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ABSTRACT: Almost all Streptococcus pneumoniae (pneumo-
coccus) capsule serotypes employ the Wzy-dependent pathway
for their capsular polysaccharide (CPS) biosynthesis. The
assembly of the CPS repeating unit (RU) is the first
committed step in this pathway. The wciN gene was predicted
to encode a galactosyltransferase involved in the RU assembly
of pneumococcus type 6B CPS. Herein, we provide the unambiguous in vitro biochemical evidence that wciN encodes an α-1,3-
galactosyltransferase catalyzing the transfer of galactosyl from UDP-Gal onto the Glcα-pyrophosphate-lipid (Glcα-PP-lipid)
acceptor to form Galα(1−3)Glcα-PP-lipid. A chemically synthesized acceptor (Glcα-PP-O(CH2)10CH3) was used to characterize
the WciN activity. The disaccharide product, i.e., Galα(1−3)Glcα-PP-O(CH2)10CH3, was characterized by mass and NMR
spectroscopy. Substrate specificity study indicated that the acceptor structural region composed of pyrophosphate and lipid
moieties may play an important role in the enzyme-acceptor recognition. Furthermore, divalent metal cations were found
indispensable to the WciN activity, suggesting that this glycosyltransferase (GT) belongs to the GT-A superfamily. By analyzing
the activities of six WciN mutants, a DXD motif involved in the coordination of a divalent metal cation was identified. This work
provides a chemical biology approach to characterize the activities of pneumococcal CPS GTs in vitro and will help to better
understand the pneumococcal CPS biosynthetic pathway.

Streptococcus pneumoniae (pneumococcus), a leading bacterial
pathogen worldwide, is coated by a thick layer of capsular
polysaccharide (CPS) on the cell surface. The extracellular CPS
is the major pneumococcal virulence factor and greatly
contributes to the pneumococcal pathogenicity by enhancing
the resistance to the complement-mediated opsonophagocy-
tosis.1,2 To date, 91 different CPS serotypes have been
identified with each serotype expressing a serologically distinct
polysaccharide.3 Among all pneumococcal CPS serotypes, only
two (types 3 and 37) are synthesized through the synthase-
dependent pathway, while all others employ the Wzy-
dependent pathway.4,5 The Wzy-dependent pathway starts
with the ligation of a sugar 1-phosphate onto the undecaprenyl
phosphate (Und-P) lipid to form an Und-PP-sugar inter-
mediate in the cytosolic surface of the cytoplasmic membrane,
catalyzed by an integral membrane protein.6,7 In pneumo-
coccus, WchA fulfills this role by transferring Glc-1-P onto
Und-P (Figure 1).8,9 Following this initiation step, specific
glycosyltransferases (GTs) sequentially add different sugar
residues onto the Und-PP-sugar intermediate, forming an
oligosaccharide repeating unit (RU).10−12 These RUs are then
translocated by flippase Wzx to the outer surface of the
cytoplasmic membrane,13,14 where they become polymerized
by polymerase Wzy (Figure 1).15,16 In pneumococcus, the

mature CPS is then translocated by the Wzd/Wze complex to
the cell surface and attached to peptidoglycan (Figure 1).5

Currently widely used pneumococcal vaccines including
polysaccharide vaccines and polysaccharide−protein conjugate
vaccines are both derived from CPSs.17 A better understanding
of the pneumococcal CPS biosynthetic pathway may help to
elaborate new anti-infectious agents or even provide novel
biotechnological tools to develop more efficient vaccines.18,19

The investigations on GT functions represent an initial but
significant step in the efforts to fully understand the
pneumococcal CPS biosynthesis. Moreover, GTs have become
powerful synthetic tools for the preparation of oligosaccharides
or glycoconjugates.20 The highly diverse activities of pneumo-
coccal CPS GTs provide a large reservoir of GTs for such a
purpose. However, the lack of knowledge of the pneumococcal
GT activities has remarkably limited their applications. Taken
together, more investigations on pneumococcal GT functions
should be performed.
While the CPS genetic loci of all pneumococcal serotypes

have been previously sequenced and gene functions also
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proposed,4,5,21 only a limited number of pneumococcal GTs
have been characterized in vitro.2,22 Such limitations have
primarily resulted from the barrier in obtaining appropriate
acceptor substrates. The natural acceptor substrates of
pneumococcal GTs contain a 55-carbon Und lipid (Figure 2).

