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minimum hydrophobicity requirements for TM1 to promote
export (18), showed that the positive charge of the Tsr Nterminal cytoplasmic segment is important for periplasmic domain localization (14), and showed that TM2 and an amphipathic sequence (AS) adjacent to TM2 were necessary for
efficient C-terminal domain localization to the cytoplasm (34).
In this report, we present an analysis of the detailed sequence
requirements for TM2 function, of the role of the large
periplasmic domain in Tsr insertion, and of the ability of the
AS to control the membrane orientation of an adjacent spanning sequence.

The assembly of an integral membrane protein requires the
insertion of the protein into the lipid bilayer in the appropriate
topology and the folding of the structure into an active globular form (2, 3, 33). The detailed characterization of sequences
directing membrane insertion is an essential step in understanding this process. The best-characterized determinants of
membrane protein topology are apolar sequences that span the
membrane and short positively charged sequences which orient adjacent spanning sequences (5, 6, 36). The orientation of
a spanning sequence can also be determined by the position of
the sequence in a polypeptide chain relative to those of other
spanning sequences (25, 37).
We have analyzed the process of membrane protein assembly by using the Escherichia coli serine chemoreceptor (Tsr) as
a model. Tsr inserts into the membrane in a structure that
spans the bilayer twice, generating a simple topology (Fig. 1,
left) (4, 10, 12, 15, 23). Tsr is presumed to function as a dimer
(28) and localizes to the poles of cells (21). A model for the
three-dimensional structure of the Tsr periplasmic domain has
been formulated on the basis of that of the Salmonella typhimurium aspartate receptor (13). Genetic studies have provided
detailed models for the structural organization of chemoreceptor transmembrane segments (20, 31) and have identified numerous mutations altering chemoreceptor function (1, 11, 29,
38).
We have sought to identify and characterize the major sequence determinants of Tsr topology. Our analysis has relied
on the properties of alkaline phosphatase (AP) gene fusions
(24). The AP activity of a hybrid protein coded for by such a
fusion is a sensitive indicator of the cellular disposition of the
fusion site in a membrane protein. For example, fusions to the
periplasmic domain of Tsr have high AP activity, whereas
fusions to the C-terminal cytoplasmic domain have low activity
(Fig. 1, right) (12, 23). In earlier studies, we determined the

MATERIALS AND METHODS
Bacteria and plasmids. The following E. coli K-12 strains were used in this
study: LS14 [D(ara leu)7697 D(lac)X74 DphoA PvuII D(phoB phoR) galE galK thi
rpsE rpoB argE(Am) recA1], LS16 (LS14 phoB1 phoR1), DSM3 [mutS215::Tn10
D(ara leu)7697 D(lac)X74 phoA20 galE galK thi rpsE rpoB argE(Am)
D(recA)::cat], DB6438 (Dlac rpoB argE metB mutT198), CC701 [D(ara leu)7697
D(lac)X74 DphoA PvuII DmalF3 phoR galE galK thi rpsL pcnB zad::Tn10/F9 lacI
lacZDm 15], CC703 (CC701 phoA1), and SM529 [D(ara leu)7697 D(lac)X74
phoR galE galK thi rpsL].
The following plasmids have been described previously: pLS100a, pLS200,
pLS210, pLS211, and pCM203 (23, 34). Plasmids pLS230-pLS236, pLS270pCM273, and pCM615-pCM624 are derivatives of pLS200 which were created by
oligonucleotide-directed mutagenesis. Plasmid pLS237a is a derivative of pLS234
that shows reduced toxicity. pLS237a was isolated after mutagenesis of pLS234
by growth in DB6438, followed by transformation of LS16 and screening for
large, blue transformant colonies on L agar containing kanamycin and BCIP
(5-bromo-4-chloro-3-indolylphosphate toluidinium salt).
Media and cell growth. Growth media have been described (27). Medium
supplements were used at the following concentrations: glycerol (0.2%), amino
acids (0.04%), thiamine (1 mg/ml), kanamycin (30 mg/ml in rich media and 15
mg/ml in minimal media), and BCIP (40 mg/ml).
DNA manipulations. Standard DNA preparations and manipulations were
used (22). DNA was sequenced by the dideoxynucleotide termination method
with a modified phage T7 DNA polymerase with double-stranded plasmid DNA
templates and appropriate oligonucleotide primers (35).
Oligonucleotide-directed mutagenesis. Mutations were generated by annealing single-stranded template DNA with phosphorylated oligonucleotides at a
molar ratio of 1:25 and then incubating them for 90 min at 378C in the presence
of deoxyribonucleotides, ATP, T4 DNA polymerase, T4 DNA ligase, and in
some cases, T4 gene 32 protein (17, 34). The resulting mixtures were transformed
into DSM3 with selection for growth on tryptone-yeast extract agar containing
kanamycin and BCIP. Plasmid DNA was isolated from transformant colonies
showing a range of blue color intensities, and the DNA was analyzed by restric-

