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Mechanisms involved in the biosynthesis of polysaccharides
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Abstract: The mechanisms for the biosynthesis of three polysaccharides are presented: (i) starch synthesized by starch
synthase and adenosine diphospho glucose; (ii) dextran synthesized by Leuconostoc mesenteroides B-512FMC dextran-
sucrase and sucrose; and (iil) Acetobacter zylinum cellulose synthesized by cellulose synthase, uridine diphospho glucose,
and bactoprenol phosphate. All three enzymes were pulsed with substrates, containing *C-glucose and chased with the
same nonlabeled substrates. When the polysaccharides were isolated, reduced, and hydrolyzed, the pulsed reactions gave
14C-glucitol, which was significantly decreased in the chase reaction. These experiments definitively show that all three
polysaccharides are biosynthesized by the addition of glucose to the reducing-ends of the growing polysaccharides and not
by the addition to the nonreducing-ends of primers. Additional evidence indicates that glucose and the polysaccharides are
covalently attached to the active-sites of the enzymes. A two catalytic-site insertion mechanism at one active-site is pro-
posed for the biosyntheses. Two of the polysaccharides are a-linked glucans, starch and dextran, and cellulose is a 3-linked
glucan, known for several years to require a bactoprenol lipid phosphate intermediate. It is shown how this intermediate is
involved in determining that (-linkages are synthesized. Other 3-linked polysaccharides: bacterial cell wall peptidomurein,
Salmonella O-antigen polysaccharide, and Xanthanomonas camprestris xanthan, are heteropolysaccharides, with the later
two also being hetero-linked polysaccharides, with the 8-linkage at the reducing-end of the repeating unit. All three require
bactoprenol lipid phosphate intermediates and are biosynthesized by the addition of the repeating units to the reducing-end
of a growing polysaccharide chain, with the formation of a (-linkage.

Key words: starch; dextran; cellulose; starch synthase; dextransucrase; cellulose synthase; reducing-end synthesis.

Abbreviations: ADPGlc, adenosine diphospho glucose; CP, conversion period, which is the theoretical time necessary
to convert the substrate into product for the amount of enzyme present; d.p., degree of polymerization; a-Glc-1-P, a-D-
glucose-1-phosphate; P;, inorganic phosphate; UDPGIc, uridine diphospho glucose.
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PHOSPHORYLASE

The first postulated biosynthesis of polysaccharides

was reported by Cori & Cori (1939) studying the
reaction of glycogen phosphorylase, with which they
found that starting with a-D-glucose-1-phosphate (a-
Glc-1-P), the glucose was transferred to the nonreduc-
ing ends of the glycogen molecule. Shortly thereafter
Hanes (1940) reported a similar reaction for potato
phosphorylase, which also transferred glucose from a-
Glc-1-P to the nonreducing-ends of amylose and amy-
lopectin. Phosphorylases had previously been known
to react with glycogen and starch and inorganic phos-
phate (P;) to remove glucose from the nonreducing-
ends of the chains to give a-Glc-1-P. Phosphorylases
were then recognized to catalyze these reactions with
equilibrium constants close to 1, but with the equi-
librium being somewhat more favorable for degrada-
tion, than for synthesis (Swanson & Cori 1948). The
reaction was formulated for starch chains as the follow-
ing:

It was found that starting with a-Glc-1-P and a
starch chain, the reaction rapidly slowed down as the
concentration of P; increased. It was further found that
the synthetic reaction did not occur in vivo, as the con-
centration of P; in plant and animal tissues was 20-
to 40-fold higher than the concentration of a-Glc-1-P
(Trevelyan et al. 1952; Ewart et al. 1954; Liu & Shan-
non 1981), and the in vivo conditions for phosphory-
lase greatly favored degradation, rather than synthe-
sis. It was from the Cori & Cori (1939), Hanes (1940)
and Swanson & Cori (1948) studies with phosphorylase,
however, that the concept of a required primer for the
biosynthesis of polysaccharides was formulated and it
has remained, with a paucity of experimental evidence,
in the minds of many people, since then and even today
(Leloir et al. 1961; Bocca et al. 1997; Ball et al. 1998;
Tomlinson & Denyer 2003; Ball & Morell 2003; Moulis
et al. 2006).

(©2008 Institute of Molecular Biology, Slovak Academy of Sciences
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Table 1. 1*C-glucitol obtained from a 30 min pulse of starch granules with ADP-[1*C]Glc and chase with ADPGlc for 120 min.®

Starches Starch synthase Pulse 14C-glucitol Chase 14C-glucitol ~ Number avg. d.p¢ of Number avg. MW¢
activity in the starch (counts)®:© (counts)®:© pulsed starches of pulsed starches
granules (nmol
Glc/h/100 mg of
starch granules)
Maize 272 5240 2580 827 133,992
‘Waxy maize 160 3480 2180 436 70,650
Taro 184 3050 520 462 74,862
Rice 144 2280 1300 467 75,672
Wheat 202 1750 1040 476 77,130
Potato 450 4240 2250 524 84,906
Barley 126 1960 300 127 20,592
Rye 122 500 160 441 71,460

@ Data taken from Mukerjea et al. (2002).

b The different starches were pulsed and chased for a minimum of 2-3 times and a maximum of 5 times.
¢ Each sample was counted in a liquid scintillation spectrometer for 10 min or 10,000 counts, whichever came first, and the background

subtracted.

