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N-Acetylneuraminic acid (Neu5Ac) is the precursor of
sialic acids, a group of important molecules in biological
recognition systems. Biosynthesis of Neu5Ac is initiated
and regulated by its key enzyme, UDP-N-acetylglu-
cosamine 2-epimerase (UDP-GIcNAc 2-epimerase, EC
5.1.3.14)/N-acetylmannosamine kinase (ManNAc kinase,
EC 2.7.1.60) in rat liver (Hinderlich, S., Stiasche, R.,
Zeitler, R., and Reutter, W. (1997) J. Biol. Chem. 272,
24313-24318). In the present paper we report the isola-
tion and characterization of a cDNA clone encoding this
bifunctional enzyme. An open reading frame of 2166
base pairs encodes 722 amino acids with a predicted
molecular mass of 79 kDa. The deduced amino acid se-
quence contains exact matches of the sequences of five
peptides derived from tryptic cleavage of the enzyme.
The recombinant bifunctional enzyme was expressed in
COS7 cells, where it displayed both epimerase and Ki-
nase activity.

Distribution of UDP-GlcNAc 2-epimerase/ManNAc Kki-
nase in the cytosol of several rat tissues was investi-
gated by determining both specific enzyme activities.
Secreting organs (liver, salivary glands, and intestinal
mucosa) showed high specific activities of UDP-GIlcNAc
2-epimerase/ManNAc kinase, whereas significant levels
of these activities were absent from other organs (lung,
kidney, spleen, brain, heart, skeletal muscle, and testis).
Northern blot analysis revealed no UDP-GlcNAc 2-epi-
merase/ManNAc kinase mRNA in the non-secreting
tissues.

N-Acetylneuraminic acid (Neu5Ac)?! is the most common nat-
urally occurring sialic acid, as well as being the biosynthetic
precursor of this group of compounds. The elementary 9-carbon
carboxylated skeleton can be modified by various substitutions
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leading to more than 30 naturally occurring derivatives of
NeubAc (1, 2). The expression of specific sialic acids depends on
the species, the tissue, and the developmental stage of the
organism (3). By virtue of their widespread distribution, their
structural versatility, and their peripheral position in glycocon-
jugates, sialic acids are well suited as molecular determinants
of specific biological functions (4) such as cellular adhesion (5,
6), formation or masking of recognition determinants (1, 2, 7),
and stabilization of the structure of glycoproteins (8, 9). Fur-
thermore, sialic acids are overexpressed in many tumor cells
(10, 11), especially in Wilms tumor where they are present as
polysialic acid (12). The metastatic and invasive potential of
tumor cells is often correlated with the amount of expressed
sialic acids (13, 14).

To study the functional role of sialic acids in normal and
diseased tissues many efforts have been made to influence the
amount of expressed sialic acids by inhibition of sialyltrans-
ferases (15), and to modulate the structure of sialic acids by the
use of synthetic precursor analogs (16, 17). The results of the
present study provide a possible new means for determining
the role of sialic acids. Neu5Ac and CMP-Neub5Ac, its activated
form, are biosynthesized in rat liver by five consecutive reac-
tions (18). Recently we found that the two enzymes initiating
the biosynthesis of Neu5Ac, UDP-N-acetylglucosamine 2-epi-
merase (UDP-GlcNAc 2-epimerase, EC 5.1.3.14) and N-acetyl-
mannosamine kinase (ManNAc kinase, EC 2.7.1.60) are parts
of one bifunctional enzyme (19). This bifunctional enzyme, the
key enzyme of Neu5Ac biosynthesis, was cloned and its cDNA
was functionally expressed.

EXPERIMENTAL PROCEDURES

Materials—Restriction enzymes were obtained from Life Technolo-
gies, Inc. (Gaithersburg, MD). Nitrocellulose membranes were from
Schleicher & Schuell (Dassel, Germany). Nylon filters for screening,
[a-3?P]dATP, and [a-?°S]dATP were from Amersham (Braunschweig,
Germany). N-Acetyl-p-[1-'*Clmannosamine and UDP-N-acetyl-D-[U-
Clglucosamine were from ICN (Eschwege, Germany). Peroxidase-
conjugated swine anti-rabbit antibody was from Dako (Hamburg, Ger-
many). Fluorescein isothiocyanate-conjugated swine anti-rabbit
antibody was purchased from Dianova (Hamburg, Germany). All other
chemicals were of the highest available quality and purchased from
Sigma (Deisenhofen, Germany) and Merck (Darmstadt, Germany).

