
Direction of Chain Growth in 
Polysaccharide Synthesis 

Work on a bacterial polysaccharide suggests that elonga- 
tion can occur at the "reducing" end of growing chains. 

P. W. Robbins, D. Bray, M. Dankert, A. Wright 

The biosynthesis of all four major 
classes of biological polymer-proteins, 
nucleic acids, lipids, and polysaccha- 
rides-occurs by the sequential addi- 
tion of subunits to the growing chain. 
In all four classes the energy for the 
polymerization is provided by prior 
attachment of the subunits by a labile 
linkage to an activating group. Re- 
lease of his group occurs as the sub- 
unit is added to the polymer. Thus 
a polymer of amino acids is synthesized 
from amino-acyl sRNA precursors 
and a polymer of nucleoside mono- 
phosphates, from nucleoside triphos- 
phates. In any biosynthesis of this type, 
two general mechanisms of growth are 
possible, as is shown in Fig. 1. Each 
successive addition of a subunit can 
occur with release of either the acti- 
vating group attached to the growing 
chain or that attached to the subunit 
being added. Either the end of the 
nascent polymer is transferred to the 
next subunit or the end of each sub- 
unit is transferred to the polymer. For 
the proteins and lipids that have been 
studied there are good reasons to 
believe that the second alternative (B) 
in Fig. 1 represents the actual mecha- 
niism of chain growth. In these proteins 
and lipids it is the activated end of 
the polymer and not that of the sub- 
unit that is transferred. 

In contrast, the known mechanisms 
for polysaccharide synthesis indicate 
that the first alternative (A) in Fig. 1 
is operative; in the case of homopoly- 
saccharides the monosaccharide sub- 
units activated at their reducing ends 
are added in a stepwise fashion to the 
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nonreducing end of the growing poly- 
mer. In most cases monosaccharides 
are "activated" by the formation of 
nucleoside diphosphate derivatives from 
which they are transferred to the 
"nonactivated" growing polymer. In 
heteropolysaccharide synthesis, little 
information is available on the mecha- 
nism of chain growth and the way in 
which subunits are assembled. How- 
ever, our work on the biosynthesis of 
O-antigen, a heteropolysaccharide com- 
ponent of Gram-negative bacteria, has 
shown that mechanism B (Fig. 1) is a 
realistic and likely alternative. 

O-Antigen System-Structure and 

Synthesis of Lipopolysaccharide 

All bacterial cells are bounded by a 
cytoplasmic membrane, and most have 
structures external to the membrane- 
for example, the rigid cell wall layer, 
the teichoic acids, and lipopolysaccha- 
ride. The function of the last com- 
ponent is not known, but there is rea- 
son to believe that lipopolysaccharide 
is involved in the interaction of the cell 
with the host animal. It is responsible 
for the endotoxin activity of Gram- 
negative enteric bacteria. Lipopolysac- 
charide, which is present on the cell 
surface, is a complex macromolecule 
having three main components-lipid 
A (1), the core, and the 0-antigen 
(Fig. 2) (2, 3). The core portion of the 
molecule is highly complex, containing 
glucose, galactose, N-acetylglucosamine, 
and several unusual components-a 
seven-carbon sugar, L-glycero-D-man- 
noheptose, an eight-carbon sugar acid, 
ketodeoxyoctonate (4), phosphate, and 
O-phosphorylethanolamine. The core is 
linked to lipid A, a unique structural 

lipid, by covalent linkage through keto- 
deoxyoctonate. The composition of the 
core is similar for all groups of Gram- 
negative enteric bacteria, in contrast 
to the structure of the 0-antigen, which 
shows a high degree of variation and 
is group-specific. The cell synthesizes 
the lipid-A core structure and the 0- 
antigen independently; then they are 
joined together in covalent linkage to 
form the complete lipopolysaccharide. 

