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The N-terminal domain of the OmpA protein from Escherichia coli, consisting of 170 amino acid residues, is
embedded in the outer membrane, in the form of an antiparallel (3-barrel whose eight transmembrane
B-strands are connected by three short periplasmic turns and four relatively large surface-exposed hydrophilic
loops. This protein domain serves as a paradigm for the study of membrane assembly of integral 3-structured
membrane proteins. In order to dissect the structural and functional roles of the surface-exposed loops, they
were shortened separately and in all possible combinations. All 16 loop deletion mutants assembled into the
outer membrane with high efficiency and adopted the wild-type membrane topology. This systematic approach
proves the absence of topogenic signals (e.g., in the form of loop sizes or charge distributions) in these loops.
The shortening of surface-exposed loops did not reduce the thermal stability of the protein. However, none of
the mutant proteins, with the exception of the variant with the fourth loop shortened, served as a receptor for
the OmpA-specific bacteriophage K3. Furthermore, all loops were necessary for the OmpA protein to function
in the stabilization of mating aggregates during F conjugation. An OmpA deletion variant with all four loops
shortened, consisting of only 135 amino acid residues, constitutes the smallest 3-structured integral membrane
protein known to date. These results represent a further step toward the development of artificial outer

membrane proteins.

The two-domain outer membrane protein OmpA of Esche-
richia coli is a well-established model for the study of mem-
brane assembly in vivo (8, 17, 18) as well as in vitro (16, 40).
The three-dimensional structure of its N-terminal membrane-
embedded domain, which assembles into the outer membrane
as efficiently as the full-length protein (36), has been solved at
atomic resolution (31). This 170-residue protein domain re-
sides in the outer membrane in the form of an eight-stranded
antiparallel B-barrel (Fig. 1), a finding that is reminiscent of
the porins which are also built up from antiparallel B-strands
that are connected by relatively large and hydrophilic surface-
exposed loops and short periplasmic turns (5, 44). However,
the truncated OmpA derivative has the advantage over the
porins and the full-length OmpA of being a monomeric one-
domain protein and of having a much smaller membrane moi-
ety. For these reasons, this OmpA domain was chosen as a
paradigm for the study of membrane assembly of integral
B-structured membrane proteins. Systematic studies demon-
strated that circularly permuted variants (20) and even split
variants (21) of this protein domain could assemble into the
outer membrane with high efficiency. Recently, the role of
individual transmembrane B-strands was probed by a random-
ization mutagenesis approach (22). In this context, a systematic
study of the role of the large surface-exposed loops was now
performed.

Among the surface-exposed loops, some are very important
for the function of outer membrane proteins. They are in-
volved in the recognition of many ligands, e.g., small-molecule
nutrients such as iron-siderophore complexes or sugars (13,
15), toxic agents such as bacteriophages or colicins (3, 14, 30),
and probably eukaryotic target cells for bacterial pathogens (2,
24, 33). However, it is an open question whether these surface-
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exposed loops also play an important structural role, e.g., by
determining the membrane topology of the polypeptide chain.
The conservation of their relatively large and hydrophilic char-
acter is at the very least striking. This is surprising insofar as
they must somehow cross the hydrophobic lipid bilayer.
Whereas charge distributions of the extramembranous regions
are crucial for the membrane topology of cytoplasmic mem-
brane proteins (10, 27), it is unknown whether the extramem-
branous regions of outer membrane proteins play a similar
role. Although previous studies in which surface-exposed loops
were shortened (1, 11, 15, 35) suggested that these loops do not
contain topogenic information, they did not rule out the exis-
tence of possibly redundant topogenic signals in the remaining
loops. Never had all loops been shortened simultaneously, and
a LamB mutant with three shortened loops still contained
more than half of its surface-exposed residues (15). Also,
charge distributions were never exchanged between surface-
exposed and periplasmic protein segments. Here, I shortened
all four surface-exposed loops of OmpA separately and in all
possible combinations (thus removing 83% of all surface-ex-
posed loop residues) and compared the 16 resulting OmpA
variants with respect to structure and function.

