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The type 3 synthase from Streptococcus pneumoniae is a processive �-glycosyltransferase that assembles the
type 3 polysaccharide [3)-�-D-GlcUA-(134)-�-D-Glc-(13] by a multicatalytic process. Polymer synthesis
occurs via alternate additions of Glc and GlcUA onto the nonreducing end of the growing polysaccharide chain.
In the presence of a single nucleotide sugar substrate, the type 3 synthase ejects its nascent polymer and also
adds a single sugar onto a lipid acceptor. Following single sugar incorporation from either UDP-[14C]Glc or
UDP-[14C]GlcUA, we found that phospholipase D digestion of the Glc-labeled lipid yielded a product larger
than a monosaccharide, while digestion of the GlcUA-labeled lipid resulted in a product larger than a
disaccharide. These data indicated that the lipid acceptor contained a headgroup and that the order of addition
to the lipid acceptor was Glc followed by GlcUA. Higher-molecular-weight product synthesized in vitro was also
sensitive to phospholipase D digestion, suggesting that the same lipid acceptor was being used for single sugar
additions and for polymer formation. Mass spectral analysis of the anionic lipids of a type 3 S. pneumoniae
strain demonstrated the presence of glycosylated phosphatidylglycerol. This lipid was also observed in Esch-
erichia coli strains expressing the recombinant type 3 synthase. The presence of the lipid primer in S.
pneumoniae membranes explained both the ability of the synthase to reinitiate polysaccharide synthesis
following ejection of its nascent chain and the association of newly synthesized polymer with the membrane.
Unlike most S. pneumoniae capsular polysaccharides, the type 3 capsule is not covalently linked to the cell wall.
The present data indicate that phosphatidylglycerol may anchor the type 3 polysaccharide to the cell
membrane.

The capsule of the gram-positive pathogen Streptococcus
pneumoniae is essential for its virulence (4, 16, 18a). Capsule
serves to prevent opsonophagocytosis by interfering with the
recognition of complement bound to the bacterial surface by
phagocytic receptors on immune cells (7, 40, 41) and, to a
lesser extent, by reducing the amount of complement bound
(1). Production of a capsule is also critical for colonization of
the nasopharynx of mice (26). S. pneumoniae capsules demon-
strate a high level of diversity, with 90 distinct serotypes that
differ in their monosaccharide composition and/or their glyco-
sidic linkages (19, 37). Thus far, two different mechanisms have
been described for capsule synthesis in S. pneumoniae (10, 12,
17, 23). The majority of capsules are synthesized by a mecha-
nism analogous to that of Wzy-dependent O-antigen synthesis
in gram-negative bacteria, where the repeating-unit structure
of the capsule is assembled on a lipid acceptor that is subse-
quently transported across the cytoplasmic membrane and
polymerized into polysaccharide (39). At some point during
polymerization, polysaccharide is transferred onto the cell wall
(33). The transfer is size independent, and polymer ranging
from very small to very large molecular size is detectable on
both membrane and cell wall fractions (5). Generally, polysac-
charides synthesized by this mechanism require a separate
glycosyltransferase to form each glycosidic linkage of the re-
peat unit, as well as an enzyme to polymerize the repeat units.

The second mechanism of synthesis, utilized in the produc-

tion of type 3 and 37 capsules, requires only a single enzyme for
formation of all the glycosidic linkages and polymerization (2,
12, 25). The type 3 synthase alternately adds Glc and GlcUA
onto the nonreducing end of the polysaccharide chain by a
processive mechanism whereby the growing polysaccharide re-
mains tightly associated with a carbohydrate binding site on the
synthase (10). A similar mechanism of synthesis is used by the
enzymes involved in forming hyaluronan, chitin, and cellulose
(24, 28), although hyaluronan from Streptococcus pyogenes and
Streptococcus equisimilis has recently been shown to grow from
the reducing end (34). These enzymes are classified in glyco-
syltransferase family 2 (8). The type 3 synthase, encoded by
cps3S, is one of two gene products encoded in the type 3
capsule locus that is required for type 3 polysaccharide synthe-
sis. The other, Cps3D, is a UDP-Glc dehydrogenase that oxi-
dizes UDP-Glc to form UDP-GlcUA, the second substrate for
type 3 polysaccharide formation (12).

Both the type 3 synthase contained in S. pneumoniae mem-
branes and the recombinant synthase contained in Escherichia
coli membranes will rapidly assemble type 3 polysaccharide in
vitro in the presence of both nucleotide sugar substrates (9, 10,
32). When one of these substrates becomes limiting or only a
single nucleotide sugar substrate is present, synthesis is termi-
nated. In E. coli membranes, the nascent polymer is ejected
from the enzyme following termination and can no longer be
extended, although it remains associated with the membrane.
In addition, a single sugar is added onto a glycerophosphate
lipid (9). In contrast, termination of synthesis in S. pneumoniae
membranes results in only about 50% of the polymer being
retained on the membrane and the remainder being released
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into solution (10, 15). In both systems, polysaccharide ejection
is time, temperature, and substrate concentration dependent,
indicating that it is an enzymatic process (9, 15).

Although it has been suggested that processive glycosyltrans-
ferases do not require a primer for synthesis of their polymers
(28), characterization of the type 3 synthase expressed in E.
coli and of the cellulose synthase CesA demonstrated that
these enzymes initiate synthesis of their respective polymers on
lipid acceptors (9, 27). The formation of novel glycolipid prod-
ucts is also observed when glycosyltransferases from other
gram-positive bacteria are expressed in E. coli. Jorasch et al.
found, however, that these products are not synthesized in
their native bacterial membranes (21). Here, we demonstrate
that the type 3 synthase contained in S. pneumoniae mem-
branes is able to synthesize glycolipids with properties similar
to those observed for synthase-containing E. coli membranes
and that initiation of type 3 polysaccharide synthesis utilizes
phosphatidylglycerol.