The pioneering discoveries by Ni- 
kaido (5), working with mutants of 
Escherichia coli and Salmonella, and 
the elegant studies by Osborn, Horeck- 
er, and their co-workers (2, 6) demon- 
strated that in S. typhimurium the 
"core" is synthesized stepwise from the 
sugar nucleotide precursors UDP-glu- 
cose (7), UDP-galactose, and UDP-N- 
acetylglucosamine, and the appropriate 
lipopolysaccharide primers. At each step 
a different primer is required, in which 
the terminal nonreducing monosaccha- 
ride is the one to which the new sugar 
is being added. The core biosynthesis 
thus provides a good example of the 
A alternative proposed above (Fig. 1). 

The biosynthesis of the 0-antigen 
follows an entirely different pattern. 
In this we have evidence that the sug- 
ars are not transferred directly to the 
growing polymer but, rather, are as- 
sembled into an oligosaccharide precur- 
sor (8). In the case of the Salmonella 
newington 0-antigen, which has a man- 
nosyl-rhamnosyl-galactosyl repeating se- 
quence (9) (Fig. 3) and is synthe- 
sized from the sugar nucleotide precur- 
sors UDP-galactose, TDP-rhamnose, 
and GDP-mannose (10), we have pro- 
posed the reaction scheme shown in 
Fig. 4 (11). In this scheme, to the classi- 
cal requirements of activated sugar do- 
nors and polysaccharide primer a new 
factor is added, the antigen-carrier 
lipid phosphate (ACL phosphate). The 
role of ACL phosphate is to allow 
assembly of the trisaccharide repeating 
units prior to their polymerization into 
long chains, its lipophilic properties 
being suited to the hydrophobic nature 
of the membrane. 

The first step in the proposed series 
of reactions is the transfer of galactose- 
1-phosphate from UDP-galactose to 
ACL phosphate to form galactose-P-P- 
ACL. The second step is the transfer 
of rhamnose from TDP-rhamnose to 
the galactosyl moiety to form rham- 
nosyl-galactosyl-P-P-ACL. The sequence 
is completed by the transfer of mannose 
to form mannosyl-rhamnosyl-galactosyl- 
P-P-ACL. The 0-antigen is formed 
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Fig. 1 (left). Schematic representation of the two possible general mechanisms of growth of linear biological polymers. Triangles, 
polymer subunits; X and X*, activating groups. Fig. 2 (right). Structural components of lipopolysaccharide. 

by the polymerization of the lipid- 
linked trisaccharide units, and is final- 
ly transferred to the core to produce 
the end product-that is, lipopolysac- 
charide. 

In this scheme several points de- 
serve discussion. First, as mentioned 
above, the presence of ACL introduces 
an intermediate stage in the building 
of the heteropolysaccharide: the sugars 
are not transferred directly to the grow- 
ing chains but are transferred to form 
ACL-linked intermediates which be- 
come the direct precursors of the poly- 
saccharide. Second, in the first step 
of the cycle, galactose is transferred, 
together with a phosphate group, to a 
phosphate acceptor, the pyrophosphate 
bridge originally present in the nucleo- 
tide donor being restored in this way. 
From an energetic point of view, the 
intermediates are thus kept at an acti- 
vated level in order to allow their sub- 
sequent polymerization. Third, the ACL 
pyrophosphate, formed after the trans- 
fer of trisaccharide to the growing 
chain, loses a phosphate group in 
order to reenter the cycle. This hydro- 
lytic reaction leading to the release 
of inorganic phosphate could act as 
an additional driving force in the direc- 
tion of synthesis, or could be the con- 
sequence of a more complex mecha- 
nism, as suggested below. 

Fourth, ACL phosphate provides a 
unique example of a functional phos- 
pholipid. From the beginning it was 
clear that ACL was not related to the 
major phospholipids present in Salmon- 
ella, and recent studies (12) have led 
us to propose the structure shown in 
Fig. 5. The basic component is a poly- 
isoprenoid alcohol consisting of 11 iso- 
prene units. Very probably it is directly 
linked to the sugars through the pyro- 
phosphate bridge, but more detailed 
studies are necessary to unambiguously 
establish the complete structure. A struc- 
turally related lipid is involved in the 
biosynthesis of the bacterial cell wall 
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mucopeptide (13), as discussed below. 
Similar polyprenols have been de- 
scribed in several bacterial species (14), 
molds (15), mammalian tissues (16), 
and higher plants (17). Whether or 
not they are related to complex poly- 
saccharide biosynthesis is a point that 
deserves attention. 

