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Abstract
Haemophilus ducreyi is a Gram-negative bacterium that causes chancroid, a sexually transmitted
genital ulcer disease. Different lipooligosaccharide (LOS) structures have been identified from H.
ducreyi strain 35000, including those sialylated glycoforms. Surface LOS of H. ducreyi is considered
an important virulence factor that is involved in ulcer formation, cell adhesion, and invasion of host
tissue. Gene Hd0686 of H. ducreyi, designated lst (for lipooligosaccharide sialyltransferase), was
identified to encode an α2,3-sialyltransferase that is important for the formation of sialylated LOS.
Here we show that Hd0053 of H. ducreyi genomic strain 35000HP, the third member of the
glycosyltransferase family 80 (GT80), also encodes an α2,3-sialyltransferase that may be important
for LOS sialylation.
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Introduction
Haemophilus ducreyi is a Gram-negative human mucosal pathogen that causes chancroid, a
highly contagious sexually transmitted genital ulcer disease [1]. Chancroid is common in
developing countries. Although less common in the United States, chancroid has been
associated with increased risk for developing other sexually transmitted diseases including
human immunodeficiency virus (HIV) [2]. Sialylated LOS structures have been identified from
H. ducreyi strains and may be expressed by the bacteria to mimic host cell surface glycans to
evade the host's immune system as other Gram-negative mucosal pathogens, such as
Haemophilus influenzae, Neisseria meningitidis, and Neisseria gonorrhoeae [3]. The lst gene
in H. ducreyi (Hd0686) has been proven to be a lipooligosaccharide (LOS) sialyltransferase
gene by complementation studies [4]. It shares homology to cpsK gene, a capsular
polysaccharide sialyltransferase gene, in GBS strains [5] and Hi0871 gene of H. influenzae,
which encodes a hypothetic lipooligosaccharide sialyltransferase [6]. H. ducreyi is suggested
to use a sialic acid scavenging mechanism for LOS sialylation which is similar to that described
for H. influenzae and Haemophilus somnus [7-10]. This precursor scavenging pathway
involves the uptake of host sialic acid as the precursor. Production of activated sugar nucleotide
donor CMP-sialic acid and subsequent transfer of sialic acid to appropriate membrane
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acceptors are then accomplished by CMP-sialic acid synthetase(s) and sialyltransferase(s)
produced by the bacteria [8]. While the LOS from the H. ducreyi neuA (a CMP-N-
acetylneuraminic acid synthetase gene) mutant lacked detectable sialic acid, the LOS from the
lst mutant still contained some sialic acid [4]. This indicates that another sialyltransferase may
exist that contributes to the sialylation of LOS in H. ducreyi.

BLAST search using the amino acid sequence of a Photobacterium damsela α2,6-
sialyltransferase (Pd2,6ST or sialyltransferase 0160) (GenBank accession number:
BAA25316) [11,12] identified two homologous proteins encoded by gene Pm0188 from
Pasteurella multocida genomic strain Pm70 and gene Hd0053 from the H. ducreyi genomic
strain 35000HP, respectively. These three proteins do not share sequence homology with any
other reported bacterial or mammalian glycosyltransferases. They have now been classified
into a new glycosyltransferase family GT80 on the Carbohydrate-Active enzymes (CAZy)
database (http://afmb.cnrs-mrs.fr/CAZY/) [13]. We have shown previously that Pm0188
encodes a multifunctional sialyltransferase having α2,3-sialyltransferase, α2,6-
sialyltransferase, α2,3-sialidase, and α2,3-trans-sialidase functions [14]. Here, we report the
cloning and biochemical characterization of the Hd0053 gene product. The recombinant
enzyme was expressed as a His-tagged fusion protein and purified to homogeneity using a Ni-
NTA affinity column. NMR studies of the product produced by the reaction catalyzed by the
enzyme confirm that the Hd0053 gene encodes an α2,3-sialyltransferase. This is the second
α2,3-sialyltransferase identified from H. ducreyi.

Materials and methods
Bacterial strains, plasmids, and materials.

