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UDP-N-acetylglucosamine 2-epimerase/N-acetylmannosamine
kinase is a bifunctional enzyme, which initiates and regulates
sialic acid biosynthesis. Sialic acids are important compounds of
mammalian glycoconjugates, mediating several biological pro-
cesses, such as cell–cell or cell–matrix interactions. In order to
characterize the function of UDP-N-acetylglucosamine 2-epi-
merase/N-acetylmannosamine kinase, a number of deletion
mutants were generated, lacking either parts of the N-terminal
epimerase or the C-terminal kinase domain. N-terminal deletion of
only 39 amino acids results in a complete loss of epimerase activ-
ity. Deletions in the C-terminal part result in a reduction or com-
plete loss of kinase activity, depending on the size of the deletion.
Deletions at either the N- or the C-terminus also result in a
reduction of the other enzyme activity. These results indicate that
a separate expression of both domains is possible, but that a strong

intramolecular dependency of the two domains has arisen during
evolution of the enzyme. N-terminal, as well as C-terminal,
mutants tend to form trimers, in addition to the hexameric struc-
ture of the native enzyme. These results and yeast two-hybrid
experiments show that structures required for dimerization are
localized within the kinase domain, and a potential trimerization
site is possibly located in a region between the two domains.
In conclusion, our results reveal that the activities, as well as
the oligomeric structure, of this bifunctional enzyme seem to be
organized and regulated in a complex manner.

Key words: deletion mutant, domain, sialic acid, UDP-N-
acetylglucosamine 2-epimerase/N-acetylmannosamine kinase,
yeast two-hybrid assay.

INTRODUCTION

Sialic acids are essential components of glycoconjugates on deut-
erostomia cells [1]. They have been shown to be involved in
many biological processes, such as the formation or masking
of recognition determinants [2] and stabilization of glycoprotein
structures [3]. Sialic acids also serve as ligands for bacterial
adhesins, mediating, for example, the binding of Escherichia coli
to its host cells [4]. Viral receptors, such as the haemagglutinin
of the influenza virus, play important roles during infection
processes [5]. Two major groups of proteins, selectins and siglecs
(sialic-acid-binding, immunoglobulin-like lectins), act as sialic-
acid-binding lectins in mammalian cell–cell interactions during
physiological and pathological processes [6–8].

Neu5Ac (N-acetylneuraminic acid) is the biosynthetic pre-
cursor of nearly all of the 50 naturally occurring sialic acids [9].
In mammals, the biosynthesis is initiated by UDP-GlcNAc 2-epi-
merase (UDP-N-acetylglucosamine 2-epimerase), which synthes-
izes ManNAc (N-acetylmannosamine) from UDP-GlcNAc [10].
ManNAc is then phosphorylated at C-6 by a specific ManNAc
kinase [11,12]. It has been shown that, in mammals, these two
enzymes are combined in a single bifunctional enzyme, UDP-
GlcNAc 2-epimerase/ManNAc kinase [13,14]. ManNAc 6-phos-
phate is metabolized further by Neu5Ac-9-phosphate synthase
to Neu5Ac 9-phosphate [12,15]. After release of the phosphate,
Neu5Ac is activated by CMP-Neu5Ac synthase [16]. The end-
product of the biosynthesis, CMP-Neu5Ac, serves as substrate
for the sialyltransferases in glycoconjugate biosynthesis [17].

It has been shown that UDP-GlcNAc 2-epimerase is the key
enzyme of Neu5Ac biosynthesis, since its activity is feedback-
inhibited by CMP-Neu5Ac [18]. In sialuria, a sialic acid storage
disorder, free sialic acid accumulates due to a defect in the
regulation of UDP-GlcNAc 2-epimerase by CMP-Neu5Ac [19].
More recently, a second disorder, hereditary inclusion body myo-
pathy, has been shown to be associated with point mutations in the
UDP-GlcNAc 2-epimerase/ManNAc kinase gene [20]. Further-
more, UDP-GlcNAc 2-epimerase/ManNAc kinase is a major
determinant of cell-surface sialylation [21] and a regulator of the
function of specific cell-surface-adhesion molecules [22]. A
specific knockout of the gene in mice is lethal to the embryo
at day 8.5 [23].

UDP-GlcNAc 2-epimerase/ManNAc kinase has been cloned
and characterized from rats, mice and humans [14,24,25]. The bi-
functional enzyme consists of 722 amino acids and has a molecu-
lar mass of 79 kDa. Natively, it assembles as a hexamer, pos-
sessing both enzyme activities, but under certain conditions
dimeric or trimeric forms have also been observed [13,26]. UDP-
GlcNAc 2-epimerase and ManNAc kinase activities have been
mapped to different regions of the polypeptide, suggesting two
functional domains. The epimerase domain is located at the
N-terminus, whereas the kinase domain is found at the C-ter-
minus [26]. In the present study, we analysed the structure and
function of the bifunctional enzyme in more detail by the gen-
eration of several N- and C-terminal deletion mutants. When one
domain was mutated, the other could still be expressed, but not
without a drastic decrease in both enzyme activities, indicating
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Table 1 Oligonucleotide primers used for construction of deletion mutants
of UDP-GlcNAc 2-epimerase/ManNAc kinase

Primers were used for site-directed mutagenesis, mismatches with the template DNA are
underlined.