4 d.p. = number average degree of polymerization = total cpm + cpm of glucitol. Number average MW = (d.p. x 162) + 18.

In the 1960’s, some 20 years after the phosphory-
lase experiments, it was found that adenosine diphos-
pho glucose (ADPGlc) was the high-energy donor of
glucose for the biosynthesis of starch chains, rather than
a-Glc-1-P, and that the active starch synthesizing en-
zymes, starch synthase and starch branching enzyme,
were entrapped inside the starch granules (De Fekete
et al. 1960; Leloir et al. 1961; Recondo et al. 1961).
When ADP-['4C]Glc was incubated with starch gran-
ules, *C-glucose was incorporated into starch. When
this labeled starch was reacted with the exo-acting en-
zyme, (-amylase, '*C-labeled maltose was obtained.
This experiment has been widely considered proof that
starch chains are biosynthesized by the addition of glu-
cose from ADPGIc to the nonreducing-ends of starch
primers. This assumption, however, is not necessarily
correct in that if starch chains were being synthesized
de novo from the reducing-end rather than from the
nonreducing-end of a primer, the synthesized chains
would have every glucose residue in the chains labeled,
and the subsequent reaction with S-amylase would also
give 1*C-labeled maltose.

Because of this and the lack of experiments show-
ing that starch chains were actually synthesized by
the addition of glucose to the nonreducing-ends of the
putative primers, a pulse reaction with ADP-[*C]Glc
and a chase reaction with nonlabeled ADPGlc were
carried out with eight different kinds of starch gran-
ules. After the starches were solubilized, reduced with
NaBHy, and completely hydrolyzed by glucoamylase,
the pulsed starches gave *C-glucitol and the chased
starches gave a significant decrease in *C-glucitol (Ta-
ble 1). These experiments definitely showed that glu-
cose was being added to the reducing-ends of the grow-
ing starch chains, as it would have been impossible to
obtain and chase 14C-glucitol if the glucose was being
added to the nonreducing-ends of primers (Mukerjea et
al. 2002). In this same study, experiments also showed
that a glucose and a starch chain were covalently linked
to the active-site of starch synthase, during chain elon-

gation. Further, it was shown that a significant size
of starch chains was synthesized in the pulse reaction
for the eight starches (Table 1) and both '*C-amylose
and *C-amylopectin were formed, something that had
never been shown for any of the primer studies that
have been conducted to date.

When putative primers, maltose, maltotriose, and
maltopentaose were added with ADPGIc to either gran-
ule bound or soluble starch synthase, it was found that
the major product formed was the next higher mal-
todextrin homologue. For example, maltose gave mal-
totriose, maltotriose gave maltotetraose, and maltopen-
taose gave maltohexaose. In another study, higher ho-
mologues beyond the first homologue were produced up
to degree of polymerization (d.p.) 6, but in much lower,
exponentially decreasing amounts (Denyer et al. 1999).

Mukerjea & Robyt (2005) examined the effect of
adding the putative primers (maltose, maltotriose, and
d.p. 12 amylodextrin) in a second experiment to three
kinds of starch granules from maize, wheat, and rice,
with ADPGIlc. The reactions were examined in the
absence and presence of increasing concentrations of
the three putative primers. All of the added putative
primers were found to inhibit starch synthesis; the in-
hibition increased, as the concentrations of the puta-
tive primers were increased (see, Figure 1 for the in-
hibition of maize starch by maltose and maltotriose),
contrary to what would be expected for the synthesis
of starch by the addition of glucose to primers. The pu-
tative primers did undergo a reaction to primarily form
the next higher homologue, similar to what previously
had been observed by Damager et al. (2001).

Recently, we have isolated, stabilized, and puri-
fied potato soluble starch synthase and potato solu-
ble starch branching enzyme, free of any carbohydrate
primers (R. Mukerjea & J.F. Robyt, unpublished, re-
sults on the purification and characterization of potato
starch synthesizing enzymes). Soluble starch synthase
synthesized an amylose chain from ADPGIc and the
addition of soluble branching enzyme to soluble starch
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Fig. 1. Inhibition of maize starch synthesis by the putative
primers, maltose and maltotriose.

synthase gave an a-(1—6) branched, amylopectin com-
ponent, further indicating that primers are not in-
volved in the biosynthesis of starch. From the results of
these experiments, it was proposed that glucose from
ADPGIc is added to the reducing-ends of the growing
starch chains by the two-catalytic-site, insertion mech-
anism, at a single active-site (Fig. 2).
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Mechanism of dextran biosynthesis by Leu-
conostoc mesenteroides B-512FMC dextran-
sucrase

