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The use of gene fusions to study membrane protein
topology is now a well-established technique (3, 5, 20).
Hydropathy plots and the positive inside rule (11, 22) can be
used to generate one or more topological models for a
membrane protein from its predicted amino acid sequence.
Gene fusions can be used to confirm or discriminate between
or among such models. Random methods for generating gene
fusions have been widely used for this purpose but are
generally inefficient in the sense that many fusions must be
constructed to obtain a complete analysis (1, 4, 6, 15, 16, 19,
23). In addition, anomalous results are often obtained when
topogenic determinants are interrupted or deleted in the
construction of fusions (3, 4, 6, 19, 20). Here we describe a
strategy to simplify this analysis. We construct fusions only
at the C termini of hydrophilic regions using polymerase
chain reaction (PCR). This approach avoids the disruption of
the two known classes of topological determinants (membrane-spanning segments and short hydrophilic regions with
net positive charge) and requires the construction of a
minimal number of fusions to discriminate among topological models.
To illustrate this approach, we have studied the Escherichia coli MalG protein. MalG is part of a complex that
also contains the inner membrane protein MalF and the
membrane-associated cytoplasmic protein MalK (8). This
complex works in concert with the periplasmic maltosebinding protein to transport maltose across the inner membrane. This complex is a member of the ABC transporter
family (2, 12, 13). A number of these transporters, including
the mammalian multidrug transporter, are proposed to have
a conserved 12-membrane-spanning segment structure (13).
Fusion analysis of the MalF protein offers support for the
8-transmembrane-segment model (4) and the hydropathy
analysis of MalG suggests that there are 6 segments (see
below), bringing the total number of membrane-spanning
segments to 14. Confirmation of the predicted topological
structure of MalG will facilitate genetic and biochemical
studies of the function of the complex. By constructing a set
of alkaline phosphatase fusions to MalG that includes only
those with fusion joints at the carboxy terminus of each of
the hydrophilic regions (Fig. 1), we have obtained data that
point unambiguously to a particular topological model.
Hydropathy analysis (Fig. 2) (9, 14) of the predicted MalG

amino acid sequence (7) suggests that it may have six
membrane-spanning segments and one large hydrophilic,
extramembrane domain. Although a model with six membrane-spanning segments seems most likely, other topologies are conceivable. The clustering of basic residues in the
first and third hydrophilic regions suggests that these regions
are cytoplasmic.
To test this model, we have constructed fusions of the
malG gene to the gene encoding alkaline phosphatase. Our
choice of sites for fusion joints was governed by the rationale
outlined above. Using site-directed mutagenesis, we have
constructed fusions at the carboxyl end of each hydrophilic
region. A single fusion obtained earlier by transposition of
TnphoA, which fortuitously was near the C terminus of the
large hydrophilic region, was included in the set. Other
fusions were constructed in vitro. First, the parent plasmid
pDHB5752, shown in Fig. 3, was constructed. This plasmid
complements the malF deletion of DHB4 (4) and the malG
amber mutation of strain BT45 and has alkaline phosphatase
activity that is encoded by a tripartite fusion of xylE, malF,
and phoA and that is expressed from a promoter regulated by
xylose.
Six fusions were constructed in vitro by using oligonucleotides (shown in Fig. 1) that introduce a restriction site,
BspEI, at the fusion joint. This procedure results in conversion of the amino acyl residue at the fusion joint to proline in
each case, and although in some cases, the third base of the
preceding codon is changed, the residue itself is not
changed. Two of the six fusions, GA1 and GA4, were
constructed by oligonucleotide-directed deletion mutagenesis of plasmid pDHB5752, using T4 DNA polymerase methods described previously (4). Four additional fusions were
constructed by a PCR method. First, a recipient plasmid,
pGA4ABsp was constructed by deleting the material between the BspEI site in malF and that at the fusion joint of
pGA4. This deletion removes a part of malF and all of malG
to fuse phoA to malF. This fusion is to a cytoplasmic domain
and has little alkaline phosphatase activity. The plasmid is
similar to pDHB5752 (Fig. 3), except that the fusion joint is
at the BspEI site in malF. Next, a fragment containing the
desired segment of malG and part of malF was synthesized
by using the oligonucleotides of Fig. 1 and another oligonucleotide (the common malF oligonucleotide, which corresponds to a sequence near the amino terminus of MalF) as
primers for PCR. Each PCR product was digested with
BspEI, gel purified, and ligated with pGA4ABsp that had
been cut with the same enzyme. The resultant plasmids have
the GA3, GA5, GA6, and GA7 fusion joints, each with its
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An approach to analyzing the topology of membrane proteins with alkaline phosphatase fusions is described.
Precise fusions were constructed by using polymerase chain reaction at the C terminus of each hydrophilic
region of the membrane protein. The disruption of topogenic signals is thereby minimized, and predictable
anomalous results are avoided. The Escherichia coli MaiG protein has been analyzed.