MATERIALS AND METHODS

Bacterial strains, plasmids, and bacteriophages. If not indicated otherwise, an
ompA mutant of strain UH300 (not synthesizing the protein [18]) was used.
Synthesis of full-length OmpA mutants, resulting from read-through of an amber
stop codon (see below), was achieved in the ompA supF strain UH203 (7). Some
protease digestion experiments were performed with the deep-rough mutant
BBI12 of E. coli B (34). Strains XL1-Blue, carrying a Tnl0-tagged F’ plasmid
specifying resistance to tetracycline (Stratagene, La Jolla, Calif.), and SOARI (a
spontaneously isolated ompA derivative of the streptomycin-resistant strain
UL4Sm [19, 23]) served as donor and recipient in F-conjugation experiments.
For labeling experiments, strains were transformed with plasmid pGP1-2 (41),
which allows temperature-induced expression of the T7 RNA polymerase and,
hence, of genes under the control of a T7-specific promoter.

All plasmids encoding OmpA loop deletion variants were derived from the
pBluescript KS(+) (Stratagene) derivative pKSO171, which carries a promoter-
less ompA allele with an amber stop codon corresponding to amino acid residue
172 of the mature OmpA protein downstream of a T7-specific promoter (36). In
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TABLE 1. Nucleotide and derived amino acid sequences of the regions corresponding to periplasmic turns and surface-exposed loops

OmpA turn and loop
variants (reference)

DNA and derived amino acid sequences”

Relevant restriction
site(s)

Periplasmic turns
T2, wild type Gly Tyr Pro lle Thr

84 8 86 87 88

GGT TAC CCA ATC ACT

Gly Tyr Pro Lys Leu Gly Thr

84 8 86 88

GGT TACCCC _AAG CTT GGBCT

T2HI1 (36)

T2M1 (this study)
84 85 86

Gly Tyr Pro Lys Leu Arg Arg Thr Arg Ala Ser GIn Leu Gly Thr

BstEIl

HindIII

BsmBI, Milul, BsmBI
88

GGT TAC CCCAG CTG _AGA CGC ACG CGT GCG TAG CTT GGG ACT

T2S0 (this study) Gly Tyr Pro Gly Thr

84 8 86 88

GGT TAC_CCC GGG ACT
T3, wild type Ala lle Thr

130 131 132

GCG ATC ACT
T3B0 (36) Val lle Thr

131 132

GTG ATC ACT

T3S4 (36)

131

Val lle Arg Arg Arg Val Asp Ala Ser Thr Arg Arg Arg lle Thr

Smal

None

Bcll

Sall (4 times)
132

GTG ATCCGT CGA CGC _GTC GAC_GCG TCG ACG CGT GBATTCGACT

T3S1 (this study) Val lle Arg Arg Arg lle Thr

131 132
GTG ATCCGT CGA GG ATC ACT
T3B1 (this study)

131

Val lle Arg Arg Ala Gly Cys Ala GIn Pro Ala Arg Arg lle Thr

Sall

BspMI, BssHII, BspMI
132

GTG ATC GC CGA _GCA GGT_TGC GCG _CAA CCT GGA CGG ATC ACT

Surface-exposed loops
AL1 (this study) Tyr Ser Arg Glu Asn
18 32 33
TAC TCT AGAGAA AAC
Met Pro Arg Lys Ala
61 62 73 74
ATG CO AGGAAA GCT
Ala Asp Thr Ser Val
104 105 106 119
GCA GAC_ACT QT GTT
Asn Ala Ser Asp Asn
146 158 159
AAC GCT AGCGAC AAC

AL2 (this study)

AL3 (this study)

ALA4 (this study)

Xbal

Avrll

Spel

Nhel

¢ Introduced linker sequences of turn variants and introduced nucleotides of loop deletion mutants are shown in boldface; relevant restriction sites are underlined.
Wild-type amino acid residues are numbered according to the mature wild-type protein.

