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Klebsiella strain RE1544 contains two lac operons, one on the chromosome
and one on a lac plasmid. A mutant of RE1544, in which the lacZ genes of both
operons produce no active enzyme, was found to synthesize a f3-galactosidase
that hydrolyzes ortho-nitrophenyl-,8-D-galactopyranoside but not lactose. Syn-
thesis of this f3-galactosidase (BGase-III) is induced by lactose but not by
isopropyl-l-thio-(3-D-galactopyranoside or methyl-,8-D-thiogalactopyranoside. In
both the regulation of synthesis and substrate specificity, BGase-III strongly
resembles the ebg° enzyme of Escherichia coli. Nevertheless, by the criteria of
immunological cross-reactivity and subunit molecular weight, BGase-III is not
related to the ebg° enzyme.

Many wild strains of Klebsiella species con-
tain two lac operons, one plasmid-borne and
one on the chromosome, each of which enables
the host organism to grow on lactose as a sole
carbon source (12). The plasmid operon is
highly efficient and is very closely related to
(and probably derived from) the lac operon of
Escherichia coli (4, 13). The chromosomal lac
operon is of lower efficiency and strains that
have lost the lac plasmid are weakly positive in
their phenotype on MacConkey lactose agar,
contain about 10% as much 83-galactosidase ac-
tivity as plasmid-bearing cells (12), and grow
more slowly than the latter on lactose as a sole
carbon source (2; E. C. R. Reeve, unpublished
observations).
We have examined the properties of a

strongly lactose-negative mutant of a Klebsi-
ella strain that does not express either the plas-
mid or chromosomal lacZ genes. This mutant
synthesizes an enzyme that shares many prop-
erties with the ebg° enzyme ofE. coli. The ebg°
enzyme is the second 18-galactosidase of E. coli
(10), which is active on the synthetic galacto-
side ortho-nitrophenyl-,8-D-galactopyranoside
(ONPG), but virtually inactive on the natural
,3-galactoside lactose.

MATERIALS AND METHODS
Strains used. Strain RE1755 is a lactose-negative

mutant of the Klebsiella strain RE1544, in which
both the plasmid-borne and the chromosomal lac
operons produce no active ,B-galactosidase (11). This

t Present address: Biological Sciences Group, Microbiol-
ogy Section, U-44, University of Connecticut, Storrs, CT
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strain is not designated specifically K. pneumoniae
or K. aerogenes because of the lack of agreement
among different authorities as to what should be
included in these taxonomic groups. Strain lBl is an
HfrC, spc ebgR ebgA° lacZAw4680 strain of Esche-
richia coli K-12 (9). Strain lB1 synthesizes ebg° en-
zyme constitutively.
Media and culture conditions. The minimal me-

dium for E. coli was described previously (8). The
minimal medium for Klebsiella was identical except
that it contained no citrate but did contain 0.05%
NaCl. Carbon sources were, as indicated, 1% sodium
succinate, 0.2% glycerol, or 0.5% melibiose. Cul-
tures were maintained at 37'C with constant vigor-
ous aeration. The buffers used for enzyme puri-
fication were potassium phosphate, pH 7.5, and have
been described elsewhere (5). Antibody buffer was
0.025 M potassium phosphate (pH 7.5), 0.1 M NaCl,
and 1% glycerol.

Cell extracts. Extracts were prepared by grinding
the cells with alumina and precipitating the nucleic
acids with streptomycin as previously described (5).
Enzyme assays. The assay for ONPG hydrolysis

was described elsewhere (9), as was the assay for
lactose hydrolysis (5). For both assays, 1 U equals
the hydrolysis of 1 nm of substrate per min in 0.125
M potassium phosphate buffer, pH 7.5, containing 5
mM Mg2+, at 37°C. Protein concentrations were de-
termined from the absorbance at 255 nm as previ-
ously described (9).

Polyacrylamide gel electrophoresis in sodium do-
decyl sulfate (SDS) was carried out as previously
described (5).

Preparation of anti-ebg0-IgG. Adult male New
Zealand White rabbits were injected intramuscu-
larly with 1.0 mg of pure ebg° enzyme (purified as in
[5]) emulsified in Freund complete adjuvant (Difco).
A second identical injection was administered 35
days later, and the rabbits were bled on day 63. The
clotted blood was centrifuged at 15,000 x g for 20
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min after standing overnight at 60C, and the super-

natant was retained. The supernatant was adjusted
to 50% saturation with saturated, neutralized am-
monium sulfate, stirred for 20 min in ice, and centri-
fuged at 30,000. x g for 20 min at 4°C. The pellet was
dissolved in the original volume of antibody buffer
and adjusted to 40% saturation with ammonium
sulfate. The resulting precipitate was centrifuged,
and the pellet was suspended in one-half the origi-
nal volume of antibody buffer and dialyzed over-

night against 100 volumes of antibody buffer. The
protein concentration was adjusted to 8 mg/ml, and
the anti-ebg°-immunoglobulin G (IgG) was stored
frozen in small portions.