Finally, the polymerization of the 
repeating units offers the two alterna- 
tives mentioned above. These are dis- 
cussed in detail in the next section. 

Experiments on Direction 

of O-Antigen Chain Growth 

In order to determine the direction 
of chain growth in 0-antigen biosyn- 
thesis it is necessary only to determine 
to which end of the nascent chain new 
subunits are added. When we equate 
the triangles of Fig. 1 to the mannosyl- 
rhamnosyl-galactosyl repeating unit, and 
X and X* to the polyisoprene pyrophos- 
pha,te discussed above '(Fig. 5), it may 
be seen that the possible mechanisms 
differ in type of growth: in one case 
it is the activated end (carrying ACL 
pyrophosphate) which receives each new 
trisaccharide; in the other case it is 
the nonactivated end. Since the acti- 
vated end of a growing antigen 'chain 
may be readily distinguished chemical- 
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ly as being the only sugar residue with 
an easily released reducing 'group, de- 
cision between the two types of growth 
rests on the question, Are new tri- 
saccharide units added to the reducing 
end of the chain? If the answer is yes, 
then B of Fig. 1 is probably the opera- 
tive mechanism. 

Experiments were carried out to de- 
termine the direction of chain growth, 
based on the addition of radioactively 
labeled precursor to a system in which 
antigen chains were being synthesized, 
and, after a short period, extraction of 
the intact chains to ,see how much 
radioactivity there was in the sugar lat 
the activated end (18). The antigen 
chains were separated from the bulk 
of cellular proteins by means of treat- 
ment with hot phenol (19), which will 
also split the labile linkage between 
the sugar and its carrier. Since some 
of the antigen chains released in this 
way probably have a terminal phos- 
phate group, the preparation was di- 
gested with the enzyme alkaline phos- 
phatase. The terminal galactose resi- 
dues were then reduced to galactitol 
with sodium borohydride. Further pur- 
ification steps included dialysis and gel 
filtration to remove low-molecular- 
weight components. Compounds which, 
unlike the antigen chains, are charged 
at neutral pH were removed on an ion- 
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Fig. 3. Basic repeating sequence of the Salmonella newington 0-antigen. 
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exchange resin. Finally the antigen 
chains were hydrolyzed to give a mix- 
ture of the monosaccharides: mannose, 
rhamnose, galactitol, and galactose. 
Galactitol was separated from this mix- 
ture by standard chromatographic pro- 
cedures, and its radioactivity measured. 

In order to have controls with which 
to compare the amount of radioactive 
galactitol recovered, parallel experi- 
ments were carried out in which the 
short exposure to radioactivity was fol- 
lowed by a comparatively long period 
of exposure to nonradioactive precur- 
sor (the chase). Subsequent purification 
of the antigen and isolation of the 
galactitol were carried out as before. 
Since the effect of the chase should 
be to bury the radioactive growing 
ends of the antigen chains, there should 
be a pronounced fall in the C14-galactitol 
content if growth is taking place at the 
reducing end. If the chains are grow- 
ing in the other direction, then only 
comparatively few chains, which are 
initiated during the pulse, should have 
radioactive reducing ends, and these 
will not be lost during the chase. This 
is shown diagrammatically in Fig. 6. 