order to facilitate the easy combination of individual loop deletion mutations, the
ompA allele of plasmid pKSO171 was modified to contain unique restriction sites
at the regions encoding the three periplasmic turns: an Hpal site at the first turn,
a HindIII site at the second turn, and a Sall site at the third turn (Fig. 1). The
resulting plasmid, pKSO171AHdASal-HS, was constructed as follows. (i) A plas-
mid harboring an ompA gene variant containing four Sa/l linkers at the region
corresponding to the third turn (Table 1, turn T3S4) (36) was digested with Sall
and religated, resulting in a variant with only one Sa/l linker insertion (Table 1,
turn T3S1). It should be noted that during the original Sall linker insertion
mutagenesis codon 130 (GCG) was changed to GTG, thus substituting Val-130
for Ala (Table 1, turn T3BO0) (36). (ii) This single Sa/l linker insertion was
combined with a HindIII linker insertion at the region corresponding to the
second turn (ompA-T2-1.5) (36). DNA sequencing revealed that the published
amino acid sequence listed two nonexisting residues; the corrected sequence is
given in Table 1 (turn T2H1). (iii) Both linker insertions were then transferred
into a pKSO171 derivative whose HindIII and Sall sites of the multiple cloning
site had been destroyed before by filling in and religation. Notably, amino acids
Asn-46-Pro-47 of the first turn are encoded by a unique Hpal site in the wild-
type ompA allele.

Bacteriophage K3 is a T-even-type OmpA-specific coliphage (30).

OmpA loop deletion mutagenesis. To perform OmpA loop deletion mutagen-
esis, a PCR-based megaprimer method was employed (38). The primers (pur-
chased from MWG Biotech, Ebersberg, Germany) were about 60 nucleotides in
length and had at least 20 complementary nucleotides for first-round amplifica-

tion (25 cycles, Pfu polymerase [Stratagene]) and at least 30 complementary
nucleotides for second-round amplification (32 cycles, Tag polymerase). After
cloning of the PCR-amplified DNA and restriction fragment exchange to mini-
mize the probability of second-site mutations, all loop mutations were confirmed
by DNA sequencing. The resulting sequences are listed in Table 1. All 16
possible combinations of different OmpA loop deletion mutations were con-
structed by using the three unique restriction sites at the regions corresponding
to the periplasmic turns (see above), which separate the four surface-exposed
loops.

Excision linker insertion mutagenesis. Excision linkers (29) introduce some
extra base pairs (e.g., codons) which, in coding sequences, will lead to the
addition of some extra amino acid residues in the encoded protein. Second, these
linkers and the adjacent regions in the target sequence can be removed by
digestion with a type IIS restriction endonuclease, thus creating small deletions.
To obtain linker insertions at the regions corresponding to the last two periplas-
mic turns, plasmids were digested with HindIII or Sall, respectively. For anneal-
ing, self-complementary nonphosphorylated oligonucleotides with compatible
overhangs were dissolved in 10 mM Tris-HCI (pH 8.5), boiled for 10 min, and
cooled to room temperature over a period of 20 min. Oligonucleotides T2-ex
(5'-AGCTGAGACGCACGCGTGCGTCTC) and T3-ex (5'-TCGAGCAGGTT
GCGCGCAACCTGC) were used for enlargement of the second and third turns,
respectively (T2M1 and T3B1 [Table 1]). Fifteen picomoles of the oligonucleo-
tides was ligated with 0.15 pmol of linearized plasmid DNA. Prior to transfor-
mation of competent cells, the ligation mixture was digested with HindIII or Sall,
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respectively, boiled for 10 min, and cooled to 4°C over a period of 30 min. This
procedure should lead to the dissociation of the noncovalently joined strand of
the ligated double-stranded linker DNA, followed by reannealing of the co-
valently joined strands of the linkers at both termini of the plasmid and con-
comitant ring closure. Clones with the desired linker insertions were screened by
restriction analysis, making use of the facts that linker insertion results in the
removal of the original plasmid-encoded site and that the introduction of more
than one linker would lead to the introduction of an additional restriction site at
the boundaries of two adjacent linkers (T2-ex, Pvull; T3-ex, Xhol).

Radioactive labeling of proteins and protease digestion experiments. Radio-
active labeling of OmpA variants, conversion of cells to spheroplasts, and pro-
tease digestion experiments have been performed essentially as previously de-
scribed by Koebnik (21). Strains carrying plasmid pGP1-2 (41) served as a host.
If not indicated otherwise, cells were subjected to protease digestion (0.1 mg of
protease per ml) for 15 min at 30°C. Thermal stability of proteins was estimated
as described previously (21). Proteins were analyzed by sodium dodecyl sulfate
(SDS)-16% polyacrylamide gel electrophoresis (PAGE). Gels were autoradio-
graphed, and protein bands were quantitated with a laser densitometer (Ul-
troScan XL; Pharmacia LKB, Bromma, Sweden). Peaks were integrated with the
Pharmacia LKB GelScan XL 2.1 program.