* Corresponding author.
† Present address: Department of Pathology, University of Washington, Seattle, WA 98195.
2315

Downloaded from http://jb.asm.org/ on January 23, 2021 by guest

The Escherichia coli serine chemoreceptor (Tsr) is a protein with a simple topology consisting of two
membrane-spanning sequences (TM1 and TM2) separating a large periplasmic domain from N-terminal and
C-terminal cytoplasmic regions. We analyzed the contributions of several sequence elements to the cytoplasmic
localization of the C-terminal domain by using chemoreceptor-alkaline phosphatase gene fusions. The principal findings were as follows. (i) The cytoplasmic localization of the C-terminal domain depended on TM2 but
was quite tolerant of mutations partially deleting or introducing charged residues into the sequence. (ii) The
basal level of C-terminal domain export was significantly higher in proteins with the wild-type periplasmic
domain than in derivatives with a shortened periplasmic domain, suggesting that the large size of the wild-type
domain promotes partial membrane misinsertion. (iii) The membrane insertion of deletion derivatives with a
single spanning segment (TM1 or TM2) could be controlled by either an adjacent positively charged sequence
or an adjacent amphipathic sequence. The results provide evidence that the generation of the Tsr membrane
topology is an overdetermined process directed by an interplay of sequences promoting and opposing establishment of the normal structure.
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after a 2-min exposure of the cells to [35S]methionine by precipitation of the
antibody to AP (18) or after whole-cell protein electrophoresis (34). Plasmids
encoding toxic proteins (pCM203, pLS270, pLS230, pLS234, pLS236, and
pLS237a) were assayed at low copy number in CC703, whereas remaining mutants were assayed at high copy number in SM529 or LS14.

RESULTS

tion mapping and sequencing to identify appropriate mutants. The following
oligonucleotides were used in this study: TM2D13 (AGGCGATGTGGATTCTG
GTCTGGTTCGGTATTAAAG), TM2D9 (CGATGTGGATTCTGGTGGGCT
TCGCCGTCTGGTTCGGTA), TM2D5 (GGATTCTGGTGGGCGTGATGG
TCATCTTCGCCGTCTGGT), TM2 substitution (GGCGTGATG[C/G][G/A]
C[C/G][G/A]CGTACTGGC), Dperiplasm (GGCGGTCTGTTCTTTAATGCC
TTGAATTCCTACAGCCAGGCGATGTGG), D(TM1-periplasm) (GAAACC
ATGTTAAAACGTATCTCCTACAGCCAGGCGATG), D(periplasm-TM2) (CC
TTTTACAACTGACATCAGGCGCCTCGCTGGTAGCGCCA), NN (GAAA
CCATGTTAAACAATATTTCCTACAGCCAG), and NNN (AGAAACCATG
TTAAACAATATTAATATTGTGACCAGC).
AP assays. The AP activity of permeabilized cells was determined as described
previously (26), except that iodoacetamide (1 mM) was present in wash and assay
buffers (9). Prior to the assay, cultures were grown to early exponential phase
(optical densities at 600 nm of 0.15 to 0.25) at 308C in M63 minimal medium
supplemented with 0.2% glycerol, 40 mg of amino acids per ml (all of the
naturally occurring amino acids except methionine), and 15 mg of kanamycin per
ml. TM2 mutants (Table 1) were assayed in a pcnB strain (CC701); other
mutants (Table 2) were assayed in a pcnB1 strain (LS14).
Hybrid protein synthesis. Rates of hybrid protein synthesis were measured

TABLE 1. Tsr TM2 mutant derivatives
Plasmid

Mutation(s)a

pLS100a
pLS200
pCM203e
pLS270
pLS271
pLS272
pLS230
pLS231
pLS232
pLS233
pLS234
pLS235
pLS236
pLS237a