Mutant Primer sequence

�383–722 5′-TTCAAGAGCCATGACAGAAGAAATTCTGC-3′

�490–722 5′-GCTGCACTCGACCTAGTAGATACAGGAGTGG-3
�597–722 5′-GGAATGGCCTTGTAGAGGGAAGCAAAGAAGC-3′

�697–722 5′-GGATGTGGATGTATAGGTTTCAGACTTGG-3′

�717–722 5′-GGTTCTGGACTACTAGACCCGCAGGATCC-3′

�1–359 5′-GGTAAACAGTACCCTTGCTCGAGGATATATGGGG-3′

a strong mutual adaptation of the two domains during evolution.
Furthermore, structures responsible for subunit oligomerization
were identified.

MATERIALS AND METHODS

Generation of deletion mutants of UDP-GlcNAc
2-epimerase/ManNAc kinase

C-terminal deletions of UDP-GlcNAc 2-epimerase/ManNAc
kinase were made by introducing additional stop codons, using
the QuikChangeTM site-directed mutagenesis kit (Stratagene). Rat
cDNA of UDP-GlcNAc 2-epimerase/ManNAc kinase, cloned into
the pFastBacHTA vector [27], was used as template DNA. The
primers used are listed in Table 1. Temperature cycling ampli-
fication was performed with PfuTurbo® DNA polymerase
(Stratagene). Parental template DNA was then digested with DpnI.
The synthesized plasmids containing the desired mutation were
transformed into supercompetent InvαF’ E. coli cells (Invitrogen).
All constructs were verified via sequencing of the whole UDP-
GlcNAc 2-epimerase/ManNAc kinase gene.

For the generation of N-terminal-deletion mutants, �1–39 and
�1–234 fragments of the UDP-GlcNAc 2-epimerase/ManNAc
kinase cDNA were excised with the restriction enzymes SstI
and NspV respectively. For generation of the cDNA for �1–359,
an additional XhoI cleavage site was introduced by site-directed
mutagenesis before digestion. cDNAs were cloned into the correct
pFastBacHT vectors for generation of fusion proteins with N-ter-
minal His6 tags.

Expression of proteins in Sf9 insect cells

Both the wild-type and the deletion mutants of UDP-GlcNAc
2-epimerase/ManNAc kinase were expressed in insect cells using
the Bac-to-Bac® System (GibcoBRL) as described previously
[27]. In brief, constructs of the deletion mutants were transformed
into DH10Bac E. coli cells for transposition into bacmid DNA.
Recombinant bacmid DNA was isolated and used for transfection
of Sf9 insect cells, which release recombinant baculoviruses
containing the modified UDP-GlcNAc 2-epimerase/ManNAc
kinase genes. The presence of the respective genes in the baculo-
viruses was monitored by PCR. For this purpose, 25 µl of virus
solution was mixed with 5 µl of 10% (w/v) SDS and 5 µl of pro-
teinase K (20 mg/ml) and water to give a final volume of 110 µl,
before incubation for 30 min at 37 ◦C. DNA was isolated by
phenol/chloroform extraction. After ethanol precipitation, the
DNA was resuspended in 5 µl of water and used directly for PCR
with the primers 5′-ACCTATAAATATTCCGGATT-3′ and 5′-AA-
AGCAAGTAAAACCTCTAC-3′. After 35 cycles, the amplified
products were analysed by agarose gel electrophoresis.

For overexpression, Sf-900 insect cells with a density of 2 ×
106 cells/ml were infected with recombinant UDP-GlcNAc 2-epi-
merase/ManNAc kinase baculoviruses at MOI (multiplicity of
infection) of 3 and shaken at 27 ◦C for 48 h. Cells were harvested
by centrifugation at 700 g for 5 min at room temperature (20 ◦C),
then resuspended in lysis buffer (10 mM sodium phosphate,
pH 7.5, 1 mM EDTA, 1 mM dithiothreitol and 1 mM PMSF; 1 ml
per 10 ml of cell culture) and lysed by sonication. After centri-
fugation at 20000 g for 30 min at 4 ◦C, the supernatant was used
for detection of UDP-GlcNAc 2-epimerase/ManNAc kinase.