MATERIALS AND METHODS

Materials. UDP-[14C]Glc (257 mCi/mmol) was obtained from Andotek, UDP-
[14C]GlcUA (338 mCi/mmol) from ICN, and UDP-[3H]Glc (1 Ci/mmol) from
Amersham Pharmacia Biotech. Econo-Safe scintillation cocktail was from Re-
search Products International, Corp. Mutanolysin, Sephacryl S-500HR,
Sephacryl S-300, UDP-Glc, and UDP-GlcUA were obtained from Sigma. Non-
idet P-40 was from Calbiochem, and Todd-Hewitt broth, yeast extract, and
tryptone were from Difco. Clostridium perfringens phospholipase C (66 units/mg
of protein), Streptomyces chromofuscus phospholipase D (PLD) (4,980 units/mg
solid), type VIII �-glucuronidase from E. coli, and �-glucosidase from Caldocel-
lum saccharolyticum were from Sigma. Silica gel G thin-layer plates and 3MM
chromatography paper were from Whatman.

Analytical methods. Chromatography on Sephacryl S-500 and Sephacryl S-300
was carried out on 1.4- by 37-cm columns. Chromatography on Sephadex G-10
was carried out on a 1- by 37-cm column. All columns were eluted with a solution
consisting of 0.1% Nonidet P-40, 0.02% sodium azide, and either 200 mM
ammonium acetate (pH 6.5) or 5 mM Tris (pH 7.5) containing 200 mM NaCl, as
described previously (15). Silica gel G plates were chromatographed in butanol:
acetic acid:water (44:16:40) or chloroform:methanol:1 M ammonium acetate
(pH 7.5) (65:25:4) followed by autoradiography. Samples spotted on 3MM paper
were chromatographed in butanol:acetic acid:water (44:16:40) or ethanol:1 M
ammonium acetate (pH 5.5) (65:35). Paper chromatograms were cut into 1-cm
strips, and the amount of radioactivity was determined by liquid scintillation
counting. Preparation of type 3 polysaccharide-specific depolymerase and diges-
tion with the depolymerase were carried out as described previously (15). The
assays for polysaccharide ejection and release were as described previously (15).
Phosphorus analysis on extracted lipid was done as described previously (14).
Hexose analysis was performed using a modified version of the phenol sulfuric
assay (3). Briefly, lipid samples were dried under nitrogen and suspended in 400
�l water. Ten microliters of 90% (wt/wt) phenol was added to the sample and
heated to 50°C. One milliliter of concentrated sulfuric acid was added, and the
sample was vortexed immediately. Samples were heated at 95 to 100°C for 5 min
and, after cooling to room temperature, the absorbance was read at 490 nm.

Growth conditions and membrane preparations. The type 3 parent strain,
WU2 (6), and its isogenic mutants JD614 (Cps3D mutant [12]) and JD908
(Cps3S� [13]) were grown in Todd-Hewitt broth supplemented with 0.5% yeast
extract at 37°C. The cps3D mutation in JD614 results in the production of �6%
of the parental levels of capsule as determined by reactivity with a type 3-specific
monoclonal antibody (26). The mutation was localized to the 5� end of the gene
by repair with a cps3D fragment to yield the parental phenotype (12). Sequence
analysis revealed that the mutation resulted in a T83I change (this study).
Membranes from all three S. pneumoniae strains were isolated as described
previously (10). E. coli strains JD424 (Cps3S�) and JD422 (vector control strain)
(12) were grown in L broth (10 g tryptone, 5 g yeast extract, 5 g NaCl, 1 g glucose
per liter) containing 100 �g/ml ampicillin. These strains are derivates of E. coli
TG-1 that contain either the plasmid vector pKK223-3 (JD422) or cps3S cloned
into pKK223-3 (JD424) (12).

Isolation and identification of Glc-containing glycerophosphate lipids from

E. coli and S. pneumoniae membranes. One-liter cultures of S. pneumoniae strain
JD614 and E. coli strain JD424 were grown as described above. Bacteria were
pelleted by centrifugation at 7,000 � g and washed with 500 ml of phosphate-
buffered saline (PBS) (140 mM NaCl, 3 mM KCl, 5 mM Na2HPO4 [pH 7.4]), and
the pellet was frozen at �80°C overnight. Cells were thawed at room tempera-
ture, suspended in 13 ml sterile water, and extracted with a single-phase Bligh
and Dyer solvent mixture by addition of 25 ml of methanol, 12.5 ml of chloro-
form, and 0.13 ml of glacial acetic acid. After 60 min of stirring, the insoluble
material was removed by centrifugation at 5,000 � g for 10 min and the super-
natant saved. The insoluble material was suspended in 3 ml water and extracted
again with a single-phase Bligh and Dyer mixture by adding 25 ml methanol, 12.5
ml chloroform, and 10 ml water. The mixture was stirred at room temperature
for 60 min, and the insoluble material was removed by centrifugation. The two
supernatants were combined and extracted with a two-phase Bligh and Dyer
mixture by the addition of 32 ml chloroform and 16 ml water. The lower chlo-
roform phase was removed, and the upper aqueous phase was extracted with 50
ml of the lower phase of a preequilibrated solution containing chloroform:
methanol:water (1:1:0.8). The lower chloroform phase was combined with the
previous lower phase and washed once with 80 ml of the upper phase of the
preequilibrated solution. The lower chloroform phase was applied to a 7-ml
diethyaminoethyl cellulose column prewashed with 20 ml of methanol. Lipids
were eluted with 100 ml of a 0 to 0.1 M ammonium acetate gradient, and 3-ml
fractions were collected. Total phosphorus was analyzed in the even-numbered
fractions, and a single peak was detected in fractions 6 through 10. These
fractions were combined and dried under a stream of nitrogen, suspended in 100
�l of chloroform:methanol (1:1), and chromatographed on silica gel G plates in
chloroform:methanol:1 M ammonium acetate (pH 7.4) (65:25:4) for 2 h. Lipids
were visualized by iodine staining. The lipid band that comigrated with the
[14C]Glc-labeled lipid synthesized in vitro was scraped from the TLC plate and
dissolved in 2 ml of methanol. Lipids were dried under a stream of nitrogen and
suspended in 50 �l of methanol. Tandem mass spectrometry (MS/MS) analysis of
the lipids was performed by the UAB Mass Spectrometry Facility using either a
Micromass Q-TOF instrument in the electrospray ionization mode or a PE ScieX
triple quadrupole in the negative-ion mode.