Such substrates are difficult to handle owing to the extremely
poor solubility in aqueous media. Herein, we chemically
synthesized an acceptor with a shorter 11-carbon alkyl chain as
an Und surrogate (Glcα-PP-O(CH2)10CH3) to characterize a
GT (i.e., WciN) involved in the pneumococcus type 6B CPS
biosynthesis. Type 6B is one of the 23 serotypes that are most
commonly associated with pneumococcal diseases,17 and its
CPS RU is as follows: Rhaα(1−4)Rib-ol(5-P-2)Galα(1−
3)Glcα-PP-Und (Figure 2).23,24 Three GTs, namely WciN,
WciO, and WciP, were proposed to sequentially add three
sugar residues onto Glcα-PP-Und to form the complete type
6B RU (Figure 2).21 However, none of them have been
functionally confirmed. Using the synthetic acceptor, we

biochemically identified WciN as a UDP-Gal:Glcα-PP-lipid
α1,3-galactosyltransferase (Figure 3). Because the RUs of most
pneumococcal serotypes use Glc as the reducing-end residue,21

this synthetic acceptor can be used as a general probe to
characterize the activities of many other pneumococcal GTs.

■ MATERIALS AND METHODS
Bacterial Strains, Plasmids, and Materials. Pneumo-

coccus type 6B strain was kindly provided by C. J. Orihuela
from the University of Texas Health Science Center. Escherichia
coli DH5α competent cells were from Gibco-BRL Life
Technology. E. coli BL21(DE3) competent cells were from
Novagen Inc. (Madison, WI). The Site-Directed Mutagenesis
kit was purchased from Agilent Technologies. Expression
plasmid pET-15b was purchased from Novagen (Carlsbad,
CA). All kits and enzymes were used following manufacturers’
instructions. All other chemical reagents and solvents were
obtained from Sigma-Aldrich unless otherwise noted.

Cloning, Expression, and Purification of WciN. The
wciN gene was amplified by PCR from the genomic DNA of
pneumococcus type 6B using the cloning primers listed in
Table S1 of the Supporting Information. The PCR product was
digested with NdeI and BamHI and subsequently inserted into
the pET-15b vector linearized by the same restriction enzymes,
forming a pET-15b-wciN recombinant plasmid. The recombi-
nant plasmid was confirmed by restriction mapping and
sequencing. The correct construct was subsequently trans-
formed into E. coli BL21(DE3) for protein expression.
E. coli BL21(DE3) harboring the recombinant plasmid was

incubated in 1 L of Luria−Bertani (LB) medium supplemented
with 100 μg/mL ampicillin at 37 °C until A600 reached ∼0.6.
Isopropyl β-D-1-thiogalactopyranoside (IPTG) was then added
to a final concentration of 0.2 mM. The protein expression was
allowed to continue for 20 h at 16 °C. Cells were harvested and
washed with 20 mM Tris−HCl, pH 7.5. The cell pellet was
resuspended in the buffer (50 mM Tris-HCl, pH 7.5, 0.3 M
NaCl, 10 mM imidazole, 5% glycerol and 1 mM PMSF) and
disrupted by sonication as previously described.25 Cell lysates
were centrifuged at 15000g for 20 min at 4 °C to remove the
cell debris. The resulting supernatant was applied onto a 5 mL
HisTrap HP column (GE Healthcare) that was pre-equilibrated
with the buffer containing 50 mM Tris-HCl, pH 7.5, 0.3 M
NaCl, 5% glycerol, and 10 mM imidazole. The column was
washed with 10 column volumes of 50 mM imidazole in the
same buffer, and the protein was eluted with the buffer
containing 250 mM imidazole. Finally, eluted WciN was
applied to the PD-10 column (GE Healthcare) to desalt and
then eluted with storage buffer (50 mM Tris-HCl, pH 7.5, 100
mM NaCl, 20% glycerol). Purified protein was analyzed by
SDS-PAGE and kept at −20 °C.

