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Abstract 
 

Maintenance of the cell envelope is essential for the viability of Gram-negative bacteria 
and requires translocation of outer membrane proteins (OMPs) from the cytoplasm to 
the outer membrane (OM). Posttranslational secretion of unfolded OMPs through the 
conserved SecYEG channel permits trans-periplasmic trafficking by chaperones, which 
escort and deposit those OMPs into the β-Barrel Assembly Machinery (BAM) for folding 
and OM insertion. The SecYEG channel, in complex with ancillary membrane proteins 
SecDF, YidC and YajC, forms the holotranslocon (HTL), a 250 kDa complex associated 
with OMP trafficking. Recent data suggest that periplasmic domains of the HTL contact 
BAM, forming a trans-periplasmic super-complex posited to enhance the efficiency of 
OMP trafficking. To investigate the diversity of HTL:chaperone interactions in OMP 
trafficking, a HTL:chaperone network was generated with STRING. Coevolutionary 
analysis software GREMLIN was used to assess the probability of HTL:BAM interactions, 
and screen for novel interactors. One such protein identified was YfgM, which was 
homology-modelled to assess the spatial plausibility of HTL/BAM interactions. SurA, a 
model OMP chaperone, interacts with both HTL and BAM. Though low-resolution 
structures of HTL:SurA and HTL:SurA:OmpA are available, single particle reconstruction 
using cryo-EM data will determine precise interactions with the HTL, and whether SurA 
binding is spatially compatible or competitive with HTL:BAM complex formation. Here, 
a strategy for HTL:SurA and HTL:SurA:OmpA purification by in vitro crosslinking and gel 
filtration is outlined, with a preliminary SurA:OmpA structure generated from a negative 
stain dataset. The collation of structural models dissecting protein translocation will 
heighten our understanding of this process and may delineate novel interaction targets 
for antimicrobial compounds. 
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Introduction 
Canonical Gram-negative Protein Trafficking 

The cell envelope is an essential feature of Gram-negative bacteria which provides intrinsic 
antimicrobial resistance. The outer membrane (OM) is the primary barrier and point of contact 
with the world, comprising an asymmetric bilayer. The inner leaflet is primarily composed of 
phospholipids and the outer leaflet is composed of lipopolysaccharide (LPS) (Kamio and Nikaido, 
1976). Embedded within the OM are integral outer membrane proteins (OMPs), β-barrelled 
structures composed of antiparallel amphipathic β-strands. These regulate the influx and efflux 
of various solutes, play an important role in maintaining the integrity of the cell envelope, and 
present a means of entry for antimicrobial compounds (Nikaido et al., 1977). The OM requires 
continuous maintenance for survival even during stationary phase, necessitating a constant flux 
of β-barrel containing OMPs (Koebnik, Locher and Van Gelder, 2000; Rassam et al., 2015; Schulz, 
2000). The process by which OMPs are translocated from the cytoplasm to the OM consists of 
numerous discrete steps, offering many attractive targets for novel antimicrobial compounds to 
disrupt OM biogenesis (Bugg et al., 2011; Gérard et al., 2020; Junne et al., 2015; Rao and Anné, 
2011; Rao et al., 2014; Urfer et al., 2016). Since the OM is relatively porous compared to the 
inner membrane (IM), inhibiting later steps of OM biogenesis is more achievable.  

Unfolded preproteins which are post-translationally secreted into the periplasm, are 
sequestered to the SecYEG channel by the cytoplasmic chaperone SecB, which binds the 
hydrophobic N-terminal signal peptide (SP) (Duong et al., 1997; Hartl et al., 1990). The unfolded 
preprotein is extruded through the SecYEG translocon (Arkowitz, Joly and Wickner, 1993), by 
the cyclical ATPase activity of SecA (Brundage et al., 1990; Zimmer, Nam and Rapoport, 2008). 
Secretion of folded proteins is instead achieved by the Twin Arginine Translocon (Tat) system, 
though this is far less common (Berks, 1996; Chaddock et al., 1995; Palmer and Berks, 2012; 
Sargent et al., 1998). Following SP cleavage by signal peptidase I (SPase I), unfolded OMPs 
(uOMPs) are released into the periplasm and escorted by periplasmic chaperones to the OM, 
where they are deposited into the BAM complex for membrane insertion and folding (fig. 1.; Gu 
et al., 2016; Silhavy, Kahne and Walker, 2010).  

Precisely how uOMPs are trafficked across the viscous periplasm is unclear, as is the mechanism 
BAM employs to insert and fold uOMPs (Calabrese et al., 2019; Han et al., 2016). Before crossing 
the periplasm, uOMPs are first secreted across the IM by the holotranslocon (HTL), composed 
of SecYEG and the ancillary subunits SecD, SecF, YidC and YajC. The ancillary subunits of HTL are 
believed to stimulate the co/post-translational translocation of uOMPS, although the underlying 
mechanism is not entirely clear- possibly facilitated by transduction of proton-motive force, 
SecA recruitment and ATPase activity, enhanced chaperone recruitment, direct interaction with 

Fig. 1 | The HTL plays an essential role in OMP trafficking. OMP preproteins are post-translationally secreted 
through the inner membrane (IM), within which the signal peptide is cleaved and the unfolded OMP is trafficked 
across the periplasm by soluble chaperones, for delivery to the BAM complex and insertion into the OM. Figure 
adapted from Alvira et al., 2020, with permission from Dan Watkins. 
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BAM, or a combination thereof. Notably, YidC is an “insertase”, believed to facilitate signal 
peptide insertion before cleavage by SPase I (Beck et al., 2001; Serek et al., 2004). YidC also exists 
as a distinct entity in the IM, as does the SecDF:YajC heterotrimer (Nouwen and Driessen, 2002), 
and the two subassemblies can interact to form SecDF:YajC:YidC. Though the functions of these 
subassemblies are unclear, association with or dissociation from HTL may present a means of 
fine-tuning protein flux. In the context of the HTL, SecDF shows great conformational flexibility, 
and can have an orientation parallel or perpendicular to the plane of the membrane. Moreover, 
purified HTL has been shown to have a mixture of “open” and “compact” conformations, which 
may represent different HTL functional states (Alvira et al., 2020). Notably, depletion of 
cardiolipin, an important component of many energetically-linked membrane super-complexes, 
biases the equilibrium towards the compact state, whereas supplementation with cardiolipin 
stabilises the open state (Ibid). 
Conversely, co-translational secretion, typically of integral inner membrane proteins (IMPs), is 
achieved by the signal recognition particle (SRP) binding the ribosome exit tunnel and nascent 
preprotein. This complex then binds to the membrane-bound SRP receptor FtsY, and the nascent 
preprotein is directed into the core channel of SecY, so that translational elongation provides 
the energy required to secrete uOMPs through the SecY channel (Gilmore, Walter and Blobel, 
1982; Walter, Gilmore and Blobel, 1984). Following secretion, the SP is subsequently inserted 
from the translocon into the membrane and cleaved from the preprotein by membrane-bound 
signal peptidase I (SPase) (Joseffson and Randall, 1981).  
OM lipoproteins are another key class of proteins which play an important role in OM 
maintenance, and can be anchored to the outer leaflet of the OM for extracellular activities 
(Okuda and Tokuda, 2011), or anchored to the inner leaflet for periplasmic activities. Some 
relevant examples include BamB, BamC, BamD and BamE, which bind to BamA (itself a β-
barrelled OMP) to form the β-barrel assembly machinery (BAM) complex (Konovalova and 
Silhavy, 2015; Voulhoux et al., 2003).  Like β-barrel containing OMPs, OM lipoproteins follow Sec 
or Tat-dependent secretion and SP cleavage by SPase II (Kudva et al., 2013). Lipoproteins, 
however, are lipidated on an N-terminal cysteine (Sankaran and Wu, 1994), modified by the 
processing enzymes Lgt, LspA and Lnt, inserted into the LolCDE inner membrane complex, 
trafficked across the periplasm by the lipoprotein carrier LolA, and the lipid moiety is inserted 
into the OM by the integral lolA receptor LolB (Okuda and Tokuda, 2011). The process of 
lipoprotein trafficking shares many common features with lipopolysaccharide (LPS) trafficking, 
both using a lipid moiety to anchor a soluble component to the membrane rather than direct 
insertion of the protein into the membrane (Kuhn, 2019). 
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HTL:Chaperone Interaction Networks Facilitate OMP Trafficking 

Chaperones exist in all kingdoms and are typically involved in folding, trafficking and in some 
cases degrading client proteins (Rutherford, 2003). In the context of OMP translocation, 
periplasmic chaperones bind nascent uOMPs as they are secreted across the IM, and traffic them 
to the BAM complex for insertion and folding. A model periplasmic chaperone, SurA (“Survival 
factor A”; Tormo, Almirón and Kolter, 1990), is one such chaperone essential to OMP trafficking 
(Lazar and Kolter, 1996; Schäfer, Beck and Müller, 1999). The ability of chaperones such as SurA 
to sequester unfolded membrane proteins also prevents the irreversible formation of insoluble 
aggregates, which is toxic (Walton and Sousa, 2004; Danoff and Fleming, 2015; Konovalova et 
al., 2018). In the absence of chaperones, uOmpA forms aggregates within minutes, via a third-
order nucleation phase followed by rapid polymerisation (Danoff and Fleming 2011; 2015). This 
sequestering effect is observed with cytoplasmic chaperones such as Trigger Factor, which bind 
nascent preOMPs, reducing saturation of the SecYEG machinery with preproteins (Cross et al., 
2009; Oh et al., 2011). An important distinction, however, is that the periplasm lacks ATP and so 
periplasmic chaperones utilise ATP-independent mechanisms to bind, transport and release 
their clients. Chaperones can be broadly categorised into two functional classes: “holdases”, 
ATP-independent chaperones which sequester insoluble protein-folding intermediates, and 
“foldases” which actively promote protein folding (De Geyter et al., 2016). While many 
periplasmic chaperones are holdases, SurA exhibits both holdase and foldase behaviour, 
participating in uOMP trafficking and folding of soluble periplasmic proteins (Chum et al., 2019). 
E. coli periplasmic chaperones exhibit remarkable plasticity (Rizzitello, Harper and Silhavy, 2001), 
though β-barrel OMP flux reaches the BAM complex generally via interactions with SurA 
(Bennion et al., 2010). The canonical OMP trafficking chaperone network in E. coli is primarily 
based on Skp and FkpA acting as holdases, SurA as a holdase/foldase, and DegP as a protease 
(fig. 2). PpiD has also been identified as a factor influencing OMP maturation, as has its novel 
partner YfgM (Goetzke et al., 2014; Mater, Barion and Behrens-Kneip, 2010). The PpiD:YfgM 
heterodimer forms an alternate translocon assembly with SecYEG, the functional implications 
of which are unclear (Jauss et al., 2019). 

