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In Vitro Gene Fusions That Join an Enzymatically Active ,B-
Galactosidase Segment to Amino-Terminal Fragments of

Exogenous Proteins: Escherichia coli Plasmid Vectors for the
Detection and Cloning of Translational Initiation Signals
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We report the construction and use of a series of plasmid vectors suitable for
the detection and cloning of translational control signals and 5' coding sequences
of exogenously derived genes. In these plasmids, the first eight codons of the
amino-terminal end. of the lactose operon ,B-galactosidase gene, lacZ, were re-
moved, and unique BamHI, EcoRI, and SmaI (XmaI) endonuclease cleavage
sites were incorporated adjacent to the eighth codon of lacZ. Introduction of
deoxyribonucleic acid fragments containing appropriate regulatory signals and 5'
coding sequences into such lac fusion plasmids led to the production of hybrid
proteins consisting of the carboxyl-terminal segment of a /3-galactosidase remnant
plus a peptide fragment that contained the amino-terminal amino acids encoded
by the exogenous deoxyribonucleic acid sequence. These hybrid peptides retained
,8-galactosidase enzymatic activity and yielded a Lac' phenotype. Such hybrid
proteins are useful for purifying peptide sequences encoded by exogenous deoxy-
ribonucleic acid fragments and for studies relating the structure and function of
specific peptide segments.

Previously, we have reported the construction
and use of plasmid vectors suitable for the clon-
ing in Escherichia coli of endonuclease-gener-
ated fragments carrying transcriptional pro-
moter or termination signals derived from either
E. coli or foreign DNA (11, 14-17). In these
plasmids, lac gene expression is brought under
the control of transcriptional signals within the
cloned DNA fragment; the Lac' phenotype of
the resulting clones and the level of 18-galacto-
sidase synthesis can then be used to indicate and
measure function of the exogenously derived
promoters.

Since the amino-terminal end of the fl-galac-
tosidase protein is not essential for enzymatic
activity (34), "translational" lac fusions that re-
place the corresponding 5'-coding segment ofthe
lacZ gene with other DNA sequences, but which
still have functional /3-galactosidase activity, can
also be constructed (4, 9, 12, 22, 34). At least the
first 27 amino acid codons of lacZ can be re-
moved, and the remainder of the gene can be
joined to a DNA segment that encodes the reg-
ulatory signals and amino-terminal region of
another gene, yielding a hybrid protein that
retains the enzymatically active ,B-galactosidase
remnant and has the same specific activity as
the intact enzyme (40, 47). The length of the
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amino-terminal segment fused to lacZ can vary
from as few as six amino acid codons (14, 15, 17)
to a segment almost as large as an entire gene
(34).
Previous methods for constructing transla-

tional lac gene fusions have required a series of
in vivo genetic steps such as rearrangement of
the genes to be fused and selection for the rare
deletions that produce the fusions. Usually, only
fusions that encode enough,-galactosidase ac-
tivity for growth on lactose can be selected. Here
we report a method for directly joining the
amino-terminal segments of other genes to lacZ
in vitro, using DNA cloning techniques, and the
construction of plasmid vectors suitable for this
purpose. The procedure described can be used
to obtain fusions at precise locations independ-
ently of the amount of/8-galactosidase produced.
Since the gene fusions are made in vitro at
restriction endonuclease-generated cleavage
sites, the method is not limited to genes of E.
coli; it potentially enables the joining of regula-
tory regions and 5' coding sequences for a variety
of eucaryotic proteins to a sequence that speci-
fies an enzymatically active ,8-galactosidase gene
product.

MATERLALS AND METHODS
Procedures for bacterial growth (32); isolation of

plasmid DNA (26, 46); construction, cloning, and re-
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striction endonuclease cleavage and gel analysis of
recombinant plasmids (13, 18, 29, 41); transformation
of E. coli with plasmid DNA (19); and ,B-galactosidase
assay and purification (32) have been described pre-
viously. DNA sequence analysis employing 3P-label-
ing of 5' ends was carried out by the method ofMaxam
and Gilbert (30).

