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ABSTRAC
The nucleotide sequences of the ga E gene coding for UDP-

galactose-4-epimerase and the gnl T gene coding for galactose-
1-P uridyltransferase oferhxai hiA g Qj have been
determined. UDP-ga 1 actose-4-epime rase and gal actose-l-P
uridyltransferase are predicted to consist of 338 and 347
residues, respectively, NH2-terminal methionines included.

INTRDUCTION
The first three reactions of galactose metabolism in

c.Qii are catalysed by galactokinase, galactose-l-P
uridyltransferase, and UDP-galactose-4-epimerase (1). 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
g"l 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.

MAEIL AND METOD

Source Q gal operon DNA
Starting point of this study was the plasmid l00 (9,10),.

which was constructed and kindly provided by P. Starlinger. It
is a derivative of pBR322 (11) containing the wild-type
galactose operon of E.coli on a 3.8 kb EQQRI / UinS1 II
fragment. This fragment was obtained from a partial digest with
Hinc II of DNA from Apg.a 8 (12), subsequently digested
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completely with EcoRI.
DNA segue 'n

The DNA sequence of the gal operorn was completely
determined by the dideoxy chain termination method of Sanger
(13). Restriction fragments for sequencing were ligated into

the appropriately linearized M13 vectors Ml3mp8 and K-1Amp9 of

Messing and Vieira (14). As host was used ELcoLi K-12 BMH

71-18 (la-LQ)del F' p lacf1q ZM 15 (15).
Recombinant phages were identified by the lc 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 [4 - 32 p] 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 aficumulate sequence

data: (I) the l3.mp9 clone containing the 2.8 kb Hind III -

Hinc II fragment of ]RS100 was partially digested with .Ai 3A,

completely digested with Bam HI and religated. The aia 3A

concentration was adjusted to approximate one cut per molecule.

In this way deletion mutants should be generated which position
different regions of the 9al fragment next to the priming site

of the i3l vector. (II) Sequence data were accumulated by
'shotgun' cloning of the kII clones containing the 2.8 kb

Hind III - Hinc II fragment of 2KgS100. The enzymes used for

this procedure were &ii 3A and Tag I - H]2a II, respectively.
(III) Parts of the sequence where appropriate subclones were
m.issing were deduced with the help of synthetic primer
oligomers synthesized by our laboratory. The overall sequencing
strategy is shown in figure 1.
Enzymes and chemicai

The enzymes and chemicals were obtained from the

following sources: [.C-32P]dATP (400 Ci/mmol), ELUmp8(9) RF-DNA

and the !1ll sequencing primer (17-mer) from Amersham-Buchler
(Braunschweig, FRG), DNA-Polymerse I (large fragment) and the
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Figure~ .~ DNA sequencing strategy. The top line represents the
3.8 kb icmRI - HincIIfnragment of the gal operon of pKSL0.
Position of the major restriction sites are indicated: E,j&ARI; Hc,, L.II; H,H+,HindIII. These restriction sites were
used to generate" five DNA fragments: a 0,97 kb EcoRI-HincII
fragment, a 1,07 kb EcoARI-HinIII fragment, a 0,1 kb Hn.II-
HindIII fragment, a 2.9 kb HijncII-Hi.ncQII fragment and a 2.8 kb
HindIII-g.inc.I fragment.
A 0.32 kb HindIII-iina.II (H+-Hc) fragment was obtained from the
plasmid p.LF001 (10). This plasmid differs from the parent
pKSlOO by the absence of the single HindIII site in g.&i E and a
single point mutation WGC to A/T) which causes the generation
of a unique HindIII (H ) site located within the untranslated
'leader' sequence of the gaj. operon. All the fragments were
cloned into the M13 vectors MJ,imp8 and N13imp9 of Messing and
Vieira (14). Below the thick line the strategy for sequencing
for M13 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 : &A.n 3A (partial) / Ba.mHI ; * : B.An
3A and g"I/aJUAIIr 0: fragments and synthetic primer
oligomers.

restriction endonucleases FxRI iixdIII, SAuI3A from Boehringer
(Mannheim, FRG), restriction endonucleases TAgI, 1I"II, Hinc It
and agarose and urea from BRL (Neu-Isenburg, FRG), TA.-DNA-
Ligase from New England Biolabs (Bad Schwalbacht FRG),
nucleotides from PL Biochemicals (Milwaukee, Wisc.,, USA)l,
'Trizma Base', dithiothreitol, EDTA, Brij 58, polyethylene
glycol 6000, ethidium bromide, sodium deoxycholate from Sigma
Chemie (M4ilnchen, FRG),r substances for polyacrylamide gel
electrophoresis from Serva Feinbiochemie (Heidelberg, FRG),
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ameorCTGoTrecbooIewO¶ACTrA 6TCAT6CATCTGTOOAUCTC66TUT6AT6TCATtATTtTT
NstArgV9aLeuVelThrGly6lySer6lyTyrIlldlySerHi1sThrCysYalG61 nLeuiaO1nMsryHisAspVl I1elldL.u