The mechanism for the biosynthesis of dextran by L.
mesenteroides B-512F dextransucrase was first reported
by Robyt et al. (1974), using Bio-Gel P2 immobilized-
dextransucrase and a pulse reaction with #C-sucrose
and a chase reaction with nonlabeled sucrose. *C-
glucitol was obtained from the pulsed reaction and it
was decreased 100-fold in the chase reaction. Recently,
Robyt et al. (2008) reinvestigated the dextransucrase
reaction, again using pulse and chase experiments, but
with soluble B-512FMC dextransucrase. Two volumes
of ethanol at 0°C were added to the pulse and chase
reactions to stop the reaction and precipitate the dex-
trans. The precipitated dextrans were washed 5-times
with 67% ethanol to remove any unreacted 4C-sucrose,
and ' C-fructose, -glucose, and -isomaltose that might
be present. The washed dextrans were treated with dry
acetone 5-times and once with dry, absolute ethanol to
remove the last traces of water. A vacuum was pulled
on the precipitates for 15 min to remove traces of ace-
tone and ethanol. Equal amounts (10 mg) of the dried
dextrans were dissolved in water and reduced with
NaBH,.. Unreacted NaBH, was destroyed with 4 M
TFA and the dextrans were completely hydrolyzed by
4 M TFA for 30 min at 121°C in an autoclave. Both
14(C-glucitol and -glucose were obtained for both pulsed
and chased dextrans and were separated by descending
paper chromatography. The pulse reaction gave 3,270
dpm C-glucitol and the chase reaction gave 1,670
dpm *C-glucitol. These experiments definitively show
that glucose was being added to the reducing ends of
the dextran chains. If glucose had been added to the
nonreducing-ends of primers (glucose or isomaltodex-
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Fig. 2. Mechanism for the biosynthesis of starch chains by the addition of glucose to the reducing-ends in a two catalytic-site, insertion
mechanism in which X; and X2 are the catalytic groups at the active-site, analogous to the carboxyl groups of Asp551 and Asp622 at

the active-site of dextransucrases.
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trins), it would have been impossible to obtain *C-
glucitol in a pulse reaction and to decrease it with non-
labeled sucrose in a chase reaction. Similar results were
also obtained for Streptococcus mutans dextransucrase
and mutansucrase that synthesized dextran and mutan,
respectively (Robyt & Martin 1983). Mutan is an a-
(1—3) linked glucan that is very water insoluble. Diston
& Mayer (1984) also found that Streptococcus sangius
dextransucrase synthesized dextran by adding glucose
to the reducing-end of dextran.

When the pulsed B-512F immobilized-dextran-
sucrase was incubated with glucose, two products were
formed and released from the immobilized-enzyme: a
low molecular weight product, isomaltose, and a high
molecular weight product, dextran (Robyt & Walseth
1978). This experiment showed that high-energy glu-
cose and dextran were covalently attached to the active-
site of dextransucrase, during the synthesis of dextran
and were released by the reaction with glucose. Parnaik
et al. (1983) also found that both glucose and dextran
were covalently attached to S. sangius dextransucrase.

The two-site insertion mechanism was first pro-
posed for the synthesis of dextran by dextransucrase
in a review by Ebert & Schenk (1968), although with-
out supporting experimental evidence. Experimental
evidence and further elaboration of the two catalytic-
site, insertion mechanism was provided by Robyt et al.
(1974) and Robyt & Walseth (1978) and has been con-
firmed by Robyt et al. (2008).

Dextransucrase has been known for over 50 years
to also catalyze secondary, transglycosylation reactions
in which glucose is transferred primarily to the C6-OH
at the nonreducing-ends of low molecular weight car-
bohydrates, mono-, di-, and tri-saccharides present or
added to the sucrose digest (Robyt & Walseth 1978;
Robyt & Eklund 1983; Robyt 1995) and also to other
non-carbohydrate molecules having primary and sec-
ondary alcohol groups (Yoon et al. 2002). Maltose, iso-
maltose, and glucose, among 30 or more carbohydrates
are known to accept glucose at the active-site of glu-
cansucrases to give a series of isomaltodextrin “accep-
tor products” in decreasing amounts, as the size of the
products increase (Robyt & Eklund 1983; Fu & Robyt
1990, 1991; Su & Robyt 1993). The major product is the
first oligosaccharide homologue: e.g., isomaltose from
glucose, isomaltotriose from isomaltose, panose from
maltose, etc. Two carbohydrate acceptors gave only one
product: fructose gave the disaccharide, leucrose, and
lactose gave a trisaccharide, with glucose attached to
the C2-OH of the reducing-end, glucose moiety. Cel-
lobiose, an analogue of lactose, gave a series of isomal-
todextrins attached to the C2-OH of the reducing-end
glucose moiety.

Moulis et al. (2006) recently rejected the two-site
insertion mechanism for B-512F dextransucrase. Us-
ing a C- and N-terminal truncated B-512F dextran-
sucrase that was cloned in FE. coli, their putative ev-
idence was primarily based on a high-pressure liquid
chromatography-pulse amperometric detection analysis
of the products at the end of the reaction in which iso-

maltose and isomaltotriose were the major low molecu-
lar weight products, along with exponentially declining
amounts of higher oligosaccharides down to miniscule
amounts of d.p. 20-25 and nothing larger. They also
gave some hypothetical arguments against the two-site,
insertion mechanism. They proposed that dextransu-
crase first hydrolyzes sucrose, giving glucose and fruc-
tose, a minor reaction of dextransucrase known for
many years. They then proposed that dextransucrase
uses both glucose and sucrose, as initiator primers for
the elongation of dextran, which continues by the ad-
dition of glucose to the nonreducing-ends of the isoma-
ltodextrin chain.