Immunoprecipitation of enzyme activity. Fifty
microliters of an extract (which had been diluted to
an appropriate enzyme concentration with antibody
buffer) was mixed with the indicated volumes (see
Table 2) of anti-ebg°-IgG and allowed to stand for 8 h
at 60C. The indicated volume of commercial goat
anti-rabbit-immunoglobulin antiserum (Calbi-
ochem) was added; the volume was adjusted to a

total of 0.4 ml, and the preparation was allowed to
stand overnight at 60C. On the next day, the mix-
ture was centrifuged for 2 min in a Beckman Micro-
fuge in the cold. The supernatant was withdrawn
and assayed for enzyme activity. The pellet was
washed twice in cold antibody buffer and suspended
in 0.2 ml of antibody buffer, and the suspension was
assayed for enzyme activity.

RESULTS

Strain RE1755 arose spontaneously as a com-
pletely lactose-negative mutant of Klebsiella
strain RE1544, which produces both a plasmid-
specified /8-galactosidase (BGase-I) and a chro-
mosomally specified (8-galactosidase (BGase-
II). RE1755 does not synthesize either BGase-I
or BGase-II (at least in an active form), cannot
grow on lactose, and has not reverted to lac+ in
large-scale selection experiments (11; unpub-
lished data). This mutant is thought to have
arisen through recombination between the
chromosomal and plasmid-borne lac operons of
RE1544, with loss or inactivation of both lac
genes, and behaves like lacZ deletion strains of
E. coli.

Studies of lacZ deletion strains of E. coli
have shown that E. coli synthesizes a second /3-

galactosidase, which is active on the synthetic
galactoside ONPG, but virtually inactive on
lactose (10). This second ,3-galactosidase is the
ebg° enzyme, and it is the product of the ebgA°
gene located at 66 min on the recalibrated map
of E. coli (1, 9). The ebg° enzyme has physical
and kinetic properties very different from the
lacZ /8-galactosidase (5), but the most striking
difference between ebgA and lacZ lies in the
regulation oftheir expression. Synthesis ofebg°
enzyme is induced by growth in the presence of
lactose (10), but it is not induced by common
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powerful inducers of the lacZ gene such as iso-
propyl-1-thio-,3-r-galactoside (IPTG), methyl-
,3-D-thiogalactoside (TMG), glycerolgalacto-
side, or melibiose (7). Because it is not an effec-
tive substrate of ebg° enzyme, lactose may be
considered a gratuitous inducer of the ebgA°
gene.
Because of the formal analogy between Kleb-

siella strain RE1755 and lacZ deletion strains of
E. coli, we examined RE1755 to determine
whether it synthesized an ebg°-like enzyme.

Synthesis of BGase-III. Table 1 shows the ,8-
galactosidase levels of strain RE1755 grown in
succinate minimal medium with various galac-
tosides present. Lactose alone induces synthe-
sis of this (-galactosidase. Thiogalactosides,
which are powerful inducers of both BGase-I
and BGase-II in Klebsiella (13), fail to induce
synthesis of the 8-galactosidase that we shall
refer to as BGase-III. Even fully induced cul-
tures of RE1755 are incapable of growing on
lactose as a sole carbon source. Thus, strain
RE1755 closely resembles lacZ deletion strains
of E. coli in that (i) it synthesizes a 83-galacto-
sidase (BGase-III), which is quite active toward
ONPG, but which does not hydrolyze lactose
effectively; and (ii) synthesis of BGase-III is
induced by lactose, but not by IPTG or TMG.
From Table 1 it is evident that RE1755 can
accumulate lactose, so that it must possess
some permease capable of transporting lactose.
The origin ofthat permease is not yet known.
The regulation of BGase-III is clearly distinct

from that of either the plasmid or chromosomal
lac operons ofKlebsiella. IPTG (10-4 M) induces
the chromosomal operon about 30-fold, and the
plasmid operon about 60-fold, over basal level
(13), whereas 10-4 M IPTG fails to induce
BGase-III at all. To be sure that the BGase-III
repressor does not respond to thiogalactosides,
we assayed RE1755 grown in glycerol plus 10-3
M thiogalactosides. Table 1 shows the results of
this experiment. No significant induction was

TABLE 1. BGase-III activity in extracts of strain
RE1 755

Carbon source Addition U/mg"
Succinate None 12.4 ± 1.4

2 x 10-4 M IPTG 14.4 3.4
10-4 M TMG 21.9 ± 9.7
0.5% Lactose 2,150 ± 410

Glycerol None 10.8
10-3 M IPTG 28.0
10-3 M TMG 22.4

Melibiose None 24.3 ± 3.3

a Values + 95% confidence intervals.



