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Role for Skp in LptD Assembly in Escherichia coli
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The periplasmic chaperone Skp has long been implicated in the assembly of outer membrane proteins (OMPs) in Escherichia
coli. It has been shown to interact with unfolded OMPs, and the simultaneous loss of Skp and the main periplasmic chaperone in
E. coli, SurA, results in synthetic lethality. However, a Askp mutant displays only minor OMP assembly defects, and no OMPs
have been shown to require Skp for their assembly. Here, we report a role for Skp in the assembly of the essential OMP LptD.
This role may be compensated for by other OMP assembly proteins; in the absence of both Skp and FkpA or Skp and BamB,
LptD assembly is impaired. Overexpression of SurA does not restore LptD levels in a Askp AfkpA double mutant, nor does the
overexpression of Skp or FkpA restore LptD levels in the AsurA mutant, suggesting that Skp acts in concert with SurA to effi-
ciently assemble LptD in E. coli. Other OMPs, including LamB, are less affected in the Askp AfkpA and Askp bamB::kan double
mutants, suggesting that Skp is specifically necessary for the assembly of certain OMPs. Analysis of an OMP with a domain struc-
ture similar to that of LptD, FhuA, suggests that common structural features may determine which OMPs require Skp for their

assembly.

he cell envelope of the Gram-negative bacterium Escherichia

coli includes three subcellular compartments: the inner mem-
brane (IM), the outer membrane (OM), and the aqueous space
between them, known as the periplasm. The outer membrane is
unique, as it is an asymmetric bilayer with an outer leaflet com-
posed of lipopolysaccharide (LPS) and an inner leaflet of phos-
pholipids. The OM also contains two major classes of proteins:
lipoproteins, most of which are essentially soluble periplasmic
proteins that are attached to the inner leaflet of the OM by a
lipidated N terminus, and integral -barrel proteins known as
outer membrane proteins (OMPs) (1).

There are two essential OMPs in the outer membrane (2—4).
One is BamA, which along with its four associated lipoproteins,
BamBCDE, is responsible for inserting itself and other B-barrel
proteins into the OM (2, 5, 6). The other is LptD, which, along
with its associated lipoprotein LptE, is responsible for inserting
LPS into the outer leaflet of the OM (7, 8). LptD is an especially
complicated substrate of the OMP assembly machinery. The C
terminus of this protein forms its integral B-barrel, while the N
terminus is a soluble periplasmic domain that is homologous to
the periplasmic LPS transport protein LptA (4, 7, 8). The N- and
C-terminal domains of LptD possess two cysteines each, which
form two nonconsecutive disulfide bonds, each of which joins the
N terminus to the barrel domain (9). In order for these disulfide
bonds to be correctly formed and, thus, for the cell to be viable,
LptD must first be inserted into the OM by the Bam complex,
which also requires an interaction with its accessory lipoprotein,
LptE (9, 10). The periplasmic oxidase DsbA has also been shown
to play an important, although not essential, role in the formation
of LptD’s disulfide bonds (9).

Because the periplasm is an aqueous, oxidizing environment,
LptD and other OMPs must be escorted by chaperones as they
travel from the Sec translocon in the IM to the Bam complex in the
OM (11). The main periplasmic chaperone in E. coli is SurA, a
protein that also possesses peptidyl-prolyl cis-trans isomerase ac-
tivity (11, 12). This protein is responsible for the assembly of the
bulk mass of OMPs and is especially important for the biogenesis
of LptD (9, 12). Although IptD transcription increases in the ab-
sence of surA (13), due to the induction of the o® stress response,

3734 jb.asm.org

Journal of Bacteriology p. 3734-3742

the levels of LptD in this mutant are decreased dramatically, be-
cause the misassembled LptD that accumulates is rapidly de-
graded in the periplasm (9, 12).

Although the SurA pathway is the principal periplasmic chap-
erone pathway for OMPs in E. coli, there is also a secondary path-
way made up of two proteins: the chaperone Skp and the chaper-
one and protease DegP (11, 14). As long as one of these two
pathways remains intact, the cell is viable. However, if both the
main SurA pathway and the backup Skp/DegP pathway are com-
promised (as in either an surA skp or surA degP double mutant),
this synthetic interaction results in cell death (11, 14). It has also
been demonstrated that the levels of virtually all OMPs decrease in
the absence of both of these pathways (15).

