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We recently reported (Dirtler and Roseman, 1964) that a particulate 

preparation fram D~Q~OCOCCUS nne-niae Type XIV catalyzed the synthesis 

of antigenic polysaccharides and of two glycolipids. 

We have now established the structures of the glycolipids and 

suggest that they are ryuthesited as follows: 
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Similar glycosyl diglyceridee , first obtained from wheat flour 

(Carter et al., lg$), h ave been isolated frop a variety of sources. 1 

&ee of the sources include chloroplarts (Benson et al., 19%; Carter 
et al., 1961; Sartry and Kates, 1963), Streptococcus Kzlis (Vorbeck 
and Harinetti, 1964), and Uicrococcus lvsodeikticur (Lennarz, 19664). 
The glycolipids described in the present report are similar or identical 
to those lrolated from D~Q~OCOCCW nneumoniae Type I by Brundish et al. 
(1964; adjoining cogunication). The ensymatic synthesis of gala;oGl 
glycerides in chloroplarte has been reported by Neufeld and Hall (1964) 
and the synthesis of mannosyl diglycerides hab been demonstrated in i. 
lysodeikticur (Lennarr, 1964). 
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Materials and Uathods.2 The crude extract, prepared as previously 

described, was centrifuged at 105 x B for 1 hr, giving a particulate 

and a soluble enzyme system. The particulate fraction was washed and 

sueptndtd in 0.05 n K PO4 buffer, pli 7.2, containing 0.15 i KC1 and 0.01 

g Na rhioglycolatc; the soluble fraction was adjusted to 80$ of satura- 

tion with (NR&SO4, the precipitate dissolved, dialyzed against the 

same buffer, and centrifuged (105 x 8, 1 hr). Both the soluble and 

particulate preparations exhibited the activities described below, but 

the latter contained high concentrations of endogenous lipid and was 

therefore unsuitable for substrate specificity studies. 

2Substratts were prepared as described (Dlstltr and Rostman, 1964). 
Incubation mixturte were assayed by extracting the lipids with butanol 
or with chloroform-methanol (C:N) in a ratio of 2:l (v/v). Non-lipid 
contaminants were removed by washing the organic phase with waattr, the 
samples concentrated to dryness, dissolved in chloroform, and chromaeo- 
graphed on silicic acid columns (5 g). Each column was tluttd stqutnt- 
ially with C:M mlxbrts of the following composition 
25 ml, 95:5 (Lipid A); 20 1, 93:7; 50 ml, 9O:lO (Lipid B 
strates were lIDP-glucoet-l& and/or DDP-galactost-1% 
tplmerase was present in both enzyme fractions), and product formation 
was measured by counting the appropriate fractions using liquid 
scintillation techniques. 

The following methods were used: hexost by an anthrone procedure, 
glucose by a htxokinast-glucose-6-P dehydrogtnast assay, galactost by 
galactost oxldast, glycerol by glycerol dehydrogtnase (in the presence 
of 0.25 5 hydrazine at pH 9.5), periodate oxidation by a standard 
arstnite titrimetric method on a micro scale, and formaldehyde by a 
chromotropic acid method. 

The following chromatographic (and eltctro horttic) methods were used 
to establish identity and/or homogeneity: (a{ Lipids A and B dy thin 
layer (silica gel G): CRCl3, MeOH, R20, 85, 42, 10; PrOE, IQO, 7, 3; 
PrOli, NR 

h? 
E$, 70, 17, 13. (b) Glycosyl glycerol compounds, SA and 

SB, by gh-voltage paper tlectrophoresis (borate buffer) and paper 
chromatography: pyridint, BuOE, H20, 25, 45, 40 (Rf: SA, 0.4; SB, 0.3’7) 
or 30, 20, 15; iso-PrOH, AcOH, QC, 3, 1, 1 (Rf: SA, 0.45; SB, 0.20). 

Q 
c) Fatty acid methyl esters by thin layer (Silica gel G): htxtnt, Et@, 
5, 15. (d) Glucose, galactost, glycerol and trythritol by high-voltage 

electrophortsls (borate) and paper chromatography: BuOR, AcOH, H20, 4, 
1, 5; BuOH, pyridine, R20, 3, 1, 1. 

