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Assembly of the OmpF and LamB proteins was kinetically retarded in deep rough lipopolysaccharide
mutants of Escherichia coli K-12. OmpF assembly was affected at the step of conversion of metastable trimers
to stable trimers, whereas LamB assembly was influenced both at the monomer-to-metastable trimer and
metastable-to-stable trimer steps. These assembly defects were reversed in the presence of the sfaAl and sfaB3
suppressor alleles, which were isolated by using ompF assembly mutants.

The cell envelope surrounding an Escherichia coli K-12 cell
is a complex structure composed of inner and outer mem-
branes with an aqueous periplasmic space sandwiched between
these membranes. The outer membrane is composed of pro-
teins, lipids, and lipopolysaccharide (LPS). LPS is found
almost entirely within the external leaflet of the outer mem-
brane (17), where it serves as an important component of the
permeability barrier on the exterior of gram-negative bacteria
(19). LPS is closely associated with the outer membrane
proteins OmpF and LamB (1, 7). These trimeric proteins, also
known as porins, form water-filled channels to allow diffusion
of substrates into the cell (3). It has been shown that deep
rough mutants, which lack part of the LPS inner core, possess
greatly reduced amounts of porin proteins (1, 12). In' addition,
LPS mutants lacking several rfa genes that are responsible for
the synthesis of LPS outer core and for phosphorylating the
heptose residues of the inner core produced reduced levels of
porins (20). Biochemical studies from Nikaido's laboratory
showed the in vitro role of LPS during the trimerization of
OmpF (27, 28). It has also been shown that in vitro, these
proteins can be trimerized in the absence of LPS (8).
OmpF is initially synthesized as a precursor containing a

22-amino-acid signal sequence at the amino-terminal end.
Cleavage of the signal sequence at the periplasmic face of the
inner membrane results in the release of mature monomers
(2). Prior to assembling into heat-stable trimers, these mono-
mers form heat-labile dimers and metastable trimers (9, 23).
The site of OmpF trimerization remains unclear. The heat-
stable form of trimer functions as a nonspecific channel
through the outer membrane (18) and serves as the receptor
for bacteriophage K20 (30).

Similar to the case with OmpF, LamB monomers have been
shown to form metastable trimers before assembling into
stable trimers. However, in the case of LamB, a dimeric
assembly intermediate has not been reported (32). It has been
previously shown that during LamB assembly, mature mono-
mers are targeted to the outer membrane, where they are then
able to trimerize (16). This process was observed by using a
mutant LamB protein in which the trimerization process could
be conditionally blocked. Stable LamB trimers form water-
filled pores that facilitate diffusion of maltose and maltooli-
gomers (31) in addition to serving as the receptor for the
bacteriophage A (6, 21).
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In this study, we were interested in understanding the in vivo
role of LPS during the assembly of OmpF and LamB. This was
accomplished by observing the assembly of these porin pro-
teins in strains containing rfa deletions which produced trun-
cated LPS molecules lacking the outer core. In addition, these
deletions removed the rfaP gene, whose product is reported to
be involved in the phosphorylation of the heptose residues of
the inner core (25). We have shown that in these deep rough
LPS mutants, the kinetics of porin assembly were considerably
retarded compared with the rate observed in the wild-type
strain. We have also demonstrated the interaction point(s) of
LPS in the assembly processes of OmpF and LamB. In
addition, we present results showing that the defective porin
assembly observed in deep rough mutants could be alleviated
by sfaAl or sfaB3, two extragenic suppressors isolated by using
OmpF assembly mutants.

MATERIALS AND METHODS

Media and chemicals. Minimal medium (M63) and Luria
broth were prepared as previously described by Silhavy et al.
(29). When cells were grown on minimal medium, 0.4%
glycerol was used as the sole'carbon source. [35S]methionine
was purchased from Du Pont-New England Nuclear. All other
chemicals were of analytical grade.