E. coli electrocompetent DH5α and chemically competent BL21 (DE3) cells were from
Invitrogen (Carlsbad, CA). Genomic DNA of H. ducreyi 35000HP was from American Type
Culture Collection (ATCC, Manassas, VA) (ATCC#700724D). Vector plasmids pET15b and
pET22b(+) were purchased from Novagen (EMD Biosciences, Inc. Madison,WI). Ni2+–NTA
agarose (nickel–nitrilotriacetic acid–agarose), QIAprep spin miniprep kit, and QIAEX II gel
extraction kit were from Qiagen (Valencia, CA). Herculase enhanced DNA polymerase was
from Stratagene (La Jolla, CA). T4 DNA ligase, 1 kb DNA ladder, and BamHI restriction
enzyme were obtained from Promega (Madison, WI). NdeI restriction enzyme was from New
England Biolabs, Inc. (Beverly, MA). Precision Plus Protein Standards, and BioGel P-2 fine
resin were from Bio-Rad (Hercules, CA). Bicinchoninic acid (BCA) protein assay kit was from
Pierce Biotechnology, Inc. (Rockford, IL). CTP, D-N-acetylmannosamine (ManNAc), and
pyruvate were purchased from Sigma (St. Louis, MO). CMP-Neu5Ac was synthesized
enzymatically from ManNAc, pyruvate, and CTP by a one-pot two-enzyme system using a
recombinant sialic acid aldolase cloned from E. coli K12 and a recombinant N. meningitidis
CMP-sialic acid synthetase as described previously [15]. 4-Methylumbelliferyl β-D-lactoside
(LacMU) and 3-azidopropyl β-D-lactoside (LacβProN3) were synthesized from lactose through
a hepta-O-acetyllactosyl trichloroacetimidate intermediate as reported [14].

Cloning.
Hd0053 was cloned as an N-His6-tagged or a C-His6-tagged fusion protein using genomic
DNA of H. ducreyi strain 35000HP as the template for polymerase chain reactions (PCR). The
primers used to clone the N-His-tagged protein in pET15b vector were: forward primer
5'GATCCATATGCTGATTCAACAAAATCTTG (NdeI restriction site is underlined) and
reverse primer 5' CGCGGATCCTTAATTATGTATTGTACACATAAATGC 3' (BamHI
restriction site is underlined). To clone the C-His-tagged protein in pET22b(+) vector, the same
forward primer was used, and the reverse primer used was 5'
CGCGGATCCTTAGTGATGATGATGATGATGATTATGTATTGTACACATAAATGC
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3' (BamHI restriction site is underlined, sequence that encodes the hexahistidine tag is in
italics.). PCR reactions for amplifying the target gene were performed in a 50 μL reaction
mixture containing genomic DNA (1 μg), forward and reverse primers (1 μM each) , 10 ×
Herculase buffer (5 μL), dNTP mixture (1 mM), and 5 units (1 μL) of Herculase enhanced
DNA polymerase. The reaction mixture was subjected to 35 cycles of amplification with an
annealing temperature of 52 °C. The resulting PCR product was purified and digested with
NdeI and BamHI restriction enzymes. The purified and digested PCR product was ligated with
predigested pET15b or pET22b(+) vector and transformed into electrocompetent E. coli
DH5αcells. Selected clones were grown for minipreps and characterization by restriction
mapping and DNA sequencing performed by Davis Sequencing Facility in the University of
California-Davis.

Expression.
Positive plasmid was selected and transformed into BL21 (DE3) chemically competent cells.
The plasmid-bearing E. coli strain was cultured in LB rich medium (10 g/L tryptone, 5 g/L
yeast extract, and 10 g/L NaCl) supplemented with ampicillin (100 μg/mL). Overexpression
of the target protein was achieved by inducing the E. coli culture with 0.1 mM of isopropyl-1-
thio-β-D-galactopyranoside (IPTG) when the OD 600 nm of the culture reaches 0.8−1.0 and
incubating at 15 °C for 48 h with vigorous shaking at 250 rpm in a C25KC incubator shaker
(New Brunswick Scientific, Edison, NJ).