Standard glucose trimethyl ethers were kindly provided by Drs. Same1 
M. Rosen and Nelson K. Richtmyer. Dr. Rosen indicated that the ethers 
were separable on thin layer (alumina) chromatography: CRC13, BuOE, 
96, 4. In addition, the tri- and tttraaethyl tthtrs were characterized 
by borate tlectrophortsis and paper chromatography (BuOXi, EtOE, El@, 
4, 1, 5) followed by trtahnent with an aniline phosphate spray reagent 
that gave characteristic colors with some of ehe standards. The 
methylattd hexoses derived from SB were separhted (borate eltctrophoresis) 
and treated with BBr to yield the hexoses; only glucose was detected 
on demethylation of 2 he triouzthylhexose fraction. 
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Characterization of Lipids A and B. The particulate enzyme system, 

prepared from 20 g of cell paste (20 1 culture), wae incubated with IJDP- 

glucose, and the crude lipids isolated by butanol extraction. The glyco- 

lipids from three such preparations were purified and separated by 

chromatography on silicic acid (300 g).2 Phospholipida, contaminating 

lipids A and B, were removed by chromatography on florisil (Floridin Co., 

10 g; C:M, 2:l); the yields of A and B were 86 and 160 pmoles, respect- 

ively . 

Thin layer chromatography in three solvent systems2 indicated that 

A and B were homogeneous; only the compounds shown in Table I were 

detected after vigorous acid hydrolysis. The analytical data indicate 

that A ie a glucoeyl diglyceride, while B is a galactosyl-glucosyl- 

diglyceride. Partial hydrolysia of B (0.1 g HCl; 100” for 40 min) 

TABLE I. Analyaie of Lipids A and B 

Component* 

TOTAL CARBOHYDRATE 

Glucose 

Galac tose 

GLYCEROL 

Molar Ratio Per Cent of Dry Weightm 
A Lipid B Lipid Lipid A B Lipid 

1.00 1.00 20.8 34.7, 

1.00 0.97 20.8 16.8 

< 0.04 1.10 19.1 

1.00 1.00 11.8 9.8 

FATT!l ACIDS 1.97 1.95 59.6 50.2 

9 was not detected in either preparation ( < 0.03 mole/mole lipid), 
and galactose was not detected in Lipid A. Carbohydrate was measured by 
the anthrone method using glucose and lactose as standards for A end B, 
respectively. Total fatty acids were measured by conversion to hydrox- 
amatee and comparison with methyl palmitate treated in the same way. 
Methanolyeie of A and B gave the fatty acid esters; only traces of 
hydroxy-esters were detectable on thin-layer chromatography. Gas 
chromatography of the esters showed the following composition for A: 
l2:0, 3.1s; 14:0, 6.3%; 16:0, 3.s; 16:1, 20.0$; 16:? or 18:1, 29.3$; 
18:0, 3.8$. The esters from B showed the following ratios: 12:0, 
7.s; 14:0, 12,s; 16:0, 43.1$; 16:1, 19.s; 16x? or 18:1, 16.N; 
18:0, 1.8$. We are most grateful to Dr. John Law, who also analyzed 
the esters and detected no cyclopropane or hydroxy-fatty acids. 

HThe analyses have been corrected for lose of D2G by formation of 
ester and glykoeidic bonds. 
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gave galactose as the only detectable monosaccharide. 

The a anomeric configuration was assigned to the glycose units on 

the following basis: After saponification (1 N KOH, 37O, 16 hr), the 

fatty acids were removed, and the products obtained from A and B (SA and 

SB, respectively), were shown to be homogeneous and separable.2 Hydrol- 

ysis of SA and SB with 1 N HCl (90 min, 100°) gave equimolar proportions 

of the expected products, glycerol, galactose, and/or glucose. Glucosyl 

glycerol (SA) was hydrolyzed by yeast a-glucosidase but not by emulsin 

S-glucosidase. It showed a molar rotation of +34,600'. The reported 

values for isomers of glucosyl-glycerol are: a-glucosyl-l-glycerol, 

+32,!joo (Sawai and Hehre, 1962); a-glucosyl-2-glycerol, +30,7ooO and 

j3-glucosyl-2-glycerol, -7,620’ (Charlson, et al., 1962). The glycosidic 

bonds in SB were resistant to Ct- and $-galactosidases and glucosidases; 

however, the molar rotation, i67,200°, strongly suggests that both the 

galactose and glucose linkages are a (cf., a-melibiose, -161,300°; a- 

lactose, +30,6000). 

Periodate oxidation studies, under a variety of conditions, showed 

that SA and SB were both rapidly cleaved, each yielding 1.0 mole of form- 

aldehyde . By contrast, periodate consumption continuously increased, 

suggesting over-oxidation. These results are explicable by postulating 

the formation of active methylene groups; e.g., SA + glucosyl-glycol- 

aldehyde + hemi-acetal (C-2 hydroxyl of glucose and the CHG group), 

followed by cleavage between C-3 and C-4. For this reason, periodate 

studies were repeated with intact lipids A and B (in 70$ EtOB); no 

formaldehyde was liberated and the reaction was complete in 24 hr at O”. 

