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Lactose metabolism in Lactobacillus casei 64H is associated with the presence
of plasmid pL.Z64. This plasmid determines both phosphoenolpyruvate-dependent
phosphotransferase uptake of lactose and B-p-phosphogalactoside galactohydro-
lase. A shotgun clone bank of chimeric plasmids containing restriction enzyme
digest fragments of pL.Z64 DNA was constructed in Escherichia coli K-12. One
clone contained the gene coding for B-pD-phosphogalactoside galactohydrolase on
a 7.9-kilobase PstI fragment cloned into the vector pBR322 in E. coli strain x1849.
The B-D-phosphogalactoside galactohydrolase enzyme isolated from E. coli
showed no difference from that isolated from L. casei, and specific activity of -p-
phosphogalactoside galactohydrolase was stimulated 1.8-fold in E. coli by growth
in media containing B-galactosides. A restriction map of the recombinant plasmid
was compiled, and with that information, a series of subclones was constructed.
From an analysis of the proteins produced by minicells prepared from transform-
ant E. coli cells containing each of the recombinant subclone plasmids, it was
found that the gene for the 56-kilodalton B-p-phosphogalactoside galactohydro-
lase was transcribed from an L. casei-derived promoter. The gene for a second
protein product (43 kilodaltons) was transcribed in the opposite direction,
presumably under the control of a promoter in pBR322. The relationship of this
second product to the lactose metabolism genes of L. casei is at present unknown.

Much is known about the structural and regu-
latory features of the lac biochemical pathway
that is widespread in both procaryotic and eu-
caryotic cells (1). Certain gram-positive bacte-
ria, however, have an alternate pathway of
lactose metabolism, depicted schematically in
Fig. 1, about which comparatively little is
known. The uptake pathway consisting of a
phosphoenolpyruvate-dependent phosphotrans-
ferase system (PEP:PTS) for lactose was first
described in Staphylococcus aureus (27), as was
the enzyme that cleaves intracellular lactose 6-
phosphate, B-D-phosphogalactoside galactohy-
drolase (P-B-galactosidase, EC 3.2.1.85) (26).
The galactose 6-phosphate thus formed is fur-
ther metabolized by the tagatose 6-phosphate
pathway described by Bissett and Anderson (3).
It appears that the same pathway is used by
Streptococcus faecalis (25), Streptococcus mu-
tans (7), Streptococcus salivarius (23), Strepto-
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coccus lactis (38), and Lactobacillus casei (42).
The majority of these organisms lack the better-
known pathway of lactose metabolism encoded
by the lac operon. The lactose PEP:PTS has
been isolated from S. aureus (44) and is com-
posed of a membrane-associated enzyme I1'2ctos
and a peripheral membrane protein, enzyme II1
(or factor III)’®°s, Enzyme II has a catalytic
function (32), while the enzyme III serves as an
intermediate phosphate donor (41); little more is
known about these proteins. The P-B-galacto-
sidase has been isolated from a number of differ-
ent bacteria; it bears little resemblance to g-D-
galactoside galactohydrolase (B-galactosidase),
but is functionally analogous to it. The regula-
tion of expression of these lactose metabolism
genes in these bacteria appears quite complex.
In S. aureus, galactose 6-phosphate has been
reported to be the preferred inducer (40). In S.
lactis, expression appears to be regulated more
by a repression due to the growth substrate; for
example, full expression is observed after
growth on maltose (48) or ribose (34). In L. casei
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FIG. 1. Lactose metabolic pathways. This is a
composite of pathways for lactose, galactose, and
glucose metabolism in different bacteria. The entry
forms of the sugars after transport across the cytoplas-
mic membrane via either the PEP:PTS or permease
transport system are indicated by squares or circles,
respectively. Phosphorylated sugars are indicated by P
(or DP for diphosphate), with the position number
given. Abbreviations are as follows: Gal, galactose;
Glc, glucose; Fru, fructose; and Tag, tagatose. The
triose phosphates are metabolized by the lower por-
tion of the Embden-Meyerhoff glycolytic pathway.