F conjugation and phage sensitivity assays. F conjugation in liquid medium (L
broth) was carried out as described elsewhere (26). In brief, exponentially grow-
ing donor and recipient cells were mixed at a ratio of 1:10 and were incubated for
30 min with shaking at 37°C. Then, mixtures were cooled on ice and vortexed for
10 s, and dilutions were plated on selective medium. Both streptomycin (20
pg/ml) and ampicillin (80 wg/ml) counterselected against the donor; tetracycline
(16 pg/ml) counterselected against the recipient.

Phage receptor activity of OmpA variants was assayed as described previously
(20).

RESULTS AND DISCUSSION

Construction and expression of OmpA loop deletion mu-
tants. For simultaneous replacement of all surface-exposed
loops of the OmpA B-barrel domain by much shorter loops, a
tailor-made ompA allele with unique restriction sites at the
DNA regions corresponding to the three periplasmic turns was
constructed (Materials and Methods). This procedure resulted
in the introduction of two and four additional amino acids at
the second and third turns (turns T2H1 and T3S1 [Table 1]),
respectively, and this wild-type-like OmpA variant was dubbed
OmpA-T2H1-T3S1.

The design of loop deletion mutations was based on the
available topological model (42) and guided by the following
three considerations. First, wild-type surface loops, which were
predicted to be 12 to 14 residues long, should be replaced by
new loops, consisting of only three, preferably turn-promoting,
amino acids (12). Second, all four new loops should be en-
coded by DNA sequences that contain unique and compatible
restriction endonuclease recognition sites in the same reading
frame, thus giving the possibility of using the new plasmids as
versatile surface exposure expression vectors. Third, these four
cleavage sites should be arranged such that the original adja-
cent residues were kept whenever possible. According to these
criteria, four OmpA loop deletion mutants were constructed
(Materials and Methods); the resulting mutations are summa-
rized in Fig. 1 and Table 1. These single deletions were then
combined in all possible combinations, such that a series of 16
ompA alleles was obtained, encoding OmpA variants with none
(i.e., wild type) to all four surface-exposed loops shortened.
The deletion variants were designated by their shortened
loops, i.e., OmpAAL234 means that loops L2, L3, and L4 were
shortened while loop L1 was retained.

By use of the bacteriophage T7 RNA polymerase-promoter
system (41), the deletion variants were labeled radioactively.
SDS-PAGE demonstrated that all 16 OmpA variants were
expressed and processed with efficiency similar to that of the
wild-type loop variant (data not shown and Table 2). No deg-
radation products accumulated during the 15-min chase, indi-
cating their stability in vivo. Furthermore, all 16 OmpA vari-
ants were heat modifiable (examples are given in Fig. 2 and 3),
a behavior that corresponds to that of wild-type OmpA, thus
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FIG. 1. Two-dimensional model of the arrangement of the N-terminal B-bar-
rel domain of OmpA in the outer membrane, based on the prediction by Vogel
and Jihnig (42). Transmembrane B-strands are boxed. The surface-exposed
loops and periplasmic turns have been labeled L1 to L4 and T1 to T3, respec-
tively. Amino acid residues are numbered according to their position in the
wild-type sequence. In this study, an OmpA variant with two modifications at its
periplasmic turns has been used. At the second turn, Ile-87 was replaced by
Lys-Leu-Gly. At turn T3, the peptide Arg-Arg-Arg-Ile was introduced between
Ile-131 and Thr-132, and Ala-130 was converted to Val (Materials and Methods
and Table 1). Residues that have been removed upon loop deletion mutagenesis
are shown in italics; amino acids that have been introduced in their places are
shown in boldface. Unique restriction sites which are associated with alterations
at the encoded loops and turns are indicated.

strongly suggesting their folding into a B-structure conforma-
tion and incorporation into the outer membrane (39). It should
be noted that the C-terminally truncated OmpA behaves in a
manner opposite to that of the full-length protein with respect
to its heat modifiability, i.e., the heat-denatured molecules
migrate faster than the nondenatured molecules (36). Hence,
all 16 OmpA loop deletion derivatives with different combina-
tions of wild-type and shortened surface-exposed loops were
stably expressed and efficiently assembled into the outer mem-
brane of E. coli, regardless of the presence or absence of large
hydrophilic extramembranous loops.

