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Galactokinases (GALK) have attracted significant research attention for their potential application in the
enzymatic synthesis of unique sugar phosphates. The galactokinase (GalkKSpe4) cloned from Streptococcus
pneumoniae TIGR4 had a temperature optimum of 45 °C, and a pH optimum of 8.0. The substrate speci-
ficity and kinetics studies revealed that GalKSpe4 had moderate activity toward glucose, in contrast with
very low or no activity observed in other previously reported GALKs. Most interestingly, GalKSpe4 exhib-
ited activity for GalNAc, which had never been recorded in other GALKs found by now. This is the first
time to report that bacterial GALK can recognize GalNAc.

© 2011 Published by Elsevier Ltd.

1. Introduction

p-Galactose (Gal), p-glucose (Glc), N-acetyl-p-glucosamine (Glc-
NAc) and N-acetyl-p-galactosamine (GalNAc) are prevalent sugar
residues in many glycosylated natural products'? and glycoconju-
gates.>”” They also participate in many biological processes. In
nature, uridine 5’-diphospho-sugars (UDP-sugars) are used as
sugar donor to incorporate the above-mentioned sugars into target
molecules. These donors can be obtained from enzymatic
pyrophosphorylation of sugar-1-phosphate (sugar-1-P). The enzy-
matic route that directly phosphorylated sugars to sugar-1-P offers
a more promising synthetic method. However, previously reported
kinases that could convert a sugar directly into the corresponding
sugar-1-P were limited to fucokinases, galactokinases, and N-
acetylgalactosamine kinases.®

The enzyme galactokinase (EC 2.7.1.6, ATP: p-galactose-1-phos-
phototransferase, GALK) is crucial in the conversion of exogenous
galactose (Gal) to UDP-galactose through the Leloir pathway
(Fig. 1).° It catalyzes Mg ATP-dependent phosphorylation of the
C-1 hydroxyl group of a-p-Gal to yield galactose-1-phosphate
(Gal-1-P).’° Defection of GALK in humans resulted in a disease
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referred to as Type Il galactosemia.!! GALK is also the key enzyme
in the in vitro enzymatic glycorandomization, one of the most
promising routes to alter glycosylation.!? Various GALKs from
human,’® pig,'* insect,’® plant seeds,'® yeast'”'® and bacte-
ria'>19-22 had been characterized, and they displayed different
biochemical characters.

The substrate specificities of galactokinases of diverse sources
have attracted significant research attention, due in part to their
potential application in enzymatic preparation of unique sugar
phosphates. Substrate specificity studies revealed that p-Gal,
2-deoxy-Gal, 3-deoxy-Gal, 2-amino-2-deoxy-Gal, p-fucose, ATP,
2’-dATP, and 3’-dATP were possible substrates of GALK. For
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Figure 1. The Leloir pathway.
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example, in addition to Gal, four sugars (2-deoxy-Gal, 3-deoxy-Gal,
2-amino-2-deoxy-Gal and p-fucose) were proved to be substrates
for GALK from Escherichia coli, while p-Gal and 2-deoxy-Gal were
recognized by human GALKs.'® However, GALK enzymes reported
previously could hardly tolerate modifications at C-4 position.!°
Natural anomeric glucokinase capable of b-glucose anomeric phos-
phorylation was only reported in L. lactis GALK with weak activity
(keat/Km value is 0.7 mM~! min—').2 GalNAc could not be utilized by
GALK enzymes in previous reports.>

Streptococcus pneumoniae (the pneumococcus) is a major hu-
man pathogen, which causes more than 1 million deaths each year
worldwide.?® Despite the medical manifestation of the pneumo-
coccus, no reports regarding the GALK in this pathogen were avail-
able. Putative galE, galT, and galK genes involved in the Leloir
pathway (Fig. 1) are present in the S. pneumoniae TIGR4 genome
(GenBank accession No. AE005672), and accordingly, S. pneumoniae
was predicted to be able to utilize exogenous Gal to synthesize Gal-
1-P, yet to be experimentally validated. Characterization of the
pneumococcal GALK would be of great medical importance. Here,
the heterologous expression and biochemical characterization of
the enzyme GALK from S. pneumoniae TIGR4 were described.