64H, a B-galactoside is required for induction;
neither galactose nor galactose 6-phosphate can
induce expression (B. Chassy and J. Thompson,
submitted for publication). In all of these organ-
isms glucose at least partially represses the
expression of lactose genes, even though the
bacteria lack cyclic AMP (cAMP) (5). The re-
pression is due to glucose PEP:PTS-mediated
“‘inducer exclusion™ as well as repressive ef-
fects exerted by functional PEP:PTS activities
and glucose-derived metabolites (Chassy and
Thompson, unpublished data).

Both the origin and the selective factors lead-
ing to this alternate pathway of lactose metabo-
lism are unclear, as is the extent of its distribu-
tion. A possible mechanism for its dissemination
among various bacteria may be indicated by the
finding that in S. lactis (21, 45) and L. casei (11),
the lactose metabolism genes are encoded by
extrachromosomal elements. L. casei 64H con-
tains a 35-kilobase (kb) plasmid, pLZ64, that
determines both the lactose PEP:PTS and P-B-
galactosidase activities of the strain; the bio-
chemical and physiological characteristics of
this strain are also well documented. Some of
the lactose plasmids are capable of conjugal self-
transfer (13, 21, 45). The degree of homology
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among the genes specifying lactose metabolic
proteins in various gram-positive bacteria is
unknown.

Molecular cloning of DNA has proven to be a
powerful tool for studying the structure, func-
tion, regulation, and relatedness of genes. Clon-
ing and many other genetic manipulations within
the genus Lactobacillus are at present impossi-
ble due to the absence of a transformation
system. The present report describes the molec-
ular cloning of the gene determining the P-g-
galactosidase of L. casei 64H into Escherichia
coli. We would have preferred to use a gram-
positive host-vector system, but neither that
described for Bacillus subtilis (9) nor that de-
scribed for Streptococcus sanguis (36) fully met
our needs. The availability of well-defined hosts
and multifunctional cloning vectors such as
pBR322 (4) and pACYC184 (8) and the myriad of
genetic tools available in E. coli, including the
ability to use minicell (19) analysis of the prod-
ucts of cloned genes, prompted our choice of
this host-vector system. Several drawbacks of
this approach are immediately apparent howev-
er. In particular, E. coli PEP:PTS components
do not complement those of gram-positive bac-
teria very well (43), and E. coli lacks the taga-
tose 6-phosphate pathway necessary for the
further metabolism of galactose 6-phosphate
(see Fig. 1). Expression of lactose metabolism or
lactose PEP:PTS activity was therefore not an-
ticipated; rather, it was decided to construct a
clone bank of recombinant chimera-containing
isolates, phenotypically identifiable by the inser-
tional inactivation of one of the antibiotic resist-
ance genes in the multifunctional cloning vector.
We describe the strategy for construction and
analysis of such a clone bank and our character-
ization of the products of cloned L. casei genes
in E. coli.

MATERIALS AND METHODS

Bacterial strains and growth media. Bacterial strains
used are listed in Table 1; all strains were grown at
37°C. L. casei was grown in Lactobacillus carrying
medium (18). Liquid minimal media (ML [15] or M9
[39]) contained 0.5% glucose or 1% glycerol and the
following supplements (per ml) as needed: 2 pg of DL-
meso-diaminopimelic acid (DAP), 20 ug of L-isoleu-
cine, 20 pg of pL-valine, 22 pg of L-histidine hydro-
chloride, 20 pg of DL-methionine, 40 pg of DL-
threonine, 100 p.g of L-proline, and 100 pg of L-leucine.
To grow cells for minicell harvests, 0.5% Casamino
Acids (Difco Laboratories) replaced individual amino
acids except DAP. Complex media for E. coli growth
were L-broth (35) or Penassay (antibiotic medium 2
[Difco] plus 0.5% NaCl) supplemented with DAP.
Plate media contained 1.2% agar (Difco). Solid media
used for antibiotic selection and screening contained
25 g of chloramphenicol, 25 pg of ampicillin, or 10 pg
of tetracycline per mi.