Membrane topology of OmpA loop deletion mutants. In
order to study the membrane topology of OmpA loop deletion
variants, protease protection experiments were performed. In
general, surface-exposed loops of outer membrane proteins
are expected to be folded tightly in order to prevent their
proteolytic digestion by proteases that are present in their
natural environment. If some parts of the molecule are mis-
folded, they should become totally degraded by proteases. In
contrast, when a protein is only locally distorted then it is
expected to be cleaved only in that region of the molecule (1,
4,19, 36). After radioactive labeling of the OmpA derivatives,
cells were converted to spheroplasts and subjected to subtilisin
digestion. SDS-PAGE demonstrated that the heat-modifiable
forms of most loop deletion variants were cleaved to one or
two distinct smaller species (Table 2; examples are given in Fig.
2). However, the fact that these fragments were recovered
intact indicates that they were protected from further degra-
dation by being in the bilayer.

Comparative proteolytic digestion of membrane-assembled
molecules in spheroplasts versus intact cells gives information
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TABLE 2. Molecular masses and subtilisin susceptibilities of OmpA
loop deletion variants in spheroplasts

i Molecular Digestion Mapped Eﬂ‘i.cien'cy
OmpA variant mass lass? cleavage  of digestion
(kDa) class site? (%)

Wild-type loops

OmpA-T2H1-T3S1 19.5 NC
One loop shortened

OmpAALI1 18.4 NC

OmpAAL2 18.6 I Loop L1 20

OmpAAL3 18.3 I Loop L1 30

OmpAAL4 18.6 I Loop L1 35
Two loops shortened

OmpAAL12 17.4 NC

OmpAAL13 17.1 11 Loop L4 20

OmpAALI14 17.4 111 Loop L3 20

OmpAAL23 17.4 I Loop L1 45

OmpAAL24 17.6 I Loop L1 70

OmpAAL34 17.3 I Loop L1 70
Three loops shortened

OmpAAL123 16.2 II Loop L4 25

OmpAAL124 16.5 111 Loop L3 20

OmpAAL134 16.2 NC

OmpAAL234 16.4 I Loop L1 75
Four loops shortened

OmpAAL1234 15.3 NC

“ According to the size differences between the undigested OmpA variants and
their largest cleavage products upon proteolytic digestion (see also Fig. 2 and 3),
three digestion classes could be identified.

b See the text for the mapping of cleavage sites.

¢ The amounts of cleaved molecules after digestion for 15 min at 30°C are
shown. NC, no cleavage observed.

about the orientation of a protein in the membrane. Sites that
are cleaved in both cases are located at the cell surface,
whereas exclusive cleavage in spheroplasts indicates that these
sites are probably located on the periplasmic side. Digestion of
intact cells synthesizing variants OmpAAL123, OmpAAL124,
OmpAAL134, and OmpAAL234 led to the same cleavage pat-
terns as were observed upon digestion of spheroplasts (e.g.,
AL124 and AL234 [Fig. 3]), provided that the deep-rough mu-
tant strain BB12 was used for expression, thus demonstrating
the surface location of the cleavage sites. Interestingly, use of
a standard K-12 strain did not yield any cleavage (data not
shown). Obviously, only after destroying the interactions be-
tween protein and lipopolysaccharide molecules either by

OmpaA variant AL2 AL4 AL24 AL123 AL14
Digestion class | | | I 1l
Subtilisin - =+ + - =]+ + - =+ + - |+ + - =+ +
Boiled * —l+ = + =+ - + =+ - + -+ - + |+ -
.Hj _-.-. - .o - -
-0 -0 - :o .- 0-..— —

FIG. 2. SDS-PAGE analysis of OmpA loop deletion variants after subtilisin
digestion. After conversion of cells to spheroplasts, radioactively labeled and
chased variants were subjected to proteolytic digestion. Heat-modifiable forms
are marked by solid circles, and undigested forms that had been boiled prior to
the electrophoresis for 10 min are indicated by solid squares. OmpA-related
cleavage products are indicated by open circles.
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FIG. 3. SDS-PAGE analysis of OmpA loop deletion variants after proteo-
Iytic digestion of spheroplasts (A) or intact cells (B), as described in the legend
to Fig. 2. Cells of strain BB12 were digested for 30 min. —, no protease added;
T, trypsin added; K, proteinase K added. For definitions of symbols, see the
legend to Fig. 2.

treatment with EDTA (25), which is used during conversion of
cells to spheroplasts, or by truncating the lipopolysaccharide
molecules genetically (e.g., in strain BB12) do proteases gain
access to potential cleavage sites.