2. Materials and methods
2.1. Bacterial strains and materials

E. coli DH50. (lacZDM15 hsdR recA) for plasmid maintenance was
purchased from Gibco-BRL (Gaithersburg, MD), and E. coli BL21
(DE3) for protein expression was from Novagen (Carlsbad, CA).
The genomic DNA of S. pneumoniae TIGR4 was kindly provided
by Dr. Samantha King (Nationwide Children’s Hospital™, Colum-
bus, USA). Plasmid pMCSG7 was obtained from Novagen (Madison,
WI). PCR reagents and restriction enzymes were from Invitrogen
(Carlsbad, CA). The plasmid extraction kit and gel purification kit
were purchased from Qiagen (Valencia, CA). The HisTrap affinity
column (5 mL) and HiLoad-16/60-superdex 200 column were from
Amersham Pharmacia Biotech (Piscataway, NJ). All kits and en-
zymes were used following the manufacturer’s instruction.

2.2. Cloning of galK gene from S. pneumoniae TIGR4

The DNA sequence of galK gene (GenBank accession No.
AAK75925) was extracted from the genome of S. pneumoniae TIGR4
(GenBank accession No. AE005672), and a pair of specific primers
GalKS (5'-TACTTCCAATCCAATGCGATGGCACAACATCTTACT-3’) and
GalKA  (5'-TTATCCACTTCCAATGCTAGTCAAGGACGCGAG-3') was
accordingly designed. An 1100-bp DNA fragment was amplified
by polymerase chain reaction (PCR), and then verified by DNA
sequencing. The corrected PCR fragment was cloned into the plas-
mid pMCSG7. The recombinant plasmid pMCSG7-GALK was subse-
quently transformed into E. coli DH5a cells. Selected clones were
characterized by restriction mapping and DNA sequencing. The po-
sitive constructs were subsequently transformed into E. coli BL21
(DE3) for protein expression.

2.3. Heterologous expression and enzymatic purification of
GalKSpe4

E. coli BL21 (DE3) strain harboring the recombinant plasmids
was grown in 1L of LB medium with shaking at 37 °C, 220 rpm.
When ODggo reached 0.6-0.8, isopropyl-1-thio-B-p-galactospyr-
anoside (IPTG) was added to a final concentration of 0.2 mM for
induction. After expression proceeded overnight at 16 °C, cells
were harvested by centrifugation at 4 °C, and the target proteins
were detected by SDS-PAGE analysis with Coomassie Blue stain-
ing. Then cells were washed, resuspended in the binding buffer

(500 mM NacCl, 20 mM Tris-HCI, pH 8.0, 20 mM imidazole), and
lysed by sonication for 10 min at 400 W. The supernatant was col-
lected by centrifugation (12,000 rpm, 30 min, 4 °C), and loaded
onto a 5-mL HisTrap affinity column which was pre-equilibrated
with binding buffer. The target proteins were eluted with elution
buffer (500 mM NacCl, 20 mM Tris-HCl, pH 8.0, 500 mM imidazole),
and fractions containing the purified enzymes were collected and
dialyzed against Tris-HCIl buffer (20 mM, pH 8.0). The purity and
molecular weight of the purified enzyme was analyzed by 12%
SDS-PAGE as described by Laemmli.?* Protein concentration was
determined by the Bradford method.?> The purified enzyme was
named as GalKSpe4 and stored at —20 °C in 20% glycerol for further
analysis.

2.4. Enzymatic assay and kinetics characterization

The activity of protein GalKSpe4 toward Gal was assayed as de-
scribed before!! with a little modification. Briefly, the reaction
mixture containing Gal (8 mM), ATP (10 mM), MgCl, (5 mM), and
GALK (6 uM) in Tris-HCl buffer (20 mM, pH 8.0) was incubated
at 45 °C for 180 min. The reducing sugar consumed in this reaction
was quantified by the DNS method with p-Gal as standard.?® The
effects of temperature (25-50 °C) and pH (3.0-11.0) on the activity
of GalKSpe4 were determined using Gal as the substrate. Kinetic
data were obtained by determining the slope of linear phase of
the progress curve over 2 min in 30 s intervals and then by calcu-
lating the kinetic parameters as described by Yang et al.'?

2.5. Substrate specificity of the enzyme GalKSpe4

The activity of recombinant GalKSpe4 toward Gal, Glc, N-acetyl-
galactosamine (GalNAc) and N-acetylglucosamine (GIcNAc) was
assayed in a cocktail containing 50 mM Tris-HCl (pH 8.0), 5 mM
MgCl,, 5mM ATP and proper amount of GalKSpe4 at 45 °C for
3 h. The reaction was terminated by boiling the mixture for
5 min followed by centrifugation. The supernatant was analyzed
by normal phase silica gel thin-layer chromatography with the
phase being n-butanol/acetic acid/water (2:1:1, v/v/v).

