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We sequenced the Staphylococcus aureus phospho-,-galactosidase gene. The protein product of this gene
consisted of 470 amino acids, giving a molecular weight of 54,557. This gene appears to be transcribed as the
terminal sequence on a polycistronic message.

Lactose metabolism in gram-positive bacteria is generally
initiated with the phosphorylation of lactose upon uptake by
the phosphoenolpyruvate-dependent phosphotransferase
system. The lactose phosphate which appears intracellularly
is converted to glucose and galactose-6-phosphate by
phospho-p-galactosidase. In the lactic streptococci, this
enzyme plays a pivotal role in lactose catabolism, with the
eventual production of lactic acid. Because these bacteria

these cloned determinants are 56,000-, 56,000-, 58,000-, and
40,000-dalton proteins, respectively. To date, however, no
DNA or protein sequence information has been reported for
these phospho-,-galactosidase determinants or for their
products.
Here we report the nucleotide sequence of the staphylo-

coccal phospho-,-galactosidase gene and the deduced amino
acid sequence of the protein.
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FIG. 1. Sequencing strategy for the phospho-3-galactosidase gene. A physical map of the 6.1-kilobase insert of pFB34 (1) is shown with

the 1.8-kilobase PvuII-HpaI fragment, whose sequence is reported here, presented in expanded form. Sites for the indicated restriction
endonucleases are also given in Fig. 2. Restriction fragments were subcloned into phage vectors M13mplO and M13mpll. The arrows indicate
the origin, direction, and extent of the individual sequencing reactions. Because each fragment was subcloned and sequenced in a shotgun
fashion, each DNA fragment indicated was independently sequenced multiple times.

are used as starter cultures for dairy fermentations, much
attention has been focused on phospho-j-galactosidase (11).
The gene for phospho-p-galactosidase has been shown to

be chromosomally located in Staphylococcus aureus (1, 5)
and Streptococcus sanguis (20) or plasmid borne, as in
Lactobacillus casei (9), Streptococcus cremoris (7), and
Streptococcus lactis (10, 19). The gene for phospho-p-
galactosidase has been cloned from S. aureus (1), L. casei
(9), S. lactis (4, 10), and S. cremoris (7). The products of

* Corresponding author.

MATERIALS AND METHODS

Bacterial strains, plasmids, and bacteriophage. Plasmid
pFB34 is a pBR322 derivative which carries the staphylo-
coccal phospho-p-galactosidase gene on a 5.1-kilobase
EcoRI-BamHI DNA fragment (1). Phage M13mplO and
M13mpll and recombinant derivatives were propagated in
Escherichia coli JM101 (13). DNA manipulations were as
previously reported (1).

Determination of nucleotide sequence. Restriction frag-
ments from the phospho-,B-galactosidase region of pFB34 or
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Pvu 14
CAGCTGGCGGATATGGCGC 19

V V V V V V V
RsaI

ACATATGGACATTATGAAAGAGTACCAATTAATCATTTTAGCGCCACAAGTTGCGTCTAACTATGAAGAT 89

V V V V V V V
ATTAAGCAAGATACAGATAGATTAGGTATTAAATTAGCGAAGACTCAAGGTGCTGAATATATCAAATTGA 159

V V V v V V V
CACGAGATGGCCAAGCAGCCCTTGATTTCGTTCAACAACAATTTGAAAATTAAGAATAGGAGTTTTTCAT 229

V V V V V V V
ATGACTAAAACATTACCTGAAGATTTTATTTTTGGTGGAGCAACAGCAGCATATCAAGCAGAAGGTGCGA 299
M T K T L P E D F I F G G A T A A Y Q A E G A T 24

V V V V V V V
RsaI PstI

CAAATACGGATGGTAAAGGTCGCGTAGCATGGGATACGTATTTAGAAGAAAACTATTGGTACACTGCAGA 369
N T D G K G R V A W D T Y L E E N Y W Y T A E 47