Strain MC1000 or its K-12 restriction-minus deriv-
ative MC1061 (11), both deleted for the lactose operon
A(lacIPOZY)X74, were used for plasmid transforma-
tion and DNA cloning. Only the lacZ (,8-galactosidase)
and Y (lactose permease) genes need be introduced
and expressed for the utilization of lactose (Lac' phe-
notype). The Lac phenotype was monitored on lac-
tose-MacConkey indicator agar plates or, for very low
levels of expression, on M63-glucose plates containing
the chromogenic fi-galactosidase substrate 5-bromo-4-
chloro-3-indolyl-,8-D-galactoside (6, 32). Antibiotic
concentrations used were: ampicillin (Ap), 25 ,ug/ml;
kanamycin (Kmn), 20 ,ug/ml.

Details of plasmid constructions. (i) Plasmid
pMC874. Kanamycin resistance plasmid pMC275 (see
Fig. 1), derived from plasmids pACYC177 (13) and
pMC81 (11), was digested with BamHI endonuclease,
and the recessed 3' ends were extended with reverse

transcriptase (24) to yield blunt-ended molecules (1,
13). This DNA was divided into five portions (10 Lg
each), treated with HaeIII endonuclease that had been
serially diluted so as to yield partial digests, and elec-
trophoresed on 0.7% agarose gels. DNA fragments that
had been cleaved only once at a HaeIII site near the
BamHI site were isolated as bands migrating slightly
faster in gels than linear pMC275 DNA. This DNA
was electrophoretically eluted, ligated, and used to
transform lac deletion strain MC1000 (11) to Kmr,
using lactose-MacConkey indicator agar containing
kanamycin.
Of 74 transformed colonies, 25 were Lac- and pre-

sumably contained deletions extending into lacZ. Two
of these could recombine (32) with all of the lacZ
mutations tested that map after the eighth codon of
lacZ, including the lacZ U118 mutation in the 17th
codon (47) and the lacZ M15 deletion, which removes
codons 11 through 41 (28). Plasmid DNA from these
two was isolated and examined by gel analysis after
endonuclease digestion. These plasmids were found to
be slightly smaller than the original pMC275, to have
a unique BamHI site, to have lost several HaeIII
fragments, and to have a BamHI-HaeIII fragment
which matched the size of the 102-nucleotide lacZ
HaeIII fragment adjacent on the downstream side to
the HaeIII site in the eighth codon of lacZ. One of
these plasmids was designated pMC874.

(ii) Plasmid pMC871. Plasmid pMC871, which is
an analog of pMC874 suitable for detection of tran-
scriptional fusions, was constructed by homologous
recombination (see Fig. 4) between plasmids pMC874
and pMC489 (11). To select for recombination between
the amino-terminal portion of lacZ on pMC489 and
the carboxyl-terminal portion of lacZ on pMC874, a

fragment containing a promoter for lacZ expression
was first inserted into the BamHI site of pMC489. To
provide this fragment, we used BamHI-cleaved plas-
mid pMB9 DNA (7) which includes the promoter for
a tetracycline resistance gene upstream from its soli-

tary BamHI cleavage site. The resulting pMC489-
pMB9 hybrid plasmid, designated pMC511, was used
to transform MC1000 (Alac) cells containing pMC874.
Colicin El-immune (encoded by the pMB9 segment)
transformants were selected on lactose-MacConkey
indicator plates. After prolonged (2 to 4 days) incu-
bation, Lac' sectored colonies that had undergone
recombination between the lacZ segments of the two
plasmids appeared. Plasmid DNA from one of these
recombinants was digested with BamHI endonuclease
to separate the recombined replicons and also to re-
move the pMB9-derived DNA segment. After ligation
of the resulting fragments and transformation of
MC1000, plasmid pMC871 was isolated from a Kmr
colicin-sensitive transformant that showed a low level
of lacZY expression (light-red colonies) on lactose-
MacConkey plates.