The first experiment involved the 

TDP-Rh 

Gal- PP-ACL 

UMP 

UDP-Gal 

Table 1. In vivo pulse experiment: recovery 
of galactitol from reduced 0-antigen chains. 
Radioactive antigen was prepared from grow- 
ing cultures pulse-labeled with C'4-glucose for 
30 seconds, then grown in excess nonradio- 
active glucose for the periods indicated. 
Equivalent amounts of antigen were reduced 
with sodium borohydride-H3 and subsequently 
hydrolyzed to yield monosaccharides. The 
galactitol fractions were isolated by standard 
chromatographic techniques. 

Period Radioactivity 
of (count/min) 

chase in galactitol CVH3 
(min) C14 Ha 

0 830 630 1.3 
5 29 690 0.04 

15 38 1332 .03 

labeling of antigen chains, which were 

being synthesized in vivo, by the addi- 
tion of C'4-glucose to cells growing in 
nutrient broth. Under these conditions 
the radioactivity is efficiently incorpo- 
rated into 0-antigen. In both this exper- 
iment and the one described next, a 
mutant strain of Salmonella anatum 
was used which is defective with respect 
to the terminal reaction of 0-antigen 
biosynthesis (Fig. 4), that of addition 
of completed chains to the lipopoly- 
saccharide core. In this way large 

[GDP] 

Man-Rh-Gal-PP-ACL 

la n-Rh-Gal),- PP-ACL 

(Man-Rh-Gal)n- "Core' "Core" 

Fig. 4. Scheme for the biosynthesis of the Salmonella O-antigen. 
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amounts of antigen unattached to the 
core could be obtained. 

Highly radioactive C'4-glucose was 
added to three growing cultures of the 
mutant strain, and after 60 seconds 
the growth of one was stopped. At this 
time a large excess of nonradioactive 
glucose (the chase) was added to the 
two remaining cultures, and growth 
was allowed to continue for 5 minutes 
in one and for 15 minutes in the other. 
Antigen chains were then extracted 
from both cultures, reduced, and ana- 
lyzed as described. In order to cor- 
rect for possible losses in extraction, 
tritiated sodium borohydride was used 
in the reduction, and the final results 
were expressed as the ratio of C'4 to 
H3 in galactitol. 

Table 1 shows the amounts of C14 
and H3 recovered in the galactitol sam- 
ples from this experiment. The results 
clearly show that only one sample- 
that in which the culture was labeled 
with C14-glucose without a subsequent 
period of synthesis of nonradioactive 
antigen-has an appreciable amount of 
C14-galactitol. This is exactly what one 
would expect if growth were occurring 
at the reducing end. Since all of the 
chains, whether or not they were la- 
beled with C14-glucose, were reduced 
with tritiated sodium borohydride, the 
ratio of C14 to H3 is an intensive func- 
tion, independent of individual differ- 
ences in recovery. Table 1 shows that 
this value is over 30 times as high in 
the pulse sample as in the two chase 
samples. 

The second experiment was carried 
out on antigen chains being synthesized 
in cell-free incubations. The cell prep- 
arations used have been described else- 
where (9) and synthesize normal 0- 
antigen from UDP-galactose, GDP- 
mannose, and TDP-rhamnose. For the 
pulse, the incubation was with CT4- 

UDP-galactose for 2 minutes. For the 
chase, the incubation was continued 
for an additional 20 minutes in the 
presence of unlabeled UDP-galactose. 
The antigen was extracted from the 
incubation mixtures as before and then 
reduced, this time with nonradioactive 
sodium borohydride. 

Since, following hydrolysis, all of 
the radioactivity was present as either 
galactose or galactitol, it was possible 
to chromatograph the monosaccha- 
rides directly. Figure 7 shows the re- 
sult. In the pulse sample, the only 
radioactivity present coincides with gal- 
actitol, while, in the chase, the major 
component coincides with galactose, 
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only a small amount coinciding with 
galactitol. Clearly this is evidence that 
the chains were growing at the reduc- 
ing end. 