OATAACCTCTTG MT_ T_T C M_ C TOTT0A60CO6TATTCOT
AspAsnLeuCysAs.rLryArgServalLeuProVallleGluArgLo0 lyGlyLysHisProThrPheValGluGlyAspl1eArg

AMCG6.CGTTGATGOC6A6ATCCT6CAcOTCACrCTATCOA6C6CTOATCCACTTCOCC66GCT6MAGCcOTGGOCAATCGGTi
AsnGluA6lLesstThrolu11eLeuH1sAspwo sAlao1 AspThrVal 11 eHi sPheAl GlyLeuLysAoaValGly61 uServ.

CA6WACCC__TfGAATATT6CGACAACM1dT0C0CACTCT0 6CTG6TTAGCGCCATGCGCGCCGCTAACGTCAAAAACTTATT
GlnLysProLewluTyrTyrAspAsnAsnVolAsrolyThrLeuArgLeul1eS.rAlaYltArgAlOaAOAsnValLysAsnPhele

MAGCTCCTCCGCCACCG^TT6TGCGATCAGCCCAMAATTCCATACG'TT6itWCCGACCGGCACACCGCAAAGCCCTtACGG
PheSerSerSerAlaThrValTyrG)yAspGlnProLysIleProTyrVaoG1uSerPheProThrGlyThrProGl.nSrProTyrGly

AAGCMGCITGATGGTGAACAGATCCTCACCATCTGCCAGCCC6AOCCGG6CTGGO6ATTGCCCTGCTGCGCTACTTCAACCCG
LysSerLysLeumetValGluG1nlneLeuThrAspLeuOlnLysAlaGlGnProAspTrpSerlleAlaLeuLe.ArgTyrPh.AsnPro

GTT6GCGC6CATCCTCGGCGATATGG0CGA TCCGCAAGGCA1TTC0 TAACCTGATGCCATACATC0CCCAGGTTGCTGTAGGC
Va1GlyAlaHisProSerG1yAs6st0lyG2uAspPro0nGlyll eProAsnAsnLeuNetProTyrIleAa1GInValAlValGly

COTCOCOACTCOCTOOCOATTTtTT6TAACOArlATCOCGCO6MSATOOATOCTACOGCOATVACTCCACOIA6TOOATCTOICO
ArgArgAspSerL.uAl11ePheGlyAsnAspTyrProThrGluAsp01yThrG1yV6lArgAspTyrIleHisV0a1etAspLnuAla

GACGGTCACGTOOOOT OGAATOOOACAACCAOCOAACTTACCICG6 T6COOOTA6OT600ACAAGCOTOCT0
Asp6lyHisValValAl$setOluLysLeuAlsAsnLysProGlyValHsIlseTyrAsnLeuGlyAOaGlyValGlyAsnSerValLeu

GACGTGGTTAATGCCTTCAGCAAAGCCTGCAACOTTAATTATCATTTTGCACCGCGTCGGCIMGOCCCTTCCGGCCTACTGGG
AspValVelAsnAlaPheSerLysAlaCys6lyLysProValAsnTyrHisPheAlsProArgArgGluOlyAloPheArgProThrGly

CWMrOCC_ TMcCOCACMTc06MATOOCGCAMCACTOOCACTGCTCA
ArgThrProAlaLysProTbrValAsnLouAsnTrpArgValThrArgThrLeuAspGluNetAlaG61nAspThrTrpH6sTrpGlnSer

CCCATCACGGA6TATCCGATTOCC CAS=ACOCGCTTAM AATTATCCTTATCATCC CCGCTACAACCCGCTCACC
ArgHisProG1nGlyTyrProAsp * MetThr1 nPheAsnProValAspHisProHIsArgArgTyrAsnProLeuThr

bCAATGATTCTGTMCACC6CCGC CTAGCCCCTGCAAMO CCTTTACCT6C6COAT
GlyG1nTrplteLeuValSwiroHsArgL.uS.rProTrpG1nGlyAlaOG1nGluThrProAlsLysGnVYelLeuProAlaHisAsp