Synthesis of 3H-polysaccharide-synthase complex. Type 3 polysaccharide-en-
zyme complexes were synthesized in reaction mixtures consisting of 100 mM
HEPES (pH 8.0), 10 mM MnCl2, UDP-[3H]Glc (20 �Ci/mmol), 25 �M UDP-
Glc, 25 �M UDP-GlcUA, and S. pneumoniae membranes (400 to 1,600 �g of
total protein). The reactions were incubated for 5 min at 35°C and stopped by
placing on ice. The volumes of the reactions were brought to 2 ml with 100 mM
HEPES (pH 7.5) containing 10% glycerol, and the membranes were washed five
times, as described previously (15).

Synthesis of glycolipid products. Glycolipids were synthesized in 200-�l reac-
tion mixtures containing 100 mM HEPES (pH 8.0), 10 mM MnCl2, either 1 �M
UDP-[14C]Glc or 1 �M UDP-[14C]GlcUA and S. pneumoniae membranes (300
�g of total protein). Following incubation at 35°C for 20 min, the reaction was
terminated by the addition of 2 ml of an ice-cold solution containing 100 mM
HEPES (pH 7.5) and 10% glycerol, and the membranes were sedimented by
centrifugation at 100,000 � g for 30 min. The membranes were washed twice with
2.5 ml of wash solution, as described above. For chromatography on paper, the
membranes were suspended in 100 �l of wash solution and spotted on paper. For
separation by thin-layer chromatography (TLC) and gel filtration, the mem-
branes were suspended in 5 mM EDTA (pH 7.5) and heated at 100°C for 5 min.
The labeled glycolipids were extracted by adding Nonidet P-40 to a final con-
centration of 0.5%. The insoluble material was sedimented by centrifugation at
10,000 � g for 5 min, the supernatants were saved, and the pellets were extracted
a second time. The supernatants containing the glycolipid fraction were com-
bined for analyses. Apparent Km values for UDP-Glc and UDP-GlcUA in the
formation of the Glc- and GlcUA-labeled lipids were determined by incubating
WU2 membranes (30 �g of total protein) in 100-�l reaction mixtures containing
100 mM HEPES (pH 8.0), 10 mM MnCl2, and increasing concentrations of
either UDP-[14C]Glc (1 �M to 100 �M) or UDP-[14C]GlcUA (0.2 �M to 20
�M) for 5 to 10 min at 35°C. Reactions were stopped and the membranes
pelleted and washed as described above. The membranes were suspended in 50
�l of water, spotted on 3MM chromatography paper, and chromatographed for
2 h in butanol:acetic acid:water (44:16:40). The amount of radioactivity that
migrated faster than Glc was determined, and Km values were calculated using
the kinetics program Enzfitter (Elsevier-Biosoft).

Saponification, acid hydrolysis, �-glycosidase, and phospholipase digestion of
glycolipid products. Glycolipids were saponified at 35°C for 20 min in 0.4 ml of
80% methanol containing 0.1 N NaOH. The mixture was neutralized with acetic
acid, and the methanol was removed under a stream of nitrogen. Dried samples
were suspended in water and analyzed by either paper chromatography or TLC.
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Acid hydrolysis was carried out in either 1.0 N or 0.1 N HCl at 100°C for various
amounts of time. The hydrolysates were neutralized with NaOH, and samples
were analyzed by paper chromatography. Phospholipase digestions were con-
ducted in reaction mixtures of the appropriate buffer, pH, and temperature as
recommended by Sigma, with the addition of Nonidet P-40 and 10 mM CaCl2,
which have been shown to enhance these activities (11, 20). A minimum of 10
units of phospholipase was added, except for 1 unit of C. perfringens phospho-
lipase C. The reactions were terminated by heating to 100°C for 4 min, the
mixtures were clarified by centrifugation at 13,000 � g for 5 min, and the
products were analyzed by paper, thin-layer, or Sephacryl S-300 chromatography.
�-Glucosidase (5 units for 16 h) and �-glucuronidase (376 units for 6 h) diges-
tions were performed following PLD digestion, as described previously (10).
Digested samples were analyzed by paper chromatography in ethanol:1 M am-
monium acetate (pH 5.5) (65:35).

RESULTS

The type 3 synthase from S. pneumoniae membranes synthe-
sizes glycolipids in vitro. Membranes isolated from the S.
pneumoniae type 3 strain WU2 were incubated with either 1
�M UDP-[14C]Glc or 1 �M UDP-[14C]GlcUA, and the prod-
ucts were analyzed by paper chromatography. In each case, the
radioactivity was incorporated into a product that migrated
faster than Glc and a second product that remained at the
origin, consistent with the formation of a glycolipid and high-
molecular-weight products, respectively (Fig. 1A). Approxi-
mately 10-fold more glycolipid was formed with UDP-GlcUA
than with UDP-Glc. The apparent Km values for formation of
the glycolipid products with UDP-GlcUA and UDP-Glc were
12 �M and 42 �M, respectively. The addition of 1 �M of the
second nucleotide sugar to either reaction resulted in a shift
from glycolipid formation to predominately polymer formation
(Fig. 1B). No labeled products were synthesized using mem-
branes from a type 3 strain in which the type 3 synthase had
been insertionally inactivated (data not shown).