Plasmid DNA isolation, electrophoresis, restriction,
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and transformation. L. casei DNA was isolated by the
method of Chassy et al. (10, 11); various procedures
were used to isolate plasmid DNA from E. coli (2, 22,
31). Also, a modification of the method of Holmes and
Quigley (28) was used where RNase was included at
the same concentration as lysozyme. Plasmid DNA
was electrophoresed through 0.7% agarose gels and
visualized by UV light fluorescence after staining with
ethidium bromide (24). Digestion of DNA with restric-
tion endonucleases used conditions described by the
vendors (Bethesda Research Laboratories and New
England Biolabs). Restricted DNA was ligated to
vector plasmid DNA that was treated with bacterial
alkaline phosphatase (49). Ligation conditions were as
previously described (24), except that DNA concen-
trations were adjusted to optimize formation of recom-
binant circular molecules (17). The method of Tabak
and Flavell (47) was used to recover individual restric-
tion fragments after preparative agarose gel electro-
phoresis. Standard DNAs for size determinations in-
cluded muiltiple plasmids from E. coli strain V517
(Table 1) or restriction digests of lambda phage DNA
(Bethesda Research Laboratories). Transformation of
recombinant plasmids into E. coli strains, with selec-
tion for acquisition of antibiotic resistances, was as
previously described (24, 30).

Minicell analysis of plasmid gene products. Minicells
of plasmid-containing derivatives of E. coli x1849 were
purified and incubated with a U-'*C-labeled amino
acid mixture (ICN; 0.1 mCi/ml) as previously de-
scribed (24), except that preincubation before labeling
was extended to 60 min to permit degradation of stable
mRNA. Lysis and sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis by the method of
Laemmli and Favre (33) and fluorography were as
previously described (24).

Enzyme assays and the isolation of P-B-galactosidase.
Plasmid-containing E. coli cells for enzyme isolation
were prepared by growth in L-broth supplemented
with DAP (1 liter distributed among six 500-ml Erlen-
meyer flasks) for 16 h at 37°C with continuous shaking
at 120 rpm. The cells were harvested by centrifugation
at 27,000 x g for 20 min and washed by centrifugation
with 250 ml of 0.1 M N-2-hydroxyethylpiperazine-N'-
2-ethanesulfonic acid (HEPES) buffer containing 1
mM dithiothreitol and 1 mM EDTA. This and all
subsequent steps were carried out at 0 to 4°C. The
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washed cells were resuspended in 15 ml of the same
buffer and broken by sonication at full power (185 W,
Branson 185-D) for 6 min with continuous cooling. The
cell debris and any unbroken whole cells were re-
moved by centrifugation at 42,000 x g for 1 h. The
resulting supernatant fluid was dialyzed for 18 h
against 4 liters of 0.01 M HEPES containing 1 mM
dithiothreitol and 1 mM EDTA. The cell extract was
purified by DEAE ion-exchange and Ultrogel AcA 54
steric exclusion chromatography as described by
Chassy and Porter (12) for the purification of sucrose
6-phosphate hydrolase. Fractions were assayed for P-
B-galactosidase and B-galactosidase activity as previ-
ously described (27, 42) with the chromogenic sub-
strates o-nitrophenyl-B-p-galactoside 6-phosphate
(ONPG 6-phosphate; Sigma Chemical Co.) and o-
nitrophenyl-B-D-galactoside (ONPG). Protein was de-
termined by the Coomassie blue dye-binding assay
described by Bradford (6). Purity was assessed by
electrophoresis in 7.5% polyacrylamide gels with 0.188
M Tris-glycine (pH 8.7) as the electrophoresis buffer.
P-B-galactosidase isolated from L. casei 64H was used
as a protein and activity standard. Activity was local-
ized by soaking the gels in 0.1 M sodium phosphate
buffer, pH 6.8 (20 ml, one change of buffer), followed
by incubation of the gels at 22°C for 1 h in the same
buffer containing 10 mM ONPG 6-phosphate. An
intense orange-yellow activity band developed; it was
photographed immediately to minimize diffusion of the
o-nitrophenol. The preparations were also subjected to
SDS-polyacrylamide gel electrophoresis (33) to further
assess purity and to allow an estimation of molecular
weight.

