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The chain length of Streptococcus pneumoniae type 3 capsular
polysaccharide (cellubiuronic acid) is tightly regulated by the
cellubiuronic acid synthase through an assembly process involv-
ing a catalytic motif that is potentially conserved over a wide
range of related processive �-glucan synthases. Cellubiuronic
acid is initiated on a lipid and is composed of alternating �-1,3-
Glc and �-1,4-glucuronic acid (GlcUA) linkages. The entire
assembly process is carried out by a polypeptide synthase
thought to contain a single active site, suggesting that the donor
specificity is controlled by the terminal nonreducing sugar in
the acceptor subsite. Shortly after initiation, the synthase
undergoes an allosteric transition accompanied by the tight
binding of the nascent chain via its nonreducing oligosaccharide
terminal segment to the carbohydrate acceptor recognition site.
The chain length of polysaccharide assembled by recombinant
synthase in Escherichia coli membranes was determined by an
ejection mechanism that appeared to be a reversal of the allo-
steric transition of the synthase from the transitory to the fully
processive state. The rates of both ejection and transition were
shown to be highly sensitive to the concentration of UDP-
GlcUA. As the concentration of UDP-GlcUA was increased,
both the rate of synthesis and the processive turnover time
increased. The product of the processive turnover time and the
rate of synthesis predicted a marked increase in polysaccharide
chain size (from 50 to 1150 kDa) over a relatively narrow con-
centration range of 1–11.5 �M UDP-GlcUA. The kinetic model
chain length predictions were in close agreement with chemi-
cally determined sizes of polysaccharides synthesized at the same
UDP-sugarconcentrations.Themodel indicates that translocation
occurs following the addition of GlcUA to the chain terminus,
whereasUDP-Glcdriveschain terminationwheninadequate levels
of UDP-GlcUA are present. In sum, type 3 synthase appears to
modulate polysaccharide chain length by functioning as a concen-
tration-dependent kinetic timing device.

Control of the chain length of capsular polysaccharide is
important in enabling streptococcal species to colonize and
survive in a diversity of host physiological environments (1–3).
The regulation of polysaccharide chain length in the biosynthe-

sis of a wide variety of carbohydrate biopolymers has long been
of interest. An early suggestion was that specific sugar modifi-
cations might serve as a chain termination signal in proteogly-
can biosynthesis (4) or that chain length was determined by the
ratio of synthase activity to primer concentration (5). Recently,
chain termination and modal distribution of the lipopolysac-
charide O8 and O9/O9a polymannans in Escherichia coli have
been shown to be regulated by nonreducing end methylation
(6), and O-antigen chain length in Shigella flexneri has been
reported to be regulated by transcriptional control of the poly-
merase-encoding gene, wzy (7). Of particular relevance to the
Streptococcus pneumoniae cellubiuronan, which grows by non-
reducing end terminal glycosylation (8, 35), is the suggestion
that chain length in heparin biosynthesis might be modulated
by competition of the two nucleotide sugar substrates, UDP-N-
acetylglucosamine andUDP-GlcUA,2 at the glycosyltransferase
binding sites (9).
The cytosolic catalytic domain of cellubiuronan synthase

contains the signature DDDQXRRW motif also found in the
polymerases that assemble cellulose, chitin, hyaluronan, and
other related �-glycans (10, 11), suggesting a similar inverting
transfermechanism for thesemembers of theG2 glycosyltrans-
ferase family (12). Cellubiuronan formation proceeds by the
alternate additions of �-1,3Glc and �-1,4GlcUA in an initial
transitory processive stage followed by a fully processive stage.
The fully processive polymerization reaction involves a tight
association of the growing polysaccharide chain with the
enzyme-carbohydrate recognition site of the type 3 synthase,
except for a brief period during the translocation step of each
catalytic cycle (13). Chain termination is modulated by a UDP-
sugar-activated ejection process that appears to be an abortive
translocation of the polysaccharide that occurs when insuffi-
cient levels of the UDP sugar precursors are available to main-
tain the polymerization reaction (14). In previous studies with
S. pneumoniae membranes, UDP-Glc activated the ejection of
preformed polysaccharide from the synthase with an apparent
Km of 880�M, andUDP-GlcUA inhibited this ejection with aKi
of 2�M (14). Further, UDP-Glc-activated ejection of preformed
polysaccharide was almost completely prevented by increasing
the concentration of UDP-GlcUA to 10 �M. These data sug-
gested that varying the concentration of UDP-GlcUA between
�2 and 20 �M during the normal biosynthetic process, with
UDP-Glc maintained at a high concentration, would allow the
cells to regulate chain length over a large range in size.
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A recent investigation in this laboratory revealed that UDP-
Glc is present in the S. pneumoniae cytoplasm at much higher
concentrations than UDP-GlcUA, which is present at barely
detectable levels (15). In this study, we examined polysaccha-
ride chain length modulation by recombinant synthase in
E. colimembranes incubated with 1mMUDP-Glc and low con-
centrations of UDP-GlcUA. In contrast with S. pneumoniae
membranes, cellubiuronan synthase inE. colimembranes is not
associated with preformed polysaccharide, allowing for uni-
form chain synthesis on a lipid primer (16, 17). Ejection of the
polysaccharide chain, as described above, was previously stud-
ied in isolation from the assembly process. In the current inves-
tigation, polysaccharide assembly has been evaluated under
steady state reaction conditions, wherein chain initiation,
extension, and ejection were occurring simultaneously.