Following separation of the GlcUA-labeled lipid product by
TLC in butanol:acetic acid:water (44:16:40), a single major
band was observed (Fig. 2A, untreated). The Glc-labeled lipid

FIG. 1. The type 3 synthase forms a hydrophobic product when
incubated with a single nucleotide sugar. Membranes from type 3 S.
pneumoniae strain WU2 were incubated for 20 min at 35°C in 200-�l
reaction mixtures containing 100 mM HEPES (pH 8.0), 10 mM MnCl2,
and either (A) 1 �M UDP-[14C]Glc (F) or 1 �M UDP-[14C]GlcUA
(■ ) or (B) 1 �M UDP [14C]Glc and 1 �M UDP-GlcUA (E) or 1 �M
UDP-[14C]GlcUA and 1 �M UDP-Glc (�). Membranes were sedi-
mented by centrifugation and washed twice with 100 mM HEPES (pH
7.5) containing 10% glycerol. Aliquots (50 �l) were spotted on paper
and chromatographed for 2 h in butanol:acetic acid:water (44:16:40).
The chromatogram was cut into 1-cm strips, and the amount of radio-
activity was determined by liquid scintillation counting. The circled Glc
indicates the migration of the Glc standard.

FIG. 2. Glycolipid products are sensitive to saponification and PLD treatment. Lipids were labeled by incubating WU2 membranes in reactions
containing 100 mM HEPES (pH 7.5), 10 mM MnCl2, and either 1 �M UDP-[14C]Glc or 1 �M UDP-[14C]GlcUA for 20 to 30 min at 35°C.
Membranes were sedimented and washed twice with 100 mM HEPES (pH 7.5) containing 10% glycerol and then solubilized with 0.5% Nonidet
P-40 containing 0.05 M EDTA. Solubilized products were saponified with 0.1 N NaOH for 20 min at 35°C or treated with 5 units of PLD for 1 h
at 30°C in 25 mM Tris-acetate (pH 8) containing 10 mM CaCl2. (A) Untreated, saponified, and PLD-treated [14C]GlcUA-labeled samples were
subjected to TLC on silica plates in butanol:acetic acid:water (44:16:40). Products were visualized by autoradiography. (B) Untreated (F),
saponified (E), and PLD-treated (Œ) [14C]Glc-labeled samples were chromatographed on paper in butanol:acetic acid:water (44:16:40) for 2 h. The
chromatogram was cut into 1-cm strips, and the amount of radioactivity was determined by liquid scintillation counting.

4472 CARTEE ET AL. J. BACTERIOL.



also migrated as a single band when separated by TLC in the
same solvent (data not shown). The migration of the GlcUA-
labeled (Fig. 2A) and Glc-labeled lipid products (Fig. 2B)
changed following either saponification with 0.1 N NaOH for
30 min or digestion with PLD, suggesting that the Glc- and
GlcUA-labeled products were glycerophosphate-based lipids
as opposed to polyprenylphosphate-based lipids. Neither the
Glc- nor the GlcUA-labeled lipids were sensitive, however, to
phospholipase C (data not shown). Acid hydrolysis of the
GlcUA-labeled product in 0.1 N HCl for 10 min and 30 min at
100°C resulted in degradation of only 20% and 40% of the
product, respectively, again consistent with a glycerophosphate
lipid. Hydrolysis of the Glc- and GlcUA-labeled products in 1
N HCl at 100°C for 2 h resulted in complete degradation of the
products into their respective monosaccharides (data not
shown). Also consistent with a glycerophosphate lipid, the
GlcUA-lipid was insensitive to hydrolysis in 50% phenol for 2 h
at 70°C (data not shown), whereas undecaprenyl-diphosphate
and -monophosphate sugars have respective half-lives of 4 to
10 min and 60 min under identical conditions (35).

The lipid acceptor contains a head group. Following PLD
digestion and chromatography on a Sephadex G-10 column,
the GlcUA-labeled product eluted prior to the disaccharide

cellobiose [�-D-Glc-(134)-D-Glc], while the Glc-labeled prod-
uct coeluted with cellobiose (Fig. 3), indicating that the lipid
acceptor may contain an additional residue attached to the
phosphate. When the PLD-digested Glc- and GlcUA-labeled
lipids were chromatographed on paper, they migrated faster
than their respective monosaccharides (shown for Glc-labeled
lipid in Fig. 2B), again indicating that the lipid acceptor con-
tained a head group. The PLD-digested Glc-labeled product
was sensitive to �-glucosidase digestion, liberating Glc, but was
not sensitive to �-glucuronidase digestion (data not shown).
Treatment of the GlcUA-labeled product with �-glucuroni-
dase following PLD digestion resulted in degradation of ap-
proximately 50% of the product and yielded GlcUA (data not
shown). The GlcUA-labeled product was not sensitive to
�-glucosidase digestion. These data suggest that the Glc-la-
beled lipid serves as an acceptor for GlcUA addition.

Purification of a glycosylated lipid from S. pneumoniae and
E. coli membranes expressing the type 3 synthase. Total lipids
were extracted from the type 3 S. pneumoniae strains JD614
and JD902 (Cps3S�) as well as from E. coli strains JD424
(Cps3S�) and JD422 (vector control). JD614 contains a point
mutation in cps3D (12) that causes a single amino acid change
(T83I; this study) in the UDP-Glc dehydrogenase, resulting in
�6% of parental levels of capsule (12, 26). JD614 was used in
place of the wild-type strain WU2 because the reduction in
capsule facilitates lipid extraction. Membranes from JD614
exhibited 60% of the in vitro polymer synthesis activity of the
parent strain, but the enzyme was able to catalyze synthesis of
high-molecular-weight polysaccharide under the same condi-
tions used for WU2 membranes (data not shown). Addition-
ally, when JD614 membranes were incubated with single nu-
cleotide sugars, glycolipids with characteristics identical to
those described for WU2 were synthesized in nearly equivalent
amounts (data not shown). Following separation of the anionic
lipids by TLC, a major lipid product that comigrated with the
[14C]Glc-labeled-lipid synthesized in vitro using JD614 mem-
branes was observed in the lipid extract from JD614 and JD424
(data not shown). The ratio of hexose to phosphorous of the
final lipid product from both strains was 1.2 (Table 1). This
lipid represented approximately 4% of the chloroform-extract-
able phosphorous in S. pneumoniae and 1% in E. coli. No
corresponding product was found in JD422, and only a minor
band was found in JD902 (see below).