KLEBSIELLA f3-GALACTOSIDASE 221

observed even at these very high thiogalacto-
side concentrations.
An important distinction between the repres-

sors of the chromosomal and plasmid lac op-
erons of Klebsiella is that the plasmid lac op-
eron is strongly induced by melibiose, but the
chromosomal lac operon is not induced by meli-
biose; indeed, it is repressed (13). Table 1 shows
that BGase-III synthesis is not significantly in-
duced by growth on melibiose. In this respect,
the BGase-III repressor is like the ebg repressor
(ebgR gene product) of E. coli, which is also
insensitive to melibiose as an inducer (7).
Immunological comparison of BGase-III

with ebg°. The similarities between the ebg°
enzyme ofE. coli and BGase-III, both in terms
of activity and of regulation, led us to experi-
ments designed to explore the question of their
molecular similarity. Antibody was prepared
against ebg° enzyme, which had already been
purified (5). Double-diffusion tests of extracts of
induced RE1755 versus anti-ebg° enzyme IgG
failed to reveal any precipitin lines, although
precipitin lines were observed on the same
plates close to wells containing extracts of an
induced IacZ deletion strain ofE. coli and wells
containing pure ebg° enzyme (controls showed
no precipitin lines when the anti-ebg0-IgG was

tested against an uninduced extract, or an ex-
tract of a ebgA deletion strain).
The failure to detect a reaction between

BGase-III and anti-ebg°-IgG might have re-

sulted from low concentrations of enzyme (in
spite of its high activity) in the extracts. We
therefore compared the ability of anti-ebg°-IgG
to precipitate BGase-III activity with its ability
to precipitate ebg° activity in the test tube.
Since our procedure employed a second anti-
body, goat-anti-rabbit-IgG, to precipitate en-
zyme-antibody complexes, the relative concen-
trations of antigen and antibody were not criti-
cal. Table 2 clearly shows that anti-ebg°-IgG

fails to bind BGase-III enzyme. The failure to
detect any cross-reaction between ebg° enzyme
and BGase-III was surprising in light of the
similarities discussed; we therefore felt it nec-
essary to purify and further characterize
BGase-Ill enzyme.

Purification of BGase-III enzyme. Thirty
liters of RE1755 culture grown in succinate
minimal medium plus lactose was harvested
near the end of the exponential growth phase.
All further operations were carried out at 60C.
An extract was prepared and brought to 40%
saturation with (NH4)2So4 by the dropwise ad-
dition of neutralized saturated ammonium sul-
fate while stirring at 6°C. The solution was
allowed to stand for 20 min in ice, and was then
centrifuged for 20 min at 35,000 x g at 4°C. The
pellet was gently dissolved in buffer A-125 (see
Materials and Methods), and the solution was
applied to a column (5 by 60 cm) of Bio-Gel
A1.5M (an agarose molecular sieve with a frac-
tionation range of 60,000 to 1,500,000 daltons).
The column was eluted by the upward-flow
technique with buffer A-125 at a flow rate of 2
ml/min, and 300-drop fractions (about 18 ml)
were collected. The fractions with the highest
specific activity were pooled. The pool was con-
centrated by precipitation with 60% (NH4)2SO4,
and the pellet formed after centrifugation was
suspended in and dialyzed overnight against
buffer A-5 (see Materials and Methods). The
dialyzed solution was applied to a column (2.5
by 20 cm) of hydroxylapatite type III (Sigma
Chemical Co.). The column was washed with
200 ml of buffer A-5, and 300-drop fractions
were collected. Activity was present in frac-
tions 5 and 6. (The column was further eluted
with a 5 to 50 mM phosphate gradient, but no
further activity was eluted.) The specific activi-
ties of each step in the purification are given in
Table 3.

Portions of fractions 5 and 6 were applied to

TABLE 2. Immunoprecipitation of ,-galactosidase activity with anti-ebg°-IgG

Extract Enzyme IgG (pA) GARGG"(Ia)(U) % of activity inSUpentn Pelt() supernatant

lB1 ebgo 0 0 750 Nb 100
0 160 720 N 95
5 40 400 170 53
10 80 290 250 38
20 160 60 590 8

RE1755 BGase-III 0 0 410 N 100
0 160 400 N 98
5 40 400 0 99
10 80 410 0 100
20 160 410 0 100

a GARGG, Goat anti-rabbit immunoglobulin antiserum.
N, No pellet present.
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TABLE 3. Purification ofBGase-III

Activity Protein Sp act Enrich- RecoveryStep (U/mi) (mg/mi) (U/mg) ment Total U
(-fold)

Crude extract 59,200 32 1,860 3,060,000 100
First (NH4)2S04 precipitation 175,000 25 7,030 3.8 3,170,000 103
Bio-Geil pool 15,400 1.4 10,800 5.8 1,360,000 45
Second (NH4)2SO4 precipitation 136,000 9.5 14,300 7.7 1,330,000 43
Hydroxylapatite
Fraction 5 30,000 0.23 132,000 71 528,000 17
Fraction 6 19,800 0.17 115,000 62 346,000 11

SDS-polyacrylamide gels to determine the puri-
ties of these fractions (Fig. 1). Fraction five is
seen to be pure BGase-III, and fraction 6 is seen
to be 87.8% pure, as calculated from the areas
under the curves. This value is in good agree-
ment with the ratio of specific activities of frac-
tions six and five (6/5 = 0.871).

