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SUMMARY

The outer-membrane of Gram-negative bacteria is critical for surface adhesion, pathogenicity,
antibiotic resistance and survival. The major constituent — hydrophobic [B-barrel Outer-
Membrane Proteins (OMPs) — are first secreted across the inner-membrane through the Sec-
translocon for delivery to periplasmic chaperones e.g. SurA, which prevent aggregation. OMPs
are then offloaded to the p-Barrel Assembly Machinery (BAM) in the outer-membrane for
insertion and folding. We show the Holo-TransLocon (HTL) — an assembly of the protein-
channel core-complex SecYEG, the ancillary sub-complex SecDF, and the membrane
‘insertase’ YidC — contacts BAM through periplasmic domains of SecDF and YidC, ensuring
efficient OMP maturation. Furthermore, the proton-motive-force (PMF) across the inner-
membrane acts at distinct stages of protein secretion: (1) SecA-driven translocation through
SecYEG,; and (2) communication of conformational changes via SecDF across the periplasm to
BAM. The latter presumably drives efficient passage of OMPs. These interactions provide
insights of inter-membrane organisation and communication, the importance of which is

becoming increasingly apparent.
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INTRODUCTION

Outer-membrane biogenesis in Gram-negative bacteria (reviewed in [1]) requires substantial
quantities of protein to be exported; a process which begins by transport across the inner plasma
membrane. Precursors of B-barrel Outer-Membrane Proteins (OMPs) with cleavable N-
terminal signal-sequences are targeted to the ubiquitous Sec-machinery and driven into the
periplasm by the ATPase SecA and the trans-membrane proton-motive-force (PMF) [2-5].
Upon completion, the pre-protein signal-sequence is proteolytically cleaved [6,7] , releasing the
mature unfolded protein into the periplasm. The emergent protein is then picked up by
periplasmic chaperones, such as SurA and Skp, which prevent aggregation [8,9], and somehow
facilitate delivery to the p-Barrel Assembly Machinery (BAM) for outer-membrane insertion
and folding [10,11].

In E. coli, BAM consists of a membrane protein complex of subunits BamA-E, of known
structure [12-14]. The core component, BamA, is a 16 stranded p-barrel integral membrane
protein, which projects a large periplasmic stretch of 5 POlypeptide TRanslocation-Associated
(POTRA) domains into the periplasm. BamB-E are peripheral membrane lipoproteins anchored
to the inner leaflet of the OM. In spite of the structural insights, the mechanism for BAM-
facilitated OMP insertion is unknown [15].

The bacterial periplasm is a challenging environment for unfolded proteins, so complexes
spanning both membranes are critical for efficient delivery through many specialised secretion
systems [16]. How do enormous quantities of proteins entering the periplasm via the general
secretory pathway (Sec) efficiently find their way through the cell envelope to the outer-
membrane? From where is the energy derived to facilitate these trafficking processes some
distance from the energy transducing inner-membrane, and in an environment lacking ATP?
Could it be achieved by a direct interaction between chaperones, and the translocons of the
inner (Sec) and outer (BAM) membranes?

The core-translocon, SecYEG, does not possess periplasmic domains of sufficient size to
mediate such an interaction [17]. However, the Holo-TransLocon (HTL) contains the ancillary
sub-complex SecDF and the membrane protein ‘insertase’ YidC [18,19], both of which contain
periplasmic extensions potentially large enough to reach the POTRA domains of BamA.

SecDF is a member of the so called Root Nodulation Division (RND) superfamily of PMF-
driven transporters (reviewed in [20]). It is a highly conserved component of the bacterial Sec
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translocon, wherein it has long been known to facilitate protein secretion [18,21,22]. While
fellow component of the HTL — YidC — is essential for membrane protein insertion, and thus
indispensable [23,24]. Mutants of secD and secF are not fatal, but severely compromised and
cold-sensitive [25]; presumably due to deficiencies in envelope biogenesis. The cause of this
has been ascribed to a defect in protein transport across the inner membrane.