EXPERIMENTAL PROCEDURES

Materials—UDP[14C]GlcUAwas prepared as described (35).
E. coli strain JD424, which expresses the recombinant cellubiu-
ronan synthase from S. pneumoniae strain WU2, has been
described (18). Sephacryl S-400, UDP-Glc, UDP-GlcUA, and
Streptomyces chromofuscus phospholipase D were from Sigma.
Sephacryl S-1000 was from Amersham Biosciences. E. coli
membranes containing cellubiuronan synthase were prepared
as previously described (13).
Assay of Synthase Activity—Standard cellubiuronan synthase

activity determinations were carried out in 100-�l mixtures
consisting of 100 mM Hepes (pH 7.5), 10 mM MgCl2, E. coli
membranes (3.2 �g of membrane protein), and UDP-Glc and
UDP-[14C]GlcUA (0.02 �Ci) at the indicated concentrations.
The reactions were incubated at 35 °C for 12 min and termi-
nated with 5 �l of 12.5 M acetic acid. The reaction components
were separated by ascending paper chromatography onWhat-
man 3MMpaper with a solvent mixture of butanol/acetic acid/
water (44:16:40). The chromatograms were cut into 1-cm
strips, and polysaccharide (origin product) and oligosaccha-
ride-lipid (migrating slightly faster thanGlc) were quantified by
liquid scintillation counting. Enzyme activity was calculated as
nmol of hexuronic acid incorporated/mg of protein.
Separation of Oligosaccharide- and Polysaccharide-Lipid by

Gel Filtration—A [14C]glucuronyl-labeled mixture of oligosac-
charide-lipid and polysaccharide-lipid was synthesized in a
2-ml reaction mixture containing 100 mM Hepes (pH 7.5), 10
mMMgCl2, 2 �M UDP-[14C]GlcUA (106 cpm), 1 mM UDP-Glc,
and E. coli membranes (0.5 mg of protein). The reaction was
incubated for 25 min at 35 °C and terminated in an ice-water
bath. Themembranes were washed, and the products were sol-
ubilized as described below. Gel filtration chromatography was
carried out on a 1.4 � 38-cm column of Sephacryl S-400 irri-
gated at a flow rate of 20 ml/h with a solution consisting of 10
mM Tris (pH 8.5), 0.1 M NaCl, 0.02% sodium azide, and either
0.1% Nonidet P-40 or 10 mM sodium deoxycholate. Column
fractions of 1 ml were collected, and aliquots were assayed for
radioactivity by scintillation counting. The polysaccharide syn-
thesized under these conditions was of relatively lowmolecular
weight, and upon gel filtration in a solution containingNonidet
P-40, it was incompletely separated from the detergent micelle
region containing the labeled oligosaccharide-lipid (Fig. 1A). By

substituting Nonidet P-40 in the column buffer with deoxy-
cholate, which forms much smaller detergent micelles, com-
plete separation was obtained (Fig. 1B). The deoxycholate
buffer has greatly facilitated subsequent column analysis. The
polysaccharide eluted in a position consistent with a water-
soluble glycan with a molecular mass of 55 kDa, and the oligo-
saccharide-lipid migrated in the detergent micelle elution vol-
ume. The relatively small size of the polysaccharide is in part a
consequence of the excessive amount of enzyme employed in
this experiment and is consistent with a rapid equilibrium
ordered mechanism (see “Discussion”).
Analytical Methods—Oligosaccharides were released from

the oligosaccharide-lipid by digestionwith phospholipaseD (10
units/100�l) for 1 h at 30 °C in amixture containing 50mMTris
(pH 8), 10 mM CaCl2, and 0.2% Nonidet P-40. The digests were
heated at 100 °C for 5 min, and the precipitate was removed by
centrifugation at 10,000 � g for 5 min. The liberated oligosac-
charides were fractionated by ion exchange chromatography
on 0.6 � 2.5 cm columns of DEAE-cellulose, eluted at a flow

FIGURE 1. Effect of detergents on the separation of polysaccharide-lipid
from the oligosaccharide-lipid-micelle complex by gel filtration chroma-
tography on Sephacryl S-400. E. coli membranes (0.5 mg of protein) con-
taining cellubiuronan synthase were incubated for 25 min in a 2-ml reaction
mixture containing 2 �M UDP-[14C]GlcUA (106 cpm), 1 mM UDP-Glc, 50 mM

Hepes, pH 7.5, and 10 mM MgCl2 at 35 °C. The membranes were washed and
solubilized, and the products were analyzed by chromatography on
Sephacryl S-400, as described under “Experimental Procedures.” The deter-
gents contained in the column elution buffers were 0.1% Nonidet P-40 (A)
and 10 mM sodium deoxycholate (B). The numbers above the graph represent
cellubiuronan polysaccharide size standards in kDa.