V V V V V V V
EcoRV

ACCAGCGAGTGATTTTTATAACAGATATCCAGTGGATTTAGAATTAAGTGAAAAATTCGGTGTTAATGGT 439
P A S D F Y N R Y P V D L E L S E K F G V N G 70

v V V v V V V
HpaI

ATCCGAATTTCAATTGCATGGTCTCGTATCTTCCCAAATGGATATGGCGAAGTTAACCCTAAAGGTGTTG 509
I R I S I A W S R I F P N G Y G E V N P K G V E 94

V V V V V V V
AGTATTACCATAAGTTATT7GCAGAGTGTCATAAACGTCATGTTGAACCATTTGTAACATTGCATCATTT 579

Y Y H K L F A E C H K R H V E P F V T L H H F 117

V V V V V V V
TGATACACCAGAAGTGTTACACAAAGATGGCGATTTTCTAAATCGTAAAACGATTGACTACTTTGTAGAT 649
D T P E V L H K D G D F L N R K T I D Y F V D 140

V V V V V V V

EcoRI
TATGCTGAATATTGTTTTAAAGAATTCCCAGAAGTAAAATATTGGACTACATTCAATGAAATTGGACCTA 719
Y A E Y C F K E F P E V K Y W T T F N E I G P I 164

V V V V V V V

TTGGTGATGGTCAATATTTAGTAGGTAAATTCCCTCCAGGTATTAAATATGATTTTGAAAAAGTATTCCA 789
G D G Q Y L V G K F P P G I K Y D F E K V F Q 187

V V V V V V V

ATCACATCATAACATGATGGTGGCTCATGCTAGAGCAGTAAAATTATTTAAAGATGGCGGATACAAAGGA 859
S H H N M M V A H A R A V K L F K D G G Y K G 210

v v v v v v v
Rsa I

GAAATTGGTGTTGTACACGCATTGCCAACAAAATATCCGTTCGATCCATCAAATCCTGAAGATGTTCGTG 929
E I G V V H A L P T K Y P F D P S N P E D V R A 234
FIG. 2. Nucleotide sequence of the nonsense strand of the PvuII-HpaI fragment containing the phospho-p-galactosidase gene and the

corresponding amino acid sequence of the translation product. The ribosome-binding site sequence is underlined. The indirectly repeated
sequence capable of forming the stem structure of a potential transcription terminator is indicated (*). Amino acids are: A, Ala; C, Cys; D,
Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; Y,
Tyr.
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V V V V V V V
EcoRV

CAGCAGAATTAGAAGATATCATCCATAATAAATTCATCTTAGATGCAACATATTTAGGTAAGTATTCTCG 999
A E L E D I I H N K F I L D A T Y L G K Y S R 257

V V V V V V V
TGAAACGATGGAAGGTGTGCAACATATCTTATCTGTTAATGGCGGTAAATTAAACATTACAGATGAAGAT 1069
E T M E G V Q H I L S V N G G K L N I T D E D 280

V V V V V V V
TATGCCATTTTAGATGCAGCCAAAGATTTAAACGACTTCTTAGGTATCAATTACTACATGAGTGATTGGA 1139
Y A I L D A A K D L N D F L G I N Y Y M S D W M 304

V V V V V V V
TGAGAGGTTACGATGGAGAATCTGAAATCACGCATAATGCGACAGGTGATAAAGGCGGTTCTAAATACCA 1209

R G Y D G E S E I T H N A T G D K G G S K Y Q 327

V V V V V V V
SalI RsaI

ACTTAAAGGTGTCGGACAACGTGAATTTGATGTCGACGTACCTCGCACAGACTGGGACTGGATGATCTAT 1279
L K G V G Q R E F D V D V P R T D W D W M I Y 350

V V V V V V V
CCTCAAGGTTTATATGATCAAATCATGCGTGTTGTTAAAGATTATCCTAACTATCATAAGATTTATATCA 1349
P Q G L Y D Q I H R V V K D Y P N Y H K I Y I T 374