Taken together these two experi- 
ments strongly suggest that, in the bio- 
synthesis of the 0-antigen, polymeriza- 
tion proceeds by the addition of nas- 
cent chains to the subunits. In this 
respect it is more like the assembly of 
a protein or fatty acid than of gly- 
cogen. Growth from the reducing end 
provides a way in which the inert 
nonreducing end can be extended away 
from the enzyme system as growth pro- 
ceeds. With this mechanism both the 
antigen polymerase which builds the 
chains and the translocase system 
which transfers them to the core act on 
the activated reducing end. In fact our 
result suggests that these two enzymes 
might be closely associated physically. 

A specific formulation of the 0-anti- 
gen synthesis mechanism is shown in 
Fig. 8. This shows the transfer of a 
hexasaccharide unit to trisaccharide-PP- 
ACL and the consequent formation 
of ACL pyrophosphate. Although de- 
tailed speculation on the mechanism 
is unwarranted at present, one impor- 
tant question should be discussed here. 

Is the cleavage of ACL pyrophos- 
phate coupled in some way with the 
polymerase reaction, or does ACL pyro- 
phosphate undergo hydrolysis to ACL 
phosphate and to inorganic phosphate 
in a subsequent step following dissocia- 
tion from the active site of the polym- 
erase? If hydrolysis occurs during 
the course of the polymerization step, 
the mechanism of the reaction is un- 
doubtedly more complex than the type 
of transglycosylation involved in the 
glycogen synthetase reaction. The free- 
energy change associated with the hy- 
drolysis of the pyrophosphate linkage 
could, in fact, be coupled with con- 
formational changes in enzyme struc- 
ture or could be associated with other 
complex properties of the polymerase 
reaction mechanism per se. 

If, on the other hand, ACL pyro- 
phosphate is liberated from the active 
site of the polymerase, then the subse- 
quent hydrolysis to ACL phosphate 
and to inorganic phosphate can be con- 
sidered a means of regenerating ACL 
phosphate and a thermodynamic "driv- 
ing force" for the overall cycle in the 
general sense. 

The biosynthesis of the peptidogly- 
can component of the bacterial cell 
wall, which closely parallels the bio- 
synthesis of the 0-antigen, has been 
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studied in great detail in several labora- 
tories (20-22). The peptidoglycan is 
a polymer which has the basic repeat- 
ing sequence N-acetylmuramyl-N-acetyl- 
glucosamine, with peptide substituents 
on the N-acetylmuramyl unit. This 
repeating sequence is formed on a 
lipid, prior to its polymerization, from 
the precursors UDP-N-acetylmuramyl- 
peptide and UDP-N-acetylglucosamine 
(21); the lipid is structurally related 
to the antigen carrier lipid, and the 
repeating sequence is linked to it 
through a pyrophosphate bridge (13). 

The almost identical methods of as- 
sembly of the peptidoglycan and the 
0-antigen, and the fact that both are 
formed by membrane-bound enzymes, 
suggest that chain elongation might pro- 
ceed by the same mechanism in the 
two systems. It is possible that in both 
systems lipid-linked nascent chains are 
transferred to the nonreducing end of 
each new lipid-linked subunit. 

Review of Polysaccharide 

Synthesizing Systems 

Let us turn our attention now to 
the question of the direction of chain 
growth of other polysaccharides. Table 
2 contains a list of representative en- 
zyme systems that have been studied in 
vitro. Beginning with glycogen and 
starch, it is clear that in both cases 
glucosyl residues are added to the non- 
reducing end groups of growing chains. 
Regardless of whether the rare reduc- 
ing end groups in glycogen and starch 
molecules are free or bound, the struc- 
ture of the product and the specificity 
of glycogen synthetase make it certain 
that addition takes place as shown in 
Fig. 9. Thus, when radioactive glucose 
units are added to glycogen chains 
from UDP-glucose-C14, subsequent di- 
gestion with enzymes that attack non- 
reducing end groups leads to rapid re- 
lease of the label (23). In the xylo- 