The apparent molecular masses of the cleavage products
were estimated by SDS-PAGE. This way, three digestion
classes, I, II, and III, could be identified (Table 2), and the
corresponding cleavage sites could be mapped to one of the
remaining wild-type loops at about amino acid positions
Asp-20 (loop L1), Asn-159 (loop L4), and Lys-107 (loop L3),
respectively (numbering is according to the wild-type OmpA
sequence). Class I comprised all variants with wild-type loop
L1 and a deletion in loop L2, L3, or L4 (OmpAAL2,
OmpAAL3, OmpAAL4, OmpAAL23, OmpAA24, OmpA
AL34, and OmpAAL234). In these cases, about 2.3 kDa was
removed by the subtilisin protease. Proteins of class II were
cleaved into two visible (labeled) fragments, a very small one
and a fragment which was only slightly reduced in size (by
about 1.3 kDa); this class included all variants with an intact
loop L4 and deletions in loops L1 and L3 (OmpAAL13 and
OmpAAL123). Finally, class III, whose members were cleaved
into a small fragment and a fragment which was about 6.5 kDa
smaller than the undigested molecules, comprised all variants
with a retained loop L3 and deletions in loops L1 and L4
(OmpAAL14 and OmpAAL124). In all cases where two cleav-
age products were observed, their sizes added up to the size of
the undigested molecules. Apparently, cleavage at these loops
resulted from lack of protection by the now-truncated neigh-
boring loops.

In this context, another point of interest concerns the dif-
ferent protease sensitivities among the loop deletion variants.
Under the conditions used for subtilisin digestion of sphero-
plasts, reactions were not complete (Table 2). Obviously, pro-
teases can act better not only when the interaction with lipo-
polysaccharide molecules is weakened but also when the
network of intramolecular interactions is destroyed by short-
ening of more than one loop. Proteins of digestion class I
illustrate this point very well (Fig. 2). In this series, variants
OmpAAL234, OmpAAL34, and OmpAAL24 were most effi-
ciently digested, followed by intermediately digested variants
OmpAAL23, OmpAAL4, and OmpAAL3 and rather slowly
digested variant OmpAAL2. This means that a protease cleav-
age site in loop L1 was unmasked by the shortening of one
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neighboring loop (AL2 or AL4) and that this cleavage site was
further unmasked by simultaneous shortening of both loops
(AL24).

Mapping of class I cleavage to the first loop was also con-
sistent with the detection of only one fragment since the ex-
treme N-terminal sequence did not contain a methionine res-
idue that could have been labeled. In addition to subtilisin,
trypsin and proteinase K were tested, leading to essentially the
same results (examples are given in Fig. 3). However, the first
loop, which does not contain any potential trypsin cleavage
site, could not be cleaved by trypsin, thus giving further support
for the notion that cleavage by subtilisin or proteinase K oc-
curred in this region (e.g., OmpAAL234 [Fig. 3]).

As additional controls, derivatives with small diagnostic pep-
tide insertions at two of the periplasmic turns in an
OmpAAL1234 surface loop background were constructed by
the introduction of excision linkers. The resulting sequences at
the second (turn T2M1) and third (turn T3B1) turns are listed
in Table 1. The same linker was also introduced at the third
periplasmic turn of the wild-type-loop OmpA variant (OmpA-
T2H1-T3B1). That such an addition of 10 or 12 extra residues
to turns T2 and T3 can lead to cleavage at these sites upon
proteolytic digestion of spheroplasts has been shown previ-
ously (36). When these linker insertion variants were digested,
three different proteases (trypsin, proteinase K, and subtilisin)
gave essentially the same results (Fig. 3). Whereas with sphero-
plasts proteolytic cleavage at the insertion sites was observed,
these insertions were fully protected from cleavage during di-
gestion of intact cells, even in a deep-rough mutant strain (Fig.
3), thus indicating that the diagnostic peptides were indeed
exposed at the periplasmic face of the outer membrane. By
converting the excision linker insertion at the second turn to a
small deletion with the type IIS restriction endonuclease
BsmBI, an even smaller variant consisting of only 135 amino
acid residues was constructed (OmpAAL1234-T2S0 [Table 1]).
As judged by its heat modifiability and protease protection, this
variant was also efficiently assembled into the outer membrane
(data not shown). This is the smallest B-structured membrane
protein known to date.