(iii) Plasmids pMC1396 and pMC1403. Plasmids
pMC1396 and pMC1403 are pMC874 and pBR322 (45)
derivatives, respectively, containing a chemically syn-
thesized EcoRI-SmaI (XmaI)-BamHI sequence (3)
adjacent to the lac segment (see Fig. 6). The synthetic
sequence inserted into the BamHI site of pBR322 was
obtained from L. Lau and R. Wu as part of plasmid
pLL10 (see Fig. 6 top); insertion of this sequence into
pBR322 results in ampicillin resistance and tetracy-
cline sensitivity. The additional EcoRI, BamHI, and
SmaI site on pLL10 were eliminated by removing its
small EcoRI fragment, yielding pMC1364, which has
unique adjacent EcoRI, SmaI, and BamHI sites. The
BamHI-SalI lac fragment of pMC874 was then intro-
duced into pMC1364 to form pMC1396 (see Fig. 6
bottom). pMC1396 was selected as an Ap' Km& light-
blue colony on 5-bromo-4-chloro-3-indolyl-,/-D-galac-
toside plates after transformation of strain MC1000
(Alac) with pMC874 and pMC1364 plasmid DNAs
which had been digested with BamHI endonuclease
plus Sall endonuclease and religated. Although
pMC1396 contains EcoRI and SmaI sites adjacent to
the BamHI site next to lac, the EcoRI site is not
unique, since there is also an EcoRI site within the
lacZ gene. In the formation of the pMC1403 plasmid,
the EcoRI site was eliminated by using pMC1388, a
derivative of pMC874, that contains a mutated DNA
sequence in the EcoRI site of lacZ; this mutation did
not affect the ,6-galactosidase protein. Introduction of
the mutated EcoRI site into pMC1388 was accom-
plished by homologous recombination of pMC874 with
ARS205, a lac transducing phage containing a mutated
EcoRI site (obtained from K. Bertrand and W. Rez-
nikoff). The recombinant was obtained by growing
pMC874 in a lysogen of XRS205, isolating the plas-
mid DNA, and digesting it with EcoRI endonuclease
to cleave the pMC874 plasmid DNA that had not
undergone recombination. This DNA was used to
transform strain MC1000 to Km'; all of the transform-
ants were pooled, and the total DNA was isolated and
redigested with EcoRI. pMC1388 was obtained from
this DNA by selecting a light-blue Km' transformed
colony on 5-bromo-4-chloro-3-indolyl-,8-D-galactoside
plates containing kanamycin.

RESULTS
Experimental strategy for construction

of lacZ translation fusion vectors. Construc-
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tion of the cloning vectors for joining amino-
terminal segments of exogenous genes to lacZ is
described in detail above. The strategy we used
involved the introduction of a unique restriction
endonuclease cleavage site within the early non-
essential part of lacZ. Since there is no unique
cleavage site for a known restriction endonucle-
ase within the first 27 codons of lacZ, we con-
verted a site cleaved by the HaeIII endonucle-
ase, which cleaves in lacZ in the eighth codon as

trp

'B A' ,
J.

well as at many other sites, into a site for another
endonuclease (BamHI) that did not previously
cleave the lacZ gene.
As detailed above, we started with a plasmid

containing all of lacZ (pMC275, Fig. la). The
BamHI site was brought into continuity with
the HaeIII site in the eighth codon of lacZ by
deletion of the DNA between the two sites (Fig.
lb); since this HaeIII site cannot be cleaved
uniquely, deletions were made between the

lac

z I Y

I % Hirk,ll/HpaI 1.3 HincllHincll/lpai%N HincII/Hpal 0.68 3.2
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FIG. 1. Construction of the pMC874 lac fusion vector. pMC874 was constructed from lacZ+Y+ plasmid
pMC275 by deletion ofDNA between a unique BamHI site and a HaeIII site located in the eighth codon of
lacZ. pMC275 contains a partial HincII digestion fragment (top heavy line) of the W209 trp-lac fused operon
segment (33) on pMC81 (11) originally derived from a p80 transducing phage (8). The positions of trp operon
gene segments 'B and A' and lac genes Z and Y are shown. The lac promoter is missing from this fragment
and is replaced by an internal segment of the trp operon. This HincII-generated lac fragment was inserted
into the unique HincII cleavage site in the bla gene encoding Apr of vector pACYCI77 (13, 45), such that the
lacZ and Y genes were expressed from the bla gene promoter. The BamHI site and the Ap' determination of
pACYCl 77 were derived from the Tn3 element (13, 14). A SalI site was formed after lacY at the HincIIjoint.
pMC874 was formed by a deletion, isolated as described in the text, between the arrows on pMC275. The
heavy line represents the segment derived from the lac region ofpMC81. The nucleotide sequences at the sites
of the deletion and of the resulting junction are given on the right along with several of the adjacent lacZ
codons. The sequence of the filled in BamHI-HaeIII joint was directly confirmed by DNA sequence analysis
(30), using 5' end labeling of the nearby HpaII site shown in the figure. The locations of rep (a segment
essential for plasmid DNA replication) and of the Apr and Kmr determinant genes are shown. Arrows on the
plasmids indicate the direction of transcription. Kilobase coordinates for relevant sites are shown.
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BamHI site and different HaeIII sites, and a
deletion of the desired length was obtained by
eluting the cleaved DNA from the appropriate
region of agarose gels (see above). The BamHI
site was reformed at the site of the deletion by
filing in the 5' protruding BamHI ends, using
reverse transcriptase, and ligating the resulting
blunt ends to the blunt ends generated by the
HaeIII endonuclease, yielding the pMC874 plas-
mid. Nucleotide sequence analysis at the dele-
tion site of this plasmid was done to directly
confirm the location of the deletion termini (Fig.
1). This sequence included a BamHI cleavage
site; the nucleotides to the right of this site
match the lacZ gene sequence from the position
of the eighth codon, and the nucleotides to the
left of the BamHI site match internal sequences
of the Tn3 repressor gene (14), which are present
on the parental pACYC177 (13) plasmid used to
construct pMC874.
Use of plasmid pMC874 for production of