Preparation of Peptides and Amino Acid Sequencing—UDP-GlcNAc
2-epimerase/ManNAc kinase was purified from rat liver as described
(19) and subjected to NH,-terminal sequencing by automated Edman
degradation on an Applied Biosystems protein sequencer (model 473A).
Peptides were generated by digestion of 20 ug of UDP-GIcNAc 2-epi-
merase/ManNAc kinase with 2 ug of trypsin in 100 mm Tris-HCl, pH
8.5, at 37 °C for 24 h. Peptides were separated on a reversed phase
HPLC column (C;g column LiChro CART CHR D, Merck) with a dis-
continous gradient of 2 to 50% acetonitrile in 0.1% trifluoroacetic acid
over 85 min at 0.4 ml/min, followed by 50 to 95% acetonitrile in 0.1%
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TABLE 1
Design of PCR primers

Sense (d and ¢) and antisense (a-d and a-e) primers for PCR were designed from sequences of peptides D and E, taking into consideration the

rat codon usage frequencies.

Peptide Primer Amino acid sequence DNA sequence “rat codon usage”
D LIQEWNSVDL CTGATCCAGGAGTGGAACWSYGTGGAYCTG
d CTGATCCAGGAGTGGAA
a—d GTTCCACTCCTGGATCA
E VGAFGTPVINEBIRGCGCYTTCGGCACHCCHGTGATCAACCTGGGCACHMGV
e GTGATCAACCTGGGCAC
a—e GTGCCCAGGTTGATCAC
. . C B E A D
Position of peptides B B BE B B
Position of
546bp DNA fragment
I ATG ter
Position of | ]
coding region =
Sequencing of —_— —_— —_— —
leading strand B N, —_— — - —d —_—
Partial map of Sstl Psd Aadl  BamHI
restriction sites T3 EcoRI ‘ Cl‘al S8p1 |E|coRI ( BamH1 | EcoRl
— !
¢DNA EK — L L e L2 T
e | ! ! | | -
bp 0 500 1000 1500 2000 2500
Sequencing of 4 - -+ — -
lagging strand -— - < < - v

Fic. 1. Physical map and sequencing strategy for cDNA of UDP-GlcNAc 2-epimerase/ManNAc kinase (cDNA EK). Named arrows (73,
T7, d, e, a-d, and a-e) indicate different origins of sequencing. The restriction sites were determined both from the sequence and by digestion with
appropriate restriction enzymes, and are indicated along cDNA EK. The coding region (open bar above the partial restriction map of cDNA EK)
and the position of the PCR-generated 546-bp DNA fragment (striped bar), which was used to screen a cDNA library of rat liver, are indicated. The
beginning of the coding region is indicated by AT'G and the end is indicated by ter. The positions of peptides (A, B, C, D, and E) derived by tryptic
digestion and reversed phase HPLC separation are also shown in relation to the cDNA sequence of UDP-GlcNAc 2-epimerase/ManNAc kinase.

trifluoroacetic acid over 25 min at 0.4 ml/min. Effluent samples showing
peaks of absorbance at 215 nm were collected and concentrated to 20 ul
before peptide sequencing.

¢DNA Library and Nucleotide Sequencing—Total RNA was extracted
from rat liver tissue in an acidic guanidinium thiocyanate/phenol/chlo-
roform mixture (20). Reverse transcription of poly(A)* RNA with oli-
go(dT),5 primers was done using Moloney murine leukemia virus re-
verse transcriptase (Life Technologies, Inc.). The resulting reverse
transcripts were used directly for PCR. Primers for PCR were designed
from peptide sequences, taking into consideration the rat codon usage
frequencies. PCR was performed using sense and antisense primers
(125 pmol each) and 1.3 units of Tag DNA polymerase in a reaction
mixture (50 ul) containing 1 pug of cDNA. Amplification was carried out
by 25 cycles of 94 °C for 1 min, 50 °C for 1 min, and 72 °C for 1.5 min
using a TwinCycler II thermal cycler (AGS, Heidelberg, Germany). The
PCR products were analyzed by agarose gel electrophoresis, purified,
cloned in pCR II (Invitrogen, San Diego, CA), and sequenced by the
dideoxy chain termination method (21) using a T7 sequencing kit from
Pharmacia (Freiburg, Germany). The obtained 546-bp PCR product was
radiolabeled with [a-*?P]dATP by the random priming method (22)
using a Random Primed DNA Labeling System Kit from Life Technol-
ogies, Inc.; 1.2 X 10° clones of a rat liver A ZAP II ¢cDNA library
(Stratagene, Heidelberg, Germany) were screened. Hybridization was
performed in buffer of 5 X SSC (1 X SSC, 150 mM NaCl, 15 mm sodium
citrate, pH 7.0), 5 X Denhardt’s solution (1 X Denhardt’s solution, 0.2%
Ficoll 400, 0.2% polyvinylpyrrolidone, 0.2% bovine serum albumin),
0.1% SDS, 200 pg/ml herring sperm DNA at 42 °C. Washes were at the
same temperature with 2.0-0.3 X SSC, 0.1% SDS. Positive clones were
converted to phagemids, consisting of pBluescript II SK~ and ¢cDNA
insert, by in vivo excision in Escherichia coli XL1-Blue host with R408
helper phage. Plasmids were amplified and the inserted cDNA se-
quenced. T3, T7, and internal primers generated from the sequence
were used for sequencing both strands. Sequence homology analysis
was done with GenBank/EMBL and SWISS-PROT data bases using
MacMolly software (Soft Gene, Berlin, Germany).