V V V V V V V
CTGAAAATGGTTTAGGATATAAAGATGAATTTATTGAATCTGAAAAAACAGTTCATGATGATGCACGTAT 1419

E N G L G Y K D E F I E S E K T V H D D A R I 397

V V V V V V V
TGATTATGTAAGACAACATTTGAACGTTATTGCAGATGCTATTATAGATGGTGCAAATGTTAAAGGTTAC 1489
D Y V R Q H L N V I A D A I I D G A N V K G Y 420

V V V V V V V
TTTATTTGGTCATTAATGGATGTGTTCTCTTGGTCAAATGGTTATGAAAAACGATATGGTTTATTCTATG 1559
F I W S L M D V F S W S N G Y E K R Y G L F Y V 444

V V V V V V V
RsaI

TCGATTTTGAGACTCAAGAACGTTATCCTAAGAAAAGTGCTTATTGGTACAAAGAGTTAGCCGAAACAAA 1629
D F E T Q E R Y P K K S A Y W Y K E L A E T K 467

v v v v v v v

AGAAATTAAATAATTATAGATATTAAAAGGCCTATCAGTCGAGTGCTGGTAGGTCTTTATTTATAGAAAG 1699
E I K >>> 470

v v v v v v v

AGATAAATTAAACATGCATATACATATTTATATATTAATCAATGGGTGACACACCATTGAAAGCTAAAGA 1769

v v v

HpaI
AGCAATCAATTAACAAACGTTAAC 1793

FIG. 2 (Continued)

its subclones (1) were cloned into the M13 phage vectors and RESULTS AND DISCUSSION
sequenced by the dideoxy chain termination method of
Sanger et al. (17) with electrophoresis in 8% polyacryl- Nucleotide sequence of the phospho-13-galactosidase gene.
amide-7 M urea gels. Restriction enzymes, T4 DNA ligase, The restriction map of and sequencing strategy for the
and the Klenow fragment of DNA polymerase I were ob- phospho-3-galactosidase gene are shown in Fig. 1. Previous
tained from Pharmacia, Inc. and Promega Biotech. [a results (1) indicated that the structural gene lay between the
32P]dATP was obtained from New England Nuclear Corp. PvuII and HpaI sites (Fig. 1). The nucleotide and amino acid



972 BREIDT AND STEWART

A
G G

C U

U G
G - C
A - U
C - G
U *G
A - U
U - A
C - G
C - G
G U
G - C
A - U

A - U

5' A - U A U U U A U A

FIG. 3. Predicted secondary structure of the phospho-,-
galactosidase mRNA corresponding to the potential transcription
terminator sequence indicated in Fig. 2. The calculated AG is -15.2
kcallmol (ca. -63.6 J/mol) (18).

sequences are shown in Fig. 2. A 1,416-base-pair open
reading frame exists from the initiation codon ATG (position
230 to 232) to the ochre termination codon TAA (position
1640 to 1642). This open reading frame encodes a 470-amino-
acid polypeptide with a calculated molecular mass of 54,557
daltons. This value is consistent with the reported molecular
weights of the protein purified from S. aureus (6) or ex-
pressed in E. coli maxicells (1). A potential ribosome-binding
site sequence (AGAATAGGAG) is found seven bases 5' to
the initiation codon. Because staphylococcal proteins are

TABLE 1. Amino acid composition and codon usage

Amino MolM Codons used

Ala (28) 5.96 GCU, 5; GCC, 3; GCA, 17; GCG, 3
Cys (2) 0.43 UGU, 2; UGC, 0
Asp (39) 8.30 GAU, 34; GAC, 5
Glu (37) 7.87 GAA, 33; GAG, 4
Phe (26) 5.53 UUU, 15; UUC, 11
Gly (39) 8.30 GGU, 26; GGC, 5; GGA, 8; GGG, 0
His (16) 3.40 CAU, 14; CAC, 2
Ile (29) 6.17 AUU, 17; AUC, 11; AUA, 1
Lys (35) 7.45 AAA, 31; AAG, 4
Leu (26) 5.53 UUA, 21; UUG, 3; CUU, 1; CUC, 0;