hybrid ,-galactosidase. E. coli chromosomal
DNA was cleaved with the BamHI endonucle-
ase and ligated with BamHI cleaved pMC874
plasmid DNA (Table 1). The composite mole-
cules were then introduced by transformation
into E. coli strain MC1000, which carries a lac
deletion, yielding 105 Kmr transformants per ,ug
of DNA. In a control experiment, the ends of
BamHI-cleaved pMC874 DNA were ligated in
the absence of E. coli chromosomal DNA, and
the plasmid was introduced by transformation
into MC1000. Only Lac- transformants were ob-
tained with the pMC874 plasmid (Table 1), con-
sistent with the absence of a transcriptional pro-
moter and translational initiation site. In con-
trast, approximately 1% of the Kmr colonies
obtained from the chromosomal ligated DNA
were Lac' and formed red colonies of various
intensities on lactose-MacConkey agar contain-
ing kanamycin. Two clones that yielded dark-
red colonies were selected for further study.

TABLE 1. Use ofpMC874 to form hybrid f.-
galactosidase proteinsa

E. coli KMr tran Frequency
chromo- BamHI oi.aionforansf Lac'/
somal digestion Lt formaN KMr trans-
DNA Ag of DNA frat

- - - oc <10-6
_ + - 102 <10-2
- + + io5 <10-5
+ + + io5 10-3

a pMC874 DNA (40 ,ig/ml) was mixed with E. coli
chromosomal DNA (40 ,ug/ml) and digested with
BamHI or ligated with T4 ligase or both, as listed in
the table. Km' transformants of strain MC1000 (Alac)
were selected on lactose-MacConkey indicator plates
containing kanamycin.

Plasmid DNA from the two clones was treated
with BamHI endonuclease and examined by gel
electrophoresis for the presence of an adventi-
tious DNA fragment (Fig. 2). DNA fragments
0.15 and 5 kilobases in size were found to be
inserted into plasmid pMC874.
Acrylamide gel electrophoresis of proteins in

crude extracts of bacteria grown from a clone
carrying only the pMC874 vector showed no
detectable peptide band (Fig. 3, lane f) at the
location occupied by the 135,000-molecular-
weight (1,021 amino acids [20]) ,B-galactosidase
protein as shown in isopropyl-,8-D-thiogalacto-
pyranoside-induced control cells containing an
intact wild-type lacZ gene (Fig. 3, lanes a and
b). The two clones that showed a Lac' pheno-
type and contained plasmids that included an
extra BamHI-generated fragment also failed to
show a peptide band in the normal position for
,B-galactosidase. However, both clones produced
new proteins that were absent in extracts of cells