Kinetic Model of Cellubiuronan Polysaccharide Assembly

MAY 1, 2009 • VOLUME 284 • NUMBER 18 JOURNAL OF BIOLOGICAL CHEMISTRY 11837



rate of 0.4ml/minwith a two-step ammonium acetate gradient,
as previously described (13). Protein concentration was deter-
mined with a Coomassie Brilliant Blue G dye reagent (19) using
bovine serum albumin as the protein standard. Type 3 polysac-
charide molecular weight sizing standards were prepared as
described (35).
Pulse-Chase Analysis by Gel Filtration Chromatography—

Polysaccharide- and oligosaccharide-lipid products were syn-
thesized under the indicated reaction conditions. The reactions
were terminated in an ice-water bath. The membranes were
collected by centrifugation at 100,000 � g for 30 min, and the
pellets were suspended in 2.5 ml of a wash buffer consisting of
100 mM Hepes (pH 7.5) and 10% glycerol. The washed mem-
branes were collected by centrifugation, as above. The mem-
brane pellet was washed two more times as described above.
Solubilization of the labeled products was carried out by first
suspending the pellets in 200 �l of 5 mM EDTA (pH 7.5). The
suspensionwas heated at 100 °C for 4min followed by the addi-
tion of 0.25% Nonidet P-40. Gel filtration chromatography on
1.4 � 38-cm columns of Sephacryl S-400 and S-1000 was car-
ried out as described above. The radioactivity in the fractions
under the chased and unchased peaks was tabulated to deter-
mine the level of engaged and ejected polysaccharide. The
turnover time was calculated by dividing the steady state
quantity of engaged polysaccharide by the rate of polysac-
charide ejection.
Steady State Fully Processive Activity—Because there is a

time lag of greater than 1 min in the transition from the transi-
tory processive state to the fully processive state at 35 °C when
bothUDP-sugars are present at 10�M concentrations, polysac-
charide formation activity in the first 60 s under these reactions
conditions is a measure of the level of pre-existing synthase in
the fully processive state. Pre-engaged polysaccharide-synthase
complex was prepared as a function of the concentration of
UDP-GlcUA and then assayed for fully processive activity in
reaction mixtures containing both UDP-sugars at 10 �M con-
centrations as described. A control was run with membranes
preincubated in the absence of UDP-GlcUA, and this value was
subtracted from all experimental values.

RESULTS

Effect of the Concentration of UDP-sugars on the Rate of
Polymerization—The polymerization reaction catalyzed by cel-
lubiuronan synthase proceeds at maximum rates when both
UDP-sugars are above 100 �M concentrations (8). Studies in
this laboratory have shown, however, that the cellular levels of
UDP-Glc in S. pneumoniae are much higher than UDP-GlcUA
(15) and that cellubiuronan synthase is able to synthesize high
molecular weight polysaccharide at low concentrations of
UDP-GlcUA (35). The effect of the concentration of UDP-
GlcUA on the rate of the polymerization reaction catalyzed by
recombinant cellubiuronan synthase in isolated E. coli mem-
branes at several fixed concentrations of UDP-Glc is shown in
Fig. 2. At lower concentrations of UDP-Glc, the reaction rates
demonstrated a slight sigmoidal tendency (Fig. 2A). Raising the
concentration ofUDP-Glc enhanced the sigmoidal-like charac-
ter of the polymer formation rate curves, indicative of a positive
cooperativity (Fig. 2B). These results are quite similar to the

effect of increasing temperature, which also resulted in an
enhancement in the concavity of the polymer formation rate
curves that was coincident with a reduced transition of the cel-
lubiuronan synthase to the fully processive state (13).
The effects of temperature and UDP-Glc on transition cou-

pling efficiency can be readily distinguished by examining the
oligomer size pattern of oligosaccharide-lipid pools synthe-
sized under different temperatures and UDP-Glc concentra-
tions. It was previously shown that the decreased transition
efficiency brought about by increasing temperaturewas accom-
panied by an elevation in the rate of dissociation of oligosaccha-
ride-lipid during the transitory polymerization state, resulting
in amarked increase in the smaller oligomers at higher temper-
atures (13). As shown in Fig. 3, there was a very significant
reduction in polysaccharide formation as the concentration of
UDP-Glc was increased, but only a slight effect on the oligomer
size pattern was observed. The decreased transition efficiency
caused by elevated UDP-Glc appears to be more specifically
related to the increased rate of polysaccharide chain ejection
that takes place as the concentration ofUDP-Glc increases (14).