In keeping with other members of the RND family, like AcrB [26], SecDF confers PMF
stimulation of protein secretion [27]. Different structures of SecDF show the large periplasmic
domains in different conformational states [28-30], also affected by altering a key residue of
the proton transport pathway (SecDosion— E. coli numbering) [28]. On this basis, an elaborate
mechanism has been proposed whereby PMF driven conformational changes, at the outer
surface of the inner-membrane, pick up and pull polypeptides as they emerge from the protein-
channel exit site of SecY. Yet, ATP- and PMF-driven translocation across the inner membrane
does not require SecDF or YidC; SecYEG and SecA will suffice [2,19]. Evidently then, there
must be two PMF-dependent components of protein secretion: one early stage dependent only
on SecYEG/ SecA, and another later event regulated by an AcrB-like SecDF activity. This
distinction has not been fully appreciated.

This study explores the role of the ancillary components of the Sec machinery for protein
secretion and downstream trafficking through the periplasm; for delivery to the outer-
membrane and OMP maturation. In particular, we examine the possibility of a direct interaction
between the HTL and BAM machineries to facilitate protein transport through the envelope.
The basic properties and structure of the inter-membrane super-complex are investigated, as
well as its importance for OMP folding and insertion. The implications of this interaction and
its modulation caused by proton transport through SecDF are profound. Thus, we consider their
consequences for the mechanism of protein transport through the Sec and BAM machineries,

and for outer-membrane biogenesis.

RESULTS

Co-fractionation and immunoprecipitation highlight an interaction between the Sec and

BAM machineries



94

95

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123

Total E. coli membranes from cells over-producing either SecYEG or HTL were prepared
and fractionated by sucrose gradient centrifugation to separate the inner- and outer-membranes
(Figure 1a). We first sought to determine the precise locations of the respective inner- and outer-
membrane proteins in the fractions; SDS-PAGE analysis of the fractions stained for total
protein revealed the presence of SecY in the lighter inner-membrane fractions (Figure 1 —figure
supplement 1a, yellow asterisk — left panel). Heating the fractions (required to unfold outer
membrane proteins) prior to SDS-PAGE helped reveal the location of the most highly expressed
outer membrane residents (OmpC and OmpF; Figure 1 —figure supplement 1a, yellow asterisk
— right panel). Thus, in these gradients fractions 1-2 mostly contain outer-membranes, and
fractions 4-5 are composed mainly of inner-membranes.

Immunoblotting confirmed the presence of the BAM components (BamA, BamB and
BamD), as expected, in outer-membrane fractions (OM; Figure 1b). Likewise, the over-
produced SecY and SecE subunits mark the fractions containing the core-complex (SecYEG)
in the inner-membrane fractions (IM; Figure 1b, YEGT). However, when over-produced as part
of HTL there is a marked shift of their migration peak towards the outer-membrane containing
fractions (Figure 1b, HTL?). Interestingly, the over-production of SecDF alone results in a
similar effect (Figure 1c); where SecD, SecY and SecG all migrate into the outer-membrane
containing fractions. An effect which was lost in comparable experiments where the
periplasmic domain of SecD (P1) had been removed (Figure 1c). Our interpretation of these
experiments is that the interaction between the Sec and Bam complexes, requiring at least the
periplasmic domains of SecD (and most likely SecF and YidC), causes an association of inner
and outer membrane vesicles reflected in the shift we observe.

To further examine this interaction, we extracted native membranes with a mild detergent
for Immuno-Precipitation (IP) using a monoclonal antibody raised against SecG. The pull-
downs were then probed for native interacting partners by western blotting (Figure 1d,e; Figure
1 —figure supplement 1b). As expected, SecG (positive control) and SecD of HTL co-immuno-
precipitated. Crucially, BamA could also be detected. The specificity of the association was
demonstrated by controls omitting the SecG antibody or the SecG protein (produced from
membranes extracts of a AsecG strain [31]), wherein non-specific binding was either

undetectable, or considerably lower than the specific co-immuno-precipitant (Figure 1d). When
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BAM was over-produced, the yield of BamA recovered in the IPs increased accordingly (Figure
1d,e; Figure 1 —figure supplement 1b).

In a similar experiment, a hexa-histidine tagged BamA was used to isolate BAM from cells
over-producing the complex. Western blots showed that BamA co-purified, as expected, with
additional components of the BAM complex (BamB and BamD), and crucially also with SecD
and SecG of the HTL (Figure 1f; Figure 1 —figure supplement 1c). Again, controls (omitting

Ni2*, or recombinant hiss-BamA) were reassuringly negative.

