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Nucleotide sequence of the melA gene, coding for o-galactosidase in Escherichia coli K-12
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ABSTRACT

Melibiose uptake and hydrolysis in E.coli is performed by the MelB and MelA pro-
teins, respectively. We report the cloning and sequencing of the melA gene. The
nucleotide sequence data showed that melA codes for a 450 amino acid long pro-
tein with a molecular weight of 50.6 kd. The sequence data also supported the as-
sumption that the mel locus forms an operon with melA in proximal position. A
comparison of MelA with a -galactosidase proteins from yeast and human origin sho-
wed that these proteins have only limited homology, the yeast and human proteins
being more related. However, regions common to all three proteins were found in-
dicating sequences that might comprise the active site of a-galactosidase.

INTRODUCTION

Melibiose utilization in E.coli is dependent on the melibiose locus (mel),
which is located at 93 min on the genetic map (1). The mel locus is induced by
several a-D-galactosides (2,3) and its expression is controlled by the cAMP-CRP
regulatory circuit (4). Melibiose is also an inducer of the lac operon and can be
transported into the cell by the lactose permease protein LacY. In fact, as expres-
sion of melB is temperature sensitive, influx of melibiose at 38-40°C is dependent
on LacY (5,6).

The exact structure of the mel is poorly defined. It is believed to form an
operon consisting of at least 2 structural genes, melA and melB, coding for & -ga-
lactosidase and the melibiose carrier respectively (7). Moreover, the inducibility
of the operon indicates that there might exist a repressor gene, similar to lacl.
The promoter proximal gene melA codes for an a-galactosidase which hydrolyzes
melibiose into glucose and galactose. The melA gene product has been identified
(7) and purified (8) and the results from these studies have indicated a tetrame-
ric structure with a molecular weight of 200kd for the active enzyme.

The melAB region has been cloned previously and the promoter region toget-
her with the melB gene has been sequenced (9,10). We are studying melibiose uti-
lization and report here the cloning and sequencing of the complete melA gene to-
gether with 5' and 3'-flanking regions. In addition, the deduced amino acid se-
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quence of E.coli a-galactosidase is compared with proteins of yeast and human ori-
gin. The results suggested common functional domains for all three proteins.

MATERIALS AND METHODS
Bacterial strains, plasmids and phages

Bacterial strains used in this study were: Escherichia coli K-12 strain B14,
wild type and strain PC103, pro, thi, endA, rpsL, supE44, hsdR17, melA6,
zje::Tnl10. The melA6 mutation was introduced into PC103 by Pl-transduction from
BJW43 using a selection for tetracycline resistance provided by the adjacent
Tnl0. The phage vectors used for sequencing were M13mpl8 and M13mpl9 (11).
Plasmid pALK68, used as source of DNA in the sequence determination, carries
the melAB operon on a 4.7kb fragment cloned into the EcoRI site of pBR322. For
sequence determination of the 5' region of the melA gene plasmid pALK70 was
used. This plasmid carries the 5' region of the melAB operon as a 1.6 kb HindIII-
Bglll fragment in pUCI18.
Enzymes and reagents

Restriction endonucleases, T4-DNA ligase, DNA-polymerase I Klenow frag-
ment and MI13-hybridization primers were purchased from Boehringer-Mannheim.
Deoxynucleoside triphosphates and dideoxynucleoside triphosphates were from
P.L.Biochemicals. &-35S-dATP-0-S (600 Ci/mmol) from Amersham was used for labe-
ling.
DNA- uen

Determination of DNA sequence was performed by the dideoxy-chain termina-
tion method using bacteriophage M13 (12,13) or by sequencing directly from plas-
mid DNA (14).