 

 

 

  

Fig. 2 | Canonical OMP trafficking pathways exhibit redundancy. Blue arrows indicate OMP flux, while curved 
arrows indicate folding events. The network shown is highly dynamic, and as such, far more inter-chaperone uOMP 
transfers occur than depicted here (Costello et al., 2016; de Geyter et al., 2016). Grey arrow indicates IM insertion 
of IMPs, via the SecYEG lateral gate (LG), assisted by the “insertase” subunit YidC. PpiD and YfgM are putative 
chaperones suspected to interact with SecYEG, although the dynamics of such interactions are unclear. Red arrow 
indicates folding of soluble proteins by SurA, via foldase activity. Conversely, Skp and FkpA exhibit only holdase 
activity where clients are sequestered but not folded. DegP is a protease which degrades misfolded/mislocalised 
proteins, although may exhibit holdase activity at low temperatures. The protease activity of DegP is inhibited by 
FkpA, expressed primarily under heat shock conditions. Curved blue arrow indicates OM insertion of uOMPs via the 
BamA lateral gate (LG).  
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Structural aspects of SurA:uOMP interactions 
The precise mechanism by which SurA binds, transports and releases uOMPs remains unclear. 
The other uOMP-binding periplasmic chaperones, Skp, FkpA, and DegP form multimeric cage-
like structures around their clients, 
whereas SurA acts as a monomer in vivo, 
though it can bind multiple sites on the 
same uOMP (Marx et al., 2019; 2020). 
The ability of SurA to buffer against 
uOMP release and aggregation could be 
assisted by simultaneous binding of 
different chaperones to the same uOMP- 
this may partially explain the relative 
redundancy observed in periplasmic 
chaperones (Marx et al., 2020).  
SurA has three main domains: a core 
domain comprised of the amino- and 
carboxy- terminals, and two Parvulin 
family peptidyl-prolyl isomerase (PPIase) 
domains, P1 and P2 (fig. 3). The precise 
role of these PPIase domains is 
ambiguous, as they are not essential for 
client recognition or chaperone activity- both functions fulfilled by the NC core domain (Behrens 
et al., 2001; Behrens-Kneip, 2010; Calabrese et al., 2019). Recent work suggests SurA PPIase 
domains enhance chaperone activity for specific uOMP clients (Humes et al., 2019). It has been 
proposed that the P1 and P2 domains may compete with each other and clients to bind the NC 
core, increasing the relative specificity of SurA and thus maintaining a reservoir of client-free 
SurA in the periplasm (Jia et al., 2020; Marx et al., 2020). PPIase domains are believed to assist 
protein folding by catalysing trans to cis conversion of peptidyl-prolyl bonds, and many 
periplasmic chaperones contain PPIase domains, perhaps contributing to observed chaperone 
redundancy (De Geyter, et al. 2016). 
SurA is able to bind a variety of uOMPs but exhibits a preference for aromatic-rich 
transmembrane regions, specifically those including tyrosine residues (Behrens-Kneip 2010; 
Bitto and McKay 2003, 2004; Hennecke et al. 2005; Marx et al., 2019). The client studied here is 
unfolded OmpA (uOmpA), formed after SP cleavage. This is a model OMP, abundant in the OM 
with the ability to spontaneously insert and fold into thinner synthetic lipid bilayers (Bulieris et 
al., 2003). The mature form exists in both monomeric and dimeric states, contributing to cell-
cell adhesion, OM permeability and cellular morphology (Li et al., 2014; Ortiz-Suarez et al. 2016). 
Complex formation between SurA and uOmpA, henceforth denoted as SurA:OmpA, has been 
shown to occur with low micromolar affinity (Bitto and Mckay 2003; 2004; Hennecke et al. 2005; 
Vertommen et al. 2009). Extensive biophysical and simulated data suggest that the mechanism 
of SurA:client binding is highly dynamic, conferring broad substrate plasticity (Calabrese et al. 
2020). Despite these data, the precise mechanism by which SurA binds uOMPs is somewhat 
debated. Some believe that SurA forms a dynamic cradle structure around the client via all three 
domains, and that this conformational flexibility is essential for its ability to cycle between OMP 
recognition, binding and release (ibid). Other photocrosslinking MS and SANS data suggests that 
the main region of uOMP binding occurs at a groove between the NC core and P1 domain, with 
some variation in interaction mapping between different OMP clients (Marx et al., 2019; 2020). 
The data agree, however, that the ability of monomeric SurA to bind diverse substrates is 
facilitated by its conformational flexibility. 
It has also been demonstrated that SurA interacts with both the HTL and the BAM complex 
(Alvira et al., 2019; Jin 2020; Sklar et al., 2007; Bennion et al., 2010; Wang et al. 2016), but the 
precise mechanism by which SurA binds HTL and BAM to collect and deposit clients respectively 
lacks atomic detail. SurA likely binds periplasmic domains of SecDF and YidC, as suggested in 
HTL:SurA and HTL:SurA:OmpA structures obtained by gradient fixation (GraFix), and BamA, 

Fig. 3 | The crystal structure of SurA contains three 
functional domains. Green is the N-terminal domain, 
magenta is the P1 domain, yellow is the P2 domain, and blue 
is the C-terminal domain. PDB: 15MY, Bitto and Mckay, 2002. 
Currently there is no structure of SurA bound to a full-length 
uOMP,  owing to the inherent disorder of unfolded proteins 
and conformational flexibility of SurA. While this structure is 
useful to visualise SurA, conformations adopted in solution 
are less elongated- an artefact of lattice contacts in the 
crystal  (Calabrese et al., 2019).  
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respectively (Alvira et al., 2019; Carlson et al., 2019). The structural characterisation of HTL:SurA 
and HTL:SurA:OmpA may elucidate the position and mechanism of HTL:chaperone interactions, 
and the mechanism by which SurA offloads uOmpA into the BAM complex. Previous efforts to 
purify HTL:SurA(:OmpA) using gradient fixation (GraFix) revealed a low-resolution structure for 
HTL:SurA and HTL:SurA:OmpA, but these are still insufficient to determine precise contacts 
between the HTL, SurA and OmpA (fig. 4; Alvira et al., 2019; Kastner et al., 2008).  
 

 

 

 

 

 

 

 

 

HTL:BAM interactions may enhance uOMP translocation 

How chaperones efficiently escort clients through the viscous periplasmic milieu to the BAM 
complex is drawn into question by the recent discovery that HTL and BAM form a contiguous 
trans-periplasmic super-complex, which may establish a conduit for optimising OMP flux (fig. 4; 
Alvira et al., 2020). As well as enhancing proteostasis, direct uOMP trafficking between HTL and 
BAM would also ameliorate the effects of a sparse population of free SurA species, proposed by 
Marx et al. (2020). There are copious examples of proteinaceous components of the Gram-
negative IM and OM forming trans-periplasmic associations, such as the Tol-Pal system which 
plays a role in OM maintenance via PMF transduction (Derouiche et al., 1995), the AcrAB-TolC 
antibiotic efflux systems (Pradel and Pagès, 2002), the Wzc-Wza polysaccharide secretion 
system (Dong et al., 2006) and other virulence-associated Type 1-6 Secretion Systems (T1-6SS) 
(Green and Mecsas, 2016). Notably, a BamA homologue, TamA, interacts with IM-bound TamB 
across the periplasm to form the Transport Associated Module (TAM) system, facilitating direct 
secretion of autotransporters such as adhesins, via inter-membrane interactions (Selkrig 2016). 
BamA, the core component of the BAM complex, is a member of the Omp85 family of proteins, 
conserved in a wide range of bacteria, cyanobacteria, and double-membraned organelles 
(Voulhoux et al., 2003; Webb, Heinz and Lithgow, 2012).  Omp85 family proteins are essential in 
double-membraned (termed “didermal”) bacteria (Sutcliffe, 2010), given their role in inserting 
and folding of uOMP β-strands into mature OM-bound β-barrels in an ATP-independent manner, 
the mechanism of which is unknown (Ricci and Silhavy, 2019). Though some uOMPs can 
spontaneously self-insert into synthetic membranes, the rigidity and thickness of the Gram-
negative OM hinders this process, hence BAM is essential to catalyse OMP insertion (Schiffrin et 
al., 2017). E. coli BamA contains five polypeptide transport associated (POTRA) domains, 
involved in threading OMPs into the membrane, recruiting BAM lipoproteins and potentially 
other interactors (BamBCDE; Han et al., 2016). While the BAM complex was not physically 
interrogated in this work, it was included in bioinformatic analyses for its role in OMP trafficking. 