Chemical Synthesis of the Glcα-PP-O(CH2)10CH3
Acceptor. The synthetic scheme (Scheme S1), procedures,
and product characterization can be found in the Supporting

Figure 1. The current model for the Wzy-dependent pneumococcal
CPS biosynthesis and the export to the cell surface. The type 6B CPS
pathway is presented here as an example.

Figure 2. Structure of the pneumococcus type 6B CPS RU and the
proposed activities of three GTs.

Figure 3. In vitro activity characterization of the WciN activity using a chemically synthesized acceptor: Glcα-PP-O(CH2)10CH3.
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Information. Briefly, peracetylated Glcα-PP-O(CH2)10CH3 was
obtained via the coupling of protected glucose 1-phosphate and
undecanol 1-phosphate. Peracetylated glucose 1-phosphate was
prepared via phosphoramidite chemistry.10 A final deacetylation
step of coupling product afforded desired Glcα-PP-O-
(CH2)10CH3. It is notable that cation-exchange resin
(pyridinium form, weak acidity) should be immediately added
to neutralize the reaction mixture upon the completion of the
Zemplen deacetylation of peracetylated Glcα-PP-O-
(CH2)10CH3 to avoid product degradation (Supporting
Information).
Activity Assay of WciN Using the Synthetic Acceptor.

The reaction was performed with a 100 μL mixture containing
50 mM Tris, pH 7.5, 10 mM MgCl2, 5 mM UDP-Gal, 5 mM
Glcα-PP-O(CH2)10CH3, and ∼20 μg of purified WciN. The
reaction was allowed to continue for 3 h at 37 °C, and the
product was detected using high-resolution mass spectrometry
(HRMS).
Preparative-Scale Synthesis of Disaccharide Product

Galα(1,3)Glcα-PP-O(CH2)10CH3. A 8 mL reaction mixture
containing 50 mM Tris, pH 7.5, 10 mM MgCl2, 5 mM UDP-
Gal, 5 mM Glcα-PP-O(CH2)10CH3, and ∼3 mg of purified
WciN was incubated at 37 °C with mild agitation until
substrates were observed completely converted to the product
as monitored by mass spectroscopy. The reaction was then
quenched by adding an equal volume of cold methanol, and
precipitated WciN was removed by brief centrifugation. The
supernatant was loaded on to a C18 reverse phase column (8
mm × 80 mm, particle size 40 mm, pore size 60 A, from
Aldrich) and eluted with a gradient of CH3OH (0−100%
CH3OH) in water containing 10 mM NH4HCO3 (the product
was eluted out at ∼50% CH3OH). The fractions containing
desired product were pooled and concentrated to give the
product Galα(1,3)Glcα-PP-O(CH2)10CH3 (16.5 mg, 60%). 1H
NMR (500 MHz, D2O) δ: 5.65 (dd, J = 7.2, 3.5 Hz, 1H), 5.47
(d, J = 3.9 Hz, 1H), 4.31 (t, J = 6.5 Hz, 1H), 4.06 (d, J = 3.2 Hz,
1H), 3.95−4.02 (m, 5H), 3.87−3.92 (m, 2H), 3.83 (dd, J =
12.3, 4.4 Hz, 1H), 3.77−3.79 (m, 2H), 3.74 (app t, J = 9.9 Hz,
1H), 3.67 (dt, J = 9.6, 3.2 Hz, 1H), 1.67−1.72 (m, 2H), 1.29−
1.43 (m, 16H), 0.90 (t, J = 7.1 Hz, 3H). 13C NMR (125 MHz,
D2O) δ: 99.0, 95.7 (d), 78.9, 72.6, 70.6, 70.4 (d), 69.8, 69.4,
69.2, 68.7, 67.1 (d), 60.8, 60.2, 31.2, 29.8 (d), 28.8 (multiple
carbons), 28.7, 28.5 (multiple carbons), 24.9, 22.1, 13.4. HRMS
(ESI) calcd for C23H45O17P2 (M−H)− 655.2137; found
655.2125 m/z.
Site-Directed Mutagenesis of WciN. Six WciN mu-