Determination of enzymic activities and protein concentration

Before enzyme activity assays, in order to remove protein aggre-
gates >600 kDa, samples of the different mutants were subjected
to gel-filtration chromatography (see below). UDP-GlcNAc 2-epi-
merase activity was then determined with a radiometric [13] or
a colorimetric assay [28]. ManNAc kinase activity was assayed
radiometrically as described previously [13]. One unit of enzyme
activity was defined as the formation of 1 µmol of product per
min at 37 ◦C. Specific activities were expressed as m-units/mg of
protein.

To calculate the amount of UDP-GlcNAc 2-epimerase/Man-
NAc kinase protein, aliquots were subjected to a SDS/7.5%
PAGE using a Mini Protean II system (Bio-Rad). If necessary, pro-
teins were concentrated by acetone precipitation before analysis.
For this purpose, 4 vol. of acetone were mixed with the sample and
incubated for at least 1 h at −20 ◦C. Precipitated proteins were
centrifuged at 2000 g for 10 min at 4 ◦C. The pellets were dried
and resuspended in sample buffer. Separated proteins were trans-
ferred on to a nitrocellulose membrane, and the UDP-GlcNAc
2-epimerase/ManNAc kinase was detected with the monoclonal
antibodies H-15 (Santa Cruz) or Penta-His (Qiagen) specific to the
His6-tag epitope. Bands were visualized by the ECL® (enhanced
chemiluminescence) kit (Amersham Biosciences) and quantified
on a LAS-1000 Fuji imager RayTest with the Image Gauge V3.4
program.

Determination of oligomeric structures

The oligomeric state of wild-type and mutated UDP-GlcNAc
2-epimerase/ManNAc kinase was determined with freshly pre-
pared insect cell cytosol by gel filtration on a Superdex® 200 HR
10/30 column (Amersham Biosciences). A buffer containing
10 mM sodium phosphate, pH 7.5, 1 mM EDTA, 1 mM dithio-
threitol and 100 mM NaCl was used as eluent. At a flow rate of
0.2 ml/min, fractions of 0.5 ml were collected and assayed for
enzyme activities. The column was calibrated with a protein
mixture of thyroglobulin (670 kDa), γ -globulin (158 kDa) and
ovalbumin (44 kDa).

Generation of yeast two-hybrid constructs
and two-hybrid experiments

Rat cDNA of the UDP-GlcNAc 2-epimerase/ManNAc kinase
cloned into pFastBacHTA vector served as template for the ampli-
fication of cDNAs for expression of the constructs depicted in
Figure 6. For amplification of the cDNA of the constructs, primers
(Table 2) with the following combinations were used: construct 1,
primers 1 and 2; construct 2, primers 1 and 3; construct 3, pri-
mers 4 and 2; construct 4, primers 5 and 6; construct 5, primers 1
and 7; construct 6, primers 8 and 9; construct 7, primers 10 and 3;
construct 8, primers 4 and 11; construct 9, primers 12 and 13; con-
struct 10, primers 14 and 12; construct 11, primers 1 and 9;
construct 12, primers 8 and 3; construct 13, primers 4 and 13;
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Table 2 Oligonucleotide primers used for construction of deletion mutants
of UDP-GlcNAc 2-epimerase/ManNAc kinase for the yeast two-hybrid
experiments

Primers 1–14 were used for amplification of cDNAs for generation of yeast two-hybrid constructs
(homologies with UDP-GlcNAc 2-epimerase/ManNAc kinase sequence are underlined).