554

NOTES

J. BACTERIOL.

GAi
17
CG CAA AAA GCT CG1 TTA IIT AT ACT CAI Ccg
gln lys ala arg leu phe ile thr his pro

gac tct
asp ser

tat aca caa gta gcg tcc
tyr thr gln val ala ser

-4
-

3
2

-

1

-

0

-

GA3
124
GGC AAA GOG ACG CTG CTG AAA GCU
gac tct tat aca caa gta gcg tcc
gly lys ala thr leu leu lys gly pro asp ser tyr thr gln val ala ser
-1

GA4
159
CCA TTC AMT GGC CTG AA ACT CAT
pro phe ile gly leu asn thr his

gac tct tat aca caa
tyr thr gin

pro asp ser

R
B

gta gog tcc
val ala ser

204
GA5
GOG MA CCG TGG CAG GOC ITC C(M Ccg gac tct tat aca caa gta gcg tcc
ala thr pro trp gin ala phe arg pro asp ser tyr thr gin val ala ser

GA7

296
CTG ACG GCA GGT GT GM AMA
gac tct tat aca caa gta gog tcc
leu thr ala gly gly val lys gly pro asp ser tyr thr gin val ala ser

FIG. 1. MalG-PhoA fusion oligonucleotides. The sequences
shown are the complement sequences of the oligonucleotides synthesized. Bases shown in uppercase type code for MalG residues,
while those in lowercase type code for TnphoA residues. Underlined
bases are different from those in the sequence of MalG or TnphoA.
These changes introduce a BspEI restriction site but do not change
the amino acid sequence of MalG or TnphoA, except to convert the
residue at the fusion joint to a proline in all cases. The possibility of
introducing this site was discovered by using the computer program
Degenerate DNA Matcher, which is available as Macintosh-compatible software from Dana Boyd. The number above the last
uppercase (MalG) residue is the number of that residue in the MalG
sequence (9). The sequence at the GA2 fusion joint, a TnphoA
transposition after residue 84 of MalG, is TGG Cct gac, which codes
for Trp Pro Asp. The oligonucleotides were designed for deletion
mutagenesis with T4 DNA polymerase, so are longer than required
for the PCR method.

BspEI site in maiG. The DNA sequence at the fusion joint
was confirmed by sequence analysis of each fusion.
To determine relative alkaline phosphatase activities of
the fusion proteins, both alkaline phosphatase activity and
the rate of fusion protein synthesis were determined for the
same culture of each strain. The CLG190 strains with the
fusion plasmids (Table 1) were induced with 1 mM isopropyl13-D-thiogalactopyranoside (IPTG) for 40 min. Alkaline phosphatase activity of a fraction was measured as described
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elsewhere (15). The rate of fusion protein synthesis was
determined by pulse-labeling with [ S]methionine (Amersham) immunoprecipitation and sodium dodecyl sulfatepolyacrylamide gel electrophoresis, followed by quantitation
with a Phosphorimager as described previously (21). The
normalized activity is calculated by dividing the amount of
activity by the amount of pulse-label in the fusion proteinsized band for each fusion protein. This gives a units per
counts per minute value for each fusion protein. Each of
these values is then divided by 0.01 times the value for fusion
GA4, the highest value. This calculation method sets the
normalized activity of the most active fusion at 100 and gives
values for the other fusions that correspond to a relative
percentage of the highest value. This important aspect of the
gene fusion approach eliminates problems that can arise if
different fusions are expressed at different levels (18).
Our results (Fig. 4 and Table 2) show that the fusions to
putative periplasmic regions of MalG have much higher (20to 80-fold) activities than the fusions to the putative cytoplasmic regions. The activities of the periplasmic fusions
were comparable to that of wild-type alkaline phosphatase.