Expression of UDP-GIcNAc 2-Epimerase/ ManNAc Kinase—UDP-
GlcNAc 2-epimerase/ManNAc kinase coding cDNA from pBluescript II

was subcloned into the eucaryotic expression vector pBK-CMV (Strat-
agene). COS7 cells were then transiently transfected with this con-
struct using the calcium phosphate method (23). After 20 h, the calcium
phosphate precipitate was removed and cells were further cultured in
Dulbecco’s modified Eagle’s medium containing 10% fetal calf serum for
24 h and then selected with 600 ug/ml G418. Expression of UDP-
GlcNAc 2-epimerase/ManNAc kinase was monitored by immunofluores-
cence, immunoblotting, and determination of enzyme activity in cell
lysates.

Immunofluorescence—For immunofluorescence, cells were grown on
coverslips, fixed in solution containing 3% formaldehyde and permeal-
ized with 0.1% Triton X-100. Cells were blocked with 3% bovine serum
albumin and then incubated with polyclonal antibody at room temper-
ature. The polyclonal antiserum directed against UDP-GlcNAc 2-epi-
merase/ManNAc kinase was obtained by the method of Boulard and
Lecroisey (24). Cells were then incubated with fluorescein isothiocyanate-
conjugated anti-rabbit antibody and imaged by fluorescence microscopy.

Immunoblot Analysis—Cell lysates of COS7 were subjected to so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis as described by
Laemmli (25) using 10% acrylamide gels. Separated proteins were
electroblotted onto nitrocellulose membranes. The membranes were
blocked for 12 h in 5% skim milk in buffer A (0.1% Tween 20, 150 mm
NaCl, 3 mm KCl in 9 mm NaH,PO,, pH 7.2) and then incubated for 1 h
in a 1/2000 dilution of polyclonal anti-UDP-GlcNAc 2-epimerase/Man-
NAc kinase antiserum in buffer A. Detection was performed using a
peroxidase-conjugated swine anti-rabbit secondary antibody and an
enhanced chemiluminescence (ECL) detection kit from Amersham.

Preparation of Tissue Cytosols—Male Wistar rats were perfused with
20 ml of 150 mm NaCl while the animals were under light ether
anesthesia. Organs were removed and transferred to 2 volumes of
homogenizing buffer containing 10 mm NaH,PO,, pH 7.5, 1 mm EDTA,
1 mM dithiothreitol, 0.5 mm ManNAc, 0.1 mm UDP, and 1 mMm phenyl-
methylsulfonyl fluoride. The tissues were homogenized with an Ultra-
turrax for 1 min at 10,000 rpm. The homogenates were ultracentrifuged
at 100,000 X g for 60 min.

