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ABSTRACT The lacY gene ofEscherichia coli was cut into
two approximately equal-size fragments with Afl II and sub-
cloned individually or together under separate lac operator/
promoters in plasmid pT7-5. Under these conditions, lac
permease is expressed in two portions: (i) the N-terminal
portion (the N terminus, the first six putative transmembrane
helices, and most of putative loop 7) and (i) the C-terminal
portion (the last six putative transmembrane helices and the C
terminus). Cells harboring pT7-5 encoding both fragments
transport lactose at about 30% the rate of cells expressing
intact permease to a comparable steady-state level of accumu-
lation. In contrast, cells expressing either half of the permease
independently do not transport lactose. As judged by [3S]me-
thionine labeling and immunoblotting, intact permease is com-
pletely absent from the membrane of cells expressing lacY
fragments either individually or together. Thus, transport
activity must result from an association between independently
synthesized pieces of lac permease. When the gene fragments
are expressed individually, the N-terminal portion of the
permease is observed inconsistently, and the C-terminal por-
tion is not observed. When the gene fragments are expressed
together, polypeptides identified as the N- and C-terminal
moieties of the permease are found in the membrane. It is
concluded that the N- or C-terminal halves of kac permease are
proteolyzed when synthesized independently and that associa-
tion between the two complementing polypeptides leads to a
more stable, catalytically active complex.

The lac permease of Escherichia coli is a polytopic cytoplas-
mic membrane protein that catalyzes the coupled transport of
p-galactosides and H' with a stoichiometry of 1 (i.e., /3-
galactoside/H+ symport or cotransport; see refs. 1 and 2 for
reviews). The permease has been solubilized from the mem-
brane, purified to homogeneity, and reconstituted into phos-
pholipid vesicles (3, 4); it is functional as a monomer (5). The
lacYgene has been cloned and sequenced, and the amino acid
sequence of the permease has been deduced from the DNA
sequence (6). Based on circular dichroism and hydropathy
analysis of the primary sequence, a secondary-structure
model was proposed (7) in which the polypeptide has 12
hydrophobic domains in a-helical conformation that traverse
the membrane in a zigzag fashion connected by hydrophilic
loops, with theN and C termini on the cytoplasmic face ofthe
membrane (see Fig. 2). The model is consistent with other
spectroscopic measurements (8),t chemical modification (9),
limited proteolysis (10, 11), and immunological studies (12-
18), but none of these approaches differentiates the 12-helix
structure from another model (8) containing 14 helices.
However, recent analyses of lac Y-phoA fusions (19) have
provided strong, exclusive support for the 12-helix motif.

Many proteins maintain tertiary structure when the peptide
backbone is cleaved, and substrate binding and/or catalytic
activity may be retained. Among many examples, bacteri-
orhodopsin can be split into two fragments that reconstitute
to form an active complex (20). In a similar vein, lac
permease binds ligand after proteolysis, although transport
activity is abolished (10). Thus, forces between different
domains within a protein are able to maintain three-
dimensional structure when the peptide backbone is not
intact. Furthermore, studies with the p-adrenergic receptor
(21) and the sodium channel (22) indicate that functional
complexes are formed even when the mRNAs encoding these
proteins are expressed as discontinuous fragments.

In this paper, we describe the in vivo synthesis of two
polypeptide fragments from independently cloned portions of
the lacY gene and their apparent association to form func-
tional lac permease in the membrane.

MATERIALS AND METHODS
Materials. [1-14C]Lactose and L-[35S]methionine were pur-

chased from the Amersham, and 125I-labeled protein A was
purchased from ICN. All other materials were reagent grade
and obtained from commercial sources.