Fig. 4 | The HTL associates with SurA and unfolded OmpA to approximate an inner-membrane translocation 
intermediate. Cartoon (left) denotes stoichiometry of the HTL, and highlights protruding periplasmic domains of 
SecDF and YidC. HTL:SurA (mid-left) and HTL:SurA:OmpA (mid-right) are NS-EM structures isolated by GraFix, with 
global resolutions of 41.9 and 37.9 Å respectively. Grey regions of NS-EM structures depict SecDF, YidC and YajC, 
although individual subunits were not annotated. HTL:BAM (far right) cryo-EM cross-section is included to 
demonstrate the orientation of HTL features, and suggests that BAM and SurA contact a broadly similar region of the 
HTL (SecDF/YidC). Note the position of the protein translocation channel corresponds to the position of OmpA in 
SurA:OmpA, which may suggest competitive binding of BAM/SurA. Structures presented in Alvira et al., 2019; 2020.  
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Project aims 
The underlying objective of this project was to obtain a HTL:SurA and HTL:SurA:OmpA structure 
with enhanced resolution compared to that previously isolated by GraFix, to investigate the 
mechanism by which SurA binds HTL to collect client uOMPs. Overall, the main aims were i) to 
purify HTL, SurA, and SurA:OmpA in a glycerol and amine free buffer, ii) to optimise in vitro 
crosslinking and subsequent purification of HTL:SurA and HTL:SurA:OmpA by gel filtration (CL-
GF), iii) to structurally characterise the isolated complexes by NS-EM, and iv) to optimise sample 
preparation for cryo-EM.  
The project was later altered to employ bioinformatic approaches to interrogate HTL:SurA and 
HTL:BAM interactions, and to search for novel HTL/BAM interactors which may contribute to 
the OMP trafficking network, using STRING and other protein-protein interaction (PPI) 
databases such as BIOGRID or DIP. Upon identification of candidate interactors, such as BepA, 
YfgM, and PpiD, they were further evaluated using the evolutionary co-variance analysis 
software GREMLIN. YfgM was found to exhibit covariance with HTL and BAM, and has been 
discovered to form an alternate SecYEG translocon assembly, hence was homology modelled to 
map covariant residues and determine whether a trans-periplasmic interaction with BAM is 
feasible. 
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Materials and Methods 
 
Strains, culture media, and general methods 
Competent bacterial inoculants were thawed from - 80°C storage, precultured in LB (lysogeny 
broth) media, transformed by 45 second heat shock (Froger and Hall, 2007) and plated onto 
appropriate LB agar selection plates, before storage at 4°C. E. coli strain C43 (DE3) was used for 
the expression of membrane proteins (HTL components), and strain BL21 was used for 
expression of OmpA (donated by Sir John Walker, MRC Mitochondrial Biology Unit),  and a SurA 
construct lacking a signal sequence (Hagan et al., 2010; Invitrogen). Expression of HTL 
components was induced by addition of 1 mM IPTG and 0.20% arabinose (w/v) to 10L cultures 
in 2x YT media at OD600= 0.8, incubated at 37°C on a shaker with orbital motion at 220 rpm. 
OmpA expression was induced in 4L cultures with 1 mM IPTG for three hours as described above, 
while SurA expression was induced in 2L cultures overnight with 1mM IPTG at 20°C at an OD600 
of 0.8. 
 
Plasmid construction, verification 
HTL components were coexpressed on a single ACEMBL plasmid (fig. S1); SurA and OmpA were 
expressed on individual plasmids. To assess plasmid integrity, α-S cells were transformed with 
each plasmid and 15 ml was cultured followed by lysis, DNA miniprep (Qiagen), restriction digest 
and agarose gel electrophoresis.  
 
Holotranslocon purification  
HTL complexes were purified from DDM-solubilised membranes by Ni-IMAC, using C-terminal 
polyhistidine tags present on YidC and SecD, and an N-terminal His-tag on SecE (Schulze et al., 
2014), and eluted by imidazole gradient. The HTL complex was subsequently concentrated four-
fold with a 30 kDa MWCO Vivaspin (Sigma). Intact HTL was isolated by gel filtration into HEPES 
pH 8 supplemented with 0.01% DDM (v/v) (Critical micelle concentration= 0.0087% v/v), then 
further concentrated to ~25 µM.  No cardiolipin supplement was present in IMAC and wash 
steps of GF HTL preparations. 
 
SurA purification 
Poly-histidine-tagged SurA was purified by immobilised nickel affinity chromatography, then 
denatured on the column with either 6M guanidinium chloride (SurA preparation), or 6M urea 
(for SurA:OmpA preparation) to elute bound client proteins. SurA was eluted by imidazole 
gradient for SurA alone, or step elution for SurA:OmpA preparation. 
 
Native PAGE  
Proteins were electrophoresed at a constant 150V for 100 minutes using the Native-Page Bis-
Tris system (Novex), with approximately 5 µg of protein loaded per well. 
 
SurA:OmpA Complex formation 
Unfolded OmpA (with the signal sequence genetically removed) was extracted from OmpA-
overexpressing cell lysate, by pelleting inclusion bodies and resolubilising with 6M urea. 
Denatured SurA and denatured OmpA were mixed and incubated overnight to allow SurA:OmpA 
formation, and urea was removed by dialysis. The SurA:OmpA complex was separated from SurA 
and OmpA monomers by subsequent anion exchange chromatography with a HiTraP Q HP 
column, and eluted by NaCl gradient. 
 
Western Blots 
Samples were prepared as indicated, then resolved by LDS-PAGE. Proteins were transferred with 
the Pierce™ power blotter (Thermo) with high MW settings, then stained overnight at 4°C with 
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sheep α-OmpA. Following washing, the membrane was stained with donkey α-goat 800 nm, 
before washing and visualisation.  
 
HTL:SurA(:OmpA) purification 
Purified HTL and SurA preparations were mixed in vitro and HTL:SurA complexes were 
crosslinked with variable concentrations of water-soluble homobifunctional crosslinkers. with 
30 mins of pre-equilibration at 25 °C, followed by 40 mins of crosslinking at 21 °C, with orbital 
shaking at 900 RPM.  These crosslinkers target primary amines (typically lysyl side chains), with 
linker lengths of 3.0, 11.4 and 12.0 Å for glutaraldehyde, BS3, and DTSSP respectively. 
Crosslinkers were then quenched for 15 minutes with shaking (900 RPM) with 50 mM Tris buffer, 
and later 30 mM ammonium carbonate. To test multiple concentrations, 18 µl of 10 µM samples 
(53 µg protein) were prepared before immediate separation by gel filtration on a Superdex S200 
increase 5/150 GL column, fractions were analysed by SDS-PAGE and silver staining, and grids 
were prepared from the chromatogram peaks. For preparatory purification, a Superdex S200 
increase 3.2/300 was used with 200 µg of protein. The same complex was also formed by 
incubating HTL and SurA:OmpA as described above, but this was not isolated by CL-GF. 
 
Negative Stain Transmission Electron Microscopy (NS-EM) 
5 µl of sample was applied to a carbon coated copper TEM grid, which was previously glow-
discharge treated for 30 seconds. After 1 minute the grid was washed with three drops of 
deionised water, then negatively stained with 2% (w/v) uranyl acetate in water at pH 4 for 30 
seconds. Samples were imaged at either 120kV on an FEI Tecnai12 BioTwin or 200 kV on an FEI 
Tecnai20 Biotwin for structural data collection and imaged with a Ceta 16M (ThermoFisher). 
 
HTL:SurA NS-EM model reconstruction 
169 electron micrographs were taken at 50,000x magnification, and 36,968 particles were 
automatically picked with xmipp3 after AI training. Those particles were then subject to two 
rounds of 2D classification to obtain 45x 2D classes (fig. 16); 18,990 high-quality particles).  After 
an initial 3D classification with a spherical reference volume, 13,458 remaining particles were 
subjected to automated 3D refinement in Scipion.  
 
Protein-protein interaction network generation 
Protein-protein interaction networks were generated in STRING, by manually collating relevant 
genes, with interaction stringency set to medium (Szklarczyk et al., 2019). Textmining data were 
excluded from networks. Networks were automatically expanded to predict interactors. 
 
Phylogenetic tree formation 
Maximum likelihood phylogenetic trees were formed in MEGA-X, with amino acid sequences 
aligned via MUSCLE. 500 Bootstrap replicates were performed. Depicted tree is unrooted, so no 
assumptions about molecular ancestry can be made.  
 
Co-evolutionary amino acid analysis 
Protein-protein coevolutionary analysis was performed in GREMLIN (Ovchinnikov, Kamisetty, 
and Baker, 2014). Initial alignments used whole protein sequences, and interactions were 
analysed using HHBlit, which uses gene clustering to reduce run time. To refine the analysis, 
sequences were trimmed to improve the number of reads per sequence length where 
appropriate (links to outputs in supplementary). 
 
Homology modelling 
All Yfg proteins without structures were homology modelled with PHYRE2, on default settings, 
and Yfgm was selected for further evaluation (Kelley et al., 2015). 
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Bioinformatic characterisation of HTL interactors 
STRING networks suggest periplasmic chaperones associate with HTL  

 Within current HTL:SurA(:OmpA) structures, it is unclear whether SurA attaches to YidC or 
SecDF, as these subunits of the HTL remain unassigned (fig 3). Discovering whether SurA and 
BAM contact the same or differing subunits may elucidate whether they bind HTL competitively 
or cooperatively. Short of increased structural resolution, bioinformatic approaches were 
employed to address this question. As a starting point, a STRING network was generated; i) to 
predict which HTL subunits are contacted by SurA and BAM respectively, ii) to assess other 
interactors for overlapping sites of interaction with HTL, and iii) to identify novel interactors and 
network effects between those chaperones. One might expect that since SecDF both have 
periplasmic domains, they could interact with periplasmic chaperones, yet here it appears that 
YidC is more likely. One caveat is that this is not direct evidence for binding interactions; rather, 
it is evidence that they are genetically/functionally related. 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

These data suggest a number of previously undocumented interactions between periplasmic 
chaperones, and diversity in specific HTL subunits bound by different chaperones.  