tantsWciND28A, WciND30A, WciND102A, WciND104A,
WciND116A, and WciND118Awere created by using the
QuikChange Site-Directed Mutagenesis Kit (Agilent Technol-
ogies). Briefly, oligonucleotide primers (Table S1) were
designed to create the desired amino acid change. The pET-
15b-wciN plasmid was used as the DNA template. PCR
products were digested with DpnI and transformed into XL1-
Blue Supercompetent Cells. Plasmids were isolated and
sequenced to confirm the desired substitution of amino acid
residues. The WciN mutants were expressed, purified, and
applied to the in vitro WciN activity assay as described before.

■ RESULTS
Expression and Purification of WciN. The recombinant

plasmid (pET-15b-wciN) encodes full-length WciN with an N
terminus 6×His epitope. The expression of WciN at a low
temperature (16 °C) significantly increased the amount of

soluble portion of the overall protein. The His6-WciN fusion
protein could be purified to near homogeneity in one step using
a Ni column with a yield of ∼5 mg/L in the LB medium
(Figure 4). The recombinant protein has an apparent molecular

weight of 39 kDa as estimated by SDS-PAGE (Figure 4), close
to the calculated value (38.799 kDa). The sequence analysis
showed that WciN contains no transmembrane segments,
consistent with the observation that WciN could be purified
without the need of any detergents.

Characterization of the WciN Activity Using the
Synthetic Acceptor Substrate. The chemically synthesized
acceptor (Glcα-PP-O(CH2)10CH3) was used to characterize
the WciN activity. The disaccharide product was first examined
using high-resolution mass spectrometry. A prominent peak
with m/z ratio at 655.2125 [calcd for C23H45NO11P2 (M-H)−

655.2137] was observed, consistent with the formation of the
Galα(1,3)Glcα-PP-O(CH2)10CH3 product (Figure 5). The
structure of the product was further determined by NMR. A
reasonable amount of Galα(1,3)Glcα-PP-O(CH2)10CH3 prod-
uct was obtained from preparative scale enzymatic synthesis. 1H
NMR, 13C NMR, H−H COSY, HSQC, and HMBC spectra of
Galα(1,3)Glcα-PP-O(CH2)10CH3 are provided in the Support-
ing Information. For the anomeric proton of Gal (δ 5.47), a
coupling constant of 3.95 Hz indicates an α-linkage (Figure 6a).
The Gal1→3Glc linkage was confirmed by HMBC experiment,
where a strong coupling was clearly observed between the Gal
C-1 and Glc H-3 signals (Figure 6b).

Substrate Specificity of WciN. The specificity of WciN
toward different acceptor substrates was further investigated
using compounds shown in Table 1. Out of eight chosen
acceptors, only Glcα-PP-O(CH2)10CH3 was accepted by WciN,
while all others do not show any detectable activity (Table 1).
The absence of the WciN activity on entries 4−8 suggests that
the structural region composed of pyrophosphate and lipid
moieties may be critical for the acceptor recognition by the
enzyme. Entry 2, where the C2 hydroxyl group of Glc is
replaced with an acetamido group, was not accepted by WciN,
indicating WciN is specific to Glc with an equatorial C2
hydroxyl group. Moreover, the enzyme−lipid recognition may
be an essential part of the acceptor recognition mechanism of
WciN since UDP-Glc (entry 3) with a terminal uracil was