a b c d

-1.63

-0.52
-0.51
-0.40
-0.34
-0.30

-0.22

-0.15

-0.08

FIG. 2. Gel analysis of translational fusion plas-
mids containing exogenousDNA fragments thatyield
Lac' phenotypes. Analysis ofendonuclease digests of
plasmid DNA was carried out on 4%polyacrylamide
gels (29,41). (a) BamHI-cleavedpMC874 vector DNA.
(b and c) BamHI digests of plasmids from Lac-ex-
pressing clones, showing inserted E. coli chromo-
somal BamHI-generated DNA fragments (arrows).
(d) Molecular size standards: HinfI-cleavedpBR322
DNA (45). The size of each fragment is indicated in
kilobases. Agarose (0. 7%) gels were also run to better
determine the size of the large fragment (data not
presented).
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FIG. 3. Gel analysis of hybrid f3-galactosidase proteins. Whole-cell or partially purified proteins were run
on 7.5% sodium dodecyl sulfate-polyacrylamide gels by the method of Laemmli (27). Cells were grown to the
early stationary phase in LB medium and washed with 10 mM Tris (pH 7.4)-i mM EDTA before being
suspended in Laemmli sample buffer and boiled. Data from three separate gels (a through e, fthrough h, and
h' through k) are shown. (a) Extracts of isopropyl-,/-D-thiogalactopyranoside-induced E. coli Lac' strain
MC1020, showing the location of the 135,000-molecular weight wild-type ,8-galactosidase (arrow a). (b and c)
Whole-cell extracts from uninduced MC1020, showing absence of the f8-galactosidase band. (c) Diluted
fivefold. (d) Whole-cell extract from E. coli strain MCIOOO (Alac) carrying a pMC874 plasmid derivative that
contains the cloned BamHI fragment shown in track b of Fig. 2; a (hybrid) peptide larger than the ,B-
galactosidase is seen (arrow d). (e) Whole-cell extract from MC1000 carrying the pMC874 plasmid that
includes the BamHI fragment shown in track c of Fig. 2. A high-molecular-weight hybrid protein is seen
(arrow e). (/) Extract from E. coli strain MCI000 carrying the pMC874 plasmid vector without an insert. (g)
Protein obtained upon purification ofhybrid ,8-galactosidase activity from the extract shown in h and h' (run
in duplicate on different gels). The relative position of the peptide purified for fi-galactosidase activity is the
same as that of the new high-molecular-weight peptide seen in gels (lane d) of cells containing pMC874
derivatives that include the cloned BamHI fragment inserts. The size of the enzymatically active hybrid /3-
galactosidase is different from that ofthe wild-type purified /3-galactosidase shown in lane i and ofwhole-cell
extracts in lanes a andj. (k) Uninduced MC1020 cell extract (same as lane b).

carrying only pMC874 and which migrated more
slowly in the gel than the full-length ,B-galacto-
sidase (lanes d and e). Purification of the f8-
galactosidase activity from extracts of one of
these clones yielded a protein that migrated at
the same position as the new peptide produced
by the corresponding Lac' clone (Fig. 3, lanes g
and h). This result establishes that the high-
molecular-weight peptide was made as a conse-
quence of DNA insertion at the BamHI site of
plasmid pMC874. Since this vector lacked both
transcription and translational start signals ca-
pable of yielding Lac expression, initiation of
DNA and protein synthesis for the hybrid pep-
tide necessarily occurred on the inserted DNA
fragment.
Transcriptional fusion plasmid analo-

gous to pMC874. Plasmid pMC874 can be used
to identify and clone DNA fragments that initi-
ate transcription and translation internally and
yield both transcriptional and translational read-

through into lacZ. For investigations of the rel-
ative effects of transcriptional and translational
control signals in gene expression, it is useful to
have an analogous plasmid that can select frag-
ments containing only transcriptional pro-
moters. For this purpose, plasmid pMC871 in
which the lac promoter is replaced by a trp
operon-derived segment of DNA that does not
promote or block transcription, was constructed
(Fig. 4; details in Materials and Methods). The
trp-lac segment of this plasmid was originally
derived from the W205 trp-lac fusion (33) and
contains an intact lacZ gene, including a trans-
lation initiation site such that wild-type /1-galac-
tosidase is produced (38). Similar lac fusion
plasmids for isolating endonuclease-generated
DNA fragments that contain transcriptional
promoters have been described in detail previ-
ously (11).
Fusion of lac gene segments of plasmids

pMC874 and pMC871 into other vectors.
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The constructs described above are plasmid
cloning vectors that contain lac gene segments.
As an alternative to the introduction of exoge-
nous genes into an endonuclease cleavage site
preceding the lacZ gene remnant in such vectors,
the lac DNA segment can be inserted into a
cleavage site within a gene that previously has
been cloned on another vector. An advantage of
this approach is that it can eliminate transcrip-
tion that may extend into the lac gene segment
from promoters located on the vector compo-
nent of the plasmids; in particular, plasmid
pMC871 has significant transcription from the
vector into its lac segment as shown by its low
level of lac expression in the absence of any
DNA insert in its BamHI site.
Whereas plasmids pMC874 and pMC871