Purification.
His6-tagged target proteins were purified from cell lysate. To obtain the cell lysate, cell pellet
harvested by centrifugation at 4,000 rpm for 2 hrs was resuspended in lysis buffer (pH 8.0, 100
mM Tris–HCl containing 0.1% Triton X-100) (20 mL per liter cell culture). Lysozyme (50
μg/mL) and DNaseI (3 μg/mL) were then added and the mixture was incubated at 37 °C for
50 min with vigorous shaking. Cell lysate was obtained by centrifugation at 11,000 rpm for 30
min as the supernatant. Purification of His-tagged proteins from the lysate was achieved using
an AKTA FPLC system (GE Healthcare) equipped with a HisTrap™ FF 5 mL column. The
column was pre-equilibrated with 10 column volumes of binding buffer (5 mM imidazole, 0.5
M NaCl, 50 mM Tris–HCl, pH 7.5) before the lysate was loaded. Followed by washing with
8 column volumes of binding buffer, 10 column volumes of washing buffer (50 mM imidazole,
0.5 M NaCl, 50 mM Tris–HCl, pH 7.5), the protein was eluted with a linear gradient of elute
buffer containing 50−250 mM imidazole in Tris-HCl buffer (50 mM, pH 7.5, 0.5 M NaCl).
The fractions containing the purified enzymes were collected and stored at 4 °C.

pH Profile by HPLC.
Typical enzymatic assays were performed in a total volume of 20 μL in a buffer (200 mM)
with pH varying from 5.0−11.0 containing CMP-Neu5Ac (2 mM), LacMU (1 mM), and the
recombinant enzyme (0.3 μg). The buffers used were: MES, pH 5.0−6.0; Hepes, pH 7.0; Tris–
HCl, pH 7.5−9.0; and CAPS, pH 10−11. Reactions were allowed to proceed for 60 min at 37
°C and quenched by adding ice-cold 12% acetonitrile (780 μL) to make 40-fold dilution. The
samples were then kept on ice until aliquots of 10 μL were injected and analyzed by a Shimadzu
LC-2010A system equipped with a membrane on-line degasser, a temperature control unit and
a fluorescence detector. A reverse phase Premier C18 column (250 × 4.6 mm I.D., 5 μm particle
size, Shimadzu) protected with a C18 guard column cartridge was used. The mobile phase was
12% acetonitrile. The fluorescent compounds LacMU and Neu5Acα2,3LacMU were detected
by excitation at 325 nm and emission at 372 nm [16]. All assays were carried out in duplicate.
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Effects of metal ions, EDTA, and dithiothreitol (DTT).
EDTA (5 mM), different concentrations (5 mM, 10 mM, and 20 mM) of MgCl2 or MnCl2, and
various concentrations of DTT (0 mM, 0.2 mM, 1 mM, and 5 mM) were used in a Tris–HCl
buffer (pH 8.5, 100 mM) to analyze their effects on the α2,3-sialyltransferase activity of
Hd0053 (0.35 μg). Reaction without EDTA, DTT, and metal ions was used as a control.

Kinetics by HPLC assays.
The enzymatic assays were carried out in a total volume of 20 μL in a Tris-HCl buffer (100
mM, pH 8.5) containing CMP-Neu5Ac, LacMU and the recombinant protein (0.3 μg).
Reactions were allowed to proceed for 60 min at 37 °C. Apparent kinetic parameters were
obtained by varying the CMP-Neu5Ac concentration from 0.1−4.0 mM (0.1mM, 0.25 mM,
0.4 mM, 1 mM, 2 mM, and 4 mM) and a fixed concentration of LacMU (1 mM), or a fixed
concentration of CMP-Neu5Ac (1 mM) and varied concentrations of LacMU (0.1 mM, 0.25
mM, 0.4 mM, 1 mM, 2 mM, and 4 mM). The double reciprocal Lineweaver-Burk plots were
obtained from the average values of duplicate or triplet assay results. One unit of enzyme is
defined as the amount of enzyme that synthesizes the formation of 1 μmole of
Neu5Acα2,3LacMU per minute at 37 °C under the assay conditions.