 

FIGURE 2 

 

 

 

  

 

 

Fig. 5 | A) STRING networks suggest 
specific HTL/BAM chaperone 
interactions. Grey lines suggest 
functional interactions lacking 
biochemical evidence, but suggested 
by co-occurrence analyses, co-
expression analyses, gene fusions, 
and genetic neighbourhood analyses. 
Thicker lines indicate greater 
confidence of functional interactions. 
Red line denotes inhibition of DegP 
by FkpA- DegP is a protease involved 
in degrading misfolded OMPs, FkpA is 
an active chaperone under heat 
shock conditions. BepA is a 
metalloprotease involved in 
regulating OMP trafficking, also 
known as YfgC. 

 

B) Cartoon illustration of 
HTL/BAM/SurA subunit interaction 
probabilities. Interaction 
probabilities from A) displayed in a 
cartoon schematic view. SecYEG and 
SecDF were treated as single units to 
simplify the display, with shared 
interaction lines. Line thickness 
corresponds to confidence in 
interactions, as seen in A). 

B) 

A) 
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Covariance analysis suggests potential HTL interactors 

To assess the propensity of chaperones to interact with HTL and BAM, as well as identify 
interacting subunits, GREMLIN was applied to search for co-conserved amino acid residues 
among proteins. The output also gave a score of total pairwise interaction probability, assuming 
no prior knowledge of interaction (“I probability”). As a control, all components of the HTL and 
BAM complex were assessed for interaction probabilities within their respective complexes, as 
well as to analyse the interactions between complexes (fig. 6). The software was applied to 
known periplasmic chaperones and novel proteins, such as the Yfg proteins, which may be 
relevant to OMP trafficking (Jauss et al., 2019; Daimon et al., 2020). The I probability outputs 
were aggregated into heat maps (fig. 6/7). Data with I probability scores and links to raw 
GREMLIN outputs are also available (Supplementary csv file). 

 

 

 

 

 

 

 

 

 

 

 

 

 
Overall, these data largely agreed that HTL components form a complex, as indicated by positive 
probabilities between HTL subunits. They also indicated some propensity for HTL:BAM 
interactions, but showed concerningly low I probabilities between BAM subunits, failing to 
predict the assembly of the BAM complex. Unfortunately, these data provide little information 
to resolve whether SurA binds SecDF or YidC, instead implying covariance with SecEG. Another 
list of proteins related to protein-trafficking was also assessed, but the results were primarily 
negative (fig. S3; see discussion).  

Fig. 6| Co-evolution probability matrices of HTL/BAM subunits and periplasmic chaperones. A) HTL and BAM  
show probable co-evolution. HTL and BAM components were used to assess the ability of GREMLIN to predict 
intra-complex interactions, as well as testing for interactions between HTL and BAM. “I probability” refers to the 
probability that two proteins interact, given no prior knowledge of interaction. 
B) Cartoon illustration of HTL:BAM/SurA subunit covariance probabilities. I probabilities between HTL, BAM 
subunits and SurA  (fig. 7) greater than 0% were displayed, each subunit centred on a black node. SecYEG and 
SecDF were treated as single units to simplify the display, with averaged I probabilities. SurA covariance 
probabilities also included for comparison (fig 7). 

A) 

B) 
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Notably, YibN, LolA, YfgE and YfgM gave the greatest covariance probabilities out of these 
folding factors. With periplasmic chaperones previously described, there was no obvious HTL 
“hub” subunit responsible for interacting with all chaperones. Many proteins exhibited 
covariance with YajC, but this is an integral membrane-bound helix and is unlikely to be capable 
of direct interaction with soluble proteins. YfgC has previously been shown to interact with BAM 
(Daimon et al., 2017), and GREMLIN gave an even greater probability for YfgM:BAM interactions 
(fig. 7).  

Fig. 7| Co-evolution probability matrices of HTL/BAM and periplasmic folding factors. A) general periplasmic 
folding factors. These covariance scores were rather low, indicating that GREMLIN did not predict an interaction in 
the majority of cases. Some prominent scores suggest the possibility of interactions, though a number of 
experimentally observed interactions were not predicted. B) HTL/BAM interactions with yfg gene products. A 
number of Yfg sequences were excluded; YfgL is BamB, and other Yfg protein sequences had poor availability of 
homologous sequences, preventing complete analysis. YfgE, YfgK and YfgM showed modest scores for HTL, and a 
range of proteins correlate with BamE.  

B) 

A) 
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Homology modelling suggests YfgM structure contains TPR repeats 

Recent proteomic data suggest PpiD:YfgM forms an alternate SecYEG translocon, which contacts 
the BAM complex across the periplasm (Carlson et al., 2019). To better understand the function 
of YfgM and its coevolution with HTL and BAM components, structural characterisation was 
attempted. Since there is no existing structure for YfgM, the Hidden Markov Modelling (HMM) 
software PHYRE2 was used to construct a homology model (fig. 8; Kelley et al., 2015), which 
suggested that YfgM has a tetratricopeptide (TPR) domain (residues 46-193), a domain 
traditionally associated with PPI formation. Transmembrane (TM) analysis software PHOBIUS 
suggested that there is one transmembrane helix (residues 24-42), and that the TPR domain of 
YfgM is present on the periplasmic face. The topology presented may allow YfgM to interact 
with HTL, its binding partner PpiD, and other soluble periplasmic proteins.  

 

 

 

 

 

 

 

 

 

 

 

A number of YfgM residues predicted to interact with BamE map to the periplasmic TPR domain, 
suggesting long-range YfgM:BAM interactions could occur across the periplasm. Biochemical 
and biophysical techniques are necessary to experimentally assess these predictions. 

 

 

 

 

 

 

  

Fig. 8 | YfgM is an IM-bound chaperone with periplasmic TPR repeats. A) PHOBIUS transmembrane analysis of 
YfgM. The protein sequence for YfgM was submitted to the online PHOBIUS server with default settings. Blue line 
indicates probability that a residue in a given stretch is periplasmic, while green suggests cytoplasmic, and grey 
indicates the probability of a transmembrane stretch, in this case an alpha helix. 
B) YfgM homology model with BamE co-conserved residues mapped. Model shows residues 46-193 of YfgM, 
which is a periplasmic TPR domain, tethered to the IM by a TM domain, represented in grey. Red regions indicate 
residues co-conserved with BamE, in GREMLIN outputs. Most TPR domains tend to interact with binding partners 
via their convex face.  

 

A) B) 
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Physical interactions of HTL, SurA and OmpA 
Intact HTL was successfully purified 

HTL was purified as by immobilised metal affinity chromatography (IMAC) and gel filtration (GF) 
as previously described (Schulze et al., 2014). After GF, the purest four fractions were 
concentrated, to maximise complexes with the full complement of HTL subunits (fig. 9). There 
was no cardiolipin supplementation in this purification, owing to cost. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

FIGURE 5 

 

 

 

FIGURE 6 

 

 

Fig. 9 | HTL was purified by IMAC and GF. A) SDS-PAGE of IMAC-purified HTL (left) and chromatogram (right). 
Minimal washing was performed to reduce loss of native membrane lipids. Fractions were step eluted with 0.5M 
imidazole, with fractions between the dotted lines pooled and concentrated four-fold, then further purified by gel 
filtration.  B) SDS-PAGE of GF-purified HTL (left) and chromatogram (right). Pooled fractions from A were 
concentrated four-fold, then resolved by GF. The central peak fractions (between dotted lines) were pooled and 
concentrated to 30 µM.  

A) 

B) 



21 

 

SurA was purified by immobilised metal affinity chromatography 

To purify SurA for HTL:SurA and SurA:OmpA formation, SurA was expressed, and the whole cell 
lysate was denatured with urea (fig. 10a) or guanidinium chloride (GCl; fig. 10b). His-tagged 
SurA was denatured to release any bound chaperones, purified by immobilised nickel affinity, 
dialysed overnight into HEPES to refold, and concentrated before storage. SurA purified with 
GCL was used for HTL:SurA experiments, while SurA purified with urea was used in subsequent 
SurA:OmpA purification trials. 
 

 

 

 

 

 

 

 

 

 

 

 

 

Native PAGE suggests intact HTL and SurA multimers 

 During preliminary gel filtration (GF) 
experiments, purified SurA appeared to 
give two broad peaks (fig. S4). In order to 
assess the stoichiometry of the SurA 
sample and the integrity of purified HTL 
complexes, samples were resolved by 
Native-PAGE (fig. 11), which confirmed 
the integrity of HTL, as well as two lower 
MW bands likely composed of 
SecDF:YajC:YidC and SecYEG. Observed 
dissociation likely occurred due to 
absence of cardiolipin, and HTL 
aggregation may also be influenced by 
cardiolipin concentration. These data 
also showed that SurA forms higher 
order multimers. This is likely a 
concentration artefact since SurA was 
concentrated and stored at 1.7 mM, far 
beyond native SurA concentration. 

Fig. 10 | SurA was purified by IMAC. A) 6M Urea as a denaturant. Black arrows indicate expected mobility for SurA 
(45kDa). This gel was overloaded due to the concentrating effect of the nickel column, and with adequate dilution 
contaminant bands should disperse. SurA was eluted by isocratic elution, and fractions between dotted lines were 
pooled, for use in SurA:OmpA purifications. B) Purification of SurA with guanidinium chloride as a denaturant. Cell 
lysate was solubilised with 6M GCL and eluted with an imidazole gradient. GCl caused gel distortion, hence SurA eluent 
fractions were ethanol extracted. Protein pellets were particularly fragile, so band density may not be directly 
proportional to SurA concentration. Fractions between dotted lines were pooled, concentrated, and stored at -80  ֯ ֯°C. 
 

