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Linker Mutagenesis in the Gene
of an Outer Membrane Protein of
Escherichia coli, LamB
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In order to identify sequences involved in the localization of LamB, an outer
membrane protein from E coli K12, mutagenesis by linker insertion has been
performed on a lamB gene copy carried on a plasmid devised for this purpose. An
analysis of the first set of 16 clones constructed by this technique shows that, in
these clones, the lamB protein is altered either by frameshift mutations leading to
abnormal COOH terminal (usually premature termination) or by in-phase deletions
or small insertions. Except for two in-phase linker insertions, which only slightly
changed the behavior of the protein, the modified proteins are either toxic to cell
growth or unstable. In all cases examined so far, the modified proteins were in
the outer membrane. We suggest that toxicity is due to incorrect folding, which
leads to disruption of the outer membrane. The nature of the genetic alterations
leads to the hypothesis that the first 183 amino acids of the LamB mature protein
contain, together with the signal sequence, all the instructions needed for proper
localization.
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The Gram-negative bacterium E coli K12 is composed of four compartments:
the cytoplasm, the inner membrane, the periplasm, and the outer membrane. The
exportation of proteins in either the periplasm or the outer membrane requires an
NH,-terminal extension, the signal sequence, which is cleaved off during protein
positioning (for review, see [1]).

Construction of protein fusions [1] showed that the signal sequence was not
sufficient to allow transiocation of hybrid proteins to one of these two compartments
[2,3]. In the case of the outer membrane protein LamB, it was proposed that
determinants for localization were present within the sequence of the mature protein
[4-6].

However, the folding and/or the abnormal hydrophobicity of the hybrid pro-
teins, in particular the fused cytoplasmic protein beta-galactosidase, interfere with
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their localization. In order to identify the determinants for localization and to avoid
the artifacts due to the fused protein, we have undertaken modification of the LamB
protein [7,8] by linker mutagenesis. By this technique, it has been possible to obtain
rapidly a set of proteins with abnormal termination (usually premature) or containing
in-phase deletions or small insertions (four amino acids).

This paper reports preliminary results on the properties and location of these
modified proteins.

MATERIALS AND METHODS
Linker Mutagenesis

The plasmid pBBO used for the constructions reported in this paper was
obtained by insertion of a tac;, promotor [9] between the EcoRI and BamHI sites of
plasmid pHSF1 [10], just before the Shine and Dalgarno sequence of gene lamB. The
resulting plasmid (Fig. 1, top) expresses the LamB protein upon induction with
lactose or Isopropyl-3-D-thiogalactoside (IPTG).

For linker mutagenesis (Fig. 1), pBBO was first linearized with a restriction
endonuclease. The extremities of the linearized vector were filled in with Klenow
polymerase and modified plasmids were then obtained after ligation in the presence
of Xhol linker (CCTCGAGG). The letter in the plasmid name refers to the enzyme
used tv linearize the vector, respectively a for Avall, h for HgiAl, e for EcoRV, n for
Ncol, s for Sall, m for Smal, and ¢ for Clal.

For each construction, further studies showed that the majority of the clones
had a phenotype corresponding to linker insertion with the predicted translation phase.
Other phenotypes were obtained with low frequencies. They presumably corre-
sponded to plasmids where a few nucleotides have been deleted by Klenow polymer-
ase. Some of these clones were selected when they presented phenotypes of interest,
even if they did not contain linkers.

In all cases, the restriction site that was opened to linearize the vector disap-
peared in the final construction. It was thus an indication that mutagenesis had indeed
occurred around this site. In addition, in the cases where Xhol linker insertions
happened, we checked to make sure that the site of cleavage by the Xhol enzyme
corresponded to the mutagenesis site (Fig. 2).

Some deletions also were isolated. A Sall cleavage site in the middle of gene
lamB [17] generates the same cohesive ends as those generated by Xhol at the linker
site, and thus, deletions between these two points could easily form. pBBc2 results
from such a deletion between the Sall site and a linker inserted at the Cldl site, and
pBBs1 between the Sall site and a linker at the EcoRV site. pBBa6 carries an Avall-
Avall deletion. One additional deletion (in pBBml) occurred spontaneously in the
process of plasmid construction after linearization with Smal endonuclease. Accord-
ing to restriction analysis with several restriction enzymes, pBBm1 contains approxi-
mately a 240-base pair (bp) deletion, which includes the Smal and Sall sites and three
Tagql sites located upstream from Smal, and excludes the Clal site and the Tagl site
downstream from Smal. This deletion thus removes at least amino acids 183 to 250
in the LamB protein.