To screen clones for P-B-galactosidase expression,
aliquots of cells were lysed with toluene in microtiter
tray wells and then incubated with 10 mM ONPG 6-
phosphate in 0.1 M sodium phosphate buffer, pH 6.8.

Specific activity and induction of P-B-galactosidase in
E. coli. E. coli cells containing recombinant plasmids
were grown overnight in 30 ml of L-broth supplement-
ed with DAP where necessary and containing 1%
glucose or glycerol as the growth carbohydrate. Poten-
tial inducers, lactose, isopropylthio-B-D-galactoside,
and thiomethyl-B-p-galactoside, were added at con-
centrations of 10, 2, and 5 mM, respectively. Cells
were collected by centrifugation at 17,400 X g for 30
min and washed by centrifugation with 10 ml of 0.1 M

TABLE 1. Bacterial strains and plasmids

Strains and

plasmids Relevant genotype or phenotype References
L. casei 64H Chromosomal Lac~; contains lactose utilization plasmid pLZ64 20
E. coli K-12
x1849 minAl minB2 hsdR2 24
x2359 AlacZ39 hsdR2 recAS6 relAl —
V517 Contains multiple size reference plasmids 37
Plasmids )
pLZ64 Lac*; 35 kb This paper
pBR322 Ap* Tc"; 4.3 kb 4
pACYC184 Cm" Tc"; 4.0 kb 8

@ Roy Curtiss III, University of Alabama in Birmingham.
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TABLE 2. Cloning of pLZ64 restriction fragments into E. coli K-12
Digestion fragments of pLZ64 E. coli clones with pLZ64 fragments
Phenotype selec-
Restriction No. of Size range Vector tion® No. of clones Proportion of
endonuclease fragments (kb) plasmid - screened fragments found
Direct Indirect

BamH]1 3 9.7-14.6 pACYC184 Cm" Tc® 32 2/3b

Pstl 4 5.5-17 pBR322 Tc" Ap® 17 3/46

HindIIl 9 1- 8.8 pBR322 Apf - Tc¢® 144 9/9

EcoRI 11 1-12.5 pACYC184 Tc’ Cm?® 79 10/11°

“ Phenotypes were screened on antibiotic media for sensitivity or resistance to chloramphenical (Cm),

tetracycline (Tc), and ampicillin (Ap).

® In these cases, we failed to clone the largest-sized fragment.

sodium phosphate buffer, pH 6.8. The washed cells
were resuspended in 2 ml of the same buffer and
broken by 2 min of sonic disruption with a microtip
Sonifier probe. Cell debris and insoluble matter were
removed by centrifugation at 17,400 X g for 30 min,
and the supernatant was used for the assay of P-B-
galactosidase and protein.

RESULTS

Cloning fragments of plasmid pLZ64 into E.
coli. Previous work had indicated that the re-
striction endonucleases BamHI, EcoRI, Pstl,
and HindIIl would be useful in constructing a
gene bank of plasmid pLZ64 in E. coli; the
enzymes cut the plasmid into a limited number
of fragments, some of which were fairly large
(14). We chose the plasmids pBR322 and
pACYC184 to use as vectors, since they had
useful single restriction endonuclease sites in

Aval

FIG. 2. Physical map of recombinant plasmid
pLZ600. The 7.9-kb Pst1 B fragment of pLZ64 is
indicated by the heavy line and the vector plasmid
pBR322 by the thin line. Sites where restriction endo-
nucleases cut are shown, to scale.