TM2D17
None
None
TM2D13
TM2D9
TM2D5
I-2013D and V-2023D
I-2013D and V-2023G
I-2013G and V-2023G
I-2013H and V-2023G
I-2013R and V-2023G
I-2013G and V-2023D
I-2013R and V-2023D
I-2013R, V-2023G,
and K-2153T

AP activityb
(U/OD600)

Relative
protein
levelc

Maximal
activity
(%)d

147 6 20
0.9 6 0.2
135 6 12
65.0 6 4.9
4.6 6 0.3
1.5 6 0.1
5.3 6 0.3
1.9 6 0.2
1.8 6 0.5
2.6 6 1.4
1.3 6 0.1
3.2 6 0.3
6.9 6 0.7
15.5 6 0.9

(1.0)
1.6
1.1
1.0
1.7
1.4
1.2
1.9
2.0
2.4
0.8
1.8
1.5
1.7

(100)
0.4
81
44
1.9
0.7
3.0
0.7
0.6
0.7
1.0
1.2
3.1
6.1

a
AP is fused after residue 402 of the Tsr C-terminal cytoplasmic domain in all
cases except in the protein coded for by pCM203, in which AP is fused after
residue 164 of the periplasmic domain. Abbreviations: DTM2D17, deletion of
second transmembrane segment (D[A-181–F-208]); TM2D13, D(V-197–A-209);
TM2D9, D(V-199–I-207); TM2D5, D(I-201–A-205).
b
Means 6 standard deviations (3 to 7 assay values per strain). Assays were
performed with plasmids at low copy number in CC701.
c
Hybrid protein recovery relative to that of cells expressing pLS100a (see
Materials and Methods).
d
AP activity divided by that of pLS100a and the relative protein level.
e
Periplasmic domain fusion junction.
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FIG. 1. The serine chemoreceptor and a serine chemoreceptor-AP hybrid
protein. (Left) The serine chemoreceptor (Tsr). Membrane-spanning segments
are indicated by arrows, with each arrowhead pointing toward the C terminus of
the protein. The first membrane-spanning segment (TM1) consists of amino acid
residues 7 through 30, the second membrane-spanning segment (TM2) consists
of residues 192 through 214, and the AS consists of residues 222 through 234.
(Right) A C-terminal Tsr-PhoA hybrid protein. AP is represented as a spiral.
Cells producing the hybrid protein express low AP activity because of the cytoplasmic location of the AP moiety.

Mutations altering TM2. In a previous study of Tsr mutants
which exhibited C-terminal domain export, we identified mutations deleting most or all of TM2 (34). The smallest deletion
shortened TM2 from 23 residues to 7 apolar residues (6 from
TM2 and 1 from the periplasmic domain) and caused essentially complete C-terminal domain export in Tsr-PhoA hybrid
proteins (Table 1; compare pLS100a and pCM203) (34). To
examine the effect of less extreme changes, a series of mutant
derivatives with progressively shorter TM2 sequences was constructed by site-directed mutagenesis of a C-terminal domain
Tsr-PhoA gene fusion (Fig. 2) (see Materials and Methods).
The AP activities of the derivatives were assayed as a measure
of C-terminal domain export (34). Since several of the mutants
were toxic when expressed from plasmids at high copy number
(see below), AP activities were assayed with plasmids at low
copy number in pcnB strains (see Materials and Methods). The
AP activities were normalized for the rates of hybrid protein
synthesis (see Materials and Methods). We found that although mutations shortening the 23-residue sequence to 14 or
18 residues caused little increase in AP activity (Table 1;
pLS271 and pLS272), a mutation leaving 10 residues caused
relatively efficient export of the AP moiety (Table 1; pLS270).
These results imply that only about half of the TM2 sequence
is required for stable cytoplasmic localization of the C-terminal
domain.
As an additional test of the ability of TM2 to tolerate dramatic mutational change, we introduced charged residues into
the center of TM2. Since previous genetic screens for mutants
showing export of the C-terminal domain had failed to yield
single-amino-acid substitutions within TM2 (34), we used a
mutagenic strategy that could lead to the introduction of one
or two (adjacent) charged residues. A degenerate oligonucleotide mixture capable of changing TM2 residues I-201 and
V-202 (marked with asterisks in Fig. 2) to an arginine, aspartate, histidine, or glycine residue was used for site-directed
mutagenesis (see Materials and Methods). Out of a possible 16
double-substitution mutations, 7 were identified. None of the
seven mutations resulted in a maximal AP activity of greater
than 3.1% (Table 1; pLS230 through pLS236), including
changes introducing pairs of charged residues (I-2013D–V2023D and I-2013R–V-2023D). Thus, as for the TM2 deletion mutants, the behavior of substitution mutants implies
that the topology-determining function of TM2 is tolerant of
changes dramatically decreasing its hydrophobic character.
Toxicity of TM2 mutations. Several of the mutant TM2
hybrid proteins (encoded by pLS270, pLS230, pLS234, and
pLS236) were toxic to cells when expressed from a plasmid at
high copy number. This toxicity was evident in the small colony
size (compare Fig. 3A and B) and the presence of white papillae in colonies grown for extended periods on BCIP indicator plates. In all cases, such toxicity was alleviated when plasmid copy number was decreased in a pcnB host (not shown)
(19).
To investigate the nature of the mutant TM2 toxicity, plasmids carrying second mutations reducing the toxicity of the
I-2013R–V-2023G mutant (encoded by pLS234) were isolated (Materials and Methods). Two mutations were identified
(Fig. 3C and D): one deleted TM2 (with the same change,
D[A-181–F-208], found in pLS100a) and gave strong suppres-
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TABLE 2. Tsr deletion derivatives
Mutation(s)a