Skp was initially reported to be a histone-like protein that
binds DNA (16); it was later shown to bind OMPs and periplasmic
proteins (17, 18). It exists in solution as a trimer and is structurally
similar to the eukaryotic cytoplasmic chaperone prefoldin (19).
Skp has been shown to interact with phospholipid membranes
(20) and to facilitate the release of OMPs from spheroplasts (21)
and, along with LPS, to insert unfolded OmpA into phospholipid
membranes (22). More recently, experiments have provided evi-
dence that B-barrels may be protected from aggregation within
the cavity of the Skp trimer (23). Skp has also been shown to
interact with the passenger domain of the autotransporter EspP at
a different, earlier assembly step than SurA (24, 25). Despite this
wealth of evidence supporting a role in OM biogenesis, an skp
mutant displays only minor OM permeability and OMP assembly
phenotypes in vivo (11), and no OMPs appear to depend on the
Skp/DegP pathway for their assembly in E. coli (11, 15). However,
in other organisms, Skp appears to play a more important physi-
ological role (26). For example, it has been reported that Skp is
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essential for the folding and surface presentation of the a-domain
(although not the barrel) of the autotransporter IcsA in Shigella
flexneri (27).

In addition to SurA, the E. coli periplasm contains three addi-
tional peptidyl-prolyl cis-trans isomerases, FkpA, PpiA, and PpiD
(which is anchored to the IM) (28), as well as additional chaper-
ones. Mutants lacking any of these three proteins, or even all three
simultaneously, exhibit only minor defects in vivo with respect to
OM biogenesis and OMP assembly (28).

FkpA has long been known to act as a chaperone for nonnative
or mutant E. coli proteins (29-31), but until recently, its physio-
logical role was largely unclear. It has been shown that FkpA is
necessary for colicin M toxicity in vivo (32, 33) and that its PPIase
activity is required for this function (34). It has also been shown
that FkpA interacts with high affinity with the passenger domain
of the autotransporter EspP (35), and, along with DsbC, FkpA has
been implicated in the folding of the nonnative passenger domain
of a hybrid autotransporter protein (36).

Here, we show that Skp does play a role in OMP assembly, but
this role can be performed by FkpA and is thus masked when FkpA
is present in the cell. This role appears to be important only in the
assembly of certain OMPs and can be compensated for by the
overexpression of an additional periplasmic chaperone, Spy.

MATERIALS AND METHODS

Bacterial strains and plasmids. Bacterial strains were constructed by P1
transduction and plasmid transformation as previously described (37).
Strains and plasmids used in this work are described in Table 1. The
deletion alleles used are from the Keio collection (38). Alleles from the
Keio collection were cured using the pCP20 plasmid as previously de-
scribed (39). The bamB::kan insertion allele is from the Blattner collection
from the E. coli Genome Project at the University of Wisconsin-Madison.
The degP?'%4 allele (11) was transduced using a linked yadC::Tn10 allele
(40), and the presence of the degP*?'** mutation was confirmed by se-
quencing. The pTrc99A::cam plasmid was constructed by amplifying the
cat gene using primers with Pvul restriction sites (underlined) (5'-TTCG
ATCGTTGTAGGCTGGAGCTGCT-3" and 5'-TTCGATCGGCATATG
AATATCCTCCT-3"). This PCR product and the pTrc99A vector (41)
were digested with Pvul and ligated together. The resulting pTrc99A::cam
plasmid was used as the vector control, and candidate genes were cloned
into it. The skp gene was amplified by PCR to contain EcoRI and HindIII
sites (underlined) (primers 5'-GGAGAATTCGGTAAGGAGTTTATTAT
GAAAAAGTGG-3" and 5'-CATGCAAAGCTTATCCAACTGCTGCGC
TAAAT-3") and cloned into pTrc99A::cam. The forward primer changed
the naturally occurring GTG start codon to ATG (underlined). The fkpA
gene was cloned using the Pstl and HindIII sites (primers 5'-CATGCAC
TGCAGGTTAACCCTGGGGTGAGATG-3" and 5'-CATGCAAAGCTT
TTCCGCTTTCCAGCACTAAT-3"). The dsbA overexpression plasmids
were constructed by amplifying the dsbA gene to contain EcoRI and Xbal
sites (underlined) (primers 5'-CATGCTGAATTCCCCTTTGCAATTAA
CACCTATG-3" and 5'-GAGCATTCTAGATTCACG GGCTTTATGTAA
TTT-3"). The pAER1 (14) (pdsbA,,,,) and pBAD18 (pdsbA,,;,;,) plasmids
were digested with EcoRI and Xbal enzymes and ligated with the dsbA
PCR product. Construction of the psurA plasmid (pAER1) has been pre-
viously described (14). The pspy plasmid was reconstructed as previously
described (42).

