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We describe the genetic analysis of 21 Escherichia coli strains in which the
amino-terminal sequence of B-galactosidase has been removed and replaced by
an amino-terminal sequence from one or another of the proteins involved in
maltose transport. Genetic mapping of the lacZ end of these fused genes indicates
that only those fusions in which fewer than 41 amino acids are removed from the

" amino-terminal sequence of S-galactosidase result in enzymatically active mole-
cules. Within the region between amino acid 17 and amino acid 41 there are at
least four or five sites where enzymatically active hybrid proteins can be formed.

One of the postulated mechanisms of genetic
evolution is the fusion of two genes to create
new “hybrid” genes. In the case of fusions be-
tween two genes which code for proteins, new
hybrid proteins are produced. These gene fusion
events can thus potentially generate new enzy-
matic activities, can give rise to bifunctional
proteins which confer some selective advantage,
or can alter the localization of one of the proteins
involved. One example of a possible protein fu-
sion with evolutionary significance is the varia-
tion among microbes in the structure of the
enzyme tryptophan synthetase. In a number of
procaryotes, including Escherichia coli, trypto-
phan synthetase is composed of two distinct
polypeptide chains, each one exhibiting its own
specific enzymatic activity. In contrast, in other
organisms, ‘including Neurospora crassa, tryp-
tophan synthetase activity is found in a single
polypeptide chain, which still also shows exactly
the same two enzymatic activities (21). It may
be that in evolution a gene fusion event gener-
ated a single gene from the two independent
genes found in procaryotes.

One of the best studied cases of gene fusions
involves the generation in the laboratory of hy-
brid proteins between the E. coli enzyme f-
galactosidase and other E. coli proteins. The
enzyme B-galactosidase is a tetramer made up
of monomers of molecular weight of approxi-
mately 116,000 (7, 8). Two lines of evidence
demonstrate that a significant portion of the
amino-terminal sequence of B-galactosidase is
not essential for enzyme activity. First, it was
shown by Accolla and Celada (1) that the enzy-

matically inactive protein produced by a lacZ
deletion mutant, M15, could, in the presence of
antibody to pB-galactosidase, become active
again. M15 removes DNA sequences corre-
sponding to amino acids 11 to 41 of the protein
(11). It is hypothesized that this portion of the
protein may be essential for activity only in
providing a stable structure for the tetramer.
Secondly, Miiller-Hill and Kania (14) showed
that it is possible to remove a portion of the
amino-terminal sequence of B-galactosidase and
replace it with the amino-terminal sequence of
another protein and still retain enzymatic activ-
ity. In this case, the substitute peptide was de-
rived from the lactose repressor, the product of
the lacl gene. Differing lengths of the repressor
protein could be attached to B-galactosidase
with enzymatic activity still being retained. In
fact, in many cases, a hybrid bifunctional protein
was produced which contained enough of the

“lacI gene product that it exhibited both repres-

13

sor and B-galactosidase activity (13, 14).

The technique used by Miiller-Hill and Kania
to select for hybrid B-galactosidase molecules
involved the use of a strain carrying the lacZ
ochre mutation U118. This mutation alters the
codon corresponding to amino acid 17 in the
normal B-galactosidase monomer (22). Among
revertants to lac* of strains carrying the U118
mutation are ones due to deletions which remove
the early portion of the lacZ gene, including the
U118 site, the lacP, and O sites, and fuse the
remainder of the lacZ gene to a point within the
lacl gene. Casadaban (5) extended the range of
possibilities with this technique, by developing
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a means of transposing the lac region to desig-
nated sites on the E. coli chromosome. Using a
lac region carrying the U118 mutation in such
experiments, he was able to detect protein fu-
sions of B-galactosidase to the product of the
araB gene, L-ribulokinase. This approach has
now been used to isolate a number of such
protein fusions (see, for example, 3, 18, 19).