AP activityb
(U/OD600)

Relative
protein
levelc

Relative
activityd

Maximal
activity
(%)e

pLS210
pLS211
pCM615
pCM616
pCM617
pCM618
pCM619
pCM620
pCM621
pCM622
pCM623
pCM624

None
DAS
DP
DP and DAS
DP and DTM1
DP and DTM2
DP, DTM1, and DAS
DP, DTM2, and DAS
DP, DTM1, and NN
DP, DTM2, and NNN
DP, DTM1, DAS, and NN
DP, DTM2, DAS, and NNN

23.5 6 6.7
395 6 13
5.9 6 1.6
44 6 15
475 6 46
3,755 6 520
570 6 22
3,110 6 474
116 6 11
637 6 68
425 6 36
2,327 6 109

(1.0)
1.0
1.2
1.1
0.2
1.7
0.3
2.4
0.3
1.4
0.3
2.1

(1.0)
17
0.2
1.7
119
94
81
55
17
19
53
47

1.0
17
0.2
1.7
117
92
79
54
17
19
52
46

a
AP is fused after residue 240 of the Tsr C-terminal cytoplasmic domain. Abbreviations: DP, deletion of periplasmic region (D[N-35–A-187]); DAS, deletion of
amphipathic segment (D[M-222–G-234]); DTM1, deletion of first transmembrane segment (D[K-6–A-187]); DTM2, deletion of second transmembrane segment
(D[G-27–K-215]); NNN, substitutions K-33N, R-43N, and K-63N; NN, substitutions K-33N and R-43N (in a derivative deleted of K-6).
b
Means 6 standard deviations (4 to 16 assay values per strain). Assays were performed with plasmids at high copy number in LS14.
c
Hybrid protein recovery relative to that of cells expressing pLS210. Values represent an average of at least two determinations per strain.
d
AP activity divided by relative protein level and the AP activity of the parent (pLS210).
e
Relative activity divided by the relative activity of pLS100a, determined to be 102 units relative to that of pLS210 under the same assay conditions (34).

sion, and another (encoded by pLS237a) neutralized lysine 215
(K-2153T, marked with an asterisk in Fig. 2) and gave partial
suppression. The K-2153T mutation lengthened the uncharged sequence containing the C-terminal end of TM2 from
13 to 22 residues. Both suppressor mutations increased AP
activity (Table 1; compare pLS234 with pLS100a and pLS237a).
Periplasmic domain deletion derivatives. Tsr contains a
large periplasmic domain between TM1 and TM2 (Fig. 1, left).
Different models for membrane protein insertion predict differences in the influence of such large domains on membrane
protein topology (see Discussion). To determine whether the
large size of the periplasmic domain influences C-terminal
domain localization, a Tsr-PhoA derivative with a deletion
shortening the domain from 161 to 8 residues (D[N-35–A-187])
was constructed (Fig. 4A). The mutation decreased AP activity
about fivefold (Table 2; compare pCM615 with pLS210). A
mutant with the shortened periplasmic domain that also lacked
the AS showed a 10-fold-lower AP activity than the mutant
lacking the AS alone (Table 2; compare pCM616 with
pLS211). These results indicate that shortening the periplasmic domain increases the fidelity of C-terminal domain localization to the cytoplasm.