Robyt et al. (2008) in a kinetic study of the B-
512FMC dextransucrase synthesis of dextran analyzed
the products of d.p. 2-100 by fluorescence assisted cap-
illary electrophoresis (O’Shea et al. 1998; Yoon & Robyt
2002). The primary low molecular weight products at
any one of the reaction times were glucose, fructose,
and leucrose. In the early stages of the reaction, 0.20
conversion period (CP), a relatively small amount of
isomaltose was formed, along with exponentially de-
creasing amounts of isomaltodextrins, down to a mi-
nuscule amount of isomaltotetraose; at 0.5 CP, the ma-
jor isomaltodextrin products was isomaltose, with expo-
nentially decreasing amounts of isomaltodextrin homo-
logues down to a miniscule amount of isomaltohexaose;
at 1.00 CP, the major isomaltodextrin product was still
isomaltose, with exponentially decreasing amounts of
isomaltodextrins down to d.p. 13; at 2.00 CP, the ma-
jor isomaltodextrin product was still isomaltose, with
exponentially decreasing amounts from d.p. 3 down to
a miniscule amount of d.p. 24. Analysis was carried out
to d.p. 100, but nothing larger than d.p. 24 was ob-
served. The number average molecular weights of the
dextrans synthesized at the four CP were 172,000 +
1,500, 178,000 £+ 2,000, 239,000 + 3,500, and 240,000
+ 3,500, respectively. This analysis definitively shows
that high molecular weight dextran is not formed by
the primer, nonreducing-end mechanism. The forma-
tion of low molecular weight isomaltodextrin products
are by the secondary acceptor reactions of glucose and
isomaltodextrins and do not contribute to the syn-
thesis of dextran, as claimed by Moulis et al. (2006).
If they had, the opposite result of exponentially in-
creasing amounts of isomaltodextrins, as a function of
the conversion of sucrose, ending with high molecular
weight dextran, should have been observed. An addi-
tional experiment, the addition of *C-labeled glucose
to a dextransucrase-sucrose digest only gave ~ 0.02%
of the glucose incorporated into the dextran, indicat-
ing that it was not acting as a primer and was acting
as a weak acceptor to release covalently-linked dextran
from the active-site of dextransucrase. Also treatment
of B-512FMC dextransucrase-synthesized dextran with
0.01 M HCI and also with invertase did not produce
any fructose, which would have been expected, if su-
crose was a primer for the synthesis of dextran (Robyt
et al. 2008). These experiments definitively show that
glucose and sucrose are not initiator primers and that
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Fig. 3. Biosynthesis of the branch linkages of dextran by dextransucrase acceptor reactions with exogenous dextran chains, reacting with
glucose units and/or dextran chains covalently attached to the two catalytic-groups at the active-site of B-512FMC dextransucrase,
showing the involvement of the three conserved amino acids (Asp551, Asp622, and Glu589).

isomaltodextrins also are not primers for the synthesis
of dextran by dextransucrase.

Moulis et al. (2006) also stated that dextransucrase
can only have one active-site for the synthesis of dex-
tran, because there is only one set of the three conserved
amino acids (Asp551, Glu589, and Asp622) found at the
active-sites of all glycoside hydrolase family 70 enzymes,
including glucansucrases, and therefore the synthesis
of dextran cannot involve two active-sites, as proposed
for the two-site insertion mechanism. Two active-sites,
however, was never proposed for the two-site, insertion
mechanism. What was proposed was that there were
two catalytic groups with two sucrose binding-sites that
were involved in the insertion mechanism at one active-
site for the synthesis of dextran. This really is not par-
ticularly unusual, as there are many enzymes that have
two or more sub-sites (catalytic sites and/or substrate
binding sites) at one active-site where catalysis occurs.
Robyt et al. (2008) now have shown how the three con-
served amino acids at one active-site can participate
in the two catalytic-site, insertion mechanism. In the
reaction, Aspb51 and Asp622 act as the two catalytic
groups that form covalent intermediates with glucose
and dextran, and Glub89 acts as an acid-base catalyst,
facilitating the transfer of protons to give the formation
of the covalent linkages with the carboxylate groups
and the insertion of glucose between the catalytic car-
boxyl group and the dextran chain, with the forma-
tion of the a-(1—6) linkage to the dextran chain. The
two catalytic-site, insertion mechanism has been further
confirmed (Su & Robyt 1994) by an equilibrium dialy-
sis study with the sucrose analogue, 6-deoxy-sucrose, in
which two sucrose binding sites and one acceptor bind-
ing site was found for a single dextransucrase molecule.

Robyt et al. (2008) further show that the molecular
size of dextran is inversely proportional to the concen-
tration of the enzyme. This indicated that the elonga-
tion of dextran is a highly processive reaction in which

glucose is rapidly added to the reducing-end of the cova-
lently linked, growing dextran chain. The dextran chain
is extruded from the active-site of the enzyme, until it
is released by an acceptor reaction with water or a car-
bohydrate acceptor, such as glucose, isomaltose, or an
exogenous dextran chain (see, below for the branch-
ing of dextran). From these experiments, Robyt et al.
(2008) proposed that the dextran chains are synthesized
by the two catalytic-site, insertion mechanism and that
the synthesis does not occur by the nonreducing-end,
primer mechanism proposed by Moulis et al. (2006).