It has been possible to restore enzymatic ac-
tivity to B-galactosidase by substituting its
amino-terminal sequence with the amino ter-
minus of a variety of proteins with very different
properties: an outer membrane protein—namely
the bacteriophage A receptor (19); two peri-
plasmic proteins—the maltose-binding protein
and alkaline phosphatase (3; A. V. Sarthy and J.
R. Beckwith, unpublished results); a cytoplasmic
enzyme (araB); and a cytoplasmic DNA binding
protein—the lactose repressor (13, 14). In several
cases, the cellular location of 8-galactosidase was

- altered. Thus, it appears that the amino-termi-
nal sequence of nearly any protein is sufficient
to restore enzymatic activity to a 8-galactosidase
molecule with its own amino terminus removed.

One question concerning these hybrid proteins
is how much of the amino-terminal sequence of
B-galactosidase can be removed and substituted
for and still have activity retained. Another
question is whether fusion points between the
two proteins are limited to one or a few positions
within the amino-terminal sequence of B-galac-
tosidase, or can they be anywhere within this
particular region. It is clear already from the
properties of the deletion strain M15, which in
the absence of antibody exhibits absolutely no
enzymatic activity, that one cannot simply re-
move a portion of this region and retain activity.
Furthermore, Kania and Miiller-Hill (in H. Bis-
wanger and E. M. Schimke-Ott, ed., Multifunc-
tional Proteins, in press), have presented evi-
dence that it may be impossible to fuse a lacZ
gene carrying the M15 mutation to another gene
and restore S-galactosidase activity.

In this paper, we present genetic studies which
confirm that the amino-terminal sequence of 8-
galactosidase is removed in the strains which are
producing hybrid B8-galactosidase molecules. In
addition, our results indicate that there are a
number of different possible sites of fusion joints
in the lacZ gene in various hybrid proteins.

MATERIALS AND METHODS

Bacterial strains. Bacterial strains used are listed
in Table 1.

Media and chemicals. Media and chemicals used
are described elsewhere (12).

LacZ mapping—approach 1. Diploid strains
carrying fusions on the chromosome and F'lac pro
episomes with various mutations were constructed as
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TABLE 1. Bacterial strains

Strain Genotype

E7151.1 F'lacZ2 lacI3 proA*B* /A (lac-proAB)
XIII recA supE nalA

E7153.1 F'lacZ131 proA*B* /A(lac-proAB)XIII
recA supE nalA

E7154.1 F’'lacZ84 proA*B* /A(lac-proAB)XIII
recA supE nalA

E7155.1 F'lacZw proA*B* /A(lac-proAB)XIIT
recA supE nalA

E7089.2 F'lacZ118 proA*B*/A(lac-proAB)XIII
recA supE nalA

X7131 F~A(lac-proAB)XIII val” rpsE

MC4100 F~araD139 Alac169 rpsL relA thiA

2 Fusion strains are all in MC4100 background. Gene
abbreviations are according to Bachmann et al. (2).

follows. The donor strains carrying different F'lacZ
pro episomes were mated with the fusion strains for 1
h, and dilutions were spread on LB agar containing
streptomycin. Since there was no way to select for
those clones which had received the F’, a number of
colonies from the selective agar were tested for their
ability to transfer the pro* marker to another recipi-
ent, X7131. The latter strain was spectinomycin re-
sistant, which permits selection against the fusion-
derivative strains, which were spectinomycin sensitive.
Those derivatives of the fusion strain which carried
the F’ factor were purified, grown up in broth culture,
and crossed with X7131 to detect any Lac* recombi-
nant F' factors which arose from recombination be-
tween the lacZ point mutation and the fusion deletion.
These were detected as Lac* spectinomycin-resistant
colonies on selective media.

In a number of cases, a very low frequency of
apparent Lac* recombinants was observed in cases
where we expected none. One explanation for these
anomalous recoinbinants was that the fusion itself was
being transferred by F’ mobilization of the chromo-
some into the recipient. If this were the case, one
would expect that the 8-galactosidase in such recom-
binants would not be inducible by isopropyl-B-D-thio-
galactoside and that the recombinants would be Mal ™.
Therefore, in all such cases, Lac* recombinant colonies
were picked from the selective media and streaked on
appropriate indicator media to determine their induc-
ibility properties. In many cases, recombinants were
detected which were Mal™ and not isopropyl-B-D-thio-
galactoside inducible.