Figure 4. Expression and purification of WciN. Lane 1, protein
molecular weight standard; lane 2, whole E. coli BL21(DE3) cells with
empty plasmid pET-15b; lane 3, whole cells with pET-15b-wicN
induced by IPTG; lane 4, supernatant after the cell disruption; lane 5,
purified WciN using Ni-affinity column.
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unacceptable as an acceptor. Interestingly, the recognition of
lipid moiety is quite relaxed since a saturated alkyl-based lipid
with only 11 carbons is sufficient for the WciN activity.
Determination of Divalent Metal Cation Dependence

of WciN. Two structural folds, named GT-A and GT-B, have
been identified for GTs.26 Most of GT-A GTs possess a DXD
motif, by which they can coordinate a divalent metal cation,
which in turn facilitates the departure of the nucleoside
pyrophosphate leaving group during glycosyltransfer. In
contrast, GT-B GTs were found to be divalent metal cation-
independent, as they instead use the helix dipole effect or
positively charged side chains to interact with the pyrophos-
phate of the donor.26 In order to investigate the metal ion
requirements of WciN, several divalent metal cations (Mg2+,
Mn2+, or Zn2+) were incubated in a series of reaction mixtures
with or without the addition of EDTA. Results showed that
WciN is divalent metal cation-dependent since the addition of a
divalent metal cation is necessary for the activity of WciN and
the removal of divalent metal cations (e.g., Mg2+) by adding 10
mM of EDTA into the reaction completely abolishes the WciN
activity. The observed divalent metal cation dependence
suggests that WciN belongs to the GT-A superfamily.
Identification of the DXD Motif of WciN. The divalent

metal cation dependence test of WciN indicated that WciN

should contain a DXD motif or a variant of this motif. By
analyzing the WciN sequence, three DXD motif candidates
were found, including 28DLD30, 102DSD104, and 116DID118. To
further identify which of them is involved in the binding of a
divalent metal cation, six WciN mutants (D28A, D30A, D102A,
D104A, D116A, and D118A) were prepared accordingly. The
substitution of aspartic acid by alanine would eliminate the
ability of WciN to bind a divalent metal cation and thus
inactivate the enzyme. Six WciN mutants were applied to the
established in vitro activity assay. Among the six mutants, two
(D102A, D104A) lost activities while the other four remained
active, which clearly indicates that the 102DSD104 motif is critical
for the WciN activity and involved in the interaction of WciN
with divalent metal cations.
A multiple sequence alignment was performed to further

demonstrate the importance of the 102DSD104 motif (Figure 7).
By searching the CAZY GT database (http://www.cazy.org),
WciN is grouped into GT family 8. Ten bacterial GTs were
randomly selected from this GT family, and together with

Figure 5. HRMS analysis of Galα1,3Glcα-PP-O(CH2)10CH3.

Figure 6. 1H NMR and HMBC spectra of Galα1,3Glcα-PP-
O(CH2)10CH3.

Table 1. Investigation on the Acceptor Substrate Specificity
of WciN

*+: WciN activity was observed; −: no detectable activity.

Biochemistry Article

dx.doi.org/10.1021/bi300640b | Biochemistry 2012, 51, 5804−58105807

http://www.cazy.org


WciN, were analyzed using multiple sequence alignment
program (http://www.ebi.ac.uk/Tools/msa/clustalw2/). All
of these GTs were found to contain a highly conserved DXD
motif at the equivalent position of 102DSD104, which further
confirms the importance of the 102DSD104 motif to the WciN
activity.