Interaction between HTL and BAM is cardiolipin dependent

The phospholipid CardioLipin (CL) is known to be intimately associated with energy
transducing systems, including the Sec-machinery, for both complex stabilisation and efficient
transport [19,32,33]. For this reason, the IP experiments above were augmented with CL. On
omission of CL the interactions of SecG with SecD and BamA were reduced ~ 3- and 5-fold,
respectively (Figure 1d,e; Figure 1 —figure supplement 1b). This lipid-mediated enhancement
of the SecG-SecD interaction is consistent with our previous finding that CL stabilises HTL
[19], and shows it also holds true for the HTL-BAM interaction. Apropos, CL has been shown
to be associated with the BAM complex [34].

HTL and BAM interact to form an assembly large enough to bridge the inner- and outer-
membranes

To confirm the interaction between the Sec and BAM machineries, the purified complexes
were subjected to glycerol gradient centrifugation. When mixed together, HTL and BAM co-
migrated towards higher glycerol concentrations, beyond those attained by the individual
complexes (Figure 2a, yellow asterisk) and consistent with the formation of a larger complex
due to an interaction between the two. The interaction is clear, but not very strong; only a
fraction of the HTL and BAM associate. This is likely due to the required transient nature of
the association between the two translocons in vivo, and also because of the complete
breakdown of the inner- and outer-membranes by detergent — required for this experiment.
When the experiment was repeated with the individual constituents of HTL: SecDF and YidC,

but not SecYEG, were also shown to interact with BAM (Figure 2 —figure supplement 1 a-c,
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yellow asterisks). Again, the incomplete association suggest their affinity for one another is not
high.

Visualisation of the heavy fractions containing interacting HTL and BAM by Negative Stain
Electron Microscopy (EM) revealed a heterogeneous mixture of small and very large complexes
(Figure 2 —figure supplement 2a, large complexes marked with white arrows). As noted above,
this mixed population is probably due to the expected transient nature of the interaction between
the two complexes, and/ or due to super-complex instability caused by loss of the bilayer and
specifically bound phospholipids, e.g. CL, during purification (see above and below). Even
though we augment the material with CL, it is unlikely the full complement of lipids found in
the native membrane bound state are restored.

To overcome this heterogeneity we stabilised the complex by cross-linking, using GraFix
[35] (Figure 2 —figure supplement 3a, left). Note that successful stabilisation of the assembly
by cross-linking was also demonstrated by size exclusion chromatography — performed for
sample preparation for cross-linked mass spectrometry (XL-MS) and cryo-EM (see next
section). We confirmed the presence of BAM and HTL constituents in the cross-linked fraction
by mass spectrometry (Figure 2 —figure supplement 3a, right, Figure 2 —source data 1) and
subsequently analysed it by negative stain EM, which revealed a marked reduction in the
number of dissociated complexes (Figure 2 —figure supplement 2b). As expected, omitting CL
from the preparation results in dissociation of the majority of the large complexes, even with
GraFix (Figure 2 —figure supplement 2c), supporting the above findings regarding CL
dependence of the interaction (Figure 1e).

The subsequent single particle analysis of the cross-linked material (Figure 2 —figure
supplement 3a, left, black asterisk; Figure 2 —source data 2) revealed a remarkable structure
large enough (~ 300 x 250 x 150 A) to contain both Sec and BAM machineries [14,36], and
with a height sufficient to straddle the space between the two membranes (Figure 2b; Figure 2
—figure supplement 3b), especially when considering the plasticity of the periplasm [37].
Moreover, the periplasmic domains of the HTL and BAM complexes are potentially large
enough reach out across the space between the inner- and outer-membranes to contact one
another. Indeed, regions of SecDF and the POTRA domains of BamA have been show to extend
~ 60 A [28] and ~ 110 A [38] respectively, sufficient to bridge this gap.
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To assign the locations and orientations of the individual constituents of HTL and BAM, we
compared the 3D reconstructions of different sub-complexes: BAM bound to SecYEG-DF
(without YidC) (Figure 2 —figure supplement 3c) or SecDF alone (Figure 2 —figure supplement
3d). The difference analysis revealed the locations of YidC (Figure 2b, pink; Figure 2 —figure
supplement 3c, pink arrow), SecDF (Figure 2b, green; Figure 2 —figure supplement 3d, green
arrow) and SecYEG (Figure 2b, blue; Figure 2 —figure supplement 3d, blue arrow) at the bottom
of the assembly (assigned as the inner-membrane region). The orientation of BAM relative to
SecDF is different in SecDF-BAM compared to HTL-BAM (Figure 2 —figure supplement 3d,
red arrows), possibly due to its known ability to move (see below), and/ or the absence of
stabilising interactions with the missing HTL components (SecYEG and YidC).