Name Sequence

Primer 1 5′-GTCGACGTCGACAATGGAGAAGAACGGGAATAACCGG-3′

Primer 2 5′-GCGGCCGCCTAGTGGATTGCGGGCG-3′

Primer 3 5′-GCGGCGCGCGGCCGCAATATCCTGAGAGATGTTCT-3′

Primer 4 5′-GTCGACGTCGACGAGTGCCTTGGCTGTTGATC-3′

Primer 5 5′-GTCGACGTCGACTATTCGGATGTGGCTAGGTTGA-3′

Primer 6 5′-GCGGCCGCGAGGTCCACAGAGTTCCACT-3′

Primer 7 5′-GCGGCCGCCAAAAGGATGCGGTCGTGGT-3′

Primer 8 5′-GTCGACGTCGACGGATGTCCTCAACCGCCTGAAGC-3
Primer 9 5′-GCGGCCGCGGGTTCCAAAGGCGCCAACC-3′

Primer 10 5′-GTCGACGTCGACGATGGTTCGAGTGATGCGGAAG-3′

Primer 11 5′-GCGGCCGCGCTGCCGTGGATCAGCTCGT-3′

Primer 12 5′-GTCGACGTCGACACCCGTGTGGGTGGACAACGA-3′

Primer 13 5′-GCGGCCGCGCGGCCGCCATAGTGTGGAGGATATTCA-3′

Primer 14 5′-GTCGACGTCGACAGTGGAAGGGATGTCAGTGCC-3′

construct 14, primers 12 and 3. The primers introduced additional
SalI and NotI restriction sites for cloning the cDNAs as N-ter-
minal fusions with the LexA DNA-binding and the Gal4-
activation domain of the yeast two-hybrid vectors pBTM117c
and pGAD426 respectively [29]. All constructs were checked by
DNA sequencing. LexA DNA-binding domain fusions (‘baits’)
were expressed in L40ccua [MATa] and the activation domain
fusion proteins (‘prey’) were expressed in yeast strain L40ccα
[MATα]. L40ccα clones were mixed with L40ccua clones for
interaction mating and grown on YPD [1% (w/v) yeast extract,
2% (w/v) peptone and 2% (w/v) glucose] agar plates for 24 h
at 30 ◦C. Cells were transferred on to SDII agar plates (minimal
medium lacking tryptophan and leucine), and diploid cells were
grown for 72 h at 30 ◦C. For the selection of interactions,
diploid cells were transferred onto SDIV agar plates (minimal
medium lacking tryptophan, leucine, histidine and uracil) with
and without nylon membranes, and incubated for 5 days at
30 ◦C. For the identification of protein–protein interactions, the
activity of the (lexAop)4-HIS3 and the (lexAop)8-URA3 reporter
genes was assessed via growth on SDVI. The nylon membranes
were subjected to a β-galactosidase assay, which enabled the
simultaneous examination of the (lexAop)4-HIS3, (lexAop)8-
URA3 and the (lexAop)8-lacZ reporters.

RESULTS

Generation of deletion mutants

To examine whether the two catalytic functions of the bifunctional
enzyme UDP-GlcNAc 2-epimerase/ManNAc kinase can be ex-
pressed separately, mutants with different sizes of deletions in
the UDP-GlcNAc 2-epimerase and the ManNAc kinase domain
were generated (Figure 1). Deletion mutants in the C-terminal
ManNAc kinase domain were generated by insertion of earlier
stop codons into the UDP-GlcNAc 2-epimerase/ManNAc kinase
cDNA. It is well known that sugar kinases contain five subdomains
(phosphate1, phosphate2, adenosine, connect1 and connect2) that
are responsible for binding distinct parts of the substrate ATP
[30]. All subdomains are present in the ManNAc kinase domain
(Figure 1) and served as the structural basis for generation
of the C-terminal mutants. Mutant �717–722 contains all the
subdomains, whereas �697–722 lacks the connect2 motif. Mutant

Figure 1 Overview of resulting proteins of mutated UDP-GlcNAc
2-epimerase/ManNAc kinase cDNA

cDNAs for expression were generated by restriction cleavage of different fragments of the coding
UDP-GlcNAc 2-epimerase/ManNAc kinase sequence. C-terminal-deletion mutations were
generated in the UDP-GlcNAc 2-epimerase/ManNAc kinase cDNA with the QuikChangeTM

site-directed mutagenesis kit by insertion of additional stop codons.

�597–722 additionally lacks the region between connect2 and
adenosine, while �490–722 lacks four of the five subdomains.
Finally, �383–722 only consists of the putative UDP-GlcNAc
2-epimerase domain.

Deletions in the N-terminal UDP-GlcNAc 2-epimerase domain
were generated by excising different fragments of the 5′-coding
region of the UDP-GlcNAc 2-epimerase/ManNAc kinase cDNA.
Since information on potential subdomains of this part of the
protein is lacking, naturally occurring restriction sites or restric-
tion sites introduced by site-directed mutagenesis were used.
Constructs containing the deleted UDP-GlcNAc 2-epimerase/
ManNAc kinase gene were transfected into Sf9 insect cells, which
then produced recombinant baculoviruses. The presence of the
correct cDNA in the baculoviruses was shown by PCR analysis,
followed by sequencing of the PCR product. The recombinant
baculoviruses were used for infection of insect cells. The
harvested insect cells were lysed, and aliquots were analysed
by Western blotting. All deletion mutants of the UDP-GlcNAc
2-epimerase/ManNAc kinase produced overexpressed proteins of
the expected size (Figure 2). The wild-type enzyme showed a
molecular mass of 85 kDa, which is in agreement with the pre-
dicted molecular mass of UDP-GlcNAc 2-epimerase/ManNAc
kinase of 79 kDa and the size of the His6 tag of 6 kDa. This result
also shows that UDP-GlcNAc 2-epimerase/ManNAc kinase is
expressed without glycosylation, in agreement with the cytosolic
localization of the enzyme. The sizes of the N-terminal mutant
proteins were 79 kDa, 58 kDa and 45 kDa, whereas the sizes of the
C-terminal mutant proteins were 85 kDa, 83 kDa, 72 kDa, 61 kDa
and 49 kDa. In insect cells, soluble, wild-type UDP-GlcNAc
2-epimerase/ManNAc kinase typically represented 30–50% of
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Figure 2 Western blot analysis of the UDP-GlcNAc 2-epimerase/ManNAc
kinase deletion mutants expressed in insect cells

Sf-900 insect cells were infected with recombinant baculoviruses containing the mutated
UDP-GlcNAc 2-epimerase/ManNAc kinase gene. After cell lysis, 20 µg of protein were applied
to a SDS/7.5 % PAGE and analysed by Western blotting using the H-15 antibody.

the total protein expression [27]. Similar expression levels were
observed for the �717–722 mutant. But in all other cases between
5% and 30%, and in a few cases <5%, of total protein was
soluble (results not shown).