Bacterial strains and genetic techniques. The strains used in
this study were constructed in an MC4100 background (5). The
two rfa deletions, Aifa-2057 and Arfa-2058, were moved by P1
transductions using chloramphenicol-resistant (Cmr) markers
linked to the deletions. These deletions were moved from
CAS2057 and CAS2058, respectively (20). Strains containing
rfa deletions were checked for resistance to the bacteriophage
U3, which utilizes wild-type LPS as the receptor. These strains
were transduced with cps::TnlO or rcsB::Kanr because the
deletion of the rfa locus resulted in the overproduction of
capsule. In addition, all strains used here were transduced with
an ompC::lacZ fusion. The removal of a functional ompC gene
was necessary to avoid cross-reactivity of OmpF antiserum
with OmpC.
To study the effects of the suppressor alleles (sfaAl and

sfaB3) on the assembly of OmpF and LamB in a rfa+ or Arfa
background, strains were constructed in the following manner.
A strain carrying an ompC::lacZ fusion was first transduced
with a cps::TnlO or rcsB::Kanr marker linked to either a
suppressor or wild-type allele of sfaA. sfaB alleles were moved
by- using a' linked leu::TnlO marker. The presence of the
suppressor allele of sfaA or sfaB was confirmed by marker
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FIG. 1. SDS-PAGE analysis of envelopes prepared from wild-type
and mutant LPS strains. Strains were grown overnight at 37°C in either
glycerol minimal media or Luria broth (LB). Lane 1, wild type (rfa+);
lane 2, Arfa-2057 mutant; lane 3, Arfa-2058 mutant. The positions of
OmpF and OmpA are shown.

rescue using a strain that contains a mutant OmpF protein
(15). Proper assembly and thus a Dex+ phenotype of this
mutant protein are dependent on the suppressor allele, sfaAl
or sfaB3. The rfa deletions were then transduced into strains
carrying either the wild-type or suppressor allele of sfaA or
sfaB by using a linked Cmr marker. P1 transductions were
performed as described previously (29).

Pulse-chase experiments and immunoprecipitation. Pulse-
chase experiments were performed on cells grown to mid-log
phase in 0.4% glycerol minimal medium (16). Extraction of
radioactively labeled trimers was completed as described pre-
viously (15). Trimers were immunoprecipitated from cell ex-
tracts with appropriate antibodies. The immunocomplexes
were precipitated by formalin-killed Staphylococcus aureus
cells. These immunoprecipitates were washed several times
and analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). The gels were dried and fluoro-
graphed at - 70°C. Protein bands were quantified with a
Hoefer GS300 scanning densitometer.
SDS-PAGE of cell envelopes. Envelopes from cells grown

overnight were prepared by the French press lysis procedure as
described previously (16). Samples were electrophoresed on
SDS-polyacrylamide (11%, 4 M urea) gels (13) and stained
with Coomassie blue.

RESULTS

Construction and characterization of LPS mutant strains.
To study the effect of mutant LPS on the assembly of porin
proteins, two chromosomal deletions removing part of the rfa
locus were transduced into an MC4100 genetic background.
The rfa locus encodes enzymes required for LPS core synthe-
sis. The deletion Arfa-2057 removes 5.0 kb of DNA extending
from the 5' end of rfaG through the 3' end of rfaI and results
in truncated LPS molecules containing two unphosphorylated
heptose residues and no hexose residues (20). The second
deletion, Arfa-2058, is slightly larger than Arfa-2057, extends
from the 5' end of rfaQ through the 3' end of rfaJ, and results
in a truncated structure which could not be differentiated from
that produced by Arfa-2057 (20). Strains carrying these two
deletions were similar in their resistance to the bacteriophage
U3 and sensitivity to hydrophobic antibiotics, namely, novo-
biocin and rifampin. We examined the envelopes prepared
from strains carrying either wild-type or defective LPS in two
different growth media. When these strains were grown in
glycerol minimal medium, no significant effect of the mutant
LPS molecules on the levels of OmpF and OmpA was observed
(Fig. 1). However, growth in Luria broth greatly reduced
OmpF levels, but not the levels of OmpA, in cells carrying the
defective truncated LPS. These LPS mutant strains became
resistant to the OmpF-specific bacteriophage K20. Quantifica-
tion of this effect revealed a 102_ to 10'-fold reduction in the

TABLE 1. Phage sensitivity patterns of rfa+ and Arfa strains in
various genetic backgrounds.