FIGURE 2. Effect of UDP-sugar concentrations on rate of polymer forma-
tion. E. coli membranes (3.5 �g of protein) containing cellubiuronan synthase
were incubated for 12 min at 35 °C in 100-�l standard reaction mixtures con-
taining the indicated concentrations of UDP-GlcUA and 0.1 (E) or 1 mM (F)
UDP-Glc (A) and 0.1 (E), 1 (F), 2.5 (�), or 5 mM (f) UDP-Glc (B). Products were
analyzed by paper chromatography as described under “Experimental Proce-
dures.” One unit of activity is defined as the incorporation of 1 nmol of hex-
ose/min/mg of protein. Additional points at higher UDP-GlcUA concentra-
tions are not included in B.
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Because the rate of chain ejection was significant with respect
to the rate of chain extension, the length of cellubiuronic acid
chains was further investigated as described below.
Effect of the Concentration of UDP-GlcUA on Polysaccharide

Formation—The size of the growing polysaccharide synthe-
sized with isolatedmembranes in reactionmixtures containing
1 mM UDP-Glc and 1 �M UDP-GlcUA was monitored on a
Sephacryl S-400 column (Fig. 4A). The polysaccharide chains
approached amaximumsize of�50 kDa in less than 12min and
thereafter accumulated without any increase in length. Since
the chains remain tethered to themembrane by a lipid primer at
their reducing ends following ejection from the synthase (17),

there was no direct method to determine the amount of ejected
polysaccharide versus that still engaged with the synthase.
Therefore, the engaged polysaccharide was chased into high
molecular weight product by incubating the membranes for an
additional 10 min with a high concentration (0.5 mM) of both
UDP-sugars. The polysaccharide engaged with the synthase
was indicated by the quantity chased into high molecular
weight product (Fig. 4B). The ejected (unchasable) polysaccha-
ride increased in quantity over time, whereas there was a cor-
responding decrease in the percentage of engaged (chased)
polymer. A high percentage of incorporated radioisotope was
in the oligosaccharide-lipid product that migrated near the
included volume, indicating that much of the synthase
remained in the transitory processive state and did not transi-
tion into the fully processive state at 1 �M UDP-GlcUA.

FIGURE 3. Effect of UDP-Glc concentration on oligomer size of oligosac-
charide-lipid products. Reaction mixtures containing 1 �M UDP-[14C]GlcUA
(5 � 105 cpm) and 0.1 (A), 1 (B), and 5 mM (C) UDP-Glc were scaled up 10-fold
with twice the concentration of E. coli membranes as the standard reaction
mixture. The products were washed, solubilized, released by phospholipase
D, and analyzed by DEAE-cellulose column chromatography, as described
under “Experimental Procedures.” Columns were eluted first with a linear
gradient from 0 to 0.3 M ammonium acetate, followed by a 20-ml linear gra-
dient from 0.3 to 1.5 M ammonium acetate. Column fractions of 0.6 ml were
collected, and 0.2-ml aliquots were assayed for radioactivity. Cellubiuronan
di-, tetra-, hexa-, and polysaccharides are indicated by arrows at a, b, c, and p,
respectively.

FIGURE 4. Gel filtration profiles of products formed in a reaction contain-
ing 1 �M UDP-GlcUA. A, membranes (70 �g of protein) were pulse-labeled in
a 2-ml reaction mixture containing 1 mM UDP-Glc, 1 �M UDP-GlcUA (106 cpm),
50 mM Hepes, pH 7.5, and 10 mM MgCl2 at 35 °C. Reactants (0.5 ml) were
removed after pulse labeling for 7 (F), 12 (E), 18 (f), and 24 min (�) and
placed in an ice-water bath to terminate the reaction. Carrier membrane (40
�g of protein) was added, and the membranes were centrifuged and washed
twice as described under “Experimental Procedures.” One-half of the mem-
branes were saved on ice. B, the remaining pulse-labeled products were
chased by incubating the membranes in 200-�l reaction mixtures containing
0.5 mM UDP-Glc, 0.5 mM UDP-GlcUA, 50 mM Hepes, pH 7.5, and 10 mM MgCl2,
for 10 min at 35 °C. Carrier membrane (20 �g of protein) was added to all
samples, and they were washed once as above. Pulse (A) and chase (B) prod-
ucts were solubilized and analyzed by chromatography on Sephacryl S-400 as
described under “Experimental Procedures.” The numbers above the graph
represent cellubiuronan polysaccharide size standards in kDa. OL, the elution
position of the oligosaccharide-lipid micelle.