CH3 CH3 CH3 0 0 
1 1 1 II II 

CH3-C= CH-CH2--CH2-C = CH-CH2 -CH2-C =CH-CH20-P-O-P-O-Gal-Rh I I L 9 0 0 

Fig. 5. Proposed basic structure of the disaccharide pyrophosphate antigen carrier 
lipid. 
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Fig. 6. The labeling patterns expected in growing antigen chains after a short period 
of exposure to radioactive precursor (pulse), or to a pulse followed by a period of 
exposure to nonradioactive precursor (chase). The chains are represented with their 
reducing ends (R) to the left, and the radioactive regions within them are shown as 
solid areas. The two possible directions of chain growth give different labeling patterns 
and may be distinguished by measurement of the amounts of radioactivity in the reduc- 
ing ends. 
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Fig. 7. Chromatography of the products of the in vitro experiment. Antigen contain- 
ing C1-galactose was synthesized in vitro in incubations containing C'-UDP-galactose. 
In the top record the reaction was stopped after 2 minutes; in the bottom record, excess 
nonradioactive UDP-galactose was added after 2 minutes and the incubation was con- 
tinued for 20 minutes. Both antigen preparations were purified, reduced with (non- 
radioactive) sodium borohydride, and hydrolyzed. The monosaccharides released were 
chromatographed directly. 

dextrin xylotransferase system described 
by Feingold (24) it is also clear that 
addition takes place at the nonreduc- 
ing ends of chains, since purified un- 
activated xylodextrins serve as accep- 
tors. 

For instance, in the reaction 

UPD-xyl* + xyl-xyI+ - 

UDP + xyl*-xyI-xyl+ 

the reducing group of the trisaccharide 
(xyl+) cannot add to UDP-xyl* be- 
cause the reaction would be energet- 
ically unfavorable. Furthermore, any 
postulated transglycosylation reactions 
other than direct transfer from UDP- 
xyl* would lead to elimination of one 
or more of the xylose .units. Experi- 
mentally it has been shown that tri- 
saccharide primer gives rise to a tetra- 
saccharide product. Similar arguments 
apply to the chondroitin sulfate synthe- 
sizing system studied by Telser, Robin- 
son, and Dorfman (25). These workers 
showed that an extract of embryonic 
epiphyses will catalyze the addition 
of N-acetylgalactosamine to oligosac- 
charides, with nonreducing terminal 
uronic acid residues, and the addition of 
glucuronic acid to oligosaccharides with 
nonreducing terminal N-acetylgalactos- 
amine residues. Since the precursors 
and products are of known structure 
and chondroitin sulfate contains an al- 
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ternating glucuronic acid, N-acetylgalac- 
tosamine sequence, there can be no 
doubt that addition takes place at the 
nonreducing terminal position. 

As mentioned above, the lipopoly- 
saccharide glucosyl and galactosyl trans- 
ferase enzymes described by Rothfield, 
Osborn, and their co-workers also cata- 
lyze the addition of glycosyl residues 
to nonreducing positions in the lipo- 
polysaccharide core. This has been 
shown by chemical and enzymatic anal- 
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Rh / Rh Rh 
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Fig. 8. Mechanism of chain elongation in 
the Salmonella 0-antigen. The growing 
chain, represented by a hexasaccharide 
unit, is transferred to the lipid-linked tri- 
saccharide repeating sequence. The sugar 
residues from the trisaccharide unit, which 
are shown in bold-face type, are at the 
reducing end of the resulting nonasac- 
charide unit. 

ysis of the products of in vitro syn- 
thesis. 

The formation of nucleoside diphos- 
phate oligosaccharides with more than 
two monosaccharide components can 
occur by either of the proposed mech- 
anisms of Fig. 1. Thus the UDP de- 
rivative of N-acetylneuraminylgalac- 
tosyl-N-acetylglucosamine which has 
been isolated from colostrum (26) could 
be formed by sequential addition of 
galactose and N-acetylneuraminic acid 
from their active nucleotide derivatives 
to UDP-N-acetylglucosamine, or it 
could be formed by transfer of N- 
acetylneuraminylgalactose from the nu- 
cleotide diphosphate disaccharide to 
UDP-N-acetyl glucosamine. The same 
arguments apply to the formation of 
the UDP derivative of fucosylgalac- 
tosyl-N-acetylglucosamine, which has 
been isolated from milk (27). How- 
ever, since the UDP derivative of ga- 
lactosyl-N-acetylglucosamine has been 
isolated from both colostrum and milk, 
it seems most likely that mechanism 
A (Fig. 1) is operative in these cases. 