RESULTS AND DISCUSSION
Isolation of the melA gene

The mel region of E.coli K-12 was shotgun cloned from total DNA of strain
Bl4 into pBR322 as a partial Sau3A fragment. The ligation mixture was transfor-
med into strain PC103 (melA6) and transformants were selected on minimal plates
containing melibiose as a sole carbon source and ampicillin. One of the plasmids
obtained (pALK61) carried a 8.0 kb insert and was chosen for further study. Sub-
sequent subcloning and complementation analysis showed that the melA gene was
carried on a 4.7 kb EcoRI fragment (Fig.1). The restriction map obtained was in
agreement with that reported earlier (7).
Nucleotide sequence of the melA gene

The complete nucleotide sequence of the melA region was determined from
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Fig.1. Complementation analysis of mel subclones and sequencing strategy of the
melA gene. The restriction sites ‘used for the sequencing are shown along with ar-

rows indicating the length and direction of sequence determined by the chain ter-
mination method. The position of the melA and melB genes is shown.

both strands and the junction points were sequenced from overlapping fragments.
The sequencing strategy is shown in Figure 1 and Figure 2 presents the nucleoti-
de sequence obtained. Parts of the sequence (nucleotides -229 to +157 and 1411-
1504) has been published earlier (7,10). We detected some differences from the
published sequence: The G's at -219, -220 and +138 (Fig.2) were earlier reported
as A, C and A respectively, and the C at +1416 as a T. Moreover, the G at -67
is missing in the previous sequence.
Coding region

It has Deen suggested (7) that the melA coding region would be located
downstream of the PstI site at -52 (Fig.2). According to the previous study the
ATG codons at -85 and +1 (Fig.2) were in the same reading frame and hence it
was uncertain, which one was used in vivo. However, the revised nucleotide se-
quence has an additional G at position -67 which brings the two ATG codons in
different reading frames. Accordingly, the ATG at position +1 is most probably
used as translation initiation of melA. To confirm this observation the following
analysis was performed. The plasmid pALK69 was opened at the Pstl site at -52
to -46 (Fig.2) and treated with Klenow enzyme. The religated plasmid pALK73 had
lost 4 nucleotides (-51 to -45) between the ATG codons; This was confirmed by
DNA-sequence analysis (data not shown). If the ATG at -85 would be used in vi-
vo, then the melA gene on pALK73 would not direct the synthesis of wild type a-
galactosidase since the reading frame is changed 11 amino acids from the start.
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GACTGOGAGT GGGAGCACGG  TTTTCACCCT -201

ATCATGG  ATGGCTCTCT TTCCTGGAAT ATCAGAATTA TOGCAGGAGT GAGGGAGGAT

-200 CTTCOCAGAG GOGOGAGOGG ACTCTCCGAG TATCATGAGG mmqgm_gggﬁg_gggn

-100 GCAGGATCTG AGTTTATOOG AATGCTCAAC CTGGAAGOOG GAGGTTTTCT GCAGATTOGC CTGCCATGAT GAAGTTATTC AAGCAAGCCA

-101

-1

1351 OGT TAA AACGOGACTA AACGCTACTG OGCOGGGGGA TTTATTCOGG OGCACACCTC TGACGATACC AATAACAGAA GGOGGGOGTT GGTAACAGOG ACCCGATACC

1

L

Arg BEnd

1456 CTATGAGCATT TCA

gene. The complete sequen-
lA structural gene is shown. The

uence of the melA

and amino acid

tative -10 region is underlined. RBS denotes the ribosome binding site. Overlinings

numbering of nucleotides begins at the A in the translation initiating ATG. The pu-
indicate an inverted repeat.

ce of a 1986 nucleotide region containing the me

Fig.2. Nucleotide

However, pALK73 did complement the melA mutation in PC103, confirming that
the second ATG is used as start codon. This ATG is preceeded by a typical riboso-

me binding site (15,16).