antibiotic resistance genes to permit indirect
selection of cloned DNA fragments (4, 8). Ap-
propriate restricted DNAs were ligated and
transformed into x1849; transformants were
screened for insertional inactivation as shown in
Table 2. By this shotgun method, 272 clones
were obtained. All of these were screened by
agarose gel electrophoresis to find the size of
their chimeric plasmids; we determined that for
restriction endonucleases BamHI, Pstl, and
EcoRlI, we had cloned all of the possible restric-
tion fragments of pLZ64 except the largest. For
HindIll, all fragments were obtained (Table 2).

Identification of the P-B-galactosidase clone.
All PstI-, BamHI-, and EcoRI-generated clones
and all HindIII-generated clones that had inserts
larger than 1.4 kb (23 out of 144) were screened
for evidence of P-B-galactosidase activity. Only
one clone produced a strong yellow color from
the ONPG 6-phosphate substrate; the recombi-
nant plasmid in this clone was named pLZ600.
This plasmid contained the 7.9-kb PstI B frag-
ment (i.e., second largest) of pLZ64 cloned into
the pBR322 B-lactamase gene.

Physical maps of pLZ600 and derivative plas-
mids. By double digestion techniques, restric-
tion endonuclease sites on the pLZ64 PstI B
fragment cloned in plasmid pLZ600 were
mapped. We found single sites for EcoRlI,
BamHI, Hindlll, and BstEIl, and multiple sites
for Aval, Bglll, Kpnl, Pvul, Smal, and Sphl
(Fig. 2). We then constructed numerous sub-
clones of pLZ600 using various approaches:
restriction and random ligation, religation of a
single purified restriction fragment, or recloning
of a single isolated fragment. Maps of pLLZ600
and eight derivative plasmids are shown on the
left side of Fig. 3, with the sites where EcoRI,
Smal, Pvul, and HindIII cut the PstI B fragment
indicated (physical characterization of the gene
products, shown on the right side of Fig. 3, is
discussed later in the text). The types of sub-
clones included an intact PstI B fragment in the
opposite orientation (pLZ601) and derivatives
with one or two deletions from the PsI-B insert
(pLZ602 through pL.Z609). As shown in Fig. 3,



1142 LEE ET AL.

oy
¢

4¢—— pBR322 DNA

J. BACTERIOL.

L. casei DNA—————p

T A g p-p-Gal
G oz ! P-p-Gal g
b Plsmid  Specific Activity Size  Size
EcoRl Pst| oo (umoles/min/mg) (Kdal)  (Kdal)
1 H 4
Pst| Hindm‘PvuIEeoRi Smal Pvul [HindW| pyy) Pl
08710 1 12 \ger 1481 | 180 [T pLZ600 0oz % <
Ps HE E o Ps
W pLZ602 0028 % 43
1 1 (very strong)
Pe HEPs S ! s | Ps
A ;zzzzmzzzm#h::h pLZ605 0028 6 _
Ps H E Ps H L Ps
fzzzzzzzzrrrr eI IR i H plLZ604 _ 46 _
: ' T |
H E Ps H Ps ! A
sz#mzzzzzzzzzzzﬂzzw:] pLZ603 _ _ pa
Ps HE E ! o | Py Ps
W pLZ608 _ _ 43
! H
Ps wE E L Ry | PvPs
prrrzrzy  pem—] N pLZ609 - - a3
Apf  Tc' ! | i |
S P H |
PsPVEH Ps oo i Ps
Rezzzzrzrzzrrrr i—————— a3
1 ! ! ! pLZ601 0045 5 (very faint)
Pv EH Ps i Pv | !
(pirzzzzzrrrzrri——f ] _ _ 43
b - pLz607 {faint)