2.6. Purification of the phosphorylated products catalyzed by
GalKSpe4

The reaction mixture (10 mL), respectively, contained 40 mM
Gal, Glc, GalNAc or GIcNAc, 50 mM ATP, 5 mM MgCl,, and
1.5 mg/mL GalKSpe4 in 100 mM Tris-HCl buffer (pH 8.0). After
incubation at 45 °C for 3 h, the mixture was briefly boiled for
5 min and then centrifuged to remove protein precipitation. The
supernatant was concentrated under reduced pressure and the res-
idue was purified by normal phase silica gel column chromatogra-
phy using gradient CH,Cl/5 mM NH4HCOs3 in methanol as elution
buffer (CH,Cl,/5 mM NH4HCO3 in methanol 1:1 to 0:1). The frac-
tions containing products were collected and concentrated under
reduced pressure.

2.7. Identification of the phosphorylated products catalyzed by
GalKSpe4

Analytical TLC was carried out on Silica Gel 60 F254 aluminum-
backed plates (E. Merck). The 200-400 mesh size of the same
absorbent was utilized for all chromatographic purifications. All
compounds isolated were sufficiently identified by mass spectra
(MS) and Proton nuclear magnetic resonance (‘H NMR) analysis.
MS were recorded on a Bruker MicroTOF spectrometer. 'H NMR
spectra were recorded on a Bruker DPX 400 spectrometer at
400 MHz.
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3. Results

3.1. Sequence analysis of galactokinase from S. pneumoniae
TIGR4

The gene of galactokinase cloned from the genome of S. pneumo-
niae TIGR4 has a size of 1179 bp. The complete amino acid sequence
of GalKSpe4 showed 53.9% identity with the galactokinase from L.
lactis (PDB ID: 1PIE) and 37.82% identity with the galactokinase
from E. coli str. K-12 substr. MG1655 (GenBank ID: 16128725). Se-
quence analysis showed a high similarity (51.93%) between these
three galactokinases. GALK belongs to GHMP superfamily. All three
glycine-rich functional motifs conserved in GHMP superfamily
members were identified in GalKSpe4 (Fig. 2).

3.2. Heterologous expression and purification of the enzyme
GalKSpe4

To identify the enzyme GalKSpe4, its encoding gene was cloned
into plasmid pMCSG7. The recombinant enzymes were expressed
in E. coli and purified by nickel affinity chromatography (Fig. 3A).
Fractions containing the purified enzymes were collected and dia-
lyzed against Tris—HCl buffer (20 mM, pH 8.0). GalKSpe4 was
shown to be purified to homogeneity with an apparent molecular
mass of about 37 kDa, which was consistent with the molecular
mass calculated from its amino acid sequence (Fig. 3B).

3.3. Enzymatic assay

The effects of temperature and pH value on the activity of GalK-
Spe4 were investigated. It was found that GalKSpe4 had an optimal
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Figure 3. Purification and SDS-PAGE analysis of the purity of GalKSpe4 eluted from
affinity column. (A) The elution profile of Ni-affinity column, the peak of the
enzyme GalKSpe4 was marked with an arrow. (B) The proteins were stained with
Coomassie blue R250. M, protein standards; lane 1, the whole recombinant E. coli
cell extracts expressing GalkSpe4; lane 2, samples eluted by the washing buffer;
lane 3-4, samples eluted by the elution buffer.

activity at about 45 °C (Fig. 4A), and displayed moderate activity at
25 °C. However, the enzyme lost activity sharply when the temper-
ature reached above 45 °C, and became nearly inactive at 55 °C. As
shown in Figure 4B, the activity assay of GalKSpe4 under different
pH value demonstrated that the enzyme catalyzed the Gal phos-
phorylating reaction under wide pH conditions (pH 3-11) with
its optimal activity at about pH 8.0.

3.4. Substrate specificity and kinetics of GalKSpe4

To test the substrate specificity of GalKSpe4, the free sugar/su-
gar-1-phosphate ratio was assessed by both TLC and DNS assay. As