Removing BamB from the complex results in the loss of significant mass in the area
designated as the outer-membrane region (Figure 2b, orange; Figure 2 —figure supplement 3e,
orange arrow). This confirmed the orientation of the respective inner- and outer-membrane
associated regions, and the assignment of the BAM complex as shown in Figure 2b.
Interestingly, the complex lacking BamB shows a diminishment of the density assigned as YidC
(Figure 2 —figure supplement 3e, pink arrow), suggestive of a mutual interaction between the

two.

Periplasmic domains of the Sec and BAM translocons associate to form a large cavity
between the bacterial inner- and outer-membranes

Despite heterogeneity in the sample we were able to isolate a cross-linked HTL-BAM
complex by size exclusion chromatography and produce a low-resolution cryo-EM structure
(Figure 2c; Figure 2 —figure supplement 4; Figure 2 —figure supplement 5a (a similar fraction
was used to that marked by the black asterisk) and Figure 2 —source data 2) with an overall
resolution of 18.23 A. Taken together with the difference map generated by negative stain-EM
(Figure 2b; Figure 2 —figure supplement 3) the structure reveals the basic architecture of the
assembly and the arrangement of constituent subunits.

The complexity of the image processing resulted in an insuffient number of particles of a
single class to attain high-resolution. Many factors contribute to this problem: the dynamism of
the complex, due to the limited contact surface between the HTL and BAM; its inherent

mobility necessary for function; the presence of detergent surrounding the trans-membrane
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regions of the HTL and BAM components, accounting for most of the surface of the assembly;
and finally, the absence of inner- and outer-membrane scaffolds. The loss of the fixed double
membrane architecture was particularly problematic; during image processing we found
different sub-populations where BAM pivots away from its raised position towards where the
inner membrane would otherwise have been. Obviously, this would not happen if restrained by
the outer-membrane.

In spite of all this, the attainable structure proved to be very illuminating. Due to the limited
resolution, we deployed cross-linking mass spectroscopy (XL-MS) to verify the contacts
between HTL and BAM responsible for inter-membrane contact points. The HTL and BAM
complexes were mixed together in equimolar quantities and cross-linked with the lysine-
specific reagent DSBU. The reaction mixture was then fractionated by gel filtration
chromatography and analysed by SDS-PAGE. A single band corresponding to the cross-linked
HTL-BAM complex was detected (Figure 2 —figure supplement 5a, lower band, black asterisk);
note that the isolation of the intact HTL-BAM complex by size exclusion chromatography
provides further evidence of a genuine interaction between inner- and outer-membrane
translocons. The fraction containing the cross-linked complex was combined and digested prior
to LC-MS/ MS analysis.

The analysis of mass spectrometry data enabled the detection and mapping of the inter- and
intra-molecular protein cross-links within the assembly. The results show an intricate network
of interactions most of which are consistent with the cryo-EM structure, particularly at one side
of the assembly between SecD and BamBCD, and on the other side between YidC and
BamABCD (Figure 2 —figure supplement 5b,c).

All the constituent proteins of HTL were cross-linked to BAM subunits with the exception
of SecG and YajC. Thus, the co-immunoprecipitation and affinity pull down of SecG together
with BamA (described above; Figure 1d-f) must have been the result of an indirect interaction,
presumably bridged via SecDF-YidC, which interacts with both SecG and BAM. This is
consistent with the lack of an interaction of SecYEG alone with the BAM complex (Figure 2 —
figure supplement 1a), and the assignment of the electron microscopy structures (Figure 2b,c)
— also showing no connection between SecYEG and BAM. In this respect, it is interesting to
note in the structure that the periplasmic domains of SecD, YidC and to a lesser degree SecF,

extend to establish multiple interactions with the BAM lipoproteins suggesting a pivotal role
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for these subunits in the formation of the HTL-BAM complex (Figure 2c,d). This bridge
between the two complexes also helps to define a very large cavity between the inner- and
outer-membrane regions (Figure 2d).