Enzymatic synthesis of Neu5Acα2,3LacβProN3.
The synthesis was carried out in a total volume of 10 mL in Tris-HCl buffer (100 mM, pH 8.5)
containing LacβProN3 (27 mg, 0.063 mmol), CMP-Neu5Ac (50 mg, 0.076 mmol), and Hd0053
(25 μg). The reaction was allowed to proceed at 37 °C for 2 hrs and further reacted at room
temperature for overnight when TLC analysis (developing solvent used was EtOAc : MeOH :
H2O : HOAc = 4 : 2 : 1 : 0.1) indicated the completion of the reaction. The reaction was stopped
by adding an equal volume of ice-cold ethanol. The mixture was mixed well and kept on ice
for 30 min. After the precipitated protein was removed by centrifuging at 5000 × g for 30 min,
the supernatant was concentrated and purified by Bio-Gel P2 size exclusion chromatography
and lyophilized to give Neu5Acα2,3LacβProN3 (38 mg, 82% yield) as white powder. 1H-
NMR, 1H-1 H COSY, and 1H-13C HSQC experiments were carried out at 26 °C in D2O on a
Bruker DRX-600 and 13C-NMR experiment was carried out at Varian mercuryplus 300
spectrometer. The proton chemical shifts were referenced to the HOD signal at 4.79 ppm and
the 13C chemical shifts were referenced to the methyl resonance of the internal deuterated
acetone at 30.89 ppm.

Results
Expression and purification of Hd0053 protein

Hd0053 from H. ducreyi strain 35000HP was cloned as both an N-His6-tagged and a C-His6-
tagged recombinant proteins using pET15b and pET22b(+) vectors, respectively. The DNA
sequence of the cloned gene matches to that reported in GenBank (Accession number
AE017143). The optimized expression condition was incubating at 15 °C for 48 h with vigorous
shaking (250 rpm) after induction with 0.1 mM of IPTG. Under the same expression conditions,
the expression level of N-His6-tagged form is higher than that of the C-His6-tagged one.
Therefore, only the N-His6-tagged Hd0053 is characterized in detail. The SDS-PAGE analysis
of the protein expression (Fig. 1.) indicates that Hd0053 was expressed in a large amount which
consists of about 70% of the total protein extracts of the E. coli host cells. The solubility of the
recombinant protein, however, was quite low. Only a small portion of the target protein was
observed in the lysate, which is the soluble portion of the protein. Ni-Column purification using
the AKTA FPLC system provided purified protein showing a molecular weight of about 42
kD in the SDS-PAGE. This molecular weight is close to that (48.7 kD) calculated for the
Hd0053 protein.
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pH Profile of Hd0053
The pH profile of the α2,3-sialyltransferase activity of Hd0053 (Fig. 2A) indicates that the
enzyme catalyzes the transfer of Neu5Ac from CMP-Neu5Ac to an acceptor such as LacMU
under basic condition (pH > 7.0) with a optimal activity at pH 8.0. More than 90% of the activity
was observed at pH 9.0. The enzyme activity declines quickly when pH is below 7.5 or above
9.0. The activity drops to about 16% and 18% when the pH is at 5.0 and 11.0, respectively.

Effect of metal ions, EDTA, and dithiothreitol (DTT) on the activity of Hd0053
The effects of various metal ions, the chelating agent EDTA, and DTT on the enzyme activity
of Hd0053 were examined at pH 8.5. As shown in Fig. 2B, a divalent metal ion is not required
for the α2,3-sialyltransferase activity of the enzyme, as 5 mM of EDTA does not affect the
enzyme activity. The addition of Mg2+ up to 20 mM does not affect the activity of the enzyme.
Increasing the concentration of Mn2+ in the reaction mixture, however, decreases the activity
of the enzyme. The detrimental effect of the Mn2+ is similar to that was shown for the α2,3-
sialyltransferase activity of PmST1, but is not as dramatic [14]. The metal effect is different
from that reported for the N. meningitidis (MC58 and 406Y) Lst, for which the sialyltransferase
activity can be stimulated by Mg2+ (2-fold) or Mn2+ (3-fold) [17].

There are four non-conserved cysteine residues in the Hd0053 protein sequence. The effect of
DTT on the α2,3-sialyltransferase activity of the enzyme was studied. Addition of DTT up to
5 mM does not significantly increase the activity of Hd0053 (Fig. 2B), indicating disulfide
formation is not required for the sialyltransferase activity of the Hd0053.