FIG. 2. Mutations altering Tsr TM2. Residues constituting wild-type TM2
(A-192–I-214) and the lysine residue immediately C terminal to TM2 (K-215) are
shown. The endpoints of TM2 deletions are indicated, and residues altered by
substitutions are marked with asterisks.

Competition between topology determinants. The positive
N-terminal segment and the AS of Tsr each favor cytoplasmic
disposition of the end of the spanning sequence (TM1 or TM2)
adjacent to it (14, 34). We generated deletion mutants containing a single transmembrane sequence (TM1 or TM2) with
the positive segment at its N-terminal end and the AS at its
C-terminal end. The deletions create a competition between
the two sequences for influence over the orientation of the
spanning sequence. For both deletion derivatives, we observed
essentially complete export of the C-terminal domain (Table 2;
pCM617 and pCM618), and the additional deletion of the AS

FIG. 3. Toxicity of TM2 mutants. LS14 colonies expressing mutant Tsr-PhoA
hybrids with a cytoplasmic domain fusion junction (residue 402) are shown. (A)
Wild-type TM2 (pLS200). (B) TM2 I-2013R–V-2023G (pLS234). (C) TM2
D(A-181–F-208) (pLS100a). (D) TM2 I-2013R–V-2023G–K-2153T
(pLS237a). The photograph shows colonies grown on the same agar petri dish.
Colonies were grown at 308C for 75 h on morpholine/propane/sulfonic acid
(MOPS)-glycerol medium (30) containing 1 mM Pi, all the common amino acids
except methionine, thiamine, kanamycin, and BCIP.
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DISCUSSION

FIG. 4. Topology of the Tsr-PhoA deletion derivatives. (Left) Tsr-PhoA hybrids indicating the changes in Tsr. (Right) The proposed topologies of the
resulting derivatives. (A) DP. (B) DP DTM2. (C) DP DTM2 DAS. (D) DP DTM2
NNN. (E) DP DTM2 DAS NNN.

from both constructs had no significant effect (Fig. 4B and C)
(Table 2; pCM619 and pCM620). These results indicate that
the positive N-terminal segment was dominant over the AS in
forcing the intervening spanning sequence (TM1 or TM2) to