A) B) 

Fig. 11 | Native-PAGE of HTL and SurA. SurA sample exhibited 
some multimerisation; dimerisation, and possibly another 
higher order multimer (grey arrow). Two SurA samples were 
applied with different concentrations, to ensure visibility on the 
gel.  “Control HTL” was purified previously, with cardiolipin, and 
its integrity confirmed by NS-EM. “HTL” is the sample purified 
in this report, and appears to be slightly more dissociated than 
the control sample (given the two sub-complex bands below). 
Smear above HTL band likely results from HTL aggregation. No 
native ladder was available to apply. 
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SurA:OmpA purified by anion exchange is insufficient for structural analysis 
 

Purification of SurA:OmpA was first performed with whole SurA cell lysate, but later with IMAC-
purified SurA. SurA denatured with 6M urea was mixed with urea-solubilised uOmpA inclusion 
body pellets, genetically modified to remove the native signal peptide (fig 11). To optimise the 
formation of SurA:OmpA, less SurA was used in the later preparation, having been pre-purified. 
The mixture was equilibrated and then urea dialysed out overnight at 4 ֯C. A model preparation 
(in Tris rather than HEPES; fig. S3) exhibited far fewer contaminants, suggesting sub-optimal 
anion exchange purification here. This can also be seen in the flow through of the Q column, 
which shows that soluble SurA:OmpA is not retained by the column under these conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Fresh transformation of BL21 cells with the OmpA plasmid improved OmpA expression. This 
yielded larger uOmpA inclusion body pellets and a more stoichiometric ratio of SurA to uOmpA 
following dialysis, but the Q column failed regardless. SurA:OmpA was subsequently purified by 
another student using GF, with a pure peak corresponding to SurA:OmpA (data unavailable). 
 
  

Fig. 12 | SDS-PAGE suggests poor SurA:OmpA retention. A) OmpA was isolated from inclusion bodies. OmpA IB 
pellet was pelleted from OmpA-expressing cell lysate, then resuspended in a dilution series with 1x LDS and boiled 
for 10 minutes. Hollow arrow indicates expected mobility of unfolded OmpA. B) Anion exchange of SurA:OmpA into 
Tris buffer, from SurA cell lysate and OmpA inclusion bodies. Black arrow indicates SurA, while hollow arrow 
indicates OmpA. Similar band densities suggest a 1:1 stoichiometry of SurA bound to OmpA. Elution indicates 
fractions eluted with a 0-1000 mM NaCl gradient. “Load” refers to the supernatant of the SurA:OmpA dialysis 
mixture, which was too concentrated and overloaded the well.  C) Anion exchange of SurA:OmpA into HEPES buffer, 
with pre-purified SurA. “Mix” refers to the mixture of SurA:OmpA after dialysis, while “load” refers to the 
supernatant of the dialysis mixture. FT indicates Q column flow through, which contains SurA and OmpA. 

C) B) 

A) 
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SurA promotes OmpA protein detergent complex formation with DDM 

To assess how the folding state of OmpA varies in complex with SurA and HTL:SurA respectively, 
Western blots were used to measure OmpA mobility (fig. 13). In cellular context, accumulation 
of uOmpA is representative of OMP trafficking deficiencies (Bulieres et al., 2003; Sklar et al., 
2007). Denaturing gels test the resistance of OmpA to denaturation, indicative of OmpA folding 
state; fOmpA is not fully denatured by LDS, hence greater mobility than uOmpA in denaturing 
PAGE. However, upon boiling fOmpA is fully denatured to uOmpA. Native E. coli OM samples 
were used as a positive control for fOmpA. 

 

 

 

 

 

 

 

 

 

 

 

It was suspected that because HTL is solubilised in DDM, the “folded” conformation of OmpA 
observed was an OmpA protein detergent complex (PDC). In this experiment (fig. 13), only 
HTL:SurA:OmpA was incubated with shaking, promoting complex formation. The experiment 
was therefore repeated to determine whether differences in OmpA folding were due to 
incubation, HTL/SurA presence, DDM concentration, or off-target antibody specificity (fig. 14). 
Each sample was incubated under the same conditions, both with and without DDM (0.0015% 
(w/v)), and HTL and SurA negative controls were included to test antibody specificity.  

 

 

 

  

Fig. 13 | Western blots shows varied OmpA folding-states. OmpA WT refers to purified E. coli OM, used as a fOmpA 
control. OmpA IB refers to the inclusion body produced by OmpA overexpression. The band at approximately 25 
kDa is fOmpA, as observed in WT OmpA from solubilised E. coli outer membranes. Upon boiling, OmpA is fully 
denatured and migrates at its molecular weight (35 kDa). Bands at approximately 45 kDa were suspected to be 
fOmpA dimers, but this could not be confirmed. OmpA inclusion bodies were fully unfolded, as boiling did not affect 
mobility. SurA:OmpA was also unaffected by boiling, although additional bands present are suspected to be either 
variable OmpA folding states, contaminants, or off-target antibody binding. In the HTL:SurA:OmpA mix, OmpA 
folding is catalysed, as suggested by a prominent fOmpA band which disappears upon boiling. 
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These data show that despite incubation, SurA retains bound uOmpA and prevents OmpA 
folding (fig. 14D). Upon the addition of detergent fOmpA accumulates; an effect not seen when 
uOmpA is incubated directly with detergent, or with HTL (fig. 14B;F). This suggests that when 
solubilised with SurA, OmpA is more easily inserted into DDM micelles to form a protein 
detergent complex (PDC) (Kaspersen et al., 2014). This supports the concept that SurA retains 
uOMPs in an unfolded yet folding-competent state. On the other hand, OmpA aggregation 
hinders detergent accessibility, hence reduced fOmpA formation.  
These data also suggest that the α-OmpA antibody used exhibits poor specificity, staining bands 
in both SurA and HTL negative control lanes (fig. 14C, E). Upper bands at ~45 kDa in the OM 
control sample were originally suspected to be dimerised OmpA, but this assumption was later 
questioned given evidence for off-target antibody binding, and the fact that boiling does not 
affect the relative concentration of this band. A similar mobility band is observed in the HTL 
control- likely a coeluted protein contaminant, stained due to low antibody specificity (as 
observed with α-OmpA staining pure SurA). The band is not a HTL component, because no HTL 
components have masses between 30-60 kDa.  

 

 

 

 

 

 

 

 

 

FIGURE 9 

 

 

   

 

  

 

 

   

Fig. 14 | OmpA spontaneously folds during incubation with SurA and detergent. Samples were diluted in HEPES 
± 0.0015% DDM, then incubated for 30 mins at 30 °C with shaking. Samples were then diluted 10x into HEPES ± 
DDM with 1x LDS, split, and one half boiled. The ability of SurA to retain uOmpA is demonstrated here, where 
addition of DDM disrupts SurA:OmpA interactions and facilitates OmpA folding. Sections are labelled for reference 
in the text: A) Native OM sample and positive fOmpA control. Black arrow indicates band suspected to be dimeric 
fOmpA. B) OmpA inclusion bodies, comprising uOmpA. C) SurA negative control. Grey arrow indicates stained SurA. 
D) SurA:OmpA. E) HTL negative control. Hollow arrow indicates stained contaminant. F) HTL:OmpA. G) 
HTL:SurA:OmpA. HTL:SurA:OmpA samples also contained 3 µM HTL.  
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HTL:SurA:OmpA crosslinking supports use of BS3 crosslinker 

In order to crosslink HTL:SurA(:OmpA), three aqueous crosslinkers were tested (glutaraldehyde 
BS3 and DTSSP). These are homobifunctional linkers which target primary amines; specifically, 
lysyl side chains. Upon identification of suitable crosslinking conditions, different concentrations 
of BS3 were trialled with HTL:SurA before purification of crosslinked complexes by GF (fig. 15). 
BS3 was chosen for CL-GF because pre-weighed aliquots decreased preparation times compared 
to DTSSP, and BS3 gave reduced aggregation compared to glutaraldehyde. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The appearance of a high MW shift with increasing crosslinker concentration was found for all 
three crosslinkers, relative to the crosslinker-free control. No clear HTL(:SurA:OmpA) bands 
were observed in crosslinked samples (HTL is approximately 250 kDa). The SurA:OmpA band is 
less dense than those of HTL components, suggesting that the SurA:OmpA stock concentration 
is lower than predicted by the absorption at 280 nm. This was likely due to contaminant proteins, 
as seen in the control lane (red arrows). No further crosslinking was performed with SurA:OmpA, 
due to low sample purity. BS3 was packaged in aliquots of a defined weight, and was therefore 
used for CL-GF experiments (fig. 15b). Samples were imaged by NS-EM, and the most 
homogenous fraction was sampled for 3D reconstruction. 

FIGURE 15 

 

 

  

 

Fig. 15 | Crosslinking facilitated GF purification of HTL:SurA. A) Water-soluble crosslinkers stabilise HTL:SurA and 
HTL:SurA:OmpA complexes. Crosslinking trials of 10 μM HTL and 10 μM SurA (left) or SurA:OmpA (right) with 
glutaraldehyde, BS3 and DTSSP show effective crosslinking over a range of CL concentrations. Following quenching, 
crosslinked samples were resolved by LDS-PAGE, where effective crosslinking reduces mobility relative to a 
crosslinker-free sample ("-CL"). 0.04, 0.08, 0.12 and 0.25% glutaraldehyde was used, where an effective 
concentration is typically 0.05-0.07%. For BS3 and DTSSP, a range between 0.4, 0.8, 1.6 and 3.2 mM crosslinker was 
applied. Grey arrows indicate HTL components, while black arrow indicates SurA, and hollow arrow indicates 
OmpA. Red arrows indicate contaminants present in the impure SurA:OmpA stock (fig. 12C). Darkened wells are 
shown to indicate relative protein aggregation. B) GF chromatogram of crosslinked HTL:SurA samples. HTL:SurA 
samples were crosslinked with 0-0.2 mM BS3, as labelled, then resolved by CL-GF. Dotted lines bordering “*”, 
indicate fraction structurally modelled by NS-EM. 