L. lactis --MSIVVENS TVLSALTEKEF AEVFGDTKEV
S. pneumoniae —-—---- MAQH LTTEALRKDFE LAVFG-QEAD
P. furio ---——-——-—- ————————HQ ——————— MSK
E. coli ===m—==—m== M SLKEKTQSLE ANAFG-YPAT
Homo sapiens MAALRQPQVA ELLAEARRAF REEFG-AEPE
L. lactis DKKVKLYSEN F--PKLGVIE FDLDEVEKKD
S. pneumoniae DQVLRFYSAN F--EDKGIIE VPLADLKFEK
P. furioc --RKVQLYSEH F--NEE--KT F NLTKEG
E.. icoli DREKVRVMAAD Y---ENQLDE F APIVAH
Homo sapiens DGLV%LLTTS EGADEPQRLQ F TAQRSL
L. lactis 8 LLVGVVLDDE FNLNVPRLEL
S. pneumoniae LLTGVVAEHE FDLKLERLDL
P. furio VGILEVLNQE YNLNIDPLKK
B «coli VAVGTVLQOE YHLPLDGAQI
Homo sapiens G VATYTFLOQQE CPDSGTIAAR
L. lactis KYEMVPVELR DYDIVIMNTN KP i
S. pneumoniae EYDLVELDLK DNVVVIMNTN KRR
P. furioc QYEYIPFP-K DVSVLVEYTG VKR
E. coli GTKAVSMPKG -VAVVIINSN FKR
Homo sapiens ETSLVPLSDP KLAVLITNSN VRH
L. lactis ETLIKRARHA V KIA Q VAGNLT
S. pneumoniae ENRLKRARHA V LKA Q QAGDLE
P. furic ----KEFS¥MI M LEV R KEEDIE
E. coli IV-AKRVRHI L VEA A EQEDLK
Homo sapiens EG-FRRARHV VGEI AQA A RREDYR A
L. lactis CATAEVAHDN VSAFRKAVGQ
S. pneumoniae CATIALVQKDT VEAFKEAVGK
P. furio SATALVDKDK AKTIGDAILR
E. coli cI IPEEL VPAVQQAVAE
Homo sapiens CT LEASA APHAMRHIQE

motif 1

EYFFS SITI GLARLRE 70

QTFFS 1SL GAARKRD 70
ITVKS I1DL ITAEKYD 70
HTIQA AIDY ISCAPRD 70
LAVSA LEL LVGSPRK 70
GE--- IVMLKG AGYEIDKGFE LLIKGEIPTA 140
EH--- PK LHFLQE AGHVIDKGFD FYVYGNIBNG 140
S———- VKBVLWVLIQ EGYKIG-GLK GKITGDLBLG 140
EN--Y VREVVKHLOL RNNSFG-GVD MVISGNVEQG 140
EPGTP VKBVIQYYPA AP--LP-GFS AVVVSSVBLG 140
VOLGQKTEND YIGVNS FAIGEGEVK KAIELDCN 210
VKIGKQTENN FIGVNS FAIGMGADQ RAIYEDTN 210
ALLAKKAENE EVGVEPC FAVVEGKKD NVIFRDTQ 210
ALNGQEAENQ FVBCNC LISALGKKD HALLEDCR 210
AQVCQQARHS FAGBMPC FISLMEBOKG HALLEDCR 210
NERFAETREA LKRMQTRLDI QSLGELSNEE FDANTDLIGD 280
NERRAECEKA VEELQVSLDI QTLGELDEWA VDQYSYLIKD 280
AERKRIAEES LRILGK---- ESSKEVTEKD LGKLPPLHR- 280
NTRREQCETG ARFFQQ---- PALRDVTIEE FNAVAHELDP 280
PVRRRQCEEV ARALGK---- ESLREVQLEE LEAARDLVSK 280
KHEGELLNASH ASLKDDYEVT GLELDITLAET AQKQAG-V 350
THERLMNASH VSLEHDYEVT GLELDTLVHT AWAQEG-V 350
KVE@KILTTAH WDLAENYRVS CEELDFFVKK AMELG--A 350
LMAESH ASMRDDFEIT VPQIDTLVEI VKAVIGDK 350
LMVESH RSLRDDYEVS CPELPOLVEA ALAVPG-V 350
EVVGYPA SFYVAQIG STKLDVE—--- 360
EVVGYAP SFYIAEVAGE TRVLD----- 360
AKFSWKA KYFVVKPS VGV-—————~ 360
AKTGIKE TFYVCKPSQE AGQC---——- 360
G----TA TEYLSQAAD@ AKVLCL---- 360

Figure 2. Sequence alignment of galactokinases of different sources.
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Figure 4. The effect of temperature (A) and pH (B) on the activity of GalKSpe4. To determine the optimal temperature, the galactokinase activity of GalKSpe4 was assayed at
pH 8.0 in a range of 25-60 °C. To determine the optimal pH, the galactokinase activity of GalKSpe4 was assayed at 45 °C in a range of pH 3.0-11.0.

