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The nucleotide sequences of the gal E gene coding for UDP-
galactose-4-epimerase and the gal T gene coding for galactose-
1-P uridyltransferase of Egcherichia coli have been
determined. UDP-galactose-4-epimerase and galactose-1-P
uridyltransferase are predicted to consist of 338 and 347
residues, respectively, NHy-terminal methionines included.

INTRODUCTION

The first three reactions of galactose metabolism in
E.coli are catalysed by galactokinase, galactose-1-P
uridyltransferase, and UDP-galactose-4-epimerase (l). The
structural genes of these enzymes, gal E, gal T and gal K, lie
adjacent to one another to form the galactose operon, which is
negatively controlled by a repressor (2,3). The genes of the
gal operon are expressed from a polycistronic mRNA in the
order E, T, K (4,5).
Here we show the nucleotide sequence of the structural genes of
the gal operon. The DNA sequences of the gal K gene and 171
nucleotides preceding it have been published previously (6,7,8)
and were confirmed by this work.

MATERIALS AND METHODS
Source of gal operon DNA

Starting point of this study was the plasmid pKS100 (9,10),.
which was constructed and kindly provided by P. Starlinger. It
is a derivative of pBR322 (1l1) containing the wild-type
galactose operon of E.coli on a 3.8 kb EcoRI / Hingc II
fragment. This fragment was obtained from a partial digest with
Hinc II of DNA from Apgal 8 (12), subsequently digested
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completely with EcoORI.
DNA sequencing

The DNA sequence of the gal operon was completely
determined by the dideoxy chain termination method of Sanger
(13). Restriction fragments for sequencing were ligated into
the appropriately linearized M13 vectors M13mp8 and Mllimp9 of
Messing and Vieira (14). As host was used E.coli K-12 BMH
71-18 (lac-pro)del F' pro lac I9 zM 15 (15).
Recombinant phages were identified by the lac complementation
assay of Gronenborn and Messing (16). Bacteriophage isolation
and DNA extraction were carried out as described by Sanger et
al. (17). The sequencing of the cloned restriction fragments
was performed with [&- 32 Iﬂ dATP (400 Ci/mmol) using a
commercially available 17-mer M13 primer. All of the synthetic
primer oligomers mentioned in the legend of figure 1 were
synthesized in our laboratory using a DNA synthesizer (Applied
Biosystems). All molecular cloning techniques were performed
according to standard procedures (18).
Three different methods were applied to accumulate sequence
data: (I) the M13mp9 clone containing the 2.8 kb Hind III -
Hinc II fragment of pKS100 was partially digested with Sau 3A,
completely digested with Bam HI and religated. The Sau 3A
concentration was adjusted to approximate one cut per molecule.
In this way deletion mutants should be generated which position
different regions of the gal fragment next to the priming site
of the Ml3 vector. (II) Sequence data were accumulated by
'shotgun' cloning of the M1l3 clones containing the 2.8 kb
Hind III - Hinc II fragment of pKS100. The enzymes used for
this procedure were Sau 3A and Tag I - Hpa II, respectively.
(III) Parts of the sequence where appropriate subclones were
miséing were deduced with the help of synthetic primer
oligomers synthesized by our laboratory. The overall sequencing
strategy is shown in figure 1.
Enzymes and chemicals

The enzymes and chemicals were obtained from the
following sources: Ec-3zé]dATP (400 Ci/mmol), M13mp8(9) RF-DNA
and the Ml3 sequencing primer (17-mer) from Amersham-Buchler
(Braunschweig, FRG), DNA-Polymerse I (large fragment) and the
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Figure l. DNA sequencing strategy. The top line represents the
3.8 kb EcCORI - HincII fragment of the gal operon of pKS100.
Position of th%:major+rest51ctxon sites are indicated: E,

I; Hc, HinclII; H;, H III. These restriction sites e
used to generate five DNA fragments: a 0,97 kb EcoRI- Hlngl

fragment, a 1,07 kb EcoRI-HindIII fragment, a 0,1 kb HincII-
HindIII fragment, a 2.9 kb HincII-HincII fragment and a 2.8 kb
HindIII-HincII fragment.