Phage sensitivity
Strain genotype K20 EOPb

U3 X K20

rfa+ sfaA+ S S S 1.0
rfa+ sfaAl S S S 1.0
Arfa-2057sfaA+ R S R 1.1 x 10-2
Arfa-2057 sfaAl R S S 0.42
Arfa2O58sfaA+ R S R 5.5 x 10-
Arfa-2058 sfaAI R S S 0.36
rfa+ sfaB+ S S S 1.0
rfa+ sfaB3 S S S 1.0
Arfa-2057sfaB+ R S R 1.5 x i0-3
Arfa-2057 sfaB3 R S S 0.36
Arfa-2058sfaB+ R S R 1.6>x 102
Arfa-2058 sfaB3 R S S 0.65

a Bacteriophages U3, A, and K20 utilize complete LPS, LamB, and OmpF,
respectively, as their receptors. Phage sensitivity tests were carried out on Luria
broth agar. Abbreviations: S, sensitivity; R, resistance. sfaA+ and sfaB+ are
wild-type sfaA and sfaB alleles. sfaAl and sfaB3 are suppressor (su+) alleles of
sfaA and sfaB, respectively.

b EOP, efficiency of plaquing.

efficiency of plaquing for K20 on the rfa deletion strains (Table
1). Furthermore, K20 was unable to form clear plaques on Arfa
strains.

Effect of mutant LPS on OmpF trimerization. To observe
the assembly of OmpF in LPS mutant backgrounds, trimer
assays were performed with strains with intact LPS (rfa+) and
the two Arfa strains described above. Proteins were extracted
from [35S]methionine-labeled cells and subjected to immuno-
precipitation with OmpF trimer-specific antibodies. These
immunoprecipitates were heated to 65°C and analyzed by
SDS-PAGE followed by fluorography. Heating at 65°C re-
sulted in the dissociation of metastable trimers to monomers.
Thus, in all experiments in which trimer-specific antibodies
were used, protein molecules migrating at the monomeric
position are metastable trimers (see Fig. 2, 4, 8, and 10).
The results of the OmpF trimer assay are shown in Fig. 2.

The first six lanes show the assembly of OmpF in an rfa+
background, which displayed a 50% trimer-to-monomer ratio
at approximately 1 min postchase. In contrast, the two Arfa
strains, shown in the next 12 lanes, exhibited a reduced rate of
OmpF trimerization, such that a 50% trimer-to-monomer ratio
was not achieved until roughly 10 min postchase. Protein bands

rfa+ Arfa2O57 Arfa2O58
1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6

OmpF _
Monomers W C-0C0.t0

FIG. 2. OmpF trimer assays of wild-type and LPS mutant strains.
Cells were grown to mid-log phase in glycerol minimal medium,
labeled for 20 s with [35S]methionine, and chased with an excess of
nonradioactive methionine. Chase samples were removed after 0.5, 1,
3, 10, 30, and 60 min (lanes 1 to 6, respectively). The samples were
lysed, and OmpF was immunoprecipitated with trimer-specific anti-
bodies. Immunoprecipitates were heated to 65°C prior to SDS-PAGE
analysis. The gel was dried and subjected to autoradiography. The
positions of OmpF trimers and monomers are shown.
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FIG. 3. Quantification of the OmpF trimer assays shown in Fig. 2.