CCAGACTOcTTCCcCTOC.CAGCTAATGTGCG6GTGACAGOCOATAAAAACCCCOATTACACCGG6ACTTACGTTTTCACTATA6CTGT
ProAspCysPhbeLuCysAlGlyAsn9alArgValThrGlyAsptysAsnProAspTyrThrGlyThrTyrVolPheThrAsnAspPhe

0606CTTT06T0TCt06CMCM6T0&ACCA0AATCAC 0ATCO6T6CTG6T0CT0CCA090C0C0C0C00CAU/lCC60C0GT0ATC
AlaA1aLeuNetSerAspThrProAspAlaProGluSerHlsAspProLeuNetArgCysGlnSerAlaArgGlyThrSerArgVal11e

TOCTtTTCACCGGATCACAGTAAmACO ccmACTCUACGTCAOCATTGACGGAOATGTCAAAACCTGGCAGG0CAAMCCOCA

GAACT00G06WACAACTAC6TCC0TGCAGGMT0GAAACA66A6AGC0G0MCAT00CTGCTCTAACCCGCATCC6CAC6GTCAGATT
GluLeuGlyLysThrTyrProTrpVaOGlnValPheGluAsnLysGlyAlaAlaM.tGlyCysSerAsnProHisProHisGlyG1nIle

TGoGCAIATATCTTCCTOCTM cMCTOACOCGAAGCCGCCTGCAAAAAGAATATTTTGCOGAACAGAAATCACCAATGCTOOTG
TrpAlaAsnSerPh.LuProAsn,GuAlaOOuArgGluAspArgLeu6lnLysGluTyrPheAlaGluGlnLysSerPro tLeuVal

GATTATGTTCAGCGCGAGCTGGCAGACGGTACOGTACCGTTcO8MCCGAAC6CTGGTTAGCCGTCGTGCCTTCTGGCTGCCt10
AspTyrValG6nArg6luLmuAlAspOlySerArgThrOalValGluThrGluHSisTrpLeuAloVelValProTyrTrpAlaA1aTrp

CCGtTC6 CTMToCTGCCGCACCOUTM CTGGRTAC6tATTCGACCGAMCCCTCTAGCGCTCACGTTA
ProPholuThrLnuLeuLeuProLysAlaH1sValLeuArgIleThrAspLeuThrAspAlaOluuArgSerAspLemAloLeuAlLeu

AAAGCTGCCATcOTtATGACAAOCTCTTCCAGTGCCTTCCTATCX T AC CT66COAMA
LysLysLeuThrSerArgTyrAsptstLeuPIwGl CysSlrPheProTyrSerulG tGlyTrpHisGlyAlaProPheAsnG61uGlu6u

MTICAACACiOACTGCACGCGCAICTATCCGCCTCTOCTOCCTCCOCCCACCGTCGTAMATOGTTOOTTAT6UMTOCTG
As1 nHi sTrp61 nLeuH1sAl.Hl sPheTyrProProL.uLeuArgSoerAlaThrYalArgLysPhd4etValGlyTyrGluNotLeu

GCGAGACCCMC C C6CGCAG6ACAGOCAGOCA GTM0COO TC TCCAtC CcO6T6A
AlaGluThrGlnArgAspLeuThrAlaGluGlnAlaAlaGluArgLeuArgAlVallSerAspl1eHisPheArgGluSlrGlyVl ;

Figure 2.,. Complete nucleotide sequences of the gfal 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 EincII (301)
and linAlIII (414) are marked.

isopropyl-S-D-thiogalactopyranoside and 5-bromo-4-chloro-3-
indolyl-S-D-galactoside from Bachem Fine Chemicals (Torrance,
Calif., USA). All other chemicals used were of analytical
reagent grade.
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RESULTS M SISION
Figure 2 shows the DNA sequence of the gaj E and gaj T

genes and the protein sequences deduced from the open reading
frames. The proteins encoded by the 1017 bp g.ai 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-l-P uridyltransferase, shown in Table 1 (19).
The amino terminal sequence of the gal T gene product

corresponds to the extreme 5' DNA sequence of the gal T gene
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Table 1L Amino acid QQ UDP- cose-4- Lp a nd

galactose-1-P-uridyltransferase

Residues perpolypeptide Predicted from
Amino acid derived from nucleotide sequence

Epimerase Transferase Epimerase Transferase

Asx 46 39 413
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
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(20). Bases 877 to 1044 of gi1 T have been determined
previously (6,7). Bases 964 to 1017 of .Aj. F, 1 to 56 and 131
to 180 of g"I T, as well as the region between glI E and gaj 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 'Al in the study of Grindley (20) and a IT' in our study. An
'A' at this site would have resulted in an ochre codon.

There are 9 bases between the gAiL 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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