A) A) 

B) 
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3D reconstruction suggest successful HTL:SurA purification 

In order to assess the efficacy of HTL:SurA CL-GF purification, fractions from preliminary 
microscale HTL:SurA CL-GF experiments were imaged by NS-EM. These electron micrographs 
yielded sufficient intact HTL:SurA complexes for collection of an NS-EM dataset and 3D 
reconstruction (fig. 16). This structure suggested that CL-GF purification is a viable purification 
strategy for HTL:SurA, and with further optimisation should be appropriate for cryo-EM. 
 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The 3D reconstruction yielded structures with a shrunken HTL conformation, more similar to the 
compact form of the HTL (fig. S6), than the open conformation isolated by GraFix (fig. 4; Alvira 
et al., 2020), likely due to cardiolipin depletion. Unfortunately the resolution of this model is 
insufficient to address which HTL subunits are contacted by SurA. 

  

FIGURE 17 

 

 

  

 

Fig. 16 | Purification of crosslinked HTL:SurA by gel filtration yields intact HTL:SurA complexes. A) Electron 
micrographs of crosslinked HTL:SurA shows relative homogeneity. Fraction “*” (fig. 15b) imaged by NS-EM. Imaged 
fraction was crosslinked with 1.6 mM BS3 (160x molar ratio). B) 2D classifications of crosslinked HTL:SurA. 169 
electron micrographs were taken at 50,000x magnification at 200 kV, and 36,968 particles were auto-picked with 
xmipp3 after AI training. Those particles were then subject to two rounds of 2D classification to obtain 45x 2D classes 
(18,990 particles).  C) 3D reconstruction of HTL:SurA. After initial 3D classification with a spherical reference volume, 
13,458 remaining particles were subjected to automated 3D refinement in Scipion. Within the 3D reconstruction, 
model structures of HTL and SurA have been superimposed to approximate volumes (note these are not “fitted” 
structures, but simple overlays). 
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Discussion 
Bioinformatics identified HTL interactors 

The interactions between IMPs, OMPs, lipoproteins and periplasmic chaperones are 
complicated to study for numerous reasons. Firstly, the periplasm is a difficult cellular 
compartment to isolate, as are membrane proteins, hindering traditional biochemical analyses. 
Secondly, chaperone redundancy, substrate plasticity, and interactions between chaperones 
complicate identification of specific, essential interactions within PPI networks. Thirdly, the 
saturated environment of the periplasm increases the probability of nonspecific promiscuous 
interactions between proteins, leading to false positives. Finally, the proteome is highly 
dynamic, especially where concerning the OM, so observed PPIs will vary depending on 
environmental conditions. Use of bioinformatics and in silico modelling may circumvent some 
of these issues by assimilating data from various disciplines. OmpBioM, for example, is a systems 
model which integrates biophysical data, bioinformatics, and quantitative proteomics to 
describe the kinetics of periplasmic chaperone interactions with ordinary differential equations 
(Costello et al., 2016; Chum et al., 2019).  
Bioinformatics approaches were employed here to interrogate the interactions of the HTL with 
known periplasmic chaperones. These analyses supported the concept of a flexible 
HTL:chaperone interaction network, suggesting previously-undocumented interactions 
between chaperones. STRING networks listed a number of potential HTL interactors, some 
membrane-bound and some soluble. Covariance analyses indicated potential HTL:chaperone 
interactions as well as interactions with BAM, some of which were otherwise unexpected. For 
example, an interaction between the HTL and LolA may suggest crosstalk between OMP and 
lipoprotein trafficking pathways. 

STRING networks suggest periplasmic chaperones associate with HTL 
The STRING network provided an ideal starting point to assess PPIs between known and novel 
chaperones (fig. 5). The program works by assessing a variety of data, such as genomic context, 
crosslinking data and co-expression analyses, to provide a confidence score for predicted PPIs 
(Szklarczyk et al., 2019). The network is speculative in nature, however, and though there is a 
stringency parameter, these network features are incomplete. For example, crosslinking mass 
spectrometry (CL-MS) data has confirmed PpiD:SecY interactions, which were not suggested by 
the network (Jauss et al., 2019). Further, it is known that PpiD forms a complex with YfgM, and 
that PpiD:YfgM is a prominent interaction partner of SecYEG (Gӧtzke et al., 2014), which is also 
not apparent here. Upon expanding the STRING network, SecYEG was predicted to interact with 
ribosomal proteins. These interactions are well documented, as the ribosome readily binds 
SecYEG for co-translational protein translocation (Mitra et al., 2005); hence, these cytosolic 
proteins were removed to reduce network complexity. 

Covariance analysis suggests potential HTL interactors 
Covariance data suggest a number of previously undocumented interactions (fig. 6; 7). Although 
informative, many proposed interactions are sterically unlikely; for example, the embedded 
position of SecG within the HTL hinders accessibility of other proteins. However, the HTL is 
formed of sub-complexes, and so interactions could occur with SecYEG, SecDF, YidC or YajC as 
discrete entities in the membrane, rather than in the context of the HTL. It is also important to 
remember that co-evolution does not always imply direct interaction; rather, it implies a 
functional relationship, which could involve other unidentified proteins, or long range allosteric-
style interactions. In addressing whether SurA and BAM bind the same HTL subunits, a 
combinatorial overview of STRING/GREMLIN data suggests SurA and BAM may compete to bind 
HTL (fig. 17), in keeping with the role of SurA as a holdase in OMP trafficking. 
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Taken with known HTL:SurA(:OmpA) structures, these data suggest that SurA may preferentially 
bind YidC over SecDF, but structural validation is required to confirm this. These HTL:BAM 
subunit predictions can be compared with XL-MS data (Alvira et al., 2020), which are highly 
confluent and denote specific amino acid residue interaction loci. No such data exists for 
HTL:SurA(:OmpA), but this could be achieved rather quickly. Similarly, purification of soluble 
SecDF and YidC domains with SurA may allow crystallographic interrogation of interactions. 
Another interesting set of interactions was predicted between LolA and both HTL and BAM 
subunits. Covariance between LolA and the HTL is somewhat unexpected, given that 
lipoproteins are translocated by Sec or Tat pathways, lipidated and processed, then taken up by 
LolE in the IM, before transfer to LolA for trafficking across the periplasm. Direct interaction 
between HTL and LolA would skip a proportion of the canonical lipoprotein trafficking process-
perhaps as a means to feedback protein flux across pathways. However, cross-pathway 
interactions such as those predicted between LolA and BamD are plausible, since BamD is itself 
a lipoprotein.  
YfgC, also known as BepA, is another protein which participates in protein trafficking by 
interacting with clients (notably LptD) and BamA, BamC and BamD (Narita et al., 2013; Daimon 
et al., 2017). Like many chaperones, YfgC is bifunctional, containing proteolytic domains and 
protein binding domains (Daimon et al., 2020). The protein-binding domain in question here is 
a TPR domain, an array of alpha helices which form a right-handed superhelix (Shahrizal et al., 
2019). TPR motifs can facilitate individual PPIs, or with enough repeats act as a multiprotein 
interaction scaffold (Blatch and Lässle, 1999; Ponting and Phillips, 1996). Here, YfgC showed 
some covariance with SecG and BamDE. 
Also of interest is YfgE (Had), a regulatory DNA replication inactivator which prevents over-
initiation in E. coli (Kato and Katayama, 2001). This protein gave modest covariance scores with 
a number of HTL components, and is known to associate with the IM and interact with IM-
associated plasmids. An interaction between YfgE and the HTL could present a dynamic means 
to integrate OMP-trafficking information (i.e. OMP flux or saturation) at the level of DNA 
transcription. Given the localisation of YfgE to the IM inner leaflet, covariance interactions 
predicted with BAM seem improbable and illustrate the persistence of false positive results in 
GREMLIN data. 
Another protein with high HTL covariance is YfgK, a GTPase also known as Der, which is essential 
for the late stages of ribosome biogenesis. Given that the ribosome readily associates with 
SecYEG (Mitra et al., 2005), interaction between YfgK and the HTL could provide a means to 
communicate protein saturation of the HTL with the ribosome. Conversely, another protein 
included was YiaD, which was expected to exhibit some covariance with BAM, but did not. YiaD 
is a putative lipoprotein which supresses temperature-sensitive mutants in BamD when 
overexpressed, suggesting an interaction with BAM (Tachikawa and Kato, 2011). Similarly, PpiD 
is known to interact with SecYEG (Jauss et al., 2019), yet covariance data did not predict this. 

Fig. 17 | Overview of predicted  HTL/BAM/ SurA 
interactions.  
Interaction probabilities displayed in a schematic view, 
with SecYEG and SecDF treated as single units to 
simplify display, with shared interaction lines. Line 
thickness corresponds to confidence in STRING 
interactions. Coloured lines (red-green) indicate I 
probabilities derived from GREMLIN. Blue line 
indicates experimentally confirmed SurA:BamA 
interaction. These interaction predictions exhibit some 
confluence, supporting the concept of HTL:BAM 
interactions, and may support a competitive binding 
model of BAM and periplasmic chaperones with HTL. 
These data also suggest that SurA does not associate 
with SecDF, and so YidC may be the expected 
interactor, given its periplasmic accessibility. 
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Recent work from Cranford-Smith et al. (2020) identified a novel cytoplasmic chaperone, AscA, 
which associates with both SecYEG and the ribosome. Surprisingly, however, no interaction 
between AscA and HTL components was predicted by GREMLIN, except for YidC, which is known 
to populate the IM as a distinct entity (Serek et al., 2004). In this paper, proteins essential in an 
ascA knockout strain were identified. These proteins were also tested for covariance with the 
HTL, but the analysis failed for many of these due to lack of homologous sequences (fig. S2). 
The accuracy of predictive algorithms is limited to the data to which they have access- if more 
homologous sequences are available, the confidence in I probabilities is greater. There is 
significant discrepancy between the HTL:SurA covariance results and physical observations of 
HTL:SurA interactions. It is known, for example, that SurA binds periplasmic features of the HTL 
(YidC/SecDF; Alvira et al., 2019), though these were not predicted by GREMLIN (fig. 7). It is 
plausible that the covariance results gave false negatives due insufficient homologous 
sequences, which are required to identify co-conserved features. Further, the AI used by 
GREMLIN was primarily trained on obligate protein-protein complexes, and is markedly less 
accurate at predicting transient interactions (Ovchinnikov, Kamisetty, and Baker, 2014). As well 
as this, co-conservation of residues may imply a functional relationship between the two 
proteins in question, but may not imply a direct interaction. 
GREMLIN exhibits poor scalability, as each job must be manually submitted and sequentially 
processed, and the servers crash rather often. While GREMLIN can be run locally, insufficient 
hardware was available for high throughput analysis. A number of alternative covariance 
analysis software exist, and so it may be appropriate to repeat the analyses with alternative 
servers, ideally using AI trained to detect transient interactions.  