FIG. 3. Physical maps of P-B-galactosidase-positive and -negative recombinant plasmids. The construction
and characterization of these plasmids are described in the text. Each plasmid is represented as a linear map, and
deletions are indicated by open boxes. Distances between restriction endonuclease sites are indicated in kb. The
position and direction of transcription of the pBR322 vector plasmid genes for tetracycline and ampicillin
resistance and of the L. casei plasmid pLZ64 genes for P-B-galactosidase and B (function unknown, see the text)
are shown. The sizes of the P-B-galactosidase and B gene products are given for each plasmid; a dash indicates
that no product was observed (see Fig. 6). Note that pLZ601 and pLZ607 have the opposite orientation of the
cloned insert DNA relative to the vector plasmid, as compared with the other seven recombinant plasmids.

some derivative plasmids contained deletions or
duplications of vector DNA. When crude lysates
of E. coli x2359 strains with the nine different
derivative plasmids were tested for P-B-galacto-
sidase, only four (containing pL.Z600, pLZ601,
pLZ602, and pL.Z605) showed activity. Orienta-
tion of the insert appeared to affect expression
by about 40% (Fig. 3). For the other five plas-
mid-containing strains, deletions in the cloned
fragment had apparently prevented expression
of the gene. None of the nine plasmid-containing
strains demonstrated PEP:PTS activity for lac-
tose (data not shown).

Cloned P-B-galactosidase resembles that isolat-
ed from L. casei. To compare the P-B-galacto-
sidase expressed by E. coli strains containing
chimeric plasmid pLZ600 or its derivatives with
that produced by L. casei 64H, the enzyme was
isolated from a large batch of cells that con-
tained derivative plasmid pL.Z601. The purifica-
tion strategy was the same as that used with L.
casei to prepare homogeneous enzyme prepara-
tions. The enzyme emerged from a DEAE-
sephacel column (Fig. 4) in the same fractions as
that isolated from L. casei 64H (not shown) and

was completely resolved from the B-galacto-
sidase; this finding eliminated the possibility that
cloned activity was due to the combined action
of phosphatase and E. coli B-galactosidase act-
ing on ONPG 6-phosphate. The active fractions
were concentrated and further purified by gel
filtration (Fig. 5). Once again, the enzyme activi-
ty emerged in the same fractions as observed
with the preparation isolated from L. casei 64H.
About 1.5% of the cellular soluble protein was
isolated as P-B-galactosidase. The preparation
was subjected to polyacrylamide gel electropho-
resis and SDS-polyacrylamide gel electrophore-
sis: it appeared homogeneous and migrated in
both systems with a mobility identical to that
found for the L. casei 64H P-B-galactosidase.
Duplicate gels containing the enzyme isolated
from L. casei and E. coli were stained for
activity; the activity-staining bands were coinci-
dent (data not shown).

Is the cloned enzyme inducible? Growth of L.
casei strains on B-galactosides induces the lac-
tose PEP:PTS and P-B-galactosidase activities,
but the nature of the regulatory system is un-
known. The inducibility of the enzyme cloned in
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FIG. 4. DEAE-sephacel ion-exchange chromatography of intracellular extracts prepared from E. coli x1849
carrying pLZ601. The solid line (—) represents protein (absorbance at 280 nm [Ag]), and the dashed line (---)
represents the ascending KCl gradient. The fractions were assayed for P-B-galactosidase (O) and p-galactosidase
(@), and the area representing P-B-galactosidase-containing fractions is shaded.

E. coli was examined by growing E. coli x2359
containing either pL.Z602 or pLZ605 in glycerol
L-broth with and without potential inducers.
Growth of these strains in the presence of thio-
methyl-B-D-galactoside or lactose stimulated the
production of P-g-galactosidase about 1.8-fold
while isopropylthio-B-D-galactoside was without

effect. By comparison, growth of L. casei 64H
on lactose resulted in a 50-fold enhancement of
P-B-galactosidase activity. While L. casei 64H
produces little P-B-galactosidase without induc-
tion, E. coli strains carrying plasmid chimeras
coding for this enzyme expressed P-B-galacto-
sidase activity at about 10 to 20% the level
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FIG. 5. Chromatography of P-B-galactosidase on Ultrogel AcA 54. Partially purified P-B-galactosidase from
the ion-exchange chromatography step was further purified by gel filtration. The solid line represents protein
concentration (absorbance at 280 nm [A,s,]), and the P-B-galactosidase activity is represented by closed circles
(@); the fractions containing P-B-galactosidase are shaded.
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observed in fully induced L. casei 64H Howev-
er, this seems to be due to the increased copy
number of recombinant plasmids in E. coli com-
pared with pLZ64 (data not shown).