Strains

In order to obtain a low level of expression of LamB, an F’ episome, kindly
provided by J.H. Miller, carrying the lac1?' mutation, which leads to an overproduc-
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Fig. 1. Construction of modified proteins by linker insertion (see text for details).

tion of the lac repressor, was present in all the strains before introduction of the
multicopy plasmid carrying lamB.

LamB is the receptor of phage lambda [8]. It also acts as a pore for maltodextrins
[11]. LamB mutants are therefore usually selected when resistance to phage lambda
or inability to grow on maltodextrins is desired. Two strains have been used in this
paper. BB, (thr leu tonB thi lacY 1 recA dex5 metA supE, F' lacI?! Z+Y + proAB+)
is a derivative of pop 6510, which contains an episome. This strain bears a very stable
mutation dex5 in gene lamB, preventing phage absorption and growth on maltodex-
trins (E. Lepouce, personal communication). Because of its recA phenotype, it was
used for the constructions and conservation of plasmids. BB, (thr leu tonB thi lacY1
malB A 15, F'lacI?! Z+Y + proAB+) is a derivative of pop 728 [12] with addition
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Fig. 2. DNA fragments of plasmids, on 1.5% agarose gel, after hydrolysis with EcoRI + Xhol (except
for the extreme right lane, where Xhol was replaced by Sall). The plasmids are (from the left to right)
pBBo, pBBa8, pBBh1, pBBa4, pBBe2, pBBe3, pBBmS5, pBBcl, pBBc5, pBBc7, and pBBo.

of the episome. This strain, because of its ma/B A 15 deletion, expresses no chromo-
somal LamB protein. It was chosen for studying the modified LamB proteins encoded
by the plasmids.

Mutants Characterization

BB, was transformed with modified plasmids and the phenotype of the resultant
clones was characterized by two criteria: (1) their resistance to phage lambda and (2)
their sensitivity to IPTG, the inducer of the fac promotor.

Induction with 1073 M IPTG results in an overproduction of modified LamB.
Four classes were identified based on their sensitivity and growth characteristics on
solid Luria medium with 1072 M IPTG: IPTG®, no inhibition; IPTGS, colonies
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Fig. 3. Optical density at 280 nm from top to bottom of a sucrose density gradient (see ref [14] and
Materials and Methods).

appear translucent; IPTGSS, the strain forms small colonies; IPTGSSS, almost no
growth is observed. The plasmid pBBO with wild-type lamB gene results in an IPTGS
phenotype.

Immunoprecipitation

Immunoprecipitation was performed according to Ito et al [13]. Strain BB, and
its derivatives containing plasmids were grown in minimal medium with phenyl-
methylsulfonylfluoride (PMSF) 5 X 10™% M. At DOgy = 0.8, 1073 M IPTG was
added, and after 10 min, cells were labeled for 2 min with 10 pCi/ml of 358-
methionine. The reactions were stopped by trichloroacetic acid (TCA) precipitation,
and the protocol of Ito et al [13] was used for immunoprecipitation. The samples were
run on a 10% SDS-acrylamide gel prepared according to Laemmii [16].

Protein Localization

Protein localization was performed according to the method of Crowlesmith et
al [14]. Strain BB, and its derivatives containing plasmids were grown in minimal
medium with 5 x 10~ M PMSF. At DOgg = 0.7, IPTG(10~3 M) was added, and
after 40 min the cells were washed in 5 ml HEPES buffer (10 mM HEPES, pH 7.4,
with PMSF and 25% sucrose) and lysed by passage through a French pressure cell at
15,000 Ib/in®. The lysate was layered onto 1 ml of 25% sucrose over a 1-ml cushion
of 60% sucrose and subjected to a preliminary centrifugation (3 hr at 50,000 rpm).
The soluble fraction was separated from the membranes, which were then layered
onto a second sucrose gradient (60-30% sucrose in steps of 5%). A typical membrane
profile obtained from such a gradient is presented on Figure 3. The location of the
two peaks in the gradients corresponds to those usually found for inner and outer
membrane fragments, respectively. Fractions collected from these two bands of the
gradient were TCA-concentrated, boiled for 3 min in SDS, and run on a 10% SDS-
acrylamide gel [16].
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TABLE I. Derivatives of Plasmid pBBO Carrying Modified lamB genes: The Properties of the
Original Plasmid and of Sixteen Such Derivatives Are Reported