Robyt & Taniguchi (1976) showed that dextransu-
crase catalyzes the formation of branch linkages by an
acceptor reaction in which released exogenous dextran
chains act as acceptors, attacking either the covalently
linked glucose to give a single glucose a-(1—3) branch
or attacking the covalently linked dextran at the active-
site of dextransucrase to give a long dextran chain,
attached by an a-(1—3) branch linkage (see Figure 3
for the mechanism), unlike that of starch biosynthesis,
which utilizes a separate starch branching enzyme to
form a-(1—6) branch linkages.

In summary, the mechanism for the biosynthesis
of a-(1—6) linked dextran chains and the biosynthesis
of the a-(1—4) linked starch chains are very similar,
involving the addition of glucose to the reducing-end
of the growing glucan chains, which are covalently at-
tached to the active-site of the synthesizing enzymes,
utilizing a two catalytic-site, insertion mechanism at a
single active-site (Fig. 2).

Mechanism for the biosynthesis of Acetobacter
xylinum (bacterial) cellulose

Cellulose is an abundant naturally occurring polysac-
charide making up approximately 50% of all plant cell
walls. It is also produced by a few species of bacteria
that synthesize relatively pure cellulose as an extracel-
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Fig. 4. Mechanism for the biosynthesis of cellulose by cellulose synthase embedded in a membrane. (a) Reaction of UDPGlc with
bactoprenol phosphate to give bactoprenyl pyrophosphate a-D-glucose, the high-energy glucose species. (b) Biosynthesis of the cellulose
chain by reaction of bactoprenyl pyrophosphoryl-a-D-glucose transfer of glucose to the reducing-end of a growing cellulose chain and the
formation of (3-1,4 linkages. L. = bactoprenyl lipid, P = phosphoryl, Rib = D-ribose, U = uridine, ® = glucopyranose units, LP:UDPG

PT = lipid phosphate: UDPGIc phosphotransferase, CS = cellulose synthase, and LPP = lipid pyrophosphate phosphatase.

lular product that is extruded from the surface of the
cell (Haigler 1991).

Several strains of Acetobacter zylinum synthesize
cellulose from uridine diphospho glucose (UDPGlc) by
the enzyme, cellulose synthase. Sequence analysis of the
enzyme indicates that it is an anchored membrane pro-
tein (Saxena et al. 1990). Efforts to study the biosynthe-
sis of cellulose in plants have not been successful, due
to the inability to obtain active cellulose synthase and

demonstrate the synthesis in vitro. It has been proposed
that the cellulose chain is elongated from the reducing-
end (Saxena et al. 1995). This was based on deductions
made from a comparative study of the sequence of sev-
eral different polysaccharide synthesizing and hydrolyz-
ing enzymes; direct experimental evidence was not pre-
sented. A few years later (Koyama et al. 1997) proposed
that A. zylinum cellulose was synthesized by the addi-
tion of glucose from UDPGlc to the nonreducing ends of
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the cellulose chains. This was based on the silver stain-
ing of the reducing-ends of the cellulose chains and the
microdiffusion-tilting electron crystallographic analysis
of the cellulose fibers. The evidence here also was not
very convincing as it was sketchy, indirect, nonquan-
titative, and arrived at primarily from reasoning by
analogy. To resolve these two opposing positions, the
de novo synthesis of cellulose by resting A. zylinum-
cells and A. zylinum-membrane preparations was stud-
ied by Han & Robyt (1998), using UDP-[**C]Glc pulse
and UDPGlc chase reactions. It was found that the syn-
thesized cellulose was tightly associated extra-cellularly
with the membrane of the bacterial cells. The cellulose
chains could be released from the cells and the mem-
brane preparation by treating them at pH 2, 100°C
for 20 min. The cellulose chains that were released
from pulse and chase reactions were purified and sep-
arated from low molecular weight compounds by gel
chromatography on Bio-Gel P4 (fine). The pulsed and
chased products from the resting cells, after reduction
and acid hydrolysis gave a ratio of **C-glucitol to *C-
glucose of 1:11, and after chasing, the ratio decreased
to 1:36. The pulsed cellulose from the membrane gave a
ratio of *C-glucitol of 1:12 and after chasing, a ratio of
1:43. These results resolved the conflict, as !*C-glucitol
could only be obtained by the addition of *C-glucose
to the reducing-ends of cellulose and **C-glucose could
only be chased into the cellulose chains by nonlabeled
UDPGlIc, if cellulose was being elongated by the ad-
dition of glucose to the reducing-end. If cellulose had
been added to primers and elongated by addition to
the nonreducing ends, no #C-glucitol could be formed
from UDP-[4C]Glc.

Evidence for the involvement of a lipid pyrophos-
phate in the biosynthesis of cellulose by A. zylinum
had been found early (Colvin 1959; Garcia et al. 1974;
Cooper & St. John Manley 1975; Swissa et al. 1980).
The lipid pyrophosphate was found to be an absolutely
required component. It was determined to be a poly-
isoprenyl alcohol (bactoprenol), containing 55 carbons
with a pyrophosphate ester linkage to the alcohol group
with the pyrophosphate other end attached to glucose
(Fig. 4a).