TABLE 1. E. coli strains
Genotype
Strain
Genotype

Reference

Strain

DHB4

CLG190
DHB5752
DHB5730

DHB5728
DHB5727
DHB5733
DHB5729
DHB5735
DHB5737
DHB5739
BT45

F' lac pro lacIq/A(ara leu)7697 araDl39 A(lac)X74 galE galK rpsL phoR A(phoA) PvuII
A(malF)3 thi
Same as DHB4, but pcnB zad::TnlO recAl
Same as DHB4, but carries pDHB5752
Same as CLG19Q, but carries pGA4ABsp
Same as CLG190, but carries pGA1
Same as CLG190, but carries pGA2
Same as CLG190, but carries pG.A3
Same as CLG190, but carries pGA4
Same as CLG190, but carries pGA5
Same as CLG190, but carries pGA6
Same as CLG190, but carries pGA7
F' lac pro lacP/lA(lac pro)XIII araD rpsL rpoB malG(Am) malT(Con) zhe::TnJO thi

or source

6

Claude Gutierrez
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

Downloaded from http://jb.asm.org/ on October 18, 2019 by guest

262
GA6
CCG CMA AC TMC CTG TGG GGT GCZ
gac tct tat aca caa gta gcg tcc
pro gin asn tyr leu trp gly asp pro asp ser tyr thr gin val ala ser

100

FIG. 2. Analysis of the MalG sequence. Hydropathy plot
(above) and distribution of acidic (A) and basic (B) residues (below)
in MalG. The average local hydrophobicity at each residue calculated by the method of Kyte and Doolittle (14) is plotted on the
vertical axis versus the residue number on the horizontal axis.
Higher values represent greater hydrophobicity. At the bottom of
the figure the positions of charged residues are represented by
vertical lines. In strip A, longer vertical lines represent glutamyl and
the shorter ones aspartyl residues. In strip B, arginyl, lysyl, and
histidinyl residues are represented by the long, medium, and short
lines, respectively. This figure is adapted from output of the program
DNA Strider.
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TABLE 2. Activities and stabilities of fusion proteins

Ptac

Fusion protein

GA1
GA2
GA3
GA4
GAS
GA6
GA7

Alkaline

phosphatase activity

(Un)

Not normalized

Normalized

1.5
63
2.7
128
2.9
47
3.2

1.6
67
2.0
100
2.0
77
2.7

Stability

1.02
0.77
0.17
1.08
0.27
0.93
0.34

'phoA

'fusion joint

FIG. 3. pDHB5752 expresses wild-type copies of malF and
malG from the tac promoter and a tripartite fusion composed of
xylE, malF, and phoA from the xylE promoter. pDHB5752 was
constructed by cloning a SacI-PvuII fragment of E. coli DNA from
plasmid pHS2 into the M fusion plasmid derivative of pDHB32 (4)
after the M fusion plasmid was digested with PflMI, trimmed with
T4 DNA polymerase, and digested with Sacl. The intergenic region
of phage M13 (M13 IG), the transcriptional terminator region of the
E. coli rrnB gene (rrnB T1T2), the gene coding for P-lactamase (bla),
and the pBR322 replicative origin (ori) are indicated. Transcription
from both promoters shown and of bla is clockwise. The orientation
of the M13 origin is such that the coding strand is packaged during
phage growth. The pGA1 and pGA4 fusion plasmids were constructed using single-stranded DNA of pDHB5952 as a template and
the corresponding deletion oligonucleotides (Fig. 1) as primers for in
vitro second-strand synthesis. Plasmid pGA4ABsp, the recipient of
the BspEI-cleaved PCR fragments used to construct PGA3, pGA5,
pGA6, and pGA7, is a deletion derivative of pGA4 in which the
fusion joint is at the BspEI site of MalF.