yielded a lac fragment free from the plasmid
replication region when digested with BamHI
plus SailI or PstI (Fig. 1 and 2), the terminal
sequences at the two ends of the resulting frag-
ment were different. Frequently, it is not con-
venient to join such fragments to termini gen-
erated by a single endonuclease cleavage within
a gene. For this reason, we constructed the
pMC931 and pMC903 derivatives of pMC874
and pMC871, respectively, that had BamHI
cleavage sites located after the lac genes as well

as before (Fig. 5). Thus, plasmids pMC931 and
pMC903 can be digested with BamHI to yield
lac DNA fragments that can be inserted into
other genes in both orientations. Alternatively,
a combination ofBamHI and BglII (which gen-
erates cohesive ends identical to those produced
by BamHI) can be used (Fig. 5). Such lac frag-
ments have been inserted into genes within
transposable element Tn3 at cleavage sites gen-
erated by BamHI or BclI (which also produce
ends complementary to BamHI) to fuse lacZ to
Tn3 sequences that serve as translation initia-
tion sites or promoters or both (19). These fu-
sions have been used to study expression of the
Tn3 transposition gene (19) and, furthermore, to
isolate mutants that overproduce the product of
this gene (Casadaban, Chou, and Cohen, manu-
script in preparation).

lac fusion vectors containing additional
restriction sites. To facilitate the formation of
hybrid f-galactosidase gene fusions with DNA
fragments containing different types of termni,
we constructed derivatives of pMC874 which
had EcoRI and SmaI (XmaI) sites immediately
adjacent to the BamHI site for inserting DNA
fragments. These plasmids were made by joining
synthetic DNA sequences containing adjacent
EcoRI, SmaI (XmaI), and BamHI sites (3) on

trp

a) pMC489
B

BamHI
0.0

b) pMC874

trp

lac

I%x // Pstl 1.7

0.9 ' / 1.4X
'

I, '\I %

// %% z

BamHI IHIncII/HpaI I
HincIl/Hpal HincII

rep KmR

BamHI
4.4

I Y I _ R

Ipstr
Hincil/Sall

6.2

lac

z ,I Y

BamHI HincII/HpaI 2.0
0.0 HincIl/Hpal 1.4

AW205 Hincil
0.9 3.8

IPstI 7.4
Hin7c.ISa1/

7.1

.- R
-1-*~ I rep IKm I

BamHI
10.1

FIG. 4. Construction of the pMC871 BamHI-lac transcriptional fusion vector. (a) pMC489 (11) contains a

HincII-HpaI fragment of the W205 trp-lac fused operon (33) (heavy line) that ends at the HincII-HpaI site in
the 146th amino acid codon oflacZ. The trp segment replaces the lacpromoter and does not block transcription
(33). This fragment was inserted between the BamHI and HincII cleavage sites of thepACYCI 77 vector with
a synthetic BamHI oligonucleotide DNA linker (2) to reform the BamHI site, as described (11). (b and c)
pMC871 was formed from pMC489 and pMC874 by homologous recombination (broken cross-lines) and by
BamHI digestion (at arrows) and ligation as described in the text. These maps show the pla.smids arbitrarily
opened at their unique BamHI sites. Other designations are as in Fig. 1 and as described by Casadaban and
Cohen (11).

I - I I rep K.m'*
I I~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

c) pMC871
'B , A i,x

BamHI
9.21

J. BACTERIOL.



ACTIVE HYBRID fl-GALACTOSIDASE FORMED IN VITRO 977

trp lac

'B IA'1l I Y I
IIIp -II

rn-

209 EcoRI 4.4 BgllI BamHI HindIlI 11.3
39 8.1 8.2

lv 'A>prp
AZI IpA KmR
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3.0t

I Y I
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I I I
SaIl HindIII BamHI
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A.R