The BAM complex is recognisable in the cryo-EM structure at the outer membrane with the
expected extensive periplasmic protrusions [12,13]. Some components of the BAM complex,
such as BamB, can be unambiguoulsy docked into the cryo-EM structure (Figure 2c), localised
by negative stain difference mapping (Figure 2b and Figure 2 —figure supplement 3e), and its
recognisable B-propeller shape [12,13]. We also suggest the locations of BamA, BamC and
BamD according to the cryo-EM density and the constraints of the XL-MS data (Figure 2e;
Figure 2 —figure supplement 5c).

The inner-membrane region of the HTL — while bound to BAM — is much more open than
the previous structure of the isolated version [36]. In the new open structure, the locations of
the core-complex SecYEG, SecDF and YidC can be easily distinguished; the former two being
connected within the membrane by two bridges (Figure 2f, left). These connections could be
the binding sites of CL and the central lipid pool identified previously, required for structural
stability and translocon activity [19,32,39]. Within SecYEG the protein-channel can be
visualised though the centre, along with the lateral gate (required for signal sequence binding
and inner membrane protein insertion) facing towards SecDF, YidC and the putative central
lipid pool [39](Figure 2f, right).

Cardiolipin, required for super-complex formation, stabilises an ‘open’ form of the HTL

As mentioned above, the HTL bound to BAM in our EM structure (Figure 3a, structure ii)
seems to be more open when compared to the previously published low-resolution cryo-EM
structure [36] (emd3056; Figure 3a, structure i), and also displays a more prominent periplasmic
region. Preparations of HTL alone, made in this study, contain both a ‘compact’ state (Figure
3a, structure iii) similar to that of the previously published structure (Figure 3a, structure i), as
well as a proportion of an ‘open’ state, with proud periplasmic domains, not previously
described (Figure 3a, structure iv), and apparently more similar to that seen in the HTL-BAM
structure (Figure 3a, structure ii).

The HTL sample used here is extremely pure, of known subunit composition and not prone

to oligomerisation [19]. So, we can rule out that this larger form, assigned as an ‘open’ state, of
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HTL is not due to the presence of contaminants, unknown additional partner proteins, or
dimerisation. Lipid content within the HTL is critical for proper structure and function, and CL
is particularly important for protein translocation through the Sec machinery [19,32,33,40].
Depletion of these core lipids, for instance by detergent extraction, might be expected to cause
a collapse of the complex. Therefore, the reason for the presence of these different populations
of the HTL — ‘compact’ and ‘open’ states — is likely due to varying interactions with lipids,
including CL. In line with this hypothesis, augmenting the HTL with CL during purification
increased the proportion of the ‘open’ state (from 8% to 17%), which could be enriched by
glycerol gradient fractionation (to 32%), and further stabilised by cross-linking (to 40%)
(Figure 3 —figure supplement 1).

Evidently then, it seems likely that the open conformation (Figure 3a, structure iv) is the
state capable of interacting with the BAM complex (Figure 3a, structure ii). The ‘open’
structure, and the ‘compact’ structure seen before [36], may reflect different functional states
of the translocon. Presumably, the HTL would be closed when idle in the membrane, and would
open to various degrees depending on the associated cytosolic partners (e.g. ribosomes or
SecA), periplasmic factors (chaperones, BAM, etc.) and various substrates (e.g. globular,
membrane or B-barrels). Thus, it is not suprising that when free of the constraints of the
membrane, and in the harsh environment of a detergent micelle, that these various states can be

adopted — explaining the observed heterogeneity.

Increasing the distance between inner- and outer-membranes weakens the HTL-BAM
interaction

The dimensions of the HTL-BAM structure roughly correspond to the distance between the
inner- and outer-membranes, but only just. Thus, increasing the thickness of the periplasm
might therefore be expected to stymie formation of HTL-BAM complexes, as previously
observed for other trans-periplasmic complexes [41,42]. To test this prediction, we increased
the thickness of the periplasm by manipulating the width-determining lipoprotein Lpp, which
separates the outer-membrane from the peptidoglycan layer. Increasing the length of Ipp thus
increases the width of the periplasm, from ~ 250 A for wild-type Ipp to ~ 290 A when an
additional 21 residues are added to the resultant protein (Lpp+21) [41] (Figure 4a).