Kinetic Model of Cellubiuronan Polysaccharide Assembly

MAY 1, 2009 • VOLUME 284 • NUMBER 18 JOURNAL OF BIOLOGICAL CHEMISTRY 11839



In a similar reaction consisting of 6 �M UDP-GlcUA and 1
mM UDP-Glc, the reaction dynamics were markedly different.
As shown in Fig. 5A, the steady state polysaccharide was much
larger in size (�500 kDa), and a column of Sephacryl S-1000
was needed to adequately separate the chased and unchasable
fractions (Fig. 5B). Approximately 15minwas required to reach
maximum chain size, as seen by the column elution position in
Fig. 5A, from which point in time the polysaccharide increased
in quantity only. The percentage of product that accumulated
as oligosaccharide-lipid under these reaction conditions was
greatly reduced in comparison with Fig. 4, indicating that the
steady state was shifted, with most of the synthase having tran-
sitioned into the fully processive state.
These results demonstrated that chain length modulation

proceeded by a steady state assembly process in which polysac-
charide was being ejected from the synthase at approximately
the same rate as chain initiation. This effect is more clearly
shown by plotting the rate of accumulation of engaged and
ejected polysaccharide in the reactions depicted above. In a
replot of the data obtained at 1 �M UDP-GlcUA, as shown
above in Fig. 4, the amount of engaged polysaccharide leveled
off at�1360 cpm after 7min (Fig. 6A). The steady state ejection

rate was �280 cpm/min between 7 and 24 min, indicating a
turnover time of�5min (Fig. 6A). It should be emphasized that
minimal amounts of enzymewere included in the reactionmix-
tures in order to maintain a linear rate of polymer synthesis
during the course of the reaction and to minimize any decrease
in the concentration of UDP-GlcUA over the reaction time
period. This objective was particularly difficult to fully achieve
in the reaction of Fig. 4, consisting of 1 �M UDP-GlcUA, and
the slight reduction in rates after 20min is probably a reflection
of a slight reduction in the concentration of UDP-GlcUA below
1 �M. A replot of the data obtained at 6 �M UDP-GlcUA, as
shown in Fig. 5, revealed a steady state engagement of �8900
cpm and a steady state ejection rate of �880 cpm/min that was
attained after 15min (Fig. 6B). These results yielded an approx-
imate turnover time of 10 min, which was too lengthy to allow
for significant enzyme recycling. In a similar experiment at 4
�M UDP-GlcUA, the length of the polysaccharide chains and
the rate of turnover were intermediate to those at 1 and 6 �M
(data not shown).
These results indicate a kinetic model wherein relative

polysaccharide chain length can be predicted based on the rate
of the reaction compounded by the time of chain engagement
with the synthase binding site at any fixed concentration of
UDP-GlcUA. Since the reaction rates shown in Fig. 2 do not
reflect the steady state amount of enzyme in the fully processive
state, the proportion of enzyme in each state as a function of the

FIGURE 5. Gel filtration profiles of products formed in a 6 �M UDP-GlcUA
steady state reaction. Membranes were labeled in a format identical to that
in Fig. 4, except the initial reaction contained 7 �M UDP-GlcUA, and the pulse
reaction times were for 5 (F), 10 (E), 15 (f), and 20 min (�). The solubilized
pulse (A) and chase (B) products were analyzed on a Sephacryl S-1000 col-
umn. Since a steady state was not reached until �10% of the reactants had
been utilized, the steady state concentration of UDP-GlcUA would have been
�6 �M.

FIGURE 6. Steady state polysaccharide formation at 1 and 6 �M UDP-
GlcUA. Engaged polysaccharide, as represented by the chased radioactivity
(F); ejected polysaccharide, as represented by the unchased radioactivity (E);
and the total of both chased and unchased polymer (f) were determined as
described under “Experimental Procedures” and plotted as a function of time.
A, data from Fig. 4. B, data from Fig. 5.
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UDP-GlcUA concentration was determined at both 0.1 and 1
mM UDP-Glc (Fig. 7). As expected, the synthase transitioned
into the fully processive mode much more readily at the lower
concentration of UDP-Glc. The relatively low level of synthase
that transitions into the fully processive state in the presence of
high concentrations of UDP-Glc may reflect a partial inactiva-
tion that occurs at highly imbalanced concentrations of the
cognate UDP-sugars.3

The fully processive activities, based on the proportion of
enzyme in the fully processive state at 1 mM UDP-Glc, were
then calculated as shown in Table 1. These values, in conjunc-
tionwith the length of time that the growing chain was engaged
with the carbohydrate substrate recognition site, were used in
the kinetic model to generate the relative polysaccharide chain
lengths. The relative chain lengths were normalized to the
chemically determined chain length of 320 residues at 1 �M
UDP-GlcUA to generate a series of predicted chain lengths,
which were in good agreement with the chemically determined
chain lengths at the respective UDP-GlcUA concentrations
(Table 1).
Results obtained at 0.1 mM UDP-Glc also appear to be con-

sistent with the kinetic model. Cellubiuronan synthesized in a
reaction containing 1 �M UDP-GlcUA and 0.1 mM UDP-Glc
was chemically determined to have a chain length of 1500 sugar
residues (data not shown). This approximate 5-fold increase in
chain length (compare with 320 residues at 1 �M UDP-GlcUA
and 1 mM UDP-Glc in Table 1) is in agreement with a slightly

greater than doubling of both the relative fully processive activ-
ity and turnover time in the reaction at 0.1 mM UDP-Glc. The
relationship between chain size andUDP-sugar concentrations
was highly reproducible between duplicate experiments and
with different enzyme preparations, as verified by gel filtration
chromatography and depolymerase chain length analysis (35).
As shown in Table 1, the rate of the fully processive reaction