Enzymic activities of the deletion mutants

Before the determination of enzymic activities, samples of the
different mutants were subjected to gel-filtration chromatography.
This method separated aggregates of UDP-GlcNAc 2-epimerase/
ManNAc kinase with a size >2000 kDa, which were obtained as
by-products of protein expression in insect cells, from fractions
with proteins <600 kDa, representing native UDP-GlcNAc 2-epi-
merase/ManNAc kinase. All fractions were assayed for UDP-
GlcNAc 2-epimerase and ManNAc kinase activity. In parallel,
the amount of active UDP-GlcNAc 2-epimerase/ManNAc kinase
in each fraction was determined by Western blotting. The specific
activities of the aggregates were much lower than the activities
of the respective native enzyme, as already shown earlier for
the wild-type enzyme [27]. Therefore relative specific enzyme
activities of the mutants with respect to the wild-type enzyme were
determined only for fractions with proteins <600 kDa (Figure 3).
All of the N-terminal-deletion mutants display a complete loss of
UDP-GlcNAc 2-epimerase activity. The ManNAc kinase activity
was also drastically reduced. The �1–39 mutant has only 22%
ManNAc kinase activity, compared with the wild-type enzyme.
The activities of the other mutants are below 10%. These results
show that the first 39 amino acids are essential for UDP-GlcNAc
2-epimerase activity.

The results for the C-terminal-deletion mutants were more
diverse than for the N-terminal-deletion mutants. Loss of the last
six amino acids does not markedly influence the ManNAc kinase
activity; however, a loss of the next 20 amino acids reduces
the kinase activity by 60%. This indicates a significant, but not
essential, role for the connect2 subdomain in the ManNAc kinase
activity. Deletions of larger parts of the protein then result in fur-
ther reduction of the kinase activity. The �597–722 mutant, con-
taining four of the five ATP-binding subdomains, retains about
5% kinase activity, whereas further deletions result in a total loss
of kinase activity. On the other hand, all C-terminal mutants still
display UDP-GlcNAc 2-epimerase activity. Loss of the last six
and 26 amino acids respectively results in a moderate reduction
of epimerase activity. Larger deletions then result in a further
significant reduction of enzyme activities, but these mutants still
retain epimerase activity, indicating that they still have an en-
zymically active epimerase domain. Interestingly, the �490–722

Figure 3 Relative specific enzyme activities of the UDP-GlcNAc 2-
epimerase/ManNAc kinase deletion mutants

Proteins were expressed in Sf-900 insect cells. After cell lysis and consecutive centrifugation, the
supernatant was applied to the Superdex® 200 column in order to remove protein aggregates.
Fractions containing the native enzymes with a size < 600 kDa were analysed for UDP-GlcNAc
2-epimerase and ManNAc kinase activity using radiometric assays. Relative specific enzyme
activities +− S.D. (n = 4) were calculated from the ratio of measured enzyme activity to the amount
of UDP-GlcNAc 2-epimerase/ManNAc kinase detected by Western blotting. The calculated
activities represent the average of all fractions from each mutant. Dark grey bars, UDP-GlcNAc
2-epimerase activity; light grey bars, ManNAc kinase activity.

mutant showed an approx. 4-fold higher UDP-GlcNAc 2-epi-
merase activity than that of �597–722. Probably, the loss of
amino acids 490–597 has a positive effect on the stability of some
epimerase domain structures essential for the activity.

Finally, all the deletion mutants that still retained some epi-
merase activity were investigated for inhibition by CMP-Neu5Ac,
the feedback inhibitor of the UDP-GlcNAc 2-epimerase. The epi-
merase activity of all C-terminal mutants was inhibited by 100 µM
CMP-Neu5Ac (results not shown). In addition, the fractions after
gel-filtration chromatography which contain trimeric protein of
the mutants �490–722 and �383–722 (see below) were analysed.
For this oligomeric form, inhibition of epimerase activity by
100 µM CMP-Neu5Ac was also found. These results indicate
that all essential structures for inhibition must be located within
the epimerase domain and that they are still functional when only
trimeric protein is formed. This is in agreement with the postulated
binding site for CMP-sialic acid between amino acids 249 and 275
[31].