Lipid A consumed 2.18, and B, 3.00 moles of periodate; the hexoses were 

completely destroyed. Finally, the periodate oxidized products were 

reduced with NaBE4, and hydrolyzed with RCl; glycerol, but no erythritol, 

was detected after borate electrophoresis. 

To conclusively establish the linkage of galactose to glucose, the 
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glycerol glycosides were mcthylated (Kuhn and Trischmann, 1963), and acid 

hydrolyzed. SA gave tetramethyl-glucose while SB gave tetramethyl- 

galactose and 3,4,6-trimethylglucose as the only detectable hexoses 

(yields = 60 to gO$).2 

The endogenous lipids, A and B, in the particulate preparations were 

present at 5 to 20-fold the concentration of enzymatically-synthesized 

materials. However, the l4 C-products were characterized by the methods 

outlined above, and gave the same results as those obtained with the 

endogenous compounds; e.g., NaI04 oxidation of 14C-SB followed by NaBHI+ 

reduction and acid hydrolysis gave 14C-glycerol, but no 14C-erythritol. 

The structures proposed for lipids A and B are based on these data. 

Enzymatic Synthesis of A and B. As shown in Fig. 1, the soluble enzyme 

system catalyzed a rapid transfer of hexoses from the UDP-hexoses- 14, 

TIME (MINUTES) 

Fig. 1. Effect of time on the synthesis of Lipids A and B. Each 
sample contained the following components in 0.50 ml: 0.25 ml buffer 
containing the soluble enzyme system (4.2 q protein); 0.125 ml boiled 
particulate preparation (1.6 mg protein); 0.40 mle each of 

PP- glucose and UDP-galactose (spec. act. of each sugar, 1.6 x 10 cpm/ 
pie); and MgC12, 5 mles. Samples were incubated at J7O for the 
indicated times and the reactions stopped by adding C:H (2:l). Controls 
contained heat-inactivated enzyme; < 200 cpz~ were detected in the lipid 
fractions. When the intact particulate preparation was substituted 
for the soluble system and for the ltpid acceptor, 
were comparable to those shown, 

the relative rt&f 
except that the incorporation of 

hexose was about 15-fold greater. 
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to lipid in the boiled particles. The synthesis of A apparently ceased 

after 10 rain, while that of B continued for at leaat 2 hr. Preliminary 

results auggeated that the lipid fraction (C:M extracts) of the particles 

were efficient glycoae acceptors, although dipalmitin, for example, waa 

not. The lipid acceptor in Reaction I must therefore be characterized. 

Here, aa in the lipopolyeaccharidea (Rothfield and Borecker, 1964), 

physical state may determine whether lipids can serve as acceptors, this 

state being a function of many factors such as fatty acid composition 

and the presence of other “inert” lipids (e.g., phoepholipida). Reaction 

II, on the other hand, was demonstrated by the enzymatic conversion of 

lipid A to B (Table II). 

Current studies are directed toward securing unequivocal evidence for 

the existence of two specific tranaferaeea, I and II, and determining 

the function of the glycolipida and their possible role in polyaaccharide 

biosynthesis. 

TABLE II. Enzymatic conversion of Lipid A to Lipid B 

Tube Substrates 14C- Lipid B Synthesized 
w mpmolea 

1 %-Lipid A + UDP-gal 41,700 8.5 

2 14C-Lipid A <w 

3 UDP-gal-14C + Lipid A 39,800 14.7 

4 UDP-gal-14C 5,ooo l-9 

*Tub a 
pmole & 

1 and 2 contained the following components in 0.11 ml: 0.16 
-g ucose 1 labeled Lipid A (4.9 x 106 cpm/pmole); 1.2 umolea 

kfgCl2; 0.25 mg Tween-20; 1.7 mg protein (soluble enzyme preparation). 
Tube 1 also contained 0.10 pmole UDP-galactoae. Tubes 3 and 4 contained 
the same components exce t that 0.19 umole unlabeled Lipid A and 0.30 
umole of UDP-galactoae- 1E (2.7 x 106 cpm/pmole) were used as indicated. 
After 2 hr at 37O, the lipids were aeparated and purified2 and further 
characterized by: (a) saponification followed by nr chromatooaphy; 
and (b) acid hydrolysis and identification of the -sugars. 
aoluble enxm preparations contained endogenoua lipid acceptors for 
galactose (Tube 4) and glucose (i.e., Lipid A fractions from Tubes 3 
and 4 exhibited 1100 and 1800 cpm respectively). 1% waa not detected 
in the sugar-nucleotides isolated from the incubation mixturea in Tubes 
1 and 2; therefore, the lk-glucose in &-Lipid A did not exchange 
with the UDP-hexosee. 
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