Data from the first four chase samples were plotted.

were quantified with a densitometer. Only the first 10 min of
the quantified data are shown for clarity (Fig. 3). The quanti-
tative data showed that in these LPS mutants OmpF trimer-
ization occurred at a rate significantly slower than that ob-
served in the wild-type strain. Interestingly, after 60 min of
chase, the wild-type and mutant strains had the same OmpF
trimer-to-monomer ratio present. Thus, it is only the kinetics
of trimerization, and not the overall ability to form trimers,
that is affected by the mutant LPS. This conclusion is consis-
tent with the results mentioned above (Fig. 1), which showed
that under steady-state growth conditions in glycerol minimal
medium, similar levels of OmpF were present in rfa + and Arfa
strains.

Effect of mutant LPS on LamB trimerization. Next, we

examined the effect of mutant LPS on the trimerization of
LamB. This assay was similar to that described for OmpF, and
the results are shown in Fig. 4. In LPS mutant strains, LamB
trimerization occurred at a reduced rate compared with that in

rfa+ Arfa2O57 Arfa2O58

1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6
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FIG. 4. LamB trimer assays of wild-type and LPS mutant strains.
Growth and labeling conditions were similar to those described for Fig.
2. Samples were removed after 0.5, 1, 3, 10, 30, and 60 min of chase
(lanes 1 to 6, respectively). The samples were lysed and immunopre-
cipitated with LamB trimer-specific antibodies as well as maltose-
binding protein (MBP) antibodies. Immunoprecipitates were prepared
and analyzed similarly to those in Fig. 2. The band positions of the
MBP and the LamB trimers and monomers are shown.
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FIG. 5. Quantification of the LamB trimer assays shown in Fig. 4.

Data from the first four chase samples were plotted.

the wild-type strain. The gel was quantified, and the graph is
shown in Fig. 5. Note that the effect of LPS is more evident
during OmpF trimer assembly than during the assembly of
LamB trimers. Again, as was observed with OmpF, only the
rate of trimerization, and not the overall ability to form LamB
trimers, was influenced in the mutant LPS background.

Steps at which LPS interacts during porin assembly. In an

attempt to understand the assembly pathway and possible
interactive points for the effect of LPS on trimerization, we use

the simple model shown in Fig. 6. If LPS interaction is required
at the step designated A, we would expect to see a buildup of
monomeric intermediate forms in the zrfa strains. However, if
LPS is required at the step designated B, we would expect to
see a buildup of metastable trimers. In addition, it is conceiv-
able that both steps A and B could be affected by LPS.
To examine these possibilities, we performed trimer assays

utilizing monomer- or trimer-specific antibodies for OmpF and
LamB, as described in Materials and Methods. As mentioned
above, the accumulated OmpF species migrating at the mono-

meric position is a metastable form of OmpF, which upon
heating to 65°C dissociates into monomers (Fig. 2). Although
our trimer-specific OmpF antibodies mainly recognize the
trimeric species, some monomers are also brought down
during immunoprecipitation (data not shown). Thus, the accu-

mulated intermediate in Fig. 2 can either be trimeric (i.e.,
metastable trimers) or monomeric in nature. To decide be-
tween these two possibilities, we utilized OmpF monomer-

specific antibodies, which do not recognize trimeric forms. This

ILPS1

EA-1
Monomer-3- Metastable Trimer Trimer

FIG. 6. Model showing the possible steps at which LPS could be
involved in porin assembly.

I I II
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FIG. 7. Assay of OmpF and LamB monomers from strains carrying
wild-type or mutant LPS. Growth and labeling conditions were similar
to those described for Fig. 2. The samples were lysed and immuno-
precipitated with either OmpF monomer-specific antibodies (top gel),
or LamB monomer-specific antibodies and maltose-binding protein
(MBP) antibodies (bottom gel). OmpF and LamB immunoprecipitates
were heated to 100°C prior to analysis by SDS-PAGE (top and bottom
gels, respectively). The gels were dried and subjected to autoradiog-
raphy. The positions of the relevant protein bands are shown. The
protein band migrating between OmpF and OmpA is that of OmpT.