Enzyme Assays—UDP-GlcNAc 2-epimerase and ManNAc kinase
were assayed as described (19). Tissue distribution was determined by
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1  CTGAGGAACTCTATTTTAAAAAACTCTCAAGTAAAAAAAAGCAAGTCATGGAGAAGAACGGGAATAACCGGAAG
1 M E K N ¢ N N R K
75  CTTCGGGTTTGCGTTGCCACCTGCAACCGAGCCGATTACTCCAAACTGGCCCCCATCATGTTCGGCATTAAGACG
10 L R V ¢ V A T ¢ N R A D Y 8 KL A P I M F G I K T
150 GAGCCTGCGTTCTTCGAGCTCGACGTGETGETGCTGGGCTCTCACCTGATCGACGACTACGGAAACACATACCGC
3 E P A F F E L DV V VLGS HTILIDJDT YGNT Y R
225 ATGATTGAGCAGGACGACTTTGACATCAACACCAGGCTACACACGATTGTTAGAGGGGAAGACGAAGCAGCCATG
60 M I E Q D D F D I N TR L HTTIV RGTETDTEAAM
300 GTAGAGTCAGTGGGCCTAGCGCTAGTGAAGCTACCGGATGTCCTCAACCGCCTGAAGCCTGACATCATGATTGTT
85 V E S V ¢ L A L V KL P DV L NZ RTILTZEKTZPDTIMTIV
375 CACGGAGACCGATTTGACGCCCTCGCTCTGGCTACATCTGCTGCCCTGATGAACATCCGCATCCTTCACATTGAA
110 H 6 D R F D A L A L A T S A A L M N I R I L H I E
450 GGAGGAGAGGTCAGCGGGACTATTGATGACTC’I‘A’I‘CAGACACGCCATAACAAAAQTGGCTCACTACCACGTG’I‘GC
135 ¢ 6 E V $ ¢ T I D D s I R H A I T K L A H ¥ H v ¢
525 TGCACCAGGAGTGCAGAGCAACACCTGATCTCCATGTGTGAGGACCACGACCGCATCCTTTTGGCTGGCTGCCCT
160 ¢ * R s A E Q H L I $ M ¢C E D HDIRTIULULAGTC P
600 TCCTATGACAAACTGCTCTCAGCCAAGAATAAAGACTATATGAGCATCATTCGGATGTGGCTAGGTGATGATGTA
185 s Y D K L L S A K N K D Y M § I I R M W UL G D D V
675 AAATGTAAAGATTACATTGTTGCCCTGCAACACCCGGTGACCACCGACATTAAGCATTCCATAAAGATGTTCGAA
210 X ¢ K D Y I V A L Q H P V T T D I K H S I K M F E
Fic. 2. Nucleotide sequence and de- 750 CTGACACTGGATGCTCTTATCTCATTTAACAAGAGGACCCTAGTTCTGTTTCCAAATATCGATGCAGGCAGCAAG
duced amino acid sequence of UDP- 235 L T L D A L I S F N KR TUL V L F P NI DAG S K
GlcNAc 2-epimerase/ManNAc kinase. 825 GAGATGG’I‘TCGAGTGATGCGGAAGAAGGGCATCGAGCATCACCCCAATTTCCGCGCAGTCAAGCACGTCCCGTTT
Nucleotides are numbered beginning with 260 E M V R V MR K K G Lol R LB LR AV K HRV PF
the first nucleotide of the ¢cDNA insert 900 GACCAGTTCATTCAGCTGGTCGCCCACGCTGGCTGCATGATTGGGAATAGCAGCTGTGGAGTGCGTGAGGTTGGQ
following the Eco linker of the cDNA li- 285 D @ F I o L V A H A G C M I G §$ 8 C GV REV &
brary at the EcoRI site. The predicted 975 GCCTTTGGAACCCCTGTGATCAACCTGGGCACGCGGCAGATAGGAAGAGAAACGGGGGAGAATGTTCTTCATGTC
amino acid sequence is indicated below 310 A/ Pg ¥ P VI NL EGTROTIGRETSGENVTILHY
and is numbered in bold beginning with 1050 CGGGATGCTGACACCCAAGACAAAATATTACAAGCACTACACCTCCAGTTCGGTAAACAGTACCCTTGCTCAAAG
the first amino acid of the NH,, terminus. 33 R D A D T Q D K I L ¢ AL HILGQTF G K QY P C s K
Shadowed amino acid residues were de- 1125 ATATATGGGGATGGAAATGCTGTTCCAAGGATTTTAAAGTTTCTCAAATCCATCGACCTTCAAGAGCCACTACAG
termined by amino acid sequencing of pu- 360 I Y 6 D 6 N AV PRIULI KT FILI KSTIDILQEPTL Q
rified rat UDP-GIcNAc 2-epimerase/Man- 1200 AAGAAATTCTGCTTCCCTCCCGTGAAGGAGAACATCTCTCAGGATATTGACCATATCCTCGAAACTCTGAGTGCC