Mass spectral analysis of anionic lipids of type 3 S. pneu-
moniae and E. coli strains expressing the type 3 synthase. Mass
spectral analysis of the lipid band purified from JD614 re-

FIG. 3. Glc- and GlcUA-labeled PLD-liberated products are dif-
ferent sizes. [14C]GlcUA-labeled (F) and [14C]Glc-labeled (E) lipids
synthesized as for Fig. 2A were solubilized and treated with PLD as
described in the legend to Fig. 2. Samples were applied to a Sephadex
G-10 column and eluted with 0.2 M NaCl containing 0.2 M ammonium
acetate and 0.02% sodium azide at a flow rate of 0.3 ml/min. Samples
(0.5 ml) were collected, and the amount of radioactivity present in the
even-numbered fractions was determined.

TABLE 1. Phosphorous and hexose levels during lipid purification

Fraction or process

Result for strain

S. pneumoniae JD614 E. coli JD424

Amt of hexosea

(�mol)
Amt of phosphorousa

(�mol)
Hexose/phosphorous

ratio
Amt of hexosea

(�mol)
Amt of phosphorousa

(�mol)
Hexose/phosphorous

ratio

Chloroform extract 8 2 4 2.3 74.5 0.03
Anionic lipids 0.2 1.2 0.17 1.8 14.5 0.12
TLCb 0.086 0.076 1.2 1 0.8 1.25

a Aliquots of the fractions indicated were measured for total hexose and phosphorous content as described in Materials and Methods. These values were used to
determine the hexose and phosphorous content in the total fraction, which is indicated.

b Lipid band purified by thin-layer chromatography.
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vealed mass ions at m/z 909 and m/z 881, which are compatible
with a monoglycosylated phosphatidylglycerol with fatty acids
16:0 and 18:1 and fatty acids 16:0 and 16:1, respectively (Fig.
4A and Table 2). Phosphatidylglycerol isolated from the same
anionic fraction as the glycosylated phosphatidylglycerol also
showed mass ions that were compatible with the same fatty
acid content (data not shown). These fatty acids are consistent
with those previously reported to be the predominant fatty
acids in S. pneumoniae glycerophosphate lipids (36). The mass
ions at m/z 909 and m/z 881 were not detected in the lipid band
from JD902, indicating that the presence of glycosylated phos-
phatidylglycerol in S. pneumoniae membranes is dependent on

the presence of the type 3 synthase (data not shown). The level
of phosphorous in the lipid band from JD902 was approxi-
mately one-third that for JD614 (data not shown), suggesting
that the glycosylated phosphatidylglycerol made up a signifi-
cant portion of the lipid band for JD614. Many of the mass ions
observed in the purified lipid band from both JD902 and
JD614 have not been conclusively identified. However, several
of the mass ions were consistent with lysophosphatidylglycerol
(data not shown).

Mass ion peaks at m/z 881 and m/z 909 were also observed
with the comigrating lipid band from E. coli strain JD424,
which expresses the recombinant type 3 synthase (Fig. 4B). In
addition, mass ion peaks at m/z 895, m/z 923, and m/z 935 were
also observed with the lipid from JD424. The peak at m/z 935
was consistent with glycosylated phosphatidylglycerol contain-
ing two 18:1 fatty acids, while the peaks at m/z 895 and m/z 923
were consistent with glycosylated phosphatidylglycerol con-
taining a 16:0 fatty acid and either a C17 fatty acid carrying a
cyclopropane ring or a C19 fatty acid carrying a cyclopropane
ring, respectively. The presence of these fatty acids was con-
firmed by MS/MS of these mass ions (data not shown). The set
of mass ion peaks observed with the lipid from JD424 was
nearly identical to that observed for glycosylated phosphatidyl-
glycerol synthesized when the glycosyltransferase Ugt106B1
from Staphylococcus aureus was expressed in E. coli (21). For
E. coli strain JD422 (vector control), no lipid that comigrated
with the [14C]Glc-labeled lipid synthesized in vitro using JD614
membranes was observed; however, two iodine-reactive lipid
bands that migrated in the region were observed. Analysis of
these two lipids by MS revealed no mass ions that corre-
sponded to glycosylated phosphatidylglycerol (data not
shown). The mass spectral data in combination with the size
and migration of the products generated following treatment
of the [14C]Glc-labeled lipid with PLD, mild alkali, and acid
provide compelling evidence that the lipid acceptor is glucosy-
lated phosphatidylglycerol (Fig. 4C).

To further confirm that the lipids with mass ions at m/z 881
and m/z 909 from E. coli and S. pneumoniae were the same,
they were subjected to MS/MS. As can be seen in Fig. 5A and
B, the MS/MS spectra for the mass ion at m/z 881 were nearly
identical for S. pneumoniae and E. coli, with peaks at m/z 253
and m/z 255, which correspond to the fatty acids 16:1 and 16:0,
respectively. Similarly, the MS/MS spectra for the peak at m/z
909 were nearly identical between S. pneumoniae and E. coli
(Fig. 5C and D). The peaks at m/z 255 and m/z 281 were
consistent with the fatty acids 16:0 and 18:1, respectively. Be-
sides the mass ion peaks that correspond to the fatty acids, the
MS/MS spectra of the mass ions at m/z 881 and m/z 909 were

FIG. 4. Mass spectral analysis of purified anionic lipids from S.
pneumoniae and E. coli expressing the type 3 synthase. Anionic lipids
purified from (A) S. pneumoniae strain JD614 and (B) E. coli strain
JD424 as described in Materials and Methods were analyzed by mass
spectrometry. (C) Putative structure of lipid product identified by mass
spectrometry. Arrow indicates site of PLD activity; R1 and R2 indicate
positions of fatty acids. The linkage between phosphatidic acid and
glycerol could be between either hydroxyl group on the glycerol head-
group.