experiment showed that in the rfa+ strain, a form of OmpF
migrating at the monomeric position persisted up to 60 min of
chase (Fig. 7, top gel). However, in Arfa strains, OmpF
monomers were not seen after 3 min of chase (Fig. 7, top gel).
The monomeric forms of OmpF present in wild-type and
mutant strains were not observed when the samples were not
boiled prior to SDS-PAGE analysis (data not shown). We
believe that the monomeric form seen in the later chase
samples in the wild-type strain is not kinetically related to
OmpF trimer assembly. Thus, it appears likely that in mutant
LPS backgrounds, OmpF assembly is affected at step B, the
conversion from metastable to stable trimers. This defect leads
to a buildup of metastable trimers and not monomers (Fig. 2).
To examine the step at which LamB assembly was affected in

the mutant LPS backgrounds, experiments similar to those
described for OmpF were performed. The use of monomer-
specific LamB antibodies showed that true monomers per-
sisted for at least up to 10 min in LPS mutant strains, whereas
in the wild-type strain monomers were observed for only up to
1 min (Fig. 7, bottom gel). This suggested that LamB assembly
was affected by LPS at step A, during the conversion of
monomers to metastable trimers. In addition, it appears that
step B, involving conversion of metastable to stable trimers, is
affected by LPS (Fig. 4). In the wild-type strain, a significant
amount of stable trimers appeared at roughly 3 min postchase.
However, in LPS mutant strains, almost no stable trimers were
observed after 3 min of chase. Instead, a large quantity of
metastable trimers accumulated, which migrate at the mono-
meric position under these assay conditions. These results
showed that both steps A and B, involving conversion of
monomers to metastable trimers and of metastable to stable
trimers, were affected in mutant LPS backgrounds.

Suppression of the LPS-mediated assembly defect. In this
portion of the study, we examined whether it was possible to
reverse the LPS-mediated assembly defect by using the mutant
alleles of sfaA and sfaB which were isolated as suppressors of
ompF assembly mutants (11, 15). These genes map at 45 and 2
min, respectively, on the E. coli chromosome. Genetic and
biochemical experiments showed that these suppressors per-
mitted the assembly of certain mutant OmpF proteins (11, 15).
The suppressor alleles of sfaA and sfaB were brought into

strains carrying rfa deletions by P1 transductions using linked
markers. As a control, these alleles were also transduced into
the wild-type (rfa+) background. The presence of the suppres-

rfa+ Arfa2O57
su- su+ su- su+
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FIG. 8. OmpF trimer assays of wild-type and mutant LPS strains in
the presence and absence of the sfaA suppressor (su) allele. Growth
and labeling conditions were similar to those described for Fig. 2.
Chase samples were removed after 1, 5, 10, and 30 min, (lanes 1 to 4,
respectively). The samples were lysed, immunoprecipitated with tri-
mer-specific OmpF antibodies, and analyzed similarly to those in Fig.
2. The positions of the relevant protein bands are shown.

sor alleles was confirmed by marker rescue experiments (see
Materials and Methods).
As mentioned above, simple phage cross-streak experiments

showed that the Arfa strains were resistant to the OmpF-
specific bacteriophage K20. However, in the presence of either
suppressor allele, the LPS mutant strains became sensitive to
K20. Thus, the efficiency of plaquing for K20 in the presence of
either sfaAl or sfaB3 was similar to that seen in the wild-type
strain (Table 1). However, these Arfa strains remained sensi-
tive to X in the presence and absence of the suppressors. These
results suggested that in the mutant LPS backgrounds, sfaAl
and sfaB3 were able to restore OmpF to the outer membrane,
possibly by correcting the assembly defect caused by the
mutant LPS. Unfortunately, the X phage cross-streak experi-
ments did not provide any insight with respect to LamB
assembly in the LPS mutant background.