The mechanism proposed for bacterial cellulose
biosynthesis by Han & Robyt (1998) involves three
enzyme catalyzed reactions: (a) the first reaction is
catalyzed by Lipid pyrophosphate: UDPGlc phospho-
transferase (LP: UDPGIlc-PT) that transfers Gle-1-P
from UDPGlc to bactoprenol phosphate to give bac-
toprenol pyrophosphate glucose; (b) the second reac-
tion is catalyzed by cellulose synthase (CS) that pro-
duces the polymerization of the glucose residues by a
two-catalytic site insertion mechanism, leaving bacto-
prenol pyrophosphates; and (c) the third reaction is cat-
alyzed by lipid pyrophosphate pyrophosphatase (LPP)
and gives hydrolysis of pyrophosphate to give bacto-
prenol phosphate that can again attack UDPGlc, giv-
ing bactoprenol pyrophosphate glucose that continues
to add glucose to a growing cellulose chain, very similar
to the syntheses of starch and dextran (Fig. 4b).
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Initially, it might be thought that the lipid phos-
phate intermediate is not necessarily required for the
synthesis and that the glucosyl unit and the growing
cellulose chain could be directly attached to the cel-
lulose synthase, like starch and dextran are attached
to starch synthase and dextransucrase. This kind of
attachment, however, would give the glucosyl residue
attached to the active-site in the [(-configuration.
The subsequent reactions of this glucosyl intermediate
would give the addition of the glucosyl group to the
growing polymer, but the glycosidic linkage would be
alpha to give an a-glucan instead of a [-glucan, cel-
lulose chain. The formation of the lipid pyrophosphate
glucosyl intermediate has the glucose attached to the
pyrophosphate in the a-configuration because of the
way it is formed from UDPGIc (Fig. 4a) and then when
it reacts with the lipid-phosphate, the a-configuration
is retained. But, in the synthesis of the glucan, the
a-configuration is inverted to give a [-configuration
in the synthesized polysaccharide. The lipid-phosphate
and lipid-pyrophosphate also play another role in that
they bind to the enzyme/protein at a hydrophobic site
at the active-site of cellulose synthase. Glucose is added
from UDPGlc to the lipid phosphate inside the cell and
then is enveloped by the lipid and carried through the
lipid bi-layer membrane to the outside of the cell, where
the lipid unfolds and allows glucose to be added to the
growing cellulose chain (see, Figure 4b for the mecha-
nism for cellulose biosynthesis). The proposed reducing-
end, insertion mechanism for cellulose, thus, also has no
need for preformed oligosaccharide- or polysaccharide-
primers.

The requirements for a polyisoprenyl phosphate
lipid and the three distinct enzymes for the biosynthe-
sis of cellulose explain why the purification of a sin-
gle cellulose synthesizing enzyme, has met with fail-
ure. The synthesis of plant cell wall cellulose, however,
most probably follows a similar path as bacterial cel-
lulose, with possibly a slightly different lipid polyiso-
prenoid phosphate, such as dolichol phosphate, as the
covalent intermediate. The biosynthesis of A. xylinum
cellulose joins several other (-linked polysaccharides
that require bactoprenol phosphate and pyrophosphate
intermediates and biosynthesize their polysaccharides
by the addition of an activated monomer or repeat-
ing unit to the reducing-end of a growing polysaccha-
ride chain. Bactoprenol phosphate was also found to
be a required cofactor for the synthesis of Salmonella
O-antigen polysaccharide, peptidomurein bacterial cell
wall polysaccharide, and xanthan Salmonella O-antigen
polysaccharide. Bray & Robbins (1967) was the first
to show a polysaccharide to be synthesized from the
reducing-end. Five years later, the bacterial cell wall,
peptidomurein (Ward & Perkins 1973) and dextran
(Robyt et al. 1974) were also shown to be synthesized
from the reducing-end. Almost 20 years after that, the
mechanism for the biosynthesis of the cellulose ana-
logue, xanthan, was reported (Ilepi et al. 1993) and
then cellulose (Han & Robyt 1998) to occur by the
addition of the repeating- or monomer-unit, respec-
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tively, to the reducing-end. Bacterial cell wall peptido-
murein, Salmonella O-antigen polysaccharide, and xan-
than are all (-linked heteropolysaccharides, with the
latter two also being heterolinked polysaccharides with
the (-linkage at the reducing-end of the repeating unit.
From these studies on relative diverse polysaccharides,
it would appear that the primary mechanism for the
biosynthesis of polysaccharides is the two catalytic-site,
insertion mechanism in which the monomer or repeat-
ing unit is added to the reducing-end of a growing
polysaccharide chain, all of which are covalently at-
tached at the active-site of their synthetic enzymes.

References

Ball S.G. & Morell M.K. 2003. From bacterial glycogen to starch:
understanding the biogenesis of the plant starch granule. Ann.
Rev. Plant Biol. 54: 207-233.

Ball S.G., Van de Wal H.B.J.M. & Visser R.G.F. 1998. Progress
in understanding the biosynthesis of amylose. Trends Plant
Sci. 3: 1360-1385.