10
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The experiments described above (Figure 1d,e) were repeated: extracting total membranes
in the presence of CL for IP by antibodies raised against SecG. Blotting for SecD and BamA
then provided a measure respectively for interactions within HTL, and between HTL and BAM
(Figure 4b,c; Figure 4 —figure supplement 1) in the Ipp+21 genetic background. Consistent with
our model, when the inter-membrane distance was increased, the integrity of the HTL in the
inner membrane was unaffected, but the recovery of HTL-BAM was reduced more than 3-fold
(Figure 4b,c; Figure 4 —figure supplement 1).

PMF stimulation of protein translocation through the inner membrane by SecA and
SecYEG is not conferred by proton passage through SecD

It has been known for many years that SecDF plays a critical role in protein secretion. The
results above show that the periplasmic domains of HTL, and in particular those of SecDF,
mediate the recruitment of the BAM complex, likely to facilitate the onward journey of proteins
to the outer membrane. Therefore, we decided to re-evaluate the precise role and activity of this
ancillary sub-complex. Experiments were established to investigate: (1) the role of SecDF in
SecA dependent protein transport through the inner membrane via SecYEG, and (2) the
consequences of its interaction with the BAM machinery for outer-membrane protein
maturation. In particular, we set out to explore the possibility of an active role in these events
for the proton translocating activity of the SecDF sub-complex.

secDF null mutants exhibit a severe export defect, and are only just viable [22]. To explore
this phenotype further we utilised E. coli strain JP325, wherein the expression of secDF is under
the control of an ara promoter: the presence of arabinose or glucose, respectively results in
production or depletion of SecDF-YajC [21] (Figure 5a; Figure 5 —figure supplement 1a). To
begin with, we grew cultures of JP325 containing either an empty vector, recombinant secDF
or secDpsionF overnight in permissive (0.2% arabinose) conditions. The following morning
excess arabinose was washed away by centrifugation and resuspension, before applying to
plates containing either arabinose or glucose, for continued production or depletion of
endogenous SecDF-YajC, respectively.

Depletion of SecDF-YajC results in a strong growth defect (Figure 5b, panels 1 and 2), which
can be rescued by recombinant expression of wild type secDF [43] (Figure 5b, panels 3 and 4).

In contrast, expression of secDpsionF, Which results in the production of a complex incapable

11
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of proton transport [28], did not complement the defect (Figure 5b, panels 5 and 6). This
phenotype is consistent with a general secretion defect, shown previously [25].

In order to determine if this secretion defect is due to a problem in translocation through the
inner membrane (HTL), or beyond, we set up a classical in vitro transport assay: investigating
SecA-driven proOmpA transport into inner membrane vesicles (IMVs) containing either over-
produced native HTL, or the defective version of HTL (containing SecDpsionF). Both sets of
vesicles contained similar concentrations of SecY (Figure 5 —figure supplement 1b), yet despite
the blocked proton pathway through SecDF, there was little difference in the efficiencies of
transport (Figure 5¢). The lower quantities of transported pre-protein compared to experiments
conducted with IMVs made from cells over-producing only the core-complex (SecYEG), seen
also previously [19], most likely reflects the reduced quantities of SecYEG in the IMVs made
from HTL producing cells, measured by blotting for SecY (Figure 5 —figure supplement 1b).

Most importantly, the results demonstrate that SecA mediated ATP and PMF driven protein
translocation through the inner membrane via HTL does not require a functional proton wire
through SecDF (Figure 5c). In this respect, SecYEG and SecA are sufficient [2]. Therefore, the
proton translocating activity of SecD, needed for general secretion and cell survival, must be

required for something downstream of protein transport through the inner membrane.

Interaction between the Sec and BAM complexes is required for efficient OmpA folding

The most obvious function of an interaction between the Sec and BAM machineries would
be to facilitate efficient delivery and insertion of OMPs to the outer-membrane. We therefore
reasoned that disrupting this interaction might compromise OMP delivery to BAM, leading to
the accumulation of unfolded OMPs in the periplasm — particularly when high levels of outer-
membrane biogenesis are required, such as in rapidly dividing cells.