■ DISCUSSION
In order to study the WciN function, we chemically synthesized
Glcα-PP-O(CH2)10CH3 for use as an acceptor substrate. The
reasons to prompted us to test a synthetic acceptor with a
truncated lipid moiety are as follows: (1) The natural acceptor
of WciN is Glcα-PP-Und, which is produced by bacterial cells
in a very small amount, making isolation impractical.27 (2)
Chemical synthesis may provide it on a relatively larger scale
but requires a very expensive undecaprenol precursor.10,28 (3)
Glcα-PP-Und has a 55-carbon hydrophobic lipid chain and is
thus highly prone to aggregate, rendering it very difficult to
handle owing to the poor solubility in enzymatic reaction
solution.29 Although Und-PP-linked substrates have been
previously used in several studies for enzyme characterization,
it should be noted that organic solvent (e.g., DMSO) and
detergent (e.g., Triton X-100) must be supplemented to help
dissolve the aggregates.10,28,30 (4) Sequence analysis revealed
that WciN does not contain any transmembrane segments,
suggesting that the 55-carbon lipid may not be strictly required
for the enzyme activity. In fact, it has been demonstrated that
several bacterial GTs acting on Und-linked substrates are
relaxed in their recognition of the lipid moiety.31−34 We thus
designed and chemically synthesized a Glcα-PP-lipid acceptor
with an alkyl lipid chain of only 11 carbons. Using this acceptor
mimic, WciN was characterized as an α-1,3-galactosyltransfer-
ase.
Two structurally similar substrates (GalNAcα-PP-O(CH2)11-

O-Phenyl and GlcNAcα-PP-O(CH2)11-O-Phenyl) were pre-
viously synthesized to characterize the E. coli GTs.32,33,35 In the
present study, a similar synthetic scheme was initially employed
to synthesize Glcα-PP-O(CH2)10CH3. However, our initial
experiments showed that, for lipid pyrophosphate derivatives of
α-D-glucopyranosyl, the deacetylation of the peracetylated
Glcα-PP-O(CH2)10CH3 intermediate is difficult because of
the extreme alkali instability of the product. The reason could
be that the C2 hydroxyl group of the glycosyl residue is
equatorial and is sterically suited for the formation of 1,2-cyclic
phosphate derivatives with cleavage of the pyrophosphate
linkage in the alkaline reaction mixture (Figure S1). So upon
the completion of the Zemplen deacetylation of peracetylated
Glcα-PP-O(CH2)10CH3, the cation-exchange resin (pyridinium

form, weak acidity) was immediately added to neutralize the
reaction mixture. With this optimization, Glcα-PP-O-
(CH2)10CH3 could be obtained with an overall yield >70%.
Otherwise, the final product would be degraded quickly upon
concentration by a rotovap.
WciN belongs to CAZY GT family 8, and members of this

family employ retaining glycosyltranfer mechanism, in which
glycosyl is transferred from the NDP-sugar donor to the
acceptor with the retention of anomeric configuration. The
structure analysis of the WciN disaccharide product by NMR
revealed an α-1,3-linkage between Gal and Glc, consistent with
the retaining glycosyltranfer mechanism. Furthermore, it was
found that WciN, like those previously characterized bacterial
GTs,31−34 is also relaxed in the recognition of lipid moiety of
the acceptor. The synthetic acceptor contains an 11-carbon
alkyl lipid chain, quite different from the natural Und lipid in
the saturation degree and the length. The retention of the
WciN activity on such an acceptor suggests that the saturation
degree and the length of lipid are not essential in determining
the WciN activity. In future studies, simplified structures like
this could thus be designed to replace complex natural
substrates. Interestingly, aside from GTs, the relaxed specificity
toward lipid moiety was also observed with other types of
enzymes acting on Und-PP-linked glycan intermediates, such as
O-antigen polymerase Wzy,10 O-antigen ligase WaaL,28 and
peptidoglycan glycosyltransferases.36 The reason behind this
phenomenon remains unknown. To gain more insight into the
mechanism of WciN for the acceptor lipid recognition,
crystallization trials of the WciN−acceptor complex are
undergoing in our laboratory.
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