The nucleotide sequence in Figure 2 containes only one long open reading
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Table 1. Codon usage of the melA gene of Escherichia coli

TTT Phe 6 (1.3) TCT Ser 1 (0.2) TAT Tyr 11 (2.4) TGT Cys 3 (0.7)
TTC Phe 5 (1.1) TCC Ser 1 (0.2) TAC Tyr 8 (1.8) TGC Cys 9 (2.0)
TTA Leu 1 (0.2) TCA Ser 3 (0.7) TAA End 1 (0.2) TGA End O (0.0)
TTG Leu 5 (1.1) TCG Ser 5 (1.1) TAG End O (0.0) TGG Trp 7 (1.5)
CTT Leu 3 (0.7) CCT Pro 2 (0.4) CAT His 13 (2.9) CGT Arg 10 (2.2)
CTC Leu 3 (0.7) CCC Pro 3 (0.7) CAC His 4 (0.9) CGC Arg 9 (2.0)
CTA Leu 2 (0.4) CCA Pro 5 (1.1) CAA Gln 5 (1.1) CGA Arg O (0.0)
CTG Leu 25 (5.5) CCG Pro 13 (2.9) CAG Gln 9 (2.0) CGG Arg 3 (0.7)
ATT Ile 23 (5.1) ACT Thr 4 (0.9) AAT Asn 9 (2.0) AGT Ser 2 (0.4)
ATC Ile 8 (1.8) ACC Thr 11 (2.4) AAC Asn 10 (2.2) AGC Ser 2 (0.4)
ATA Ile 1 (0.2) ACA Thr 3 (0.7) AAA Lys 15 (3.3) AGA Arg O (0.0)
ATG Met 16 (3.5) ACG Thr 11 (2.4) ARG Lys 5 (1.1) AGG Arg O (0.0)
GTT Val § (1.1) GCT Ala 8 (1.8) GAT Asp 13 (2.9) GGT Gly 9 (2.0)
GTC Val 8 (1.8) GCC Ala 18 (4.0) GAC Asp 12 (2.7) GGC Gly 13 (2.9)
GTA Val 3 (0.7) GCA Ala 6 (1.3) GAA Glu 16 (3.5) GGA Gly 2 (0.4)
GTG Vval 12 (2.7) GCG Ala 11 (2.4) GAG Glu 17 (3.8) GGG Gly 4 (0.9)

frame beginning with ATG at position +1 and ending with TAA at +1354. The mole-
cular weight of &-galactosidase calculated from the predicted amino acid sequence
is 50,662 d, which is in good agreement with the apparent molecular weight of
the identified melA gene product of 50 kd estimated by SDS-gel electrophoresis
(7).

Observed patterns of codon usage correlate with the availability of isoac-
cepting tRNAs, base composition and codon-anticodon interaction energies. These
are means of controlling the expressivity of genes and the accuracy of their trans-
lation (17-21). However, genes expressed at low levels appear to have a less rest-
rictive codon usage and therefore use of rare codons is unusually high. The codon
usage of melA is of the type found in moderately expressed genes (Table 1).

5' noncoding region

The area upstream of the melA coding region does not show any obvious si-
tes with strong homology with the consensus promoter (22-25). The site indicated
in Figure 2 as -10 has been suggested earlier (9). Although this site is not precee-
ded by a consensus -35 sequence, it is close to a region with strong homology
(85%) with the CRP binding site (26). Genes which are under positive transcriptio-
nal control frequently lack the -35 consensus region, as they use regulatory pro-
teins such as CRP to enhance transcription initiation (27). Hence, as mel expres-
sion is known to be catabolite repressible (4), it is probable that the promoter of
melAB is contained within this region. The promoter area also contains a stretch
of dyad symmetry, which shows strong resemblance to the REP sequences, and
which are believed to function either in mRNA stabilization or in organization of
chromosome structure (28-30).
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Fig.3. Hydropathic profile of a-galactosidase encoded by melA. Hydropathic index
is calculated according to Kyte and Doolittle (31) with the base line set at a va-
lue of -0.4. Positive and negative values indicate hydrophobic and hydrophilic re-
gions, respectively.

