4.6-tri-0-acetyl-1-deoxy-/~-r,-glucopyr~nosidei” and wan, \vcll separated from the 

X-II anomer. The substituents originally present in the 3-aminn-‘-cleoxy-1-~-glttco- 

pyranosyl residue were not identified. 
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