We have sought to analyze the major sequence elements
directing the membrane insertion of a topologically simple
protein, the serine chemoreceptor (Fig. 1, left). Earlier studies
provided a detailed analysis of the roles of TM1 and the positive N-terminal region in periplasmic domain translocation
(14, 18) and showed that TM2 and a novel AS were required
for efficient C-terminal domain cytoplasmic localization (34).
This report describes further studies of the sequences determining the cytoplasmic localization of the C-terminal domain.
These studies assayed C-terminal domain localization by using
C-terminal domain Tsr-PhoA hybrid proteins. The AP activity
of such hybrid proteins is a sensitive measure of C-terminal
domain export (34).
The earlier studies implied that the export function of TM1
is remarkably tolerant of mutation. For example, none of a
variety of single charged residue substitutions in TM1 significantly disrupted its ability to promote periplasmic domain
translocation (18). Is the function of TM2 in determining Cterminal domain cytoplasmic localization similarly tolerant of
mutation? To address this question, we analyzed a number of
mutations altering TM2. We found that although deletions
removing 13 or more apolar residues of the 23-residue TM2
caused efficient C-terminal domain export in Tsr-PhoA hybrids, the removal of 5 or 9 residues caused little C-terminal
domain export. The introduction of one or two charged residues near the center of TM2 was also without major effect.
These findings imply that as few as 11 to 14 TM2 residues allow
Tsr to insert into the membrane in its normal topology. These
results are in accord with studies of the single-span membrane
protein coded for by phage f1 gene III showing that newly
synthesized deletion derivatives with shortened hydrophobic
sequences (as few as 11 residues) associated correctly with the
membrane (7, 8). The extra spanning sequence in Tsr by comparison with that in the gene III protein evidently does not
greatly influence the hydrophobicity requirements for TM2
membrane association.
The earlier analysis of Tsr TM1 showed that only about half
of the sequence was required for periplasmic domain export
(18). Thus, even though TM1 and TM2 are oriented oppositely
in the membrane, the hydrophobicity requirements for their
topological functions are quite similar. This similarity suggests
the existence of a common recognition step with an export
machinery or the lipid bilayer in membrane insertion.
In the course of this analysis, we observed that several mutations reducing TM2 hydrophobicity caused the overproduced
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orient with its N terminus facing the cytoplasm (Fig. 4B and C,
right).
If the positive character of the N-terminal segment forces an
N-cytoplasmic orientation on the spanning sequence in these
derivatives, then mutations neutralizing the positive residues
should reduce C-terminal domain export. To test this prediction, we converted the positive residues of the N-terminal
segment into asparagine residues (‘‘NN’’ or ‘‘NNN’’ in Table
2). In both cases, AP activity was reduced about fivefold (Table
2; pCM621 and pCM622), showing that the positive character
of the N-terminal sequence was indeed essential for AP export
(Fig. 4D). When the AS was additionally deleted from these
derivatives, AP activity increased to about 50% maximal (Table 2; pCM623 and pCM624), suggesting a topologically mixed
population (Fig. 4E). These results indicate that the AS forced
an Nout-Cin orientation on the adjacent transmembrane sequence when the insertion function of the N-terminal region
was weakened.
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in the functions of the sequences controlling the orientations
of the spanning sequences (14, 34). This picture of membrane
protein insertion as an overdetermined process predicts that
naturally occurring missense mutations that inactivate membrane proteins may do so only rarely by grossly altering the
transmembrane topology.
ACKNOWLEDGMENTS
FIG. 5. Model for Tsr topology. The diagram shows the interaction of the AS
with the membrane.
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Tsr-PhoA hybrid to be quite toxic to cells. We have also observed that mutants with charged residues in TM1 sometimes
display slow growth (18a). Second mutations reducing the toxicity of a mutation introducing an arginine residue into TM2
either deleted most of TM2 or neutralized a lysine residue
immediately C terminal to TM2. These observations suggest
that TM2 mutant toxicity may be due to the introduction of
polar or charged residues into the bilayer, so that changes
eliminating membrane interaction or lengthening the apolar
sequence of TM2 alleviate the toxicity.
Does the large size of the periplasmic domain influence
membrane insertion? One can imagine two ways in which the
large size of the domain could affect insertion. If there existed
a competition between TM1 and TM2 for insertion into the
membrane in the outgoing (Nin-Cout) orientation, the longer it
took for TM2 to be translated after TM1 had been made, the
greater the opportunity for TM1 to interact with the membrane first and force the opposite orientation (Nout-Cin) on
TM2. This model predicts that a shortening of the periplasmic
domain would increase the probability of TM2 insertion prior
to that of TM1, leading to increased C-terminal domain export.
Alternatively, if premature folding of the normally periplasmic
domain in the cytoplasm sometimes blocked export and forced
an outgoing orientation on TM2, the large size of the periplasmic domain might favor TM2 misinsertion. This alternative
predicts that a protein with a shortened periplasmic domain
would exhibit decreased C-terminal domain export.
A deletion shortening the periplasmic domain from 161 to 8
residues caused about a 10-fold decrease in the basal level of
export of the C-terminal AP of Tsr-PhoA hybrids. A deletion
derivative lacking the AS showed a similar reduction in export
relative to that of its parent. These results indicate that the
large size of the Tsr periplasmic domain tends to promote
membrane misinsertion and that the AS does not function
specifically by counteracting this effect.
An earlier study had indicated that the Tsr AS might function by forcing the appropriate membrane orientation on TM2
(34). We tested this possibility by using a variety of Tsr deletion
derivatives. The results indicate that the AS can influence the
orientation of either TM1 or TM2. Since these and earlier
results (34) imply that AS function does not specifically require
TM1, TM2, or sequences C terminal to TM2, the AS may
interact directly with the membrane (Fig. 5). Amphipathic
helix interactions with lipid bilayers have been implied by several high-resolution membrane protein structures (16, 32).
The results of this and earlier studies of Tsr insertion (14, 18,
34) suggest that the generation of the protein’s membrane
topology is a process determined by a number of relatively
autonomous sequence elements. The process is highly tolerant
of mutational change, both because the transmembrane sequences are considerably more hydrophobic than is required
for membrane insertion and because of the partial redundancy
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