Elevated levels of unfolded OmpA (ufOmpA) in the periplasm are a classical signature of
OMP maturation deficiencies [9,44]. It can be easily monitored by SDS-PAGE and western
blotting: folded OmpA (fOmpA) does not denature fully in SDS unless boiled; it therefore runs
at a lower apparent molecular mass compared to ufOmpA when analysed by SDS-PAGE
(Figure 5d, left; Figure 5 —figure supplement 1c) [9,44]. Importantly, we confirm the distinct
identities of ufOmpA and fOmpA bands in the western blots by the analysis of native (folded)
and boiled OmpA (unfolded). We also show the unfold and folded forms also migrate

12
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differently from the precursor — proOmpA (Figure 5 —figure supplement 1c). Therefore, the
subsequent periplasmic analysis could not have been confused by un-secreted pre-protein —
potentially from contaminating cytosol.

Based on the above results, SecDF looks like the most important mediator of the Sec-BAM
interaction. We therefore used the SecDF depletion strain (JP325) as a basis for functional
assays. To overcome the growth defect (Figure 5b, panels 1 and 2) and produce sufficient cells
to analyse, overnight cultures of the strains used above were grown in permissive media
(arabinose). Cells were then washed thoroughly to remove arabinose and transferred to new
media containing glucose (non-permissive), or maintained in arabinose as a control, then
resuspended to give an ODsoonm = 0.05 (marked as t = 0 in Figure 5a, d, e-g). Samples were
taken from the growing cultures at regular intervals and the ratio of unfolded to folded OmpA
determined (Figure 5d, g), along with cell density (Figure 5f) and SecD levels (Figure 5e).
Under SecDF depletion conditions (red squares), high levels of unfolded OmpA accumulate in
the periplasm, particularly during the exponential phase when the demand for outer-membrane
biogenesis is highest (Figure 5d, yellow asterisk; Figure 5f,g; Figure 5 —figure supplement 1d).
Meanwhile, under permissive conditions (Figure 5e-g, arabinose, orange circles), a more
modest increase in ufOmpA is observable after 1.5 h, but it recovers fully by 3 h. Notably, this
change is accompanied by a transient decrease in SecDF levels (Figure 5e, orange circles).

We know that these experiments were not compromised by the precursor proOmpA, which
was not present in the periplasmic samples (Figure 5 —figure supplement 1c). However, in some
cases a spurious band appeared in the OmpA western blots, between the unfolded and folded
forms (Figure 5 —figure supplement 1c, red asterisk; Figure 5 —figure supplement 1d). The band
was only apparent in samples derived from overnight cultures grown in the presence of
arabinose, including in the wild type parent strain MC4100 (Figure 5 —figure supplement 1c, far
right lane, red asterisk). The stationary state of these cultures, grown in permissive and native
conditions — with no impediment, or high demand for OmpA maturation — should not induce a
build up of unfolded OmpA. So, it is unlikely that this spurious band represents an additional
unfolded state of OmpA, and was ignored in the analysis.

Clearly, the expression of secDF and levels of ufOmpA in the cell envelope are anti-
correlated, exacerbated during fast cell growth. These effects were not an indirect consequence

of BamA loss, which was unperturbed (Figure 5 —figure supplement 1e). Taken together, the
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data show that depletion of SecDF reduces the interaction between HTL and BAM, and thereby
hampers transport of p-barrel proteins to the outer-membrane — resulting in a build-up of
ufOmpA in the periplasm. A backlog of unfolded OMP could compromise outer membrane
biogenesis and its integrity, and thereby explain the cold-sensitivity of secDF mutants [25].
This seems the most plausible explanation as transport through the inner membrane is uaffected
by the absence of SecDF [19] (Figure 5c).

Proton transport through SecD is required for efficient outer membrane protein
maturation

Proton translocation through SecD is crucial for cell growth (Figure 5b, panels 5 and 6), but
evidently not for PMF-stimulated protein transport through the inner membrane via SecYEG
(Figure 5c¢). To determine if this activity is required for downstream events — such as delivery
of OMP to the outer-membrane — we once again deployed the SecDF depletion strain,
complemented with wild-type or mutant secDF (as above, Figure 5b, panels 3 - 6), wherein the
mutant produced SecD incapable of proton transport (SecDpsion).

Comparable quantities of the respective SecD variants could be produced (Figure 5e, green
and purple; Figure 5 —figure supplement 1a). The subsequent analysis showed the wild type,
but not the mutant, reduced unfolded OmpA in the periplasm to levels much closer to that of
the strain grown in permissive conditions (Figure 5g; green and purple, respectively; Figure 5
—figure supplement 1d). Therefore, proton transport through SecD is apparently required for
efficient outer-membrane protein folding.