In order to examine whether the presence of the suppressor
allele, sfaAl, restored the assembly of OmpF and LamB in the
Arfa strains, trimer assays using OmpF and LamB trimer-
specific antibodies were performed. The results of the OmpF
trimer assay are shown in Fig. 8. In the wild-type strain, the
presence or absence of the suppressor allele had no effect on
the trimerization of OmpF. However, in the LPS mutant strain,
sfaAl was able to restore trimerization kinetics to the level
observed in the wild-type sfaA strain, which produces complete
LPS molecules. This sfaAl effect on OmpF assembly in the rfa
deletion background was quantified by calculating the ratio of
OmpF trimers to monomers (Fig. 9). The quantitative data
clearly showed that the presence of the sfaAl suppressor allele
alleviated the OmpF assembly defect observed in the LPS
mutant strains.
The second suppressor allele, sfaB3, was also examined for

its ability to restore OmpF to the outer membrane in Arfa
strains. Trimer assays similar to those utilized for sfaAl were
performed with trimer-specific antibodies. The results showed
that in rfa+ strains, the suppressor allele had no effect on
OmpF trimerization. However, in Arfa strains, the suppressor
allele, sfaB3, was able to restore OmpF trimerization kinetics
to the wild-type level (data not shown).
Trimer assays using LamB trimer-specific antibodies were

also performed, and the autoradiograph is shown in Fig. 10. As
observed with OmpF, in the presence of wild-type LPS, the
sfaAl allele had no effect on LamB trimerization. However,
the presence of the suppressor allele restored the kinetics of
LamB trimerization in Arfa strains. This effect of sfaAl was
also quantified and is shown in Fig. 9. The results showed that
in Arfa strains, the OmpF assembly mutant suppressor sfaAl
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FIG. 9. Quantification of gels shown in Fig. 8 and 10. Ratios of

trimer to monomer were plotted. Only the effects of sfaAl and sfaA +
in Arfa strains are shown.

had the ability to restore LamB trimerization to the wild-type
level. Since in LPS mutant backgrounds, LamB assembly was
affected at both steps A and B (Fig. 6), it was of interest to see
which of the two steps was corrected by sfaAl. We examined
the fate of LamB monomers in the absence or presence of the
suppressor allele in LPS deletion backgrounds. The results
showed that sfaAl was unable to correct the assembly defect
seen at step A (data not shown). Thus, sfaAl corrects the
LamB assembly defect by acting at the step involving conver-
sion of metastable trimers to stable trimers.

DISCUSSION
We have shown that LPS affects the trimerization kinetics of

the outer membrane proteins OmpF and LamB. The effect of
LPS on porin assembly is more evident for OmpF than for

rfa+ Arfa2O57
su- su+ su- Su+
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FIG. 10. LamB trimer assays of wild-type and mutant LPS strains
in the presence and absence of the sfaA suppressor (su) allele. Growth
and labeling conditions were similar to those described for Fig. 2.
Chase samples were removed after 1, 5, 10, and 30 min (lanes 1 to 4,
respectively). The samples were lysed, immunoprecipitated with tri-
mer-specific LamB antibodies, and analyzed similarly to those in Fig.
2. Positions of the relevant protein bands are shown. MBP, maltose-
binding protein.

LamB. This difference may be due to the unrelated protein
structures, in addition to possible differences in assembly
processes. In the Arfa strains, trimerization occurred at a
reduced rate compared with that in the wild-type strain, thus
indicating a role of wild-type LPS during the assembly of
OmpF and LamB. The LPS effect on porin assembly may be
during localization of porins to the outer membrane or it may
simply facilitate the assembly of intermediates already local-
ized in the outer membrane. The deep rough mutants used in
this study lacked several rfa genes involved in the synthesis of
the outer LPS core (rfaQGBI) and in phosphorylation of the
heptose residues (rfaP) (10, 20). It has been shown that the loss
of rfaP alone can result in a deep rough phenotype (24).
Moreover, the deep rough phenotype and K20 resistance of
the Arfa strains used in this study can be complemented by
rfaP+ plasmids (20). This suggests that the assembly defect
seen in Arfa strains is due to the presence of unphosphorylated
heptose residues and not due to the lack of outer core sugars.
Previous studies from other laboratories have also provided
evidence for the role of LPS in the assembly of OmpF (4, 9,
22). However, in these studies either a fatty acid synthesis
inhibitor (4, 9) or genetically undefined LPS mutants (22) were
used.