 
Phylogenetic analysis of folding factors was insufficient for interpretation  
In order to better understand the molecular phylogeny of periplasmic folding factors, those 
listed previously and a number of cytoplasmic chaperones, were aligned with ClustalW and 
MUSCLE, and a phylogenetic tree was created using MEGA-X (fig. S7). Unfortunately, the 
phylogenetic tree was inadequate for meaningful interpretation, due to lack of sequence 
conservation between proteins. BLASTp pairwise alignments of neighbouring proteins on the 
tree (e.g. FkpA/SecB, SurA/HdeA, or DegP/SecA) were found to have no significant sequence 
similarity. The results of this phylogenetic tree were therefore disregarded. 
 
Homology modelling suggests YfgM structure contains TPR repeats 
Similar to YfgC, YfgM was predicted to have TPR-repeats, supporting its role as a putative 
chaperone, or scaffold for recruitment of other folding factors (Gӧtzke et al., 2014). Previous 
data shows that depletion of YfgM leads to increased acid sensitivity, due to decreased 
abundance of periplasmic proteins including the acid chaperones HdeA/B (ibid).  Notably, YfgM 
showed covariance with both HTL and BAM subunits, hinting at interactions with both 
complexes (fig. 7). YfgM was therefore homology modelled with PHYRE2 to assess the spatial 
and topological plausibility of such a trans-periplasmic interaction (fig. 8; Kelley et al., 2015).  
Recent advances in deep learning- based structural prediction may subsequently provide more 
accurate structures than this homology model (Senior et al., 2020). YfgM residues predicted to 
have co-evolved with BamE (the highest YfgM:BAM covariance score; fig. 7), were found to map 
toward the periplasmic tip of the TPR domain, which could facilitate trans-periplasmic 
interactions with the BAM complex. While direct interaction between YfgM and BamE may be 
sterically unlikely (BamE is small, and tethered to the OM in a largely inaccessible position), long 
range interactions or recruitment of other proteins may explain the observed covariance. Full 
structural characterisation of YfgM would be useful properly resolve these TPR repeats, ideally 
both with and without bound PpiD, its key interaction partner. Since YfgM is rather small 
(22kDa), and contains only one TM domain, crystallisation should be feasible with truncation of 
the TM helix.  
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It has also been shown that PpiD:YfgM associates with SecYEG to form a different translocon 
assemby (Gӧtzke et al., 2014; Jauss et al., 2019; Sachelaru et al., 2014). This was reaffirmed by 
quantitative proteomics data using a new method of membrane protein solubilisation, which 
also suggested formation of another trans-periplasmic super-complex between the 
SecYEG:PpiD:YfgM translocon and BAM (Carlson et al., 2019). A YfgM structure would also 
facilitate computational modelling and/or cryo-EM reconstruction of the SecYEG:PpiD:YfgM 
translocon, which has been implicated in OMP translocation (Jauss et al., 2019). This discovery 
may hint at the existence of other undiscovered translocons, owing to the dynamic interaction 
plasticity of SecYEG.  
 

Physical interactions of HTL, SurA and OmpA 

HTL was successfully purified; Native PAGE suggests intact HTL and SurA multimers 
Purification of the HTL was successful, despite modifying the existing protocol to use amine- and 
glycerol-free buffers. Of note, this purification lacked cardiolipin, which potentially led to some 
structural consequences: increased dissociation and aggregation as assessed by Native-PAGE 
(fig. 11), and a “compact” HTL conformation indicated by 3D reconstruction (fig. 16). Cardiolipin 
is a native membrane lipid, proposed to enhance formation of mitochondrial and prokaryotic 
membrane-bound complexes (Corey et al., 2018; Planas-Iglesias et al., 2015), and has been 
shown to play an important role in HTL stability, conformation and function (Martin et al., 2019; 
Ryabichko et al., 2020). Native PAGE also suggested that SurA forms multimers, but these are 
likely to be an artefact of concentration. According to sedimentation equilibrium experiments, 
SurA is a monomer at physiological concentrations, and binds uOmpA as a monomer in vivo 
(Plummer, 2017; Marx et al., 2020).  

SurA:OmpA purification requires further optimisation 
In order to isolate HTL:SurA(:OmpA) samples for cryo-EM, proteins were purified in an amine-
free buffer, because amines prematurely quench amine-reactive crosslinkers. Existing protocols 
were therefore adapted to use HEPES buffer, rather than Tris-HCl. While most protocols worked, 
SurA:OmpA was no longer efficiently retained on the Q column (fig. 12; fig. S3). While 
stochiometric SurA:OmpA was eluted, the Q column had the effect of concentrating 
contaminants, ultimately decreasing SurA:OmpA purity (fig. 12; 15). In order to alleviate this, 
SurA was pre-purified and lower salt buffers were trialled, to no improvement. Ultimately, 
purification of SurA:OmpA by GF circumvented the need for anion exchange chromatography. 

Western blots suggest SurA promotes OmpA PDC formation 

In order to be trafficked through the SecYEG, OMP preproteins require a translocation-
competent fold and are unfolded during secretion (Lecker, Driessen and Wickner, 1990; 
Arkowitz, Joly and Wickner, 1993). The ability of OMPs to rapidly and dynamically alter their 
folding state may enhance the efficiency with which OMPs are translocated. Further, the 
unfolded state of uOMPs may contribute to the substrate plasticity of the core SecY channel, 
despite diversity in mature fOMP structures. NMR studies have suggested that uOMP clients 
generally retain a dynamically unfolded state upon SurA binding (Burmann and Hiller, 2012; 
Burmann Wang and Hiller 2013; Thoma et al 2015). This unfolded yet folding-competent state 
is essential for uOMPs to be inserted into the OM lipid bilayer, for proper folding (Murakami et 
al., 2002; Goemens, Denoncin and Collett, 2014). Unlike the TM domain of OmpA, the 
periplasmic domain is not bound by chaperones, and spontaneously folds within the periplasm 
(Walton et al., 2009). Current high-resolution structures featuring SurA:client interactions 
include only crystal structures with small peptide fragments, due to the inherent disorder of 
uOMPs. Therefore, the crosslinking of uOmpA to both SurA and the HTL in HTL:SurA:OmpA 
should reduce the conformational flexibility of OmpA, improving relative resolution. This could 
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reveal mechanistic aspects of OMP trafficking by the HTL as well as the precise sites at which 
OMPs are bound by SurA. 
The Western blot data suggest that SurA increases the relative proportion of fOmpA, via 
solubilisation with DDM. The unfolded yet folding-competent state of OmpA observed when 
bound to SurA is in line with recent structural data, which suggests that SurA binds to 
hydrophobic stretches of uOmpA to prevent aggregation in the aqueous periplasm, but also 
stabilises “expanded” uOMP conformations (Marx et al., 2020). Similarly, SurA has been 
observed to insert β- hairpins into membranes in the absence of BAM (Thoma et al., 2015),  
together suggesting that SurA plays a role in priming uOMPs for folding and insertion by BAM. 
These data also agree with early experiments which showed that Skp-bound uOmpA 
spontaneously inserts into synthetic membranes more effectively than urea solubilised uOmpA 
(Bulieris et al., 2002). SurA has a micromolar affinity for many clients, hence transient 
interactions between SurA and uOMPs engender its ability to cycle between accepting, 
trafficking and depositing clients appropriately (Bitto and Mckay 2003; 2004). Given that the 
interaction of SurA:OmpA is dynamic, multiplicity of SurA monomers binding the different 
hydrophobic regions of the same uOMP molecule may contribute to the ability of SurA to 
prevent uOMP aggregation, by increasing the probability that any given uOMP molecule is 
chaperoned (Marx et al., 2019; 2020).  
Aside from the clear presence of monomeric uOmpA and fOmpA, the identity of an unexpected 
band in the HTL control lane at approximately 45 kDa was unclear. It is known that OmpA forms 
dimers, but one would not expect those dimers to copurify with HTL since they are bound to 
different membranes, so the protein observed in the HTL lane is suspected to be a co-eluted 
contaminant. This also drew attention to the species suspected to be dimeric OmpA, but did not 
change upon boiling. Given that LDS and electrophoresis is typically sufficient to dissociate a 
complex into its substituent components, it is unlikely that this entity is dimeric OmpA. It is 
possible that this 45 kDa entity present in the OM control lane is the same as the one present in 
the HTL sample. To resolve the identity of this band, tryptic digest and MS may be appropriate.  