Lac mapping—approach 2. Isolation of malT
mutants in mal-lac fusion strains. A direct selec-
tion for malT mutants exists. Among mutants selected
for resistance to bacteriophage A, a high proportion
are malT. This result is attributable to the fact that
the A receptor protein, product of the lamB gene, is
under maltose control (16). In the case of fusions of
lacZ to malE and malF, direct selection of A-resistant
derivatives using Avir often yielded mutants with
greatly reduced rates of B-galactosidase synthesis ex-
hibiting a Lac™ phenotype. These were presumed to
be malT mutations. Only malT mutations with low
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reversion frequencies were used. In the case of fusions
of lacZ to lamB, the strains are already A resistant, so
that this direct selection for malT cannot be employed.
However, it is possible in these cases to transfer the
fusion into a malT background. Since fusions are
isolated by a procedure which results in the fused
operon being located adjacent to a A phage, UV irra-
diation of such strains yields A transducing phages
carrying the fusion. Such transducing phages can then
be used to lysogenize a malT strain. Even though
these latter strains are A resistant, the phage can be
introduced by phenotypic mixing with phage ¢80 (19).

Diploids of the character F'lacZ pro*/lacZ-fusion,
malT, were constructed by the same techniques as in
approach 1. These diploids were grown up overnight
in L broth, and 0.03 ml was dropped onto a lactose-
minimal agar. Lac* recombinants were counted after
3 days. In both approaches, all crosses were done at
least in duplicate.

RESULTS

We have described a series of strains which
were presumed to produce protein hybrids be-
tween f-galactosidase and one or another of
several proteins involved in maltose transport

HYBRID B-GALACTOSIDASE MOLECULES
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(3, 18, 19). The genes coding for the proteins of
the maltose transport system are clustered in
the malB region of the bacterial chromosome.
Five such genes have been found in this region.
They are clustered in two operons transcribed
in opposite directions from the same controlling
element region (9). The lamB gene codes for an
outer membrane protein which acts both as a
receptor for bacteriophage A and is a component
of the maltose transport system (16, 20). The
malE gene codes for a periplasmic maltose-bind-
ing protein (10), and the malF gene codes for a
cytoplasmic membrane protein essential for mal-
tose transport. The malK (9) and malG (Silhavy
et al., unpublished results) genes, whose prod-
ucts have not been identified, are also essential
for maltose transport.

The strains carrying fusions between lacZ and
mal genes are listed in Table 2. In all cases, an
amino-terminal portion of B-galactosidase is
thought to be removed and replaced by an
amino-terminal sequence from one of the mal-
tose-specific proteins. In work described below,

TABLE 2. Recombination of lacZ mutations with lacZ-mal fusions*®

Lac mutations

. Gene to which
Fusion A
U131 2 X84 " uns lacZ is fused"
41-4 +++ - - NT - malE
11-1 +++ - - NT - malF
3-21 +++ - - NT - malE
11-3 +++ - - NT - malF
69-1 +++ - - NT - malG
62-37 +++ + - NT - malE
53-1 +++ + - NT - malF
57-1 +++ + - NT - malF
66-2 +++ + - NT - malF
57-3 +++ + - NT - malF
72-47 +++ ++ - NT - malE
4-1 +++ ++ - NT - malE
14-4 +++ ++ - NT - malF
179-3 +++ ++ - NT - malE
4-81 +++ ++ - NT - malE
41-2 malF
42-1 +++ ++ + - - lamB
72-27 +++ ++ + - - malE
6-3 +++ ++ + - - malF
62-20 +++ ++ + + - malE
11-2 +++ ++ + + - malF
179-7 +++ +++ +++ +++ +++ malE

“ Recombination frequencies are indicated by the symbols as follows: +++, greater than 10™® Lac* recombi-
nants per diploid; ++, approximately 107%, +, between 6 X 10~® and 2 X 10™7; —, less than 5 X 107%. Frequencies
below 5 X 10® are comparable to reversion frequencies. Those fusions which have been described elsewhere are
11-1 (MCA4416, ref. 18); 42-1 (42-1 or pop3186, ref. 19); 41-4, 4-81, 72-47, 62-37 and 179-3 (ref. 3). NT, Not tested.