Previous in vitro work by Eisele and Rosenbusch (8) has
shown the ability of OmpF to trimerize in the absence of LPS.
However, in these in vitro studies it was not possible to
establish the kinetic role of LPS in the assembly process as
shown by the in vivo studies presented here. In separate studies
carried out in Nikaido's laboratory, it was shown that the in
vitro trimerization of OmpF required either full-length LPS or
LPS containing at least the outer core (27, 28). Those results
are consistent with the findings presented in this paper.

In the mutant LPS backgrounds, the rate of formation of
OmpF stable trimers was considerably slower, which led to a
transient buildup of metastable trimers. Thus, the interaction
point during OmpF assembly appears to be at the step between
metastable trimers and mature trimers. This observation is
consistent with results obtained by Fourel et al. (9). Those
authors used various OmpF monoclonal antibodies to show
that the folding step from monomer to metastable trimer
occurred independent of LPS, while the metastable-to-stable
trimer conversion required fatty acid synthesis. Our data
showed that during LamB assembly, LPS interacts not only at
the metastable trimer-to-stable trimer step, but also at the step
of conversion of monomers to metastable trimers. This re-
sulted in the accumulation of both monomers and metastable
trimers.
The site of interaction of LPS with assembling intermediates

is not known. If this interaction occurs within the outer
membrane, only the assembly intermediates that are localized
in the outer membrane would be affected. In a previous study
involving a mutant LamB, it was shown that LamB monomers
can be localized to the outer membrane (16). In contrast, two
separate studies have shown that newly synthesized OmpF
monomers are first secreted into the periplasmic space prior to
assembling into trimers (14, 26). Accordingly, the LamB
monomer-to-metastable trimer step could be influenced by
LPS, while this step may not be affected during OmpF assem-
bly. Clearly, the determination of the LPS interaction site
during porin assembly is extremely significant, and our current
efforts are directed toward resolving this issue.
The most striking result obtained in this study was that sfaAl

and sfaB3 were able to restore assembly in LPS mutant
backgrounds. The ompF assembly mutants described previ-
ously possessed structurally altered OmpF proteins that were
unable to fold properly and thus could not assemble into stable

0 rfa- dfaA+ omp?0 rfa- oha ompi
[ v rfa- dfaA+ I+

v rfa- dua LuD./
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trimers (15). While the suppressors sfaAl and sfaB3 restored
assembly of these mutant OmpF proteins, they exerted no
effect on the assembly of wild-type OmpF. However, when the
rfa locus was partially deleted in order to produce defective
LPS molecules, the resulting defect in wild-type OmpF assem-
bly was corrected by sfaAl and sfaB3. In addition, these
suppressor alleles were also able to restore LamB assembly in
LPS mutant backgrounds. Furthermore, we have shown that
sfaAl corrects the LamB assembly defect by acting at the step
of metastable trimer-to-stable trimer conversion.
While it is not clear how the suppressors work, some

explanations for their role in assembly can be provided. We
have previously suggested that one way these suppressors
might act is by permitting the assembly of certain structurally
altered assembly intermediates (15). Genetic data suggested
that the normal role of the wild-type sfaA and sfaB alleles is to
prevent assembly of structurally altered proteins. Since the
suppressor alleles ofsfaA and sfaB restore assembly of both the
mutant OmpF proteins and wild-type OmpF and LamB in
mutant LPS backgrounds, it is tempting to propose that the
lack of a proper interaction with LPS causes a structural
alteration in the porin proteins during assembly. In this regard,
the role of LPS could be considered to be similar to that of an
assembly factor.
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