Bg/lI BamHI
6.7 6.8

2 BamHIHindIII 10.59.9

A.R ro KmR

BgIlI BamHI
7.6 7.7

2 BamHI
HindIII 11.4

10.8

FIG. 5. Structure ofBamHI-lac fusion fragments lacking replicons. BamHI and BglII cleavage sites were
introduced behind the lac genes ofpMC874 andpMC871 by exchanging an EcoRI-HindIII fragment of each
of these plasmids with the corresponding EcoRI-HindIII fragment ofpMC279, as shown in (a) and (b). The
resulting plasmids were pMC931 (c) (from pMC874) andpMC903 (d) (from pMC871). The arrows indicate the
HindIII and EcoRI sites used for exchanging the endonuclease-generated fragments. pMC279 contains the
lacZ and Y genes and has unique BglII and BamHI sites located after the lac genes. It was constructed by
introducing a HindIII-BamHI fragment (thick line) containing the trp-lac fusion ofplasmidpMC81 (11) into
thepACYC177plasmid vector that had been cleaved with both HindIII and BamHI endonucleases.

the pBR322 plasmid to the BamHI-SalI lac
fragment of pMC874, as described in Materials
and Methods (Fig. 6). The pMC1396 plasmid
retained the EcoRI site in lacZ, whereas in
plasmid pMC1403 this additional EcoRI site was
removed by mutation. Plasmid pMC1403 there-
fore had unique EcoRI, SmaI (XmaI), and
BamHI sites, which means that it incorporated
into a single vector the ability to forn hybrid
fi-galatosidase proteins by using cloned DNA
fragments having termini generated by a wide
variety of restriction endonucleases.

DISCUSSION
During the past several years, various types of

gene fusions involving the lac genes of E. coli
have been used for the production of peptides
ordinarily foreign to this bacterial species (21,
23, 31, 35) and for the detection and analysis of
DNA sequences that contain transcriptional reg-
ulatory signals (9, 10, 11, 14-17, 37). For foreign
gene expression, the lac gene regulatory control
region and the DNA segment encoding the
amino-terminal end of its gene product have

been fused at a conveniently located endonucle-
ase cleavage site to exogenously derived DNA
(31, 35) or to chemically synthesized DNA seg-

ments (21, 23). For genetic analysis, lac gene

fusions have proved useful for detecting and
isolating DNA fragments that contain transcrip-
tional regulatory signals introduced upstream
from the gene (11, 14-17, 37).
We have described here the construction of a

new type of plasmid cloning vector for the fusion
of the lac structural genes to transcriptional and
translational regulatory signals of other genes.

These plasmids have versatile BamHI, EcoRI,
and SmaI (XmaI) endonuclease cleavage sites.

BamHI cleaves the sequence GGATCC, yield-
ing 5'-protruding GATC ends that are easily
ligated to other BamHI-generated termini or to
complementary ends generated by a variety of
restriction endonucleases including BglII

I
(AGATCT), BclI (IGATCA), and Sau3A or

MboI GATC). EcoRI (dAATTC) generates

a) pMC279 z

HindIII I
0.0 AW2

1.,
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BamHI
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b.c

8th codon 'Z Y
* ~ I I I

BamHl Smal EcoRI Smal BamHl * Sal
5'- |GATCCCCIGGGIAATT CCC GG (EcoRi)

TGGG CCC TAAGGGG CCCTAGI

/ BamHIl
0.381\

Sa/l
pBR322 0.65

rep

EcoRl Smal BamHl
5'- dAATT CCCIGGG|GATCCC

CTTAA|GGG|CCC CTAOGG
8th codon'

APR

9.9/. ,z

pMC1396/1403
rep

\Sall
6.2 (EcoRI)

FIG. 6. EcoRI-SmaI (XmaI)-BamHI site deriva-
tives ofthe ,8-galactosidase fusion vector. TheBamHI
site by the eighth codon oflacZ was adapted to EcoRI
and SmaI sites by using synthetic DNA linkers (3).
(The SmaI site is also recognized by the XmaI endo-
nuclease, which produces 5' protruding DNA ends.)
A chemically synthesized BamHI-SmaI-EcoRI-
SmaI-BamHI DNA sequence (ref. 2; sequence in fig-
ure) was first inserted in the BamHI site ofpBR322
by L. Lau and R. Wu to form plasmid clone pLL10.
This plasmid has two cleavage sites for EcoRI,
BamHI and SmaI. One cleavage site for each endo-
nuclease was removed by excising the DNA sequence
between the two EcoRI sites (arrows) to formplasmid
pMC1364, which has unique adjacent sites for the
three endonucleases. Next, the BamHI-SalI lac seg-
ment frompMC874 was placed into pMC1364 to form
pMC1396 (lower plasmid). pMC1396 thus contains a