In summary, comparative proteolytic digestion demon-
strated that all deletion variants assembled with wild-type
membrane topology and orientation. Thus, since the periplas-
mic turns also do not possess topogenic information (21, 36),
this information must therefore be entirely encoded in the
transmembrane B-strands. This finding is at variance with pro-
teins of the cytoplasmic membrane whose topology is, accord-
ing to the positive-inside rule (43), mainly governed by the
adjacent charges next to the membrane-spanning segments.
Wild-type OmpA has a net charge of —3 at its periplasmic
turns and of +1 at its surface-exposed loops. At the other
extreme, variants OmpAAL34 and OmpAAL134 have an op-
posite charge distribution (+1 at the periplasmic turns and —1
at the surface-exposed loops); yet these variants assembled in
a wild-type manner. Therefore, the membrane topology of
outer membrane proteins is determined by another, as yet
unknown mechanism.

Thermal stability of OmpA loop deletion mutants. For com-
parison of the thermal stabilities of OmpA loop deletion vari-
ants, the half-life of the conversion of the heat-modifiable form
to the completely denatured form at 72°C was estimated (Fig.
4). For this purpose, full-length variants of the OmpA deriva-
tives (including the C-terminal periplasmic domain) were syn-
thesized in an amber mutant strain, thus suppressing the stop
codon at amino acid position 172 (36).

Whereas wild-type OmpA had a half-life of conversion of
about 30 min, all analyzed mutants of the loop deletion series
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FIG. 4. SDS-PAGE analysis of thermal stability of OmpA loop deletion
variants. OmpA mutants were radioactively labeled in the supF strain UH203
and chased for 30 min. Proteins were solubilized in SDS-PAGE sample buffer
containing 2% (wt/vol) SDS and were incubated at 72°C for the time indicated
prior to electrophoresis. Heat-modifiable forms are marked by circles, and de-
natured forms are marked by squares.

(OmpAAL1, OmpAAL2, OmpAAL3, OmpAAL4, and OmpA
AL1234) as well as the wild-type-like OmpA-T2H1-T3S1 vari-
ant with all four surface loops retained had a half-life of 5 min
or less (e.g., OmpAAL1234 [Fig. 4]). The only differences be-
tween the authentic wild-type protein and the wild-type-like
variant of the deletion series are found at the last two periplas-
mic turns. In order to dissect the roles of both turns, variants
with alterations at only the second (OmpA-T2H1) or third
(OmpA-T3S1) turn were constructed in an otherwise wild-type
surface loop background. Their stabilities were intermediate,
and both changes combined (OmpA-T2H1-T3S1) led to the
least stable variant (OmpA-T2H1-T3S1 [Fig. 4]). Direct com-
parison of pairs with or without all surface-exposed loops in
the same turn background revealed that the loop deletion
variants were even slightly more stable (OmpAAL1234 versus
OmpA-T2H1-T3S1 [Fig. 4]; OmpAAL1234-T3B1 versus
OmpA-T2H1-T3B1). Hence, the thermal stabilities of all loop
variants were very similar, and yet they were significantly re-
duced in comparison to that of the wild-type protein, an ob-
servation that could be attributed to the alterations at the
periplasmic turns.

This apparent lack of contribution of the surface loops to the
thermal stability of the protein was unexpected and suggests
that these loops might be highly mobile but yet protease resis-
tant as long as the neighboring loops are intact. This finding is
corroborated by the X-ray structural analysis, which failed to
locate the residues of three loops in the electron density map
(31). Only loop L3 could be modeled; however, this loop is
involved in a crystal contact around Lys-113 and might there-
fore be accidentally frozen. Hence, main chain-main chain
interactions between adjacent B-strands and the packing of
side chains inside the B-barrel domain are, in addition to the
periplasmic turns, the main contributors to thermal stability,
which leads to the so-called heat modifiability of the proteins.