All fusions are in the MC4100 background (5).

® The appropriate mal gene was determined by genetic mapping and complementation studies.
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we have taken each of these strains and by
genetic crosses demonstrated that, in fact, a
portion of the lacZ gene corresponding to the
amino terminus of the protein has been re-
moved.

Approach 1. Both approaches involve cross-
ing into fusion strains F’ plasmids carrying lacZ
mutations located early in the gene, and then
determining whether Lac* recombinants can
arise in these diploids for the lac region. Since
the original fusion strains were selected for their
Lac* phenotype, it is, in most cases, difficult to
seek Lac* recombinants in the diploid strains
themselves. Therefore, in our first approach we
detect those F’ plasmids which have become
Lac*, due to a recombination with the fusion, by
transferring these plasmids into another strain
which is Lac™ (see Materials and Methods).
F'lac pro plasmids carrying the early lacZ mu-
tants, U118, w, X84, 2, and U131 (Fig. 1), were
crossed into recipient strains carrying a mal-
lacZ hybrid. Such lac diploid clones were then
crossed with a recipient strain which carried a
total deletion of the lac region to detect Lac*
recombinants.

This approach can be used for the mapping of
the lacZ end of any protein fusion deletion.
However, we developed a more convenient
method for characterizing these strains subse-
quently. The data obtained with approach 1
(unpublished results) are all consistent with data
presented below. The above details are included
because the approach is of more general appli-
cability than approach 2.

Approach 2. To avoid the requirement for
two bacterial crosses for each lacZ mapping
experiment involved in approach 1, we have
developed an alternative approach which is
made possible by knowledge of the mechanism
of regulation of the maltose genes. The proteins
of maltose metabolism are regulated by the
product of the malT gene which is a positive
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F16. 1. lacZ endpoints of deletions which fuse B-
galactosidase to maltose transport proteins. The map
order of the lacZ point mutations was described pre-
viously (15, 17). The U131 mutation has been shown
not to recombine with the M15 deletion (Brickman
and Beckwith, unpublished results). The numbers in
the different deletion intervals are the total numbers
of fusions with endpoints in that interval. This map
is not drawn to scale.
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control activator protein (6). Mutations which
inactivate this gene result in non-inducibility for
the mal genes and a Mal™ phenotype. When
malT mutations are introduced into mal-lac
fusions strains, the strains become Lac™.

malT mutations were isolated in all of the
mal-lac fusion strains as described in Materials
and Methods. These phenotypically Lac™ deriv-
atives of the fusions were then crossed with the
same series of early lac point mutations carried
by F’ plasmids. Diploids which were heterozy-
gous for the lac region (lac™ point mutant/mal-
lac fusion) were detected and purified. The fre-
quency of Lac* recombinants in these diploids
was then measured. i

The results of the crosses when done by both
approaches were similar. These results using
approach 2 are presented in Table 2 and Fig. 1.
In all but one case, fusion 179-7, a presumed
malE-lacZ protein fusion, we were unable to
obtain Lac* recombinants with the lacZ muta-
tion U118. In contrast, fusion 179-7 yielded re-
combinants with all lacZ mutations tested, in-
cluding U118. We believe that, in this case, the
Lac* character is due, in part, to the reversion
of the U118 mutation, and that no hybrid protein
is produced in this strain.

DISCUSSION

The technique developed by Miiller-Hill and
Kania (14) permitted the isolation of hybrid
proteins between S-galactosidase and the lactose
repressor. In one case, the hybrid nature of the
protein product was directly demonstrated by
the ability of the hybrid protein to interact with
antibodies to both repressor and 8-galactosidase
and more recently by amino acid sequence anal-
ysis (4). In the case of mal-lac fusion strains, we
have presented several lines of evidence suggest-
ing that hybrid proteins are being produced. In
many cases, the subcellular location of -galac-
tosidase is altered by the fusion event, indicating
its covalent attachment to a portion of another
protein (3, 18, 19). In addition, many presumed
protein fusion strains produce proteins of higher
molecular weight than S-galactosidase which ap-
pear to be the product of the hybrid gene (3, 18,
19). Finally, in one case (fusion 11-1, Table 2),
we have demonstrated that a particular purified
hybrid protein has antigenic determinants of
both the malF gene product and 8-galactosidase
(H. A. Shuman and J. R. Beckwith, unpublished
results).