unique SmaI site adjacent to the BamHI site by lacZ,
and this can be used to clone DNA fragments that
yield hybrid /3-galactosidases. pMC1396 does not
have a unique EcoRI site since there is an EcoRI site
in lacZ (labeled*). To make a plasmid similar to
pMC1396 and lacking an EcoRI site in lacZ, we

recombined a lacZ EcoRI site mutation (see text) onto
pMC874 to form pMC1388. The BamHI-SalI lac frag-
ment from this plasmid (equivalent to the pMC874
fragment, except for the EcoRI site) was then inserted
into pMC1364 to form pMC1403, which is analogous
to pMC1396 except for the EcoRI site in lacZ.
pMC1403 can thus be used to clone DNA fragments
at its EcoRI, SmaI, or BamHI site, yielding hybrid
/3-galactosidases in each instance.

protruding AATT 5' ends which can be ligated

to EcoRI- and EcoRI*- (dAATTN) (36) gener-

ated fragments. SmaI (Ccd6GG) yields blunt
ends which can be ligated to DNA fragments
generated by endonucleases having many differ-
ent sequence specificities and to DNA fragments
made blunt-ended by other means. The fact that
some of these endonucleases recognize a six-
base-pair nucleotide sequence, whereas others
recognize a four-base-pair sequence, provides
flexibility by allowing cleavage of DNA either at
multiple loci within a short segment or at rela-
tively distant sites. Combinations of the six nu-
cleotide-cleaving enzymes or partial digestions
with four nucleotide-cleaving enzymes can be
used to produce cleavages at intermediate dis-
tances if desired. This flexibility may also accom-
plish the production of functional lac fusions in
instances in which translational reading of genes
on BamHI-generated fragments is out of frame
with the ,8-galactosidase. BamHI-, EcoRI-, and

XmaI- (&CCGGG) cleaved vectors can also be
joined to blunt-ended DNA either by using syn-
thetic oligonucleotide linkers (2), by filing in the
protruding ends with reverse transcriptase (24)
or DNA polymerase (1, 39), or by removing the
single-stranded projection, using a single-strand
endonuclease such as Si (42). Potentially, such
manipulations allow linkages in different trans-
lational reading frames at the same endonucle-
ase cleavage site. Moreover, even out-of-frame
fusions that yield low levels of ,B-galactosidase
can be detected by using appropriate indicator
media.
The hybrid f-galactosidase gene fusions de-

scribed here are potentially useful for a variety
of purposes. The fl-galactosidase activity of a
hybrid protein can be used to assay expression
of the gene fused to lac and to isolate mutants
having altered expression (15). Genetic regula-
tory signals controlling promotion of transcrip-
tion or initiation of translation of the original
gene are applied in these fusions to the lac genes,
as has been seen for all genes so far fused to lacZ
in vivo (4, 9, 12, 22, 34, 40), and their effects can
be measured by following lac expression. Func-
tions attributable to a particular site or domain
of the exogenously derived component of the
hybrid protein (for example, a substrate-binding
site) can be assigned to a position within the
original protein by comparing hybrids of differ-
ent sizes for the retention or loss of the site. This
has been done for the operator-binding site of
DNA binding of the lacI repressor protein (25,
34) and for membrane-binding sites for maltose
transport proteins (5, 43, 44).
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The approach described here also allows the
construction of hybrid ,B-galactosidase genes
that contain amino-terminal segments of genes
derived from species other than E. coli. We have
recently constructed such fusions in which
expression of the lacZ gene in E. coli is mediated
by transcriptional and translational signals con-
tained on fragments of yeast chromosomal DNA
(Casadaban et al., in preparation). Introduction
of the yeast-lac fusion segments into yeast cells
by transformation has resulted in expression of
yeast-E. coli f,-galactosidase hybrid proteins in
Saccharomyces cerevisiae, using gene regula-
tory signals of the yeast. lac gene translational
fusions may similarly permit the detection and
cloning of transcriptional and translational sig-
nals from "higher" eucaryotic organisms, using
production of enzymatically active ,f-galactosid-
ase as a direct assay.
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