Functional characterization of OmpA loop deletion mu-
tants. An ompA mutant host strain (not expressing the chro-
mosomal ompA gene) transformed with the appropriate plas-
mids was assayed for its sensitivity to OmpA-specific
bacteriophage K3, a well-characterized T-even-type phage
(37). Only strains expressing the wild-type-like OmpA-T2H1-
T3S1 or OmpAALA4 variants were fully sensitive to phage K3,
thus giving further evidence that these two proteins were cor-
rectly assembled into the outer membrane. Although they were
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also correctly assembled (see above), all other loop deletion
variants did not allow plaque formation. These data are en-
tirely consistent with previous studies which demonstrated that
amino acid substitutions in loops L2 and L3 caused resistance
to phage K3 whereas substitutions in the fourth loop that
mediated resistance to other OmpA-specific bacteriophages
did not influence the efficiency of plating of phage K3 (30).
Hence, except for the fourth loop, all other loops were neces-
sary for the OmpA protein to function as a receptor for phage
K3.

For efficient F conjugation in liquid media, expression of the
OmpA protein by the recipient cell is required. In this func-
tion, the wild-type protein can be replaced by its B-barrel
domain (23). Host strain SOARI1, expressing different plasmid-
encoded OmpA variants, served as a recipient; strain XL1-
Blue (harboring F'::Tn/0) served as a donor. For conjugation,
a mixture of equal amounts of all 16 loop deletion variants was
used. Cells were plated in parallel on plates allowing growth of
only the exconjugants and on plates which also allowed growth
of the recipient cells. Colonies from both plate types were
pooled separately (about 500 recipient clones and 750 excon-
jugant clones), and their plasmid DNAs were isolated. By use
of two unique restriction enzymes (Nrul and Sphl), plasmids
encoding OmpA variants with a different number of loops
shortened could be distinguished. Agarose gel electrophoresis
demonstrated that the recipient pool represented, as expected,
an equal mixture of all 16 loop deletion variants (data not
shown). However, only full-length variants were identified in
the pool of exconjugants. This competition experiment dem-
onstrated that loop shortening is not compatible with the func-
tion of OmpA in F conjugation. Furthermore, this assay
underscores the power of competitive F conjugation in enrich-
ment for wild-type cells among an excess of nonfunctional
ompA mutants. In a similar experiment, it was found that
ompA wild-type cells could be enriched among a thousandfold
surplus of ompA mutants (23). This method will be very useful
in further experiments involving random libraries of OmpA
mutants.

Finally, studies on the role of the surface-exposed loops
during the invasion of brain microvascular endothelial cells by
pathogenic E. coli (33) are in progress.

Conclusion and outlook. This study demonstrates, for the
first time, that an engineered outer membrane protein de-
pleted of any large hydrophilic extramembranous loops still
maintains the potential to fold into a structure which is very
similar to that of the wild-type protein. Hence, not only do
surface-exposed loops of outer membrane proteins tolerate
small insertions (4, 9, 19, 28) or deletions (1, 11, 15, 35) in one
or a few loops, but they can also tolerate the essentially com-
plete removal of all loops at the same time. This way, this study
excludes the possibility that some redundant topogenic infor-
mation might be scattered throughout several loops. Although
my work is limited to the effects of loop shortening on mem-
brane assembly of the outer membrane protein OmpA, it is not
unreasonable to suggest that such loops do not play an active
role in the assembly of other, if not all, integral B-structured
membrane proteins.

Moreover, these findings represent a significant step toward
the development of artificial outer membrane proteins. It may
simplify such a task because it now appears possible to start
with only a minimum B-barrel core domain. It is not necessary
to put too much effort into the design of the turns or loops
connecting the B-strands. Such artificial membrane proteins
may have several biomedical or biotechnological applications,
for instance, as a framework for the docking of binding or
catalytic sites useful for vaccine development, immunoassays,
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or liposome-mediated drug delivery (for a review, see refer-
ence 32). The use of an artificial membrane-embedded core
as a protein fusion partner for producing two-dimensional
crystals or in the development of biosensors (6) might repre-
sent another application. The design principles make the
OmpAALI1234 variant an excellent starting point for such an
endeavor.
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