To confirm the defective variant SecDpsionF still interacts with BAM, we repeated co-IP
experiments as before (Figure 1d, e) using membrane extracts derived from the SecDF depletion
strains grown in the non-permissive condition (glucose; Figure 5b), but complemented with
plasmids driving the expression of the wild type or mutant secDF, or nothing at all (empty
plasmid). Again, in order to prepare sufficient material, overnight cultures were grown in media
containing arabinose, and then transferred to new media containing glucose. At ODsoonm = 1.0,
the cultures were harvested and membranes were prepared and solubilised for IP with SecG
antibodies (Figure 5h,i; Figure 5 —figure supplement 1f,g). As expected the immuno-
precipitated yields of SecG were invariant, but the depletion of SecD (cells harbouring only the

empty vector; Figure 5 —figure supplement 1g) reduced the recovery of BamA commensurately
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(Figure 5h,i). The levels of co-immuno-precipitated SecG, SecD and BamA were the same
irrespective of complementation with the wild type or mutant forms of secDF. Evidently then,
the intergrity of the HTL and its ability to interact with the BAM complex do not require a
functional proton wire through SecD. Therefore, the mutant’s compromised OmpA maturation
must be due to the loss of proton flow through SecD, rather than a loss of contact between HTL
and BAM.

HTL (SecDps19nF) adopts a different conformation to the native version

The PMF-dependent mobility of the periplasmic domain of SecD [28] seems like it might
be critical for its activity as part of the BAM-HTL complex. To test this, the variant of HTL
containing SecDps19n Was produced for comparison with the native form. Electron microscopy
was used to assess the extent of ‘compact’ and ‘open’ forms of the HTL complex (Figure 3;
Figure 6, respectively structures i and ii). The 2D classification of HTL-SecDpsion shows the
open state is populated to a similar extent compared to the unmodified HTL (Figure 6 —figure
supplement 1).

The 3D analysis shows the compact states in both cases, similar to those seen before [36]
(Figure 3, structure i; Figure 6, structures i and iv). However, the ‘open’ states are significantly
different: blocking the proton pathway in SecD results in a shorter extension of the periplasmic
domains of the HTL, compared to the native version (Figure 6, structures ii versus v). This is
consistent with the conformational change observed at atomic resolution in SecDF alone
(Figure 6, structures iii versus vi) [28]. Even at the current low-resolution description of the
HTL-BAM complex (Figure 2), it is clear that these observed PMF-dependent conformational
changes of SecD would be communicated to the outer membrane.

DISCUSSION

The in vivo and in vitro analyses described here demonstrate a direct, functional interaction
between the Sec and BAM translocons, mediated by the extended periplasmic domains
possessed by BAM [38], SecDF [28] and YidC [45], but not SecYEG [17]. Evidently, direct
contact between HTL and BAM is required for efficient OMP biogenesis in rapidly growing
cells. The interaction could enable large protein fluxes to stream through the periplasm, while
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minimising aggregation and proteolysis (Figure 7). The presence of super-complexes that
bridge both membranes appears to be a fundamental feature of the Gram negative bacterial cell
envelope — critical for a whole range of activities including the export of proteins through a
gamut of different secretion systems (e.g. type I, 11, lll, IV and V1) [16]; now including the Sec
machinery. The general importance of these inter-membrane associations is only just coming
to the fore [46,47].

It has already been shown that the HTL contains a lipid-containing cavity within the
membrane, presumably to facilitate membrane protein insertion [36,39]. Remarkably also, in
the super-complex between HTL and BAM there is a much larger extension of this cavity
opening into the periplasm (Figure 2). This would seem an obvious place for OMP passage and
for the interaction with chaperones (Figure 7), and is of sufficient size to do so. The cavity is
situated such that a secretory protein could enter via the protein-channel through SecYEG, and
then exit accordingly into the periplasm, or into the mouth of the BAM complex.

It remains to be seen how the Sec-BAM complex and the periplasmic chaperones coordinate.
Perhaps these chaperones recognise emerging globular proteins at the Sec-machinery and
shuttle them into the periplasm, with or without the need for the BAM complex. Otherwise,
they could facilitate passage of OMPs through the inter-membrane assembly for outer-
membrane f