Protein characteristics

To characterize the o -galactosidase protein as deduced from the melA sequen-
ce, its amino acid sequence was analyzed for hydropathic profile (31) as shown in
Figure 3. MelA (q-galactosidase) was shown to be composed of alternating hydrop-
hobic and hydrophilic regions with an average hydropathy of -0.18. This is consis-
tent with a-galactosidase being a soluble protein, as the average hydropathy for
membrane embedded proteins should be greater than +0.5 (31). There are also no
hydrophobic sequences in o-galactosidase that would be long and hydrophobic
enough to span a membrane (31,32).

The hydropathic profile of MelA (Fig.3) was also compared with that of
yeast (33) and human a-galactosidase (34). However, no obvious similarities to eit-
her one were found. The amino acid sequences of the three a-galactosidases were
also compared. The yeast and the human enzymes showed several regions with
good homology (Fig.4). In comparison, only a few short homologous regions were
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yeast (6) NGLGLTPOMGWDNWNTFACDV (26) (42) oummxnnm (57) (61) RDSDGVLVADEQKFPNGMGHVADHLH (86)
RAR RN AR A & AR Ry KRR R R AR ARRE AR ARG AS

human (3) NGLARTPTMGWLHWERFMCNL (23) (49) mmnn.cxm (64) (69) RDSEGRLOADPQRFPHGIRQLANYPH (94)

yeast (99) GEYTCAGYPGSLG (111) (116) DAQFFANNRVDYLKYDNCY (134) (149) YKAMSDALNKTGRPIFYS (166)
* RNRRAARE & KRR RAR AR RRAR AR IR R

human (107) GNKTCAGFPGSFG (119) (124) DAQTFADWGVDLLKFDGCY (142) (153) YKHMSLALNRTGRSIVYS (170)

3 e an
yeast (228) AAPMGONAGVGGWNDLDNLEVGVGNLTDDEE (258) (271) n.nanmnu. (281) (294) vxmomxum (309)
® R ARRRE & R AR R RAR annense &
human (219) QERIVDVAGPGGWNDPDMLVIGNFGLSWNQQ (249) (262) m (272) (285) vnxmnnmcm (300)
T I DRI TR
E.coli (108) EQTIADTLGPGG (119) (340) nzxmvn.m (350) (363) mvuroior:? (378)

Fig.4. Amino acid sequence homologies between yeast, human and E.coli o-galacto-
sidases. The amino acids have been grouped according to similarity: 1, L I V M;
2, FYW; 3, KRH; 4 DN; 5, E Q; 6, S T. Asterisks indicate similarites bet-
ween sequences. Asterisks outside the yeast and bacterial sequences indicate homo-
logies between these sequences that are not shared by the human protein.

found between MelA of E.coli and the -galactosidase proteins of yeast and hu-
man origin.

o -galactosidases (o-D-galactoside galactohydrolase, EC 3.2.1.22) catalyse the
hydrolysis of saccharides containing o-1,6,-galactoside linkages. The three a -galac-
tosidases compared in Fig.4 all catalyse the same reaction, but are localized in
different cellular compartments: The E.coli enzyme is cytoplasmic, the human enzy-
me is lysosomal and the yeast enzyme extracellular. Therefore,although the active
enzyme from all three species have nearly the same molecular weight, structural
similarities, as well as differences, are expected. It is not surprising that the
yeast and the human enzymes are more similar with each other than with the
E.coli enzyme, because they are both secretory proteins while MelA is cytoplas-
mic. The fact that only limited regions of human a -galactosidase and yeast a-ga-
lactosidase are highly conserved strongly suggests that these regions specify impor-
tant common structural and functional domains of the enzyme. Because only three
of these regions share homology to the E.coli e-galactosidase,it may be that these
regions are involved in substrate recognition or are parts of the active catalytic
site. The third region homologous in all three enzymes (Fig.4) can be predicted
(35) to have similar secondary structures. An interesting possibility for an active
site is position 369 ( E.coli), which has an aspartate residue initiating a g-turn
between two B-sheet structures. However, more work using site specific mutagene-
sis is needed to pinpoint the exact location of the active site.
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