CUA, 1; CUG, 0
Met (9) 1.91 AUG, 9
Asn (21) 4.47 AAU, 13; AAC, 8
Pro (19) 4.04 CCU, 9; CCC, 0; CCA, 9; CCG, 1
Gln (10) 2.13 CAA, 10; CAG, 0
Arg (17) 3.62 CGU, 9; CGC, 2; CGA, 2; CGG, 0;

AGA, 4; AGC, 0
Ser (16) 3.40 UCU, 7; UCC, 0; UCA, 5; UCG, 0;

AGU, 4; AGC, 0
Thr (23) 4.89 ACU, 5; ACC, 0; ACA, 13; ACG, 5
Val (30) 6.38 GUU, 12; GUC, 3; GUA, 10; GUG, 5
Trp (10) 2.13 UGG, 10
Tyr (38) 8.09 UAU, 28; UAC, 10

expressed when their genes are introduced into Bacillus
subtilis (12, 15), the staphylococcal and B. subtilis 16S
rRNAs must have similar 3' termini. Based upon the pub-
lished sequence for the 3' end of B. subtilis 16S rRNA (3),
the predicted free energy of base pairing (21) of the putative
ribosome-binding site with the rRNA was found to be -15.4
Kcal (ca. -64.4 J), similar to values obtained for B. subtilis
genes (15).
The phospho-,-galactosidase open reading frame is fol-

lowed by a sequence with the potential to form a stem-loop
structure (position 1659 to 1691; Fig. 3). This structure is
similar to transcription terminators described for B. subtilis
(14, 16). The calculated AG value (21) for this stem-loop
structure is -15.2 kcal (ca. -63.6 J).
Although the open reading frame is preceded by a ribo-

some-binding site sequence, there are no good candidates for
promoter sequences immediately upstream of the open read-
ing frame. Preliminary DNA sequence analysis indicates that
this open reading frame is preceded by at least three addi-
tional substantial open reading frames (F. Breidt, Jr., Ph.D.
thesis, University of Kansas, Lawrence, 1987). Thus, it
appears that the phospho-f3-galactosidase message is the
terminal protein-encoding sequence on a polycistronic
mRNA. A genetic study of the staphylococcal lac genes has
indicated that the phospho-p-galactosidase gene is tightly
linked to and coordinately regulated with the genes for the
lactose-specific components of the phosphotransferase sys-
tem, i.e., enzyme l1lac and factor l11lac (5). The polycistronic
nature of the staphylococcal lac mRNA raises the possibility
that these genes are part of an operon in S. aureus.
The N-terminal amino acid reported for phospho-,-

galactosidase purified from S. aureus is threonine (6). There
is a threonine codon immediately following the ATG initia-
tion codon in the sequence. This suggests that the mature
enzyme is processed by having its N-formyl methionine
removed.
Codon usage analysis. The amino acid composition and

codon usage frequencies for the S. aureus phospho-p-
galactosidase gene are presented in Table 1. The codon
usage is biased toward A- or U-rich codons, reflective of the
relatively low G+C content of S. aureus DNA (32 to 35
mol%). However, some codons, such as AUA (Ile), which
are rarely used in highly expressed genes in E. coli (2), are
infrequently used in this S. aureus message (3.4% of Ile
codons), despite their A+U-rich nature. This is consistent
with the codon usage seen with the S. aureus protein A gene,
whereby AUA represents only 7.1% (1 of 14) of the Ile
codons (22). However, two other chromosomal genes from
S. aureus do not show this codon bias. The AUA codon
represents 36.4% (4 of 11) and 25% (8 of 32) of the Ile codons
of the staphylococcal nuclease (nuc) and lipase (geh) genes,
respectively (8, 18). Therefore, the codon bias may indeed
be related to expression levels and may not simply be a
reflection of relative levels of isoaccepting tRNA species in
the cell.

Phospho-p-galactosidases have been studied in a number
of gram-positive bacteria. The primary structure of the S.
aureus enzyme should prove to be of interest for comparison
with the streptococccal enzymes when their amino acid or
DNA sequences become available.
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