TABLE 2. Predicted compounds for mass ion peaks

m/z Compound

253 ..................................................................16:1 fatty acid
255 ..................................................................16:0 fatty acid
281 ..................................................................18:1 fatty acid
881 ..................................................................Glycosylated phosphatidylglycerol with 16:0 and 16:1 fatty acids
895 ..................................................................Glycosylated phosphatidylglycerol with a 16:0 fatty acid and a C17 fatty acid with a cyclopropane ring
909 ..................................................................Glycosylated phosphatidylglycerol with 16:0 and 18:1 fatty acids
923 ..................................................................Glycosylated phosphatidylglycerol with a 16:0 fatty acid and a C19 fatty acid with a cyclopropane ring
935 ..................................................................Glycosylated phosphatidylglycerol with two 18:1 fatty acids
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nearly identical (compare Fig. 5A and 5C for S. pneumoniae
and Fig. 5B and 5D for E. coli), confirming that they were the
same lipid with different fatty acid chains.

Polysaccharide synthesized using JD614 membranes mim-
ics that of E. coli membranes in the polysaccharide ejection
and release assay. To examine polymer release, membrane-
polysaccharide-enzyme complexes were first synthesized and
then incubated with a 100 �M concentration of either UDP-
Glc or UDP-GlcUA. As previously shown (15), membranes of
the type 3 parent strain WU2 released approximately 40% and
20% of the bound polysaccharide in the presence of UDP-Glc
and UDP-GlcUA, respectively (Fig. 6). In contrast, very little
of the polysaccharide synthesized using JD614 membranes was
released under identical conditions. Despite retention of the
polysaccharide on the JD614 membranes, the polymer could
not be extended into a higher molecular size, indicating it had
been ejected from the enzyme (see below). These results were
similar to those observed with E. coli membranes (9) and
membranes from other S. pneumoniae type 3 strains that con-
tain point mutations in cps3D or in pgm, which encodes a
phosphoglucomutase (data not shown). These strains produce
reduced amounts of capsule (0% to 25% of parental levels),
and their mutations have been described previously (13, 18,
26). Since these S. pneumoniae and E. coli strains produce very
little to no type 3 polysaccharide due to reduced UDP-GlcUA
levels, they presumably lack the large amount of preformed,
large-molecular-size polysaccharide that serves as an acceptor
for sugar addition in WU2 (15). This makes strains like JD614
useful for examining type 3 polysaccharide initiation.

Initiation of polymer synthesis on a glycerophosphate lipid.
JD614 membranes were used to pulse label polysaccharide
with [14C]Glc in a 1-min reaction with low substrate concen-
trations followed by a 5-min chase with 500 �M unlabeled
substrate. The majority of the products in the pulse and chase

FIG. 5. MS/MS analysis of mass ions m/z 881 and m/z 909 from S. pneumoniae and E. coli anionic lipid fractions. The mass ions m/z 881 from
(A) S. pneumoniae and (B) E. coli and m/z 909 from (C) S. pneumoniae and (D) E. coli, identified from the MS of an anionic lipid in Fig. 4, were
analyzed by MS/MS. The S. pneumoniae mass ions were analyzed using a Micromass Q-TOF instrument in the electrospray ionization mode, while
the E. coli mass ions were analyzed using a PE ScieX triple quadrupole in the negative-ion mode.

FIG. 6. JD614 membranes release less polysaccharide than WU2
membranes. Polysaccharide-enzyme complexes were synthesized as
described in Materials and Methods. Labeled complexes (10,000 cpm
for WU2 and 15,000 cpm for JD614) were incubated with either 100
�M UDP-Glc (solid bars) or 100 �M UDP-GlcUA (open bars), and
polysaccharide release from the membranes was assayed as described
previously (15). The data presented are averages (� standard devia-
tions) for duplicate release assays using the same polysaccharide-en-
zyme complex. The amount of release observed with no nucleotide
sugar (5% for WU2 and 2% for JD614) was subtracted from each
sample prior to averaging data.
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samples remained at the origin following paper chromatogra-
phy in butanol:acetic acid:water (44:16:40), indicating that
mostly polymer or oligosaccharides were formed (data not
shown). Following PLD treatment of the polysaccharide in the
pulse reaction and analysis of the products by Sephacryl S-300
chromatography, a shift in the size of a portion of the poly-
mer to a slightly smaller molecular size and the generation
of what appeared to be small oligosaccharides were ob-
served (Fig. 7A). Nearly all of the product labeled in the
pulse was chased into a high-molecular-weight product, con-
firming that it was still engaged with the synthase. The size
of the polymer in the chase sample, however, was not

changed following PLD treatment (Fig. 7B). This result
indicates that the portion of the polysaccharide whose mi-
gration changed following PLD digestion was chased into a
higher molecular weight, where removal of the lipid moiety
by PLD would not affect its elution on a Sephacryl S-300
column. All of the polysaccharide synthesized during the
chase was sensitive to type 3 polysaccharide depolymerase
from Bacillus palustris, indicating that all the product was
type 3 polysaccharide (Fig. 7C).

The type 3 synthase can reinitiate synthesis following poly-
saccharide ejection. To determine if the type 3 synthase could
reinitiate polymer synthesis following ejection of its nascent
polysaccharide chain, we used membranes from JD614 to first
synthesize low-molecular-weight polysaccharide-enzyme com-
plexes labeled with [14C]GlcUA (Fig. 8A). These complexes
were then incubated with either 100 �M UDP-Glc, 100 �M
UDP-GlcUA, or no UDP-sugars prior to the addition of 20
�M of UDP-[3H]Glc and UDP-GlcUA in a complete reaction
mixture. The membranes were then washed extensively prior
to size exclusion chromatography. Preincubation of the com-
plexes with either nucleotide sugar alone resulted in formation
of a new 3H-labeled high-molecular-weight product, while the
size of the majority of the 14C-labeled products remained un-
changed (Fig. 8B and C). These data indicated that the ma-
jority of the 14C-labeled polymer had been ejected from the
enzyme during the incubation with the single nucleotide sugars
but was retained on the membrane and that the synthase had
initiated synthesis of a new 3H-labeled polysaccharide chain in
the final polymerization reaction. The extension of a small
amount of the 14C-labeled product incubated with UDP-Gl-
cUA (Fig. 8C) reflects the lower rate of polysaccharide ejec-
tion from the enzyme with UDP-GlcUA (15). Preincubation of
the polysaccharide-enzyme complex with no UDP-sugars re-
sulted in all of the 3H being incorporated into polymer that
coeluted with the 14C as high-molecular-weight polysaccharide
(Fig. 8D). These data were consistent with the addition of
[3H]Glc to the 14C-prelabeled polymer. Together, these data
indicate that the type 3 synthase in S. pneumoniae membranes
is capable of initiating synthesis of a new polysaccharide chain
following ejection of the nascent chain.