Phase shift
pBBo pBBa8 pBBhi pBBa4 pBBe2 pBBn6 pBBmS pBBcl pBBh7

Mutagenesis

site (in amino acids) 411 321 306 294 279 183 132 28
Predicted length 421 432 ~326 323 ~302 299 189 140 32
Sensitivity to A? S R R R R R R R R
Sensitivity to IPTG? S$ SS§ SS SS S S S R R
Localisation according

to Osborn grad. oM OM OM oM OM — — — —
Apparent MW

on gel (in kD)¢ 478 489 38 38 36.3 343 25.1 — —
In amino acids 421 431 335 335 320 302 221 — —

Phase shift = Mutations that affect the reading frame, ordered with decreasing length of LamB peptides.
Unchanged reading frame = Mutations that do not affect the reading frame, in frame deletions or
insertions.

Sensitivity to lambda: R, resistant; S, sensitive; —, not tested.

®Degree of sensitivity to IPTG (see text).

“Outer membrane.

¢Apparent molecular weights (MW) were calculated according to the major LamB peptide in Figure 6.
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Fig. 4. Growth curve in liquid Luria medium of strain BB, containing no plasmid (X), plasmids pBBO
(+), pBBa4 (@), pBBa3 (O). Ampicillin (100 ug/ml) was added to the growth medium of strains with
plasmids as well as 1073 M IPTG at DOggp = 0.35.
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Unchanged reading frame

pBBa3 pBBa6 pBBe3 pBBs1 pBBml pBBc5 pBBx7 pBBc2
411 306 294 192 183 132 132 132
~422 316 425 309 ~340 ~425 ~425 350
S R S R R R S R
SSS SSS SS SSS SSS SSS N SSS
OM oM OM OM OM OM OM —
47.8 355 47.8 38 37.1 47.8 47.8 —
421 313 421 335 327 421 421 —
RESULTS

Strain Characterization

This paper describes in some detail a set of 16 plasmids bearing modified lamB
genes (see construction in Materials and Methods) that belong to two categories
(Table I). In the first category, the insertion of linkers results in a frameshift and
abnormal termination of the protein. The second category contains insertions and
deletions that do not modify the reading frame and thus code for proteins with
unchanged COOH termini.

The mutagenesis site reported on the first line corresponds to the cleavage site
of the restriction endonuclease used for the construction. It represents approximately
the length of unchanged peptide at the NH, terminal of the protein. The length
reported on the second line is only approximate, since small deletions may have
occurred.

A lambda-resistant strain becomes lambda-sensitive when transformed with the
pBBO plasmid containing the wild-type lamB gene. Most of the time, the modified
LamB proteins do not retain their ability to yield lambda-sensitive strains (Table I,
line 3). The protein coded by pBBa8, in which only the last 10 amino acids at the
COOH terminal have been changed, has lost this property. Strains pBBe3 and pBBc7,
however, are representative of plasmids in which linker insertion has only slightly
modified the behaviour of the protein: it renders the clones lambda-sensitive and
IPTG®S. Strain pBBa3, which has a small deletion at the COOH terminal region and
contains no linker insertion, also retains the capacity to confer sensitivity to lambda,
but the protein expression inhibits growth even when produced at moderate level
(Table I, lines 3 and 4).

Transformation of strain BB; or BB, with one of the plasmids causes a sensitiv-
ity to IPTG (Table I, line 4). This sensitivity also is shown by growth curves in liquid
Luria medium (Fig. 4). Hypersensitive strains (IPTGSSS) lyse after one generation or
so when 107> M IPTG is added. Other sensitive strains also lyse but after a longer
period of growth.

Electron microscopy reveals no differences between strain BB, with or without
plasmid pBBO when induced for 40 min with IPTG, except that a higher level of
lysed bacteria is observed. When transformed with plasmid pBBa3, strain BB,
however, exhibits some anomalies under the same conditions. Septum formation
seems to be inhibited (Fig. 5a,b) and membrane budding with the release of numerous
vesicles is observed (Fig. 5c,d,e).
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Fig. 5. Electron microscopy of strain BB, containing plasmid pBBo (a,c) or plasmic pBBa3 (b.d,e).
Cells were grown in liquid Luria medium with ampicillin (100ug/ml) to DOgyo = 0.5, then induced
during 40 min with 10™3 M IPTG before fixation, (a,b) X 14,000. (c.d,e) x 73,500 (photo Jean-Claude
Bénichou).
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Figure 5 (c-e)
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Protein Characterization

Strain BB,, which has the lamB gene deleted, has been transformed by the set
of plasmids. The whole cell extracts of the resulting strains were immunoprecipitated
after induction with IPTG and labeling for 2 min (Fig. 6). Except for pBBcl and
pBBh7, all the proteins encoded by the plasmids could be detected and the molecular
weight of the heaviest bands observed on the gel (Table 1, lines 5 and 6) were in close
agreement with those predicted.