NAc kinase prior to cloning. The end of 385 K K F ¢ F P P V K E I $s ¢ DI DHTITULETTIL S A
the coding region is indicated by ter and 1275 TTGGCTGTTGATCTCGGGGGGACGAATCTGAGAGTGGCGATAGTTAGCATGAAGGGTGARATAGTTAAGAAGTAC
the polyadenylation signal is double un- 410 L A V D L 6 ¢ T N L R V A I V 8 M XK G E I V K K ¥
derlined. Potential asparagine-linked gly- 1350 ACCCAGTTCAATCCTAAAACCTATGAGGAAAGGATTAGTCTAATCCTGCAGATGTGTGTGGAAGCGGCAGCAGAA
cosylation sites are boxed and the leucine 435 # g P N P K % Y EE R I 8§ L I L Q M C V E A A A E
residues and one alanine residue of a 1425 GCCGTGAAGCTCAATTGCAGAATTCTGGGAGTAGGCATCTCCACAGGTGGCCGTGTGAATCCCCAGGAAGGAGTT
leucine zipper-like motive (34, 35) are un- 460 A V K L N ¢C R I L 6 V 6 I 8 TG G R V N P Q E G V
derlined. The sequence data will appear 1507  GTGCTGCACTCGACCAAGCTGATACAGGAGTGGAACTCTGTGGACCTCAGGACACCACTCTCCGACACCCTGCAT
in the EMBL/GenBank/DDBJ Nucleotide 485 V L H S T L1 0 E W N SWVWDILRTPILSDTTLH
Sequence Data Libraries under accession 1595  creccceTGTGEGTCEACAACGACGECAACTGCGCTGCCATGGCGGAGAGGAAGTTTGGCCAAGGARAAGGACAG
number Y07744. 510 L P V W V D N D G N C A A M A EU®RKTF G Q G K G Q
1650 GAGAACTTTGTGACGCTCATCACAGGGACAGGGATCGGTGGGGGAATCATCCACCAGCACGAGCTGATCCACGGC
535 E N F VvV T L I T ¢ T ¢ I 6 G 6 I I H Q H E L I H G
1725 AGCTCCTTCTGTGCGGCAGAGCTTGGCCACCTCGTGETGTCTCTGGATGGTCCTGACTGCTCCTGTGGAAGCCAT
560 S S F C A A E L ¢ H L VvV S LDGT PDTCSCG S H
1800 GGGTGCATTGAAGCCTACGCCTCTGGAATGGCCTTGCAGAGGGAAGCAAAGAAGCTCCACGACGAGGACCTGCTC
565 G ¢ I E A Y A S G M A L Q R EA XK KL HUDETDL L
1875 TTGGTGGAAGGGATGTCAGTGCCAAAAGACGAAGCTGTGGGCECCCTCCATCTCATCCAAGCCGCCAAGCTGGGE
610 L V E ¢ M S V P K D E A V G A L HL I Q A A K L G
1950 AACGTGAAGGCCCAGAGCATCTTACGGACAGCTGGAACTGCTTTGGGACTCGGAGTTCTGAATATCCTCCACACT
635 N V K A 0 S I L R T A G T AL G L GV V NI IDLHT
2025 ATGAATCCTTCCCTGGTGATCCTGTCTGGAGTCCTGGCTAGTCACTACATCCACATTGTGAGGGACGTCATCCGC
660 M N P §$ L Vv I L § G V L A8 HY I HI V RDV I R
2100 CAGCAAGCCCTGTCCTCCGTGCAGGATGTGGATGTAGTGGTTTCAGACTTGGTTGACCCGGCCCTGCTTGGTGCG
685 0 0 A L S S V Q DV DV VYV SDTULJYUDTPATLTLG A
2175 GCCAGCATGGTTCTGGACTACACGACCCGCAGGATCCACTAGGCCTCCTGGGAATAGACCTGGACTGAGACCCAA
710 A 8§ M V L D Y T T R R I H ter
2250 GAGCTACTGAGTGGAACCACGCTCTCTTAGATCAGTATTTCTTCAAAGGCCAGTGTGGGAGGCTGCGGAGCCAGC
2325 TCAGTGGTCAAGAGCCTAAACTGCTCTTGCCAAAGACCCAAGTTCAGTTCCCAGCACCCATGTCAGGCACTCAAC
2400 TGCCTGAAAGCCAAGCTCCAGGGGATCCAGTGCCTCAGCTGCCTCAGGCATCTGCACTCAAATGTACATAGTCCT
2475 CTCCAGAATACACGTAAATTAAAATAAATCTTGG
assaying ManNAc kinase in the presence of 5 mMm N-acetylglucosamine RESULTS
(GleNAc) to inhibit the ManNAc kinase activity of N-acetylglucosamine
kinase (GlcNAc kinase) (26). Protein concentration was determined Protein Sequencing and Amplification of cDNA Fragments by