A 0.32 kb HindIII-HincII (H*-Hc) fragment was obtained from the
plasmid pLF00l1 (10). This plasmid differs from the parent
pKS100 by the absence of the single HindIII site ingal E and a
single point mutation iG/C to A/T) which causes the generation
of a unique HindIII (H") site located within the untranslated
'leader' sequence of the gal operon. All the fragments were
cloned into the M1l3 vectors M1l3mp8 and M13mp9 of Messing and
Vieira (14). Below the thick line the strategy for sequencing
for Ml3 clones is shown and indicates that all of the sequence
was determined on both strands. The arrows are marked with
circles, filled circles and squares, corresponding to the three
different methods used to accumulate sequencing data as
described in the text. o : Sau 3A (partial) / BamHI ; e : Sau
3A and TagI/HpalIl, O: fragments and synthetic primer
oligomers.

restriction endonucleases ECORI, HindIII, Sau3A from Boehringer
(Mannheim, FRG), restriction endonucleases Tagl, Hpall, HincII,
and agarose and urea from BRL (Neu-Isenburg, FRG), T4-DNA-
Ligase from New England Biolabs (Bad Schwalbach, FRG),
nucleotides from PL Biochemicals (Milwaukee, Wisc., USA),
'Trizma Base', dithiothreitol, EDTA, Brij 58, polyethylene
glycol 6000, ethidium bromide, sodium deoxycholate from Sigma
Chemie (Minchen, FRG), substances for polyacrylamide gel
electrophoresis from Serva Feinbiochemie (Heidelberg, FRG),
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Figure 2. Complete nucleotide sequences of the gal E and the
gal T genes and their deduced protein sequences. Bases 1027 and
2070 correspond to bases 1 and 1044 of gal T, respectively. The
initiation codons of both genes are underlined, the termination
codons are indicated by an asterisk. The ribosome binding site
(SD) of gal T is boxed. The restriction sites for HincII (301)
and HindIII (414) are marked.

isopropyl-f-D-thiogalactopyranoside and 5-bromo-4-chloro-3-
indolyl-f-D-galactoside from Bachem Fine Chemicals (Torrance,
Calif., USA). All other chemicals used were of analytical
reagent grade.

7708



Nucleic Acids Research

Table l. Amino acid composition of UDP-galactose-4-epimerase and

Residues per polypeptide Predicted from
Amino acid derived from nucleotide sequence
Epimerase Transferase Epimerase Transferase
Asx 46 39 41 32
Thr 16 21 18 23
Ser 20 14 18 20
Glx 32 42 26 42
Pro 23 24 23 26
Gly 33 20 31 16
Ala 29 38 24 32
Val 31 24 30 22
Met 9 7 9 8
Ile 19 8 18 6
Leu 30 31 26 31
Tyr 14 10 13 11
Phe 10 15 10 15
Lys 15 14 14 12
His 10 13 13 15
Arg 13 17 17 20
Trp 6 11 4 10
Cys 4 3 6
Total 360 348 + Cys- 338 347
residues

RESULTS AND DISCUSSION

Figure 2 shows the DNA sequence of the gal E and gal T
genes and the protein sequences deduced from the open reading
frames. The proteins encoded by the 1017 bp gal E and the 1044
bp gal T gene consist of 338 and 347 amino acids, respectively.
The data are in good agreement with the published size and
amino acid composition of the UDP-galactose-4-epimerase and the
galactose-1-P uridyltransferase, shown in Table 1 (19).

The amino terminal sequence of the gal T gene produc't
corresponds to the extreme 5' DNA sequence of the gal T gene
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(20). Bases 877 to 1044 of gal T have been determined
previously (6,7). Bases 964 to 1017 of gal E, 1 to 56 and 131
to 180 of gal T, as well as the region between gal E and gal T
have all been determined previously (20). All this data could
be confirmed by this study except for bp 131 of gal T, which is
an 'A' in the study of Grindley (20) and a 'T' in our study. An
'A' at this site would have resulted in an ochre codon.

There are 9 bases between the gal E termination codon,
TAA, and the gal T initiation codon, ATG. The ribosome binding
site is part of this intervening sequence and involves the
third base of the gal E termination codon.
We looked for sequence homology between the three gal enzymes

using computer programms of the University of Wisconsin
Genetics Computer Group, and found no significant homologies.
It remains to be seen whether X-ray analysis will show similar

tertiary structures indicating after all a common origin as
proposed by Horowitz (21).
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