Oligomeric structure of the deletion mutants

UDP-GlcNAc 2-epimerase/ManNAc kinase assembles natively as
a homohexamer of 75 kDa subunits [13], but, under certain con-
ditions, dimeric and trimeric forms were also observed [13,26,28].
Therefore the oligomeric state of the deletion mutants was
determined by gel-filtration chromatography. The presence of
the respective enzymes was established by detection of ManNAc
kinase activity in N-terminal mutants and UDP-GlcNAc 2-epi-
merase activity in C-terminal mutants (Figures 4 and 5). The
presence of UDP-GlcNAc 2-epimerase/ManNAc kinase protein
was confirmed by Western blotting using the H-15 antibody
(results not shown). Native molecular masses of the deletion
mutants were determined by comparison with a molecular-mass
standard mixture.

As estimated for a hexamer, the UDP-GlcNAc 2-epimerase/
ManNAc kinase wild-type enzyme had a molecular mass of
500 kDa (Figure 4). The N-terminal-deletion mutants �1–39,
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Figure 4 Determination of the oligomeric state of N-terminal-deletion mutants

Sf-900 insect cells were infected with recombinant baculoviruses, which contain the mutated UDP-GlcNAc 2-epimerase/ManNAc kinase gene. The cytosolic fraction was applied to a gel-filtration
column. Enzymic activity in the fractions was detected by the radiometric ManNAc kinase assay and plotted against the elution volume. H and T indicate the elution volumes corresponding to the
respective hexamer or trimer of the investigated protein. Since the mutants possessed different activities, different amounts of protein were applied to the column.

�1–234 and �1–356 were eluted in fractions corresponding to
native molecular masses of 420 kDa, 330 kDa and 290 kDa
respectively. This indicates that the deletion mutants also form
hexamers. The inserted deletions have no significant influence
on the oligomeric structure of the mutated proteins, suggesting
that amino acids 1–356 are not involved in the oligomerization
process of UDP-GlcNAc 2-epimerase/ManNAc kinase. However,
the main elution peaks of the deleted UDP-GlcNAc 2-epimerase/
ManNAc kinase proteins were accompanied by a second peak.
For the �1–356 mutant, the size of this peak was sufficient to
calculate its molecular mass as 150 kDa, representing a trimer of
the protein.

The C-terminal-deletion mutants �717–722, �697–722 and
�597–722 were eluted at volumes corresponding to native mol-
ecular masses of 500 kDa, 480 kDa and 410 kDa respectively
(Figure 5). Therefore these C-terminal deletion mutants form
hexamers comparable with the wild-type enzyme. However, for
the �597–722 mutant, a small peak corresponding to a trimeric
protein is visible. For �490–722 and �383–722, two peaks are
visible, one corresponding to a hexameric protein and another to
a trimeric protein (Figure 5). In �490–722, the ratio of hexamer
to trimer is nearly 1:1, whereas trimers dominate in �383–722.

Yeast two-hybrid experiments

In order to get a more detailed insight into the interactions of epi-
merase and kinase domains during oligomer formation, we used
the yeast two-hybrid system with the complete protein or several
deleted variants. A total of 14 different bait and prey constructs
were generated (Figure 6) for the pairwise interaction mating in
a two-hybrid system. All 154 combinations were assayed for the
activation of the HIS3 and URA3 reporter genes via growth on
minimal medium (Figure 7). In addition, simultaneous activation
of the HIS3, the URA3 and the lacZ reporter genes was examined
in a β-galactosidase assay (Figure 7). In both assays, interactions
were only found between the constructs 1, 2 and 3, representing

the whole enzyme or the complete epimerase and kinase domains
respectively (Table 3). Strong interactions, indicated by a strong
signal in the β-galactosidase assay, were found for all constructs
containing the whole kinase domain in both fusion proteins (i.e.
1 compared with 1, 1 compared with 3, 3 compared with 1,
and 3 compared with 3). However, growth on selective medium
could also be detected when only the epimerase domain was
present in one or both fusion proteins (i.e. 1 compared with 2).
Smaller parts of UDP-GlcNAc 2-epimerase/ManNAc kinase did
not show any interaction in the yeast two-hybrid assay, indicating
that the whole domains are needed for the interactions.

DISCUSSION

UDP-GlcNAc 2-epimerase/ManNAc kinase is the bifunctional
enzyme that catalyses the first two steps of the biosynthesis of
sialic acids, and it is also important for pathway regulation. In this
work, we investigated the functions of the two different domains of
UDP-GlcNAc 2-epimerase/ManNAc kinase by generating several
N- and C-terminal-deletion mutants. In a previous study, we
inserted different point mutations in the bifunctional enzyme, and
were able to show that the epimerase and the kinase of the bi-
functional enzyme function independently of each other [26].
We therefore examined whether these two functions can also
be separated physically. Our results show that the UDP-GlcNAc
2-epimerase, as well as the ManNAc kinase, can be functionally
expressed as separated domains. This indicates that neither
domain is essential for the enzyme activity of the other. But
the loss of even part of the other domain causes a more or less
drastic reduction of the enzyme activity. Structures in each domain
are therefore required for optimal enzyme activity of the other
domain. Prokaryotic organisms possess monofunctional homo-
logues of the two domains of the mammalian UDP-GlcNAc 2-epi-
merase/ManNAc kinase [26]. Therefore it is likely that the bifunc-
tional enzyme resulted from the fusion of two formerly separated
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Figure 5 Determination of the oligomeric state of C-terminal-deletion mutants