Following release of nascent polysaccharide chains, release
of newly synthesized polymer by WU2 membranes mimics that
of JD614 and E. coli membranes. Approximately 20 to 40% of
the polysaccharide synthesized using WU2 membranes is re-
leased from the membrane following incubation with a single
nucleotide sugar (Fig. 6) (15). These data indicate that the
releasable polysaccharide, although actively engaged with the
synthase, is not attached to the membrane. Following ejection
and release of this polymer, the type 3 synthase in WU2 mem-
branes was capable of synthesizing new polymer in the same
manner as JD614, above (data not shown). This newly synthe-
sized polymer from WU2 membranes, like polymer synthe-
sized using JD614 and E. coli membranes, was not released
from the membrane following incubation with a single nucle-
otide sugar but was ejected from the enzyme. These observa-
tions indicated that the releasable portion of the WU2 polymer
was detached from the membrane, and all the newly synthe-
sized polymer was initiated on a lipid acceptor that serves as a
membrane anchor. Models for the synthesis and release of type
3 polysaccharide, and the differences observed using WU2,

FIG. 7. Type 3 polysaccharide is synthesized on a glycerophosphate
lipid. Type 3 polysaccharide was labeled in a 600-�l-volume pulse
reaction containing 100 mM HEPES (pH 7.0), 10 mM MnCl2, 1 �M
UDP-[14C]Glc, 1 �M UDP-GlcUA, and membranes from type 3 strain
JD614 for 1 min at 35°C. A 300-�l aliquot was taken and placed on ice.
The reaction was then chased for 5 min at 35°C with 500 �M of
UDP-Glc and UDP-GlcUA. The membranes from the pulse and chase
samples were sedimented by centrifugation, washed twice, and resus-
pended in 100 �l of wash buffer. Samples were solubilized and treated
with PLD, as described in the legend to Fig. 2. (A) Pulse samples,
untreated (F) and PLD digested (E), and (B) chase samples, un-
treated (■ ) and PLD digested (�), were chromatographed on a
Sephacryl S-300 column and eluted as described above. (C) A portion
of the untreated chase sample (■ ) was digested with type 3 polysac-
charide-specific depolymerase (‚) in a 200-�l-volume reaction con-
taining 0.1 M morpholineethanesulfonic acid (pH 6.0) for 15 min at
35°C. For all samples, 1-ml fractions were collected and the amount of
radioactivity present in the even-numbered fractions was determined.
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JD614, and E. coli membranes, are shown in Fig. 9 and dis-
cussed further below.

DISCUSSION

The type 3 synthase from S. pneumoniae is a member of a
group of processive �-glycosyltransferases that form multiple
glycosidic linkages (22). Many of the enzymes in this class,
including the type 3 synthase (10), the hyaluronan synthases
(for a review, see reference 38), and the cellulose synthases
(24, 29–31) have been extensively studied; however, initiation
of polymer synthesis has only recently been investigated. One
model suggests that synthesis initiates de novo from the nucle-
otide sugars (28). Recent studies on the cellulose synthase
CesA from cotton (Gossypium hirsutum), however, demon-
strated that this enzyme utilizes sitosterol-�-glucoside to initi-
ate cellulose formation (27). In addition, we demonstrated that
the recombinant type 3 synthase in E. coli membranes catalyzes
synthesis of the type 3 polysaccharide on an endogenous glyc-
erophosphate lipid (9). Here, we demonstrate that synthesis
initiates on phosphatidylglycerol in both the S. pneumoniae
and recombinant E. coli systems.

When incubated in the presence of a single nucleotide sugar,
the type 3 synthase catalyzes the addition of a single Glc or
GlcUA onto an endogenous lipid acceptor (reference 9 and
this study). Characterization of the GlcUA- and Glc-labeled
products using acid and alkaline hydrolysis and sensitivity to
PLD digestion indicated that the lipid acceptor for these sin-

FIG. 8. Reinitiation of polysaccharide synthesis following ejection of the nascent polymer. [14C]GlcUA-labeled polysaccharide-enyzme com-
plexes were prepared in a 500-�l reaction mixture consisting of 100 mM HEPES (pH 7.5), 10 mM MnCl2, 100 �M UDP-Glc, 100 �M
UDP-[14C]GlcUA (27 mCi/mmol), and JD614 membranes (1.5 mg of protein). The reaction was incubated for 5 min at 35°C and stopped by placing
it on ice. The volume of the reaction was brought to 2 ml with wash buffer (100 mM HEPES [pH 7.5] containing 10% glycerol), and the membranes
were washed four times. (A) An aliquot of the 14C-labeled product was chromatographed on a Sephacryl S-500 column. Aliquots of the labeled
complex were incubated for 10 min at 35°C in 100-�l-volume reactions containing 100 mM HEPES (pH 7.5), 10 mM MnCl2, and either (B) 100
�M UDP-Glc, (C) 100 �M UDP-GlcUA, or (D) no UDP-sugars. Membranes were sedimented by centrifugation and washed once as described
above. The volume was then brought to 100 �l so that the reaction contained 100 mM HEPES (pH 7.5), 10 mM MnCl2, 20 �M UDP-[3H]Glc (20
�Ci/mmol), and 20 �M UDP-GlcUA. The reactions were incubated for an additional 5 min at 35°C and terminated by placing them on ice and
adding 200 �l of ice-cold wash buffer. The membranes were sedimented by centrifugation, washed, and analyzed by chromatography on a Sephacryl
S-500 column. 14C (● ) and 3H (E) levels were measured in the even-numbered fractions. The values compensate for a 17% overlap of 14C and
a 0.2% overlap of 3H in the corresponding channels.