is relatively linear at low concentrations of UDP-GlcUA, con-
sistent with hyperbolic kinetics. This is in contrast to the sig-
moidal character at 1mMUDP-Glc, as shown in Fig. 2, where no
correction wasmade for the percentage of synthase in the tran-
sitory state. From an allosteric viewpoint, the cooperativity
demonstrated in Fig. 2 appears to be the result of an enhance-
ment in the amount of synthase in the fully processive state
rather than an effect on some other kinetic parameter of the
polymerization reaction. These results are in agreement with
the previously indicated catalytic restructuring that occurs in
conjunction with the formation of a tightly binding enzyme-
polysaccharide complex (13).

DISCUSSION

There is a correlation between the length of the polysaccha-
ride chain synthesized by cellubiuronan synthase and the con-
centration of UDP-GlcUA present in the polymerization reac-
tion (35). The validity of these findings is shown in greater detail
here in the steady state kinetics of polysaccharide production,
which provide a fuller demonstration of how cellubiuronan
synthase functions as a concentration-dependent timing device
to regulate the final chain length of the polysaccharide product.
The data suggest that the timing mechanism is integrated
within the peptide matrix such that it is chemically sensitive to
the concentration of theUDP-sugars and physically sensitive to
the temperature (13). Hence, the temperature- and concentra-
tion-dependent processive assembly of S. pneumoniae capsular
polysaccharide may offer a new perspective on the study of
processive�-glycan polymerization reactions. In particular, the
mechanical aspects of this processive assembly (35) need to be
more fully considered, as has been emphasized for other com-
plex biological reactions (20).
Mechanisms that would specifically modulate chain length

by regulating the processive assembly of cellubiuronan and
related polysaccharides, such as hyaluronan, cellulose, chitin,
and others, are only poorly understood (21). Control of polymer
size by substrate concentration has been suggested for several
polysaccharide systems, but data supporting this hypothesis is
limited (15). It would logically be expected formost polysaccha-
ride polymerization reactions that the rate of the reaction
would increase as the nucleotide sugar donor concentration
increases, and hence a simple correlation of chain size with the
substrate concentration of an in vitro reaction is not, in and of
itself, sufficient evidence that the chain length is regulated by
the donor concentration. Solid evidence for chain length regu-
lation and amore complete explanation of the nucleotide sugar
substrate concentration-dependent relationship of the assem-
bly of cellubiuronan chains required the clear demonstration of
a steady state production of a unique chain size at different
UDP-sugar concentrations, as has been shown here. These
results have allowed the development of a kinetic model3 R. T. Cartee, Y. Sutanto, and J. Yother, manuscript in preparation.

FIGURE 7. Steady state proportion of synthase in the fully processive
state. Washed E. coli membranes (66 �g of protein) were preloaded with
polysaccharide by incubating for 6 min at 35 °C in 2-ml reaction mixtures
containing 100 mM Hepes, pH 7.5, 10 mM MgCl2, and either 0.1 (E) or 1 mM

UDP-Glc (F), at the indicated concentrations of UDP-GlcUA. The reactions
were terminated in an ice-water bath, and the membranes were washed
twice as described in the legend to Fig. 4. The membranes were suspended in
0.1 ml of ice-cold 100 mM Hepes, pH 7.5. As explained under “Experimental
Procedures,” the amount of fully processive activity was then determined by
incubating the preloaded membranes (30 �l) in 0.2-ml reaction mixtures con-
taining 10 �M UDP-[14C]GlcUA (105 cpm), 10 �M UDP-Glc, 100 mM Hepes, pH
7.5, and 10 mM MgCl2, previously brought to 35 °C. The reactions were incu-
bated for 60 s at 35 °C, terminated by the addition of 5 �l of 12.5 M acetic acid,
and the products were separated by paper chromatography. The formation
of polysaccharide (origin product) is indicated as the percentage of fully pro-
cessive activity of synthase in the membranes preincubated at the indicated
concentration of UDP-GlcUA.
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wherein the chain length was predicted based on the rate of
synthesis compounded by the length of time that the growing
chain remains engaged at the carbohydrate acceptor substrate-
binding site.
Cellubiuronan synthase is similar in protein homology to a

number of polysaccharide synthases, including hyaluronan,
cellulose, chitin, and several other synthases (11, 18), and is
thought to contain a single catalytic center that could alter-
nately bind both UDP-sugars (22). It was proposed that a single
nucleotide sugar center could catalyze the synthesis of polymer
consisting of a repeating disaccharide if the addition of each
sugar served to fine tune the affinity of the donor site for the
succeeding nucleotide sugar (22). Studies with the cellubiu-
ronic acid synthase have shown that the bound oligosaccharide
substrate apparently acts as a cofactor in determining the affin-