Sf-900 insect cells were infected with recombinant baculoviruses, which contain the mutated UDP-GlcNAc 2-epimerase/ManNAc kinase gene. The cytosolic fraction was applied to a gel-filtration
column. Enzymic activity in the fractions was detected with the colorimetric UDP-GlcNAc 2-epimerase assay and plotted against the elution volume. H and T indicate the elution volumes corresponding
to the respective hexamer or trimer of the investigated protein. Since the mutants possessed different activities, different amounts of protein were applied to the column.

genes. This gene fusion must have happened early in evolution,
since a dissociation of both functional domains is still possible
today, although it results in a drastic reduction of the enzyme activ-
ities. After gene fusion, mutations in both domains of the bifunc-
tional enzyme resulted in a strong mutual adaptation. Bifunctional
enzymes are quite rare in mammalian metabolism, and, to date,
only a few cases are known where one or both domains have been
separated physically. The functions of the domains of 3′-phos-
phoadenosine 5′-phosphosulphate synthase can be expressed sep-
arately [32], as well as the sulphotransferase domain of heparan
sulphate/heparin N-deacetylase/N-sulphotransferase [33].

We have shown that amino acids 1–39 play an important role
in UDP-GlcNAc 2-epimerase/ManNAc kinase. Deletion of these
amino acids causes a complete loss of the UDP-GlcNAc 2-epi-
merase activity, suggesting that these amino acids are essential for
the epimerase activity. Therefore it can be concluded that some
of these amino acids may be part of the active site of the UDP-
GlcNAc 2-epimerase or are important for its formation. At the
same time, loss of these first 39 amino acids causes a drastic loss of
ManNAc kinase activity. As the �1–39 mutant still shows kinase
activity, these amino acids are not essential for ManNAc kinase ac-
tivity, although they influence it strongly. Without knowledge
of the three-dimensional structure, the possibility that the first

39 amino acids play a direct role in ManNAc kinase activity can-
not be excluded, but it is more probable that the epimerase domain
stabilizes important structural elements of the kinase domain.

Sugar kinases have five conserved subdomains for binding of
ATP [30], which are also found in the ManNAc kinase domain
(Figure 1). Loss of the connect2 motive subdomain results in a
reduction of ManNAc kinase activity of 60%, indicating that this
motif is important, but not essential, for ATP binding. Loss of
the amino acids between the connect2 and the adenosine motifs
reduced the kinase activity nearly to its detection limit, indicating
that these amino acids contribute significantly to the ManNAc
kinase activity. These amino acids between the adenosine and
the connect2 motifs may be associated with stabilization of
catalytically important structures in the ManNAc kinase domain,
rather than interacting directly in the catalytic process. Deletion
of further motifs results in a complete loss of ManNAc kinase
activity. These deletions in the C-terminal part of the enzyme also
have an influence on the epimerase domain of the bifunctional
enzyme. Indirect allosteric effects on the structure or stability of
the protein are thought to be responsible for these effects.

The inserted deletions in the bifunctional UDP-GlcNAc 2-
epimerase/ManNAc kinase influence not only the enzyme activ-
ities, but also the oligomeric states of the mutated enzymes. The
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Figure 6 Schematic overview of the constructs of UDP-GlcNAc 2-epi-
merase/ManNAc kinase generated for the yeast two-hybrid experiments

cDNAs were generated by PCR and cloned into the bait vector pBTM117c and the prey vector
pGAD426 as described in the Materials and methods section.

wild-type and all deletion mutants of the UDP-GlcNAc 2-epi-
merase/ManNAc kinase assemble as hexamers or trimers. Besides
detection of trimers by gel filtration in the present and a previous
study [26], they were also found by an alternative method. Cross-
linking of the enzyme with periodate-oxidized UDP-GlcNAc
in a time-dependent manner, followed by SDS/PAGE, revealed

formation of cross-linked trimers and hexamers [28], thus com-
plementing the gel-filtration experiments. Strong negative co-
operativity was shown earlier for the substrate UDP-GlcNAc,
which suggests the existence of more than one active site for
UDP-GlcNAc 2-epimerase activity [13]. In the present study,
trimers with UDP-GlcNAc 2-epimerase activity were detected,
and provide the first structural evidence for more than one active
UDP-GlcNAc 2-epimerase site in the hexameric protein.