Kinetics.
The apparent KM values obtained for the α2,3-sialyltransferase activity of Hd0053 are 0.05
mM and 5.3 mM for CMP-Neu5Ac and LacMU, respectively (Table 1). This KM value of
CMP-Neu5Ac (0.05 mM) is comparable to that for recombinant N. meningitidis α2,3-
sialyltransferase (20 μM) [18], rat liver Galβ1,4GlcNAc α2,6-sialyltransferase (50 μM), and
Galβ1,4(3)GlcNAc α2,3-sialyltransferase (70 μM) [19]. It is one magnitude less than that of
PmST1 (0.44 mM) [14] and Cst II (0.46 mM) [20]. The KM value of LacMU (5.3 mM) for
Hd0053 is three fold to that for the PmST1 (1.4 mM), indicating a weaker binding of the LacMU
to Hd0053 than to PmST1 [14]. The kcat/KM for LacMU is 0.13 s−1 mM−1 (7.8 min−1

mM−1) for the Hd0053, which is about three fold less than that (22 min−1 mM−1) obtained for
APTS (8-aminopyrene-1,3,6-trisulfonic acid)-labeled lactose for the N. meningitidis α2,3-
sialyltransferase [18]. It is 254 fold less than that of the α2,3-sialyltransferase activity of the
PmST1 (33 s−1 mM−1) [14].

Enzymatic synthesis and characterization of sialylation product
Using LacβProN3 as the acceptor and CMP-Neu5Ac as the donor, the synthesis of sialylated
LacβProN3 was achieved in high yield (82%) at pH 8.5. The purified sialylated product was
characterized by NMR spectrometry. As listed in Table 2, the NMR data match well to those
reported for α2,3-sialosides [14,21]. For example, the chemical shift of the proton at C-3 of
Gal in the sialylated product (4.09 ppm) is 0.39−0.46 ppm downfield to that in
Neu5Acα2,6LacβProN3 [12] and LacβProN3 [14]. The difference of the chemical shifts of two
protons at C-6 of Gal in the sialylated product (0.05 ppm) is similar to that in LacβProN3
[14], but is much smaller than that in Neu5Acα2,6LacβProN (0.35 ppm) [12]. In the 13C NMR
spectrum, the chemical shifts of C-3 and C-2 on the Gal of the sialylated product are 2.7 ppm
downfield and 1.5 ppm upfield, respectively, compared to those in LacβN3 (72.9 ppm). All
other 13C chemical shifts for the LacβProN3 moiety in the sialylated product are very similar
(within 0.5 ppm difference) to those in LacβProN3 [14]. These data strongly confirm that the
sialylation product catalyzed by Hd0053 is α2,3-linked sialoside Neu5Acα2,3LacβProN3.
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Discussion
Sialic acids are commonly found as terminal carbohydrate residues on cell surface
glycoconjugates (glycoproteins and glycolipids) of higher animals. As the terminal
carbohydrate residue, sialic acid is one of the first molecules encountered in cellular
interactions and has been found to play important roles in cellular recognition and
communication [22,23]. Cell surface sialic acids have also been found in relatively few
microorganisms, mainly pathogenic bacteria, and their presence is often associated with
virulence [22-24]. Sialic acids on LOS of several mucosal pathogens, including N.
meningitidis, N. gonorrhoeae, H. ducreyi and H. influenzae strains are considered important
LOS components for molecular mimicry to allow them to evade the host's immune system or
as modulators of microbial interactions with host cells [7,8,23,25,26]. Some of these
pathogenic bacteria present their LOS structure in a phase-variable manner and the degree of
sialylation is related to growth conditions of the bacteria [26-28].

Cloning, expression, and biochemical characterization of the Hd0053 gene product shown here
confirmed that the Hd0053 gene sequence encodes an active α2,3-sialyltransferase. It is the
second sialyltransferase that has been identified in Haemophilus ducreyi 35000HP (the first
one is Lst) [4]. Considering the existence of four sialyltransferase genes (siaA, lic3A, lic3B,
and lsgB) described in H. influenzae [6,26,29] and three putative sialyltransferase genes
predicted in P. multocida [30], the presence of multiple sialyltransferase genes seems to be a
common phenomenon for the Haemophilus-Actinobacillus-Pasteurella (HAP) group bacteria.
The presence of multiple sialyltransferases in these pathogenic bacteria indicates that bacterial
sialylation is a very complex process.