ity of nucleotide sugar donor sub-
strates and that in the absence of
bound carbohydrate, the enzyme
demonstrates deceased fidelity in
recognizing the appropriate accep-
tor substrate (13). Possibly, these
changes in affinity reflect a related
restructuring similar to that of sev-
eral glycosyltransferases (23–26),
where the ordered binding of metal
ion and nucleotide sugar to the
donor domain induces a peptide
conformational change, which in
turn creates a binding site in the
acceptor domain (27, 28).
An induction scheme for the

cyclical disaccharide extension of
type 3 polysaccharide (Fig. 8) pro-
videsmore detail and enlarges a pre-
vious more conceptual model (13).
Each catalytic cycle entails the alter-
nate association of the synthase
withUDP-Glc andUDP-GlcUA, the
formation of the glycosidic linkages
of the respective sugars, and the
release, translocation, and reattach-
ment of the elongating chain at the
synthase-carbohydrate recognition
site. The focus of the model in Fig. 8

is on the reciprocal interplay between the nucleotide sugar
binding pocket, which catalyzes the transfer of Glc (a) or
GlcUA (b) and the saccharide complex, which cyclically trans-
locates the growing chain following the addition of both sugars,
and ejects the chain (c) when limiting levels of UDP-GlcUA are
present. Cellubiuronan synthase requires a minimum of a tet-
rauronosyl oligomer for recognition by the carbohydrate sub-
strate binding site (13). Apparently, if the translocation process
is energized prior to completion of a new disaccharide unit in
the catalytic pocket, the chain is ejected (c) because it has
shifted too far out of alignment with the carbohydrate recogni-
tion site. It is not definitively known whether translocation
occurs after Glc or GlcUA addition; however, the 50-fold
greater Vmax of ejection energized by UDP-Glc compared with

FIGURE 8. Reciprocal sugar addition and disaccharide extension by sequential induction of the fully
processive reaction. Kinetic constants are shown on the right for UDP-Glc and UDP-GlcUA in line with the
reactions shown to the left. The apparent Km(a) value for UDP-Glc and apparent Km(b) value for UDP-GlcUA are
from polymerization studies with S. pneumoniae membranes (8). The apparent Km(c) and Ki(d) values for UDP-
Glc and the apparent Km(d) and Ki(c) values for UDP-GlcUA are from ejection studies with S. pneumoniae
membranes (14). Residues of Glc (f) and GlcUA (F) and unfilled binding sites in the carbohydrate acceptor
recognition site for Glc (�) and GlcUA (E) are indicated.

TABLE 1
Kinetic model of cellubiuronan polysaccharide chain length regulation by UDP-GlcUA at 1 mM UDP-Glc

UDP-GlcUA Total
activity

Fully processive activity Turnover
timeb

Relative
polymer sizec

Kinetic model
lengthd

Chemically
determined lengthePercentage Amounta Relative rate

�M nmol/min/mg % nmol/min/mg min residues residues
1 0.1 8 1.25 1.0 5 1.0 320 320
2.5 0.5 15 3.33 2.7 (7) 3.7 1195 1160
4 0.9 21 4.29 3.4 8 5.5 1755 1900
6 1.6 27 5.93 4.7 10 9.5 3034 3100
11.5 4.2 40 10.5 8.4 (12) 20.2 6451 6700

a Fully processive activity was determined by dividing the total activity values extracted from Fig. 2 by the percent of synthase in the fully processive state as determined in Fig.
7.

b Values in parenthesis were estimated.
c Relative polymer size was calculated by multiplying the relative fully processive rate by the relative turnover time. The latter was obtained by dividing the turnover time by 5.
d The kinetic model chain length at 1 �M UDP-GlcUA was accorded the identical value of 320 residues as had been previously determined by a chemical method, and the
remaining kinetic model values were calculated by normalizing the relative polymer sizes with the 1 �M value.

e Chemically determined chain lengths were from the accompanying paper (35).
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UDP-GlcUA (14) would be consistent with the most frequent
misalignment occurring with polysaccharide movement fol-
lowing Glc rather than GlcUA addition. A rare ejection (d)
event also occurs following the GlcUA addition but may be of
minimal physiological significance, as discussed below.
We previously suggested that the polymerization reaction is

rapid equilibrium-ordered since translocation of the polysac-
charide chain would presumably be slow in comparison with
the association and dissociation of the nucleotide sugar precur-
sors. This suggestion is supported by the relatively large activa-
tion energy for cellubiuronan synthesis in S. pneumoniae (14),
which was similar to that for hyaluronan synthesis (29), and
would be consistent with the slowness of formation of similar
polymers (9). A rapid equilibrium-ordered mechanism is also
consistent with the effect of excessive levels of enzyme (see Fig.
1), which effectively lowered the substrate concentrations,
resulting in a shorter than expected polysaccharide chain
length in a reaction containing 2 �M UDP-GlcUA.
Since Km and Ks values are equivalent in rapid equilibrium