according to the method of Bradford (27), using bovine serum albumin ~ PCR—Amino acid sequences of five selected peptides were

as standard.

Northern Blot Analysis—A rat multiple tissue Northern blot (CLON-

obtained after tryptic digestion of purified UDP-GlcNAc 2-epi-

TECH, Palo Alto, CA) was hybridized with the [a-**P|dATP radiola- merase/ManNAc kinase and fractionation of the peptides by
beled 546-bp DNA fragment generated by PCR as described above. reversed phase HPLC (Fig. 2). Sequencing of the NH, terminus
Hybridization was performed overnight at 42 °C in 50% formamide, of the 75-kDa polypeptide was without result, suggesting that

10 X Denhardt’s solution, 5 X SSPE (1 X SSPE, 150 mMm NaCl, 20 mMm
EDTA, 10 mm NaH,PO,, pH 7.4), 0.5% SDS, and 100 ng/ml denatured
herring sperm DNA. The blot was washed four times at 42 °C in 2 X

the NH,, terminus was blocked. The sequences of peptide D and
peptide E were used for designing oligonucleotide primers (d, e,

SSC and 0.1% SDS for 10 min and then twice at 50 °Cin 0.1 X SSCand  a-d, and a-e, where a-d and a-e are the antisense sequences of
0.1% SDS for 20 min. The bands were visualized by autoradiography.  primers d and e, respectively) for PCR, taking into consider-
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PHOSPHATE 1
2EPI_RAT LRBY ALY
HXK1_RAT FRE¥ELLW
HXK2_RAT FREW LRY¥
HXK3_RAT FRELLY¥
HXKH_RAT FREML¥
HXKB_YEAST 83 L VL¥
PBD fxfDxGssxxhhxhzx
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PHOSPHATE 2
SMK 537 F¥ T G IIH
KIR 673 EI G: CYME
RV T 225 E 1 G CYME
RVA 680 EMGHZ CYME
KVG 221 E¥G CYME
K L 227 K M G AYYD
P XPp thhxxxGTstxxhhxp

Fic. 3. Mapping of phosphate-binding subdomains in UDP-GlcNAc 2-epimerase/ManNAc kinase. The diagram aligns putative phos-
phate-binding subdomains of the ATPase domain in UDP-GlcNAc 2-epimerase/ManNAc kinase and several hexokinases. Abbreviations are:
2EPI_RAT, UDP-GlcNAc 2-epimerase/ManNAc kinase; HXK1_RAT, rat hexokinase 1; HXK2_RAT, rat hexokinase 2; HXK3_RAT, rat hexokinase
3; HXKH_RAT, rat glucokinase; HXKB_Yeast, yeast hexokinase B; PBD, phosphate-binding subdomain. Letters at PBD represent the amino acid
nomenclature of Bork et al. (32) derived from sequence similarities of the ATP-binding domains of sugar kinases, actin, and hsp 70: A, purely
hydrophobic (VLIFWY); f, partially hydrophobic (VLIFWYMCGATKHR); ¢, tiny (GSAT); s, small (GSATNDVCP); p, tiny plus polar (GSAT-
NDQEKHR). Underlined amino acids match with PBD amino acids. Shadowed amino acids match of UDP-GlcNAc 2-epimerase/ManNAc kinase

with other hexokinases.

a
COS7 (control) COS7/pBK COS7/pBK:cDNA EK
b c 1 cos-7 (control)
" 5 d COS-7/pBK
|| - :
My x107, 6 — COS-7/pBK:cDNA EK
z il
25 -
g
108 — @
B 4+
=
E =
84 — | 3 3 -
g
o
@
& 27
67— @ |
&
g -
56— g A
0
UDP-GlcNAc ManNAc
2-epimerase kinase

Fic. 4. Transient expression of UDP-GlcNAc 2-epimerase/ManNAc kinase in COS7 cells. COS7 cells were transfected with either
expression plasmid pBK-CMV (pBK) or cDNA EK in expression plasmid pBK-CMV (pBK:cDNA EK). Non-transfected COS7 cells (COS7 (control))
served as the negative control. @, immunofluorescence; b, immunoblotting of cell lysates: lane 1, non-transfected COS7 cells; lane 2, COST7 cells
transfected with pBK; lane 3, rat liver cytosol; lane 4, COS7 cells transfected with pBK:cDNA EK; molecular mass markers are indicated on the
left. ¢, determination of catalytic activity of UDP-GlcNAc 2-epimerase and ManNAc kinase in cell lysates.

ation the rat codon usage (Table I). First, a DNA fragment of
546 bp was amplified from rat liver cDNA with primer e and
primer a-d. The 546-bp DNA fragment was cloned in pCR II
and then sequenced. The deduced amino acid sequence of the
amplified fragment contained a complete match of peptide A.
Nucleotide Sequence and Deduced Amino Acid Sequence—
The 546-bp DNA fragment was used to screen a cDNA library
of rat liver. Eight hybridization positive clones were identified.
After plaque purification and rescreening, DNA was prepared

from each clone and characterized by restriction analysis. The
partial restriction map of the longest cDNA clone, which was
designated ¢cDNA EK, is shown in Fig. 1. The additional seven
clones had overlapping restriction maps. cDNA EK was chosen
for further characterization. PCR primers d, e, a—d, and a—e
were used as sequencing primers. Additional primers were
constructed from the newly obtained sequence, and the com-
plete ¢cDNA sequence of UDP-GlcNAc 2-epimerase/ManNAc
kinase was determined in both directions. The strategy used for
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deducing the nucleotide sequence is illustrated in Fig. 1. The
determined DNA sequence of 2508 bp included the 546-bp long
PCR-generated DNA fragment from bp 990 to bp 1536. The
sequence of the leading strand is shown in Fig. 2. Examination
of the nucleotide sequence showed an open reading frame start-
ing at position 48 and ending at position 2213. The reading
frame of 2166 nucleotides encoded 722 amino acids (Fig. 2). The
deduced amino acid sequence contained complete matches for
all five peptides of the digested UDP-GlcNAc 2-epimerase/Man-
NAc kinase. The position of these peptides with respect to the
DNA sequence is shown in Fig. 1 and the sequences of these
peptides within the 75-kDa polypeptide are shadowed in Fig. 2.