Hd0053 shares 32% identity and 52% similarity to the amino acid sequence of PmST1.
Compared to the amino acid sequence of Pd2,6ST, the sequence of Hd0053 has 26% identify
and 44% similarity. PmST1, Pd2,6ST, and Hd0053 represent a new family of sialyltransferases
since they lack sequence similarity to any other reported sialyltransferases, either from bacterial
or mammalian sources. They have now been classified into glycosyltransferase family GT80
on the CAZy database (http://afmb.cnrs-mrs.fr/CAZY/) [13]. Despite the sequence homology
shared among these three proteins, they have different activities. While both Pd2,6ST and
Hd2,3ST have a single but different ST activity, PmST1 is a multifunctional enzyme for which
four different functions have been identified, including an α2,3-sialyltransferase, an α2,6-
sialyltransferase, an α2,3-sialidase, and an α2,3-trans-sialidase activities. These three enzymes,
thus, provide an excellent model system for structure-function relationship studies of
sialyltransferases.
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Fig. 1.
SDS-PAGE analysis for Hd0053 protein expression and purification. Lanes: 1, protein
standards; 2, whole cell extraction before induction; 3, whole cell extraction after induction;
4, lysate after induction; 5, Ni-column purified Hd0053 protein.
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Fig. 2.
The pH profile and the effects of metal ions, EDTA, and DTT on the α2,3-sialyltransferase
activity of Hd0053 by quantitative HPLC analysis. (A) The pH profile. Activity was measured
at indicated pH at 37 °C for 60 min. Buffers (200 mM) used were: MES, pH 5.0−6.0; Hepes,
pH 7.0; Tris–HCl, pH 7.5−9.0; and CAPS, pH 10−11. (B) Effects of metal ions, EDTA, and
DTT. The activity was determined in Tris-HCl buffer (100 mM, pH 8.5) at 37 °C for 60 min.
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Table 1
Apparent kinetic parameters for the α2,3-sialyltransferase activity of Hd0053.a

Substrates CMP-Neu5Ac LacMU

KM (mM) 0.05 ± 0.008 5.3 ± 0.46
Vmax (mM s−1) (3.0 ± 0.05) × 10−5 (2.0 ± 0.08) × 10−4

kcat (s
−1) 0.10 ± 0.002 0.67 ± 0.03

kcat/KM (s−1 mM−1) 2.0 0.13

a
Assays were performed in triplicate in Tris-HCl buffer (100 mM, pH 8.5) with either varied concentrations of CMP-Neu5Ac (0.1, 0.25, 0.4, 1, 2, 4 mM)

and a fixed concentration of LacMU (1 mM) or a fixed concentration of CMP-Neu5Ac (1 mM) and varied concentrations (0.1, 0.25, 0.4, 1, 2, and 4 mM)
of LacMU. Hd0053 was used at the same concentration (0.3 μM) for these assays.
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Table 2
Chemical shifts (ppm) and assignments of Neu5Acα2,3LacβProN3, the sialylation product catalyzed by H.
ducreyi α2,3-sialyltransferase Hd0053.a

Sugar Position H C

Glc 1 4.46 102.3
2 3.29 72.9
3 3.63 74.5
4 3.64 78.3
5 3.58 74.9
6 3.96 60.2
6' 3.80

Propyl azide -CH2-CH2-CH2-N3 3.99 67.5
3.76

-CH2-CH2-CH2-N3 1.89 28.4
-CH2-CH2-CH2-N3 3.43 48.0

Gal 1 4.50 102.8
2 3.55 69.5
3 4.09 75.6
4 3.94 67.6
5 3.69 75.3
6 3.74 61.2
6' 3.69

Neu5Ac 1 174.0
2 99.9
3ax 1.77 39.8
3eq 2.73
4 3.67 68.5
5 3.84 51.8
6 3.62 73.0
7 3.57 68.2
8 3.88 71.9
9 3.86 62.7
9' 3.66
N-CO-CH3 2.01 22.2
N-CO-CH3 175.1

a
NMR spectra were recorded at 299 K in D2O at neutral pH. Chemical shifts (ppm) are given relative to HOD (4.79 ppm) for 1H NMR or the methyl

resonance of the internal deuterated acetone (30.89 ppm) for 13C NMR. The peaks were assigned using 1H-1H COSY and 1H-13C HSQC with reference
to [21].
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