In the other systems listed in Table 2 
the direction of chain growth is not 
certain. As an illustration of the prob- 
lems of interpretation let us consider the 
synthesis of hyaluronic acid (Fig. 
10). When UDP-glucuronic acid and 
UDP-N-acetylglucosamine are incubat- 
ed with a particulate fraction from 
group-A Streptococcus cells (28) or 
animal cells (29), sugar residues are 
incorporated into 'long chains of hy- 
aluronic acid. A number of possible 
mechanisms for chain growth exist. For 
example, it is possible that glucuronic 
acid and N-acetylglucosamine are add- 
ed sequentially to the nonreducing 
ends of growing chains by two separate 
enzymes or even by a single enzyme 
with two binding sites, as suggested 
originally by Markovitz and Dorfman 
(28). Addition of disaccharide to the 
nonreducing end group, with a hypo- 
thetical uridine diphosphate disaccha- 
ride as donor, has also been considered, 
but lack of evidence for the disaccha- 
ride nucleotide has made this possible 
mechanism seem less likely. 

A parallel series of reaction schemes 
may be postulated for growth of hy- 
aluronic acid at the reducing end of 
growing chains. It is only necessary to 
postulate the transfer of the reducing 
end of the growing chain to the nu- 
cleotide monosaccharide or disaccha- 
ride precursor at each step. The pre- 
dictions to be made for these alter- 
nate mechanisms would be (i) that 
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Table 2. Representative polysaccharide-synthesizing systems. 

Type of Refer- 
Polymer Polymer repeating unit Polymer precursor ype g eter- 

growth ence 

Glycogen a-D-glucose (1->4) UDP-D-glucose Nonreducing (23) 
Starch a-D-glucose (1->4) UDP-D-glucose Nonreducing (30) 

ADP-D-glucose 
Xylodextrin /-D-xylose (1->4) UDP-D-xylose Nonreducing (24) 
Lipopolysaccharide core [glucose, galactose, UDP-D-glucose Nonreducing (2, 6) 

N-acetyiglucosamine] UDP-N-acetylglucosamine 
UDP-D-galactose 

Cellulose p-D-glucose (1->4) GDP-D-glucose ? (31) 
p-1, 3-glucan 3-D-glucose (1->3) UDP-D-glucose ? (32) 
Mannan D-mannose GDP-D-mannose ? (33) 
Colominic acid Sialic acid CMP-sialic acid ? (34) 
Hyaluronic acid p-D-glucuronic acid UDP-D-glucuronic acid ? (28, 29) 

(1-> 3) p-N-acetyl- UDP-N-acetylglucosamine 
glucosamine (1->4) 

Teichuronic acid Glucuronic acid (1->3?) UDP-D-glucuronic acid ? (35) 
N-acetylglucosamine UDP-N-acetylgalactosamine 

Chondroitin sulfate g-D-glucuronic UDP-D-glucuronic acid Nonreducing (25) 
acid (1->3) p-N-acetyl- UDP-N-acetylgalactosamine 
galactosamine (1-->4) 

Pneumococcal polysaccharides: 
Type III p-D-glucuronic acid UDP-D-glucuronic acid ? (36) 

(1--4) 3-o-glucose (1->3) UDP-D-glucose 
Type VIII D-galactose (1->4) UDP-D-glucose ? (37) 

/3-D-glucuronic acid UDP-D-galactose 
(1->4) 3-D-glucose UDP-D-glucuronic acid 
(1->4) D-galactose 