Table 1
Kinetic parameters of purified galactokinase GalKSpe4 from S. pneumoniae TIGR4
toward different acceptor sugars

Substrate  Vpax Kin Kear Keat/Km
(mmol min~1) (mM) (min~1) (mM~!min~1)
Gal 0.94 37.23 157.08 4.22
Glc 0.6 49.37 70.28 1.42
GalNAc 0.13 15.76 21.7 1.37

confirmation, the products were isolated from the supernatant by
normal phase silica gel column chromatography and further con-
firmed via LC-MS and NMR (Supplementary data). The substrate
specificity studies revealed that GalKSpe4 was highly active with
Gal, and interestingly, was also active with Glc and GalNAc,
whereas no reaction toward GIcNAc was observed.

The kinetic parameters of GalKSpe4 toward different substrates
(Gal, Glc, and GalNAc) were determined (Table 1), the result of
which was consistent with that of substrate specificity study. The
Kkeat/Km value for Gal (422 mM~!" min~') was about threefold of
that for Glc (1.42 mM~! min~!) and GalNAc (1.37 mM~' min™!).

4. Discussion

p-Gluco-configured scaffolds are prevalent in many glycosylated
natural products'? and glycoconjugates.>~” However, glucokinase
which is capable of p-glucose anomeric phosphorylation is still elu-
sive. The first anomeric glucokinase was reported in wild type
GALK from L. lactis with weak activity? (kea/Km value is
0.7 mM ! min~'), and its efficiency was improved by direct evolu-
tion to keat/Km value of 1.43 mM~! min~'. Partly because of their
promising application for providing unique sugar phosphates fac-
ilely, a lot of research has focused on the substrate specificities of
galactokinases from diverse sources. However, similar example
was rare. For instance, GALK from E. coli can tolerate some C-2,
C-3 or C-6 changes, yet neither the wild type nor the E. coli GALK
mutant, which had relatively relaxed substrate specificity, recog-
nized p-Glc.?

In this report, GalKSpe4 recognized Glc with moderate activity.
The keat/Km value for Gal (4.22 mM~"' min~!) is about threefold of
that for Glc (1.42 mM~! min~!), whereas the wild type L. lactis
GALK has a keae/Km value for Gal (18.1 mM~! min~!) about 26-fold
greater than that for Glc (0.7 mM~"min~").? As such, this is the
first reported naturally existing GIcK with moderate activity.

N-Acetylgalactosamine (GalNAc), an important sugar residue,
widely exists in living systems and involves in many biological
processes. GalNAc kinases that can convert GalNAc to GalNAc-1-
P have been discovered in mammals.?” However, GalNAc kinases
in bacteria are limited. The first bacterial GalNAc kinase has been

reported as N-acetylhexosamine kinase (NahK) from Bifidobacte-
rium longum.?® No GALK found by now could use GalNAc as its sub-
strate. Most interestingly, in this report, GalKSpe4 exhibited
activity for GalNAC (Kcat/Km is 1.37 mM~" min~!). This is the first
time to report that GALK in bacteria can recognize GalNAc. These
results also suggested that enzyme from different sources might
display different advantages in enzymatic synthesis.

To better understand the nature of GalKSpe4, the sequence
alignment was determined. In amino acid sequence assay, GalK-
Spe4 exhibited 53.9% identity with the galactokinase from L. lactis
(PDB accession No. 1PIE), 38% with that from human (gi accession
No. 4503895), 37.82% with that from E. coli (gi ID: 16128725), 27%
with N-acetylgalactosamine kinase from human (gi accession No.
4503897) and 27% with Gallp from Saccharomyces cerevisiae
S288c (gi ID: 6319494). The three-dimensional structure of galac-
tokinase from L. lactis (PDBID: 1PIE) was reported. Amino acids
responsible for sugar ligand binding included Arg36, Glu42,
Asp45, Asp183 and Tyr233. Both Arg36 and Asp183 were thought
to be strictly conserved in the amino acid sequences for galactokin-
ases.!® Asp45 and Tyr233 are thought to be bound with the critical
galactose C-4 axial hydroxyl group.?! In the sequence alignment
assay, the equivalent residues within GalKSpe4 were found as
Arg31, Glu37, Asp40, Asp178 and Tyr 228. To further uncover the
mechanism for the recognition of both Gal and Glc by GalKSpe4,
its crystal structure will be of significant assistance.

5. Conclusion

A novel galactokinase from Streptococcus pneumoniae TIGR4
(GalKSpe4) was identified, characterized, and successfully overex-
pressed in E. coli with high activity toward galactose. There have
been many galactokinase identified but few of them used Glc as
substrate to form Glc-1-P. GalKSpe4 is the second GlcK identified
in bacteria, however, the first GlcK with moderate activity. Most
importantly, it is the first galactokinase identified in bacteria which
could recognize GalNAc as substrate.
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