HTL:SurA:OmpA crosslinking supports use of BS3 crosslinker 
Application of crosslinkers immediately upon solubilisation is vital because homobifunctional 
crosslinkers rapidly polymerise in solution. This reduces crosslinking efficiency, and increases 
linker length in an uncontrolled manner (Migneault et al., 2004). The decision to use BS3 was 
primarily due to convenience; pre-weighed BS3 is available in small, defined aliquots, enhancing 
repeatability between experiments. The short half-life of active crosslinker also means that it is 
important to coordinate simultaneous crosslinking reactions for different samples/conditions, 
to maintain relative BS3 concentrations. While glutaraldehyde was used at first, this was overly 
aggregative (fig. S5; Hayat, 1986). One benefit of the other aqueous crosslinker, DTSSP is that 
the crosslinking is reversible by reduction (e.g. with dithiothreitol), allowing one to distinguish 
the components of a complex after purification. Use of MS-compatible crosslinkers such as DSBU 
can also supplement structural data, by using crosslinkage maps to introduce distance 
constraints between residues (Alvira et al., 2020; Schmidt and Urlaub, 2017). CL-MS also 
presents a rapid method to determine relevant subunit:chaperone interaction loci in vitro, 
requiring less optimisation than 3D reconstruction. 

NS-EM imaging and 3D reconstruction suggests successful HTL:SurA purification 
The NS-EM reconstruction of HTL:SurA (fig. 16) was significantly smaller than that purified by 
GraFix (fig. 3; fig S5). This is in line with observations that glutaraldehyde increases the relative 
bulk/width of electron density in complexes observed by NS-EM, likely due to the detergent 
micelle and associated lipids (Vahedi-Faridi et al., 2013; Thongin et al., 2018). The conformation 
also differs to that purified by GraFix; this structure was purified in the absence of cardiolipin, 
and exhibits the same compact conformation as other HTL structures lacking cardiolipin (Alvira 
et al., 2020; fig. S6). The compact conformation is suggested to be a non-native and non-
functional artefact of cardiolipin depletion (Alvira et al., 2020); the presence of cardiolipin is 
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essential to HTL functionality (Ryabichko et al., 2020). Consequently, it is highly important that 
this CL-GF experiment be repeated with HTL supplemented with cardiolipin. Solvation of HTL 
with peptide or lipid nanodiscs would also improve native lipid retention better than detergent 
solubilisation. One possible experimental problem with nanodisc-solvated HTL, however, is 
reduced HTL flexibility. While a reduction in flexibility may be beneficial for cryo-EM based 3D 
reconstructions, it would not represent the conformational space explored in vivo, and may 
sterically hinder in vitro binding of other purified proteins. Further optimisations required for a 
cryo-EM sample involve increasing HTL:SurA concentration, namely by scaling up the CL-GF 
reaction. During NS-EM, proteins are directly adhered to the charged grid surface, effectively 
increasing relative protein concentration. In contrast, cryo-EM samples are vitrified in buffer, 
absent a concentration mechanism, so significantly more protein is required for a particle count 
sufficient to derive a high-resolution structure. 
 

Future Work 

When evaluating PPIs, it is important to consider those interactions in the context of the cell, 
where there is complex interplay of different interaction pathways, and rapid dynamic shifts in 
proteomic diversity in response to environmental conditions. Transient protein-protein 
interactions, including those with regulatory functions, can be difficult to detect. While high 
throughput co-IP/MS approaches are useful for identifying global interactors and elucidating PPI 
networks, they can generate false positives due to promiscuous proximity-based interactions 
within the cell, especially within the protein-saturated membranes (Casuso et al., 2012). Further, 
high-throughput methods such as co-IP/MS fail to provide dynamic information, such as 
dissociation constants, and diffusion coefficients for membrane-bound proteins. One alternative 
high-throughput means of evaluating and searching for PPIs in vivo includes use of Fӧrster 
resonance energy transfer (FRET), in a high throughput automated fluorescence lifetime imaging 
microscopy (FLIM) assay. This approach facilitates high throughput in vivo assessment of PPIs 
for a protein of interest, with unbiased quantitative analysis in a cell-based assay, circumventing 
the need to purify proteins of interest (Margineanu et al., 2016). Although difficult to produce, 
fluorescent analogues of SecYEG or HTL could be generated via fusion to a fluorescent protein 
(FP), Snap or halo-tag, or “click chemistry”, where a genetically introduced unnatural amino acid 
(for example, with an alkyne or azide functional group) can be chemically linked to a small, OM 
permeable fluorophore (Milles et al., 2012). Use of labile fluorophores may be preferable to 
fluorescent fusion proteins, which can perturb folding, function and interactions. Furthermore, 
the periplasm is an oxidising environment which is hostile to fluorophores, reducing their 
fluorescence lifetime. Cytoplasmic FPs could be created as a tandem FP fusion, as a or sandwich 
FP, by inserting the FP into a disordered cytoplasmic loop (Adjobo-Hermans et al., 2011; Bendezu 
et al., 2015). However, periplasmic FPs such as Superfolder GFP may also work, exhibiting 
fluorescence following Sec-mediated export (Dinh and Bernhardt, 2011).  
Fluorescent HTL/BAM analogues would also be valuable for super-resolution microscopic 
approaches such as PALM-STORM (Glushonkov et al., 2018), or correlative light electron 
microscopy (CLEM), to orthogonally validate colocalisation of HTL and BAM in situ. It has been 
observed that the majority of OMP insertion occurs at the mid-cell, despite BAM being 
distributed in OMP islands all over the OM (Rassam et al., 2015). One might therefore predict 
that HTL also localises to the mid-cell; two models of SecYEG distributions have been previously 
proposed- a helical distribution across the entire cell (in E. coli; Shiomi et al., 2006), and a mid-
cell centred distribution (in Streptococcus pneumoniae; Tsui et al., 2001). 
Since BamA has exposed extracellular epitopes, these are easily targeted with fluorescently 
labelled antibodies, an exposed FLAG epitope, or contact-dependent inhibitors (Aoki et al., 
2008). By independently labelling the SecYEG:YidC and SecDF:YajC HTL subassemblies with 
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separate fluorophores, one could visualise the relative localisation and concentration of these 
subunits in vivo, with overlapping fluorescence signalling the position of a HTL complex. This 
would provide additional information on the dynamics of HTL formation, diffusion and 
dissociation within the IM. Given the timescales within which fluorescently tagged membrane 
proteins can be observed via super-resolution fluorescence microscopy, mesoscale molecular 
dynamics simulations may be appropriate to orthogonally assess fluorescence observations 
(Chavant, Duncan and Sansom, 2016).  

 

Concluding Remarks 

Transient HTL:chaperone interactions are a vital aspect of OM biogenesis, and dissecting the 
process of OMP trafficking is an important avenue of research, particularly for antimicrobial 
resistance. Bioinformatics data provide a facile approach to predict protein-protein interactions, 
which can be further experimentally verified by physical approaches. Here, bioinformatics 
suggested various HTL interactors, as well as candidates which may also interact with BAM, 
providing new insights into process of OMP trafficking across the periplasm. Subsequent 
construction of fluorescent HTL fusion proteins presents a next step to contextualise OMP 
trafficking at a cellular level. 
The NS-EM structure generated here suggests that the CL-GF strategy of purification is sufficient 
for isolating HTL:SurA complexes and further work should extend this to HTL:SurA:OmpA, before 
beginning cryo-EM sample optimisations for both. However, this CL-GF purified HTL:SurA 
structure has a different conformation to that purified by GraFix, presumably due to absence of 
cardiolipin. Therefore, obtaining a cryo-EM structure of HTL:SurA purified by CL-GF in the 
presence of cardiolipin should be prioritised. 
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Fig. S2 | HTL covariance probabilities with AscA-related proteins. A number of proteins identified by Cranford-
Smith et al. (2020) were assessed using GREMLIN for interactions with the HTL; those which did not fail in analysis 
due to lack of homologous sequences are shown here. 

 

 

                 
             
   

 

 

                 
             
   

 

 

                 
             
   

 

FIGURE 19 

Fig. S1 | The ACEMBL HTL plasmid. Presence of two polycistronic operons allows HTL components to be expressed 
in stoichiometric quantities, and the presence of 3x His-tags (indicated in red) reduces dissociation of SecYEG and 
SecDF:YajC:YidC during nickel affinity purification. Figure adapted from Duong, 2014, describing the expression 
system synthesised by Schulze et al., 2014. 

 

Fig. S3 | SDS-PAGE of established SurA:OmpA purification protocol. SurA:OmpA were purified by anion exchange 
chromatography as previously outlined, into Tris HCl buffer pH 8, and eluted with 0-1000 mM NaCl. Black arrow 
indicates SurA mobility, while white arrow indicates OmpA mobility. Gel provided by Ian Collinson.  
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Fig. S5 | HTL:SurA complexes formed via GraFix were verified by silver stain and NS-EM. TEM (left) shows HTL:SurA. 
Silver stain (right) shows migration of different HTL:SurA sub-complexes within the GraFix gradient.  

 

 

                 
             
   

 

 

                 
             
   

 

 

                 
             
   

 

Fig. S4 | Gel filtration of purified SurA. 20 µg of SurA was applied to a Superdex S200 increase 2.95 ml column, which 
gave two peaks, indicative of SurA multimerisation. Background spike removed (0-0.4 ml). In order to improve the 
quality of this chromatogram, loading more SurA should facilitate larger peaks and better resolution between 
oligomerisation states. 

 

Fig. S6 | HTL:SurA appears similar to “compact” HTL shape. Compact structures (left/middle) from Alvira et al., 
2020, and NS-EM reconstruction from this project (right), show superficial similarities in size. 
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Fig. S7  | Phylogenetic tree assesses homology of E. coli chaperones and yfg gene products.  Tree was created in 
MEGA-X, using MUSCLE alignments. Cytoplasmic chaperones are depicted in yellow, periplasmic chaperones in red, 
yfg gene products in black, and others in grey. Relative branch lengths are indicated in supplementary. 500 Bootstrap 
replicates were performed in total, and number present on each node is a bootstrap percentage, indicating the 
proportion at which the node was found in that position in the tree. This is an unrooted tree, so no evolutionary 
information can be inferred. 
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