The initiation codon ATG is part of a complete consensus
motive for eucaryotic translation (28). The 3’-terminal noncoding
region includes the polyadenylation signal (29) from nucleotide
2497 to nucleotide 2502 (Fig. 2). Two potential asparagine-
linked glycosylation sites with -Asn-Xaa-Ser- as consensus se-
quence were identified at amino acid positions 300 and 395, but
no glycosyl residues were detected in the purified UDP-GlcNAc
2-epimerase/ManNAc kinase when assayed by peptide N-gly-
cosidase F digestion and separation of the products by ion
exchange chromatography by the method of Nuck et al. (30)
(data not shown). In addition, no potential transmembrane
spanning sequences or signal sequences for glycosylphosphati-
dylinositol anchoring were detectable, suggesting that UDP-
GlcNAc 2-epimerase/ManNAc kinase is translated on free
ribosomes as a cytosolic protein, and therefore has no oppor-
tunity to undergo N-glycosylation.

Determination of Sequence Similarity—Searches of EMBL/
GenBank and SWISS-PROT sequence data showed that no
identical sequence has been reported so far. In addition, we
compared the amino acid sequence of UDP-GIcNAc 2-epime-
rase/ManNAc kinase with the known sequences of 13 UDP-
GlcNAc-binding enzymes, 15 UDP-glucose 4-epimerases, and
12 other epimerases, including the sequence of porcine GlcNAc
2-epimerase (31). The comparison revealed no similarities
which may indicate the localization of the UDP-GlcNAc 2-epi-
merase domain within the bifunctional enzyme. Comparison
with the sequences of several hexokinases (Fig. 3) revealed
good matches at positions which are typical for phosphate-
binding subdomains in ATPase domains of sugar kinases
(Fig. 3) (32).

Expression of UDP-GIcNAc 2-Epimerase/ManNAc Ki-
nase—To confirm that UDP-GlcNAc 2-epimerase/ManNAc ki-
nase is the product of, and can be directly functionally ex-
pressed by, the cloned cDNA, cDNA EK was expressed in COS7
cells which were low in detectable UDP-GlcNAc 2-epimerase/
ManNAc kinase activity. The recombinant plasmid pBK:cDNA
EK contained the 2.5-kilobase pair cDNA EK fragment be-
tween Xbal and Xhol sites of the vector pPBK-CMV. COS7 cells
were then transfected with pBK:cDNA EK. Transfected cells
were found to show an increased intensity of immunofluores-
cence in the cytosol (Fig. 4a). Immunoblot analysis of the cell
lysates of transfected cells with a polyclonal antibody directed
against rat liver UDP-GlcNAc 2-epimerase/ManNAc kinase re-
vealed a polypeptide showing the same mobility as native UDP-
GlcNAc 2-epimerase/ManNAc kinase on SDS-polyacrylamide
gel electrophoresis (Fig. 4b). In cell lysates expressing the
75-kDa polypeptide the activities of UDP-GlcNAc 2-epimerase
and ManNAc kinase were five times greater than those in cell
lysates of either pBK-CMV-containing strains or nontrans-
fected strains of COS7 cells (Fig. 4c).

Tissue Distribution of UDP-GIcNAc 2-Epimerase/ ManNAc
Kinase—The enzyme activities of UDP-GlcNAc 2-epimerase/
ManNAc kinase were determined in the cytosols of 10 different
rat tissues. Enzyme activities were only found in liver, salivary
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TaBLE II
UDP-GlcNAc 2-epimerase and ManNAc kinase activities of the
cytosolic fraction of various tissues
For details see “Experimental Procedures.” Enzyme activities are
given as milliunits/mg of protein and are expressed as means = S.D. for
three different experiments.