In this paper we present genetic evidence that, -
in all but one of the presumed protein fusion
strains which we have tested, the portion of the
lacZ gene corresponding to the amino-terminal
sequence of B-galactosidase has been deleted.
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These results provide further evidence for our
assumption that the hybrid proteins we are
studying are indeed covalent fusions of B-galac-
tosidase with amino-terminal sequences of dif-
ferent maltose transport proteins.

Protein fusions occur as very rare deletion
events in the strains in which they are selected.
Considering this low frequency, it seemed pos-
sible that, in some cases, Lac* derivatives of the
starting strains might arise as the result of dou-
ble events: i.e., a reversion of the U118 mutation
and a deletion which did not extend into the
lacZ gene but which generated a fusion with an
intact lacZ gene. In fact, of 22 presumed protein
fusions examined, one (179-7) appears to be due
to just such a double event. Thus, if one is to
use presumed protein fusion strains for any sort
of analysis, it is important to have some direct
evidence, genetic or otherwise, that the strain is
indeed what it is thought to be. The genetic
mapping techniques described here could be em-
ployed.

An analogous technique to approach 2 used in
this paper to map mal-lacZ fusions can be used
in those systems where it is possible to introduce
regulatory mutations similar to malT into the
fusion strains. Miiller-Hill and Kania (14) have
done preliminary mapping of a lacI-Z fusion in
this way. In addition, we have mapped the lacZ
end of protein fusions of lacZ to the phoA gene
(structural gene for alkaline phosphatase) by
introducing phoB mutations into the strain
which result in loss of expression of phoA (Sar-
thy and Beckwith, unpublished results). How-
ever, in cases where no such regulatory muta-
tions exist for a particular pathway, approach 1
can be used for mapping.

The genetic mapping data give some infor-
mation on the amount of S-galactosidase which
is removed by deletions which generate protein
fusions. A number of these deletions remove the
sites corresponding to the early lacZ mutations,
U118, w, X84, and 2. The lacZ U118 mutation
occurs at a site corresponding to amino acid 17
in B-galactosidase (22). None of the fusion dele-
tions remove the region corresponding to the
U131 mutation. In addition, all the fusions give
considerably higher recombination frequencies
with the U131 mutation than with any of the
other mutations. An internal lacZ deletion, M15,
removes sites corresponding to all five of these
mutations and is known to end at a position in
the gene corresponding to amino acid 41 (11).
These frequencies suggest that the U131 site is
located at a considerable distance from the other
four mutations (see Fig. 1). It appears that re-
moval of this site by a deletion event which fuses
lacZ to another gene cannot generate an active

HYBRID B8-GALACTOSIDASE MOLECULES = 17

B-galactosidase. This result, together with the
finding that active hybrid proteins cannot be
obtained from strains which carry the M15 dele-
tion, indicate that fusion endpoints rarely, if
ever, extend as far as amino acid 41 in B-galac-
tosidase. The lacI-Z hybrid endpoint deter-
mined by amino acid sequence analysis is be-
tween amino acid positions 23 and 24 of B-galac-
tosidase (4).

The map of deletion endpoints shown in Fig.
1 must be somewhat qualified since we are deal-
ing with very low recombination frequencies.
The different mutations alter nucleotide se-
quences within a relatively small region. How-
ever, it still does appear that, within this region,
endpoints have been found in all possible inter-
vals. Thus, it seems likely that there are no
serious limitations within this region on the fu-
sion joint between other proteins and B-galac-
tosidase. These results provide further indica-
tions that the amino acid sequence of this region
of the protein can be varied pretty much at will
without serious alteration of B-galactosidase ac-
tivity.
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