Characterization of BGase-III enzyme. We
have estimated the molecular weight of the
BGase-III subunit from mobility on SDS-poly-
acrylamide gels. From the mobility of BGase-
III, and the mobility of several proteins of
known subunit molecular weight, we conclude
that BGase-III has a subunit molecular weight
of about 68,000.
We also examined the kinetic properties of

BGase-III enzyme on the two substrates ONPG
and lactose. Table 4, which shows the results of
these measurements, also gives the properties
of ebg° enzyme for comparison (5). It is seen
that BGase-III and ebg° enzyme are qualita-
tively similar in that both are very active on
ONPG, but have little activity toward lactose;
however, the detailed kinetic parameters are
very different. We have tested the activity of
purified BGase-III toward ONP-a-galactopy-
ranoside and toward ONP-,8-glucoside. The en-
zyme is completely inactive toward these sub-
strates, a property that it has in common with
ebg° enzyme (B. G. Hall, unpublished observa-
tions).

DISCUSSION
Klebsiella strain RE1755 appears to be very

similar to lacZ deletion strains ofE. coli in that
it has completely lost the ability to utilize lac-
tose as a carbon source, yet it synthesizes a f3-
galactosidase that is induced by lactose and is
specific for ONPG as a substrate. Because Kleb-
siella and E. coli are closely related (14), one
would expect that the two enzymes BGase-III
and ebg° enzyme would be closely related homo-
logs. The similarity of the regulation of the two
enzymes served to reenforce this view. Compar-
ison of the BGase-III enzyme with the ebg°

A

k. -~-I W_ LA-
FIG. 1. Densitometer traces of SDS-7.5% poly-

acrylamide gels at 600 nm. In each panel, the top of
the gel is at the left. (A) Thirty micrograms of frac-
tion 5; (B) 30 Mg of fraction 6. Coomassie brilliant
blue stained.

TABLE 4. Comparison ofproperties of/-
galactosidase

Enzyme

Property e-Galacto-
BaeIIebg0 n sidase

enzyme zyme (lacZ gene
product)

Km ONPG (mM) 34 160 0.16
Km lactose (mM) 29 1,200 2
Vma, ONPG 990,000 340,000 134,000
Vmaz lactose 420 1,900 9,000
Subunit molecular 68,000 120,000 135,000
weight

Cross-reaction with None Strong None
anti-ebg° anti-
body

enzyme of E. coli, however, has clearly shown
that they are unrelated.

First, the kinetic properties of BGase-III of
Klebsiella are different from those of ebg° en-
zyme of E. coli, as summarized in Table 4.
Although both BGase-III and ebg° enzyme can-
not hydrolyze lactose efficiently, the efficiencies
of hydrolysis of ONPG compared with those of
lactose are different from each other and from
BGase-I (lacZ gene product), as indicated by
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the ratio of Vmar(ONPG)/Vmar(lactose). This ra-
tio is 2,400 for BGase-III, compared with 180 for
ebg° enzyme and 14.9 for ,B-galactosidase (15).
Likewise, the Km values for lactose and ONPG
of BGase-III are substantially different from
those of ebg° enzyme and f-galactosidase (15)
(Table 4).
A second major difference between BGase-III

and ebg° enzyme is the molecular weight of
their subunits. BGase-III has a subunit molecu-
lar weight of 68,000, wherease ebg° enzyme has
a subunit molecular weight of 120,000 (5). Like-
wise, BGase-III is very different from f-galac-
tosidase enzyme ofE. coli (and BGase-I ofKleb-
siella), which have subunit molecular weights
of 135,000 (3).

Third, anti-ebg0 antibody does not cross-react
with BGase-III.
The function of ebg° enzyme in E. coli is

unknown, but the similarity of subunit sizes
has led to the speculation that it may be ances-
trally related to the lacZ enzyme (5). ebg° en-
zyme can be altered by a single mutation to a
form that hydrolyzes lactose effectively enough
to permit lactose utilization (6). Likewise, the
function of BGase-III enzyme in Klebsiella is
unknown, and it remains to be determined
whether or not it can be mutated to hydrolyze
lactose effectively.
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