Growth conditions. Strains were grown in Luria-Bertani (LB) me-
dium at 37°C unless otherwise noted. Where appropriate, the LB medium
was supplemented with antibiotics at the following concentrations: am-
picillin, 125 pg/ml; kanamycin, 25 pg/ml; tetracycline, 25 wg/ml; and
chloramphenicol, 20 pg/ml. Also, where indicated, L-arabinose was added
to the medium at a concentration of 0.2% to induce the psurA and pdsbA
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TABLE 1 Strains and plasmids used in this study

Strain or Reference/
plasmid Description source
Escherichia coli
strains
MC4100 F~ araD139 A(arg-lac)U169 rpsL150 relAl 53
fIbB5301 deoCl1 ptsF25 thi
JAS412 MC4100 Ara™"" AfkpA This study
JAS416 MC4100 Ara™'" This study
JAS417 MC4100 Ara™’" Askp This study
JAS420 MC4100 Ara™"" Askp AfkpA This study
JAS431 MC4100 Ara™"" Askp AfkpA yadC:Tn10 This study
deg 210A
JAS458 MC4100 Ara™"" AfkpA yadC::TnI0 This study
degP§210A
JAS459 MC4100 Ara™”* yadC::Tn10 degP*'* This study
JAS460 MC4100 Ara™"" Askp yadC:Tn10 degP**'**  This study
JAS80 MC4100 Askp This study
JAS195 MC4100 AfkpA This study
JAS475 MC4100 Askp AfkpA This study
JAS16 MC4100 AsurA 54
JAS502 MC4100 Ara™*’* psurA This study
JAS501 MC4100 Ara™"" pACYC177 This study
JAS505 MC4100 Ara™"" Askp AfkpA pACYC177 This study
JAS506 MC4100 Ara™’" Askp AfkpA psurA This study
JAS497 MC4100 Askp AfkpA AlamB This study
JAS523 MC4100 Askp AfkpA AlamB AompA This study
JAS535 MC4100 Askp AfkpA AlamB AompA This study
AompC::kan
JAS215 MC4100 AsurA pfkpA This study
JAS509 MC4100 AsurA pTrc99A::cam This study
JAS510 MC4100 AsurA pskp**© This study
JAS866 MC4100 Ara™/" pdsbA,,, This study
JAS867 MC4100 Ara*’* pBAD18 This study
JAS868 MC4100 Ara™"" pdsbA,,;, This study
JAS874 MC4100 Ara™"" Askp AfkpA pdsbA,,,, This study
JAS875 MC4100 Ara™’" Askp AfkpA pBAD18 This study
JAS876 MC4100 Ara™"" Askp AfkpA pdsbA,,q, This study
JAS185 MC4100 bamB::kan 54
JAS205 MC4100 AfkpA bamB::kan This study
JAS187 MC4100 Askp bamB::kan This study
GS67 MC4100 Askp AfkpA baeS"*>" This study
GS95 MC4100 Askp AfkpA baeS™>*** Aspy::kan This study
ynjB:Tnl0
GS100 MC4100 Askp AfkpA pTrc99A This study
GS99 MC4100 Askp AfkpA pspy This study
GS108 MC4100 AsurA pTrc99A This study
GS109 MC4100 AsurA pspy This study
GS321 MC4100 baeS™*°" AyegL::kan This study
Plasmids
psurA surA cloned into pBAD18, then araC- 14
Pyap-surA fragment subcloned into
pACYC177
pTrc99A::cam  pTrc99A with cam cassette cloned into bla This study
gene
pfkpA fkpA cloned into pTrc99A::cam This study
pskp™™ skp with start codon mutated to ATG This study
cloned into pTrc99A::cam
pdsbA,,,, dsbA subcloned into the psurA plasmid This study
pdsbAyign dsbA cloned into pBAD18 This study
pTrc99A High-copy-number vector with inducible 41
lac promoter and amp resistance
pspy spy cloned into pTrc99A This study
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plasmids and isopropyl-B-p-thiogalactopyranoside (IPTG) at a concen-
tration of 50 wM to induce the pspy plasmid.

Efficiency-of-plating assays. Efficiency-of-plating assays were per-
formed by growing an overnight culture in the appropriate medium and
at the permissive temperature. The overnight cultures were added to the
first row of wells of a 96-well plate (200 pl/well) and serially diluted 10-
fold in the subsequent wells (20 pl of the preceding well into 180 wl of
fresh LB medium). The overnight culture and serial dilutions were spotted
onto LB agar plates containing the indicated antibiotics using a 48-pin
replicator. Spots were allowed to dry, and the plates were incubated over-
night at 30°C and 37°C unless otherwise indicated.

Western blot analysis. One-milliliter samples of strains were pelleted
(16,000 X g, 1 min) and resuspended at a volume equal to the optical
density at 600 nm (ODy,)/14 (for LptD and FhuA blots), ODy,/40 (for
Spy blots), or ODg,/7 (all other blots). Reducing and nonreducing LptD
blots were performed as previously described (9). FhuA blots were per-
formed using a polyvinylidene difluoride (PVDF) membrane (Bio-Rad,
Hercules, CA), and all others were performed with a nitrocellulose (What-
man GmbH, Dassel, Germany) membrane. Immunoblotting was per-
formed using the following antibodies at the indicated dilutions: anti-
LamB antibody (which cross-reacts with OmpA), 1:30,000; anti-BamA
antibody, 1:20,000; anti-LptD antibody, 1:5,000; anti-FhuA antibody,
1:2,500; anti-TolC antibody, 1:30,000; anti-LptE antibody, 1:20,000; anti-
BamB antibody, 1:7,000; anti-BamD antibody, 1:5,000; anti-BamC anti-
body, 1:20,000; anti-BamE antibody, 1:20,000; anti-SurA antibody,
1:8,000; anti-Skp antibody, 1:10,000; and anti-Spy antibody, 1:25,000. For
FhuA blots, goat anti-mouse secondary antibody conjugated to horserad-
ish peroxidase (HRP) was used at a dilution of 1:5,000 (Bio-Rad). For all
other blots, donkey anti-rabbit secondary antibody conjugated to horse-
radish peroxidase was used at a dilution of 1:8,000 (GE Healthcare). Im-
munoblots were visualized using Luminata Classico Western HRP sub-
strate (EMD Millipore Corporation, Massachusetts). The anti-TolC
antibody was a gift from R. Misra; the anti-BamB, anti-BamD, and anti-
LptE antibodies were a gift from D. Kahne; the anti-SurA antibody was a
gift from R. Kolter; and the anti-FhuA antibody was a gift from J. Coulton.

Coomassie staining. Samples resuspended in SDS-PAGE sample buf-
fer at a volume equal to ODy,/14 were boiled for 10 min and analyzed by
SDS-PAGE. Gels were then incubated overnight in Coomassie brilliant
blue staining solution (43) and destained the next day with Coomassie
destaining solution (43).

Suppressor selection. Suppressor mutants were selected by plating 10
wl of an overnight culture of the Askp AfkpA strain on agar plates contain-
ing 55 mg/liter vancomycin. After overnight incubation at 37°C, colonies
were isolated and analyzed.

RESULTS
Genetic interactions exist between skp and fkpA. The existence
of two OMP chaperone pathways in E. coli, SurA and Skp/DegP,
was first established by the discovery of synthetic phenotypes in
double-mutant strains. The simultaneous loss of surA and skp or
surA and degP causes synthetic lethality (11, 14). In order to fur-
ther investigate the chaperone network in the E. coli periplasm, we
constructed strains lacking combinations of the known periplas-
mic chaperones and fkpA (38). We then assayed the growth of
these mutant strains. None of the single-mutant strains exhibited
a growth defect at 37°C, although the Askp AdegP double mutant
did exhibit slightly slowed growth at this increased temperature.
Strikingly, we found that although the Askp AdegP AfkpA::kan
triple mutant grows normally at 30°C, this strain grows poorly at
37°C. This temperature sensitivity suggests that in the absence of
skp and degP, FkpA becomes critically important.

DegP possesses both chaperone and protease functions, and we
investigated which of these is more important in the absence of skp
and fkpA. It is known that the loss of degP results in temperature
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sensitivity at 42°C (44). Strains expressing a proteolytically inac-
tive allele known as degP**'** are temperature sensitive at 42°C
unless the DegP>*'°* protein is overexpressed; this suggests that
the loss of the protease function of DegP is primarily responsible
for the temperature-sensitive phenotype of the degP mutant (45).
We hypothesized that the loss of fkpA and skp lowers the temper-
ature at which the degP mutation becomes lethal, resulting in the
observed temperature sensitivity of the triple mutant at 37°C. In
order to examine this more closely, we constructed strains lacking
skp, fkpA, or both in the degP%?'** mutant background and assayed
their growth by an efficiency-of-plating assay. None of the strains
examined exhibit a growth defect at the permissive temperature,
30°C (Fig. 1A). However, the Askp AfkpA degP%*'% triple mutant
is temperature sensitive; like the Askp AdegP AfkpA::kan strain, it
grows very poorly at 37°C (Fig. 1A). The temperature sensitivity of
this strain can be complemented by the expression of wild-type
degP in trans, which provides further evidence of protein misfold-
ing in the Askp AfkpA double mutant. In the absence of both skp
and fkpA, the protease activity of DegP is required to degrade
misfolded proteins that accumulate in the periplasm.

Loss of Skp and FkpA causes defects in OM biogenesis. Mu-
tant strains that are defective in OM biogenesis also exhibit in-
creased permeability to antibiotics and other small molecules (3).
Thus, if the Askp AfkpA mutant is defective in the assembly of
OMPs, it should exhibit increased OM permeability. We tested
this possibility by performing efficiency-of-plating assays with the
single- and double-mutant strains at 37°C on LB agar supple-
mented with 65 mg/liter vancomycin. Indeed, the Askp AfkpA
double mutant is much more sensitive to this concentration of
vancomycin than either single mutant (Fig. 1B).

To further investigate the potential OMP assembly defect in
the Askp AfkpA strain, we examined OMP levels in this strain by
Western blotting. The OMPs LamB, OmpA, and TolC have been
previously used as model proteins. Because the LamB and OmpA
proteins are rapidly degraded in the periplasm when they fall off-
pathway (11), their levels in whole-cell lysates are representative of
their levels in the OM, and decreased levels of these proteins are
indicative of a general OMP assembly defect (11, 12). Conversely,
TolC levels are known to increase in certain strains that exhibit an
OMP assembly defect (46). Neither LamB nor OmpaA is present at
reduced levels in the Askp AfkpA mutant strain, and levels of TolC
are not increased (Fig. 2A). This suggests that the OMP assembly
defect in the Askp AfkpA mutant strain is not general. The AsurA
strain, which exhibits clear defects in the assembly of LamB, is
shown here for comparison (Fig. 2A).

Loss of Skp and FkpA affects LptD levels. In the absence of a
general OMP assembly defect in the Askp AfkpA strain, we inves-
tigated whether the observed OM permeability of this strain could
be due to an LPS assembly defect resulting from decreased levels of
LptD in the OM. Thus, we examined the levels of LptD by Western
blotting. Because LptD is not fully oxidized until it has interacted
with its accessory lipoprotein, LptE, and been inserted into the
OM by the Bam complex, nonreducing SDS-PAGE provides us
with an assay to determine the levels of correctly assembled LptD
in the cell (8, 9). While the Askp and AfkpA single mutants exhib-
ited no apparent reduction in oxidized or reduced LptD levels, a
Askp AfkpA double mutant showed a considerable reduction in
the levels of both oxidized and reduced LptD (Fig. 2B). These
results suggest that in the absence of Skp and FkpA, there is a
defect in the assembly of LptD.

Journal of Bacteriology


http://jb.asm.org

Overnight [
Culture

10t

102

65 mg/L Vancomycin

Role of Skp in LptD Assembly

FIG 1 The Askp AfkpA double mutant exhibits phenotypes consistent with OMP assembly defects. (A) Overnight cultures were grown at the permissive
temperature of 30°C. These cultures were then serially diluted in fresh LB medium, spotted onto LB agar, and incubated overnight at 30°C and 37°C. The

degP5?'°* allele was moved using the linked yadC::Tn10 marker, so this allele is also present in all of the degP**'** strains, and all of the strains shown are Ara

+/r

The Askp degP%?'* AfkpA strain exhibits a defect of approximately 3 to 4 logs of growth at 37°C compared to that of the single and double mutants. (B) Growth
of the wild-type, Askp, AfkpA, and Askp AfkpA strains was assayed on LB agar supplemented with 65 mg/liter vancomycin by efficiency-of-plating assay. The Askp
AfkpA double mutant exhibits a defect of approximately 5 to 6 logs of growth on 65 mg/liter vancomycin.

Ifthe loss of Skp and FkpA affects the levels of the Bam complex
members, SurA, or the accessory lipoprotein LptE, it could cause
the LptD assembly defect that we observed, because these proteins
are necessary for the correct assembly of LptD. However, the levels
of all of these proteins remained unchanged in the Askp AfkpA
double mutant (Fig. 2C), leading us to conclude that Skp and
FkpA participate directly in the assembly of LptD.

The role of Skp and FkpA in LptD assembly is unique. We
considered the possibility that the decreased LptD levels in the
Askp AfkpA double mutant might be caused by overloading the
SurA pathway with substrate. If Skp and FkpA function as OMP
chaperones, it is possible that the loss of both might saturate the
main OMP assembly pathway, titrating SurA and causing some
LptD to fall off-pathway and be degraded by periplasmic proteases
(such as DegP). If this were indeed the case, increasing the levels of
SurA in the Askp AfkpA double-mutant strain should restore LptD
levels. Accordingly, we overexpressed SurA in a Askp AfkpA dou-
ble mutant and examined the LptD levels in this strain by Western
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blotting. Overexpression of SurA did not increase the levels of
LptD in the Askp AfkpA double mutant (Fig. 3A). Further, the
deletion of a number of the most highly expressed OMPs (LamB,
OmpA, and OmpC), which should decrease the load on the SurA
pathway, did not restore levels of LptD in the Askp AfkpA double
mutant (Fig. 3B).

We then wondered whether either Skp or FkpA could substi-
tute for SurA in the assembly of LptD. In order to test this, we
overexpressed Skp and FkpA in a AsurA background and exam-
ined the levels of LptD in these strains by Western blotting. Over-
expression of Skp or FkpA did not restore LptD levels (Fig. 3C). It
is clear that SurA cannot perform the role of Skp and FkpA in
LptD assembly, nor can Skp or FkpA compensate for the role of
SurA in this process.

Another protein folding factor that is known to be required for
the proper and efficient assembly of LptD is DsbA, which catalyzes
the formation of the disulfide bonds in LptD (9). If the loss of Skp
and FkpA leads to a defect in the formation of these disulfide
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BamA

BamB >
BamC >
BamD >

BamE >

SurA >

LptE >

FIG 2 The Askp AfkpA double mutant exhibits an LptD assembly defect that is not due to loss of other LptD assembly factors. Cultures were grown to an ODg,
of approximately 0.7 to 0.8. Whole-cell lysates were analyzed by SDS-PAGE and immunoblotted with the appropriate antibody. (A) A AsurA strain is included
for comparison. Levels of TolC, LamB, and OmpA are unaffected by the loss of skp and fkpA. (B) Samples were analyzed by SDS-PAGE in sample buffer with
(LptDg.q) and without (LptD, ) 2-mercaptoethanol. “X-Band” is a cross-reacting band of approximately 55 kDa, shown here as aloading control. Levels of both
oxidized and reduced LptD are decreased in the absence of Skp and FkpA. (C) The levels of proteins known to be important for LptD assembly are unchanged

in the absence of Skp and FkpA.

bonds, LptD assembly would be impaired in a way that could
possibly be compensated for by the overexpression of DsbA. How-
ever, the overexpression of DsbA from both low- and high-copy-
number plasmids failed to restore LptD levels in the Askp AfkpA
double mutant (Fig. 3D). Therefore, none of the periplasmic pro-
tein folding factors that are known to be important for LptD as-
sembly can substitute for Skp and FkpA.

Skp/FkpA and BamB exhibit a functional relationship. The
nonessential Bam complex lipoprotein BamB contributes to the
assembly of a large number of OMPs. In most cases, OMPs that
require SurA also require BamB (2, 6, 11, 46, 47). LptD, however,
is an exception. In the absence of BamB, LptD levels remain rela-
tively unaffected (2). However, when LptD assembly is impaired,
as is the case in an IptD4213 mutant, the loss of bamB causes
syntheticlethality (2). Thus, bamB and skp mutants exhibit similar
phenotypes; each has little effect on LptD assembly unless an ad-
ditional defect exists.

We hypothesized that LptD is assembled normally in a bamB
mutant strain because of the role played by Skp and FkpA. In order
to address this possibility, we examined LptD levels in Askp bamB::
kan and AfkpA bamB:kan double-mutant strains by Western
blotting. In the Askp bamB::kan double-mutant strain, LptD levels
are much lower than in either of the single mutants, and the AfkpA
bamB::kan strain exhibits a slight LptD assembly defect (Fig. 4).
LptD levels are largely unaffected by the loss of any of these indi-
vidual proteins, but the loss of two of these proteins in combina-
tion impairs LptD assembly.

We also examined the assembly of LamB in these mutants.
LamB represents an OMP that is strongly affected by the loss of
BamB and SurA, but its assembly is unaffected by the loss of skp
and fkpA (Fig. 2A). Although the Askp bamB::kan double-mu-
tant strain exhibits impaired LamB assembly, this defect is not
as severe as the observed LptD assembly defect in this double
mutant, especially compared to that in the bamB single mutant
(Fig. 4). The AfkpA bamB::kan strain exhibits LamB levels that
are essentially equivalent to those of the bamB::kan single-mu-
tant strain (Fig. 4).
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FhuA and LptD are similarly affected in double-mutant
strains. The TonB-dependent siderophore transport protein
FhuA (48) s, like LptD, one of the few OMPs whose assembly is
strongly dependent on SurA (12). In fact, in a surA mutant, LptD
and FhuA are the only known OMPs present at decreased levels
that do not exhibit a concomitant decrease in transcript levels
(12). FhuA is also structurally similar to LptD; it possesses a solu-
ble N-terminal domain and a C-terminal barrel domain. Al-
though we had already shown that the loss of skp and fkpA does not
affect a number of model OMPs (LamB, OmpA, and TolC), the
similarity of FhuA to LptD led us to investigate whether FhuA
assembly is affected in the Askp AfkpA strain.

Indeed, like LptD, while FhuA levels are unaffected in the Askp
and AfkpA single-mutant strains, there is an assembly defect in the
Askp AfkpA double mutant (Fig. 4). FhuA also exhibits assembly
defects that are similar to those of LptD in the absence of bamB.
Although FhuA assembly is only moderately affected by the loss of
BamB, its assembly is dramatically reduced in the Askp bamB::kan
double-mutant strain (Fig. 4). This result suggests that FhuA and
LptD are targeted to the Bam complex by similar chaperone as-
sembly pathways.

A novel baeS* allele suppresses the defects of a Askp AfkpA
double mutant. In order to learn more about the role of Skp and
FkpA in the assembly of LptD, we selected suppressors of the Askp
AfkpA strain by plating on vancomycin. One vancomycin-resis-
tant suppressor also restored growth of the temperature-sensitive
Askp AfkpA AdegP::kan strain at 37°C, in addition to restoring
levels of LptD in the Askp AfkpA double mutant (Fig. 5A). This
suppressor mapped to the baeSR locus, and sequencing revealed
that amino acid 255 in BaeS had been changed from proline to
leucine (baeSF#>°1).

The BaeS protein is the sensor kinase of a two-component
system; its cognate response regulator is BaeR (49). This two-
component system is known to regulate several genes in response
to a variety of stimuli, including spheroplast formation, PapG
overexpression, and indole exposure (49). Among the genes reg-
ulated by this system are those specifying multidrug efflux pump
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FIG 3 Skp/FkpA and SurA have distinct roles in LptD assembly. Cultures were grown to an ODy, of about 0.7 to 0.8 in LB medium. Whole-cell lysates were
analyzed by SDS-PAGE and immunoblotted with the appropriate antibody. “X-Band” is a cross-reacting band of approximately 55 kDa, shown here as a loading
control. (A) Medium was supplemented with 0.2% L-arabinose to induce the psurA plasmid. Overexpression of SurA in the Askp AfkpA strain has no effect on
LptD levels. (B) The deletion of major OMPs has no effect on LptD levels in the absence of skp and fkpA. (C) Overexpression of Skp or FkpA does not increase
LptD levels in the absence of surA. (D) Medium was supplemented with 0.2% L-arabinose to induce the plasmids. DsbA levels were visualized using Coomassie
brilliant blue staining after SDS-PAGE analysis. Overexpression of DsbA in the Askp AfkpA strain does not affect LptD levels.

components (mdtABCD and acrD) and the periplasmic chaper-
one spy (50). Previously isolated baeS alleles, which dramatically
upregulate the production of Spy, mapped to nearby amino acids
(E264 and D268) (42). It has also been shown that Spy can protect
substrate proteins from aggregation in vitro and that overexpres-
sion of Spy can stabilize an unstable variant of the colicin E7 im-
munity protein (Im7) in vivo (42). Thus, it seemed likely that
baeS™?*" is a gain-of-function allele and that the LptD defect is
suppressed due to the overexpression of Spy. Similar mutants in
the Cpx two-component system have previously been called cpx*
mutants (51), and thus we will refer to this mutation as a baeS*
mutant.

The levels of Spy in this suppressor confirm that it is a baeS*
allele; in the Askp AfkpA strain containing the baeS™***" suppres-
sor, there is approximately 1,000-fold more Spy than in a wild-
type strain (Fig. 5B). Spy levels are similarly induced when the
suppressor allele is introduced into a wild-type background (Fig.
5C). When a Aspy::kan allele is introduced into the Askp AfkpA
baeST?>°L strain, levels of LptD return to the levels observed in the
Askp AfkpA double mutant. When Spy alone is overexpressed in
the Askp AfkpA strain, LptD levels are restored to nearly the levels
observed in a wild-type strain (Fig. 5A). Thus, Spy is both neces-
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sary and sufficient to suppress the LptD assembly defect in the
Askp AfkpA strain.

It seemed likely that the restoration of LptD levels in the Askp
AfkpA strain when Spy is overexpressed is due to the general chap-
erone activity of the Spy protein. We investigated whether Spy
overexpression is capable of suppressing a broader range of LptD
assembly defects by overexpressing Spy in a AsurA mutant. As
shown in Fig. 5D, LptD levels remain unchanged even at high
levels of Spy overexpression. This result reinforces the specificity
of the roles played by Skp/FkpA and SurA in the LptD assembly
process. Although Spy is capable of compensating for the role
played by Skp and FkpA, it is not capable of compensating for the
role played by SurA.

DISCUSSION

Several studies have shown that the periplasmic chaperone Skp
can interact directly with OMPs (17, 23), and genetic analysis has
revealed a role for this protein in the backup OMP assembly path-
way in E. coli (11, 14). However, no substrates specifically depen-
dent on Skp for their assembly have ever been identified. We have
discovered a role for Skp in the assembly of LptD. This function
was not previously identified, because it can be performed by an-
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FIG 4 Loss of Skp and BamB results in synthetic LptD, LamB, and FhuA assembly
defects. Cultures were grown to an ODy, of about 0.75 to 0.9 in LB medium.
Samples were analyzed by SDS-PAGE and immunoblotted with anti-LptD, anti-
LamB, and anti-FhuA antibodies. “X-Band” is a cross-reacting band of approxi-
mately 55 kDa, shown here as a loading control. The AsurA strain is shown here as
a control. The Askp bamB::kan and AfkpA bamB::kan strains exhibit decreased
LptD and FhuA levels compared to those of the single-mutant strains.

other periplasmic chaperone, FkpA. The loss of both Skp and
FkpA substantially reduces the levels of correctly assembled LptD.

Previous work has shown that LptD assembly is much more
complicated than the assembly of a typical OMP. After transloca-

tion through the IM by the Sec machinery, LptD is escorted across
the periplasm by SurA in a manner that no other chaperone can
replicate (9, 12). Once LptD reaches the Bam complex, it must
interact with its partner lipoprotein LptE in order for its 3-barrel
domain to be properly assembled (9, 10). Finally, oxidation, a
process catalyzed by DsbA, must occur to form the disulfide bonds
that connect the amino-terminal periplasmic domain to the car-
boxy-terminal B-barrel (9). Our results demonstrate that Skp or
FkpA must act in concert with the main periplasmic chaperone
SurA to efficiently assemble LptD but that SurA and Skp or FkpA
perform distinct roles in this process. Overexpression of SurA or
DsbA does not restore levels of LptD in a Askp AfkpA strain, nor
can overexpressing Skp or FkpA restore LptD levels in a AsurA
strain. The loss of SurA, or of both Skp and FkpA, causes a pro-
found defect in LptD assembly that cannot be compensated for by
the other proteins.

The baeS* suppressor isolated here provides further evidence
of a novel role for Skp or FkpA in LptD assembly. This suppressor
restores LptD assembly in mutants lacking Skp and FkpA, and the
overproduction of Spy that occurs in this mutant is both necessary
and sufficient for this restoration. However, Spy overexpression
fails to restore LptD levels in the absence of SurA. We conclude
that LptD assembly requires the participation of at least two dif-
ferent periplasmic chaperones, each of which must perform dis-
tinct functions. Spy is capable only of substituting for one of these
two functions.

The loss of Skp, FkpA, or BamB has little effect on LptD assem-
bly. However, unlike the loss of Skp or FkpA, the absence of BamB
does cause defects in the assembly of many other OMPs, such as
LamB and OmpA, and when LptD assembly is impaired, BamB

FIG 5 Spy overexpression suppresses the LptD assembly defect of a Askp AfkpA strain but not a AsurA strain. Cultures were grown to stationary phase in LB
medium. Where indicated, medium was supplemented with 50 uM IPTG. Samples were analyzed by SDS-PAGE and immunoblotted with anti-LptD and Spy
antibodies. (A) The baeS* suppressor (baeS’?>**) and Spy overexpression suppress the LptD assembly defect of a Askp AfkpA strain. (B) Spy is induced
approximately 1,000-fold in the baeS* and pspy strains. The X-band is too diluted to be visible in the 1:100 or 1:1,000 dilutions. (C) Spy is induced similarly when
the baeS* suppressor is transduced into a wild-type (MC4100) background. (D) Spy overexpression does not suppress the LptD defect of a AsurA strain.
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becomes essential (2). Although LptD assembly is not measurably
compromised in strains lacking either Skp or BamB, assembly of
this protein is decreased significantly in strains lacking both Skp
and BamB. The synthetic phenotypes exhibited by these double
mutants could indicate that Skp and BamB possess a redundant
function in LptD assembly. Alternatively, there could be two dif-
ferent LptD assembly pathways: one that requires Skp (or FkpA)
and another that uses BamB. At present, we cannot distinguish
between these possibilities.

Strikingly, although other model OMPs, including LamB, are
unaffected or less severely affected than LptD in mutant strains
that lack Skp and FkpA, at least one other OMP, FhuA, exhibits
assembly defects that are similar to those of LptD. Both LptD and
FhuA are strongly dependent on SurA for their assembly, and both
also require Skp or FkpA. It is tempting to speculate that Skp and
FkpA aid in the assembly of these two proteins because of their
structural similarities. One somewhat unique feature shared by
LptD and FhuA is the presence of a large, periplasmic, N-terminal
domain, which is the first to emerge into the periplasm during
translocation. Skp has been shown to play a role in the folding and
assembly of the N-terminal, soluble passenger domain of the au-
totransporter IcsA in S. flexneri (27), and both Skp and FkpA have
been shown to interact with the N-terminal passenger domain of
EspP in E. coli (24, 25, 35). It is possible that Skp and FkpA play a
role in assembling proteins with these soluble N-terminal do-
mains. Another possibility is that Skp and FkpA are involved at an
early step in the assembly process and that only some OMPs re-
quire interaction with these chaperones at this step. Skp has been
shown to associate with OMPs at the inner membrane (52) and to
interact with EspP at an earlier step in its assembly than SurA (24)
does.

There may be additional OMPs in E. coli that share the chap-
erone requirements of FhuA and LptD. Further study of these
proteins and their structural characteristics could provide insight
into the functional roles of Skp and FkpA. Moreover, because this
is the first time a physiological substrate of the Spy protein has
been identified, further study of this interaction may provide in-
sight into the function of Spy in the cell.
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