Tissues UDP-GlcNAc 2-epimerase ManNAc kinase
Liver 3.1=x11 6.5 = 1.7
Salivary glands 0.5 *+0.2 1.7+ 04
Intestinal mucosa 0.3 0.1 1.0 £ 0.2
Lung <0.1 <0.1
Spleen <0.1 <0.1
Kidney <0.1 <0.1
Testis <0.1 <0.1
Brain <0.1 <0.1
Heart <0.1 <0.1
Skeletal muscle <0.1 <0.1

kb 1 2 3456 78

44 =

24 = ®

1.35m=

Fic. 5. Northern blot analysis of several tissues of rat liver. The
Northern blot with mRNA of heart (lane 1), brain (lane 2), spleen (lane
3), lung (lane 4), liver (lane 5), skeletal muscle (lane 6), kidney (lane 7),
and testis (lane 8) was hybridized as described under “Experimental
Procedures.” A kilobase marker is indicated to the left.

glands, and intestinal mucosa, whereas activities of UDP-Glc-
NAc 2-epimerase/ManNAc kinase in the cytosols of brain,
heart, kidney, lung, skeletal muscle, spleen, and testis were
below the detectable level (Table II). mRNA analysis was used
to determine whether the tissues showing no UDP-GlcNAc
2-epimerase/ManNAc kinase activity contained even small
amounts of the enzyme. Rat mRNA of liver, brain, heart, kid-
ney, lung, skeletal muscle, spleen, and testis were probed at
high stringency with the radiolabeled 546-bp DNA fragment.
Liver showed a dominant signal at 2500 nucleotides corre-
sponding to the cDNA of UDP-GlcNAc 2-epimerase/ManNAc
kinase, but no positive hybridization signal was obtained with
the mRNA of the other investigated tissues (Fig. 5).

DISCUSSION

Recently we found that the two enzymes initiating the bio-
synthesis of NeubAc (UDP-GlcNAc 2-epimerase and ManNAc
kinase) are parts of one bifunctional enzyme (19). Here we
present the complete sequence of the cDNA encoding the bi-
functional enzyme. The 722 amino acids derived from the open
reading frame of the cDNA have a predicted molecular mass in
agreement with that of the native enzyme, and contain exact
matches of five peptides obtained from tryptic digestion of
UDP-GlcNAc 2-epimerase/ManNAc kinase. Expression of the
cDNA in COS7 cells resulted in a 75-kDa polypeptide, as well
as increased activities of UDP-GlcNAc 2-epimerase and Man-
NAc kinase. We therefore conclude that the cDNA of the 75-
kDa polypeptide encodes the bifunctional enzyme UDP-GIcNAc
2-epimerase/ManNAc kinase.

A bifunctional enzyme normally consists of two distinct do-
mains containing separate catalytic sites. As demonstrated for
mouse ATP sulfurylase/adenosine 5’-phosphosulfate kinase
(33) it is possible to determine these domains from their simi-
larity to known sequences encoding separated enzymes with
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equal or similar properties. Although we compared the amino
acid sequence of UDP-GlcNAc 2-epimerase/ManNAc kinase
with several sequences of enzymes using UDP-GIcNAc as a
substrate or catalyzing an epimerase reaction, we were not able
to determine the localization of the UDP-GlcNAc 2-epimerase
domain. Comparison with the ATP-binding domains of hexoki-
nases revealed good matches for two phosphate-binding sites in
the COOH-terminal half of the sequence (Fig. 3). The same
area also contains a leucine zipper-like motif which partici-
pates in dimerization of DNA-binding proteins and membrane
proteins (33, 34). This motif may be responsible for the higher
stability of the dimeric structure that displays ManNAc kinase
activity, although no cytosolic protein has yet been reported in
which the leucine zipper motif plays a functional role. We
therefore assume that the COOH-terminal part of the UDP-
GlcNAc 2-epimerase/ManNAc kinase sequence contains the
kinase domain.

Sialic acids are widely distributed in mammalian tissues and
one might assume that sialic acid synthesizing enzymes occur
in all tissues containing sialic acids. This assumption is not
supported by Northern blot analysis, which failed to detect
mRNA for UDP-GlcNAc 2-epimerase/ManNAc kinase in the
examined tissues, in particular in brain, lung, and kidney,
which definitely express sialic acids (36). Tissues with a low
requirement for sialic acids may replenish their sialic acid pool
with Neub5Ac from oligosaccharide turnover (2, 37). Maru et al.
(31) reported an alternative pathway for the biosynthesis of
NeubAc, in which ManNAc is directly synthesized from GlcNAc
by the action of N-acetylglucosamine 2-epimerase, which oc-
curs in most rat tissues (38). But the activity of ManNAc kinase
is directly linked to that of UDP-GIcNAc 2-epimerase by the
bifunctionality of UDP-GlcNAc 2-epimerase/ManNAc kinase.
In this case GlcNAc kinase, occurring in several rat tissues
(39), may phosphorylate ManNAc (26). A very appropriate
method for testing for an alternative pathway of Neu5Ac bio-
synthesis is to construct a gene knock-out of UDP-GlcNAc
2-epimerase/ManNAc kinase in mouse. The prerequisite for
this experiment is given with the results presented here.
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