Bacterial Strains and Plasmids. E. coli HB101 [hsdS20(rB,
mB), recA13, ara-14, proA2, lacYl, galK2, rpsL20(Sm%,
xyl-S, mtl-i, supE44, A-/F-I (23) was used as carrier for the
plasmids described and for detection of lac permease activity
on MacConkey plates (Difco) containing 25 mM lactose. E.
coli T184 [lacIO+Z Y-(A), rpsL, met-, thr-, recA, hsdM,
hsdR/F', laclqO+ZU118(Y+A+)] (24) was used for overex-
pression of lac permease, [35S]methionine labeling, and lac-
tose transport. Cloned DNA was overexpressed using the T7
RNA polymerase system (25-27); E. coli T184 was trans-
formed with two plasmids, pGP1-2 and pT7-5 [kindly pro-
vided by S. Tabor and C. C. Richardson (Harvard Medical
School)], or one of the pT7-5-derived plasmids described (see
Results). pACYC184 (New England Laboratories) was the
source of the tetracycline-resistance gene. A cassette lacY
gene containing the lac operator/promoter [p/o(lac)] (J. C.
Pastore, J. D. Larigan, and H.R.K., unpublished work) was
cloned into pT7-5 and used for all lacY gene manipulations.
Growth of Cells and Overexpression of lacY. E. coli T184

harboring pGP1-2 and pT7-5(lacY) or a derivative (i.e.,
pTN6, pTC6, or pTN6/C6; see Fig. 1) was grown at 30'C in
M9CA broth (GIBCO) supplemented with thiamine (1 ktg/
ml), streptomycin (10 4g/ml), ampicillin (50 pg/ml), kan-
amycin (10 tkg/ml), and 0.2% glycerol. T184 harboring pTN6/

Abbreviations: p/o(lac), lac promoter/operator; N6, 5' portion of
lacY; C6, 3' portion of lacY.
*To whom reprint requests should be addressed.
tIn addition to circular dichroic and laser Raman spectroscopy,
Fourier-transform infrared studies also show that purified lac per-
mease is largely helical (P. D. Roepe, H.R.K., and K. J. Roths-
child, unpublished work).
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C6 also contained tetracycline (10 tg/ml). Overnight cultures
were diluted 1:10 with fresh medium at 30'C, and growth was
continued for 3 hr. Isopropyl /3-D-thiogalactoside (0.2 mM)
was. added, and the cultures were heat shocked at 420C for 40
min, transferred to 30'C, and grown for 90 min.
Transport Assays. Transport of [1-14C]lactose (10 mCi/

mmol; 1 Ci = 37 GBq) at a final concentration of 0.4 mM was

assayed by rapid filtration as described (28).
[35S]Methionine Labeling and Membrane Preparation.

[35S]Methionine labeling in the presence of rifampicin was
carried out for 60 min with [35S]methionine (1000 Ci/mmol) at
a final concentration of25 pM, and membranes were prepared
as described (26, 27).
NaDodSO4/Polyacrylamide Gel Electrophoresis. NaDod-

S04/polyacrylamide gel electrophoresis and autoradiogra-
phy were performed as described (3, 4, 26).

linmunoblots. Immunoblotting was carried out with mono-
clonal antibody 4A1OR (12), which is directed primarily
against the C terminus of lac permease (29).

Protein. Protein was assayed as described (30).
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RESULTS
Construction of Plasmids. The strategy behind the plasmid

constructs was to cut lacY in approximately the middle with
Afi II and subclone each fragment into pT7-5, either individ-
ually (pTN6 or pTC6) or together (pTN6/C6) under separate
p/o(lac)s (Fig. 1). By this means, lac permease is expressed
in two segments, one containing the N-terminal half of the
permease and the other containing the C-terminal half (Fig
2). Constructions were carried out as follows (Fig. 1).
A cassette gene of lacY (J. C. Pastore, D. L. Larigan, and

H.R.K., unpublished work), which contains an intact p/
o(lac), was cloned into pT7-5 digested with EcoRI and
HindIII (Fig. 1A). The orientation of lacY is such that it is
under control of both the T7 RNA polymerase promoter
[p(1T7)] and p/o(lac); note that the P3-lactamase gene is in the
opposite orientation.