Peptidoglycan 3-D-N-acetyl-D-glucos- UDP-N-acetylmucopeptides ? (20) 
amine (1--4) d-D-N-acetyl- UDP-N-acetylglucosamine 
mucopeptide (1->4) 

Teichoic acids: 
Glycerol Glycerol phosphate CDP-glycerol ? (38) 
Ribitol Ribitol phosphate CDP-ribitol ? (38) 
Aminosugar-glycerol N-acetylglucosamine UDP-N-acetylglucosamine ? (39) 

1-phosphate-glycerol CDP-glycerol 
phosphate 

growing chains carry a UDP residue at 
the reducing end, and (ii) that pulse 
experiments would lead to rapid label- 

ing of the reducing end of chains. 
Both of these predictions can be tested 

experimentally. 
If a specific carrier other than UDP 

participates in the reaction cycle, then 
additional enzymes would be involved 
in the transfer from the nucleotide 
sugar derivative to this carrier. In any 
case, it is unlikely that the hyaluronic 
acid mechanism is exactly parallel to 
0-antigen synthesis, since both nu- 
cleotide sugars yield UDP following 
transfer in the hyaluronic acid system. 
While the hydrolysis of lipid pyrophos- 
phate to lipid monophosphate obvious- 
ly aids in driving the 0-antigen cycle 
in the direction of synthesis, no com- 
parable step can exist in hyaluronic 
acid synthesis. The most nearly analo- 
gous mechanism would be as follows: 

UDP-X + L-PP ;_ UDP + L-PP-X 

L-PP-X + UDP-Y -> UDP + L-PP-XY 

n [L-PP-XY] - L-PP-(XY), + n -1 [L-PP]. 

Here X and Y = N-acetylglucosamine 
and glucuronic acid and L = carrier. 
Although the lack of hydrolysis of the 
pyrophosphate makes this scheme less 
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attractive, it by no means rules it out. 
The overall equilibrium for 0-antigen 
synthesis or hyaluronic acid synthesis 
from the nucleotide sugar precursor 
will probably be favorable even with- 
out the additional energy provided by 

UDPG* + 

G 

~'G. 
-G' 

,-~~ G 
G"'- G G/G 

NS, 
"I 

the hydrolysis of lipid pyrophosphate. 
A number of alternative reactions 

could be formulated along similar lines. 
The question is whether or not the re- 
ducing end groups of growing chains 
are in an activated state and partici- 

c.* 

G 
G,G 

G 
+UDP '"G 

N 
N 

Fig. 9. The transfer of a glucose unit (G) from UDP-glucose to acceptor glycogen 
by glycogen synthetase. The glucose added is distinguished by an asterisk (G*) and 
is transferred to a nonreducing end of the glycogen molecule. 
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Fig. 10. Repeating sequence of hyaluronic acid. 
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pate in transfer reactions. These argu- 
ments and mechanisms could be ex- 
tended in the discussion of the other 
systems listed in Table 2. We feel, 
however, that no purpose would be 
served by further speculation in the 
absence of experimental data. Here we 
wish only to point out the open ques- 
tions and possible areas for future re- 
search. 

Summary 

The biosynthesis of a bacterial poly- 
saccharide-the surface 0-antigen of 
Salmonella newington-differs in sev- 
eral respects from the more classical 
example of glycogen synthesis. Sugars 
are not transferred directly to the an- 
tigen from sugar nucleotide precursors 
but are transferred first into lipid- 
liniked oligosaccharides. Growth of the 
polysaccharide chain then occurs by 
assembly of these lipid-linked precur- 
sors at the reducing end of the poly- 
mer rather than at its nonreducing end 
as in glycogen. This method of assem- 
bly, in which nascent chains are trans- 
ferred to the next subunit, is analogous 
to the growth of proteins or fatty acids. 
It seems possible that these differences 
reflect the more complex requirements 
of a surface polysaccharide synthesized 
by membrane-bound enzymes. If this 
is the case, then several other poly- 
saccharide systems may be synthesized 
by comparable mechanisms. 
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