Bocca S.N., Rothschild A. & Tandecarz J.S. 1997. Initiation of
starch biosynthesis: purification and characterization of UDP-
glucose: protein transglucosylation from potato tubers. Plant
Physiol. Biochem. 35: 205-212.

Bray D. & Robbins P.W. 1967. The direction of chain growth
in Salmonella anatum O-antigen biosynthesis. Biochem. Bio-
phys. Res. Commun. 28: 334-339.

Colvin J.R. 1959. Synthesis of cellulose in ethanol extracts of
Acetobacter zylinum. Nature 183: 1135-1137.

Copper D. & St. John Manley R. 1975. Evidence for the involve-
ment of a bactoprenol phosphate in bacterial cellulose biosyn-
thesis. Biochim. Biophys. Acta 381: 78-96.

Cori G.T. & Cori C.F. 1939. The activating effect of glycogen on
the enzymic synthesis of glycogen from glucose-1-phosphate.
J. Biol. Chem. 131: 397-398.

Damager 1., Denyer K., Motawia M.S., Mgller B.L. & Blennow A.
2001. The action of starch synthase on 6! — a-maltotriosyl-
maltohexaose comprising the branch point of amylopectin.
Eur. J. Biochem. 268: 4878-4884.

Dankert M., Wright A., Kelley W.S. & Robbins P.W. 1966. Isola-
tion, purification and properties of the lipid-linked intermedi-
ates of O-antigen biosynthesis. Arch. Biochem. Biophys. 116:
425-435.

De Fekete M.A.R., Leloir L.F. & Cardini D.E. 1960. Mechanism
of starch biosynthesis. Nature 187: 918-919.

Denyer K., Waite D., Edwards A., Martin C. & Smith A.M. 1999.
Interaction with amylopectin influences the ability of granule-
bound starch synthase I to elongate malto-oligosaccharides.
Biochem. J. 342: 647-653.

Ditson S.L. & Mayer R.M. 1984. Dextransucrase: the direction
of chain growth during autopolymerization. Carbohydr. Res.
126: 170-175.

Ebert K.H. & Schenk G. 1968. Mechanisms of biopolymer growth:
the formation of dextran and levan. Adv. Enzymol. 30: 179—
221.

Ewart M.H., Siminovitch D., Briggs D.R. 1954. Possible enzymic
processes involved in starch-sucrose interconversions. Plant
Physiol. 29: 407-413.

Fu D. & Robyt J.F. 1990. Acceptor reactions of maltodextrins
with Leuconostoc mesenteroides B-512FM dextransucrase.
Arch. Biochem. Biophys. 283: 379-387.

Fu D. & Robyt J.F. 1991. Maltodextrin acceptor reactions with
Streptococcus mutans 6715 glucosyltransferases. Carbohydr.
Res. 217: 201-211.

Garcia R.C., Recondo E. & Dankert M. 1974. Polysaccharide
biosynthesis in Acetobacter zylinum. Enzymatic synthesis
of lipid diphosphate and monophosphate sugars. Eur. J.
Biochem. 43: 93-105.

Haigler C.H. 1991. Relationship between polymerization and
crystallization, pp. 99-124. In: Haigler C.H. & Weimer P.J.

987

(eds), Monofibril Biogenesis: Biosynthesis and Biodegrada-
tion of Cellulose, Marcel Dekker, New York.

Han N.S. & Robyt J.F. 1998. The mechanism of Acetobacter
zylinum cellulose biosynthesis: direction of chain elongation
and the role of lipid pyrophosphate intermediates in the cell
membrane. Carbohydr. Res. 313: 125-133.

Hanes C.S. 1940. The reversible formation of starch from glucose-
1-phosphate catalyzed by potato phosphorylase. Proc. Roy.
Soc. B. 129: 174-208.

Ilepi L., Couso R.O. & Dankert M. 1993. Sequential assembly
and polymerization of the polyprenol-linked pentasaccharide
repeating unit of the xanthan polysaccharide in Xanthomonas
campestris. J. Bacteriol. 175: 2490-2500.

Koyama M., Helbert W., Imai T., Sugiyama J. & Henrissat B.
1997. Parallel-up structure evidences for the molecular direc-
tionality during biosynthesis of bacterial cellulose. Proc. Natl.
Acad. Sci. USA 94: 9091-9095.

Leloir L.F., De Fekete M.A.R. & Cardini C.E. 1961. Starch and
oligosaccharide synthesis from uridine diphosphate glucose.
J. Biol. Chem. 236: 636-641.

Liu T.F. & Shannon J.C. 1981. Measurement of metabolites as-
sociated with nonaqueously isolated starch granules from im-
mature Zea mays L. endosperm. Plant Physiol. 67: 525-533.

Moulis C., Joucla G., Harrison D., Fabre E., Potocki-Veronese
G., Monsan P. & Remaud-Simeon M. 2006. Understanding
the polymerization mechanism of glycoside-hydrolase family
70 glucansucrases. J. Biol. Chem. 281: 31254-31267.

Mukerjea R. & Robyt J.F. 2005. Starch biosynthesis: the primer
nonreducing-end mechanism versus the nonprimer reducing-
end two-site insertion mechanism. Carbohydr. Res. 340: 245—
255.