In the recombinant plasmid [pT7-5(1acY)], there are two
Afl II sites, both in lacY. One site is in the middle of the
coding region and the other is in the 3' end and contains the

)BN6 A from pTN6

<p/o(1c) (EcoRI/HindlI1)

from

C pACYCi84 ..XK pTN6C6 Amp
(EcoRI/Hindlli) 6.93 Kb
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p10(1cc p(T
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FIG. 1. Construction of plasmids pT7-5(lacY), pTN6, pTC6, and pTN6/C6. See the text for a detailed explanation of the operations shown.
amp, 3-lactamase gene; ori, origin of replication; Tc, tetracycline-resistance gene.
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FIG. 2. Secondary structure of lac permease showing portions encoded by the lac Y gene fragments described. The single-letter amino acid
code is used, hydrophobic transmembrane helices are shown in boxes, and new amino acid residues inserted are shown in shaded boxes.

stop codon TAA. Construction of pTN6, which contains the
5' portion of lacY (146), was accomplished by deleting the
small Afl II fragment-(Fig. 1B). The large Afl II fragment was
then treated with DNA;polymerase (Klenow fragment) and
ligated to itself. The original stop codon of lacY is in frame
with the 5' portion of the gene.

Construction of plasmid pTC6, which contains the 3'
portion of lac Y (C6), was more complicated (Fig. 1B). There
are eight Rsa I sites in pT7-5(lacY), one ofwhich is at a codon
next to the ATG start codon of lacY. Therefore pT7-5(lacY)
was partially digested with Rsa I, and a 3.9-kilobase (kb)
linear fragment was isolated. The fragment was partially
digested with Afl II to form a 3.3-kb fragment containing the
3' end of lacY, which was isolated, treated with the Klenow
fragment of DNA polymerase, and ligated to itself. The
construct, pTC6, contains the 3' half of lac Yin frame with the
start codon (ATG). As a result of the manipulations, there is
a new codon in the 3' end of N6 (AAT encoding asparagine)
and two new codons in the 5' end of C6 (ATG encoding
methionine and TTT encoding phenylalanine).
The two recombinant plasmids were then used to construct

a third plasmid (Fig. 1C; pTN6/C6), which contains both
halves of lac Y, each under control ofan independent p/o(lac)
and both under control of the T7 RNA polymerase promoter.
The plasmid was also constructed so as to prevent recombi-
nation between homologous direct repeats, an important
consideration, since both N6 and C6 were cloned with the
same p/o(lac) (0.297-kb). The strategy was to introduce a

B3-lactamase gene or a tetracycline-resistance gene, respec-
tively, between N6 and C6 on either side. In the first step, a
DNA fragment containing N6 and p/o(lac) was cloned into
pACYC184 by ligating the small EcoRI-Sca I fragment from
pTN6 with the large EcoRI-Pvu II fragment from pACYC-
184. By this means, the chloramphenicol-resistance gene was
interrupted, but the tetracycline-resistance gene remained
intact. In the next step, the origin ofreplication ofpACYC184
was removed with HindIII and ligated with the linear form of
pTC6 (obtained by digestion with HindIII). Finally, the
orientation of N6 and C6 was ascertained by using EcoRI
digestion analysis.

Active Transport of Lactose. E. coli T184 harboring pGP1-2
and pT7-5(lacY) transports lactose rapidly, and within about
5 min, a steady-state level of accumulation is achieved and
maintained for up to 80 min (Fig. 3). The same cells harboring
pGP1-2 and either pT7-5, pTN6, or pTC6, which encode no
lac permease, the N-terminal portion of lac permease, or the
C-terminal portion, respectively, do not transport the disac-
charide. Strikingly, T184 harboring pGP1-2 and pTN6/C6,
which encodes both portions of lac permease in separate lac Y
gene fragments, transports lactose at about 30%o the rate of
T184 expressing wild-type permease to a comparable steady-
state.