In its native state, the UDP-GlcNAc 2-epimerase/ManNAc
kinase exists as a hexamer. This structure is thought to consist
either of a trimer of dimers [13] or a dimer of trimers [28]. N-ter-
minal deletion mutants still assemble as hexamers identical with
the wild-type enzyme. This indicates that amino acids of the UDP-
GlcNAc 2-epimerase domain have little or no involvement in the
oligomerization process. These results are supported by the yeast
two-hybrid experiments, showing strong interaction between
constructs containing the complete kinase domain, but no or only
very weak interactions for epimerase domain constructs. C-ter-
minal deletions of approx. 100 amino acids did not significantly
influence the oligomeric structure of the enzyme, as these de-
letions do not cause a loss of the hexameric structure. Larger
deletions obviously resulted in a reduced stability of the hexameric
enzyme, as indicated by the occurrence of trimers. Therefore it
can be concluded that important structures responsible for the
formation of hexamers are located in the amino acid sequence
235–596. In particular, deletion of amino acids 383–596 causes
a drastic increase of trimeric structures, suggesting that this
region contains important structures for dimerization. A potential
subdomain for trimerization is possibly located around amino
acids 360–382, a region which cannot be unequivocally assigned
to one of the two domains, as all mutated proteins containing
this part were found as hexamers or trimers, but not as dimers or
monomers.

In the yeast two-hybrid experiments, the complete kinase
domain showed strong interactions with itself and the entire
bifunctional enzyme. For all other constructs, no interactions were
detected, suggesting that essential structures for oligomerization
were missing. We note that the constructs expressing amino
acid sequences 200–500 and 407–660 did not show interactions,
although the gel-filtration experiments suggested that they include
structures promoting trimerization and dimerization. Failure to

Figure 7 Results of yeast two-hybrid experiment

Left-hand panel, colony growth on minimal medium. Right-hand panel, β-galactosidase assay. Assays were performed as described in the Materials and methods section. For the β-galactosidase
assay, two spots were applied for each sample.
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Table 3 Results of the yeast two-hybrid experiments

Constructs 1–14 (Figure 6) were cloned into the bait vector pBTM117c and into the prey vector pGAD426 and analysed for protein–protein interaction in yeast two-hybrid experiments as described
in the Materials and methods section. Interactions were analysed by growth on agar plates and by a β-galacosidase assay. The relative strength of interaction is given as no interaction (−), very
weak interaction (−/+), weak interaction (+), strong interaction (++).

Prey constructs

Bait constructs 1 2 3 4 5 6 7 8 9 10 11 12 13 14

1 ++ −/+ ++ − − − − − − − − − − −
2 − −/+ − − − − − − − − − − − −
3 + − ++ − − − − − − − − − − −
4 − − − − − − − − − − − − − −
5 − − − − − − − − − − − − − −
6 − − − − − − − − − − − − − −
7 − − − − − − − − − − − − − −
8 − − − − − − − − − − − − − −
9 − − − − − − − − − − − − − −

10 − − − − − − − − − − − − − −
11 − − − − − − − − − − − − − −
12 − − − − − − − − − − − − − −
13 − − − − − − − − − − − − − −
14 − − − − − − − − − − − − − −

detect these interactions may be attributable to the use of different
constructs in the yeast two-hybrid experiments. The respective
deletion mutants, which still assemble as hexamers and trimers
in gel-filtration experiments, contain the complete epimerase
domain, whereas the two-hybrid fragments used are lacking larger
parts of it. In order to avoid false-positive signals, the yeast
two-hybrid system used here is particularly designed for high
stringency, which is achieved by the simultaneous use of three
reporter genes and very low protein expression levels. This could
also account for the fact that we did not observe interactions with
the smaller fragments.

Our results show that the hexameric structure of UDP-GlcNAc
2-epimerase/ManNAc kinase is regulated in a more complex
manner by secondary, and possibly also tertiary, structures and
cannot be reduced to one simple dimerization or trimerization site.
It is also possible that the trimeric structures are artifacts, resulting
from the inability of the deletion mutants to form hexamers. In this
case, the trimeric structures are not native states of the hexamers.
This would also be consistent with the detection of at least small
amounts of hexamers in all the deletion mutants and the fact that
the quantity of trimers increases with the size of the deletion.
On the other hand, trimers were also found after cross-linking
the hexameric structure [28], indicating that trimeric structures in
general are part of the hexameric protein.

In conclusion, we were able to express the UDP-GlcNAc
2-epimerase and the ManNAc kinase of the bifunctional enzyme
separately from each other. Deletions of even small parts of the
enzyme result in a significant reduction of the enzyme activities
of both domains, showing that they strongly influence each other.
Larger N- and C-terminal deletions result in a reduced stability
of the hexameric enzyme and the occurrence of trimers of the
protein. The oligomerization process leading to hexamer form-
ation seems to involve complex secondary, and possibly also
tertiary, structures of the protein.
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