The presence of two bands in several strains is not yet understood. The stability
properties of these two bands during at least 20 min do not suggest that one of them
represents a precursor form. Experiments are underway to study this phenomenon.

For proteins with premature termination, stability decreases with length. Pro-
teins, encoded by plasmids pBBO and pBBas8 are stable in whole cells. Those encoded
by plasmids pBBh1 and pBBa4 exhibit halflives of about 30 min in whole cells. After
a 2-min labelling period followed by cold TCA precipitation, degradation products
could already be detected. It is of interest to note that these degradation products
appear as discrete bands corresponding to differences of about 15 amino acids.

Using the membrane separation techniques described by Crowlesmith et al [14],
it appears that the modified LamB proteins thus far tested are totally localized in the
outer membrane, as found for the wild-type LamB protein.

DISCUSSION
Toxicity of Modified Proteins

Contrary to what was observed for fusions with beta-galactosidase [3,15],
lethality of the modified proteins studied in this paper does not seem to originate from
a block in the secretion pathway. Indeed, membrane-separation experiments indicate
that all of the modified LamB proteins are localized in the outer membrane.

A likely explanation could be that the lysis that is observed when wild-type
LamB protein is overproduced results from overloading of the outer membrane with
this protein (overproduction of periplasmic proteins do not induce lysis, P. Duplay,
personal communication). Incorrect folding of modified proteins in the membrane
may also result in disruption of the outer membrane and increase the sensitivity of
strains to JPTG. Such a hypothesis is consistent with electron microscopy pictures. In
the frame of this hypothesis, lethality of proteins where only the last ten amino acids
at the COOH terminal have been changed, suggest that these amino acids are
important functionally in interacting with the membrane.

For proteins of premature termination, sensitivity to JPTG decreases as the
molecular weight decreases (Table I). This decrease is likely due to the decrease of
protein stability. The multiple and discrete bands observed when immunoprecipitating
the prematurely terminated proteins encoded by plasmids pBBh1, pBBal, pBBe2, and
pBBn6 (Fig. 6) are intriguing. One could speculate that the existence of domains
containing about 15 amino acids that are relatively protected from degradation would
be consistent with the presence of transmembraneous stretches of about 15 amino
acids in the portion of LamB located before amino acid 321.

In conclusion, one can observe that all modified LamB proteins except those
with small insertions, such as the proteins encoded by pBBe3 and pBBc7, are either
toxic or unstable. This result should be kept in mind during attempts to construct
secretion vectors.
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Fig. 6. Immunoprecipitation of whole cellular extracts. Cells at DOgog = 0.8 were induced for 10 min
with 1073 M IPTG, then labeled for 2 min with 35S-Methionine. Extreme left lane = strain BB,,
without plasmid; other lanes, with plasmid as indicated (see Table I). Note molecular weight marker in

the center lane (8th lane starting from the left).
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Sequences Affecting Localization of LamB Protein

As indicated above, the modified proteins thus far studied appear to be totally
localized in the outer membrane (Table I). Therefore, none of the determinants
involved in proper location in the outer membrane have been changed in these
proteins. The aberrant foldings apparently do not affect location. Plasmids pBBml,
pBBs1, and pBBe2 contain deletions that cover the C-terminal part of LamB after
amino-acid 183. The location of the corresponding proteins in the outer membrane
indicate that the first 183 amino acids of the mature LamB protein, contain, together
with the signal sequence, all the information required for proper localization of the
protein (Table I).

These data appear to indicate that there are no determinants for the efficiency
of localization after amino acid 183, in contrast to the conclusions based on the
properties of hybrid LamB-LacZ proteins [5]. These latter conclusions were the poor
efficiency of transfer to the outer membrane of a LamB-LacZ hybrid protein contain-
ing 170 amino acids from LamB and the greater efficiency of transfer of the hybrid
containing 41 amino acids from LamB. These results might be due to partially blocked
transfer of the hybrid protein for energetic reasons. The folding of a longer portion
of LamB protein into the outer membrane could liberate more free energy, enabling a
higher fraction of beta-galactosidase to cross the inner membrane.
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