[35S]Methionine Labeling. When intact lacY is expressed
from pT7-5 in the presence of [35S]methionine and mem-
branes are subjected to NaDodSO4/polyacrylamide gel elec-
trophoresis and autoradiography, two heavily labeled bands
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FIG. 3. Lactose transport by E. coli T184 harboring pGP1-2 and
either pT7-5 (e), pT7-5(lacY) (u), pTN6 (e), pTC6 (*), or pTN6/C6
(o). Cells were induced by heat shock in the presence of isopropyl
f-D-thiogalactoside. Aliquots of washed cells in 50 mM potassium
phosphate, pH 7.5/10 mM magnesium sulfate were assayed for
[1-14C]lactose (10 mCi/mmol) uptake at a final concentration of 0.4
mM as described (28). The same symbol (e) is used for pT7-5, pTN6,
and pTC6 for reasons of clarity; there was no significant difference
between these samples.

are observed, a diffuse band with a molecular mass of about
33 kDa that corresponds to intact permease (3, 4, 12)t and
another sharp band migrating at about 30 kDa that is probably
8-lactamase precursor (31) (Fig. 4, lane 1). When the C- or
N-terminal portions are expressed individually, only the
pre-,8-lactamase band is observed (Fig. 4, lanes 3 and 4,
respectively).§ Finally, when the N- and C-terminal moieties
are expressed together, three bands are observed, one cor-
responding to pre-,8-lactamase, another diffuse band migrat-
ing below pre-p8-lactamase that is probably the N-terminal
portion of lac permease, and a third, more rapidly migrating,
diffuse band (putative C6 polypeptide; Fig. 4, lane 2) (see
below). Importantly, no intact permease is apparent when the
fragments are expressed either individually or together (com-
pare lane 1 to lanes 2, 3, and 4 in Fig. 4).

Immunoblotting. Monoclonal antibody 4A1OR is directed
primarily against the C terminus of lac permease (29). As
shown in lane 1 of the autoradiograph presented in Fig. 5,
which was purposely overexposed, antibody binds to the
diffuse band at about 33 kDa, which corresponds to intact
permeasej to various slower migrating species that represent
incompletely disaggregated permease, and to a band at about
20 kDa, which is a proteolytic fragment of the permease
observed sporadically (10). When the N- or C-terminal frag-
ments are expressed individually, no uniquely identifiable

WAlthough lac permease is 46.5 kDa, as determined from the DNA
sequence of lacY (6) and from the amino acid composition of
purified permease (3, 4), the protein migrates with an apparent
molecular mass of ca. 33 kDa on electrophoresis in NaDodSO4/12%
polyacrylamide gels, and its mobility varies with polyacrylamide
concentration (1, 2).
11n some [35S]methionine-labeling experiments, a fragment corre-
sponding to N6 (see Fig. 4, lane 2) is observed in membranes from
cells harboring pTN6. The appearance of the band is variable,
however, and may be related to the specific labeling conditions.

WT N6 (26 N6
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FIG. 4. Autoradiograph of membranes prepared from cells la-
beled with [35S]methionine after NaDodSO4/polyacrylamide gel
electrophoresis. WT (lane 1), N6/C6 (lane 2), C6 (lane 3), and N6
(lane 4) correspond to samples of membranes prepared from E. coli
T184 harboring pGP1-2 and either pT7-5(lacY), pTN6/C6, pTC6, or
pTN6, respectively. Aliquots containing the same amount of mem-
brane protein (30 Ag) were applied to each lane, and prestained
molecular size markers (Bio-Rad) were used as indicated by the
arrows at the left.