FIG. 9. Models of type 3 polysaccharide synthesis and ejection.
(A) Polysaccharide synthesis initiates on a lipid acceptor (open trian-
gle) with membranes from WU2, JD614, or recombinant E. coli. Fol-
lowing ejection, the polysaccharide remains tethered to the membrane
via the lipid acceptor. (B) Preformed polysaccharide (open symbols) of
S. pneumoniae strain WU2 that is no longer associated with the mem-
brane is extended (closed symbols) in the presence of both nucleotide
sugars. Following ejection, the polysaccharide is released into the me-
dium. Some of the preformed polysaccharide in WU2 may still contain
its lipid anchor; thus, synthesis and ejection would resemble the
scheme shown in panel A. Following ejection, all new polysaccharide
synthesis occurs on the lipid acceptor as described in the legend to
panel A, regardless of the initial acceptor.
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gle-sugar additions was a glycerophosphate lipid. Following
digestion of the glycolipids with PLD, the resulting products
did not migrate on paper as their free monosaccharides, sug-
gesting that the glycolipids contained an additional residue.
Consistent with this possibility, the PLD-treated Glc-labeled
product eluted prior to a Glc standard, whereas the PLD-
treated GlcUA-labeled product eluted prior to cellobiose
when chromatographed on Sephadex G-10. The larger size of
the GlcUA-labeled product suggested that the order of sugar
addition to the lipid acceptor is Glc followed by GlcUA. The
capacity of the type 3 synthase in membranes from S. pneu-
moniae and E. coli to incorporate relatively large amounts of
GlcUA into a lipid product (9) suggested that the membranes
contain large amounts of glucosylated lipid acceptor. Mass
spectrometry analysis of an anionic lipid band isolated from S.
pneumoniae and E. coli strains expressing the type 3 synthase
indicated the presence of glycosylated phosphatidylglycerol.
This lipid is not present in native E. coli membranes (21; this
study) and was not observed in an S. pneumoniae strain in
which the synthase had been insertionally inactivated, indicat-
ing that its synthesis is dependent on the type 3 synthase. Since
phosphatidylglycerol is the most abundant glycerophosphate
lipid in S. pneumoniae membranes (36), it is somewhat unex-
pected that the levels of Glc incorporation into the lipid prod-
uct were relatively low compared to those of GlcUA. One
explanation for this observation is that phosphatidylglycerol is
a less-effective substrate for Glc addition than a terminal Gl-
cUA on an oligosaccharide or polysaccharide, whereas GlcUA
is readily added to the glucosylated phosphatidylglycerol. Per-
haps the negatively charged phosphate attached to glycerol
mimics the carboxyl group of GlcUA, thus allowing phosphati-
dylglycerol to function as a weak acceptor for Glc addition.

Two lines of evidence demonstrate that type 3 polysaccha-
ride is initiated on a glycerophosphate lipid. First, a portion of
the type 3 polysaccharide synthesized using JD614 membranes
in a pulse reaction was reduced in size by treatment with PLD.
Second, 95% of the polymer synthesized using JD614 mem-
branes remained tethered to the membrane following incuba-
tion with a single nucleotide sugar, even though it had been
ejected from the enzyme. We previously reported that 40 to
60% of the polymer synthesized in vitro using WU2 mem-
branes was ejected from the synthase and released from the
membrane upon incubation with a single nucleotide sugar (15).
We have demonstrated here that despite retention on the
membrane, nearly all of the polymer is actually ejected from
the enzyme under these conditions. The remaining polymer
thus appears to be tethered to the membrane. As shown in Fig.
9, the difference in the amount of polysaccharide released from
the membrane by WU2 and its derivatives that contain muta-
tions that affect substrate concentration and capsule levels may
reflect the initial acceptor during polymer synthesis. For WU2,
approximately half of the polysaccharide synthesized in vitro
initiates on preformed polysaccharide that is engaged with the
enzyme but is no longer associated with the membrane, possi-
bly due to loss of the lipid moiety (9, 15). Strains like JD614,
however, contain mutations that result in a decrease in the
UDP-GlcUA concentration below a critical level. These
skewed substrate concentrations likely result in not only a
decrease in capsule production but also an increased rate of
polysaccharide ejection from the enzyme. Thus, in membranes

isolated from these strains, the majority of the enzyme is either
not engaged with preformed polysaccharide and initiates syn-
thesis de novo from the lipid acceptor or is engaged with short
preformed chain’s that still contain the lipid moiety. The rate
of synthesis starting from the lipid acceptor may be lower than
that of synthesis from an oligosaccharide acceptor, which may
explain why the synthase from JD614 membranes exhibits only
60% of the polymer synthesis activity of the parent strain.
Similar to JD614, none of the type 3 polysaccharide synthe-
sized in vitro with E. coli membranes containing the type 3
synthase was released from the membrane upon incubation
with a single nucleotide sugar; however, all the polysaccharide
was ejected from the enzyme (9). The synthase isolated from E.
coli, which produces little or no UDP-GlcUA, also would not
be actively engaged with polymer upon addition to the in vitro
synthesis assay, and thus, all the polymer is initiated de novo on
the lipid acceptor (9).

Type 3 polysaccharide in S. pneumoniae cultures can be
found both cell associated and soluble in the medium (18).
Unlike most capsule types in S. pneumoniae, type 3 capsule is
not covalently linked to the cell wall (33), suggesting an alter-
native mechanism for attachment to the cell surface. We pre-
viously proposed that the cell-associated polysaccharide was
due to its interaction with the synthase and that the soluble
form was generated following an ejection reaction (15). With
the evidence presented here, it appears that the cell association
of the polymer may occur via the lipid anchor on the reducing
end of the polymer. The soluble form of the polysaccharide
could then be generated by breakage of the polysaccharide
chains and release from the enzyme or breakage of the chains
following release. Alternatively, a dedicated mechanism for
cleaving the polysaccharide or the lipid primer may exist. If the
latter occurs, finding a way to inhibit formation of the soluble
form of polysaccharide could provide insights into its role in
type 3 S. pneumoniae pathogenesis.
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