Location of two genes, P-B-galactosidase and
““B”’, on the PstI B fragment. Plasmid-containing
minicells of E. coli x1849 were used to specifi-
cally label gene products encoded by the various
recombinant plasmids so that they could be iden-
tified by SDS-polyacrylamide gel electrophore-
sis and fluorography. Such a gel is shown in Fig.
6, and the results are also tabulated in Fig. 3.
The P-B-galactosidase-positive clones all
showed a protein of about 56,000 subunit molec-
ular weight (Fig. 6, lanes A through D), which
migrated identically with purified L. casei 64H
P-B-galactosidase visualized by Coomassie blue
staining (data not shown). Of P-B-galactosidase-
negative clones, strains with plasmids pLZ604,
pLZ603, pLZ608, pL.Z609, and pLZ607 lacked
the 56,000-molecular-weight band (Fig. 6, lanes
E through I), and the pLZ604 strain had a
46,000-molecular-weight band (Fig. 6, lane E).
Under the assumption that this last protein rep-
resents premature termination of the P-B-galac-
tosidase translation, we assigned the location
and transcriptional direction of the P-B-galacto-
sidase gene shown in Fig. 3. Several other bands
are visible in Fig. 6. The major B-lactamase
product (about 33,000 molecular weight) of
pBR322 is seen for pBR322 and the two recom-
binant plasmids that contain intact B-lactamase
genes, pLZ604 and pL.Z603 (Fig. 6, lanes E, F,
and J). Additionally, a 43,000-molecular-weight
product of what we call the B gene appears in
lysates of strains containing the plasmids
pLZ600, pLZ602, pLZ603, pLZ608, and pL.Z609
(Fig. 6, lanes A, C, F, G, and H). The band is
also seen faintly with the pLZ601 and pLZ607
strains (lanes B and I). The function of this gene
product is unknown. The levels of expression of
B seen in Fig. 6 indicated that orientation of the
gene in the vector plasmid affected its expres-
sion: in pLZ601 and pLZ607, expression was
negligible or reduced (see Fig. 3 and 6). These
data supported the location and transcriptional
direction for B shown in Fig. 3. The tetracycline
resistance gene product of pBR322 was too faint
to be visible in Fig. 6.

DISCUSSION

Data derived from curing (11) and conjugal
transfer (13) support the hypothesis that lactose
PEP:PTS and P-B-galactosidase are plasmid-
associated products in L. casei. The results
reported here directly demonstrate that the gene
coding for P-B-galactosidase is an integral part of
the L. casei lactose plasmid pLZ64, since a
portion of that plasmid directs synthesis of the
enzyme in E. coli. Of all of the fragments
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FIG. 6. Fluorograph, after SDS-polyacrylamide gel
electrophoresis, of radioactively labeled proteins from
E. coli x1849 minicells containing the following vari-
ous recombinant plasmids. Lane: A, pLZ600; B,
pLZ601; C, pLZ602; D, pLZ605; E, pLZ604; F,
pLZ603; G, pLZ608; H, pLZ609; 1, pLZ607; J, vector
plasmid pBR322. See Fig. 3 for descriptions of the
plasmids. Sizes of proteins, in kilodaltons, are indicat-
ed to the right.