bands are observed (Fig. 5, lanes 2 and 3). However, when
the N- and C-terminal fragments are expressed together (Fig.
5, lane 4), a unique band is observed that corresponds to the
lower diffuse band in lane 2 of Fig. 4. Antibody binding is not
observed at the position corresponding to intact permease
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FIG. 5. Immunoblot of membrane and soluble fractions from E.
coli T184 harboring pGP1-2 and either pT7-5(lacY) (WT; lanes 1 and
5), pTC6 (C6; lanes 2 and 6), pTN6 (N6; lanes 3 and 7), or pTN6/C6
(N6/C6; lanes 4 and 8) after NaDodSO4/polyacrylamide gel elec-
trophoresis. After electroblotting of a NaDodSO4/polyacrylamide
gel similar to that shown in Fig. 4, the nitrocellulose paper was
blocked, incubated with monoclonal antibody 4A1OR, washed, la-
beled with 125I-labeled protein A, and autoradiographed as described
(29). Lanes 1-4 are membrane fractions and lanes 5-8 are soluble
fractions from the cells.
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(i.e., 33 kDa) in Fig. 5, lanes 2, 3, or 4, or in the supernatants
resulting from high-speed centrifugation (Fig. 5, lanes 5-8).

DISCUSSION
These data demonstrate that expression of the lacY gene as
two independently cloned fragments in the same plasmid
leads to membrane insertion of functional lac permease and
synthesis of polypeptides that correspond to the N- and
C-terminal portions of the protein. In contradistinction, when
the two fragments are expressed individually, transport ac-
tivity is not observed, and although the N-terminal fragment
is sometimes observed,§ the C-terminal fragment is not.
Therefore, the N- and C-terminal polypeptides are probably
unstable and are proteolyzed either before or after membrane
insertion when expressed individually. When the polypep-
tides are synthesized together, however, they apparently
form a more stable, catalytically active complex in the
membrane.
The obvious caveat of the experiments is that intact

permease is synthesized and inserted into the membrane
when the two pieces of lacY are expressed together. This
consideration is highly relevant because there is only a
qualitative relationship between the amount of permease and
the initial rate of transport in intact cells. However, given the
nature of the plasmid construct and the results presented in
Figs. 4 and 5, it is unlikely that intact permease is present.
First, pTN6/C6 was constructed with a P-lactamase gene
between the 3' end of the N6 fragment and the 5' end of the
C6 fragment and a tetracycline-resistance gene between the
3' end of the C6 fragment and the 5' end of the N6 fragment.
By this means, homologous recombination is prevented
because recombinants would lose one of the antibiotic-
resistance markers. Second, as judged by [35S]methionine
labeling and immunoblotting, no intact permease is detected.
As for the polypeptides expressed from pTN6/C6, since

intact permease migrates with an aberrantly high mobility
that is sensitive to polyacrylamide concentrations it is dif-
ficult to predict where the N6 and C6 polypeptides should
migrate, particularly since the distribution of charged amino
acid residues is asymmetric. In any event, as judged by
[35S]methionine labeling and immunoblotting with a mono-
clonal antibody directed primarily against the C terminus,
two unique polypeptides tentatively identified as N6 and C6
are apparent when the two gene fragments are expressed
from pTN6/C6.
The observation that an N-terminal fragment of the per-

mease is not observed consistently when N6 is expressed
alone§ is unexpected. Stochaj et al. (32) demonstrated that
polypeptides expressed from 5' lacY fragments encoding as
few as 170 amino acid residues are detected in the membrane
following overexpression and concluded that a "helical hair-
pin" at the N terminus is required for insertion. Similarly,
Roepe and Kaback (27) showed that site-directed truncation
mutants in the C-terminal third of the permease are detected
in the membrane after overexpression, although certain trun-
cated molecules exhibit markedly shortened lifetimes. Pos-
sibly, the stability of N-terminal polypeptides depends spe-
cifically on the site at which the permease is truncated (19).
On the other hand, overexpression of lacY gene constructs
devoid of 5' sequences encoding segments of the permease
corresponding to the N terminus and/or putative helices I
and II does not yield identifiable polypeptides (unpublished
work). Therefore, it is not surprising that a C6 polypeptide is
absent from cells harboring pTC6. In any case, it is clear that
both polypeptides appear in the membrane when the gene
fragments are expressed together. Thus, it seems likely that

an association between the complementing polypeptides be-
fore, during, or after membrane insertion stabilizes the com-
plex to proteolysis.
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