reactions, the apparent Km(a) and Km(b) values of 12 and 9 �M
forUDP-Glc andUDP-GlcUA, respectively, should reflect their
affinities for the synthase in the fully processive reaction (Fig.
8). This correlation is corroborated by the Ki values, a direct
measure of affinity, in inhibiting the ejection actuated by the
alternate nucleotide sugar. UDP-Glc inhibits polysaccharide
chain ejection byUDP-GlcUAwith aKi(d) of 5�M, similar to its
Km(a) of 12�M in the processive reaction. UDP-GlcUA inhibits
ejection by UDP-Glc with aKi(c) of 2 �M, similar to itsKm(b) of
9 �M in the processive reaction. Inhibition of the ejection event
apparently occurs as a consequence of the glycosidic addition
by the alternate nucleotide sugar before ejection takes place, as
described in more detail below.
The rate of chain ejection (c) actuated byUDP-Glc is exceed-

ingly slow, being many orders of magnitude slower than the
rates of association and dissociation of UDP-Glc with the
enzyme (Fig. 8). Thus, it would be expected that in the absence
of sufficientUDP-GlcUA to continue chain extension, the addi-
tion ofGlcwould occurwell in advance of ejection on a catalytic
time scale. The apparent Km(c) value of 880 �M determined for
the UDP-Glc ejection in S. pneumoniae membranes in the
absence of UDP-GlcUA (14) presumably reflects the decreased
affinity of the synthase for UDP-Glc following the addition of
glucose to the growing chain. Thus, the presence of the glucosyl
chain extension in the catalytic pocket appears to decrease the
affinity of the synthase for UDP-Glc by 2 orders of magnitude.
In the normal reaction sequence occurring when both UDP-
sugars are present, the subsequent addition of GlcUA followed
by translocation apparently restores the affinity for UDP-Glc to
its original level. These observations are in agreement with
the sequential induction process wherein the terminal sugar
could serve to fine tune the affinity of the synthase for the
appropriate substrate in the catalytic sequence by a recipro-
cal enhancement of the affinity of the synthase for the com-
plementary UDP-sugar.
A very slow ejection (d) occurs when UDP-GlcUA is present

in the absence of UDP-Glc (Fig. 8). Since UDP-Glc is a precur-
sor to UDP-GlcUA and is virtually always present in the cell at
higher concentrations than UDP-GlcUA and additionally

because of the sluggishness of this ejection event, the ejection
by UDP-GlcUA is probably of no physiological significance.
However, from a mechanistic point of view, it may be of some
interest that under these conditions, UDP-GlcUA was deter-
mined to have an apparent Km(d) of 4 nM in the ejection reac-
tion with S. pneumoniae membranes (14). In the absence of
more definitive information concerning the mechanics of the
translocation step, it can only be speculated as to the signifi-
cance of this large apparent increase in affinity of UDP-GlcUA
for the synthase nucleotide sugar-binding site. Taking a cue
from the above effect with UDP-Glc, the data may indicate that
a glucuronyl-glucosyl extension into the catalytic pocket dra-
matically alters the affinity for UDP-GlcUA, albeit in a very
unusual manner. It should also be noted that a second binding
site for UDP-GlcUA cannot be ruled out. Whatever the final
explanation, the apparent change in affinity by 3 orders of mag-
nitude for UDP-GlcUA is consistent with a sequential induc-
tion process. Following the shift of the polysaccharide chain
during translocation, the affinity of the synthasewould revert to
the initial conditions allowing the entry of UDP-Glc to initiate
another cycle of sugar addition.
Recent studies of several glycosyltransferases in which bind-

ing of the nucleotide sugar donor substrate creates in turn a
carbohydrate acceptor-binding site (30), may shed some light
on the transduction potential of processive glycosyltrans-
ferases. It can be speculated that following sugar addition to the
growing chain during processive polysaccharide assembly, the
extension of the distal chain sugar into the catalytic pocketmay
create bonding and distortional forces to which subsequent
incoming nucleotide sugars might be subjected. In turn, the
binding of a nucleotide sugar may exert distortional forces on
the interaction between the polysaccharide chain and the car-
bohydrate acceptor-binding site. A variety of induction
schemes along these lines may be involved in the many diverse
types of processive polysaccharide assemblies.
In view of the large diversity and adaptability of carbohydrate

binding domains of glycosyltransferases and hydrolases, there
is an increasing awareness of their potential in biological recog-
nition and signaling phenomena (31). This capacity has been
demonstrated by theGolgi�-galactosyltransferase to also func-
tion as a lectin-like recognition component in a number of cel-
lular interactions (32, 33). A related phenomenon may be
the coordination of biosynthesis, termination, and export of the
lipopolysaccharide O-antigen following its binding by the
nucleotide-binding domain (Wzt) component of the ABC
transporter in E. coli (34). The versatility of the catalytic center
of the cellubiuronan synthase is apparent in that it initiates
oligomer formation on the internalmembrane surface and then
undergoes a restructuring to provide for the extrusion of the
growing chain on the external membrane surface while moni-
toring the internal nucleotide sugar concentrations that mod-
ulate the polymerization in determining the external capsule
chain length.
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