Mukerjea R., Yu L. & Robyt J.F. 2002. Starch biosynthesis: mech-
anism for the elongation of starch chains. Carbohydr. Res.
337: 1015-1022.

O’Shea M.G., Samuel M.S., Konik C.M., Morell M.K. 1998.
Fluophore-assisted carbohydrate electrophoresis (FACE) of
oligosaccharides: efficiency of labeling and high resolution
separation. Carbohydr. Res. 307: 1-12.

Parnaik V.K., Luzio G.A., Grahme D.A., Ditson S.L. & Mayer
R.M. 1983. A D-glucosylated form of dextransucrase: prepa-
ration and characteristics. Carbohydr. Res. 121: 257-268.

Recondo E. & Leloir L.F. 1961. Adenosine diphosphate glucose
and starch synthesis. Biochem. Biophys. Res. Commun. 6:
85—88.

Robbins P.W., Bray D., Dankert M. & Wright A. 1967. Direc-
tion of chain growth in polysaccharide synthesis. Science 158:
1536-1542.

Robyt J.F. 1995. Mechanisms in the glucansucrase synthesis of
polysaccharides and oligosaccharides from sucrose. Adv. Car-
bohydr. Chem. Biochem. 51: 133-168.

Robyt J.F. & Eklund S.H. 1983. Relative quantitative effects of
acceptors in the reaction of Leuconostoc mesenteroides B-
512F dextransucrase. Carbohydr. Res. 121: 279-286.

Robyt J.F., Kimble B.K. & Walseth T.F. 1974. The mechanism
of dextransucrase action: I. Direction of dextran biosynthesis.
Arch. Biochem. Biophys. 165: 634-644.

Robyt J.F. & Martin P.J. 1983. Mechanism of synthesis of glu-
can by glucosyltransferaeses from Streptococcus mutans 6715.
Carbohydr. Res. 113: 301-315.

Robyt J.F. & Taniguchi H. 1976. The mechanism of dextransu-
crase action: II. Biosynthesis of branch linkages by acceptor
reactions with dextran. Carbohydr. Res. 174: 129-137.

Robyt J.F. & Walseth T.F. 1978. The mechanism of acceptor reac-
tions of Leuconostoc mesenteroides B-512F dextransucrase.
Carbohydr. Res. 61: 433—444.

Robyt J.F., Yoon S.H. & Mukerjea R. 2008. On the mechanism
of the synthesis of B-512F dextran by Leuconostoc mesen-
teroides B-512FMC dextransucrase. Carbohydr. Res. (sub-
mitted).

Saxena .M., Brown, Jr. R.M., Fevre M., Geremia R.A. & Henris-
sat B. 1995. Multidomain architecture of 3-glycosyltransfer-
ase: implications for mechanism of action. J. Bacteriol. 177:
1419-1424.



988

Su D. & Robyt J.F. 1993. Control of the synthesis of dextran and
acceptor-products by Leuconostoc mesenteroides B-512FM
dextransucrase. Carbohydr. Res. 248: 339-348.

Su D. & Robyt J.F. 1994. Determination of the number of sucrose
and acceptor binding sites for Leuconostoc mesenteroides B-
512FM dextransucrase and confirmation of the two-site mech-
anism for dextran synthesis. Arch. Biochem. Biophys. 308:
471-476.

Swanson M.A. & Cori C.F. 1948. Structure of polysaccharides:
III. Relation of structure to activation of phosphorylases. J.
Biol. Chem. 172: 815-824.

Swissa M., Aloni Y., Weinhouse H. & Benziman M. 1980. In-
termediary steps in Acetobacter zylinum cellulose synthesis:
studies with whole cells and cell-free preparations of the wild
type and a celluloseless mutant. J. Bacteriol. 143: 1142—-1150.

Tomlinson K. & Denyer K. 2003. Starch synthesis in cereal grains.
Adv. Bot. Res. 40: 1-61.

J. F. RoBYT

Trevelyan W.E., Mann P.F.E. & Harrison J.S. 1952. The phos-
phorylase reaction. I. Equilibrium constant: principles and
preliminary survey. Arch. Biochem. Biophys. 39: 419-427.

Ward J.B. & Perkins H.R. 1973. The direction of glycan synthesis
in a bacterial peptidoglycan. Biochem. J. 135: 721-728.

Wright A., Dankert M., Fennessey P. & Robbins P.W. 1967.
Characterization of a polyisoprenoid compound functional in
O-antigen biosynthesis. Proc. Natl. Acad. Sci. USA 57: 1798-
1803.

Yoon S.H., Fulton D.B. & Robyt J.F. 2004. Enzymatic synthe-
sis of two salicin analogues by reaction of salicyl alcohol with
Bacillus macerans cyclomaltodextrin glucanyltransferase and
Leuconostoc mesenteroides B-742CB dextransucrase. Carbo-
hydr. Res.339: 1517-1529.

Yoon S.H. & Robyt J.F. 2002. Bacillus macerans cyclomaltodex-
trin glucanotransferase reactions with different ratios of D-
glucose and cyclomaltohexaose. Carbohydr. Res. 337: 2245—
2254.

Received June 12, 2008
Accepted July 21, 2008




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice




