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Abstract

The presence of lipopolysaccharide (LPS) on the cell surface of Gram-negative bacteria is critical
for viability. A conserved B-barrel membrane protein LptD translocates LPS from the periplasm
across the outer membrane (OM). In Escherichia coli, this protein contains two disulfide bonds
and forms the OM LPS translocon with the lipoprotein LptE. Here we identified seven in vivo
states on the oxidative folding pathway of LptD. Proper assembly involved a honfunctional
intermediate containing non-native disulfides. Intermediate formation required the oxidase DshA,
and subsequent maturation to the active form with native disulfides was triggered by LptE. Thus,
disulfide bond-dependent protein folding of LptD requires the proper assembly of a two-protein
complex in order to promote disulfide bond rearrangement.

A defining feature of Gram-negative organisms is the presence of lipopolysaccharide (LPS)
on the cell surface (1). LPS must be properly assembled in the outer leaflet of the outer
membrane (OM) to establish a permeability barrier against toxic compounds, including
antibiotics (2, 3). In Escherichia coli, a translocon responsible for LPS movement across the
OM is composed of two essential OM proteins: an integral p-barrel protein, LptD (for
lipopolysaccharide transport protein D) and a lipoprotein, LptE (4-6). The LptD/E complex
forms part of the trans-envelope LPS exporter, which contains five other essential Lpt
proteins that collectively move LPS from the inner membrane (IM) to the cell surface (7).
Assembly of the OM LPS translocon presents a challenging protein-folding problem
because LptE resides inside LptD (5, 6) and formation of the correct disulfide bonds in LptD
is required for this translocon to function (8). How the cell coordinates assembly of the OM
complex with the formation of the rest of the trans-envelope exporter is unknown.
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To understand the assembly of the functional OM LPS translocon, we examined the
biogenesis of LptD. £. coli LptD contains an N-terminal periplasmic domain (a.a. 25-202)
and a C-terminal integral p-barrel domain (a.a. 203-784) (5), which is folded and inserted
into the OM by the Bam complex (B-barrel assembly machine) (9-11). LptD has four
cysteines, two in the N- terminal domain (Cysz1 and Cys;73), and two very near the C-
terminus (Cys724 and Cysyos). In its mature form, LptD contains two long-range non-
consecutive disulfide bonds connecting the N- and C-terminal domains, one between the
first and third cysteines (Cyssz1-Cys724; [1-3]), and the other between the second and fourth
cysteines (Cys173-Cysyas; [2-4]) (Fig. 1A) (8). Either of these two disulfides is sufficient for
LptD to function (8).

LptE is required to promote assembly of mature LptD (8). We wondered if an LptD
intermediate would accumulate in vivo when LptE is the limiting reagent. OM fragments
isolated from wild-type cells contain only mature LptD, which migrates more slowly during
SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis) than reduced LptD
(Fig. 1A) (8, 12-13). In contrast, OM fragments from an LptE-limiting strain, which
produced lower levels of LptE (Fig. S1), contained a new LptD species. In the absence of p-
mercaptoethanol, this species migrated slightly faster than fully-reduced LptD, suggesting
that it was disulfide-bonded (Fig. 1A). To assign the disulfide connectivity of this LptD
species (intermediate 1), we examined the SDS-PAGE migration patterns of the six LptD
mutant proteins in which two of the cysteines were changed to serine (8). Only the mutant
lacking the last two cysteines (LptDccss), which can make the Cysz -Cysy73 ([1-2])
disulfide bond within the N-terminal domain, exhibited faster mobility than reduced LptD
(Fig. S2). Thus, the LptD intermediate 1 that accumulates when LptE is limiting contains the
consecutive [1-2] disulfide bond, and LptE is required for the conversion of this
intermediate to LptD with its native disulfide bonds. Whether the 3™ and 4t cysteines are
ever disulfide-bonded in this intermediate remains unclear, although we have obtained some
evidence suggesting that the [3—4] disulfide bond may be formed (Fig. S3).

To examine how defects in either component affect translocon assembly, three mutants,
LptD a330-352 (LPtD4213, 14), LptD A529-538 (6) and LptEa100-101/P99r (LPEES, 15), were
analyzed. Two of these mutations impair interactions between LptD and LptE (6, 15).
Although none of these mutations lowered the levels of LptE in the OM, each resulted in
substantial accumulation of intermediate 1 ([1-2]-LptD) (Fig. 1B). LptD containing a [1-2]
disulfide bond is not functional (8), explaining why these mutants have defective OMs (6,
14-15).

To determine whether intermediate 1 is on the folding pathway of LptD in a wild-type
strain, or a dead-end product, we pulse-labeled FLAG3-tagged LptD with [3°S]-methionine
and monitored its progression to the mature form during a cold-methionine chase. The
predominant form at the start of the chase was [1-2]-LptD (intermediate 1), which was
slowly converted to mature [1-3][2—4]-LptD (Fig. 2A). The final distribution of LptD
species at ~20 min was identical to that at steady state (Fig. S4A and S4B). Thus, a non-
native disulfide-bonded species (intermediate 1) is an intermediate along the oxidative
folding pathway of LptD in vivo. Furthermore, formation of mature [1-3][2-4]-LptD
proceeds via disulfide bond rearrangement.

We next performed pulse-chase experiments under conditions that preserve a folded p-barrel
to determine whether disulfide bond rearrangement occurs before or after p-barrel folding.
When samples were not heated prior to SDS-PAGE, mature [1-3][2—4]-LptD migrated as a
broad band with faster gel mobility than the heat-denatured form, indicating that the p-barrel
was folded (Fig. 2B) (5). The amount of folded [1-3][2—4]-LptD increased with time. A new
fast-migrating LptD species, appearing at the start and chasing away by 20 min, could be
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detected (Fig. 2B). This species was also heat-modifiable and ran at the same position as the
major band in a non-heated LptDccsg sample containing the [1-2] disulfide (Fig. 2B). We
assign this LptD species as intermediate 1 containing a folded p-barrel. Because folded
intermediate 1 chased to folded mature [1-3][2-4]-LptD, we conclude that the LptD p-barrel
folds before disulfide rearrangement occurs. Furthermore, monitoring protease susceptibility
supported this notion (Fig. S5). Because this [1-2]-LptD species did not accumulate
substantially during the chase, we conclude that folding is slower than rearrangement.

LptD is a substrate of the periplasmic oxidase DsbA (16) and oxidation of LptD is impaired
in strains lacking DsbA (8, 12; Fig. S4). We sought to elucidate the role of DsbA in
introducing disulfide bonds in LptD by using the DsbApq51T mutant that forms kinetically
stable mixed-disulfide intermediates with substrate proteins to see if we could accumulate
cross-linked adducts between LptD and DsbA (16). We observed two LptD species that also
contained DsbA (Fig. 3A). These new bands were identified as mixed-disulfide
intermediates linking DsbA to Cyss; of reduced LptD (DsbA adduct A; [1-DsbA]) and to
Cysszj of [2—4]-LptD (DsbA adduct B; [2—4][1-DsbA]) by comparing adducts observed with
LptD using Cys-to-Ser mutants (Fig. 3A, 3C and S6). DsbA adduct A was likely to
correspond to the first-formed intermediate between LptD and DsbA leading to the
formation of the [1-2] disulfide bond (Fig. 3C). When pulse- chase analysis was carried out
in the dsbApz5;7strain, we detected [3°S]-labeled DsbA adduct A at early time points (t =
0-2 min, Fig. 3B), consistent with this interpretation. We also observed the appearance of
DsbA adduct B ([2-4][1-DsbA]-LptD) at t = 2 min, which chased by t = 40 min. The fact
that this species appeared before (and chased into) [1-3][2—4]-LptD suggests that DshA
adduct B is also along the assembly pathway and that DsbA directly introduces the [1-3]
disulfide bond in LptD after an intermediate containing the [2-4] disulfide (intermediate 2,
see Fig. S4) is already formed (Fig. 3C). Thus, DsbA makes both the [1-2] and [1-3]
disulfide bonds in LptD at different stages of assembly.

The ability to detect several DsbA adducts with LptD during pulse-chase allowed us to
describe the sequence of events leading to the assembly of a functional OM LPS translocon.
We could assign seven distinct species along the oxidative folding pathway of LptD in vivo
(Fig. 3C). The first non-consecutive disulfide bond was formed between Cys;73 and Cysyo5
([2-4]) following disulfide bond rearrangement from [1-2]-LptD. Because either of the two
non- consecutive disulfide bonds is sufficient for the proper function of LptD (8), the [2-4]-
LptD species (intermediate 2) represents the first functional form of LptD. In this regard, it
is important to point out that cysteines corresponding to both Cys;73 and Cys7,5 are present
in >95% of over one thousand Gram-negative LptD proteins that have non-identical
sequences (Fig. S7, 12). In contrast, Cyss; and Cys7,4 are much less conserved, suggesting
that the [2—4] disulfide bond plays a critical structural role in the function of the translocon.

LptD and LptE function together in a single step to insert LPS correctly on the cell surface
(4-6). Progression of LptD from an unfolded intermediate, to a pre-assembled nonfunctional
complex with LptE containing non-native disulfide bonds (intermediate 1), and then to a
rearranged functional state containing native disulfide bonds, provides a mechanism to
check that both translocon components have been properly synthesized, targeted, and
assembled together in the OM. Mutants in LptD or LptE accumulate intermediate 1 (Fig.
1B), suggesting that assembly of the translocon stalls in a non-functional state if there are
defects in either component. Intermediate 1 also accumulates in strains with limited LptE
(Fig. 1A), but it can be completely converted to the functional form of LptD if additional
LptE is subsequently expressed (Fig. S8). This “rescue” experiment demonstrates that
increased LptE levels, which permits formation of the plug-and-barrel, triggers
rearrangement of the disulfide bonds. Thus, assembly of the LptD/E complex controls
activation of the translocon; only when the complex is properly formed does disulfide bond
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rearrangement take place efficiently (Fig. 3C). The oxidative assembly of LptD is regulated
by disulfide bond rearrangement, triggered by binding to LptE, which, in fact, is not even an
oxidoreductase.

Producing a non-functional intermediate 1 prior to activating it via disulfide bond
rearrangement also provides a mechanism for quality control to ensure that the trans-
envelope LPS exporter is only assembled with a functional OM translocon (Fig. 3C). Proper
disulfide bonds in LptD are required for the trans-envelope Lpt bridge to form, via
interactions between LptA and LptD (17). The triggering strategy prevents a defective OM
translocon from achieving the correct disulfide bond configuration, thereby preventing
formation of a non-functional trans-envelope LPS exporter that might release LPS into an
inappropriate compartment.

Our ability to visualize and accumulate different oxidation states of LptD allows us to
extend to membrane proteins the classic approach of using disulfide bonds to study the
folding of soluble proteins in vivo (18, 19). Our studies have established that the rate-
determining step in translocon assembly is B-barrel folding. Folding is remarkably slow,
taking ~20 minutes, or one-third of the cell cycle (Fig. 2). The porin LamB folds several
orders of magnitude faster than LptD (20). LptD folding may be slow because the protein
must wrap around LptE, forming a B-barrel that also contains a plug (5, 6). Given the slow
rate of LptD folding, it may be possible to design inhibitors against the long-lived non-
functional states of the OM LPS translocon, and thus prevent its activation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

A non-native disulfide-bonded LptD intermediate (1, [1-2]-LptD) accumulates in strains
with defective LptD or LptE. (A) a-LptD and a-LptE immunoblot analyses of OM
fragments obtained from wild-type (w#) and LptE-limiting strains grown to early-log phase
(see Fig. S1). More membranes (3x) from cells expressing limited LptE were loaded. (B) a-
LptD and a-LptE immunoblot analyses of OM fragments obtained from wt, [ptDA330-352,
IPtEA100-101/P99R and [ptDA529-538 strains. Open arrowheads indicate the position of
[1-2]-LptD in each strain. Where indicated, B-mercaptoethanol (B-ME) was used to reduce
disulfide bonds.
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Fig. 2.

Intermediate 1 is observed along the LptD assembly pathway in vivo. Folding of the LptD
[B-barrel domain is slow and precedes disulfide bond rearrangement. (A) Wild-type cells
expressing LptD-FLAG3 were pulsed with [3°S]-methionine and chased with cold

methionine. The samples were alkylated with NEM (A-ethylmaleimide),

immunoprecipitated with a-FLAG antibody, and analyzed by SDS-PAGE/autoradiography.
(B) [3°S]-Met pulse-chase of newly-synthesized LptD-FLAG3 where samples were

processed using non-denaturing conditions and analyzed by seminative SDS-

PAGE to

preserve (— heat) or denature (+ heat) the p-barrel. Pulse- labeled LptDCCSS-FLAG3 marks
the positions of unfolded (asterisk) and folded (double asterisks) [1-2]-LptD.
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The oxidative folding pathway of LptD. (A) LptD intermediates containing mixed-disulfide
adducts with DsbA can be detected in vivo. a-FLAG immunoprecipitation using wzor
dsbAP151T cells containing pET23/42 [ptD-FLAGS3. Samples were analyzed by a-FLAG
and a-DsbA immunoblots. (B) [3°S]-Met pulse-chase of newly-synthesized LptD-FLAG3 in
wtand dsbAP151T backgrounds. (C) Biogenesis of the trans-envelope LPS exporter. The
six intermediate LptD species observed experimentally are depicted as they appear after
secretion across the IM during oxidative assembly of the OM translocon.
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