Therefore, the data support the topological model presented
in Fig. 4 and make other possibilities less likely.
As was the case with phoA fusions to malF (4), only the
C-terminal fusion GA7, in which the entire malG coding
sequence is present, is capable of transporting maltose. The
pGA7 plasmid confers a weak Mal' phenotype BT45 on
MacConkey maltose indicator medium. Since the fusion
protein is unstable (only 34% of it is intact after pulse100

67

;4

\/

77

~~Periplasm
Cytoplasm

1.6

2.0

2.0

2.7

FIG. 4. Topological model for the MalG protein. The proposed
topology of the MalG protein in the membrane is shown approximately to scale. The six proposed membrane-spanning segments are
as follows: (i) Leu-18-Ile-37, (ii) Val-91-Ala-111, (iii) Gly-124-Phe144, (iv) Gly-160-13-177, (v) Leu-205-Ile-227, and (vi) Phe-263-Ala281. The normalized activities of each of the fusion proteins from
Table 2 are shown with the arrows that point to the positions of the
fusion joints in the topological model.

labeling and a 30-min chase [Table 2]), it is possible that a
breakdown product and not the fusion protein itself is
responsible for the phenotype.
The properties of the set of MalG-alkaline phosphatase
fusions provide evidence for a particular topological model
of the MalG protein of E. coli. The model was derived from
hydropathy analysis of the MalG sequence and the observation that there are two clusters of basic residues in short
hydrophilic regions. It is the most complex model that is
suggested by the hydropathy analysis. In testing this model,
we have constructed the minimal number of fusions necessary. The models with fewer membrane-spanning stretches
are not consistent with the data. More-complex models that
show an odd number of membrane-spanning segments inserted between the sites of two fusions are also ruled out, as
the C terminus would then be expected to have the orientation opposite to that indicated. Thus, we believe that if a
hydropathy analysis tends to strongly provide evidence for
one particular model for topology of a membrane protein,
that model can be readily tested by the approach we describe
here. If the analysis gives two or more equally plausible
models, then more-detailed fusion studies or other techniques may be required.
Although the approach we take here simplifies the analysis, it will not resolve all anomalous situations in gene fusion
topology studies. In the LacY protein, for example, an
alkaline phosphatase fusion to a known periplasmic domain
has low activity, because it follows a poor export signal (6).
Fusions to the pBR322 Tet protein exhibit a similar phenomenon (1). It has not yet been determined whether the
sandwich fusion (10) approach will indicate topology correctly in cases such as these. Similarly, a 13-lactamase fusion
that fails to indicate topology correctly might not be avoided
by our approach (23).
We wish to point out one other potential problem with
fusion analysis, which is best illustrated by considering the
large periplasmic domain of MalG. The fusion we obtained
exhibited high activity, leading to the conclusion that the
domain was periplasmic. However, it is possible that this
domain contains an additional two (or a larger even number)
membrane-spanning segments. While such putative membrane-spanning segments would necessarily be hydrophilic,
adjacent pairs of hydrophilic membrane-spanning stretches
have been proposed for some channel proteins (17). Presumably, such membrane-spanning segments would require interaction with other parts of the protein or with other
proteins to be stably inserted. Replacement of the C terminus of the membrane protein by the large reporter moiety
would be expected to disrupt such interactions.
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a Units of alkaline phosphatase activity and activity normalized to synthesis
were measured as described in the text.
b Stability is the fraction of the amount synthesized in a
pulse that remains
intact after a 30-min chase.
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