identified in the clone bank, the 7.9-kb PstI B
fragment is the only one that contains the entire
P-B-galactosidase gene. A Hindlll site (see Fig.
6) interrupts the structural gene, and clones
containing the adjacent HindIII fragments did
not express P-B-galactosidase activity. One of
our deletion subclones produced a truncated
gene product, presumably from the P-B-galacto-
sidase gene (see pLZ604, Fig. 3 and 6); this
allowed us to estimate the position of the gene in
pLZ600. Using a physical map of pL.Z64 (unpub-
lished data), the gene can also be positioned on
the parent plasmid. In pLZ64, the largest
BamHI and EcoRI fragments contain the P-8-
galactosidase gene (unpublished data), but we
did not obtain those fragments in our clone bank
(Table 2).

Minicell analysis of our recombinant plasmids
revealed the presence of a second cloned gene
that encoded a 43-kilodalton product (Fig. 6).
We do not know whether this gene is involved in
lactose metabolism; the presence or absence of
its gene product had little effect on P-B-galacto-
sidase expression in E. coli. Other lactose me-
tabolism genes of pLLZ64 are apparently not in a
single transcriptional unit with P-B-galactosidase
and must map outside of the PstI B fragment in
pLZ64. This is consistent with the previously
observed lack of coordinate regulation of P-B-
galactosidase and the structural genes of the
lactose PEP:PTS (J. Thompson and B. Chassy,
unpublished results). Our attempts to screen our
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clone bank for lactose PEP:PTS activity were
unsuccessful; we also shotgun cloned into an E.
coli lactose deletion strain that contained a func-
tional tagatose 6-phosphate pathway (see Fig. 1)
cloned from S. mutans (Hansen et al., unpub-
lished data) but were unable to find a lactose-
positive transformant. There may be various
reasons for this: the genes may not be functional
or may be lethal when expressed, lactose metab-
olism genes on pL.Z64 may be dispersed so that
one fragment will not contain them all, or the
genes may be all contained on the largest
BamHI, EcoRI, and Pstl fragments of pLZ64
that we failed to clone (Fig. 2).

We do not know whether we have cloned a
repressor or activator gene of the P-B-galacto-
sidase gene. In E. coli clones, P-B-galactosidase
comprises as much as 1.5% of the soluble cellu-
lar protein. However, if this activity is normal-
ized with regard to the copy number of pL.Z600,
it is found to be about equal to the uninduced
level produced by pL.Z64 in L. casei, normalized
for copy number. Thiomethyl-B-D-galactoside
and lactose only slightly enhanced the expres-
sion of P-B-galactosidase by E. coli clones;
however, the actual in vivo inducer may be a B-
galactoside phosphate, which could only be pro-
duced by E. coli that contained a functional
cloned lactose PEP:PTS. We do not know
whether modulation of expression of P-B-galac-
tosidase in E. coli by thiomethyl-B-D-galactoside
and lactose is mediated through a repressor/acti-
vator system or post-transcriptional control
such as that observed for inducible erythromy-
cin resistance in gram-positive bacteria (29).

All of the foregoing discussion of levels of
expression depends on our interpretation of the
minicell experiments. We believe the data justify
the conclusion that the B gene product is tran-
scribed by read-through from promoters in
pBR322; levels of expression are orientation
dependent and are greatly enhanced by deletion
of the portion of DNA between the B-lactamase
promoters of pBR322 (P1 and P3 of Stiiber and
Bujard [46]) and the B structural gene (see Fig. 3
and 6). On the other hand, P-B-galactosidase
seems to be expressed from its own functional
promoter in E. coli; compared with the B prod-
uct, its level of expression is little affected by the
orientation or size of the insert.

With this initial study, we have started to
define the molecular genetics of lactose metabo-
lism in L. casei. Besides a preliminary report of
a cloned dihydrofolate reductase gene (16), it is
the only other example of expression of L. casei
genes in E. coli. Future work to better define the
system will be directed towards identifying the
lactose PEP:PTS genes of pLZ64 and determin-
ing the mechanism of regulation of lactose me-
tabolism genes by pL.Z64.
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